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Calcium Activation of Orthophosphate Absorption by Barley Roots'
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Introduction

Calcium, an essential element for plant growth,
is involved in a wide spectrum of events including
development of the meristematic regions (1) and
absorption rates of other ions (3,7). Other alkaline
earth cations do not completely substitute for calcium
in fulfilling this growth requirement (1,8).

The presence of Ca* in the nutrient media of
plants has been observed to influence the absorption
of other ions. In general, the effect was one of
inhibiting the rate of sodium absorption (4), but
of enhancing the rate for potassium (410,11, 14,
21), sulfate (13), chloride (17,20), and phosphate
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(18,19). Thus, Ca** affects the rate of absorption
of a specific salt although the absorption rate of the
cation or anion is usually considered to be indepen-
dent of each other. )

Although its general influence has been known
for several years, the mechanism of action of Ca**
on ion absorption is not fully understood. This in-
vestigation considers the mode of Ca** activation
of phosphate absorption by kinetic analysis of meas-
urements of steady-state absorption.

Materials and Methods

Roots of 2 varieties of Hordeum wvulgare L.,
Atlas 46, and Trebi, were obtained from plants grown
essentially as described by Epstein and Hagen (5).
Seeds (30 g) were soaked for 24 hours in 600 m] of
continuously-aerated demineralized water and dis-
tributed on cheesecloth supported on a stainless steel
screen. The screen was placed on top of a 4-liter
beaker containing 2 > 10 M CaSO, solution. so
that the seeds were 1 cm above the solution. A-
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second stainless steel screen covered with cheesecloth
was placed over the seeds. A\ sintered glass aerator
was placed in the solution and the beaker was covered
with a watch glass and placed in a constant tempera-
ture chamber. Plants were grown 35 days in the
continuously-aerated CaSO, solution maintained at
24° in darkness. Forty-eight hours after planting,
the top cheesecloth and steel cover were removed.
The following day. the seedlings were removed from
the solution. rinsed with demineralized water and
placed in a fresh CaSO, solution. Roots 10 to 15
cm long were obtained 5 days after planting. These
were excised about 5 mm below the seeds, rinsed
with demineralized water and placed in 2 liters of
acrated demineralized water.

The excised roots were removed from the de-
mineralized water, in which they had been sus-
pended, and blotted on cheesecloth to remove ad-
hering water. One-g portions were weighed and
each was placed in 50 ml of demineralized water.
The roots were rinsed twice with water prior to
placement in the phosphate solutions. At zero time,
the roots were transferred to 1 liter of phosphate
solution at a temperature of 24° = 2°.

Radioactive, carrier-free phosphate, as ortho-
phosphoric acid in dilute hydrochloric acid obtained
from Oak Ridge National Laboratory, was used as
a tracer. Removal of the chloride was accomplished
by adding the radioactive solution to a nonradioactive
phosphate solution containing a known amount of
phosphate, and evaporating the solution to dryness
under an infrared lamp. The solution volume was
adjusted to give a concentration of 1 X 10 ax 3P
(2P = H,PO, equivalents). Isotopic dilution of
this stock solution was such that the specific activity
was less than 3 mc per g P in the experimental
solutions. At this specific activity, radiation damage
was not detectable.

Within 5 minutes after the addition of the roots.
solutions were readjusted to the desired pH value
with 0.1 ~ KOH or 0.1 ~ HCIL. Solutions having
low total phosphate concentration required pH ad-
justments at intervals of 13 to 20 minutes. Adjust-
ments of pH were less frequent for solutions > 3
X 105 M 3P,

Absorption was terminated by decanting the phos-
phate <olution and rinsing the roots in 4 aliquots of
demineralized water. After the roots were trans-
ferred to one-fourth ounce metal cups, they were dried
under an infrared lamp. Radioactivities in the sam-
ples were measured with a Geiger-Mueller tube.
From the known specific activity of the particular
phosphate solution. the amounts of phosphate ab-
sorbed by the roots (moles/g fr wt) were calculated.

Kinetic Interpretation. From an initial combina-
tion between an ion and a binding compound, ion
absorption is assumed to proceed as in equation I,
where R represents a binding compound, M the ion,
MR the intermediate, and k the rate constant for
each reaction (3). Decomposition of this inter-

mediate complex results in the absorption of the ion
into the cell, as described by equation II.

ky
R + M gureige & MR I
k.
]\‘.'i
MR 2= R 4 M e I
k

The k, is the rzlte—lir:liting step of absorption.

A steady-state exists as shown by a linear rate
of phosphate absorption throughout an absorption
period of 5 hours. Under these experimental con-
ditions the absorption of phosphate by barley roots
has been shown to be essentially irreversible (12).
and hence the %, is negligible.

An absorption equation may be derived from
equations I and II which is analogous to the steady-
state analysis described by Michaelis and Menten
(15) for kinetic studies of enzyme reactions. FEadie
(2) pointed out that the equation is linear in form
upon rearranging, as shown by equation III,

oy

v
S K, + T
[zr]
where v is moles of phosphate absorbed, /. repre-
sents the maximum absorption at infinite jon concen-
tration, [2P], the steady-state phosphate concentra-
tion, and K. the Michaelis constant. \When a
steady-state absorption of phosphate. 7. is plotted
against ©/[ZP]. a curvilinear relationship is ob-
tained. This may be interpreted as 2 or more first-
order reactions acting both simultaneously and in-
dependently on different substrates which are in a
nonrate-limiting equilibrium (9).

111

max

Results

Barley roots absorbed more phosphate from =
phosphate solution containing Ca** than from a solu-
tion lacking it. Absorption increase varied with
the concentrations of phosphate. calcium, and. to
a lesser extent, hydrogen ion.

The rate of phosphate absorption by roots from
solutions containing 10°% or 10* m ZP of varving
concentrations of CaCl, is presented in figure 1.
The points on the ordinate represent the amounts of
phosphate absorbed in 3 hours from 10 ¢ and 1074
solutions without the addition of calcium (Indigen-
ous Ca’™® = 42 X 10 moles/g fr wt of roots).
Maximum activation was attained in 10°¢ v 3P
solutions with [Ca™] approximating 3 X 1073 .
Absorption from 10°% a TP solutions was increased
to the same extent at all [Ca**] levels tested. Com-
paring the phosphate absorption at the end of a
3-hour period. the maximum increase at both phos-
phate concentrations with added Ca* was approxi-
mately 100 ¢,

Under most conditions, magnesium
phosphate absorption to a similar extent.

increased

Although
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absorption at pH 4 was increased less by Mg** than
by Ca™, these cations were equally effective at the
higher pH wvalues. Increase in absorption in the
presence of Ca™ or Mg™, relative to their absences,
may be observed in table I. These data represent
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Fic. 1. Absorption of phosphate by excised barley

roots as influenced by Ca** concentration in the nutrient
solution.

Table 1. Phosphate Absorption from 107 » Solution
in the Presence of 5 X 10° M Ca*™ or Mg* as a
Percentage of Absorption in the Absence of These

Cations in the Solution and as Affected by pH

P Absorption, (—)

% Activation of P in divalent cation

pH Ca* Mgt moles X 107
4 134 120 3.5
5 150 145 32
6 150 151 3.1
7 142 145 2.8

absorption for a 1-hour time period from 1 X 107
M 3P solutions adjusted to various pH values. Cal-
cium and magnesium, as chlorides, were at a concen-
tration of 5 X 1078 M.

Other divalent cations, such as Ba* or Sr*, in-
creased phosphate absorption, although neither was
as effective as an activator as Ca* or Mg".

Phosphate absorption by barley roots was a linear
function of time from 1 through 300 minutes over
the range of 1 X 106 to 1 X 1078 M ZP. The time
course of phosphate absorption by roots from a
1 X 10* m 3P solution of pH 4, in the presence and
absence of Ca**, is shown in figure 2. Calcium in-
creased the absorption rate approximately 1.4-fold
from 4.1 X 107 to 5.8 X 107 moles g™ min-.

it mue e
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Fic. 2.
from 107¢ M phosphate at pH 4 as a function of time and
Ca™ (5 X 1073 Mm).

F1c. 3. Phosphate absorption by excised barley roots

from 107¢ M phosphate at pH 4 as a function of time and
Ca* (5 X 103 m).

Phosphate absorption by excised barley roots

Linearity of absorption with respect to time was
maintained for approximately 5 hours, after which
the absorption rate declined. Calcium did not ap-
pear to alter the time at which the absorption rate
began to decrease. Observations of absorption over
a 22-hour period in the presence and absence of Ca**
are reported in table II. The values indicate ab-
sorption by 1 g of roots in a 1 X 107 M 3P solution
at pH 4 in the absence or presence of 5 X 107 M
CaCl,. Roots in the presence of Ca*™ absorbed more
phosphate at all time periods than those in its ab-

Table II. Phosphate Absorption from 105 M Solution
as a Function of Time, Absence, and Presence of
5 X 103 M Calcium

P, moles X 107/g fr wt of roots (+) Ca*

Hr (=) Ca* (+) Ca* (_) Ca**
1 2.1 3.2 1.52
2 4.2 6.4 1.52
3 6.1 9.6 1.57
5 10.5 16.0 1.57
22 20.2 321 1.57

sence. The initial rates were 3.5 X 107® and 5.3 X

10 moles g min~! in the absence and presence of
calcium, respectively. During the 5- to 22-hr period,
the rate of absorption decreased both in the presence
and absence of calcium. After 20 hours, the absorp-
tion rate approached zero. It is of interest to note
that calcium increased both the rate of phosphate
absorption and the total amount of labeled phosphate
in the roots at apparent equilibrium.

Absorption of phosphate can be increased by pre-
treatment of roots in 5 X 1073 M CaCl, before ex-
posing them to phosphate. Roots were placed in
Ca** solution for 30 minutes, which was sufficient
time to achieve equilibrium of the readily-exchange-
able Ca**. At this time, the roots were removed,



900 PLANT PHYSIOLOGY

washed in three 100-ml volumes of water, and trans-
ferred to a 10* M 3P solution. Phosphate absorp-
tion by roots receiving the Ca™ pretreatment is com-
pared to unpretreated roots in the presence and ab-
sence of Ca* during absorption in figure 2. Roots
which were exposed to Ca™ prior to phosphate ab-
sorption had an initial rate slightly less than that of
roots in the presence of Ca*™. At longer time peri-
ods, the Ca**-pretreated roots deviated from the
steady-state and the rate approached that for roots
in the absence of calcium.

Effects of a Ca** pretreatment were found to be
reversible by placing the roots immediately in 107*
M HCI or EDTA for 30 minutes prior to the ob-
servation of phosphate absorption (fig 3). Thus,
the rate of absorption was similar to that for roots
which had not received a pretreatment in CaCl,.

Absorption of phosphate by roots, as a function
of phosphate concentration, is presented in figures
4 and 5. A curvilinear relationship was obtained
upon plotting absorption against absorption/phos-
phate concentration over the pH range 4 to 7 in
the presence or absence of added calcium. FEach
curve was separated into 2 linear components as sug-
gested by Fadie (2). A common linear line (b)
was found for absorption data obtained in the pres-
ence and absence of calcium. The other component
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Fic. 4. Eadie plot of phosphate absorption by ex-
cised barley roots as influenced by calcium at pH 4.

([Ca**] = 5 X 103 ™).

for each curve, lines (a), varied primarily in the
intercept values with a smaller change in the slopes.
Differences hetween the slopes of lines (a) were
greater at pH 7 than at pH 4 (table III). In the

Fic. 5. Eadie plot of phosphate absorption by ex-
cised barley roots as influenced by calcium at pH 7.
([Ca**] = 5 X 1073 ).

Table III. .dpparent K I alucs for Absorption of
Phosphate by Barley Roots as Related to pH and
5 X 1073 M Calcium (sec fig 4,5)

Condition K, value for line

a b
pH 4 (—) Ca* 27 X 10s 25 X 10
(+) Ca*~ 4.0 X 1076 25 X 104
pH 7 (—) Ca~ 13.9 X 10°¢ 5.0 X 10
(+) Ca'r 83 X 10¢ 50 X 10

presence and absence of Ca™ the slope of line (a)
increased with an increase in pH. A thousand-fol:l
increase in OH" increased the slopes 3.1- and 2.1-fold
in the absence and presence of Ca'™, respectively.
Therefore, relative to the Ca** treatment, absorption
at pH 7 in the absence of Ca™ required a 2-fold
increase in the phosphate concentration to obtain
half maximum absorption.

In other words, the addition of Ca*™ decreased the
apparent inhibition of OH~ relative to the no Ca*
treatment (line a). The other linear reaction (line
b), while being inhibited by OH", was not influenced
by Ca*™. A quantitative treatment of OH~ inhibi-
tion on phosphate absorption by barley roots was
presented by Hagen and Hopkins (9).

Discussicn

Kinetic analysis of ion absorption by plant cells
may be treated in a manner strictly analogous to
that applicable to enzyme reactions. Absorption rates
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are observed at steady-state conditions where the in-
flux is greater than the efflux of the ion being fol-
lowed. When these conditions pertain, the Michaelis-
Menten equation describes a reaction which has a
rate-limiting step of absorption. Kinetic analysis of
absorption data describes the rate-limiting step char-
acteristics at an established condition. However,
neither the identity nor the sequential location of
the rate-limiting step can be established until more
specific information is known of reactants and pro-
ducts. Nevertheless, one can characterize the over-
all absorption process, fully aware that more than
one step may be involved in the entry process.

Phosphate absorption by barley roots from 1 X
10* M 3P was increased to a maximum value in
the presence of 5 X 10 M CaCl,. The effect was
one of an increased absorption rate (fig 1). This
may have been related to the concentration of an
intermediate, the turnover number, or both. The
turnover number is implicated since the absorption
curves, both in the presence and absence of Ca™,
extrapolate to an identical point on the ordinate.
Furthermore, a slight change was observed in the
K., values (table III, fig 4,5) in agreement with an
increased net turnover where the value of k; is
significant compared to k,, since K, = k, + kg =
k,.

Phosphate absorption by roots, in the presence
and absence of Ca™ as a function of [ZP], de-
lineated a curvilineal relationship when plotted by
use of equation IIL (fig 4,5). The curves were
resolved into 2 linear components by graphic separa-
tion (2). Absorption at the higher [3P] was not
affected by Ca** (line b). The influence of Ca™
was only effective at the lower phosphate concen-
trations and is represented by displacement of lines a.

The maximum absorption was increased by Ca™
as represented by a different intercept of line a on
the ordinate. A change in V,, signified that ab-
sorption was activated by Ca™ at a location different
from the loci for phosphate absorption. Interaction
of Ca** and phosphate at the rate-limiting step would
be represented by a common ordinate intercept.

Calcium increased the amounts of phosphate as-
sociated with the roots at apparent equilibrium
(table II), as well as the initial absorption rate.
A possible explanation of this increase in total phos-
phate is as follows: if phosphate absorption were
to proceed by 2 separate Ca'*-activated reactions, one
fast (reaction ) and the other slow (reaction y).
the apparent equilibrium of the latter would not be
reached for some time after that of the former has
been achieved. If the rate of the absorption due to
reaction y were slow enough, there could be no
measurable effect on the absorption rate after the
apparent equilibrium for reaction x had been reached.

By prior saturation of the roots with Ca*™, an
increase in phosphate absorption was mediated (fig
2). ‘This activation can be removed (fig 3) by

exchanging Ca™ for H*, as shown by Epstein and
Leggett (0). Calcium is absorbed slowly relative
to other ions (3), thereby accounting for the long-
term effect on phosphate by Ca** pretreatment. In
mitochondria, under certain conditions, phosphate
has been shown to be accumulated in the presence
of Ca* as a Ca-phosphate complex (16). This
would not seem to be the case in barley roots as in-
dicated by total analysis of the roots for Ca* and
phosphate after a 24-hr absorption period, which
showed that Ca** increased absorbed approximately
2-fold, whereas, a change in total Ca* was not meas-
urable.

The mechanism of Ca** action is one of an in-
creased influx, since no efflux of P32 is observable
in the absence or presence of Ca'™. When these
conditions held, the amount of phosphate entering
the cell per unit time is equal to the (intermediate
concentration) X (k;). The apparent K value
will be modified with a change in k,;, whereas a
change in the intermediate concentration will not
influence K. In these studies, an observed change
in K,, for phosphate absorption by barley roots is
suggestive of an increased k, mediated by Ca*™.

Summary

Phosphate absorption by barley roots (Hordeum
vulgare L.) was a linear function of time for a period
of at least 5 hours over a range in phosphate concen-
tration from 107 to 102 M. With respect to phos-
phate concentration, absorption by the roots appeared
to be mediated by at least 2 rate-limiting steps.
These reactions had apparent K, values of 10 and
1078,

Addition of calcium chloride to the phosphate
solution resulted in an increase in the rate of phos-
phate absorption by barley roots. For long absorp-
tion periods, where the absorption rate was decreased
essentially to zero, the activation of phosphate ab-
sorption by calcium persisted similar to that under
initial steady-state conditions. Hence, calcium in-
creased the initial rate of phosphate absorption as
well as the amount of phosphate at an apparent equili-
brium.

Specifically, calcium acted as an activator of
phosphate absorption mediated through a reaction
which had an apparent K, of 107¢. Furthermore,
the activation was expressed primarily as an increase
in the V., of this reaction, with a lesser influence
on the K, value.

It is suggested that the increase in phosphate
absorption induced by calcium was associated with
an increased turnover number rather than a change
in the concentration of a rate-limiting intermediate.
In any case., a change in the V,,, of phosphate ab-
sorption implies that the coupling of calcium activa-
tion to absorption was removed from the loci of the
rate-limiting step of phosphate entry.
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