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Leaf temperature responses to ABA and dead bacteria in wheat and Arabidopsis
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ABSTRACT
Stomatal densities, aperture openness and their responsiveness to environmental change determine 
plant water loss and regulate entry of pathogens. Stomatal responsiveness is usually assessed on 
restricted areas of leaves or isolated epidermal peels floated in solution. Analyzing these responses in 
the whole plant context could give valuable additional information, for example on the role of mesophyll 
in stomatal responses. We analyzed stomatal responses to the phytohormone abscisic acid (ABA) and 
pathogenic elicitors in intact plants by dynamic measurement of leaf temperature. We tested whether 
ABA-induced stomatal closure in wheat requires external nitrate and whether bacterial elicitor-induced 
stomatal closure can be detected by dynamic thermal imaging in intact Arabidopsis. We found that wheat 
was hypersensitive to all applied treatments, as even mock-treated leaves showed a strong increase in leaf 
temperature. Nevertheless, ABA activated stomatal closure in wheat independent of exogenous nitrate. 
Pathogenic elicitors triggered a fast and transient increase in leaf temperature in intact Arabidopsis, 
indicating short-term stomatal closure. The data suggest that the dynamics of pathogen-induced stomatal 
closure is different in whole plants compared to epidermal peels, where elicitor-induced stomatal closure 
persists longer. We propose that dynamic thermal imaging could be applied to address the effect of 
pathogenic elicitors on stomatal behavior in whole plants to complement detached sample assays and 
gain a better understanding of stomatal immunity.
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Stomata are microscopic pores in leaves that, when open, 
enable CO2 uptake for photosynthesis but at the same time 
allow water loss via transpiration and provide sites of entry for 
pathogens. Plants perceive changes in abiotic and biotic envir-
onmental conditions and manage CO2 uptake, water loss and 
pathogen stress by adjustment of stomatal aperture, or in the 
long term, development. The phytohormone abscisic acid 
(ABA) is a key messenger in environmental stimuli-induced 
stomatal closure,1 whereas pathogens trigger stomatal closure2 

and suppress stomatal density in developing leaves.3

Stomatal responses to ABA and pathogenic elicitors, such as 
flagellin, lipopolysaccharides (LPS) or chitin, have mostly been 
studied in isolated epidermal peels or detached leaves.2,4–6 

While this approach is well established and widely used, sto-
mata in detached samples do not always behave as in attached 
leaves. For example, by using dynamic thermal imaging of leaf 
temperature we recently showed that ABA does not trigger fast 
systemic stomatal closure in distal leaves in intact 
Arabidopsis,7 unlike previously reported in isolated epidermal 
peels.8 We also found that exogenous nitrate was not required 
for quick and strong ABA-induced stomatal closure in intact 
barley,7 in contrast to other experiments with detached leaves.9 

Here, we tested whether stomata in another grass, wheat, also 
respond to ABA independent of exogenous nitrate. We further 
analyzed whether dynamic thermal imaging could be applied 
to study pathogenic elicitor-induced stomatal closure in 
Arabidopsis.

To study the effect of ABA and nitrate on wheat stomata, we 
carried out dynamic thermal imaging experiments as reported 

previously.7 Briefly, we acclimated young wheat plants (11–17 d 
old) in pots placed horizontally on their side under 
~150 μmol m−2 s−1 light at ~50% relative humidity (RH) for 
~2 h and applied 5 μM ABA (in aqueous solution with 0.05% 
ethanol and 0.012% Silwet L-77, mock treatment was 0.05% 
ethanol with 0.012% Silwet L-77 in water) on wheat leaves by 
paintbrush. We measured leaf temperature with 1-min inter-
vals before and 1.5 h after application of ABA. Temperature in 
hormone-treated leaves increased by ~2.2°C both in the 
absence and presence of 5 mM potassium nitrate indicating 
a reduction in stomatal water loss (Figure 1a, b). Thus, similar 
to barley,7 exogenous nitrate was not required for efficient 
stomatal closure in wheat. However, wheat leaves were more 
sensitive than barley to any treatment: mock and nitrate treat-
ments increased leaf temperature by ~0.5°C in barley,7 but 
~1.5°C in wheat leaves (Figure 1a, b). Thus, the difference 
between mock- and ABA-treatment at the end of the experi-
ment was not statistically significant (Figure 1b). Higher sensi-
tivity of wheat stomata compared to those of barley has been 
observed before in experiments addressing darkness-induced 
stomatal closure and stomatal responses to simultaneously 
applied darkness and low CO2 levels.10 However, the difference 
between increases in leaf temperature in response to ABA and 
mock treatments was similar between barley7 and wheat 
(Figure 1b), suggesting a similar ABA-specific response in the 
two grasses.

We also asked whether dynamic thermal imaging could be 
applied to analyze stomatal responses to other stimuli than ABA. 
We tested the effect of pathogenic elicitors on leaf temperature in 
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Arabidopsis, because an approach to study pathogen-induced 
stomatal closure in the context of an intact plant would be 
valuable for the field of stomatal immunity. We acclimated 
Arabidopsis plants under ~150 μmol m−2 s−1 light at ~50% RH 
for ~2 h. Then we resuspended the debris from autoclaved 
stationary phase culture of Pseudomonas syringae pv. tomato 
DC3000 (Pst) in water to an OD600 = 0.2, added Silwet L-77 to 
0.012% and sprayed the acclimated plants with the suspension or 
with a mock solution of water with 0.012% Silwet L-77. We 
monitored leaf temperature before and after treatment with 
5-min intervals. Dead bacteria caused a fast increase of ~0.5°C 
in leaf temperature 20–30 min after treatment (Figure 1c, d), 
indicating pathogenic elicitor-induced stomatal closure. Leaf 
temperature increase triggered by dead pathogens was weaker 
than that caused by ABA.7 Stomata also appeared to reopen 
rapidly, as 1 h after treatment there was only a minor difference 
in leaf temperature between Pst- and mock-treated leaves 
(Figure 1c), whereas ABA-induced stomatal closure persisted 
at least for an hour.7

In nearly all studies, the effect of pathogenic elicitors on sto-
matal aperture is studied in isolated leaves or epidermal peels 
floated in solution with either bacteria or elicitors such as flagellin, 
LPS or chitin. In these assays, pathogen- and elicitor-induced 
stomatal closure is usually measured 1–2 h after treatment, 
whereas coronatine-producing strains lead to stomatal reopening 
3–4 h after treatment.2,11,12 In our experiments with intact plants, 
bacteria were killed by autoclaving before application to the plant 

surface and hence the fast reopening of stomata starting ~30- 
40 min after treatment could not be caused by coronatine. 
Instead, it may have been due to attenuation of elicitor-induced 
signaling. For example, upon perception of its ligand, the flagellin 
receptor FLAGELLIN-SENSITIVE 2 (FLS2) is internalized and 
sent for degradation within 20–40 min,13 likely to avoid over- 
stimulation of immune responses in the continued presence of 
the signal. Similar mechanisms may underlie the transient increase 
in leaf temperature caused by pathogenic elicitors present in the 
suspension of dead bacteria (Figure 1c).

Our results point to important differences between the beha-
vior of stomata depending on whether pathogenic elicitors are 
perceived from adaxial leaf surface of attached leaves or abaxial or 
inner surfaces in detached leaves or epidermal peels floated in 
solution. Longer persistence of stomatal closure in detached sam-
ples may be due to constitutive presence of large amounts of signal 
that reaches stomata, whereas surface-applied bacterial debris may 
be less effective in reaching receptors in guard cells. Possibly, 
pathogens on leaf surface are not sufficient to trigger efficient 
stomatal closure, whereas microbes that have entered the plant 
via stomata or wounds can be better perceived by plant immune 
system. Our experiments suggest that pathogenic elicitors-induced 
stomatal closure can be recorded in real time in intact plants by 
following leaf temperature. In the future, a similar approach could 
potentially be used to study the effects of pure elicitors, such as 
flagellin, LPS and chitin, on stomatal closure in a whole plant 
context.

a b

dc

30 60 90
19

20

21

22

23

24

25

Time (min)

10 20 30 40 50 60

20

21

22

23

24

Time (min)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

a

ab

a

b

-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

-30 0

mock
ABA

nitrate + ABA
nitrateLe

af
 te

m
pe

ra
tu

re
 (
°C

)

Wheat ‘Fielder’

C
ha

ng
e 

in
 le

af
 te

m
pe

ra
tu

re
 (
°C

)

moc
k

ABA

nit
ra

te 

+ A
BAnit

ra
te

-10-30 -20 0

Le
af

 te
m

pe
ra

tu
re

 (
°C

)

mock
dead Pst

moc
k

de
ad

Ps
t

C
ha

ng
e 

in
 le

af
 te

m
pe

ra
tu

re
 (
°C

)

*
30 min

90 min

Arabidopsis

Figure 1. Leaf temperature responses to ABA and dead bacteria. (A) Response of leaf temperature to 5 µM ABA with or without 5 mM nitrate in wheat and (B) respective 
temperature change by 1.5 h after treatment. (C) Response of leaf temperature to dead Pseudomonas syringae (Pst) in Arabidopsis and (D) respective temperature 
change by 30 min after treatment. Mean ± SEM is shown in all panels, n = 12 plants in (A) and (B), n = 6 plants in (C) and (D), letters or star denote statistically significant 
differences between groups (one-way ANOVA with Tukey post hoc test in (B) and Student’s t-test in (D)) and dots show individual data points (plants) in (B) and (D).
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