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Abstract. This paper reports a consistent and large opening response to light + CO,-free
air in living stomata of isolated epidermal strips of Vicia faba. The response was compared
to that of non-isolated stomata in leaf discs floating on water; stomatal apertures, guard cell
solute potentials and starch contents were similar in the 2 situations. To obtain such stomatal
behavior, it was necessary to float epidermal strips on dilute KCl solutions. This suggests
that solute uptake is necessary for stomatal opening.

The demonstration of normal stomatal behavior in isolated epidermal strips provides a
very useful system in which to investigate the mechanism of stomatal opening. It was possible
to show independent responses in stomatal aperture to light and to CO,-free air.

The most recent reviews of stomatal physiology
(6,9,12,22) generally agree that stomatal opening
in light involves an increase in turgor in the guard
cell as a result of a decrease in the solute (osmotic)
potential (rise in solute concentration). There are
however 2 main hypotheses to explain this decrease.
the classical hypothesis involving the internal gen-
eration of sugar or other solutes from starch, and
the more recent speculative ideas on the accumula-
tion of external solute by the guard cells (9,22).
It is generally considered that the process of opening
is endergonic and that the CO, concentration in the
guard cell is a basic factor controlling stomatal
movement (12). Several environmental factors, in-
cluding light, water deficit and temperature, are
considered to affect stomatal aperture by causing
changes in the CO, levels around the stomata in
the leaf (12).

Investigation of the opening mechanism of sto-
mata would be greatly assisted by the development
of means to isolate stomata from the leaf without
interfering with their ability to respond to natural
stimuli. Much work has been done with epidermal
strips and sections. Floated under various condi-
tions, stomata in strips have been shown to open in
response to inorganic solutes (7,8,21) and varying
pH (1,15,17,18,21). Results of these studies
tended, however, to be irregular.
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CAL from the Office of Water Resources Research,
United States Department of the Interior, and by a grant
from the Water Resources Center, University of Cali-
fornia, to T. C. Hsiao and R. C. Huffaker.

2 Present address: Research School of Biological Sci-
ences, Australian National University, Canberra, A.C.T,,
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With regard to more natural environmental
stimuli, Mouravieff (13,14) demonstrated stomatal
opening in response to CO,-free air. and. to some
extent, to light in epidermal sections, but only when
the sections were replaced in close contact to the
mesophyll from which they were taken. Williams
and Shipton (21) demonstrated a stomatal response
to light in isolated epidermal strips but their results
were also irregular. Heath (6) was unable to show
such a light response. More recently., Kuiper (10)
failed to show light-induced opening of stomata in
epidermal strips floating on water, but did show the
maintenance of opening in light.

Criteria for assessing the relevance of these re-
sults to normal behavior of the stomata on the intact
leaf include vitality of the guard cells in strips,
responsiveness to light and low CO, levels and
changes in aperture and guard cell solute potential
comparable to those of stomata on leaves. Heath
(6) in his review of work up to 1957 considered
that studies using epidermal strips and sections had
failed to demonstrate normal responses to light.
Work subsequent to this (10,13,14,15) does not
seem to have altered the conclusion.

This paper describes the behavior of stomata in
isolated epidermal strips of Vicia faba which appears
to satisfy the above criteria. Some of the results
have been given in a preliminary report (3).

Materials and Methods

Plant Material and Epidermal Strips. Four
Vicia faba (var. Long Pod) plants were grown in
each 4-inch pot containing 150 g peat, 150 g fine
sand and fertilizer. Pots were kept in a growth
room (14 hr photoperiod of approximately 1000 ft-c
measured with a Weston light meter with cosine
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correction, constant 26°, relative humidity greater
than 50 9% ). In the majority of experiments. plants
were taken from the growth room and placed in a
shaded greenhouse at a higher light intensity (about
4000 ft-c) for several davs then returned to the
growth room at least 2 days before their use. This
treatment improved the ease of removing epidermal
strips but did not noticeably affect stomatal function.
Discs for experiments were taken from leaves 2 to 6
positions below the first leaf longer than 5 cm as
measured from axil to tip. Plants were from 4 to &
weeks of age.

Some of the Ficia leaf material showed moderate
stomatal opening in the dark (ec.g., an aperture width
of 6 microns 2 hr after darkening): such behavior
is not uncommon in Ficia faba (2.19). These leaf
pieces were floated for 20 to 44+ hr on water in the
dark before taking epidermal strips. This treatment
insured strips with initially small stomatal apertures
(less than 4 microns). With o.her Iicia material,
such treatment was not necessary since apertures
were small when strips were removed after about
30 min of floating of the leaf pieces in the laboratory
(approx 100 ft-c). Other than altering the initial
stomatal aperture in experiments. pre-treatment of
the leaf pieces did not noticeably affect stomatal
responses to light and CO,-free air.

Epidermal strips (approx 0.3 X 0.4 cm) were
taken from between the major lateral veins of the
abaxial leaf surface. The epidermis was first cut
along 3 sides of the strip to be taken: 1 fine point
of the forceps was inserted between the epidermis
and mesophyll along the remaining side: then the
epidermis was grasped and slowly stripped from the
mesophyll.  Strips were immediately floated, cuticle
up, on about 2 ml of water or test solutions in small
dishes.  Strips were transferred between solutions
by placing a coarse needle under the strip and lifting
it out of the solution.

Experimental Conditions.  Stomatal opening in
epidermal strips was examined in the light and in
the dark, with CO,-free air and with normal air.
Light was provided by 2 iodine quartz lamps. After
filtering through approximately 10 cm of water, the
intensity was 2000 to 2500 ft-c ( Weston light meter
with cosine correction) and the total radiation was
about 025 cal em™ min' (Eppley pyrheliometer)
evenly distributed over the plexiglass platform upon
which the dishes were placed. Groups of dishes
were covered with inverted clear plastic boxes
(9 em X 15 em X 4 em). The atmosphere sur-
rounding the floating strips was controlled by pass-
ing air of desired composition into each box at
about 1 liter per min and allowing it to escape
around the edges of the box. Normal air was taken
from the laboratory compressed air supply and passed
through water; CO,-free air (analyzed less than
0.0001 % CO., v/v) was obtained by passing the
stream through 2 bottles of 5 ¥~ KOH then through
water at a pH of about 11. The relatively calm
conditions in the boxes and humidification of the air
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ensured that humidities around the floating strips
were high.

The dark treatment was effected by placing the
dishes under blackened and similarly ventilated boxes
on a blackened platform below the illuminated one.

The tcmperature of the solutions in the dishes.
monitored with thermocouples, ranged from 28° to
34° from experiment to experiment. During any
given experiment. the temperature was constant, and
that in the darkened dishes did not deviate more
than 1° from that in the ones in the light.

Measurement of Stomatal Apertures, Guard Cell
Solute Potential, and Starch. Unless otherwise
mentioned, stomatal apertures were measured after
3 hr in the light or dark floating on the test solution.
Maximal apertures in floated leaf discs are reached
after this period in light (2). The strips were
collected, unwrinkled upon the flat surface of a
plastic spatula, dried gently for 1 or 2 sec with soft
tissue paper, then transferred with forceps to immer-
sion oil on a microscope slide and covered with a
cover glass. Stomata in a strip surrounded by oil
did not change their apertures for at least 30 min.
In each strip. the apertures (pore width) of 20
random stomata were measured at 400-fold magnifi-
cation using a microscope with eyepiece micrometer.
Usually 1 strip (sometimes 2) constituted a treat-
ment in a replicate. Fach experiment comprised
6 to 10 replicates. The maximal aperture obtainable
depended on the plant material and varied from
experiment to experiment. Hence comparison of
apertures should be made only within the same
experiment.

Guard cell solute potential was determined by the
plasmolytic method. Epidermal strips. taken at the
same time when stomatal aperture was measured on
other strips, were floated for 25 to 45 min on graded
sucrose solutions (0.20, 0.35, 0.50, 0.70, and 0.90
in 0.1 mm CaCl,) at about 25° in the dark. Strips
were then placed in oil on a slide and 20 stomata
per strip were examined for plasmolysis of guard
cells using oil immersion and 1000-fold magnification.
The solute potential of the guard cell was assumed
to be that of the sucrose solution causing plasmolysis
in 30 9% of the guard cells.

Guard cell starch was estimated using the iodine-
phenol-potassium iodide method of Heath (6).
Strips were collected in absolute ethanol and later
transferred to the stain. After 5 min they were
blotted briefly and put in oil on a slide and the
starch content of the guard cell was scored visually
under the microscope on a scale of 0 (no starch)
to 7 (maximum quantity of starch obrserved).

Results

Specics Tesicd.  Several species were tested for
the ability of stomata in epidermal strips to open.
The abaxial epidermal strips were taken and floated
briefly on water. then floated back onto the meso-
phyll from which they had been removed. The
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excessive water between the strip and mesophyll
was drawn off with filter paper. After 3 hr in the
light in normal air, stomatal apertures in the strips
were compared to those of adjacent non-isolated
stomata on the same discs. This separation and
temporary isolation of the strip should be distin-
guished from the complete isolation of strips used
later. It enabled an examination of the effect of
stripping per sc, and corresponds to the method used
by Mouravieff (13).

Of the species tested, Pelargonium peltatum,
Tradescantia reflexa, Nicotiana tabaccum, Comme-
lina coelestia, and Senecio crassissimus showed little
or no stomatal opening in the strips. With Allium
porrun, from which large and strong epidermal
strips were obtained. there was full opening in some
stomata and none in others of the same strip. Only
Vicia strips showed consistently large stomatal
opening when placed on leaf mesophyll (see table I).

Description of Epidermal Strips of Vicia. The
epidermal strips of Vicia contain about 6200 stomata
cm™  Very few intact mesophyll cells remained on
the strip, although there were usually some chloro-
plasts and debris from broken mesophvll cells.
Observed under oil immersion at 1000-fold magnifi-
cation, no chloroplasts could be seen in the epidermal
cells whereas each guard cell contained about 10
large, faintly green chloroplasts. Chloroplasts and
the guard cell nuclei, which were also obvious,
changed their position and shape during guard cell
movements. Vigorous streaming of protoplasmic
particles, particularly along the ventral wall, was
often observed in guard cells. The vitality of the
guard cells was attested by the fact that almost all
of them accumulated neutral red when strips were
floated for 30 min on 0.002 9% neutral red in water,
regardless of whether the strips had just been taken
or had been floating on water for 3 hr, in the

Table I. Responsc of Stomata to Light and CO,-free Air
in Vicia faba Epidermal Strips Replaced Upon
Mesophyll or Floated on Water

Non-isolated refers to undisturbed abaxial stomata
of leaf discs floated abaxial surface uppermost and mea-
sured by removing epidermal strips at the end of the
test period and immediately examining them microscopic-
cally. See text for the ‘strip on mesophyll’ treatment.

Mean stomatal aperture, microns

Strip on Strip on

Conditions Non-isolated mesophyll water
Light + normal air 82 6.3 2.8
Light + CO,-free air 8.6 8.1 57
Dark -+ normal air 1.1 1.7 14
Dark + CO.,free air 4.0 35 37

LSD, 5 94! within given row or given column 1.2

1 The smallest difference between designated treatment
means for significance at the 59, level, based on t
tables; i.e., LSD, 5 g, = t,.,,Sx+\/2 where Sx is the
standard error of the appropriate means. This test is
used throughout the paper.
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presence or absence of light. Previously Pallas (15)
has observed protoplasmic streaming and neutral red
uptake in guard cells in Ficia epidermal strips.

The condition of the epidermal cells may have
an important effect on stomatal opening (20),
although my observations did not consistently con-
firm this. As judged Dby the refractivity of their
protoplasm, and confirmed by neutral red uptake,
60 9% or more of epidermal cells remained intact and
living immediately after stripping. This percentage
was reduced if the freed portion of the epidermis
was bent back so that it formed an acute angle with
the leaf surface while the strip was being pulled off,
and if the strip was floated on water for a few min.
The percentage of intact epidermal cells was esti-
mated visually on each strip when the apertures were
measured. The average percentage of intact cells
was always less than 20 9, in epidermal strips which
had been resting on mesophy1l or floating on various
solutions.

Since in leaves the underlying mesophyll is
thought to cause opening of stomata in light by
reducing the intercellular CO, concentrations (12),
it seemed reasonable that full response of stomata
to light in the epidermal strip would not be obtained
unless CO, content of the air was reduced similarly.
For simplicity CO,-free air was used for this pur-
pose. Table I shows that stomata in strips on leaf
mesophyll opened in light + CO,-free air to the
same mean :aperture as non-isolated stomata whereas
those in strips on water under the same conditions
did not reach this aperture. Thus it seems that the
role of the mesophyll in light is not merely to lower
the CO, concentration around the guard cells, al-
though the response of isolated strips to CO,-free
air (table I) suggests that this function is also
important.

Since water did not support stomatal opening to
the normal magnitude, various solutions were tested.
On 0.1 M sodium acetate (pH near neutral) stomata
of epidermal strips of 3 other species opened fully
(1) and those of Pelargonium szomale sometimes
showed a response to light (21). Using the same
solution at pH 6.9, I was not able to show any
response of stomata in Vicia strips to light and
CO,-free air. However, they opened fully on 2.6 mm
tris (hydroxymethyl) aminomethane/2.6 mM maleate
(pH 5.9)% with 25 my KCI and 0.04 mm CaCl,.
Strips floating on this solution showed a mean sto-
matal aperture of 8.4 microns in light + CO,-free
air and 2.6 microns in dark + normal air; the
corresponding mean apertures for non-isolated sto-
mata of leaf discs floating on water were 8.6 and
2.4 microns (LSD, 5 %, 0.9 microns).

3 All tris/maleate buffers were titrated with Ca(OH).
to pH 5.9 or 6.0; therefore they were 0.5 to 0.8 mMm in
Ca2*, CaCl,, when used, was additional,
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Table II. Effects of Components of the Tris/maleate/
KCl/CaCl, Buffer Solution on Stomnatal Responses
in Isolated Epidermal Strips of Vicia faba

Strips were floated on 0.1 mm CaCl, for 30 min in
the dark at 25° before transfer to test solutions. Mean
stomatal aperture at the time of transfer was 4.1 microns
in both experiments,

Composition (mm) of
solution on which
epidermal strips
were floated

Mean stomatal aperture,
microns

Light +

Dark +

Buifer? KCl1 Ca?®  CO,-freeair normal air
Expt 1
2.5 10.0 0.5 12.1
0 10.0 0.5 112
0 10.0 0 12.0
LSD, 5¢, 1.3
Expt 2
2.5 10.0 0.5 11.5 6.7
2.5 0 0.5 6.8 4.6
I.SD, 5¢, 0.9 0.9

1 Tris/maleate at pH 6. For the solution free of
Ca?*, the pH was adjusted with KOH instead of
Ca(OH),.

Of the various components in the tris/maleate/
KCl/CaCl, solution, only KCl was essential (table
IT). Not only was there a response to KCI in light.
there was also a response to KCl in dark + normal
air (table II), which is particularly evident when
the initial aperture is subtracted from the final
values in the table. Although only KCl was essen-
tial and opening was quite insensitive to changes in
external pH (2), for consistency, the tris/maleate
buffer at pH 6 was used for all subsequent work.

Light and CO,-free air independently stimulated
stomatal opening (table ITT). Their combined effect
appeared to be slightly synergistic (the interaction
between light and CO.-free air was not, however.
significant at the 5 9 probability level).

Stomata in strips on tris/maleate/KCl/CaCl,
solutions maintained their aperture in light + CO.-
free air for at least 10 hr, and ability to respond fully
to light -+ CO.,-free air for at least 3 hr after strip-
ping. On the other hand. neither isolated nor non-

Table III. Role of Light and CO,-free Air in Stomatal
Opening on Epidermal Strips of Vicia faba

Strips were floated on 0.1 mM CaCl, for 30 min in

the dark at 25° before transfer to 10 mm KCl in buffer.

Mean stomatal aperture at the time of transfer was
1.8 microns.

Mean stomatal aperture, microns

Dark Light Difference LSD, 5 g

Normal air 42 5.3 +1.1 1.1
CO,-free air 72 97 +25 1.1
Difference +3.0 +44 +5.5

LSD, 5¢, 1.1 1.1
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isolated stomata of Vicia closed rapidly with darken-
ing. Stomata in leaf discs on water and epidermal
strips on buffered KCl opened from an initial aper-
ture of about 2 microns to about 9 microns in light +
CO.,-free air. One half of the samples were trans-
ferred to dark -+ normal air. Mean stomatal aper-
tures 7 hr later were 104 and 6.3 microns.. respec-
tively. for leaf discs in light and those tran<ferred to
the dark. and 8.6 and 6.0 microns for the corre-
sponding strips. The slow and incomplete dark
closing may reflect the endogenous rhythm in dark
opening in Ficia (19).

Changes in Guard Cell Solutc Potential and
Starch Content. TIn an experiment comparing solute
potential and starch content of the guard cells. sto-
matal aperture in the strips again responded in the
same way to light + CO,-free air as did the aper-
ture of non-isolated stomata (table I\"). There was
however a tendency in the dark - normal air for
isolated stomata to open wider than non-isolated

Table IV. Effect of Light and CO,-frec Air on
Stomatal Aperture and Guard Cell Solute Potential
and Starch in Vicia faba Epidermal Strips

Experiment 1: 23 mm KCI and 2 mar CaCl, in buffer.
Experiment 2: 10 mm KCl in buffer: at the beginning
of the light 4 CO,-free air treatment apertures were
3.5 and 4.1 microns for non-isolated and isolated sto-
mata respectively; the corresponding starch scores were
5.5 and 58

Non-isolated Strip on LSD,

Conditions on water buffer 39,
Expt 1
Stomatal aperture. microns
Light + CO,-free air 10.0 110 20
Dark 4 normal air 1.6 3R 2.0

Guard cell solute potential. bars

Tight 4+ CO,-free air —16.2 —16.2 6.1
Dark + normal air —82 —6.3 19
Expt 2
Stomatal aperture, micrens
Light 4+ CO,-free air 10.5 113 12
Dark + normal air 3.3 6.7 12
Guard cell starch score
Light + CO,-free air 3.9 29 1.1
Dark 4+ normal air 4.9 4.3 1.1

ones. reflecting the small dark response in strips to
KCI (table II). Guard cell solute potentials (table
IV, experiment 1) were similar for isolated and
non-isolated stomata: light + CO,-free air caused
a decrease in solute potential of 9.9 bars in the
former and 8.0 bars in the latter. These similarities
in stomatal apertures and solute potentials suggest
that the absence of intact epidermal cells in the
strips did not noticeably affect the aperture-turgor
pressure relationship of the guard cells.

The similarity of behavior between isolated and
non-isolated stomata is further demonstrated in the
percentage of guard cells plasmolyzed at each sucrose
concentration for the 4 experimental :reatments
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and light + CO,-free air on percentage of guard cells
plasmolyzed by graded sucrose solutions. Detailed data
of Experiment 1 of table IV. Means of 6 replicates.

(fig 1). There was a wide distribution of guard
cell solute potentials, particularly in the light.
Results of starch measurements (table IV, Ex-
periment 2) again pointed to the similarity of changes
in the isolated and the non-isolated stomata. Cell
starch decreased in light + CO,-free air as com-
pared to initial values and to dark + normal air.

Discussion

The stomatal responses attained in epidermal
strips appear to satisfy the criteria set down initially
for evaluating the relevance of the results to the
physiology of non-isolated stomata. The guard cells
were living and changes in stomatal aperture, solute
potential and starch content in response to light -+
CO,-free air were closely comparable to those of
non-isolated stomata. Only 10 mum KCI, light and
CO,-free air were required to produce fully open
stomata on isolated strips.

Since my work was completed, a paper was
publiched by Fujino (5) quoting his earlier papers
in Japanese in which he has also shown light open-
ing of stomata in isolated epidermal strips which
apparently satisfies the aforementioned criteria. He
also demonstrated that potassium was required for
stomata in strips to open.

The mechanism of opening in Ficia stomata re-
sponds independently to light and to reduced CO,
(table ITT). Although this was suggested to be
the case in other species (11,16), it has been diffi-
cult to show with non-isolated stomata. as light
always affected CO, concentrations through photo-
synthesis by the mesophyll. The possibility still
remains that the light response in CO.-free air is
zia reductions in CO, content of the guard cell as
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a result of guard cell photosynthesis. This is only
plausible if guard cells are relatively impermeable to
CO,, or if their respiration rate is high.

The epidermal strips resting on mesophyll did
not require external KCl to open fully in light +
CO,-free air (table I). Thus the role of the meso-
phyll, in addition to lowering CO, around the guard
cell, may be to supply KCI or related solutes. Pre-
sumably the uptake of KCl is involved in its stimula-
tion of stomatal opening, a point supported by the
histochemical results of Fujino (5).

In terms of the 2 main hypotheses of stomatal
opening, light and CO,-free air may stimulate the
uptake of either sufficient KCl to account for the
changes in solute potential shown in table IV, or a
catalytic amount of KCl which could stimulate starch
hydrolysis, thus leading to production of small mole-
cules and a decrease in solute potential. These
possihilities are examined in the next paper (4).
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