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In multicellular organisms, gamete fusion triggers a set of
events, collectively known as egg activation, that leads to
the development of a new individual. Every species that
has been studied shows at least one rise in cytoplasmic
Ca? concentration ([Ca?'].,,) after gamete fusion' which is
believed to be involved in activation. Yet the source and
regulation of this Ca?* signal and the way it is transduced
inside the zygote are controversial'. In higher plants, in
vitro fertilization (IVF)?2 has enabled the description of a
rise in [Ca?*].,, (ref. 4) that is sufficient for activation®, and
of a Ca> mﬁtux that spreads as a wavefront from the
fusion site® The relationship between these two responses
is unknown. Using a new combination of methods that
simultaneously monitor the extracellular flux with a Ca?-
vibrating probe, and [Ca*]., by widefield imaging, we
directly determined that the Ca?* influx precedes the
[Ca?].,. elevation by 40-120 s. In addition, results from
experlments using the Ca?*-channel |nh|b|tor gadolinium
(Gd3*) suggest that the Ca?* influx may be necessary for
sperm incorporation. We also present evidence for a
putative sperm-dependent Gd3*-insensitive localized Ca?*
influx confined to the fusion point.

assessed immediately after gamete adhesion. As the isolated
egg cell is a true naked protoplast® and as fusion triggers cell-
wall synthesis**”’, unless otherwise stated, egg activation was rou-
tinely assessed by the detection of cell wall 2 h after adhesion of the
gametes’. On adhered but unfused gametes no Ca** influx, no
[Caz*]cy‘ elevation and no cell-wall formation were detected (n= 7).
In all experiments in which gamete fusion took place, however, the
sperm was incorporated inside the egg cell and a Ca®" influx, a rise
in [Ca’*],, and cell-wall formation were detected (n =8, Fig. 1). In
our optimized measuring conditions, fusion success was 53%
(n=15). As reported previously’, the Ca’" influx is quite variable in
both duration and intensity (ranging from 8 to more than 90 min
and from 1.5 to 5.58 pmol cm™ s, n=7). Similarly*, the [Ca*],
elevation is also quite variable in duration (ranging from 15 to more
than 90 min, n = 7). Whereas there was no significant correlation
between the duration and the intensity of both these events, the
influx always preceded the [Ca*'], elevation, although with a vari-
able time lag (ranging from 40-120 s). Thus, fusion triggers a Ca?*
influx followed by [Ca**]y, elevation, prompting us to dissect the
relationship between these two events and egg activation.
We started by inhibiting the Ca®" influx, as this is the first
detectable Ca** event after fusion. Suppression of extracellular Ca**

Calciurn flux and variations in [Ca®'], were simultaneously
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proved unfeasible because EGTA or 1,2-bis-(2-aminophenoxy)-
ethane-N,N,N', N -tetraacetic acid (BAPTA) in sufficient amount to
chelate all free external Ca** had deleterious effects on the sperm
cells in a matter of minutes. We also tried other Ca**-channel
inhibitors (Ni*, La**, verapamil and bepridil) but apart from
gadolinium chloride (GdCL,), which we had previously reported as
a potent inhibitor of the Ca*" influx triggered by fusion®, none
proved effective without visible deleterious effects on sperm or egg
cell. Indeed, the sperm is very sensitive and its membrane integrity,
as assessed by the fluorochromatic reaction (see Methods) is lost
even in mild handling such as exposure to 5 mM extracellular
MgCl, (although not affected by the same amount of CaCl,).
Gamete adhesion was carried out directly in the presence of 10 uM
GdCl, and in all experiments a global Ca®" influx was never detect-
ed (n=17). Experiments with simultaneous measurements of Ca?*
flux and [Ca*'], variations fall into two categories according to
[Ca’*],, variations. When neither a [Ca®*], elevation nor a global
Ca’" influx was detected, then no cell wall was detected 2 h after
adhesion (n =2). However, when there was a rise in [Ca’*],, a
global Ca** influx was not detected but a cell wall was synthesized
2 h after adhesion (n = 4, Fig. 2). Interestingly, [Ca**], elevations
were always associated with cell-wall synthesis (n=6) and in this
case again, the duration of the rise in [Ca**], was variable (3.3-60
min). In these experiments and in further repeats without Ca** flux
or [Ca’*], being recorded, the sperm was never incorporated
inside the egg cell in the presence of Gd*", even when a cell wall was
detected around the egg cell (n = 36, Fig. 3).

It was then crucial to assess whether gamete fusion takes place
in conditions where the sperm stays in periphery of the egg cell,
which nevertheless undergoes activation-like events. Occasionally,
experiments in which no Ca®* influx was detected, but in which
there was a [Ca’*], elevation, showed that the sperm, which was
not previously loaded with the fluorescent dye Fluo-3 (see
Methods), was transiently labelled, probably by diffusion of dye
from the egg cell. To test whether membrane fusion does take place
in presence of 10 UM GdCl,, a sperm cell was adhered to an egg cell
with an R18-labelled membrane®. When R18 did not diffuse from
the egg cell to the sperm, then no cell wall could be detected 3 h
after gamete adhesion (n = 6). When, however, R18 diffused from
the egg cell to the sperm, still visible in the periphery, then a cell
wall would be detected around the egg cell (n = 3, Fig. 3). Although
these experiments were done in parallel, without direct confirma-
tion of fluxes and [Ca?*],, they strongly suggest that in the pres-
ence of 10 UM GdCl,, alti{lough sperm incorporation is inhibited
along with the onset of a global Ca?* influx, cytosolic and mem-
brane continuity between gametes may be established. In some
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Figure 1 Simultaneous measurement of Ca? flux and [Ca®]¢,, during maize
IVF. A, A typical experiment (n = 7). Time zero is set at the time when gametes
have adhered (vertical line). Fusion is followed by the onset of a Ca?* influx (blue
line; average Ca?* influx of =1.19 + 0.01 pmol cm2 s7!) and by a transient increase
in [Ca?*]gy, (red line). In this particular experiment the onset of the rise in [Ca?*].,
occurs when the influx stabilizes close to the maximum (arrow), and the peak
[Ca2*]y is coincident with the peak of influx (double arrow). Nevertheless, this is
not the rule for all the experiments; usually these two features behave without any
visible correlation. BPL, basal prefertilization level. B, Sequence of typical raw
images from which the line in A was computed. The first image shows sperm-egg
cell adhesion (arrowhead). The sperm becomes visible after fusion because of Fluo-
3 diffusion into it (arrowheads). Traces in A were computed by averaging the total
egg-cell or zygote fluorescence as shown in B (AF/F, = (F, - Fo)/F,). C, Different
cytological events during maize IVF in standard conditions (n > 100). Gametes were
isolated from the inbred line A188. a, Gamete adhesion (arrowhead shows the
sperm). b, Fusion; the sperm can be seen penetrating the egg cell (arrowhead).

¢, Mild contraction of the egg cell. d, Reshaping of the cell; the organellar mass
has taken a peripheral position, polarizing the zygote. D, Two-photon microscopy
section of vacuolar zone in a typically Fluo3-AM loaded egg, showing that the vac-
uole and large organelles are not significantly sequestering the probe. Scale bar in
b-d, 20 pm.

cases this seems sufficient to trigger a rise in [Ca’*], and egg acti-
vation. It thus seems that although an increase in [Caz*]Cyl is neces-
sary and sufficient for activation, a global Ca** influx is not. The
Ca*" influx may, however, be associated with sperm incorporation
and subsequent karyogamy.

As the Ca**-vibrating probe allows precise spatial analysis of
Ca*" fluxes, we made a careful scan of the membrane on adhered
gametes in the presence of 10 pM GdCl,. Ca?** fluxes were recorded
at different positions of the probe relative to the sperm. When a cell
wall was detected (but sperm incorporation was inhibited), a glob-
al Ca** influx was not recorded but a localized Ca?* influx of about
1.0 pmol cm™ s7' was detected close to the sperm, in a region that
did not exceed 5 pm diameter around the sperm position (n =2
Fig. 4). Consequently, in the presence of 10 UM GdCl,, a localized
Ca** influx seems to persist close to the fusion site, which, in the
absence of Gd*" becomes the focal point for the spread of the Ca**
influx wavefront®. Two mechanisms, differing in their Gd** sensi-
tivity and their localization, could thus be involved in the entry of
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Figure 2 Increase in [Ca?].,, but no Ca?* influx during maize IVF in the
presence of 10 uM GdCl,. a, Simultaneous measurement of Ca?* flux and
[Ca?*].,, increase (n = 4). Time zero is set at the time when gametes adhered. A
cell wall was detected 2 h after gamete adhesion. Ca2* flux is stable over time
(blue line; 0.64 = 0.00 pmol cm2 s7!), but a transient increase in [Ca?*].; is clear
and extends for about 15 min (red line). b, Images corresponding to a typical
experiment. The sperm fusion is evident when Fluo-3 diffuses inside (arrow on the
second image) and the rise in [Ca%], is especially striking after 20 min. The male
gamete cannot then be seen as the fusion product slightly rotated, taking the
sperm out of the focal plane. Scale bars, 20 um.

Ca** after gamete fusion.

It has been shown with a maize IVF system’ that gamete fusion
leads to a transient [Ca*'],, elevation* and that it also triggers a
wave of Ca?* influx from ti’le fusion site’. These two events have
been described independently and nothing is known about their
relationship. We have measured them simultaneously and have
evaluated the contribution of Ca?" influx and Ca?* release to the rise
in [Ca*],, and egg activation. The combination of a Ca**-selective
vibrating probe and wide-field [Ca®*].,, imaging presented here
might provide the opportunity for original approaches in other sys-
tems. To the best of our knowledge, we are the first to report results
using this combination. The ion-vibrating probe is indisputably
one of the less invasive electrophysiological methods available for
characterizing membrane ionic transport'®''. Although it does not
have the quantitative and temporal accuracy of patch-clamp, it has
a much higher experimental flexibility and is much less invasive,
thus enabling precise temporal and spatial correlations. Patch-
clamp always had strong limitations in this system'%. The maize IVF
system also forced us to use the less reliable Fluo3-AM-ester load-
ing method because any attempt to impale the sensitive egg cell was
doomed to failure. As a consequence, we were unable to estimate
the cytosolic concentrations of the dye precisely, a problem we tried
to minimize by selecting for analysis only those experiments with
close pixel-intensity values under the same collection conditions.
Also, we could not be sure about probe exclusion from other
organelles with raised [Ca**],. Two-photon control of the loading
conditions (Fig. 1) overrules this objection for certain as far as the
vacuole is concerned, and the pattern of fluorescence does not seem
consistent with a widespread uptake by cytoplasmic organelles.
Thus, within the optimized loading conditions it does seem rea-
sonable to accept that the variations reproducibly observed (Figs 1
and 2) are mostly due to changes in [Ca’'],, but a possible inclu-
sion in the cortical or perinuclear endoplasmic reticulum could not
be positively ruled out in this system because they fall beyond the
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Figure 3 Gamete fusion without sperm incorporation during maize IVF in the
presence of 10 pM GdCl;. A, The sperm (arrowhead) is still in periphery of the
egg cell 2 h after adhesion, as observed in bright field (a) and after staining the
nucleic acids with Syto-16 (b, n = 36). A cell wall is synthesized as observed after
calcofluor white staining (c). B, Establishment of membrane continuity between the
gametes. To ensure that fusion has taken place, the plasma membrane of the egg
cell alone was labelled with R18 before adhesion. Pictures are taken 3 h after adhe-
sion (n = 3). a, Bright-field image. The arrowhead points to the sperm, which is still
adhering to the egg cell. b, Fluorescence image showing that the R18 has diffused
from the egg into the male plasma membrane (arrowhead). ¢, Fluorescence image
showing that the sperm nucleus (arrowhead) has remained in the periphery of the
egg cell (DNA was labelled with Syto-16). d, Fluorescence image showing a uniform
cell wall around the egg cell (cellulose was labelled with calcofluor white). Scale
bars, 20 pm.

limit of resolution. We thus classified the changes as reflecting
[Ca*]g

Using the same experimental system we could also observe that
BAPTA-AM totally inhibited the rise in [Caz*]cy‘ (data not shown).
As an artificial [Ca**], elevation induced by ionophore treatment®
induces maize egg activation (data not shown), it seems that a rise
in [Ca*], is sufficient and necessary to induce activation. This
conclusion enables us to expand to flowering plants the paradigm
that [Ca*], elevation is essential for egg activation in multicellu-
lar organisms® (a formal demonstration of this has been made
already for sea urchins, ascidians and mammals'). In maize, inhibi-
tion of the rise in [Ca®*],, prevents both egg activation and a glob-
al Ca*" influx. However, inhibition of the Ca?" influx does not
impair the [Ca®*],, elevation nor egg activation. Consequently, the
Ca’* influx seems to be unnecessary for [Ca*], elevation and for
activation, but when a global Ca?* influx is inhibited by 10 uM
GdCl,, sperm incorporation is also inhibited, suggesting that the
mechanisms leading to karyogamy could be independent of those
of activation. Such is the case in zebrafish, where gamete fusion
itself is not even necessary for activation: this is triggered by con-
tact with the spawning medium and fusion takes place a while
after'. Similarly, in the shrimp, egg activation is triggered in
absence of fusion by the Mg** contained in the spawning seawater'>.

If a Ca?" influx is not necessary for maize egg activation, it may
be needed for sperm incorporation and eventually for other events,
through different Ca**-dependent signalling cascades. This is the
case in ascidians, where a Ca’" influx is not necessary for egg con-
traction and resumption of meiosis (characteristic of activation),
whereas it is necessary for glycosidase release (involved in the block
to polyspermy'®) and where a rise in [Ca*'], is necessary for acti-
vation. Similarly, it is possible that in maize, Ca?* influx and
[Ca*]g, elevation would have different functions. Inhibition of
male gamete incorporation by Gd** treatment might, however,
result not only from the direct inhibition of Ca?* influx but also
from other effects. Despite widespread use, mostly as an inhibitor
of stretch-activated Ca**-channels, it must be kept in mind that
Gd*" inhibits a wide range of conductances, namely K*.

Gd** treatment suggests that Ca** influx during maize fertiliza-
tion might be caused by two independent mechanisms. We suspect
that there is a Gd**-insensitive Ca?* influx localized to the sperm
fusion site and a global Gd**-sensitive Ca** influx. Activation of the
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Figure 4 Spatial pattern of the Ca?* fluxes during maize IVF in the presence
of 10 uM GdClI,. The probe is in different positions in relation to the adhering
sperm. Ca?* fluxes were recorded for at least 1 min for each position, which is
referred to as the angle between the sperm and the Ca?*-selective electrode.

a, Bright-field pictures and schematics illustrating the two different probe/sperm
positions with schematic of the angle (angle of 45° is green and 0° is blue).

b, Repetitive flux measurements for the two angles showing a clear influx for 0° rel-
ative to 45° (average difference of 1.0 mol cm2 s1).

localized Ca?" influx could result directly from sperm fusion and
could involve different channels from those involved in the subse-
quent global wave of Ca?* influx. In the sea urchin, fusion is marked
by a sudden membrane depolarization, caused initially by the
incorporation of sperm cation channels into the egg plasma mem-
brane'”'8. This depolarization is then amplified by activation of egg
L-type Ca®" channels'?. This initial Ca®* influx results in an
immediate and uniform rise in [Ca*'], restricted to the cortical
region of the egg (the cortical flash*®) which is simultaneous with
surface contraction?'. Fusion also leads to a sudden localized rise in
[Ca*], in the cortical region below the fusion site*”. These two ini-
tial [Ca**], elevations are then followed 10-20 s later by the initi-
ation of the Ca*" wave?, which is coincident with a wave of exocy-
tosis?!. Similarly, the localized Ca** influx in maize eggs could be
carried by channels contained in the sperm plasma membrane,
while the wave of influx would result from a progressive activation
of egg-cell channels.

In conclusion, our results suggest that, in maize, gamete fusion
triggers two Ca?*-dependent signalling cascades. Fusion would trig-
ger a [Ca*]y, signal, perhaps initiated by incorporating sperm
cation channels, which would carry an initial and localized Ca**
influx. A long-lasting rise in [Ca**],, would result mostly from the
release of intracellular Ca** stores. This [Ca**],, elevation would be
necessary and sufficient to launch egg activation. Independently,
the initial influx could also be responsible for the propagation of a
global Ca?* influx, which would be unnecessary for activation but
may be involved in events upstream of karyogamy, such as sperm
incorporation. As well as adequately explaining our present results,
this model allows predictive confirmatory experiments. Our
results contribute to understanding the earliest steps of develop-
ment in flowering plants, and offer the opportunity of evolution-
ary comparison with animals.

Methods

Plant material

Maize plants (Zea mays L.) of inbred line A188, A6 and hybrid DH5XDH7 were grown in the field at
the Gulbenkian Institute for Science (Oeiras, Portugal). Ears were bagged to prevent pollination and
were collected at the receptive stage, when emerging silks reached 8-13 cm in length.
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Isolation of gametes and IVF

Gamete isolation and IVF were carried out as described previously®. For the measurement of changes
in [Ca*],, either the egg cell alone or both gametes were preloaded with Fluo-3 AM (Molecular
Probes, Eugene, OR, USA). Cells were incubated in the dark for 5 min in a standard medium com-
posed of 500 mM mannitol and 0.0001% BSA fraction V (Sigma), pH 5.7, with 2 pM Fluo-3 AM. Cells
were then washed twice with standard medium. Adhesion was immediately carried out in a fusion
medium composed of 500 mM mannitol, 2 mM MgClz, 0.01 mM CaCl2 (nominal), 0.0001% BSA frac-
tion V, pH 5.7. In some experiments, 10 UM GdCl, (Sigma) was added to this fusion medium.

Extracellular Ca** flux and [Ca®'],, measurements

For the extracellular Ca** flux measurements, we used a similar set-up and protocol as earlier?, but
with added imaging capabilities. All results are expressed as mean # standard error. Negative values
correspond to inward Ca** influx and positive values to outward efflux. Changes in [Ca?'],, were fol-
lowed with the single-wavelength probe Fluo-3. The imaging set-up was sub-mounted on the custom
Kohler port of a Nikon TE-300. Excitation was carried out at 500 nm using a Sutter DG-4 illuminator
(Sutter Co., Novato, CA, USA) driven by a liquid optical fibre into the Faraday cage. Emission was col-
lected using a Nikon S-Fluor NA1.4, 40%, driven through the Kohler port into a Princeton MicroMax 5
MHz CCD cooled at —20 °C (Roper Instruments). Shutter operation, image collection and analysis
were performed with Metafluor/Metamorph v.5.5 (Universal Imaging Co.) and data were loaded into
Microsoft Excel 98 for graph plotting. [Ca**],, changes are expressed as the ratio between the fluores-
cence level when the image was collected and the initial florescence level.

Extracellular Ca** flux and [Ca®'],, were measured simultaneously. First, a background reference
was recorded for 10-30 s before Ca’* flux measurements began. Fluorescence measurements were then
launched, which took up to 1 min. The position of the probe could always be followed as the tip of the
probe was slightly fluorescent. This allowed us to continuously verify that the probe was actually
recording the Ca** flux close to the plasma membrane. When sperm was preloaded with Fluo-3, the
time of fusion could be assessed by visual observation of the incorporation of the fluorescent sperm
cell into the egg cell. When sperm was not preloaded, we assumed that the time of fusion closely pre-
ceded the moment when penetration of the dye inside the unloaded sperm cell was detected®. Cell
contraction could be assessed by changes in the fluorescent shape. Fluo-3 was controlled by two-pho-
ton microscopy using a Bio-Rad 1024MP, with a Coherent Ti-Sa laser and a Nikon PlanFluo 40x, oil,
NA 1.3 lens, excitation at 820 nm. For computation of [Ca**],, a region-of-interest was defined to
incorporate almost all the egg-cell central area, and the traces were computed as (F, — F,)/F,. Images
are plotted as raw fluorescence, with a Thermo2 look-up-table, converted to 8-bit and contrast
enhanced to a 0-255 scale.

Staining of cytological compartments

Membrane integrity was assessed by the fluorochromatic reaction: cells were incubated for 1 min in
0.002% fluorodiacetate (Sigma) before inspecting for retention of fluorescence. Cell wall was detected
by staining cellulose with calcofluor white’; cells were incubated in the dark for 5 min in standard
medium containing 0.001% calcofluor white M2R (Sigma). DNA was detected by Syto-16 labelling®;
cells were incubated in the dark for 5 min in standard medium containing 1 pM Syto-16 (Molecular
Probes). Plasma membrane was stained with R18 (ref. 8); cells were incubated in the dark for 5 min in
standard medium containing 3 UM R18 (Molecular Probes). Before observing the fluorescence, cells
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were washed twice in standard medium. Fluorescent pictures were either taken with a Contax camera
with 400 ASA Kodak films or directly with the [Ca**], fluorescent set-up.
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