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Pollen tubes (PTs) are one of the best characterized
plant cell types in many respects. The identification of
key players involved in tube growth offers the perspec-
tive of an integrative understanding of cell morpho-
genesis processes. One outstanding feature of PTs is their
prominent dependence on ion dynamics to promote and
regulate growth. Many reports have identified and
characterized membrane transport proteins, such as
channels, transporters, and pumps, as well as their reg-
ulatory mechanisms, some of which themselves are de-
pendent on ions such as Ca®* and H*. The signaling
network that governs growth is based on a strict spatial
distribution of signaling molecules, including apical
gradients of Ca®*, H*, and reactive oxygen species. A
central role for ion homeostasis, and more generally
membrane transport systems, is proposed to underlie
the spatiotemporal establishment of the signaling net-
work that controls the PT self-organization and mor-
phogenesis. Here, we review the latest progress on
understanding tube growth from the perspective of
membrane transporters and ion homeostasis. The on-
going molecular characterization of the Ca*'-signaling
pathways, as well as the recent identification of female
external cues and corresponding receptors on the pollen
that control growth orientation, offer a firm biological
context to boost the field even further.

POLLEN TUBES AS A TAILORED MODEL FOR
STUDYING ION DYNAMICS AT THE CELL
BIOLOGY LEVEL

Pollen tubes (PTs) have long been considered out-
standing models for cell biology for a variety of reasons.
On the one hand, they display dramatic features at the
level of cell polarity, cytoskeleton dynamics, growth
rates, membrane recycling, cell-cell interaction mecha-
nisms, etc. (Cheung and Wu, 2007; Michard et al., 2009;
Qin and Yang, 2011; Hepler, 2016). On the other hand,
their study is backed up by extensive databases on
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transcriptomics and proteomics on practically all of its
biological contexts (Honys and Twell, 2003; Pina et al.,
2005; Borges et al., 2008; Qin et al., 2009; Boavida et al.,
2011; Mayank et al., 2012; Pertl-Obermeyer et al., 2014;
Lang et al., 2015). All these features define a unique
cell type so evolutionarily streamlined to fast growth
and sperm delivery (Williams, 2008) that it remained
basically conserved as the only gametophyte de-
velopmental end product for male function since the

ADVANCES

e Pollen tube growth is strictly dependent on ion
dynamics, and this property has been used to
detect phenotypes of novel ion transport
proteins.

* lon fluxes and cytosolic gradients of
concentration have been mechanistically
associated with the action of specific
transporters, especially for protons.

e GLR channels and CNGCs have been established
as cation-transporting channels with a role in
Ca?* homeostasis and signaling in growing
pollen tubes.

e (Ca?"and ROS signaling networks are
interconnected and are key elements to regulate
RHO GTPases, NADPH oxidases, and Ca?*
downstream signaling cascades.

e Specific temporal patterns of cytosolic Ca?* have
been implicated in various steps of fertilization,
suggesting the existence of cell-cell
communication events that are mediated by

Ca** signaling.
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Cretaceous (Rudall and Bateman, 2007). PTs in an-
giosperms can grow up to 4 um-s~ ' and are charac-
terized by the periodic formation of callose plugs that
isolate older parts of the tube to die so that growth
can be maintained continuously restricted to the ap-
ical end (for review, see Boavida et al., 2005a, 2005b).
In plants, PTs share the same type of apical growth
mechanism with root hairs, a fact that is reflected at
the molecular level by the existence of an apical signa-
ture in transcriptomics profiles (Becker et al., 2014). Root
hairs, however, grow slower than PTs. In addition, root
hair length is controlled through a signaling network
involving ROOTHAIR DEFECTIVE SIX-LIKE (RSL)
transcription factors (Honkanen and Dolan, 2016). In
spite of those main differences, the apical growth of
root hairs and PTs is characterized by apical exocytosis
of new cell wall material, similar ion gradients, fluxes
at the tip, and a mechanism depending on actin cyto-
skeleton supporting cell elongation (Gu and Nielsen,
2013; Ketelaar, 2013; Mendrinna and Persson, 2015;
Mangano et al., 2016).

With so many peculiarities and extreme adaptations
to function, the applicability of PT-specific mechanisms
to other plant somatic cells, namely diffuse growing
ones, is not always straightforward. This assumption
is clearly reflected in the well-differentiated transcriptomic
profiles between PTs and those of other organs and
tissues (for snail-view representations, see Becker et al.,
2003; Pina et al., 2005). The one feature in PTs that
stands out the most is their strict dependence on ion
dynamics to grow and sustain their functions (Michard
et al, 2009). Different ions, namely calcium (Ca*),
protons (H" or pH), and chloride (C17), form stable/
standing gradients of cytosolic concentration in the
clear zone (Fig. 1). Of relevance, these spatial patterns
and their temporal and spatial variations or choreog-
raphies, correlate remarkably well with the intracellular
structure of PTs, be it the grading of organelle sizes
defining the so-called clear zone, the cytoplasmic re-
verse fountain (Cheung and Wu, 2007; Hepler and
Winship, 2015), and, to some extent, the definition of
the membrane-recycling domains in the tip (Parton
et al., 2001; Bove et al., 2008; Kost, 2008; Bloch et al.,
2016; Wang et al., 2016; Fig. 1). The existence of these ion
gradients as a putative central coordinating mecha-
nism for cellular growth and morphogenesis in PTs has
been conceptualized elsewhere (Feij6 et al., 1995, 2001;
Michard et al., 2009; Daminelli et al., 2017). Largely
believed to be generated from plasma membrane (PM)
activity, the ion choreography of PTs is easily traceable
by noninvasive methods such as ion-specific vibrating
probe electrophysiology and ion-specific probe imag-
ing to show nearly perfect correlation with growth
variations while also allowing one to score for very subtle
phenotypes hardly detectable in other nongrowing cells
(Michard et al., 2011).

Of relevance, growth rate, ion fluxes, and concen-
trations may oscillate in PTs, as well as during root hair
growth. Some studies present the choreography of ion
fluxes and intracellular ion concentrations by a relative
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lag time during a growth period in PT (for review, see
Holdaway-Clarke and Hepler, 2003; Hepler et al., 2013)
and root hair (Monshausen et al., 2007, 2008). In such
studies, the minimum pH or maximum Ca®* oscil-
lations and growth peak display a time lag of a few
seconds in both PT and root hairs, suggestive of similar
regulation mechanisms of growth. Of note, the flux of
Cl” was found to be in phase with growth (Zonia et al.,
2002). Nevertheless, different estimates of advances
and delays have been collected in a variety of biological
systems like lily (Lilium longiflorum), tobacco (Nicotiana
tabacum), petunia (Petunia hybrida), less in Arabidopsis
(Arabidopsis thaliana), using imaging techniques (dif-
ferential interference contrast, wide-field or confocal
fluorescence), and electrophysiology methods in such
ways that comparisons of the published delays and
proposed sequences of events are subject to potential
distortions (Portes et al., 2015; Daminelli et al., 2017).
Last but not least, correlation does not imply causation,
and not much can be deduced from those studies,
particularly because we do not know the kinetic prop-
erties of key reactions within the networks, such as
molecular diffusion, protein phosphorylation, exocy-
tosis, etc. (Daminelli et al., 2017)

Figure 1 highlights the peculiar correlation between
ion dynamics and cell structure. Spatial correlations
between features of the cytosolic gradients (Fig. 1, B, C,
and E) and other cellular structures are conspicuous
and easily observed at the level of zonation of organ-
elles along the clear zone (Fig. 1A) or the actin cyto-
skeleton (Fig. 1D). Characterizing the transport
molecules that generate these gradients may be a first
step in their manipulation and eventually may test the
hypothesis that spatial correlations are not a mere
phenomenological coincidence but may actually be
causal and part of a network of regulatory feedback
loops. One first step in that direction is the establish-
ment of a functional correlation between the transport
molecules and the predicted outcome of their activity in
terms of ion dynamics, whether at the level of cytosolic
concentration or of membrane transport. One such ex-
ample is also offered in Figure 1, where the localization
of the H"-ATPase NICOTIANA TABACUM AUTO-
INHIBITED H'-ATPASE (NtAHAT1) (Fig. 1F) correlates
perfectly with the existence of intracellular pH domains
(Fig. 1E) and extracellular H fluxes (Fig. 1G; Certal
et al., 2008; Michard et al., 2008). The fact that this
crucial pump is segregated from the tip PM triggers a
number of testable models and by itself already defines
an experimental paradigm offered uniquely by PTs.

In Arabidopsis, more than 800 transporter transcripts
have been identified in pollen using the ATH1 mRNA
microarray (Pina et al., 2005; Bock et al., 2006), and this
overrepresentation is confirmed by RNA sequencing in
Arabidopsis and lily (Loraine et al., 2013; Lang et al.,
2015). This is perhaps one of the reasons why PTs have
been widely explored in recent years for phenotyping an
increasing repertoire of channels, transporters, and
pumps, rendering the vegetative cell of the PT likely one
of the best studied cells in plants in terms of ion
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Figure 1. The ion dynamics regulatory paradigm of the PT structure is supported by strong spatial correlations. A, Lily PTs
(differential interference contrast imaging) display the quintessence of the dramatic polarization of these cells. Actin-driven
reverse-fountain cytoplasmic movement drives organelles to the tip by the periphery and back through the tube core. Yet, this
back-turning movement occurs some 20 to 50 um back from the tip, resulting in a pattern best described as if there is a size-sorting
or sieving mechanism, first dispatching back big starch plastids (black arrows), then mitochondria (white arrow) and other larger
endomembrane formations, and only allowing small exocytic vesicles to the very tip (asterisk). This pattern generates two clearly
observable cytologic domains: the clear zone, defined by the absence of large plastids and many times seen at low magnification
(double asterisk in the inset), and an inverted cone (Lancelle et al., 1987) of small vesicles that, contrary to the rest of the tube
shank, move in a nonorganized Brownian-like motion (dashed lines on the tip). B to G, In tobacco PTs, these domains are re-
markably correlated with cytosolic ion concentrations of CI~ (B), Ca®* (C), and H* (E) when live imaged with specific fluorescent
genetic probes. The acidic tip (E) very closely defines the inverted cone and is also correlated with a lower concentration of Cl ™. In
tobacco, the inverted cone also seems to be lined up by a concentration of small, highly dynamic actin filaments (D) that are often
organized as a basket or fringe (Rounds et al., 2014). The clear zone is correlated with both the fading of the Ca®* and the acidic
gradients focused on the tip. The base of the clear zone also defines the appearance of the long actin filaments that support
organelle streaming. A causal correlation between a specific transporter distribution and cytosolic concentration of an ion is best
seen for H*, where the localization of the most highly expressed P-type ATPase in tobacco, NtAHAT (F; Certal et al., 2008), closely
correlates with the extracellular H* fluxes (G; effluxes in red and influxes in blue) and cytosolic pH (E). H* effluxes, on the other
hand, correlate with the presence of the chimeric NtAHA1::GFP protein, and influxes correlate with their absence on the tip. Last
but not least, the acid tip (red in E) correlates with the largest influxes and the submembranar alkaline linings (purple in E) correlate
with effluxes. Bars = 10 um. (The image in A is by N. Moreno, adapted from Taiz etal. [2015] and Smith et al. [2009]; the image in
B is adapted from Gutermuth et al. [2013]; the images in C and E are adapted from Michard et al. [2008]).

dynamics. Figure 2 and Table I summarize this accu-
mulated knowledge. They incorporate not only genes
that have already been characterized but also genes that
can be predicted from transcriptomics, proteomics, and
comparative physiology to play roles in PT growth. In
this review, we focus on organizing or systematizing this
growing repertoire, focusing on three different angles.
(1) Is this knowledge sufficient to define regulatory
mechanisms around a specific ion? (2) What are the
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downstream targets of specific ions? And (3) how do
cellular processes feed back to regulate ion transport?

OPPOSING FORCES: TURGOR AND CELL
WALL DEPOSITION

When growing PTs or root hairs stop in response to
an osmotic shock, the exocytosis of vesicles ensuring
cell wall deposition continues at the tip (Schroeter and
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Figure 2. Molecular basis for the transmembrane transport in the PT. A schematic overview of ion and solute transport in the PT is
shown. Gradients of different ion concentrations (e.g. H*, Ca®*, and CI7) differentiate the clear zone from the shank region and are
essential for the polarized growth of the tube. We posit that, like cytosolic pH (Fig. 1), ion homeostasis along these gradients is
reached by the integrated transport activity of a network of different transport molecules distributed between the tip, shank, and
internal domains of the tube. Depicted on the images are the channels, transporters, and pumps that were either genetically
described or putative but deemed to be essential from transcriptomic analysis (question marks) to form the ion choreography of a
pollen tune (for details, see Table I). At, Arabidopsis thaliana; Cs, Cucumis sativus; Le, Solanum lycopersicum; LI, Lilium long-

iflorum; Np, Nicotiana plumbaginifolia; Nt, Nicotiana tabacum; Os, Oryza sativa. (This image is not drawn to scale.)

Sievers, 1971; Li et al., 1996; Zerzour et al., 2009). Ap-
parently, the main control of the apical growth process
does not depend on turgor as much as on other plant
cells (Cosgrove, 2014; Ali and Traas, 2016). Quantifi-
cation of the opposing growth forces in lily PTs led to a
difference of 2 orders of magnitude between the inter-
nal turgor pressure (approximately 0.3 MPa) and the
cell wall elasticity (approximately 20-90 MPa; Vogler
et al., 2012), clearly bringing other growth control
mechanisms than turgor to the board. Supporting this
concept, growth can be arrested by nonrelated turgor
means, such as caffeine treatment (Li et al., 1996). Yet,
despite the fact that there is no correlation between
turgor and growth rate, a minimal turgor pressure of
approximately 0.3 MPa is necessary to sustain PT
growth in lily (Benkert et al., 1997). The general con-
sensus is that turgor drives the PT growth by providing
a minimal mechanical force necessary for cell wall
elongation at the tip but that it plays no or a minor
regulatory role. Various theoretical approaches have
tried to bridge these opposing forces at work by mod-
eling anisotropic-viscoplastic properties (Dumais et al.,
2006), the incorporation of new cell wall material, par-
ticularly pectine esters, as a key factor in softening the
wall by affecting polymer cross-links (Rojas et al., 2011),
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and finite element analysis methods (Fayant et al., 2010;
Vogler et al., 2012). A discussion of the opportunities
and caveats of these models is beyond the scope of this
review, and here we focus on the facts that (1) turgoris a
direct consequence of water transport driven by small
solutes, notably ions, and (2) ions such as Ca®* and H*
are involved in the mechanical maturation of cell walls.

PTs can appropriately adjust turgor pressure by
adapting to changes in external osmolarity (Benkert
et al., 1997), but no osmosensor has yet been charac-
terized. Mechanosensitive ion channels like the cation
channel REDUCED HYPEROSMOLALITY-INDUCED
[Ca2+]i INCREASE1 (AtOSCA1) (Yuan et al., 2014) or
the anion channel MECHANOSENSITIVE CHANNEL
OF SMALL CONDUCTANCE-LIKE (AtMSL8) (Hamilton
et al., 2015) offer a conceptual basis for a sensor, but so far
the reported ion currents and phenotypes of these chan-
nels do not warrant that they may be acting in PT growth.

Several arguments can be raised regarding the role
of aquaporins in facilitating water transport in PTs
(Obermeyer, 2017). Pollen aquaporins of the SMALL
BASIC INTRINSIC PROTEINS (SIP) and TONOPLAST
INTRINSIC PROTEIN (TIP) clade have been located at
endomembranes (Ishikawa et al., 2005; Wudick et al.,
2014), while NOD26-LIKE INTRINSIC PROTEINS
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(NIP) aquaporins were localized in the pollen PM (Lang
et al., 2015). Heterologous overexpression of PLASMA
MEMBRANE INTRINSIC PROTEIN (AtPIP) aqua-
porins yielded an increase of the water permeability
of lily pollen but no evident functional phenotype
(Sommer et al., 2008). Aquaporins from the SIP, TIP,
and NIP families were shown to transport water and/
or solutes and appear to be involved in PT growth
(Ishikawa et al., 2005; Soto et al., 2008; Di Giorgio et al.,
2016) and fertilization (Wudick et al., 2014). Interest-
ingly, although not expressed in pollen, it was reported
recently that AtPIP2;1 also shows a nonselective cation
channel activity (Byrt et al., 2016), a feature that might
be found for other members of the aquaporin family.

Ion-driven osmotic changes induce electric potential
shifts at the PM in addition to external pH along the PT,
and osmoregulation depends on an active transport
system driven by the proton pump, through 14-3-3
protein regulation (Pertl et al., 2010). Several H™-ATPase
pumps are expressed in pollen (Pina et al., 2005; Bock
et al, 2006), with AtAHAS8 being the most highly
expressed and AtAHA6, AtAHA?7, and AtAHAO being
pollen specific (Table I). In tobacco, a close homolog of
AtAHA6 and AtAHA9, NtNHA1, was found to be lo-
calized on the PM but segregated from the tip and in-
volved in tube growth and callose plug formation
(Certal et al., 2008). These pumps are likely to energize
the transport of other molecules that underlie turgor in
PTs, such as sucrose (Stadler et al., 1999; Goetz et al.,
2001). While not necessarily affecting only PT growth,
the Arabidopsis AtSUC1 and rice (Oryza sativa)
OsSUT1 sucrose transporters have defective male ga-
metophyte phenotypes (Sivitz et al., 2008; Hirose et al.,
2010). In cucumber (Cucumis sativus), the hexose trans-
porter CsHT1 is necessary for PT growth (Cheng et al.,
2015). Despite probably being related to microsporo-
genesis and exine pattern formation, mutants of the
PM-localized sucrose transporter AtRPG1/AtSWEETS
display fertility defects (Guan et al., 2008; Chen et al.,
2010; Sun et al., 2013).

However, and importantly, ion fluxes such as anions
(Zonia et al., 2002) or K" may participate in turgor gen-
eration. K" inward conductivities have been recorded by
patch clamp and voltage clamp in lily and Arabidopsis
(Mouline et al., 2002; Griessner and Obermeyer, 2003;
Becker et al., 2004). The inward rectifier AtSPIK channel
is involved in PT growth (Mouline et al., 2002), and
AtTPK4 mediates nonrectifying currents and also may
participate in osmotic regulation of the PT (Becker et al.,
2004). For anions, major solutes associated with water
movement and turgor in animals and plants, only
AtSLAH3 has been characterized in PTs (Gutermuth
etal., 2013), but it only accounts for a small percentage of
the total anion flux. Yet the demonstration of a role for
anion channels in stomatal turgor regulation offers an
analogy that could eventually serve as a conceptual
template to screen for their identity in PTs (see Text Box 1;
Fig. 3). High turgor pressure typically induces the burst-
ing in both hyphea, another tip-growing cell (Money and
Hill, 1997), and PTs (Benkert et al., 1997, Amien et al.,
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2010). The rupture point always being the tip suggests
anisotropy in the cell wall mechanical properties, char-
acterized by a stronger shank. In hyphae, the turgor
pressure plays a minor role in polarization; rather, the
apical localization of lytic enzymes that loosen the cell
wall determines the growth rate and polarity (Money
and Hill, 1997). Similarly, PT growth is sustained by the
deposition of primary cell wall material at the apex; once
deposited at the tip, the wall is subject to a maturation
process that stiffens it, creating a gradient of viscosity/
elasticity between the growing tip and the nongrowing
tube (Hepler et al., 2013; Cosgrove, 2016). Despite dis-
crepancies over the quantification of the mechanical
properties of the cell wall (Fayant et al., 2010; Vogler
et al., 2012), many biochemical data demonstrate its
anisotropic composition and suggest a viscosity gradient
along the tube (Steer and Steer, 1989; Geitmann, 2010;
Chebli et al., 2012; Hepler et al., 2013). The primary cell
wall of the PT deposited at the apex is essentially com-
posed of pectin plus 2% to 3% cellulose (Aouar et al.,
2010; Derksen et al., 2011). Pectins are exported as
methyl esters and, in parallel, some pectin methylester-
ase enzymes (PME) are secreted by the PT and catalyze
pectin deesterification. This pectin chemomechanical
structure largely determines the growth of the tube, as
revealed by pectinase treatment that affects growth prop-
erties and induces tube swelling (Parre and Geitmann,
2005) and by the PME mutant vanguardl PTs, which are
slower and burst precociously (Jiang et al., 2005). Both Ca,,
and H; either cross-link pectin polymers to induce the
formation of a gel or regulate the activity of PMEs, coor-
dinating the stiffening of the cell wall (Bosch et al., 2005;
Bosch and Hepler, 2005; Parre and Geitmann, 2005; Tian
et al., 2006; Vieira and Feijo’, 2016). pH regulation of root
cell elongation has been demonstrated directly (Fendrych
et al., 2016). Thus, while never directly demonstrated,
the regulation of the excretion of these ions to the
apoplast could have a regulatory role in the anisotropy
of cell wall mechanics of PTs.

ION FLUXES AND GRADIENTS AT THE TIP: AN
ELECTRIFYING AFFAIR?

The particular constitution and regulation of the tip
domain of the PT PM is such that large extracellular ion
fluxes and cytosolic gradients are formed (Fig. 1). Ion
fluxes, and in particular the huge anion efflux at the tip
(Zonia et al., 2002; Gutermuth et al., 2013), are expected
to generate an osmotic gradient, an extracellular electric
field, and, as discussed below, eventually a membrane
voltage gradient along the length of the PM. In Arabi-
dopsis, the accumulation of vesicles at the apex is
enough to sustain a 30-s growth period (Ketelaar et al.,
2008). It has been proposed that vesicles in the clear
zone are governed mainly by Brownian dynamics be-
cause of the apparent disorganization of the actin cy-
toskeleton in this region (Kroeger et al., 2009). But the
existence of such dramatic ion gradients also may play a
role in the movement of vesicles by either electrostatic
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BOX 1. Taming turgor, the force that sustains growth: lessons from guard cells

PT growth is sustained by a minimum turgor (0.3 MPa in lily; Benkert et al., 1997). The relative importance of turgor and wall mechanics for
growth is wrapped in controversy, (Winship et al., 2011; Zonia and Munnik, 2011), but consensus exists around turgor providing the force
underlying wall elongation. Turgor implies the accumulation of solutes, namely ions. So how are they transported? And how do ions regulate
water flux and turgor?

Guard cells are arguably the best studied cellular system of turgor regulation in plants, relying on H*, anions, and K* to move water in and out
of the cell. Evidence for the same exists for PTs: H* fluxes are well documented (Feij6 et al., 1999; Certal et al., 2008), and large anion fluxes of
up to 60 nmol cm 257! (Zonia et al., 2002), anion conductivity (Tavares et al., 2011a), and a cytosolic anion gradient (Gutermuth et al., 2013) all
have been characterized. Furthermore, K currents and the underlying channels have long been observed in pollen (Obermeyer and Kolb, 1993;
Mouline et al., 2002; Becker et al., 2004). So is it possible to establish a parallel between what is known about turgor regulation in guard cells
and PT growth?

Similar events leading to the stomata OPENING are observable in pollen growth, with the efflux of H' in the SHANK coupling anion
and K" influxes (Zonia et al., 2002; Domingos P, Dias PN, Tavares B, Portes MT, Konrad K, Wudick MW, Gilliham M, Bicho A, Feijo JA,
unpublished data), which may indicate the water influx point. Conversely, as in stomatal CLOSURE, large effluxes of anions, and the influx
of H" and Ca’", occur in the pollen TIP, the combined effect of which should result in the depolarization of the PM (Michard et al., 2009).
We hypothesize that water flows at the pollen tip following the osmotic potential of anions (CI7/NO?7) and K*. This comparison implies
that the mechanisms behind the temporal sequence of events in guard cells, leading to a transient water flow, could have been coopted in
the PT, in the form of a spatial segregation of transport molecules between shank and tip, leading to the regulation of water transport and
turgor necessary for growth (Fig. 3). This concept generates various testable hypotheses and gives ground to new channel discovery in PTs

based on similarities with guard cells.
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or osmotic influence. PM voltage has been determined
to be around —130 mV when measured on the shank of
PTs (Mouline et al., 2002; Griessner and Obermeyer,
2003; Becker et al.,, 2004), a resting potential slightly
more negative than the K* equilibrium (Mouline et al.,
2002). This hyperpolarization is likely driven by
H*-ATPase activity (Lang et al., 2014). Unfortunately,
the apical voltage remains unknown, since it is not
possible to impale an electrode at the tip without pro-
voking tube burst. Theoretically, apical membrane
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Figure 3. Schematic drawing illustrating the parallels between events
leading to the regulation of guard cell (GC) movement (top) and putative
mechanisms leading to PT water intake regulation and growth (bottom). Top,
Stomatal opening and closing depend on GC turgor pressure regulation and
are accompanied by morphological changes of the GC vacuoles. Stomatal
opening (left) by stimuli such as light is sustained by solute influx that induces
(1) water potential (¥) decrease, (2) turgor pressure (IT) increase, and (3)
transient water influx. Main solute transporters are indicated in the scheme.
H™ pumps (AtAHA family) hyperpolarize the membrane and generate a H*
gradient. K" enters through hyperpolarization-activated channels (mainly
AKATT and AtKAT2), and anions enter through an unidentified H/anion
cotransporter. During stomatal closure (right), in response to dark or abscisic
acid, for instance, solute efflux induces (1) an increase in ¥, (2) a decrease
in I1, and (3) a transient water efflux. The anion channels AtSLACT and
AtALMT12 catalyze massive anion effluxes that contribute to a
depolarization of the PM. Potassium moves out of the cell through
the depolarization-activated AtGORK channel. Bottom, The transport
system at the shank of the PT is similar to the one involved in the opening
of GCs: the activity of H" pumps (AtAHAs) couples the influx of K* and
anions. The hyperpolarization-activated potassium channel involved
(AtSPIK) is homologous to AtKAT1/2. The transport system at the growing
tip can be compared with the one active in a closing GC: a large anion
efflux is induced by the AtSLAH3 channel (homologous to AtSLACT),
and the expression of the depolarization-activated AtSKOR channel
(homologous to AtGORK) in pollen may facilitate K* efflux. From this
comparison of GC and PT, we propose testable hypotheses regarding
membrane electric polarization along the PT as well as on water fluxes.

potential can be inferred to be more positive compared
with the shank, since large passive ion fluxes at the tip
have a depolarizing effect. Furthermore, H"-ATPases
are excluded from the tip (Certal et al., 2008; Michard
et al.,, 2009), where there is high NADPH oxidase ac-
tivity (Potocky et al., 2007). This kind of oxidase was
proposed recently to generate electrochemical fluxes of
ions on their own (Segal, 2016). Voltage at the tip PM
and at the shank PM tend to equilibrate to the same
value by charge fluxes along the membrane through the

99



Michard et al.

equivalent of an electrical circuit, implying electrical
resistance of the cytosol and capacitance of the mem-
brane (Hille, 2001; Michard et al., 2009). Thus, a com-
bination of high enough resistance of the cytosol and
strong charge flux density across the PM at the tip could
induce a membrane voltage gradient between the tip
and the shank, supporting the notion of electrostatic
movement of charges. Exocytic vesicles have long been
found to bear a negative surface charge (Heslop-Harrison
and Heslop-Harrison, 1982), and the existence of
electrostatic fields in plant cells was recently proposed
to underlie cell identity and signaling, namely by reg-
ulating the transfer of proteins from endomembrane to
PM on the basis of charge alone (Simon et al., 2016). In
animals, membrane depolarization promotes the vesi-
cle exocytosis of pancreas B-cells (Yang et al., 2014;
Cardenas and Marengo, 2016). If differential conditions
of cytosolic resistance exist, then theoretically such
mechanisms also could play a role in vesicle migration
and fusion in PTs.

But other cues for polarity could come from anion
fluxes. Large anion conductivity has been recorded in
both Arabidopsis and tobacco (Tavares et al., 2011a,
2011b) with effluxes up to 60 nmol-cm ?-s~! (Zonia
et al., 2002), resulting in an anion gradient (Gutermuth
et al., 2013; Fig. 1B). The anion channel AtSLAH3 is
partly responsible for this conductance (Gutermuth
et al.,, 2013), but other anion channels expressed in the
PT may be involved (Tavares et al., 2011a), like mem-
bers from the AtALMT family (Meyer et al., 2010). The
existence of a gradient and fluxes of anions of such
magnitude has been proposed to be physically suffi-
cient to create conditions for an osmotic gradient strong
enough to generate thrust for vesicles to move toward a
minimum osmotic potential at the apex through the
process of osmophoresis (Lipchinsky, 2015). While
proposed on theoretical grounds, the existence of
biophysical mechanisms for the vectorial movement of
vesicles in the clear zone is an exciting new prospect
calling for experimental validation.

Although the direction of potassium fluxes in the tip
is still debated, anion fluxes must be compensated by
cation efflux (Michard et al., 2009). K* outward currents
have been recorded by patch clamp (Griessner and
Obermeyer, 2003) but remain unaccounted for in terms
of the channel generating them. The SKOR K" channel
is known to be expressed in pollen (Pina et al., 2005) and
constitutes a good candidate for that function. Other
channels, namely nonselective cationic channels, as
well as transporters from the cation-proton antiporter
family also could play a role in anion flux compensation
(see below).

The Ca®* Affair

A Ca®* gradient in which intensity correlates with
growth rate has long been described in PTs (Reiss and
Herth, 1985; Obermeyer and Weisenseel, 1991; Rathore
et al., 1991; Pierson et al., 1994, 1996; Malho et al., 1995;
Michard et al., 2008; Iwano et al., 2009; Fig. 1C). When
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the tube is reversibly stopped by caffeine or low tem-
perature, the Ca®* gradient dissipates and the Ca*" in-
flux is lowered to a basal level; regrowth reconstitutes
the Ca** gradient and influx (Pierson et al., 1996). Ca**
channel activity was early deduced by quenching with
Mn*" (Malho et al., 1995). Several types of channels
permeable to Ca®* have been characterized by patch
clamp either as inward rectifiers in Arabidopsis and
pear (Pyrus communis; Wang et al., 2004; Shang et al.,
2005; Wu et al., 2010, 2014) or with no clear rectification
in tobacco (Michard et al., 2011). Among the 20 cy-
clic nucleotide-gated channels (CNGCs) in plants, at
least CNGC7, CNGC8, CNGC16, and CNGC18 are
expressed in pollen (Pina et al., 2005; Bock et al., 2006;
Kaplan et al., 2007). Some CNGC channels have been
presented as inward-rectifying channels when expressed
in HEK cells or oocytes (Leng et al., 1999, 2002; Ma et al.,
2007). The disruption of AtCNGC18, localized in the
subapical membrane, induces male sterility due to
defective PT growth (Frietsch et al., 2007). AtCNGC18
was recently shown to drive inward cationic currents
activated by cAMP/cGMP in an animal heterologous
system (Gao et al., 2016). AtCNGC?7, which localizes at
the flank of the growing tip, and AtCNGCS8 have
weaker phenotypes, but the double knockout is male
sterile (Tunc-Ozdemir et al., 2013a). Lastly, AtCNGC16
only plays a role under stress conditions (Tunc-Ozdemir
et al.,, 2013b). In animals, CNGCs have calmodulin
(CaM)-binding domains with regulatory functions,
a mechanism recently confirmed for AtCNGC12 in
plants (DeFalco et al., 2016). In tobacco, the Gluta-
mate receptor agonist D-Ser induces a Ca®* current
while the antagonist CNQX inhibits the Ca** con-
ductivity of PT protoplasts (Michard et al., 2011). This
finding led to the description of PT growth pheno-
types for the Arabidopsis Glutamate receptor-like
(GLR) mutants glr1.2 and glr3.7. Additional GLRs
also are expressed in PTs (Pina et al., 2005; Bock et al.,
2006) and may be involved in Ca*" homeostasis. In
accordance, other plant GLRs have been localized on
the PM, and AtGLR3.4 has been shown to induce Ca%
accumulation in HEK cells (Meyerhoff et al., 2005;
Tapken and Hollmann, 2008; Teardo et al., 2010; Vincill
et al, 2013). Interestingly, GLRs heterodimerize, as
demonstrated by the sensitivity profile to amino acids
in knockout plants (Stephens et al., 2008), yeast two-
hybrid analysis (Price et al., 2013; Vincill et al., 2013),
or FRET (Vincill et al., 2013). Utilizing a chimera strat-
egy by introducing the pore of plant AtGLR1.1 and
AtGLR1.4 into the animal GluR1 channel demonstrated
low Ca*" permeability and low rectification with nonse-
lective cation pores (Tapken and Hollmann, 2008). Other
Ca**-permeable channels are putatively active in pollen
on the basis of transcriptomics/proteomics, namely the
annexins (Lee et al., 2004; Zhu et al.,, 2014) and the
mechanosensitive channel AtOSCA1 (Yuan et al., 2014).
One common point of the Ca**-permeable channels
identified so far is their weak selectivity: they appear
to be nonselective cation channels rather than Ca**-
selective channels. Their gating also is still poorly
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defined. While CNGCs open in response to cAMP and
c¢GMP in HEK cells, no data are available in situ. GLR
channel activity is modulated by amino acids with low
specificity, as shown by the different responses to Gly,
Glu, and p-Ser (Michard et al., 2011). AtGLR1.4 and
AtGLR3.4 induce nonselective cationic currents in re-
sponse to a broad range of amino acids in mammalian
cells (Tapken and Hollmann, 2008; Vincill et al., 2013;
Tapken et al., 2013) Clearly, a common ligand-gated
system for Ca* homeostasis is still missing in plant
biology.

H* Signaling, the Missing Link?

H" has long been proposed to act in signaling cas-
cades in plants (Felle, 2001) and has even been identi-
fied as a bona fide neurotransmitter (Beg et al., 2008).
In PTs, H" gradients also have been correlated with
growth, with an acidic tip and alkaline subapical or
submembranar region in tobacco and lily (Feijo et al.,
1999; Certal et al., 2008; Michard et al., 2008). H* influx
at the apex and efflux at the shank have been recorded
and participate in the establishment of the gradient
(Feijo et al., 1999; Certal et al., 2008; Michard et al.,
2008). This is particularly clear in lily, where an alkaline
band in the subapical region coincides with a maximum
proton efflux (Feijé et al., 1999). Interestingly, this pat-
tern is different in tobacco. PTs from this species do not
display a distinct alkaline band (Michard et al., 2008).
Accordingly, the H" effluxes along tobacco tubes do not
display a maximum in the subapical zone as they do in
lily but look rather constant along the tube (Certal et al.,
2008). To the best of our knowledge, no H" or H'-
permeable channels have been characterized in plants.
Anion channels have been discussed as participating
in the establishment of pH gradients (Fernie and
Martinoia, 2009). In addition to the endogenous per-
meability of the membrane bilayer to H" (Gutknecht,
1987), H' symporters or antiporters may be involved
in H" fluxes. PTs express 18 genes from the putative
cation-H" antiporter CHX family, with at least six genes
expressed in the vegetative cell (Sze et al., 2004). Re-
cently, CHX19 was localized in pollen PM (Padmanaban
et al., 2017), while other GFP chimeras usually localize
to the endomembrane system (see below; Table I).

THE SHANK OF THE PT: JUST SUPPORTING
AND BUFFERING?

H* (pH) and Ca** gradients seem to depend on at
least three components to be established: (1) influxes at
the tip; (2) a cytoplasmic component including buffer-
ing by proteins and endomembrane transport activity;
and (3) efflux at the shank. This section deals with the
latter two.

The PT membrane appears to play an nnportant role
in the gradient establishment by its H*- and Ca**-ATPase
activity. PM H'-ATPases play a major role in pH
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regulation (Sanders et al., 1981). The tobacco proton
pump, NtAHAL1, is specifically excluded from the PT
tip, as shown by a GFP fusion (Certal et al. 2008) Early
studies demonstrated that the inhibition of Ca* pumps
using vanadate and compound 48/80 induces the in-
crease of intracellular Ca*" (Obermeyer and Welsenseel
1991). Pharmacological studies on a Ca®*-ATPase
reconstituted in proteoliposomes showed that it can act
as a bona fide Ca*"/H" exchanger (Luom et al., 2000).
The fact that in PTs there is a high tip Ca®* concentration
and a low pH also could be dependent, at least in part,
on the activity of this pump. The calcium pump
AtACA9 is expressed specifically in pollen, and the
knockout plant of this transporter displays a defect in
pollen growth (Schiott et al., 2004). A major role is
suspected to be played by 14-3-3 proteins due to their
regulation of the C-terminal activity of all H*"-ATPases,
and their proteomics repertoire has been described (Pertl
etal, 2011). Yet, the large diversity and the lack of genetic
studies still hinder their true mechanistic impact on the
pH regulatlon of PTs.

H* and Ca*" are highly buffered in the cytoplasm. pH
homeostasis is largely ensured by metabolic regulation
through the classical pH—STAT pathway (Smith and
Raven, 1979; Sakano, 2001). Ca** interacts with many
proteins in the cytosol that lower its diffusion coeffi-
cient (White and Broadley, 2003). In addition, H" and
Ca*" fluxes from and into internal stores are accepted to
play a major role in the dynamics of those ions inside
the cell, but there are no quantlflcatlons or mechanisms
described. While the role of H+ and Ca?* influxes at the
tip in generating H* and Ca”* gradients is well defined,
the role of cytosol and endomembrane proteins that are
possibly major players in shaping the gradients is only
vaguely known.

Several PM transporters are expressed in apical ves-
icles, including the P-type H'-ATPases that may par-
ticipate in local pH regulation (Certal et al., 2008). These
H" pumps were recently associated with the rapid
alkalinization factor (RALF) and the important
receptor-like kinase FERONIA in roots (Haruta et al.,
2014). Pollen expresses a number of RALFs (Pina et al.,
2005), and a role of RALFs in PT growth regulation has
long been described (Covey et al.,, 2010). Given that
both FERONIA and its male counterpart ANXUR have
disruptive fertilization phenotypes (for review, see Li
etal., 2016), this functional relationship between RALFs
and the H™-ATPases could have consequences for pH
regulation in PTs as well.

Cation-H" antiporters, from the CPA1 and CPA2
family, may play a role in controlling intracellular pH.
CPALl is typically localized in endomembranes, and
some of them are expressed in pollen (Sze et al., 2004).
From this family, Na"(CATION)/H" EXCHANGER
(AtNHX1) and AtNHX2 control cell expansion, pH
homeostasis, and K' accumulation in the vacuole
(Bassil et al., 2011). AtCHXs are expected to modulate
pH by catalyzing H'- and K*-coupled fluxes. AtCHX13
and AtCHX14, both expressed in pollen, are PM
transporters involved in K" homeostasis (Sze et al.,
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2004; Zhao et al., 2008, 2015). CHX13 is a high-affinity K"
influx transporter (Zhao et al., 2008), while AtCHX14 is
a low-affinity efflux K* transporter in yeast and plant
cells that operates in a pH-dependent manner (Zhao
et al., 2008, 2015). Other AtCHXs, notably AtCHX21
and AtCHX23, have been characterized to play a role in
pollen navigation through the ovary, resulting in male-
transmitted sterility of the double knockout chx21/23,
although PTs grow normally in vitro and in vivo (Evans
et al.,, 2011; Lu et al., 2011). AtCHX23 increases yeast
tolerance to high potassium in a pH-dependent man-
ner, suggesting that it is an H"/K" antiporter, and re-
cent structure-function studies on AtCHX17 opened the
way for understanding the integrated physiological
function of this pollen overrepresented transporter family
(Czerny et al., 2016). Recently, CHX17 and CHX19 were
localized in PT vegetative and sperm cells, respectively,
CHX19 being addressed to the PM (Padmanaban et al.,
2017). The triple mutant displays a fertility phenotype as
well as a compromised pollen cell wall formation that
could affect germination, tube burst, as well as gamete
function (Padmanaban et al., 2017).

Ca®" internal stores may also be essential in the es-
tablishment of the calcium gradlent In the absence of
the canonical ligand-operated Ca**-buffering mecha-
nisms as described for animal cells, namely IP3 recep-
tors and G-coupled receptors, the repertoire of possible
candidates in plants include the CAX (cation-H" ex-
changers) and TPC (two-pore channels) famlhes TPC
was recently involved in the propagation of Ca*" sig-
nals in roots (Choi et al., 2014), but no male phenotypes
have been described. Measurement of Ca®* in the en-
doplasm1c reticulum (ER) showed that an 1nh1b1t10n of
growth in parallel with a decrease in ER Ca** occurred
when the ER Ca**-ATPase was inhibited (Iwano et al.,
2009). Some GLRs are expressed in endomembranes
and may participate in Ca** signaling (Teardo et al., 2011,
2015). Experimental evidence also is suggestive of a role
for the Arabidopsis rmtochondrlal channel uniporter
regulator MICU, a Ca “-binding protein that modulates
the mitochondrial Ca** accumulation (Stael et al., 2012).
Interestingly, MICU is expressed in PTs (Wang et al,
2008b). Mitochondrial membrane charge shifts at the clear
zone of PTs (Colago et al., 2012) have been speculated to
play a role in cytosohc Ca®* homeostasis and in the defi-
nition of the Ca** gradient at the tip.

Reactive oxygen species (ROS) also have been long
implicated in ion dynamics regulation in PTs. The
subject has been reviewed elsewhere (Wudick and
Feijo, 2014; Mangano et al., 2016), so it will only be al-
luded to briefly here. Tip-localized ROS in growing PTs
have been described in Arabidopsis (Potocky et al.,
2007), and double mutants of the pollen-expressed H
and ] members of respiratory burst ox1dase hornolog
(Rboh) have PT phenotypes and altered Ca®* gradient
features (Liu et al., 2009; Boisson-Dernier et al., 2013;
Kaya et al., 2014, 2015; Lassig et al., 2014). Plastids and
mitochondria positioned in the subapical region are
other possible sources of ROS (Mittler et al., 2011). In
lily, abundant accumulations of ROS have been linked
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to mitochondria (Cardenas et al., 2006). This competing
view of tip-localized ROS raises questions about ROS
concentrations in the shank as either free cytosolic or
localized to subcellular vesicles. Hydrogen perox1de
was recently implicated in the regulation of K" and Ca**
conductivities in lily pollen protoplast (Breygina et al.,
2016). The possible integration of these pathways is i
lustrated in Text Box 2 (Zhou et al., 2014; Zhao et al.,
2013; Xu et al., 2006; Mahs et al. 2013; Kaya et al., 2015;
Garcia-Mata et al., 2010).

DECODING THE ION CODE: DOWNSTREAM
MECHANISMS OF INTEGRATION OF
ION SIGNALING

Various Ca®" sensor proteins are known, some of them
w1th activity in PTs. The most prominent are within the
Ca**-binding EF-hand superfamily, which consists of
calmodulin, calmodulin-like (CML) and calcineurin

B-like (CBL) proteins, CBL-]nteractlng protein kinases
(CIPK), and finally the Ca**-dependent protein kinases
(CDPK; abbreviated CPK in Arabidopsis; Zhou et al.,
2015a). CaM, CML, and CBL have been demonstrated
previously to serve as sensor relays that lack enzymatic
activity, while CIPK and CDPK are responders. Each of
these proteins contains a special helix-loop- hehx motif
known as the EF-hand that enables Ca** binding
(Konrad et al., 2011; Steinhorst and Kudla, 2013).

The CPK family appears to have the most diverse
array of targets by interacting with actin and also other
membrane proteins (Curran et al., 2011). Of the 34 CPKs
present in the genome of Arabidopsis, 12 members
(CPK2, CPK4, CPK6, CPK11, CPK14, CPK16, CPK17,
CPK20, CPK24, CPK26, CPK32, and CPK34) are
expressed in pollen (Honys and Twell, 2003; Hrabak
et al., 2003; Harper et al., 2004; Pina et al., 2005). Five of
these have been characterized: AtCPK17 and AtCPK34
show very strong PT growth phenotypes; therefore,
these proteins must play important roles, which were hy-
pothesized to regulate Ca® channel activity (Myers et al.,
2009). The expression of the 12 pollen Arabldops1s
CPKs was analyzed by transient expression in tobacco
PTs, revealing differential localizations: CPK4, CPK11,
and CPK26 are cytosolic; CPK16, CPK24, and CPK32
seem to localize preferentially in the generative cell
membrane; while the others localize to the PM of the
PT: CPK2 and CPK20 specifically at the tip, CPK17 and
CPK34 in the subapical zone (Gutermuth et al., 2013).
Furthermore, AtCPK2 and AtCPK20 were shown to in-
teract and activate the conductivity of the anion channel
AtSLAH3. Taken together w1th the countercorrelation
between the levels of cytosolic Ca** and Cl”, these data are
suggestive of a feedback regulation loop fhat could un-
derlie the control of growth as an interplay between these
two ions, AtSLAH3 and a yet unknown depolarization-
activated Ca*" channel (Guterrnuth et al., 2013).

CMLs sense free Cytosohc Ca®* and are likely inte-
gral targets of Ca” signaling. There are over 50
AtCMLs expressed within pollen that share the highly
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BOX 2. Integrating pathways: mission impossible?

All things are connected, and any exercise of linking different pathways is perennial by nature but often useful to develop hypotheses on their
functional interfaces. Figure 4 represents one such exercise based on the available data. Ca®* is known to activate AtCPK32, which in turn
activates the Ca”"-permeable channel AtCNGC18; overexpression of AtCPK32 also produces Ca®* accumulation and unpolarized growth (Zhou
etal., 2014). AtCPK11 and AtCPK24 inhibit inward K™ currents via the Shaker channel AtSPIK (Zhao et al., 2013). AtCPK2 and AtCPK20 activate
the anion channel AtSLAH3, and this interaction is suggestive of a growth regulatory feedback loop involving a yet uncharacterized
depolarization-activated Ca®" channel (Gutermuth et al., 2013). Overexpression of AtCIPK19 led to increased apical Ca®* and loss of
polarity, whereas the loss-of-function mutant hindered growth (Zhou et al., 2015a). In root hairs, CBL1 and CBL9 were shown to interact
with CIPK23 to target the Shaker-type K* channel AKT1 (Xu et al., 2006). In PTs, Mahs et al. (2013) identified a similar role for CBL1 and CBL9 as
Ca”" sensors that show overexpression and knockout phenatypes of disturbed K™ homeostasis, leading to the speculation that CBL1 and CBL9
may interact with an unknown CIPK to regulate a Shaker-type K™ channel homologous to AKT1, SPIK. In PTs, AtCBL2 and AtCBL3 interact with
AtCIPK12 on the tonoplast, implicating the vacuole in Ca’* homeostasis and signaling (Steinhorst et al., 2015). CaM and CPKs have been
identified as interacting partners to enable H'-ATPases (Pertl-Obermeyer et al., 2014). ROS regulate Ca®" influxes through Ca’*-permeable
channels in root hairs, while in PTs, Ca** has been shown to regulate the activity of the ROS-producing proteins AtRbohH and AtRboh] (Wu et
al., 2010; Kaya et al., 2015; for review, see Wudick and Feij6, 2014). The outward K~ channel AtSKOR responds to hydrogen peroxide (Garcia-
Mata et al., 2010). In PT experiments in which AtRbohH and AtRboh] activity was manipulated, AtSPIK and AtSKOR have been suggested to be
regulated by ROS (Lassig et al., 2014). Cytosolic pH affects the activity of many proteins, yet specific regulation of tube PM transporters by pH
has not been reported so far. Given the existence of defined gradients of acidity on the tip and alkalinity either cytoplasmic or submembranar
(Fig. 1), pH could regulate differentially evenly distributed channels or be involved in processes to regulate the differential localization of
channels, one or the other contributing to the stabilization of cell polarity at the tip.

H*ATPase SPIK
H* K+

anions

SLAH3

Ca?*
CNGC18

K* “ao caz-\ SKOR
“~~ROS —

Figure 4. Schematic overview of signaling networks based on ion secondary messengers that participate in establishing ion
homeostasis. Solid lines represent supported findings, while dashed lines represent ongoing hypotheses. Question marks indicate
the likely presence of proteins whose molecular identities are still to be determined. We have represented the main transporters
here: proton pumps, inward K* channel AtSPIK on the tube, calcium channels (unknown and AtCNGC18), outward potassium
channel AtSKOR, and AtSLAH3 anion channel on the tip (for details, see Fig. 2; Table I).

conserved EF-hand binding motif and up to 75%
amino acid identity with CaM (Bender and Snedden,
2013). Pharmacological evidence of the action of
CaM in PTs of Arab1d0p31s seems to implicate
hyperpolarization-activated Ca** channels, suggestive
of a closed feedback loop dependent on H'-ATPase
activity (Sun et al., 2009). More recently, a function was
identified for AtCML24 in PT growth, acting on the
interface between the actin cytoskeleton and Ca**
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(Yang et al., 2014). Given the relevance of AtCNGCs in
PT growth, the recent description of CaM regulation of
AtCNGC12 (DeFalco et al., 2016) opens the possibility
that such a protem also may also be involved as a
decoder of Ca** signals in PTs, as previously suggested
by injection experiments (Moutinho et al., 1998; Rato
et al., 2004).

CIPKs are Ser/Thr kinases that couple with CBLs in
the Ca? signaling network (Edel and Kudla, 2015; Mao
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Table 1l. Cytoskeleton effects linked to Ca**, H*, or ROS signaling

2
Ca’

/v RIC1

ROP1—* RIC3

T~

1. F-actin severing
2. Capping barbed ends (At)
F-actin disassembly
1. F-actin assembly

Zhou et al., 2015;
Gu et al., 2005

RICA | 2. Increases exocytosis of vesicles (Nt, At)
AtMDP25 F-actin severing (At) Qinetal., 2014
AtMAP18 F-actin severing (At) Zhu et al.,, 2013
2+ A
_ Low Ca. (-0.1pM) genergtes cvtor;?lasmlt_:‘ Yokota et al,, 1999;

Myosin XI? streaming. Near 1uM Ca“’, streaming ability e e B

inhibited (L/). EaEE

2+ .
1. Increased (.:a .results in increased Kovar et al,, 2000
- depolymerization (Zm, Pr)

Profilin . 24 - Snowman et al., 2002

2. Increasing Ca“" sequesters profilin to block

function (Zm, Pr)

Villin2, 5 Prese.nt in apical and Sl‘jb—aplca| region. Actin Qu et al,, 2013

severing, collar formation. (At)

Binds and aids F-actin severing. Overexpression .
EIEIBR22 inhibited germination and tube growth (L/) Rianget.ah; 2007
LdABP41 F-actin severing (Ld) Fan et al., 2004

PrABP80 (gelsolin-like)

F-actin severing, barbed end capping (Pr)

Huang et al., 2004

H+

LILIM1 F-actin bundle assembly and stabilization (L/) Wang et al., 2008
Actin-Depolymerizing ; : :
Factor (ADF) and Active at alkaline pH to promote actin Chen et al,, 2002;

Actin-Interacting
Protein (AIP)?

depolymerization (Nt). AIP proposed to work
cooperatively with ADF (L/).

Lovy-Wheeler et al., 2006

ROS

=" EE—D ¢

Phosphorylation of actin depolymerizing
agents? No evidence ROS acts directly on
cytoskeleton.

Chen et al., 2002;
Wudick et al., 2014

et al, 2016). The AtCBL-AtCIPK complex has been
heavily implicated in abiotic stress tolerance by adjust-
ing the levels of K" through AtAKT1 (Manik et al., 2015).
Of the 26 different CIPKs identified within the Ara-
bidopsis genome, AtCIPK10, AtCIPK11, AtCIPK12,
AtCIPK14, and AtCIPK19 are strongly expressed in PTs
(Konrad et al., 2011; Zhou et al., 2015a). They display an
even distribution throughout the cytosol while being
weakly expressed in other tissues (Zhou et al., 2015a).
Different AtCBL/AtCIPK pairs have been implicated in
the activation of various kinds of channels (for review,
see Steinhorst and Kudla, 2013), and in PTs, AtCBL2
and AtCBL3 were described to interact with AtCIPK12
in the tonoplast, with phenotypic consequences at the
level of growth and PT morphogenesis, implicating the
vacuole in Ca** homeostasis and signaling (Steinhorst
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et al., 2015). A possible integration of these pathways is
offered in Figure 4.

CYTOSKELETON AND ION DYNAMICS

PT growth is accredited to actin polymerization
(Vidali and Hepler, 2001; Cardenas et al., 2008). Yet, a
collective look at actin dynamics suggests an alterna-
tive perspective for normal growth: it is rapid actin
turnover, the continuous assembly and disassembly of
actin, that is important variable. Are signaling gra-
dients, and not strict concentrations, important by
themselves through dynamic mechanisms such as the
polymerization/depolymerization of actin? Possible
interactions between H* and Ca*" and actin related
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proteins have been systematized previously (Feij6
etal., 2004; Hepler, 2016) and are summarized in Table
1L One prominent candidate for interaction with Ca**
is the GTPase Rho family of plants (ROPs). Primarily
tip localized, members such as the pollen-specific
AtROP1 have been demonstrated to mediate F-actin
and Ca”* signaling (for review, see Cheung and Wu,
2008; Qin and Yang, 2011). The best characterized ROP
downstream effector are the family of ROP-interactive
CRIB-containing proteins (RICs) that show a diverse
range of responses. Opposing pathways of AtRIC3
and AtRIC4 produced starkly different consequences
on F-actin. AtRIC3 leads to F-actin disassembly, specif-
ically at the tip of PTs, promoting the accumulation of
t1p—locahzed Ca®". Conversely, AtRIC4 in response to
Ca** promotes F-actin assembly (Gu et al., 2005). Addi-
tionally, recent studies investigating the apical PM-
localized AtRIC1 add to the importance of RIC to
regulate actin (Zhou et al., 2015b). Similar to AtRIC3
AtRIC1 binds to and severs F-actin in the presence of Ca**
The ric1 knockout mutant was characterized by an accu-
mulation of actin at the fringe and increased PT growth
rate (Zhou et al., 2015b). Despite multiple pieces of evi-
dence and phenotypes, a consensual mechanism for
ROP GTPases in PT growth is still debated.

A number of actin-binding protems such as
LIABP29 and LdABP41, respond in a Ca**-sensitive
manner to contribute to F-actin regulation (Fan
et al., 2004; Xiang et al., 2007). Also, villins, which
are known to be Ca* responsive (Yokota et al., 2005),
have been found to be major players in the actin turn-
over in PTs (Qu et al., 2013). Further details of ABPs
have been reviewed recently (Fu, 2015; Hepler, 2016).
Of note, there are no reports of ion regulatory depen-
dencies for the ABP family of formins, which have
emerged as major regulators of actin organization in
PTs (Cheung et al., 2010). Like all proteins, formin ac-
tion should be dependent on pH, but the range of pH
variations in the PT tip was never associated with their
regulation.

Despite contradictory evidence for a crucial role of
microtubules in PTs, microtubule-destabilizing protein
(MDP) bmdmg activity was found to be augmented by
high Ca®* in Arabidopsis. Yet, remarkably, its action
seems to be to sever actin instead of tubulin. AtMDP25
is localized in the subapical region on the PM corre-
sponding to the highest concentrations of Ca**, where
it directly binds to and severs actin fllaments, and
its knockout resulted in an increased PT growth rate
but, paradoxically, reduced fertilization (Qin et al.,
2014). Moreover, MICROTUBULE-ASSOCIATED
PROTEIN18 demonstrates similar actin-severing func-
tions, as it is also localized on the subapical PM (Zhu
et al., 2013). At this point, it is difficult to develop a
mechanism integrating actin and microtubule interac-
tion, but some evidence exists that they may cooperate
in order to regulate the mechanical properties of PTs
(Gossot and Geitmann, 2007).

H" also may be involved in the cytoskeleton and
exocytosis regulation. Of relevance, alkalinization or
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acidification treatment of growing PTs showed that pH
may control actin dynamics in lily PTs, eventually
through the ADF-cofilin complex (Lovy-Wheeler et al.,
2006). Other evidence of H' targeting the cytoskele-
ton comes from studies on the actin-binding protein
LILIM1, which is essential for F-actin bundle assembly
and protection against latruncalin B-mediated depo-
lymerization and exhibits preference for activity under
low pH and low calcium concentrations (Wang et al.,
2008a).

CONCLUSION

PTs have been the source of relevant information
of channel identity and function, mostly due to their
strict dependence on ion dynamics and favorable cell
biology. The aspects covered in this review show not

OUTSTANDING QUESTIONS

e What are the channels and transporters that
sustain the cytosolic gradients of Ca?* and
anionsin PTs?

e  Are specific choreographies of ion dynamics
associated with the spatial and temporal
coordination of cellular processes that lead to
growth and morphogenesis of the pollen tube?

e How are ions, especially K* and anions,
associated with the generation of turgor and
regulation of wall synthesis?

* Whatis the contribution of the endomembrane
system and vacuole to ion homeostasis in the
cytosol? And how are the ion transports to these
compartments regulated?

e Is there a ligand-based regulatory mechanism
that coordinates the activity of ligand-gated
channels for the regulation of ion cytosolic
concentration, especially for Ca?*?

e What are the targets of the cytosolic pH gradient
at the tip?

¢ How do the multiple downstream target families
of Ca?* (CPKs, CIPKs, and CMLs) interact to

produce specific responses?
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only significant advances in the repertoire of known
ion transport proteins but also significant advances in
downstream regulatory targets that may elucidate the
very fundamental levels of organization of a living cell.
Also in that respect, PTs offer unique features to bridge
to biophysics, specifically at the levels of electrochem-
istry and biomechanics. Most of the studies covered
refer to in vitro PT growth phenotypes, eventually
backed up by in vivo phenotyping, but several pieces of
evidence suggest that ion dynamics mechanisms can
actually be involved in various steps of the progamic
phase of reproduction. Examples of this centrality come
from recent demonstrations of the influence of pollen
Ca?*-ATPases (Iwano et al, 2014) and GLRs (Iwano
et al., 2015) on the self—1ncompat1b1hty of Brassica spp.
and the suite of articles that defined the emergence of
an ion-mediated signaling model during PT-embryo
sac interaction, either through K" in maize (Zea mays;
Amien et al., 2010) or the putative existence of Ca**
signatures in Arab1d0p31s (Iwano et al., 2012; Denninger
etal., 2014; Hamamura et al., 2014; Ngo et al., 2014). The
context of cell-cell communication during reproduction
is suggestive that PTs have evolved for fast reaction sig-
naling in the form of chemotaxis, growth turns, growth
rate alterations, and bursting; therefore, it is likely that the
repertoire of basic mechanisms that transduce informa-
tion through ion dynamics will be increased, benefited by
the plethora of new imaging methods and genetic probes
continuously being developed.

Received October 12, 2016; accepted November 19, 2016; published November
28, 2016

LITERATURE CITED

Ali O, Traas J (2016) Force-driven polymerization and turgor-induced wall
expansion. Trends Plant Sci 21: 398-409

Amien S, Kliwer I, Marton ML, Debener T, Geiger D, Becker D,
Dresselhaus T (2010) Defensin-like ZmES4 mediates pollen tube
burst in maize via opening of the potassium channel KZM1. PLoS
Biol 8: e1000388

Aouar L, Chebli Y, Geitmann A (2010) Morphogenesis of complex plant
cell shapes: the mechanical role of crystalline cellulose in growing pollen
tubes. Sex Plant Reprod 23: 15-27

Bassil E, Tajima H, Liang YC, Ohto MA, Ushijima K, Nakano R, Esumi T,
Coku A, Belmonte M, Blumwald E (2011) The Arabidopsis Na*/H*
antiporters NHX1 and NHX2 control vacuolar pH and K* homeostasis
to regulate growth, flower development, and reproduction. Plant Cell
23: 3482-3497

Becker D, Geiger D, Dunkel M, Roller A, Bertl A, Latz A, Carpaneto A,
Dietrich P, Roelfsema MR, Voelker C, et al (2004) AtTPK4, an Arabi-
dopsis tandem-pore K* channel, poised to control the pollen membrane
voltage in a pH- and Ca**-dependent manner. Proc Natl Acad Sci USA
101: 15621-15626

Becker JD, Boavida LC, Carneiro J, Haury M, Feijo JA (2003) Transcrip-
tional profiling of Arabidopsis tissues reveals the unique characteristics
of the pollen transcriptome. Plant Physiol 133: 713-725

Becker JD, Takeda S, Borges F, Dolan L, Feijo JA (2014) Transcriptional
profiling of Arabidopsis root hairs and pollen defines an apical cell
growth signature. BMC Plant Biol 14: 197

Beg AA, Ernstrom GG, Nix PN, Davis MW, Jorgensen EM (2008) Protons act
as a transmitter for muscle contraction in C. elegans. Cell 132: 149-160

Bender KW, Snedden WA (2013) Calmodulin-related proteins step out
from the shadow of their namesake. Plant Physiol 163: 486-495

Benkert R, Obermeyer G, Bentrup FW (1997) The turgor pressure of
growing lily pollen tubes. Protoplasma 198: 1-8

106

Bloch D, Pleskot R, Pejchar P, Potocky M, Trpkosova P, Cwiklik L,
Vukasinovic N, Sternberg H, Yalovsky S, Zarsky V (2016) Exocyst
SEC3 an phosphoinositides define sites of exocytosis in pollen initiation
and growth. Plant Physiol 172: 980-1002

Boavida LC, Becker JD, Feijo JA (2005a) The making of gametes in higher
plants. Int J Dev Biol 49: 595-614

Boavida LC, Borges F, Becker JD, Feijo JA (2011) Whole genome analysis
of gene expression reveals coordinated activation of signaling and
metabolic pathways during pollen-pistil interactions in Arabidopsis.
Plant Physiol 155: 2066-2080

Boavida LC, Vieira AM, Becker JD, Feijo JA (2005b) Gametophyte inter-
action and sexual reproduction: how plants make a zygote. Int ] Dev Biol
49: 615-632

Bock KW, Honys D, Ward JM, Padmanaban S, Nawrocki EP, Hirschi KD,
Twell D, Sze H (2006) Integrating membrane transport with male ga-
metophyte development and function through transcriptomics. Plant
Physiol 140: 1151-1168

Boisson-Dernier A, Lituiev DS, Nestorova A, Franck CM, Thirugnanar-
ajah S, Grossniklaus U (2013) ANXUR receptor-like kinases coordinate
cell wall integrity with growth at the pollen tube tip via NADPH oxi-
dases. PLoS Biol 11: e1001719

Borges F, Gomes G, Gardner R, Moreno N, McCormick S, Feijo JA,
Becker JD (2008) Comparative transcriptomics of Arabidopsis sperm
cells. Plant Physiol 148: 1168-1181

Bosch M, Cheung AY, Hepler PK (2005) Pectin methylesterase, a regulator
of pollen tube growth. Plant Physiol 138: 13341346

Bosch M, Hepler PK (2005) Pectin methylesterases and pectin dynamics in
pollen tubes. Plant Cell 17: 3219-3226

Bots M, Feron R, Uehlein N, Weterings K, Kaldenhoff R, Mariani T (2005)
PIP1 and PIP2 aquaporins are differentially expressed during tobacco
anther and stigma development. ] Exp Bot 56: 113-121

Bove ], Vaillancourt B, Kroeger J, Hepler PK, Wiseman PW, Geitmann A
(2008) Magnitude and direction of vesicle dynamics in growing pollen tubes
using spatiotemporal image correlation spectroscopy and fluorescence re-
covery after photobleaching. Plant Physiol 147: 1646-1658

Breygina MA, Abramochkin DV, Maksimov NM, Yermakov IP (2016)
Hydrogen peroxide affects ion channels in lily pollen grain protoplasts.
Plant Biol (Stuttg) 18: 761-767

Byrt CS, Zhao M, Kourghi M, Bose J, Henderson SW, Qiu J, Gilliham M,
Schultz C, Schwarz M, Ramesh SA, et al (2016) Non-selective cation
channel activity of aquaporin AtPIP2;1 regulated by Ca** and pH. Plant
Cell Environ (in press)

Cardenas AM, Marengo FD (2016) How the stimulus defines the dynamics
of vesicle pool recruitment, fusion mode, and vesicle recycling in neu-
roendocrine cells. ] Neurochem 137: 867-879

Cardenas L, Lovy-Wheeler A, Kunkel JG, Hepler PK (2008) Pollen tube
growth oscillations and intracellular calcium levels are reversibly
modulated by actin polymerization. Plant Physiol 146: 1611-1621

Cardenas L, McKenna ST, Kunkel JG, Hepler PK (2006) NAD(P)H oscil-
lates in pollen tubes and is correlated with tip growth. Plant Physiol 142:
1460-1468

Certal AC, Almeida RB, Carvalho LM, Wong E, Moreno N, Michard E,
Carneiro J, Rodriguez-Leon J, Wu HM, Cheung AY, et al (2008) Exclusion
of a proton ATPase from the apical membrane is associated with cell polarity
and tip growth in Nicotiana tabacum pollen tubes. Plant Cell 20: 614-634

Chebli Y, Kaneda M, Zerzour R, Geitmann A (2012) The cell wall of the
Arabidopsis pollen tube: spatial distribution, recycling, and network
formation of polysaccharides. Plant Physiol 160: 1940-1955

Chen CY, Wong EI, Vidali L, Estavillo A, Hepler PK, Wu HM, Cheung AY
(2002) The regulation of actin organization by actin-depolymerizing
factor in elongating pollen tubes. Plant Cell 14: 2175-2190

Chen LQ, Hou BH, Lalonde S, Takanaga H, Hartung ML, Qu XQ, Guo W],
Kim JG, Underwood W, Chaudhuri B, et al (2010) Sugar transporters for
intercellular exchange and nutrition of pathogens. Nature 468: 527-532

Cheng J, Wang Z, Yao F, Gao L, Ma S, Sui X, Zhang Z (2015) Down-
regulating CsHT1, a cucumber pollen-specific hexose transporter, in-
hibits pollen germination, tube growth, and seed development. Plant
Physiol 168: 635-647

Cheung AY, Niroomand A, Zou Y, Wu HM (2010) A transmembrane
formin nucleates subapical actin assembly and controls tip-focused
growth in pollen tubes. Proc Natl Acad Sci USA 107: 16390-16395

Cheung AY, Wu HM (2007) Structural and functional compartmentaliza-
tion in pollen tubes. ] Exp Bot 58: 75-82

Plant Physiol. Vol. 173, 2017



Cheung AY, Wu HM (2008) Structural and signaling networks for the
polar cell growth machinery in pollen tubes. Annu Rev Plant Biol 59:
547-572

Choi WG, Toyota M, Kim SH, Hilleary R, Gilroy S (2014) Salt stress-
induced Ca waves are associated with rapid, long-distance root-to-
shoot signaling in plants. Proc Natl Acad Sci USA 111: 6497-6502

Colago R, Moreno N, Feijé JA (2012) On the fast lane: mitochondria
structure, dynamics and function in growing pollen tubes. ] Microsc 247:
106-118

Colmenero-Flores JM, Martinez G, Gamba G, Vazquez N, Iglesias DJ,
Brumos J, Talon M (2007) Identification and functional characterization
of cation-chloride cotransporters in plants. Plant J 50: 278-292

Cosgrove DJ (2014) Plant cell growth and elongation. I eLS. John Wiley &
Sons, Chichester, UK, doi/10.1002/9780470015902.a0001688.

Cosgrove DJ (2016) Plant cell wall extensibility: connecting plant cell
growth with cell wall structure, mechanics, and the action of wall-
modifying enzymes. ] Exp Bot 67: 463-476

Covey PA, Subbaiah CC, Parsons RL, Pearce G, Lay FT, Anderson MA,
Ryan CA, Bedinger PA (2010) A pollen-specific RALF from tomato that
regulates pollen tube elongation. Plant Physiol 153: 703-715

Curran A, Chang IF, Chang CL, Garg S, Miguel RM, Barron YD, Li Y,
Romanowsky S, Cushman JC, Gribskov M, et al (2011) Calcium-
dependent protein kinases from Arabidopsis show substrate specificity
differences in an analysis of 103 substrates. Front Plant Sci 2: 36

Czerny DD, Padmanaban S, Anishkin A, Venema K, Riaz Z, Sze H (2016)
Protein architecture and core residues in unwound alpha-helices pro-
vide insights to the transport function of plant AtCHX17. Biochim Bio-
phys Acta 1858: 1983-1998

Daminelli DSC, Portes MT, Feijé JA (2017) One thousand and one oscil-
lators at the pollen tube tip: the quest for a central pacemaker revisited. In
G Obermeyer, JA Feijo, eds, Pollen Tip Growth: From Biophysical Aspects
to Systems Biology. Springer-Verlag, Heidelberg, Germany (in press)

DeFalco TA, Marshall CB, Munro K, Kang HG, Moeder W, Ikura M,
Snedden WA, Yoshioka K (2016) Multiple calmodulin-binding sites
positively and negatively regulate Arabidopsis CYCLIC NUCLEOTIDE-
GATED CHANNELI12. Plant Cell 28: 1738-1751

Denninger P, Bleckmann A, Lausser A, Vogler F, Ott T, Ehrhardt DW,
Frommer WB, Sprunck S, Dresselhaus T, Grossmann G (2014) Male-
female communication triggers calcium signatures during fertilization
in Arabidopsis. Nat Commun 5: 4645

Derksen J, Janssen GJ, Wolters-Arts M, Lichtscheidl I, Adlassnig W,
Ovecka M, Doris F, Steer M (2011) Wall architecture with high porosity
is established at the tip and maintained in growing pollen tubes of Ni-
cotiana tabacum. Plant J 68: 495-506

Dettmer J, Liu TY, Schumacher K (2010) Functional analysis of Arabi-
dopsis V-ATPase subunit VHA-E isoforms. Eur J Cell Biol 89: 152-156

Di Giorgio JA, Bienert GP, Ayub ND, Yaneff A, Barberini ML, Mecchia
MA, Amodeo G, Soto GC, Muschietti JP (2016) Pollen-specific aqua-
porins NIP4;1 and NIP4;2 are required for pollen development and
pollination in Arabidopsis thaliana. Plant Cell 28: 1053-1077

Dumais J, Shaw SL, Steele CR, Long SR, Ray PM (2006) An anisotropic-
viscoplastic model of plant cell morphogenesis by tip growth. Int J Dev
Biol 50: 209222

Edel KH, Kudla J (2015) Increasing complexity and versatility: how the
calcium signaling toolkit was shaped during plant land colonization.
Cell Calcium 57: 231-246

Evans AR, Hall D, Pritchard J, Newbury HJ (2011) The roles of the cation
transporters CHX21 and CHX23 in the development of Arabidopsis
thaliana. J Exp Bot 63: 59-67

Fan X, Hou J, Chen X, Chaudhry F, Staiger CJ, Ren H (2004) Identification
and characterization of a Ca®*-dependent actin filament-severing protein
from lily pollen. Plant Physiol 136: 3979-3989

Fayant P, Girlanda O, Chebli Y, Aubin CE, Villemure I, Geitmann A
(2010) Finite element model of polar growth in pollen tubes. Plant Cell
22: 2579-2593

Feijo JA, Costa SS, Prado AM, Becker JD, Certal AC (2004) Signalling by
tips. Curr Opin Plant Biol 7: 589-598

Feijo JA, Malhé RM, Obermeyer G (1995) Ion dynamics and its possible
role during in vitro germination and tube growth. Protoplasma 187:
155-167

Feijo JA, Sainhas J, Hackett GR, Kunkel JG, Hepler PK (1999) Growing
pollen tubes possess a constitutive alkaline band in the clear zone and a
growth-dependent acidic tip. J Cell Biol 144: 483-496

Plant Physiol. Vol. 173, 2017

Ion Transport in Pollen Tubes

Feijé JA, Sainhas J, Holdaway-Clarke T, Cordeiro MS, Kunkel JG, Hepler
PK (2001) Cellular oscillations and the regulation of growth: the pollen
tube paradigm. BioEssays 23: 86-94

Felle HH (2001) pH: signal and messenger in plant cells. Plant Biol 3: 577—
591

Fendrych M, Leung J, Friml J (2016) TIR1/AFB-Aux/IAA auxin perception
mediates rapid cell wall acidification and growth of Arabidopsis hy-
pocotyls. eLife 5: e19048

Fernie AR, Martinoia E (2009) Malate: jack of all trades or master of a few?
Phytochemistry 70: 828-832

Frietsch S, Wang YF, Sladek C, Poulsen LR, Romanowsky SM, Schroeder
JI, Harper JF (2007) A cyclic nucleotide-gated channel is essential for
polarized tip growth of pollen. Proc Natl Acad Sci USA 104: 14531-14536

Fu Y (2015) The cytoskeleton in the pollen tube. Curr Opin Plant Biol 28:
111-119

Gao QF, Gu LL, Wang HQ, Fei CF, Fang X, Hussain J, Sun SJ, Dong JY,
Liu H, Wang YF (2016) Cyclic nucleotide-gated channel 18 is an essential
Ca** channel in pollen tube tips for pollen tube guidance to ovules in
Arabidopsis. Proc Natl Acad Sci USA 113: 3096-3101

Garcia-Mata C, Wang J, Gajdanowicz P, Gonzalez W, Hills A, Donald N,
Riedelsberger J, Amtmann A, Dreyer I, Blatt MR (2010) A minimal
cysteine motif required to activate the SKOR K* channel of Arabidopsis
by the reactive oxygen species H,0,. ] Biol Chem 285: 29286-29294

Gehwolf R, Griessner M, Pertl H, Obermeyer G (2002) First patch, then
catch: measuring the activity and the mRNA transcripts of a proton
pump in individual Lilium pollen protoplasts. FEBS Lett 512: 152-156

Geitmann A (2010) How to shape a cylinder: pollen tube as a model system
for the generation of complex cellular geometry. Sex Plant Reprod 23:
63-71

Goetz M, Godt DE, Guivarc’h A, Kahmann U, Chriqui D, Roitsch T (2001)
Induction of male sterility in plants by metabolic engineering of the
carbohydrate supply. Proc Natl Acad Sci USA 98: 6522-6527

Gossot O, Geitmann A (2007) Pollen tube growth: coping with mechanical
obstacles involves the cytoskeleton. Planta 226: 405-416

Griessner M, Obermeyer G (2003) Characterization of whole-cell K* cur-
rents across the plasma membrane of pollen grain and tube protoplasts
of Lilium longiflorum. ] Membr Biol 193: 99-108

Gu F, Nielsen E (2013) Targeting and regulation of cell wall synthesis
during tip growth in plants. J Integr Plant Biol 55: 835-846

Gu Y, Fu Y, Dowd P, Li S, Vernoud V, Gilroy S, Yang Z (2005) A Rho
family GTPase controls actin dynamics and tip growth via two coun-
teracting downstream pathways in pollen tubes. J Cell Biol 169: 127-138

Guan YF, Huang XY, Zhu J, Gao JF, Zhang HX, Yang ZN (2008) RUP-
TURED POLLEN GRAIN1, a member of the MtN3/saliva gene family, is
crucial for exine pattern formation and cell integrity of microspores in
Arabidopsis. Plant Physiol 147: 852-863

Gutermuth T, Lassig R, Portes MT, Maierhofer T, Romeis T, Borst JW,
Hedrich R, Feijo JA, Konrad KR (2013) Pollen tube growth regulation
by free anions depends on the interaction between the anion channel
SLAHS3 and calcium-dependent protein kinases CPK2 and CPK20. Plant
Cell 25: 4525-4543

Gutknecht J (1987) Proton/hydroxide conductance and permeability
through phospholipid bilayer membranes. Proc Natl Acad Sci USA 84:
6443-6446

Hackel A, Schauer N, Carrari F, Fernie AR, Grimm B, Kuhn C (2006)
Sucrose transporter LeSUT1 and LeSUT2 inhibition affects tomato fruit
development in different ways. Plant J 45: 180-192

Hamamura Y, Nishimaki M, Takeuchi H, Geitmann A, Kurihara D,
Higashiyama T (2014) Live imaging of calcium spikes during double
fertilization in Arabidopsis. Nat Commun 5: 4772

Hamilton ES, Jensen GS, Maksaev G, Katims A, Sherp AM, Haswell ES
(2015) Mechanosensitive channel MSL8 regulates osmotic forces during
pollen hydration and germination. Science 350: 438-441

Harper JF, Breton G, Harmon A (2004) Decoding Ca®* signals through
plant protein kinases. Annu Rev Plant Biol 55: 263-288

Haruta M, Sabet G, Stecker K, Minkoff BB, Sussman MR (2014) A peptide
hormone and its receptor kinase regulate plant cell expansion. Science
343: 408-411

Henderson SW, Wege S, Qiu J, Blackmore DH, Walker AR, Tyerman SD,
Walker RR, Gilliham M (2015) Grapevine and Arabidopsis cation-
chloride cotransporters localize to the Golgi and trans-Golgi network
and indirectly influence long-distance ion transport and plant salt tol-
erance. Plant Physiol 169: 2215-2229

107



Michard et al.

Hepler PK (2016) The cytoskeleton and its regulation by calcium and
protons. Plant Physiol 170: 3-22

Hepler PK, Rounds CM, Winship LJ (2013) Control of cell wall extensi-
bility during pollen tube growth. Mol Plant 6: 998-1017

Hepler PK, Winship LJ (2015) The pollen tube clear zone: clues to the
mechanism of polarized growth. J Integr Plant Biol 57: 79-92

Heslop-Harrison J, Heslop-Harrison Y (1982) The growth of the grass
pollen tube. 1. Characteristics of the polysaccharide particles (P-particles)
associated with apical growth. Protoplasma 112: 71-80

Hille B (2001) Ion Channels of Excitable Membranes, Ed 3, Sinauer Asso-
ciates, Inc. Sunderland, Massachusetts

Hirose T, Zhang Z, Miyao A, Hirochika H, Ohsugi R, Terao T (2010)
Disruption of a gene for rice sucrose transporter, OsSUT1, impairs
pollen function but pollen maturation is unaffected. ] Exp Bot 61: 3639
3646

Holdaway-Clarke T, Hepler PK (2003) Control of pollen tube growth: role
of ion gradients and fluxes. New Phytol 159: 539-563

Honkanen S, Dolan L (2016) Growth regulation in tip-growing cells that
develop on the epidermis. Curr Opin Plant Biol 34: 77-83

Honys D, Twell D (2003) Comparative analysis of the Arabidopsis pollen
transcriptome. Plant Physiol 132: 640-652

Hou C, Tian W, Kleist T, He K, Garcia V, Bai F, Hao Y, Luan S, Li L (2014)
DUEF221 proteins are a family of osmosensitive calcium-permeable cat-
ion channels conserved across eukaryotes. Cell Res 24: 632-635

Hrabak EM, Chan CW, Gribskov M, Harper JF, Choi JH, Halford N,
Kudla J, Luan S, Nimmo HG, Sussman MR, et al (2003) The Arabi-
dopsis CDPK-SnRK superfamily of protein kinases. Plant Physiol 132:
666-680

Huang S, Blanchoin L, Chaudhry F, Franklin-Tong VE, Staiger CJ (2004)
A gelsolin-like protein from Papaver rhoeas pollen (PrABP80) stimulates
calcium-regulated severing and depolymerization of actin filaments. J
Biol Chem 279: 23364-23375

Ishikawa F, Suga S, Uemura T, Sato MH, Maeshima M (2005) Novel type
aquaporin SIPs are mainly localized to the ER membrane and show cell-
specific expression in Arabidopsis thaliana. FEBS Lett 579: 5814-5820

Iwano M, Entani T, Shiba H, Kakita M, Nagai T, Mizuno H, Miyawaki A,
Shoji T, Kubo K, Isogai A, et al (2009) Fine-tuning of the cytoplasmic
Ca®* concentration is essential for pollen tube growth. Plant Physiol 150:
1322-1334

Iwano M, Igarashi M, Tarutani Y, Kaothien-Nakayama P, Nkayama H,
Moriyama H, Yakabe R, Entani T, Shimosato-Asano H, Ueki M, et al
(2014) A pollen coat-inducible autoinhibited Ca?*-ATPase expressed in
stigmatic papilla cells is required for compatible pollination in the
Brassicaceae. Plant Cell 26: 636649

Iwano M, Ito K, Fujii S, Kakita M, Asano-Shimosato H, Igarashi M,
Kaothien-Nakayama P, Entani T, Kanatani A, Takehisa M, et al (2015)
Calcium signalling mediates self-incompatibility response in the Bras-
sicaceae. Nat Plants 1: 15128

Iwano M, Ngo QA, Entani T, Shiba H, Nagai T, Miyawaki A, Isogai A,
Grossniklaus U, Takayama S (2012) Cytoplasmic Ca** changes dy-
namically during the interaction of the pollen tube with synergid cells.
Development 139: 4202-4209

Jiang L, Yang SL, Xie LF, Puah CS, Zhang XQ, Yang WC, Sundaresan V,
Ye D (2005) VANGUARDI1 encodes a pectin methylesterase that en-
hances pollen tube growth in the Arabidopsis style and transmitting tract.
Plant Cell 17: 584-596

Kaplan B, Sherman T, Fromm H (2007) Cyclic nucleotide-gated channels in
plants. FEBS Lett 581: 2237-2246

Kaya H, Iwano M, Takeda S, Kanaoka MM, Kimura S, Abe M, Kuchitsu K
(2015) Apoplastic ROS production upon pollination by RbohH and RbohJ in
Arabidopsis. Plant Signal Behav 10: €989050

Kaya H, Nakajima R, Iwano M, Kanaoka MM, Kimura S, Takeda S,
Kawarazaki T, Senzaki E, Hamamura Y, Higashiyama T, et al (2014)
Ca**-activated reactive oxygen species production by Arabidopsis RbohH
and Rboh] is essential for proper pollen tube tip growth. Plant Cell 26:
1069-1080

Ketelaar T (2013) The actin cytoskeleton in root hairs: all is fine at the tip.
Curr Opin Plant Biol 16: 749-756

Ketelaar T, Galway ME, Mulder BM, Emons AMC (2008) Rates of endocytosis
in Arabidopsis root hairs and pollen tubes. ] Microsc 231: 265-273

Kong XQ, Gao XH, Sun W, An J, Zhao YX, Zhang H (2011) Cloning and
functional characterization of a cation-chloride cotransporter gene
OsCCC1. Plant Mol Biol 75: 567-578

108

Konrad KR, Wudick MM, Feijo JA (2011) Calcium regulation of tip
growth: new genes for old mechanisms. Curr Opin Plant Biol 14: 721-
730

Kost B (2008) Spatial control of Rho (Rac-Rop) signaling in tip-growing
plant cells. Trends Cell Biol 18: 119-127

Kovar DR, Drobak BK, Staiger CJ (2000) Maize profilin isoforms are
functionally distinct. Plant Cell 12: 583-598

Kroeger JH, Daher FB, Grant M, Geitmann A (2009) Microfilament ori-
entation constrains vesicle flow and spatial distribution in growing
pollen tubes. Biophys J 97: 1822-1831

Lancelle SA, Cresti M, Hepler PK (1987) Ultrastructure of the cytoskeleton
in freeze-substituted pollen tubes of Nicotiana alata. Protoplasma 140:
141-150

Lang V, Pertl-Obermeyer H, Safiarian MJ, Obermeyer G (2014) Pump up
the volume: a central role for the plasma membrane H* pump in pollen
germination and tube growth. Protoplasma 251: 477-488

Lang V, Usadel B, Obermeyer G (2015) De novo sequencing and analysis
of the lily pollen transcriptome: an open access data source for an or-
phan plant species. Plant Mol Biol 87: 69-80

Lassig R, Gutermuth T, Bey TD, Konrad KR, Romeis T (2014) Pollen tube
NAD(P)H oxidases act as a speed control to dampen growth rate os-
cillations during polarized cell growth. Plant J 78: 94-106

Lee S, Lee EJ, Yang EJ, Lee JE, Park AR, Song WH, Park OK (2004) Pro-
teomic identification of annexins, calcium-dependent membrane bind-
ing proteins that mediate osmotic stress and abscisic acid signal
transduction in Arabidopsis. Plant Cell 16: 1378-1391

Lefebvre B, Arango M, Oufattole M, Crouzet J, Purnelle B, Boutry M
(2005) Identification of a Nicotiana plumbaginifolia plasma membrane
H*-ATPase gene expressed in the pollen tube. Plant Mol Biol 58: 775-787

Leng Q, Mercier RW, Hua BG, Fromm H, Berkowitz GA (2002) Electro-
physiological analysis of cloned cyclic nucleotide-gated ion channels.
Plant Physiol 128: 400-410

Leng Q, Mercier RW, Yao W, Berkowitz GA (1999) Cloning and first
functional characterization of a plant cyclic nucleotide-gated cation
channel. Plant Physiol 121: 753-761

Li C, Wu HM, Cheung AY (2016) FERONIA and her pals: functions and
mechanisms. Plant Physiol 171: 2379-2392

Li YQ, Zhang HQ, Pierson ES, Huang FY, Linskens HF, Hepler PK, Cresti M
(1996) Enforced growth-rate fluctuation causes pectin ring formation in the
cell wall of Lilium longiflorum pollen tubes. Planta 200: 41-49

Lipchinsky A (2015) Osmophoresis: a possible mechanism for vesicle
trafficking in tip-growing cells. Phys Biol 12: 066012

Liu P, Li RL, Zhang L, Wang QL, Niehaus K, Baluska F, Samaj J, Lin JX
(2009) Lipid microdomain polarization is required for NADPH oxidase-
dependent ROS signaling in Picea meyeri pollen tube tip growth. Plant J
60: 303-313

Loraine AE, McCormick S, Estrada A, Patel K, Qin P (2013) RNA-seq of
Arabidopsis pollen uncovers novel transcription and alternative splic-
ing. Plant Physiol 162: 1092-1109

Lovy-Wheeler A, Kunkel JG, Allwood EG, Hussey PJ, Hepler PK (2006)
Oscillatory increases in alkalinity anticipate growth and may regulate
actin dynamics in pollen tubes of lily. Plant Cell 18: 2182-2193

Lu Y, Chanroj S, Zulkifli L, Johnson MA, Uozumi N, Cheung A, Sze H
(2011) Pollen tubes lacking a pair of K* transporters fail to target ovules
in Arabidopsis. Plant Cell 23: 81-93

Luoni L, Bonza MC, De Michelis MI (2000) H*/Ca®* exchange driven by
the plasma membrane Ca**-ATPase of Arabidopsis thaliana recon-
stituted in proteoliposomes after calmodulin-affinity purification. FEBS
Lett 482: 225-230

Ma W, Yoshioka K, Berkowitz GA (2007) Cyclic nucleotide gated channels
and Ca-mediated signal transduction during plant innate immune re-
sponse to pathogens. Plant Signal Behav 2: 548-550

Mahs A, Steinhorst L, Han JP, Shen LK, Wang Y, Kudla J (2013) The
calcineurin B-like Ca®" sensors CBL1 and CBL9 function in pollen
germination and pollen tube growth in Arabidopsis. Mol Plant 6:
1149-1162

Malho R, Read ND, Trewavas AJ, Pais MS (1995) Calcium channel activity
during pollen tube growth and reorientation. Plant Cell 7: 1173-1184

Mangano S, Juarez SP, Estevez JM (2016) ROS regulation of polar growth
in plant cells. Plant Physiol 171: 1593-1605

Manik SM, Shi S, Mao J, Dong L, Su 'Y, Wang Q, Liu H (2015) The calcium
sensor CBL-CIPK is involved in plant’s response to abiotic stresses. Int J
Genomics 2015: 493191

Plant Physiol. Vol. 173, 2017



Mao J, Manik SM, Shi S, Chao J, Jin Y, Wang Q, Liu H (2016) Mechanisms
and physiological roles of the CBL-CIPK networking system in Arabi-
dopsis thaliana. Genes (Basel) 7: E62

Mayank P, Grossman J, Wuest S, Boisson-Dernier A, Roschitzki B, Nanni
P, Nuhse T, Grossniklaus U (2012) Characterization of the phospho-
proteome of mature Arabidopsis pollen. Plant J 72: 89-101

Mendrinna A, Persson S (2015) Root hair growth: it’s a one way street.
F1000Prime Rep 7: 23

Meyer S, Mumm P, Imes D, Endler A, Weder B, Al-Rasheid KA, Geiger
D, Marten I, Martinoia E, Hedrich R (2010) AtALMT12 represents an
R-type anion channel required for stomatal movement in Arabidopsis
guard cells. Plant J 63: 1054-1062

Meyerhoff O, Muller K, Roelfsema MR, Latz A, Lacombe B, Hedrich R,
Dietrich P, Becker D (2005) AtGLR3.4, a glutamate receptor channel-
like gene is sensitive to touch and cold. Planta 222: 418-427

Michard E, Alves F, Feijo JA (2009) The role of ion fluxes in polarized cell
growth and morphogenesis: the pollen tube as an experimental para-
digm. Int J Dev Biol 53: 1609-1622

Michard E, Dias P, Feijé JA (2008) Tobacco pollen tubes as cellular
models for ion dynamics: improved spatial and temporal resolution of
extracellular flux and free cytosolic concentration of calcium and
protons using pHluorin and YC3.1 CaMeleon. Sex Plant Reprod 21:
169-181

Michard E, Lima PT, Borges F, Silva AC, Portes MT, Carvalho JE, Gilliham M,
Liu LH, Obermeyer G, Feijo JA (2011) Glutamate receptor-like genes form
Ca** channels in pollen tubes and are regulated by pistil D-serine. Science
332: 434437

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K,
Gollery M, Shulaev V, Van Breusegem F (2011) ROS signaling: the new
wave? Trends Plant Sci 16: 300-309

Money NP, Hill TW (1997) Correlation between endoglucanase secretion
and cell wall strength in oomycete hyphae: implications for growth and
morphogenesis. Mycoologia 89: 777-785

Monshausen GB, Bibikova TN, Messerli MA, Shi C, Gilroy S (2007)
Oscillations in extracellular pH and reactive oxygen species modulate
tip growth of Arabidopsis root hairs. Proc Natl Acad Sci USA 104:
20996-21001

Monshausen GB, Messerli MA, Gilroy S (2008) Imaging of the Yellow
Cameleon 3.6 indicator reveals that elevations in cytosolic Ca®* follow
oscillating increases in growth in root hairs of Arabidopsis. Plant
Physiol 147: 1690-1698

Mouline K, Very AA, Gaymard F, Boucherez J, Pilot G, Devic M, Bouchez
D, Thibaud JB, Sentenac H (2002) Pollen tube development and com-
petitive ability are impaired by disruption of a Shaker K* channel in
Arabidopsis. Genes Dev 16: 339-350

Moutinho A, Trewavas AJ, Malho R (1998) Relocation of a Caz"-dependent
protein kinase activity during pollen tube reorientation. Plant Cell 10:
1499-1510

Morris J, Hawthorne KM, Hotze T, Abrams SA, Hirschi KD (2008) Nu-
tritional impact of elevated calcium transport activity in carrots. Proc
Natl Acad Sci USA 105: 1431-1435

Myers C, Romanowsky SM, Barron YD, Garg S, Azuse CL, Curran A,
Davis RM, Hatton J, Harmon AC, Harper JF (2009) Calcium-dependent
protein kinases regulate polarized tip growth in pollen tubes. Plant J 59:
528-539

Ngo QA, Vogler H, Lituiev DS, Nestorova A, Grossniklaus U (2014) A
calcium dialog mediated by the FERONIA signal transduction pathway
controls plant sperm delivery. Dev Cell 29: 491-500

Obermeyer G (2017) Water transport in pollen. In G Obermeyer, JA Feijo,
eds, Pollen Tip Growth: From Biophysical Aspects to Systems Biology.
Springer-Verlag, Heidelberg, Germany (in press)

Obermeyer G, Kolb HA (1993) K* channels in the plasma membrane of lily
pollen protoplasts. Bot Acta 106: 26-31

Obermeyer G, Weisenseel MH (1991) Calcium channel blocker and cal-
modulin antagonists affect the gradient of free calcium ions in lily pollen
tubes. Eur J Cell Biol 56: 319-327

Padmanaban S, Czerny DD, Levin K, Leydon RR, Su RT, Maugel TK,
Zou Y, Chanroj S, Cheung AY, Johnson MA, et al (2017) Transporters
involved in pH and K homeostasis affect wall formation, male fertility
and embryo development. ] Exp Bot (in press)

Parre E, Geitmann A (2005) Pectin and the role of the physical properties of
the cell wall in pollen tube growth of Solanum chacoense. Planta 220:
582-592

Plant Physiol. Vol. 173, 2017

Ion Transport in Pollen Tubes

Parton RM, Fischer-Parton S, Watahiki MK, Trewavas AJ (2001) Dy-
namics of the apical vesicle accumulation and the rate of growth are
related in individual pollen tubes. J Cell Sci 114: 2685-2695

Pertl H, Pockl M, Blaschke C, Obermeyer G (2010) Osmoregulation in
Lilium pollen grains occurs via modulation of the plasma membrane H*
ATPase activity by 14-3-3 proteins. Plant Physiol 154: 1921-1928

Pertl H, Rittmann S, Schulze WX, Obermeyer G (2011) Identification of
lily pollen 14-3-3 isoforms and their subcellular and time-dependent
expression profile. Biol Chem 392: 249-262

Pertl-Obermeyer H, Schulze WX, Obermeyer G (2014) In vivo cross-
linking combined with mass spectrometry analysis reveals receptor-
like kinases and Ca®* signalling proteins as putative interaction
partners of pollen plasma membrane H* ATPases. ] Proteomics 108:
17-29

Pierson ES, Miller DD, Callaham DA, Shipley AM, Rivers BA, Cresti M,
Hepler PK (1994) Pollen tube growth is coupled to the extracellular
calcium ion flux and the intracellular calcium gradient: effect of BAPTA-
type buffers and hypertonic media. Plant Cell 6: 1815-1828

Pierson ES, Miller DD, Callaham DA, van Aken J, Hackett G, Hepler PK
(1996) Tip-localized calcium entry fluctuates during pollen tube growth.
Dev Biol 174: 160-173

Pina C, Pinto F, Feijo JA, Becker JD (2005) Gene family analysis of the
Arabidopsis pollen transcriptome reveals biological implications for cell
growth, division control, and gene expression regulation. Plant Physiol
138: 744-756

Portes MT, Daminelli D, Moreno N, Colago R, Costa S, Feijé JA (2015)
The pollen tube oscillator: integrating biophysics and biochemistry into
cellular growth and morphogenesis. In S Mancuso, S Shabala, eds,
Rhythms in Plants: Phenomenology, Mechanisms, and Adaptive Sig-
nificance. Springer-Verlag, Heidelberg, Germany, pp 121-156

Potocky M, Jones MA, Bezvoda R, Smirnoff N, Zarsky V (2007) Reactive
oxygen species produced by NADPH oxidase are involved in pollen
tube growth. New Phytol 174: 742-751

Price MB, Kong D, Okumoto S (2013) Inter-subunit interactions be-
tween glutamate-like receptors in Arabidopsis. Plant Signal Behav 8:
e27034

Qin Y, Leydon AR, Manziello A, Pandey R, Mount D, Denic S, Vasic B,
Johnson MA, Palanivelu R (2009) Penetration of the stigma and style
elicits a novel transcriptome in pollen tubes, pointing to genes critical for
growth in a pistil. PLoS Genet 5: e1000621

Qin Y, Yang Z (2011) Rapid tip growth: insights from pollen tubes. Semin
Cell Dev Biol 22: 816-824

Qin T, Liu X, Li J, Sun J, Song L, Mao T (2014) Arabidopsis Microtubule-
Destabilizing Protein 25 functions in pollen tube growth by severing
actin filament. Plant Cell 26: 325-339

Qu X, Zhang H, Xie Y, Wang J, Chen N, Huang S (2013) Arabidopsis villins
promote actin turnover at pollen tube tips and facilitate the construction
of actin collars. Plant Cell 25: 1803-1817

Rathore KS, Cork R]J, Robinson KR (1991) A cytoplasmic gradient of
Ca®" is correlated with the growth of lily pollen tubes. Dev Biol 148:
612-619

Rato C, Monteiro D, Hepler PK, Malho R (2004) Calmodulin activity and
cAMP signalling modulate growth and apical secretion in pollen tubes.
Plant ] 38: 887-897

Reiss HD, Herth W (1985) Nifedipine-sensitive calcium channels are in-
volved in polar growth of lily pollen tubes. J Cell Sci 76: 247254

Robertson WR, Clark K, Young JC, Sussman MR (2004) An Arabidopsis
thaliana plasma membrane proton pump is essential for pollen devel-
opment. Genetics 168: 1677-1687

Rojas ER, Hotton S, Dumais J (2011) Chemically mediated mechanical
expansion of the pollen tube cell wall. Biophys J 101: 18441853

Rounds CM, Hepler PK, Winship LJ (2014) The apical actin fringe con-
tributes to localized cell wall deposition and polarized growth in the lily
pollen tube. Plant Physiol 166: 139-151

Rudall PJ, Bateman RM (2007) Developmental bases for key innovations in
the seed-plant microgametophyte. Trends Plant Sci 12: 317-326

Safiarian MJ, Pertl-Obermeyer H, Lughofer P, Hude R, Bertl A, Obermeyer G
(2015) Lost in traffic? The K* channel of lily pollen, LilKT1, is detected at the
endomembranes inside yeast cells, tobacco leaves, and lily pollen. Front Plant
Sci 6: 47

Sakano K (2001) Metabolic regulation of pH in plant cells: role of cyto-
plasmic pH in defense reaction and secondary metabolism. Int Rev
Cytol 206: 1-44

109



Michard et al.

Sanders D, Hansen UP, Slayman CL (1981) Role of the plasma membrane
proton pump in pH regulation in non-animal cells. Proc Natl Acad Sci
USA 78: 5903-5907

Schiott M, Romanowsky SM, Baekgaard L, Jakobsen MK, Palmgren MG,
Harper JF (2004) A plant plasma membrane Ca®* pump is required for
normal pollen tube growth and fertilization. Proc Natl Acad Sci USA
101: 9502-9507

Schroeter K, Sievers A (1971) Wirkung der Turgorreduktion auf den Golgi-
Apparat und die Bildung der Zellwand bei Wurzelhaaren. Protoplasma
72: 203-211

Segal AW (2016) NADPH oxidases as electrochemical generators to pro-
duce ion fluxes and turgor in fungi, plants and humans. Open Biol 6:
160028

Shang ZL, Ma LG, Zhang HL, He RR, Wang XC, Cui SJ, Sun DY (2005)
Ca* influx into lily pollen grains through a hyperpolarization-activated
Ca**-permeable channel which can be regulated by extracellular CaM.
Plant Cell Physiol 46: 598-608

Simon MLA, Platre MP, Marqués-Bueiio MM, Armengot L, Stanislas T,
Caillaud MC, Jaillais Y (2016) A PtdIns(4)-driven electrostatic field
controls cell membrane identity and signalling in plants. Nat Plants 2:
1-10

Sivitz AB, Reinders A, Ward JM (2008) Arabidopsis sucrose transporter
AtSUC1 is important for pollen germination and sucrose-induced an-
thocyanin accumulation. Plant Physiol 147: 92-100

Smith AM, Coupland G, Dolan L, Harberd N, Jones J, Martin C,
Sablowski R, Amey A (2009) Plant Biology. Garland Science, New York

Smith FA, Raven JA (1979) Intracellular pH and its regulation. Annu Rev
Plant Physiol 30: 289-311

Snowman BN, Kovar DR, Shevchenko G, Franklin-Tong VE, Staiger CJ
(2002) Signal-mediated depolymerization of actin in pollen during the
self-incompatibility response. Plant Cell 14: 2613-2626

Sommer A, Geist B, Da Ines O, Gehwolf R, Schaffner AR, Obermeyer G
(2008) Ectopic expression of Arabidopsis thaliana plasma membrane
intrinsic protein 2 aquaporins in lily pollen increases the plasma mem-
brane water permeability of grain but not of tube protoplasts. New
Phytol 180: 787-797

Soto G, Alleva K, Mazzella MA, Amodeo G, Muschietti JP (2008) AtTIP1;3
and AtTIP5;1, the only highly expressed Arabidopsis pollen-specific
aquaporins, transport water and urea. FEBS Lett 582: 4077-4082

Stadler R, Truernit E, Gahrtz M, Sauer N (1999) The AtSUCI1 sucrose
carrier may represent the osmotic driving force for anther dehiscence
and pollen tube growth in Arabidopsis. Plant J 19: 269-278

Stael S, Rocha AG, Wimberger T, Anrather D, Vothknecht UC, Teige M
(2012) Cross-talk between calcium signalling and protein phosphoryla-
tion at the thylakoid. ] Exp Bot 63: 1725-1733

Steer MW, Steer JM (1989) Pollen tube tip growth. New Phytol 111: 323-358

Steinhorst L, Kudla J (2013) Calcium: a central regulator of pollen germi-
nation and tube growth. Biochim Biophys Acta 1833: 1573-1581

Steinhorst L, Mahs A, Ischebeck T, Zhang C, Zhang X, Arendt S, Schultke
S, Heilmann I, Kudla J (2015) Vacuolar CBL-CIPK12 Ca**-sensor-kinase
complexes are required for polarized pollen tube growth. Curr Biol 25:
1475-1482

Stephens NR, Qi Z, Spalding EP (2008) Glutamate receptor subtypes
evidenced by differences in desensitization and dependence on the
GLR3.3 and GLR3.4 genes. Plant Physiol 146: 529-538

Strompen G, Dettmer J, Stierhof YD, Schumacher K, Jurgens G, Mayer U
(2005) Arabidopsis vacuolar H-ATPase subunit E isoform 1 is required
for Golgi organization and vacuole function in embryogenesis. Plant J
41: 125-132

Sun MX, Huang XY, Yang J, Guan YF, Yang ZN (2013) Arabidopsis RPG1
is important for primexine deposition and functions redundantly with
RPG2 for plant fertility at the late reproductive stage. Plant Reprod 26:
83-91

Sun W, Li S, Xu J, Liu T, Shang Z (2009) H*-ATPase in the plasma mem-
brane of Arabidopsis pollen cells is involved in extracellular calmodulin-
promoted pollen germination. Prog Nat Sci 19: 1071-1078

Sze H, Padmanaban S, Cellier F, Honys D, Cheng NH, Bock KW,
Conejero G, Li X, Twell D, Ward JM, et al (2004) Expression patterns
of a novel AtCHX gene family highlight potential roles in osmotic
adjustment and K" homeostasis in pollen development. Plant Physiol
136: 2532-2547

Taiz L, Zeiger E, Moller IM, Murphy A (2015) Plant Physiology and De-
velopment, Ed 6, Sinauer Associates, Inc. Sunderland, Massachusetts

110

Tapken D, Anschutz U, Liu LH, Huelsken T, Seebohm G, Becker D,
Hollmann M (2013) A plant homolog of animal glutamate receptors is an
ion channel gated by multiple hydrophobic amino acids. Sci Signal 6: ra47

Tapken D, Hollmann M (2008) Arabidopsis thaliana glutamate receptor
ion channel function demonstrated by ion pore transplantation. ] Mol
Biol 383: 36-48

Tavares B, Dias PN, Domingos P, Moura TF, Feijo JA, Bicho A (2011a)
Calcium-regulated anion channels in the plasma membrane of Lilium
longiflorum pollen protoplasts. New Phytol 192: 45-60

Tavares B, Domingos P, Dias PN, Feijo JA, Bicho A (2011b) The essential
role of anionic transport in plant cells: the pollen tube as a case study. J
Exp Bot 62: 2273-2298

Teardo E, Carraretto L, De Bortoli S, Costa A, Behera S, Wagner R, Lo
Schiavo F, Formentin E, Szabo I (2015) Alternative splicing-mediated
targeting of the Arabidopsis GLUTAMATE RECEPTOR3.5 to mito-
chondria affects organelle morphology. Plant Physiol 167: 216227

Teardo E, Formentin E, Segalla A, Giacometti GM, Marin O, Zanetti M,
Lo Schiavo F, Zoratti M, Szabo I (2011) Dual localization of plant
glutamate receptor AtGLR3.4 to plastids and plasmamembrane. Bio-
chim Biophys Acta 1807: 359-367

Teardo E, Segalla A, Formentin E, Zanetti M, Marin O, Giacometti GM,
Lo Schiavo F, Zoratti M, Szabo I (2010) Characterization of a plant
glutamate receptor activity. Cell Physiol Biochem 26: 253-262

Tian GW, Chen MH, Zaltsman A, Citovsky V (2006) Pollen-specific pectin
methylesterase involved in pollen tube growth. Dev Biol 294: 83-91

Tominaga M, Kojima H, Yokota E, Nakamori R, Anson M, Shimmen T,
Oiwa K (2012) Calcium-induced mechanical change in the neck domain
alters the activity of plant myosin XI. ] Biol Chem 287: 30711-30718

Tunc-Ozdemir M, Rato C, Brown E, Rogers S, Mooneyham A, Frietsch S,
Myers CT, Poulsen LR, Malho R, Harper JF (2013a) Cyclic nucleotide
gated channels 7 and 8 are essential for male reproductive fertility. PLoS
ONE 8: 55277

Tunc-Ozdemir M, Tang C, Ishka MR, Brown E, Groves NR, Myers CT,
Rato C, Poulsen LR, McDowell S, Miller G, et al (2013b) A cyclic
nucleotide-gated channel (CNGC16) in pollen is critical for stress tol-
erance in pollen reproductive development. Plant Physiol 161: 1010-
1020

Vidali L, Hepler PK (2001) Actin and pollen tube growth. Protoplasma 215:
64-76

Vieira AM, Feijo JA (2016) Hydrogel control of water uptake by pectins
during in vitro pollen hydration of Eucalyptus globulus. Am J Bot 103:
437-451

Vincill ED, Clarin AE, Molenda JN, Spalding EP (2013) Interacting glu-
tamate receptor-like proteins in Phloem regulate lateral root initiation in
Arabidopsis. Plant Cell 25: 1304-1313

Vogler H, Draeger C, Weber A, Felekis D, Eichenberger C, Routier-
Kierzkowska AL, Boisson-Dernier A, Ringli C, Nelson BJ, Smith RS,
et al (2012) The pollen tube: a soft shell with a hard core. Plant ] 73: 617-627

Wagner S, Behera S, De Bortoli S, Logan DC, Fuchs P, Carraretto L,
Teardo E, Cendron L, Nietzel T, Fussl M, et al (2015) The EF-hand Ca**
binding protein MICU choreographs mitochondrial Ca** dynamics in
Arabidopsis. Plant Cell 27: 3190-3212

Wang H, Zhuang X, Wang X, Law AHY, Zhao T, Du S, Loy MMT, Jiang L
(2016) A distinct pathway for polar exocytosis in plant cell wall for-
mation. Plant Physiol 172: 1003-1018

Wang HJ, Wan AR, Jauh GY (2008a) An actin-binding protein, LILIM1,
mediates calcium and hydrogen regulation of actin dynamics in pollen
tubes. Plant Physiol 147: 1619-1636

Wang Y, Zhang WZ, Song LF, Zou JJ, Su Z, Wu WH (2008b) Transcriptome
analyses show changes in gene expression to accompany pollen germi-
nation and tube growth in Arabidopsis. Plant Physiol 148: 1201-1211

Wang YF, Fan LM, Zhang WZ, Zhang W, Wu WH (2004) Caz*—permeable
channels in the plasma membrane of Arabidopsis pollen are regulated
by actin microfilaments. Plant Physiol 136: 3892-3904

White PJ, Broadley MR (2003) Calcium in plants. Ann Bot (Lond) 92: 487-511

Williams JH (2008) Novelties of the flowering plant pollen tube underlie
diversification of a key life history stage. Proc Natl Acad Sci USA 105:
11259-11263

Winship LJ, Obermeyer G, Geitmann A, Hepler PK (2011) Pollen tubes
and the physical world. Trends Plant Sci 16: 353-355

Wu J, Qin X, Tao S, Jiang X, Liang YK, Zhang S (2014) Long-chain base
phosphates modulate pollen tube growth via channel-mediated influx of
calcium. Plant J 79: 507-516

Plant Physiol. Vol. 173, 2017



Wu J, Shang Z, Wu J, Jiang X, Moschou PN, Sun W, Roubelakis-Angelakis
KA, Zhang S (2010) Spermidine oxidase-derived H,O, regulates pollen
plasma membrane hyperpolarization-activated Ca**-permeable channels
and pollen tube growth. Plant J 63: 1042-1053

Wudick MM, Feijo JA (2014) At the intersection: merging Ca®* and ROS
signaling pathways in pollen. Mol Plant 7: 1595-1597

Wudick MM, Luu DT, Tournaire-Roux C, Sakamoto W, Maurel C (2014)
Vegetative and sperm cell-specific aquaporins of Arabidopsis highlight
the vacuolar equipment of pollen and contribute to plant reproduction.
Plant Physiol 164: 1697-1706

Xiang Y, Huang X, Wang T, Zhang Y, Liu Q, Hussey PJ, Ren H (2007)
ACTIN BINDING PROTEIN 29 from Lilium pollen plays an important
role in dynamic actin remodeling. Plant Cell 19: 1930-1946

Xu J, Li HD, Chen LQ, Wang Y, Liu LL, He L, Wu WH (2006) A protein
kinase, interacting with two calcineurin B-like proteins, regulates K*
transporter AKT1 in Arabidopsis. Cell 125: 1347-1360

Yang SN, Shi Y, Yang G, Li Y, Yu J, Berggren PO (2014) Ionic mechanisms
in pancreatic beta cell signaling. Cell Mol Life Sci 71: 4149-4177

Yokota E, Muto S, Shimmen T (1999) Inhibitory regulation of higher-plant
myosin by Ca** ions. Plant Physiol 119: 231-240

Yokota E, Tominaga M, Mabuchi I, Tsuji Y, Staiger CJ, Oiwa K, Shimmen
T (2005) Plant villin, lily P-135-ABP, possesses G-actin binding activity
and accelerates the polymerization and de-polymerization of actin in a
Ca”*-sensitive manner. Plant Cell Physiol 46: 1690-1703

Yuan F, Yang H, Xue Y, Kong D, Ye R, Li C, Zhang J, Theprungsirikul L,
Shrift T, Krichilsky B, et al (2014) OSCA1 mediates osmotic-stress-
evoked Ca” increases vital for osmosensing in Arabidopsis. Nature
514: 367-371

Zerzour R, Kroeger J, Geitmann A (2009) Polar growth in pollen tubes is
associated with spatially confined dynamic changes in cell mechanical
properties. Dev Biol 334: 437-446

Plant Physiol. Vol. 173, 2017

Ion Transport in Pollen Tubes

Zhao ], Cheng NH, Motes CM, Blancaflor EB, Moore M, Gonzales N,
Padmanaban S, Sze H, Ward JM, Hirschi KD (2008) AtCHX13 is a
plasma membrane K* transporter. Plant Physiol 148: 796-807

Zhao J, Li P, Motes CM, Park S, Hirschi KD (2015) CHX14 is a plasma
membrane K-efflux transporter that regulates K* redistribution in Ara-
bidopsis thaliana. Plant Cell Environ 38: 2223-2238

Zhao LN, Shen LK, Zhang WZ, Zhang W, Wang Y, Wu WH (2013) Ca*-
dependent protein kinasell and 24 modulate the activity of the inward
rectifying K" channels in Arabidopsis pollen tubes. Plant Cell 25: 649-661

Zhou L, Lan W, Chen B, Fang W, Luan S (2015a) A calcium sensor-
regulated protein kinase, CALCINEURIN B-LIKE PROTEIN-INTERACTING
PROTEIN KINASE19, is required for pollen tube growth and polarity. Plant
Physiol 167: 1351-1360

Zhou L, Lan W, Jiang Y, Fang W, Luan S (2014) A calcium-dependent
protein kinase interacts with and activates a calcium channel to regu-
late pollen tube growth. Mol Plant 7: 369-376

Zhou Z, Shi H, Chen B, Zhang R, Huang S, Fu Y (2015b) Arabidopsis RIC1
severs actin filaments at the apex to regulate pollen tube growth. Plant
Cell 27: 1140-1161

Zhu J, Yuan S, Wei G, Qian D, Wu X, Jia H, Gui M, Liu W, An L, Xiang Y
(2014) Annexinb is essential for pollen development in Arabidopsis. Mol
Plant 7: 751-754

Zhu L, Zhang Y, Kang E, Xu Q, Wang M, Rui Y, Liu B, Yuan M, Fu Y
(2013) MAP18 regulates the direction of pollen tube growth in Arabi-
dopsis by modulating F-actin organization. Plant Cell 25: 851-867

Zonia L, Cordeiro S, Tupy J, Feijo JA (2002) Oscillatory chloride efflux at
the pollen tube apex has a role in growth and cell volume regulation
and is targeted by inositol 3,4,5,6-tetrakisphosphate. Plant Cell 14:
2233-2249

Zonia L, Munnik T (2011) Understanding pollen tube growth: the hydro-
dynamic model versus the cell wall model. Trends Plant Sci 16: 347-352

111



