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ABSTRACT
Plant reproduction is the basis for economically relevant food production. It relies on pollen tube (PTs) growth
into the female flower organs for successful fertilization. The high cytosolic Ca2+ concentration ([Ca2+]cyt) at the
PT tip is sensed by Ca2+-dependent protein kinases (CPKs) that in turn activate R- and S-type anion channels to
control polar growth. Lanthanum, a blocker for plant Ca2+-permeable channels was used here to demonstrate
a strict dependency for anion channel activation through high PT tip [Ca2+]cyt. We visualized this relationship by
live-cell anion imaging and concurrent triggering of Ca2+-elevations with the two-electrode voltage-clamp
(TEVC) technique. The anion efflux provoked by a TEVC-triggered [Ca2+]cyt increase was abolished by
Lanthanum and was followed by an overall rise in the cytosolic anion concentration. An interrelation between
Ca2+ and anion homeostasis occurred also on the transcript level of CPKs and anion channels. qRT-PCR analysis
demonstrated a co-regulation of anion channels and CPKs in media with different Cl− and NO3

− compositions.
Our data provides strong evidence for the importance of a Ca2+-dependent anion channel regulation and point
to a synchronized adjustment of CPK and anion channel transcript levels to fine-tune anion efflux at the PT tip.
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Introduction

It is well established that PT growth depends on a cytosolic
Ca2+-gradient with high [Ca2+]cyt at the very tip. How this
[Ca2+]cyt gradient orchestrates PT growth and guidance to
accomplish successful fertilization is largely unknown.1,2

Cyclic nucleotide gated channel 18 (CNGC18) and glutamate
receptor-like channels are considered to be prime candidate
Ca2+-entry channels mediating Ca2+-influx at the tip of PTs.3,4

CNGC18 harbors typical electrophysiological features of so-
called hyperpolarization activated Ca2+-channels (HACCs),
which were identified in PT- and pollen grain protoplasts
with the patch-clamp technique.5–7 We recently applied
short hyperpolarizing voltage pulses (−200 mV), known to
activate HACCs, with the two electrode voltage-clamp
(TEVC) technique to demonstrate that Ca2+-permeable chan-
nel activity is confined to the PT tip.8 A double barreled glass
microelectrode is thereby inserted into a growing PT to per-
form voltage-clamping, which enables us to set the membrane
voltage to defined values while performing Ca2+-imaging.
Moreover, we could establish that Ca2+- and anion home-
ostasis are tightly linked to promote PT growth since an
artificial Ca2+-increase triggered by the TEVC technique or
induced pharmacologically was followed by high anion chan-
nel activity and a decrease in tip anion concentration.8,9

Previous studies characterized anion efflux from the grain
and the PT tip to be essential for germination and polar
growth.10,11 In Gutermuth et al., 2018, we identified three

Ca2+-dependent protein kinases (CPKs), namely CPK2/20/6
to relay the high tip [Ca2+]cyt information for activating
R-(rapid) and S-(slow) type anion channels at the PT tip,
namely slow anion channel1 homolog 3 (SLAH3), alumi-
num-activated malate transporter 12 (ALMT12), ALMT13
and ALMT14. Multiple anion channel and CPK loss-of-func-
tion mutants are compromised in anion currents as well as in
vitro and in vivo PT growth.8 This pointed out that the Ca2+-
signaling pathway for anion channel activation via CPK2/20/6
plays an important role in successful fertilization and both,
channels and kinases, to represent positive regulators of PT
growth.8 The exact role of anion fluxes in PT growth is still
speculative, as well as their integration in the signaling net-
work to promote growth. In this manuscript, we substantiated
the essential role of [Ca2+]cyt in anion channel activation at
the PT tip by pharmacological means and show that an
interrelation between anion and Ca2+-homeostasis exists on
the transcript level, too. The anion channel and CPK expres-
sion patterns in media with different anion contents are con-
sistent with a regulation of R- and S-type channels by CPKs as
well as intra- and extracellular Cl− or NO3

− to maintain
sufficient tip anion efflux.

Results

We have recently established a novel approach to trigger
apical [Ca2+]cyt elevations in PTs via 1 sec lasting −200 mV
pulses applied with the TEVC technique.8 Application of such
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voltage pulses and simultaneous live-cell imaging was used
here to monitor Ca2+-induced anion release at the PT tip to
study the dynamic interdependence of [Ca2+]cyt and [anion]cyt
in more detail. If anion channel activation solely relies on high
[Ca2+]cyt at the PT tip the presence of Lanthanum, an inhi-
bitor of plant Ca2+-permeable channels,12,13 should prevent
anion efflux. To test this hypothesis, Cl–-Sensor14 expressing
tobacco PTs were impaled with double-barreled glass micro-
electrodes (Figure 1, left side). Under voltage-clamp condi-
tions we were able to trigger [Ca2+]cyt increases while
monitoring [anion]cyt dynamics. To display the [anion]cyt
dynamics over time, a false-color coded kymograph was gen-
erated from the fluorescence resonance energy transfer
(FRET)-based sensor signal along the PT (Figure 1, right
side). As expected, five repetitive −200 mV voltage pulses
with an interval time of 15 sec triggered an apical reduction
in ratio signal implying [anion]cyt decrease via a Ca2+-depen-
dent mechanism. Five depolarizing voltage pulses (+ 60 mV)
with the same duration and interval time failed to induce a
decrease in tip [anion]cyt (Figure 1). This is in agreement with
electrophysiological characteristics of HACCs which are
unable to mediate Ca2+-influx at positive membrane poten-
tials. The application of 100 µM LaCl3 during a second series
of repetitive hyperpolarization voltage pulses abolished the
rhythmic tip [anion]cyt release progressively within 3–4 min
and induced an overall [anion]cyt accumulation within the
apex after 5 min of inhibitor treatment (Figure 1, right
panel, n = 9). The second phase of repetitive −200 mV pulses
had longer interval times (20 sec voltage-pulse interval instead
of 15 sec) to avoid excessive anion release over time attenuat-
ing the overall Cl–-Sensor signal.

Since a rise in anion concentration of the PT growth
medium causes the overall [anion]cyt and additionally the
Ca2+ gradient to increase,9 we speculated whether [anion]
cyt feedback on components of the Ca2+-signaling pathway.
If an interconnection between [Ca2+]cyt and [anion]cyt

homeostasis exists, they should be regulated in concert
either biochemically, transcriptionally or both. Hence, we
quantified transcript levels of in vitro grown PTs of all R-
and S-type anion channel genes, as well as CPKs known to
be associated with anion homeostasis.8 Because R- and
S-type anion channels have been reported to harbor dis-
tinct conductivities for different anions,15–17 we used three
different PT growth media with discrete anion composi-
tions to study the interrelation between CPK and anion
channel transcripts. Media with high (40 mM) Cl− and
NO3

− content were used since they result in high PT R-
and S-type anion currents, respectively.8 Clade III mem-
bers of the ALMT family comprise ALMT11/12/13/14,
with the latter three proteins representing plasma mem-
brane anion channel (sub) units.8 In the absence of the
organic anion malate, a transcriptional enhancer of ALMT
clade III genes,8 ALMT12 is well expressed and showed
strongest expression in high NO3

− medium (Figure 2A).
In contrast, the expression profile of ALMT13 appeared
very different. ALMT13 transcript levels were close to the
detection limit in high NO3

− medium, however, it was 60
(p < 0.0269) and 40-fold (p < 0.0178) upregulated in high
Cl− and Cl−/NO3

− minimal medium, respectively
(Figure 2A). The expression profiles of ALMT14 was not
significantly altered among the three different media and
was close to the detection limit. ALMT3 and ALMT4
which are medium and low expressed, respectively, belong
to the tonoplast localized clade II and are thus not con-
sidered here to play a major role in plasma membrane
anion transport at the apex. Interestingly, they both show
the tendency to be lower expressed in high Cl− medium
compared to high NO3

− and Cl−/NO3
− minimal medium

(Figure 2A). Among the members of the SLAC/SLAH
anion channel family, only SLAH3 is expressed
(Figure 2B). SLAH3 transcript numbers were significantly
upregulated in high Cl− medium in comparison to the
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Figure 1. Pollen tube tip anion release depends on apical Ca2+-channel activity. The TEVC technique was used simultaneously with live-cell anion imaging with a
FRET-based Cl–-Sensor during repetitive −200 mV induced [Ca2+]cyt increases in PTs. A brightfield and false color-coded FRET-ratio image of a PT expressing the Cl–-
Sensor is shown (left). One kymograph of a representative cytosolic anion concentration ([anion]cyt) time-lapse imaging series (out of n = 9) with 1 Hz imaging
intervals is displayed. Five repetitive −200 mV (hyperpolarization) voltage pulses followed by five +60 mV (depolarization) voltage pulses were applied with an
interval of 15 sec, followed by a continuous series of −200 mV pulses with an interval of 20 sec as indicated by the upper bars. Application of 100 µM LaCl3 as
pointed out by the bar abolished the repetitive decrease in anion-ratio signal at the tip. The presence of Lanthanum did not influence the −200 mV-induced rhythmic
decrease of the ratio signal at the electrode insertion site indicating a Ca2+-leak there. Note that the presence of LaCl3 increased the overall anion concentration, a
cause of blocking Ca2+-permeable channels and thus Ca2+-signaling for anion release.
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high NO3
− and Cl−/NO3

− minimal medium (Figure 2B,
p < 0.0033 and p < 0.0002). The same transcript profile
was apparent with CPK6, which is known to activate
ALMT12/14 and SLAH3.8,18 A significant upregulation of
CPK6 transcript numbers in high Cl− medium in contrast
to the high NO3

− and minimal medium was detected
(Figure 2C, p < 0.0152 and p < 0.0006). Transcript levels
of the SLAH3 and ALMT12 activating kinase CPK20 were
16–18 fold smaller than the ones of CPK6. Compared to
CPK6, the expression profile of CPK20 was very different
and characterized by lowest transcript levels in high NO3

−.
CPK20 transcript levels were upregulated in high Cl− and
Cl−/NO3

− minimal medium (p < 0.001). The transcript
profile of CPK17 and CPK34, two kinases important for
fertilization19 with yet unidentified physiological sub-
strates, was similar to the CPK20 profile but their tran-
script numbers were 4–12 times higher (Figure 2C).

Discussion

Within this work we could substantiate and validate the
importance of the Ca2+-dependent activation of R- and
S-type anion channels for the regulation of PT growth. The
application of 1 sec lasting −200 mV voltage pulses was shown
to induce a reproducible reduction in [anion]cyt at the tip,
which were held off in the presence of the Ca2+-permeable
channel inhibitor Lanthanum. The voltage-dependency of
anion channels is unlikely to account for the tip [anion]cyt
decrease during the −200 mV pulses, because the same pulses
were applied in the presence of Lanthanum. The most reason-
able explanation is a missing Ca2+-signaling for anion channel
activation and in turn anion efflux at the PT tip by the use of
Lanthanum. Additionally, Lanthanum increased the [anion]cyt
20–80 µm behind the tip, indicative for an anion uptake
mechanisms at the shank via a yet unknown transport system
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Figure 2. Interrelation between anion channel and CPK expression levels in different pollen tube growth conditions. A quantification of PT transcripts of all (A) R- and
(B) S-type anion channels as well as (C) selected CPKs was performed by qRT-PCR on PT cDNA grown in three distinct media containing different anion
concentrations (each n = 6). The semi-solid growth medium consisted of (in mM): 1.6 H3BO3, 1 MES/pH 5.8 with TRIS and either 20 Ca(NO3

−)2 (white bar), 20
CaCl2 (black bar) or 0.5 Ca(NO3

−)2 + 0.5 CaCl2 + 19 Ca2+-Gluconate (patterned bar). Asterisks *, ** and *** indicate unpaired t test values of p < 0.05, p < 0.005 and
p < 0.0005, respectively.
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(Figure 1). Within the framework of this manuscript, a corre-
lation of CPK and anion channel expression profiles was
demonstrated via qRT-PCR (Figure 2). CPK2 and CPK6,
known SLAH3 activators show very similar or even the
same expression profile as the S-type anion channel in all
growth media tested. It is tempting to speculate that the
bulk anion efflux via anion channels could be regulated tran-
scriptionally according to their permeability properties and
regulation via CPKs. The relative permeability ratio of SLAH3
for NO3

−:Cl− was determined recently in Xenopus laevis
oocytes to be 20:1.15 In contrast, ALMT12 is highly permeable
to malate and to a less extent to Cl−, SO4

2- 16 and NO3
−.17

Relative high expression of SLAH3 as well as CPK2 and CPK6
in 40 mM Cl− medium might suggest a mechanism to com-
pensate for the minor Cl− conductivity of SLAH3 (Figure 2).
Furthermore, the high NO3

− permeability and activation
mechanism of SLAH3 by extracellular NO3

− 15 might be
reflected in the smaller SLAH3 transcript numbers in the
high NO3

− medium compared to the high Cl− medium. In
addition, the low Cl− permeability of SLAH3 might be com-
pensated by higher CPK6 transcript abundancy, known to
activate ALMT12 and SLAH38 in order to maintain bulk
anion flow. The significant permeability of ALMT12 for Cl−

and NO3
− 8,17 might suggest an active regulation of R-type

anion channel(s) activity when SLAH3 transcript abundancy
decreases, or when the highly permeable organic anion
malate, known to increase ALMT clade III expression,8 is
present.

Besides the essential role for anion efflux at the tip, we still
do not exactly know its physiological role for polar growth. It
is speculated that Ca2+-dependent anion channel activity
induces a local membrane depolarization20 and that the apical
anion gradient is important for vesicle transport to the tip.21

Generally it is assumed that the high tip [Ca2+]cyt governs
vesicle fusion for cell growth at the extreme apex like in
animal or fungal systems.22–24 However, the route for vesicle
transport to the plasma membrane at the PT tip for exocytosis
is still controversially discussed.25 The absence of a functional
cytoskeleton network in the extreme apex of PTs26 for coor-
dinated vesicle trafficking tip-wards represents the motivation
for the osmophoresis model.21 This model argues for a direc-
ted vesicle movement based on the cytosolic anion and in turn
osmotic gradient within the tip region that may explain the
delivery of exocytosis vesicles to the plasma membrane at the
tip.21 While this hypothesis has not yet been experimentally
validated, it might account for the tight coupling of the tip
[Ca2+]cyt and [anion]cyt described recently,8,9 and corrobo-
rated in this manuscript. It is worthwhile to hypothesize that
Ca2+- and CPK-dependent anion channel activation regulate
PT growth by means of this osmophoresis mechanism in
concert with a process called self-electrophoresis. The self-
electrophoresis model is based on a voltage gradient along
the cell that is thought to attract charged molecules in a
cellular electric field.27 The local Ca2+-driven anion channel
activation likely facilitates enough charge movement10 to gen-
erate a gradient in membrane voltage to account for the
electric field that was already described.28 and known to
play a role in PT orientation.29,30 In agreement with this
idea, membrane voltage oscillations and depolarization of

intact guard cells and protoplasts thereof have been reported
to depend on anion channel activity.31,32 Latest progress in
the field of electrotropism and polarity establishment of cells
and tissues via electric cues is in line with the self-electro-
phoresis model.33,34 Future work on this very interesting topic
will shed light on electric signaling within PTs to steer polar
growth and guidance.

Materials and methods

Growth conditions of N. tabacum and A. thaliana plants used
here have been explained elsewhere.9 Simultaneous voltage-
clamp and anion imaging of N. tabacum PTs expressing the
Cl–-sensor14 was performed as described in Gutermuth et al.,
2013; 2018. The qRT-PCR primers used, quantification of tran-
script numbers (qRT-PCR) and statistical analysis were carried
out as depicted in Gutermuth et al., 2013; 2018. The reference
genes to normalize transcript numbers were actin 2/8. Pollen of
wild-type Col-0 plants were harvested with the vacuum cleaner
technique. 4–6 hours after pollen containing gaze was placed on
designated semi-solid growth medium, RNA was isolated
according to Gutermuth et al., 2013, 2018. Additional primers
used here for transcript quantification of CPKs are: CPK2 fwd
GTACAGATTGACGGTG, CPK rev GTCCGGGGTGAT
AAAG, CPK6 fwd TGCTGGTGTAGGGAGAA, CPK6 rev
CCTCACAGCTACTGATGAA, CPK17 fwd TTACATCGC
ACCTGAG, CPK17 rev CCACTACTATCAGTATCC, CPK20
fwd AGTCCTTATTATGTGGC, CPK20 rev GTGATGTG
TCCACTAT, CPK34 fwd GCTAGGTCGTGGACAG, CPK34
rev ATCGTCCGTAGTAACGAG. qRT-PCR was performed
on cDNA from Arabidopsis wild-type Col-0 PTs grown for
4–5 hours either on a minimal medium with 1 mM NO3

−/Cl−

each or containing high (40 mM) NO3
− or Cl− concentrations.

Minimal medium consisted of 0.5 mM CaNO3, 0.5 mM CaCl2
and 19 mM Ca-Gluconate. The high NO3

− or Cl− medium
contained 20 mM Ca(NO3)2 and 20 mM CaCl2, respectively.
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