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The enhancing effect 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, Pisurn sativumn 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 Rb86 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 countedI using a thin-winidow Geiger tube.
Under the conditions of these experiments Rb86 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 K42 was used
to miieasure K uptake. The results support the idea
that Rb86 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 HCl 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 adcjusted to give a
range of 4.6 to 6.8 showed a rise from lower. anid 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
qjuite uniform after 48 hours at 1 mM/l and 10 mat/l
KCl; the higher concentration gave a lower pH (5.0-
5.2). A similar test with CaCl2 (10 mm/l) plus KCl
(1 imri/l) yielded the same result (initial pH 3.95-
8.60; final pH 4.60-4.90). It seemed apparent that
un(ler the conditionis of the experimients reporte(d 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 elimilnated
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 placedl in the experimental solution in
an Erlenmeyer flask. The volumle of the solution was
25 nml 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 endl of the experimental period the tissues were
rapidly relmoved by dlumping 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 solutioin at ca. 2 C for
1 hour. The exchange solution was, unless stated
otherwise, of the samiie solute content as the experi-
mental solution except that it containe(l no radioac-
tive label. The tissue sample was theni remiioved,
blotted, weighed, ancl wvet-ashe(d by heating to Iy-
ness twvice or more in concentrated nitric acidl prior
to counting; this valuie is reported as ion accumula-
tion. The exchange solution was evaporated to (Iry-
ness for counitiing; this assay is reported as ion ex-
change.

The exchange as measure(d in this study is be-
lieved to correspond approximately witlh 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 photonmeter; the standard solutions con-
taine(d equivalent amounts of K, Na, and Ca as the Cl
salts.

Results
- Time Course of Rb Uptake: Freshly excised seg-

nments of etiolated pea epicotyl normally show a
capacity for growth andl for salt absorption. The
time course of both growth and( Rb uptake of 2 cm
segmleints 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, (luring
the more rapid growth phase there is a relatively
rapid uptake of Rb from the RbCl solution.

- Relationslhip of Rb & K Uptake & Exchange:
Several experiments were conducted to test the va-
lidity of using Rb86 as a tracer for K uptake and to
measure the time course of exchange. In figure 2
mav be seen the accumulation and exchange over a
range of concentration of RbCl and KCl solutions
each of which was labeled with Rb86. Assay of the
tissue samples of each series shows no significant dif-
ference between Rb8t) uptake in either KCl or RbCl
solutions; this in turn strongly suggests identical up-
take and exclhange 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 Rb86
is a suitable tracer for K.)
1 - Measurement of Readily Exchangeable Fraction
of K Uptake: Thie 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 sinmilar unlabeled solution quickly
lose the readily exchangeable tracer. The timle
course of this loss by exchange is shown in figure 3
for pea tissue, saml)les of wlhiclh had been expose(l
previously to each of twvo concentrations of KCl and
then transferred to identical unlabeled solutions for
exchange at two temperatures. It is readily apparent
that there is a very rapidl initial exchange essentially
conmpleted within a half hour. Following this there
is a steacly slow loss phase over the remain(ler of the
4-hour periodl. If 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 withiin 3
hours whereas with soybean roots K uptake was cle-
presseol ( 15). The pea epicotyl segments stu(liedl
here behaved like the soybean roots in short-ternm ex-
periments. However, with longer experiments, as
will be noted beloxv, pea segnments gave the Viets et-
fect.

The influence of Ca on various K uptake fractions
is shown in table I. In this experiment a range of
KCl concentrations labeled witlh Rb8" was usedl as
shown in table I. In addition, following the 4-hour
uptake period, the segments were blotted, weighed,
and immersed in H0O for 1 hour at 2 to 4 C. Follow-
ing this the segments were transferred for 1 hour to
an unlabeled solution of the samle constitution as that
in wvhich uptake occurred. Ca, at 10 meq/1 greatly
depressed each of the fractions of uptake; the effect onI
total K uptake and the accumulation is also shoiwn
graphically in figure 4 for the first (upper) centi-
meter segment of pea epicotyl. Calciumidepressed
the K accumulation fraction and the loss by exclhange
to KCl solutions. In part these effects may be seen
graphically in figure 4.

The fraction of K uptake which is rapidly remlove-
able from the tissue nmay readily be shown to consist
of two components: one which is lost rapidly to wlater
and a second wvhich is retained in water but may he
displaced bv exchlange with an external cation. The
effect of Ca on these fractions is shown in table IIT
the figures of wlhich were calculated from the dlata
shown in table I. It Is apparent that Ca not only (le-
pressed total uiptake of K but it also slightly increase(l
loss to water when calculated onI the basis of thle per-
centage of total K uptake.
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Fig. 1. The time course of Rb86 uptake and of increase in fresh weight of excised pea segments in 5 meq/l RbCI
solution.

Fig. 2. The relationship of accumulation and exchange of both KCI and RbCl as measured by Rb86 tracer.
Fig. 3. The time course of exchange at 2 C and 24 C of segments pretreated in one lot for 4 hours in 0.1

meq/l labeled KCI and in a second lot for 4 hours in 10 meq/l labeled KCI. The exchange solution concentration was

unlabeled and of the same concentration as the uptake solution.
Fig. 4. The accumulation and exchange of K by 1st cm segmenits (uppermnost) in the absence and presence of Ca.

In table II 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 % 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 I
Influence of 10 meq/l CaCl2 on K Accumulation, Loss in Water,

Exchange & Total Uptake at Various KCl Concentrations

Treatments

Upper cm segments. No calcium.
KCI iiieq/l

0.4
0.8
1.2
1.6
2.0

CaCI., 10 meq, I.

Accumul
4 hi

1.77
2.85
3.36
3.74
4.23

KCl meq/l.
0.4
0.8
1.2
1.6
2.0

2nd ctii Segments. Vo calcium.
KCI meq/l

0.4
0.8
1.2
1.6
2.0

CaCI.- 10 mieq/l. KCl meq/l.
0.4
0.8
1.2
1.6
2.0

Uptake period 4 hours, H,O treatment 1

0.37
0.69
0.87
1.20
1.43

1.30
2.23
2.55
2.74
3.22

K in Microequivalents per g fr wt

lation Loss in H.,O Loss in KCG
r 1 hr - solution1 hr

0.181
0.321
0.492
0.489
0.591

0.075
0.094
0.141
0.190
0.245

0.319
0.433
0.527
0.641
0.744

0.41 0.079
0.65 0.169
0.81 0.224
1.06 0.321
1.22 0.292

hour, exchange period 1 lhour.

0.179
0.346
0.479
0.567
0.799

0.045
0.034
0.054
0.087
0.084

0.196
0.420
0.610
0.865
1.000

0.037
0.043
0.052
0.078
0.079

\Vith respect to the age of tissue (tables I & II)
the uippermost anid 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 miade

Table II
Loss of K From Segments With 1 Hour Immersions in

H,O Followed by 1 Hour Immersion
in KCl Solutions*

% of Total K uptake
Treatments Mean loss to Mean loss in

H,O KCI solution

lst cm Segmlents
Ca 0 10 11
Ca 10 13 6

2nd cm Segments
Ca 0 15 16
Ca 10 19 5

* The figures are averages of data from the various
KC1 concentrations as given in table I.

with respect to K uptake, effect of auxin on K uptake,
and total K and Ca content.

- 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 Rb86-label-
ed RbCl solutioni) 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 segnments were not influenced by IAA in Rb
uptake rate. From the uppermiiost 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 IAA were noted
in both the upper segments.

From the existence of the gradient of Rb uptake
capacity- it could be suiggestedl that the iniitial total K

Total uptake

2.130
2.517
4.322
4.796
5.620

0.490
0.818
1.065
1.477
1.759

1.815
3.083
3.687
4.246
4.964

0.526
0.862
1.086
1.459
1.591
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content of the segments might (liffer and that the (hif-
ferences in Rb uptake rate miglht be rather dlirectly re-
lated to internial K concenitration. AssaY of the upper
four 0.5 cnm segmiients showed this to be the case (fig
6). In adldition, Ca assays sh<)oved a similar (listri-
bution of this cation (fig 6).

The above data appear to be in accord with the
concept that a Donnan system may be in operationi in
the pea stemii segmiients. In such a systemimost Rb or
K wouldl be retainedl against loss to water but would
be excllange(l for ionls of simlilar charge. Accord-
ingly, two experiments w-ere (lesigne(l to test this re-
lationship: onie in which the internial K contenit of sev-
eral tissue samiiples wvas equal aln(d labeled with Rb5t3Cl
solution (10 meq/1) for a 4-hour pretreatmiielnt, then
allowed to exchanige for 1 hour in a range of external
KCI concentrations (fig 7); in the seconid experinment
tissue samples were pretreated 24 hours in a ranige of
labeledl KCI coincenitrations, tlhen allowed to exchanlge
2r., 1, 2, andl 4 hours in 10 meq//l KCI solution (fig 8).

W'hen the internial K concenitration was high rela-
tive to the external concenitratioln, relatively little loss
froml the tissuie occurred (fig 7). However, at high
external concenitration. e.g.. 50 meq /1 w\hich abotit
equals internal coincenitr-ationi (fig 8). mluclh larger
anmounits of exchanige were noted. It is (quite apparent
that highI concentrationl gra(lients of K hav\e much less
effect on exchange than the total amlounits of labeled
catioin available for exchange. This was true also in
the case in xwhich the amount of internal labeling was
cause(l to vary between tissue samiiples (fig 8) and the
external concenitratioln for exchange was constant .t
10 meq/L. Greater anmounts of labeled K in the tissue
w-ere related to greater- amouints of exchange. The
amounit of labeled K remaining in the tissue after ex-
clhange wA-as the accumulated fraction; this wvas reason-
ably constant over the ranlge of 10 to 50 mleq 1 Cl in
the pretreatmiient solutiolns. The latter result a ppears
to be in accord with the concept of a carrier x-hichl
becamle satui-ate(l at 10 meq /1 such that highler- ex-
ternal (pretreatment) concentrationis failed to gi xe in-
crease(l accumulations. On the other hand, sollme ex-
perimenits have shown higlher accunmulationi values in
this range (e.g., see fig 2); tlus, anotlher possible ex-
planation is that KCI in the absence of other ions iiav
increase perm-leability and decrease retention capacity.
This idea is supporte(l by the adlditional (lata on the
relationiship of K exclhange to the tissue K content (as
shoxvnN- by Rb", labeling) at the several timlles of ex-
change (fig 9). Here at higher concentrationls K
exchanige is gr-eater tlhani x-ould be expecte(l if the e-
lationship vere simply proportional.

- Effect of Ca oni K Uptake in 24 to 48 Hour
Perio(ls of Treatlmienit: Sinlce the Viets effect xvas
not shoxvn in slhort (4 hr) periodls. longer experimlents
were triedl. In view of the axial gradient, experi-
mentxs xere performe(d xvith tissue samiiples in which
the uppermost cm segi ients an(l secoI(l cim segmilenlts
x-xere kept in sepai-ate series. Tlle inifluience of Ca on

K accumiiulationi is show-n in figure 10. Both kinds of
segmienits shoxv an early depressing effect of Ca on K
accumulation, but by the end of 48 hours the second
cm segmelnts shoNv enhanced K absorption. In the
first cim segmenits Ca depresse(d K accumiiulaltion
throughout the treatment perio(l. Tlhus, in the re-

sponse of stem segments to Ca-enhanced K accumula-
tion, there is a (listinct effect of differentiation or age.

The K exchange fraction curves (fig 11) in gen-
eral resemlble those for accumulation.
1 Influence of Auxins & Ca on K Uptake: The
fact that aulxini milav enhiance K uptake has been re-
porte(l previously (3, 11). Tlus, it xvas of interest to
ascertain xvhether or not the Ca and(I auxinl effects are
additive. The influence of each alonie and comlbinied
xvas teste(d on botlh first and second cmii segments.
Since TAA is dlestrovedl by pea tissue, for these tests
294-dichlorophenoxy acetic aci(d (2,4-D) xvas use(l.
As exl)ectedl, in first cim segments Ca-depressed an(d
2,4-D-enhanced K uptake rates (fig 12) and total
(cunmulative) tuptake (fig 13). Hoxvever, the comil-
bination of 2,4-1) aln(d Ca gave stealdily incr-ease(d rates
of K uptake after the first 12 hoturs, an(d at the end( of
48 hours the rate exceedle(d that of the controls (fig
12). This suggests that onle effect of ac1xinl here oil
these rapidlly groxving segmiients is to halsteni a (liffer-
enitiationi process xvhich theln allows the tissue to show
the Viets effect. The Ca + 2,4-1) treatmiienit in these
segmiients invariably showed a imal-rked enihancemiienit of
K uptake over that of Ca alone.

In contrast xvith the response of upper 1st cim seg-
milents the 2nd cim segmlents showved a nmarked incr-ease
in K uptake rate in the presence of Ca alone (xvithout
2.4-D) (fig 14). As in the 1st cim pieces this effect
was not imminle(liate but, ratlher, required 24 to 48
hoturs to develop. The fiiial cutmiulative uptake of K
in the presence of Ca did significantly exceedl that of
the controls, and(l in three stuclh experimiients the ac-

cumiiulatioin values (total cumiiulative K uptake less
the K exchalnlge fractioni) excee(led those of each of
the other- treatments (table III ). InI these loxver seg-
ments 2,4-D appeared to hav e little or no effect in the
absence of Ca, but in the presence of Ca it (lepresse(l
K uptake relative to Ca aloine (i.e. miiinus 2,4-D).
The apparelnt enllhaicemlienit of K uptake by 2,4-D

shoxx'n in figtire 15 in this case xvas largely attributable
to the exchange fraction ratlher thani accumulation
(see table III)j1

Analxvsis of the (lata of final tissue exchange and
-acctumlulation froml three 48-hour experimenits shows
sonmexhat niore clearly the relationlship of Ca anId
2,4-D effects on roxwth anid ioln uptake (table III).
Tn the upper cim segmIlenlts Ca (lepresse(l groxvth and
both K exchange anid accumulation: the latter effect
might be expectedl if ther-e is a notn-specific componenit
of K absorption. and if Ca xvere acting as an inter-
fering (or competinig) ioln. Auxiin stinmulate(d groxwth
but failedl to stimlulate ioln uptake relative to the con-
trol; hoxever, it did overcome the interferinig effect
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Influence of Ca & 2,4-D
Table III

oIi Fresh Weight K Exchange & K Accumulation*

Fr. wt.

mg

Initial

1st cm
Control
Ca
2,4-D
Ca + 2,4-D

29nd cm
Control
Ca
2,4-D
Ca + 2,4-D

672
668
640
667

975
963
956
954

Final

1049
918
1300
1174

1086
1016
1292
1102

K Exchange
,ueq geq/g ,ueq/g

Initial Final
fr. wt. fr. wt.

0.133
0.037
0.159
0.062

0.199
0.062
0.256
0.103

0.228 0.243
0.085 0.109
0.240 0.270
0.062 0.073

0.128
0.044
0.133
0.059

0.220
0.104
0.203
0.063

K Accumulation
,Aeq ,teq/g jgeq/g

Initial Final
fr. wt. fr. wt.

4.24
3.00
4.14
4.01

3.62
5.23
3.92
3.85

5.99
4.23
3.92
5.67

3.53
5.09
3.87
3.78

4.07
3.44
3.53
3.67

3.34
5.07
3.04
3.43

* Means of three experiments, each of 48 hours duration.

of Ca on K uptake in absolute amiiounts 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 handl 2,4-D andl Ca plus 2,4-D
treatments showed enhanced growth and also allowed
ion uptake to almost keep pace writh this growth. It
can be suggested from the data that any auxin stim-
ulation of K uptake is (lependent on the Ca status of
the tissue as w,vell 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, (lepressed K uptake relative to the
Ca alone treatmletnt.

The effect of Ca on the K exclhange fraction is
also shown in table III. It is clear in these tests, as
in previous ones, that the exchange fraction is not
purely non-specific anid a function of the external
solution; in this case a ratio of 100 "1 eq of Ca to K
should have lowered the K fraction mluch more than
was the case. In the upper cm 2,4-D had relatively
little effect (as a percentage of total uptake) except
perhiaps in colnjunctioin with Ca in w\hich case the ex-

Ca concentration 10 meq/l, K 0.1 meq/l, 2,4-D 1 ppm.

change was increased somnewlhat. It is clear., ho-,v-
ever, that the exchanlge fraction wras too smiiall to ac-
count for the 2,4-D-induced ion uptake in the presence
of Ca. In the 2nd cmil pieces 2,4-D showed a reverse
effect, since the 2,4-D plus Ca treatment gave a lower
exchange than Ca alone; this exchange, however,
seems to be (lirectly related to the higher accumula-
tion value; the samie was true in the Ca and Ca plus
2,4-D treatnments of the 1st cm pieces.
- Pretreatnment in Ca & 2,4-D: Several tests were

perfornmed to see whether or not pretreating segments
in Ca, 2,4-D, or a combination of the two wouldl in-
fluence the subsequent performzaince of the tissue witl
respect to K uptake. Such pretreatments, although
havinig somle influenice, failed to replace the effect of
the presence of Ca or 2,4-D (lirectlv in the medium
during the K tuptake period.
1 Relationship of Ca Concentration to K Uptake:
Several experiments were performedl to ascertain the
relationship of Ca concentration at a given level of K
on K uptake. Somle of the tests were condlucted
during the summer when it was discovered that at
higher temperatures (27-32 C) the excise(d segments
slhowede less growvth an(l lower K uptake tllan at the

Fig. 16. The influence of CaCl., conicentration on K accumulation by 1st and 2ind cm segments. KCl 1 meq/l.
Duration of treatment 44 hours. Sucrose added at 0.1 % 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
(fromi7 top dozen). KCI 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 (inshaded bars) and
on exchange (black bars). KCI concentration 0.1 meq/l. Dturation 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 int
graph) and 0.5 cm segments excised 1.5 cm below the apical hook (2nd 0.5 c11t in graph). KCI concentratiotn 1.0
meq/l, sucrose 0.5 %. Duration of treatment 42 hours.

Fig. 20. The effect of 2,4-D in the presence of various Ca/MN ratios onI K accumulation and exchanige by 1st
and 2nd cm segments. Minus 2,4-D treatments are represented by unslhaded bars, 2,4-D treated by bars witb diago-
nal lines; exchange represented by solid black bars. KCl concenitrationi 1 mene/I, total Ca+AMgCl vas ( in the coi-
trols and in all others 25 meq/l.
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ustual laboratory temlperatures (22-25 C). This
higlher temiiperature effect was believed to result fronm
the (levelopment of a carbohydlrate (leficiency since
a(ldition of sucrose restored the capacity to respond
as at lower temperature. When sucrose was use(d the
solutions were changed at about 12 hour intervals to
avoil contamination by microorganisnms. Under
these con(litions three of four experiments w-ith a
range of Ca concenitrationi showed three (listinctive
effects on K uptake (fig 16). At low concentration
-1 mleqI Ca-Ca interfered Nvith K uptake. Higher
Ca concentration gave a reversal of this effect and in
2ndl cml segmlents 10 mie/l1 Ca or nmore gave K ac-
cunmulation in greater amounts than the control. A
similar trend may- be noted in the ist cm segmlents:
howev-er, the effect of Ca in promoting K absorptioni
was less, and at no Ca level did K accumulation excee(d
that of the control (with no Ca). At still higler
concentrations Ca (lepressed 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 adde(d and
the upper segments failedl at higher Ca concentration
to shiow the partial enlhanicenment of K uptake notedl in
figure 16. WVith respect to the Viets effect, there
were clear (lifferences relate(d to the age and cliffer-
entiation of epicotyl tissue.
0 Influence of Other Cations on K Uptake: Viets
(25) has reporte(d that polyvalent cations otlher thian
Ca accelerate(d K (& Br) accumulation in excised
barley roots. Accordlingly, the effect of the followv-
ing cations, Mg, Sr, Ba, Fe. Al. and(I Na as Cl salt
solutions at an initial 1H of 5.6 on K uptake hw pea
segmiienits was teste(l. Froml the results (fig 18) it
can be suggeste(d that of these cations only- Sr ap-
peare(l to sinmulate Ca in enhltanlcinig K accumulation.
Simiiilar results were obtained wx-ith tris-buffered solu-
tions at pHi 7.1. An additiolnal experimiient com11paring
Ca wsith Sr at various concentrationis (fig 19) con1-
firmle(d this interpretation.

Tn v-iexv of the special imlportaice of Mg as an es-
sential elemielnt an(d one re(quire(d in nianv respiratory
enzy,matic reactions ani exlperiment was performe(l to
evaluate the relationship of Ca M\g ratios on K uptake
in the absenice andl presence of 2.4-D. The results
slhown in figure 20 cagain inhdicate the enh1(atncinig ef-
fects of 2,4-D on K accumulation b1 Ist cIml segmilelnts
in the presence of Ca; in the absence of Ca, i.e., writh

Ig only, 2,4-D markedly (lepressed K accumulation.
The ratio of Ca to MIg appeared to have little effect
ov-er a wvide range but wvith no Ca, lVIg markedly de-
)ressedl accumulation. The response of 2nd ciii seg-
mlents (lifferedl sharply from that of the 1st cm. in
general, treatments incluiding some Ca but no 2,4-D
had higher K accumiiulation. In the presenice of Ca,
2,4-D depressed K uptake, and Mgfg alone dlepressed
uptalke.

Discussion

Etiolated pea stem segmlents. as imight lie expecte(l,
show a rather well defined capacity for ion accumuiila-
tion and exchange and one wvhich compares favorably
wvith other excised tissue segments. In a(ldition, ap-
parentlv for the first time, the results show tlhat, as in
roots, K accumulation by excised steml tissue may be
enhlanced by the presence of Ca. This effect is de-
pen(lenlt UI)oll the age, or (lifferelntiation. of the tissue,
sinice only the 2nd cmil segments gave this response
with Ca alone. Tllis effect is also dependlent on Ca
concenitration and( requir-es about 24 hours or loniger
to develop. In the upper (lst) cmii segillemnts Ca (le-
pressecl K accumulation, but addition of auxini re-

-erse(l this effect. The fin(ling that Ca ImlUst be
preseent in the externial soluition-pretreatments in Ca
solutitons having little effect-is in agreeiiment wvith
otlher w-ork (24).

It seemiis quite evident that Ca aInd auxin each hlave
certain functions w-hiiclh are independlenlt of one an-
other. On the other hand, witlh respect to ion ac-
cumulation the acceleration of K influx in 1st cm seg-
nmenits bv atuxinl seemiis clearly to be (lependenit upon
the l)resence of Ca in the external soluition. A re-

v-erse situiationl appears to exist in the 2nd cmii seg-
ments in which Ca alone usuially caused acceleration
of K in.fluix whereas addition of 2.4-D Avith ca (de-
pressed K uiptake: here againi it was noted in tllese
ol(ldr segmenits that 2,4-D alone enhance, l K influx.
In this case one interlpretation miighlt he that the
exogeniotis souirce of auxin gaxve a higiler tlhani optimal
supply of atuxinl but that again both autxinl and Ca are

operative. Anothier possible interpretation is thlat
auixi lias a role in growth andl (liffer-eIntiationi and(I
onice certaini steps are coaimplete(d thien any exogrenous
supply is likely to be inhibitorv.

The suggestions have been miia(le thlat atixinl in-
creases the permeability of cells ( 21 ) anl that onie
effect of aulxinl is to inicr-ease the catioIn exchange rate
(8). The exchange fractioni of K as imieasure(d in
this stutdv is believed to represenit primiiarily what has
been referred to as apparent free Space 1 AFS) (1,
17). It colimprises the aimiouint in the wvall space in
the water (W\FS) ani(l an amiioulnt bound to Nx-all
matter (DFS). This exchange fraction w as to
smnall to accounlt for the K iniflux accelerationl calused
bv Ca or auxinl in this study, althlotughi it milight ac-
cotunlt for the atuxini etfect in the absence of Ca. Thus
the ausxin effect mutist involve the exchange of p)roto-
plasniic K by influencing eithei'i permeability or a car-
rier sy-stemi.

Fr'om1 recent stu(lies on1 the mechanismn of cell en-
lariement it can be suggestedl that auxin imiay inidtice
plasticity an(l subsequtient cell enlargement by in-
creasinig the rate of forimlatioin of pectic mletlhyl ester
g,roups (14). Ca stiffelns cell wvalls re(lucing grotlh
aIn(l K softenis thenii increasinlg growth: an(d these ions.i
appear to b)e hound exchangeably to wlpectic car-
boxylI groups. The fact that Ca ha-sa 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 xvall metabolism during growth and differentia-
tion may be correlated with, if not directly involved
ill, 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 dte-
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 anI
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 he
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 mlight 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 (le-
pending on the concentration of Ca. K in the ab-
sence of Ca may then tend to increase permeabilitv 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 permeabilitv by lis-
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 an{d
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 man-
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 ,ffect 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 madle of uptake of labeled K by

excised segments of the third internode of etiolated
pea seedlings. Both accumulation an(l 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 KCl 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 1st (upper) cm seg-
ments Ca depressed K uptake but the addition of an
auxin, 2,4-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.

- 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 CaCl2 with respect to K up-
take; lower and higher concentrations tended to de-
press K uptake.

- Of the following ions: Sr. Ba. MIg, M\n. 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 (lepres-
sion of K uptake at 0 % Ca/100 % Mg. Auxin in
the presence of Mg without Ca tended to sharply (le-
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.
0 Some possible explanations of these effects are
discussed but evidence is not adlequate at present to
make definite conclusions.
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