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Abstract. This paper reports a consistent and large openinig response to light + C0-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.

With regard to more natural environmllental
stimuli, Mouravieff (13,14) demonstrated stomatal
opening in response to CO,-free air. anid, to some
extent, to light in epidermal sections, but only wlhen
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 resiponse. AMore 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 tlle 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 coinsidered
that studies using epidermal strips and sections had
failed to demonstrate normal responses to light.
WNrork 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
' This work was supported in part by grant B-029-

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.

- Present address: Research School of Biological Sci-
ences, Australian National University, Canberra, A.C.T.,
Australia.

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 XVeston light meter with cosine
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correctioni, constanlt 26°, relativ-e lhumiiiditv greater
thalai 50 %). In the imajority of experiments. plants
wN-ere taken from the growtth room and placed in a
shaded greenhouse at a higher light intensity ( about
-1000 ft-c) for sev-eral days then retuirned to the
grow-fth roomii at least 2 days before their use. This
treatmiienit inmproved the ease of removing epidermal
strips hutt did inot noticeably affect stonmatal functioln.
Discs for experinments were takell froml leaves 2 to (i
positions below the first leaf loniger tlhan; cmll as
meaIs-tre(l fromii axil to tip. Plantls w- ere fromll 4 to 8,
weeks of age.

Somle of the Uicia leaf miaterial showed nmoderate
stomatal openinig in the dlark (c.y., ain aperture width
of 6 imiicronis 2 hr atfter darkenling); such behlavior
is not uinconiimioni in wicia faba (2. 19). These leaf
pieces wsere floated for 20 to 44 hr on water in the
dark before takin,g epidermal stril)s. This treatment
inrsured strips witlh initially small stomatal apertures
less tlhani 4 microns). \NVith o.ller 1'icia material,

suicli treatment was not necessary since apertures
were smiall w-hen strips were renioved after about
30 mmiii of floating of the leaf pieces in the laboratory
(approx 100 ft-c). Other thani alterinig the initial
stomatal aperture in experimenits, pre-treatmiienit of
the leaf pieces did not noticeably affect stomlatal
responises to light and CO,-free air.

Epidermal strips (approx 0.3 X 0.4 cmi) were
takeni from between the major lateral veins of the
al)axial leaf surface. The epidermis was first cut
along 3 sides of the strip to be takenl: 1 fine poilnt
of the forceps was inserted between the epidermis
and illesopiyll alonig the renmaiiling si(le: thieI the
epidernmis was grasped aIld slowly strippe(l from tile
miiesoplhvll. Strips were ilnmediately floated, cuticle
up, oIl about 2 ml of water or test solutions in small
d isIIes. Strips were transferred between solutions
by pla,cing a coarse nieedle unlider tile strilp aiid lifting
it out of tile solution.

Experimcitial Couditiouis. Stoillatal openinig in
epiderlllal strips was exanlined ill the light aind in
the dark, with CO,-free air ain(l witi nornmal air.
Ligilt was provided by 2 iodinie quartz lamllps. After
filterinlg through approxinlatelv 10 cIll of water, the
iilteilsity xvas 2000 to 2500 ft-c (N\eston ligh]t mietel-
wvitlh cosine correction) and the total radiatio'n was
abouit 0 25 cal cnl-2nmin 1 (Eppley pyrllelioilleter)
eveillv clistributed over the plexiglass platformn upon
whiclh the dishes were placed. Groups of dishes
were covered witi inverted clear plastic boxes
(9 cmi1 X 15 cm X 4 cni). The atmosphere sur-
rouniidinig the floating strips was controlled by pass-
inIg air of desired compositioln into eaci box at
about I liter per min and allowing it to escape
arouil(l the edges of the box. Nornlal air \as taken
frotli the laboratory compressed air supply and passed
tlhrouglh water; CO.,-free air (analy zed less than
0.0001 % CO2., v/v) was obtained bv passincg the
streanm through 2 bottles of 5 N KOH tlieil through
water at a pH of about 11. The relatively calm
coniditions in the boxes and lhtunmidification of the air

ensured tilat hulimitiezs arounticd the floatilng -4rilp
wvere higi.

The dark treatmiienit was effected l) placing the
(isliles unlder blackc ned 1(nd similarl-v ventilated boxes
oil a bl.ackcned platform helow the illumillated one.

The tcimiperatuire of the soluitions in the dishes.
moinitored with tlierniocotiples, range(d fronll 280 to
34° froml exxperiilent to experimenlt. Durin1g alny
given experinlent, the temperature w as constant, a(ld(l
thalt in the darkenled dishes did not deviate imiore
than 1 froml tilat in tile oiles in the ligit.

Illeasuri-emncut of Stomiiatal Apertures, Gutard Cell
Solifte Poteuitial, atid Starch. ULnless otherwise
nlentioned, stoniatal apertuires w-ere illeasuired after
3 hr in the light or dark floating on tile test solutioni.
Max.imal apertures in floated leaf discs are reacied
after this period in light ('2). The strip. were
collected, univrinkled Uipon tile flat surface of a
plastic spatula, dried gently for 1 or 2 sec witlh soft
tissuie paper, tlieIl transferred Niti forceps to imillller-
SiOll oil on a microscope slide and covered witlh a
cover glass. Stoillata in a strip surrounided by oil
did Inot clalIlge tileir apertures for at least 30 nilln.
In eaci strip, the alpertures (pore widtlh) of 20
raildoimi stoillata were nleasure(l at 400-fold nlagnifi-
cation UsiIng a illicroscope with eyepiece nlicrometer.
Usually 1 strip ( soimetiItnes 2) constituted a treat-
illent in a replicate. E-Iach experillleIlt coillprised
6 to 10 replicates. The nllaxinmal aperture obtainable
depended on the plaint illaterial and varied froimi
experinmlent to experimlent. Hence comlllarisonl of
apertuires sllouil(I he lilade onlyl within the same
experimeilt.

Gtuard cell solute potenltial xvas determiinied by tIle
plasmolvtic iethod. Epidermnal strips. takel at tile
-:ame tinme whein stoillatal aperture was menasured oil
otlher strips, wvere floated for 25 to 45 mill on gra(led
sucrose solutions (0.20, 0.35. 0.50, 0.70, alid 0.90 M\
in 0.1 ImiM CaCL) at about 250 in the dark. Stril)s
were then p)lace(d in oil oil a slide alld 20 stomiata
per strip wsere exanlinied for plasnmolysis of guard
cells uisillg oil iillillersioni and 1000-fold mllagnification.
The solute potential of the guard cell was assumiied
to be that of the suicrose solutioll causilig plasnlolysis
in 50 % of the guard cells.

Guard cell starcll was estimlated uisilig the iodilne-
pliellol-potassiulll iodide Illetliod of Heath (6).
Strips wvere collected in absolute etllaiol aild later
trailsferred to the stain. After 5 imlin they wvere
blotted briefly and pltit in oil oil a sli(le aIld the
starcli conteint of the gutard cell was scored vistiallv
under the mlicroscope on a scale of 0 (nIo starch)
to 7 (miaxiimium quantity of starch ob-erved).

Results

Specics 7Tested. Several species wvere tested for
the ability of stoimlata in epidermal strips to open.
The abaxial epidermal strips were takein and floated
briefly on water, tlheil floated back onto the meso-
phyll from wxhich thexv had been remov-ed. Tlle
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excessive water between the strip and mesophyll
was drawn off vith filter paper. After 3 hr in the
light in normal air, stomatal apertures in the strips
were comipared to those of adjacent non-isolated
stomata oni the same discs. This separationi and
temporary isolation of the strip shouild be distin-
guished from the complete isolation of strips uised
later. It enabled an examination of the effect of
stripping per se, and corresponds to the metlhod tused
by Mouravieff ('13).

Of the species tested, Pelargoniiumsl peltatum1t,
Tradescantia refle.ra, Nicotiana tabaccunm, Coni mte-
lina coelestia, and Senecio crassissimus showed little
or no stonmatal opening in the strips. WVith Alliuim
porruiii, from w-hich large and strong epidermal
strips w-ere obtained, there was full opening in some
stomata anid nonie in others of the same strip. Only
Vl'icia strips showed consistently large stomatal
opening when placed on leaf mesophyll (see table I).

Descriptioni of Epidermal Strips of Vicia. The
epidermal strips of Vicia contain about 6200 stomata
cm2 -ery- few- intact mesophyll cells remiiained on
the strip, although there were usually some chloro-
plasts and debris from broken mesophvll cells.
Observed uinder oil immersion at 1000-fold magnifi-
cation, nlo chloroplasts could be seen in the epidermal
cells w-hereas 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 gtuard cell
movemenits. 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 almiiost all
of theml accumiiulated neutral red when strips w-ere
floated for 30 min on 0.002 % neutral red in wvater,
regardless of whether the strips had just been taken
or had been floating on water for 3 hr, in the

Table I. Respontsc of Stomata to Light and COc,-free Air
in Vicia faba Epidermal Strips Replaced Upont

MIesophyll 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 8.2 6.3
light + CO,-free air 8.6 8.1
Dark normal air 1.1 1.7
Dark + CO..free air 4.0 3.5
LSD, 5 %1 within given row or given column 1.2

2.8
5.7
1.4
3.7

presence or absence of light. Previously Pallas (15)
has observed protoplasmlic streaming and neutral red
uptake in guard cells in `icia epidermlal strips.

The condition of the epidermal cells may have
an inmportant effect onl stomatal opening (20),
although my observationis did not consistently con-
firm this. As judged by the refractivity of their
protoplasm, and confirmed by neutral red uptake,
60 % 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 formiied an acute angle with
the leaf surface while the strip was being pulled off.
and if the strip was floated onl 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 % in epidernmal strips which
had been resting on mesophyll or floating on various
solutions.

Since in leaves the unlderlying 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 atperture 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 .vonale 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
CO9-free air. However, they opened fully on 2.6 mM
tris (hydroxymethyl) aminomethane/2.6 mM maleate
(pH 5.9)3 with 25 mat KCl and 0.04 mM CaCl2.
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 olf leaf discs floating onl water were 8.6 and
2.4 microns (LSD, .5 %, 0.9 miiicrons).

3All tris/maleate buffers X-ere titrated with Ca(OH)2
to pH 5.9 or 6.0; therefore they were 0.5 to 0.8 mm in
Ca2+. CaCw,,when used, was additional.

1 The smallest difference between designated treatment
means for significance at the 5 % level, based on t
tables; i.e., LSD, 5 % = t0.05*Sx.\/2 where Sx is the
standard error of the appropriate means. This test is
used throughout the paper.
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Table II. Effects of C oniiponueitts of the Trisl'aleate/
KC1I CaCl, Buffer Solution1 on Stoniiatal Responses

in. Isolated Epider-ioal Strips of Vicia faba
Strips were floated on 0.1 mM CaCl, for 30 min in

the dark at 250 before transfer to test solutions. Mean
stomiatal aperture at the time of transfer w-as 4.1 microns
in both experiments.

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

Buffer' KCl Ca

2.5
0
0

LSD, 55 %

2.5
2.5)

LSD, 5 %

10.0
10.0
10.0

10.0
0

Expt 1
0.5
0.5
0

Expt 2
0..;
0.5

Mean stomatal aperture,
microns

L-ight + Dark +
a CO.,-free air normal a:

12.1
11.2
12.0
1.3

1.5 6.7
6.8 4.6
0.9 0.9

isolated stoimiata of Vicia closed rapidly \N ith ( rken-
ing. Stomata in leaf discs on w-ater and epidermlal
strips on buffered KCl opened fronm anl initial aper-
ture of abotut 2 microns to about 9 microns in light -
CO.-free air. One half of the samples w7ere trans-
ferred to dark 4- normal air. Mean stomatal aper-
tures 7 hr later were 10.4 and 6.3 microns. respec-
tivelv. for leaf discs in light anid those tran4erred to
the dark, and 8.6 and 6.0 microns for the corre-
sponding strips. The slow and incomiiplete dark
closiing may reflect the endogenous rhythm in dark
opening in V'icia (19).

(iloan qes in Cotard Cell Solntte Potenitial and
Starc/ Conitcnt. In an experimiient comparing solute
potential and starch content of the guiard cells. sto-
matal apertture in the strips again responded in the
same w-ay to light + CO,-free air as d(id the aper-
ture of non-isolated stomata (table IV There wvas
how-ever a tendency in the dark -' normal air for
isolated stomata to open wider than non-isolated

Tris/maleate at pH 6. For the solution free of
Ca2+, the pH was adjusted ith KOH instead of
Ca (OH),

Of the various componients in the tris/maleate/
KCI/CaCl, solution, only KCI wxas essenitial (table
II). Not only was there a response to KCl in light.
there was also a response to KCI in dark + normal
air (table II), whiclh is particularly evident when
the initial aperture is subtracted from the final
values in the table. Althouigh 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 subsequeent work.

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

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

Table IV. Effcct of Light and CO,,-fir-(.Air oni
Stomatal Aperture and Guard Cell Solutc Potenitial

cind Starch in Vicia faba Epiderinal Strips
Experiment 1: 23 mm KCl and 2 m-m CaCI. in buffer.

Experiment 2: 10 mM KCl in buffer: at the beginning
of the light + CO-free air treatment apertures were
3.5 and 4.1 microns for non-isolated anld isolated sto-
mata respectivelv; the corresponding starch scores w-ere
5.5 and 5.8.

Conditions
Non-isolated Strip on

on water buffer
Expt 1

Stomatal aperture. microns
TLight + CO,-free air
Dark + normal air

Guard cell
Light + CO,,-free air
Dark + nornial air

Stomatal
Light + CO,-free air
Dark + normiial air

Guard
TLight + CO,-free air
Dark + normal air

10.0 110
1.6 3.8

solute potential. bars
-16.2 -16.2
-8.2 -6.3

Expt 2
aperture. micr -l

10.5; 1]].
3.5 6.7

cell starch score
3.9 2.9
4.9 4.5o

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

Strips were floated on 0.1 mM CaCl9 for 30 min in
the dark at 250 before transfer- to 10 mms KCl in buffer.
Mean stomatal aperture at the time of transfer was
1.8 microns.

Mean stomatal aperture, microns

Dark Light Difference LSD, 5 %
Normal air
CO,-free air
Difference
LSD, 5 %

4.2 5.3
7.2 9.7

+3.0 +4.4
1.1 1.1

+1.1
+2.5
+5.5

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

The similaritv of behavior between isolated and
noni-isolated stomata is further demonstrated in the
percentage of guard cells plasmolyzed at each sucrose

concentrationi for the 4 experinmental :reatments

1950
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SUCROSE (M)
FIG. 1. Effects of prior isolation of epidermal strips

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 x-as 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 + C02-free air as com-

pared to initial v-alues and to dark + normal air.

Discussion

ITlie 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 mM\ KCI, light and
CO-free air were required to produce fully open

stomata on isolated strips.
Since mv xork w-as completed, a paper xvas

publiclhed by Fujino (5) quoting his earlier papers

in Japanese in xvhich he has also shown light open-

ing of stomata in isolated epidermal strips which
apparently satisfies the aforementioned criteria. He
also demlotnstrated that potassium was required for
stomata in strips to open.

The miechanisnm of opening in Vicia stomata re-

sponds independently to light and to reduced CO.,
(table III 8 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-
svnthesis by the mesophyll. The possibilitv still
remlains that the light response in CO.-free air is
via reductiotns in CO. content of the guard cell as

a result of guard cell photosynthesis. This is only
plausible if guard cells are relatively impermeable to
CO2, or if their respiration rate is high.

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

In terms of the 2 main hypotheses of stomatal
opening, light and C02-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
possibilities are examined in the next paper (4).
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