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Stellingen 

1. Cellen die zich ontwikkelen tot somatische embryos kunnen morfologisch niet 
geïdentificeerd worden. 

2. Tot nu toe is SERK de enige marker voor vroege stadia van somatische 
embryogenese. 
Schmidt et al. Development, in press. 

3 . Embryogene cel clusters zijn alleen embryogeen als ze zich ook tot een embryo 
ontwikkelen. 

4 . Embryogenese is een reactie op de drang der omstandigheden. 
Touraev et al. (1996) Planta 200,144-152 

5. Gezien de grote var iat ie in b iologische effecten van verschi l lende 
arabinogalactan eiwitten is het noodzakelijk deze eiwitten te classificeren op 
grond van hun biologische activiteit. 
Baldwin et al. (1993) Plant Physiol. 103,115-123; Komalavis et al. (1991) J. Biol. Chem. 266,15956-
15965; Li et al.(1996) Plant Mol. Biol. 32,641-652; Lind et al. (1994) Plant J. 6,491-502; Pogson and 
Davis (1995) Plant Mol. Biol. 28,347-352 

6. Expressiepatronen van de CaMV 35S promoter zijn altijd weer verrassend. 
Clapham et al. J. Exp. Bot. 46, 655-662; Mascarenhas and Hamilton, Plant J. 2,405-408 

7. Het feit dat automobilisten ondanks de vele files de auto prefereren boven het 
openbaar vervoer geeft aan dat de kwaliteit van het openbaar vervoer nog steeds 
te wensen overlaat. 

8. De wens is de vader van het resultaat. 

Stellingen behorende bij het proefschrift: 
'Embryo forming cells in carrot suspension cultures' 
door Marcel Toonen, te verdedigen op 11 april 1997 
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Scope 

Somatic cells of many plant species can be cultured in vitro 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.). Somatic em
bryos develop through the same characteristic morphological stages, i.e. the globu
lar-, heart- and torpedo-stage respectively, as their zygotic counterparts. Due to 
the different cellular origin of somatic embryos, it is less clear to what extent the 
earlier pre-globular stages of somatic embryos resemble corresponding stages in 
zygotic embryo development. In part, this is due to a lack of a precise morpho
logical description of this less defined stage of somatic embryo development. The 
current stage of these and other, more general aspects of early somatic and zy
gotic embryo development, are discussed in chapter 1. 

While the single cell origin of some carrot somatic embryos has been re
ported, a more elaborate morphological description of a representative number of 
such single embryo-forming cells and their early development has been lacking, 
so far. To describe cells that are in the process of becoming embryogénie, yet still 
require an externally applied stimulus, the term competent cell has been intro
duced. Embryogénie cells can develop into somatic embryos in the absence of an 
externally applied stimulus. In chapter 2 experiments are presented that show the 
development of many individual single competent carrot suspension cells into 
somatic embryos employing a cell tracking system. The capability to develop into 
somatic embryos appeared not to be restricted to a particular cell type distin
guishable on cell morphology. In general, oval and elongated cells developed via 
asymmetrically shaped cell clusters while spherical cells developed via symmetri
cally shaped cell clusters into somatic embryos. Cells initially more variable in 
form developed into somatic embryos via aberrantly shaped cell clusters. These 
results show that the initial form of the cell and subsequent division patterns can 
be widely variable and yet lead to complete somatic embryos capable of develop
ing into plants. 

Based upon previous findings that the monoclonal antibody JIM8 recog
nises a particular type of single cells only present in embryogénie carrot cell cul
tures, it was postulated that the JIM8 epitope could be used as a marker for com
petent and embryogénie cells. The cell tracking system was adapted to study the 
development of cells labelled with JIM8 in order to determine the reliability of 
this marker. In chapter 3 it is shown that only few of the single cells developing 
into somatic embryos reacted with the JIM8 antibody, while most of the embryos 
developed from cells not labeled with the JIM8 antibody. It was therefore con-



eluded that the JIM8 cell wall epitope reflects embryogénie competence in a cell 
population rather than competence of individual cells. 

Stimulation of somatic embryogenesis in carrot and other species, by the 
addition of arabinogalactan proteins (AGPs) to the culture medium has been re
ported previously. In chapter 4 experiments are presented that show that carrot-
seed AGP fractions purified by affinity chromatography with ZUM18 monoclonal 
antibodies do not increase the number of somatic embryos developing in em
bryogénie cell cultures. An AGP fraction purified with the JIM8 antibody even 
decreased the number of somatic embryos. Low-embryogenic carrot suspension 
cultures treated with carrot-seed AGPs did show an increased frequency of em
bryo development after removal of vacuolated cells and enrichment for cell clus
ters. These results suggest that complex cell cell interactions, mediated in part by 
AGPs, occur in embryogénie cultures. 

The cell tracking system was also adapted to allow detection of the expres
sion of bioluminescent reporter genes. In chapter 5 the expression of the firefly 
luciferase coding sequence under control of the Arabidopsis thaliana lipid transfer 
protein 1 (AtLTPl) promoter during carrot somatic embryo development is de
scribed. The carrot lipid transfer protein EP2 is expressed during protoderm for
mation and has been used as a molecular marker for embryogénie competence 
and somatic embryos. The cell tracking experiments on AtLTPl luciferase trans
formed cultures showed that AtLTPl expression is correlated with somatic em
bryo formation, but that not all clusters that express AtLTPl developed into so
matic embryos. AtLTPl expression therefore is a good marker for embryogénie 
cell clusters, but it is not completely specific. 

In chapter 6 a technical description is given of the cell tracking system and 
the several detection systems connected to it, as applied in the preceding chap
ters. In chapter 7 the relevance of cell tracking to study somatic embryo develop
ment and the implications of the described results on future research are discussed. 
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General introduction 

Plant embryogenesis is an unique process in the sense that it can be started not 
only from the fertilized egg cell but can also be initiated from other cells of the 
reproductive apparatus and even from somatic cells. One of the challenges of this 
field is therefore to unravel the molecular mechanisms that lead to the formation 
of a cell destined to form an embryo. A second important area of research is to 
determine the molecular basis of pattern formation in the embryo, a process that 
results in a stereotyped organisation of a seedling. The pattern formation process 
in plant embryos has to cope with two seemingly paradoxical requirements. On 
the one hand precisely arranged tissue organisation has to be established and on 
the other hand sufficient flexibility in adult tissues must be maintained to allow 
continuous formation of new meristems in an ordered fashion. 

In this chapter recent work that employs a variety of experimental systems 
that range from genetic dissection of pattern formation in the zygotic embryo, 
androgenesis and in vitro fertilisation to somatic embryogenesis will be summa
rised. While each of these systems highlights a different aspect of embryogenesis, 
they can be mutually beneficial in helping to understand the making of the plant 
embryo. 

Andreas P. Mordhorst, Marcel A.J. Toonen, Sacco C. de Vries 
Plant Embryogenesis, Crit. Rev. Plant Sei., in press 



General introduction 

Introduction 

The plant embryo is characterised by a stereotyped structure thought to be ar
ranged in a number of elements along an apical-basal or longitudinal axis and 
along a radial axis. From bottom to top the body pattern elements of a dicot em
bryo consist of the embryonic root including the root cap and the root meristem, 
hypocotyl, cotyledons and the shoot apical meristem. In radial fashion, from the 
outside to the inside, the epidermis, ground tissue and central vascular system 
are the main tissue types (Jürgens, 1995). Plant zygotic embryogenesis spans the 
period of plant development that ranges from the fertilised egg cell, the zygote, to 
the mature desiccated embryo present in a protective seed. While zygotic em
bryogenesis, by definition, is dependent on fertilisation, the zygote is not the only 
constituent of the embryo sac or female gametophyte that has this property. Evi
dence for embryo development in vivo without fertilisation comes from studies 
showing so-called apomictic embryos in certain plant species. These apomictic 
embryos can have a variable origin ranging from the female gametophyte itself 
and including the unfertilised egg cell (parthenogenesis) to adventitious embryo-
genesis initiated from the surrounding maternal tissue (Koltunow, 1993). Even 
cells of the mature plant body, not in direct contact with the female gametophyte 
can spontaneously form embryos (Yarbrough, 1932; Taylor, 1967). 

Under in vitro conditions plant embryos can develop from microspores (an-
drogenesis) after a variety of inducing treatments depending on the species (Ferrie 
et al., 1995b) while it is now also possible to produce embryos from in vitro ferti
lised egg cells (Kranz and Dresselhaus, 1996). Finally, tissue cultured cells, first 
shown in carrot (Reinert, 1959) and later in many different species can be induced 
to form so-called somatic embryos. An important question concerns the molecu
lar basis of the formation of the single cell destined to produce the embryo. While 
the zygote is destined to develop into an embryo and could therefore be defined 
as an 'embryogénie' cell, it is less clear in other forms of embryogenesis what 
changes a cell must undergo in order to become an embryogénie cell, capable of 
forming an embryo. Therefore, in the apparent absence of a single universally 
applicable signal that renders cells embryogénie, the unravelling of the molecular 
mechanisms that underlie the process of embryogénie cell formation is a prime 
area of interest in plant embryogenesis and one that is so far the exclusive domain 
of the in vitro forms of embryogenesis. In all forms of embryogenesis the same 
stages are seen as in zygotic embryogenesis. Once an embryo is established as 
such, it appears therefore safe to assume that the mechanisms of pattern forma
tion that lead to the zygotic embryo is used in all other forms of embryogenesis as 
well. The genetic dissection of this process, so far mainly in Arabidopsis, maize 
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Chapter 1 

(Zea mays) and in rice (Oriza sativa) is therefore likely to yield genes that are also 
employed under in vitro conditions. Advances in particular areas of plant em-
bryogenesis have been reviewed recently (Lindsey and Topping, 1993; 
Zimmerman, 1993; Goldberg et al., 1994; Ferrie et al., 1995b; Jürgens, 1995; Meinke, 
1995; Thorpe, 1995; Kranz and Dresselhaus, 1996). This chapter will focus on the 
presentation of the different systems of embryogenesis and discuss recent advances. 
Clearly, one of the challenges of the future will be to combine and integrate these 
areas in order to gain a much better understanding of plant embryogenesis. 

Embryogenesis in vivo 

The entire sporophyte is produced by two apical meristems, the shoot apical 
meristem and the root meristem which are formed during embryogenesis as part 
of the apical-basal pattern. Also the other apical-basal as well as radial body pat
tern elements are generated during embryogenesis. Therefore, the basic plant body 
pattern is laid down during embryo formation as superimposition of the apical-
basal pattern (order of embryonic organs) and the radial pattern (order of embry
onic tissue layers; Jürgens, 1995). In this section a summary of the extensive mor
phological descriptions during the development of both the dicot and monocot 
zygotic embryo will be presented to provide a reference for the various experi
mental approaches aimed to study embryogenesis in plants. In particular the fact 
that the model of early Arabidopsis embryogenesis is now widely known, it is im
portant to bear in mind that in other plant species variations in early cell division 
patterns exist, yet embryos with correctly organised apical-basal and radial axes 
develop. 

Zygotic embryogenesis: descriptive studies in Dicotyledonae 

The unfertilised egg cell as well as the zygote exhibit polarity along the micropy-
lar-chalazal axis of the embryo sac. This is demonstrated by the unequal distribu
tion of cytoplasm and vacuoles (Schulz and Jensen, 1968; Mogensen and Suthar, 
1979). The double fertilisation event in flowering plants generates the diploid zy
gote and the triploid endosperm nucleus, the latter by fusion of the two polar 
nuclei of the central cell with the second sperm nucleus. The endosperm under
goes a complex series of developmental events and eventually will provide nutri
ents for the developing embryo and /o r for the germinating seedling (for review 
see Lopes and Larkins, 1993). 
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General introduction 

Before the first division, the zygote elongates in most angiosperms in the 
micropylar-chalazal axis that correlates with the apical-basal axis of the future 
embryo. This elongation coincides which a re-orientation of microtubules to trans
verse cortical arrays (Webb and Gunning, 1991). In the majority of cases the first 
division is an unequal transversal division, resulting in two cells of different de
velopmental fates. In general, the smaller apical cell, oriented towards the chalazal 
end of the embryo sac, will give rise to the embryo proper, while the larger basal 
cell, oriented towards the micropylar end, will develop into the extra embryonic 
suspensor. Nevertheless, considerable differences concerning the contribution of 
derivatives of both, apical and basal cell, to the embryo proper and suspensor, 
respectively, and the division patterns of the apical cell have been observed (fig
ure 1.1). The apical cell can divide in either one of two perpendicular planes: trans
versal or longitudinal. Derivatives of the basal cell can contribute not only to the 
suspensor but in part to the embryo proper as well. On the other hand, deriva
tives of the apical cell can develop into the embryo proper and also form almost 
the complete suspensor (reviewed by Johansen, 1950; Maheshwari, 1950; Wardlaw, 
1955). The plasticity of apparent cell lineages during plant embryogenesis led to 
the classification of 5 different embryonic types (Schnarf, 1929; Johansen, 1945; 
Raghavan and Sharma, 1995). All of these show a transversal division of the zy
gote (figure 1.1). A 6th embryonic type classifies species exhibiting an uncommon 
longitudinal or oblique division of the zygote rather than the transversal one 
(Maheshwari, 1950). Despite the mentioned differences embryos of all embryonic 
types develop through the same stereotyped stages of globular, heart and tor
pedo. In cotton (Gossypium hirsutum) this 'early plasticity' between various em
bryonic types is combined in one species. Even in the earliest stages of embryo 
development no regular division pattern could be determined (Pollock and Jensen, 
1964). The 'early plasticity' may be of importance when interpreting some of the 
mutant phenotypes now observed in Arabidopsis embryogenesis (see: molecular 
genetic analysis). 

The Onagrad (or Crucifer) type (figure 1.1) has become the classical exam
ple of dicot embryogenesis due to the work in Gapsella bursa-pastoris (shepherd's 
purse; Hanstein, 1870; Souèges, 1914; Schulz and Jensen, 1968). The cell division 
pattern during the formation of the embryo body pattern has already been ob
served correctly more than 125 years ago, because "es musste endlich ermittelt 
werden, durch welche Zellgestaltungen überhaupt die ersten Differenzen zwischen 
Wurzel, Stamm und Blättern zu Stande kommen." ('it had finally to be deter
mined through which cell organisation the first differences between root, stem 
and leaves are actually achieved'; Hanstein, 1870). 
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ONAGRAD 
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figure 1.1. Schematic overview over the 5 different embryonic types displaying a transversal division 

of the zygote. Representations demonstrate the zygote after the first (I), and the second division (II), 

and the early proembryo before periclinal divisions give rise to protoderm formation (HI). While grey 

coloured cells represent derivatives of the apical cell, white coloured cells represent derivatives from 

the basal cell. Cells containing drawn nuclei (III) will contribute to the embryo, while cells not contain

ing drawn nuclei will contribute to the suspensor. The presence of two nuclei in one cell indicate that 

one cell lays above and one beneath the drawing plane. Embryonic types are based on the classifica

tion of Schnarf (1929) and Johansen (1945). Figure adapted from Natesh and Rau (1984). 
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General introduction 

Arabidopsis, as member of the Brassicacea, follows similarly to Capsella the 
Crucifer embryonic type. The basal cell of the two-celled embryo divides by a 
series of transversal divisions and gives rise to a filamentous suspensor consist
ing of 7 - 9 highly vacuolated cells (figure 1.2d; Mansfield and Briarty, 1991). The 
uppermost lens-shaped cell, called hypophysis (figure 1.2f) this term was intro
duced by Hanstein (1870), contributes to the embryo by forming part of the root, 
the collumella root cap and the quiescent centre (Scheres et al., 1994). Develop
ment of the suspensor is complete at the globular stage. Subsequently suspensor 
cells undergo programmed cell death and are hardly visible at maturity. Because 
of the simple organisation of the suspensor the Crucifer embryonic type is consid
ered to be a rather primitive one (reviewed by Wardlaw, 1955). In other species 
suspensors develop into haustoria-like organs, demonstrating their role for the 
uptake of nutrients (Yeung and Meinke, 1993). 

The apical cell of the two-celled embryo undergoes two longitudinal divi
sions at right angles (figure 1.2c), followed by one transversal division (Mansfield 
and Briarty, 1991; Jürgens and Mayer, 1994). The latter plane of division or O' 
boundary divides the eight cell embryo (octant stage) into an upper an a lower 
tier (figure 1.2d). From the upper tier the shoot apical meristem and the main 
parts of the cotyledons are formed, while the lower tier contributes to the cotyle
don shoulder, hypocotyl and part of the radicle (Scheres et al., 1994). Until the 
octant stage, there is a remarkable decrease in relative cell size (Mansfield and 
Briarty, 1991), bearing analogy with the cleavage divisions characteristic of the 
early mammalian embryo. Periclinal divisions of all cells of the octant stage em
bryo lead to the dermatogen stage (figure 1.2e; Jürgens and Mayer, 1994). The 
formation of each 8 cells of an outer cell layer (protoderm) and of an inner cell 
group are the first visible signs of radial pattern formation. The protoderm will 
then be formed by continued anticlinal divisions and develop into the epidermis 
of the entire embryo (Mansfield and Briarty, 1991; Jürgens and Mayer, 1994). The 
central cells divide again in longitudinal and transversal directions and contrib
ute to the innermost procambium tissue and the parenchymal ground tissue. To
gether with the protoderm, three concentric tissue layers are thus established that 
make up the three radial pattern elements of the embryo. The radial pattern is 
established in a preliminary form when the embryo reaches the mid-globular stage 
(approximately 64 cells). At the following triangular stage (Jürgens and Mayer, 
1994), during the globular-heart transition, the embryo shifts from a radial to a 
bilateral symmetry as observed by the formation of juxtaposed cotyledon primor-
dia at the apical side of the embryo. At heart stage also the hypocotyl region be
comes visible due to cell elongation (figure 1.2g). At the same stage, the root 
meristem initials are defined. The root meristem performs a few cycles of divi
sions, similar to the division pattern seen in the seedling (Scheres et al., 1996). 
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Chapter 1 

With the completion of the apical-basal pattern in the form of cotyledons, hypocotyl 
and radicle the body plan of the seedling is essentially finished in the heart shaped 
embryo (Jürgens and Mayer, 1994). The subsequent torpedo shaped embryo (fig
ure 1.2h) is a result of cell elongation and expansion rather then continued divi
sion. Accumulation of starch and other storage products are characteristic of this 
phase in embryo development. Cells belonging to the shoot apical meristem can 
now for the first time be distinguished from surrounding cells due to the lack of 
starch accumulation. Histologically, the shoot apical meristem therefore does not 
appear before the root meristem is nearly fully formed and functional (Barton 
and Poethig, 1993). At maturity the shoot apical meristem is relatively undevel
oped because leaf primordia are not yet visible. The cotyledons expand further 
and are finally folded backwards (cotyledonary stage; figure 1.2i). Metabolic ac
tivity decreases and the whole seed, including the embryo, undergoes desiccation 
and finally becomes dormant. After germination, post-embryonic development 
ensues and the embryo develops into a seedling with two active apical meristems. 

While one of the themes in this chapter will be the analogy that may exist 
between embryos of different origin, it is of interest to discuss zygotic embryo-
genesis in carrot (Daucus carota), the model plant for somatic embryogenesis. Car
rot follows the Solanad embryonic type (figure 1.1; Borthwick, 1931) and shows a 
different pattern in the first divisions. After elongation of the zygote the first divi
sion is asymmetric as in Crucifers (figure 1.2j). In contrast to Arabidopsis, the api
cal cell undergoes two transversal rather than longitudinal divisions resulting in 
a 4-celled 'filamentous' embryo proper (figure 1.21; Borthwick, 1931; Lackie and 
Yeung, 1996). The orientation of the subsequent division planes is less regular 
than in Arabidopsis. The 4 filamentous embryo proper cells divide twice longitudi
nally, and form a 16-celled embryo proper with 4 cell tiers (figure 1.2m). The pro-
toderm is then generated by periclinal divisions (figure 1.2n; Borthwick, 1931; 
Lackie and Yeung, 1996) one division cycle later compared with Arabidopsis. While 
the number of cells in the carrot embryo is larger than in the comparable stage of 
Arabidopsis embryos, after this stage, the development is very similar to that de
scribed for the Crucifer type (figure 1.2o-r). 

Zygotic embryogenesis: descriptive studies in Monocotyledonae 

A high degree of variation in the formation of the embryo is also found in monocots. 
Members of the Orchidacea produce spherical or club-shaped embryos without 
any visible signs of organ or tissue differentiation (Johansen, 1945). On the other 
hand, the most advanced type of embryonic development in plants is found in 
the Poacea, characterised by the development of special structures such as the 
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CAPSELLA 

a b c d e f 

CARROT 

j k 1 m n 

MAIZE 

ÖO 

t u w 

figure 1.2a-y. Schematic representation of: a-i. dicot zygotic embryo development of the Onagrad 

(Crucifer) type in Capsella bursa-pastoris, j-r. Solanad type in carrot, s-y. monocot zygotic embryo de

velopment in maize. Cells containing drawn nuclei at early stages will contribute to the embryo, while 

the cells without drawn nuclei will contribute to the suspensor. Abbreviations: co, cotyledon; ct 

coleoptile; cr, coleorhiza including embryonic root; er, embryonic root; ep, embryo proper; h, hypocotyl; 

hy, hypophysis; s, suspensor; sam, shoot apical meristem; se, scutellum; si, shoot apical meristem plus 

leaf primordia. Figure adapted from Borthwick (1931) and Lindsey and Topping (1993). 
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Chapter 1 

scutellum (homologous to a single cotyledon), coleoptile, coleorhiza and the pres
ence of several leaf primordia at maturity. Early monocotyledonae embryo develop
ment will be described based upon studies in Poa annua (Souèges, 1924), maize 
(Randolph, 1936; Van Lammeren, 1986) and barley (Hordeum vulgare; Norstog, 
1972; Engell, 1989). 

As in dicots the monocot egg cell and zygote have a polarised organisation 
(Faure et al., 1993; Kranz et al., 1995). Also the first division of the monocot zygote 
is an asymmetric transversal division, giving rise to a small apical and a larger 
basal cell (figure 1.2s). This division plane stands perpendicular to the longitudi
nal axis of the future proembryo. In maize the apical cell divides first with a longi
tudinal division (figure 1.2t), creating a 3-celled embryo. While the subsequent 
divisions are irregular in maize and clear clonal relationships of cells have not 
been established (Randolph, 1936), early cell divisions seem to be more regular in 
barley (Norstog, 1972; Engell, 1989). In the resulting club-shaped embryo of the 
transition stage a characteristic gradation of cell size with small and cytoplasm-
rich apical cells and large and vacuolated basal cells is visible (Randolph, 1936). 
The 'embryo proper region' is marked by the presence and the 'suspensor region' 
by the absence of a protodermal cell layer (figure 1.2v). In maize, six to seven days 
after fertilisation, cells of the subdistal region begin to divide actively on the side 
facing away from the endosperm (Van Lammeren, 1986). The peripheral shoot 
meristem becomes visible as an initially inconspicuous indentation (figure 1.2w). 
Around the shoot meristem the coleoptilar ring is being formed (figure 1.2x). At 
the same time the formation of the root meristem begins internally. In contrast to 
dicots, both meristems are laid down in lateral fashion rather than distally. As a 
result, the axis of the mature embryo does therefore not correspond to the axis of 
the proembryo. The distal region above the shoot meristem greatly expands to 
form the scutellum adjacent to the endosperm (figure 1.2x-y). Prior to embryo 
maturity the shoot meristem has developed three to five leaf primordia apart from 
the coleoptile, demonstrating a more advance developmental stage at maturity 
when compared to dicotyledoneous embryos. As in dicots the last steps of em-
bryogenesis are a decrease in metabolic activity followed by desiccation. 

Zygotic embryogenesis: molecular-genetic analysis 

The genetic dissection of zygotic embryogenesis follows similar approaches that 
have proven successful in the isolation of genes that control flower development 
in Arabidopsis and Anthyrrinum (Yanofsky, 1995). Mutant screens have been per
formed after chemical and x-ray mutagenesis, as well as by insertion mutagenesis 
employing T-DNA from Agrobacterium or transposable elements (Ac-Ds, En-I/ 
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General introduction 

Spm) from maize; the latter tags facilitate the cloning of the gene. But also positional 
cloning of an EMS-mutant in Arabidopsis is increasingly more efficient with the 
availability of YAC and cosmid contig libraries. An elegant further development 
of transposon mutagenesis is the incorporation of enhancer, promoter or gene 
traps and visible markers into the insertion element (Topping et al., 1994; Topping 
and Lindsey, 1995; Sundaresan, 1996). In addition to being efficient mutant screens, 
valuable cell and tissue-specific marker lines have been generated by this way. 
One example is the cloning of the PROLIFERA gene that was identified by gene 
trap mutagenesis (Springer et al., 1995). In this section, the different screening 
strategies employed, some of the mutant phenotypes obtained and finally the 
function of several recently cloned genes involved in embryogenesis will be dis
cussed. While most screens have been done in Arabidopsis, also maize, rice and 
Petunia have produced series of embryo mutants. 

Immature Arabidopsis siliques on selfed Ml plants were screened for the 
presence of 25 % defective seeds (earlier designated as aborted seeds or embryo 
lethals; Meinke and Sussex, 1979). Such screens yielded many classes of mutant 
embryos arrested at different stages of embryo development. Further phenotypes 
recovered show distorted or fused cotyledons, abnormal suspensors, different size 
or colour of the embryo or seed or other abnormalities (Meinke, 1985; 1995). A 
genetic map of more then 100 embryo defective (emb) mutations has been pre
sented (Franzmann et al., 1995). Many of the early arrested embryo mutants are 
likely to be affected in genes coding for general functions (Meinke, 1995). One 
such example is the biol mutant (Shellhammer and Meinke, 1990) that can be res
cued by culturing in the presence of biotin or biotin precursors (Schneider et al., 
1989). The biol mutation could also be complemented with an Escherichia coli bi
otin biosynthetic gene (Patton et al., 1996). Other mutants in this collection are 
likely to be involved in regulatory functions such as suspensor (sus; Schwartz et al., 
1994), fusca {fus; Castle and Meinke, 1994; Misera et al., 1994) and leafy cotyledon 
{lee; Meinke et al., 1994) mutants. In mutant twin embryos, viable secondary em
bryos are occasionally produced from the suspensor of the primary embryo (Vernon 
and Meinke, 1994). Mutant suspensor embryos are arrested at the globular stage, 
while extranumeral divisions in the suspensor lead to a globular structure that is 
also arrested later on (Schwartz et al., 1994). A similar phenotype was observed in 
the raspberry mutant (Yadegari et al., 1994). These three mutants have been inter
preted in the context of signals originating from the embryo proper and that nor
mally suppress the developmental potential of suspensor cells. Both, suspensor 
and raspberry embryos, are arrested at the globular stage, yet they do exhibit cellu
lar differentiation in the embryo proper and also in the modified mutant suspensors 
as judged by the accumulation of markers for maturation stage embryos such as 
lipid bodies and storage proteins (Schwartz et al., 1994; Yadegari et al., 1994). This 
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indicates that the expression of certain 'late' embryo genes is not dependent on 
the corresponding embryo morphology. The SUS2 gene encodes a spliceosome 
assembly factor (Meinke, 1995), and this appears to be part of a more general 
function required not only in embryogenesis. 

In maize, defective kernel (dek) mutants were obtained after pollen mutagen
esis or from outcrosses with active Mutator plants (Neuffer and Sheridan, 1980; 
Clark and Sheridan, 1991; Scanlon et al., 1994). The mutants are grouped in sev
eral types: mutants that affect both the embryo and the endosperm, resulting in (i) 
a non-viable embryo or (ii) a viable embryo producing a mutant seedling, (iii) 
mutants affecting only the endosperm or (iv) only the embryo (Neuffer and 
Sheridan, 1980). The last class is also described as embryo lethal mutants, blocked 
at different developmental stages (Sheridan and Neuffer, 1980; Clark and Sheridan, 
1991; Sheridan and Clark, 1993). One of the endosperm defective mutants has 
been shown to lack invertase activity that appeared to be important for normal 
development of not only the endosperm but also the surrounding maternal tissue 
(Miller and Chourey, 1992). At present it is not known how many of the dek genes 
code for regulatory genes essential for embryo development. 

In Arabidopsis, screens were also performed at the seedling level to obtain 
viable mutants with changes in the apical-basal or radial body pattern (Jürgens et 
al., 1991; Mayer et al., 1991; Barton and Poethig, 1993; McConnell and Barton, 
1995; Scheres et al., 1995). Genes identified in such screens were suggested to con
tribute to the formation of the body pattern during embryogenesis (Jürgens et al., 
1991). A considerable number of mutations concerning the apical-basal pattern 
resulted in the deletion of one or more pattern element(s). The shoot apical 
meristem is absent in shoot meristemless (stm; Barton and Poethig, 1993), pinhead 
(pnh; McConnell and Barton, 1995), and ziville (zll) seedlings (Jürgens et al., 1994). 
Mutant wuschet (zvus) seedlings display a similar phenotype as observed in shoot 
meristemless, pinhead and zwille (no direct formation of leaf primordia following 
germination) but in contrast to them few abnormal cells were present at the corre
sponding position of the shoot apical meristem forming a flat apex (Laux et al., 
1996). Therefore meristem organisation rather then initiation seemed to be affected 
by the WUSCHEL gene (Laux et al., 1996). In laterne mutants cotyledons are pre
cisely deleted (Mayer et al., 1991) and concomitant effects on the shoot apical 
meristem have been observed (Mayer et al., 1993a). Mutations in the GURKE (gk) 
gene resulted in a strong reduction or an elimination of the cotyledons (Mayer et 
al., 1991; Torres-Ruiz et al., 1996b). In strong gurke alleles the whole apex and 
sometimes also parts of the hypocotyl is deleted, while the root part appears not 
to be effected by the mutation (Torres-Ruiz et al. 1996b). The hypocotyl is deleted 
infackel seedlings (Mayer et al., 1991), and mutant monopteros seedlings lack both, 
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hypocotyl and root, which are replaced by a basal peg attached to the cotyledons 
(Berleth and Jürgens, 1993). 

Mutants affecting the formation of the embryonic root are rootless (Barton 
and Poethig, 1993), hobbit, bombadil, gremlin and ore (the 'hypophyseal cell group' 
mutants; Scheres et al., 1996). In gnom the formation of the apical as well as the 
basal parts is disrupted (sometimes fused cotyledons appear) resulting in a cone 
or ball shaped embryo (Mayer et al., 1991). 

Apart from deletion also addition and replacement of pattern elements has 
been described. One, three or four cotyledons are found in the altered meristem 
program (amp) mutants (Chaudhury et al., 1993), häuptling mutant (Jürgens et al., 
1991) and in the monopteros mutant (Berleth and Jürgens, 1993). The cotyledon 
number is variable in fackel and fass mutants (Mayer et al., 1991;Torres Ruiz and 
Jürgens, 1994). Transformation of cotyledons into shoots or leaves is seen in torn 
(Jürgens et al., 1991) and in leafy coteledon mutants (Meinke et al., 1994), respec
tively. 

Phenotypic differences in several of these mutants have been traced back to 
the earliest visible deviation from wild-type during embryogenesis. shoot 
meristemless mutant embryos are at first distinguishable from wild type at the 
cotyledonary stage by the lack of the shoot apical meristem (Barton and Poethig, 
1993). The effect of fackel mutants was visible as early as the heart stage by a broader 
embryo than wild type (Mayer et al., 1991). gurke mutant embryos could be first 
distinguished from wild type embryos at the triangular/early heart stage of em
bryogenesis. The apical part of developing gurke embryos does not properly widen 
caused by absent, perturbed or delayed divisions that initiate normally the coty
ledon primordia (Torres-Ruiz et al., 1996b). monopteros mutants corresponding to 
the octant stage consist of 4 rather than 2 cell tiers (Berleth and Jürgens, 1993). A 
mutation in the GNOM gene results in a disturbed first zygote cleavage which is 
more symmetric rather than asymmetric (Mayer et al., 1993a). It is of interest to 
note that some of these mutants show division patterns found normally in other 
then the Crucifer embryonic type. For instance the irregular first division as well 
as the presence of 4 rather then 2 cell tiers at a stage comparable to the octant 
embryo are both characteristic for wild-type carrot zygotic embryos. In mutant 
fass embryos the initial embryonic divisions are aberrant, yet all pattern elements 
are developed (Torres Ruiz and Jürgens, 1994) which may point to mechanisms of 
pattern formation at a later, multicellular embryo stage. Torres Ruiz and Jürgens 
(1994) and Traas et al. (1995) have suggested that pattern formation does not re
quire directed cell expansion and division plane alignment and is uncoupled from 
morphogenesis. In Arabidopsis mutant ton/fass plants the interface microtubules of 
roots are randomly oriented rather than in transverse arrays and preprophase 
bands are absent in root meristem and shoot apical meristem (Traas et al., 1995). 
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Therefore cell expansion is irregular and cell planes could not be aligned in spe
cific orientations. 

In order to analyse the morphogenic capacity of embryo defective mutants 
and to recover homozygous mutant plants, in vitro embryo rescue experiments 
were performed in Arabidopsis (Baus et al., 1986; Franzmann et al., 1989) and maize 
(Sheridan and Neuffer, 1980). These studies can also be employed to select for 
auxothrophic mutants, such as biol (Schneider et al., 1989), or to try and answer 
the question whether the function of a particular mutated gene is embryo specific 
and can be circumvented by in vitro organogenesis. Franzmann et al. (1989) showed 
that embryos arrested at early stages of development seem to have more funda
mental defects in morphogenesis than embryos arrested at later stages. From some 
defected embryos at later stages it was possible to regenerate flowering plants 
with 100 % defective seeds. Only the function of one gene (EMB24) seemed to be 
embryo specific (Franzmann et al., 1989). Similar experiments show that gnom 
seedlings are unable to produce shoots or even roots in culture but are able to 
proliferate as callus (Mayer et al., 1993a) or as fast growing cell suspension 
(Mordhorst et al., submitted). Root segments of Arabidopsis are able to regenerate 
shoots in vitro by organogenesis (Valvekens et al., 1988). Mutant shoot meristemless 
roots which are unaffected by the mutation, fail to regenerate adventitious shoots 
in culture, and only produce abnormal leaves (Barton and Poethig, 1993). Similar 
results were obtained with mutants belonging to the 'hypophyseal cell group', in 
which the formation of the embryonic root is disturbed. The mutant seedlings 
were not able to form a functional root in vitro (Scheres et al., 1996). These experi
ments reveal that these gene functions are required for both embryonic and non-
embryonic shoot and root formation and seem therefore not to be embryo-spe
cific. In mutant pinhead seedlings normal adventitious shoots can be regenerated 
in vitro from roots as well as from the cotyledonary axis, suggesting that the PIN-
HEAD gene product is specifically required for embryonic shoot apical meristem 
initiation and not for post-embryonic meristem maintenance (McConnell and 
Barton, 1995). The same conclusions have been drawn for the ZWILLE gene. Mu
tant zwille seedlings originally lacking the shoot apical meristem are able to form 
secondary shoots (Jürgens et al., 1994). monopteros mutant seedlings are also able 
to regenerate adventitious roots in vitro revealing that MONOPTEROS gene func
tion is not essential for root development in general, but for the embryonic organisa
tion of the basal region of the embryo (Berleth and Jürgens, 1993). A similar argu
ment holds for the radicleless mutants in rice, which are able to grow after germi
nation because of the formation of adventitious roots in vivo (Hong et al., 1995). 

The capacity of monopteros seedlings to form adventitious roots and to de
velop mutant plants was used to study post-embryonic effects of the MONOP
TEROS gene (Przemeck et a l , 1996). While the MONOPTEROS gene function is 
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not required for the formation of all major organs in the adult plants, post-embry
onic MONOPTEROS functions are revealed by the presence of abnormal flowers, 
reduced or absent veins in leaf laminae, and not oriented, improperly aligned or 
isolated vessel elements in mutant monopteros plants. Furthermore, the polar auxin 
transport in inflorescence axis was reduced (Przemeck et al., 1996). This defects 
are discussed in the sense that the MONOPTEROS gene product is involved in 
axialisation in plant development possibly mediated by a canalised shoot-to-root 
signal flux in which polar auxin flux might play a role (Przemeck et al., 1996). The 
post-embryonic developmental potential of gurke seedlings was also analysed in 
culture. While strong alleles failed to develop further or only produced leaf-like 
structures, weak alleles developed abnormal leaves and stems and eventually 
abnormal flowers (Torres-Ruiz et al., 1996b). These observations suggest that apart 
from organising the apical region during embryogenesis the GURKE gene may 
also be involved in post-embryonic development (Torres-Ruiz et al., 1996b). 

Two genes, EMB30/GNOM and SHOOTMERISTEMLESS have been cloned 
now that appear to be involved in the apical-basal pattern. The gnom mutant turned 
out to be allelic to the embryo defective mutant emb30 (Mayer et al., 1993a; Shevell 
et al.; 1994). The EMB30/GNOM gene has been cloned from a T-DNA tagged mu
tant line (Shevell et al., 1994) as well as by positional cloning (Busch et al., 1996). A 
region of the encoded protein has similarity to the Sec7 domain of yeast. Sec7 is a 
cytosolic protein linked to the Golgi apparatus and involved in secretory path
ways (Shevell et a l , 1994). EMB30/GNOM is expressed throughout the entire plant 
and proposed to be involved in cell division, elongation and cell adhesion during 
the whole life cycle of the plant. Surprisingly the gametophytic generation is not 
affected as inferred from the presence of 25 % mutants seeds from heterozygous 
plants (Shevell et al., 1994). The data suggest that the GNOM gene seems to be not 
only involved in asymmetric divisions (Mayer et al., 1993a) but in divisions in 
general with the first visible effect in the mutant at the first zygote cleavage. Busch 
et al. (1996) identified another yeast coding sequence, YEC2, which product shows 
a higher similarity to the GNOM protein than Sec7. The deletion of the YEC2 gene 
in haploid yeast cells by homologous recombination did not affect cell viability, 
like the mutation in the GNOM gene (Busch et al., 1996). The precise role of the 
GNOM gene product in apical-basal pattern polarity remains to be determined. 
Judged by the expression of the AtLTPl marker gene, gnom embryos can exhibit 
normal or no apical-basal polarity, and in a number of cases even an inverted 
polarity (Vroemen et al., 1996). The radial body pattern in gnom embryos remains 
unchanged (Mayer et al., 1991; Vroemen et al., 1996) supporting the hypothesis 
that independent mechanisms lead to the formation of the apical-basal and radial 
axes of polarity. 

25 



Chapter 1 

The SHOOT MERISTEMLESS gene encodes a class 1 KNOTTED-like pro
tein (Long et al., 1996). The KNOTTED class of genes encode homeodomain-con-
taining proteins that have a function in the shoot meristem. In situ hybridisation 
showed expression of SHOOTMERISTEMEESS as early as the mid-globular stage 
in a few cells at a position predicted to form the embryonic shoot apical meristem, 
yet long before the visible presence of the shoot apical meristem at the torpedo 
stage. The SHOOT MERISTEMLESS gene remains expressed during meristem 
formation and also post-embryonically for as long as the shoot apical meristem is 
active (Long et al., 1996). The results support the observation from the in vitro 
culture experiments that suggested SHOOT MERISTEMLESS function is required 
for initiation as well as maintenance of the shoot apical meristem (Long et al., 
1996). Corresponding data have been presented for the expression of the homo
logue KNOTTEDl gene in maize. KNOTTED1 expression is temporally and spa
tially coincident with first histologically visible signs of shoot meristem forma
tion during embryogenesis and the expression is continuated throughout post-
embryonic shoot meristem development (Smith et al., 1995). 

Genes involved in the establishment of the radial pattern have been de
scribed as the KNOLLE and KEULE genes of Arabidopsis. knolle seedlings lack a 
well formed epidermis and are also characterised internally by enlarged cells and 
incomplete cell walls (Mayer et al., 1991; Lukowitz et al., 1996). knolle embryos are 
unable to perform periclinal divisions at the octant stage so that the formation of 
the protoderm fails. In contrast to the wild type development, divisions in knolle 
also appear more randomly (Lukowitz et al., 1996). The initial lack of the radial 
pattern is revealed by a uniform expression of the AtLTPl gene, normally restricted 
in its expression to the protoderm (Vroemen et al., 1996). Cloning of the KNOLLE 
gene revealed similarity of the predicted KNOLLE protein to syntaxins, a group 
of proteins involved in vesicular trafficking (Lukowitz et al., 1996). In situ hy
bridisation revealed that KNOLLE mRNA accumulates in single cells or small 
groups in a 'patchy' pattern of cells throughout the wild-type embryo from the 
octant stage onwards. The KNOLLE gene product is likely to be involved in cyto
kinesis (Lukowitz et al., 1996), its disruption leads to incomplete cytokinesis with 
groups of interconnected cells, resulting in the failure to specify internal cells with 
a different cell fate from the outer cells of the octant embryo. Most likely, the 
KNOLLE protein does not convey specific information for radial patterning. Ad
ditional, KNOLLE independent mechanisms are involved in radial patterning as 
well, because provascular tissue is differentiated in knolle embryos (Mayer et al., 
1991) and LTP mRNA is also excluded from central regions of knolle embryos at 
later stages (Vroemen et al., 1996). 

In keule seedlings the morphology of the outermost cell layer is affected 
and consists of bloated and irregular arranged cells, while ground tissue and vas-
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cular strands appear to be normal (Mayer et al., 1991; Vroemen et al., 1996). Mu
tant embryos have large multinuclear cells characterised by interrupted cell walls 
as well as wall stubs (Assaad et al., 1996). Cell division seemed to be slower com
pared to wild type and the plane of division is often disorientated. The detailed 
analysis of the keule mutant embryos suggests that this gene is also involved in 
cytokinesis (Assaad et al., 1996). From both, knolle and keule mutant seedlings, 
slowly growing callus could by obtained in tissue culture experiments, but shoot 
or root regeneration was not possible (Assaad et al., 1996). 

Another group of genes (WOODEN LEG, GOLLUM, PINOCCHIO, SCARE
CROW, and SHORTROOT) affect the radial pattern organisation of the embryonic 
axis and the resulting primary root (defects in pericycle, vascular tissue, 
endodermis, cortex; Scheres et al., 1995). The gene activity in all these cases is not 
restricted to the embryo or the primary root, also secondary roots and roots re
generated via callus display the same phenotype. It is suggested that the forma
tion of the radial pattern during embryogenesis and during meristematic activity 
of the root meristem is controlled to a large extent by the same genetic informa
tion (Scheres et al., 1995). 

Another class of mutants has been described as shape mutants in which the 
seedling shape is altered in a particular way, yet a complete body pattern is formed 
(Mayer et al., 1991). Four of such mutants were grouped in this class, knopf, mickey, 
fass and enano (Mayer et al., 1991; Torres Ruiz and Jürgens, 1994). The alteration of 
the seedling shape is reflected in alterations of the cell shape (Torres-Ruiz et al. 
1996a). Seedling phenotypes range from growth retardation (mickey, enano) to an 
extreme compression along the axes of the body organs (fass, knopf; Mayer et al., 
1991; Torres-Ruiz and Jürgens, 1994; Torres-Ruiz et al., 1996a). 

Embryo pattern mutation have also been described in other species. The no 
apical meristem (nam) mutant seedlings in Petunia lacks a shoot apical meristem 
and resembles in this aspect the stm mutation in Arabidopsis (Souer et al., 1996). 
Nevertheless, because NAM encodes a different type of protein and displays a 
different expression pattern than SHOOT MERISTEMLESS, meristem formation 
must be affected by different mechanisms. The cytokinesis-defective (cyd) mutant in 
pea (Pisum sativum) shares features with the keule mutant in Arabidopsis, namely 
multinucleate cells with cell wall stubs in the cotyledons (Liu et al., 1995). Like in 
the keule mutant (Assaad et al., 1996) the cytological phenotype could be mim
icked in wild-type cells with caffeine treatments. The CYD gene is therefore sup
posed to be also involved in cytokinesis (Liu et al., 1995). In rice, Nagato et al. 
(1989) and Hong et al. (1995) described embryo mutants that show deletion of 
certain pattern elements. Disruption of at least 4 different loci (shootless 1 to 4) 
cause a deletion of the shoot primordium and disruption of 1 locus causes a dele
tion of the radicle (radicleless; Hong et al., 1995). In the mutant variable embryo 

27 



Chapter 1 

phenotype 3 a multiplication of radicles by the deletion of the apical regions has 
been observed similarly to doppelwurzel. Another group of mutants show modi
fied positions of organs including the most remarkable mutant various embryo phe
notype 2 with a reversed (rotated by 180°) apical-basal pattern (Hong et al., 1995). 
Apart from the reversal of marker gene expression in gnom mutant embryos, 
mutants affecting the spatial order of apical-basal pattern elements in this way 
have not been described in Arabidopsis. 

In conclusion, it appears that most of the genes that result in embryo phe-
notypes and that have been cloned cause rather severe pleiotrophic phenotypes 
with considerable alterations at the cellular level. It is not clear in most cases how 
the observed cellular changes relate to the morphology of the embryo or seedling 
(Mayer et al., 1991,1993b; Schwartz et al., 1994; Shevell et al., 1994; Yadegari et al., 
1994; Lukowitz et al., 1996). It does seem to be clear that the assumption that the 
most severe embryo or seedling phenotypes are the result of very early acting 
regulatory genes (Mayer et al., 1993b) is not borne out by the presumed function 
of the genes identified so far. 

Apomixis 

Gametophytic development starts with the formation of nucellus tissue from the 
ovule primordium (figure 1.3). One sub-epidermal cell of the nucellus then differ
entiates into a megaspore mother cell which undergoes meiosis I and II to form 
four reduced megaspores during the polygonum type of embryo sac develop
ment. The functional megaspore, closest to the chalaza enlarges and the three 
microspores at the micropylar end degenerate. During megagametogenesis the 
functional megaspore undergoes three mitotic divisions, resulting in the coenocytic 
megagametophyte. Cell wall formation, nuclear migration and cell differentia
tion lead to the formation of an eight celled embryo sac which contains three an
tipodal cells at the chalazal pole, two synergids and one egg cell at the micropylar 
pole and two polar nuclei in the centre (figure 1.4; reviewed by Reiser and Fischer, 
1993). Double fertilisation of the egg cell and central cell are the first processes 
leading the development of the embryo and the endosperm. 

However, in a substantial number of species embryo development in the 
ovule occurs without fertilisation of the egg cell. Three different forms of this proc
ess, diplospory, apospory and adventitious embryogenesis are collectively desig
nated as apomixis (figure 1.3; reviewed by Koltunow, 1993; Sharma and Thorpe, 
1995). Apomictic embryos develop from unreduced embryo sac, nucellus or inner 
integument cells and have the same genetic constitution as the mother plant. 
Apomictic processes can be initiated at several points during gametophytic de-
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velopment. During the two forms of diplospory an unreduced embryo sac is 
formed from the megaspore mother cell. In the case of meiotic diplospory the 
megaspore mother cell differentiates from the nucellus and begins meiosis. Meio
sis is inhibited at a particular stage by unknown mechanisms and the nucleus is 
restored to undergo mitosis (Bergman, 1950). During mitotic diplospory the 
megaspore mother cell does not enter meiosis at all and only undergoes mitotic 
divisions (Bergman, 1951; Leblanc et al., 1995b). In both forms of diplospory a 
functional embryo sac is formed consisting of unreduced cells. The unreduced 
egg cell can then develop into an asexual or apomictic embryo. It is so far not 
known which molecular events cause the arrest in meiosis in the gamethophytic 
development nor is it known which processes initiate embryo development from 
the unreduced egg cell. In diplospory a functional endosperm usually develops 
autonomously and does not require fertilisation of the central cell either. 

In apospory additional embryo sacs that originate from nucellar cells are 
formed in the ovule. These cells, called aposporous initial cells differentiate via 
the three mitotic divisions characteristic for the development of the megaspore 
mother cell. As in diplospory the resulting embryo sacs consist of unreduced cells 
and the egg cells develop into an embryo without fertilisation. The embryo sac 
closest to the micropylar pole of the ovule is usually the one entered by the pollen 
tube and endosperm is formed after fusion of the second sperm cell with the cen
tral cell. In case of an aposporic embryo sac the sperm nucleus will fuse with only 
one of the unreduced nuclei giving rise to the triploid endosperm. 

Adventitious embryogenesis starts from somatic tissues of the mature ovule, 
the nucellus and inner integument. Nucellar cells that are competent to develop 
into embryos are dense in cytoplasm and contain large nuclei. These cells mor
phologically resemble the developing megaspore mother cell and apospory ini
tial cells but develop directly into an embryo (Esen and Soost, 1977; Naumova 
and Willemse, 1982). Normal fertilisation of the sexual embryo sac gives rise to a 
zygote and endosperm, leading to the formation of sexual and apomictic embryos 
in the same ovule which compete with each other. 

Little is known about the initiation of apomixis. The frequency of the 
facultatively occurring apospory can be influenced by environmental conditions 
such as the photo period (Brown and Empry, 1958), temperature and other factors 
such as inorganic salts and nutrients. Timing of apomixis might also influence the 
occurrence of apomictic embryo development. Since the apomictic pathway lead
ing to an embryo sac is generally faster than the sexual pathway apomictic em
bryos may have a head start compared to their sexual counterparts. In the case of 
diplospory meiosis of the megaspore mother cell is disturbed and would result in 
sterile plants, so apomixis may be used as an escape to allow viable seed develop
ment. In the case of apospory and adventitious embryogenesis embryos are formed 
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figure 1.3. Schematic representation of embryo sac development during sexual gametogenesis and 

the three apomictic forms: diplospory, apospory and adventitious embryogenesis. Abbreviations: ape, 

archesporial cell; asi, aposporous initial cell; mmc, megaspore mother cell; msm, megaspore mother 

cell or surviving megaspore; n, nucellus; nei, nucellar embryo initial cell; smg, sexual megagameto-

phyte; sms, surviving megaspore. Figure addapted from Koltunow (1993). 
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from cells that normally do not form the embryo sac. During sexual ovule devel
opment one nucellar cell develops into the megaspore mother cell. The formation 
of additional cells resembling the megaspore mother cell in apospory may reflect 
a disturbance in the pathway that normally prevents gametophytic development 
in other cells of the nucellus. Elucidating this mechanism may also help to under
stand the sexual process better. 

At the moment several strategies are applied to identify genes involved in 
the pathways leading to apomixis. One of these aims to obtain mutants in 
Arabidopsis. The screen employed is to mutagenise male sterile plants (such as 
apetala and pistillata mutants) and to select for viable seeds, that may be derived 
from a non-sexual reproduction event (Koltunow et al., 1995). Preliminary results 
show the identification of at least three of these fertilisation independent seed (fis) 
mutants (Chaudhury et alv 1996). Using a similar strategy a group of fertilisation 
independent endosperm (fie) mutants have been isolated. However it is not known 
whether the autonomous endosperm development in fie mutants is the same as in 
certain apomictic species (Ohad et al., 1996). 

In the apomictic model system Hieracium comparative studies between 
mRNA populations derived from sexual and asexual siblings is expected to lead 
to the isolation of genes involved in the apomictic pathway (Koltunow et al., 1995). 
Analysis of the progeny of crosses between apomictic and sexual modes of repro
duction have shown that the apomictic process is controlled by one single domi
nant locus (Parlevliet and Cameron, 1959). Based upon RFLP analysis a number 
of markers have been isolated to distinguish between sexual and apomictic de
rived embryos (Lubbers et al., 1994; Mazzucato et al., 1995). In Tripsacum three 
RFLP markers co-segregating with diplospory have been mapped to the same 
locus (Leblanc et al., 1995a). 

In plants that exhibit parthe
nogenesis, the reduced egg cell 
starts to divide spontaneously. 
In the absence of endosperm 
formation, embryo develop
ment is usually aborted at early 
stages of embryo development. 
If the same parthenogenetic 
process is induced by auxin 
treatment of the parthenoge
netic plant, embryo develop
ment can proceed to the state 
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the absence of endosperm development (San and Gelebart, 1986; Matzk, 1991; 
Ferrant and Bouharmont, 1994). The salmon system of wheat (Triticum aestivum) 
consists of three completely isogenic and homozygous plant lines. One of the lines 
can propagate sexual while the two other lines have a parthenogenic capacity of 
about 90 % (Matzk, 1991; 1995). Using 2D protein patterns a water soluble protein 
with a molecular mass of 50 to 60 kDa was identified that was specifically ex
pressed in the ovaries of the parthenogenic lines (Matzk et al., 1995). 

Embryogenesis in vitro 

Besides the naturally occurring processes of embryogenesis described above, arti
ficial experimental in vitro systems provide the opportunity to studying various 
additional aspects of embryogenesis, which will be highlighted in this section. It 
has been demonstrated that transfer of the fertilisation process and subsequent 
embryogenesis in vitro is possible in plants {in vitro fertilisation). Also gametophytic 
and somatic cells can be induced to undergo embryogénie development (andro-
genesis and somatic embryogenesis). The aim of this section is to outline recent 
progress in these areas of research, that so far have been quite removed from the 
molecular-genetic approaches as used to dissect zygotic embryogenesis. 

In vitro fertilisation of single isolated gametes 

Recently an experimental technique has been introduced in maize that allows to 
study the first events of embryogenesis without the surrounding maternal tissues 
in an experimental in vitro fertilisation system (reviewed by Kranz and Dresselhaus, 
1996). Zygotes, created by in vitro fertilisation of single isolated gamete protoplasts 
divided initially (Kranz et al., 1991; Breton et al., 1995b) and were capable of de
velopment into seedlings and normal fertile plants (Kranz and Lörz, 1993). Cell 
divisions resulting in multicellular structures have also been obtained in wheat 
using a similar system (Kovâcs et al., 1995). Holm et al. (1994) and Mol et al. (1995) 
were able to regenerate fertile plants of barley, wheat and maize, respectively, by 
isolating and culturing in planta fertilised zygotes. Egg cell protoplasts for in vitro 
experiments were isolated from embryo sacs containing slices of unfertilised fe
male flowers by a combination of incubation with cell wall-degrading enzymes 
and a manual microdissection (Kranz et al., 1991; Kranz and Lörz, 1993; Faure et 
al., 1994), while sperm cells were released from pollen grains (Kranz et al., 1991; 
Faure et al., 1994). After alignment of gametes (figure 1.5a) electrofusion (Kranz et 
al., 1991; Kranz and Lörz, 1993) or calcium mediated fusion (Faure et al., 1994; 
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Kranz and Lörz, 1994) and karyogamy (figure 1.5b) have been demonstrated (Faure 
et al., 1993). Zygotes were cultured in phytohormone containing media and re
quired co-cultivation with feeder cells for sustained development (Kranz and Lörz, 
1993; Holm et al., 1994) which may replace nutritive functions of the endosperm. 
In maize the first cleavage of the in vitro created zygote is asymmetric as in the in 
planta fertilised egg cells (figure 1.5c). The resulting multicellular structure devel
ops into a transition stage embryo and finally the two meristematic regions, the 
scutellum and the coleoptile are formed (figure 1.5d-f). After transfer to hormone 
free media phenotypically normal and fertile plants have been obtained of which 
the hybrid nature has been demonstrated genetically (Kranz and Lörz, 1993). The 
similarity to developmental stages of embryo development in planta suggests that 
plant regeneration from in vitro fertilised zygotes took indeed place via embryo-
genesis rather then organogenesis. The development of in vitro techniques pro
vides the opportunity to study mechanisms of fertilisation such as adhesion, gam
ete recognition and fusion, karyogamy and inhibition of polyspermy, which may 
not be very accessible for genetic approaches (Dumas and Mogensen, 1993; Faure 
et al., 1994; Kranz et al., 1995). cDNA libraries from a small number of egg cells 
and zygotes as source for isolation of egg cell or zygotes specific genes (Dresselhaus 
et al., 1994) as well as from later stages (Breton et al., 1995a) have been produced. 
As an example of a differential screen of these libraries a cDNA clone encoding 
calreticulin was isolated (Dresselhaus et al., 1996). Calreticulin is more abundantly 
expressed in zygotes than in unfertilised egg cells an its expression was further 
correlated with dividing tissue (Dresselhaus et al., 1996). Using RT-PCR techniques 
it is possible to detect gene expression on the single cell level (Richert et al., 1996). 
The system of in vitro fertilisation also allows to investigate the role of already 
known genes, e.g. involved in the cell cycle, or to analyse changes of the cytoskel-
eton during the fertilisation process and early embryogenesis. 

Androgenesis 

After certain experimental in vitro manipulations the haploid male gametophytic 
cells are able to switch from a gametophytic into a sporophytic development. In
stead of developing into mature pollen, microspores at the uni-cellular stage or 
immature pollen grains at the early bi-cellular stage can be directed towards for
mation of so-called androgenic (also known as haploid or pollen) embryos. Both 
susceptible microspore stages will be referred to as 'microspores' in the following 
section. Androgenic embryos have first been obtained in Datura innoxia by Guha 
and Maheshwari (1964). Androgenesis was mostly studied in the model plants 
rape seed (Brassica napus; Lichter, 1982; Swanson et al., 1987; Pechan and Keller, 
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