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Summary. The pressure probe technique which has been 
used for measurement of water relations parameters of 
plant cells [hydraulic conductivity (Lp), elastic modulus (e) 
and  half-time of water flow equilibration for individual 
cells (T~2)] can be used also for measuring reflection and 
permeability coefficients (or, P~) of permeable solutes. In the 
presence of a permeable osmoticum the pressure/time 
curves are biphasic, i.e. after a rapid water flow bringing tur- 
gor pressure to a minimum value (Pmi,), a second phase 
occurs in which turgor pressure increases back to the orig- 
inal value (Po). The second phase ("solute phase") is due to 
an equilibration of the solute across the cell membrane 
and can be used to evaluate P~. The responses are strictly 
reversible, i.e. when the osmoticum is removed a pressure 
maximum is quickly reached followed by a slower equili- 
bration of solute. The reflection coefficients for the solutes 
can be calculated from the change in osmotic pressure of 
the medium (A~~ and from the change in turgor at the 
minimum (Po-Pmin) after correcting for solute flow. For in- 
ternodal cells of Chara coraIlina, reflection and permeabil- 
ity coefficients for certain nonelectrolytes (sugars, poly- 
ols, monohydroxyalcohols, amides, ketones) are given 
and compared with data obtained by other methods. For 
Chara, Ps and osmotic values of Lp depended on external 
stirring, whereas o corrected for solute flow did not. As 
expected hydrostatic Lp did not depend on stirring. No 
polarity of water flow was found for hydrostatic Lp 
(Lpen/Lpe~= 1.02_+0.05, 95 ~ confidence limits) whereas a 
polarity was observed for osmotic Lp which can be ex- 
plained in terms of a concentration effect. Using perme- 
able solutes, the concentration dependence of Lp, cr and Ps 
could be measured over large concentration ranges (up to 
1.4M) at constant cell turgor. P~ was independent of solute 
concentration for concentrations up to 1.4~ while both 
and Lp decreased with increasing concentration such that 
there was a linear relationship between (1 - a )  and 1/Lp as 
predicted by the frictional model for a lipid membrane 
with pores. The slope of the (1-cr)vs. 1/Lp plot gives a 
value of Ps and the intercept with the (1-or) axis gives the 
degree of frictional interaction between solute and water. 
The frictional term was found to be significantly greater 
than zero. The values of P~ evaluated from the solute phase 
were smaller than those obtained from the (1-~)vs .  1/Lp 
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plots. However, they were of the same order of magnitude 
and showed the same sequence for the different solutes. 
The technique for determining P~ and a is of importance 
for obtaining quantitative data for the permeation of wat- 
er-soluble pollutants into plant cells and tissues and for 
their ecotoxicological significance. 
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Introduction 

In a previous paper (Tyerman & Steudle, 1982) 
it was shown for cells of the isolated epidermis 
of Tradescantia virginiana that the pressure 
probe (cf Zimmermann & Steudle, 1978, 1980) 
may be used for measuring transport properties 
of nonelectrolytes (reflection coefficient a and 
permeability coefficient Ps) in addition to the 
water relation parameters (hydraulic conduc- 
tivity Lp, volumetric elastic modulus s). Howev- 
er, for the epidermal cells the proper evaluation 
of P~ was difficult because of the uncertainty in 
measuring the effective cell surface area and un- 
stirred layer effects which were difficult to de- 
fine. For these reasons we have applied the 
method in this paper to the cylindrical inter- 
nodes of Chara corallina for which the cell ge- 
ometry can be measured with high accuracy 
and unstirred layer effects can be better defined. 

For Chara, values of o and P~ have been re- 
ported for some permeable nonelectrolytes 
using transcellular osmosis and tracer experi- 
ments and the effects of unstirred layers have 
been examined (Dainty & Ginzburg, 1964a-d). 
Furthermore, Lp depends on cell turgor and 
concentration (Dainty & Ginzburg, 1964a; 
Steudle & Zimmermann, 1974; Zimmermann & 
Steudle, 1975) allowing Lp to be varied sub- 
stantially. 
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The  coefficients P~ and  o for p e r m e a b l e  so- 
lutes can  easily be  o b t a i n e d  b y  m e a s u r i n g  the 
charac ter i s t ics  of  t r ans ien t  changes  in pres-  
su re / t ime  curves,  the theo ry  of  which  has been  
k n o w n  for s o m e  t ime  (Philip,  1958; Da in ty ,  
1963; Wilson,  1967). E x p e r i m e n t s  have  been  
p e r f o r m e d  in o rder  to deve lop  a r ap id  m e t h o d  
for the d e t e r m i n a t i o n  of quan t i t a t i ve  da t a  for  
the p e r m e a t i o n  of wa te r - so lub le  po l lu t an t s  
(ecotoxins)  which  occur  in official lists. Al- 
t h o u g h  there  are  s o m e  compl i ca t i ons  due  to un-  
s t i rred layers,  the m e t h o d  m a y  be used to s tan-  
da rd ize  the pe rmeab i l i t y  of  the subs tances  in 
p lan t  t issues and  o rgans  which  are exposed  to 
t h e m  (e.g., in roo ts  a n d  leaves). E x p e r i m e n t s  
wi th  m a n y  solutes unde r  different  condi t ions  
(concen t ra t ion ,  turgor ,  etc.) can  be p e r f o r m e d  
yielding ~r, Ps and  L p  for one  cell, thus avo id ing  
compl i ca t i ons  due to a v a r i a t i o n  be t ween  cells 
and  ga in ing  a be t t e r  u n d e r s t a n d i n g  of the inter-  
re la t ions  be tween  the coefficients.  

Material and Methods 

Plant  Mater ia l  

Mature internodal cells of Chara corallina were used 
(length: 40 to 100mm) which had been grown in artificial 
pond water (APW) (in mM: 1NaCI, 0.1KC1, 0.1CaC12, 
0.1 MgC12) in tanks containing a layer of natural pond 
mud. Temperature was kept at 18 ~ and the tanks were 
continuously illuminated by Osram Fluora lamps. 

Methods  

A cell was freed from adjacent internodes and branches 
and placed in a glass tube (2.3 mm diameter) with a node 
protruding at one end and resting in a slit to make the 
cell secure. The pressure probe was inserted through the 
protruding node and solution was pumped through the 
other end of the glass tube along the cell. The external 
solution could be stirred vigorously and the APW could 
be rapidly exchanged by solutions with different osmotica 
and osmotic pressures. The cells were illuminated during 
the experiments by a Phillips halogen lamp through glass 
fiber optics. The temperature was maintained at 20 ~ dur- 
ing experiments. 

Determinations of e, TI~ 2 and Lp. These measure- 
ments were carried out as previously described (Steudle & 
Zimmermann, 1971, 1974; Zimmermann & Steudle, 1975, 
1978, 1980). It was ensured that the pressure probe had 
a low compressibility (dVa_paratus/dP=4xlO -3 ktl bar-~), 
compared to the extensibil~ty of the cell (dV/dP=5 to 
14 x 10 - t  ktlbar-t) so that little or no correction of the 
measured e was required. In addition, a combination of a 
pressure transducer of high sensitivity (9.2 mV bar-~) and 
a dc offset allowed pressure relaxations and determi- 
nations of e to be carried out over small pressure intervals 
(0.4 to 0.6bar), at high absolute turgor pressure, without 
any loss of accuracy. The handling of the data was also 

improved by digitizing the experimental curves and stor- 
ing the data on "floppy discs" for further analysis. The 
pressure relaxations were induced either by changing ceil 
turgot pressure with the pressure probe ("hydrostatic ex- 
periments") or by varying the osmotic pressure of the me- 
dium ("osmotic experiments"). For rapidly permeating 
substances with tow reflection coefficients (see below), so- 
lute flow could affect the kinetics of water flow and this 
could be corrected using Eq. (15) of the Appendix. 

The effect of external concentration on TI~ 2 and Lp 
was determined in several concentration series using either 
acetone, ethanol or dimethylformamide as the osmotic so- 
lute. The concentration was increased in steps of 200 to 
500 mM to reach a final value of 1.2 to 2.0 M and was then 
lowered again to ensure that the effects were reversible. 
The solutes equilibrated within about 3rain (acetone) to 
16 min (dimethylformamide). Cell turgor was usually great- 
er than 5bars and could be kept constant during these 
experiments. Concentration effects on Lp (T~y2) could be 
determined from both hydrostatic and osmotic experi- 
ments. The high concentrations sometimes reduced the 
rate of cytoplasmic streaming. Thus the rate of streaming 
could have been a factor in the reduction of Lp (see Re- 
sults). To investigate this possibility, cells were exposed to 
cytochalasin B (50mgliter - t )  to stop cyclosis and Lp 
(T~.2) was determined again in hydrostatic and osmotic ex- 
periments. 

Determination of ~ and P,. The reflection coef- 
ficient (a) could be determined from the change in turgor 
pressure in response to changes in the external concen- 
tration of several test solutes. The necessary corrections 
for the change in cell volume and solute flow (in the case 
of rapidly permeating solutes) were carried out as pre- 
viously described (Tyerman & Steudle, 1982; see Appen- 
dix). 

For the rapidly permeating substances, the permea- 
bility coefficient (P~) could be determined from the biphasic 
kinetics of the change in turgor pressure after the external 
concentration of test solute was changed (see Fig. 1). The 
second phase, in which turgot pressure returns to the in- 
itial value, can be attributed to the equilibration of the 
solute across the cell membranes. A measurement of the 
rate constant for this phase and cell geometry allows P~ to 
be determined (Tyerman & Steudle, 1982; see Appendix). 

In order to investigate the effect of external unstirred 
layers, Lp, ~ and P~ were determined at different flow rates 
along the glass tube. The flow rate along the cell could be 
varied between 0 and 44cm sec-t (cell length 4 to 10 cm) 
and thus very effective stirring could be implemented. 

Results 

L p  Measurements  

Figure  1 shows for one cell, p r e s su re / t ime  
curves of  hyd ros t a t i c  and  o s m o t i c  expe r imen t s  
us ing different  solutes.  F o r  the o s m o t i c  exper i -  
men t s  the t ime  course  of  t u rgo r  pressure  was 
b iphas ic  for the  p e r m e a b l e  solutes  (e thanol ,  
m e t h a n o l ,  n -p ropano l ,  i sop ropano l ,  n -butanol ,  
i sobutanol ,  a ce tone  and  d i m e t h y l f o r m a m i d e )  
and  was  c o m p l e t e l y  reversible.  W h e n  the test  
so lu t ion  was added  (or exchanged  for APW),  
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Fig. 1. Responses in cell turgor of 
an internodal cell of Chara 
corallina to different osmotic 
solutes. For an impermeable solute 
(mannitol) the responses after a 
change from APW to APW 
+ mannitol and back to APW (top) 
are monophasic, whereas for 
dimethylformamide, ethanol and n- 
butanol biphasic responses were 
obtained and the original turgor 
was re-established. The half-times 
for the water phases (~/2) in the 
osmotic experiments were a few 
seconds and similar to those 
obtained in hydrostatic experiments 
(top of Figure). For the solute 
phases half-times of 59 sec 
(n-butanol), 65 sec (ethanol) and 
210 sec (dimethylformamide) were 
measured from which values of P~ 
could be obtained. From the 
change in turgor pressure at the 
minimum (maximum) (Po-Pmin) and 
the change in external osmotic 
pressure (A ~o), values of a were 
calculated according to Eq. (13a) 

turgot pressure changed rapidly to a minimum 
(or maximum) followed by a much slower 
change back to the original turgor pressure 
which is attributed to solute flow across the cell 
membrane. The half-times of the water flow 
equilibration ("water phase") were TI~ 2 = 1.3 to 
7.5 sec and for the equilibration of solutes ("so- 
lute phase") T1~/2=31 to 241sec depending on 
the solute used. From the half-times of the wa- 
ter and solute phases the hydraulic conductivity 
(Lp) and the permeability coefficient (P~) of the 
test solute could be calculated (Eqs. 11 and 12 
in the Appendix). The hydrostatic experiments 
(Fig. 1) also yield Lp which can be compared 
with the values from osmotic experiments. 

In osmotic experiments, Lp was dependent 
on the external flow rate (Fig. 2). For  low flow 
rates Lp increased with increasing flow and tend- 
ed to reach a saturation value at flow rates 
greater than about 25cmsec  -1. This effect 
seems to reflect the fact that the time for the 
osmotic solute to diffuse through external un- 

stirred layers to the membrane is significant as 
compared to T~/2 (see Discussion). Using 
ethanol as the osmotic solute (Fig. 2) the satu- 
ration value of Lp was similar to the hydro- 
static Lp in APW. In contrast, the saturation 
value for mannitol  was always less than the hy- 
drostatic Lp (e.g. Cell B, Fig. 2) and the os- 
motic Lp for ethanol. This may be due to dif- 
ferences in the diffusion coefficients (Dmannitol 
= 0.56 • 10- 5 cm 2 sec - 1 and Dethano I = 1.26 
x 10 -s  cm2sec -1) and the fact that an unstirred 

layer always remains within the cell wall. 
An effect of stirring on osmotic Lp has not 
been reported previously for Characean cells 
using the probe, since earlier experiments were 
performed only at one (high) stirring rate 
(cf Steudle & Zimmermann,  1974; Zimmer- 
mann & Steudle, 1975). The range in values for 
hydrostatic Lp (0.51 • 10 .5 to 1.98 
x l 0 - S c m s e c - l b a r - l ,  18 cells) and osmotic 
Lp (0.21 x 10 .5 to 1.82 x 10 .5 cm sec -1 bar -~, 9 
cells, for concentrations between 50 and 
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Fig. 2. Effect of stirring on the osmotic Lp for two cells 
(A,B) of Chara corallina and for two solutes (200mg 
ethanol, open symbols; 5 0 m i  mannitol, closed symbols; 
zx, exosmotic Lp; o, endosmotic Lp). Osmotic Lp increased 
with increasing stirring and tended to reach the hydro- 
static Lp in APW at high rates. Hydrostatic Lp as a func- 
tion of stirring was also investigated and the regression 
lines ( . . . . . .  ) (slopes not significantly different from zero) 
are indicated (cell A in 2 0 0 m i  ethanol only, cell B in 
APW only). The hydrostatic Lp for cell A in APW ( - - - )  
is indicated from determinations at the slowest rate of stirring 
only (n; ----}-SD) 

200 raM) obtained in this paper are sirnilar to 
those reported in the past. 

External flow rate (stirring) had no influence 
on Lp obtained from hydrostatic experiments at 
high external concentrations and this indicates 
that the bulk flow (Jr) induced does not signifi- 
cantly change the concentration gradient across 
the membrane by sweeping away solutes (Dain- 
ty, 1963; see Discussion). 

With rapidly permeating solutes the effect of 
concentration on Lp could be measured over a 
large concentration range (up to 1.4M) at the 
same turgor pressure. Therefore, the concen- 
tration effect on Lp could be separated from 
the effect of turgor pressure also reported in the 
literature (Steudle & Zimmermann,  1974; Zim- 
mermann & Steudle, 1975; Zimmermann & 
Htisken, 1979). Figure 3A shows for two per- 
meable substances [ethanol and dimethyl- 
formamide (DMF)] the effect of concentra- 
tion on hydrostatic Lp. It was found that the 
relative reduction in Lp with increasing con- 
centration was similar for the solutes (5 ex- 
periments on 5 cells), though the values in 
APW (i.e. at C~ were different. As the ex- 
amples in Fig. 3 indicate, the effect of concen- 
tration on Lp was reversible, since for increas- 
ing and decreasing concentration stepwise the 
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Fig. 3. Effect of concentration of two solutes (ethanol, open symbols; dimethylformamide, filled symbols) on hydrostatic 
Lp for two cells of Chara corallina. Lp decreases in the presence of the permeable solutes with increasing solute con- 
centration. For  lowering (circles) or increasing (squares) concentration stepwise, the same results were obtained. Vertical 
bars denote standard deviations (n=4 to 10) at a certain concentration. For comparison, results of Dainty and Ginzburg 
(1964a) and Kiyosawa and Tazawa (1972) (Lp~ x only) are given in Fig. 3B which show the same trend. These results were 
obtained using transcellular osmosis and sucrose as the external solute 
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same Lp values were obtained. Fur thermore ,  
the high concentrat ions had no apparent  long- 
term effects which were harmful to the cells as 
judged  by the following two criteria: (1) The re- 
duct ion in the rate of cyclosis with increasing 
concentra t ion was reversible upon  returning to 
APW. Since cyclosis is a good indicator of 
ATP concentra t ion in Chara (Reid, 1980), this 
indicates that  ATP produc t ion  was either rever- 
sibly inhibited or not  inhibited. (2) Turgor  pres- 
sure remained at the original value indicating 
no major  changes in permeabil i ty of the mem- 
brane to the internal solutes. 

It should be noted that  the reduct ion in the 
rate of cyclosis with increasing concentra t ion 
was not responsible for the reduct ion in Lp, 
since s topping cyclosis with cytochalasin B at 
low C ~ did not  affect Lp (nor a and P~, see be- 
low). In compar ison  to the data shown in Fig. 
3A, Fig. 3B shows Lp as a function of sucrose 
concentra t ion as found by Kiyosawa and Ta- 
zawa (1972) (Lp for exosmosis only) and Dainty 
and Ginzburg (1964a) using the transcellular 
osmosis technique. The same trend in Lp as a 
function of concentra t ion was observed. The re- 
sults indicate that  the effect of concentra t ion on 
Lp is independent  of the chemical nature of the 
solute. 

The values of osmotic  Lp for impermeable 
solutes (mannitol,  sucrose, etc.) showed a po- 
larity which was expected from previous find- 
ings, i.e. Lp for endosmosis  (Lp~,) was greater 
than Lp for exosmosis (Lp~x) (t-test, P<0 .05)  
with the ratio of LPe ~ to Lp~ increasing with 
increasing A~c ~ (Dainty & Ginzburg,  1964a; 
Steudle & Z immermann ,  1974). This effect can 
easily be explained by the concentra t ion effect 
ment ioned  above. However,  in this investigation 
it was found that  for the permeable solutes (at 
high flow rates) there was a polari ty such that  
Lpe,>Lp~ ~ (t-test, P<0.05) .  For  example, when 
AP W  was exchanged for an ethanol solution, 
Lp was larger than when the cell was returned 
to A P W  after equil ibration with the ethanol  so- 
lution. This atypical polarity may also be ex- 
plained in terms of a concentra t ion effect pro- 
vided that  the effect of an internal solute on the 
water permeabil i ty of the p la smamembrane  is 
larger than that  of an external solute (Kiyosawa 
& Tazawa, 1972; see Discussion). 

A polarity for hydrostat ic  Lp which has 
been reported for Nitella fIexiIis (i.e. 
LPe n>Lpe x; Steudle & Z immermann ,  1974) 
could not  be found for Chara coratIina. The ra- 
tio Lpe,/Lp~ x was 1.02 (mean) for 17 cells with 
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Fig. 4. Reflection coefficients of two solutes as a function 
of external stirring (flow rate in the chamber). Values of G 
corrected for solute flow (G ..... see Eq. 13a) and uncorrect- 
ed (a . . . . . .  ) are given for two cells (A, B) and ethanol and 
dimethylformamide, a . . . .  is independent of stirring, whereas 
cr . . . . . .  increases with stirring 

upper  and lower 95 ~ confidence limits of 1.07 
and 0.97, respectively. Finally, it should be 
ment ioned  that  in our experiments which were 
carried out  mostly at turgor  pressures above 
5 bar, the relaxation curves were well fitted by a 
single exponential  down to pressure differences 
( P -  P~ in Eq. 11 a) of about  0.02 bar (r 2 > 0.98, 
number  of points, n > 50). 

Reflection Coefficient Measurements 

F r o m  Fig. 1 it can be seen that  the osmotic re- 
sponses to different solutes are quite different, 
i.e. the ratios (Po - Pmi,)/A re~ [or (Po - Pm~x)/A 17~ 
are different. It is shown in the Appendix (Eq. 
13a) that  these ratios can be used to evaluate 
the reflection coefficients of the solutes. In Eq. 

(13a) the term exp ~ tmi n corrects for the 

solute flow which tends to decrease the (Po 
_ / D  o min)/A ~c s ratio. 

The reflection coefficients uncorrected for 
solute flow (Guncorr) were found to depend on 
external stirring, whereas the corrected values 
(O-oo,,) were practically independent  of stirring 
(Fig. 4). This is plausible since the correct ion 
term (exp ( -  P, A o train/go)) becomes larger with 
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Table 1. Reflection coefficients (a) for different nonelectrolytes of internodes of Chara coraIlina at low solute 
concentrations a 

Solute Reflection coefficients of: 

Chara corallina Chara N iteIla N itella Tradescamia 
corallina b trans- flexilis ~ virginiana, 

cr 1 P~" ~ lucensb isolated 
Lp. R T  epidermis a 

Sucrose 0.95 - - - 0.97 + 0.01 (5) 1.04 __+ 0.06(4) 
Mannitol 1.02-+0.04(8) . . . .  1.06___0.05(5) 
Formamide 0.99 - 1 - 0.79 -+ 0.04(3) 0.99 ___ 0.06(4) 
Dimethylformamide 0.76-+0.06(3) 0 . 9 8  . . . .  
Methanol 0.38-+0.02(4) 0.95 0.30 0.25 (0.50) 0.31_+0.04(2) 0.15_+0.29(4) 
Ethanol 0.40-+0.06(4) 0.95 0.27 0.29 (0.44) 0.34_+0.02(2) 0.25_+0.31(4) 
n-Propanol 0.24-+0.05(4) 0.93 0.22 0 . 1 6  0.17_+0.06(2) -0.58-+0.28(3) 
iso-Propanol 0.45 -+ 0.06(4) 0.95 - 0.27 (0.40) 0.35 +_ 0.05(2) 0.26 +_ 0.33(4) 
n-Butanol 0.14 -+ 0.03 (4) 0 . 9 1  . . . .  
Iso-Butanol 0.21 -+0.01(4) 0 . 9 1  . . . .  
(2-Methylpropanol- 1) 
Acetone 0.17-+0.03(3) 0 . 9 2  . . . .  

For comparison, the values of 1 -  V~. P J L / R T  (see Eq. 1) and Iiterature data for Characean cells and Tradescantia 
virginiana are given. Values for N. flexilis were obtained from pressure probe measurements without correcting for solute 
flow. Values for N. translucens and C. corallina were obtained by transcellular osmosis. For N. translucens r values 
corrected for unstirred layers are given in brackets. Mean values are given _+so; in brackets the number of cells in- 
vestigated. 
b Data taken from Dainty and Ginzburg (1964d). ~ Data taken from Steudle and Zimmermann (1974). 
a Data taken from Tyerman and Steudle (1982). 

Table 2. Permeability coefficients (P~) for different nonelec- 
trolytes of internodal cells of Chara corallina, a 

Solute Permeability coefficients, P~ x 104 (cm s - 1) 
of: 

Chara corallina Chara Nitella Nitella 
coral- trans- mucro- 
lina b lucens b nata ~ 

Dimetbyl- 0.81 +_0.14 (3) - - 0.71 
formamide 

Methanol 3.29+_1.33 (4) 4.0 4.8 5.7 
Ethanol 2.36 x 0.28 (15) 2.8 4.3 5.5 
n-Propanol 2.63 +_0.33 (4) - - 7.2 
iso-Propanol 1.86_+0.48 (4) 2.0 2.1 3.8 
n-Butanol 2.51 _+0.69 (4) - - - 
iso-Butanol 2.30 +0.60 (4) - - - 

(2-Methyl- 
propanol-1) 

Acetone 3.36 _+0.14 (4) - - - 

a The data obtained by the pressure probe are similar 
to those obtained by Dainty and Ginzburg (1964c) using 
14C-labelled tracers and correcting for unstirred layers; 
with the exception of dimethylformamide they are signifi- 
cantly smaller than those given by Collander (1954) for 
Nitella mucronata. 
b Data taken from Dainty and Ginzburg (1964c). 
c Data taken from Collander (1954). 

s low st i rr ing due to the d e p e n d e n c e  of  L p  on 
st i rr ing (Eq. 14 and  Fig. 2). 

Values  of  cr for the different solutes  investi-  
ga t ed  are  given in T a b l e  1, which  also c o m -  
prises da t a  f r o m  the l i terature ,  o- r anged  be tween  
0.1 and  1.0, and  for s o m e  of  the a lcohols  there  
is g o o d  a g r e e m e n t  be tween  l i t e ra ture  values  for 
C h a r a c e a n  cells and  the  values  r epo r t ed  here. 

P e r m e a b i l i t y  C o e f f i c i e n t s  

The  values  of  ~ for the different  solutes exam-  
ined in this p a p e r  are  l isted in T a b l e  2 and  
c o m p a r e d  wi th  the da t a  of  C o l l a n d e r  (1954) and  
of  D a i n t y  and  O i n z b u r g  (1964c). D a i n t y  and  
G i n z b u r g  d e t e r m i n e d  the p e r m e a b i l i t y  coef- 
ficients of  m e t h a n o l ,  e thano l  and  i s o p r o p a n o l  
by  m e a s u r i n g  the initial  u p t a k e  of t4C- labe led  
a lcohols  and  cor rec ted  for uns t i r red  layers.  De-  
spite the p r o b a b l e  u n d e r e s t i m a t i o n  of  our  val-  
ues due  to no t  cor rec t ing  for  uns t i r red  layers,  a 
c o m p a r i s o n  with  the co r rec ted  d a t a  of  D a i n t y  
and  G i n z b u r g  (1964c) shows tha t  they are Very 
similar .  T a k i n g  this resul t  by  itself m a y  indica te  
tha t  the effect of  uns t i r red  layers  in ou r  exper i -  
m e n t s  was smal l  (but  see  be low) .  

There  was an  effect of  ex terna l  flow ra te  on  
P~ (an increase  of  a b o u t  20 ~ for flows f rom 5 to 
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Fig. 5. Effect of external solute concentration (ethanol) on 
the reflection (a) and permeability coefficient (Ps) of a 
Chara corallina internode, a decreases with increasing ex- 
ternal concentration, whereas P~ remains practically con- 
stant. As for Lp (see Fig, 3) no differences were found 
when the concentration was decreased (squares) or in- 
creased (circles) stepwise. Note that all experiments were 
performed at the same constant turgot 
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Fig. 6. Plot of 1 - a  vs. I/L? according to Eq. (]) for three 
solutes (acetone, ethanol and dimethylformamide) and five 
cells. Lp was varied for each cell by changing the exter- 
nal concentration of the solute (see Fig. 3). As postulated 
by Eq. (1) the plots yield straight lines to a rather good 
approximation. From the slopes of the lines permeability 
coefficients can be estimated (P~') (Eq. 1) by a procedure 
which is independent of the determination of P~ from the 
rate constant of the solute phase. The results of the re- 
gressions are listed in Table 3 

4 4 c m s e c  -1) indicating that external unstirred 
layers may result in a small underest imation of 
P~. An underest imation would be expected since 
for an unstirred layer of 30gm in thickness (3 
x cell wall thickness) and diffusion coefficients 

for the solutes of around 1 0 - h c m 2 s e c - 1 ,  the 
membrane  Ps would be 10 to 2 0 ~  larger than 
the measured value. 

The effect of concentration on both  P~ and o- 
was also investigated using ethanol, acetone 
or D M F  as the solute and in the same con- 
centration experiments described above for L p  
(see Fig. 3A). There was no effect of concen- 
tration on P~ (ethanol, acetone and D M F )  but  a 
decreased significantly with increasing concen- 
tration (Fig. 5 for ethanol). The change in a 
with concentration was completely reversible 
for each solute and, as for Lp, it may be con- 
cluded that the concentrat ion effect is indepen- 
dent of the chemical nature of the solute. That  
P~ did not change also indicates that the rather 
high solute concentrations used did not  affect 
the membrane integrity. 

The reduction in a with increasing concen- 
tration would be expected when Lp  decreases 
since the contribution of solute flow to the vol- 

ume flow across the membrane should increase�9 
This can be seen from the simple frictional mod- 
el for a lipid-pore membrane (Kedem & Kat- 
chalsky, 1961; Dainty & Ginzburg, 1963), where 
a is given by: 

cr = 1 Vs P~ K; .f~, (1) 
Lp  R T  c c" �9 fsw+fsm 

is the partial molar volume of the solute, K~ 
is the partition coefficient between the mem- 
brane pores (phase c) and the membrane;  f[w 
represents the frictional interaction between so- 
lute and water in the pores and f c  m the interac- 
tion between solutes and the wall of the pores�9 
Since P~ is independent of concentration and 
provided the frictional (last) term in Eq. (1) is 
constant, a plot of 1-~rvs.  1/Lp should yield a 
straight line. The slope of the line would give 
an independent estimate of the membrane  per- 
meability coefficient (denoted by P~' in contrast 
to the permeability P~ measured from the solute 
phase), while the intercept with the 1 -o -  axis 
would give an estimate of the frictional term. 

Figure 6 shows plots of 1 - a  vs. 1/Lp for 
acetone, ethanol and DMF.  Although there is 



92 E. Steudle and S.D. Tyerman: Permeability of Chara to Nonelectrolytes 

Table 3. Values of the permeability coefficient (P/) ob- 
tained from the slope of 1 - a  versus 1/Lp (see Fig. 6)? 

Solute P/• 10 4 Intercept Correlation 
(cm sec- 1) coefficient 

Acetone 7.43 _4-_ 2.68 0.67 _+ 0.08 0.87 
Ethanol (A) 4.34 + 0.91 0.57 _+ 0.03 0.95 
Ethanol (B) 6.68_+2.49 0.49_+0.09 0.88 
Ethanol (C) 7.71 + 2.25 0.53 _+0.05 0.92 
Dimethyl- 2.09_+2.18 0.17_+0.13 0.56 

formamide 

The intercept with the 1-  ~ axis is also given and ac- 
cording to Eq. (1) this should correspond to the frictional 
term. Values of P/ and the intercept were calculated from 
a linear regression for which 95 ~ confidence limits and 
correlation coefficients are given. 

some scatter in the data, there is no evidence to 
suggest that the relationships are not linear. 
This indicates that the assumption of the fric- 
tional term being constant is probably correct. 
Table 3 gives the results of the analysis of the 
plots in Fig. 6. The intercepts with the 1 - a  
axis range from 0.17 for D M F  to 0.67 for ace- 
tone and in each case the values are significant- 
ly different from zero. For  ethanol and acetone 
reasonable correlation coefficients were ob- 
tained (see Table 3) and the 95~o confidence 
limits for P /ob ta ined  from the slopes are fair at 
_+20 to 40 ~o. For  D M F  the slope was not sig- 
nificantly different from zero. This could be ex- 
pected since D M F  has a low P~ compared to 
the other solutes but o" and Lp would have er- 
rors similar in magnitude to those for acetone 
and ethanol. It should be noted that P, and P/ 
show the same sequence for the different so- 
lutes, i.e. P~(DMF) < P~(ethanol) < Ps(acetone) 
which indicates that the application of Eq. (1) is 
basically correct. However, it was found in each 
case that P/ was by a factor of about 2 larger 
than P,. This may reflect the fact that the P, 
measured fiom the solute phase is almost cer- 
tainly underest imated as a result of unstirred 
layers. 

Discussion 

The absolute values of Lp were similar to those 
determined by Dainty and Hope (1959) and 
Dainty and Ginzburg (1964a) for Chara coral- 
]ina but somewhat  larger than those given by 
Dainty, Vinters and Tyree (1974). They are 
identical with those reported by Z immermann  
and Hiisken (1979) and Wendler and Zimmer- 
mann (1982) for the high pressure range (Lp 
=1.2 to 1 . 8 x l 0 - S c m s e c - ~ b a r  -* for P > I  to 

2bar). The data are similar to those found for 
other Characean internodes in osmotic and hy- 
drostatic experiments (see reviews" Dainty, 
1976; Z immermann  & Steudle, 1978, 1980). 
However, it has been found for low stirring 
rates, that in osmotic experiments Lp becomes 
dependent on stirring and this is most likely due 
to an effect of solute diffusion to the membrane  
surface (after a change in the osmotic pressure 
of the medium) rather than a change in the os- 
motic driving force across the membrane  due to 
solute flow into the cell. If we assume that (for 
lower stirring rates) an unstirred layer of 50 to 
100 gm may be formed, a few seconds would be 
required for a solute molecule to diffuse from 
the bulk solution to the membrane  surface. This 
is of the same order as the half-time for water- 
flow equilibration. On the other hand, the effect 
of solute flow across the membrane  on the ki- 
netics of water flow during the water phase is 
relatively small as long as  TI~ 2 ~ T~/2. The data 
given for osmotic Lp in this paper are corrected 
for solute flow using Eq. (15) of the Appendix. 

For hydrostatic Lp, only the sweep away ef- 
fect could have changed the osmotic driving 
force at the membrane  surface, i.e., a water flow 
(Jr) induced by a change in cell turgor could 
have altered the concentration at the membrane  
surface ,--s(Cmembrane), as compared with the bulk 
solution bulk (Cs ) resulting in a reduction of the 
driving force for water flow. For  the steady 
state, C2 ~br~"~ would be given by (Dainty, 
1963): 

( ava  C membrane= Cs bulk exp -- ~ - s  ] (2) 

where c3 is the thickness of the unstirred layer 
and D S the diffusion coefficient of the solute. 
However, in our case c5 would be very small 
since for a Chara cell (e + ~ = 500 bar, V= 40 btl, 
V/A=2 x 10 .2 cm) subjected to a change in tur- 
gor pressure of 0.5 bar, it can be calculated that 
the water extruded from the cell forms an un- 
stirred layer of not more than 0.2 gm in thick- 
ness. This value is an overestimate since the cal- 
culation assumes that the water is extruded in- 
stantaneously. Using this value of ~ it can be 
calculated (Eq. 2) that the sweep away effect 
would result in less than a 0.7 ~ reduction of 
driving force when Jv = 5 x 10 - 6 cm sec - l, cb~k 
=l .4M,  o'=0.5, A P = 0 . 5 b a r  and D S in the cell 
wall (cy toplasm)- -10-6cm2sec  -1. Clearly this 
could not account for the much larger reduc- 
tion in Lp with increasing concentrat ion which 
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is observed (Fig. 3). It is also not surprising that 
an effect of stirring on Lp (hydrostatic) was not 
found. 

The effect of external concentration on Lp is 
well known for Characean cells (see reviews: 
Dainty, 1976; Zimmermann & Steudle, 1978, 
1980). However, with the rapidly permeating so- 
lutes the concentration dependence could be 
measured over a large concentration range (0 to 
1.4M for ethanol) at constant turgor pressure. 
The results show (at least for the solutes used 
here) that the effect is independent of the solute 
used. This was also found for red blood cells 
(Sha'afi et al., 1970). 

The polarity of water movement  which has 
been observed in osmotic experiments using an 
impermeable solute was due to the concen- 
tration effect and has been found previously 
(Kamiya & Tazawa, 1956; Dainty & Ginzburg, 
1964a; Steudle & Zimmermann,  1974). Howev- 
er, in contrast to other findings on Characean 
spp. (Steudle & Zimmermann,  1974), no po- 
larity has been observed in this study with hy- 
drostatic experiments either in APW or in the 
presence of osmotic solutes. As already men- 
tioned this may be due to very small, or no po- 
larity for Chara corallina (i.e. Lpen/Lp~x< 1.05). 
Another possibility is that the extent of polarity 
depends on the water flow (driving force) pro- 
duced during the experiments. If this is true, the 
much smaller pressure steps used to produce a 
water flow (Jv) in this paper could be the reason 
for the missing polarity. 

Tazawa and Kiyosawa (1973) explain the 
polarity of water movement  in Chara in terms 
of a concentration effect which is bigger when 
the solute is on the inside rather than on the 
outside of the plasma membrane. They show ev- 
idence for this from measurements in which 
they varied C i and C ~ by transcellular osmosis. 
Our results with permeable solutes point in the 
same direction because it was found that 
Lp~x>LGn (i.e. the reverse to the case with im- 
permeable solutes). For exosmotic water flow 
the cell membrane only "sees" the high concen- 
tration at the outer surface and for endosmotic 
water flow, the same concentration only at the 
inner surface. If C~ reduces Lp more than C ~ 
does, a polarity in which LPex>LPe n would re- 
sult. In contrast, in an experiment with an im- 
permeable solute, the solute is always at the ou- 
ter surface leading to the normally observed po- 
larity mentioned above. 

The values of a reported in this paper are 
similar to those given previously for Characean 

cells for some of the solutes (Table 1). The val- 
ues of O'corr appear to be corrected for unstirred 
layers (Fig. 4). This occurs because the correc- 
tion term for solute flow (exp(P, AoGin/Vo)) es- 
sentially reduces AG ~ in Eq. (13a) (Appendix) to 
the true value across the membrane and incor- 
porates the effect of unstirred layers on [min and 
P~. The true concentration difference across the 
membrane at [min is obtained from extrapolat- 
ing the solute phase of the pressure/time curves 
to tmin. The concentration difference between 
the membrane faces is obtained because in the 
solute phase (for Lp(e+~z)>>Pss ) the measured 
turgor pressure is developed from differences in 
osmotic pressure at the two membrane surfaces. 
The values of a for Nitella flexilis previously 
measured using the probe (Steudle & Zimmer- 
mann, 1974) were not corrected for solute flow 
and are thus underestimated. 

We have calculated 1 -  ~P,/RTLp (Table 1) 
to give an indication of the magnitude of the 
frictional term in Eq. (1). For all the permeable 
solutes cr~l-f/~P,/RTLp and even if P~ were 
underestimated substantially, say by a factor of 
2 or 3 due to unstirred layers, the same in- 
equality will hold. Also from the plots of 
1 - a  vs. 1/Lp the intercepts with the 1 - ~  axis 
were significantly different from zero indicating 
that the frictional term is significant. That the 
intercepts with the 1-o-  axis are different for 
the different solutes could result from the par- 
tition coefficients and friction terms being dif- 
ferent for the different solutes (see Eq. 1). The 
presence of the frictional term has been used in 
the past as evidence for the presence of pores in 
the membrane in which water and solute may 
interact (thus K; and/or fs~, in Eq. (1) are large) 
(Dainty & Ginzburg, 1964d; Rich et al., 1967). 

The values of P~ found in this paper are 
underestimates due to the effects of internal and 
external unstirred layers. It is thus surprising 
that there is a rather good agreement with Dain- 
ty and Ginzburg's (1964c) values for the same 
species which have been corrected for unstirred 
layers. These authors measured P~ from the in- 
itial rate of uptake of 14C-labeled solutes, i.e. 
for a time interval between 0 and 10sec. Our 
values, however, refer to a time interval be- 
tween 30 and 240sec after the addition of so- 
lute when the influence of unstirred layers could 
be more pronounced. Therefore, it is astonish- 
ing that similar values of Ps are obtained. One 
possible reason for the agreement is that P~ 
measured when dv+O (our experiments) is larg- 
er than P~ measured from tracer diffusion (i.e. Yv 
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=0). However, it should be mentioned that 
similar P~ values are obtained when Jv = 0 in our 
experiments by applying the minimum method 
of Sha'afi et al. (1970) (Tyerman & Steudle, un- 
published results). 

That the underestimation of Pss may be sub- 
stantial, is suggested from the permeability coef- 
ficients evaluated from plots of 1-o- vs. 1/Lp 
(Pss') (Fig. 6 and Table 3), which are by a factor 
of about 2 larger than the values directly mea- 
sured. Ps' may be free of unstirred layer effects 
(since both o- and hydrostatic Lp are) and may 
be closer to the true membrane permeability. 
However, it should be emphasized that all the 
equations used in this paper (including Eq. 1) 
are for a single membrane only and not for two 
membranes in series. It is difficult to predict 
how the presence of the tonoplast influences 
values of r used to calculate P~' according to 
Eq. (1). 

At first sight, the finding that P~ is indepen- 
dent of solute concentration whereas Lp de- 
pends on external concentration seems to con- 
tradict a high frictional interaction between so- 
lute and water flow. However, in terms of the 
dehydration hypothesis (see above; Kamiya & 
Tazawa, 1956; Dainty & Ginzburg, 1964a) it 
could be possible that a change in water poten- 
tial affects water rather than solute transport. It 
could be envisaged that a shrinking of the cell 
membrane and small changes in pore diameters 
may cause big changes in the hydraulic conduc- 
tivity at a level where solute transport through 
the pores is not affected. On the other hand, if 
only a small proportion of the solutes entering 
the cell passes through pores (proportion de- 
pending on K~ in Eq. 1) then a change in Pss due 
to changes in pore properties may not be ob- 
served when the overall Pss of the membrane (in- 
cluding pores) is measured. In fact, an effect of 
external concentration on Ps has been observed 
for urea by Dainty and Ginzburg (1964b). 
These authors eluted Chara cells preloaded 
with lr in a transcellular osmosis cham- 
ber and determined changes of internal and ex- 
ternal 14C-urea with time. However, they used 
high concentrations of an impermeable solute 
(sucrose) which, although not plasmolyzing the 
cell (due to the transcellular osmosis set up), 
may have resulted in large changes in turgot 
pressure. Thus turgor pressure rather than ex- 
ternal concentration may have affected the per- 
meability to urea. This possibility was excluded 
in this paper by using permeable solutes to in- 
crease the concentration. 

The results of this paper show that the pres- 
sure probe can provide Ps values of plant cells 
from osmotic experiments. Although unstirred 
layers are a problem, the values of P, which can 
be measured are those which are relevant for 
the osmotic relations of plant cells, and, there- 
fore, they are of great practical importance. For 
example, the transport of water-soluble toxic 
substances could be characterized quantitatively 
for higher plant tissues using the probe, there- 
by gaining more information about the uptake 
and transport of these substances in tissues. 
Furthermore, plants need to have efficient adap- 
tive mechanisms at the solute transport level to 
survive under conditions of water stress (e.g. os- 
motic adjustment). As shown, the pressure 
probe may be used to work out whether 
changes in passive solute transport are involved 
in the adaptation of plants to osmotic stress. 
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Forschungsgemeinschaft, Zi 99-8, and the BMFT (No. 
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Appendix 

Time Course of Turgor Pressure of a Cell 
in the Presence of a Permeable Solute 

In order to describe the pressure-time course of a cell it is 
assumed that all other solutes except for the permeable 
test solute are impermeable (internal concentration prior 
to the experiment= Q i m "  external concentration= CO ) 

�9 ' p 

and that the solute is a~cted at t = 0  to the external me- 
dium at a concentration of C ~ The volume of the external 
medium is large compared with that of the cell so that C ~ 
is constant during the experiment. The equations given be- 
low briefly summarize results given previously (Philip, 
1958; Dainty, 1963; Wilson, 1967). 

The two membranes (tonoplast and plasmalemma) are 
considered as one barrier. Treating the cell and the me- 
dium as two well-stirred compartments the water (Jv) and 
solute (Js) flows are given by: 

1 dV T i o R i o Jv Ao dt L p E e - a R  ( C ~ - C , ) -  Z(Cimp-Cimp) ] (3) 

and 

1 dn i, j -  i P~(C~ - C ~ + (1 - a )  C~Jv (4) 
A o dt 

where Ao=cell surface area, V(t)=cell volume and V o 
=cell  volume at t=0.  Ci~(t)=internal concentration of so- 
lute; Cs=average concentration of solute across the cell 
membrane; n~(t)=amount of solute in the cell. Turgor 
pressure and cell volume are related to each other by the 
volumetric elastic modules (~) of the cell: 

P - ~  _V-Vo 
vo 

(5) 
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Using this relation and the abbreviations: 

( 'i i 
v= V/Vo; z= ~RTC~176 t 

Vo 

a R T C~ n~ 
= i 8 ; s = (6) 

RTCoimp  + V o C ~ 

Eq. (3) yields: 

dv 
v - -  = 1 - v + c~(s - v). (7) 

dz 

Rewriting also Eq. (4) in terms of nondimensional  vari- 
ables we get: 

dv C~ dv 
~U~ =b(~-s )+( l -~  (8) 

where  

- -  i b - Pff[(R r C o,mp + 8) Lp]. 

Equations (7) and (8) are identical with those given by 
Wilson (1967), except that they introduce turgor pressure 
and the volumetric elastic modulus (8) for the application 
to plant cells. It has been shown by the same author that 
Eqs. (7) and (8) are solved by: 

v = 1 - 1 _-2T (e -b~-  e-~). (9) 

For the solution of the differential equations it has 
been assumed that c~ is small and that the solvent drag 
effect (i.e. the second term on the right side of Eq. 4) can 
be neglected. However, the time course of swelling or 
shrinking of the cell should be given by Eq. (9) within the 
order of (1--Vm,) 2 (Wilson, 1967; Vmi~=relative change in 
volume at the minimum). Since in our experiments with 
Chara, 8=300 to 500bar and Po--Pm~=I to 2ba r  at the 
most, v~h ] would be 0.2 to 0.7% and (1--Vmi,)2=0.996 tO 
0.987�9 Thus Eq. (9) should be a rather good estimate of the 
time course of pressure or volume. It should be noted that 
Eq. (9) has already been derived and used before by Philip 
(1958) and Dainty (1963). Writing the equation in terms of 
observable variables, we obtain:  

V -  V o P-Po ~A~~ 
i V o 8 (RTCoimp+8)Lp-P s 

' [exp ( ( g : i m P - l - 8 ) L p A ~  PsA~ J (!0) 
Vo ~-Vo- / /  

A n's in the external osmotic pressure; )To imp 
_ _  i -RTCoimp. It can be seen that the time history of turgor 
pressure or volume can be described as the sum of two 
exponentials provided that the influence of solvent drag is 
small. 

For  Lp(8+RTCoimp)>>P s (i.e. for T1~/2~T[/2 as for 
Chara) the second term in the brackets on the right side 
can be neglected for sufficiently short time intervals. In 
this case we get: 

V -  Vo _ P - P o  -- _ ~ T 7 ,  e x p a A n ~  ( (ni~176 t]. (11) 
V o 8 7"Coimp -~- 8 Vo / 

It can be shown that Eq. (11) is identical with the 
equation used for osmotic pressure relaxation experiments 
in the presence of impermeable osmotic solute, i.e.: 

( (11a) 
vo 

where P~=final pressure reached in an osmotic experiment 
(see Fig. 1). Furthermore, after sufficiently long time inter- 
vals, the first term in the brackets should have vanished 
(for rapid water flows) and then Eq . ( l l )  reduces to 

i (Lp(TCMmp + 8))> Ps). 

r/-Vo P-Po ~An~ ( P~A o \ 
- - -  ni exp . (12) 

V o 8 ( o i m p + 8 )  i - - ~ - o  t )  

Equation (12) is identical with that of solute equilibration 
between cell and surroundings in a two-compartment sys- 
tem. 

At the min imum (maximum) turgor pressure, dP/& 
= 0  and we get from Eq. (10): 

A LP(8 + no~mv) 
exp ~o-o [-Lp(8 + 7"C~imp) - Psi train (13) 

o r  

Z]~ ~ 8-~- TC oiimp ~Texp - V ~ -  t~i,  . (13a)  

Equation (13a) has been used in this paper.to evaluate 
c~ from Po-Pm~ffAn2 ratios. The term 8/(8+no'imp) in the 
equation corrects for the shrinking (or swelling) of the cell 
and the exponential term for solute flow. The time to reach 
the min imum (maximum) will be given by (from Eq. 13): 

i 
V~ In Lp(8 + TCoimp ) (14) 

i tmin - -  A o [gp(8 + n o~mp) - P~] P~ 

tm~ ~ is independent of a and only determined by the ratio 
0 L i , w s f p(w O.e. Ts As long as Lp(8 
+RTCoimp))>Ps, Lp in osmotic experiments may be calcu- 
lated from the "water phase" (see Fig. 1) according to 
Eq. (11). 

The influence of solute flow on water flow can be cor- 
rected for provided that P~ is determined from the solute 
phase. From Eqs. (10) and (13a) it follows (Lp(8+nioi~p) 
)>8): 

p-pmi =(po-Pmin)[exp ( (rC:imp+8)LpA~ t 
Vo 

PsAo \ / PsAo ,\ (I 
@ - -  tmi n - -  e x p  ] (15) 

It can be easily verified from Eq. (15) that for im- 
permeable solutes (P~=0), Eq.(15) is identical with 
Eq . ( l l a ) .  To correct for solute flow during the water 
phase (t < t~i,) , In [P - Po + (Po - Pmin) exp {PsAo(tmin -- t)/go} ] 
has to be plotted against time to get the rate constant for 
water flow from the slope of the straight line. For  Chara 
the correction for solute flow was up to about  20 ~o. If the 
condition ' Lp(8+noimv)~Pss does not hold, (P-Pmin)/(Po 
-P~i,)  is given by: 

P Pmin___ i -- LP(noimo + 8) 
PoPmin L i 

- p(~o~+8)-Ps 
[ { (ni~176 P'A~ Vo 

P~Ao 
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However, under these conditions it would be difficult to 
determine P~ from the solute phase. 
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