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l h e  role of CaZ+ in zygote polarization in fucoid algae (Fucus, 
Ascophyllum, and Pelvetia species) zygote polarization i s  contro- 
versial. Using a local source of Fucus serratus, we established that 
zygotes form a polar axis relative to unilateral light (photopolariza- 
tion) between 8 and 14 h after fertilization (AF), and become 
committed to  this polarity at approximately 15 to 18 h AF. We 
investigated the role of Caz+, calmodulin, and actin during pho- 
topolarization by simultaneously exposing F. serratus zygotes to 
polarizing light and various inhibitors. Neither removal of Caz+ 
from the culture medium or high concentrations of EGTA and LaCI, 
had any effect on photopolarization. Bepridil, 3,4,5- 
trimethoxybenzoic acid 8-(diethylamino) octyl ester, nifedipine, 
and verapamil, all of which block intracellular CaZ+ release, re- 
duced photopolarization from 75 to 30%. l h e  calmodulin antago- 
nists N-(6-aminohexyl)-5-chloro-~-naphthalenesulfonamide and tri- 
fluoperazine inhibited photopolarization in all zygotes, whereas 
N-(6-aminohexyl)-~-naphthalenesulfonamide had no effect. Cy- 
tochalasin B, cytochalasin D, and latrunculin B, all of which inhibit 
actin polymerization, had no effect on photopolarization, but ar- 
rested polar axis fixation. lhe role of calmodulin during polariza- 
t ion was investigated further. Calmodulin m R N A  from the closely 
related brown alga Macrocystis pyrifera was cloned and the protein 
was expressed in  bacteria. Photopolarization was enhanced follow- 
ing microinjections of this recombinant calmodulin into developing 
zygotes. Confocal imaging of fluorescein isothiocyanate-labeled re- 
combinant calmodulin i n  photopolarized zygotes showed a homog- 
enous signal distribution at 13 h AF, which localized to  the pre- 
sumptive rhizoid site at 15 h AF. 

~~~ 

Zygotes of the fucoid algae (Ascophyllum, Fucus, and 
Pelvetia species) have been widely used to investigate the 
processes involved in generating and maintaining plant 
cell polarity. In the early stages of development fucoid 
zygotes are apolar and possess no inherent cytoplasmic 
order (Jaffe, 1968). Over severa1 hours, during a period 
termed “axis formation” or ”axis induction,” a potential 
polar axis is generated within the zygote. The incipient 
polarity may be oriented by a number of environmental 
stimuli, including the direction of incident light (Whitaker 

and Lowrance, 1936), the position of neighboring zygotes 
(Jaffe and Neuscheler, 1969), water currents (Bentrup and 
Jaffe, 1968), chemical or ionic gradients (Bentrup et al., 
1966; Robinson and Jaffe, 1976; Gibbon and Kropf, 1993), 
and electrical fields (Lünd, 1923; Novák and Bentrup, 
1973). 

Zygotes undergo successive periods of sensitivity to dif- 
ferent polarizing cues (Jaffe, 1968). During axis induction, 
the polarity is labile and can be re-oriented by the subse- 
quent exposure to a stimulus in a different direction. The 
loss of polar axis lability commits the zygote to a polarity 
and defines a second developmental phase termed “axis 
fixation.” At this stage polarity is rapidly stabilized by 
interactions between cell wall components, cortical vesi- 
cles, and microfilaments, and is no longer susceptible to 
re-orientation by environmental cues (Kropf et al., 1988, 
1989; Quatrano et al., 1991). 

At the phase called “rhizoid germination,” the spherical 
symmetry of the zygote is broken by the emergence of a 
polar bulge, the rhizoid, from the surface of the cell. The 
direction of rhizoid germination defines the direction of the 
polar axis. Unequal cytokinesis follows, perpendicular to 
the direction of rhizoid germination, yielding an embryo 
consisting of two highly differentiated cells: a large, 
rounded thallus cell, which is the precursor of the frond, 
and a smaller, elongated rhizoid cell, which generates the 
stipe and holdfast. The progression through each stage of 
embryogenesis is species-specific and broadly synchronous 
within a population of zygotes (Kropf and Quatrano, 1987). 
Nevertheless, the boundaries between each stage overlap 
and are blurred by individual variability (Kropf, 1992). 

Little is known about the intracellular events that occur 
during axis induction. Unlike the cytoplasmic rearrange- 
ments of axis fixation (Kropf et al., 1989), only an asymme- 
try in ion transport and a small, localized secretion of 
polysaccharide at the future rhizoid pole have been de- 
tected in zygotes at this stage (Jaffe, 1966; Schroter, 1978) 
The polarized ion flux is the first discernible asymmetric 
event, detectable as early as 30 min AF in Pelvetiafastigiata, 
in which axis induction lasts approximately 8 h (Nuccitelli, 
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1988). The current is dependent on the microfilament net- 
work, and ceases following inhibition of actin polymeriza- 
tion (Brawley and Robinson, 1985). Moreover, it follows the 
developmental pattern of the zygote, being at first erratic, 
often with several influx sites, but then later stabilizing in 
alignment with polarizing stimuli (Nuccitelli and Jaffe, 
1974, 1975). Ca2+ is an important component of the ionic 
current, and it has been suggested that asymmetric Caz+ 
circulation from the medium, through the zygote, results in 
a dynamic, transcytoplasmic Ca2+ gradient. This gradient 
effectively constitutes a polar axis and transduces environ- 
mental stimuli into localization of cytoplasmic components 
(Jaffe et al., 1974; Robinson and Jaffe, 1974). 

This model remains controversial. The presence of a 
transcellular Ca2+ gradient is supported by experiments 
using 45Ca2+ tracers (Robinson and Jaffe, 1973), by indi- 
rect measurements of Ca2+ influx during polarization 
using the vibrating probe (Nuccitelli and Jaffe, 1976), by 
extracellular application of Ca2+ and Ca2+ ionophore gra- 
dients that polarize zygotes (Robinson and Jaffe, 1976; 
Robinson and Cone, 1979), and by microinjection of the 
Ca2+ chelator BAPTA (1,2-bis[o-aminophenoxylethane-N; 
N;N';N'-tetraacetic acid) into zygotes in the early stages 
of polarization, which inhibits normal embryogenesis 
(Speksnijder et al., 1989). 

However, certain data are contradictory. First, zygotes 
respond normally to polarizing stimuli in media containing 
10 to 100 PM Ca2+, 109 times less than the [Ca2+] of sea 
water, suggesting that Ca2+ circulation is not essential for 
polar axis formation (Hurst and Kropf, 1991), although 
these findings have themselves been questioned by recent 
results (Robinson, 1996a). Second, chlorotetracycline fluo- 
rescence imaging of membrane-bound Ca2+ displayed no 
asymmetric distribution during polar induction (Kropf and 
Quatrano, 1987). Third, attempts to directly visualize free 
Ca2+ in polarizing zygotes have had little success (Berger 
and Brownlee, 1993), even though a Ca2+ gradient has been 
readily imaged in growing rhizoids (Brownlee and Wood, 
1986). 

The controversy may have several explanations. The 
wild algae that are the source of zygotes used in these 
experiments are inherently variable. Precise timing of the 
developmental phases of zygotes from each population is 
therefore of crucial importance to analyze results accu- 
rately, but is often overlooked. Moreover, developmental 
timing varies between fucoid species, making results be- 
tween them difficult to compare (Kropf and Quatrano, 
1987). The lack of inhibition of polar axis formation by 
EGTA may result from cytoplasmic Ca2' mobilization 
from intracellular stores. Although BAPTA microinjections 
were designed to address this possibility, the effect of the 
compound was not reversible. Consequently, it was impos- 
sible to correlate a Ca2+ requirement with a specific devel- 
opmental stage. Direct Ca2+ imaging has been difficult due 
to the poor resolution of the zygotes, which contain innu- 
merable cytoplasmic vesicles, and possibly to the sensitiv- 
ity of the Ca2+-indicator dyes currently available. Finally, 
the involvement of cytosolic Ca2+ receptors such as cal- 
modulin has been overlooked during fucoid zygote polar- 
ization. This oversight is of critica1 importance, because 

active calmodulin will amplify the effects of a small cyto- 
solic Ca2+ release, which may explain many of the ambi- 
guities in Ca2+ requirements during this developmental 
stage. 

MATERIALS AND METHODS 

Zygote Culture 

To minimize variation, Fucus serratus plants were col- 
lected from a single site covering 100 m of shoreline near 
Barnsness, Scotland. Plants were segregated according to 
their sex. Ripe receptacles were cut from the fronds, 
washed in distilled water, blotted dry, and stored in the 
dark at 4°C. This treatment resulted in abundant gamete 
secretion within 24 h. Following purification, gametes were 
united and incubated at 14°C under fluorescent white light. 
Fertilization was considered complete 20 min after gamete 
unification (Brawley et al., 1976) and defined as time zero 
for subsequent experiments. Zygotes were then sparsely 
sown onto glass coverslips to which they adhered firmly, 
and, unless stated otherwise, were incubated in ASW (450 
mM NaCI, 30 mM MgCI,, 16 mM MgSO,, 10 mM KCI, 9 mM 
CaCI,, and 2 mM NaHCO,) at 14°C in the dark. Under these 
conditions zygotes developed synchronously. 

Characterization of the Period when F. serratus Zygotes 
Are Polarized by Unilateral Light 

Zygotes were cultured as described previously, and were 
illuminated with 325 pmol m-'s-* unilateral white light 
(15-W Litegard warm white bulbs, Osran, UK) for 1 h, from 
fertilization to 21 h AF. Following germination the direc- 
tion of rhizoid growth, i.e. the direction of polar axis for- 
mation, was determined for all zygotes that were separated 
by more than four egg diameters from their neighbors 
(Whitaker, 1931). At least 200 zygotes per treatment were 
scored, and each experiment was replicated 5 times. For M 

zygotes, the degree of photopolarization P was determined 
by the cosine of the angle 0 between the direction of rhizoid 
germination and that of the unilateral light pulse such that 
P = [(X cos0)/n]  X 100. Axis fixation was determined by 
exposing zygotes to unilateral light in one direction for 1 h, 
then in the opposite direction for 1 h. The degree of pho- 
topolarization was calculated as described above. 

lnhibition of Photopolarization 

Inhibitors used were bepridil, cytochalasin-B, cyto- 
chalasin-D, EGTA, LaCl,, latrunculin-B, nifedipine, TFP, 
TMB-8, verapamil, W5, and W7. All inhibitors were pur- 
chased from Sigma, except latrunculin-B, which was from 
Calbiochem. One-molar stock solutions in DMSO were di- 
luted to working concentrations in DASW, in which CaCI, 
was replaced by SUC, and the solutions were cooled to 
14°C. EGTA stock was prepared in distilled water. As a 
toxicity control, 1 mL of nifedipine stock was irradiated 
with 10 J of UV light. 

ASW was replaced by inhibitor solutions at 9.5 h AF (Fig. 
2A). Zygotes were exposed to unilateral white light for 3 h, 
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between 10 and 13 h AF. Inhibitor solutions were then 
discarded and zygotes were rinsed three times in ASW. 
Following incubation in the dark for a further 36 h, the 
degree of photopolarization was assessed. The maximum 
concentration of each inhibitor applied to zygotes was that 
beyond which over 10% of treated cells lysed. 

The effect of cytochalasin-B, cytochalasin-D, and 
latrunculin-B on polarization was also tested in a second 
experiment: Zygotes were cultured in ASW and exposed to 
unilateral light from 10 to 13 h AF. ASW was then replaced 
by solutions of cytochalasin-B, and cultures were incubated 
in darkness until 21 h AF. The inhibitor was then substi- 
tuted by ASW, and zygotes were exposed to a second 
unilateral light pulse in the opposite direction to the first 
for 3 h. Following rhizoid germination the degree of pho- 
topolarization relative to the direction of the first illumina- 
tion was determined. 

Expression, Purification, and Labeling of Recombinant 
Calmodulin from Macrocystis pyrifera 

Using PCR, a NdeI restriction site was engineered into 
the cDNA encoding M. pyrifera calmodulin (Love et al., 
1995) to coincide with the start codon. The PCR yielded an 
expected 920-bp fragment, which was cloned into pBlue- 
script SK- at the SmaI site. The engineered calmodulin 
sequence was excised from this clone using NdeI and EcoRI, 
and ligated in frame with the T7 promoter in the expression 
vector pRSET A. 

Recombinant calmodulin was expressed in Escherichia 
coli strain BL21-ADE3. Transformed bacteria were cultured 
on a shaker in 40 mL of Luria-Bertani broth (Sambrook et 
al., 1989) at 37°C until the A600 of the cell suspension 
reached between 0.8 and 0.9. Two replicate cultures were 
prepared. In one culture, recombinant protein expression 
was induced by adding isopropyl P-D-thiogalactoside to a 
final concentration of 4 mM, and incubating cultures for 1 h 
at 37°C; in the other culture, this compound was not added. 
Rifampicin was then added to both cultures at a final 
concentration of 200 mg mL-' and both were incubated for 
1 h at 37°C. 

Cultures were chilled and bacteria were pelleted by cen- 
trifugation at 4000g for 20 min at 4°C. Cells were resus- 
pended in 5 mL of ice-cold buffer L (200 mM NaCI, 10 mM 
Tris-HC1 [pH 8.01, 1 mM MgCl,, 1 mM CaCl,, and 1 mM 
P-mercaptoethanol), frozen in liquid N,, thawed on ice, 
and sonicated in an ice-cold water bath for 30 s. The lysate 
was cleared by centrifugation and loaded onto a 
calmodulin-affinity chromatography column containing 3 
mL of W7-agarose (Sigma) at 4°C. Unbound proteins were 
flushed from the column with buffer L in 0.5-mL fractions 
until the A,,, was below 0.05. Calmodulin was eluted in 
0.5-mL fractions with buffer E (200 mM NaCl, 10 mM Tris- 
HCI [pH 8.01, 1 mM EGTA, and 1 mM 0-mercaptoethanol). 
Fractions containing calmodulin were pooled and buffer E 
was replaced with a microinjection buffer containing the 
main ions present in the fucoid cytoplasm (320 mM KCl, 40 
mM NaC1, 25 mM MgCl,, and 4 mM CaC1,; Allen et al., 
1972) using a column with a 10-kD filter (Centricon, Ami- 
con, Beverly, MA). Calmodulin was concentrated to 5 mg 

mL-l in a 10-kD column (Amicon), aliquoted into 10-mL 
volumes, and stored at -80°C. 

Recombinant calmodulin was labeled with FITC follow- 
ing the method of Rinderknecht (1962). Unconjugated FITC 
was removed from the solution by filtration through a 
Sephadex G25 column (Pharmacia). FITC-calmodulin was 
concentrated to 5 mg mL-l in microinjection buffer using a 
10-kD microfiltration column (Amicon). The activities of 
FITC-labeled and unlabeled calmodulin were determined 
by the calmodulin-dependent phosphodiesterase assay de- 
vised by Cheung (1971) and compared with that of spinach 
(Spinacia oleracea) calmodulin (Sigma). 

Calmodulin Microinjection into Developing 
F. serratus Zygotes 

F .  serratus zygotes were allowed to settle onto coverslips 
that formed the base of a chamber filled with ASW, and 
were cultured at 14°C. Zygotes were divided into two 
groups: one was cultured in darkness, and the other was 
exposed to unilateral light from 10 to 13 h AF. Zygotes of 
both groups were microinjected with recombinant M. pyrif- 
era calmodulin containing 1 mM calcium green (Molecular 
Probes, Eugene, OR) from 13 to 14 h AF. Calcium green 
was used as a tracer dye because its fluorescence is clearly 
visible when microinjected into the F. serratus cytoplasm, 
and the excitation and emission wavelengths of the dye are 
similar to that of FITC. Controls containing no calmodulin 
or those in which calmodulin was replaced by 5 mg mL-' 
protease-free BSA were also performed. 

From the amount of tracer dye injected with the calmod- 
ulin, we estimated that between 1 and 10% of the cytoplas- 
mic volume was introduced into F. serratus zygotes. The 
average diameter of a fucoid egg is 60 nm, so a solution of 5 
mg mL-' calmodulin will increase the cell's calmodulin 
content by 3.2 to 32 pg (0.57-5.7 fmol), approximately 10 to 
100 times the calmodulin content of plant cells (Marmé and 
Dieter, 1983). Following microinjection, zygotes were cul- 
tured for 36 to 48 h in darkness at 14"C, and the direction of 
rhizoid germination was scored. To avoid confusion be- 
tween potential polarizing stimuli, the direction of impale- 
ment and of the polarizing light pulse were perpendicular. 

Zygotes were resolved using an inverted microscope 
(Diphot, Nikon) with a X10 (Plan 10/0.25 Dic, Nikon), X20 
(PlanApo 20/0.75, Nikon), or X40 (40 Dic, Nikon) objec- 
tive. Microinjection was performed at 15°C using a hydrau- 
lic pressure probe (Oparka et al., 1991). Injection electrodes 
were pulled from filamented borosilicate glass capillaries 
(Clark EMI, Reading, UK) using an electrode puller (model 
PB-7, Narishige, Tokyo). Electrodes were back-filled with 1 
FL of injection solution, completely filled with degassed 
silicone oil, and inserted into a stainless steel injection 
holder (model H14A, Narishige). A three-axis joystick 
hydraulic micromanipulator with extra fourth-axis move- 
ment (Narishige) was used to impale zygotes with the 
injection electrode. 

Zygotes were held in place with a micropipette made 
from flexible, fused-silica capillary tubing (TSP/ 025/ 150, 
Composite Metal Services, UK). Microinjection was moni- 
tored by calcium green or FITC fluorescence with a 510-nm 
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90 

dichroic mirror (Nikon) coupled to a 520-nm long-pass 
filter (Nikon). The excitation wavelength was determined 
by a 490-nm interference filter (Ealing Electro-Optics, UK) 
in front of a super high-pressure mercury bulb. 

Recombinant, FITC-labeled M. pyrifera calmodulin was 
microinjected into zygotes between 5 and 8 h AF. Control 
zygotes were microinjected with 20-kD FITC-dextran (Sig- 
ma). Zygotes were exposed to unilateral light from 10 to 
13 h AF, and the distribution of the fluorescent signal was 
monitored at various times thereafter using a laser confocal 
imaging system (model MRC 600, Bio-Rad) powered by an 
argon laser. The excitation wavelength was obtained by a 
488-nm excitation filter. A primary filter block containing a 
510-nm long-pass dichroic reflector and a 515-nm long- 
pass emission filter was used to monitor FITC fluorescence. 
A secondary filter block containing a 565-nm long-pass 
dichroic mirror, a 600-nm long-pass barrier filter, and a 
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540-nm barrier filter was used to measure chloroplast 
autofluorescence. Images of both green and red fluores- 
cence were accumulated simultaneously using two photo- 
multiplier tubes, and were analyzed using computer soft- 
ware (Comos, Bio-Rad). 

RESULTS 

Timing of Polar Axis Formation and Fixation in 
F. serratus Zygotes 

The light sensitivity of zygotes collected from the local, 
wild F. serratus population was investigated to determine 
the timing of the different phases of embryogenesis (Fig. 1). 
Zygotes were broadly synchronous, with 60 to 75% of them 
being most responsive to exposure to 1 h of unilateral light 
between 8 and 14 h AF. However, the population was 
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Figure 1. Time course of polar axis formation, fixation, and germination in synchronously developing F.  serratus zygotes. 
A, Photopolarization of zygotes exposed to 1 h of unilateral light from fertilization (O h) to 20 h AF. Each point represents 
the mean of five replicate experiments, for which at least 200 zygotes were scored. SE bars are shown. B, Photopolarization 
of zygotes exposed to two consecutive 1 -h light pulses in opposite directions (LP1 and LP2). LP1 begins at 1 O h AF. The axis 
is said to be fixed when it is no longer oriented by LP2. C, Germination of zygotes exposed to a 3-h white light pulse from 
1 O to 13 h AF. D, Superposition of the three phases of polar establishment: Axis formation, fixation, and germination. 



Calmodulin lnvolvement in Fucoid Algae Zygote Polarity 

clearly heterogeneous, with some zygotes responsive to 
light earlier than others, as illustrated by the gradual in- 
crease in sensitivity to polarizing light from 1 to 8 h AF. 

The timing of axis fixation was also determined. Imme- 
diately after a polar axis was induced in one direction by 
exposure to 1 h of unilateral light (LPI), zygotes were 
administered a second 1-h-long pulse of unilateral light in 
the opposite direction (LP2). If the axis were labile, polar 
axis formation would be relative to LP2; if, however, the 
polar axis were fixed and could not be reoriented, polarity 
would be relative to LP1. Untill4 h AF, 70% of the zygotes 
were oriented by LP2, indicating that axis re-orientation 
was possible. At 15 to 16 h AF, following a rapid decline, 
less than 10% of zygotes were polarized relative to LP2 but 
were instead polarized by LP1. The commitment to polar- 
ize according to unilateral light therefore occurs from ap- 
proximately 14 to 16 h AF, and coincides with the loss of 
sensitivity to light. A11 zygotes were fully committed to a 
polar axis from approximately 16 h AF. At 16 h AF a small 
proportion of zygotes exhibited polar bulges indicating the 
onset of rhizoid germination and the morphological ex- 
pression of polarity. Almost a11 zygotes had germinated by 
19 h AF. 

Caz+ lnvolvement during Polar Axis 
Formation in F. serratus 

To address the controversy concerning the role of a Ca2+ 
gradient during polar axis formation in F.  serratus zygotes, 
we devised a simple series of experiments in which Ca2+- 
channel blockers and other inhibitors of intracellular Ca2+ 
release were transiently applied to developing zygotes 
from 10 to 13 h AF (Fig. 1A). Only zygotes that developed 
and produced rhizoids within the normal time frame of 
embryogenesis (and were therefore perturbed by the ex- 
perimental procedure only during the targeted develop- 
mental phase) were scored. 

Illumination for 3 h increased the degree of photopolar- 
ization from 60 to 70% obtained following only 1 h of 
illumination during the same period to 75 to 90%. No 
significant difference in the degree of photopolarization 
was observed between zygotes incubated in ASW (77.47 5 
3.17%), DASW (77.40 ? 6.21%), or in solutions of EGTA to 
concentrations of 10 mM (74.26 2 3.70%) during the 3-h 
period (Fig. 2B). EGTA was applied to zygotes in DASW, 
reducing the concentration of free Ca2+ in the medium so 
low as to be effectively negligible, especially when consid- 
ered relative to the 9 miv Ca2+ content of normal sea water. 

LaCI,, a well-characterized inhibitor of plasma mem- 
brane Ca2+ channels (Dos Remedios, 1981; Taylor and 
Brownlee, 1993), reduced the degree of photopolarization 
from 65% to just below 50% (Fig. 2B). However, concentra- 
tions in excess of 1 mM LaC1, resulted in zygotes becoming 
unstuck from the culture dishes, which made accurate 
scoring of polarization impossible and casts doubt on the 
specificity of La3+ at these high concentrations. Indeed, 
La3+ is usually active at micromolar concentrations, three 
orders of magnitude less than in the experiments described 
here (Lonergan, 1990; Natawa, 1992; Herrmann and Felle, 
1995; Sinclair et al., 1996). 
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Nifedipine, bepridil, and verapamil each inhibited pho- 
topolarization at a similar concentration range and in a 
dose-dependent manner (Fig. 2B). Although the specificity 
of these compounds has not been fully determined in plant 
cells, they are considered to be effective inhibitors of Ca2+ 
channels and therefore of cytosolic Ca2+ mobilization 
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(Malagodi and Chiou, 1974; Schramm et al., 1983; Leh- 
tonen, 1984; Reiss and Herth, 1985). No single compound 
had a complete inhibitory effect, although the degree of 
photopolarization was reduced from 75 to 80% to under 
30% in each case. Moreover, the effect of nifedipine was 
approximately the same when applied to zygotes in me- 
dium either containing 9 mM Ca2+ or depleted of Ca2+, 
indicating a specific inhibition of plasma membrane Caz+ 
channels by this compound. 

TMB-8, an inhibitor of intracellular Ca2+ release (Loner- 
gan, 1990), inhibited photopolarization from 70% to ap- 
proximately 30% at a concentration of 40 to 50 p ~ .  Unlike 
nifedipine, the effect of TMB-8 was attenuated when ap- 
plied to zygotes in ASW, suggesting that extracellular Ca2+ 
influx may compensate for the inhibition of intracellular 
Ca2+ release. 

The Role of Actin during Polarization 

It has been reported that actin polymerization is essential 
to the transcytoplasmic current observed during polar axis 
formation (Brawley and Robinson, 1985) and that cytocha- 
lasins prevent photopolarization (Kropf, 1992). However, 
cytochalasin-B, cytochalasin-D, and latrunculin-B, a11 of 
which are inhibitors of actin polymerization, had no effect 
on polar axis formation in F. serratus zygotes when applied 
from 10 to 13 h AF. We tested the effects of each inhibitor 
on axis fixation, which requires actin polymerization (Qua- 
trano, 1973; Kropf et al., 1989). Zygotes were unilaterally 
illuminated from 10 to 13 h AF and then exposed to the 
inhibitors from 13 to 21 h AF. A second unilateral illumi- 
nation in the opposite direction to the first was adminis- 
tered from 21 to 24 h AF, when, under normal conditions, 
rhizoid germination has occurred and polarity is no longer 
labile. Zygotes treated in this way predominantly polarized 
relative to the second light pulse (Fig. 3). Actin polymer- 
ization is therefore essential to polar axis fixation but is not 
required for polar axis formation. 

1 O0 
80 
60 
40 
20 

O 
-20 
-40 
-60 
-80 

-100 

C 
.- c 
m 
m 
O P 

.- 
L - 
'c 

m 
E 
5? n 

I I I I I 

O 50 100 150 200 250 

Calmodulin lnvolvement in Polar Axis Formation 

Many of the contradictory results concerning the Ca2+ 
requirements during axis formation might be explained by 
the involvement of calmodulin, which specifies an in- 
creased leve1 of sensitivity to Ca2+-dependent processes 
(Cox, 1986). The calmodulin antagonists W7 and TFP 
(Hidaka et al., 1981; Poovaiah and Reddy, 1987; Cook et al., 
1994) inhibited photopolarization in a dose-dependent 
manner (Fig. 4) and yielded 0% photopolarization at 50 to 
80 p~ for W7 and at 3 p~ for TFP, exceeding the effect 
observed with the Ca2+ inhibitors. W5, an inactive analog 
of W7, had no effect on photopolarization when applied at 
equal concentrations to W7, indicating that the observed 
effect is not due to simple toxicity. The concentrations at 
which the inhibitors were applied are comparable to sim- 
ilar studies on other plant systems (Sinclair et al., 1996) and 
indicate an important role for calmodulin during polar axis 
formation. 

Cloning, Expression, and Purification of M. pyrifera 
Calmodulin for Microinjection 

Little is known about calmodulin in the Fucales. A pu- 
tative calmodulin has been identified in P. fastigiata (Braw- 
ley and Roberts, 1989), but has not been characterized 
further. Moreover, the only alga1 calmodulin sequence 
available in the databases, that of Cklamydomonas reinkardtii 
(Chlorophyceae), was sufficiently different from that of 
higher plant calmodulins to make us doubt whether the 
experimental use of either C. reinkardtii or higher plant 
calmodulins in F .  serratus would be justified. 

Initial attempts to isolate F.  serratus calmodulin were 
unsatisfactory because of variable yields and uncertain 
quality of the protein. Molecular cloning of the calmodulin 
gene from F. serratus was hampered by the copious 
amounts of acidic polysaccharides contained in the algae. 
Instead, we isolated, sequenced, and expressed in bacteria 
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Figure 3. Effect of the inhibitors of actin polymerization cytochalasin-B, cytochalasin-D, and latrunculin-B on photopolar- 
ization. Each graph shows the data from two complementary experiments: First, zygotes were simultaneously exposed to the 
inhibitors and unilateral light from 10 to13 h AF (O). Second, zygotes were exposed to unilateral light from 10 to 13 h AF 
(LPl), in ASW. The medium was then replaced with inhibitor solutions, and zygotes were incubated in darkness from 13 to 
21 h AF. Zygotes were rinsed in ASW and administered a 3-h pulse of unilateral light (LP2) in the opposite direction to the 
first (W), For both experiments the degree of polarization was calculated relative to the direction of LP1 and as described in 
Figure 1. A positive value indicates that zygotes polarized relative to LP1; a negative value indicates that zygotes polarized 
relative to LP2. 

Concentration of Cytochalasin-D (pM) Concentration of Latrunculin-B (nM) 
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Figure 4. Effect of calmodulin inhibitors on photopolarization of F. 
serratus zygotes. Effect of transient exposure to the calmodulin an- 
tagonists W5, W7, and TFP on photopolarization of F. serratus 
zygotes. Experimental conditions and the method of calculating the 
degree of polarization are described in Figure 1 .  lnhibitors were 
dissolved in DASW. Each point is the mean of five replicates. SE bars 
are shown. 

the calmodulin cDNA from the closely related brown alga 
M. pyrifera (Love et al., 1995). 

The expressed product of the M. pyrifera calmodulin 
cDNA was identified as a functional calmodulin in three 
different ways. First, the protein was purified by W7 affin- 
ity chromatography (Fig. 5A). Second, mobility on SDS- 
PAGE of the purified protein compares to that of commer- 
cially produced S. oleracea calmodulin (Fig. 5B). Moreover, 
it migrates with an apparent molecular mass of 15 kD in the 
presence of Ca'", but displays an electrophoretic band shift 
to 18 kD when Ca'" is chelated by EGTA, a characteristic 
of active calmodulin (Watterson et al., 1980). Third, the 
protein activated calmodulin-dependent phosphodiester- 
ase in a manner similar to that of S. oleracea calmodulin 
(Fig. 5C). Labeling the recombinant M. pyrifera calmodulin 
with FITC did not affect its behavior on SDS-PAGE (Fig. 
5B), and minimally reduced its capacity for activating 
phosphodiesterase compared with the unlabeled protein 
(Fig. 5C). Spectrophotometric analysis of FITC-calmodulin 
showed a 1:l molar ratio between FITC and protein. A 
higher F1TC:calmodulin ratio resulted in a loss of phos- 
phodiesterase activity. 

lncreased Cytoplasmic Calmodulin 
Enhances Photopolarization 

Calmodulin may be asymmetrically distributed during 
polar axis formation. In an attempt to swamp the putative 
gradient, and thereby disrupt polar axis formation, we 
microinjected recombinant M. pyrifera calmodulin into de- 
veloping F.  serratus zygotes. Zygotes cultured in darkness 
prior to microinjection with solutions of calcium green, 
calcium green and BSA, or calcium green and calmodulin 
tended to germinate opposite the site of impalement (Fig. 
6). A similar effect was observed when zygotes were im- 
paled only. Zygotes that had been exposed to unilateral 
light before microinjection with calcium green or calcium 
green and BSA were also inclined to germinate opposite 
the site of impalement. However, zygotes that had received 
a unilateral illumination prior to microinjection with cal- 
cium green and calmodulin skewed the position of rhizoid 
germination toward alignment with the direction of illu- 
mination (Fig. 6). Raising the cytoplasmic calmodulin con- 
centration therefore had no effect dark-grown zygotes, but 
reinforced the light-induced polar axis of zygotes exposed 
to unilateral light. 

lmaging Calmodulin Distribution in Photopolarized 
F. serratus Zygotes 

The distribution of FITC-labeled M .  pyrifera calmodulin 
in the cytoplasm of polarizing F .  serratus zygotes was vi- 
sualized in vivo following exposure to unilateral light from 
10 to 13 h AF. The quantity of FITC-calmodulin microin- 
jected was of critica1 importance for imaging: too much and 
zygotes failed to develop and lysed after approximately 
24 h; too little and the FITC fluorescence was undetectable 
above background. 

A fluorescent signal was detectable in 14 of the 18 zy- 
gotes that were successfully microinjected. At 13 h AF the 
signal was distributed homogeneously throughout the cy- 
toplasm in 11 zygotes (Fig. 7). In the remaining three, 
fluorescence was concentrated at the site of microinjection, 
but these cells lysed at a later stage. At 15 h AF, FITC- 
calmodulin fluorescence was localized in the cortical cyto- 
plasmic region of the shaded hemisphere, to the site of 
presumptive rhizoid germination, in five zygotes. The im- 
age presented in Figure 7 is typical of the localization of the 
fluorescent signal that occurred in these zygotes at 15 h AF. 
In two zygotes the fluorescence was cortical but not local- 
ized, and was homogeneously distributed throughout the 
cytoplasm in the other four zygotes. At 20 h AF, FITC- 
calmodulin fluorescence was observed in the germinating 
rhizoids but the spatial resolution was insufficient to dis- 
tinguish a calmodulin gradient. 

Zygotes were microinjected with 20-kD FITC-dextran to 
determine whether localization of fluorescence was due to 
hydrolysis of the label from the support molecule and 
subsequent localization of the label alone. Seven zygotes 
were injected with FITC-dextran, and a random distribu- 
tion of fluorescence was observed in all zygotes at 13 and 
15 h AF. (Fig. 8). 
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DISCUSSION

The Origin and Role of Ca2+ in Polar Axis Formation

We investigated the role and origin of Ca24 during polar
axis formation in F. serratus zygotes by simultaneously
exposing zygotes to unilateral light and various inhibitors
during axis formation. The requirement for extracellular
Ca2+ was examined by chelating free Ca2+ in the medium
with EGTA, by directly blocking Ca2+ import into zygotes
with various chemically unrelated channel blockers, and by
destabilizing the actin cytoskeleton to inhibit the transcel-
lular Ca2"1" current. The role of intracellular Ca2"1" release
was investigated with TMB-8.

Removal of free Ca2+ from the culture medium and the
addition of high concentrations of EGTA had no significant
effect on photopolarization. This confirms previous data
(Hurst and Kropf, 1991), but is different from a recent
study on the photopolarization of P.fastigiata zygotes (Rob-
inson, 1996a). Using a protocol similar to ours, that study
simultaneously exposed zygotes to 4 mM EGTA in Ca2+-
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depleted ASW and to unilateral light and found that pho-
topolarization was inhibited; in our study 10 mM EGTA
had no effect on polar axis formation. However, in the
previous study (Robinson, 1996) the developmental pro-
gression of P. fastigiata zygotes was not clearly defined:
Gametes were released over a 30-min period and, because
P.fastigiata is monoecious, fertilization may have occurred
during that time. Synchronicity between zygotes was
therefore reduced by design and required adjustment of
the data relative to controls. Furthermore, axis fixation in P.
fastigiata occurs at approximately 8 h AF (Kropf and Qua-
trano, 1987). Zygotes were exposed to unilateral light and
inhibitors between 6 and 7 h AF until 7.5 to 8.5 h AF in the
first experiment, or until 8.5 to 9.5 h AF in the second
experiment. Consequently, axis formation and axis fixation
overlapped, resulting in considerable confusion as to
whether inhibition indeed targeted the developmental
phase under investigation. The protocol we have used
targets polar axis formation more precisely.

It remains possible that the presence of EGTA in the
medium might not completely inhibit Ca2+ flux into zy-
gotes. Indeed, plant cells possess a rich and poorly under-
stood reserve of extracellular Ca2+ bound to the cell wall,
and several hours of exposure to EGTA is required to
remove this Ca2+ pool (Saunders and Hepler, 1983). Such a
procedure was not applicable to the experiments described
here, nor was it used in the experiments of Hurst and Kropf
(1991). Instead, this eventuality was investigated by direct
inhibition of plasma membrane Ca2+ channels. The effects
of the various Ca2 +-channel inhibitors used in this study

Figure 5. Production and purification of recombinant M. pyrifera
calmodulin. A, SDS-PAGE of recombinant calmodulin expression in
bacteria. The calmodulin cDNA from the brown alga M. pyrifera was
cloned and expressed in E. constrain BL21-ADE3. Recombinant pro-
tein expression was induced by isopropyl-/3-thiogalactopyranoside
(IPTG). Calmodulin (CaM) was purified from bacterial lysates by W7-
affinity chromatography. Lane A, 1 pg of rainbow markers (Amer-
sham); lane B, 2 p,g of S. oleracea calmodulin in 10 mM CaCI2 (Sigma);
lane C, 2 pg of S. oleracea calmodulin in 10 mM ECTA (Sigma); lane
D, 1 pL of bacterial lysate from an uninduced culture; lane E, 1 pL of
bacterial lysate from a culture in which recombinant protein expres-
sion was induced by 4 mM IPTG prior to purification by affinity
chromatography; lane F, 1 pi of bacterial lysate from a culture in
which recombinant protein expression was induced by 4 mM IPTG in
10 mM EGTA; lane G, 5 /xg of recombinant M. pyrifera calmodulin in
microinjection buffer. Note the characteristic band shift between the
calmodulin in the presence (lanes B and E) and absence (lanes C and
F) of Ca2 + . B, SDS-PAGE of purified recombinant M. pyrifera calmod-
ulin showing the characteristic band shift in the presence and absence
of Ca2 + . Lane A, 1 p.g of rainbow markers (Amersham); lane B, 1 p.g
5. oleracea calmodulin in 10 mM CaCI2 (Sigma); lane C, 1 p.g of S.
oleracea calmodulin in 10 mM EGTA (Sigma); lane D, 1 pg of M.
pyrifera calmodulin in 10 mM CaCI2; lane E, 1 pg of M. pyrifera
calmodulin in 10 mM EGTA; lane F, 1 pg of FITC-labeled M. pyrifera
calmodulin in 10 mM CaCI2; lane G, 1 pg of FITC-labeled M. pyrifera
calmodulin in 10 mM EGTA; lane H, 1 pg of rainbow markers (Am-
ersham). C, Phosphodiesterase activity of S. oleracea calmodulin,
recombinant M. pyrifera calmodulin, and FITC-labeled M. pyrifera
calmodulin. Activity is expressed in nanomoles of Pi produced minute
per microgram of calmodulin.
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Figure 6. Polarization of F. serratus zygotes following microinjection 
from 13 to 15 h AF. A, Diagram of the experimental protocol. B, 
Direction of polarization of zygotes microinjected with calcium 
green, calcium green and BSA, or calcium green and recombinant M. 
pyrifera calmodulin. Treatments and numbers  of zygotes are indi- 
cated for each diagram. Bars represent the percentage of rhizoids 
germinated in a particular direction on a concentric scale. Shaded 
areas highlight the direction of rhizoid germination of the majority of 
zygotes. The direction of unilateral illumination (10-13 h AF) is 
indicated. The site of microinjection is at three o'clock o n  the 
images. 

varied according to the site of action and, although the 
specificity of the inhibitors has not been fully determined 
in plant cells, their effects are useful pointers to possible 
events involved in photopolarization. 

La3+, a potent competitive inhibitor of Caz+ uptake (Dos 
Remedios, 1981; Tlalka and Gabrys, 1993) that blocks Ca2+ 
import in F. serratus zygotes (Brownlee and Wood, 1986; 
Taylor and Brownlee, 1993), caused a small reduction in the 
degree of photopolarization within the zygote population. 
Moreover, La3+ concentrations exceeded the usual inhibi- 
tory range for plant cells even though the inhibitor was 
applied in Ca2+-depleted ASW. Thus, it appears that Ca2+ 
influx from the medium is not a fundamental requirement 
of polar axis formation. It does, however, remain possible 
that sufficient Ca2+ flux into zygotes occurred to polarize 
zygotes even in the presence of La3+, implying that a small 
Ca2+ asymmetry, rather than a transcytoplasmic gradient, 

may be sufficient for polarization. As previously noted, this 
last possibility may also explain the lack of effect by EGTA. 

Ca2+ channels were directly inhibited during photopo- 
larization with bepridil, nifedipine, and verapamil (Lee 
and Tsien, 1983; Schramm et al., 1983; Lehtonen, 1984; Reiss 
and Herth, 1985; Lonergan, 1990). Each compound reduced 
the degree of photopolarization by approximately 40%. 
Although the specificity of these inhibitors may be ques- 
tioned, they are considered to be efficient Ca2+-channel 
inhibitors and are chemically unrelated. Moreover, they 
have similar effects on F. serratus zygotes, especially at 
lower concentrations, which may be argued as arising from 
the specific effect of each compound on Ca2+-channel 
transport. Nifedipine inhibited photopolarization by ap- 
proximately 40% whether applied to zygotes in ASW or in 
DASW, indicating a direct and specific effect on plasma 
membrane-bound Ca2+ channels (Saunders and Hepler, 
1983). 

UV-irradiated nifedipine inhibited photopolarization in 
at most 10% of the zygote population, showing that com- 
pound toxicity alone had little involvement in the inhib- 
itory effect. It may be significant that each Ca2+-channel 
inhibitor failed to inhibit photopolarization in approxi- 
mately 30% of the zygote population, especially at con- 
centrations that might be considered specific for Ca2+ 
channels. This might be due to severa1 types of Ca2+ 
channels being involved in Ca2+ import and/or to Ca2+ 
being mobilized from intracellular stores during photopo- 
larization. A requirement for intracellular Ca2+ release 
during polar axis formation was shown by the application 
of TMB-8 (Saunders and Hepler, 1983; Lonergan, 1990), 
which inhibited photopolarization in approximately 70% 
of the zygote population. The effect was reduced in the 
presence of extracellular Ca2+, indicating that Ca2+ influx 
from the extracellular medium may compensate for the 
inhibition of intracellular Ca2+ release. It therefore ap- 
pears that a small cytosolic Ca2+ mobilization is impor- 
tant during photopolarization. 

It has been shown that the microfilament inhibitor 
cytochalasin-B disrupts the transcytoplasmic current in 
Fucus vesiculosus, Fucus disticaus, and P. fastigiata zygotes 
(Brawley and Robinson, 1985). In this study, cytochalasin-B, 
cytochalasin-D, and latrunculin-B had no effect on axis 
formation in F. serratus zygotes, although each compound 
inhibited axis fixation, which is known to require actin 
polymerization (Quatrano, 1973; Kropf et al., 1989). F-actin 
polymerization, and consequently the transcellular Ca2+ 
current, are therefore not essential components of axis 
formation. These observations are contrary to the current 
model of polarization, which states that asymmetric Ca2+ 
influx and export at opposite hemispheres of fucoid zy- 
gotes generates a transcytoplasmic Ca2+ gradient that po- 
larizes the cell. The role of Ca2+ during polar axis forma- 
tion must therefore be re-assessed and a different model 
proposed. 

Photopolarization results from unilateral illumination 
and might be achieved by a localized and self-sustaining 
asymmetry in cytoplasmic free Ca2+, rather than a trans- 
cellular Ca2+ gradient. Light is asymmetrically focused in 
fucoid zygotes so that the maximum difference between 
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B

Figure 7. Fluorescence confocal imaging of recombinant M. pyrifera FITC-calmodulin in polarizing F. serratus zygotes.
Zygotes were microinjected with FITC-calmodulin between 5 and 8 h AF and exposed to unilateral light from 10 to 13 h AF
(indicated by the arrows). The site of microinjection is at three o'clock on the images. A, Autofluorescence of the
chloroplasts; B, fluorescence of FITC-calmodulin. Uninjected zygotes show no FITC signal (images marked "unloaded").
Injected zygotes were imaged at 13, 15, and 20 h AF, during axis formation, fixation, and germination, respectively. At 13 h
AF, the distribution of fluorescence is typically uniform. At 15 h AF, an intense signal is visible as a white crescent at the
site of future rhizoid germination. At 20 h AF, a tip-to-base gradient of fluorescence is present in the growing rhizoid.
Population numbers are given in the text.

light and dark (the maximum stimulus) occurs, paradoxi-
cally, in the cortical cytoplasm of the shaded hemisphere
(Jaffe, 1968; Berger and Brownlee, 1994). This view has
recently been challenged (Robinson, 1996b), but the data
describe light absorption through the zygote and do not
address the position of absorption within the cell. From the
inhibitor data presented here, we can speculate that uni-
lateral illumination causes a localized Ca2+ mobilization
from both extracellular and intracellular sources in the
cortical cytoplasm of the presumptive rhizoid. It has re-
cently been shown that a cytoplasmic dihydropyridine re-
ceptor, which may correspond to a Ca2+ channel, is local-
ized to the putative rhizoid pole at axis fixation and
coincides with the establishment of a detectable cytoplas-
mic Ca2+ gradient (Shaw and Quatrano, 1996a). Distribu-
tion of the receptor is uniform during axis formation, and,
like the data presented in this paper, suggests that a tran-
scytoplasmic Ca2+ gradient is not involved during polar
axis formation.

Our data also indicate that the transcytoplasmic current
is not required for polarization. Instead, it is possible that
rather than initiating polarity, the Ca2+ current is involved
in the maintenance and reinforcement of a potential polar
axis. For instance, zygotes and embryos of Bithinia tentacu-
lata generate a polar, transcytoplasmic Ca2+ current, the

intensity and direction of which has been shown to rein-
force the polar organization of the developing organism
(Zivkovic and Dohmen, 1991). Such a process might occur
in fucoid zygotes, in which the timing of the transcytoplas-
mic current and of polarized secretion coincide with pho-
topolar axis formation (Nuccitelli and Jaffe, 1975; Schroter,
1978). Like the current, polar secretion appears to be essen-
tial only at axis fixation (Shaw and Quatrano, 1996b), even
though it is observed during axis formation and might
reflect the gradual nature of polarization.

Instead of a model in which polarity arises from a move-
ment of Ca2 * through the zygote, we conceive of polariza-
tion as a consequence of a localized Ca21 flux into the
cytoplasm in response to unilateral light. The cytoplasmic
Ca2 * asymmetry need not be large to produce a substantial
physiological effect (Robinson and Jaffe, 1974, 1976), and
would consequently be invisible with current Ca2+-
imaging technology. The perturbation may then be ampli-
fied by several processes: activation of plasma membrane
Ca2+ channels, intracellular Ca2 +-induced Ca2+ release,
Ca2+-dependent protein kinase activation, or activation of
Ca2+ receptors. To test this idea we investigated the role of
calmodulin, the main receptor for intracellular Ca2^ in
plant cells, during polarization.



Calmodulin Involvement in Fucoid Algae Zygote Polarity 259

Figure 8. Fluorescence confocal imaging of 20-kD FITC-dextran at
15 h AF. Zygotes were microinjected with 20-kD FITC-dextran be-
tween 5 to 8 h AF, and exposed to unilateral light from 10 to 1 3 h AF
(indicated by the arrows). The site of microinjection was at three
o'clock. Fluorescence is uniformly distributed in the cytoplasm, and
no localization of fluorescence, as shown in Figure 7, was ever
observed. Population numbers are given in the text.

Calmodulin Involvement in Polar Axis Formation

The inhibition of photopolarization by calmodulin antag-
onists and the effects of artificially increasing cytoplasmic
calmodulin concentration in developing F. serratus zygotes
present a compelling case for calmodulin involvement dur-
ing polar axis formation. Exposure to the calmodulin an-
tagonists W7 and TFP (Poovaiah and Reddy, 1987; Hidaka
et al., 1981; Hidaka and Ishikawa, 1992) during polar axis
formation inhibited the alignment of the polar axis relative
to unilateral light in all zygotes. W5, used as a control for
W7, had no effect. Although it has been reported that W7
has no effect on photopolarization of P. fastigiata zygotes
(Robinson, 1996a), in that study zygotes were exposed to
only 4 /U,M W7. In our experiments 10 /J.M W7 had no effect
on polar axis formation, either; it was maximally effective
from 60 to 80 /AM, thus explaining the discrepancy.

The role of calmodulin in polarization was investigated
further by microinjecting recombinant M. pyrifera calmod-
ulin into developing F. serratus zygotes. These species are
closely related, and given the high degree of homology
between the calmodulin sequence of M. pyrifera and higher
plants, it is reasonable to assume few differences between
the calmodulins of both algae. Zygotes cultured in dark-
ness prior to microinjection always polarized relative to the
site of impalement, whether microinjected with recombi-
nant algal calmodulin, or with control solutions of calcium
green or BSA. The manner in which impalement orients
polarity is unknown, but may be due to cell damage at the
site of wounding causing an incapacity for growth in that
region. This effect has not previously been reported, and
may be due to the late stage at which zygotes were injected.
Alternatively, in this particular series of experiments im-
palement was the last asymmetric event perceived by the
zygotes. It is therefore possible that zygotes responded, as

they would normally, to the last polarizing stimulus (Jaffe,
1968). Zygotes exposed to unilateral light prior to microin-
jection polarized relative to the position of impalement
when microinjected with control solutions, but in an inter-
mediate position between the direction of impalement and
that of unilateral light following calmodulin microinjec-
tions. The photopolar axis was therefore enhanced by an
increase in cytoplasmic calmodulin concentration.

Two possible explanations might account for this result.
First, during photopolarization calmodulin becomes asym-
metrically localized. Microinjected calmodulin may then be
recruited by the photopolar axis and asymmetrically dis-
tributed in the zygote, thereby intensifying photopolariza-
tion. The second possibility proposes no localization of
calmodulin, but depends on the interplay between Ca2+,
calmodulin concentration, and the target enzymes of cal-
modulin, first reported by Cox (1986), who found that
increasing the amount of available calmodulin enhances
the activity of calmodulin-activated enzymes, and there-
fore the sensitivity to Ca2 ' -related processes. It is possible
that increasing the calmodulin concentration throughout
the cytoplasm in photopolarized zygotes would further
sensitize zygotes to a small Ca2+ asymmetry, and yield
polar axes even more firmly biased toward the direction of
illumination. Real-time visualization of FITC-labeled cal-
modulin in polarizing zygotes was used to decide between
these two possible solutions.

At 13 h AF, FITC-calmodulin was evenly distributed
throughout the cytoplasm (Fig. 8); therefore, calmodulin is
not polarized during axis formation and the second of the
two options described above is preferred: Cytoplasmic
asymmetry generated by a localized activation of calmod-
ulin and calmodulin-dependent enzymes following cyto-
plasmic Ca2+ release is the possible scenario for the polar
axis formation suggested by our results.

The Role of Actin during Polar Axis Formation
Although it has been shown that actin is fundamental to

polarity in fucoid zygotes (Quatrano, 1973; Kropf et al.,
1989), the role of the microfilament cytoskeleton during the
early stages of polar axis formation is unclear. Exposure to
cytochalasin-B disrupts polarization (Quatrano, 1973) and
the transcytoplasmic Ca2+ current that circulates through
developing fucoid zygotes (Brawley and Robinson, 1985).
This, as previously explained, led to the suggestion that
F-actin may be involved in initiating the Ca2+ current, and
therefore the polar axis (Kropf, 1992). However, the data
presented in this paper show that photopolarization pro-
ceeds normally in the presence of cytochalasin-B,
cytochalasin-D, and latrunculin-B, but that axis fixation is
inhibited by these compounds. Actin polymerization is
therefore not required for polar axis formation but is es-
sential to polar axis fixation.

Moreover, at axis fixation accumulations of cortical
F-actin have been observed in the presumptive rhizoid pole
of Fucus distichus zygotes using rhodamine-phalloidin
staining (Kropf et al., 1989). During axis formation, how-
ever, F-actin staining was symmetrically distributed
throughout the cortex. F-actin might therefore be localized
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to the presumptive rhizoid a t  axis fixation i n  response to 
the intracellular asymmetries generated during axis forma- 
tion, bu t  is not  directly involved in producing these asym- 
metries a t  the earlier stage of embryogenesis. The polar axis 
is later stabilized during axis fixation through interactions 
between F-actin, the plasma membrane, secretory path- 
ways, and  the cell wall (Kropf et al., 1988; Quatrano et  al., 
1991; Shaw and Quatrano, 1996b). 

Calmodulin Dynamics during Axis Fixation 

At 15 h AF during axis fixation, a cortical localization of 
FITC-calmodulin w a s  observed a t  the presumptive rhizoid 
pole of approximately one-half of the  zygotes monitored. 
Similar calmodulin localizations have  been described i n  
other budding  a n d  tip-growing cells, such as at  the bud site 
of Saccharomyces cerevisiae (Brockerhoff and Davis, 1992; 
Sun et al., 1992) or to the expanding region of Micrasterias 
lobes (Kiermayer, 1981). By complementing the S. cerevisiae 
calmodulin-deficient mutant  CMD-1 with various altered 
calmodulin genes, Ohya  and  Botstein (1994) demonstrated 
many facets of calmodulin function during budding  and 
cytokinesis. Four complementation groups were analyzed, 
showing defects i n  calmodulin localization to  the bud site, 
actin organization, nuclear division, and bud germination. 
Most importantly, the accumulation of calmodulin a t  the 
b u d  site was essential for the subsequent assembly of 
F-actin and intermediate filaments i n  that region (Ohya 
and Botstein, 1994). 

A s  previously noted, F-actin accumulates a t  the rhizoid 
pole of fucoid zygotes during axis fixation (Quatrano and 
Kropf, 1989). Moreover, homologs to  yeast proteins have 
been cloned from F. distichus, although their function i n  
vivo is unknown (Goodner and Quatrano, 1993). It is pos- 
sible that the calmodulin accumulation observed dur ing  
axis fixation in F .  serratus has a similar function, and guides 
the asymmetric distribution of the cytoskeleton a t  axis 
fixation. The manner i n  which calmodulin is translocated 
and the proteins with which it interacts are still a mystery 
i n  Fucus a s  well as  in yeast. However, Fucus zygotes con- 
stitute a n  excellent system with which to investigate i n  
plants the functional role of calmodulin-binding and b u d  
site-associated proteins that  are  more easily identified i n  
simpler genetic systems. 
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