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ABSTRACT

The influence of Ca on the aging processes of bean stem
(Phaseolus vulgaris) slices and on the absorption of K and
Na by fresh and aged slices was investigated. In the presence
of Ca, fresh tissue showed a preferential Na uptake. The
preference for Na over K resulted from a differential depres -
sive effect of Ca on absorption of these two ions. In aged
tissue Na uptake was also depressed, but K absorption was
accelerated, with a net result of a much greater absorption
of K than Na.
The presence of Ca in the aging medium promoted the

development of K-absorbing capacity as well as an increase
in the rate of respiration but did not influence the loss of
capacity to absorb Na as tissue aged. This, along with the
demonstration that protein synthesis is involved in the de-
velopment of K-absorbing capacity by aging tissue, suggests
that Ca may have an effect on basic physiological processes
concerned with development of ion absorption by aging
tissue. The influences that Ca may have on the physical and
physiological aspects of ion transport are discussed.

Bean stem slices change in ion absorption characteristics as
they are kept (aged) in aerated Ca solutions for various periods
(30). Freshly sliced tissue absorbs Na readily, much more so than
K. In contrast, after aging for 18 hr in CaSO4 solutions, the slices
absorb less Na while their capacity to absorb K is much en-
hanced (30).
The phenomenon of aging involves a myriad of subtle and gross

changes in the physiology and morphology of plant cells. It has
been demonstrated that by washing slices of aging tuberous roots
or stem tissues in various solutions, ion absorption (1, 2, 15, 17,
21, 30, 33, 36-38), respiratory patterns (14, 15, 17, 19, 26, 33, 38),
endoplasmic reticulum (9), protein and RNA metabolism (3, 4,
12, 20, 27), and phospholipid turnover in membrane fractions
(40) are altered. Plant hormones have also been found to influ-
ence the response of isolated tissues as they are aged (30, 34, 39).
When the process of aging is studied in stem slices or any re-

sponsive tissue, the samples are usually placed in an aerated
solution for various periods. A review of the literature indicated
that one of the variables in such investigations was the solution
in which the tissue was aged. For example, studies on aging have
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been carried out in distilled water (1, 17) and in solutions con-
sisting of tap water (19, 21), tris-buffer (36, 37), and various salts
(2,17,27, 30, 40).
The influence of Ca on ion absorption is well documented (5,

6, 10, 13, 18, 23, 31, 32, 41). It has been suggested that Ca pro-
motes selective ion transport (6, 10, 13, 18, 31, 32) and is involved
in the maintenance of membrane integrity (22-25). Correlation
between ion leakage and the development of ion-absorbing
capacity in storage tissue (9, 21), as well as changes in endo-
plasmic reticulum (9) and membrane phospholipid (40), sug-
gested that alterations in membrane integrity might be responsible
for certain aspects of the aging phenomenon. Since it has been
proposed that Ca plays a specific role in the maintenance of
structural integrity and selective ion transport, a study was made
of the effect that the composition of the solution might have on
the development of aging processes and of how Ca influences
these processes in bean stem slices.

MATERIAIS AND METHODS

The materials and methods have been described in detail (29,
30) except for minor alterations. Briefly, the procedures were as
follows.

Brittle wax beans, Phaseolus vulgaris, were grown in the green-
house in a dilute Johnson's solution (11, 30) for approximately 3
weeks, at which time stem tissue consisting of both the epicotyl
and hypocotyl was harvested. The stem was sliced transversely at
400-A intervals (see Refs. 29, 30, 35 for details). Approximately
40 slices made up a sample weighing 80 to 110 mg.
Samples were placed in aging solutions of various compositions

for predetermined periods. The solutions were maintained at
30 C unless otherwise specified. Subsequently ion absorption was
studied by placing stem slices in solutions at 30 C containing
specified concentrations of K or Na as the Cl salt. Calcium (as
CaSO4), when added, was present at a concentration of 0.5 mm
in the absorption or aging solutions. Sodium was labeled with
22Na, and K with 'Rb. The validity of the use of 86Rb to trace
K has been established (28, 30).

Absorption periods were terminated by exposing samples for
15 min to a cold (4 C) solution containing 1 mm NaCl or KCI
and 0.5 mm CaSO4. This desorption procedure was carried out
to remove diffusible and superficially adsorbed ions (7). At the
end of desorption the samples were rinsed in water, blotted,
weighed, and ashed in nickel-plated planchets. The ash was
wetted, spread with detergent, and dried under infrared heat
lamps. Radioactivity was determined with a gas flow counter;
amounts of Na and K are expressed as nanomoles per gram fresh
weight.

Chemical determinations were made with an atomic absorption
spectrophotometer and Na and K content are expressed as
micromoles per gram fresh weight.

Respiration was determined in a closed system in which the
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disappearance of 02 from a solution containing the tissue was
measured with a Beckman 02 electrode and a Beckman model
777 02 analyzer connected to an Autograph recorder. Respiration
is expressed as nanomoles of 02 consumed per gram fresh weight
per minute.

Bacteria have been shown to influence certain aspects of the
aging of plant tissue (4, 16); however, this influence appears to be
negligible in bean stem slices (30). Nevertheless, 50 og ml-'
chloramphenicol, an effective bacteriostat (16, 40), was used
routinely as a precautionary measure to maintain a low bacterial
count in the aging solution.

RESULTS

The effect of various divalent cations on K absorption by fresh
and aged stem slices was investigated. The results are presented
in Figure 1. The concentration of divalent cations was 0.5 mm
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FIG. 1. Absorption of K by fresh and aged bean stem slices in the
presence or absence of divalent cations. Potassium was present at a
concentration of 0.1 mm, and divalent cations, when added, at 0.5 mM.
Both absorption and aging solutions contained the divalent cations
indicated in the figure except the control solutions, in which no di-
valent cations were added to either solution. Fresh tissue was placed
in absorption solutions within 10 min of slicing, and aged tissues were
washed in distilled water or 0.5 mM divalent cation solutions for 18
hr before absorption. Absorption period, 30 min; temperature, 30 C.
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FIG. 2. Absorption of Na as a function of aging time in the presence
and absence of Ca in aging solutions. Sodium was present at a con-
centration of 0.1 mm and Ca at 0.5 mm in all absorption solutions.
Aging solutions were either distilled water or 0.5 mm CaSO4. Ab-
sorption period, 30 min; temperature, 30 C. Where horizontal lines
are drawn, the point represents a mean of two values indicated by the
horizontal lines. If horizontal lines not drawn, difference not greater
than symbol.
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in both the aging and absorption solutions with the exception of
the control, in which no divalent cations were added. The absorp-
tion solutions contained 0.1 mm K. In the absence of divalent
cations in the aging and absorption solutions, freshly sliced tissue
absorbed K considerably faster than did aged tissue. When
divalent cations were present in the absorption and aging solu-
tions, the results were reversed; K absorption was much greater
by aged tissue than by fresh tissue in every treatment except Ba.
It should be noted that of all the divalent cations studied Ca
added to the aging and absorption solutions was the most
effective in promoting K absorption by aged tissue.
The data in Figure 1 suggest two questions. First, why is the

absorption of K by freshly sliced tissue much greater in the
absence of Ca than in its presence? Second, in what way does Ca
influence aging so that subsequent K absorption is greater?

Results in Figure 2 show the effect on Na absorption of aging
in either 0.5 mm Ca or distilled water. Absorption solutions con-
sisted of 0.1 mm Na and 0.5 mm Ca. As previously shown (30),
the absorption of Na decreased as stem slices were washed. The
presence or absence of Ca in the aging solutions had little effect
on subsequent Na absorption.
When K absorption was studied in a similar experiment, the
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FIG. 3. Absorption ofK as a function of aging time in the presence
and absence of Ca. Potassium concentration, 0.1 mM; Ca, 0.5 mM
in absorption solutions. All other conditions and conventions as
indicated for Figure 2.
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FIG. 4. Absorption of Na by fresh tissue as a function of increasing
concentrations of Ca. Sodium was present at a concentration of 0.1
mm, and Ca varied from 0 to 10 mm. Absorption period, 30 min;
temperature, 30 C. No replicates.
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results were somewhat different (Fig. 3). The aging solutions were
either water or 0.5 mm Ca and the absorption solutions were 0.1
mM K and 0.5 mm Ca. The development of K-absorbing capacity
by aging tissue was less when no Ca was added during aging.
The results in Figure 4 demonstrate the effect that increasing

concentrations of Ca have on the absorption of Na by freshly
sliced stem tissue. Sodium was present at a concentration of 0.1
mM, and Ca was increased from 0 to 10 mm. Small concentrations
of Ca (0.1 mM) decreased Na uptake 50%. Increasing the con-
centration of Ca up to 10 mm had little further effect.
A similar experiment on K absorption is shown in Figure 5.

Calcium depressed the absorption of K by fresh tissue more
severely than the absorption of Na (cf. Fig. 4). Absorption of K
decreased to a value approaching 1 nmole g-' min7l at the
highest Ca concentrations, while Na absorption was decreased
to approximately 8 nmoles g-' min7l.

Results were quite different when tissues were aged and ab-
sorption of Na and K was compared as a function of increasing
Ca concentrations.

Figure 6 shows the results from an experiment on the absorp-
tion of Na by aged stem slices. Stem slices were aged for 18 hr
in the presence or absence of 0.5 mM Ca and rinsed with water.
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FIG. 5. Absorption of K by fresh bean stem slices as a function of
increasing Ca concentration. Potassium present at a concentration of
0.1 mn, and all other conventions and conditions as in Figure 4.
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FIG. 6. Absorption of Na by aged tissue as a function of Ca con-

centration. Tissue aged for 18 hr in presence or absence of 0.5 mm Ca
previous to absorption period. Absorption period, 30 min; tempera-
ture, 30 C. All other conditions and conventions as in Figure 2.
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FIG. 7. Absorption of K (0.1 mM) by aged tissue as a function of
Ca concentration. All other conditions and conventions as indicated
in Figure 6.
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FIG. 8. Absorption of K and respiratory rate of tissue as a function
of aging time in the presence and absence of Ca in aging solutions.
Measurements of absorption and respiration made on the same
sample. Potassium concentration was 0.1 mm, and Ca, when added,
was 0.5 mm. Respiratory measurements were made over a 15-min
period, and the absorption period was 10 min. No replicates.

then the absorption of Na (0.1 mM) was studied as a function of
increasing concentrations of Ca. As shown earlier with fresh
tissue (cf. Fig. 4), increasing concentrations of Ca decreased Na
absorption. It should also be noted that the presence or absence
of Ca in the aging solutions had no effect on subsequent Na
absorption by aged tissue.
A similar experiment studied the effect of Ca on K absorption

by tissue aged for 18 hr in the presence and absence of Ca (Fig.
7). Increasing the level of Ca in the absorption media resulted
in a greater percentage enhancement of K absorption by tissue
aged in water than in Ca solutions. However, in comparison with
tissue aged in water, the absorption of K by tissue aged in Ca
solutions was higher at all levels of Ca added in the absorption
solutions.

Figure 8 shows results of an experiment on the effect of Ca on
respiration and K absorption by aging stem slices. These are
typical results of several experiments. Measurements of respira-
tion and ofK absorption were done on the same sample. Potas-
sium was present at a concentration of 0.1 mm, and Ca was 0.5
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mm when added. When tissue was aged in a Ca solution, an
increase in K absorption was observed with a certain lag period,
and this paralled the observed increase in respiration of the
tissue. When Ca was omitted from the aging and absorption
solutions, the increase in respiration rate was slight, as was the
increase in K absorption. An interesting aspect of the respiratory
studies was the observation that, although the increase in respira-
tion paralleled the rise in K absorption capacity, this enhanced
absorption capacity continued to develop long after the higher
level of respiration had been established. In fact absorption con-
tinued to increase while respiration was declining, slightly, with
time.
The development of ion absorption capacity along with in-

creased respiration has been suggested to involve basic alterations
in physiological processes of plant tissue (1, 9, 14, 20, 40) and
especially in protein metabolism (4, 12, 20, 27).

Figure 9A shows results of an experiment on the effect of
cycloheximide, a known inhibitor of protein synthesis (4), on the
development of K absorption capacity. Potassium was present
at 0.1 mm, and Ca was 0.5 mm. Cycloheximide, 10 AuM, was present
during aging but not during absorption. The capacity to absorb
K does not develop to any great extent when cycloheximide is
added during aging. The results in Figure 9B show the effect of
cycloheximide on the development of respiration as a function

of time. Respiration is not enhanced when 10 Mm cycloheximide is
in the aging solutions; this corresponds to the lack of development
of K absorption capacity (Fig. 9A).
The changes in K and Na content of stem slices as a function

of time were studied in solutions containing 0.1 mm K and 0.5
mm Ca or 0.1 mm Na and 0.5 mi Ca. Tissue was sliced, washed in
water for 15 sec, and then placed in the respective solutions.
The K content decreased within 30 min after the tissue was

immersed in K solution (Fig. 10A). The K content then remained
fairly constant for several hours. After 8 hr an increase in K
content was detectable and by 20 hr the K content had risen
above the initial level.

Conversely, the Na content increased immediately upon im-
mersion of the tissue in Na solution (Fig. lOB). After 3 hr it
leveled off. Although not shown in this figure, Na content remains
virtually constant at the level obtained after 3 hr for up to 24 hr
in Na solutions.
One point should be made about the effective Ca concentration

required for development of the aging phenomenon. A series of
experiments showed that 1 to 2 mm Ca in the aging solutions
resulted in a maximal aging response. In other words, the absorp-
tion of K by tissues aged at these concentrations of Ca was as
much as 20% higher than that by tissue aged in solution con-
taining 0.5 mm Ca. Qualitatively, however, the relationships were
the same.
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FIG. 9. A: Absorption of K as a function of aging time in the
presence and absence of cycloheximide. Aging solutions contained ±t
10 gM cycloheximide, and 0.5 mM CaSO4. Absorption solutions con-
tained 0.1 mM K and 0.5 mM Ca. Absorption period, 30 min; tempera-
ture, 30 C. Other conditions and conventions as in Figure 2. B: Respi-
ration as a function of aging time in presence and absence of cyclo-
heximide. Other conditions and conventions as in part A.
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FIG. 10. A: Potassium content of tissue as a function of time in
solution containing 0.1 mm K and 0.5 mm Ca. B: Sodium content of
tissue as a function of time in solution containing 0.1 mm Na and 0.5
mm Ca.
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DISCUSSION

This paper is concerned with some aspects of aging bean stem

slices. The data suggest that the solutions in which aging treat-

ments are carried out must be known and controlled. Variability

in their composition may lead to quantitative and qualitative

differences in the characteristics of an aged tissue.

Evidence presented in Figure 10A suggests that slicing stem

tissue results in an initial efflux of K, possibly resulting from

partial damage or complete destruction of cells close to the cut

surface. The rinsing procedure prior to analyses or absorption

studies may not entirely remove this labile fraction, particularly

from damaged cells. The higher initial rates of K absorption

measured by radioisotopes (Figs. 1, 8) may represent isotopic

exchange. Even though a desorption procedure is carried out at

the end of the absorption period (see "Materials and Methods"),

ions may leak slowly enough from partially damaged cells so that

this constitutes a measurable fraction in the freshly sliced tissue.

When the tissue is washed during aging, this exchangeable frac-

tion is reduced. Calcium may accelerate this process (Figs. 1, 8).

The loss of K could "trigger" the subsequent development of K

absorption capacity. Although the kinetics of the respective

processes do not indicate this (30 min for initial loss of K and

4 hr or more for development of K absorption capacity), the

possibility should not be ruled out. Of major interest, however,

is the alteration of physiological processes paralleling the develop-

ment ofK absorption capacity (Figs. 8, 9).

The immediate increase in Na content of stem tissue (Fig.10B)
is the result of substantial rates of Na absorption by fresh tissue

(Figs. 2, 4). As bean stem tissue ages, the rate of Na absorption

declines (Fig. 2, Ref. 30), as does the rate of increase in Na con-

tent. When the rate of Na absorption becomes 0, an increase in

Na content is no longer detectable. It is unlikely that the increase

in Na content is an exchange with K. The absorption of Na by

fresh tissue is fairly specific (29), it is inhibited by antimetabolites

(30), and kinetically it does notmirror the loss of K.

The importance of Ca in the transport of ions by plant tissue

is well known (5, 6, 10, 18, 23, 31, 32), and it has been shown to

promote selective ion transport (6, 10, 18, 23, 31, 32, 41). A

similar observation was made in this study. Preferential absorp-

tion of Na by freshly sliced tissue appeared to be promoted by

the presence of Ca. Potassium and Na absorption are both re-

duced (cf. Figs. 4 and 5), with K uptake reduced to a value of

approximately one-eighth of the Na uptake at the highest Ca

level. The net result is what appears to be a preferential Na-

absorbing mechanism.
The effect of Ca on Na uptake in aged stem tissue is qualita-

tively similar to that found in fresh tissue. The reduction of Na

absorption in the presence of Ca is in addition to an already sub-

stantially reduced capacity for Na uptake as the result of aging

(cf. Figs. 2, 4, and 6). Hence, Na absorption by aged tissue is

almost 0 in the presence of Ca.

The effect of Ca on K absorption differs in aged and fresh

tissues (cf. Figs. 5 and 7). Increasing concentrations of Ca ac-

celerated K absorption by aged tissue but depressed it in fresh

tissue. The net result, then, on K and Na absorption by aged

tissue in the presence of Ca is a higher rate ofK absorption and

reduced rate of Na absorption, with the tissue preferentially

absorbing K.
The positive response of K absorption to Ca, as well as the

requirement of Ca for maximal development of K absorption,

indicates thatK uptake by aged tissue is mediated by a mechanism

different from the one responsible for Na uptake, and it is pro-

posed that a new mechanism for K transport develops with aging.

These data are in accord with previous speculations (30).

Alteration of respiration in response to aging was demonstrated

in this study (cf. Fig. 8). The increase of respiration as bean stem

slices are aged par,allels the observed increase in K absorption.
It is interesting to note the necessity for Ca as well as protein
synthesis for the increased respiration and K uptake. Calcium
has been shown previously to influence respiration in maize roots
(8). Evidence that major physiological changes attend or control
the increase in K uptake during aging is presented in Figure 9.
It can be seen that cycloheximide eliminates most of the increase
in K uptake and respiration induced by aging. These results taken
in conjunction with the observation that the absence of Ca in the
aging solution also reduced development of K absorption ca-
pacity and respiration suggest that the presence of Ca has a
modifying effect on the aging process.
One such alteration in aging tissue is the turnover of membrane

constituents, as shown in potato discs (40). Calcium could con-
ceivably be important in this process. A close connection has
been demonstrated (22, 24, 25) between Ca and membrane in-
tegrity. Marinos (22) found that membranes broke down when
barley roots were deficient in Ca. The requirement for Ca ap-
peared to be fairly specific for the maintenance of membrane
structure. Alterations of membrane fractions as tissue aged were
demonstrated by Jackman and van Steveninck (9). The endo-
plasmic reticulum of beet root slices went through a complete
cycle of breakdown and resynthesis during an aging period, un-
doubtedly involving a substantial turnover of membrane com-
ponents (9). The Ca requirement for maximal development of
K-absorbing capacity during aging (cf. Figs. 1, 3, and 7), and the
involvement of protein synthesis, along with findings already
discussed (9, 22, 40), lead one to speculate that Ca may influence
membrane metabolism in aging stem slices.
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