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Molecular mechanisms of
stomatal closure in response to
rising vapour pressure deficit

Summary

Vapour pressure deficit (VPD), the difference between the satura-
tion and actual air vapour pressures, indicates the level of
atmospheric drought and evaporative pressure on plants. VPD
increases during climate change due to changes in air temperature
and relative humidity. Rising VPD induces stomatal closure to
counteract the VPD-mediated evaporative water loss from plants.
There are important gaps in our understanding of the molecular
VPD-sensing and signalling mechanisms in stomatal guard cells.
Here, we discuss recent advances, research directions and open
questions with respect to the three components that participate in
VPD-induced stomatal closure in Arabidopsis, including: (1) abscisic
acid (ABA)-dependent and (2) ABA-independent regulation of the
protein kinase OPEN STOMATA 1 (OST1), and (3) the passive
hydraulic stomatal response. In the ABA-dependent component,
two models are proposed: ABA may be rapidly synthesised or its
basal levels may be involved in the stomatal VPD response. Further
studies on stomatal VPD signalling should clarify: (1) whether OST1
activation above basal activity is needed for VPD responses, (2)
which components are involved in ABA-independent regulation of
OST1, (3) the role of other potential OST1 targets in VPD signalling,
and (4) to which extent OST1 contributes to stomatal VPD
sensitivity in other plant species.

Introduction

Stomata are small pores formed by two guard cells on the leaf
epidermis that control photosynthetic carbon assimilation, water
transpiration and leaf cooling. During climate change, atmospheric
vapour pressure deficic (VPD), the difference between the satura-
tion and actual air vapour pressures, increases due to rising
temperatures and reduction in relative air humidity (Ficklin &
Novick, 2017; Vicente-Serrano ez 4/, 2018). VPD is the measure of
evaporative potential and its increase causes higher transpiration
from plants, followed by stomatal closure to reduce excessive water
loss. Globally, over 50% of vegetated areas have experienced higher
VPD since the late 1990s and different Earth system models have
predicted that VPD will continue to increase during the 21%
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century (Yuan et al., 2019). Despite the large impact of VPD on
plants, for example on vegetation index and terrestrial gross
primary production, crop yields and tree/forest mortality (Wil-
liams ez al., 2013; Lobell et al., 2014; Hsiao et al., 2019; Yuan ez al.,
2019), stomatal VPD sensing and signalling are incompletely
understood. Here, we present stomatal VPD responses of
Arabidopsis abscisic acid (ABA) synthesis and signalling mutants
based on recent studies (Merilo ef al., 2018; Jalakas et 4., 2021) to
dissect the possible proportions of passive and active ABA-
dependent and ABA-independent stomatal closure. We also
discuss relevant questions and research directions to uncover the
mechanisms of VPD-induced stomatal regulation. Modelling
approaches to improve the predictions of VPD responses from
plant to ecosystem levels have been discussed in a recent review
(Grossiord et al., 2020).

Mechanisms contributing to high VPD-induced
stomatal closure

VPD-induced stomatal closure was reported to be a passive
hydraulic ABA-independent process in ferns and conifers (Brodribb
& McAdam, 2011; McAdam & Brodribb, 2015). In these basal
vascular plants, reductions in leaf water potential and leafand guard
cell turgor pressure have been reported to directly promote stomatal
closure in response to high VPD (Brodribb & McAdam, 2011;
Buckley, 2019). This conclusion was supported by findings that
fern stomata did not respond to ABA (Brodribb & McAdam,
2011). By contrast, ABA caused stomatal closure in the moss
Physcomirrella patensand the lycophyte Selaginella uncinara(Chater
etal., 2011; Ruszala ez al., 2011). Significant, although relatively
weak, ABA responses have been also observed in some fern species
(ABA-induced stomatal closure was ¢. 20% in ferns compared with
at least 40% in Arabidopsis) (Horak eral., 2017). More evidence
supporting active CO,-mediated and ABA-mediated stomatal
regulation of ferns has been provided by Franks & Britton-Harper
(2016) and Cai et al. (2017). Therefore, basal vascular plants may
combine passive and active stomatal regulation depending on
speciesand environmental conditions (Cai ez a/., 2017; Horak ez al.,
2017). In angiosperms, epidermal turgor contributes to the
regulation of stomatal apertures. Following an increase in VPD, a
rapid rise in transpiration results in reduced epidermal turgorand in
less backpressure on the guard cells, promoting a transient passive
‘wrong-way’ stomatal opening (Ivanoff, 1928; Mott & Franks,
2001; Buckley, 2019). As a result, an active response is required to
counteract the opening and ensure stomatal closure in angiosperms
(Franks, 2013; Buckley, 2019). For the active process, ABA was
proposed to be involved for two reasons: (1) a rapid (within 10 min)
VPD-induced or turgor-induced increase in foliar ABA concentra-
tion preceded stomatal closure; and (2) VPD-induced stomatal
closure was absentin ABA-deficient mutants (McAdam ez 2/, 2016;
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Sussmilch ez al., 2017; Cardoso ez al., 2020). While rapid (15 min),
although relatively weak, low air humidity-induced guard cell ABA
concentration increases were also observed using the ABA biosensor
ABAleon2.1, this slight concentration increase could result from a
reduction in guard cell volume after 15 min and stomatal closure
rather than from rapid ABA synthesis (Waadt ezal., 2014). The
half-response time of high VPD-induced stomatal closure was
short: 6.1 = 0.32 min in Arabidopsis Col-0 wild-type (Merilo ez al.,
2018). Therefore, time-resolved investigations are required to
determine which process occurs first, stomatal closure or guard cell
ABA biosynthesis.

As discussed above, in angiosperms a passive transient ‘wrong-
way stomatal opening is detected in response to high VPD
(Buckley, 2019). Currently it is unclear whether angiosperms can
display passive hydraulic stomatal closure or whether they rely only
onactive ion channel-mediated ion efflux processes to close stomata
in response to elevated VPD. McAdam & Brodribb (2015)
proposed that, in response to rising VPD, the ancestral passive
regulation of stomatal closure is an important contributing
component in some angiosperm species, for example Quercus
robur in their dataset. We return later to this model of passive
stomatal closure in angiosperms.

Generally, ABA plays a central role in regulating active stomatal
closure (Hetherington, 2001). The ABA signalling pathway
consists of cytosolic PYR1/PYL/RCAR ABA receptors, type 2C
protein phosphatase co-receptors (PP2Cs) and SnRK2-type pro-
tein kinases (including OST1). The molecular action of ABA
involves its perception by the receptors, the formation of receptor—
ABA-PP2C complexes, resulting in inactivation of PP2Cs, and the
activation of SnRK2 protein kinases (Fig. 1a; Ma et al., 2009; Park
etal., 2009). Further, OST1 activates downstream transcription
factors and ion channels, for example the S-type anion channel
SLAC1 and the R-type anion channel ALMTI12/QUACI,
triggering stomatal closure (Geiger ez al., 2009; Imes ez al., 2013).
OST1 has two regulatory domains in the C-terminus, domain II
(ABA-box) for ABA-dependent activation and domain I (SnRK2-
box) for ABA-independent osmotic stress and low humidity
activation (Belin ez /., 2006; Yoshida ez a/., 2006). Interestingly, an
OST1 mutant isoform that lacked the ABA-box was impaired in
ABA activation, but remained responsive to osmotic stress and low
humidity in Arabidopsis T87 cells and transgenic whole seedlings,
providing evidence for an ABA-independent activation of OST1
(Yoshida ez al., 2006).

The involvement of ABA in VPD-induced stomatal regulation is
controversial. Stomata of ABA-deficient mutants were indepen-
dently reported to close in response to high VPD as wild-type
(Assmann et al., 2000; Merilo et al., 2013; Merilo ezt 2/, 2018) orin
a disturbed, but still functional manner (Xie ez al., 2006). Xie et al.
(20006) discussed that either basal ABA levels are present in ABA-
deficient mutants or the VPD response is partially ABA-
independent, explaining the response of ABA-deficient mutants.
Viable ABA biosynthesis mutants are known to have reduced, but
measurable, levels of ABA, while their stress-induced ABA
accumulation is strongly reduced (Gonzalez-Guzman et al., 2002;
Frey etal, 2012). Guard cell-specific complementation of ABA
biosynthesis was sufficient to prevent the high VPD-induced leaf
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Fig. 1 (a) Schematic overview of abscisic acid (ABA) biosynthesis and
signalling in Arabidopsis. ABA biosynthesis is condensed to present only the
defective steps for which mutants are discussed (highlighted in grey). ABA
signalling is explained in the main text. (b) Values of steady-state stomatal
conductance at low and high vapour pressure deficits (VPD) (1.2 and

2.2 kPa, respectively) for the studied Arabidopsis lines. Capital letters denote
statistically significant differences between the genotypes at low VPD (GLM
Linear Models and Tukey post hoc test). Stars point at significant differences
of stomatal conductance’s between low and high VPD conditions for that
genotype (GLM Linear Models and Repeated Measures ANOVA; n=7-12,
average and standard errors).

wilting of ABA-deficient #ba3-1 mutant plants, pointing to the role
of guard cell synthesised ABA. However, under high VPD, parental
aba3-1 mutants also displayed a marked decrease in the guard cell
K" content, similar in the percentage of K” content decrease to that
of wild-type controls, indicating VPD-induced stomatal closure in
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aba3-1 plants (Bauer ez al., 2013a). Overall, these results contra-
dicted a model in which ABA would be the sole regulator of the
stomatal VPD response in higher plants. Conversely, OST1, a
positive transducer of stomatal closing in response to several stimuli
including ABA, is crucially involved in stomatal VPD sensitivity
(Xie etal., 2006; Merilo et al., 2013, 2018; Jalakas ez al., 2017).
Interestingly, a linkage between VPD and ABA signalling was
detected also during leaf development; the stomatal ABA sensitivity
of young leaves was triggered by exposure to dry air (Pantin ez 4/,
2013). Note that mutants defective in ABA biosynthesis and ABA
signalling exhibited a strongly increased steady-state stomatal
conductance, which in turn accelerated VPD-induced water loss
from leaves (Fig. 1b; Merilo ez al., 2018). Independent studies are
needed to confirm the rapid VPD-induced or turgor-induced
increase in leaf ABA concentration (McAdam ezal, 2016;
Sussmilch eral, 2017). Of importance, over a longer timescale,
growth at different relative air humidities led to differences in foliar
ABA concentrations in some species (Arve e al., 2013). However,
no long-term effect of growth air humidity on foliar ABA
concentrations was observed in other species (Innes ez al., 2021),
indicating that short-term versus long-term (i.e. acclimatised) VPD
sensitivity of leaf ABA levels may vary among different species.

Stomatal VPD responses of plants defective in ABA
synthesis, signalling and guard cell anion transport

High VPD caused an increase in the steady-state rosette transpi-
ration rate (plants were kept at the respective VPDs for at least
60 min) in wild-type Col-0, ABA synthesis (2ba2-11) and ABA
signalling (osz/-3) mutants (Fig. 2a). In Col-0 and #ba2-11, but
not in the ost/-3 mutant, this was accompanied by stomatal closure
(Figs 2b, 3a). A significantly higher slope of the linear regression
between VPD and transpiration for osz/-3 compared with Col-0
and aba2-11 (Fig. 2a) indicated that, under strong evaporative
demand, a rise in the transpiration in oszI-3 leaves was consider-
ably higher than in Col-0 and #ba2-11. Pantin & Blatt (2018)
discussed that stomatal closure in response to a stepwise increase of
VPD from low to high values in plants with high stomatal
conductance could be a methodological artefact. Namely, in the
calculations of stomatal conductance, it is assumed that the water
vapour pressure within the leaf reaches saturation in the substom-
atal chamber, an assumption that may not hold in mutants with
very open stomata (Pantin & Blatt, 2018). However, the
calculations of transpiration do not include such assumptions (see
Supporting Information Methods S1). Therefore, Fig. 2(a) clearly
indicates that the high VPD-induced rise in osz/-3 transpiration
was different from wild-type and #642-11, and that the latter two
genotypes were able to limit their transpiration under high VPD
due to stomatal closure.

ABA-insensitive ABA receptor sextuple mutant plants (pyrl/
pyl1/2/4/5/8) displayed delayed, but still functional, high VPD
responses, showing that ABA is involved but not critical for
stomatal VPD sensitivity (Fig. 3a,b; Merilo eral, 2013, 2018). A
triple mutant defective in S-type and R-type anion channels
(quacl-Islacl-3slah3-1) exhibited nearly as strongly impaired high
VPD responses as ostI-3 (Fig. 3a,b; Jalakas eral, 2021).
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Conversely, VPD-induced stomatal closure was detected in all
studied ABA biosynthesis mutants (of Arabidopsis, pea and tomato;
Fig. 3a,b; Merilo ezal., 2018). Returning to high VPD-induced
passive hydraulic stomatal closure in angiosperms, Fig. S1 presents
relative VPD responses of osz1-3 plants that were kept under low
CO, (40 ppm) conditions or given additional blue light, to boost
stomatal conductance (Merilo ez al., 2018). Interestingly, in those
plants, clear VPD-induced stomatal closure was evident. A passive
stomatal closure appears to be a plausible explanation for this
response, provided that the initial stomatal conductance was high
and assuming that active stomatal closure is absent in the osz/-3
mutant. Therefore, passive hydraulic stomatal closure may
contribute a conditional limited response with clearly different
closure kinetics compared with the active response of Col-0 wild-
type plants (Fig. S1) in VPD-induced stomatal regulation of
angiosperms.

A redundant, transpiration-linked perspective to the passive
stomatal VPD response was proposed by Outlaw (2003), connect-
ing a high VPD-induced increase in the transpiration rate with
solute accumulation in the guard cell apoplast. In apoplastic
phloem loaders (Arabidopsis included), this solute may be sucrose,
which is able to reduce stomatal aperture, when accumulating in the
apoplast (Zhang & Outlaw, 2001; Outlaw, 2003; Kang eral,
2007).

Hypothetical model to dissect components involved in
the stomatal VPD response of angiosperms

To differentiate and discuss processes involved in VPD-induced
stomatal closure, we propose a hypothetical model outlining VPD
responses in a diverse range of Arabidopsis stomatal mutants. From
dynamic absolute stomatal conductance responses to rising VPD
(Fig. 3a, from Merilo ezal., 2018; Jalakas ezal, 2021), we first
calculated relative responses (Fig. 3b). Then to visualise the relative
contributions of different components, we used the Col-0 wild-
type relative stomatal response as a reference and subtracted the
relative responses of plants defective in ABA synthesis (average of
aba2-11and nced3nced5), ABA signalling upstream of OST1 (ABA
receptor hextuple pyrl/pyl1/2/4/5/8), OST1 (ost1-3) and guard cell
S-type and R-type anion channels (guacl-Islacl-3slah3-1)
(Fig. 3¢). Positive and negative scales in this figure point to larger
or weaker VPD responses relative to Col-0.

The blue area between ost1-3 and quacl-Islac1-3slah3-1 indi-
cates the proportion of an OST1-dependent response that is
independent of these three anion channels. Several other substrates
of OST1 are known that could potentially contribute to the VPD
response (Wang ez al., 2020). For example, OST1 is involved in the
ABA-induced inhibition of guard cell H'-ATPases (Hayashi et 4/,
2011). However, considering the overlap between the relative
responses of the oszI-3 and the anion channel triple mutant
(Fig. 3b), the proportion of the OST1-dependent and anion
channel-independent response can be viewed as negligible.

The yellow area between the responses of the quacl-Islacl-
3slah3-1 triple mutant and the ABA-insensitive genotype (pyrl/
pyl1/2/4/5/8) represents an active ABA-independent stomatal VPD
response that is mediated by OST1 and anion channels and that was
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Fig. 2 Relationships between (a) vapour pressure deficit (VPD) and rosette transpiration and (b) VPD and stomatal conductance in Arabidopsis wild-type Col-O,
ABA-deficient aba2-17 and ABA-insensitive ost7-3. The values represent steady-states at the respective VPDs. (a) The slope of the linear regression of ost7-3
wasssignificantly higher (P = 0.0001; t-test) compared with those of Col-O and aba2-71. The slopes of Col-0 and aba2-171 differed from each otherat P=0.0705.
(b) Stomatal conductance of ost7-3 did not correlate with the imposed VPD. Equations for aba2-717 and Col-0 (wild-type) are shown.
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Fig. 3 (a) Stomatal vapour pressure deficit (VPD) responses of Arabidopsis plants defective in abscisic acid (ABA) synthesis, signalling and guard cell anion
transportin absolute units (from Merilo et al., 2018; Jalakas et al., 2021; n =7-12, average and standard errors). (b) Responses normalised to the average values
of the last two time points before the change in VPD. (c) Visualisation of differential stomatal VPD responses of ABA-deficient, ABA-insensitive, ost7-3 and triple
anion channel mutant lines compared with Col-O wild-type. Col-0 here corresponds to y = 0 throughout the time course. Negative y-axis values indicate weaker
than wild-type responses and positive values indicate stronger than wild-type responses presented on the time axis after a step increase in VPD from 1.2 to
2.2 kPaatt=0min. The values were calculated by subtracting the relative responses of the mutants as shown in (b) from the relative response of Col-0 wild-type
atthe same time point. Yellow, OST1-dependent, but ABA-independent response; orange, ABA-dependent OST1 activation; green, early reduced response of
ABA-deficient genotypes due to lower ABA levels; grey, stronger than wild-type later response of ABA-deficient genotypes; blue, difference between OST1-
dependent and anion channel-dependent responses; pink, absence of wrong-way response in ABA-deficient lines. See text for explanatory details (in the
section on Hypothetical model to dissect components involved in the stomatal VPD response of angiosperms).

© 2021 The Authors New Phytologist (2021) 232: 468-475
New Phytologist © 2021 New Phytologist Foundation www.newphytologist.com



472 Foru Viewpoints

observed even when ABA sensitivity is seriously impaired, as in the
sextuple ABA receptor mutant (Gonzalez-Guzman ezal., 2012;
Merilo eral., 2018). Without the PYR1/PYL/RCAR receptors,
OST1 isnotactivated through ABA, but can be activated by osmotic
stress and low air humidity by the SnRK2-box (Belin ez al., 2006;
Yoshida ez al., 2006). Recent reports have shown ABA-induced and
osmotic stress-induced activation of SnRK2s by Raf-like M3Ks,
which might be involved in active VPD-induced stomatal regula-
tion (Lin ez al., 2020; Soma et al., 2020; Takahashi ez /., 2020). As
shown in Fig. 3(c), the contribution of ABA-independent OST1
signalling to the VPD response increases with time. The orange area
indicates the proportion of an ABA-dependentactivation of OST1.
We propose that this area may represent both OST1 activation by
basal ABA levels present in ABA-deficient lines and/or de novo
synthesised ABA. Note that foliar ABA concentrations in aba2-11
and nced3nced5 were c¢. 30% of wild-type values in no-stress
conditions (Hsu ez 2/, 2018; Merilo et al., 2018).

The pinkarea in Fig. 3(c) depicts an initially stronger response of
ABA-deficient mutants compared with wild-type, which is
explained by a missing wrong-way response (Fig. 3a,b). The initial
wrong-way response was absent in all studied Arabidopsis ABA-
deficient mutants, such as abal-1, aba3-1, aba4-3 and aao3-1 in
addition to aba2-11 and nced3nced5 (Merilo et al., 2018), but was
detected in pyri/pyl1/2/4/5/8, the genotype with the highest
stomatal conductance (Figs 1b, 3a). Buckley (2019) proposed that
a flaccid and limp epidermis could explain why the epidermal
backpressure on the guard cells and wrong-way response were
missing in ABA-deficient mutants. When epidermal pressure on
guard cells is missing, passive hydraulic stomatal closure might
contribute to the VPD response similarly to that found in basal
vascular plants in the process of equilibration between apoplastic
and guard cell water potentials (Peak & Mott, 2011). The green
area in Fig. 3(c) indicates a reduced, but still clearly detectable,
stomatal closure in ABA-deficient genotypes during the first 15 min
under high VPD. These data are consistent with findings that ABA-
deficient genotypes contain sufficient ABA levels in guard cells for
basal ABA signalling (Gonzalez-Guzman ez al., 2002; Frey eral.,
2012; Hsu et al., 2018; Merilo etal., 2018), contributing to the
VPD-induced stomatal closure, albeit perhaps in a reduced
manner. In addition to de novo ABA synthesis, B-glucosidase
AtBG1-mediated ABA release from conjugated ABA-glucose ester
might also participate in the production of ABA under low relative
humidity (Lee ez al., 2006). B-Glucosidase was reported to be a key
enzyme regulating the levels of active ABA in rose plants as well
(Arve eral., 2013). However, we note that gas-exchange analyses
using the Arabidopsis Atbg1 Atbg2 double mutant knock out plants
showed wild-type-like high VPD-induced stomatal closure (Merilo
etal., 2015). The grey area, which indicates a stronger response of
ABA-deficient genotypes compared with wild-type controls, might
point at compensatory mechanisms to counteract ABA deficiency.
The ABA signalling pathway may become less or more sensitive to
ABA, depending on the expression levels of mRNAs of signalling
components (Szostkiewicz ez al., 2010; Dittrich ez al., 2019). Due
to the higher steady-state stomatal conductance and no wrong-way
response of ABA-deficient mutants, a larger contribution of passive
hydraulic stomatal closure may also be feasible as part of the grey
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area (Fig. 1b; Merilo eral., 2018). We also point at different
dynamics of VPD-induced stomatal closure between Col-0 and
ABA-deficient mutants, with a clear bi-phasic response detected

only in wild-type (Fig. 3b).

Conclusions and important questions

Mainly three components contribute to the VPD-induced stomatal
closure of angiosperms:

(1) ABA-dependent activation of OST1. In this process, ABA is
either rapidly synthesised or basal ABA levels mediate the response
without the need for a rapid ABA concentration increase. Further
research is needed to determine the contributions of basal and e
novo synthesised ABA.

(2) ABA-independent activation of OST1, potentially by the
domain I SnRK2-box.

(3) A putative contribution of passive hydraulic closure, for
example in genotypes with conditionally very high stomatal
conductance and no wrong-way response.

Answering the following open questions below would help to
elucidate the mechanism of VPD-induced stomatal regulation:
(1) Recentstudies have shown thatin contrast to a rise in guard cell
ABA concentrations, basal ABA concentrations and basal OST1/
SnRK2 kinaseactivities enhance stomatal responses to other stimuli,
including elevated carbon dioxide (Hsu ez 4/, 2018; Zhang ez al.,
2020). Analyses of bulk leaf ABA concentrations are not a good
proxy forguard cell ABA levels due to high basal ABA concentrations
inguard cells (Lahr & Raschke, 1988; Waadt ez a/., 2014; Hsu ez al.,
2018) and guard cell-specific de novo ABA synthesis, transport and
catabolism (Yoshida ez 2/, 2019). Measurements of ABA concen-
trations with cellular and real-time resolution would serve to clarify
whether guard cell ABA levels consistently increase upon a rise in
VPD during the first minutes. Genetically encoded biosensors could
be used to analyse the dynamics of ABA in guard cells (Jones ez 4l.,
2014; Waadt ez al., 2014; Hsu ez al., 2018). Whether in high VPD
stress OST1 is activated above basal levels prevailing in guard cells
could be measured using genetically encoded real-time reporters for
OST1 activity (SNACS; Zhang ez al., 2020).

(2) To fully understand the proportion of active and passive
components of stomatal VPD sensitivity in angiosperms, CRISPR/
Cas9 could be used to disrupt OST1 orthologues in plant species
other than Arabidopsisand then VPD responses could be compared
with wild-type responses, as it has been done in Arabidopsis(Merilo
etal., 2013, 2018). Note however, that the OST1-related
Arabidopsis proteins SnRK2.2 and SnRK2.3 also participate in
stomatal ABA signalling (e.g. Zhang etal., 2020) and cell-type
specific CRISPR deletion may be needed for orthologues of the
three ABA-activated SnRK2 protein kinases.

(3) The early steps of VPD signalling and the details of VPD
sensing have not been clarified to date. It has been hypothesised that
guard cell sugar metabolism and transport may be involved, either
because sugars act as osmotica, or cell wall sugar-loading might
serve as a VPD-sensing mechanism (Bauer ¢z 4/, 2013b). Our data
indicate that the ABC-transporter ABCG22, which may be
phosphorylated by OST1 according to Wang eral. (2020)
contributes to initial steps of stomatal VPD-regulation (Merilo
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et al., 2015). Therefore, it is important to identify the compound
that is transported by ABCG22. Interestingly, missing steps in
sensing and early signalling events apply to osmotic stress sensing in
general (i.e. soil drought and high salinity), not only to atmospheric
water stress (for review see Fabregas ez al., 2020).

(4) Components contributing to the ABA-independent activation
of OST1 in response to high VPD remain to be identified, and also
the aspects of crosstalk between ABA-dependent and ABA-
independent signalling. In this respect, future research should
investigate the potential involvement of Raf-like M3Ks (Lin ez 4/,
2020; Takahashi ez al., 2020).

(5) In the calculations of stomatal conductance, the water vapour
pressure within the leaf is assumed to reach saturation at a given leaf
temperature. However, a considerable deviation from saturation
was found in grey poplar lines with impaired stomatal regulation
(Cernusak eral, 2019). The possibility that leaf intercellular
vapour pressure is not saturated, and its extent and effect on
stomatal conductance measurements need further attention.

In crops, variation in the response of transpiration to VPD is
high. Some genotypes showed linear increases of transpiration with
VPD, as do Arabidopsis lines in Fig. 2(a). In others, transpiration
increased only up to a certain threshold value of VPD, above which
reduced or plateaued transpiration was detected (Jauregui eral.,
2018; Medina ez al., 2019). Limitations on maximum transpira-
tion rates at high VPD values were modelled to increase
transpiration efficiency and conserve soil water, resulting in yield
increases in unfavourable low-yielding years (Sinclair ez a/., 2005;
Messina ez al., 2015). By contrast, in water-limited Mediterranean
environments, wheat lines exhibiting a linear transpiration versus
VPD relationship had greater grain yields and greenness indexes
associated with better uptake, transport and metabolism of
nitrogen, carbon and water compared with the lines showing
limited transpiration increases under rising VPD (Medina ez a/,
2019). The transpirational response to VPD is therefore an
important trait to select crop varieties better adapted to specific
local conditions in terms of timing and extent of water stress.
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