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Abstract
Polarity is a fundamental cell property essential for differentiation,
proliferation and morphogenesis in unicellular and multicellular
organisms. It is well known that polarized distribution of F-actin is
important in providing the driving force for directional migration in
mammalian leukocytes and Dictyostelium cells. Phosphoinositide (PI)
signaling, including phosphatidylinositol kinases and phospholipases, is
also critical for the formation of cell polarity in these cells. A monospore
from the marine red alga Porphyra yezoensis is well known as a
migrating plant cell and thus is a unique and useful material for
investigating polarity determination in plant cells. As in leukocytes and
Dictyostelium cells, monospore migration requires asymmetrical
distribution of F-actin, whose establishment is regulated by the
phosphatidylinositol 3-kinase and phospholipase C, whereas
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phospholipase D is involved in the maintenance of F-actin distribution.
These findings indicate that the regulation of F-actin asymmetry by PI
signaling cascades is evolutionarily conserved in terms of the
establishment of cell polarity in migrating eukaryotic cells.

Introduction
The initial establishment of cell polarity, exhibited as asymmetrical cell
division and directional migration, depends on asymmetrical cues that lead to
reorganization of the cytoskeleton and polarized distribution of cortical
proteins and membrane lipids (Iglesias and Devreotes, 2008; Janetopoulos and
Firtel, 2008). When Dictyostelium cells and leukocytes respond to external
stimuli such as cAMP and cytokines, cells in the axialized form can rapidly
change their body shape along with the formation of cell polarity in response
to the chemoattractant, following the rapid formation of a leading edge on the
side of the cell exposed to the highest concentration of the chemoattractant
with a trailing edge appearing on the opposite side (Iglesias and Devreotes,
2008; Janetopoulos and Firtel, 2008). Formation of the leading edge occurs in
parallel with the polarized localization of F-actin, whereas assembled myosin
II is enriched at the trailing edge. Thus, the polarized distribution of
cytoskeletal components provides the driving and contractile forces required
for directional cell migration during chemotaxis. Involvement of the
cytoskeleton in the establishment of cell polarity has also been reported in
land plants (Staiger, 2000; Hepler et al., 2001; Smith, 2003). F-actin and
microtubules (MTs) have also been shown to play important roles in the
establishment of polarity during tip growth of pollen tubes and root hairs (Fu
et al., 2001; Sieberer et al., 2005). These findings show that the polarized
accumulation of cytoskeletal elements, particularly F-actin, is important for
the establishment of cell polarity in both animals and land plants.
The marine red alga Porphyra yezoensis has been proposed as a model
marine plant for physiological and genetic studies in seaweed because of its
biological and economic importance (Saga and Kitade, 2002). The life cycle
of P. yezoensis is characterized as a heteromorphic haplodiploid type, in
which the haploid and diploid phases are large leafy gametophyte and
microscopic filamentous sporophyte, conchocelis, respectively (Klinger, 1993;
Coelho et al., 2007). In addition to the sexual life cycle, P. yezoensis can
propagate asexually using monospores, which are produced in the marginal
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region of gametophytic blades (see Figure 1). It is noteworthy that the
monospore is an example of a moving plant cell (Pickett-Heaps et al., 2001;
Ackland et al., 2007); therefore, these cells have been employed to elucidate
the regulatory mechanisms in the establishment of cell polarity required for
cell migration in plant cells (Li et al., 2008; Li et al., 2009). This chapter will
highlight the involvement of asymmetrical distribution of F-actin and
phosphoinositide signaling in the formation of cell polarity required for
monospore migration.

Figure 1. Discharge and movement of monospores from a gametophytic blade of P.
yezoensis. (A) Leafy gametophyte of laboratory cultured P. yezoensis (strain TU-1);
the image below shows a transverse section of a single layered gametophyte. Scale bar
= 10 μm. (B) Release of monospores from the marginal region of a gametophyte. Scale
bar = 50 μm. (C) Sequential images of monospore migration after release. Monospores
usually showed directional migration (a-d, h-j); however, a change in the direction of
polarized migration was sometimes observed (e -g). Eight minutes elapsed from panels
a- j. Scale bar = 15 μm

208

Koji Mikami

Asymmetrical Distribution of F-Actin in
Migrating Monospores
Gametophytes of P. yezoensis are flat sheets composed of one layer of
cells (Figure 1A). From the edge of these flat sheets, monospores are released
as round somatic cells (Figure 1B). Because of the lack of a flagellum,
retractile and amoeboid migration of monospores is found in cells that have
undergone morphological change, exhibiting a tapered tail after release
(Figure 1C). Pharmacological studies have shown that motility of monospores
was completely inhibited by the disruption of local F-actin accumulation by
Cyt B and Lat B. This indicates that generating the force for directed
migration is dependent on the organization of F-actin in monospores (Li et al.,
2008). These findings are similar to those in the red alga P. pulchella
(Ackland et al., 2007).

Figure 2. F-actin distribution during the early development of monospores.
F-actin was stained with Alex Flour 488 phalloidin. Upper and lower photos in each
panel show brightfield and fluorescent images, respectively. The times below the
panels indicate the time elapsed after monospore release. (A) Newly released
monospore. (B) Migrating monospore with the arrow indicating the direction of
migration. (C) Adhering monospore. (D) Elongating monospore. (E) First asymmetric
cell division. Scale bar = 5 μm.

Staining the cells with Alex Flour 488 phalloidin provided evidence of the
clear relationship between F-actin accumulation and cell movement in
monospores (Li et al., 2008; Li et al., 2009). In freshly released monospores,
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actin filaments were observed as bundles in the cell (Figure 2A); however,
once the monospores moved, F-actin became densely assembled at the leading
edge (Figure 2B). Since F-actin is generally involved in cytoskeleton
arrangement, which is crucial for the establishment and maintenance of cell
polarity (Samaj et al., 2000; Jedd and Chua, 2002), localized accumulation of
F-actin at the leading edge during movement is thought to play roles in the
establishment and/or maintenance of cell polarity in monospores.
Asymmetrical localization of F-actin in monospores was also observed
after conversion of cell axis from anterior-posterior to apical-basal during
early development (Li et al., 2008). Monospores observed five hours after
release were seen to adhere to the substratum, establishing the apical-basal
axis and becoming upright by elongation of the bottom part of the cell
(Figures 1C and D). After elongation, the first asymmetric cell division
occurred perpendicular to the apical-basal axis (Figure 1E). Since F-actin
highly accumulated at the bottom of cells during these stages (Figures 2C-E),
it is thought to be necessary for germlings to grow upright, and for the
maintenance of cell axis.

Involvement of Phosphatidylinositol
Signaling in the Establishment and
Maintenance of Cell Polarity in
Monospores
Phosphoinositides (PIs) are derivatives of phosphatidylinositol (PtdIns)
and are involved in a wide variety of physiological regulation of the
cytoskeleton, vesicle trafficking, ion channels and ion pumps (Zonia and
Munnik, 2006). Many works have accumulated evidence regarding the role of
PtdIns kinases and phospholipases in the distribution of PI derivatives (e.g.,
and
phosphatidylinositol-4,5-bisphosphate
[PtdIns(4,5)P2]
phosphatidylinositol-3,4,5-trisphosphate [PtdIns(3,4,5)P3]) in migrating cells.
This section highlights the involvement of PI signaling in the formation of cell
polarity in monospores, and provides brief summaries of those in
Dictyostelium and mammalian cells.
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Phosphatidylinositol 3-Kinase (PI3K)
The response of Dictyostelium cells to chemoattractants results in he
formation of a new leading edge in which preferential activation of PI 3kinase (PI3K) to produce PtdIns(3,4,5)P3 on the side facing the
chemoattractant gradient is necessary for polarized F-actin localization and
directional movement (Janetopoulos and Firtel, 2008). In contrast,
phosphatase and Tensin homolog (PTEN) and Src homology 2 domaincontaining inositol-5-phosphatase 1 (SHIP1), both of which dephosphorylate
PtdIns(3,4,5)P3, are localized on the trailing edge where they act as negative
regulators of PI3K signaling in Dictyostelium cells and neutrophils (Funamoto
et al., 2000; Nishio et al., 2007). Localized distributions of PI3K and
PtdIns(3,4,5)P3 phosphatase therefore help cells define their polarity by
organizing polarized localization of F-actin. In plants, the importance of PI3K
was also demonstrated in polar tip growth of root hairs (Lee et al., 2008).
However, little is known about the kinds of D-3 PIs involved in tip growth.
It has recently been demonstrated that PI3K activity is required for the
establishment of cell polarity, leading to asymmetrical localization of F-actin
in migrating monospores (Li et al., 2008). Since the use of LY294002, a PI3K
inhibitor, prevented monospore migration, it was concluded that the PI3K
activity is essential for the establishment of cell polarity and asymmetric
distribution of F-actin for migration. These results are similar to those
observed in Dictyostelium cells and leukocytes.
Of the three types of PI3Ks, the type I PI3K is responsible for the
production of PtdIns(3,4,5)P3 in Dictyostelium and mammalian cells
(Funamoto et al., 2002). Although the PtdIns3P-producing type III PI3K is
found in plants (Michell, 2008), plant genomes have no gene encoding the
type I PI3K. This is consistent with the fact that PtdIns(3,4,5)P3 have not yet
been detected in any plant cell (Mueller-Roeber and Pical, 2002).
Interestingly, yeast cells, which also lack PtdIns(3,4,5)P3, can produce
PtdIns(3,4,5)P3 in a type III PI3K-dependent manner, when their PTENhomologue was inactivated by gene disruption (Mitra et al., 2004). It is still
unclear whether PtdIns(3,4,5)P3 exists and corresponds to the LY29400sensitive D3-phosphorylated PtdIns in P. yezoensis.
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Phospholipase C (PLC) Signaling Cascade
Phospholipase C (PLC) hydrolyzes PtdIns(4,5)P2 to produce two second
messengers, diacylglycerol (DG) and inositol-1,4,5-trisphoshphate (IP3).
These messengers in turn activate protein kinase C and facilitate the release of
Ca2+ from intracellular stores via the IP3 receptor (IP3R) (Berridge and Irvine,
1984). PLC is involved in chemotaxis in T cells via an increase in Ca2+ from
intracellular stores by IP3R (Bach et al., 2007). In addition, during cAMPdependent chemotaxis in Dictyostelium cells, PLC is thought to control the
concentration of PtdIns(4,5)P2 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 Ca2+-dependent downstream
signaling via IP3R, and determination of the PtdIns(4,5)P2 concentration
involved in the activation of PI3K signaling.
Li et al. (2009) have demonstrated the involvement of PLC in the
establishment of cell polarity in monospores. In the presence of U73122, a
specific inhibitor of PLC, monospores did not start moving when the
asymmetrical distribution of F-actin (Figure 3B) was inhibited. This was
further confirmed by the use of the inactive analog U73343, which did not
affect monospore motility. These results indicate that PLC is involved in the
establishment of cell polarity to direct the asymmetrical localization of the Factin of monospores.
In plants, DG produced by PLC is immediately converted by
diacylglycerol kinase (DGK) to phosphatidic acid (PA), an important second
messenger involved in various physiological processes in plant cells (Zonia
and Munnik, 2006). When the role of DGK in the polarity formation of
monospores was tested using a DGK inhibitor R59022, migration and
asymmetrical distribution of F-actin in monospores were inhibited (Figure
3C). Moreover, the requirement for IP3R-like activity in monospore migration
was examined using an IP3R antagonist, 2-APB. This antagonist inhibits IP3R
activity on the ER membrane in animal cells. In the presence of this
antagonist, both monospore migration and asymmetrical distribution of F-actin
were prevented (Figure 3D). Thus, DGK and IP3R-like protein are possibly
involved in the establishment of cell polarity in monospores (Li et al., 2009),
which is consistent with the effects of PLC. DGK involvement was also
demonstrated in polarization and polar growth of zygotes in the brown alga
Silvetia compressa (Peters et al., 2008).
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Figure 3. Effects of inhibitors on polarized F-actin accumulation during early
development of monospores.
F-actin was stained with Alex Flour 488 phalloidin after incubation with inhibitors for
3 hours and with 1-Butanol for 8 hours. Upper and lower photos in each panel show
bright and fluorescent field images, respectively. Monospores treated with chemicals
became too weak to bear the weight of the glass cover slip. Changes in the color of
chloroplasts and/or enhanced fluorescence signal from chloroplasts sometimes
occurred as the monospores were crushed by the cover slips (Li et al., 2008; Li et al.,
2009). (a) Monospore treated with 0.2 mM Cyt B, which cleaves actin filaments. (b)
Monospore treated with 25 μM Lat B, which impairs polymerization of G-actin. (c)
Monospore treated with 15 μM LY294002, which inhibits PI3K. (d) Monospore
treated with 1 μM U73122, which inhibits PLC. (e) Monospore treated with 15 μM
R59022, which inhibits DGK. (f) Monospore treated with 20 μM 2-APB, which
inhibits IP3R. (g) Monospore treated for 3 hours with 0.4% 1-Butanol, which inhibits
PLD (h) Monospore treated with 0.4% 1-Butanol for 8 hours. Scale bar = 5 μm.

In land plants, the presence and nature of IP3R, which acts as an IP3dependent Ca2+ channel on vacuolar and/or ER membranes, have yet to be
determined. Indeed, no IP3R genes bearing a homology to animal genes have
so far been found in the genomes of Arabidopsis thaliana, rice and
Physcomitrella patens. In contrast, 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). Thus, 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). Identification of IP3R in P. yezoensis will
be of further importance in understanding the PI signaling system in migrating
monospores.
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Phospholipase D (PLD)
Phospholipase D (PLD) catalyzes the production of PA from
phosphatidylcholine (PC) in a PtdIns(4,5)P2-dependent manner (Hodgkin et
al., 2000). PLD inhibition resulted in a rapid decrease in PtdIns(4,5)P2
synthesis, leading to defects in actin-based motility in Dictyostelium cells
(Zouwail et al., 2005). PLD activity has also been shown to regulate
microtubule organization for cell polarity determination in Fucoid zygotes
(Peters et al., 2007). Moreover, PtdIns(4,5)P2-dependent PLD activity is
involved in tip growth of pollen tubes (Potocký et al., 2003). These findings
suggest that the PtdIns(4,5)P2-dependent activation of PLD is important for
motility regulation.
Involvement of PLD in the formation of cell polarity has also been
demonstrated in monospores (Li et al., 2009). Treatment of monospores with
1-butanol for three hours decreased migration, whereas F-actin was
asymmetrically localized (Figure 3E). However, treatment of monospores for
eight hours with 1-butanol resulted in symmetrically distributed F-actin
without migration (Figure 3F). This observation indicates that inhibition of
PLD activity did not disrupt the formation of F-actin asymmetry but prevented
its maintenance. Thus, PLD participates in the maintenance, but not in the
establishment, of cell polarity in monospores.

Conclusion
The establishment and maintenance of cell polarity during migration of
monospores is under complex regulation. As discussed above, inhibition of the
establishment of cell polarity, as judged by the ability of F-actin to localize
asymmetrically, occurred when monospores were treated with inhibitors of
PI3K, PLC, DGK and IP3R (Figure 3). In contrast, PLD inhibition prevented
monospore migration but not asymmetrical localization of F-actin (Figure 3).
Therefore, there is functional diversity between the PLC and PLD signaling
systems in terms of the formation of cell polarity; the former being critical for
the establishment of cell polarity and the latter playing a role in the
maintenance of established cell polarity (Figure 4). Recently, it has been
demonstrated that Ca2+ influx is indispensable for asymmetric localization of
F-actin and migration in monospores (Li et al., 2009). These results indicate
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the involvement of Ca2+-dependent activation of PI3K and PLC to establish
cell polarity (Figure 4). In light of these findings and related literature, it
appears that the mechanisms mediating the formation of cell polarity in
migrating eukaryotic cells converge into conserved PI signaling pathways.
Therefore, dissecting these molecular mechanisms could help in further
understanding the interrelationship between PI signaling and F-actin
asymmetry, which can provide new insights into the machinery regulating the
formation of cell polarity in eukaryotes.

Figure 4. A model of the involvement of PI signaling in the formation of cell polarity
in P. yezoensis monospores.
Ca2+-dependent activation of PI3K and PLC directs the establishment of the anteriorposterior axis that leads to asymmetrical organization of F-actin, which is localized at
the leading edge, thus providing the force for migration. PLD is required for the
maintenance of established cell polarity. The anterior-posterior axis is converted to the
apical-basal axis as the cell adheres to the substratum, causing localized accumulation
of F-actin at the bottom of the monospore; this is important for the maintenance of
apical-basal polarity and succeeding polar growth.
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Further studies are needed to elucidate the function of individual PIs in
the formation of cell polarity in migrating monospores. The ability to visualize
the subcellular localization of PI-binding protein domains fused to fluorescent
proteins would be a powerful tool for understanding the physiological
importance and roles of PIs. Recently, we have developed a system for the
efficient expression of humanized fluorescent proteins in P. yezoensis cells.
This system was successfully employed in visualizing the localization of
human Pleckstrin homology domains in plasma membranes and the nuclear
localization of transcription factors (Mikami et al., 2009; Uji et al., 2009).
However, overexpression of humanized fluorescent proteins had an inhibitory
effect on the development of monospores (Mikami et al., 2009; Uji et al.,
2009), which prevented the analysis of the molecular mechanisms regulating
the development of monospores. The visualization of asymmetrical
distribution of PIs is critical for understanding how monospore migration is
regulated by PI signaling systems. Therefore, it is necessary to remove the
inhibitory effects of overexpressed fluorescent proteins on monospore
development. Such an approach could reveal how PI-regulated F-actin
asymmetry is conserved in migrating eukaryotic cells.
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