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Calcium Activation of Orthophosphate Absorption by Barley Roots'
James E. Leggett,2 Raymond A. Gallowayo and Hugh G. Gauch3

Mineral Nutrition Laboratory, Plant Industry Station, Beltsville, Maryland

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 (4, 10, 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 Hordetun vulgare 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 ml of
continuously-aerated demineralized water and dis-
tributed on cheesecloth supported on a stainless steel
screen. The screen was placed o01 top of a 4-liter
beaker containing 2 X 10-4 M CaSO4 solutioIn. so
that the seeds were 1 cm above the solution. A
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second stainless steel screeni cov-ered w-ith 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 constanit tempera-
ture chamber. Plants were growiv 5 (lays in the
continuously-aerated CaSO. solution miainltained at
24' in darkiuess. Forty-eight houirs after plantinig,
the tol) cheesecloth and steel cover w-ere remooved.
The following- day, the seedllings were remloved from
the solution, rinsed with denmineralized water anld
placed in a fresh CaSO4 solution. Roots 10 to 15)
cm long Nvere obtained 5 days after planting. These
wvere excised about i mm below the seeds, rinsed
with d(emineralized water and placed in 2 liters of
aerated (lemineralized water.

The excised roots were removed fromii the de-
minieralized water, in which they had been sus-
pended, and blotted on cheesecloth to remove ad-
hering water. One-g portions were weighed and
each wvas placed in 50 ml of demineralized water.
The roots were rinsed twice with water prior to
placemiienit in the phosphate solutions. At zero time,
the roots were transferred to 1 liter of phosphate
solutioni at a temperature of 24° -+90.

Radioactive, carrier-free phosphate, as ortho-
phosphoric acid in (lilute hyidrochloric aci(d obtained
froml Oak Ridge National Laboratory, \vas used as
a tracer. Remloval of the chloride was accomiiplished
bv ald(ling the ra(lioactive solution to a nonradioactive
phosphate solutioni containing a knownl amount of
phosphate, and evaporating the solution to drvness
utnder an inifrared lamp. The solution volume was
a(ljuste(l to give a concentration of I X 10-r)6iM P
('P = H[ PO4 equivalents). Isotopic dilution of
this stock solutioni was such that the specific activity
wx-as less thaln 3 Imlc per g P in the experimental
solutionis. At this specific activitv, radiation damiiage
was not (letectable.

\Within 5 minutes after the addition of the roots,
solutionis were readjusted to the desired pH value
With 0.1 N KOH or 0.1 N HCI. Solutions having
low total phosphate conicentration required pH ad-
jutstmeiits at intervals of 15 to 20 minuites. Adjust-
menits of pH were less frequent for solutionis > 5
X 10 5 SI lP.

.l<sorption was terminatedl bv decanting the phos-
phate Roltition anid rinlsing the roots in 4 aliquots of
(ellenneralize(l water. .Akfter the roots were trans-
ferred to onie-fourth ounlce miietal cups, they were dried
tin(ler an inifrared lampl). Radioactivities in the sam-
ples were miieasure(l with a Geiger-Mueller tube.
Fromii the known sl)ecific activity of the particular
phosphate solutionl, the amounts of phosphate ab-
sorbed b)y the roots (mioles/g fr wt) wvere calculated.

Kinetic Jlicrpretatioii. From ani initial combina-
tion betw een an ion aind a binding compound, ion
absorption is assumed to proceed as in equation I,
where 1?lel)resents a l)i(linig compoulin(l. .1 the ioni,
.11R the intermediate, and k the rate. constant for
each reaction (5). D)ecomposition of this inter-

mlediate comiiplex results in the absorption of the ion
inlto the cell, as described 1)w equiationi II.

k,
R + .ll outside HMR

k.
kR 1

-1lkR N~' +1 1 ij,side

I

k4
'T'he k., is the rate-limiting step of absorption.

A steady-state exists as shown by a linear rate
of phosphate absorption throughout' ani absorption
period of 5 hours. Under these experimlental con-
(litions the absorption of phosplhate byNl barley roots
has been showin to be essentially irreversible (12),
and henice the k4 is negligible.

Ani absorptioin equation may be derived fromii
equations I and IT N-hich is analogous to the steady-
state analysis described by Mtichaelis and Menten
(15) for kinetic studies of enzynme reactions. Eadie
(2) pointed out that the equation is liniear in forn
upon rearranoiino, as shown by equation III,

v
Z, = _ k',lK +TVinIax1

[P]
where v is moles of phosphate absorbed, Vm7,,,,lrepre-
senits the maximtuml absorption at infinite ionl colncein-
tration, [UP], the steady-state phosphate concentra-
tioIn, anld Knm. the -Michaelis constanlt. \V-henl a
steady-state absorptioni of phosphate, v, is plotted
,against v1[1P], a curvilinear relationshil) is oh-
tained. This may be interpreted as 2 or more first-
order reactions actinig both simultaneously and in-
dependently on different substrates whicll are in a

nonirate-limiliting equiilibritum (9).

Results

Barley roots absorbed niore phosphate froml a
phosphate solutioni containing Ca++ than from a solu-
tioln lacking it. Absorption inicrease varied with
the concentrations of phosphate. calciumii, and. to
a lesser extent, hydrogen ion.

The rate of l)hosphate absorption by roots froim,
solutions containing 10'6 or 10 1M P of varving
concentrations of CaCl., is presented in figure 1.
The points oni the ordinate rel)resent the amouints of
phosphate absorbe(d in 3 hotirs from 10) 6 and 10-4 M

solutions w-ithouit the addition of calcitimi (IIndigen-
Otis Ca" 4.2 X 10(- moles/ g fr w-t of roots).
Afaximtim activation was attaine(l in 10 PM
solutions with [Ca++] approximiiatilng X 1C3
Absorption from 10l( 6\i P soltitions was increased
to the same extent at all [Ca++] levels tested. Coini-
paring the phosphate absorption at the elnd of a

3-hour period, the maximlum inierease at both phlos-
phate conicentratiotns \ith added Ca+ was approxi-
iately 100 %.

Und(ter niiost conditions, imiagmiesitimim increased
phosphate absorption to a similar extenit. 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 values. Increase in absorption in the
presence of Ca++ or Mg", relative to their absences,
may be observed in table I. These data represent

x

a)
(6

Q-(n
0

0-

0
4

E

pH 4

-6 E

Ca lc um (moles x 1 03)

FIG. 1. Absorption of phosphate by excised barley
roots as influenced by Ca++ concentration in the nutrient
solution.

Table I. Phosphate Absorptiont from1l 10-1 Am Solution
in the Presence of 5 X 10' M Ca++ or Mg++ as a
Percentage of Absorption int the Absence of These

Cations in the Solittion and as Affected by pH

P Absorption, (-)
% Activation of P in divalent cation

pH Ca++ Mg++ moles X 107

4 134 120 3.5
5 150 145 3.2
6 150 151 3.1
7 142 145 2.8

110Mlo6 M P ;>4

M,-1,5 Ca'

*pi,,* C.a

60 120 180 S 10 15

FIG. 2. Phosphate absorption by excised barley roots
from 10-4 M phosphate at pH 4 as a function of time and
Ca++ (5 X 1(-3 M).

FIG. 3. Phosphate absorption by excised barley roots
from 10-6 M phosphate at pH 4 as a function of time and
Ca++ (5 X 10-3 M).

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 10-5 M IP solution
at pH 4 in the absence or presence of 5 X 10-3 M
CaCl2. Roots in the presence of Ca++ absorbed more
phosphate at all time periods than those in its ab-

Table II. Phosphate Absorption fromn 10-5 AI Solittion
as a Function of Time, Absence, and Prcsence of

5 X 10-3 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 32.1 1.57

absorption for a 1-hour time period from 1 X 10-4
M IP solutions adjusted to various pH values. Cal-
cium and magnesium, as chlorides, were at a concen-

tration of 5 X 10-3 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 10-6 to 1 X 10-3 M 1P. The time
course of phosphate absorption by roots from a

1 X 10-4 M IP solution of pH 4, in the presence and
absence of Ca', is showni in figure 2. Calcium in-
creased the absorption rate approximately 1.4-fold
from 4.1 X 10-9 to 5.8 X 10-9 moles g-1 min-'.

sence. The initial rates were 3.5 X 10-9 and 5.3 X
10-9 moles g-1 min-1 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.

A,bsorption of phosphate can be increased by pre-
treatment of roots in 5 X 10-3 M CaCl, before ex-
posing them to phosphate. Roots were placed in
Ca++ solution for 30 minutes, which was sufficient
timie to achieve equilibrium of the readily-exchange-
able Ca++. At this time, the roots were removed,
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washed in three 100-mil volumes of water. and trans-
ferred to a 10-4 M YP solution. Phosphate absorp-
tion by roots receiving the Cat pretreatment is com-
pared to unpretreated roots in the presence and ab-
sence of Ca++ during absorptioni 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 frolmi the
steady-state and the rate approached thaL for roots
in the absence of calcium.

Effects of a Ca++ pretreatment were found to be
reversible by placing the roots inmmediately in 10-4
M HCl 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. Each
curve was separated into 2 linear components as sug-
gested by Eadie (2). A common linear line (b)
was found for absorption data obtained in the pres-
ence and absence of calciuml. The other component

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

FIG. 5. Eadie plot of p)hosphate
cised barley roots as influenced by
( [Ca++] = 5 X 10-3 AI).

absorption by ex-
calcium at pH 7.

Table III. Apparent Km Valucs for- Absorption of
Phosphatc by Barlec Roots as Rclated to pH onid

.5 X 10-3 Ar Calciumn (sec fig 4,5)

Condition

pH 4 (-) Ca-t
(+) Ca+~

pH 7 (-) Ca4
(+) Ca

KM value for line
a h

2.7 X 10-6
4.0 X 10-6

13.9 X 10-6
8.3 X 10-6

2.5 X 10-X
2.5 X 10-4
5.0 X 10-4
5.0 x 10-,

10 2 I
Phosphate absorbed! [P] (x Q2)

Fi(;. 4. Hadie plot of phosphate absorption by ex-
cise(l barley roots as influenced by calciunm at pH 4.
( [Cat+] = 5 X 10-3 M).

presence anid absence of Ca-, the slope of lilne (a)
increased wvith an inicrease in pH. A thousand-fol l
increase in OH- increased the slopes 5.1- and(l 2.1-fold
in the absenice 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 lilnear reaction (line
b), while being inhibited by OH-. wvas not influenced
by Ca'+. A quantitative treatmenit of OH- inhibi-
tion on phosphate absorption by barley roots was
presented by Hagen and Hopkins (9).

Discussion

Kinetic analysis of ion absorption by plant cells
iay be treated in a nmanner strictlv analogous to
that applicable to enzyme reactions. Absorption rates

pH 4
* Minus Ca"

*KPlus Ca"

C).-0
0(/1.0
C)
m 10

0~
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are observed at steady-state conditions vhere the in-
flux is greater than the efflux of the ion being fol-
lowed. When these conditions pertain, the Michaelis-
Alenten equation describes a reaction which has a
rate-limiiting 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
10-4 mMP was increased to a maximum value in
the presence of 5 X 10-3 M CaCl2. 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
Km values (table III, fig 4, 5) in agreement with an
increased net turnover where the value of k3 is
significant compared to k2, since Km = k2 + k3
kl.

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

The maximum absorption was increased by Ca`4
as represented by a different intercept of line a on
the ordinate. A change in Vmax 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 amounLs 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 x) 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). Calciumii is absorbed slowly relative
to other ions (3), thereby accounting for the long-
term effect on phosphate by Ca++ pretreatment. Iri
miiitochondria, 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, xvhereas, 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++. \hen these
conditions held, the amount of phosphate entering
the cell per unit time is equal to the (intermediate
concentration) X (k3). The apparent Km value
will be modified with a change in k3, whereas a
change in the intermediate concentration will not
influence Km. In these studies., an observed change
in Km for phosphate absorption by barley roots is
suggestive of an increased k. mediated bv Ca++.

Summary

Phosphate absorption by barley roots (Hordcum7z
,vldgare L.) was a linear function of time for a period
of at least 5 hours over a range in phosphate concen-
tration from 10-6 to 10-3 Al. WVith respect to phos-
phate concentration, absorption by the roots appeared
to be mediated by at least 2 rate-limiting steps.
These reactions had apparent Km values of 10-4 and
10-6.

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 Km of 10-c. Furthermore,
the activation was expressed primarily as an increase
in the Vmax of this reaction, with a lesser influence
on the Km 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 Vmax 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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