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Abstract Somatic embryogenesis (SE) is a model system for
understanding the physiological, biochemical, and molecular
biological events occurring during plant embryo develop-
ment. Plant somatic cells have the ability to undergo
sustained divisions and give rise to an entire organism. This
remarkable feature is called plant cell totipotency. SE is a
notable illustration of plant totipotency and involves reprog-
ramming of development in somatic cells toward the
embryogenic pathway. Plant growth regularities, especially
auxins, are key components as their exogenous application
recapitulates the embryogenic potential of the mitotically
quiescent somatic cells. It has been observed that there are
genetic and also physiological factors that trigger in vitro
embryogenesis in various types of plant somatic cells.
Analysis of the proteome and transcriptome has led to the
identification and characterization of certain genes involved
in SE. Most of these genes, however, are upregulated only in
the late developmental stages, suggesting that they do not
play a direct role in the vegetative-to-embryogenic transition.
However, the molecular bases of those triggering factors and
the genetic and biochemical mechanisms leading to in vitro
embryogenesis are still unknown. Here, we describe the plant
factors that participate in the vegetative-to-embryogenic
transition and discuss their possible roles in this process.
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Introduction

Embryogenesis is a crucial developmental process in the
life cycle of plants spanning the transition from the
fertilized egg to the generation of a mature embryo. In this
process, the embryo acquires a defined apical-basal pattern
along the main body axis with shoot and root poles, a
hypocotyl and cotyledons. Alternatively, embryogenesis
can take place without the involvement of fertilization or
gamete fusion. The origins of such asexual embryos are
quite diverse; e.g., apomictic embryos are derived from an
unfertilized egg cell or from maternal tissue. Somatic
embryogenesis (SE) is the developmental restructuring of
somatic cells toward the embryogenic pathway and forms
the basis of cellular totipotency in higher plants [76, 130].
While carrot was the first plant species in which SE was
reported, during the last 50-plus years of culturing experi-
ments, the induction of in vitro SE has been shown to be
successful in many plant species, including angiosperms
and gymnosperms.

SE provides an attractive model system for studying
zygotic embryogenesis, particularly because zygotic em-
bryos are encased by maternal tissues and are difficult to
access using biochemical and molecular tools. In contrast to
zygotic embryogenesis, SE is a nonsexual propagation
process where somatic cells differentiate somatic embryos.
Therefore, somatic embryos can be used for studying the
regulation of embryo development. However, SE has been
viewed as a tool for massive propagation of commercial
crops and as a potential model system for the study of the
regulation of gene expression required for the earliest
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developmental events in the life of higher plants, such as
the developmental mechanism of embryogenesis [228]. In
addition, as the initial basis of cellular and genetic
engineering, SE plays an important role in genetic
transformation, somatic hybridization, and somaclonal
variation.

Although, genetic programs controlling embryo devel-
opment in zygotic and SE display many similarities [122,
228], the mechanisms determining the induction phase of
these two processes are different. Zygotic embryo devel-
opment begins with the formation of the zygote following
fertilization, while somatic cells acquire embryogenic
competence as a result of different chemical and physical
stimuli. Thus, plant SE is a developmental process
involving the reprogramming of gene expression patterns
involving cascades of genetic triggers turning on and off the
expression of specific genes [42, 127].

Historically, it has been observed that there are genetic
and also physiological factors that trigger in vitro embryo-
genesis in various types of plant somatic cells. However,
the molecular bases of those triggering factors and the
genetic and biochemical mechanisms leading to in vitro
embryogenesis are still unknown [127, 211]. Understanding
the key factors promoting vegetative-to-embryogenic tran-
sition and identification of genes involved in the induction
of competence for embryogenesis and subsequent embryo
development presents a challenge for modern molecular
biology. There are now many new molecular techniques,
which will enable the dissection of these early events in the
stages of commitment and differentiation of the plant. We
can expect that over the next decade, there will be many
basic advances in stem cell biology in both plant and
animal systems. Furthermore, these advances will benefit
the lives of humans, animals, plants, agriculture, and the
environment.

Some reviews have been published dealing specifically
with the molecular basis of vegetative-to-embryogenic
transition [26, 42, 127, 150]. Although recent analysis of
the proteome and transcriptome have led to the identifica-
tion and characterization of new genes induced SE, there is
no review on recent information of prime events SE
induction. In this review, recent information on molecular
basis of vegetative-to-embryogenic transition is described.
Possible molecular basis by which different factors induce
or modify embryogenic competence in cultured cells are
discussed.

Genes and proteins
There are two different ways of induction of somatic

embryogenesis: direct somatic embryogenesis (DSE) and
indirect somatic embryogenesis (ISE). DSE is when a
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minimal proliferation of unorganized tissue precedes
embryo formation; while in ISE, callus proliferates pro-
fusely before embryo formation. It has been suggested that
in DSE, proembryogenic competent cells are already
present and the expression of the embryogenetic program
merely depends on favorable conditions and a minimal
gene reprogramming is required for DSE, whereas in ISE, a
major cell gene reprogramming is necessary for de-
differentiation to acquire the embryogenic status [218].

During the past two decades, considerable efforts have
been made to identify genes with altered expression
patterns during SE. Various systems have been exploited
to understand the mechanisms of gene regulation during SE
and carrot has served as the model system [26, 42, 73, 74,
150, 152, 228]. Analysis of the proteome and transcriptome
has led to the identification and characterization of certain
genes involved in SE [7, 21, 22, 26, 57, 77, 107, 154, 158,
167, 187, 207, 220, 226]. Most of these genes, however, are
upregulated only in the late developmental stages, suggest-
ing that they do not play a direct role in the vegetative-
to-embryogenic transition.

SERK genes

The search for genes that mark single somatic cells in transit
to become embryogenic resulted in the discovery of the
SOMATIC EMBRYOGENESIS RECEPTOR KINASE
(SERK). SERK is transiently expressed in a subpopulation
of enlarged vacuolated cells in an embryogenic culture
derived from cultured hypocotyl explants [173]. This cell
type was the same as described earlier by Guzzo et al. [62] as
being the embryogenic cell type. SERK-marked single cells
detached from the proliferating hypocotyl provascular tissue
only after prolonged exposure to 2,4-dichlorophenoxyacetic
acid (2,4-p) [173], with an exposure time similar to that
found by Guzzo et al. [62] to generate embryogenic cells
[173]. Cell tracking experiments showed that the SERK-
expressing cells could initiate SE. SERK was expressed in
cells with varying morphology, but only cells of the enlarged
vacuolated type formed somatic embryos. Both in somatic
and zygotic carrot embryos SERK expression ceased in most
cells after the globular stage, emphasizing the molecular
similarity between somatic and zygotic embryogenesis. In
addition, SERK was detected during flower development and
was highest 10 days after pollination [173]. Homologs of
SERK have been discovered in several plant species, which
includes Dactylis glomerata [184], Zea mays [5], Medicago
truncatula [130], Helianthus annuus [198], Oryza sativa
[79], Citrus unshiu [178], Theobroma cacao [169, 170], and
Solanum tuberosum [177]. Analysis of the sequenced
Arabidopsis genome revealed that a family of five homologs
of the carrot SERK was present. Also in maize and Medicago
multiple SERK homologs were found three and five,
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respectively [5, 130]. The Arabidopsis SERKI protein
contains all the main protein motifs found in other species
[66, 72, 130, 198]. Postembryonically, Arabidopsis SERKI is
expressed in vascular bundles [66, 100] and in developing
lateral roots [100]. Mutants with enlarged SHOOT MERIS-
TEMLESS (SAM) retain embryogenic competence after
germination in Arabidopsis [124]. The SE system described
by Mordhorst et al. [124] was used to follow the expression
of SERKI in Arabidopsis during the initiation of an
embryogenic culture in an altered meristem programl (ampl)
mutant background. In response to the presence of 2,4-D in
the induction medium, SERKI expression increased in the
SAM and the vascular bundles [62, 124, 151, 173, 184].
Embryogenic structures originating from the SAM area
showed SERKI expression. No expression was seen in non-
embryogenic calli. SERKI expression was enhanced in the
highly embryogenic ampl cultures. Overexpression of
SERKI does not result in any obvious plant phenotypes but
gives a 3- to 4-fold increase in embryogenic competence,
which indicates that SERKI not only marks embryogenic
competence (EC) but also promotes the transition of
somatic cells to an embryogenic state [66]. Arabidopsis
SERKI is expressed before fertilization during both male
and female sporophytic and gametophytic development [2,
66, 100] and after fertilization in the developing embryo
until heart stage [66, 100]. In the monocot D. glomerata,
SERKI was also found to closely follow the development
of cells competent to form somatic embryos [184]. In
Helianthus, SERKI expression increased in the morpho-
genetic zone of immature zygotic embryos under embryo-
genic culture conditions until 2 days of incubation, after
which SERKI levels decreased. The increase and subse-
quent decrease in SERKI expression correlated with the
acquisition and loss of EC. Similar to Daucus, Dactylis,
and Arabidopsis, Helianthus SERKI continued to be
expressed in developing embryonic structures, and ex-
pression ceased after 7 days of development. In addition,
SERKI expression was detected in the provascular tissue
and leaf primordia of the embryo [198]. The suppression
of Oryza SERKI by RNA interference resulted in an
inhibition and SERKI overexpression resulted in induction
of shoot regeneration from callus. Whether this also
reflects the embryogenic capacity of the tissue is not
known. Interestingly, overexpression of Oryza SERKI also
resulted in an increased resistance to blast fungus [72]. In
both maize [5] and Medicago [130], SERKI expression
was not tightly correlated with SE, because SERKI
expression was found in both embryogenic and non-
embryogenic callus.

Membrane-located Leucine-Rich Repeat Receptor-Like
Kinases (LRR-RLKSs) play important roles in plant signal-
ing pathways [204]. The SERK gene encodes a LRR-RLK.
The predicted protein contains an N-terminal Leucine zipper

domain followed by five LRRs, a serine and proline rich SPP
domain, a transmembrane domain, and an intracellular
serine/threonine kinase domain. The SPP domain is a unique
feature of the SERK family of receptor kinases [66, 173].
Recently, SERK1 were shown in protein complexes that
include components of the brassinosteroid signaling pathway
such as BRASSINOSTEROID-INSENSITIVE 1 (BRI1) and
its co-receptor BRI1-ASSOCIATED RECEPTOR KINASE
1 (BAKI1)/SERK3 [86]. Receptors such as BRIl and SERK1
are synthesized in the endoplasmic reticulum, from where
they pass through the Golgi network to be inserted into the
plasma membrane (PM). Indeed, the use of fluorescently
tagged BRI1 and SERK proteins has shown clearly both
plasma and internal membrane localization [100]. Upon
binding of brassinosteroid (BR) to the extracellular domain
of BRII, a negative regulator of BRIl activity is released
from the PM and increases the affinity of BRIl for SERK3
[216]. Oligomerization of the BRI1/SERK3 receptors and
transphosphorylation of the kinase domains takes place
[216]. This inhibits, via an unknown pathway, the phosphor-
ylation of BZR1 (for brassinazole resistant 1) by the BIN2
(for BR insensitive 2) kinase that, when phosphorylated, is
translocated to [164] and retained in the cytoplasm via 14-3-
3 proteins [52]. Subsequently, accumulation of dephosphory-
lated nuclear-localized BES1 and dephosphorylated BZR1
transcription factors induces the genetic response to brassi-
nolide in Arabidopsis (Fig. 1). BAK1/SERK3 is not the only
coreceptor of BRI1; SERKI also interacts with BRI1 [86],
and evidence has been presented that BKK1, identical to
SERK4, also participates in BR signaling [65]. Thus, the
classical model for ligand-induced heterooligomerization
followed by auto- and transphosphorylation as well as
translocation of target proteins appears to apply to receptors
of the BRII/SERK class while complexes of different
composition may have different specificity. These results
suggest that SERK1 may be involved in brassinolide
signaling as well as in the acquisition of EC.

To summarize, it appears that in most plant species
investigated, SERKI expression marks the acquisition of EC
in tissue culture, but the gene is also expressed in non-
embryogenic cells. In addition, there may be a correlation
with organogenic competence in some tissue culture
systems.

LEC genes

Arabidopsis leafy cotyledon (LEC) genes, LECI and LEC2,
were identified originally as loss-of-function mutations
resulting in defects in both embryo identity and seed
maturation processes [63]. LEC genes play a central role
in controlling many aspects of plant embryogenesis and
their identification and analysis provided insight into their
functions.
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Fig. 1 Interacting partners in brassinosteroid (BR) signaling. Upon
binding of brassinolide (BL) to BRI!, SERK3 dissociates from the
receptor and transphosphorylation take place with SERKI/SERK3.
Subsequently phosphorylation of BZR! by BIN2 is inhibited. This
leads to accumulation of dephosphorylated BZR/ and BESI in the
nucleus, which induces gene transcription. Furthermore, phosphory-
lated BZR! translocated to the cytoplasm is retained there by 14-3-3
proteins, and only dephosphorylated BZR! translocates back to the
nucleus

The LECI gene of Arabidopsis thaliana encodes a
protein related to the Heme-Activated Proteins 3 (HAP3)
subunit of the CCAAT box-Binding F LRR-RLKs actor (CBF)
[102, 110]. Kwong et al. [101] identified genes encoding
Arabidopsis HAP3 subunits in Phaseolus coccineus. One of
them, closely related to LEC/ and named LECI-LIKE (L1L),
is required for normal embryo development [101]. When
ectopically expressed, L/L can complement LEC! functions
[101]. A homolog of the L/L gene that encodes the HAP3
subunit of the CBF was found in the cocoa genome (7cL/L)
[3]. The TcLIL conceptual translation product showed
sequence similarity with the putative L/L protein isolated
from P. coccineus [101] and H. annuus [40]. High TeLIL
mRNA levels were detected in young somatic embryos
and non-embryogenic explants did not show T7cLIL
expression. Its expression was restricted to young and
immature embryos, and no expression was detected in
mature embryos. The observation that 7cL/L expression
was detected before inside/outside patterning was initiated
and was then strongly maintained in the protoderm
confirmed the role of LEC genes in coordinating primary
events leading to embryonic competence [63, 101]. The
cells of this special cell layer are precisely the place of
origin of secondary somatic embryos. The carrot homolog
of Arabidopsis LECI was expressed in embryogenic carrot
cells and in somatic embryos developing from them, but
not in cells from a non-embryogenic culture [223].

LEC?2 regulates many distinct aspects of embryogenesis
[191]. For example, during the early morphogenesis phase
of embryogenesis in which the basic body plan of the
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embryo is established, loss-of-function mutations in LEC2
affect the maintenance of embryonic cell fate and specifi-
cation of cotyledon identity. Later in embryogenesis, lec2
mutants have cotyledon tips that do not accumulate storage
reserves nor acquire desiccation tolerance, indicating
defects in the initiation and/or maintenance of the matura-
tion phase. Consistent with the pleiotropic effects of the
lec2 mutation, LEC2 encodes a transcription factor with a
B3 domain, a DNA binding region found thus far only in
plant proteins [169, 170, 191].

Stone et al. [191] have shown that LEC! and LEC2 genes
may be involved in establishing EC in zygotic embryogen-
esis where both genes were detected in the earliest
embryogenic stages tested. LECI and LEC2 were found to
be sufficient to induce embryo development in vegetative
cells when expressed ectopically [12, 50, 110, 191].

In Arabidopsis, substantial loss of embryogenic potential in
cultured somatic cells caused by mutations in LEC genes
suggests that LEC transcription factors activate genes essential
for SE initiation. The complete inability of LEC mutants for
direct SE and infrequent formation of single somatic embryos
from callus tissue suggests that two genetically different
pathways lead to somatic embryo formation: (1) a rapid and
efficient direct embryogenesis which requires active LEC
genes and (2) a much less efficient, slower pathway of
indirect embryogenesis, in which LEC genes may not be
necessary and which is preceded by cell dedifferentiation
[50]. These assumptions are consistent with the observation
that in wild-type Arabidopsis cultures, both direct and indirect
developmental pathways can be induced [48, 75, 124].

Stone et al. [190] have shown that gene-encoding enzymes
involved in auxin biosynthesis in SE of Arabidopsis are
activated within 1 h after induction of LEC2 activity, and
LEC2 may induce somatic embryogenesis in vegetative
tissues, in part, through its enhancement of auxin activity.
Consistent with a role for LEC2 in the induction of auxin-
related processes, LEC2 promoter activity colocalizes with
auxin maxima in the cells displaying embryogenic patterns
of cell division in tissues undergoing somatic embryogenesis
[98]. Auxin-induced somatic embryogenesis in Arabidopsis
requires LECI and LEC2 expression [50]. Braybrook et al.
[12] showed that ectopic expression of a 355::LEC2:GR
transgene activates 14430 gene expression, indicating a
potential link between auxin signaling and LECZ2-induced
somatic embryogenesis. We suggested that LEC gene may
act by stimulating the production of plant hormones and/or
increasing the sensitivity of the cell to these substances.

To summarize, the LEC genes are essential for in vitro
SE induction. The strongly impaired in vitro embryogenic
responses of Jec mutant explants, manifested by the
frequent formation of non-embryogenic callus, suggests
that LEC genes are likely essential for changing cell fate
from somatic to EC.
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BBM genes

The Baby Boom (BBM) gene, which was isolated from
microspore embryo cultures of Brassica napus [11],
encodes a transcriptional factor belonging to the AP2/ERF
family. The AP2/ERF transcription factor family is one of
the largest in Arabidopsis, comprising of almost 150 genes
that are differentially expressed (database of Arabidopsis
transcription factors: http://datf.cbi.pku.edu.cn; [90, 91,
126, 168]. The AP2/ERF family has been organized into
five phylogenetically distinct subfamilies that differ in the
number of AP2/ERF domains, as well as the amino acid
similarity between these domains [168]. Genes belonging to
two of these subfamilies have been shown to enhance in
vitro regeneration [4, 11], while others play a role in related
processes controlling meristem cell fate and organ devel-
opment [25, 38, 205]. One of these genes, BBM also
bypasses the requirement for plant growth regulators to
induce regeneration [186]. Passarinho et al. [142] used
DNA microarray analysis in combination with a post-
translationally regulated BBM:GR protein and cyclohexi-
mide to identify target genes that are directly activated by
BBM expression in Arabidopsis seedlings. They suggest
that the BBM transcription factor activates a complex
network of developmental pathways associated with cell
proliferation and growth. BBM AP2/ERF domain protein is
a seed and root-meristem expressed transcription factor that
was identified as a marker for embryo development in B.
napus microspore-derived embryo cultures [11], as a gene
showing preferential expression in the basal region of the
Arabidopsis embryo [17] and as an auxin-inducible root
expressed gene in M. truncatula [78]. Ectopic expression of
BBM in Arabidopsis primarily induces spontaneous somatic
embryo formation from seedlings, although ectopic shoots
and callus also develop at a lower frequency [11]. In
tobacco, heterologous BBM expression induces spontane-
ous shoot and callus formation, while a cytokinin pulse is
required for somatic embryo formation [186]. The ability of
BBM to promote organogenesis and embryogenesis in the
absence of exogenously applied growth regulators sug-
gested that BBM may act by stimulating the production of
plant hormones and/or increasing the sensitivity of the cell
to these substances. Klucher et al. [95] speculated that AP2/
ERF domain proteins, being unique to plants, might have
coevolved with plant-specific pathways such as hormone
signal transduction.

AGLI15 gene

Harding et al. [64] demonstrated that ectopic expression of
AGAMOUS-Like 15 (AGL15) could enhance production of
somatic embryos from cultured zygotic embryos and from
the SAMs of seeds that complete germination in liquid

media that contains 2,4-D and enhances production of
secondary embryonic tissue from cultured zygotic embryos
in Arabidopsis. Recently, Thakare et al. [197] reported that
loss-of-function mutants of AGLI5, alone or when com-
bined with a loss-of-function mutant of a closely related
family member, AGL18, show decreased ability to produce
somatic embryos. AGLI5 was initially identified using
differential display of mRNA as an embryo expressed gene
as well as during characterization of MADS-box genes in
Arabidopsis [67]. Although the gene is expressed and the
protein accumulates to its highest level in developing
embryos, AGLI5 is expressed in subsets of cells, generally
at lower levels after the completion of germination [43, 67,
146]. MADS-domain proteins are a family of transcription-
al regulatory factors found in eukaryotic organisms. In
plants, MADS-domain proteins are central players in many
developmental processes, including control of flowering
time, homeotic regulation of floral organogenesis, fruit
development, and seed pigmentation [139]. Interestingly
and perhaps relevant for SE, AGL15 has been identified as
a component of a SERK1 protein complex [86], and both
SERKI and AGLI15, are expressed in response to auxin
treatment [53, 130, 227]. Also intriguing are recent results
that indicate that LEC2 may directly induce expression of
AGLI15 [12]. Like LEC2 and AGLI5 impacts upon
bioactive GA accumulation, but AGLI5 mediates its effect
at least in part by directly inducing expression of GA 2-
oxidase6 that encodes a GA 2-oxidase that catabolizes
biologically active GA [215]. Expression of this GA 2-
oxidase affects somatic embryo development from the
SAM of liquid culture-grown seedlings in the presence of
2.4-p [215].

MtSERF1 gene

Mantiri et al. [114] reported that in inhibitors of ethylene
biosynthesis and perception, it was shown that ethylene was
necessary for SE in M. truncatula. They demonstrate that
SOMATIC EMBRYO RELATED FACTORI (MtSERFI) is
induced by ethylene and is expressed in embryogenic calli.
RNA interference knockdown of this gene causes strong
inhibition of SE. They have shown that M¢SERFI expres-
sion is inhibited by AVG and Ag", indicating its ethylene
dependence. This gene is a member of the ERF subfamily
based on the classification of Nakano et al. [126]. ERF play
an important role in hormone signal transduction, and they
interconnect different hormone pathways [212]. Ethylene is
perceived by a family of five receptors: ETR1, ERSI,
ETR2, ERS2, and EIN4. Genetic and molecular studies
have positioned these receptors upstream of the Raf-like
MAP kinase kinase kinase, CTR1, which interacts with the
receptors and also acts as a negative regulator (Fig. 2). The
integral membrane protein, EIN2, and the transcription
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Ethylene

Embryogenesis
Response genes

Fig. 2 A model for ERF play role in ethylene signal transduction.
Ethylene is perceived by a family of two-component receptors
containing a consensus or degenerate HK domain (/). Three of the
receptors also contain a C-terminal receiver domain (R). The receptors
negatively regulate ethylene response together with CTR1 in a
complex on the endoplasmic reticulum membrane. Perception results
in reduced receptor and CTR1 activities and activation of a MAP
kinase kinase, which transmits the signal through the EIN2 membrane
protein, ultimately resulting in the activation of a transcriptional
cascade in the nucleus

factors EIN3 and EIL1 are positive regulators of ethylene
signaling downstream of CTR1. Current models propose that
hormone binding inactivates the receptors, thus resulting in
downregulation of CTR1 activity. Since the identification of
CTRI1, biologists have speculated that a MAP kinase cascade
may be involved. Only recently, however, have putative
MAP kinase and MAP kinase components of the ethylene
pathway been identified [18]. Interestingly, these kinases
appear to positively regulate ethylene response, suggesting
that CTR1 must inhibit their function. If so, this would
represent a novel twist on the traditional MAP kinase
signaling paradigm. Precisely how the ethylene signal is
transduced to the EIN3 and EIL1 transcription factors
remains unclear. However, the recent finding that ethylene
stabilizes these transcription factors, which are targeted for
degradation by an SCF complex in the absence of ethylene,
clearly indicates a role for the ubiquitin pathway [61, 147].
One of the known targets for EIN3 is the ERF1 transcription
factor, which activates several genes involved in a subset of
ethylene responses.

The finding of a relationship between an ERF subfamily
gene and the formation of somatic embryos in vitro is
consistent with an emerging picture of the involvement of
ERF transcription factors in developmental processes
studied in vitro.
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MtSK1gene

The stress response induced by explant wounding and
culture is increasingly recognized as an important compo-
nent of somatic embryo induction [24]. Nolan et al. [131]
have cloned and investigated the M. truncatula Stress
Kinasel (MtSK1) gene in relation to SE in M. fruncatula.
The induction of expression of MtSK/ in culture is not
dependent on hormones in the culture medium with
elevated expression on both hormone-containing and
hormone-free media. Excising the tissue has upregulated
MtSK1 expression. The likely role of M#SKI in stress-
induced signaling provides a way forward in relating the
stress-response pathway to the auxin and cytokinin-induced
pathways involved in the induction of SE in the M.
truncatula culture system. M#SKI is a member of the class
of plant kinases called the SNF1-Related Kinase (SnRK)
group. Members of the SnRK group of kinases are thought
to play a role in stress responses of plants, and some of
them are induced by Abscisic Acid (ABA) [71]. The
connection between stress and SE has received increasing
attention over recent years [42].

GST gene

The transcripts of Glutathione-S-Transferase (GST) genes
were detected in abundance during auxin induction and in
somatic embryos. GST transcripts have been shown to
accumulate in Chicorium intybus [51], Medicago sativa
(Thibaud-Nissen et al. 2003), Cyclamen persicum [220],
and Gossypium hirsutum [226] somatic embryos and GST
appears to be a major regulator of the interacting genes
sequenced in the present case in response to auxin. Some
GSTs are induced by auxin [125] and H,O, [106], and
might target transcription factors like WRKY [29] and
transport certain gene products produced during oxidative
stress to the vacuole [36]. Reactive oxygen species have
been shown to act as second messenger during auxin and
stress-induced embryogenesis [115]. On the other hand,
GST are not only responsive to auxin but are also induced
by other hormones, e.g., ABA and ethyl jasmonate and
under various biotic and abiotic stresses and may have a
possible role in detoxifying excessive amounts of auxin,
thus regulating the intracellular concentration or its inactive
analogs [60]. These results suggest that the roles of GST
genes during acquisition of embryogenic potential are likely
to be associated with protecting the cell against the harmful
effects of reactive oxygen species.

WUS gene

WUSCHEL (WUS) is a homeobox gene which encodes a
transcription factor that regulates the pool of stem cells in
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the shoot meristem and is regulated by a feedback loop
involving the CLAVATA (CLV) genes [9]. Mutations in the
CLVI, CLV2, and CLV3 genes result in a larger expression
domain of WUS, which in turn results in an increase in
SAM size [174]. Mutants with an enlarged SAM such as
clv genes retain EC after germination [124, 213]. Zuo
et al. [229] reported WUS gene promotes vegetative-to-
embryonic transition in Arabidopsis in all tissues and
organs tested, without any external plant hormones. This
is because appropriate auxin transport and distribution are
needed for embryo development and pattern formation.
WUS transient overexpression causes highly embryogenic
callus formation in the presence of auxin, whereas it
directly induces somatic embryo formation from different
plant organs in the absence of any exogenous auxin.
Therefore, it appears that WUS can reprogram cell fate,
bypassing the auxin requirement, or simply taking advan-
tage of the endogenous auxin flux.

PKL gene

PICKLE (PKL) is necessary to ensure that traits expressed
during embryogenesis and seed formation are not expressed
after germination [133]. pk/ seedlings are capable of
expressing embryo-associated traits throughout the plant.
In particular, the primary roots of pkl seedlings have been
demonstrated to express many embryo specific traits after
germination, including the accumulation of seed storage
reserves and the ability to undergo SE [69, 133, 157].
During post-embryonic growth, PKL inhibits embryonic
traits via transcriptional repression of seed storage proteins
[133] and LEC genes [132, 160], and, therefore, is a master
regulator of embryogenesis. The PKL gene encodes a
CHD3 protein, a chromosome remodeling factor which is
ubiquitously expressed in Arabidopsis [39, 133]. This
suggests a possible role for chromatin remodeling in the
coordination of transcription during the context of a stress-
induced developmental switch, especially in the derepres-
sion of gene expression programs associated with somatic
embryo induction.

GLPs

Germin-like proteins (GLPs) are a group of proteins sharing
homology to cereal germins. Germins/GLPs are apoplastic
proteins and are part of the cupin superfamily [34] that
includes various proteins identified in many eukaryotes.
The common feature of all these proteins is a conserved 3D
structure that forms a six stranded beta barrel [35]. Some
GLPs such as tobacco Nectarin I [175, 193] are reported to
have SOD activity. It is interesting in terms of the
physiological role of GLPs that both SOD and OXO
generate hydrogen peroxide (H,O,) and that germin and

GLPs are located on the apoplast. OXO can catalyze oxalic
acid produced by several plant pathogens such as Sclerotinia
sclerotiorum, and SOD can dismute superoxide radicals
produced by the oxidative burst. In several cases, GLPs also
seem to have non-enzymatic biochemical activities. They can
act as auxin-binding proteins in peach [136] or serine
protease inhibitors in wheat [175]. Thus, germins/GLPs gene
expression is induced during biotic or abiotic stresses but can
also be related with developmental regulation. In a develop-
mental context, germin/GLP genes are often expressed
during the early growth stages in wheat embryos [199],
callus [14], pine [128], Arabidopsis (Member et al. 1997),
and cotton [116] and during organ formation in Arabidopsis
[119], barley [33], and potato [15]. Germins/GLPs could
prevent cell expansion by increasing the number of links
between polysaccharides and/or proteins within the cell wall
as well as favoring lignification. Caliskan and Cuming [13]
emphasize that wheat germins accumulate not only in cells
that have ceased to expand within the plant but also in auxin-
treated callus cells [14]. The role of apoplastic proteins in
cell differentiation and organogenesis has been extensively
studied in the conifer SE field. Variations in morphology
between different embryonic cell lines have been correlated
with differential protein secretion [37]. Such extracellular
proteins can even restore embryogenic capacity to develop-
mentally blocked conifer cell lines as observed in carrot
[108]. In Pinus caribaea, comparison between the profiles of
extracellular proteins of non-embryogenic and embryogenic
cell lines [30] lead to the characterization of the first GLP
identified in gymnosperms [30]. The ¢cDNA corresponding
to this protein was later isolated in a library and expression
analysis confirmed the embryogenic specificity of this GLP
[128].

ECPs

The induction of carrot SE, by treatment with various
stresses, has been exploited to isolate those proteins and
genes that are thought related to the acquisition of EC.
These proteins, i.e., embryogenic cell proteins (ECPs),
belong to the LEA protein groups [92, 93, 194]. The
expression of the ECP genes is positively regulated by
ABA, a phytohormone that is involved in abscission,
dormancy, and drought tolerance [89]. The ABI3 gene was
isolated based on studies of ABA-insensitive Arabidopsis
mutants [97]. This gene is believed to be related to the
seed-specific signal transduction of ABA [138]. A homolog
of this gene in carrot was isolated and named C-ABI3 [180].
This gene is mainly expressed in embryonic tissue and
positively regulates the expression of the ECP genes [89,
179, 180]. The endogenous levels of ABA also increase in
response to stress treatments in various plants including Z.
mays [165], Pisum sativum [41], and Brassica napus [171].
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It has been reported that carrot embryogenic cell contain
about 2.5 times more endogenous ABA than somatic
embryos at the torpedo stage and about 67.5 times more
than non-embryogenic cells that have lost the ability to
form somatic embryos [92]. Furthermore, treatment with
10°*M ABA induces embryo formation in carrot apical tip
explants [129], and ABA also plays an important role in the
induction of secondary SE in carrot [134]. Kikuchi et al.
[89] reported that Somatic embryo formation was inhibited
by the application of fluridone, a potent inhibitor of ABA
biosynthesis, during stress treatment. These results suggest
that the stress-induced accumulation of endogenous ABA is
involved in the induction of carrot SE.

Trx H protein

One of the most interesting proteins identified in studies of
proteomic analysis of SE of M. truncatula using mesophyll
protoplasts [76] and explant cultures [77] was Trx H. This
MtTrx H protein is highly homologous (71% identical) to
the A. thaliana ahl protein, which belongs to the subgroup
1 of the plant Trx H family. The members of the Trx H
group are encoded by a multigenic family of eight genes in
Arabidopsis [156]. The Trx H group is ubiquitous proteins,
which regulate a myriad of posttranscriptional biological
functions in eukaryotic cells and are involved in reserve
breakdown that sustains early seedling growth [56]. The
reduction of the first subgroup of Trx H are mediated by
NADPH-thioredoxin reductase, and many of these reac-
tions take place in specific cells and play a role in the redox
regulation of components of the vascular tissues [56]. The
Trx H group of proteins is involved in a wide scope of
biological functions, acting as cofactors, transcription
regulators, protein binding regulators, protein folding
catalysts, growth factors, and antioxidants. In somatic
embryo formation from explant cultures, MtTrx H was
reduced in expression at 5 weeks and could not be detected
in the 8-week-old cultures. These results suggest that MtTrx
H plays an important role during early stages of commit-
ment from the vegetative stage to a pathway of cellular
differentiation and proliferation.

PGRs

Among different external stimuli that induce an embryo-
genic pathway of development plant growth regulators
(PGRs) such as auxins and cytokinins used for in vitro
media have been the most frequently considered, as they
regulate the cell cycle and trigger cell divisions [45]. The
level of endogenous phytohormones is considered as one of
the crucial factors influencing embryogenic potential of
explants [49, 80, 81].
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Auxin is a PGR that elicits diverse plant responses
ranging from cell division, differentiation, cell elongation,
root initiation, and apical dominance to tropic responses [6].
Auxin is considered to be a positional and pattering signal
molecule that plays a major role in zygotic embryogenesis
[185] and SE [42, 143, 26]. There have been numerous
studies concerning the hormonal induction of SE in a wide
range of species. A significant amount of literature on auxin
biosynthesis, metabolism, and transport in embryos has
grown out of extensive analysis which shows that auxin
plays important roles both in induction of embryo formation
in culture and in the subsequent elaboration of proper
morphogenesis during embryo development [42, 149]. One
of the well-established functions of the plant ubiquitin/
proteasome pathway is in auxin signaling as illustrated in
Fig. 3 [68]. In this pathway, auxin promotes the breakdown
of certain auxin/indole-3-acetic acid (Aux/IAA) repressor
proteins through the action of the ubiquitin protein ligase
SCF™! which are believed to block the auxin-response
factors. Mutations in the Tramsport Inhibitor Responsorl
(TIRI) gene confer reduced auxin response [163]. TIRI
encodes a nuclear protein belonging to the F-box protein
family of Arabidopsis, which has approximately 700
members. TIR1 interacts with the core SCF subunits [58],
the SCF™! complex as a positive regulator of auxin
response and suggested a model invoking the SCFT™'-
mediated ubiquitinylation of a repressor of auxin signaling.
Additional Auxin Signaling F-Box protein is highly related
to TIR1 and were recently shown to exhibit auxin-dependent

SCFTIR1

)

Ub
P
b"'\

Ub
~
v

Auxin-regulated gene Riixdn-reguliited gene

L Developmental response
L

Fig. 3 The Ubiquitin-mediated proteolysis of Aux/IAA proteins
regulates auxin response. In the absence of an auxin stimulus, Aux/
IAA proteins inhibit ARF transcriptional activity by forming hetero-
dimers. Auxin perception (by an unknown receptor) targets the Aux/
IAA proteins to the SCFTIRI complex, resulting in their ubiquitination
and degradation, thereby derepressing the ARF transcription factors.
Among the ARF targets are the Aux/[AA genes themselves, which
produce nascent Aux/IAA proteins that restore repression upon the
pathway in a negative feedback loop
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binding to Aux/IAA proteins [29]. The Early known
candidate for an auxin receptor mediating auxin-regulated
cell expansion is Axin-Bnding Potein 1 (ABP1), discovered
31 years ago [155]. The knockout mutant of the ABPI in
Arabidopsis was characterized by an embryo-lethal pheno-
type [23], thus indicating its important role during embryo-
genesis. In carrot, auxin depletion leads to the inactivation of
some genes, thus enabling the embryogenic program to
proceed [28].

The abolition and reestablishment of polarity in the
cultured explant/cells is the foremost event enabling SE to
proceed. One possible polarity-controlling mechanism is
the orientation of auxin movement in the surrounding
tissues, which in seed bearing plants is in the reverse
direction (endoscopic embryogenesis) to that of the devel-
oping embryo [219]. Treatments such as explant wounding,
or exposure to medium containing 2,4-D, may result in the
rapid proliferation of cells that become undifferentiated (or
de-differentiated) and lose their original polarity [219] or
attain a hyperpolarized state [59]. This interference with
polar auxin transport abolishes auxin gradients, which
subsequently halts the programmed organogenesis and
tropic responses [195, 196]. This involves the erasure of
existing transcriptional and translational patterns in order to
redirect the developmental program of cells [42] and is
marked by an increase in endogenous auxin levels [143],
which along with exogenous auxin application, is a critical
factor during the induction and expression of SE [81]. At
the molecular level, Auxin influx carrier proteinl/ polar
auxin transport inhibitor resistant proteinl (AUX1), PIN-
FORMED (PIN), and P-GLYCOPROTEIN (PGP) classes
of auxin influx and efflux facilitators are responsible for
maintaining the characteristic polar auxin transport or
gradient [55, 137, 141] by their asymmetric localization
across the plasma membrane [10, 55, 192]. This coordinat-
ed transporter-dependent differential auxin distribution is
crucial for embryo development and other patterning and
developmental events in plants. AUX! and PIN regulate
proton gradient-driven movement of auxin across the plasma
membrane, while PGP mainly operates through an energized
auxin transport [120]. The Arabidopsis PIN gene family
consists of eight members and their polarity rearrangements
define one of the earliest events in the regulation of different
patterning and organogenesis processes [120]. During the
earliest developmental stages, PIN/ is first expressed in pro-
embryogenic cells in a nonpolar manner and then becomes
polarized to basal side of provascular cells by the attainment
of early globular stage [46, 189].

Among different auxins, 2,4-D was the most commonly
applied for somatic embrogenesis induction. In more than
65% of the recent protocols, 2,4-D as applied alone or in
combination with other PGRs and many in vitro SE
systems rely on the use of exogenous 2,4-D as an inducer

[49]. In general, competent cells arise from explants cultured
in media supplemented with strong synthetic auxins such
2,4-D. 2,4-D may have several roles in this process, acting as
an auxin directly or modifying intracellular indole acetic acid
(IAA) metabolism and/or as a “stressor” [42, 151]. Genes
which were studied for auxin induction were also found to
be responsive to various abiotic stresses. 2,4-D is known to
induce many stress-related genes [27, 131, 140, 143, 148]. In
soybean, somatic embryos is induced by 2,4-D in cotyledons
and is associated with upregulation of oxidative stress and
defense genes (Thibaud-Nissen et al. 2003). However, 2,4-D
is also a strong herbicide and the concentration of [AA
required for the induction of SE is over 103 times the
endogenous free IAA level [159]. Therefore, 2,4-D is thought
to function as a stress substance rather than as a phytohor-
mone, triggering the acquisition of EC by plant cells.
However, it is not known how and why 2,4-D is so effective
in the induction of EC.

In many reports have been shown that the formation of
an embryogenic cell is related to nuclear DNA hyper-
methylation in the presence of 2,4-p [104, 109, 222]. In
Cucurbita pepo, the highest rate of DNA methylation
occurred in the early embryo stages, predominantly on
medium containing 2,4-D and DNA methylation decreased
during embryo maturation on auxin-free medium [104]. A
carrot DNA methyltransferase gene, Met/—5 was expressed
transiently after the induction of SE by 2,4-D, before the
formation of embryogenic cell clumps and 5-azacytidine,
an inhibitor of DNA methylation suppressed the formation
of embryogenic cell clumps from epidermal carrot cells
[222]. Arabidopsis plants with an antisense MET! trans-
gene, partial-loss-of-function met/ mutations, or cmt3 drml
drm?2 mutations revealed that reduced DNA methylation
results in abnormal postembryonic plant development [16,
44, 83-85, 87, 162, 172, 221]. How does DNA methylation
affect in acquiring the EC? DNA methylation is a unique
and noteworthy process because it involves the covalent
modification of a cell’s genetic material [54, 94] and plays
an important role to modify the information content of the
underlying genetic sequence and gene expression [8]. Xiao
et al. [221] show that DNA methylation performed by
MET]I influences gene expression during embryogenesis in
Arabidopsis. Therefore, dynamic changes in chromatin
structure by DNA methylation at presence of 2,4-D leads to
genomic reprogramming in somatic cells and hundreds of
genes specifically required for acquiring the embryogenic
competence are expressed (Fig. 4).

Cytokinins are plant hormones that influence diverse
processes of growth and development, such as cell
proliferation and differentiation, vascular morphogenesis,
shoot development, chloroplast morphogenesis, leaf senes-
cence, and axillary bud dormancy [90, 91, 112, 113, 195,
196]. There is support for the idea that cytokinin, in
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DNA Chromatin
remodeling

Fig. 4 A model of the acquiring the embryogenic competence by
DNA methylation at present of 2,4-D. DNA methylation afterward
chromatin remolding take place in somatic cell. At last, somatic cell
was undergoing genomic reprogramming and acquiring the embryo-
genic competence

general, are essential during the initial cell division phase of
SE, but not for later stages of embryo development and
maturation in carrot [200]. It has been previously observed
that incorporation of zeatin into the medium during days 3
and 4 of culture, promotes the formation of carrot embryos
to a great extent, probably due to enhancement of the cell
division that occurs during this period in the cell clusters
that is considered to be one of the most important events
during the embryogenetic process [47]. In general, auxins
are considered to have a major impact on the induction of
somatic embryos in most regeneration systems [153].
However, initiation of somatic embryos on medium contain-
ing cytokinin as the sole PGR has also been reported in few
species such as, H. annuus [20], Spinacia oleracea [225],
Corydalis yanhusuo [166], Leptadenia reticulate [117],
Dianthus caryophyllus [86], and Elaeagnus angustifolia
(Karami O, Piri K, under review). In carrot, purine riboside,
an anticytokinin, inhibited direct SE, and this effect was
nullified by the application of cytokinin [200]. This
observation does not rule out auxins as a major link in the
signal transduction chain because the internal auxin concen-
tration, either globally or on a local scale, can be indirectly
influenced by the media composition and general growth
conditions. Such hypothetical local variation of auxin could
be the result of de novo synthesis, catabolism, conjugation,
or a relocation of preexisting, auxin forms, within the
explant. If such changes in internal auxin concentrations
indeed contributed to the induction of somatic embryos, they
could be expected to be mimicked, in part, by external
addition of auxin. It is clear that external supply can only be
a gross approximation of the natural situation because local
differences are likely to be swamped.

Cell—cell communication
Cell—cell communication and signaling are controlled by

the intercellular trafficking of signal molecules through the
cytoplasmic channels called plasmodesmata (PD) and
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plasma membrane receptors (PMRs) [1, 161]. PD and
PMR play an important role in development, coordination
of the physiology between different tissues, and disease
defenses [161]. Signals can be transmitted via receptor—
ligand interactions in both plant and animal cells. However,
PD and PMR provide plants with a unique means of
intercellular communication, where each plant cell can form
direct conduits to its neighbors, forming domains of cells
sharing common components.

The acquisition of an embryogenic state is not a cell-
autonomous process, but requires cell-cell communication
[123]. It was found that higher cell densities in a culture
containing both embryogenic and non-embryogenic cells
increases the amount of embryogenic cells [28, 96, 201].
Next to that, adding preconditioned medium obtained from
an embryogenic culture [28] or co-cultivation with zygotic
embryos [70] also increases the embryogenic potential of
embryogenic cultures. Labeling of cells with the JIMS8
antibody, which recognizes a certain arabinogalactan
protein (AGP) epitope present in embryogenic cultures, is
indicative for the EC of a cell line [144, 202]. Cells labeled
with JIM8 were believed to be in a transition towards an
embryogenic state because a subpopulation of small
cytoplasm rich cells in an embryogenic culture was
recognized by JIMS [144]. Cell tracking of the JIMS8-
labeled cells, however, did not reveal a relationship
between embryogenesis and JIM-8 labeling, suggesting
that the JIM8-labeled cells perform an accessory function in
SE [202]. The finding that in the absence of the JIMS-
labeled cell population, no somatic embryos develop, but
callus is formed, demonstrates the importance of cell—cell
communication in the maintenance of EC in culture [145].

The carrot EP3 endochitinase gene is expressed in an
embryogenic culture, but its expression is not correlated with
embryogenic cells and is absent from somatic embryos
[208]. EP3 is secreted into the medium and addition of
purified EP3 to a suspension culture of the temperature
sensitive carrot mutant #s// rescued somatic embryo devel-
opment. So, the expression of EP3 in non-embryogenic cells
and its importance for SE again suggested that cell-cell
communication is essential for SE in culture [82]. AGPs are
a family of glycosylated hydroxyproline-rich glycoproteins
analogous to animal proteoglycans [181]. AGPs are widely
distributed in the plant kingdom, mainly attached to the
plasma membrane or in cell walls. However, AGPs are also
present in plant secretions. AGPs are implicated in three
fundamental cellular processes: cell proliferation, cell expan-
sion, cell differentiation, programmed cell death, and cell-
cell communication [181, 188]. Furthermore, various AGPs
play an important role in plant embryogenesis [19, 105, 188,
203, 206, 209, 214]. The presence of AGPs stimulating
somatic embryogenesis was reported in carrot [206] and
Caribbean pine [31]. van Hengel et al. [209] presented
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evidence that AGP side chains with intact arabinogalactan
carbohydrate moieties are essential for the effect on somatic
embryogenesis, whereas hydrolytic activation with endo-
chitinases appears essential for full embryo-forming activity
of the AGPs. It was found that non-embryogenic carrot lines
can become embryogenic again after the addition of certain
AGPs [99]. In addition, AGPs restore the EC after cell wall
removal, and this restoration was more efficient when using
chitinase cleaved forms of the AGPs [209]. These findings
combined indicate that complex interactions between cells
and substances secreted in the medium of embryogenic
cultures are essential to establish and maintain EC in culture.
So, in other words, it seems that as observed in intact tissues
the unorganized embryogenic culture "niche" maintains its
own population of totipotent stem cells.

Conclusions and future perspectives

Somatic embryogenesis is a unique system to investigate
the mechanisms that operate during the transition of a
single somatic cell into an embryogenic entity with the
potential of developing into a complete plant. Early phases
of SE are characterized by the induction of many genes.
Despite the progress achieved during the last few years in
understanding the muscular mechanisms involved in SE,
there are still many aspects that are not fully understood
and need to be studied in more detail. It is also not known
the key molecular steps in common in all cases and why so
many different conditions can be used to initiate somatic
embryogenesis. Future research in this area must center not
only on isolating and characterizing large numbers of genes
expressed in early phases of SE but also on deciphering the
significance of these genes by demonstrating what happens
when their function is disrupted. This is being attempted
either by creating transgenic plants that express an antisense
construct or by working with genes that have already been
disrupted through loss-of-function mutations.
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