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Abstract. The present work discusses the basic 
mechanisms of water translocation on the so-called long 
distances. The translocation includes: transfer of water and 
mineral components across the root (from the soil to the 
xylem tracheary elements); transport of water through the 

xylem (along the plant); permeation of water across the 

leaf tissue, where most of it evaporates into the atmos- 
phere; and the phloem transport of water and assimilates. 
The last type of long-distance transport of water occurs in 
opposite direction to its xylem transport. It has been 
shown that the long-distance transport of water is mutually 
connected at its various stages, and their mechanisms are 

numerous and operative in various parts of the plant. Es- 
pecially broad coverage has been given in this work to fur- 

ther development of the so-called graviosmotic hypothesis, 
according to which water might be transported along the 
xylem vessels by using the graviosmotic mechanisms. 

This presentation is concemed with that version of the hy- 
pothesis which is based on the gravidiffusive mechanism 
of graviosmosis. 

Keywords: plants, water, mineral components, 

assimilates, transport mechanisms 

INTRODUCTION 

The long-distance translocation of water 

and solutes in plants can be, in principle, divided 
into four stages [1,5,10,12-14,24,31,32]. In the 

first of them, water is taken from the soil and 
transported together with its mineral compo- 

nent across the root (radially) to the xylem tra- 

cheary elements. In the second stage, water 

movement occurs along the xylem to the 

leaves. In the third stage, water permeates 

across the leaf tissue and most of it evaporates 

into the atmosphere from the mesophyll cells 

and leaf cuticle. The rest of the water, a relative- 
ly small amount, is transferred to the phloem 
where, together with assimilates, it is transported 

along the plant; in principle in the direction op- 
posite to its transport in the xylem. The phloem 

_ transport constitutes, so to say, the fourth stage 

of the long-distance translocation of water. 

It should be added here that there are many 

mechanisms of long-distance water transloca- 

tion which are varied and operative in various 

parts of the plant. Thus, for instance, in the 

Dixon-Renner transpiration-cohesion theory, 
the main driving force site of water transport 

across the root, of its xylem transport and trans- 

location through the leaf tissue is the leaf 

[24,31,32]. Instead, the root pressure theory 
states that the driving force for the cross-root 

water transport is situated in the root itself; 

which, moreover, can push water up the xylem to 

a certain height, by the principle of root pressure 

[6,10,16,24,27,30-32, and others]. 

In the realm of the so-called graviosmotic 

hypothesis of the xylem rise of water, elabo- 

rated by Kargol and Przestalski [10,13,23], it 

is postulated that certain mechanisms (gravi- 

Osmotic mechanisms) may operate in the xylem 

vessels. While according to the Munch concept 

[10,24,31,32, and others] (modified recently 

by Kargol [14]), and also according to other
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theories, the mechanisms that drive the phloem 

transport of water are located within leaves, 

phloem and also in places where assimilates are 
utilised. In general, it should be emphasized that 

there are in fact many mechanisms of the long- 

distance transfer of water in plants, they are 

varied and operate in various parts of the 

plant. It should also be noted that water trans- 

ports at those various stages are more or less 

mutually connected, and subject to various 

control processes [10,13,14,23]. 

In view of the current knowledge of the 

transport, and allowing for the structural com- 
plexity of the plant (as regards the water path- 

ways of the various stages) the transport of water 

should be considered as exceptionally complex. 

No wonder that it is known a little and still a cur- 

rent object of investigation. 

The present work discusses the basic bio- 

physical mechanisms of water transport in all 

the above mentioned stages. A particular treat- 

ment has been given to gravidiffusion, having 

in view the further development of the hypo- 

thesis of the xylem graviosmotic water trans- 

port in plants. Our interest in the long-distance 
translocation of water arises, among others, 

from the investigation we plan on the bio- 

physical principles of setting and growing of 

plant bulbs. The present work is a kind of in- 

troduction to those studies. 

MEMBRANE THEORIES OF RADIAL TRANSPORT 
OF WATER IN ROOTS 

In the biological literature [10,16,19,26,29- 

32, and others] it is stated that there are three 
major barriers for water transport on the radial 
pathway of the root. They are denoted by num- 

bers 1, 2 and 3 in Fig. 1. The first of them is 

located in the epidermis. The second is an epider- 
mal layer of cells (due to the presence of the 

casparian strip). The third is present at the en- 

trance to the xylem tracheary elements. 

Treating these barriers as membranes, a 

number of membrane models were devised 

that imitate the radial pathway of water in the 

root. The simplest of them is the one-mem- 

brane model proposed by Fiscus, subsequently 

developed by Steudle et al. [27,28], Kargol 

Fpidermis Fndodermis 

  
Fig. 1. Fragment of root cross-section. 

[12,15,16], and Kargol et al. [18]. In this 

model, shown schematically in Fig. 2, the 

three above mentioned barriers have been 

replaced by one membrane M of filtration 

coefficient L,, reflection coefficient 6 and per- 

meability coefficient ©. It is interesting, from 

the biophysical point of view, that it was 

possible, in suitable experimental investiga- 

tions, to determine mean values of the par- 

ameters L„, 6 and © for roots of some plants and 

some substances [6,27,28]. Thus it was possible 

to describe the osmotic, hydromechanical and 

diffusive properties of a model root by using 

the Kedem-Katchalsky formalism. Appropri- 

ate equations of the formalism for volume flux 

J, and solute flux j, have the form: 
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Fig. 2. One-membrane model of the root (explanations in 
the text).
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tration differences (C,-C,) and the pressure dif sa 8 AM 

ference (p,-p,). Fundamental to the model are 

thus osmosis, diffusion and hydromechanical 

flows. The one-membrane model of the root 

radial water pathway describes flows that 

occur in accordance with concentration gra- 

dients only, i.e., from higher to lower concen- 

tration. That simple model is only a relatively 

coarse approximation of reality, as the struc- 
tures conducting water in the root are im- 

mensely complicated. Nonetheless, the model 

explains relatively well certain biophysical 

mechanisms that drive water across the root. It 

explains also the mechanism of root pressure 

generation that drives water against the hy- 
drostatic pressure p= pgh (see Fig. 2). Accord- 

ing to the model, root pressure is induced by 

the osmotic principle, as the coefficient o, is 

larger than zero. The model also allows water 

transport driven by the pressure p,<p,. Ac- 

cording to the Dixon-Renner theory, presented 

below in detail, the tension p, may develop by 

the cohesion-transpiration principle. 

The above presented biophysical concepts 

of water transport across the root, from the 

soil to the xylem tracheary elements, explain 

water transfer occurring in accord with its con- 

centration gradient only. There are, however, 

experimental data showing that water in the 

root can be transported isoosmotically (i.e., at 

zero concentration gradient) and opposite to 

the concentration gradient. 

‘In order to explain that phenomenon, 

Ginsburg [7] worked out in 1971 a two-mem- 

brane model to imitate the symplastic pathway 

of water, comprising the epidermis, bark and 

endodermis. That model is shown schemati- 

cally in Fig. 3. Ginsburg assumed that on the 

Fig. 3. Two-membrane model by Ginsburg [7] that 

imitates the symplastic water pathway across the root. 

considered symplastic pathway water encounters 

two barriers. One of them is the border of the 

root cytoplasmic continuum, from the soil 

side, which is the epidermis. The other is the 

endodermal layer. Ginsburg assigned to the 

barriers the significance of membranes M, and 

M, with filtration coefficients (L,, and L,,) and 

reflection coefficients (6, and 6;), respective- 

ly. Next he assumed that the cytoplasmic brid- 

ges are permeable to water and solutes. Owing 

to that, and to the natural movement of cyto- 

plasm in the cells of the bark, one may assume 

that there are no concentration gradients with- 

in its area. The presented model is thus a two- 

membrane system in which the membrane M, 

separates two solutions of concentrations C, 

and C., and the membrane M, - solutions of 

concentrations C, and C,. The vacuole present 

in the model represents vacuoles of the respec- 

tive cells. 

Performing, with respect to Ginsburg model, 

the same analytical considerations as in papers 

[3,10,19,22] for a typical two-membrane model, 

one may obtain the following equations for os- 

motic volume flux: 

J =—-L RT(G6-6,) C +L RT(o CoC) (3) 

where Ł = L„L,„(L, + L„)”'. 
Analysing this equation, it is easy to show 

that, depending on the concentration C, (which 

can be regulated by the active solute flux j>)
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the volume flux J, can occur according to con- 

centration gradient (when C,<C;), in isoos- 

motic layers (when C,=C,) and opposite to 

concentration gradient (when C,>C,). These 

conclusions, when referred to water transport 
across the root, constitute the main result of 
Ginsburg model. 

The model presented, which imitates the 

symplastic water pathway accross the root, 

is able to explain pumping of water to a cer- 

tain hight 4™** against hydrostatic pressure 

Ap < pgh™™*. It means that within a root, that 
operates according to this model, a root pres- 

sure Ap is generated (by the osmotic principle). 

This model has been developed considerably by 

Kargol and Suchanek [19]. | 

There have been more membrane models 

developed [16,29,30]. We are not going to 

present them here, however; adding that besides 

passive there are postulated also active me- 

chanisms of water transport. The existance of 

the latter is highly unprobable. 

THEORIES OF XYLEM WATER MOVEMENT 
IN PLANTS 

Until now many biophysical theories of 

xylem water transport in plants have been ela- 

borated. The most accepted of them are: the root 

pressure theory [1,6,12,16,18,19,24,26,27,31,32 

and others], the transpiration-cohesion theory 

[10,13,24,26,31,32] and the graviosmotic theory 
[9,10,13,23]. The first of them, ie., the root 

pressure theory, has already been presented 

above. According to this theory, in the root de- 

velops osmotically a certain mechanical press- 

ure, which is bigger than the atmospheric 

pressure. Owing to this, water in the plant can be 

elevated through xylem to a height h (against the 

force of gravity). 
Thus, in the following, we shall discuss 

the remaining theories, i.e., the transpiration- 

cohesion theory and the graviosmotic theory. 

Transpiration-cohesion theory 

of Dixon-Renner 

The xylem transport occurs through vessels 

and/or tubes. In a mature state those tracheary 

elements are lignified and have good hydraulic 

permeability. The transport occurs in continu- 

ous conducting tubes which branch along the 

length of the plant, and thus the conducting 

bundle becomes thiner and thiner. Conducting 

bundles branch also within leaves, thinning 

gradually until they become single vessel ele- 

ments. Further on, water permeates across the 

leaf wall and evaporates into the atmosphere 

[10,24,26,31,32, and others]. 

When talking about evaporation into the 
atmosphere, mostly from the surface of meso- 
phyll cells, we mean evaporation of water con- 

tained in pores of the wall of these cells. In the 

pores the water surface forms a concave me- 
niscus. So, due to the forces of surface tension, 

an additional negative pressure called capillary 

pressure is generated under the surface. Due to 

that pressure water is elevated up the xylem as 

high as the plant grows. The pressure can be 

calculated from the formula: 

Ap = pgh= (4) 

where u - surface pressure, r - mean pore 

radius in walls of mesophyll cells. Assuming 

u=7.5 10°? (Nm') and r=10° (m), we get 
Ap = —30 (atm). 

It should be added here that microscopic 

studies have confirmed the existance of pores 

of this radius in the walls of mesophyll cells 
[31]. The negative pressure thus calculated is 

sufficiently large to elavate water up the 

xylem to great heights. Transport of water due 

to that pressure, i.e., by the principle of Dixon- 

Renner theory, only occurs when there is tran- 

spiration. 

The hypothesis of the graviosmotic 

transport of water along the xylem 

vessel and its discussion 

The fundamentals of the graviosmotic 

xylem transport of water have been presented 

in papers by Kargol and Przestalski [9,10,23]. 

These postulate that water might be raised up 

the xylem vessels, at the proper phase of their 

development, by the principle of the gravios- 

motic phenomenon. The hypothesis was first



  

MECHANISMS OF WATER TRANSLOCATION IN PLANTS 

  

247 
  

based on convective graviosmosis and con- 

nected effects such as: pumping of water 
against the force of gravity, water circulation, 

asymmetry of the graviosmotic transport and 
its amplification [10,13,16,23]. Recently, the 

graviosmotic hypothesis has been conside- 

rably developed in [13], where the version 

based on gravidiffusion is considered. 

In the present work we present both ver- 

sions of the hypotheses. Having in view further 

development of the graviosmotic hypothesis 
based on the gravidiffusive mechanism, we 

have presented in this work some of our new 

studies on the process of gravidiffusion. 

THE ESSENCE OF GRAVIDIFFUSION 

Fundamental for the graviosmotic phenome- 

non may be either convection or gravidiffusion. 

Hence we distinguish between convective and 

gravidiffusive graviosmosis. 

In order to present the essence of the 

convective graviosmotic phenomenon (first 

noticed in 1971 by Kargol and Przestalski 

[9,21]), let us take into account the mem- 

brane system shown in Fig. 4a,b. It is com- 

posed of two selective membranes (M,, M,) 

with the same _ permeability parameters 

(L,, = L,.=L,, 0, = 6,=6 and ©, =©0=0). Let 

the membranes separate three compartments, of 

which the external ones are filled with a solution 

of concentration C, and the middle one with 
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Fig. 4. Two-membrane system in positions (a) and (b). 

concentration C_. It is obvious that the system, 

when situated in position (a) of Fig. 4a, is os- 

motically symmetrical. The differences in os- 
motic pressures, Ar, and Ar,, compensate 

each other (Ar,=Aq,). Also the differences in 

mechanical pressures on the membrane com- 

pensate (Ap,=Ap.). This is confirmed by the 

absence of volume flow in the system (/,=0). 

On reorientating the system relatvie to the ver- 

tical, to position (b), with membranes situated 

horizontally, it ceases to be osmotically sym- 

metrical. A certain resultant pressure dif- 

ference develops: 

Ar = At, — An, co 0 (5) 

As a result, a non-zero volume flow Jy, 

arises, which is called the graviosmotic flux. The 

generation of that flow is called graviosmosis, 

and the systems where such flows occur are 

called graviosmotic systems [10,13,23]. The 

graviosmotic flow is directed upwards if solu- 

tions with density of increasing concentration 

are employed (e.g., water solutions of glu- 

cose), and downwards - if the solution density 
decreases with concentration (e.g., water solu- 

tions of ethanol). Detailed information about 
that graviosmosis and connected effects is 

given in papers [9,10,13,16,21.23]. We shall 
emphasize here only that any graviosmotic 

system is able to pump water to a certain hight 

against the force of gravity. 

A Water 
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PHASES OF XYLEM VESSEL DEVELOPMENT 

Since the graviosmotic hypothesis refers 

to the xylem vessels, we shall discuss briefly 

the phases of development of these tracheary 

elements. The vessels develop from a column 

of the meristematic cells. In the process of 

plant development the cells from which ves- 

sels develop first grow broader and sometimes 

longer. When their growth stops, secondary 

walls are formed without the building material 

being deposited on the cross walls. What is 

more, the walls swell and then material is 
washed away from them. As a result, the cross 

walls become loose fibrils. Next, perforations 

appear and often the cross walls disappear 

completely. At the same time, protoplasts de- 

generate and disappear. First, the vacuole in- 

creases. At a certain stage the cytoplasm forms a 

thin layer around the vacuole. The cell nucleus 

degenerate also and then the protoplasts disap- 

pear completely. As an example, Fig. 5 shows 

the phases A, B, C, D, E and F of development 

of the conducting vessels of robinia (Robinia 

pseudocacia) according to Eames and MacDa- 

niels, as in [20]. As a result, the vessels in their 
mature state constitute long watery pathways 

in the plant of relatively low hydraulic resis- 

tance to water. 

  F 

Fig. 5. Phases of robinia xylem vessel development according. 

to Eames and MacDaniels (after Malinowski [20]). 

THE BASIS OF THE GRA VIOSMOTIC 
HYPOTHESIS 

In view of what has been said above, one 

can assume that there exists a phase of the 

xylem vessel development (phase D) when the 

cross walls still have osmotic properties, but 

the protoplasm constitutes only a thin layer 

around a large vacuole, and does not perform its 

natural movements. It is on the basis of this 

phase that the graviosmotic hypothesis of xylem 

movement of water has been constructed. 

In order to present that hypothesis, let us 
take into account a fragment of the vessel duct 

illustrated in Fig. 6. Let the respective cells A 

and B of the duct be just in phase D in which 

(as mentioned above) one can assume that the 

protoplasm does not perform its natural move- 

ments. Moreover, let the cross walls separating 

sections A and B still exhibit osmotic proper- 

ties, 1.e., have reflection coefficients o bigger 

than zero for the osmotically active substan- 
ces. Due to the existance of protoplasts one 

can also assume that active flows j, of solutes 

are present in the elements of the duct. Those 
fluxes are denoted as arrows in Fig. 6. Owing 

to the active flows, one can assume that in, say, 
sections (vessels) B the solute concentrations 

  
        

Fig. 6. Fragment of xylem vessel duct.
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are greater than in sections A(C,>C,). In the 

situation presented, a given fragment of the 

xylem vessel duct, shown in Fig. 6 (composed 

of four vessels), can be treated as a system of 
two joined graviosmotic systems in series (I 

and II) [10,13,23]. This system 1s able to trans- 

port water against the force of gravity (by the gra- 

viosmotic principle) to the hight H=h,+h,, where 

h, and h, are hights of pumping by the respective 

systems I and IL. 

In a real plant a single vessel duct is com- 

posed of a large number of cells (vessels A 

and B). Adequately large is also the number of 

hypothetical graviosmotic systems able to pump 

water to a suitable large hight H. 

GRAVIOSMOSIS BY THE GRAVIDIFFUSIVE 
MECHANISM 

As two kinds of graviosmosis are distin- 
quished, i.e., convective graviosmosis [10,13,16, 

23] and graviosmosis of gravidiffusive mecha- 

nism, two versions of the graviosmotic hypo- 

thesis are possible [13]. The former, based on 

convective graviosmosis, may refer to plants 
with adequately large xylem vessels only. It 

has been proven experimentally that the con- 

vective graviosmosis may by observed in gra- 

viosmotic systems with vessels of inner diameter 

(2r) greater than about 0.35 mm [10]. This is 

an essential restriction of that version of the 

hypothesis; mostly because there are relatively 

few plants with the xylem vessels of such a 

large size. Here belong such plants like elm, 

oak, or some species of liana. 
In the case of graviosmosis based on the 

gravidiffusive mechanism there is no such re- 
striction. This type of graviosmosis can oper- 

ate in small size xylem vessels. This, however, 

requires further studies related mainly to the 

process of gravidiffusion in liquids, and thus 

modified by the force of gravity. Such diffusion 
was considered by many authors [2,4, 8,13,25]. 

Now we take the gravidiffusive transport 
through a horizontally situated membrane M 

which separates two well stirred solutions of 

different concentrations. Figure 7 illustrates 

this in detail. 

Ci 

Z RKA, M 

z; a 
SA Зи ме aS fas 

rh ABA BA a 
иле: 

I ° 22 

Fig. 7. Membrane system (M - membrane, с, С, - 

concentrations of the solutions, x - membrane thickness, 

Zs Z, - stirrers). 

  

но   

    
According to the Kedem-Katchalsky for- 

malism, the permeability properties of the mem- 
brane are described by the parameters L,, o and 

w. We are, of course, interested in a membrane 

for which the o parameter value is within the 

interval 0<o<1. Then, besides water, also per- 

meates the solute. Let the solute together with 

its hydration shell have density ps; different 

from water density py. We can assume that to 

the solute (within membrane) is applied a non- 

zero resultant force of the forces of gravity Q 

and a buoyancy force Fy. That force can be 

expressed by the formula: 

f= “(0 = Pw/Ps )iig 

where m is the mass of the solute together with 

the hydration shall. 

That force generates the phenomenon of 

gravidiffusional migration (gravidiffusion) of 

the solute. It is ‘imposed’ on the diffusion pro- 

cess inducing additional flux of solute J,. The 

phenomenon of gravitational migration has al- 

ready been considered in the description of 

movement of molecules in the field of gravity 

[2,4,10,13,17,25]. In the work [4] it was as- 
sumed that the random force R(t), which oc- 

curs in Langevin’s equation, on a solute molecule 
in gravitational field is isotropic. This how- 
ever, is the case when there is no effective 

force of gravity on the water molecules. And 

this condition is met. 

The main problem with deriving Kedem- 

Katchalsky’s equations, that allow for the gra- 

vidiffusion effect, is formulating proper expressions 

(6)
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for the difference of chemical potentials of so- 

lute. In order to solve this problem, let us as- 

sume at the outset that the solute molecules in 

a dilute solution have, from the thermody- 

namic point of view, properties analogous to 
the ideal gas. Thus we can assume the follow- 
ing expression for chemical potentiaute: 

U, =u.(T, P, C,) + u, (7) 

where H$(7T, P, C) is that part of the chemical 

potential which depends explicitly on tempera- 

ture (T), pressure (P) and concentration (C ) of 

the solution. The quantity: 

s = (QU/0n;); y (8) 

is an additional part of chemical potential con- 

nected with the pressure of the field of gravity. 

The symbol U expresses the potential gravita- 

tional energy of solute molecules (correspon- 

ding to the force F, of Eq. (12) in a certain small 

volume V. Let the symbols ns and ny denote 

the numbers of moles of solute and water con- 

tained in that volume, while S - entropy of the 

solution element of volume V. 

We are concerned with a rectangular vo- 

lume of thickness 2d, which is positioned 

horizontally as shown in Fig. 8. 

4 X 

  

  
  

        
Fig. 8. Elementary volume of solution in the form of a 
horizontally placed paralellepiped of thickness 2d. 

It is easy to show that the mean gravita- 

tional energy of one solute molecule (assum- 

ing homogeneous concentration within the 
volume) is: 

E,=mgh(1 — py/Ps) (9) 

where h is height of column of solution. 

Thus the total potential energy of cell so- 

lute molecules within the volume V is: 

U =N,mgh(1 — p,/p,) (10) 

where N, is the number of solute molecules in 

the volume. 

Hence the relation can be obtained: 

U =nNmgh(1 — p„/p;) 

where N is the Avogadro number. 

From the abóve equations, allowing also 

for Eqs (7) and (8), we obtain: 

и; = ИСТ, P, C,) + Nmgh(1 — py/p,). (12) 

(11) 

Using the equations, we derive the follow- 

ing expressions for differences of chemical 

potentials on either side of the membrane: 

  

Aus=V,AP +52 +7, AP... (13) 

where 

AP, = NmgAx(1 — p,/Ps) | (14) 

У; 

and 

(15) Au, = Vy (AP — Ar) 

where Ax - membrane thickness, Vs, and Vy are 

molar volumes of solute and water, respectively. 
The quantity AP, can be called “difference 

of gravitational pressures’. However, this quan- 
tity has nothing to do with mechanical pres- 

Sure, as it is applied to solute molecules 

only. 

On making allowance for the above equa- 
tions, the dissipation function takes the form: 

P=(JLVAJW,„AP+(J,/ C-J„V,)AN+ 

„_ 16 
(J;V.)AP G ( ) 

where J; is the solute flux generated by the 

mechanical and osmotic pressure difference; 

while J; is the solute flux generated by the gravi- 
tational pressure difference on the membrane. 

With the notation:
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Ув=У Vs (17) 

the dissipation function can be written: 

© =J,AP + JAP, + JA", (18) 

where J, we call ‘gravitational volume flux’. 

The phenomenological equations for the 

fluxes Jy, J, and J, are thus as follows: 

Л, = ЁрАР + [с АРс+ЁрАп (19) 

Тс = ЕсрАР + [АР +Г Ап (20) 

Л, = ьрАР + [с АБс + Ап. (21) 

From the Onsager relations we have: 

Lpg = Lęp » Lpp 7 Lpp » Lep 5 Lpe - 

It can be shown that the total solute flux J, 

satisfies the equation: 

J 
—=Jy+J, + J. (22) 
С 

Let us determine the values of AP and Ar 

from (Eqs (19) and (21)), and then introduce 
them - together with (Eqs (19), (20) and (21)) - 

into (Eq. (22)). The result is the following re- 

lation: 

  

  

A -|1 LępLop " LolcP 7 
==||— vt 
с L,Lp — LppLpp 

1 - LGpLpp m LópLp Jy + 

LL — LppLpp 

detA 
—_________ AP... 
LpLp m LppLpp © 

Let us now calculate AP and AP, from Eqs 

(19) and (20), and then put them, together with 

(19), (20) and (21) into Eq. (22). Now, the fol- 
lowing equation results: 

Js -|1 Lę,pLpa — LoLpp J 
—=|l- yt 
С L,LG — LępLpc 

| _ LpGLpp m ad J, + 

(23) 

  

  

LL, m LępLpc 

detA __ чм _ (24) 
LL, m СЫ РС A 

TT 

where detA is the determinant of a matrix 

formed from the phenomenological coeffi- 

cients of Eqs (19), (20) and (21). 

In the limit of zero gravitational effect, (Eqs 

(23) and (24) must assume the form of the re- 

spective equations without the field of gravity. 

This leads to the relations: 

L,pLGp + GLLG = 9 

-Lp)LGp + LppLcp=0. 

The above set of equations has non-zero 

solution with respect to L,, and Lp only when 

the condition is met: 

LppLpp — LpLp = 0. 

However, this condition means that: 

(25) 

(26) 

v=0 

which corresponds to a totally non selective 
membrane (for which the gravitational flux is 

also zero). Hence the only solution of Eqs (25) 

and (26) that have physical sense is: 

L.=L+=0. (27) 

From the Onsager relations it follows also that: 

Len = Lpg=0. (28) 

Allowing for relations (27) and (28), the 

phenomenological equations take the form: 

Л, = LpAP + Lp pAt (29) 

J, =L AP, (30) 

Л, = L,,AP + LAN . (31) 

On the basis of these equations and Eq. (24) 

we finally get: 

Jy = L,AP — GL,AT , 

J, = c(1-0Jy+cL,AP, + WAR. 

(32) 

(33) 

The two equations are just the sought for 

Kedem-Katchalsky equations that allow for 

the process of gravidiffusion. The coefficient 

L, can by analogy to the coefficient Ł, - be called 

‘coefficient of gravidiffusional filtration’. 

Equations (29) and (31) do not contain a 

term connected with AP, (like Eq. (30) that
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does not contain terms connected with AP and 

Ar). This means that the total solute flux J, 

across the membrane can be presented as sum 

of two ‘component’ fluxes: 

JĘ=J,+J;, (34) 

where J; = C(Jp + Jy) is the solute flux generated 

by the concentration difference and mechanical 

pressure difference. The flux Л; = с/с is the so- 
lute flux generated by the field of gravity. 

This also means that the fluxes J, and J, 

do not affect each other. They can thus be 

treated as independent fluxes. The above con- 

siderations refer to a membrane for which 

0<o< 1. Asa matter of course, we were not 

interested in the case of an ideally selective 

membrane, for which the flux J, 1s equal to 

zero (as with o = 1 the quantity @ = 0). 

The problem of gravidiffusion in mem- 
brane systems is much more complicated if the 

solutions separated by the membrane are not 

stirred by external agents. Its solution is, how- 

ever, necessary for further development of the 

hypothesis of gravidiffusional xylem water 

elevation in plants based on graviosmosis of 

gravidiffusional mechanism. It is expected to 
show that a concentration difference (and thus 

osmotic pressure difference) on a membrane 

of a given membrane system may depend on 

the position of the system with respect to the 

vertical. This effect may be the cause of gene- 

rating graviosmotic volume flows in a gravios- 
motic system (Fig. 4b). | 

BIOPHYSICAL THEORIES OF THE PHLOEM 
TRANSPORT OF WATER AND ASSIMILATES 

The energy supply of living plant cells oc- 

Curs via assimilates. Those energy-containing 

substances are produced in the leaves (in the 

photosynthetic processes occurring there) and 

distributed throughout the plant via the phloem. 

A number of hypotheses have been developed 

that try to explain the mechanisms of their 

long-distance translocation. Among them one 

can name the electroosmotic theory, the hypo- 

thesis of diffusion and cytoplasm movement, 

and the Miinch theory of flows under pressure 

[5,12,14,24,31,32]. We focus here our atten- 

tion on the last one, mainly because it is the 

most accepted in the biological literature and 

because that theory can - as shown by Kargol 

[14] - be markedly modified and developed 

due to the Kedem-Katchalsky thermodynamic 

formalism. 

The theory of flows under pressure assumes 

that assimilates are transported via phloem by. 

being carried along with water (mass flow). 

Those flows find simple explanation in a mem- 

brane model elaborated by Miinch [14,24,31,32]. 

It is composed of two osmometers I and II, con- 
nected with a tube R,, in a push-pull way, and 

immersed in a solution of the containers N, and 

N, of Fig. 9. Tube R,, which connected the ves- 

sels N, and N,, represents xylem. J,, is the 

xylem flow. 

  

  

            

  

      

  

Fig. 9. Miinch model. 

Let us assume, after Miinch, that os- 

mometer I of the model filled with a concen- 

trated solution (C,) represents in a generalised 

way the photosynthetic cells of the leaves. 

Here the assimilates are created. Instead, os- 

mometer IT, containing a dilute solution (C,), 

represents the places in the plant where as- 

similates are utilised. They can be, e.g., root 

cells, fruit cells or bud cells. In the model 

it is also assumed that the generalized link 

R, connecting both hypothetical osmometers 

is the phloem with sieve tubes and accompa- 

nying cells. The connected vessels N, N, (with 

solution C,) imitate the plant apoplast together 

with the water and solutes contained in it. 

From the above model it follows, most of all,
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that with C, > C, transport of water and as- 

similates can occur by the osmotic principle. 

Xylem is represented by tube R, and J,, is the 

xylem flow. 

MODIFIED MUNCH MODEL AND ITS 
MATHEMATICAL DESCRIPTION 

The Miinch model has been recently 

modified by Kargol in a substantial way [14]. 

In that modification it was assumed that mem- 

branes M, and M, of the osmometers differ in 

their filtration coefficients (L,, #L,,), reflec- 

tion coefficients (6, #60,) and permeability 

coefficients (W, # @,). 

It was assumed also that the membranes 

separate solutions of different concentration, 

with C, #C, and Cy, # C,,, where Cy, and C), 

are concentrations of the solutions in vessels 

N, and N,. Also the mechanical pressures near 

both osmometers were assumed to be different 

(P 01 # P 02). 

Having in view a detailed investigation of 

the osmotic properties of the model thus modi- 

fied, shown schematically in Fig. 10, let us 

make use of the practical Kedem-Katchalsky 

equation for the volume flow. 

The equation has the form: 

Jy = L,oAn — LAP 

Jyt 

Ny Poi” -3 MPa 

  
  

  

A P, > 0,1 MPa 

I i Co1 — v1 Osnoneter I 

NM Cy 
Apoplast 

rise |. Вх | Ry 

Apoplast Jy 

74 
ff M Co 
rl | 

Coo “Trove Osmoneter II 

NY Pa > 01 MPa 

№8 Poz < 0.1 MPa   
Fig. 10. Miinch model modified by Kargol [14]. 

where Jy - volume flow, An - osmotic pressure 

difference, AP - mechanical pressure difference. 

Applying this equation to membranes M, 

we can write: 

- (35) 
Ля = L,, У, (9,, An, ) — L,, AP 

1 

- (36) 
Лу = Lp У. (9, An,,) m Lo AP 

1 

where J;y, Ję» - fluxes, 0,;, 0; - reflection coef- 

ficients of the i-th solute, and Ar, ;, Amt; - os- 

motic pressure differences of that solute. 
In order to simplify the calculations we 

assumed [14,16] that there is only one (gene- 

ralised) solute in the solution. With this and 

the Vant Hoff’s formula for osmotic pressure, 

the above equations can be written: 

Jy =L„6 RT(C,-C,,) — L„(P,-P,,) (37) 

J,=L„GRT(C-C,) — L„(P;-P„) (38) 

where Cy,, Co and Py, Po are concentrations 

and mechanical pressures in vessels N, and N,, 

respectively; which represent apoplast that 

constitutes the environment of osmometers I 
and IT, R - gass constant, 7-temperature. 

If the amount of water leaving osmometer 

II is equal to the amount taken osmotically by 

osmometer I, then we can write: 

JV, =, =Jy , (39) 

Allowing for this condition and for Eqs 
(37) and (38), it is easy to obtain the following 

equation which describes volume flow Jyin 

the model considered [14,16]: 

Jy= L[RTo,(C,-C,,)-RTo,(C.—C)- 

(P,—-P,)}+ L (PoP op), (40) 

where L=L,,L,(L,,+L,.)"' and (P,—P,) is the 

drop of mechanical pressure occurring in 

tube R,, whereas (Po;—Po,) - drop of mechan- 

ical pressure occurring in vessels N, and 

N, which imitate the plant apoplast. Tube R, 

represents xylem.
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On the basis of formula (40) it has been 

shown [14,16], among others, that: 

1. An increase in pressure P „| (caused mainly 

by decreased intensity of transpiration) in- 

duces an increase in the phloem mass trans- 

port J, . 

2. With increased pressure P, (which depend- 

ends mainly on the root pressure) the flux 

J, decreases. 

3. The flux J, increases with increasing con- 

centration C,, which in turn is the higher 

the more intensive are the photosynthetic 

processes in the leaves. 

4. The flux J, depends also on concentration 

C > which is the smaller the more intensive 

is the utilisation of the assimilates. As the 

concentration increases, the flux Л, de- 

creases. 

It should be added here that in a real plant 

the changes in P,, and P,, occur simultaneously 

with changes in C, and C.,. In that situation the 

mass flux Jy is a resultant of changes in all of 

those quantities [14]. | 

Let us note also that in the situation shown 

in Fig. 10 the osmometer I is placed above os- 

mometer II. Under these conditions transport 

through the phloem imitating tube R, occurs 

downwards. The model considered will also 
display the same properties if osmometer I is 
placed below osmometer II. Then transport 
through tube Ru is directed upwards. On that 

basis the transport of assimilates through 

phloem upwards and downwards can be mod- 
elled. 

The above considerations, though not 

complete, supply important information about 
the osmotic and hydromechanical properties of 

the modified Miinch model. The information, 

that follows from Eq. (40), makes the model 

more universal as regards interpretational 

possibilities referring to the phloem transloca- 

tion of water and assimilates. It also makes the 

model more convincing from the biologicał 

point of view [14]. 

CONCLUSION 

In this paper we have presented the basic 

mechanisms which drive the long-distance water 

translocation in plants, including the uptake of 

water from the soil, its movement across the 

root, elevation up the xylem and the phloem 

transport of water and assimilates contained in it. 
In the main, further modification and develop- 

ment of the graviosmotic hypothesis of the gravi- 

diffusive mechanism has been of prime concer. 

The present work considers in the realm of 
the Kedem-Katchalsky formalism the gravidif- 

fusive transport across a selective membrane 

(0<o<1)) which is situated horizontally and sep- 

arates two well-stirred solutions, the upper one 

of concentration C, and the lower one of con- 

centration C>. 

Using the Kedem-Katchalsky procedure, an 

equation for volume flux Jy and an equation for 

solute flux J; has been derived. 

The considerations on those topics initiate a 

further study we plan on the gravidiffusive trans- 

port in membrane systems with no external stir- 

ring agents. The problems dealt with in this work 
constitute an introduction to the investigation we 
plan on the basic problems of the biophysics of 

bulbing and bulb growth in plants. 
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