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ABSTRACT

Studying the early events of fertilisation and the first zygotic cleavage during zygotic embryogenesis in angiosperms requires
meticulously designed, complex experimental approaches. In wheat, like in an overwhelming number of crop species, little is known
about fertilisation and the early events that ensue concomitantly. Therefore, answering questions such as to what extent the wheat zygote
is dependent on the endosperm for its normal development, what morhpogenetic stimuli come from the maternal tissues, what factors are
necessary for the accomplishment of embryonic growth from the onset of zygote development, what intertwining pathways ensure egg
activation triggered by fertilization is of paramount importance. Towards this goal a brief overview is provided as to the main
achievements of in vitro fertilisation (IVF) in the best-described maize system. This paper summarizes experimental data obtained by the
application of IVF and the microinjection method adopted in wheat to address some important issues such as the ultrastructural
characterization of wheat egg cells isolated at different maturational stages; the competence of the wheat female gamete for transient
expression of foreign genes; DNA dynamics during sperm-egg fusion and zygotic development; and cytoskeletal changes occurring
during in situ egg cell development and in the course of fertilization. A summary is given about studies conducted to follow up structural
changes in the endoplasmic reticulum identified to be the main calcium store in the female gamete in wheat. The present review concludes
by depicting some future prospects pertaining to the potential offered by exploiting the sexual route for the improvement of wheat and
delineates vistas opened up by the application of plant biotechnology tools in sexual plant reproduction research as well as in
developmental biology of angiosperms.

Keywords: cell polarity, endoplasmic reticulum structure, F-actin dynamics, in situ egg cell development, microinjection, transient gene
expression in egg cells

Abbreviations: CDKs, Cyclin-dependent kinases; DAE, days after emasculation; Dil, 1,1'-dihexadecyl-3,3,3',3"-tetramethylindocarbo-
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INTRODUCTION

The remarkable feature of the life cycle of angiosperms is
the masterly treatment of the alternation of generations
between a diploid sporophyte and a haploid gametophyte
which is coupled with continuous somatic organogenesis.
The switching from the haploid generation (the gameto-
phyte phase) to the diploid sporophyte is achieved during
the act of double fertilization, a phenomenon observable ex-
clusively in angiosperms. This unique sexual reproduction
strategy was discovered over one hundred years ago (Na-
waschin 1898) and since then the perplexing complexity of
the interactions occurring in the course of double fertiliza-
tion between the male and the female gametophytes and the
sporophyte has intrigued plant biologists. However, the
underlying mechanisms of these intricate processes invol-
ving the delivery to the female gametophyte (the embryo
sac) of two sperm cells (transmitted by the pollen tube) and
their fusions with the egg cell and the central cell, possess-
ing two nuclei, are relatively unexplored. This is mainly due
to the inaccessibility of the female gametophyte deeply em-
bedded in the nucellar tissue of the ovule which for a con-
siderable period of time restricted the scrutiny of these
events to microscopic observations performed on fixed and
subsequently cut, dead tissues.

The isolation of viable gametes of opposite sexes, a
prerequisite for in vitro fertilization of gamete pairs, has not
been available until the early 1990s. Techniques allowing
for the isolation of viable sperm cells (for review see Theu-
nis et al. 1991) have preceded the elaboration of egg cell
isolation methods and it was not until the commencement of
the 1990s that isolation of viable egg cells was first
achieved in maize (Kranz et al. 1991), followed by more
examples to be included in the list of species in which
viable egg cells could be obtained either employing a purely
mechanical isolation procedure in barley, wheat and rape
seed (Holm et al. 1994; Kovacs et al. 1994; Katoh et al.
1997) for instance, or complementing microdissection with
using mixtures of cell wall degrading enzyme solutions
(Kranz et al. 1995).

Development of the zygote and that of the endosperm
progenitor cell necessitate the successful completion of
double fertilisation. How zygotic embryogenesis is accom-
plished giving rise to the embryo, and subsequently to the
whole plant body, is largely unknown. The extensive deve-
lopmental changes which unfold during zygotic embryoge-
nesis and ultimately lead to the formation of a multicellular
organism from the undifferentiated single-cell stage are
commonly believed to be presaged by the cellular/mole-
cular events that occur in the egg cell preceding and/or
concomitantly upon fertilisation. Thus, questions of utmost
importance in developmental biology as to the mechanisms
of egg cell polarity, egg cell activation, gamete recognition,
adhesion and fusion, block to polyspermy, zygote develop-
ment, zygotic gene activation (ZGA), which governs the
transition from the maternal to the embryonic control of
development, asymmetric cell cleavage (occurring typically
in the angiosperm zygote) and the pattern of in vitro zygotic
embryogenesis warranted endeavours in establishing in
vitro fertilization (IVF) as a technical tool to investigate
these issues.

A closer look at the in planta situation is worthwhile in
order to delineate the extent to which IVF may be deemed
to be a suitable means in addressing these questions.

THE MECHANISMS OF DOUBLE FERTILISATION
REVEALED BY IN PLANTA OBSERVATIONS IN
DIFFERENT SYSTEMS

The cells participating in the process of double fertilisation
in angiosperms possess unique features: the two male ga-
metes are void of cell wall unlike the vegetative cell in
which they are embedded. Their chromatin is highly con-
densed and few organelles (such as mitochondria, plastids,
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dictyosomes, endoplasmic reticulum) reside in a reduced
cytoplasm (Raghavan 1997). The cytoskeleton of the pollen
tube gains importance in delivering the male gametes as it
seems that the sperm cells lack flagella or cilia hence im-
plying that they are not motile cells unlike the male gametes
of animals and that of other plants such as mosses and ferns
(see review: Cai et al. 1997). The female gametophyte
shows a wide range of variations in flowering plants the
most common (and most probably the ancestral one) of
which is the so-called Polygonum-type embryo sac (for
review see: Huang and Russell 1992). It originates from
only one of the four meiotic products of the megasporocyte
and is therefore termed: ‘monosporic’. The partner cells for
the two sperm cells delivered into the embryo sac during
fertilisation are the central cells, the egg cell and the
synergids. These cells constitute a functional unit termed
the Female Germ Unit (Dumas et al. 1984). The latter ones
are located at the microplyar pole of the embryo sac where
the pollen tube penetrates. The ‘morhological polarity’ of
the egg cell, the nucleus of which is located either peri-
pherically or centrally and it is partially surrounded by a
cell wall, is believed to reflect the polarity axis of the
embryos sac and is linked to the molecular machinery set in
motion during the initiation of the asymmetric cell division
of the zygote (West and Harada 1993). The central cell
flanks with the egg cell and generally occupies most of the
space in the embryo sac.

Transport of the male gametes into the embryo
sac

Exploiting Nicotiana tabacum as a model system provided
valuable information concerning how the male gametes
may be transferred from the aperture of the pollen tube to
the micropylar pole of the female gametophyton. Capita-
lising on the binding property of phallotoxins linked to
fluorescent conjugates, several authors identified actin
bands along the presumed path of the female gametes (Hu-
ang et al. 1993a; Russell 1993; Huang and Russell 1994).
Further evidences supporting the presence of actin bands
potentially interacting with myosin at the surface of the
male gametes were supplied by Huang et al. (1993b) in
Plumbago zeylanica and by Huang and Sheridan (1994) in
Zea mays (for review see: Russell 1996). Although neither
the involvement of the actin filaments in pulling the ga-
metes nor the presence of myosin on the female gametes
have been directly demonstrated hitherto, an extracellular
acto-myosin based system is attractive. Pollen tubes have
also been demonstrated to establish a gradient of intra-
cellular cytosloic calcium towards the tip of the growing
pollen tube hence suggesting a role for this versatile secon-
dary messenger in guiding pollen tube growth and in sperm
cell movement (Malhé 1998).

The conditions of the female gametophyte serving
as a microenvironment for gamete adhesion and
fusion

Upon release from the pollen tube the male gametes are
purged into a very complex microenvironment made up of
the degenerating synergid, into which the pollen tube is
thought to discharge its content, pollen tube components,
and most probably extracellular fluids. This presumably
ever-changing microenvironment of the egg cell apparatus
is of undefined pH and composition. The powerful method
of X-ray microanalysis, however, revealed a high level of
total calcium (Chaubal and Reger 1990, 1992a, 1992b,
1993) in the synergids, an observation congruous with the
results obtained by using other methods to detect loosely
sequestered calcium such as chlorotetracycline (CTC)-spe-
cific fluorescence imaging and the antimonate precipitate
method (Huang and Russell 1997). From the data available
to date, it seems that a high level of free or loosely bound
calcium is required for the gamete fusion once the synergid



Functional Plant Science and Biotechnology 1(2), 300-326 ©2007 Global Science Books

degenerates as it participates in the process of fusion
between the two cells. Deciphering the features of the
microenvironment of the fertilising sperm cell would enable
us to make a great leap in better understanding gamete re-
cognition and fusion. Furthermore, it would also contribute
to the optimisation of the in vitro fusion systems elaborated
thus far.

Adhesion and fusion of gametes

Questions such as: how do the gametes of opposite sexes
adhere, what mechanisms control their fusion, whether are
the fusions between the two male-female gamete pairs pre-
determined and what is the nature of the gamete-gamete
recognition system are mainly unanswered. Only a limited
body of information is available based mainly on transmis-
sion electron microscopy (TEM) observations made on
Plumbago zeylanica (Russell 1983). Therefore, the process
of the adhesion and fusion of the gamete pairs remains a
conundrum leaving room for proposing several models for
explaining the mechanisms of gamete recognition and ad-
hesion. The most impressive hypotheses have been put
forward by Russell (1996): according to this author’s first
model, it is in the potential of both male gametes to fuse
with either one of the female cells (the egg cell and the
central cell). This hypothesis assumes an inherent block to
polyspermy, which would force the second sperm to fuse
with the still unfertilised female gamete after the first fusion,
has been completed. More sophistication is implied in the
second model, which envisages a certain segregation of the
two male gametes delivered by the pollen tube in such a
manner that a specific order of release and a differing mor-
phology would ensure a ‘female gamete specific’ transport
towards either the egg cell or the central cell. This preferen-
tial fertilisation would not inevitably imply the establish-
ment of a block to polyspermy, but probably it is acting in
order that the secondly arriving sperm cell would be forced
to fuse with the second, yet unfertilised, female gamete. In
terms of preferential fusion the ultimate model surmises the
existence of cell surface compounds, one set being charac-
teristic of that sperm which is ‘compatible’ only with the
egg cell, for instance, whereas the other endues the other
sperm with complementarity to the central cell. This hypo-
thesis, although allows for dimorphism of the two sperm
cells, does not exclude similarity of the male gametes deli-
vered by the same pollen tube. Should this scenario prove
correct, a block to polyspermy would be optional.

In guessing which of the above-depicted models are to
be favoured, one is left to rely on information obtained in
Plumbago zeylanica in which the two sperms originating
from the same male gametophyte are dimorphic. This dis-
tinction is expressed in the lack of plastids in that sperm
which is adjacent to the vegetative nucleus, whereas in the
cytoplasm of the other, plastids can be allocated that are
smaller in size and more contrasted compared to the plastids
of the egg cell (Russell 1985). One has to bear in mind,
however, that there is no reason to suppose that this obser-
vation applies to other flowering species, in particular
because P. zeylanica possesses an embryo sac that lacks
synergids. Corroborating the preferential fertilisation scena-
rio, it appears that in maize genotypes containing supernu-
merary chromosomes (termed: B-chromosomes) fusion is
predetermined between the gamete pairs. It seems that B-
chromosome containing sperm cells fuse significantly more
frequently with egg cells than the ones lacking this ‘extra’
chromosome (Carlson 1986; Shi et al. 1996).

Hitherto there is no evidence to support the assumption
of sperm dimorphism in wheat, however, a predetermined
fusion scenario would have implications in the implementa-
tion of in vitro gamete fusion which could benefit from any
morphological difference recurring consistently in isolated
sperm cells so that mimicking closer the in vivo gamete
fusion would become possible.
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Integration of the male components into the
female gametes

The mode of inheritance of plastids and mitochondria
shows great variation among angiosperms. Nevertheless, in
the majority of the species plastids are passed on either ex-
clusively or prevailingly from the maternal partner cell.
Uniparental inheritance is also predominant at least in those
species investigated (for review see: Mogensen 1996). Fur-
ther, quite many mechanisms ensure that during pollen for-
mation, at the time of plasmogamy or following fusion, the
male cytoplasm, male organelles and DNA content are
severely reduced. For instance, enucleated bodies were
found in the degenerating synergid receiving the pollen tube,
adjacent to the egg and central cell in cotton and lily
(Jensen and Fischer 1968; Janson and Willemse 1995) or
next to the egg cell, in barley (Mogensen 1988). It was
reasonable to suppose that these bodies were remnants of
the male cytoplasm that had not integrated into the cyto-
plasm of the female gamete(s). It was suggested that still
undefined mechanisms are responsible for either partly or
entirely eliminating certain male organelles such as mito-
chondria and plastids.

Both the chronology and the mechanisms of the incor-
poration of the major male component, the nucleus, endow-
ing the female gamete with the paternal genome, are appal-
lingly unknown due mainly to the various times it takes the
actual pollen tube to reach the micropilar pole of the em-
bryo sac and to the fact that these events take place deep in
inaccessible maternal tissues. Exploiting the gamete isola-
tion and in vitro fusion system coupled with the micro-
fluorimetric technique, Mogensen and Holm (1995) quan-
tified DNA in the nuclei of mechanically isolated egg and
zygote protoplasts in barley. Although the time course of
karyogamy and cytological alterations upon sperm-egg cell
fusion in the female gametoplast have been analysed in in
vitro fused egg cell and sperm cell pairs (Faure ef al. 1993,
2001), attempts to unravel double fertilisation and genetic
imprinting at the organ level have failed hitherto (Nowack
et al. 2007). Therefore, experimental systems closely mim-
icking in vivo double fertilisation hence allowing for study-
ing thoroughly these intricate processes at the cellular and
molecular level are still to be elaborated.

IN VITRO FERTILISATION AS A NOVEL MEANS IN
STUDYING FERTILISATION

The first strategy in disentangling events triggered by ferti-
lisation in the angiosperm egg employed microinjection of
male gametes or nuclei into isolated embryo sacs (Keijzer et
al. 1988; Keijzer 1992; Matthys-Rochon et al. 1994). Never-
theless, this approach did not yield regenerants; therefore it
could not serve to fulfil the ultimate aim at dissecting the
first events of zygotic embryogenesis leading to fully fertile,
intact plants.

It was not until the commencement of the 1990s that
methods allowing for fusing gametes of opposite sexes iso-
lated from angiosperms became available. This technique
ushered in a new era in addressing questions of utmost im-
portance for deciphering the successive and well-concerted
changes ensuing concomitantly upon fertilisation in the egg
cell. In the wake of this method and by analogy with the
thoroughly investigated animal systems including mammals
(Lanzendorf et al. 1988; Palermo et al. 1995), it was temp-
ting to attempt injecting sperm cells into isolated female
gametes, but endeavours aimed at achieving this have thus
far failed.

A more recent strategy focused on fusing gametes selec-
ted individually. Albeit the number of angiosperm species in
which the isolation of both male and female gametes is
solved is limited: Hordeum Vulgare (Cass 1973; Holm et al.
1994), Lolium perenne (van der Maas et al. 1993), Zea
mays (Dupuis et al. 1987; Wagner et al. 1989), Brassica
napus (Katoh et al. 1997), Nicotiana tabacum (Hu et al.
1985; Cao et al. 1996), P. zeylanica (Russell 1986; Cao and
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Russell 1997), Torenia fournieri (M6l 1986; Keijzer et al.
1988) and Alstroemeria (Hoshino et al. 2006), fusion of
gametic pairs resulted in invaluable data concerning the
downstream processes induced by sperm-egg cell fusion.

As compared to egg cell isolation, sperm cell isolation
is a relatively straightforward procedure: the generative
cells are released from the pollen grains by an osmotic or
pH shock (see review: Chaboud and Perez 1992) and even a
large number of male gametes can be obtained by Percol or
sucrose gradient centrifugations (for review see Russell
1991). However, selecting the individual sperm cells used
later for the fusion and placing them in the vicinity of the
isolated egg cells requires micromanipulation. Isolating the
egg cells is by far more cumbersome and tedious and con-
stitutes the limiting step in IVF. This is mainly due to the
inaccessibility of the female gametophyte, the embryo sac,
which is deeply embedded in the surrounding maternal tis-
sues hence necessitating the manual microdissection of each
ovules encasing the embryo sac, with or without prior enzy-
matic treatment of the tissues, depending on the species
(Holm ef al. 1994; see review: Huang and Russell 1992).

The first successful fusions of gametic pairs were car-
ried out by Kranz ef al. (1991) on maize. The system used
was based on dielectrophoresis, which induces alignment of
the two gametes and the membrane to membrane contact
between the two cells to be fused preceding the trigger of
one or multiple DC pulses resulting in cytoplasmic fusion.
The fusion products of the gamete pairs gave rise to “arti-
ficial zygotes” produced by electrofusion which could be
regenerated into intact and fertile maize plants (Kranz and
Lorz 1993). Applying this system led to fusion products
yielding multicellular structures also in wheat (Kovacs ef al.
1995).

Although this method proved relatively efficacious, it
can merely be exploited for investigating gamete recogni-
tion as it is based on electrophysiological laws and the
fusion of cells is brought about by “force”. Thus, alternative
ways suitable for unravelling gamete recognition were ex-
plored. Faure ef al. (1994) and Kranz and Loérz (1994) em-
ployed 1 to 10 mM calcium chloride at low pH and 50 mM
calcium chloride at high pH, respectively, to induce fusion
of the sperm with the egg cell of maize. However, the rege-
neration of the fusion products has not been achieved as yet.

In vitro fertilisation with isolated angiosperm
gametes

In vitro fertilisation of viable gametes isolated from higher
plants was not possible until the early 1990s. The reason for
this was that, whereas in animals and lower plants free-
living gametes are naturally present, the gametes of land
plants are confined to compact structures (the pollen grain
and the embryo sac). Additionally, fertilisation takes place
in the embryo sac, which is deeply encased in the ovular tis-
sue, thus making the female gametes inaccessible. Conse-
quently, during the procedure of egg cell isolation the nucel-
lar tissue enclosing the embryo sac has to be removed with
the other component cells of the female gametophyte (a
central cell, some antipodals and generally two synergids).
The newly emerging technique of in vitro fusion of isolated
gametes, made it possible to regenerate fertile, intact plants
from artificially produced zygotes through embryo-like
structures. These techniques have repercussions not only on
plant developmental biology, but also on cell cycle research
and on exploring the sexual route as a means of delivering
genes of foreign origin into the primary cell of the sporo-
phytic generation, the zygote. The system elaborated by
Kranz et al. (1991) allows for the examination of especially
early developmental processes, which ensue concomitantly
upon fertilisation, based on the isolation and fusion of ga-
metes freed from their respective gametophytic tissue. Thus,
events related to sexual reproduction like gamete recogni-
tion and interaction, egg cell capacitation triggered by the
sperm cell and gametic hybridisation can be investigated.
Further, single-cell molecular techniques (mRNA isolation
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from single cells, RT-PCR) offer the possibility of isolating
gamete-specific and fertilisation-induced genes (Dressel-
haus et al. 1994, 1996; Sauter ef al. 1998). Clearly, since
electrofusion brings about a “forced” incorporation of the
two electrically polarisable cells aligned by alternating cur-
rent field (AC-field), the electrophysical laws of which the
membranes of the cells to be fused obey, the electric pulse
can also be utilised for interspecific (generic) cell hybridi-
sation to circumvent sporohytic incompatibility barriers; by
the same token, any protoplast can be fused with gametes
(gametosomatic hybridisation) (Desprez ef al. 1995).

Since in vivo two fusions occur during double fertilisa-
tion, the in vitro situation (which involves a single fusion
event between the egg cell and the sperm cell) differs from
the in planta fertilisation. Electrofusion of defined pairs of
gametoplasts under controlled conditions allows a relatively
efficacious fusion yield hence obviating the need to rely on
systems that require large quantities of cells for fusion
(PEG-induced mass fusion, for example). Nevertheless,
Faure et al. (1994) described a simple fusion medium con-
taining 5 mM calcium in which isolated male-female ga-
mete pairs of maize were reported to fuse at a very high
frequency (80%) suggesting the involvement of calcium in
inducing gametic fusion in vivo.

Although plant regeneration from single zygotes is
laborious, sustained growth and differentiation of zygotes
produced either in vivo or in vitro in cell culture offers the
means to study the whole span of zygotic embryogenesis
from the commencement of cell fusion. To achieve this goal,
however, several criteria should be met: (1) the possibility
of following zygote development under continuous micros-
copical visualisation, (2) working out single cell culture
systems leading to plant regeneration under chemically
defined conditions excluding nurse cells (based either on
non-morphogenic suspension culture or highly embryogenic
microspore culture), (3) obtaining zygotic embryos mimick-
ing exactly the morhpogenetic programme of the fertilised
egg cell. Thus far, however, only the first criteria could be
fully met. Though the 3™ one is claimed to have been
achieved (Kumlehn et al. 1997) by implanting in vivo zy-
gotes into ovules, the experimental system is crippled by
the lack of the possibility to monitor zygote development
(which was found to mimic developmental pattern occur-
ring during zygotic embryogenesis in planta) after implan-
tation of the zygote.

The powerful techniques of CLSM (confocal laser
scanning microscopy) and image analysis were employed to
reveal the time course of karyogamy of the fusion products
of maize gametes (Kranz and Lorz 1993; Tirlapur et al.
1995). In isolated barley zygotes DNA dynamics was traced
down chronologically by applying microfluorometry (Mo-
gensen and Holm 1995). In maize (M4l ef al. 1994) in bar-
ley (Mogensen and Holm 1995) and in wheat (Pdnya et al.
1999b) karyogamy was found to be premitotic. Cellular
events related to fertilisation, for instance cell wall forma-
tion, which is considered to be involved in preventing poly-
spermy, were dissected in fusion products (Kranz and Lorz
1993; Tirlapur et al. 1995).

In vitro gamete fusion can also be used as a tool for ob-
taining gameto-somatic cell hybrids hence filling the hiatus
between sexual crossing and somatic hybridisation. How-
ever, up to now information is lacking pertaining to inter-
specific, generic and intertribal hybrid and cybrid (formed
by cytoplast-protoplast fusion) prototoplast fusions. Thus,
the regeneration capacity is either absent or remains a very
distant goal possibly due to the elimination of parts of, or
entire chromosomes, polyploidisation or aneuploidy, or/and
incongruity between the recipient nucleus and donor orga-
nelles of the remote species to be used. In addition, karyoty-
pical instability was observed in hybrids after conventional
crosses (Kalloo and Chowdhury 1992). Activation studies
have revealed the instigation of early development in maize
egg cells fused with female gametes of several cereal spe-
cies (Kranz et al. 1995). Maize eggs, though, were found to
be incompatible with Brassica sperms (Kranz and Dressel-
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haus 1996) warning that post fertilisation barriers, as was
found after in vitro pollination with ovules (Zenkteler 1995),
are to be taken account of when gametic combinations in-
volving distant species are produced.

Zygote culture and its potentials in developmental
biology and transgene research

In order to study fertilisation and early zygotic embryoge-
nesis, culturing isolated or in vitro produced zygotes per-
mitting continuous observation of development is a prere-
quisite. However, hitherto only very few reports announced
successful zygote culture (Kranz and Lorz 1993; Holm et al.
1994; Zhang et al. 1999). This is mainly due to the labo-
rious isolation procedure of the zygote, which necessitates
sophisticated micromanipulative tools as well as consider-
able experience.

The first plant species from which not only the isolation
and culture of the in vivo fertilised zygotes could be
achieved, but also their regeneration into mature plants, was
barley (Holm ef al. 1994). The zygotes extruded from the
embryo sac developed into embryo-like structures and even
gave rise to fully fertile, normal plants. Previously, the iso-
lation of egg cells and sperm cells had been implemented in
maize and using electric pulses their fusion yielded “arti-
ficial” zygotes, which subsequently could be regenerated
into green plantlets (Kranz and Lorz 1993). Via enzyme
digestion and microdissection, zygotes excised from the
embryo sac of maize were also induced by Leduc and co-
workers (Leduc et al. 1996) to form fertile plants. Interes-
tingly enough, the same nurse culture of highly embryo-
genic microspores of barley was as effective in stimulating
continued growth and divisions of the excised maize zy-
gotes as in culturing barley zygotes. The “nurse effect” eli-
citing the division of the explanted zygotes may conceiv-
ably be mediated by the release of still unidentified nutri-
ents or compounds needed for the cell cycle machinery to
be set in motion. This zygote culture system can also be
explored for utilising the sexual route for introducing alien
genes into the ancestor cell of the next sporophytic genera-
tion. For example, Leduc et al. (1996) employing quantita-
tive microphotometry showed DNA synthesis during the
first cell cycle of maize zygotes microinjected with reporter
genes (GUS gene and anthocyanin regulatory genes). In this
study the GUS reporter gene put under the control of the
maize histone H3C4 promoter and two anthocyanin regula-
tory genes driven by the 35S promoter were injected into
isolated maize zygotes. However, the percentage of trans-
genic expression in the microinjected zygotes was rather
low: on average, 3.5%. Thus, by combining transgenic tech-
nology with in vitro fertilisation and zygote culture offers
elegant experimental designs allowing for marker gene-free
delivery of foreign genes into crop plants. Some examples
of recent developments in this field illustrating the emer-
ging possibilities are given by Scholten and Kranz (2001).
The studies summarized in this work focus on the transient
expression of transgenes following microinjection of plas-
mids into egg cells or zygotes. The advantage of microin-
jection of transgenes into gametes/zygotes — provided that
the problem of low transgene expression (surmised by
Holm et al. 2000 to be attributable to the degradation of the
foreign DNA) is circumvented — is that the need for the use
of selectable marker genes could be superseded, as the
regenerants could be screened directly for the presence of
the transgene. This approach presupposes efficient and re-
producible regeneration systems suitable for the in vitro cul-
ture of isolated zygotes, which were established for barley
(Holm et al. 1994), wheat (Kumlehn er al. 1997, 1998;
Bakos et al. 2003) and maize (Leduc et al. 1996). The tech-
nique of IVF coupled with efficient regeneration techniques
of zygotes into mature and fertile plants opens up the pos-
sibility of manipulating gametes prior to unifying the mater-
nal and paternal genome (Kranz and Lérz 1993).

Towards the direction set by attempting to gain an in-
sight into the (nutritional) interaction between the zy-
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gote/the (pro)embryo and the endosperm, steps have been
taken (Kranz et al. 1998) to produce “artificial” endosperm
by fusing sperm cells with central cells of maize. The effici-
ency of these fusions was found to be very low, an obser-
vation that may be attributed to the low yield (and perhaps
poor viability) of isolated central cells from the embryo sac
of maize.

Although very demanding, microinjecting male gametes
(Keijzer 1992) and sperm nuclei (Matthys-Rochon et al.
1994, 1998) into the cells of the female gametophyte also
greatly contributed to the advance of our understanding of
the cellular processes of double fertilisation.

THE PARADIGM OF EARLY EMBRYOGENESIS

The conundrum of early zygotic embryogenesis is the ex-
tent to which the gametes of opposite sexes may be deemed
to be unique cells in the sense that the product of their
fusion (the zygote) is programmed for a particular cell divi-
sion pattern and for containing unique cytoplasmic determi-
nants controlling embryo cell fate determination. Although
angiosperm gametes possess characteristic features (specia-
lized cell walls, ploidy level, etc.), which may account for
“depositing” a stringent developmental cell fate in the zy-
gote, the progenitor cell of embryogenesis, the fact that
differentiated plant cells can acquire new cell fate, and more
importantly, embryogenic competence when cultured in
vitro off their adequate environment and deprived of their
spatial context in the plant body, argues against any hypo-
thesis supporting the view that either gamete carries unique
templates required for the proper unfolding of the embryo-
genic program during (zygotic) embryogenesis. Thus, a cri-
tical analysis of the justifiability of IVF as a tool to dissect
embryogenesis as such from early events onwards lies in
pondering the extent to which zygotic embryo development
can be paralleled with somatic embryogenesis. As somatic
embryogenesis demonstrates, excised from their original
ambience and supplied with new chemical information, so-
matic plant cells are capable of dedifferentiating and divi-
ding subsequently giving rise to a polar embryo which
eventually develops into an intact and fertile plant. There-
fore, the question arises: are plant egg cells “specially”
programmed so that the pattern of the first (typically asym-
metrical) cell division of the zygote and the partitioning of
pre-synthesised, developmental components act in unison to
ensure the reinforcement or induction of developmental dif-
ferences reflected in the differing cell fate of the daughter
cells deriving from the first zygotic cleavage and the pola-
rity of the zygotic embryo? The fact that somatic-and
microspore-derived embryogenesis is possible under in
vitro conditions does not support the tenet arguing for the
“uniqueness” of the product of gamete fusion, i.e. the
zygote. Nonetheless, it has been shown recently (Nowack et
al. 2006) that a positive fertilisation signal deriving from
the egg cell triggers endosperm proliferation hence sugges-
ting that the embryo requires a specific microenvironment
provided partly by the endosperm for normal embryogene-
sis to set in. Apart from its nutritive function, the endo-
sperm is the tissue where checks for sexual reproduction are
carried out in terms of both genomic imprinting and chro-
mosome constitution (Grossniklaus ez al. 2001). The fin-
ding that endosperm development is precocious as com-
pared to the development of the embryo (Mol et al. 1994)
corroborates the widely-held view that the presence of the
endosperm cells may ensure adequate delivery of nutrients
from the sporophytic tissues and signals the presence of the
embryo. However, the jury is still out on the question as to
what extent zygotic embryo development is dependent on
extrazygotic influences. The observation that in several spe-
cies mitotic activity commences earlier in the primary endo-
sperm nucleus than in the zygote may hint at the early de-
pendence of the embryo on endosperm development (Ma-
rinos 1970, Raghavan 1986). Nonetheless, by isolating T-
DNA insertion mutants (cdc2a-1 and cdc2a-2) of Arabidop-
sis thaliana recently Nowack et al. (2006) reported unferti-
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lised endosperm development demonstrating that the prolif-
eration of the central cell was unleashed by a positive signal
attributed to the fertilised egg cell.

Polarity during zygotic embryogenesis

The zygote, representing the unicellular stage of the multi-
cellular organism of the next sporophytic generation, goes
through well-concerted cell division, cell expansion, matu-
ration and differentiation processes which are all involved
in the progressive transformation of the fertilised egg cell
into an embryo. The establishment of the apical-basal axis
in the course of embryogenesis is a crucial event the signs
of which are conspicuous from an early stage onwards and
even before fertilisation. This evident polarity of the em-
bryo of angiosperms defines an axis upon which the whole
body plant is elaborated as revealed by morphological stu-
dies.

Little is known about how the embryonic polarity, seen
as early as in the unfertilised egg cell (Schulz and Jensen
1968; Mansfield and Briarty 1991), unfolds. In this respect,
it is to note that the egg cell, itself, is present in an asym-
metrically organised female gametophyte with the egg cell
apparatus occupying the micropylar pole of the embryo sac,
while the antipodal cells reside at the opposite (chalazal)
end (Reiser and Fischer 1993). Polarity in the angiosperm
egg is manifested anatomically by the preferential location
of a relatively large vacuole at its micropylar pole whereas
its chalazal end is cytoplasm-dense. In several species,
polarity in the egg cell (and subsequently in the zygote) is
pronounced by the reorganisation of cytoplasmic compo-
nents (Natesh and Rau 1984; Schulz and Jensen 1968).
Consequently, since the asymmetry of the zygote seems to
reflect the polar organisation of the egg, embryonic polarity
may be established as early as during embryo sac develop-
ment. However, the molecular machinery generating pola-
rity in the embryo sac, egg cell and the zygote are obscure
and the mechanisms maintaining this polarity are still to be
deciphered since our current understanding of egg cell
polarisation in angiosperms falls far behind that of the well-
described animal systems such as Drosophila (Gonzales-
Reyes et al. 1997). In this respect, the brown alga, Fucus
possesses features which permit polarity issues to be ad-
dressed in an elegant system amenable to experimental ma-
nipulation. The fact that free-living egg cells and zygotes
can be harvested, manipulated in large quantities and ob-
served under the microscope has greatly facilitated gaining
insight into the generation of polarity during early plant de-
velopment (Hable and Kropf 2000). Even more importantly,
the Fucus zygote can provide a model system for studying
axis fixation and polarised growth during zygotic embryo-
genesis in angiosperms (Shaw and Quatrano 1996; Quat-
rano and Shaw 1997).

The typically asymmetric, first celldivision of the zy-
gote yields two daughter cells with different cell fates. It is
commonly believed that the polar axis of the developing
embryo is determined by the defined pattern of this cell
division. Therefore, domains that constitute the organisation
of the plant body are proposed to be delineated during em-
bryonic development, most probably stemming from the
first unequal cell cleavage. Although no generalisations can
be made pertaining to the ultrastructural “turmoil” that oc-
curs in the egg following fertilisation (apart from the
stunning “simplicity” of the zygote in terms of its structure,
which almost betrays its function), a considerable body of
information suggests that many properties of the egg cell
change abruptly within the first hours (even minutes) con-
comitantly upon the accomplishment of fertilisation and
karyogamy (Kranz et al. 1995). This does not preclude the
assumption that changes taking place outside the cytoplasm
of the fertilised egg also play a significant role in the evo-
lution of the zygote. For instance, particular attention has
been focused on the chalazal pole of the egg, which in
many species lacks a cell wall in the unfertilised state. Most
probably, at this stage the egg cell does not need to be iso-
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lated from the microenvironment of the embryo sac, where-
as as fertilisation ensues, a proper insulation of the newly
formed zygote from the potential influence of cells of a dif-
ferent genotype may be essential in the subsequent induc-
tion of the sporophytic cell divisions.

In several species quite a detailed “scenario” is avail-
able about the ultrastructural changes taking place in the
egg following fertilisation. For example in Gossypium hir-
sutum cytoplasmic organelles such as plastids, ER (endo-
plasmic reticulum), mitochondria and ribosomes take up
new positions at the chalasal end of the cell, around the
nucleus. Nonetheless, this alteration in organelle position
only accentuates the polarity conspicuous already in the
unfertilised egg cell. Undoubtedly, the set of changes like
the increase in the total amount of ER as well as in the tube-
containing ER, the increase in size and number of starch
grains in the plastids, the elaboration of additional cristae in
the mitochondria and evolving new ribosomes, as they all
seem to be a part of a series of cascade-like cellular events,
usher in a new developmental vista for the fertilised egg
cell (Jensen and Fisher 1968). Eggs of other plant species
display much less discernible alterations. You and Jensen
(1985) observed slight ultrastructural changes in the female
gamete of Triticum aestivum after fertilisation. It may be
envisaged that the cytological changes occurring during the
formation of the zygote, although coordinated for the same
purpose: rendering the fertilised egg cell a repository of in-
formation of developmental significance and consequence,
bear little resemblance among species.

IN VITRO FERTILISATION IN WHEAT
Electrofusion

Electrofusion is a non-specific process that does not require
membrane receptors. As a corollary, a wide variety of mem-
branes can be fused by electric fields. However, there are
numerous factors and variables that play major or minor
roles in determining whether or not a given pair of mem-
branes in contact will fuse.

Cell fusion mainly involves two major steps: membrane
fusion and cytoplasmic fusion. To form a viable hybrid or
syncytium, the fusing cells need to merge and reorganise
their cytoplasms into one functional unit (cytoplasmic fu-
sion). In AC fields, cells create local distortions in the elec-
tric field, causing the “ends” of cells to act as tiny elec-
trodes. Consequently, when cells are put under dielectro-
phoretic force they become mutually attracted to each other.
Several aspects of dielectrophoresis and cell alignment are
particularly relevant to electrofusion: (1) dielectrophoresis
and cell alignment are frequency dependent; (2) the rate of
successful cell alignment depends on both the magnitude of
the dielectrophoretic force and the radius of the cell (the
smaller the cell, the larger the electric field that must be
applied to achieve alignment-a criterion that has thorough
implications for in vitro fertilisation since the size of the
sperm cell to be fused with the egg cell is an order of mag-
nitude smaller compared to the egg cell); (3) cell alignment
is brought about most easily in media of low ionic strength
(low conductivity). Low conductivity is also favourable for
preventing turbulence due to convection induced by heating
of the fusion medium. Although effective alignment occurs
principally in two frequency ranges-one between 0.1 and 10
MHz and the other occurring at frequencies below 1 kHz-,
at high AC frequencies, the permittivity difference between
the cell and the medium is enhanced, and cells create grea-
ter field distortions when in media of low ionic strength,
thereby enhancing mutual dielectrophoresis.

Once cell-cell contact has been established, fusion is
triggered by application of one or more high-voltage DC
pulse of microsecond duration. This brief pulse drives the
membrane potential to such high values that the membrane
undergoes physical breakdown, which subsequently leads to
the formation of minute pores. Cell fusion ensues when
membrane breakdown occurs in areas of cell-cell contact.
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Membrane breakdown is reversible, and the cell retains its
viability, as long as the DC pulse strength (voltage or pulse
length) does not exceed a certain limit beyond which it can
cause irreversible membrane damage and cell lysis.

When cells of significantly different sizes are to be elec-
troporated (and fused), they are more likely to be irrever-
sibly damaged by the electrical treatment since the larger
cell would experience a large voltage drop across the mem-
brane, whereas the smaller cell may not be electrically pola-
rised as yet and have less chance to be porated. This fact
has far-reaching consequences in those applications where a
mixed population of cells (or cell pairs) of differing sizes
are to be treated. Thus, conventional electroporation and
electrofusion methods using typically a direct current (DC)
electric field in the form of either an exponential decay
pulse or a rectangular one, have severe shortcoming in
those applications where a mixed populations of cells (or
cell pairs) of differing sizes are to be treated. Consequently,
the difficulty to optimise the conditions for electroporating
non-homogenous cells (population) led Chang (1989) to
develop a new method in which a pulsed electric field os-
cillating at radio frequency (RF) was employed for electro-
poration and electrofusion of cells. The main advantage of
using such an oscillating electric field is to counterbalance
the cell size-effect with an opposite effect of the so-called
cell “relaxation” (for details see Chang 1989).

Physical factors influencing electrofusion

Numerous factors must be borne in mind when optimizing
the conditions for electrofusion of gamete pairs. The effect
of these factors on the fusion process is manifested in prac-
tical terms as fusion yield. The factors exerting impact on
the success rate of fusion are themselves functions of other
physicochemical variables such as: pulse parameters, mem-
brane structure, ionic strength, changes induced by metabo-
lism, presence of low concentrations of aqueous-soluble
macromolecules, pH, heterogeneity of fusion substrate
membranes, heating of the medium, electric turbulence
among other (still unidentified) variables (Sowers 1989).

The most critical parameters that control electrofusion
yield are the specification of the electric field pulse in terms
of its strength (E: in the general range of 200-1000 V/cm)
and duration. Adjustment of these factors can have at least a
two-order-of magnitude effect on fusion yield. Data have
been obtained to show that a reciprocity effect is present in
electrofusion in terms of pulse duration and pulse strength
(Zhelev et al. 1988; Sowers 1989), i.e. over some range,
compensation for a reduction in pulse duration can be made
by increasing pulse strength, and vice versa.

The fusion of wheat gamete pairs is performed in
micropdroplets of fusion medium (with as low electric con-
ductance as possible) to be optimised for iso-osmotic pres-
sure and to be covered with mineral oil (to avoid evapo-
ration) on a coverslip under microscopical observation
(Koop and Schweiger 1985; Kranz et al. 1991; Kranz and
Lorz 1994). The fusion is induced by AC-field (alternating
current) alignment followed by DC-pulse(s) (direct current).
Contact between the gametes to be fused is brought about
efficiently by dielectrophoretic force. Alternative methods
such as laser technique or chemically-induced (PEG: poly-
ethylene-glycol) fusion can also be regarded as feasible ap-
proaches. However, a dubious drawback of applying chemi-
cals may beset the procedure with further difficulties as
regards a possible interaction between the membranes of
the cells to be fused and the chemicals introduced into the
fusion medium thus impairing cells’ viability. Notwithstan-
ding that the electrical conditions applied during electro-
fusion may appear rather artificial, high currents measured
in plant cells (Bjorkman and Leopold, 1987) suggest that it
may not be quite so. It may be conjectured that high voltage
potentials may very well be present in the embryo sac ser-
ving as “inducers” for the fusion of gametic membranes.
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Apoptosis in wheat egg cells: the age of the
isolated gametes

The success rate of in vitro fertilisation and subsequently
the survival of the artificially produced zygotes depend on
the isolation (and fusion) of viable and competent female
gametes. Isolating gametes at the right stage of their deve-
lopment seems to be essential for carrying out in vitro ferti-
lization or various micromanipulations (including the deli-
very of DNA, RNA, proteins, etc. into isolated gameto-
plasts) in crops which may have implication in crop im-
provement (Leduc ef al. 1996). Although methods for the
isolation of viable egg cells of agronomically important
monocots such as maize (Kranz et al. 1991), perennial
ryegrass (van der Maas et al. 1993), barley (Holm et al.
1994) and wheat (Kovacs et al. 1994) are already available,
ultrastructural observations made to depict the ultrastruc-
tural characteristics of egg cell protoplasts (Faure et al.
1992; Cao and Russell 1997) are still very limited. Further-
more, these studies were mainly focused on female gameto-
phytes and/or their constituents and involved gametes iso-
lated at the time of anthesis. However, the life-span and
receptivity of the female gametophytes may be very long
and the strategy of avoiding self-fertilisation (protogyny) in
many species including wheat poses the question as to the
length of the time interval during which the egg cell is re-
ceptive.

Addressing the question of the time length during which
the wheat egg protoplast is amenable to the IVF procedure
and micromanipulation, Ponya et al. (1999a) isolated wheat
egg cells at different developmental stages using the male
gametophyte development as a reference for establishing
the time span of in situ egg cell maturation. The morpholo-
gical features and the ultrastructural characteristics of wheat
egg cell protoplasts isolated from premature (3 days prior to
anthesis) and overaged (12 days after anthesis) caryopses
were compared. The adult egg revealed the typical features
(membrane blebbing, autophagous vacuoles) of prog-
rammed cell death (PCD). From these data it was concluded
that following a long life-span (approx. 18 days after anthe-
sis) the cells of female gametophytes undergo apoptosis.
The isolated egg protoplasts were found to be spherical in
shape both in the young and old state. The pear shape cha-
racteristic of the in situ state of the wheat egg cell (You and
Jensen 1985) seemed to have been lost upon isolation car-
ried out using microdissection, presumably due to changes
in the osmotic pressure and the loss of the compressing ef-
fect of neighbouring cells (synergids). Semi-thin (0.5-1 pm)
sections prepared in the radial plane showed an increase in
the volume of the egg cell which appeared to be accompa-
nied with that of the nucleus and nucleolus together with
peripheral vacuolisation more discernible in the case of
young eggs (Fig. 1A). Images taken with a transmission
electron microscope of egg cells isolated in the immature
state 3 days prior to anthesis conformed with the structure
observed in the in planta state (You and Jensen 1985): lipid
bodies, mitochondria and amyloplasts containing starch
were found among the peripheral vesicules in the cytoplasm.
The overmature egg cell exhibited distinct features: in the
nucleus chromatin degradation was found to occur; with the
remaining chromatin adhering to the membrane and mem-
brane blebbing could be observed (Fig. 1B-D). As com-
pared to the immature egg, considerably larger quantities of
lipid and reserve nutrients (starch granules, protein) were
observed to accumulate in the cytoplasm. The mitochondria
revealed normal structure, but lysis could be observed in the
vesicules and autophagous vacuoles were seen (Fig. 1D)
suggesting that similarly to animal cells (Cohen 1993) and
certain plant suspensor cells (Jones and Dangl 1996), the
characteristic symptoms of PCD can be observed in aging
egg cells of wheat. These ultrastructural data corroborate
the practical observation that the life-span of the female
wheat gametophyte is rather long (approx. 2 weeks after an-
thesis) and hint that even the aging caryopsis can be acti-
vated by fertilisation. The in vitro fusibility of wheat egg
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Fig. 1 Transmission electron microscopy micrographs of premature
and overaged wheat egg cells. (A) Transmission electron microscopy
(TEM) view of the young wheat egg cell. Note the central aggregation of
organelles and the high peripheral vacuolization; (B) TEM view of an
overaged female gametoplast. Note the deposition of the storage materials
(lipid bodies, starch grains) and the degenerative nucleus. (N: nucleus, V:
vacuole.) Bars: 12.8 um; (C-D) Segments of the egg nucleus and cyto-
plasm with signs of programmed cell death, nuclear membrane blebbing
and phagocytosis in the vacuoles (arrows). Bar: 5.3 um. (Reprinted from:
Pénya Zs, Finy P, Fehér A, Dudits D, Barnabas B (1999) Sexual Plant
Reproduction 11, 357-359, with kind permission of Springer Science and Business
Media.)

cells isolated in various stages of development conforms to
this view (Ponya unpublished results).

Microinjection of wheat egg cells

The impact of the maturational stage of isolated
wheat egg cells on the transient expression rate of
foreign DNA

Applying transgenic technology to isolated female gametes/
zygotes of angiosperms exploiting the sexual route for gene
integration presupposes the elaboration of techniques per-
mitting the isolation of viable egg cells/zygotes and intro-
ducing foreign DNA into the egg prior to sperm-egg nuclear
fusion (karyogamy) (Kranz et al. 2004). Microinjection has
been suggested for long to be a potential means of transfor-
ming whole plants when coupled to IVFE. In addition, the
transgenic approach provides valuable experimental tools in
elucidating various processes of double fertilization and
early embryogenesis, for example by providing a way to
dissect gene function by altering the expression level of a
given gene (overexpression or expression of antisense RNA,
e.g.) (Kranz et al. 2004). Numerous studies have demons-
trated that these techniques are well suited to disentangle
the role of key regulatory genes important for development,
such as transcription factors (Ramachandran et al. 1994).
Moreover, the green fluorescent protein (GFP) marker iso-
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lated from Aequorea victoria, opens up new possibilities in
the field of investigations of this kind due to its non-toxic
nature and the non-invasive visualisation by fluorescence
microscopy hence allowing for spatial-temporal follow-up
of dynamic changes in living cells. Additionally, GFP fu-
sion protein technology can be exploited to study subcel-
lular localisation, movements of proteins and organelles in
vivo (Grebenok et al. 1997; Kéhler 1998). Fusions of GFP
with entire proteins of known or undefined function have
been employed to reveal the localization and the translo-
cation of proteins in question (Hanson and Kg&hler 2001).
The GFP-based cameleon calcium indicator technique ela-
borated by Miyawaki et al. (1997) is an elegant system to
characterize calcium dynamics during fertilisation and early
embryonic development in vivo.

As evinced by the cytological characteristics of in situ
egg cell development analysed at the ultrastructural level
using TEM (Figs. 1A, 1B), changes clearly take place
during egg cell maturation (Ponya et al. 1999a): in the cyto-
plasm of the premature egg cell a large number of mito-
chondria and numerous ribosomes and vacuoles can be seen
(Fig. 2A), whereas in the mature (i.e. egg cell isolated 12
DAE) female gamete the storage materials (starch grains,
lipid and protein bodies) are dominant and autophagous
vacuoles appear indicating cell destruction (Fig. 2B). There-
fore, it was conjectured that these developmental stages
may influence the success rate of IVF and/or the “suscepti-
bility” of the female gametoplasts to expressing foreign
DNA. To test this hypothesis, Ponya et al. (1999b) deve-
loped an expeditious and efficacious technique of microin-
jection for introducing exogenous DNA into egg cells/zy-
gotes of wheat isolated at precisely defined, consecutive
intervals of three days after emasculation (DAE) performed
on the florets when the spikes were just emerging and still
sheathed by the flag leaf. This time 90% of the microspores
were found to be at mid-uninucleate stage (Timar et al.
1997). Capitalising on a novel method elaborated by Ponya
et al. (1999b) which is based on exposing the female game-
toplasts to be injected to high frequency AC-field for im-
mobilisation (Fig. 2C), a significantly higher transient ex-
pression rate of the injected genes (46% and 52% on an
average for egg cells and zygotes, respectively) could be
achieved (Tables 1, 2) than reported previously for somatic
plant protoplasts by Schnorf et al. (1991), thus, it was sug-
gested by these authors that the impingement of high fre-
quency alternating current on the cells (cell membranes)
might account for such high expression rates; a finding
which merits more thorough investigation. The transient ex-
pression frequencies of reporter genes (the GUS gene
driven by the 35S promoter injected into in vivo produced
zygotes and the GFP gene under the control of the ubiquitin
promoter injected into egg cells (Fig. 2D and 2E, respec-
tively) seemed to vary according to the time of egg cell iso-
lation (Tables 1, 2). Based on the ultrastructural observa-
tions on in situ developed and isolated egg protoplasts, it
was suggested that this may reflect some stage-specific va-
riation in competence of the egg cells to transcribe exoge-
nous DNA. This finding appears to be corresponding with
what was reported by Collas et al. (1989) in mouse, who
demonstrated that the age of the oocytes is the most im-
portant factor involved in activation rates from close to zero
using an electrical pulse at the time of ovulation to essen-
tially 100% over a period of 12-14h. This change was not
attributable to an abrupt elevation in cytosolic calcium level
in response to the electrical field (an electromagnetic field
is thought to cause activation of the oocyte by inducing an
intracellular calcium rise; Whittingham 1980) the factor in-
hibiting activation in ovulated oocytes is thought instead to
be a cytostatic factor, the protooncogene product c-mos (Sa-
gata et al. 1989).

DNA dynamics in in vivo fertilised wheat egg cells

In order to establish an optimal time-window for the micro-
injection of DNA into the in planta fertilised wheat egg cell,
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Fig. 2 Transient gene epression study in microinjected wheat egg cell/zygotes and gamete fusion. (A) Ultrathin section of a cytoplasm region of an
egg cell of wheat isolated 6 days after emasculation (DAE), V: vacuole, m: mitochondrion. Bar: 1 pum; (B) Ultrathin section of a cytoplasm region of an
egg cell of wheat isolated 12 DAE, V: vacuole, li: lipid body, m: mitochondrion, arrows: autophagous vacuoles. Bar: 1 um; (C) Immobilisation of the
wheat egg cell by high frequency AC-field. Bar: 30 um; (D) GUS expression in a microinjected, fertilised egg cell after 48 h in culture. Bar: 30 um; (E)
GFP imaging in a microinjected, premature egg cell after 24 h in culture. Bar: 15 pm; (F) Sperm-egg cell contact (3 HAP), the sperm cell is indicated by
arrow. Bar: 20 um; (G) Karyogamy in a fertilised egg cell (6 HAP). The arrow indicates the sperm cell nucleus. Bar: 10 pm. (Reprinted from: Pénya Zs, Finy
P, Fehér A, Mityko J, Dudits D, Barnabas B (1999) Protoplasma 208, 163-172, with kind permission of Springer Science and Business Media.)

Table 1 Transient expression of isolated egg cells of wheat after microin-
jection of GFP reporter gene.

Timing of Ne of Ne of egg cells  Frequency of
microinjection* microinjected  showing transient
egg cells transient expression
expression (%)

3 20 11 55.00

5 23 17 73.91

6 17 10 58.82

9 19 4 21.05
12 10 2 20.00
15 9 1 11.11

*Days after emasculation

(Reprinted from: Pénya Zs, Finy P, Fehér A, Mityko J, Dudits D, Barnabas B
(1999) Protoplasma 208, 163-172, with kind permission of Springer Science and
Business Media.)

Table 2 Transient expression of isolated zygotes of wheat after
microinjection of GUS reporter gene.

No. of No. of zygotes showing Frequency of transient
microinjected transient gene gene expression
zygotes expression (%)
24 13 54.17
19 11 57.89
25 12 48.00
9 4 44.44

*Hours after pollination

(Reprinted from: Pénya Zs, Finy P, Fehér A, Mityké J, Dudits D, Barnabis B
(1999) Protoplasma 208, 163-172, with kind permission of Springer Science and
Business Media.)

the time course of DNA dynamics during zygotic develop-
ment has been quantified via quantitative microspectro-flu-
orometry by Ponya et al. (1999b) (Figs. 2F, 2G, 3A-I).
DNA content in egg cells/zygotes isolated mechanically
at defined times following hand pollination was estimated
using microfluorometry. The data obtained clearly show
that the nuclei of the egg cells prior to pollination or after 1
hr after pollination were at the 1C DNA level (Fig. 3A).
Microfluorometry as a method to measure DNA quantities
within the egg and zygote nuclei of higher plants had pro-
ven a reliable and reproducible means of obtaining consis-
tent data pertaining to the DNA amounts in eggs and zy-

gotes as had been demonstrated previously in barley by Mo-
gensen and Holm (1995). In Fig. 3 quantitative data show-
ing the DNA quantity of egg cells isolated at various stages
after pollination illustrate that karyogamy in wheat is in its
incipient stage at 2-3 hours after pollination (HAP) and
fusion of the male and female nuclei is completed by 180
min after pollination (Fig. 3B). This observation is consis-
tent with the findings of Faure et al. (1993) who studied the
time course of karyogamy in in vitro cultured zygotes pro-
duced by IVF. DNA levels began to rise (Figs. 3C-E) at 12
HAP and the 2C complement was doubled by 15 to 18 HAP
(Fig. 3F, 3G). In some cases both karyo- and cytokinesis
was found to be completed by 24 HAP (Fig. 3I) whereas in
the bulk of the cells analysed the first zygotic cell cleavage
occurred by 36 HAP. For the aim to effectuate a transforma-
tion system via the microinjection technique of foreign
DNA into female gametes/zygotes of wheat, a particular
focus of the quantitative analysis of the DNA level in egg
cells excised from hand-pollinated wheat spikes was to es-
tablish the timing of the DNA synthesis (S) phase of the cell
cycle. According to the data presented in (Fig. 3F, 3G)
progression into the ‘S’ phase was found to occur at around
15 to 18 HAP (Ponya et al. 1999b). In wheat, the 4C DNA
level was reached earlier than reported for either cultivar of
barley observed by Mogensen and Holm (1995). In the
course of the 15 to 18 HAP period there may have been
some unfertilised egg cells (Fig. 3G) in the batch of cells
analysed containing mainly zygotes still resting in G, or al-
ready completed ‘S’ phase.

The main advantage of the transformation method based
on microinjection of zygotes isolated from crops is that the
regenerants can be screened directly for the presence of the
transgene hence superseding marker-gene based selection of
the transfected population. This approach requires the ela-
boration of efficient regeneration systems for isolated zy-
gotes of cultivated species which are the basis for this trans-
formation method. These were developed for wheat (Kum-
lehn et al. 1997, 1998) and maize (Leduc ef al. 1996). An
efficacious regeneration system was also established for
maize zygotes produced by IVF (Kranz and Loérz 1993).
IVF makes it possible to inject DNA into egg gametoplasts
prior to sperm-egg cell fusion performed in vitro which
might provide a higher chance for the integration of foreign
DNA into the genome of the target cell (Kranz et al. 2004).
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Fig. 3 Relative nuclear DNA quantities
expressed as C values in wheat egg cells/
zygotes prior to and at different times
after pollination. Frequency histograms
show DNA levels of the nuclei analysed:
(A) At time prior to pollination; (B) 3 hours
after pollination (3 HAP); (C) 6 HAP; (D) 9
HAP; (E) 12 HAP; (F) 15 HAP; (G) 18

3 HAP
n=17

HAP; (H) 21 HAP; (I) 24 HAP. (Reprinted
from: Pénya Zs, Finy P, Fehér A, Mityké J,
Dudits D, Barnabas B (1999) Protoplasma 208,
163-172, with kind permission of Springer
Science and Business Media.)
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Microinjection as a means of studying in vivo F-
actin dynamics in isolated egg cells of wheat

Rhodamine-phalloidin (Rh-Ph) microinjected into live plant
cells and into cultured animal cells was reported to label the
entire filamentous actin (F-actin) population present in the
cell at the actual time of imaging (Schmit and Lambert
1990; Sanders and Wang 1991; Cleary 1995). To overcome
the problem of the potential artefactual rearrangement of F-
actin due to the extreme sensitivity of actin to permeabili-
zation procedures and chemical fixation (Lloyd and Traas
1988), Pdonya et al. (2001) utilised the in vivo microinjec-
tion technique for delivering minute amounts of the fluo-
rescent Rh-Ph into live wheat egg cells. This method proved
to be a useful tool for analysing F-actin dynamics of wheat
egg cells and zygotes.

In order to minimise fading of the fluorescent signal and
artefacts supposed to be caused by cytoskeletal alterations
due to long exposure of the cells analysed to high energy
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UV-illumination (Wilson et al. 1987), an image acquisition
system allowing for very fast integration was employed.
This precaution has been deemed to be necessary as pre-
viously it had been shown by others (Collucio and Tilney
1984) that, if present in living cells for extended times,
phalloidin can stabilise F-actin by acting against denaturing
agents in a concentration-dependent manner, hence inter-
fering with the F-actin/G-actin equilibrium. Imaging live
cells injected with Rh-Ph has the inherent advantage over
imaging actin arrays in fixed cells (Lloyd 1988; Baskin and
Cande 1990) that it allows for actin dynamics to be studied
and paralleled with specific cell cycle stages. For keeping
the adverse effect of experimental manipulations (microin-
jection, imaging) on in situ cytoskeletal arrangement as low
as possible, the lowest intracellular concentration (0.30 uM)
of the fluorophore which still yielded good images has been
established followed by visualisation of F-actin dynamics in
excised egg cells and in those fertilised in vitro. In the
course of the experiment no sequestration of the fluorescent
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Fig. 4 Following in vivo F-actin dynamics in isolated wheat egg cells. (A) Mature (6 DAE) female gamete of wheat microinjected with Rh-Ph. Arrow
shows the micropylar pole of the cell. Bar: 40 pm; (B) Male nucleus in the egg cytoplasm as revealed by DAPI-staining. Bar: 40 um; (C) An actin patch
in the same egg cell, labelled with Rh-Ph (arrow), colocalizes with the sperm nucleus. Bar: 40 um; (D) In vitro fertilised egg cell of wheat 25 min
following sperm-egg cell fusion. The arrow points to the sperm cell surrounded by an actin wreath. Bar: 40 pm; (E) Fusion product of sperm-egg cell
fusion microinjected with Rh-Ph 14 hours after fertilisation (HAF). Bar: 40 um; (F) In vitro fertilised wheat egg cell labelled with Rh-Ph 16 HAF, arrow
points to the phragmoplast. Bar: 40 um; (G) Egg cell of wheat fertilised in vifro and imaged 17 HAF following Rh-Ph injection. Arrow indicates the future
divi-sion plane. Bar: 40 um; (H) The same cell imaged 15 min later. Bar: 40 um; (I) Zygote produced in vitro and imaged 18 HAF following Rh-Ph
injection. Bar: 40 pm; (J) The two daughter cells of a zygote produced by electrofusion and labelled with Rh-Ph. The fluorescent signal indicates a
distinct actin band on both sides of the common cell wall, arrow points to the common cell wall. Bar: 40 um; (K) F-actin imaged in a wheat egg cell
developed in situ and isolated at the receptive (7 DAE) stage. The arrow points to the micropylar pole of the cell. Bar: 40 um; (L) /n vitro cultured wheat
egg cell made to adhere to a collagen-coated membrane surface. F-actin is revealed by Rh-Ph labelling. The attachment site is indicated by the arrow. Bar:

40 pm; (M) Immature (isolated 4 DAE) egg cell of wheat injected with Rh-Ph. Bar: 40 um; (N) Rh-Ph labelling of F-actin in an overmature (12 DAE) egg
cell of wheat. Bar: 40 pm. (Reprinted from: Pénya Zs, Barnabas B (2001) Journal of Plant Physiology 158, 1527-1539, with kind permission of Elsevier GmbH.)

label, Rh-Ph, into the vacuoles could be observed. ring and an actin furrow protruding from the cortical region

In mature egg cells (i.e. those isolated 6 days after  and delineating the future division plane is observable 16
emasculation) F-actin localisation occurred to the micro-  hours after in vitro fertilisation (Fig. 4F). In egg cells ferti-
pylar pole of the cells (Fig. 4A). In wheat egg cells ferti-  lised in vifro 17 hours after fertilisation (HAF) actin fila-
lised in vitro cortical F-actin was found to undergo rear- ments were gradually accumulated in the phragmoplast in a
rangement triggered by sperm delivery into the egg cyto-  continuously widening furrow, hinting at F-actin involve-
plasm, leading to the cortical actin filaments’ formation of a  ment in the regulation of cytokinesis during zygote deve-
patch at the site of sperm cell entry within 10 min after  lopment (Fig. 4G-I). After the completion of zygote cytoki-
sperm cell incorporation into the egg’s cytoplasm (Fig. 4B,  nesis a discernible actin band appeared along both sides of
4C). Fifteen minutes later reshuffled F-actin forms a cres-  the common cell wall in the two-celled proembryo (Fig. 4J).
cent engulfing the integrating sperm cell from the pole of Spurred by the observation that in planta fertilised egg
the sperm entry site (Fig. 4D). In wheat egg cells developed  cells seemed to adhere strongly to the maternal tissue,
in situ and fertilised in vitro, fertilisation causes a reshuf-  hence suggesting that some directional cues deriving from
fling of the cortical actin wreath leading to a uniform distri-  the microenvironment of the embryo sac and communicated
bution of filamentous actin at the cell periphery which ema-  to the egg through the attachment site, isolated egg cells
nate deep into the cytoplasm as mitosis proceeds 14 hours  fertilised in vivo were cultured in Kao 90 medium (Holm et
after IVF (Fig. 4E). The asymmetrical actin localisation ob-  al. 1994) on collagen-coated membranes in order to investi-
servable in mature egg cells is also visible in fertilised egg  gate the effect of attaching the wheat zygote to a surface on
cells and ensues from a uniformly distributed cortical actin  actin distribution. Asymmetrical actin distribution, which is
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widely held to be a sign of axis fixation (Baluska et al.
2000), could be observed in egg cells isolated at 7 DAE and
immobilised egg cells cultured in vitro, at the attachment
site (Fig. 4K, 4L). Intriguingly, unlike receptive egg cells,
neither immature egg cells (isolated 4 DAE) nor overma-
tures ones (isolated 12 DAE) revealed a preferential actin
localisation at a distinct site of the cell even if immobilised
to a membrane (Fig. 4M, 4N). Asymmetrical F-actin distri-
bution was also observed in egg cells isolated 7 DAE and
monitored at various time intervals from in vitro culture, but
if the cells were not immobilised by collagen, this fine
meshwork of cortical actin was found to spread deep into
the cytoplasm. However, in batches of egg cells which were
cultured on collagen-coated membrane surfaces, the accu-
mulation of F-actin at the attachment site was observed
suggesting a putative role that actin localisation may play in
axis selection/fixation of the developing (fertilised) egg cell
inasmuch as adhering the cells to a surface may mimic
plasmodesmata connections of the egg cell/zygote at the
micropylar pole conjectured to represent one of the two
poles (as contrast to the chalazal one) of the axis of the con-
spicuous polarity of the female gametophyte.

In egg cells fertilised in vivo a polar assembly of cor-
tical F-actin was observed to colocalize with the micropylar
region of the cell showing strong cell wall-specific fluo-
rescent signal indicating the incipient build-up of the cell
wall induced by fertilisation (Fig. SA, 5B). Imaging of mem-
brane-bound calcium-specific signals detected by using
chlorotetracycline (CTC) (Kropf and Quatrano 1987) re-
vealed co-localisation of calcium-accumulation at the site of
F-actin-specific fluorescence, supporting the hypothesis that
actin filaments may be involved in the calcium homeo-
stasis of wheat egg cells (Fig. 6A, 6B). These findings of
Poénya ef al. (2001) may hint at the possibility that the me-
chanisms acting in unfertilised wheat egg cells may be
paralleled to those acting in zygotes of Pelvetia compressa,
in which F-actin assembly at the presumptive rhizoid pole is

A
*

Fig. 5 Cortical F-actin accumulation colocalizes with the micropylar
region of the in vivo fertilized wheat egg and coincides with the com-
mencement of cell wall synthesis beginning at the micropylar pole. (A)
Wheat egg cell isolated after in vivo fertilisation and stained with the cell
wall-specific fluorescent dye, calcofluor white. Arow points to the micro-
pylar pole. Bar = 40 pm; 19 b. (B) Image taken of the same cell labelled
with Rh-Ph. Bar: 40 pm. (Reprinted from: Pénya Zs, Barnabas B (2001)
Journal of Plant Physiology 158, 1527-1539, with kind permission of Elsevier
GmbH.)

A  —
Fig. 6 Imaging of membrane-bound calcium using CTC as a fluores-
cent probe in mature egg cell microinjected with Rh-Ph. (A) Mem-
brane-bound calcium accumulation is shown by the arrow. Bar: 40 pm;
(B) The same cell injected with Rh-Ph. Bar: 40 um. (Reprinted from: Ponya

Zs, Kristof Z, Ciampolini F, Faleri C, Cresti M (2004) Sexual Plant Reproduction
17, 177-188, with kind permission of Springer Science and Business Media.)
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conjectured to be involved in inducing cellular asymmetry
(Kropf and Quatrano 1987).

Based on their observations, Pénya et al. (2001) sug-
gested that a developmental axis may be selected in the
receptive egg cell preceding fertilisation. However, whether
this putative developmental axis is kept or changed after
fertilisation according to sperm cell entry site (which may
act as a marker for new axis selection) or the sperm incor-
poration site is chosen in conjunction with the already es-
tablished polarity axis, remains to be determined. In any
case, this apparently preset arrangement of F-actin becomes
rearranged upon sperm entry during IVF (Fig. 4B, 4C), but
if this phenomenon has significance in (re)defining the
polarity axis during zygotic embryogenesis in wheat is not
known. Poénya et al. (2001) argue that presumably this pre-
selected accumulation site of F-actin may be involved in
marking the micropylar pole of the cell, hence probably
playing a significant role in specifying the orientation of the
growth axis. The observation that the F-actin labelling was
strongest in the examined egg cell apparatus at the micro-
pylar region of the female gamete marked by synergid
attachment lends credit to this assumption. Speculatively, if
the alternative scenario is correct, i.e. the sperm entry site is
to induce polarity, then, consequently, the fusion site must
somehow be “imprinted” on the egg cytoplasm in such a
way that the signal transduction cascade unleashed by
sperm cell integration can lead to axis selection. Neverthe-
less, unravelling the complexity of the mechanisms indu-
cing polarity in (fertilised) wheat egg cells is a deterring
challenge on two accounts: upon isolation the egg cell is
deprived of its microenvironment and subsequently of all
the directional cues communicated to it by the surrounding
cells and/or the maternal tissue; additionally, similarly to
the well-described Fucus system polarity axis selection and
fixation is a continuum of overlapping and intertwining
events (Bouget et al. 1996) rendering their dissection dif-
ficult. Further, the external fertilisation in Fucus (egg cells
are released into seawater) is significantly different from
double fertilisation which poses the question as to whether
the mechanisms conferring polarity on the Fucus zygote are
similar to those events leading to polarised growth of the
angiosperm zygotic embryo, in other words: are these
events conserved and function generally in such phylogene-
tically distant species such as Fucus and angiosperms?

How the observed F-actin patch accumulates at a dis-
tinct region in the receptive wheat egg is obscure. Perhaps
the mechanisms proposed by Jeffrey and Meier (1983) may
be adopted in wheat: these authors hypothesise that the dif-
ferential stabilisation of filaments are responsible for the
presence of a special actin domain.

In the light of earlier reports (Kakimoto and Shibaoka
1987; McCurdy and Gunning 1990; Liu and Palevitz 1992;
Cleary 1995) it is intriguing that F-actin preprophase band
(PPB) was observed in wheat zygotes (Pénya et al. 2001)
which may be recruited by actin-binding proteins or
rhoGTPases to this site at a specific point in the cell cycle
hinting at a stringent cytoskeletal control in assigning a dis-
tinct region of the wheat zygote as the presumably predeter-
mined division plane (Fowler and Quatrano 1997). One
may envisage a system of spatial and structural associations
between F-actin domains acting in concert with non-fila-
mentous actin and cortical membranes, supposedly through
a preset cytoskeletal system that is organised to modulate
the alteration of the egg cortex occurring concomitantly on
fertilisation. According to this scenario, the cortical division
site provides spatial guidance for the incipient phragmoplast
presumably inserted at a predefined region of the cell wall
and the cytoplasm which possess the necessary factors for
the formation of the cell plate. A putative role played by
transcellular ion currents in the selection/fixation of the
polarity axis cannot be excluded and albeit electric currents
of this sort were detected in fertilised Pelvetia eggs (Nuci-
telli 1978), they proved unstable and changed their position,
thus Nucitelli was led to the conclusion that it appears im-
probable that the pattern of ionic fluxes alone mark the
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developmental axis in the egg. Furthermore, it is worth
mentioning that unlike the eggs of the brown algae which
are fertilised off the mother plant (in the seawater), the
angiosperm egg is encased deeply in the maternal tissues of
the mother plant, so the mechanisms controlling axis selec-
tion and fixation may not be as flexible as those acting in
the case of zygotes of the brown algae in which photo-
polarisation by unidirectional (blue) light is possible and
axis selection can be artificially altered (Berger and Brown-
lee 1994).

The ultimate question is: how the visualisation of actin
filaments achieved through Rh-Ph injection may shed light
on the function of actin in (pre)determining the growth axis
of the wheat zygote. It is surmised by Poénya et al. (2001)
that these cortical microfilaments could act in unison with
components of the cell wall patches via the formation of
links with components of the cell wall patches and/or with
the synergids. Ultrastructural data gained by You and Jensen
(1985) seem to bolster this hypothesis by providing evi-
dence for the existence of a common cell wall between the
wheat egg cell and the synergids, which the actin cytoske-
leton might be a part of. Such cross-bridges have already
been depicted both in plant (Lancelle et al. 1987) and in
animal cells (Horwitz et al. 1986). These connections have
also been implicated in anchoring accessory proteins (e.g.
actin-binding proteins) and integral membrane proteins
(Horwitz et al. 1986).

The nature of mechanisms controlling the rapid spatial
and temporal actin reorganisation concomitantly occurring
upon wheat sperm incorporation is entirely unknown hither-
to. Whether this spatial reorganisation of F-actin plays a
role in axis selection/alteration (?) and/or functions later in
the alignment of asymmetrical cell cleavage is ambiguous
as yet. Ponya ef al. (2001) surmise that a dynamic, actin-
based cytoskeleton may regulate the viscoelastic properties
of the egg cytoplasm, resulting in the alteration of the struc-
ture of the cortex of the activated egg triggered by fertilisa-
tion. This notion is in agreement with the supposition that a
large pool of unpolymerized subunits may be available in
the egg cytoplasm for new microfilament growth (Staiger et
al. 1997). Alternatively, the rapid redistribution of actin fila-
ments occurring subsequently on sperm-egg fusion may be
due to the changed activity of the capping proteins known
to block the rapidly-growing, barbed ends of microfila-
ments in many eurokaryotic cells. The change in the cap-
ping protein may be induced by cytoplasmic pH change or
by 1ntermed1ate elements of signal transduction pathways,
such as Ca®" and membrane polyphosphoinositides (Sun er
al. 1995). However, the mechanical properties and compo-
sition of the actin-based cytoskeleton of the (fertilised)
wheat egg cell calls for further investigation. In view of the
observations made by Ponya et al. (2001) on the cortical F-
actin rearrangements in wheat egg cells and zygotes, it is
interesting to note that both the disruption of F-actin (Quat-
rano 1973) and enzymatic removal of the cell wall (Kropf et
al. 1988) have been demonstrated to prevent axis fixation in
Fucus zygotes.

Structural reorganisation of the endoplasmic
reticulum during wheat egg cell development and
fertilisation

One of the most fundamental issues in the developmental
biology of angiosperms is how the egg cell prepares for
fertilisation and what processes pave the way for egg acti-
vation unleashed by sperm cell binding and fusion of the
two gametes. A "properly" activated angiosperm egg will
subsequently have the faculty of maintaining/acquiring
polarity which is thought to be crucial for the developmen-
tal pattern throughout zygotic embryogenesis and during
early zygote development, in particular. For a considerable
time, egg activation has been thoroughly investigated in
lower plants such as Fucus (Roberts et al. 1994; Roberts
and Brownlee 1995) and in many invertebrate and verte-
brate species in the animal kingdom (Kubota et al. 1987,
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Miyazaki 1988; Miyazaki et al. 1993; Whitaker and Swann
1993; Ridgway et al. 1997). However, the mechanism by
which the signal conveyed by the sperm cell is transduced
in the ege cell of higher plants remains largely unknown.

Ca’ implicated as a secondary messenger in the res-
ponse of various plant cells to a wide range of stimuli has
long been deemed a potential candidate for encoding the
information brought by the incorporating sperm cell into the
female gamete. Thus, Digonnet et al. (1997) addressed the
issue whether calcium as a secondary messenger plays such
a pivotal role in egg activation also in higher plants simi-
larly as it does in the anlmal systems studied preV10usly In
this study, a single [Ca*']. .t rise was observed in in vitro
fertilised maize egg cells the fusing of which with male
gametes was induced chemically by extracellular calcium in
the fusion medium. This report prompted the development
of the hypothesis that cytosolic calcium ([Ca’ ]Cy,) may act
as a secondary messenger during egg activation in angio-
sperms, just as 1t marks activation in animal eggs. Theore-
tically, any [Ca’ eyt tise could originate from extracellular
and/or intracellular calcium stores. Evolution "bestowed"
on cells the ability to store Ca®" in intracellular membranes
and to alter the [Ca’ ]cyt level rapidly in a way that gene-
rates local [Ca’ ]C . gradients within the cell which is con-
sidered to be a maj or achievement in cellular evolution.

In higher plant cells the dominant calcium store is the
central vacuole; nevertheless, in the fully mature, receptive
wheat egg cell few vacuoles can be observed (Pdonya et al.
1999a), therefore it is unlikely that in the wheat egg the
principal cell organelle performing a key role in the regula-
tion of intracellular calcium is the vacuole. Spurred by this
observation, Pénya et al. (2004) supposed another cell or-
ganelle, the endoplasmic reticulum (ER), to be the main cal-
cium store in the wheat egg cell. To examine this hypothesis,
they injected the ER-specific lipophilic, fluorescent dicer-
bocyanine dye, 1,1'-dihexadecyl-3,3,3',3'-tetramethylindo-
carbocyanine perchlorate (Dil) [DilC;4(3)], into wheat eggs
isolated at different maturational stages. These authors de-
monstrated that in the course of in situ development of the
wheat female gamete the distribution of the ER undergoes a
series of structural reorganisation resulting in a polarised
meshwork of the ER in the receptive egg cell. The accumu-
lations also became labelled by Dil in fixed egg cells hence
providing evidence that the membranes stained by the dye
do belong to a continuous reticular network (and conse-
quently the fluorescent signal is not due to membrane-traf-
ficking). In 61 (89.70%) of 68 immature egg cells isolated
3 DAE and injected with Dil, the oil drop saturated with the
dye remained brightly fluorescent for 60 min following in-
jection (by which time it should have spread through the
whole cell) indicating that at this developmental stage no
continuous membrane network is present in the cell (Fig.
7A). At 4 DAE, throughout the perinuclear region of the fe-
male gamete a uniform distribution of membrane accumula-
tion was observable throughout the perinuclear region of
the cell and showed no sign of polarity (Fig. 7B), whereas
in mature egg cells, isolated at the stage of anthesis, the ER
membranes were markedly present at the cortical region at
this stage and revealed remarkable polarity around the nuc-
leus, as revealed by the dye (Fig. 7C-E). Intriguingly
enough, the structural changes depicted by Poénya et al.
(2004) in the ER during egg maturation of the wheat egg as
had been previously observed in eggs of species such as sea
urchin (Terasaki and Jaffe 1991; Terasaki and Sardet 1991),
Xenopus oocytes (Gardiner and Grey 1983; Campanella et
al. 1984), and mouse eggs (Mehlmann ef al. 1995).

Based on their observations as to ER reorganization in
the female gamete of wheat in the course of in planta deve-
lopment, these authors propose that the polar distribution of
the ER membranes suggests a role in calcium regulation of
the wheat egg. Ponya et al. (2004) speculated that the ER
clusters in the cell cortex might suggest a presumptive
sperm fusion site. The hypothesis is based on the reasoning
that ER clustering in the mature angiosperm egg may have
importance for Ca*" release during fertilisation (Digonnet et
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Fig. 7 Visualization of the endoplasmic reticulum (ER) in in situ deve-
loped and isolated wheat gametoplasts following labelling the ER by
injection with 1,1'-dihexadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil). (A) Unfertilised wheat egg cell isolated 3 days after
emasculation (DAE) and injected with Dil to visualise the ER. Bar:
20 um; (B) Labelling of the ER network in a wheat egg cell isolated
4 DAE and injected with Dil. Note the perinuclear, uniformly distributed
membrane accumulation of the ER around the nucleus. Bar: 10 um;
(C) Pronounced polarity of the ER as revealed by Dil in a mature egg cell
of wheat. Bar: 30 pm; (D) The polarised network of the ER in a receptive
egg cell isolated 6 DAE. Bar: 30 um; (E) Thick, polarised membranes of
the ER opposed to the vacuole-rich pole of the mature wheat egg cell.
Arrowhead shows the delivery site of the oil droplet saturated with dye.
Bar: 25 um. (Reprinted from: Ponya Zs, Kristof Z, Ciampolini F, Faleri C,
Cresti M (2004) Sexual Plant Reproduction 17, 177-188, with kind permission of

Springer Science and Business Media.)

al. 1997) as higher [Cah]cyt levels increase the sensitivity of
InsP; (inositol-1,4,5-trisphosphate)-sensitive release chan-
nels to InsP; (Ferris and Synder 1992). Subsequently, at a
predetermined (?) region of the egg cell in which the ER
clusters are preponderant, more Ca” may be released from
the ER membranes, resulting in higher local Ca*" levels,
which then leads to greater InsP; sensitivity. However, from
the data obtained by these authors it cannot unequivocally
be determined whether the sensitivity to InsP; or the
capacity of Ca®" stores, or both, increased. Furthermore,
these authors hypothesize that phospolipase C that gene-
rates InsP; might be more concentrated in that domain of
the plasma membrane where the ER accumulations are clo-
ser to the cortical region in the receptive wheat egg cell, so
the polar localisation of the ER could also be a means for
increasing InsP; sensitivity. Indeed, in the descrlbed animal
systems the ability of the ER to store Ca®" and release it at
increasing levels as the oocyte matures is evinced by a
number of expenmental observations including the alloca-
tion of Ca*" in the ER of live cells (Chiba ef al. 1990) as
well as by the direct measurement of cellular distributions
using electron microprobe analysis (Jorgensen et al. 1988).
How the homogeneity of the meshwork of the ER
during egg maturation is transformed to the pattern mani-
festing polarity characteristic of egg cells isolated at 6 DAE
remains to be determined. Based on the results of Pénya
and Barnabas (2001) who found that wheat egg cells micro-
injected with the fluorescent phallotoxin, rhodamine-phal-
loidin exhibited actin accumulations coinciding with sites
revealing membrane-associated calcium stores, Ponya et al.
(2004) put forward the idea of an actin-driven mechanism.

Membrane-bound calcium in wheat egg cells
revealed by CTC

Ponya et al. (2004) used the chlorotetracycline (CTC)-stain-
ing method to investigate the membrane-associated calcium
distribution during in situ development of wheat egg cells.
The pattern revealed by the dye was identical to that seen in
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Fig. 8 Localisation of membrane-bound calcium in immature egg cells
labeled for the ER. (A) Dil-specific fluorescence in an immature wheat
egg cell isolated 4 DAE; (B) The same cell imaged after incubation in
CTC using a filter combination suitable for detecting CTC fluorescence.
(C) Merged image of (A) and (B). The yellow colour shows the co-loca-
tion of red and green pixels. Bars: 15 pm. (Reprinted from: Ponya Zs, Kristof
Z, Ciampolini F, Faleri C, Cresti M (2004) Sexual Plant Reproduction 17, 177-
188, with kind permission of Springer Science and Business Media.)
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Fig. 9 Localisation of membrane-bound calcium in mature egg cells
labeled for the ER. (A)Receptive wheat egg cell injected with Dil and
examined 20 min later; (B) The same cell after incubation in CTC solution
followed by incubation in the dark for 15 min; (C) Merged image of (A)
and (B). Bars: 25 pm. (Reprinted from: Ponya Zs, Kristof Z, Ciampolini F,
Faleri C, Cresti M (2004) Sexual Plant Reproduction 17, 177-188, with kind

permission of Springer Science and Business Media.)

the same cell stained with Dil suggesting that the ER is the
main Ca”" store in the wheat egg, an observation which may
have ramifications for explaining the structural changes of
the ER during egg cell maturation and for the putative role
of the ER in calcium signalling during egg cell activation.
The membrane-bound calcium-specific fluorescent pattern
exhibited by the egg cells at each developmental stage
analysed was correspondent with that of the same cell
injected with Dil so that when superimposed the two
images of the same cell matched well. The level of this
matching appeared to depend on the maturational stage
analysed (compare Figs. 8A-C, 9A-C).

Transient fragmentation of the ER in in vitro
fertilized wheat egg cells

When egg cells isolated at the receptive stage were fused to
sperm cells, sequential changes could be observed in the or-
ganisation of the ER in the female gamete which led to a
transient fragmentation of the polar accumulations of ER
membranes (Fig. 10A-G). Whether this fragmentation has a
role in the calcium release mechanism observed in the re-
ceptive egg after fertilisation (Antoine et al. 2000) is un-
known, but these authors hypothesized that this transient
fragmentation contributes to an increased calcium release
capacity of the fertilised egg by increasing the curvature of
the membranes from which calcium transport may be faci-
litated by calcium transport proteins. Alternatively or ad-
ditionally, the biological significance of the transient loss of
the ER connections observed to ensue after sperm-egg plas-
mogamy may facilitate the initial phases of the travel of the
sperm cell in the egg’s cytoplasm as its movement may be
impeded by the meshwork of the ER present in the unferti-
lised egg cell, the breakdown of which would enable the
sperm to move freely towards the egg nucleus. Moreover,
the fragmentation of the ER in the angiosperm egg at ferti-
lisation may lead to a transient decrease in cytoplasmic vis-
cosity demonstrated to occur in eggs of several species, in-
cluding frogs (Elinson 1983) and marine worms (Tyler
1932). As numerous proteins are synthesized following fer-
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Fig. 10 Transient fragmentation of the ER during in vitro fertilisation.
(A) Image of an in vitro fertilised mature wheat egg cell microinjected
with Dil within 1 min of fusion of the sperm cell with the female gamete.
Bar: 15 um; (B) Receptive wheat egg cell injected with a Dil-saturated oil
droplet 30 min prior to electrofusion and imaged 3 min postfertilisation.
Bar: 50 um. Successive images taken at 1 min intervals consecutively fol-
lowing fusion of the male gametes with the egg cell: (C) Egg cell injected
with Dil, fertilised in vitro and imaged 4 min after fusion. Bar: 40 um; (D)
The same cell imaged 5 min postfertilisation. Bar: 40 pm; (E) The same
cell imaged 1 min later. Bar: 45 um; (F) Dil-distribution in an in vitro fer-
tilised wheat egg cell imaged 10 min following gametic fusion. Bar: 35
um; (G) The same cell imaged 2 min later Bar: 40 pm. (Reprinted from:
Ponya Zs, Kristof Z, Ciampolini F, Faleri C, Cresti M (2004) Sexual Plant
Reproduction 17, 177-188, with kind permission of Springer Science and Business
Media.)

tilization, the fragmentation of the ER may somehow be in-
volved in the intense protein synthesis process (Rees ef al.
1995).

Can gamete manipulation and IVF prove to be
useful tools in apomixis research?

Double fertilisation implies the fusion of two gametes of
opposite sexes leading to the formation of the zygote as
well as to the fertilisation of the central by the second sperm
cell delivered into the embryo sac. This latter event gives
rise to the endosperm, normally a triploid tissue possessing
an unequal parental genomic contribution, which functions
much rather like the placenta of mammals: it provides nut-
rients to the developing embryo. Thus, sexual fusion per-
mits the exchange of the genetic material supplied by the
parental genomes and through the production of a multitude
of genotypes ensures the survival of the fittest ones fa-
voured by natural selection. Albeit, according to this clas-
sical view, in evolutionary terms sexual reproduction has
clear advantages for the survival of the actual species, seve-
ral groups of plants have invented alternative propagation
strategies based on asexual reproduction.

Under certain conditions a cell in the ovule may under-
go fertilisation-independent embryogenesis the forms of
which are almost as diverse as the species themselves
known to follow mainly or totally asexual reproduction.
Fertilisation-independent embryo development (parthenoge-
nesis or “virgin birth”) had been described in animals long
before the hallmark components of apomixes (apo meaning
“away from” and mixis “act of mixing”): egg cell formation
produced without meiosis (apomeiosis), asexual embryoge-
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nesis and developmental alteration to ensure functional en-
dosperm development, have been reported to occur in plants.
Apomixes can be considered as integrated (sequential and
simultaneous) processes resulting in the spatial and tempo-
ral deregulation of the sexual pathway. Stress is among the
conditions under which reproduction is no longer associated
with fertilisation and asexual reproduction becomes the
more favourable survival strategy stress hinting that similar
regulatory features may induce asexual embryogenesis in
the angiosperm ovule in vivo (Rambaud er al. 1996) as
those acting during somatic embryogenesis triggered by
applying stress to somatic cell cultures (Mordhorst et al.
1997). Studies in Arabidopsis aimed at constructing models
for the control of apomixis, and genetic and molecular ana-
lysis of in vitro somatic embryogenesis supplied clues per-
taining to genes playing a role in rendering a plant cell com-
petent to undergo embryogenesis. For instance, Hecht et al.
(2001) found that overexpression of Arabidopsis SERK
(Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR
KINASE: AtSERK) enhances the embryogenic potential of
cultured Arabidopsis cells. Intriguingly, AtSERK is ex-
pressed in regions of the developing ovule, including the
egg cell, where embryogenesis may be unleashed in a selec-
ted cell upon activation by the appropriate signal (Hecht ez
al. 2001). Apparently, embryogenic competence conferred
on either an unreduced egg cell or on any cell selected in
the ovule may be under the control of several genes acting
together in bringing about embryo initiation. Searching for
clues as to what extent and in what ways zygotic and soma-
tic embryogenesis follow identical or similar molecular
pathways, it was observed that the overexpression of struc-
turally unrelated transcription factors BABY BOOM (BBM),
LEAFY COTYLEDON 1 and 2 (LECI, LEC2) or WUS-
CHEL (WUS) induces somatic embryogenesis in trans-
formed plants (Stone et al. 2001; Boutilier et al. 2002; Zuo
et al. 2002). However, whether any of these genes are ex-
pressed in the egg cell or zygote in the course of wild-type
development of the female gametophyte is obscure. Mayer
et al. (1998) hypothesize that their overexpression may
cause some type of stress response that leads to the de-dif-
ferentiation of specific cells, and embryogenesis subse-
quently ensues possibly due to embryonic identity acquired
as the default state.

Thus, it seems that stress is among the factors required
to enable a differentiated cell to acquire embryogenic capa-
city. Taking into consideration the morphological similari-
ties observed during somatic versus zygotic embryogenesis,
which suggest the presence of similar regulatory mecha-
nisms during early stages of the two types of embryo deve-
lopment, it may be conjectured that the cellular responses
induced upon stress applied in in vitro cultures of somatic
cells trigger identical or similar cell-fate decision prog-
rammes in cells assigned to become embryogenic in the
ovule during its apomictic development. Along the same
line of reasoning, it may be also surmised that stress res-
ponses occurring when cells are treated in vitro with a tem-
porarily high level of auxin (auxin “shock™) (which leads to
somatic embryogenesis in cell cultures) are similar to those
allowing a stressed seedling to be rescued via somatic em-
bryo formation in quite the same way as stress results in
early flowering hence providing a “window of opportunity”
for the individual to be rescued through precocious seed
development.

In wheat, female gamete manipulation coupled with the
so-called “Salmon wheat system” proved to be a powerful
tool in delving into the nature of the mechanisms required
to initiate embryogenesis of the wheat egg (Matzk 1996). A
particular feature of the system is that while in planta
usually an unreduced egg cell is the progenitor cell of par-
thenogenic development in the apomictis species, culture of
isolated reduced egg cells from Salmon wheat plants leads
to parthenogenesis (Matzk 1996) suggesting that the quies-
cent Salmon egg is already stockpiled with developmental
information required to initiate embryogenesis. Although
the sequential events inducing wheat egg activation and em-
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bryo formation concomitantly occurring upon fertilisation
or those leading to parthenogenesis from reduced Salmon
egg cells remain unknown, ever more sophisticated in vitro
culture systems allowing for single culture of isolated (and
manipulated) egg cells could contribute to our understan-
ding of the molecular mechanisms that trigger embryogenic
development from the fertilised as well as from the unferti-
lised wheat female gamete.

The survival of both sexually or asexually produced
embryos requires the development of the endosperm. Con-
sequently, the formation of a viable embryo and successful
seed germination are dependent on the second fertilisation
product in the angiosperm seed (the endosperm) which sup-
plies the embryo with nutrients. The endosperm is typically
triploid and its proliferation is the result of releasing the
central cell from a maternal repressive mechanism over-
come by the second fertilisation event during which the
homo-diploid central cell fuses with one of the two male
gametes delivered into the embryo sac. However, using the
cdka, I mutant of Arabidopsis as a pollen donor, Nowack et
al. (2006) observed that endosperm development did take
place even in the absence of the second fertilisation event
hinting at the existence of a positive signal deriving from
the fertilised egg cell. On the other hand, Arabidopsis mu-
tants such as those belonging to the so-called fertilisation-
independent seed class, medea (mea), fis2 and fertilisation-
independent endosperm (fie), revealed that endosperm pro-
liferation is also possible in the absence of fertilisation
(Ohad et al. 1996; Chaudhury et al. 1997; Grossniklaus et
al. 1998; Grossniklaus and Vielle-Calzada 1998). Notwith-
standing that fis class mutants produce seed-like structures,
they eventually abort. However, fertilisation-independent
fruit development occurs, suggesting that endosperm forma-
tion alone seems sufficient to induce fruit development and
maturation. Fertilised seeds stemming from fis embryo sacs
show defects in embryo and endosperm development and
eventually abort suggesting that the FIS genes are essential

in the control of cell proliferation (Grossniklaus ef al. 2001).

Therefore, fertilisation-independent endosperm prolifera-
tion is possible (as it was reported to occur in the fis mu-
tants). Even though autonomous endosperm development is
not an absolute hallmark of apomixis, it does occur in many
apomictic species.

Whereas in the sexually produced triploid endosperm
the ratio of paternal to maternal genomes (2m:1p) appears
to be essential for normal seed development (as is evinced
by the finding that many interploidy crosses result in seed
abortion attributable to endosperm failure, for review see:
Haig and Westoby 1991), apomicts are not sensitive to devi-
ation from this paternal versus maternal genome ratio, so in
their evolution they seem to have circumvented this m:p
genome ratio impact on seed development mediated by me-
chanisms such as differential gene expression or differential
allele-specific expression pattern dependent on parental
origin (genomic imprinting) (Vinkenoog et al. 2001). Inves-
tigating these mechanisms is warranted by the intense com-
mercial interest in apomixis technology. For instance, modi-
fying sexual crop species into apomicts, assisted by enhan-
cing our understanding of the formation of unbalanced en-
dosperm in apomictic hybrids, the problem of high fre-
quency seed abortion reported to occur in introgression
hybrids might be overcome.

In the context of utilizing egg cell isolation and manipu-
lation (microinjection and IVF) as tools for apomixis re-
search in cereals and other crops, it is worth recalling that
the formation of the female gametophyte and subsequent
seed development ensuing upon fertilisation in sexual plants
are dependent on the signals deriving from the surrounding
sporophytic tissues (Gasser et al. 1998), therefore it seems
reasonable to suppose that the activation of the quiescent
egg cell triggered either by the fertilising sperm cell or via
events resulting in parthenogenic development (Salmon
wheat) are (at least partly) controlled also by maternal spo-
rophytic and gametophytic tissues. Furthermore, the micro-
environment of the embryo sac, which we know very little
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of, may ensure a characteristic hormonal, pH an ionic gra-
dient, which may be established and maintained throughout
gametogenesis, the subtle interplay of which may not be
mimicked in vitro. However, the finding that reduced egg
cells isolated from the Salmon wheat give rise to embryos
via parthenogenesis under in vitro conditions suggests that
the elements of the entire molecular machinery required for
the initiation of embryogenesis are already present in the
mature egg and the fusion with the male gamete may be
necessary only for the bestowal of the male genetic material.
Nevertheless, what events that occur during fertilisation-
independent embryogenesis observed in the reduced Sal-
mon egg obviate the need for the wheat male gamete to
induce the cascade of the signalling mechanisms in the egg
during sexual fusion remains unknown. Studies aimed at
microinjecting isolated wheat egg cells (other than the Sal-
mon type) with cloned genes known to have relevance in
controlling entries at different stages of the cell cycle are
likely to shed light on this issue.

In summary, female gamete isolation and IVF allow for
continuous monitoring of egg cell development in vitro
enabling one to unravel the mechanisms controlling egg ac-
tivation and embryogenic potential provided that the signal-
ling programme of parthenogenesis produces ‘“‘end-pro-
ducts” whose depository becomes the egg cell and that the
decoding of this developmental information is possible for
the egg cultured off the maternal tissue. To dissect what
triggering events lead to egg activation and to artificially
induce them in unfertilised, reduced wheat egg cells will be
the challenge of the years to come.

Molecular and genetic events during fertilisation
and zygote development as revealed by IVF

From a developmental point of view the most important
phase of ontogeny in angiosperms is concerned with prog-
ressive divisions of the zygote to form the embryo. This
process has been thoroughly analysed almost exclusively by
classical histological methods until the 1990s when insights
into the associated cellular and molecular changes were
provided by the electrofusion method developed by Kranz
et al. (1991) and Kranz and Loérz (1993) for fusing single
gamete pairs. In the early years of studying the develop-
ment and physiology of zygotic embryos, considerable ef-
forts have been made to focus on the morphological aspects
of the first few rounds of zygotic division and on the subse-
quent morphogenesis of the generated cells which eventu-
ally give rise to the embryo. In this period, the ground has
been set for the common tenet that each division plane of
the fertilised egg and its descendants is actuated by taking
the cue from a genetic blueprint characteristic of the given
species. In the second period of the embryology of angio-
sperms, numerous studies were embarked upon to investi-
gate the structural characteristics of embryos and their rela-
tionship to morphological development and function. One
aspect in the forefront of these analyses was a concern
centred on the ultrastructural changes that accompany the
transformation of the zygote into a fully competent embryo.
The third angle from which embryo development was stu-
died attempted to shed light on a much debated and little
understood area: the nutrition of the embryo. Experimental
approaches were designed with the purpose to delve into the
nutritional interactions during embryogenesis via perturba-
tions of the growth of embryos that involved the isolation
and culture of embryos at various stages of development.
Taken together, these analyses yielded only a limited
understanding as pertaining to the underlying genetic and
molecular mechanisms acting together to engender the
manifestation of the programme of zygotic embryogenesis
in angiosperms. However, in the wake of the 1990s novel
and innovative techniques such as the isolation procedures
of viable gametes in several species of higher plants (Theu-
nis et al. 1991), micromanipulation of single cells, elabora-
tion of the technique of fusing gametes of opposite sexes
under controlled conditions (Kranz et al. 1991) and gene
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expression studies permitting the identification of genes
expressed at certain developmental stages on the single cell
level (Sauter et al. 1998) ushered in a new era in the
embryology of angiosperms. In the first half of the 1990s
the main approach taken to address this issue has been to
isolate and study mutants (Clark and Sheridan 1991; Jur-
gens 1995). An alternative way to study fertilisation-related
and early embryogenesis-specific genes and their regulation
was through exploiting the somatic embryogenesis system
based on the observed similarities both at the morphological
and genetic level of zygotic versus somatic embryogenesis
induced by experimental manipulation (Dudits et al. 1991;
Zimmerman 1993). These latter studies are, however, res-
tricted to embryos at a multicellular stage leaving questions
of paramount importance such as: how the first, typically
asymmetrical cell cleavage of the zygote is triggered, what
mechanisms ensure it and whether it can be reproduced in
vitro off the maternal tissue, and what elements are incor-
porated into the intertwining cascade mechanisms of signal
transduction of fertilisation, unanswered.

The technique of isolation of viable gametes from
higher plants and in vitro fertilisation offer a new approach
to address the question as to how zygotic embryogenesis
unfolds at the cellular, biochemical and molecular level.
The initial studies established the chronology of the cytolo-
gical events of fertilisation and provided a time course for
the formation of cell wall around the fertilsed egg cell and
the division of in vitro-produced maize zygotes (Faure et al.
1993; Kranz et al. 1995). As a pioneering study to analyse
gene expression in the course of fertilisation and early em-
bryogenesis in higher land plants, representative cDNA
libraries were generated from unfertilised egg cells of maize
(Dresselhaus et al. 1994). These libraries were then ana-
lysed by differential screening methods and gene specific
probes (Dresselhaus et al. 1996). In this manner, over 50
different up-or down-regulated transcripts have been identi-
fied some of which were found to be induced by fertilisa-
tion after several hours elapsed from gamete fusion (prece-
ding the division of the zygote). Novel RT-PCR methods
suitable for dissecting gene expression at the single cell
level (Richert ef al. 1996) revealed that the cdc2 gene in
maize is constitutively expressed prior to fertilisation and in
the duration of zygotic development. Cyclins, however, ex-
hibit a more varied pattern of gene expression: the mitotic
B-type cyclin is newly expressed 24 h following fertilisa-
tion, whereas a second B-type cyclin was seen to oscillate
(transcripts were detected between 12-14 h, 24-26 h and
approximately 36 h after in vitro gamete fusion). The A-
type cyclin (Zeama; CycAl;l) is first entirely down-regula-
ted then abruptly induced 17 h following IVF. All identified
maize A-and B-type cyclins (Renaudin ef al. 1994, 1996)
are presumably mitotic cyclins and expressed in G,-phase
of the cell cycle (Jacobs 1995). One, however, needs to be
aware that all these molecular analyses have been imple-
ented at the transcriptional level and consequently it needs
to be taken into account that some transcripts might not be
translated (or if so the proteins produced might not neces-
sarily be active due to post-translational modification as is
the case with the cell-cycle regulator cdc2 (Jacobs 1995).
Among the isolated cDNAs generated from maize egg cells
and zygotes two up-regulated clones were found to encode
for proteins involved in RNA stability and processing. It
seems that the union between the egg and the sperm cell is
required for the expression of a gene encoding an endonuc-
lease essential for DNA repair.

One of the cDNAs identified from the cDNA library is
thought to have relevance in the calcium homeostasis of the
fertilised egg cell as it was linked to encoding calreticulin.
Intriguingly, its expression was demonstrated to be strongly
correlated to cell cleavage (Dresselhaus 1996, 1999) and it
is probably required as a chaperon to modify other proteins
in the lumen of the endoplasmic reticulum (Dedhar 1994).
In the light of this finding, the structural changes observed
in the ER during the in situ development of the wheat egg
cell may gain significance by assuming a key role for this
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cell organelle in the regulatlon of 1ntracellular Ca*" through
the presence of Ca*'-ATPases Ca storage proteins (calse-
questrin, calreticulin) and Ca”" release channels in the ER
of the angiosperm egg. However, as compared to the wealth
of the existing information shedding light on how the ER
functions during the activation of the egg in animals studied
thus far (Eisen and Reynolds 1985; Kline 1988; Han and
Nuccitelli 1990; Kline and Kline 1992; Miyazaki et al.
1992; Terasaki et al. 1996), the plant kingdom remains un-
explored. Numerous studies suggest that the ER is a highly
dynamic structure interacting with a variety of cellular
constituents, including cytoskeletal elements thus hinting
that physiological changes through the modification of the
ER play a crucial role in oocyte maturation in animals
(Terasaki et al. 1986; Allen and Brown 1988; Kachar and
Reese 1988; Terasaki and Jaffe 1991). Based on the obser-
vations of Ponya et al. (2004), the dynamic structure of the
ER and the strong labelling of the ER membranes in wheat
egg cells by the CTC dye suggest the presence of Ca’"
pumps tethered on the membrane meshwork of the endo-
plasmic reticulum similarly to Ca’*-ATPase pumps in the
sarcoplasmic reticulum in animal cells, which may be acti-
vated by sperm lncorporatlon during fertilisation leading to
the increase in [Ca’ ]yt (cytosolic calcium). Whether the
reorganization of the ER during egg cell maturation in
wheat has importance for egg activation through calcium-
releasing mechanisms is unknown. In animals, a rise in
intracellular Ca*" activity plays a substantial role in the acti-
vation of the oocyte, which seems to be a universal hall-
mark of activation of the animal egg. A hypothesis as-
suming the ER to be involved in calcium signalling in the
angiosperm egg appears attractive as in most cells a tran-
sient increase in cytosolic Ca®" is brought about by a cal-
cium release from intracellular stores and influx across the
plasma membrane. Substantial evidence has accumulated
that implicates inositol 1,4,5-trisphosphate (IP;) as a secon-
dary messenger for stlmulatlng the increase in cellular Ca®"
(Berridge 1993). The cellular source of IP; is hydrolysis of
phosphatidylinositol 4,5-bisphosphate, and inositol lipid
metabolism appears to be the pivotal component of numer-
ous cellular responses (Ferris and Snyder 1992). In many of
these cell systems the enzymatic pathway known to gene-
rate IP; appears to be linked to agonist action by GTP-bin-
ding proteins. Although the exact role of phosphorylation in
plant morphogenesis has been intensely studied over the
last couple of years, how G-protein coupled receptors, G-
proteins, MAP kinase cascades and other signalling compo-
nents interact during egg activation remains obscure (Tre-
gear et al. 1996). Thus, further investigations should reveal
the stimuli which trigger the activation mechanisms in the
quiescent angiosperm egg cell upon fertilisation. In the light
of the assumption that free calcium release originates from
a hypothesized internal calcium store, which is surmised to
be induced by IP; (Malho 1998), the finding of Han el al.
(2002) that microinjection of caged IP; triggers [Ca ]Cyt
elevation in the central cell of Torenia fournieri, is intri-
guing. Capitalising on the technique elaborated for the
microinjection of isolated wheat egg cells, the issue of the
signal transduction pathways unleashed by the sperm in the
wheat egg during fertilisation could be dissected. Micro-
injection of caged IP; into isolated wheat egg cells and its
subsequent photolysis coupled with measurement of
[Ca ]Cyt could shed light on the putatlve role of IP; and cal-
cium in egg activation which may act in unison during sig-
nal transduction of fertilisation, the latter forming a ‘ferti-
lisation signal’ (Musgrave et al. 1993; Digonnet et al. 1997).
This approach may reveal if IP; plays a role in transducing
the signal conveyed by the sperm cell to the intracellular
calcium store of the wheat egg. A hypothesis assuming that
Ca®" release in the angiosperm female gamete is induced by
a change in IPs;-receptors (such as an increase in the re-
ceptor number or a change in the phosphorylation state of
the receptors) (Fujiwara et al. 1993) is supported by the ob-
servation that the amount of Ca®* released upon IP injec-
tion in the mouse egg can be elevated if IP;-sensitive stores
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are first sensitised by treatment with the sulfhydride reagent,

thimerosal (Mehlmann and Kline, 1994), supposing that
similar mechanisms are triggered in the angiosperm female
gamete which act in the ammal egg.

The finding that [Ca® ]Lyt rise was induced by sperm cell
extract injected into Torenia central cells (Han ef al. 2002)
hints at the depletion of intracellular calcium store(s) cau-
sing cytoplasmic calcium elevation as opposed to hypothe-
sizing the involvement of calcium influx in calcium rise. In
addition, or alternatlvely, the ability of the angiosperm egg
cell to develop a Ca”™" release mechanism during its matura-
tion could be a consequence of the reorganisation of the ER.
Therefore as a result of the elevation of the IP; level, more
Ca’" may be released from the ER clusters, 1ead1ng to
locally higher Ca®" levels, which would then entail higher
IP; sensitivity. Thus, it may be speculated that the structural
changes in the ER observed in the wheat egg during its in
situ development may account for the pronounced ability of
a mature egg to release Ca”" in response to IP; or sperm
integration. The application of the microinjection technique
elaborated for isolated wheat egg cells could allow also for
the introduction of sperm extract into isolated egg cells
which subsequently would help disentangle whether the cy-
tosolic calcium rise measured by Digonnet ef al. (1997) in
maize is triggered by gametic fusion or induced by an
activation factor delivered by the sperm cell into the egg's
cytoplasm. Attempts towards identification of the source of
origin of the transient rise in [Ca®" ]yt during fertilisation in
egg cells of higher plants (Digonnet et al. 1997) could profit
from experiments carried out in animals. For instance,
Terasaki and Sardet (1991) demonstrated that the cortical
ER network in the oocyte of sea urchin is a target of inositol
1,4,5 trisphosphate-mediated calcium release, and could
also be implicated in the propagation of calcium waves. A
particularly important aspect of ER organisation in the
maturing wheat egg is its polar distribution (Ponya et al.
2004), which was first described in the Xenopus egg (Gardi-
ner and Grey 1983), where differences in the density of ER-
plasma membrane junctions were hypothesised to be associ-
ated with the preference for sperm entry in the animal he-
misphere, and linked to the decreased velocity of the cal-
cium wave at fertilisation in the vegetal hemisphere (Busa
and Nuccitelli 1985; Kline and Nuccitelli 1985).

In searching for clues as to how the cell cycle machi-
nery is activated in the angiosperm egg fertilised by the
sperm, zygotic gene activation (ZGA) studies were launched
in analogy to the animal systems in which ZGA has been
demonstrated to be in command of expressing the abundant
maternal transcripts stockpiled in the unfertilised egg cell.
In mammals, the onset of ZGA has been shown to occur
between the two-cell (mouse, hamster) to sixteen-cell stage
(sheep, cow, for review see: Schultz 1993). Therefore, the
embryo’s own genome is inactive in the initial rounds of
cell divisions. In other thoroughly examined animal species,
like Caenorhabditis elegans, the primary embryonically
transcribed RNAs were not detected until the three-four cell
stage (Seydoux ef al. 1996), or even later at the midblastula
transition stage in Xemopus and zebra fish, by which
developmental phase the embryo consists of thousands of
cells (Newport and Kirschner 1982; Zamir ef al. 1997). In
Drosophila a wealth of information is available concerning
ZGA: for example the zygotic genome is not transcribed
before the 11™ cell cycle round, when the embryo body is a
syncytium comprising of a few thousand nuclei. Transcrip-
tion is incipient only at cycle 14, at the beginning of the cel-
lularisation stage (Edgar and Schubinger 1986; Orr-Weaver
1994).

The first division of the fertilised egg cell in higher
plants as the initiating step of zygotic embryogenesis repre-
sents a typical example of asymmetric cell division the stu-
dy of which is of utmost importance for the investigation of
differentiation since it produces two daughter cells that are
intrinsically different from the time they are produced hence
providing a good system for cell lineage and differentiation
studies. In gaining insight into the processes that regulate
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the zygotic cell division cycle in higher plants, IVF is a
powerful method since, combined with molecular tech-
niques allowing for gene expression studies at the single
cell level, it can be exploited to define the time frame span-
ning from the time of gamete fusion to the proembryo stage
in terms of cell cycle gene expression. Using gamete iso-
lation and IVF, cyclin-dependent kinases (CDKs) as well as
cyclins have been identified in several plant species (Re-
naudin et al. 1994; Jacobs 1995; Renaudin et al. 1996) and
their function in plant development analysed (Hirt 1996;
Shaul et al. 1996). These studies indicated that compared to
the animal systems examined hitherto the switch from ma-
ternal to embryonic control occurs at a much earlier deve-
lopmental stage in higher plants. In Arabidopsis used as a
model system in studying zygotic gene activation and zygo-
tic embryogenesis, the control of early stages of embryo
and endosperm development is assumed to be mainly under
maternal control (Vielle-Calzada et al. 2000). However, the
typical sporophytic 3:1 segregation ratio observed in the
phenotypes of numerous lethal Arabidopsis mutants em-
bryos points to the possibility of no preponderant maternal
effect in the course of early embryogenesis. Moreover, the
expression of paternal alleles has been detected as early as 4
hours following in vitro fertilisation of maize egg cells,
which, intriguingly, occurred at the time of chromatin de-
condensation preceding translational activity ensuing six
hours after fertilisation (Weijers et al. 2001; Kohler et al.
2005). Analyses of de novo zygotic genome activity in
maize revealed that the contribution to early embryogenesis
and endosperm development of paternal versus maternal
alleles varies significantly in terms of both the expression of
genes and the timing of their expression (Sauter et al. 1998).
Dissecting developmentally regulated mechanisms of cell
differentiation from fertilisation onwards must be concerned
also with epigenetic changes (modification of chromatin
structure and/or DNA methylation and by modulating trans-
cript stability or translation) (Steimer ef al. 2004). The
underlying genetic and molecular mechanisms of cell fate
determination in angiosperms and decisions on cell specifi-
cation during zygotic embryogenesis are largely unknown.
Different gene expression profiles of specific plant cells
suggest that their specification can be traced back to mecha-
nisms established during early embryonic development. For
instance, the expression of ATMLI1 gene (4Arabidopsis tha-
liana meristem L1 layer), which encodes a homeodomain
protein, can be detected in the apical daughter cell deriving
from zygotic division and in all proembryo cells until the
eight-cell stage is reached, whereas at the 16-celled embryo
stage, mRNA expression is confined to the protoderm.
ATML1is thought to be part of the cell specification machi-
nery controlling pattern formation based on cues delineating
morphogenetic boundaries of positional information (Lu et
al. 1996). Albeit a rigorous proof is still lacking as to coup-
ling differences in sister cells with asymmetric distribution
of molecules in the mother cell, a fundamental hypothesis
of developmental biology is that specific molecules loca-
lised within regions of the cytoplasm of a mother cell can
be distributed unequally to its own sister cells and can act as
developmental determinants to cause these daughters to
express distinct characteristics and have different fates as a
result of asymmetric cell cleavage (Jirgens 2001). Cyto-
plasmic localisation appears to provide an appealing basis
in calling for explanations for intrinsically determined
asymmetric cell division, although other mechanisms may
also be envisaged to play a role in producing daughter cells
with different function. (For instance, the asymmetric place-
ment of the mitotic spindle would entail daughter cells of
different sizes, which would in turn account for differing
function or fate.) Besides asymmetrically segregated cyto-
plasmic molecules, which could be considered to be deve-
lopmental determinants and therefore useful in distingui-
shing sister cells, cell fate seems to depend also on position-
al signalling cues among which graded concentrations of
auxin was shown to play an important role in the establish-
ment of pattern formation of the young Arabidopsis embryo
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(Jurgens 2001). An efflux-dependent auxin gradient was
demonstrated to be involved in determining the apical-basal
axis of Arabidopsis zygotic embryos (Friml et al. 2003) by
ensuring a directional intracellular flow of auxin based on
the polarised localisation of putative auxin transporters of
the PINFORMED (PIN) family due to vesicle transport
mediated by GNOM/EMB30 (GN) activity (Shevel et al.
1994; Busch et al. 1996; Steinmann et al. 1999; Geldner et
al. 2001). Further support for the hypothesis arguing for an
essential role of polar auxin transport in the establishnment
of the developmental axis of the zygotic Arabidopsis em-
bryo derived from the analysis of mutants which clearly
showed that apical-basal pattern formation was altered by
changes in PIN 1 location in mutants (Meyer et al. 1993).
Analysis of the Arabidopsis BODENLOS (BDL) gene
brought to light another particular auxin response during
pattern formation: the auxin response protein encoded by
the BDL gene inhibits MONOPTEROS (MP)-mediated
embryo patterning (Hamann ef al. 2002). The division plane,
which appears to be under stringent cytoskeletal control in
the wheat zygote (Pénya and Barnabds 2001), is altered in
the apical daughter cell of the Arabidopsis zygote in bdl and
mp mutants. Mutations in the MP and BDL genes also cause
perturbation later on in the course of embryo development:
the surmised hypophysis fails to cleave asymmetrically and
subsequently to produce the precursors of the quiescent
center and the lower-tier stem cells of the root meristem
(Berleth and Jirgens 1993; Hamann et al. 1999). Arabidop-
sis with its complete genome sequenced not only offers a
unique possibility for genetic studies, but its fixed pattern of
embryo formation allows for tracing the origin of seedling
structures back to the region in the early embryo (Mansfield
et al. 1991; Laux et al. 2004) through mutant analysis.
However, a detailed description of early embryogenesis
in Arabidopsis has to rely on indirect (mutant) analysis
since the female gametophyte of higher plants is not easily
accessible due to the “dual nature” of the tissues and cells
surrounding the developing zygote/proembryo: the sap of
the embryo sac is rather liquid-like meanwhile the sporo-
phytic ovular tissues and the ovary wall are solid and full of
cuticular tissues. However, based on the newly developed
gamete isolation techniques in the early 1990s (Kranz et al.
1991) it became possible to isolate viable gametes of op-
posite sexes in maize and via their elecrofusion the produc-
tion of in vitro zygotes became possible. The “artifical” zy-
gotes produced in this manner give rise to proembryos the
unequal division of which mimics the asymmetrical cell
cleavage of the two-celled embryo in planta (Kranz et al.
1991; Kranz and Lorz 1993; Kranz et al. 1995) enabling
one to observe directly this cell division typically occurring
in the zygote of higher plants (Scholten et al. 2002; Ho-
shino et al. 2004; Okamoto et al. 2004). In wheat, however,
this cleavage of the fusion product is a symmetrical division
(Okamoto and Kranz 2005), which calls for explanation.
In addition, recently a procedure was elaborated for the iso-
lation of the apical and basal cells from maize proembryos
creating the basis for the analysis of up- or down-regulated
genes in the apical versus the basal cell (Okamoto et al.
2005).These micromanipulation techniques performed at
the single cell level, when combined with the most ad-
vanced technologies in proteomics, proved to be a powerful
approach in molecular analyses and in protein identification
in the apical and basal cell of the two-celled maize embryo
(Okamoto et al. 2004). cDNAs synthesized from egg cells,
apical cells, basal cells, two-celled embryos and multicel-
lular embryos were used as templates for performing ran-
domly amplified polymorphic DNA (RAPD) PCR (Oka-
moto and Kranz 2005). Based on the patterns of the DNA-
bands detected in the gels, these authors categorised the ex-
pression patterns into six groups. According to this classifi-
cation Group I contained a DNA-band, which was detected
in the apical cell, proembryo and multicellular embryo of
maize, whereas it was not detectable in the egg cell or basal
cell, therefore it was assumed to be derived from a gene
transcript that was up-regulated exclusively in the apical
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cell. Group 2 represented a DNA-band detectable in the
basal cell, two-celled embryo and multicellular embryo, but
not in the egg cell or apical cell, thus it was supposed to
stem from a gene transcript that was up-regulated only in
the basal cell. In Group 3 a DNA-band was observed in the
apical cell, basal cell, two-celled embryo and multicellular
embryo, but not in the egg cell hence suggesting a gene
transcript synthesised de novo in both the apical and basal
cells following fertilisation.

In Group 4: A DNA-band observed in the egg cell-,
basal cell-, the proembryo and the multicellular embryo-
derived samples, but not in the apical cell, was surmised to
originate from a gene transcript that was down-regulated
only in the apical cell after sperm-egg fusion. Group 5
revealed a DNA-band detected in the egg cell, apical cell,
two-celled embryo and multicellular embryo, but not in the
basal cell indicating a gene transcript that was assumed to
be down-regulated only in the basal cell. In Group 6 a
DNA-band appeared in all cell/embryo types, consequently
it was judged to be amplified from a gene transcript that
was constitutively expressed in all cell/embryo types. Fol-
lowing sequencing of the DNA-bands detected and expres-
sion pattern verification, BLAST analysis revealed cDNA
clones (amplified DNA-bands) one of which (Clone 72)
was found to bear close resemblance to the farnesyltrans-
ferase (FTase) S-subunit, which is involved in the prenyla-
tion of proteins. Interestingly, the Arabidopsis FTase f-sub-
unit, encoded by the ERAI-WIGGUM gene, is expressed in
the embryo proper throughout embryogenesis and had been
found to be essential for meristem formation (Yalovsky et al.
2000; Ziegelhoffer et al. 2000). Clone one showed simila-
rity to an Arabidopsis ubiquitin-specific protease demons-
trated to be involved in early embryo development (Doel-
ling et al. 2001). Clone 97 showed (low) homology to the B
subunit of the CCAAT-binding factor previously found to
be a crucial embryogenesis regulator in Arabidopsis (Lotan
et al. 1998; Kwong et al. 2003; Lee ef al. 2003). In the light
of the key role that auxin plays in cell polarity and cell fate
decision-related mechanisms, the finding that Clone 29
showed similarity to the Arabidopsis ubiquitin-related pro-
tein termed TIR1 protein (which functions in the auxin res-
ponse pathway via the COP9 signalosome) is particularly
intriguing (Ruegger et al. 1998; Schwechheimer ef al. 2001,
2002.). Its expression was suppressed only in the apical cell
after fertilisation suggesting that the auxin-responsive capa-
bility of the apical versus basal cell differs.

Further analysis of these up- or down-regulated genes
putatively involved in controlling early embryogenesis with
special regard to the monitoring of the temporal expression
of key regulatory genes which is possible by employing
IVF coupled with the technique permitting the isolation of
the apical and basal cell of the 2-celled embryo paves the
way for identifying embryogenesis-related genes that have
not yet been characterized as yet. Perhaps the greatest ad-
vantage that the system elaborated by Okamoto and Kranz
(2005) is that it makes it possible to study the underlying
mechanisms of cell polarity induction and unequal division
during zygote/proembryo development in higher plants.
Coupled with what we already know about auxin response
regulating proteins, IVF and single cell monitoring of egg
cells, zygotes and proembryonic cell pairs may become a
powerful system allowing for the subcellular localisation of
molecules putatively involved in polarity induction through
either immunocytological methods conducted on the single
egg cell and zygotes level (Hoshino ef al. 2004) or by a
transgenic approach using green fluorescent proteins (Schol-
ten and Kranz 2001). Another approach capitalising on this
experimental system would be the subcellular localization
of mRNA molecules in analogy to organisms such as Fucus
and developing animal embryos in which localisation of
transcripts proved to be a powerful tool in unraveling me-
chanism of cell polarity through targeting gene products to
a specific region of a cell or embryo (Choi ef al. 2000; Kloc
et al. 2002; Hamada et al. 2003).

Analysis of this kind conducted in the angiosperm zy-
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gote enable one to investigate the mechanisms responsible
for cytoplasmic localisation of molecules involved in regu-
lating development similarly to studies aimed at dissecting
the importance of localised RNA and protein products with-
in the egg of Drosophila (Driever and Nisslein-Volhard
1988). For example, genes found to be up-regulated in the
apical or basal cell of the maize proembryo and expressed
in the early zygote suggest that their transcripts are loca-
lised in the putative apical and basal region of the zygote,
although a fast degradation of the transcripts immediately
after zygotic cleavage cannot be unequivocally excluded
(Haecker et al. 2004; Okamoto et al. 2005). As regards
down-regulated genes in the apical or basal cell, they hint at
the possibility that the transcripts from these genes may ex-
hibit a uniform distribution in the maize female gamete and
become distributed to the apical and basal regions of the
zygote upon fertilisation, or alternatively these transcripts
may reveal subcellular localisation already in the egg cell.
Localisation of mRNA molecules in isolated egg cells/zy-
gotes is supposed to be an essential part of the events
leading to the selection/fixation of polarity axis and may be
crucially important in preparing for asymmetrical division
of the zygote, thus microinjection of RNAs conjugated to a
fluorescent label and their subsequent visualisation may
provide clues in elucidating the mechanisms of cell polarity
and asymmetrical cell division. A transgenic approach
making use of GFP-based gene technology assisted by the
availability of egg cell/zygote specific promoters coupled
with IVF and zygote isolation procedures should reveal
whether to what extent and in what ways these mechanisms
are under the control of the maternal tissue.

IVF as a tool to identify proteins in the angiosperm
egg

Since the set of major proteins present in differentiated cells
reflects cell identity and function, identification of the
major protein components in different cell types facilitates
shedding light on cellular processes and helps decipher the
interactions of various proteins in a plant cell. Therefore,
investigating the protein profile of the angiosperm egg
provides clues as to female gametogenesis, fertilisation and
proembryo formation in higher plants. Based on this ap-
proach, Okamoto ef al. (2004) identified the major protein
components expressed in isolated maize egg cells with the
aim of likening the major proteins identified in the animal
versus the plant female gamete and of setting the ground for
the localisation of the putatively polar distribution of
maternally expressed egg proteins which was envisioned to
be a vital part of the mechanisms leading to the asymmet-
rical division of the zygote in higher plants. Their work
supplied valuable information on the protein profile of the
maize female gamete. Protein analyses of major proteins in
maize egg cells have revealed that, unlike mammal oocytes,
the angiosperm egg does not contain chaperons as major
protein components (Okamoto ef al. 2004) hence showing a
considerable difference between the mammal and the
angiosperm egg. Nonetheless, a major similarity between
the eggs of the two kingdoms is that they both can be cate-
gorised as so-called “catering-type” eggs as they do not
contain yolk proteins as storage proteins (Okamoto et al.
2004), a finding which is in line with the tenet that the nut-
rients throughout embryo development and seed formation
are continuously supplied by the mother plant. By using
scaled-down one-and two-dimensional polyacrylamide gel
electrophoresis, highly sensitive liquid chromatography and
tandem mass spectrometry (LC-MS/MS) technology, Oka-
moto et al. (2004) detected traceable amounts of proteins
derived from a few egg cells isolated from maize. Accor-
ding to the experimental data, the maize egg cell abounds in
cytosolic glycolytic enzymes, mitochondrial ATP synthase
B-subunit, adenine nucleotide translocator (Winning et al.
1992) and annexin p35. The comparison of the expression
profiles of annexin p35 in the zygote, 2-celled embryo, cen-
tral cells and cultured cells revealed strong expression only
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for egg cells (Okamoto et al. 2004), an interesting result in
the light of the many versatile functions the members of thls
group had been demonstrated to have: they are mainly Ca”"
-and phospholipid-binding proteins, but are also implicated
in membrane trafficking, ion transport, mitotic signaling,
cytoskeleton rearrangement and DNA replication in animal
cells (for review see: Gerke and Moss 2002). Importantly,
annexins found in plants bear structural similarity to their
animal counterparts reflected also by sharing the basic pro-
perties as Ca”’-dependent membrane-binding molecules
(Pirck et al. 1994; Clark and Roux 1995; Battey ef al. 1996).
Further, extensive studies have also assigned a role for an-
nexin in exocytosis and Golgi-mediated secretion of newly
synthesized plasma membranes and cell wall materials in
plant cells (Carroll ef al. 1998; Battey ef al. 1999; Clark et
al. 2001). Annexin p35 identified in the unfertilised maize
egg hints at a potential involvement of the protein in the
rapid formation of the cell wall around the zygote (cell wall
formation around the zygote starts 30 seconds! after in vitro
fusion of the gametes of opposite sexes) (Kranz et al. 1995)
suggesting that cell wall materials are stockpiled in the un-
fertilised egg cell prior to fertilisation the secretion of which
may be facilitated possibly by exocytosis Wthh may be
mediated by annexin p35. Based on the Ca’ -bmdmg pro-
perties of annexins, this supposition seems likely since it is
widely known that "Ca”" has a regulatory impact on exocy-
tosis both in plants and in animals (Bush 1995; Battey ef al.
1999). In support of this hypothesis stands the calcium rise
measured in the cytoplasm of isolated maize eggs during
their fusion with the sperm induced by extracellular calcium
putatively through extracellular calcium influx (Digonnet et
al. 1997) (which may have its source in the degenerated sy-
nergid in planta). Alternatively, or additionally, a hypothesis
envisaging an intracellular calcium rise having its origin
from an intracellular calcium store is equally attractive.
Based on the results of Pénya e al. (2004) that the endo-
plasmic reticulum appears to be the main calcium store ac-
cumulating considerable amount of calium in the ripe wheat
egg lends credit to this assumption.

The cytosolic glycolytic enzymes identified from the
bands (cytosolic glyceraldehyde-3-phosphate dehydroge-
nase, 3-phosphoglycerate kinase and triosephosphate iso-
merase) known to be involved in glycolysis (Plaxton 1996)
were recently shown to be associated with the outer mem-
branes of mitochondria, hinting that this spatial compart-
mentation of glycolysis permits pyruvate supply directly
into the mitochondrion (Giege ef al. 2003). The presence of
mitochondrial proteins identified as major proteins in maize
eggs (Okamoto ef al. 2004) may be accounted for by the
energy-demanding series of early cytological zygotic events
such as: migration of cytoplasmic organelles towards the
nucleus, cell wall formation and nuclear division ensuing
following IVF (Kranz et al. 1995). The giant mitochondria
observed in the maize egg (Faure ef al. 1992) (and in gera-
nium, Kuroiwa and Kuroiwa 1992) give further support to
this hypothesis. In addition, unlike animal mitochondria,
which respire fatty acids and glycolytically derived pyru-
vate, plant mitochondria rarely rely on fatty acids as energy
source (reviewed in Plaxton 1996) suggesting that glycoly-
sis is the preponderant ‘fuel’-supplying pathway in the plant
cell. Intriguingly, glycolysis has been shown to be activated
by sperm incorporation into the mouse oocyte (Urner and
Sakkas 1999).

Experimental approaches to study double
fertilisation in model species

A detailed description of egg cell maturation in situ before
and after anthesis is hindered by the female gametophyte
being deeply encased by the sporophytic maternal tissues.
However, based on the newly developed isolation tech-
niques in the early 1990s it became possible to observe egg
cells, synergids and central cells microscopically under in
vitro conditions.

The elaboration of the embedding technique of female
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gametes in ultra low gelling temperature agarose made it
possible to study the ultrastucture of isolated egg cells and
zygotes and the dynamics of nuclear quantities of the ferti-
lised egg cell of barley has been established using micro-
fluorometry (Mogensen and Holm 1995). The quantisation
of DNA content during sperm-egg fusion and karyogamy
has been performed also in wheat by Ponya et al. (1999)
using the same technique suitable for DNA content analysis
at the individual cell level. In order to clarify the ultrastruc-
ture of rice zygotic embryogenesis in vivo and compare the
disclosed phenomena with the ultrastructural changes during
somatic embryogenesis in vitro Maeda E and Maeda K
(1990) studied the egg cell apparatus of rice after anthesis
developing an ultra-thin sectioning procedure and could
obtain results concerning the development of zygotic em-
bryos of Orzya sativa. By capitalising on a clearing method,
the process of double fertilisation in Zea mays and the
concomitant events were analysed by Mol et al. (1994). The
investigation was aimed at giving a cytological basis for in
vitro experimental systems via establishing uniform and
controlled conditions (in vitro pollination, fusion of isolated
gametes and molecular studies upon fertilisation). Although
earlier studies described the entry of pollen tubes into maize
embryo sac and the fusion of male and female nuclei in the
egg cell and the central cell at the light microscopy level,
the ultractructure during, and not only before and after, fer-
tilisation has been studied more recently (MOl et al. 1994).
The development of techniques applicable to isolation of
living embryo sac from ovules of several species including
Heliantus anuus L. (Zhou 1987) opened up new vistas in
analysing live female gametophyton which led to new ap-
proaches in disentangling the process of double fertilisation,
the studying of which until the first half of the 1980s was
based on fixed material (Zhou and Yang 1982). These stu-
dies focused on the complicated morphological changes
taking place during zygotic embryogenesis and on the early

events following in vivo double fertilisation in higher plants.

You and Jensen (1985), who, assuming the possibility of
other patterns of the nuclear fusion present in the duration
of double fertilisation, described fusion of the sperm nuc-
leus with that of the egg in wheat. However, it was not until
the middle of the 1990s (Kranz et al. 1995) that the ques-
tion of the time scale of nuclear fusion in in vitro fused ga-
metes of maize was addressed after elaborating the tech-
nique of in vitro fusing isolated male gametes with female
gametoplasts of maize (Kranz ef al. 1993). These authors
demonstrated karyogamy during in vitro fertilisation of
maize gametes of opposite sexes and by conducting the
fixation of the fusion products at precise time intervals after
fusion induced by electric pulses they could follow the fate
of the male nucleus after cytoplasmic fusion. Early events
(such as cell wall formation, first nuclear division and the
first division of the zygote) taking place after the com-
mencement of zygote development in vitro were also exa-
mined (Kranz et al. 1995).

The main reason why so few reports are presented in
the relevant literature on zygote /proemryo culture is that
they must be isolated from the inner sanctum of the ovule in
order to be cultured and this is a tedious procedure indeed.
Adding up to this difficulty is the very low yield of cells to
be analysed during in vitro culture thus thwarting attempts
to optimise the culture conditions (as no monitoring can be
carried out on a mass of cells). From this perspective, the
culture of ovaries, ovules and even embryo sacs can be
regarded as particularly suitable for fulfilling the purpose of
analysing the growth requirements of proembryos and
zygotes. Obviously, the exacting task to optimise ovule/em-
bryo culture can be paralleled with the efforts made on
devising an appropriate set of culture conditions for the cul-
ture of proembryos. In this domain, a pioneering study was
done by Maheshwari (1958) who isolated ovules of Papa-
ver somniferum containing either zygotes or two-celled pro-
embryos. Rapid growth of the nascent sporophyte was ob-
tained in a medium supplemented with caseine hydrolyzate,
yeast extract or kinetin. Other examples such as Zephyran-
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thes sp. (Kapoor 1959), Capsella bursa-pastoris (Lagriffol
and Monnier 1985), Hordeum vulgare (Topfer and Steinbiss
1985; Holm et al. 1994), and Triticum aestivum (Zenkteler
and Nitzsche 1985; Comeau et al. 1992) can be cited as
successful applications of ovary/ovule culture for inducing
the development of enclosed zygotes or proembryos. A
perspicuous sign of the success of ovule culture in relation
to the development of the growth of the confined embryo is
the accelerated growth of the ovular tissues. Stewart and
Hsu (1977) found that post fertilisation ovules of cotton can
be cultured with a reasonable degree of efficiency if grown
on a medium containing low concentratlons of IAA, kinetin
and GA together with 15 mM NH,". The key to the success
of the combined use of hormones applied at a low level and
ammonium ions was the discovery that the addition of
hormones alone enables the ovules to swell, whereas NH,"
was found to promote growth and division of the zygote en-
closed in the ovule. More recently certain intermediate sys-
tems have been elaborated with the aim of obtaining in vitro
growth of zygotes and proembryos. One approach involves
the culture of zygote-containing embryo sacs of Z. mays
surrounded by the nucellus with or without the endosperm
(van Lammeren 1988; Campenot et al. 1992; Mol et al.
1993, 1995) and the culture of embryo sacs of Cucumis sp.
with proembryos and free nuclear endosperm (Custers and
Bergervoet 1990). The subsequent transfer of embryos to a
medium of a different composition preceded by an initial
culture of embryo sacs of Z. mays enclosing zygotes or two-
celled proembryos is a relatively straightforward procedure
for regenerating plants in vitro from zygotes (Mdl et al.
1993, 1995).

The likely extracellular calcium store for the wheat egg
is the degenerating synergid (which receives the penetrating
pollen tube) as is suggested by Chaubal and Reger (1992b),
who, by using freeze-substitution fixation, scanning elec-
tron microscopy, and energy-dispersive X-ray microanalysis
examined post-pollination calcium distribution in the sister
synergids of wheat. This study revealed that both synergids
contained relatively high concentrations of calcium. Fol-
lowing pollen-tube discharge, typically one of the sister
synergids was found to be devoid of high concentration of
calcium, whereas the other synergid retained high concen-
trations of the element indicating that calcium is rapidly lost
from one of the sister synergids after pollen-tube discharge.
Based on these findings, it might be speculated that in
planta the calcium (stored at high concentration prior to fer-
tilisation in the synergids) depletion occurring dramatically
in wheat synergids following sperm-egg fusion, as was de-
monstrated by Chaubal and Reger (1992b), serves the pur-
pose of supplying extracellular calcium needed for the cyto-
plasmic calcium rise observed by Digonnet et al. (1997). In
this IVF system, extracellular calcium (5 mM CacCl,), con-
tained in the fusion medium and demonstrated to induce the
fusion of the unfertilised maize egg cell with the sperm, is
assumed to mimic the in planta situation (relatively high
extracellular calcium concentration). Therefore, it may be
hypothesised that if calcium is present in the synergid that
receives the pollen tube, just prior to fertilisation, it may be
required to serve as the calcium source for egg activation
and alternatively or additionally it may be needed to prepare
the sperm cell for fusion with the female gamete as it is
suggested by Chaubal and Reger (1992b). The work presen-
ted by Antoine et al (2000) argues for the former scenario.
Exploiting the Ca*'-selective vibrating probe to measure
calcium fluxes during the IVF process in maize, these au-
thors demonstrated a calcium influx in maize eggs induced
by the fertilising sperm. The calcium influx, in the form
of a wavefront, appeared to propagate from the sperm entry
site. Furthermore, artificial induction of calcium influxes
unleashed a number of post-fusion events such as cell wall
formation lending credit to thls assumption. The demons-
tration of a long-lasting Ca®" influx (Antoine et al. 2000)
may explain the cytoplasmic rise observed independently
by Digonnet et al. (1997) in in vitro fertilised maize female
gametes. However, direct correlation between these two



In vitro fertilization in wheat. Ponya et al.

events and the chronology of these calcium changes in the
cytoplasm of the maize egg have yet to be established.
Information on cytoskeletal rearrangements in higher
plant zygotes is scarce (Ponya et al. 2001), by using single
cell manipulation techniques, Hoshino ez al. (2004) ad-
dressed the issue of putative fertilisation-induced changes in
microtubular organisation in the fertilised maize egg cell by
employing an immunocytochemical approach. In this study,
isolated and cultured maize egg cells and developing zy-
gotes of maize were incubated with anti-oa-tubulin anti-
bodies in order to examine the subcellular localisation of
microtubules. In isolated single egg cells a few cortical
microtubules were observed but well organised microtu-
bules were rarely detected whereas distinct cortical micro-
tubules and strands of cytoplasmic microtubules radiating
from the nucleus to the cell periphery were observed in
developing zygotes. Solely cortical microtubules were ob-
served in zygotes up to 7 h after in vitro fertilisation. After
this time, radiating microtubules additionally appeared and
persisted during zygote development. These results indicate
early and pronounced fertilisation-induced changes in
microtubular organization in the fertilised egg cell of maize.

CONCLUSIONS AND FUTURE PROSPECTS

In vitro fertilization is a powerful technique in addressing
questions of overriding importance in developmental bio-
logy of angiosperms. Coupled to in vitro culture systems
IVF allows for monitoring egg cells/zygotes/artificially pro-
duced fusion products deriving from gamete pairs fused in
vitro hence making the direct observation and continuous
monitoring of the developmental pattern of individual cells
possible.

However, a purely single-cell culture system superse-
ding the use of nurse cells would be highly desirable in
order to follow up the in vitro development of the wheat
zygote ideally mimicking the in planta events leading to
morphologically normal and functionally competent zygotic
embryos. Once achieved, this in vitro cell-culture system
could facilitate a great improvement in our understanding as
to the extensive changes taking place during in vivo zygotic
embryogenesis which, by spanning the undifferentiated
stage to a multicellular organism, ultimately lead to the for-
mation of a new adult plant. Combining this system with
the use of GFP-based marker genes designed for studying
subcellular structures permits to analyze cytological charac-
teristics during fertilization and in the course of early zygo-
tic development.

Adapting to wheat the method elaborated by Kranz et al.

(1998) for producing in vitro maize endosperm tissue via
using the electrofusion technique would represent an ele-
gant approach for dissecting the coordinated events of dou-
ble fertilisation in wheat with special regard to establishing
what particular characteristics the nutritive tissue may have
for ensuring normal zygotic development to occur.

In wheat zygotes the first cleavage is an invariably
asymmetrical division, the molecular and cellular mecha-
nisms of which are thought to trigger normal embryonic
development unfolding as a well-concerted programme of
cellular differentiation. Exploiting IVF coupled with micro-
injection (which allows for exogenous DNA delivery timed
in synchrony of cell cycle stages of the fertilised egg cells
or before IVF is carried out) of isolated wheat egg cells, the
cascade mechanisms of fertilisation-induced signal trans-
duction may be dissected with particular regard to cellular
events such as cytoskeletal changes, membrane trafficking
and nuclear movement. Ponya er al. (2001) suggest that
actin may be involved in polarising the unfertilised female
wheat gamete, although it is still to be elucidated whether
this polarity is “localised polarity” at the presumable micro-
pylar pole of the cell or one of the signs of “overall pola-
rity”. The next challenge will be to monitor spatial and tem-
poral relationships between ion channels, membrane pro-
teins, cytoskeletal anchoring proteins and the cytosolic gra-
dients of ions such as H" and Ca™".
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In transgenic research, wheat sperm cells have immense
potential as natural agents for DNA delivery to the egg cell.
Besides the advantage that the female gametes may be at-
tractive target cells for genetic transformation (through
microinjection) upon their isolation as they represent the
basis for marker-free selection systems, the attractiveness of
the male gametophyte is enhanced by the possibility of
superseding tissue culture manipulations altogether (direct
DNA uptake into pollen grains or sperm cells prior to pol-
lination). In this respect, wheat evokes much interest. Im-
portantly, studies directed at analyzing modes of nuclear
fusion (Tian ef al. 2005) would facilitate the optimisation of
IVF as well as nuclear resynchronization for cloning studies
in wheat. Additional studies are required to decipher the
relationship between cell cycle stage, DNA levels and kary-
ogamy in wheat for conducting investigations of this kind.

It would be intriguing to combine the calcium-induced
fusion system worked out by Faure ef al. (1994) and Kranz
and Lorz (1994) for studying gamete recognition with the
experimental approach of Pdnya et al. (2004) suitable for
live imaging of ER to determine whether the sperm-egg
fusion mediated by extracellular calcium in the fusion me-
dium occurs at the presumptive “preferential” site. Al-
though the pattern of changes depicted by Poénya er al.
(2004) in the structure of the ER during the in situ develop-
ment of wheat egg cells may be different in other angio-
sperm species, the transition by which a young egg is en-
dowed with a highly organised and polarised array of cor-
tical ER clusters might be a common feature of egg cell
development. This would point to universal calcium signal-
ling during the fertilisation of the angiosperm egg and
would have ramifications in the identifications of intra-
cellular calcium stores in the female gamete of higher plants.
The next step taken in the direction of investigations aimed
at dissecting the controlling mechanisms of polar axis fixa-
tion and cell fate determination would be to identify other
molecules with signalling capacities and depict the elements
of the signalling cascade of fertilisation. Subsequently, data
generated in these studies would help clarify the intricate
issue of egg activation which would then assist partheno-
genesis research having utmost significance in molecular
breeding.

Electrofusion also offers the possibility of fusing female
wheat gametes with sperm cells of incompatible species
hence circumventing sporophytic incompatibility barriers.
Should post-zygotic incompatibility not occur in these arti-
ficially produced (inter-generic/inter-specific) hybrid cells,
agronomic traits (e.g. cold hardiness) of wheat could be im-
proved.

Although the way by which the angiosperm zygote
“spells out” the syllabary of its developmental programme
remains a conundrum, combined with what we already
know about double fertilisation, experimental results ob-
tained in wheat may help fathoming into the abyss of egg
activation as well as may give an impetus to future endea-
vours aimed at shedding light on sperm-egg interaction in
higher land plants.
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