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Abstract
Signaling molecules, such as ROP/RAC GTPases and their regulators, reactive oxygen species (ROS)
and phospholipids, play pivotal roles in the control of tip growth in pollen tubes and root hairs. They
are often localized to the apical growing region of these cells, where their functions are tightly
interconnected with cytoskeletal rearrangement and polar vesicle trafficking, which participate in tip
growth as well as affect the generation and maintenance of the apical growing region. Recent
advances in our understanding of the interface between these cellular activities and signaling in tip
growth will be discussed.

Introduction
As an extreme form of polarized cell growth, tip growth is a common mode of cell expansion
and morphogenesis in eukaryotic kingdoms such as in cell shape formation and hyphal growth
in fungi and formation of root hairs and directional extension of pollen tubes in plants, and
extension of neuronal axons in animals [1–3]. Tip growth is strictly dependent on polarized
exocytosis of vesicles to the apical growth domain, which provide new plasma membrane (PM)
and cell wall precursors. The central questions about the mechanism of tip growth are how
cells generate and maintain this growth domain, how this domain is spatiotemporally regulated
by extracellular/intracellular signals that control tip growth, and how this growth domain
signals to underlying cellular machinery required for polarized exocytosis.

Root hairs and pollen tubes provide important models for addressing these questions. Studies
in these systems have revealed an increasing number of signaling molecules and emerging
pathways underlying the formation and the maintenance of the apical growth domain [4–6].
Signaling in this domain has been connected to the cytoskeleton and vesicular trafficking
required for polarized exocytosis. Evidence suggests that vesicular trafficking pathways not
only provide structural requirements for tip growth, but plays an important role in the feedback
regulation of the tip-localized signaling for the generation and the maintenance of the apical
growth domain [7,8]. These advances have lead to the formulation of the concept of LENS
(localization enhancing network, self-sustaining), which provides an important framework for
our understanding of tip growth [4]. Here, we highlight recent advances in the studies of cellular
activities, key nodes, and emerging signaling pathways in the growing tip. The current review
will emphasize how these key nodes and signaling pathways regulate central components of
the tip-growth machinery, such as cytoskeleton, vesicular trafficking, and exocytosis.
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FINE TUNING OF CELLULAR ACTIVITIES AT THE TIP
The prominent roles of cytoskeletal reorganization and dynamics, exocytosis, and endocytosis
in tip growth have been recognized. However, their spatiotemoral regulation and precise roles
in tip growth remained vague until several recent studies.

F-actin dynamics
The investigation of signaling mechanisms that control tip growth, such as ROP/Rac GTPase-
dependent signaling, have revealed the behavior and the function of apical F-actin as well as
the mechanism underlying the regulation of apical F-actin [7,9•]. These studies have identified
highly dynamic populations of F-actin localized to the apical region of the pollen tubes [7,
9•], some of which have been confirmed by using enhanced fixation techniques [10]. The
dynamic apical F-actin is regulated by ROP GTPase signaling at the tip of pollen tubes and
root hairs [7,11]. However, specific actin-binding proteins involved and their connection to
the signaling mechanisms remain largely uncharacterized. An important latest advance in this
area is a study on a new actin binding protein, ABP29, from lily pollen [9•]. ABP29 is the
villin/gelsolin/framin superfamily protein. ABP29 binds and severs F-actin filaments in the
presence of Ca2+, whereas phosphatidylinositol diphosphate (PIP2) inhibits the severing
function of ABP29, suggesting Ca2+ and PIP2 control F-actin dynamics by promoting
depolymerization and stabilization, respectively. Moreover, Ca2+ also modulates ABP29
capping activity to prevent elongation or depolymerization from the barbered ends. Transient
expression of ABP29 disrupts the actin cytoskeleton and inhibits pollen tube growth, indicating
that ABP29-mediated actin reorganization is important for tip growth. ROP signaling controls
two downstream pathways leading to actin dynamics: RIC4-mediated F-actin polymerization
and RIC3-mediated calcium promoting actin depolymerization [7]. It would be interesting to
see whether APB29 acts downstream of the RIC3-calcium pathway.

Although earlier pharmacological studies have implied the importance of the apical F-actin in
pollen tube growth [12], its precise function was unknown until analysis of tip growth signaling
mechanisms. ROP/RIC4-dependent apical F-actin has been implicated in the positive feedback
regulation of ROP/Rac signaling [8]. Recent studies suggest that the RIC4-dependent apical
F-actin promotes polar accumulation of exocytic vesicles at the tip. First, tip accumulation of
post-Golgi compartments is dependent on the apical F-actin [13••]. Second, oscillation of this
F-actin and vesicle accumulation at the tip is associated with oscillatory tip growth [13••].
Moreover, F-actin accumulation at the tip is ahead of the growth burst during oscillation [8].
Finally, overexpression of RIC4 or a constitutively active mutant of ROP1 (CA-rop1) enhanced
the accumulation of exocytic vesicles to the apical cortex of pollen tubes [13••]. All these
findings support the idea that the accumulation of exocytotic vesicles to the apex requires RIC4-
dependent tip F-actin. In addition, apical F-actin appears to be important for vesicle recycling
during tip growth. Highly motile endosomes accumulate in the apex of root hair, and disruption
of F-actin results in inhibition of the motility of these endosomes [14]. Although the basis for
F-actin action in endocytosis remains to be investigated, the cortical F-actin network may
contribute to endocytosis by pushing coated endocytic vesicles away from the PM.

Microtubules
Pharmacological studies suggest an interaction between microtubules and actin filaments in
the regulation of tip growth polarity in root hairs [15]. This is further supported by recent
genetic work from the Zheng group. They isolated a mutation that enhanced depolarization of
root hair tip growth induced by the expression of a constitutively active ROP2 mutant [16•].
ROP2 was implicated in the control of root hair tip growth at least in part through the regulation
of tip actin filaments [11]. This mutation (cae1, also designated as mrh2-3) turned out to be
within the MRH2 gene, which encodes an armadillo (ARM) domain-containing kinesin-like
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protein [17]. The mrh2-3 mutation induced a wavy root hair phenotype and caused
fragmentation and random orientation of microtubule [16•]. These results suggest a role for
MRH2 in stabilizing microtubule or maintaining microtubule orientation, which is important
for determination of orientation of root hair tip growth [16•]. Interestingly, the ARM domain-
containing MRH2 fragment binds to actin filaments, and mrh2-3 root hairs shows increased
sensitivity to LatB, suggesting that MRH2 may coordinate actin microfilaments and
microtubules during tip growth of root hairs. However the mechanism by which MRH2
coordinates these cytoskeletal elements and interact with ROP2 signaling remains to be
determined.

Exocytosis
Localized exocytosis provides materials for the expansion of the PM and the assembly of new
cell wall during tip growth. It has been proposed that ROP1 activity may play an important
role in the control of vesicle exocytosis because active ROP1 localizes to the apical region of
the pollen tube PM, where growth takes places [7]. However, the spatiotemporal activity of
exocytosis has been elusive, because of lack of methods for measuring exocytic activity in the
tip of pollen tubes or root hairs. A fluorescence recovery after photobleaching (FRAP)-based
method has recently been developed for the analysis of vesicle exocytosis in pollen tube tips
[13••]. PM localization of receptor-like kinase (RLK)-GFP is dependent on exocytosis. Thus,
exocytic activity at the photo-bleached region of the RLK-GFP containing PM can be measured
by the rate of its FRAP. This study reveals that exocytosis of the RLK-GFP tracer protein is
indeed restricted to the PM apex with a tip-high gradient, which corresponds to the gradient
of active ROP1 (Figure 1A). Moreover, CA-rop1 expression induced depolarization of
exocytosis associated with growth depolarization, whereas DN-rop1 expression inhibited
exocytosis. These results suggest ROPs are required for exocytosis and that the spatial
distribution of ROP1 activity determines the site of exocytosis. Lee et al’s study also provides
insights into the mechanism by which ROP1 regulates polarized exocytosis [13••]. It is ROP1-
dependent dynamics of the apical F-actin that is required for polarized exocytosis. ROP1/RIC4-
dependent assembly of the apical F-actin allows exocytic vesicles to accumulate at the tip,
whereas ROP1/RIC3-dependent actin depolymerization is required for the docking and/or
fusion of these vesicles. Cortical F-actin seems to act as a barrier for vesicle docking/fusion to
the target PM, as found in animal cells [18]. Indeed, RIC4 dependent cortical F-actin
polymerization inhibited vesicle docking/fusion to the PM and this inhibition was suppressed
by Latrunculin B (LatB) or RIC3 expression [13••]. Both LatB and RIC3-mediated Ca2+ influx
have been shown to disrupt tip F-actin [7]. Thus, RIC4-mediated F-actin assembly and RIC3-
mediated F-actin delpolymerization both appear to be required for RLK-GFP delivery,
suggesting that ROP1 governs exocytosis to the apical PM through regulating F-actin
dynamics.

The exocyst, an octameric protein complex, is also involved in polarized exocytosis [19]. In
animal cells, the exocyst facilitates the targeting and tethering of secretory vesicles to the PM
[20]. The latest report reveals existence of such a functional protein complex in Arabidopsis
[21••]. Chromatographic fractionation identified a high molecular mass complex containing
exocyst subunits. Immunolocalization of SEC6, SEC8, and EXO70 demonstrated that exocyst
subunits have overlapping localization patterns at the tip of pollen tubes, supporting its role in
exocytosis. Indeed, their loss of function mutants exhibited defect in pollen germination and
tube growth [21••]. Together with root hair growth defects in an Arabidopsis exo70A1 mutant
[22], these findings implicate a common function for these proteins in plant tip growth.
Interestingly, an Arabidopsis SEC3 homolog was reported to interact with a novel ROP
effector, ICR1, which raises an interesting possibility that an additional downstream pathway
may also participate in the ROP GTPase regulation of polar exocytosis by recruiting the exocyst
to the site of tip growth [23,24].
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Endocytosis
Mathematical modeling predicts a crucial role for endocytosis in cell polarity establishment in
yeast [25••], and in plants endocytosis has been shown to be critical for establishment of the
polarity of PIN localization [26]. Emerging evidence suggests that endocytosis may also be
important for the maintenance of cell polarity in pollen tubes. Using the pollen tube system,
Raikhel and colleagues identified a small molecule, endosidin1 (ES1) that altered the apical
PM localization of a ROP interacting partner 1 (RIP1) and induced growth depolarization
[27,28]. ES1 induced aggregation of PIN2, AUX1 and BRI1, but not PIN1 and PIN7, into
distinct endosomal compartments. These results not only reveal the complex endosomal sorting
pathways in plant cells, but importantly show that a specific endosomal trafficking pathway
regulates cell polarity in tip-growing cells.

Recent studies have identified two different types of endocytosis in pollen tubes [29•-31].
Endocytosis probed by negatively charged nanogold takes place along the extreme apical PM
[29•]. These particles were also observed in the lumen of vacuole-like structures but not in the
ER or Golgi bodies, suggesting this type of endocytosis may be involved in the degradation
pathway. The second endocytic pathway occurred just behind the extreme apex, which was
stained with positively charged gold particles [29•,30]. This pathway seems to be clathrin-
mediated because clathrin-coated vesicles and high density of clathrin-coated pits were found
in the region just behind the extreme apex. Cytochalasin D completely abolished this type of
PM retrieval, suggesting endocytosis in this region requires actin filaments [31]. Tracking of
fluorescent phospholipid revealed that retrieved phospholipid was redistributed to the base and
apex of pollen tube [31]. Electron microscopic analysis demonstrated that positively charged
gold particles also stain the early endosome and vesicles associated with the Golgi body
[29•]. Taken together these results suggest that this pathway may be involved in recycling of
PM materials to the apical PM. An important remaining question is which of these two types
of endocytosis are important for cell polarity in pollen tubes.

REGULATION OF DYNAMIC TIP-LOCALIZED ROP SIGNALING
As a critical regulator of tip growth, ROP1 is active in the PM apex of pollen tubes as a dynamic
apical cap [8]. During oscillatory growth, the ROP1 apical cap is highly dynamic with
maximum accumulation forming ahead of growth burst [8]. The maximum cap determines the
region of tip growth (i.e., exocytosis) [Hwang et al., unpublished]. These observations suggest
a self-organizing mechanism for the control of the activation and down-regulation of ROP1 to
generate and limit the apical cap so that its dynamics can be maintained for continuous tip
growth. Recent studies on several regulators, including guanine nucleotide exchange factor
(GEF), which activates ROP signaling by promoting GDP to GTP exchange, and GTPase-
activating protein (GAP), which promotes GTP hydrolysis, have generated some important
insights into these mechanisms [5].

A plant-specific family of ROP activators, RopGEFs, appears to be responsible for the ROP
activation during tip growth in plants [32,33]. RopGEFs are also localized to the pollen tube
tip as an apical cap [33,34••]. Understanding how RopGEFs are regulated can provide insights
into mechanisms behind the initiation of ROP activation to generate the apical cap of active
ROP1. PM-localized receptor-like kinases (RLK) may transmit an extracellular signal to ROP
GTPase through RopGEFs. Recent work from McCormick’s group suggests that a pollen RLK,
PRK2a, appears to regulate RopGEFs in the spatial control of ROP signaling [34••]. When
transiently overexpressed in tobacco pollen tubes, PRK2a and RopGEF12 apparently had a
synergistic effect, producing isotropic pollen tube growth similar to that induced by CA-rop1.
PRK2a may regulate the pollen-specific RopGEF12 by phosphorylating the C-terminal
regulatory region of RopGEF12. The kinase domain of PRK2a interacted with this region of
RopGEF12. Based on sequence alignment of pollen-specific RopGEFs, several C-terminal

Lee and Yang Page 4

Curr Opin Plant Biol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conserved serine residues were identified. The phospho-mimic S510D mutation of RopGEF12
increased its membrane localization and its induction of growth depolarization in pollen tubes.
The authors propose that the phosphorylated C-terminal region recruits RopGEF12 to the apical
PM of pollen tubes. It remains to be determined whether the C-terminal region is indeed
phosphorylated by PRK2a and whether this phosphorylation regulates RopGEF12 activity. It
will also be interesting to investigate the potential extracellular signal that activates PRK2a
and RopGEF12. Several candidate ligands for RLK have been isolated from tomato mature
pollen and stigma. One of these, a stigma cysteine-rich protein (LeSTIG1), interacts with the
extracellular domain of tomato PRKs and promotes pollen tube growth [35]. Thus STIG1 might
be a ligand for PRKs in the regulation of ROP1-dependent tip growth.

How ROP GTPases are recruited specifically to the apical PM remains to be an interesting
unanswered question. A recent study suggests that RIP1/ICR1 may play a role in recruiting
ROP1 to the pollen tube PM in addition to its potential role as a ROP1 effector [23,28]. RIP1/
ICR1 is localized to the cortex of pollen germination sites and the apical PM of pollen tubes.
Its overexpression induced pollen tube growth depolarization and enhanced GFP-ROP1
recruitment to the PM. A C-terminal polybasic motif of RIP1/ICR1, which may potentially
bind phospholipids, is required for RIP1/ICR1 localization to the PM and its function. The
precise function of this interesting ROP1-interacting protein needs further investigation.

Visualization of active ROP1 by the localization of RIC4ΔC shows that ROP1 overexpression
induces lateral expansion of the ROP1 apical cap, causing growth depolarization in pollen tubes
[8]. Thus, restricting ROP activity to a localized PM domain is required for polarized tip
growth. Two ROP negative regulators, guanine nucleotide dissociation inhibitor (GDI) and
GAP appear to be important for this process. GDI sequesters ROP in the cytosol and is
important for limiting ROP signaling to the tip in both root hairs and pollen tubes [36,37,
Hwang et al., unpublished]. GFP-tagged NtRhoGAP1 was reported to preferentially localize
to the flanks of the tip, and this localization was proposed to restrict ROP activation to the apex
of pollen tubes [38]. However, lack of growth depolarization in Arabidopsis pollen, in which
homologs of this RopGAP are knocked out, suggests that these RopGAPs do not play a primary
role in restricting ROP activity to the pollen tube tip [Hwang et al., unpublished]. A new family
of RhoGAPs in Arabidopsis pollen has been shown to play a prominent role in restricting active
ROP1 to the tube apex [39, Hwang et al., unpublished].

ROS SIGNALING IN TIP GROWTH
An important advance in the tip growth field in recent years has been the revelation of a tight
connection between reactive oxygen species (ROS) and tip-focused Ca2+ gradients in the
regulation of tip growth. Earlier studies demonstrated that ROS produced by RHD2 [40], a PM
localized NADPH oxidase, activates Ca2+ permeable channels required to generate the tip-
focused Ca2+ gradient in root hairs [41]. A recent study by Potocký also support a role for ROS
in pollen tube tip growth [42•]. ROS was found to localize to the tip of growing pollen tubes,
and NADPH oxidase (NOX) inhibitor, diphenylene iodonium chloride, inhibited ROS
formation and pollen tube growth, as did suppression of NtNOX expression. The effect of
NtNOX suppression was rescued by addition of exogenous H2O2, implying NtNOX is the
source of the tip-focused ROS formation. Exogenous CaCl2 treatment to pollen tubes resulted
in increased ROS at the tip of pollen tubes. Given the positive effect of Ca2+ on RDH2 activity
at the root hair tip [43••], increased Ca2+ probably activates pollen NOX activity in the same
manner. Taken together, these data suggest that tip accumulation of ROS is another hallmark
of tip growing cells and that NADPH oxidase-dependent ROS provides a common regulatory
mechanism for tip growth in plant cells.

Lee and Yang Page 5

Curr Opin Plant Biol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tip-localized ROS formation in root hairs is spatially regulated by a RhoGDI, hinting at a
functional link between ROP signaling and ROS production [44]. Indeed ROP may play a
pivotal role in the spatial regulation of ROS production [43••]. Cytochalasin D induced
cytoplasmic accumulation of RHD2, a NADPH oxidase. Given that ROP regulates F-actin
dynamics in tip-growing cells [7], apical F-actin might be the key regulator in RHD2 mediated
tip accumulation of ROS. This notion is further supported by the finding that RHD2
accumulated in the cytoplasm in the deformed root hairs 1 (der1) mutant, which lacks the
ACTIN2 protein [45].

In addition to spatial regulation of ROS production, ROP seems to regulate the enzyme activity
of NADPH oxidase. CA-rop2 increases ROS production in root hairs, but DN-rop2 decreases
ROS formation [46•]. The rhd2-1 loss function mutation suppressed ROS formation induced
by CA-rop2 expression in root hairs. These observations suggest that NADPH oxidase may be
a downstream target of ROP signaling. This is further supported by direct interaction between
ROP and NADPH oxidase ([47], see below). CA-rop2 stimulated swelling formation and
promoted root hair tip growth, whereas rhd2-1 root hairs were tip growth defective [46•].
Multiple swelling formation and defect in root hair tip growth in CA-rop2 rhd2-1 plants
indicate RDH2 activity is involved in tip growth but not in swelling formation. These findings
further support the idea that ROP2 acts earlier than RHD2 in root hair formation and RDH2
activity is critical for ROP2 mediated root hair tip elongation.

How might ROS production by RHD2 be mediated by ROP activity? Evidence suggests that
ROP activity regulates pollen tube growth by promoting Ca2+ influx [7]. Thus, it is possible
that ROP-mediated Ca2+ influx may promote activation of RDH2 activity, which creates a
positive feedback loop between RDH2 and the Ca2+ channel (see below).

Alternatively or additionally, ROP may directly regulate RDH2 activity. Work from Wong et
al demonstrated that OsRac1 binds to the N-terminal extension of rice NADPH oxidase in
vivo [47]. Transient coexpression of CA-OsRac1 and OsrbohB (a rice NADPH oxidase)
enhances ROS production, suggesting that Rac and Rboh interaction may activate its Rboh
activity in plants. Interestingly high Ca2+ concentration suppresses OsRac1 binding to
OsrbohB. Thus, in addition to its direct role in activity regulation of NAPDH oxidase, Ca2+

also seems to modulate NAPDH oxidase activity by regulating interaction between ROP and
NAPDH oxidase.

An interesting aspect of ROS signaling is the Ca2+ dependent regulation of RHD2 NADPH
oxidase activity. Dolan’s group recently reported that expression of a RHD2 mutant,
substitutions in conserved amino acid residues within the EF hand motif, did not complement
tip growth defects of a rhd2 knockout mutant [43••]. This implies that Ca2+ binding to the
RHD2 is required for ROS production and root hair tip growth. Moreover, Ca2+ dependent
phosphorylation of RHD2 is also involved in the regulation of its activity. Treatment with
calyculin A, a phosphatase inhibitor, stimulated ROS production by RHD2. The two Ca2+-
dependent mechanisms, Ca2+ sensing through the EF hands and phosphorylation by a Ca2+-
dependent protein kinase, synergistically activate ROS production [43••]. On the basis of these
observations, the Dolan group proposed that RHD2-mediated ROS production activates PM-
localized Ca2+ influx, which in turn promotes RHD2 activation, forming a ROS-Ca2+-ROS
positive feedback loop that rapidly establishes a tip growth site and activates root hair tip
growth. This finding is significant, because it is the first ROS-mediated positive feedback loop
shown to control cell polarity. Given a common role for Rho GTPases in the positive feedback
regulation of cell polarity in many systems [48], an important future direction is to elucidate
how ROP signaling is integrated into the ROS-Ca2+-ROS positive feedback loop in the
regulation of tip growth.
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In addition to its signaling role in mediating tip-focused Ca2+ gradients, ROS has also been
implicated in the regulation of cell wall extensibility during tip growth. Monshausen et al.
reported higher apoplastic ROS present along the root hair flanks, whereas low ROS levels
were found in the rapidly expanding region of the root hair tip [49]. Interestingly, levels of
apoplastic ROS oscillate in the same periodicity as the tip growth oscillation. Peaks of
apoplastic ROS most likely lag peaks in growth rate, suggesting increased ROS production
restrict cell expansion after a peak of elongation. Based on these findings, they proposed that
extracellular ROS promote the rigidification of the cell wall. Given the role of the tip-localized
ROS in the regulation of tip-focused calcium required for growth, it appears that there exist at
least two different pools of ROS, which are differentially regulated spatially or
spatiotemporally. Future studies should determine the mechanism behind the production of the
ROS pool involved in wall rigidity regulation and the relationship of the extracellular pool of
ROS to the intracellular pool regulating Ca2+ influx.

PHOSPHOINOSITIDE SIGNALING
By association with various signaling proteins on the cell membranes and participating in
membrane microdomain formation, phosphoinositides have been shown to be important factors
for the regulation of actin dynamics, vesicle trafficking, ion transport, and cell polarity
formation. Thus, phosphoinositides are excellent candidates for an important role in the
regulation of tip growth in plants. The first hint to a potential role for PIPs in the control of tip
growth in pollen tubes was Kost et al’s demonstration that a PIPK activity is associated with
ROPs [50]. Recent work has demonstrated their diverse roles in both root hairs and pollen
tubes (Table 1).

Phosphatidylinositol 3-phosphate (PI3P) was implicated in tip growth by a study using
transgenic plants expressing the PI3P-binding FYVE domain [51]. Probably by blocking PI3P
signaling, expression of the FYVE domain resulted in inhibition of root hair growth. In animals,
PI3P is concentrated in endosomal membranes and recruits PI3P binding proteins that regulate
endocytosis and endosomal trafficking [52]. Thus, it is speculated that PI3P is important for
vesicle recycling in tip growth process. In support of this idea, treatment with LY294002, a
phosphatidylinositol-3 kinase (PI3K) specific inhibitor, decreases ROS levels in root hairs
[51], which is consistant with a recent report that both ROS production and endocytosis are
suppressed in PI3K mutants [53]. It has also been suggested PI3P regulates actin dynamics in
guard cells [54]. Thus, cellular function for PI3P in tip growth might also be interconnected
with ROS-mediated tip focused Ca2+ gradients and F-actin dynamics.

PI4P is a precursor of the versatile signaling molecule phosphatidylinositol 4,5 diphosphate
and is known to have an important role in the Golgi compartment [55]. The activity of
phosphatidylinositol-4 kinase (PI4K), has been shown to be required for vesicle trafficking to
the PM in yeast [56]. In plants, a cellular role for PI4P in root hair tip growth was recently
demonstrated. PI4P is localized to the apical PM in growing root hairs [57•] and a knockout
mutation in PI4P phosphatase (rhd4) exhibits short, bulged, and branched root hairs. These
results suggest PI4P is involved in the regulation of tip growth polarity. However, it is unclear
whether the rhd4-1 mutant phenotype is the result of altered PI4P levels in the apical PM or
the indirect result of malfunctioning of the Golgi apparatus. Identification of PIP4 binding
proteins involved in tip growth will be important for addressing this question.

An increasing number of reports supports a link between PI4,5P2-mediated signaling pathways
and tip growth [58–61]. PI4,5P2 accumulates at the apical PM of pollen tubes and root hairs,
and local release of PI4,5P2 modulates the growth direction of pollen tubes, suggesting a role
for PI4,5P2 in tip growth [58,59]. Recently, two independent reports examined the cellular
function of PI4,5P2 in root hair tip growth [59,60]. In growing root hairs, PI(4)P-5 kinase is
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localized to the apical PM, whereas tip localization disappears in mature root hairs, suggesting
that a tight spatial and temporal regulation of PI4,5P2 may be critical for tip growth [59]. T-
DNA insertion-mediated knockdown a PI(4)P-5 kinase gene inhibits root hair tip growth,
whereas expression of a gain-of-function PI(4)P-5 kinase mutant causes thicker, curling, and
depolarized root hairs, a phenotype similar to that observed in PI4,5P2 overproducing pollen
tubes [59–61]. These results imply the importance of a proper level of PI4,5P2 in tip growth
in both root hairs and pollen tubes. In animal cells, PI4,5P2 interacts with various proteins that
affect multiple cellular processes [62]. One of the possible targets in tip growth might be actin
binding proteins [9•], but the in vivo function of these proteins in tip growth is not clear.
Consequently the precise role of PI4,5P2 in the regulation of tip growth is unknown.

One complication in elucidating the specific function of a given PIP is that manipulation of a
particular PIP by using genetic mutant or transgenic expression of a PIP-metabolizing enzyme
not only alters the level of the immediate products (and usually subsequent derivatives) but
also of the substrates. As such, it is difficult to pinpoint the substrate or the product that directly
causes the defect. For example, PIPK overexpression may increase not only PIP2 but also
subsequent products such as diacyl glycerol (DAG), and inositol 1,4,5-trisphosphate (IP3),
which have also been implicated in tip growth. In yeast and animal cells, transient activation
of a PIP-metabolizing enzyme (such as PI4,5P2 phosphatase) has been used to acutely alter
the level of PIPs, helping to obviate this problem [65]. However, identification and functional
analysis of specific PIP-binding proteins will ultimately be necessary to fully understand the
roles of specific PIPs in the regulation of tip growth.

CONCLUDING REMARKS
Studies in the past few years have generated significant progress in our understanding of
signaling mechanisms underlying tip growth. Many signaling components have been identified
and connected within pathways that connect intracellular signals to F-actin dynamics and actin-
mediated vesicular trafficking (Figure 2). Despite these substantial advances, many questions,
particularly those related to the initiation of tip growth, are yet to be answered. For example,
what are molecular mechanisms that control F-actin dynamics in tip growing cells? What are
the extrinsic or intrinsic cues that initiate tip growth? Innovative genetic screens to identify
mutants defective in tip growth will expand our understating of signaling underlying tip growth
process. Nonetheless, it is clear that more comprehensive and quantitative approaches, such as
real time quantification of signaling molecules combined with mathematical modeling of the
complex tip growth signaling network, will help to raise our understanding of tip growth to a
new level.

Abbreviations
PI3K  

phosphatidylinositol-3-kinase

PI4K  
phosphatidylinositol-3-kinase, PI4PK, phosphatidylinositol-4-phosphate-kinase

PLC  
phospholipase C

PI  
phosphatidylinositol

PI(3)P  
phosphatidylinositol-3-phosphate
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PI(4)P  
phosphatidylinositol-4-phosphate

PI(4  
5)P2, phosphatidylinositol-4,5-diphosphate

DAG  
diacylglycerol

IP3  
inositol 1,4,5-triphosphate

ROS  
reactive oxygen species

ABPs  
actin binding proteins
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Figure 1. Cellular activities in the tip
(A) Exocytosis at the tip of pollen tube. Exocytic activity was monitored by fluorescence
recovery of RLK-GFP after photo-bleaching [13••]. Bleached area is marked by solid lined
box. Arrow head indicates a starting site of fluorescence recovery. Numbers on each image
indicate elapsed time (seconds) after bleaching.
(B) A simplified schematic representation of the cellular processes involved in pollen tube tip
growth. Pollen tip growth is controlled by F-actin dynamics. RIC4 dependent F-actin
polymerization is required for both accumulation of exocytotic vesicles (both secretory and
recycling vesicles) to the tip and trafficking of endocytic vesicles to the endosome (left).
Exocytic vesicle tethering and fusion to apical PM occurs when RIC3-dependent high Ca2+

promotes F-actin disassembly (right). ICR1 involvement in this process is hypothetical.

Lee and Yang Page 14

Curr Opin Plant Biol. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Signaling pathways regulating tip growth
The available data indicate that multiple pathways are converged in F-actin dynamics, which
is critical for tip growth. ROP activity has been shown to oscillate at the tip, suggesting a self-
organizing mechanism involving feedback loops underlies the regulation of the apical ROP
activity. ROP downstream events, such as vesicle trafficking, calcium signaling, and F-actin
dynamics, are most likely to contribute to the feedback regulation of ROP activity.
Phsopholipids signaling was proposed to act downstream of ROP signaling, but no direct
evidence is available. Actin binding proteins (ABPs) represented here is including ADF,
profilin, and villin/gelsolin/fragmin superfamily proteins, whose activities are regulated by
Ca2+ and/or PIP2. Ins(1,4,5)P3-induced-Ca2+ release was observed in pollen tubes, but IP3-
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sensitive calcium channel has not been identified. Solid arrows represent pathways that
supported by experimental data, whereas dotted arrows represent more hypothetical pathways.
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