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Stomatal responses to changes in vapor pressure deficit (VPD) constitute the predominant form of daytime gas-exchange
regulation in plants. Stomatal closure in response to increased VPD is driven by the rapid up-regulation of foliar abscisic
acid (ABA) biosynthesis and ABA levels in angiosperms; however, very little is known about the physiological trigger for
this increase in ABA biosynthesis at increased VPD. Using a novel method of modifying leaf cell turgor by the application of
external pressures, we test whether changes in turgor pressure can trigger increases in foliar ABA levels over 20 min, a period of
time most relevant to the stomatal response to VPD. We found in angiosperm species that the biosynthesis of ABA was triggered
by reductions in leaf turgor, and in two species tested, that a higher sensitivity of ABA synthesis to leaf turgor corresponded with
a higher stomatal sensitivity to VPD. In contrast, representative species from nonflowering plant lineages did not show a rapid
turgor-triggered increase in foliar ABA levels, which is consistent with previous studies demonstrating passive stomatal
responses to changes in VPD in these lineages. Our method provides a new tool for characterizing the response of stomata
to water availability.

The plant hormone abscisic acid (ABA) mediates a
range of physiological processes in plants, from seed
dormancy (Finkelstein et al., 2002) through to resource
allocation (Sharp and LeNoble, 2002), yet arguably the
most critical role for this hormone is that high levels
close stomata during desiccation (Mittelheuser and Van
Steveninck, 1969). The identification of ABA biosyn-
thesis and signalingmutants, all of which have severely
dysfunctional stomatal behavior (Tal and Nevo, 1973;
Koornneef et al., 1982, 1984; Mustilli et al., 2002), has
firmly established the central role of this hormone in the
control of gas exchange in angiosperms (Nilson and
Assmann, 2007). A major avenue of research since the
discovery of ABA as an active hormone in plants has
been the pursuit of endogenous triggers that stimulate
natural increases in this critical hormone (Wright and
Hiron, 1969).

Some of the earliest studies investigating the triggers
for ABA biosynthesis observed a distinct leaf water
potential (Cl) threshold for the major, desiccation-
stimulated, increases in foliar ABA level (Zabadal,
1974; Beardsell and Cohen, 1975). Leaves subjected to
desiccation or osmotic stress were shown to reach this

threshold Cl close to bulk leaf turgor loss point (Ctlp,
when average leaf turgor equals 0; Pierce and Raschke,
1980, 1981; Davies et al., 1981; Creelman and Zeevaart,
1985). The link between Ctlp and ABA biosynthesis
appears consistent with respect to variation in Ctlp
among and within species (Pierce and Raschke, 1980).
In all cases a significant augmentation of ABA levels
occurred when leaves were dehydrated to a Cl beyond
Ctlp for at least an hour (Ackerson and Radin, 1983).
Given that ABA is critical for the effective closure of
seed plant stomata during drought (Iuchi et al., 2001;
Wilkinson and Davies, 2002), and stomatal closure dur-
ing drought stress largely coincides withCtlp (Brodribb
and Holbrook, 2003; Brodribb et al., 2003), it is reasonable
to assume that turgor loss in leaf cells provides the en-
dogenous signal for increasing ABA biosynthesis at Ctlp
leading to stomatal closure during water stress. Intrigu-
ingly, a number of early studies investigating the triggers
for ABA accumulation in excised leaves or drought-
stressed plants also observed up to, or greater than, a
20% increase in ABA levels before Ctlp was reached
(Pierce and Raschke, 1980; Henson, 1982; Creelman
and Mullet, 1991; Dingkuhn et al., 1991). Very few
studies have commented on the trigger for this more
subtle increase in ABA level that occurs in dehydrated
leaves at positive turgor pressures, yet these increases
may be very important for the regulation of stomatal
aperture in well-watered plants.

Studies observing stomatal apertures in epidermis
removed from the leaf indicate that stomatal closure
can occur at levels of ABA that are much lower than
those measured in intact leaves during drought stress,
suggesting that stomata may require comparatively
small increases in ABA level to account for the majority
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of stomatal closure (Trejo et al., 1993). In support of this,
the dynamic responses of stomata throughout the day
to changes in humidity, or more precisely the vapor
pressure deficit between the leaf and the atmosphere
(VPD), appear to be driven by subtle yet functionally
relevant changes in foliar ABA level in angiosperms
(McAdam and Brodribb, 2015). In angiosperms, a
transition to high VPD does not typically result in Cl
dropping below Ctlp, yet ABA biosynthesis is rapidly
activated at increased VPD, resulting in enhanced foliar
ABA levels (Bauerle et al., 2004; McAdam and Brodribb,
2015; McAdam et al., 2016). Elevated foliar ABA levels
observed at high VPD in angiosperms drive stomatal
closure while the apparently slow rates of ABA catabo-
lism also have a strong influence on hysteresis in the
recovery of stomatal conductance in these species during
reversible transitions in VPD (McAdam and Brodribb,
2015). Genetic evidence also supports this involvement
of ABA in stomatal responses to VPD, with observations
of dysfunctional VPD responses in mutants with im-
paired ABA synthesis or signaling (Xie et al., 2006; Bauer
et al., 2013; Merilo et al., 2015; McAdam et al., 2016) and
increased sensitivity in plants that constitutively over-
produce ABA (Thompson et al., 2007). However, in
wild-type plants it is unknown whether the rapid up-
regulation of ABA biosynthesis at high VPD is caused
by subtle reductions in leaf turgor due to increased
transpiration (Buckley, 2016), or whether plants have
an as yet unidentified direct sensor of atmospheric hu-
midity or VPD that can rapidly provide a signal for up-
regulating ABA biosynthesis.
In this study we specifically tested whether leaf tur-

gor provides a quantitative regulatory signal for ABA
biosynthesis over a time frame that is relevant to the
stomatal response to VPD. We used precise physico-
chemical quantification of ABA levels to detect changes
in foliar ABAwhen the turgor of leaves was reduced for
a short period of time independent of VPD, by either the
application of external pressure or the floating of leaves
on osmotic solutions. We made these observations in
representative species that spanned the phylogenetic
diversity of vascular land plants, examining the varia-
tion in ABA biosynthesis in plants with ABA-sensitive
stomata (seed plants) and ABA-insensitive stomata
(ferns and lycophytes; Brodribb and McAdam, 2011;
McAdam et al., 2016). Within our angiosperm sample
we included specieswith awide range inCtlp, including
two herbaceous species and two woody species with
native ranges from the Mediterranean and Southern
Hemisphere cool-temperate rainforest. We also quan-
tified hysteresis in the stomatal response to VPD among
our sample of species to determine the relative impor-
tance of ABA as a regulator of stomatal conductance in
response to VPD.

RESULTS

Lowering the turgor of excised leaves of wild-type
angiosperm species, by either applying external pressure

or floating exposed mesophyll on osmotic solutions,
was found to induce a rapid (20 min) and significant
increase in the level of ABA (Figs. 1 and 2; Supplemental
Fig. S1). The magnitude of the increase in foliar ABA
level in angiosperm species appeared to be dependent
on the turgor pressure of the leaf, the ability of leaves to
synthesize ABA, and, to a lesser extent, the time of ex-
posure to this change in turgor pressure (Figs. 1 and 2;
Supplemental Fig. S1). Major differences in the external
pressure required to trigger a significant rise in foliar
ABA levels were observed between species, with Ara-
bidopsis (Arabidopsis thaliana) showing an increase in
foliar ABA level after exposure of leaves to an external
pressure of only 0.5 MPa, whereas the other herbaceous
angiosperm, Pisum sativum, had a significant increase in
foliar ABA level only when leaves were exposed to an
external pressure of 1MPa (Fig. 1). The difference between
the trigger for ABA increase was more pronounced in the
woody angiosperm species, with foliar ABA levels sig-
nificantly increasing on exposure to between 0.5 and
1MPa of external pressure in the cool-temperate rainforest
tree Nothofagus cunninghamii, indicating much higher Cl
sensitivity of ABA synthesis than the Mediterranean tree
species Olea europaea, which required 1.5 MPa of external
pressure to trigger increases in foliar ABA levels (Fig. 2).
These differences in the turgor pressure trigger for in-
creases in foliar ABA level were correlated with differ-
ences in Ctlp; however, in all species foliar ABA levels
significantly increased while leaf turgor was +0.5 MPa
(Supplemental Fig. S1). A similar pressure trigger for an
increase in ABA level was observedwhen leaves were
floated on osmotic solutions; however, this method
resulted in a more substantial increase in foliar ABA
levels than that observed in leaves exposed to exter-
nal pressures (Fig. 1). The wilty ABA biosynthetic
mutant of P. sativum, unlike wild-type plants, had no
significant increase in foliar ABA level following ex-
posure to external pressure (Fig. 1). This classic ABA
biosynthetic mutant carries a lesion in the short-chain
dehydrogenase/reductase responsible for converting
xanthoxin to abscisic aldehyde (McAdam et al., 2015).

The pronounced differences in threshold turgor
pressure required for the synthesis of foliar ABA in the
woody angiosperm species was associated with dif-
ferences in the sensitivity of stomata to VPD (Fig. 2).
Stomatal conductance of the Mediterranean native O.
europaea did not respond to a step increase in VPD from
0.7 kPa to 1.5 kPa. This step change in VPD causedCl to
drop to 21.18 MPa, which would be insufficient to
trigger an increase in foliar ABA level after either 20 or
60 min based on the relationship in Figure 2A. How-
ever, when leaves of O. europaea were exposed to a se-
vere step increase in VPD from 0.7 kPa to 2.2 kPa,
stomata responded by closing over a period of 20 min
(Fig. 2). During this more severe step increase in VPD,
leaves of O. europaea experienced a minimumCl as low
as 21.85 MPa, which, based on the relationship be-
tween turgor pressure and ABA biosynthesis, would be
sufficient to elicit a significant increase in foliar ABA
levels (Fig. 2A). In contrast toO. europaea, the stomata of
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the cool-temperate rainforest tree N. cunninghamii
responded to both amild doubling in VPD from 0.7 kPa
to 1.5 kPa as well as the more severe transition from
0.7 kPa to 2.2 kPa, to a greater degree (Fig. 2). For both
of these transitions, leaves of N. cunninghamii experi-
enced a Cl that was low enough to trigger a significant
increase in foliar ABA levels (based on the observations
from increases in foliar ABA levels after external pres-
surization experiments; Fig. 2B).

The significant increases in foliar ABA level in an-
giosperm species caused by reductions in turgor were
associated with a significant hysteresis in the response
of stomata to a 20-min reversible transition in VPD from
0.7 kPa to 1.5 kPa and returning to 0.7 kPa (Fig. 3). In all
angiosperm species, except O. europaea (for which sto-
mata did not respond to this mild transition in VPD,
likely because the ABA levels did not increase; Fig. 2A),
the dynamics of stomatal opening upon returning to
0.7 kPa from 1.5 kPa were significantly slower than the
rates of stomatal closure when leaves were exposed to
1.5 kPa from 0.7 kPa (Fig. 3). Significant hysteresis was
observed in the recovery of gs when O. europaea leaves
were exposed to a 20-min reversible transition during
the more severe VPD transition (0.7 kPa to 2.2 kPa and
returning back to 0.7 kPa; Fig. 3). In contrast to angio-
sperm species, the stomata of all conifer, fern, and

lycophyte species responded to the mild, reversible
transition in VPD without hysteresis, or difference in
the dynamics of stomatal response, on returning to
0.7 kPa from 1.5 kPa (Fig. 3).

Lowering the turgor of conifer, fern, and lycophyte
leaves by applying external pressure for either 20 min
or 1 h did not stimulate an increase in the level of foliar
ABA (Fig. 4; Supplemental Fig. S2). This absence of an
increase in foliar ABA level after applying external
pressure to the leaves of nonangiosperm species was
not because these species were exposed to pressures
that were significantly lower than Ctlp (Fig. 4). Ctlp in
the nonangiosperm species spanned the same range of
Ctlp as the angiosperm species (Supplementary Fig. S3).

DISCUSSION

A Leaf Turgor Mechanism for Increases in ABA Levels
during VPD Transitions in Angiosperms

In angiosperms it is widely recognized that ABA
levels increase as leaf turgor pressure approaches zero
during desiccation or drought stress (Pierce and
Raschke, 1980; Henson, 1982). Here, using a new tech-
nique to characterize the relationship between Cl and
ABA levels,we show that foliarABA levels in angiosperms

Figure 1. The mean change in foliar ABA
level (n = 3, 695% confidence interval)
in two herbaceous angiosperm species
(P. sativum wild type [A] and wilty [B];
Arabidopsis [C]) after excised leaves were
exposed to external pressures for 20 min
(black circles) or 60 min (white circles).
Vertical lines indicate Ctlp (Supplemental
Fig. S3). The insert in A depicts the mean
change in foliar ABA level (n = 4, 695%
confidence interval) in leaves of P. sativum
with the abaxial epidermis removed after
floating on aqueous solutions of PEG 4000
mixed to particular water potentials for
20 min (black circles) or 60 min (white cir-
cles). Stars denote a significant change in
foliar ABA level (n.s., not significant; * P ,
0.05; ** P , 0.01; *** P , 0.001). Foliar
ABA levels presented in terms of dry weight
are shown in Supplemental Figure S4.
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significantly increase in leaves well before (more than
0.5MPa) the complete loss of bulk leaf turgor (Supplemental
Fig. S1). Reductions in leaf turgor produced by external
pressure or osmotic solutions led to enhanced ABA levels
over a very short period of time (20min). These increases in
ABA level are similar to the increases in ABA levels ob-
served during VPD transitions (McAdam and Brodribb,
2015). This observation is consistent with the subtle but
continuous increases in foliar ABA levels observed in
desiccation experiments prior toCtlp (Pierce and Raschke,
1980; Henson, 1982; Creelman and Mullet, 1991;
Dingkuhn et al., 1991), and we propose that these in-
creases are due to a reduction in leaf turgor in the same
manner as the major increases in foliar ABA levels
during desiccation are due to a loss of leaf turgor (Pierce
and Raschke, 1980; Davies et al., 1981; Creelman and
Zeevaart, 1985). While our method of applying external
pressure results in both a decrease in leaf turgor and cell
solute potential, we can attribute the increase in foliar ABA
levels solely to a decrease in cell turgor, as variation in cell
osmotic potential in the absence of changes to cell turgor
does not affect ABA levels (Creelman and Zeevaart, 1985).
Our results suggest that changes in leaf turgor during

a VPD transition trigger the observed rapid ABA bio-
synthesis reported during these transitions (Bauerle
et al., 2004; McAdam and Brodribb, 2015) and that this
provides the signal for stomatal responses to VPD. Our

results, as well as measurements that show ABA levels
in the epidermis increase slower than those in the leaf
following changes in VPD (McAdam and Brodribb,
2015), challenge the hypothesis that guard cell ABA
synthesis solely drives stomatal responses VPD (Bauer
et al., 2013).

The key finding from our study, that foliar ABA levels
in angiosperms can significantly increase following re-
ductions in leaf turgor over a very short period of time,
contrasts with earlier studies that suggested a period
of at least an hour following a loss of turgor is required
before significant increases in foliar ABA level could
be detected (Ackerson and Radin, 1983). This differ-
ence is likely due to the vastly improved resolution
provided by modern methods of liquid chromatogra-
phy and physicochemical identification of ABA, methods
that now are able to detect the subtle yet functionally
significant increases in foliar ABA levels that we ob-
serve here.

Given that the key rate-limiting carotenoid-cleavage
step in ABA biosynthesis, mediated by NCED (9-cis-
carotenoid deoxygenase) genes (Qin and Zeevaart,
1999; Thompson et al., 2000), is the only step in the ABA
biosynthetic pathway to be up-regulated over the
20-min time frame of a stomatal response to increased
VPD (McAdam et al., 2016), it is likely that turgor-
activated transcription factors for these genes operate in

Figure 2. A and B, The mean change in foliar
ABA level (n = 3, 695% confidence interval)
in two woody angiosperm species (O. europaea
andN. cunninghamii) after excised leaves were
exposed to external pressures for 20 min (black
circles) or 60 min (white circles). Vertical lines
indicate Ctlp (Supplemental Fig. S3). Stars de-
note a significant change in foliar ABA level
(n.s., not significant; * P , 0.05; ** P , 0.01;
*** P, 0.001). C andD, Themean response of
stomatal conductance (n = 3, 6SE) to a step
change in VPD (depicted by vertical lines)
from 0.7 kPa to 1.5 kPa (black circles) or
0.7 kPa to 2.2 kPa (gray circles). Arrows above
the regressions in A and B correspond to in-
cipient Cl measured in branches immediately
prior to stomatal closure when exposed to a
step change in VPD from 0.7 kPa to 1.5 kPa
(black arrows) or 0.7 kPa to 2.2 kPa (gray ar-
rows). Foliar ABA levels presented in terms of
dryweight are shown in Supplemental Figure S4.
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angiosperms. In support of this hypothesis, a number of
genes have been identified that have the capacity to
perceive and signal changes in leaf turgor, ranging from
those that can directly perceive reductions in cell turgor
through to those that can sense changes in tension on
the cell membrane (Christmann et al., 2013). Of high
importance among these genes are the reports that
some may be involved in regulating ABA biosynthesis
during severe osmotic stress (Wohlbach et al., 2008;
Wang et al., 2011). Whether these turgor-sensing genes
are responsible for regulating NCED expression and
thus rapid ABA biosynthesis either during a VPD
transition or over a time frame relevant to the stomatal
response to VPD is yet to be tested.

Our data suggest that ABA synthesis is triggered
before turgor loss and at aCl expected to occur in well-
watered plants exposed to moderate changes in VPD.
Further work is required to determine both in which
leaf tissues ABA is being synthesized, although there is
strong molecular evidence to suggest that the source of
foliar ABA levels is in the vasculature, specifically the
phloem companion cells (Kuromori et al., 2014), and
whether the trigger for synthesis is falling turgor,
plasmolysis, or cytorrhysis in these particular cells.

Differences in the Threshold for ABA Biosynthesis
Strongly Influences Stomatal Responses to VPD
in Angiosperms

Just as differences inCtlp can determine species-specific
differences in the threshold for the major increases in
ABA levels observed during desiccation (Pierce and
Raschke, 1980; Davies et al., 1981), here we report striking
differences in the threshold for which significant rapid
increases in ABA levels occurred in our angiosperm
sample. Of particular note was the major difference we
observed in the imposed external pressures required to
trigger rapid ABA biosynthesis in the two woody angio-
sperm species from contrasting native ecological ranges.
While increases in foliar ABA levels in the temperate
rainforest tree N. cunninghamii appeared to be very sen-
sitive to Cl manipulation by applied external pressures,
the Mediterranean tree O. europaea required greater ex-
ternal pressure, up to 1 MPa more than N. cunninghamii,
before significant increases in foliar ABA level were ob-
served. This difference in the threshold for rapid ABA
biosynthesis in response to external pressures was mir-
rored by striking differences in the sensitivity of stomata
to changes in VPD, with O. europaea stomata being in-
sensitive to mild changes in VPD that resulted in an in-
sufficient reduction inCl to trigger the rapid biosynthesis
of ABA. Our study may thus provide a very effective
method for assessing the potential variation in gas-
exchange regulation between species in natural settings.
A key question that arises from our study is: just as os-
motic adjustment can change Ctlp, and therefore the
threshold formajor ABA biosynthesis duringwater stress
(Pierce and Raschke, 1980), can an individual alter the
turgor threshold for rapid foliar ABA biosynthesis and

Figure 3. The response of both stomatal conductance (black) to a step
increase in VPD from 0.7 kPa to 1.5 kPa and stomatal resistance (white)
to the reversed step change in VPD from 1.5 kPa to 0.7 kPa. Data were
collected from the same leaf through a reversible sequence in VPD from
0.7 kPa to 1.5 kPa and returning to 0.7 kPa; inO. europaea a step change
of 0.7 kPa to 2.2 kPa and returning to 0.7 kPa was used. Time zero for
each trace marks the time of a change in VPD.

2012 Plant Physiol. Vol. 171, 2016

McAdam and Brodribb



therefore the sensitivity of stomata to changes in VPD? It
has been shown that leaves grown under different condi-
tions can have quite different sensitivities to changes in
VPD, although this has largely been attributed to differ-
ences in leaf hydraulic parameters (Appleby and Davies,
1983). Further research into the possibility that this differ-
ence could be due to altered thresholds for rapid ABA bio-
synthesis is required. In addition, stomatal responses to
VPD in angiosperms generally begin immediately follow-
ing the transition in VPD (Fig. 3), suggesting that an in-
crease in ABA level sufficient to activate stomatal closure
can occur over extremely short periods of time. Further
work is required to investigate the speed with which ABA
biosynthesis is activated following a reduction in turgor.

Evolution of a Rapid, Turgor-Triggered Regulation of
ABA Biosynthesis

Measurements of foliar ABA levels in nonflowering
plants revealed an absence of rapid ABA biosynthesis
when leaves were exposed to external pressures. This
contrasts strongly with the significant increase in foliar
ABA levels observed in representative wild-type an-
giosperm species. While some controversy remains as
to whether the stomata of basal vascular land plants
respond to ABA (Brodribb andMcAdam, 2011; Ruszala
et al., 2011), there is an unchallenged compendium of
literature based on leaf gas exchange showing highly
predictable and ABA-independent responses of fern
and lycophyte guard cells to changes in leaf water sta-
tus (Lösch, 1977, 1979; Lösch and Tenhunen, 1981;
Brodribb and McAdam, 2011; McAdam and Brodribb,
2012, 2013; Husby et al., 2014; McAdam and Brodribb,
2014, 2015; Martins et al., 2016). Our data support this
literature in showing that the biosynthesis of ABA in
ferns and lycophytes does not occur over a time frame
that is relevant to the stomatal response to VPD.

Even among seed plants with ABA-dependent sto-
matal regulation there is evidence of variation in the
role of ABA in regulating daytime stomatal aperture.
Recent data suggest that species of conifers and ferns
are unable to rapidly increase foliar ABA levels during
a VPD transition, which is unlike angiosperm species
(McAdam and Brodribb, 2015). There are three possi-
bilities, which are not mutually exclusive, that may
explain the absence of a rapid foliar ABA biosynthesis
in species of nonflowering plants: (1) the turgor-sensing
mechanisms that rapidly up-regulate rate-limiting NCED
expression evolved in the earliest angiosperms and are
absent in basal lineages; (2) ABA biosynthesis is slower in
the basal lineages of land plants; or (3) the trigger for ABA
biosynthesis, particularly in ferns and lycophytes, is closer
to the point of leaf death (McAdam and Brodribb, 2013).
The first two of these hypotheses remain to be tested;

Figure 4. The mean change in foliar ABA level (n = 3, 695% con-
fidence interval) in three conifer species (A–C), two fern species (D
and E), and a lycophyte (F) after excised leaves were exposed to
external pressures for 20 min (black circles) or 60 min (white cir-
cles). Vertical lines indicate Ctlp (Supplemental Fig. S1). In all

species, changes in foliar ABA level were not significant. Foliar ABA
levels presented in terms of dry weight are shown in Supplemental
Figure S4.
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however, there is evidence that ABA biosynthesis may be
slower in more basal lineages of land plants, with recent
bioinformatics analysis revealing that the genomes of the
lycophyte Selaginella moellendorffii and conifer Picea abies
lack genes encoding the ABA-specific biosynthetic en-
zymes responsible for at least one or both of the last two
steps in the biosynthetic pathway following carotenoid
cleavage (Hanada et al., 2011; McAdam et al., 2015). In
angiosperms,which have enzymes to specifically catalyze
these final two steps in the biosynthetic pathway, con-
version of the cleavage product xanthoxin to ABA takes
place very quickly (Milborrow, 2001).

CONCLUSION

Our method has revealed that subtle reductions in
leaf turgor can trigger the biosynthesis of ABA over a
time frame relevant to the stomatal response to VPD, as
has been recently hypothesized (Buckley, 2016). Fur-
thermore, we show that the relationship between Cl
and foliar ABA level can be characterized in different
species using positive pressure to directly modify Cl.
This relationship between Cl and foliar ABA levels
provides a novel means of assessing the stomatal sen-
sitivity to VPD in angiosperms. Stark differences in the
threshold trigger for ABA biosynthesis observed be-
tween our twowoody angiosperm species corresponded
to pronounced differences in the stomatal sensitivity to
VPD between these species. Further work is required
under both controlled conditions and field settings to
investigate whether differences in the stomatal sensitiv-
ity to VPD both within and between species might be
due to differences in the threshold leaf turgor required
for activating ABA biosynthesis. Whether differences in
the rate or trigger of ABA catabolism, which also has a
major influence over ABA levels (Okamoto et al., 2009),
similarly influences the stomatal response to VPD is also
yet to be tested.

MATERIALS AND METHODS

Plant Material

Potted individuals from a wide phylogenetic and ecological range of vascular
land plants were specifically selected for this study. These included the two
herbaceous angiosperm species Arabidopsis (Arabidopsis thaliana ‘Wassilewskija’;
Brassicaceae) and Pisum sativum (‘Argenteum’ and the ABA-biosynthetic mutant
‘wilty’; Fabaceae); two woody angiosperm species from differing native ecolog-
ical ranges, the cultivated Mediterranean treeOlea europaea ‘Kalamata’ (Oleaceae)
and the cool-temperate rainforest tree Nothofagus cunninghamii (Nothofagaceae);
three conifer species, including Pinus elliottii (Pinaceae), Callitris rhomboidea
(Cupressaceae), and Prumnopitys ladei (Podocarpaceae); two ferns, including the
epiphyte Davallia solida (Davalliaceae) and terrestrial fern Blechnum nudum
(Blechnaceae); and the lycophyte Selaginella uncinata (Selaginellaceae). Prior to
experimentation all plants, except Arabidopsis, were grown under controlled
glasshouse conditions and natural light supplemented and extended to a 16-h
photoperiod by sodium vapor lamps, which ensured a minimum 300 mmol
quanta m22 s21 at the pot surface and 23°C/16°C day/night temperatures.
Arabidopsis individualswere grown in a growth cabinet under a 10-h photoperiod
provided by cool-white fluorescent tubes supplying 100 mmol quanta m22 s21 at
the pot surface and 22°C/16°C day/night temperatures. All plants received daily
watering and weekly applications of liquid nutrients.

Changing Turgor by Controlled Pressurization

Branches or compound leaves were excised from individuals, and a sample
leaf adjacent to themanipulated leaveswas taken for foliarABAquantification to
act as a control. Branches or leaves were then wrapped in damp paper towel to
prevent dehydration by transpiration and enclosed in a Scholander pressure
chamber with the excised end emerging from the chamber. A positive pressure
provided by compressed air was applied to the sample to a prescribed MPa
(0.5MPa, 1MPa, 1.5MPa, and 2.5MPa [and 3.5MPa forO. europaea]) for both 20
and 60min. Increases and decreases in pressure were made gradually (less than
0.1 bar s21). Control samples were also included where leaves were enclosed in
the chamber without pressurization. Pressure applied to leaves enclosed en-
tirely (without protruding petiole) within a pressure chamber does not cause an
increase in ABA level (Ackerson and Radin, 1983). Following pressurization, a
sample was again taken for foliar ABA quantification. A microscope was used
to monitor the excised end of the branch or leaf during the experiment to ensure
that tissue in the chamber did not desiccate to aCl below the pressure applied.

Changing Turgor by Osmotic Solution

Using leaves of the Argenteummutant of P. sativum, which has an epidermis
isolated from the mesophyll (Hoch et al., 1980) and is thus easy to remove
without damaging the mesophyll or veins, the abaxial epidermis was removed
and the lamina was floated on aqueous solutions of polyethylene glycol (PEG;
averageMr 4000 g mol21) prepared to water potentials of20.2 MPa,20.5 MPa,
21 MPa, or 21.5 MPa based on the relationship between water potential and
molarity of PEG 4000 determined by Steuter et al. (1981). After a period of 20
and 60 min, leaves were removed from the aqueous solutions, the surface PEG
solution was removed with damp paper towel, and samples were immediately
taken for ABA quantification.

Stomatal Responses to VPD

In all species the degree of dynamic hysteresis in the recovery of gs during a
reversible, mild transition in VPD was assessed using a portable infrared gas
analyzer (Li-6400; LI-COR Biosciences). Well-watered potted plants were
brought into the laboratory the night before the experiment to reduce pertur-
bation prior to gas-exchange measurements. The environmental conditions in
the cuvette of the gas analyzer were controlled for the duration of the experi-
ment at an air temperature of 22°C, light intensity of 1000 mmol quanta m22 s21,
and VPD regulated initially at 0.7 kPa using a portable dew-point generator
(Li-610; LI-COR Biosciences). Leaf gas exchange and cuvette environmental
conditions were logged every 30 s. Leaves were allowed to equilibrate to the
conditions inside the cuvette until leaf gas exchange had reached a maximum
and stabilized. Following stabilization, VPD in the cuvette was increased to
1.5 kPa and maintained for 20 min, after which it was returned to 0.7 kPa and
maintained until gs had recovered and/or stabilized.

In the two woody angiosperm species O. europaea and N. cunninghamii, the
response of stomatal conductance (gs) to single step changes in VPD, including a
mild transition (0.7 kPa to 1.5 kPa) and a large transition (0.7 kPa to 2.2 kPa),
was monitored over 60 min. Conditions in the cuvette of the gas analyzer were
maintained as described above. To determine the change inCl that the leaves of
these species experienced during these two transitions in VPD, shoots of each
species were enclosed in a lighted conifer chamber (Li-6400-22L; LI-COR Bio-
sciences) connected to the infrared gas analyzer while the rest of the plant
remained under laboratory conditions. Conditions in the chamber were
maintained as described above for the leaf cuvette. Branches were initially
allowed to equilibrate to chamber conditions until gs had reached a maximum
and stabilized, after which the step change in VPD was made. Approximately
5min after this transition in VPD and before stomata had closed, the branchwas
removed from the chamber, excised, immediately wrapped in damp paper
towel, andCl assessed using a Scholander pressure chamber andmicroscope to
precisely measure the balance pressure.

Turgor Loss Point and Determining Leaf Turgor

To determine Ctlp, pressure-volume curves were constructed from three
leaves of each species (Tyree and Hammel, 1972). Leaves were cut underwater
and allowed to hydrate to .20.05 MPa, after which they were allowed to
slowly dry on the bench while leaf weight and Cl were periodically measured
until Cl stopped falling. Relative water content was plotted against Cl for each
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leaf, and Ctlp was determined as the point of inflection between the linear and
nonlinear portions of the plot. Results were also plotted against average leaf
turgor pressure, which was derived by subtracting leaf osmotic potential
(quantified from pressure-volume curves as the intersection of the Cl axis by a
linear regression fitted through the data after turgor loss point) from the ex-
ternal pressure, or water potential of the osmotic solution, that the leaf was
exposed to using the spreadsheet tool for pressure-volume curve analysis of
Sack and Pasquet-Kok (2011).

Foliar ABA Quantification and Analysis

Foliar ABA level was extracted, purified, and physicochemically quantified
by the high precision method of ultra-performance liquid chromatography
tandem mass spectrometry with an added internal standard according to the
method ofMcAdam (2015).When the results of foliar ABA levels were analyzed
in terms of fresh weight and dry weight (based on calculating dry masses from
the balance pressures applied and pressure-volume relationships), similar re-
sults were obtained (Supplemental Fig. S4).

Statistical Analysis

In all species to test whether changing leaf turgor (by either external
pressurization or floating on osmotic solutions) significantly increased
foliar ABA levels, one-way ANOVA followed by posthoc Tukey’s test was
undertaken using R Statistical Software (version 3.2.2). For O. europaea and
N. cunninghamii, exponential growth or rise curves, respectively, were fit-
ted to the relationships between the change in foliar ABA level and external
pressure applied using the curve-fitting functions of the Sigma Plot soft-
ware. To compare the response of stomata with a reversible transition in
VPD to observe any dynamic hysteresis, time courses of the response
of stomatal conductance to an increase in VPD were overlaid with
time courses during a decrease in VPD of the inverse measure, stomatal
resistance.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The mean change in foliar ABA level plotted
against leaf turgor pressure in the angiosperm species.

Supplemental Figure S2. The mean change in foliar ABA level plotted
against leaf turgor pressure in the conifer, fern, and lycophyte species.

Supplemental Figure S3. Pressure-volume relationships for all species.

Supplemental Figure S4. The mean change in foliar ABA level in terms of
dry weight.
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