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Introduction 

In this review several recent findings in plant em- 
bryogenesis will be described. The emphasis will 
be on a number of selected studies that deal with 
events in the first and crucial steps of the devel- 
opment of the zygotic embryo and with events in 
the transition of somatic cells into embryogenic 
cells. In the first section, early zygotic embryo 
mutants of Arabidopsis will be highlighted. In the 
second section, essential steps in the formation of 
embryogenic cells and somatic embryos will be 
discussed. Based on these studies, the question 
will be raised which cellular mechanisms control 
early zygotic embryogenesis and whether analo- 
gous mechanisms are involved in the formation of 
embryogenic cells in tissue culture. 

Zygotic embryogenesis 

The detailed description of both gametogenesis 
and zygotic embryo development has been the 
subject of recent studies [10, 37, 46-49, 85] and 
will only be recapitulated briefly. During the com- 
plex process of plant sexual reproduction, the 
male gametophytes or pollen grains are formed in 
the anther. The female gametophyte or embryo 
sac, is formed in the pistil and consists of seven 
cells: the egg cell, two synergids, the central cell 
and three antipodal cells. The polarized egg cell 
and synergids are positioned at the micropylar 
pole of the embryo sac. Polarity of the egg cell is 

evident from the position of the nucleus and most 
of the cytoplasm at the chalazal side of the cell, 
while the micropylar part is highly vacuolated. 
Dual fertilization of the diploid central cell and 
the haploid egg cell results in the endosperm and 
the zygote respectively. The first zygotic division 
is asymmetrical and yields a small apical cell and 
a large basal cell. The basal cell remains posi- 
tioned at the micropylar pole of the embryo sac, 
so the polarity of the unfertilized egg cell appears 
to predict the future longitudinal axis of the em- 
bryo. Development of the Arabidopsis embryo 
from fertilization, through the octant, globular, 
triangular, heart, torpedo and bent-cotyledon 
stages, to the mature desiccated embryo has been 
subdivided into a sequence of 20 different stages 
[37]. The various classes of genes expressed dur- 
ing plant embryogenesis have been reviewed else- 
where [28, 73]. 

Generation of the embryo body pattern 

In order to ultimately identify genes that direct the 
formation of the zygotic embryo, a large collec- 
tion of embryo mutants is required. This has been 
established for Arabidopsis [20, 38, 55] and for 
Zea [6]. 

The morphology and ultrastructure of a num- 
ber of embryo lethal mutants has been described 
[60]. Classification, description of the morpho- 
logical aberrations, establishment of complemen- 
tation groups, as well as mapping and cloning of 
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the mutated genes is currently in progress (D.W. 
Meinke, pers. comm.). 

On the basis of a, most likely saturating, ge- 
netic screen for embryo mutations, it was esti- 
mated that about 3500 different genes are neces- 
sary to complete embryo development [38]. Of 
these, ca. 40 genes may direct the formation of all 
body pattern elements in the Arabidopsis embryo 
[50]. Because this number is not very much lower 
than the number of genes essential for embryo 
pattern formation in Drosophila [69], it may indi- 
cate that the apparent morphological simplicity of 
the plant embryo, when compared to animal em- 
bryos, is deceptive. 

Jtlrgens et al. [38] have selected for Arabidopsis 
embryo mutants in which germination and seed- 
ling development was still possible, with the aim 
to obtain mutants that were affected in pattern 
formation rather than mutants affected in more 
common cellular mechanisms. Based on the mu- 
tant phenotypes obtained, a division of the young 
embryo along the longitudinal axis into an apical, 
central and basal region was made [38, 50]. A 
second, radial pattern, superimposed on the 
apical-basal pattern and consisting of the vascu- 
lar, ground and epidermal tissues, was proposed. 
Because in the mutants disturbed in the apical- 
basal pattern, the three tissue types that make up 
the radial pattern were all formed, the apical-basal 
pattern and the radial pattern appear to be es- 
tablished independently. In a separate class of 
mutants, that exhibited an altered seedling shape 
rather than a deletion of pattern elements, all pat- 
tern elements of the wild-type seedling were still 
present. The existence of these mutants, in which 
the shape and spacing of cells in the embryo are 
abnormal, clearly indicates that changes in cell 
shape are not essential for the generation of the 
main pattern elements of the plant embryo. 

A very detailed description of the Arabidopsis 
embryo mutant gnom was recently completed by 
Mayer et al. [ 51 ]. Gnom is a terminal pattern mu- 
tant [50] and exhibits a highly variable pheno- 
type, that ranges from a ball-shaped seedling with 
a total lack of root and cotyledon development to 
a cone-shaped seedling with a clear apical-basal 
pattern. In all 24 gnom mutant alleles investigated, 

the entire range of phenotypes was found. By 
tracing the gnom phenotype back to the zygote, it 
was found that the first cell division of the gnom 
zygote is abnormal. Instead of an asymmetric di- 
vision, resulting in a small apical cell and an elon- 
gated basal cell, a nearly symmetric division oc- 
curred in the gnom zygote. Not only the position, 
but also the plane of this division appeared to be 
abnormal, being prone to a variable degree of 
deviation from the plane of division in wild-type 
zygotes, which is always perpendicular to the lon- 
gitudinal axis. Individuals of the same gnom mu- 
tant allele exhibited variation, both in the position 
and plane of the first zygotic division, and this 
most likely accounts for the phenotypic variation 
observed for each gnom mutant allele at seedling 
stage. The fact that in none of the gnom mutant 
phenotypes a normal root meristem is formed, 
may be the result of the observed failure in gnom 
to form the hypophysal cell, the direct progenitor 
of part of the root meristem initial. Whether this 
points to a continued requirement of the gnom 
gene in all asymmetric divisions in the early em- 
bryo, or is due to the previous failure to perform 
the first asymmetric division of the zygote, is not 
clear. In several of the gnom mutant alleles, it was 
observed that the first visible event after fertiliza- 
tion of the egg cell, expansion of the zygote in the 
direction of the future longitudinal axis of the 
embryo, was suppressed. Consequently, parti- 
tioning of the zygote into a cytoplasm-rich apical 
part with the nucleus and a vacuolated basal part 
might not have taken place. The resulting aber- 
rant first zygotic division in gnom could therefore 
also be the result of a failure of correct directional 
cell expansion. Thus, it appears that the two most 
important determinants of plant morphogenesis, 
the correct position of the plane of cell division 
and the controlled directional cell expansion 
[43, 44], are directly affected by the gnom gene. 

In a mutant of the class of basal pattern mu- 
tants, monopteros [50], the entire seedling root 
and hypocotyl is deleted but, in contrast to gnom, 
the cotyledons are formed normally. Based on the 
gnom-monopteros double mutant phenotype, it ap- 
pears that gnom is epistatic to monopteros [51]. 
Thus, without the prior activity of the product of  



the gnom gene, which apparently has to be active 
in the unicellular zygote, where it may control 
correct cell elongation and plane of division, the 
monopteros gene is not able to give rise to the 
basal part of the seedling. In an experiment sim- 
ilar to that performed by Schiavone and Racusen 
[69], who have shown that the apical part of 
transected Daucus somatic embryos were able to 
regenerate the entire missing root part, cut gnom 
seedlings did not regenerate a root [51 ]. This re- 
sult suggests an important role for the ability to 
perform asymmetric cell divisions in (root) regen- 
eration, and it also indicates that the function of 
the gnom gene is not restricted to the embryo. 

Cellular mechanisms in zygotic embryogenesis 

Maternally acting genes and zygotic genes 

The role of the gnom gene in the establishment of 
apical-basal polarity in the Arabidopsis embryo 
marks it as one of the earliest-acting genes so far 
described. Genetic analysis has indicated that the 
gnom gene is a zygotically acting gene [50, 51]. 
Cytological observations clearly indicate that the 
unfertilized egg cell is highly polarized [ 10], sug- 
gesting that maternally expressed genes are in- 
volved. Although Meinke [54] found evidence for 
an overlap between male gametogenesis and a 
lethal embryo phenotype in some mutants, to date 
no typical maternal effect mutations that affect 
pattern formation in the zygotic plant embryo 
have been reported. Two female-sterile ovule mu- 
tants in Arabidopsis, bell and sin1, have recently 
been described [68]. In these mutants, the for- 
mation of the integuments is aberrant. Although 
megasporogenesis was not affected, a normal ma- 
ture embryo sac did not develop in these mutants, 
most likely as a result of the aberrant formation 
of the integuments. In the sin1 mutant the defect 
appeared to be the result of a failure of the integ- 
ument cells to properly expand after division. This 
appeared to be a more general effect, in view of 
reduced internode length observed in the mutant 
plants. Therefore, putative maternally acting 
genes that affect oogenesis or direct pattern for- 
mation in the early embryo have not been re- 
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ported in plants. This appears in contrast with the 
generation of pattern during animal embryogen- 
esis, where, except for mammals, at least one axis 
and, as in Drosophila, two axes of the future em- 
bryo are established in the unfertilized egg cell 
[29, 75]. Whether this reflects a fundamental dif- 
ference between plant and animal embryo pattern 
formation or is due to the technical difficulties in 
isolating such mutants in plants, is at present un- 
clear. The conventional argument that the possi- 
bility of somatic embryogenesis precludes an im- 
portant role for maternal effect genes in plant 
embryogenesis, seems to be of limited use in view 
of the fact that very little is known about the 
molecular mechanisms that underly the transition 
of a somatic cell into an embryo-forming cell (see 
next section). 

Embryonic induction and asymmetric cell div&ion 

Two mechanisms appear to be universally used in 
animal embryogenesis to initiate cell differentia- 
tion. These are the interaction between an induc- 
ing cell or tissue and a responding cell or tissue, 
and asymmetric cell division [29]. 

No direct evidence is available that cell induc- 
tive processes are of importance in the formation 
of plant gametophytes. A sequential and transient 
expression of an arabinogalactan-protein (AGP) 
epitope, recognized by the monoclonal antibody 
JIM8, was observed in the plasma membranes of 
diverse parts of both male and female reproduc- 
tive tissues in Brassica. This included sperm cells 
and the egg cell, the embryo up to early globular 
stage, and the suspensor and hypophysal deriv- 
atives of later embryo stages [ 62]. AGPs are pro- 
teoglycans with poly- and oligosaccharide units 
covalently attached to a central protein core [82]. 
They are found in plasma membranes, cell walls 
and in the intercellular spaces of plant tissues 
[21]. In the absence of any clear correlation 
between a particular differentiation event and 
the expression of the JIM8 plasma membrane 
epitope, Pennell etal. [62] speculated that this 
epitope might actually be a marker for a cell- 
inductive process in plants. 
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Asymmetric cell division occurs frequently in 
plants, and the analysis of the Arabidopsis gnom 
mutant clearly shows that this mechanism is in- 
deed of crucial importance in plant embryogene- 
sis. In animal cells the plane of cell division is 
controlled by the positioning of the mitotic spin- 
dle. This is in turn mediated by the positioning 
and anchoring of the centrosome by means of 
microtubules to a specific cortical site. The 'de- 
fault' plane of division in animal cells is 90 ° to the 
previous plane. This is explained by division and 
subsequent movement of the daughter cen- 
trosomes tO opposite sides of the nucleus in the 
case of the 90 ° default orientation and alternative 
or additional ~ovements in the case of deviations 
of this rule [76]. The asymmetric first division of 
the Caenorhabditis zygote is essential to form 
daughter cells that differ in their cytoplasmic de- 
terminants, such as maternally produced mRNA 
[34, 76]. As a consequence, these two cells follow 
different developmental fates. Whether the first 
asymmetric division of the plant zygote serves the 
same purpose seems quite reasonable. It is not 
difficult to envisage that variability in the first 
zygotic division [51] automatically leads to a 
variability in the amount of cytoplasmic determi- 
nants in each of the resulting daughter cells. 
However, the nature of these determinants re- 
mains to be established. 

It is of interest to note that there is a certain 
analogy between the early phenotype of the Ara- 
bidopsis gnom mutant and the Caenorhabditis par 
mutants. Par mutants show defects in spindle ori- 
entation that result in aberrant partitioning of cy- 
toplasmic components during the first few divi- 
sions. If this analogy is valid, the apical cell of the 
plant zygote would be equivalent to the AB cell, 
and the basal cell equivalent to the P 1 cell of the 
two-celled nematode zygote. Phenocopies of par 
mutants could be obtained after treatment with 
microfilament inhibitors [33]. 

Control of cell expansion 

It is clear that, during early zygotic embryogene- 
sis, cell expansion is rigorously controlled. After 

the unidirectional expansion of the zygote and the 
first asymmetric division, the resulting apical cell 
does not increase in size. Instead, three cleavage- 
like divisions occur, and in these, but also in the 
following tangential divisions that form the pro- 
todermal precursor cells, no or hardly any in- 
crease in the size of the apical part of the embryo 
occurs. At least one Arabidopsis embryo mutant, 
emb 101-1, has been described where cell expan- 
sion in the embryo is totally out of control, re- 
suiting in giant cells that fill the entire seed (D. W. 
Meinke, personal communication). 

Cell lineage 

Fate maps from egg to embryo have been con- 
structed by direct observation of the cell lineage 
in Caenorhabditis [77]. Laser ablation and cell 
transplantation experiments have shown the 
presence of groups of cells with a similar compe- 
tence [34]. From these studies, it appears that 
embryogenesis continues according to a rigidly 
fixed programme, initially dependent on the re- 
gional location of cytoplasmatic determinants by 
asymmetric cell division, but also including cell- 
inductive processes, in the determination of the 
fate of each individual cell. In plants, no evidence 
has been found for the existence of such a rigid 
cell lineage in, for instance, the functioning of the 
shoot apical meristem. Instead, cell position 
rather than previous developmental history is 
considered to be essential for the formation of 
the somatic tissues [ 11, 64]. Although the fate of 
cells in the shoot apical meristem of Arabidopsis 
is predictable to a certain degree [24], Irish and 
Sussex [35] suggested the term 'probability map' 
rather than 'fate map' to emphasize the absence 
of a rigid cell lineage. Studies aimed to deter- 
mine cell lineage in the generation of the embryo 
body plan in Zea and Gossypium, also demon- 
strated a general but not an absolute predictabil- 
ity in the final position of cells in the embryo 
[5, 64]. 

The systematic genetic dissection of plant zy- 
gotic embryogenesis has only recently been initi- 
ated on a large scale. It is therefore not yet pos- 



sible to predict whether these studies will reveal 
cellular mechanisms analogous to those found for 
animal model systems such as Drosophila or Cae- 
norhabditis. It is clear from the description of the 
Arabidopsis gnom mutant, that asymmetric cell di- 
vision is a key process in plant embryogenesis. It 
is also evident that this is only one of the cellu- 
lar processes employed. Whether maternally act- 
ing genes, cell-inductive processes and cell lin- 
eages are also important in plant embryogenesis, 
remains to be determined. The role of the cell wall 
in the controlled directional expansion of cells 
and the formation of the endosperm may repre- 
sent aspects of plant embryogenesis that do not 
have a clear counterpart in animal cells. 

Somatic embryogenesis 

Somatic or asexual embryogenesis is the process 
by which somatic cells develop into plants through 
characteristic morphological stages. For dicots 
these are the globular, heart and torpedo stages. 
This process occurs naturally in several species 
such as Malaxis, where somatic embryos form 
spontaneously on the leaf tips [79], but it can also 
be induced by experimental manipulation. Under 
in vitro conditions somatic embryos can either 
form directly on the surface of an organized tis- 
sue such as a leaf or stem segment, from proto- 
plasts or from microspores, or indirectly via an 
intermediary step of callus or suspension culture 
[87]. 

Here the focus will be on what is not only the 
most important, but also the least understood part 
of somatic embryogenesis, the transition of so- 
matic cells into cells, referred to as embryogenic 
cells, that are capable of forming an embryo. In 
animals, the ability to form embryos is restricted 
to a specific set of  stem cells, the germ cells. Germ 
cells are separated from somatic cells at a very 
early stage of embryogenesis. Drosophila eggs 
contain a class of maternally provided gene prod- 
ucts, like oskar [19], that function in the forma- 
tion of germ cells. In plants, where the ability to 
form embryos is not restricted to the germ cells, 
somatic embryos are used extensively as conven- 
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ient alternatives for zygotic embryos in many bio- 
chemical and molecular studies. 

Description of embryogenic cells 

Since its first demonstration [68], somatic em- 
bryogenesis has been most widely studied in sus- 
pension cultures of Daucus [3, 30, 41, 53, 80] and 
Medicago [18]. Because a certain amount of con- 
fusion exists in the literature on terminology, it 
may be useful at this point to explain the terms 
that will subsequently be used in this review. Al- 
though suspension cultures are often described as 
'undifferentiated', a better term is probably 'un- 
organized', because in many cultures subpopula- 
tions of cells exist that retain characters found to 
be associated with specific differentiated cell types 
in planta [ 81 ]. Also, use of the term 'embryogenic 
cell or cells' will be limited to describe only those 
cells that have completed the transition from a 
somatic cell or cells to a state where no further 
externally applied stimuli are necessary to pro- 
duce the somatic embryo. Following from this, a 
culture or tissue with a variable number of cells 
in it that have responded to external stimuli will 
be called 'embryogenic culture or tissue'. Depend- 
ing on the experimental conditions, the ratio of 
embryogenic to total cells under these conditions 
can vary between zero and the theoretical maxi- 
mum of 1. One of the advantages of this termi- 
nology is that the difference between direct and 
indirect somatic embryogenesis is no longer of 
importance. Direct embryogenesis on explants, or 
indirect embryogenesis on callus or clusters of 
embryogenic cells in suspension cultures proba- 
bly represent different sides of the same coin [87]. 

In Daucus, the usual strategy to start an em- 
bryogenic suspension culture is to expose explants 
to a high concentration of auxin. After reinitiation 
of cell division and a period of proliferation of the 
released explant cells in the presence of auxin, 
embryogenic cells appear in the culture [13]. 
These are usually in the form of clusters of small 
cytoplasmic cells, referred to as proembryogenic 
masses [31]. It is of importance to note that in 
almost all embryogenic Daucus cultures, the per- 
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centage of cells that actually are embryogenic is 
fairly low, and never amounts to more than about 
1-2~o [ 13]. The remainder of the suspension cells 
are not directly capable of forming somatic em- 
bryos. 

By using time-lapse photography, Backs-H~se- 
man and Reinert [3] have described an elongated 
single vacuolated suspension cell able to develop 
into a somatic embryo. Using cell purification 
techniques, Nomura and Komamine [57] de- 
scribed a much smaller, almost spherical and cy- 
toplasmic suspension cell, designated a type 1 
cell, as being able to develop into a somatic em- 
bryo. Because both require preculturing in auxin, 
neither of these cell types can be called embryo- 
genic under our definition. In the case of the type 
1 cell, the derived state 1 cell cluster [41] would 
be the first to contain embryogenic cells in the 
pathway leading to somatic embryos from single 
cells. 

Identification of embryogenic cells 

Several molecular markers have been reported 
that are able to distinguish between embryogenic 
and non-embryogenic cell cultures [63, 73]. One 
of these is the Daucus EP2 gene [74]. Employing 
in situ m R N A  localization, the EP2 gene was 
found to be exclusively expressed in peripheral 
cells of proembryogenic masses and in the pro- 
toderm of somatic embryos. In Daucus zygotic 
embryos, EP2 expression was detected in a 
protoderm-specific fashion as early as a 60-celled 
globular embryo. The EP2 gene encodes a se- 
creted lipid transfer protein, postulated to func- 
tion in cutin synthesis [74; E. Meijer and T. Hen- 
driks, manuscript submitted]. 

Another marker for embryogenic cultures con- 
sists of a cell wall epitope in Daucus suspension 
cells, that is recognized by the monoclonal anti- 
body JIM8 [63]. The JIM8 epitope has been lo- 
calized on three different plasma membrane 
AGPs [62], on secreted AGPs in Daucus suspen- 
sion cultures [40] and on an unidentified cell wall 
molecule present in a sub-population of Daucus 
suspension cells. It is unclear whether the mole- 
cule that bears the JIM8 cell wall epitope is re- 

lated to the plasma membrane AGP epitope de- 
scribed previously [62] or the epitope present on 
secreted Daucus AGPs [40]. The presence of the 
cell wall JIM8 epitope in Daucus suspension cell 
cultures is highly correlated with the presence of 
embryogenic cells. Surprisingly, immersion im- 
munofluorescence showed that several morpho- 
logically different cells react with the JIM8 anti- 
body, but not the proembryogenic masses [63]. 
Instead, mainly small single cells, including cells 
morphologically similar to the type 1 cells, were 
recognized. The hypothesis put forward by Pen- 
nell et al. [63] is therefore that the JIM8 cell wall 
epitope marks a transitional state in the forma- 
tion of embryogenic cells. Because the number of 
JIM8 reactive single cells exceeds by far the num- 
ber of single cells that are able to develop into an 
embryo, apparently only few cells in this transi- 
tional state are actually able to reach the status of 
the embryogenic state 1 cell cluster. Although the 
JIM8 plasma membrane epitope, as observed in 
Brassica flowers [62], is most likely present on a 
molecule different from the JIM8 cell wall epitope 
observed in Daucus suspension cultures, the 
observation that both visualize a transient devel- 
opmental process, not restricted to a particular 
set of morphologically recognizable cells, repre- 
sents an intriguing parallel. 

Formation of embryogenic cells 

It has often been observed that the developmen- 
tal stage of the explant is of prime importance for 
the transition of somatic cells into embryogenic 
cells [2, 7, 86]. However, it is not clear whether 
these observations reflect genetic differences in 
the ability of somatic cells to become embryo- 
genic, or whether they are due to the frequency of 
a particular responsive cell type in these tissues. 

The fact that almost all cells of mature organs 
in plants, including Arabidopsis [25], are polyp- 
loid has led to the question whether polyploidy is 
negatively correlated with the ability to regener- 
ate. However, in Zea, no evidence was found that 
this is indeed the case [ 17]. In Daucus suspension 
cultures a correlation was found between the tet- 



raploid state and the inability to produce somatic 
embryos [9, 71]. Based on the occurrence of 
meiotic-like cell division configurations and the 
presence of a limited number of haploid nuclei in 
newly initiated cultures of Daucus, Nuti-Ronchi 
et al. [58, 59] postulated a requirement for DNA 
reducing mechanisms in the formation of embryo- 
genic cells. Support for this hypothesis is the 
observation that, after chemical mutagenesis of 
embryogenic Daucus suspension cultures, an un- 
expectedly high number of recessive mutants were 
recovered [27]. Definite evidence for the occur- 
rence of reductional divisions in tissue culture 
awaits segregation analysis in the regenerants. 

Although auxins are the best studied inducers 
for obtaining embryogenic cells [ 1, 30, 36, 56, 72, 
84, 86], they are certainly not unique in the abil- 
ity to mediate the transition of somatic cells into 
embryogenic cells. For example in Citrus suspen- 
sion cultures, a change in carbon source is suffi- 
cient [26] and for Brassica microspores a tem- 
perature shock is employed to render cells 
embryogenic [ 61 ]. In Medicago, the ability of cells 
to become embryogenic appeared to depend on 
their sensitivity to auxin, as illustrated by the to- 
tally different response to 2,4-D of leaf proto- 
plasts derived from a genotype that readily forms 
embryogenic cells in vitro and one that does not 
[41. 

Recent evidence suggests that particular puri- 
fied AGPs, isolated from the culture medium of 
embryogenic Daucus lines and from dry Daucus 
seeds were able to promote the formation of pro- 
embryogenic masses, even in previously non- 
embryogenic Daucus cell lines, when added in na- 
nomolar concentrations. Other AGPs, isolated 
from the medium of a non-embryogenic line, acted 
negatively on the formation of proembryogenic 
masses [42]. These results show that specific 
members of the family of AGPs are involved in 
the formation of embryogenic clusters. Although 
the underlying mechanisms are unclear, these ob- 
servations, together with earlier ones employing 
unfractionated conditioned medium [ 14], suggest 
that molecules totally different from conventional 
plant growth regulators are able to direct the tran- 
sition of somatic cells into embryogenic cells. 
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Since cell-surface AGPs turn over very rapidly 
[85], and their expression is clearly developmen- 
tally regulated [39], they are likely candidates for 
molecules able to mediate developmental pro- 
cesses in plants, perhaps by a cell-inductive 
mechanism [62]. 

Cell polarity and asymmetrical cell division 

Several observations support the hypothesis that 
plant growth regulators employed to form em- 
bryogenic cells, do this by alteration of cell po- 
larity and promotion of subsequent asymmetric 
divisions. When immature zygotic embryos of 
Trifolium were cultured in the presence of cyto- 
kinin, somatic embryos are produced directly 
from the hypocotyl epidermis. The first sign of the 
induction of embryogenic cells was a shift from 
the normal anticlinal division pattern in the epi- 
dermis, to irregular periclinal and oblique divi- 
sions [45]. The effect of the cytokinin was not 
entry into mitosis per se, but rather an alteration 
of the division planes, because regular anticlinal 
divisions persisted for some time in the absence 
of cytokinin. As pH gradients and electrical fields 
can change cell polarity [67], the positive effect 
on embryo development of pH shifts [70] and 
electrical fields [ 16] may be due to their effect on 
cell polarity. It is plausible, but unproven, that 
exogenously applied plant growth regulators di- 
rectly modify cell polarity, by interference with 
pH gradients or the electrical field around cells. 
Following stimulation by auxin, asymmetric cell 
divisions were frequently observed in leaf proto- 
plast cultures derived from an embryogenic Med- 
icago cultivar, while in protoplast cultures from a 
non-embryogenic cultivar cells divided symmet- 
rically [4, 18]. The different types of cell division 
in Medicago leaf protoplast cultures appeared to 
be correlated with differences in microtubule or- 
ganization [15]. In Daucus, the first division of 
single suspension cells capable of forming em- 
bryogenic cells is also asymmetric [3, 41], and 
only the smaller daughter cell will ultimately de- 
velop into an embryo. As the future root pole of 
the somatic embryo is always oriented towards 
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the larger cell, the polarity of the entire somatic 
embryo is already determined prior to the first 
division of an embryogenic cell. 

Brassica microspores are highly polarized dur- 
ing normal development into pollen, in vivo as well 
as under in vitro conditions. Depending on the 
developmental stage at the time of isolation, after 
heat shock induction to induce the formation of 
microspore derived embryos, the first visible 
change is either a 90 ° shift in the orientation of 
the mitotic spindle, or a migration of the nucleus 
from an acentric to a central position [32]. In 
both cases the result is a 90 ° shift of the division 
plane and replacement of an asymmetric cell di- 
vision with a symmetric cell division. Artificially 
increasing the number of symmetric cell divisions 
by colchicine resulted in a larger number of mi- 
crospores proceeding towards embryogenesis 
[89]. These results suggest that alteration of di- 
vision symmetry is required to switch from the 
gametophytic to the sporophytic developmental 
pathway. Although many variations have been 
observed, the replacement of the normal asym- 
metric cell division with a symmetric one appears 
to be a general phenomenon in microspore em- 
bryogenesis [ 88 ]. 

With the exception of microspore embryogen- 
esis, the ability to perform an asymmetric cell 
division, based on a change in cell polarity, seems 
to be an important and perhaps universal mech- 
anism in the formation of embryogenic plant cells 
from somatic cells. This change in cell polarity 
can apparently be initiated by a variety of induc- 
ers, among which plant growth regulators. As in 
zygotic embryogenesis (see previous section), the 
nature of the cytoplasmic determinants that are 
partitioned by asymmetrical cell divisions, re- 
mains to be identified. The fact that in microspore 
embryogenesis a symmetric first cell division is 
the first one in the sporophytic pathway may be 
a consequence of the previous highly specialized 
developmental history of the microspores. 

Control of cell expansion 

A second mechanism that is of importance in the 
formation of embryogenic cells in vitro is the abil- 

ity to restrict cell expansion under hypotonic con- 
ditions [23, 78, 80, 81]. The ability to control cell 
expansion is generally accepted to reside in the 
cell wall, and is probably mediated by specific sets 
of cell wall proteins and enzymes [22]. These 
enzymes may act by breaking and reforming 
bonds in cell wall polymers by for instance the 
action of glucanases, cellulases and peroxidases 
[ 81 ], and other not yet identified proteins [ 52]. In 
Daucus, the glycosylation inhibitor tunicamycin 
arrests somatic embryogenesis, perhaps by the 
gradual disruption of proembryogenic mass due 
to expansion of its outer cell layer. This effect 
could be counteracted by addition of a single pro- 
tein, exhibiting peroxidase activity, purified from 
medium conditioned by a somatic embryo culture 
[9]. A mechanism that limits cell expansion may 
also be required at later stages of somatic embryo 
development, as indicated by the rescue of ar- 
rested globular embryos of the temperature- 
sensitive Daucus mutant ts11 with a single se- 
creted acidic endochitinase [ 12]. Addition of the 
endochitinase appeared to prevent the formation 
of an aberrant, irregular protodermal layer, con- 
sisting of enlarged, vacuolated cells. A positive 
effect was also seen on the formation of proem- 
bryogenic masses and globular embryos from ts11 
suspension cells, which implies that more than 
one stage in the development of embryos is af- 
fected in ts11. 

The mechanisms by which secreted proteins 
influence somatic embryogenesis are unknown, 
but it is reasonable to postulate that their function 
can be explained in terms of an effect on partic- 
ular cell wall polymers [83]. 

Concluding remarks 

In the preceding sections, several recent ap- 
proaches used to understand the molecular and 
cellular basis of zygotic and somatic embryogen- 
esis in plants have been dealt with. It appeared 
from several studies that in the in vitro formation 
of embryogenic plant cells both asymmetric cell 
division and control of cell expansion are impor- 
tant mechanisms. There is some evidence that cell 



polarity and a postulated subsequent partitioning 
of cytoplasmic determinants can be influenced by 
a variety of factors among which plant growth 
regulators. Other molecules that profoundly in- 
fluence, for instance, the formation of embryo- 
genic cells and the restriction of cell expansion 
characteristic of these cells have been found with 
biological assays based on in vitro systems. Anal- 
ysis of Arabidopsis mutants, such as emb 101-I 
and gnom, that are affected in early stages of zy- 
gotic embryogenesis, have also pointed to control 
of cell expansion and asymmetric cell division as 
important mechanisms. The results obtained so 
far suggest that, although their starting points are 
quite different, the same basic cellular mecha- 
nisms are used in somatic as well as in zygotic 
plant embryogenesis. 
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