
Ion Uptake by Soybean Root Tissue Depleted of Calcium
by Ethylenediaminetetraacetic Acid 1 2

Beverly D. Foote and J. B. Hanson
Department of Agronomy, University of Illinois, Urbana, Illinois

Calcium has a fundamental role in the cellular
processes of ion absorption and retention. The ion is
generally credited with lhaving beneficial effects on

the semipermeability of membranes and structure of
protoplasm (9,12). The electron microscope shows
Ca deficiency to result in (lisorganization of mem-

brane structure (19). In addition, the presence of
calcium in solution was found by Viets (25) to in-
crease the uptake of other ions, a phenomenon widely
confirmed, but with variations in extent and condi-
tions of response.

Calcium is important in cation selectivity. The
K/Na (or Rb/Na) absorption ratio increases in the
presence of calcium (14,26), and the inhibitory ef-
fect of Na on K uptake is practically eliminated (7).
The importance of calcium is sufficiently great in salt
uptake studies that the root-to-solution ratio can af-
fect K/Na absorption due to variable dissociation of
calcium from the root tissue (15). In the presence

of adequate calcium there is no initial exchange ad-
sorption of the rubidium ion (8).

Epstein (7, 8) notes that Ca in the solution around
root tissue represents the normal physiological condi-
tion, and the ion is essential for the integrity of the
selective ion transport mechanism. The selectivity
is thought to reside in specific ion carriers. Jacob-
son et al. (13), on the other hand, conclude that the
stimulation of K absorption by Ca results from block-
ing an interfering cation such as H or Li. Waisel
(26) maintains that Ca increases the diffusion of K
across the outer cell membrane, which he considers
to be the rate-limiting step of metabolic accumulation.
Tanada (23) has recently reiterated his suggestion
that a ribonucleoprotein complex containing free -SH
groups is involved in the Ca activation of Rb uptake
by mung bean root tips.

In an initial investigation of ribonucleoprotein as

a carrier moiety, an EDTA-initiated degradation of
RNA in soybean roots resulted in impaired respira-
tion, ion accumulation, and ion retention (10). This
result was attributed to removal of Ca and Mg by
EDTA.3 However, treatment with EDTA in the
cold, which would limit degradative metabolism, in-
creased Rb86 uptake, a result similar to that reported
by Tanada for ultraviolet treatment (20), ribonu-

1 Received Sept. 9, 1963.
2 This work was supported by Atomic Energy Com-

mission Contract AT(11-1 )-790.
3 Abbreviations: K-EDTA, potassium salt of ethyl-

enediaminetetraacetic acid. DNP, 2,4-dinitrophenol.
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clease treatment (21), sulfhydryl inhibition (22), and
HCl or NaCl treatment (20). Rb86 uptake may be
increased and p3204 uptake clecreased by EDTA,
citric acid, or alkaline phosphate pretreatment (20).
We have now explored in some detail the effect of

a short-term pretreatment with EDTA on ion uptake
by soybean root tissue. Pretreatment removes much
of the root Ca, and increases the subsequent meta-
bolic uptake of Rb86-labeled K while decreasing that
of phosphate. These effects are reversed by addition
of Ca. Calcium removal appears to affect accumula-
tion of the ions into the cytoplasm.

Materials and Methods

Soybean seeds (Glycine max (L.) Merr., var.
Hawkeye) were germinated in the dark at 290 in
paper towel scrolls saturated with 10-4 M CaCl,. Sec-
tions of root tissue excised between 0.5 to 1.5 cm from
the tip of the primary roots of three-day-old seedlings
were used in all experiments except where notedl. In
the ribonuclease and ultraviolet light experiments the
0.0 to 1.0 cm tips were used. Serial segments were
used as indicated in the tables.

The root sections were cut into ice cold deionized
water, rinsed, and blotted. About 100 sections were
placed in a 50-ml Erlenmeyer flask containing 10 ml
of a pretreatment solution consisting of 1 % sucrose
and either 2 X 10-3 M KCl or 10-3 M EDTA ad-
justed to pH 6 with KOH; the KCl solution provides
a control treatment with similar K concentration.
The flasks were placed on a unidirectional shaker at
room temperature (usually about 230) for 30 to 40
minutes. In one set of experiments pretreatment was
at ice temperatures.

At the end of this pretreatment period the solution
was decanted from the roots. The sections were
rinsed from the flask with water, blotted, and divided
into 4 lots containing about 25 sections each. Each
lot was weighed and placed in a 50-ml Erlenmeyer
flask containing 10 ml of absorption solution consist-
ing of 1 % sucrose and 10-3 M salt solution. Potas-
sium absorption was followed from KCl labeled with
Rb86 (16), calcium from Ca45C12, chloride from KCl36
and phosphate from KH2P3204 adjusted to pH 6.
The flasks were replaced on the shaker at room tem-
perature for a 2-hour absorption period. The roots
were rinsed from the flasks with water and blotted as
before. Sections from half of the flasks were placed
in planchets, dried over a hot plate, and the radioac-
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Table I
Effect of Temperature and Duration of K-EDTA Pretreatment on Subsequent Potassium Absorption

Potassium absorbed
Pretreatment conditions

Total Accumulated Exchangeable

min temp sLmoles/g fr wt
0 4.15 2.44 1.71
30 25° 8.92 5.32 3.60

30 6.70 4.05 2.65
120 250 8.48 2.04 6.44

30 8.88 5.07 3.81

tivity measured with a gas-flow counter. Total ab-
sorption was calculated from these data.

The root sections from each remaining flask were

placed in a 50-ml flask containing 10 ml of exchange
solution, consisting of ice cold 1 % sucrose and either
10-2 M CaCl2 for exchanging K, Ca, and Cl, or 10-2 M
potassium phosphate buffer at pH 6 for exchanging
phosphate. The exchange period was 30 minutes
except for obtaining data of figure 3, where various
time periods were used. The roots were rinsed from
the flasks and the radioactivity measured as before.
The accumulated ion was calculated from these data.
Exchangeable ion was taken to be the total minus the
accumulated ion.

In some experiments a second pretreatment period
of 30 minutes was used after the first pretreatment
period. When a second pretreatment period was used,
the root sections were rinsed, blotted, divided into lots
of 25 and weighed before being put into a 50-ml Erlen-
meyer flask containing 1 % sucrose plus indicated
additives.

In the experiment designed to study Ca45 loss

from root sections 2-day-old soybean seedlings were

transferred from the scrolls to a wire screen fitted
over a Pyrex utility dish containing 1500 ml of 104
M CaCl2 labeled with Ca45. The dish was kept in
darkness on a shaker for 20 hours. The radioactive
solution was changed once during this period. Next,
the radioactive solution was replaced with nonradio-
active 10-4 M CaCl2 to remove readily exchangeable
ions. Four hours later the root segments were ex-

cised, divided into lots of 25, weighed, and placed in

50-ml flasks containing 10 ml of 1 % sucrose and
either 2 X 10-3 M KCl or 10-3 M EDTA for various
periods of time. The sections were rinsed, blotted,
and the radioactivity determined as before.

In the determination of cations in the root by emis-
sion spectography, 4 cm of the root tip were used.
Fifteen grams were placed in 1.5 liters of 10-3 M K-
EDTA plus 1 % sucrose and in 2 X 10-3 M KCl plus
1 % sucrose. At intervals samples were removed,
weighed, ashed, and taken up in spectographic buffer
containing 7.5 % HCI, 2.5 % HNO3, 5 % LiNO3 and
0.12 % CdCl2 as internal standard. Ion content was

determined by Dr. M. S. Wang on a Hilger emission
spectrograph.

The determination of relative activity of root sec-

tions in respiration and Rb86 accumulation was made
in a Warburg respirometer at 300. Triplicate deter-
minations were made with 25 sections in 2.5 ml of
10-3 M potassium phosphate (pH 6.0) labeled with
Rb86. Ion accumulation lasted 90 minutes, followed
by 30 minute exchange as above. Protein determina-
tions were made by the method of Lowry et al. (17)
on 10 % trichloroacetic acid precipitates of aqueous

homogenates of 100 comparable sections. Homogen-
ization was in a ground glass conical homogenizer
with a power-driven pestle.

Anaerobic conditions were obtained by bubbling
commercial nitrogen gas into the solutions for 20
minutes prior to the addition of the root sections as

well as during the treatment period.
Bovine pancreatic ribonuclease (Sigma Chemical

Company) was used at the concentration of 1 mg/ml

Table II
Effect of K-EDTA Pretreatment on Potassium Absorption alonzg the Soybean Root Axis

Potassium absorbed
Pretreatment Root section

Total Accumulated Exchangeable

cm from tip ,tmoles/g ft wt
None 0.0-0.5 7.95 4.78 3.17

0.5-1.5 4.15 2.44 1.71
1.5-2.5 3.62 1.79 1.83
2.5-3.5 2.23 1.14 1.09

10-3 M K-EDTA (30 min) 0.0-0.5 23.15 16.85 6.30
0.5-1.5 7.51 5.08 2.43
1.5-2.5 6.81 3.98 2.83
2.5-3.5 6.08 3.49 2.59
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Table III
Respiration and Rb86 Accumulation by Segments of Soybeant Root Tissue

Root Protein
Uptake

section 02 Rb86

cm from tip mg/g fr wt ul/hr g fr wt ,ul/hr mg prot cpm/g fr wt cpm/mg prot
0.0-0.5 42.6 1640 38 2880 68
0.5-1.5 11.2 698 62 1975 176
0.5-2.5 8.1 477 59 745 92

in 1 % sucrose. The root tips were pretreated for 40
minutes at room temperature.

When ultraviolet radiation was used, 100 root tips
were placed in a 3.2 X 3.2 X 0.6 cm plastic con-
tainer with 3 ml of 1 % sucrose. The containers were
placed 2 cm from the filter of a Mineralight short
wave ultraviolet lamp (Model SL 2537, Ultraviolet
Products, Inc.) for 20 minutes. The major energy
of this lamp is at 2537 A.

Results

Potassiumit Uptake as a Functiont of Calciuin Re-
mtoval. The influence of the length of pretreatment
in K-EDTA on Rbs6 labeled K absorption is shown in
figure 1. Pretreatment for 30 minutes increased both
exchangeable and accumulated ion. Longer pretreat-
ments resulted in declining accumulation, with the
exchangeable fraction continuing to increase. The
effect of temperature and duration of pretreatment in
K-EDTA on K absorption is shown in table I. At
ice temperatures 120 minutes are required to produce
the same response occurring in 30 minutes at 250.
The impairment of K accumulation found at 120 min
at 250 does not occur in the cold. The effect of K-
EDTA is evidently limited by temperature as had
previously been noted (10) suggesting that some
metabolic act is responsible for the impairment of ion
accumulation. The K-EDTA promotion of K accu-
mulation is greatest in the tip 0.5 cm of the root (table
II). This region of dividing and expanding cells has
the highest protein N content (table III). However,
the subjacent 0.5 to 1.5 cm section is more active in
ion accumulation and respiration per unit protein and
shows a smaller proportionate increase in exchange-
able ion (table II). We used the 0.5 to 1.5 cm sec-
tion for nearly all subsequent experiments in order

to have tissue with maximiium ion accumulation on a
protein basis.

The loss of Ca, Mg, and Fe to K-EDTA as de-
tected by the emission spectrograph is shown in table
IV. Calcium is lost at a rapid rate, Mg less so, and
there was no significant loss of iron. The KCl ef-
fected a much smaller loss of Ca and Mg. The rapid
Ca removal from the root tissue was confirmed by
growing soybean seedlings in Ca45 and following the
loss of the tracer from the root tissue in KCI and
K-EDTA. In 30 minutes about 65 % of the Ca45
was removed from the 0.5 to 1.5 cm section (fig 2).
Removal of Ca from the tip section was eveni more
rapid and complete. It may be important that the
more mature tissue, which is more effective per unit
protein in ion accumulation (table III) can withhol(I
more of its Ca from K-EDTA. Some of the Ca
binding of such tissues may be by cytoplasmic chelate
entities with high affinities for the ion. Alternatively,
the K-EDTA resistant fraction may be located in the
vacuoles and only slowly lost.

It was confirmed that removal of Ca from the tis-
sue by K-EDTA pretreatment leads to rapid leakage
of materials absorbing ultraviolet light between 260
to 290 mp,, presumably nucleotides (10). The loss of
nucleotides could potentially affect respiration rate,
but in the current experimentation we found no sig-
nificant difference in the respiration rates of the root
tissue when pretreated for 40 minutes in KCl or
K-EDTA in the presence of 10-3 M phosphate buffer.
Treatments with K-EDTA in excess of one hour in-
hibited respiration (10).

In previous experiments with longer exposure to
K-EDTA, a degradation of RNA was initiated in
root tissue (10). The addition of K-EDTA to root
homogenates accelerated degradation of endogenous
RNA by endogenous enzymes. The removal of Ca

Table IV
Cation Removal Froml Soybean Root Tissue by K-ED TA as Determined by Emission Spectrography

Cation
Pretreatment Ca Mt

,ug/g dry wt

None ... 279 334 34
70 min KCI 203 282 24

K-EDTA 26 206 27
135 min KCI 227 237 33

K-EDTA 39 139 33

Fe
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FIG. 1 (upper left). The absorption of K labeled with Rb86 by soybean root tissue as affected by preincubation in
1O-3 M EDTA (potassium salt). Two hours absorption peroid.

FIG. 2 (upper right). Percent of Ca45 accumulated during germination remaining in soybean root tissue after treat-

ment for various time periods in 163 M K-EDTA or 2 X 103M KCl.
FIG. 3 (middle left). Percentage of total initial absorbed K remaining after exposure of the tissue to ice-cold 10-2 M

CaC12 for the indicated period.
FIG. 4 (middle right). The time course of K accumulation by K-EDTA and KCI pretreated roots.
FIG. 5 (lower left). The time course of K accumulation by normal (not pretreated) soybean root segments.

FIG. 6 (lower right). Time course calcium accumulation by KCI and K-EDTA treated soybean root tissue.
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Table V
Effect of Presence of Metabolic Inhibitors During Absorption on Potassium Absorption

Potassium absorbed
Pretreatment Absorption

conditions Total Accumu- % of Exchangeable TO of
lated control control

Atmosphere ,umoles/g fr wt
2 X 10-3 M KCI air 3.99 2.33 ... 1.67

N2 2.98 1.47 63 1.52 91
103 AI K-EDTA air 7.97 4.53 ... 3.44 ...

N2 4.83 2.37 52 2.47 80

2 x 1O-3M KCI

10-3 mI K-EDTA

additive
none

10-4M DNP
10-3 M DNP

none
10-4 m DNP
10-3 AI DNP

4.27
3.75
1.95
8.64
5.98
1.94

2.53
2.08
1.09
5.01
328
0.75

. . .

82
43

. . .

65
15

1.79
1.68
0.86
3.61
2.70
1.20

94
48

/3
33

and Mg was thought to expose the RNA to the ribo-
nucleases. However, in the current experiments no
evidence was found that activTation of endogenous
ribonuclease was involved in the increased K absorp-
tion due to short term K-EDTA pretreatment; a 30
minute treatment which removes two-thirds of the Ca
from the 0.5 to 1.5 cm section of the tissue (fig 2) did
not produce a significant degradation of RNA. If
after the 30 minute pretreatment in K-EDTA the
root tissue was transferred to sucrose for periods up
to 2 hours, no change could be found in subsequent K
accumulation. Only when the tissue is continuously
in K-EDTA is there evidence of catabolism deleteri-
ous to ion uptake (fig 1).

The increased potassium accumulation following
K-EDTA pretreatment might be due to an increase
in slowly exchangeable ions. However, the time
course of exchange is the same for KCI and K-EDTA
pretreated tissue (fig 3), and is essentially complete
in 30 minutes. The exchange solution volume (4 vs.
20 ml), temperature (0 vs. 200), and composition

(10 2 M KCl vs. 10 2 CaCl,) Nere checked and
found to have no effect on the rate of exchange as.
shown. The increase in nonexchangeable ion due to
30 minutes pretreatment with K-EDTA appears to be
due to accumulation beyond some exchange barrier.

The time course of potassium accumulation is bi-
phasic, with an initial period of rapid acculmiulation
that is complete in less than one hour, followedl by an
extended period of slow accumulation (fig 4). The
accelerated accumulation by the K-EDTA treated
roots occurs in the first hour. The subsequent rate-
of accumulation is the same as with KCI pretreated
roots.

The time course of accumulation in non-pretreated
tissues (fig 5) reveals that these soybean roots nor-
mally have a biphasic time course of K accumulation.
In the initial period of accumulation the ion is rapidly-
taken into some phase from which it cannot be readily-
exchanged. The amount of initial accumulation and
the length of time needed for its accomplishment de-
pends upon the relative age of the cells concerned.

Table VI
Reversal of K-EDTA Effect ont Potassium Absorption with the Addition of 5 X 10-3 M CaCI2

or MgCl2 to the Absorption Solution

Pretreatment Absorption Potassium absorbed
sotution Total Accumulated Exchangeable

additive ,umoles/g fr wt
2 X 10-3M KCl none 3.64 2.16 1.48

CaCl2 1.89 1.40 0.49
10-3 M K-EDTA none 6.33 3.87 2.46

CaCI2 1.51 0.97 0.54

2 x 10--3M KCl

10-3 mI K-EDTA

none

MgCl2
none

MgCl2

2.66
2.18
4.10
1.22

1.46
0.70
2.15
0.58

1.35
1.48
1.95
0.65
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Table VII
Effect of a Second Pretreatment with Various Ionts Ot Potassium Absorption by K-EDTA Pretreated Roots

The first pretreatment in 10-3 M K-EDTA was for 40 minutes, the second pretreatment was for 30 minutes.

Potassium absorbed
Second pretreatment solution

Total Accumulated Exchangeable

,umoles/g fr wt
1% sucrose 7.49 5.68 2.65
+ 10-2MNaH4Cl 8.83 4.87 3.96
+ 10-2M NaCl 8.37 4.39 3.97
+ 1O-2M RbCl 8.33 3.79 4.04
+ 10-2M KCI 8.31 4.74 3.60
+ 10-2M LiCl 6.15 1.99 4.16
+ 10-2 M AlC13 6.28 3.77 2.41
+ 10-2 M MgCl2 4.75 3.28 1.46
+ 10-2 MCaCl2 2.11 1.00 1.11
+ 0.05 mg/ml protamine 6.65 3.95 2.96
+ 0.05 mg/ml protamine + 10-2 M CaC12 1.96 0.79 1.11

The densely cytoplasmic tip section has the largest
initial accumulation: it is also the section showing the
largest K-EDTA response (table II).

Since in these experiments we are following the
accumulation of radioactive tracer, it does not follow
that a net accumulation of potassium is involved. An
active exchange of tracer Rb86 for K (or other ca-

tion) lying beyond an exchange barrier will produce
the same result. In the initial stage of accumulation
the tracer is rapidly moved into a phase which is soon
saturated, probably the cytoplasm. When these
rapidly labeled sites are filled, a second stage becomes
apparent, probably accumulation into the vacuole.
The assumed vacuolar accumulation rates per gram

of tissue are about the same in the 0 to 0.5 cm and 0.5
to 1.5 cm sections (last 30 min, fig 5). Extrapola-
tion of the final 30-minute rate to zero time gives
intercepts of 3.1 and 0.8 ,umoles of labeled K per gram.

This fourfold difference in the assumed cytoplasmic
accumulation corresponds to a fourfold difference in
protein content (table III).

The additional initial-phase accumulation induced
by K-EDTA pretreatment is under metabolic control
(table V). Anaerobic conditions and DNP have
qualitatively similar effects in reducing accumulation
in both KCI and K-EDTA pretreated tissue. On a

percentage basis the reductions are greater in the
K-EDTA pretreated tissue. The decline in ex-

changeable K with lowered metabolism has been pre-
viously reported by Barber and Russell (1).

The stimulation of K accumulation by K-EDTA
pretreatment is readily reversed by the presence of
Ca or Mg in the absorption solution (table VI). The
accumulation of K is actually reduced to a lower level
in the K-EDTA pretreated tissue. If the root sec-

tions are exposed to various cations during a second
pretreatment period and then placed in the absorption
solution, the Ca ion is most effective in reversal (table
VII). In general, divalent and polyvalent cations
are more effective than monovalent ions, with the
exception of Li. All monovalent ions tended to in-
crease the amount of exchangeable K found during
subsequent absorption.

Calcium Uptake following Calcium Removal.
Since a K-EDTA pretreatment removes Ca from the
tissue it was expected that the subsequent accumula-
tion of Ca45 would be increased. It was not (table
VIII). However, there was an increase in exchange-
able Ca. Pretreatment in KCl also increased ex-

changeable Ca.
Compared to the KCl control, Ca accumulation

(fig 6) after K-EDTA pretreatment is rapid for
about 10 to 20 minutes, then declines. The prior re-

moval of Ca by K-EDTA apparently opens the tissue
to a rapid accumulation of Ca onto sites which are

quickly saturated. However, subsequent accumula-

Table VIII
Effect of K-EDTA Pretreatment on Subsequent Calcium Absorption

Calcium absorbed
Pretreatment

Total Accumulated Exchangeable

,umoles/g fr wt
1 %o sucrose 2.99 1.24 1.75
+ 2 x 10-3M KC1 3.35 1.28 2.07
+ 1F3 M K-EDTA 3.57 1.18 2.39
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Table IX
Reversal of K-EDTA Effect on Phosphate Absorptionzwith Calciulm and Magntesiumn

Second pretreatment
or

absorptive solution

Phosphiate absorbed

Total Accumulated

additive
Reversal witlb 10-2 AI CaCl2 due to second pretreatment for 30 min
2 x 10-3 At KCl

10-3 AI K-EDTA

Reversal with 5 x
2 x 10-3 AI KCl
10-3 mI K-EDTA

Reversal with 5 X
2 x 10-3 AI KCl

10-3 mr K-EDTA

none
CaCl2
none
CaCI2

10-3 AI CaCl2 during absorption
none
CaCl2
none
CaCI2

10-3 M MgC12 during absorption
none
MgCl2
none
MgCl2

,umoles/g fr wt

0.756
0.778
0.642
0.827

0.558
0.578
0.324
0.567

0.701
1.262
0.706
1.258

0.690
1.238
0.702
1.300

0.523
0.797
0.298
0.777

0.422
0.638
0.235
0.600

tion is blocked, possibly by some destructive catabol-
ism resulting from the K-EDTA pretreatment.

Anion Uptake Following Calcium Removal.
Total phosphate absorption is unaffected by the short
term K-EDTA pretreatment, but there is a change in
the relationship between the accumulated and ex-
changeable fractions (fig 7). The accumulated ion
decreases, while the exchangeable ion increases.
This change occurs in 30 minutes, the time required
for K-EDTA to remove the largest portion of Ca
from the tissue (fig 2). Apparently, the substitution

of the potassium from K-EDTA for the Ca on certain
cytoplasmic sites during the 30 minutes of pretreat-
ment makes absorbed phosphate readily exchangeable.
"Exchangeable" is here defined in an operational
sense; the phosphate may in good part be arising from
free space.

If the tissue is supplied with Ca during a second
pretreatment, and then placed in the absorption solu-
tion, the ability of the tissue to accumulate phosphate
is brought to control levels (table IX). When pres-
ent in the absorption solution, Ca and Mg increase

Table X
Calcinmiii Stimulation of Phosplatc Absorption in the Presence of Aniaerobic Conditions anzd Low Temsperature

Absorption conditions
Phosphate absorbed

Total Accumulated Exchangeable

2 x 10-3ImKCl
additive"
none

CaCl,

10-3 -r K-EDTA none

CaCl2

atmosphere
air
N2
air
N2
air
N2
air
N2

0.375
0.135
0.844
0.442
0.316
0.262
0.881
0.476

,moles/g fr wt
0.351
0.090
0.683
0.245
0.127
0.105
0.571
0.324

2 x 10-M KCl

10-3 AI K-EDTA

* 5 X 10-3 Al CaCl,.

Pretreatmneint
Exchanigeable

0.198
0.200
0.318
0.260

0.177
0.465
0.409
0.482

0.268
0.600
0.467
0.694

Pretreatment

0.024
0.045
0.161
0.197
0.189
0.157
0.310
0.152

none

(aCl.,

none

temp.
250
30

250
30

250
30

250
30

CaCl9

0.495
0.067
0.966
0.139
0.448
0.146
1.028
0.302

0.429
0.032
0.749
0.044
0.248
0.014
0.672
0.072

0.066
0.035
0.217
0.095
0.200
0.132
0.356
0.230
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Table XI
Chloride Absorption in the Presence of 5 X 10-4 M Calcium Chloride

,umoles CVg fr wt
Pretreatment Absorption solution

Total Accumulated Exchangeable

KCl (90 min) - Ca 0.407 0.278 0.129
+ Ca 0.616 0.386 0.231

K-EDTIA - Ca 0.305 0.086 0.219
+ Ca 0.500 0.203 0.298

both accumulated and exchangeable phosphate (table
IX). With both methods of supplying Ca, the shift
from accumulated to exchangeable phosphate caused
by K-EDTA pretreatment is eliminated.

Low temperature and gassing with N2 reduce
phosphate accumulation both in KCl and K-EDTA
pretreated tissues (table X). There is also a reduc-
tion in exchangeable ion in the K-EDTA pretreated
tissue. The Ca stimulation of phosphate absorption
occurs even under low temperature and a nitrogen
atmosphere, though to a lesser degree.

Pretreatment with K-EDTA for 30 minutes had
no reliable effect on Cl accumulation. However, a 90-
minute pretreatment reduced Cl accumulation and
increased exchangeable Cl (table XI). Ca in the
absorption solution increased Cl absorption and par-

tially reversed the effect of EDTA pretreatment,
much as in phosphate absorption.

Ribonuclease and Ultraziolet Pretreatments. We
tried to confirm Tanada's experiments with ultra-
violet light (20) and ribonuclease (21), which he
found to give responses similar to those of acid or salt
pretreatment. Ribonuclease pretreatment did not af-
fect Rb86 or P3204 absorption in the 0.5 to 1.5 cm

root section; ultraviolet light had only a small effect.
However, by using the 0.5 cm root tip we were able
to confirm the effect of these pretreatments on salt
absorption (tables XII, XIII). The general effects
of ribonuclease and UV light pretreatment on the
subsequent absorption of Rb86 and P3204, and the ac-

tion of
similar
ment.

-
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Ca in the absorption solution were somewhat
to those obtained with K-EDTA pretreat-
Potassium absorption was promoted. The
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FIG. 7. Phosphate absorption by
pretreated soybean root tissue.

KCI and K-EDTA

Table XII
Effect of Ultraviolet Pretreatmentt on Potassium and Phosphate Absorption

in the Presence and Absence of 5 X 10-SM CaCl2
The tip 0.5 cm of the soybean root tip was used.

Salt absorbed
Pretreatnient Absorption solution

Total Accumulated Exchangeable

,umoles K/g fr wt
1 sucrose none 5.18 3.34 1.83

CaCl2 2.18 2.12 0.05
+ UV light nonie 9.57 6.78 2.78

CaCl2 0.82 0.64 0.18
,umoles P/g fr wt

1 % sucrose nonie 0.62 0.61 0.01
CaCI2 1.56 1.24 0.32

+ UV light nonie 0.38 0.24 0.14
CaC12 1.20 0.98 0.22
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Table XIII
Effect of Ribonuclease Pretreatment on Potassiunt anid Phosphate Absorptiont

in the Presentce and Absence of 5 X 10-3 M CaCl2
The tip 0.5 cm of the soybean root tip was preincubated for 40 minutes at room temperature.

Absorptioni solution
Salt absorbed

Total Accumulated Exchangeable

1 % sucrose

+ 1 mg/ml Riboniuclease

1 % sucrose

+ 1 mg/ml Ribonuclease

none

CaC12
none

CaCl2

none

CaCl2
none

CaCl2

4.97
2.49
8.77
0.62

0.57
1.79
0.46
1.26

,umoles K/g fr wt
3.57
2.21
6.90
0.50

Amoles P/g fr wt
0.52
1.45
0.51
0.95

presence of calcium eliminates this promotion, and
strongly inhibits potassium absorption by the pre-
treated root tips. The pretreatments did not markedly
depress phosphate accumulation except in the pres-
ence of Ca.

Discussion

The increased Rb56-labeled potassium uptake in-
duced by a short term pretreatment in K-EDTA is
largely due to enhancement of an initial rapid phase
of accumultlation (fig 4). The subsequent linear phase
of accumulation is unaffected. (There is some in-
crease in freely exchangeable K as well, but this must
largely result from removal of Ca from pectates of
the wall and middle lamella, and is not of major in-
terest here.) Since the extent of initial phase accu-
mulation is correlated with protein content, (table
III, fig 5), it is likely into the cytoplasm. The initial-
phase accumulation is probably limited because the
determining parameter is the amount of immobile
cytoplasmic anion. The cytoplasm may come to a

Donnan equilibrium with the external cation.
It should be noted that the accumulation of Rb56

labeled potassium into this assumed cytoplasmic phase
is governed by metabolism. Although "accumula-
tion" is defined in this report in an operational sense

(absorbed ion which cannot be readily exchanged
from the tissue), the ions are accumulated in the sense
of active transport as well (5). Factors known to
interfere with active ion uptake reduce accumulation
(tables V, X). The amount of readily exchangeable
K is lowered by DNP, in agreement with the findings
of Barber and Russell (1). Hence, the amount of ca-

tion bound within and without some exchange bar-
rier (probably the outer cell membrane) can be de-
uced to be a function of metabolism involving high
energy phosphate. Recent reports showing increased
Ca binding in mitochondria at the expense of ATP
are of interest in this respect (2, 3, 6, 24). \Ve have
confirmed these reports for corn shoot mitochondria

(T. K. Hodges and J. B. Hanson, unpublished).
There is some direct evidence, then, that cation bindl-
ing to membranes can fluctuate with the supply of
metabolic energy.

MacDonald and Laties (18) suggest that pene-
tration of ions into the cytoplasm is metabolically im-
plemented by a different mechanism from that caus-
ing movement into the vacuole. Waisel (26) coni-
siders entry into the cytoplasm to be a diffusion-
limited step. As indicated above, metabolism woulcl
appear to be involved at some level, if only to alter
the permeability of the outer membrane to diffusing-
ions.

The increased initial-phase accumulatoin of RbsG
following EDTA pretreatment can best be explained
as follows: during pretreatment, K from K-EDTA
replaces Ca, and to some extent Mg, in the cytoplasnm.
Metabolic activity is required for the exchange, for
low temperatures are inhibitory (table I). The re-
sult is a cytoplasm nearly saturated with K. In the
subsequent absorption period this K exchanges with
the Rb86-labeled potassium. Exchange is more likely
than net accumulation of K, since there appears to be
a limit on the K held in the initial (cytoplasmic)
phase. Metabolic activity is required to move the
exchanging ions across the outer membranes. Alter-
natively, if one prefers not to visualize active ex-
change transport, the permeability of the membrane
can be considered to be regulated by metabolism.
The short term pretreatment with EDTA does not
affect the steady state of K accumulation, which we
assume to be into the vacuole. Hence the cytoplasmic
sites freed of Ca and Mg by the EDTA do not appear
to be involved in transport of K from cytoplasm to
vacuole. Only with extended pretreatment does the
K transport mechanism fail.

It is perplexing that K-EDTA pretreatment,
which removes Ca (table IV, fig 2) does not result
in a large subsequent accumulation of Ca45. One
would think that sites voided of Ca would be preferen-

tially reoccupied by the ion. Calcium does in fact

Pretreatment

1.40
0.28
1.86
0.12

0.05
0.34

- 0.05
0.31
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enter very rapidly after EDTA pretreatment (fig 6),
but after 10 to 20 minutes accumulation levels off.
Only exchangeable Ca is increased. The cytoplasm
thus appears to be extremely permeable to Ca after
K-EDTA pretreatment, so that Ca enters readily and
exchanges readily. However, the second phase of
accumulation is impaired.

Probably the most striking effect of Ca removal
is in the inhibition of phosphate or chloride accumula-
tion. (The fact that K-EDTA reduces anion accum-
ulation shows that the general processes of ion accum-
ulation are not accelerated, and lends support to the
belief that increased uptake of Rb86-labeled K repre-
sents nothing more than a metabolically activated
exchange into the cytoplasm). The simplest explana-
tion of the phosphate experiments is that phosphate
normally enters the root on anionic sites, with Ca or
Mg forming the requisite salt bridge. In the extreme,
one could say that phosphate enters the cell as a Ca
or Mg salt. The recent reports of Brierley et al.
(2, 3) showing phosphate accumulation by mito-
chondria to be associated with Mg or Ca uptake can
be interpreted in this fashion, although these authors
assumed insoluble phosphates were formed. In Ca-
depleted K-saturated roots phosphate is absorbed
freely, but not held against an exchange solution.
Such exchangeable anion, as operationally defined
here, would be considered as arising from free space,
that part of the tissue into which solute and solvent
penetrate readily (4). The substitution of K for
Ca and Mg presumably extends the free space in depth
into the cytoplasm but does not permit active accum-
ulation. In the presence of Mg or Ca there is a
further increase in exchangeable phosphate which
probably represents binding to cell surfaces through
cationic bridges.

The work reported here turns out to be but an
extension of observations initially made by Tanada
(20). In the important respects we have confirmed
his observations on the effects of ultraviolet light and
ribonuclease. The removal of Ca, treatment with
ultraviolet light or ribonuclease, and sulfhydryl in-
hibitors all produce very much the same result on
salt uptake. Tanada deduces that a ribonucleoprotein
containing SH groups is involved (23). It would
appear that Ca (or Mg) must be requisite to the func-
tioning of this carrier. It is not clear why altering a
carrier with ultraviolet light or ribonuclease should
produce the same acceleration of potassium uptake as
does Ca removal. We can suggest that such treat-
ments appear to have a common effect in making cell
membranes more permeable. Perhaps it is in altered
permeability that the common response is to be found.
The sensitive site may be a ribonucleoprotein which
binds divalent ions.

Summary

Treating soybean root tissue with ethylenediamine
tetraacetic acid for 30 to 40 minutes removes two-
thirds of the calcium and results in increased labeled
potassium accumulation. Longer treatment depresses

accunmulation. The effectiveness of the EDTA treat-
ment is temperature dependent. The increased ac-
cumulation appears in the initial phase of a biphasic
curve and is interpreted as an activated exchange of
radioactive label for cytoplasmic cations. The second
linear phase of accumulation, presumably into the
vacuole, is unaffected. 'The initial phase of labeled
calcium accumulation is promoted, but the second
phase is inhibited.

Phosphate and chloride accumulation are de-
pressed by calcium removal, but the amount of freely
exchangeable anion is increased. Calcium or mag-
nesium will reverse the inhibition and actually in-
crease accumulation. Anion uptake appears to be
critically linked to the presence of divalent ions.

Ultraviolet irradiation or ribonuclease treatment
of root tips will produce effects similar to calcium
removal.
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Sugar Gradients and Translocation of Sucrose in Detached
Blades of Sugarcane 1 2

Constance E. Hartt and Hugo P. Kortschak
Physiology and Biochemistry Department, Experiment Station,

Hawaiian Sugar Planters' Association, Honolulu, Hawaii

Studies of the translocation of C'4-photosynthate
in entire plants of sugarcane grown under normal
conditions of climate and nutrition have been sum-

marized (12). Another paper (11) reports defolia-
tion tests which indicated that a major force in trans-
location resides within the leaf. The present paper

clescribes experiments with detached blades which
were started in 1960 (9). Harvesting and processing
entire plants of sugarcane involve considerable time
and work. This study with detached blades was

undertaken to simplify the translocation system and
to speed the investigation of the mechanism of trans-
location in sugarcane.

Materials and Methods
Two varieties were used in these studies: H37-

1933 (a complex interspecific hybrid involving Sac-
chacrum officinarurm L., S. spontaneum L., and S.
robustum Brandes and Jeswiet ex Grassl.) and H50-
7209 (a hybrid involving S. officinarum L., S. spon-
taneum L., and possibly others). The blades were

'Sept. 9, 1963.
2 Published with the approval of the Director as Paper

No. 139 of the Journal Series of the Experiment Station.
Hawaiian Sugar Planters' Associatioin.

taken from plants growxn in the field at the Experiment
Station.

Blades were cut from the plants andl iimmediately
recut twice under water, then taken to the photo-
synthesis room, transferred under vater to jars con-
taining water, anci preilluminated at 2000 ft-c for at
least 10 minutes. Preliminary tests indicated that
blades cut from the plant and fed C140., at a uniform,
moderate intensity of light gave better results thani
plants fed outdoors, at high intensities of light, at-
tached to the plant. High intensities of light, e.g.
8,000 ft-c. dlecreased translocation in cletaclhed blades.

The mletlhocds used in the stu(dies reported herein
were the same as those reported previously (12), ex-
cept that the blade was detached from the plant before
being fed C1402. C14"., (10 luc) was fecl to a 20-cm
length of blade for 5 minutes at 2000 ft-c, using the
chamber dlescribed previously (12). All treatments
were initiated immediately after removing the feed-
ing chamber. After translocation, the blade was cut
into sections, dried, weighed, milled, and counted at
infinite thickness.

C14 results are expressed as: relative specific activ-
ity, whicl is the net counlt per minute as infinite tlick-
ness: as relative total counts, wlhicl i s the relative
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