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Thermal imaging as a highly sensitive technique was used to study a rapid response of plants to
excessive light associated with stomatal movement. This response was monitored according to time-
dependent changes in temperature over the leaf blades of plants exposed to photosynthetically active
radiation. Two model organisms, Thellungiella salsuginea and Arabidopsis thaliana, which served as
a control, were tested. A decreased stomata size in Thellungiella salsuginea resulted in an increased
rosette temperature which was noticeable on the time-series thermograms as compared to controls.
A primary response of plants to light revealed an exponential increase in the temperature time courses
and resulted in a reduced thermal rise time for Thellungiella salsuginea relative to Arabidopsis thaliana
seedlings. The study evaluates the use of thermal imaging to analyse stomatal aperture. This non-
invasive method, in particular the evaluation of thermal kinetics and analysis of thermal time constants,
can be useful for monitoring the initial response of plants to excess irradiation.
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1. Introduction

Changes in leaf temperature have long been
recognised as an indicator of plant stress. Exces-
sive light and disturbance of evaporation are among
the factors that affect this temperature to a large
extent. In plants, transpiration takes place via spe-
cial pores in leaf surface (stomata), which enable the
diffusion of gases with the atmosphere. The main
function of stomata is to balance the uptake of COo,
which is essential for photosynthesis, with the loss
of water. Stomatal movement is regulated by envi-
ronmental conditions such as light, CO5 and humid-
ity. It is crucial in maintaining plant water status
and photosynthetic rates depending on the current
needs of the plant [1].

It is well known that leaf temperature depends on
stomatal movement, with the temperature decreas-
ing as the stomata open and as evaporation rates
increase. The opposite, when stomata close, results
in an increase in leaf temperature and a reduction
in the rate of transpiration [1, 2]. For that reason,
thermal sensing of stomatal aperture is a precise in-
dicator of light stress affecting plants [3-6]. Light,
which is a necessary factor for conducting photosyn-
thesis, induces the opening of stomata to enhance
CO4 uptake. The opening response is achieved by
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coordinating light signaling, light—energy conver-
sion, the transport of K™ ions across the membrane
and metabolic activity in specialized cells (called
guard cells) in the stomata [2]. Distinct mecha-
nisms underlie stomatal opening in response to dif-
ferent light wavelengths (blue and red) although it
has been reported that green light also plays a vi-
tal role [7] in the inhibition of stomatal opening in
order to prevent water loss in plants [§].

Thermal imaging provides a very powerful tool
for the study of spatial and temporal variations in
plant temperatures with many potential applica-
tions in plant physiology and ecology [9-11]. A gen-
eral difficulty with thermal methods is that the tem-
perature of plants may be affected by many en-
vironmental factors such as the surrounding tem-
perature, humidity, air movements and radiation.
The main advantage of thermal imaging, however,
is that the method is non-invasive because infrared
(IR) experiments do not require any physical con-
tact with leaves. Moreover, when used in combi-
nation with other imaging techniques (e.g. fluores-
cence imaging) [5], IR imaging may serve to diag-
nose the initial symptoms of plant stress [12, 13].

Considering the benefits of thermography in plant
research, the objective of this study was to in-
vestigate the applicability of thermal imaging to


http://doi.org/10.12693/APhysPolA.139.257
mailto:aleksandra.orzechowska@fis.agh.edu.pl

The 100 years anniversary of the Polish Physical Society — the APPA Originators

measuring the spatial distribution of the leaf
temperature of two model organisms Arabidopsis
thaliana (A. thaliana) and Thellungiella salsuginea
(T. salsuginea) under intense illumination (high
light HL). A. thaliana and its close relative T. sal-
suginea belong to the Brassicaceae family and
T. salsuginea has become an extremophile model for
abiotic stress tolerance studies [14, 15]. The leaves
of both species are characterized by simple ge-
ometry and fairly flat surface topography. How-
ever, the function and morphology of stomata in
T. salsuginea is significantly different from those
in A. thaliana [16]. Leaf temperature varies with
a transpiration rate and it is dependent on stom-
atal conductance [17]. A smaller stomata size re-
sults in reduced stomatal conductance and tran-
spiration flux in 7. salsuginea [18]. This affects
the diversity of temperature spatial distribution in
rosettes of both species which is enhanced under
HL treatment.

We aim to outline the light-induced tempera-
ture kinetics and consider thermal time constants
so as to compare the response of T. salsuginea and
A. thaliana to intense irradiation. In order to avoid
the influence of any fluctuating environmental fac-
tors, the experiments were performed under fully
controlled laboratory conditions.

2. Materials and methods

2.1. Plant material and growth conditions

For the purpose of this study, four-week old
A. thaliana wild type (WT) and T. salsuginea
plants were used. The seeds were obtained from
the Nottingham Arabidopsis Stock Centre, UK. The
plants were cultivated under fully controlled labora-
tory conditions in a phytotron chamber at a temper-
ature of 23°C, photoperiod of 16/8 h day/night, ir-
radiance of 150 ymol (photons) m~2s~! and in 65%
relative humidity (FytoScope FS2700, PSI, Czech
Republic). After the leaf rosettes had developed
the plants were watered twice a week with the same
volume of tap water. A. thaliana seedlings served
as controls.

2.2. Thermal experiments

Thermal images were obtained using an un-
cooled thermal camera (Flir Systems Inc., USA)
which operates within a spectral wavelength range
of 7.5-14 pm with an accuracy of +2% and
noise equivalent temperature difference > 30 mK,
equipped with the option to autocalibrate with the
surrounding temperature. It produces a spatial
resolution of 640 x 480 pixels. The emissivity of
the IR camera was set to 0.95 which is within the
range of emissivity of plant leaves [13]. Thermo-
grams were acquired with a frequency of 50 Hz un-
der illumination of 2000 pmol (photons) m~2s~!
at 5 s of intervals for 5 min. All image processing
and data export was undertaken using the software
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IR-Visualizer (PSI, Czech Republic). The source
of white light was a panel developed with light-
emitting diodes (LEDs) with an automatic cooling
option (SL 3500, PSI, Czech Republic) mounted on
an adjustable stand at a fixed distance of 25 cm
toward the leaf rosettes. The light intensity was
monitored using a quantum meter equipped with
optical detectors that provide high-accuracy photo-
synthetically active radiation (PAR) measurements
in the range of 400-700 nm including colored LEDs
(Apogee MQ-200). Thermal kinetics were evalu-
ated on the basis of time series thermograms. To
obtain the most accurate temperature for each de-
sired reading, a minimum of three thermographs
were taken. All thermal images were recorded for
three A. thaliana seedlings juxtaposed with three
T. salsuginea plants.

The goal was to assess the difference in temper-
ature between A. thaliana and T. salsuginea leaves
but not to determine the absolute leaf temperature.
Only the leaves that had similar surface areas were
taken for further analysis. IR measurements were
carried out under controlled laboratory conditions,
i.e., stable temperature and humidity with avoiding
air movement and incident radiation.

3. Results and discussion

Infrared imaging is an accurate method of tem-
perature spacial distribution. An exemplary ther-
mal image that shows the differences in temperature
between T. salsuginea and A. thaliana rosettes is
presented in Fig. 1. One can note therefore the ther-
mal distribution over the lamina without (Fig. 1a)
and under light treatment (Fig. 1b).
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Fig. 1. Infrared thermographs of 7. salsuginea
(Th) plants relative to the control (WT) seedlings
acquired before light onset (a) and under continu-
ous irradiation of excessive light at an intensity of
2000 pmol (photons) m~2s™* (b).
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One can see an obvious increase in leaf tem-
perature caused by the action of HL (Fig. 1b),
however, the dissimilarities in temperature between
the species are noticeable even before the onset of
light (Fig. 1a). Heterogeneity in temperature spa-
cial distribution is also visible between the leaves
in the subsequent stages of development within
the rosette. Young leaves reveal a lower tempera-
ture when compared to older ones, although in the
case of T. salsuginea this difference is more pro-
nounced. The effect is enhanced under the light
treatment.

Photosynthesis is very sensitive to intense illumi-
nation. PAR is indispensable for photosynthesis to
take place, although an excess of it may decrease
the photosynthetic efficiency or even damage pho-
tosynthetically active structures [19-21]. Since light
onset influences the stomatal opening, it represents
one of the main factors that have an impact on ther-
mal stability in plant tissues. In our experiment,
the significant increase in leaf temperature after the
light onset (Fig. 1b) was caused mainly by the in-
coming light energy and inefficient evapotranspira-
tion over the lamina [6] of the plants under inves-
tigation. Continuous illumination of seedlings and
the light intensity (2000 pmol (photons) m=2s~1)
used in the experiment was sufficient to reduce sig-
nificantly the efficiency of the photosynthetic appa-
ratus of the studied plants (data not shown).

The diversity of density and the area of stomata
between A. thaliana and T. salsuginea influence the
transpiration rate, thus the variety in leaf morphol-
ogy between the two species also affects the tem-
perature of the plant rosettes. A smaller stomata
size in T. salsuginea [16] results in a reduced abil-
ity to evaporate which, in turn, leads to an increase
in temperature. This is consistent with our results
which show that in the case of T. salsuginea the
temperature is significantly higher during the whole
period of HL treatment (see Fig. 2).

An increased temperature can also be caused by
a reduced stomata opening due to the influence
of external stress factors, e.g. light. The light-
induced thermal courses were fitted using a mono-
exponential function

T=T+ Tm(l - e—f/tm) (1)

where Ty and T;,, are the amplitudes and t,, is the
thermal time constant. The analysis of the ther-
mal rise time ¢,, revealed that this value deter-
mined for T. salsuginea (t,, = 13.60 £ 1.55 s) was
approximately twofold decreased in comparison to
A. thaliana (t,, = 26.70 £ 3.50 s). These results
correspond to those of the previous experiments
performed on the mutant ostl1-2 with an inabil-
ity to regulate the stomata, resulting in enhanced
stomatal conductance and transpiration rate, as
reported in [5]. In this mutant, the ostl muta-
tion contributed to the slowing down of thermal ki-
netics, unlike 7. salsuginea kinetics which showed
advanced temperature time course in comparison
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Fig. 2. Thermal kinetics evaluated under the ac-
tion of excessive light over 5 min of illumination.
Before the light onset plants were adapted to stan-
dard growth light. The exponential fit of the light-
induced temperature rise in the 7. salsuginea (Th
— circular symbols) and A. thaliana (WT — square
symbols) rosettes shows the primary response of
plants to HL onset. For each thermogram of each
of the T. salsuginea and A. thaliana plants, taken
at the same time, the mean temperature of at least
three randomly chosen spots was calculated. Tem-
perature uncertainties are within the symbols.

to the controls. The decreased thermal time con-
stant in T. salsuginea was caused by reduced evap-
oration, as compared to A. thaliana.

In our study, the thermal rise times were eval-
uated on the basis of IR images of the juxtaposed
plants. Therefore, the time constants represent here
the relative values between T. salsuginea and the
control — A. thaliana. Unlike [3, 4, 6], we did not
use any material (e.g. paraffin wax) to cover the
stomata in order not to limit or inhibit transpira-
tion in the plants. We did not interfere with the
physiological behavior of the stomata.

IR imaging is well suited to the study of the spa-
tial diversity of stomatal conductance between plant
leaves and the stomatal diversity (“patchy” effects)
over lamina [6, 22]. There are some reports show-
ing a coupling between stomata in different areas of
the leaf during transpiration [22, 23]. The patchi-
ness in stomatal action is mainly due to variation
in stomatal density which is dependent on leaf mor-
phology [6] and hydraulic interactions within the
stomatal net [24]. Our results in Fig. 2, which show
the characteristic fluctuations in temperature dur-
ing the course, may be associated with stomatal di-
versity. The oscillations in leaf temperature over
the leaf blade may also be attributable to a plant
strategy to protect itself against heat stress under
excess light [25].

4. Conclusions

In plant studies, IR thermography has par-
ticular advantages for the quantitative analysis
of spacial and dynamic physiological information.
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Applications of thermography in plant physiology
also include the investigation of thermogenesis as
well as the influence of external factors that have
an impact on plant thermal stability.

In this study, non-invasive thermal imaging,
in particular time series thermograms, provided
an analysis of the initial response of plants to light
excess associated with stomatal movement. More-
over, the determination of thermal time constants
may serve to diagnose the symptoms of excessive
light affecting plants in a dynamic environment.
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