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Abstract

The asymmetrical distribution of F-actin directed by cell polarity has been observed during the migration of
monospores from the red alga Porphyra yezoensis. The significance of Ca?" influx and phosphoinositide signalling
during the formation of cell polarity in migrating monospores was analysed pharmacologically. The results indicate
that the inhibition of the establishment of cell polarity, as judged by the ability of F-actin to localize asymmetrically,
cell wall synthesis, and development into germlings, occurred when monospores were treated with inhibitors of the
Ca?* permeable channel, phospholipase C (PLC), diacylglycerol kinase, and inositol-1,4,5-trisphosphate receptor.
Moreover, it was also found that light triggered the establishment of cell polarity via photosynthetic activity but not
its direction, indicating that the Ca?* influx and PLC activation required for the establishment of cell polarity are light
dependent. By contrast, inhibition of phospholipase D (PLD) prevented the migration of monospores but not the
asymmetrical localization of F-actin. Taken together, these findings suggest that there is functional diversity
between the PLC and PLD signalling systems in terms of the formation of cell polarity; the former being critical for
the light-dependent establishment of cell polarity and the latter playing a role in the maintenance of established cell
polarity.

Key words: Ca?* influx, cell polarity, cell wall, F-actin, monospore, phosphatidylinositol, phospholipase C, phospholipase D,
Porphyra yezoensis.

Introduction

The asymmetrical distribution of intracellular molecules
defines cell polarity, which, in turn, governs directional
cell migration and elongation, cell differentiation, and
other important cellular regulations in eukaryotes (Feijo
et al., 1995; Holdaway-Clarke and Hepler, 2003; Homblé
and Léonetti, 2007). It is well known that spatio-temporal
increases in cytoplasmic free Ca** ([Ca2+]cyt) are mainly
generated by an influx of extracellular Ca’" through
membrane Ca’>" permeable channels, allowing regulation
of a variety of Ca®*-dependent signalling systems in
plants (Berridge et al., 2000; Sanders et al., 2002; Wheeler
and Brownlee, 2008). It has also been reported that
calcium gradients and calcium-dependent proteins are

spatially and temporally regulated in tip-growing cells
(Hepler et al., 2001; Yoon et al., 2006). Indeed, a tip
high [C212+]Cyt gradient is required for the polarized growth
of pollen tubes and root hairs in higher plants and
rhizoids in Fucoid brown algae (Brownlee and Pulsford,
1988; Pierson et al, 1994, 1996; Wymer et al, 1997,
Homblé and Léonetti, 2007). Thus, Ca’>* influx is funda-
mental in the formation of cell polarity. It is also well
known that a tip-polarized increase in [Ca2+]cyt, which is
controlled by the direction of light, regulates the forma-
tion of the apical-basal axis during rhizoid development in
Fucoid zygotes (Brownlee and Pulsford, 1988; Taylor
et al., 1996).
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A rise in [Ca®"]., is sensed by proteins such as Ca**-
dependent kinases and phospholipase C (PLC), which
subsequently activate downstream signalling cascades
(Bush, 1993; Saimi and Kung, 2002; Yoon et al., 2006;
Kim et al, 2007). PLC hydrolyses phosphatidylinositol-
4,5-bisphosphate [PtdIns(4,5)P,] in a Ca*'-dependent
manner to produce two second messengers, diacylglycerol
(DG) and inositol-1,4,5-trisphoshphate (IP3), which, in
turn, activate protein kinase C (PKC) and Ca”" release
from intracellular stores via the IP3 receptor (IP3R),
respectively (Berridge and Irvine, 1984). Subsequently,
DG is immediately phosphorylated by diacylglycerol
kinase (DGK) to produce phosphatidic acid (PA), an
important second messenger in plant cells involved in
various physiological processes (Munnik, 2001; Meijer
and Munnik, 2003). PA activates phosphatidylinositol
phosphatase kinase (PIPK) to produce PtdIns(4,5)P, as
a substrate of PLC in both animals and plants (Oude
Weernink et al., 2007; Saavedra et al., 2009). PtdIns(4,5)P,
then activates phospholipase D (PLD), which hydrolyses
phosphatidylcholine (PC) to produce PA (Moritz et al.,
1992; Jenkins et al., 1994; Ishihara et al., 1998; Jones et al.,
2000). Thus, it appears that both PLC and PLD exert
control over PA concentrations in plant cells. However,
there are differences in the roles of PLC and PLD in the
formation of cell polarity in plants. For instance, PLC
regulates F-actin dynamics, vesicle trafficking, and ion
transport in pollen tubes (Hunt et al., 2003; Dowd et al.,
2006; Helling et al., 2006), whereas PLD regulates the
organization of microtubules in Fucoid embryos, and seed
germination and root elongation in green plants (Gardiner
et al., 2001, 2003; Dhonukshe et al., 2003; Peters et al.,
2007).

Despite the importance of phospholipases and phosphoi-
nositides (PIs) in the formation of cell polarity in plants, the
functional significance of PI signalling remains largely
unknown in red algae. The only exception is our study
using the red alga Porphyra yezoensis (Li et al., 2008),
a model for fundamental and applied studies of marine
plants (Saga and Kitade, 2002). P. yezoensis has a biphasic
heteromorphic life cycle based on sexual propagation that
consists of microscopic filamentous sporophytes and mac-
roscopic leafy gametophytes. In addition, this species also
undergoes asexual propagation through the production of
monospores in monosporangia in the marginal region of the
leaf thallus, which then proceeds to form new leaf thalli
(Miura, 1985). Recently, it was found that, before attach-
ment and germling formation, monospores migrate with the
accumulation of F-actin at the leading edge (Li ef al., 2008)
as reported in Dictyostelium cells and leukocytes (Affolter
and Weijer, 2005; Bagorda et al., 2006). The involvement of
D-3-phosphorylated Pls, such as PtdIns3P, PtdIns(4,5)P,,
and PtdIns(3,4,5)P3;, in polarity establishment via PI3K
activity has also been demonstrated (Li et al, 2008). In
addition, recent extensive research clearly demonstrated
that the asymmetric and non-overlapping distribution of
PtdIns(4,5)P, and PtdIns(3,4,5)P; generate the force re-
quired for the migration of leukocytes and Dictyostelium

cells (Harris et al., 2008; Kolsch et al., 2008). Moreover, the
importance of the similar distributions of two Pls is well
known in the regulation of cell division and the formation
of cell polarity in epithelial and tubular cells (Gassama-
Diagne et al, 2006; Comer and Parent, 2007; Martin-
Belmonte et al, 2007). Based on the involvement of
PtdIns(3,4,5)P3 in the formation of the asymmetrical
distribution of F-actin at the leading edges in leukocytes
and Dictyostelium cells (Harris et al., 2008; Kolsch et al.,
2008), the presence of PtdIns(3,4,5)P3; in monospores was
examined using the PH domain from human Akt 1, which
specially binds to PtdIns(3,4)P, and PtdIns(3,4,5)P; (James
et al, 1996; Frech et al, 1997). Since a fusion protein
consisting of the Aktl PH domain and cyan fluorescent
protein was observed localizing at the plasma membrane, it
is possible that P. yezoensis contains both PtdIns(3,4)P,
and PtdIns(3,4,5)P; (Mikami et al, 2009). Animal genomes
encode multiple PI3Ks that are classified into classes I, II,
and III (Vanhaesebroeck and Waterfield, 1999) with only
class I PI3K known to be involved in the production of
PtdIns(3,4,5)P; (Funamoto et al., 2002). By contrast, genomes
of land plants and yeast only contain class 111 PI3K, which
produces only PtdIns3P (Stack and Emr, 1994; Choi et al,
2008). However, an ability to produce PtdIns(3,4,5)P; has
recently been demonstrated in a type III PI3K (Vsp43)-
dependent manner in the yeast Schizosaccharomyces pombe
(Mitra et al., 2004). Thus, it is possible that PtdIns(3,4,5)P; is
also produced by class III PI3K under the appropriate
growth conditions in P. yezoensis, although the biochemical
detection of PtdIns(3,4,5)P; is necessary to conclude the
presence of this PI.

In contrast to accumulating knowledge concerning PI3K
in P. yezoensis, little is known about the contribution of
other factors involved in PI signalling during the formation
of cell polarity in monospores. The aim of this study was to
access the function of Ca®' influx, PLC, DGK, IP3R, and
PLD during the establishment and maintenance of cell
polarity in monospores from P. yezoensis. All experiments
were conducted with pharmacological reagents, namely,
inhibitors of PLC, PLD, DGK, and Ca®' influx, and the
effects were examined by the observation of migration and
the development of monospores, the subcellular distribution
of F-actin, and cell wall synthesis. Here, evidence is
presented of the involvement of Ca’* influx, PLC, DGK,
and IP3R-like protein in the establishment of cell polarity
and of PLD in polarity maintenance. It is also shown that
light regulates the establishment of cell polarity. These
results will help enhance our understanding of the role of
the PI signalling system in the formation of cell polarity in
plants.

Materials and methods
Plant material

Gametophytic blades and monospores of P. yezoensis strain
TU-1 were used in the present study. The cultivation of
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blades and the collection of monospores were performed as
described by Li et al. (2008).

Pharmacological studies

Pharmacological reagents were dissolved in DMSO to
create stock solutions of 10 mM U73122 (Sigma, St Louis,
USA), 5 mM U73343 (Sigma), 100 mM 2-aminoethyl
diphenyl borate (2-APB; Sigma), 10 mM calcium ionophore
A23187 (Sigma), and 30 mM R59022 (Calbiochem, USA).
LaCL; (Sigma) was dissolved in deionized water (DW) to
create a 1 M stock solution. EGTA (Dojindo Laboratories,
Japan) was dissolved in enriched sea life (ESL) to create
a 0.5 M stock solution and it was adjusted to pH 8.0 with
NaOH. Dilution of 1-butanol and ¢-butanol (Wako Pure
Chemical Industries, Japan) 0.05-0.4% (v/v) were freshly
prepared by resolving in ESL medium. They were then
added to the ESL medium to treat monospores at working
concentrations, which were created by the dilution of stock
solutions in which the concentrations of DMSO and DW
did not exceed 0.5% and 0.04%, respectively. At the same
time, appropriate control experiments were performed with
DMSO or DW at concentrations corresponding to the
maximum volume of the reagents.

Staining of F-actin

In order to study the organization of F-actin in mono-
spores, F-actin was stained using Alexa Fluor phalloidin
488 (Molecular Probes, Eugene, Oregon, USA) according to
the protocol described by Li et al (2008). Since most
monospores treated with pharmacological reagents cannot
adhere tightly to cover glasses, they were rinsed only once in
PBS and then mounted on a slide with 4% n-propyl gallate
resolved in 90% glycerol and 10% PBS. The stained F-actin
was observed using a Leica DM 5000 B fluorescence
microscope equipped with a Leica DFC 300 FX camera.
All images were obtained using a X100 oil immersion
objective with filter set L5 (excitation at 480/40 nm and
emission at 527/30 nm; Medical Agent Co., Japan) for
Alexa Fluor 488 phalloidin. Photomicrographs were taken
using the Leica DFC 300 FX camera system and images
were collected and processed using the Adobe Photoshop
7.0 software package.

Staining of renascent cell wall

Fluorescent Brightener 28 (0.01%; Sigma) was obtained by
resolving in sea life and filtering with a 0.2 um millipore
filter (Whatman, Germany); it was then stored at 4 °C in the
dark until use. Renascent cell wall existing in monospores
treated with the various pharmacological reagents was
stained directly. The incubation medium was replaced by
0.01% Fluorescent Brightener 28, and then cover glasses
were mounted on a slide glass. Cell wall was observed using
a Leica DM 5000 B fluorescence microscope equipped with
a Leica DFC 300 FX camera. All images were obtained
using a x40 objective with filter set A (excitation at 340-380
nm and emission at 425 nm; Medical Agent Co., Japan) for

Fluorescent Brightener 28. Photomicrographs were pro-
cessed as described above.

Results

Calcium influx is critical for the initiation of monospore
early development

As previously reported (Li et al, 2008), migration of
monospores required the pre-establishment of cell polarity
for the asymmetrical localization of F-actin on the front side
of migrating cells (Fig. 1Aa); this followed the synthesis of
renascent cell wall during migration (Fig. 1Ab). The factors
involved in the formation of cell polarity in monospores, as
judged by the localization of F-actin and cell wall synthesis,
are investigated further here. It was evident when F-actin was
observed that treatment with phalloidin had resulted in
monospore frangibility and a change in colour of the red
chloroplasts to pale or green; the monospores were weakened
to the extent that they could not bear the weight of the cover
glass. In addition, crushing of the monospores into a flat
shape by the weight of the cover-glass sometimes produced
autofluorescence from the chloroplasts. However, phalloidin
treatment itself did not affect the organization of F-actin and
the images of F-actin that correctly exhibited the effect of the
inhibitors used in this study. Fluorescent Brightener 28
treatment for the visualization of the cell wall did not create
such a problem.

It is well known that Ca®* influx is essential for the
migration of leukocytes, fibroblasts, and macrophages
(Mandeville et al., 1995; Yang and Huang, 2005; Evans
and Falke, 2007), which led us to investigate whether such
influx is also involved in cell polarity formation in mono-
spores. As a result, monospores treated with 1 mM EGTA
for 3 h presented symmetrical distribution of F-actin (Fig.
1Ba) and a lack of a renascent cell wall (Fig. 1BbD).
Moreover, this occurred in a dose-dependent manner; that
is, when the EGTA concentration was increased from 0.1 to
1 mM, the rate of migrating monospores and the formation
of germlings decreased (Fig. 1Ca,c). This inhibitory effect
was suppressed by removing the EGTA (data not shown).

Next, to examine the effect of a channel-mediated Ca>*
influx, the inorganic Ca®* channel blocker La** was applied
to freshly released monospores. When monospores were
treated with 100 pM LaCl;, the F-actin was symmetrically
localized (Fig. 1Bc) and these cells remained cell wall-free
(Fig. 1Bd). Moreover, as shown in Fig. 1Cb and d, the rate
of monospore migration and the formation of germlings
also decreased in a dose-dependent manner.

These results indicate that the inhibition of Ca>" channel
activity prevent the asymmetrical distribution of F-actin,
monospore migration, and germling formation. Thus, it is
concluded that Ca’" influx mediated by Ca®* permeable
channels and the resultant increase in [Ca**]., are in-
dispensable for the establishment of cell polarity in mono-
spores and for subsequent migration and development. The
importance of Ca®* influx on the early development of
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Fig. 1. Calcium influx plays an important role in the establishment
of cell polarity in monospores. (A) The polarized F-actin and
renascent cell wall synthesis in monospores incubated in ESL for
3 h after release from the gametophyte. The polarized F-actin
accumulated in the front of the migrating monospores (a) and the
renascent cell wall synthesis in migrating monospores (b). The
arrow in (a) indicates the direction of migration of the monospore.
Left and right photographs in each panel show bright-field and
fluorescent images, respectively. Scale bars=5 pm. (B) Effects of
calcium chelator (EGTA) and calcium channel blocker (LaCls) on
the F-actin organization and renascent cell wall synthesis. Freshly
released monospores incubated with 1 mM EGTA (a, b) and 100
uM LaClg (c, d) for 3 h, which indicate the symmetrical
organization of F-actin (a, ¢) and no renascent cell wall synthesis
(b, d). Upper and lower photographs in each panel show bright-
field and fluorescent images, respectively. Scale bars=5 pum. (C)
Dose-dependent inhibition of the motility and development of
monospores by calcium chelator and channel blocker. Freshly
released monospores incubated with an increasing concentration
of EGTA (a, ¢) and LaCl3 (b, d) for 3 h (a, b) and 24 h (c, d).
Columns and vertical bars represent the mean and SD, respec-
tively (n=3).

monospores was supported by an acceleration of migration
when monospores were treated with 1 pM calcium iono-
phore A23187 (Table 1).

Table 1. Acceleration of monospore migration by calcium iono-
phore A23187

Freshly released monospores were treated with or without calcium
ionophore A23187, and then the migrating and spherical mono-
spores were counted at 1 h, 2 h, and 3 h after incubation. Three
replicate experiments performed with more than 50 monospores
independently.

Percentage of migrating monospores (%)?

1h 2h 3h
ESL 24.5x3.7 56.1+2.3 84.2+2.4
A23187 (1 pM) 61.9x0.9 71.7£3.2 80.1£3.0

@ Values indicate mean=+SD.

PLC is critical for the establishment of cell polarity in
monospores

Since the activity of PLC depends on [Caz+]cyt in eukaryotic
cells (Staxén et al, 1999; Pan et al, 2005), the effects of
U73122, a specific inhibitor of PLC (Smith et al., 1990), were
tested on motility and germling formation in freshly released
monospores. In the presence of U73122, monospores did not
start moving or develop into germlings at concentrations
ranging from 10 nM to 1 uM (Fig. 2Aa, b), concentrations
that are much lower than those used in studies of other
higher plants and animals (10-100 uM). Figure 2B shows
that F-actin distributed symmetrically after incubation with 1
puM U73122 for 3 h and 8 h (Fig. 2Ba, c¢), and, moreover, no
cell wall was observed in these cells after 24 h incubation
(Fig. 2Be). The effects of U73122 were not reversible at either
1 uM or 0.1 uM after washing (data not shown). By contrast,
the inactive analogue U73343 showed no effect on motility or
further development of the freshly released monospores at 1
uM (Fig. 2Aa, b). In this case, monospores started to move
and form germlings normally, with polarized F-actin ob-
served at the leading edge of the migrating monospores (Fig.
2Bb) and at the bottom of 1-celled germlings (Fig. 2Bd).
Moreover, a thick renascent cell wall was found in germlings
after 24 h incubation with U73343 (Fig. 2Bf). These results
indicate that PLC is involved in the establishment of cell
polarity to direct the asymmetrical localization of F-action
and the subsequent migration of monospores.

Metabolites of Ptdins(4,5)P» play crucial roles in the
establishment of cell polarity in monospores

PLC hydrolyses PtdIns(4,5)P, into two second messengers,
IP3 and DG (Katan, 1998). Since it was recently shown that
IP3R exists in green algae (Wheeler and Brownlee, 2008), it
was also examined whether IP3R-like activity is required for
the early development of monospores using an IP3R
antagonist, 2-APB, which inhibits IP3R activity on the ER
membrane in animal cells (Maruyama et al, 1997). Treat-
ment of monospores with 2-APB prevented the migration of
monospores but no difference was observed with a concentra-
tion ranging from 5 uM to 20 uM (Fig. 3Aa). In addition,
inhibition of germling development was observed in a dose-
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Fig. 2. Involvement of PLC activity in the establishment of cell polarity in monospores. (A) Effects of PLC inhibitor on the motility and
development of monospores. Freshly released monospores incubated with an increasing concentration of U73122 from 0.1 nM to 1 pM
and 1 pM U73343 for 3 h (a) and 24 h (b). Columns and vertical bars represent the mean and SD, respectively (n=3). (B) Effects of PLC
inhibitor on the F-actin organization and renascent cell wall synthesis. Freshly released monospores incubated with 1 uM U73122 (a, c,
e)and 1 uM U73343 (b, d, f) for 3 h (a, b), 8 h (c, d), and 24 h (e, f). The organization of F-actin in U73122 and U73343 treated
monospores are indicated in (a, ¢) and (b, d). Renascent cell wall synthesis in U73122 and U73343 treated monospores are indicated in
(e) and (f). Arrow in (b) indicates the direction of migration of the monospore. Left and right photographs in each panel show bright-field

and fluorescent images, respectively. Scale bars=5 pum.

dependent manner (Fig. 3Ab). When freshly released mono-
spores were treated with 20 uM 2-APB for 3 h, symmetrical
distribution of F-actin and cell wall-free monospores were
observed in erratic monospores without amoeboid movement
(Fig. 3Ac, d). After 24 h incubation, monospores returned to
a spherical shape or remained grotesque until death (data not
shown). These effects were recovered following 2-APB re-
moval (data not shown). However, since specificity of 2-APB
for IP3R is not high, further experiments are needed to
confirm the presence of IP3R in P. yezoensis.

The other second messenger that DG produces through
DGK in plants is PA (Meijer and Munnik, 2003). Since PA
is a main second messenger in plants, the role of DGK in
the polarity formation of monospores was tested using
R59022, a DGK inhibitor, at an increasing concentration of
1 uM to 15 uM. Treatment of freshly released monospores
with R59022 inhibited migration and germling formation in

a dose-dependent manner (Fig. 3Ba, b). Symmetrical
distribution of F-actin and inhibition of cell wall synthesis
were also observed in monospores treated with 15 uM
R59022 for 3 h (Fig. 3Bc, d). These effects of R59022 were
completely removed by washing (data not shown).

From these results indicating the disruption of F-actin
asymmetry and a decrease in germling formation by both 2-
APB and R59022, it is possible to suggest that IP3R-like
protein and DGK are involved in the establishment of cell
polarity in monospores, consistent with the effects of PLC
shown in Fig. 2.

PLD participates in the maintenance of cell polarity in
monospores

The effects of R59022 indicate the importance of PA in
polarity establishment in monospores (Fig. 3Ba, b). Since PA
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Fig. 3. Involvement of Ptdins(4,5)P, metabolites in the establishment of cell polarity in monospores. (

A) Effects of 2-APB on the motility

and development of monospores. Freshly released monospores incubated with an increasing concentrahon of 2-APB for 3 h (a) and 24
h (b). Columns and vertical bars represent the mean and SD, respectively (n=3). The organization of F-actin and renascent cell wall
synthesis in 20 uM 2-APB treated monospores are indicated in (c) and (d), respectively. Upper and lower photographs in each panel
show bright-field and fluorescent images, respectively. Scale bars=5 um. (B) Effects of R59022 on the motility and development of
monospores. Freshly released monospores incubated with an increasing concentration of R59022 for 3 h (a) and 24 h (b). Columns and
vertical bars represent the mean and SD, respectively (n=3). The organization of F-actin and renascent cell wall synthesis in 15 uM
R59022 treated monospores are indicated in (c) and (d), respectively. Upper and lower photographs in each panel show bright-field and

fluorescent images, respectively. Scale bars=5 pm.

is also produced by PLD from PC (Munnik, 2001), it was
examined if PLD-dependent PA production is required for
the formation of cell polarity in monospores. When mono-
spores were treated with 1-butanol at an increasing concen-
tration from 0.05% to 0.4% (v/v), the rate of migration and
germling formation decreased in a dose-dependent manner
(Fig. 4Aa, b). Moreover, in monospores treated with 0.4%
I-butanol for 3 h, F-actin was asymmetrically localized
(Fig. 4Ba); however, cells presented as a round shape without
a cell wall (Fig. 4Bc). On the other hand, 8 h treatment of
monospores resulted in symmetrically distributed F-actin and
no cell wall (Fig. 4Be, g). Incubation with 0.4% 1-butanol did
not kill monospores even after 24 h incubation and the
inhibitory effect of 1-butanol was recovered after washout
with ESL (data not shown). By contrast, monospores treated
with 0.4% t-butanol were able to migrate normally and form
germlings (Fig. 4Aa,b); after 3 h treatment, monospores

migrated with polarized F-actin and a renascent cell wall
(Fig. 4Bb, d), while 8 h treatment resulted in adhesion to the
substrate and the development of germlings with an accumu-
lation of F-actin in the bottom and also with a thick cell wall
(Fig. 4Bf, h). From these results, since inhibition of PLD
activity did not disrupt the formation of F-actin asymmetry
but prevented its maintenance, it was concluded that PLD
participates in the maintenance, but not in the establishment,
of cell polarity during the early development of monospores.

Light triggers the regulatory system of cell polarity
establishment

In Fucoid zygotes, the direction of light influences the
establishment of the cell axis, as rhizoids grow away from
light (Kropf, 1992; Brownlee et al, 2001). However, sperm
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Fig. 4. PLD participates in the maintenance of cell polarity in monospores. (A) Effects of PLD inhibitor on the motility and development of
monospores. Freshly released monospores incubated with an increasing concentration of 0.05-0.4% 1-butanol and 0.4% t-butanol for
3 h (a) and 24 h (b). Columns and vertical bars represent the mean and SD, respectively (n=3). (B) Effects of PLD inhibitor on the F-actin
organization and renascent cell wall formation. Freshly released monospores incubated with 0.4% 1-butanal (g, ¢, €, g) and its analogue
t-butanol (b, d, f, h) for 3 h (a—d) and 8 h (e-h). The organization of F-actin in 1-butanol and t-butanol treated monospores are indicated in
(a, e) and (b, f). Renascent cell wall synthesis in 1-butanol and t-butanol treated monospores are indicated in (c, g) and (d, h). Left and
right photographs in each panel show bright-field and fluorescent images, respectively. Scale bars=5 um.

entry triggers a default axis formation in darkness with an
F-actin patch, adhesive secretion, and rhizoid outgrowth
found at the position of sperm entrance, although the
default axis is overridden by the unilateral light (Henderson
et al., 1998; Hable and Kropf, 2000). Thus, establishment of
cell polarity in Fucoid zygotes is initiated under both dark
and light. Based on these findings, it was next examined
whether the presence and direction of light is also required
for the formation of cell polarity in P. yezoensis mono-
spores.

As shown in Fig. SA and B, it was found that migration
was prevented in dark-treated monospores in which F-actin

was symmetrically distributed and the cell wall was not
synthesized. Such effects of darkness were recovered by
irradiation with light (data not shown). Moreover, when
monospores were irradiated with unilateral light, the
directions of migration and light were not correlated (data
not shown), indicating that migration and the early de-
velopment of germlings do not depend on the direction of
light. Thus, the regulatory mechanism to establish cell
polarity in monospores is different from that of Fucoid
zygotes.

Next, the involvement of photosynthetic activity in
polarity formation was examined using DCMU, an
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DCMU

Dark+A23187

inhibitor of electron transport on the acceptor side of
photosystem II (PSIT). When monospores were treated with
100 uM DCMU for 3 h, F-actin was symmetrically
distributed in these cells (Fig. 5C). In addition, cell wall
synthesis was prevented (Fig. 5D). It was therefore con-
cluded that light triggers the establishment of cell polarity
via photosynthetic activity based on the inhibition of F-
actin asymmetry and migration by DCMU. This hypothesis
is supported by the polarized accumulation of F-actin and
renascent cell wall in monospores treated with 1 puM
calcium ionophore A23187 in the absence of light irradia-
tion for 3 h (Fig. SE, F), indicating that the increase in
[Ca**]ey via Ca* influx activates PLC and PLD signalling
cascades even in the dark.

Discussion

The data presented above reveal that Ca’" influx, the PI
signalling system, and light are essential for the establish-
ment and maintenance of cell polarity during the early
development of monospores from the marine red alga P.
yezoensis. The formation of cell polarity in directional cell
migration or chemotaxis has been extensively studied in
mammalian leukocytes and Dictyostelium cells (Affolter and
Weijer, 2005; Bagorda et al, 2006), indicating the impor-
tance of signalling systems involving phosphatidylinositol
kinases and phospholipases (Harris et al, 2008; Kolsch
et al., 2008). In plants, however, knowledge about the
importance of the PI signalling system in cell polarity is
restricted to tip growth of pollen tubes, root hairs, and
rhizoids (Gardiner et al., 2003; Helling et al., 2006; Peters
et al., 2007). Our findings on migrating monospores using
pharmacological inhibitors therefore provide new evidence
of the critical roles of PI signalling in cell polarity formation
in plants. Based on our findings, together with the in-
volvement of light in the establishment of cell polarity (Fig.
5), it is hypothesized that light triggers the activation of
Ca”" permeable channels and/or PI3K, which follows PLC
activation to establish the cell polarity required for the
asymmetrical distribution of F-actin and PLD activation
for the maintenance of cell polarity (Fig. 6). Similar

D E F

v
) %‘

Fig. 5. Effects of light illumination on the early development of monospores. The organization of F-actin (A, C, E) and renascent cell wall
synthesis (B, D, F) in monospores incubated in darkness (A, B), with 100 uM DCMU (C, D) and with 1 uM calcium ionophore A23187 in
darkness (E, F) for 3 h are indicated. Upper and lower photographs in each panel show bright-field and fluorescent images, respectively.
Scale bars=5 pm.

functional diversity between PLC and PLD in polarity
formation has recently been found in zygotes of a brown
alga Silvetia compressa, in which inhibition of PLC signal-
ling by R59022 disrupted polarization and the subsequent
polar growth, including germination and cell division, with
the formation of microtubule arrays, whereas inhibition of
PLD with 1-butanol only affected cell division during polar
growth (Peters et al., 2008).

It has been demonstrated that Ca®* influx leads to
migration with an asymmetrical distribution of F-actin and
synthesis of the cell wall in monospores (Fig. 1), both of
which are critical for the formation of cell polarity and the
development of monospores. Involvement of Ca®* influx in
cell migration has also been observed in leukocytes and
macrophages (Evans and Falke, 2007; Oh-hora and Rao,
2008). Similarly, the importance of Ca®' influx in the
establishment of cell polarity has also been demonstrated in
Fucoid embryos (Robinson and Cone, 1980; Roberts et al.,
1993; Taylor et al., 1996), and an extracellular Ca*" influx is
considered to play an important role in the regulation of
germination and tip-growth pollen tube cells in land plants
(Rathore et al., 1991; Pierson et al., 1994; Holdaway-Clarke
and Hepler, 2003). Alternatively, there was evidence that
transcellular ion currents, characterized by delocalized
influx and efflux of ions including Ca®*, play a central role
in the establishment of cell polarity via the generation of
cytoplasmic ion gradients in Fucoid zygotes, in which the
gradient is high at the site of Ca?" influx (Kropf, 1992;
Homblé and Léonetti, 2007). Although Ca®* channel blocker
experiments suggest the existence of Ca®* channels in
P. yezoensis (Fig. 1), the nature of the Ca®* channel re-
sponsible for the extracellular Ca>" influx is still unclear.

PLC is involved in chemotaxis in T cells via an increase in

a®* from intracellular stores by IP3R (Bach et al., 2007).
In addition, during cAMP-dependent chemotaxis in Dic-
tyostelium cells, PLC is thought to control the concentration
of PtdIns(4,5)P, that is phosphorylated by PI3K to produce
PtdIns(3,4,5)P3, which is involved in chemotaxis (Kortholt
et al, 2007). Thus, PLC has two different roles: the
regulation of Ca?"-dependent downstream signalling via
IP3R and the determination of the PtdIns(4,5)P, concentra-
tion involved in the activation of PI3K signalling. Since
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Fig. 6. Proposed model of the relationship between the Pl signalling system and formation of cell polarity in monospores. Ptdins(4)P
produced by Pl4K from Ptdins is phosphorylated by PIPK to generate Ptdins(4,5)P,. Ptdins(4,5)P, can be hydrolysed by PLC to generate
the second messengers IP3 and DG. IP3 then binds IP3R, which results in the release of Ca®* from the cytoplasm. The inhibition of PLC,
DGK, and IP3R in addition to Ca®* influx prevents the establishment of cell polarity. The catalysis of PLC and PI3K depends on Ca?*
influx, which is triggered by light irradiation. DG is converted to PA by DGK. PA is also produced from PC by PLD. PA activates PIPK to
produce Ptdins(4,5)P, as a precursor of the substrate of PLC and Ptdins(4,5)P, activates PLD which hydrolyses PC to produce PA.
According to the function of PLD, the positive regulatory circuit indicated by the box drawn with a dashed line is proposed for the
maintenance of cell polarity. Pharmacological reagents and their actions are indicated by red characters and bars.

PtdIns(3,4,5)P5 recruits factors as PLD activators such as
Rho and Arf (ADP-ribosylation factor)-GTPases and PKC
(Henage et al., 2006), it is possible that there is a PI3K-PLD
cascade for regulating chemotaxis, which is indirectly
activated by PLC via control of the PI3K substrate
concentration. In monospores, the importance of PLC in
the establishment of cell polarity is demonstrated, while
PLD maintains polarity during migration (Figs 2, 4). Since
PI3K activity regulates the establishment of cell polarity in
monospores (Li ez al, 2008), it is possible that PLD acts
downstream of the relationship between PLC and PI3K
(Fig. 6).

Although the function of PLD in polarity determination
is not fully understood, inhibition of PLD resulted in a rapid
decrease in PtdIns(4,5)P, synthesis, and, thereby, defects
in actin-based motility in Dictyostelium cells (Zouwalil
et al., 2005). In addition, PLD activity has been shown to
regulate microtubule organization for cell polarity determi-
nation in Fucoid zygotes (Peters et al., 2007). PtdIns(4,5)P,-
dependent PLD activity is also involved in the tip growth of
pollen tubes (Potocky et al, 2003). These findings suggest
that PtdIns(4,5)P,-dependent activation of PLD is impor-
tant for cell polarity. PLD catalyses the production of PA
from PC (Oude Weernink et al, 2007), while PA is also
produced from DG by GDK (Munnik, 2001; Meijer and
Munnik, 2003). It is notable that PtdIns(4,5)P, synthesis is

catalysed by PIPK, the activity of which is positively
regulated by PA produced by both DGK and PLD (Moritz
et al, 1992; Jenkins et al, 1994; Jones et al., 2000).
Therefore, a positive regulatory circuit consisting of PA,
PIPK, PtdIns(4,5)P,, and PLD is hypothesized for the
maintenance of cell polarity in monospores (Fig. 6), the
trigger of which is proposed to be PA produced by DGK
according to the effect of the DGK inhibitor (Fig. 3). To
confirm this hypothesis, it is necessary to analyse both PA-
dependent activation of PIPK and PtdIns(4,5)P,-dependent
activation of PLD in the maintenance of cell polarity in P.
yezoensis cells.

The presence and nature of IP3R, which acts as an IP3-
dependent Ca®* channel on vacuolar and/or ER mem-
branes, have yet to be determined in land plants. To date,
numerous physiological findings have indicated the func-
tional significance of IP3 in pollen tube elongation, stomatal
closure, and responses to a number of environmental
stimuli in many species (Gilroy et al, 1990; Franklin-Tong
et al., 1996; Krinke et al., 2007), which strongly led us to
propose the presence of IP3R in plants. However, no IP3R
genes bearing a homology to animal genes have so far been
found in the genomes of Arabidopsis thaliana, rice, and
Physcomitrella patens. Moreover, since the importance of
inositol hexakisphosphate (IP6) over IP3 has been demon-
strated in guard cells (Lemtiri-Chlieh et al, 2003), it is
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possible that a structurally novel IP6 receptor rather than
IP3R is functional in plants. In contrast to land plants,
IP3R homologues have been identified in green algae
Chlamydomonas reinhardtii and Volvox carterii, suggesting
the loss of IP3R by land plants when they diverged
(Wheeler and Brownlee, 2008). Therefore, it is possible that
red algae also have orthotic IP3R, since green and red algae
originated from the same single ancestor (Palmer, 2000;
McFadden and van Dooren, 2004). Indeed, our results
suggest the presence of IP3R-like protein in P. yezoensis
cells (Fig. 3). Thus, identification of IP3R in P. yezoensis
will be of further importance in understanding the PI
signalling system in red algae.

Finally, although the involvement of light in the estab-
lishment of cell polarity in monospores has been demon-
strated (Fig. 5), it remains unclear how PSII activity
controls PI3K and/or Ca®* channels. It is generally accepted
that light stimulates an influx of ions such as Ca**, K*, and
H" (Takagi and Nagai, 1988; Spalding and Goldsmith,
1993; Zivanovié et al., 2005, 2007). The significance of Ca>*
influx and photosynthetic activity in the establishment of
cell polarity in monospores is observed here (Figs 1, 5);
however, the relationship between the two remains largely
unexplored. In maize leaves, the influx of K* and H" is
largely photosynthesis-dependent because of inhibition by
DCMU, whereas Ca®* uptake is stimulated by red light
rather than photosynthetic activity (Zivanovié et al., 2005,
2007). Although red light-inducible Ca®* influx has been
observed in many other plant species such as oat, moss, and
green alga (Ermolayeva et al., 1997; Johannes et al., 1997,
Chae et al., 1990; Dreyer and Weisenseel, 1979), blue light
also stimulates Ca®* influx in maize leaves (Zivanovi¢ et al.,
2005, 2007). Thus, it appears that light-inducible Ca®*
influx is mediated by non-photosynthetic machinery via
photoreceptors in plants. In the present study, since Ca**
influx was not monitored, it is unclear whether DCMU has
an inhibitory effect on Ca”" influx in monospores. Moni-
toring the changes in [Ca2+]cyt by light is therefore necessary
to determine the relationship between PSII activity and
Ca?" influx. Moreover, elucidation of the effects of red and
blue light on the increase in [Ca”]cyt and the formation of
cell polarity in monospores should also be addressed to
understand further how light regulates the initiation of
monospore development. Since it has already been de-
termined that translational activity is not required for the
establishment of cell polarity in monospores (Li et al,
2008), it is possible that the targets of light are pre-existing
PLC, PI3K, and/or Ca** channels.

In conclusion, this study demonstrates the pivotal func-
tion of Ca®* influx and PI signalling during the formation
of cell polarity in monospores from P. yezoensis. In the light
of our findings and the related literature, it appears that the
mechanisms mediating the formation of cell polarity in
migrating eukaryotic cells converge into a common PI
signalling pathway. However, important questions about
the presence of PtdIns(3,4,5)P; and IP3R in P. yezoensis
cells remain to be determined. Further study using both
physiological and molecular biological approaches should

reveal whether the PI signalling systems required for
migration are in fact conserved in migrating eukaryotic
cells.
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