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Stellingen

I} N-acetylglucosamine komt voor in arabinogalactaneiwitten
(AGPs)
(dit proefschrift)

2) Een voorbehandeling met chitinase vergroot het vermogen van
arabinogalactaneiwitten (AGPs) om de verming van somatische
embryo's te bevorderen.

(dit proefschrift)

3) Bij het analyseren van de gevolgen van het toevoegen van (B-D-
Gle)s Yariv phenylglucosiden aan plantencellen dient rekening te
worden gehouden met de biofysische effecten op de celwand.

Serpe, M.D. & Nothnagel, E.A. Planta 193, 542-550 (1994).
Willats, W.G.T. & Knox, 1.P. Plant Journal 9, 919-925 (1996).
Serpe, M.D. & Nothnagel, E.A. Plant Physiol. 112, 1261-1271
(1996).

4} De strikte patroonvorming bij embryo- en wortelontwikkeling
van onder gestandaardiseerde laboratorium omstandigheden
gekweekte Arabidopsis thaliana verhult de natuurlijke plasticiteit
van deze ontwikkelingsprocessen.

Dolan, L. et al. Development 119, 71-84 (1993).
Jirgens, G. Cell 81, 467-470 (1995).

5) Het vermelden van gegevens over de halfwaardetijd van
arabinogalactaneiwitten {AGPs) is voorbarig zolang de structuur en
de exacte functie van deze moleculen niet bekend zijn.

Kreuger, M. & Van Holst, G.-J. Plant Molecular Biclogy 30,
1077-1086 (1996).

Takeuchi, Y. & Komamine, A. Physiol. Plant. 50, 113-118
(1980%).

Gibeaut, D. & Carpita, N. Plant Physiol. 97, 551-561 (1991).

6) De Joegoslavische grondwet, die in 1974 onder invloed van Josip
Broz Tito tot stand is gekomen, bood geen ruimte voor
nationalistische stromingen en kon daarmee Joegoslavié als
eenheidsstaat zo lang mogelijk in staat houden.




7) In tegenstelling tot wat zij beweren laten McCabe et al. {(1997)
niet ziem dat cellen waarvan het cytoplasma en de celwand
gepolariseerd zijn, celien zijn die zich kunnen ontwikkelen tot
somatische embryo's.

McCabe, P.F. et al. Plant Cell 9, 2225-2241 (1997).

8) De door de producenten van softdrinks uitgeoefende druk op het
Congres van de Verenigde Staten om een handelsboycot van Sudan
te voorkomen en op die manier de invoer van arabische gom veilig
te stellen, laat zien dat AGPs behalve somatische embryogenese ook
de internationale politiek kunnen beinvloeden.

International Herald Tribune (17 october 1997).

9) De politieke keus voor Sarajevo, als lokatie voor het
hoofdkwartier van de VN vredesmacht UNPROFOR, heeft het goed
functioneren van UNPROFOR in hoge mate gehinderd.

10) Het voorkomen van een tweede golfoorlog door bemiddeling
van de Verenigde Naties is de grootste overwinning die deze
volkerenorganisatie ooit behaald heeft.
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Scope

In vitro cultured carrot suspension cells can function as starting material for the generation of somatic
embryos. Compounds secreted by suspension cells can influence the process of somatic
embryogenesis. One class of such compounds, the secreted EP3 endochitinases, was found to lift the
developmental arrest of somatic embryos formed in the temperature sensitive carrot cell line £s/1,
when cultured at restrictive temperatures. In addition, this chitinase was able to increase the number
of ts1] somatic embryos as observed at the restrictive temperatures. The bacterial
lipochitocligosaccharide (LCO) NodRIv-V(Ac, C18:4) was able to mimick the effects of EP3
endochitinases on 7s{ 7 somatic embryogenesis. The major goal of the study presented in this thesis
was to identify plant produced compounds that contain an endochitinase cleavage site. Such
compounds could then lead to the discovery of possible plant LCO analogues.

In Chapter ! an introduction concerning the roles and effects of compounds that influence
embryogenesis is given. Besides a description of zygotic and somatic embryogenesis, this overview
presents a number of classical and non-classical growth regulators that function in embryogenesis. It
is discussed what role carbohydrates and proteoglycans can play in the initiation of embryogenesis.

In Chapter 2 experiments are presented that identify suspension cells and plant tissues
expressing EP3 endochitinase genes. In addition, the localisation of EP3 proteins in suspension cells
and in seeds was determined. EP3 genes were only expressed in cells that were in the vicinity of
zygotic or somatic embryos, but not in embryos themselves. The localisation of the secreted EP3
enzymes in the culture medium and in the endosperm suggested a “nursing” function for EP3
endochitinases during embryogenesis.

In Chapter 3 the production of catalytically active carrot and Arabidopsis EP3 endochitinases
in insect cells infected with recombinant baculoviruses is reported. Characterization of individual
carrot EP3 endochitinase isozymes showed that all baculovirus produced carrot chitinases are able to
cleave chitin as well as chitosan. Furthermore, the occurrence of the Arabidopsis chitinase AtEP3 in
the medium of embryogenic Arabidopsis suspension cultures and its absence in non-embryogenic
cultures identified AtEP3 as a good marker for the capability of such cultures to form somatic
embryos.

In Chapter 4 evidence is presented for the occurrence of N-acetylglucosamine (GlcNAc) in
arabinogalactan proteins (AGPs) present in the medium of carrot embryogenic suspension cultures.
AGPs isolated from immature carrot seeds, were found to contain endochitinase cleavage sites. The
identification of these cleavage sites and the differences in the total population of AGPs isolated from
carrot seeds at different stages of seed development suggested a substantial amount of processing of
AGPs in carrot seeds.

In Chapter 5 experiments are described that demonstrate that both EP3 endochitinases as well
as AGPs can promote the formation of protoplast derived wild type somatic embryos. Pre-treatment



of immature seed AGPs with chitinases before addition to carrot protoplasts was shown to increase
the embryo-promoting effect.

In chapter 6 the role of GleNAc containing molecules in plant and animal development is
discussed, with a special emphasis on the role of GlcNAc containing AGPs as the natural substrate

for endochitinases in plant embryogenesis.
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Chapter 1

Introduction

Traditional growth regulators such as auxins and cytokinins have always played an important role in
studies of embryogenesis in vitro (Reinert, 1959). This was based in part on earlier work in which it
was demonstrated that auxin could induce de novo meristem formation in tissue culture, a process
referred to as organogenesis (Skoog and Miller, 1957). The role of exogeneously added auxins, and
to a lesser extent cytokinins is therefore well-accepted in the formation of somatic embryos, and is
thought to be essential in the reinitiation of cell division in explant tissues. It is less clear what their
role is in Zygotic embryogenesis. It is for instance not known at what moment in embryo development
for the first time gradients of auxin and cytokinin are established and whether they have an instructive
role in the establishment of embryo pattern elements. Only recently experiments have been performed
that suggest that disruption of endogencous gradients of auxins by various means indeed changes the
outcome of the formation of the embryo pattern (Fisher et al., 1996; Lin et al., 1993). Another
emerging area of research is the investigation inte the role that a rapidly increasing array of diverse
molecules such as chitinases, lipochitooligosaccharides or LCOs (De Jong et al., 1993), and
arabinogalactan proteins or AGPs (Kreuger and Van Holst, 1993) play in somatic embryogenesis.
These studies have largely been performed in in vitro systems and have pointed to the existence of
non-traditional growth regulators.

Genetic analysis of plant zygotic embryogenesis has sofar revealed few clues as to the exact role of
plant growth regulators in early embryo development. However, it does appear that cell to cell
communication is one crucial mechanism employed to set up patterning and to ensure cell
differentiation in embryogenesis (Jiirgens, 1995; Laux and Jiirgens, 1997). Such a mechanism of
course requires long, short and intermediate range signalling molecules, some of which may be
identical to the traditional growth regulators, while others may be identified as non-traditional ones or
even as yet completely unknown molecules.

In this chapter we will focus on studies that show a potential role of growth regulators in early
embryogenesis and will atempt to identify essential developmental events in the early embryo,
possibly under control of growth regulators. Later steps in seed development and embryogenesis,
especially those during the onset of desication that are under control of growth regulators such as
ABA and GA, are not discussed here.

Embryogenesis in dicots and monocots

The zygotic embryo begins life as a fertilized egg cell, the zygote (Fig 1A). Concomittant, the second
fertilization event results in the triploid endosperm, by fusion of the two polar nuclei of the central cell

(Fig 1A} with the second sperm nucleus. The endosperm develops into a tissue that consists of only a
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L
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Figure 1. Embryonic development of dicotyledonous (A through K) and monocotyledonous plants (L through R).

A. Ovule. The egg cell {ec) and synergids (sy) are located at the micropylar end (m) of the ovule, and the antipodal cells
(ac) are at the chalazal end (ch). 1, inner integuments; oi, outer integuments; pn, polar nuclei. B. Zygote. C. The
zygote has undergone the first division resulting in a smailer apical (a) cell and a larger basal (b} cell. D. Two celled
embryo proper (¢} and the suspensor (s). E. Octant stage embryo. F. 16-celled embryo where the protoderm (p)}
becomes apparent. G. Early globuiar stage embryo. The topmost cell of the suspensor has divided to produce the
hypophysis (h). H. Mid globutar stage embryo. I. Transition stage embryo. The cotyledons are about to emerge, the
developing procambium {pc) and the ground meristem become visible. J. Heart stage embryo. The cotyledonary lobes
are enlarging and the bilateral symmetry has clearly become cbvious. K. Torpedo stage embrye. The morphological
arganization of the embryc has completed and all embryonic elements have become visible, the cotyledons {c) and the
shoot apical meristem (sam} in the apical part, and the reot apex (ra) in the basal part. L. The zygote has undergone the
first division resulting in a 2-celled embryo. M. Three celled embryo with smaller apical cells and a larger basal cell,
N. Ciub shaped embryo. O. Transition stage embryo, containing an embryo proper region with a protodermal cell
layer, and a suspensor region. P. The subdistal region of the embryo starts to divide actively and the periferal shoot
meristem becomes visible. Q. The root meristem begins to form internally and the region above the shoot meristem
has expanded to form the scutellum (sc). R. The morphological organization of the embryo has completed and all
embryonic elements have become visible with the shoot apical meristemn with leaf primordia (sl} and the coleorhiza
including the embryanic root (cr).

Figure adapted from West and Harada (1993), Tykarska (1976,1979) and Lindsey and Topping (1993}.
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few differentiated cell types and it is known to provide nutrients to the developing embryo and/or the
germinating seedling (for review see Lopes and Larkins, 1993).

The zygote elongates before the first division in the future apical-basal axis of the embryo (Fig 1B).
This coincides with a reorganization of the previously randomly orientated microtubules, that now
become aligned perpendicular to this axis (Webb and Gunning, 1991). The first division of the zygote
is usually an unequal transversal division that results in a larger basal cell, oriented towards the
micropylar end, and a smaller apical cell, oriented towards the chalazal end of the embryo sac (Fig
1C). The basal cell will give rise to the extra-embryonic suspenser, whereas the apical cell will give
rise to the embryo proper. In the model plant Arabidopsis the uppermost cell of the suspensor (Fig
1G) contributes to a part of the embryonic root meristem and root cap and thus to the embryo
{Scheres et al., 1994). Many differences have been observed between dicot species concerning the
contribution of the apical and basal cell derivatives to different parts of the embryo proper (for review
see Mordhorst et al., in press).

The establishment of two primary meristems in the embryo, the root and the shoot meristem, are of
utmost importance in shaping postembryonic development and thus for generating the adult plant
(Steeves and Sussex, 1989). Pattern formation is intensively studied by mutational analysis in
Avrabidopsis. The initiation of the two apical meristems at distal positions in the embryo (Barton and
Poethig, 1993; Dolan et al., 1993) can be viewed as being part of an apical-basal pattern along the
main body axis and a radial pattern perpendicular to this axis (Jiirgens, 1995). Both patterns become
visible at very early stages in embryo development. Apical-basal pattern formation s visible as an
unequal distribution of cellular constituents in the zygote and appears fixed by the first asymmetric
division of the zygote, that results in two cells of unequal size and different fates in most dicot species
(Fig 1C). Radial pattern formation commences slightly later, in the octant stage embryo, where the
outer cell layer (the protoderm) becomes distinct from the inner cells (Fig1E-F). Upon the transition
into a heart stage embryo, the radial arrangement gives way to a bilateral symmetry by the formation
of both cotyledon primordia. Pattern formation reaches completion in the late heart stage embryo (Fig
11) with the visible presence of both apical meristemmns. After that, the body plan of the eventual dicot
seedling is essentially finished (Jiirgens and Mayer, 1994).

Controlled cell divisions in the early embryo are of utmost importance for generating the body
organization that is apparent in the mature embryo (Jiirgens, 1995). Another factor that influences the
body organization and the shape of the embryo is the control of cell expansion. Recently it has been
shown that expansins, extracellular proteins that control tissue expansion, can regulate plant
development. Fleming et al. (1997) have reported that beads loaded with purified expansin, placed on
the apical meristemn of tomato plants induce tissue expansion and can induce leaf formation. These
results indicate that also biophysical forces have a role in plant development, so the control of cell
expansion might also be an important factor in embryogenesis.

Tt is less clear from mutational analysis whether the controlled cell divisions and subsequent
expansion is actually instrumental in pattern formation. In mutant fass embryos the initial cell

12
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divisions are not as regular as in the wild type embryo, so that the characteristic radial organization is
not apparent. Despite this all pattern elements develop and the mutant seedlings display all tissues
found in wild type (Torres Ruiz and Jiirgens, 1994), which seems to confirm observations made in
many other piant species (see maize later in this section) that considerable randomness in early
embryo cell divisions is apparent (reviewed by Mordhorst et al., in press) Based on these and other
observations Jirgens (1995) suggested that the apical-basal pattern elements are established by
celluiar interactions in a position-dependent manner. The observed variability in early divisions shows
that such cellular interactions can establish the embryo pattern independent of the pattern of cell
division. Cellular interactions may also play an important role in maintaining and {possibly) initiating
cell identity (Van den Berg ct al., 1995) and tissue-specific gene expression. Further indications for
cell-to-cell communication as a means of generating apical-basal pattern elements comes from clonal
analysis with marker genes that show clone barriers to be variable sometimes to run across specific
seedling structures, such as the cotyledons or the root meristem (Dolan et al., 1994; Scheres et al.,
1994). In Arabidopsis several screens have yielded mutants that are arrested in different stages of
embryo development (Meinke and Sussex, 1979), that show changes in the apical-basal or radial
body pattern (Barton and Poethig, 1993; Hirgens et al., 1991; Mayer et al., 1991; McConnell and
Barton, 1995; Scheres et al., 1995) or that show specific expression of marker genes in the embryo
{Vroemen et al., 1998)

Several of the genes that upon mutation result in an embryo phenotype and that have been cloned
cause rather severe phenotypes with considerable alterations at the cellular level. An example of such
a gene is KNOLLE, encoding a syntaxin responsible for cytokinesis-specific vesicle fusion
{Lukowitz et al., 1996). The knolle mutant was originally described as having a defect in the radial
pattern (Mayer et al., 1991). Whether severe embryo or seedling phenotypes are the result of
mutations in very early acting genes instructive in pattern formation remains uncertain (for review see
Mordhorst et al., in press). The only clue from mutational analysis that cell-cell signalling events are
required for shoot apical meristem formation during embryogenesis comes from the cloning of the
CLAVATA 1 gene, postulated to be involved in maintaining the number of cycling and
undifferentiated cells in the shoot apical meristem and encoding a transmembrane leucin-rich-repeat
type receptor kinase (Clark et al., 1997). The ligand that activaies this receptor is not known.

In monocots maize is one of the model species for studying embryogenesis, and it is of interest to
compare maize embryo development with that of the stereotype dicot embryo development because of
the striking differences between the two. In maize fertillization results in a zygote that after the first
two divisions gives rise to a 3-celled embryo that contains two small apical cells and one larger basal
cell (Fig 1M). In contrast to Arabidopsis, the subsequent divisions are irregular (Randolph, 1936). In
the transition stage the embryo has a club-shaped morphology, the emerging ‘embryo proper’ region
is distinct from the ‘suspensor region’ since the latter does not contain a protodermal cell layer
(Randolph, 1936) (Fig 10). The periferal shoot meristem becomes visible 6 to 7 days after
fertilization (Fig 1P-Q), when the subdistal region begins to divide actively on the side facing away
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from the endosperm (Van Lammeren, 1986). Later on, the root meristem is initiated internally. The
embryonic meristems are initiatied at a later stage in embryogenesis then in the dicot Arabidopsis,
while also the initiation of 3 to 5 leaf primordia during embryogenesis (Fig 1R} are characteristic for
monocot embryogenesis.

Besides zygotic embryogenesis other moedes of embryogenesis exist in plants. Apomixis is an in vivo
occurring process, that gives rise to embryos of gametophytic or somatic origin with maternal genetic
properties (for reviews see Koltunow, 1993; Sharma and Thorpe, 1995). Given the variability in the
cells that initiate apomictic embryos, it is likely that signalling systems are employed, but sofar no
clues are available to what the nature of such signals is. One possibility is that they belong to the
group of classical growth regulators such as gibberellic acid, that was shown to promote
parthenocarpy in Arabidopsis (Chaudhury et al., 1994, Vivian-Smith et al., 1997).

Zygotic embryogenesis can be mimicked in vitro by the fusion of isolated gametes (for review see
Kranz and Dresselhaus, 1996) Zygotic embryogenesis after in vitro fertilization is comparable to the
in vivo situation. Interestingly in vitro fertilization requires only both gametes, whereas further
embryo development requires ‘feeder’ cells, usually in the form of an embryogenic suspension
cutture, suggesting that those ‘feeder’ cells fulfill an nursing function in early embryogenesis. It is not
known whether this nursing function is a phenomenon restricted to the in vitro system or whether
zygotic embryos also require such a nursing activity provided by the surrounding tissues.
Androgenesis and gynogenesis are processes in wich gametes without fertilization can give rise to
embryos (for reviews see Ferrie et al., 1995; Reynolds, 1997). The exact nature of mechanisms that
lead to the aquisition of embryogenic potential in microspores have not been elucidated yet.
Development of microspore embryos is dependent on stress conditions such as nitrogen starvation or
heat treatment (Custers et al., 1994; Kyo and Harado, 1986; Touraev et al., 1996) rather then through
the application of growth regulators.

Somatic embryogenesis is the process by which somatic cells develop into plants via the same
characteristic morphological stages, and with a comparable timing of development as can be observed
in zygotic embryogenesis. Since the initial description in carrot almost 40 years ago (Reinert, 1959;
Steward et al., 1958), in this species somatic embryogenesis has been used to study early regulatory
events and to identify a variety of molecules including many synthetic plant growth regulators that
promote somatic embryogenesis. More recently, also plant-produced molecules are being analysed for
effects on the initiation and maturation of somatic embryos. These studies are of course possible
because of the excellent accessibility of somatic embryos when compared to zygotic ones.

While the exogenecus application of strong synthetic auxins as 2,4-D is almost universally used to
generaie embryogenic suspension cultures it is far from clear how embryogenic cells are actually
initiated. Petiole {(Ammirato, 1985) and hypocotyl explants {(Kamada and Harada, 1979) require
culturing in the presence of auxin before they produce cells that become competent to form somatic
embryos. Even single cells from established suspension cultures (Nomura and Komamine, 1985)
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require auxin before they become embryogenic. Auxin causes reinitiation of cell division in explants
and proliferation of explant cells once released. Carrot hypocotyl explants can give rise to cells that
are capable to generate somatic embryos after exposure to 2.4-D for at least 72 hrs. The only cells that
respond to 2,4-D by proliferation are cells of the stelar cylinder, thus the embryogenic cells must
derive from these proliferating cells (Guzzo et al., 1994). However, the number of proliferating cells
exceeds by far the number of embryogenic cells, as determined by video recording of the
development of many thousands of individual cells (Schmidt et al., 1997). This indicates that after
auxin treatment only a small subset of the cell population becomes embryogenic, which was
previously found to hold true for suspension cultured cells as well (De Vries et al., 1988; Toonen et
al., 1994). These experiments also provide evidence that reinitiation of cell division and subsequent
proliferation is only one step amongst many in the pathway that leads to embryogenic cell formation.
There appears to be only a specific subset of proliferating cells, those that express the Somatic
Embryogenesis Receptor Kinase (SERK), that can follow the developmental pathway that leads to
embryogenesis (Schmidt et al., 1997).

Most of the alternative systems for embryogenesis exhibit variability in the early division patterns in
the embryo, even when the zygotic embryos of the same species exhibited regularity. It appears
therefore that despite such variability in early division patterns between species, all dicot embryos
develop through the characteristic globular, heart and torpedo stages. In all monocot embryos the
globular stage is followed by a transition stage, the initiation of the periferal shoot meristem, and
subsequently the formation of an internally located root meristem. In the following section we will
discuss studies that demonstrate a role of growth regulators during the initiation of embryogenesis
and in later stages of embryo pattern formation during which for instance the apical meristems are
established.

Classical plant growth regulators in embryogenesis

In carrot somatic embryogenesis an initially high concentration of either endogenous free IAA or an
exogenous auxin is required. Subsequently, the free auxin concentration must fall below a certain
maximum in order to allow the organized development of bipolar embryos to occur. Ribnicky et al.
{1996) have shown that exogenous auxins have profound effects on endogenous auxin metabolism,
and it is therefore likely that removal of exogenous auxins is needed to lower the internal levels
sufficiently for internal gradients to appear. Michalczuk et al. {1992) and Cooke and Cohen (1993)
assumed that in somatic embryos that contain between 20 and 30 ng g-1 fresh weight of total IAA, the
free IAA concentration is low enough {o allow the establishment of endogenous auxin gradients. In
developing seeds very high levels of auxin can be measured, suggesting a requirement for auxin in
and around the developing zygotic embryo (Michalczuk et al., 1992). In vitro fertilization initially
requires externally applied auxins for embryo formation, so the situation in seeds can apparently be
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mimicked by application of exogenous auxins. It is assumed, but not proven, that auxins are required
to sustain the initial phase of rapid cell divisions in the embryo. There is increasing evidence that they
also play arole in later stages in embryo development when pattern formation and cell differentiation
occur.

Plant growth regulators exist in low concentrations in cells and therefore it is difficult to localise their
site of production and to determine their precise sites of action during embryogenesis (Liu et al.,
1993). Two approaches are followed to study the role of endogenous growth regulators during
zygotic embryogenesis. In the first one mutants are investigated that show an embryo phenotype in
addition to an altered transport or altered level of plant growth regulators. The second approach makes
use of growth regulator transport inhibitors applied to excised zygotic embryos. Although both
approaches have yielded valuable insight into the role of plant growth regulators in embryogenesis,
they suffer from experimental restrictions. Few mutant phenotypes are amenable to measurement of
growth regulators due to carly arrests and limited availability of tissue for analysis, while excision of
zygotic embryos is restricted to later stages of development. It is hoped that increasingly more
efficient and reproducible in vitro systems will help to overcome these limitations. Determination of
specific effects of any particular growth regulator is however often hampered by the fact that one
growth regulator appears to be able to modify the synthesis of other classes of growth regulators,
either directly or indirectly (Gaspar et al., 1996).

In embryos of the Arabidopsis mutant fass the initial embryonic divisions are aberrant, but despite
this, all pattern elements are developed (Torres Ruiz and Jirgens, 1994). Seedlings of this mutant
have been shown to contain 2.5 times higher levels of free auxin, which might in turn cause the
higher levels of ethylene that were also observed (Fisher et al., 1996). Furthermore it was shown that
the fass phenotype can be mimicked when wild type heart-shaped embryos are cultured in the
presence of NAA. The fass gene product is thought to function as a negative regulator of free auxin
formation, or as a positive regulator of auxin conjugation (Fisher et al., 1996).

Another indication for the importance of auxin during embryogenesis comes from studies on auxin
transport in the Arabidopsis mutant monopteros. The monopteros gene is important for the apical-
basal pattern formation during embryogenesis, since mutant embryos fail to produce hypocotyl and
radicle (Berleth and Jiirgens, 1993). In adult plants of this mutant the presence of abnormal flowers,
reduced or absent veins in leaf laminae, and unoriented, improperly aligned or isolated vessel
elements, reveals post-embryonic functions of the monopteros gene (Przemeck et al., 1996). In
monopteros plants, polar auxin transport in the influorescence axis was reduced, and it was proposed
that the monopteros gene product canalizes a rooi-to-shoot signal flux in which the polar auxin flux
might play a role.

Pinl-1 is an Arabidopsis mutant that has several structural abnormalities in the influorescence axis,
flowers and leaves (Goto et al., 1987; Haughn and Sommerville, 1988). Analysis of this mutant has
shown that the polar auxin transport was decreased to only 14% of wild type (Okada et al., 1991).

Culturing wild type plants in the presence of auxin polar transport inhibitors like 9-hydroxyfluorene-
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9-carboxylic acid (HFCA), N-(1-naphthyl)phthalamic acid (NPA), or 2,3,5-triiodobenzoic acid
(TIBA) resulted in plants that resembled the phenotypes of the pinl mutants, indicating that the major
genetic defect of the mutation is related to the auxin polar transport system(s). The pin!-! phenotype
is not restricted to the adult plant since selfing of pinl-1 heterozygous plants resulted in an offspring
containing embryos with a fused, cylindrical cotyledon {Liu et al., 1993). This suggested that polar
auxin transport is essential for the establishment of bilateral symmetry during plant embryogenesis.
Other indications for the correctness of this hypothesis are also reported by Liu et al. {1993).
Globular and heart-shaped zygotic embryos of Indian musterd were dissected and cultured in vigro,
where embryogenesis proceeded as in the in vive situation. Culturing these embryos in the presence
of the auxin transport inhibitors HFCA, TIBA, or trans-cinnamic acid resulted in embryos with a
phenotype resembling that of the pinl-! mutant. The recently described cue mutants (Aida et al.,
1997), that are characterized by the observation that the cuc/ cuc2 double mutant fail to organize a
shoot apical meristem, exhibit a phenotype that is similar to the pinl-1 phenotype. This indicates that
either the developmental pathway of organizing the shoot apical meristem in the embryo, in which the
cuc genes are involved, is also modulated by polar auxin transport, or that it is difficult to conclude
much from the pini-I phenotype. Partially or compietely fused cotyledons have also been observed in
embryos of the emb30{gnom) mutant {(Mayer et al., 1993; Meinke, 1985), and therefore Liu et al.
suggested that the emb30 gene product might play a role in auxin polar transport. Cloning of the
emb30 gene revealed that it encodes a protein that has similarity to yeast SEC proteins (Busch et al.,
1996; Shevell et al., 1994)(Shevell et al., 1994). The exact function of the EMB30 protein is still
unknown, but Shevell et al. (1994) speculated that EMB30 functions in secretion and therefore might
affect the transport of auxin, or, alternatively, might affect the synthesis and secretion of
glycoproteins. Mutants of the amp/pt type exhibit an enlarged shoot apical meristem that gives rise to
a polycotyledon phenotype in the seedling. amp plants were shown to have a variety of defects and to
contain elevated levels of cytokinin (Chaudhury et al., 1993), Whether this elevated level of cytokinin
is directly responsible for the polycotyledon phenotype is not established, so it is not clear whether a
balance of auxin and cytokinin is involved in cotyledon primordium formation.

Besides the influence of polar auxin transport inhibitors on dicot embryo development, the effect of
auxins and polar auxin transport inhibitors has also been investigated in monocot embryogenesis
(Fischer and Neuhaus, 1996). In the in vitro development of wheat zygotic embryos the unilateral
formation of the scutellum was blocked when the embryos were cultured in the presence of 2,4-D,
2,4,5-T or TAA. The effect of the auxins depended on the developmental stage of the isolated
embryos. Addition of auxin to symmetrical globular embryos resulted in growth, but not in cell
differentiation or meristem formation. Addition to transition stage embryos resulted in a normal
embryo morphology, but sectioning revealed a loss in cellular organization in the treated embryos.
Blocking auxin transport by culturing wheat zygotic embryos in the presence of TIBA did not prevent
scutellum formation, but the relative position of the shoot apical meristem in comparison to the
scutellum was altered and no root meristems were formed. Based on these obsevations it was
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proposed that the non-homogeneous distribution of auxin within the embryo proper at the globular
stage or ‘auxin gradients’ are instrumental in the establishment of embryo polarity (Fischer and
Neuhaus, 1996).

Non-classical growth regulaters in embryogenesis

In several in vitro systems it has been found that proteins secreted into the culture medium can be
beneficial or detrimental for embryogenic cell formation and also for progression of embryogenesis
(De Vries et al., 1988; Maés et al., 1997). The addition of extracellular proteins isolated from
embryogenic carrot cultures could rescue embryogenesis in the temperature sensitive mutant carrot
cell line ts17 (Lo Schiavo et al., 1990). £s/1 is likely to be impaired in its secretion of extracellular
proteins and polysaccharides (Baldan et al., 1997), amongst which the extraceliular protein 3 (EP3)
that caused the complementation has been purified and turned out to be an endochitinase (De Jong et
al., 1992; De Jong et al., 1995). The acidic endochitinase EP3 was found to be a member of a small
family of highly homologous class IV chitinase genes (Kragh et al., 1996). EP3 gene expression in
suspension cultures was notably found in non-embryogenic cells and not in somatic embryos, while
in plants expression was seen in the integuments of developing seeds, in the endosperm of mature
seeds, but not in zygotic embryos (van Hengel et al., in press). The fact that EP3 has a promotive role
in ts11 somatic embryogenesis, while it is produced predominantly by non-embryogenic cells poinis
to the existence of protein-mediated cell to cell communication in the process of somatic
embryogenesis.

The effect of EP3, lifting the arrest in somatic embryo development of ts11, could be mimicked by
chitin-containing bacterial signal molecules, the so-called lipochitooligosaccharides (1.COs) or Nod
factors (De Jong et al., 1993). These results were originally interpreted to reflect the involvement of
EP3 chitinases in the generation of plant analogues of LCOs. Stachelin et al. (1994) have shown that
modifications in Rhizobium meliloti LCOs influence their stability against hydrolysis by root
chitinases and they propose that the activity of LCOs may be partly determined by the action of plant
chitinases. These data suggested that plants employ extracellular chitinases to influence a signalling
pathway, involving bacterial LCOs, that eventually leads to the formation of root nodules, Chitin
fragments consisting of four or more N-acetylglucosamine residues are perceived by tomato cells
(Felix et al., 1993). Subnanomolar concentrations of these chitin fragments can induce an
extracellular alkalinization and cause changes in protein phosphorylation in suspension cultured
tomato cells. Thus, N-acetylglucosaming-containing LCOs trigger root nodule formation and are also
able to affect ts11 somatic embryogenesis, while chitin fragments are able to activate a signal
transduction pathway that might be part of the plants’ biochemical defence response upon pathogen
attack. Enzymes that form and degrade biologically active oligosaccharides (lermed oligosaccharins;
Darvill et al., 1992) are almost certainly largely responsible for when and where oligosaccharides are
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active in plant tissues (Albersheim et al,, 1994). Endochitinases might therefore be part of such a
regulatory mechanism involving chitin fragments and L.COs, both of which are oligosaccharides
involved in cell signalling (for review see Spaink, 1996). Another indication that plant development is
influenced by plant produced molecules that contain chitin-like fragments comes from tobacco plants
that were transformed with the Rhizobium nodA and nodB genes and that showed severe effects in
their development (Schmidt et al., 1993).

Oligosaccharins can act as antagonists of auxin, which has been shown by increasing the auxin
concentration in a system where oligogalacturonides normally can inhibit the auxin-induced formation
of roots on tobacco leaf explants (Bellincampi et al., 1996; Bellincampi et al., 1993). A functional
relationship between LCOs and classical growth regulators was also observed by Rofrig et al. (1995)
who have shown that LCOs at femtomolar concentrations confer the ability of tobacco protoplasts to
divide in the presence of high auxin concentrations. Recently it was reported that another kind of
signalling molecules is invelved in the division of protoplasts in this system, since the secreted
peptide ENODM4( is also able to alter the response of tobacco protoplasts to auxin (Van De Sande et
al., 1996). It appears therefore that several recently described unusual plant growth regulators are
developmentally important and may operate through altering the response of plant cells to auxin.
Chitin-based oligosaccharides may also be involved in animal development. In Xenopus the DG42
gene is found to be expressed only between the late midblastula and neurulation stages of embryonic
development (Rosa et al., 1988). The gene has some similarity with fungal chitin synthases and an
even stronger homology with the Rhizobium nodC gene (Bulawa and Wasco, 1991). The DG42
protein has been shown to catalyze the synthesis of short chitin oligosaccharides iz vitro (Semino and
Robbins, 1995), suggesting a role in development for molecules that contain short arrays of N-
acetylglucosamine. Homologs of DG42 are present in zebrafish and mouse (Semino et al., 1996). In
zebrafish, recent evidence was obtained that suggests that blocking the DG42-like activity by
microinjection of anti DG42 antibodies during zebrafish embryogenesis resulted in defects in trunk
and tail development (Bakkers et al., 1997).

While the above-cited examples all involve small diffusable molecules that are likely to belong to
intermediate and long range signalling systems, short distance signal molecules must also exist in
plants. Evidence for this comes from laser ablation studies in Arabidopsis roots where it was shown
that cells can acquire the fate of their neighbouring cells in a directional fashion (Van den Berg et al.,
1995). The identity of such compounds is not known, but in other systems it has been suggested that
such close-range signalling involves cell wall determinants. The marine brown algae Fucus and
Pelvetia provide model systems to study the initiation and maintainance of polarity in embryogenesis.
The Fucus zygote establishes a stable polar axis within 12 h after fertilization. External gradients like
unilateral light can impose a polar axis and the first cell division results in an apical thallus cell and a
basal rhizoid cell. Berger et al. (1994) have shown that at the two cell stage, cell walls derived from
either the rhizoid or the thallus cells have the potential to confer and maintain rhizoid and thallus
properties on Fucus protoplasts and in this way impose a polar axis. These results suggest that cell
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walls can contain positional information which can be perceived by the protoplasts’ cytoplasm and/or
nucleus and thus influence its developmental fate. The establishment of the polar axis is most likely a
result of targetted secretion, since polar secretion of Golgi-derived material at the fixed site of polar
growth is essential for growth and differentiation of the rhizoid as well as for the first piane of cell
division (Shaw and Quatrano, 1996). Which wall components are causative factors for the signalling
that influences cell fate in Fucus embryogenesis remains to be elucidated, although it is tempting to
speculate that oligosaccharides or proteoglycans are involved in this process.

Similar studies have not been performed in higher plant zygotes, but oligosaccharides are known that
can function as developmental markers. Several monoclonal antibodies to extracellular matrix
polysaccharides, extensins and arabinogalactan proteins (AGPs) of higher plants have been generated
and were shown to recognize developmentally regulated cell surface epitopes (for review see Knox,
1997). The differentiation of Zinnia elegans mesophyli cells into tracheary elements provides a semi-
synchronous system for studying in vitro cell differentiation (Fukuda, 1992; Fukuda and Komamine,
1980). Stacey et al. (1995}, using monoclonal antibodies, have shown that changes in the secretion of
three classes of cell wall molecules occur during differentiation. The precise timing of the appearance
and disappearance of epitopes, that are present on either pectic polysaccharides, xyloglucans or
arabinogalactan proteins (AGPs), provides a series of carbohydrate cell-surface markers for cell state,
particularly correlated with the time of determination of the tracheary element fate.

Arabinogalactan proteins

AGPs are proteoglycans with poly- and oligosaccharide units covalently linked to a central protein
core, and are part of the extracellular matrix of most plants (for reviews see Du et al., 1996; Kreuger
and Van Holst, 1996). The AGP epitopes that are recognized by the monoclonal antibodies JIM4 and
JIM13, are expressed in specific parts of the carrot root apex. Based upon this, a function for AGPs
in determining plant cell fate has been postulated (Knox et al., 1991; Knox et al., 1989). A correlation
between cell fate and the expression of a specific set of AGPs has also been found in maize
coleoptiles that are commited to undergo programmed cell death (Schindler et al., 1995).

Several experiments in different systems suggest that AGPs are not only a consequence of cell
differentiation, but may also play a more instructive role in development. The B-glycosyl Yariv
reagent, with which AGPs interact specifically, when bound to cell wall AGPs of rose suspension
cells inhibited growth in a reversible fashion (Serpe and Nothnagel, 1994). In suspension cultured
carrot celis that have been induced to elongate rather than proliferate, addition of the Yariv reagent
resulted in an inhibition of cell elongation. Due to the application of Yariv reagent to Arabidopsis
seedlings a reduction of root growth as a result of reduced cell elongation was observed (Willats and
Knox, 1996). The addition of AGPs, containing the ZUM 18 epitope, that were isolated from mature

dry carrot seeds was reported to increase the number of embryogenic cell clusters in carrot suspension
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cells (Kreuger and Van Hoist, 1995). Toonen et al. {1997) have shown that AGPs can overcome the
negative effect that the removal of particular cell populations has on the number of somatic embryos
produced. These results suggest that AGPs, in addition to the EP3 chitinases may represent a second
example of molecules that are involved in cell-cell communication in suspension cultures. No effect
was seen by Toonen et al.(1997) on the number of somatic embryos produced by non-fractionated
suspension cultures. In the conifer Norway spruce (Picea abies) addition of AGPs, isolated from seed
extracts, can influence somatic embryo morphology by enlarging the embryonic region that is
composed of a mixture of meristematic and expanded cells (Egertsdotter and Von Amold, 1995).
Taken together, these data suggest that certain AGPs can be classified as non-classical plant growth
regulators that may have a function in plant development. Whether they are involved in specific
processes such as cell differentiation or affect more general functions such as division and expansion
remains to be elucidated.

The suggested function(s) of AGPs involve cell-cell signalling and cell-matrix interactions. Based
upon their biochemical characteristics AGPs have the potential for two types of interactions:
macromolecule-macromolecule or macromolecule-small-ligand (Gane et al., 1995). A signalling
function of AGPs could be envisaged by means of such interactions or, alternatively, AGPs can
function as the locked-up form of signalling molecules (Bacic et al., 1988) and thus may require
extracellular processing for the release of the active forms of the signal molecules.

Cell-cell communication and ‘nursing’ during plant embryogenesis

While the phenomenon that somatic embryogenesis indeed occurs in plants is often used as an
argument against the role of a maternal contribution to plant embryogenesis, several lines of evidence
suggest an intimate relation between the developing embryo and its surroundings. In zygotic
embryogenesis the embryo is surrounded by the maternal integuments and the endosperm. Little is
known about the precise developmental relationship between these three partners, but there is
growing evidence that regulatory communication systems during seed development exist (for review
see Lopes and Larkins, 1993). Recently Colombo et al. (1997) have provided molecular evidence for
maternal factors that control seed and endosperm development. The floral binding protein7 (fop7) and
Jbpilare genes belonging to the MADS box family of transcription factors, Both genes are expressed
in the integuments after fertilization has taken place. Plants in which both genes are downregulated by
cosuppression showed a shrunken seed phenotype while mature seeds with a strongly reduced
amount of endosperm were produced. The interaction between embryo, endosperm and maternal
sporophytic tissue is also studied in the fersilization independent endosperm (fie) (Ohad et al., 1996)
or fertilization independent seed (fis) (Chaudhury et al., 1997) mutants. The female gametophytic fie
mutation allows replication of the central cell nucleus and endosperm development without
fertilization. FIEAie seed coat and fruit undergo fertilization-independent differentiation, which shows
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that the fie female gametophyte produces signals that activate sporophytic fruit and seed coat
development. Furthermore, embryos that maternally inherit the mutant fie allele are aborted, while fie
does not affect the male gametophyte (Ohad et al., 1996). Also in fis mutants certain aspects of seed
development are uncoupled from the event of double fertilization, resulting in partial development of
the seed without pollination. In addition, pollination of fis plants with wild type pollen resulted in fis
seeds that were found to contain embryos arrested at the torpedo stage. Thus, it appears that the
genelic programs of embryo, endosperm and seed are distinet, yet point to a variety of interactions at
different time points.

As discussed in the previous section, there is ample evidence for a contribution of both classical and
‘novel’ secreted signalling molecules to ir vitro embryo develepment. An extreme case was recently
reported for wheat androgenesis, where it was shown that co-cultivation with dissected ovaries was
absolutely necessary for the induction of embryogenesis (Puolimatka et al., 1996). Together with the
requirement for co-cultivation with ‘feeder cells’ used in several systems including in vitro
fertilization, and the role of non-embryogenic cells in somatic embryogenesis, it becomes clear that
embryogenesis in plants relies heavily on the presence of surrounding tissues and cells. An attractive
question that can now be pursued is whether the function of integumernts and the endosperm is
mimicked ir vitro by respectively ‘feeder cells’ and non-embryogenic cells. The precise nature of
these signals, their site of synthesis, extracellular and intracellular transduction pathways and the
target processes they are involved in are virtually unknown at present. However, many different
candidates such as auxins, chitin-based oligosaccharides, AGPs and other cell wall components exist.
Regarding the transduction of signals during plant embryogenesis, it is of interest that recently the
SERK gene, coding for a leucin-rich repeat containing transmembrane receptor-like kinase was
shown to be expressed in both sematic and zygotic embryos (Schmidt et al., 1997). In cells derived
from hypocotyl explants the SERK gene is transiently expressed in a small population of enlarging
single cells during the initiation of embryogenic cultures. SERK expression in somatic embryos
ceased after the globular stage. In plants, expression of the SERK gene could only be detected
transiently in the zygotic embryo up to the early globular stage. Schmidt et al. (1997) postulate that
the SERK receptor-like kinase is a candidate for a protein with an important function in the
communication between the early embryo and the surrounding cells, in vitro as well as in vivo.
Identification of additional components of the SERK-mediated signal transduetion chain might help to
further elucidate such mechanisms of communication,

A surprising observation was recently made on the possible role of oligosaccharides in pattern
formation in Drosophila , a process known to require the regulated expression of a small forest of
signalling molecules. Fringe (FNG), is a secreted Drosophila protein that has a key role in dorsal-
ventral aspects of wing formation (Irvine and Wieschaus, 1994), and based on homology searches
Yuan et al. (1997) have recently suggested that FNG-like signalling molecules may be
glycosyltransferases, The expression of glycosyltransferases was shown to increase during mouse
embryonic development {Cho et al., 1996} and the extracellular carbohydrate moieties change during
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development (Masteller et al., 1995). Furthermore, numerous distinct ESTs from multicellular
organisms including Arabidopsis, suggest a vast superfamily of glycosyltransferases that might
belong fo a system of posttranslational modification independent from the Golgi apparatus
(interestingly no match was found in yeast or other completely sequenced unicellular organisms).
Therefore Yuan et al. (1997) state that the carbohydrate status of the cell during development might be
a function of neighboring cells and not only of its own expression set of glycosyltransferases. When
this holds true, oligosaccharides might be signalling molecules that are important in embryonic
development, and their biological activity is likely to be regulated by enzymes that are produced by the
same cells or by neighboring cells.

Concluding remarks

In this chapter we have pointed out experimental studies that place auxin in a central position in the
initiation and maintenance of cell divisions in the early plant embryo. Certain aspects in embryo
pattern formation, such as the shift from radial to bilateral symmetry are clearly disturbed both by the
presence of auxin transport inhibitors and by the presence of high exogeneous auxin levels. Screens
that have been performed in order to obtain embryo mutants did sofar not yet result in mutants that are
primarily affected in auxin biosynthesis, or mutant phenotypes that can be rescued by the addition of
auxins.

We have also described cases where it was shown that classes of 'novel' signal molecules exist that
either alone or in combination with classical growth regulators are involved in embryo development.
However, the precise mechanisms of such interactions remain to be elucidated in order to determine
which plant growth regulators or combinations of growth regulators are decisive for both the initiation
and the subsequent development of plant embryos. Likely candidates for such 'novel’ growth
regulators are oligosaccharides and proteoglycans. Currently these molecules and their biological
effects are topics of intense research employing experimental systems in which such molecules can be
tested for their effect on plant embryogenesis. The importance and possible necessity of signalling
between the developing embryo and the surrounding cells has also emerged from genetic studies
aimed at understanding the relation between the zygotic embryo, the endosperm and the maternal
integuments. A combination of such genetic backgrounds and in vitre systems more amenable to
biochemical analysis is expected to provide new insights into the role of growth regulators in plant
embryogenesis.
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Expression pattern of the carrot EP3 endochitinase genes in suspension
cultures and in developing seeds

Carrot EP3 class IV endochitinases were previously identified based on their ability to rescue sornatic
embryos of the temperature sensitive cell line ts71. Employing whole mount in situ hybridisation it
was found that a subset of the morphologically distinguishable cell types in embryogenic and non-
embryogenic suspension cultures, including sl1, express EP3 genes. No expression was found in
somatic embryos. In carrot plants EP3 genes are expressed in the inner integument cells of young
fruits and in a specific subset of cells, located in the middle of the endosperm of mature seeds. No
expression was found in zygotic embryos. These results support the hypothesis that the EP3
endochitinase has a "nursing" function during zygotic embryogenesis, and that this function can be

mimicked by suspension cells during somatic embryogenesis.

Arjon J. van Hengel, Flavia Guzzo, Ab van Kammen, and Sacco C. de Vries

(Plant Physiology, in press)
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Introduction

Carrot cell cultures secrete many different proteins into the medium, a process that contributes to the
conditioning of the medium. Conditioned media are reported to have a promoting effect on the
initiation of somatic embryogenesis (Hari, 1980; Smith and Sung, 1983). The initiation of somatic
embryogenesis results in major changes of the extracellular protein pattern, in contrast to the pattern
of intracellular proteins (De Vries et al., 1988). Some of the secreted proteins are thought to be related
to the formation of embryogenic cells and somatic embryos. In order to investigate whether a cansal
relationship between certain secreted proteins and embryogenic polential exists, secreted proteins that
were differentially expressed under different culture conditions were analysed and their localisation
was studied. The extracellular protein EPI1 is only secreted by non-embryogenic cells (Van Engelen et
al., 1991), whereas another extracellular protein, EP2, identified as a lipid transfer protein is only
secreted by embryogenic cells and somatic embryos (Sterk et al., 1991). These results showed that
different cell types contribute to the total pattern of proteins secreted into the culture medium (Van
Engelen and De Vries, 1993). Another way of studying a causal relationship between secreted
proteins and embryogenic potential has led to the identification of the extracellular protein 3 (EP3),
identified as a chitinase. EP3 was originally purified as a protein capable of rescuing somatic embryos
in the mutant carrot cell line 577 at the non permissive ternperature (De Jong et al., 1992). The acidic
endochitinase EP3 was found to be a member of a small family of class IV chitinase genes (Kragh et
al., 1996). Those highly homologous isoenzymes are encoded by at least 4 EP3 genes. Two of these
proteins, EP3-1 and EP3-3, were purified and shown to have subtly different effects on the formation
of somatic embryos in newly initiated s/ 7 embryo cultures (Kragh et al., 1996).

Since the effect of the chitinases was mimicked by Rhizobium-produced Nod factors (De Jong et al.,
1993), it was proposed that the chitinases are involved in the generation of signal molecules essential
for embryogenesis in #s/7 (De Jong et al., 1993). The EP3 proteins produced by ts]/ at the
permissive as well as at the non-permissive temperature did not show any difference in biochemical
characteristics compared to the ones produced in wild-type cultures and they were also capable of
rescuing ts/1/ somatic embryos. It was also shown that the sensitivity of #5711 to chitinases coincided
with a transient decrease in the amount present of this otherwise functional set of proteins (De Jong et
al.,, 1995).

The roots of leguminous plants are known to produce chitinases and during the interaction with
Rhizobium these plant produced chitinases have been suggested to control the biological activity of
Nod factors by cleaving and inactivating them. In this way, chitinases are proposed to have the
potential to control plant morphogenesis and cell division (Stachelin et al., 1994).

Many chitinase genes are induced upon infection, wounding and treatment with elicitors. Infection
can lead to a 600-fold induction of chitinase activity (Métraux and Boller, 1986). The molecular
mechanisms and signaling pathways, responsible for this induction remain largely unclear (Graham
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and Sticklen, 1994). The response of a plant to infection involves nonspecific responses, because
challenge by different pathogens can induce production of the same set of PR proteins (Meins and
Ahl, 1989). The induction is not only restricted to the infection zone, since uninfected areas of
infected leaves and even uninfected second leaves show an increase in chitinase activity (Métraux and
Boller, 1986).

In the carrot system we aimed to establish the following. First, to determine which cells in wild-type
and 511 suspension cultures express the EP3 genes. And second, to determine whether, and where
the same chitinases are expressed during zygotic embryogenesis. The results show that the carrot EP3
class IV endochitinases are expressed in a subset of, most likely, non embryogenic suspension cells,
and in carrot plants ins integument cells and in the endosperm during zygolic embryogenesis.

Results

Cell specific expression of the EP3 genes and localisation of the encoded proteins in
suspension cultures

To identify the suspension cells that express the EP3 genes, whole mount in situ mRNA localisation
was employed on entire, immobilized suspension cultures. Several cell lines, differing in
embryogenic potential, were used to obtain a reliable indication of cell specificity in EP3 expression.
It was not possible to distinguish between the different members of the family of EP3 genes, because
of their very high homology (Kragh et al., 1996). But since the probe that was used has only a low
homology to class I chitinases and spans class IV chitinase specific deletions no class I chitinases
could be detected.

Figure 1A shows that there was no staining above background in the majority of the cells, the £P3
mRNAs could only be detected in a subpopulation of the total embryogenic cell culture. Counting the
number of stained cells in several cultures revealed that between 4-6% of the total number of cells in
an embryogenic culture express the EP3 genes. Staining was detected in morphologically different
cells (Fig. 1A, B, C, D and E). The highest concentration of EP3 mRNAs, in both embryogenic as
well as in non-embryogenic cultures, was found in single cells that were elongated and often strongly
curved or coiled (Fig. 1B). Staining was also often seen in small clusters of cells (Fig. 1E),
consisting at the most of about 30 cells. Cells that were loosely attached to large clusters, present in
embryogenic cultures, occasionally showed intense staining. Figure 1F shows such a large cluster
with several EP3 expressing cells loosely attached to it. Based on this expression pattern we conclode
that EP3 gene expression does not have a correlation with embryogenic capacity, because EP3
expressing cells occur in embryogenic and in non-embryogenic cultures (data not shown) and the

number of EP3 expressing cells is higher than the number of single embryonic cells in a comparable
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culture (Toonen et al., 1994), In figure 1H a single EP3 expressing cell {arrow) is attached to a heart
stage somatic embryo completely devoid of purple staining. Whole mount in situs on globular, heart
or torpedo shaped somatic embryos did not reveal EP3 mRNAs (Fig. 1I). In order to determine when
the first EP3 expressing cells appeared during embryogenic cell formation hypocotyl explants were
used (Guzzo et al., 1994). Hypocoty! explants were treated with 2,4-D for a period of ten days,
during which cell division was reinitiated in cells of the vascular tissue. These divisions generated a
mass of rapidly proliferating cells. Only after this period a very small number of cells at the periphery
of the proliferating mass was found to contain EP3 mRNA (Fig. 1J). This is three days later as the
appearance of the first cells that are competent to form somatic embryos in this system (Schmidt et al.,
1997). Subsequently the hypocotyls were transferred to hormone free medium and after another five
days some of the peripheral cells started to enlarge. The EP3 positive cells were in some cases
elongated. A population of single cells, released from these explants after 20 days, contained
elongated, curved cells as the only cells that stained positively (Fig. 1K)}. In all experiments sense
controls were included, none of which ever resulted in cell-specific staining (see for an example Fig.
1G). Using several other probes it has been shown that cell-specific expression patterns are obtained
by employing this method of in situ hybridisation (Schmidt et al., 1996).

Previously it was found that EP3 encoded chitinases occur in the medium (De Jong et al., 1992). To
investigate whether all of these chitinases are secreted in the medium, or whether a part remains in the
cell walls of the suspension cells that produce them, and whether they are present in somatic
embryos, immersion immunofluorescence was employed (Van Engelen et al., 1991). Since EP3
chitinases are secreted proteins and contain signal sequences for secretion (Kragh et al., 1996) we
assume that the EP3 chitinases, as shown in figure |L, are some component of the extracellular
matrix. In non-embryogenic suspension cultures the EP3 chitinases were detected in approximately
equal amounts at the surface of all cells (data not shown). In embryogenic suspension cultures a
relatively high amount of the protein could be detected on the surface of a subset of cells. The
chitinase was identified on single cells as well as on small clusters (Fig. 1L). On the surface of
somatic embryos the protein could not be detected, but cells that were loosely connected with somatic
embryos often contained EP3 (data not shown). This pattern of localisation was alse observed in
suspension cultures of the mutant cell line £s77 (Fig. 1M), that is also capable of producing EP3
proteins (De Jong et al., 1995).

Figure 1. Whole mount in sito hybridisation and immunolocalisation of EP3 in suspension culiures.

Plant material was analysed by light microscopy (coupied to Nomarski optics for fig. A to E and M) and photographed.
In fig. A to K gene expression is visible as a purple precipitate in individual cells (the use of Nomarski optics resulted
in a change from purple to brown). Bar: 50 pum.

A, to D. Morphologicaliy different cells in the embryogenic cell culture Ar. E, to F. Cell clusters present in the
embryogenic cell culture Ar. G. An embryogenic cell culture hybridized with a sense probe of the EP3. H. and 1.
Somatic embryos in various stages of develapment. J. Cells present at the periphery of the proliferated cetl mass on a
section of a hypocotyl explant that was cultured in the presence of 2,4-D for 13 days. K. An clongated curved single
cell released from a hypocotyl explant that was cultured in the presence of 2,4-D for 20 days. L. An embryogenic cell
suspension. The presence of the protein is indicated by the green fluorescent signal. M. A cell cluster in a suspension
of the mutant cell line £57 7. The presence of the protein is indicated by a purple precipitate.
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