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Ioni uptake as a funiction of external concentra-
tion hlas generally been found to follow a hyperbolic
relationship resembling the Freundlich or Langmuir
adsorption isotherms in which uptake relative to
concentrationldecreases as the external concentra-
tion rises (3). Deviations fromii this general rule
can be causecl by a variety of circunmstances ancl range
from a reported independence of concentration over
a wide range for ioIn uptake by rye plants ( 10) to
a (lirect proportionality to concentration for uptake
of several ions 1y Clhlorella (7). A unique anonmaly
in whiclh chloride uptake by potato disks at 00, re-
senmbled an exponential function of concentration was
b)rieflv noted b1 Laties (8) and lhas now been further
investigated.

Materials and Methods

The proce(lure followedl wvas essentially that pre-
viously outlined in greater detail (9). Potato (So-
lanninii ttbeorosumiii L.) tubers usecl wtere of the Russet
Burbaank variety ancl one tuber genierally yielded a
sufficient niumlber of (lisks (about 600) 1.0 mm1111 thick
andl 9 iiimii in dliameter for any one experiment. The
(lisks were used eitlher freslh, i.e. after 20 miiinutes
washing in running (listilled wN-ater, or after having
been agedI for 24 hours. Aginlg was carriecl out in
a liter Erlenmieyer flask conitaining 150 nil of 0.1 mlt
CaSO, solution and 10 g of tissue, but nearly all the
experinments reporte(l here wvere repeated with disks
aged in (listilledi water, and identical results were ob-
tained. During aging the flasks were rotated on a
New Brunswick Gv-rotorv shaker at rooml tempera-
ture.

A series of solutions covering a ranige froml 1 mri
to 100 nmMt was prepared by (lilutioni froml a stock
solutioni. BIefore making up to volunme a suitable
amlouint of radioactive isotope w\vas added to eaclh
solution, and(1 the pH a(ljusted to 6.0 wvith the hydrox-
idle of the cation undler study. The solutions as usedl
contailled betwveen 10 and 20 iImlc/Imil. C136 Was
suppliele by Oak Ridge as 1.92 N HCl with a specific
activity of 0.520 mIc/g Cl. The amiount of chloride
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acldecl vith the isotope was taken accounit of in pre-
paring eachi solution. At the 1 ni-m concenitration
for instance, the Cl (leriving fromii the ra(lioactive
solution wvas imore thaln half the total Cl present.
C136 uptake was followed fromii solutions of KCl,
NaCI. andI CaCl. The mlolar concentrationi of the
CaCl2 solutionls w,vas lhalf that of the univalent solu-
tions so that the amiiount of Cl suppliedl witlh eacl
salt wN-as the same.

Cl13 uptake wvas followed as (lescribedl earlier.
At the end( of a 3 hour absorption perio(d the clisks
wN-ere given a 10 nminute xwash -xvith distillel vater,
thus ensurinig the removal of all free space salt (9).
The dlisks x-ere theni (lried on pllanchets an(l their
activity dleterminee xx-ith a gas-flow \[icromil xvindow
(letector (Nuclear Clicago). Correctioni was made
for self absorption vhich w\as ap)proximately 20<(,.

Results

The uptake of C136 by agedl tissue fromii KCl solui-
tions containing fromii 5 to 100 mmlllole Cl,'1 vas fol-
loxved at 300 and proved to be a, hyperbolic funlctioni
of concenitration reflecting the classical relatiOonship
of uptake to external conicelntrationi (fig 1). On the
otlher halni(d xvtith fresh tissue uptake at 300 more
closely resemiibled an exponential folloxved by a linear
funiction of concentrationi, and at 00 xvith both freslh
ain(I age(l tissue the absorption isotlhernm as (listinctly
concave (fig 1) at the loxver concentrations. Since
the exponenitial effect xvas mlost p)rominently mlani-
festecl at conicentrationis up to 40 mmniole liter m-ost of
the remiiaininig experimiienits x\ere carrie(l oUt with a
concenitrationi ranige froml 1 nm-m to 40 n'mr Cl.

The linear relationship betxveen external coIn-
centration ani(I Cl3 absorbed, over a part of the
absorptioln isothermii (fig 1) is not to he ascribed to
simiple dliffusive permeation of tlle free space resultilng
in passix-e e(quilibration xx-ith the external c(oncein-
tration. As stated earlier the C136 absorbe(d is that
remiiaininig after all the free space salt is remiiovedl.
After a 60 iiinute absorptionIperiodl in CaCI. at 00,
the Cl36 remiiaininig in the tissue folloving onlly liglht
blotting xvithout any xvtasling is shown in figure 2,
and this linear relationship betveen external coni-
centration an(l total uptake is conltrastedl in tlle samiie
figure xvith the Cl36 remiiaininig in tlle tissuie folloxving
Washimng.

Figure 3 illustraites the absorption isotlhernm fur
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FIG. 1. C136 absorption from KC[
a function of concentration. Left. S
and aged disks at 0°. Right. Absor
aged disks at 300.

Cl36 from different salt solutions
uptake pattern is obtained with bo
tissue from KCl and NaCl but a sig
pattern holds for C136 uptake from C
tissue in CaCl, the isotherm is m
bolic, and with aged tissue the cl
relation to concentration is manife
ence in uptake pattern was maintail
whether the tissue was aged in dis
mM CaSO4. The difference in (
therms over an extended range of
KCl and CaCl2 is shown in figure

The exponential character of th
is not peculiar to a particular aspec
instance the initial rapid phase. T
strated by plotting the C136 values
minutes absorption and 24 hours a
Apart from a difference in scale (i
tally that the absorption rate is not
24 hour period) the absorption isotl
and this is equally true of meast
intermediate time intervals.

Figure 6 demonstrates that th
of Cl36 uptake from KC136 by bol
tissue at 00 can be altered by add
KC136 solutions such that the K-
maintained at the same level (40 m?
the entire range of chloride conce
lower concentrations this additiona
Cl36 uptake tenfold, e.g. 1 g fresh tis
,uimole C136 from mat KCl in 3 hou
Cl36 in the presence of 40 mm K4
tissue absorbs 0.012 umole C136 ar
in the absence and presence respecl
K+ (40 mM).

Discussion
The rate of ion absorption has commonly been

regarded as a hyperbolic function of external con-
centration and for the most part absorption experi-
ments at normal temperatures have lent credence to
this view. Uptake by aged disks at 300 (fig 1)

O° typifies this relationship which is consistent with
the hypothesis advanced by Epstein and Hagen (4),
that ion uptake is mediated by a carrier substance in

// accordance with Michaelis-Menten enzyme kinetics.
|1 ¢/Of more particular interest, however, is the ab-

sorption isotherm at 00. Two features in particular
* call for explanation viz., the concave-upward nature

of the KCl absorption isotherm (fig 1) and the effect
of Ca+ + on the Cl absorption isotherm (fig 3).

0 These isotherms are analyzed below in terms of the
physical forces acting on passive ion transport as set
out by Dainty (1).

Cl- Uptake fromii Increasing KCl Concentration.
The passive flux of any ion is determined by both the

25 50 75 mM K,:, chemical and the electrical potential gradients across
1 by potato disks as the membrane. Using the simple Goldman theory,
kbsorption by fresh the net influx, fj, of an ion j is given by
rption by fresh and -Pjzj FE/RT

1 - exp (zjFE/RT)

at o0. A concave [[Cji - [Cj'] exp (z.jFE/RT)]
ith fresh and aged where Cj° and Cj are the external and internal con-
nificantly different centrations of the ion j in mole X cm-3, E is the
,aCl2. With fresh electrical potential difference in volts between the
tore nearly hyper- inside and outside media, and z is the algebraic val-
lassical hyperbolic ency for the ion j. Pi is a permeability coefficient for
sted. The differ- the ion j as defined by equation I. F, R, and T have
ned irrespective of the usual significance.
tilled water or 0.1 The net influxes of K+ and Cl- from a KCl solu-
i1 absorption iso- tion of known molarity will therefore be
concentrations of P-K FE/RT

4. JK 1-exp (FE/RT)
e absorption curve _1
-t of uptake, as for [K0] - [Ki] exp (FE/RT) II
his can be demon- L
obtained after 30

Lbsorption (fig 5).
indicating inciden-
constant over the

herms are identical
urements taken at

ie concave pattern
th fresh and aged
ling K2SO4 to the
. concentration is
Ni K+) throughout
ntrations. At the
L1 K+ can increase
ssue absorbs 0.0012
[rs but 0.012 ,umole
+. Similarly aged
id 0.07 umole Cl3;
tively of additional

and
+ PC1 FE/RT

Cl = 1 - exp (-FE/RT)

[[Cl] -[Cli] exp (-FE/RT)] III

The electrical potential, E, appearing in the above
equations is a diffusion potential. It arises because
of the tendency for different ions to move passively
across the plasma membrane at unequal rates and
it has the effect of adjusting the rates of ion move-
ment so as to ensure that no net charge flows across
the membrane. If the major passively moving ions
are K+, Cl- and possibly HCO3-, the equation for
E on the Goldman assumption of a uniform electrical
field in the membrane assumed in the flux equations
I, II, and III, is given by

RT PK [KO] + PC1 [Cli] + PHCO3 [HC03i]
F PK [K{] + PC1 [Cl0]

IV
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FIG. 2. (upper left). Cl36 absorption by aged potato disks at 0° as a function of concentrationi showiing tlle effect
of removing the free space C136 by thorough washing as compared with light blotting.

FIG. 3 (lowcer left antd right). The effect of the counter-ion on the C136 absorption isotherm for potato disks at O0.
(lozwer left) Fresh disks, (lozcer right) Aged disks.

Fi(;. 4 (utpper right). The effect of the counter-ion on the C136 absorptioni isotherm for freslh potato disks at O'
over an extended concentratioun range.
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10 20 3C mM KCI

FIG. 5 (left). The effect of time on the C136 absorption isotherm for fresh disks at 00. 0 absorption values at 30
mins. * absorption values at 24 hours.

FIG. 6 (right). The effect of constant K+ concentration on the C136 absorption isotherm for fresh and aged disks
at 00. Closed symbols: fresh tissue. Open symbols: aged tissue. Triangles: control uptake from KC1. Circles:
uptake from KC1 solutions to which K2S04 was added to give 40 mm K+ in each treatment. In each KC1 solution
the K+ concentration was brought to 40 mM with K2SO4.

It is possible, although at present generally con-
sidered unlikely, that an actively transported ion,
e.g. K+, could contribute to the electrical potential
if the pump was a so-called electrogenic one, i.e. if
the moving ion-carrier complex was charged on one
or other of its journeys to and fro across the mem-
brane. This could be taken into account in IV by
adding another term, which in this instance would be
some function of [KJ] and the cellular metabolism,
to the numerator of the equation. The movement
of other ions could also be allowed for in the equation.
For example an outward movement of H + would
necessitate introducing a term PH[Hi] in the denomi-
nator. In the following discussion we shall for the
most part use equation IV as written, but these other
possible amendments will be kept in mind.

Equation IV can be used to determine E at any
given external concentration of KCI if the internal
concentrations are known. Hence the net influxes of
K+ and C1- can be calculated from equations II and
III if reasonable assumptions are made about the

relative values of the permeability coefficients and the
internal concentrations. [Ki] for potato tuber tissue
may be taken as 50 mm and it can be assumed that
there is little or no Cl- or HC03- diffusing outwards
from the protoplasm. On this basis and making the
further assumption that PK = 2 PC1 the diffusion
potential (E) across the plasma membrane can be
calculated for a concentration range extending from 1
mM KCI to 40 mm KC1 (table Ia) and for the same
range of Cl- concentrations but with K+ constant
at 40 mm (table Ib). Using these values for E the
passive Cl- fluxes (or strictly JC1/Pcl) in the pres-
ence of these solutions can be calculated from equa-
tion III and are shown in shadow in figure 7a. The
observed Cl- uptake values by fresh tissue at 0° from
these solutions (i.e. the values in fig 6) are shown
in bold face in figure 7a. A substantial similarity
can be observed between the experimental and cal-
culated patterns of uptake. Equation III of course
refers to net influx while the uptake values reported
are for total influx but in- this instance these can be
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Fi(;. 7. A comparison betwreen the observed uptake of Cl- by fresh and aged tissue at 0° and the calculatedl passive
iniflux of Cl-. The experimental values are sho}wn in bold face type. The calculated values are shown ill shadlow. (a)
left. Observed values for fresh tissue. Theoretical values as calculated in tables la anid lb. (b) rl.qi/1t. Ob}served
values for ag-ecl tissue. Theoretical values as calculated in tables Ic aiid Id.

regar(lecl as net influix values since we are assum-
ing no internial chloride.

The Cl- absorption isothermiis for aged disks
uni(ler the same conditions are shonll in bold face in
figure 7b (again the data from fig 6). The isotherms
for agedl tissue (liffer froml freslh tissue in that the
control isotherm is rather less concave and(I the con-
stant K+ isotherm slightly more consvex. The cal-
culatedl curves can be modified in order to approxi-
nmate mlore closely to the experimlental curves for
aged tissue by assuming either an increased pernme-
ability to Cl- or some small contribution to the (liffu-
sion potential from outwardlly nmoving Cl- or
HCO -. Calculated isothermlis for influx ( not net
influx in this case) assuming PK = 0.i Pc1 anI [LCli]

1 in-. are shoxvn in shadow in figure 71) (the
values are given in tables Ic and Id) and goodl agree-
mlent between observed and( calculated patterns of up-
take is obtained on this basis.

It is not unreasonable to assumie an increase in
IP(, with aging and in any event any justifiable modi-
fications to the calculated values would leave unaltered
the basic similarity between the calculated and ob-
served curves. The significance of this conformity
is simply this: increasing the external KCI concen-
tration decreases the absolute value of the potential
difference across the plasma menmbrane (tables Ia and

Ic') [altlhoughI theoreticallvy derivedl lere this decrease
in potential has been experimentallv proven (5 ) and
this (lecrease in electrical potential x-itlh incr-easing
chenmical potential mleanis that the real dlrivin-g force
On chloridle increases more rapidly tlhani the externial
colncenitrationi, henice tlhe concave-ul)war(l curve.
Since the observed curve folloNxxs the theoretical pre-
diction we suggest that the uptake of chlori(le is rate-
controllecl, in these conditions. by passive movement
across the plasmiia memlbranie.

C/l- &tpt(kc fri-om Coistantt K + Soliitioiis. The
net influxes of Cl- froom solutions of increasing Cl--
concentration but conistanit KE (at 40 mrm) can he
calculated by the samle mletlhod andl the values sl)own
in tables Tb anld Id obtained. In tlis situationi the
potential (lifferenice across the membrane gets somiie-

hlat mlore negative anid thus the inward (lriving
force on Cl- increases more slow\ly than the external
concenitration. But the change in electrical 1soten-
tial over the concelntratioln range i small (< 10 ImyV
in table Jb) and therefore the departure fromii linearity
in the Cl- influx curve is slight (fig 7a). The in-
creasecl convexity of the calculatecl constanit K +
isothermii for aged tissue (fig 7b) is (lue to a sonme-
what larger increase in negative potential (table Id).
Both the prediction of a slightly hvperbolic curve
wvith constanit K+ ani(l the observed correspon(lence
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Table I
Theoretical Values of the Electrical Potenttial (E) and Cl- Fluix (JCIP/Pc) iit Varyiizg Concentrationis of KCI

Table Ia, calculation at varying external [KCl] of E from equation IV and JC1/PC1 from equation III assuming
[KiJ = 50 mms, [Cli] = 0 mM, [HCO3s] = 0 mM, and PK = 2 PC1. Table Ib, as Ia but [K] = 40 mM through-
out. Table Ic, as Ia but [Cl,] = 1 mM and PK 0.5 Pc1. Table Id, as Ic but [Kj] = 40 mM throughout.

Table Ia Table Ib
mm KCl FE/RT Emv J'CI/ mmClO FEIRT Emv X 106conc x 106 conc X 106

1.0 -3.92 -92.1 0.08 1.0 0.23 - 5.48 0.90
2.5 -3.02 - 71.0 0.29 2.5 ,0.25 - 5.83 2.26
5.0 -2.35 -55.2 1.24 5.0 -0.27 - 6.39 4.52
7.5 -1.97 -46.3 2L39 7.5 -0.30 - 6.96 6.46

10.0 -1.71 -40.2 3.79 10.0 -0.32 - 7.50 8.43
15.0 -1.34 -31.5 7.05 15.0 -0.36 - 8.53 12.48
20.0 -1.10 -25,.9 10.98 20.0 -0.41 - 9.52 16.10
40.0 -0.56 - 13.2 30.00 40.0 -0.56 -13.20 30.00

Table Ic Table Id
mm KCI FEIRT Emv JCm/Pmm Cl- FEIRT Emv 106

conc x 106r conc X 106

1.0 -2.85 -67.0 0.17 1.0 -0.21 - 5.03 0.89
2.5 -2.50 -58.8 0.54 2.5 -0.27 - 6.32 2.16
5.0 -2.15 -50.5 1.42 5.0 -0.36 - 8.39 4.17
7.5 _ 1.92 -45.1 2.47 7.5 -0.44 -10.27 5.99

10.0 -1.76 -41.4 3.65 10.0 -0.51 -12.01 7.68
15.0 - 1.55 -36.4 6.27 15.0 -0.63 -14.71 10.82
20.0 -1.41 -33.1 9.11 20.0 -0.76 -17.95 13.32
40.0 -1.13 -26.6 21.56 40.0 -1.13 -26.56 21.56

to the theoretical line confirm the basic soundness of
analyzing the data on electrochemical principles.

The Effect of Ca"+ on the Cl- Absorption Iso-
thermii. In figure 3 the Cl- uptake curve from CaCl2
is shown to differ fundamentally from that from KCI
or NaCl. Whereas with the univalent salts the C1-
absorption isotherm is concave-upward, with Ca+ +
as the counter-ion the isotherm is convex-upward
particularly with aged tissue. This change in shape
can be accounted for if, with increasing external con-
centration of CaCl2, the potential difference becomes
more negative, i.e. the absolute value of the potential
difference increases, so that, the overall driving force
on Cl- increases more slowly than the external con-
centration. Such a situation would be similar to the

Table II
Theoretical Valuies of the Electrical Potential (E) and
Cl- Flux (JC1/PC0) in Varying Contcentrationts of CaCl,

Calculation at varying external [CaC12] of E from
equation IV and JC1/PC1 from equation V assuming
[K.] = 50 mM; [Cli = 1 mM; PK = 0-1 PC1 and
2 PCa = 0.01 Pei,

CaCI2 FE/RT Emv JCI/PCI X 106
mm
1.0 -1.78 -41.83 0.36
2.5 -1.99 -46.84 0.79
5.0 -2.26 -53.08 1.32
7.5 - 2.46 -57.76 1.73

10.0 -2.62 -61.50 2.06
15.0 -2.87 -67.33 2.60
20.0 -3.04 -71.44 3.05
40.0 -3.48 - 81.78 4.42

conditions obtaining under constant K+ only the in-
crease in negative potential would have to be more
substantial to account for the distinctly convex-up-
ward shape found experimentally. There is, how-
ever, good experimental evidence to support the
view that with increasing concentrations of CaCl2
(in contradistinction to KCI or NaCI) the potential
becomes more negative (Higinbotham, Etherton, aind
Foster, personal communication). MAoreover this
situation can be reasoned to from a theoretical con-
sideration of the factors involved.

With CaCl2 outside and K+, Cl-, and HCO,-
inside the membrane the equation for the electrical
potential is derived from the following quadratic:
if x = exp (FE/RT) then

+2PX[IPci[Cli]± +PHCO[HCO03]]
L PK [Kj] + PC, [CIO]

4PCa[Cao] + PCI [C1i] + PHCO3 [HC03i] V
PK [Kj] + PC1 [ClO]

Ignoring the [HCO3-] term (which may actually be
more important than the [CIj-] term but doesn't
affect the argument at this level), it can be shown
that the condition for getting a more negative poten-
tial (i.e. a decreasing x) as CaCl2 increases is that

2Pca Pcl [Cli] VI
PC1 KP [K1]

This condition can be achieved either by having PCa
<<< Pcl or by the Ca+ + so affecting the mem-
brane as to make PK for the outgoing K+ very much
reduced, or by a combination of both. This latter
assumption is not altogether unreasonable as there
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is evidence in muscle (6) that the outw ard PK can be
very small.

E has been calculated for a range of external
CaCl2 concentrations assuming [Cli] 1 mm, [Ki]
= 50 mM, PK = 0.1 PC1 and 2 PCa = 0.01 PC,.
On calculating the influx of Cl- fronm these values
(table II) the passive influx of Cl- is found to be as
shown in figure 8. It can be concludledl therefore that
the apparently aberrant character of the Cl- absorp-
tion isotherm from CaCl2 is in agreement with what
might reasonably be predicted and once more sug-
gests passive influx.

The higher Cl- uptake from CaCl. compared
with KCI at low concentrations is less easily ex-

plained. Since very little Ca+ + should enter the cell
it cannot be thought of as accompanying Ca+ + influx.
It may be that Ca"+ facilitates the exchange of C1-
with anions, possibly HCO3-, in the protoplasm. In
this connection Elgabaly (2) showed that uptake of
Cl- by roots of 4 species investigated was invari-
ably higher from CaCl2 (1 meq Cl-/liter) than from
NaCl.

Cl- Fluxes and Permneability Coefficients. Tak-
ing the average cell diameter to be 100 , the Cl-
uptake values can be expressed as fluxes. Flux values
ranging from 0.02 X 10-14 mole X cm-2 X sec-1
in 1 mm KCI to 7.0 X 10-14 in 40 ni'i KCI with fresh
tissue at 0°, and corresponding values of 0.2 and 28.0
for aged tissue are then obtained. Taking the Jcl/Pcl
values derived from equation III on the assumption
that PK = 2 Pcl (table Ia) a value for PC1 0.24

X 10-8 cm X sec-1 is obtained for fresh tissue and
about 10 times this value for aged tissue.

4

E
3

0

E

.0

0

o

i>

Fi(;. 8. Calculated passive influx of Cl1 from an in-
creasitng coincenitratioin of CaCl as derived in table II.

FIG. 9. Postulated ionic situation across cell mem-

branes. Passive movements contributing to the diffusion
potential are indicated by arrows. indicates
pumps whIich do not contribute to the potenitial.

The Role of Metabolisml in Cl- Uptake. By way

of interpreting the absorptive process at the cellular
level the different ionic movements across the cell
membranes may be envisaged as shown in figure 9.
Passive movements contributing to the diffusion po-

tential are indicated by arrows. The electrical po-

tential difference between the cell and the external
solution can be considered to be located in its entirety
across the plasma membrane since evidence by Wal-
ker (11) and Etherton and Higinbothanm (5) indi-
cates that the potential across the tonoplast is snmall.

A model situation may be envisaged in which the
rate-limiting step is across the plasma membrane.
\Vith fresh tissue at 00 about 0.2 ,tumole Cl-/g is
absorbed from 20mAi KCI over 3 hours. According
to our model this represents passive movement into
the protoplasm as determined by the electrochemiiical
potential gradient. Once in the protoplasm, how-

ever, the possibility remains that the Cl- is then
actively transported into the vacuole. In this event
transfer into the vacuole will determine the extent
of observable uptake despite the fact that movement
across the plasma membrane is rate-determining. It
is significant that followiing a period of uptake there
is no leakage from the cell on transference to dis-
tilled water. If Cl- is transported into the vacuole,

Ici,] [clI,]i

EXTERNAL

SOLUTI ON

POTENTIAL EmV EmnV

0

0

5//
a/

iI 30 I
10 20 30 mM Cl-
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transport is in proportion to movement across the
plasma membrane and it would seem that the chloride
pumps have not reached saturation at the concentra-
tions used although approaching it in the case of
aged tissue at 300. In this view while the absorp-
tion kinetics are determined by diffusive processes
the inhibitory effect of DNP on Cl- uptake at 00 (9)
can be accounted for because active transport into the
vacuole will be DNP sensitive, and therefore in the
presence of DNP movement across the tonoplast be-
comes rate-limiting.

With fresh tissue at 30° Cl- uptake is of the order
of 1.25 ,umole/g from 20 mAi KCl over 3 hours.
Under these conditions the absorption isotherm re-
mains concave again suggesting that passive ion move-
ment across the plasma membrane is still rate-
limiting. The increased uptake over that at 0°
probably results from an increase in Pcl at the higher
temperature. Aged tissue at 00 absorbs about 3
times as much Cl- as fresh tissue under the same con-
ditions (fig 1). Again this increase would be due,
on our model, to an increased permeability to Cl-.
An increased PC1 is entirely reasonable and is in fact
suggested by the experimental evidence since a closer
approximation to the absorption isotherm is obtaine(d
by assuming an increase in PC, (fig 7b). In addi-
tion there is evidence (unpublished data) that after
48 hours aging, the Cl- absorption isotherm at 00
in the presence of univalent counter-ions is convex.
This would result from a further increase in Pcl
between 24 and 48 hours. Similarly an increase in
PC, would account for the increasing convexity of the
CaCl2 isotherm between fresh and 24 hour aged tissue.

At 30° uptake by aged tissue is considerably
higher (5.5 pmole/g/3 hours) and the absorption
isotherm follows the classical hyperbolic pattern. In
this situation the plasma membrane can no longer be
rate-limiting and rate control may be located at the
tonoplast with the pumps exerting a determining
influence.

An additional factor which could contribute to the
hyperbolic character of the absorption isotherm at
300 is the increased production of organic acid in
aged tissue at higher temperatures. If organic acid
synthesis and dissociation should result in an in-
creased concentration of H+ in the cytoplasm (A-
ions having moved into the vacuole), a term PH[Hj]
must be included in the denominator of the Goldman
equation (IV) for the membrane potential and this,
the outward diffusion of H+ would tend to minimize
the change in electrical potential due to increasing
KCl concentration especially if [Hi] increased with
KCl concentration. Some evidence indicating an in-
crease in organic acid production with increasing KCl
concentration is available. This situation in which
the membrane potential remains relatively unaltered
with increasing salt concentration could provide an
alternative explanation of the lack of concavity of the
30° aged tissue absorption isotherm if penetration of
the plasma membrane were the rate-limiting step
rather than the carrier-mediated transport across the
tonoplast.

Conclusion
We have put forward in this paper a hypothesis

(or model), discussed above and summarized in
figure 9, which largely explains on the basis of well-
known physico-chemical principles backed by experi-
mental evidence, our findings on the uptake of Cl-
by potato slices. We think that this model gives a
substantially true picture of the situation although
refinements have to be and can be made. For ex-
ample the inter-connection between passive move-
ment and metabolism, both as affecting pumping activ-
ity and the production of ions such as H+ and organic
acid anions the movement of which will influence the
membrane potential and hence the fluxes of all other
ions, must be elaborated. We think it is a good hy-
pothesis in the sense that it makes a number of verifi-
able predictions. Some, for instance the effect of
constant K+ on the Cl- absorption isotherm, have
been confirmed in this paper. Others such as the
magnitude of the relative permeability coefficients
and the effect of aging, temperature, Ca, etc., on them
can be checked by further experimentation and the
hypothesis confirmed or rejected.

Summary
The influence of the counter-ion on the Cl- ab-

sorption isotherm for potato (Solanum tuberosum
L.) slices has been studied with the use of Cl36.
Whereas at 30° the Cl- absorption isotherm in KCl
for slices aged 24 hours is hyperbolic, with freshly
cut slices at this temperature and with both fresh and
aged slices at 00, Cl36 absorption resembles an ex-
ponential function of external concentration. In the
presence of CaCl2, however, the absorption isotherm
is hyperbolic under all conditions. Maintaining K+
at constant concentration (40 mM) while varying Cl-
from 1 mM to 20 mm has the effect of altering the
Cl- absorption isotherm from a concave-upwards to
a convex-upwards pattern.

These results are shown to be consistent with a
straightforward electrochemical model (or theory)
of the transport of ions across plant cell membranes.
This model is discussed in detail and particular atten-
tion is given to the assumptions inherent in the model
and to the predictions arising from it. Two predic-
tions, viz., the effect of Ca+ + and the effect of con-
stant K+ on the Cl- absorption isotherm are sub-
stantiated in this paper.
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Relationship between the Physical Nature of Mitochondrial Membranes
and Chilling Sensitivity in Plants 1, 2

James M. Lyons,3 T. A. Wheaton,4 and Harlan K. Pratt
Department of Vegetable Crops, University of California, Davis

Chillilng injury in plants-the metabolic injury
that occurs at low (0-10°) but not freezing tempera-
tures-has been treated in descriptive studlies (3, 9,
10, 11, 28), but little evidence has been (levelopedI on
the basic nature of the injury. Lieberman et al. (14)
examiiine(d the oxi(lative an(l phosphorylative activities
(at 250 ) of mitochonidria dlerivedl fromii sweet po-
tato roots whlich bad been stored at 7.5 and 15 ° .
Botlh oxidative an(d phosphorylative activities of the
mitoclhondria from roots storecl at the chilling teml-
perature (7.50) began to decline by the fifth Neek of
storage, anid the particles vvere completely inactive by
the tenth wreek, but the activity of particles fronm non-
chilled roots (150) showed little clhange during this
perio(l. In contrast, AMinamikawa et al. (19) re-
portedl that, while oxidative activity wras less in
mitoclhondlria from chilled than from nonchilledl sweet
potato roots, there -was no difference in the P/O
ratios. It is difficult to reconcile these conflicting
reports; however, in each case the highlest P,O ratio
of the control was only 1.0 to 1.5 (usilng a-ketogluta-
rate as substrate), indicating severe clamiiage to the

1 Revised manuscript received July 22, 1963.
2 Based on a portion of a dissertation submitted by

James M. Lyons to the Graduate Division, University of
California, Davis, in partial satisfaction of the require-
ments for the Ph.D. degree, 1962. This investigation
was supported in part by a researclh grant (EF-156)
from the Division of Environmental Engineering and
Food Protection, United States Public Health Service.

3 Present address: Department of Vegetable Crops,
University of California, Riverside.

4 Present address: Citrus Experiment Station, Uni-
versity of Florida, Lake Alfred.

mitochondria (luring isolation proce(dures. Shichi
and Uritani (25) worked w-ith intact tissue an(l ob-
served that sweet potato disks would( not responcl
to (linitroplheinol after the roots had been store(l for
8 to 10 (lays at 00. Furtlhermiiore, Lewis (11) found
that chilling tomato fruit tissues for a slhort timle at
0° (lecreasedl their subsequent incorpor-ation of P32
at 200, demonstrating ani effect oIf chiilling On1 P1os-
phllorvlatioIl.

Richardson and Tappel (23 > recently (lemion-
strate(l a (liffereiice in flexibilitv ot(Ifitocllonid(rial
memibraines fr-omXwarm-lWooded aninllals as colmipar-edl
to those fromii cold-blooded animals. 'Using light-
scattering teclli(lue to follow swelling. they showe(d
that mitochondIria of fish liver hacl the ability to swell
at a rapid rate over a w-icle range of tenpllerature (lown
to 00, but mitoclhond(lria froml rat liver did not hlave
this ability at the lower temperatures. Tlhey also
shoved that a correlatioln existedl between nlembrane
flexibility, as evidenced by mitocho-ndrial sNwellinig,
and fatty aci(l composition of the mitochondrial
membranie: the miore flexible membranes fromii cokl-
bloodecI animals had a higher proportion of unsatura-
tion in their fatty acidls thani (lid the less flexible mlelmi-
branes of the warm-blooded animiials. The authlors
suggested that the increased flexibility miia(le it pos-
sible for the mitoclhondria to carry on metabolic func-
tions at lowver temperatures.

Since metabolic studies with chilling-sensitive
plant tissue have indicated that mitochondrial activity
is affecte(d by chilling temperatures, several plant
species were exalmiine(l to see whetlher a relationship
between chilling senlsitivitv aIn(I membrane flexibility
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