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Nitric oxide modulates sensitivity to ABA
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Nitric oxide (NO) is a gas with crucial
signaling functions in plant defense
and development. As demonstrated
by generating a triple nialnia2noal-2
mutant with extremely low levels of
NO (February 2010 issue of Plant
Physiology), NO is synthesized in plants
through mainly two different path-
ways involving nitrate reductase (NR/
NIA) and NO Associated 1 (AtNOA1)
proteins. Depletion of basal NO lev-
els leads to a priming of ABA-triggered
responses that causes hypersensitivity to
this hormone and results in enhanced
seed dormancy and decreased seed ger-
mination and seedling establishment in
the triple mutant. NO produced under
non-stressed conditions represses inhi-
bition of seed developmental transitions
by ABA. Moreover, NO plays a positive
role in post-germinative vegetative devel-
opment and also exerts a critical control
of ABA-related functions on stomata clo-
sure. The triple nialnia2noal-2 mutant
is hypersensitive to ABA in stomatal
closure thus resulting in a extreme phe-
notype of resistance to drought. In the
light of the recent discovery of PYR/
PYL/RCAR as a family of potential ABA
receptors, regulation of ABA sensitivity
by NO may be exerted either directly on
ABA receptors or on downstream signal-
ling components; both two aspects that
deserve our present and future attention.

Plant development is the result of the suc-
cesfull execution of several programs that
control the transition between different
growth phases. Every developmental tran-
sition is regulated through coordinated
mechanisms that involved exogenous
environmental factors such as light and
temperature as well as endogenous cues,
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including levels of primary and secondary
metabolites. Among the latter, hormones
such as gibberellins (GA), auxins, cito-
kinins, ethylene and abscisic acid (ABA)
participate in the control of most of the
developmental transitions.”? During the
last years, nitric oxide (NO) has gained
an increasing role as an essential player
in plant defense responses® as well as a
co-regulator of many developmental pro-
cesses.* However, studies of NO function
as a regulatory molecule in plants have
been hampered by the scanty, limited
and controversial knowledge on how this
gas is synthesized in plants.”® This situ-
ation has moved researchers in this area
to adopt pharmacological approaches
based on chemicals acting as artificial
NO donors as well as inhibitors or scaven-
gers of NO action. The lack of specificity
and the inherent artificial effects of these
chemicals can be overcome by genetic
approaches based on the use of mutants
with endogenous low levels of NO. In
February 2010 issue of Plant Physiology,
we report the generation and further char-
acterization of a triple nialnia2noal-2
mutant that contains extremely low levels
of NO due to the impairment of two NO
biosynthetic pathways involving nitrate
reductase (NIA/NR) or NO Associated
1 (AtNOA1) proteins.” These findings
support that NO is mainly produced
through those pathways in Arabidopsis.
However, the possible existence of a minor
still uncharacterized pathways involved in
the residual production of NO can not be
ruled out at this time.

Further functional characterization of
nialnia2noal-2 mutant in terms of devel-
opment has pointed to NO as an overall
positive regulator of plant growth, affect-
ing to almost every developmental stage
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Figure I. Interactions between NO and ABA results in modulated sensitivity to ABA throughout development. (A) NO synthesized through nitrate
reductase (NR/NIA) and NO associated| (AtNOAI) protein regulate germinative and post-germinative development as well as stomata movements
through modulation of the sensitivity to ABA. Arrows and bars represent positive and negative effects, and the thickness of lines are proportional to
the magnitud of regulatory effects. (B) Scheme of a minimal ABA signalling module and the potential targets of NO. Dashed lines represent effects still
to be demonstrated. (C) ABA signalling in stomata guard cells through Ca?*-dependent and -independent pathways and the potential interactions with

from seed germination to reproductive
development. Accordingly, triple mutant
plants display a delayed growth resulting
in small shoot and root size and they also
produce low amounts of viable seeds.”
Dormancy and seed germination are
developmental programs largely regulated
by the combined action of GA and ABA.!
GA promote breaking of dormancy and
promote germination whereas ABA acts as
a brake in those processes, thus ensuring
a timely seed germination. Our data from
the characterization of dormancy and seed
germination in the nialnia2noal-2 mutant
suggest that NO’s role in the control of
those processes may be exerted through
modulation of the sensitivity to ABA
(Fig. 1A). Seeds from NO deficient plants

have increased dormancy and lower seed
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germination and seedling establishment
rates than wild type seeds due to the
enhanced ABA inhibitory action. These
effects can be reversed by exogenous appli-
cation of NO to nialniaZnoal-2, suggest-
ing that the sensitivity to ABA is actually
controlled by the endogenous levels of
NO. The recent identification of PYR/
PYL/RCAR family of ABA receptors,®’
and the further characterization of the
essential ABA regulatory module includ-
ing receptor, protein phosphatases of the
2C class and kinases of the SnRK2 fam-
ily" point to these components as poten-
tial targets of NO in regulating sensitivity
to ABA (Fig. 1B). This work is in progress
in our lab but we already know that some
of the PYR/PYL/RCAR receptors and
SnRKs are actually regulated by NO and
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also that this regulation may be exerted at
different levels (Lozano-Juste ] and Ledn
J, unpublished data).

The enhanced sensitivity to ABA
observed in germinative and post-germi-
native development of nialnia2noal-2, is
extended throughout plant life cycle and
it is actually the cause of the very strong
resistance of nialnia2noal-2 plants to
water deficit conditions.” Stomatal aper-
ture is a fine-tuned process controlled
mainly through a balance between the
light-promoted opening and the ABA-
mediated promotion of closure and inhi-
bition of opening'' (Fig. 1A). It has been
previously reported that ABA function on
stomata movements involve the participa-
tion of NO as well as Ca?* in such a way
that Ca?* chelators and NO scavengers
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block ABA action on stomata movements.'?
Stomata of nialnia2noal-2 leaves, despite
of being depleted of NO, are not impaired
for ABA inhibition of stomata opening
but, in turn, they seem to be primed for
a more efficient ABA response (Fig. 1A).
Contrary to the Ca** requirements for
ABA action on wild type stomata move-
ments, this process is not affected by Ca**
chelators in nialnia2noal-2 stomata, and
it thus seems to be independent of Ca**
in NO-deficient backgrounds (Fig. 1C).
As mentioned above, NO might regu-
late sensitivity to ABA by acting on ABA
receptors or on SnRKs, some of which are
Ca?*-independent kinases. Both recep-
tors and Ca’“-independent kinases are
likely targets of NO in the modulation of
stomata sensitivity to ABA thus explain-
ing the more efficient stomata closure in
nialnia2noal-2 leaves, and the consequent
low rates of evapotranspiration that leads
to the extreme resistance of triple mutant
plants to drought.
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The future characterization of the
interactions between NO and key compo-
nents of ABA signaling will be the basis
for a better knowledge of the functional
interactions between different hormones
in plant development and defense, but it
will also open up new possibilities of iden-
tifying new targets and strategies leading
to improved drought resistance.
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