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PERSPECTIVE

Bar the windows: an optimized strategy
to survive drought and salt adversities

Xian-Jun Song and Makoto Matsuoka’

Bioscience and Biotechnology Center, Nagoya University, Nagoya 464-8601, Japan

Hydrogen peroxide (H,O,) is a central modulator of sto-
matal closure. It remains unknown, however, how the
upstream regulation of H,O, homeostasis operates. In
this issue of Genes & Development, Huang and col-
leagues (pp. 1805-1817) report that a novel C,H,-type
transcription factor, drought and salt tolerance (DST),
mediates H,O,-induced stomatal closure and abiotic
stress tolerance.

As sessile organisms, plants have evolved a wide variety
of strategies to respond to, struggle with, and ultimately
adapt to environmental adversities such as drought and
salt stresses. At the molecular level, many transcription
factors (TFs) have evolved to function as crucial media-
tors and/or modulators of diverse signaling pathways to
help plants respond to various forms of abiotic stress.
However, drought and salt stresses still pose severe threats
to plant growth and agricultural production worldwide
(Mahajan and Tuteja 2005; Ren et al. 2005;Karaba et al.
2007).

Both drought and salinity require an osmotic response.
Since stomata play crucial roles in optimizing water use
efficiency, stomatal opening or closing is important not
only for CO, uptake but also for the response to drought
and salt stresses. Reactive oxygen species (ROS) including
hydrogen peroxide (H,O,) have been known as important
signaling components controlling stomatal movement
(Bienert et al. 2006), although the molecular mechanism
of ROS-mediated stomatal closure remains poorly un-
derstood. In this issue of Genes & Development, a re-
search team led by Dr. Hong-Xuan Lin (Huang et al. 2009)
reveals a novel signaling pathway for H,O,-mediated
stomatal closure. They cloned and characterized the
drought and salt tolerance (dst) gene, and show that it
encodes a zinc finger TF that controls the expression of
genes involved in H,O, homeostasis. These findings
provide new insight into the process of stomatal move-
ment, as well as a novel strategy for engineering drought
and salt tolerance in crops.

|[Keywords: Rice; zinc finger protein; drought tolerance; salt tolerance;
stomatal aperture; hydrogen peroxide]

ICorresponding author.

E-MAIL makoto@agr.nagoya-u.ac.jp; FAX 81-52-789-5226.

Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1834509.

Abscisic acid (ABA)-mediated stomatal closure via H,O,

Stomata are small pores distributed in the epidermis of
plant leaves, which are surrounded by a pair of guard cells.
Through the stomata, CO, in the atmosphere enters the
plant as the carbon source for photosynthesis, and water
vapor is released into the atmosphere in a process called
transpiration (Hetherington and Woodward 2003). The
opening or closing of stomata is controlled by turgor
pressure in guard cells, and an increase or decrease in the
guard cell turgor pressure enhances or reduces stomatal
aperture, respectively (Assmann 1994; Hetherington 2001).
Under drought or highly saline conditions, stomatal closure
provides an adaptive strategy to mitigate transpiration-
mediated water loss (Hugouvieux et al. 2001).

It is widely accepted that the plant stress hormone ABA
induces stomatal closure. ABA is a weak acid that is
inductively synthesized in plants subjected to a wide
variety of abiotic stresses. It is able to diffuse through cell
membranes, and thus triggers a signaling cascade in guard
cells (Davies and Jones 1991; Assmann 1994). The signal-
ing cascade mediated by ABA causes the efflux of K* and
Cl™ and the removal of organic solutes from guard cells,
thereby reducing cellular turgor and leading to rapid
stomatal closing to prevent water loss by transpiration
(Fig. 1; MacRobbie 1998; Blatt 2000; Schroeder et al. 2001;
Cominelli et al. 2005). In the process of this ABA-
mediated stomatal closure, H,O, plays a vital role as
a secondary messenger by elevating calcium levels in
guard cells through the activation of plasma membrane
calcium channels. In this context, there is some evidence
to show that H,O, and calcium are important factors in
ABA-mediated stomatal closing. For example, Pei et al.
(2000) reported that the application of exogenous ABA
results in HyO, generation in guard cells of Arabidopsis.
They also showed the activation of calcium channels in
guard cell plasma membrane by H,O,, and such H,O,-
activated calcium channels mediate increases in the
calcium level in the cytosol of guard cells. Furthermore,
double-knockout Arabidopsis mutants of NADPH oxi-
dase catalytic subunits, AtrbohD and AtrbohF, which are
involved in the production of H,O, in guard cells of
Arabidopsis, showed failure in ABA-promoted H,O, pro-
duction, calcium channel activation, and stomata closure
(Kwak et al. 2003). To date, the signaling pathway related
to abiotic stress tolerance that leads to stomatal closure

GENES & DEVELOPMENT 23:1709-1713 © 2009 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/09; www.genesdev.org 1709


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 3, 2009 - Published by Cold Spring Harbor Laboratory Press

Song and Matsuoka

Drought or salt
stress

"4
DST——, H,0,-scavenging genes
& 5t Poraiiize 24 pretisor

rganic

e sofute

cytosolic [Ca?*] t

!

ADPH 2
oxidase
." CIl

Ca?* channel

Figure 1. Schematic model for abiotic stress-triggered stomatal
closure mediated by H,O,. The net ion release and turgor
reduction lead to stomatal closing. ABA-dependent process
(red arrows and clamps): Under conditions of drought or salt
stress, ABA induces H,O, production via the activation of
plasma membrane NADPH oxidases. Then, H,O, activates
plasma membrane calcium channels resulting in cytosolic
Ca®* elevation. This cytosolic Ca®* elevation activates outward
Cl™ channels and inactivates inward K* channels, causing
membrane depolarization. Membrane depolarization activates
outward K* channels and facilitates the efflux of organic solutes.
ABA-independent process (blue arrow and clamp): The expres-
sion of DST is negatively regulated by drought or salt stress.
DST positively regulates the expression of H,O, scavenger
genes; e.g., peroxidase 24 precursor.

via H,O, as a secondary messenger is widely known as
being induced by ABA.

Novel ABA-independent stomatal closure mechanism

The DST-mediated pathway operates in an ABA-indepen-
dent pattern (Huang et al. 2009), indicative of a novel
system linking the regulation of H,O, accumulation to
stomatal closure and abiotic tolerance in plants. The
finding of this ABA-independent signaling mechanism
was triggered by the isolation of a rice mutant, dst, which
shows markedly reduced wilting during drought treat-
ment and enhanced tolerance to high-salt stresses. The
microscopic examination of the stomatal status of the
mutant leaves at normal conditions revealed a higher
occurrence of stomatal closure. Consequently, stomatal
conductance, which is determined by the opening and
density of stomata, is lower in the mutant than in its
wild-type counterpart under both normal and stressed
conditions. Based on these results, Huang et al. (2009)
performed a series of physiological analyses and found
that the leaves of the dst mutant have a better capacity to
maintain relative water content and osmolality under
dehydration stress, while the shoots are able to reduce
cation (Na* and K*) concentration upon high NaCl treat-
ment. As such, it is reasonable to infer that the reduction
of the steady state of stomatal aperture in the dst mutant
causally confers on plants enhanced tolerance to drought
and salt stresses. Interestingly, the endogenous level of
ABA in the dst mutant was not different from that in the
wild-type plant, indicating that the increased stomatal
closure did not relate to ABA accumulation. As men-
tioned previously, stomatal closure under abiotic stress
condition has been considered to be ABA-dependent, and
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therefore the stomatal closure in the dst mutant may
depend on an unknown mechanism.

In the process of ABA-mediated stomatal closure, H,O,
activates plasma membrane calcium channels in guard
cells and triggers stomatal closure. Interestingly, the dst
mutant plants also contain higher levels of H,O, in their
guard cells. The higher level of H,O, in the dst guard cells
correlates with increased stomatal closure at normal
conditions and enhanced abiotic tolerance. Thus, the
H,O,-mediated signaling pathway for abiotic stress tol-
erance may also function in this mutant. Although Huang
et al. (2009) did not examine the activity of calcium
channels or the level of calcium in guard cells, it is
possible that the increased H,O, in dst mutants may also
function as an effector for stomatal closure like in the
ABA-mediated system. Hence, the possibility of the cross-
talk between the DST-mediated pathway and the ABA-
dependent signaling network on H,0, accumulation
exists. In this context, the fact that NADPH oxidases
essentially function to produce HyO, in the ABA-mediated
stomatal closure pathway while DST functions to
induce some scavengers of H,O,, may be significant
(see below). This leads us to speculate that the ABA-
dependent pathway regulates stomatal closure mainly via
an H,O,-producing enzyme, such as the NADPH oxidase,
while the ABA-independent pathway might depend on
H,O, scavenging enzymes. Differences in experimental
design may underlie observed differences in H,O, ho-
meostatic mechanisms: Most of the experiments on ABA-
dependent stomatal closure have been carried out in
Arabidopsis, whereas an ABA-independent DST-mediated
pathway has been studied in rice. However, Arabi-
dopsis mutants for cytosolic and chloroplastic ascorbate
peroxidase, which are responsible for H,O, removal,
show more tolerance to salinity stress (Miller et al.
2007), indicating that H,O, removal by scavenging
enzymes is also an available strategy to gain elevated
abiotic stress tolerance in Arabidopsis. Nevertheless,
further research into the mechanisms of H,O, homeo-
stasis regulation in both Arabidopsis and rice plants is
surely welcomed.

DST: a new face in abiotic stress tolerance

Studies over the past decade have revealed that various
types of TFs mediate plants’ responses to abiotic stress
(Hu et al. 2006). Two well-characterized examples of the
involvement of TFs in abiotic tolerance are the DREB
(CBF) and AREB (ABF) bZIP TFs, which interact with the
drought responsible cis-acting element (DRE) and the
ABA -responsive element (ABRE), respectively (Oeda et al.
1991; Yamaguchi-Shinozaki and Shinozaki 1994). Identi-
fication of these TFs has largely relied on molecular
biological approaches via the identification and char-
acterization of cis-elements in stress-responsive genes.
Only recently has the involvement of the TFs in H,O,-
mediated stomatal closure been elucidated. For example,
a NAC-type TF in rice, SNAC1 (STRESS-RESPONSIVE
NACI1), is expressed predominantly in guard cells, and its
overexpression results in increased stomatal closure and
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improved drought and salt tolerance at the vegetative
stage, as well as increased sensitivity to ABA (Hu et al.
2006). Two Arabidopsis guard cell-specific MYB TFs,
AtMYB60 and AtMYB61, are functionally characterized
as important modulators of stomatal aperture and plant
drought tolerance. Whereas the former is negatively
regulated by drought and reduces stomatal opening in
its null mutant, the latter positively modulates stomatal
closure, and loss of its activity resulted in more-open
stomata (Cominelli et al. 2005; Liang et al. 2005). Al-
though these observations suggest that some TFs are
involved in stomatal movement, how these TFs are
involved in stomatal movement has not been clarified.
In this context, the study on DST by Huang et al. (2009)
provides new insight.

Positional cloning and transgenic experiments revealed
that the causal gene for the dst mutation encodes a pre-
viously unknown C,H,-type zinc finger-containing pro-
tein (Huang et al. 2009). The C,H,-type zinc finger is one
of the most common DNA-binding motifs for eukaryotic
TFs, and it typically contains two or more finger domains
for DNA interaction (Wolfe et al. 2000). Sometimes such
zinc fingers are also involved in protein—protein contact,
interacting directly with other TFs, but they have never
been shown to function as transcriptional activation
domains (Lin et al. 2007). Previous studies have revealed
that zinc finger TFs are often involved in response to
various abiotic stresses. For example, Arabidopsis ZPT2-
related proteins, which contain two canonical C,H,-type
zinc finger motifs, function as transcription repressors
under drought, cold, and high-salinity stress conditions
(Sakamoto et al. 2004). The DST protein is unique in that
its single zinc finger motif is required for both its DNA
binding and transcriptional activation (Huang et al. 2009).
These findings indicate that DST is a new type of CoH,-
type zinc finger TF, and prompt our reconsideration of the
previous knowledge about this type of TFE.

How does DST regulate stomata aperture?

As mentioned previously, the biosynthetic enzyme
NADPH oxidase regulates the H,O, homeostasis in the
ABA-dependent pathway. Then, how does the ABA-
independent, DST-mediated pathway increase the level
of H,O, under abiotic stress conditions? To answer this
question, Huang et al. (2009) searched some putative
target genes of DST, whose products may be related to
the homeostasis of H,O,. First, they identified the nucle-
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Novel ABA-independent stomatal closure mechanism

otide sequences interacting with DST by a bacterial one-
hybrid system and electrophoretic mobility shift assay.
Then, they performed expression profile analysis by
microarray and screened 60 genes, the expression levels
of which were either significantly up-regulated or down-
regulated in the dst mutant background compared with
that of wild type. Of these genes, five were selected based
on three criteria: the expected relevance of the gene
product to H,O, homeostasis, down-regulated expression
in the mutant, and DST-interacting sequences in the
promoter. Chromatin immunoprecipitation (ChIP) assay
confirmed that DST binds directly to the interacting
sequences of each of these genes.

Huang et al. (2009) focused specifically on the gene
encoding peroxidase 24 precursor, as they expected this
gene to directly scavenge H,O, Biochemical experiments
confirmed that the product of this gene has in vitro
peroxidase activity, catalyzing the reduction of H,O,
(Huang et al. 2009). They also compared the expression
pattern between DST and peroxidase 24 precursor and
found that both genes share a similar expression pattern;
that is, both are preferentially expressed in guard cells and
responded to salt and drought stresses. Based on these
observations, Huang et al. (2009) proposed a model for
the role of DST in the regulation of abiotic stress (Fig. 2).
In the active state, DST interacts directly with its tar-
get sequences located in the promoter regions of HyO,
homeostasis genes to enhance their expression. Enhanced
expression of H,O, homeostasis genes, including perox-
idase 24 precursor, decreases the H,O, level in guard cells
and consequently opens the stomata. Under such a condi-
tion, plants become sensitive to salt and drought stresses
(Fig. 2A). Under saline or drought conditions, the expres-
sion of DST in the wild-type plant or in the dst mutant is
suppressed or failed, resulting in the down-regulation of
H,0, homeostasis genes. Consequently, the H,O, level is
increased, promoting stomatal closure and thereby en-
hancing drought and salt tolerance (Fig. 2B).

Huang et al. (2009) also examined the relationship
between the DST-mediated H,O, homeostasis and
ABA-dependent stress response pathway. Exogenous
ABA treatment did not significantly affect the DST
expression, and no significant difference in stomatal
opening was observed among the wild type, dst mutant,
complementation line, or RNAi line under ABA treat-
ment. These observations confirmed the independence
of DST-mediated H,O, homeostasis from the ABA-
dependent pathway. However, cross-talk between these

Figure 2. Role of DST in abiotic stress tolerance via
stomatal movement. (A) In its active state , DST binds
to its interacting sequences (TGCTANNATTG) located
in the promoter regions of H,O, scavenging genes (e.g.,
Peroxidase 24 precursor) to induce gene expression,
decrease H,O, levels, and induce stomatal opening to
heighten sensitivity to stress. (B) In its inactive state
(either in dst mutant or in wild-type plants under stress),
DST cannot activate the expression of H,O, scavenging
genes, resulting in high levels of H,O,, stomatal closure,
and enhanced drought and salt tolerance.
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two pathways remains an important avenue for future
investigation.

Application of the dst mutation to crop breeding

An unexpected finding was that the dst mutant plant
shows normal grain productivity. Since the opening or
closing of stomata controls both photosynthesis and
transpiration (Hetherington and Woodward 2003), the
higher occurrence of stomatal closure in the mutant
would have been expected to have adverse effects on
photosynthesis, plant growth, and grain productivity.
However, Huang et al. (2009) found that this is not the
case with the dst mutant. The mutant shows only
prominent drought and salt tolerance, without significant
deficiencies in grain productivity. Based on these obser-
vations, Huang et al. (2009) proposed a strategy for
engineering abiotic stress tolerance using the knockout
allele of DST. This strategy seems very attractive for
producing abiotic stress-hardy crops. However, we may
have to be careful in adapting this strategy in practical
breeding. Huang et al. (2009) discussed, based on the
phenotypic analysis of dst, that smaller stomatal opening
and lower stomatal density in the dst plant are sufficient
for CO, influx and growth. Why, then, does the rice plant
maintain the DST gene in an active state? If the loss-
of-function allele of DST is more suitable for surviving
stress conditions without any negative effects, such
a mutant allele would ultimately take the place of the
functional allele during the long breeding history of rice.
In this context, Huang et al. (2009) observed pleiotropic
effects of this dst mutation on stomatal density and leaf
width. This suggests that dst is involved not only in the
upstream regulation of H,O, homeostasis in guard cells
but also in regulating the development of tissues and/or
organs. Further detailed phenotypic analyses of the dst
mutant and clarification of how DST regulates stomatal
density and leaf width are necessary to evaluate the
feasibility of the dst mutation in practical crop breeding.
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