
Stomatal Opening: Role of Potassium Uptake by Guard Cells 

Abstract. Stomata in isolated epidermal strips open in response to light plus 
air free of carbon dioxide when the strips are floated on potassium chloride solu- 
tions of low concentrations. This opening depends on the stimulation of active 
accumulation of potassium in quantities sufficient to account for the observed 
changes in solute potential of the guard cells. 
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The crystals originate from the con- 
tents of Malpighian tubes and have 

erroneously been considered to be uric 
acid by other workers (6). The yellow 
pigment is assumed to be impregnated 
after the crystallization of calcium oxa- 
late within the lumen of the tube. The 
oxalate amounts to more than 5 mg per 
individual. The indications are that this 

compound is concerned with the regu- 
lation and excretion of calcium by this 
insect. 
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This study of stomatal opening in iso- 
lated epidermal strips provides new evi- 
dence that opening is due to active 
accumulation of potassium by guard 
cells. Essential to the relevance of this 

finding was the prior demonstration that 
stomata in such strips are living and 

respond normally to natural stimuli such 
as light and changing concentration of 
CO2; normal opening had not been 
demonstrated during extensive earlier 
work with epidermal strips (1, 2). 

Abaxial epidermal strips (0.3 by 0.4 
cm) of Vicia faba were used, being 
largely free of entire mesophyll cells 
although some mesophyll cell fragments 
and chloroplasts usually adhered to the 

strips. The proportion of epidermal cells 

remaining intact, judged by accumula- 
tion of neutral red and appearance of 
the protoplasm, was kept below 20 per- 
cent and did not appear to influence 
stomatal movement. Almost all guard 
cells were living as judged by accumu- 
lation of neutral red and presence of 
protoplasmic streaming. 

Stomata in strips floated on certain 
solutions responded to light plus CO2- 
free air in the same manner as did un- 
isolated stomata (Table 1); response 
applied to changes in aperture, guard- 
cell solute potential, and guard-cell 
starch content (determined by scoring 
after iodine staining). The treatment 
with light plus CO2-free air was used 
because it is generally thought that the 

opening by light of stomata depends 
partly on the reduction in concentration 
of intercellular CO2, and thus that the 
light response of stomata in isolated 
epidermal strips is not fully expressed 
unless the CO2 concentration of the en- 
vironment is reduced similarly. For con- 
venience, CO2-free air (<0.0001 percent 
CO2 by volume) was used; in fact other 
experiments (3) showed that, although 
stomata in strips responded independ- 
ently to light and to CO2-free air, only 
with both factors together did stomatal 
apertures equal those of unisolated sto- 
mata under comparable conditions. 

These results demonstrate normal 
function of stomata in isolated epi- 
dermal strips and justify further studies 
with this system. It was found that the 

only component of the buffer solution 
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(Table 1) that was essential for the open- 
ing of isolated stomata in light plus 
CO2-free air was KCI; without KC1 the 

opening response is slight (Fig. 1). Re- 

placement of potassium with calcium 
inhibited opening completely, whereas 
substitution of sulphate for chloride re- 
duced opening by only 30 percent. The 
important component thus appears to 
be potassium. 

For investigation of the importance 
of the concentration of potassium (Fig. 
1), the opening under light plus CO2- 
free air was saturated by approximately 
10 mM KC1; opening occurred in the 
dark with normal air also, but required 
100 mM KC1 for saturation. Stomatal 
opening was markedly reduced with 
KCI at 200 or 400 mM. 

The essentiality of potassium and the 
form of the response to changes in its 
concentration suggested that stimulated 
uptake of potassium was implicated in 
stomatal opening. This uptake was 
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Fig. 1. Stomatal opening in dark with 
normal air and in light with C02-free air, 
and the response to concentration of KC1. 
Light intensity, 2150 mphot; temperature, 
31? to 34?C; stomata measured after 180 
minutes in light or dark. All solutions con- 
tained 2.5 mM tris-maleate buffer and 0.5 
to 0.7 mM Ca2+. Results of various experi- 
ments, each designated by a different sym- 
bol and involving five to 16 replications; 
all results were corrected to give identical 
mean apertures in dark plus normal air 
and zero KCI (that is, 4.4 is). Before cor- 
rection, mean aperture under this condition 
ranged from 2.9 to 5.7 , for the various 
experiments; correction involved the addi- 
tion of the difference between 4.4 ,c and 
this value for each experiment to the mean 
stomatal aperture at each other concentra- 
tion of KC1 in the experiment. Initial sto- 
matal apertures averaged 1.0 tu less than 
the final values in the dark with normal 
air and zero KC1. 
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measured by use of rubidium-86 as a 
tracer (4). Epidermal strips entirely free 
of intact mesophyll cells, and contain- 
ing less than 5 percent of intact epi- 
dermal cells, were used in order to 
ensure that uptake was solely into 
guard cells. 

The uptake of potassium into an un- 
exchangeable form, estimated by use of 
rubidium-86 and tested over the range 
of external concentrations of KCI from 
0.1 to 100 mM, increased with increas- 
ing concentration of potassium and was 
stimulated by light plus COg-free air, 
especially at KC1 concentrations of 1 to 
10 mM. For example, in one experi- 
ment for which the KCl concentration 
was 6.5 mM, strips in light plus COg- 
free air took up an average of 20.5 X 
10-3 ,umole of potassium per square 
centimeter of strip; for corresponding 
strips in the dark plus normal air the 
mean uptake was 5.4 X 10-3 jmole/cm2 
(standard errors, 1.5 and 0.5 X 10-3 

/tmole/cm2, respectively). Summary of 
all experiments made it apparent that 
the uptake of potassium closely paral- 
leled the concomitant increase in sto- 
matal aperture (Fig. 2). Figure 2 shows 
also that the data for dark and for light, 
each of the two conditions involving 
various concentrations of KC1, were 
similarly related; this finding suggests 
that the same basic mechanism of open- 
ing operated under both conditions. 

The assumption, based on the small 
fraction of intact epidermal cells, that 
all the potassium uptake was in guard 
cells is further supported by the facts 
that epidermal cells, containing no 
chloroplasts, are unlikely to be involved 
in the light-stimulated uptake of potas- 
sium, and that strips completely lacking 
intact epidermal cells showed compara- 
ble uptake of potassium. Thus, knowing 
uptake per square centimeter of strip, 
stomatal density (6200/cm2), and guard- 
cell volume, one could calculate the 
corresponding increase in the concen- 
tration of potassium in the guard cell. 
An increase in stomatal aperture of 7 
,u (from, for example, 4 to 11 uj) was 
associated with an uptake of at least 
20 X 10-3 Amole/cm2 (Fig. 2). When 
one considers that guard-cell volume 
was approximately 5 X 10-9 cm3 when 
the mean stomatal aperture was 11 ju, 
this uptake amounted to an increase in 
guard-cell potassium of about 0.3M. If 
one assumes an equivalent uptake or 
formation of anion, this increase repre- 
sents a decrease in solute potential of 
about 12 bars (5), a figure agreeing well 
with that determined by the plasmolytic 
17 MAY 1968 

Table 1. Stomatal openings and guard-cell 
solute potentials in isolated epidermal strips 
and leaf disks of V. faba in the dark plus 
normal air (dark) and in light plus C02- 
free air (light). Light intensity, 2150 mphot; 
temperature, 31? to 32?C. Stomatal apertures 
were measured microscopically after 150 to 
240 minutes in light or dark; initially they 
were slightly open (about 2 u); solute po- 
tential was determined by the plasmolytic 
method, epidermal strips being floated for 
25 to 45 minutes on graded sucrose solutions. 
Six replications. 

Openings (4U) in Potentials (bars) in 

Dark Light Dark Light 

Leaf disk on water 
1.6 10.0 -8.2 -16.2 

Strip on buffer. 
3.8 11.0 -6.3 -16.2 

Difference for significancet 
2.0 2.0 1.9 6.1 

* Mixture of 2.7 mM tris-maleate buffer (pH 6.0), 
2 mM CaC12, and 25 mM KCI. t Five-percent 
level of probability. 

method for similar changes in aperture 
(Table 1). 

These results strongly suggest that the 
basic mechanism of stomatal opening, 
in response to light plus CO,-free air, 
is stimulation of the uptake of potas- 
sium; thus is provided the first clear 
evidence supporting the hypothesis of 
solute accumulation for stomatal open- 
ing (6, 7). Moreover, stimulation by 
light of the uptake of potassium by 
other green plant cells has been reported 
(8). After using chemical staining, 
workers (9, 10) have reported relatively 
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Fig. 2. The relation, during a 3-hour peri- 
od, of increase in stomatal aperture to 
uptake of potassium; estimated from up- 
take of rubidium-86. Results from various 
experiments are designated by different 
symbols; open symbols indicate data from 
light plus C02-free air; solid symbols, dark 
plus normal air. Conditions as for Fig. 1; 
change in stomatal aperture obtained by 
subtraction of the initial aperture from the 
final. 

high concentrations of potassium in 
guard cells; Fujino (10) showed corre- 
lation between its concentration and 
stomatal aperture, and concluded that 
stomatal opening involved the active 
accumulation of potassium; his conclu- 
sion is confirmed by my estimates of the 
quantities of potassium taken up. 

I imply that the conversion of starch 
to sugar, which is considered to be part 
of the classic mechanism of stomatal 

opening (2, 6, 11), is of secondary im- 
portance, since the uptake of potassium 
accounted for the observed decrease in 

guard-cell solute potential. In fact the 
amount of stainable guard-cell starch 
showed good inverse correlation with 
stomatal aperture in these experiments 
(3). Nevertheless I consider that starch 
changes are secondary, although per- 
haps closely linked, to uptake of potas- 
sium. Such linkage may reflect forma- 
tion of organic acid anions as the 
products of starch hydrolysis. Epidermal 
strips of V. faba should be very useful 
for further elucidation of the mecha- 
nism of stomatal opening. 
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