Effects of Calcium, Indoleacetic Acid, & Distance From Stem Apex on
Potassium & Rubidium Absorption by Excised Segments of
Etiolated Pea Epicotyl * *

N. Higinbotham, Michael J. Pratt®, & R. J. Foster *

Department of Botany, Washington State University, Pullman

The enhancing eifect of Ca on K uptake by ex-
cised roots has been known for some time (25) and
has been referred to as the Viets effect; however,
whether or not such an enhancement occurs in stem
tissue has not been established. Indoleacetic acid
(IAA) may enhance Rb uptake by stem segments
(11) and this effect in Jerusalem artichoke tuber
tissue has been attributed to an increase in capacity
of the tissue for cation exchange (8) rather than ac-
cumulation. The fact that each, Ca and IAA, may
enhance cation absorption suggests that both may
play some important role in cellular ion exchange or
ion transport. One obvious possibility is that they
separately or together may be involved in the forma-
tion, or activity, of an ion carrier ; however, other ex-
planations are possible (7) and the present study was
done in an attempt to ascertain whether or not Ca
would enhance K accumulation by pea stem segments
and if so, what the effect of auxin is on this system.

Materials & Methods

The tissues used in this study were excised seg-
ments of epicotyls of the third internode of 7-day
etiolated pea seedlings, Pisum sativum L. var. Alaska.
The seedlings were grown in complete darkness in a
moist incubator at 25 C. They were grown in a well
drained flat of vermiculite moistened frequently with
half-strength Hoagland’s nutrient solution (12).

The stem tissues were cut into 0.5, 1, or 2 cm
lengths as indicated for each experiment; only the
upper 2 cm portion was used unless otherwise noted.

Potassium and rubidium uptake was measured by
use of Rb®® as a tracer. The tissue samples were wet
ashed by adding concentrated nitric acid and gently
heating to dryness twice or more; the samples were
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then counted using a thin-window Geiger tube.
Under the conditions of these experiments Rb®® ap-
pears to serve as a suitable label for K and the esti-
mates of K uptake are based on this technique. How-
ever, in certain tests not reported here K#2 was used
to measure K uptake. The results support the idea
that Rb3® influx rates closely approach those for K
(15).

The solutions used in the experiments reported
here were unbuffered, and the pH was not adjusted
during the treatment period. However, the initial pH
was adjusted on concentrated stock solutions by addi-
tions of KOH or HCI as required to give an initial
pH value uniform between treatments. Initial pH
values used ranged from 4.8 to 5.8 in separate tests.
Preliminary experiments on solution pH changes of
KCl solutions with initial values adjusted to give a
range of 4.6 to 6.8 showed a rise from lower, and a
reduction from higher pH values; the net result in one
such test was a final pH of 6.1 to 6.4 with no sig-
nificant difference in Rb-labeled uptake; similar re-
sults have been found by others (23). Other tests
on pH change alone showed that the final pH was
quite uniform after 48 hours at 1 mm/I and 10 mai/1
KCI; the higher concentration gave a lower pH (5.0~
5.2). A similar test with CaCl, (10 mm/1) plus KCl
(1 mn/1) yielded the same result (initial pH 3.95-
8.60; final pH 4.60-4.90). It seemed apparent that
under the conditions of the experiments reported here
the tissues tend to regulate the pH within certain
limits. Since pH was not continuously controlled or
monitored, the H ion cannot be completely eliminated
as a variable. However, the writers have satisfied
themselves in subsequent experiments using buffered
solutions that the salient conclusions of this report
hold true also in buffer systems.

In view of the nature of the cation uptake process
(1,17, 18) both exchange (apparent free space) and
accumulation were measured in most experiments.
The procedure was as follows. The freshly excised
segments—of the size and distance from the apex as
required by the test—were placed in distilled water
for 1 to 2 hours to wash off the cut surfaces and to
equilibrate in water content. The segments were then
blotted and weighed in samples of suitable size—
usually 20 segments per sample, but in some cases 30
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or 40—and then placed in the experimental solution in
an Erlenmeyer flask. The volume of the solution was
25 ml for experimental periods of 4 hours or less but
50 ml (or more) for longer periods. During the ex-
perimental period the flasks were kept on a shaker and
oscillated at a rate of about 100 cycles per minute.
At the end of the experimental period the tissues were
rapidly removed by dumping the flask contents into a
sieve. The segments were given about 30 seconds’
rinsing with a fine jet of distilled water to remove
solution on the surface and were then blotted lightly
and dumped into the exchange solution at ca. 2 C for
1 hour. The exchange solution was, unless stated
otherwise, of the same solute content as the experi-
mental solution except that it contained no radioac-
tive label. The tissue sample was then removed,
blotted, weighed, and wet-ashed by heating to dry-
ness twice or more in concentrated nitric acid prior
to counting; this value is reported as ion accumula-
tion. The exchange solution was evaporated to dry-
ness for counting; this assay is reported as ion ex-
change.

The exchange as measured in this study is be-
lieved to correspond approximately with the value
frequently referred to as apparent free space, AFS
(1,17) or wall space (18).

Assays of total K and Ca were made with a Cole-
man flame photometer: the standard solutions con-
tained equivalent amounts of K, Na, and Ca as the Cl
salts.

Results

» Time Course of Rb Uptake: Freshly excised seg-
ments of etiolated pea epicotyl normally show a
capacity for growth and for salt absorption. The
time course of both growth and Rb uptake of 2 cm
segments is shown in figure 1 for a 24-hour period
in RbCl solution (5 meq/1). During this period Rb
uptake approaches—but does not attain—a constant
influx rate. However, as could be expected, during
the more rapid growth phase there is a relatively
rapid uptake of Rb from the RbCl solution.

P Relationship of Rb & K Uptake & Exchange:
Several experiments were conducted to test the va-
lidity of using Rb*® as a tracer for K uptake and to
measure the time course of exchange. In figure 2
may be seen the accumulation and exchange over a
range of concentration of RbCl and KCl solutions
each of which was labeled with Rb8. Assay of the
tissue samples of each series shows no significant dif-
ference between Rb®® uptake in either KCI or RbCl
solutions; this in turn strongly suggests identical up-
take and exchange rates for Rb and K by pea epicotyl
segments. (Experiments not reported here using
double labeling with K-42 and Rb-86 confirm the idea
that within the limits of the experiments here Rb3¢
is a suitable tracer for K.)

P Measurement of Readily Exchangeable Fraction
of K Uptake: The technique for distinguishing be-

tween accumulation and exchange used in this study is
based on the fact that cation uptake consists of at least
two time phases. There is an initial rapid uptake
phase, phase 1, followed by a slower relatively steady
uptake stage. Since phase 1 uptake apparently reach-
es an equilibrium relatively quickly, the tissues which
have been in a labeled experimental solution when
transferred to a similar unlabeled solution quickly
lose the readily exchangeable tracer. The time
course of this loss by exchange is shown in figure 3
for pea tissue, samples of which had been exposed
previously to each of two concentrations of KCl and
then transferred to identical unlabeled solutions for
exchange at two temperatures. It is readily apparent
that there is a very rapid initial exchange essentially
completed within a half hour. Following this there
is a steady slow loss phase over the remainder of the
4-hour period. Ii phase 2 uptake rate is constant
from zero time, extrapolation of the slope back to
zero time should give a value close to the phase 1
equilibrium amount of the ion (10); however, for
present purposes this correction seems unnecessary
and has not been made in the data to follow.

- Effect of Calcium in Short-Term Tests on Potas-
sium Accumulation, Loss to Water, & Exchange: In
the case of corn roots Ca enhances K uptake within 3
hours whereas with soybean roots K uptake was de-
pressed (15). The pea epicotyl segments studied
here behaved like the soybean roots in short-term ex-
periments. However, with longer experiments, as
will be noted below, pea segments gave the Viets ef-
fect.

The influence of Ca on various K uptake fractions
is shown in table I. In this experiment a range of
KCl concentrations labeled with Rb® was used as
shown in table I. In addition, following the 4-hour
uptake period, the segments were blotted, weighed,
and immersed in H,O for 1 hour at 2to 4 C. Follow-
ing this the segments were transferred for 1 hour to
an unlabeled solution of the same constitution as that
in which uptake occurred. Ca, at 10 meq/l greatly
depressed each of the fractions of uptake ; the effect on
total K uptake and the accumulation is also shown
graphically in figure 4 for the first (upper) centi-
meter segment of pea epicotyl. Calcium depressed
the K accumulation fraction and the loss by exchange
to KCI solutions. In part these effects may be seen
graphically in figure 4.

The fraction of K uptake which is rapidly remove-
able from the tissue may readily be shown to consist
of two components: one which is lost rapidly to water
and a second which is retained in water but may be
displaced by exchange with an external cation. The
effect of Ca on these fractions is shown in table 1T,
the figures of which were calculated from the data
shown in table I. Tt is apparent that Ca not only de-
pressed total uptake of K but it also slightly increased
loss to water when calculated on the basis of the per-
centage of total K uptake.
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Fig. 1.
solution.

KC! concentration me/L

The time course of Rb® uptake and of increase in fresh weight of excised pea segments in 5 meq/l RbCl

Fig. 2. The relationship of accumulation and exchange of both KCIl and RbCl as measured by Rb86 tracer.

Fig. 3. The time course of exchange at 2C and 24 C of segments pretreated in one lot for 4 hours in 0.1
meq/1 labeled KCl and in a second lot for 4 hours in 10 meq/l labeled KCl. The exchange solution concentration was
unlabeled and of the same concentration as the uptake solution.

Fig. 4. The accumulation and exchange of K by lst cm segments (uppermost) in the absence and presence of Ca.

In table IT it is shown that a fraction of the K
taken up by the tissue is readily lost to water; this
fraction which is not bound and is readily diffusible
presumably corresponds to the water free space, WFS.
The fraction not readily lost to water may be pre-
sumed to occupy sites on non-mobile anions which
release cations by exchange; thus, this fraction cor-
responds to the Donnan free space, DFS (1,17), at
least qualitatively. From the data in table II it is
suggested that the presence of Ca in the uptake solu-

tion resulted in a slight increase in the percentage of
K subsequently lost to water. In contrast with this
the presence of Ca in the subsequent exchange solution
resulted in the loss of a smaller percentage of the K
taken up. These values—6 9 in the 1st (upper) cm
segments and 5% in the 2nd cm segments—suggest
that the presence of Ca in the external exchange solu-
tion prevents some loss of K relative to the absence of
Ca, e.g., as in water or the 0 Ca series.
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Table 1

Influence of 10 meq/l CaCl, on K Accumulation, Loss in Water,
Exchange & Total Uptake at Various KCl Concentrations

K in Microequivalents per g fr wt

Treatments . : Loss in KCl
:\ccu4nu}111atlon Lossl 1r;1 H,0 solution Total uptake
d r 1 hr
Upper cm segments. No calcium.
KC1 meq/1
0.4 1.77 0.181 0.179 2.130
08 2.85 0.321 0.346 2517
1.2 3.36 0.492 0.479 4322
1.6 3.74 0.489 0.567 4.796
20 423 0.591 0.799 5.620
CaCl,, 10 meq, 1. KCl meq/I
0.4 0.37 0.075 0.045 0.490
0.8 0.69 0.094 0.034 0.818
1.2 0.87 0.141 0.054 1.065
1.6 1.20 0.190 0.087 1.477
2.0 1.43 0.245 0.084 1.759
2nd cm Segments. No calcium.
KCl meq/!
0.4 1.30 0.319 0.196 1.815
08 223 0.433 0.420 3.083
1.2 2.55 0.527 0.610 3.687
16 2.74 0.641 0.865 4.246
20 3.22 0.744 1.000 4.964
CaCl,. 10 meq/l. KCI meq/1
0.4 0.41 0.079 0.037 0.526
0.8 0.65 0.169 0.043 0.862
1.2 0.81 0.224 0.052 1.086
1.6 1.06 0.321 0.078 1.459
2.0 1.22 0.292 0.079 1.591

Uptake period 4 hours, H,O treatment 1 hour, exchange period 1 hour.

With respect to the age of tissue (tables I & II)
the uppermost and 2nd cm segments show differ-
ences. Uptake by the upper segment characteristi-
cally exceeds that for the 2nd cm. For this reason,
further study of the gradient along the stem was made

Table II

Loss of K From Segments With 1 Hour Immersions in
H,0 Followed by 1 Hour Immersion
in KCl Solutions*

9% of Total K uptake

Treatments Mean loss to Mean loss in

H,O KCl1 solution
1st cm Segments
Ca 0 10 1
Ca 10 13 6
2nd cm Segments
Ca O 15 16
Ca 10 19 S

* The figures are averages of data from the various
KCl1 concentrations as given in table I.

with respect to K uptake, effect of auxin on K uptake,
and total K and Ca content.
P Relationship of Tissue Age to K Uptake, Effect of
Auxin, & K & Ca Content of Tissue: The fact that
etiolated pea epicotyl shows a gradient along its axis
with respect to capacity to growth response of seg-
ments has previously been reported (20). Experi-
ments in this study within the limits of similarity of
the tests are in agreement. Segments of 0.5 cm
length excised from the third internode and from the
second and first internodes had differing capacities
for growth, Rb uptake, and response to auxin. The
relationship of Rb uptake (as measured by Rb8¢-label-
ed RbCl solution) to position along the axis is shown
in figure 5: this figure also shows that IAA (1 ppm)
chiefly affects the upper 0.5 cm segment; the second
0.5 cm segments were not influenced by TAA in Rb
uptake rate. From the uppermost segment downward
there was a decrease in rate of Rb absorption. The
growth curve (not shown) was similar excepting that
increases in fresh weight induced by TAA were noted
in both the upper segments.

From the existence of the gradient of Rb uptake
capacity it could be suggested that the initial total K
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Fig. 5. The uptake of Rb by excised segments as
related to distance from the apical hook. Rb uptake is
expressed as amount of labeled external solute taken up
per gram initial fresh weight.

Fig. 6. The relationship of K and Ca content per
gram fresh weight and of labeled K uptake by segments
cut different distances from the epicotyl apical hook.

Fig. 7. The influence of external KCl concentration
on exchange (loss of Rb&¢ labeled K) for 1 hour.

Fig. 8. Loss by exchange of K as influenced by in-
ternal concentration. The segments were pretreated for
24 hours in a series of labeled KCl solutions (as shown
on the ordinate), then allowed to exchange in unlabeled
KCl solution at 10 meq/l. The curve showing K in the
wall space was estimated as the amount in 10 9, of the
tissue weight.

Fig. 9. Loss at various time intervals by exchange as
related to internal labeled K content. Data from the
same experiment as figure 8.



208 PLANT PHYSIOLOGY

content of the segments might differ and that the dif-
ferences in Rb uptake rate might be rather directly re-
lated to internal K concentration. Assay of the upper
four 0.5 cm segments showed this to be the case (fig
6). In addition, Ca assays showed a similar distri-
bution of this cation (fig 6).

The above data appear to be in accord with the
concept that a Donnan system may be in operation in
the pea stem segments. In such a system most Rb or
K would be retained against loss to water but would
be exchanged for ions of similar charge. Accord-
ingly, two experiments were designed to test this re-
lationship : one in which the internal K content of sev-
eral tissue samples was equal and labeled with Rh*¢Cl
solution (10 meq/1) for a 4-hour pretreatment, then
allowed to exchange for 1 hour in a range of external
KCl concentrations (fig 7) ; in the second experiment
tissue samples were pretreated 24 hours in a range of
labeled KCI concentrations, then allowed to exchange
14,1, 2, and 4 hours in 10 meq,/1 KClI solution (fig 8).

When the internal K concentration was high rela-
tive to the external concentration, relatively little loss
from the tissue occurred (fig 7). However, at high
external concentration. e.g.. 50 meq/l which about
equals internal concentration (fig 8), much larger
amounts of exchange were noted. It is quite apparent
that high concentration gradients of K have much less
effect on exchange than the total amounts of labeled
cation available for exchange. This was true also in
the case in which the amount of internal labeling was
caused to vary between tissue samples (fig 8) and the
external concentration for exchange was constant at
10 meq/1.  Greater amounts of labeled K in the tissue
were related to greater amounts of exchange. The
amount of labeled K remaining in the tissue after ex-
change was the accumulated fraction ; this was reason-
ably constant over the range of 10 to 50 meq/1 KCI in
the pretreatment solutions. The latter result appears
to be in accord with the concept of a carrier which
became saturated at 10 meq/l such that higher ex-
ternal (pretreatment) concentrations failed to give in-
creased accumulations. On the other hand, some ex-
periments have shown higher accumulation values in
this range (e.g.. see fig 2) : thus, another possible ex-
planation is that KCl in the absence of other ions may
increase permeability and decrease retention capacity.
This idea is supported by the additional data on the
relationship of K exchange to the tissue K content (as
shown by Rb3® labeling) at the several times of ex-
change (fig 9). Here at higher concentrations K
exchange is greater than would be expected if the re-
lationship were simply proportional.

P Effect of Ca on K Uptake in 24 to 48 Hour
Periods of Treatment: Since the Viets effect was
not shown in short (4 hr) periods, longer experiments
were tried. In view of the axial gradient, experi-
ments were performed with tissue samples in which
the uppermost cm segments and second cm segments
were kept in separate series. The influence of Ca on

K accumulation is shown in figure 10. Both kinds of
segments show an early depressing effect of Ca on K
accumulation, but by the end of 48 hours the second
cm segments show enhanced K absorption. In the
first cm segments Ca depressed K accumulation
throughout the treatment period. Thus, in the re-
sponse of stem segments to Ca-enhanced K accumula-
tion, there is a distinct effect of differentiation or age.

The K exchange fraction curves (fig 11) in gen-

eral resemble those for accumulation.
P Influence of Auxins & Ca on K Uptake: The
fact that auxin may enhance K uptake has been re-
ported previously (3,11). Thus, it was of interest to
ascertain whether or not the Ca and auxin effects are
additive. The influence of each alone and combined
was tested on both first and second cm segments.
Since TAA is destroyed by pea tissue. for these tests
2,4-dichlorophenoxy acetic acid (24-D) was used.
As expected, in first cm segments Ca-depressed and
24-D-enhanced K uptake rates (fig 12) and total
(cumulative) uptake (fig 13). However, the com-
bination of 2,4-D and Ca gave steadily increased rates
of K uptake after the first 12 hours, and at the end of
48 hours the rate exceeded that of the controls (fig
12).  This suggests that one effect of auxin here on
these rapidly growing segments is to hasten a differ-
entiation process which then allows the tissue to show
the Viets effect. The Ca 4 2.4-D treatment in these
segments invariably showed a marked enhancement of
K uptake over that of Ca alone.

In contrast with the response of upper lst cm seg-
ments the 2nd cm segments showed a marked increase
in K uptake rate in the presence of Ca alone (without
24-D) (fig 14). As in the 1st cm pieces this effect
was not immediate but, rather, required 24 to 48
hours to develop. The final cumulative uptake of K
in the presence of Ca did significantly exceed that of
the controls, and in three such experiments the ac-
cumulation values (total cumulative K uptake less
the K exchange fraction) exceeded those of each of
the other treatments (table ITT). Tn these lower seg-
ments 2.4-D appeared to have little or no effect in the
absence of Ca, but in the presence of Ca it depressed
K uptake relative to Ca alone (i.e. minus 24-D).
[ The apparent enhancement of K uptake by 24-D
shown in figure 15 in this case was largely attributable
to the exchange fraction rather than accumulation
(see table T11).]

Analysis of the data of final tissue exchange and
accumulation from three 48-hour experiments shows
somewhat more clearly the relationship of Ca and
24-D effects on growth and ion uptake (table TTT),
In the upper cm segments Ca depressed growth and
both K exchange and accumulation: the latter effect
might be expected if there is a non-specific component
of K absorption. and if Ca were acting as an inter-
fering (or competing) ion. Auxin stimulated growth
but failed to stimulate ion uptake relative to the con-
trol: however, it did overcome the interfering effect
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Fig. 10. The time course of K accumulation by 1st (#pper) cm segments and 2nd cm segments as influenced by

Ca

.Fig. 11. Exchange of K in the foregoing experiment.

Fig. 12. The uptake (accumulation plus exchange) of K in 12-hour intervals by 1st cm segments as influenced by
Ca and 24-D, KCI 0.1 meq/l, CaCl, 10 meq/], 2,4-D 1 ppm. .

Fig. 13. Cumulative uptake of the foregoing test.
Fig. 14. The uptake of K in 12-hour intervals by 2nd cm segments.

Fig. 15. Cumulative uptake by 2nd cm segments of foregoing test.

(Otherwise as in fig 12).
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Table III
Influence of Ca & 2,4-D on Fresh Weight K Exchange & K Accumulation*

Fr. wt. K Exchange K Accumulation
mg peq neq/g ueq/g peq neq/g peq/g
. ~ Initial Final Initial Final
Initial Final fr. wt. fr. wt. fr. wt. fr. wt.
1st cm
Control 672 1049 0.133 0.199 0.128 4.24 5.99 4.07
Ca 668 918 0.037 0.062 0.044 3.00 423 3.44
24-D 640 1300 0.159 0.256 0.133 4.14 5.92 3.53
Ca + 24-D 667 1174 0.062 0.103 0.059 4.01 5.67 3.67
2nd cm
Control 975 1086 0.228 0.243 0.220 3.62 3.53 3.34
Ca 963 1016 0.085 0.109 0.104 5.23 5.09 5.07
24-D 956 1292 0.240 0.270 0.203 3.92 3.87 3.04
Ca + 24-D 954 1102 0.062 0.073 0.063 3.85 3.78 3.43

* Means of three experiments, each of 48 hours duration. Ca concentration 10 meq/l, K 0.1 meq/l, 2,4-D 1 ppm.

of Ca on K uptake in absolute amounts and in ueq per
unit initial fresh weight. On the basis of final fresh
weight the controls exceeded each of the three treat-
ments; on the other hand 2,4-D and Ca plus 24-D

change was increased somewhat. It is clear, how-
ever, that the exchange fraction was too small to ac-
count for the 2,4-D-induced ion uptake in the presence
of Ca. In the 2nd cm pieces 2,4-D showed a reverse

treatments showed enhanced growth and also allowed
ion uptake to almost keep pace with this growth. Tt
can be suggested from the data that any auxin stim-
ulation of K uptake is dependent on the Ca status of
the tissue as well as its capacity to grow.

The 2nd cm segments showed (table III) a strik-
ing enhancing effect of Ca on K uptake:; this was true
of absolute amounts and also of the amount of K per
unit initial or final fresh weight. In these segments
2,4-D, if anything, depressed K uptake relative to the
Ca alone treatnient.

The effect of Ca on the K exchange fraction is
also shown in table IIT. Tt is clear in these tests, as
in previous ones, that the exchange fraction is not
purely non-specific and a function of the external
solution ; in this case a ratio of 1001 eq of Ca to K
should have lowered the K fraction much more than
was the case. In the upper cm 2,4-D had relatively
little effect (as a percentage of total uptake) except
perhaps in conjunction with Ca in which case the ex-

effect, since the 2,4-D plus Ca treatment gave a lower
exchange than Ca alone; this exchange, however,
seems to be directly related to the higher accumula-
tion value; the same was true in the Ca and Ca plus
2,4-D treatments of the 1st cm pieces.

P Pretreatment in Ca & 2,4-D: Several tests were
performed to see whether or not pretreating segments
in Ca, 24-D, or a combination of the two would in-
fluence the subsequent performance of the tissue with
respect to K uptake. Such pretreatments, although
having some influence, failed to replace the effect of
the presence of Ca or 2,4-D directly in the medium
during the K uptake period.

P Relationship of Ca Concentration to K Uptake:
Several experiments were performed to ascertain the
relationship of Ca concentration at a given level of K
on K uptake. Some of the tests were conducted
during the summer when it was discovered that at
higher temperatures (27-32 C) the excised segments
showed less growth and lower K uptake than at the

Fig. 16. The influence of CaCl, concentration on K accumulation by 1st and 2d cm segments. KCl 1 meq/l
Duration of treatment 44 hours. Sucrose added at 0.1 9 concentration and solution changed at 21 hours.

Fig. 17. The influence of CaCl, concentration on K accumulation by 0.5 cm segments along the epicotyl axis
(from top down). KCl concentration 1 meq/l. Duration 43 hours, no sucrose present.

Fig. 18. The effect of various cations as shown (as chloride salts) on K accumulation (unshaded bars) and
on exchange (black bars). KCl concentration 0.1 meq/l. Duration of test 40 hours. 2nd cm segments.

Fig. 19. The influence of Sr as compared to that of Ca on K uptake by the uppermost 0.5 cm segment (lst in
graph) and 0.5 cm segments excised 1.5 cm below the apical hook (2nd 0.5 cm in graph). KCl concentration 1.0
meq/l, sucrose 0.5 9¢. Duration of treatment 42 hours.

Fig. 20. The effect of 2,4-D in the presence of various Ca/Mg ratios on K accumulation and exchange by 1st
and 2nd cm segments. Minus 2,4-D treatments are represented by unshaded bars, 2,4-D treated by bars with diago-
nal lines; exchange represented by solid black bars. KCI concentration 1 meq/1, total Ca- MgCl was 0 in the con-
trols and in all others 25 meq/l. )
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usual laboratory temperatures (22-25C). This
higher temperature effect was believed to result from
the development of a carbohydrate deficiency since
addition of sucrose restored the capacity to respond
as at lower temperature. When sucrose was used the
solutions were changed at about 12 hour intervals to
avoid contamination by microorganisms. Under
these conditions three of four experiments with a
range of Ca concentration showed three distinctive
effects on K uptake (fig 16). At low concentration
—1 meq Ca—~Ca interfered with K uptake. Higher
Ca concentration gave a reversal of this effect and in
2nd cm segments 10 meq,/1 Ca or more gave K ac-
cumulation in greater amounts than the control. A
similar trend may be noted in the 1st cm segments:
however, the effect of Ca in promoting K absorption
was less, and at no Ca level did K accumulation exceed
that of the control (with no Ca). At still higher
concentrations Ca depressed K uptake.

In figure 17 is shown the results of a Ca concen-

tration test on the upper four 0.5 cm segments of the
pea epicotyl. In this case sucrose was not added and
the upper segments failed at higher Ca concentration
to show the partial enhancement of K uptake noted in
figure 16. With respect to the Viets effect, there
were clear differences related to the age and differ-
entiation of epicotyl tissue.
P Influence of Other Cations on K Uptake: Viets
(25) has reported that polyvalent cations other than
Ca accelerated K (& Br) accumulation in excised
barley roots. Accordingly, the effect of the follow-
ing cations, Mg, Sr, Ba, Fe. Al and Na as ClI salt
solutions at an initial pH of 5.6 on K uptake by pea
segments was tested. Irom the results (fig 18) it
can be suggested that of these cations only Sr ap-
peared to simulate Ca in enhancing K accumulation.
Similar results were obtained with tris-buffered solu-
tions at pH 7.1.  An additional experiment comparing
Ca with Sr at various concentrations (fig 19) con-
firmed this interpretation.

In view of the special importance of Mg as an es-
sential element and one required in many respiratory
enzymatic reactions an experiment was performed to
evaluate the relationship of Ca ‘Mg ratios on K uptake
in the absence and presence of 2.4-D. The results
shown in figure 20 again indicate the enhancing ef-
fects of 2,4-D on K accumulation by Ist cm segments
in the presence of Ca: in the absence of Ca, i.e., with
Mg only, 2,4-D markedly depressed K accumulation.
The ratio of Ca to Mg appeared to have little effect
over a wide range but with no Ca, Mg markedly de-
pressed accumulation. The response of 2nd cm seg-
ments differed sharply from that of the 1st cm. in
general, treatments including some Ca but no 2,4-D
had higher K accumulation. In the presence of Ca,
2,4-D depressed K uptake, and Mg alone depressed
uptake.

Discussion

Etiolated pea stem segments. as might he expected,
show a rather well defined capacity for ion accumula-
tion and exchange and one which compares favorably
with other excised tissue segments. In addition. ap-
parently for the first time, the results show that, as in
roots, K accumulation by excised stem tissue may be
enhanced by the presence of Ca. This effect is de-
pendent upon the age, or differentiation. of the tissue,
since only the 2nd cm segments gave this response
with Ca alone. This effect is also dependent on Ca
concentration and requires about 24 hours or longer
to develop. In the upper (lst) cm segments Ca de-
pressed K accumulation, but addition of auxin re-
versed this effect. The finding that Ca must be
present in the external solution—pretreatments in Ca
solutions having little effect—is in agreement with
other work (24).

It seems quite evident that Ca and auxin each have
certain functions which are independent of one an-
other. On the other hand, with respect to ion ac-
cumulation the acceleration of K influx in 1st cm seg-
ments by auxin seems clearly to he dependent upon
the presence of Ca in the external solution. A re-
verse situation appears to exist in the 2nd cm seg-
ments in which Ca alone usually caused acceleration
of K influx whereas addition of 24-D with Ca de-
pressed K uptake: here again it was noted in these
older segments that 24-D alone enhanced K influx.
In this case one interpretation might be that the
exogenous source of auxin gave a higher than optimal
supply of auxin but that again both auxin and Ca are
operative. Another possible interpretation is that
auxin has a role in growth and differentiation and
once certain steps are completed then any exogenous
supply is likely to be inhibitory.

The suggestions have been made that auxin in-
creases- the permeability of cells (21) and that one
effect of auxin is to increase the cation exchange rate
(8). The exchange fraction of K as measured in
this study is believed to represent primarily what has
been referred to as apparent free space (AFS) (1,
17). It comprises the amount in the wall space in
the water (WFS) and an amount hound to wall
matter (DFS). This exchange fraction was too
small to account for the K influx acceleration caused
by Ca or auxin in this study, although it might ac-
count for the auxin effect in the absence of Ca. Thus
the auxin effect must involve the exchange of proto-
plasmic K by influencing either permeability or a car-
rier system.

From recent studies on the mechanism of cell en-
largement it can be suggested that auxin may induce
plasticity and subsequent cell enlargement by in-
creasing the rate of formation of pectic methyl ester
groups (14). Ca stiffens cell walls reducing growth
and K softens them increasing growth: and these ions
appear to he bound exchangeably to wall pectic car-
boxyl groups. The fact that Ca has a remarkable
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effect on K accumulation seems a notable coincidence
despite the fact that one would expect no relationship
between wall material and cation absorption. How-
ever, equilibria at the juncture of the protoplast and
the wall could be involved in the K influx process,
and wall metabolism during growth and differentia-
tion may be correlated with, if not directly involved
in, the establishment of internal-external ionic equi-
libria or homeostasis. In the absence of better evi-
dence it seems more likely that wall pectic materials
are not closely linked with ion accumulation, partic-
ularly in view of the evidence showing that IAA does
not act by inducing a loss of Ca from the wall (2).

Another possible relationship involved is the de-
velopment in growing cells of mitochondria which ap-
pear to require both Ca (5) and auxin (7,16).
Under appropriate conditions the increase in respira-
tion induced by auxin may apparently be related to an
increased Rb influx rate (11). In general, the auxin
effect seems to be relatively rapid requiring only an
hour or two (11) whereas the Ca effect (on enhance-
ment of Rb or K uptake) requires a longer period (24
to 48 hr). It, therefore, would appear from the time
required that mitochondria formation is not a result
of the auxin in the present data although it could be
an effect of Ca treatment.

Ca has been known for years to influence permea-
bility and in the absence of more conclusive data to
the contrary it seems more logical to view the Ca ef-
fect in the more or less classical terms of decreasing
membrane permeability and thus of increasing net in-
flux by increasing retention. In terms of present
theories of ion transport by carriers Ca could be im-
portant as a membrane structural agent or it might be
directly involved in carrier action, or both. The evi-
dence seems clear that Ca has more than one effect,
namely, either depressing or enhancing K uptake de-
pending on the concentration of Ca. K in the ab-
sence of Ca may then tend to increase permeability by
replacing Ca from rather specific sites in the mem-
brane; K, and other univalent cations, e.g.. H and Li,
may drastically influence ionic permeability by dis-
placing Ca from important structural positions in the
plasmalemma at or near the protoplasmic surface.
The toxic effect of single salt solutions could then be
viewed as the result of alterations of protoplasmic
structure. Ca seems to play a relatively unique role
normally as an ion antagonist and presumably it may
act by occupying specific sites at the protoplasmic
surface to give the protoplast greater stability and
greater selectivity as indicated in recent reports (4.
13).

Another possible effect of Ca and of Mg should be
considered. Mg may play an important role for many
enzymatic reactions in aerobic respiration and other
metabolic sequences (19). Ca appears not to be ef-
fective in most enzymatic reactions in the glycolytic
pathway, and in some cases may actually depress
certain important metabolic reactions such as adeno-

sinetriphosphate action possibly linked to ion trans-
port (22). The ratio of Ca to Mg in the nutrient
solution has been shown to influence adenosinetriphos-
phatase activity in Helianthus plants, low ratios yield-
ing less activity (6). Some evidence has been ad-
duced that ATP may be involved in K or Rb uptake
by pea segments (9) and thus it is quite possible that
one gffect of the presence of Mg in the external solu-
tion is related to adenosinetriphosphate activity. In
the presence of Ca, Mg tended to reverse the accelera-
tion of K uptake induced by auxin.

Summary

A study has been made of uptake of labeled K by
excised segments of the third internode of etiolated
pea seedlings. Both accumulation and exchange were
measured ; these fractions are believed to approximate
the amounts, respectively, in the protoplasm and in the
wall spaces. In addition, the study encompassed the
influence on K uptake from KCI solution of age or
differentiation of epicotyl segments, of Ca, of auxin
and the interaction of these factors. The results led
to the following conclusions:

» K Uptake in the presence of Ca is enhanced in the
2nd cm stem segments. In the Ist (upper) cm seg-
ments Ca depressed K uptake but the addition of an
auxin, 24-dichlorophenoxyacetic acid, with Ca en-
abled these segments to absorb K more rapidly.
Thus, the stimulation by auxin of K (or Rb) absorp-
tion appears to be dependent upon the presence of Ca
in the external solution or, perhaps, the Ca status of
the tissue.

P The effect of Ca in accelerating K uptake required
24 to 48 hours to develop and in upper segments, at
least at higher temperatures (approximately 28—
30 C), required an exogenous supply of sucrose.

> At a given concentration of KCl there was an
optimal concentration of CaCl, with respect to K up-
take; lower and higher concentrations tended to de-
press K uptake.

P Of the following ions: Sr. Ba, Mg, Mn, Fe, Al,
and Na, only Sr appeared to enhance K uptake; the
others markedly depressed K uptake.

» Ca/Mg ratios had little effect except a depres-
sion of K uptake at 0 9% Ca/100 % Mg. Auxin in
the presence of Mg without Ca tended to sharply de-
press K uptake in both 1st and 2nd cm segments.
The presence of some Mg with Ca and auxin de-
pressed K uptake relative to Ca auxin but did not
completely overcome the auxin effect.

P Some possible explanations of these effects are
discussed but evidence is not adequate at present to
make definite conclusions.
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