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During stomatal closure, nitric oxide (NO) operates as one 
of the key intermediates in the complex, abscisic acid (ABA)-
mediated, guard cell signaling network that regulates this 
process. However, data concerning the role of NO in stomatal 
closure that occurs in turgid vs. dehydrated plants is limited. The 
data presented demonstrate that, while there is a requirement for 
NO during the ABA-induced stomatal closure of turgid leaves, 
such a requirement does not exist for ABA-enhanced stomatal 
closure observed to occur during conditions of rapid dehydra-
tion. The data also indicate that the ABA signaling pathway 
must be both functional and to some degree activated for guard 
cell NO signaling to occur. These observations are in line with 
the idea that the effects of NO in guard cells are mediated via a 
Ca2+-dependent rather than a Ca2+-independent ABA signaling 
pathway. It appears that there is a role for NO in the fine tuning 
of the stomatal apertures of turgid leaves that occurs in response 
to fluctuations in the prevailing environment.

Nitric oxide (NO) acts as a key signal that regulates many of 
the responses of plants to environmental stresses1 and is an impor-
tant intermediate in the abscisic acid (ABA) signal transduction 
pathway which controls stomatal apertures.2 Prior studies have 
shown that ABA-induced stomatal closure in Arabidopsis thaliana 
is dependent on guard cell nitrate reductase (NR)-mediated NO 
synthesis.3 More specifically, of the two NR isoforms encoded 
by the genes NIA1 and NIA2, ABA-induced stomatal closure is 
dependent on the synthesis of NO by the NIA1-encoded isoform, 
NR1.2 However, until now, there has been a lack of comparative 

data detailing the degree to which this is required as turgid plants 
subsequently dehydrate during periods of drought.

In our original paper4 we showed that while the removal of 
guard cell NR1-associated NO prevented ABA-induced stomatal 
closure in turgid leaves, NO removal, either by scavenging with 
2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (cPTIO) or as a consequence of loss-of-function mutation 
of NIA1 (nia1::Ds), did very little to reduce the ABA-enhanced 
stomatal closure observed in leaves undergoing rapid dehydration. 
Plants of the NR1-lacking mutant, nia1::Ds, were not obviously 
any more wilty than those of their wild-type Landsberg background 
when watering was withheld and must, therefore, be able to regu-
late the amount of water they lose through transpiration during 
periods of drought. It is, therefore, intriguing that the responses 
of turgid guard cells to NO require the ABA signal transduction 
pathway to be both functional and to some degree engaged.4 The 
stomata of the turgid leaves of neither the ABA deficient, loss-
of-function mutant, aba1-1, nor the ABA insensitive mutant, 
abi1-1, close in response to the application of either NO via the 
donor sodium nitroprusside (SNP) or the nitrite substrate of 
NR-mediated NO synthesis.4 Thus, the inference is that stomatal 
closure is regulated by both NO-dependent and -independent 
mechanisms of ABA signaling that operate in a manner dependent 
on the prevailing environmental conditions. Indeed this observa-
tion aligns well with those concerning the involvement of Ca2+ 
in guard cell ABA signaling. For some time the ABA-dependent 
signaling of NO in guard cells has been thought to involve an 
elevation of intracellular Ca2+ which then alters the activities of 
Ca2+-dependent K+ and Cl- ion channels.5 Certainly, NO does 
affect cellular Ca2+ mobilisation6 and a requirement for altered 
Ca2+ flux for normal guard cell responses to NO has been shown 
in Vicia faba.7 In guard cells, ABA signaling is known to operate 
via both Ca2+-dependent8 and pH-dependent9/Ca2+-independent 
pathways.10-13 NO accumulates in ABA-treated guard cells of the 
abi1-1 mutant, but this does not result in stomatal closure.4 This 
is consistent with the concept that, in these cells, NO signals via 
the Ca2+-dependent ABA signaling pathway which is impaired in 
this mutant.14 Exactly how this occurs is still unclear, but may 
involve S-nitrosylation of thiol groups within Ca2+-dependent K+ 
ion channels.15
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It is also interesting that the accumulation 
and signaling of NO in Arabidopsis guard cells 
is dependent on the prior synthesis of H2O2 
by the NADPH oxidase isoforms AtrbohD/
F16 and that this generation of H2O2 is in turn 
dependent on the normal ethylene-sensing 
function of the ethylene receptor encoded by 
ETR1.17 Neither the histidine kinase function 
of ETR1 nor the downstream components of 
the ethylene signaling pathway appear to be 
required for the guard cell accumulation of 
H2O2 to occur per se, but do appear to be 
required for the synthesised H2O2 to be effec-
tive. Thus, in turgid guard cells the production 
of H2O2 and the subsequent synthesis and 
signaling of NO may constitute points of 
convergence of the ethylene and ABA signaling 
pathways. Figure 1 illustrates our current 
thinking with regard to the integration of these 
different signals in guard cells.

One of the questions that remains is that 
if NO is not involved in stomatal closure 
during conditions of rapid dehydration, what 
exactly is its role in mediating guard cell 
movements? Turgid guard cells accumulate 
NO during the light to dark transition18 and 
scavenging NO or preventing its synthesis, 
as in the nia1::Ds mutant, prevents the dark-
induced closure from occurring.4 Thus, it 
would seem that, in this context, NO has 
a physiological role in mediating guard cell 
movements in well hydrated plants. However, 
stomatal closure does not always occur in the 
dark and many other factors dictate whether 
or not this happens.19 High levels of CO2 
applied in the form of the bicarbonate ion, 
for example, induce the sequential accumula-
tion of H2O2 and NO in guard cells during 
stomatal closure.20 Presumably, the degree of 
closure that occurs in the dark is dependent 
on the balance of multiple input signals. 
On reflection this makes sense considering 
the seasonal changes in the growing environment that occur in 
temperate regions. Currently, it seems as though NO acts to 
mediate this balance and does so by signaling via a Ca2+-dependent 
ABA signal transduction pathway. The focus of future studies will 
then be to determine exactly how such signaling “crosstalk” oper-
ates and which proteins are specifically modified by NO during the 
stomatal closure that is thus regulated.
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