
Toward a Clearer Concept of Osmotic 

Quantities in Plant Cells' 


J .  Levitt 

University of Missouri, Columbia 


THE CONCEPT O F  OSMOTIC P R E S S U R E  
and its role i n  the physiology of the plant 
cell has long been a stumbling block for  plant 
physiologists. A good share of the confusion 

is due to the multiplicity and inadequacy of the sym- 
bols and definitions proposed by various workers. I n  
more recent years some semblance of uniformity has 
arisen as  a result of the improved terminology pro- 
posed by Meyer (1,2). That even this system has not 
solved all the problems is indicated by the large num- 
ber of attempts to alter his concepts and symbols (3 ,  
4, 5 ) .  This paper is admittedly one of them. 

I f  we were to  show Meyer's classical equation 
D P D  = O P  -T P  to a physicist or chemist, he would 
say ''1 see. D x P x D equals 0 x P minus T x P .  Now 
tell me what D, P, 0, and T stand for, and your equa- 
tion will be quite clear to me." Even the student is 
likely to  question the use of two and three symbols 
fo r  a single quantity. On the other hand, if we were 
to use the Greek symbols of thermodynamics, as sug- 
gested by Broyer ( 5 ) ,  most physiologists would be 
simply confused. The happy medium is to use one 
symbol f o r  each quantity, and wherever possible to 
adopt the ordinary Latin letter used by physicists and 
chemists, e.g., P or p for  pressures. 

Tevmi~zology.Another difficulty has been the mean- 
ing of the term "osmotic pressure." This has been used 
in so many different senses that it  seems advisable to 
drop i t  altogether as a specific term and to use i t  in 
a generic sense. A physical chemist onoe asked me, 
"What is this turgor pressure? Isn't i t  simply osmotic 
pressure?" And I was forced to admit that it  is a n  
osmotic pressure, since it seems perfectly logical to  
use the term for  any pressure that arises as  a result of 
osmosis. But  every solution is  capable of developing a 
definite maximum osmotic pressure (under standard, 
ideal conditions), which, according to Thoday (6) ,  
should be called the osmotic potential of the solution. 
111 practice, this osmotic potential is determined by 
finding the applied pressure that is just sufficient to  
stop osmosis when the solution is separated from pure 
solvent by a semipermeable membrane. The whole 
system should be maintained a t  a standard tempera- 
ture-e.g., 20' C. From the cellular point of view, it  
might be defined as  the maximum pressure that would 
develop when the solution is enclosed in a n  ideal cell 
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and immersed in pure solvent. The ideal cell would 
possess a perfectly semipermeable and perfectly rigid 
membrane. 

The turgor pressure, on the other hand, is the ac- 
tual hydrostatic pressure exerted on the membrane 
a t  any one time and tending to stretch it. I t  cannot 
logically be used in any calculations of water move- 
ment, since only pressures exerted on the water can 
have any effect on its movement. I t  can never be 
greater than the osmotic potential of the solution and 
is always, or nearly always, less. The osmotic potential 
of the cell solution in the above ideal cell can, in fact, 
be defined as  the maximum turgor pressure i t  can 
develop. Crafts et  al. state that since the semiper- 
meable membrane is freely permeable to water, "it 
will not sustain a static pressure from water mole- 
cules." This would lead to the conclusion that turgor 
pressure is not a hydrostatic pressure. The argument 
is based on a confusion between the "static pressure" 
and the diffusion pressure of the water molecules. 
There is no reason why the water molecules on the 
inside cannot exert a greater pressure on the "par- 
titions" in  the membrane, though diffusing through the 
"pores" a t  the same rate in both directions. I n  fact, the 
diffusion pressure of the water molecules in the solu- 
tion cannot be increased to the level of pure water 
unless they are subjected to a "static pressure," and 
they react with a n  equal (hydro)static pressure on 
the membrane-the so-called turgor pressure. 

The mall pressure is the pressure exerted by the wall 
(or membrane) on the solution, causing an increase 
in  diffusion pressure of the solvent and therefore 
affecting its movement into or out of the cell. Accord- 
ing to Newton's third law of motion, it  is a t  any one 
time exactly equal and opposite to the turgor pressure. 

This is a point that has frequently been misunder- 
stood. I t  has been stated (4, 7)  that turgor pressure 
must be greater than wall pressure for  cell growth to 
occur. Others (6)  have recognized that such is not the 
case since, according to Newton's law, though the 
forces are  oppositely directed, they are  not acting on 
the same body, and therefore neither one is opposing 
the action of the other. The turgor pressure is exerted 
on the wall, the wall pressure on the solution. Whether 
the turgor pressure is sufficient to stretch the wall is  
dependent, not a t  all upon the mall pressure, but upon 
the tensile strength or  modulus of elasticity of the 
wall. Thus (8): 



stressM = --, =where M modulus of elasticity of the wall. 
straln 

Since stress =P/a and strain = e/l,
where F =force 

a =area 
e =increase in length (perimeter) of wall 
6 =original length (perimeter) of wall 

Knowing the dimensions of a cylindrical cell and 
the turgor pressure, i t  is possible to calculate the total 
thrust on the end walls. This would give the value F, 
and a would be the cross-sectional Itrea of the wall. 

Thus the stress would be PA -- where A =area of end 
a 

walls, a = cross-sectional area of wall. 
Therefore 

-PA 

M=L 
e/l 
P A  

and  

Similar equations have been worked out in  greater 
detail by Haines (9). 

Since e/ l  is really a measure of cell growth, this 
m e w  that  the growth of the cell may be increased 
either by an increase in turgor pressure or by a de-
crease in  the modulus of elasticity of the cell wall. 
Unfortunately, however, this is a n  oversimplification. 
The relationship holds only within the elastic limit of 
the cell wall, and only if the cell wall obeys Hooke's 
law ( 6 ) .  I f  the turgor pressure is too large, it will 
stretch the wall beyond its elastic limit, and cell en- 
largement will be greater than calculated from the 
above relationship (10). I n  other words, the above 
equation gives the minimal cell growth for  a specific 
turgor pressure and tensile strength of the wall, and 
it  clearly shows that wall pressure is not a factor. 

Thus turgor pressure affects cell enlargement, wall 
pressure affects the diffusion pressure of the cell water, 
and the two are always numerically equal. 

The problem as to which of the two equal and op- 
posite pressures is the "initial one" will depend on 
the conditions. I f  water enters a flaccid cell (as nor- 
mally happens), i t  perhaps may be stated that the 
hydrostatic pressure ('(turgor pressure") is the ('initial 
one." I f ,  instead, the cell walls of the flaccid cells were 
suddenly to contract ( a  doubtful occurrence), the wall 
pressure might be considered the "initial one." But  the 
question is somewhat academic since the two pressures 
must arise simultaneously-the one cannot exist even 
momentarily without the other. 

Symbols. I n  the system to be followed below, several 
simple principles are borrowed from standard usage 
by physicists and chemists: (1) One letter is to be 
used for  one quantity. (2) Since pressures are  vector 
quantities, the direction is to be indicated by the sign. 
(3)  Subscripts will be used where a further character- 
ization of the quantity is needed. Thus: 

Diffusion pressures of the solvent are  represented 
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by D, the real mechanical pressures (e.g., turgor pres- 
sure and wall pressure) are  represented by p ;  and 
osmotic potentials are  represented by 0. 

Pressures that tend to send water into the cell are  
preceded by a negative sign; those that tend to send 
water out of the cell are  preceded by a positive sign. 
(The reason for  this choice will be explained.) The 
following a r e  the main symbols : 

D,  is the diffusion pressure of the solvent in a cell. 
D, is the diffusion pressure of the solvent in a solu- 

tion external to the cell. 
Da,o is the diffusion pressure of pure water. 
0, is the osmotic potential of a cell solution. 
0, is the osmotic potential of a n  external solution. 
p, is the wall pressure of a cell (determined in sec- 

tions or tissue strips). 
p, is the pressure on the cell by the surrounding 

tissues. 
p, is the turgor pressure. 
Equatioms. The equations are  developea from the 

simple thermodynamics of osmotic pressure (11). In 
order to remove one mole of solvent (having a volume 
V,) from a much larger volume of solution (in a n  
artificial cell), a pressure ( P )  infinitesimally larger 
than the osmotic potential ( 0 )  would have to be ap-  
plied (e.g., by means of a semipermeable piston), and 
the free energy change would have to be equal to  the 
work done : 

A P  = PP,. 
This basic equation establishes the significance of the 

sign. A positive pressure on the solvent molecules in- 
creases their escaping tendency. Thus P must also 
equal the increase in diffusion pressure of the solvent 
molecules. It is obvious that the opposite relation must 
also hold (e.g., when the piston pressure is removed) : 

-AP=-PBX=-OP,, (2) 

where -AF is the reduction in free energy of the sol- 
vent molecules below that of pure solvent, and since 
-0=- P, -0 is the reduction in diffusion pressure of 
the solvent molecules due to the presence of solute. 
I n  other words, if i t  takes a pressure P to raise the 
diffusion pressure of the solvent molecules to that of 
pure water, the diffusion pressure must have been 
lowered by the same amount due t o  the presence of 
solute. Thus, when the solvent is water and there is no 
applied pressure : 

Dc-DH20=- OC. (3) 

The minus sign indicates that the diffusion pressure 
difference tends to send water into the sohti.6n1 with 
a pressure equal to the osmotic potential of the 
solution. 

Suppose a pressure less than 0,  is exerted on the 
cell solution (e.g., by the semipermeable piston). Using 
the symbol p, fo r  this pressure, 

This p, is obviously the wall pressure, and we have 
the equivalent of the expression, DPD = OF- TP. But  
there is one difference-the terms on the right side of 



the equation are  reversed. We now see that it should 
be wall pressure minus osmotic potential, in  order to  
yield the correct sign, and to indicate that water would 
tend to go into the cell as  long as  p, is less thas 0,. 
pw will have a negative value in cells under tension- 
e.g., in  wilted plants-thus increasing the value of 
Do-DA,o. 

I f ,  instead of pure solvent, there is a solution out- 
side the cell, then the equation f o r  this solution is 

Subtracting ( 5 ) from (4)  : 

This equation enables us to determine not only the 
net pressure but also whether it tends to send the 
water into (-) or out of (+) the cell. 

p, should really represent the net wall pressure- 
i.e., the algebraic sum of all pressures exerted on the 
wall. Thus in a tissue this would include the pressure 
exerted by the surrounding cells on the wall of the 
cell under consideration. However, if (as is usually 
the case) pw is determined on sections or strips of 
tissue in  which the cell is no longer subjected to the 
tissue pressure (p,), then a correction must be made 
if we a re  to obtain a true picture of the new pressure 
when the cell is in its normal environment. Thus 

D c - D e = p W t p , - O c t  Oe, (7)  
where p, is the wall pressure of the cell in a section or 
tissue strip, and p, is the additional tissue pressure 
exerted on the cell in  its normal environment. The 
turgor pressure (p,) will, of course, also equal p, in  
the section or strip but will equal p, + p, in  the cell 
subjected to normal tissue pressures. Whether or not 
p, is small enough to be neglected is difficult to de- 
termine. 

The terminology for  the expression D,- D, is not 
easy to  decide. European workers may still prefer to  
call it "suction tension" and American physiologists, 
"net diffusion pressure deficit." I t  should, however, 
be emphasized that the quantity may be positive 
(e.g., when a cell is transferred to a hypertonic 
solution) and therefore is not necessarily a deficit. 
F o r  the sake of clarity, a longer expression is needed 
-e.g., the diffusion difference between the cell and the 
surrounding solution. Similarly, D, -DH,O is the 
diffusion difference between the cell and pure water. 
It seems superfluous to lengthen the term diffusion 
difference to "water didusion pressure difference," 
though purists may prefer to do so. The objections to 
any term, including "suction," have been clearly pre- 
sented (1, 2) .  

P 
The methods used to measure these values are well 

known. The physical chemist determines the osmotic 
otential of a solution by finding the counter pressure 
hat is just sufficient to stop osmosis. The physiologist 

calculates 0, from freezing point determinations on 
the sap or equates it to the osmotic potential of the 
solution causing incipient plasmolysis. Since these 

two values may differ somewhat fro111 each other, 
they may be designated Oo(A) and O,(il respectively. 
D,-DH,O is determined by finding the numerically 
equal osmotic potential (0 , )  of the solution that fails 
to cause any change in size of the cell. This depends 
on the fact that - 0, =D, -D H , ~(equation 5) and, 
if no change in size of the cell occurs, D, =D,; there-
fore D, -DH,O=- 0,. I n  most cases, p, must be 
calculated from the above two results. Any existing 
imbibitional forces are included in 0, and 0, unless 
the methods of measurement change them. 

It is of interest to examine some of the more recent 
suggestions with the aid of these equations. Burstrom 
( 4 )  states that turgor pressure is "of the same nature 
as  . . . Meyer's diffusion pressure deficit . . . but 
relative to the surrounding medium instead of to  
distilled water." His  equation for  turgor pressure is: 
T = 0 -E, where 0 is the above-described osmotic 
potential of the cell sap, and E is the osmotic po- 
tential of the external solution. Using the symbols 
developed above : 

But from equation (6)  

Thus, when wall pressure is zero, Burstriim's "tur- 
gor pressure" is actually the dif€usion difference 
(with the sign reversed) between the cell and its sur- 
rounding solution (D, -D,) . On the other hand, if 
diffusion equilibrium exists (D, -D, =0), then his 
quantity does actually represent the turgor pressure 
(since p t  =p,) . Broyer (12) has, in fact, used the 
expression in the latter sense-i.e., he assumes that 
diffusior~ equilibrium or near-equilibrium conditions 
prevail. 
Active absorption of w a t e ~ .I f  an active (i.e., a 

"nonosmotic") uptake of water occurs in consequence 
of the expenditure of energy by the cell system, this 
would be equivalent to decreasing the free energy of 
the cell water molecules relative to  the external mole- 
cules. Thus, if the resulting active (i.e., metabolically 
induced) decrease in  diffusion pressure is -A,: 

The importance of such an "active osmotic pressure" 
has been the subject of controversy in recent years. 
Many papers have attempted to prove that it  is 
quantitatively much higher than the osmotic potential 
of the cell sap. I f  this were true, the above equations 
would not be of much value, since the "active," or 
"nonosmotic," component, if i t  exists, may conceivably 
be altered by the methods used to determine D, -D, 
and 0,. But it  has been shown that the evidence for  
a "nonosmotic" absorption is based on incorrect in- 
terpretation of results and that, from thermodynamic 
considerations, an "active" osmotic pressure, if i t  
exists, can only be of the order of one atmosphere 
(10). True, Bennet-Clark (13) ,  though accepting these 
thermodynamic calculations, has attempted to justify 
his theory by suggesting that the experimentally de- 



termined value for  the permeability of cells to water 
is 100-1,000 x too high, as used i n  these calculations. 

The sole basis fo r  this suggestion is an observation 
by Huber and Hofler (14). They noted that when the 
long, cylindrical cells of the aquatic plant S a l v i n i a  
were plasmolyzed, they frequently separated into two 
protoplast fragments. I n  nearly all such cases the 
smaller fragment plasmolyzed more rapidly than the 
larger, approximately the same amount of water 
leaving the smaller one per  unit of time as the larger 
one. Huber and Hofler calculated the specific surface 
of the two parts  and found very little difference be- 
tween them. Consequently, they concluded that prac- 
tically all the water was leaving the two protoplast 
fragments through the free convex ends, and very 
little through the adherent sides. 

Although he does not say so, Bennet-Clark in-
terprets this unproved hypothesis of Huber and 
Hofler in direct opposition to their own interpretation. 
H e  maintains that the protoplasm detached from the 
wall must therefore have a permeability of 100-1,000 x 
that of the normal adherent protoplasm. Huber and 
Hofler, on the other hand, emphatically point out 
that, if their hypothesis is correct, i t  cannot be ex-
plained by a difference in permeability. Their evi- 
dence f o r  this statement is twofold : (a)  other workers 
(Pitting and Barlund) have failed to detect any 
difference in permeability to solutes between plasmo- 
lyzed and unplasmolyzed cells; ( b )  their own results 
with the slowly plasmolyzing cells of S p i r o g y r a  n i t i d a  
yielded a smooth curve, though measurements of 
shrinkage were made both before and after plasmoly- 
sis. Their conclusion is that nearly all the water leaves 
the plasmolyzing cells of S a l v i n i a  through the convex 
menisci, not because of any such impossible difference 
in  permeability, but simply because of freer access to 
the plasmolyzing solution. 

All the results of other workers also disprove 
Bennet-Clark's contention. Thus, Levitt et  al. (15) 
showed that the permeability of free protoplasts of 
onion scale tissue was the same as  that of plasmolyzed 
protoplasts still inside their cell walls and therefore 
partially adherent to them. Resiihr's (16) results with 
naturally free protoplasts (Fucus eggs) agree well 
with the above value for  artificially freed onion proto- 
plasts. I n  fact, anyone who has made measurements 
on shrinking cells cannot doubt that the rate is just 
as  rapid in the case of unpIasmoIyzed cells as in  
plasmolyzed cells, as long as free access to the plasmo- 
lyzing solution is maintained. 

There is thus no reason to doubt the validity of the 
experimentally determined value for  water perme-
ability. I n  fact, the excellent agreement between the 
values obtained by different workers, using different 
kinds of cells and different methods of measurement, 
speaks well fo r  the accuracy of the published values. 
Consequently, the above conclusion still stands-i.e., 
a n  "active" osmotic pressure, if it exists, can only be 
of the order of one atmosphere. 

It is interesting to note that the most recent results 

indicate little or no "nonosmotic" absorption by roots. 
The best evidence to date fo r  active "nonosmotic" 
absorption has been produced by van Overbeek (17). 
Van Nie e t  al. (18) repeated his experiments and ob- 
tained a value of only 0.5 atmosphere that could 
possibly be ascribed to "nonosmotic" absorption. This 
is about one atmosphere less than van Overbeek's 
value, and even it  could be just as  logically explained 
by a loss of salts or a gain of water as the sap is 
transported to the stump. 

The system of symbols and terminology f o r  osmotic 
quantities proposed has the following advantages over 
the accepted ones: 

1 )  The expression D o - D H , ~gives the diffusion 
difference between the cell and pure water. This is 
more explicit than D P D  because i t  clearly indicates 
that the diffusion pressure of the cell's water is being 
compared with that of pure water. DPD, on the other 
hand, gives rise to the question "deficit with respect 
to what?" Even "net DPD" is not as explicit as 
D, -D, because the latter again indicates that the cell 
is being compared with the external solution. 

2) DPD is applicable only when there is a deficit. 
D o - D ,  can be used in all cases, whether a diffusion 
pressure deficit or a diffusion pressure excess is in- 
volved. 

3) The direction of water movement as a result of 
the diffusion gradient is clearly indicated by the sign. 
When Do-D, is negative, a negative gradient exists, 
and water will move into the cell; when it  is positive, 
water will move out. 

4) The accepted symbol f o r  pressure ( p )  is used 
only for  real pressures (e.g., turgor pressure and 
wall pressure). 

5) The symbol 0 is used f o r  the osmotic potentiaI 
of the cell solution. 

6) The term "osmotic pressure," frequently used in 
different senses, is here regarded as  a generic term 
applying to all pressures resulting from osmosis 
(turgor pressure, wall pressure, and the potential 
pressure of the solution). 
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