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Cytosolic alkalinization is a common and early messenger preceding
the production of ROS and NO during stomatal closure by variable
signals, including abscisic acid, methyl jasmonate and chitosan
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Stomata are unique that they sense and respond to several
internal and external stimuli, by modulating signaling compo-
nents in guard cells. The levels of reactive oxygen species (ROS),
nitric oxide (NO) and cytosolic calcium (Ca?*) increase signifi-
cantly during stomatal closure by not only plant hormones [such
as abscisic acid (ABA) or methyl jasmonate (M])] but also elici-
tors (such as chitosan). We observed that cytosolic alkalinization
preceded the production of ROS as well as NO during ABA
induced stomatal closure. We therefore propose that besides ROS
and NO, the cytosolic pH is an important secondary messenger
during stomatal closure by ABA or M]. We also noticed that
there is either a cross talk or feedback regulation by cytosolic
Ca?* and ROS (mostly H,0,). Further experiments on the inter-
actions between cytosolic pH, ROS, NO and Ca?* would yield

interesting results.

Introduction

Dynamic regulation of stomatal aperture in leaves is essential
for optimizing the balance between transpirational water loss and
CO, entry into intracellular spaces required for photosynthesis.
Such balance is achieved by the ability of two guard cells, which
flank stomata, to sense and integrate multiple internal and external
stimuli.!»? Stomatal opening is promoted by light, low CO,, fusi-
coccin (FC) and hormones including indoleacetic acid (IAA) and
cytokinins. In contrast, stomatal closure is induced by high CO,,
darkness, low humidity and hormones such as abscisic acid (ABA)
or methyl jasmonate (M]). Among the many factors that induce
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stomatal closure, the effects of ABA received maximum.!-3 Several
of the secondary messengers are common during the transduction
of these signals, notably cytosolic free Ca®*, reactive oxygen species
(ROS), nitric oxide (NO) and G-proteins, which have been exten-
sively studied. Besides the above, ABA modulates several other
signaling components in guard cells, such as cytosolic pH, protein
kinases, protein phosphatases, phospholipases and phosphati-
dylinositol kinases during stomatal closure.*

ROS and NO act as secondary messengers in not only guard
cells but also other plant tissues, while mediating developmental
and physiological processes such as programmed cell death, root
development, hypersensitive responses and adaptation to stress
conditions.?”!? In guard cells of several species (Arabidopsis, Vicia,
tomato, Commelina and pea) production of ROS and NO occurs
in response to ABA, M]J, bicarbonate or even chitosan/oligoga-
lacturonic acid.®”-'21¢ The involvement of ROS and NO during
stomatal closure was further demonstrated by additional evidences:
modulation of ROS or NO levels within cells by either scavenging
these molecules or inhibition of source enzymes and finally real
time monitoring of ROS/NO by using fluorescent dyes.

Calcium (Ca®*) is another ubiquitous intracellular second
messenger, involved in many signal transduction pathways in both
plants and animals. The cytosolic Ca®* concentration is modu-
lated in response to many physiological stimuli and is delicately
balanced by ‘Ca?* stores’, like vacuoles, endoplasmic reticulum,
mitochondria, nucleus, chloroplast and cell wall.!” For example,
when proteinaceous elicitors were used as signals, the Ca®* patterns
were clearly different in the cytosol and the nucleus.!® Upon treat-
ment with cryptogein, a polypeptidic elicitor, a substantial but
transient increase in cytosolic Ca®* took place, peaking 5 min post-
treatment, and was followed by a sustained cytosolic Ca®* elevation
which lasted for at least 2 h.1?

The pH inside a cell tends to be quite stable and may vary only
by a small fraction of a unit, but even with such small change,
pH can mediate and exert strong physiological and biochemical
responses. For example, application of ABA to plant cells raises
the pH of cytosol by approximately 0.2-0.4 units within minutes.
Cytoplasmic alkalinization is a major step in the ABA-triggered
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Figure 1. Confocal images showing elevation of ROS (indicated by the fluorescence of H,DCFDA), NO (DAF-2DA) or cytosolic pH (BCECF-AM) by 10
UM ABA or 20 uM MJ or 5 ug ml! chitosan in guard cells of Pisum sativum. The (B-D, F-H and J-L) are the epidermal strips treated with 10 ul ethanol
containing 10 uM ABA, 20 uM MJ and 5 pg ml' chitosan, respectively. (A, E and ) are the epidermal strips treated with 10 ul ethanol, as controls.
(A-D) represents the patterns of ROS levels, and the (E-H and I-L) represent the images of NO and pH, respectively. Confocal fluorescence images were
taken at 18 min after addition of individual effectors. Experimental details are further described.!4.26 Bar = 25 um.

signal cascade in guard cells leading to H* efflux and stomatal
closure.#20 Such intracellular pH alterations play an important
role in a variety of processes including, plant defense, coleoptile

21-25

or root hair growth, nodulation, elicitation and response to

hormones such as ABA and M]J.®26

We have been studying the role of not only ROS or NO, but
also cytosolic pH as signaling components. We characterized the
temporal sequence of changes in the level of pH, ROS and NO
in guard cells on exposure to ABA or M]J. Our experiments were
based on three approaches: (i) Bioassay of stomatal closure by
ABA or M] in presence of pharmacological compounds capable of
modulating the different secondary messengers; (ii) Modulation
of the secondary messengers by promoters, scavengers; and finally
(iii) Direct monitoring of ROS, NO or cytosolic pH by fluorescent
dyes. In some of the experiments mutants deficient in NADPH
oxidase or insensitive to ABA or MJ were also used.

While examining the pattern and mechanisms of stomatal
closure by plant hormones (ABA, M]J), a fungal elicitor (chitosan)
and bicarbonate (simulating high COz),6’7’13’14’27 we found that
ROS or NO are important signaling components during stomatal
closure by these different factors. Further cytoplasmic alkaliniza-
tion is an early and common component during stomatal closure
induced by not only ABA or MJ but also chitosan (Fig. 1).
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Change in pH of Guard Cells on Exposure to ABA or M) is
an Early Event

Changes in pH of guard cells have been observed on exposure
to hormones such as ABA/M]J or fungal toxin such as FC or even
an elicitor such as chitosan. In epidermal strips of Pisum sativum
or an orchid, Paphiopedilum tonsum, application of ABA or weak
alkalinizing agents, such as benzylamine or methylamine, enhanced
the cytosolic pH and promoted stomatal closure.$2¢ FC, TAA or
a weak acid butyrate, decreased the cytosolic pH and promoted
stomatal opening.*2° Thus, stomatal opening was accompanied by
decrease in cytosolic pH, whereas stomatal closure was preceded by
cytosolic alkalinization in the guard cells.

Irving group reported that acidification of guard cell cytosol
by kinetin, IAA or FC preceded stomatal opening, whereas
alkalinization of guard cell cytosol occurred prior to stomatal
closure in response to ABA. These results strongly suggested that
cytosolic pH was a key factor in the regulation of guard cell move-
ment. However there is an ambiguity, whether enhanced cytosolic
pH or cytosolic alkalinization leads to production of H,O,. Zhang
group suggested that application of H,O, to the guard cells lead
to increase in cytosolic pH, which further decreased the stomatal
aperture. Our results confirmed that stomatal closure was preceded
by the modulation of pH in guard cells.®?® Direct real time moni-
toring of ROS, NO or pH, by fluorescence probes revealed that
the cytosolic alkalinization occurs much before the rise in ROS or
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Figure 2. Schematic representation of the signaling cascade, leading to
the stomatal closure by ABA or MJ. The rise in cytosolic pH leads to the
elevation of the ROS as well as in NO in guard cells. Both ROS and NO
lead fo rise in cytosolic Ca?+ and subsequent stomatal closure. A feedback
regulation by ROS and NO on pH appears to operate. These interac-
tions between pH, ROS and NO need further detailed examination. The
sequence of changes for which the evidences are either ambiguous or
lacking, are indicated by dotted arrows, while the well-established events
are represented by solid arrows.

NO during stomatal closure by ABA or M]. The pH rise appears
to be necessary and occurring downstream of the ROS production
during ABA-induced stomatal closure. The modulation of cyto-
solic pH changed the patterns of NO production and stomatal
closure but not the ROS production. Similarly, the NO modula-
tors such as cPTIO (NO scavenger) and L-NAME (inhibitor of
NO-production) did not affect the cytosolic pH changes,?® we are
of the opinion that cytosolic pH change is necessary and occurs
upstream of the NO elevation in guard cells.

Studies on temporal kinetics of changes in pH, ROS and
NO can help in identifying the exact sequence of events. In
Paphiopedilum tonsum, the modulation of pH by IAA, FC or
kinetin (pH decrease) or ABA (pH increase) required 5 to 10 min.4
However, we noticed that it took 18 minutes to attain maximum
cytosolic pH by application of 10 uM ABA. As these reports are
quite limited in number, further experiments would be neces-
sary to examine the kinetics of pH changes in guard cells during
stomatal closure as well as stomatal opening.

Consequences of pH Modulation on Signaling Components
and Stomatal Closure

The weak acids cross the membrane in the uncharged form
and dissociate in the cytosol, thereby decreasing the pH.?> Weak
acids such as butyrate and propionic acid can acidify plant cells
and cause significant changes in pH.?® Such acidification can
hyperpolarize the membrane. However, lowering cytosolic pH was
associated with an increase in cytosolic Ca?* and inactivation of
inward-rectifying K* channels.?%2> We showed that acidification of
guard cells by butyrate restricted the stomatal closure by ABA and
alkalinization by methylamine enhanced the stomatal closure.2¢
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Depolarization could be achieved by Ca?* influx facilitated by
activated Ca®* channels? and/or by cytosolic alkalinization, which
would reduce the activity of the proton pump. Anionic channels
conducting chloride and malate are activated by depolarization,
elevated cytosolic Ca®* and this would lead to loss of anions and
further depolarization.>?? Thus, increases in both cytosolic pH
and Ca?* would have a synergistic effect on the depolarization of
plasma membrane in guard cells.

Procaine, a weak base, has also been used to alkalinize plant
cells.?>3% Procaine increases rapidly cytosolic pH by 0.1 to 0.4
units within 5 min. However, no increase in cytosolic Ca®* was
observed in guard or epidermal cells in response to procaine.* On
the contrary, a slight decrease in cytosolic Ca?* of Sinapis alba root
hairs was seen on exposure to procaine. Some of these anomalies
have to be reexamined, so as to establish, if the pH rise in guard
cells is a causal factor or an associated event during stomatal
opening/closure.

Intriguing Effects of Ca2™: Possible Dual Role and Increase
during Even Opening

Rise in cytosolic free Ca?* is a common event during stomatal
closure caused by ABA or H,O, and even fungal elicitors such as
chitosan/oligogalacturonic acid. Such action of Ca?* upstream of
changes in ROS or NO levels was observed by several workers.!>20
The rise in cytosolic pH could be a trigger for the rise in cyto-
plasmic Ca?*, but this needs experimental validation. The increase
in cytosolic Ca?* can be caused by the simulation of Ca?* influx
across the plasma membrane and/or release from internal sources,
which include endoplasmic reticulum, vacuole and mitochondria.
Cytosolic Ca* signatures have been postulated to act as the second
messengers in both stomatal opening and closure in response to
biotic and abiotic stress conditions.!”

However it is yet to be ascertained if change in pH can modu-
late internal Ca®* or Ca?* in turn affects the cytosolic pH. Also,
the changes in cytosolic Ca®* of guard cell protoplasts after ABA
treatment were quite variable.>!1” Since stomatal closure occurred,
despite the ambiguous, observations on Ca?* changes, it was
suggested that a Ca?*-independent mechanism might operate
during the ABA-induced closure of stomata.? Further, factors
which can induce stomatal opening, such as IAA, FC and kinetin
also enhanced cytosolic Ca®*.? Experiments need to be designed to
establish clearly, if Ca* can play a dual role: upstream and down-

stream of ROS/NO production.

Future Perspective

Besides the direct influence of pH on ROS or NO levels, it is
possible that these components exert interactive effects. Since the
NO-molecule is quite active at an alkaline pH of 7.4,3! NO can be
expected to become very effective as the pH rises. The combination
of ROS and NO result in peroxynitrite radicals, which can affect
the cell.>? Thus, the effects of ROS or NO may be enhanced at
alkaline pH, besides the interactions of ROS or NO between them.
It is not clear that, if the change in cytosolic pH is necessary for
NO production or is an associated event during stomatal closure
by different stimuli. A schematic representation of possible events
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occurring during ABA induced stomatal closure as can be agreed at
present is shown in Figure 2. The scheme can change with future
work on the interactions of pH, ROS and NO, as indicated by
broken lines. The interrelationships and interactions of cytosolic
Ca?*, ROS, cytosolic pH and NO need therefore a detailed exami-
nation (Fig. 2). Further interactions of these secondary messengers
with G-proteins, phospholipases and phosphatidylinositol kinases
are all of great interest.
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