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Gamete fusion activates the egg in
animals and plants, and the gamete
fusion site on the zygote might provide
a possible cue for zygotic development
and/or embryonic patterning. In angio-
sperms, a zygote generally divides into
a two-celled proembryo consisting of
an apical and a basal cell with different
cell fates. This is a putative step in the
formation of the apical-basal axis of the
proembryo. We observed the positional
relationship between the gamete fusion
site and the division plane formed by
zygotic cleavage using an in vitro fertil-
ization system with rice gametes. There
was no relationship between the gamete
fusion site and the division plane leading
to the two-celled proembryo. Thus, the
gamete fusion site on the rice zygote does
not appear to function as a determinant
for positioning the zygote division plane,
and the zygote apparently possesses
autonomous potential to establish cell
polarity along the apical-basal axis for its
first cleavage.

Gamete Fusion in the Embryo Sac

In the embryo sac of angiosperms, the
egg cell is generally covered with a cell
wall at the micropylar portion and the
cell wall is incomplete over the chala-
zal one-third to two-thirds of the cell,
exposing a large area of the egg cell
plasma membrane adjacent to the syn-
ergids and central cell."® Regarding the
gamete fusion site on the egg embedded
in the embryo sac, it has been shown
that the egg cell appears to fuse with a
sperm cell in the zone where the synergid
cells degenerate.*> However, it is unclear
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whether there is a restricted or a specific
gamete fusion point on the chalazal-side
plasma membrane of an egg cell located
in the embryo sac. Because the egg and
sperm cells exist as a hemi-protoplast and
as protoplasts in the embryo sac, respec-
tively, to allow membrane fusion between
gametes, it is possible that gamete fusion
can occur around the chalazal surface of
the egg cell, except for where it is attached
to synergids (Fig. 1A).

Post Fusion Events: Egg
Activation and Zygote Division

In animals, sperm entry activates the
oocyte via cascades of ionic and biochem-
ical events, and in some cases the sperm
entry position provides a cue for subse-
quent embryonic patterning.®® As for
plant gamete fusion, it has been shown
that the Ca?* influx triggered at the gam-
ete fusion point propagates in the zygote
as a wavefront'® and that the elevated
Ca?" levels within the zygote induces a
post-fusion event: the rapid formation of
the zygotic cell wall.'! Moreover, using
free-living gametes of brown algae, the
sperm entry site has been shown to pro-
vide positional information for establish-
ing an intermediate default axis of the
zygote, which is then overridden by light
stimuli that cause the formation of the
thallus-rhizoid axis.'”*"® These suggest
that gamete fusion activates the egg cell
and that the gamete fusion site marks the
apical-basal axis orientation of zygote
and proembryo.

In angiosperms, it has been shown
that the apical cell of the two-celled pro-
embryo produced by zygotic cell division
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Figure 1. Sperm fusion site on an egg cell and two-celled proembryo embedded in rice embryo
sac (A) or produced by in vitro fertilization (IVF) system with rice gametes (B). (A) One of two
sperm cells released into an embryo sac fuses with an egg cell. Because the egg and sperm cells
exist as hemi-protoplasts and protoplasts in the embryo sac, respectively, to allow gamete fusion,
itis possible that gamete fusion can occur around the chalazal surface of the egg cell. After gam-
ete fusion, the zygote divides parallel or slightly oblique to the region facing the synergid and the
resulting two-celled embryo comprises a small apical cell with dense cytoplasm and a larger vacu-
olated basal cell.® The double arrowed line shows the chalazal-micropylar axis. (B) The zygote
produced by IVF divides into an asymmetric two-celled embryo consisting of a small apical cell
with dense cytoplasm and a large basal cell with well-developed vacuoles, as in planta. Ap, apical
cell; Ba, basal cell; DSy, degenerated synergid; E,

egg cell; S, sperm cell; Sy, intact synergid.

develops into the embryo proper, while
the basal cell develops into the suspensor
and hypophysis.'“" In addition to cyto-
logical observations of cleavage in plant
zygotes, it has been reported that the two
daughter cells from a zygote possess differ-
ent transcriptional profiles.?>?! Moreover,
the YODA-dependent MAPKK signaling
pathway and the temporal accumulation
of a phytohormone auxin via PIN7—an
auxin efflux carrier protein—are thought
to be crucial for specifying the fate of the
basal and apical cells of the Arabidopsis
two-celled proembryo, respectively.?>*
These cytological and genetic analyses
suggest that the first cell division of the
zygote is closely related to cell fate speci-
fication of the two daughter cells and is
a key step in the formation of the apical-
basal axis of proembryo.

Positional Relationship
between the Gamete Fusion Site
and the First Division Plane
in the Rice Zygote

Elucidating the relationship between the
gamete fusion point on the zygote and the
position of the cleavage plane in the two-
celled proembryo would provide basic
insight into whether the gamete fusion
point functions as a putative positional
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cue for positioning of the zygote cleavage
plane. The rice in vitro fertilization (IVF)
system is a suitable system for such anal-
ysis. This is because the IVF-produced
rice zygote divides into an asymmetric
two-celled proembryo consisting of a
small apical cell with dense cytoplasm
and a large basal cell with well-developed
vacuoles, in a highly similar manner to
the zygote located within the embryo sac
(Fig. 1A and B).>** We visualized the
gamete fusion site on the rice zygote by
performing IVF with an egg cell and a
sperm cell, which was prestained with
Alexa Fluor 488-conjugated concana-
valin A (Fig. 2A and B).?® Thereafter, the
fusion site-labeled zygote was cultured to
the two-celled proembryo stage and the
positional relationship between the gam-
ete fusion site and the zygotic first divi-
sion plane was monitored (Fig. 2C-F).
Figure 2G indicates a representative two-
celled proembryo, on which the positions
of putative fusion sites from observations
of 33 independent experiments have been
plotted based on the relative distance
from the first cell division plane. The
sites were positioned randomly, indicat-
ing that there is no spatial relationship
between the gamete fusion site on the
zygote and the position of the division
plane in the two-celled proembryo.
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Gamete Fusion Site
on the Egg Cell

Our IVF study suggested that, even if
gamete fusion might occur at any point
on the surface of an egg cell, the resulting
zygote can still divide into a two-celled
proembryo in a highly similar manner to a
zygote within the embryo sac. This obser-
vation suggests that the gamete fusion site
does not affect positioning of the zygotic
division plane, and indicates a possibility
that there is no specific or restricted point
on the egg cell surface for gamete fusion.
In addition to the in vitro situation, the
possibility is consistent with reports on
the gene GENERATIVE CELL SPECIFIC
1 (GCS1), encoding a key male transmem-
brane protein for the gamete fusion/recog-
nition process.”” In the embryo sac, two
sperm cells with a ges mutation remained
attached to an egg cell without undergo-
ing cell fusion. Notably, the attachment
of the sperm cell was not restricted to
the egg cell surface at points of degener-
ating synergid contact but was observed
to be placed randomly on the egg cells.
Taking these in vitro and in planta results
into account, we suggest that sperm cell
fusion in angiosperms is only needed for
activation of the egg cell and for deliver-
ing the male genome to the female gam-
ete. Although the putative molecule(s) for
gamete recognition and/or fusion on plant
egg cells have not yet been identified,
these might not be distributed at a specific
region but localized over the entire plasma
membrane of the egg cell.

Autonomous Establishment
of Cell Polarity in Rice Zygotes

In the rice egg cell, the nucleus and cyto-
plasm are located at the micropylar end
(basal side), whereas vacuoles were local-
ized at the micropylar end (apical side),
suggesting that distinct polarity and
possible apical-basal axis exist in the cell
(Fig. 3).24*>*%2 After gamete fusion, the
nuclei and putative cytoplasm-rich regions
at basal side of the rice egg cell appears to
move toward the apical pole during zygotic
development, and the zygote divides into
the two-celled embryo comprising a small
apical cell with dense cytoplasm and a
larger vacuolated basal cell.?*°
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Figure 2. Fluorescent labeling of the gamete fusion site on the rice zygote (A and B) and subse-
quent tracing of the position of the gamete fusion site on the two-celled proembryo (C-G). (A)
Alignment of an egg cell with a sperm cell stained with Alexa Fluor 488-conjugated concanavalin
A (ConA 488) on one of the electrodes under an alternating current (AC) field in a fusion droplet.
Bright-field and fluorescent images are merged. The arrow and arrowhead indicate an egg cell
and a sperm cell, respectively. (B) Fusion of gametes in (A) following a negative direct current
(DCQ) pulse. Bright-field and fluorescent images are merged. Arrowhead indicates fluorescent-
labeled fusion point. (C and D) A zygote with the ConA 488-labeled fusion site in (C) was cultured.
The zygote divided to produce a two-celled proembryo as shown in (D). A putative trace of the
gamete fusion site is enclosed by a green circle. Bright-field and fluorescent images are merged in
(C). (D) is a bright-field image. (E and F) A zygote with the ConA 488-labeled fusion site in (E) was
cultured. The zygote divided to produce a two-celled proembryo as shown in (F). The green circle
indicates a possible trace of the gamete fusion site on the two-celled embryo. (G) A schematic dia-
gram of a two-celled embryo on which possible gamete fusion sites obtained from 33 indepen-
dent experiments have been plotted. Ap, apical cell; Ba, basal cell. Bars = 50 um.
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Figure 3. Possible apical-basal axis in rice egg cell, zygote and two-celled proembryo. N and V
indicate nucleus and vacuoles, respectively. The double arrowed line shows the apical-basal axis.
The illustrations were made on the basis of anatomical studies for rice egg cell, zygote and two-
celled proembryo.?>2830
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Because fertilization and subsequent
embryogenesis and endosperm formation
progress in the embryo sac, deeply embed-
ded in ovular tissue, it has been believed
that zygotic development is affected and
probably controlled by extrinsic signals or
molecules from tissues surrounding the
zygote, such as endosperm and maternal
tissues. In addition to the surrounding
tissue-derived extrinsic signals, the sperm
cell fusion site on the egg cell is also con-
sidered as a potential extrinsic signal for
zygote development. However, our results
suggest that rice zygotes produced by IVF
develop into asymmetrical two-celled pro-
embryos in surrounding tissue- and gam-
ete fusion site-independent manner. This
indicates the possibilities that the two
possible extrinsic cues—from surround-
ing tissues/cells or from the gamete fusion
point—do oz function as determinants
for positioning of the first division plane
in the rice zygote, and that the zygote pos-
sesses an autonomous potential to estab-
lish cell polarity along the apical-basal
axis, which is putatively predetermined in
the egg cell. The apical-basal axis will be
then fixed by division of the zygote into a
two-celled proembryo.
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