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Abstract

Liverworts are pioneer plants that colonized lands. They had to cope with frequent sea water flooding causing salt stress. The
role of vacuoles and in particular slow-activating (SV) channels in the salt stress tolerance was addressed in the present study.
A patch-clamp method was used to study sodium fluxes through the tonoplast of the liverwort Conocephalum conicum. The
whole-vacuole measurements carried out in a symmetrical Na* concentration allowed recording of slowly activated outward
currents typical for SV channels. In a Na* gradient promoting an efflux of Na* from the vacuole, the outward rectifying
properties of SV channels were reduced and inward Na* currents with different inactivation rates were recorded. Single
channel analysis proved that a decrease in cytoplasmic Na* concentration evoked an increase in the open probability of the
channels and shifted the activation voltages towards negative values. The number of SV channels recorded at negative volt-
ages was dependent on the vacuolar calcium and decreased at the high concentration of this ion in the vacuole. In some of
the tested patches, the channels exhibited a flickering type of activity and two different conductance levels. The role of SV
channels in Na* accumulation during salt stress and its removal after periods of flooding is discussed in the present paper.
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Abbreviations of great importance. During the early stages of evolution
[Na+/Ca2+]cyUVac Concentration of sodium/calcium in the of terrestrial plants, salt stress was the one of the biggest
cytoplasm/vacuole challenges. Since liverworts are regarded as pioneer plants
SV Slowly activating vacuolar channel that colonized lands (Ishizaki 2017), an efficient and quickly
TPC1 Two-pore channel 1 operating mechanism of salt stress adaptation in the vacu-
olar membrane was probably one of the key features of these
plants, which allowed them survival of frequent periods of

Introduction flooding with seawater.

Vacuoles play multiple roles in plant cell functioning. In
terrestrial plants, vacuolar sap constitutes mainly a buffer of
water and nutrients in a changing environment. Participation
of vacuoles in cellular and long-distance signaling is also
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Numerous ion channels have been characterized in the
tonoplast with application of electrophysiological methods,
mainly the patch-clamp technique. Slowly activated vacuolar
channels (SV) are the most abundant ion channels in plant
vacuoles; it is therefore not surprising that they were discov-
ered as the first vacuolar channels (Hedrich et al. 1986). SV
channels strongly rectify promoting cation (both mono- and
divalent) fluxes from the cytosol to the vacuole (reviewed by
Pottosin and Schonknecht 2007; Hedrich and Marten 2011;
Peiter 2011; Pottosin and Dobrovinskaya 2014; Schonkne-
cht 2013). Recently, the molecular basis of the Arabidop-
sis TPC1 channel has been recognized (Peiter et al. 2005;
Furuichi et al. 2001) and localization of this channel (SV/
TPC1) in the tonoplast has been documented (Peiter et al.
2005). In 2016, the crystallographic structure of these chan-
nels from Arabidopsis thaliana has been published (Guo
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et al. 2016; Kintzer and Stroud 2016). A single SV channel
protein from A. thaliana (AtTPC1) consists of two tandem
shaker-like domains that form a tetrameric channel. In spite
of accumulation of data, there is still a debate concerning
the physiological role of SV/TPC channels in plants. At a
first glance, they look like being designed to be permanently
closed. They are activated by an unphysiological cytoplas-
mic Ca** concentration exceeding 10 uM (Schulze et al.
2011). A high concentration of luminal calcium (usually
present in plant vacuoles) decreases substantially their activ-
ity (Pottosin et al. 1997, 2004; Pottosin and Schonknecht
2007; Schonknecht 2013; Beyhl et al. 2009; Koselski et al.
2013). In addition to Ca**, SV/TPC1 channels are regu-
lated by numerous factors playing roles in cell nutrition
and signaling, among them: Mg?*, Zn**, H*, polyamines,
dithiothreitol, glutathione, 14-3-3 proteins, heavy metals,
phosphorylation/dephosphorylation, calmodulin, and H,0,
(reviewed by Pottosin and Schonknecht 2007; Hedrich and
Marten 2011; Peiter 2011). SV/TPC1 channels can also be
considered as putative oxygen sensors (Wang et al. 2017).
In this context, publications indicating participation of SV/
TPC1 channels in long-distance electrical signals: action-
and variation potentials, throw new light on the role of those
channels (Choi et al. 2014; Kiep et al. 2015). It is interesting
that salt stress belongs to abiotic stress factors most efficient
in evoking propagating signals detected as calcium waves
(Choi et al. 2014).

The object of our study Conocephalum conicum belongs
to liverworts located evolutionally between algae and higher
plants. The gametophyte of C. conicum is relatively uniform.
It possesses no conducting bundles and no opening and clos-
ing stomata as the higher plants do. The thallus is anchored
to the soil with rhizoids.

Conocephalum conicum is an excitable plant. It generates
single and trains of action potentials, APs, in response to
different environmental stimuli (Dziubinska et al. 1983; Tre-
bacz and Zawadzki 1985; Krol and Trebacz 1999; Krol et al.
2003, 2007; Kupisz et al. 2015). It has been reported that SV
channels are present in the vacuoles of C. conicum (Trgbacz
and Schonknecht 2000; Trebacz et al. 2007). However, no
detailed analysis of these channels has been carried out, in
particular, their permeability to Na* has not been addressed.

Here we focus on sodium permeability of SV channels
and their possible role in salt stress tolerance. As already
mentioned, liverworts, among them Conocephalum, belong
to the first land plants (Ishizaki 2017). Before spreading to a
“safe” distance from a sea shore, they had to cope with tem-
porary immersion in salty water. It is thus important, from
the evolutionary point of view, to know how SV/TPC1 chan-
nels adapted to frequent salt stress episodes in the past. In
addition to the well-documented situation where the sodium
gradient is directed towards the vacuole, which occurs upon
flooding, we imposed an opposite Nat gradient mimicking
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the circumstances after salt removal from the cytosol with
sodium ions still abundant in the vacuolar lumen. We charac-
terize inward Na* currents (from the vacuole to the cytosol)
and discuss their possible role in salt stress tolerance.

Materials and methods
Plant material

Thalli of the liverwort C. conicum were collected in a for-
est near Zwierzyniec (Poland) and then placed together
with soil in a vegetative chamber under a photoperiod 16:8
(light:dark), temperature 23 °C, humidity 50-70%, and light
intensity of 40-60 pmol m™2> s,

Vacuole isolation

The vacuoles were isolated according to the previously
described non-enzymatic method (Trebacz and Schénknecht
2000). Before the experiment, fragments of a thallus were
cut from a rhizoid-free area and plasmolysed by immersion
in the bath medium composed of 100 mM Na-gluconate,
2 mM EGTA, 2.09 mM CaCl, (free calcium concentration
was 0.1 mM), 15 mM HEPES, pH 7 buffered with TRIS and
supplemented with 500 mM sorbitol. In the case of the Na*
gradient, 100 mM Na-gluconate was replaced by 10 mM
Na-gluconate; in the vacuole-out experiments, no Ca%* was
added and pH was adjusted to 5.8 with 15 mM MES/TRIS
(the other components of the bath solution were unchanged).
After 30-60 min incubation, one of the fragments was cut
under a drop of a plasmolysing medium with a razor blade
and placed in the measuring chamber filled with the bath
medium. The osmotic pressure of the bath medium was
300 mOsm kg~! and this value was adjusted in the sym-
metrical Nat concentration and Na* gradient by sorbitol.
The deplasmolysis of the cells evoked by a decrease in the
osmotic pressure caused release of protoplasts through cut-
off fragments of the cell walls. After rupture of some of the
protoplasts, release of vacuoles was observed.

Patch-clamp experiments

Patch-clamp experiments were carried out in three configu-
rations—the whole-vacuole, cytoplasm-out, and vacuole-
out. The patch pipettes were made from borosilicate tubes
(Kwik-Fil TW150-4; WPI, Sarasota, FL., USA) and pulled
with a DMZ-Universal Puller (Zeitz-Instruments, Martin-
sried, Germany). An Ag/AgCl reference electrode was filled
with 100 mM KCI1 and connected with the solution in the
measuring chamber by a ceramic porous bridge. The osmo-
larity of solutions was measured with a cryoscopic osmom-
eter (Osmomat 030; Gonotec, Berlin, Germany). The ion
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current recordings were made with an EPC-10 amplifier
(Heka Elektronik, Lambrecht, Germany) combined with
the Patchmaster software (Heka Elektronik). The sampling
rate was 10 kHz and the recordings were filtered at 1 kHz.
The 20-s recordings (Figs. 4, 5, 6) were elaborated by tak-
ing every second measuring point. The exchange of the bath
solution in the measuring chamber was carried out with a
peristaltic pump (ISM796B; Ismatec, Wertheim, Germany).
The convention proposed by (Bertl et al. 1992) was used for
presentation of the results. In this convention, the vacuolar
side of the tonoplast correspond to the extracellular com-
partment; therefore, positive currents can be carried either
by an influx of cations to the vacuole or an efflux of anions
from the vacuole. The values of the voltages applied were
corrected by the liquid junction potentials that were meas-
ured according to the method described by Amtmann and
Sanders (1997).

Analysis of the results

Current density/voltage (J/V) and current/voltage (I/V)
characteristics and amplitude histograms were performed
in SigmaPlot 9.0 (Systat Software Inc.). The vacuole diam-
eter was used in calculation of the surface of the tonoplast
and allowed obtaining the current density (A/m?) of whole-
vacuole measurements. Fittings of the amplitude histo-
grams by Gaussian peaks were performed in GRAMS/AI
8.0 (Spectroscopy Software). The area under the fitting lines
was used for calculation of the average open probability of
simultaneously active channels in the patch. The event detec-
tion analysis was performed in FitMaster software (Heka
Elektronik). It indicated the number of openings (marked
on the ordinate) with different time values (marked on the
abscissa). The reversal potential (E,.,) was calculated with
the Nernst equation based on the activities of sodium ions.
The number of repeats (n) denotes the number of tested
vacuoles or tonoplast patches.

Results

The whole-vacuole recordings carried out on the tonoplast
from the liverwort Conocephalum conicum in a symmetrical
100 mM Na® concentration (in the bath and in the pipette)
showed slowly activating positive currents (passing from
the cytoplasm to the vacuole lumen) typical for SV chan-
nels (Slow-activating Vacuolar channels) (Fig. 1a). Tenfold
reduction of cytoplasmic Na* ([Na+]cyt) changed the voltage
dependence of the channels especially by activation of nega-
tive currents (Fig. 1b). The current amplitude increments
were proportional to the voltage increments and the currents
appeared right after the application of the test voltages. Acti-
vation of negative currents was time- and voltage-dependent,

i.e., the currents appeared instantaneously after application
of voltage, and then slow inactivation was recorded. The
rate of the inactivation increased together with the magni-
tude of the negative voltages applied (see inset in Fig. 1b)
and was differed in different vacuoles (Online Resource
Fig. 1a, b). Moreover, in some recordings after initial inac-
tivation, slow reactivation of negative currents was recorded
(Online Resource Fig. 1b, c). Application of the Na™ gradi-
ent resulted also in appearance of an initial fast phase of
activation of positive currents and lowered the rate of the
following slow phase (Online Resource Fig. 2b). The cur-
rent density/voltage curve (J/V) obtained in the Na™ gradient
calculated from the final part of the traces (80-95%) crossed
the abscissa at 50 mV (Fig. 1¢). This value of the reversal
potential was close to the value of this parameter (48 mV)
obtained from J/V curves calculated from the largest values
of the recorded currents (Fig. 1d). The obtained values of
the reversal potential were close to the equilibrium poten-
tial for Na™ (Ey, =55 mV; the activity coefficients of Na*
at 100 mM, and 10 mM were 0.87 and 0.75, respectively)
and proved Na™ permeability of the channels. The J/V curve
showed also a decrease in the negative current density at
negative voltages. The maximal value of the current density
reached —0.115 A/m? at — 16 mV and decreased to —0.06
A/m? at —85 mV. Such changes in the negative current den-
sity were not observed in the symmetrical Na* concentra-
tion, since the maximal negative current density recorded
at —66 mV amounted to —0.038 A/m? and a similar value
(0.035 A/m?) was recorded at — 100 mV.

The voltage dependence and permeability of the channels
were also studied by application of two types of measur-
ing protocols allowing analysis of the whole vacuole tail
currents. The first one allowed observation of the kinetics
of the currents preceded by activation of SV channels by
positive voltage (Fig. 2a, b), and the second one showed tail
currents after initial activation of the channels by negative
voltage (Fig. 2d, e). Traces (a) and (d) represent SV cur-
rents at a symmetrical Na* concentration, whereas traces (b)
and (e) were recorded at the Na* gradient (100 mM in the
vacuole and 10 mM in the cytoplasm). The analysis of tail
currents in both types of measuring protocols confirmed the
Na*-permeability of the channels, since the J/V curves (cal-
culated from the initial or final part of tail currents from the
first and the second type of measuring protocol, respectively)
obtained after reduction of [Na*],,, were shifted to positive
values and crossed the abscissa close to Ey, (Fig. 2c, f). In
respect to the voltage dependence, the most visible effect of
the reduction of [N a+]cyt was the slowdown of the inactiva-
tion rate of the channels that was observed after transition of
the voltage from positive to negative values (compare final
part of Fig. 2a, b, see also Online Resource Fig. 2a) and from
0 or 15 mV to negative voltages (compare the initial part
of Fig. 2d, e). The second type of the measuring protocol
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Fig. 1 Whole-vacuole Na* currents flowing through SV channels »

from the liverwort Conocephalum conicum. a Example of record-
ings obtained in a symmetrical (in the patch pipette and in the bath)
100 mM concentration of Na*. The pipette contained 100 mM Na-
gluconate, 2 mM EGTA, 15 mM MES, pH 5.8 buffered by TRIS and
the bath—100 mM Na-gluconate, 2 mM EGTA, 2.09 mM CaCl, (free
calcium concentration was 0.1 mM), 15 mM HEPES, pH 7 buffered
by TRIS. b Recordings obtained at the Na-gluconate concentration in
the bath lowered to 10 mM. The expanded part of the traces show
differences in the current levels obtained at voltages between 15 and
—85 mV. ¢ Current density/voltage dependences calculated from the
final part of the traces (80-95%) obtained in the symmetrical 100 mM
Na-gluconate concentration as in a (closed circles, n=11) and in ten-
fold reduced Na-gluconate in the bath as in b (open circles, n=13).
d Current density/voltage dependences calculated from the largest
current value obtained in the symmetrical 100 mM Na-gluconate
concentration as in a (closed circles, n=8) and in tenfold reduced
Na-gluconate in the bath as in b (open circles, n=11). Points on the
curves ¢ and d correspond to the mean +standard error. At the top
of recordings a and b, the measuring protocols are shown, which
indicate that the recordings were carried out by application of a 0.5 s
holding voltage (0 mV for a and 15 mV for b), then 3 s test volt-
ages with 20 mV steps (from 100 to — 100 mV for a and from 115 to
—85 mV for b, and 0.3 s voltage (0 mV for a and 15 mV for b). The
arrow indicates the reversal potential for Na*. Time gap between suc-
cessive voltage passes equaled 2.2 s

also showed that the reduction of [Na+]cyt evoked slowly
activated negative currents, which was especially observed
after transition from —65 mV to voltages more negative
than 55 mV (Fig. 2e, f). The slowly activated negative cur-
rents increased disproportionally to the voltage increments
and were reduced at negative voltages (inset in Fig. 2e).
A similar phenomenon was observed in the final part of
slowly inactivated inward currents (inset in Fig. 1b) and in
the final part of inactivation of negative currents in Fig. 2b.
The results proved that, in the gradient of Na* promoting
an efflux of this ion from the vacuole, the negative Na* cur-
rents exhibit a slow rate of inactivation and activation. The
process of activation of negative currents can be dependent
on the time of application of negative voltage—during the
first 2-3 s the currents inactivate and then slow activation
is observed (Fig. 2e, see also Online Resource Fig. 1b, c).
The features of the currents recorded in the whole-vacuole
configuration were confirmed in the cytoplasm-out record-
ings of the single channel activity (Fig. 3). A characteristic
trait of the recordings obtained in the symmetrical Na* con-
centration was the time- and voltage-dependent activity of
SV channels recorded at positive voltages and the lack of
the channel activity at negative voltages (Fig. 3a). The most
visible effects evoked by the reduction of [NaJr]cyt from 100
to 10 mM were the openings of SV channels recorded right
after the application of negative voltage, and the different
rates of inactivation dependent on the test voltage (Fig. 3b).
The kinetics of the channel inactivation was similar as in the
case of the whole-vacuole currents and was dependent on the
value of negative voltage; the more negative voltages were
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Fig.2 Whole-vacuole tail currents recorded after initial activation
of outward currents (a—c) and activation of inward currents (d-f).
a, d Tail currents recorded in the symmetrical concentration of Na*
in conditions as in Fig. la. b, e Tail currents recorded after tenfold
reduction of Na* in the bath (as in Fig. 1b). The expanded part of the
traces in e show differences in the current levels obtained at voltages
between 55 and —45 mV. ¢, f Current density/voltage characteristics
(J/V) obtained from instantaneous (c) and steady-state part of tail cur-
rents (f) recorded after activation of outward currents [as in a (closed
circles, n=>5) and b (open circles, n=6)] and inactivation of inward
currents [as in d (closed circles, n=5) and e (open circles, n=>5)],
respectively. The values of the current used for the J/V curves were
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calculated from the extreme recorded during the first 0.1 s after acti-
vation of SV channels (for a, b) and from the mean obtained during
last 0.1 s of tails (for d, e). Points on curves a, b, d and e correspond
to the mean =+ standard error. At the top of obtained recordings a, b,
d and e, the measuring protocols are shown, which indicate that the
currents were evoked by application of 0.5 s holding voltage (0 mV
for a, d and 15 mV for b, e), then 2 s activation of outward currents
(80 mV for a, 95 mV for b) or inward currents (—80 mV for d and
—65 mV for e), and 1 s of voltages with 10 mV steps (from — 60 to
60 mV for a, d and from —45 to 75 for b, e). Time gap between suc-
cessive voltage passes equaled 1.5 s
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«Fig.3 Na' currents flowing through single SV channels from the
liverwort Conocephalum conicum. a, b Cytoplasm-out recordings
obtained in the symmetrical 100 mM concentration of Na-gluconate
(as in Fig. 1a) and after tenfold reduction of Na-gluconate in the bath
(as in Fig. 1b), respectively. The solid line indicates the close state of
the channels and the dashed lines denote the open states. The values
of holding voltages in mV are indicated on the left side of the traces.
¢, d Vacuole-out recordings obtained in the Na-gluconate gradient
promoting a Na* influx to the vacuole (the bath contained 10 mM Na-
gluconate, 2 mM EGTA, 15 mM MES, pH 5.8 buffered by TRIS and
the pipette—100 mM Na-gluconate, 2 mM EGTA, 2.09 mM CaCl,
(free calcium concentration was 0.1 mM), 15 mM HEPES, pH 7
buffered by TRIS) and after application of symmetrical 100 mM Na-
gluconate, respectively. e I/V curves obtained from the recordings in
a (circles), b (squares), and c (triangles). f Event detection analysis
obtained from the traces obtained at negative voltages in b. The val-
ues of voltages at which the obtained traces were analyzed are indi-
cated

applied, the faster the decrease in the number of the active
channels was observed. The event detection analysis indi-
cated that, together with more negative voltages, the num-
ber of short (less than 5 ms) openings decreased (Fig. 3f).
The recordings of the channel activity obtained at positive
voltages did not allow distinguishing the open states of sin-
gle channels, probably due to the increase in the number of
active channels together with the decrease in the channel
conductance. The measurements carried out in the vacuole-
out and cytoplasm-out configuration and with application of
different directions of the Na* gradient through the tonoplast
helped to prepare single channel I/V curves, which indicate
Na* permeability of the channels, as in the whole-vacuole
configuration (Fig. 3e).

The effects of the reduction of [Na+]Cyt on the single
channel activity were tested by application of long lasting
(20 s) steps of negative voltage (Fig. 4a). Together with the
time from the application of the Na* gradient an increase in
the open probability was recorded, which reached a maxi-
mum after over a dozen of minutes. Moreover, with time, an
increase in the number of active channels and a decrease in
their conductance were also recorded, which often occurs
when there are many active channels in one patch. In accord-
ance with the amplitude histograms, the conductance of
individual channels active in the patch was dependent on
the number of simultaneously active channels. For instance,
6 min after the reduction of [Na*]cy[, the conductance of “the
3rd channel” obtained from the distance between the 4th
(the lowermost) and 3th (the upper) maxima of the Gauss-
ian peaks amounted to 128 pS and reached 152 pS for “the
Ist channel”. A much more pronounced difference in the
channel conductance was obtained after 12 min from the
reduction of [Na*] ., —68 pS for “the 7th channel” and 136
pS for “the 1st channel”.

To study if the SV channel activity depends on the direc-
tion of the Na' gradient, measurements were carried out
in the vacuole-out configuration. In this configuration, the

number of active channels was usually lower than in the
cytoplasm-out configuration (probably caused by the smaller
surface of the tested patches) and was similar in the differ-
ent concentrations of vacuolar Na* [Na*],,. (Figs. 3c, d,
4b). Long lasting recordings proved a slight influence of
the [Na*],,. decrease on the open probability of SV chan-
nels, from 0.02 recorded at 40 mV in the symmetrical Na*
concentration to 0.03 recorded at 45 mV after the tenfold
reduction of [Na*],,. (Fig. 4b).

In some of tested patches, the channels recorded after
the reduction of [Na*],, exhibited two different types of
activities—bursts of activity during which flickering type
transitions between open and closed states were recorded
(recorded in 6 out of the 23 tested patches; Fig. 5a) and
supraconductance states of openings which, according to
the amplitude histogram, reached 142% (176 pS at —25 mV)
of the standard conductance obtained for “the 1st channel”
(124 pS at —25 mV) (recorded in 5 out of the 23 tested
patches; Fig. 5b). The event detection analysis indicated that
the opening times of channels exhibiting bursts of activity
are higher than in the typical activity of the channels (Fig. 5a
inset).

Since inhibition of SV channel activity by vacuolar cal-
cium is a frequently described phenomenon (Pottosin et al.
1997, 2004; Pottosin and Schonknecht 2007; Schonknecht
2013; Beyhl et al. 2009; Koselski et al. 2013), we decided
to study the effect of application of high 1 mM Ca?* from
the vacuolar side of the membrane during the vacuole-out
recordings (Fig. 6). It was especially interesting to exam-
ine if in conditions similar to the physiological ones, i.e., a
high vacuolar and low cytoplasmic concentration of Ca",
SV channels are still capable of release of Nat from the
vacuole. The measurements carried out in the Na* gradient
facilitating an efflux of this ion from the vacuole proved that
the increase in vacuolar Ca®* did not completely block the
inward Na™ currents, although a decrease in the number of
simultaneously active channels was observed in such condi-
tions (Fig. 6). The results have proved that both the gradient
of Na* and the vacuolar calcium can regulate the activity of
SV channels and that these channels can be a route of Na*
escape from the vacuole after initial reduction of the sodium
level in the cytosol.

Discussion

Typical for SV channels are slowly activated outwardly
rectifying currents carried by monovalent ions, including
Na*, and divalent ions. Permeability of SV channels to Na*
opens the question of the role of these channels in salt stress
adaptation. Participation of SV channels in Na* sequestra-
tion inside the vacuole is possible, among others, because
of their rectification—towards the vacuole. Here we focus
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Fig.4 Effects of reduction of the cytoplasmic (a) and vacuolar (b)
Na* concentration on SV channel activity. (a) Cytoplasm-out record-
ings obtained in the symmetrical 100 mM Na* concentrations (upper
trace; as in Fig. 1a) and after reduction of cytoplasmic Na* to 10 mM
(lower traces; as in Fig. 1b). The amplitude histograms elaborated
for each trace present the current amplitude (distances between
horizontal dashed lines in pA) events (horizontal bar) and the aver-

on their possible role in sodium release from the vacuole
under an electrochemical potential gradient favoring Na*
influx to the cytosol. Currents carried by K* and Mg?* were
recorded in earlier patch-clamp studies of SV channels in
C. conicum (Trebacz et al. 2007; Trebacz and Schonknecht
2000), although sodium permeability and their possible
role in salt stress have not been addressed. SV-type currents
were also recorded in plants closely related with Conocepha-
lum—the liverwort Marchantia polymorpha [K* currents;
(Koselski et al. 2017)] and the moss Physcomitrella patens
[Na*, KT, Mg?* and Ca®" currents; (Koselski et al. 2013,
2015)]. Another important feature of SV channels is their
calcium dependence. The study of calcium dependence of
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P,=0.03

age open probability of simultaneously active channels in the patch
(P,). b Vacuole-out recordings obtained in the symmetrical 100 mM
Na® concentrations (upper trace as in Fig. 2d) and after reduction of
the vacuolar Na*t concentration to 10 mM (lower trace; as in Fig. 2c).
The values of holding voltages in mV are indicated on the left side of
the traces

SV channels in Physcomitrella indicated a way of regulation
characteristic for this kind of channels. The channels were
active in the presence of cytoplasmic calcium, whose thresh-
old concentration depended on vacuolar calcium—the lower
[Ca**],,.. the lower [Ca®*],, was needed for SV channel
activation (Koselski et al. 2013). In the present study, to opti-
mize the conditions for SV channel recordings, we applied
0.1 mM [Ca”]Cyt (a concentration commonly used in SV
channel studies) and no Ca>* was added to the vacuolar side.
Moreover, to avoid the activity of different channels than SV,
like potassium selective VK channels found, for example, in
the moss Physcomitrella (Koselski et al. 2013) or anion per-
meable channels recorded earlier in Conocephalum (Trebacz
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Fig.5 Two types of SV channel activity. a Standard type of activity
(upper trace) and flickering type of activity (lower trace) recorded in
the same patch. The recordings were obtained in the cytoplasm-out
configuration in the Na* gradient promoting an efflux of this ion from
the vacuole (conditions as in Fig. 1b). The event detection analysis
shows differences between the open times of standard activity (closed
circles and solid line) and the flickering type of activity (open cir-

et al. 2007), we carried our measurements in the presence of
Na™ ions as the only cations passable through SV channels
and gluconate, which is impermeable to anion channels.
Partial disruption of the basic ability of the SV chan-
nels—outward rectification, which was manifested by the

T Ty

1s

10 ms

5s

cles and dashed line). b Two different conductance levels recorded in
the same conditions as in a. The dashed line indicates the open state
of the channel and the dotted line—the supraconductance level of
the channel. The Gauss fittings created for the amplitude histogram
show standard conductance (light gray area under the fitting line) and
supraconductance (white area) of the channel. All recordings were
obtained at —25 mV

occurrence of inward currents (Fig. 1b) was recorded in the
SV channels from Conocephalum. In our previous work,
outward rectifying properties at the same Na* gradient
were exhibited in the SV channels from Physcomitrella, but
the measurements were carried out in the presence of the

@ Springer
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10 Na’,,/100 Na",,

-45 | |

Fig.6 Dependence of inward Na® currents on vacuolar calcium.
The vacuole-out recordings were obtained at —45 mV in the sym-
metrical Na* concentration without vacuolar Ca>* (upper trace; as in
Fig. 2¢), and after application of 1 mM Ca>* to the bath (lower trace;

vacuolar Ca>* concentration that could inhibit the channel
activity (Koselski et al. 2013). In a higher plant A. thaliana,
despite the lack of vacuolar calcium, Kt but not Na* inward
currents were carried by SV channels; moreover, luminal
Na* inhibited the channel activity by shifting their voltage
dependence to more positive values (Ivashikina and Hedrich
2005). On the other hand, the time and voltage dependence
of inward currents from Arabidopsis was similar to that in
our study. Both currents decreased with the magnitude of the
applied negative voltages and, when preceded by a negative
voltage, where slowly activated [compare Fig. 2e with the
whole-vacuole traces from Arabidopsis obtained after reduc-
tion of the K* concentration in the bath—Fig. 2b, ¢ from
Ivashikina and Hedrich (2005)]. In fact, SV channels from
Arabidopsis exhibit some differences in the permeability of
inward currents depending on cell type since, in contrast to
the above discussed results obtained from suspension cell
culture, the SV channels from the guard cells were able to
carry Na* inward currents (Rienmiiller et al. 2010). The rise
in inward currents carried by SV channels in Arabidopsis
can be dependent on the conserved putative plant TPC1
fragment of an amino acid cluster (D454) located in the
vacuolar loop connecting transmembrane domain 7 with 8
(Bonaventure et al. 2007). The point mutation of D454 (also
known as fou2 mutation) impairs recognition of luminal cal-
cium by SV channels and enhances the activity of inward
K* currents in the presence of this ion in the vacuole (Beyhl
et al. 2009). Inward K* currents in the presence of vacuolar

@ Springer
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the calcium concentration was obtained by mixing 2 mM EGTA and
2.99 mM CaCl,). The amplitude histograms elaborated for each trace
are described in the same way as in Fig. 4

calcium were also recorded in wild-type SV channels from
barley and appeared after reduction of the cytoplasmic K*
concentration from 50 to 20 mM (Hedrich et al. 1986).

An interesting feature of the SV channels from Cono-
cephalum demonstrated in the single channel analysis car-
ried out at negative voltages was the existence of two dif-
ferent conductance levels and bursts of flickering type of
the channel activity (Fig. 5). Flickering of SV channels was
previously described in different plants, but this phenom-
enon was always connected with disturbance of the chan-
nel activity evoked by application of different ion channel
inhibitors. The flickering type of activity was recorded in
M. polymorpha after application of ruthenium red—an
inhibitor of calcium channels (Koselski et al. 2017). The
same inhibitor evoked flickering of SV channels from Beta
vulgaris recorded at high positive voltages (higher than
about 50 mV) and in the presence of ruthenium red at a
concentration lower (0.1-1 pM) than necessary for complete
blockage of the channels (3—5 pM) (Pottosin et al. 1999).
Flickering of SV channels was also recorded in A. thaliana
after application of an antibiotic neomycin known among
others from inhibition of calcium- and cation-permeable
channels (Scholz-Starke et al. 2006). Another feature of
channels from Conocephalum, i.e., two different conduct-
ance levels, was documented, among others, in outwardly
rectifying K* channels from barley (Kolb et al. 1987). The
voltage dependence of these channels was similar to that in
SV channels, whose activity and slow kinetics of activation



Acta Physiologiae Plantarum (2019) 41:110

Page110f13 110

were confirmed by other whole-vacuole studies carried out
on barley (van den Wijngaard et al. 2001; Bethke and Jones
1997; Pottosin et al. 1997).

The physiological role of the possibility of an efflux of
Na™* from the vacuole through SV channels described in this
study can be considered in respect to calcium dependence
of these channels. The plant vacuole is a storage of calcium
and accumulates this ion at different concentrations, e.g.,
200 pM in Beta vulgaris (Perez et al. 2008) and Eremos-
phaera viridis (Bethmann et al. 1995) or 2.3 and 1.5 mM
in the liverwort Riccia fluitans and Zea mays (Felle 1988),
respectively. A decrease in the open probability of SV chan-
nels together with an increase in [Ca®*],,. was recorded
in barley (Pottosin et al. 1997). In the same study, inward
slowly activating K* currents were shown, but only in the
presence of a high cytoplasmic concentration of Ca>* (from
0.5 to 2 mM) and in the absence of this ion in the vacuole.
In our study, we demonstrated that the application of 1 mM
vacuolar Ca>* reduced the number of active SV channels but
did not completely inhibit the inward Na* currents carried
by the channels (Fig. 6). Taking into account an increase
of the open probability at less negative voltages than those
applied in this experiment (—45 mV) and also the fact that
the values of the potential difference across the tonoplast in
plant vacuoles are usually between 0 and — 30 mV (Walker
et al. 1996; Bethmann et al. 1995), it is probable that SV
channels in Conocephalum can be considered as a route for
release of Na* from the vacuole.

Compartmentation of Na* into the vacuole is one of
the strategies for alleviation of the deleterious effects of
an excess cytoplasmic Na*t concentration. Participation of
SV channels in uptake and storage of Na* into the vacuole
would be possible only in the case of maintenance of the
outward rectifying properties by these channels for Na*
currents. Involvement of SV channels in salinity tolerance
was previously widely studied in halophytes—salt toler-
ant plants that store a high concentration of Na™ ions in
the vacuole. One of the first studies carried out on Suaeda
maritima pointed to lack of special adaptation of SV chan-
nels in this extreme halophyte (Maathuis et al. 1992). On
the other hand, the latter study carried out on another
halophyte—Chenopodium quinoa indicated that the activ-
ity of SV channels is lowered in salt-grown plants, which
was recorded only in old leaves (Bonales-Alatorre et al.
2013b). Such negative control of SV channels (together
with reduction of the activity of fast activated channels,
FV) is postulated to be responsible for reduction of Na*
leak from the vacuole and efficient sequestration of this
ion in the vacuole. These observations were supplemented
by further studies carried out on C. quinoa genotypes with
different salt tolerance (Bonales-Alatorre et al. 2013a). In
the salt-sensitive genotype, salinity induced a shift of the

threshold of SV channel activation to more positive volt-
ages and, as a result, a tenfold decrease in the mean SV
channel activity was recorded at physiological tonoplast
potentials. A lower ability of SV channel activity reduction
under salinity was observed in the salt-tolerant genotype,
since the threshold of the channel activation in the salt-
grown plants was only slightly changed.

In Conocephalum, similar as in other plants, the main
role in compartmentation of Na* into the vacuole and
detoxification of the cell can be played by NHX exchang-
ers, which are so far the best known proteins taking part
in these processes (Yamaguchi et al. 2013; Rodriguez-
Rosales et al. 2009; Blumwald et al. 2000). The NHX
protein characterized in Arabidopsis (AtNHX1) utilizes
the H* gradient as a driving force and mediates the low
affinity of the K*/H* and Na*/H™ antiport (Venema et al.
2002). The Na* and K* selectivity of AtNHX1 is regulated
by interaction of calmodulin-like protein (AtCam15) with
the C-terminal tail located in the vacuolar lumen and is
dependent on vacuolar Ca>* and pH—a high Ca®* concen-
tration and acidic pH favor K* over Na* fluxes (Yamaguchi
et al. 2005). Despite high [CazJ“]VaC occurring in the plant
vacuole, selectivity of AtNHX1 to Na™' instead of K* is
possible, because an increase in vacuolar pH occurs during
salinity stress (Nakamura et al. 1992; Gruwel et al. 2001;
Okazaki et al. 1996; Katsuhara et al. 1989) and can cause
release of AtCaml5 from the C-terminal tail of AtNHX1
(Yamaguchi et al. 2005).

Conocephalum conicum belongs to liverworts, which
were in a front line of plants that conquered lands. It is
possible that C. conicum preserved a mechanism allowing
survival in a frequently flooded environment at a sea shore
at the beginning of its expansion to the lands. The mecha-
nism of the release of Nat from the vacuole demonstrated
in this study may serve removal of the excess of this ion
after the salt stress and subsequent expelling Na* from the
cytoplasm to the extracellular space by plasma membrane
sodium transport mechanisms. This would create a sodium
gradient similar to that applied in our study.
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