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A comparative study of the uptake of cation type dye (methylene blue) of the
isolated root cell walls and of the roots of whole transpirating seedlings was
performed. Seven day seedlings of the Triticum aestivum L., Zea mays L.,
Cucumis sativus L., Lupinus albus L. and Vigna radiata L. grown at low
concentration of all nutrients (~0.2 mM) in the medium were used. We de-
termined the amount of ionogenic groups per 1 g of dry and fresh weight of
root cell walls, their swelling capacity, ion exchange capacity on methylene
blue (M) depending on adsorption time and diffusion coefficients of organic
cation into the polymeric matrix of cell walls (D). It was shown that both
M depended on $K (or dissociation degree of the carboxyl groups), changed
in accordance with the amount of the carboxyl groups per 1 g of cell walls
dry weight and decreased as follows: cucumber > mungbean > lupin > wheat >
corn. The results indicate that D* also depended on plant species and de-
creased in the order: lupin > mungbean > maize > cucumber > wheat. We
conclude that the mechanism of methylene blue absorption by plant root cell
walls is stimulated by ion exchange reactions between the methylene blue
cation and carboxyl groups of cell walls, but the rate of absorption is mainly
defined by methylene blue cation diffusion into the cell wall polymeric matrix.
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INTRODUCTION

In plant roots, water and ions are transported via the
apoplast and the symplast. These two pathways are more
or less equivalent for the transport of mineral nutrient
ions and water. The predominance of one of them is
mainly determined by environmental conditions and the
type of transported compound. Under certain conditions,
the apoplast pathway of water and ion movement pre-
dominates [1], and thus it is mainly determined by the
properties of cell walls.

The properties of cell walls as cation exchangers
can be characterized by such physicochemical parame-
ters as ion-exchange capacity, ionization constants for
active groups, swelling the coefficient of polymer mat-
rix and the coefficient of ion diffusion in the matrix [2,
3]. The first two parameters characterizing cell walls
properties and their effects on mineral ion uptake have
been studied in several laboratories [3, 4]. Little is
known about ion diffusion in cell walls [3].

Many authors believe that diffusion is the determi-
ning stage during ion movement in the root; however,
no experimental data on the rate of ion diffusion in the
polymeric matrix of plant cell walls and the effect of
this property on ion transport are available. In the pre-

sent study we have quantitatively evaluated ion diffu-
sion in the cell walls and its contribution to the absor-
bing function of the root.

MATERIALS AND METHODS

Grain and seeds were soaked in tape water for 3 h at
room temperature and germinated at 27.5 °C in the dark.
Experiments were carried out at 20-22 °C using 7-day-
old seedlings of Triticum aestivum L., Zea mays L.,
Cucumis sativus L., Lupinus albus L. and Vigna radia-
ta L.grown in tape water at a concentration of K*, Na’,
NO,, CI, PO,* of ~0.2 mM. Tllumination was 110 pM/s
per m? for 14 h per day and the solutions were aerated
during 8 h per day.

Cell walls were isolated and standardized as previo-
usly described [2]. Cell walls swollen in water were
blotted with filter paper, weighed and placed into
0.1 mM solution of methylene blue (0.032 mg/ml). The
experiments were carried out under constant shaking (60
oscillations/min). Aliquots of the mixture (Iml) were ta-
ken after 2, 4, 6, 10, 15, 20, 30, 40, 50, 60, 120 and
180 min of incubation and diluted for spectrophotomet-
ric determination of methylene blue concentration at
650 nm using a Uniplan analyzer (Russia).
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The amount of methylene blue accumulated by plant
preparation was calculated using the following formula:

cy,-cv->(cr,)

M = = )

' 319¢g

where M| is the amount of methylene blue accumula-
ted during time interval ¢ (umol per 1 g root wet weight);
C, and C; are dye concentration (ug/ml) at zero time
(t = 0) and after incubation (¢); ¥, and V;'represent the
initial volume (ml) and the volume at the moment of
the aliquot collection, respectively; n is the number of
aliquots; 7 is the aliquot number; V  is the aliquot vo-
lume (ml); C/, is methylene blue concentration
(ug/ml); g is root weight (in grams); 319 is the relative
molecular mass of methylene blue.

To determine the maximal uptake of methylene blue,
cell walls were blotted with filter paper, weighed and
placed into Erlenmeyer flasks (~250 ml) with 150 ml
0.1 mM methylene blue solution. After two days, the
plant material was discarded and solution dye concen-
tration was determined as described above. Maximal up-
take was calculated using the following formula:

_(Cin_cf)V
- 319g

where M is the maximal ion-exchange capacity (in
umol per 1 g wet or dry weight) of cell walls with
respect to methylene blue under certain conditions (pH,
dye concentration, root/solution ratio, temperature), C,_
and C, represent the initial (C, ) and the final (C)) con-
centrations of methylene blue (ug/ml), V is the volume
of the incubation mixture (150 ml), g is the weight of
roots used for isolation of cell walls (in grams), 319 is
the relative mass of methylene blue.

Potentiometric titration of isolated cell walls was car-
ried out using the method of separate weights. The
amount of ionogenic groups per 1 g of dry and fresh
weight of root cell walls, their swelling capacity and
ionization constants of cation exchange groups were de-
termined using potentiometric titration curves as descri-
bed earlier [4].

M

max

RESULTS

In all variants of the measurements, there was exponen-
tial time-dependent dye uptake by both cell walls (M“").
The values of M*" were in the following order: cucum-
ber > mungbean > lupin > wheat > corn (Fig. 1).
Since ionization of methylene blue results in the for-
mation of a colored cation, it is reasonable to suggest
that its uptake occurs via exchange reaction between
this cation and carboxyl groups of the cell walls. Data
on pH dependence of methylene blue uptake seem to
support this suggestion. In all cases, change in pH va-
lue was accompanied by a corresponding change of the
amount of methylene blue in cell walls (Fig. 2). Such
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Fig. 1. Time course of methylene blue uptake (M“*) by cell
walls isolated from roots of cucumber (closed squares), mung-
bean (closed circles), lupin (open circles), wheat (closed trian-
gles) and maize (open triangles) plants
In all experiments, the volume of solution and dye concen-
tration was 150 ml and 0.1 mM, respectively. Results (umol
per 1 g root cell wall dry weight) represent mean + SD of
3-5 experiments.

pH-dependent behavior of adsorption capacity suggests
that methylene blue binding to cell walls is an ion-
exchange process and, consequently, the adsorption va-
lue should be linked to the number of ionogenic groups
in cell walls.

It has been established that the polymer structure of
root cell walls of all plants studied contains four types
of ionogenic groups: amino groups with pK ~3, carbo-
xyl groups of o-D-polygalacturonic acid with pK ~5,
the carboxyl groups of hydroxylcinnamic acids with
pK ~7.3, and the phenolic groups with pK ~10. In all
cases the amount of bound dye was 1.5-3-fold higher
than the amount of carboxyl groups of a-D-polygalactu-
ronic acid. This suggests involvement of both types of
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Fig. 2. Effect of pH on methylene blue uptake (MV) by cell
walls isolated from cucumber (/), mungbean (2), and cucum-
ber roots (3) during 3 h of exposure to 150 ml of standard
0.1 mM dye solution. Results (umol per 1 g root wet weight)
represent mean + SD
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carboxylic groups into methylene blue cation binding.
The ion-exchange mechanism of methylene blue bin-
ding is also confirmed by the dependence of maximal
ion-exchange capacity (methylene blue) of cell walls
(M__ ) on the total amount of carboxyl groups (S) which
may be potentially involved in the exchange reactions
(Fig. 3). Results of statistical treatment indicate that un-
der our experimental conditions M __ and S are related
parameters. All these considerations provide a convinc-
ing evidence that the mechanism underlying methylene
blue binding involves ion-exchange reactions in the cell
wall and thus the experimental kinetic curves can be
analyzed by known equations describing ion-exchange
kinetics [5].

00

80D 1
500
400
300
200

100

5

o
400 GO0 anp oo 1200

Fig. 3. Dependence of maximal uptake of methylene blue
cation (M_ ) by cell walls under given experimental condi-
tions (dye concentration, pH, ionic strength, roots/solution ra-
tio) on total number of carboxylic groups in cell walls
In all cases the volume of 0.1 mM methylene blue solution
was 150 ml. The results are expressed as pmol per 1 g cell
wall dry weight. Points represent experimental results and
solid line shows trend (M= 0.85S + 330.3; r*°" = 0.959).

DISCUSSION

The coefficient of methylene blue diffusion in root cell
walls (D) depends on plant species (Table 1). Since
parameter D" has not been quantitatively evaluated in
plant roots, the D* obtained in the present study was
compared with that for synthetic ion-exchange materials.
The diffusion coefficient for methylene blue cation in
sulfur-containing cationites varied from 3-10-° to
4-10"2 cm?/sec depending on the amount of cross-lin-
king reagent (2—-16%) [6]. According to our data, plant
cell wall is more permeable for methylene blue than for
synthetic ionites because the diffusion coefficients in cell
walls are 2—4 orders of magnitude higher. This is ob-
viously determined by a characteristic structure of the
cell wall polymeric matrix, which is characterized by a
lower cross-linkage compared with the synthetic ion-
exchange materials. The values of diffusion coefficients
obtained in the present study, together with results on
root cell wall swelling in water (Table), provide addi-

tional arguments supporting our conclusion that cell walls
represent a weak cross-linked ion exchanger or they are
characterized by a low degree of cross-links between
linear chains of polymers (~1-2%). The coefficient of
cell wall swelling in water (K°V) and the coefficient of
methylene blue diffusion in cell walls (D") are parame-
ters characterizing the same property of a matrix, cross-
linkage or permeability of its polymeric structure. This
suggests a correlation between K and D®*. Our calcu-
lation actually revealed the existence of a statistically
significant relationship between these parameters (Fig.
4). This also supports the correct choice of the model
for calculation of diffusion coefficients, because K and
D values were obtained in independent experiments.

One of the physiological functions of cell walls as
the ion-exchange material consists in accumulation of
ions from the environment. Using data of the present

Table. Mean values of the coefficient of cell wall swelling
in water (K°V); of the coefficients of methylene blue diffu-
sion into cell walls (D“*); the number of carboxyl groups
in cell wall structure (S) and the maximal uptake of met-
hylene blue by the cell walls (M, ). K™ is expressed in
gram H,0 per 1 gram of cell wall dry weight. D is
expressed in cm? per second. S and M, .. are expressed in
micromole per 1 gram of cell wall dry weight and in mic-
romole of methylene blue per 1 gram of cell wall dry
weight respectively

Plant K D108 S o
Cucumber 7.3 3.1 1050 619
Mungbean 18 13.1 1000 504
Lupin 22 14.1 900 389
Wheat 6.6 1.3 650 152
Maize 14 8.4 480 135

study, it is possible to evaluate quantitatively the methy-
lene blue cation concentrating ability of cell wall phase
at a low ionic strength of the external medium. The
concentrating coefficient k£ =C_/C, (where C_ and
C, represent volume concentrations of methylene blue
in cell walls and in initial solution (0.1 mM)) is 745,
265, 200, 170 and 90 in cucumber, mungbean, wheat,
lupin and maize, respectively. These results show that
cation concentration in cell walls is 100-700-fold higher
than in solution. Although the methylene blue cation is
significantly bigger than mineral nutrition cations, these
results clearly demonstrate that cell wall accumulates
cations during the first stage of cation consumption by
cells.

In the physiology of mineral nutrition, it is generally
accepted that by studying the kinetics of ion accumula-
tion it is possible to discriminate its transport in cell
walls from transport through the cell membrane [7, 8].
Results of our study suggest that diffusion, the slowest
stage of ion exchange, is very important for ion accu-
mulation by plant roots, and the exponential type of the
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Fig. 4. Dependence of coefficients of methylene blue diffu-
sion (D c¢cm? per 1 second) in root cell walls of lupin (1),
mungbean (2), maize (3), cucumber (4) and wheat (5) on
coefficient of cell wall swelling in water (K*¥, grams H,0O per
1 g dry weight of cell walls)
The coefficients DY and K°V characterized the same proper-
ty of the polymer matrix, the rigidity of its polymeric struc-
ture (or degree of its cross-linkage, or permeability). Calcu-
lations revealed a statistically significant relationship which
confirms the correctness of the model for the calculation of
diffusion coefficients because K°¥ and DV were obtained in
independent experiments. Points indicate experimental results
and solid line shows trend (D = 0.85K°Y — 3.54, /o =
0.99).

kinetic curve is not the criterion for discriminating the
ways of ion transportation (via symplast or apoplast).
Sometimes cation movement into cell walls is not a
rapid process as was suggested earlier [7]. According to
the results of the present report, during 3 h of exposure
cell walls are saturated with methylene blue by 60—90%
(depending on plant species).

In conclusion, the mechanism of methylene blue ab-
sorption by plant root cell walls is stimulated by ion

exchange reactions between the methylene blue cation
and carboxyl groups of cell walls, but the rate of the
adsorption is mainly defined by the diffusion of methy-
lene blue cation into the cell wall polymeric matrix.
Diffusion, the slowest stage of ion exchange, is very
important for ion accumulation by plant roots, and the
exponential type of the kinetic curve is not the criterion
for discriminating the ways of ions transportation (via
symplast or apoplast).
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