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in Commelina communis L. and Tradescantia virginiana L.

Lee, Joon-Sang and D.J.F. Bowling
(Depariment of Plant Science, Aberdeen University, Aberdeen, UK.)

SHOMED AFEUHH|M Ao o|AtstEo 206 REEl
SHMES M2} M3l OlXlz FFH=S F&

% & @F - D.JF. Bowling
(P et A E g

ABSTRACT

The effects of light and CO, on the electrophysiological characteristics of guard cells in the
intact leaf and in the detached epidermis have been investigated. Guard cells in intact leaves
showed the membrane hyperpolarization in respouse to light. The biggest induced change of the
membrane potential difference (PD) in the guard cells of the intact leal was 13 mV by light and
42 mV by CO; in Commelina communis. Similar results were obtained with Tradescantia virginiana.
However, there were no changes of membrane PD in detached epidermis. In order to determine
the influence of the mesophyll on the changes of membrane PD, infiltration of the mesophyll
cells with photosynthetic inhibitors was performed. In CCCP infiltrated leaf discs the guard cell
membrane was depolarized slightly by red-light and hyperpolarized by CQs, but in leaf discs infilt-
rated with DCCD and DCMU the guard cell membrane was hyperpolrized by both red-light and
CO; as the control leaf discs. In azide infiltrated leaf discs the guard cell membrane showed
no response to light and there was a much reduced membrane hyperpolarization by CQ, compared
to other responses. It was likely that azide caused leaf damage and the activity of cell metabolism
was decreased greatly, resulting in small membrane PD changes by CO, and no changes by red-
light. Therelore, it can be suggested that red light was sensed by the mesophyll and the light
induced guard cell membrane hyperpolarization was related to energy produced by cyclic-photopho-
sphorylation, but CO;-induced guard cell membrane hyperpolarization was not related to photosyn-
thesis. Alkalisation of the vacuole was observed when the intact leaf was exposed to CQ,, indicating
that membrane hyperpolarization was mainly the result of proton efflux.

INTRODUCTION

Stomata open in the light and close in the dark. Such
a movement is driven by the turgor changes in guard
cells, The increase in turgor of guard cells is the result
of ions accumulated by the generation of a primary elect-
rochemical potential gradient across the plasmalemma.
This gradient is assumed to originate through the activity
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of a proton efflux pump, driven by ATP, which is electro-
genic and therefore creates both a pH and a potential
difference (PD) gradient across the membrane (Spans-
wick, 1981). The energy required for such ion uptake
can be driven from photosynthesis and respiration (Zei-
ger, 1983; Assmann and Zeiger, 1987). Zeiger (1983) has
proposed that the accumulation of potassium and chloride
ions by guard cells during stomatal opening occurs by
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such a chemi-osmotic mechanism. He has postulated that
potassium moves into the cell down the electrical gra-
dient generated by the proton pump whilst chloride is
accumulated as a result of the proton gradient set up.
Therefore, stomatal opening is due to uptake of K* and
other ions (Cl~ and malate) that in turn drives waler
fluxes. However, how light is sensed and how it is trans-
duced into driving the ion fluxes which control stomatal
movement is still not fully understood.

There have been several reports to support a mesoph-
yll contribution to stomatal control (Willmer and Mans-
field, 1969; Fischer, 1970; Nelson and Mayo, 1975; Zeiger
and Hepler, 1977; Grantz and Schwartz, 1988; Atkinson
et al., 1989; Fricker e¢f al., 1991; Lee and Bowling, 1992,
1993). Those reports mainly suggest that stomata in deta-
ched epidermis behave both quantitatively and qualitati-
vely differently from those in the intact leaf. Some of
the reports also demonstrated that the responses of
guard cells in detached epidermis to environmental sti-
muli were less sensitive than those in the intact leaf.
It is possible that if mesophyll cells are necessary for
stomatal opening, the change ol electrical properties in
guard cells could be dependent on the mesophyll cells
by way of electrical energy or signal metabolites. Gunar
et al. (1975) showed that a fairly rapid hyperpolarization
of the three types of cells (guard, subsidiary and epider-
mal) PD by 10~15 mV was observed upon the switching-
on of the light in intact leaves of Tradescantia albiflora.
They suggested that since epidermal and subsidiary cells
do not have chlorophyll, changes in their PD induced
by light could be associated with electrical excitation pro-
pagated from the mesophyll cells. Cheesman ef al. (1982)
also found that membrane potentials in isolated strips
were considerably lower than those in intact leaves and
were insensitive to light. Furthermore, there are a num-
ber of reports suggesting that photoinduced ion fluxes
in green plant tissue are probably associated with pumps
regulated by photosynthesis (Jeschke, 1970; Higinbotham,
1973), photo-synthetic electron transport (Hartmann, 1975)
and cyclic-photophosphorylation (Spanswick, 1973). The
above reports evoke the possibility that membrane hype-
rpolarization of guard cells in response to light could
be related to the mesophyll cells.

However, no attempts to investigate how the mesopbyll
can contribute to guard cell membrane hyperpolarization
has been made. Therefore, this study was carried out
to investigate the influence of the mesophyll on the guard
cell membrane hyperpolarization in response to light and
CO,.
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MATERIALS AND METHODS
Plant material. Commeling communis and Trades-
cantia virginiana were potted in John Innes No. 2 com-
post supplemented with Phostrogen and watered every
morning. They were grown in a glass house (minimum
temperature of 20°C during the day and 15°C at night)
under a light regime of 18 hours day and 6 hours night
(natural daylight supplemented by high pressure sodium
lighting (150 pmol m~257Y).

Vacnolar PD measurements.
were conducted on the abaxial surface of the leaves of
Tradescantia and Commelina. Four or five week-old fully
expanded leaves were excised early in the morning and
floated on distilled water in the dark for 1h to ensure
that the stomata were tightly closed. After 1h, the leaf
was put, abaxial side uppermost, on a slide which was
placed in a chamber with two holes provided for the
air stream. The slide was inclined at 30° to facilitate
micro-electrode implantation. The cut end of the leaf was
dipped in KCI (10 mM). The chamber was installed on
the stage of a stereomicroscope and the leaf surface was
viewed at a magnification of X100 with the microscope
lamp giving 100 umol m~*s~%. Light intensity used in the
measurements was 550 pmol m~%s”!, provided by a Lux
150 4-Port Projector. In light quality experiments, the
micro-electrode was inserted under dim green light to
avoid any side effects of other light qualities. Red light
(100 ymol m~?s~1) was obtained by passing light from a
Lux 150 4-Port Projector through a plastic filter (transmi-
tting above 625 nm); blue light and green light were ob-
tained using a plastic filter (blue: transmitting at 512~
412 nm; green: transmitting at 575~475nm). When a
steady reading for the PD had been obtained, CO, was
given to the leaf. A stream of CO,, obtained from a cylin-
der (pure CO,) passed into the box chamber via air flow
meter,

Micro-electrodes for PD measurements were pulled
from glass capillaries (2.0 mm outside diameter, 1.6 mm
inside diameter with internal filament, Clark Electrome-
dical Instruments, Pangbourne, Berks, UK.) filled with
3M KCI and connected by way of a Ag/AgCl half cell
to a voltage follower and chart recorder. The circuit was
completed by a Ag/AgCl reference electrode dipping into
the bathing solution. Microelectrodes were inserted into
the cells using a micromanipulator (Research Instruments
TVC 300). In some experiments, the membrane PD of
guard cells of detached epidermis in response to light
was measured. A small piece of strip, about 1.0 cm?, was

The measurements
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held in 5.0 ¢m® of the medium (10 mM KCI) by a fixed
plastic ring in a Pelri-dish so that the strip was just sub-
merged. The PD was measured under an Olympus CK2
inverted microscope (Olympus Optical Co. Ltd, Tokyo,
Japan) at a magnification of X200.

Infiltration of the mesophyll cells with photosynthetic
inhibitors, The mature leaves (second bifoliate leaf)
were excised, and their petioles were immediately dipped
into a solution containing 50 uM CaCls, 250 M MgSO,,
buffered at pH 5.9 with 5 mM sodium citrate/10 mM so-
dium phosphate (standard medium), with (treated samp-
les) or without (control) 100 uM DCMU (3(3,4-dichloro-
phenyl)-1,1-dimethylurea), 1 uM CCCP (carbonylcyanide
m-chlorophenylhydrazone), 50 WM DCCD (dicyclohexylca-
rbodiimide), or 1 pM NaN; The leaves were kept in a
glass house (minimum temperature of 20°C during the
day and 15°C at light) under a light regime of 18 hours
day and 6 hours night (natural daylight supplemented
by high pressure sodium lighting (150 umol m~2s7Y). This
infiltration lasted 48 hours, and its efficiency was checked
by measuring the rates of uptake of medijum. The volume
of uptake of medium was around 0.9 mL for 24 hours.

Micro-electrode determination of vacuolar pH. Di-
rect measurement of vacuolar pH was carried out using
pH sensitive micro-electrodes. pH sensitive micro-elect-
rodes were made by the same method used by Bowling
(1989). Microelectrode resistancewas typically 0.4—~0.5 gi-
gaohms. The calibration of the pH sensitive micro-elect-
rode was carried out with standard pH buffer solutions
(pH 4, 5, 6, 7 and 9.2). The slope of the calibration curve
between pH 4.0 and pH 9.2 was always greater than 50
mV per pH unil. Reference electrodes were made by
pulling micropipepttes as before and filling with 3 M KCL.
The pH and reference micro-electrodes were connected
via Ag/AgCl half-cells to a high impedance electrometer
(437 Electrometer, Pitman Instruments, Weybridge, Eng-
land).

The samples of intact leaf for pH measurements were
prepared using the same method described for the PD
experiments. The pH was measured by lowering both
micro-electrodes on to the same cell as close together
as possible without touching (510 ym apart) using Zeiss
micromanipulators (C-J, Jena). When a steady reading for
the pH had been obtained, a stream of CO, or light was
given to the leaf disc. The source of light and CO. was
the same ag for the PD experiments. The micro-elecirode
tips could be clearly seen under the microscope, but
when the micro-electrode was inserted into the cell in
order to measure vacuolar pH, its tip could not be seen.
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However, its location in the cell could be inferred from
the reading obtained. pH values between 5.0 and 6.0 in-
dicated that the tip was in the vacuole (Bowling and Ed-
wards, 1984). Micro-electrodes were calibrated before
and after readings. The pH of the suspension medium
buffer (10 mM MES-KOH, pH 6.15, 100 mM KCI) did not
vary over the course of the measurement. In some expe-
riments with detached epidermis this buffer was used
with the same method as the PD measurements.

RESULTS

The effect of light and CO; on the membrane PD of
guard cells in a closed stoma in the intact leaf is shown
in Fig. 1. Fast hyperpolarization of guard cell membrane
PD was recorded reaching up to 13 mV both for Trades-
cantta and Commeline in response to light. The initial
responses were the fastest and the saturation point of
hyperpolarization was reached within 30 sec. It then slo-
wly depolarized to near the start point while the light
was on. In darkness, a stable base reading of PD was
recorded and sometimes, there was a very slow depolari-
zation.

When a steady reading for the PD had been obtained,
a stream of CO; was passed into a chamber which the
leaf disc was put inside. At the onset of CO,, the PD sho-
wed a dramatic hyperpolarization of between 10 and 15
mV in 7. virginiana or 42 mV in C. communis (Fig. 1).

The saturation point of hyperpolarization was reached
with a lag time between 1 and 6 sec. The effect of CO,
on the PD was greater and faster than that of light, In

PD, m¥

Minutes

Fig. 1. The effect of white light (L) and CO; on the
change of membrane PD of the guard cell in a closed
stoma in the intact leaf of C. commelina (a) and T. Virgi-
niana (b).
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Fig. 2. The relationship between white light and CO,
on the change of membrane PD of the guard cell of a
closed stoma in the detached epidermis (a) and the intact
leaf (b) of T. virginiana.

these experiments, if the guard cells were given two se-
parate CO, pulses, the second response was smaller than
the first and if light was given after CO; treatment, there
was no response (Figs. 1b and 2). When light and CQO;
were given together, the light effect was masked by the
CO. effect (Fig. 2).

The effect of CO. was so dramatic that the possibility
of it being an artifact was investigated. The effect of nor-
mal air and CO;, free air on the change of guard cell
membrane PD was investigated. When they passed over
the leaf, these air currents caused no more than small
fluctuations in the PD (data not shown).

Whenever this experiment was attempted with deta-
ched epidermis, there was no response to light or CQO.
(Fig. 2a). This could be due to the different conditions
for the measurements in the intact leaf and in the deta-
ched epidermis and difficulties in penetrating detached
epidermal cells. Even though agar gel was used to sup-
port the epidermis, enabling easy penetration of the elec-
trode, there was still no response. Considering that pee-
led epidermis can be injured upon electrode penetration
the vibrating probe which can measure small currents
without penetrating the epidermis has been applied (data
not shown). However, there were no currents changes
by light in detached epidermis.

Fig. 3 shows the effect of light intensity according to
lightquality on the change of membrane PD of the guard
cell. The saturation point of the membrane PD was
around 500 pmol m™%! in response to white light, but
in response to red and blue light, it was 80 and 40
pmol m~2g~1. The mean PD change caused by white, red,
green and blue light at the saturation point of light inten-
sity was respectively 5.3, 5.2, 40 and 3.2 mV. Likewise,
the change of membrane PD of the guard cell in response

Light Intensity wmolm?®s’)

Fig. 3. The effect of the light intensity according to light
quality on the change of membrane PD of the guard cell
in a closed stoma in the intact leaf of T, Virginiana. Each
point is the mean of 3 or 4 measurements. Open circles,
white light; closed circles, red light; open rectangles,
green light; closed rectangles, blue light.

to blue light was relatively small and saturated at the
low light intensily. However, even though the saturation
points between white and red light werc different, the
magnitude of white and red induced hyperpolarization
was almost same, indicating that white light response
mainly came from red light effect. This suggested that
photosynthesis in the mesophyll could be related to the
guard cell membrane hyperpolarization. Therefore, the
effects of photosynthetic inhibitors have been used to
study the relationship between the guard cell membrane
hyperpolarization and photosynthesis. Infiltration of the
mesophyll cells with DCMU, CCCP, DCCD and NaN; for
48 hours was performed. The elfect of blue light on the
change of membrane PD was too small to allow compari-
sons between inhibitor treatments, therefore red-light
and CO; only were used in these experiments (Fig. 4).

100 yM DCMU and 50 pM DCCD had no effect on
guard cell membrane hyperpolarization in response to
light and CO. In 1uM CCCP infiltrated leal discs the
guard cell membrane was depolarized slightly in respo-
nse to light, but CO, caused abrupt hyperpolarization,
similar to the effect on control leaves. In 1pM azide
infiltrated leaf discs the guard cell membrane showed
no response to light and there was a much reduced me-
mbrane hyperpolarization by CO. compared to other infi-
ltrated treatments, indicating that the activity of whole
plant metabolism was reduced.

To investigate if membrane hyperpolarization is the
result of the proton efflux, the effect of CO; on the pH
of the vacuolar sap of guard cells in intact leaves was
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Fig. 4. The effect of mesophyll cell infiltration by photos-
ynthetic inhibitors (DCMU, CCCP, DCCD and NaNs) in
the change of membrane PD of the guard cell of a closed
stoma in the intact leaf of C. communis when the leaf
was exposed to red-light and CO..

investigated (Fig. 5). CO; caused the alkalization of guard
cell up to about 0.3 pH unit in the intact leaf. However,
this change was absent in detached epidermis.

DISCUSSION

This study suggests that guard cell membrane hyper-
polarization by light could be associated with the meso-
phyll cells. It was found that the membrane hyperpolari-
zation by white light had been mostly obtained by the
contribution of photosynthetic red-light, suggesting that
guard cell membrane hyperpolarization was related to
mesophyll photosynthesis. This was clarified by the resu-
Its of the photosynthetic inhibitor infiltration experiments.

In CCCP infiltrated leaf, the guard cell membrane was
not hyperpolarized in response to red-light, but CQ. cau-
sed abrupt hyperpolarization, similar to the effect on con-
trol leaves. CCCP is generally recognized as an effective
inhibitor of cyclic-photophosphorylation (Klob et al., 1973).
This suggested that the guard cell membrane hyperpola-
rization could be related to ATP produced by cyelic-pho-
tophosphorylation in the mesophyll. Spanswick (1973,
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Fig. 5. The effect of CO, on the change of vacuolar pH
of a closed guard cell in the intact leaf (a) and the deta-
ched epidermis (b) of C. communis.

1981) also reported that photoinduced ion fluxes in green
plant tissue are probably associated with cyclic-photopho-
sphorylation.

It is generally believed that the rapid electrical changes
could be related to mechanism of stomatal opening and
closing in several ways (Hsiao, 1976; Moody and Zeiger,
1978). Hence, it is possible that stomatal opening in the
intact leaf to a greater or lesser extent is dependent
on an electrical signal or an energy propagated from the
mesophyll. In favour of this hypothesis Wong ef al. (1979)
suggested that the stomata responded to another meta-
bolite of photosynthesis in the leaf of mesophyll tissue.
They considered that ATP or NADPH could be the subs-
tances involved.

QOutlaw (1989) in his review showed that most reports
indicate that the photosynthetic carbon-reduction pathway
is absent in guard cells or, at most, does not exceed
about 5% of that in the mesophyll cells on a chlorophll
basis. If the guard cell itself could not supply all the
requirements of energy and osmotically active sugars for
stomatal opening, then import from the mesophyll must
occur, A number of biochemical data has demonstrated
that there is fairly rapid exchange of metabolites and
others, such as hormones, ATP and NADPH) between
the mesophyll and epidermis (Thorpe and Milthorpe,
1984; Morison, 1987; Willmer et al., 1978). Though the
role of the movement of such metabolites and their rates
and amounts i# vivo has vet to be clarified, it can be
suggestted that this movement affects the long-term, pe-
rhaps daily, stomatal response.

Raschke and Hedrich (1989) reported that blue light
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activated pumps in the plasmalemma but red light had
no effect on the change of FD of guard cell protoplasts.
Zeiger and Hepler (1977) reported that stomata in isola-
ted epidermis of onion were only sensitive to blue light.
However, they found both red and biue light responses
in paradermal slices which included several layers of me-
sophyll cells. Futhermore, guard cell protoplasts swelled
when illuminated with blue light, but red light had no
effect (Zeiger and Hepler, 1977; Lee and Bowling, 1993).
This in turn favours the hypothesis that blue light is
perceived by stomata at the guard cell itself whereas
red light is sensed by the mesophyll. This hypothesis
is broadly in line with Fischer (1970), Gunar et al. (1975)
and Wong ¢f al. (1979). In the leaves infiltrated with pho-
tosynthetic inhibitors the inhibition of guard cell photosy-
nthesis could be also imagined, but its effect was negligi-
ble as stomata indetached epidermis did not show the
membrane hyperpolarization by light and CQ,.

CO; induction ol membrane hyperpolarization was
unexpected because CO; is generally known as an inhibi-
tor of stomatal opening. Spanswick (1973) reported that
CO; inhibited membrane hyperpolarization. However, in
that case hyperpolarization was stimulated when CO, was
eliminated, while light was still present. This result could
be interpreted as the light response being inhibited by
CO.. So then, how can the COzinduced membrane hype-
rpolarization’ be explained in connection with stomatal
closing ? The results in Figs. 1 and 2 can be explained
in two points. Firstly, CO, inhibits the light response.
Secondly, CO, may change membrane permeability and
recovery of membrane structure may take some time.
Likewise, CO; could inhibit stomatal opening by affecting
light response and altering the membrane permeability.
This view was supported by Edwards and Bowling (1985).
Moody and Zeiger (1978) also suggested that the activity
of a proton pump could cause changes in membrane per-
meability. This study also suggests that COyinduced me-
mbrane hyperpolarization is mainly the result of the pro-
ton pump. Therefore, it can be suggested that CO; affects
membrane permeability after the passive proton efflux.
Other rapid effects of CO; in stomatal movements could
be mediated by an amplified acidification of guard cell
cytoplasm, and a concomitant decrease in the pmf (proton
motive force), or the use of HCO;~ as a counter ion
for K* (Edwards and Bowling, 1985; Gepstein ef al,
1982; Hsiao, 1976; Raschke, 1979; Zeiger et al., 1978).
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