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ABSTRACT

The dynamics of changes in K+ influx across the plasma-
lemma and of internal K+ concentrations [Ki]l of intact barley
(Hordeum vulgare) roots were examined as the roots were
converted from 'high-salt' to 'low-salt' roots. Following the
transfer of plants grown in 0.5 mM CaSO4 solutions pls
various concentrations of KCI to 0.5 mM CaSO4 solutions,
influx rates increased and internal K+ concentrations declined
as a function of time and the initial K+ status of the tissue.
The relationship between plasnalemma influx and [K+]i was
examined over a wide range of [K+], values by growing intact
plants in varions concentrations of KCI. Plasmalemma influx
was inversely correlated with the square of [K+] . A model for
the regulation of plasmalemma influx by [K+]i is considered.

Ever since the pioneering studies on the mineral nutrition of
higher plants by Hoagland and Broyer (10), and later by
Epstein (8), and co-workers, experiments on the uptake of
mineral ions by plant roots have routinely been performed
with roots which have been starved of inorganic ions for vary-
ing periods before the actual uptake experiment. Such "low-
salt" roots absorb ions at rates many times greater than roots
(so-called "high-salt" roots) which have been grown in solu-
tions rich in mineral ions. Until recently the implications of
the above observations have received relatively little attention.
Workers have, in the main, required high, and consequently
easily-measurable rates of influx, and therefore have routinely
used these low-salt roots. However, the relationship between
ion status and uptake outlined above clearly indicates the
operation of some form of regulatory mechanism whereby the
uptake of a given ion is controlled by the nutrient status of
the plant. Following the absorption of significant quantities of
ions, low-salt roots gradually lose their high capacity for ion
uptake, becoming, in effect, high-salt roots. It seems to be well
established that in barley the basis for the reduced uptake rates
of high-salt roots is reduced influx rather than increased
efflux (3, 5, 13). Several workers have shown that influx values
may be negatively correlated with the internal concentration
of a particular ion (3, 15). Cram (3) has established that C1-
influx in barley root and carrot tissue is negatively correlated
with log of (Cl- + NO3-) concentration of the vacuole. In
Lemna (15), K+ influx has been shown to be inversely pro-
portional to the square of the internal K+ concentration. By
analogy with biochemical pathways, it has been suggested that
ion uptake in plants may be regulated by a form of feedback
control in which the absorbed ion acts as the regulator of
further uptake through its effects upon influx (14).
The series of events whereby the regulator signal, pre-

sumably the ion itself, is perceived and translated to give con-
trol over influx remains far from being understood.

Studies with microbial systems (2, 6, 7, 9) indicate that the
regulation of active transport systems may be achieved by the
induction (e.g., 8-galactoside permease) or repression (e.g., K*
and sulphate absorption) of carrier synthesis and by the
operation of a system of feedback inhibition (e.g., sulphate
absorption). There are good indications (15) that similar sys-
tems might operate in higher plants although, for various
reasons, progress in elucidating the details of these systems
has been slow. Control of influx by means of regulation of
carrier synthesis might be effected at any one of several levels
from transcription through translation. In addition a direct
effect upon influx could be achieved by feedback inhibition
(analogous to enzymic allosteric interaction). These ideas are
expressed diagramatically in Figure 1. Many aspects of this
model have been expressed or implied previously in relation
to higher plants (3, 14, 15).
To date, there appears to be little in the way of experi-

mental evidence to support any specific mechanism for the
regulation of ion uptake in higher plants. Several studies (11,
12) have examined the changes of influx which follow the
transfer of low-salt roots to high-salt conditions. Such con-
ditions may lead to a dramatic decline in rates of influx. It
was considered that the reverse situation, the transfer of high-
salt roots to low-salt conditions, might provide a system more
suitable for the examination of the mechanism of control
since these conditions lead to the development rather than
the disappearance of the influx system. The experiments de-
scribed below examine the dynamics of increases in K+ influx
following transfer of high-salt barley roots to low-salt con-
ditions, and the relationship between influx and internal
(vacuolar) K+ concentrations.

MATERIAIS AND METHODS

Growth of Plants. Seeds of Hordeum vulgare cv. Carlsberg
were treated for 10 min in a solution of 1% sodium hy-
pochlorite. They were then washed several times in distilled
H20 before their aeration at 26 + 1 C for 24 hr. After this
treatment, seeds were placed upon layers of cheesecloth
supported on stainless steel wire frames which fit over the
tops of 3-liter capacity plastic trays. The trays contained 2.5
liters of 0.5 mm CaSO, which was supplemented by various
concentrations of KCI according to the experiment. In all the
growth and pretreatment methods described henceforward,
0.5 mM CaSO4 solution was always present alone or in addition
to various concentrations of KCI. Solutions in the trays were
changed at intervals of time as described in specific experi-
ments. After the 24 hr imbibition, plants were grown for 5
more days in the dark at 26 ± 1 C. Solutions in the trays were
aerated continuously.

Pretreatment of Roots. After 5 days' growth in various KCI
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FIG. 1. Diagram showing a schematized cortical root cell and
the likely sites for regulation of potassium uptake. 1: Repression
by cytoplasmic K+ (Kc+) of transcription of DNA coding for
carrier protein; 2: inhibition by cytoplasmic K+ of ribosomal syn-

thesis of carrier protein; 3: allosteric inhibition of carrier mediated
uptake of K4. K,+ represents the vacuolar pool of potassium ions.
Carrier molecules are represented by dark circles (0).

solutions, plants were normally removed from their trays, still
supported upon the wire frames, rinsed briefly in 0.5 mm
CaSO4 solution to remove any KCI solution, and then trans-
ferred to fresh trays containing CaSO, solution at 26 C. At
various intervals of time, root samples were removed from
the trays and allowed to equilibrate for 15 min in aerated
CaSO4 solution at 30 C. After equilibration, excess water was

removed from the roots and 0.5 or 1 g samples were weighed
out.

Determination of K+ Influx Values. The uptake media for
influx determinations was buffered at pH 7.1 (tris-HCl) and
contained 0.5 mm CaCl2, 0.05 mm KCl, and approximately
0.05 /Ci of "6Rb. This solution was contained in 1 50-ml
beakers during influx measurements and maintained at 30 C
in a thermostatically controlled water bath. Solutions were

aerated continuously during the uptake periods, which were

usually of 30-min duration. After this uptake period roots
were rinsed for 1 min in ice-cold isotope-free uptake medium
and then were allowed to stand at room temperature for 30
min in fresh isotope-free uptake medium. At the end of this
desorption period, the roots were ashed and the radioactivity
of the ash was determined by means of a Nuclear Chicago
Geiger Counter. Influx measurements based upon such long
desorption periods have been claimed to represent influx
rates across the tonoplast (4). However, at low external ion
concentrations influx across the tonoplast does not differ from
that across the plasmalemma. The author confirmed that this
was the case in preliminary experiments and established that
influx rates based upon a 30-min uptake period followed by a

30-min desorption period, and those based upon a 10-min up-

take period followed by a 10-min wash did not differ at all.
Influx values quoted throughout this paper may therefore be
taken to represent oboc'. Wherever presented, influx rates are

given in Ftmoles of K+ g fresh weight-'. Values shown in the
various kinetic experiments are the means of four or five
replicates.
Measurement of K+ Content of Tissue [K+]t. At the same

time that root samples were weighed out for influx determina-
tions, 0.5- or 1-g samples of roots were weighed out for K+
determination. These roots were repeatedly extracted in boil-

'Abbreviation poc: plasmalemma influx.

ing distilled H,O, and the aqueous extracts were filtered and
pooled. The K+ concentrations of these solutions were deter-
mined by means of an EEL flame photometer. Each datum
point shown in the figures is the average of two determina-
tions.

RESULTS AND DISCUSSION

Time Course of Development of Increased Influx Values.
Figures 2, 3, and 4 demonstrate the dynamics of increases in
K+ influx (Goc) after the transfer of roots from KCl solutions
to 0.5 mM CaSO4 solutions. The rates of increase of influx
values were found to vary according to the initial concentra-
tion of KCl ([K+],) of the roots before their transfer to CaSO,
solutions. Figure 2 shows data for roots grown in 5 mm KCl
solutions. In this experiment, solutions in the tray were
changed daily so that a high internal concentration of K+ (49.3
,umoles g fresh weight-', was maintained. During the course
of the experiment, boc increased from 0.13 ,umoles g fresh
weight-' hr-' at the time of transfer to 0.53 /tmoles g fresh
weight-' hr-', 24 hr later. This is equivalent to a rate of in-
crease of 4poc of 0.02 ,umoles g fresh weight-' hr-2. Figure 2
also shows the changes of [K+],, which involved a decline from
49.3 to 32 ,umoles g fresh weight-' for the same period. This is
equivalent to a 35% dilution of K+ concentration. The data
shown in Figure 3 are for roots grown in 5 mm KCI solution
without replacement with fresh KCI solution during the
growth period. During this period the barley roots reduced
the external KCl concentration from 5 mm at day 1 to 1.69
mm at day 5. The internal K+ concentration of these roots
was much lower than when KCl solutions were changed daily.
Initial influx rates were higher and the rate of increase of
influx rates following transfer to CaSO4 solution was higher.
During the 24-hr period after transfer [K+], declined from
26.3 to 18.3 1imoles g fresh weight-' (31% dilution), while
poc increased from 0.66 to 1.96 utmoles g fresh weight-' hr-'.
Expressed as a rate of increase of influx, this amounts to 0.06
,umoles g fresh weight-' hr-2. Figure 4 shows the increase of
4boc and decrease of K+ concentration after transfer of roots
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FIG. 2. Changes in K+ influx values and K+ concentration of

high salt barley roots grown in 5 mM KCI plus 0.5 mM CaSO4

(changed daily) after transfer to 0.5 mm CaSO4 (-*-: K+ influx;
-0-: K" concentration of roots). Uptake media contained 0.5

mM CaCl2, 0.05 mM KCI plus approximately 0.05 luCi of 'Rb.
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FIG. 3. Changes in K+ influx values and K+ concentration of
high-salt barley roots grown in 5 mm KCI plus 0.5 mm CaSO&
(without change of medium) after transfer to 0.5 mm CaSO.
(-*-: K+ influx; --O-: K+ concentration of roots). Uptake
media contained 0.5 mM CaCL2, 0.05 mM KCI, plus approximately
0.05 ,uCi of U"Rb.
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FIG. 4. Changes in K+ influx values and KS concentration of

'high-salt' barley roots grown in 1 mM KCI plus 0.5 mm CaSO,
(changed daily) after transfer to 0.5 mM CaSO&. (-*-: K+
influx; -0-: K+ concentration of roots). Uptake media con-
tained 0.5 mM CaCl, 0.05 mM KCI, plus approximately 0.05 /ACi
of URb.

grown in 1 mm KCI (changed daily) to CaSO, solution. [K+],
declined from 38 to 24 ,&moles g fresh weight' (37% dilution)
and oc increased from 0.4 to 1.7 jtmoles g fresh weight-'
hr', an increase rate of 0.05 ,.moles g fresh weight-' hr-2.

These experiments establish that the initial K+ influx rates
in barley may vary considerably according to the previous
nutrient conditions under which roots have been grown. After
transfer to K+-free solutions, influx rates may increase slowly
or quite dramatically depending upon the nutrient status of
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the roots in relation to K+. The dilution of [K+], in the various
tissues shown in Figures 2, 3, and 4 (31-37%) is remarkably
similar despite wide differences in initial K+ concentrations.
This dilution could be achieved by root growth, by trans-
location to the shoot and/or by efflux. Growth measurements
over this period showed that roots increased their fresh weight
at the rate of 0.2 day-'. The lowest dilution (31%) for the
data of Figure 3 would require a growth rate of 0.4 day-1
to account for this dilution solely on the basis of root growth.
it is, therefore, likely that translocation to the shoot or efflux
or both make some contribution to the observed decline of
K+ concentration.

In order to be certain that the increased influx values ob-
served after transfer to CaSO, solution was not attributable
to some endogenous changes, unrelated to the transfer, oc
was measured at intervals over an 18-hr period before trans-
fer. Roots were grown in 5 mm KCI solution for 4 days, with-
out replacement, and at the time of transfer, one group of
plants was replaced in fresh 5 mm KCI solution while the other
group was placed in CaSO, solution as in the other experi-
ments. The results as shown in Figure 5 demonstrate that
influx varied only slightly over the 18 hr before transfer.
Influx values in the CaSO4-treated roots demonstrated a
rapid rise whereas rates in the KCl-treated roots declined
slightly.

In order to examine the relationship between [K+], and
/oc over a much wider range of K+ concentration, roots were
grown in KCI solutions, ranging in concentration from .05
mm to 10 mm, which were replaced daily. The results of these
experiments as well as the data from the kinetic experiments
are shown in Figure 6. The relationship between 4oc and
[K+], seems to be an exponential one similar to that observed
by Cram (3) for Cl- influx and vacuolar (Cl- + NO3-) con-
centration. The regression of boc on [K+], gave a correlation
coefficient of -0.83. This correlation was increased to -0.93
for 4oc against log [K+] and to +0.98 for 4)oc against
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FIG. 5. Changes in K+ influx values over a period of 18 hr
before and 12 after transfer of high-salt roots to 0.5 mM CaSO,
(-O-) or fresh 5 mM KCI (-A-). The arrow indicates the
time of transfer. Uptake media contained 0.5 mm CaCl, 0.05 mM
KCI, plus approximately 0.05 ,uCi of 8'Rb.

Plant7Physiol. Vol. 56, 1975 379



GLASS Plant Physiol. Vol. 56, 1975

resembles the sigmoid relationship which exists between con-
centration of allosteric inhibitor and enzyme activity in
known cases of allosteric inhibition, e.g., the relationship
between the concentration of isoleucine and the activity of

I@ threonine deaminase of E. coli (1). Furthermore the rapidity
g with which ¢boc increases after transfer to CaSO, (Figs. 2 and

4) is strongly suggestive of an immediate allosteric effect
I associated with the dilution of [K+],. Effects via derepression

u:.... of carrier synthesis would be anticipated to require much
A . longer to become evident.
.e*Nevertheless, after sufficient time has elapsed for significant

changes in [K+], to bring about derepression of carrier syn-
A thesis, de novo carrier synthesis could well contribute to the

o observed increased influx values. If this were the case, as
[K+], declined one would predict an initially slow rate of in-
crease of Ooc, because of relief of the allosteric inhibition,

A followed by a much more rapid rate of increase of 4foc as
AA carrier synthesis became activated. In the experiments de-

scribed in Figures 2, 3, and 4, there is an exponential increase
in 4oc with time. Further support for this interpretation of
these data comes from preliminary studies on the sensitivity
of high-salt barley roots to inhibitors of protein synthesis

L
2 3 4

. (cycloheximide and Actinomycin D) during the period after
1 2 3 4 transfer to CaSO4 solutions. These observations indicate that

K influx (p moles g-l hr-1) even in the absence of protein synthesis there is initially a
significant increase of boc.

Plot of K+ influx values of roots grownin various con- In studies of the regulation of K+ uptake by Lemna, Young
bof KClagainst the internal concentration of K+. The et al., (15) claimed that allosteric effects of internal K+ are
nbols employed to represent points on the plot refer to significant in the determination of K+ influx rates. Clearly
:periments. regulation of ion uptake by induction or derepression of

______________________ carrier synthesis like the regulation of biosynthetic pathways
by enzyme induction or repression is effective but relatively
slow. Rapid and fine control can be achieved by the addition
of an allosteric system of negative feedback.
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FIG. 7. Plot of K+ influx (data of Fig. 6) against the reciprocal of
internal K+ concentration squared (1 / [K+] 2).

1 / [K+]42. Figure 7 shows the plot of 4oc against 1 / [K+],2.
Similar observations have been recorded for K+ uptake and
internal K+ concentrations in Lemna (14).

In the introduction I suggested that the absorption of ions
in higher plants might be regulated by a process of induction
or repression of carrier synthesis in addition to a form of
allosteric inhibition of carrier activity. The present studies
establish that K+ influx is strongly correlated with internal K+
concentration. The plot of oc against [K+], (Fig. 6) strongly
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