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In studyiing the salt relations of l)lants, particular
importance attaches to sodliulmi chlori(le. the pre-
dominant salt of the oceans and as well the main
salt of the earth, in the arid and semi-arid regions
of the world. The sharp distinctioins plants make
in regar(l to the absorption anld translocation of
sodiulm and )potassitim. anid of chloride and other
anliolns, p)resent problemls of inltrinsic interest in cell-
ular physiology. Furthermore, research into these
problemis is of vital imiiportance becatuse irrigation
agriculture in the arid anid semiii-arid regions of the
world represents the greatest sinigle potential for in-
creasinig the world's foodl sul)l)ly in the near fututre,
an(l the cell-physiological meclhaniismiis governillg the
salt relations of plants miiust be investigate(l if plant
nuttritional lproblenms posed by salinity are to be solve(l.

In previous experimiienits, the kilnetics of Cl ab-
sorption by excised barley roots have been examined
(4). \Vhen the external colncentration wvas varied
froml 0.005; nim Cl (0.18 ppim) to 50 nim 1800plpm).
at least 2 absorption mechanismiis were shown to
exist. One of these, mechanism 1, has a high affinity
for Cl ( Michaelis constant Km = 0.014 mmv ) and
operates at essentially the maximal theoretical rate at
an external concentration of 0.1 mlvi. At higher conl-
cenitrationls, ulp to (50 inim, alnother mzeclhaniism com-les
inlto play wvhich itself is Inot homogenleous (4). In
wheat roots, also, the mleclbaniismi of Cl absorption is
heterogelneous (1). In the present work the high-
affinity mechanismii 1 has been investigate(l in respect
to kinietics, selectivity, aln(d the role of metabolism.

Materials and Methods

Seeds of barley, Hordeunm vulgare, var. Arivat,
were germinated and seedlings grown as described
earlier (6). Root samples (0.50 g fr wt) were pre-
pared and short-ternm absorption experiments per-
formiiedl as before (4, 8). Exxperimental solutions
colitaine(l KCI or NaCl(, the chloride being labeled
with Cl:'" (Cl*). In a(lditioni, the experimental solu-
tions ustually containiedI 0.5 iliM CaSO4 (6). Excep-
tionis are menltionied in conniection with certain ex-
l)eriments. The volunmes of the experimental solu-
tions rangedl from 2000 ml for the lowest Cl conceni-
trations use(d (0.005 min ) to 250 ml for the highest
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(0.2 mNt). The volumes were such that the decline
in the concentrationl of Cl of the experimental solni-
tions, due to withdrawal by the roots, did not exceed
2.5 % of the initial concentration. Except as noted,
the temperature was 30' and the pH (unbuffered) o.6
± 0.2. For adjtustmiient of the pH. H.,SO was usedl.
Stock solutions of inhibitors were a(ljusted to the
samiie pH before tise.

At the en(d of the absorptionl perio(l (20 miil ex-
cept in the time experiments), Cl* in the otuter space
of the tissue was remiioved bv a 30-minute exposuire
to a cold (80) soluitioni of ; mi?vf KCI, 0.5m;iiv CaS0)4
(8). Aliquots of anl aqueouts extract of the tisstie
were either I)ipetted inito counltinig culps, dlriedl, and(
couniited with a thliln-winidow gas-flow counter, or
pipetted inlto vials conitaining the scilntilPationl solutioln
given b1 Nissen and Benson (14) aln(I counited in a
Tricarb 314 liquid scintillationi sl)ectrometer. The
2 proceduires gave idcentical results. Calculationls of
amotunits of Cl absorbed were based on1 measuremilenits
of the radioactivity of aliquiots of the exlerimenltal
solutionls done in the samiie manniier as those of the
tissule extracts.

Experimental Results

7Ti,ie Cour)sc aid Rate-s of Absorptioii. Figure 1
shows the results of anl experiment in which absorp-
tioni of Cl from a 0.10l)mm so&lutioln of KCl was fol-
lowed as a funiiction of time. Absorption procee(ls
at a constan,t rate from zero time, the regressioni ex-
trapolating to zero absorption at zero timiie. After
60 minutes, 1 set of root samples was rinsed for 1
minute and then transferred to a second solution.
The rinsing and second solutions, both at 300, were
i(lentical in chemical composition with the solution
in which the samples were kept before, but the Cl
was unlabeled. At intervals, saml)les were removed
and rinsed with water to discontiniue the experimental
period. Only a very slight fractioni of the previously
absorbed labeled Cl wvas lost to the unlabeled solutiotl
in the second perio(d (open symbols), while Cl conl-
tiniue(l to be absorbed (solid symbols for the 60-120
min period).

Simlilar results were obtained with NaCl instea(l
of KCl, except that the actual rate of Cl absorption
from NaCl is about 5I0 % higher thani it is with KCl.
In these experiments CaSO4 was present at a coni-
centration of 0.5 milM. Omitting the Ca salt lowers
the rate of absorption (cf. fig 2), but in this case,
also, absorption is a linear functioni of time for at
least 60 minutes.
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FIG. 1. Absorption of Cl from 0.10 mar KCl, 0.5 mM CaSO , as a function of time, and the effect of transfer-
ring the tissue to a chemically identical solution in which the Cl was unlabeled. Temperature, 300 throughout.
Solid symbols, tissue in solution of labeled Cl; open symbols, tissue in unilabeled solutioni. "Cl absorbed" refers to
labeled Cl.

FIG. 2. Rate of absorption of Cl from 0.05 mrI KCI as a funictionl of the concentratioln of CaSO4
FIG. 3. Rate of absorption of Cl from 0.05 nma KCI

pH adjusted with H.,SO.

Tlhe Effects of Ca antdt of pH. Figure 2 slhows
the effect of increasing concentrations of CaSO4
on the rate of Cl absorption from 0.05 mm KCl. On
the basis of this and other experiments (also cf.
refs. 6,16) 0.5 mM CaSO, was routinely included in
experimental solutioins except where the effect of
omitting it was being studied. The effect of varying
the pH is shown in figure 3. With Ca included at
0.5 mm, there is little effect between pH 5.6 and 4.0,
but at lower pH values rates of Cl absorption are

(liminished. In the absence of Ca. the rate of ab-
sorption shows a maximum at pH 4.0. The concen-

tration of KCl was 0.05 mM.
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as a function of pH and the effect of Ca (0.5 nmr CaSO4).

The Effects of the ConiceittaItioni of Cl an(d of
Other Aitionts. \When the concenltration of KCI is
varied over the range 0.005) to 0.20 nimij. the rate of
absorption is found to be a funiction of the external
concentration of Cl according to Michaelis-Menteln
kinetics (fig 4). The Michaelis constant. Km. for
Cl absorption in the presence of 0.5 mM CaSO4 was

0.013 mm. Omission of Ca has the effect of greatly
lowering the apparent affinity of the transport ine-
chanism for Cl, the Miclhaelis constant being 0.046
mM in the absence of Ca. The calculated theoretical
maximum rate of absorption, Vmax, is nearly the
same in both cases. Verv similar restults are obtained

0.20

Cl,mM Cl,mM

FIG. 4. Rate of absorption of Cl as a function of the concentration of KCI, with and without 0.5 mM CaSOV
The lines are plots of the Michaelis-Menten equation, with the followinlg parameters; +Ca, Kn, = 0.013 ma.

Vmax = 4.6 AXmole/g per lir; -- Ca, K, = 0.046 mm max = 4.0 umole/g per hr. The lyarameters were
calculated by the least square method from Lineweaver-Burk plots of the data.

FIG. 5. Rate of absorption of Cl as a function of the concentration of KCI, and the effect of 1.0( mm KBr, KI, and
NaF, respectively. Concentration of CaSOI, 0.5 mm. The lines are plots of the Michaelis-Menteni equation, with
the following parameters: Control, + I, and + F, K:, = 0.014 mm, Vmax -- 4.7 /Amole/g per hr; + Br, K. =

0.036 mM, Vmax = 4.7 /Smole/g per hr. The parameters were calculated by the least square method from Lineweaver-
Burk plots of the data.
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with the Na salt, except that actual rates of Cl al-
sorj)tion are consisteIltly higiler ly about 50 % in
that case, as noted above.

The effects of other halide iolns onl the al)sorption
of Cl were examiined in several experimiients. Figulre
5; shows the results of an experimient in wvhich the
rate of absorption of Cl was sttudied over the 0.005
to 0.20 Illm range of conicentrationis of KCI, in the
absence of other halides and in the presenice of 1.0
mm F, Br, and I, respectively. (The actual con-
centration of the F ionl mutst have been lower, be-
cauise of the presence of Ca, but was in anx case well
in excess of the low conicenitrationls of Cl in the ex-
perimenit.) These halides were also offered as the
potassium salts except F which was added as NaF.
The linles are plots of the Michae'is-Meilten equation.
The con)stanits, Vm.MX anid Kn6, were calculated by the
least square miietho(d fromii Lineweaver- Burk (double-
reciprocal) plots of the (lata. For the upper line, the
values tlse(l for this calctulationi were the mleanls of
the conitrol, pltus F, anid l)lus I values. The MXichaelis
conistant, K,,,, for Cl absorption was 0.014 m\, and(
the inhibitor conistant, Kj, for Br was 0.036, suggest-
ing that the Cl-Br transportinig sites have an affinity
for Cl about 2.5 times higher thani their affinity for
Br. The calculated mlaximal velocity, Vo,.ax, of Cl
absorption was identical in the presence and( absence
of Br (4.7 jumole/g per hr), evidence that the inhi-
bition ly Br is strictly competitive.

In striking contrast, F ancd I had no effect. This
heldl eveni at the lowest Cl concentrationi uised, 0.005
1imza, where the concentratioln of the added halides ex-
ceeded the Cl concentrationi by a factor of 200.

The indifference of this mechanism of Cl absorp-
tioln to F and I ionls is fturther brought ouit in the
results of anl experimienit shown in tal)le I. The rate

Table I. Effects of Other Halides oit the Rate of
Absorption of Chloridle by E.rcised Barlev' Roots
The concentration of Cl was 0.05 mar

Rate of Cl absorption, namole/g per hr

Added halide

None
'r

1:
P,r

Conc of added halide, M
0 10-6 10- 10-4

3.87
3.70 4.14 3.45
3.52 3.87 4.03
3.73 3.58 2.05

of absorptioni of Cl fromii a 0.05 mim soltution was re-

(Itce(l to 11.6 % of the conitrol by 1.0m-) 1lr, but
1F' anid I were witlhouit significant effect at aly conl-
centrationl tested.

The Role of AMetabolism. Lowering the tempera-
ture drastically decreases the rate of Cl absorption, as

shown in table II. The concentration of KCI was

0.05 mm in this experiment. The data were plotted
and estimates of the Q,o made on the basis of the

Table II. Effect of 7emiiperature ott the Rate of Absorp-
tiont of Chloride by Excised Barley Roots

Temperature, degrees
6.8 1 1.5 25.3 30.4 40.3

Rate of Cl absorption,
,umole/g; per hr 0.24 0.77 3.06 4.19 4.62
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plot. Betweeln 100 anid 200, the Qc,, was 3.3, an(l
between 200 andc 30 it was 2.1.

That absorption of Cl is metabolically medliate(d is
fturther brought out in figure 6 showing the effects
of several inhibitors on1 absorption of Cl from 0(45
mNM KCI. At conicentrationis of 10- m anld higher,
all inhibitors with the exception of NaF cauised large
reduictions ill Cl absorption.

Discussion

As is the case with absorption of K (7), absorp-
tion of Cl by barley roots proceeds via at least 2
mechanismus (4). One of these operates at nearly
the maximal rate at anl externial Cl conicelntration of
0.1 to 0.2 nmisA. The secolid miechaniismii (loes nlot comile
into effect except at much higher conicentrations, 0.5
iim and above (4). WVhen experimnenits include only
the high range of concentrationls, the observed rates
of absorption rel)resent the stums of the rates of 2
or more transport mleclhaniismiis. Effects of various
agenits on absorption are blurred, tin(ler these cond(li-
tions, because the several mechaniisms do not neces-
sarily respond in the samiie way to a given agent. An
examllple drawn from experim,lents on K absorption
will illustrate this point.

It used to be thou-ght that the rate of absorption
of K is higher whlen the rapidly absorbed Cl ion is
the counterion than with the muchi mlore slowly ah-
sorbed SO4 as the couniterioin (10). These con-
clusions were based oIn experiments done at relatively
high concentrations. From recent experiments (7)
it is clear, however, that the high-affinity mechanism
1 of K absorption is entirely indifferent to the anion
being Cl or SO,. On the other hand. mechanism 2
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of K transport, which operates at concentrations
of about 1 mm and higher, is almost totally inhibited
with SO4 instead of Cl as the anion (7). This a!l-
or-nothing response to the anion became averaged
out, in the earlier experiments done at high concen-
trations only and without regard to the heterogeneity
of the absorption process, resulting in the conclusion
of a merely moderate, quantitative difference between
rates of K absorption from KCl and K,SO4. re-
spectively. This experience drives home the point
that in experiments on ion absorption, the existence
of more than one mechanism of absorption of a given
ionic species must be recognized and steps be taken
to analyze separately the effects of various experi-
mental agents on each.

In the present investigation, the absorption of Cl
was studied in experiments in which the Cl concen-
tration never exceeded 0.20 mM, so that mechanism
1 only was operative. Not till the Cl concentration
is raised to about 0.5-1.0 mm does the rate of Cl
absorption rise above the level attained at 0.1-0.2 mM,
evidence that mechanism 2 is beginning to make a
contribution to the total observed uptake.

At all concentrations tested, the rate of absorption
is constant from zero time for 60 minutes. Internal
concentrations of Cl reach values greatly in excess
of the external concentration. If it is assumed that
the Cl absorbed by 1 g barley roots is in solution in
1 ml water, the accumulation ratio (the internal
concentration divided by the external one) achieved
in the experiment shown in figure 1 was 53 at the
end of 60 minutes. This experiment was done at
0.10 mm Cl, at which concentration the rate of ab-
sorption is maximal. At lower concentrations, much
higher accumulation ratios are obtained. For ex-
ample, at 0.005 mm Cl. the accumulation ratio reaches
a value of about 240 in 1 hour (figs 4, 5).

The failure of previous'y absorbed labeled Cl
to be lost when unlabeled Cl is substituted for labeled
Cl in the solution shows that Cl transport is essen-
tially unidirectional under these conditions (open
symbols of fig 1). The very slight loss observed
may have occurred from the xylem, via the cut
end. Even when the tissue is much more severely
preloaded with Cl than was the case in this experi-
ment, subsequent isotopic exchange is very slight.
For example, tissue absorbed Cl from 0.2 mM KCl,
0.5 mM CaSO4 for 3 hours in an experiment similar
to that shown in figure 1. At that point it had ab-
sorbed 11.0 Mmoles Cl, and the rate of absorption was
declining. Upon transfer to a chemically identical
but unlabeled solution at the same temperature (30°)
it lost 6.8 % of the labeled Cl during the first 90
minutes after the transfer, andl there was no further
loss dturing the remainder of the 180-minute desorp-
tion period.

In response to increasing concenitrations of CaSO,
the rate of Cl absorption rises to a maximum at 0.2
mM CaSO4 (fig 2). In this experiment, the con-
centration of CaSO4 was increased up to 10 mm
(not shown in fig 2), without any further effect

on the rate of absorption of Cl (cf. 4). Absorption
in the presence of Ca should be looked upon as the
normal, physiological condition (cf. 6,16). The
lower rates of absorption when Ca is omitted or pre-
sent at low concentrations are a reflection of im-
pairment of the transport mechanism due to inade-
quate concentrations of Ca. Addition of Mg in-
stead of Ca had a similar effect, although in pre-
vious work Mg did not substitute for Ca as an
agent which maintains the normal operation of mem-
brane transport (6).

The experiment shown in figure 3 shows the
importance of Ca in rendering the mechanism of Cl
absorption relatively indifferent to the external pH.
This function of Ca has been described in relation
to the absorption of cations (9, 12, 16), and the more
general conclusion has been drawn that the presence
of Ca in the external solution is esssential for selec-
tive cation transport (6, 16). The evidence of figure
3 shows Ca to be equally significant in anion absorp-
tion, specifically, in stabilizing the mechanism of the
absorption of Cl against changes in external pH.

The experiments presented in figure 5 and table
I demonstrate that the halide transport mechanism
1 under discussion here is highly specific for Cl and
Br ions. Competition between Cl and Br in a com-
mon transport mechanism has been shown before (1,
3, 5, 11). Of greater interest, however, is the failure
of F and I ions to influence the rate of Cl absorp-
tion, because it reveals the high degree of selectivity
of this transport mechanism for Cl and Br ions.
The mechanism is shown to have extremely low
affinity for F and I ions.

This conclusion is in complete accord with recent
work by Venkateswarlu et al. (17) on absorption of
Cl and F by barley roots. They found in experiments
in which the initial external concentration of these
ions varied from 0.01 to lmM that absorption of Cl
was metabolically mediated and high accumulation
ratios were achieved. In striking contrast, F was
not metabolically accumulated, and what little F
uptake occurred was solely by diffusion into the outer
space of the tissue. Others have also observed that
from dilute solutions, Gramineae take up very little
F (15) and I (1).

The results of the present work, together with
those just mentioned, all lead to the conclusion that
the mechanism which effects the absorption of Cl
and Br from dilute solutions (1 mm and less) has
very little affinity for F and I; it does not transport
these ions, nor is its operation when transporting Cl
or Br influenced by them. In experiments on the
essential role of Cl in plant nutrition it has also been
found that Br acts as a metabolic analog of Cl, within
limits, while neither I nor F can substitute to any
extent (2, 13).

The results shown in table II and figure 6 show
that absorption of Cl is metabolically mediated. This
is not surprising in view of the fact that Cl and Br
ions were extensively used in the classical investiga-
tions of Hoagland (10) and others which led to the
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recognition that ionl absorption 1y) plallt cells is a
mletabolic process. The results are inicludled here
mainly because at the concetntrationi of Cl used in
the present experiments (0.05; mmt), the effects of
the inhibitors on only mechanismii 1 of Cl transport are
shown, unobscured by their possibly quite different
effects on the mechanism which becomes effective
at higher concentrations of Cl (4). The results
concerning the effect of F obtained in this experi-
ment parallel those of the ex)eriment shownii in table
I.

Summary

Absorption of Cl by excised roots of barley,
Hordeum vulgare, var. Arivat, was a strictly linear
function of time for at least 60 minutes. In the
absence of Ca, the rate of Cl absorption w-as lower
than in the presence of Ca at 0.5 mm-, anld more
greatly influenced by the pH of the solution. Trans-
port of Cl is essentially unlidirectionial (inw-ard).

Over the concentrationi ralnge 0.005) to 0.20 mism
Cl, the rate of absorption of Cl followed Michaelis-
Menten kinetics with a Michaelis constant of 0.013
mist in the presence, and 0.046 mist in the absence of
Ca. In all other experiments, Ca was routinely in-
cluded in the experimental solutions at 0.5 mm.

Absorption of Cl was colmipetitively inhibited by
Br; the inhibitor constant, Ki, for Br 0.036 mMI.
The 2 other halides, F and I, were tested at concen-

trations ranging from 10- to 10-3 s\t and found to be
without effect on the rate of Cl absorption.

In the presence of 2, 4-dinitrophenol, KCN, Na-
azide, Na-arsenate, and Na-amytal, absorption of Cl
was inhibited. Low temperatuires also reduiced the
rate of absorption.

The results are discusse(d with sl)ecial reference to
the high selectivity of the miiechaniism for transport
of Cl and Br vis-A-vis F an(d I ioIns.
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