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Summary. Turgor pressure relaxation curves for individual plant 
cells represent an important source of information for the plant 
physiologist. However, the accurate interpretation of these 
curves is strongly dependent on the model chosen to describe the 
plant cell. If the compartmentation of the cell into vacuole and 
cytoplasm is taken into account, a theoretical analysis shows 
that pressure relaxation curves can be represented by the sum of 
two exponential functions. Given a priori assumptions about the 
exchange area of the tonoplast and its reflection coefficient, the 
hydraulic conductivities of the plasmalemma and tonoplast can 
be determined and the proportion of the total cell volume occu- 
pied by the cytoplasm is also obtained. Numerical solutions to 
the flow equations have shown that the biphasic nature of pres- 
sure relaxations is maintained even when a permeable tonoplast 
is assumed. Depending on the magnitude of the reflection coeffi- 
cient and the permeability of the vacuolar membrane, large er- 
rors can arise in the determination of the hydraulic conductivity 
of the tonoplast. However, under certain conditions, even a 
highly permeable tonoplast may behave like a nonpermeable 
membrane during pressure relaxation. 
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Introduction 

In many plant cells the vacuole occupies most of the 
cell interior, and the cytoplasm is reduced to a thin 
layer between the plasmalemma and the vacuolar 
membrane,  the tonoplast. For  this reason, the cellu- 
lar hydraulic conductivity (Lp) deduced from trans- 
cellular osmosis [4, 5], pressure probe [18] and la- 
beled flux measurements [17] is a characteristic of 
the total membrane barrier system consisting of the 
tonoplast, cytoplasm, plasmalemma and cell wall 
[3]. Attempts have been made to differentiate the 
hydraulic properties of  the tonoplast and plasma- 
lemma by removing one of  the membranes by chem- 
ical destruction and measuring the hydraulic con- 
ductivity of the remaining membrane alone [7, 14]. 
Url [14] investigated the primary site of resistance 

to the penetration of water in the protoplasm of 
inner epidermal cells of the Allium cepa bulb scale. 
After repeated deplasmolysis, some surviving cells 
formed a tonoplast. The hydraulic conductivity of 
the tonoplast was calculated from the swelling char- 
acteristics of  this membrane. Kiyosawa and Ta- 
zawa [7] followed another approach to the problem. 
They claimed to have removed the tonoplast of 
Chara ceils using a perfusion medium containing 
EGTA. However ,  pressure probe measurements 
(Wendler, Zimmermann and Shimmen, unpublished 
results) and charge pulse experiments (Benz and 
Zimmermann, unpublished results) showed that the 
plasmalemma was damaged by this chemical treat- 
ment, and there were indications that not every per- 
fusion resulted in complete removal of  the tono- 
plast. As the chemical removal of the tonoplast has 
been inferred from indirect observations only, an 
alternative method for the determination of the hy- 
draulic conductivities of both the plasmalemma and 
the tonoplast is desired. 

In this and the accompanying paper, a method 
of measuring the hydraulic conductivities of the 
plasmalemma and the tonoplast which does not dis- 
turb the integrity of  the cells will be presented. The 
method utilizes the wealth of  information obtained 
from pressure relaxation curves when analyzed us- 
ing a modified high-resolution technique. This paper 
deals with a theoretical analysis of  pressure relaxa- 
tions in the light of an expanded model of the cell, 
while the second paper (henceforth referred to as 
paper II) will deal with the experimental confirma- 
tion of the theoretical predictions relating to the 
fresh-water alga Chara corallina. 

Principles 

A relaxation describes the behavior of a system as it 
moves towards a new state of  equilibrium after a 
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sudden shift away from equilibrium. If the system is 
a plant cell and the equilibrium is disturbed by a 
shift in osmotic or hydrostatic pressure, the cell 
achieves a new equilibrium by way of a pressure 
relaxation. Using the pressure probe technique, it is 
possible to monitor both hydrostatically and osmot- 
ically induced turgor pressure relaxations in plant 
cells. 

The time course of a pressure relaxation is de- 
termined by the elastic properties of the cell wall (e) 
and the hydraulic conductivity of the total mem- 
brane barrier system ( L p )  [2, 20-22]. The volumet- 
ric elastic modulus can be measured independently 
while pressure relaxations are normally used to de- 
termine L p .  The interpretation of the relaxation 
curves, however, depends both on the resolution of 
the pressure-measuring device and on the model 
used to describe a plant cell. 

The conventional model of a plant cell used 
when analyzing pressure relaxation curves is a two- 
compartment model. It assumes that the external 
space and cell interior are separated by a single bar- 
rier. The L p  data reported in the literature [1, 3, 10, 
11, 18, 19, 21] are based on this model. However, 
the plasmalemma and the tonoplast should not be 
equated this way because the mathematical descrip- 
tion of the system then provides for a pressure gra- 
dient across the entire membrane barrier system. 
This is in contrast to the real situation, since a hy- 
drostatic pressure gradient (i.e. turgot pressure) is 
possible only across the cell-wall/plasmalemma bar- 
rier and not across the tonoplast. The simple view 
of the two-compartment model is only justified 
when the properties of tonoplast and cytoplasm can 
be neglected. 

Published work indicates that the hydraulic 
conductivity of the cytoplasm is large compared to 
that of plant cell membranes [12, 14]. However, the 
hydraulic conductivity of the tonoplast can be ne- 
glected only if it is much larger than that of the 
plasmalemma. 

A more complete model, referred to here as the 
three-compartment model, takes into account the 
internal compartmentation of the cell into vacuole 
and cytoplasm by the tonoplast. The three-compart- 
ment model is described in detail, starting with an 
analytical solution of the water flow equations. In 
the context of this model, a single turgor pressure 
relaxation in an intact cell is shown to yield infor- 
mation on the L p  values of the plasmalemma and 
the tonoplast. The contribution of the cytoplasmic 
volume to cell volume can be estimated from the 
same curve without additional measurements. 

Next the numerical solution to the flow equa- 
tions is used to examine the influence of solute flow 
at the tonoplast on turgor pressure relaxations. 

The Three-Compartment Model 

Tyree [13] showed by n u m e r i c a l  solution of the flow 
equations that the change in cell turgor with time, 
following a disturbance from the equilibrium state, 
does not exhibit a simple exponential course if the 
water conductivity of the tonoplast and the internal 
compartmentation of the cell into vacuole and cyto- 
plasm are considered. In the following, we will 
demonstrate that the phenomenological equations 
for water flow at the plasmalemma and tonoplast 
can be solved a n a l y t i c a l l y  and that the change of 
turgor with time, following a disturbance, is repre- 
sented by the superposition of two exponential 
functions. We assume that solute flow J~ at both 
membranes can be neglected. The following analy- 
sis, therefore, is valid when the external medium 
contains only impermeable or weakly permeable 
substances (reflection coefficient o- = I, solute per- 
meability o0 = 0). The effect of possible solute flows 
at the tonoplast will be examined in the next chap- 
ter. The calculations are based on the model shown 
in Fig. I. The three nested compartments represent 
the external space (1), the cytoplasm (2) and the 
vacuole (3), respectively, and are separated by the 
membranes p and t (plasmalemma and tonoplast). 
Both hydrostatic and osmotic pressure gradients 
can be established across membrane p, while mem- 
brane t is subject only to an osmotic pressure gradi- 
ent. The solutions in compartments 1, 2 and 3 con- 
tain impermeable and weakly permeable solutes. 
The solutions are well stirred in all areas so that the 
concentration in the individual compartments is ho- 
mogeneous at all times. The outside compartment is 
large compared to the cell volume so that the os- 
motic pressure of the bathing solution can be con- 
sidered as constant. It is assumed that the concen- 
tration differences across the membranes are small 
compared with the concentrations in the cell com- 
partments. The volume flows through the plasma- 
lemma and the tonoplast are equal to the water flow 
when solute flow is neglected. Adapting the conven- 
tion of positive flow being from outside to inside 
and defining the pressure of the external compart- 
ment as zero, the water flow is described by the 
following equations derived from the thermody- 
namics of irreversible processes [6, 10]: 

J~p = L p p { P  - (rria - rc]) - o'p(rr~ - 7r~)} (1) 

Jo, = - L p , { ( r r ~  - rri2) + o-t(rr~ - 7r~)} (2) 

where J~p = volume flow across the plasmalemma, 
Jot = volume flow across the tonoplast, Lpp  = hy- 
draulic conductivity of the plasmalemma, L p t  = hy- 
draulic conductivity of the tonoplast, o-~ = reflec- 
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tion coefficient of the plasmalemma for permeable 
solute, ~r, = reflection coefficient of the tonoplast 
for permeable solute, P = turgor pressure, r = os- 
motic pressme, i = impermeable solute (super- 
script), s = permeable solute (superscript) and 1,2,3 
= compartments 1, 2 and 3 (subscript). 

For t < 0 the cell is assumed to be in equilib- 
rium with the external space. For Jvp = 0 and Jvt = 
0, the following relationship is obtained for the equi- 
librium turgor Po and the osmotic pressures of the 
inner compartments ~r~o (k = 2,3; r = i,s): 

Po = (~'~o - ~'~) + o-A~r~o - ~'[) 

= (Trlo + o-~. ~'~o) - (~'i + o-~. ~'~I) 

~ o  + ~,"  ~ o  = ~'~o + o-,. ~ o .  

(3) 

(4) 

Equation (3) implies that turgot pressure is bal- 
anced by an osmotic pressure gradient, and Eq. (4) 
emphasizes that the turgot pressures in compart- 
ments 2 and 3 are equal at equilibrium. 

For the sake of brevity, the following symbols 
are introduced for the effective osmotic pressures: 

~~ := ~r~ + o-~, �9 ~r~i 

7r,,p := rr~,, + O-p-rd,, 
:g " i s ~'o~ :=  ~'~_,, + o-t- ~r';,, = Ir3,, + o-~" ~r~,. 

(5) 

(6) 

(7) 

It should be emphasized that these symbols must 
not be interpreted as osmotic pressures of a certain 
compartment.  The indices p and t imply that these 
symbols are linked to a membrane rather than to a 
compartment.  Equations (6) and (7) imply that ~'o~ 
and 7r*t are not equal if the reflection coefficients of 
the plasmalemma and the tonoplast are unequal. In 
terms of these abbreviations, Eq. (3) can be written 

* - - T r y .  a s  P = 7top  

In the following, a hydrostatically induced pres- 
sure relaxation is analyzed. At time t = 0, the sys- 
tem is moved from equilibrium by changing the tur- 
gor pressure from Po to a value P~ 4= Po. The 
permeability of the membranes to solutes is as- 
sumed to be low compared to the membrane perme- 
ability to water. Therefore, the contribution of sol- 
ute flow to the change in the osmotic pressures in 
the cell compartments is negligible in comparison to 
that caused by water flow. For the tonoplast, even 
higher permeabilities can be permitted before it is 
necessary to take solute flow into account ( see  next 
chapter). 

The change of the osmotic pressures in the cell 
compartments after the disturbance (t > 0) can be 
expressed by the volume changes of the relevant 
compartments.  The following equations hold for the 
cytoplasm: 

i 
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Fig. 1. Three-compartment  model of  the plant cell. The space is 
divided into external space (1) and the cell compartments cyto- 
plasm (2) and vacuole (3). The nested compartments  are sepa- 
rated by the plasmalemma (p) and the tonoplast (t). Across the 
membrane t, only an osmotic pressure gradient can be built up, 
whereas an additional hydrostatic pressure gradient (turgor pres- 
sure) is present across membrane p. Turgor pressure P develops 
due to the presence of  an elastic cell wall (w). During a relaxa- 
tion, the osmotic pressures (Try, ~-~, 7rg, lr~) and the turgor pres- 
sure in the compartments  2 and 3 are functions of time. The 
hydrostatic pressure of  the external space is zero by definition 
and the osmotic pressures of  the solutes (Try, ~r~) are constant 

v2 [ AV2(t)] 
~( t )  = ~ o "  V2 + AV2(t) ~o  Z - --V~ J,~=,.,, (8) 

and for the vacuole: 

v3 [1 A V3(t)] (9) 
~ ( t )  = Trio' V3 + AV3(t) "rcr3~ -- V---~J(~=i.~l  

where V2, V3 are the compartment volumes at equi- 
librium (t -< 0) and AV2, AV3 are the volume changes 
in each compartment (t > 0). The approximations at 
the right are valid for AV2(t) /V2 ~ 1 and AV3(t)/V3 
1. 

The net volume change of the cytoplasm during 
the pressure relaxation consists of the water flow 
between the external space and the cytoplasm and 
of the flow between the cytoplasm and the vacuole. 
Let AV' denote the volume change of the cytoplasm 
due to the water exchange with the outside com- 
partment (positive for water influx and negative for 
water efflux), and let AV3 denote the volume change 
of the vacuole (positive when vacuolar volume is 
increased and negative when it is decreased). Since 
a volume change of the vacuole can be effected only 
by a water exchange with the cytoplasm, the net 
volume change of the cytoplasm during the pressure 
relaxation AV2 may be written as: 

AV2(t) = A V ' ( t )  - AV3(t). (10) 
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The amount of volume AV' exchanged with the out- 
side is directly related with a pressure change Ap by 
Eq. (11): 

A V ' ( t )  = Vo A P ( t ) =  Vo �9 ~ -  (P(t) - Pi) (11) 

where e is the volumetric elastic modulus of the cell 
wall, and Vo is the cell volume prior to the relaxa- 
tion. Combining Eqs. (8), (10) and (11) the osmotic 
pressure of the substances (i,s) dissolved in the cy- 
toplasm can be represented by: 

Vo {P(t) - P,} AV3(t)] 
rrg_(t) = r4o I - ~ .  g- + V-~'-J,~=,.~," (12) 

By substituting Eqs. (9) and (12) into Eqs. (1) 
and (2), rearranging, and ordering related terms, we 
obtain Eqs. (13) and (14) for the volume flows 
across the plasmalemma and the tonoplast: 

[[ ~o;, V d ~o5 
Jo, = Lp ,  ] + ~ .~TVTj . P(t)  - -9-72 Av~(t) 

, [  P~v, , ]  ] 
rr,,p I + e.. v2J + ~r~' (13) 

, vo[] , f , ]  
Jo, = - L p , .  ~ro, " ~  7 '  P(t) - ~ .  • - 7- (14) 

where Vo = V2 + V3 and the effective osmotic pres- 
sures (~ro*, ~r*,) were defined in Eqs. (6) and (7). The 
following equations also hold for Jvp and Jr,. The 
negative signs indicate that the positive direction of 
water flow is from inside to outside (i.e. AV' < 0). 

1 d A Y ' ( t )  Vo dP(t)  
J v p  ~-  - ~pp  " dt  = - Ap �9 e dt  (15) 

1 dV3(t) 1 dAV3(t)  
J vt = - a-Tt' d---~- = - a~t' dt  (16) 

where Ap = area of exchange of the plasmalemma 
and At  = area of exchange of the tonoplast. 

Combining Eq. (13) with Eq. (15) and Eq. (14) 
with Eq. (16), a system of two coupled linear differ- 
ential equations results with the general form: 

+ a �9 P + b �9 A V  3 = c ;  i ~ := dP/d t  (17) 

and 

AI)3 + d .  A V  3 + e " P = f ;  A~)3 := dAV3/d t  (18) 

where the parameters a to f are given by: 

a = A t , .  Lp~, ~,,  + - V ~ |  

8 
b = - A p  �9 Lpp �9 rc,,~ V,," V2 

8 { , + , __Pi . Vo 
c = Ap"  Lpp ~ re,,, rC,,p" a V2 

, go 
d = At  " Lp t  " reot V 2 -  V3 

Vo 
e = - A t ' L p , ' r e , t e .  V2 

, P i "  V,, 
f = - A t  " L p , "  re,,, e �9 V2 

- -  - ~ - T ]  

(19a) 

(19b) 

(19c) 

(19d) 

(19e) 

(19f) 

These first-order differential equations can be 
transformed into a single second-order differential 
equation (Appendix A): 

/ 5 +  (a + d ) . / 5  + ( a .  d 

- b .  e ) ' P +  ( b . f -  d . c )  = 0 (20)  

with t6 := d2p/d t  2. 

The solution to this equation is the sum of (i) the 
solution to the homogeneous equation ,6 + (a + b) �9 
/5 + (a �9 d - b �9 e) �9 P = 0 and (ii) a special solution 
to the inhomogeneous Eq. (20), for which a con- 
stant P~ can be taken [8]. Here we arrive at the 
central equation of the three-compartment model: 

P(t)  = cq �9 eq  "t + Oez �9 ek2 "t + P~ 

where 

(21) 

a + d / ( a  - d) 2 
kl,2 - + ~ /  + b �9 e (22)  

2 - 

and 

( d .  c - b . f )  
Pe = (a " d -  b "  e) (23) 

Equation (21) shows that the time dependence 
of turgor pressure relaxation after a disturbance of 
the equilibrium condition by a change in turgor 
pressure can be described by the sum of two expo- 
nential functions. As has previously been well dem- 
onstrated for isotope flows among serial compart- 
ments [15], so also for volume flows under osmotic 
gradients, the two observable rate constants are 
complicated functions of all system parameters. 

The appearance of two relaxation components 
can be explained in the following simplified way. 
When the cell turgor is increased by means of a vol- 
ume change with the aid of the pressure probe, a 
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hydrostatic pressure gradient is established across 
the plasmalemma but not across the tonoplast. Ini- 
tially, the net volume flow is determined only by the 
hydraulic conductivity of the plasmalemma. The 
volume loss, i.e. the water flow to the outside, 
brings about an increase in the osmotic pressure of 
the cytoplasm. Since the osmotic pressures of the 
cytoplasm and vacuole were equal initially, only 
now is an osmotic pressure gradient established 
across the tonoplast. This results in osmotically 
driven water flow from the vacuole into the cyto- 
plasm. Therefore, a second conductivity, the hy- 
draulic conductivity of the tonoplast, now influ- 
ences the net flow to the outside compartment. If 
the hydraulic conductivity of the tonoplast is not 
substantially higher than that of the plasmalemma, 
the kinetics of water transport must slow down cor- 
respondingly. The same considerations apply-- 
with reversed signs and reversed directions of 
flow--to a relaxation following a decrease in pres- 
sure. 

If the resolution of a pressure relaxation is high 
enough, amplitudes and half-times of the two expo- 
nential components are experimentally accessible. 
The parameters oq, o~2, kj and k2 are clearly defined 
by the cell parameters. Therefore, four linear inde- 
pendent equations must exist which can be resolved 
into various cell parameters and thus be used for 
their calculation. Two such equations are given by 
Eqs. (24) and (25) and these follow from a combina- 
tion of Eqs. (17), (21) and (23) with the boundary 
conditions P ( t  = O) = P i  and A V 3 ( t  = 0) = 0: 

oq �9 k~ + ~ 2  " k2  + a �9 P i  = c (24) 
(b.  f -  d .  c) 

Oil -}- OL2 - -  ( a  �9 d - b �9 e )  = P i  (25) 

or rearranged: 

c -  a " P i  = eq . kl + ~2 " k2 (26) 

(b . f -  a .  c) 
+ Pi  = aj + a2. (27) 

(a �9 d - b �9 e) 

by the plasmalemma (Tro*)0. Furthermore, the vol- 
ume proportion occupied by the cytoplasm ( V 2 / V , )  
and the product of the effective osmotic pressure of 
the vacuolar sap, the surface area and the hydraulic 
conductivity of the tonoplast (fro* �9 A t  �9 L p t )  can be 
calculated. Since the resolution of the equations 
into the corresponding cell parameters with the aid 
of Eqs. (19a) to (19f) and the equilibrium relation 
from Eq. (3) is troublesome but not difficult, the 
calculations are not presented here. The important 
results are: 

Wo 

LPr' = e " A p  

7Top ~ ~ " Z 

V2 

- - . q  

q 2 . z .  (1 + z) 

V,, {q2 + (k t  + k 2 ) ' q } ' ( l  + z) + k1 "k2 

L p ,  " A t  . rr,,*; = - - f , ]  " . k ,  + k2 + q " 1 + ~ 7 " z  

cq �9 kl  + c~2 �9 k ,  Pc. - P,,  
w i t h q . -  P o -  Pi - a n d z .  p , _ p r  

(30) 

(31) 

(32) 

(33) 

These equations must be discussed in more de- 
tail because they are the key equations for a com- 
partment analysis of plant cells using the pressure 
probe technique. Equation (30) for the calculation 
of the hydraulic conductivity of the plasmalemma is 
easily understood if one bears in mind that the term 
(cqkl + a2k2) in q describes the initial slope of the 
relaxation curve s I, = (dP/dt){t=o). It shows clearly 
that at t = 0 only the hydraulic conductivity of the 
plasmalemma is important. 

By solving Eq. (31) for Pe, the expression Pe = 

Po + A p .  * * rrop/(e + rrop) is obtained. This is the 
turgor pressure at equilibrium following a relaxation 
and is completely analogous to the result from the 
two-compartment model [tl]. This is expected 
since Pe is an equilibrium parameter and should be 
independent of the internal compartmentation of 
the cell. 

In principle, Eq. (31) can be used to determine 
the reflection coefficient of the plasmalemma O-p. 
Combining Eqs. (6) and (31) we obtain: 

Two further expressions are obtained by form- e 
ing linear combinations of kl and k2 from Eq. (22). O-p . . . .  
The following system of equations is obtained: ~r~~ 

(a - d) 2 + 4 �9 b �9 e = (kl - k2) 2 

a + d =  - (kl + k2). 

(28) 
(29) 

Equations (26) to (29) are suitable for the deter- 
mination of the hydraulic conductivity of the 
plasmalemma (Lpp)  and the calculation of the effec- 
tive osmotic pressure of the cytoplasm as controlled 

P e  - P o  7ri2o 

P i  - -  P ~  7r~o 
(34) 

The application of Eq. (34) is limited because 
the osmotic pressures ~r~o and rr~o are usually not 
known. Furthermore, the entire analysis presented 
thus far has assumed that crp is close to 1, and solute 
flows have not been considered. Nevertheless, Eq. 
(31) is extremely useful in the case of a perfectly 
semipermeable membrane, i.e. for o- = I and 7r~o = 
0: 
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z = - - "  (35) 

The use of this relation for z in Eqs. (32) and 
(33) is preferable to that of the original definition, 
since the volumetric elastic modulus e of the cell 
wall and the osmotic pressure of the cell sap ~-~o can 
often be determined more accurately than the term 
Pe - Po,  which is small in the case of cells with large 
e values. 

Equation (32) yields the cytoplasmic volume 
V2, if the total volume of the cell Vo was deter- 
mined, either by measuring the dimensions of the 
cell under the microscope or by using the pressure- 
clamp technique [16]. The volume of the vacuole is 
then obtained using the relation 1/3 = Vo - 1/2. 

The calculation o f  L p t  from Eq. (33) requires an 
estimate for the surface area At as well as for the 
reflection coefficient o-t of the tonoplast. Since the 
accuracy of such estimates is difficult to evaluate, 
statements about the hydraulic conductivity of the 
tonoplast may be subject to systematic errors. Even 
in the case of an ideally semipermeable membrane 
(err = 1), without further assumptions about the sur- 
face area of the tonoplast, only the product At  �9 Lp t  
can be determined. If, for example, compartment 3 
is divided into several vacuoles or if the tonoplast 
membrane is folded, L p t  will be overestimated be- 
cause the surface area is actually larger than was 
estimated by the cell's geometry. The possible con- 
dition crt < 1, on the other hand, leads to an under- 
estimation of Lpt .  

An additional complication arises from the fact 
that the tonoplast can be permeable to solutes with- 
out affecting the stability of cell turgor pressure. 
Turgot pressure is influenced by solute flow and 
water flow through the plasmalemma. Since turgor 
pressure is the only parameter under observation, 
no information is gained about the solute permeabil- 
ity of the tonoplast from pressure relaxations. In the 
next section the extent to which this might affect 
the reliability of the calculated values for Lp ,  is dis- 
cussed. 

Numerical Solution of the Flow Equations 

In the preceding chapter, an analytical solution of 
the volume flow equations for the plasmalemma and 
the tonoplast was presented. The solute flow across 
both membranes had to be neglected for the sake of 
simplicity. It is a challenging question, however, to 
determine the extent to which the time course of a 
pressure relaxation is influenced by solute flow. 

Let us first consider the plasmalemma alone. 
Here, a few simple observations lead to a qualita- 
tive understanding of the turgor pressure behavior 

in the presence of solute flow through the mem- 
brane. Consider what happens when a turgor pres- 
sure relaxation is initiated by adding a solute to 
which the plasmalemma is permeable. In this case, 
turgor pressure would pass a transient state due to 
the difference in transport rates of water and solute, 
but the eventual equilibration of solute concentra- 
tion on both sides of the membrane would reset the 
osmotic gradient and the cell turgot pressure to the 
initial values present before the solute was added. 
Two phases of the pressure transient can readily be 
distinguished. An initial phase where water trans- 
port is predominant and a second phase where sol- 
ute movement is predominant, but in the opposite 
direction. Recently, these phenomena were care- 
fully examined by Steudle and Tyerman [9], who 
calculated values for the reflection coefficients and 
membrane permeabilities of several solutes from 
the biphasic turgot transient. In another case of in- 
terest, the plasmalemma is permeable to all solutes 
inside and outside the cell. As the concentrations 
would slowly equilibrate in both compartments, tur- 
got would drop to zero. Both phenomena are easily 
detected experimentally. In experiments designed 
to measure L p ,  turgor pressure is constant before 
and after the measurement. From this, we can con- 
clude that net solute flow at the plasmalemma can 
generally be neglected. This is not necessarily true 
for the tonoplast. At equilibrium, there can be no 
hydrostatic pressure gradient or osmotic pressure 
gradient across the tonoplast. During exosmotic 
and endosmotic water flows, however, an osmotic 
gradient can develop across the tonoplast. There- 
fore, the solute permeability of the vacuolar mem- 
brane can influence the osmotic driving force for 
water flow between the cytoplasm and the vacuole. 
Thus, the time course of a pressure relaxation is not 
easily estimated. 

When the plasmalemma is regarded as a per- 
fectly semipermeable membrane and the tonoplast 
as a permeable membrane, we have the following 
set of phenomenological equations for the volume 
flows and the solute flows at the membranes: 

Plasmalemma 

Jop = Lpp{P  - (~r~ - ~r~)} 

Tonoplast 

Jot = - L p t  " o't('Fi'~ - -  7T~) 

J , ,  = (1  - ~rt)ds �9 Jot  + c o , ( ~  - ~r~) 

(36) 

(37) 

( 3 8 )  

where Jst = solute flow at the tonoplast, ~ = mean 
concentration of permeable solute, o~t -- coefficient 
of solute permeability P~ for the tonoplast, oJ, = 
P f l ( R  �9 T)  and other parameters are as before (R 
and T have the usual meaning). 
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These equations were numerically integrated 
for various cell parameters using the computer pro- 
gram which is described in Appendix B. The results 
of this analysis are of special interest and will be 
considered in more detail. 

Equation (38) tells us that J.,, is the sum of a 
solvent drag term J;  and a diffusion term J~' given by 

J~ = (1 - o-,)(.,. Jr, (39) 

and 

J~l = w,(~; - ~-~,) (40) 

with 

j ,  = j ;  + j,!. (41) 

As o-t is Jess than or equal to unity and 0, is positive, 
the solvent drag J~ has the same direction as the 
volume flow Jo,. If volume flow occurs from the 
vacuole to the cytoplasm, Jo, is positive by conven- 
tion and J~ is positive from Eq. (39). A positive 
volume flow at the tonoplast means that rr>~ is larger 
than ~-~ from Eq. (37). Consequently, Ji~ is negative 
in this case from Eq. (40). Therefore, the two com- 
ponents of the solute flow have opposite directions. 
Figure 2 illustrates the situation at the two mem- 
branes during a pressure relaxation. 

The following procedure will be applied to illus- 
trate both the influence of the solvent drag J~ and 
the diffusion flow J',! at the tonoplast on the time 
course of a pressure relaxation, and the combined 
action of the two effects: 
a) We take a computer program (Appendix B) 

which is able to account for side effects that 
were neglected in the analytical solution for 
pressure relaxations for the sake of simplicity. 

b) We calculate a pressure relaxation with this com- 
puter program. The result should match reality 
better than the analytical solution. 

c) We treat the result as if it were an experimental 
curve obtained in a real experiment. 

d) We calculate the hydraulic conductivities by ap- 
plying the calculus derived analytically to this 
hypothetical experiment. 

e) We compare the result for Lpp and Lpt thus ob- 
tained with the value actually used in the com- 
puter program to create the curve. 

f) We attribute the difference of the Lpp- and Lp,- 
values to the side effects that the computer pro- 
gram was able to account for, but that the ana- 
lytical solution had to neglect. 

The cell parameters chosen as input to the corn- 

P (f} P (t)  

J~ -/ (d~ffusjon/ " ~  

s~ie~t drag) P 

P:=O 

Jvp 

Fig. 2. Volume flows and solute flows at the p la smalemma and 
the tonoplast during a p ressure  relaxation. The pressure  relaxa- 
tion is supposed  to be induced by a posit ive or  negative pressure  
step AP. Volume flows are denoted by ::> for AP > 0 and by <:: 
for Ap  < 0, and solute f lows by ~ for AP > 0 and by -~:~ for  Ap  < 
0. The tonoplas t ,  which  is subject  to osmot ic  pressure  differ- 
ences  alone, is a s s u m e d  to be permeable .  The p la smatemma is 
a s su med  to be impermeable  to solutes,  t = tonoplast ,  p = 
p lasmalemma,  w = cell wall, J~ = volume flow, J~ = solvent  
drag, J~' = diffusional flow, P(t) = turgor  pressure ,  rr~, - osmot ic  
p ressure  in compar lmen t  k (=, I, 2 .3 )  

puter program (step a) were those obtained from a 
real pressure relaxation experiment with Chara cor- 
atlina. The experiment is shown in Fig. 3 and was 
analyzed using the three-compartment model. (The 
simulation of a pressure relaxation on the basis of a 
related experiment makes a later comparison eas- 
ier.) The cell parameters used were: 

Vo = 24.2/xl,  Ap = 121 m m  2, A, = 109 m m  2, e = t45 bar, 

Lpp = 4.3 • 10-Scm sec i b a r - l  Lp~= 3.1 

x 10 -5 cm sec -~ ba r  -~, 

V2/Vo = 7.2%, rr~(t < 0) = 7r~(t < 0) = 4.19 bar, 

r = 3.98 bar  (i.e. AP(t < 0) = 0.21 bar), AP(t = O) 

= 0.382 bar. 

Figure 4 shows the semilogarithmic plot of five 
numerically calculated pressure relaxation curves 
based on these data (step b). The plasmalemma was 
assumed to be perfectly semipermeable (o-p = 1 and 
wp = 0). The solute permeability P, and the reflec- 
tion coefficient or, of  the tonoplast, however, varied 
for each curve as listed in Table 1. Note that o-, �9 Lp, 
was kept constant. Thus, differences in the driving 
force for volume flow at the tonoplast can clearly be 
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Fig. 3, Semi[ogarithmic plot of  turgor relaxation in Chara coral- 
lina. A cell turgor ofPo = 0.21 bar was achieved by addition of 
sorbitol to the external medium (artificial pond water, for compo- 
sition see following paper ll). Two phases are clearly distinguish- 
able (A). After subtraction of the slow component  with an ampli- 
tude of 58 mbar and a half-time of 11.3 see, an exponential 
function with an amplitude of  106 mbar and a half-time of  ! .5 sec 
is obtained for the remaining values (B). An evaluation on the 
basis of  the three-compartment  model provides 4.3 x 10 5 cm 
s e c t  bar-S of  the hydraulic conductivity of the plasmalemma 
and 3.1 x 10 -~ cm sec -~ bar -~ for that of  the tonoplast. The 
cytoplasm was found to occupy 7.2% of the total volume. Cell 
data: Vo = 24/xl, Ap = 121 mm 2, e = 145 bar. Assumptions: ~p = 
c q =  1.0, A t =  109mm 2 = 0 , 9 " A p  

attributed to changes in the osmotic gradient (see 
Eq. 38). 

Curve 1 (dashed) in Fig. 4 represents the course 
of the pressure relaxation for the ideal case Js = 0 
and corresponds to the measured curve illustrated 
in Fig. 3. In curves 2 and 3, only the diffusional flow 
at the tonoplast is considered while the solvent drag 
term vanished due to 07 = t. Diffusional flow had 
the effect of decreasing the half-time of the slow 
relaxation component and therefore speeding up the 
whole relaxation process. In curves 4 and 5, the 
solvent drag term was considered while diffusional 
flow was excluded because Ps = 0. This resulted in 
a decrease of the rate of the relaxation process, as 
the half-time of the slow relaxation component was 
increased. A more detailed explanation of these ef- 
fects is given below. 

Suppose now that the calculated curves of Fig. 
4 were obtained as experimental curves from five 
different cells (step c). A reasonable concept would 
be to apply the mathematical calculus of the three- 
compartment model which was derived in the pre- 
ceding chapter to the curves assuming that there are 

"E 

QY 
i 
~- O. i00 

O,OSO 

0"010 I 

0"005 I 

0.001 

mcreaslng solvent 
drog 

increasing ~ \ \  S 
diffus~on~l flow 

o 2o 4o Go 8o t I s )  

Fig. 4. Effect o f  diffusional flow and solvent drag across the 
tonoplast on numerically calculated turgor relaxations. The 
semilogarithmic plot demonstrates  the effect of solute flow 
through the tonoplast.  The plasmalemma was assumed to be 
impermeable to solutes. Curve 1 (dashed); without solute flow 
across the tonoplast.  Curves 2 and 3: effect of a diffusional flow 
across the tonoplast.  Curves 4 and 5: effect of solvent drag 
across the tonoplast.  For the calculations, the cell parameters of 
Fig. 3 and the membrane parameters of Table 1 have been used 

no solute flows either across the plasmalemma or 
across the tonoplast. First, the half-times and am- 
plitudes of the two exponential compartments are 
determined by fitting the slow component of each 
curve to an exponential, subtracting this curve from 
the data set and fitting the remaining data to a sec- 
ond exponential function. The procedure can be 
done by hand or by computer as described in paper 
II. Then, Eqs. (30), (32), (33) and (35) are applied 
(step d). It should be kept in mind that these equa- 
tions were derived for the special case of ideally 
semipermeable membranes. 

Table 2 is a listing of the hydraulic conductivi- 
ties of the plasmalemma and the tonoplast and the 
relative cytoplasmic volumes obtained from such an 
analysis. These values are now compared to those 
in brackets that have actually been chosen for the 
creation of the curves and are therefore referred to 
as the " t rue"  values (step e). The agreement be- 
tween the calculated and " t rue"  values from the 
hydraulic conductivity of the plasmalemma Lpp is 
fairly good for all curves. This agreement is also 
found in the case of the relative cytoplasmic vol- 
ume. 

However, deviations from the bracketed values 
occur for the hydraulic conductivity of the tono- 
plast Lp,  In the case of curve 3, representing a 
strong solvent drag effect, Lpt would have been 



S. Wendler and U. Z immermann:  Turgot  Pressure  in Plant Cells: 1. 129 

Table 1. Membrane  parameters  for the tonoplast  used in numeri-  
cally calculated pressure  relaxations to demonst ra te  the effect of  
solvent  drag and diffusional flow ~ 

P~ = oJ, . R " T o - ,  Lp, 

(cm sec ~) (cm sec i bar i) 

Curve 1: 0 1.0 3.1 x 10 -5 
Curve  2: 3 x 10 -5 1.0 3.1 x 10 s 
Curve  3: l x 10 -4 1,0 3.1 x 10 5 
Curve 4: 0 0.8 3.9 x 10 _5 
Curve 5: 0 0.5 6.2 x 10 5 

The numbered  curves  refer to the curves  shown in Figs. 4 to 6. 

overestimated by 74%, whereas in the case of curve 
5 representing a strong diffusion flow effect, Lp, 
would have been underestimated by 76%. This find- 
ing clearly demonstrates that measurement of the 
hydraulic conductivity of the tonoplast is subject to 
a systematic error, due to the uncertainty about the 
solute flows occurring at the tonoplast (step f). In 
addition, there may be an error resulting from the 
uncertainty about the actual surface area of the 
tonoplast, as already discussed in the preceding 
chapter. 

Now we turn to the question why pressure re- 
laxations are retarded by solvent drag effects and 
accelerated by diffusional flow effects at the tono- 
plast. We must understand how the osmotic pres- 
sures in the cell compartments are influenced by 
solute flow at the vacuolar membrane, because they 
are part of the driving force for volume flow. Since 
the computer keeps track of the pressure behavior 
and that of the osmotic pressures and the compart- 
ment volumes during the iterations, ~r~ and ~-; are 
readily obtained as functions of time. 

Figure 5 shows the computer output for the os- 
motic pressures in the individual compartments, 
where each numbered curve corresponds to a pres- 
sure curve in Fig. 4 with the same numeral. The 
qualitative behavior of ~-~ and 7r~ will be explained 
with our attention focussed on curve 1. This curve 
represents the case of an ideally semipermeable 
tonoplast. The water flow across the plasmalemma 
at the onset of relaxation causes the osmotic pres- 
sure of the cytoplasm to increase rapidly (Fig. 5A, 
curve I). The resulting osmotic gradient across the 
tonoplast then drives water out of the vacuole into 
the cytoplasm (Fig. 5B, curve 1). Curve ! of Fig. 4 
implies that turgor pressure drops rapidly at the 
same time, thus decreasing the driving force for wa- 
ter flow across the plasmalemma. At this moment, 
the volume flow from the vacuole to the cytoplasm 
predominates and the osmotic pressure of the cyto- 
plasm decreases from its maximum (Fig. 5A, curve 
1). After about 100 sec from the onset of the relaxa- 

Table 2. Hydraul ic  conductivit ies o f tonoplas t  and p lasmalemma 
as derived from the theoretical pressure  curves  of  Fig. 4" 

L p p .  10 s L p t .  105 Relative 
(cm sec z bar-~) (cm sec -~ bar i) cytoplasmic 

volume 
(%) 

Curve  1: 4 .4(4.3)  3.1 (3.1) 7.1 (7.2) 
Curve 2: 4.4 (4.3) 3.8 (3.1) 7.0 (7.2) 
Curve  3: 4.5 (4.3) 5.4 (3.1) 6.9 (7.2) 
Curve 4: 4.4 (4.3) 2.5 (3.9) 7.1 (7.2) 
Curve 5: 4.3 (4.3) 1.5 (6.2) 7,1 (7.2) 

a The values were calculated from the ampli tudes and ha/f-times 
of the two componen ts  of  the relaxation processes  using the key 
equat ions of the three-compar tment  model (Eqs. 30, 32, 33, 35), 
The values that were actually used for the construct ion of  the 
curves  are given in brackets.  The discrepancy is due to a solute 
flow across  the tonoplast  which is neglected by the three-com- 
par tment  model in its idealized form. 
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o zo 4o ~o 8o t (s) 

Fig. 5. Effect of  diffusional flow and solvent  drag across the 
tonoplast  on the changes  of  the osmotic  pressures  in the cyto- 
plasm (A) and the vacuole (B) during the calculated pressure  
relaxations shown in Fig. 4. Curve 1 (dashed): without solute 
flow across  the tonoplast .  Changes  in ~-) and ~r~ are due to the 
water  flow across  the p l a sma lemma and the tonoplast .  Curves  2 
and 3: effect of  a diffusional flow across the tonoplast .  Curves  4 
and 5: effect of  a solvent  drag across  the tonoplast .  Solute per- 
meabilities and reflection coefficients of  the tonoplast  for each 
curve are listed in Table 1 

tion, r ~r~ and (P + ~'~) have assumed the same 
value, and a new equilibrium is established. 

Diffusional flow through the tonoplast has the 
following effect. The greater the permeability of the 
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Fig. 6. Effect of diffusional flow and solvent drag across the 
tonoplast on volume changes of  the cytoplasm (A) and the vacu- 
ole (B) during the pressure relaxations shown in Fig. 4. Curve 1 
(dashed): without solute flow across the tonoplast. Curves 2 and 
3: effect of  a diffusional flow across the tonoplast, Curves 4 and 
5: effect of  a solvent drag across the tonoplast. Solute permeabil- 
ities and reflection coefficients of the tonoplast for each curve are 
listed in Table 1 

tonoplast (Figs. 4 and 5, curves 2 and 3) the more 
particles follow the transient osmotic gradient from 
the cytoplasm into the vacuole (~'~ - ~-) < 0). This 
lessens the increase in the osmotic pressure of the 
cytoplasm and simultaneously maintains a greater 
driving force P - (~r~ - 7r]) for water flow across 
the plasmalemma. Therefore,  the volume loss from 
the cytoplasm is accelerated, and the half-time of 
the slow component  is shortened (cf. Fig. 4, curves 
2 and 3). Consequently,  the cell that is represented 
by the three-compartment  system reaches a new 
stationary state earlier than in the case where no 
solute flow is present.  

When solvent drag instead of diffusion flow at 
the tonoplast is considered, the direction of solute 
movement  is seen to reverse.  As solute flow is cou- 
pled to water  flow "from the vacuole to the cyto- 
plasm, the osmotic pressure of the cytoplasm is in- 
creased more (Fig. 5A, curves 4 and 5) relative to 
the case without solute flow (curve 1) and remains 
at a higher level for a longer time. At the same time, 
the driving force for volume flow across the plasma- 
lemma is always smaller than before. This explains 
why the corresponding pressure relaxations (Fig. 4, 
curves 4 and 5) are slowed down. 

Finally, Fig. 6 illustates how the volumes of the 
cell compartments change during the same hypo- 
thetical experiments.  From the different plateau 
values reached at t = 100 sec it is understood that 
the total volume change of the cytoplasm and the 
vacuole is different depending on the case under 
consideration. For example, the vacuole loses more 
water when flow coupling occurs at the tonoplast 
than with an ideally semipermeable membrane (Fig. 
6, curves 4 and 5, compared to curve I). At the 
same time, the cytoplasm gains the corresponding 
amount. The reverse is true in the case of diffu- 
sional flow (Fig. 6, curves 2 and 3). 

In reality, solute flows by diffusion and solvent 
drag always occur  together,  because both processes 
are dependent  on the permeability of the membrane 
and therefore cannot be separated. Since the flows 
occur  in opposite directions, the effects of the indi- 
vidual processes may cancel each other  to some 
extent,  depending on their magnitude. A permeable 
tonoplast may even behave like an ideally semiper- 
meable membrane during pressure relaxation, if the 
effects cancel completely. This is the case when the 
following relationship between the reflection coeffi- 
cient o-,, the coefficient of  solute permeability ~o, 
and the hydraulic conductivity Lp,  holds: 

co, = L p , .  e, (1  - o - 3 m  (42) 

1 
where the mean concentration ( ,  - 2 R T  (rr~(t) + 

~-~(t)) is regarded as virtually constant. The changes 
of ds in time are generally of  the order of only 1% 
(Fig. 5), so that they can be neglected to a first 
approximation. To arrive at Eq. (42), we substituted 
Jvt in Eq. (38) by the right-hand side of Eq. (37), 
divided by (~r~ - cry) (4= 0 for t -< 0) and solved co, for 
J ,  = O. 

C o n c l u s i o n  

The compartmentat ion of a plant cell into vacuole 
and cytoplasm was considered with regard to its 
consequence for pressure relaxations. In the con- 
text of an extended view of a plant cell which we 
call the three-compartment  model, the volume flow 
equations were solved analytically. It was assumed 
that the tonoplast and the plasmalemma were ide- 
ally semipermeable membranes.  Under these as- 
sumptions, a pressure relaxation was shown to be 
the sum of two exponential  functions. Theory 
shows that the magnitude of  the hydraulic conduc- 
tivities of the plasmalemma and the tonoplast can 
be evaluated from a single pressure relaxation if the 
resolution of the experiment  is high enough to sepa- 
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rate the two exponential components. The reliabil- 
ity of values for the hydraulic conductivity of the 
tonoplast, however, depends on the knowledge of 
the surface area and the reflection coefficient of the 
tonoplast membrane. The evaluation of a pressure 
relaxation in the context of the three-compartment 
model also yields the volumes of the cytoplasm and 
the vacuole. 

Allowing for solute flow across the tonoplast, 
the numerical solution of the flow equations showed 
that diffusional flow across the tonoplast alone had 
the effect of accelerating the pressure relaxation, 
whereas solvent drag alone resulted in a retardation 
of the pressure relaxation. In both cases, however, 
the two components of the relaxation curve could 
clearly be distinguished. As diffusional flow and sol- 
vent drag always occur together in a real plant cell, 
their effect on pressure relaxations may partially 
cancel each other. It is interesting to note that cases 
were shown to exist where a permeable tonoplast 
even behaves as if it were impermeable for solutes 
during a pressure relaxation. 
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Appendix A 

The first-order differential Eqs. (17) and (18) given in the text are 
transformed into a single second-order differential equation as 
follows: 

P + a .  P + b -  A V 3 =  c; 

A(/3 + d .  AV3 + e . P = f;  

~6 : = dP/dt (17) 

AI~3 := dAV3/dt. (18) 
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P and AV3 are functions of time, the parameters a to f a r e  con- 
stants. Solving Eq. (17) for AV3 and Eq. (18) for AI)3 yields: 

1 
AV3 = ~ ( c -  / 5_  a .P )  (AI) 

A~? 3 = f - d .  AV3-  e ' P .  (A2) 

Combining Eqs. (AI) and (A2) yields: 

The time-derivative of Eq. (17) is given by: 

/5 + a - /5 + b - ~X~)~ = 0; /5 := d ' - P / d t  ~-, (A4) 

Combining and rearranging Eqs. (A3) and (A4) results in 
Eq. (20) of the text: 

AI)~ = f -  d P) e P. (A3) ~ ( c - k - a .  - �9 
# + ( a  + d ) ' / 5 +  ( a ' d - b ' e )  

�9 P +  ( b - f -  d '  c )  = 0 .  (20) 

Appendix B 

For various applications, a computer program was used to inte- 
grate the set of phenomenological equations for volume flows 
and solute flows across the tonoplast and plasmalemma. The four 
coupled first-order differential equations given below were as- 
sumed to be valid. 

Plasmalemma: 

Jvo = L p p { P  - O ' p ( ~  - 7FI) - (rr~ - ~-~)} 

J+p = (1 - o~p)(~ " Jvp + we(rr~ - +v~) - J . .  

Tonoplast: 

3~, - L p , { ~ , l r r )  - rr~) + (Tr~ - ~r~)} 

J , ,  (1 - o- , )c~ ' Jo, + ~o,(~'~ - rr~) 

(B1) 
(B2) 

tB3) 

(134) 

where Jvp ,  Jr, = volume flow at the plasmalemma/the tonoplast; 
J , p ,  J~, = solute flow at the plasmalemma and the tonoplast; J ,  = 

active solute uptake; P = turgot pressure; w], ~-~, 7r{ = osmotic 
pressure of the impermeable solutes in the external space/the 
cytoplasm/the vacuole; ~rl, ~r{, 7r; = osmotic pressure of the 
permeable solute in the external space/the cytoplasm/the vacu- 
ole; L p ~ ,  Lp~ = hydraulic conductivity of the plasmalemma/the 
tonoplast; c%, o-t = reflection coefficient of the plasmalemma/the 
tonoplast; wp, (or = coefficient of the solute permeability for the 
plasmalemma/the tonoplast (w = P f l ( R  �9 T)); g,, (; = mean con- 
centration of the permeable solute on both sides of a membrane, 
different for Nasmalemma and tonoplast. 

A simple iteration technique, known as Euler's method [8], 
was used to integrate the differential equations above. FOR- 

TRAN was used as the programming language, and calculations 
were carried out using 'double precision' variables (16-digit ac- 
curacy)�9 The time increment At = 0.1 sec was usually sufficient. 
The calculations were carried out with the aid of a M1NC-I 1 
computer (Digital Equipment Corporation, Cologne, W. Ger- 
many). The results were temporarily stored on a floppy disk and 
graphically displayed by a programmable plotter (Plotter 281, 
GDV T/ibingen, W. Germany). 

The flexibil/ty of the program allowed the system of flow 
equations to be solved for one or two membranes in series (i.e. in 
the context of the two-compartment model or three-compart- 
ment model). Furthermore, either a constant volumetric elastic 
modulus e or a linear dependence of e on turgor pressure could 
be accounted for. There was also an option of including or omit- 
ting solute flows across the membranes. A constant solute up- 
take at the plasmalemma could be simulated by including a con~ 
stant Ja in Eq. (B2). By variation of membrane parameters, 
further degrees of freedom were obtained. With ~o = 0 and o-, < 
1, the effect of solvent drag at the tonoplast was investigated in 
isolation from the effect of diffusional flow which was examined 
by choosing ~o :~ 0 and or, = 1. 

Although the program provided for a more realistic simula- 
tion of pressure relaxations than the analytical solution did, a few 
simplifications were made here as well. Thus, the volume 
changes in the compartments due to the small amount of solute 
being transferred were neglected. Furthermore, the activity coef- 
ficients of the solutes were assumed to be 1 in order to simplify 
the relation between the solute concentrations and the osmotic 
pressures in the compartments. 


