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Jagiellońska 28, PL-40-032 Katowice, Poland

* For correspondence. E-mail: waldemar.karcz@us.edu.pl

Received: 29 January 2014 Returned for revision: 10 April 2014 Accepted: 1 July 2014 Published electronically: 16 August 2014

† Background and Aims The mechanism of auxin action on ion transport in growing cells has not been determined in
detail. In particular, little is known about the role of chloride in the auxin-induced growth of coleoptile cells.
Moreover, the data that do exist in the literature are controversial. This study describes experiments that were
carried out with maize (Zea mays) coleoptile segments, this being a classical model system for studies of plant
cell elongation growth.
† Methods Growth kinetics or growth and pH changes were recorded in maize coleoptiles using two independent
measuring systems. The growth rate of the segments was measured simultaneously with medium pH changes.
Membrane potential changes in parenchymal cells of the segments were also determined for chosen variants. The
question of whether anion transport is involved in auxin-induced growth of maize coleoptile segments was primarily
studied using anion channel blockers [anthracene-9-carboxylic acid (A-9-C) and 4,4′-diisothiocyanatostilbene-2,2′-
disulphonic acid (DIDS)]. In addition, experiments in which KCl was replaced by KNO3 were also performed.
† Key Results Both anion channel blockers, added at 0.1 mM, diminished indole-3-acetic acid (IAA)-induced elong-
ation growth by �30 %. Medium pH changes measured simultaneously with growth indicated that while DIDS
stopped IAA-induced proton extrusion, A-9-C diminished it by only 50 %. Addition of A-9-C to medium containing
1 mM KCl did not affect the characteristic kinetics of IAA-induced membrane potential changes, while in the pres-
ence of 10 mM KCl the channel blocker stopped IAA-induced membrane hyperpolarization. Replacement of KCl
with KNO3 significantly decreased IAA-induced growth and inhibited proton extrusion. In contrast to the KCl con-
centration, the concentration of KNO3 did not affect the growth-stimulatoryeffect of IAA. Forcomparison, the effects
of the cation channel blocker tetraethylammonium chloride (TEA-Cl) on IAA-induced growth and proton extrusion
were also determined. TEA-Cl, added 1 h before IAA, caused reduction of growth by 49.9 % and inhibition of proton
extrusion.
† Conclusions These results suggest that Cl– plays a role in the IAA-induced growth of maize coleoptile segments. A
possible mechanism for Cl– uptake during IAA-induced growth is proposed in which uptake of K+ and Cl– ions in
concert with IAA-induced plasma membrane H+-ATPase activity changes the membrane potential to a value needed
for turgor adjustment during the growth of maize coleoptile cells.

Key words: Anion channel blockers, auxin, cell growth, chloride uptake, coleoptile segments, elongation growth,
membrane potential, Zea mays maize.

INTRODUCTION

Although research on the effects of auxin on plant growth has
been carried out for a long time, the mechanism of auxin action
on ion transport in growing cells has still not been precisely
investigated. The ‘acid growth’ theory of auxin action, inde-
pendently proposed by Cleland (1971) and Hager et al. (1971),
still evokes discussion and undergoes multiple modifications
(for a critical evaluation see Kutschera, 1994, 2006; Niklas and
Kutschera 2012). For example, Kutschera (1994, 2006) suggests
that it is the fungal phytotoxin fusicoccin, not the auxin indole-3-
acetic acid (IAA), that fulfils the predictions of the acid growth hy-
pothesis of coleoptile elongation. Upon addition of fusicoccin, the
equilibrium pH in the incubation medium of coleoptile segments
is 3.5–4.0 (Rubinstein and Cleland, 1981; Kutschera, 1994, 2006;
Karcz and Burdach, 2002; Karcz et al., 2008; Rudnicka et al.,
2014), whereas in the presence of IAA a pH of only 4.8–5.0 is

observed (Kutschera, 1994, 2006; Karcz and Burdach, 2002;
Hager, 2003; Rudnicka et al., 2014). Although much is known
about the action of IAA in grass coleoptiles, the question of the
extent to which endogenous and IAA-induced growth depends
on cell wall acidification remains open. As new techniques for
the analysis of membrane channels have been developed, particu-
larlypatch-clamptechniques, theacidgrowth theoryhas beensup-
ported by new data on the role of various ions in auxin action.
Patch-clamp techniques applied to maize coleoptile protoplasts
showed that K+ uptake channels (ZMK1) are involved in
auxin-induced elongation growth (Philippar et al., 1999; Becker
and Hedrich, 2002). ZMK1 channels exhibit typical properties
of voltage-dependent, proton-stimulated K+ channels, which are
activated by a hyperpolarizing membrane potential and by extra-
cellular apoplastic protons. These channels mediate K+ uptake
into cortex cells, increasing their turgor and cell expansion. It
has been shown that, apart from posttranslational, auxin-
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dependent upregulation of K+ uptake channels, auxin also regu-
lates the expression of the maize K+ uptake channel gene ZMK1
(Philippar et al., 1999). In turn, this leads to incorporation of
newly synthesized K+ channels into the plasma membrane and
to an increase in the number of active K+ channels in the
plasmamembrane(Philipparetal.,1999). Interestingly, a scenario
similar to that of the auxin-induced activation of K+ channels has
been reported for the stimulation of H+-pumping ATPase in the
plasma membrane of maize coleoptile cells (Hager et al., 1991).
Experimentsperformed with the patch-clamptechniquehave con-
firmed earlier studies showing that auxin-induced growth depends
strictly on external K+ supply (Claussen et al., 1997).

Significantly less is known about the role of Cl– ions in the
auxin-induced growth of coleoptile cells. In addition, the exist-
ing data are often controversial. For example, in their early
experiments Rubinstein and Light (1973) and Rubinstein
(1974) showed that IAA enhanced Cl– uptake into Avenacoleop-
tile cells, whereas Haschke and Lüttge (1975a, b) did not find
such dependence in studies performed on the same material.
Somewhat later, the stimulating effect of auxin on Cl– uptake
into oat coleoptile cells was also reported by Stevenson and
Cleland (1981).

Starting in the late 1990s, there was renewed emphasis on
studying the role of Cl– ions in auxin-induced growth of coleop-
tile cells. Keller and Van Volkenburgh (1996a) showed that de-
polarization of membrane potential preceding the auxin-induced
membrane hyperpolarization in Avena sativa coleoptiles was
sensitive to external Cl– and was blocked in the presence of an
anion channel blocker [anthracene-9-carboxylic acid (A-9-C)].
Interestingly, they also showed that at high concentrations
A-9-C inhibited endogenous and auxin-induced growth. The
same authors (Keller and Van Volkenburgh, 1996b), on the
basis of experiments performed on oat coleoptile protoplasts,
reported that auxin-induced protoplast swelling was independent
of the presence of Cl– in the medium. Results obtained with oat
coleoptiles by Babourina et al. (1998) are in sharp contrast with
data recorded by Keller and Van Volkenburgh (1996a) and
suggest that the Cl– transport system of the plasma membrane,
causing increased Cl– uptake, is one of the targets of auxin
action in cells.

Experiments carried out by Marten et al. (1991) and Thomine
et al. (1997) on Vicia faba guard cells and Arabidopsis thaliana
hypocotyls, respectively, should also be mentioned. The former
group of authors found that voltage-dependent anion channels in
guard cells were modulated by auxin. However, the latter showed
that anion channel blockers [A-9-C and 4,4′-diisothiocyanato-
stilbene-2,2′-disulphonic acid (DIDS)], which produced no or
little effect by themselves, were able to counteract the auxin-
induced growth inhibition in hypocotyl cells.

The main question we addressed was whether Cl– ions partici-
pate in IAA-induced growth of maize coleoptile segments. To
answer this question, we undertook experiments in which we
studied (1) the effects of KCl and KNO3 on both IAA-induced
growth and the pH of the medium, measured simultaneously
with growth; (2) the impact of anion and cation channel blockers
on both IAA-induced growth and medium pH; and (3) the effects
of KCl and an anion channel blocker (A-9-C) on the membrane
potential in parenchymal cells of maize coleoptile segments
incubated in the presence and absence of IAA.

MATERIALS AND METHODS

Plant material

Experiments were carried out with 10-mm-long segments
obtained from 4-day-old maize (Zea mays ‘Cosmo’) coleoptiles
grown in the dark at 27+ 1 8C. Coleoptile segments, with the
first leaves removed, were excised 3 mm below the tip and col-
lected in a control medium of the following composition: 1 or
10 mM KCl, 0.1 mM NaCl, 0.1 mM CaCl2; initial pH 5.8–6.0.
Conditions for growing the maize seedlings have been described
previously (Karcz and Burdach, 2002; Kurtyka et al., 2011).

Chemicals

An aqueous stock solution (1 mM) of IAA (Serva, Heidelberg,
Germany) was prepared using the potassium salt of IAA. IAA
was used at a final concentration of 10 mM. The potassium
channel blockers tetraethylammonium chloride (TEA-Cl;
Sigma, USA) and BaCl2 (POCh, Poland) were dissolved in
deionized water and used at a final concentration of 30 and
10 mM, respectively. The anion channel blockers A-9-C
(Sigma, USA) and DIDS (Aldrich, USA) were used at a final
concentration of 0.1 mM. The A-9-C solution was prepared by
dissolving the substance in 1 m KOH, afterwards supplemented
with deionized water. DIDS was dissolved in 0.1 m KHCO3. In
selected experiments, KCl was replaced with KNO3 (POCh,
Poland) at afinal concentration of 1 or 10 mM. It is worth pointing
out that the replacement of KCl with K-gluconate significantly
buffered medium pH (Supplementary Data Fig. S1).

Growth and pH measurements

Growth experiments were carried out in two independent
elongation measurement systems. In the first system, high-
resolution measurements of growth rate were performed with
an angular position transducer (TWK Electronik, Düsseldorf,
Germany), which resulted in a precise record of the growth
kinetics. In this system, as previously described (Karcz et al.,
1999; Karcz and Burdach, 2002; Polak et al., 2011), five unab-
raded coleoptile segments, 10 mm in length, were strung on a
stainless steel needle and inserted vertically in an intensively
aerated control solution (5 ml per segment). The length of cole-
optile segments was sampled every 3 min with a CX 721 convert-
er (Elmetron, Poland). Data were stored on a diskette and
analysed with the Statistica program (version 10.0, Statsoft,
USA, http://www.statsoft.com). The growth rate was expressed
in mm s– 1 cm– 1.

In the second system, an apparatus for simultaneous measure-
ments of elongation growth and pH of the incubation medium
was used, as recently described by Polak et al. (2012). Briefly,
measurements of growth rate were performed, similarly to the
first system, using an angular position transducer (TWK,
Düsseldorf, Germany). In this apparatus, 60 coleoptile segments
were arranged vertically in three narrow glass pipettes (20 seg-
ments in each) connected by means of a silicone hose.
Coleoptile segments were incubated in an intensively aerated
medium. The volume of the incubation medium in the elongation
and pH-measuring apparatus was 18 ml (0.3 ml segment– 1). The
incubation medium also flowed through the lumen of the
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coleoptile cylinders. This feature permitted the experimental
solutions to be in direct contact with the interior of segments,
which significantly enhanced both elongation growth of coleop-
tile segments and proton extrusion (Karcz et al., 1995). Medium
circulation was driven by a peristaltic pump (Type Peri-Star
PRO, World Precision Instruments Inc., USA). Extension
growth of a stack of 20 segments and pH of the incubation
medium were sampled every 3 min using a multifunctional com-
puter (CX-771, Elmetron, Poland). A pH electrode (OSH 10-10,
Metron, Poland) measured the pH of incubation solutions. The
data were collected using a data logger (CX-771, Elmetron,
Poland).

Electrophysiology

Electrophysiological experiments were performed on intact,
10-mm-long coleoptile segments, prepared in the same manner
as for growth experiments. A standard electrophysiological tech-
nique was used for membrane potential measurements, as previ-
ously described (Karcz and Burdach, 2002; Kurtyka et al., 2011).
Briefly, membrane potential (Em) was measured by recording the
voltage between a glass micropipette filled with 3 m KCl inserted
into the parenchymal cells and a reference electrode in the
bathing medium of the same composition as that used in the
growth experiments. Before electrophysiological experiments,
coleoptile segments were preincubated in an intensively
aerated control medium (1 or 10 mM KCl, 0.1 mM NaCl,
0.1 mM CaCl2; initial pH 5.8–6.0). A-9-C and IAA were added
to the medium in accordance with the time protocol used for
the growth experiments (details of electrophysiological experi-
ments are included in Table 1). The flow of medium was
driven with a peristaltic pump (Type Peri-Star PRO, World
Precision Instruments Inc., USA), which allowed a change of
the bathing medium in the electrophysiological chamber
(usually 4-fold within ,2 min). Microelectrodes were inserted
into parenchymal cells under a microscope by means of a micro-
manipulator (Hugo Sachs Elektronik, Germany). After stabiliza-
tion of the membrane potential, IAA was added. Micropipettes
were prepared as previously described by Karcz and Burdach
(2002) and Kurtyka et al. (2011).

Statistical analysis

Data were analysed with Statistica software for Windows
(version 8.0). Differences between individual treatments and
the control were analysed using one-way ANOVA and the least
significant difference (LSD) test.

RESULTS

Effect of IAA on the growth of coleoptile segments incubated in the
presence of KCl or KNO3

Experiments described in this section were performed using the
first elongation measurement system. Figure 1 shows the growth-
promoting activity of 10 mM IAA in maize coleoptile segments
incubated in the presence of KCl or KNO3. The segments were
first preincubated for 2 h in auxin-free medium until a low, con-
stant growth rate (�0.02 mm s– 1 cm– 1) was achieved, where-
upon IAA was added at a final concentration of 10 mM. As can
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be seen in Fig. 1A, auxin added to incubation medium containing
1 mM KCl induced rapid growth with a maximal growth rate of
�0.14 mm s– 1 cm– 1. When IAA was added to medium with
1 mM KNO3, a significant decrease was observed in growth
rate, which did not exceed 0.1 mm s– 1 cm– 1. The total
IAA-induced elongation growth (calculated between 120 and
600 min as the sum of extensions from measurements at 3-min
intervals) of maize coleoptile segments incubated in the presence
of 1 mM KNO3 was 36.4 % lower than that measured in the pres-
ence of 1 mM KCl (Fig. 1A). When the KCl concentration in the
incubation medium was increased from 1 to 10 mM (Fig. 1B),
auxin-induced elongation of coleoptile segments was 24.3 %
greater. However, the growth-stimulatory effect of IAA did not
depend on KNO3 concentration (Fig. 1A, B). Interestingly, the
difference between IAA-induced elongation growth of maize
coleoptile segments incubated in the presence of 10 mM KCl
and 10 mM KNO3 was �46 %. Replacement of KCl by KNO3

also diminished endogenous growth (growth in a medium
without growth effectors, here an auxin-free medium) of the
coleoptile segments. In the presence of 1 and 10 mM KNO3, en-
dogenous growth of coleoptile segments was 43.3 % and 24 %
lower than that measured for 1 and 10 mM KCl, respectively
(Fig. 1A, B). It should also be mentioned that, upon replacement
of KCl by KNO3, the first, very rapid, phase of auxin-induced
growth was reduced by 50 %. These data suggest that elongation
growth of maize coleoptile segments measured in the presence of
IAA depends specifically on Cl– . To confirm this suggestion, we
performed growth and electrophysiological experiments using
anion channel blockers. For comparison, the effect of K+

channel blockers on growth of maize coleoptile segments was
also studied.

Effect of anion and cation channel blockers on IAA-induced
elongation growth of coleoptile segments

The anion channel blockers (A-9-C and DIDS belong to dis-
tinct chemical families: A-9-C is a polycyclic molecule
derived from anthracene while DIDS is a stilbene derivative.
Figure 2 shows the effects of A-9-C and DIDS on IAA-
induced growth of maize coleoptile segments incubated in the
first system. Coleoptile segments were first preincubated (1 h)
in control medium, and A-9-C or DIDS was then added at a
final concentration of 0.1 mM. At 2 h, IAAwas added to the incu-
bation medium. Data in Fig. 2 indicate that A-9-C and DIDS
diminished the growth of maize coleoptile segments incubated
in the presence of IAA by 32.3 and 24.6 %, respectively. Both
anion channel blockers reduced the first (rapid) phase of
IAA-induced growth practically to the same level (�0.1 mm
s– 1 cm– 1). If coleoptile segments were first treated with IAA
(at 2 h) and subsequently with A-9-C or DIDS (at 5 h), a small
reduction was observed in elongation growth (Figs 2 and 3).
Application of A-9-C and DIDS 3 h after addition of IAA inhib-
ited growth by 14 % and 22 %, respectively, during the next 5 h
(Fig. 3). Addition of potassium channel blockers (TEA-Cl and
BaCl2) reduced elongation growth of maize coleoptile segments
to a similar levels. Elongation growth of coleoptile segments
incubated with IAA was reduced by 57 % in the presence of
TEA-Cl and 52 % in the presence of BaCl2. However, addition
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of potassium channel blockers at 5 h caused a rapid reduction in
growth rate (Fig. 3).

Effects of IAA on simultaneously measured growth and medium pH
of coleoptile segments incubated in the presence of KCl or KNO3

The experiments described below were performed using the
apparatus for simultaneous measurements of both the elongation
growth and pH of the incubation medium (the second system).
IAA, at a final concentration of 10 mM, was added to the incuba-
tion medium using the same time protocol as in the first system.

As IAA induced practically the same growth when added to
medium containing 1 or 10 mM KCl (maximal growth rate
�0.14 mm s– 1 cm– 1; Fig. 4), we decided to use 10 mM KCl in
further experiments. Such a choice was dictated by (1) increased
accessibility of K+ and Cl– ions to coleoptile segments, consid-
ering their density (60 segments per 18 ml), and (2) a significant-
ly higher total IAA-induced efflux of H+ ions observed in the
presence of 10 mM KCl compared with 1 mM KCl (Fig. 4, left
inset). When IAA was added to medium containing 10 mM

KCl, the total IAA-induced elongation of coleoptile segments
(calculated between 120 and 600 min) was 33.2 % greater than
for 10 mM KNO3 (Fig. 4, right inset). Medium pH changes, mea-
sured simultaneously with growth, indicated that KNO3 inhib-
ited both IAA-induced proton extrusion and proton extrusion
in auxin-free medium (Fig. 4, left inset). To prove that
IAA-induced growth of maize coleoptile segments depends spe-
cificallyon Cl– ions, experiments were performed in which 5 mM

of KCl plus 5 mM KNO3 was used. Data presented in Fig. 5

revealed no differences between the growth of coleoptile seg-
ments incubated in medium containing 10 mM KCl or 5 mM

KCl plus 5 mM KNO3, suggesting that NO3
– ions did not

inhibit IAA-induced growth in the presence of KCl.
Interestingly, in medium with 5 mM KCl plus 5 mM KNO3,
IAA-induced medium acidification was lower than in medium
with 10 mM KCl.

Effect of IAA on simultaneously measured growth and medium pH of
coleoptile segments incubated in the presence of anion and cation
channel blockers

Figure 6 shows the effects of anion and cation channel block-
ers (A-9-C, DIDS and TEA-Cl) on IAA-induced growth and
medium pH measured in the second system. As in the first
system, coleoptile segments were first preincubated for 1 h
before the blockers were added. IAAwas added to the incubation
medium at 2 h. Data in Fig. 6 indicate that A-9-C and DIDS
decreased IAA-induced growth of coleoptile segments by 31.7
and 43.0 %, respectively. TEA-Cl added to the incubation
medium using the same time protocol as foranion channel block-
ers reduced IAA-induced growth by 49.9 %. Medium pH
changes measured simultaneously with growth (Fig. 6, left
inset) showed that, whereas DIDS and TEA-Cl abolished
IAA-induced proton extrusion, A-9-C diminished it by 50 %
(expressed as H+ concentration in the medium at 10 h). When
A-9-C and TEA-Cl were added together, after 1 h of segment
preincubation, IAA-induced growth was inhibited by 56 %
(Fig. 7, right inset). This result indicates that, in the presence of
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both blockers, inhibition of IAA-induced growth was similar to
that observed for TEA-Cl only. Changes in the pH of the
medium, measured simultaneously with growth, indicated that
addition of both blockers together caused strong inhibition of
IAA-induced proton extrusion, characteristic of the action of
TEA-Cl (Fig. 7, left inset). Experiments in which TEA-Cl and
A-9-C were added together suggest coupling between the trans-
port of K+ and Cl– ions. Figure 8 shows a comparison of the
effects of the anion channel blocker A-9-C on IAA-induced
growth and medium pH of coleoptile segments incubated in
the presence of 10 mM KCl or 10 mM KNO3. Addition of
A-9-C to medium containing 10 mM KNO3 diminished
IAA-induced growth of maize coleoptile segments only slightly
(�10 %) compared with medium containing 10 mM KCl.
Interestingly, in the presence of A-9-C the inhibitory effect of
KNO3 on IAA-induced proton extrusion was somewhat lower.

Effect of A-9-C on membrane potential of parenchymal cells of
coleoptile segments incubated in the presence or absence of IAA

Results shown in Table 1 indicate that the membrane potential
of parenchymal cells of maize coleoptile segments depended on
the K+ concentration in the medium. A 10-fold increase in K+

concentration caused depolarization by �50 mV, which is near
the value predicted from the Nernst equation (the difference
probably resulted from the presence of Ca2+ ions, which
inhibit the ZMK1 inwardly rectifying K+ channels, in the

bathing medium). Addition of IAA to incubation medium con-
taining 1 mM KCl produced characteristic changes in the mem-
brane potential of parenchymal cells: the initial, transient
depolarization by 5.1 mV was followed by a delayed hyperpolar-
ization, during which the potential was 10.7 mV more negative
than the original value (–120.6+ 7.4 mV, mean+ s.e., n ¼
14). At 10 mM KCl (Table 1), IAA-induced membrane hyperpo-
larization was 50 % less than that seen in medium with 1 mM KCl.
However, transient membrane depolarization was similar in both
cases. Adding the anion channel blocker A-9-C at 1 h to bathing
medium with 1 mM KCl resulted, after 1 h, in depolarization by
11.7 mV (from –120.1+ 4.3 to –108.4+ 4.7 mV, Table 1,
column A). In turn, IAA added to bathing medium containing
both 1 mM KCl and A-9-C resulted, after 30 min, in hyperpo-
larization by –10.1 mV, similar to the change observed in
the presence of 1 mM KCl only. In the case of medium with
10 mM KCl, addition of A-9-C led to depolarization by
5.8 mV (Table 1, column A). Interestingly, in the presence of
10 mM KCl and A-9-C, auxin did not cause membrane potential
hyperpolarization.

DISCUSSION

The main question we addressed was whether Cl– ions partici-
pate in IAA-induced elongation growth of maize coleoptile seg-
ments. We tested this hypothesis by replacing KCl with KNO3 in
the incubation medium and using two anion channel blockers
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(A-9-C and DIDS). These anion channel blockers have previously
been used in animal (Greger, 1990) and plant (Marten et al.,
1992, 1993; Schwartz et al., 1995; Keller and Van
Volkenburgh, 1996a; Thomine et al., 1997) cells to study the
mechanisms of anion channel regulation (for example, DIDS
acts by covalent modification of 1-amino groups of lysine resi-
dues) and cellular anion efflux, respectively. For comparison,
the effect of K+ channel blockers (TEA-Cl and BaCl2) was
also studied. It is well established that anion channels play a
role in cell volume regulation (e.g. stomatal movement), plant
nutrition and membrane potential regulation (for reviews see
White and Broadley, 2001; Tavares et al., 2011). The electro-
chemical gradient for chloride is in the direction of passive
efflux. However, the uptake of chloride (and potassium) is
mediated by two systems: transporters and ion channels. Both
transport systems are energized by the plasma membrane
H+-ATPase (Sanders, 1990). It should also be mentioned that
most Cl– channel blockers are also able to interact with anion
transporters (Greger, 1990). Independently of the K+ concentra-
tion and measuring system, replacement of Cl– by NO3

– led to a
decrease in growth in the presence of IAA (Figs 1 and 4), suggest-
ing that part of this growth depends (positively) on Cl– .

Similar dependence has also been found for the endogenous
growth of maize coleoptile segments. It is well established that
in isolated coleoptile segments the rate of endogenous growth
is not stable with time (Evans and Schmitt, 1975; Vesper and
Evans, 1978; Tamimi et al., 1996). In excised maize coleoptile
segments, the endogenous growth rate increases strongly 3–

4 h after excision (Evans et al., 1977; Tamimi et al., 1996),
which is in good agreement with the data obtained using our
first system (Figs 1A, B and 2). In the second system, an intensi-
fied endogenous growth rate was recorded 1 h earlier (for an ex-
planation of the nature of accelerated growth, commonly referred
to as the spontaneous growth response, see Hager, 2003). Medium
pH measured simultaneously with growth (Fig. 4, left inset) indi-
cated that, in the presence of 10 mM KNO3, both IAA-induced
proton extrusion and proton extrusion observed in auxin-free
medium were inhibited. As can also be seen in Fig. 4 (left inset),
proton extrusion was stimulated by auxin much more effectively
at 10 mM KCl than at 1 mM KCl, supporting the hypothesis that
auxin enhances H+/K+ antiport at the plasma membrane (for
review see Hager, 2003). Data in Fig. 4 (right inset) also indicate
that the enhanced proton extrusion observed in the presence of
IAA and 10 mM KCl does not necessarily result in elongation
growth of coleoptile segments being significantly greater than in
medium with IAA and 1 mM KCl. The idea that Cl– ions partici-
pate in IAA-induced growth of maize coleoptile segments is also
supported by data obtained in experiments with anion channel
blockers (Figs 2, 3 and 6). Both anion channel blockers, A-9-C
and DIDS, independently of experimental conditions (first or
second measuring system), diminished IAA-induced elongation
growth, by 32 and 33.8 % respectively (values are means calcu-
lated for each blocker and each measuring system). Inhibition of
auxin (a-naphthalene acetic acid)-induced growth by 0.1 mM

A-9-C has also been shown by Keller and Volkenburgh (1996a)
in experiments performed with oat coleoptile segments.
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According to these authors, growth inhibition by A-9-C suggests
that the opening of rapidly activating Cl– channels is an essential
component of auxin-induced growth response. Interestingly, in
their preliminary experiments Keller and Volkenburgh (1996a)
also found that 0.1 mM A-9-C depolarized the membrane by
30–35 mV after 15 min, which was not a result expected by the
authors after blocking Cl– channel activity. Our data also
showed that in medium containing 1 mM KCl an anion channel
blocker (A-9-C) caused depolarization by 11.7 mV 60 min after
its application (Table 1, column A). In medium with 10 mM KCl
this effect was 50 % lower. This result may be evidence that
A-9-C blocks the uptake of Cl– ions. In the presence of 1 mM

KCl andA-9-C, IAA-induced membranepotential changes inpar-
enchymal cells were similar to those observed in the presence of
IAA alone (Table 1). In contrast to medium with 1 mM KCl and
A-9-C, IAA added to medium containing 10 mM KCl and
A-9-C did not cause membrane hyperpolarization. At present,
there is no doubt that plasma membrane hyperpolarization in
the presence of IAA (Cleland et al., 1977; Felle et al., 1991;
Peters et al., 1992; Keller and Volkenburgh, 1996a; Karcz and
Burdach 2002, 2007) is a consequence of stimulated proton extru-
sion through H+-ATPase (Rücke et al., 1993; Hedrich et al.,
1995). These findings suggest that IAA-stimulated plasma mem-
brane H+-ATPase activity may be inhibited in the presence of 10
mM KCl and A-9-C.

With arabidopsis hypocotyls, Thomine et al. (1997) reported
that auxin treatment reduced hypocotyl length to �20–30 %

of the control value, while in the presence of 0.1 mM A-9-C or
DIDS hypocotyl length recovered practically to the control
value. Although Thomine et al. (1997) did not propose any
precise mechanism of interaction between auxin-signalling path-
ways and anion transport blockers, they suggested a contribution
of anion channels to the regulation of arabidopsis hypocotyl
growth by auxin. Interestingly, Thomine et al. (1997) rejected
the hypothesis that anion channel blockers (A-9-C, DIDS) inter-
acted with auxin efflux carriers, although they did not exclude
such an interaction with auxin influx carriers. It should also be
mentioned that we performed additional experiments examining
the effect of A-9-C on the content of indolic compounds in maize
coleoptile segments incubated in the presence of IAA
(Supplementary Data Table S1). The results clearly showed
that A-9-C did not change the content of indolic compounds in
coleoptile segments incubated with IAA. In some early experi-
ments it was also shown that DIDS at 0.1 mM inhibited Cl–

uptake into protoplasts and segments from maize roots (Lin,
1981; Kochian et al., 1985). Medium pH, here measured simul-
taneously with the growth of maize coleoptile segments, indi-
cated that while DIDS at 0.1 mM abolished IAA-induced
proton extrusion, A-9-C at the same concentration diminished
it by only 50 %. This suggests that plasma membrane
H+-ATPase might be involved in Cl– uptake. We have also
shown that both anion channel blockers, similarly to KNO3,
diminished the first, very rapid phase of IAA-induced growth,
which, in accordance with the model proposed by Becker and
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Hedrich (2002) for maize coleoptile segments, is associated with
stimulation of the plasma membrane H+-ATPase (acid growth)
and activation of the voltage-dependent K+ uptake channel
ZMK1. A-9-C and DIDS, added to the incubation medium 3 h
after addition of IAA, decreased growth only slightly compared
with that recorded in the presence of IAA, suggesting that anion
channel blockers are predominantly active in the first phase of
IAA-induced growth. This finding is in good agreement with
the hypothesis proposed by Thomine et al. (1997), indicating
that A-9-C and DIDS act on anion channels involved in early
auxin signal transduction. When TEA-Cl was applied 1 h
before addition of IAA, 57 % growth reduction was observed.
Administration of BaCl2 using the same time protocol as that
for TEA-Cl caused a similar decrease in auxin growth response.
It should be added that the kinetics of IAA-induced growth rate
responses were similar in the presence of TEA-Cl and BaCl2
(Fig. 2). In contrast to anion channel blockers, application of
both cation channel blockers 3 h after addition of IAA brought
about rapid inhibition of growth, suggesting that K+ ions are
also involved in the long-lasting phase of IAA-induced growth
(for the model of IAA-induced growth see Becker and
Hedrich, 2002). Inhibition of IAA-induced growth of maize
coleoptile segments by TEA-Cl and BaCl2 (used at the same con-
centrations as in our experiments) was shown previously by
Claussen et al. (1997). These authors also found that TEA-Cl
inhibited IAA-induced proton extrusion, which supports our
data (Figs 6 and 7). Results provided by Pesci (1988) and recently

by Visnovitz et al. (2013) should also be mentioned. Pesci (1988)
showed that DIDS and TEA-Cl caused a reduction in K+ and Cl–

influx into cells of barley leaf segments, suggesting coupling
between the transport of these ions. With barley leaves,
Visnovitz et al. (2013) reported that when K+ uptake into cells
of elongating leaf tissue (exhibiting acid-growth-type mechan-
isms) was blocked in the presence of cation channel blockers
(TEA, Cs+), leaf growth was reduced by �50 %. The authors
observed a similar growth reduction in response to vanadate
(500 mM), which also increased apoplast pH. Experiments with
maize coleoptile segments, performed by Polak (2010) using
the second measuring system, as described here, also showed
that vanadate, added at a final concentration of 1000 mM to
medium with 1 mM KCl, diminished IAA-induced growth
(acid growth) by �50 % and abolished the medium acidification
measured simultaneously with growth. Thus, the investigations
carried out by Polak (2010) and data obtained in the present
study support the hypothesis proposed by Visnovitz et al.
(2013) for barley leaves, assuming that �50 % of leaf growth
does not depend on apoplast acidification.

On the basis of our data, we propose the hypothesis that Cl– ion
uptake is involved in the IAA-induced growth of maize coleop-
tile segments. This hypothesis is supported by two facts: (1) the
diminished IAA-induced growth found when KCl was replaced
by KNO3 and (2) the decrease in IAA-induced growth, to a level
similar to that seen with KNO3, by anion channel blockers
(A-9-C and DIDS). The changes in pH measured simultaneously
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with growth indicate that KNO3 and anion channel blockers
inhibited IAA-induced proton extrusion, suggesting involve-
ment of plasma membrane proton pumps in Cl– uptake.

Considering both ourown results and literature data, a possible
scenario for Cl– uptake in the presence of IAA can be proposed.
In this scenario, uptake of K+ and Cl– ions in concert with
IAA-induced plasma membrane H+-ATPase activity should
change the plasma membrane potential to a value needed for
turgor adjustment during the growth of maize coleoptile cells.
This hypothesis is similar to that proposed for turgor recovery
in osmotically stressed arabidopsis epidermal root cells
(Shabala et al., 2000; Shabala and Lew, 2002). These authors
found that turgor recovery after hyperosmotic stress was accom-
panied by a significant increase in the uptake of K+, Cl– and Na+

into root cells. Interestingly, hyperosmotic stress, like IAA (for
review see Hager, 2003), results in plasma membrane hyperpo-
larization, proton extrusion and activation of inwardly rectifying
K+ channels (Li and Delrot, 1987; Curti et al., 1993; Shabala
et al., 2000; Shabala and Lew, 2002).

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Table S1: additional in-
formation on the effect of an anion channel blocker (A-9-C) on
the content of indolic compounds in maize coleoptile segments
incubated in the presence of IAA. Figure S1: a comparison of

the effect of KCl and K-gluconate on IAA-induced growth and
simultaneously measured pH changes in the incubation
medium of coleoptile segments. Figure S2: additional statistical
analysis (one-way ANOVA and LSD test) of elongation growth
of maize coleoptile segments measured in the first and second
measuring systems.
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