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ABSTRACT

The effect of pH on 'Cl- movement into coleoptile cells
(Avena saliva L. cv. Garry) was investigated and compared
with effects of indoleacetic acid. 'Cl- uptake, but not efflux, is
stimulated when coleoptile sections are placed in media ad-
justed to pH levels from 5 to 3 after a preincubation period
at pH 6.5. The enhancement is seen within 2 minutes, is not
correlated with growth, and is completely erased by respiratory
inhibitors. In comparison to the acid-induced stimulation, the
stimulatory effect of indoleacetic acid on 3C1- uptake is also
not accompanied by accelerated efflux, and indoleacetic acid
does not further stimulate 3'Cl- uptake into 1-millimeter sec-
tions beyond that seen at pH 3.5 without auxin.

One of the experimental findings which suggests an interac-
tion between a hormone and the plasma membrane is the
auxin-stimulated uptake of 'Cl- into A vena coleoptile cells (22).
This effect occurs 15 to 30 min after IAA addition and seems
to be energy-dependent. In order to investigate this interaction
further, the effects of pH must be examined.
H+ concentration has long been recognized as an important

factor during anion uptake by higher plants (7, 8, 15, 25). Up-
take of Cl- was shown to be inhibited by pH levels below 5 in
carrot (15) and rye roots (14), and Br- uptake decreased as pH
was decreased in barley roots (7) and potato discs (25). These
studies are difficult to interpret, however, because of the long
uptake periods (hours to days) during which injury might have
occurred. A 10- to 60-min uptake period using maize roots
resulted in a steady increase in NO:- uptake as the pH was
changed from 8 to 5 (26). An optimum of pH 5 has been found
for Br- and an optimum of about pH 4 was found for Cl-
movement into barley roots (4, 9).

Another link between H+ concentration and anion uptake is
the pH decrease occurring in the bathing medium when barley
roots are actively taking up salts (8, 18). Related to this phe-
nomenon, perhaps, is the interesting finding in Nitella that Cl-
uptake occurs only at nonencrusted regions of the cell; such
smooth areas are sites of acid extrusion (24).

Since H+ levels may be an important regulator of ion fluxes,
it is of interest to compare the effect of auxin on Cl- uptake
with that of low pH. This is because of recent evidence sug-
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gesting that auxin stimulates H+ secretion (1, 6, 20) and that
the pH decrease outside the cell may be as much as 1.3 units
after 150 min (1).

I will attempt to show that Cl- uptake into coleoptile sections
is increased as external pH is lowered to 5 and below, and that
an energy source is required for the stimulation. The relation-
ship between this finding and an auxin effect on H+ secretion is
also considered.

MATERIALS AND METHODS

Oat seedlings (Avena sativa L. cv. Garry) were grown on
vermiculite in covered plastic boxes in complete darkness at
23 C. The seeds were watered with tap water at time of plant-
ing. After 84 to 90 hr, plants with coleoptiles between 1 and 2
cm were selected, the coleoptiles were isolated, and 1- to 5-mm
sections were cut 3 mm from the tip of each coleoptile. The
sections were floated on 10 mm Na-K phosphate buffer (pH
6.5) on a reciprocal shaker for 2 to 4 hr before use. Additions
of substances before the ion uptake period were made by
aspiration and readdition of the new solution.
For measurement of Cl- uptake, the coleoptile sections

(usually 15 per treatment in 25-ml flasks) were floated on 2.5
ml of a desired solution containing 'Cl- (ICN Corp., 7 mCi/g
Cl; final concentration approximately 0.5 mM). The incubation
period was usually 15 min on the shaker, after which the radio-
active solution was aspirated and replaced with ice cold 0.2 M
KCI for 10 min. The sections were then placed directly into
scintillation vials (1 dram vials, Opticlear glass, Rochester Sci-
entific Co.) containing 4 ml of Multisol (Interex Corp.) for ex-
traction and counting. Replicates rarely varied by more than
10% from their mean. All manipulations were performed
under a dim green safelight except for the '8C1- uptake period
which was carried out under incandescent lights in the labora-
tory.

Efflux was determined by the method of Pitman (17). Ex-
periments were conducted in the dark or green safelight and
on the shaker. Forty-five sections were floated on 2 mm 36Cl-
in 10 mM phosphate buffer (pH 6.5) for 3 hr. The sections were
then washed for 1 min with the phosphate buffer at pH 6.5 and
bathed in 3 ml of buffer containing 2 mm unlabeled KCI. At
various time intervals, the buffer was removed and fresh buffer
was added. The 'Cl- released to the medium was determined
on 2-ml aliquots by first acidifying with HNO3 (final concen-
tration 0.4 N) and then precipitating with AgNO3 (final con-
centration 12.5 mM). After centrifugation at 1700g, for 15 min,
the supernatant was aspirated, and the precipitate was sus-
pended in scintillation fluid. At the end of the experiment, the
sections were placed in scintillation fluid and counted.
Growth of the sections was measured with a Metripak posi-

tion transducer (Clevite Corp.) as described by dela Fuente and
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Leopold (3), except that recordings were made on a Beckman
10-inch recorder. The chamber surrounding the sections was
constructed so that aerated test solution flowed in from the
bottom and out through a side arm to waste. A continuous flow
system was thus effected.

RESULTS

The effect of pH on :Cl- uptake into 5-mm coleoptile sec-
tions is shown in Figure 1. After preincubation for 2 to 4 hr at
pH 6.5, the tissue was floated for 15 min on buffers of various
pH containing -";Cl-. Solutions at pH 7 or 6 produced no differ-
ences, but further reductions in pH led to an almost linear in-
crease of 36Cl- in the tissue. No attempts were made to examine
pH levels below 3.
To determine the kinetics of the low pH stimulation, sections

were removed from either pH 6.5 or 3.5 buffer at time periods
up to 15 min, washed, and counted (Fig. 2). A difference be-
tween tissues at the two pH levels was apparent by 6 min, and

Table I. Uptake of 36CI- by Coleoptile Sectiotus Bathed
ill Variolus Soludtiouts of Lowt pH

Measurements were made following a 2 to 4 hr preincubation in
pH 6.5 potassium phosphate buffer; the sections were transferred
to the appropriate solutions containing (6C1- for 15 min; they
were then washed and counted.

Solution (10 mrnM,
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H2SO4-NaOH
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FIG. 1. Effect of pH on 'Cl- uptake into 5-mm coleoptile sec-

tions. Na-K phosphate buffer was used at pH 7 to 5 and citrate-
phosphate buffer at pH 4 and 3. The sections were at the indicated
pH during the 'Cl- uptake period (15 min). Controls at pH 7 took
up 65 cpm- section-' or 24 nmoles 'Cl- * g fresh weight-'.
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FIG. 2. Time course of 36C1 uptake into coleoptile sections. The

sections were in 10 mm phosphate buffer (pH 6.5) or 10 mm citrate-
phosphate buffer (pH 3.5) for the times indicated before being re-

moved and washed in cold 0.2 M KCI for 10 min.
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FIG. 3. Growth of 5-mm coleoptile sections as measured by a

position transducer. The sections were bathed in 10 mm phosphate
buffer (pH 6.5) at 0 time (first arrow). After 65 min, the buffer was

changed to 10 mM acetate buffer pH 3.7 (second arrow).

the difference was maintained at a similar value (as per cent of

pH 6.5 control) up to 15 min. Extrapolation of a line drawn

through the points suggests a lag period between 0 and 2 min.
Variation in the assay method prevents a better resolution of
lag time.
The pH was regulated with a variety of substances to see if

the type of buffer had an effect on 'Cl- uptake. As shown in

Table I, any material which adjusted the pH from 3 to 4 re-

sulted in an increased uptake of 'Cl-. An exception was acetate

buffer (10 mm, pH 3.7) which consistently reduced 3'Cl- con-

tent 20% to 30% below tissue in phosphate buffer (pH 6.5) and

50% below tissue in the other acidic solutions.
If the stimulation of 'Cl- uptake were related primarily to

growth, the possibility existed that acetate was not stimulating
growth in this system as were the other acidic solutions. The

acid pH regulated by acetate buffer, however, can still stimulate

growth as shown in Figure 3. The kinetics show an almost im-
mediate acceleration of growth thus confirming the stimulatory
effect by this buffering system first reported by Rayle and

Cleland (21).
A further attempt to separate the effects of growth (including

the concomitant water influx) from effects on 36Cl- uptake is
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Table II. Effect of Mannitol oni 36Ct Uptake by
Coleoptile Sections at Low pH

Measurements were made following a 2 to 4 hr preincubation
at pH 6.5; the sections were transferred to the above treatments
containing 36Cl- for 15 min. They were then washed and counted.
Solutions were maintained at pH 6.5 by 10 mm phosphate buffer
and at pH 3.5 by 10 mm citrate buffer. Mannitol concentration was
0.3 M.

Treatment 36CI Uptake Control

cpm/section %

pH 6.5 55
pH 6.5 + Mannitol 73 +33
pH 3.5 108 I +96
pH 3.5 + Mannitol 135 +146

Table JII. Inifluenzce of Respiratory Poisonis on
Acid-stimulated Uptake of 36C1-

After 2 hr preincubation at pH 6.5, the inhibitors were added
for 1 hr. The pH was then changed and 36C1- added for 15 min.
All sections were then washed in 0.2 M KCl and counted.

pH'
Treatment Change from pH 6.5

6.5 3.5

cpz/section %

Control 105 144 +37
10 AM CCP2 69 53 -24
1 mM KCN 62 49 -21
1 mM NaN3 52 43 -17

1 pH was adjusted with 0.01 M potassium phosphate (pH 6.5)
or 0.01 M citrate buffer (pH 3.5).

2 CCP: carbonyl cyanide m-chlorophenylhydrazone.

shown in Table II where the sections were floated on a hyper-
tonic solution of mannitol (0.3 M) during the uptake period.
There was no alleviation of the low pH-induced stimulation of
36C- uptake. Movement into the tissue was, in fact, accelerated
by the osmoticum at both pH levels.
The importance of metabolism and, in particular, the availa-

bility of ATP was examined using the inhibitors of oxidative
phosphorylation, cyanide and azide, and the uncoupler, car-
bonyl cyanide m-chlorophenylhydrazone (Table III). The re-
sults were similar for all three inhibitors. At pH 6.5 the uptake
of 'Cl- was reduced by 50% or more, and at pH 3.5 the
amount of 'Cl- in the tissue was even less than that seen when
the inhibitors were present at the higher pH. The counts in the
tissue after inhibitor treatments may represent isotope trapped
in central hollows, diffusion across the plasma membrane, or an
incomplete inhibition due to slow uptake of the poitons.

Kinetics of 'Cl- efflux from coleoptile sections has been re-
ported by Pierce and Higinbotham (16). The effect of reducing
the pH on this efflux is shown in Figure 4. The pH change was
made 60 min after the 'Cl- labeled sections were transferred to
unlabeled buffer so that the efflux being measured would not
include isotope efflux from free space (16). A 20% inhibition
of efflux was seen 15 min after reducing the pH to 4.5.

Since auxin as well as low pH stimulates 'C[- uptake, it is of
interest to see if any interaction exists between IAA and in-
creased H+ concentration. The results in Table IV show that
auxin concentrations at saturating levels (22) produced an
added stimulation of 'Cl- uptake at pH 3.5, but only when

5-mm sections were used. In an effort to reduce delays due to
diffusion and to alleviate some of the possible influence of un-
stirred layers, similar experiments were performed using 1-mm
sections; in these cases, the addition of IAA to the citrate buffer
(pH 3.5) no longer stimulated 'Cl- uptake rates above those
seen with the acid pH alone. The effect of low pH on 1 versus
5-mm sections further shows that the acid-induced stimulation
of 'C[- uptake is not related to the number of cut surfaces since
tissue mass was approximately the same in all treatments.
The effect of 30 /tM IAA on efflux of 36Cl- from coleoptile

sections is seen in Figure 5. The IAA was added 30 min after
transfer to unlabeled buffer so as to eliminate efflux from the
free space compartment (16). The data show that IAA pro-
duced an inhibition of efflux which was first apparent 15 min
after auxin addition; the inhibition of efflux rate continued up
to 150 min reaching about 70% of the control rate.
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FIG. 4. Effect of pH on 'Cl- efflux from coleoptile sections.
Following a loading period of 3 hr in 'Cl-, the sections were trans-
ferred to 10 mM phosphate buffer containing 2 mm KCl. Sixty min
later (arrow), half of the sections were bathed in 10 mm KH2PO4
(pH 4.5) with 2 mm KCI.

Table IV. Effects of Sectioni Size anid pH on
Auxin-stimulated 36Ct- Uptake

After 2 hr preincubation at pH 6.5, sections were placed in
buffer with or without IAA for 1 hr. The pH was then changed
(containing IAA where appropriate) and 36C1- added for 15 min.
All sections were then washed and counted. IAA concentration
was 30 ,im; pH adjusted with 10 mm phosphate (pH 6.5) or citrate
buffer (pH 3.5).

Section Length'
Treatment

5 mm 1 mm

% of pH 6.5 control

IAA + pH 6.5 +40 +58
pH 3.5 +47 +64
IAA + pH 3.5 +89 +52

1 Each datum represents the mean of at least two experiments,
each experimental treatment consisting of duplicate samples con-
taining 15 sections. The 5-mm sections took up 10 nmoles/mg
fresh wt for 15 min while 1-mm sections accumulated 18 nmoles/
mg fresh wt.
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FIG. 5. Effect of auxin on 3"C1- efflux from coleoptile sections.
Following a loading period of 3 hr in aCi-, the sections were trans-
ferred to 10 mM phosphate buffer containing 2 mm KCI. Thirty min
later (arrow), the sections were bathed in buffer containing 2 mM
KCI either with or without 30 yM IAA.

DISCUSSION

Based on the time of incubation in 'Cl- and the time of the
subsequent wash, the uptake being measured is probably oc-

curring across the plasma membrane of the coleoptile cells (2),
and from the data presented (Fig. 1), the stimulation of this
uptake is linearly related to the external pH from 5 to 3. This
effect is not accompanied by an accelerated exchange with C1-
inside the cell since asCl- efflux is inhibited under acidic condi-
tions (Fig. 3).
The mechanism of acid-stimulated 'Cl- uptake across the

plasma membrane cannot yet be determined, but several possi-
bilities do seem unlikely. Low pH is not destroying general
permeability properties of the membrane. If destruction were

occurring, acetate buffer would be as effective as citrate buffer
(Table 1), the effect would not be seen at high osmotic concen-

trations (Table II), and uptake would not be inhibited by
respiratory poisons (Table III). It is also unlikely that acid-
stimulated uptake is related to water influx accompanying
growth since acetate buffer stimulates growth (Fig. 3) but elimi-
nates the acid effect (Table I), and 'Cl- uptake is enhanced
when sections are in hypertonic concentrations of mannitol
(Table 11).
The stimulatory effect of reduced pH on -sCl- uptake might

be related to the increased amount of undissociated H35C1
which would then enter more rapidly in uncharged form. The
pK of HCI is extremely low, however, and any change in undis-
sociated H31C1 at pH 5 compared to pH 6, for example, would
be negligible; the increase in 'Cl- uptake between these two
pH levels is quite pronounced (Fig. 1). A consideration of
charge may not be relevant at all since a-aminoisobutyric acid
and 3-0-methyl glucose uptake are also stimulated by reduced
pH (Bates and Rubinstein, unpublished data).
Due to the inhibitory effect of KCN, NaNa, and carbonyl

cyanide tn-chlorophenylhydrazone, the possibility exists that
at least one component of the acid-induced stimulation of asCl-
uptake involves energy metabolism. The effect on metabolism
could be triggered by the pH gradient. The importance of pH
across a plant plasma membrane has been discussed by Lunde-
gardh (11), Robertson (19), and more recently by Smith (23)
and in higher plants by Marre et al. (12). Parallels might also be
drawn with the energy coupling which occurs during imposed

pH gradients using chloroplasts (5, 10) or mitochondria (13).
The stimulation of 36Cl- uptake by auxin and acid have the

following aspects in common: (a) both treatments stimulate up-
take and inhibit efflux (Figs. 3 and 4); (b) increased uptake
either after a pH drop or auxin addition is seen in media of
high osmolarity (Table II; ref. 22); (c) increases in uptake
caused by either treatment do not occur after coleoptile sec-
tions are preincubated in respiratory inhibitors or an uncoupler
(Table II; ref. 22): (d) the effects of both auxin and acid are not
restricted to cut surfaces (Table IV; ref. 22). This last can be
seen by comparing uptake into 5- and 1-mm sections at pH
3.5. The tissue mass of both sized sections is approximately
equal, but there are S times more cut surfaces in treatments
with 1-mm sections. The acid-induced stimulation of 3"C1- Up-
take into 1-mm sections, however, is only 1.4 times greater than
into 5-mm sections.

Rayle (20), Cleland (1), and Marre et al. (12) have presented
evidence for an auxin-stimulated H+ efflux. Their data indicate
that the pH outside the plasma membrane could be lowered by
auxin to within an order of magnitude necessary to stimulate
Cl- uptake as determined by externally applied H+ (Fig. 1).
Furthermore, the time required to record a significant decrease
in pH after auxin addition to coleoptile sections, about 20 to 30
min (1), is close to the length of time which must elapse before
an IAA-induced stimulation of 3Cl- uptake is seen (22).

Finally, floating 1-mm sections on IAA and citrate buffer at
pH 3.5 does not stimulate uptake beyond that seen with the
buffer alone. If auxin were acting by a mechanism unrelated
to that of low pH, one would expect the stimulation by auxin to
be apparent even at pH 3.5. The reason for additivity with
5-mm sections may be related to restricted diffusion. Due to the
cuticle, H+ cannot accumulate at the cell surface in sufficient
quantities to maximize the response; thus, the simultaneous
addition of auxin to the larger sections could account for even
more H+ ions by stimulating H+ secretion. The level of H+ ions
at the cell surface of 1-mm sections in low pH would be higher
due to the shorter diffusion path, and a further increase of HW
by auxin-induced secretory processes would be less noticeable.
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