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Stellingen •} 

1. Plantechitinases zijn betrokken bij de ontwikkeling van de plant en niet alleen 

bij de afweer van pathogenen. 

Dit proefschrift. 

2. In tegenstelling tot wat de titel suggereert, toont Lueng niet aan dat een 

plantechitinase betrokken is bij de sexuele voortplanting van hogere planten. 

Lueng (1992) Involvement of plant chitinase in sexual reproduction of 

higher plants. Phytochemistry 31,1899-1900. 

3. Het is onjuist het ECP31 eiwit een 'embryogénie cell protein' te noemen. 

Kioysue et al. (1992) Planta 186, 337-342. 

Kioysue et al. (1991) Plant Physiol. 95,1077-1083. 

4. 'Pathogenesis Related' (PR) eiwitten zijn niet per definitie gerelateerd aan 

Pathogenese. 

Lotan and Fluhr (1989) Plant Cell 1,881-887. 

Neale et al. (1990) Plant Cell 2,673-684. 

Ori et al. (1990) EMBO J. 9, 3429-3436. 

Vögeli-Lange et al. (1994) Plant J. 273-278. 

5. Perrett et al. gaan geheel voorbij aan het feit dat het al dan niet aantrekkelijk 

vinden van een persoon ook bepaald wordt door persoonlijkheid. 

Perrett et al. (1994) Nature 368,239-242. 

6. Het feit dat alleen de ammoniak uitstoot en niet de nitraat uitspoeling ten 

grondslag ligt aan de voorgeschreven bemestingsmethoden illustreert treffend 

het Nederlandse landbouw-, natuur- en milieubeleid: de natuur noch de boer is 

erbij gebaat. 

7. Eigenbelang is de drijfveer van al het menselijk handelen. 

8. De tanende interesse voor religie en de huidige individualisering van de 

westerse maatschappij versterken de vraag naar sociale hulpverlening. 

Stellingen behorende bij het proefschrift: "Characterization of an Endochitinase 

Able to Rescue the Carrot Somatic Embryo Variant tsll", 

te verdedigen door Anke de Jong op 6 mei 1994. 
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Outline 

Cultured carrot cells secrete proteins, many of which are glycosylated, into the culture 

medium. A correlation has been found between somatic embryogenesis and the presence or 

absence of some of these secreted proteins, and evidence has been obtained that one or more 

secreted glycoproteins are actually essential for somatic embryo formation. The starting point 

of the experiments described in this thesis was the temperature-sensitive carrot cell line tell, 

originally identified on the basis of the temperature-sensitive arrest in the transition of 

globular to heart stage somatic embryos. The arrest in tsll embryo development at the 

nonpermissive temperature could be lifted by addition of medium proteins, secreted by wild-

type cells, to the culture medium. The major goal of the study presented in this thesis was to 

identify the secreted proteins, that were able to rescue the arrested tsl 1 embryos. 

In chapter 1 a brief introduction in zygotic and somatic embryogenesis is presented, 

followed by an overview of what is currently known about the first essential steps of the 

development of the zygotic embryo and of the formation of embryogénie cells and somatic 

embryos in vitro. Based on these studies, it is discussed whether analogous cellular 

mechanisms control early zygotic embryogenesis and the formation of embryogénie cells in 

tissue culture. 

In chapter 2 the experiments are described that demonstrate that tsll embryos can be 

rescued by a single secreted protein of 32 kD. The amino acid sequences of two tryptic 

peptides of this protein shared homology with several plant endochitinases. Biochemical 

analysis showed that the 32-kD protein is an acidic endochitinase. 

In chapter 3 the results of a search for putative products of endochitinase activity effective 

in tsl 1 rescue, are presented. A molecule produced by Rhizobium, the Af-acetylglucosamine-

containing lipo-oligosaccharide, NodRlv-V(Ac, C18:4), appeared to be effective in 

stimulating the formation of tsll embryos with a similar efficiency as the 32-kD 

endochitinase. 

In chapter 4 evidence is presented that a decreased amount of an otherwise fully 

functional endochitinase is closely correlated with the window of sensitivity of tsl 1 cells to 

addition of the 32-kD endochitinase. Morphological observations suggest that the original 

tsl 1 mutation is quite pleiotropic and does not only affect embryogenesis in this line. 

In chapter 5 experiments are described to identify a 32-kD endochitinase cDNA. The 

deduced amino acid sequence of the isolated cDNAs was found to be nearly identical to the 

amino acid sequences of the 32-kD endochitinase-derived peptides. The EP3 cDNA 

sequences suggested that the 32-kD endochitinse is a class IV chitinase. 

Finally, in chapter 6 the significance of chitinases and lipo-oligosaccharides for plant 

development in general is discussed. 



chapter 1 

Early events in higher-plant embryogenesis 

adapted from: 

Anke J. de Jong, Ed D.L. Schmidt and Sacco C. de Vries 

Plant Molecular Biology 22, 367-377 (1993) 



INTRODUCTION 
Somatic cells of many plant species can be cultured and induced to form embryos that are 

able to develop into mature plants. This process, termed somatic embryogenesis, was 

originally described in carrot (Daucus carota L.). Although somatic embryos usually lack a 

suspensor, they are structurally quite similar to zygotic embryos and, in dicots, pass through 

the same successive developmental stages of globular, heart, torpedo and cotyledonary 

stage. It is important to note that like their zygotic counterparts, somatic embryos are bipolar 

structures and have no connection with the parental tissue (Raghavan, 1976). In a somatic 

embryo both apical meristems, root and shoot meristem respectively, are present and 

connected by vascular tissue. There is much less clarity on the earlier preglobular stages of 

somatic embryos, a problem that has created confusing terminology, caused in part by the 

lack of suitable stage- and cell-specific markers for somatic embryos. 

In this chapter, the emphasis will be on a number of selected studies that deal with events 

in the first and crucial steps of the development of the zygotic embryo and with events in the 

transition of somatic cells into embryogénie cells. In the first section, early zygotic embryo 

mutants of Arabidopsis will be highlighted. In the second section, essential steps in the 

formation of embryogénie 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 analogous mechanisms are involved in the formation of 

embryogénie cells in tissue culture. 

ZYGOTIC EMBRYOGENESIS 

The detailed description of both gametogenesis and zygotic embryo development has been 

the subject of recent studies (Cresti et al., 1992; Jürgens and Mayer, 1992; Mansfield and 

Briarty, 1990a, 1990b and 1991; Mansfield et al., 1991; Webb and Gunning, 1990) and 

will only be recapitulated briefly. 

During the complex 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 positioned 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 embryo. Development of the Arabidopsis embryo from 

fertilization, through the octant, globular, triangular, heart, torpedo and bent-cotyledon 
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stages, to the mature dessicated embryo has been subdivided into a sequence of 20 different 

stages (Jürgens and Mayer, 1992). The various classes of genes expressed during plant 

embryogenesis have been reviewed elsewhere (Goldberg et al., 1989; Sterk and De Vries, 

1992). 

Generation of the Embryo Body Pattern 
In order to ultimately identify genes that direct the formation of the zygotic embryo, a large 

collection of embryo mutants is required. This has been established for Arabidopsis 

(Errempalli et al., 1991; Jürgens et al., 1991; Meinke, 1991) and for Zea (Clark and 

Sheridan, 1991). 

The morphology and ultrastructure of a number of embryo lethal mutants has been 

described (Patton and Meinke, 1990). Classification, description of the morphological 

aberrations, establishment of complementation groups, as well as mapping and cloning of 

the mutated genes is currently in progress (D.W. Meinke, personal communication). 

On the basis of a, most likely saturating, genetic screen for embryo mutations, it was 

estimated that about 3500 different genes are necessary to complete embryo development 

(Jürgens et al., 1991). Of these, approximately 40 genes may direct the formation of all 

body pattern elements in the Arabidopsis embryo (Mayer et al., 1991). Because this number 

is not very much lower than the number of genes essential for embryo pattern formation in 

Drosophila (Schiavone and Racusen, 1991), it may indicate that the apparent morphological 

simplicity of the plant embryo, when compared to animal embryos, is deceptive. 

Jürgens et al. (1991) have selected for Arabidopsis embryo mutants in which germination 

and seedling 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 mutant phenotypes obtained, a division of the young embryo 

along the longitudinal axis into an apical, central and basal region was made (Jürgens et al., 

1991; Mayer et al., 1991). A second, radial pattern, superimposed on the apical-basal 

pattern and consisting of the vascular, 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 established independently. In a separate class of mutants, that exhibited an altered 

seedling shape rather than a deletion of pattern elements, all pattern 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. (1993). Gnom is a terminal pattern mutant (Mayer et al., 1991) 

and exhibits a highly variable phenotype, that ranges from a ball-shaped seedling with a total 
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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 division, resulting in a 

small apical cell and an elongated basal cell, a nearly symmetric division occurred 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 longitudinal axis. Individuals of the same 

gnom mutant 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 

embryo, 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 fertilization of the egg cell, expansion of the zygote in the direction of the 

future longitudinal axis of the embryo, was suppressed. Consequently partitioning of the 

zygote, into a cytoplasm-rich apical part with the nucleus and a vacuolated basal part, might 

not have taken place. The resulting aberrant 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 (Lloyd, 1991; Lyndon, 1990) are 

directly affected by the gnom gene. 

In a mutant of the class of basal pattern mutants, monopteros (Mayer et al., 1991), 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 appears that 

gnom is epistatic to monopteros (Mayer et al., 1993). 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 similar to that performed by 

Schiavone and Racusen (1991), 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 (Mayer et al., 1993). This result suggests an important role for the 

ability to perform asymmetric cell divisions in (root) regeneration, and it also indicates that 

the function of the gnom gene is not restricted to the embryo. 
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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 sofar described. Genetic analysis has 

indicated that the gnom gene is a zygotically acting gene (Mayer et al., 1991 and 1993). 

Cytological observations clearly indicate that the unfertilized egg cell is highly polarized 

(Cresti et al., 1992), suggesting that maternally expressed genes are involved. Although 

Meinke (1982) 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 

mutants in Arabidopsis, bell and sinl, have recently been described (Robinson-Beers et al., 

1992). In these mutants, the formation of the integuments is aberrant. Although 

megasporogenesis was not affected, a normal mature embryo sac did not develop in these 

mutants, most likely as a result of the aberrant formation of the integuments. In the sinl 

mutant the defect appeared to be the result of a failure of the integument 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 formation in the early embryo have not been reported 

in plants. This appears in contrast with the generation of pattern during animal 

embryogenesis, where, except for mammals, at least one axis and, as for instance in 

Drosophila, two axes of the future embryo are established in the unfertilized egg cell 

(Gurdon, 1992; St Johnston and Nusslein-Volhard, 1992). Whether this reflects a 

fundamental difference between plant and animal embryo pattern formation or is due to the 

technical difficulties in isolating such mutants in plants, is at present unclear. The 

conventional argument that the possibility of somatic embryogenesis precludes an important 

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 division 

Two mechanisms appear to be universally used in animal embryogenesis to initiate cell 

differentiation. These are the interaction between an inducing cell or tissue and a responding 

cell or tissue, and asymmetric cell division (Gurdon, 1992). 

No direct evidence is available that cell inductive 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 reproductive 

tissues in Brassica . This included sperm cells and the egg cell, the embryo up to early 
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globular stage, and the suspensor and hypophysal derivatives of later embryo stages 

(Pennell et al., 1991). AGPs are proteoglycans with poly- and oligosaccharide units 

covalently attached to a central protein core (Van Hoist and Klis, 1981). They are found in 

plasma membranes, cell walls and in the intercellular spaces of plant tissues (Fincher et al., 

1983). In the absence of any clear correlation between a particular differentiation event and 

the expression of the JIM8 plasma membrane epitope, Pennell et al. (1991) speculated that 

this epitope might actually be a marker for a cell-inductive process in plants. 

Asymmetric cell division occurs frequently in plants, and the analysis of the Arabidopsis 

gnom mutant clearly shows that this mechanism is indeed of crucial importance in plant 

embryogenesis. In animal cells the plane of cell division is controlled by the positioning of 

the mitotic spindle. This is in turn mediated by the positioning and anchoring of the 

centrosome by means of microtubules to a site at the anterior cortex. The 'default' plane of 

division in animal cells is 90° to the previous plane. This is explained by division and 

subsequent movement of the daughter centrosomes to opposite sides of the nucleus in the 

case of the 90° default orientation and alternative or additional movements in the case of 

deviations of this rule (Strome, 1993). The asymmetric first division of the Caenorhabditis 

zygote is essential to form daughter cells that differ in their cytoplasmic determinants, such 

as maternally produced mRNA (Horvitz and Herskovitz, 1992; Strome, 1993). 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 to 

assume. It is not difficult to envisage that variability in the first zygotic division (Mayer et 

al., 1993) automatically leads to a variability in the amount of cytoplasmic determinants in 

each of the resulting daughter cells. However, the nature of these determinants remains to be 

established. 

It is of interest to note that there is a certain analogy between the early phenotype of the 

Arabidopsis gnom mutant and the Caenorhabditis par mutants. Par mutants show defects in 

spindle orientation that result in aberrant partitioning of cytoplasmic components during the 

first few divisions. 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 PI cell of the two-celled 

nematode zygote. Phenocopies of par mutants could be obtained after treatment with 

microfilament inhibitors (Hill and Strome, 1990). 

Control of cell expansion 

It is clear that, during early zygotic embryogenesis, 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 protodermal 

precursor cells, no or hardly any increase in the size of the apical part of the embryo occurs. 
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At least one Arabidopsis embryo mutant, emb 101-1, has been described where cell 

expansion in the embryo is totally out of control, resulting in giant cells that fill the entire 

seed (D. W. Meinke, personal communication). 

Cell lineage 

Fate maps from egg to embryo have been constructed by direct observation of the cell 

lineage in Caenorhabditis (Sulton et al., 1983). Laser ablation and cell transplantation 

experiments have shown the presence of groups of cells with a similar competence (Horvitz 

and Herskovitz, 1992). From these studies, it appears that embryogenesis continues 

according to a rigidly fixed program, initially dependent on the regional localization 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 (Dawe and Freeling, 

1991; Poethig, 1989). Although the fate of cells in the shoot apical meristem of Arabidopsis 

is predictable to a certain degree (Furner and Pumfrey, 1992), Irish and Sussex (1992) 

suggested the term "probability map" rather than "fate map" to emphasize the absence of a 

rigid cell lineage. Studies aimed to determine cell lineage in the generation of the embryo 

body plan in Zea and Gossypium, also demonstrated a general but not an absolute 

predictability in the final position of cells in the embryo (Christiansen, 1986; Poethig, 

1986). 

The systematic genetic dissection of plant zygotic embryogenesis has only recently been 

initiated on a large scale. It is therefore not yet possible to predict whether these studies will 

reveal cellular mechanisms analogous to those found for animal model systems such as 

Drosophila or Caenorhabditis. It is clear from the description of the Arabidopsis gnom 

mutant, that asymmetric cell division is a key process in plant embryogenesis. It is also 

evident that this is only one of the cellular processes employed. Whether maternally acting 

genes, cell-inductive processes and cell lineages 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 represent 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 spontanously on the leaf tips (Taylor, 1967), but it can also be 
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induced by experimental manipulation. Under in vitro conditions somatic embryos can either 

form directly on the surface of an organized tissue such as a leaf or stem segment, from 

protoplasts or from microspores, or indirectly via an intermediary step of callus or 

suspension culture (Williams and Maheswaran, 1986). 

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 somatic cells into cells, referred 

to as embryogénie 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 products, like oskar (Ephrussi and Lehmann, 1992), 

that function in the formation of germ cells. In plants, where the ability to form embryos is 

not restricted to the germ cells, somatic embryos are used extensively as convenient 

alternatives for zygotic embryos in many biochemical and molecular studies. 

Description of Embryogénie Cells 
Since its first demonstration (Reinert, 1959), somatic embryogenesis has been most widely 

studied in suspension cultures of Daucus (Backs-Hiisemann and Reinert, 1970; Halperin, 

1964; Komamine et al., 1990; McWilliam et al., 1974; Van Engelen and De Vries, 1992) 

and Medicago (Dudits et al., 1991). Because a certain amount of confusion 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. Although suspension cultures are often described as 

"undifferentiated", a better term is probably "unorganized", because in many cultures 

subpopulations of cells exist that retain characters found to be associated with specific 

differentiated cell types in planta (Van Engelen and De Vries, 1993). Also, use of the term 

"embryogénie 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 produce 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 

"embryogénie culture or tissue". Depending on the experimental conditions, the ratio of 

embryogénie to total cells under these conditions can vary between zero and the theoretical 

maximum of 1. One of the advantages of this terminology is that the difference between 

direct and indirect somatic embryogenesis is no longer of importance. Direct embryogenesis 

on expiants, or indirect embryogenesis on callus or clusters of embryogénie cells in 

suspension cultures probably represent different sides of the same coin (Williams and 

Maheswaran, 1986). 

In Daucus, the usual strategy to start an embryogénie suspension culture is to expose 

expiants to a high concentration of auxin. After reinitiation of cell division and a period of 

proliferation of the released expiant cells in the presence of auxin, embryogénie cells appear 
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in the culture (De Vries et al., 1988). These are usually in the form of clusters of small 

cytoplasmic cells, referred to as proembryogenic masses (Halperin, 1966). It is of 

importance to note that in almost all embryogénie Daucus cultures, the percentage of cells 

that actually are embryogénie is fairly low, and never amounts to more than about 1-2 % (De 

Vries et al., 1988). The remainder of the suspension cells are not directly capable of forming 

somatic embryos. 

By using time-lapse photography, Backs-Hiiseman and Reinert (1970) have described an 

elongated single vacuolated suspension cell able to develop into a somatic embryo. Using 

cell purification techniques, Nomura and Komamine (1985) described a much smaller, 

almost spherical and cytoplasmic suspension cell, designated a type 1 cell, as being able to 

develop into a somatic embryo. Because both require preculturing in auxin, neither of these 

cell types can be called embryogénie under our definition. In the case of the type 1 cell, the 

derived state 1 cell cluster (Komamine et al., 1990) would be the first to contain 

embryogénie cells in the pathway leading to somatic embryos from single cells. 

Identification of Embryogénie Cells 
Several molecular markers have been reported that are able to distinguish between 

embryogénie and non-embryogenic cell cultures (Pennell et al., 1992; Sterk and De Vries, 

1992). One of these is the Daucus EP2 gene (Sterk et al., 1991). Employing in situ mRNA 

localization, the EP2 gene was found to be exclusively expressed in peripheral cells of 

proembryogenic masses and in the protoderm 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 secreted lipid transfer protein, postulated to 

function in cutin synthesis (Sterk et al., 1991; E. Meijer and T. Hendriks, manuscript 

submitted). 

Another marker for embryogénie cultures consists of a cell wall epitope in Daucus 

suspension cells, that is recognized by the monoclonal antibody JIM8 (Pennell et al, 1992). 

The JIM8 epitope has been located on three different plasma-membrane AGPs (Pennell et 

al., 1991), on secreted AGPs in Daucus suspension cultures (Knox et al., 1991) and on an 

unidentified cell wall molecule present in a sub-population of Daucus suspension cells. It is 

unclear whether the molecule that bears the JIM8 cell wall epitope is related to the plasma 

membrane AGP epitope described previously (Pennell et al., 1991) or the epitope present on 

secreted Daucus AGPs (Knox et al., 1991). The presence of the cell wall JIM8 epitope in 

Daucus suspension cell cultures is highly correlated with the presence of embryogénie cells. 

Surprisingly, immersion immunofluorescence showed that several morphologically different 

cells react with the JIM8 antibody, but not the proembryogenic masses (Pennell et al., 

1992). Instead, mainly small single cells, including cells morphologically similar to the type 

1 cells were recognized. The hypothesis put forward by Pennell et al. (1992) is therefore 
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that the JIM8 cell wall epitope marks a transitional state in the formation of embryogénie 

cells. Because the number of JIM8 reactive single cells exceeds by far the number of single 

cells that are able to develop into an embryo, apparently only few cells in this transitional 

state are actually able to reach the status of the embryogénie state 1 cell cluster. Although the 

JIM8 plasma membrane epitope, as observed in Brassica flowers (Pennell, 1991), is most 

likely present on a molecule different from the JIM 8 cell wall epitope observed in Daucus 

suspension cultures, the observation that both visualize a transient developmental process, 

not restricted to a particular set of morphologically recognizable cells, represents an 

intriguing parallel. 

Formation of Embryogénie Cells 
It has often been observed that the developmental stage of the expiant is of prime importance 

for the transition of somatic cells into embryogénie cells (Ammirato, 1983; Conger et al., 

1983; Wernicke and Brettell, 1980). However, it is not clear whether these observations 

reflect genetic differences in the ability of somatic cells to become embryogénie, 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 (Galbraith 

et al., 1991) are polyploid has led to the question whether polyploidy is negatively correlated 

with the ability to regenerate. However, in Zea, no evidence was found that this is indeed 

the case (Dolezelovâ et al., 1992). In Daucus suspension cultures a correlation was found 

between the tetraploid state and the inability to produce somatic embryos (Coutos-Thevenot 

et al., 1990; Smith and Street, 1974). 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. (1992a, 1992b) postulated a requirement for DNA 

reducing mechanisms in the formation of embryogénie cells. Support for this hypothesis is 

the observation that, after chemical mutagenesis of embryogénie Daucus suspension 

cultures, an unexpectedly high number of recessive mutants were recovered (Giuliano et al., 

1984). Definite evidence for the occurrence of reductional divisions in tissue culture awaits 

segregation analysis in the régénérants. 

Although auxins are the best studied inducers for obtaining embryogénie cells (Abdullah 

et al., 1986; Halperin, 1964; Jones and Rost, 1989; Mórocz et al., 1990; Song et al., 1990; 

Vasil et al., 1990; Wernicke and Brettell, 1980), they are certainly not unique in the ability to 

mediate the transition of somatic cells into embryogénie cells. For example in Citrus 

suspension cultures, a change in carbon source is sufficient (Gavish et al., 1991) and for 

Brassica microspores a temperature shock is employed to render cells embryogénie (Pechan 

and Keller, 1988). In Medicago, the ability of cells to become embryogénie appeared to 

depend on their sensitivity to auxin, as illustrated by the totally different response to 2,4-D 

-21-



of leaf protoplasts derived from a genotype that readily forms embryogénie cells in vitro and 

one that does not (Bögre et al., 1990). 

Recent evidence suggests that particular purified AGPs, isolated from the culture medium 

of embryogénie Daucus lines and from dry Daucus seeds were able to promote the formation 

of proembryogenic masses, even in previously non-embryogenic Daucus cell lines, when 

added in nanomolar concentrations. Other AGPs, isolated from the medium of a non-

embryogenic line, acted negatively on the formation of proembryogenic masses (Kreuger 

and Van Hoist, 1993). These results show that specific members of the family of AGPs are 

involved in the formation of embryogénie clusters. Although the underlying mechanisms are 

unclear, these observations together with earlier ones employing unfractionated conditioned 

medium (De Vries et al., 1988), suggest that molecules totally different from conventional 

plant growth regulators are able to direct the transition of somatic cells into embryogénie 

cells. Since cell-surface AGPs turnover very rapidly (Van Hoist et al., 1981), and their 

expression is clearly developmentally regulated (Knox et al., 1989), they are likely 

candidates for molecules able to mediate developmental processes in plants, perhaps by a 

cell-inductive mechanism (Pennell et al., 1991). 

Cell polarity and asymmetrical cell division 

Several observations support the hypothesis that plant growth regulators employed to form 

embryogénie cells, do this by alteration of cell polarity and promotion of subsequent 

asymmetric divisions. When immature zygotic embryos of Trifolium were cultured in the 

presence of cytokinin, somatic embryos are produced directly from the hypocotyl epidermis. 

The first sign of the induction of embryogénie cells was a shift from the normal anticlinal 

division pattern in the epidermis, to irregular periclinal and oblique divisions (Maheswaran 

and Williams, 1985). 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 (Quatrano, 1978), the positive effect on embryo development of pH shifts (Smith 

and Krikorian, 1990) and electrical fields (Dijak et al., 1986) may be due to their effect on 

cell polarity. It is plausible, but unproven, that exogenously applied plant growth regulators 

directly 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 protoplast cultures derived from an embryogénie Medicago cultivar, while in protoplast 

cultures from a non-embryogenic cultivar cells divided symmetrically (Bögre et al., 1990; 

Dudits et al., 1991). The different types of cell division in Medicago leaf protoplast cultures 

appeared to be correlated with differences in microtubule organization (Dijak and 

Simmonds, 1988). In Daucus, the first division of single suspension cells capable of 

forming embryogénie cells is also asymmetric (Backs-Hiisemann and Reinert, 1970; 
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Komamine et al., 1990), and only the smaller daughter cell will ultimately develop into an 

embryo. As the future root pole of the somatic embryo is always oriented towards the larger 

cell, the polarity of the entire somatic embryo is already determined prior to the first division 

of an embryogénie cell. 

Brassica microspores are highly polarized during 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 (Hause et al., 1993). In both 

cases the result is a 90° shift of the division plane and replacement of an asymmetric cell 

division with a symmetric cell division. Artificially increasing the number of symmetric cell 

divisions by colchicine resulted in a larger number of microspores proceeding towards 

embryogenesis (Zaki and Kickinson, 1991). These results suggest that alteration of division 

symmetry is required to switch from the gametophytic to the sporophytic developmental 

pathway. Although many variations have been observed, the replacement of the normal 

asymmetric cell division with a symmetric one appears to be a general phenomenon in 

microspore embryogenesis (Zaki and Dickinson, 1990). 

With the exception of microspore embryogenesis, the ability to perform an asymmetric 

cell division, based on a change in cell polarity, seems to be an important and perhaps 

universal mechanism in the formation of embryogénie plant cells from somatic cells. This 

change in cell polarity can apparently be initiated by a variety of inducers, 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, remains 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 embryogénie cells in vitro is 

the ability to restrict cell expansion under hypotonic conditions (Fry, 1990; Taiz, 1984; Van 

Engelen and De Vries, 1992 andl993). 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 (Fry 1986). These enzymes may act by breaking and reforming bonds 

in cell wall polymers by for instance the action of glucanases, cellulases and peroxidases 

(Van Engelen and De Vries, 1993), and other not yet identified proteins (McQueen-Mason et 

al., 1992). 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 
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protein, exhibiting peroxidase activity, purified from medium conditioned by a somatic 

embryo culture (Cordewener et al., 1991). A mechanism that limits cell expansion may also 

be required at later stages of somatic embryo development, as indicated by the rescue of 

arrested globular embryos of the temperature-sensitive Daucus variant tsllc with a single 

secreted acidic endochitinase (De Jong et al., 1992). Addition of the endochitinase appeared 

to prevent the formation of an aberrant, irregular protodermal layer, consisting of enlarged, 

vacuolated cells. A positive effect was also seen on the formation of proembryogenic masses 

and globular embryos from tsl lc suspension cells, which implies that more than one stage 

in the development of embryos is affected in tsl lc. 

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 particular cell wall polymers (Van Engelen and De Vries, 1992). 

CONCLUDING REMARKS 
In the preceding paragraphs, several recent approaches used to understand the molecular and 

cellular basis of zygotic and somatic embryogenesis in plants have been dealt with. It 

appeared from several studies that in the in vitro formation of embryogénie plant cells both 

asymmetric cell division and control of cell expansion are important 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 influence for instance the formation of embryogénie cells 

and the restriction of cell expansion characteristic for these cells, have been found with 

biological assays based on in vitro systems. Analysis of Arabidopsis mutants, such as emb 

101-1 and gnom, that are affected in early stages of zygotic embryogenesis, have also 

pointed to control of cell expansion and asymmetric cell division as important mechanisms. 

The results obtained sofar suggest that, although their starting points are quite different, the 

same basic cellular mechanisms are used in somatic as well as in zygotic plant 

embryogenesis. 
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ABSTRACT 
At the nonpermissive temperature, somatic embryogenesis of the temperature-sensitive (ts) 

carrot cell variant tsll does not proceed beyond the globular stage. This developmental 

arrest can be lifted by the addition of proteins secreted by wild-type cells to the culture 

medium. From this mixture of secreted proteins, a 32-kD glycoprotein, designated 

extracellular protein 3 (EP)3, was purified that allows completion of somatic embryo 

development in tsll at the nonpermissive temperature. On the basis of peptide sequences 

and biochemical characterization, EP3 was identified as a glycosylated acidic endochitinase. 

The addition of the 32-kD endochitinase to tsll embryo cultures at the nonpermissive 

temperature appeared to promote the formation of a correctly formed embryo protoderm. 

These results imply that a glycosylated acidic endochitinase has an important function in 

early plant somatic embryo development. 

INTRODUCTION 
In carrot cell cultures, somatic embryos develop from single embryogénie cells or from small 

clusters of embryogénie cells designated proembryogenic masses (Halperin, 1966; Nomura 

and Komamine, 1985). Several reports have indicated that proteins secreted into the medium 

of carrot cell cultures accompany the formation of embryogénie cells and somatic embryos. 

In one instance, an extracellular protein (EP1) has been identified that is only secreted by 

nonembryogenic cells (Van Engelen et al., 1991). Sterk et al. (1991) reported that another 

extracellular protein (EP2), identified as a lipid transfer protein, was only synthesized by 

embryogénie cells and somatic embryos. From these and other extracellular proteins 

described (Satoh and Fujii, 1988), it emerges that the developmental state of carrot 

suspension cells is reflected in the type of secreted proteins synthesized by these cells. 

To answer whether these and other secreted proteins are directly involved in somatic 

embryo development, two different assay systems have been developed. The first of these 

made use of the fungal antibiotic tunicamycin that prevents N-glycosylation of proteins. 

Tunicamycin was found to inhibit somatic embryo development at an early, preglobular 

stage. This inhibition could be overcome by the simultaneous addition of correctly 

glycosylated proteins to the culture medium (De Vries et al., 1988a). The responsible 

glycoprotein was purified and identified as a cationic peroxidase (Cordewener et al., 1991). 

Based on the observed expansion of small embryogénie cells in the presence of tunicamycin 

and the identification of a peroxidase activity that prevents this expansion, a model has been 

presented that identifies the peroxidase-mediated restriction of cell size as an important 

prerequisite for successful somatic embryogenesis to occur (Van Engelen and De Vries, 

1992). A second assay system was based on the observation that the phenocritical period in 

temperature-sensitive (ts) arrest at globular stage in the carrot cell variant tsl 1 coincided with 

the period of sensitivity to replacement of the conditioned medium by fresh growth medium. 
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Figure 1. Purification of Secreted Medium Proteins Able to Rescue Arrested Somatic Embryos of the 

Variant t s l l . 

(A) The effect of secreted medium proteins on the development of arrested tsll globular embryos. Embryo 

rescue is expressed as a progression coefficient, which is the ratio of ts l l embryos developed past the 

globular stage (heart, torpedo and plantlet) to the total number of embryos (Lo Schiavo et al., 1990). Embryo 

rescue assays have been performed as described in Methods. Proteins present in the different fractions analyzed 

in the course of the purification are visualized on silver-stained Polyacrylamide gels. Lane 1, unfractionated 

conditioned medium; lane 2, basal B5 medium; lane 3, DEAE-Sepharose column fraction with tsll embryo-

rescue activity; lane 4 to lane 11, fast-protein liquid chromatography Mono Q column peak fractions derived 

from the DEAE-Sepharose column fraction shown in lane 3. 

(B) The 32- and the 35-kD proteins analyzed for the presence of sugar side chains. Lane 1, silver-stained 

pattern of fraction shown in (A), lane 7; lane 2, proteins reacting with concanavalin A lectin; lane 3, proteins 

reacting with Ulex ewopaeus agglutinin I, a fucose-specific lectin. 

(C) The purified 32-kD glycoprotein analyzed by silver staining after two-dimensional SDS-PAGE. 
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When medium conditioned by a wild-type cell line was added to the tsl 1 culture medium, 

arrest at the globular stage under nonpermissive temperatures was lifted and embryo 

development in tsl 1 was completed up to torpedo stage, resulting in the formation of 

plantlets. This effect was found to be protease-sensitive, suggesting that secreted proteins 

were the causative component of the conditioned medium (Lo Schiavo et al., 1990). 

In this paper, we present the purification of the secreted protein that is responsible for the 

observed rescue of tsl 1 embryos arrested at the globular stage. Partial protein sequences 

obtained from the purified protein, as well as biochemical characterization, identified this 

extracellular protein, designated EP3, as a 32-kD glycosylated acidic endochitinase. These 

results indicate that, apart from their postulated role in the plant defense response, at least 

one member of the family of plant proteins with chitinase activity has a function in somatic 

embryo development. 

RESULTS 
Arrested t s l l Embryos Exhibit Aberrant Protoderm Formation and are 
Rescued by a Single Secreted Glycoprotein of 32 kD 

Cell-free conditioned medium obtained from a 10-day-old embryo culture of the wild-type 

line A+ was reported to enable completion of tsl 1 embryo development (Lo Schiavo et al., 

1990). This effect was observed when globular tsll embryos, developed at 24°C, were 

transferred to the nonpermissive temperature of 32°C in medium conditioned by an A+ 

embryo culture. Prior treatment with trypsin abolished the effect of medium conditioned by 

an A+ embryo culture. To confirm this observation, tsll embryo cultures were grown at 

24"C and globular embryos were manually isolated from the embryo culture. Thirty 

individual tsl 1 embryos were collected and incubated at 32°C in 2 mL of fresh basal medium 

alone or in the presence of concentrated medium proteins isolated from the medium of a 10-

day-old embryo culture of another wild-type line, 10 (De Vries et al., 1988b). This 

preparation of secreted proteins allowed 21 of the 30 individual tsll globular embryos to 

develop into torpedo stage embryos at 32°C, resulting in an embryo progression coefficient 

of 0.7 as shown in Figure 1A, lane 1. This value is approximately 75% of the value 

observed with medium conditioned by an A+ embryo culture (Lo Schiavo et al., 1990). No 

development of tsl 1 embryos beyond the globular stage was observed with unsupplemented 

basal medium (Figure 1 A, lane 2). 

Concentrated medium proteins from a 10 day old embryo culture of line 10 were applied 

to a cation exchange column. The bound fraction contained 30% of the amount of protein 

applied and could be completely eluted with a linear gradient of 0 to 0.1 M KCl. None of the 

eluted fractions, including those that contained peroxidase activity (Cordewener et al., 

1991), had a positive effect on tsll embryo development. The embryo rescue activity 

remained present in the protein fraction not bound to the cation exchange column (data not 
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Figure 2. Effect of Secreted Proteins Purified from Wild Type Embryo Culture Medium on the 

Development of tsl 1 Embryos at the Nonpermissive Temperature of 32'C. 

(A) Aberrant globular embryo in a 4-week-old ts 11 embryo culture. Bar = 180 p.m. 

(B) Globular and heart stage embryos in a 4-week-old embryo culture to which 0.1 p.g each of the 32- and 

35-kD glycoproteins had been added per milliliter of culture medium. Bar = 200 pm. 

(C) Globular embryo in a 14-day-old embryo culture to which 0.1 pg of pure 35-kD glycoprotein had been 

added per milliliter of culture medium. Bar = 180 p.m. 

(D) Globular embryo in a 14-day-old embryo culture to which 0.1 p.g of pure 32-kD glycoprotein had been 

added per milliliter of culture medium. Bar = 180 p.m. 
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