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SUMMARY

By means of a transport kinetic concept the uptake of a given ion by plants
can be expressed as a function of the concentration of the ion in soil solution,
isolated from the soil i» sifu in the soil-plant system at any given time during
the growth period without disturbance to growing plants.

The kinetic model rests on the assumption that the rate determining step
in ion absorption at concentrations of 1 mM or less, is located in the tissues
between epidermis and xylem and in all probability in the plasmalemma of
the cortical cells.

As the rate of ion transport through the cell membrane may be expressed
by a kinetics, analogous to that proposed by Michaelis and Menten for enzyme-
catalyzed reactions, the rate of uptake (v) of ion M at any time may be ex-
pressed by the differential equation

V—>Vta=Vta[ fort — t,

(M) :I
(M) -+ Km ta

The uptake by plants of M during a time interval to — tu is expressed by
the integral of above equation.

One solution is submitted and experimental conditions, necessary for a
verification of the proposed kinetic concept, are discussed.

INTRODUCTION

The transport of nutrient elements to roots, the absorption
by and translocation in plants are complicated processes. Results of
studies of specific parts of the overall ion transport have elucidated
the nature of the processes and added to the understanding of some
of the mechanisms involved. Most of the studies on factors which
influence the movement of plant nutrient elements in soils have been
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carried out in the absence of plants, and almost all detailed investi-
gations on absorption and translocation of nutrient elements in
plants were conducted as short-term experiments in water cultures
with plant organs and /or intact plants.

However, there still remain many unknown details in respect of
values and variation in values of various factors governing ion ab-
sorption by plants growing in soil. This is due not least to the diffi-
culties of determining the actual concentrations or activities of
nutrient elements in soil solution near ion absorbing roots.

However, the method developed by the author 29, of isolating the
soil solution #n situ during the growth period without disturbance
of the growing plant, has opened up new possibilities of studying
the absorption of nutrient elements.

In the present work a transport kinetic concept of the absorption
of nutrient elements from the soil by plants is submitted. Verifica-
tion of this, based on the results of chemical analyses of isolated soil
solution and plants, is to be presented in a subsequent publication.

UNDERLYING ASSUMPTION IN THE TRANSPORT KINETIC CONCEPT.

The absorption of an ion by plants in a given soil-plant system
gives rise to and generally equals the net flow (sum of convective
and diffusive flow) of the ion to the root (for further details see 24).

It is well established that ion absorption, when the concentra-
tion of the considered ion in the nutrient solution is 1 mM or less,
depends on carbohydrate supply to the root from aerial plant
organs, is sensitive to inhibition of the metabolism of the root
cells, and is almost uninfluenced by variation in the transpiration of
the plant 31719 30 This supports the assumption that the rate de-
termining step in ion absorption at the above concentrations is
located in the tissues between the epidermis and xylem in the root.
The present transport kinetic model for ion absorption is based on
this assumption.

If the premise proves tenable, it is possible to express the rate
(v) of the absorption by the plant of a given ion M as a function of
(a) the concentration [M] in the nutrient solution at the active root
surface, (b) the area (A) of the active root surface, and (c) the con-
ductivity (k') of the active root surface for M.

The establishing of a transport kinetics, thus includes both
defining the circumstances under which the rate of transfer through
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the active root surface is the rate determining step for ion uptake,
and deducting equations which express the rate and changes in
rate of transport in the rate determining step as a function of [M],
A, and k' or analogous factors.

Epsteinand Hagen 5 were able to express the rate of ion accumu-
lation in excised barley roots as a function of ion concentration in
the nutrient solution by a kinetics, analogous with that of Michaelis
and Menten for enzyme catalyzed processes.

Results of later investigations 4 7 8 11 showed that there are at
least two systems — a double mechanism ~ involved in ion accumu-
lation in roots: System I, which operates at low concentrations
(1 mM or less) of the ion in the nutrient solution, and System II
operating at concentrations between 1 and 50 mM . The importance
of this double mechanism for ion accumulation in excised roots was
further illustrated by Torrii and Laties 28 with results suggesting
that System I operated in the plasmalemma and System II in the
tonoplast of the root cells.

If the transfer of an ion through plasmalemma into the symplast
(System I) governs the transport of the ion to the aerial parts of the
plant, the rate of this transport may be expressed by the same kine-
tics as for System I, as shown by Liittge and Laties 15 16, who also
showed that the sensitivity to metabolic inhibitors differs for System
I and System II, whereas ion transport both to the top and into the
symplast (System I) were affected to the same degree by inhibitors,
when the concentration in the nutrient solution was [ mM or less
{for details see Liittge 17).

The findings support the view that at low concentrations (1 mM
or less) the transfer of an ion through the plasmalemma of cortical
cells determines the rate both of the uptake and of the transport to
the aerial part of the plant of the ion.

THE KINETICS FOR ION TRANSPORT THROUGH PLASMALEMMA

Key to main symbols.

A area of the active root surface (cm? plant-1).
k’ conductance of active root surface (cm time-1).
k (with subscript) : rate constant.

Km concentration of the ion M at the active root surface required for half-
maximal uptake rate (mol litre—1).
[M] concentration of the ion M at the active root surface (mol litre-1).
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[M]p concentration of the ion M in bulk-solution (mol litre—1).
ER  total number per plant of effective ‘carriers’ in plasmalemma of corti-

cal cells.

ro radial distance between the centre axis of the root to the root
surface (cm).

Iy radial distance between the centre axis of the root and the bulk-solution
(cm).

t time (sec, min, hour or day).

v rate of ion uptake (mol time—lplant—1).

vm  mean rate of ion uptake in the time interval At (mol time-1 plant-1).

v maximal rate of ion uptake (mol time~! plant—1).

Vm  mean maximal rate of ion uptake in the time interval At (mol time-1
plant—1).

X fraction of absorbed ion translocated to the aerial part of the plant.

1—x fraction of absorbed ion remaining in the root.

Of the numerous hypotheses put forward as models for the trans-
port of ions through cell membranes, the mobile carrier models,
according to Stein 27, represent the most acceptable hypothesis
although details of the mechanisms involved are still not fully
known 25 26 37,

The carrier model used below can be illustrated by the following
reaction steps:

ky Establishing of the ion-carrier-com-
I M+ R = MR plex on the outside of the plasmalem-
k1 ma.
ko . .
N Transport of ion-carrier-complex
II MR 1: R+ M through the membrane and dissoci-
2 ation of the complex on the internal
side of the plasmalemma.
xM Fraction of total absorbed M translo-
kg cated to the aerial part of the plant.
IIT M=
k3 Fraction of total absorbed M remain-
(1—x)M ing in the root.

where k with index denote rate constants for the respective reac-
tions, and M and R are, respectively, the ion and the ‘carrier’.

The carrier model is in accordance with observations that fol-
lowing some fast transport processes in ‘water-” and ‘Donnan-free
space’ the rate (v) of ion absorption in plants remains constant for
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several hours, and that v asymtotic approaches the maximum
rate (V) as the concentration of M in the nutrient solution
increases. As shown by Epstein and Hagen 3 this relationship can
be expressed by

[M]

"= VA + Km ]

where the value of Km (analogous with the Michaelis-Menten con-
stant) is the same as [M] at which v = V/2,

As the efflux from the roots of M, at concentrations of | mM or
less, is very small in balanced nutrient solutions 1 2, k_5 in reaction
step IT may be neglected. It follows from the carrier hypothesis and
reaction steps I and II that

V = kgXR and Km :153—}—1&
ki Kk
where XR is the total number of effective ‘carriers’in the plasmalem-
ma ot cortical cells in the root; ko/k; and k_1/k; are respectively the
kinetic constant of the reaction and the complexicity constant of the
presumed ion-carrier complex.

A TRANSPORT KINETICS FOR ION ABSORPTION BY PLANTS AT VARYING
VALUES OF V AND [M] DURING THE EXPERIMENTAL PERIOD.

Using the above carrier hypothesis and Equation [1] on results
from numerous ion uptake experiments, it has been possible to
express the rate of ion absorption by intact plants or excised roots,
and to explain interactions between ions during absorption 6 121314,
As earlier mentioned most of the kinetic studies of ion absorption
have been restricted to short time (hours) experiments, generally
with excised roots. In such experiments the assumption that V and
Km remain constant is justified. Further, if the concentration of the
ion M in the nutrient solution remains constant during the experi-
ment, the rate (v) of ion uptake can be expressed by Equation [1]
and values of Km and V calculated.

However, in transport kinetic studies during periods of several
weeks, changes in V and [M] must be expected and taken into ac-
count. This necessitates equations which express rate of ion ab-
sorption during an interval of time, At = tn, — tn,, in which V,
[M] and possibly Km may vary.
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If Equation [1] is considered as a differential equation of the time
(t), so that v — vy, for t — tj, it follows

Vig fort —t, [2]

fa [[M] T Km] f
where t, is any one time in the time interval At.

Considering a restricted soil-plant system with y plants during
the time interval from to—ty, in which tg denotes the beginning of
the growth period, where vt, approaches zero, and t, indicates any
one time in the growth period, the accumulated amount of the ion
Min y plants up to ty can be expressed by the integral of Equation

(2.

Accumulation of the tn t IM]
ion M in y plants at = [vdt= [V ———— dt (3]
the time ty fo t M} 4 Km
tn [M]tn dt [M]
vdt = Ve ——=dM 3
! Am. a0 (] + K O [3a]

Equation [3a] can be solved when dt/d[M] remains constant
during the time interval, because V and variation in value of
V are independent of [M] in the considered range of concentration.

Applying the Mean Value Theorems to Integrals in solving
Equation [3a] leads to Equation [4], when [M];, # [M]s, and to
Equation [5], when d[M]/dt = O during the time interval.

Accumulation of the ion M in y plants at the time t,

- 2.303 Km Km -+ [M]y,
= VmAt = VAt [1 * [M]t, — [Ms, % K + (M, :I -

[M]tn 7 [M]g,

where

Mean rate during b

time interval At } Tt — to {o vdt [4a]
Mean maximum rate ] . 1 j V dt (4b]
during time interval j - Tty —to s

At.
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Mean value of the coefficient M] [M]
: o = [4c]
during the time interval At [M] + Km [M] + Km
[M]ta
1 [(M]
[Ty, — (Mg, B + K
[M]to

2.303 Km ! Km - [M]y,
)
M, — M, Km + (M,
If d[M]/dt varies during the time interval At = t, — to this is
divided into a series of subdivisions (At;), in which d[M]/dt approach-

M
es a constant value. Values for[ﬁjL—{—]Tn calculated for each At; by
means of Equation [4c] are weighted on the basis of the value of the
subinterval At; relative to the value of the total interval_At (Ati/At).
[(M]

[—M]_—{——K values of all subintervals thus
m

The sum of weighted

[M]
M] + Km
If d[M]/dt = O, 7.e. [M] being constant during the time
interval, the solution of Equation [3a] becomes

vmAt = VoAt 5]

[M] + Km
d[M]/dt = O

As equation [4] is difficult to handle for calculating Km and V
values, using manual procedure, Equation [6] and [6a] can be
used in an approximate determination of Km and V.

equals of the entire time interval At.

1At S(MIAD;
vmAt = VAt . (6]

1/At T(IM]At); + Km
1

1 _ 1 + Km 1
At~ VpAt Vg, -
e " " B(MIAY,

[6a]

where Y ([M]At); is the sum concentrations in the time inter-
1

val 1 — n. Equation [6a] is analogous with the Lineveawer and
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Burk relationship and allows, thus, the well known graphical de-
termination of Km and V.

The formulation of Equation [6] is based on the Law of Propor-
tions in accordance with which

DA, S (MY, S([MIAD;
= VAL 3 -5 7)
S(VAY: Vit S(MIAY); + Km) - S(MIAY; + Kmat

With [M] << Km or [M] > 8 Km it would seem justifiable to as-
sume without introducing larger errors, that a direct proportionality

n
exists between vpAt and 3 (TM]At);; as illustrated by e.g. the dashed
1

curve in Fig. 4. Under these circumstances and for small changes
in [M] during the time interval, (d[M]/dt —0,) it is evident from Equa-
tion [7] that determinations of Km and Vi, based on experimental-

n
ly determined vmAt and ¥}([M]At); values and Equation [6a], will
I

approximate to values calculated by using Equation [4].

By inserting in Equation [4] values of Km and Vy, representing a
range above and below those calculated from Equation [6], it is
possible to investigate whether Km and V values can be arrived at,
which will give a closer agreement between calculated and experi-
mentally determined vpAt values than using Km and Vi, values
derived from Equation [6].

SOME ASPECTS OF THE EXPERIMENTAL CONDITIONS NECESSARY FOR
DETERMINING Vy AND Km
Equations [4] and [5] derived by solving Equation [3a] allow de-
termination of value and variation in value of Km and Vy, during
the growth period of plants growing in soil or water culture solution.
From Equations [4], [S] and [6] it is evident that the calculation
of Km and Vy,, based on experimental estimations of vmAt and

Z([M]At)l, necessitates having a range of treatments for which
VmAt increases due to increases in Z([M]At) For the calculation of

Km and Vy, values it is further 1mperat1ve that the variations in
V during a time interval remain unaltered by treatments.
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Some considerations on the experimental conditions necessary
for the verification of the above transport kinetics are illustrated
by the following hypothetical experiments: Two pot experiments
are carried out, in which all experimental conditions are identical
with the exception of varying addition of a trace element M. In
Experiment 1, a mg M/pot is applied to all pots. In Experiment 2
increasing amounts, 0 — ¢ (¢ > a) mg M/pot are added. Except for
standard deviation, the cumulative dry matter production in Ex-
periment 1 will be the same in all pots, because they received iden-
tical treatment. The relationship between cumulative dry matter
production and time is shown schematically in Fig. 1. In Fig. 2 which
depicts the relationship (Exp. 2) between increasing application of

dry matter
production
g/pot

days

Fig. 1. Graphical representation of the cumulative dry matter production in
aerial parts of plants as function of time.
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dry matter
production
g/pot
y ______
e T —» T m -—
a b c mg/pa

(micronutrient)

Fig. 2. Graphical representation of the relationship between dry matter pro-
duction in aerial parts of plants and increasing application to soil of a micro-
nutrient element M.

M and yield at any one time in the experimental period the results of
Experiment I are represented by a single point (with the coordinates
(v;a)

From the identical cumulative dry matter production in all pots
(Exp. 1) it follows that the plants are uniform and that Vuy and
variations of V and Km for M remain the same. This implies that
any deviation from the above cumulative dry matter production
must be associated with changes in V and presumably also in Km.

In Experiment 2 the uptake of M by the plants will increase due to
treatment, and the relationship between dry matter production
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and increasing application of M can be illustrated graphically as
shown in Fig. 2. The second section of the curve includes results
from pots receiving M in amounts between a and b. In this section
dry matter production remains constant and the cumulative dry
matter production is the same for the corresponding pots, although
application of M to the soil and absorption of M by the plant in-
creases from pot to pot. Further, the same statement in regard to
Vo and variations of V and of Km as made for results of Ex-
periment I applies to this section, because the plants presumably
are uniform; otherwise it would be expected that the cumu-
lative dry matter production would differ. If the statement is
correct, it should be possible, under the above experimental condi-
tions, to obtain valuesof Vi and Km from determining vpyAt, the
concentration [M] in the soil solution at the active root surface,
and by using Equations [4], [5] and [6].

DETERMINATION OF THE CONCENTRATION OF THE ION M IN SOLUTION
AT THE ACTIVE ROOT SURFACE FROM THE CONCENTRATION IN THE
BULKX SOLUTION.

For some years, Nye and co-workers 18 21 22 23 have studied the
variations in ion concentration in solution surrounding ion absorb-
ing roots. The results have shown, as illustrated schematically in
Fig. 3, that [M] in soil solution at the root surface can be less
(curve A), the same (curve B) or larger (curve C) than the
concentration ([M]y) in the bulk solution, depending on whether
the rate of uptake of M by the root is larger, the same or
less than mass flow of M to the root due to transpiration. It is there-
fore only under special circumstances that [M], equals [M] at the
active root surface (curve B). The same holds for soil solutions iso-
lated from soils carrying growing plants 20,

In pot experiments with soil where the rate of uptake of M by the
plant may be expressed by the above transport kinetics, variations
in ion concentration in soil solution, as exemplified in curve A of
Fig. 3, are to be expected. The concentration [M] of the active
root surface can under those conditions be expressed by

[M] = [M]p — A[M] (8]
where A[M] = [M]y, — [M] (see Fig. 3) theoretically can beregarded as

an expression of the concentration gradient of the ion flux by diffus-
ion through the radial distance (Ar=rp, — rg) from the root surface.
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Fig. 3. Graphical representation of the relationship between the distance (r)

from the centre axis of absorbing root and [M] in soil solution near root sur-

face. [Mly, greater (curve A), equal to (curve B) or less (curve C) than the
concentration of M at the root surface.

From the foregoing it follows that the relationship between vpyAt
n

and ¥([MJpAt); may be graphically represented as in Fig. 4. If the
1

solid curve is extrapolated to the abscissa, the distance (a) between
the zero point of the coordinate system and the point of intersection
signifies the product of the apparent difference (A[M]) between
[M]p and [M] (Equation [8]) and At, so that a = A[M]At. If the

value of a is subtracted from ¥ ([M]pAt); we obtain:
1
S(MAt,: = X ([(MbAt); — a [9]

in which the equal sign approximately holds for all values of

S (IMJAt); < KmAt. Calculation of X([M]At); by Equation [9]
1 1
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vmZ2t (mol- plant =)

Vi 2t

I
/
I
4

o] ZT([M]bAt)i (mol -time™)
Fig. 4. Graphical representation of the relationship between the sum of the

n
concentrations, {([MlpyAt);), of ion M in soil solution and the corresponding
1

uptake, vypAtof M in the plant during the timestep 1 to n (solid line) and the
n n

relationship between X([M]At); = Z([M]pAt); — a and vpAt (dashed line).
1 1

allows, thus, a graphic determination of Km and Vy, by Equation

n
[6a], based on the relationship between 1/vpAt and 1/3([M]At);.
1

DISCUSSION AND CONCLUSIONS

The present transport kinetic concept of ion uptake by plants
includes deductions of formulae and submission of a model.
The model is based on the assumption that at low concentrations
in soil solution of the given ion M, the rate determining step
for absorption is located in the tissues between the epidermis and
xylem in the root. This assumption is in accordance with known
facts 3910172980 jp regard to anatomy of root and the
dependence of ion uptake on the metabolism of root cells.
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Irrespective of the precise location of the rate determining step in
the tissues between epidermis and xylem the rate (v) is a function of
a) the ion concentration in the solution at the active root surface, b)
the area (A) of the active root surface, and c) the conductivity (k') of
the active root surface for the ion M.

Assuming that the used carrier model for ion transfer through the
cell membrane (plasmalemma) is an acceptable basis for the inter-
pretation of V and Km, it can be shown that V = ko3 R. The rate
constant (ko) of the rate governing step may be considered as an
expression of the conductivity (k') of the active root surface for M;
and the total area of active root surfaces (A), defined by the part of
the plasmalemma of cortex cells absorbing ions either directly from
soil solution or from solution in free space, may be indirectly ex-
pressed by the total number of effective ‘carriers’ (ZR).

In the case of plants growing in soil over a period of several weeks,
variations will occur in rate of uptake of M because of changes in
[M], and in A and V due to root growth.

By the presented transport kinetics, represented by Equations
[2], 14}, |5] and [6], it should now be possible to express the uptake
(vmAt) of a given ion M by plants as a function of the factors
V, Km and [M] even though V and [M] may vary. Further,
by indirect estimation of [M] at the active root surface as
illustrated in Fig. 4, estimations of values and variations of Km and
Vi, during the period of growth, should be possible from experi-
mental determinations of the uptake (vipAt) and concentration of
M in soil solution at successive time intervals.

The completed verification of the presented transport kinetics,
based on results from a pot experiment with copper applications to
barley, will be submitted in the following part.

The transport kinetics would therefore seem to open new possi-
bilities of studying ion uptake and of interpreting the relationship
between the chemical composition of plants and that of soil.

As the causes underlying variations in values of Km, V and [M]
may differ, investigations on the changes in these factors by varying
the plant species, growth medium, combination of applied plant
nutrient elements or climatic condition should add to a better under-
standing of various aspects of plant nutrition.
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