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Foreword

I was fortunate to start my research career in plant tissue culture in the 1970s when this field
of research was expanding rapidly. The next few decades witnessed an exponential growth in
knowledge, understanding, and application of many tissue culture protocols to a wide range of
plant species. Then followed a period in the 1990s and turn of the century when plant tissue
culture research was neglected. Many of the leading researchers of the era such as Toshio
Murashige, Pierre Debergh, and Walter Preil retired. Postgraduate students and young
researchers now wanted to work in the new field of biotechnology. For a time, plant tissue
culture was becoming the “forgotten art” even though it underpinned new biotechnologies
such as plant transformation. However, some scientists continued to work on plant tissue cul-
ture and applied new molecular genetic techniques, such as gene identification, function, and
expression, to an understanding of basic plant pathways such as embryogenesis. It has been
encouraging for me, as I now reach retirement, to see the next generation of experienced plant
tissue culturists now filling the ranks of the experts who have gone before. Maurizio Lambardi
and Maria Antonietta Germana are two of those scientists who are renowned for their research
on plant tissue culture. I have known Maurizio both through his research and his contribution
to the International Society for Horticultural Science in his role as Chair of the Commission
Molecular Biology and In Vitro Culture. Maurizio is both an accomplished researcher and a
genuine person who is passionate about his field of research. Maria Antonietta Germana is an
experienced researcher in gametic and somatic embryogenesis in fruit crops. I recommend
them as leaders in their field and ideal authors of this book on embryogenesis.

When I first started working on plant tissue culture in the early 1970s, very little was
known about embryogenesis. Why species had a predetermined genetic bias to regenerate
from callus by embryogenic or organogenic pathways was a mystery. Of the species that
were easy to tissue culture, why was carrot embryogenic and tobacco organogenic? In the
1980s, one of my Ph.D. supervisors advised me not to work on embryogenesis because it
appeared to depend on “phases of the moon.” The message was that experimental results
were inconsistent because of our lack of understanding; thus it was not recommended as a
topic for students who were facing a deadline and needed reliable and repeatable results.
However, our knowledge of embryogenesis has been greatly expanded in recent years. This
book represents a detailed overview of the current status of research on embryogenesis and
the advances that have been made by researchers who have worked on biotechnology and
in vitro culture. Thus the book contains chapters on “Recent advances on genetic and
physiological bases of in vitro somatic embryo formation,” “A central role of mitochondria
for stress-induced somatic embryogenesis;” “...What can we learn from proteomics?,”
“Genome-wide approaches and recent insights,” and “Microspore embryogenesis.” There
are chapters on somatic embryogenesis in a range of horticultural species, and an excellent
series of protocols for embryogenesis from a range of explants.

Vii



viii Foreword

I would recommend this book to students, researchers, and those who have an interest
in plant tissue culture, and to those who may not realize the importance of knowledge of
this “forgotten art.”

President of the International Society Rodevick Drew
for Hovticultural Science (ISHS)
Leuven, Belginm



Preface

Embryogenesis in higher plants, one of the different routes of morphogenesis of the plant
kingdom, is a fascinating example of cellular totipotency. In fact, different kinds of plant
cells (somatic, gametic, nucellar, and fertilized egg cells) are able to regenerate, in nature or
in vitro, an entire organism through the formation of a somatic, gametic, or zygotic embryo,
a bipolar structure without vascular connection with the surrounding tissue. In vitro
somatic, gametic, and zygotic embryogenesis, apomixis, and secondary embryogenesis are
actually valuable tools to support plant breeding, propagation, and conservation, with rel-
evant implications to agriculture, forestry, horticulture, and preservation of plant genetic
resources. Advances in plant biotechnology, and particularly in tissue culture, led in time to
a better understanding of the physiological and biochemical bases regulating the process of
plant embryogenesis, and to the establishment of more and more efficient protocols of
in vitro embryo induction, maturation, and conversion to plant. Moreover, the recent
molecular, genomic, and proteomic studies have produced additional valuable contribu-
tions to the comprehension of the in vitro embryogenic developmental process.

The intent of the book is to present an overview of recent advances, innovative applica-
tions, and future prospects of in vitro embryogenesis in higher plants by means of topical
reviews and stepwise protocols of selected species. With this goal, the book has been divided
into five parts. Part I contains reviews on general topics (microspore, zygotic and somatic
embryogenesis, in vitro and in vivo asexual embryogenesis, advances on the genetic, physi-
ological, and proteomic knowledge of somatic embryo formation, role of programmed cell
death and mitochondria in somatic embryogenesis, and innovation in the use of bioreac-
tors). The remaining part of the book contains stepwise protocols on somatic embryogen-
esis in selected horticultural plants (Part II) and forest trees (Part III), on gametic
embryogenesis (Part IV), and on some pivotal topics (Part V), such as the detection of
epigenetic modifications during microspore embryogenesis, the in vitro embryogenesis and
plant regeneration from isolated zygotes, the synthetic seed production, the induction and
maturation of somatic embryos, and the cryostorage of embryogenic cultures. Some useful
“Notes,” a peculiarity of the series “Methods in Molecular Biology,” complete all the step-
wise chapters, with additional information directly coming from the authors’ valuable daily
experience in the tissue culture laboratory.

We are extremely grateful to all the authors for providing such excellent contributions,
coming from their remarkable expertise on the different aspects of in vitro plant embryo-
genesis. It is our hope that this book will be a useful source of information and ideas for
plant tissue culturists, cell biologists, embryologists, horticulturists, and operators of com-
mercial nurseries. It is also our hope that it will attract students and young scientists toward
the fascinating world of in vitro embryogenesis in higher plants.

Palermo, Italy Maria Antonietta Germana
Sesto Fioventino, Flovence, Italy Manrizio Lambavdi
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A Comparison of In Vitro and In Vivo Asexual
Embryogenesis

Chapter 1

Melanie L. Hand, Sacco de Vries, and Anna M.G. Koltunow

Abstract

In plants, embryogenesis generally occurs through the sexual process of double fertilization, which involves
a haploid sperm cell fusing with a haploid egg cell to ultimately give rise to a diploid embryo. Embryogenesis
can also occur asexually in the absence of fertilization, both in vitro and in vivo. Somatic or gametic cells
are able to differentiate into embryos in vitro following the application of plant growth regulators or stress
treatments. Asexual embryogenesis also occurs naturally in some plant species in vivo, from either ovule
cells as part of a process defined as apomixis, or from somatic leaf tissue in other species. In both in vitro
and in vivo asexual embryogenesis, the embryo precursor cells must attain an embryogenic fate without
the act of fertilization. This review compares the processes of in vitro and in vivo asexual embryogenesis
including what is known regarding the genetic and epigenetic regulation of each process, and considers
how the precursor cells are able to change fate and adopt an embryogenic pathway.

Key words Adventitious embryony, Apomixis, Cell fate, Gametic embryogenesis, Kalanchoé,

Parthenogenesis, Somatic embryogenesis

1 Introduction

Embryogenesis describes the development of a single cell into an
embryo. In plant embryogenesis there is no cell migration, so
embryo pattern formation and cell type specification is interrelated
with oriented cell division and expansion. Within sexual angio-
sperm plant species, embryogenesis usually occurs in vivo within
floral organs during the events of seed formation. Formation of an
embryo can also occur via asexual pathways in seeds, from somatic
plant cells in vivo or be induced experimentally from somatic plant

explants or gametes in vitro.

This review describes and compares the processes of in vivo
and in vitro asexual embryogenesis including what is currently
understood regarding the molecular mechanisms underlying each

process.

Maria Antonietta Germana and Maurizio Lambardi (eds.), In Vitro Embryogenesis in Higher Plants, Methods in Molecular Biology,
vol. 1359, DOI 10.1007/978-1-4939-3061-6_1, © Springer Science+Business Media New York 2016
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4 Melanie L. Hand et al.

2 Types of Embryogenesis

2.1 Zygotic (Sexual)
Embryogenesis

2.2 Asexual
Embryogenesis

in Seeds: Apomixis
and Parthenogenesis
in Cereals

Table 1

The most prevalent form of embryogenesis in plants occurs follow-
ing double fertilization in the female gametophyte (embryo sac)
found in the ovule of the flower, which gives rise to the embryo and
endosperm compartments of the seed (Table 1; Fig. 1a). Haploid
male and female gametes form in the anther and ovule, respectively,
via meiosis and subsequent mitosis [ 1, 2]. Double fertilization initi-
ates when the male pollen tube containing two sperm cells enters the
ovule. One haploid sperm cell fuses with the meiotically derived hap-
loid egg cell in the female gametophyte to form the single-celled
diploid zygote, which then undergoes cell division and pattern form-
ing events to give rise to the diploid embryo [3]. The other haploid
sperm cell fuses with the diploid central cell nucleus of the embryo
sac, which initiates divisions to form triploid endosperm that pro-
vides resources to the developing embryo [4]. Ovule tissues that
surround the embryo and endosperm contribute to the seed coat.

Evolutionary speaking, embryogenesis is a much older process
than seed formation and initially resulted from the fusion of two
homospores into the zygote, gradually evolving in present day het-
erospory [5, 6]. The zygote formed following fusion of parental
gametes is the first cell evident during sexual reproduction with a
competence for embryogenesis. In plants, an “embryogenic” state
is not only restricted to the zygote and in the following sections,
ways of attaining an embryogenic state other than via fertilization
will be discussed (Table 1).

Apomixis is a term describing a suite of developmental processes
resulting in the formation of an asexual seed. Characteristic fea-
tures of all apomicts include fertilization-independent formation of
an egg cell or another somatic ovule cell into an embryo, and the
development of functional endosperm in apomicts occurs either
with or without fertilization [7, 8]. As a result, plants germinating

Characteristics of each type of embryogenesis considered in this review

Mode of Ploidy of  Biological
Type of embryogenesis  Precursor cell embryogenesis  embryo environment
Zygotic Egg Sexual Diploid In vivo
Parthenogenesis Egg Asexual Diploid In vivo
Adventitious embryony ~ Nucellar/integument  Asexual Diploid In vivo
Somatic embryogenesis  Somatic cells Asexual Diploid In vitro/in vivo
Gametic embryogenesis  Egg/sperm Asexual Haploid In vitro
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Fig. 1 Asexual embryogenesis occurs in vivo and in vitro from different cell types. (a) Floral organs and leaves
are some of the source plant tissue for inducing embryogenesis in vitro. Asexual embryos also form in ovules
in vivo; (b) Parthenogenesis involves the development of a chromosomally reduced or unreduced egg cell (yel-
low) into an embryo without fertilization; (c) Nucellar or integument cells (red) adjacent to an embryo sac
within the ovule develop into embryos through adventitious embryony; (d) In vivo somatic embryogenesis is
known to occur in species such as Kalanchoé, where the embryos develop along leaf margins; (e) Gametic
embryogenesis involves the experimental induction of embryogenesis from gametic cells such as microspores
and ovules; (f) Embryogenesis can be induced in somatic cells following experimental treatment; (g) Embryos
formed via asexual embryogenesis may or may not possess a suspensor. At a heart-shaped stage, the typical
plant embryo contains precursor cells for the shoot apical meristem (blue cells), and the root apical meristem
which consists of a quiescent center (orange cells) and columella stem cells (purple cells)

from seeds derived via apomixis are genetically identical to the
maternal parent.

Apomixis has evolved independently across different angio-
sperm plant families and genera many times, and has been docu-
mented in more than 120 angiosperm genera that belong to
approximately 40 families [9]. Apomixis is genetically controlled
by dominant loci in studied species and is not prevalent in agro-
nomically important plants [ 10]. Apomixis mechanisms are gener-
ally divided into two categories: gametophytic or sporophytic,
based upon the location of the precursor cell which develops into
the embryo. In gametophytic apomixis, the embryo develops with-
out fertilization (termed parthenogenesis) from an egg cell found
inside an embryo sac that has formed mitotically without prior
meiosis, and is thus chromosomally unreduced (Table 1; Fig. 1b).
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Two common mechanisms termed diplospory and apospory give
rise to such embryo sacs. They are distinguished by whether the
starting cell is a megaspore mother cell or another somatic cell in
the ovule, respectively (see Hand and Koltunow [7] for further
information). Gametophytic apomixis and parthenogenesis are
found and studied in species including eudicots Taraxacum offici-
nale (dandelion), Boechera spp., and Hieracium spp. and also in
grasses Pennisetum squamunlatum and Paspalum simplex among
others [11-14].

During sporophytic apomixis, which is also called adventitious
or nucellar embryony, embryos develop without fertilization
directly from diploid somatic ovule cells surrounding an embryo
sac (Table 1; Fig. 1c). Most commonly, the embryos arise from
two different ovule tissues: the nucellus and the inner integument.
Nucellar embryony is widespread among Citrus species [15, 16].
The embryo initial cells that give rise to the asexual embryos dif-
ferentiate near the developing embryo sac [17] and they can be
specified as early as the 2—4 nuclear stage of embryo sac formation
[18, 19]. The embryo initial cells develop and form globular-
shaped embryos that can only develop to maturity if the sexually
derived embryo sac is fertilized, as the sexual and asexual embryos
share the nutritive endosperm. The developing seed therefore con-
sists of one sexual embryo and one or more asexual embryos and is
termed polyembryonic. The sexually derived embryo may not
develop or survive germination [17].

Asexual embryogenesis is evident within seeds of the “Salmon”
system of wheat. In contrast to gametophytic apomixis, a chromo-
somally reduced embryo sac develops via the usual events of meio-
sis, spore selection, and mitosis evident in sexually reproducing
angiosperms. However, salmon wheat lines are capable of up to
90 % parthenogenesis, whereby the egg is able to initiate embryo-
genesis without fertilization [20, 21]. Parthenogenesis capability
results from translocation of the short arm of wheat chromosome
1B with the short arm of chromosome 1R of rye. This particular
translocation results in the loss of two critical loci in wheat:
Suppressor of parthenogenesis (Spg) and Restorer of fertility (Rfvl1),
along with the gain of a Parthenogenesis (Pty) locus from rye. In
addition to this translocation, parthenogenesis is dependent upon
organellar DNA from Aegilops cansdata or A. kotschyi, demon-
strating the importance of cytoplasmic as well as nuclear factors in
asexual embryogenesis in vivo [21]. The existence of fertilization-
independent embryo development from difterent cell types in the
ovules of apomicts suggests that multiple cells can acquire an
embryogenic state. This contrasts with sexual reproduction where
the embryogenic state is suppressed until fertilization and
restricted to the egg cell within the female gametophyte. In par-
thenogenetic cereals the embryogenic state is attained by the egg
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in the absence of fertilization whilst embryogenic competency is
suppressed in the remaining ovule cell types.

Somatic embryogenesis is known to occur in vivo in nature, where
embryos develop on the surface of plant tissue (Fig. 1d) [22]. For
example, plants of the genus Kalanchoé reproduce asexually
through the ectopic formation of plantlets along their leat margins
[23]. The plantlets arise following proliferation of cells described
as “dormant meristems” that are found in notches along the leaf
margin [24, 25]. Some Kalanchoé species require stress to induce
plantlet formation while others do not and constitutively form
asexual plantlets. Because of this form of multiplication, Kalanchoé
species are known as “mother of thousands.” The embryo result-
ing from somatic embryogenesis is diploid and genetically identical
to the somatic precursor cells from which it was formed.

It is possible to induce asexual embryogenesis in vitro from gametic
cells including male microspores (termed androgenesis), and from
egg cells or the associated accessory cells found in the female game-
tophytes (termed gynogenesis) (Table 1; Fig. le). This process
requires gametophytic cells to switch to a sporophytic embryo for-
mation pathway. Application of various stress treatments such as
cold /heat shock and starvation are applied to the anther, isolated
microspores, cultured ovules, ovaries, or flower buds to induce the
switch [26-28]. The resulting embryos are haploid, possessing
either maternal or paternal chromosomes depending on the game-
tophytic precursor cell. The production of haploid plants through
in vitro gametic embryogenesis is a powerful mechanism to gener-
ate homozygous lines much faster than using conventional breed-
ing. Colchicine induced chromosome doubling of haploid embryos
during, or just after, embryogenesis results in homozygous
doubled-haploid plants which are useful tools in trait discovery and
plant breeding applications [29]. Currently, microspore embryo-
genesis is favored over gynogenesis as a mode of gametic embryo-
genesis because of its higher efficiency [30].

In vitro somatic embryogenesis can also be induced in vegeta-
tive explants or cells following treatment with plant growth regula-
tors (PGR) or stresses such as osmotic shock, dehydration, water
stress, and alteration of pH (reviewed in [31]) (Fig. 1f). A few stud-
ies have addressed correspondences and differences between zygotic
and somatic embryogenesis and suggest that the patterning and
specification events are quite similar [32], with the exception of a
lack of the suspensor and dormancy in in vitro cultured somatic
embryos [33]. Therefore, the most important step in vegetative
cells that undergo somatic embryogenesis must be to first gain the
“embryogenic” state. Recent work suggests that a release in sup-
pression of the embryogenic state is a plausible mechanism [6, 34].
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3 Attaining an Embryogenic State

A prerequisite for embryogenesis in plants is that the precursor cell
must attain an embryogenic state which provides the cellular com-
petence for embryo formation. During gametic embryogenesis,
and gametophytic apomixis, the developing gametophyte cells
respond to induction signals that switch their fate from gameto-
phytic to sporophytic. During zygotic embryogenesis, the zygote
has acquired embryogenic competency following fertilization of
the egg cell. In somatic embryogenesis in vitro, and adventitious
embryony, the embryo precursor cells are somatic sporophytic cells
which first must attain the embryogenic state. Changing the devel-
opmental fate of a cell is therefore an important component of
both in vitro and in vivo asexual embryogenesis.

It has been proposed that somatic embryogenesis consists of
two distinct phases which are independent of each other and are
controlled by different factors [35]. The initial stage is induction,
which involves the somatic cells attaining the embryogenic state
usually by the exogenous application of PGR. The following stage
is expression, where the newly differentiated embryonic cells
develop into an embryo without any further exogenous signals. It
is not yet known whether in vivo embryogenesis via adventitious
embryony similarly consists of two separate independent phases.
However, such a scenario could be envisaged where the sporo-
phytic ovule cells also first acquire embryonic competence by a
particular molecular signal, and then develop into an embryo with-
out fertilization via a separate developmental program.

In the process of in vitro somatic embryogenesis, somatic cells
attain the embryogenic state following the application of PGR.
Auxin is most commonly used [36], although other PGR, includ-
ing cytokinin and abscisic acid, have proven capable of inducing
embryogenesis [37, 38]. Following treatment with PGR, the cells
are cultured on a hormone-free medium. Auxin plays major roles
in plant growth and morphogenesis including embryo sac develop-
ment and embryo patterning [39, 40]. In addition to treatment
with auxin, the frequency of somatic embryogenesis induction also
depends on the species, genotype, tissue, stage of development,
and endogenous hormone levels [35, 41]. Therefore although
auxin is a universal induction molecule, other factors must be
involved in the induction of embryonic competence. The role of
cellular stress responses in the induction of somatic embryogenesis
is increasingly being recognized. The process of culturing explants
for somatic embryogenesis involves wounding, sterilization, and
culturing of the explant, all which undoubtedly apply stress to the
cells involved. Furthermore, exogenous stresses such as osmotic,
heavy metal ion, temperature, and dehydration stresses can enhance
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somatic embryogenesis [42—46]. The induction of somatic
embryogenesis through the application of auxin or stresses may
imply an interaction between auxin and stress signaling. Auxin may
therefore activate a stress signaling response, which is involved in
inducing embryogenic competence. Many stress-related genes are
up-regulated during the early phases of somatic embryogenesis,
which supports this theory [47, 48].

Whether somatic cells in vitro and nucellar, integument cells
and unreduced egg cells in apomicts in vivo acquire an embryo-
genic state via the same mechanism is currently unknown. Unlike
somatic embryogenesis, embryos formed through parthenogenesis
and adventitious embryony in apomicts are subject to the develop-
mental influences of the ovule which may produce alternate cues
that induce an embryogenic state. Stress and alterations in ovule
pattern formation lead to a deregulation of apomixis in Hieracium
where embryos form ectopically in different ovule positions [49].
Although no genes have yet been identified that are responsible for
inducing adventitious embryony, genes related to stress signaling
have been implied in the process of nucellar embryony in Citrus.
Kumar et al. [50] used suppression subtractive hybridization (SSH)
and microarray to detect genes that were differentially expressed
during asexual embryo initiation and discovered genes related to
stress signaling, including heat shock proteins.

Some similarities exist in the morphology of the embryo pre-
cursor cell for in vitro somatic embryogenesis and in vivo adventi-
tious embryony. In Citrus species that undergo adventitious
embryony, those nucellar cells that ultimately differentiate into
embryos are distinguished from surrounding nucellar cells by their
large nuclei and dense cytoplasm [51]. These nucellar initial cells
also have very thick callosic cell walls and later become thinner
walled, rounder, larger, and with a prominent nucleus prior to cell
division [17]. Histological observations of embryonic somatic cells
cultured in vitro from various species show that these embryonic
cells are relatively small and also contain large nuclei and dense
cytoplasm when compared to other somatic cells (reviewed in
Namasivayam [52]). Large nuclei and dense cytoplasm are also
characteristic of cells that are precursors of the female gametophyte,
including the aposporous initial cell in aposporous apomictic plants,
distinguishing them from surrounding somatic cells [1, 53].

4 Embryo Morphology

Zygotic embryogenesis within angiosperms passes through a series
of sequential stages to give rise to the mature differentiated struc-
ture. In Arabidopsis and some other angiosperms, the first division
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of the zygote produces an apical cell that continues to be embryo-
genic, while the second basal cell is no longer embryogenic and
continues to form the multicelled suspensor. Further divisions of
the apical cell produce a globular embryo, and differentiation and
expansion of the cotyledons leads to heart and torpedo-shaped
embryos [54]. Only the suspensor derived hypophyseal suspensor
cell continues to form the quiescent center and the columella stem
cells of the root meristem (Fig. 1g) [55]. Variation in early cell
division patterning exists between different dicotyledonous spe-
cies, although the typical globular, heart, and torpedo morpho-
logical stages still usually occur [54]. Zygotic embryogenesis in
monocotyledonous species differs from dicots mostly with respect
to planes of symmetry and the position of the shoot apical meri-
stem [56]. Variation in embryo formation also exists between
monocot species. The embryo is the only plant structure in which
both the root and shoot apical meristem is formed simultaneously.
This requires a highly complex series of pattern forming and speci-
fication events, including establishment of small populations of
stem cells. These cells continue to support the formation and activ-
ity of meristems during the remainder of the plant life cycle (for a
recent review see [57]). Extensive studies have revealed molecular
details of the formation of the major tissue types as well as the
meristems themselves during embryogenesis [6].

The processes of asexual embryogenesis, both in vivo and
in vitro, often differ from the regular divisions and patterning
events that define zygotic embryogenesis. Embryo pattern forma-
tion during apomictic embryogenesis (parthenogenesis) can be
irregular compared to zygotic embryogenesis in related sexual spe-
cies. In aposporous Hieracium, for example, embryogenesis fre-
quently commences earlier than in sexual plants as once the egg
differentiates, it transits rapidly to embryogenesis, and in some
cases altered division planes can result in a different embryo appear-
ance. Multiple embryos can also form in aposporous Hieracium
embryos in either the same or a secondary embryo sac [58].
Although most Hieracium parthenogenetic embryos resemble
those formed by zygotic embryogenesis in sexual plants, embryos
with one or three cotyledons have also been observed. Despite
developmental alterations in the primary pattern of embryos
formed in aposporous Hieracium species, the resulting germinated
seedlings eventually exhibit normal plant growth when grown on
hormone free media in vitro [58].

In vivo asexual embryogenesis in Kalanchoé species proceeds
through the typical globular, heart and torpedo stages from meri-
stematic cells along leaf margins [24]. However unlike zygotic
embryos, Kalanchoé asexual plantlets resemble shoots that then
grow adventitious roots from a hypocotyl structure [23]. Once the
root system has developed, Kalanchoé plantlets detach from the
mother plant, fall to the ground and become new plants.
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In vitro embryogenesis could also be described as heteroge-
neous, as multiple developmental pathways are possible which
occur at varying frequencies within a single species and even the
same culture [33, 59, 60]. Detailed characterization of in vitro
embryogenesis pathways has been performed using time-lapse
tracking from embryonic cell suspensions [33, 61]. Early
development of most microspore derived embryos involves a glob-
ular embryo with little cellular organization that undergoes sym-
metrical division and does not resemble a typical zygotic embryo
[54]. Other microspore-derived embryos appear to form via a
developmental pathway that involves asymmetric division and con-
sequently more closely resemble zygotic embryos. Recently, micro-
spore embryogenesis systems have been developed that consistently
produce such embryos [59, 62]. These systems involve a heat stress
period that is either shorter or at a much lower temperature than is
usually applied.

Early during zygotic embryogenesis, a region of the embryo
differentiates to become a suspensor that functions to connect the
embryo to surrounding tissues, thereby positioning the embryo
inside the seed [63]. The suspensor also acts to transport nutrients
and hormones to the embryo. When microspore embryogenesis
more closely mimics zygotic embryogenesis, a recognizable sus-
pensor is always present, which suggests the suspensor plays a role
in supporting early patterning events [59, 62, 64]. A suspensor is
also formed during in vivo asexual embryogenesis, although
throughout Citrus nucellar embryony, the suspensor becomes evi-
dent at a much later stage of development than in zygotic embryos
[15]. In aposporous Hieracium, embryos that develop in the
micropylar end of the embryo sac always form a suspensor and
embryos that develop within secondary chalazal embryo sacs may
or may not form a suspensor and often arrest at the globular stage
[65]. The development of suspensors in asexual embryogenesis
suggests that fertilization is not required for formation of the
SuSpensor.

Unlike asexual embryos formed in apomictic seeds which
undergo desiccation and dormancy as part of seed maturation,
embryos formed in vitro and in vivo in Kalanchoé develop directly
into seedlings. Despite not developing within a seed, in vitro
somatic embryos also undergo some form of maturation and accu-
mulate late embryogenesis abundant (LEA) proteins, although
sometimes treatment with ABA is first required to induce matura-
tion [66]. In vitro somatic embryos also accumulate seed storage
proteins, which are recognized as important for the future devel-
opment of in vitro somatic embryos into plants. Only those
embryos that have accumulated enough storage proteins and have
acquired desiccation tolerance will develop into normal plants
[60]. A comparison between asexual in vivo and somatic in vitro
embryogenesis processes was performed by measuring the



12

Melanie L. Hand et al.

accumulation of citrin seed storage proteins in polyembryonic
seeds and in vitro cultured embryos in Citrus. This study revealed
that in vitro embryos accumulate fewer citrins and at a later devel-
opmental stage than within the polyembryonic seed, suggesting
that despite not being derived from fertilization events, the nucel-
lar embryos are influenced by the seed environment [19].

Formation of endosperm is a crucial component of seed devel-
opment which does not accompany in vitro embryogenesis. The
precursor of the endosperm is the large diploid central cell of the
embryo sac. During sexual seed formation, the endosperm will
only develop following double fertilization, when one of the two
sperm cells fuses with the two central cell nuclei to produce trip-
loid endosperm. Formation of viable seed via apomixis also
requires the formation of endosperm. The majority of apomictic
species studied require fertilization to develop endosperm, a pro-
cess which is termed pseudogamy. In some apomictic species, typi-
cally members of the Asteraceae, endosperm can develop without
fertilization of the central cell. Maternal (m) and paternal (p)
genome ratios in the endosperm are typically 2m:1p in sexual spe-
cies and disturbance in this ratio may lead to seed abortion.
Apomicts tend to tolerate variation in endosperm ploidy and
maternal and paternal genome ratios which are not easily tolerated
in sexually reproducing plants, and have developed various strate-
gies to ensure seed viability [67].

Apomictic Hieracium species are able to form endosperm
without fertilization. The polar nuclei fuse prior to the develop-
ment of nuclear and then cellular endosperm, in the absence of
fertilization and the resulting endosperm exhibits a 4m:0p genome
ratio in aposporous Hieracium. The trait of autonomous endo-
sperm (AutE) has recently been separated from fertilization-
independent embryogenesis in Hieracium through two
inter-specific crosses [68]. Two individuals were identified that
form reduced embryo sacs containing meiotically derived eggs and
central cells through the sexual pathway. However, egg cells within
these individuals are unable to commence embryogenesis without
tertilization although in the absence of fertilization, the fused polar
nuclei undergo proliferation and continue to develop cellular
endosperm with a 2m:0p genome ratio. This indicates a paternal
genome contribution is neither required for endosperm initiation,
nor cellularization in both chromosomally reduced and unreduced
embryo sacs. When egg cells from these individuals are fertilized,
embryogenesis occurs to completion and viable seed is formed. It
is currently unclear if the central cell is also able to be fertilized as
this would result in a parental genome ratio of 2m:1p ratio as seen
in sexual species [68].
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5 Genes Implicated in In Vivo and In Vitro Asexual Embryogenesis

Similarities between asexual embryogenesis in vitro and in vivo
raise questions regarding whether these processes are controlled by
the same molecular mechanisms. Although no genes responsible
for embryogenesis have yet been isolated from apomictic plants, a
number of gene candidates have been identified through differen-
tial gene expression analysis, genetic mapping and study of sexual
mutants with phenotypes that mimic asexual embryogenesis.
Attempts to understand in vitro somatic and gametic embryogen-
esis have also resulted in a range of gene candidates that when
expressed ectopically, result in embryo formation.

One of the first genes associated with somatic embryogenesis
was SOMATIC EMBRYOGENESIS RECEPTOR KINASE
(SERK) when its involvement was demonstrated in carrot cell cul-
tures [69]. SERK was identified as a marker for cells transitioning
from a somatic to an embryogenic state, due to its transient expres-
sion in established suspension cell cultures [69]. SERK is a leucine-
rich repeat (LRR) receptor-like kinase that is also expressed in
developing ovules and embryos iz planta and may therefore influ-
ence somatic embryogenesis through the same mechanisms of the
sexual pathway [69, 70]. Overexpression and downregulation of
SERK increases and decreases the efficiency of somatic embryo-
genesis, respectively [70, 71]. Interestingly, a SERK gene has also
been implicated in asexual reproduction within an apomictic grass,
Poa pratensis. cDNA-AFLPs differentially expressed between apo-
mictic and sexual lines of P. pratensis revealed a SERK gene that
displays differential expression [72]. Apomixis in P pratensis
involves development of an embryo sac not from the megaspore
mother cell (MMC) which is the typical precursor cell for the sex-
ual pathway, but from a diploid somatic cell positioned nearby the
MMC. These somatic precursor cells are found in the nucellar
ovule tissue. Within P. pratensis, SERK is expressed in embryo sac
precursor cells: the MMC in sexual plants, and somatic nucellar
cells in apomictic plants [72]. The same expression profile was also
observed in apomictic and sexual lines of Paspalum notatum [73].
SERK expression was also examined in apomictic Hieracium where
it was detected throughout the ovule, and expression was not
restricted to the nucellar region or MMC in Hieracium. SERK
expression was also observed in developing Hieracium embryos
[74]. SERK is therefore thought to play an important role in
changing developmental fate of cells, both in stages of apomixis
and in somatic embryogenesis. BABYBOOM (BBM) is another
gene that has been associated with both in vitro and in vivo asexual
embryogenesis. BBM is an APETELA2 (AP2) transcription factor
that was originally identified following subtractive hybridization of
cDNA from  Brassica mapus microspores undergoing
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embryogenesis [75]. Ectopic expression of BBM in Arabidopsis or
B. napus induces somatic embryos, and constitutive expression of
BBM genes from other species also results in the emergence of
ectopic embryos [75-77]. BBM expression was also observed in
developing Arabidopsis zygotic embryos [75]. These results sug-
gest that BBM has a conserved role in the induction and/or main-
tenance of embryo development. BBM genes have also been
identified within a genomic region essential for apomixis in the
apomictic grass Pennisetum squamulatum [78]. The apospory-
specific genomic region (ASGR) of Pennisetum was identified fol-
lowing marker analysis of a selection of apomictic and sexual plants,
which revealed a set of apomixis-specific markers that define the
ASGR [79]. Sequencing of BAC clones from within the ASGR
revealed putative protein coding regions, including two of which
had similarity to BBM of rice [78]. The ASGR is thought to con-
tain genetic elements responsible for both the formation of a dip-
loid embryo sac, and the process of parthenogenesis. The BBM
genes within the ASGR are therefore candidate apomixis genes
with strong potential to have a role in the induction or mainte-
nance of asexual embryogenesis in Pennisetum apomicts. However,
confirmation of a role for BBM in parthenogenesis has not yet been
reported.

The involvement of common genes in zygotic and asexual
embryogenesis implies that despite arising from different activa-
tion signals and different tissues, each embryogenesis process con-
verges on a similar developmental pathway. Genes with a known
involvement in zygotic embryogenesis have therefore been studied
in asexual embryogenesis systems to understand whether such
genes are also involved in asexual embryogenesis. The LEAFY
COTYLEDON (LEC) family of transcription factors is crucial for
regular embryogenesis and is also implicated in somatic embryo-
genesis. Arabidopsis contains three LEC genes: LECI, LEC2, and
FUSCA3 (FUS3), and each of these genes is expressed exclusively
in the embryo [80-82]. Ectopic expression of each of the three
LEC genes leads to vegetative cells adopting characteristics of
maturation-phase embryos, and hence this gene family is associ-
ated with the process of somatic embryogenesis [80-82]. The LEC
genes have been linked to auxin production, as LEC2 is known to
activate the auxin biosynthesis genes YUCCA2 and YUCCA4
[83]. FUS3 expression also increases in response to auxin [84].
This interaction with auxin signaling is thought to be responsible
for the ability of LEC gene expression to induce embryonic
competence.

LECI has been studied in Kalanchoé species and is implicated
in the process of asexual plantlet formation in these species.
Compared to Arabidopsis, the LECI gene of Kalanchoé daigre-
montiana (KALECI) is truncated and does not rescue the
Arabidopsis lecl mutation, suggesting it functions differently to



In Vitro and In Vivo Asexual Embryogenesis 15

LECI in Arabidopsis [23]. A functional full length copy of LECI
was created by replacing the deleted nucleotides in KdLECI with
the corresponding nucleotides from Arabidopsis and transforma-
tion of Kalanchoé¢ daigremontiana with this synthesized LECI-
LIKE gene results in disrupted asexual reproduction and in some
instances abortion or absence of plantlet formation [85]. This
study strongly supports the involvement of LECI in in vivo asexual
embryogenesis in Kalanchoé and furthermore suggests that the
switch from sexual to asexual propagation in the evolution of
Kalanchoé was probably activated following truncation of the
KALECI gene [85].

Another gene that appears to be involved in the induction of
an embryogenic state is the RWP-RK domain containing (RKD)
transcription factor RKD2, which is preferentially expressed in the
egg cell of Arabidopsis and wheat [86]. Ectopic expression of
RKD?2 results in ovule integument cells that become enlarged and
densely cytoplasmic with prominent nuclei, suggesting these cells
have become pluripotent [87]. Ectopic RKD2 expression also
results in some integument cells adopting an egg cell identity, and
a low frequency (ca. 0.1 %) of embryo-like structures also appear
outside of the embryo sac [87]. This observation is reminiscent of
adventitious embryony and may indicate that RKD2 is involved in
the induction of embryogenesis from ovule tissue during adventi-
tious embryony.

Additional genes including WUSCHEL and AGAMOUS-Like
15 (AGLI15) are known to induce embryo formation from vegeta-
tive tissue when ectopically expressed, and have therefore been
implicated in somatic embryogenesis [88, 89]. WUSCHEL is
known to be involved in specifying and maintaining stem cells in
the shoot and root meristem [90] while AGL15 is known to accu-
mulate in developing embryos [91], therefore a role in embryo-
genesis is to be expected for both of these genes. However, with
the exception of SERK, most of the genes shown to be involved in
zygotic and asexual embryogenesis are not specifically expressed in
the egg cell or the zygote. Therefore, whilst important for later
stages of embryo development, these genes may not be involved in
the process of embryo initiation which is possibly the most impor-
tant aspect of asexual embryogenesis. It has been proposed that the
observed ectopic embryo development associated with mis-
expression of these genes, is a result of cellular stress, rather than a
specific initiation signal expressed by the genes [92]. This hypoth-
esis is consistent with embryonic competence being induced by
stress factors, as discussed earlier.

To understand the genetic elements responsible for inducing
embryonic competence in both in vitro and in vivo asexual embryo-
genesis, future experiments will likely focus on comparison of gene
expression from embryo precursor cells directly before and after
the initiation of embryogenesis. Genetic mapping of apomixis loci



16

Melanie L. Hand et al.

Fig. 2 Cleared ovules from wildtype apomict Hieracium praealtum (a), and a H.
praealtum lop mutant (b) that has lost the capacity to undergo parthenogenesis
and autonomous endosperm development. Within apomictic H. praealtum ovules,
embryo and endosperm develop from the egg and central cell, respectively, with-
out fertilization (a). H. praealtum lop deletion mutant m179 (b) has lost this
capacity and the egg and central cells do not develop further without fertilization.
Scale bars=50 pum. em embryo, e egg, cc central cell, ne nuclear endosperm.
Ovules were collected at stages 6 (a) and 10 (b) of capitulum development
according to Koltunow et al. [65]

may also reveal which genes are responsible for the initiation of
asexual embryogenesis. Genetic analyses of apomicts have shown
that gametophytic apomixis is inherited as a dominant trait. In
many apomictic species, developmental components of apomixis
(meiotic avoidance and parthenogenesis) are controlled by inde-
pendent loci and further research is underway to isolate the causal
sequences that underlie these loci. For example, characterized
deletion mutants developed in apomictic Hieracium praecaltum
revealed a genomic region responsible for fertilization-independent
embryogenesis and endosperm formation, named LOSS OF
PARTHENOGENESIS (LOP) [93]. Deletion of LOP sees the
plant become dependent upon fertilization for both embryo and
endosperm development (Fig. 2) [13]. Genetic mapping of LOP
and AutE is the focus of current work that may lead to isolation of
the causal sequences for both traits.

A genomic locus strongly associated with adventitious embry-
ony in Citrus has also been identified [94]. Further characteriza-
tion of this locus may clarify the mechanism of adventitious
embryony and identify the genetic element responsible for
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inducing asexual embryogenesis iz planta. Similarly, the search for
genes within the controlling parthenogenesis loci of the salmon
wheat system may reveal those genes that are responsible for par-
thenogenesis in this system. Although controlling genes are cur-
rently unknown for the salmon wheat system, it is likely that they
have lost those genes required for repressing fertilization indepen-
dent embryogenesis in sexual plant species.

6 Epigenetic Influence on Asexual Embryogenesis

Various epigenetic marks and pathways have been associated with
both sexual and asexual embryogenesis processes, suggesting that
the induction and regulation of asexual embryogenesis may involve
epigenetic components. For instance, the application of exogenous
auxin during somatic embryo induction results in DNA hyper-
methylation [95], and inhibition of DNA methylation suppresses
the formation of embryogenic cells from cultured carrot epidermal
cells [96]. Auxin could therefore possibly reprogram gene expres-
sion through DNA methylation, leading to the induction of
embryogenesis pathways within somatic cells.

Genes within epigenetic pathways have also been implicated in
both in vitro and in vivo asexual embryogenesis. One such epigen-
etic factor implicated in asexual embryogenesis is PICKLE (PKL),
a chromatin remodeling protein [97]. PKL is responsible for
repressing the LEC family of transcription factors, as pk/ mutants
display overexpression of LECI, LEC2 and FUS3, and display a
phenotype similar to that seen from LECI overexpression [97,
98]. PKL activity is therefore acknowledged as an important regu-
latory mechanism for repressing embryonic identity throughout
seedling growth, by suppressing the embryogenic program in
somatic cells [99]. For this reason, PKL is also a candidate for the
induction of asexual embryogenesis. Deregulation of PKL in
somatic cells or within the egg cell would permit expression of
embryogenic genes that are generally only expressed by the devel-
oping embryo following fertilization. However to date, PKL has
not been specifically associated with asexual embryogenesis in any
natural apomictic plant.

Strong evidence exists suggesting that epigenetic pathways
play a crucial role in asexual embryo and endosperm development
during apomixis. Mutants of the Polycomb-Group (PcG) chroma-
tin modeling complex show phenotypes reminiscent of fertilization
independent embryogenesis and endosperm formation seen in
gametophytic apomixis. In particular, the Polycomb Repressive
Complex 2 (PRC2) is known to be involved in the suppression of
seed development in the absence of fertilization. The PRC2 is con-
served between plants and animals and represses gene expression
via trimethylation of histone H3 at lysine 27 (H3K27me3).
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Phenotypes of asexual embryo and endosperm development have
been observed when core PRC2 genes are mutated in Arabidopsis.
For instance, the fertilization-independent seed (FIS) PRC2
complex (FIS-PRC2) consists of the genes MEDEA (MEA), FIS2,
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE), and
MULTICOPY SUPPRESSOR OF IRAI (MSI1). Loss of function
of any of these genes results in endosperm initiation and prolifera-
tion without fertilization. However, the endosperm does not cel-
luarize [100-102]. The role of the FIS-PRC2 complex is therefore
considered to inhibit central cell proliferation. In the case of MSI1
mutants, low levels of parthenogenetic embryo initiation are
observed, followed by embryo arrest, so that viable seeds are not
formed [103]. The role of some of the FIS-PRC2 genes has been
investigated during seed initiation in Hzeracium spp., one of the
few groups of apomicts that develop endosperm without fertiliza-
tion. Downregulation of Hieracium FIE (HFIE), a protein linking
multiple PRC2 components inhibiting fertilization-independent
endosperm proliferation in Arabidopsis does not result in
fertilization-independent endosperm proliferation in sexual plants.
HFIE function is required for completion of both sexual and asex-
ual embryo and endosperm development in examined Hieracium
species [104]. These results demonstrate that the capacity for
embryogenic competence and endosperm formation in apomicts
may function via deregulation of other PRC2 complex family
members and that additional factors are required to produce viable
asexual embryos and endosperm. The identified Hieracium AutE
plants that form endosperm, but not embryos, without fertiliza-
tion may help identify and define the roles of genes that regulate
the autonomous endosperm mechanism.

The PRC2 complex interacts with other genes implicated in
asexual embryogenesis, including the LEC gene family. LECI,
LEC2, and FUS3 are all overexpressed in CURLY LEAF (CLF) and
SWINGER (SWN) double mutants, which are PcG gene homo-
logues of the PRC2 gene MEA [105]. A cis regulatory element has
been identified within the LEC2 promoter which is responsible for
recruiting the PRC2 complex [106]. These results suggest that the
PcG acts to repress embryonic gene expression by histone methyla-
tion. Histone acetylation is another epigenetic mark that in contrast
to histone methylation, is generally associated with transcriptional
activation. Removal of the acetylation is performed by histone
deacetylase (HDAC), which consequently results in transcriptional
repression. Interestingly, two histone deacetylase genes (HDAG6 and
HDA1IY) are partly responsible for repressing the embryonic pro-
gram during Arabidopsis germination [107]. Another HDAC gene
(HDA?) in Arabidopsis is known to be important for normal
embryo development [108]. Inefficient or defective histone deacet-
ylation of key embryonic genes may therefore be a candidate mech-
anism for inducing asexual embryogenesis.
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Chapter 2

Somatic Versus Zygotic Embryogenesis: Learning
from Seeds

Traud Winkelmann

Abstract

Plant embryogenesis is a fascinating developmental program that is very successfully established in nature
in seeds. In case of in vitro somatic embryogenesis this process is subjected to several limitations such as
asynchronous differentiation and further development of somatic embryos, malformations and disturbed
polarity, precocious germination, lack of maturity, early loss of embryogenic potential, and strong geno-
typic differences in the regeneration efficiency. Several studies have shown the similarity of somatic and
zygotic embryos in terms of morphological, histological, biochemical, and physiological aspects. However,
pronounced differences have also been reported and refer to much higher stress levels, less accumulation
of storage compounds and a missing distinction of differentiation and germination by a quiescent phase in
somatic embryos. Here, an overview on recent literature describing both embryogenesis pathways, com-
paring somatic and zygotic embryos and analyzing the role of the endosperm is presented. By taking
zygotic embryos as the reference and learning from the situation in seeds, somatic embryogenesis can be
improved and optimized in order to make use of the enormous potential this regeneration pathway offers
for plant propagation and breeding.

Key words Biochemistry, Comparative approach, Maturation, Morphology, Proteome, Storage
reserves, Stress response, Transcriptome

1 Introduction

Somatic embryogenesis, a fascinating developmental pathway
through which plants can be regenerated from bipolar structures
derived from a single or a few somatic cells was first described more
than 50 years ago in carrot by Reinert [1] and Steward et al. [2].
This regeneration pathway offers a great potential to be applied in
mass propagation, genetic transformation by direct means or via
Agrobacterium tumefaciens and as a source of protoplasts as well as
for long-term storage of germplasm using cryopreservation. Also
fundamental studies of early embryogenesis are easier to be per-
formed with somatic than with zygotic embryos. However, up to
now the exploitation of this pathway is limited by inherent
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1.1 Zygotic
Embryogenesis

problems that are observed in many different plant species, like
asynchronous differentiation and further development of somatic
embryos, malformations and disturbed polarity, precocious germi-
nation, early loss of embryogenic potential, and strong genotypic
differences in the regeneration efficiency. On the other hand, such
limitations are not found in zygotic embryos developing within
seeds. Thus, this review aims at comparing these two types of
embryogenesis by regarding zygotic embryogenesis as a reference
as suggested for the first time for wheat by Carman [3]. The iden-
tification of the major differences could enable new approaches to
optimize somatic embryogenesis. Available literature dealing with
comparisons of somatic and zygotic embryos on morphological,
histological, biochemical, and also transcriptomic and proteomic
level will be summarized, with emphasis on our model plant, the
ornamental species Cyclamen persicum.

The zygote is formed after double fertilization has taken place
which is leading to the formation of the embryo and the endo-
sperm. Zygotic embryogenesis is a complex, highly organized pro-
cess, that has been studied for a long time by histological approaches
only [4]. Recently it has been supplemented by molecular genetic
studies, mainly based on mutant analyses of Arabidopsis thaliana as
excellently reviewed in 2013 by Wendrich and Weijers [5] and
depicted in Fig. 1. Embryogenesis is divided into (1) embryogenesis
sensu strictn (morphogenesis of embryo and endosperm) meaning
the development of the zygote up to a cotyledonary stage embryo
and (2) the subsequent maturation phase that starts with the switch
from maternal to filial control [6] and finally (3) the phase of
embryo growth and seed filling ending with a desiccation phase [7].

Embryogenesis sensu strictu starts with a loss of polarity directly
after fertilization of the egg cell which is followed by re-polarization
and elongation of the zygote [5]. The important first asymmetric
cell division of the zygote results in a more elongated basal cell that
gives rise to the suspensor and the hypophysis and a small apical
cell that generates the embryo. The suspensor positions the embryo
within the embryo sac, conducts nutrients to the developing
embryo and is a source of plant hormones that are important for
polarity establishment [8]. It is eliminated by programmed cell
death between globular and torpedo stage in angiosperms and in
late embryogenesis in gymnosperms [9].

Auxin is the predominant plant hormone that has been
reported to be involved in polarity and pattern formation.
Especially, the PIN (PIN formed proteins) dependent asymmetric
auxin efflux regulates these processes in early embryogenesis ([10],
reviewed in 2010 by De Smet et al., [11]). The role of other plant
hormones, among which cytokinins and brassinosteroids were
reported to be important in these processes, is not yet clearly
resolved [11].
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Fig. 1 Morphogenetic processes during Arabidopsis embryogenesis. Schematic overview of Arabidopsis
embryogenesis from the egg cell to the heart stage embryo, highlighting the morphogenetic processes required
to progress from one stage to the next. The colors represent cells of (essentially) the same type (see color
legend), based on marker gene expression and lineage analysis. Cot cotyledon, SAM shoot apical meristem,
Hyp hypocotyl, RAM root apical meristem (reproduced from [5] with permission from New Phytologist)

Subsequent organized cell division in a symmetric way and
only in one direction leads to the formation of the suspensor. In
the apical cell division planes change in a strictly regulated way in
A. thaliana and thereby establish two types of axes, defining upper
and lower tiers and radially arranged cell types [5]. Most interest-
ingly, the first cell divisions take place within the space provided by
the apical cell. Thus, pattern formation occurs in the globular
embryo by which the protoderm cells, vascular and ground tissue
are defined. The last stage of embryogenesis semsu strictu is the
heart stage being characterized by the presence of shoot and root
apical meristems as well as early cotyledons. The key genes regulat-
ing morphogenesis of the embryo have been identified and encode
transcription factors, receptor kinases, proteins involved in plant
hormone signaling and micro RNAs pointing to the predominant
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1.2 Somatic
Embryogenesis

transcriptional control, and future research needs to focus on how
these regulators hold their function in terms of cell biological
implementations [5].

The later phase of seed development (maturation phase) com-
prises embryo growth, seed filling by deposition of storage reserves
and finally desiccation. Mainly seed dormancy has attracted the
attention of research in A. thaliana and other species (reviewed by
Finch-Savage and Leubner-Metzger in 20006, [12]). Seed filling is
of importance for many agricultural crops like rape seed or legumes
as well (reviewed by Verdier and Thompson in 2008, [13]). At the
end of seed development, the zygotic embryo is in a quiescent
state which clearly separates embryogenesis from germination.

The term somatic embryogenesis already points to the pronounced
morphological similarity of this vegetative regeneration pathway to
zygotic embryogenesis. Somatic embryogenesis generally starts
from a single cell or a group of cells of somatic origin and direct
somatic embryogenesis is distinguished from indirect somatic
embryogenesis in which a callus phase is passed through. The
induction of embryogenic cells sometimes refers to all events that
reprogram a differentiated cell into an embryogenic cell, but
recently was divided into different phases, i.e., dedifferentiation,
acquisition of totipotency, and commitment into embryogenic
cells [14]. The first important difference compared to zygotic
embryogenesis is the need for both, transcriptional and transla-
tional reprogramming of a somatic cell. Dedifferentiation of the
somatic cells is the prerequisite to gain embryogenic competence
and results in genetic reprogramming, loss of fate, and change into
meristematic cells [15]. Stress due to wounding, separation from
surrounding tissue, in vitro culture conditions, and also auxin are
discussed to have a pivotal role in dedifferentiation [15]. Elhiti
et al. [14] postulated that cells have to be cytologically separated
for dedifferentiation as expression of genes responsible for second-
ary cell wall formation changed. Moreover, pronounced changes in
the network that regulates the response to hormones have to take
place. Twenty-five candidate genes being associated with the
expression of cellular totipotency were identified by a bioinfor-
matic approach using the CCSB (Center of Cancer Systems
Biology) interactome database and Arabidopsis as a model for a
molecular regulation network [14]. They cover functions in tran-
scription, signal transduction, posttranslational modification,
response to plant hormones, DNA repair and DNA methylation,
and for the first time protein phosphorylation and salicylic acid
signaling. The final step of the induction phase, the commitment
into embryogenic cells, involves genes for signal transduction,
microtubule organization, DNA methylation, regulation of tran-
scription, apoptosis, and hormone-mediated signaling [ 14].
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The establishment of polarity and a first asymmetric cell divi-
sion has been observed in early somatic embryogenesis of carrot
[16] and alfalfa [17]. By cell tracking experiments it was shown
that carrot somatic embryos developed from different single sus-
pension cells either via a symmetric or via an asymmetric first divi-
sion [18], indicating that an asymmetric division is not decisive for
proper somatic embryo development. However, as stated by Feher
et al. [15], polarity, in terms of the transcriptional and biochemical
status of the cell, is not necessarily expressed at the level of the
morphology and symmetry of cell division. Therefore, early polar-
ization is thought to be crucial in somatic embryogenesis as well as
in zygotic embryogenesis, but needs to be set up by the cell inter-
nally following an external stimulus. The suspensor originating
already from the first asymmetric division of the zygote is also
formed in somatic embryos of conifers. It is supposed to support
polarity and axis establishment in embryos and undergoes pro-
grammed cell death also in somatic embryos (reviewed by
Smertenko and Bozhkov in 2014, [8]). In contrast, suspensor
structures are often not so clearly detectable or completely missing
in somatic embryos of plant species other than gymnosperms.

Due to the difficulty of identification of embryogenic cells, the
early stages up to the globular embryo, and especially the precise
sequence of cell divisions that can be described for Arabidopsiszygotic
embryogenesis resulting in pattern formation have not often been
recorded in somatic embryogenesis systems. Most studies that
track the development of somatic embryos start with the globular
stage [4]. Further development runs through the typical stages of
angiosperm embryogenesis in dicots, namely globular stage, heart
stage, torpedo stage, and cotyledonary stage. For a long time,
markers for competent cells have been searched for, and most
promising are Somatic Embryogenesis Receptor like Kinases
(SERKs), that were identified to play a role in zygotic and somatic
embryogenesis in Daucus carota [19] and A. thaliana [20]. They
are involved in perception and transduction of extracellular signals
and connected to brassinosteroid signaling [21], but their exact
function is unknown up to now.

Maturation includes accumulation of storage reserves, growth
arrest, and acquisition of desiccation tolerance and is, in case of
somatic embryos, induced externally by increasing the osmotic
pressure (lowering the osmotic potential) of the culture media
(e.g. by addition of polyethylene glycol or increased sugar concen-
tration) and application of abscisic acid (ABA) [22]. Germination
requires similar conditions as in the respective zygotic embryos
and completes this developmental pathway. Obviously, somatic
embryos are completely lacking the effects of the surrounding seed
tissues which provide physical (space) constraints and a specific and
complex interaction of testa and endosperm supporting embryo-
genesis in an optimal way. For the induction of embryogenic cells,
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external stimuli are mainly coming from the culture media, plant
growth regulators, and culture conditions, but thereafter somatic
embryogenesis is following an intrinsic autoregulatory develop-
mental program [8]. Most likely, this process can be improved by
mimicking conditions found in seeds.

2 Comparison of Somatic and Zygotic Embryos

2.1 Morphological
and Histological
Gomparison

The fact that somatic embryogenesis was named after embryogen-
esis taking place in seeds clearly indicates a high degree of similarity
of somatic and zygotic embryos. Many early studies were devoted
to describe morphological aspects involving histological and micro-
scopic investigations. Due to the typical stages both types of
embryos pass through, globular, heart, torpedo, and cotyledonary
stage, the parallels become obvious. Both kinds of embryos are
bipolar structures from the beginning and do not have a vascular
connection to maternal tissue which enables the discrimination of
somatic embryogenesis and adventitious shoot regeneration.

The first cell division of the zygote is asymmetric while in
somatic embryos this is not always the case (see above, [18]).
Mathew and Philip [23] described the regeneration of Ensete super-
bum via somatic embryogenesis starting from single cells without
the need of strong polarity establishment in these cells. However,
all further stages that were compared in this histological approach
revealed high similarity of somatic embryos to their zygotic coun-
terparts in terms of structure of the embryonic apex or formation
of cotyledons and hypocotyls. In many indirect somatic embryo-
genesis systems, the so-called proembryogenic masses, being clus-
ters of small, dense cytoplasm rich embryogenic cells, give rise to
the differentiating embryos, but their first divisions have not often
been observed in detail, since the cell or the cell group from which
the embryo originates is difficult to identify. While in gymnosperm
somatic embryos the suspensor is a very prominent structure that
in late embryogenesis undergoes programmed cell death [8], in
many angiosperm systems suspensors are either absent or strongly
reduced which might explain the difficulties in root formation
reported for some species, especially due to the absence of the
hypophysal cell [4].

Maize secondary somatic embryos derived from single primary
somatic embryos or somatic embryos developing attached to callus
cells, revealed malformations in the shoot meristem formation after
direct regeneration of the single somatic embryos, while those that
developed next to callus cells perfectly represented zygotic embryo
development [24]. The authors discuss a possible role of the neigh-
boring callus cells with similar functions as suspensor cells in the
zygotic situation. Interestingly, in our model plant C. persicum
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[25] embryogenic cultures are mixtures of embryogenic and
nonembryogenic cells, and the differentiating somatic embryos are
surrounded by a extracellular matrix resembling several cell wall
layers (Douglas Steinmacher, Melanie Bartsch, and Traud
Winkelmann, unpublished data). One possible explanation, for
which further evidence is needed, could be that nonembryogenic
cells undergo programmed cell death and thereby enable differen-
tiation. In Eucalyptus nitens somatic embryos are only sporadically
observed, but then appear on dark brown wounded callus cells
[26]. An ultrastructural study not only recorded several analogies
in cell and embryo structure when compared to zygotic embryos,
it also identified a kind of waxy coat surrounding the somatic
embryos which was supposed to originate from phenolic exudates
[26]. Somatic embryos of C. persicum have three times larger cells
than their zygotic counterparts, and their outer surface is more
irregular than the smooth protoderm of zygotic embryos [27].
This observation indicates that the physical and chemical con-
straints of the surrounding tissue, the endosperm, may have an
important influence on the cellular organization of zygotic embryos
that is lacking in somatic embryogenesis systems (see also
Subheading 3).

Maturation is a major bottleneck in somatic embryogenesis of
several species including Pinus pinaster [28] and coffee [29]. Also
loblolly pine somatic embryos did not reach full maturity and had
lower dry weights than the zygotic ones [30]. Polyethylene glycol
(PEG) which is often used in maturation media of conifers had
clear effects on the morphology of somatic embryos of P. pinaster
as numerous and larger vacuoles as well as larger intercellular spaces
were induced by this treatment [28]. By the histological compari-
son of somatic embryos subjected to different maturation treat-
ments (carbohydrates in various concentrations) protein bodies
were found to appear earlier in somatic embryos, and to be more
abundant in well-developed somatic embryos leading to the sug-
gestion that storage protein accumulation could be regarded as a
marker for embryo quality of Pinus pinaster [28]. The same authors
observed starch accumulating in zygotic embryos in a gradient of
higher concentrations at the basal end, whereas in somatic embryos
the localization of starch granules strongly depended on the matu-
ration treatment. However, irrespective of the maturation treat-
ment, somatic embryos always contained higher amounts of starch
than the zygotic ones again with significant differences between
different kinds and concentrations of carbohydrates applied [28].

Another aspect, namely the water status, was studied in Heven
brasiliensis embryos [31]. In zygotic embryos the water content
decreased sharply from 91 to 53 % within 1 week (14-15 weeks
after pollination) and during the remaining maturation phase down
to 42 %. In contrast, somatic embryos without maturation treat-
ments had a water content of nearly 80 %, while those that had
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2.2 Biochemical
Comparison

22.1

Storage Proteins

been desiccated or cultivated on higher sucrose concentrations
plus ABA still contained 71 % water but had much higher germina-
tion and conversion rates than the nontreated ones [31]. Also in
date palm the zygotic embryos underwent dehydration with a
water content of 80 % decreasing to 35 %, whereas somatic embryos
had a water content of around 90 % throughout the whole devel-
opment [32]. Both mentioned species still have high water content
in the seed after desiccation. In species with true orthodox seeds
and much lower water contents, the drop in water content and
thereby the discrepancy between somatic and zygotic embryos can
be expected to be even more pronounced.

Somatic embryogenesis is already commercialized in coftee, but
its profitability is limited due to losses during conversion into plant-
lets. Thus, Etienne et al. [29] put special emphasis on studying this
phase in the zygotic and somatic system. Differences were found in
conversion time which took 22 weeks in somatic and 15 weeks in
zygotic embryos, hypocotyl length being shorter in somatic
embryos, a more spongy tissue in the somatic embryo axis, earlier
differentiation of stomata in somatic embryos and less protein and
starch in cotyledonary somatic embryos [29]. The water content of
zygotic embryos increased strongly during germination starting
from 28 % and reaching 80 % within 4 weeks, whereas the increase
in somatic embryos was rather mild (water content from 70 to 85
%). Furthermore, the authors observed asynchronous germination
in somatic embryos. It can be concluded that the phase of matura-
tion which includes a growth arrest controlled by plant hormones
(mainly ABA) and desiccation is obviously extremely important to
allow the development of high quality somatic embryos that will
germinate in high rates and in a synchronized way.

When screening the literature for studies comparing somatic and
zygotic embryos on the biochemical level, mainly analyses of major
storage compounds, i.e. storage proteins, carbohydrates, and lipids
are found. Depending on the type of seed in a respective species,
storage reserves may be found in the embryo itself and here mainly
in the cotyledons or in the endosperm. Early studies in Brassica
napus [33] and cotton [34] have shown that somatic embryos are
able to accumulate storage proteins, but in much lower amounts
(1/10 of that found in zygotic embryos in B. napus) and in earlier
stages. In somatic embryos of alfalfa 7S globulin was dominant,
while in zygotic embryos 118 globulin and 2§ albumin were more
abundant [35]. The processing and subcellular localization of 7S
and 118 storage proteins in protein bodies was comparable in both
embryo types, while 2S albumin in somatic embryos was detected
in the cytoplasm, in contrast to zygotic embryos in which 28§ albu-
mins were localized in protein bodies [35]. Overall, also in alfalfa
lower amounts of storage proteins were determined in somatic
embryos, thus supporting the observations in B. zapus and cotton.
Thijssen et al. [36] visualized globulin (storage protein)
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accumulation by fluorescence labeled antibodies in somatic and
zygotic embryos of maize. Starting 10 days after pollination globu-
lins were detected in the scutellum first and later in leaf primordia
and roots. Lower amounts of intermediate globulin precursor pro-
teins were found early in development of somatic embryos while
mature globulins could be induced by a maturation treatment with
ABA [36]. Date palm somatic embryos contained about 20 times
lower amounts of total protein than zygotic embryos, a different
protein composition, and were lacking glutelin, a storage protein
with the typical accumulation and hydrolysis pattern in zygotic
embryos [32]. In agreement with these studies are the observations
in oil palm embryos in terms of earlier, but 80 times less production
of 7S globulins in somatic embryos compared to zygotic ones [37].
A recent follow-up study [38] reported on early mobilization of
storage proteins by proteases in somatic embryos, thus providing
further evidence that the clear differentiation of the developmental
phases of embryogenesis, maturation, and germination is lacking in
somatic embryos. Instead there is an overlap of all three programs,
since globulin synthesis still occurred during germination of somatic
embryos and cystein proteases were active in all phases of somatic
embryogenesis [38]. In order to gain insights into glutamine
metabolism, a nitrogen compound that is important for embryo-
genesis, Perez-Rodriguez et al. [39] found cytosolic glutamine syn-
thase la (GS1la) to be absent in zygotic, but present in somatic
embryos of P. pinaster and Pinus sylvestris indicating the onset of
precocious germination in late stages of somatic embryogenesis,
since this gene is a marker for chloroplast differentiation. GS1b
expression was detected in procambial tissues of both types of
embryos with the level of expression correlating to the quality of
somatic embryos [39]. Arginase expression in somatic embryos
indicated that storage protein breakdown obviously started before
germination [39]. Possibilities to improve storage protein accumu-
lation by ABA treatment were shown for example for cocoa somatic
embryos [40] or by increasing sucrose concentrations in matura-
tion media for Pinus strobus [41] and cyclamen [42].

Cotyledonary white sprucesomatic embryos accumulated more
starch, but less proteins and lipids than zygotic embryos in the
same stage. This points to the fact that the conversion of starch
into the energy rich storage compounds lipids and proteins did not
take place in somatic embryos to the same extent [43]. According
to this study, adjustment of in vitro culture conditions might be an
option to improve this conversion during embryo maturation.
Carbohydrates have important functions during plant develop-
ment and growth as energy sources but also for osmotic adjust-
ment, protein protection, and signaling molecules, and they have
been analyzed in comparative approaches during somatic and
zygotic embryogenesis. During maturation of cocoa zygotic
embryos (Theobroma cacao) storage proteins and starch
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accumulate, dehydration takes place and monosaccharides and
sucrose decrease, while two oligosaccharides, raffinose and stachy-
ose, increase [40]. In contrast, somatic embryos accumulated less
protein and starch as detected in histological studies and they had
higher levels of sucrose, xylose, and rhamnose [40]. A shift in car-
bohydrate composition was observed in Norway spruce for both,
somatic and zygotic embryos, during later developmental stages
with decreasing total carbohydrates and a higher sucrose:hexose
ratio within time. However, only mature zygotic embryos con-
tained raffinose and stachyose which play a role in desiccation tol-
erance [44]. After a maturation treatment with 3.75 % PEG 4000
the sucrose:hexose ratio in Norway spruce somatic embryos raised
significantly from 0.88 to 6 which resembled more the ratio of 9.7
found in zygotic embryos, all in the early cotyledonary stage [45].
While in somatic embryos invertase and sucrose synthase were
found in high activity during the proliferation and early maturation
phase, invertase activity was low in developing zygotic embryos
and sucrose synthase was first observed in the cell layer surround-
ing early zygotic embryos and later inside the embryos. From this
the authors conclude that sucrose synthase plays an important role
in the transition of the embryo from a metabolic sink to a storage
sink [45]. The sucrose distribution within the embryo which is
among other factors controlled by epidermal sucrose transporters
was suggested to trigger starch accumulation during the matura-
tion phase of Vicia faba zygotic embryos [46].

In the fruit tree Acca sellowiana that is native to South Brazil,
total soluble carbohydrates per gram fresh mass were found to be
about twice as high in zygotic compared to somatic embryos in the
globular, heart, and torpedo stage, although the principal compo-
sition was the same. Especially for sucrose, fructose, myo-inositol,
and raffinose (in the later stages of embryogenesis) zygotic embryos
showed higher contents, even though somatic embryos were cul-
tured in sucrose containing media. On the other hand starch con-
tents of torpedo and cotyledonary stage somatic embryos exceeded
those of their zygotic counterparts [47]. Also in pea changes in
soluble sugar composition during maturation of zygotic embryos
were observed with sucrose, galactinol, raffinose, verbascose, and
stachyose being the most prominent in mature seeds. In contrast,
pea somatic embryos contained much lower total soluble sugars
being composed of fructose, glucose, myo-inositol, sucrose, raffi-
nose, and galactinol, but lacking stachyose and verbascose. Most
interestingly, irregular misshaped somatic embryos differed in their
carbohydrate profiles from normal ones [48]. Taken together,
these analyses on carbohydrates point to the fact that somatic
embryos often contained lower total amounts of soluble sugars, in
later stages show different monosaccharide:sucrose ratios and a
lack or smaller amounts of raffinose and its derivatives that are con-
sidered to be important for desiccation tolerance. Thus, matura-
tion obviously is the major bottleneck for somatic embryogenesis
in several species.
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Comparative lipid analyses in both types of embryos are hardly
found in literature, except one report for Prunus avium [49]: the
lipid profiles of somatic embryos resemble those of zygotic embryos
with neutral glycerolipids and phosphatidylcholine being the major
lipid classes. However, contents of these two classes of lipids in
somatic embryos were comparable to those of immature zygotic
embryos, which was in line with the observation that somatic
embryos did not develop further, until they received a cold treat-
ment that resulted in increased lipid levels.

Polyamines (among which the commonly occurring spermidine,
spermine, and putrescine) are assumed to play a role in embryo-
genesis [50] and they were quantified in somatic and zygotic
embryos of Norway spruce [51]. If mature somatic embryos are
contrasted to zygotic ones, the latter contained less spermidine,
butmore putrescine resulting ina much lower spermidine:putrescine
ratio. This ratio as well as the higher absolute polyamine contents
of somatic embryos may be connected to the lower germination
ability of somatic embryos. However this assumption requires
physiological explanations [51].

In a comparison of plant hormone contents in somatic and zygotic
larch embryos, 100 times higher concentrations of ABA were
found in somatic embryos that were cultivated on medium con-
taining the nonphysiological ABA concentration of 60 pM. During
maturation the ABA content increased in somatic embryos while it
declined in zygotic ones [52]. Among the cytokinins, only for iso-
pentenyladenine differences were detected with much higher levels
in zygotic embryos, whereas IAA contents were similar in both
embryo types [52]. The set of enzymes detoxifying reactive oxy-
gen species differed between zygotic and somatic embryos of horse
chestnut [53]: catalases and superoxide dismutases showed differ-
ent courses of expression and different isoforms, especially in the
maturation phase that resembled more the germination phase in
case of somatic embryos. These authors concluded that somatic
embryos seem to be exposed to higher stress levels than their
zygotic counterparts.

While an increasing number of studies on gene expression during
embryogenesis of cither the somatic (e.g. soybean, [54]) or the
zygotic type (e.g. loblolly pine, [55]), are available, only very few
reports deal with transcriptomic comparisons of somatic and
zygotic embryos. In C. persicum, Hoenemann et al. [27] com-
pared zygotic and somatic embryos and also embryogenic and
nonembryogenic cell lines using a cDNA microarray with 1216
transcripts. They observed an upregulation of oxidative stress
response genes in somatic embryos, as for glutathione S-transferases,
catalase, and superoxide dismutase. These genes were upregulated
not only in early stages of somatic embryogenesis but also 3 weeks
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2.4 Gomparison
of Proteomes

after induction, pointing at lingered stress and /or the induction of
secondary somatic embryos. The importance of pectin-mediated
cell adhesion as a prerequisite for embryogenicity was proposed by
these authors based on the higher abundance of several genes
encoding pectin-modifying enzymes in embryogenic than in non-
embryogenic cells. Moreover, a cationic peroxidase that prevents
cell expansion was suggested to be important for early embryogen-
esis [27]. Thus, the early cell divisions that do not result in expan-
sion in size in early zygotic embryogenesis could be realized in a
similar way in somatic embryos.

Recently, next generation sequencing was applied in cotton to
compare the transcriptome of three comparable stages of both
somatic and zygotic embryos [56]. Among a total of more than
20,000 unigenes, 4242 were found to be differentially expressed in
these six samples. Of the differentially expressed genes a higher
number was upregulated in somatic embryos at all stages [56].
Especially, stress response genes including hormone-related genes
(mainly ABA and jasmonic acid signaling), kinase genes, transcrip-
tion factors, and downstream stress responsive genes—e.g. late
embryogenesis abundant (LEA) genes, heat shock proteins—were
found at higher expression levels in somatic embryos. Moreover,
cotton somatic embryos were found to be metabolically more
active than their zygotic counterparts as indicated by gene expres-
sion data, the number of mitochondria, bigger vacuoles, and more
lipid droplets [56]. Stress on the one hand can be considered as an
important trigger of embryo development which also occurs in the
zygotic system during maturation to prepare the embryo for desic-
cation stress. On the other hand, if cells experience too much stress
as it might be the case under in vitro conditions, this might disturb
the developmental program or even lead to cell death.

The proteome reflects the total set of proteins that is present in a
defined tissue in a specific developmental stage under defined con-
ditions and thus provides direct evidence of the biochemical and
physiological status of these cells. A possible disadvantage of pro-
teomic studies is that proteins of very low abundance such as
important transcription factors may be not detected. Although the
number of proteins that can be detected is limited if gel-based pro-
teomics is used, the comparison of two proteomes can be visualized
very well using 2D-SDS-PAGE (two-dimensional isoelectric focus-
sing/sodium dodecylsulfate polyacrylamide gel electrophoresis).
In our own comparative studies we used a gel-based proteomic
comparison of somatic and zygotic embryos of C. persicum, the
work-flow of which is depicted in Fig. 2 [57]. The first and essen-
tial step is to select the biological material that will allow a mean-
ingful proteomic comparison; in our studies, the selection of
comparable stages was based on embryo morphology [42, 58, 59].
Spots of interest being either more abundant or even specific for
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zygotic embryos || somatic embryos

a) Biological system

b) Protein extraction

1s = P 2 c) Protein separation
] I 7 G via 2D PAGE
b = Py
d) Statistical analysis of
. 2D gels
Q@W e) Spot isolation and
tryptic protein digest
l \ f) LC MS/MS analyses
el W T A L’L T o aall
>tr|AJZXTS|A4ZXTS_9ERIC Heat shock protein T0(HSP70) g) Protein identiﬁcation
MAGKGEGPAIGIDLGTTYSCVGVWQHDRVEIIANDQGNRTT A
PSYVGFTDSERLIGDAAKNQVAMNPINTVFDAKRLIGRRFTG via database search

h) Creation of a proteome
reference map

Fig. 2 Workflow of a gel-based proteomic approach combined with mass spectrometry. The biological system
represents one or more samples to be analyzed via a gel based proteomic approach. In the example given in
this diagram, proteomes of zygotic and somatic embryos of Cyclamen persicum are analyzed and compared
(a). Therefore, total proteins are extracted from each tissue (b) and separated via IEF-SDS PAGE (c). To perform
statistical analyses with gels of different tissues, at least a set of three replicates for each tissue is required.
Spots that differ significantly in abundance are labeled (greenand red) in an overlay image of all gels analyzed
(d). Protein of interest (e.g., differentially abundant proteins) are isolated from 2D gels and subsequently a
tryptic protein digest is performed (e). The resulting peptides are separated via liquid chromatography (LC)
before tandem mass spectrometry analyses (f). Protein identification is performed based on resulting peptide
sequences (pink) via a database search matching to known sequences (g). Finally, a digital proteome reference
map can be designed indicating all identified proteins (h). Using a gel-free shotgun approach, the steps (c) and
(d) are replaced by digestion of a complex protein sample which is then further analyzed (reproduced from
[57] with permission from author and Leibniz Universitit Hannover)
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one sample can then be eluted from the gel and subjected to mass
spectrometry in order to identify the protein or proteins within
this spot by comparison to databases. Finally, the obtained data can
be combined to an interactive reference map which in our case was
made publicly accessible and allows filtering spots by their abun-
dance, metabolic function, or tissue specificity [60]. This tech-
nique was already applied in the ‘90s. Comparing somatic and
zygotic embryos of D. carota torpedo shaped somatic embryos had
a clearly distinct protein pattern from zygotic embryos and lacked
the maturation specific proteins, namely two globulin-type storage
proteins and a LEA protein [61]. In the gymnosperm species
Norway spruce (Picea abies), similar protein patterns of zygotic
and somatic embryos, the latter cultivated on maturation medium
containing 90 mM sucrose and 7.6 pM ABA, were reported and
both types were dominated by storage proteins [62].

Our model to study somatic embryogenesis is the ornamental
plant C. persicum. In a pilot study, the proteomes of cyclamen
somatic embryos grown in differentiation medium with 30 and 60
g/L sucrose were compared to zygotic embryos and endosperm
[42]. When somatic embryos were differentiated in medium con-
taining 60 g/L sucrose, 74 % of the protein spots were found in
comparable abundance as in the zygotic embryos’ proteome, while
11 % and 15 % were found in higher abundance in zygotic and
somatic embryos, respectively. Enzymes of the carbohydrate
metabolism, as well as heat shock proteins and a glutathione-S-
transferase, were more abundant in somatic embryos. Thus, again
evidence was presented for differences in stress response of both
types of embryos. Furthermore, first insights into cyclamen seed
storage protein accumulation and the synthesis of the storage car-
bohydrates xyloglucans were gained [42]. A follow-up study made
use of the advances achieved in protein extraction, resolution, eval-
uation, more sensitive mass spectrometrical analyses and, most
important, sequence information available in the data bases leading
to higher identification rates even for this nonmodel organism
[58]. In both embryo types glycolytic enzymes were identified as a
high percentage of the identified proteins. In somatic embryos
four protein spots showed six- to more than tenfold increased
abundance, and the identified proteins within these spots were
involved in oxidative stress defense: osmotin-like protein and anti-
oxidant 1, peroxiredoxin type 2, and catalase. This finding is a clear
indication that somatic embryos are much more stressed than
zygotic ones [58]. The occurrence of truncated forms of enolases
in zygotic embryos in relatively high amounts that disappear dur-
ing germination suggested a new role of parts of this glycolytic
enzyme as storage proteins [58]. We followed the original idea of
taking the proteome of zygotic embryos as a reference for the opti-
mized development of high quality somatic embryos: we could
show that in somatic embryos a change of the proteome towards



Somatic Versus Zygotic Embryogenesis 39

the zygotic status was induced after the application of a maturation
treatment with ABA [59]. After ABA treatment, the proposed new
storage proteins (“small” enolases) appeared in the proteome of
somatic embryos, thus resembling more the proteome of zygotic
embryos (Fig. 3). Sghaier-Hammami et al. [64] found the total
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aldehyde dehydrogenase

S universal stress protein
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Fig. 3 Upper Part: Comparison of protein gels of torpedo-shaped somatic embryos, zygotic embryos, and
somatic embryos treated with 10 mg/L ABA for 28 days (taken from different studies [57, 63], encircled are
parts of the gels which show high similarity in zygotic and ABA-treated embryos). Lower Part: Alterations in
protein abundance of 56 days old somatic embryos after cultivation on medium containing 0, 2, and 10 mg/L
ABA for 28 days. Green labeled spots are at least 1.5 times higher abundant in controls, orange labeled spots
are at least 1.5 times more abundant in the 2 mg/L ABA treatment, and pink labeled spots are at least 1.5
times more abundant in the 10 mg/L ABA treatment (compared to control) (lower part of the figure reproduced
from [63] with permission from the author and Leibniz Universitit Hannover)
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protein content as well as the number of spots to be higher in
zygotic than in somatic embryos of date palm in a comparative
2-DE proteomic approach. Sixty percent of the protein spots dif-
fered in their abundance between the two embryo types, and out
of 63 spots of differential abundance that were eluted from the
gels, 23 were identified. Most of the proteins of higher abundance
in somatic embryos were involved in the glycolysis pathway, citrate
cycle, and ATP synthesis pointing to a higher energy demand,
while in zygotic embryos a high abundance of storage proteins and
stress-related proteins of the heat shock family indicated matura-
tion and preparation of dehydration [64].

Also in cocoa, enzymes of the carbohydrate and energy metab-
olism were very prominent in torpedo stage somatic and zygotic
embryos [65]. Interestingly, somatic embryos had a more active
oxidative /respiration pathway while in zygotic embryos anaerobic
fermentation might be the more important energy pathway. Again
stress-induced proteins such as peroxidases, pathogenesis-related
proteins, and glutathione S-transferase were more abundant in
somatic embryos [65].

3 Role of the Endosperm

Somatic embryos lack an endosperm, which is not only a tissue that
nourishes the developing embryo and the germinating seedling,
but insulates the embryo from mechanical pressure and has impor-
tant signaling function for embryo development, maturation and
growth arrest, and finally germination timing [66]. Thus, for opti-
mization of somatic embryogenesis a detailed look into the endo-
sperm during seed development seems reasonable.

In order to develop optimal culture media for somatic embryo
development in wheat, Carman et al. [67] analyzed minerals and
primary metabolites of the endosperm during seed development.
Maltose concentrations in the extracted kernel fluid increased
between 6 and 18 days after pollination indicating that this product
of starch hydrolysis is the major carbon source for the developing
embryo. For the development of improved tissue culture media,
the addition of free amino acids, the adjustment of phosphate and
sulfur which were detected in relatively high concentrations in the
kernel fluids probably because of their presence in phosphorylated
sugars and amino acids, respectively, and the addition of maltose
and short chain fructans were suggested [67]. Likewise in white
spruce, somatic and zygotic embryos and the megagametophyte
which is the haploid nourishing tissue of gymnosperms were ana-
lyzed with respect to their mineral contents [68]. The female game-
tophytes and zygotic embryos contained more phosphorus,
potassium, magnesium, and zinc on a dry-weight basis than somatic
embryos, whereas the female megagametophyte stood out due to
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its high calcium content when compared to the embryo tissues
[68]. However, if this information is going to be integrated into
optimization of culture media, more data sets will be necessary for
the mineral contents in different developmental phases, and also
the forms in which the minerals are found in the respective tissue.
Arabinogalactan proteins were identified in conditioned culture
media of embryogenic cells by Kreuger and van Holst [69] and
found to be essential for somatic embryo development [70]. Most
interestingly, an endochitinase gene (EP3) which is involved in the
generation of arabinogalactan proteins was expressed in carrot
seeds by cells in the integuments and the protein localized in the
endosperm and also in nonembryogenic cells of embryogenic cul-
tures [70]. Also the formation of arabinogalactan proteins in the
developing carrot seed was shown to be developmentally regulated
[71]. In a review Matthys-Rochon [72] came to the conclusion
that nonembryogenic cells within embryogenic cultures might
take over some functions of the endosperm by secretion of signal
molecules that control embryo development.

For C. persicum the proteomic analysis of the endosperm dur-
ing seed development revealed a general shift from high molecular
weight proteins to low molecular weight proteins and the accumu-
lation of storage proteins (including “small” enolases) from 7
weeks after pollination when the endosperm is still liquid [73].
Furthermore proteins involved in synthesis of other storage com-
pounds, namely lipids and xyloglucans were identified in the endo-
sperm. Obviously, stress response including reactive oxygen species
detoxification and ABA signaling also play a role in endosperm and
embryo development [73].

4 Conclusions and OQutlook

It can be concluded from the aforementioned literature that:

1. Somatic embryos are more exposed to stress than their zygotic
counterparts,

2. Somatic embryos accumulate less storage compounds,

3. Somatic embryos do not undergo a proper maturation phase
that would include a growth arrest but instead germinate
precociously.

The role of stress which is on the one hand an important trig-
ger of embryogenesis and, on the other hand, induces severe
changes in the cellular metabolism; here especially the role of reac-
tive oxygen species deserves further investigations. Obviously, par-
ticularly somatic embryogenesis is a process that only is successfully
realized if the cells experience the right stress level at the right
developmental time frame. Also programmed cell death which has
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an impact in zygotic and somatic embryogenesis should be taken
into consideration in coming research projects. The importance of
the maturation phase for accumulation of storage reserves, and
also for the clear distinction of differentiation and germination, has
been noticed in many systems. Nevertheless, input is needed par-
ticularly to improve this phase of somatic embryogenesis in the
future. At physical culture conditions, attention is not often paid,
except at the oxygen concentration, for example in wheat embryo-
genesis [ 3, 74]. Here it has been shown that installing reduced O,
levels, mimicking the situation found in seeds, improved growth
and development of somatic embryos. However, the O, levels
changed not only with time of development and spatially but also
during the day due to photosynthesis [74]. Our own studies in
cyclamen revealed hypoxic conditions in seeds at the position
where the embryo is found about 5-6 weeks after pollination in
unpublished measurements according to [75]. Thus, in vitro cul-
tured somatic embryos which grow at ambient oxygen concentra-
tions may establish too high or altered metabolic activity as
indicated by some studies cited above (e.g. [64], [65]) and/or
oxidation of plant growth regulators such as cytokinins, ABA, and
indole acetic acid due to increased activity of oxidases as discussed
by Carman and Bishop (2004) [74].

The “omics” tools (transcriptomics, proteomics, metabolo-
mics...) will substantially improve in terms of sensitivity, resolution
and identification, and affordable analyses of different genotypes
over time and thereby enable us to gain deeper insights into plant
embryogenesis and to optimize the in vitro protocols for somatic
embryogenesis. Moreover, epigenetic regulation of embryogenesis
by methylation/demethylation and histone modifications, post-
transcriptional and posttranslational modifications should be stud-
ied in detail especially during the early phases. The role of specific
micro RNAs as regulators of plant development including embryo-
genesis has to be elucidated, since Oh et al. [76] found differences
in the abundance of five micro RNAs between somatic and zygotic
embryos in loblolly pine. Although zygotic embryogenesis is more
and more understood because of mutant analyses and molecular
genetic studies of embryogenesis-related genes and both kinds of
embryogenesis are studied in detail on a transcriptional and pro-
teomic level, many aspects of the fascinating regeneration pathway
of plant embryogenesis are still not explained. One interesting
aspect for instance is the fact that somatic embryogenesis is highly
dependent on the genotype, whereas zygotic embryogenesis is not.
Especially for the recalcitrant genotypes improvements would be
desirable by learning from seeds.
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Recent Advances on Genetic and Physiological Bases
of In Vitro Somatic Embryo Formation
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Abstract

Somatic embryogenesis involves a broad repertoire of genes, and complex expression patterns controlled
by a concerted gene regulatory network. The present work describes this regulatory network focusing on
the main aspects involved, with the aim of providing a deeper insight into understanding the total repro-
gramming of cells into a new organism through a somatic way. To the aim, the chromatin remodeling
necessary to totipotent stem cell establishment is described, as the activity of numerous transcription fac-
tors necessary to cellular totipotency reprogramming. The eliciting effects of various plant growth regula-
tors on the induction of somatic embryogenesis is also described and put in relation with the activity of
specific transcription factors. The role of programmed cell death in the process, and the related function of
specific hemoglobins as anti-stress and anti-death compounds is also described. The tools for biotechnol-
ogy coming from this information is highlighted in the concluding remarks.

Key words Auxins, Chromatin remodeling, Hemoglobins, Osmotin, Programmed cell death,
Receptor-kinases, Stem cells, Stress signaling, Somatic embryos, Transcription factors

1 The Concept of Stem Cell in Somatic Embryogenesis'

Most plant cells express developmental plasticity allowing their
reprogramming. The developmental plasticity is linked to the stem
cell condition, because the stem cells have the unique characteristics

1 . .
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AtEMK means Arabidopsis thalinna EMBRYOMAKER.

— Mutant gene names are lowercase italic, e.g., embryomaker.

— Mutant gene symbols are designed by three lowercase letters in italics corresponding to the gene locus
name, e.g., emk.

— Different genes with the same symbol are distinguished by different numbers, e.g., LECI and LEC2.

— Different alleles of the same gene are distinguished with a number following a hyphen, e.g., Hb1-2.
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to both self-renew and develop into precursors that can form
different cell types and tissues. During zygotic embryo formation
the number of stem cells reduces progressively, and the stem cells
become limited to the opposite poles of the mature embryo,
forming niches in the shoot and root meristems. The zygote, and
its early derivatives, are totipotent stem cells, whereas the niches
in the root and shoot meristems of the mature embryo are formed
by pluripotent stem cells. Pluripotent stem cells are also present
out of the apical meristems, e.g. in the procambium, cribro-vas-
cular cambium and phellogen, and in the meristemoids, as those
originating stomata and hairs ([1] and references therein). Plant
somatic embryogenesis (SE) is the process through which differ-
entiated cells, single or in small groups, reverse their develop-
mental program during in vitro culture, and rarely in planta,
giving rise to embryos which follow a developmental pattern
similar to the one of zygotic embryogenesis [2]. The cells that
initiate the somatic embryo, and their early derivatives (trans-
amplifying cells), have been recently included in the plant stem
cell concept [3]. Moreover, stem cell niches are maintained in the
apical meristems of the somatic-embryo-derived plants, and are
pluripotent as in zygotic embryo-derived plants [1]. However,
the mechanisms underlying the initiation of somatic embryos are
still poorly understood [4, 5]. Deciphering the molecular deter-
minants of SE can contribute to revealing the genetic program
underlying the phenomenon of stem cell totipotency and pluri-
potency, and somatic embryo formation and maturation. The
study of regulatory molecules and associated gene networks dur-
ing SE is essential for understanding embryogenic competence
and plant regeneration, which are necessary for crop improve-
ment and the establishment of new protocols, e.g., aimed to the
production of synthetic seeds and the maintenance of elite
germoplasm.

2 Chromatin Remodeling as a Prerequisite for Totipotent Stem Cell

Establishment in SE

In animals, chromatin remodeling is an important tool of stem cell
conversions [6]. In plants, chromatin structure is continuously
remodeled during development, whereas a chromatin-dependent
gene silencing is a common mechanism for maintaining the

Proteins are written in non-italic uppercase, with the same full descriptive name, and the symbol
of the corresponding gene, e¢.g., EMBRYOMAKER, and EMK.

The symbol of either a gene or a protein known by multiple names is given by the known symbols sepa-
rated by a slash, e.g., BAK1/SERK3 and BAK1 /SERK3, respectively.
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differentiated cellular state. Thus, as in animals, a role of chromatin-
structure changes in pluripotency of plant stem cells has been
proposed [7-9]. The stem cells show a more dynamic chromatin
state than the differentiated cells because structural chromatin pro-
teins, like histones, are exchanged more rapidly in stem cells than
in differentiated cells, and this favors rapid changes in the gene
expression program [10].

It has been hypothesized that chromatin restructuring plays
two major roles during early stages of SE. An unfolding of the
super-coiled chromatin structure is required for the dedifferentia-
tion of the somatic cells, both when they produce embryos directly
(direct SE), and when they are engaged into callus formation
before embryogenesis (indirect SE). This early step is necessary to
allow the expression of genes which had been inactivated by het-
erochromatization during the cell differentiation process, but
which are specifically required for the embryogenic pathway [7]. A
chromatin remodeling is also required at the end of embryogenic
process to repress the embryo-specific genes, thus reactivating the
differentiation process, at least in specific cellular districts of the
somatic embryos. Formation of somatic embryos by somatic
embryo cells (i.e., secondary SE) occurs when the repression of the
embryo-specific gene pathway and the chromatin re-folding are
delayed /altered, not allowing the transition from the embryo to
the seedling. In plants, as well as in animals, two major epigenetic
pathways play important roles in the regulation of cell-fate deci-
sions by modifying chromatin, namely DNA methylation and his-
tone methylation. In animals, there is increasing evidence for a
complex regulatory interplay between the two pathways, with a
direct mechanistic link based on physical interactions of histone-
modifying proteins and DNA methyltransferases ([11], and refer-
ences therein).

Polycomb group (PcG) proteins are present in animals and
plants. They maintain the inactive state of the target genes by
establishing repressive histone modifications, e.g. by methylation.
During Arabidopsis life cycle, distinct variants of the POLYCOMB
REPRESSIVE COMPLEX 2 (PRC2) are involved in the regula-
tion of the developmental processes, such as gametophyte and seed
development and embryo-to-seedling transition [11]. The plant
variants of PRC2 catalyze the Histone H3 Lysine 27 Trimethylation
(H3K27me3) [12]. It is known that H3K27me3 is a repressive
mark that plays a crucial role in the dynamic regulation of gene
expression in plant development [13], acting as a major silencing
mechanism. In Arabidopsis, prc2 mutants with substantially
reduced levels of H3K27me3 exhibit extensive derepression of the
embryonic traits ([14], and references therein). The ATP-
dependent chromatin remodeler PICKLE (PKL) belongs to a pro-
tein family that can participate in multiple remodeling pathways
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and can either repress or activate gene expression depending on
the other factors it associates with. In Arabidopsis, PKL promotes
the epigenetic mark H3K27me3 facilitating repression of specific
genes. In fact, the phenotype of pickle (pkl) mutant is characterized
by the postembryonic expression of embryo-specific markers, e.g.
the LEAFY COTYLEDON (LEC) genes (see below), and by the
spontaneous regeneration of somatic embryos in the roots [15].
Thus, the loss of PKL generates a window of opportunity through-
out which the embryo transcriptional program has the potential to
become reestablished [14], maintaining the embryo-related gene
expression.

In contrast with the effects of histone methylation, DNA
(hyper)methylation, for example caused by exogenous auxin,
which is, in general, necessary to induce SE, is positively related to
SE ([16], and references therein) (Fig. 1).

2,4-D (main exogenous auxin inducer)

MET?1 !/

perhethylation) | (TH dérpéthylétioh—“ H hyperacethylation
/
! [H

CH, G,

I e IE BET(e.g. GTE4)
MEDEA \PKL L
LE @) Rb/E2F
(see Fig. 3)
WUS (and other
fate-switch TFs)
\J

Induction of somatic embryogenesis

Fig. 1 Model of chromatin remodeling involved in SE-induction. 2,4-D-activated DNA hypermethylation, his-
tone (H) demethylation and hyperacetylation events, and early-activated/repressed proteins are shown (see
the text for further explanation). Numbers (1) and (2) consequences of PKL knock-out
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In Arabidopsis, DNA methylation is mediated by at least three
classes of methyltransferases. The METHYLTRANSFERASE]
(MET1) is one of these classes. Zygotic embryos with loss-of-
function mutations in MET1 develop improperly, displaying altered
cell divisions, reduced viability, mis-expression of genes specifying
embryo cell identity, and altered auxin hormone gradients [17]. In
carrot, a MET1 gene is expressed transiently after the application of
the synthetic auxin 2,4-D, and before the formation of the SE-cell-
clumps, and 5-azacytidine, an inhibitor of DNA methylation, sup-
presses the embryogenic clump formation [18]. All together, these
results highlight a role of MET1 in both zygotic and somatic
embryogenesis. Very recently, it has been observed that during
seed development Arabidopsis MET] interacts with MEDEA, one
ofthe core componentsofthe FERTILIZATIONINDEPENDENT
SEED (FIS)-PRC2 complex, with MEDEA involved in PRC2
repression ([12], Fig. 1). The interaction between MET1 and
MEDEA (Fig. 1) demonstrates, for the first time in plants, that a
concerted action of the epigenetic pathways of DNA methylation
and histone methylation regulates the switching of developmental
changes [11], and sustains that a concerted action of DNA meth-
ylation and histone demethylation might be essential for SE induc-
tion (Fig. 1). The modifications of chromatin also include the
acetylation of histone tails for relaxing the packing of the DNA,
thus facilitating the access to DNA of many regulatory proteins.
Thus, the hyperacetylation of histones is associated with active
gene expression, while hypoacetylation correlates with gene repres-
sion ([19], and references therein). In animals, a dynamic repro-
gramming of both histone acetylation and methylation has been
demonstrated, e.g. in cloned mouse embryos [20], whereas full
evidence of this interplay is still lacking for plant zygotic/somatic
embryogenesis.

Proteins containing bromodomains have the role of decipher-
ing the histone acetylation codes. There are bromodomain pro-
teins that also contain an Extra Terminal domain that is a
protein-protein interaction motif [21]. BROMODOMAIN and
EXTRA TERMINAL DOMAIN proteins (BET proteins) bind to
acetylated lysines of histone tails and control gene transcription
([22], and references therein) (Fig. 1). In a variety of organisms
the BET proteins contribute to the transmission of the transcrip-
tional memory from one generation of cells to the next ([23], and
references therein). In Arabidopsis, the BET bromodomain factor
GENERAL TRANSCRIPTION FACTOR GROUP E4 (GTE4)
is involved in the activation and maintenance of cell division in the
meristems. The loss of GTE4 negatively affects both zygotic
embryogenesis by altering meristem organization in the mature
embryo, e.g., at the root pole (Fig. 2a, b), and post-embryonic
growth by altering the stem cell niche formation in the root apical
meristems [22, 23]. The RETINOBLASTOMA (Rb)-E2
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Fig.2 Arabidopsis zygotic embryos (a—b). Altered root pole meristem in a mature gte4 embryo (a), in compari-
son with the well-organized meristem of the wild-type (b). (c—d) Auxin transport and localization in the mature
embryo. The expression pattern of PINT auxin-efflux carrier in a PIN7::GUS embryo [i.e., a transgenic embryo
expressing the uidA gene coding for a 3-GLUCURONIDASE (GUS) under the control of PIN7 promoter] (¢), and
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FACTOR (E2F) pathway is considered an essential link between
chromatin restructuring, dedifferentiation, and fate switch. In
tobacco protoplasts, the Rb/E2F-target genes RNA RIBOSOMAL
CLUSTER 2 (RNR2), i.e., the small subunit of ribonucleotide
reductase, and PROLIFERATING CELL NUCLEAR ANTIGEN
(PCNA) are condensed and silent in differentiated leat cells, but
become de-condensed as cells acquire competence for fate-switch,
and turn transcriptionally active during progression into S phase,
concomitantly with Rb phosphorylation [24]. Moreover, Rb has
been shown to bind to a transcription factor ('TF) that functions in
the Arabidopsis root stem cell niche, and a relationship with
WUSCHEL (WUS)/CLAVATA (CLV) has been also shown
([19], and references therein). Roles for Rb proteins in human
embryogenesis are widely known [25]. GTE4 might be a good
candidate in the control of histone-acetylation during plant SE,
because, as the Bromodomain containing 2 (BRD2 /RING3) pro-
tein in animals, its activity is related to the Rb-E2F pathway [22]
(Fig. 1). Among the possible factors causing chromatin modifica-
tions there are also small RNAs, such as the small-interfering RNAs
(siRNAs) and the microRNAs (miRNAs). The small RNAs not
only function at the posttranscriptional level by guiding sequence-
specific transcript degradation and/or translational repression
([26], and references therein), but can also play a role in targeting
DNA methylation through RNA-directed DNA methylation [27,
28]. These events lead to chromatin modifications eventually
resulting in transcriptional silencing and heterochromatin forma-
tion [29]. ARGONAUTE (AGO) effectors of RNA silencing bind
small RNA molecules and mediate mRNA cleavage, translational
repression, or DNA methylation [30]. The possible regulation of
SE by small RNAs has been investigated using various systems. In
rice callus, a unique set of miRNAs, only expressed or differentially
expressed in embryogenic cells, was identified [31, 32]. Moreover,
miRNA expression during SE was also characterized in orange
[33], longan [34], and cotton, where four trans-acting small inter-
fering siRNAs (tas3-siRNAs) were also identified [35]. On the
other hand, the expression of AGO genes during SE is well known,
and in both gymnosperms and angiosperms, ¢.g., spruce [36], car-
rot [37], Cichorium intybus [38), Auracaria angustifolia [39].
Nonetheless, the roles of miRNAs and siRNAs, and related effec-
tors, in the induction of plant SE remain to be understood.

<

Fig. 2 (continued) the strictly apical localization of auxin in the root pole of a DR5::GUS embryo [i.e., a trans-
genic embryo expressing the GUS-encoding reporter gene under the control of the synthetic auxin-responsive
promoter DR3] (d), are shown. (e—f) Calcium distribution in the embryo monitored by the CTC-Ca?* epifluores-
cence signal (yellow-green color). The apical-basal distribution along the hypocotyl (e, arrow), and the strong
signal-reduction at the root apex (f), are shown. Bars=10 pm (a, b, d-f) and 50 um (c)
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3 Transcription Factor Activity Involved in Cellular Totipotency Reprogramming

The developmental cell switching to SE induction involves activa-
tion of various signal cascades and differential gene expression.
The inductive role of Plant Growth Regulators (PGRs), auxin in
particular, has been well established, and will be summarized
below. However there is increasing evidence for a role of numerous
Transcription Factors (TFs) in accordance with human somatic
cells in which a specific combination of TFs re-programs the dif-
ferentiated cells into embryonic stem cells [40]. In plants, TFs
involved in SE induction have been reported. For example, an
extensive modulation of the TF-transcriptome has been recently
described during SE induction by in vitro culture in Arabidopsis sug-
gesting directions for further research on functional genomics of SE
[41]. In this model plant, it has been demonstrated that the embryo-
induction stage is associated with a robust change of the
TE-transcriptome by a drastic upregulation of transcripts related
with plant development, PGRs and stress responses. By contrast, the
advanced embryo stages are associated with the stabilization of the
transcript levels of the majority of the TFs [41]. TFs are known to
play fundamental roles in the control of plant cell totipotency, which
is essential for SE (see above), and the list of TFs affecting SE induc-
tion includes BABY BOOM (BBM) [42], WUS [43], some
WUSCHEL RELATED HOMEOBOX genes (WOX) [44],
AGAMOUS-LIKE15(AGLI15)[45], LEAFY COTYLEDON (LEC)
[46], genes encoding MYELOBLASTOSIS (MYB) TFs, i.e.,
AtMYBI115and AtMYBI118[47], and EMBRYOMAKER [48].

BBM was isolated from microspore embryo cultures of Brassica
napus [42]. It belongs to a family of genes [APETALA2
(AP2)/ETHYLENE RESPONSE FACTOR (ERF)] known to
enhance regeneration in vitro, and to be involved into meristem
cell fate and organ development. Interestingly, in Arabidopsis,
BBM induces somatic embryo formation from seedlings in the
absence of exogenously applied PGRs ([49], and references
therein). Arabidopsis EMBRYOMAKER (AtEMK) is another
AP2-domain TF. It is homologous to BunGemb-18 of Brassica
napus which is specifically expressed in microspore embryogenesis,
as BBM ([48], and references therein). AtEMK ectopic expression
results into embryo-like structures from cotyledons in planta,
enhancing somatic embryogenesis in in vitro culture, and a role for
this gene in conferring embryonic identity to cells has been pro-
posed [48].

Another initiator of ectopic embryogenesis is AGL15. This
gene was identified from Arabidopsis and soybean as a MADS
domain-containing TF specifically expressed in the embryonic cells
[50, 51]. The MADS name derives from the initials of the found-
ing members of the gene family, i.e., MINICHROMOSOME
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MAINTENANCEI (MCM1), AGAMOUS (AG), DEFICIENS
(DEF), and SERUM RESPONSE FACTOR (SRF). In plants, e¢.g.
Arabidopsis and rice, MADS-domain proteins are central players of
many developmental processes including flowering time, floral
organogenesis, fruit and seed development ([52], and references
therein). About embryogenesis, Harding and coworkers [45] have
demonstrated that in Arabidopsis the ectopic expression of AGLI5
enhances somatic embryo formation both from zygotic embryos
removed from the seed at the green cotyledon stage and cultured
on a germination medium without exogenous PGRs, and from the
shoot apical meristem of seedlings growing in a liquid medium in
the presence of 2,4-D. It is also known that AGL15 enhances SE
reducing gibberellic acid (GA) levels by inducing a GA2-oxidase
which inactivates GA [45, 53, 54]. Moreover, it is a component of
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE 1
(SERK1) protein complex [55], as detailed in a following
paragraph.

MYB proteins are TFs with a specific DNA-binding domain
comprising up to three imperfect tandem repeats (R1, R2, R3),
that fold into a helix-turn-helix motif. In vertebrates, the MTB
gene family is small and includes ¢-MYB, A-MYB, and B-M71B; the
products of these genes are involved in the control of cell prolifera-
tion, differentiation, and apoptosis [56]. In plants, the MY B family
is much more extensive: at least 198 MY B genes have been identi-
fied in Arabidopsis, and, similarly to the MADS-domain genes, are
involved in a wide range of developmental processes, including cell
cycle progression, cell differentiation, lateral organ polarity, flower
and seed development. Plant MYB proteins are classified according
to the number of MYB repeats, and those with R2R3 repeats con-
stitute the largest group ([57], and references therein). AtMYB118
and the closely related AtMYB115 encode R2R3-type MYB TFs.
In Arabidopsis their overexpression efficiently induces SE from
root explants, resulting in elevated expression levels of Arabidopsis
LEAFY COTYLEDON 1 (LECI) (see below), suggesting that
they may act as positive regulators of vegetative-to-embryonic
transition in a WUS-independent manner [47], possibly acting
upstream to LECI.

The WUS gene, encoding a homeodomain protein, is critical
for stem cell fate determination in the shoot apical meristem of
higher plants. WUS activity results in signaling to the overlaying
stem cells, inducing CLAVATA3 (CLV3). CLV3 acts as the ligand
for the CLAVATA1/CLAVATA2 (CLV1/CLV2) receptor com-
plex that limits the expression areas of WUS in the shoot apical
meristem, with this negative CLV3/WUS feedback loop ensuring
the shoot apical meristem homeostasis by regulating the number of
stem cells in the central zone [58, 59]. During zygotic embryo-
genesis in Arabidopsis WUS is expressed before the stem cell estab-
lishment in the embryonic shoot [60]. In the same plant,
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WUS-induced overexpression causes increased SE without any
external PGR, suggesting the involvement of this TF in the SE
process by promoting the vegetative-to-embryonic transition [43].
Moreover, WUS induction occurs earlier than that of CLV3, mark-
ing the initial cell clumps of SE. These clumps exhibit the same
cytological features of the pre-embryogenic aggregates formed in
Cyclamen persicum SE-callus, and which express other stem cell
markers which are not TFs (i.e., CpSERK1 and SERK2, as
described below) [3]. The induction of WUS expression in the
embryogenic callus of Arabidopsis requires the removal of auxin
from the medium; however, the cell status in the embryonic callus
is regulated by auxin in a concentration-dependent manner, with
the levels of this exogenously applied PGR essential for determin-
ing WUS expression pattern. Moreover, the auxin gradients acti-
vate the polar auxin transporter PIN-FORMED 1 (PIN1) in the
embryogenic callus, and the suppression of both WUS and PINI
show that both genes are necessary for somatic embryo induction
[3] (see the following paragraph).

The WUS-RELATED HOMEOBOX (WOX) gene family is a
class of TFs involved in the early phases of Arabidopsiszygotic
embryogenesis and in lateral and adventitious organogenesis [44,
61]. In particular, WOXS5 is a stem cell marker in the root apical
meristem and is very early expressed in in vitro adventitious root
induction ([61], and references therein). Moreover, in Arabidopsis
WOX2, WOXS8, and WOX9 are important cell fate regulators of
zygotic pro-embryos, acting as embryo-identity genes [44, 62].
During the SE-process WOXS5 and WUS are expressed before the
embryo-identity genes, e.g. WOX2 [63]. An extensive study on
the expression of WOX gene family in Vitis vinifera SE shows that
the WOX genes play important roles in coordinating the gene
transcription involved in the early phases of the process. VyWOX2
and V»yWOX9 are the principal WOX genes expressed, and the low
aptitude to SE shown by specific grape cultivars correlates with a
very low expression of these genes [64].

ArabidopsisLEC genes, LECI, LEC2, and FUSCA3 (FUS3),
were identified originally as loss-of-function mutations resulting in
defects in both embryo identity and seed maturation processes
[65], and are all essential for SE induction in Arabidopsis [46].
LECI encodes a protein with sequence similarity to the HEME-
ACTIVATED PROTEINS 3 (HAP3) subunit of the CCAAT bind-
ing factor [66]. LECI-LIKE (LIL) gene is also required for somatic
embryo development and is active in numerous plants. For exam-
ple, in cocoa, TeLIL mRNA levels are detected in young somatic
embryos and undetected in nonembryogenic explants and mature
somatic embryos, suggesting that also LEC-/ike genes may be
important in coordinating primary events leading to embryonic
competence ([49], and references therein). LEC2- and FUS3-
proteins share greatest similarity with the B3 domain, a DNA-
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binding motif unique to plant TFs, acting primarily in developing
seeds ([46], and references therein). FUS3 activates transcription
of maturation-specific genes containing RY domains [67], and the
ectopic expression of LEC2 causes accumulation of lipids and seed
storage proteins in transgenic seedlings [ 68 ]. In addition to its ver-
satile regulatory functions in zygotic embryogenesis and seed
development ([69], and references therein), LEC2, the same as
LECI, is sufficient to induce embryo development in vegetative
cells when expressed ectopically ([49, 68 ], and references therein).
Moreover, it directly induces genes involved in maturation pro-
cesses before formation of somatic embryos [68, 70, 71]. The role
of LECI in maintaining embryonic characteristics in vegetative
organs requires auxin and sugar ([72], and references therein), and
the capacity of SE in lecllec2 double mutants is very low even in
the presence of auxin, suggesting that in Arabidopsis the formation
of somatic embryos by auxin needs the function of LEC genes
[46]. By the use of an inducible chimeric fusion construct it has
been recently shown that ectopic expression of these LECs confers
embryonic characteristics also to tobacco [ 72 ]. PKL, the chromatin-
remodeling factor described before, seems to be the master regula-
tor of LEC genes because, in the pk/ mutant, roots express the
ability to form somatic embryos through a derepression of the
LEC genes [73] (Fig. 1). Interestingly LEC2 overexpression leads
to spontaneous embryo formation iz planta, but impairs SE
in vitro under auxin treatment, suggesting an auxin-mediated
mechanism of action [70]. In line with this hypothesis, it has been
shown that LEC2 controls the INDOLE-3-ACETIC ACID
INDICIBLE30 (IAA30), an auxin signaling gene, the PINI and
PIN2 auxin efflux carrier genes, the auxin biosynthesis YUCCA2
(YUC2) and YUCCA4 (YUC4) genes, the AUXIN RESPONSE
FACTOR (ARF) genes ARF5, ARFS, and ARFI10, and SERKI,
the auxin-induced marker-gene of SE in a lot of plants (see the next
paragraph) [70-72]. Again in accordance, LECZ is upregulated in
a SE culture induced on an auxin-containing medium, and the
gene overexpression compensates for the auxin treatment as
somatic embryos are formed in explants cultured under auxin-free
conditions [74]. Very recently, it has been shown that de novo
auxin production via the tryptophan-dependent indole-3-pyruvate
(IPA)-YUC auxin biosynthesis pathway is implicated in SE induc-
tion, with LEC2 playing a key role in this mechanism [69]. The
possibility that LEC2 may also promote SE due to a repression of
GA levels via a positive control on AGLI15, as well as of other
GA-related factors, has been also proposed [69, 71, 72]. Moreover,
most genes involved in ethylene signaling pathway are downregu-
lated by LEC2 during SE in transgenic tobacco, suggesting a
LEC2-mediated negative role of this PGR, at least in this species
[72]. Controversial results about ethylene-control of SE are dis-
cussed in the following paragraph.



58

Maria Maddalena Altamura et al.

4 The Eliciting Effects of PGRs on SE Induction and the Crosstalk with TFs

Auxin, but also other PGRs, for example cytokinins, are involved
in the specification and maintenance of stem cells in the zygotic
embryo and in the meristems, both iz planta [75-78], and in
in vitro culture [61]. Usually, auxin is required to induce SE in
in vitro culture, in particular the synthetic auxin 2,4-D ([49], and
references therein). Moreover, auxin gradients are needed to trig-
ger the formation of stem cells in the zygotic and somatic embryos
[3]. A significant amount of literature on auxin biosynthesis,
metabolism, and transport, in somatic embryos shows that auxin
plays important roles, both in the induction of embryo formation
in culture, and in the subsequent elaboration of the proper mor-
phogenetic events during embryo development ([49], and refer-
ences therein). However, there are also species in which a cytokinin
applied alone induces SE, e.g., in sunflower [79], and species in
which a cytokinin must be combined with an auxin to induce the
process, for example, in Medicago truncatula, Vitis vinifera,
Cyclamen persicum [1, 80, 81]. The SE-inductive role of abscisic
acid (ABA) in carrot seedlings has been also reported [82, 83].
The external PGR supply has been supposed to cause local varia-
tions in the internal auxin concentration of explants, possibly trig-
gering de novo synthesis/relocation of endogenous auxin forms,
which contribute to somatic embryo induction. Moreover, 2,4-D
might act as an auxin either directly or modifying intracellular IAA
metabolism, and /or it may act as an inducer of stress-related genes
[7, 84, 85]. For example, in the induction of SE in wheat leaf
explants, genes characteristic of a response to oxidative burst are
upregulated during the first hours of 2,4-D treatment [86].
Moreover, as described above, 2,4-D might cause a DNA hyper-
methylation, as in Cucurbita pepo [38], and induce METI gene
expression leading to genome reprogramming and acquisition of
SE competence.

In Arabidopsis, transcriptional regulatory networks, control-
ling stem cell population and maintenance, have been demon-
strated iz planta in the shoot and root apices, and in the
procambium. Moreover, homologous TFs have been found to be
involved ([9, 87], and references therein), with activity beginning
during zygotic embryo formation. The relationship between
specific TE-networks and PGR synthesis, transport, activity, catab-
olism is also elucidating for SE.

By the action of the ubiquitin protein ligase SCF™! formed
by the SKP, CULLIN, F-BOX CONTAINING COMPLEX (or
SCF) and the TRANSPORT INHIBITOR RESPONSE 1 (TIR1),
the endogenous auxin is known to promote the breakdown of cer-
tain auxin/IAA (AUX/IAA) repressor proteins which, when
active, block the ARFs by forming inactive dimers. The AUX/IAA
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inactivation allows ARFs to bind to the auxin-response elements
present on the auxin-responding genes, causing their activation.
Because AUX/TIAA genes themselves are rapidly induced by auxin,
a negative-feedback loop is established with the AUX/TAA, newly
synthesized by auxin, restoring ARF-repression [88]. The expres-
sion of TAA9 and IAAS, two AUX/IAA transcriptional regula-
tors, has been observed in the SE of Cyclamen persicum and
Gossypium hivsutum [89, 90]. Recently in Arabidopsis it has been
shown that about 70 % of the AUX/IAA members display modu-
lated expression during SE, and the corresponding mutants are
impaired in somatic embryo formation [41]. Taken together, it
seems evident that members of the ARF and AUX/IAA transcrip-
tion regulator /signaling families act in concert to modulate expres-
sion of auxin-responsive genes that are essential for SE. Interestingly,
in Arabidopsis and soybean, ARF5/MONOPTEROS (MP) is
upregulated during SE-induction [41, 85]. In addition, during SE
in transgenic tobacco, MPis activated by LEC2 [72], and Fig. 3.
MPis a key gene in zygotic embryo patterning, affecting polar
auxin transport through activation of PINI auxin carrier [91].
Embryo formation is impaired in vitro when auxin transport is
inhibited and MP repressed ([41], and references therein). This
highlights the importance of a correct polar auxin-transport for

2,4-D (main exogenous auxin inducer)

slress
ROS
>> |AA
ABA
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=i ACO ( ?
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‘ >>> IAA /
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Induction of somatic embryogenesis

Fig. 3 Model of the cross talk among PGRs, stress, and TFs in SE-induction. Other proteins, exhibiting a pivotal
role in the process, are also shown. Early and further increases in endogenous IAA are shown by different

colors (details in the text)
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proper SE formation, as well as for zygotic embryo formation
(Fig. 2). In addition, the early establishment of auxin gradient and
PINI1-mediated polar auxin transport are essential, at least in
Arabidopsis, for the induction of WUS in the callus before the mor-
phological identification of the somatic embryonic cells [92].
CLV3 transcripts appear later than those of WUS, and are localized
in the stem cells of the somatic proembryo [3]. Like WUS role in
early defining the shoot apical stem cell niche during SE, the WUS-
RELATED HOMEOBOX TF WOXS5 is also early activated by the
auxin present in the medium, early defining the root apical stem
cell niche, e.g. in grapevine, Arabidopsis and Medicago truncatula
SE [64, 93, 94]. As detailed in the paragraph about Programmed
Cell Death (PCD), PCD takes part to somatic embryo develop-
ment. Polar auxin transport is essential for apical-basal patterning
and related stem niche positioning during early embryogenesis,
and disturbed transport causes aberrant embryo development, as
well as altered PCD, e.g. in Scots pine [95].

It is known that auxin regulates stem cell positioning and
maintenance during plant developmental processes via an auxin
gradient resulting from a local auxin biosynthesis, coupled with
polar auxin transport ([61], and references therein). A family of
YUC genes encoding flavin mono-oxygenases, key enzymes in
auxin biosynthesis, is also required for the establishment of the
basal part of the zygotic embryo and for embryogenic organ initia-
tion. Multiple mutations of YUCs impair local auxin distribution,
resulting into severe developmental defects which resemble those
caused by multiple mutations in PIN genes [96, 97] and indicating
that auxin biosynthesis and transport are both required for zygotic
embryogenesis. This seems also the case for SE, because together
with the essential role of the auxin transport discussed before, also
YUC-mediated auxin biosynthesis has been demonstrated to occur
during SE [4, 69]. Moreover, the above-described LEC2 TF
exhibits a positive role in controlling the YUC-mediated auxin bio-
synthesis, associated with SE induction in Arabidopsis [69].
Moreover, LEC2 downregulates genes involved in ethylene signal-
ing pathway in SE of transgenic tobacco [72]. Interestingly ethyl-
ene disturbs SE initiation in Arabidopsis through inhibiting YUC
gene expression [4]. Roles for ethylene in SE are not well under-
stood, because SE-promotive/inhibiting results have been
obtained in different species and culture systems. Ethylene is con-
sidered a stress hormone, and “stress” is a major factor in inducing
SE, as discussed in a following paragraph. Stress response can take
different forms depending on the species, the immature/mature
features of the explant tissues, and the environmental parameters
used for the culture. As discussed below, wounding and 2,4-D
application are also stress-inducers, and ethylene synthesis is rap-
idly induced in response to various stresses, including wounding
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and auxin application [16]. In Medicago truncatula, SOMATIC
EMBRYO-RELATED FACTORI1 (MtSERF1) has been demon-
strated to be essential for SE [98]. MtSERFI encodes one of the
ERF subfamily B-3 members of the AP2 /JERF TF tamily. Its tran-
script accumulation depends on ethylene, but also on auxin and
cytokinin, i.e. the SE-inductive PGRs in this plant [98]. Its ortho-
log in Arabidopsis (At5961590) is the direct upregulated target of
AtAGLI15, both positively involved in the promotion of SE in
Arabidopsis [99]. In addition, the ortholog of AtAGL15 in soy-
bean (i.e. GmAGL15) upregulates genes involved in ethylene bio-
synthesis, including a I-AMINOCYCLOPROPANE-1-CARBO
XYLIC-ACID(ACC) SYNTHASE (ACS) and an ACC OXIDASE
(ACO) which generates ethylene from ACC, and in ethylene
response, including the TFs which are the orthologs of AtERFI
and MtSERFI (i.e., GmSERF1/SERF2). This upregulation results
into increased ethylene production and SE in soybean [99].
Likewise, in Pinus sylvestris an increased content of endogenous
ethylene appears to be required for SE [100]. Interestingly, none
of the ACS or ACO genes upregulated by GmAGLI15 in soybean
appear to be upregulated in response to AtAGL15 accumulation in
Arabidopsis, and two putative ACO genes are repressed, hypothe-
sizing differences between AGL15 regulation in the SE of different
species [99], and perhaps in ethylene levels and effects on SE. In
accordance, ethylene biosynthesis has been reported to decrease
during SE in Arabidopsis, with excessive ethylene reducing YUC
expression and disrupting local auxin distribution [4]. Ethylene is
known to affect auxin transport and regulate the asymmetric distri-
bution of auxin in various plant tissues [101]. Once synthesized,
ethylene is perceived by a family of receptors. COSTITUTIVE
TRIPLE RESPONSE 1 (CTRI) is a receptor-interaction protein
kinase whose expression negatively regulates ethylene response
([102], and references therein). In Arabidopsis, mutation at CTR1
causes costitutive ethylene signaling, and inhibition of SE initiation,
but also downregulation of most YUC genes, highlighting the pos-
sibility of a negative effect of ethylene signaling on SE through inhi-
bition of YUC expression [4]. Moreover, the endogenous levels of
GA are negatively related to SE potential. The /ec mutants show
increased GA levels and reduced SE [103], and the exogenously
supplied GA; decreases tissue capacity for SE induction [104]. In
support of the inhibitory eftfect, several genes important for the neg-
ative regulation of GA responses display a SE-specific upregulation,
including genes coding proteins containing the conserved amino-
acid sequence Asp-Glu- Len- Len- Ala, named DELLA-domain [105].
Similarly the GA addition reduces SE in both nontransgenic and
transgenic (i.e., 358pro:GmAGLIS) soybean, and genes encoding
DELLA proteins are upregulated at some stages of SE induction
[99]. Ethylene and auxin are known to impact their biosynthesis
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reciprocally, and ethylene is known to act cooperatively /antagonisti-
cally with GA depending on the context [99], and a central role for
AGL15 seems to exist at least during SE (Fig. 3).

In carrot, the application of ABA to seedlings efficiently
induces SE [82] and plays an important role in the induction of
secondary SE [106]. By the use of different approaches to reduce
cellular ABA levels in Nicotiana plumbaginifolia, it was demon-
strated that the ABA deficiency disturbs morphogenesis at the pre-
globular somatic embryo stage, but the effect is reverted by
exogenous ABA application [107]. ABA is known to induce the
expression of LATE-EMBRYOGENESIS-ABUNDANT (LEA)
genes in late-stage zygotic embryos. The expression of some carrot
LEA genes is also observed during SE after treatment with ABA,
and occurs via a C-ABSCISIC ACID-INSENSITIVE3 (ABI3)-
mediated signal transduction [108]. In Arabidopsis, the genes
coding for the EMBRYOGENIC CELL PROTEIN 31 and 63
(AtECP31 and AtECP63) represent the homologous to the carrot
LEA genes, and are similarly induced by ABA during SE and
equally involve an ABI3 gene expression [109]. In carrot, the
endogenous levels of ABA increase in response to stress treatments,
and they are particularly high during the induction of SE in com-
parison to further embryo developmental stages, suggesting the
importance of an early stress-induced accumulation of ABA for
SE-induction [83]. Interestingly, LEC1 upregulates the expression
of ABI3and FUS3[110, 111], and all the three genes are expressed
during early microsporeembryogenesis in Brassica napus [112]. It
seems that ABI3 and FUS3 positively regulate each other through
a feedback loop, and the GA-ABA ratio seems to determine the
developmental mode, with low GA-ABA ratio promoting the
embryo mode of development [112, 113]. AGL15 directly con-
trols the genes encoding these TFs, in both Arabidopsis and soy-
bean [99, 114 ]. Thus, the roles of AGL15 are multiple, in particular
having in mind that it responds to auxin levels, but it is also capable
to repress its own expression and to activate LEC2 [114, 115]
(Fig. 3).

Independently of the presence/absence of cytokinin in the SE
inductive medium, the involvement of cytokinin-related TFs in SE
may be expected due to the known crosstalk between auxin and
cytokinin in the control of the respective synthesis, transport, and
signaling during morphogenesis in vitro (e.g. adventitious rhizo-
genesis, [61]). In the auxin-induced embryogenic cultures of
Avrabidopsis numerous cytokinin-response associated TFs are
affected, including key cytokinin regulatory genes,i.e. CYTOKININ
RESPONSE FACTORS (CRFs) and Arabidopsis RESPONSE
REGULATORs (AtARRs) [41]. CRFs mediate the transcriptional
responses to cytokinin involved in the regulation of embryo and leaf
development, and function together with type-B ARRs [116]. One
of these ARRs, i.e. ARRI0, is upregulated in the SE of Arabidopsis
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[41], similarly to its homolog in Medicago truncatuin, i.c. MtRR1
[117]. ARR10 has been proposed to play a general role in cytokinin
signal transduction throughout the life cycle of Arabidopsis, working
redundantly with other typeB-ARRs [118]. However the upregulation
of specific TFs may also inhibit SE. It is known that the embryo-
genic competence of the callus induced from alfalfa petioles is
inhibited when kinetin is replaced by thidiazuron (TDZ) ([5], and
references therein). This inhibitory effect of TDZ is associated with
the upregulation of a HD-Zip II TF, named MEDICAGO SATIVA
HOMEOBOX 1 (MSHBI1) [5].

Taken together, the regulatory network of TFs for cellular
reprogramming leading to SE is complex, and still far to be fully
elucidated. The mechanisms by which this regulatory network
communicate with PGRs to coordinate SE is still widely unknown,
however, a model summarizing the relationships between the main
TFs and PGRs during the reprogramming of vegetative cells for SE
induction is proposed in Fig. 3.

5 Somatic-Receptor-Kinases Involvement in the Regulatory Network for Stem
Cell Induction and Maintenance During SE

In addition to PGRs and TFs, ligand-receptor-like kinase signaling
pathways have been revealed as crucial regulators in stem cell speci-
fication, and an intercellular leucine-rich repeat receptor-mediated
pathway has been proposed for the maintenance of plant stem cells
([119, 120] and references therein). SERK genes form a subgroup
among the genes coding for membrane-located LEUCINE-RICH
REPEAT-RECEPTOR-LIKE KINASE proteins (LRR-RLKs),
which play important roles in plant signaling pathways ([1], and
references therein). Auxin, combined or not combined with cyto-
kinin, upregulates SERK genes, depending on the species ([121],
and references therein). Some SERKs are positively related to
zygotic embryogenesis, e.g., in carrot [122], Arabidopsis [123],
cacao [124], Medicago truncatula [98], wheat [125], as well as to
apomixis [126, 127]. The positive involvement of some SERKs in
the induction of SE has been reported for a lot of dicots and mono-
cots, e.g., carrot [122], Dactylis glomerata [128], Arabidopsis
[123], Medicago truncatuin [80], Ocotea catharinensis [129], sun-
flower [79], cacao [124], rice [130], Citrus unshin [131], grape-
vine [81], potato [132], wheat [125], coconut [133], banana
[134], maize [121], and Cyclamen persicum ([1], and references
therein). Interestingly, numerous studies suggest a role in develop-
ment, at least for specific SERKs, broader than in SE and zygotic
embryogenesis. For example, in sunflower, a SERK gene is
expressed in both SE and shoot organogenesis [79]. In Medicago
truncatula, MtSER K1 is expressed in somatic and zygotic embryo-
genesis, but also in rhizogenesis in vitro, and in all types of primary
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meristems n planta [80, 135, 136]. In addition, AtSERKI and
AtSERK2 redundantly control microsporogenesis in Arabidopsis
[137]. All together these results suggest an involvement of specific
SERKs in stem cell formation and maintenance iz planta and
in vitro. The in vitro culture of Cyclamen persicum immature ovules
has provided useful outcomes for demonstrating SERK(s) involve-
ment in stem cell formation/maintenance, because lines forming
either organs or embryos, as well as callus lines recalcitrant to
organ/embryo formation, are available for the same cultivar and
PGR condition (Fig. 4a—c). Using this system, Savona and cowork-
ers [1] isolated two SERK genes, CpSERKI and CpSERK?2, from
the embryogenic callus. The expression of both genes was high in
the embryogenic callus, moderate in the organogenic callus, and
null in the callus showing neither SE nor organogenesis. The
expression of both genes has been shown to start in the stem cell
clumps from which the pre-embryogenic aggregates (PEAs,

Fig. 4 Cyclamen persicum callus lines obtained under the same hormonal conditions but forming either shoots
and roots (magnified in the inse) (a), or only somatic embryos (magnified in the inset, arrows) (b), or only cal-
lus (c) [see also the text, and [1] for further details]. (d) Encapsulated seeds of cyclamen (courtesy of B. Ruffoni

and M. Savona)
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Fig. 5¢) and the organ meristemoids, respectively, originate.
Expression continues in the pro-embryogenic masses (PEMs,
Fig. 5d, m), but progressively declines (Fig. 5d). A similar expres-
sion pattern occurs in the organ meristemoids. In mature somatic
embryos developing from the PEMs (Fig. 5g), and in the shoot
and root primordia developing from the meristemoids (Fig. 5e, 1),
CpSERKI and CpSERK?2 are expressed with patterns similar to
those of the zygotic embryos (Fig. 5b) and the primary meristems
in planta (Fig. 5a). Thus, CpSERKI and CpSERK2, being
expressed in the stem cells, may be regarded as markers of pluripo-
tency. Moreover, their relation with the embryogenic potential is
of interest, because their high expression maintains the trans-
amplifying derivatives of the original stem cells (PEAs) in a plu-
ripotent condition over time, and this leads to the totipotency
necessary for somatic embryo formation [1]. Consequently, even if
not peculiar of SE, the two genes may be used as markers of SE in
cyclamen, allowing the screening of the calli before the macro-
scopic expression of their fate, i.e., embryogenesis, organogenesis,
recalcitrance, with this early screening important for a large-scale
production of synthetic seeds (Fig. 4d). The feature of
CpSERKI1/SERK2 of pluripotency/totipotency markers is in
accordance with their lack of expression during PCD occurring in
the xylogenic nodules of the organogenic calli [1]. Similarly,
AtSERKI1 and AtSERK2 do not seem to be involved in PCD in
Arabidopsis [138, 139]. As discussed in a following paragraph,
PCD has an important role in SE, but uncoupled with stem cells.

In Arabidopsis and other species, SERK genes form a gene
family ([1], and references therein). SERKs tend to function in
pairs of redundant proteins evolutionarily organized in clades
related to either AtSERK1/2 or AtSERK3/4/5 [140, 141].
CpSERKI and CpSERK2 are tightly evolutionarily related, and
relatively close to AtSERK1 /2, and more distant to the other three
AtSERKSs [1]. In accordance, CpSERK1/2 and AtSERKI1/2 share
a common localization i planta ([1], and references therein), and
CpSERKI and CpSERK?2 are expressed in Arabidopsis, e.g. in the
root apex (Fig. 5h, k). In addition, a pro(promoter)AzSERKI-
AtSERKI-YELLOW-FLUORESCENT-PROTEIN (YFP) con-
struct [ 142 ], introduced into cyclamen embryogenic calli, expresses
correctly the fusion protein and localizes exactly as CpSERKI1/2
(Fig. 5j, ¢, in comparison). All together these data sustain a role for
SERKI1/SERK2 complex in SE control in different species.

It is interesting to note that SERK1 and AGL15 are associated
in complexes that include components of the brassinosteroid (BR)
signaling pathway, i.e., BR-INSENSITIVE 1 (BRI1), and its core-
ceptor BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1)/
SERK3 [55, 140]. Evidence has been presented that BAK1-LIKE
1 (BKK1)/SERK4 also participates in BR signaling [138].
However, the involvement of the latter complex, as well as of BR



Fig. 5 Investigating SERK1/2 genes in Cyclamen persicum and Arabidopsis. (a—g) CpSERK1/2 RNA in situ
hybridizations on cyclamen sections. (h, i, k, ) expression of CoSERK1/2 in Arabidopsis, and (j, m) cyclamen
callus with PEMs, with expression of AfSERK1 (j). (a) Flower with strong CpSERK2 expression in stamen
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signaling in SE control, remains to be elucidated. It might not be
excluded that SERKI1 and AGL15, and perhaps LEC2, interact in
controlling SE independently on the BR pathway. In fact, it is
known that in Arabidopsis AGLI5-overexpressing tissues show
enhanced SE (see above), and have increased expression of SERK 1
and reduced GA levels by the AGL15-induced GA2-oxidase ([45,
53], and Fig. 3). Also in Medicago truncatula SE induction,
MtSER K1 reveals a binding recognition site for AGL15 and upreg-
ulation of GAZ2-oxidase [98]. Moreover, upregulation of SERKI
also occurs in LEC2 transgenic tobacco in which SE is promoted
[72], and a relationship between AGL15 and LEC2 in the positive
control of SE through a GA-lowering mechanism has been pro-
posed, as discussed above.

6 The Multifacet Significance of Stress as SE-Inducer

In vitro culture experiments have widely shown that the differenti-
ated fate of plant cells, which depends on positional information
and developmental signals iz planta, can be altered under the
in vitro culture conditions, with the changes in cellular environ-
ment perceived as, and generating, significant stress effects. When
the stress level exceeds cellular tolerance, cells die, whereas when
the level is lower, it enhances metabolism and induces adaptation,
including gene expression reprogramming, cellular reorganization,
and developmental switch. Somatic embryogenesis may be consid-
ered among the adaptation responses to stress, because various
stresses are useful to induce this process (Fig. 3). For example, SE
in carrot can be stimulated by the application of heavy metal ions
(Cd?*, Ni**, Cu*, Co**), high osmotic pressure (sucrose, NaCl)
and high temperature in the absence of exogenous PGRs ([83],
and references therein). Heavy metals also induce SE in Arabidopsis
and wheat [143, 144 ], and high osmotic pressure or dehydration
are SE-inducers in Arabidopsis, wheat, and cotton [143-145]. Of
course, also the excision of the explant (i.e., wounding) must be

<

Fig.5 (continued) primordia and procambia. (b) Immature seed containing an embryo at torpedo-stage show-
ing CpSERK1 expression. (¢) Large PEA showing uniform CpSERKT expression. (d) CpSERKZ2 expression only
in a part of a PEM. (e) Adventitious root apex with CpSERK1 expression in the apical meristem and procam-
bium. (f) Meristematic shoot apex with strong CpSERKZ expression. (g) Mature somatic embryo with CpSERK1
expression in the shoot pole. (h, k) Whole mounts RNA hybridizations of Arabidopsis primary root apices with
CpSERK1 (h) and CpSERKZ (K). (i, I) Sense-probe controls. (j, m) Cyclamen embryogenic calli transformed with
ProAtSERK1-AtSERK1-YFP construct during the induction phase. (j) Yellow fluorescence signal under confocal
microscopy (arrows) localizing AtSERK1 expression in the PEMs (courtesy of M. Savona). (m) Histological
control section of PEMs. See text and [1] for further details. Bars=10 um (b—g), 20 um (h, i, k, I), 50 um (a,
m), 1 mm (j)
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considered as a “stressor” by a very early upregulation of the
endogenous levels of auxin, as in potato adventitious shooting
[146], and of ethylene [147], but also by acting as a source of
Reactive Oxygen Species (ROS), as occurs in Medicago truncatuin
SE [136]. Moreover, ROS may induce ethylene biosynthesis [ 148].

It is widely known that 2-Dichlorophenoxyacetic acid (2,4-D)
may be considered as a “stressor” for the explant ([16], and refer-
ences therein). For example, in soybean and potato cotyledons SE
induced by 2,4-D is associated with upregulation of oxidative
stress and defense genes [85, 132]. In agreement with a role of
ROS as stress-inducers (Fig. 3), SE is enhanced by increased levels
of ROS, e.g., in wheat and alfalfa [ 149, 150], and the application
of antioxidants to the inductive medium reduces SE in Eucalyptus
globulus [151].

ABA serves as a critical messenger for stress responses, and is
considered one of the SE-inductive PGRs (Fig. 3). ABA increases
ROS levels in maize embryos, supporting roles of ROS in ABA-
signaling through a mechanism that still requires investigation [16].

Also the micronutrient boron triggers stress-mediated path-
ways during SE, as recently reviewed [152]. Boron-stress has a
direct impact on levels of ABA, e.g. increasing them as reported in
carrot SE [153]. However, after ROS-signaling, a mechanism to
protect the embryogenic-potential cells against the harmful effects
of ROS is activated. GLUTATHIONE-S-TRANSFERASES
(GSTs) seem involved in this protective activity, considering the
accumulating evidence that the redox status and the glutathione
content of the cells are interrelated in plant developmental pro-
cesses. In accordance, members of the GST gene family are upreg-
ulated during auxin-induced SE of soybean [85], and GST
transcripts accumulate in the somatic embryos of numerous plants
([49], and references therein).

GA has a negative effect on SE, and, in accordance, several
genes important for the negative regulation of GA show SE-specific
upregulation in Arabidopsis, including DELLA genes [41] (Fig. 3).
The stimulation of DELLA genes may be put in relation with the
stress response, because DELLA accumulation has been reported
to elevate the expression of genes encoding ROS detoxification
enzymes, reducing ROS levels [154]. Moreover, results on SE in
transgenic lettuce support the hypothesis of an involvement of
SERK genes in stress-perception [155].

Ca?* ions are key regulators of many plant developmental pro-
cesses, including sexual reproduction of gymnosperms and angio-
sperms [156—-158]. In plant cells the free ionized form of calcium
is located in the cytosol, and frequently acts as second messenger
in signaling, whereas the loosely bond calcium, which is in dynamic
equilibrium with free calcium, is present in middle lamellae and cell
walls [157]. Exogenous treatments with calcium salts have demon-
strated that calcium ions are active during organogenesis in vitro,
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e.g., in vegetative bud formation from tobacco leaf and pith
explants, flower and root formation from tobacco pith explants,
and root formation from Arabidopsisthin cell layers [159-161].
Depending on the culture system and the exogenous concentra-
tion, calcium ions affect organogenesis independently/depend-
ently of the exogenous hormone(s) [159, 161]. A positive Ca**/
auxin interaction has been demonstrated in the pollenandrogenesis
of Solanum carolinense [162]. In the SE of carrot the process coin-
cides with significant variations in calcium ion distribution and lev-
els. In particular, a positive interrelation with the inductive auxin
2.4-D seems to exist because the first SE stages are characterized
by a strong and uniform Ca?* presence in the cells. Calcium-
presence, monitored by a fluorescent dye, becomes lower in PEMs,
but again rises in the somatic embryos from the globular to the
torpedo stage. At the latter stage, an apical-basal gradient of
calcium-distribution appears along the longitudinal axis of the
somatic embryo [163]. The role of PIN efflux-carriers in the estab-
lishment of the auxin gradient, necessary to the apical-basal axis of
the Arabidopsis zygotic embryo, is well known ([96], Fig. 2¢). Our
unpublished results show that calcium distribution parallels this
gradient (Fig. 2e, f), strengthening the possible link between auxin
and calcium in axial patterning in both zygotic and somatic
embryos [ 163]. Ca?* ions are also known to regulate the transcript
abundance of early auxin-inducible AUX/IAA genes [164].
Moreover, in SE-induction in wheat [ 165, 166], Ca?* ions seem to
have a different role, i.e., to be involved in the induction of lipid-
transfer proteins [86], which are also active compounds in SE, as
described in the following paragraph. Taken together, these evi-
dences show that there is a connection among auxin, calcium ions,
and SE induction, but this connection also involves SERKs,
because, as in wheat, SERKI and SERK2 expression is auxin- and
calcium-dependent [125]. It is important to note that calcium is
also important after SE-induction. In fact, an increase in calcium
ion supply in the medium at the time of the transfer to the auxin-
free differentiation medium, and an increased uptake by the
somatic embryos, highly enhances the number of embryos reach-
ing maturity, e.g., in carrot and sandalwood ([7], and references
therein). The levels of cytosolic calcium are well known to change
transiently in response to various stresses and to auxin, as well
[167], and there are evidences that this also occurs during
SE-induction, e.g., by an effect on the transduction of the auxin
signal ([86], and references therein). Thus, in addition to the long-
lasting changes described above, the very rapid changes affecting
the free-calcium-pool are also of interest. For example, blocking
calcium-signaling in sandalwood cells, SE frequency decreases
[168]. In this species, Ca?* signaling is associated with the activity
of two Ca**-DEPENDENT PROTEIN KINASEs (CDPKs), and
the expression of a CDPK gene also increases during early phases
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of 2,4-D induction of SE in cultured alfalfa cells [169]. In
Arabidopsis, two CDPKs have been demonstrated to activate a
stress and an ABA-inducible promoter, suggesting connection of
CDPKs to ABA-signaling pathways, with a link with calcium,
because elevation of calcium ions is sufficient to trigger ABA-
responsive gene expression [170].

Nitric oxide (NO) is being recognized as a critical factor in
growth, development and stress response in plants [171], and
there is emerging evidence that it may act as a stressor for
SE-induction. NO might exhibit its inductive role on SE affecting
the availability of Ca?* within the cells via protein kinases [172].
Alternatively it might increase auxin production, repressing the
basic HELIX-LOOP-HELIX protein 6 (bHLH006/MYC2), a
repressor of auxin biosynthesis, as observed in Arabidopsis SE
[173]. Interestingly, NO and calcium ions are also related to PCD,
which is essential to successtul embryogenesis, as discussed in the
following paragraph.

7 Programmed Cell Death vs. Cell Survival in Somatic Embryogenesis, Two

Faces of the Same Coin

In the zygotic embryogenesis of angiosperms and gymnosperms,
the suspensor is a terminally differentiated structure committed to
programmed cell death (PCD) and elimination. The suspensor
cells must die at a certain stage of embryo-proper development.
This usually occurs at the end of embryo-heart-stage, in the angio-
sperms, and at the end of the early embryogeny phase in the gym-
nosperms ([174], and references therein). The suspensor is not
always formed by angiosperm somatic embryos, but, when present
such as in carrot [175] and Vitis rupestris (Fig. 6a), its cells die via
PCD similarly to what occurs in zygotic embryogenesis. Suspensor
death by PCD also occurs in gymnosperm somatic embryos, as
described for Norway spruce ( Picea abies) and silver fir (Abies alba)
[176, 177]. It is important to highlight that the proper timing of
PCD in the suspensor cells is determinant to correct zygotic and
somatic embryogenesis. In Arabidopsis, mutants with altered

»

»

Fig. 6 (continued) mature somatic embryo. (b) Barrier formed by cells with degenerating nuclei (arrow) and
cutinized cell wall around a PEA of Vitis rupestris. (¢) PEM flanked by callus cells in PCD (magnified in the
insef), and (d) mature somatic embryos of Vitis rupestris. (e, f) Strong Ca®* signal in the anther-wall tissues and
microspores of kiwifruit male-sterile anthers (e), and weaker Ca* signal in male-fertile ones (f). (g) Nuclear
fragments showing OSMOTIN immunolocalization in a degenerating epidermal cell of an olive tree twig, also
showing a thick cuticle. (h) PCD nuclei of late-vacuolated microspores of kiwifruit male-sterile anthers moni-
tored by OSMOTIN immunolocalization. (i, j) Kiwifruit male-sterile anthers shortly before dehiscence showing
OSMOTIN-positive nuclear fragments in the middle-layer (i, arrows), and in the endothecium (j, arrow). See
text and [158, 181, 187] for further details. Bars=10 um (a—¢, e, f, i, j), 40 pm (d, g)
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Fig. 6 Somatic embryogenesis from the sporophytic tissues of Vitis rupestris anthers (a—d), CTC-Ca?* signal in
kiwifruit male-sterile and male-fertile anthers (e, ), and PCD monitored by OSMOTIN immunolocalization in
different cell types (g—j). (@) Degenerating multilobed nuclei in the suspensor cells (arrows) of a Vitis rupestris
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regulation of PCD in the suspensor, such as twin and raspberry,
exhibit altered embryo development. In both mutants the suspen-
sor proliferates, and this results either into multiple embryo forma-
tion or failure of embryo transition from globular to heart stage
[178, 179]. Moreover, in Picea abies, the prolonged longevity of
suspensors delays the onset of histogenesis in the somatic embryos,
finally resulting into disintegration of their tissues [176].

Research in gymnosperms (i.e., Picea abies and Abies alba)
shows that there is another, and earlier, wave of PCD which is spe-
cific of SE and essential for its success [174, 177]. This first wave
of PCD occurs in the PEMs. In Picea abies, time lapse-tracking
analysis has shown that each PEM may either multiply in the pres-
ence of the inductive PGRs (auxin and cytokinin are necessary for
SE-induction in this plant), giving rise to new PEMs, or trans-
differentiate to embryo upon withdrawal of the PGRs. The latter
pathway is only executed when massive PCD occurs in the PEM,
establishing a positive correlation between cells in PCD in the
PEM and frequency of somatic embryos [174]. This concept is
strengthened by the results of the experiments with cell-lines com-
posed of PCD-deficient PEMs, which are unable to form embryos
regardless of treatment [180]. The presence of a PCD wave at the
PEM stage of angiosperm-SE still needs investigation. However, in
cyclamen SE, the progressive loss of stem trans-amplifying condi-
tion in the derivatives by the PEM couples with CpSERK1/2 loss
of expression (Fig. 5d). Because the expression of these genes is
not compatible with PCD occurrence (see above), it is possible
that in the angiosperms PCD occurs as a late event in the PEM
cells, and only in those not engaged into somatic embryo forma-
tion and no more expressing SERKI1/2 genes. In a lot of cases of
indirect SE in angiosperms, e.g., in SE from Vitis rupestris anther
tissues [181], PEAs become separated from the callus cells by a
barrier of cells with a cutinized cell wall (Fig. 6b). Events of nuclear
fragmentation leading to PCD widely occur around the encased
PEMs (Fig. 6¢, and inset) and in the barrier cells (Altamura,
unpublished results). It is plausible that this out-of-PEM PCD
wave reduces the embryo-inductive potentialities in the PEMs,
giving the already existing embryogenic cells the chance to develop
further, i.e., to become a mature embryo without competition
with further forming embryonic structures. All together, in both
gymnosperms and angiosperms, PCD seems necessary to obtain a
correct SE up to the mature embryo stage (Fig. 6d), and a PCD-
signal needs to be cell-to-cell communicated.

Zinc is a potent regulator of PCD in animals and is crucial for
correct SE patterning, as demonstrated in Picea abies SE ([182],
and references therein). In this plant, high zinc accumulation in
the somatic embryo couples with a strong decrease of the ion in
the suspensor. In accordance, exposure of early embryos to a zinc
chelating agent leads to embryonic lethality, and exogenous zinc
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supplementation suppresses suspensor terminal differentiation and
elimination, causing inhibition of embryo maturation [182].
However, Zn?* can also have a pro-apoptotic effect on mammalian
cells [183]. In accordance, in plants, when applied at high level, it
may exhibit a positive function in the PCD process. This is caused
by an increase in nitric oxide (NO) in the cells, which induces an
NO-mediated PCD ([171], and references therein). All together
these results show that the exact level of free intracellular zinc
mediates PCD-survival decisions in embryogenesis, however other
ions seem to be also involved.

In the previous paragraph the importance of calcium in the
control of somatic and zygotic embryogenesis has been highlighted
(Fig. 2e, f); however, the role(s) of calcium in these processes also
include a relationship with PCD. In fact, transient changes in cyto-
solic free calcium and long-lasting changes in cytosolic and cell
wall /membrane-associated Ca?* affect development also by induc-
ing PCD [184-186]. Male sterility is known to occur by PCD, and
studies on microsporogenesis and microgametogenesis in numer-
ous dioecious plants have demonstrated that calcium ion distribu-
tion and content are related to this sterility ([158], and references
therein). The sporophytic tissues of the anther degenerate by PCD
in both male-fertile and male-sterile plants, but PCD is delayed in
kiwifruit male-sterile genotypes, with a calcium signal in the tape-
tum, middle-layer and exine of the microspores that is higher than
in the male-fertile anthers (Fig. 6e, f). A prolonged secretion of
calcium by the anther tissues seems to induce the inability of the
microspores to transit to microgametogenesis, causing, instead,
their PCD [158].

OSMOTIN is a pathogenesis-related type-5 protein involved
in abiotic/biotic defense responses ([ 187], and references therein).
The protein is also positively involved in PCD-induction [188],
e.g., in the stem epidermal cells during cork formation (Fig. 6g),
in degenerating sterile microspores (Fig. 6h, [158]), and in the
endosperm of olive tree seed [189]. In accordance with the results
by the use of other PCD markers, OSMOTIN immunolocalization
in kiwifruit demonstrates the existence of a delay in PCD in the
sporophytic tissues of the male-sterile anthers (Fig. 61, j). Kiwifruit
anther tissues are able to dedifferentiate in the presence of TAA and
produce somatic embryos, but SE only occurs from anthers of
male-fertile genotypes [190]. Taken together, it seems that the
excess of calcium and the altered timing of PCD [158] are posi-
tively related with the SE-inability of kiwifruit male-sterile geno-
types [190]. In accordance, it is known that Ca** concentration
can change the hormone-induced organogenic response. For
example, tobaccothin cell layers were induced to produce flowers
by a specific combination of auxin and cytokinin and a specific
concentration of CaCl,, but formed vegetative buds instead of
flowers when CaCl, concentration was increased fourfold [191].
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In addition, NO has been demonstrated to influence the Ca2*
availability within the cells ([171], and references therein), and
NO and PCD have been shown to be involved in the stress-induced
microsporeembryogenesis of barley [192]. A role of OSMOTIN as
a stress-acclimating protein involved in both blocking [Ca* ]
transients, and in PCD has been demonstrated in the vegetative
organs (Fig. 6g, [187]). Osmotin, and osmotin-like mRNAs have
been also found in seeds, e.g., those of Benincasa hispida [193],
tobacco [194] and olive tree [189], and the gene has been over-
expressed in tea and olive tree somatic embryos [195, 196]. Also
ABA, ethylene and wounding activate the osmotin gene ([187],
and references therein). The transcriptionally active form NAC
[name from the first letters of NAM ( No Apical Mevistem), ATAF
(Arabidopsis Transcription Activation Factor), and CUC (Cup-
shaped Cotyledon) genes] of AtNTL6 (Arabidopsis thalinna NAC
with TRANSMEMBRANE MOTIF 1-LIKE) protein causes the
expression of Pathogenesis-Related-5 (PR-5) genes [197], and
LEC2 (Fig. 3) induces the expression of NAC TFs ([72], and ref-
erences therein). In Olea europaen, the NAC domain of the
homologous gene (Oe NTLO6) induces osmotin transcription in both
seed coat and embryo, but the protein is absent in the embryo,
because of a downregulation after transcription. Concomitantly,
cuticular lipids are produced in the seed coat and extruded towards
the endosperm to enhance its cutinisation, suggesting a further
role for OSMOTIN as lipid-transfer protein [ 189]. In accordance,
osmotin over-expression induces accumulation of oil bodies in tea
somatic embryos [195]. It has been previously mentioned that
there is a phase during PEM growth characterized by the forma-
tion of a cutinized barrier around the PEMs, with PCD events
occurring in the barrier cells and in the callus around (Fig. 6b). A
role of OSMOTIN as a lipid-transfer protein during PEM encas-
ing, and in inducing PCD around, is possible because genes
involved in encoding lipid-transfer proteins elicit PCD, e.g., in the
anther of Hordeum vulgare [ 198 ], and because an OSMOTIN-like
protein accumulates and is secreted in the embryogenic cultures of
Cichorium [199].

8 Hemoglobins Function as Anti-stress and Anti-PCD Compounds in SE

and Their Repression is required in the Inductive Phase

The existence of plant hemoglobins, distinct from leghemoglobin,
has been demonstrated in over 50 species ([200], and references
therein). A relationship between NO, hemoglobins and PCD is
well known in mammalians, but it is also appearing in plants, e.g.,
in chicory and Arabidopsis SE [173,201]. The main role of specific
hemoglobins is to reduce NO levels as a result of NO scavenging,
resulting in reduction of NO toxicity and cell survival [171]. Plant
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hemoglobins have been classified into three groups. Class 2 hemo-
globins are upregulated by cold, cytokinin and ABA ([171], and
references therein). For example, the promoter of a rice hemoglo-
bin gene is activated by ARR1 TF [202], a type-B cytokinin-
responsive regulator. As discussed before, stress-induced
compounds, e.g., ROS (Fig. 3) and NO, are important for trigger-
ing SE, and PCD occurrence is determinant at PEM and suspensor
stages. Based on thispremise, compoundscausing NO-detoxification
and acting as anti-PCD might have a negative effect at specific
time-points of the process. In accordance, the suppression of the
type-2 hemoglobin identified in Arabidopsis (GLB2/AHB2,
NON-SYMBIONTIC HEMOGLOBIN-2) enhances SE in this
species by increasing levels of NO within the embryogenic cells.
This increase causes a repression of the IAA-biosynthesis-repressor
MYC2. Relieving the inhibition of IAA synthesis, the hormone
increases in the cells promoting WUS and SERKI expression, and
embryogenic competence. Moreover, the repression of GLB2
increases the expression of PINI [173], which is also essential to
SE-induction (Fig. 3). Similarly the suppression of Hemoglobin 1
(Hb1-2) gene in maize results in stimulating somatic embryo for-
mation [171]. Taken together, SE is induced by compounds, such
as NO, which are known to induce PCD, but PCD does not occur
in the inductive phase because the activity of auxin, and not of anti-
PCD compounds, such as hemoglobins. Thus, a working hypoth-
esis in which SE-induction involves auxin and NO activities and
suppression of hemoglobins and PCD may be suggested. However,
the activity of hemoglobins might become essential later in the SE
process, e.g., to scavenge NO and repress PCD, at the times when
this becomes necessary.

9 Concluding Remarks

The broad repertoire of genes and complex expression patterns in
SE show that multiple cellular pathways are controlled by a con-
certed gene regulatory network. SE is an ideal model system for
investigating developmental flexibility and stem cell formation,
maintenance and polarization, in particular because there is a strict
similarity in the genetic control of zygotic and somatic embryo-
genesis in both gymnosperms and angiosperms. The first message
coming from the actors described in the work is that pluripotent
stem cells need to be defined before the realization of the totipo-
tent condition. The totipotent cells result from trans-amplification
and maintenance over time of the original pluripotent stem cell
commitment. The switch from trans-amplification to trans-
differentiation (i.e., the construction of the somatic embryo) is still
obscure, but seems to share aspects with animal metamorphosis.
The lack of the switch stabilizes the cells in the embryogenic fate,
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leading to secondary embryogenesis. As in animals, death (PCD)
and life (embryo-proper) must be coordinated processes.
Difterently from animals, a feedback loop exists in plants between
pluripotent and totipotent stem cells, because niches of no more
totipotent, but again pluripotent, stem cells must be present in the
mature somatic and zygotic embryos to allow the polarized growth
of the seedling. The second message is about the importance of the
epigenome in the control of SE. Unraveling the interplay between
DNA methylation, histone modifications, and small RNA activities
in the establishment of the epigenetic program leading to SE will
contribute to understand the behavior of plant cells in vitro and
the molecular basis of cell totipotency. A third message is about the
lipidome importance in SE, and its emerging functions in cellular
communication, trafficking control, and PCD.

The tools for biotechnology coming from these messages
are evident, because to maintain cells in a trans-amplification
state will improve the massive production of plant stem cells,
e.g., for innovative cosmetics industry. By contrast, to stimu-
late trans-differentiation will provide a tool for improving
large-scale production of mature somatic embryos, which is the
essential prerequisite for massive artificial seed production.
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Chapter 4

Do Mitochondria Play a Central Role in Stress-Induced
Somatic Embryogenesis?

Birgit Arnholdt-Schmitt, Carla Ragonezi, and Hélia Cardoso

Abstract

This review highlights a four-step rational for the hypothesis that mitochondria play an upstream central
role for stress-induced somatic embryogenesis (SE): (1) Initiation of SE is linked to programmed cell
death (PCD) (2) Mitochondria are crucially connected to cell death (3) SE is challenged by stress per se (4)
Mitochondria are centrally linked to plant stress response and its management. Additionally the review
provides a rough perspective for the use of mitochondrial-derived functional marker (FM) candidates to
improve SE efficiency. It is proposed to apply SE systems as phenotyping tool for identifying superior
genotypes with high general plasticity under severe plant stress conditions.

Key words Somatic embryogenesis, Mitochondria, PCD, Severe stress, Cell reprogramming,
Phenotype plasticity, Phenotyping tool, Genotype selection

1 Introduction

It is state-of-the-art understanding that mitochondria play an
upstream role in stress response management and cell network
integration. This view is shared among scientists from various
research fields who study organisms from diverse kingdoms, includ-
ing plants and animals [1-4]. Mitochondria are seen central for
stress perception and orchestrating the effects of external signaling
by connecting them to growth and development control mecha-
nisms. They are movable organelles that are able to sense where
their action is required and seem to act as tuners [2, 3]. The num-
bers per cell, size, and shape of mitochondria are highly flexible
and related to development and cell function. SE is an example of
inducible developmental plasticity. It is based on molecular and
metabolic cell reprogramming that covers typically phases of dedit-
ferentiation and de novo-differentiation. SE can occur naturally
during agamospermy along a species-dependent developmental
plan and it can be induced artificially under in vitro culture condi-
tions ([5, 6] and other chapters in this book).
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Changing environmental conditions is commonly referred to
as being “stressful” to organisms. This definition of stress encloses
regular daily and seasonal, as well as unpredictable, events. These
events can have positive, negative, or even neutral effects. In cell
biology and organism physiology, stress at various levels is judged
by its effect. However, exploring stress responses is a never ending
story, since diversity is high and evolution is an ongoing process.
Nevertheless, despite this dynamics, in biotechnology and plant
breeding the view is forced to be more focused, which helps to
acknowledge that functional biology can only be understood in
case-by-case studies that respect individuality. This understanding
is getting even more important in view of the increasing awareness
of the ubiquity of endophytes and the subsequent fact that organ-
isms typically exist as complex holobionts [7, 8]. Thus, the term
“individuality” must refer also to organisms that need to coordi-
nate various living units within the same body along developmen-
tal and environmental constraints. It includes not only coordinating
the diversity of cells with potentially diverse genetic, epigenetic,
and metabolic identities, but encloses also endophytes, whenever
present. Consequently, stress effects on organism’s performance
should be assessed by upstream and superimposed measures,
because this is what will count for validating final stress responses.
In this context, it was proposed that plant stress responses are opti-
mization strategies dictated by thermodynamic demands, in order
to reach harmony with the environment [9-11], and carbon bal-
ance is seen as the master integrator for plant stress responses [ 11—
13]. The effect of stress depends on timing, severity, and novelty of
stress events. Whether a stress will be harmful, neutral, or a driving
force for tolerance or resistance depends on the capacity and actual
engagement of the cell /tissue/organism to respond and on the
level that the organism has achieved for “optimality” in a trait-
specific, as well as in a wider sense related to the general capacity
tor phenotype plasticity [14].

Nevertheless, it is possible to identify also typical stress response
patterns. In explants or cultivated plantlets exposed to successful
in vitro culture conditions for SE, the process starts typically in
distinct plant cells or group of cells. Afterwards, these cells directly
develop embryos or indirectly proliferate and form pro-
embryogenic cell structures and/or masses (PEMs) from which
somatic embryos can form. Original cells and PEMs are network-
ing with their neighbors via plant common internal communica-
tion pathways, contributing to the stimulation of surrounding cells
to regain totipotency in order to run into the same developmental
direction [6, 15]. Developing embryogenic cells reproduce and
propagate the multicellular organism via a bipolar structure origi-
nating a new plantlet. These processes run similar to zygotic
embryogenesis [15]. Nevertheless, the new plantlets may show
genetic differences to each other through differential genetic
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identities in the original cells, or due to stress-induced genetic
changes (somaclonal variation). These changes can be expected to
result from the multiple interactions among the original cell, the
developmental stage, and the stress [16-21]. The developmental
program for SE is heritable, and consecutively occurs in a repetitive
manner. Thus, it can be used for mass propagation. However, SE
performance can happen with varying efficiency depending on the
characteristics of individual genotypes. Low efficiency can be due
to lower strength in response and/or postponed responses. Both
can make a relevant difference for the efficiency of a SE system.
The molecular biological reasoning for differential efficiency dur-
ing both induction and initiation is still quite obscure. However,
genetic differences for efficiency in SE systems are supposed to be
mainly seen during the initiation phase [6, 22].

2 Initiation of SE Is Linked to Programmed Cell Death (PCD)

It is now accepted that the death of cells from the suspensor and
the final exclusion of the suspensor itself are prerequisite to the
process of SE during bipolar patterning [15]. Thus, successful SE
seems to depend on the dying of neighboring cells that initially
helped to feed the later core cells of the embryo proper. This
observation is more obvious in gymnosperms, where suspensor
structures during early and late embryogenesis are more strongly
pronounced. However, McCabe et al. [23] have reported also for
carrot ( Daucus carota) that suspensor cells die during initiation of
embryo formation via programmed cell death (PCD). Bozhkov
et al. [24] found a two wave rhythm of PCD in Picea abies. While
one wave of PCD occurs during maturation as vacuolated PCD
and is linked to gradual degradation of the suspensor [25], a first
wave of PCD happened already during proliferation. This first
period is connected to the transition of PEMs to somatic embryos.
Smertenko and Bozhkov [15] reviewed the life and death pro-
cesses during apical-basal patterning for angiosperms and gymno-
sperms both in comparison to zygotic embryogenesis. The authors
stress that the balance between survival and embryo development
and PCD together with the elimination of the suspensor are critical
for SE efficiency. Petrussa et al. [26] found that in Abies alba the
rate of PCD was substantial during proliferation as well as during
the maturation stage, although much higher during proliferation.

3 Mitochondria Are Crucially Connected to Cell Death

PCD and necrotic cell death events form part of stress manage-
ment strategies for organism survival and are both related to mito-
chondrial functionality. However, while necrosis is based on
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mitochondrial dysfunction not involved in SE observed in plants,
vacuolated PCD is connected to SE, but mitochondrial involve-
ment is more sophisticated [27]. Smertenko and Bozhkov [15]
reported that mitochondria remained intact at the final stages of
PCD during SE, although with altered biochemical activities. The
role of mitochondria in plant PCD was described by Vianello et al.
[28] and Reape et al. [29]. It was reported that mitochondrial
electrical potential and ATP levels dropped down during PCD pro-
cess [30, 31]. However, how the balance between survival and
death is established and maintained in proliferating embryogenic
cells and during the maturation phase of SE remains unclear.
Smertenko and Bozhkov [15] underlined that the same groups of
protein can play a role in proliferation and cell death, depending
on their molecular environment. In maturating cells in A. alba,
Petrussa et al. [26] observed that mitochondrial activities changed
when compared to cells during the proliferation phase. The authors
found higher activity of the mitochondrial alternative oxidase
enzyme (AOX) in maturing cells than in proliferating cells, which
were characterized by a higher amount of dying cells. This led
them to suggest a correlation between mitochondrial activities and
the manifestation of PCD during the formation of somatic
embryos. The alternative respiration pathway (AR) seemed to act
in the A. alba SE system as anti-apoptotic factor via reactive oxy-
gen species (ROS) capturing. The activities of external NADH
dehydrogenases, AOX, and the free-fatty acid circuit system were
higher in mitochondria from maturing tissues. The alternative cya-
nide-resistant pathway seemed to be activated and functional only
in maturing tissue reaching about 50 % of total O, uptake. It was
demonstrated a fivefold increase in this pathway compared to pro-
liferating cells [26]. In contrast, the mitochondrial K+ATP chan-
nel activity was decreased, which seemed to reduce the destructive
release of cytochrome ¢ from mitochondria. Overall, it is supposed
that mitochondria play a crucial role in the manifestation of the
two waves of PCDs during SE in conifers. A protective role of
AOX in PCD had been indicated earlier by the group of
Vanlerberghe [32, 33].

4 SE Is Challenged by Stress Per Se

It is now commonly accepted that stress induces the in vitro induc-
tion of SE ([34]; reviewed by [5, 6]). Moreover, SE is the most
pronounced example for stress-related phenotype plasticity reac-
tions [6]. It is well known also that plant growth regulators (PGRs)
are involved in wounding, plant development, and growth pro-
cesses, likewise that they are integrated in the process of external
environmental signal transmission towards the interior of organis-
mic life, and that they interfere with gene regulatory networking.
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This is reviewed in Zavattieri et al. [5], Yang and Zhang [35],
Zeng et al. [36], Osakabe et al. [37] and Fehér [6]. Several reports
show the generation of ROS or the involvement of oxidative stress
(OS) responsive genes upon SE induction conditions [38—40].
Following a transgenic approach, Zheng and Perry [41] demon-
strated that SE could be more rapid and prolific by differential
regulation of genes involved in stress response.

Appropriate abiotic stress stimuli for in vitro SE have been
empirically explored over long time, among which osmotic shock,
dehydration, water stress, heavy metal ions, pH changes, heat and
cool treatments, hypoxia, ultraviolet radiation, and mechanical or
chemical treatments, including also antibiotics (reviewed in [5]).
Several PGRs have been applied and a diversity of combinations
have been optimized not only to induce SE, but also to promote
embryo differentiation when SE is indirect and embryos are devel-
oped from a previously generated callogenic mass. However, SE in
carrot was also induced in PGR-free medium by different chemi-
cals, such as sucrose, sodium salt, or CdCI [5]. SE can be regulated
by cell wall components, diverse extracellular proteins, arabinoga-
lactan proteins (AGPs), oligosaccharins, and through the percep-
tion and transduction of extracellular signals by receptor kinases,
Ca?* and its effectors, as well as by diverse transcription factors
(reviewed in [15]). Several studies show that changes in chromatin
organization and in epigenomic marks (DNA methylation, histone
posttranslational modifications, micro RNAs) accompanies SE
induction and somatic embryo development and growth [6, 15].
These observations are not surprising, since they confirm the role
of global genome organization during normal and adaptive devel-
opment and its involvement in stress responses, also seen in other
in vitro culture systems or stress treatments [16, 17, 19].
Nevertheless, future studies should more strongly consider differ-
ences in cell identity in the first responsive cells, marked not only
by differential transcript patterns [42, 6] but also by genetic and/
or epigenetic factors. This is justified by the current knowledge on
DNA variability at single cell and tissue levels due to single nucleo-
tide polymorphisms (SNPs), insertion/deletions (InDels), copy
number variation (CNV), and /or DNA methylation [43-45].

Stress provided by changing environmental conditions can
promote both induction of dedifferentiation (e.g., [46]) and the
realization of induced SE programs by somatic embryo develop-
ment (e.g., [6]). However, due to the high diversity of inducers,
SE cannot be defined as a specific response to a unique stress or
stress composition. On the contrary, it must be recognized that
stress per se plays critical role as an embryonic stimulus [ 5, 6, 47].
The so-called stress-induced morphogenic response (SIMR)
depends on the stress-management capacity of the plant, or of a
cell and tissue at a given developmental stage. Fehér [6] pointed to
the large variation observed in SE between genotypes. He
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highlighted also the fact that main differences among various
embryonic pathways will be found in the phase of the initiated
stress response.

5 Mitochondria Are Centrally Linked to Plant Stress Response
and Its Management

Under stress mitochondria play multiple roles. They regulate cell
homeostasis through controlling cell redox states and adapt the
supply of energy and metabolic compounds to target cell locations,
integrating stress responses with plant growth and development
both in photosynthetic and nonphotosynthetic cells [4, 48]. How
mitochondria can take over this upstream role superimposed to all
types of adaptive metabolic and morphologic cell processes related
to growth and development is currently in the focus of ambitious
research efforts and was excellently reviewed for plants by Ng et al.
[4]. Crucial is the central role of mitochondria in stress perception
and transmission to cell functioning through anterograde and ret-
rograde signaling pathway networks, including dual location strat-
egies that integrate cell nucleus, cell organelles, and endoplasmic
reticulum (ER) [2, 4,49, 50]. Recently, Wallace and Fan [51] and
Wallace [52] highlighted in the context of human diseases the criti-
cal role of mitochondria (via bioenergetics) also for epigenetic cell
regulation.

A role of mitochondria for stress responses was confirmed for
diverse types of environmental stress szzmuli that also account as
stimuli for SE. This includes importantly osmotic stress [53, 54],
salinity [54 ], water stress [48], and temperature [55]. As reported
above some of those factors have been successful to induce SE
without any PGR application (7reviewed in [5]). Sugar and hor-
mone signaling pathways interplay for the modulation of develop-
mental transition [56] and it was reported that mitochondrial
invertase functions in developmental energy-demanding processes
[12]. It has been shown that Glucose-TOR (Target-Of-Rapamycin)
signaling reprograms the transcriptome and activates meristems in
the control of developmental transition and growth [13]. TOR
complexes constitute an ancestral signaling network, which is con-
served throughout eukaryotic evolution to control the fundamen-
tal process of cell growth. As a central controller of cell growth,
TOR plays a key role in development and aging, and has been
implicated in stress-induced disorders. This master metabolic regu-
lator was shown to be involved also in mitochondrial shaping,
which is impressively linked to mitochondrial functioning [57]. It
is well known that the number of mitochondria is adaptive, depend-
ing on environmental signaling that interacts with plant develop-
ment. For example, in root cells the number of mitochondria is
plastic and correlates to induced root exudation and plant growth
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performance. Mitochondria are highly dynamic with respect to
their biogenesis, frequent fusion and fission events, and size and
shape restructuring, which is related to consecutive functioning.
This dynamic seems to be regulated by tissue specificity,
developmental and internal, as well as external, stzmuli [57-60].
Vice versa, mitochondria can influence morphogenesis as reported
for cancer [61]. In plants, significance of mitochondria for cell fate
decisions that enclose dedifterentiation and de novo differentiation
is also recognized [62, 63]. In this context, the AR is increasingly
getting into the focus of research on stress acclimation and adapta-
tion [64-66]. Most studies on AR focus on AOX, an inner mito-
chondrial membrane protein that functions as terminal oxidase
generating water from ubiquinol [67]. The enzyme is encoded by
a nuclear gene family, which in higher plants is composed by 1-6
gene members distributed in two subfamilies (AOX1 and AOX2)
[68, 69]. AOX employs activity in the mitochondria at the cutting
edge of stress signal perception, cell signaling, and maintenance of
homeostasis. Several authors highlighted the involvement of also
other components of the mitochondrial energy-dissipating systems
in stress responses, such as uncoupling proteins (UCPs) and exter-
nal NADH dehydrogenases [ 14, 70, 71] or other antioxidant mol-
ecules. From those, glutathione [72], superoxide dismutase and
catalase [73] have also been suggested as being involved in SE.
For AOX, many studies confirm a central role for cell redox
homeostasis [74, 75], a link between AOX and responses to
osmotic stress [64], salinity [54, 76, 77], temperature [70, 78—
80], drought [65, 81], pH changes [82], nutrient limitation [83,
84 ], ozone, metal toxicity, as well as to low oxygen and high irradi-
ance (reviewed in [64, 70]). Several reports are available also in
reference to biotic stress showing a contribution of AOX in resis-
tance against insects, virus, fungi, and pathogenic bacteria (reviewed
in [64, 66]). AOX was proposed as “master regulator” for stress
responses [85], and it is known for its involvement in the regula-
tion of seed germination [86], plant growth [83] and development
[87], as well in fruit development [88] and ripening [89]. The
involvement of AOX in SE was firstly reported by Frederico et al.
[22]. These authors demonstrated early differential expression of
AOX gene members during SE initiation (“realization phase”).
Application of SHAM (salicylhydroxamic acid) inhibited AOX
activities and completely suppressed embryo development.
Recently, a role for AOX in early events of dedifferentiation was
also indicated during the lag-phase of callus growth induction in
explants from carrot tap-root secondary phloem ([90], Campos
et al., personal communication). SHAM application can obviously
reveal discriminatory inhibiting effects on callus growth and devel-
opmental morphogenesis. During auxin-stimulated adventitious
rooting in microshoots from olive, SHAM application suppressed
the rooting process as expected, while simultaneously occurring
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callus growth in the same region was not influenced [91-93].
Fehér [6] emphasized that calli correspond not necessarily to a
dedifferentiation state, but can also be the result of disturbed
differentiation of adult stem cells under unphysiological conditions
([6], and refevences therein). These results hypothesize a role for
AOX in dedifferentiation, but not a role in “misdifferentiation.”

6 Perspective View on Future Experimentation

There is no doubt that mitochondria and mitochondrial proteins
play a relevant role in plant stress responses. SE is a clear demon-
stration of the capability of plants to respond upon severe stress by
strong morphogenic plasticity in order to enable survival. Further,
SE is an example for SIMR, i.c., the stress per se is the stimulus.
Consequently, efficient biomarker and DNA marker for SE related
to applications in biotechnology or plant breeding can be supposed
to come from the mitochondrial machinery linked to cell network-
ing. This is a promising and wide field for future research. Since
long time it is known that induction and initiation of SE depend on
multiple interaction of [genotype x development x explant x envi-
ronment]|. Recalcitrant species are well recognized (see in this book),
but genotype-specific responses are also known in non-recalcitrant
species. Even within easy-to-induce species, such as D. carota, dit-
ferential responsiveness to stimuli and conditions are found at sub-
species and variety level. Based on the insight that SE is a response
upon stress, SE was proposed as a screening tool to study stress-
inducible plant plasticity as a trait per se [ 14, 94, 95]. This was also
the underlying idea of initiating about 10 years ago research on
carrot SE as one of several experimental in vitro and in vivo plant
systems from diverse species, subspecies, and cultivars that show
clearly defined developmental plasticity upon stress. In these sys-
tems the role of AOX on stress performance and its appropriate-
ness as functional marker (EM) for stress behavior was studied [22,
90, 91, 94, 96-98], Campos ct al. (personal communication).
Findings from this integrated research across species and systems is
expected to contribute to a better understanding of stress behavior
and phenotype plasticity as well as to advance FM development for
stress responses, including also the identification of markers for the
efficiency of the SE process.

The idea of Frederico et al. [22] of using SE as a screening tool
for stress behavior was already taken by the breeding community.
Afuape et al. [99] applied SE in cassava as a system to study stress
responsiveness of the heterologous AtAOX1a gene in search for a
linkage to post-harvest stress and its use in molecular breeding.
Similarly, a primary culture test system for carrot root explant
growth induction was used to confirm the significantly higher
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responsiveness of a hybrid to yield-determining cytokinin activity
compared to growth of the according parental inbred lines [100].
The system could also discriminate carrot cultivars and plant-specific
response to temperature and reveals now AOX involvement in
dedifferentiation and growth maintenance ([90], Campos et al.,
personal communication). Recently, bioenergetics and mitochon-
drial respiration are in the focus of plant breeding research on abi-
otic and biotic stress tolerance and FM development. SE systems
might develop as important species-specific deep phenotyping
tool, in order to screen for superior genotypes that can cope with
severe stress conditions.

Recognizing the ubiquity of endophytes in organismic life
challenges not only our fundamental understanding of functional
biology but will also drive innovation in conventional and
FM-assisted plant breeding [8]. Future research needs to consider
the significance of plants as holobionts that should also be explored
to understand the origins of variable competence for SE. Studying
the meaning of endophytes in SE systems will be a fascinating area
of research for the coming generations of scientists. Mitochondria
are one of the most prominent examples of invasion of organisms
with mutually beneficial effects and shared coordination of the
whole organism structure and function. Improving our under-
standing of mitochondrial dynamics (variable number per cell,
mobility and, plastic sizes and shapes) related to plant morphogen-
esis will certainly contribute to improve SE efficiency.

Finally, linking bioenergetics and thus the importance of mito-
chondria for epigenome regulation may become highly instrumen-
tal for application in biotechnology and breeding. This is a research
area which can be excellently studied on SE as an experimental
system.
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Chapter 5

Dying with Style: Death Decision in Plant Embryogenesis

Shuanglong Huang, Mohamed M. Mira, and Claudio Stasolla

Abstract

Embryogenesis is a fascinating event during the plant life cycle encompassing several steps whereby the
zygote develops into a fully developed embryo which, in angiosperms, is composed of an axis separating
the apical meristems, and two cotyledons. Recapitulation of embryogenesis can also occur in vitro through
somatic embryogenesis, where somatic cells are induced to form embryos, and androgenesis, in which
embryos originate from immature male gametophytes. Besides cell division and differentiation, embryo
patterning in vivo and in vitro requires the dismantling and selective elimination of cells and tissues via
programmed cell death (PCD). While the manifestation of the death program has long been acknowl-
edged in vivo, especially in relation to the elimination of the suspensor during the late phases of embryo
development, PCD during in vitro embryogenesis has only been described in more recent years.
Independent studies using the gymnosperm Norway spruce and the angiosperm maize have shown that
the death program is crucial for the proper formation and further development of immature somatic
embryos. This chapter summarizes the recent advances in the field of PCD during embryogenesis and
proposes novel regulatory mechanisms activating the death program in plants.

Key words Androgenesis, Embryogenesis, Hemoglobins, Programmed cell death, Somatic
embryogenesis

1 Programmed Cell Death in Plant Growth and Development

The term programmed cell death (PCD) encompasses several dis-
tinct pathways unique to eukaryotes [ 1] which lead to the selective
dismantling and elimination of cells, tissues, and/or organs. This
active process, which together with cell division and differentiation
contributes to the “shaping” of the organism, is controlled by
endogenous factors and relies on energy-dependent events [2].
Manifestation of PCD in plants is developmentally and environ-
mentally regulated and observable throughout the life cycle. The
most dramatic examples of development-regulated PCD are appar-
ent during xylogenesis, the maturation and death of xylem cells
required for the formation of the vascular system, reproduction,
involving the elimination of specific embryogenic cells or the selec-
tive killing of female primordia, and senescence, where PCD
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ensures the removal of old tissue and the turnover of macromole-
cules [3]. Activation of PCD is also triggered by some abiotic and
biotic stresses. While during flooding conditions selective removal
of cortical cells maintains a continuous supply of oxygen to the
under-water organs through the formation of aerenchyma, during
plant-pathogen interaction programmed elimination of cells limits
pathogen growth and reduces the infection sites [3].

In animal systems, the mechanisms regulating PCD have been
well investigated and, based on morphological, biochemical and
molecular characteristics, three types of PCD are distinguished:
apoptosis, autophagy, and necrosis [ 1]. In plants, despite the early
recognition of PCD, knowledge on the biochemical and molecular
events underlying PCD is scarce and classification of the death
pathways is solely based on morphological criteria [4]. According
to van Doorn [5], PCD in plant cells can be categorized as necrosis
and vacuolar cell death. While the former is generally caused by the
rupture of the plasma membrane and the shrinkage of the cytoplas-
mic components, as often observed under abiotic stresses, the lat-
ter is characterized by the clearance of the cytoplasm triggered by
the rupture of the tonoplast and the release of vacuolar hydrolytic
enzymes. Vacuolar cell death is very common during development
where it is involved in organ formation. It must be kept in mind
that the categorization of cell death into these two pathways, i.e.,
necrosis and vacuolar cell death, is somehow simplistic as some
atypical examples of cell death do not follow in either category [5].

2 Ultrastructural and Cytological Characteristics of Necrotic and Vacuolar Cell
Death in Plants

Considered for a long time an “unprogrammed” event, necrosis
has been recently included as an integral pathway of PCD [5] char-
acterized by two early hallmarks: the increase in cellular volume
and the rupture of the cytoplasm leading to the release of the intra-
cellular content [1]. Although poorly characterized in plants,
necrosis in animals is also accompanied by increases in cytosolic
Ca?* and changes in mitochondrial and lysosomal function leading
to the accumulation of reactive oxygen species (ROS) [6]. As sum-
marized by van Doorn [5], necrosis is typical of the hypersensitive
response and cells challenged with necrotrophic pathogens.
Unlike necrosis, vacuolar cell death is better characterized and
manifested by the rupture of the tonoplast and the release of the
hydrolytic enzymes. Plant cells are equipped with two major types
of vacuoles: storage vacuoles which accumulate preferentially pro-
teins, and lytic vacuoles enriched with several hydrolytic enzymes
including aspartate and cysteine proteases and nucleases [5].
Manifestation of vacuolar cell death can be non-disruptive, if the
tonoplast fuses with the plasma membrane and releases the
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hydrolytic enzymes in the apoplast, or disruptive, if the collapse of
the tonoplast discharges the hydrolytic enzymes within the cyto-
plasm [7]. This second series of events has been shown to occur
during lysogenous aerenchyma formation through three tempo-
rally distinct steps. The first step is characterized by the swelling of
the lytic vacuoles which occupy most of the symplast. During the
second step, the tonoplast invaginates and through processes anal-
ogous to autophagy of animal cells engulfs and degrades cytoplas-
mic regions [8]. Microscopy studies revealed shrinkage of the
plasma membrane and the formation of granular bodies within the
lytic vacuoles and around the organelles engulfed by the tonoplasts
[9]. The third and final step is characterized by the lysis of the
tonoplast and the release of the hydrolytic enzymes which clear
cytoplasmic components starting with the endoplasmic reticulum
and terminating with the nucleus and mitochondria [5]. Deviations
from this sequence, such as the early disruption of the cell wall
prior to the rupture of the vacuole [10], are observed and confirm
the simplistic classification of the proposed death pathways.

The most characteristic cytological events of PCD are visible
in the nucleus and compromise the ability of the DNA to tran-
scribe and replicate; these include the degradation of DNA, the
condensation of chromatin, and nuclear fragmentation [11].
Degradation of DNA is executed by nucleases and occurs in two
distinct phases: the initial cleavage of the DNA at the interloop
sites of the chromatin producing DNA fragments of about
50-300 kbp, followed by cleavage at the internucleosomal sites
which generate 200 bp DNA fragments [12]. These events occur
in conjunction with the condensation of chromatin which
requires de-polymerization of F-actin [13], and the fragmenta-
tion of the nucleus which is very typical of animal apoptosis [ 14].
Although nuclear fragmentation is generally one of the last events
of PCD, it was reported as the first sign of PCD during aerenchyma
formation in oxygen-deprived plants [15].

3 Execution of PCD During Plant Embryogenesis

Embryogenesis is an important event during the plant’s life cycle.
The zygote, originating from a single fertilization event in gymno-
sperms and a double-fertilization event in angiosperms, undergoes
a precise pattern of cell divisions culminating in the formation of a
fully developed embryo. The subsequent imposition of a matura-
tion period, in which the seed experiences water stress, is required
for the termination of the developmental program and the initia-
tion of germination [16]. Recapitulation of embryogenesis can
also be achieved in culture through judicious manipulations of
media and culture environment. Two methods routinely used to
generate in vitro embryos are somatic and gametophytic
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3.1 Role of PCD
During In Vivo Plant
Embryogenesis

3.1.1  Elimination
of the Suspensor

embryogenesis. While the former method is employed to generate
embryos from somatic cells, i.e., cells other than gametes, the latter
uses male or female gametophytes as explants. The utilization of
male gametophytes to produce embryos (microsporeembryogen-
esis, sometimes referred as androgenesis) exploits the ability to re-
route the developmental fate of immature pollen, i.e., microspores,
from a gametophytic to an embryogenic pathway [17]. Both
somatic and gametophytic embryogenic systems are used as model
systems to investigate biochemical and molecular events governing
embryo development.

Execution of PCD is an integral component of embryonic
development both in vivo and in vitro as it shapes the body of the
embryo through the elimination of specific cells and organs.
Experimental interference with the death program compromises
the formation of the embryos [18].

Manifestation of PCD is apparent during different phases of in vivo
embryogenesis. It participates in the dismantling of the suspensor,
the removal of supernumerary embryos produced by polyembry-
onic seeds, and degradation of nucellus, endosperm, and aleurone
layer. This chapter only deals with the first two events as they are
intimately related to the formation of embryos. Detailed descrip-
tions of the last events are available [19].

Formation of the suspensor is concomitant to that of the embryo
proper. In angiosperms, the first asymmetric division of the zygote
originates an apical cell and a sub-apical cell. While the apical cell
gives rise to the embryo proper (which will progress though a
globular, heart, cotyledon, and torpedo stage of development),
transverse divisions of the subapical cells generate the suspensor
[20]. Besides its passive function in anchoring the embryo to the
seed, the suspensor plays two key roles. It transfers nutrients to the
embryo proper and it participates in the establishment of the polar-
basal embryonic axis by modulating the flow of auxin [21]. The
suspensor is short-lived and once its functions are no longer
needed, generally at the cotyledon stage of development, it is dis-
mantled through the execution of the death program [22]. In all
cases examined, PCD is required for the elimination of the suspen-
sor regardless of its shape and morphology which differ remarkably
among species. While in orchids the suspensor consists of a single
cell, the Arabidopsis suspensor is composed of about seven cells
while runner bean suspensors have more than 200 cells [23].
Variations in the number of suspensor cells are also observed within
the same family [24]. Profound differences in suspensor morphol-
ogy are also apparent. In angiosperms, the suspensor is generally
composed by a file of single cells characterized by two regions: the
neck including suspensor cells adjacent to the embryo proper and
the knob comprising suspensor cells in close proximity to the seed
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integuments [25]. More complex morphological arrangements are
observed in gymnosperms, such as in Picea abies, where the sus-
pensor consists of defined tiers of cells with the upper tier “embry-
onal tube cells” produced by the asymmetric division of the embryo
proper [22]. Independent evidence suggests that elimination of
the suspensor by PCD progresses basipetally, starting from the top
suspensor cells adjacent to the embryo proper and terminating to
the bottom portion of the suspensor. Using Phaseolus coccineus as
a model system, Lombardi et al. [25] showed the basipetal spread-
ing of DNA fragmentation, a hallmark of PCD, from the neck
region (top) to the knob region (bottom) of the suspensor. This
“death” pattern was also observed in maize [26] and in spruce
[22]. Contrasting reports describing an acropetal movement of
PCD in suspensor cells exist, but they are solely based on ultra-
structural evidences and are not substantiated by PCD marker
analyses [27]. As reviewed by Bozhkov et al. [22] two scenarios
have been proposed to account for the progressive development of
PCD. The first involves the presence of a “cell-death” signal pro-
duced by the embryo proper which is released basipetally towards
the suspensor cells, while the second would require the depletion
of'an “anti-death factor.” The generation and analyses of suspensor
mutants might resolve the nature of the PCD progression. An
intriguing question arising from the progressive spreading of PCD
is whether the suspensor cells are committed to die only after they
are fully differentiated. Arabidopsis suspensor cells are targeted by
PCD only after the suspensor is fully formed, thus suggesting that
death occurs in terminally differentiated cells. This notion is also
substantiated by analyses of #ween mutant embryos. In these
mutants, suspensors cells can re-differentiate into embryogenic
cells and this ability is retained only up to the globular stage, after
which cells become fully differentiated and committed to die [28].
In spruce, however, the death program is initiated in newly formed
suspensor cells which are not terminally differentiated. Suspensor
cells are added from asymmetric divisions of the embryo proper
and they start dying soon after they are formed [22].

Elimination of the suspensor cells is a slow process and cells
are not subjected to rapid disruption. This is possibly required for
the proper differentiation of the embryo, given the function of
the suspensor in transporting nutrients [22]. Time-course analy-
ses of zygotic and somatic embryogenesis in gymnosperms [29,
30] suggest that the death and removal of a suspensor cell occurs
in a period of at least 5 days [22]. While the information above
argues strongly for the involvement of PCD in the elimination of
the suspensor, it provides a rather simplistic picture on the timing
and progression of PCD, as variations in both are apparent.
Difterent patterns of PCD timing and progression in suspensor
cells exist and, in the case of the Leguminosae family, have been
categorized [31].
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3.1.2  Monozygotic
Polyembryony: Survival
of a Single Dominant
Embryo

3.2 Role of PCD
During In Vitro Plant
Embryogenesis

Generation of multiple embryos from one zygote is referred to as
monozygotic polyembryony, a common event in animal reproduc-
tion [32]. This process, the genetic bases of which are unknown,
requires the physical splitting of cells after a few rounds of mitotic
divisions leading to the formation of two or more genetically iden-
tical embryos. Although several plant species develop supernumer-
ary embryos, monozygotic polyembryony is particularly common
in gymnosperms where several embryos are produced in one seed,
but only a “dominant” one continues to complete the develop-
mental process. The remaining “subordinate” embryos are elimi-
nated [33]. Based on the growth rate of the supernumerary
embryos, Filonova et al. [34] divided the development of pine
seeds into three distinct phases. The first phase is characterized by
the formation of multiple embryos from the same zygote. The
embryos share the same growth rate with no dominance.
Acquisition of “dominant” characteristics of one embryo, which
overgrows the subordinate embryos, demarks the second phase. In
the third phases, the subordinate embryos are eliminated by PCD,
while the dominant embryo completes the maturation process.
Manifestation of PCD in the subordinate embryos follows a spe-
cific pattern and is part of two distinct death programs [22]. By
using terminal deoxynucleotydil transferase (TdT)-mediated
dUTP nick-end labeling (TUNEL) to detect DNA degradation in
the subordinate embryos, Filonova et al. [34] showed that PCD is
initiated in the basal part of the embryo proper and progresses
acropetally reaching the apical cells in approximately 4 weeks. As
reviewed by Bozhkov et al. [22], this pattern can be established by
the presence of a “death-inducing signal” moving acropetally, or
by a survival signal which accumulates preferentially in the apical
region of the embryo. The nature and origin of the signal are
unknown, but the signal might be produced by the megagameto-
phyte where PCD precedes the autodestruction of the embryonic
cells [34]. This idea is also resonated by Young and Gallie [35]
who proposed that death in the megagametophyte precludes the
transport of nutrient (and a putative survival signal) to the super-
numerary embryos. Orchestration of the death program in mega-
gametophytic and embryonic cells is in fact required for normal
seed development [22]. As in any other developmental process
governed by PCD, the response to the death program can be quite
flexible and environmentally influenced, as demonstrated by the
presence of more than one dominant embryo able to develop to
maturity [36].

As outlined above, recapitulation of the embryogenic process can also
occur in vitro through somatic and microspore-derived embryogen-
esis. In both processes removal of cells through PCD is an integral
component of embryo development, and recent studies have emerged
on the molecular components governing the death program.
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While descriptions of hormone- and density-induced death pro-
grams have been shown in several somatic embryogenic systems
[37-39], it was von Arnold’s group to first prove the requirement
of PCD for proper spruceembryo development in vitro [30, 34].
The spruce system is suitable for these studies as its developmental
pathway has been well characterized [30]. In this system the pro-
embryogenic masses (PEMs), generated from cultured zygotic
embryos, are maintained with the plant growth regulators auxin
and cytokinin (PGRs), and consist of three defined cellular aggre-
gates (PEM I-III). Proembryogenic masses I (PEM I) are com-
posed of clusters of highly cytoplasmic cells subtended by a single
suspensor-like cell. Addition of other suspensor cells to PEM 1
forms PEM II. As more cells are added to the PEM II the cluster
grows in size and differentiates into PEM III. In the presence of
PGRs, the three PEMs co-exist without forming embryos. Removal
of PGRs from the culture medium stimulates the trans-
differentiation of PEM III into somatic embryos through processes
involving PCD [30]. The massive execution of the death program
in the PEM III re-shapes the cell cluster and allows the formation
of somatic embryos. Independent evidence suggests that PCD is
obligatory for proper and successful embryogenesis. Besides the
positive correlation observed between the extent of PCD in the
PEM I1II and the number of somatic embryos produced [30], inhi-
bition of PCD through manipulations of the culture medium com-
promises the differentiation of PEM III into somatic embryos
[18]. Consistent with the requirement of the death program, lines
composed by PCD-deficient PEMs are not able to form embryos
[40], possibly because of their inability to reprogram their tran-
scriptional machinery [41]. These results are analogous to
Drosophila studies showing that blockage of PCD by mutagenesis
results in prenatal death [42].

Ablation of the PEMs I1I by the death program is followed by
a second wave of PCD which removes the suspensor of the somatic
embryos during the late phases of development. This second wave
follows a basipetal gradient, starting from the suspensor cells adja-
cent to the embryo proper and proceeding towards the basal region
of the suspensor [43].

Microspore-derived embryogenesis relies on the ability of imma-
ture microspores to redirect their normal gametophytic develop-
mental pathway toward a sporophytic route. This cell
reprogramming can be triggered in culture by imposition of diverse
stress treatments including heat shock, starvation, cold conditions,
and ethanol and gamma irradiation [44]. According to Touraev
et al. [17] the embryogenic process involves two steps: the forma-
tion of multicellular structures (MCS) within the exine wall of the
isolated microspores, and the differentiation of MCSs into embryo-
like structures (ELS). Formation of MCSs can occur through
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different pathways. In the first pathway, the microspore nucleus
divides asymmetrically forming a generative and a vegetative cell.
Divisions of the vegetative cells give rise to MCSs [45]. In the sec-
ond pathway, common to rapeseed, potato and tobacco, MCSs are
formed directly from symmetric divisions of the microspore
nucleus. The first pathway is characterized by the simultaneous
divisions of the vegetative and generative cells, both contributing
to the formation of MCSs [46].

Manifestation of PCD is an integral component of microspore-
derived embryogenesis, especially during the early phases, as most
of the anther tissue harboring the microspores undergoes massive
death. Degeneration of cells by PCD is first apparent in the tape-
tum of the anthers at the pre-meiosis stage [47]. As reviewed by
Varnier et al. [48], this first death wave, which contributes to the
total elimination of the tapetal cell layer, has a temporary effect on
the microspores soon after meiosis, as some death “information”
might migrate from the dying tapetum to the microspores. Signs
of microspore degradation are often observed [49] and this might
compromise their redirection towards the embryogenic pathway.
Therefore, the ability to control and manipulate the course of the
PCD process in the microspores is crucial for ensuring a high
recovery of embryos. Does the stress pretreatment, which redirects
the developmental fate of the microspores towards the embryo-
genic pathway, interfere with the death program? Wang et al. [50]
showed that while inducing death in the tapetal cells, the stress
pretreatment does not accelerate death in the microspores.
Furthermore, at a metabolic level components of the PCD machin-
ery, including the bax inhibitor Bil, are induced during the stress
pretreatments [51]. Based on the above results, Varnier et al. [47]
suggested that the arrest of the death pathway in the microspores
is a necessary prerequisite for redirecting their fate towards embryo-
genesis. Once the redirection step has occurred the microspores
undergo a symmetric division and no evidence of PCD is apparent,
as revealed by transcriptome and proteomic studies [52, 53].
Contrasting observations were reported in barley, where micro-
spores subjected to stress pre-treatment exhibited increasing levels
of cell death [54]. Discrepancies in results are possibly due to dif-
ferent systems and stress conditions utilized.

The second wave of PCD during microspore-derived embryo-
genesis occurs during the differentiation of MCSs into ELSs. The
development of mannitol-stressed barley microspores into haploid
embryos is characterized by formation of MCSs composed by two
distinct cell domains derived from proliferation of the vegetative
cell and generative cell, respectively. These two domains have dif-
terent fates; the generative domain is eliminated by PCD, while the
vegetative domain develops into ELS [55]. According to the
authors, the elimination of the generative domain marks the site of
exine rupture from where the globular embryos will emerge.
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Collectively, these studies suggest that PCD plays an integral
and important role during (1) the redirection of the microspores
from a gametophytic to an embryogenic pathway, and (2) the early
morphogenetic events associated to embryo development. The
capacity to experimentally manipulate the death program during
both processes would provide valuable insights into the require-
ment of PCD for microspore-derived embryogenesis.

4 Regulation of PCD During Embryogenesis

4.1 Bax-Inhibitor-1

Regulation of the death program in plants is complex and relies on
the participation of many components, some of which participate
in unrelated responses. A premise to any investigation on plant
PCD should be that the death program in plants is mediated by
factors fulfilling similar functions to regulators of animal PCD. The
following section outlines the role of some proteins and signal
molecules in modulating the cell survival/death decision during
embryogenesis.

Animal apoptosis is mainly orchestrated by the Bcl-2 related pro-
teins, which include pro-survival and pro-apoptotic members.
While pro-apoptotic members, such as those of the Bax subfamily,
trigger death events through the release of cytochrome C from the
mitochondria, pro-survival components, such as Bax-inhibitor 1
(BI-1) abrogate these events [56]. Initially characterized in humans
for its ability to repress the yeast death pathway activated by the
over-expression of the mouse Bax gene [57], BI-1 has been iso-
lated in many species of yeasts, plants and animals where it is
expressed under stress conditions and in senescent tissues [58, 59].
The pro-survival nature of this protein was also defined in plants
through transformation studies. Cell death induced by pathogens,
fungal elicitors, temperature stress and hydrogen peroxide was
repressed in Arabidopsis plants ectopically expressing BI-1 [60]. In
the same line, a down-regulation of BI-1 accelerated death in car-
bon starved tobacco cells [61]. Although the role of BI-1 has not
been investigated during embryogenesis, Maraschin et al. [51]
showed a transcriptional activation of the barley BI-1 following
stress treatments which induce embryogenesis possibly through
the suppression the PCD pathway. Localization studies together
with analyses of structural and functional domains suggest BI-1
proteins reside in the ER membranes where they have a protective
role against the ER-stress induced PCD, a condition where basic
ER functions are compromised [62]. This cytoprotective role of
BI-1 is mediated by its ability to modulate Ca** homeostasis and
response in the ER by interacting with several calcium-binding
proteins [63].
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4.2 Metacaspases

4.3 Nitric Oxide

As indicated above, the pro-survival role of BI-1 proteins is to
counteract the pro-death effect of other factors, including kiss of
death, a small amino acid peptide which triggers PCD [64]. Using
two mutant kod alleles and KOD over-expressing lines, the authors
demonstrated the involvement of KOD in the elimination of the
Arabidopsissuspensor during embryogenesis and its participation
in early PCD events including the depolarization of mitochondrial
membrane [64]. The ability to trigger the suicide program by the
sole expression of KOD makes this gene a suitable tool to target
and dismantle cells by PCD.

Apoptosis in animal cells is triggered by the activation of caspases,
proteolytic enzymes able to cleave proteins at specific amino acid
residues. Expressed as inactive pro-enzymes, i.e., pro-caspases, cas-
pases are activated at the onset of the death program where they
initiate an irreversible proteolytic cascade of events involving the
induction of other caspases and culminating to rapid cell death
[65]. Based on their position and function along this cascade, cas-
pases are broadly divided into initiators (caspase 2, 8, 9, and 10),
executioners (caspase 3, 6, and 7) and inflammatory (caspase 1, 4,
and 5) [66, 67].

While direct homologues of caspases are not found in plants,
proteins with similar functions have been identified as metacas-
pases, characterized by caspase-like secondary structures and cata-
lytic domains [68]. Involvement of metacaspases in PCD has been
demonstrated in yeast, where the survival /death fate is dependent
upon metacaspase expression [69], and more recently in plant
embryos [70]. In this latter study, it was showed that a spruce
metacaspase (mclI-Pa) is expressed during spruce somatic embryo-
genesis in tissues committed to PCD, i.e. suspensor of immature
embryos and procambium of late embryos, and that RNAi-
mediated suppression of mcll-Pa prevents the differentiation of
somatic embryos from PEMs III by repressing the death program.
Besides establishing metacaspases, and mclI-Pa specifically, as exe-
cutioners of PCD in plant embryogenesis, this work emphasized
the relevance of the death program for the formation of embryos
in culture. The cellular function exercised by mcII-Pa requires its
cysteine-dependent arginine-specific proteolytic activity and its
ability to migrate from the cytoplasm into the nucleus to induce
the fragmentation of DNA and the disassembly of the nuclear
envelope in cells committed to die [71].

Nitric oxide (NO) is a signal molecule fundamental for a broad
range of plant developmental and environmental responses, includ-
ing hormone signaling, cell cycle mechanisms, and biotic and abi-
otic stress responses [ 72]. Over the past years its role as modulator
of PCD has emerged and NO participation during the embryo-
genic process has received increasing attention. In animals, the
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pro-apoptotic role of NO occurs through several mechanisms.
Besides inducing two caspase activators: p53 and CD95 [73], NO
influences the death program by modulating protein nitrosation,/
nitrosylation and the level of cellular cGMP [74]. During plant
pathogen interaction, protein nitrosylation via reaction with NO
regulates the activity of many stress-related enzymes, including
metacaspase 9 [75]. Nitric oxide also influences the pool of cGMP
by binding to the ferrous heme group of the guanylate cyclase-
coupled receptor converting GTP to cGMP, an effector of apopto-
sis [76]. In plants, administration of NO increases PCD through
an elevation of cGMP which opens Ca?* channels through inter-
mediates including cyclicADP-ribose [77]. A spike in cellular Ca?*
increases mitochondria permeability and triggers the death pro-
gram [78]. Of note, applications of 8-Br-cGMP, a cGMP analog,
suppress caspase activity and PCD [79]. While these regulatory
mechanisms have not been demonstrated during embryogenesis,
the NO-mediated activation of caspase activity and PCD has been
recently shown to occur during the early phases of microspore-
derived embryogenesis [54].

As suggested above, NO homeostasis is crucial for cell death/
survival decision and plant hemoglobins (Hbs) are active NO scav-
engers [74]. Plant HBs have been classified into three classes
depending on their structural and chemical characteristics, but all
of them react with NO producing nitrate and oxidizing ferrous
hemoglobin to methemoglobin [72]. Studies in animal systems
have shown the ability of Hbs to influence the death program by
modulating NO, a function that we have shown to be retained
during plant embryogenesis [80, 81]. Suppression of two Hbs
(ZmHbI and ZmHb2) in maize embryogenic tissue induces PCD
by increasing NO levels in cells in which Hbs are repressed. This
increase of NO produces opposite outcomes on embryo yield
depending on the expression patterns of the two Hbs. While sup-
pression of ZmHUb1, which is expressed in both suspensor cells and
embryo proper, triggers massive death resulting in embryo abor-
tion, suppression of ZmHb2, which is expressed solely in a few cells
anchoring the embryos to the embryogenic tissue, eliminates these
“anchor” cells releasing the embryos in the culture medium,
encouraging their growth, and increasing total embryo production
[81]. The induction of PCD in H&-suppressing cells fits a model in
which repression of Hbs causes localized NO maxima which
increase intracellular Zn?* levels, by favoring its release from
metallothioneins through the destruction of the zinc-sulphur clus-
ters [81, 82]. Changes in cellular Zn?* homeostasis influence the
death /survival decision in a system-dependent fashion. While in
some embryogenic systems the PCD program is induced by deple-
tion of Zn?* level [83], in others, including maize, an elevation in
Zn?** level triggers cell suicide through the MAPK cascade which
activates NADPH oxidase and induces production of reactive
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oxygen species [81]. Based on these observations, the authors
identified Hbs as potential regulators of in vitro embryogenesis by
elevating NO levels and promoting the suicide program.

5 Conclusions
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Chapter 6

Somatic Embryogenesis in Broad-Leaf Woody
Plants: What We Can Learn from Proteomics

Sandra I. Correia, Ana C. Alves, Paula Verissimo,
and Jorge M. Canhoto

Abstract

Proteomic approaches have been used to understand several regulatory aspects of plant development.
Somatic embryogenesis is one of those developmental pathways that have beneficiated from the integra-
tion of proteomics data to the understanding of the molecular mechanisms that control embryogenic
competence acquisition, somatic embryo development and conversion into viable plants. Nevertheless,
most of the results obtained are based on the traditional model systems, very often not easily compared
with the somatic embryogenesis systems of economical relevant woody species. The aim of this work is to
summarize some of the applications of proteomics in the understanding of particular aspects of the somatic
embryogenesis process in broad-leaf woody plants (model and non-model systems).

Key words Angiosperms, 2D electrophoresis, Embryogenic competence, Embryo maturation, Heat-
shock proteins, Mass spectrometry analysis, Metabolism-related proteins, Stress-related proteins,

Zygotic embryo

1 Introduction

Proteomics studies the total proteins expressed in any given sys-
tem, whether by abundance, activity, structure, state of posttrans-
lational or other modification, or how these proteins interact with
each other in networks or complexes [1]. In recent years proteome
studies have been employed to generate reference maps of the
most abundant soluble proteins of plant organs, at defined devel-
opmental stages, for several purposes such as genetic studies com-
paring the proteomes of different plant genotypes, physiological
studies analyzing the influences of exogenous signals on a particu-
lar plant organ, and developmental studies investigating proteome
changes during development [2, 3]. Technical advances provide
now a proteomic dissection of individual cell types, thus greatly
increasing the information revealed by proteome analyses [2].
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Proteomics has been successfully applied to the systematic anal-
ysis of protein expression during somatic embryo formation and
development in various plant species [ 3]. Following the pioneering
studies in carrot [4, 5], somatic embryogenesis (SE) has been con-
sidered not only as an efficient system for in vitro clonal propaga-
tion, but also as an outstanding model system quite appropriate to
better understand totipotency in higher plants, as well as embryo
development, considering the difficulties that have been encoun-
tered to analyze the early stages of zygotic embryogenesis during
development of the embryo inside the ovular tissues [6].
Nevertheless, most knowledge on the general principles underlin-
ing the SE regulatory pathways has been focused on traditional
model organisms. With the recent increase in the number of
genome-sequencing projects, the definition of model organism has
broadened [7]. For example, the whole sequence genome of
Populus trichocarpa was published in 2006 [8]. In addition, several
other tree species have been sequenced, including conifers [9-11],
Eucalyptus [12], and Fagaceae [13]. Moreover, the genomic data
for fruit trees such as citrus or apple also became available [14, 15].
Considering that there are approximately 300,000 botanically
described species of plants and that model plants represent only a
handful of species and families, even the arrival of these new model
plants cannot reflect the biodiversity of the plant kingdom and all
the economic or agricultural interests [ 16]. Some features and pro-
cesses are unique and cannot be approached via a model plant.
Woody plants for example, are perennials with a quite long life cycle
and special features to be analyzed, including in what concerns their
SE systems. Proteomic approaches have a great potential to study
non-model species, because protein sequences have the advantage
of being more conserved, making the high-throughput identifica-
tion of non-model gene products quite eftective by comparison to
orthologous proteins [17]. However, it is important to recognize
that there is a possible discrepancy between the messenger (tran-
script) and its final effector (mature protein). As most biological
functions in a cell are executed by proteins rather than by mRNA,
transcript expression profiling does not always provide pertinent
information for the description of a biological system. Several post-
transcriptional and posttranslational control mechanisms such as
the translation rate, the half-lives of mRNAs and proteins, protein
modifications and intercellular protein trafficking, have an impor-
tant influence on the phenotype [18].

The main goal of this work is not to give a full review of all the
proteomic studies carried out on broad-leaf woody plant species,
but to summarize some of the applications of proteomics to under-
stand different aspects of the SE process in these plants (model and
non-model systems). First, a general perspective of the most com-
mon methodologies followed in the proteomics workflow is given,
followed by a short review of what we could learn in the last years
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from the proteomic approaches to embryogenic competence
induction and somatic embryomaturation and germination in
woody plants.

2 Proteomics Workflow

The most common proteomic workflow (Fig. 1) consists of pro-
tein extraction, protein (peptide) separation and quantification,
protein identification, and data integration [19, 20]. Several
approaches have been developed to address proteomic investiga-
tions, either trough top-down or bottom-up strategies, applying
“gel-based” or “gel-free” procedures. These procedures differ in
the way proteins are isolated (extracted), separated, and detected,
and consequently, each of them covers a typical subset of proteins
[19]. The “gel-based” approaches based on two-dimensional poly-
acrylamide gel electrophoresis (2DE-PAGE) are the most com-
mon referred proteome analysis of the plant SE process. The
classical 2DE protocol separates denatured proteins according to
two independent properties: isoelectric point (pl), by isoelectric
focusing (IEF), and molecular weight (MW). One of the most
challenging steps of the process is usually protein extraction from
plant samples, due to the relatively low protein content and high
level of contaminants [21]. The cell wall and the vacuole are associ-
ated with numerous substances responsible for irreproducible
results such as proteolytic breakdown, streaking and charge het-
erogeneity. Most common interfering substances are phenolic
compounds, proteolytic and oxidative enzymes, terpenes, pig-
ments, organic acids, ionic species and carbohydrates. The majority
of the plant protocols introduce a precipitation step to concentrate
the proteins and to separate them from the interfering compounds.
The most commonly used method for extraction of plant proteins
is the trichloroacetic acid (TCA)/acetone precipitation method
[22]. Apart from the optimization of the extraction protocol, also
protein solubilization is a critical factor. Proteins are solubilized in
the presence of high concentrations of chaotropes, a reductant and
a neutral detergent. The use of a detergent in conjunction with
chaotropes is of paramount importance and is decisive for the sub-
set of proteins that can be analyzed [20, 21]. Proteins of several
samples can be labeled prior to an electrophoretic separation with
spectrally distinct fluorescent dyes, and mixed together to run on
the same 2D gel. This 2D difference gel electrophoresis (DIGE)
approach allows to simultaneously comparing the proteomic pro-
files of different samples that migrate under identical conditions
[20]. After separation through 2DE, data are generated through
image analysis software that detects and quantifies the protein
abundances and matches the proteins across the different gels.
Though the matching quality is dependent on the software
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algorithm, it is above all determined by the quality and reproduc-
ibility of the gels. The standard approach for the identification of
2DE-separated proteins involves an enzymatic digestion of the
protein in the spot of interest and extraction of the peptides fol-
lowed by mass spectral (MS) analysis. The traditional way of analy-
sis involves peptide mass fingerprint (PMF) analysis, typically
performed by matrix-assisted laser desorption/ionization-time of
flight (MALDI-TOF) MS, since it provides a simple profile by pro-
ducing a single peak per peptide [19]. However, PMF data have
very little resolution power to identify proteins from species with a
fragmentary genome and protein repository (non-model organ-
ism). Hence, the chance of finding significant and conserved pep-
tides decreases and PMEF fails or results in false positive hits [23].
For that reason, tandem mass spectrometry (MS/MS) has been
often used to generate sequence specific information and the infor-
mation content of such spectra is thus much higher than for
PMF. Unfortunately, separation of peptides prior to MS/MS is
expensive and time consuming, and MALDI-TOF is often pre-
ferred because of easiness of using, speed and ability to include
MALDI-TOF spotting in automated digestion protocols on liquid
handling systems [19].

An emerging method gaining popularity combines one-
dimension (1D) gel separations with reversed-phase (RP) liquid
chromatography. Here proteins are first separated by size on stan-
dard polyacrylamide gels or by isoelectric point on IPG strips, nor-
mally used for the first dimensional separation in 2D-PAGE. After
separation, the lane of the gel or the strip containing the proteins
is extracted, divided into slices and treated similarly to spots excised
from 2D gels. The peptides are then separated on an integrated
and reusable RP column coupled to a standard HPLC pump. The
RP cluent is then analyzed by MS/MS [24]. Although the plat-
form based on 2-DE is still the most commonly used [25], the use
of “gel-free” approaches offers several advantages, since 2-DE is
difficult to automate. Most of the protocols use a bottom-up strat-
egy where proteins are first digested with a proteolytic enzyme and
the obtained complex peptide mixture is then separated via
reversed-phase (RP) chromatography coupled to a tandem mass
spectrometer [24]. The whole dataset of acquired tandem mass
spectra is subsequently used to search protein databases and to link
the individual peptides to the original proteins. However, this con-
cept is only successful when identifying proteins in relatively simple
mixtures. In general, such peptide centered bottom-up approaches
have the disadvantage that both qualitative and quantitative infor-
mation on protein isoforms and differential posttranslational mod-
ifications are lost [20].

To summarize, an optimized workflow for a non-model organ-
ism comprises (1) the investment in a powerful protein extraction
method capable to minimize the effects of interfering compounds,
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(2) the combination of different complementary protein fraction-
ation, separation and quantification techniques to maximize the
resolution and to cover the proteome as good as possible, and (3)
the usage of different complementary MS techniques and error
tolerant database searches [19].

3 Proteomics Approaches to Somatic Embryogenesis Analysis in Broad-Leaf

Woody Plants

3.1 Embryogenic
Competence
Acquisition

Proteomic studies have shown to be powerful tools for monitoring
the physiological status of plant organs under specific developmen-
tal conditions [3]. SE is one form of non-zygotic embryogenesis
by which somatic cells, under suitable induction conditions,
undergo a complete genome shift and embark into a new develop-
mental pathway ending in the formation of asexual embryos mor-
phologically identical to their zygotic counterparts [6, 26, 27].
During this unique developmental process, cells have to dediffer-
entiate, activate cell division, and reprogram their physiology,
metabolism and gene expression patterns [28]. Thus, SE can be
considered the clearest demonstration of totipotency, showing that
somatic cells contain the essential genetic blueprint to complete
plant development, and that embryogenesis is not exclusive of the
zygote formation and can proceed in absence of fertilization [26].
Since the first observations of somatic embryo formation in car-
rotcell suspension cultures [4, 5], the potential for SE has been
shown to be characteristic of a wide range of tissue culture systems
from both gymnosperms and angiosperms plants [28-30].

In recent years, there has been a growing interest in proteomic
approaches to better understand SE. Since proteins directly influ-
ence cellular biochemistry and provide a more accurate analysis of
cellular changes during growth and development [31], the identi-
fication of proteins associated with somatic embryo development
may provide insights onto SE. Thus, several proteomic approaches
were applied to study somatic embryogenesis of several broad-leaf
woody plant species such as cork oak (Quercus suber) [32], Valencia
sweet orange (Citrus sinensis) [33], grape wine (Vitis vinifera)
[34], cacao tree (Theobroma cacao) [35], feijoa (Acca sellowiana)
[36], and tamarillo (Cyphomandra betacea) [37]. These reports
included studies on protein expression changes during SE and
comparative studies between embryogenic and non-embryogenic
cells as well as between zygotic and somatic embryogenesis.

SE induction involves differentiated somatic cells acquiring
embryogenic competence and proliferating as embryogenic cells
[28]. This switching of somatic cells into embryogenic cells
involves a series of events associated with the molecular recogni-
tion of internal signals and external stimuli [38, 39]. In recent
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years, an increasing number of works have indicated that the stress-
response of cultured tissues plays a major role in somatic embryo
induction [39, 40], and that plants respond to abiotic stresses by
altering the expression of many of their genes. This altered expres-
sion is a major mechanism of adaptation and survival during the
stress periods [41]. Actually, proteomics helps the investigation of
changes in proteome profiles emphasizing the participation of
stress-related proteins in all developmental processes [3].

One important line of investigation to analyze embryogenic
competence acquisition by woody plants is by the comparison of
responsive and nonresponsive explants during the SE induction
process [37, 42—44]. In the late 1990s, following the pioneering
works of De Vries and collaborators in carrot [45], the detection
of embryogenesis-related proteins from total protein extracts was
reported for several woody species, such as Betula penduln [41],
Camelia japonica [46], and Cupressus sempervivens [47]. In Betuln
pendula, the changes in protein patterns and the expression of
“embryo-specific” proteins during embryogenesis were observed
when comparing two cell lines, one potentially embryogenic,
under the right inductive conditions, and one which never has
shown any embryogenic capacity. In the following years, the
improvements in high-resolution 2-DE and mass spectrometry
contributed to the large-scale profiling and identification of the
proteins associated to embryogenic competence acquisition. SE
systems in which embryogenic (EC) and non-embryogenic (NEC)
cell lines can be induced from the same cultured explant, like the
ones of wine grape (Vitis vinifera) [34, 43] and tamarillo
(Cyphomandra betacen) [37], have been explored to obtain more
information on important regulatory proteins. Proteins, exclu-
sively or predominantly expressed in EC, included iron-deficiency-
responsive proteins, acidic ascorbate peroxidases and isoflavone
reductase-like proteins [43] and metabolism-related proteins, such
as enolases and threonine synthases, and also heat-shock proteins
(HSP) and ribosomal proteins [37]. Ascorbate peroxidases, cata-
lases, calcineurin  B-like proteins, 1,3-4-glucanases, cyclin-
dependent kinases Al [43] and pathogenesis-related (PR) proteins
were found mainly in NEC [37, 43]. The examination of differen-
tially expressed proteins between ECs and NECs suggests that the
embryogenic status of EC cells could be related to a better ability
to regulate the effects of stress conditions, namely through the
controlling of oxidative stress by regulation of the reactive oxygen
species (ROS) scavenging system [34], and by the action of HSP
[34, 37]. A hypothesis is that the expression of totipotency in cul-
tured somatic cells is part of a general stress adaptative process that
implies a fine regulation of auxin and stress signaling resulting in
the restart of cell division and embryogenic competence acquisi-
tion. The observation that embryogenic tissues of different origins
and obtained with the use of different auxins display similar pro-
tein profiles suggests a general behavior of cellular metabolism that
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3.2 Somatic Embryo
Maturation
and Conversion

can give important insights about the mechanisms triggering and
controlling somatic embryo formation [37]. Also for cork oak
[32], the role of ROS in the proliferative stages during SE and the
upregulation of proteins involved in cell division were reported.
The comparison between somatic embryo cells type (SE-type) and
pro-embryogenic masses type (PEM-type) of avocado (Persea
americana) have confirmed the observations previously made in
other systems [44 ]. In this work, the identification of high levels of
HSP, glutathione S-transferases (GST), and superoxide dismutases
(SOD) proteins in SE-type cells suggested that the generation of a
significant amount of stress and ROS are prerequisites to induce
somatic embryogenesis, and SE lines seems to be more efficient to
cope with the necessary ROS and stress and, hence, have a higher
regeneration capacity.

In order to develop into somatic embryos, somatic cells must
regain their cell division activity. Hence, the division associated
proteins, such as proliferating cell nuclear antigen in grape wine
[34] and putative citrus DRT102 in Valencia sweet orange [33]
are activated during embryogenesis. Besides, cytoskeletal proteins,
such as tubulins associated to cell division, are also differentially
regulated [33]. During the last decades, proteomic studies also
described several extracellular proteins as markers for SE, which
could ofter the possibility of determining embryogenic potential of
plant cells in culture [38—49]. Arabinogalactan proteins, nonspe-
cific lipid transfer proteins and germin/germin-like proteins are
important groups of extracellular proteins that help triggering
embryogenic potential in plant cells [50]. More recently, results
obtained with EC and NEC suspension cultures of coffee species
(Coffea sp.) [51] showed that a particular set of proteins is exclu-
sively secreted under embryogenic conditions.

In several plant regeneration processes through SE, one of the
major problems is an effective transition from the proembryogenic
masses, forming the embryogenic tissue, toward embryo develop-
ment, which is often impaired by the formation of abnormal
embryos and precocious germination of many others. This situa-
tion may be caused by an inadequate maturation of the embryos,
an important phase of somatic and zygotic embryo development,
following the classic morphogenic phases from globular to
cotyledonary embryos [52]. During maturation, embryo cells
undergo various physiological changes, which become evident by
the deposition of storage materials, repression of germination and
acquisition of desiccation tolerance [53, 54]. In cork oak, the acti-
vation of diverse ROS detoxification enzymes and the accumula-
tion of reserve products (carbohydrates and proteins mostly) have
been reported during the transition phase between proliferation
and cotyledonar stages, suggesting the requirement that cell divi-
sion should be replaced with cell expansion for proper embryo dif-
ferentiation [32]. Energy requirements reach a maximum at the
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3.3 Somatic Versus
Zygotic Embryos

cotyledonary stage, suggesting the relevance of primary metabolite
production, such as amino acids and fatty acids, whereas fermenta-
tion could constitute an alternative source of energy at the early
steps of somatic embryo development [32]. Also, for Valencia
sweet orange [33] several proteins involved in antioxidative stress
response (GST), cell division (tubulins), photosynthesis (ferritins),
and cyanide detoxification (rhodanese) exhibited different expres-
sion patterns and were likely to be associated with SE. Another
species often referred in studies aimed to detect and identify pro-
teins expressed during the different developmental stages of
somatic embryos is the myrtaceous feijoa (Acca sellowiana) |36,
55]. The results obtained with this SE system indicate a high simi-
larity in the profiles of the assayed somatic embryos, suggesting
that only a few specific genes are involved in the different develop-
mental stages, and that gene expression occurs prior to morpho-
logical changes. The hypothetical protein similar to
l-isoaspartyl- O-methyltransferase in torpedo stage, and an osmotin-
like protein in the pre-cotyledonar stage of somatic embryos were
suggested as embryonic markers for feijoa [55]. The expression of
the protein phenylalanine ammonia lyase in all the assayed devel-
opmental stages confirmed the synthesis and accumulation of sev-
eral phenolic compounds observed during the induction of feijoa
embryogenic cultures and the development of somatic embryos.
The presence of cytosolic glutamine synthetase and NmrA-like
proteins revealed the activation of nitrogen metabolism, observed
particularly in the later developmental stages in which the accumu-
lation of storage compounds (mostly in the cotyledonary leaves) is
enhanced [55]. More recently, the comparison between “oft-type”
and normal phenotype proteomes of somatic plantlets of feijoa has
brought new insights to somatic embryo abnormal development
[36]. The presence of HSP was observed only during the forma-
tion of normal phenotype somatic plantlets, indicating that these
proteins may be involved in the morphogenesis of normally devel-
oped plantlets. A vicilin-like storage protein was only found in
“off-types” at 20-day conversion, indicating that plantlets may
present an abnormality in the mobilization of storage compounds,
causing reduced vigor in the development of derived plantlets.

The understanding of seed development is an important approach
to overcome the difficulties in somatic embryoconversion and ger-
mination. Proteomic analyses have been made on zygotic embryos
of several woody species, such as araucaria (Araucaria angustifolin)
[56], coftee (Coffeanrabica) [57], and Masson’s pine (Pinus mas-
soniana) [58]. These analyses revealed significant requirements for
energy production/carbon metabolism during the early stages of
zygotic embryo development [35, 59]. Over accumulated proteins
in early seed development also indicated a higher control on oxida-
tive stress metabolism during this phase [56]. Besides, early zygotic
embryos showed changes in the abundance of proteins involved in
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mRNA splicing and signaling [57]. The advanced stages of zygotic
embryogenesis were complemented by differential expression of
Rubisco, Myb transcription factor, and by changed biosynthetic
activity of phosphatidylcholine [57], but also by an active metabo-
lism, leading to carbon assimilation and storage compounds accu-
mulation [56]. Comparison of somatic and zygotic embryos
revealed that their proteomes reflected mainly the different envi-
ronmental conditions, which caused differential expression of pro-
teins involved in metabolic pathways and stress response [59].
Noah and collaborators systematically compared at the proteome
level the physiological mechanisms underlying somatic and zygotic
embryogenesis in cacao [35]. Many of the identified proteins were
involved in genetic information processing, carbohydrate metabo-
lism and stress response. Somatic embryos especially displayed
many stress related proteins, few enzymes involved in storage com-
pound synthesis and an exceptional high abundance of endopepti-
dase inhibitors. Phosphoenolpyruvate carboxylase, which was
accumulated more than threefold higher in zygotic embryos, rep-
resents a prominent enzyme in the storage compound metabolism
in cacao seeds. More information on this topic are reported else-
where in this book (see Chapter 2).

4 Conclusions and Future Perspectives

The results obtained with the proteomic studies over the last
decades strongly emphasize the role of stress proteins in somatic
embryogenesis, revealing an intricate dynamism, variability, and
behavior of several regulatory proteins. Nevertheless, and unlike
the classical biological model systems, the full potential of pro-
teomics is far from being fully exploited in woody plant research.
Only a low number of woody species has been investigated at the
proteomics level and the predominant use of strategies based on
2DE coupled to MS results have so far resulted in a low proteome
coverage. Although proteome analyses are still significantly less
representative in the literature than those based on genomic
approaches, the integration of the expressed protein data, together
with transcriptome and even metabolome data, has the potential to
provide the most comprehensive and informative clues on somatic
embryogenesis in plants. Future research in this field should
include new and/or complementary approaches, including more
sensitive methods for protein detection and identification. The
laser-capture microdissection tool is one of those technical improve-
ments that could overcome the limitations in tissue accessibility,
allowing more accurate molecular profiles of isolated embryogenic
tissues. Also, “gel-free” approaches, with higher levels of automa-
tion and less inherent technical variability, should be applied in
order to obtain a better reproducibility. These approaches are
becoming more effective with the integration of new data from
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several genome-sequencing projects. Furthermore, efforts should
be taken in the functional validation of the specific identified pro-
teins, in order to use them as markers for the SE process. The
coordination of all this knowledge will give an insight into future
studies addressing the optimization of the somatic embryogenesis
protocols for mass propagation and conservation strategies in sev-
eral economical relevant woody species.
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Advances in Gonifer Somatic Embryogenesis
Since Year 2000

Krystyna Klimaszewska, Catherine Hargreaves, Marie-Anne Lelu-Walter,
and Jean-Francois Trontin

Abstract

This review compiles research results published over the last 14 years on conifer somatic embryogenesis
(SE). Emphasis is placed on the newest findings that affect the response of seed embryos (typical explants)
and shoot primordia (rare explants) to the induction of SE and long-term culture of early somatic embryos.
Much research in recent years has focused on maturation of somatic embryos, with respect to both yield
and quality, as an important stage for the production of a large number of vigorous somatic seedlings.
Attempts to scale up somatic embryo production numbers and handling have resulted in a few bioreactor
designs, the utility of which may prove beneficial for an industrial application. A few simplified cryopreser-
vation methods for embryonal masses (EM) were developed as a means to ensure cost-efficient long-term
storage of genotypes during clonal field testing. Finally, recent long-term studies on the growth of somatic
trees in the field, including seed production yield and comparison of seed parameters produced by somatic
versus seed-derived trees, are described.

Key words Cryopreservation, Field tests, Somatic embryos, Somatic trees, Tree improvement

1 Discovery of Somatic Embryogenesis in Conifers and the General Pattern
of Somatic Embryo Development

Since its discovery in Picea abies and Larix decidua [1, 2], somatic
embryogenesis (SE) in conifers has been reported in many other
species, with a large majority of them belonging to Pinaceae,
and only a few to Cupressaceae, Taxaceae, Cephalotaxaceae, and
Araucariaceae families. The general differentiation and develop-
mental pattern of conifer somatic embryos is highly similar among
most species tested to date and starts with an immature seed
embryo (enclosed in a megagametophyte or excised) or with an
excised mature embryo that is cultured on a nutrient medium con-
taining plant growth regulators (PGRs) from either both the auxin
and cytokinin groups or from cytokinin only. Subsequently, the
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cells of the embryo deviate from their previous pattern of division
and differentiation into a mature embryo; instead, they start divid-
ing profusely and differentiate into multiple early somatic embryos
also known as embryonal masses (EM). For example, 50 mg fresh
mass of white spruce proliferating cell culture may contain, at any
given time, approximately 300 single early somatic embryos, 39-75
cleaving early somatic embryos, 60-90 multiple cleaving somatic
embryos, small and large cell aggregates, and single small and large
cells, the latter with large vacuole(s) (Klimaszewska, unpublished).
Typically, the composition of the culture is highly heterogeneous
and may change over culture time, a period that may last from
several months to several years, during which EM has to be subcul-
tured every 10-21 days (depending on the species) onto fresh
medium of the same or slightly modified composition. EM of some
species can be cultured on a semisolid medium or in liquid medium.
The cultures are amenable to long-term storage through cryo-
preservation without losing their viability and growth characteris-
tics. In most species, early somatic embryos will not develop further
unless the culture conditions are changed. High frequency devel-
opment and maturation of early somatic embryos in most conifer
species of the Pinaceae family take place under remarkably similar
conditions, namely in the presence of abscisic acid (ABA), sucrose
and/or other sugars, and in a medium that imposes restriction on
water availability either by physical means (high concentration of
solidifying agents) or by a high molecular weight solute such as
polyethylene glycol (PEG, MW 4000-8000) that mimics drought.
Often the sugar concentration is also increased to lower the osmotic
water potential of the medium. Once the somatic embryos resem-
ble mature seed embryos (usually after 6-12 weeks, depending on
the species), they are harvested and desiccated if matured on a
medium with PEG for normal germination, or they can be germi-
nated directly if developed on a medium with high gel strength.
On a germination medium, the somatic embryos display a rapid
radicle and hypocotyl elongation (usually within 1 or 2 days) fol-
lowed by the growth of a shoot and a root. Once the plantlets
reach the desired size, they are transferred into containers with a
suitable substrate and acclimatized in a greenhouse or a nursery.
Subsequently, they are planted in the field for research purposes,
clonal selection or, eventually, for commercial production.

Several reviews describing various aspects of SE research in
conifers have been published in both international journals and in
books [3-9]. The main focus of the present review is to summarize
the progress in SE research in conifers made over the last 14 years
and to determine its impact on understanding the basic mecha-
nisms governing the process and on the development of new, more
efficient protocols for the production of somatic trees. We also
include research results on conifer species for which somatic
embryogenesis has been achieved only recently and the results
obtained with adult trees.
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2 Genetic Control in Somatic Embryogenesis

Perhaps the most basic factor that determines whether SE is
initiated from the seed embryos is the genetics of parental trees,
providing that suitable culture medium and conditions have been
established. Experiments designed to establish the extent of genetic
control in SE initiation have been conducted with a few pine spe-
cies. A large study was undertaken with Pinus sylvestris using 49
seed families from diallel crosses among seven elite trees including
reciprocals and selfing [10]. Four of the experimental trees were
preselected for their propensity for SE based on an earlier study
that tested 138 trees. Analysis of the data suggested a stronger
maternal than paternal effect on culture initiation; however, spe-
cific combining ability (SCA) had no detectable effect. The mater-
nal effect at the initiation stage could be explained by both the
genotype and the developmental or physiological stage of the
mother tree and the inherited maternal alleles of the zygotic
embryo. Similarly, MacKay et al. [11] quantified the genetic con-
trol of SE initiation in P. zaeda using seeds from diallel crosses and
factorial matings. Thirty seed families were used in the experiments
that tested two different culture treatments and resulted in large
differences between treatments in SE initiation frequency among
families. The variance due to treatments accounted for 41 % of
total phenotypic variance, whereas that due to families accounted
tor 22 %. Significant variance due to interactions between families
and treatments was also found, accounting for 13 % of the pheno-
typic variance. The latter indicated that different culture media
might be better suited for different genotypes. In another study
with 20 control-pollinated seed families of P. radiata, Hargreaves
et al. [12], also challenged the notion that poor results should be
attributed to genetic effects only and showed that it was possible to
create laboratory conditions that increased the number of respond-
ing explants across all families. However, previous work with P,
taedn showed that many mother trees produce seeds that do not
respond to SE initiation, leading to the hypothesis that such trees
possess unfavorable alleles at loci expressed in the mother tree,
whereas favorable alleles at other loci may be inherited by zygotic
embryos [11]. The estimates of large general combining ability
(GCA) variance component and narrow sense heritability sug-
gested that targeted breeding could influence SE initiation in P
taedn. To test this hypothesis, an experiment was carried out that
involved a small number of control reciprocal crosses among trees
that ranged from low to high SE initiation capacity when tested
with seed from open-pollinated mother trees. By selecting a favor-
able mother tree for cross-pollination for each pair of parental
trees, it was possible to increase SE initiation frequency from 1.5-
to 9-fold. Also, some trees had strong additive effects as male parents,
but had negative maternal effects; hence, using them in control
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crosses as pollen donors might be yet another solution to increase
SE initiation. The authors concluded that this knowledge of
genetic control in SE initiation can now be easily applied to breed-
ing schemes to capture valued genotypes. Smaller studies with
seeds from control crosses of P. pinaster [13] and P. sylvestris [14]
supported the above conclusions.

3 Improvements of Previously Established Protocols for Somatic Embryogenesis

3.1 Initiation of SE
and Growth of Early
Somatic Embryos

SE biotechnology of conifers has constantly evolved since its dis-
covery in 1985, and incremental improvements are being made
according to the time and effort committed to a given species. The
literature search revealed that since the year 2000, about 46 jour-
nal articles reporting improvements of SE protocols were pub-
lished for Pinus taeda, Pinus strobus, Pinus sylvestris, Pinus pinaster,
Pinus radiata, Pinus patuln, Pseudotsugn menziesii, Abies novdma-
nniana, Picea abies, Picen glawca, Picea mariana, and Larix
hybrids. In addition, the publication of approximately 40 articles
on species for which SE is described for the first time is a clear indi-
cator of the importance of this technology for conifer clonal propa-
gation. For species of economic importance that are grown in
forest plantations, a lot of research has been carried out by compa-
nies and patented, for example for Pinus taeda (Arbogen,
Weyerhauser, WA, USA), P. radiata (Forest Genetics Ltd and
Arborgen, NZ), P. abies, P. pinaster, and P. radiata (FCBA,
France), Pseudotsugn menziesii (Weyerhauser, WA, USA), Picen
Hlanca and P. abies (Natural Resources Quebec, QC, Canada and
JD Irving Inc., NB, Canada). Among these economically valued
plantation species, the largest body of literature exists for Pinus
taedn (loblolly pine), which reports on the stepwise optimization
approach to overcome low efficiencies at each stage of SE. In their
recent review, Pullmann and Bucalo [9] have attributed these
improvements to medium supplements including specific sugars,
vitamins, organic acids, and redox potential modifiers. Other con-
trolled factors, including medium water potential, pH, adsorption
of medium components by activated carbon and use of liquid ver-
sus semisolid medium, also positively influenced SE. These modifi-
cations resulted from the analytical studies of P. taeda seed tissue,
the seed environment, and gene expression in megagametophytes,
zygotic embryos, and somatic embryos. The premise of the study
was that duplication of the seed environment in vitro would lead to
the design of efficient protocols for SE.

Major improvements were made in the frequency of SE initiation
in either open-pollinated or control-pollinated seed sources of sev-
eral European and North American Pinus species, and Psendotsuga
menziesii. In P, strobus, the number of responding immature seed
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embryos increased from the average of 20 % to the average of 53 %
across five open-pollinated seed families by reducing the
2 4-dichlorophenoxyacetic acid (2,4-D) and benzyladenine (BA)
concentrations from 9.5 to 2.2 pM and from 4.5 to 2.2 pM,
respectively. Both concentrations were tested in modified [15, 16]
Litvay’s medium (MLV). The most striking difference in initia-
tions occurred when the embryos were at the pre-cleavage and
early post-cleavage stages, which were also linked to the morpho-
logical appearance of the megagametophytes becoming opaque as
opposed to being translucent [15]. The same medium modifica-
tions were tested with a few control-pollinated seed families of P
sylvestris and the result was better on a medium with reduced
PGRs, i.e., 24 % initiation versus 9 % [14]. However, contrary to
the response of P strobus and P. sylvestris, when eight control-
pollinated seed families of P. pinaster were tested, MLV with
reduced concentrations of PGRs decreased the initiation frequency
from 93 to 80 %; nevertheless both culture medium variants were
very productive [13]. The high response of the latter was also
attributed to the selection of embryos that were at the uniform
pre-cotyledonary stage of development by excising the embryos
from the surrounding megagametophytes. When the embryos
were cultured within megagametophytes, the SE response was
only slightly reduced, suggesting that in the tested cones the devel-
opment of embryos was relatively synchronized. This was in con-
trast to P. radiata for which the zygotic embryos had to be excised
for the best response [17].

Another medium that is considered suitable for SE initiation
in P. pinaster and P. sylvestris is Gupta and Durzan’s medium
(DCR [18]). Like other commonly used media [7, 19, 20], it also
includes glutamine and casein hydrolysate as well as 2,4-D and
BA. Recent research aimed at improving SE initiation in P. radi-
ata showed that by making another modification to Litvay’s
medium (designated as GLITZ) it was possible to achieve consid-
erably higher responses from both 19 open-pollinated and 20
control-pollinated seed families compared with those obtained on
Embryo Development Medium 6 (EDM6) [12, 17, 21]. Average
initiations were 70 % for both types of seed families when embryos
were excised from the megagametophytes at an early stage of
development. GLITZ medium contained glutamine (0.5 g/L),
casein hydrolysate (1.0 g/L), 2,4-D (4.5 pM), and BA (2.25 pM).
Likewise, a 2-year study on SE initiation in P. #igra demonstrated
higher potential for two out of four tested medium formulations
[22]. DCR and MLV media consistently supported approximately
10 % explants producing EM as opposed to Litvay medium (LV
[16]) and Quoirin and Lepoivre (QP [23]) media, on which the
response was negligible.

Among pine species, SE in P taeda has been the most
researched owing to its high commercial value in the USA and
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3.2 Growth
of Initiated EM

elsewhere, but relatively low responses obtained in earlier work.
Not surprisingly, a considerable effort was undertaken to improve
the efficiencies of SE and understand the bottlenecks at each stage
(see ref. 9 and references therein). Various supplements were tested
in a unique loblolly pine (LP) medium formulation and found ben-
eficial for SE initiation, such as AgNO; maltose instead of sucrose,
high level of myo-inositol (up to 20 g/L), glutamine, casamino
acids, 2-( N-morpholino) ethanesulfonic acid (MES, as pH stabi-
lizer), biotin, folic acid, vitamins B, and E, a-ketoglutaric acid,
kinetin together with BA, activated charcoal, abscisic acid (ABA),
brassinolide as well as D-xylose and D-chiro-inositol [ 24 ]. The num-
ber ofinitiated SE cultures increased further by adding liquid over-
lays 14 days after placement of explants on gelled medium. This
technique allows replenishment or addition of nutrients and PGRs,
or adjustment of pH without disturbing the tissue.

All the medium supplements that were beneficial to P. taeda
were also tested with immature seed embryos of P. menziesii, which
differ from those of pine species by the lack of cleavage polyem-
bryony and the need for an embryo to be cultured while partially
excised and still attached to the megagametophyte by a suspensor
[25]. These tests resulted in the development of an effective
medium formulation for initiation of SE in P menziesii that
included activated charcoal, ABA, biotin, brassinolide, folic acid,
MES, pyruvic acid, p-xylose, and p-chiro-inositol in addition to 1
g/L myoinositol, 0.5 g/ casamino acids, 0.45 g/L glutamine
and 2,4-D, BA, and kinetin [24, 25]. Tests with seeds from high-
value crosses conducted over 2 years gave initiation frequencies of
40 and 57 %, respectively. Based on the above results, a new
medium was designed for the culture of mature embryos of P. abies
that resulted in doubling SE initiation from around 14-30 % when
the medium contained 100 mg/L p-xylose. Some other medium
additives were asparagine and brassinolide, and the PGRs were
a-naphthaleneacetic acid (NAA) and BA [24].

Research on initiation of SE in somatic embryos of Larix x
leptoeuropaea showed that 98 % of cotyledonary somatic embryos
matured for 3 weeks produced SE; those matured for 6 weeks pro-
duced SE at a frequency of only 2 % [26]. The authors suggested
that the loss of ability of somatic embryos to respond to the
induction treatment might be caused by the synthesis/accumula-
tion of ethylene, because enrichment of the vessel headspace with
ethylene reduced the induction of SE from 3-week-old somatic
embryos from 98 to 4 %. Ethylene was also found to influence the
development of early somatic embryos as described below.

Once SE is initiated and EM can be identified (after several days to
several weeks), the next challenge is to ensure a rapid proliferation
of EM upon subculture onto fresh medium to generate the
amounts that are needed for various steps, such as cryopreservation
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and/or production of mature somatic embryos. The majority of
conifer species are usually subcultured onto media of the same
composition, but in a few cases, such as P. pinaster, it has been
shown that medium modifications were required to obtain better
growth and /or to maintain the embryogenic potential of the cul-
tures [27, 28]. These modifications included weekly subcultures,
substitution of sucrose with maltose and withdrawal of PGRs
(2,4-D and BA). To maintain satisfactory growth of P. radiata
EM, it was necessary to increase the amino acid content in LV
medium after initiation [12]. In some species and genotypes, the
application of a culture technique that is based on dispersing the
cells in a liquid medium, and then collecting the cells on a filter
paper, draining the liquid, and placing the filter paper with the cells
onto a fresh medium has been the most important for the survival
and growth of P. monticola and P. sylvestris [ 14, 29].

Embryogenic cultures of Cryptomeria japonica (Cupressaceae)
were composed of a mixture of EM and callus cells, and when an
attempt was made to culture the EM separately; their embryo-
genic capacity was lost [30]. The culture medium was that of
Campbell and Durzan [31], containing 1 pM 2,4-D and 0.6 g/L.
glutamine; however, when the medium was supplied with 2.46
g/L glutamine, the culture remained embryogenic and simulta-
neously its dry mass and endogenous level of glutamine increased.
The high glutamine treatment might have increased the synthesis
of certain macromolecules or metabolites that were essential for
SE. The ability of EM to grow in the presence of callus cells was
attributed to the high content of endogenous glutamine in the
latter that might have supported the growth of EM in mixed cul-
ture. Based on the research results of others, the authors con-
cluded that without an adequate supply of glutamine/glutamate,
the embryogenic culture of C. japonica would lose its embryo-
genic characteristics. Phytosulfokine, which is a small sulfated
peptide, was also found beneficial for C. japonica culture growth
when included in the medium at 32 nM [32]. This peptide acts as
an extracellular ligand at the onset of cell dedifferentiation, prolif-
eration, and redifferentiation and plays a stimulatory role in SE. In
particular, phytosulfokine promoted suspensor regeneration from
basal cells of somatic embryos of Larix leptolepis [33]. The pres-
ence of suspensor in somatic embryo development and in the
maintenance of the culture embryogenic characteristics was estab-
lished as critical by Umehara et al. [34] and later by Larsson et al.
[35] and Abrahamsson et al. [36] for Picea abies and Pinus sylves-
tris, respectively.

To promote further development and maturation of early somatic
embryos in a majority of conifer species, the proliferating cultures
of early somatic embryos are transferred (after a pretreatment or
without it) onto a medium with ABA that replaces auxin and/or
cytokinin. Most often, the medium water potential is lowered at the
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3.3.1 Abscisic Acid

3.3.2 Activated Charcoal

same time by increasing the concentration of sugar(s) and creating
permeating osmotic stress, or by including PEG (MW 4000-8000),
thus creating a non-permeating osmotic stress, the latter is due to
the larger than cellular pores molecule size [37]. An alternative
method of affecting somatic embryo development is to increase the
gelling agent concentration in the ABA medium, which increases
gel strength and reduces water availability to the cells [38].

A study that unequivocally confirmed that ABA was crucial for the
normal somatic embryo development and maturation in conifers
was carried out with Larix x leptoeuropaea [39]. This larch hybrid
is somewhat unique because it can produce cotyledonary somatic
embryos and plantlets on a medium with ABA or without it, hence
providing an ideal material for this study. However, the somatic
embryos that developed on both media differed in structure, cell
types, intracellular secondary metabolites and storage product
accumulation, endogenous ABA concentrations, and extracellular
mucilage build-up. Clearly, those from ABA medium displayed a
coordinated growth and better-shaped somatic embryos with the
concomitant accumulation of lipids and storage proteins that were
lacking in embryos developed in the absence of ABA. Hence,
somatic embryos developed without ABA did not go through mat-
uration. Still, in all conifer species studied to date, a certain num-
ber of genotypes in a given species fails to produce mature somatic
embryos even in the presence of optimized concentrations of
ABA. It has been shown that the ability of embryogenic tissue to
utilize ABA from the medium may reflect the capability of embryo
maturation in different genotypes of Picea glanca x engelmanni
[40]. The genotypes that produced mature somatic embryos on
gelled medium with racemic ABA (equal amounts of (+)-cis, trans-
ABA and (-)-cis, trans-ABA) were characterized by a greater utili-
zation of exogenous ABA, when grown as cell suspensions,
compared with a non-productive genotype. Furthermore, differ-
ent forms of ABA were metabolized to various levels. For example,
only half of racemic ABA was metabolized by the 22nd day of
culture; the remainder was exclusively (-)-ABA. The natural ABA
((+)-cis, trans-ABA) was still available at the end of the test, but its
amount may be influenced by species, cell density of the initial
inoculation, tissue growth rates, and initial ABA concentrations.
The natural ABA exerted by far the best bio-effect compared with
racemic ABA and the mixture of ABA isomers.

Improvement of somatic embryoquality and yield was achieved by
combining ABA with activated charcoal (AC). In P. abies, AC
introduced into a medium at 0.125 % with 189 pM ABA promoted
a zygotic-like appearance of somatic embryos with more elonga-
tion and taper in the hypocotyl region as well as formation of a
prominent shoot apical region compared with those developed
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without AC [41]. These embryos grew faster and were produced
at a reduced material and labor cost because the cultures did not
require subculturing onto fresh medium. However, the authors
cautioned against the types of AC to be utilized as these vary with
respect to particle sizes and hence the adsorption properties caus-
ing potential deficiencies in the medium components. Alternatively,
AC was used with P. pinaster by coating the cells with AC and
culture on a filter paper placed on the maturation medium [13].
This method of culture resulted in a greater number of mature
somatic embryos produced in a shorter time compared with cul-
tures without AC coating. Similarly, P. sylvestris aged cultures (24
weeks old) responded favorably when coated with AC, whereas
there was no effect on young cultures (8 weeks old) [14].

Changes in water status that occur during conifer zygotic embryo
development and maturation are also critical for the progression of
the development of early somatic embryos, but the type of com-
pounds used to alter the medium water status must be the “right”
type for a given species. For example, when mannitol (a plasmolyz-
ing agent) was tested against PEG (a non-plasmolyzing agent) in
cultures of P. glauca, the better quality of somatic embryos from
the latter was accompanied by the accumulation of higher levels of
reduced ascorbate, resulting in a physiological state similar to that
of zygotic embryos [42]. Moreover, in the presence of PEG, there
was a constant decline in the GSH (reduced)/GSSG (oxidized)
ratio of glutathione, suggesting seed-like fluctuations of the
ascorbate-glutathione metabolism in somatic embryos. In another
study with somatic embryos of P. glanca and P. mariana it was
found that sucrose at 6 % (in the absence of PEG) was highly ben-
eficial when added to the maturation medium for both the number
of matured somatic embryos and the accumulation of soluble and
insoluble storage proteins [43]. The maturation response could
not be matched by osmotic equivalents of glucose and fructose
(products of sucrose hydrolysis) in the medium. Moreover, the
embryo carbohydrate content was independent from the carbohy-
drate used in the maturation medium. The same conclusion was
later reached for somatic embryos of P. abies, where endogenous
carbohydrate patterns were stable irrespective of culture condi-
tions, which indicated the carbohydrate status to be a robust fea-
ture of normal somatic embryo development [44]. Experiments
aimed at the separation of the sucrose osmotic influence from its
role as carbon and energy source suggested that sucrose might
have an additional regulatory role in the maturation process. In P.
abies, a medium with 7.5 % PEG and 3 % maltose promoted the
development of a large number of somatic embryos, but with low
germination frequency in spite of the post-maturation partial des-
iccation [45]. Conversely, somatic embryos developed on a
medium with 3 % sucrose (without additional osmotic agent),
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although low in numbers, were able to germinate. A combination
of sugar assays, metabolic and proteomic analyses revealed that
somatic embryos grown on sucrose medium contained high levels
of sucrose, raffinose, and late embryogenesis abundant proteins, all
involved in the acquisition of desiccation tolerance (reviewed by
Trontin et al., Chapter 8). These embryos also accumulated starch
whereas those from PEG and maltose medium had high levels of
storage proteins. Therefore the poor germination of P. abies
somatic embryos grown on PEG and maltose medium was most
likely caused by the reduced desiccation tolerance.

Manipulation of water availability to the cells of EM was also
achieved by physical means, without affecting water potential of
the medium, by increasing the amount of gelling agent that
increased medium gel strength and consequently reduced the
amount of water available to the cells [16, 46]. By applying this
method of water control to P, strobus early embryo cultures, high
quality mature somatic embryos were produced on medium with
1 % gellan gum that were characterized by a lower water content
compared with those from 0.4 % gellan gum medium. Combination
of 0.8 or 1 % gellan gum with 6 % sucrose (instead of 3 %) in the
maturation medium was even more beneficial because the somatic
embryos accumulated higher quantities of storage proteins [47].
An intuitive interpretation of these results is that the developing
embryos must have been exposed to the water stress (drought type
of conditions) on the media with high gelling agent concentra-
tions, a condition similar to that of a developing zygotic embryo,
when the maturation of the embryo is accompanied by desiccation
(loss of water). However, in a later study involving cultures of
Larix x eurolepis, an opposite conclusion was reached [48]. The
more numerous and higher quality (lower water content) somatic
embryos that developed on medium with 0.8 % gellan gum were in
fact less stressed than those developed on 0.4 % gellan gum. This
conclusion was based on the measurements of physiological param-
eters and on the two-dimensional (2-D) protein gels that identified
62 proteins that differed between the two somatic embryo groups
from the two treatments. Fifty six proteins were subsequently iden-
tified, and among them 6-phosphogluconate dehydrogenase
(decarboxylating), actin, enolase, fructose phosphate aldolase,
phosphoglucomutase, and superoxide dismutase, which are known
to be associated with water stress, were expressed at a higher level
in somatic embryos developing on medium with 0.4 % gellan gum.
In addition to the increased abundance of heat shock proteins in
somatic embryos cultured on the 0.4 % gellan gum medium, the
observed increases in expression of pyruvate decarboxylase (which
directs carbon metabolism toward glycolysis) and apparent detoxi-
fication capacity (indicated by the increased expression of superox-
ide dismutase) suggested that maturation medium containing 0.4 %
gellan gum induced a water stress response in the developing
somatic embryos. Contrary to this, somatic embryos developed on
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0.8 % gellan gum medium accumulated stress proteins at a much
lower level. Further evidence supporting utilization of high gellan
gum medium for the maturation of somatic embryos came from a
large study of P. pinaster where multi-scale integrated analysis was
used to follow early molecular and physiological events involved in
somatic embryo development [49]. Similarly to P strobus, carly
somatic embryos of P. pinaster do not develop on medium with
0.4 % gellan gum; instead, abundant proliferation of EM occurs,
which is not conducive to subsequent embryo development.
According to the transcriptomic and proteomic analysis results,
these cultures had enhanced glycolysis whereas those from medium
with 0.9 % gellan gum had adaptive, ABA-mediated molecular and
physiological responses marked by active protein synthesis and
overexpression of proteins involved in cell division, embryogenesis
and starch synthesis. Concomitantly, synthesis of protective sec-
ondary metabolites and regulation of oxidative stress were acti-
vated, most likely to adapt to the culture conditions. Furthermore,
two genotypes of cotyledonary P. pinaster somatic embryos, after
10-14 weeks of culture on maturation medium, were compared
with zygotic embryos excised from developing fresh and desic-
cated seeds with respect to dry mass, water content, sucrose and
raffinose contents, raffinose /sucrose ratio, and total proteins ([50];
reviewed by Trontin et al., Chapter 8). The study demonstrated
that somatic embryos were the most similar to zygotic embryos in
seeds collected from late July to early August, and with respect to
total protein content up to October (Northern Hemisphere). The
somatic embryos, which typically are harvested after 12 weeks, are
not at the same maturity level as their zygotic counterparts at the
mature, desiccated stage.

There is evidence suggesting that ethylene, a gaseous plant growth
hormone produced by cultured plant cells and tissues, may also
affect the development of somatic embryos in P. glauca [51]. Due
to the volatile nature of ethylene, it is difficult to control it in cul-
ture. However, the reduction in endogenous ethylene synthesis was
achieved by incorporating a-aminooxyamino acid (AOA), a potent
inhibitor of ethylene biosynthesis, into the medium, which proved
to be beneficial to somatic embryo development. The mechanism
of this stimulation was not elucidated, only suggesting that AOA
may have interfered with the metabolism of other compounds,
most likely through the availability of S-adenosylmethionine, a
common precursor for both ethylene and polyamine biosynthesis.
In P. mariana, it has been shown that limiting ethylene biosyn-
thesis or its physiological action was beneficial to somatic embryo
development in a poor line, but not beneficial in a line that was a
good embryo producer [52]. These opposite reactions could stem
from different initial ethylene levels in the two cultures, one hav-
ing a super-optimal and the other an optimal level. Later study
with cultures of P. sylvestris confirmed that ethylene production
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3.3.5 Antiauxin
and Auxin Transport
Inhibitor

3.3.6 Redox Compounds

varied among five embryogenic lines, both when cultured on
proliferation medium with 2,4-D and on maturation medium,
indicating a lack of definite trend [53]. Future experiments should
include many more genotypes to realize the full impact of ethyl-
ene on SE in P. sylvestris. Also, any generalization to other conifer
species should be avoided.

Among Abies species, A. nordmanniana somatic embryos were
stimulated to develop on maturation medium (with ABA) after a
4- to 8-week treatment with PCIB, 2-(p-chlorophenoxy)2-
methylpropionic acid, an auxin antagonist that is believed to reduce
the activity of endogenous indole-3-acetic acid (IAA) by competi-
tive binding to auxin receptors [ 54 ]. Abies species do not require an
auxin for initiation or proliferation of early somatic embryos and
the subsequent problems pertaining to somatic embryo develop-
ment have been attributed to the high activity of endogenous auxin,
at least in A. nordmanniana. Treatment of P. sylvestris early somatic
embryos with the auxin transport inhibitor 1- N-naphtylphthalamic
acid (NPA) caused the embryos to form supernumerary suspensor
cells at high frequency, which led to abnormal development [36].
Although treatment with PCIB increased the yield of somatic
embryos, their morphology was not affected, suggesting that the
supernumerary suspensor cells in early somatic embryos were stim-
ulated by disturbed polar auxin transport.

P. glauca somatic embryo development and maturation were
greatly improved through the manipulation of glutathione redox
status in EM cultures. By employing a two-step protocol that first
included reduced glutathione (GSH) and then its oxidized form
(GSSQG) in culture medium, which caused a shift in the total glu-
tathione pool towards its oxidized state, proper somatic embryo
development was achieved [42]. However, due to the high cost
and labor associated with this protocol, a simpler alternative was
developed involving dl-buthionine-[ § , R ]-sulfoximine (BSO)
[55]. BSO is effective in reducing endogenous GSH levels through
the inhibition of its de novo synthesis without affecting glu-
tathione reductase, the GSH-recycling enzyme. These changes are
similar to those observed when GSH and GSSG are applied
sequentially to impose an oxidized environment. To maximize
somatic embryo development, BSO concentration had to be at
0.01 mM, while higher concentrations were inhibitory. Therefore,
it appears that certain threshold of cellular GSH must be main-
tained for embryo development to continue. In Araucaria angus-
tifolia cultures of EM, manipulation of the GSH/GSSG ratio of
the culture medium proved to be beneficial to somatic embryo
development up to the pre-cotyledonary stage, but to achieve a
complete development would require further modification of the
redox potential of the cultures [56].
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When Larix laricina early somatic embryos were cultured in high
density suspension in a liquid medium the differentiation of sus-
pensors was inhibited, thus negatively impacting the development
of new somatic embryos [57]. It was confirmed that an inhibitory
compound was present in the conditioned culture medium, which
was subsequently purified and the compound was identified as
vanillyl benzyl ether (VBE) [34]. Tests with synthetic VBE in the
medium produced similar results. Interestingly, the low density
suspension cultures also contained VBE, but at much lower con-
centrations, which did not prevent differentiation of the suspen-
sors. This finding emphasizes the importance of the presence of
suspensors in somatic embryo development of a conifer and
increases awareness of the influence of cell density on the embryo-
genic characteristics of a culture. Another modifier of normal
somatic embryo development is an inhibitor of polar auxin trans-
port, 1- N-naphtylphthalamic acid (NPA), which was tested in P,
abies [ 35]. Polar auxin transport is essential to proper embryo pat-
terning and establishment of root/shoot polarity. During early
somatic embryo development, treatment with NPA caused an
increase in IAA content, abnormal cell division, and decreased pro-
grammed cell death resulting in the aberrant development of
embryonal tube cells and suspensors. These embryos had abnor-
mal morphology marked by malformed and fused cotyledons and
irregular cell divisions at the site of root meristem.

4 Extending Somatic Embryogenesis Protocols to Numerous Conifer Species

4.1 Pinaceae

Previously published protocols have been utilized, often with slight
modifications and with various degrees of success, to test/achieve
SE in numerous other conifer species.

Among Picea species, results that showed regenerated somatic
scedlings were published for P. morrisonicola (58], P. koraiensis
[59], and P. Likiangensis [60]; however, it is not clear whether any
of the somatic trees were established in the field.

In the Pinus genus, at least 16 new species were reported to
display SE; however, for many of them, initiation and /or maturation
efficiencies and plant regeneration were low and needed further
research and improvements. Notoriously low initiation and survival
of EM has been reported for P. contorta [61], P. monticoln [29],
P. roxburghii (62, 63], P. pinaea [64], P. banksiana [65], P. densi-
flora [66, 671, P. rigida x taecda [68], P. kesiya [69], P. thunberygii
[70], P. armandic [71], and P. luchuensis [72]. On the other hand,
species such as P patula [73], P. nigra [22], P. bungeana [74],
P. brutin [75], P. oocarpa [76], and P. halepensis [77] responded at
frequencies ranging from 9 to 30 %.
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Significant progress in SE response and plant regeneration has
been achieved for Larix leptolepis [78, 791, L. x eurolepis and L. x
marschlinsii [80]. The reciprocal hybrids between L. decidun and
L. leptolepis are important species in Europe, and the first hybrid
variety (‘REVE-VERT’) was registered in France in 2005. SE
modified protocols were subsequently tested as a means for rapid
cloning of limited numbers of hybrid seeds and resulted in up to
48 % of initial zygotic embryos producing high numbers of vigor-
ous somatic plants (Fig. 1). It is anticipated that SE will influence
breeding strategies for these hybrids by offering an additional tool
for the production of large quantities of plants for clonal field tests.

SE in Abzes species has been very challenging, but recent prog-
ress made with some species is encouraging. A study with A. alba
by Krajiidkova et al. [81] tested several variables for maturation of
somatic embryos, which improved the maturation yield by utiliz-
ing a method of spreading the cultures in a layer on Whatman #2
filter paper placed on the surface of a semisolid medium [82] sup-
plemented with 32 pM ABA, maltose, organic N additives, and
devoid of PEG. The medium formulation was Murashige and
Skoog [83] modified by 50 % reduction in inorganic salt strength.
The somatic embryos required desiccation for proper germination

Fig. 1 Larix x eurolepis “Reve-Vert” somatic seedlings (INRA, France, improved variety) acclimatized at
the XYLOBIOTECH nursery (XYLOFOREST platform, www.xyloforest.org) located at the FCBA, Pierroton,

France (0.8x)
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but still the conversion to plants remained inefficient. In A. lasiocarpa,
a novel medium was designed based on the elemental analysis of
megagametophytes and designated AL, which was free of inor-
ganic nitrogen and in which 1-glutamine was supplied at 2 g/L as
the sole nitrogen source [84]. AL medium was compared with
Schenk and Hildebrand [85], and although initiation of SE (up to
37 %) did not differ significantly between the two media, EM
growth after subculture and its survival was better on AL. However,
the conversion to plants was very low (approximately 8 % of germi-
nated somatic embryos), which seems to be a norm in this genus.
Similarly, in A. cslicica and A. cilicica x A. novdmaniana, relatively
high initiations of EM were obtained (63 and 28 %, respectively)
but only a third of EM lines developed cotyledonary stage somatic
embryos on both maltose or lactose media [86]. In A. numidica,
both the maturation and germination of somatic embryos were
studied. PEG and 6 % maltose in maturation medium were very
effective followed by partial desiccation and germination of somatic
embryos on medium with activated charcoal and indolbutyric acid
(IBA) [87, 88]. In A. cephalonica, up to 25 % of the seeds pro-
duced EM lines, and somatic embryo development was achieved
on medium with PEG and sucrose followed by medium without
PEG for up to 12 weeks [89,90]. However, germination was poor,
most likely due to the omission of partial desiccation of somatic
embryos before germination, which appears to be a requisite in
this genus.

A complete protocol for SE and plant production, including
cryopreservation, was reported recently for Tsuga caroliniana and
T. canadensis[91]. Induction frequencies were from 17 to 52 % for
immature embryos, respectively. The results confirmed the inter-
play among the collection date of the cones, medium composition
and source tree on the frequency of SE induction, which has been
reported in all previous publications. Maturation of somatic
embryos was completed by slow drying under permeable plastic
film. However, conversion of somatic embryos to plants was very
low and requires further research.

Cryptomeria japonica SE was successful with up to 17 % of imma-
ture seed explants tested over 3 years, and the presence of PGRs
was not required in the initiation medium [92]. The embryogenic
characteristics of the cultures could be improved by increased glu-
tamine concentration in the medium [30]. Somatic embryos devel-
oped better on a medium that in addition to ABA, PEG, charcoal
and maltose, also contained 32 nM phytosulfokine [32].

Two species of Chamaecyparis produced plants through SE,
namely C. pisifera [93] and C. obtusa [94, 95]. Initiation of SE
occurred on both a medium with PGRs (2,4-D and BA) and on
PGR-free medium at the frequency up to 33 and 48 %, respec-
tively. Development of somatic embryos was promoted by PEG,
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4.3 Taxaceae

4.4 CGephalotaxaceae

4.5 Araucariaceae

AC, ABA, and maltose in a medium gelled with 0.3 or 0.5 % gellan
gum. Sixty-eight percent of C. obtusa EM lines produced cotyle-
donary somatic embryos, 91 % of which germinated and the plants
were subsequently transferred to a greenhouse [95]. In both spe-
cies, somatic embryo germination was very high and conversion to
plants was not problematic. Field tests of C. pisifera somatic trees
are underway [93].

Another species that was recently studied for its propensity to
undergo SE in the same family was Juniperus communis [96]. This
work confirmed that similarly to Cryptomeria and Chamaecyparis,
the presence of an auxin and/or a cytokinin was not necessary for
SE to be initiated and was even inhibitory in J. communis, with a
reduction from 50 to 25 %. Proliferation of EM was rapid on PGR-
free medium as well, but the maturation of somatic embryos was
stimulated by 60 pM ABA after brief culture on ABA-free medium
with a lower concentration of N and Ca. The development of
somatic embryos was highly asynchronous and the culture pro-
duced a continuous supply of early and mature somatic embryos.
The latter germinated after partial desiccation and converted to
plants at a low frequency. A major impediment to plant production
was the growth of new EM at the basal part of the somatic plant,
which could not be controlled by the application of the gibberellin
(GA4/7) in the medium.

In Taxus wallichiana, SE was achieved indirectly from calli that
grew on zygotic embryos in culture [97]. Initially, the explants
were cultured in the presence of BA and NAA, and after 8 weeks
they produced compact yellow calli. Subsequently, when trans-
ferred onto a medium with 2,4-D, NAA, and BA, the calli changed
in morphology, and two out of four displayed embryogenic char-
acteristics. Somatic embryo development was achieved on medium
with ABA and charcoal after 12 weeks; however, the conversion
rate to plants was only 10 %.

A complete SE protocol was developed for Torreya taxifolia [98].
High initiation of SE (60-100 %) from six seed families was accom-
plished on medium with various additives, including PGRs (2,4-D,
BA, kinetin, and ABA) and maltose. The EMs were cryopreserved
using the standard protocol. Somatic embryos developed on a
medium with ABA, activated charcoal, maltose, biotin, brassino-
lide, MES, folic acid, and pyruvic acid. Two genotypes of clonal
mature somatic embryos germinated at 64 and 95 %, respectively,
and after 2 months the somatic seedlings were planted in a sub-
strate. The species is under threat of extinction and SE will assist in
the present and future conservation of this ancient plant.

Despite extensive research to develop SE protocols for Araucaria
angustifolia, only pre-cotyledonary somatic embryos were obtained
in culture [99, 100].
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5 Genetic Stability of Cultured Embryonal Mass and Somatic Seedlings

Embryogenic cell lines from ten half-sib seed families of P. sylvestris
were analyzed using four nuclear single sequence repeat (SSR)
markers, also known as microsatellites or short tandem repeats
(STR) [101]. The aim was to determine whether the genetic stabil-
ity of the lines changes during in vitro culture. The results indicated
that mutations occurred in the cell lines and that their frequency
was dependent on the seed family. Interestingly, mutations were
detected in cell lines cultured on both a medium with PGRs and on
a medium without PGRs, undermining the present notion that
2,4-D is the main culprit causing genetic instability. The authors
also found a considerable mutation rate in zygotic embryos, albeit
at a much lower rate compared with cultured EM, which led them
to conclude that the in vitro culture stress triggered the mutations
in the microsatellite regions in P, sylvestris. Whether the instability in
the studied microsatellite loci reflect alteration in functional genes
remains to be investigated. In a similar study with P. pinaster, 17
EM lines from six seed families were analyzed using seven nuclear
SSR markers after 6, 14 and 22 months of culture as well as regen-
erated somatic seedlings [102]. The SSR pattern at the time of line
establishment was used as a reference for the cultures of increasing
age. Genetic variation was detected in cultures of all ages and in 5
out of 52 somatic seedlings. Some somatic seedlings displayed pla-
giotropism and loss of apical shoot dominance, but no correlation
was found between genetic instability at the analyzed loci and the
abnormal phenotype. Nevertheless, there is a risk of genetic muta-
tions during the cell proliferation stage in vitro, which may lead to
the regeneration of mutant plants with different mutations occur-
ring among somatic plants regenerated even from the same EM
line. The latter could be caused by the presence of a mixture of cells
that accumulated different mutations in a given cell line and, hence,
the regenerated plants were not clonal. There is some speculation
that the loss of embryo development capacity in aged EM lines
might be attributed to the accumulation of mutations, perhaps
together with epigenetic changes, during prolonged in vitro cul-
ture, as described below.

6 Aging of Embryogenic Cultures and its Influence on the Ability to Produce
Mature Somatic Embryos

The age of embryogenic cultures maintained on semisolid medium
can negatively influence their ability to produce mature somatic
embryos in some conifer species. However, aging was not counter-
productive in cultures of Picea and Larix hybrids. In L. x eurolepis,
a line was still productive after 9 years of subculturing [80]. On the
contrary, the somatic embryo regeneration ability of cultures of



148 Krystyna Klimaszewska et al.

A. lasiocarpa [84] and C. japonica [92] decreased overtime
whereas in Larix leptolepis, embryogenic cultures became non-
embryogenic [103]. The aging and associated changes appear
critical in Pinus sp. In P. pinaster, maturation yield decreased rap-
idly within 6 months of culture [28, 104 ]. Reduction in the quantity
of somatic embryos or cessation of somatic embryo development
was accompanied by substantial modifications to the cellular orga-
nization/composition of the culture during proliferation [27].
Total culture time also affected the quality of cotyledonary somatic
embryos, with progressive reduction of size and germination rate
[28]. However, the embryogenic culture’s ability to regenerate
cotyledonary somatic embryos could be prolonged by modifying
the culture medium composition and subculture frequency [27].

In Larix sp., the effect of aging on embryogenic ability has
been studied at the molecular level (reviewed by Trontin et al.,
Chapter 8). Differential expression of various microRNAs (four
major miRNA families: miR171, miR159, miR169, miR172) has
been detected in embryogenic and in non-embryogenic cultures of
Larix kaempferi [105]. In particular, miR171 and miR159 were
found downregulated and upregulated in non-embryogenic cul-
tures, respectively. Subsequently, the authors identified a MYB
transcription factor (LaMYB33 from L. kaempferi) as a target gene
for miR159 and Larix SCARECROW-LIKE 6 homolog (LaSCL6)
was targeted by miR171 [106]. Post-transcriptional regulation of
LaMYB33 and LaSCL6 by miRNAs may participate in the mainte-
nance of embryogenic potential as part of the epigenetic complex
of regulation of gene expression [103, 106].

To circumvent the recurrent problem of aging, the embryo-
genic cultures of most conifer species are routinely cryopreserved
shortly after initiation (see Ozudogru and Lambardi, Chapter 32).
Full embryogenic competence of old embryogenic lines could be
restored in P. pinaster by inducing new cultures from cotyledonary
somatic embryos (secondary SE; [104]).

7 Desiccation and Cryopreservation

The ability to cryopreserve EM has been a critical success feature
of the development of SE to the level we utilize this technology in
the afforestation programs today. The maturation competences of
SE cultures under conditions of continuous subculture are highly
variable both within and between species. Some species of Picea
and Larix are seemingly unaffected by long periods of minimal or
erratic subculture, but many Pinus species show a sharp decline in
both quantitative and qualitative mature embryo production [28,
80, 107]. These differences, to some degree, influence the urgency
to cryopreserve cultures. However, the cost savings associated with
not subculturing and the importance of retention of genetic fidelity
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7.1 Cryotolerance of
Embryonal Masses
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and maturation competence make cryopreservation as critical as
the other stages of the SE process.

Considering the progress made in cryopreservation over the
past decade, key developments include a better understanding of
the morphology of cell lines, the interaction of cryoprotectant
treatments with these and the development of protocols that facili-
tate storage of immature and mature somatic embryos [ 108, 109].
Itis also clear that relatively simple pretreatments and freezing pro-
tocols are proving as effective as earlier more complex methodolo-
gies. Embryogenic cell lines on proliferation media are highly
heterogeneous, consisting of a range of cell types in a state of con-
stant differentiation and dedifferentiation. This variability in cell
types has been thought to differentially influence the responsive-
ness of cellular components to osmotic treatment, colligate cryo-
protection and controlled cooling [107]. Recent results with a
number of species indicate that many of the factors that contribute
to successful cryopreservation still remain elusive [108]. The
increasing body of work using more differentiated tissues may lead
to this being the preferential material for long-term storage of
conifers.

Cryotolerance of P. abies was studied in association with growth
rate, anatomical features and polyamines (putrescine, spermidine
and spermine) in five embryogenic cultures [108]. The authors
found that the ability to produce normal mature embryos was the
only characteristic shown to have a positive correlation with cryo-
tolerance. Of the two lines showing a high percentage of cryotoler-
ance, one was a highly productive line, in terms of maturation
ability, the other one had a negligible ability to produce mature
embryos. Anatomically, the contrast between the embryo initials
for these two lines prior to cryopreservation was striking, with the
poor-embryo-producing line showing highly dedifferentiated ini-
tials. The same contrast was seen with total polyamine contents,
with the two cell lines with the highest contents giving opposite
results with regard to cryotolerance at 94 and 0 %. These observa-
tions indicate that the factors that confer cryotolerance in EM are
yet to be fully elucidated.

New species to show successful recovery from liquid nitrogen
storage include P. nigra and P. omorika [110-112], respectively.
More unusually for conifer embryogenic tissues, the pretreatment
stages for P. omorika were done on semisolid medium with increas-
ing sucrose concentrations followed by air drying of the EM to
20 % of original fresh weight and subsequent immersion directly
into liquid nitrogen. No other cryoprotectant agents were used.
After cryostorage, P. nigra demonstrated growth rates and ability to
produce mature embryos similar to the control material maintained
in long-term culture [110]. Another less common pretreatment
(maltose) and cryoprotectant formulation was applied to P. pinaster
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7.2 Mature Somatic
Embryo Storage

that included PEG 4000 with dimethylsulfoxide (DMSO), resulting
in 97 % recovery of the cell lines tested [113].

Vitrification using a modified plant vitrification solution
(PVS2), developed primarily for nonembryogenic tissues and shoot
apices, has been tested with the aim of developing a simplified cryo-
preservation procedure for conifer embryogenic tissues. Successful
vitrification of tissues would facilitate immediate immersion into
liquid nitrogen storage without intervening steps including tran-
sient storage at —40 to —80 °C in freezers or programmable cooling
incubators. This was successfully achieved with some cell lines of P,
mariana [114]. An encapsulation/dehydration method was tested
with immature somatic embryos of P. sitchensis and resulted in the
regeneration of EM following immersion in liquid nitrogen [115].
No -40 to -80 °C or programmable freezer are required, but the
tissue treatment is labor intensive prior to storage.

A novel method for tissue regrowth was tested with P. radiata
and resulted in significantly improved post-thaw growth with 60
cell lines stored from 6 months to 4 years prior to thawing [116].
The authors used a vigorous culture (nurse culture) of P. radiata
to nurse the thawed cells; the nurse culture and thawed cells were
separated from each other by a nylon screen. Further simplification
of methods was achieved with P. glaucax engelmannii and P. men-
ziesis. The method eliminated both the use of toxic cryoprotec-
tants and freezing environments. Following culture on ABA
medium at 4 °C, the tissue was immersed directly into liquid nitro-
gen [109]. The method relied on preconditioning of early somatic
embryos and these retained the ability to regenerate EM following
storage in liquid nitrogen.

Contamination of EM lines can still plague this step of the SE
process, with a number of authors reporting significant losses of
cell lines upon thawing from liquid nitrogen storage [108, 112].
Picea omorika cryopreserved as clumps of tissues rather than as
cell suspensions had a decreased frequency of contamination if
liquid nitrogen was prevented from entering the vials during
freezing [112]. In embryogenic cultures of P. radiata cell lines
stored for 6 months, none of the 37 genotypes (222 vials) were
contaminated and only 5 % of the vials from a further 23 geno-
types (138 vials) stored for 4 years were contaminated, despite the
fact that all vials had been immersed in liquid nitrogen upon freez-
ing [116]. Interestingly, antibiotic cephotaxime (100 mg/L) was
used in the proliferation medium to reduce the risk of bacterial
contamination of cultures during the frequent treatments before
cryostorage of P. abies [108].

Mature somatic embryo storage could potentially confer a range of
advantages over the cryopreservation of embryogenic masses and
would be especially useful in the application of this propagation
technology. Effective storage would facilitate both the synchrony
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of seed orchard and laboratory production with seasonal nursery
and planting programs. Added advantages are that with careful
pretreatment, no cryoprotectant chemicals or programmable freez-
ing equipment is required. Successful desiccation without cryo-
preservation may also be an important aspect of improving quality
and synchronizing germination in somatic embryos in many
species. Continued development of direct sowing and artificial
seed technologies may also benefit from more effective desiccation
protocols.

The desiccation environment seems to be one of the key ele-
ments for successful storage. Picea mariana and P. glauca somatic
embryos were slowly dried at 97 or 88 % relative humidity (RH) to
reach a water content of 0.23 H,O g/L dry weight before
achieving a high post liquid nitrogen germination frequency of
93.8 % [117]. Desiccation at a lower RH of 63 % had a significantly
negative effect on subsequent germination following cryopreserva-
tion. Interestingly, the somatic embryos that managed to survive
this treatment showed a 100 % conversion to plantlets whereas the
conversion of the somatic embryos from the 97 or 88 % RH treat-
ments ranged from 26.7 to 46.7 %. These authors also tested the
stored embryo potential for embryogenic tissue reinduction fol-
lowing thawing. Embryos that had been desiccated at high RH
(97 %) and were rehydrated for 12 h at 100 % RH had reinduction
rates that were similar to those of the controls [ 117]. Further work
from this team has elucidated some of the mechanisms linked to
fast desiccation tolerance in P. mariana [118]. Their studies
showed that an initial short period of slow desiccation of the
embryos increased their subsequent tolerance to a fast desiccation
treatment. The mechanisms behind this indicated an increase in
sucrose accumulation, occurrence of raffinose, and depletion of
starch reserves within the somatic embryos. The occurrence of
dehydrins was also investigated in reference to their suspected role
in the development of desiccation tolerance. The authors noted a
doubling of the dehydrin signal intensity after 48 h of slow desic-
cation (2448 kDA), which coincided with the best treatment for
subsequent germination of rapidly desiccated embryos.

Picea glanca and P. glanca xengelmannii complex somatic
embryos were gradually dried over salt solutions to the level of dry
seed embryos and retained their viability upon rehydration [119].
Desiccated somatic embryos also survived subsequent freezing in
liquid nitrogen, without the addition of cryoprotectant or pre-
culture steps. Highest survival (>80 %) after freezing in liquid
nitrogen was in embryos pre-dried to ¥ of —15 to —20 MPa, which
yielded relative water content (RWC) close to predicted bound
(apoplastic) water values. In another study, somatic embryos of
P. glauca survived a rapid desiccation treatment (2 h of air drying
on a laminar flow bench at ambient temperature and humidity) if
they were carefully preconditioned on maturation medium [120].
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The optimum treatment was leaving embryogenic tissue on
maturation medium for 51 days, making it possible for embryos to
become cotyledonary before placing the Petri dishes into 5 °C for
8 more weeks of incubation. It should be noted that in P. glauca,
cotyledonary embryos are fully developed after 51 days and preco-
cious germination was observed in some embryos prior to incuba-
tion at 5 °C. In contrast to the results presented for P. mariana
(and P. glauca) [118], shorter periods of incubation were detri-
mental to the quality of the germinant following rapid desiccation
[120]. Elucidation of the mechanisms behind the cold tolerance of
P. glanca somatic embryos has subsequently shown, with freezing
damage tests based on electrolyte leakage, that somatic embryos
matured at lower temperatures possessed significantly higher freez-
ing tolerances than somatic embryos matured at 20 °C [121].

8 SE from Vegetative Tissues of Adult Conifers

Vegetative (also known as clonal) propagation of adult trees has a
major advantage over propagation through seed because large
genetic gains are achieved by capturing a large proportion of tree
genetic diversity in a single selection cycle [122]. Hence, vegeta-
tive propagation of select superior forest conifers through SE is
highly desirable, particularly because it has the potential to deliver
a stable supply of superior seedlings for forest plantations. However,
in spite of decades of research efforts, efficient propagation of adult
conifers by any means is still beyond reach [61, 123, 124]. The
first work that raised expectations in this area of research was induc-
tion of SE in buds (primordial shoots/needles) of 2- to 3-year-old
P. abies grown from a somatic embryo [125] and Ceratozamin spp.
[126], but no results on somatic plant growth have been pub-
lished. Using four genotypes of somatic trees of P. glanca, it was
subsequently demonstrated that one genotype produced SE from
primordial shoot explants (Fig. 2a—f) consistently from age 2 (in
2002; [127]) to 15 years (in 2015; Klimaszewska, personal com-
munication). The media for each stage of SE were the same as
those used for seed embryo SE and a large number of juvenile
propagules (somatic seedlings) have been grown in a greenhouse
and subsequently planted in the field. These somatic trees derived
from donor trees of increasing chronological and ontogenic ages

»
>

Fig. 2 (continued) (17.5x). (¢) Primordial shoot cut longitudinally and showing slightly elongated needle
primordia (24 x).Fig. 2 (continued) (d) Embryonal masses growing from the explant after 33 days (magnification
25x). (e) Mature somatic embryos produced from embryonal masses induced from the same donor trees of
different ages; 2, 7, and 8 years old (0.5x). (f) Somatic seedlings cultured on germination medium for 7 weeks
(1.1x). (g) Clonal, juvenile G6 trees produced from primordial shoots collected from 7-year-old (on the /eft) and
8-year-old (on the right) donor trees (1x) growing in the nursery of NRCan-CFS, Valcartier, QC, Canada



Fig. 2 Induction of somatic embryogenesis (SE) within primordial shoots of somatic Picea glauca 13-year-old
trees, genotype G6. Vegetative buds were collected on May 6, 2013 from a plantation established in 2003 by
NRCan-CFS in Valcartier, QC, Canada. (a) A branch with pre-flush buds (2.5x). (b) Cleaned and disinfected buds
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are being evaluated for their growth rate and morphology, and are
expected to provide evidence of true rejuvenation. Simultaneously,
the donor trees of responsive and nonresponsive genotypes pro-
vided a unique opportunity to examine the molecular aspects
underpinning SE within shoot tissues of adult P glauca trees
(reviewed by Trontin et al., Chapter 8). A 32,000 oligo-probe
microarray was used for transcriptome-wide expression profiling of
explants at day 0 and day 7 of culture, which led to the identifica-
tion of four of the most differentially expressed genes in each of the
two genotypes [128]. The absolute quantitative PCR (qPCR) of
these genes was expanded to 21 days of SE induction and showed
that the expression of all eight genes was maintained throughout
the induction period. In contrast to the responsive genotype,
explants of the nonresponsive genotype expressed high levels of
stress-related genes, such as two extracellular serine protease inhib-
itors, a cell wall invertase, and a class III apoplastic peroxidase,
whereas the former showed temperate expression of these genes.
Instead, high expression of dehydrins and the QT-repeat and pro-
line rich proteins that are conifer-specific were identified in the
responsive genotype and suggested an adaptive stress response.
These results further suggested that the possible causes of the lack
of SE induction in an explant may not be necessarily due to an
innate lack of SE promoting activity, but that biotic defense activa-
tion could potentially be a dominant antagonist. Therefore, future
work should focus on determining how and if suppressing biotic
defense activation could be used to promote SE induction in non-
responsive explants.

9 Field Growth of SE Trees

Clonal forestry offers significant advantages for forest productivity
due to the genetic gain (volume and quality improvements) that
can be realized through selection and mass propagation of elite
individuals (clones) [129]. Somatic embryogenesis, with its capac-
ity for long-term germplasm cryopreservation and scale-up tech-
nologies, is the preferred avenue to accelerate the selection and
operational deployment of value-added genotypes, especially
through multivarietal forestry [4, 7]. Over the past decade, more
information has become available from field performance trials of
planting stock derived from SE. As described in an earlier review,
the majority of reports was for Picea spp. due to their responsive-
ness to SE relative to other genera [4]. A number of early trials
with Picea spp. and P. menziesii have been established for several
decades and while the Pinus spp. have been more recalcitrant to
SE, some information is available [7].

Further studies looking at the possible long-term effects on
field growth of somatic seedlings caused by in vitro conditions
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was undertaken with P abies [130]. The somatic plants were
assessed for survival and early growth after 4 months in the field.
The authors confirmed that prolonged exposure to ABA during
the maturation period of somatic embryo formation inhibited early
growth. Another treatment of continuous light routinely given to
P. abies seedlings to improve early growth in the greenhouse had a
negative effect on the growth of somatic plants. The authors con-
cluded that direct inwintering of somatic plants after transfer to ex
vitro conditions should be avoided. Early greenhouse work study-
ing clonal variation in morphology, growth, physiology, anatomy,
and ultrastructure of 6-month-old container-grown P glauca
somatic plants found a number of differences when compared with
zygotic seedlings of the same families [131]. Height ranges of
clones were greater (14.4-31.8 cm) than that of seedlings (15.8—
24.3 c¢m), and root collar diameters were generally greater in
clones. Variation within families was larger among somatic clones
than among zygotic seedlings for height, needle dry mass and
branch density. Light microscopy showed that tannins were more
abundant in somatic plants than seedlings; otherwise all needle
samples displayed a similar morphology. Of more concern was
the incidence of root deformation in somatic plants which had to
be transplanted from culture vessels to styroblock containers.
Only 52 % of somatic plants had a normal root form, a rate that is
comparable with that observed in zygotic seedlings that were not
transplanted. Another interesting observation was that plants from
specific clones suffered from copper deficiency symptoms in all rep-
lications despite fertilizer application. What was clear and encour-
aging from this study was the early screening potential for selection
of superior clones based on both physiological and morphological
characteristics [131]. Subsequent work presenting pooled data
that compared zygotic seedlings and somatic plants of P. menziesii
for gas exchange rates, water relations and frost hardiness after 2
years in the field concluded that there were no significant differ-
ences between the two stock types [132]. However, no data was
presented for individual clone performance. There were only three
clones in this trial derived from control crosses versus the seedling
controls, which were from bulked open pollinated seed collected
from the same orchard. When considering frost hardiness and bud
break, no significant differences were found between the two stock
types in the latter study. More recent work raised the possibility
that there may be some interaction between temperature at the
time of somatic embryo maturation and subsequent frost hardi-
ness and bud break especially in the first few years of plant estab-
lishment [117]. Based on field performance studies, it appears
that clones produced from SE, at least those of P. menziesii and
P. glawca, can be highly acclimated to different climatic conditions
[133, 134].
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Evaluation of genetic parameters and examination of genotype
X environment interactions to characterize the genetic stability of
somatic seedlings of P. glauca have been done 4 years after estab-
lishment of the field tests [ 134]. In these tests, 52 clones (from 14
control-crossed families) were compared and they are the first of a
series of trials established under different ecological site conditions
comparing over 1000 somatic clones. Encouragingly, the percent-
age of somatic seedlings (52 clones) exhibiting normal adaptive
characteristics for survival (98-99 %) and bud frost damage and
stem form (90-99 %) characteristics were high, and therefore,
genetic parameters were not calculated for these characteristics.
Strong positive genotypic correlations were found between height,
diameter, annual shoot length and volume. The authors felt that
the stability of the clonal performance at the two sites reflected the
efficiency of clonal selection and was therefore a good reason to
promote the selection of generalist clones for future applications in
multiclonal forestry [134]. Older somatic plantings (5.5 years) of
P. menziesii var. menziesii have been assessed for survival and per-
formance, clonal genetic parameters such as variances, heritability,
and correlations, and for stability of clonal performance across five
sites in Washington and Oregon, in the Pacific Northwest, USA
[133]. There were 70 clones in the test and the somatic seedlings
were grown in the same greenhouse for 1 year prior to planting.
All exhibited growth rates and morphology within the normal
range exhibited by zygotic seedlings in nurseries. The survival of
the somatic seedling clones at 5.5 years ranged from 92 to 99 %
and the general conclusion from this study was that the stability of
these clones was encouraging for future clonal forestry applications
in coastal Douglas fir.

A set of P. radiata trials was established in New Zealand and
Australia (three in each country) to investigate clonal stability
focusing on growth and form traits [135] (Fig. 3). The planting
stock was derived from cuttings taken from hedges established
from somatic embryos rather than using germinated somatic
embryos directly. One reason for this approach was to improve
plant quality within clones (height, root mass, and stem diameter,
all of which were positively affected). There were 245-280 clones
tested at the three New Zealand trials and 44-69 clones at the
three Australian sites. In general, clonal stability was good across
the New Zealand sites, and although there was only a small num-
ber of clones that were common between Australia and New
Zealand, clones stable for growth could be identified across both
countries. The authors did note that age 5 may still be too young
to draw firm conclusions with regard to genotype rankings. Forest
Genetics Ltd. planted their first trials of P. 7adiata derived from
somatic seedlings in 1999. They have been able to clearly identify
outstanding clones, which now form the basis of field-proven
material being sold to commercial clients (www.forest-genetics.com).
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Fig. 3 Somatic Pinus radiatain a field test of the Forest Genetics Ltd., New Zealand

These plants command a premium price relative to seedlings of
control pollinated seed lots. Evaluation of somatic seedlings has
been also ongoing in France since 1999 with P, pinaster for which ca.
3200 clonal trees from more than 200 genotypes were established
in eight field tests [7]. Data analysis at age 6, from 24 clones
planted in 2004, indicated that somatic seedlings are producing
normal trees but usually with a lower initial growth rate than those
from seedlings (Trontin, personal communication). However, it
has been shown that mean relative increase in height was similar or
even higher in specific somatic lines after 6 years, suggesting that
normal growth can be recovered later.

Seed production from somatic clonal trees has been studied in
P. mariana [136]. The authors found that the somatic trees pro-
duced both viable pollen and female cones that were able to be
crossed to produce equally viable seeds. The authors noted that
male strobili were produced about 6 years after planting and 2
years after the early onset of female flower production, which is
carlier than what is generally observed in zygotic trees. The
authors also noted the incidence of albino germinants (up to 14 %
in one particular inbred cross). No direct non-somatic clone con-
trols were used in this research to determine if earlier male and
female cone production had an adverse effect on vegetative
growth. Results were generally compared with other data available
tor P. mariana and there were no outstanding anomalies (pollen
germination, seed mass, and morphophysiological standards for
planting stock). The authors concluded that the stock produced
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through SE and selected for exceptional performance could be
used for subsequent seed production and would enhance gains
from multivarietal forestry.

10 Bioreactor/Scale-Up Studies

For commerecial application of SE, laboratory-scale protocols must
be scaled up and fulfill several criteria such as production of high
quantities of uniform somatic embryos at a given time and at a
reasonable cost per unit. This can be achieved by utilizing
bioreactors, which are amenable to automation and allow contin-
uous monitoring and control of growth conditions (agitation,
pH, oxygen, and carbon dioxide), large volumes, and mainte-
nance of a homogeneous culture. In a study with P. sitchensis, two
EM lines were grown in bioreactors of different configurations
(air-lift, bubble, stirred tank, and hanging stirrer bar) and com-
pared with shake flask cultures [137]. The bioreactors were 5, 2,
or 1 L in volume. Both lines exhibited larger increases in biomass
when grown in bioreactors, but one line proliferated as single
early somatic embryos while the other one formed large aggre-
gates of somatic embryos. Samples taken from all cultures were
transferred onto maturation medium with 40 pM ABA, 1 pM
IBA, 3 % sucrose, and 0.1 % activated charcoal. There were two
medium variants in Petri dishes: one semisolid (0.6 % agar) and
another semisolid covered with 7 mL of liquid medium for sub-
merged culture. One line produced cotyledonary somatic embryos
at the highest number when proliferated in bubble bioreactor on
both variants of maturation medium. For the second line, the sub-
merged way of culture was unsuitable. The results suggested that
the bioreactor configuration, design, and operating conditions
must be adequately chosen to suit the physiological, metabolic,
and morphological characteristics of a line. For P. menziesii, a
large-scale somatic embryo production system was developed by
Weyerhauser Co. (WA, USA) [138]. It involved growing the EM
in 1 L flasks in liquid medium on a rotary shaker in darkness, fol-
lowed by culture in perfusion bioreactors on liquid medium
soaked pads containing PEG, ABA, GA, 7, and charcoal for devel-
opment and maturation. The development medium was pumped
from the reservoir into the bioreactor until it made contact with
the lower surface of the pads. The medium was absorbed in the
pads by capillary action and, after a few hours, it was pumped out
to the reservoir. This was repeated at regular intervals until mature
cotyledonary embryos developed. Twenty to fifty cotyledonary
somatic embryos were produced from the initial 1 mL of settled
EM, but different genotypes showed variations in both the num-
ber and quality of mature somatic embryos. The somatic embryos
were cold-treated before germination. The authors concluded
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that the solution for low-cost mass production of conifers was the
combination of liquid culture with bioreactors, automation tech-
nology, and manufactured seed delivery system.

11 Conclusions and Future Research

The multidiscipline approach that is taking place to find solutions
to some of the problems still facing large-scale production of conifer
trees through SE should prove fruitful in the future. SE research
has generated knowledge and protocols that can be immediately
applied from one species to another and have their utility verified.
For example, in Pinus species and other conifer genera where ini-
tiation of SE is proving problematic, the viability of crosses prior
to sampling needs to be considered. Following sampling for
embryogenesis, a further collection of cones should be made
when the seed is mature to verify that the seed is viable. It has
been shown with a range of conifers that embryos often form early
in development only to abort prior to becoming cotyledonary,
especially in situations where self-fertilization or hybridization
may be occurring. In some cases, SE may be a way of rescuing
these embryos that could be advantageous, especially with the
establishment of novel first generation hybrids. However, for gen-
eral protocol development, it is better to have known high viabil-
ity crosses to work with. Another confounding factor with protocol
development is the presence of the megagametophyte, which is
likely to have a confounding effect with regard to development of
an optimal induction medium. The megagametophyte tissue dies
as soon as it is dissected away from the seed coat and may start to
produce toxic leachates. Examination of the literature does show
mixed responses and it is possible that the megagametophyte acts
as a buffer against suboptimal media interactions, and that it even
provides some nutritive benefits in the short term. It is recom-
mended that both methods of dissection be tested as part of the
matrix including media modifications when protocols are being
developed or improved for conifer species. Optimization of culture
medium should benefit from using software tools for experimental
design, computation, and graphic visualization of multifactor
interactions that together influence the culture productivity from
its onset in vitro to the plants in a greenhouse/nursery as demon-
strated for herbaceous species by Halloran etal. [139] and Adelberg
etal. [140].

We expect to see increased integration of somatic embryogen-
esis within current nursery practices. In the laboratory, methods to
reduce plant production costs will continue to develop; these
include liquid culture and sorting mechanisms for mature somatic
embryos. Somatic embryos of a number of conifer species are
amenable to organogenesis, and this step will be used to provide
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plants for stool bed and subsequent cutting regeneration. Where
physiological age constraints limit the life of stool beds, liquid
nitrogen storage will ensure a continuous supply of juvenile stock
plants. Soft tissue manipulation robotics for medical procedures is
improving as well as visual multidimensional graphics, and this may
create new opportunities for automation of the SE process.
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Chapter 8

Molecular Aspects of Conifer Zygotic and Somatic
Embryo Development: A Review of Genome-Wide
Approaches and Recent Insights

Jean-Francois Trontin, Krystyna Klimaszewska, Alexandre Morel,
Catherine Hargreaves, and Marie-Anne Lelu-Walter

Abstract

Genome-wide profiling (transcriptomics, proteomics, metabolomics) is providing unprecedented opportu-
nities to unravel the complexity of coordinated gene expression during embryo development in trees, espe-
cially conifer species harboring “giga-genome.” This knowledge should be critical for the efficient delivery
of improved varieties through seeds and /or somatic embryos in fluctuating markets and to cope with climate
change. We reviewed “omics” as well as targeted gene expression studies during both somatic and zygotic
embryo development in conifers and tentatively puzzled over the critical processes and genes involved at the
specific developmental and transition stages. Current limitations to the interpretation of these large datasets
are going to be lifted through the ongoing development of comprehensive genome resources in conifers.
Nevertheless omics already confirmed that master regulators (e.g., transcription and epigenetic factors) play
central roles. As in model angiosperms, the molecular regulation from early to late embryogenesis may
mainly arise from spatiotemporal modulation of auxin-, gibberellin-, and abscisic acid-mediated responses.
Onmics also showed the potential for the development of tools to assess the progress of embryo development
or to build genotype-independent, predictive models of embryogenesis-specific characteristics.

Key words Developmental regulator, Embryo patterning, Gymnosperm, Metabolome, Proteome,
Somatic embryogenesis, Transcriptome, Stress

1 Introduction

Compared with herbaceous angiosperms such as Arabidopsis thali-
ana, elucidation of the molecular events regulating embryo devel-
opment in trees, and particularly in conifers (the primary source
for wood production worldwide), has been hindered by their large
physical size, slow growth, long generation time, and very large
genome. A number of powerful genetic approaches whose effi-
ciency does not require the availability of large genomic resources
or full genome sequence (e.g., embryo defective mutants, T-DNA
insertional mutagenesis) are therefore impracticable with conifers

Maria Antonietta Germana and Maurizio Lambardi (eds.), In Vitro Embryogenesis in Higher Plants, Methods in Molecular Biology,
vol. 1359, DOI 10.1007/978-1-4939-3061-6_8, © Springer Science+Business Media New York 2016
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[1, 2]. The recent implementation of qualitative and quantitative
methods for the genome-wide profiling of genes [3] (transcrip-
tomics), proteins [4] (proteomics), and metabolites [5, 6] (metab-
olomics) provided unprecedented opportunities to unravel the
complexity of coordinated gene expression during conifer embryo
development. Analysis of the “omic” data now benefits from the
extensive cDNA resources and proteome databases established in
several spruce and pine species of commercial and ecological inter-
est [7-10]. It is also anticipated that the identification rate of mul-
tiple transcripts and proteins in genome-wide data sets will
considerably increase as decoding the conifer “giga-genome” is
ongoing in Picea glauca [11], Picea abies [12], Pinus taeda [13],
and other pine species such as Pinus radiata (Scion-led project,
New Zealand, Scion Annual Report 2013, p. 15, http://www.
scionresearch.com/__data/assets /pdf_file /0017 /42443 /
ScionAnnualReport2013-Highlights.pdf), Pinus pinaster and
Pinus sylvestris (ProCoGen European project 2012-2015, http://
www.procogen.eu/). Even if annotation of this enormous genomic
resource is still challenging [9, 14], “omic” approaches to eluci-
date embryo development are rapidly developing. The resulting
knowledge might ultimately provide (epi)genomic tools for the
efficient production of improved and better adapted varieties
through seedlings and/or emblings (somatic embryogenesis) to
cope with both market evolution and the changing environment.
It is also of particular interest to complement the tedious “trial and
error” strategy currently in use, to refine somatic embryogenesis
protocols (reviewed by Klimaszewska et al., Chapter 7) and achieve
commercial application in conifer species, especially through mul-
tivarietal forestry [15, 16].

In this chapter we review the recent advances in transcrip-
tomics (and targeted gene expression studies), proteomics and
metabolomics of both somatic (SE) and zygotic embryo (ZE)
development in conifers. The review is mostly focused on SE, as
somatic embryogenesis has become a model in vitro system in
conifers to study the molecular biology of embryo development
[2, 17], including epigenetic aspects as background genetic load
can be ruled out from clonal material [18]. It is comparatively dif-
ficult to sample manageable quantities of embryonal mass (EM)
during early zygotic embryogenesis [ 19, 20]. Our aims were (1) to
emphasize the critical processes and genes at specific embryo devel-
opmental and transition stages, and (2) to highlight practical appli-
cation for somatic embryogenesis in conifers.

2 Transcriptomics of Conifer Embryo Development

The development of cDNA or oligonucleotide-based microarray
technologies, and more recently, of next generation sequencing
RNA methods has provided critical advances for genome-wide
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screening of quantitative gene expression in forest trees [3].
Quantitative real-time polymerase chain reaction (qPCR) also pro-
vides an accurate tool for analyzing the expression of individual can-
didate genes selected from microarray and sequencing-based data.
The increasing use of absolute quantification may raise the possibil-
ity for universal comparison of gene expression [21]. There are still
limitations at both technical [22] and data interpretation levels [9].
However, microarrays developed in major conifers were found suit-
able for transcriptome profiling in other species [9, 23]. Both
microarrays and RNA sequencing methods are now increasingly
used to obtain either initial insights into embryogenesis-related
transcriptomes when public resources are limited, e.g., Larix
kaempferi [24], or to perform comprehensive transcriptome analy-
ses of somatic [2, 18, 25], and /or zygotic material [19, 26, 27].

Despite various spatiotemporal differences between gymnosperms
and angiosperms embryogenesis [28], it is increasingly debated
how to efficiently translate the molecular information gained in A.
thaliana to domesticated species [29]. The information delivered
from the completed genome sequence in A. thaliana resulted in a
deeper understanding of complex, regulated gene network (300-
450 genes) involved in embryo patterning [20, 29-31].
Interestingly, most embryogenesis-related genes identified in A.
thaliana have homologous sequences with strong congruity in
conifers [28] such as in P. taeda (83 %) [32] and L. kaempferi (78
%) [24]. Differences in molecular regulation of embryogenesis
between A. thaliana and conifers may therefore mainly arise from
variation in gene expression [2, 28], especially temporal differences
at the transition between embryo developmental stages [33].
Regulation of gene expression is thought to result partly from epi-
genetic modifications as a possible adaptive mechanism in long-
lived trees [18]. A large transcriptomic study further indicated that
ZE transcript profiles are highly correlated between P. pinaster and
A. thaliana [19, 34], with gymnosperm-specific transcripts esti-
mated to be only 3 %. There is thus some evidence that conifers
will benefit from angiosperms reference data [20, 35, 36]. Because
transcripts abundance is not always predictive of effector molecules
underpinning the physiological process involved in embryo devel-
opment, one more challenge is to integrate transcriptomic with
proteomic and metabolomic datasets. This promising systems biol-
ogy approach to modeling the genetic regulation of plant embryo-
genesis is ongoing in A. thaliana [20], with expected similarity in
conifers [26, 31, 37, 38].

Only a few available reviews [28, 39—43] aimed at unraveling the
complex regulatory gene network expressed in conifers, from
embryogenesis induction to early embryogenesis (embryonic
phase), late embryogenesis (up to the cotyledonary embryo stage)
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and the subsequent maturation steps from the acquisition of desic-
cation tolerance to the establishment of dormancy and accumula-
tion of storage reserves needed for germination. The range of
genes transcribed in conifer EM is apparently 30—40 % larger than
in any other tissue [18, 28]. Our knowledge is currently highly
fragmented because most studies performed during the last decade
were targeting few genes (Table 1). Little could be learnt until
recently about the expression of gene cohorts with similar tran-
script signatures during embryo development. For this purpose,
the comparative analysis of favorable and unfavorable SE matura-
tion conditions, as well as embryogenic and non-embryogenic
material, appeared critical to identify differentially expressed genes
among developmental stages [1, 21, 23, 46, 89, 90]. Most avail-
able transcriptomic data (Table 2) are from P. abies because SE
development is tightly controlled in this species with clear,
synchronized transition between developmental stages promoted
by specific plant growth regulator (PGR) treatments. Transcript
profiles were described from early embryogeny at the time of EM
proliferation to the cotyledonary stage using macroarrays [23, 90],
microarrays [2], or sequencing methods [18]. The latter study spe-
cifically reported on temperature-dependent differential transcrip-
tomes in proliferating EMs that may be associated with the
formation of an epigenetic memory with a delayed impact on seed-
ling development. In the closely related species P. glauca, Rutledge
et al. [21] provided the first results of transcriptome analysis
(microarray) of early molecular events involved in the induction of
somatic embryogenesis in conifers. Stasolla et al. [92] performed a
macroarray analysis of the effect of polyethylene glycol (PEG) dur-
ing SE maturation in P. glauca. Several macroarray studies also
investigated gene expression during early cotyledonary SE devel-
opment in P. radiata [1, 89], and from early embryogenesis to
cotyledonary SE and/or ZE development in P. taeda [26, 27]. In
P. pinaster, Morel et al. [25] described differences in both gene
expression (sequencing) and proteome during early cotyledonary
SE development in favorable (high gellan gum concentration) and
unfavorable (low gellan gum) maturation conditions, whereas de
Vega-Bartol et al. [19] performed the first microarray-based tran-
scriptomic profiling of ZE in a conifer, from early embryo to the
cotyledonary stage. Such transcriptomic studies excluded most
small RNAs for technical considerations. However, both microR-
NAs (miRNAs) and other small noncoding RNAs are part of the
epigenetic regulation complex of gene expression, which has a cru-
cial role in regulating development, including embryogenesis [85,
106]. A high-throughput sequencing strategy was used in
L. kaempferi [50] to identify miRNAs involved in regulation of
target genes at specific SE stages. More than 100 predicted genes
were found to be putative targets of 60 miRNAs.
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Table 2
Genome-wide molecular profiling of embryo development in conifer species

Species Embryogenesis step Method Reference
Transcriptomics
Arancarin Early to late embryogenesis (SE/ZE) NGS (Illumina) [91]
angustifolia
Larix kaempferi  Early embryogenesis (SE) NGS (454 sequencing) [24]
Early to late embryogenesis (SE) NGS (Illumina), sSRNA library ~ [50]
Picen abies Early embryogenesis (SE) c¢DNA array (373 cDNAs) [90]
17 K ¢cDNA microarray [2]
NGS (Illumina) [18]
Early to late embryogenesis (SE) 2 KcDNA array (2178 cDNAs) [23]
Picea glanca Initiation and early embryogenesis 32 K oligo-probe microarray [21]
(SE)
Early to late embryogenesis (SE) 2 K cDNA array (2178 ESTs) [92]
Pinus pinaster  Early embryogenesis (SE) NGS (Illumina) [25]
Early to late embryogenesis (ZE) 25 K ¢cDNA microarray [19]
Pinus radiata  Early to late embryogenesis (SE) cDNA-AFLP [1]
Screening of cDNA library [89]
Pinus taecdn Early to late embryogenesis (SE/ZE) cDNA array (326 cDNAs) [26]
cDNA microarray (326 cDNA) [27]
Metabolomics
Picen abies Early to late embryogenesis (SE) GC/MS [93,94]
Picea glanca Early and late embryogenesis (SE) NMR spectroscopy [5]
Pinus taedn Early embryogenesis (SE) GC/MS [6]
Proteomics
Arancaria Early embryogenesis (ZE) 2D-PAGE + LC-MS/MS [95]
angustifolin  Early embryogenesis (SE) 2D-PAGE + MS [96]
Early to late embryogenesis (ZE) 2D-PAGE + MS [97]
Late embryogenesis, germination 2D-PAGE + LC-MS/MS [98]
(ZE)
Cunninghamin  Early to late embryogenesis (ZE) 2D-DIGE +LC-MS/MS [99]
lanceolatn
Cupressus Early to late embryogenesis (SE) 2D-PAGE [100]
SEMPEVYVIVENS
Larix x eurolepsis Early to late embryogenesis (SE) 2D-PAGE + LC-MS/MS [101]
Late embryogenesis (SE) 2D-PAGE + LC-MS/MS [102]
Larix Early embryogenesis (SE) 1D SDS-PAGE +iTRAQ protein [103]
principis- labeling + LC-MS/MS
rupprechtii
Picen abies Late embryogenesis, germination 2D-PAGE + GC-MS [93]
(SE)
Picea glanca Early to late embryogenesis (SE) 2D-PAGE + LC-MS/MS [4]
Pinus Early embryogenesis (ZE) 2D-DIGE + ESI-MS /MS [104]
massoniana
Pinus pinaster  Early embryogenesis (SE) 2D-PAGE + LC-MS/MS [25]
Late embryogenesis (SE/ZE) 2D-PAGE + LC-MS/MS [105]

SE somatic embryo, ZE zygotic embryo, AFLP amplified fragment length polymorphism, cDNA complementary DNA,
DIGE difference gel electrophoresis, 2D-PAGE two-dimensional polyacrylamide gel electrophoresis, ESI-MS/MS clec-
trospray ionization coupled with tandem mass spectrometry, GC-MS gas chromatography coupled with MS, iTRAQ
isobaric tags for relative and absolute quantitation, LC-MS/MS liquid chromatography coupled with MS/MS, NGS
next generation sequencing, NMR nuclear magnetic resonance, SDS sodium dodecyl sulfate, sR NA small RNA
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In both conifers and angiosperms, little is known about gene
expression during the early stages of embryogenesis, which is rec-
ognized to be critical for subsequent embryo development [1, 18].
The embryonic phase is described as the dedifferentiation process
of mature, totipotent cells from competent explant (i.e., respond-
ing to stress or PGRs) to embryogenic cells (embryogenesis induc-
tion), giving rise to rapidly proliferating new early SE resulting in
the establishment of embryo-generating culture [20, 42]. In coni-
fers, the competent explants are restricted to ZE with limited prog-
ress from seedlings and from juvenile or adult trees (Klimaszewska
et al., Chapter 7). SE initiation may apparently proceed through
cell dedifferentiation within a competent explant. When cleavage
polyembryony occurs within seed (e.g., in Pinus), “initiation” may
be merely the prolongation of this process in vitro [42].

It is a particularly difficult task to identify genes underlying
somatic embryogenesis induction as the resulting initiated early
SEs may rapidly express additional confusing genes involved in
proliferation, maintenance of embryogenic potential [20, 21, 48,
50], and early embryo development [24]. Recently, Elhiti et al.
[20] reviewed the “omic” data available in plants and provided a
short list of 12 genes that are most likely to be involved in embryo-
genesis induction, from cell dedifferentiation (ARFI19/auxin
response factorl9, PRCI1/polycombrepressive complex 1, RGP-1/
reverse glycosylating protein 1, HSP17/heat shock protein 17), expres-
sion of totipotency (SERKI1/somatic embryogenesis veceptor-like
kinase 1, LEC1/leafy cotyledon 1, GLB1/plant hemoglobin, WUS/
wuschel, a member of the WOX gene family, CLE/curly leaf), and
commitment to embryogenesis (CDKA/cyclin-dependent kinase A,
PRZI/adaptor protein involved in CDK regulation, and STM/
shoot meristemless, a gene encoding KNOXI/homeodomain pro-
tein of the KNOTTED1-like class). Homologous genes were found
in conifers but it is still unknown if they have similar expression
patterns and functions [28]. Using the A. thaliana protein inter-
actome database, Elhiti et al. [20] further identified 51 proteins
that may be functionally associated with the expression of these
12 genes.

Strikingly, there is currently no molecular study in conifers
dedicated to the early steps of somatic embryogenesis initiation
from juvenile explants (ZE). Only the identification of P. glauca
somatic trees which shoot buds have been responsive to initiation
treatment has provided a unique opportunity to gain insights into
the molecular aspects of embryogenesis induction in conifers [21,
70]. In addition to conifer homologs of important genes for
embryogenesis induction discussed above, i.e., SERKI, LECI,
WOX2, and SKN1,2,3,4 (KNOTTED genes), Klimaszewska et al.
[70] studied the expression of genes with a recognized function
during early embryogenesis, including AP2-L2 (apetaln),
Auxin/IAA2 (indole-3-acetic acid-like 2), SAP2C (babyboom), and
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ABI3/VPI (viviparous). After 3-6 days of induction, competent
bud explants were downregulated for AP2-L2, SERK 1, and SKN1I-
4 and upregulated for IAA2 and SAP2C. After initiation, most of
these genes were expressed (SAP2C; SERKI, SKN1, 2, and 4) or
upregulated in early SEs (LEC1, WOX2, and VPI). SERK1, LECI,
and WOX genes were similarly found expressed in early SE of other
conifers [2, 17,44, 45, 61, 66, 67,76]. WOX2 has been suggested
as a possible marker of effective initiation in conifers [67, 70].
Further transcriptomic comparison of responsive and nonrespon-
sive genotypes could be performed during somatic embryogenesis
induction in P. glauca [21]. Surprisingly, only a few of the 12 can-
didate genes described by Elhiti et al. [20] for cell dedifferentia-
tion, totipotency, and commitment to embryogenesis were found
to be regulated, i.e., several ARF genes (including ARFI19), HSP17
and various CDK genes. It is suggested that effective SE initiation
requires not only the activation of embryogenesis-related genes,
but also a moderate activation of genes typical of adaptive stress
response of explant to induction treatment. Some of the most
highly expressed genes during SE induction in nonresponsive gen-
otype encoded proteins (apoplastic class III peroxidase, cell wall
invertase, serine protease inhibitors) possibly involved in biotic
defense activation. Interestingly, the jasmonic acid pathway
involved in biotic defense elicitation seems to be activated during
both cell dedifferentiation and totipotency acquisition in plants
[20]. Gene activation in bud explants from the responsive geno-
type was comparatively lower in magnitude and/or only transient.
Among the most upregulated genes, such an expression pattern
was observed for a gene (DHNI) encoding a conifer-specific group
2 of late embryogenesis abundant proteins (group 2 LEA), in
accordance with a well-supported role for dehydrins in adaptation
to environmental stress. An apoplastic class 111 peroxidase gene was
also activated following a similar transient pattern, suggesting that,
in contrast to nonresponsive genotype, cellular redox homeostasis
was rapidly restored after the initial oxidative burst promoted by
the induction treatment. Peroxidases are also involved in various
physiological processes associated with cell dedifferentiation and
totipotency (e.g., auxin metabolism, cell wall modification). They
were shown to accumulate early during the induction phase of
somatic embryogenesis in Picea species [107]. Two unknown
genes encoding proteins containing repetitive segments rich in
threonine—glutamine (QT-repeat) or proline (Proline-rich) were
also persistently upregulated in responsive genotypes. As these
genes appeared to be conifer-specific, no general conclusion could
be drawn as to their putative role in somatic embryogenesis induc-
tion. Additional transcriptomic studies are therefore required to
increase our understanding of the basic mechanisms governing the
highly complex embryonic phase in conifers.
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As previously observed in A. thaliana, transcriptomic profiling of
both SE [1,2,23,50,90,92], and/or ZE [19, 26, 27] in conifers
has revealed global characteristic changes in gene expression dur-
ing transition to successive developmental stages. In P. abies, com-
parative studies of normal and developmentally arrested
embryogenic lines [23, 90], revealed a transcriptional repressive
state during EM proliferation in the presence of PGRs, followed by
more active gene expression at the onset of embryo trans-
differentiation from EM, and again a repression state at the time of
embryo development. The number of differentially expressed
genes increased as embryos were developing [2]. Most transcripts
(92 %) were unique, suggesting that different sets of genes are
regulated at the proliferation/early embryo development and
early/late embryo transitions. Important changes in gene expres-
sion between consecutive SE stages were similarly detected in P
radiata [1] and P. glauca [92]. Considering ZE, general variations
over multiple embryo stages were revealed in P. taeda [26, 27].
Both similarities and differences were observed between somatic
and zygotic patterns, suggesting that transcriptomics could be a
useful tool to check SE quality [26, 27, 77]. In P. pinaster, de
Vega-Bartol et al. [19] revealed a large set of differentially expressed
sequences from early to cotyledonary embryo stages. Functional
categories associated with these genes clustered into nine different
profiles, each suggesting a high level of gene co-expression at the
same developmental stage. As in P. abies, there is an apparent gen-
eral trend during P. pinaster embryogenesis towards massive gene
regulation at the transitions from early to pre-cotyledonary
embryos and from cotyledonary to fully mature embryos. Such a
pattern may originate from both transcriptional (especially tran-
scription factors, TFs) and posttranscriptional regulation through
various epigenetic mechanisms, including transposable element-
mediated DNA methylation and heterochromatin maintenance
(histone deacetylase genes) at early stages, large chromatin-
remodeling events during late embryo development, and ubiqui-
tous small RNA-mediated regulation (especially miRNAs) across
all developmental stages.

Below we review major processes that have been highlighted in
transcriptomic studies for their crucial roles in the developmental
switch from early to mature embryo, including programmed cell
death (PCD), megagametophyte function and signaling, cell wall
modification, auxin signaling and other developmental regulators,
abscisic acid (ABA)-mediated processes, changes in metabolisms
(especially carbohydrates and proteins) and stress-related genes.
This is in close agreement with embryogenesis-related functions
supported by proteomic studies (see Subheading 3).

As part of initial embryo polarization, suspensor cells and EM dif-
ferentiate very early in P. abies. Expression of a transmembrane
protein C gene (TMP-C) encoding an aquaglyceroporin, known to
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be predominantly localized in suspensor cells in both P. taeda [87]
and P. abies [57], had already increased 24 h after early somatic
embryos were stimulated to develop [2]. TMP-C expression con-
tinued to 