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I. Introduction

are critical drivers of photosynthesis, productivity, water yield, ecohydrology and climate
forcing, yet we still lack a thorough mechanistic understanding of these responses. Here | review
historical and recent advances in stomatal water relations. Clear evidence now implicates a
metabolically mediated response to leaf water status (‘hydroactive feedback’) in stomatal
responses to evaporative demand and soil drought, possibly involving abscisic acid productionin
leaves. Other hypothetical mechanisms involving vapor and heat transport within leaves may
contribute to humidity, light and temperature responses, but require further theoretical
clarification and experimental validation. Variation and dynamics in hydraulic conductance,
particularly within leaves, may contribute to water status responses. Continuing research to fully
resolve mechanisms of stomatal responses to water status should focus on several areas:
validating and quantifying the mechanism of leaf-based hydroactive feedback, identifying
where in leaves water status is actively sensed, clarifying the role of leaf vapor and energy
transport in humidity and temperature responses, and verifying foundational but minimally
replicated results of stomatal hydromechanics across species. Clarity on these matters promises
to deliver modelers with a tractable and reliable mechanistic model of stomatal responses to
water status.

(Fischer et al., 1998; Davies et al., 2002; Blum, 2009; Stewart et al.,
2011), drives ecological divergence of species (Anderegg eral.,

Stomata control CO; and H,O exchange between land plants and
the atmosphere. Stomatal regulation impacts productivity and
growth in both natural systems (Hinckley ez L., 1980; Reichstein
etal., 2002; Guarin & Taylor, 2005; McDowell, 2011; Choat
etal., 2012; Pfautsch & Adams, 2012) and agricultural systems
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2016; Adams ez al., 2017; Martin-StPaul ez al., 2017) and mediates
climate feedbacks (Bonan, 2008; Boucher ez al., 2009; Cao et al.,
2010; de Boer ezal., 2011). Despite the obvious importance of
stomata for terrestrial plant functioning (Hetherington & Wood-
ward, 2003; Berry ez al., 2010), basic questions remain about the
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mechanisms by which stomata respond to environmental factors
that influence leaf water status, such as humidity and soil moisture.
The most simple and intuitively obvious conceptual model of this
relationship — that water status controls stomatal conductance (g,)
passively, simply by inflating and deflating stomatal guard cells in
relation to the prevailing water potential of the leaf, and thus
opening and closing the stomatal pore —is fundamentally incorrect
because it ignores the opposing effect of adjacent epidermal cells. In
angiosperms, passive inflation of epidermal cells at high water
potential pushes back on guard cells, causing stomata to close rather
than open. In order for high water potential to open stomata, the
epidermal effect must be overcome. One likely mechanism to
achieve this is ‘hydroactive feedback’: the active regulation of guard
cell osmotic pressure in relation to leaf water status, triggered by a
feedback response to changes in cell turgor or water content
somewhere within the leaf. The hydroactive feedback hypothesis
parsimoniously unifies stomatal responses to any factor that
influences leaf water potential, including changes in humidity, soil
moisture and plant water transport, under the umbrella of a single
mechanism (Buckley, 2005). The signaling mechanism(s) involved
in hydroactive feedback are a subject of ongoing debate, and are one
focus of this review.

Stomatal regulation consists of much more than guard cell
signaling, however. It also involves tissue- and leaf-scale biophysical
factors that translate guard cell function into changes in stomatal
conductance (Fig. 1). For example, the water potential of guard cells
may be affected by vapor exchange with relatively dry air within the
stomatal pore channel (Peak & Mott, 2011), or with relatively moist
air in the airspaces between sun-warmed mesophyll cells (Pieruschka
etal, 2010). Water status may be actively sensed in guard cells
(Bauer ez al,, 2013), or in other tissues such as mesophyll (McAdam
& Brodribb, 2018) or phloem companion cells (Endo ez al., 2008),
which experience different degrees of water stress. Understanding of
stomatal function in intact leaves thus rests not only on guard cell
biology, butalso on features of leaf and plant biophysics such as fine-
scale gradients in temperature and water potental. Some of those
features are poorly resolved. Some vary widely across taxa, and may
therefore drive diversity in the ecophysiology of gas exchange and
stress resilience. My objective here is to stimulate and focus progress
on these issues. I begin by summarizing general features of plant
water relations and stomatal function, in the context of long-
standing theories of how stomata respond to humidity and drought
(Section II). Then I discuss recent work and new ideas bearing on our
understanding of how stomata in intact leaves respond to changes in
soil moisture, evaporative demand, humidity, temperature and
water transport (Section III). Finally, I identify several pathways for
continuing research that are critical to enabling confident, mech-
anistic understanding of stomatal responses to water status in intact
leaves (Section IV).

Il. Background: stomatal water relations

1. What is water status, and what controls it?

Water moves through plants from a moist substrate to a much drier
atmosphere. Even at soil moisture thresholds causing plant death,
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soil is still usually far ‘wetter’ than the atmosphere, as gauged by
water potential (). For example, few plants can survive in soil with
a water potential of —3 MPa (—30 bars), yet such soil would still
lose water to an atmosphere with 97% relative humidity. This
disequilibrium drives water movement and generates gradients in
water potential, both among and within plant organs. During
steady-state transpiration, water potential at any given point in the
plant, \IIJ-, is given by
\l/j = Vil — ”SjE’ Eqn 1
(Wgoit, soil water potential; £, transpiration rate of all tissues distal to
the point in question; 7, effective water transport resistance of the
pathways proximal to the point in question). Three salient points
arise from Eqn 1. First, three factors —soil water potential, transport
resistance and transpiration rate — determine the water status of a
given tissue. Second, the direct, immediate effect of a decline in soil
water potential is an equal decline in water potential at all points
throughout the plant. Third, the immediate effect of an increase in
water loss is to reduce water potentials throughout the plant, but
not uniformly — rather, in proportion to the hydraulic ‘distance’ (as
gauged by 7;) of each tissue from the soil. For instance, soil drought
would initially reduce \J by the same amount in roots and leaves,
but increased evaporative gradient would reduce water potential
much more steeply in leaves than in roots.

Effects of soil and atmospheric drought are further mediated by
five important factors thatare not explicitin Eqn 1, but which affect
the variables therein. First, stomatal conductance decreases during
drought as a result of negative feedbacks that are the focus of this
review. Second, stomatal closure reduces evaporative cooling,
which can warm the leaf, increasing humidity in the leaf
intercellular airspaces and thereby enhancing evaporative demand.
Third, transport resistance often increases during soil or atmo-
spheric drought, due to the formation of gas bubbles (emboli) in
xylem conduits (Sperry, 2000); this exaggerates any initial decline
in water potential caused by drought, but only for tissues
downstream from (distal to) the point where resistance has
increased. For example, increased root resistance would reduce
throughout the plant, whereas increased resistance in the leaf xylem
would reduce \ only in the leaf mesophyll and epidermis. Fourth,
vapor transport through the leaf airspaces can be driven by small
temperature gradients, independent of water potential, which
means that water movement and, hence, water potential of tissues
outside the xylem are sensitive to variables that influence temper-
ature gradients, such as light absorption, leaf thickness and airspace
fraction (Buckley ezal, 2017). Fifth, because stomata may not
sense water potential per se, but instead a closely related variable
such as turgor or cell volume (Sack ezal., 2018), I use the more
general term ‘water status’ in this review.

2. Stomatal hydromechanics

Stomatal aperture (a,) is determined by the displacement of
stomatal guard cell walls adjacent to the stomatal pore (the ‘ventral’
walls). That displacement is caused by deformation of guard cells
due to volume changes, but in most species it is counteracted to a

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

Fig. 1 Stomatal conductance is regulated not
only by guard cell biology, which governs
guard cell osmotic content, but also by
numerous biophysical factors that influence
guard and epidermal cell water potentials and
link these cells to other tissues across the leaf
and plant. Abscisic acid and other signaling
compounds may be synthesized in guard cells
or synthesized elsewhere and transported to
guard cells (Sections 111.1, 111.2), but may have
little impact on stomata in some species
(Section 111.3). The potential ABA source
tissues are located at different positions along
the soil-plant-atmosphere continuum, and
are thus differentially sensitive to soil drought
and evaporative demand (Section I11.5). Guard
cells may or may not exchange vapor with air
in the stomatal pore channel and liquid water
with epidermal cells (Section I11.4), and heat
and liquid water may move in either direction
between the mesophyll and epidermis
(Sections 111.4, 111.5).

degree by volume changes in the adjacent epidermal or subsidiary
cells. Thus, aperture is related positively to guard cell turgor
pressure (4, oc Py) and negatively to epidermal turgor (4, oc — 7).
Direct measurements of the relationships among 4, P, and P
indicate that, in angiosperms, the epidermis has a ‘mechanical
advantage’ over guard cells in determining aperture (Glinka, 1971;
DeMichele & Sharpe, 1973; Sharpe ezal., 1987; Franks ez al.,
1995, 1998). That is,

= —M > 1, Eqn 2
Oay /0P,
where m is the epidermal mechanical advantage. The fact that m> 1
creates a puzzle: although stomatal apertures are observed to decline
when leaf water status declines — for instance, following an increase
in transpiration rate or a decrease in source water potential or
hydraulic conductance — 7> 1 implies that stomata should instead
open in such instances, unless the epidermis is flaccid (P.=0)
(Fig. 2). Both of these predictions — stomatal closure and stomatal
opening —are in fact correct: following an increase in water loss or a
decrease in water supply, stomata transiently ‘pop open’ before
eventually closing (e.g. Fig. 3). The transient opening is called the
‘wrong-way response’ (WWR) and the subsequent steady-state
closure is called the ‘right-way response’ (RWR) (the WWR is
‘wrong’ in adaptive terms: it amplifies any decline in leaf water
status). The biphasic WWR/RWR response is observed in
angiosperms following any hydraulic perturbation, including a
change in evaporative demand (Mott ez al, 1997), source water
potential (Comstock & Mencuccini, 1998), hydraulic conduc-
tance (Saliendra e al., 1995) or leaf excision (Powles ez /., 20006).
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An exception is seedless plants, which appear to lack a WWR and
exhibit only a rapid RWR (Lange ez al., 1971; Losch, 1977, 1979;
Brodribb & McAdam, 2011). The duration of the WWR varies
widely across taxa, from ¢. 2 to 20 min (Buckley ezal., 2011). The
increase in water loss during the WWR transiently amplifies any
initial decline in water potential, as well as any process influenced by
water potential (e.g. xylem cavitation or ABA synthesis), although
such amplification has not been examined, to my knowledge.
WWRs are of interest here mainly because they offer insight about
response mechanisms: the WWR is easily explained by ‘hydropas-
sive’ stomatal function, given 7> 1, whereas the RWR is not.

3. Hypothesized mechanisms for stomatal responses to
water status

Stomata respond to seemingly any environmental perturbation
that changes water potential in the plant, with a steady-state
response that tends to partially reverse the initial change in water
potential. For instance, if increased transpiration reduces leaf water
potential, stomata partially close, making the net change in water
potential smaller than it would otherwise have been. Two responses
have drawn mostattention: the response to soil drought, or reduced
soil water potential, and the response to atmospheric drought, or
reduced air humidity. Historically, two opposing hypotheses have
been advanced to explain the steady-state stomatal closure in dry
air. One hypothesis assumes that guard cells are hydraulically distal
to epidermal cells in the transpiration stream — that is, the total
hydraulic resistance from the soil to the guard cells is greater than
that from the soil to the epidermis — so that a drop in humidity
causes a larger drop or ‘drawdown’ in water potential in guard cells
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Fig. 2 Effect of uniform changes in water potential in epidermal and guard
cells on epidermal turgor, P, (red circles and line), guard cell turgor, P, (blue
circles and line) and stomatal aperture (solid purple line) observed by Glinka
(1971).

than in epidermal cells (Farquhar, 1978; Maier-Maercker, 1983;
Dewar, 1995). The other hypothesis assumes that guard cells
‘hydroactively’ release osmotic solutes in response to a drop in water
status, much as they actively regulate solute content in response to
other environmental factors like light and CO, (Darwin, 1898;
Stalfelt, 1929; Meidner, 1986; Buckley, 2005). In both hypoth-
esized mechanisms, the epidermal mechanical advantage (Eqn 2) is
overcome by a disproportionate drop in guard cell turgor — this is
caused by a disproportionate decline in guard cell water potential in
the first hypothesis, or in guard cell osmotic pressure in the second
hypothesis.

The drawdown hypothesis has several weaknesses. If m~ 2 as
indicated by pressure probe data (Franks ezal., 1995, 1998), then
the resistance between epidermal and guard cells — a pathway
spanning mere micrometers and one cell—cell interface — must be at
least as large as the resistance from the soil to the epidermis. This
seems unlikely given high aquaporin expression (Kaldenhoff ez al.,
1995; Sun ez al., 2001), high water permeability (Grondin ezal.,
2015) and rapid osmotic water exchange (Shope & Mott, 20006) in
guard cells. The epidermis-to-guard cell resistance also must change
dynamically during the WWR and RWR to reconcile observed
stomatal kinetics with observed pressure—aperture relationships
(Buckley & Mott, 2002a). Furthermore, the biphasic WWR/RWR
occurs not only in response to evaporative demand, but also in
response to water supply, that is, changes in soil moisture, plant
hydraulic conductance, or water potential in other regions of the
same leaf (Saliendra et al, 1995; Mott et al., 1997; Comstock &
Mencuccini, 1998; Buckley & Mott, 2000; Buckley, 2005). But
because water supply perturbations affect guard and epidermal
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Fig. 3 lllustration of dynamics of stomatal water relations following a step
increase in Aw in the absence (‘hydropassive’; dashed lines), or in the
presence of hydroactive feedback (solid lines). Without a hydroactive
response, epidermal and guard cell turgor decline by similar amounts, and
stomatal aperture increases and remains elevated (dashed lines; wrong-way
response, WWR). If instead guard cell (GC) osmotic pressure is actively
reduced by a feedback response to water status, this amplifies the decline in
guard cell turgor (blue line), causing a net reduction in stomatal aperture
(solid black line, right-way response, RWR). Stomatal closure reduces water
loss compared to the hydropassive case, partially mitigating the decline in
epidermal turgor (red line).

turgor equally, the drawdown hypothesis predicts only wrong-way
responses to these perturbations.

The ‘hydroactive feedback” hypothesis (HFH) parsimoniously
explains both WWRs and RWRs, to both evaporative demand and
water supply (Buckley, 2005). Moreover, spatially explicit models
based on the HFH accurately predict how the behavior of
neighboring stomata can become coordinated, producing
‘patchy’ stomatal conductance and influencing the kinetics of
stomatal responses to light (Haefner ez al., 1997; Mott e al., 1999;
Mott & Buckley, 2000). Until recently, however, there was no
established mechanism linking guard cell osmotic content to leaf
water status, nor any direct evidence for hydroactive feedback
except a single report showing that humidity responses were
accompanied by solute loss from guard cells (Losch & Schenk,
1978). Several recent reports have overcome this challenge, by
showing that abscisic acid (ABA), which is known to close stomata
by inducing solute loss from guard cells, is rapidly synthesized de
novo within leaves in response to reduced air humidity (Xie ez 4/,
2006; Bauer et al., 2013; McAdam ez al., 2016b). Questions that
remain concerning the HFH include uncertainty about where
exactly water status is sensed, the role of ABA in water status
responses, particularly in seedless plants, the possible role of water
exchange between guard cells and dry air in the stomatal pore
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channel, and how temperature gradients in the leaf and changes in
hydraulic conductivity influence hydration of epidermal and guard
cells. I address each of these issues in Section III.

Il. New ideas and new evidence about stomatal
responses to water status

1. Are stomatal responses to soil drought initiated in leaves or
roots?

It has long been known that ABA is synthesized in dehydrating
tissues (Loveys, 1977) and induces stomatal closure (Kriedemann
etal., 1972). For many years, it was thought that ABA generated in
drying roots and transported in the xylem to leaves was primarily
responsible for stomatal closure during soil drought. That idea
arose from experiments in which roots were dehydrated but leaf
water status was maintained, either by split-pot treatments or root
pressurization, and stomatal closure was reported without any
noticeable change having occurred in bulk leaf water potential, j.¢
(Gollan etal., 1986; Khalil & Grace, 1993). Zhang & Davies
(1991) showed further that xylem sap extracted from droughted
maize plants caused stomatal closure, and that sap [ABA] predicted
the degree of closure in the same fashion as exogenously supplied
[ABA]. Borel etal (2001) showed that root-derived ABA in
droughted tobacco plants could close stomata in ABA-deficient
shoots grafted onto normal rootstock. These results show that
droughted roots can contribute ABA to xylem sap, and that ABA in
xylem sap can close stomata.

More recent experimental evidence questions whether root-
derived ABA is the sole cause, or even the primary cause, of stomatal
closure in drying soil. Among plants created by reciprocal grafts of
wild-type (WT) and ABA-deficient mutant scions and rootstock,
drought responses are determined by the genotype of the scion and
not the rootstock, in tomato (Holbrook ezal, 2002; McAdam
etal., 2016a), pea (McAdam et al., 2016a), sunflower (Fambrini
etal, 1995) and Arabidopsis (Christmann ezal, 2005, 2007)
(Fig. 4). In Arabidopsis seedlings, pressure-probe measurements of
mesophyll turgor pressure show that changes in root system water
potential are propagated to the leaf within 1-3 min, inducing a
decline in stomatal aperture within 10 min and >90% closure in
45 min (Christmann e al., 2007). If leaf turgor decline is prevented
by placing leaves in contact with a solution of high water potential,
stomatal closure is prevented, despite persistent exposure of roots to
low water potential (Christmann ez al., 2007). When leaves and
roots of Arabidopsis are isolated from one another and subjected to
water stress, ABA concentrations rise greatly in the former but not
the latter (Ikegami ez al., 2009). Much of the ABA present in roots
may in fact originate in leaves (Ikegami ez a/., 2009; McAdam ez al.,
2016a; Castro ez al., 2019), and ABA synthesis in roots may require
precursors transported from the leaves (Ren ezal., 2006; Manzi
etal.,2015; Zhang et al., 2018). Together, these results suggest that
strong stomatal responses to changes in water supply originate
primarily in leaves, not in roots.

Other long-distance signaling mechanisms also may contribute
to drought responses, although their putative roles remain
unresolved. Holbrook ezal. (2002) reported stomatal closure
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during soil drying in grafted tomato plants even when shoot water
status was maintained by pressurizing roots, and regardless of the
scion or rootstock genotype, from which they inferred the existence
of a root signal other than ABA. Wilkinson & Davies (1997)
showed that xylem sap pH increased during drought, and that
increased sap pH caused stomatal closure regardless of drought —
perhaps by helping to sequester leaf ABA in the apoplast due to its
behavior as a weak acid. In tomato, Visentin ¢t al. (2016) reported
stomatal closure and enhanced ABA sensitivity in both droughted
WT plants and irrigated plants with rootstocks deficient in
strigolactone synthesis, leading the authors to speculate that
reduced export of strigolactones from roots may ‘prime’ leaves to be
more ABA sensitive in drought. As noted by Tardieu (2016), the
effect of any given chemical messenger, including ABA, often varies
across species and timescales, so in order to educe a universal model
of root-to-shoot signaling, we must accept a ‘diversity of hypothe-
ses’ that may seem mutually incompatible in the narrow context of a
single experimental system.

When interpreting evidence for root—shoot interactions, it is
important to recognize that near-invariance in leaf water potential,
as reported in split-pot experiments, is entirely consistent with a
feedback response to leaf water status. The first effect of reduced soil
water potential — before stomata have responded in any way —is an
equal decline in water potential throughout the plant, including in
the leaves (Eqn 1). This occurs within minutes (Saliendra ez al,
1995; Christmann et al., 2007), which is far faster than ABA can be
synthesized in roots, let alone transported to leaves. The fact that
observed leaf water potentials often do not decline measurably only
shows that stomata can respond quickly and sensitively enough to
hydraulic signals to achieve near-homeostasis in leaf water
potential. For instance, Saliendra ez a/. (1995) showed that stomatal
closure following a drop in stem hydraulic conductance occurred
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Fig. 4 Genotype of scions, not rootstocks, determines stomatal response to
water stress (water potential of medium = 0 (blue bars; control) or —1.0 MPa
(red bars; stress)) in grafted Arabidopsis plants. y-axes, stomatal aperture
(expressed as ratio of pore width to length; range = 0-1 in all panels). Error
bars are + SE. WT, wild type; aba2, ABA-deficient mutants. Adapted from
Christmann et al. (2007).
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within minutes and was strong enough to prevent measurable
decline in ¢

2. Does leaf-endogenous ABA drive humidity responses?

Until fairly recently, there was no direct evidence that leaf ABA
metabolism also was involved in the response to evaporative
demand. Xie eral. (2006) showed that the stomatal response to
reduced atmospheric humidity was weaker in Arabidopsis mutants
ostl-4 (with a mis-sense mutation for a gene involved in ABA
signaling) and aba2-13 (with an insertion mutation for a gene
involved in ABA biosynthesis), clearly indicating a role for ABA in
the humidity response. Several authors have since demonstrated
rapid increases in leaf ABA in response to changes in humidity. In
Arabidopsis, Ikegami ez al. (2009) showed rapid activation of ABA
synthesis in leaves but not roots of plants exposed to reduced
humidity, and Okamoto ez al. (2009) reported enhanced expres-
sion of enzymes involved in ABA catabolism, and reduced [ABA],
in leaves exposed to high humidity. Bauer ezal. (2013) reported
ABA synthesis in Arabidopsis guard cells exposed to reduced
humidity, and showed that guard cells expressed all of the genes
required for both de novo synthesis and release from conjugated
forms. McAdam ez al. (2016b) reported that in WT genotypes of
tomato, pea and Arabidopsis, reduced humidity caused expression
of a key rate-limiting enzyme in ABA biosynthesis (9-cis-epoxy-
carotenoid dioxygenase or NCED), leading to rapid increase in leaf
ABA concentrations (Fig. 5). That increase was not accompanied
by a commensurate drop in concentrations of the conjugated
storage form ABA-GE, which suggests that de novo synthesis rather
than release from stores was the likely source of most of the increase
in [ABA] in those experiments. The magnitude and timing of those
processes were broadly consistent with subsequent stomatal closure
responses. These authors also found that changes in leaf [ABA] and
Zw were not significant in ABA-deficient mutants (wilty of
P. sativum, and sitiens, flacca and notabilis of S. lycopersicum)
(Fig. 5). Similar results were reported for leaves forcibly dehydrated
in a pressure chamber (McAdam & Brodribb, 2016; Sussmilch
etal, 2017), which suggests leaf ABA synthesis is driven by
anything that reduces leaf water content (Sack eral, 2018).
Together these data suggest that de novo synthesis of ABA in leaves is
the mechanism of hydroactive feedback responses to humidity in
these species.

That conclusion contrasts with results of Merilo ezl (2018),
who reported stomatal closure under reduced humidity in a range
of ABA mutants, including wilty and flacca, as well as mutants of
Arabidopsis lacking several steps in the ABA synthesis pathway.
Rescuing ABA synthesis in guard cells or phloem companion cells
restored WT phenotypes, including constitutively lower stomatal
conductance. Merilo ez al. (2018) suggested that ABA influences
steady-state g, independent of humidity, and hypothesized that
the observed humidity responses were ‘hydropassive’.

It is unclear how to reconcile these contrasting results. Perhaps
ABA synthesis merely occurs at the same time as, but does not cause,
humidity responses; however, that is not consistent with the fact
that restoring ABA biosynthesis led to reduced g, in mutants,
which implies that any enhancement of leaf ABA synthesis should
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Fig. 5 A step increase in leaf to air water vapor mole fraction gradient (Aw)
(from 7 to 15 mmol mol~") causes de novo synthesis of abscisic acid (ABA) in
leaves, enhancing [ABA]. Adapted from McAdam et al. (2016b). ABA-
deficient mutants (red bars; wilty, flacca, sitiens and notabilis) were
compared with similar-background wild-type (WT) genotypes (blue bars) of
pea (Pisum sativum) and tomato (Solanum lycopersicum). Statistical
significance: *, P <0.05; ns, not significant (P> 0.05).

reduce g,. Perhaps redundant mechanisms exist for hydroactive
humidity responses, as is the case for light and CO, responses
(Zeiger et al., 2002; Messinger et al., 2006; Lawson, 2009; Lawson
etal., 2018). Careful comparison of the phenomenology of
humidity responses between mutant and WT plants could help
distinguish redundant response mechanisms, given that redundant
mechanisms are unlikely to produce quantitatively identical
responses.

The suggestion by Merilo eral (2018) that the mutant
responses are hydropassive deserves careful scrutiny. Because of
the mechanical advantage of the epidermis, responses to humidity
in angiosperms cannot be hydropassive unless either (1) guard
cells are separated from epidermal cells by a large hydraulic
resistance, or (2) the epidermis is constitutively flaccid, so that
humidity does not influence P,. Alternative (1) is the ‘drawdown
hypothesis’ discussed in II.3, and it predicts stomatal opening
rather than closure in response to reduced water supply.
Alternative (2) is conceivable, given the constitutively high g,
in ABA mutants, but has not been documented. These alterna-
tives could be tested and distinguished by examining stomatal
responses to leaf excision: (1) predicts a larger WWR to excision
in mutants than in WT plants, because the RWR would only take
effect once the epidermis has lost turgor, whereas (2) predicts no
WWR at all, because a flaccid epidermis does not influence g
Notably, (2) is consistent with the apparent absence of WWRs in
most mutant lines (Merilo ez 4/, 2018). It also is noteworthy that
a strong hydroactive feedback response to reduced humidity — a
decline in guard cell osmotic concentration (in this case K") — was
observed even in ABA-deficient mutants of Arabidopsis in the
experiments of Bauer ¢t al. (2013).
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Assuming leaf-endogenous ABA drives hydroactive responses to
humidity, it is important to determine where and how changes in
water status are sensed and transduced into ABA production, and
what determines rates of ABA catabolism. Several studies have
demonstrated strong upregulation of ABA biosynthetic enzymes in
response to water stress in leaf phloem parenchyma cells and
stomatal guard cells (Koiwai eral, 2004; Endo etal, 2008;
Kuromori ez al., 2014). Kuromori et al. (2014) suggested that ABA
transported from a vascular synthesis site drove subsequent ABA
synthesis in guard cells, consistent with Bauer ez a/. (2013)’s finding
that exogenous ABA can stimulate ABA synthesis in guard cells.
Endo ez al. (2008) also reported activity of ABA synthesis genes in
mesophyll cells, but to a smaller degree and after alonger lag than in
vascular tissue. By contrast, McAdam & Brodribb (2018) parti-
tioned leaves into segments dominated by vascular or mesophyll
tissue, and found that dehydration generally led to a greater increase
in [ABA] in the latter, suggesting a predominantly mesophyll site
for ABA synthesis. The latter authors argued that phloem and guard
cells are unlikely sites of water status sensing, because cell turgor and
volume in both locations is actively regulated in relation to other
factors, which should cause ABA concentrations to fluctuate
dramatically over the day in ways that are not observed. For
example, increased [CO,] would reduce [ABA] (and hence increase
%w) by enhancing photosynthesis and hence phloem loading and
turgor. By contrast, both increased [CO,] and reduced sink
strength (which enhances phloem turgor in source leaves) tend to
reduce g,, (Nikinmaa ez al., 2013). A vascular site for water status
sensing also would lead to much smaller stomatal responses to
humidity than to source water status, for a given change in bulk leaf
water status, because shifts in humidity cause much larger changes
in water potential in the mesophyll than in the vasculature (due to
hydraulic resistance distal to the xylem; Scoffoni ez al., 2017). The
role of ABA catabolism in stomatal responses to humidity is poorly
known, except that both short-term exposure to high humidity
(Okamoto et al., 2009) and growth in sustained high humidity
stimulate ABA catabolism (Arve et al., 2015).

3. Are stomatal responses to water status passive in seedless
plants?

Itis currently unresolved whether, as in seed plants, ABA also drives
water status responses in seedless plants. Some evidence suggests
that active responses are not necessary in seedless plants because
their epidermis lacks a mechanical advantage. For example, a few
early studies (Lange et al., 1971; Losch, 1977, 1979) reported that
ferns lacked a WWR to humidity; however, those measurements
were performed in epidermal peels, in which the mechanical
advantage might have been eliminated by breakage of epidermal
cells during peeling. Franks & Farquhar (2007), however, verified
that the epidermis had little effect on stomatal aperture in the
lycopod Huperzia prolifera and the fern Nephrolepis exaltata, and
Brodribb & McAdam (2011) demonstrated the functional corol-
lary that WWRs were absent in seedless plants (including three
lycophytes and eight ferns) following either reduced humidity or
leaf excision. The latter authors also reported that seedless plants
were insensitive to ABA (Brodribb & McAdam, 2011; McAdam &

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust

Brodribb, 2012b). Together, this evidence suggests that the short-
term hydroactive feedback response to leaf water status is weak or
absent in seedless plants, and is stronger in angiosperms due to the
need to overcome a greater mechanical advantage (Franks, 2013).
Brodribb & McAdam (2011) speculated further that stomatal
sensitivity to ABA evolved in angiosperms for this reason. That
hypothesis appears difficult to reconcile with other evidence. For
example, of the genetic machinery needed for ABA signaling
and biosynthesis is present in most ferns (Cai et al., 2017) and at
least some mosses (Chater efal, 2011; Lind etal, 2015), and
other authors have shown that exogenous ABA can close stomata
in seedless plants (Ruszala eral, 2011; Horak eral., 2017). Yet
there is a distinction between the potential, in principle, for
ABA to influence stomata in seedless plants, and the realized
functional significance of ABA responses in vivo. Three salient
questions arise:

1 How much of the observed stomatal response to water status
in seedless plants is accounted for by the hydropassive
mechanism? The evidence is mixed on this point. Horak ez al.
(2017) found that the half-time for stomatal closure in low
humidity was larger (i.e. responses were slower) in leaves of the
fern Athyrium filix-femina in which stomatal conductance had
been increased by exposure to low [CO,]; a strictly passive
mechanism would predict the opposite, because increased
conductance should lead to faster water loss and thus faster
hydropassive changes in guard cell turgor. By contrast, Cardoso
etal. (2019) found that a passive model based on leaf hydraulic
resistance and capacitance (which control the kinetics of passive
changes in guard cell volume) in A. filix-femina could accurately
predict humidity responses in both ambient and reduced [CO,].
Further close examination of the dynamic humidity response
across seedless taxa is needed to resolve the matter.

2 Are stomata in seedless plants and seed plants equally
sensitive to exogenous ABA? The data are mixed on this point
aswell. 10 pM ABA reduced stomatal conductance by 8-24% in
three fern species (A. filix-feminata, Dryopteris carthusiana and
D. filix-max) grown in growth cabinets, but had little effect
(ranging from a 14% decrease to a 6% increase in conductance)
when the same species were grown in growth rooms (Horak
etal., 2017). By comparison, the same treatments reduced
conductance by 43—-56% in Arabidopsis. 50 pM ABA reduced
apertures by 21% in the fern Polystichum proliferum and 23% in
Nephrolepis exaltata after an hour of exposure; 200 LM ABA was
required to reduce apertures by 32% and 45%, respectively (Cai
etal., 2017). In epidermal peels of the lycophyte Selaginella
uncinata, 25 PM ABA inhibited light-induced stomatal opening
by 50% and reduced previously opened apertures by 16%; in
intact Selaginella leaves, 1000 UM ABA reduced stomatal
conductance by 15%. Grantz eral. (2019) found that up to
100 pM ABA reduced steady-state stomatal conductance by 18—
24% in N. exaltata (although the effect was statistically
insignificant at the P=0.05 level). By contrast, a literature
survey of 15 angiosperm species by Cardoso ez al. (2019) found
that 10 pM ABA reduced stomatal opening by 33-100%
(median 66%). Thus, although seedless plants are responsive to
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exogenous ABA, it appears that they typically require higher
ABA concentrations than seed plants to close stomata.

3 Are observed stomatal responses to water status in seedless
plants consistent with a dominant role for endogenous ABA?
Few studies have examined this question directly, but the few
that have suggest endogenous ABA does not drive stomatal
responses to water status in seedless plants. Leaf ABA concen-
trations do not appear to increase in response to reduced
humidity (McAdam & Brodribb, 2015). Dehydration does lead
to increased ABA concentrations in fern and lycophyte leaves,
but when these leaves are rehydrated, stomata open despite the
presence of high concentrations of endogenous ABA (McAdam
& Brodribb, 2012a); by contrast, in angiosperms, ABA
produced during water stress or low humidity causes hysteresis
in stomatal responses (McAdam & Brodribb, 2015).

In summary, it appears that seedless plants can synthesize and
respond to ABA, but these responses are weaker than in seed
plants, and the available evidence suggests that endogenous ABA
may play little role in stomatal responses to water status in intact
seedless plants. To test the generality of this conclusion,
additional research should focus on comparing endogenous and
physiologically active concentrations of ABA across diverse
seedless plant taxa, and performing more extensive analyses of
the kinetics of water status responses, as have Horak ez al. (2017)
and Cardoso et al (2019).

It also is important to clarify here the distinction between
hydroactive responses to water status, which are the focus of this
section, and other ‘hydroactive’ stomatal responses (i.e. responses
in which guard cell volume and hence stomatal aperture are driven
by actively mediated changes in guard cell osmotic content).
Seedless plants clearly possess actively mediated responses to light
(Doi etal., 2015), CO, (Franks & Britton-Harper, 2016), and
drought and high-light stress (Zhao ezal., 2019), although the
generality of active stomatal movements in some bryophytes
remains unclear (Renzaglia ez al., 2017; Duckett & Pressel, 2018;
Duckett et al., 2018).

4. Do stomata sense humidity via the air in the pore channel?

A seminal experiment by Mott & Parkhurst (1991), in which
humidity and transpiration rate were decoupled by replacing N,
with helium in air (which speeds up vapor diffusion), was
thought to have shown that stomata respond not to ambient
humidity per se, but rather to the rate of leaf water loss. Other
evidence suggests that stomatal responses to humidity and Aw
(the leaf to air water vapor mole fraction gradient) involve other
processes, however. First, transpiration rate sometimes declines
at high Aw. This is called the ‘feedforward’ response because it is
superficially incompatible with a feedback response of g, to Yjear
(declining E should increase .., whereas a feedback response
can, at best, produce near homeostasis in Y.,g). Second, a few
published reports (Hall & Kaufmann, 1975; Hall ezal., 1975;
Ball ezal., 1987; Fredeen & Sage, 1999; Mott & Peak, 2010)
suggest that stomata open in response to leaf warming when Awis
held constant, but only Aw is nonzero (Mott & Peak, 2010).
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Third, stomatal conductance and epidermal turgor on one
surface of an amphistomatous leaf are minimally affected when
Aw is changed at the opposite leaf surface (Mott, 2007), which
suggests that the Aw response is mediated by a very localized
mechanism.

These observations led Peak & Mott (2011) to propose a new
model for stomatal function (hereafter the PM model), based on
three hypotheses: (1) guard cells are hydraulically isolated from
other leaf tissues but in equilibrium with the air in the stomatal
pore channel; (2) mesophyll evaporating sites cool, relative to the
guard cells and epidermis, in proportion to transpiration rate; and
(3) the epidermis is in water potential equilibrium with the
mesophyll evaporating sites. Because the humidity in the pore
channel is poised between ambient and intercellular values, a drop
in ambient humidity reduces the pore-channel humidity, which
in turn causes a large drop in guard cell water potential (e.g. by
1.4 MPa for a 1% drop in relative humidity). Thus, Hypothesis
(1) predicts stomatal closure in dry air. It also predicts a
feedforward response and explains highly localized responses to
humidity, because pore-channel humidity affects only guard cells.
Hypotheses (2) and (3) predict stomatal closure in response to
increasing water loss, because latent cooling at the evaporating
sites reduces intercellular humidity, and with it, pore-channel
humidity. Hypotheses (1) and (2) predict stomatal opening as the
leaf warms at constant Aw, because in order to keep Aw constant
as temperature rises, ambient humidity must increase, which
increases pore-channel humidity.

Despite these successes, the PM model has some difficulties. It
predicts only wrong-way responses to source water status and plant
hydraulic conductance. It also contains a contradiction: Hypothe-
ses (2) and (3) together imply vapor concentration is lower in the
mesophyll than near the epidermis, which would drive net vapor
diffusion into the leaf — causing condensation in the mesophyll
(contradicting Hypothesis (2)) and requiring liquid flow from the
mesophyll to the epidermis (contradicting Hypothesis (3)) (see
Supporting Information Notes S1) (Fig. 6). Hypothesis (2) also
contradicts physical models of heat, liquid and vapor transport in
leaves, which predict that the epidermis is cooler than the
mesophyll and that more evaporation usually occurs from the
epidermis than from the mesophyll (Rockwell ez a/., 2014; Buckley
etal., 2017) (Fig. 7). Hypothesis (1) assumes the guard cell
membrane and cell wall are impervious to water everywhere except
adjacent to the pore, which is difficult to reconcile with evidence
that guard cell membrane water permeability is large and similar to
that of other leaf cells (Grondin ez al., 2015).

Some of the observations cited by Peak & Mott (2011) also
can be explained by known phenomena. For example, the
feedforward response can arise from anything that hysteretically
amplifies stomatal closure at high Aw, such as a decline in
hydraulic conductance (Oren eral, 1999; Buckley & Mortt,
2002b) or slow catabolism of accumulated ABA. A transpira-
tion-dependent temperature response could reflect a temperature
dependency of water transport or ABA metabolism, and a very
localized response to Aw at one leaf surface is consistent with
simulations of water potential gradients within leaves (Buckley
etal., 2015).
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Fig. 6 lllustration of the contradiction in the model of Peak & Mott (2011). The model assumes that evaporation cools an evaporating site in the mesophyll
(denoted 'i") relative to the epidermis (‘e'), which means the saturation water vapor mole fraction, w., is lower in the mesophyll airspaces than near the
epidermis (a). The model also assumes that the mesophyll evaporating site and epidermis are at equal water potential (), and therefore do not exchange liquid
water (b). Those two assumptions together imply that water vapor mole fraction (w) is lower in the mesophyll airspaces than near the epidermis (c). That would
drive net vapor flux from the epidermis to the mesophyll, which in turn would require liquid flux in the opposite direction to sustain mass balance (more so if
transpiration rate is significant), contradicting the assumption of equal water potentials. In (a), s denotes the sensitivity of ws, to temperature, and b denotes
minus the intercept of the tangent line to the relationship of wg,t vs T. In (b), v, is the molar volume of liquid water and R is the gas constant.
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Fig. 7 More evaporation within hypostomatous leaves is predicted to occur

from the abaxial (lower) epidermis than from the mesophyll, although the
epidermal fraction of evaporation declines as photosynthetic photon flux

density (PPFD) increases. Simulations from MorLo 2.0 model, using average
anatomical parameter values for 14 broadleaf angiosperm species; adapted

from Buckley et al. (2017) with permission (© American Society of Plant
Biologists, www.plantphysiol.org). BSEs, bundle sheath extensions.

5. How do changes in water transport drive stomatal

movements?

Saliendra ez al. (1995) showed that stomata respond to changes in
hydraulic conductance (X) of stems in a manner consistent with a
feedback response to leaf water potential. Seasonal shifts in Kalso
clearly contribute to changes in stomatal conductance (Rodriguez-
Dominguez ez al., 2016). However, it is unclear whether naturally
occurring diurnal changes in Kinfluence stomata. K'decline due to
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xylem cavitation does not typically begin until stomata are already
mostly closed (Bartlett ezal., 2016; Martin-StPaul et al., 2017).
Hydraulic conductance outside the leaf xylem (X,) apparently
declines with dehydration before turgor loss, if measured by the
evaporative flux method (Hernandez-Santana ez a/., 2016; Scoffoni
etal., 2017, 2018), although leaf hydraulic conductance (Kj..f)
measured by rehydration kinetics methods generally does not show
such an effect (Brodribb ez al, 2014, 2016; Skelton ez al, 2017).
The mechanism of putative K, decline with dehydration is
unknown, and may involve effects of ABA on aquaporin function
(Shatil-Cohen et al., 2011; Pantin et al., 2013a). If such declines are
not instantaneously reversible, they could contribute to stomatal
responses to water status, including apparent feedforward responses
to Aw(Oren ez al., 1999; Buckley & Mott, 2002b; Buckley, 2005).
By contrast, Simonin ez a/. (2014) reported a positive correlation
between transpiration rate (£) and K, among leaves. They
suggested Ki.,r increases with E within a leaf, through a yet-
unidentified mechanism. A correlation between £ and Kj.,; may
arise from concurrent effects of light on £ (via stomatal opening)
and on Kj.,¢ (Scoffoni et /., 2008) within individual leaves, or from
covariation between stomatal and hydraulic conductances among
leaves. Resolving this would require repeated measurements of
changing Ki..r and E within a single leaf over time, which is not
possible with current destructive methods to measure K.
Changes in leaf vapor transport also may impact stomatal
behavior. For example, temperature gradients can drive vapor
transport within leaves without contributing to water potential
gradients (Rockwell ez al., 2014; Buckley, 2015). This could help to
hydrate the epidermis, potentially driving stomatal opening via
hydroactive feedback. Pieruschka eral (2010) reported that
stomata opened in proportion to total absorbed radiation; because
the effect was independent of wavelength, the authors attributed
the radiation effect to temperature-driven vapor transport rather
than to a photochemical mechanism. Mott & Peak (2011) repeated
those experiments and found the effect disappeared when leaf
temperature was corrected for thermocouple errors, however.
Thermocouples measure a weighted average of leaf and air
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temperature, so leaf temperature can be systematically underesti-
mated as the leaf warms relative to the air.

The idea that temperature-driven vapor transport could drive
stomatal opening also has been explored using models of energy
and water transport within leaves, with varying results. Rockwell
et al. (2014) simulated a key experiment of Pieruschka ez a/. (2010)
in which g, increased by ¢. 11% after a 25% increase in absorbed
radiation in sunflower (Helianthus annuus) while leaf temperature
was held constant by adjusting air temperature. The simulations
validated the concept in principle, although the net effect on g, was
small (blue symbols in Fig. 8) and was nullified by allowing leaf
temperature, and hence Aw, to vary naturally (red symbols in
Fig. 8). I extended those simulations across a wider range of
radiation absorption using a similar model (MorLO 2.0; Buckley
eral., 2017), which predicted an increase of only 5% in g, from
darkness to 200 W m ™~ when leaf temperature was allowed to vary
(dashed red line in Fig. 8; see Notes S2 for details of these
simulations). These simulations used parameter values that
enhance the effect of radiation on vapor transport, such as large
airspace fraction (80%) and leaf thickness (c. 400 m) and low cell
thermal conductivity (0.2 Wm 'K cf. ¢ 0.6 for pure water).
Using parameter values given by Buckley eral (2017) for
H. annuus  (43%  airspace, 182um leaf thickness and
0.45W m~ ' K~ thermal conductivity, respectively), MorLO 2.0
predicted a 21% decline in g, (solid line in Fig. 8). These results
suggest that temperature-driven vapor transport may induce small
stomatal movements, particularly in thick, porous leaves, but that
the net effect of radiation could go in either direction, and may be
difficult to detect from measurements g, estimated using leaf
thermocouples.

The location of hydroactive sensing has implications for the
mechanistic and adaptive impact of changes in leaf water transport.
For example, if sensing occurs within the vasculature, then a
decrease in outside-xylem conductance would dehydrate the
epidermis without inducing hydroactive feedback, so it would
cause hydropassive stomatal opening rather than closure. Differ-
ences in the location of hydroactive sensing also may enable plants
to independently ‘tune’ their stomatal sensitivities to water supply
and evaporative demand. For example, increased water loss causes a
greater drop in water potential in guard cells than in the mesophyll,
whereas reduced soil water potential affects both locations equally.
Understanding the functional and adaptive roles of water transport
in stomatal function thus requires knowledge of where water status
is sensed, and whether or how that location varies across taxa.

IV. Synthesis and suggestions for continuing research

Current evidence strongly suggests that stomatal responses to
changes in both evaporative demand and soil moisture involve an
actively mediated feedback response to leaf water status (hydroac-
tive feedback), possibly involving de novo synthesis of ABA in leaves
(Sections III.1, II1.2). Although hydropassive responses may
dominate stomatal function in seedless plants (Section IIL.3),
hydroactive feedback remains the only proposed mechanism that
can explain rapid responses to both water supply and evaporative
demand, including both transient wrong-way and steady-state
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Fig. 8 Predicted effect of absorbed shortwave radiation on stomatal
conductance via hydroactive response to hydration of the abaxial epidermis.
Simulations using the MorLo 2.0 model and/or parameter values (‘paras’;
Supporting Information Table S1) of Buckley et al. (2017) (‘B17") or Rockwell
etal. (2014) ('R14"), with the temperature of the lower leaf surface (Tiear)
either allowed to vary naturally, or held constant (‘Tieas constant’).

right-way responses, in plants in which the epidermis has a
mechanical advantage. Other mechanisms may complement or
enhance hydroactive feedback, including interactions with root
signals other than ABA (Section I11.1), coupling of guard cell water
status to air in the stomatal pore channel (Section III.4), and
modulation of epidermal water status by changes in leaf water
transport in relation to dehydration, radiation absorption and
perhaps ABA itself.

Below I discuss three key areas for continuing research: verifying
the generality of seminal results that underpin current theoretical
understanding of stomatal water relations, quantifying the phe-
nomenology of hydroactive feedback and the traits that govern i,
and validating and quantifying the importance of other mecha-
nisms. Table 1 lists open questions arising in these areas.

1. Generalizing key results related to stomatal responses to
water status

Current understanding of stomatal responses to water status in
intact leaves is based heavily on the conclusions of a few key seminal
experiments that have been poorly replicated. Foremost is the idea
that epidermal cells have a mechanical advantage over guard cells in
angiosperms (m>1; Eqn2), which was based on pioneering
pressure-probe studies of stomatal pressure—aperture relations
(Meidner & Bannister, 1979; Franks ez 2/, 1995, 1998; Franks &
Farquhar, 2007). Two other key findings are the conclusion that
stomata respond not to ambient humidity per se but to the rate of
water loss from leaves, which was based on Mott & Parkhurst’s
(1991) helox study, and the idea that stomatal responses to water

© 2019 The Author
New Phytologist © 2019 New Phytologist Trust



New
Phytologist

Table 1. Key questions and suggested avenues of experimentation in stomatal responses to water status.

Question Suggested approach

Challenge for suggested approach

What is the form of the
relationship between water
content of sensory tissues and
ABA concentration?

volume changes

catabolism in leaves

In what tissue(s) does
hydroactive sensing of leaf
water status occur?

Are guard cells hydraulically
isolated from the epidermisand
coupled to the air in the
stomatal pore channel?

How general are key
experimental results of
stomatal water relations?

Replicate seminal experiments and publish results

Does the epidermis really have a
net mechanical advantage
(m>1) in most angiosperms?

of Franks et al. (1998)

aperture (see Section IV.1)

Determine water content and ABA content in vivo through
standard destructive methods, use microscopy to quantify tissue

Characterize dynamic regulation of both ABA synthesis and

Analysis of ABA synthesis in isolated tissues

Manipulation of s in xylem and outside-xylem tissues via source \r
and evaporative demand (see Section IV.2)

Compare stomatal sensitivity to supply vs demand perturbations
that produce similar changes in \ at site of water status sensing

Test for hydrophobic barrier in guard cell walls and variable
aquaporin activity in relevant areas of guard cell membrane

Replicate seminal experiments across taxa

Additional pressure probe experiments along the lines of the work

Observe effects of imposed atmospheric pressure on stomatal

Identifying common basis for leaf ABA and tissue
volume measurements

Existing methods of ABA analysis do not enable
repeated measurement of a tissue over time

Not feasible in many species

Requires confidence in values of xylem and outside-
xylem hydraulic resistance

Requires knowledge of site of hydroactive water status
sensing

Some experiments require control of gas content and/
or temperature in ways that are not straightforward
with commercial gas exchange systems

Disincentive to publish ‘replicatory’ work. Sound-
science journals and preprint archives are possible
solutions

Time consuming, low success rate within species,
impractical for many species

Performing microscopy within pressure chamber

ABA, abscisic acid; s, water potential; m, mechanical advantage of the epidermis.

supply and evaporative demand are fundamentally symmetrical,
which is based on a few reports showing transient wrong-way and
steady-state right-way stomatal responses to water potential in
distant tissues, analogous to Aw responses (Raschke, 1970;
Saliendra et al., 1995; Comstock & Mencuccini, 1998; Buckley
& Mott, 2000). It is important to repeat such foundational results,
and even more so to verify that they hold across major taxonomic
groups. A good example of the potential value of replicating key
results across taxa is Franks & Farquhar’s (2007) finding that
differences in stomatal anatomy among seedless plants, grasses and
dicots lead to important differences in stomatal function.

The helox and supply—demand results described above could be
repeated and extended using widely available portable gas exchange
systems, with straightforward modifications. Verifying that the
epidermis has a net mechanical advantage, however, and quanti-
fying how it varies within and across species, is far more challenging.
The presence or absence of transient wrong-way responses has been
used as evidence for m>1 or m<1, respectively (Brodribb &
McAdam, 2011), but the WWR also could arise, in theory, if guard
cells equilibrated more slowly than epidermal cells following a
change in local water status. If so, the time constant for changes in
guard cell volume would be much greater than that for epidermal
cell volume but similar to that for right-way stomatal responses.
Some meager data are available to test this prediction: for example,
osmotically induced guard cell volume changes are complete in «.
1 minin Viciafaba(Shope & Mott, 2006), whereas the WWR alone
lasts ¢. 9 min (Buckley ez al., 2011). Extending such comparisons
across species could validate the use of WWRs as a probe for 72> 1.
Another way to verify 7> 1 would be to enclose a leaf in a pressure
chamber with the petiole protruding out, and use an applied air
pressure of 8 Pto forcibly reduce epidermal and guard cell volumes
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by amounts equivalent to turgor pressure declines of 8 2. This would
change aperture by an amount, d4,, given by

Oa Oa
(—8P) 4B (—8P) =
(-8P) £ (50) =7

Oa

Oa,~ o,

(m—1)-0P. Eqn3

Because 0a,/0P,> 0, leaf pressurization would open stomata if
m>1 and close them otherwise. Stomatal apertures could be
observed in the chamber using a long working-distance microscope
objective aimed through a chamber window composed of a strong,
transparent material such as synthetic sapphire.

2. Quantifying the phenomenology of hydroactive feedback

Hydromechanical models of stomatal function typically assume
that guard cell and epidermal turgor pressures affect stomatal
aperture linearly, and that hydroactive feedback manifests asalinear
sensitivity of guard cell osmotic pressure to leaf turgor (Buckley
eral., 2003; Rodriguez-Dominguez eral, 2016). These linear
proportionalities were chosen strictly for convenience — they permit
analytical solution of the underlying models — not because data
indicate the true relationships were linear. Indeed, the available data
suggest that aperture depends nonlinearly on 7, and 7. (Franks
etal., 1998), and that hydroactive feedback is nonlinear (Deans
et al., 2017) and involves sensing of cell or tissue volume rather than
turgor (Sack ez al.,2018). Itisimportant to moreaccurately quantify
these relationships in order to validate, and if necessary modify or
abandon, analytical modeling approaches based on linear responses.

The shape of the hydroactively driven steady-state response of
stomatal conductance to water status depends on the shapes of three
underlying relationships: the effect of guard cell osmotic pressure
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(ng) onstomatal conductance, the response of [ABA] to water status,
and the response of 7, to [ABA]. The shapes of these three effects are
poorly known. Although =

; affects P, linearly for a given water
potential, the resulting effect on stomatal aperture also depends on
the adjacent epidermal or subsidiary cells. Franks & Farquhar
(2007) reported that subsidiary cell osmotic pressure and volume
decline steeply when 7, increases in wheat, which should accelerate
stomatal movements, and Raissig ez a/. (2017) verified thatstomatal
responses are slower and weaker in wheat lacking normal subsidiary
cells. These results should be verified and extended to other grass
species. Although metabolic effectors often exhibit a saturating
effect due to mass action and saturation of sensory binding sites (Ap
Rees & Hill, 1994), this may notapply to effects of ABA synthesison
Om,, because of positive feedbacks mediated by ABA synthesis
within guard cells themselves (Bauer ez 4/, 2013) and the influence
of ABA import, export and catabolism on [ABA]. It is essential to
quantify each of these factors in intact leaves. As discussed in
Section I11.5, hydroactive feedback responses to Awalso depend on
where exactly water status is actively sensed, and on properties of
water transport proximal to that location. Attempts to identify the
sensing site using tissue dissection or cell-specific promoters have
thus far produced divergent conclusions, implicating either the
vascular tissue (Kuromori ez a/., 2014), the mesophyll (McAdam &
Brodribb, 2018) or guard cells themselves (Bauer ez 4/, 2013). An
invivoalternative to these approaches would be to manipulate water
potentials independently in the leaf xylem and outside-xylem tissues
by combining shifts in Awwith root pressurization (see Notes S3 for
a description of how this could be achieved). A thorough
quantitative understanding of hydroactive feedback is not possible
until these factors are characterized in detail.

The importance of leaf and plant anatomy in stomatal function
also has been highlighted by the discovery of fundamental
differences in stomatal function between major taxonomic groups
as a result of differences in stomatal anatomy (Franks & Farquhar,
2007; Brodribb & McAdam, 2011), and by growing awareness of
the impact of leaf hydraulics and capacitance on stomata (Buckley
etal.,2011; Deans ez al.,2017; Scoffoni ez al., 2018). These insights
need to be further developed and extended across diverse taxa. Italso
is essential to develop a quantitative understanding of how stomatal
sensitivity to water status changes over longer timescales of seasons
and years, and how these shifts are driven by changes in the
underlying control parameters. For example, stomatal sensitivity to
ABA is modulated by changes in humidity experienced during
growth (Pantin ez al., 2013b). Increased leaf osmotic pressure can
sustain stomatal opening during soil drought (Turner ¢z al., 1978),
and conversely, reduced hydraulic conductance at low water
potentials can enhance stomatal closure during drought
(Rodriguez-Dominguez ez al., 2016). These longer-term dynamics
must be characterized thoroughly for any practical modeling based
on mechanistic understanding of stomatal control.

3. Exploring additional mechanisms and stomatal responses
linked to water status

Further research is needed to validate the hypothesized mechanisms,
described in Sections 1114 and IIL5, that may complement or
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modulate hydroactive feedback, and to quantify their importance in
intact leaves. Numerous experimental approaches are possible. For
example, water exchange between guard cells and air in the stomatal
pore channel should make Aw responses stronger than water supply
responses for a given change in bulk leaf water potential; this could be
used to quantify the importance of the pore-air effect hypothesized by
Peak and Mott (Section II1.4). Detailed microscopy also may help to
visualize the distribution of aquaporins across guard cell membranes,
and of hydrophobic substances in guard cell walls, to validate the PM
model’s premise that guard cells exchange water only in the vicinity of
the stomatal pore channel. The PM mechanism also demands further
theoretical analysis and extension to resolve the contradictions raised
in Section IIL4. Likewise, the effect of light on vapor transport
hypothesized by Pieruschka ez al. (2010) relies on the hypothesis that
hydroactive sensing occurs predominantly in the epidermis. As
discussed earlier, some evidence implicates hydroactive sensing in the
mesophyll or vasculature, and it is unclear whether those tissues
would be hydrated by light absorption; if they are not, then the
Pieruschka effect would induce hydropassive stomatal closure rather
than hydroactive opening. This again underscores the need to
determine where water status sensing occurs.

Surprisingly few studies have documented the direct stomatal
response to temperature (i.e. the response at constant Aw) (Hall &
Kaufmann, 1975; Hall ezal, 1975; Ball etal., 1987; Fredeen &
Sage, 1999; Mott & Peak, 2010). Shifts in Aw in nature can be
driven by temperature, humidity or both, so relationships between
Zw and Aw under natural conditions include an unknown and
probably variable superposition of at least two distinct responses:
one involving Aw per seand another involving 7 per se. Confidence
in mechanistic models depends on filling this critical knowledge
gap. The first step is to characterize the direct 7 response across
species. Thiscan beachieved, in principle, with modern commercial
gas exchange systems by controlling 7" and Aw simultaneously,
although most chambers have a very limited range of 7 control.
Imposing high chamber 7 at low Aw also risks condensation in
sample lines downstream of the leaf chamber; this could be
addressed by heating the entire gas exchange system, including the
chamber, gas lines and gas analyzer, simultaneously. Alternatively,
the Tresponse could be inferred by difference, by comparing 7-and
humidity-driven Aw responses, or by interpolation between Aw
responses measured at different temperatures. The second step is to
explore the mechanism. This is more difficult, given the multitude
of potential influences of temperature on stomatal function (e.g. via
photosynthesis-related signals, guard cell metabolism itself, tem-
perature effects on liquid and vapor phase water transport, and the
Peak—Mott mechanism). One approach could be to study the effect
of Thierarchically —first studying guard cell responses in epidermal
peels, then quantifying photosynthesis-driven effects in nontran-
spiring leaves (in which water transport properties would have no
effect), and finally quantifying transpiration-linked effects.

V. Conclusion

Plant biology is within reach of a rigorously mechanistic under-
standing of stomatal responses involving water status, which can
then be translated into useful quantitative models, by building on
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existing approaches (Buckley eral., 2003; Franks 2004; Peak &
Mott, 2011). Achieving such an understanding is vital if we are to
move beyond empirical models for predicting and interpreting
stomatal responses to a changing environment. It also is feasible:
efforts in recent years have identified a narrowing set of clear
questions (Table 1) that must now be addressed experimentally,
validated across species and incorporated into existing hydrome-
chanical modeling frameworks.
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