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S U M M A R Y  

From direct and cont inuous  measurements  of  tile internal  hydros ta t ic  pressure 
(P) in the internodes o f  Nitellaflexilis, the reflection coefficients (%) of  some non- 
electrolytes  were determined,  using a zero-flow method,  and were compared  with 
those lk)und previously on Valonia utricularis and wilh those obta ined by Dain ty  
and Ginzburg  on other  Characean internodes from t ranscel lu lar  osmosis  exper iments .  
The hydraul ic  conduct ivi t ies  (Lp) of  the cell membranes  were de termined by two 
independent  methods,  that  is, using hydros ta t ica l ly  or  osmot ica l ly  induced flows. 
F rom the exponent ia l  t ime course of  P in such exper iments  and from the volumetr ic  
elastic modulus  ()') of  the cell wall, Lp was calculated.  The effect of  unst irred layers 
in lhe methods  described was negligibly small .  

In osmotic  experirnents with different non-plasmolys ing  external  sucrose 
concent ra t ions  (20 200 raM) the exosmot ic  hydraul ic  conduct iv i ty  (Lp~ 0 decreases 
markedly  witll increasing concent ra t ion ,  while the endosmot ic  hydraul ic  conduc t iv i ty  
(L/L,,) shows only a weak dependence.  In the hydros ta t ic  exper iments  the hydraul ic  
conducl ivi t ies  for single cells were constant  in the pressure range for P f lom 2 to 
7 atm. lr| this pressure range kp~,, and kp~  varied for different cells from 2.2-1() - s  
to 2 .8 .10 -s and from 1.8-10 5 to 2.5"10 - s  c m ' s  ~.atm i respectively, with 
an average rat io  Lp~, to LI)~ of 1.1, which indicates a polar i ty  in water  ntovement.  

These wdues were the sanle as those ob ta ined  in the osmot ic  exper iments  
from ex l rapo la l ion  lo zero sucrose concentra t ion .  AI internal pressures below 2 atm 
the Lp-wtlues markedly  increase on approach ing  the p lasmolyt ic  point.  

The results are discussed in terms of  a dehydra t ion  of  the membranes  (or 
the cytoplasm)  at increased solute concentra t ions .  In addi t ion,  the s t rong dependence  
of  Lp at ]o~,'~ internal hydros ta t ic  pressures points  to a direct influence of  P on the 
water permeabi l i ly  of  lhe membranes .  

INTRODUCTION 

The reflection coetficients fl)r some solutes and tile hydraul ic  conduct ivi t ies  
dur ing endosmosis  and exosmosis  were de te rmined  by Dainty  and Ginzburg  
[1,2] oll Nitella translucens and Chara au.sTralis and by Kamiya  and Tazawa  
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[3,4] on Nitella jtexili,s by means of transcelhllar osmosis. From the theoretical 
and experimental point of view this phenonlenon is rather complicated. The detailed 
theory developed by Dainty and Ginzburg [2] shows that the volume flow during 
transeellular osmosis is caused both by cell shrinkage and true transcellular osmosis. 
Cell shrinkage occurring during the initial phase of iranscellular osmosis is a,hnosi 
over within 5 s and is controlled by lhe exosmotic hydraulic conductivity. The 
~.ater flow observed after this lime is due to true transcellular osmosis. The rate 
of water flow during the period is determined both b 5 the exosmotic and endosmotic 
hydraulic conductivities. Lp~ and Lik. ., respectively. Therel\~re, difficulties can 
arise in the determination of the two hydraulic conductivities iI" there is a polar 
water movement t h rough t he membrane, i.e. it" l,p~ ~ L&,,,. 

Dainty and Ginzburg [1.2] measured the hydraulic conductivity under 
exosmotic and endosmotic conditions during true transcellular osmosis over u 
period of 30 60 s, Taz:.twa :.l, lld Kamiya [3,4] at the initial phase of true tran~- 
cellular osmosis, i.e. in the time interval bet\~een 5 and 10 s assuming that the change 
of turgot and cell volume had been almost completed. From these experiments 
Dainty and Ginzburg [1,2] and Tazawa and Kamiya [3,4] put forward good 
reasons for supposing that the demonstrated polarity of the hydraulic conductivities 
in their dependence o n  the direction of water movement is a n  intrinsic characteristic 
of the nlembrane because the results could not be explained solely by' a dilution 
effect introduced into the discussion by Dainty [5] as the so-called sweeping-awa5 
effect. The sweeping-away effect is correlated with the existence o1" unstirred la\ers 
being built up during the time course of measurement. The calculation of these 
unstirred layers at the cell-membrane surface is difficult and the shift in the absolute 
wdues of the phenonlenological coefficients because of unstirred layers can be ~cry 
re m;_trkable. 

For exarnple, l)ainty and Ginzburg [I,6] demonstrated theoretically that 
the re.t]ection coefficients of very permeable substances measured by the method 
of lranscellular osmosis could be underestimated by more than 507,', if unstirred 
layers were not taken into account. Therefore, xve feel that it \',ould be useful to 
establish the theory by investigating the experimental arrangenlent of transcellular 
osmosis and the apparent polarity of the hydraulic conductiwit\. For this purpose, 
we will use a method which permits a rapid, conlilluous aild direct met~,surei'nent 
()t'the hydrostatic pressure inside the cell during the first phase of slarinking or s~el- 
ling. Under these conditions errors due to unslirred layers should be negligibly small. 

A method which complied with these requirements was developed b} us 
[7] and used for the determination of reflection coefficients [8] and the dependence 
of the hydraulic conductivities on the direction of water movement [9] on la/onia 
utriculari.v. It is noteworthy to mention that a polarity of water movenlent could 
not be detected in this alga. Using this method it is also possible to measure the 
volumetric elastic modulus of living cells and to induce water .tlo~s both by osmotic 
and hydrostatic pressure gradients. Thereliyre. the dependence of the exosmoiic 
and endosmotic hydraulic conductivit3 ~ on hydrostatic pressure inside the cells 
and on the osmolic pressure can be determined separately. Such experiments have 
not been perli)rmed before. Furthermore, the method permits (if polarity really 
exists) a study of this phenomenon over a large pressure range. Fronl these data 
more insighl into the mechanism of polar water movement should be obtained. 
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MATERIALS AND METHODS 

(a) Material 
N. flexilis was collected from a pond near Jiilich and kept at 22 25 :C in 

daylight for several months in artificial pond water containing 0.1 mM KCI, 1.0 
mM NaC1, 0.1 mM CaCI2 and 0.1 mM MgCI 2 (pH about 5.6). This was also the 
normal solution in which the experiments were carried out. The cells actually used 
were in some cases not those collected, but cells secondarily grown from original 
plants in a laboratory culture of artificial pond water and pond mud. 

(b) Cell-turgor pressure and volume-flow measurement 
The cells selected for the experiments were 2-5 cm in length and about 

0.5 mm in diameter. The cells were freed from neighbouring internodes and leaves 
and mounted on the slit of the device, which is schematically shown in Fig. 1. In 
order to avoid large unstirred layers the cells were irrigated with artificial pond 
water and with the testing solutions, respectively, during the course of the experiments. 
By means of a two-way stop cock in this device artificial pond water could be 
rapidly exchanged for media with altered osmolarity and again replaced by artificial 
pond water. 

APW and sotutton oude t  

~ \ s l i t  for  f ix ing the internode~£1 
pressure transducer 

,J i ~ ~ - -  me ta l  rod 
Nitelto. internode m ic rocap i l t a r f  rubber  sea{ 

rn lcrometer  b,:rew 
/ 

Fig. I. Experimental assembly for continuous pressure and volume-flow measurements in Nitella 
internodes (diagrammatic representation). 

A detailed description of the simultaneous measurement of the cell turgor and 
of volume flows in giant alga cells had been already given elsewhere [7,9]. 

For a better understanding of the results presented in this paper the measuring 
equipment is illustrated in Fig. 1. 

A microcapillary tube with a tip diameter of about 60 ffm was filled with 
silicon oil up to the tip and inserted across the nodal cells into the vacuole of the 
internodal cell with the aid of a micromanipulator viewing the cell under a binocular 
microscope. The microcapillary was tightly connected to a small pressure chamber, 
which was also filled with silicon oil. It contained a small silicon pressure transducer 
(CQS 125 200 Kulite Semiconductor Products, Ridgefield, N. J.) transforming 
the applied pressure into a proportional voltage, which was monitored by a Keithly 
602 electrometer and recorded by a Servogor recorder. Since capillary forces in 
the tip of the microcapillary were negligibly small, the pressure in the chamber 
was equal to the pressure in the cell. The boundary between oil and cell sap was 
usually at the tip of the capillary. It was chosen as tile reference point for pressure 
measurement during volume flow and was regulated by a movable metal rod which 
was introduced into tile pressure chamber and sealed off" with a rubber disc. Therefore, 
errors resulting from leaks in the pressure system could be excluded. 

The accuracy of the pressure measurement was about 2" 10-2-3 • 10 - 2  arm. 
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Volume flows and, therefore, changes of  tile turgor, were induced in two different 
ways. Outward water movemenl,  i.e. exosmosis, was produced by an osmotic gradient 
by rapidly replacing the artilicial pond water with media containing non-plasmolysing 
concentrat ions of  a non-electrolyte (20 200 raM). [lqWgl.ld ~atcr  movement,  i.e. 
endosmosis,  was measured b\ tritnsl'erring lhc alger into the original artilicial pond 
water after reaching water flu× equilibrium in the exosmotic cxperimer, t. Thc~e 
experiments will henceforth be referred tu its "'osmotic experiments". 

In another way of determining the h\draulic condu~.'li~ities from thc lime 
course of  the volume llow and of  tile turgot,  ~ater  fiox\ ;~a> induced b', different 
hydrostat ic  pressure gradielit>. 

In these experimcnts, yet'erred to a.,, "'h~drostatic expcrimcnt>,'" in tiffs paper. 
an artiticial pressure wits applied to the vacuole by moving the micrometer screw\ 
attached to the metal rod. The response to the sidfl of  the boundary ell 'cell ~ap 
in a direction towards the vacuole was an expansion of  the cell volume and an 
increase ol the turgor. Under these conditions an outw~trd water fie,a, i.e. exosmosis 
or, more correctly reverse osmosis, wits observed. After reaching the steady st~He 
l\)r water fluxes, endosmosis wits induced by turning the micrometer screw backward>. 
During the experiments the botmditr 5 oil cell slip wits lixed at the tip of  the capillar 3 
or an oil droplet with a tonsil.in[ diameter \~as formed al the tip as the reference 
poilll for pressure measurement.  ~rrors due to leakages arouild lhc inserted micro- 
capillary could be easily detected by the hydrostatic experiments. From the exponen- 
tial decrease or increase o1 the turgot  inside the cell under osmotic and hydrostatic 
condit ions the exosmotic and endosmolic hydraulic conducti \ i t ies can be calculated 
as outlined below if the volumetric elastic modulus cgtn be measured. The vitluc of 
the volumelric elastic modulus can be easily obtained from the h\drostat ic  expeti- 
ments. Provided thai llle lime in\.ot~ed for cell expansion and increa>,c of  the turgot  
is short in compar ison to the water flox~, the change in cell volume can be calculated 
l'rom lhe feed and the diameter o1" the rod (500/ml),  since Ihc measuring s\>tem i> 
incompressible to a very good itpproximution. 

The volumetric elastic modulus is calculated from the change in the cell 
volume and {he corresponding change of  the turgot  using the Philip equation (see 
below). 

The reflection coelticients of  several non-electrolytes ~cre determined b\ 
measuring the linal stat ionary internal hxdrostatic pressure in response to changes 
of  the non-electrolyte concentrat ion in the external medium in exosmotic and endos- 
motic experiments. 

Calculation Of the hy~h'aulic condtlClivil.l' arid rq/h, clion cocJlit'i¢';ll.S 
Consider  a non-ideal semipermeable membrane separating two non-electrolyte 

solutions with different solute concentrations. There are in general two fluxes, viz. 
the volume flow J~(cn-F~-cm 2-s - i )  and the solute flow ,I, ( M ' c m  -"s 1) driven 
by the hydrostatic pressure difference P (arm) and the osmotic pressure difference 
I ~  (atm), respectively. The interaction between these fluxes can be described by 

the practical phenomenological  equations for coupled flows [10]: 

d, = Lp(P- -c , , .ATr~)  (I) 

J,  = (1-a~) 'c~ 'J , .++o'Azc~ (2) 
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where the symbols denote: Lp, hydraulic conductivity (cm- s-1.  a t m - l )  ; % reflection 
coefficient; ~,,, solute permeability ( M . c m - 2 - s  -1 . a tm-~) ;  and fs, average concen- 
tration of the non-electrolyte (M.cm s). 

In the presence of impermeable solutes Eqn 1 becomes: 

J, = LF(P-  ATti-a~.A~) (3) 

where,  I~  is the osmotic pressure difference due to the impermeable solutes. The 
volume flow is equal to the water flow. J,,, to a very good approximation. 

In order to calculate tile hydraulic conductivity from the water flow observed 
during osmosis we assume that the non-electrolyte is only in the external pond 
water and that the electrolytes in the cell and in the artificial pond water are ina- 
permeable to a first approximation [I 1 ]. The htst assumption should also be valid for 
the calculation of the hydraulic conductivity from hydrostatic experiments. 
Furthermore. we choose the volume of the external medium large in comparison 
to the cell volume. This means that the osmotic pressure of the external medium, 
~ + ~  , is constant during the hydrostatic and osmotic experiments, only P and 
the internal osmotic pressure ~ i  are functions of time. Eqn 3 can, therefore, be 
written : 

1 dVw(t) _ Lp[P(t)_rgii(t)+~zio+tT.~o ] (4) 
aw - .4 dt 

where V,, (t) denotes the change in cell volume at time t (Vw= Vo-V). Vo is the 
cell volume at the original pressure Po: V is the cell volume at pressure P: A is 
the cell surface area. Considering the cell as a classical osmometer  the following 
Eqns are valid for ~ii(t)and P(t) [9]: 

,( !wVl) 
~zii(t)  = ~zio 1 4- Vo / ( 5 )  

v ( t ) )  _ ~.  Vw(t) 
P . -  v u )  = ~ I - K , /  vo (6) 

with ~ o  is the internal osmotic pressure at the original pressure Po and e- is the 
volumetric elastic modules of the cell wall. Eqn 6 is the so-called Philip equation 
[12], The elastic modulus, ~-', can be determined according to this equation by 
measuring the change in the cell volume in response to an applied pressure. 

It can be shown ['rom Eqns 4-6 that the internal hydrostatic pressure depends 
exponentially on time provided the only variables are V w ( t) ,  :-tii(t) and P(t ) .  We 
have l\mnd this to be true experimentally. Thus we can write: 

P - PE = ( P , , -  P~:) • e - k '  ( 7 )  

P - -  P E  = ( P A  - -  P l : )  " e - ~ t  ( 8 )  

for osmotic (Eqn 7) and hydrostatic experiments (Eqn 8). PE denotes the final 
hydrostatic pressure in such experiments, while PA is the pressure artificially applied 
to the cell in the hydrostatic experiment, to produce a volume flow. k is the rate 
constant for pressure change. 
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Using Eqns 4-7 and considering the different boundary conditions, the 
following equations for Lp~ and Lp~,, can be easily obtained from osmotic experiments 
[9, 131: 

k. I~I,(P o - Pt~) 
Lp~ - 

C" A • O's" x'~ ° 

(9) 

k. G ( P E -  Po) 
Lpc,, - (10) 

8 "  A • O" s • 7rs ° 

In the same way. an analogous equation for the hydraulic conductivity (l.p¢~ 
and Lp~,,) is derived for the hydrostatic experiments from Eqns 4-6 and 8: 

k .  I/I~(P A - Pc)  (1 I)  
Lp - c. A ( P  A -  Po) 

The calculation of the reflection coefficients is based on a zero-flow method. 
With the condition of zero flow. (Jw-0),  it t\~llows from Eqn 4 that the measured 
difference between the initial pressure. P,, and the final, stationary pressure Pc 
in an exosmotic experiment is obtained as follows: 

P o -  P E  = 7r io  i - -  g i E  i -~- O ' s"  7rs ° [ I 2 ) 

where ~:~ denotes the final internal osmotic pressure which is reached in the 
cell at the end of the experiment.lFrom the Eqns 5 and 6 it follows: 

i 
/ r h  p i i = -'g' ( P o -  E) (13)  

Combining the Eqns 12 and 13 one obtains for the reflection coefficient" 

Po-PF 8 + 7 q o  i 
o-~ = - - "  (14)  

T( o L' 
s 

F o r  the  e n d o s m o t i c  e x p e r i m e n t  an a n a l o g o u s  e q u a t i o n  can  be d e r i v e d  : 

i 
P E - P o  ~:+ giE a~ - - -  (151 

71-s ° ,~ 

In these equations the second factor on the right-hand side corrects the ,r,- 
values for the shrinkage or swelling of the cell. ~0  ~ and :r~E ~ can be directly calculated 
from Po and PE respectively, as they differ from these values only by the amount 
of  ~i °. Combining Eqns 9 and 10 with Eqns 14 and 15. the half-time for the 
shrinkage or swelling of the cell can be calculated: 

In 2 I11 2.1-i, 
1 ; -  k i (16)  

Lp.A.(rcio(E ~ +c) 

This equation differs only from the equation given by Dainty [5] in the choice of 
the frame of reference of the cell volume, G~. 
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RESULTS AND DISCUSSION 

Volumetric elastic modulus 
The volumetr ic  elastic modulus ,  e, must  be known for the calculat ion o f  the 

hydraul ic  conduct iv i ty  and reflection coefficients, e is, however,  only cons tant  over  
a l imi ted  pressure range. It was clearly demons t ra ted  for V. utricularis [13] tha t  
as the internal  pressure increases by more than 1 a tm,  the cell wall  becomes more  
resistant  to expansion.  In the lower pressure range of  the cell, the change in vo lume 
in response to the pressure becomes larger  than predic ted  by the Philip equat ion .  
I11 Fig. 2 we show the dependence of  the volumetr ic  elastic modulus  on the hydros ta t i c  
pressure inside the cell. The pressure range in which the volumetr ic  elastic modu lus  
was measured is indicated by a line para l le l  to the abscissa. As shown in Fig. 2, 
in some ceils a l inear  re la t ionship  between volumetr ic  elastic modulus  and pressure  
was found in the pressure range between 1 and 7 a tm,  whereas in o ther  cells e was 
constant .  However,  in each cell invest igated the volumetr ic  elastic modulus  decreased 
in the pressure range below 1 atm as expected f rom the Valonia exper iments  [13]. 
The reason for the different dependence  of  the volume elastic modulus  at h igher  
pressures is unknown.  Since the calculat ion of  the hydraul ic  conduct iv i ty  is based on 
the val idi ty  of  the Phil ip equat ion  (Eqn 6) the Lp-values were always measured for  
only a small  pressure interval  in which the Phil ip equat ion was valid. 

15o ~ ' J  , I  

t,a 

100 

! 

50- 

P [otto] 

Fig. 2. Dependence of the volumetric elastic modulus of two Nitella internodes, e, on the hydro- 
static pressure in the cell (P). The lines parallel to the pressure axis indicate the pressure ranges, 
for which the e-values were determined according to the Philip equation (Eqn 6). 

It is i m p o r t a n t  to point  to the fol lowing poss ible  source of  e r ror  in the deter-  
mina t ion  of  the volumet r ic  elastic modulus .  The t ime required for apply ing  a pressure  
by turning the mic romete r  screw and for  measur ing  the change of  the pressure 
inside the cell must  be very short  in order  to avoid  an er ror  due to volume flow. 
The half- t ime of  water  flow in Nitella is o f  the order  of  3 s. This  means  that  the  
de te rmina t ion  of  the volumetr ic  elastic modulus  has to be per formed in less than  
1 s. Accord ing  to the exper iments  of  K a m i y a  et al. [14] on the cell wall  tube o f  
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N i t e l l a  t he  c h a n g e  in cell v o l u m e  in r e s p o n s e  to  p r e s su re  i nc ludes  t ~ o  c o m p o n e n s t :  

an  i n s t a n t a n e o u s  c h a n g e  in a r r ac t i on  o1" ',t s e cond ,  f o l l owed  b3 a ve t \  s low e x p a n s i o n  

which  ceased  a r t c r  20 rain.  1-he c h a n g e  o f  vOlUllle d u r i n g  tile l a t t e r  p h a s e  al l lOtnlls  

lo  at mos t  10~!~, o r  the  {eta] '~olume c h a n g e .  S ince  the  hy 'd rau l ic  c o n d u c t i x i t 3  xsa> 

c a l c u l a l e d ,  howeve r ,  I 'rom the  v o l u m e  flow d u r i n g  the  l irst  l'e\v s econds ,  o n h  the  

l irst  c o m p o n e n t  e l ' t h e  cell v o l u m e  c h a n g e  had  to bc t a k e n  in to  c o n s i d e r a t i o n .  

R ( J l e c t i o n  co<[]icicnrs 

T h e  r e su l t s  [\~r the  re f lec t ion  coef f ic ien ts  o r  s o m e  so lu tes  are  l is ted in Fable  

1. F o r  c o m p a r i s o n  the  re f lec t ion  coeflqcients  o f  the  s l tme so lu tes  m e a s u r e d  on  I .  

u t r i c u l a r i s  [8] a n d  oil N. H'tln,shlc¢ll,v tHld o|3 C. dztsl;'d/i.s [ I ]  are  a lso  given.  

TABLE I 

RKFLE( 'TION COEFFICIEN FS 

Rcllcclion coelticicms, ,~, of SOll]e non-clcctrotytcs for the internode of .\,. /h,.rilis (\~ith standard 
devialions, Ihe ntlnlber of the cclls is given in bracketsL The non-electrolyte concentration in the 
lesling solution was Cs: 160 raM. For conlpari~,on the data for N. lransluceHs, C. aH.stra/is and 
I'. utricu/arts are given. 

Solutc  Molecular Rellection coellicients of 
radius (A °) 

:\'./te.rili.s I'. tm'/cularLs:' ..V. lr~lllT[ltC¢'tl.7 h 

Sucrose 5.3' 0.97 4 0.01 (51 l 
(]]ucosc 4.4' 0.96 + 0.07 12) 0.95 
Glycero l  2.74 'j 0.S0 ~_ 0.04 I2) 0.Sl 
, \cemmide 2.27 'j 0.91 ~0.02 (2) 0.79 
Urea 2.03 't O.C~l+O.OI (2) 0.7(, 1 
Fornmmide 0.79 k 0.04 (3) I 
Ethylene glycol 0.94 4 0.02 {3~ I 
l sop ropano l  0.35 +0.05 (21 0.27 {0.40P 
n -Propano l  0.17 ±0 .06  { 21 0.1(, 
Ethanol 2.13" 0.34+0.02 (2) 0.29 {0.44) r 
Methano l  1.~3" 0.31 +0.04 t2) 0.25 (0.50) r 

a Data taken from Zimmernlann alld Slecld[c IN]. 
" Data taken from Dainty and (;[nzburg [I ]. 
~: Data taken from Durbin [15]. 
'J Data taken from Goldstein and Solomon [16]. 
e Data taken fiom Villegas and Barnola [17]. 
t Data corrected for unstirrcd layers [6]. 

( ' ,  { l l l ~ ' [ l ' ( I / f %  i 

0.__ 
0.27 
0.30 

T h e  re f l ec t ion  coef f ic ien ts  o f  tile m e m b r a n e s  o r  N.  J [ex i l i s  fo r  sucrose ,  g lucose  

a n d  g lycero l  a re  in g o o d  a g r e e m e n t  wi th  the  va lues  r o u n d  fo r  V. utr icu lar i s .  

Dif fe r ences  exis t  b e t w e e n  the  ref lec t ion  coeff ic ients  for  u r ea  a n d  a c e t a m i d e .  It 

s h o u l d  be n o t e d  t h a t  the  re f lec t ion  coei iqcients  g iven  in T a b l e  | a , e  w f l u e s  t\)r the  

w h o l e  b a r r i e r  i n c l u d i n g  two  m e m b r a n e s ,  i.e. t o n o p l a s t  a n d  p l a s m a l e m m a .  There l \ ) re ,  

it is n e c e s s a r y  to  d i scuss  the  d i f fe rences  in the  w d u e s  o f  the  ref lec t ion  coef f ic ien ts  

o f  the  s ing le  m e m b r a n e s :  h o w e v e r ,  at  p r e s e n t  these  are  still  l ack ing .  Fo r  N.  t r a n s l u c e n s  

D a i n t y  a n d  G i n z b u r g  [6] f o u n d  t h a i  the  p e r m e a b i l i t y  o f  the  p l a s m a l e m m a  fo r  u r e a  

was  30 t i m e s  h i g h e r  t h a n  t h a t  o f  tile t o n o p l a s t .  In th i s  case  tile h igh  va lue  o r  the  
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reJqection coefficient of N. flexilis, C. australis and N. translucens for urea may 
reflect the properties of the tonoplast. In contrast the lower wflue of V. utricularis 
for this substance will point to a higher permeability of  the tonoplast. Large differ- 
ences between the values of the reflection coefficients measured by us on N. flexilis 
and by' Dainty and Ginzburg on N. tratlslucens seem to exist for methanol, ethanol, 
H-propa,lol and isopropanol although the ratio of the reflection coefficients of  
n-propanol and isopropanol is roughly the same for both algae. 

If the correction for unstirred layers is taken into account as done by Dainty 
and Ginzburg [6] for the wflues of the reflection coefficients on N. transhu'ens 
these values will be l\)und higher than those measured by us on N. flexilis. Although 
we determined the reflection coefficients using a zero-flow method, a discussion of  the 
unstirred layers must be mJdertaken. 

A rough correction for the unstirred htyers can be performed using the ratio 
P.,}/D where P denotes the permeability coefficient of the solute, D its diffusion 
coeilicient and ~) the thickness of the unstirred layer. Dainty (personal communication) 
estimates the thickness of the unstirred layers built up under our experimental 
conditions to about 50/~m. Using this value, tile permeability coefficients for methanol, 
ethanol and isopropanol given by D;.tinty and Ginzburg [6], and their diffusion 
coefficients [18] the ratio P'~/D is calculated to be 0.1 0.2 for these solutes. This 
means, that the solute concentration at the nlembrane surface is about 10-20°ii~ 
smaller than in the bulk solution, and that the reflection coefficients of the rapidly 
permeating alcohols are underestimated by the same amount. The corrected wdues 
of the reflection coeflicients measured on N.J:lexilis would then be in better agreement 
with those given by Dainty and Ginzburg [6]. 

The differences of the values existing for both species can be explained in 
terms ol" the different properties of the membranes, since N. trattslucens is less 
permeable t~r water-soluble solutes than N../tcxilis as can be seen by comparing 
the re tlection coefficients for l\~rmamide, ethylene glycol and urea. The assumption 
of different properties of the membranes of N. jtexilis and N. translucens is also 
supported by the different values of the hydraulic conductivity being about 2 times 
greater for N. jh, xilis than t\)r N. translucens (see below) [2]. 

It is important to point out that the corrected cr~-wdues of Dainty and Ginzburg 
[6] should be used because the uncorrected values of  these authors have been 
mistakenly quoted in reviews [19]. 

Concentration and pressure &Tendence of  the hydraulic conductivity 
In Fig. 3 the hydraulic conductivity is plotted for endosmotic and exosmotic 

water flow against increasing external concentrations of  sucrose. The hydraulic 
conductivity of exosmosis decreases with the increase of  the sucrose concentration. 
The endosmotic hydraulic conductivity was measured at each concentration of 
sucrose by replacing the artificial pond water+sucrose by artificial pond water 
alone. In some experiments the endosmotic hydraulic conductivity was approximately 
constant over the whole concentration range investigated, in most experiments 
the endosmotic hydraulic conductivity decreases slightly above 50 mM sucrose 
as indicated in Table il. 

Extrapolation of the values for the endosmotic and exosmotic hydraulic 
conduclivity to zero concentration of sucrose yields a ratio of the endosmotic to 
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Fig. 3. Concentration dependence of the exosmotic and the endosmotic hydraulic conductivities 
(Lp,,~ and Lp,,,,) from osmotic experiments with a single Nitel la internode (Cell Nr. 2 from Table 
11) for different non-plasmolysing sucrose concentrations. The vertical lines to each value denote 
the standard deviation. From the extrapolation to ('sue,.,,se = 0 one obtains for Lp,.~= 1.82.10- -' 
and for Lpe,,= 2.12"10 ' - ' cm's  1.atm X(Lpe,,/Lp~,~ 1.16). 

tile exosmot ic  hydraul ic  conduct iv i ty  of about  I .I .  This wdue for the pohtri ty of  water  
movement  in N i l e l l a  under  na tura l  and s ta t ionary  condi t ions  is in good agreement  
with the value of  1.2 1.7 given by Dainty and Ginzburg [2 ]  and Tazawa and 
K a m i y a  [4] indicat ing that  tile assumpt ions  of  the theory  of  t ranscel lu lar  osmosis  
are valid. However,  tile pohtri ty oFwater  movement  increases at higher concent ra t ions  
up to wdues of  about  2. I (Table I1). 

Dainty  and Ginzburg  [2] concluded from tile s imilar  t rend of  the hydraul ic  
conduct iv i ty  with an increasing concent ra t ion  of  the external  solute that it is the 
osmola r i ty  o f  tile solut ion and not tile cel l - turgor  pressure,  which determines  tile 
change in the hydraul ic  conduct ivi ty .  Since we were able to direct ly change the 
hydros ta t ic  pressure inside tile cell we studied tile dependence of  the hydraul ic  
conduct iv i ty  on tile t u rgo t  pressure in cells o f  N . . f i e . r i l l s  to test the assumpt ion  of  
Dainty and Ginzburg  [2]. Ill o rder  to use this method at a low internal hydros ta t ic  
pressure it was necessary to decrease tile intracel lular  e lectrolyte  concentra t ion .  
This can be easily done by incubat ing tile punctured cells ill artificial pond water  
for 10 h or more. During this t ime the turgor  drops  to 0.5 I a t m  ill response to the 
decreasing electrolyte  concent ra t ion  ill the wtcuole. This slow decrease call be 
accelerated by inducing exosmot ic  and endosmot ic  water  flows al ternat ively.  This 
effect was not fully unders tood.  It might be explained by a. slow loss of  solute across 
the p la smadesmata  of  tile internodes.  Consider ing the short  t ime of  measurement  
o f  tile hydraul ic  conduct ivi t ies  tile change ill tile e lectrolyte  concent ra t ion  o t  the 
vacuole during such a measurement  is negligible. Ill any case, the cells conta in ing 
a low internal e lectrolyte  concentra t ion  are not leaky since they react in hydros ta t ic  
exper iments  as classical osmometers .  In Fig. 4 tile values of  the endosmot ic  and 
exosmot ic  hydraulic  conduct ivi t ies  ill a typical  hydrosta t ic  measurement  are plot ted 
against  the hydros ta t ic  pressure. Ill Table  II1 tile wtlues l\)r both coefl]ciems and 
their  ra t io  are listed t'or several cells, ill tile pressure range between 2 and 7 arm a 
po la r i ty  of  water movement  can be observed:  the average rat io of  tile endosmot ic  
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T A B L E  I1 

I N F L U E N C E  O F  E X T E R N A L  S U C R O S E  C O N C E N T R A T I O N  ON H Y D R A U L I C  CON-  
D U C T I V I T Y  

Concen t ra t ion  dependence  of the hydraulic  conduct ivi t ies  (Lpex and Lpen in 10 ;5 cm-s  l . a t m  t) 
and  of the rat io Lpen/Lpex f rom osmotic  exper iments  on different non-plasmolys ing  concen-  
t ra t ions  of sucrose. For  all values the s tandard  devia t ions  and  the n u m b e r  of experiments  
(in bracketsl  are given. 

Cell 
No. 

1 Lp,,,. 

Lp{,n 

Lpon/Lpo., 

2 Lpex - 

~ / g e n  

Lpen/Lpex " - 

3 Lpex 

gpe,, 

Lp,.n./Lpex 

4 Lpe,~ - - 

Lpen 

Lpen/Lpex - -  

C . . . . . . . . . . .  ( raM) 

20 40 80 120 160 

2.034-0.11 1.91 -+0.08 1.67-+0.02 1.72-+0.01 - -  
~5 A o / ,  o /  ( .-/o~ (5} (4.2 (,Vo) (3) (1.2 ~,~} (3) (0.6 ,o) (4) 
2.41 -+0.10 2 .39+0.11 2.21 + 0 . 0 6  2.09_+0.09 -- 
(4.[ ~.?~) (5) (4.6°o) (4) (2.7 °ij)(5) (4.3 ~ , ) (4)  
1.19 1.25 1.32 1.22 - 

200 

1.57_+0.13 1.43-+0.18 1.23_+0.04 1.13-+0.06 0.98_+0.22 
(8.3 °/D (2) (12.6~Uo) (2) ( 3 . 3 ° 0 ( 2 )  (5.3 ?~,) (2) (22.4?/0)(2) 
2.09_+0.23 2.05_+0.07 2.04_+0.12 2.01 +0 .09  2.04_+0.12 
(I 1.0°~)(3) (3.4B D (3) (5.9 °/) {13) (4.521{;} (4) (5.9')o} (3) 
1.33 1.43 1.66 1.78 2.08 

2.12 (I} 1.64 (11 1.58 (1) 
2.56-+0.09 2.43_+0.30 2.10_+0.21 1.82-+0.05 
(3.57o)(3) (12.37",~)(2} (10 .070(2}  (2 .7°~)(2)  

1.15 1.28 1,15 

1 .14+0.09 0 .79+0 .10  0 .77+0 .07  0 . 7 0 ± 0 . 0 0  
(7.9 ~o1 (13) (12.7 ~{,) (6) (9. I !',/,) (3) (0.07,~) (2) 
1.25_+0.06 1 .24+0.08 1.15_+0.04 1.04_+0.04 
(4.8"o) (3} (6.5 ?;;) {5) (3.5!~D (3} (3.8 ?.i) (3) 
1,10 1.57 1.49 1.49 

T A B L E  Ill 

I N F L U E N C E  I N T E R N A L  H Y D R O S T A T I C  P R E S S U R E  ON H Y D R A U L I C  C O N D U C -  
TIVITY 

Exosmot ic  and  endosmot ic  hydraul ic  conduct ivi t ies  and the ratio Lpen/Lpex f rom hydros ta t ic  
exper iments  in ranges of the internal  hydrostat ic  pressure, where Lp is independent  of  the cell 
turgor.  For  all values the s tandard  deviat ion and the n u m b e r  of the de te rmina t ions  are given. 

Cell Pressure Lpe× ~< l0  s Lp{,n ' Iff' Lp~n,"Lpe.~ 
No. range ( c m ' s  t . a t m  ~) (cm-s  ~-atm ~} 

1 2.0-7.3 2.21 __-+ 0.14 (6.3 ?{i} (18) 2.69__+ 0.14 (5.2 %0 ( 17} 1.22 
2 2.0-7.4 2.49 + 0.12 (4.8 'f.,;) (261 2 .72+0 .14(5 .1  "i,) ( 191 1.09 
3 2.1 6.4 2.42 __+ 0.18 (7.4 !'{;) ( 141 2.80__+ 0.15 (5.4,~i} { 141 1.16 
4 1.8 7.4 2.01 +0 .19  (9.5?o} (20} 2.18__+ 0.18 (8.41!,} ( 17} 1.08 
5 2.1 5.8 1.84__+ 0.15 (8.4BD (241 2.15 +0 .20  (9.3"{9 {17} 1.17 
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Fig. 4. Dependence of il~c cndosmOliC I ) and o1" the exosl/lolic I hydraulic con- 
duci iv i t ies on lhe hydroslat ic  pressure in a .~,' itHl~l in tcrnode (Cell Nr.  2 in Table II1). The broken 
and the full lines parallel Io tile prcssure axis indicate the pressure ranges, for ~hich the Lp- 
values \~ere determined. 

to tile cxosmot ic  hydrt~ulic conduc t i v i l y  is abou t  1.1 as found  bv ex t r apo la t ion  
in the osmot ic  exper imen t s  ~uld is const~mt between 2 and  7 a tm.  This  means  that  
the t u r g o t  has ,lO elfect on hydraul ic  conduc t iv i ty  in lhis pressure range.  As !he 
hydrost-~tic prcssure decre~tses ~hc rat io decreases ~tnd thc abso lu te  values of  the 
hydr~tulic conduc t iv i t i e s  increase marked ly  (see Fig. 4). 

At lirst sight this  result  appears  puzz l ing  for it is the reverse t r end  to the cxos- 
mot ic  hydr~tulic conduc t iv i ty  in the osmot ic  exper iments .  The appa ren t  d i sc repant5  
between the results of  the hydrosW4ic and  osmol ic  exper iments  c~m be in terpre ted  
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in terms of the dehydration theory [2,4,20,21], and in terms of a direcl influence 
of the hydrostatic pressure on the membrane permeability. 

Considering the osmotic experiment the decrease of the chemical water poten- 
tial in tile vacuolar and external phases due to the decrease or" the hydrostatic pressure 
and to the increase of tile sucrose concentration reduces tile water content in the 
mcmbrai~cs or cytoplasm. The membranes will be dehydrated and. therel\~re, 
shrink and become less permeable. The dehydration theory also seems to explain 
satisfactorily the weak dependence of the endosmotic hydraulic conductivity oil 
the osmolarity assuming that the dehydration ar.,d hydration of the membrane 
components are rapid processes. If this is true ol~e shoulct expect the endosmotic 
hydraulic conductivity to be independent of the osmolarity of tile exterp.al medium 
since this parameter was measured in each case under the same condilions, i.e. 
after reaching water flux equilibrium at different sucrose col~.centrations and repla- 
cing the external medium by artilicial pond water. 

Tile observed i~fluence of the sucrose at higher concentrations i~ some 
expcrinzenis on the kp~,,-values (Table il) poi,~ts to a longer time necessary to re- 
hydrate the strongly dehydrated membranes. 

The independence of the hydraulic conductivi'.y on tile hydrostatic pressure 
in the pressure ral~ge between 2 and 7 atm is also in agreement with ihe dehydration 
theory, sil~_ce the chemical water potential of both phases is constant over the whole 
presstire range. Therelk3re, the increase of the hydraulic conductivity in the low 
pressure range in the hydrostalic experiments nlust be rela!ed to a direct ii;lluencc 
of the hydrostatic pressure oil the membrane perineability with subsequel-Et increase 
of lhe hydraulic conductivity tuld disappearance of polarity. Surely, one can argue 
that this increase of the hydraulic conductivity results from the decrease of the 
electrolyte concentration in the vacuole assuming an influence of the electrolyte 
on the membrane water permeability. However, the assumption that the tuFgor is 
responsible for the change in the water permeability is supported by similar results 
observed on 17. utricularis [13]. With this alga the hydraulic conductivity also 
increased strongly when approaching tile plasmolytic point. In contrast to the 
experiments on Nitel /a the internal electrolyte concentration was practic~tlly constant, 
and, therel\)re, an influence of the vacuolar electrolyte concentration on the hydration 
of thc membranes could be excluded. 
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