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ON THE INTERNAL CELL PRESSURE

The dependence of the turgor pressure on the water content in a cellular structure is studied
experimentally. The turgor pressure is found to decrease as the water content in a cell dimin-
ished. The experimental result is analyzed in the framework of a two-component cell model. The
cell wall deformation is demonstrated to make a main contribution to the turgor pressure, so
that a drop of the turgor pressure is a consequence of the stress relaxation in the cell wall.

Keywords: deformation, stress relaxation, cell, turgor pressure.

1. Introduction

The biological cellular structures are known (see, e.g.,
works [1,2]) to undergo the action of an excess inter-
nal pressure (relative to the atmospheric one) called
the turgor pressure. One of the ways of its measure-
ment was proposed in work [3], where it was shown
that the turgor pressure can be considered equal to
the shear modulus of the cellular structure. Using
this method, we study the influence of the cellular
structure dehydration on the turgor pressure aim-
ing at elucidating the physical mechanism of this
phenomenon. To our knowledge, this issue has not
been analyzed earlier in the literature from such a
viewpoint.

2. Experimental Part

Specimens to be studied were cut out in the form of
strips from the parenchymal tissue of sugar beet. The
specimen volume V;, mass My, and shear modulus G
were determined. The latter was measured on a tor-
sion pendulum following the known technique (see,
e.g., work [4]). The specimens were held at the tem-
perature T = 313 K for various time intervals; af-
terward, their mass M (¢;) and shear modulus G1(¢;)
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were determined once more. As the holding time ¢
increased, those quantities decreased with respect to
their reference values My and G, as is illustrated in
Figs. 1 and 2, where the experimental dependences of
the quantities M and G on the time ¢ are depicted.

Let us introduce the notation AM = M, — M for
the measured mass difference, ps for the turgor pres-
sure in the freshly cut-out specimens, and p for the
turgor pressure in the aged ones. In work [3], it was
shown that the turgor pressure in cellular structures
equals their shear modulus G;. Basing on this result
and the data shown in Figs. 1 and 2, we plotted the
dependence p(AM) exhibited in Fig. 3.

The reduction of the specimen mass in this exper-
iment can take place only owing to the water evapo-
ration from the specimen. In other words, AM is the
mass of water lost by the specimen during the time
interval t. Accordingly, the dependence of p on AM
in Fig. 3 illustrates how the turgor pressure changes
at the cell dehydration, i.e. the loss of water by the
cellular structure.

3. Discussion of Experimental Results

It is known that, in order to analyze experimental re-
sults, the corresponding model of the examined struc-
ture has to be used. Below, we describe a model of
cellular structure that was used in this work.
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Fig. 1. Dependence of the specimen mass on the holding time
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Fig. 2. Dependence of the specimen shear modulus on the
holding time
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Fig. 3. Dependence of the turgor pressure on the specimen
mass change owing to the water evaporation
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By ¢, we denote the water concentration in the
cell. While considering the cellular structure as a con-
tinuum, the cell can be regarded as an infinitesimal
volume dx around the point x adopted as the cell
center of inertia. Then the quantity ¢(x) is the water
concentration in this cell. Since the analysis is car-
ried out in the continual approximation, the function
¢(x) is continuous, i.e. we deal with the concentration
field c(x).

It is clear that, in the course of evaporation, water
redistributes, generally speaking, non-uniformly over
the specimen: there emerges the concentration gra-
dient, Ve, directed from the specimen middle point
toward its boundaries, where the evaporation process
itself takes place. However, we will not take this fact
into account in further calculations and will carry out
them in the mean-field approximation. The essence
of this approximation is known (see, e.g., work [5])
to consist in the substitution of the actual field by
its average value. In our case, this approximation
means that, instead of the field ¢(x), we assume that
¢ = (¢) = const, i.e. the water concentration in all
cells is identical,

Vs

In principle, such a situation can be rather close to
the real one, namely, when the diffusion rate of wa-
ter molecules considerably exceeds the evaporation
rate. Let us assume that just this case is realized in
our experiment.

Now, when the mean-field approximation is adop-
ted and, as a result, all cells are supposed to be un-
der identical conditions, we can make calculations for
any separate cell, rather than for the whole cellu-
lar structure. In our further speculations, the inter-
nal cell structure does not play any substantial role.
Therefore, the medium filling the internal volume of a
cell is considered as an aqueous solution; formally, we
suppose that only one substance is dissolved in water.
The number of molecules of this substance in a cell
will be denoted as n. Another structural element, a
cellulose wall that surrounds the cell interior, plays a
considerable role in our calculations. Hence, the cell
model which we are going to use is two-component: a
cellulose wall (shell) and a solution contained in this
shell.
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Dehydration Effect on the Internal Cell Pressure

As was already mentioned, the cell is internally un-
der the action of the excess turgor pressure. Which
are the reasons for this pressure to emerge? In the
literature (see, e.g., work [1]), the osmotic pressure
is recognized as a crucial factor responsible for this
phenomenon. Below, it will be denoted by p”. In our
case, the well-known formula [6] for it looks like

p// _ ]ben7 (1)

v

where v is the volume of a cell, k; the Boltzmann
constant, and 7T the temperature. Which is the de-
pendence of p”” on AM? If q is the number of cells in
the system, then V' = quv is the volume of the system,
and formula (1) can be rewritten in the form

kyTqn

/!

= . 2
p v (2)

Let p denote the water density. Then, the variation
of the volume owing to the water evaporation equals
AM/p, and formula (2) reads

- kTqn —  kTqn (1 N AM) 3)
A V. Vs )
-5 % ,

From whence, one can see that the growth of AM
gives rise to an increase in the pressure, which con-
tradicts experimental data (Fig. 3) and makes us find
a different reason responsible for the reduction of the
turgor pressure, when the cell losses its water. The
initial point of our search for the resolution of this
contradiction is the fact that the increase in the cell
volume is accompanied by the emergence of stresses in
the cell wall. These are the stretching stresses that are
directed tangentially to the wall plane (below, they
will be denoted as o). The action of stresses results in
the appearance of a counteraction from the solution
filling the cellulose shell on the cell wall. This counter-
action manifests itself as a pressure, with which the
solution acts on the shell. We denote this pressure by
p’. Let the cell be a sphere. In the absence of a pres-
sure, let it have the radius ag and the wall thickness
ho. In our notations, the well-known formula (of the
Laplace type) [7] looks like

20h
p =" (4)

ao

Now, let us add some water to the solution that
occupies a spherical cavity with radius ag. Let the
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sphere radius grow up to a1, if the shell is absent, or to
a, if the shell is present. Hence, when water is added,
the boundary of the sphere filled by a solution shifts
by a1 —a, and the shell by a—aq along the radius. The
corresponding relative deformations amount to “L=%

and “;—(‘)‘0, which satisfy the formulas

p =38 "¢ (5)
ay

a — ag
—E 6
o s (6)

where K is the compression modulus of the solution,
and E the effective stretching modulus of the wall
[8]. Substituting Egs. (5) and (6) into Eq. (6), we ob-
tain

— (a1 —a) = — —(a — ap). (7)

From whence, we have

3K + B2
T 3K | 2ha E° (8)
aq ap ag
Then
al—a_ E2h0a1—a0 (9)
ajy o 3K Qg ap '

Substituting formula (9) into Eq. (5), we obtain

p = g2hod —do
ap  ag

(10)

Let the mass of water added to the cell amount to
m1. The corresponding change of the volume equals

mq 47 4
- ?(af —ad) ~ ?Sag(al — ap). (11)
Substituting Eq. (11) into Eq. (10), we obtain
2h
p=EC- (12)

3a0 p%ﬂag ’

Multiplying the denominator and the numerator on
the right-hand side by ¢, we have
2hg AM
p=EBE"
3ag pV1

(13)
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where AM is the water mass increment in the whole
system, and V; the corresponding volume of the sys-
tem. The turgor pressure is the sum
p=p +p". (14)
Substituting Egs. (13) and (3) into Eq. (14), we

obtain

2ho kaqn} AM

—_— 15
3&0 ‘/s PVe ( )

pP=Dps— |:

The theoretical dependence (15) describes the ini-
tial section of the experimental dependence p(AM).
In Fig. 3, it is shown by the solid line. While analyz-
ing Fig. 3, one can get convinced first of all that the
proposed mechanism correctly describes the behav-
ior of the turgor pressure, when the cellular structure
losses water. This figure also allows one to understand
the origin of a turgor pressure drop. The mechanism
consists in the relaxation of stretching stresses in the
cellulose wall, which results in a reduction of the tur-
gor pressure. This is the key result of the work.

A comparison of formula (15) with experimen-
tal data allows some numerical estimations concern-
ing the examined cellular structure to be made. As
one can see from Fig. 3, the initial section of the
dependence p(AM) is linear. According to the ex-
perimental values, the slope coefficient amounts to
AA—AZ = 2.89 x 10° Pa/kg. In turn, the order of mag-

nitude of the quantity E% — kb‘j/ﬂiq"} i equals

109 Pa/kg. Literature data and our experimental re-
sults testify that the turgor pressure has an order of
a few atmospheres and, under certain conditions, can
reach about ten atmospheres. Taking into account
that the quantity pV; has an order of 10~* kg and the
quantity 20 ~ 1073, we obtain E ~ 10® Pa for the
effective elastic modulus of a cellulose wall. Cellulose
belongs to the class of rigid polymers. Its elastic
modulus along the orientation direction amounts to
10" Pa. The estimate obtained for E testifies that
cellulose chains are arranged chaotically in the wall
plane. This is another result of our experiment.

4. Conclusions

1. Dehydration of a cellular structure results in a sub-
stantial drop of the turgor pressure: the evaporation
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of water with a mass of several percent of the total
system mass induces a drop of the turgor pressure by
several atmospheres.

2. The drop of the turgor pressure at the cell de-
hydration is caused by the relaxation of stretching
stresses in the cellulose shell of the cell.

3. The cellulose chains are arranged chaotically in
the wall plane.
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BIIJINB BHEBOJAHEHHS
HA BHYTPIIIHIA TUCK ¥V KJIITUHAX

Pesmowme

Merowo manol poboTu € BUBYEHHSI BIUIUBY BHYTPIIIHBOTIO, TaK
3BAHOI'O TYPrOPHOrO, TUCKY Ta MOr0 3aJIe2KHOCTI BiZ BMicTy BO-
U B KiTuHaX. Sk BiZloMO, 11e#f TUCK 3yMOBJIEHUM OCMOTHYHU-
MM THCKaMH 10 00uBa OOKHU IJIa3MaTHIHAX MeMOpaH KIIiTHH,
a TaKOXK IXHIMHU IPY>KHIUMHU BJIACTUBOCTAMHU. EKCriepuMeHTaIb-
HO JOCJIJIPKEHO 3aJIe2KHICTh TYPrOPHOIO THUCKY BiZl KijbKOCTi
BOAU B KJITUHHIN cTpyKTypi. Bcranosneno, mo Besnanna Typ-
FOPHOT'O THCKY 3MEHIIYETHCS 31 3MEHIIEHHAM KIJIBKOCTI BOJU
B KiiTuui. Pesynbrar ekcmepumeHTy aHasIi3yeTbCst Ha OCHOBI
JBOKOMITOHEHTHOI Mozesi KjiTuau. [lokazaHo, 1m0 OCHOBHUIA
BHECOK y 3HAYEHHsI BEJIMYUHU TYPrOPHOI'O THUCKY CIPUYNHE-
Huil Jedopmariiero 060JIOHKY KJIITHHH, 1, BiAMNOBiAHO, HaiHHA
TYPropHOIO THCKY € HACJIIKOM peJiaKcallil HalpyKeHb B 060-
JIOHITI.
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