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ABSTRACT

Combining measurements of electric potential and pH
with such of chlorophyll fluorescence and leaf gas exchange
showed heat stimulation to evoke an electrical signal
(propagation speed: 3-5mm s™) that travelled through
the leaf while reducing the net CO, uptake rate and the
photochemical quantum yield of both photosystems (PS).
Two-dimensional imaging analysis of the chlorophyll fluo-
rescence signal of PS II revealed that the yield reduction
spread basipetally via the veins through the leaf at a speed
of 1.6 = 0.3 mm s while the propagation speed in the
intervein region was c. 50 times slower. Propagation of the
signal through the veins was confirmed because PS I, which
is present in the bundle sheath cells around the leaf vessels,
was affected first. Hence, spreading of the signal along the
veins represents a path with higher travelling speed than
within the intervein region of the leaf lamina. Upon the
electrical signal, cytoplasmic pH decreased transiently from
7.0 to 6.4, while apoplastic pH increased transiently from
4.5 to 5.2. Moreover, photochemical quantum yield of iso-
lated chloroplasts was strongly affected by pH changes in
the surrounding medium, indicating a putative direct influ-
ence of electrical signalling via changes of cytosolic pH on
leaf photosynthesis.

Key-words: Zea mays; chlorophyll fluorescence imaging;
electron quantum yield; gas exchange.

INTRODUCTION

Electrical excitability and signalling, frequently associated
with rapid responses to environmental stimuli, are ubiqui-
tous features of higher plants (Davies 2004). A plethora of
physiological responses have been discovered recently to
trail electrical signals in plants (Trebacz, Dziubinska & Krol
2006; Fromm & Lautner 2007), i.e. following mechanically
induced action potentials or wound-induced variation
potentials (Sibaoka 1969; Pickard 1973; Stahlberg &

Correspondence: J. Fromm. Fax: +49 (0)40 428912835; e-mail:
Jj.fromm@holz.uni-hamburg.de

The first two authors contributed equally to this work.

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd

Cosgrove 1992, 1994). However, generation of electrical
signals upon exciting stimuli and their physiological conse-
quences are still a poorly understood feature of higher
plants.

With regard to photosynthesis, a series of recent studies
have focused on local and systemic effects of electrical
signals on light and dark reactions in higher plants (Herde
et al. 1999; Koziolek et al. 2004; Lautner et al. 2005; Hla-
vackova et al. 2006; Kaiser & Grams 2006; Grams et al.
2007). In particular, heat-induced electrical signals caused a
strong local as well as systemic reduction in net CO, uptake
and quantum yield of electron transport at photosystem II
(PS II) and hydropassive responses in stomatal aperture
(Koziolek et al. 2004; Kaiser & Grams 2006). In more detail,
Lautner et al. (2005) analysed the spread of a heat-induced
signal in the phloem of Populus trichocarpa and showed
that the signal depends on the availability of calcium.

Similar to action potentials in animals, the propagation
of electrical signals in plants is mediated by ion channels.
While the ionic mechanism of excitation in animals is
mainly based on Na* and K* fluxes, in plants, Ca?*, Cl~ and
K* play a significant role during the action potential (Same-
jima & Sibaoka 1980; Kikuyama & Tazawa 1982; Felle &
Zimmermann 2007). In addition, active transport of H*
across the plasma membrane could also play an essential
role in generation of action potentials (Opritov, Pyatygin &
Vodeneev 2002; Vodeneev, Opritov & Pyatygin 2006). Upon
wounding, such as heating of leaves, plants elicit an electri-
cal signal with distinct consequences on H*-fluxes at the
plasma membrane involving transient shutdown of the
P-type H*-ATPase (Stahlberg & Cosgrove 1996; Stahlberg,
Cleland & Van Volkenburgh 2006). It is also reported that
enzymes in the cell wall, the plasma membrane and the
cytoplasm modify their activities during local changes in ion
concentrations (Davies 1987). However, to date, changes
in pH after heat-induced signalling, in particular in the
cytoplasm, remain obscure. Action potentials that arise
at the plasma membrane could affect cross-membrane
H*-transport, which results in a transient alkalization of
surrounding experimental media (Bulychev & Kamzolkina
2006a,b; Vodeneev et al. 2006) and, supposedly, result in
acidification of the cytoplasm. Similar to findings in Mimosa
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and poplar (Koziolek et al. 2004; Lautner et al. 2005), these
results provided evidence that electrical signals are trans-
mitted to the level of thylakoid membranes and are repress-
ing O, evolution and quantum yield of electron transport
at PS IL

The aim of the present study was to clarify an involve-
ment of both apoplastic and cytoplasmic pH changes in
heat-induced electrical signals and their photosynthetic
response. In addition, if the speed of the photosynthetic
response travelling along the veins is faster than the propa-
gation in intervein region as shown in Mimosa (Koziolek
et al. 2004) and poplar (Lautner et al. 2005), the C, grass Zea
mays, due to its leaf morphology with strictly parallel veins,
appeared to be a rewarding object to determine the differ-
ent velocities in veins and intervein regions. The Kranz
anatomy of C, plants facilitates tracing the signal propaga-
tion along the veins because PS II activity is deficient in
bundle sheath cells (Woo et al. 1970; Hatch 1992) and, thus,
PS I should immediately be affected by the travelling signal.

MATERIALS AND METHODS
Plant material

Plants of Z. mays L. var. Mozart were grown in a green-
house during fall/winter from seeds in pots (3 L; Fruhstorfer
Erde, Typ P; Archut, Germany). Additional lighting was
provided by mercury vapour lamps ensuring a photosyn-
thetic photon flux density (PPFD) of >200 umol m~ s~ and
14/10 h day/night period at air temperature 20-22 °C, while
relative air humidity fluctuated with outside conditions.
Plants of 80-140 cm in height were transferred into a
climate-controlled phytotron (York, Germany; air tem-
perature of 22 °C, relative air humidity of 60%, PPFD c.
150 umol m2s7!, 14/10 h day/night period) and measure-
ments were performed on mature, 3- to 4-week-old leaves.
Plants were fertilized with macro- and micronutrients in a
Hoagland solution (Hoagland & Arnon 1950).

Isolation of chloroplasts from leaf material

Seventy-five grams of young leaves were rinsed off with
distilled water and dissected from their midribs. The whole
isolation was conducted at 0°C. In isolation medium
[composed of 330 mm sorbitol, 10 mm Na-pyrophosphate
(pH 6.5), 5 mm MgCl,, 4 mm Na-ascorbate], leaf material
was mixed for 5 s and filtered through mull and nylon cloths.
The filtrate was centrifuged (1 min 4000 g) and washed
twice [in 330 mMm sorbitol, 50 mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 7.6) 1 mm
MgCl,, 1 mm MnCl,, 2 mm ethylenediaminetetraacetic acid
(EDTA)] to gain a purified chloroplast suspension. For
further details, see Heldt (1997).

Electrical measurements

For intracellular membrane potential measurements, a
microelectrode, filled with 100 mm KCl, was inserted into

a mesophyll cell of a leaf. The reference electrode was
immersed into artificial pond water (APW) where the cut
cross-section of the excised leaf was also submerged. The
APW was composed of 1.0 mm NaCl, 0.1 mm KCI, 0.1 mm
CaCl, and 1.0 mm MES, adjusted with Tris to a pH value of
6.0. Prior to each experiment, both electrodes had been
calibrated (0 mV) in APW and were connected to a differ-
ential amplifier (WPI, Model 750, World Precision Instru-
ments, Sarasota, FL, USA). After microelectrode insertion,
the tip of the leaf was heat-stimulated at 10-12 cm distance
to the site of electric potential measurements and data were
recorded by a chart recorder. Heat stimulation was per-
formed by the flame of a lighter (c. 1000 °C) for 1 to 2s.

For apoplastic measurements, four-leaved whole maize
plants were placed inside a Faraday cage and part of the
second leaf was fixed horizontally while a long-distance
microscope objective (20x) permitted the positioning of the
electrodes at an angle of approximately 45° (according to
Felle & Zimmermann 2007). The tip of another leaf was cut
off and the cut end of the leaf was connected to earth (zero
voltage) submersed in a basal solution which comprised
1-5SmMm KCI, 0.1 mm CaCl,, 0.1 mm NaCl, and a 1 mm
Mes/Tris buffer solution, adjusted to pH 5.5. Voltage- and
pH-selective microelectrodes were positioned in the sub-
stomatal cavity of open stomata. Their preparation and
insertion were carried out as described by Felle et al. (2000,
2004). Electrodes were connected with a high-impedance
(10" Q) amplifier (FD223, World Precision Instruments,
Sarasota, FL, USA) and kinetics were recorded on a chart
recorder (L2200, Linseis, Selb, Germany). Signals picked up
by pH-selective electrodes consist of both apoplastic
voltage and pH-specific voltage. To obtain the pH-specific
net signal, traces were subtracted from each other by a
differential amplifier. As soon as the electrode tip had
contact with the aqueous phase of the stomatal cavity, the
electrical circuit was closed and the tip of the leaf was
heat-stimulated as described above at a distance of 10 cm.

For cytoplasmic pH measurements, the same experimen-
tal set-up and stimulation procedure was used as described
for apoplastic recordings (see above). However, voltage-
and pH-selective microelectrodes were positioned in meso-
phyll cells. Fabrication of the pH-sensitive microelectrodes
was performed as described in detail by Felle & Bertl
(1986).

Leaf gas exchange measurements

Assessment of leaf gas exchange was performed using
an open-flow porometer (Li 6400, Li-Cor Inc, NE, USA)
at constant CO, concentration of 400 uL L™, relative air
humidity of c. 60%, air and leaf temperature of 25.1 and
25.5 °C, respectively, and PPFD of c. 100 umol m=2 s,

Chlorophyll fluorescence measurements
of PS I

The spatio-temporal variations in the PS II chlorophyll
fluorescence of heat-stimulated leaves was assessed using
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an Imaging pulse-amplitude modulation (PAM) chloro-
phyll fluorometer (Heinz Walz GmbH, Effeltrich,
Germany). This method allows non-invasive determination
of photochemical quantum yield of PS II by the saturation
pulse method (Schreiber, Schliwa & Bilger 1986). For simul-
taneous measurements of leaf gas exchange, the Imaging-
PAM system was mounted directly on the top of the broad-
leaf cuvette of the Li-Cor 6400. Prior to heat stimulation,
the imaged leaf area was adapted to a PPFD of c.
100 umol m?s7! until gas exchange rates became stable
(typically after 20-30 min). Saturating light pulses were
given every 10 or 20 s to determine the images of effective
quantum yield of PS II electron flow, calculated as
AF/F'm = (F'm — F)/F’'m. Here, F and F'm designate actual
and maximum yield of PS II chlorophyll fluorescence in a
light-adapted leaf, respectively (for nomenclature,
see van Kooten & Snel 1990). Intensive testing proved
the observed effects of electrical signals on photochemical
quantum yield of electron transport at PS II not to be
affected by applying the saturation pulses at high frequency
of 20-30 s intervals.

Assessment of effective quantum yield of PS Il in isolated
chloroplasts was performed immediately after isolation
with the Imaging-PAM system although, here, the spatial
mean value of the slowly stirred chloroplast suspension in
a Petri dish was evaluated. Measurements were done in
darkness at room temperature and saturation pulses were
applied every 180s. Under these conditions, chloroplasts
displayed a stable PS II quantum yield of c. 0.4 for at
least 1 h. pH changes in the chloroplast suspension were
achieved by addition of 30-60 uL. 0.1 M NaOH or HCL.

Simultaneous measurements of PS | and PS Il
chlorophyll fluorescence

Assessment was performed on intact leaves by means of
a new generation of PAM-system (Dual-PAM-100, Walz,
Effeltrich, Germany) using blue light for PS II excitation
(A =440 nm) and far-red light (A =715 nm) for preferential
excitation of PS I (Klughammer & Schreiber 2008). This
system allows for simultaneous determination of the
quantum yields of photochemical energy conversion at PS I
and PS II at the same leaf area. Measurements were done
on pre-illuminated (c. 100 umol m™ s™) attached leaves.

RESULTS
Response of photosynthesis to heat stimulus

Heat stimulation of the leaf tip of Z. mays plants resulted in
a transient drop of net CO, uptake rate in the investigated
central part of the leaf lamina (Fig. 1). One hundred fifty
seconds after heat stimulation, net CO, uptake rate
decreased from 3.8 = 0.2 umol m~s™ (mean * SE, n=11)
to about 2.3 = 0.2 yumol m2s™, before recovery set in
towards 3.1 = 0.2 umol m~2s™'. While net CO, uptake rate
declined, stomatal conductance (gm0) first rapidly incre-
ased (from 35 = 3 before to 79 =7 mmol m2s™ upon
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Figure 1. Response of net CO, uptake rate (open circles) and
stomatal conductance (dashed line) of a leaf upon heat
stimulation of its tip at c. 10 cm distance. Data shown are
representative for a total of 11 measurements.

stimulation), reaching a peak after about 200 s, prior to
declining towards 20 = 7 mmol m2s™! (Fig. 1, n=5).

Similar to the response in leaf gas exchange, heat stimu-
lation of the leaf tip caused a substantial decrease in the
photochemical quantum yield of PS II (Fig. 2) indicating a
retardation of the non-cyclic electron transport. This effect
began 50 s after heat stimulation in the lamina regions
along veins, at a distance of c. 10 cm from the heat-induced
leaf tip. The transient drop of photosynthesis spread basi-
petally throughout the leaf and passed through a minimum
after c. 150 s, prior to incipient recovery (Fig. 2). The reduc-
tion of the photochemical quantum yield occurred by two
distinct steps: A fast response propagated along the veins
with a speed of 1.6 =03 mms™ (mean = SE, n=7; cf.
signal spreading from right to left in Fig. 3a), which was
followed by proliferation into the intervein regions, at a
velocity retarded by a factor of c. 50 (propagation speed of
0.03 = 0.01 mm s, cf. Fig. 3b).

Due to the chloroplast dimorphism in C, plants such as
Z. mays with bundle sheath chloroplasts (close to veins)
lacking PS II activity (Woo et al. 1970; Hatch 1992), simul-
taneous assessment of PS I and PS II chlorophyll fluores-
cence of the leaf gave further evidence for the propagation
of the signal via the veins (Fig. 4). Mean travelling time of
the signal from the site of heat stimulation to the onset of
PS I drop at the monitored leaf area corresponded to
1.1 £ 02 mms™ (mean = SE, n=35). In all investigations,
heat stimulation affected quantum yield of PS I before PS
II. However, due to the small distance between chloroplasts
in bundle sheath cells (lacking PS II activity) and mesophyll
cells, the time interval between the decline in quantum yield
of PS T and PS II was short (i.e. 10 s) but significant.

Electrical signalling

After inserting a microelectrode into a mesophyll cell of
a mature leaf, its tip was heat-stimulated at a distance
of 10-12cm and an electrical signal with an amplitude
of 30mV (=4 mV, n=5) and a speed of 3-5 mm s was
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released (Fig. 5a). For comparison, electrical signals were
also measured by apoplastic voltage microprobes placed
non-invasively into sub-stomatal cavities. After heating of
the leaf tip, an electrical signal with an amplitude of 60 mV
(£9mV, n=35) and a speed of 3-5 mms™ was observed
(Fig. 5b). Due to the apoplastic location of the microelec-
trode, the electric potential hyperpolarized transiently in
contrast to the depolarizing signal measured in the cyto-
plasm (Fig. 5a). Surprisingly, cutting the leaf tip did not
trigger electrical signals. Furthermore, we never observed
spontaneous signals.

The pH response

Both depolarization and repolarization of an electrical
signal are caused by ion fluxes. In case of a typical action
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Figure 2. Spatio-temporal changes of
photochemical quantum yield of
photosystem IT (PS IT) (AF/F'm) assessed
by PS II chlorophyll fluorescence
imaging. The imaged area (l: 22 mm; w:
17 mm) covers the central part of the leaf
lamina. The leaf tip was heat-stimulated
at a distance of c¢. 10 cm. Time intervals
given after the instant of heat stimulation
(at time =0 s). Changes in AF/F'm took
50 s to become apparent. The decrease in
PS II quantum yield is indicated by a
false-colour shift from light blue to
yellow/orange (equivalent to a lowering
of AF/F'm from 0.6 to about 0.2-0.1).
Data shown are representative for a total
of seven measurements.

potential transmembrane ion fluxes (Ca*, Cl-, K*) move
down their electrochemical gradient after their channels
have been activated (Fromm & Lautner 2007). Although
the ionic background of action potentials has already
been identified in some plant species, e.g. in Characeae
(Kikuyama & Tazawa 1982; Williamson & Ashley 1982), in
the liverwort Conocephalum conicum (Favre et al. 1999), in
maize (Fromm & Bauer 1994) and barley (Felle & Zimmer-
mann 2007), for heat-induced signals in maize, the problem
seems largely unresolved. In order to examine if a heat-
induced electrical signal is caused by a transient shutdown
of the H-ATPase (Stahlberg & Cosgrove 1996; Stahlberg
et al. 2006), pH-sensitive microprobes have been applied to
study cytoplasmic pH changes. After inserting the electrode
into a mesophyll cell of an attached leaf, cytoplasmic pH
rests between 7.0 and 7.4 (7.2 * 0.2, n=5). It rapidly

Figure 3. Kinetic changes of photochemical quantum yield of photosystem II (PS II) (AF/F'm) measured by chlorophyll fluorescence
imaging after heat stimulation of the leaf tip. (a) Spreading of AF/F'm along a leaf vein. (b) Spreading of AF/F'm from veins to intervein
regions. (c) Detail of Fig. 2, giving the position of measurements shown in (a) and (b). White lines indicate positions of veins. PS II

quantum yield is expressed by a false-colour scale (right, see Fig. 2).
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Figure 4. Quantum yield of photosystem I (PS I) and PS II
upon heat stimulation of a leaf tip at time 0 and a distance of c.
7 cm. Data shown are representative for a total of five
measurements.
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Figure 5. (a) Electrical signals measured with a microelectrode
in the leaf mesophyll induced by heat stimulation (arrow) of the
leaf tip at a distance of 10 cm. Typical signal time courses out of a
total of five measurements. (b) Action potential measured in the
apoplast of maize leaves after heating (arrow) of the leaf tip (at
10 cm distance). (c) Transient change of cytoplasmic pH in the
mesophyll after heating the leaf tip. (d) Kinetic change of pH
accompanying an electrical signal in the apoplast of the leaf after
heat stimulation of the leaf tip at a distance of 10 cm.
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Figure 6. pH dependence of photosystem II (PS II) quantum
yield of isolated Z. mays chloroplasts. Different symbols
represent independent isolations and subsequent measurements.

decreases after heating the leaf tip at 10-12 cm distance by
about 0.6 pH units (Fig. 5c). In addition, the non-invasive
approach with pH-selective microprobes inserted in the
sub-stomatal cavity provides a valuable hint because they
measure continuous H* movements as soon as protons are
extruded from cells. Similar to the change in cytoplasmic
pH, apoplastic pH responded distinctly during the electrical
signal. pH increased rapidly from 4.5 to 5.2 and returned
slowly close to the value measured prior to stimulation
(Fig. 5d). Interestingly, the velocity of the transient change
in pH was similar to that of the electrical signal.

Clearly, heat-induced electrical signals yielded distinct
pH responses in the cytoplasm as well as in the apoplast. In
correlation to the acidification of the cytoplasm during the
signal, the apoplast alkalizes which points to a possible
deactivation of the H* pump.

pH dependence of chlorophyll fluorescence

To check for potential effects of a pH change on chlorophyll
fluorescence, chloroplasts were isolated from the leaves.
They displayed a strong pH dependence of photochemical
quantum yield of PS II as presented in Fig. 6. Maximum
quantum yield of c. 0.4 occurred around pH 7, while the
yield level decreased sharply at pH >7 (e.g. 0.18 at pH of
7.8). Upon acidification, PS II quantum yield more gradu-
ally declined towards c. 0.3 at pH of 6.0.

DISCUSSION

Two hypotheses were posed at the beginning: (1) heat-
induced electrical signals are propagated through the leaf
along the veins, which represent a signalling highway with
higher travelling velocities than in the intervein regions
of the lamina; and (2) heat-induced variation in H* flux
across the plasma membrane causes pH changes which in
turn affects net CO, uptake and photochemical perfor-
mance of both PS.
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Recent studies on local and systemic signal transmission
in Mimosa pudica (Koziolek et al. 2004; Kaiser & Grams
2006) and poplar (Lautner et al. 2005) demonstrated a link
between heat-induced electrical signals and photosynthetic
responses. Likewise, upon heat stimulation, we observed a
transient rise in stomatal conductance which was accompa-
nied by a drop of net CO, uptake (Fig. 1). Thus, neither the
rapid suppression of net CO, uptake nor its recovery
appears to be a direct consequence of a changing stomatal
aperture. Our findings support the view of Kaiser & Grams
(2006) that the increase in stomatal conductance is due to
hydropassive stomatal movement caused by sudden loss of
epidermal turgor, whereas the reduction of net CO, uptake
is, at least partially, due to a disturbance of the light reac-
tions at PS T and II (Figs 2 & 3, Koziolek et al. 2004; Lautner
etal. 2005). The extent to which a parallel increase in
mitochondrial respiration is affecting the net CO, uptake
remains unclear (cf. Dziubinska, Trebacz & Zawadzki 1989;
Filek & Koscielniak 1997). In the monocot Z. mays, we
observed the spatio-temporal dynamics of the heat-
induced, transient drop in photochemical quantum yield of
PS 1I through chlorophyll fluorescence imaging (Figs 2 &
3). The photosynthesis reduction emerged first along the
veins and subsequently intruded into the intervein regions,
suggesting that the electrical signal spreads through the leaf
lamina via the veins and from there to the mesophyll cells as
previously indicated in Mimosa and poplar (Koziolek et al.
2004; Lautner et al. 2005). In Z. mays, the bundle sheath
cells that enclose the leaf vessels contain chloroplasts
which, contrasting the mesophyll chloroplasts, neither
possess grana thylakoids nor PS IT (Woo et al. 1970; Hatch
1992). Hence, electrical signals travelling within the leaf
bundles would first affect PS I in the bundle sheath chloro-
plasts before encountering PS II when the signal arrives in
the leaf mesophyll cells. Accordingly, simultaneous assess-
ment of chlorophyll fluorescence in both PS revealed PS I
to be consistently affected first (Fig. 4), giving additional
evidence that the signal is propagated through the veins.
Moreover, the speed of the signal spread through the veins
of 1.6 = 0.3 mm s™' is about 50 times faster than the subse-
quent velocity in the intervein regions. These findings
support our hypothesis 1 as posed above.

Upon heat stimulation, we measured an electrical signal
in both the cytoplasm of the mesophyll and the sub-
stomatal cavity (Fig. 5a,b). In comparison with the so-called
variation potentials (Roblin 1985) or slow waves (Julien
et al. 1991), which were observed after wounding and show
a prolonged transient of repolarization (Stankovic et al.
1998), the signals measured in the present study show a
short repolarization phase. Hence, their affiliation is still a
matter of discussion.

Concerning ion fluxes during electrical signals, a strong
initial depolarization is the main releasing factor that first
causes Ca”" influx and then anion efflux, which causes the
typical voltage ‘breakthrough’ in action potentials. Subse-
quently, K* efflux starts after the depolarizing voltage has
passed the K' equilibrium potential (Fromm & Bauer
1994; Felle & Zimmermann 2007). Anion channels do not

only release depolarizing anions during an action potential
but also organic acid anions which bind protons under
acidic conditions and therefore cause a pH increase in
the apoplast. Recently, Felle eral. (2005) demonstrated
apoplastic alkalization in general to indicate stress. In the
present study, heat stimulation of a maize leaf increased
apoplastic pH while cytoplasmic pH decreased. The ques-
tion if the heat-induced electrical signal shown in Fig. 5 is
generated by H* pump deactivation or by other mecha-
nisms (e.g. proton leakage through plasma membrane) is
currently under investigation in our laboratory. In charac-
ean algae and pumpkin seedlings, action potentials arising
at the plasma membrane also affected cross-membrane
H*-transport and resulted in changes of the surrounding
pH milieu (Opritov et al. 2002; Bulychev & Kamzolkina
2006a,b). The work by Bulychev & Kamzolkina (2006a,b)
also indicates that a change in cytoplasmic Ca*" concentra-
tion may affect the chloroplast in a way that both O, evo-
lution and quantum yield of electron transport at PS II are
reduced. These transient reductions in photosynthesis
upon induction of action potentials appear to be linked
to an increase in ApH across the thylakoid membrane
(Bulychev & Kamzolkina 2006a,b). In isolated Z. mays
chloroplasts, the photochemical quantum yield of PS II
was strongly affected by pH changes in the surrounding
medium (Fig. 6). This indicates a putative direct influence
of the electrical signal on photochemical quantum yield
and net CO, uptake (cf. Figs 1-3) via lowered cytoplasmic
pH, which is in line with our hypothesis 2. However, in
contrast to the hypothesis of Bulychev & Kamzolkina
(2006b), in Z. mays, cytoplasmic Ca?" concentrations might
not be involved in the transient drop in photosynthesis, as
increase in Ca® concentration had no effect on the photo-
chemical quantum yield of isolated chloroplasts (data not
shown).

In conclusion, we confirm earlier findings that heat-
induced electrical signals spread via the veins through the
leaf lamina with a speed of 3-5 mm s™. In comparison, the
speed of the photosynthetic response is 1.6 = 0.3 mm s,
which appears to be 50 times faster along the veins than in
intervein regions. Therefore, evidence is given that the
photosynthetic response is caused by the electrical signal.
Upon signal induction through the heat stimulus, cytoplas-
mic pH is decreased. Moreover, photochemical quantum
yield of isolated chloroplasts was strongly affected by pH
changes in the surrounding medium, indicating a putative
direct influence of electrical signalling via changes of cyto-
solic pH on leaf photosynthesis. However, the mechanism
underlying photosynthetic limitation upon decreasing
cytosolic pH requires further investigations. pH-dependent
enzymes, e.g. carbonic anhydrase, might be strongly
involved in this process; it is known that an important part
of the regulation of mesophyll conductance to CO, seems
to have a metabolic origin, possibly related to carbonic
anhydrase (Flexas eral. 2008). Therefore, changes in
enzyme activity upon cytosolic pH decrease might play a
main role in photosynthetic limitation upon electrical
signalling.
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