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Summary

� Plants integrate environmental stimuli to optimize photosynthesis vs water loss by control-

ling stomatal apertures. However, stomatal responses to temperature elevation and the

underlying molecular genetic mechanisms remain less studied.
� We developed an approach for clamping leaf-to-air vapor pressure difference (VPDleaf) to

fixed values, and recorded robust reversible warming-induced stomatal opening in intact

plants. We analyzed stomatal temperature responses of mutants impaired in guard cell signal-

ing pathways for blue light, abscisic acid (ABA), CO2, and the temperature-sensitive proteins,

Phytochrome B (phyB) and EARLY-FLOWERING-3 (ELF3).
� We confirmed that phot1-5/phot2-1 leaves lacking blue-light photoreceptors showed par-

tially reduced warming-induced stomatal opening. Furthermore, ABA-biosynthesis, phyB, and

ELF3 were not essential for the stomatal warming response. Strikingly, Arabidopsis (dicot)

and Brachypodium distachyon (monocot) mutants lacking guard cell CO2 sensors and signal-

ing mechanisms, including ht1, mpk12/mpk4-gc, and cbc1/cbc2 abolished the stomatal

warming response, suggesting a conserved mechanism across diverse plant lineages. More-

over, warming rapidly stimulated photosynthesis, resulting in a reduction in intercellular

(CO2). Interestingly, further enhancing heat stress caused stomatal opening uncoupled from

photosynthesis.
� We provide genetic and physiological evidence that the stomatal warming response is trig-

gered by increased CO2 assimilation and stomatal CO2 sensing. Additionally, increasing heat

stress functions via a distinct photosynthesis-uncoupled stomatal opening pathway.

Introduction

Stomata provide a gateway for plant CO2 intake and water loss.
The regulation of stomatal guard cell turgor and volume main-
tains plant water status, assists in evaporative cooling of leaves
and canopies, and facilitates CO2 influx for photosynthesis. Sto-
mata achieve this through the sensing and integration of environ-
mental signals, including blue light, red light, atmospheric CO2

concentration, humidity, ozone, and pathogen-associated mole-
cules (Merilo et al., 2018; Matthews et al., 2020; Clark
et al., 2022). Despite considerable progress toward understanding
these signaling pathways, comparatively little is known about sto-
matal sensing and response to temperature changes.

The current average global surface temperature has risen
1.09°C higher in 2010–2020 compared with the preindustrial
era (1850–1900) with a larger increase over land (1.59°C) and
is projected to continue increasing through this century

(IPCC, 2023). In light of this global warming, it is crucial to
understand and predict how stomata will respond, as this has
implications for the productivity and water use of crops and for-
ests. Studies have shown that high temperatures can induce sto-
matal opening. One of the observations was in maize
(Raschke, 1970). Several studies showed that stomatal apertures
increased when exposed to elevated temperatures in Vicia faba
(Rogers et al., 1979) and in Arabidopsis thaliana (Kostaki
et al., 2020; Korte et al., 2023). In Vicia faba, the accumulation
of K+ in stomatal guard cells (Rogers et al., 1979) and increased
activity of inward-rectifying K+ channels in guard cell protoplasts
(Ilan et al., 1995) have been demonstrated and are consistent
with temperature elevation-induced increased stomatal apertures.

Leaf mesophyll photosynthesis plays a pivotal role in regulat-
ing stomatal functions. Under red light, the elevation of CO2

assimilation reduces the internal CO2 concentration in leaves,
contributing to the initiation of stomatal opening (Mott, 1988;
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Roelfsema et al., 2002). In addition, the accumulation of
mesophyll-derived photosynthates and/or signals can affect sto-
matal movements in response to light and CO2 (Lawson
et al., 2008; Mott et al., 2008; Flütsch et al., 2020).

Compared with microscopic stomatal aperture measurements
in leaf epidermal peels, time-resolved gas exchange
measurements of intact leaves or whole plants enable a larger
signal-to-noise ratio, show time-dependent responses, and pre-
serve intact communication between mesophyll and guard cells.
Therefore, this approach has been widely used to quantify the
kinetics of stomatal responses to blue light, CO2, ozone, humid-
ity, and small molecules. However, investigating temperature
effects on stomatal conductance has been difficult because the
stomatal temperature response can be confounded by stomatal
sensitivity to the leaf-to-air vapor pressure difference (VPDleaf).
Increases in VPDleaf cause stomatal closure (Running, 1976;
Merilo et al., 2018; Grossiord et al., 2020; Hsu et al., 2021), and
temperature elevation will increase VPDleaf. Therefore, studies
seeking to measure stomatal sensitivity to temperature must con-
trol for sensitivity to VPDleaf (e.g. maintain constant VPDleaf).

A wealth of genetic resources in the model plant Arabidopsis
thaliana enables the dissection of stomatal signaling mechanisms
and pathways. Genetic mechanisms of environmental sensing
and signal transduction in guard cells have been elucidated for
several key stimuli. Stomatal opening is achieved by activating
plasma membrane H+-ATPases, causing plasma membrane
hyperpolarization, which activates inward-rectifying K+

in chan-
nels (Assmann et al., 1985; Shimazaki et al., 1986; Schroeder
et al., 1987; Pandey et al., 2007), while deactivating anion chan-
nels (Marten et al., 2007). Stomatal opening in response to blue
light is regulated by two redundant blue light-sensing protein
kinases, PHOTOTROPIN 1/2 (PHOT1/2) (Kinoshita et al.,
2001), a MAP4K kinase, BLUE LIGHT SIGNALING 1
(BLUS1) (Takemiya et al., 2013), and two redundant Raf-like
MAP3K kinase CONVERGENCE OF BLUE LIGHT AND
CO2 1 and 2 (CBC1/CBC2) (Hiyama et al., 2017). Stomatal
opening in response to low CO2 is regulated by the
CO2/bicarbonate sensing protein kinase pair, HIGH TEM-
PERATURE 1 (HT1) and MITOGEN-ACTIVATED PRO-
TEIN KINASE 12 and 4 (MPK12/MPK4), and HT1-mediated
phosphorylation and activation of CBC1/CBC2 kinase activity
(Takahashi et al., 2022). Stomata close in response to endogen-
ous ABA accumulated under abiotic stress conditions. Basal ABA
levels correlate inversely with steady-state stomatal conductance
in Arabidopsis ABA-deficient mutants (Merilo et al., 2018). With
regard to temperature signaling and response, Kostaki et al.
(2020) found that increases in stomatal apertures at elevated tem-
peratures of 35°C were reduced in phot1/phot2 double mutant
and H+-ATPase-related mutants compared with wild-type (WT)
controls. However, little else is known about the molecular
genetic signal transduction mechanisms through which different
degrees of elevated temperatures cause stomatal opening.

In this study, we improve gas exchange techniques to capture
time-resolved changes in stomatal conductance in response to
temperature increases and temperature reduction in intact leaves
attached to intact plants while stabilizing the vapor pressure

difference between leaves and ambient air. We investigated the
hypotheses that temperature shift-induced changes in stomatal
conductance may require guard cell signaling components
and/or recently identified temperature-responsive proteins. Ara-
bidopsis thaliana plants are relatively sensitive to temperature
elevation, with growth being negatively impacted by tempera-
tures above 27°C (Ludwig-Müller et al., 2000) and 30°C
(Sakata et al., 2010). We systematically characterize the stomatal
temperature response between 18°C and 28°C of defined key
mutants impaired in blue light and CO2/bicarbonate signal
transduction mechanisms and ABA biosynthesis. In addition,
we measured stomatal temperature responses of mutants that
lack the direct temperature sensors, Phytochrome B (phyB) and
EARLY FLOWERING 3 (ELF3), which are required for high
temperature-induced changes in plant development (Legris
et al., 2016; Jung et al., 2020). These analyses in many mutant
backgrounds show a major role in temperature-dependent regu-
lation of photosynthetic activity in leaves and the ensuing guard
cell CO2 signal transduction. We further develop and report an
additional approach that allows time-resolved stomatal conduc-
tance recording of the temperature response upon elevation to
34°C in intact Arabidopsis plants, providing evidence that dis-
tinct mechanisms function at these two temperature ranges.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh. Columbia-0 (Col-0) ecotype, as
WT, and mutant plants were grown in an autoclaved 3 : 1 Sun-
shine® Mix #1 (Sun Gro Horticulture, Alberta, Canada): vermi-
culite (PVP industry Inc., North Bloomfield, OH, USA) with
3.6 g l�1 of 14–14-14 slow-release fertilizer (Osmocote, Marys-
ville, OH, USA). Seeds were stratified in the dark for 48 h at
4°C. Arabidopsis plants were grown under photosynthetic photon
flux density of 100–150 μmol m�2 s�1 with a 10-h photoperiod,
22°C : 20°C, day : night temperatures, and 0.8–1 kPa saturation
deficit in a growth chamber (Conviron, Manitoba, Canada). The
Brachypodium distachyon (L.) P. Beauv. Bd21-3 line, as WT back-
ground, and Bdmpk5 CRISPR mutant plants were grown in an
autoclaved mixture of 3 : 1 : 1 Sunshine® Mix #1: perlite: vermi-
culite under photosynthetic photon flux density of 150–-
200 μmol m�2 s�1 with a 16-h photoperiod, 22°C : 20°C, day :
night temperatures, and 0.8–1 kPa vapor pressure deficit in a
custom-made growth cabinet.

Arabidopsis and Brachypodium mutants investigated in this
study were: phyB-9 (Yoshida et al., 2018), nced3-2/nced5-2 (Frey
et al., 2012), slac1-4/slah3-1/almt12-2 (Jalakas et al., 2021), ost1-
3 (Yoshida et al., 2002), phot1-5/phot2-1 (Kinoshita et al., 2001),
blus1-3 (Takemiya et al., 2013), ht1-2 (Hashimoto et al., 2006),
dominant ht1-A109V (Hõrak et al., 2016), cbc1/cbc2 (Hiyama
et al., 2017), two alleles of mpk12/4-gc (Tõldsepp et al., 2018),
and Brachypodium Bdmpk5-crispr#3 mutant (Lopez et al., 2024).
Oligos used for genotyping by PCR or Sanger sequencing of
these mutant loci are listed in Supporting Information
(Table S1).
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Time-resolved recordings of leaf gas exchange in response
to temperature changes

We recorded gas exchange rates of intact leaves attached to 5- to
7-wk-old intact plants of Col-0 WT and mutants using a porta-
ble gas exchange analyzer (LI-6800-01A; Li-Cor Inc., Lincoln,
NE, USA). Leaves were clamped into the leaf chamber and accli-
mated at 28°C leaf temperature, 400 μmol mol�1 CO2, leaf-to-
air vapor pressure difference (VPDleaf) of 1.15–1.30 kPa, and
400 μmol s�1 of air flow rate for 60–120 min. Arabidopsis leaves
were illuminated with 500 μmol m�2 s�1 photosynthetically
active radiation (PAR) in the form of 9 : 1 red light (peak wave-
length emission of 625 nm with a 16-nm full-width
half-maximum bandwidth): blue light (peak wavelength emission
of 475 nm with a 30-nm full-width half-maximum bandwidth)
from the LED source of the LI-COR 6800-01A system. Brachy-
podium leaves were illuminated with 750 μmol m�2 s�1 using the
same relative PAR spectra as above. After stomatal conductance
to water vapor (gsw) readings were stable, gas exchange readings
were recorded every 30 s for 180 min. Unless indicated otherwise,
the baseline gas exchange rates were logged at 28°C for 30 min,
followed by cooling down at 0.5°C min�1 and maintained at
18°C of leaf temperature for a total of 60 min. The leaf tempera-
ture was then increased at 2°C min�1 and kept at 28°C for a total
of 90 min. This sequence was repeated in separate experiments as
described in figure legends for leaves exposed to
150 μmol m�2 s�1 of the identical relative PAR spectra described
above, as well as darkness. When the same controls were recorded
within a set of experiments on different genotypes, the same con-
trol experiments are shown in the corresponding figures for these
genotypes. Because VPDleaf is affected by temperature and sto-
mata are sensitive to VPDleaf, we maintained VPDleaf at
1.15–1.3 kPa throughout the measurements. The stomatal con-
ductance (gsw) was not plotted during the first 25 min of tem-
perature decrease and 15 min of temperature elevation due to
unstable readings of water vapor concentration, as described in
the Results section. The same 6800-01A LI-COR gas exchange
analyzer was used for all experiments reported here. Offsets
between the two internal infrared gas analyzers reading reference
air and sample air within the 6800-01A LI-COR integrated gas
exchange analyzer system were corrected according to the manu-
facturer’s instruction by the range match functions spanning 0 to
2200 μmol mol�1 and 2 to 28 mmol mol�1 of reference CO2

and water vapor concentrations, respectively.
For experiments analyzing responses up to 34°C, leaves were

clamped into the leaf chamber and acclimated at 34°C,
400 μmol mol�1 CO2, leaf-to-air vapor pressure difference
(VPDleaf) of 1.5 kPa, and 250 μmol s�1 of air flow rate for
60–120 min. Leaves were illuminated with 150 μmol m�2 s�1

PAR in a 9 : 1 red light: blue light ratio. To maintain VPDleaf,
the gas exchange analyzer and plant were exposed to a high ambi-
ent temperature of 29°C for 4.5 h. inside the growth chamber.
After stomatal conductance (gsw) readings were stable, stomatal
conductance and CO2 assimilation rate readings were recorded
every 30 s for 180 min. The baseline gas exchange rates were
logged at 34°C for 30 min, followed by cooling down at 0.6°C

min�1 and maintained at 22°C of leaf temperature for a total of
60 min. The leaf temperature was then increased at 0.6°C min�1

and kept at 34°C for a total of 90 min.
The difference of gsw (Δgsw) of individual measurements

was calculated by subtracting the average of 5-min recordings
at 25.5–30.0 min (30 min), 65.5–70.0 min (70 min), 85.5–
90.0 min (90 min), 115.5–120.0 min (120 min), and 175.0–
179.5 min (180 min). Half-time responses for stomatal closing
and opening were calculated as the time required to achieve 50%
of the recorded maximum stomatal conductance reduction and
50% of the recorded maximum stomatal conductance increase,
respectively.

Leaf photosynthesis measurements

Leaves of Col-0 WT plant were acclimated for 5–10 min at the
indicated light fluence rates and/or leaf temperatures. Then, net
CO2 assimilation rates (A) and leaf intercellular CO2 concentra-
tions (ci) were recorded at 12 sequential reference CO2 concen-
trations from 400, 300, 200, 100, 50, 25, 400, 600, 800, 1000,
1300, and 1500 μmol mol�1. To derive the maximum rate of
carboxylation (Vcmax

) and the rate of electron transport (J ), CO2

assimilation rates as a function of the ci were analyzed with the
Farquhar–von Caemmerer–Berry model (Farquhar et al., 1980)
using the Plantecophys package in R (Duursma, 2015).

Results

Intact plants show robust and reversible changes in
stomatal conductance in response to temperature shifts

To investigate the effect of temperature changes on stomatal
movements in intact plants, we developed time-resolved gas
exchange measurements in intact leaves to capture the stomatal
response to temperature shifts. Under water-unsaturated air,
changing leaf temperature causes an increased VPDleaf. High
VPDleaf is the driving force of evapotranspiration and induces
stomatal closure (Running, 1976; Merilo et al., 2018; Grossiord
et al., 2020). In this study, we maintained the VPDleaf at a stable
level by adjusting the incoming water vapor concentration while
temperature changes were imposed. We observed a time-resolved
reduction in stomatal conductance in Col-0 WT leaves in
response to temperature decreases from 28°C to 18°C (Fig. 1a;
Paired Student’s t-test, P= 0.016 from 30 min at 28°C to
70 min at 18°C, P= 0.021 from 30 min at 28°C to 90 min at
18°C). Temperature elevation from 18°C to 28°C resulted in
increases in stomatal conductance (Fig. 1b; P= 0.005 from
90 min at 18°C to 120 min at 28°C, P= 0.022 from 90 min at
18°C to 180 min at 28°C; paired Student’s t-test). We measured
stomatal responses to temperature shifts and found consistent
results in >10 sets of independent experiments (n= 3–9 Col-0
WT leaves for each independent set of experiments). Note that
initially, during the imposed temperature shifts, VPDleaf control
showed slight instability while the LI-6800-01A made the neces-
sary internal adjustments (Fig. 1c), and these brief periods were,
therefore, not included in the analyses. During these initial
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periods, stomatal conductance could show responses opposite to
the temperature effects (Fig. 1a). These transient responses are in
line with an initial VPDleaf response before the VPDleaf was stabi-
lized (Fig. 1c). We leveraged these techniques to investigate the
genetic requirement of key guard cell signaling components for
the stomatal temperature response.

Anion channels and OST1/SnRK2.6 kinase are genetically
required for stomatal responses to temperature shifts

Slow-type and rapid-type anion channels in the plasma mem-
brane are central to guard cell osmotic regulation (Keller
et al., 1989; Schroeder & Hagiwara, 1989; Schroeder et al.,
1993; Negi et al., 2008; Vahisalu et al., 2008; Meyer et al.,
2010). We tested the stomatal temperature response of slac1/sla-
h3/almt12 triple-mutant leaves disrupting the S-type anion chan-
nels (SLOW ANION CHANNEL-ASSOCIATED 1; SLAC1 and
SLAC1 HOMOLOG 3; SLAH3) and R-type anion channel (-
ALUMINUM-ACTIVATED, MALATE TRANSPORTER 12;
ALMT12). We found that slac1-4/slah3-1/almt12-2 triple-mutant
leaves have a significantly higher steady-state stomatal conduc-
tance than Col-0 WT (Fig. S1a). Upon decreasing the tempera-
ture from 28°C to 18°C, the stomatal conductance of the triple
mutant decreased slightly and continued to decrease slowly until
the end of low-temperature exposures (Fig. S1a). Strikingly, we
found that the stomatal conductance of slac1-4/slah3-1/almt12-2
triple-mutant leaves did not increase when shifting the tempera-
ture from 18°C to 28°C (Fig. S1a,c). The high stomatal conduc-
tance in slac1-4/slah3-1/almt12-2 triple-mutant leaves may be a
cause for the lack of further opening. The limited stomatal
responses to temperature changes indicate that S-type and R-type
anion channels play a role in stomatal responses to temperature
changes (Fig. S1).

OPEN STOMATA1/SUCROSE-NON-FERMENTING-1-
RELATED 2.6 (OST1/SnRK2.6) is a member of the SnRK2
protein kinase family in Arabidopsis. OST1/SnRK2.6 function
is central for stomatal closure at post-translational and transcrip-
tional levels (Mustilli et al., 2002). High ABA concentrations in

guard cells inhibit group A type 2C protein phosphatase, activat-
ing OST1 kinase activity (Ma et al., 2009; Park et al., 2009).
OST1, in turn, activates SLAC1 through phosphorylation and
causes anion efflux and, thus, stomatal closure (Geiger
et al., 2009; Lee et al., 2009; Brandt et al., 2012), and ost1-3
mutants impair multiple stomatal closing responses. We mea-
sured stomatal conductance in response to temperature shifts of
the ost1-3 mutant leaves. We found that ost1-3 mutant leaves
show high steady-state stomatal conductance, a delayed stomatal
closing in response to temperature reduction compared with Col-
0 WT, and no clear stomatal opening in response to temperature
elevation (Fig. S2), indicating that OST1/SnRK2.6 function is
important for the stomatal temperature response.

Analyses of blue-light signaling mutants in warming-
induced stomatal opening

Blue light receptors PHOT1/2 and the downstream BLUS1
kinase are required for stomatal opening in response to blue light
(Kinoshita et al., 2001; Takemiya et al., 2013) We found that
stomatal closure of phot1-5/phot2-1 double-mutant leaves in
response to temperature reduction occurred. Warming-induced
steady-state stomatal opening in phot1-5/phot2-1 double-mutant
leaves was significantly reduced in two sets of independent experi-
ments (Fig. 2a–c: P= 0.046 from 90 min at 18°C to 120 min at
28°C, P= 0.044 from 90 min at 18°C to 150 min at 28°C;
n= 4 plants per genotype and Fig. S3(a–c); P= 0.193 from
90 min at 18°C to 120 min at 28°C, P= 0.005 from 90 min at
18°C to 150 min at 28°C; n= 4 plants per genotype; one-way
ANOVA with post hoc Tukey’s HSD test). We investigated
whether the downstream BLUS1 kinase is genetically necessary.
We found that blus1-3 mutant leaves disrupting the BLUS1
kinase (Takemiya et al., 2013) showed robust steady-state stoma-
tal closing in response to temperature reduction with some slight
difference in the initial response in one set of experiments
(Fig. 2a,b: P= 0.044 from 30 min at 28°C to 70 min at 18°C,
P= 0.110 from 30 min at 28°C to 90 min at 18°C; n= 6 plants
per genotype; independent Students’ t-test and Fig. S3(a,b);

Fig. 1 Stomatal conductance (gsw) of Col-0 wild-type (WT) changes reversibly in response to temperature changes. (a) Time-resolved stomatal
conductance (gsw) changes in response to (b) leaf temperature (Tleaf) shifts in Col-0 WT leaves (n= 4) while (c) the leaf-to-air vapor pressure difference
(VPDleaf) was maintained. Measurements were performed under 450 μmol m�2 s�1 of red light combined with 50 μmolm�2 s�1 of blue light, a CO2

concentration of 400 μmol mol�1, and c. 1.2 kPa leaf-to-air vapor pressure difference. Records of stomatal conductance are not shown immediately during
the temperature transition (See the Results and Materials and Methods sections). Note that the same Col-0 WT data are shown in Fig. 5(a–c, g–i),
Supporting Information Fig. S11(a–d), as those mutants were grown in parallel and measured in the same set of experiments. Data represent mean� SE.
Col-0 WT leaves were measured in >10 sets of independent experiments; each showed similar findings.
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P= 0.660 from 30 min at 28°C to 70 min at 18°C, P= 0.550
from 30 min at 28°C to 90 min at 18°C; n= 4 plants per geno-
type; one-way ANOVA with post hoc Tukey’s HSD test). In addi-
tion, stomatal conductance of blus1-3 mutant leaves increased in
response to the imposed temperature increase with a reduced
steady-state response in one set of experiments compared with
Col-0 WT (Fig. 2d–f: P= 0.242 from 90 min at 18°C to
120 min at 28°C, P= 0.027 from 90 min at 18°C to 150 min at
28°C; n= 6 plants per genotype and Fig. S3(d–f); P= 0.173
from 90 min at 18°C to 120 min at 28°C, P= 0.975 from
90 min at 18°C to 150 min at 28°C; n= 4 plants per genotype;
one-way ANOVA with post hoc Tukey’s HSD test).

De novo synthesis of ABA is not essential for stomatal closure
in response to temperature reduction from 28°C to 18°C

Reduced stomatal conductance is associated with elevated leaf
ABA concentrations. Therefore, we investigated whether de novo
synthesis of ABA by NINE-CIS-EPOXYCAROTENOID
DIOXYGENASE 3/5 (NCED3/NCED5) proteins is involved in
stomatal closure in response to temperature reduction. We mea-
sured the stomatal conductance of nced3-2/nced5-2 double
mutant, impairing the rate-limiting NCED3/NCED5 enzymes
for ABA synthesis, which results in low ABA levels in leaves

(Iuchi et al., 2001; Chater et al., 2015; Hsu et al., 2018). As
expected, nced3-2/nced5-2 double-mutant leaves showed a high
steady-state stomatal conductance (Fig. S4a). Interestingly, sto-
matal conductance robustly and significantly decreased in
response to temperature decreases and even showed a slightly
higher average decrease in steady-state stomatal conductance than
parallel-grown WT control plants (Fig. S4b). In contrast to the
high stomatal conductance of slac1-4/slah3-1/almt12-2 triple
mutant (Fig. S1c) and ost1-3 mutant (Fig. S2c,f), the stomatal
conductance of nced3-2/nced5-2 double-mutant leaves rose in
response to temperature elevation similar to WT control plants
(Fig. S4a–c). Since reduced ABA levels in nced3/nced5 double-
mutant impair stomatal closing in response to other stimuli but
did not reduce the cooling-induced stomatal closing response
(Fig. S4), these data suggest that de novo synthesis of stress-linked
ABA is not essential for the stomatal closing response to tempera-
ture decreases.

phyB-9 and elf3-1mutants disrupting temperature sensing
do not show a dramatic effect on stomatal temperature
response

Plant development at temperatures greater than 25–27°C is regu-
lated by direct biophysical changes associated with transcriptional

Fig. 2 Stomatal blue light signaling partially contributes to warming-induced stomatal opening (a, d) Time-resolved stomatal conductance (gsw) changes in
response to temperature changes in leaves of Col-0 wild-type (WT) (n= 4), the phot1-5/phot2-1 double mutant (n= 4) in (a), and the blus1-3mutant
(n= 6) in (d). Measurements were performed under 450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue light, a CO2 concentration of
400 μmol mol�1, and c. 1.2 kPa of leaf-to-air vapor pressure difference. (b, c, e, f) Changes in stomatal conductance (Δgsw) in response to temperature
decreases in (b, e) and temperature increases in (c, f) were determined as described in the Materials and Methods section. Note that the same Col-0 WT
control data are shown in Fig. 2(a–c), Supporting Information Fig. S5(a–c) as other mutants were grown in parallel and measured in the same set of
experiments. Data represent mean� SE. Statistical analyses in (b, c) were done using one-way ANOVA with pairwise Tukey’s HSD post hoc test between
the WT and the mutant line; the P-values presented above bar graphs are the same as in Fig. S16(a–d). For (e–f), statistical analyses were done using
independent Student’s t-tests between the WT and the mutant line. phot1-5/phot2-1 double-mutant and blus1-3mutant leaves were measured in
another set of independent experiments as shown in Fig. S3(a–f), respectively.
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responses conferred by the thermal reversion of inactive to active
forms of phyB (Legris et al., 2016) and condensate formation of
EARLY-FLOWERING 3 containing a temperature-sensitive
prion-like domain (Jung et al., 2020). In publicly available tran-
scriptome datasets, both phyB and ELF3 express at moderate to
high levels in mature guard cells (Yang et al., 2008; Pandey
et al., 2010; Bates et al., 2012). It is possible that these known
plant temperature sensors may be essential for stomatal responses
to elevated temperatures. We tested this hypothesis by measuring
the stomatal conductance of the strong phyB-9 mutant allele that
disrupts phyB function (Reed et al., 1993; Yoshida et al., 2018)
and the elf3-1 mutant lacking ELF3 functions (Covington
et al., 2001). phyB-9 mutant leaves exhibited similar steady-state
stomatal conductance responses to temperature reduction as WT
controls but showed a reduction in stomatal opening at an early
time point, which was consistent in two set of independent
experiments (Fig. 3a–c; P< 0.001 from 90 min at 18°C to
120 min at 28°C, P= 0.880 from 90 min at 18°C to 180 min at
28°C; n= 9 plants per genotype; independent Students’ t-test
and Fig. S5a; P= 0.001 from 90 min at 18°C to 120 min at
28°C, P= 0.168 from 90 min at 18°C to 180 min at 28°C;
n= 4 plants per genotype; one-way ANOVA with post hoc
Tukey’s HSD test). These data show a slight effect in phyB
mutant leaves, but phyB is not essential for the steady-state tem-
perature increase response. Similarly, elf3-1 mutant leaves showed
a slight difference in stomatal conductance responses to tempera-
ture elevation, which was consistent with two sets of independent
experiments (Fig. 3d–f; P= 0.032 from 90 min at 18°C to
120 min at 28°C, P= 0.414 from 90 min at 18°C to 180 min at
28°C; n= 7 plants per genotype and Fig. S5d–f; P= 0.025 from
90 min at 18°C to 120 min at 28°C, P= 0.080 from 90 min at

18°C to 180 min at 28°C; n= 4 plants per genotype; indepen-
dent Students’ t-test). ELF3 may slightly affect the stomatal tem-
perature response but is not essential for the steady-state stomatal
temperature responses.

Stomatal CO2/bicarbonate sensing and signaling
mechanisms are essential for stomatal temperature
responses

Elevated CO2 concentrations induce stomatal closure, and
reduced CO2 concentrations cause stomatal opening. Recently, a
high CO2/bicarbonate-dependent inhibitory interaction of the
Raf-like protein kinase HT1 with the MPK12/MPK4 was identi-
fied as a biochemical mechanism for the primary
CO2/bicarbonate sensor in guard cells (Takahashi et al., 2022).
Here, we measured stomatal temperature responses of ht1-2
mutant leaves. The ht1-2 mutant, which strongly impairs HT1
kinase activity, displays constitutively low stomatal conductance
and fails to open stomata in response to low CO2 concentration
(Hashimoto et al., 2006). Strikingly, we found that stomatal clos-
ing in response to temperature reduction and stomatal opening
in response to temperature warming were severely impaired in
ht1-2 mutant leaves (Figs 4a–c, S6a–c).

Next, we tested the stomatal temperature response of a domi-
nant ht1-A109V mutant allele in the HT1 gene (Hõrak
et al., 2016). The HT1-A109V mutation is linked to the disrup-
tion of the inhibitory interaction of HT1 with MPK12 or MPK4
(Takahashi et al., 2022) and, therefore, causes a constitutively
high stomatal conductance and defective stomatal closure in
response to elevated CO2 (Hõrak et al., 2016). Interestingly, we
found that ht1-A109V mutant leaves showed dramatic

Fig. 3 phyB-9mutant and elf3-1mutant do not
show a dramatic effect on stomatal responses to
temperature changes. (a, d) Time-resolved
stomatal conductance (gsw) changes in response
to temperature in leaves of Col-0 wild-type (WT)
(n= 7–9), phyB-9mutant (n= 9) in (a), and
elf3-1mutant (n= 7) in (d). Measurements were
performed under 450 μmol m�2 s�1 of red light
combined with 50 μmol m�2 s�1 of blue light, a
CO2 concentration of 400 μmol mol�1, and c.
1.2 kPa of leaf-to-air vapor pressure difference.
(b, c, e, f) Changes in stomatal conductance
(Δgsw) in response to temperature decreases in
(b, e) and temperature increases in (c, f) were
determined as described in the Materials and
Methods section. Data represent mean� SE.
Statistical analyses were done using independent
Student’s t-tests between the WT and the
mutant line; the P-values are presented above
bar graphs (see also Supporting Information
Fig. S12). phyB-9 and elf3-1mutant leaves were
measured in another set of independent
experiments as shown in Fig. S5(a–f).
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impairments in stomatal conductance changes in response to
temperature shifts in contrast to WT controls (Figs 4d–f, S6d–f).

In further experiments, we measured the stomatal temperature
responses in two independent lines of mpk12/mpk4-gc double
mutants associated with loss of MPK12 function and reduced
expression levels of MPK4 in guard cells (Tõldsepp et al., 2018).
We found that mpk12/mpk4-gc double-mutant leaves had higher
steady-state stomatal conductances, as expected, and either failed
to respond or showed a weak response to temperature changes
(Figs 5a–c, S7a–c). The statistical variability and larger confi-
dence interval in the stomatal opening response found for the
mpk12/4-gc-1 allele (Fig. 5c; P= 0.210 from 90 min at 18°C to
180 min at 28°C; one-way ANOVA with post hoc Tukey’s HSD
test) may be due to the less perfect silencing of mpk4 in guard
cells in this propagated line. In Brachypodium distachyon, a single
BdMPK5 gene was identified as an Arabidopsis MPK12/MPK4
ortholog by forward genetic screening (Lopez et al., 2024).
Therefore, full knockout of the orthologous BdMPK5 gene is fea-
sible in Brachypodium (Lopez et al., 2024). We thus tested
Bdmpk5 CRISPR knockout mutant plants and compared the
responses with the response of the Bd21-3 WT parent line. These
experiments showed that Bdmpk5 mutant leaves show only a

weak stomatal closing response to temperature reduction and an
absence of warming-induced stomatal opening (Fig. 5d–f).

CONVERGENCE OF BLUE LIGHT AND CO2 1 and 2
are Raf-like kinases that function downstream of HT1 and the
blue light sensor PHOT1 (Hiyama et al., 2017). CBC1 is
required for the blue light inhibition of the S-type anion channel
activity and for stomatal opening in response to low CO2 and
blue light exposure (Hiyama et al., 2017). In addition to the
CO2/bicarbonate sensor components, HT1 and MPK12/4, we
tested whether the directly downstream located CBC1 and
CBC2 (Hiyama et al., 2017; Takahashi et al., 2022) are required
for stomatal temperature responses. We measured the changes in
stomatal conductance of cbc1/cbc2 double-mutant leaves. Similar
to the ht1-2 kinase mutant, cbc1/cbc2 double-mutant leaves
showed strongly impaired stomatal responses to temperature
shifts (Figs 5g–i, S7d–f). Notably, together, the impaired stoma-
tal temperature response phenotypes of ht1-2 mutant, ht1-
A109V mutant, mpk12/4-gc double mutants, and cbc1/cbc2
double-mutants point to the model that guard cell
CO2/bicarbonate sensing and signaling mechanisms are essential
for stomatal temperature warming responses in the investigated
range. However, the underlying mechanisms remained unclear.

Fig. 4 Stomatal responses to temperature shifts are severely impaired in CO2/bicarbonate sensing ht1-2 and dominant ht1-A109Vmutant leaves.
(a, d) Time-resolved stomatal conductance (gsw) changes in response to temperature changes in leaves of Col-0 wild-type (WT) and ht1-2mutant (n= 4)
in (a) and ht1-A109Vmutant (n= 4) in (d). Measurements were performed under 450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue
light, a CO2 concentration of 400 μmol mol�1, and c. 1.2 kPa of leaf-to-air vapor pressure difference. (b, c, e, f) Changes in stomatal conductance (Δgsw) in
response to temperature decreases in (b, e) and temperature increases in (c, f) were determined as described in the Materials and Methods section. Note
that the same Col-0 WT control data are shown in (a–c) are the same as shown in Fig. 6(a–c), while the control data in (d–f) are similar to Fig. 7(a–c),
Supporting Information Figs S2(d–f), S4(a–c), as other mutants were grown in parallel and measured in the same sets of experiments. Data represent
mean� SE. Statistical analyses were done using one-way ANOVA with pairwise Tukey’s HSD post hoc test between the WT and the mutant line; the P-
values presented above bar graphs are the same as in Figs S13(a–d) and S14(a–d) for ht1-2mutant and ht1-A109Vmutant. The ht1-2mutant and ht1-

A109Vmutant leaves were measured in another set of independent experiments as shown in Fig. S6(a–f), respectively.
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Stomatal temperature response is dependent on light
intensity

We observed robust stomatal temperature responses when measured
at a high light intensity of 500 μmolm�2 s�1 in Col-0 WT con-
trols. Strikingly, a clear steady-state stomatal temperature response
was absent under a low light fluence rate of 150 μmolm�2 s�1

(Fig. 6a–c; wild-type at low light: P= 0.410 from 30min at 28°C
to 90min at 18°C, and P= 0.634 from 90min at 18°C to
180min at 28°C; Paired Student’s t-test and Fig. S8a–c). The

warming-induced increase in stomatal conductance under high light
was associated with rapidly increased CO2 assimilation rates
(Figs 6d–f, S8d–f). Under high light at 28°C, an increased CO2

assimilation was confirmed with increases in maximum carboxyla-
tion efficiency (Vcmax

) and electron transport rate (J ) (Fig. 6g–j).
To test the hypothesis that increased photosynthesis is required

for the stomatal temperature response, we measured stomatal
conductance in response to temperature changes under darkness.
We found that the stomatal temperature response was disrupted
in the dark when photosynthesis was absent (Figs 7a–c, S9a–c).

Fig. 5 Impaired temperature shift-induced stomatal conductance responses of Arabidopsis mpk12/mpk4-gc double mutant, Brachypodium Bdmpk5

mutant, and cbc1/cbc2 double-mutant leaves. (a, d, g) Time-resolved stomatal conductance (gsw) changes in response to temperature changes in leaves of
Col-0 wild-type (WT) (a, g, n= 4), Brachypodium Bd21-3 WT (d, n= 6 plants),mpk12/4-gcmutant leaves (n= 4) in (a), Brachypodium Bdmpk5mutant
(d, n= 6 plants) and cbc1/cbc2 double-mutant leaves (n= 4) in (g). For Arabidopsis experiments in (a–c) and (g–i), measurements were performed under
450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue light, a CO2 concentration of 400 μmol mol�1, and c. 1.2 kPa of leaf-to-air vapor
pressure difference. Measurements in experiments in (d–f) were conducted similarly, except Brachypodium leaves were illuminated under
675 μmol m�2 s�1 of red light combined with 75 μmol m�2 s�1 of blue light. (b, c, e, f, h, i) Changes in stomatal conductance (Δgsw) in response to
temperature decreases in (b, e, h) and temperature increases in (c, f, i) were determined as described in the Materials and Methods section. Note that the
same Arabidopsis Col-0 WT control data are shown in Fig. 5(a�c, g�i), as other mutants were grown in parallel and measured in the same set of
experiments. Data represent mean� SE. For (b, c) and (h, i), statistical analyses were done using one-way ANOVA with pairwise Tukey’s HSD post hoc test
between the Arabidopsis Col-0 WT and the mutant line; the P-values presented above bar graphs are the same as in Fig. S11(a–d). For (e–f), statistical
analyses were performed using independent Student’s t-tests between the Bd21-3 WT and the mutant line. The Arabidopsis mpk12/4-gc-2 double mutant
and cbc1/cbc2 double-mutant leaves were measured in another set of independent experiments as shown in Fig. S7(a–f), respectively.
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Fig. 6 Low light negates the stomatal and photosynthetic responses to temperature changes. (a) Time-resolved changes in stomatal conductance (gsw) in
(a) and CO2 assimilation (A) in (d) in response to temperature in Col-0 wild-type (WT) leaves under 150 μmol m�2 s�1 (n= 4) and 500 μmol m�2 s�1

(n= 4). Measurements were performed under two light conditions: 450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue light and
135 μmol m�2 s�1 of red light combined with 15 μmol m�2 s�1 of blue light, a CO2 concentration of 400 μmol mol�1, and 1.2 kPa of leaf-to-air vapor
pressure difference. (b, c, e, f) Changes in stomatal conductance (Δgsw) and CO2 assimilation (ΔA) in response to temperature decreases in (b, e) and
temperature increases in (c, f) were determined as described in the Materials and Methods section. (g, h) Photosynthetic A–ci response curves of Col-0 WT
at 150 μmol m�2 s�1 (n= 4) in (g) and 500 μmol m�2 s�1 (n= 4) in (h). (i, j) Derived parameters from the A–ci response curve, including (i) maximum
carboxylation efficiency (Vcmax

) and (j) electron transport rate (J ). Note that the same Col-0 WT control data measured at high light of 500 μmol m�2 s�1

are shown in Fig. 4(a–c) as other mutants were grown in parallel and measured in the same set of experiments. Data represent mean� SE. Statistical
analyses were done using one-way ANOVA with pairwise Tukey’s HSD post hoc test between the light conditions (Supporting Information Fig. (S13(a–d)).
The P-values presented above bar graphs are the same as in Fig. S13(a–d). The direct comparison of light experiments was measured in another set of
independent experiments as shown in Fig. S8.
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In the dark, temperature increases did not increase CO2 assimila-
tion rates (Figs 7d–f, S9d–f).

Based on the above findings, we further investigated tempera-
ture shift-induced changes in calculated intercellular leaf CO2 (ci)
concentrations (Figs 8c). These analyses show, as predicted (Far-
quhar et al., 1978), that ci transiently shifts in response to tem-
perature changes (Figs 8c), consistent with ci changes not only
initiating the stomatal temperature response but also indicating
that additional mechanisms are required for maintaining steady-
state temperature-dependent stomatal conductance shifts (see
Discussion section).

Discussion

Temperature elevation is known to cause stomatal opening (Dar-
win, 1898; Raschke, 1970; Rogers et al., 1979). However, the
underlying molecular genetic mechanisms remain, to a large
degree, unknown. In the present study, we investigated the impact
of mutations in known guard cell signal transduction pathways on
reversible time-resolved temperature shift-induced stomatal open-
ing and closing. Using a genetics approach, Arabidopsis and Brachy-
podium mutants disrupting upstream CO2 sensing and signaling
mechanisms show severely impaired stomatal opening in response

to elevated temperatures and stomatal closing in response to low
temperatures (Figs 4, 5, S6, S7). Furthermore, a robust warming-
induced stomatal opening required exposure to high light and was
disrupted under low light fluence rate and darkness (Figs 6a–f,
7a–f, S8a–f, and S9a–f). Examination of CO2 assimilation rates
showed that temperature elevation caused a rapid increase in CO2

assimilation and an ensuing transient decrease in ci levels (Fig. 8b,
c). Our findings suggest that, upon a temperature increase, low leaf
intercellular CO2 concentrations resulting from a rapid increase in
CO2 assimilation trigger stomatal opening. The molecular path-
way for the stomatal response to temperature changes requires the
major CO2 sensing mechanisms in the stomatal CO2 signaling
pathway and may, therefore, be initiated by a rapid reduction in
leaf intercellular CO2 concentration. Moreover, the transient
change in leaf internal CO2 concentration indicates a function for
an additional component that maintains stomatal opening upon
temperature elevation, as discussed further below.

Stomatal blue light signaling partially contributes to
warming-induced stomatal opening

It was recently shown that blue light signaling components con-
tribute to stomatal opening at elevated temperatures of 35°C

Fig. 7 Darkness disrupts the stomatal responses to temperature changes. (a, d) Time-resolved changes in stomatal conductance (gsw) in (a) and CO2

assimilation (A) in (d) in response to temperature shifts in Col-0 wild-type (WT) under 500 μmol m�2 s�1 (n= 4) and darkness (n= 5). Measurements were
performed under two light conditions: 450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue light, and darkness (0 μmol m�2 s�1), a CO2

concentration of 400 μmol mol�1, and c. 1.2 kPa of leaf-to-air vapor pressure difference. (b, c, e, f) Changes in stomatal conductance (Δgsw) and CO2

assimilation (ΔA) in response to temperature decreases in (b, e) and temperature increases in (c, f) were determined as described in the Materials and
Methods section. Note that the same Col-0 WT control data measured at high light of 500 μmol m�2 s�1 are shown in Fig. 4(d–f), Supporting
Information S2(d–f), S4(a–c), as other mutants were grown in parallel and measured in the same set of experiments. Data represent mean� SE. Statistical
analyses were done using one-way ANOVA with pairwise Tukey’s HSD post hoc test between the light conditions (see also Figs S18, S19). The P-values
presented above bar graphs are the same as in Fig. S14(a–d). Light experiments were measured in another set of independent experiments as shown in
Supporting Information Fig. S9.
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(Kostaki et al., 2020). Our study correlates with this model,
based on evidence that phot1-5/phot2-1 double-mutant leaves
show reduced stomatal opening in response to temperature
increases to 28°C (Figs 2a–c, S3a–c). Upon blue light exposure,
PHOT1 phosphorylates itself and activates the downstream
BLUS1 kinase, leading to increased H+-ATPase activity,
resulting in guard cell plasma membrane hyperpolarization and
stomatal opening (Takemiya et al., 2013). Plasma membrane
H+-ATPases act downstream of PHOT1/PHOT2 and BLUS1
(Kinoshita et al., 2001; Takemiya et al., 2013). Blue light-
induced activation of H+-ATPase causes guard cell membrane
hyperpolarization and subsequent activation of inward-rectifying
potassium channels (Assmann et al., 1985; Shimazaki
et al., 1986; Schroeder et al., 1987). ARABIDOPSIS H+-ATPASE
1/2 (AHA1/AHA2) are highly expressed in guard cells. However,

the aha1/aha2 double mutant is embryonic lethal (Haruta
et al., 2010; Kostaki et al., 2020). Therefore, the likely role of
plasma membrane H+-ATPases was not investigated in the pre-
sent study. Temperature shift-induced changes in stomatal con-
ductance were robust in blus1-3 mutant leaves, with an apparent
only slightly reduced stomatal opening response at some time
points, which was not consistent in two independent sets of
experiments (Figs 2d–f, S3d–f). Note that the different tempera-
ture ranges analyzed in the present study (18 to 28°C) and by
Kostaki et al. (2020; 22 to 35°C) may provide a basis for this dif-
ference, as discussed further below.

Interestingly, high temperature-induced stomatal opening is
severely impaired in cbc1/cbc2 double-mutant leaves (Figs 5g–i,
S7d–f). CBC1 and CBC2 have been shown to function as blue
light and CO2 signaling components that are required for

Fig. 8 Distinct effects of 28°C and 34°C temperature shifts on intercellular leaf CO2 concentrations and model for present findings of genetic and
physiological signal transduction mechanisms that strongly regulate stomatal opening to temperature elevation and stomatal closure to temperature
reduction. (a–f) Time-resolved measurement of (a, d) stomatal conductance (gsw), (b, e) CO2 assimilation rates, and (c, f) intercellular CO2 concentrations
in response to indicated leaf temperature (Tleaf) shifts in Col-0 wild-type leaves (n= 4). (d, f) Time-resolved measurements at higher temperatures from 22
to 34°C (see the Materials and Methods section). (g) The presented data provide consistent evidence that the guard cell warming temperature response is
triggered via the early CO2 sensing and signal transduction pathway with a contribution that depends on PHOT1/PHOT2 (see Results and Discussion
sections). Warming temperatures enhance photosynthesis in leaves, thus reducing intercellular CO2 and initiating stomatal opening via the CO2/
bicarbonate MITOGEN-ACTIVATED PROTEIN KINASE 12 and 4 (MPK12/4)–HIGH TEMPERATURE 1 (HT1) sensor. A further component is required and
an energy charge component (Farquhar & Wong, 1984; Buckley et al., 2003) is discussed that maintains stomatal opening after a restored level of leaf
internal CO2 concentrations (See Discussion section). At higher temperatures, a decoupling of stomatal opening from photosynthesis occurs (Heat: lower
left in g). Recent research has shown a requirement of PHOT1/PHOT2 for the stomatal response to heat stress (Kostaki et al., 2020). For (a–c),
measurements were performed under 450 μmol m�2 s�1 of red light combined with 50 μmol m�2 s�1 of blue light, a CO2 concentration of 400 μmol mol�1,
and a 1.2 kPa leaf-to-air vapor pressure difference. For (d–f), measurements were conducted under the same relative light spectra and CO2 concentration,
except a total light fluence rate of 150 μmol m�2 s�1 and 1.5 kPa of vapor pressure difference were imposed. Records of stomatal conductance are not
shown immediately during the temperature transition (See the Results and Materials and Methods sections). Note that the same data in Fig. 8(a) are
shown in Fig. 5(a,g). Data represent mean� SE. For (d–f), another set of independent experiments shown in Fig. S10 resulted in similar findings.

� 2024 The Author(s).
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blue light inhibition of S-type anion channels (Hiyama
et al., 2017). Blue light-induced inhibition of S-type anion chan-
nels is impaired in the phot1-5/phot2-1 double mutant (Marten
et al., 2007) and in the cbc1/cbc2 double mutant (Hiyama
et al., 2017). Note that blue light and CO2 signaling protein
kinases phosphorylate CBC1 at different sites and regulate CBC1
via different mechanisms (Hiyama et al., 2017; Takahashi
et al., 2022). The impaired stomatal opening in response to tem-
perature elevation of intact leaves (Figs 5g–i, S7d–f) would be
consistent with the reduced increase in stomatal aperture at high
temperature- in epidermal fragments of the phot1-5/phot2-1 dou-
ble mutant (Kostaki et al., 2020). Our findings may be linked to
an increase in S-type anion channel activity in the phot1-5/phot2-
1 double mutant due to the lack of phototropin-dependent inhi-
bition (Kinoshita et al., 2001; Marten et al., 2007).

SnRK2.6/OST1 kinase affects stomatal responses

Mutant leaves disrupting the OST1/SnRK2.6 kinase showed
impaired stomatal closing in response to temperature decreases in
two sets of independent experiments (Fig. S2a–f). The
OST1/SnRK2.6 kinase is central to stomatal regulation, affecting
many stomatal signaling pathways. The ost1-3 mutant is insensi-
tive to exogenous ABA and shows impaired stomatal closure in
response to high ozone, CO2, and VPD (Mustilli et al., 2002;
Hsu et al., 2018, 2021; Merilo et al., 2018). Interestingly, nced3-
2/nced5-2 double-mutant plants that are impaired in ABA bio-
synthesis show intact stomatal closing in response to temperature
reduction and robust stomatal opening when temperature is
increased (Fig. S4a–c). This indicates that temperature
reduction-induced stomatal closure may not be linked to a rapid
NCED-dependent increase in ABA biosynthesis. An average
slightly stronger decrease in stomatal conductance in response to
temperature decreases of nced3-2/nced5-2 double-mutant leaves
(Fig. S4b; P= 0.063 from 30 min at 28°C to 90 min at 18°C;
n= 4 plants per genotype) also contrasts with the reduced ABA-
induced stomatal closing in ABA-deficient mutants, and may
therefore be the result of the larger steady-state stomatal conduc-
tance of this mutant (Chater et al., 2015; Hsu et al., 2018).
Future studies of ABA receptor mutants could provide additional
insights into the role of ABA signaling on guard cell temperature
signaling.

Stomatal opening at warm temperatures is mediated by
stomatal CO2/bicarbonate signal transduction

Mutants in the stomatal CO2 sensor subunit, ht1-2 and ht1-
A109V (Takahashi et al., 2022), show severely impaired stomatal
responses to temperature changes (Figs 4a–f, S6a–f). In addition,
silencing alleles in mpk12/mpk4-gc, and Brachypodium Bdmpk5
knockout plants and cbc1/cbc2 double mutants showed impaired
temperature responses (Figs 5a–i, S7a–f). These data demonstrate
that guard cell CO2/bicarbonate signaling mechanisms play a
central role in driving the stomatal warm temperature response.
A recent study showed that BdMPK5 protein was able to recon-
stitute high CO2/bicarbonate-induced inhibition of HT1 kinase

activity, suggesting that BdMPK5 is a component of the CO2

sensor in Brachypodium (Lopez et al., 2024). The strongly
impaired stomatal warming responses of MAP kinase mutant
plants in both Arabidopsis and Brachypodium (Fig. 5) indicate a
conserved genetic requirement of CO2/bicarbonate sensing com-
ponents (Takahashi et al., 2022; Lopez et al., 2024) for the sto-
matal warming response across C3 dicot and monocot species.

We further show that cooling-induced stomatal closure and
warming-induced stomatal opening depend on a high light flu-
ence rate. When the temperature increased from 18°C to 28°C
under high light (500 μmol m�2 s�1), an increase in stomatal
conductance coincided with an increased CO2 assimilation rate
(Figs 6a–f, S8a–f). Furthermore, these high light conditions
caused a higher Vcmax

and J at 28°C (Fig. 6i,j). These findings are
consistent with a warming-induced increase in the CO2 assimila-
tion rate (Raschke, 1970; Farquhar & von Caemmerer, 1982).
At a low fluence rate of 150 μmol m�2 s�1, we found that CO2

assimilation decreased slightly in response to temperature eleva-
tion (Fig. 6d–f), likely due to limited RuBP regeneration under
light-limiting photosynthesis (Mott et al., 1984). This observa-
tion may be linked to a temperature elevation-induced increase
in dark respiration (Mohammed & Tarpley, 2009). Similarly, a
recent study showed that the nocturnal stomatal conductance in
spring wheat (Triticum aestivum) decreased between 9% and
33% under high night temperatures rather than increasing
(McAusland et al., 2021).

A model linking stomatal temperature sensing and
signaling response to leaf intercellular CO2 concentrations

Having identified essential genetic components of the signaling
pathway and found no or limited effects of some of the examined
other potential contributors, we can build a basic molecular
genetic framework for stomatal sensing and response to tempera-
ture warming. The involvement of several key protein kinases
that are directly associated with stomatal CO2 sensing and early
signal transduction (Figs 4, 5, S6, S7) and the dependence of sto-
matal temperature sensitivity on light fluence rate (Figs 6, 7, S8,
S9) points to a role of leaf intercellular CO2 concentration as a
trigger of the stomatal temperature response to warm tempera-
tures. Our finding aligns with the study by Ando et al. (2022)
that elevated CO2 levels cause dephosphorylation of the penulti-
mate threonine residue of plasma membrane H+-ATPases in
guard cells, which contributes to stomatal closing.

It is well established that, as daily environmental variables affect-
ing photosynthesis and transpiration change, stomata tend to
respond in a way that maintains the ratio of atmospheric to leaf
internal CO2 concentration relatively constant (Wong et al., 1979),
although the mean value of this ratio tends to shift slightly with
adaptation to more humid or more arid environments (Franks
et al., 2017). With atmospheric CO2 concentration remaining rela-
tively constant in the short term, environmental fluctuations that
affect intercellular CO2 concentrations will be counteracted by sto-
matal movements that tend to return intercellular CO2 levels rela-
tively close to prestimulus levels (Fig. 8c). The basic mechanism for
this involves the operation of two negative feedback loops that
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control the influence of stomatal conductance and CO2 assimila-
tion rate on the intercellular CO2 concentration (Farquhar
et al., 1978). We found c. 30 μmolmol�1 reduction in the intercel-
lular CO2 level at 10min after temperature increases from 18°C to
28°C (Fig. 8c). An increase in stomatal conductance was observed
despite the restoration of leaf internal CO2 levels by the first
30 min of temperature elevation (Fig. 8a–c). Our results suggest
that the stomatal response to temperature may be linked initially to
the control of intercellular CO2 concentration through the action
of these feedback loops, the rationale being that an increase in leaf
temperature directly stimulates photosynthetic biochemistry, initi-
ally lowering intercellular CO2 level and initiating stomatal con-
ductance increases to restore intercellular CO2 (Fig. 8g).

A question remains, however, as to why stomatal conductance
increases are not transient or oscillating as a function of the nega-
tive feedback loop upon warm temperature exposure, given that
leaf internal CO2 changes are transient (Fig. 8c). In addition to
the role of the low internal CO2 response, our findings implicate
an additional important factor(s) involved in maintaining stoma-
tal opening in response to elevated temperature. For example,
increased photochemical activity in leaf mesophyll and guard
cells could be linked to an increased metabolic energy supply that
may be used for stomatal opening, as hypothesized in previous
studies (Farquhar & Wong, 1984; Buckley et al., 2003).
Increased energy production from light reactions of mesophyll
and guard cells may be one of the factors driving stomatal open-
ing in response to elevated temperature. Recently, it has been
reported that energy transport from the mesophyll is directly
linked to light-induced stomatal opening (Lim et al., 2022). Lim
et al. (2022) found that guard cell ATP transporters facilitating
cytosolic ATP import, likely from neighboring mesophyll cells,
enhance light-induced stomatal opening. In response to warm
temperatures at high light, increased ATP levels, for example,
may energize stomatal opening but may not necessarily be the
signal that induces stomatal opening, in line with findings of
the strong requirement for CO2 sensing and signaling compo-
nents (Figs 4, 5, 8g, S6, S7).

As noted earlier, the temperature range in the present study of
18°C to 28°C differs from recent studies at 35°C (Kostaki
et al., 2020) and at 37°C (Korte et al., 2023). A temperature of
28°C is known to cause stress responses in Arabidopsis thaliana
(Ludwig-Müller et al., 2000; Li et al., 2018; Kerbler &
Wigge, 2023). We attempted approaches to measure further
increased temperatures in the leaves of intact plants while main-
taining a stable VPDleaf. We were able to establish an approach
that enabled stable VPDleaf upon transition to 34°C (See Materi-
als and Methods section). Using this approach, we observed the
expected heat-induced stomatal opening upon exposure to 34°C
(Figs 8d, S10a). Simultaneously measured CO2 assimilation rates
at 34°C showed that stomata continued to open, even though
CO2 assimilation rates were reduced, resulting in an increased
leaf internal CO2 concentration (Figs 8e,f, S10b,c). Our findings
align with the reported uncoupling of stomatal conductance and
photosynthesis upon heat exposure (Raschke, 1970; Urban
et al., 2017; Marchin et al., 2023; Diao et al., 2024). Thus, at
high temperatures, where CO2 assimilation rates decline,

additional nonphotosynthesis-dependent mechanisms, including
PHOT1 and PHOT2 (Kostaki et al., 2020), may play a key role
in promoting leaf evaporative cooling in response to heat stress
(Figs 8d–f, S10a–c).

We performed the present noninvasive gas exchange assays
with intact leaves attached to intact plants where the physiolo-
gical context of leaves remains preserved. This has allowed us
to resolve the influence of CO2 assimilation and leaf internal
CO2 concentration on the rapid stomatal response to tempera-
ture changes. We determined stomatal temperature responses
by comparing absolute changes in stomatal conductance in
response to temperature shifts. Since we performed gas
exchange measurements of fully expanded leaves over a short
time period, stomatal development has already occurred and is
not affected. Arguably, such stomatal conductance responses
could be linked to differences in stomatal density. Previous stu-
dies have analyzed the stomatal density of several mutants pre-
sented in this study. The stomatal density of ht1-2 mutant
leaves (Hashimoto et al., 2006) ht1-A109V mutant leaves
(Hõrak et al., 2016) and ost1-3 mutant leaves (Merilo
et al., 2018) are similar to Col-0 WT. On the other hand, in
mpk12/4-gc mutant leaves, a stomatal index is slightly lower
than WT despite larger stomatal conductance (Tõldsepp
et al., 2018). Impaired stomatal conductance responses to tem-
perature shifts in strong mutants in the present study demon-
strate that impaired stomatal temperature responses occur
despite similar or slightly different and opposite stomatal densi-
ties from Col-0 WT controls.

Conclusions

We report an improved gas exchange measurement approach to
investigate time-resolved stomatal conductance changes in
response to temperature shifts in intact leaves attached to intact
plants while stabilizing vapor pressure differences between leaves
and air. We investigated mutants disrupting stomatal signaling to
blue light, CO2, ABA synthesis, and putative temperature sensor
proteins. Our findings show that the temperature sensing phyB
and ELF3 are not primary temperature sensors in regulating sto-
matal conductance in response to warm temperatures. Stomatal
opening in response to warm temperature is partially impaired in
blue light sensor phot1-5/phot2-1 double-mutant leaves, consis-
tent with recent findings (Kostaki et al., 2020). Interestingly,
mutants disrupting downstream BLUS1 kinase show robust sto-
matal conductance responses to the imposed warming tempera-
ture shifts. Phototropins can activate another downstream blue
light signaling branch that down-regulates anion channel activity
(Hiyama et al., 2017), consistent with the present impaired sto-
matal temperature response of slac1-4/slah3-1/almt12-2 triple-
mutant leaves. Notably, we find that warming-induced stomatal
opening and cooling-induced stomatal closing are strongly
impaired in loss-of-function mutants in the CO2 sensor HT1,
MPK12/MPK4, and early CO2 signaling CBC1/CBC2 compo-
nents, as well as in CRISPR deletion plants in the monocot grass
Brachypodium distachyon ortholog (Lopez et al., 2024) of AtMP-
K12/AtMPK4.

� 2024 The Author(s).

New Phytologist� 2024 New Phytologist Foundation.

New Phytologist (2024) 244: 1847–1863
www.newphytologist.com

New
Phytologist Research 1859

 1
4
6
9
8
1
3
7
, 2

0
2
4
, 5

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://n
p
h
.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/n

p
h
.2

0
1
2
1
 b

y
 U

n
iv

ersity
 O

f C
alifo

rn
ia, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/0

4
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



We show that elevation to a warm temperature of 28°C
rapidly increases CO2 assimilation rates and, therefore, depletes
internal leaf CO2 concentrations, which in turn signals stomatal
opening in intact leaves. Our findings support a model in which
CO2 sensing and signal transduction mechanisms play a key role
in triggering warming-induced stomatal opening via responding
to reduced ci levels (Fig. 8g). Furthermore, warming-induced sto-
matal opening is abolished in darkness, which is consistent with
this model. An additional mechanism, for instance, the potential
energy supply to guard cells (Farquhar & Wong, 1984; Buckley
et al., 2003), is further proposed to aid in maintaining increased
stomatal conductance when temperature increases (Fig. 8g).
Further research will be required to investigate this second pro-
posed energy supply model for stomatal temperature responses.

The present study further provides compelling evidence that
distinct pathways contribute to a stomatal opening at warm
(28°C) and high temperatures (34°C), with the higher tem-
peratures decoupling stomatal conductance and photosynthetic
CO2 assimilation (Figs 8d–f,g, S10a–c) (Urban et al., 2017;
Marchin et al., 2023; Diao et al., 2024). This latter higher
temperature response will require further genetic dissection, in
addition to recent relevant studies (Kostaki et al., 2020; Korte
et al., 2023). The present findings could be important for eco-
logical and agricultural studies of responses of plants to ele-
vated temperatures during daytime and during nighttime in
light of global warming.
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Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 slac1-4/slah3-1/almt12-2 triple-mutant leaves impairing
S-type and R-type anion channels show impaired stomatal
responses to temperature changes.

Fig. S2 ost1-3 mutant leaves lacking the SnRK2.6 kinase show
impaired stomatal responses to temperature changes in two inde-
pendent sets of experiments.

Fig. S3 Stomatal blue light signaling partially contributes to
warming-induced stomatal opening.

Fig. S4 Stomatal response to temperature shifts in the ABA-bio-
synthesis nced3-2/nced5-2 double-mutant leaves.

Fig. S5 phyB-9mutant and elf3-1mutant do not show a dramatic
effect on stomatal responses to temperature changes.

Fig. S6 Stomatal responses to temperature shifts are severely
impaired in CO2/bicarbonate sensing ht1-2 mutant and ht1-
A109V mutant leaves.

Fig. S7 mpk12/4-gc and cbc1/cbc2 double-mutant leaves show
severely impaired stomatal responses to temperature shifts.

Fig. S8 Low light negates the stomatal and photosynthetic
responses to temperature changes.

Fig. S9 Darkness disrupts the stomatal responses to temperature
changes.

Fig. S10 Uncoupled responses of stomatal conductance and CO2

assimilation at high temperature.

Fig. S11 Statistical comparison of cbc1/cbc2 double mutant,
mpk12/4-gc-1 double mutant, and mpk12/4-gc-2 double mutant
with Col-0 wild-type control measured in the same set of
experiments.

Fig. S12 Statistical comparison of phot1-5/phot2-1 double
mutant, ost1-3 mutant, and slac1-4/slah3-1/almt12-2 triple
mutant with Col-0 wild-type control measured in the same set of
experiments.

Fig. S13 Statistical comparison of ht1-2 mutant and Col-0 wild-
type measured at low light condition (LL: 150 μmol m–2 s–1)
with Col-0 wild-type control measured at high light condition
(Col-0: 500 μmol m–2 s–1) in the same set of experiments.

Fig. S14 Statistical comparison of ost1-3 mutant, ht1-A109V
mutant, and nced3-2/nced5-2 double mutant and Col-0 wild-type
at dark with Col-0 wild-type control measured at high light con-
dition (500 μmol m–2 s–1) in the same set of experiments.

Fig. S15 Statistical comparison of blus1-3 mutant, ht1-2 mutant,
and cbc1/cbc2 double mutant with Col-0 wild-type control mea-
sured in the same set of experiments.
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Fig. S16 Statistical comparison of phyB-9 mutant and phot1-
5/phot2-1 double mutant with Col-0 wild-type control measured
in the same set of experiments.

Fig. S17 Statistical comparison of ht1-A109V mutant and
mpk12/4-gc-2 double mutant with Col-0 wild-type control mea-
sured in the same set of experiments.

Fig. S18 Statistical comparison of stomatal conductance of Col-0
wild-type measured at dark, low light (LL: 150 μmol m–2 s–1),
and high light (Col-0: 500 μmol m�2 s�1) in the same set of
experiments.

Fig. S19 Statistical comparison of CO2 assimilation of Col-0
wild-type measured at dark, low light (LL: 150 μmol m–2 s–1),
and high light (Col-0: 500 μmol m–2 s–1) in the same set of
experiments.

Table S1 Primers used in this study.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the
New Phytologist Central Office.
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