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Effect of water deficit and membrane destruction on water diffusion
in the tissues of maize seedlings
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Abstract

We investigated diffusion of water in maize seedlings (Zea mays L. cv. Dnepropetrovskaya) following addition of
polyethylene glycol (PEG) 6000 (osmotic potential -0.1 and -0.3 MPa) to the root medium by NMR method with pulsed
gradient of magnetic field. Diffusion coefficients of different water phases in plant tissues (water of apoplast and
vacuoles, water transported through the membranes) have been estimated from multicomponent decays of echo
amplitude. Different signs of changes of water diffusion coefficients of fast and slow components of diffusional echo
decay in roots and leaves under the influence of PEG-induced water deficits were shown. It has been supposed that
under water deficit a sharing of water flows takes places through the different pathways (apoplastic, symplastic and
transmembrane). In roots, 1-h water deficit increased the rate of fast diffusing water (water of apoplasm, vacuoles and,
perhaps, water contained in intercellular endoplasm system), and decreased the rate of slowly diffusing water (water
passing across the membranes). A long-term water deficit increased to a small extent the rate of water transmembrane
transfer in root tissue. Leaf response to water stress was in the intensification of rate of transmembrane water transport
that could be connected with the expression of water channels, and in the decrease of apoplastic water flow and flow
along endoplasm. The possibility of estimation of plant tissue (membrane) integrity on the basis of diffusional data has
been demonstrated.
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Introduction

For estimation of the physiological status of the plant
under stress it is important to determine changes in
metabolism underlying response to changed environ-
mental conditions, and also to estimate quickly and
certainly the level of organism injury. Great attention is
paid to changes in cell membrane systems as the most
sensitive to unfavourable environmental conditions
(Navari-1zzo et al. 1993, Quartacci et al. 1995). It has
been shown that osmotic stress induces rapid changes in
cell wall conductivity (Nonami and Boyer 1990a,b,
Chazen and Neumann 1994) and plasmalemma (Gennis
1997). The maintenance of membrane integrity plays a
decisive role in the plant tolerance to osmotic stress
(McKersie and Stinson 1980), freezing (Pearce 1985),
and drying (Tetteroo et al. 1996). The permeability
regulation can be accomplished by opening and closing

Received 5 May 2000, accepted 16 September 2000.

of water channels formed by the membrane polypeptide
complexes including aquaporins (Daniels et al. 1994,
Robinson et al. 1996, Maurel 1997, Chrispeels et al.
1999), and also by phase transitions of the membrane
lipids (Crowe et al. 1989, 1992).

It has been known that parallel apoplast, symplast and
transcellular pathways play an important role during the
passage of water across the different plant tissues and
there is a rapid exchange of water between these
pathways (Steudle 1997). Depending on the type of
tissue, its developmental state and environmental
conditions, a relative contribution of these pathways to
overall water flow may differ. So, under conditions of
water deficit, the apoplastic by-pass in the root is not
effective and cell-to-cell component dominates (Steudle
and Peterson 1998). Switching between water pathways

Abbreviations: NMR - nuclear magnetic resonance, PEG - polyethylene glycol, A(g?) - diffusional decay of echo signal amplitude,

t4 - diffusion time, D¢ - water diffusion coefficient.
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allows the plant to optimize the water relations under the
unfavourable environmental conditions.

The use of NMR method for the study of water
diffusion in plant tissues (Anisimov et al. 1983, 1998)
gave the possibility of distinguishing the symplast water
transport from the apoplast one (Anisimov and Ratkovic
1992). In recent investigations, the data confirming the
presence of two transport channels of plasmodesmata-
desmotubule and cytoplasmic ring (the known model of
Robards), which connect correspondingly vacuoles and
cytoplasm of the adjacent cells, were obtained by the
method of confocal laser scanning microscopy (Knebel et
al. 1990, Lassaro and Thomson 1996). This notion was

Materials and methods

The experiments were conducted with 7- to 10-d-old
seedlings of maize (Zea mays L. cv. Dnepropetrovskaya).
After germinating in darkness on moistened filter paper
for 3 d, the seedlings were mounted in drilled holes in
special plastic holders and transferred to containers
(5dm’ capacity, 25 plants per container) with
continuously aerated, ' strength Hoagland-Arnon
nutrient solution. Plants were grown under controlled
conditions: 14-h photoperiod, irradiance of 15 W m?,
day/night temperature of 25/18 °C and relative humidity
of 60 %. To study the effect of PEG-induced water
deficits intact seedlings were transferred to nutrient
solutions containing polyethylene glycol 6000 (PEG) of
various concentrations (osmotic potential -0.1 and -0.3
MPa) for 1 h and for 24 h. Then the seedlings were taken
from solution, the roots were rinsed in distilled water,
leaves and roots were cut and taken for the diffusion
measurements. To study the effect of factors causing the
membrane destruction, the excised roots were affected by

Results and discussion

The dependence of diffusional decays A(g?) for water of
excised roots of maize seedlings at different diffusion
times (t5) is of a nonexponential character at all t4
(Fig. 1). Therefore the key moment is the division of
A(g)) in components and then the attribution of these
components to the concrete water fractions of the
studying system. At least two components can be
distinguished in this dependence: fast and slow decaying
components. The fast decaying component, characterized
by high diffusion rate, is attributed to water of apoplast
and vacuoles; the slow component to intracellular water
motion-limited both by the effect of cell membrane
permeability and the interactions with non-water cell
components (Anisimov and Ratkovic 1992). Also water
diffusion along vacuole symplasm (or intercellular
endoplasm) can contribute to fast component of

248

used for interpretation of compound diffusional decays of
echo signal amplitude of cellular water in the NMR
experiment (Velikanov ef al. 1999).

The aims of this study were J) to examine the
influence of PEG-induced water deficit on the water
diffusion in roots and leaves of maize seedlings with the
attempt of subsequent assessment of contributions of
different transport ways of water; 2) to affect this
transport by artificially induced changes of structural
integrity of membranes. To achieve these aims we used
the NMR method to determine the diffusion coefficients
of water in intact, water stress exposed, and destroyed
tissues of maize seedlings.

the vapour of liquid nitrogen or diethyl ether, or boiling
water vapour for 5 min, or by long-term low temperature
(-10 °C for 24 h).

Diffusion of water was measured in the excised roots
(in radial direction) and leaves (in transversal direction)
by the spin echo NMR method with pulsed magnetic field
gradient on a frequency of 19.2 MHz. Registration of
diffusional decays of echo signal amplitude A(g’) in the
range of 3 orders of magnitude affords the most complete
estimation of the translational diffusion of different water
phases. Multicomponent diffusional decay typical of
plant tissue was divided into components by consecutive
subtraction of exponents. Water diffusion coefficients
(Dep) were calculated for each component. Achievement
of the plateau in dependence of D¢ on diffusion time (t4)
(see Fig. 24) allows us to determine the range of effective
averaging of water diffusion between cells due to
membrane permeability effect.

diffusional decay (Velikanov et al. 1999). Intercellular
endoplasm is a continuous transport system including
vacuoles, connected by endoplasmic reticulum, which
forms the endoplasmic channel in plasmodesmata -
desmotubule (van Bel 1996, Gamalei 1998). Intercellular
continuity and fluidity of endoplasm have been confirmed
by the investigations with labeled lipids (Grabski et al.
1993).

The dependence of D, of slow and fast components
of diffusional decay on t4 for control and PEG exposed
maize roots in region of ty < 300 ms, the so-called region
of restricted diffusion, mainly characterizes the
intracellular water transport depending on water
interactions with nonwater cell components. Diffusion
coefficient values in region of t; > 300 ms, the so-called
region of hindered diffusion, are defined by intercellular



water transport and depend on plasmalemma permeability
(Fig. 2).

Characteristic restricting dimensions estimated from
the equation of Einstein-Smolukhovsky (a2 =6 Doy X 1y,
at ty = 300 ms and D =2.5 %10 cm? s is 21 um,
corresponding to the average dimensions of root cells.
The coefficient of membrane water permeability Py of
maize seedling roots, calculated from the equation of
Crick (1970):

1/Des = 1/Dy + 1/Pg xT1

where D, is the effective coefficient of water diffusion in
the region of hindered diffusion (2.5 x 10¢ ecm® s™), D, is
the self diffusion coefficient of water at min ty (2.5 x 107
em’ s, r is the distance between membranes (in this
case it is equal to average cell diameter, ie. 21pm),
amounts to 1.3 x 10 ¢cm s™', that is comparable with the
plasmalemma permeability. Pd of maize roots affected by
PEG for | h amounts to 0.8 x 10% em s™ (Dgg= 1.7 x 10°®
cm’ s7'). According to Nobel (1991) the coefficient of
water permeability for plasmalemma of maize root is
1x10%cms™,
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Fig. 1. Diffusional decays of relative echo signal amplitude, A,
vs. pulsed gradient amplitude, g%, for maize seedling roots at
various diffusion times, tg.

The 1-h treatment with PEG (-0.1 and -0.3 MPa) on
roots of intact seedlings led to D, decrease of slow
component and D increase of fast component (Fig. 2).
Taking into account the above mentioned arguments for
possible contribution of diffusion of the different water
fractions to measurable components of diffusional decay,
one can assume that PEG-induced water deficits resulted
in the decrease of the water transfer rate across the
membranes (transmembrane transfer) and increase of
water diffusion along root apoplasm and vacuoles, united
into the system of intercellular endoplasm. Decrease of

WATER DIFFUSION IN MAIZE TISSUE

transmembrane transfer can be connected with the
reduced activity of water channels and the decreased
permeability of membrane lipid bilayer under water
shortage. The reduced permeability to water of both root
cells and whole maize roots was observed under high
salinity (Azaizeh and Steudle 1991, Azaizeh et al. 1992).
Intensification of water flow along "vacuolar continuum”
of symplasm (endoplasm) after water stress can promote
the fast recovery of pressure potential along all tissue. A
number of studies have shown that replacing the nutrient
solution with test solutions of higher osmotic pressure
caused biphasic response in root cells: fast decline in
pressure potential accompanied by tissue shrinkage and
subsequent recovery of pressure potential and growth
(Kuzmanoff and Evans 1981, Frensch and Hsiao 1994,
1995).
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Fig. 2. Dependence of water diffusion coefficients, D, of slow
(4) and fast (B) components on diffusion times, t3, for maize
seedling roots: / - control; 2 - PEG -0.1 MPa (1 h); 3 - PEG -
0.3 MPa (1 h); 4 - PEG -0.1 MPa (24 h). Each data point is the
mean of four measurements obtained from separate samples
(SE £5%).

The differences in effects of PEG of various osmotic
potentials (-0.1 and -0.3 MPa) are revealed in the region
of short times of diffusion ty (Fig. 24). A considerable
decrease of D following the influence of PEG
(-0.3 MPa) in the region-of restricted diffusion can be
caused by the viscosity increase of cytoplasm. The
seedlings exposed in PEG solution of -0.1 MPa for 24 h
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showed D, increase of slow component at all t4 relative
to control level. It is perhaps due to the plant adaptive
response, connected with switching between water
pathways under the influence of long water stress:
decrease of apoplastic component and activation of water
channels. It has been found that water shortage increases
the expression of water channels in maize roots (Guerrero
et al. 1990).

To determine whether the D, increase is connected
with the membrane injuries, we measured water diffusion
under the influence of factors, which cause the membrane
destruction (Fig. 4). A considerable increase of Der and
the lack of D, response to ty, the absence of restriction
region at ty < 200 ms, testifies to the integrity breaking
and loss of barrier properties of membranes under the
influence of 5 min effect of vapour of liquid nitrogen and
diethyl ether and boiling water vapour (Fig. 4). Root
freezing at temperature -10 °C in cool camera for 24 h
has led to diffusion increase, but the restriction effect has
remained apparently at the expense of incomplete cell
destruction. Thus the diffusion data allow quickly and
safely enough to estimate the structural integrity of
membranes after the effect of various destructive factors.
Taking into account the data of Fig. 4, we conclude that
the Des increase of maize roots subjected to osmotic stress
within 24 h can not be the consequence of some injuries
of the membrane structures.
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Fig. 3. Dependence of water diffusion coefficients, D, of slow
(A4) and fast (B) components on diffusion times, t4, for maize
seedling leaves. Numeric designations are the same as in Fig. 2.
Each data point is the mean of four measurements obtained

from separate samples (SE + 5 %).
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In the seedling leaves the PEG-induced water deficit
caused qualitatively different D,; response: D, increased
in slow and decreased in fast components of echo
attenuation (Fig. 3). The lowering of water content in leaf
cells under the water stress conditions results in
endoplasm breaking, i.e. rupture of intercellular contacts
(plasmodesmata) or their conformational changes
(Gamalei 1994, 1998) and as consequence in the rate
decrease of the intercellular water transfer through
plasmodesmata. It is known that plasmodesmata are the
most vulnerable part of the transport net (Gamalei 1996).
Another cause of decrease of the rate of fast diffusing
water can be the conductivity reduction of cell wall for
water under the osmotic influence. Nonami and Boyer
(1990b) and Wu et al. (1996) observed the decrease in
hydraulic conductivity of cell wall at low water
potentials. Thus lowering of conductivity of plasmo-
desmata (desmotubule) and cell wall can be the cause of
D.s decrease of fast component.

PEG treatment of plant roots is considered to cause
the leaf changes via hydraulic (Kramer 1988, Nonami and
Boyer 1990a) or hormonal (Saab and Sharp 1989, Davies
and Zhang 1991) signals. It is known that water stress
causes a sharp increase in ABA concentration in maize
seedling leaves (Beardsell and Cohen 1975, Saab et al.
1990) that greatly increases the hydraulic conductance of
membranes (Glinka 1980, Van Stevenink ef al. 1988).
According to our data (lonenko and Zyalalov 1999)
exogenous ABA increases also the water permeability of
membranes of maize root cells. Thus one of the causes of
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Fig. 4. Diffusional transfer of water in maize seedling roots
following the influence of the destruction factors: / - control;
2 - the vapour of liquid nitrogen; 3 - the boiling water vapour;
4 - the vapour of diethyl ether; 5 - low temperature -10 °C. Each
data point is the mean of four measurements obtained from
separate samples (SE + 7 %).



D, increase of slow component in leaves after the
influence of PEG-induced water deficits can be the
intensification of transmembrane water exchange due to
the increase of the membrane permeability.

The different signs of D changes of slow and fast
components of diffusional decay in roots and leaves of
maize seedlings points, in our opinion, to the different
mechanisms of adaptation of these organs to PEG-
induced water deficits. Under water deficit a sharing of
water flows apparently takes place through the different
pathways: through apoplast and intercellular endoplast,
on the one hand, and through the membranes
(plasmalemma), on the other hand. In the first place (at
least for 1 h) root response is in the intensification of
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