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1 | INTRODUCTION
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Abstract

Abscisic acid (ABA) signals regulating stomatal aperture and water loss are usually
studied in detached leaves or isolated epidermal peels and at infrequent timepoints.
Measuring stomatal ABA responses in attached leaves across a time course enables
the study of stomatal behaviour in the physiological context of the plant. Infrared
thermal imaging is often used to characterize steady-state stomatal conductance via
comparisons of leaf surface temperature but is rarely used to capture stomatal
responses over time or across different leaf surfaces. We used dynamic thermal
imaging as a robust, but sensitive, tool to observe stomatal ABA responses in a whole
plant context. We detected stomatal responses to low levels of ABA in both mono-
cots and dicots and identified differences between the responses of different leaves.
Using whole plant thermal imaging, stomata did not always behave as described pre-
viously for detached samples: in Arabidopsis, we found no evidence for fast systemic
ABA-induced stomatal closure, and in barley, we observed no requirement for exoge-
nous nitrate during ABA-induced stomatal closure. Thus, we recommend dynamic
thermal imaging as a useful approach to complement detached sample assays for the
study of local and systemic stomatal responses and molecular mechanisms underlying

stomatal responses to ABA in the whole plant context.
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et al., 2016). Alternatively, stomatal responses have been studied in
detached leaves with petiole-fed ABA followed by gas exchange anal-

Stomata, small pores in leaf epidermis, control the balance between
CO, uptake for photosynthesis and water loss via transpiration. Sto-
matal apertures are adjusted through changes in guard cell turgor in
response to changes in various environmental and endogenous fac-
tors. Abscisic acid (ABA) is the key hormone that triggers stomatal clo-
sure and regulates drought responses in plants (Cutler, Rodriguez,
Finkelstein, & Abrams, 2010). Stomatal responses to ABA are most
commonly studied in isolated epidermal peels or leaf fragments flo-
ated in ABA solution (Kuhn, Boisson-Dernier, Dizon, Maktabi, &
Schroeder, 2006; McAinsh, Brownlee, Hetherington, &
Mansfield, 1991; Medeiros et al., 2018; Uraji et al., 2012; Yamamoto

ysis (Brodribb & McAdam, 2011; Ceciliato et al, 2019; Miiller
et al., 2017; Pantin et al., 2013; Raschke, 1975; Schifer et al., 2018;
Toldsepp et al, 2018), gravimetry (Shatil-Cohen, Attia, &
Moshelion, 2011), chlorophyll fluorescence (Meyer & Genty, 1998) or
thermal imaging (Viger, Rodriguez-Acosta, Rae, Morison, &
Taylor, 2013). ABA has also been supplied via nutrient solution to
roots while monitoring gas exchange in leaves with a custom-built
device (Leymarie, Lascéve, & Vavasseur, 1998; Leymarie, Vavasseur, &
Lascéve, 1998). Foliar ABA spray or leaf smearing with ABA solution
followed by analysis of detached leaf water loss by gravimetry has
also been used (Pantin et al., 2013; Pantin, Monnet, et al., 2013;

Plant Cell Environ. 2021;44:885-899.

wileyonlinelibrary.com/journal/pce

© 2020 John Wiley & Sons Ltd. | 885


https://orcid.org/0000-0002-6392-859X
https://orcid.org/0000-0001-9972-5156
http://wileyonlinelibrary.com/journal/pce
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpce.13973&domain=pdf&date_stamp=2020-12-22

% | WILEY_ m

HORAK ET AL.

Shatil-Cohen et al., 2011). These methods have the disadvantages of
low throughput and/or the inability to study the stomatal ABA
response in a whole plant context. Stomatal responses to ABA applied
by spraying have been studied in whole plants via gas exchange analy-
sis (for example, Merilo, Jalakas, Kollist, & Brosché, 2015), but this
often requires specific custom-built equipment. Applying a readily
available, fast and high-throughput method that captures stomatal
ABA responses in intact plants would be useful to fully understand
the molecular mechanisms of ABA-induced stomatal regulation.

As leaf temperature depends on transpiration and thus on stomatal
aperture, thermal imaging of leaves gives insight into stomatal conductance
and water use efficiency, as well as heterogeneity of these parameters
within plants (Jones, 1999; McAusland, Davey, Kanwal, Baker, &
Lawson, 2013; Meyer & Genty, 1998; Page, Liénard, Pruett, &
Moffett, 2018; Sweet, Peak, & Mott, 2017; Vollsnes et al., 2009; West,
Peak, Peterson, & Mott, 2005). Thermal imaging has enabled isolation of var-
jous mutants deficient in stomatal regulation (Costa et al., 2015; Hashimoto
et al, 2006; Merlot et al, 2002; Raskin & Ladyman, 1988; Takemiya,
Yamauchi, Yano, Ariyoshi, & Shimazaki, 2013; Xie et al., 2006). In a small
number of experiments, thermal imaging has been used dynamically to study
stomatal responses to dehydration following leaf excision (Jones, 1999; Page
et al,, 2018), changes in light levels (Devireddy, Zandalinas, Gémez-Cadenas,
Blumwald, & Mittler, 2018; McAusland et al, 2013; Vialet-Chabrand &
Lawson, 2019) and drought (Martynenko et al., 2016). Stomatal response to
ABA application has been detected in few selected time points by thermal
imaging in barley (Hordeum vulgare, Raskin & Ladyman, 1988), common bean
(Phaseolus vulgaris, Omasa & Takayama, 2003) and Arabidopsis (Arabidopsis
thaliana) leaves (Kang et al, 2010). However, dynamic leaf temperature
response to petiole fed ABA over 2 hr in detached poplar leaves (Populus
deltoides and P. trichocarpa; Viger et al.,, 2013) remains one of the very few
examples, where this technique has been applied to study stomatal
responses to ABA across a time course.

Here, we use dynamic thermal imaging as a robust tool for char-
acterizing local and systemic stomatal responses to ABA in intact
plants. This approach enabled us to achieve higher throughput than
most other methods used for studying stomatal ABA responses and
identify within-plant heterogeneity in ABA responses. We attempted
to study the systemic transmission of ABA responses between leaves
as previously reported in Arabidopsis (Devireddy et al., 2018). How-
ever, we could find no evidence for fast systemic ABA-induced stoma-
tal closure. Instead, we detected a slow and weak systemic response
to ABA, which may be due to transport of the applied ABA to sys-
temic leaves. We also found no evidence for the previously proposed
exogenous nitrate requirement (Schifer et al., 2018) for ABA-induced

stomatal closure in barley.

2 | MATERIALS AND METHODS
2.1 | Plant material and growth conditions

Arabidopsis thaliana (Arabidopsis) Col-0 accession and the following

mutants in the same genetic background were used in experiments:

ost1-3 (SALK_008068, Yoshida et al., 2002), nced3nced5 (Frey
et al., 2012), sid2-1 (Nawrath & Métraux, 1999), npr1-1 (Cao, Bowling,
Gordon, & Dong, 1994), glr3.3aglr3.6a (Mousavi, Chauvin, Pascaud,
Kellenberger, & Farmer, 2013), ait1-1 (SALK_ 146143, Kanno
et al, 2012), abcg22-2 (SALK_113844, Kuromori, Sugimoto, &
Shinozaki, 2011) and abcg22-2abcg25abcg40 (Merilo et al., 2015).
Arabidopsis and barley (Hordeum vulgare, cultivars Golden Promise
and Barke) plants were grown in 3:1 v/v mixture of compost
(Levington M3) and perlite. Arabidopsis plants were grown in a con-
trolled environment chamber (Conviron, http://www.conviron.com/)
with  9/15hr day/night regime (22°C day, 18°C night),
200 pmol m~2 57! of light and 60% relative air humidity (RH), 5- to
6-week-old plants were used for experiments. For low light experi-
ments, Arabidopsis plants were grown at 40 pmol m™2 571 of light.
Barley was grown in a growth room at 16/8 hr day/night regime
(22-26°C day, 18-22°C night), ~400 pmol m~2 s~ of light (Valoya R
Series R150 AP67 LED Grow Light, http://www.valoya.com) and
~40% RH, 11-17 days old plants were used for experiments.

2.2 | Thermal imaging experiments

Thermal imaging experiments were carried out in an air-conditioned
room with temperature set at 23°C, RH ~40-50% and
160-180 pmol m™2 s~ of light (Valoya R Series R150 AP673L LED
Grow Light, http://www.valoya.com). Plants were allowed to accli-
mate in these conditions for 1.5-2 hr before treatment, whereas bar-
ley plants or leaves were kept horizontally throughout the
experiments. After acclimation period, ABA was applied. For whole-
plant treatment in Arabidopsis, plants were sprayed with
0.42 % 0.04 pl cm™2 ABA [Sigma, https://www.sigmaaldrich.com; 1, 5,
or 10 pM ABA, 0.012% Silwet L-77 (De Sangosse, http://www.
desangosse.com), 0.01-0.05% ethanol] or control solution (0.012%
Silwet L-77, 0.05% ethanol). To contain treatment and avoid spraying
adjacent plants, plants were separated into trays by treatment group
and moved to the other end of experiment table for treatment before
placing in the field of view of the thermal imaging camera. For sys-
temic ABA response experiments, 40.3 + 1.8 pl cm~2 ABA (50, 100 or
200 uM ABA, 0.012% Silwet L-77, 0.05-0.2% ethanol) or control
solution (0.012% Silwet L-77, 0.1-0.2% ethanol) was applied by paint-
brush to either leaf 8 or to young leaves in the centre of Arabidopsis
rosette. In barley, 18.9 + 1.1 plcm™ 5 uM ABA, 5 mM KNOg, 5 uM
ABA in 5 mM KNOj or control solution all containing 0.012% Silwet
L-77 and 0.05% ethanol were applied to plants by paintbrush. Mean
applied ABA amounts for the three experiment types were deter-
mined by weighing plant/leaf models before and directly after ABA
application. In detached leaf assays, barley leaves were cut and placed
with sheath in water or nitrate solution in 1.5 ml experiment tubes
and leaf blades lightly attached to a plastic plate above the imaging
table by transparent tape to ensure horizontal stable leaf position;
25 pM ABA and 5 mM KNO3; were applied via transpiration stream.
Thermal images of intact plants or detached leaves were captured

with 1-min intervals with a thermal imaging camera (FLIR SC660 or
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FLIR T650sc [resolution, 640 x 480 pixels; spectral range, 7.5-13 pm
for both cameras], FLIR Systems, https://www.flir.com/) throughout

the experiments.

2.3 | Leaf gas exchange analysis

For analysing systemic stomatal response to ABA, stomatal conduc-
tance was measured at the widest part of a mature Arabidopsis leaf
with LI-COR LI-6400XT portable photosynthesis system (Lincoln, NE,
https://www.licor.com/) attached to a leaf chamber fluorometer with
a 2 cm? leaf area (LI-COR 6400-40). When conductance had stabi-
lized, another mature leaf of the same rosette was treated with
100 pM ABA or control solution while continuing the measurement of
stomatal conductance in the systemic leaf. Conditions for measuring
stomatal conductance corresponded to plant growth conditions with
~60% RH, 200 pmol m=2 s7* of light, 400 ppm CO, and 22°C block
temperature. Leaf area was measured from images with Imagel
(Schneider, Rasband, & Eliceiri, 2012) for leaves that did not fully
cover the 2 cm? area.

2.4 | Data analysis

Leaf temperature analysis was carried out with ResearchIR software
(FLIR Systems, https://www.flir.com/). Regions of interest (ROls) were
defined on the adaxial side of leaves and temperature data extracted.
For whole-plant treatment in Arabidopsis, three ROIs per plant were
defined on mature leaves, and their temperature averaged to obtain a
representative leaf temperature number per plant. For measuring the
temperature of young leaves, a single circular ROl was defined in the
centre of the Arabidopsis rosette. For short-term systemic signalling
experiments, leaf temperature was extracted for one ROI in the
treated leaf and three ROIs on mature leaves to assess temperature in
the systemic leaves. For long-term systemic signalling experiments,
leaf temperature was extracted for one ROI in the treated leaf 8 or
the centre of the rosette for local temperature and, for the centre of
the rosette or five mature leaves, respectively, to assess temperature
in the systemic leaves. In experiments with barley, three ROIs were
defined on leaf 2 and their temperature averaged to obtain a repre-
sentative leaf temperature number per plant. For calculation of differ-
ences in leaf temperature before and after treatment, the pre- and
posttreatment leaf temperatures were defined as an average of leaf
temperature across the 5 min before ABA application and the 5 min
at the designated time point, respectively. Difference between these
temperatures was calculated and defined as change in leaf
temperature.

For calculating ABA-specific change in leaf temperature, sub-
tracted time courses, where pre-treatment image was subtracted from
each time point image, were generated, and thereafter, each mock-
treated curve was subtracted from the paired ABA-treated curve to
gain time courses of ABA specific leaf temperature responses, where
response starts from x = 0, y = 0. Exponential (y = Plateau - (1 — e™)

)

where Plateau characterizes the magnitude and k, the rate of response

1

with the unit min™" and larger k values corresponding to faster

response), sigmoidal (y = % , where Plateau characterizes the
magnitude of the responsé:ff/sgg, the time when half of the response
is achieved, and Slope describes the steepness of the response with
larger Slope values corresponding to slower response) or linear models
(y = slope-x, where higher slope corresponds to a faster response)
were fitted, depending on experiment type with GraphPad Prism 8, to
analyse the kinetics of ABA responses.

Statistical analyses were carried out with Statistica, version 7.1
(StatSoft, http://www.statsoft.com/). One or two-way ANOVA
with Tukey or Tukey unequal N HSD post hoc test was used as
indicated in the figure legends. ANOVA tables are presented in the
Supporting Information. Slopes of linear models were compared
with GraphPad Prism 8. All effects were considered significant
atp < .05.

3 | RESULTS

3.1 | ABA induces fast concentration-dependent
increase in leaf temperature in Arabidopsis

As leaf temperature is a good proxy for stomatal conductance, we
were able to investigate the temporal dynamics of ABA-induced sto-
matal closure by detecting increases in leaf temperature using an
infrared thermal imaging camera. We recorded infrared images of
mature Arabidopsis plants at one-minute intervals before and after
spray application of ABA or a control solution. Infrared images taken
at the timepoint 1 hr after ABA application revealed a clear
concentration-dependent response of leaf temperature to ABA
(Figure 1a, see also time-lapse in Video S1). Next, we quantified leaf
temperature every minute for 30 min before and 60 min after ABA
application. The temperatures of three equal-sized areas on three
mature leaves of each plant were used to calculate mean individual
plant temperatures. We then calculated means for each treatment
group at each time point (Figure S1). This revealed that after a tran-
sient drop in leaf temperature due to evaporation of the applied liquid,
spray application of ABA resulted in a fast increase in leaf tempera-
ture of Col-O wild-type Arabidopsis plants, which was clearly evident
at 25 min after 1 uM ABA application, and larger and faster at higher
concentrations of the hormone. In the experiment shown in
Figure 1b,c, 1 pM ABA caused a rise in temperature of 0.7°C and
5 uM ABA caused a rise in temperature of 1.1°C in comparison to
mock-treated plants 1 hr after application. Calculation of ABA-specific
change in leaf temperature throughout the experiment and fitting of
sigmoidal models to these data further supported a concentration-
dependent increase in the magnitude of leaf temperature ABA
response (Figure S2a). As might be expected, application of 5 pM ABA
to the ABA-insensitive ost1-3 mutant (Mustilli, Merlot, Vavasseur,
Fenzi, & Giraudat, 2002; Yoshida et al., 2002) did not cause a signifi-
cant increase in leaf temperature in comparison to the control treat-

ment (Figure 1d; Figure S2b,c).
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FIGURE 1 ABA induces a concentration-dependent increase in leaf temperature. (a) Thermal images of wild-type Col-0 Arabidopsis before
and 1 hr after treatment with control solution or different concentrations of ABA and subtracted image showing temperature change in °C

(b) ABA response of leaf temperature over time and (c) change in leaf temperature by 1 hr after treatment. For (b) and (c), pooled data from three
independent batches of plants are shown, n = 9 plants. (d) Change in leaf temperature 1 hr after 5 pM ABA treatment, n = 10 and n = 7 plants for
Col-0 and ost1-3, respectively. (e) Change in leaf temperature of mature and young leaves 1 hr after 5 uM ABA treatment, n = 6 plants. (f) Change
in leaf temperature in young leaves 1 hr after treatment with ABA, pooled data from three independent batches of plants are shown, n = 9 plants.
In (c)-(f), mean + SEM is shown, letters show statistically significant differences between groups (one-way ANOVA with Tukey HSD post hoc test
for (c) and (f), two-way ANOVA with significant interaction and Tukey (unequal N) HSD post hoc test for (d) and (e)). In (c)-(f), dots show
individual data points (plants)
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We next asked whether leaf temperature analysis is suffi-
ciently sensitive to detect within-plant differences in the stoma-
tal ABA response, that is, to investigate whether the stomata of
different leaves of an intact plant respond to the same extent.
Recent experiments suggest that most of the water loss in the
expanding leaves occurs through the cuticle (Kane, Jordan, Jan-
sen, & McAdam, 2020) in Quercus rubra and Arabidopsis. How-
ever, experiments with detached leaves and epidermal peels in
Arabidopsis have shown that the stomata of young leaves from
the centre of the leaf rosette account for larger water loss of
expanding leaves, as they are less sensitive to ABA than stomata
of mature leaves from the rosette periphery (Pantin, Renaud,
et al., 2013). We quantified leaf temperature in an area in the
centre of Arabidopsis rosette (Figure S3a) to analyse the ABA
response in young leaves and compared this to the mature leaf
temperature response in the same plants. We found that leaf
temperature of young leaves in the centre of wild-type Ara-
bidopsis rosettes increased less than mature leaves in response
to 5 pM ABA. In the experiment shown in Figure le, the mature
leaves of intact plants increased in temperature by 1.3°C follow-
ing ABA treatment, whereas young leaves increased by only
0.67°C, possibly due to larger contribution of cuticular transpira-
tion that is not responsive to ABA in developing leaves (Kane
et al, 2020) and/or due to reduced ABA-responsiveness of sto-
mata in young leaves (Pantin, Renaud, et al., 2013). Although the
magnitude of the ABA response was smaller in young leaves
than in mature leaves, a significant response to 1 uM ABA con-
centration could still be measured through an increase in leaf
temperature in the young leaves (Figure 1f; Fgure S3b,c), indicat-
ing ABA-induced stomatal closure. Thus, we could use thermal
imaging to characterize ABA-induced leaf temperature increases
due to stomatal closure in response to different levels of the

hormone in different leaves.

3.2 | ABA does not trigger fast systemic stomatal
closure in Arabidopsis

As we were able to detect within-plant differences in ABA response
by thermal imaging, we used this approach to study systemic stomatal
responses to ABA in intact plants. It was recently reported that ABA,
when applied locally at 50 pM concentration, induces rapid stomatal
closure within a few minutes in a systemic leaf (Devireddy
et al,, 2018). In our experiments, 50 pM ABA caused a clear and fast
increase in leaf temperature in the treated leaf, but there was no rapid
response in systemic mature leaves over 2 hr (Figure 2a; Figure S4a).
To validate this finding with an established experimental technique,
we used leaf gas exchange analysis to carry out a replicate experi-
ment. We recorded stomatal conductance in a mature systemic leaf
and applied 100 uM ABA to a local leaf, when stomatal conductance
in the systemic leaf had stabilized. We found no change in stomatal
conductance in the systemic leaf in response to locally applied ABA

(Figure 2b), in line with our thermal imaging experiments. These data

show that in systemic signalling experiments, dynamic thermal imag-
ing can be used comparably to leaf gas exchange analysis but with
higher throughput.

We next asked, whether differences in growth conditions could
account for the differences between our results and previously publi-
shed results (Devireddy et al., 2018). Arabidopsis was grown at a low
light level (50 pmol m~2 s1) in the study by Devireddy et al., which
could have resulted in increased levels of light harvesting complex
proteins (Bailey, Walters, Jansson, & Horton, 2001), and might
account for the previously observed stomatal ABA responsiveness
(Xu et al., 2012). To test whether low light levels are needed for the
fast systemic ABA-induced stomatal closure, we grew Arabidopsis at
low (40 pmol m~2 s72) or normal (200 pmol m~2 s~2) light and studied
systemic stomatal response to high levels of locally applied ABA.
In our conditions, plants grown at low light levels were stunted in
growth and development (Figure 2c) and showed no rapid increase in
systemic leaf temperature in response to locally applied 100 pM ABA
(Figure 2d; Figure S4b). The low light grown plants had consistently
higher leaf temperature compared to normal light grown plants
(Figure 2d), in line with their reduced stomatal density (Figure S4c).
Longer monitoring of leaf temperature of the systemic leaves revealed
that 3 hr after treatment, a small, but significant ABA-induced
increase in leaf temperature appeared in plants grown at low but not
normal light (Figure 2e). These data suggest that locally applied ABA
does not induce fast systemic stomatal closure in Arabidopsis but may

lead to slow systemic stomatal closure of small magnitude.

3.3 | ABA induces slow systemic stomatal closure
in Arabidopsis

To further explore the effects of ABA on leaf temperature in systemic
leaves, we carried out additional experiments with high concentra-
tions of ABA and monitored leaf temperature for longer. Approxi-
mately, 4 hr after application of 50, 100 or 200 uM ABA to leaf 8, we
noticed a large increase in temperature in the treated leaf and a much
smaller increase in leaf temperature in young leaves in the centre of
the rosette and closely connected leaves. The pattern of leaf tempera-
ture increase was consistent with the vascular connections of leaves
(Dengler, 2006; Farmer, Mousavi, & Lenglet, 2013; Figure 3a). Thus,
we quantified leaf temperature in the treated leaf (leaf 8) and in the
centre of the rosette for 4 hr after treatment with different ABA con-
centrations. Again, we found that ABA induced a strong and fast
increase in leaf temperature in treated leaves at all tested concentra-
tions (Figure S5a), and we did not detect a fast systemic ABA-
triggered increase in leaf temperature (Figure 3b). Further analysis to
take into account the rise in temperature in the mock treatments (due
to gradually rising room temperature across the 4 hr) revealed a small
and slow systemic ABA-induced increase in leaf temperature (<0.4°C)
that was evident in young leaves at ~4 hr after treatment (Figure 3b,
c). Calculation of ABA-specific change in leaf temperature of systemic
young leaves throughout the experiment and fitting of linear models

to these data suggested a small, slow and steady concentration-

85U8017 SUOWIWIOD BAIER.D 8|qedt|dde auy Aq pausenob a1e ssppie YO ‘85N J0 Sa|nJ oy Aiq1T 8UIUO AB[IAA UO (SUORIPUOD-PUR-SWBH WD A8 1M Ae1q 1 BUI|UO//:SdNY) SUONIPUOD Pue SWIB | 8U} 89S *[7202/20/ET] U0 AriqI]auIluO 3|1 YN'Je"PR1HRUS® BqWBL-<UR[0qqIuS> AQ £26€T80d/TTTT OT/I0p/W00" A3 1M ARe.q 1 puluo//Sdiy woly pepeojumod ‘€ ‘T202 ‘0F0ESIET



8 | WILEY_ ®

HORAK ET AL.

24+
e
local ABA
2) application
8 237 PP 255 mq««?ﬁ«&‘,’\&f‘f}‘?’:&/&
o e e s
= D SRS
S See;
=
© 22+
o)
o
5
2214
m
o} -0~ local mock
- - local ABA
20 -0- systemic mock
- systemic ABA
T T T T T T
-30 0 30 60 90 120
Time (min)

(©)

40 pmol m?2 s

200 pmol m? s

(e)

Change in leaf temperature (-C)
0.0 02 04 06 08 1.0 1.2 1.4

200 a @ mock
umol ceg®a o lun
m2 -1 o »%3 ab

40 Q:.a

pmol O
m?2 s 008‘\"00 °b

(b)

—

Stomatal conductance (mmol m2s

240~ Systemic leaves

200 (((&L'«(\.(\(I('(I{'{v(.((('«'('((k('((((([(-(-((((I((.(k((m((_((\((((k((((((\{((((«.((((.(L?{(L?(f(&l(l(\(\\(@l
T s
1609 |ocal ABA
application
120
80—
40
-- mock
-0- 100 pM ABA
0 I I I I 1
-30 0 30 60 90 120
Time (min)
Systemic leaves
23.01  |ocal ABA
application
22.5-
22.0+
21.54
21.0 - 200 ymol m2 s™' mock
) -0-200 pmol m2 s ABA
~>-40 pmol m2 s mock
740 pmol m2 s' ABA
20.5 I I . I
-30 0 30 60 90 120
Time (min)

FIGURE 2 ABA does not induce fast systemic stomatal closure in intact plants. (a) Leaf temperature response to locally applied 50 pM ABA in
local and systemic mature leaves, mean + SEM is shown, n = 6 plants. (b) Mean + SEM stomatal conductance in a systemic mature leaf in response
to 100 pM ABA (n = 5) or mock (n = 7) treatment of a local mature leaf. (c) Images of 6-week-old plants grown at 40 or 200 pmol m~2 s~ light.

(d) Leaf temperature response to locally applied 100 pM ABA in systemic mature leaves of plants grown at different light levels, mean + SEM is
shown, n = 8 plants. (e) Change in leaf temperature in systemic mature leaves in response to locally applied 100 uM ABA by 3 hr after treatment,
mean = SEM is shown, n = 6 plants, dots show individual data points (plants). Letters show statistically significant differences by Tukey HSD post
hoc test for two-way ANOVA with significant interaction [Colour figure can be viewed at wileyonlinelibrary.com]

dependent increase in systemic leaf temperature in response to ABA
(Figure S5b). This small systemic response was consistently present
following application of 100 pM ABA to leaf 8 in three independently
grown and analysed batches of plants. Representative results from
one of these experiments are shown in Figures 3 and Figure S5. To
test whether this systemic response was specific to signalling from

mature to young leaves, we conducted a reverse experiment by

treating young leaves in the centre of the rosette with ABA and moni-
toring the temperature of mature leaves. This again resulted in a fast
leaf temperature increase in treated leaves (Figure S5c) and a slow
increase of lower magnitude in systemic mature leaves (Figure 3d,e;
Figure S5d). These results suggested that the long-term systemic ABA
response is unspecific and might be due to movement of ABA from

treated to systemic leaves.
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FIGURE 3 ABA induces slow systemic stomatal closure. (a) Representative image of slow systemic ABA response. After 4 hr, leaf
temperature increase is most prominent in young leaves in the centre of the rosette and in the leaves connected to leaf 8 (indicated by dashed
arrows on the plants). (b) Systemic response to ABA and (c) systemic change in leaf temperature in young leaves by 4 hr after treatment, when
ABA was applied to leaf 8. (d) Systemic response to ABA and (e) systemic change in leaf temperature in mature leaves by 4 hr after treatment,
when ABA was applied to young leaves. In (b)-(e), mean + SEM is shown, n = 4 plants. In (c) and (e), letters show statistically significant
differences between groups (one-way ANOVA with Tukey HSD post hoc test) and dots show individual data points (plants). Experiments were
repeated with similar results in at least three independently grown batches of plants, representative results are shown [Colour figure can be
viewed at wileyonlinelibrary.com]
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representative results are shown. See also Figures S6-59 [Colour figure can be viewed at wileyonlinelibrary.com]

To explore any molecular mechanism(s) underpinning the slow
systemic ABA response, we tested whether the response depended
on de novo biosynthesis of ABA by comparing wild-type Arabidopsis
with the ABA biosynthesis-deficient nced3nced5 mutant (Frey
et al, 2012). A fast increase in leaf temperature in response to
100 uM ABA was detected in ABA-treated leaf 8 of both plant lines (-
Figure Sé6b,d), and the systemic ABA response appeared to be faster
and stronger in young leaves of the nced3nced5 plants (Figure 4a,b;
Figure Séa,c), suggesting that de novo biosynthesis of the hormone is

not required for this response. Analysis of ABA-specific leaf

temperature response suggested that the local ABA response in leaf
8 was slower and lower in magnitude in nced3nced5 plants
(Figure Séd), whereas the systemic ABA response was stronger in the
double mutant (Figure Séc).

Systemic defence responses require salicylic acid (SA) signalling
(Fu & Dong, 2013), thus we tested whether the long-term stomatal
ABA response could employ a similar mechanism. The slow ABA-
induced systemic increase in leaf temperature was also present in the
SA biosynthesis-deficient sid2-1 mutant (Wildermuth, Dewdney,
Wau, & Ausubel, 2001; Figure 4c; Figure S7) and plants deficient in
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NONEXPRESSER OF PR GENES 1 (NPR1), a key regulator of SA-
responses (Cao, Glazebrook, Clarke, Volko, & Dong, 1997; Figure 4d;
Figure S8), suggesting that this response is distinct from systemic
defence responses. Systemic ABA response was faster, and local
response appeared stronger in nprl-1 compared to wild type
(Figure S8a-d), suggesting that npr1-1 may be hypersensitive to ABA.

Systemic wound signalling is mediated by GLUTAMATE
RECEPTOR-LIKE (GLR) genes (Mousavi et al., 2013), thus we tested,
whether slow systemic ABA-induced stomatal closure is functional in
the gir3.3aglr3.6a double mutant. These plants also showed a systemic
increase in leaf temperature similar to wild type (Figure 4e; Figure S9),
suggesting that the GLR proteins are not required for the slow sys-
temic stomatal ABA response.

We hypothesized that the slow ABA response may be due to
transport of ABA from treated to systemic leaves. In line with this,
we found that the leaf temperature increase was more pronounced
in smaller plants where ABA transport should be faster, such as the
low light grown wild-type plants (Figure 2e) and nced3nced5
(Figure 4a,b; Figure Séa,c). In nced3nced5, ABA also seemed to reach
leaves more distal to the treated leaf 8, in line with faster ABA move-
ment either due to small plant size or higher mass flow of ABA in the
vasculature, possibly resulting from the higher transpiration in the
nced3nced5 mutants (Figure Séa). To assess the role of ABA trans-
port for systemic stomatal closure, we measured systemic response
to 100 pM ABA in the ait1-1 mutants that lack the vascular ABA
importer ABA-IMPORTING TRANSPORTER 1 (AIT1, also known as
NRT1.2; Kanno et al.,, 2012). The systemic response of ait1-1 was
similar to wild type (Figure 5a; Figure S10), suggesting that AIT1 is
not strictly required for the systemic stomatal closure response. As
the ABC transporter ARABIDOPSIS THALIANA ATP-BINDING CAS-
SETTE G22 (ABCG22) has been suggested as a candidate that may
enhance ABA influx to guard cells (Kuromori et al, 2011), we
analysed the slow systemic ABA response in abcg22-2 (Kuromori
et al., 2011). The systemic ABA response of abcg22-2 was similar to
wild type (Figure 5b; Figure S11), whereas the local ABA response
was even stronger in abcg22-2 (Figure S11d), suggesting that
ABCG22 is not strictly required for the systemic stomatal closure
response. As ABA transporters may function redundantly, we also
assessed ABA-induced systemic stomatal closure in the higher order
abcg mutant abcg22-2abcg25abcg40 (Merilo et al., 2015, referred to
as abcg22/25/40) that in addition to ABCG22 is also deficient in the
ABA transport proteins ABCG25 (suggested to export ABA from vas-
culature, Kuromori et al., 2010) and ABCG40 (suggested to import
ABA into guard cells, Kang et al., 2010). Like in wild-type, locally
applied ABA caused a slow increase in temperature in systemic
young leaves (Figure 5c¢,d; Figure S12), but extraction of ABA-specific
temperature response curves showed that both local and systemic
ABA responses were slower in abcg22/25/40 (Figure 5d;
Figure S12c), in line with the expected reduced ABA uptake and
transport in these mutants. Together, these data suggest that the
slow systemic stomatal closure induced by locally applied high levels
of ABA is, at least in part, caused by transport of the applied ABA to
systemic tissues.

3.4 | ABA induces fast exogenous nitrate-
independent stomatal closure in barley

To test whether dynamic thermal imaging is applicable to analyse sto-
matal ABA responses in other species than Arabidopsis, we next stud-
ied the major cereal crop barley (Hordeum vulgare). As nitrate was
recently shown to be required for cereal SLOW ANION CHANNEL-
ASSOCIATED 1 (SLAC1) anion channel activation and fast and
efficient ABA response in barley (Schifer et al., 2018) and another
monocot date palm (Phoenix dactylifera, Muller et al., 2017), we
assessed its effect on barley leaf temperature alone and in combina-
tion with ABA. We carried out thermal imaging on intact plants placed
horizontally under the light source. After placing the plants on their
sides, we allowed an acclimation period of 1.5-2 hr, before applying
treatment solutions by paintbrush to leaf 2. Again, we quantified leaf
temperature for three areas on the treated leaf and used a mean of
these measurements as representative plant temperature to calculate
means for each treatment group for every time point (Figure 6a).

In the Golden Promise barley cultivar, application of 5pM ABA
resulted in strong and rapid increase in leaf temperature which could
be discerned within 20-30 min of application. Imaging of the whole
plant indicated that the leaf blades sustained much higher levels of
stomatal conductance than the leaf sheath, even after ABA treatment.
After 1 hr, the ABA-treated leaf blades were approximately 1°C
warmer, either in the absence or presence of 5 mM potassium nitrate
solution (Figure éb,c; Figure S13a). Fitting of sigmoidal models to the
ABA-specific leaf temperature response data for this experiment
implied similar kinetics of ABA response both in the absence and pres-
ence of exogenous nitrate (Figure S13b), suggesting that ABA-induced
stomatal closure did not require exogenous nitrate under these condi-
tions. To test whether this divergence from the previously published
requirement for nitrate in barley ABA-induced stomatal closure
(Schéfer et al., 2018) could be due to our use of a different barley cul-
tivar, we analysed stomatal response to ABA in the Barke cultivar.
The application of 5 uM ABA to cv. Barke also resulted in a strong
and rapid increase in leaf temperature both in the absence and pres-
ence of nitrate (Figure 6d,e, see also time-lapse in Video S2). One hour
after treatment with ABA and nitrate, cv. Barke leaves had reached a
slightly higher temperature than after ABA treatment alone, and
fitting of sigmoidal models to the ABA-specific leaf temperature
response data for this experiment also implied a slightly higher magni-
tude of the ABA response in the presence of nitrate (Figure S13c).
However, leaf temperature response to ABA without nitrate was still
fast and strong (Figure 6d; Figure S13c), suggesting that endogenous
nitrate levels are sufficient to enable fast stomatal response to ABA in
barley under our experimental conditions.

In our experiments, we applied both ABA and nitrate onto the
leaf surface, whereas Schafer et al. (2018) applied ABA through the
transpiration stream of detached leaves. To test whether nitrate is
required for fast stomatal response to ABA in detached leaves that
receive ABA and nitrate through transpiration stream, we replicated
the experiment as reported in Schifer et al. (2018), in the Barke cul-

tivar, but detected leaf temperature instead of transpiration.

85U8017 SUOWIWIOD BAIER.D 8|qedt|dde auy Aq pausenob a1e ssppie YO ‘85N J0 Sa|nJ oy Aiq1T 8UIUO AB[IAA UO (SUORIPUOD-PUR-SWBH WD A8 1M Ae1q 1 BUI|UO//:SdNY) SUONIPUOD Pue SWIB | 8U} 89S *[7202/20/ET] U0 AriqI]auIluO 3|1 YN'Je"PR1HRUS® BqWBL-<UR[0qqIuS> AQ £26€T80d/TTTT OT/I0p/W00" A3 1M ARe.q 1 puluo//Sdiy woly pepeojumod ‘€ ‘T202 ‘0F0ESIET



0 HORAK ET AL.

® | WILEY_

=z
G

® mocko ABA
b b ® mock© ABA
229 . & ° © 204 b b
&5 a @ < © °
o % o | o a
Zisifel| | % 2.aefd oS
=0 = 1.5+ %
[ (0]
Q. Q.
5 5
%’ 1.04 % 1.04
o LY
= £
0.5 _
qg;) qg)) 0.5
8 8
©o0.0 l l O 0.0 ; I
Col-0 ait1-1 Col-0 abcg22-2
C d
( ) ® mocko ABA ( )
b . b Systemic young leaves
5} a o 0.5-
5157 o fﬁ ™ o o Col-0
g 5 ° 59 % 0 0.4 ——abcg22/25/40
Solf BE Bgesfume
810- ® Py @) I = pplicati
2 ¢ 5 20
g ° 2B
@ c £o.
£ 0.5 0} 8
()]
Cng) = %O. T T 1
5] 5 120 150 180 210 24
5 0.0 -0. Time (min)

I I
Col-0 abcg22/25/40

slope=0.0007}*

FIGURE 5 ABA transport contributes to slow systemic ABA-response. (a)-(c) Systemic change in leaf temperature in young leaves by 4 hr
after treatment of leaf 8 with 100 pM ABA. (d) Leaf temperature change of systemic leaves in response to locally applied 100 uM ABA compared
to mock treatments. In all panels, mean + SEM is shown, n = 4 plants in (a) and for Col-0 in (b), n = 3 for abcg22-2 in (b) and n = 8 in (c) and (d). For
(a)-(c), the effect of ABA treatment was statistically significant in two-way ANOVA, but interaction not significant; in (a)-(c), dots show individual
data points (plants). Lines in (d) represent linear fits with indicated slope values; star indicates statistically significant difference between slopes.
Experiments were repeated with similar results in at least three independently grown batches of plants; representative results are shown. See also

Figures $10-S12 [Colour figure can be viewed at wileyonlinelibrary.com]

Detached leaves were preincubated with sheath in either water or
nitrate and 25 pM ABA was supplied in solution after a stabilization
period. A strong increase in leaf temperature was evident during the
hour after application of 25 uM ABA to the transpiration stream of
detached barley leaves both in the presence and absence of nitrate
(Figure 7; Figure S14a), suggesting that independent of the applica-
tion method of nitrate and ABA, in our conditions, exogenous nitrate
was not required for fast ABA-induced stomatal closure in barley.
Fitting of sigmoidal models to the ABA-specific leaf temperature
response data for this experiment implied even a very slightly lower

magnitude of the ABA response in the presence of nitrate

(Figure S14d). To test whether simultaneous application of ABA and
nitrate to leaves preincubated in water would enhance ABA-induced
stomatal closure, we incubated the sheaths of detached barley
leaves in water and applied either nitrate, ABA or nitrate and ABA
after the stabilization period. As in the experiments described above,
stomatal closure induced by 25 pM ABA was equally fast and strong
both in the presence and absence of nitrate (Figure S14b,c,e),
suggesting that under our conditions, exogenous nitrate was not
required for fast ABA-induced stomatal closure neither in detached
nor attached barley leaves and irrespective of the ABA and nitrate

application method.
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FIGURE 6 ABA induces exogenous nitrate independent stomatal closure in barley. (a) Representative thermal images of ABA response in
barley, white circles indicate the three temperature sampling areas per plant on leaf two. (b) Response of leaf temperature to 5 uM ABA in leaf
two of Golden Promise barley cultivar over time and (c) respective temperature change by 1 hr after treatment. (d) Response of leaf temperature
to 5 pM ABA in leaf 2 of Barke barley cultivar over time and (e) respective temperature change by 1 hr after treatment. In all panels, mean + SEM
is shown, n = 9 plants for (b) and (c) and n = 10 plants for (d) and (e). In (c) and (e), letters show statistically significant differences between groups
(one-way ANOVA with Tukey HSD post hoc test) and dots show individual data points (plants) [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 7 ABA induces exogenous nitrate independent stomatal closure in detached barley leaves. (a) Representative thermal images of ABA
response in detached barley leaves. (b) Response of leaf temperature to 25 pM sheath-fed ABA over time in leaves incubated with and without
nitrate and (c) respective temperature change by 1 hr after treatment. In (b) and (c), mean + SEM is shown, n = 6 plants. In (c), letters show
statistically significant differences between groups (one-way ANOVA with Tukey HSD post hoc test) and dots show individual data points (plants)

[Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

Thermal imaging has been successfully applied in screening for
mutants with altered stomatal regulation, as well as in assessing plant
responses to various abiotic and biotic stressors in both laboratory
and field conditions. However, this approach has rarely been applied
to study ABA responses in intact plants. Here, we successfully used
dynamic thermal imaging to study systemic and local stomatal
responses to ABA in Arabidopsis and barley. However, there are some

limitations in measuring leaf temperature by dynamic thermal imaging

as a proxy for stomatal ABA responses. For reliable results, compari-
sons should be made within an experiment (and repeated with inde-
pendently grown batches of plants) with regular rotating of plant
positions, to avoid biases resulting from fluctuations in air humidity
and temperature in temperature-controlled cabinets. In experiments,
where ABA is applied to the plant or leaf surface, the fast kinetics of
stomatal response that occurs within the first 20-30 min cannot be
reliably measured immediately after application. Nevertheless, even
with this caveat, the method enabled us to get a better picture of

ABA responses than measuring only the final temperature differences
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would give. The differences between stomatal ABA response of wild-
type and the strongly ABA-insensitive ost1-3 mutant were easily
detected (Figure 1d; Figure S2b), and the more subtle phenotypes of
attenuated ABA response in the local ABA-treated leaves of
nced3nced5 (Figure Séd) and abcg22/25/40 (Figure S12c) were dis-
cernible. Thus, dynamic thermal imaging could be used for the study
of stomatal responses to ABA in parallel to detached sample methods
to dissect the mechanisms of ABA-induced stomatal closure in the
whole plant context. The recently described model to derive stomatal
conductance from thermal imaging in a dynamic environment (Vialet-
Chabrand & Lawson, 2019) will help to convert changes in leaf tem-
perature to those in stomatal conductance and therefore allow tem-
poral and spatial characterization of the stomatal response more
directly.

The ability to detect within-plant differences in leaf temperature
(Figures 1e and 2a; Figures S3-512) makes thermal imaging a potent
tool for the study of systemic stomatal responses in intact plants.
However, we could not detect rapid ABA-induced systemic stomatal
closure in intact Arabidopsis plants (Figure 2a,b,d; Figure S4a,b) as
described previously by analysis of stomata in epidermal strips
(Devireddy et al., 2018). As ABA is usually a sign of stress that accu-
mulates over time, the adaptive value of systemic ABA-induced sto-
matal closure occurring in minutes is difficult to understand, especially
in small plants like Arabidopsis. Currently, the evidence for fast sys-
temic stomatal closure is mixed. Experiments using stomatal aperture
measurements from isolated epidermal peels in plants grown at low
light levels suggest that fast stomatal closure occurs in Arabidopsis in
response to various stimuli, such as ABA, high light, wounding and
heat stress (Devireddy et al, 2018; Devireddy, Arbogast, &
Mittler, 2020). On the other hand, evidence from gas exchange exper-
iments in intact plants suggests that while fast systemic stomatal clo-
sure in response to darkness and elevated [CO,] is present in trees,
these systemic responses do not occur in Arabidopsis (Ehonen,
Holtta, & Kangasjarvi, 2020). It is possible that fast systemic stomatal
closure happens only in response to select stimuli or under certain
conditions. Our results suggest that low light alone is not sufficient to
enable fast ABA-induced systemic stomatal closure in Arabidopsis
(Figure 2d; Figure S4b).

Although we could not detect rapid systemic stomatal closure fol-
lowing local ABA application, because we were able to observe leaf
temperature across an extended time course, we were able to detect
a relatively small systemic increase in leaf temperature over a period
of hours, irrespective of whether the ABA was applied to mature or
young leaves (Figure 3; Figure S5). This response did not require de
novo ABA nor SA biosynthesis (Figure 4a-c; Figures S6 and S7),
NPR1-dependent signalling (Figure 4d; Figure S8), GLR receptor
kinases (Figure 4e; Figure S9) or the ABA transporters AIT1
(Figure 5a; Figure S10) and ABCG22 (Figure 5b; Figure S11). How-
ever, leaf temperature increase in both local and systemic leaves in
response to ABA was slowed in the abcg22/25/40 triple mutant
(Figure 5c,d; Figure S12), indicating that ABA transport is required for
at least part of the slow systemic ABA response. We propose that it is

the slow movement of some of the locally applied ABA towards

systemic tissues that elicits a low level of stomatal closure manifested
in the slow systemic increase in leaf temperature. In accordance with
this, the systemic ABA response was faster and stronger in smaller
plants (the low light grown plants, Figure 2e, and the nced3nced5
mutant, Figure 4a,b; Figure S6), where ABA movement from treated
to systemic leaves in the centre of the rosette should be faster, likely
leading to higher ABA levels in the systemic leaves. In the nced3nced5
mutants, the response may be further enhanced by increased mass
flow of ABA in the vasculature due to high levels of transpiration in
this mutant. That we were able to detect the small systemic changes
in leaf temperature by thermal imaging above any background
changes in temperature (Figures 2-5; Figures S5-512) further high-
lights the robustness and sensitivity of the method for studying sto-
matal responses to ABA.

Our experiments using dynamic thermal imaging to characterize
several plant genotypes (Arabidopsis wild-type and various mutants
and two cultivars of barley) revealed that, despite their large differ-
ences in stomatal size, density and morphology (Bertolino, Caine, &
Gray, 2019), application of 5puM ABA elicited a remarkably similar
temperature change, perhaps suggesting an approximately equivalent
control of water loss. We detected ABA-induced stomatal closure in
intact plants of two barley cultivars that was strong and fast
irrespective of exogenous nitrate application (Figure 6; Figure S13).
This contrasts with previous experiments, where five times higher
ABA concentration was insufficient to trigger strong stomatal closure
in the Barke barley cultivar without exogenous nitrate (Schifer
et al, 2018). The difference could not be attributed to alternative
ABA application methods (transpiration stream in Schifer et al. (2018)
and leaf surface here), as ABA response assays with detached leaves
under our conditions also showed fast and strong stomatal closure in
response to ABA applied to transpiration stream without the need for
additional nitrate (Figure 7; Figure S14). Further experiments with
nitrate-deficient plants, accompanied by measurement of leaf nitrate
concentrations, are required to clarify the role of nitrate in stomatal
ABA response in cereals. In the context of current knowledge, the
results presented here (Figures 6 and 7; Figures S13 and S14) suggest
that endogenous nitrate levels are sufficient to ensure efficient ABA-
induced stomatal closure in barley guard cells under our growth
conditions.

Here, we use dynamic thermal imaging of leaf temperature to
study stomatal responses to ABA over time in intact plants. We find
no evidence for fast systemic ABA-induced stomatal closure in Ara-
bidopsis but detect a slow and small systemic stomatal response to
ABA. We also find that additional nitrate is not required for closure
of grass stomata in whole plants. We suggest that dynamic thermal
imaging could be used more often to study stomatal responses in
intact plants in response to various triggers, such as ABA agonists
and antagonists, other plant hormones, ion channel inhibitors, path-
ogens and pathogen-associated elicitors. So far, these signalling
responses have mostly been studied in isolated epidermal peels and
characterization of their role in a whole plant context would signifi-

cantly contribute to a broader understanding of stomatal

physiology.
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