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Abstract. Seedling roots of corn were treated with dif- the original turgor after being subjected to osmotic stress
ferent concentrations of mannitol-containing solution for (Frensch & Hsiao, 1995; Lew, 1996). This osmotic ad-
1to 1.5 hr, and net fluxes of €aand H were measured justment may be achieved by various combinations of
in the elongation region. Hfluxes were much more changes in ion pump rates and in passive permeability
sensitive to osmotic pressure than weré Guxes. Os- (Levitt, 1972; Bisson & Gutknecht, 1977).

cillations of 7-min period in A flux, normally observed It seems that ionic mechanisms of osmotic adjust-
in the control, were almost fully suppressed at high osment vary significantly between different species.
motic concentrations. Net Hlux was shifted from av- Decreasing turgor by raising the external osmolarity
erage efflux of 3 + 3 nmol m? sec™ to average influx  stimulated the active uptake of'n Valoniaand CT in

of 10 + 5 nmol m? sec™ after the incubation in 100 M Halicystis(Gutknecht, Hastings & Bisson, 1978). Alter-
mannit0|. The Iarger the OsmOtiC Concentration, theations in Cytop'asmic (_?é concentrations were Sug_
larger was the Hinflux. This flux caused the unbuf- gested as a part of the turgor signal transduction chain for
fered solution of pH 4.85 to change to pH 5.3 after man-| amprothamniunOkazaki & Tazawa, 1990) ar@hara

nitol application. It appears that the osmoticum sup-(gjsson et al., 1995). A ubiquitous component of 0s-
presses oscnlgtoryT-bxtrusmn at the plasma membrane. yqtic adjustment in higher plants is modulation of the
Discrete Fourier Transforms of the"Hlux data showed proton-pumping activity (Rubinstein, 1982; Reinhold

that, apart from suppression of the 7-min oscillations inggigen & Volokita, 1984; Li & Delrot, 1987). Passive
H* flux, mannitol also promoted the appearance of fasteg+ transport is also affected (Bisson & Gutknecht, 1977;
2-min oscillations. C# influx slightly increased after p piociain 1982 Lew 1996) implying a multicémpo-,
mannitol treatmen;c. In addition the 7-min oscillatory | .. osmo:regula{tory S'ystem (Berrier et al., 1996).
component of C& flux rfmalned apparent thereby Although it is difficult to distinguish between tur-
showing independence of Hlux. gor-sensing and osmo-sensing (Lew, 1996), one possible
mechanism of osmotic adjustment may involve stretch-
Key words: Zea mays— lon transporters — Osmotic activated channels (SAC) in the plasma membrane
stress — Hydrogen — Calcium — Mechanosensory(Ramahaleo, Alexandre & Lassales, 1996; Lew, 1996;
channels — Oscillations Cui & Adler, 1996; Berrier et al., 1996). However, all
reported evidence of SAC was obtained by using the
patch-clamp technique. This imposes artificial condi-
tions on the patched membrane, and raises question:s
bout possible artefacts (Morris & Horn, 1991; Ramaha-
eo et al., 1996). There is a need for more experimental
observations of SAC effects at the tissue or organ level,
measured by a noninvasive technique. Long-term micro-
electrode measurements on a single cell of a fast growing
Goot is practically very difficult. For this reason we re-
gard our noninvasive MIFE system to measure ion fluxes
S as an ideal tool for research on ion transporters.
Correspondence tdS.N. Shabala We have already described oscillations in néard

Introduction

Osmotic pressure is one factor affecting properties o
membrane ion transporters. High osmotic concentra
tions in the external solution reduce water availability to
roots. As the turgor pressure is a major driving force for
cell growth by expansion, plant cells change to restor
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Ca* fluxes around the elongation region of corn roots FLux MEASUREMENTS
(Shabala, Newman & Morris, 1997). The fast and slow

components of these oscillations reflected the biophysiNEt fluxes of H and C&* ions were measured noninvasively using the

. . . Tasmanian MIFE™ system (Unitas Consulting, Hobart, Australia) as
cal and biochemical mechanisms of plant pH homeOSt.adescribed by Shabala et al. (1997). Additional information about speci-

S'f' and were supposeq to belong to _aCt'.Ve and PasSIMRation, characteristics and commercial availability of the MIFE sys-
H™ transporters, respectively. The oscillations correlatedem are also provided on the internet at “http:/www.phys.utas.edu.au/
with root nutation and may be involved in the mecha- physics/biophys/mife.htm.” Briefly, the electrode tips were filled with
nism of redistribution of growth substances around thespecific ion-selective resins (catalogue number 82500 faarkt 21048
root circumference in the elongation region (Shabala &fr C&", Fluka Chemical, Buchs, Switzerland), calibrated, and
Newman, 1997). Both oscillations also showed a tightmounted on the multi-micromanipulator. Oné€ ldlectrode and one

link with root arowth. When elonaation ceased. so did Ca* electrode were used at the same time. The electrode tips were
9 ’ g ’ positioned, with 3—5um spacing, in a line parallel to the root axis, 50

oscillations and root nutation. These observations |IIus—Mm above the root surface. During measurements, the distance be-
trate the physiological significance of ion flux oscilla- tween the root surface and the electrodes was changed from 50 to 90
tions for root metabolism. As osmotic stress affects theum with a frequency 0.1 Hz. The difference in electrochemical po-

growth process, we might expect that parameters of thegential between these two positions was measured, and the flux of each
oscillations will be affected by applied osmotica. Do all ion was derived from these measurements assuming cylindrical geom-

ion transporters have similar sensitivity to applied os-8t" diffusion (Newman et al,, 1987; Shabala et al., 1997).

. . " The total time of measurements was 2 hr for the control and for
mOtIC pres_sure, or do hyperosmotlc conditions SeIeC'100 mv mannitol; one hour for all other variants. All measurements
tively modify some of them? were done for the elongation region, 5 mm from the root tip. As plants

In this study we measured fluxes of ldind C&" as  showed a high rate of growth and strong nutational movement in this

two major ions involved in the process of cell elongation. region (Shabala & Newman, 1997), constant correction of the electrode
Our observations show that'kbn transporters are more position was essential. We followed the same cell during the root

affected by applied osmotic pressure thar?*Canes. growth using the three-axis hydraulic manipulator as described by

This effect appeared mainly in the suppression of active®apala and Newman (1997).

H™ pumping and in shifting the measured Hux to net
influx. Apart from suppression of the 7-min oscillatory SPECTRAL ANALYSIS OF DATA AND STATISTICS
component of H flux, normally observed in control

(Shabala et al. 1997) mannitol also promoted the ap\_/arious methods of data analysis in the time domain have been de-

pearance of faster oscillations of 2-min period. We Sug_scnbed for analysis of oscillations in biological systems (Robinson,

t that th d to th f h Rust & Scott, 1979; Zachariassen et al., 1987; Antonsen et al., 1995;
gestthat they are due to the presence or mec anosensosrb{abala & Newman, 1997). Every biological experiment contains a

channels being activated by changed turgor. limited number of data points usually obtained at discrete time inter-
vals. As most analytical methods are designed for continuously vary-
ing data over an infinite time interval, each method has its advantages
Materials and Methods and Iimita?ions for application to biological systems. _ _
In this research we have chosen the standard Fourier analysis
package, available in EXCEL 4.0, and based on the Fast Fourier Trans-
form (FFT), as a convenient mathematical tool. For our finite ‘data
PLANT MATERIAL AND PREPARATION window’, the Discrete Fourier Transform (DFT) is used instead of the
continuous transform. Briefly, if there aredata points at intervals

Corn seedsqea may4.. cv Aussie Gold) were grown and prepared for during ? total timeT = nr, Fhe data serie() is replaced by a trigo-
ometrical sum of harmonics

measurements essentially as described by Shabala et al. (1997). On the
third day, when the root length reached 60 to 80 mm, plants were n n
decapped and transferred into the measuring chambers 1 to 1.5 rg(t) :a_o+2 f(t)cos2mvt + Ef(t)sianrvt

before the flux measurements. In the control variant, the bath solution 2 4 T

was unbuffered 0.2 m CaSQ.

When transient responses to mannitol were studied, 1 mLnof 1 Using the IMABS and IMARGUMENT tools in EXCEL 4.0, we
mannitol made up in 0.2 m CaSQ was added to the measuring obtained the moduli and phases of the complex amplitudes returned by
chamber which contained 9 mL of the bath CaS®@he addition was  DFT application. These moduli were later plotted against the period of
made by a Pasteur pipette 10 mm from the measured region. Then the harmonic components for the discrete frequenciesoO, 11T, . . .,
bath solution was thorough mixed by sucking and expelling it from the (n — 1)/T.
pipette about 20 times. The time required for mannitol addition, mix- Because our measurements represented a data window, we used |
ing, and establishing the diffusion gradients was about 2 min and wasiumber of steps of data processing before the final spectral analysis
discarded from the analysis. For a few measurements, to test anothéseeFig. 1). For each variant (control, 1200urand 200 nw mannitol),
osmoticum, sorbitol was used instead of mannitol. we had from 6 to 8 individual plants measured and selected for spectral

In experiments with osmotic pretreatment, roots were preincu-analysis. Each of them provided records of the net ion fluxe$'(@ad
bated in the different mannitol concentrations (from 100 to 360,m H*) and of ion concentrations every 10 sec. The sample size was about
made up in the basic 0.2nmCaSQ solution, from the time when the 720 for the two hours of measurements. Because the DFT requires a
roots were mounted in the measuring chamber 60-80 min before starsample size which is a power of 2, these 120-min data intervals were
ing measurements. divided into 5 overlapping time intervals of about 42.6 min, each con-
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overlapping 42.6 min 42.6 min Fig. 2. Transient responses of*Hclosed symbols) and &4 (open
segments [ 42.6 min | [ 42.6 min | symbols) net fluxes to hyperosmotic treatment (108 mannitol ap-
containing 256 - . R o o - -
points 42.6 min plied at 8 min). Mean fluxesn(= 4 for H* andn = 6 for C&*) are
shown. Measurements were made at 5-sec intervals. Each point repre-
sents the average value of the six measurements made during 30 sec
Each segment ts th I f th t de d 30
produces 1 [Spe“f“m Spectrum  Spectrum  Spectrum - Spectrum | The insert illustrates the typical course of pH changes for two indi-
spectrum ; 7 : i vidual plants after mannitol application. Error bars aee
normalised From plant
Average Ca® ]_@P}%“}l: Discarding non- may be seen in the range 40-55 min in Fig.8re or, more clearly,
H',pHspectra  —-—2 |} | typical spectra in time interval from 50 to 100 min shown by Shabala et al. (1997, Fig.
were calculated HI . L - 3A). There was no apparent correlation between discarded spectra anc
for all plants in Averaging (all plants x all typical spectra) any specific treatment applied. Twenty to 30 spectra from a total of 6

each treatment

to 8 individual plants were included in the averages after the discarding

Fig. 1. Diagramatic illustration of the data preparation and spectralprocess'
analysis by the Discrete Fourier Transform as described in Materials

and Methods.
Results

taining 256 data points. This is shown diagrammatically in Fig. 1.
The reason for using the overlapping intervals is that the DFT is un—TRANS'ENT RESPONSES TOOSMOTIC TREATMENT

reliable at the ends of the data window. Valuable information could

thereby be lost for some time intervals. Our overlapping data windowsThe average value of the nef Hux in the elongation

put the data from the end of the previous data interval into the middlezone of control plants is significantly negative (Shabala
of the next interval and thus made it possible to minimise error in theet al., 1997). This strong efflux caused the pH averaged

results obtained. For the sake of reliability, we also ignored the two :
components of the lowest frequency in the resulting Fourier spectrumpVer 5010 9Qum from the root around the measured site

As the number of data points was 256 for each spectrum, the firstO b€ slightly more acid than the bulk solution (pH 5.2).
reliable component appeared at 14.2 min. As we expected to find thé\verage net C& flux in control is close to zero in the
maxima in the Fourier spectra for periods around 7 reeeShabala et elongation zone.

al., 1997), the rejecting procedure was acceptable, and we do not con-  Addition of 100 nm mannitol into solution caused
sider any oscillations that may have been present with periods greatqinmediate transient responses in bothand C&* trans-
than 20 min. port (Fig. 2). Different plants measured might be at dif-

The next stage was to filter the data. After spectra for the five]c t st fthe sl illat Shabala et al
overlapping time intervals of about 42 min were obtained for each root, erent stages ot the slow oscillatory curve ( abalaetal.,

all these spectra were normalized. Then all spectra showing no osci1997), so variability of the flux patterns was very large.
lations were discarded. The discarding procedure, of less than 15% dNevertheless, the qualitative character of these transient
the spectra, was a necessary step in the data analysis, because fagsponses was similar for all plants (Fig. 2).

oscillations do not appear in every time interval for the plants selected Three distinct phases can be seen in the ion flux
for analysis. The Fourier spectrum of a time interval without visible transient responses to mannitol addition. The first phase
oscillations represents ‘white noise’, which reduces accuracy of the tarted immediately after mannitol application and lasted

analysis when averaged together with other spectra. Most of thesg . . . .
discarded spectra corresponded to the specific time interval when thé f€W minutes. There was discontinuous pH rise of about

slow H* flux component approached its maximum and the fast 7-min 0-;‘-—0-2 . pH units immediately after .miXing‘ was over
oscillations ceased. A typical example suitable for such discarding(Fig. 2 insert). H efflux decreased immediately, and
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Table 1. H" and C&" fluxes (nmol m? sec?, net influx positive) and S ow OSCILLATORY COMPONENT OF lON FLUXES
local pH around the elongation zone of corn roots as a function of

mannitol concentration .. .
Normally, two distinct oscillatory components of ux

Concentration, H* flux Ca2* flux pH can be observed in the elongation region of corn roots
nm (Shabala et al., 1997). An example of these oscillations
for a representative control plant is given in FigA.3
Control -24.9+36(16) 4.6 +1.3(16) 4.81x0.02(16) QOne of these components is a fast oscillation with period
100 10.2+5.0(12) 841+1.1(12) 5.19%0.02(12)

of about 7 min. This fast oscillation is modulated by a
slow, rhythmic change with period of about 1.5 hr. This
modulation caused Hiux to be changed from net efflux
Means +se (Samp|e Size) are shown. to Inf|UX, and baCk aga|n FOI‘ é'é.ﬂux, the faSt OSC”‘
lation is similar to that of H but slightly advanced in
phase. The slow G4 oscillatory component normally
appears as a modulation of the amplitude of the fast Ca
flux oscillation around some steady level of Cdlux
(Fig. 3A).

200 284+9.0 (6) 327 +4.9 (6) 523+0.01 (6)
300 208+6.4 (6) 103 +14 (6) 5.34+0.04 (6)

C&* showed significant efflux for a short time (Fig. 2).
Average C&" concentration was not strongly affected
(data not shown . .

During the next phase, of 15- to 40-min duration, all Osmotic pretreatment caused regular changes in

parameters measured showed complex multiphase kinek?-Oth oscillatory compqnents of the ion fluxes. F.@ 3
ics. For each root, Hefflux tended to increase for a SHOWS one representative example of flux behaviour for

while, showing a series of fast oscillations. ZC&on- a plant treated with 100 mmannitol. The statistics are
(given in Table 2. The slow oscillatory components &f H
and C&" fluxes remained present after osmotic pretreat-
ent (Fig. B). Their temporal characteristics were
imilar to those in the control, but the amplitude charac-
teristics were not (Table 2). The amplitude of the slow
e|—|+ flux oscillations was 0.4 of the control amplitude.

decrease, consistent with the developing®Cimflux.
Because the results shown in Fig. 2 represent the avera
of 7 individual plants, many specific features of these
transient responses are masked.

In the third phase of the transient curve, there wer
slow monotonic rises in both Hand C&* fluxes (Fig. 2).
The average net Hlux became an influx approximately Fast |on FLUx OSCILLATIONS
40 min after mannitol application and caused the pH to
increase up to 0.2-0.3 units higher than the control

There was a small but rather steady?Canflux (Fig. 2) The most significant changes caused by osmotica seerr

. ; to appear in the fast oscillatory component of ion fluxes.
2
at the end of the transient response.”Cgoncentration Fast oscillations in Hand CZ" flux showed very dif-

decreased by 10-4fim In one hlour.. The transient "€ ferent sensitivity to the applied osmoticum. Mannitol al-
sponse paused by mannitol a_pphcatl_on lasted 60-80 miny, s completely suppressed the 7 mih #x oscilla-
Similar results were o_btalned using 10Grsorbitol tions, whereas the fast €acomponent could be clearly
(data not shown mdmatmg the flux ch_anges WETE saen (Fig. B). Where there was some evidence of 7 min
caused by aItergqon In the_external OSMOtIC pressure ang+ g, oscillations, their amplitudes were about 10
not by the specific properties of mannitol. times smaller than in the control; for €aoscillations
this factor was less than 2gta not showh For every
plant, after mannitol treatment the fast oscillations ih H
flux were more noisy than in the control and possessed a
very small amplitude, normally much less than for cal-
As is evident from Fig. 1, 1-1.5 hr was enough for thecium, whereas in the control the amplitude ratio 6f H
plant to complete adjustment to the osmoticum. As aCa" fluxes is normally about 1.2 (Shabala et al., 1997).
result of this adjustment, both*Hand C&" fluxes were Another remarkable regularity of the osmotic effect
significantly different from control. There was a clear on ion transporters was the presence in tHefldx of
shift of the average net Hflux from efflux to influx  oscillations of much shorter period than 7 min (Fi§)3
(Table 1), and the C4 flux tended to become more These oscillations were also very irregular, containing
positive. For H this shift was apparently dependent on more than one fast oscillatory component. Figure 4
mannitol concentration. The link between osmotic con-shows these oscillations more clearly by means of the pH
centration and increase in the €anflux was not so  changes of two individual plants under control condi-
clear. The change of net'Hlux from efflux to influx at  tions (&) and in 100 nw mannitol @). There is no evi-
high osmotic concentrations, caused pH around the mealence of any oscillatory component other than 7 min in
sured region to increase to values even higher than thEig. 4A. However, we can clearly see a wide range of
bath solution pH (Table 1). oscillations after osmotic treatment (FigB¥4 These in-

STEADY FLUXES AFTER PRETREATMENT IN MANNITOL
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Table 2. Osmotic effect on parameters of slow flux oscillations

Parameters Control Mannitol

Half-period of slow H oscillations, min 445 + 52n=17) 50.2 5.4 (= 12)
Half-period of slow pH oscillations, min 4533+ 53nE 12) 454 £54 = 12)
Average amplitude of slow Hoscillations, nmol i sec?* 131.2 £20 6 = 16) 55.8 +6.4 § = 12)*
Average amplitude of slow pH oscillations, pH units 0.12+ 0.02H6) 0.10+£0.0214 = 12)

Plants were pretreated with 100vrmannitol 1 hr before measurements. Measet{sample size), P < 0.01, by Studentst Test.

clude those close to 5-7 min (plant 2 marked with theare shown in Fig. 5. In general, both"Hux and pH
open circles) as well as faster 1.5-2 min oscillationsspectra showed qualitative identity. The pH changes
(plant 1, dark diamonds in Fig.B}. represent a physical averaging of data from a large group
As visual observations are not a precise tool in mak-of neighboring cells and over time, which minimizes
ing these comparisons, we applied the spectral analysisoise and the influence of external factors. For this rea-
procedure to find the quantitative parameters of the fasson, we show here the average Fourier spectra of the pH
H* and C&" flux oscillations caused by osmotic treat- changes (Fig. A) to characterise the proton transporters
ment. The DFT was applied to the data series and resulis the plasma membrane. The number of oscillatory
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components available in the Fourier spectra was 128 (thBiscussion
Nyquist frequency corresponds to a component with pe-
riod about 0.33 min). Results reported here seem to be the first long-term mea-
Results of the spectral analysis (Fig))sre consis- surements of the Gaand H' flux kinetics induced by
tent with our visual observations (Figs. 3, 4) of mannitol hyperosmotic treatment. The temporal resolution of the
suppression of the fast 7 min component of filix MIFE system makes it possible to study the very early
oscillations. There is a distinct sharp peak around 7 mirstages of root responses to increased osmotica as well a
in the Fourier spectrum in the control. After mannitol revealing the fast oscillations in ion flux behaviour in-
treatment this peak is no longer distinguishable. Insteadjuced by hyperosmotic treatment.
a statistically significant spike of period around 2 min Changes of turgor pressure could alter the thick-
appears. At the same time, the 7-min peak fof ‘Ghx ness of the plasma membrane, resulting in altered mem-
oscillations, shown in the control is still traceable afterbrane activity (Coster, Steudle & Zimmermann, 1976).
osmotic treatment (Fig.B. No other significant com- Changed turgor causes changes in membrane potentia
ponent can be observed in the®C&ourier spectra, al- (Racusen, Kinnersley & Galston, 1977; Zimmerman &
though there is some evidence of a shoulder from 0.5 t@ecker, 1978; Pantoja & Willmer, 1986) and in mem-
3 min for C&* flux as well. brane resistance and permeability (Jenkinson & Scott,
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1961; Pantoja & Wilmer, 1986; Lew, 1996). However, hibition of the active H transport is mediated by meta-
the strongest osmotic effect seems to appear in the modbolic changes in the cell (an indirect turgor effect).
fication of active H transport systems (Rubinstein, Thefirst phaseof the transient response to mannitol
1982; Giaquinta, 1983; Reinhold et al., 1984; Li & Del- (Fig. 2) lasts only a few minutes and is characterized by
rot, 1987). The complexity of the osmotic effect on both a sudden pH jump immediately after mannitol applica-
passive and active ion transporters is expected to result ition, a sharp decrease of the net Hfflux and brief
complex ion flux kinetics under hyperosmotic condi- short-term increase in net €aefflux. Because of its
tions. rapidity after osmotic change, we suggest that this phase
We observed several distinct phases in the measureflects a direct effect of reduced turgor on ion transport
flux transient responses to osmotica (Fig. 2). We inter4n roots.
pret them assuming that osmotic inhibition of the active The observed pH changes may be explained easily
H™ extrusion consists of two stages. In the first stageas the result of solution mixing. Due to the normal H
there is only partial suppression of ldumping (perhaps efflux at our measuring location, the normal pH near the
a direct turgor effect). In the second stage, osmotic in+oot is below the bulk solution pH. The mixing of the
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solution after mannitol addition caused the pH to returnAll these indicate that osmotica suppress tieATPase
to near its value for the bath solution (near 5.2). activity and shift the balance from active extrusion
There is also an instant turgor effect causing reducpumping to passive inward leakage of .HThe results
tion in the net H efflux. Both decreased Houmping or  support our supposition that oscillations of 7-min period
increased passive 'Huptake may contribute to this re- are attributable to the active*Hransport systems, and
duction. However, as the cytosolic pH of root cells is that the slow H flux changes relate to rhythmical
close to 7.0, the external pH rise caused by the solutiohanges in passive ‘Hransport systems (which are not
mixing would reduceAw,, and make passive Hiptake gg strongly affected by mannitol).
smaller, not larger. Two further observations must be discussed here.
The second phasés characterized by a transient The first is the relatively weak effect which mannitol has
increase of the net Hefflux. As some time may be on C&* fluxes. Fast C& flux oscillations could be
required for osmotically induced metabolic changes toglearly observed (Fig.B. Their amplitudes in mannitol
cause inhibition of the active Htransport, the net H  \yere many times larger than those fof Bux oscilla-
efflux may first temporarily increase as a result of theions whereas in the control the ratio is close to 1. This

partial reduction of theAp,,. This phase of increasing jngjcates that the measured®C#élux in mannitol is more

H" efflux varied between different plants and may lastyhan just the result of proton-calcium ion exchange in the

from 15 to 40 min. The magnitude of the increase also.q|| walls according to the “weak acid Donnan-

varied, sometimes resu_lting in “overshoot” of the both Manning” model (Richter & Dainty, 1989, 1990; Ryan,
H" flux and pH. Behavior of the Cd transporters Was  Neywman & Arif, 1992; Arif & Newman, 1993). Hence,
similar to t_hose for K. . L our present observations of the osmotic effect on ion
T_he third phas_e,of 30—40-m.|n+durat|on, is the de- fluxes confirm the existence of an intracellularCas-
veloping suppression of the active' léxtrusion, so that cillator in corn roots (Shabala et al., 1997). At the same

there was net Hinflux at the end_ Of. th_e_t_ran5|ent_re time, the average Gainflux increased after root treat-
sponse. It may reflect the osmotic inhibition mediated : . . ;
. . : ment with mannitol (Table 1), despite the relatively
by metabolic changes in the cell. €anflux was also _— :
stable fast oscillations in G&flux.

significant (Fig. 2), reducing bath Eaby 10-40pu. The second observation of interest is the appearance

The time course of the observed transient ﬂuxlof an additional peak at just under 2 min in the Fourier
changes is in good agreement with reports from othe . . . .
g g g D pectrum of pH changes in mannitol (Figd)5 This 2-

workers. An electrical response of the plasma membrangP .
was reported to begin within 10 min after changed osMiN compo_nent_was not presen_t under normal osmotic
motic concentration and to continue for 20 to 30 min (Li Pressure either in the control or in a range of pH values
& Delrot, 1987). Frensch and Hsiao (1995) showed thaf€Sted (from 4.0 to 6.0data not showp This compo-
a small increase in osmotic pressure (0.1 MPa) tempone”t mus.t be a response of plqnt tissues to the metabolic
rarily decreased cell turgor and growth, which recovered®hanges induced by the mannitol treatment. _
fully in 5 to 10 min. Under stronger changes (up to 0.6 We can only speculate about how hyperosmotic
MPa) elongation stopped for up to 30 min and then re_trea.tment affects ion transport sy;tems and qulfles their
sumed at lower rates. In our experiments we used 10@scillatory behaviour. One possible explanation of the
mm mannitol which corresponded to about 0.25 MPa at2-min oscillatory component of ion fluxes may come
25°C, and the transient response was completed by 50fom the existence of mechanosensory, or stretch-
80 min after osmotic application. activated, ion channels in the plasma membrane. Severa
From these results it is likely that the main effect of types of mechanosensory €achannels exist in plants
applied osmotica is on the active®Hextrusion at the (Cosgrove & Hedrich, 1991; Schroeder & Thuleau,
plasma membrane. We have previously proposed that991; Pickard & Ding, 1993; Bush, 1995). These SAC
the fast 7-min oscillatory component of the Hlux os-  have been suggested to act as osmoregulatory feed
cillations around corn roots relates to electrogenic H back sensors for mechanical perturbations in plants
extrusion; the slow component relating to changes in(Schroeder & Hedrich, 1989; Shroeder & Thuleau,
passive membrane permeability tcd” KiShabala et al., 1991). Tyerman (1992) reported on mechanosensory an-
1997). In 100 mu mannitol the 7-min component was ion-permeable channels. All of them may interact with
almost fully suppressed (Fig.Ay. Oscillations were H* transport systems through cytoplasmic pH (Felle,
noisy and irregular and possessed very small amplitude$988; Tyerman, 1992; Bush, 1995). Walker et al. (1995)
(usually less than 5 nmol Th sec?, Fig. 3). At the  proposed the existence of a sucrose/proton antiport in the
same time, the average nef filix during two hours was seed-coat membrane Bhaseolus vulgarisThe appar-
essentially inwards and the slow oscillatory componentent link of sucrose uptake with corresponding ékport
of the H' flux remained clear (Fig.B) with its temporal  has been reported for the vacuolar membrane of the red
characteristics close to those in the control (Table 2)beet root (Getz & Klein, 1995). It is unclear whether
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similar mechanisms may exist in the plasmalemma of ti\(ated at different thresholds of applied pressuteMembrane
root cells. This question needs further investigation. ~_ Biol 151?175—1k87 A _ o i the mati
The possibility of metabolic regulation of oscillatory Bisson: M-A., Gutknecht, J. 1977. Osmotic regulation in the marine
behaviour should also be considered. There are two alga, Codium decorticatumll. Active chloride efflux exerts nega-
. . ’ tive feedback control on the turgor pressude.Membrane Biol.
major classes of cellular oscillators, membrane and cy- 37.85_0g
toplasmic, and one component which is common toBisson, M.A., Kiegle, E., Kiyosawa, K., Gerber, N. 1995. The role of
both of them is calcium (Berridge & Rapp, 1979). As  calcium in turgor regulation it€hara longifolia. Plant Cell Envi-
the cytosolic calcium concentration, [Ch,, is <10 M ron. 18:129-137 S
(Evans, Briars & Williams, 1991)’ the &4influx caused Bus_hl, [1(?3%92@ Regulation of cytosolic calcium in plafant Phys-
by hyperosmotic treatment may lead to a significant riseB 10, 20e.= . N . .
in 1Ca2 . d 2 ush, D.S. 1995. Calcium regulation in plant cells and its role in
m_ [ +]Cyt' Acting as a secon messgnger, may signalling.Annu. Rev. Plant Physiol. Plant Mol. Biag6:95-122
trigger a Cascade_ Of different metabolic events (Bushcosgrove, D.J., Hedrich, R. 1991. Stretch-activated chloride, potassium
1993, 1995), modifying Htransport across the plasma  and calcium channels coexisting in plasma membrane of guard cells
membrane. McAinsh et al. (1995) reported stimulus- of Vicia fabal. Planta 186:143-153
induced oscillations irCommelinaguard cell cytosolic ~ Coster, H.G.L,, Steudle, E., Zimmermann, U. 1976. Turgor pressure
free calcium encoding information about the external S€nsing in plant membraneBlant Physiol.58:636-643
- - . P Cui, C., Adler, J. 1996. Effect of mutation of potassium-efflux system,
stimuli. Does the same mechanism exist in the roots? i . )
Th.e last question concerns the time scale of iﬁ KefA, on mechanosensitive channels in the cytoplasmic membrane
~  of Escherichia coli. J. Membrane Biol50:143-152
creased [C&].,. In hyperosmotic conditions the €a g D.E. Briars. S.A.. Williams. L.E. 1991. Active calci .
. yt vans, D.E., Briars, S.A., liams, L.E. . Active calcium trans
flux continued for at least 2 hr at an average of 8 to 10 port by plant cell membraned. Exp. Bot42:285-303
nmol m2 sec? (Fig. 2 and Table 1). Is all cytosolic Felle, H. 1988. Short-term pH regulation in plan®hysiol. Plant.
Ca™" used for intracellular signalling, or could it be ef- 7435:3—591, y e vield hreshold and
fectively accumulated in the vacuole as an osmoticum, af"e"sch: J, Hsiao, T.C. 1995. Rapid response of the yield threshold an
| t tiallv? W t able to find in the literat turgor regulation during adjustment of root growth to water stress in
east partially? \We were not able to find in the literature ;.- - oo ojant physiol08303-312
any evidence of such osmotic adjustment for root cellSgyicke, w., Hinde, P.S., Leigh, R.A., Tomos, A.D. 1995. Vacuolar
although during leaf ageing é“&may accumulate pref- solutes in the upper epidermis of barley leaves—intercellular dif-
erentially in interstomatal cells at concentrations up to ferences follow patternslanta 196:40-49
180 mm (Fricke et al., 1995). Because we grew roots andGetz, H.P., ‘Klein, M. 1995. Characteristics of sucrose transport and
measured fluxes in a low-salt nutrient solution contain- Sulcros_e"L”d“fed H”t"?‘”Spgt Ot“Ptrt‘e _t?q%r;ljsstgozgf;d beet (Beta
ing only CaSQ, these could be the only available inor- __YU!98is L) storage tissuélant Physiol.107:459-
L . . . Giaquinta, R.T. 1983. Phloem loading of sucroé@nu. Rev. Plant
ganic ions for the osmotic adjustment. Further experi- Physiol. 34:347-387
ments are clearly needed. It will be reasonable also t@ywnecht, G., Hastings, D.F., Bisson, M.A. 1978. lon transport and
assume that at least part of the absorbed @muld be turgor pressure regulation in giant algal cells. Membrane Trans-
exported to the shoot or to other root zones. Even in the port in Biology. Vol. 3. Transport Across Multi-Membrane Sys-
control, C&" concentration in the bath was normally 20  tems. G. Giebisch, editor. pp. 125-173. Springer-Verlag: Berlin
to 30 uM lower after 1-1.5 hr of plant incubation. This Jenklnso.nf, Iﬁ ch(;t, B.I.If-!. 19?1.dlzloellectn(?“oscnl?tlclénf of Ilc|>e|an
depletion of the C¥ indicates it was used for metabolic ~ foots: further evidence for a feedback oscillator. I. Extracellular

ted el h in th lant response to oscillations in osmotic pressure and auxirstr. J.
purposes or exported elsewhere in the plant. Biol. Sci. 14231236

Levitt, J. 1972. Responses of plants to environmental stresses. Aca-
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flux analysis. Supported by an Australian Research Council Grant td_ew, R.R. 1996. Pressure regulation of the electrical properties of
I.A. Newman. growing Arabidopsis thalianalL. root hairs. Plant Physiol.
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