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The time-concentration interaction of Al toxicity in the root

meristems of Brevor wheat was studied using the L.D. 50 as a criteria

for Al damage. The L.D. 50 represented a precise, well defined
degree of biological damage which was easily reproduced under con-

ditions where factors like temperature, pH, nutrient concentration,
Al concentration, and time of exposure were rigidly controlled.
A diffusion-absorption model was developed to explain the

time-concentration interaction of Al toxicity in wheat root meristems.
The model attributed the L.D. 50 to the accumulation within meristematic cells of a fixed quantity of Al. The model predicted that

above a certain time, the t(L.D. 50)- reciprocal concentration relationship should be linear with the data extrapolating to positive intercepts
on the time axis. Wheat roots of the variety, Brevor, were found to

yield data that when plotted as t(L.D. 50) versus reciprocal

concentration were linear for Al concentrations as high as 50 ppm and

did have positive intercepts on the time axis. A linear relationship
was obtained regardless of the salt concentration or the pH.

It was observed that lateral roots were much more sensitive to
Al than primary roots at all concentrations used in this study. The
t(L.D. 50)- reciprocal concentration relationship for lateral roots not

only had a smaller slope than that for primary roots, but also extrapolated to smaller intercepts on the time axis. This behavior was shown
to be in agreement with the predictions of the model where meristema-

tic size was the only variable.
The model suggested that the effect of salt concentration on Al

toxicity in Brevor wheat is on the uptake of Al by meristematic cells.
The model could not account for the salt effect by changes in the diffusion coefficient or the complexing of Al by cell walls or other

material outside the cell. The model further suggested that the Al
uptake rate is "hyperbolic" with concentration. This would be in
agreement with what is known about the uptake of many other solutes,

both organic and inorganic as well.
The pH was found to have two effects on the toxicity of Al. One

was an effect during pretreatment prior to Al exposure. Increasing
the pH at which the seeds were germinated from 4 to 5 resulted in a
small but consistent increase in the t(L.D. 50) obtained during a sub-

sequent Al exposure. The mechanism by which pretreatment pH

affects the subsequent toxicity of Al was speculated to be a detrimental
effect of H+ on the membranes during their development. The other

effect of pH was observed during the Al treatment. Increasing the pH

of an Al solution from 4.0 to 4.5 increased the toxicity of Al. The
effect of pH on the t(L.D.50)-reciprocal concentration relationship
was to lower the slope but have no effect on the extrapolated intercept.
The increase in toxicity was shown to be too small to be accounted for
by increases in the concentration of AlOH

+2

+1

or Al(OH) 2 calculated

from known thermodynamic equilibrium constants. In addition,

increasing the pH from 4. 5 to 4.7 did not further increase the toxicity
of Al. This lack of response of Al toxicity between pH 4.5 and 4.7

was apparently not the result of precipitation of Al under these experimental conditions. The evidence suggested that there may be other

processes in addition to hydrolysis which affect the toxicity of Al as

the pH is raised. Experiments using the metabolic inhibitor, DNP,
during an Al treatment suggested that Al uptake by meristematic cells

is probably the result of passive diffusion across the plasmalemma.
Under these conditions, the permeability of cell membranes would be

a controlling factor in the rate of Al uptake. A mechanism was proposed in which the increased toxicity of Al with pH was attributed to
both the hydrolysis of Al and the known effects of pH on membrane

permeability.
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THE TIME-CONCENTRATION INTERACTION OF AL
TOXICITY IN WHEAT ROOT MERISTEMS
INTRODUCTION

The primary effect of aluminum (Al) in wheat roots is on cell

division within the apical meristem. Root elongation slows down
almost immediately after entering nutrient solutions containing Al,
and eventually stops altogether. If the roots are transferred to Al

free solutions soon after elongation has stopped, the roots once again
begin elongating after a short delay and recover completely within 24

to 48 hours. However, if exposure to Al is continued, the damage to

the apical meristem at some point in time becomes irreversible.
Wheat roots will not reinitiate growth when the Al stress is removed.
This increased toxicity of Al with time of exposure suggests that complete inhibition of root growth may have resulted from the accumula-

tion of a lethal quantity of Al within cells of the meristem.

Meristematic cells responsible for the regeneration of root
growth lie at the center of the root, protected by the root cap in front
and by cortical and epidermal tissues to the side. The primary
endodermis may extend to within 200 p.m of the root cap and would give

additional protection to those meristematic cells lying within the

central cylinder. For Al to reach all cells within the meristem, it
may have to travel as much as 1000 pm after entering the root. One
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obvious way for Al to reach these cells is by diffusion through the

intercellular spaces within the root. Since cell membranes are not

freely permeable to electrolytes, Al uptake into meristematic cells
may be quite slow. These two factors, diffusion to a site within the

root and the subsequent absorption rate, should each contribute to the
time required for Al to completely inhibit root growth.

Preliminary work showed that there is a marked interaction
between Al concentration and time of exposure needed to completely

inhibit the mitotic activity of wheat root meristems. The nature of
this interaction between concentration and time suggested that diffusion was a controlling factor in the development of Al toxicity. Subsequent to this finding, this study was undertaken with the following
objectives:

1) to determine the nature of the time-concentration interaction
which will produce a well defined level of toxicity in wheat

roots,

2) to attempt to relate this toxicity to the accumulation of Al in
the meristem by a diffusion-absorption model, and

3) to determine what effect pH, salt concentration, and root size
have on the time-concentration relationships in wheat roots.
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LITERATURE REVIEW
D iffus ion Models

The application of diffusion-absorption models to solute

movement in plant tissues is not a new idea. Very early, it was

observed that a fraction of the total volume of plant tissue is accessible to solutes simply by diffusion. This volume is called the

apparent free space, " (Briggs and Robertson, 1957) and varies considerably in size depending on the nature of the solute (Briggs and
Robertson, 1948). The free space volume for electrolytes in plant

roots is generally quite small, usually less than 10% in healthy tissue.
These small volumes accessible to ions correspond to that space
external to the protoplasm and probably includes cell walls and inter-

cellular spaces (Levitt, 1957).
Because cell walls contain pectic compounds and other

substances which contain free, negatively charged carboxyl groups,

movement of cations through this part of the free space may involve
some degree of ion exchange (Salisbury and Ross, 1969).

Solutes tend to move into the free space until the concentration

there is equal to that bathing the root surface. If, however, the cells
lining the free space are absorbing solutes, the concentration within
the free space may never reach equilibrium. A diffusion equation
describing solute concentration within the free space must contain a

4

term for the rate of absorption. Briggs and Robertson (1948)
discussed diffusion-absorption processes in plant tissue and applied
the following diffusion equation to describe the 'solute concentration

within the free space of carrot discs:

atac

where

C

=D

a

2

ax

c
2

-kC

is the concentration in moles per cm 3 of free space

solution and

t

distance and

k

is time. D is the diffusion coefficient,
is the absorption coefficient. The term,

x

is the
kG,

was

assumed to describe the rate at which the solute is absorbed from the
free space. The authors solved the diffusion equation for the steadystate with various boundary conditions and applied the results to
diffusion and uptake of KC1 in carrot discs. They reported values of
2/sec and values for
D in the discs between 2 and 3.2 x 10-7 cm
k
between 1.65 and .395 x 10 -5 sec -1 .

Large differences in the characteristics of NH4 absorption
between discs of potato tuber and maize roots were found by Van Den
Honert and Hooymans (1961), and could be explained if a large concen-

tration gradient of NH4 existed in the free space of the potato disc.
Later, Bange and Van Gemerden (1961) investigated the time course of

NH4 uptake by potato discs at different temperatures. Uptake rates at
20° C reached a steady state within ten minutes while uptake at 0° C
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did not reach a maximum until after 150 minutes. NH4 taken up at
0°C was completely recovered by desorption in distilled water,
indicating that this NH4 represented complete saturation of the free

space in the discs. Because of the rapid attainment of a steady state
during uptake at 20°C, the authors concluded that a very sizable
gradient in NH4 concentration must exist within the free space during

steady-state absorption.
Bange (1973) applied a diffusion-absorption model to Rb uptake

by barley roots for the special case where the absorption term is
given by the Michaelis-Menten relation:
VmC
V

K+C)
m

where V is the absorption velocity in mm per kg per hour, V m
the maximum absorption velocity,

C is the concentration and Km

a constant.

For the steady-state condition, the diffusion equation becomes
d2C
dx

where

q

2

VmC
cl(Km+C

is a constant. From the solution of this diffusion

equation Bange calculated the overall rate of root absorption as a
function of external concentration. By comparing the predicted

is
is
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curves to those obtained experimentally, he concluded that Rb
uptake, and, by inference, that of other cations as well, is largely
restricted to the root surface and that internal surfaces lining the
free space either lack the absorption mechanism altogether or exhibit
very low rates of uptake in comparison to external surfaces.
Toxic Effects of Al on Roots

Much of the initial work on Al toxicity in plants was done in
soil. Besides not being able to observe first hand the toxic effects of

Al on the root system, soil presents the added disadvantage that many
factors cannot be adequately controlled. Kerridge et al. (1971) sug-

gested that a better system for observing the effect of Al on plants

which also provided a technique for screening varieties for Al tolerance might be to grow them in a nutrient solution containing Al.

Solution culture allows variables such as nutrient composition, nutrient concentration, and pH to be rigorously controlled. The authors

were able to separate 50 varieties into three tolerance classes based
on root growth in complete nutrient solutions containing Al.
Moore (1974) used a modification of Kerridge's procedure

which resulted in a more distinct separation of varieties with respect
to Al tolerance. Whereas Kerridge grew plants by continuous exposure
to Al and measured total root length, Moore grew wheat seedlings

initially in Al free solutions. He then transferred these seedlings into
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P-free nutrient solutions containing Al for a 48 hour period, and then
transferred them back into Al free solutions for a 72 hour period of
recovery. When wheat varieties were tested using a wide range of Al
concentrations, it was found that all of the varieties fell into one of

four separate and distinct classes, based solely on their ability to
reinitiate root growth during the recovery period. The brief exposure
to Al followed by a recovery period is an extremely sensitive tech-

nique for measuring the damage done to the root meristem since it
allows the damage to be quantified, i. e. , a root either regrows or it
does not.
Using the technique of Moore, Ali (1973) showed that the damage

done to wheat roots by Al was directly dependent upon the concentra-

tion of Al to which the roots were exposed. Many reports in the
literature concerning Al toxicity had previously attributed the toxic
effects of Al on plant growth to an Al induced P deficiency (Wright and
Donahue, 1953; Wright, 1943). The proposed mechanism was one

whereby Al precipitated P on or within the root, leading to impaired

P metabolism. Ali's Al treatment solutions, however, contained no
P, nor did he report ever observing P deficiency symptoms during or
after Al treatment. Yet, Al. was still able to inhibit cell division

within the root meristem. Furthermore, Ali showed that the damage
done by Al was dependent upon the concentration of other salts in the
Al solution. Increasing the level of Ca, Mg, K, or Na decreased the
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toxicity of Al, even to the point of completely overcoming the

depressive effect on root elongation. This non specific nature of the
cation in protecting the meristem showed further that the inhibition of

meristematic activity within wheat roots was not the result of a P
deficiency. Furthermore, since any one of the four cations, Ca, Mg,

K or Na, protected the meristem, Al toxicity could not have resulted
from a deficiency in Ca, Mg or K.
The evidence strongly suggests that the inhibition of cell division

within the apical meristem of wheat roots results from the direct
action of Al itself. Because of the non-specific nature of the cation

in protecting the meristem, Ali speculated that the mechanism of
protection was one of exclusion of Al at the plasmalemma.

Further evidence that Al is directly involved in the inhibition of
cell division is the speed with which cells are affected by Al. Measuring root elongation directly, Clarkson and Sanderson (1969) showed

that the rate of elongation in onion roots began to decrease within 3 to
4 hours following exposure to 10-3 M Al, and had completely stopped

after eight hours. Henning (1975) exposed wheat roots to 10 ppm Al

and counted mitotic figures in the meristem at various times during
the exposure using a histochemical staining technique. He found that
the number of mitotic figures began to decline throughout the entire

meristem after three hours of exposure and had nearly disappeared in
12 hours. The time span observed in these two studies between initial
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exposure to Al and the beginning of an observable effect within the

meristem strongly suggest that Al has a direct role in the inhibition of
cell division. Indeed, Clarkson and Sanderson (1969) proposed that Al

binds directly to DNA, increasing the stability of the DNA helix and

interfering with its replication.
Any model which is developed for the purpose of describing Al

toxicity in the meristem of plant roots should be consistent with what

has been reported in the literature. Therefore, in the development of
a diffusion-absorption model which follows in the next section, certain

assumptions will be used which are taken from the literature cited in
this review.

First of all, concerning the movement of Al into plant roots, it
will be assumed that the surface of all cells within the meristem is

accessible to Al by diffusion into the free space. Free space with
respect to Al will be taken as that volume external to protoplasm, as
defined by Levitt (1957), and includes cell walls and intercellular
spaces. The plasmalemma will be considered as a structure sur -

rounding the protoplasm which restricts, but does not prevent, the

entry of Al into the protoplasm. The model will also give Al a direct
role in the inhibition of cell division by attributing inhibition to that

part of the total Al in roots which has actually entered the protoplasm

of meristematic cells.
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THEORETICAL CONSIDERATIONS

A model will now be presented which attempts to describe Al

toxicity in wheat root meristems. In this model, Al is assumed to
diffuse into the root free space from the external solution, while, at

the same time, certain irreversible processes are assumed to be
removing Al from the free space. These processes can be categorized
as 1) the adsorption of Al onto cell walls and other material outside

the protoplasm and 2) the direct entry of Al into the protoplasm of

meristematic cells. The accumulation of this latter fraction up to
some fixed quantity will be assumed to result in the irreversible
inhibition of cell division.

The first step in developing the model will be to solve Fick's
Second Law of diffusion for the Al concentrations within the free space.

The second step will be to relate the uptake of Al by meristematic

cells to the concentration of Al at the root surface using the solution
to Fick's Second Law. After the Al uptake expression has been

obtained, the final step will be to determine those times of exposure

which are required for meristematic cells to accumulate that quantity
of Al which irreversibly inhibits cell division, given arbitrary con-

centrations at the root surface. The validity of the model will then be
tested by comparing the actual behavior of wheat roots to that predicted by the model.
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Fick's Law
Fick's Second Law for diffusion in plant roots can be written as
atat = Dv2C

where

tion,

(1)

3
is the concentration in moles per cm of free space solu-

C

D

R

is an apparent diffusion coefficient,

t is time, and

V2

is the Laplacian operator and has the following form in rectangular
coordinates
v

2

=

a

2

ax

2

+

aa2
+
2

ay

aa2

az

2

(2)

R is a term which must be included to account for the rate at which
Al is removed from the free space.
The Diffusion Coefficient

The diffusion coefficient,

D,

is that for diffusion in a porous

media and is assumed to be constant. The diffusion coefficient in

porous media is smaller than that in bulk solution because 1) not all
of the volume is open for diffusion, 2) tortuosity will increase the

diffusion path while lowering the effective gradient, 3) the higher

viscosity of water adsorbed on pore walls reduces the mobility of ions,
and 4) exchange sites along pore walls may interact with diffusing
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ions and either increase or decrease their rate of diffusion.
Olsen and Kemper (1968) give the diffusion coefficient in a

porous media,

D,
P

as
D

p

=D

2
0(L/Le)
ya
0

(3)

where D 0 is the diffusion coefficient in bulk solution,
porosity,

L /Le

0

is the

is the measured path divided by the true path,

Y

takes into account any electrostatic interaction, and a is the
viscosity factor.
The American Institute of Physics Handbook (1972) lists a

number of diffusion coefficients for electrolytes in bulk solution and
all are on the order of 10-5 cm 2/sec. Al was not included but a

formula for calculating D 0 from equivalent conductance was given
as follows:
XRT
DO

where

X

is ionic conductance,

degrees Kelvin,

Z

ZF

(4)

2

R is 8.3144 j/deg-mole,

is valence, and

F

T is

is 96500 coul/eq. From

this formula, Al +3 should have a diffusion coefficient in bulk solution
of about 1.59 x 10-5 cm2/sec, based on an equivalent conductance of
59.7 ohm -1 cm 2 eq -1 (Frink and Peech, 1963) at 25°C.
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The American Institute of Physics Handbook lists the diffusion

2/sec. Comparing this
coefficient of KC1 at 25°C as 1.915 x 10-5 cm
value with that reported by Briggs and Robertson (1948) shows that the

diffusion coefficient of KC1 in carrot discs is roughly two orders of
magnitude smaller than that in bulk solution. If a similar reduction
can be applied to the diffusion coefficient of Al in wheat root meri-

stems, then Al should also have a coefficient on the order of
10-7 cm /sec:. The free space is much smaller in meristematic tis-

sue than in the vacuolated, mature tissue of carrot discs and the
coefficient could be expected to be even smaller than the above

estimate.
Evaluating the Function R

The rate at which Al is removed from the free space

(R) must

be specified before Equation (1) can be solved. To do this, the
assumption used by Briggs and Robertson (1948), i.e. , a rate pro-

portional to concentration, will be used here. Therefore,
Equation (1) will be replaced by the function kC,

where

in

R
k

is

called the absorption coefficient and is assumed to be a constant.
Actually,

kC must take into account two separate, irreversible

processes; 1) the adsorption of Al onto surfaces external to the
plasmalemma and 2) uptake of Al across the plasmalemma into the

protoplasm of meristematic cells. The second process will be
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discussed under the section "Al Uptake by Meristematic Cells. "

The largest amount of surface exposed to Al in the free space is
that associated with cell walls. That cell walls bind Al very tightly
has been shown by Clarkson (1966, 1967). Eighty-five to 95 percent

of the Al accumulated by barley roots was recovered in the cell wall
fraction. Al adsorbed by cell wall preparations was not exchangeable
with Ca or Na and was not released during a 24 hour treatment with
10-2 M EDTA (Na2). Consequently, this Al is not free to move across

the plasmalemma into meristematic cells.
Plant roots also have a mucilagenous coating, particularly
around the root cap, which has been identified as a polysaccharide

material similar in nature to pectic substances of cell walls (Greaves
and Darbyshire, 1972; Northcote and Pickett-Heaps, 1966). In this

respect, one might expect the mucilagel to also adsorb large quantities
of Al. Indeed, in studies using labelled Sc, Clarkson and Sanderson

(1969) showed that the mucilagenous layer of onion roots did bind large

quantities of Sc, a polyvalent cation which was shown to be quite simi-

lar to Al in its effect on root meristems. The large capacity of cell
wall and, most likely, mucilagenous material for sequestering Al,
may very well be the predominant factor in controlling Al concentra-

tions within the free space, at least during the early stages of Al
uptake.
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Geometry of the Meristem in Relation to the Diffusion of Al
At this point, it is necessary to look at the root geometry and

determine the proper form of the Laplacian operator. A logical
approach might be to consider the root as a semi-infinite cylinder with
Al diffusing through both the lateral and end surfaces. The Laplacian
operator would then have the following form in cylindrical coordinates:
02_ a2

art

+lr ara
1

a2
az

2

(5)

With this form of the Laplacian and the appropriate boundary and

initial conditions, Equation (1) could be solved for the Al concentra-

tions within the free space. A closer look, however, at the movement
of Al into wheat roots indicates that the above geometry is too simple.

The endodermis is a barrier to the radial movement of ions in
plant roots. This tissue forms a casperian strip which may extend to
within 200 Eim of the root cap in wheat (Henning, 1975). Histological

studies have shown that a sizeable fraction of a wheat root meristem
lies within the smaller cylinder whose walls are formed by the endo-

dermis. The endodermis apparently offers some protection to these

meristematic cells since this tissue will remain viable long after
other tissues in the root tip have been killed (Henning, 1975). A more
realistic approach must consider that part of the meristem which lies
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within the smaller semi-infinite cylinder, open at the apical end, and
whose walls are impermeable to Al. Because of the restriction placed

on radial movement by the endodermis, the Laplacian operator
reduces to

82 /8z2

inside the cylinder. Fick's Second Law describ-

ing Al concentrations within the central cylinder can thus be written
as

ac
at

where
z

C

2

=D

C

-kC

(6)

az2

is the concentration of Al within the central cylinder and

measures the distance from the open end of the cylinder.
The boundary condition for this equation is specified by giving

the concentration at the open end of the cylinder

(z = 0)

for all

times. This concentration can be estimated by the solution to Equation (1) with the Laplacian given by Equation (5) and the boundary

condition that the concentration of Al at the root surface is a constant,
It can be shown that for diffusion coefficients on the order of
2/sec, the concentration at the center of a wheat root near the
10-7 cm
Co.

tip where the endodermis is not developed should approach a constant

value within a matter of a few minutes which is very close to Co.
Consequently, the boundary condition for Equation (6) will be approximated by the constant value

Co. The initial condition necessary to

complete the solution is given by specifying the Al concentration
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within the central cylinder at t = 0, i.e. , C(z, 0) = 0 for z > 0.
The formal solution to Equation (6) with the above boundary and

initial conditions, and assuming
r -az
C(z,t) = C 0 ie

1

2

[e

-az

CO

constant, is

erfc(Nna

-

2 0:Tt

)

eazerfc(Tla +2

z

)1}

(7)

where

a=rr
and

erfc(x) =

2

2

e

Y

dy

This completes the first step in the development of the model since
Equation (7) completely specifies the Al concentrations within the

central cylinder of wheat roots.
Al Uptake by Meristematic Cells

The second step in the development is to relate the uptake of

Al into meristematic cells to the concentration at the root surface,

CO. The term kC has already been used to describe the rate at
which Al is removed from the free space. But this is total Al
removed and, as indicated in the discussion concerned with evaluating
R,

not all of the Al removed from the free space will end up inside

meristematic cells. Consequently, a separate rate expression will be
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necessary to describe that fraction entering meristematic cells.
In order to be consistent with the overall expression,

kC,

which was used to derive a solution to Fick's Law, the rate of Al
uptake by meristematic cells will also be assumed proportional to
concentration. Therefore, the rate is given by
Rate = ka C

where

k

a

(8)

is a constant and will be equal to or less than k.

is

C

the Al concentration within the free space and is given by Equation (7).

In so far as the concentration,

C,

in Equation (8) will be time

dependent, the rate of Al uptake by cells will also be time dependent.
The amount of Al,

q,

absorbed from the free space by meriste-

matic cells located at the point,

z,

in time t,

is given by the

integrated rate:

q=

9Rate

k aC =

=

0

kaC0S f(z,tf,k,D)dt'
0

= k C g(z,t,k,D)
a 0

where the function f
Equation (7) by

Co

(9)

is given by dividing the right hand side of

and is a function of the four variables k, D, z,

and t. Equation (9) relates the quantity of Al accumulated by specific
cells within the meristem, namely those located at the point,

z,

to
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the concentration of Al at the root surface,

CO.

This completes the

second step.

It should be pointed out at this time that
function of k,
k

and

while

q

C

in Equation (8) is a

in Equation (9) will be a function of both

a. k can be formally written as

k

k = kr + k a
where

kr

(10)

is associated with the surface adsorption of Al while

k

a,

as defined in Equation (8), is associated with the uptake of Al by

meristematic cells.
Time Course of Al Toxicity

Moving on to the final step, if the irreversible inhibition of cell
division can be associated with a fixed quantity of Al within a cell, and

this lethal quantity is the same for all meristematic cells, then Equation (9) can be used to determine the time-concentration relationship

resulting in irreversible inhibition of meristematic activity.
First, the Al concentration will be a function of position within

the meristem. This follows from the fact that non-zero values of

k

in the diffusion equation result in a concentration gradient of Al within

the root. Since Al uptake is assumed proportional to concentration,

the uptake rate will decrease as one moves farther into the root away

20

from the surface. Consequently, the last meristematic cells to
accumulate a lethal quantity of Al will be those within the central

cylinder and located the farthest distance from the open end. There-

fore it should suffice to consider only those cells located at this point
since these will determine whether root elongation has been

irreversibly inhibited. The parameter,

z, in Equation (9) will then

be associated with the size of the meristem.

z

0

will be taken as the

farthest distance from the open end at which meristematic cells
capable of regenerating root elongation exist.
An estimate of the size of

z

0

in the primary meristem of

Brevor wheat was supplied by Henning.

1

Using a histochemical

staining technique, thin sections of wheat roots taken at various times
during recovery periods showed the location of those cells within the

central cylinder which survived the Al treatments and reinitiated

meristematic activity. By following the sequence of slides from a
sublethal through a completely lethal Al treatment, it appeared that

meristematic cells capable of reinitiating meristematic activity
extended to about 1000 p.m behind the rootcap-apex boundary. Assuming

a distance of 200µm behind the rootcap before entering the central

cylinder would result in an estimate for zo of about 800 p.m.

1

Personal communication with Dr. Stan Henning, Research
Associate, Agronomy Department, Iowa State University.
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Consequently, for a fixed value of

meristematic size,

the function

z0,

and

k

D,

and a fixed

becomes a known function

g

of time and Equation (9) can now be used to determine the quantity of

Al absorbed by those cells responsible for reinitiating root elongation.
Now, if complete inhibition of meristematic activity occurs when
a fixed quantity of Al,

Q, has been absorbed from the free space,

then Equation (9) will also provide a time-concentration relationship
for obtaining complete inhibition. This is accomplished by simply
solving Equation (9) for

Q:

ka COg(t) = Q

Solving for

CO

gives
C

0

Q
,1
ka gkt)

(12)

The time concentration relationship is completely specified at least
qualitatively by choosing a value of t, calculating
Equation (12) for

CO.

g(t),

and solving

Inspection of Equation (12) shows that the

predicted time-concentration relationship will be a function of four

parameters:

k, D, and z0,

It can be shown that

g(t)

which define

g(t),

and

Q /ka.

becomes a linear function of t for

large t. Solving Equation (11) for

g(t)

results in
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-(- )
Q

(13)

g(t) = ka Co

When

t

is large,

g(t)

can be written as
g(t) = constant + at

where the constant,

a,

(14)

gives the slope of the linear portion of g(t).

Substituting this into Equation (13) shows that, for large t,
Q

t = constant +

i. e. ,

t is linear with respect to

a
a

1

(T-

(15)

o)

1/C0. Thus, the model predicts

that the relationship between time of exposure necessary for
irreversible inhibition and reciprocal Al concentration should become

linear for large t.
Predicted Response of Wheat Root Meristems to Al
The Diffusion Coefficients

Figure 1 shows the time-reciprocal concentration curves
calculated from Equation (12) using 3 different values of D. In order

to obtain these calculated curves from the model, some value had to

be assumed for each of the other three parameters k, z0, and Q/k
These values were selected for ease of calculation and are somewhat
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Figure 1. Calculated time-reciprocal concentration curves for three
z
values of the diffusion coefficient (cm /sec). Other
parameters: k = 10-5 sec-1, z0 = .14 cm, Q/k a = 78.8.
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arbitrary in that the curves shown in Figure 1 would retain their
general shapes and positions relative to each other for any other
choices of k, z0,

and Q/k a. Figure 1 shows that as the value of

the diffusion coefficient decreases, the predicted times which result in
complete inhibition of meristematic activity increase for all values of
Co.

It can also be seen that the relationship does become linear for

large t. Extrapolation of the linear portion of the curve backward

results in positive intercepts on the time axis. Lowering the value of
D

has the effect of increasing both the slope and extrapolated inter-

cept of the linear portion of the curve.
Meristematic Size

Similar curves were obtained by varying one of the other three
variables while holding all others constant. Figure 2 shows the effect

of meristematic size,
and

Q/ka

z0,

on the calculated curves when D, k,

are held constant. As meristematic size decreases, the

time of exposure which would completely inhibit meristematic activity

decreases. In other words, small meristems would be more sensitive
to Al than large ones.
Sink Sizes

The effect of changes in

k

are somewhat more complicated

since there is more than one sink for Al in the root. Figure 3 was
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Figure 2. Calculated time-reciprocal concentration curves for three
values of zo (cm). Other parameters: k .= 10-5 sec-1,
D = 10-7 cm

2/sec, Q/k = 78.8.
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Figure 3. Calculated time-reciprocal concentration curves for three values of
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-1, and
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Q/k a. Other parameters:. D = 10 cm /sec, k = 10-5 sec
z = .08 cm.
0
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calculated for the special case where k is constant while

increases (i.e.

k

k

a

a << k). This would correspond to the situation

where Al concentrations within the free space are essentially con-

stant while the rate of uptake by meristematic cells is varied. As the
uptake rate,

kaG,

increases, the time associated with the accumu-

lation of a lethal quantity,

decreases. At the same time, the

Q,

calculated curves become non-linear over every increasing values of
1/C

0

The non-linearity results from the fact that at these smaller

.

times,

g(t)

itself is non-linear.

A second situation which should be investigated is that where k
is approximately equal to

Under these conditions, Al concentra-

k.

tions within the free space will decrease while ka
The net effect on the absorption rate,
and the particular value of

k

k a C,

is increasing.

will depend on D, zo,

a. Figure 4 shows the relative absorp-

tion rate during steady-state conditions as a function of k for D
a
2/sec
and z
equal to 10-7 cm
and 800 p.m, respectively. As k a
0
increases, the absorption rate increases to a maximum, then

decreases slowly toward zero as

k

a

is increased further. The

maximum absorption rate occurs when

a

2

(16)

z0

The maximum uptake in Figure 4 occurs when k a

6.25 x105 sec-1.

a
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Figure 4. Relative uptake rate, ka C, assuming k a = k. Other
parameters: D = 10 cm /sec, z 0 .08 cm.
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Figure 5 shows the calculated time-reciprocal concentration
curves for different values of ka and assuming
z

0

are the same as in Figure 3.

k

a

= k. D and
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Figure 5. Calculated time-reciprocal concentration curves for two
values of k a and assuming k a = k. Other parameters:
-7
D = 10 cm /sec, z 0 = .08 cm.
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METHODS AND MATERIALS

The procedure for exposing roots to Al and their subsequent
recovery in Al free solutions was basically that given by Moore (1974)
and used by Ali (1973) and Henning (1975) with little further modification.

The wheat variety Brevor was selected for use throughout this
study. Brevor was shown by Kerridge et al. (1971) to be among the

most sensitive of wheat varieties to Al. Seeds were suspended on
polyvinylchloride resin screens over complete nutrient solutions
which had been adjusted to pH 4. The composition of these nutrient

solutions is given in Table 1. The resin screens had been fastened

along the bottom of acrylic covers and the covers were made to fit

over the top of 25 liter polyethelene waste baskets. The level of the
nutrient solution was adjusted initially to cover the seeds and the lids
were then covered with a layer of wax paper to retard evaporation.

The solutions were aerated vigorously at all times.
At the end of 48 hours, each seedling had produced three roots
ranging between 3 and 5 cm in length. These roots are referred to

as the primary roots. At this time, seedlings were selected for
uniformity of size and placed on screens covering the bottom of poly-

vinylchloride cups, 4.3 cm in diameter and 3.5 cm long, with the
seed resting on the screen and its roots protruding through the screen.
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Three seedlings were placed in each cup and 12 cups were suspended

in a complete nutrient solution through holes cut in the acrylic lids.
The water level of all solutions was kept in contact with the bottom of

the cups so that the roots were completely submerged at all times.
The seedlings were held briefly in these solutions until transferred
into Al treatment solutions. After predetermined times in the Al

solutions, the seedlings were returned to these complete nutrient
solutions and held for a 48 to 60 hour recovery period.
Table 1. Composition of a complete nutrient solution.
Constituent

Concentration

Ca(NO3)2

4 mM

Mg SO4

2 mM

K NO3

4 mM

(NH4)2 SO4
KH PO4

0.435 mM
0.5 mM

Mn SO4

2µM

Cu SO4

0.3 p.M

Zn. SO4

0.8µM

Na Cl

30 p.M

2

Fe-CYDTAa/

10 1.1.1\4

Na MoO4

0.1 p.M

H B03

10 p.0

3

a/ CYDTA: Cyclohexanediamine Tetraacetic Acid.
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At the end of the recovery period, the number of roots which had
reinitiated elongation were counted and the numbers used to calculate

the percentage of root meristems surviving the Al treatment. In this
manner, the percent survival was determined as a function of the time

the roots were in the Al treatments. The number of roots exposed to
Al in each time period was, in nearly every case, 108. In a few

cases, however, the number was less, but was never less than 54.
The percent survival turned out to be a very reliable measure of
the damage done by Al to wheat roots. The survival data was nearly

always reproducible to within ±10 percent of original estimates, and

in most cases was much closer than this. This was verified for some
data points which, when repeated in experiments as much as 6 months

later, turned out to be virtually identical with those obtained earlier.
Besides being reproducible, one additional feature of the percent

survival is that, whatever its value, it represents the same degree of
damage in any experiment, regardless of the experimental conditions
used to obtain it. Consequently, the percent survival provides a con-

venient reference point from which to compare the effectiveness of

certain variables, such as time of exposure and Al concentration, in
producing a well defined level of damage in wheat roots.

The composition of an Al treatment solution differend from that
of the complete nutrient solutions used for germination and recovery.
Al solutions contained only the four salts, Ca(NO3)2, MgSO4, KNO3,
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and (NH4)2SO4, in addition to the Al. Table 2 gives the concentration

of each salt in a treatment solution. The treatment solution given in

Table 2 will be referred to as a full strength treatment solution in

this thesis. However, it has the same composition as that which Ali
(1973) and Henning (1975) refer to as a 1/2 strength solution except

that micronutrients were omitted here, whereas Ali and Henning

included micronutrients in their treatment solutions. Al was added as
Al (SO4)3 18H
2

20 immediately prior to transferring seedlings and the

pH adjusted to 4.0 with HC1. No base was ever added to an Al solu-

tion in order to avoid even temporary localized precipitation of Al as
Al(OH)3.

Table 2. Nutrient composition of an Al treatment
solution.
Constituent
Ca(NO

3)2
MgSO4
KNO

3

(NH )SO4
4

Concentration
2 mM
1 mM

2 mM

0.218 mM

In order to avoid significant changes in the Al concentration

during an exposure time, the root:solution ratio was kept as small as
possible and still turn out a reasonable amount of data in the limited
space available within the growth chamber. In those experiments
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using primary roots, 18 plants per 24 liters of Al solution were used,
while 12 plants per 24 liters were used in the lateral root experiments.
Kerridge et al. (1971) found that changes in the Al concentrations were
less than 10 percent when wheat plants were grown for 26 days in
these volumes of solution. They also reported that, for the same

period of time, changes in the concentration of Ca, Mg, and K were
also negligible.

All of the experiments reported in this study were conducted in
a growth chamber under continuous lighting. Temperature has a

marked effect on the toxicity of Alt and continuous lighting allowed

better temperature control within the chamber. The temperature of
Al treatment solutions was maintained at 25 ± 1°C. Results obtained
under continuous lighting were compared with those reported by All

for the variety Brevor using a 16 hour day, and were found to be quite
similar, indicating that day length either does not have an effect on
Al toxicity or was negligible under these experimental conditions.
The pH has previously been shown to alter the toxicity of Al
(Moore, 1974; Kerridge, 1969). Consequently the pH of all solutions

was maintained at 4.0 except in those experiments where pH was the
variable studied. In any case, the pH was maintained within ±. 02 pH
units of the stated pH value.
2

Personal communication with Dr. D.P. Moore, Professor of

Soil Science, O.S. U. , Corvallis.
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It has been observed that for the effect of Al on wheat roots to

be reproducible, all experimental variables must be well defined and
rigidly maintained. Variables which must be defined and controlled

are 1) pH, 2) temperature, 3) nutrient composition and concentra-

tion, and 4) the variety.
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RESULTS AND DISCUSSION

Effect of Al on Primary Roots
Figure 6 shows how the length of time in an Al solution affected

survival of primary roots. For each concentration of Al, there is a
certain time of exposure which has no effect on the percent survival.

Beyond this time, an additional period is required before the survival
rate is completely checked. Between 0 and 100 percent survival,
there is a wide range in exposure times, any one of which might be
taken as representing a well defined level of toxicity. In order to
avoid those points near 0 and 100 percent which are more difficult to

determine precisely, it seemed desirable to consider that level of
toxicity which is associated with 50 percent survival. That dose of a
toxin from which only half the population survives has previously been

called the L.D. 50. Consequently that time which results in 50 percent
survival will be called the t(L.D. 50).
In deriving the model, a quantity,

Q,

was defined as the

amount of Al absorbed by meristematic cells located at the point, z0,
which resulted in their complete inhibition of cell division. In order
to apply the model to the kind of data in Figure 6, that definition will

have to be slightly modified. Q will now be associated with that
amount of Al absorbed by meristematic cells located at the points,
z0, which results in an L.D. 50. Just as the amount of Al associated

38

1000
).

\o
\0

80-

>
....

U)

60-

4C

40-

c.)
L..

-

m

a)

a.

0

50 ppm

3PPm

0

\0

\0\

200Hi

I

14

10

18

ii 1111111114150
34 38

30

42

46

time (hrs.:

100-

4C
cu

40-

C)

ni

a.

20-

R

0-11i
12

o\
1

I

16

1

1

I

I

20 24

I

I

28

I

1

32

I

i?

36 40

time (hrs.)
Figure 6. The percent survival of primary roots as a function of
time in a full strength Al treatment solution at pH 4.0,
25°C.

39

100-

010ppm
(DC

o
(L)

a-

0

40-

0

20-

\co

\o

0 11
10

14

18

22

time(hrs.)

100-

80-

60

5Ppm

0

40-

200----111
10

II III III
14

18

22

26

time (hrs)

Figure 6. Continued.

30

34

40

with complete inhibition of cell division was assumed to be constant

for all meristematic cells under all conditions, the amount of Al
associated with the L.D . 50 will also be assumed constant. With time
replaced by the t(L.D. 50) and

Q

given the new definition above,

the calculated curves in Figures 1 through 5 should still predict the
toxic effects of Al on wheat roots.
The t(L.D. 50) was determined for each concentration of Al

shown in Figure 6 and was plotted as a function of reciprocal concen-

tration in Figure 7. The graph for Al concentrations between 3 and
50 ppm can be described as linear with a slope of about 81 hr ppm

and an intercept, if extrapolated to the ordinate, of 11 to 12 hours.
A linear relationship can be regarded as consistent with the behavior
predicted by the model over the concentrations used in Figure 6. At
some concentration greater than 50 ppm, however, the predicted

relationship is no longer linear, but curves downward and passes
through the origin (see Figures 1, 2, 3, and 5).
It was impossible to determine at what concentration this
deviation would occur, or even if it would at all. As the Al concentra-

tion increases, the pH decreases as a result of hydrolysis of Al ions.
At some concentration of Al, the pH of the solution will be initially
below 4.0. These concentrations could not be used since addition of a

base would be necessary to bring the final pH back up to 4.0. There

is clear evidence that the addition of base to Al salt solutions under
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Figure 7. The time-reciprocal concentration plot for the L.D. 50's
in Figure 6.
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the above conditions, regardless of how small the amount, results in
precipitation of Al in the form of polynuclear Al hydroxide species
(Smith and Hem, 1972; Hem and Roberson, 1967). It was therefore

decided to work with only those Al concentrations which either

required no final pH adjustment or could be adjusted with HC1. The
pH of a treatment solution containing 50 ppm Al was initially 4.08.

One is therefore prevented from using concentrations much above
50 ppm where the deviation from linearity in Figure 7 might be
expected.

Effect of Al on Lateral Roots

Because of their smaller size, lateral roots should provide a
good opportunity for directly observing the effect of diffusion path on
the development of Al toxicity. Therefore, it was decided to grow

lateral roots , expose them to Al, determine the t(L.D. 50)'s and

compare their sensitivity to Al to that of primary roots using the

time-reciprocal concentration plot.
To obtain lateral roots, the following procedure was used.
Seeds were germinated and grown in complete nutrient solutions at

pH 4.0, exactly as before. However, once the seedlings had been
selected for uniformity and placed in the cups with the roots protrud -

ing through, the terminal 1 cm of each primary root was removed to

induce rapid formation of lateral roots. An additional four days was
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then required to produce lateral roots 2 to 3 cm long. At this time,

the seedlings were transferred into Al treatment solutions for various
periods of time and then transferred back into the Al-free nutrient
solutions for recovery. Surviving roots were counted and the percent
survival determined as a function of time in the Al solution.

Fortunately, thin sections of lateral roots that had been
prepared using a histochemical staining technique were made avail-

able by Henning. These slides allowed the histology of lateral roots
to be compared with that of primary roots. Certain similarities and
differences were apparent between the two roots.

The most obvious difference was that lateral roots were smaller

than primary roots. For Brevor, it was observed that lateral root
diameter in the region just behind the rootcap was about 2/3 that of

primary roots. The difference in meristematic size, however, was
more striking because the value of z0 in lateral roots was estimated to be only about 1/2 that in the primary meristem, i.e., 400 p.m.

This difference in meristematic size,

z0,

makes the lateral root

an ideal subject for testing the effect of diffusion path on Al toxicity

provided the lateral meristem is identical in every other way with the

primary meristem except for size. If it is identical, then the other
parameters in the model,

that for a primary root.

D, k, and

Q/k a,

will be the same as
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It can be argued that lateral and primary root meristems on the
same plant should differ only in the value of

z0. First of all, the

histological comparison showed that cell size is the same in both

lateral and primary meristems; 3 lateral meristems are smaller
because they have fewer cells. In appearance then, a lateral meri-

stem is simply a primary meristem from which cells have been
removed to make it smaller. Secondly, histological studies of roots
taken during the recovery period showed that the symptoms of Al

toxicity and the mode of recovery was identical in both meristems.
Finally, both tissues contain young, actively dividing cells at identical
stages of development and containing the same genetic code. It seems

likely that individual cells from these two tissues would show the same
sensitivity to Al. Consequently, since cell number and not cell size

accounts for the different meristematic size, that amount of Al per
unit volume of tissue which results in irreversible inhibition of cell
division,

Q,

ditions where

likewise should be the same in both roots. Under con0

is the only difference between the two roots, the

behavior of the predicted time-reciprocal concentration curves for a
change in root size is given in Figure 2.
Figure 8 shows the percentage of lateral meristems which
survive various periods of time in Al solutions under conditions
3

Personal communication with Dr. S. J. Henning, Res. Assoc. ,
Agron. Dept. , Iowa State University, Ames.
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identical to those in Figure 6. Each data point in Figure 8 was
obtained as a result of exposing anywhere from 250 to 350 roots. The

behavior of lateral roots to Al was similar to that for primary roots
except that shorter times were needed to produce an L.D.50. The
t(L.D. 50)'s were determined from Figure 8 and are shown in Figure 9
as a function of reciprocal concentration. The data for primary roots
are given again for comparison.

As was the case for primary roots, the time-reciprocal
concentration curve for lateral roots is linear over the concentrations
employed in Figure 8. The slope is about 24 hr ppm and extrapolates

to an intercept between 5 and 6 hours. These results are consistent

with the behavior predicted by the model in Figure 2 where meri-

stematic size,

z0,

was the only variable.

An attempt was made to determine the sensitivity of even

smaller roots to Al by taking fresh lateral roots and cutting off their
tips. The next generation of roots which arise from the laterals,

referred to here as tertiaries, were smaller than laterals, as
expected, but, unlike either laterals or primaries, they were found to
vary widely in size. Root size appeared to vary all the way from that

near lateral roots down to fine, thread-like filaments. In view of this
extreme variation in size, no effort was made to quantify a timereciprocal concentration relationship like that shown in Figure 9.

However, it was observed during several experiments with tertiary
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roots that the trend in Figure 9 of an additional increase in sensitivity

with a further decrease in root size continues into the smaller root
sizes. For instance, experimental conditions where as much as 20
percent of the lateral roots would survive were found to be lethal to

all tertiary roots.
Effect of Excising Root Tips on Al Toxicity

If the large difference between lateral and primary roots in

Figure 9 truely reflects a difference in root size, then the sensitivity
of primary roots to Al should be increased if part of the root tip were
removed. Enough of the root tip might be removed to lower the value
of

0

without damaging that tissue responsible for regenerating

meristematic activity during the recovery period.
Preliminary experiments were conducted to determine the effect

of excising the root tips on subsequent root growth. The procedure
for removing the root tips was as follows. Roots were placed length-

wise along the edge of a ruler in such a way that the root tip made
contact with a barrier composed of several layers of scotch tape

placed crosswise on the ruler. The tape had been placed so that one
edge was just slightly to the side of a mark on the ruler. After the
root had been placed in position by sliding the tip past the mark until

it was stopped by the tape, a razor blade was used to remove the tip
by cutting straight down over the mark. As soon as the tips had been
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removed from each of its three primary roots, the seedling was
returned to a complete nutrient solution and observed during a
recovery period. These experiments showed that a small amount of
the root tip could be removed with no effect on root elongation. Roots

from which the tips had been removed elongated as much as 2 to 3 cm
during the following 24 hours when the effect on root elongation should

have been the greatest. These roots continued to elongate at these
rates and had regenerated a complete new root tip by 48 hours follow-

ing excision. The fact that some of the root tip can be removed without affecting either growth or the ability to regenerate new tissues is
strong evidence that the meristem had not been materially damaged.
One further experiment was conducted in the following way.

Root tips were carefully excised using the same procedure as that

used during ,preliminary experiments. Shortly after excision, the
seedlings were transferred into solutions containing 50 ppm Al and the

percent survival was determined following various times in the Al

solution. A control sample from which tips had been excised was left
behind in the Al-free solutions to determine what effect excision alone

had on the meristems.
Figure 10 gives some idea of how much of the root tip was

excised in these experiments. The excised root tipes ranged in length
from 400 µmto as much as 880 p.m, with an average from 79 measure-

ments of 754 µm. Out of 54 roots in the control sample, all continued to

51

0

2

Figure 10. A sample of Brevor root tips from the excision experiment. Scale: 1 unit is 250 rim.
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elongate at the rate of 2 to 3 cm per 24 hours and had regenerated new

tips within 48 hours except for three, indicating that, for the most
part, the meristems had been little affected by excision.
Henning (1975) did a rather extensive histological study of wheat

root tips using a fast green and hematoxylin staining procedure. One
of the varieties he used was Brevor which had been grown under the

same conditions as those in these experiments. Using his slides, one

can get an estimate of the size of the root cap in this variety. An average root cap in his study was about 450

Using this as an estimate

of rootcap size in these experiments would mean that some 300 p.m

behind the rootcap was excised in these experiments. This would

include all of the quiescent center and some meristematic tissue.
Since the central cylinder can extend to within 200 pm of the rootcap
(Henning, 1975), the above excision should have removed an average
of 100 p.m from the apical end of the central cylinder. This would have

the effect of decreasing z0 in the model from 800 p.m down to 700 p.m.
However, no change would be expected in the other three parameters,
k, D, and Q/k a, as a result of excising root tips. Excision would
have no effect on either the amount nor the type of sinks remaining
within the meristem. Neither should excision affect the reactivity of
these sinks with Al. Consequently,

k

and

ka,

which are related

only to sinks along the diffusion path, will be the same in those roots
from which tips have been removed. Similarly, excision of tips should
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have no effect on the geometry or dimensions of the free space within

the remaining meristematic tissue. Consequently, those factors

determining D

are the same following excision and

D

should

remain unchanged. Furthermore, cell packing and cell size within the
meristem should not be different after excision of the tips. Finally,
since damage to the remaining cells is apparently negligible, excision
should not have increased their sensitivity to Al. Therefore.

Q

will be the same in decapitated roots as in normal roots. Under these
conditions where

0

is the only parameter affected by excision of

the root tips, the predicted behavior is again that in Figure 2.
Figure 11 shows the percentage of decapitated primary roots
surviving various times of exposure to 50 ppm Al. The data for nor-

mal, unexcised roots is repeated from Figure 6 for comparison. The
number of decapitated roots used in each exposure time was 81.
Removal of the root tips lowered the time needed to reach an
L.D. 50 from 14 hours to 9 hours. This is well below the 11 to 12hour
value extrapolated from the data in Figure 7 and shows conclusively

that at least part of the time needed to produce the L.D. 50 is associated with the initial movement of Al from the root surface to a site
within the meristem.
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Quantification of the Model

The similarities between the actual behavior of wheat roots and
that predicted by the model prompted an attempt to quantify values of
D

and

assuming that z0 is 800p.m for primary roots and 400 µm

k

for lateral roots. Those values of D

and

k

were sought for

which the model would predict quantitatively the experimental results
shown in Figure 9.

The basic relationship to be quantified is
g(t) = Q/k a C

It was shown earlier that when

t

(13)
0

is large, the relationship

between time and reciprocal concentration is linear with a slope equal
to

(Q/ka) /a

argued that

(see Equation (15)). For the data in Figure 9, it was
Q/ka

should be a constant. If this is true, then the

difference in slope between primary and lateral roots in Figure 9,

i.e., 81 hr ppm versus 24 hr -ppm, must be accounted for by differences in

a,

the slope of

g(t)

for laterals and primaries. For

the model to be quantitative, the choice of D and
that

"a"

for laterals is about 3-1/2 times

"a"

k

must be such

for primaries.

It will be shown that if the linear portion of g(t)

is extrapolated

backward to intercept the time axis, this value of time will also be the
same time to which the predicted time-reciprocal concentration curve
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extrapolates. This can be done as follows. Using Equation (14), the

linear portion of g(t) can be written as
g(t) = b + at
where

a

and

(14)

are constants. Substituting this into Equation (13)

b

shows that, for large t,
-b
t= a

Qika
+

1

(C

a

(15)

)

0

This is the corresponding linear portion of the time-reciprocal
concentration plot predicted by the model. Extrapolation of Equation
(15) to

1/Co = 0

shows that the extrapolated intercept,

exactly that to which the linear portion of g(t)

-b/a,

is

in Equation (14)

extrapolates, i.e. , that value of t for which g(t) = 0. Therefore,
the choice of D and

k

will have the added restriction that the

linear part of g(t) must extrapolate to between 11 and 12 hours for
= 800 p.rn and between 5 and 6 hours for

z

0

In order to determine what values of D
substituted into

g(t)

= 400 p.m.

and

k

when

produce the required slopes and intercepts, the

following procedure was used. g(t) was calculated for values of D
between 106 and 10-8 cm 2/sec and for

10-7 sec-1. For each set of D

and

k

k,

between 10-4 and

the values of a

extrapolated intercepts were determined. Figure 12 shows the

and the
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calculated for various values of k and D. z o was .08 cm.
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extrapolated time intercepts as a function of
of

D

for various values

when z 0 is 800 µm. Those combinations of D and

k

k

which give intercepts between 11 and 12 hours can be estimated
easily by inspection. It is apparent from Figure 12, that to have an

intercept between 11 and 12 hours, the diffusion coefficient of Al in
2
the primary meristem can be no larger than about 10-7 cm /sec.

From all possible combinations of D

and

k

in Figure 12

which give the proper intercept, one must select those which will also

give the required ratio of the slopes. In order to determine what

these combinations are, the ratio a(laterals)/a(primaries) was
determined for various combinations of D
contours on the k-D

and

k

and plotted as

plane in Figure 13. The dotted line shown in

Figure 13 connects those values of

k

and D from Figure 12

which produce an intercept between 11 and 12 hours. It is obvious

from Figure 13 that there will exist one, and only one, set of values
for

D

and

k

which satisfy both the slope and intercept require-

ments. This unique set of values was obtained by moving along the

dotted line in Figure 13 until a slope ratio of 3-1/2 was obtained.
These values were D = 10-7.5 cm 2/sec and k = 10-4.5 sec-1,
which are within roughly the same order of magnitude as the values
reported by Briggs and Robertson (1948) for KC1 in carrot discs.
The function,

et),

(z0 =400 p.m) and primary

was then calculated for lateral
(z0 = 800 pm) roots using the above values
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extrapolates to an intercept between 11 and 12 hours.
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of

D

and

k.

The value for

a(primaries)

is about .08. From

Equation (15): the linear slope of the time-reciprocal concentration
curves is given by
slope

Q/k a

(17)

Using a slope of 81 hr ppm from Figure 9 and the above value of
a(primary), Q/k. a must have a value of about 6.4. Using this value
for Q/ka and the above function, g(t), Equation (12) was used

to calculate a time-reciprocal concentration curve for both primary

and lateral roots. Figure 14 shows the calculated curves along with
the experimental data points from Figure 9. Figure 14 shows that the
model does a good job of describing quantitatively the behavior of

wheat roots under these experimental conditions.
Effect of Other Variables on Al Toxicity

In the section on Theoretical Considerations, a model was
derived based on diffusion of Al into the free space followed by uptake

across the plasmalemma into the protoplasm. Irreversible inhibition
was attributed to the accumulation of a fixed quantity of Al within the

protoplasm of specific cells within the meristem. Later, the model

was tested by observing the effects of meristematic size,

z0,

on

the time reciprocal concentration curves. The similarity in behavior
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between that observed experimentally and that predicted by the model

prompted attempts to estimate values for
stem of Brevor wheat, assuming

z

0

D

and

k

in the meri-

was 80011m in primary meri-

stems and 400 µm inlateralmeristems. D was estimated to be
2/sec and k was estimated to be 10-4.5 sec-1.
10-7.5 cm
Because the model was so successful in describing quantitatively

the behavior associated with changes in meristematic size, it was
decided to use the model as a tool to see what additional information
could be obtained concerning processes and mechanisms whereby

variables other than meristematic size alter the sensitivity of wheat
roots to Al.
Effect of Nutrient Concentration on Al Toxicity
One factor which was shown by Ali (1973) to influence the

sensitivity of wheat roots to Al was the concentration of other nutri-

ents in the Al treatment solutions. He showed that by increasing any

one of the four cations, Ca, Mg, K, or Na, the toxicity of Al was
reversed even to the point of overcoming the depressive effect on root
elongation. In this latter case, the roots actually continued to grow in

the Al treatment solutions. Such behavior could result if cations
either completely detoxified that Al within meristematic cells or if

they were able to exclude Al from meristematic cells. All (1973)
speculated that cations act on the plasmalemma to keep Al out of
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meristematic cells either through non-specific cation competition for
uptake or through a non-specific reduction in membrane permeability.
Such an exclusion phenomena would suggest an effect on

k

a,

the

absorption coefficient.

Other possible mechanisms, however, should be considered.
An increase in salt concentration might be expected to have some
effect on the diffusion coefficient of Al within the meristem. How-

ever, an increase in the salt concentration of the magnitude used by
Ali (1973) would have to result in complete exclusion of Al from the

root free space in order to explain his results if the effect on Al
toxicity were through changes in D. In other words, increasing the

salt concentration would have to reduce D to essentially zero in
order to account for the complete protection afforded by cations.
Such an effect on the diffusion coefficient of Al within the free space

does not seem likely.

Another possibility might be that salts somehow increase the

adsorption of Al onto cell wall surfaces lining the free space. It is

hard to see how other cations competing for the same surface sites
would increase the adsorption of Al, but it seems even more unlikely
that the adsorption capacity could ever increase sufficiently to reduce

Al concentrations within the free space to zero, a necessary condition if this were the protection mechanism.
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The external salt concentration should likewise have no effect
on

Q,

that quantity of Al within cells which results in irreversible

inhibition of meristematic activity. As pointed out by Ali (1973)

regarding the non-specific nature of the cation in protecting the

meristem, it is hard to see how the effect of Al within the cell on a
Ca activated reaction, for example, could be overcome by increasing
Mg, K, or Na concentrations. Ali also reported that Na and K were
equally effective in protecting the meristem from Al. The fact that
Na is not an essential element for most higher plants and cannot
substitute equally for K in many biochemical reactions within higher

plant cells (Evans and Wildes, 1971) further suggests that the action
of cations is not within the cells but external to them. Consequently,
one is led to ka as the most logical variable in the model which

might be affected by changes in salt concentration.

In view of the fact that surface adsorption is probably the predominant sink removing Al from solution (Clarkson, 1965, 1967), i.e.
k

a

<< k,

Figure 3 rather than Figure 5 should predict more

accurately the effect of changes in

k

a

on the time-reciprocal con-

centration curves. The three curves in Figure 3 were calculated for

an increase in ka of 7.88 and 78.8 fold.
Considering the linear portions of the curves in Figure 3, an
increase in

k

a

of nearly 8 fold reduced the slope but had little

affect on the extrapolated intercept. The extrapolated intercepts for

,
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these two curves are both around six hours. For

Q/ka

equal to

one, however, both the slope and extrapolated intercept decrease
over that given by Q/ka

equal to 10 or 78.8.

In order to determine what effect salt concentration has on the

actual time-reciprocal concentration curves, the level of nutrients in
the Al treatment solutions was reduced to one-fifth their original
concentration given in Table 2 and the time-reciprocal concentration

curves were redetermined for this new treatment solution. All
experimental variables other than salt concentration were the same
as before.

Figures 15 and 16 show the percent survival data for primary

and lateral roots respectively, in the 1/5-strength treatment solution.
From these curves, the t(L.D.50)'s were determined and are shown
in Figure 17 as a function of reciprocal concentration.

The time-reciprocal concentration curves in Figure 17 are again
linear over the Al concentrations used. Comparison of Figure 17 with
Figure 9 shows that changing the salt concentration had practically
no effect on the extrapolated intercepts, remaining between 11 and 12

hours for primary roots and between 5 and 6 hours for lateral roots.
Lowering the salt concentration, however , had a marked effect on the
slope of these curves. The slope went from 81 hr ppm down to 6

hr -ppm for primary roots and from 24 hr ppm down to 2 hr ppm for

lateral roots. Comparing these results with those predicted in Figure
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3 shows that the model may be able to account for the above salt
effect entirely through changes in

k

a.

Requantification of the Model. In order to determine whether
k

a

alone can fully account for the effect of changes in salt concentra-

tion observed in Figure 17, it was decided to use the model to
redetermine values for

k, D

and

Q/ka which would allow the

model to describe quantitatively the time-reciprocal concentration
curves in Figure 17. The procedure was exactly that used before with
the meristematic sizes assumed to be 800 p.m for primary roots and
400 p.m for lateral roots.
Inspection of Figures 9 and 17 shows that salt concentration had
no effect on the extrapolated intercepts, remaining between 11 and 12

hours for primary roots and between 5 and 6 hours for lateral roots.
Although lowering the salt concentration did lower the slopes, the

slope ratio in Figure 17, i. e. ,

a(laterals)/a(primaries) remained

very close to the ratio observed in Figure 9 of 3-1/2. Consequently,
D

and

k

must satisfy the same slope and intercept requirements

in 1/5 strength Al solutions as they did in the full strength solutions.
This means that

D

and

k

as determined from Figure 13 must
2

remain very close to their previous values of 10-7.5 cm /sec and
10-4.5 sec-1, respectively. Comparing Figure 9 with Figure 17
shows that the slope for each root size decreased by a factor of about

12 when the treatment solution was reduced to 1/5 strength. From

Equation (17), it can be seen that

Q/ka

must decrease by a factor

of 12 to account for this change in slope since a
k

and

D

is determined by

which are the same at both salt concentrations. If

Q

is assumed to be independent of solution strength as discussed

earlier, it can be seen that the entire effect of salts will be on

k

a.

Recall that it was speculated that changes in salt concentration might
somehow alter Al uptake and that changes in

k

a

were somehow

involved. It is apparent, now, that the model can account for the

observed differences only through changes in the parameter,

D and

k

Q/k a.

must remain virtually unchanged.

Using the values of D = 10 -7. 5 cm2/sec and k = 10-4.5 sec-1

obtained earlier, and increasing

k

a

by a factor of 12, the time

reciprocal concentration curves corresponding to the 1/5 strength
treatment solutions were calculated. The results are shown in Figure
18 along with the experimental data points from Figure 17. The fit

between experimental and calculated points at all concentrations

greater than 1 ppm is extremely poor, with the actual t(L.D. 50)'s
being much larger than those predicted by the model.

In view of these results using 1/5 strength treatment solutions,
it is quite probable that the same poor fit would also be found for the

data in Figure 14 provided that it were possible to use Al concentrations higher than 50 ppm (see discussion on page 40). The discrep-

ancy in Figure 18 lies in the fact that the model predicts a
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curvilinear relationship at concentrations greater than 1 ppm while
the observed relationship is linear up to at least 20 ppm. It is

obvious, therefore, that the model needs a close examination at this
point to see what the problem might be.

The curvilinear behavior in Figure 18 was predicted on the

basis that the rate of Al uptake by meristematic cells was linear with
concentration (see Equation (8)). While this is probably a good

assumption at low Al. concentrations, it may be a serious oversimpli-

fication at the higher concentrations used in these experiments.
The literature is full of numerous studies on ion uptake by plant
roots and in no case has uptake been found to be linear over the con-

centration range used here for Al, i.e. , up to 1.85 mM (Epstein,
1956; Laties, 1969; Leggett, 1968).

In every case, the uptake rate is curvilinear with concentration.
In other words, the rate may be nearly linear at very low concentra-

tions; but, as the concentration increases, the rate becomes curvilinear and approaches some limiting value. This pattern of uptake has

commonly been referred to in the literature as hyperbolic. The
term "hyperbolic" is meant to describe an absorption mechanism
which becomes saturated at some concentration and does not imply
knowledge of the exact mathematical relationship between uptake rate
and concentration. Although there have been no reports in the

literature concerning the kinetics of Al uptake by meristematic cells,
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it would seem reasonable that it, too, should be hyperbolic rather
than linear with concentration.
To show what effect a hyperbolic uptake rate would have on the

predicted time-reciprocal concentration curves, one merely substitutes a hyperbolic rate law for

k C

a

into Equation (6) and solves it

using the same boundary and initial conditions as before. The new
diffusion equation has the following form:

ac
at

where

kr C

2

a C

az

2

[krC+R(C)]

(18)

is retained to describe the rate at which Al is removed

from the free space solution by surface adsorption reactions and
R(C)

is a hyperbolic function of concentration which describes the

rate at which Al leaves the free space solution and enters meristema-

tic cells. Once the solution to this equation is obtained, one merely
substitutes

R(C)

into Equation (8) and proceeds to calculate the

time-reciprocal concentration curves exactly as before. The problem is that Equation (18) has no analytical solution and, therefore, the
above procedure cannot be used to determine the effect of a hyper-

bolic uptake on the predicted curves. Examination of the new equation, however, shows that with a few assumptions, one can get an
approximate idea of the results.
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It can be shown that whatever form the absorption term has, a
concentration gradient will still exist within the meristem during
steady-state conditions. This can be shown by solving Equation (18)
for

2C
a

/az

2

and assuming a steady-state condition

(ac/at

= 0):

2C

az2

1
[k C+R(C)]
D r

(19)

f(C).

(20)

or
a

2C

az

2

Since by definition, the absorption term will always be a positive
valued function of C,

not be zero, then

a

2

aCiaz

Ciaz

2

cannot be zero. If

2

Ciaz

2

can-

cannot be a constant, which would be

required if, during the steady state,
gradient. Therefore,

a

ac /az

aCiaz

were zero, i.e. ,

no

must be different from zero, and a

concentration gradient will exist within the meristem for any hyperbolic function,

R(C).

At least qualitatively, then, the behavior of Al within the

meristem will be the same as that for the previous solutions where Al

uptake from the free space was linear, i.e. , the Al concentrations
start out at zero, then rise with time and approach some steady-state
level which is always less than Co. Since the purpose at this point
was only to determine whether a hyperbolic rate would account for the

observed behavior, it was assumed that the concentration within the
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free space could be approximated by a solution to Equation (6) where

the uptake rate is linear. Using these concentrations as estimates
for the true concentrations, the rate of Al uptake by meristematic
cells was then calculated for a hyperbolic uptake rate, analogous to
the procedure used following Equation (8).

Actually, the assumption that a solution to Equation (6) can be

used to approximate the concentrations of Al within the free space
when uptake is hyperbolic may not be too bad since it has been shown

that the amount of Al associated with cell walls must be very much

greater than that which actually enters meristematic cells during an
Al exposure (Clarkson, 1965). Under these conditions, the term
krC

in Equation (18) would dominate the absorption term and a solu-

tion to Equation (18) should give concentrations within the free space

which are very similar to those given by a solution to Equation (6).
The new rate law was assumed to have the following form and
replaces Equation (8):
Rate = A(1 -e-ac)

(21)

This rate law has the property that at very low concentrations, uptake
is almost linear with concentration, while at very high concentrations,

the rate approaches a limiting value. This is shown by differentiating
the rate in Equation (21) with respect to

C:

dR
-ac)(
-ac
= A( -e
-a)
=
aAe
dC
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At very low concentration (C-- 0), dR/dC = aA = constant. Solving

this differential equation results in R = constant x C i.e., a rate
proportional to concentration. At very high concentration (C-'00),
dR/dC = 0 which leads to the solution R = constant

i.e. , a limit-

ing value at high concentrations.

Figure 19 shows the new time-reciprocal concentration curve
calculated for the hyperbolic uptake rate in Equation (21). Included

are the data points for primary roots in 1/5 strength solution as well
as the earlier curve calculated assuming uptake is linear. Inspection
of Figure 19 shows that it is at least reasonable to expect that a
hyperbolic uptake rate would correct the discrepancy between
observed data and that predicted by the model. Figure 20 shows that
the hyperbolic uptake rate in conjunction with diffusion into the free

space also predicts that lateral roots and primary roots extrapolate to
different intercepts on the time axis and have different slopes, which
is in qualitative agreement with observed behavior. However,
because of the approximate nature of the solution to Equation (18) and

the uncertainty in the exact form of Equation (21), no further attempts
were made to quantify the model.

Effect of Different Solution Stren ths Durin a Sin le
Al Treatment
It was shown earlier by removing part of the root tip that the
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Figure 19. Effect of a hyperbolic uptake rate on the calculated time-reciprocal
concentration curves.
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t(L.D. 50) is a function of root size, and that part of the t(L.D. 50)
must be associated with the diffusion of Al into the free space. If
movement of Al into the free space were taking a long time, say two

hours or more, then salt concentration during those first two hours
when no uptake is occurring, should have a negligible effect on the
t(L.D. 50) during a subsequent exposure to Al. However, if Al is

getting to the surface of those cells deep within the central cylinder

within the first two hours, then the salt concentration during this time
should have a definite effect on the toxicity of Al.

In order to determine whether Al uptake is occurring within the

first two hours after entering the Al solutions, primary roots were
exposed for two hours to 5 ppm Al in a 1/5 strength treatment solution. At the end of two hours, the 1/5 strength solutions were given

sufficient additions of each salt listed in Table 2 to bring it up to full
strength. Roots remained in these 5 ppm Al solutions, now at full

strength, for various times after which the plants were transferred
into Al free solutions and recovered, as done in all experiments
described previously. Figure 21 shows the percentage of primary
roots surviving as a function of total time of exposure.
A continuous exposure in 1/5 strength treatment solution for
13-1/2 hours produced an L.D. 50 while continuous exposure at full

strength required 26 hours to produce an L.D. 50. If Al uptake by

meristematic cells is negligible during the first two hours, then
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Figure 21. Percent survival for primary roots exposed to 5 ppm Al.
0- all in 1/5 strength treatment solution
0- all in full strength treatment solution
a- 2 hrs in 1/5 strength followed by full strength solution.
00

0
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roots exposed for two hours at 1/5 strength should still require at
least an additional 24 hours at full strength in order to accumulate a
lethal quantity of Al, assuming that two hours is also required to
establish the same free space gradient of Al concentration in full
strength solutions. Inspection of Figure 21 shows that a two-hour

exposure at 1/5 strength shortened the required time in full strength

to 22 hours, 4 hours shorter than the 26 required for a full strength
exposure by itself and two hours shorter than the 24 if the two hours
in 1/5 strength solution is taken into account. This experiment shows

that salt concentration during the first two hours has a marked effect
on the t(L.D. 50). Therefore, one must conclude that Al has reached

all cells within the central cylinder sometime during the first two
hours of exposure and that Al uptake has occurred. It should be

pointed out that this does not require that a steady-state condition be
achieved within two hours. It only means that during the two-hour

exposure some Al has entered the central cylinder and uptake has
begun.

The time frame in which uptake has occurred is in agreement
with the observations made by Henning (1975), that the rate of cell

division declined throughout the entire meristem of Brevor primary
roots after three hours of exposure to 10 ppm Al. Assuming that Al
uptake occurs in advance of any observable effect on cell division,

uptake into meristematic cells in his experiments would have had to
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occur in less than three hours.
Besides showing that Al uptake is probably occurring within two

hours after exposing primary roots to 5 ppm Al, the data in Figure 21
also show an interesting relationship between the total t(L.D. 50) and

those corresponding to continuous exposure to either a 1/5- or a fullstrength solution alone. This relationship can be described by the
following equation:

total t(L.D. 50) -= xt(L.D. 50) in 1/5 strength

+ (1-x)t(L.D. 50) in full strength

(22)

where total t(L.D. 50) is the total time of exposure to Al required to
produce an L.D. 50 and x
x

is a fraction defined by

number of hours in 1/5 strength solution
t(L.D.50) in 1/5 strength

(23)

For the data in Figure 21, the t(L.D.50)'s in 1/5- and full-strength
solutions were 13-1/2 and 26 hours, respectively.

x

in this

experiment was 2/13.5, or .148. Therefore, the exposure time
required in full strength solution would be (1 -. 148)(26) or 22.1 hours,

for a total t(L.D. 50) calculated from Equation (17) of 24.1 hours.

From Figure 21, it can be seen that experimentally, the t(L.D. 50)
was indeed 24 hours.
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In order to see if the same phenomenon occurred when lateral

roots are exposed to Al, these same experiments were repeated, this
time using lateral roots. The Al concentration was again 5 ppm. In

addition to the two-hour treatment at 1/5 strength, a four-hour treatment was also included. The results are shown in Figure 22.
Five ppm Al in a full-strength solution produced an L.D. 50 in

about nine hours while the same Al concentration in a 1/5-strength

solution produced an L.D. 50 in about six hours. For the two-hour

treatment in 1/5 strength,

x

will be 2/6 or 1/3. Therefore, the

time of exposure in full strength needed to produce the L.D. 50 should
be (1-1/3)(9) or six hours based on Equation (17). The total t(L.D. 50)
should then be eight hours. Inspection of Figure 22 shows that the

actual t(L.D. 50) is between 7-3/4 hours and eight hours. Now using

the 4-hour treatment,

x

would be 4/6 or 2/3. The remaining time

in full strength should be (1-2/3)(9) or three hours, giving a total
t(L.D. 50) based on Equation (17) of seven hours. Inspection of Figure

22 again shows that this is what is actually observed experimentally.

The linear relationship between the t(L.D. 50)'s stresses the
fact that the toxic effects of Al obtained from each treatment were
additive. It is obvious from Figure 21 that the damage done by a

single two-hour exposure to 5 ppm Al in itself is minor, yet it represented an indispensible part of the total Al effect on primary roots.
This additivity is exactly what would be expected if the L.D. 50 does in
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Figure 22. Percent survival of lateral roots exposed to 5 ppm Al.
0- all in 1/5 strength treatment solution
0- all in full strength treatment solution
Li- 2 hrs in 1/5 strength followed by full strength
0- 4 hrs in 1/5 strength followed by full strength
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fact represent an accumulation of some fixed quantity of Al inside

meristematic cells. Only those combinations of treatments for which
the Al accumulated by meristematic cells adds up to a fixed quantity,
Q,

would be expected to produce an L.D. 50.

Effect of pH on Al Toxicity

Another experimental variable which has been shown to affect

Al toxicity is pH (Kerridge, 1969; Moore, 1974). Increasing the pH

of an Al solution from 4.0 to 4.5 increased the severity of Al toxicity

in several wheat varieties. Since the concentration Al +3 decreases
while that of Al(OH)

+2

suggested that AlOH

+2

increases as the pH is raised, Moore (1974)
and not Al

+3

was the toxic species of Al in

solution.

If the increase in toxicity with pH is the result of changes in the
concentration of some toxic species, the effect of pH on the time -

reciprocal concentration curve in Figure 7 should simply be to change
the slope but have no effect on the extrapolated intercept. Further-

more, one should be able to account for the increased toxicity of Al
using calculations based on known thermodynamic equilibrium con-

stants for Al hydrolysis which are available in the literature.
In order to determine the effect of pH on the time-reciprocal

concentration curve in Figure 7, a procedure basically like that
described previously was used with the following minor changes. In
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one series of experiments, the pH of the Al solution was varied while

that of the germination and recovery solutions was left at 4.0. In a
second series, the pH at which the seeds were germinated was
increased to 5.0 after which the roots were exposed to Al at pH 4.0
and recovered at pH 4.0. In this way, any effect of pH as a pretreatment before the Al exposure could be separated from the effect of pH

during Al treatment. All other experimental variables except pH were
exactly like those used to obtain the data in Figure 7.

Pretreatment pH. Figure 23 shows the percent survival for
primary roots which had been grown at pH 5.0 and then exposed to Al
at pH 4.0. Recovery was also at pH 4.0. For comparison, some of

the data for roots which had been grown at pH 4.0 is repeated from
Figure 6. It is obvious from Figure 23 that pH 5.0 pretreatment pro-

duced a small but consistent increase in the t(L.D. 50). This increase
is about one and a half hours for both of the Al concentrations used.

The pH effect observed in Figure 23 is a carry-over from the
previous solutions in which the roots were grown. The fact that this
effect could not be reversed by the pH of the Al solution itself suggests

that the effect of pH during pretreatment is not simply the result of an
exchange or hydrolysis mechanism at the cell surface, but may be
within the membrane itself. No gross morphological differences
between roots grown at pH 4.0 and those grown at pH 5.0 were
observed. Both pH's produced roots of identical size so that
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differences in t(L. D. 50) cannot be attributed to differences in diffusion
path. The evidence, therefore, indicates that the site of H+ action

during pretreatment may be within cell membranes during their
development. Low pH may produce membranes which have less

resistance to the movement of Al into the cells. It has also been
observed that wheat roots tend to elongate slightly faster at pH 5.0
than at pH 4.0 (Kerridge, 1969). Thus the detrimental effects of H+

on the sensitivity of wheat root meristems to Al is paralleled by a

detrimental effect on root elongation. The data in Figure 23 also
stress the importance of controlling the pH before Al treatment in

order for the results to be reproducible.
pH During Al Treatment. Figure 24 shows the percent survival

for primary roots which had been germinated at pH 4.0 but exposed to
Al at pH 4.5. The pH of a 4 ppm Al solution before any adjustment
was about 4.55. Therefore, 4 ppm is very close to the highest Al

concentration which can be used at a pH of 4.5. From Figure 24, a
t(L.D. 50) was determined for each concentration and is plotted in

Figure 25 as a function of reciprocal concentration. The data for

primary roots exposed to Al at pH 4.0 is repeated from Figure 7 for
comparison.

From the limited amount of data at pH 4.5, it appears

that the time-reciprocal concentration curve is again linear and that
increasing the pH lowers the slope but does not change the extrapolated
intercept. This behavior is exactly that which is expected if pH were
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controlling the concentration of a toxic species in solution. The
increased toxicity with pH observed in Figure 25 is consistent with the
observations made by Moore (1974).

If a particular hydrolysis product of Al is controlling the
toxicity, then the effect of a change in pH should be consistent with
+1
changes in AlOH+2 or Al(OH)2 calculated from known thermodynamic

equilibrium constants. The reactions controlling Al species in solution are given by Smith and Hem (1972):
Al
A1OH

+3

+2

+ H20

A1OH

+2

+ H2O 4=` Al(OH)

+

+1

H+

K = 10

+H

K = 10

-5.0
-4.76

Using the following conservation equation,

ALT

[A1+3] + [A1OH

+2

] + [Al(OH) 2

1

]

where AIT, is the total concentration of Al in solution, and the follow-

ing form of the Debye-Huckel law for calculating activity coefficients
in solution,
.509z. NTT

log

1+aB NTT

where

I = 1/2EC.z.I
+1

2
a = 9 x 10 -8 cm for Al +3, 6 x 10 -8 cm for A1OH and Al(OH) 2

(Smith and Hem, 1972)
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z. = valence

B = 3.29 x 10.

the fraction of total Al existing as any one of the three species can be
calculated as a function of pH.

From these calculations, it can be shown that between pH 4.0
and pH 4.5, the A1OH

+2

concentration increases about two and a half

+1
times while that of Al(OH) 2 increases about eight times. Since total

Al in solution is constant, these increases are balanced by a decrease
in Al

+3

concentration. If A1OH

+2

is the toxic species, then the above

calculations show that the same degree of toxicity should result from

two and a half times less total Al at pH 4.5 than at pH 4.0. This
means that 10 ppm Al, pH 4.0, should given the same toxicity as
4 ppm Al, pH 4.5. Comparison of the two curves in Figure 25 shows

that this is not the case. The toxicity of 4 ppm Al at pH 4.5, as
measured by the L.D. 50, is less than expected based on the above
calculations where A1OH +2 was assumed to be the toxic form. Since
+1

the Al(OH) 2 concentration increases even more than that of AlOH

+2

between pH 4.0 and 4.5, it is obvious that the effect of pH in Figure
25 cannot be explained simply by the increase in the concentration of
Al(OH)

1

2

either.

Further evidence that the pH effect is not simply a hydrolysis
phenomena alone is given in Figure 26 which shows the percentage of
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Figure 26. Percent survival of primary roots exposed to 2 ppm Al at
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primary roots surviving exposure to 2 ppm Al at pH 4.0, 4.5, and
4.7. The last pH is very close to the initial pH of a 2 ppm Al solution
before any adjustment.

The data for 2 ppm Al at pH 4.0 was somewhat erratic and
poorly reproduced. The reason for this is thought to be that 2 ppm is
not toxic enough to quickly inhibit root elongation. This is supported

by the fact that in a 1 ppm Al solution at pH 4.0, some of the roots
never stopped elongating but grew in the Al solution. Therefore,
failure of 2 ppm Al to quickly stop cell division throughout the

meristem of some roots probably explains the poor results at this pH.
At pH 4.5, the toxicity of 2 ppm has increased markedly and the

data points have become quite reproducible. The t(L.D. 50) has
decreased from more than 50 hours down to around 36 hours. Now if

the roots are responding to a particular hydrolysis product, an additional increase in toxicity, as shown by a decrease in the t(L.D. 50),
should occur in going to pH 4.7. Inspection of Figure 26 shows that

the toxicity of Al was not greater at 4.7 than at 4.5, in spite of the
+2
fact that both the A10Hconcentration
and the Al(OH) +1
concentration
2

increase between pH 4.5 and 4.7. The pH seems to have reached its
maximum effect around pH 4.5.
Moore (1974) found that root elongation following exposure to

Al at pH 4.7 was always greater than that following exposure at pH

4.5. He attributed this decrease in toxicity to precipitation of Al in
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solution at pH 4.7.

If the lack of response to changes in pH between 4.5 and 4.7

in these experiments were due to precipitation of Al, then that Al

remaining in solution is certainly more toxic at pH 4.7 than at 4.5.
However, it seems unlikely that the change in concentration of
soluble Al would be exactly balanced by an increase in toxicity as
indicated in Figure 26.

In order to test the hypothesis that the lack of response to pH

between 4.5 and 4.7 in these experiments results from precipitation
of Al, the following experiments were conducted. Al treatment solu-

tions containing 2 ppm Al were adjusted to pH 4.7 as before but were
allowed to age for more than 48 hours. At the end of this time, the
pH was adjusted to 4.5. Concurrent with the adjustment of aged solu-

tions to pH 4.5, fresh Al solutions were prepared and immediately
adjusted to pH 4.5 using the same procedure as before. Primary
roots were then exposed to these Al solutions, one aged and one fresh,

and the percent survival for each treatment was determined.
Dissolution of precipitated Al is an extremely slow process,

taking months or even years in some cases to reach equilibrium
(Fr ink and Peech, 1962, 1963; Turner and Brydon, 1967; Smith and
Hem, 1972; Hem and Roberson, 1967). Thus, Al precipitated at pH

4.7 could not be expected to redissolve on lowering the pH to 4.5 in

the short time periods used here. Consequently, if the lack of
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response between pH 4.5 and 4.7 is due to precipitation of Al, then
the toxicity of the solutions aged at pH 4.7 should be less than that of

fresh solutions when each is at pH 4.5.
Figure 27 shows that there is no difference in toxicity at pH
4.5 between fresh solutions and those aged at pH 4.7, indicating that
soluble Al concentrations were not different in the two treatments.

It therefore seems unlikely that the lack of response between pH 4.5

and 4.7 resulted from precipitation of Al.
If a hydrolysis mechanism alone cannot explain the effect of pH

in Figure 25, then one might ask what other parameters in the model
in addition to concentration might pH be affecting. A comparison of
Figure 25 with Figures 9 and 17 shows that whatever the mechanism,

pH is producing an effect on the time-reciprocal concentration curves
that is exactly like that produced by changes in salt concentration,

i.e. , the slopes are different but extrapolated intercepts remain
unchanged. This is exactly the behavior expected for small changes
in

k

a

(see Figure 3) and it was shown earlier that the model could

account for the effect of salt concentration only through changes in k a.

This parameter seems the most likely candidate for also explaining
the effects of pH.

The data in Figure 25 shows that as the H+ concentration

decreases, the sensitivity of primary roots to Al increases. This
+

would suggest that H is
i behaving like Ca, Mg, K, or Na in excluding
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Al from meristematic cells. In terms of

k

a,

an increase in H

would cause the Al uptake rate to decrease, thereby increasing the

t(L.D. 50). A similar effect of H+ on the uptake of other cations has
been reported. Increasing the

H+

concentration in the pH range

between 4 and 5 has been shown to result in a very large reduction

in the rate at which cations are accumulated by plant roots. A similar
effect on the uptake of Al by meristematic cells in the pH range from

4.0 to 4.5 could account for the data in Figure 25.
It might also be argued that pH is affecting the parameters
and

k.

D

However, Figure 12 shows that the extrapolated intercept is

a function of both D

and

k. Since the intercept was not affected

by pH, any change in D must be exactly counteracted by changes in
k. Such an effect of H+ on two independent parameters seems unlikely.

Effect of a Metabolic Inhibitor on Al Toxicity

In an earlier section, it was shown that a model based on a
linear rate of uptake of Al by meristematic cells failed to predict the
proper behavior of wheat roots at high Al concentrations. Based on

all of the reports in the literature concerning ion uptake, it was
speculated that Al uptake over the concentration range used in these
experiments was hyperbolic with concentration, not linear. It was
then shown that substituting a hyperbolic uptake rate into the model
would correct the discrepancy between observed and predicted
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behavior at high concentrations. A hyperbolic uptake rate is

characteristic of an active absorption process (Epstein, 1956; Laties,
1969; Leggett, 1968).

Figure 25 in the previous section shows that as

H+

concentration

increases, the toxicity of Al, as measured by the t(L.D. 50),
decreased. This behavior is consistent with the idea that H+ interferes with Al uptake. Active uptake of cations is strongly inhibited by
H

+

in the pH range from 4 to 5, further suggesting that the uptake of

Al by meristematic cells may be active. Active uptake mechanisms
require a source of metabolic energy, probably in the form of ATP.
The question arose as to what extent the uptake of Al by meristematic
cells might be dependent upon metabolic energy.

Few ion uptake studies have been concerned with Al, and as a

result, the mechanism, by which Al enters meristematic cells, i.e. ,
an active, metabolically mediated transport or passive diffusion, is
not known. However, the uptake of certain other non-essential elements by plant roots has been studied and the effect of metabolic

inhibitors and low temperatures on their uptake reported.
Using radiotracer techniques, Clarkson and Sanderson (1969)

reported on Sc uptake by meristematic cells of onion roots. Sc was
shown to be very similar to Al in its effect on cell division, indicating

that both ions enter meristematic cells and inhibit cell division by a
similar mechanism. Sc uptake in the apical 3 mm of onion roots
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showed a rapid initial uptake, complete within 1 hour, and a slower,

steady-state uptake lasting for at least 24 hours. The slower,
steady-state phase could be eliminated by low temperature and the
authors concluded that Sc uptake by meristematic cells was probably
under metabolic control.
Cutler and Rains (1974) studied Cd uptake by excised barley

roots and reported that most of the Cd accumulated by excised barley

roots was the result of exchange adsorption or irreversible binding on
cell walls. The small remaining fraction taken up was a linear func -

tion of temperature and could be inhibited by low oxygen or DNP. The
authors attributed the inhibition of uptake by low oxygen and DNP to

decreased permeability of cell membranes to Cd. The mechanism of
Cd accumulation was thought to be diffusion into the tissue, followed

by non-metabolic sequestering.
Welch (1973) reported on V uptake by excised barley roots.

These roots exhibited a linear, steady-state uptake which lasted for 3
hours, but this linear phase was unaffected by anaerobiosis or
metabolic inhibitors. Welch concluded that V uptake by excised

barley roots was also non-metabolic.
In order to determine to what extent Al uptake in these experi-

ments might be under metabolic control, an experiment was run in
which the metabolic inhibitor, DNP, was included with the Al treatment.
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DNP at high enough concentration is itself a potent inhibitor of
cell division (Kihlman, 1966). Therefore, experiments were run to

determine the effect of DNP alone on root elongation. Primary roots

were exposed to DNP for various times in a 1/5 strength treatment
solution without Al and the rate of root elongation during a subsequent

recovery period was determined. The results are shown in Figure 28.
10-6 M DNP for 3 hours was enough to irreversibly inhibit root

elongation. However, there was little difference between the growth

of control roots and those which were treated with 5 x 107 M DNP
for 6 hours. Apparently, a 6 hour exposure to this concentration of
DNP had little effect on the rate of cell division within the apical

meristem. It was therefore decided to expose roots which were
accumulating Al to 5 x 10-7 M DNP for 6 hours. It was assumed that

any effect of DNP on the t(L.D. 50) would reflect a change in the uptake

of Al by meristematic cells and not an effect by DNP directly on cell
division. The last 6 hours of Al treatment were chosen for the DNP

treatment since, by this time, cell division should have been virtually
stopped by Al and the diffusion of Al into the free space and its sub-

sequent uptake by the tissues should be very near steady-state conditions. If Al uptake is an active process, the effect of DNP at this

particular time should be at its maximum.
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Figure 29 shows the percentage of roots surviving exposure to
10 ppm Al when 5 x 10-7 M DNP was present during the final 6 hours

of exposure. The t(L.D. 50) was slightly reduced by the addition of

DNP. These results indicate that the uptake of Al is probably not
under direct metabolic control. An active uptake mechanism of Al
should have been depressed by DNP, thereby increasing the time

necessary to reach an L.D. 50.
A more plausible explanation of the effect of DNP in this

experiment is on the maintenance and integrity of membrane structure.
Barber and Koontz (1963) reported that active uptake of Ca by barley

plants was inhibited by DNP. Prolonged exposure to DNP, however,

resulted in a large increase in Ca translocated to tops compared to
control plants receiving no DNP. The large increase on Ca uptake
was attributed to disruption of the cell membranes which acted as a

barrier to Ca movement. A similar effect on membrane structure in
wheat root meristems might result in a slightly greater uptake of Al
and a corresponding decrease in the t(L.D. 50).
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GENERAL DISCUSSION

The Model

Until very recently, the most common method for studying the
effects of Al on plant roots was to grow the plants in a complete

nutrient solution to which various levels of Al had been added. The
plants were usually left in these solutions for days or even weeks and
the effect of Al on the root system was reported. In this way, it

became apparent that plants differed in their sensitivity to Al, but the
method of continuous exposure made the distinction rather arbitrary
and only qualitative. It was not until very recently that the concentra-

tion of Al needed to cause the death of the primary meristem was used
to separate the degrees of Al tolerance among wheat varieties (Moore,
1974).

This method has the distinct advantage over the previous

methods in that the criteria used to separate varieties is quantitative,

i.e. , exposure to a given concentration of Al for a given period of
time which is just sufficient to irreversibly damage wheat root

meristems. This method provided a technique for putting together
certain variables like Al concentration and time of exposure which

resulted in a well defined degree of damage to the meristem. It was
at this point that one could logically begin to look at a possible role of
diffusion in the development of Al toxicity.
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A model has been presented in this dissertation which attempts
to explain Al toxicity in wheat roots based on the diffusion of Al into

the free space and its absorption by cells within the meristem.
Employing many of the same assumptions employed by others in

similar work, the model predicted that, beyond a certain time, a
linear relationship should exist between the time of exposure needed
to produce a given degree of damage and the reciprocal concentration
of Al. It was then observed that the actual relationship between time

and reciprocal Al concentration which together produced a well

defined level of toxicity, namely the L.D. 50, was indeed linear.
The linear relationship extrapolated to a positive value on the
time axis which was apparently a function only of root size since only
by varying root size could the intercept be changed. The slope, how-

ever, was found to be a function of nutrient concentration, pH, and

root size. These results were shown to be in agreement with the
predictions of the model where meristematic size,

z0,

was the

only variable. For example, the model predicted that the linear

portion of the time -reciprocal concentration curve for lateral roots
would extrapolate to a smaller t( L.D. 50) than that for primary roots

and furthermore, its slope would be less. Inspection of Figures 9 and
17 show that this was indeed the case, regardless of whether the

treatment solution was full strength of 1/5 strength.
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There have been numerous reports in the literature concerning

the effect of Al on lateral roots (Kerridge et al., 1971; Fleming and
Foy, 1968; Keser et al. , 1975). However, all of the observations
were made on lateral roots which emerged during a continuous
exposure of the plant roots to Al. Under these conditions, it was

impossible to determine the relative sensitivity of the two roots sizes
to Al. However, it was commonly reported that lateral roots were

damaged by the same Al concentrations which were toxic to the

primary roots. Using a histochemical staining technique, Henning
(1975) observed that lateral roots could be inhibited by Al concentra-

tions which were not lethal to the primary root, provided the lateral
root had broken through the endodermis during Al treatment.

The

results reported in this thesis show conclusively that lateral roots
are more sensitive to Al at all concentrations and that the increased
sensitivity is probably the result of a shorter diffusion path in these

smaller meristems.
Because of the similarity in the behavior predicted by the model

on the basis of differences in root size and that observed, the parameters in the model,

k, D, and Q/ka were estimated using the

data in Figure 9 and assuming that original estimates of

z

0

were

correct. It was observed while quantifying these parameters that
there could be one and only one set of values of

k

and

D

which

would allow the correct intercepts and slope ratio to be predicted.
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Q/k a was then chosen to give the slope for primary roots a value of

81 hr ppm. It was shown in Figure 14 that the model could account
for the observed behavior quite well. Application of the model to the

1/5 strength data in Figure 17 and assuming salts were affecting ka,
however, resulted in a discrepancy between the observed and predicted behavior in that the model predicted a non-linear relationship
between the t(L. D. 50) and reciprocal concentration at all concentra-

tions greater than 1 ppm while the actual relationship was linear up to
at least 20 ppm (see Figure 18). It was then shown that by substituting
a hyperbolic absorption rate into Equation (8) and assuming that
Equation (6) still gave the concentration of Al within the free space,
the discrepancy between the observed and predicted behavior could
be explained.

Hyperbolic uptake rates by plant tissues seem to be the most
commonly observed kinetics regardless of the solute being absorbed.

In the few cases where a linear uptake has been observed, the concentration range used was quite small. For example, Welch (1973) reported

the V uptake rates were proportional to concentration, but the highest
concentration he used was .1 mM V. This concentration of Al would

correspond to only 2.7 ppm which is more than 18 times smaller than
the Al concentrations used in this study. V, however, has a very low
solubility at the pH used in Welch's uptake studies and higher concen-

trations were impractical. Chances are however, that at a lower pH
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and higher V concentrations, the absorption kinetics would begin to
show a hyperbolic rate of uptake.

A more commonly observed pattern of uptake is that reported
by Cutler and Rains (1974) for Cd uptake by excised barley roots.

At Cd concentrations below 5 ppm, the rate of uptake increased almost
linearly with concentration, but above 5 ppm, the rate of uptake began
to level off and was near a maximum value at about 20 ppm. It is
interesting that Cd uptake was also found to be non-metabolis. Conse-

quently, it appears that uptake does not have to be active in order to
be hyperbolic. In view of the fact that Al uptake is probably not

active, it nevertheless could still be hyperbolic with concentration.

Hyperbolic uptake is not limited to inorganic ions. Donaldson
et al. (1973) studied the uptake of the herbicides, 2,4-D and Monuron,

by excised barley roots. The 2,4-D absorption rate was hyperbolic
and approached a limiting rate at 5

Although Monuron uptake

was linear with concentration, the highest concentration used was only
10 p.M.

Absorption of glucose, 3-0-M-glucose (Linask and Laties,

1973), as well as other monosaccharide sugars (Bowen, 1972;
Maretzki and Thom, 1972) has also been shown to be hyperbolic. As

a result of the near universal occurrences of hyperbolic absorption

rates, it seems as though the use of such rates in explaining the data
in Figure 18 is certainly justified.
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The pH as a Pretreatment
Another phenomenon observed in this study was the effect of pH

as a pretreatment on subsequent toxicity of Al at pH 4.0 which was
attributed to an effect of

H+

on membranes during root development.

Wheat roots elongate at rates of 1-2 mm /hr in complete nutrient
solutions at pH 4.0. Such growth rates are naturally accompanied by

the synthesis of new membranes. The root environment during the
synthesis of these membranes may be an important factor in determining their permselectivity during solute absorption.
Some of the changes associated with plant tissues during aging
or washing are the rapid synthesis of phospholipids (Tang and

Castelfranco, 1968), increased rates of ion uptake and changes in ion
selectivity (Floyd and Rains, 1971). These changes are accompanied

by increased respiration and the synthesis of new RNA and protein.
Floyd and Rains (1970) showed that Ca was required for maximum

development of K absorption capacity in aged bean stem slices. In
view of the antagonistic effects of Ca and

H+

on membrane transport

properties, it is likely that a low pH during the synthesis of new
membranes might effect their permeability.
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The Effect of pH on Al Toxicity

Increasing the pH of an Al solution from 4.0 to 4.5 increased

the toxicity of Al markedly, in agreement with the results of others.

Increasing the pH from 4.5 to 4.7, however, did not increase the
toxicity as measured by the t(L.D. 50). The lack of response cannot
be explained by precipitation of Al since lowering the pH of aged solu-

tions back to 4.5 gave results identical with those using fresh solutions at pH 4.5. The toxicity of Al in solutions containing a precipi-

tate should be less since soluble Al concentrations are less.
The hydrolysis mechanism alone does not adequately explain the
pH effect on Al toxicity. However, pH itself does effect cell mem-

branes in the range from 4.0 to 5.0. Christiansen et al. (1970) found
that the loss of soluble organic compounds from cotton radicles was
a minimum at pH 7.0 and increased as the pH was changed in either

direction. The greatest losses were at pH's below 4 but losses at pH

4.0 were still greater than at pH 5.0. Ca and Mg at 10 mM were
ineffective in preventing solute loss at pH 3. Low pH's cause mem-

branes to become "leaky" and lose their selectivity. Adverse affects
of environmental factors on membrane permeability have been

attributed to effects on membrane surface charge or pore radius

(Christiansen et al., 1970). If a hydrolysis product of Al is really the
toxic species, then a decrease in membrane permeability between
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pH 4.0 and 4.7 might explain why the toxicity of Al did not increase

as much as expected from theoretical calculations alone.
The Effect of Al on Biochemical Reactions

From the very beginning of this dissertation, it has been
assumed that the amount of Al within meristematic cells which results

in the irreversible inhibition of cell division was a constant. It was
this assumption which allowed the time and concentration in Equation

(9) to be related and this ultimately led to the prediction of a linear

time-reciprocal concentration graph.
One may raise the question of whether there is a biochemical

basis for such an assumption. The site and mode of action of Al

within meristematic cells at the present time is only speculative.
Several attempts to localize Al at the subcellular level have shown Al
to be concentrated in the nucleus and mitochondria, both of which
contain DNA (Clarkson, 1968; Foy et al. , 1972). Clarkson and

Sanderson (1969), using evidence that metal cations bind to the DNA

helix and increase its stability (Eichorn, 1962), have suggested that
Al might increase the stability of the DNA helix "in vivo " and prevent its

replication. This mechanism would certainly explain the effect of Al
on cell division, since when sufficient Al were bound to DNA to pre-

vent its replication, cell division would be irreversibly inhibited.
Since the amount of DNA in all cells of Brevor wheat should be a
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constant (Watson, 1970), sufficient Al to bind to a fixed amount of

DNA per cell might explain the constancy of Q.

If the effect of Al on cell division is at the DNA replicating site,
then Al should inhibit cell division at a single point, namely the S
phase, as suggested by Clarkson (1968). Henning (1975), however,
showed that Al affected the entire mitotic cycle and not just a single
point within the cycle. Consequently, it would seem that Al must be

affecting some other processes besides DNA replication.
Henning (1975) suggested that Al might be interfering with

the energy supply within the cell and that the entire mitotic cycle,
which has a high energy requirement, was being affected by a low
energy supply. The fact that Al was also concentrated within

mitochondria would also support the contention that Al is interfering

with the normal respiratory process within this organelle. In view
of the ease with which Al and P coprecipitate in solution, a logical
place at which Al might interfere with energy production would be in

the interconversion of ADP and ATP. Perhaps Al binds in such a way
to these P containing compounds that they are prevented from participating in the energy transfer reactions within mitochondria. Al has
been shown to complex ATP so tightly that several symmetry Mg was

required to displace it (Kerridge, 1969). If the amount of ADP and
ATP, and probably AMP, is roughly the same within meristematic

cells, this mechanism might also lead to a constant Q.
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Use of Lateral Roots on Screening for Al Tolerance

The use of fast, efficient techniques for screening plant material
for Al tolerance is essential to plant breeding programs involved in
the selection of varieties to be grown on acid soils. However,
because of the solubility of Al in solution, there is an upper limit to

the concentration which can be used for the screening process. Some
plant materials will be so tolerant of Al that no concentration of Al
can be found which will irreversibly inhibit meristematic activity.

The results of this study suggest two alternatives for screening
tolerant plants. One is to increase the exposure time. However,

there is a practical limit to the time since, with these high Al concentrations, P should be omitted to prevent Al-P precipitation. Long
exposures to solutions lacking P may lead to other complications
resulting from P deficiency. Perhaps a better alternative is to screen

the plants using their lateral roots. The increased sensitivity of
lateral roots should allow screening to be done at lower Al concentra-

tions or for shorter times. Lateral roots have the added advantage
that more root material is generally available and will result in the
need for fewer plants during the screening procedure.
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Applications to the Study of Varietal Tolerance
Wheat varieties have been shown to vary widely in their

tolerance to Al. Under identical conditions, the concentration of Al
required to inhibit the root growth of At lass 66, the most tolerant

wheat variety, can be as much as 60 times that required to inhibit
root growth in Brevor (Ali, 1975). Kerridge and Kronstead (1968)

have shown that Al tolerance is an inheritable trait and is controlled
by a single gene in varieties like Brevor (sensitive) and Druchamp
(moderately sensitive). The mechanism of varietal tolerance, how-

ever, is not known. Ali (1973) and Henning (1975) speculated on the

basis of their studies that varietal tolerance to Al probably resulted
from differential abilities to exclude Al from the cytoplasm. This has

also been attributed to the effects of salts in protecting the meristem
from Al. Ali (1973) showed that by adjusting the salt concentration,

Atlas 66 could be made just as sensitive to a given Al concentration as

the most sensitive variety. Henning (1975) showed that the symptoms
of Al toxicity and the mechanism of root recovery were identical in
both Brevor and Atlas 66. Henning (1975) was also unable to show any

relation between varietal tolerance and root diameter, suggesting a
mechanism other than root size. If the mechanism of varietal toler-

ance to Al does reside at the plasmalemma, and if the effect of salts
also resides at the plasmalemma, then the t(L.D. 50)- reciprocal
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concentration relationships for different varieties should plot up with
different slopes but have the same extrapolated intercepts, analogous

to the effect of pH and salt concentrations on the time-reciprocal
concentration relationship of a single variety. If different intercepts
are obtained, then the data would indicate that the mechanism of

varietal tolerance may involve more than just the plasmalemma.
Varieties may vary somewhat in the value of z0. Another possibility

is that varieties differ in the ability of cell wall and other material to
complex Al, thereby keeping it out of the cells (Clarkson, 1967).
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SUMMARY AND CONCLUSION

The time-concentration interaction required to produce a welldefined level of toxicity in wheat root meristems was studied using

the L.D. 50 as a criteria for damage. The L.D. 50 is a precise, welldefined point of reference which represented an identical degree of

biological damage regardless of the experimental conditions required
to obtain it. The t(L.D. 50)1s were found to be easily reproduced over

the time course of this study.
A diffusion-absorption model was developed to explain the

time-concentration interaction of Al toxicity in wheat root meristems
which attributed the L.D. 50 to the accumulation within meristematic
cells of a fixed quantity of Al,

Q.

The model predicted that above a

certain time, the t(L.D. 50)- reciprocal concentration relationship
would be linear with the data extrapolating to positive intercepts on

the time axis. Wheat roots of the variety, Brevor, were found to
yield data which when plotted as t(L.D. 50) versus reciprocal concen-

tration was linear for Al concentrations as high as 50 ppm and did have

positive intercepts on the time axis. A linear relationship was
obtained regardless of salt concentration or pH.

It was observed that lateral roots were much more sensitive to
Al than primary roots at all concentrations of Al used. The time

reciprocal concentration relationships for lateral roots had smaller
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slopes and extrapolated to smaller intercepts. This was in agreement
with the predictions of the model where meristematic size,

z0, was

the only variable. The model suggested that the effect of salt concentration on Al toxicity in Brevor wheat is on the uptake of Al. by

meristematic cells. The model could not account for the salt effect
by changes in the diffusion coefficient or the complexing of Al by

cell walls or other material outside the cell. The model further suggested that the Al uptake rate is hyperbolic with concentration. This
would be in agreement with what is known about the uptake rates for

many other solutes, inorganic and organic as well.
The pH was found to have two effects on the subsequent toxicity
of Al. One is an effect during pretreatment prior to Al exposure.

Increasing the pH at which the seeds were germinated from 4 to 5,

resulted in a small but consistent increase in the t(L.D. 50) obtained

during a subsequent Al exposure. The mechanism by which pretreatment pH affects subsequent toxicity to Al was speculated to be a

detrimental effect of H+ on the membranes during their development.
The other effect of pH was observed during the Al treatment.

Increasing the pH of an Al solution from 4 to 4.5 reduced the
t(L.D. 50) at all Al concentrations which is consistent with a hydrolysis

mechanism proposed by others. However, no further increase in
toxicity was observed when the pH was increased from 4.5 to 4.7.
The lack of response was shown not to be the result of precipitation of
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Al at pH 4.7, since lowering the pH of solutions aged at 4.7 back to

4.5 gave the same t(L.D.50) as fresh solutions at pH 4.5. The pH
pehnomena was consistent with known H+ effects on the active uptake

of cations. Since active uptake is also characterized by hyperbolic

absorption rates, it seemed reasonable to expect Al uptake might be
active. However, the effect of the metabolic inhibitor DNP on the

t(L.D. 50) suggested that Al uptake is not active. DNP actually
decreased the t(L.D. 50) slightly. Such an effect on the t(L.D. 50) in
the absence of an effect of DNP directly on cell division in control

plants suggested that the role of metabolism in Al uptake is on the
maintenance of membrane structure and integrity. Al uptake is

probably a result of passive diffusion across the plasmalemma. A
mechanism was proposed in which the increased toxicity of Al with

pH was attribted to both the hydrolysis of Al and the known effects of
pH on membrane permeability.
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