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Summary

� Low concentrations of CO2 cause stomatal opening, whereas [CO2] elevation leads to

stomatal closure. Classical studies have suggested a role for Ca2+ and protein phosphorylation

in CO2-induced stomatal closing. Calcium-dependent protein kinases (CPKs) and calcineurin-

B-like proteins (CBLs) can sense and translate cytosolic elevation of the second messenger

Ca2+ into specific phosphorylation events. However, Ca2+-binding proteins that function in

the stomatal CO2 response remain unknown.
� Time-resolved stomatal conductance measurements using intact plants, and guard cell

patch-clamp experiments were performed.
� We isolated cpk quintuple mutants and analyzed stomatal movements in response to CO2,

light and abscisic acid (ABA). Interestingly, we found that cpk3/5/6/11/23 quintuple mutant

plants, but not other analyzed cpk quadruple/quintuple mutants, were defective in high CO2-

induced stomatal closure and, unexpectedly, also in low CO2-induced stomatal opening. Fur-

thermore, K+-uptake-channel activities were reduced in cpk3/5/6/11/23 quintuple mutants,

in correlation with the stomatal opening phenotype. However, light-mediated stomatal open-

ing remained unaffected, and ABA responses showed slowing in some experiments. By con-

trast, CO2-regulated stomatal movement kinetics were not clearly affected in plasma

membrane-targeted cbl1/4/5/8/9 quintuple mutant plants.
� Our findings describe combinatorial cpk mutants that function in CO2 control of stomatal

movements and support the results of classical studies showing a role for Ca2+ in this

response.

Introduction

Stomatal pores are formed by pairs of guard cells on the leaf
surface. These pores control CO2 uptake into leaves for photo-
synthesis while avoiding excessive transpirational water loss.
Stomatal apertures are influenced by several environmental fac-
tors. Reduced CO2 concentration ([CO2]) in the intercellular
space of leaves (Ci), high relative humidity, and blue and red
light trigger stomatal opening (Mott, 1988; Shimazaki et al.,
2007). Stomatal closure on the other hand is triggered by
abscisic acid (ABA), darkness, low relative humidity and
increased [CO2] (Kollist et al., 2014; Murata et al., 2015).
Changes in the concentration of osmotically active solutes and

ions drive osmotic water uptake or efflux from guard cells,
thereby regulating the stomatal aperture (Shimazaki et al.,
2007; Murata et al., 2015).

Classical studies have provided initial evidence that CO2-in-
duced stomatal closure is Ca2+-dependent (Schwartz, 1985;
Schwartz et al., 1988) and that high [CO2] itself triggers an eleva-
tion in cytosolic free Ca2+ concentration ([Ca2+]cyt) in guard cells
prior to stomatal closure (Webb et al., 1996). Elevated [Ca2+]cyt
activates slow-type (S-type) anion efflux channels and vacuolar
K+ efflux channels (VK channels/TPK), while downregulating
inward-rectifying K+ channels and proton pumps in the plasma
membrane of guard cells (Schroeder & Hagiwara, 1989; Ward &
Schroeder, 1994; Kinoshita et al., 1995; Grabov & Blatt, 1997;
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Gobert et al., 2007; Siegel et al., 2009). These responses drive
turgor reduction and stomatal closure.

Other studies have indicated that Ca2+ is also involved in
stomatal opening (Shimazaki et al., 1992; Cousson & Vavasseur,
1998; Young et al., 2006). Repetitive ‘spontaneous’ [Ca2+]cyt
transients were present in guard cells during exposure to low
[CO2], which causes stomatal opening (Young et al., 2006).
These Ca2+ transients were linked to the more negative plasma
membrane potential of guard cells that is required for stomatal
opening (Young et al., 2006). Furthermore, experimentally
repressed [Ca2+]cyt transients led to attenuated stomatal closure
and attenuated stomatal opening in response to elevated or low-
ered [CO2], respectively (Young et al., 2006). However, no
mutants in Ca2+-binding proteins have been shown to impair
CO2-regulated stomatal responses to date.

In plants, there are several classes of Ca2+-binding sensory
proteins, including calmodulins, calcineurin B-like (CBL) pro-
teins and calcium-dependent protein kinases (CPKs) (Sheen,
1996; Cheng et al., 2002). The Arabidopsis genome encodes
10 CBLs and 34 CPKs, which fulfill diverse functions in
response to abiotic and biotic stresses (Kudla et al., 1999; Shao
& Harmon, 2003; Boudsocq et al., 2010; Reddy et al., 2011;
Liu et al., 2017; Yip Delormel & Boudsocq, 2019). Studies
have shown a role for calcium-dependent protein kinases in sig-
nal transduction and ion-channel regulation in guard cells
(Mori et al., 2006; Zhu et al., 2007; Geiger et al., 2010; Brandt
et al., 2015). In particular, the roles of CPKs during ABA-in-
duced ion channel regulation have been studied extensively
(Mori et al., 2006; Geiger et al., 2010; Brandt et al., 2015;
Chen et al., 2019; Zhang et al., 2020). However, the Ca2+-
binding proteins that function in CO2-regulated stomatal
movements have remained unknown. Moreover, whether CPKs
and/or CBLs function in CO2-mediated stomatal movements is
yet to be investigated, as functional studies are probably ham-
pered by genetic functional redundancy (i.e. overlapping roles)
of CPKs and CBLs.

Here we investigate whether CPKs or CBLs are required dur-
ing CO2-induced stomatal movements. We generated cpk quin-
tuple mutants by crossing cpk3/4/6/11 and cpk5/6/11/23
quadruple mutants (Brandt et al., 2015; Li et al., 2018) and ana-
lyzed their stomatal response to imposed shifts in [CO2]. We
found that neither the progenitor cpk5/6/11/23 quadruple nor
the resulting cpk3/4/5/6/11 quintuple mutant plants exhibited
altered CO2-dependent stomatal movements. However, we
showed that CO2-controlled stomatal opening and closing were
both clearly impaired in cpk3/5/6/11/23 quintuple mutant plants.
The slowing of stomatal opening at low [CO2] in cpk3/5/6/11/23
quintuple mutant plants was further investigated. Whole-cell
patch-clamp analyses revealed that K+

in channel activity was
strongly reduced in cpk3/5/6/11/23 quintuple mutant guard cells
compared to wild-type guard cells. Disruption of plasma mem-
brane mediated CBL signaling in a cbl1/4/5/8/9 quintuple mutant
(Chu et al., 2021) did not clearly affect the kinetics of CO2-regu-
lated gas exchange. Together, our data suggest important func-
tions of calcium-dependent protein kinases in CO2-controlled
stomatal movements.

Materials and Methods

Plant material and growth conditions

The Arabidopsis thaliana accession Columbia (Col-0) was used
throughout this study. Seeds were surface sterilized using vapor-
phase sterilization, and incubated for 3–4 h in a sealed desiccator
with a flask containing 100 ml bleach, to which 5 ml 12.1 N HCl
was added. Sterilized seeds were transferred to ½ Murashige &
Skoog (½MS) medium (pH 5.8) supplemented with 0.8%
phyto-agar and stratified for 2 d at 4°C in the dark. Plates with
seeds were then incubated for 7 d at 80 lmol m�2 s�1 light inten-
sity with a 12 h : 12 h, light : dark photoperiod, at 21°C and 40–
50% relative humidity for 7 d. Seedlings were transplanted to
soil-containing pots (Sunshine Mix #1, Sungro Horticulture,
Agawam, MA, USA) and were grown in a growth chamber (Con-
viron, Winnipeg, Manitoba, Canada) under a 12 h : 12 h, light :
dark photoperiod, at a light intensity of c. 150 lmol m�2 s�1, a
temperature of 21°C and a relative humidity of 50–60% (at
University of California, San Diego, CA, USA).

In Tartu (Estonia) all plants were grown in soil mix containing
2 : 1 (v/v) peat and vermiculite. Arabidopsis plants were cultivated
in growth chambers (MCA1600, Snijders Scientific, Tilburg, the
Netherlands) at a 12 h photoperiod, 150 µmol m�2 s�1 light
intensity, 23°C : 18°C, day : night temperature and 70% relative
humidity. The plants were grown through openings in glass plates
which prevented the water vapor from the soil from reaching the
leaf cuvettes of the gas-exchange analyzer. Holes in the glass plates
were closed with pruning wax 3–4 d before the experiments.

Mutant lines of cpk3/4/5/6/11 and cpk3/5/6/11/23 were gener-
ated through crossing cpk3/4/6/11 (Li et al., 2018) and cpk5/6/11/
23 (Brandt et al., 2015). Oligonucleotides used for genotyping
higher order cpk mutant lines (Supporting Information Fig. S2)
are given Table S1.

The generation of the cbl1/4/5/8/9 quintuple mutant has been
described previously (Chu et al., 2021).

Time-resolved stomatal conductance measurements

Intact leaves of 4- to 5-wk-old Arabidopsis plants were used for
time-resolved stomatal conductance (gs) measurements using LI-
6400 and LI-6400XT infrared-based gas exchange analyzer
(IRGA) systems with a leaf chamber (Li-Cor Biosciences, Lin-
coln, NE, USA) at UC San Diego. For analyses of CO2-depen-
dent stomatal conductance measurements, clamped leaves
attached to intact plants were equilibrated and stabilized at
150 lmol m�2 s�1 light intensity (6400-02B LED light source),
at 60–65% relative humidity, 21°C, 360 ppm or 400 ppm [CO2]
and with an incoming air flow of 200 lmol s�1 for 1 h. After
stomatal conductance stabilized, it was then recorded for 30 min
at 360 ppm or 400 ppm [CO2], followed by 1 h at 800 ppm
[CO2] and 1 h at 100 ppm [CO2]. Stomatal conductance mea-
surements in response to 2 lM ABA or 0.7 lM ABA were carried
out with detached intact leaves in which ABA was added to the
transpiration stream via the petiole, as described previously
(Ceciliato et al., 2019). For light response measurements, whole
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plants were kept in the dark for 18 h before analysis. After stabi-
lization of gs for 45–60 min, stomatal conductance of individual
intact leaves was measured for 10 min in the dark, followed by
red light (600 lmol m�2 s�1) exposure for 30 min. After red light
treatment, blue light (10 lmol m�2 s�1) was applied and super-
imposed on red light, and stomatal conductance was measured
for another 30 min as described previously (Shimazaki et al.,
2007; Hauser et al., 2019).

Whole plant rosette stomatal conductance responses were mea-
sured in an eight-chamber gas-exchange device in Tartu, Estonia,
as described by Kollist et al. (2007). Arabidopsis plants (3–4-wk
old) were inserted into the device and incubated 1 h for stabiliza-
tion of stomatal conductance. Standard conditions in the cham-
bers were as follows: ambient CO2 (400 ppm),
150 µmol m�2 s�1 light intensity, c. 70% relative humidity,
24°C. Stomatal responses to shifts in [CO2] were recorded for
1 h at 800 ppm or 100 ppm [CO2], respectively.

Biological variation of steady-state baseline stomatal conduc-
tance occurs in Arabidopsis among plants grown at different
times (Zhang et al., 2018a,b). Therefore, in the experiments
wild-type and mutant plants were grown side by side and ana-
lyzed in the same time period. Furthermore, gas exchange experi-
mental datasets were repeated in independent runs at different
times of the year. In each independent set of experiments, n ≥ 3
intact leaves, intact leaves attached to whole plant rosettes, or
intact whole plant rosettes per genotype were analyzed.

Curve fitting and quantifications of stomatal conductance
responses

The PYTHON programming language and multiple software pack-
ages were used to quantify the stomatal conductance responses

described throughout this article (Figs 1, 2, S6). Comma-sepa-
rated values (CSV) files detailing stomatal closure and opening
responses were first imported in independent NUMPY arrays
(https://numpy.org). This simplified curve-fit function was then
imported from SCIPY (https://scipy.org). The following one-
phase decay equation was used to test and obtain fitted curves for
stomatal closure responses: y = (y0 – plateau)�e�Kx + plateau,
where y0 is the stomatal conductance just before the application
of the stimulus (high CO2 800 ppm); plateau is the predicted
stomatal conductance at infinite times; K is the rate constant,
expressed in s�1; and s is the time constant, expressed in s, which
is the reciprocal of K, such that s = 1/K. For stomatal closure
responses, the amplitude was calculated as follows: amplitude a
= y0 – plateau. Curve fitting for stomatal opening traces was cal-
culated with a different one-phase association equation:
y = y0 + (plateau – y0)�(1 – e�Kx). For stomatal opening responses,
the amplitude was calculated as follows: ampli-
tude = plateau� y0. Means of stomatal opening or closure
response traces together with their corresponding fitted curves
were plotted using MATPLOTLIB (https://matplotlib.org). The
means� SD of s and amplitude were plotted for the different
genotypes. For each curve fitting plot, t-tests were used to deter-
mine whether the mean of s and amplitude were significantly dif-
ferent between genotypes (i.e. between wild-type and cpk
mutants). Detailed PYTHON scripts are available upon request.

Stomatal index and density assays

Stomatal index and density were analyzed in 4- to 5-wk-old Ara-
bidopsis plants as described previously (Azoulay-Shemer et al.,
2015). The 5th true leaves of individual plants were cleared in an
ethanol : acetic acid solution (7 : 1 (v/v)). Cleared leaves were

(a) (b)

(c) (d)

Fig. 1 Stomata of (a, b) cpk5/6/11/23 quadruple mutant and (c, d) cpk3/4/5/6/11 quintuple mutant leaves respond to shifts in imposed ambient [CO2]
similarly to wild-type leaves. The graphs show average stomatal conductance (� SE) of wild-type (WT, Col-0) and (a) cpk5/6/11/23 quadruple mutant
(n = 4 independent leaves per genotype) or (c) cpk3/4/5/6/11 quintuple mutant leaves (n = 5 independent leaves per genotype) in response to imposed
shifts in air CO2 concentrations (as indicated on the x-axis; ppm). Stomatal conductance data (left panel) were normalized to the average of the first 30min
of stomatal conductance values at 360 ppm [CO2]. (b, d) Changes in absolute stomatal conductance (mean� SE) were calculated at the indicated time
points (t1, shift to 800 ppm [CO2]; t2, 10min after shift to 800 ppm [CO2]; t3, shift to 100 ppm [CO2]; t4, 45min after shift to 100 ppm [CO2]; t5 , final
measurement). One-way ANOVA was used for statistical tests. See Supporting Information Figs S1 and S3 for curve fitting analyses. Two (a) and three (c)
independent sets of experiments conducted at different times showed similar results to those shown here.
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softened in 1M KOH for 20–30 min and rinsed twice with de-
ionized water. Midveins were removed, and a small leaf area was
excised from the center of each leaf blade away from the margins
and mounted on 15% glycerol. Four images of the abaxial side of
each sample were randomly taken using a differential interference
contrast (DIC) microscope (Leica DM5000 B (Leica Microsys-
tems Inc., Buffalo Grove, IL, USA) mounted with a 15.2 mM 64
Mp shifting pixel camera (Diagnostic Instruments Inc., Sterling
Heights, MI,USA)). In total, eight images were taken per individ-
ual plant, with nine plants per genotype (i.e. 72 images). Stomata
and pavement cells were quantified using IMAGEJ (https://im-
agej.nih.gov/ij/). Stomatal index was calculated by dividing the
number of stomata by the total number of cells (stomata + pave-
ment cells). All analyses were carried out in genotype-blinded
assays.

Patch-clamp recordings

Arabidopsis guard cell protoplasts were prepared as previously
described (Laanemets et al., 2013; Brandt et al., 2015). Two
rosette leaves were blended. Epidermal tissues were collected
using a 100 lm nylon mesh and incubated in 10 ml digestion
solution (1% (w/v) cellulase R10 (Yakult Pharmaceutical Indus-
try, Tokyo, Japan), 0.5% (w/v) macerozyme R10 (Yakult Phar-
maceutical Industry, Tokyo, Japan), 500 mM D-mannitol, 0.5%
(w/v) BSA, 0.1% (w/v) kanamycin sulfate, 10 mM ascorbic acid,
0.1 mM KCl, and 0.1 mM CaCl2) at 25°C for 16 h on a circular
shaker at 50 rpm. The digestion mixture was filtered through a
10 lm nylon mesh. Guard cell protoplasts were washed twice
with wash solution (500 mM D-sorbitol, 0.1 mM CaCl2, 0.1 mM
KCl, pH 5.6) by centrifugation at 200 g for 5 min at room tem-
perature. Isolated guard cell protoplasts were kept on ice before
use.

Inwardly rectifying K+ (K+
in) channel currents were recorded

with an Axon 200A amplifier (Molecular Devices, San Jose, CA,
USA) and a Digidata 1440A digitizer (Molecular Devices, San
Jose, CA, USA). K+

in pipette solution contained 70 mMK-Glu-
tamate, 30 mM KCl, 2 mM MgCl2, 3.35 mM CaCl2, 6.7 mM
EGTA, 10 mM HEPES-Tris (pH 7.1), and 5 mMMg-ATP. The
osmolality of the K+

in pipette solution was adjusted to
500 mmol kg�1 with D-sorbitol. K+

in bath solution contained
30 mM KCl, 2 mM MgCl2, 1 mM CaCl2, and 10 mM MES-
Tris (pH 5.5). The osmolality of the K+

in bath solution was
adjusted to 485 mmol kg�1 with D-sorbitol. The free [Ca2+]cyt
was calculated at c. 290 nM using the web-based WEBMAXC calcu-
lator (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/ma
xchelator/webmaxc/webmaxcS.htm).

Results

CO2-induced stomatal movements are defective in cpk3/
5/6/11/23 quintuple mutant plants

To investigate whether CPKs function in CO2-mediated stom-
atal movements, stomatal conductance responses of 5-wk-old
leaves attached to intact plants from cpk T-DNA mutants were

analyzed. The quadruple mutant cpk5/6/11/23 (Brandt et al.,
2015) responded to shifts in [CO2] similarly to leaves of wild-
type (Col-0) plants (Fig. 1a). Differences in stomatal conduc-
tance during high CO2-induced stomatal closure and low CO2-
mediated stomatal opening were similar between the wild-type
and mutant plants (one-way ANOVA, P = 0.3 and P = 0.05,
respectively; Fig. 1b). Fitted curves were calculated for stomatal
opening and closure traces and compared between wild-type and
the cpk5/6/11/23 quadruple mutant, showing similar time con-
stants for average stomatal closing and opening kinetics
(Fig. S1b,c; P = 0.4 and P = 0.6 for stomatal closing and opening,
respectively).

Possible involvement of CPKs in CO2-mediated stomatal
movements might not become visible due to functional redun-
dancy (Yip Delormel & Boudsocq, 2019). For instance, CPK5
and CPK6, as well as CPK4 and CPK11, are closely related, indi-
cating a possible overlap in function (Boudsocq & Sheen, 2013).
We therefore generated the two cpk quintuple mutants cpk3/4/5/
6/11 and cpk3/5/6/11/23 by crossing cpk3/4/6/11 (Li et al., 2018)
with cpk5/6/11/23 (Brandt et al., 2015) (Fig. S2; Table S1). Nei-
ther cpk3/4/5/6/11 nor cpk3/5/6/11/23 quintuple mutant plants
displayed any obvious growth phenotypes in growth chambers
under nonstress growth conditions after 4–5 wk of growth. We
analyzed the stomatal conductance responses of these homozy-
gous quintuple mutants using infrared gas exchange analyzers.
Leaves attached to intact plants of cpk3/4/5/6/11 quintuple
mutant plants responded to shifts from ambient (360 ppm) to
high (800 ppm) [CO2] with rapid and robust stomatal closure
(Fig. 1c). Shifts from high (800 ppm) to low (100 ppm [CO2])
induced robust stomatal opening (Fig. 1c). These CO2 responses
of cpk3/4/5/6/11 quintuple mutant plants were comparable to
wild-type control plants (Fig. 1d; one-way ANOVA, P = 0.5
(stomatal closure) and P = 0.8 (stomatal opening)). Fitted curves
were calculated for stomatal opening and closure traces for the
wild-type and cpk3/4/5/6/11 quintuple mutants, and their com-
parison showed similar time constants (Fig. S3; P = 0.9 and
P = 0.3 for stomatal closing and opening, respectively).

Independent studies carried out under different growth condi-
tions with whole intact plants in the laboratory of H. Kollist (in
Tartu, Estonia) confirmed that cpk3/4/5/6/11 quintuple mutant
plants displayed intact high [CO2]-induced stomatal closing
(Fig. S4a,b; P = 0.8) and low [CO2]-mediated stomatal opening
(Fig. S4c,d; P = 0.35).

Interestingly, in contrast to the cpk5/6/11/23 quadruple and
cpk3/4/5/6/11 quintuplemutant lines, cpk3/5/6/11/23 quintuple
mutant plants displayed slower CO2 responses to shifts from
ambient (400 ppm) to high (800 ppm) [CO2] (Fig. 2a). The
average absolute decrease in stomatal conductance in the cpk3/5/
6/11/23 quintuple mutant clearly differed from wild-type 10 min
after the shift to 800 ppm [CO2] (Fig. 2b; P = 0.01; Fig. S5a).
Unexpectedly, leaves of these cpk3/5/6/11/23 plants also
responded with substantially slower stomatal opening in response
to low [CO2] (100 ppm) compared with wild-type plants
(Figs 2a, S5b). In this study, the average absolute increase in
stomatal conductance was lower compared to wild-type 45 min
after shifting to high [CO2] (Fig. 2b; P = 0.01). Despite clearly
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slowed stomatal kinetics, stomatal conductance in cpk3/5/6/11/23
quintuple mutant leaves eventually reached values similar to
wild-type at the end of exposures in these experiments (Fig. 2b;
stomatal closing P = 0.2; stomatal opening P = 0.06). These find-
ings were reproducibly observed in three independent experimen-
tal data sets, with each experimental set analyzing ≥ 3
independent mutant plants (e.g. Fig. S6). We also plotted net
assimilation rates of intact cpk3/5/6/11/23 quintuple mutant
leaves in response to shifts in [CO2] (Fig. S6c). The data indicate
that steady-state assimilation rates were relatively similar to
assimilation rates measured in wild-type leaves and therefore not
strongly affected in cpk3/5/6/11/23 quintuple mutant plants
under the imposed conditions.

Further, independent genotype blind studies were carried
out under different growth conditions with whole intact plants
of these lines in the laboratory of H. Kollist. In these geno-
type blinded experiments, cpk3/5/6/11/23 quintuple mutant
plants showed a similar tendency of slowed and impaired

stomatal closure in response to [CO2] elevation (800 ppm;
Figs 2c, S4a). Shifts to low [CO2] (100 ppm) displayed a less
dramatic, reduced average magnitude of stomatal opening in
intact cpk3/5/6/11/23 quintuple mutant whole plant rosettes
compared to wild-type controls (Fig. S4c). The average abso-
lute decrease in stomatal conductance in cpk3/5/6/11/23 quin-
tuple mutant plants differed from wild-type 12 min after the
shift to 800 ppm [CO2] (Fig. 2d; P = 0.005). The decrease in
absolute stomatal conductance in cpk3/5/6/11/23 quintuple
mutant plants reached values similar to wild-type at the end
of the measurement period (Fig. 2d; P = 0.3), similar to the
earlier ‘single-leaf-intact-plant’ gas exchange analyses (Fig. 2a,
b). Taken together, data from our independent laboratories
with different growth conditions using either single-leaf-intact-
plants or whole-plant gas exchange analyses show qualitatively
similar and reproducible impairments in cpk3/5/6/11/23
mutant plants in CO2-induced stomatal closing and stomatal
opening (Figs 2, S4).

(a) (b)

(c) (d)

Fig. 2 Intact leaves and whole plant rosettes of cpk3/5/6/11/23 quintuple mutant plants show altered stomatal opening and closure responses to shifts in
ambient CO2 concentrations. (a) The graphs show average stomatal conductance� SE in response to imposed shifts in ambient CO2 concentrations (as
indicated on the x-axis; ppm) of wild-type (WT, Col-0, n = 3 independent leaves) and cpk3/5/6/11/23 quintuple mutant plants (n = 4 independent leaves).
Stomatal conductance (left panel) was normalized to the average of the first 30min of stomatal conductance values at 400 ppm [CO2] (right panel). See
Supporting Information Fig. S4 for curve fitting and statistical analyses. (b) Changes in absolute stomatal conductance (mean� SE) were calculated at the
indicated time points (t1, shift to 800 ppm [CO2]; t2, 10min after shift to 800 ppm [CO2]; t3, shift to 100 ppm [CO2]; t4, 45min after shift to 100 ppm
[CO2]; t5, final measurement). (c) Stomatal conductance responses to imposed shifts in ambient CO2 concentrations (as indicated on the x-axis; ppm) in
whole plant rosettes (mean� SE) of wild-type (WT, Col-0) and cpk3/5/6/11/23 quintuple mutant plants (n = 6 independent whole rosettes per genotype).
Stomatal conductance (left panel) was normalized to the average of 15min of stomatal conductance values at 400 ppm [CO2] (right panel). Experiments
and data analyses in (c) were carried out genotype blinded. (d) Changes in absolute stomatal conductance (mean� SE) were calculated at the indicated
time points (t1, shift to 800 ppm [CO2]; t2, 12min after shift to 800 ppm [CO2]; t3, final measurement). Despite clearly slowed stomatal kinetics (see the
Results section), stomatal conductances reached similar values at the end of exposures (b, d). One-way ANOVA was used for statistical tests. (a, c) Three
independent sets of experiments, each conducted at different times, showed similar results to those shown here (see Figs S4 and S6, respectively).
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We next conducted experiments to determine whether altered
stomatal development was associated with the impaired CO2-me-
diated stomatal responses in leaves of cpk3/5/6/11/23 quintuple
mutant plants. We performed stomatal imaging analyses in geno-
type-blinded studies in true leaves of 4–5 wk-old plants. Our data
show that both stomatal density and stomatal index in cpk3/5/6/
11/23 quintuple mutant leaves were comparable to wild-type,
suggesting that stomatal development was not altered in cpk3/5/
6/11/23 quintuple mutant leaves (Fig. 3; one-way ANOVA,
P = 0.12 and P = 0.22 for stomatal density and stomatal index,
respectively). These results highlight that cpk3/5/6/11/23 quintu-
ple mutants were defective in CO2-mediated stomatal move-
ments but stomatal development was not affected.

CO2-mediated stomatal movements in plasma membrane
targeted calcium-sensing CBL protein mutant plants

cpk3/5/6/11/23 quintuple mutant plants showed impaired CO2-
induced stomatal movements (Fig. 2). We investigated whether
mutants in other calcium-sensing proteins would show a similar
phenotype. Calcium-sensing calcineurin B-like (CBL) proteins
play essential roles in ABA and abiotic stress responses (Albrecht
et al., 2003; Pandey et al., 2004; Batisti�c & Kudla, 2009; Mao
et al., 2016). Five of the ten CBL proteins encoded in the Ara-
bidopsis genome are targeted to the plasma membrane (Batisti�c
et al., 2008, 2010; Chu et al., 2021). We therefore analyzed
CO2-induced stomatal movements in a quintuple mutant of
these plasma membrane-localized CBLs (cbl1/4/5/8/9) (Chu
et al., 2021). Stomatal conductance analyses of cbl1/4/5/8/9 quin-
tuple mutant leaves showed intact stomatal closing and opening
in response to lowered and elevated [CO2] in one set of experi-
ments (Fig. 4a,b). Small changes in the amplitude of stomatal

closing in response to high [CO2] were observed in an indepen-
dent set of experiments (Fig. 4c,d).

Guard cells of cpk3/5/6/11/23 quintuple mutants show
reduced K+

in channel currents

Impairment of low CO2-mediated stomatal opening in cpk3/5/6/
11/23 quintuple mutant leaves could be mediated by a diverse
combination of mechanisms. K+

in channels in guard cells mediate
K+ uptake during stomatal opening and were found to show a
reduced Ca2+-dependent activity in slac1 mutant alleles
(Laanemets et al., 2013). The H+-ATPase located in the guard cell
plasma membrane pumps protons from the guard cell cytosol to
the cell wall and creates an electrochemical gradient across the
plasma membrane (Shimazaki et al., 2007). This membrane hyper-
polarization triggers the activation of potassium uptake (K+

in)
channels that mediate the uptake of K+ (Kwak et al., 2001;
Lebaudy et al., 2008). We therefore analyzed K+

in channel currents
using whole-cell patch-clamp techniques in cpk3/5/6/11/23 quintu-
ple mutant guard cells. Interestingly, a reduction of K+

in channel
activity in cpk3/5/6/11/23 quintuple mutant guard cell protoplasts
was observed compared to wild-type (Fig. 5). The K+

in channel
current magnitude at �120mV and �160 mV was reduced by
c. 60–69% in cpk3/5/6/11/23 quintuple mutant guard cells (Fig. 5;
one-way ANOVA, P = 0.04).

Analyses of stomatal conductance responses to red and
blue light in intact leaves

Since cpk3/5/6/11/23 quintuple mutant leaves exhibited a slowed
stomatal opening in response to low [CO2] (Figs 2a, S6), we ana-
lyzed light-dependent stomatal opening in leaves of intact cpk3/5/6/
11/23 quintuple mutant plants by carrying out gas exchange mea-
surements in response to blue and red light. Wild-type and cpk3/5/
6/11/23 quintuple mutant plants were kept in the dark for 18 h
before the experiments, and the stomatal conductance of leaves was
allowed to settle to stable values. The steady-state stomatal conduc-
tance of intact leaves was measured for 10min prior to light expo-
sure. The average steady state dark-adapted stomatal conductance
of cpk3/5/6/11/23 quintuple mutant leaves was slightly larger than
that of wild-type plants before light exposure in some experiments
but was within biological variability (Fig. 6a; stomatal conductance
(mol m�2 s�1) of wild-type: mean = 0.107, SD = 0.038; and cpk3/
5/6/11/23: mean = 0.134, SD = 0.047; one-way ANOVA P = 0.4).
After application of red light (600 lmolm�2 s�1), stomatal con-
ductance increases were observed for both cpk3/5/6/11/23 quintuple
mutant and wild-type leaves with similar magnitudes and kinetics
(Fig. 6; P = 0.1). Results from an independent set of experiments
are shown in Fig. S7 (P = 0.7). Stomatal conductance increased fur-
ther when blue light (10 lmol m�2 s�1) was superimposed on red
light. Stomatal opening responses to blue light were comparable in
intact leaves of cpk3/5/6/11/23 quintuple mutant and wild-type
plants (Fig. 6; P = 0.8 Fig. S7; P = 0.9). Thus, cpk3/5/6/11/23 quin-
tuple mutant leaves exhibited clearly defective stomatal responses to
CO2, whereas light-induced stomatal opening was not clearly
affected under the imposed conditions.

Fig. 3 Stomatal index and density values for cpk3/5/6/11/23 quintuple
mutant leaves are comparable to wild-type. Stomatal density and index
values for the abaxial side of the 5th true leaves of wild-type (WT, Col-0)
and cpk3/5/6/11/23 quintuple mutant leaves were determined in
genotype-blinded assays. Mean values for n = 9 individual plants per
genotype, with eight images per plant (� SD) taken with a differential
interference contrast (DIC) microscope, are plotted (see the Materials and
Methods section for details). Stomatal density and stomatal index were
similar for wild-type and cpk3/5/6/11/23 quintuple mutant leaves (one-
way ANOVA P = 0.124 and P = 0.22, respectively). One representative
experimental set of a total of three independently conducted genotype
blinded studies with similar findings is shown.
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ABA-mediated stomatal closure in cpk3/5/6/11/23 and
cpk3/4/5/6/11 quintuple mutant leaves

To investigate whether stomatal movements triggered by other
stimuli were impaired in intact cpk3/5/6/11/23 quintuple mutant

leaves, ABA-dependent stomatal closure was analyzed by con-
ducting gas-exchange experiments in which ABA was applied to
the transpiration stream via the petioles of excised intact leaves
(Ceciliato et al., 2019). The magnitude of stomatal closure after
application of 2 lM ABA to leaves of cpk3/5/6/11/23 mutant

(a) (b)

(c) (d)

Fig. 4 Stomatal conductance responses in cbl1/4/5/8/9 quintuple mutant leaves to shifts in imposed ambient [CO2]. (a, c) Two independent experimental
sets are presented. The graphs show the time courses of average stomatal conductance (� SE) responses in wild-type (WT, Col-0) and cbl1/4/5/8/9
quintuple mutant plants (n = 3 independent leaves per genotype in each experimental set) in response to imposed shifts in ambient (air) CO2

concentrations (as indicated on the x-axis; ppm). Stomatal conductances (left panels) were normalized to the average of the first 30min of stomatal
conductance values at 400 ppm [CO2] (right panels). (b, d) Changes in absolute stomatal conductance are shown. Differences in stomatal conductance
(mean� SE) were calculated at the indicated time points (t1, shift to 800 ppm [CO2]; t2, 10min after shift to 800 ppm [CO2]; t3, shift to 100 ppm [CO2];
t4, 45min after shift to 100 ppm [CO2]; t5, final measurement). One-way ANOVA was used for statistical tests.

Fig. 5 Inward rectifying K+ channel activity is
decreased in cpk3/5/6/11/23 quintuple
mutant guard cells. (a) Representative
current traces of wild-type (WT, Col-0, upper
trace) and cpk3/5/6/11/23 (lower trace)
guard cell protoplasts are shown. (b) Average
current–voltage relationship curves for WT
(n = 12) and cpk3/5/6/11/23 quintuple
mutant (n = 11) guard cell protoplasts. Error
bars represent SEM.
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plants was variable when compared to responses measured in
leaves of wild-type plants grown in parallel (Fig. 7). The degree
and time course of stomatal closure in response to ABA applica-
tion varied between four independent experiments (Fig. 7; n ≥ 3
mutant leaves analyzed per experimental data set). Leaves of cpk3/
5/6/11/23 quintuple mutant plants showed ABA-dependent
stomatal closure that was very similar to that observed in the
wild-type in one of the four independent experimental sets
(Fig. 7a) and had a similar overall absolute magnitude in another
set of experiments (Fig. 7d). Furthermore, reduction in absolute
stomatal conductance after application of ABA led to similar val-
ues, as shown in Fig. 7(a,d) (P = 0.6 and 0.5), but the average
absolute steady-state stomatal conductance before ABA applica-
tion was larger in cpk3/5/6/11/23 in the later set of experiments,
albeit with a 94% confidence interval (Fig. 7d; P = 0.06). By con-
trast, ABA-mediated stomatal closure in cpk3/5/6/11/23 quintu-
ple mutant leaves was impaired in other experimental sets
(Fig. 7b; P = 0.03 and Fig. 7c; P = 0.03).

We further analyzed stomatal closure responses using a lower
ABA concentration of 0.7 lM, applied to the transpiration
stream. Our data show variation in cpk3/5/6/11/23 quintuple
mutant responses compared to wild-type responses to 0.7 lM
ABA application between three independent sets of experiments
(Fig. S8; n ≥ 3 mutant leaves analyzed per experiment and geno-
type). ABA-mediated stomatal closure in cpk3/5/6/11/23 quintu-
ple mutant leaves was slightly impaired in one set of experiments
10 min after application of ABA (Fig. S8a; P = 0.01). Stomatal
conductance reached values similar to those of wild-type plants
by the end of our measurements (Fig. S8a; P = 0.4). By contrast,
stomatal closure responses mediated by 0.7 lM ABA were com-
parable between cpk3/5/6/11/23 quintuple mutant leaves and
wild-type in two of three independent experimental sets
(Fig. S8b,c).

We pursued similar analyses in quintuple mutant leaves of a
different combination of CPK genes (cpk3/4/5/6/11) to

investigate whether stomatal closure, mediated by application
of 2 lM ABA, was altered in these mutant plants (Fig. 8). Our
results indicate variable stomatal closure responses to 2 lM
ABA in three independent experimental sets (Fig. 8a–c).
Abscisic acid-induced stomatal closure responses were similar
to wild-type in two independent studies (Fig. 8a,c). Contrary
to these results, stomatal closure in cpk3/4/5/6/11 quintuple
mutant leaves was clearly slower compared to wild-type in a
third experimental set (Fig. 8b: P = 0.012). Further, we also
analyzed stomatal closure in response to 0.7 lM ABA in three
independent experimental sets (Fig. S9). cpk3/4/5/6/11 quintu-
ple mutant plants showed variable responses to 0.7 lM ABA in
our analyses, with a slower response in one of three indepen-
dent data sets. However, the absolute changes in stomatal con-
ductance did not differ from wild-type in all three
experimental sets (Fig. S9).

Thus, cpk3/5/6/11/23 but not cpk3/4/5/611 quintuple mutant
leaves exhibited defective stomatal responses to changes in [CO2],
whereas ABA-mediated stomatal closure was partially slowed in
both cpk quintuple mutants in some experiments, while showing
variability in gas exchange analyses.

Discussion

Calcium functions in regulating stomatal movements (McAinsh
et al., 1990; Grabov & Blatt, 1998; Assmann & Shimazaki,
1999). Involvement of calcium in ABA-mediated stomatal clo-
sure has been extensively studied over the last few decades (De
Silva et al., 1985; Schwartz, 1985; McAinsh et al., 1990; Grabov
& Blatt, 1998; MacRobbie, 2000; Siegel et al., 2009; Geiger
et al., 2010; Huang et al., 2019). Some studies also observed a
role for Ca2+ in stomatal opening (Shimazaki et al., 1992, 2007;
Cousson & Vavasseur, 1998; Shimazaki, 1999; Young et al.,
2006). A Ca2+-dependence of CO2-induced stomatal closing has
been found (Schwartz, 1985; Schwartz et al., 1988; Webb et al.,

(a) (b) (c)

Fig. 6 The function of guard cells of cpk3/5/6/11/23 quintuple mutant leaves is not impaired in red light and blue light-induced stomatal opening.
Stomatal conductance of wild-type (WT, Col-0) and cpk3/5/6/11/23 quintuple mutant leaves in response to shifts in light quality and quantity (black
dashed line, darkness; red dashed line, red light at 600 lmol m�2 s�1; blue dashed line, blue light at 10 lmol m�2 s�1). Plants were incubated in darkness
overnight before measurements. Mean (�SE) of n = 4 leaves from individual plants per genotype are shown. (a) Stomatal conductance (left panel) was (b)
normalized to the average stomatal conductance values recorded for 10min in the dark (right panel). (c) Differences in absolute stomatal conductance
(mean� SE) were calculated at the indicated time points (t1, application of red light; t2, application of blue light; t3, final measurement). One-way ANOVA
was used for statistical tests. Three independent sets of experiments conducted at different times showed similar results to those shown here (see
Supporting Information Fig. S7 for an independent experiment).
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1996; Young et al., 2006). Previous research has led to the model
that elevated CO2 enhances the Ca

2+-sensitivity of stomatal clos-
ing mechanisms as a CO2-induced priming mechanism (Young

et al., 2006). However, the calcium-binding proteins that func-
tion in CO2-dependent stomatal movements and their relative
roles have remained unknown.

(a)

(b)

(c)

(d)

Fig. 7 Stomatal closure in response to abscisic acid (ABA) in leaves of cpk3/5/6/11/23 quintuple mutants and wild-type (WT) plants. (a–d) Averaged time-
resolved stomatal conductance responses (� SE) to 2 lMABA analyzed in four independent experiments. ABA was added to the petiole of excised intact
leaves of WT (Col-0) and cpk3/5/6/11/23 quintuple mutant plants ((a) n = 4, (b) n = 4, (c) n = 3, and (d) n = 4 independent leaves per genotype). Stomatal
conductance (left panels) was normalized to the average of the first 10min of stomatal conductance values recorded (middle panels). Black downward
pointing arrows indicate the application of ABA to the transpiration stream. Changes in absolute stomatal conductance are shown in the right panels.
Differences in absolute stomatal conductance (mean� SE) were calculated at the indicated time points (t1, application of ABA; t2, 10min after application
of ABA; t3, final measurement). One-way ANOVA was used for statistical tests.
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Reversible elevation of guard cell [Ca2+]cyt in response to ele-
vated [CO2] suggested a correlation between [CO2] and calcium
(Webb et al., 1996). Ca2+ has been shown to contribute to stom-
atal closure mediated by CO2 elevation, and elevated CO2

increases cytosolic Ca2+ in Commelina communis guard cells
(Schwartz et al., 1988; Webb et al., 1996). Young et al. (2006)
further found rapid [Ca2+]cyt transients that occurred at low
[CO2]. Moreover, elevated [CO2] was found to cause a slowing
of repetitive [Ca2+]cyt transients in Arabidopsis accession Lands-
berg erecta guard cells, which was attributed to high CO2-in-
duced depolarization of guard cells (Young et al., 2006).
Nevertheless, both low CO2-induced stomatal opening and
specifically an early phase of high CO2-induced stomatal closing
were both attenuated when Ca2+ elevations were inhibited
(Young et al., 2006).

CO2- and light-induced stomatal movements in cbl and
cpkmutant plants

Ca2+-binding protein mutants that impair CO2-regulated stomatal
movements have not been identified to date. Thus, it is noteworthy
that the findings of the present study demonstrate that both CO2-
mediated stomatal closure and opening were impaired in calcium-
dependent protein kinase (CPK) cpk3/5/6/11/23 quintuple mutants
(Figs 2, S6). In recent years, it has been modeled that changing the
kinetics of stomatal responses may affect crop performance, for
example under varying light intensities (Deans et al., 2019; Faralli
et al., 2019). In this respect, our present findings may provide addi-
tional mutants for new studies to test this model in a C3 plant.

The Arabidopsis genome includes 34 CPK-encoding genes.
Approximately 20 of these 34 CPKs are expressed in guard cells

(a)

(b)

(c)

Fig. 8 Stomatal closure in response to abscisic acid (ABA) in leaves of cpk3/4/5/6/11 quintuple mutants and wild-type plants. (a–c) Averaged time-
resolved stomatal conductance responses (� SE) to 2 lMABA analyzed in three independent experiments. ABA was added to the petiole of excised intact
leaves of wild-type (WT, Col-0) and cpk3/4/5/6/11 quintuple mutant plants ((a) n = 4, (b) n = 3, and (c) n = 3 independent leaves per genotype). Stomatal
conductance (left panels) was normalized to the average of the first 10min of stomatal conductance values recorded (middle panels). Black downward
pointing arrows indicate the application of 2 lMABA to the transpiration stream. Changes in absolute stomatal conductance are shown in the right panels.
Differences in absolute stomatal conductance (mean� SEM) were calculated at the indicated time points (t1, application of ABA; t2, 10min after
application of ABA; t3, final measurement). One-way ANOVA was used for statistical tests.

New Phytologist (2021) 229: 2765–2779 � 2020 The Authors

New Phytologist� 2020 New Phytologist Foundationwww.newphytologist.com

Research

New
Phytologist2774



at various levels, implicating concerted and possibly combinato-
rial functions during stomatal movements (Yip Delormel &
Boudsocq, 2019). Unexpectedly, CO2-mediated stomatal closing
and opening were both impaired in cpk3/5/6/11/23 quintuple
mutant plants (Figs 2, S6). By contrast, cpk5/6/11/23 quadruple
and cpk3/4/5/6/11 quintuple mutant plants exhibited wild-type-
like CO2 responses (Figs 1, S4). Different CPKs may have over-
lapping or partially overlapping functions at times, indicating
genetic functional redundancy (Boudsocq & Sheen, 2013). The
cpk5/6/11/23 quadruple mutant showed intact CO2-mediated
stomatal closing responses in our assays (Fig. 1). By contrast,
cpk3/5/6/11/23 (Fig. 2) quintuple mutant leaves exhibited
impaired stomatal responses, which could point to CPK3 being
essential. However, cpk3/4/5/6/11 quintuple mutant leaves
showed intact responses to CO2 (Fig. 1). This rather may be
explained by a model in which the combination of cpk mutations
crosses a threshold where the phenotype becomes visible.

Calcineurin B-like (CBL) proteins and the CBL-interacting
protein kinases (CIPKs) that bind to CBL proteins can also affect
stomatal responses (Luan et al., 2002; Zhang et al., 2014; Kudla
et al., 2018). For instance, cbl1/cbl9 double mutant plants dis-
played enhanced stomatal closure in response to ABA treatment
(Cheong et al., 2007). Our data provide evidence that the five
plasma membrane-targeted CBLs1, 4, 5, 8 and 9 (Batisti�c et al.,
2008, 2010; Chu et al., 2021) are not substantially involved in
CO2-mediated stomatal movements, since cbl1/4/5/8/9 quintuple
mutant plants did not show clear and substantial altered stomatal
response kinetics to shifts in [CO2], although the amplitude of
the stomatal closing response may have been reduced in one
experimental set (Fig. 4).

An important question arises from previous stomatal response
studies and the present study: how can Ca2+ and indeed CPKs
function in two distinct responses (CO2-controlled stomatal clos-
ing and stomatal opening)? Previous research in guard cells has
shown that the biological stimuli – elevated CO2 and ABA–
prime (i.e. enhance) the Ca2+ sensitivity of S-type anion channel
activation that functions in stomatal closing (Young et al., 2006;
Siegel et al., 2009; Chen et al., 2010; Brandt et al., 2015). A bio-
chemical mechanism for this stimulus-induced Ca2+ sensitivity
priming has been identified in ABA signaling (Brandt et al.,
2015). Additional nonexclusive models have been investigated in
which the spatiotemporal pattern of Ca2+ elevations encodes
information that can transmit a specific response to Ca2+

(McAinsh et al., 1992; Knight et al., 1996; Knight & Knight,
2000; Hetherington & Brownlee, 2004; Dodd et al., 2010). The
present findings suggest that CO2 signaling analyses of the iso-
lated cpk3/5/6/11/23 quintuple mutant could provide a potent
model system for dissection of mechanisms mediating specificity
in Ca2+ signaling.

During stomatal opening, K+
in channels contribute to K+

uptake driven by plasma membrane H+-ATPases in guard cells
(Kwak et al., 2001; Lebaudy et al., 2008). Inward rectifying K+

channel activity was decreased in cpk3/5/6/11/23 quintuple
mutant guard cells (Fig. 5). [Ca2+]cyt functions as a negative regu-
lator of guard cell K+

in channels (Schroeder & Hagiwara, 1989;
Grabov & Blatt, 1999). Similar reductions in K+

in current

magnitudes were previously observed when K+
in channel activity

was genetically repressed via dominant negative KAT1 expression
or indirectly downregulated in slac1 (SLOW ANION
CHANNEL 1) mutant plants (Kwak et al., 2001; Laanemets
et al., 2013). Similar to cpk3/5/6/11/23 quintuple mutants, slac1
mutant plants also displayed defective stomatal closing at high
CO2; interestingly, however, they also exhibited a slowed low
CO2-induced stomatal opening (Negi et al., 2008; Vahisalu
et al., 2008; Laanemets et al., 2013). Of additional interest is the
observation that mutating a residue in SLAC1 that is required for
bicarbonate upregulation of S-type anion channel activity also
led to slowing of both CO2-mediated stomatal opening and clos-
ing, but did not abrogate ABA-induced stomatal closing (Zhang
et al., 2018a,b).

Notably, light-induced stomatal opening was slowed in slac1
(Laanemets et al., 2013) but not in cpk3/5/6/11/23 quintuple
mutant plants (Figs 6, S7). This raises a question for the present
study: why was stomatal opening triggered by low [CO2]
impaired, but not stomatal opening triggered by red light and
blue light? These findings suggest that additional mechanisms
other than K+

in channel regulation are likely to be affected in the
cpk3/5/6/11/23 quintuple mutant. Previous research showed that
K+

in channel downregulation by 70% alone, similar to the aver-
age c. 60–69% reduction found here (Fig. 5), would not substan-
tially slow physiological rates of K+ uptake during stomatal
opening (Kwak et al., 2001). Residual 30% K+

in channel activity
has been found to be sufficient for wild-type-like stomatal open-
ing (Kwak et al., 2001). Therefore, it is likely that mutations in
cpk3/5/6/11/23 affect additional mechanisms – for example, pro-
ton pump activity in response to low CO2 may be affected. Cur-
rent knowledge on crosstalk between light and CO2 specifically
in regulation of plasma membrane H+-ATPases is still limited. It
was hypothesized that high [CO2] might inhibit plasma mem-
brane (PM) H+-ATPase activity (Edwards & Bowling, 1985).
However, low [CO2] conditions did not induce phosphorylation
of PM H+-ATPase in the dark (Ando & Kinoshita, 2018). The
slowed stomatal opening kinetics and the reduced K+

in channel
activity observed in the cpk3/5/6/11/23 quintuple mutant have
also been found in slac1 mutant alleles (Laanemets et al., 2013).
In the case of slac1 mutant alleles, which are mainly impaired in
stomatal closing responses, previous research has suggested that
the slowed stomatal opening can be explained by Ca2+-dependent
compensatory effects of slac1 mutation on stomatal opening
mechanisms (Laanemets et al., 2013).

ABA-mediated stomatal closure in cpk3/4/5/6/11 and
cpk3/5/6/11/23 quintuple mutants

ABA-dependent stomatal closing was slightly impaired in cpk3/6
and cpk5/6/11/23 quadruple mutant plants in stomatal aperture
assays (Mori et al., 2006; Brandt et al., 2015) and strongly
affected in cpk4/11 double mutants (Zhu et al., 2007). When the
ABA concentration was increased to 10 µM, stomata of cpk5/6/
11/23 quadruple mutant plants showed ABA responsiveness,
indicating that this cpk mutant phenotype can be bypassed
(Brandt et al., 2015). Abscisic acid-induced stomatal closure was
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not affected in a distinct quadruple mutant, cpk3/5/6/11 (Guzel
Deger et al., 2015). The present study suggests that variable and/
or partial impairment and slowing in stomatal closing mediated
by 2 lM or 0.7 lM ABA in intact leaves of cpk3/5/6/11/23 quin-
tuple mutant plants, since responses ranged from largely intact in
some experiments to slowed and slightly impaired stomatal clos-
ing in other independent experimental sets (Figs 7, S8). Similar
variable ABA-mediated stomatal closing responses were obtained
during analyses in leaves of cpk3/4/5/6/11 quintuple mutant
plants. Although only one of a total of three independent experi-
ment sets showed slightly impaired 2 lM ABA-induced stomatal
closure in leaves of cpk3/4/5/6/11 quintuple mutants (Fig. 8),
application of 0.7 lM ABA to the transpiration stream of cpk3/4/
5/6/11 quintuple mutant leaves induced variable amplitudes in
stomatal closing in three experimental sets and was partially
slower in one of three independent experimental data sets
(Fig. S9). In the present study, time-resolved stomatal conduc-
tance changes were analyzed during application of ABA to the
petiole of excised intact leaves. Previous studies measured stom-
atal apertures in excised intact leaves which were floated on stom-
atal opening buffer for 2–2.5h before application of ABA (Mori
et al., 2006; Zhu et al., 2007). Differences in the observed pheno-
types between stomatal aperture measurements and time-resolved
stomatal conductance measurements in intact leaves have been
discussed previously (Ceciliato et al., 2019). Note that in the pre-
sent study, the ABA concentration at the guard cells should be
much higher than at the petiole, since water evaporates at stomata
and the transpiration stream had a substantial conductance. This
may contribute to the difference between stomatal measurements
made in isolated leaves and intact leaves, given that a higher ABA
concentration was previously found to partially bypass the stom-
atal response in cpk mutant epidermides (Brandt et al., 2015).
Such a concentration-dependent effect is not of concern for the
exposure of intact leaves to changes in CO2 concentration and
light. Interestingly, in previous studies ABA regulation of S-type
anion channels in cpk5/6/11/23 quadruple mutant plants and
Ca2+ activation of S-type anion channels in cpk23 single mutant
plants (Geiger et al., 2010) was more strongly affected than ABA-
induced stomatal closing (Brandt et al., 2015). Together with the
present study, these data suggest that additional channels and
transporters that function in stomatal movements may include
important CPK-independent mechanisms, as ABA-induced
stomatal closing is mediated by a network of regulated ion chan-
nels and transporters in the plasma membrane and vacuolar
membrane of guard cells (Albert et al., 2017). R-type (QUAC1)
anion channels function in parallel to S-type anion channels
(Keller et al., 1989), and the amplitude of R-type anion channels
was not affected in cpk3/cpk6 double mutant guard cells (Mori
et al., 2006). Further research into in planta regulation of other
guard cell ion channels and transporters in higher order cpk
mutants could elucidate bypass mechanisms.

Recent Boolean modeling studies have suggested that Ca2+

may affect the rate of ABA-induced stomatal movements (Albert
et al., 2017; Waidyarathne & Samarasinghe, 2018). Previous
research has showed that ABA signaling could proceed when
Ca2+ elevations were abolished in guard cells (Siegel et al., 2009).

However, the ABA response was clearly slowed and attenuated
when cytosolic Ca2+ elevations were fully abolished (Siegel et al.,
2009). In line with these findings, ABA-induced stomatal closing
was slower in guard cells when cytosolic Ca2+ transients were
absent (Huang et al., 2019). Whether higher order mutants in
Ca2+ binding proteins can further weaken the ABA response
remains to be determined. Interestingly however, in the present
study the high CO2 response was more clearly slowed than the
ABA response, indicating that CPKs have a prominent role in the
CO2 response.

Conclusions

In summary, the present study reveals important insights into a
crucial function of CPKs in CO2-controlled stomatal move-
ments. The combinatorial knockout of cpk3/5/6/11/23 caused a
clear slowing of high CO2-induced stomatal closing. We also
reveal that cpk3/5/6/11/23 quintuple mutant plants showed a
slowed low CO2-induced stomatal opening response. By con-
trast, red light- and blue light-induced stomatal opening was not
clearly impaired in cpk3/5/6/11/23 quintuple mutant plants
under the imposed conditions.

The presented findings further support the model that the c.
60–69% reduced activity in K+

in channel current magnitudes, as
found in cpk3/5/6/11/23 quintuple mutant guard cells, is not on
its own sufficient to slow physiological stomatal opening by light
stimuli, in line with previous findings (Kwak et al., 2001). There-
fore, in cpk3/5/6/11/23 quintuple mutant guard cells, it is likely
that additional mechanisms contribute to the slowed low CO2-
induced stomatal opening. It would be interesting to analyze par-
allel mechanisms, including R-type anion channels and other
mechanisms in cpk3/5/6/11/23 quintuple mutant guard cells, that
could provide sufficient bypass anion efflux to limit regulation
effects of the cpk3/5/6/11/23 quintuple mutant on S-type anion
channels. Analyses of ABA responses in the present study corre-
late with recent models and studies suggesting a modulation and
acceleration of the ABA response by Ca2+. The findings of the
present study further demonstrate that a quintuple mutant in the
five plasma membrane-targeted CBL proteins, CBL1, 4, 5, 8 and
9, did not affect the kinetics of CO2-regulated stomatal closing
and opening in intact plant leaves. The variability of the ABA
response in intact leaves of cpk quintuple mutant plants presented
here and in previous analyses supports the model that Ca2+ can
play an accelerating role in stomatal ABA signaling. Higher order
Ca2+-binding protein mutants may be needed to further investi-
gate this hypothesis in intact plant leaves. Additional research will
be needed to identify protein targets whose phosphorylation-de-
pendent regulation is affected by CO2 in cpk3/5/6/11/23 quintu-
ple mutant guard cells.
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Fig. S1 Curve fitting and statistical analyses of the amplitude and
time constant (s) values for wild-type (WT) and cpk5/6/11/23
quadruple mutant plants in gas exchange experiments presented
in Fig. 1(a).

Fig. S2 Genotyping of cpk3/4/5/6/11, cpk3/5/6/11/23 quintuple
mutant plants and cpk5/6/11/23 quadruple mutant plants.

Fig. S3 Curve fitting and statistical analyses of the amplitude and
time constant (s) values for WT and cpk3/4/5/6/11 quintuple
mutant plants in the gas exchange experiments presented in
Fig. 1(c).

Fig. S4 Independent experiments showing stomatal conductance
in intact whole plant rosettes of cpk3/5/6/11/23 and cpk3/4/5/6/
11 quintuple mutants in response to shifts in air CO2 concentra-
tions, as measured independently in whole intact rosettes of Ara-
bidopsis.

Fig. S5 Curve fitting and statistical analyses of the amplitude and
time constant (s) values for WT and cpk3/5/6/11/23 quintuple
mutant plants in the gas exchange experiments presented in
Fig. 2(a).

Fig. S6 Independent experimental data set showing that stomatal
opening and closure responses to shifts in ambient CO2 concen-
trations are altered in leaves of intact cpk3/5/6/11/23 quintuple
mutant plants.

Fig. S7 Independent experiment example showing that guard
cells of cpk3/5/6/11/23 quintuple mutant leaves are not impaired
in red light and blue light-induced stomatal opening.

Fig. S8 Stomatal closure in response to 0.7 lM ABA in leaves of
cpk3/5/6/11/23 quintuple mutants and WT plants.

Fig. S9 0.7 lM ABA-mediated stomatal closure in intact leaves
of cpk3/4/5/6/11 quintuple mutant and WT plants.

Table S1 Oligonucleotides used for genotyping of cpk mutant
lines.
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