&= New
o8 Phytologist

Commentary

Stomatal function has an element
of hysteresis

Plants are unable to move away from stressful habitats, thus they
have evolved adaptive morphogenetic and cellular responses to
fluctuating environmental conditions. Terrestrial plants experience
a diverse array of stresses, including those that are abiotic, such as
drought, widely fluctuating temperatures and excessive insolation;
in addition, they are subjected to biotic stresses imposed by
pathogens and animal grazers. Plants respond to these negative
influences by increasing their stress tolerance levels. A history of
stress exposure induces responses that increase the ability of
individuals to cope with future stress. This is a process of hysteresis,
which operates in the absence of any nervous memory system in
plants (Bruce ezal, 2007). Thus, Arabidopsis plants with prior
experience of drought acquire an enhanced ability to reduce water
loss from leaves (Ding et al., 2012), thereby indicating that stress
induces a ‘memory’ that plastically changes plant behaviours. In
this issue of New Phytologist, Virlouvet & Fromm (pp. 596-607)
report that guard cells, which are responsible for stomatal
movements, facilitate dehydration stress memory and maintain
stomatal closure even after a period of relief from drought, possibly
by increasing abscisic acid (ABA) levels and regulating gene
expression (Fig. 1).

“The discovery of guard cell memory by Virlouvet & Fromm
may provide a new model system for the study of hysteresis in

plants.”

Dehydration memory in guard cells

Stomatal pores are the apertures between a pair of guard cells in the
plant epidermis; they regulate gas exchange between the leaf
aerenchyma and the atmosphere. The stomatal opening allows
CO, entry into leaves for carbon (C) fixation, and water vapour
egress, which is the terminal phase in the transpirational stream of
moisture uptake from the soil (Shimazaki eral, 2007). Water
vapour transit through the pores is the major driver of dehydration;
stomatal closure during drought is crucial to the survival of
homiohydric plants. Since Francis Darwin (1898) reported light-
induced stomatal opening, the mechanism has been subject to
intensive investigation. Of particular importance are molecular
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genetic experiments on the model plant Arabidopsis that have
identified diverse signalling molecules, signalling pathways, and the
mechanism of ion transport underlying rapid stomatal movements
(Kim et al., 2010). Nevertheless, few studies have examined the
regulation of stomatal movements over protracted periods of time.
Vitlouvet & Fromm examined the effect of prior dehydration on
stomatal opening after re-watering. Interestingly, stomata
remained closed even after the plants were rehydrated, indicating
that guard cells develop a dehydration stress memory to keep pores
closed over protracted periods, thereby significantly reducing water
loss from drought-recovered plant leaves (in comparison with
controls).

Guard cells develop transcriptional memories

Plants are likely to improve tolerance capacities by memorizing
prior stress. The mechanism is not well understood but probably
involves transcriptional changes. Guard cells have a unique profile
of gene expression for stomatal movement (Leonhardt ez a/., 2004;
Yang et al., 2008), and the gene expression patterns of guard cells
are changed by dehydration stress. Virlouvet & Fromm examined
transcript levels of selected genes in guard cells prepared from plants
exposed in sequence to dehydration followed by re-watering and a
second round of dehydration. Some genes, including GORK, the
outwardly rectifying K* channel involved in stomatal closure, were
up-regulated by dehydration and maintained high expression levels
even after the stress had been removed. Expression levels may
increase further after a second bout of stress. Thus, guard cells have a
stress memory that functions at the transcriptional level. Whether
this transcriptional memory has a critical role in stomatal behaviour
remains unclear, but this line of investigation has provided a new
perspective on the gene expression patterns associated with guard
cell function.

Abscisic acid (ABA) mediates the stomatal memory
response

The phytohormone ABA is produced in response to drought and
plays a crucial role in plant tolerance of this stressor (Kim ez al.,
2010). The genetic analysis by Virlouvet & Fromm indicates that
the memory response is mediated by ABA. Water loss by the ABA-
deficient mutant zba2following a second bout of dehydration stress
was not different from that of controls, indicating a failure of
memory response in this mutant. Although the physiological action
of ABA in the stomatal closing process has been investigated
extensively, little is known of its role in plant stress memory
responses. These new findings suggest a novel ABA function in
plant adaptive responses to drought stress.

Virlouvet & Fromm demonstrated that the ABA-activated Snfl-
related protein kinases (SnRK2s) mediate the signalling pathway of
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Fig. 1 Schematic of dehydration-induced stomatal guard cell memory.
Dehydration probably induces memory through increases in abscisic acid
(ABA) levels. SnRK2.2 and SnRK2.3 are important for the stomatal memory
response; SNRK2.6 promotes stomatal closure through the phosphorylation
of ion channels. The stress memory maintains stomatal closure even after
relief from stress. Prepared from data in Virlouvet & Fromm (thisissue of New
Phytologist, pp. 596-607).

the stomatal memory response. Earlier work indicated that
SnRK2.6 (OST1) has a critical role in ABA-induced stomatal
closure, and that SnRK2.2 and SnRK2.3 have partially redundant
minor roles in guard cells (Fujii ez a/., 2007; Fujita ez al., 2009). The
snrk2.2 snrk2.3 double mutant had a reduced memory response in
water loss assays, but the s77£2.6 mutant retained memory function
(Virlouvet & Fromm). Thus, the SnRK2.2 and SnRK2.3 protein
kinases are the most important for stomatal memory function.
SnRK2s mediate almost all ABA signalling, including ion trans-
port, reactive oxygen species (ROS) production and the regulation
of transcription factors through phosphorylation of a range of
substrates (Furihata etal., 2006; Geiger etal., 2009; Lee etal.,
2009; Sirichandra ez al., 2009; Takahashi ez al., 2013). The guard
cell memory response is likely to be recognized as a new form of
ABA signalling.

Mechanism of guard cell memory

The most important issue remaining to be clarified is the
underlying mechanism of memory formation in guard cells.
Transcriptional memory may be formed by epigenetic changes.
Ding et al. (2012) demonstrated that dehydration stress increases
histone trimethylation levels in some drought-responsive genes
located in Arabidopsis leaves; these changes were maintained even
after removal of the stressor. Thus, transcriptional memory in
leaves is probably underpinned by histone modifications. However,
the effect of guard cell transcriptional memory on stomatal aperture
regulation has yet to be examined.

Vitlouvet & Fromm demonstrated that the rate limiting ABA
biosynthetic genes NCED3 and AAO3 are expressed at high levels
in guard cells after dehydration and during the subsequent recovery
period; they therefore postulated that residual ABA maintains
stomatal closure after recovery from drought. Alternatively,
changes in guard cell signalling capacity may maintain stomatal
closure. Guard cells are highly specialized components of the
stomatal structure; they are endowed with a comprehensive
mechanism for regulating gas exchange. The activities of many
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signalling components in these cells are regulated by reversible
modifications, such as phosphorylation. The accumulation of
signalling components or their modification may facilitate the
guard cell memory response. Identification of the molecular
mechanism of guard cell memory is an important issue for progress
in plant physiology.

Perspective

How does stomatal memory contribute to the physiological
performance of plants? Virlouvet & Fromm postulated that the
mechanism facilitates adaptation to future dehydration stress by
closing stomata and reducing water losses from homiohydric
plants. However, the opening of stomata should be advantageous
when water supplies are adequate because increased gas exchange
facilitates C accretion and, hence, the growth performance of plants
competing with one another for limiting resources. Bet-hedging for
best performance over the long term probably requires selection of
the most appropriate time for erasing memory. The factors that
weaken or strengthen stomatal memory should be identified as they
are likely to be crucial for plant growth and survival. Guard cells
have long been used as models in investigations of intracellular
signalling (Kim ez a/., 2010). The discovery of guard cell memory
by Virlouvet & Fromm may provide a new model system for the
study of hysteresis in plants.
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