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Abstract
Calcium ion transporting systems control cytosol Ca2+ levels ([Ca2+]cyt) and generate transient calcium (Ca2+) signatures that 
are key to environmental responses. Here, we report an impact of resting [Ca2+]cyt on plants from the functional study of cal
modulin-regulated Ca2+ pumps or Ca2+-ATPases in Arabidopsis (Arabidopsis thaliana). The plasma membrane-localized 
pumps ACA8 (autoinhibited Ca2+-ATPase) and ACA10, as well as the vacuole-localized pumps ACA4 and ACA11, were critical 
in maintaining low resting [Ca2+]cyt and essential for plant survival under chilling and heat-stress conditions. Their loss-of-func
tion mutants aca8 aca10 and aca4 aca11 had autoimmunity at normal temperatures, and this deregulated immune activation 
was enhanced by low temperature, leading to chilling lethality. Furthermore, these mutants showed an elevated resting 
[Ca2+]cyt, and a reduction of external Ca2+ lowered [Ca2+]cyt and repressed their autoimmunity and cold susceptibility. The 
aca8 aca10 and the aca4 aca11 mutants were also susceptible to heat, likely resulting from more closed stomata and higher 
leaf surface temperature than the wild type. These observations support a model in which the regulation of resting [Ca2+]cyt is 
critical to how plants regulate biotic and abiotic responses.
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Introduction
Calcium (Ca2+) signaling is a critical regulatory process for 
growth and development as well as environmental responses 
in plants (Dodd et al. 2010; Kim et al. 2010; Lee and Seo 2021). 
Environmental stimuli induce specific calcium (Ca2+) signals 
for corresponding cellular responses. These calcium signals 
are generated/coded by calcium transporting systems and 
decoded by a vast variety of calcium-binding signaling pro
teins (Kudla et al. 2010). The cytoplasmic Ca2+ concentration 
([Ca2+]cyt) is kept at a low concentration under resting state 
so that a transient calcium signal with unique Ca2+ dynamics 
specific to the stimulus can be generated to serve as a second 
messenger (Lecourieux et al. 2006; Choi et al. 2016; Luan and 

Wang 2021). The [Ca2+]cyt is regulated by calcium influx and 
efflux transporters including calcium ion channels, pumps, 
and exchangers. Influx channels on the plasma membrane 
(PM) include cyclic nucleotide-gated channels, glutamate- 
like receptors, and reduced hyper Osmolality-induced Ca2+ 

increase (Ali et al. 2005; Zhi Qi and Spalding 2006; Yuan 
et al. 2014; Demidchik et al. 2018). Some of the Ca2+ perme
able channels have been shown to be involved in the gener
ation of Ca2+ signatures in response to biotic and abiotic 
stresses (Toyota et al. 2018; Tian et al. 2019; Thor et al. 
2020). Ca2+ efflux systems include low-affinity and high- 
capacity Ca2+/H+ antiporters (CAXs) as well as high-affinity 
and low-capacity calcium pumps, namely calcium ATPases 
(Dodd et al. 2010; Kudla et al. 2010). Calcium pumps are 
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either endoplasmic reticulum (ER)-type ATPases (ECAs or 
P2A ATPases) or autoinhibited Ca2+ ATPases (ACAs or P2B 
ATPases) (Sze et al. 2000; Spalding and Harper 2011; Garcia 
Bossi et al. 2020). The activity of ACA is self-inhibited by its 
N-terminal auto-inhibitory domain (Malmström et al. 1997; 
Harper et al. 1998), and this inhibition is relieved by its bind
ing to Ca2+/calmodulin (Tidow et al. 2012). Therefore, Ca2+ 

efflux systems could be regulated by environmental signals 
that modulate cytosolic Ca2+ concentrations.

Arabidopsis (Arabidopsis thaliana) has 10 ACA type of 
Ca2+ pumps that transport Ca2+ out from cytosol to the 
other compartments. ACA1, ACA2, and ACA7 are localized 
on the ER (Hong 1999; Rahmati Ishka et al. 2021); ACA4 
and ACA11 are localized on the vacuole (Geisler et al. 
2000; Lee et al. 2007), while ACA8, ACA9, ACA10, ACA12, 
and ACA13 are localized on the PM (Bonza et al. 2000; Frei 
dit Frey et al. 2012; Iwano et al. 2014; Limonta et al. 2014). 
ACA proteins have been shown to regulate rosette growth, 
pollen growth, and immune responses in Arabidopsis. The 
loss-of-function (LOF) mutant of the ER-localized ACAs 
aca1 aca2 aca7 had reduced rosette growth in Arabidopsis 
(Rahmati Ishka et al. 2021). The LOF mutants of 
PM-localized ACAs, such as aca10 in the No-0 background 
and aca8 aca10 in the Col-0 background, had reduced 
growth of rosette and inflorescence (George et al. 2008; 
Frei dit Frey et al. 2012; Yang et al. 2017). The LOF of 
ACA13 or ACA12 did not lead to overt defect but enhanced 
the defects of aca8 aca10, indicating a relatively minor role 
of ACA12 and ACA13 among the PM-localized ACAs (Yu 
et al. 2018). Reduced pollen tube growth was reported for 
the LOF of ACA9 or ACA1, ACA2, and ACA7 together in 
the pollen (Schiott et al. 2004; Rahmati Ishka et al. 2021) or 
ACA13 in papilla cells (Iwano et al. 2014). In addition, the 
LOF mutants aca1 aca2 aca7, aca4 aca11, and aca8 aca10 
each exhibited constitutive defense responses in the absence 
of pathogen infection (namely autoimmune responses) and 
had enhanced resistance to bacterial pathogens (Boursiac 
et al. 2010; Yang et al. 2017; Hilleary et al. 2020; Rahmati 
Ishka et al. 2021). The aca1 aca2 aca7 and the aca4 aca11 mu
tants exhibited a salicylic acid (SA)-dependent cell death in 
leaves (Boursiac et al. 2010; Rahmati Ishka et al. 2021). 
Interestingly, rosette growth inhibition in mutants aca10 
(compact inflorescence 1 cif1), aca1 aca2 aca7, and the aca4 
aca11 results from autoimmune responses, and reduced ros
ette growth could be largely rescued by blocking of SA bio
synthesis or immune signaling (Boursiac et al. 2010; Yang 
et al. 2017; Rahmati Ishka et al. 2021). Interestingly, ACA10 
and ACA12 are recently shown to maintain leaf excitability 
during insect attack and protect leaves from caterpillar dam
age (Fotouhi et al. 2022).

At the cellular level, ACAs have been reported to affect cal
cium signals in response to environmental stimuli. The aca1 
aca2 aca7 mutant had a higher magnitude and duration of 
Ca2+ transient signals in response to blue-light and pathogen 
compared to the wild type (Rahmati Ishka et al. 2021). The 
aca4 aca11 mutant showed a higher magnitude Ca2+ signal 

in response to the pathogen elicitor flg22 compared to the 
wild type (Hilleary et al. 2020). The loss of either ACA8 or 
ACA10 function was reported to abolish calcium oscillations 
indued by external calcium in the guard cells (Yang et al. 
2017). The aca8 aca10 mutant had a reduced Ca2+ increase 
and slower recovery in response to external ATP in root tip 
cells compared to the wild type (Behera et al. 2018). In add
ition to affecting transient calcium signals, ACAs have also 
been found to affect resting [Ca2+]cyt. The mutants of aca1 
aca2 aca7, aca4 aca11, and aca8 were reported to have ele
vated resting [Ca2+]cyt levels without environmental stimuli 
(Costa et al. 2017; Hilleary et al. 2020; Rahmati Ishka et al. 
2021).

Despite these advances, we still lack a clear understanding 
of the cellular functions of ACA calcium pumps in calcium 
regulation, their physiological functions in environmental 
responses, or the connection of cellular function with physio
logical functions. We started to address these questions by 
investigating the cellular and physiological function of 2 ma
jor PM-localized ACAs (ACA8 and ACA10) and 2 vacuole- 
localized ACAs (ACA4 and ACA11) in Arabidopsis. These 
genes have been shown to positively regulate rosette growth 
and negatively regulate plant immunity. Here, we show that 
the PM-localized pumps ACA8 and ACA10, as well as the 
vacuolar-localized pumps ACA4 and ACA11, are important 
for maintaining low resting [Ca2+]cyt levels and that elevated 
resting [Ca2+]cyt levels are largely responsible for the trigger
ing autoimmunity as well as chilling lethality and heat lethal
ity. This study thus emphasizes the importance of resting 
[Ca2+]cyt in regulating both biotic and abiotic stress re
sponses as well as the interconnection among defense re
sponse and chilling tolerance.

Results
ACA8 and ACA10 maintain a low resting [Ca2+]cyt 
in cells
We used a ubiquitously expressed and highly sensitive Ca2+ in
dicator GCaMP6s to monitor [Ca2+]cyt in the aca8 aca10 mu
tant as previously described (Yang et al. 2017; Yu et al. 2018). 
This engineered green fluorescent protein (GFP) fusion is cap
able of changing its conformation and thus fluorescence in a 
Ca2+ concentration-dependent manner (Chen et al. 2013; 
Liu et al. 2017). The GCaMP6s indicator was introduced into 
the aca8 aca10 mutant by Agrobacterium-mediated trans
formation and introgressed into the wild type by hybridiza
tion, so that these reporter lines were isogeneic with the 
GCaMP reporter gene inserted in the identical chromosome 
location. Confocal microscopy of leaf epidermal pavement 
cells revealed a higher GCaMP fluorescence in the aca8 
aca10 mutant than in the wild type, which was confirmed 
by quantification of the fluorescence signals (Fig. 1A). 
Immunoblot detected the same level of the GCaMP6s protein 
in the wild-type and the aca8 aca10 lines (Supplemental Fig. 
S1A), excluding the possibility that higher reporter protein 
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level was the cause of higher fluorescence signal. These data 
suggested that the aca8 aca10 mutant had a higher resting 
[Ca2+]cyt compared to the wild type.

We verified this by using a ratiometric calcium sensor 
Yellow Cameleon (YC) which is based on calcium-dependent 
fluorescence resonance energy transfer (FRET) efficiency be
tween cyan fluorescent protein (CFP) and yellow fluorescent 
protein (YFP) (Nagai et al. 2004). A plant version of the cal
cium sensor YC3.6 was transformed into aca8 aca10 and 
then introduced to the wild type by crossing. The expression 
of YC3.6 is often silenced in other cell types, so we analyzed 
confocal images of its signal in guard cells where the reporter 
is highly expressed. Quantification of ratiometric signals re
vealed a higher [Ca2+]cyt in the aca8 aca10 mutant compared 
with the wild type (Fig. 1B), corroborating the observations 
with GCaMP6s in pavement cells. The two calcium reporters 
GCaMP6s and the YC3.6 were effective to detect transient 
[Ca2+]cyt response to external Ca2+ treatment. The 

GCaMP6s protein level was not altered by external Ca2+ treat
ment in wild-type Col-0 or the aca8 aca10 mutant 
(Supplemental Fig. S1C). A similar increase of [Ca2+]cyt in re
sponse to external Ca2+ treatment was observed in wild-type 
Col-0 leaves when using the reporters YC3.6 and GCaMP6s 
(Supplemental Fig. S1B and C).

Elevated resting [Ca2+]cyt in aca8 aca10 is not due to 
autoimmunity
Because activation of immune responses could potentially 
trigger calcium influx (Bi et al. 2021; Jacob et al. 2021), we in
vestigated whether or not the elevated resting [Ca2+]cyt in 
aca8 aca10 was an indirect result from autoimmunity (consti
tutive immune response) in the mutant. A suppressor muta
tion of aca8 aca10 was used to differentiate the possibilities. 
This suppressor was isolated from an ethyl methane sulfonate 
(Atwell et al. 2010) mutagenesis of the aca8 aca10 mutant 
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Figure 1. Resting [Ca2+]cyt is elevated in the aca8 aca10 mutants. A) Images and quantification (in box plot) of GFP fluorescence signals from the 
reporter GCaMP6s in epidermal cells of isogenic plants of wild-type Col-0, fmo1, aca8 aca10, and aca8 aca10 fmo1. Plants were grown at 22 °C for 
21 d. The scale bar is 20 μm. B) Images and quantification (in box plot) of fluorescence signal ratios of FRET-YFP and CFP from the reporter YC3.6 in 
guard cells of wild-type Col-0 and aca8 aca10 plants that were grown in soil for 21 d. The scale bar is 10 μm. C) Fresh weights of Col-0, fmo1, aca8 
aca10, and aca8 aca10 fmo1 plants after grown under constant light for 21 d at 22 °C. Error bars represent standard deviations (SD) from 9 plants for 
each genotype. D) Growth of virulent pathogen Pseudomonas syringae pathovar tomato (Pst) DC3000 in Col-0, fmo1, aca8 aca10, and aca8 aca10 
fmo1 plants grown under a 12/12-h photoperiod for 14 d. Shown are log10 values of bacterial number (in colony forming unit, cfu) per mg fresh 
weight (FW) of leaves at 3 d after infection. Error bars represent standard deviations (SD) from 3 biological replicates in 1 experiment. Shown is 
a result from 1 experiment and similar results were obtained from 3 experiments. E) Images and quantification of fluorescence signal ratios 
GFP/mCherry from the reporter mCherry-GCaMP6f in leaf epidermal cells of the wild-type Col-0 and the aca8 aca10 fmo1 mutant plants. The scale 
bar is 20 μm. For A) and E), fluorescence signals were measured from the region of interest of 2 × 2 μm, and the average of signals or signal ratios 
from 4 regions of interest (ROIs) was used as the signal or signal ratio for one cell. Data were obtained from at least 60 cells (2 cells/plant) for each 
genotype. For B), fluorescence signals were acquired from a- ROI encompassing the entire guard cell. More than 10 cells (1 cell/plant) for each geno
type were measured. For box-whisker plots in A), B), and E), the top and bottom sides of the box are the upper and lower quartiles; the line in the box 
is the median; the whiskers mark the range from maximum to minimum or 1.5 times the interquartile range with outliers represented as a circle. For 
B) and E), “*” indicates a statistically significant difference between samples determined by Student’s t-test (P < 0.05). For A), C), and D), different 
letters indicate significant differences among samples by ANOVA test (P < 0.05).
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based on its reversion to the wild-type growth morphology 
(Supplemental Fig. S1E). Mapping-by-sequencing of the sup
pressor mutant revealed a stop gain mutation at the nucleo
tide position of 1378 relative to the translation start site of the 
flavin-dependent-monooxygenase1 (FMO1) gene which is cru
cial for systemic-acquired resistance (Hartmann et al. 2018), 
and the suppressor mutant was, therefore, named as fmo1-2 
(Supplemental Fig. S1D). The aca8 aca10 fmo1-2 mutant, un
like aca8 aca10, had a similar growth to the wild-type Col-0 
(Fig. 1C, Supplemental Fig. S1E) and was as susceptible as 
the wild-type Col-0 to the virulent pathogen Pseudomonas 
syringae pathovar tomato (Pst) strain DC3000 (Fig. 1D). The 
identity of FMO1 as the suppressor gene of both the growth 
and immunity defects of the aca8 aca10 mutant was con
firmed by another mutant allele fmo1 (Alonso et al. 2003) 
(Fig. 1 C, Supplemental Fig. S1, D–F). Therefore, the aca8 

aca10 fmo1 mutant lacks ACA8 and ACA10 function but 
has little autoimmunity.

We introduced the GCaMP6s reporter into both the aca8 
aca10 fmo1 and fmo1 mutants by crossing so that they were 
isogenic with the GCaMP6s lines of wild type and aca8 aca10 
described above. Expression of the GCaMP6s protein was 
found to be similar among plants of the wild type, fmo1, 
aca8 aca10, and aca8 aca10 fmo1 (Supplemental Fig. S1A). 
Confocal imaging of leaf epidermal cells revealed that resting 
[Ca2+]cyt in aca8 aca10 fmo1 and in aca8 aca10 were similar 
to each other and that both were higher than those in fmo1 
and Col-0 which were similar to each other (Fig. 1A).

The ratiometric calcium reporter mCherry-GCaMP6f 
(Weigand et al. 2021) was further used to monitor [Ca2+]cyt 

in the wild-type Col-0 and the aca8 aca10 fmo1 mutant. 
[Ca2+]cyt was quantified by the ratio of GFP signal from 
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Figure 2. Low [Ca2+]ext reduces autoimmunity in aca8 aca10 mutants. A) Images and quantification (in box plot) of fluorescence signals from 
GCaMP6s in leaf epidermal cells of isogenic plants of wild-type Col-0 and aca8 aca10 containing the reporter gene. Plants were hydroponically grown 
under 0.1 or 1.5 mM [Ca2+]ext at 22 °C with constant light for 21 d. The scale bar is 10 μm. The average of fluorescence signals measured from 4 
regions of interest (ROIs) (each at 2 × 2 μm) was used as the signal for one epidermal cell. More than 10 cells (1 cell/plant) for each genotype 
were measured. B) Images and quantification (in box plot) of fluorescence signal ratios of FRET-YFP and CFP from the reporter YC3.6 in guard cells 
of isogenic wild-type Col-0 and aca8 aca10 plants grown hydroponically at 22 °C (scale bar, 10 μm). Fluorescence signals were acquired from a ROI 
encompassing the entire guard cell. More than 15 cells (1 cell/plant) for each genotype were measured. C) Heatmap showing relative expression of 
defense-related genes in plants of wild-type Col-0, fmo1, aca8 aca10, and aca8 aca10 fmo1 grown either in soil or hydroponically under 0.1 or 1.5 mM 
[Ca2+]ext. D) Growth of Pst DC3000 in wild-type Col-0 and aca8 aca10 plants hydroponically grown under 0.1 and 1.5 mM [Ca2+]ext at 22 °C. 
Seedlings were grown under a 12/12-h photoperiod for 14 d before they were infected. Shown is the log10 value of the bacterial number (in colony 
forming unit, cfu) per mg fresh weight (FW) in leaves at 3 d after infection in one representative experiment. Error bars represent SD from 3 bio
logical replicates. Similar results were obtained from 3 independent experiments (each with 3 biological repeats). For box-whisker plots in A) and B), 
the top and bottom sides of the box are the upper and lower quartiles; the line in the box is the median; the whiskers mark the range from maximum 
to minimum or 1.5 times the interquartile range with outliers represented as a circle. For A), B), and D), different letters indicate statistically sig
nificant differences tested by ANOVA (P < 0.05).
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GCaMP6f versus red fluorescent protein (RFP) signal 
from mCherry in transgenic plants containing this reporter. 
Using this third reporter, the resting [Ca2+]cyt in aca8 aca10 
fmo1 in epidermal cells was also found to be significantly high
er in the aca8 aca10 fmo1 mutant compared to the wild-type 
Col-0 (Fig. 1E). These data indicate that the high resting [Ca2 

+]cyt in aca8 aca10 is not an indirect consequence of auto
immunity but rather a direct effect from the loss of ACA8 
and ACA10 function.

Low [Ca2+]ext reduces the elevated [Ca2+]cyt in the 
aca8 aca10 mutant
We asked whether or not the high resting [Ca2+]cyt in the 
aca8 aca10 mutant is the cause of autoimmunity, the upregu
lation of defense responses under nonpathogenic conditions. 
A hydroponic system was used to alter the resting [Ca2+]cyt in 
the mutant by varying the external Ca2+ concentration 
([Ca2+]ext). Seedlings of the GCaMP6s indicator lines were 
hydroponically grown in a medium with [Ca2+]ext at 0.1 or 
1.5 mM for 21 d before leaves were imaged by confocal mi
croscopy. For the wild type, [Ca2+]cyt in epidermal cells was 
not significantly different between plants grown under 0.1 
and 1.5 mM [Ca2+]ext (Fig. 2A). In contrast, [Ca2+]cyt of the 
aca8 aca10 mutant grown in 0.1-mM [Ca2+]ext was signifi
cantly lower than when grown in 1.5-mM [Ca2+]ext, although 
still higher than that in the wild type (Fig. 2A). A similar effect 
was also observed in guard cells by using the ratiometric 
YC3.6 reporter. No significant difference of [Ca2+]cyt was ob
served between 0.1 and 1.5 mM [Ca2+]ext for the wild type, 
while [Ca2+]cyt in the aca8 aca10 mutant was higher under 
1.5 mM [Ca2+]ext than under 0.1 mM [Ca2+]ext (Fig. 2B). 
This indicates that the wild-type plants maintain a constant 
low [Ca2+]cyt despite a varying [Ca2+]ext and a low [Ca2+]ext 

partially alleviated the elevation of resting [Ca2+]cyt in the 
aca8 aca10 mutant.

Low [Ca2+]ext reduces autoimmunity in the 
aca8 aca10 mutant
In order to reveal the molecular effects of elevated resting 
[Ca2+]cyt induced by the LOF of ACA8 and ACA10, we analyzed 
transcriptomes of seedlings of aca8 aca10 and aca8 aca10 fmo1 
grown in soil as well as aca8 aca10 seedlings hydroponically 
grown under 0.1 and 1.5 mM [Ca2+]ext. RNAs were extracted 
from the leaves of these seedlings and were subjected to 
3′-RNA seq (Tandonnet and Torres 2017). Cluster analysis on 
differentially expressed genes (DEGs) on soil-grown plants re
vealed 6 major groups (G1 to G6) for all DEGs among wild 
type, fmo1, aca8 aca10, and aca8 aca10 fmo1 (Supplemental 
Fig. S2A). G1 is the largest co-expression group with the highest 
expression in aca8 aca10 and the lowest expression in fmo1 and 
wild-type Col-0. Most of the enriched Gene Ontology (GO) 
terms for genes in this group are related to defense responses 
that include “innate immune response-activating signal trans
duction,” “SA signaling pathway,” and “systemic-acquired re
sistance” (Supplemental Fig. S2B), suggesting that the defense 

response mediated by SA was activated in the aca8 aca10 mu
tant under normal growth conditions without pathogen infec
tion. Found in this group were multiple SA biosynthesis genes 
including SID2 and SA signaling genes, such as EDS1, PAD4, and 
CBP60g, as well as intracellular immune receptor nucleotide- 
binding and leucine-rich repeat proteins (NLR) genes, such as 
RPS4 and SNC1 (Fig. 2C). A total of 23 genes in these 3 above- 
mentioned GO terms were selected as markers for auto
immunity in the aca8 aca10 in subsequent gene expression 
analysis. As expected, the expression of these defense genes 
was lower in fmo1 compared to the wild-type Col-0 and was 
lower in aca8 aca10 fmo1 compared to aca8 aca10 (Fig. 2C, 
Supplemental Data Set S1).

For hydroponically grown plants under 0.1 and 1.5 mM 
[Ca2+]ext, an upregulation of defense response-related genes 
was also observed in the aca8 aca10 mutant. Heat map re
vealed that these defense response-related genes had a similar 
expression level under 0.1 and 1.5 mM [Ca2+]ext in the wild 
type (Fig. 2C, Supplemental Data Set S2). They had a higher ex
pression in aca8 aca10 compared to the wild type under 
1.5 mM [Ca2+]ext, similar to soil-grown plants (Fig. 2C). 
Expression of these genes in aca8 aca10 was much lower 
when grown under 0.1 mM [Ca2+]ext compared to grown un
der 1.5 mM [Ca2+]ext, although still higher than in wild type 
(Fig. 2C). For instance, expression of SID2 was 2.5-fold higher 
at 1.5 mM [Ca2+]ext but was reduced to 1.5-fold at 0.1 mM 
[Ca2+]ext in the aca8 aca10 mutant compared to wild-type 
Col-0 (either 0.1 or 1.5 mM [Ca2+]ext) (Supplemental Fig. 
S3F). The effect of reduction of defense gene expression was 
similar from the fmo1 mutation and from low [Ca2+]ext 

(Fig. 2C). This association strongly suggests that a high resting 
[Ca2+]cyt is responsible for the high expression of defense re
sponse genes in aca8 aca10.

Low [Ca2+]ext increases pathogen growth in the 
aca8 aca10 mutant
We subsequently examined pathogen growth in the aca8 aca10 
mutant that was hydroponically grown under a low [Ca2+]ext. 
Early studies found a reduced growth of virulent pathogen 
PstDC3000 in soil-grown aca8 aca10 mutant compared to 
the wild type (Yang et al. 2017; Yu et al. 2018), likely due to 
the upregulation of defense response genes even before patho
gen infection. The growth of Pst DC3000 in wild-type Col-0 
seedlings was similar when grown in medium with 0.1 or 
1.5 mM [Ca2+]ext (Fig. 2D). The growth of Pst DC3000 was re
duced by 10-fold under 1.5 mM [Ca2+]ext but by less than 
3-fold under 0.1 mM [Ca2+]ext in the aca8 aca10 mutant com
pared to the wild type (Fig. 2D). This indicates that a lower 
[Ca2+]ext, resulting in a low [Ca2+]cyt, partially reverted the 
enhanced disease resistance in the aca8 aca10 mutant. 
The association between the increased [Ca2+]cyt and the en
hanced disease resistance in the mutant further supports 
that an increase of [Ca2+]cyt is responsible for immune response 
activation in the aca8 aca10 mutant.
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ACA10 and ACA8 are crucial for plant survival at low 
temperatures
To have a more comprehensive understanding of the func
tion of ACA8 and ACA10, we examined their roles and mech
anism in coping with abiotic stresses, especially chilling and 
heat. No functional studies of these genes in temperature 
stress response have been carried out before, although 
ACA8 and ACA10 were reported to have an altered RNA ex
pression upon chilling treatment (Schiott and Palmgren 
2005). The aca8 aca10 mutant and the wild type were grown 
in soil for an extended period at a low temperature of 10 °C 
after germination at 22 °C for 5 d. The wild-type plants had a 
slower development at 10 °C than at 22 °C, but were able to 
maintain rosette growth till they bolted at 4 mo (instead of 
5 wk at 22 °C). Compared to the wild-type Col-0, the aca8 
aca10 grew even slower at 10 °C, leading to smaller rosettes 
with fewer leaves (Fig. 3A and Supplemental Fig. S3A). The 
mutant started to turn yellow after 1 mo of growth at 10 °C, 
and it eventually died without bolting after 3 mo at 10 °C 

(Supplemental Fig. S3B). This indicates that ACA8 and 
ACA10 are essential for plant survival at low temperatures.

Autoimmunity contributes to chilling lethality in the 
aca8 aca10 mutant
We asked whether or not the lethality of aca8 aca10 at low 
temperature was due to a hyper-activation of defense responses 
as low temperature has been shown to enhance defense re
sponses (Wang et al. 2013). Because the fmo1 mutation sup
pressed the defense activation to a large extent in the aca8 
aca10 mutant, the growth phenotype of the aca8 aca10 fmo1 
triple mutant was analyzed at 10 °C. The aca8 aca10 fmo1 mu
tant had a larger rosette with more leaves compared to the 
aca8 aca10 mutant during the first month of soil growth at 
10 °C (Fig. 3A and Supplemental Fig. S3A). It continued to pro
duce new leaves and slow growth after 3 mo at 10 °C when the 
aca8 aca10 mutant died at that point (Supplemental Fig. S3B). 
However, the aca8 aca10 fmo1 mutant continued in the vege
tative stage without dying, while the wild-type plants set seeds 

Figure 3. The chilling susceptibility of the aca8 aca10 mutant is dependent on defense activation and influenced by [Ca2+]ext. A) Rosettes of wild- 
type Col-0, fmo1, aca8 aca10, and aca8 aca10 fmo1 plants grown in soil after 1 mo of chilling treatment. Seedlings were germinated and grown at 
22 °C for 5 d before chilling treatment at 10 °C (Scale bar, 10 mm). Characterization of chilling phenotypes, including rosette growth B), fresh weight 
C), and gene expression D), of wild-type Col-0 and aca8 aca10 plants grown hydroponically under 0.1 and 1.5 mM [Ca2+]ext. Seedlings were hydro
ponically grown for 16 d at 22 °C and then at 10 °C for 21 d. Fresh weight is shown as mean values and SD of more than 30 plants for each genotype 
and growth condition in C). The scale bar is 10 mm in B). Different letters indicate significant differences among samples by ANOVA test (P < 0.05). 
The expression of a set of defense response genes is displayed as a heatmap in D). E) Images and quantification (in box plot) of fluorescence signal 
ratios of YFP and CFP from the reporter YC3.6 in guard cells of wild-type Col-0 plants grown at 22 °C or at 10 °C (scale bar, 10 μm). Seedlings were 
grown at 22 °C for 21 d and kept at 22 °C or moved to10 °C for 5 d. YFP and CFP signals were acquired from a region of interest (ROI) encompassing 
the entire guard cell. More than 10 cells (1 cell/plant) for each genotype were measured. For the box-whisker plot, the top and bottom sides of the 
box are the upper and lower quartiles; the line in the box is the median; the whiskers mark the range from maximum to minimum or 1.5 times the 
interquartile range with outliers represented as a circle. “*” indicates a statistically significant difference between samples determined by Student’s 
t-test (*P < 0.05).
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at after 5 mo 10 °C. Therefore, the fmo1 mutation that signifi
cantly reduces defense responses partially rescued chilling sus
ceptibility in the aca8 aca10 mutant, suggesting that ACA8 
and ACA10 affect chilling tolerance at least partially through 
their effect on plant defense responses.

Low [Ca2+]ext reduces autoimmunity and rescues 
chilling lethality in the aca8 aca10 mutant
Since low [Ca2+]ext reduced resting [Ca2+]cyt and reduced de
fense responses in aca8 aca10, we tested whether or not the 
low [Ca2+]ext could rescue the chilling-susceptible phenotype 
of aca8 aca10. Similar to the soil-grown plants, the hydropon
ically grown aca8 aca10 plants were reduced in rosette size 
compared to the wild type at 10 °C and 22 °C irrespective 
of [Ca2+]ext (Supplemental Fig. S3, C–E). The aca8 aca10 
plants grown under 0.1 mM [Ca2+]ext in general had larger 
and greener rosettes compared to those grown under 
1.5 mM [Ca2+]ext at 10 °C (Fig. 3B and Supplemental Fig. 
S3D). Quantification of rosettes showed that the aca8 
aca10 had a higher fresh weight at 0.1 mM [Ca2+]ext than 
at 1.5 mM [Ca2+]ext at 10 °C (Fig. 3C), supporting that a lower 
[Ca2+]ext partially rescued the chilling susceptibility of the 
aca8 aca10 mutant.

To further investigate whether defense response activation 
was responsible for chilling susceptibility in the aca8 aca10 
mutant, we analyzed the expression of the above-mentioned 
23 defense-related genes that were upregulated in the aca8 
aca10 at 22 °C (Fig. 2C). Heatmap was used to visualize ex
pression patterns of this set of genes in wild type and the 
aca8 aca10 mutant growth under 0.1 and 1.5 mM [Ca2+]ext 

with or without the 10 °C chilling growth of 21 d (Fig. 3D). 
Chilling moderately increased the expression of these genes 
at 0.1 and at 1.5 mM [Ca2+]ext in the wild type, and it drastic
ally increased their expression in the aca8 aca10 mutant 
(Fig. 3D, Supplemental Data Set S2). Importantly, expressions 
of the majority of these genes (21 out of 23) were higher at 
high [Ca2+]ext compared to low [Ca2+]ext in aca8 aca10 under 
chilling. For instance, the expression of the SA biosynthesis 
gene SID2 had the lowest expression in the wild type grown 
at 22 °C under 0.1 mM [Ca2+]ext and the highest expression in 
the aca8 aca10 mutant at 10 °C under 1.5 mM [Ca2+]ext 

(Supplemental Fig. S3F). Its expression under chilling was sig
nificantly lower at 0.1 mM [Ca2+]ext than at 1.5 mM [Ca2+]ext. 
Similarly, the expression of CBP60g was highest in the mutant 
grown at 10 °C under 1.5 mM [Ca2+]ext but significantly re
duced when grown under 0.1 mM [Ca2+]ext (Supplemental 
Fig. S3G). These expression changes indicate that auto
immunity was further enhanced in the aca8 aca10 mutant 
under chilling and these changes were associated with an ele
vated [Ca2+]cyt.

Interestingly, a slightly elevated resting [Ca2+]cyt (indicated 
by the YC3.6 reporter) was observed in guard cells after 
plants were grown at 10 °C for 5 d compared to at 22 °C 
(Fig. 3E). This is associated with a higher expression of 
defense-related genes at low temperature in the wild type.

The aca4 aca11 mutant exhibits autoimmunity and 
chilling susceptibility associated with an elevated 
resting [Ca2+]cyt level
The mutant of vacuole-localized ACA4 and ACA11, aca4a 
ca11, was shown to have an elevated resting [Ca2+]cyt com
pared to the wild type (Hilleary et al. 2020), similar to aca8 
aca10. We hypothesized that this high resting [Ca2+]cyt is re
sponsible for the autoimmunity observed in the aca4 aca11 
mutant and that the aca4 aca11 mutant would have a 
chilling-susceptible phenotype similar to the aca8 aca10 mu
tant. To test this hypothesis, we grew seedlings of the wild- 
type and aca4 aca11 sid2 mutant hydroponically in a me
dium with [Ca2+]ext at 0.1 or 1.5 mM. The sid2 mutation 
greatly suppressed cell death and autoimmunity in aca4 
aca11 (Boursiac et al. 2010), which would remove or greatly 
reduce potential indirect effects of autoimmunity on 
[Ca2+]cyt. The resting [Ca2+]cyt in aca4 aca11 sid2 was found 
to be significantly reduced under lower [Ca2+]ext compared 
to under 1.5 mM [Ca2+]ext based on the reporter 
mCherry-GCaMP6f (Fig. 4A). The aca4 aca11 mutant exhib
ited cell death on leaves when grown under 1.5 mM [Ca2+]ext, 
but cell death was greatly reduced when plants were grown 
under 0.1 mM [Ca2+]ext (Fig. 4B). This indicates that the cell 
death defect is likely caused by an elevated resting [Ca2+]cyt 

in aca4 aca11. In addition, the growth of Pst DC3000 was ana
lyzed in aca4 aca11 grown under 0.1 or 1.5 mM [Ca2+]ext. 
While pathogen growth was lower by 10-fold in the aca4 
aca11 mutant compared to the wild type under 1.5 mM 
[Ca2+]ext, it grew to a similar extent in the wild type and 
the mutant under 0.1 mM [Ca2+]ext (Fig. 4C). This indicates 
that a high resting [Ca2+]cyt likely contributes to enhanced 
defense response in aca4 aca11, in addition to aca8 aca10.

Tolerances to chilling were further analyzed for the aca4 
aca11 mutant. Similar to the aca8 aca10 mutant, the aca4 
aca11 mutant plants also died after 1 month’s growth at 
10 °C, whereas the wild-type plants were all alive (Fig. 4D). 
Consistent with the hypothesis that chilling susceptibility 
is induced by autoimmunity, and the aca4 aca11 sid2 plants, 
where SA biosynthesis is reduced, survived the chilling 
treatment (Fig. 4D). Furthermore, a lower [Ca2+]ext rescued 
the chilling lethality phenotype of the aca4 aca11 plants. 
While the aca4 aca11 plants were all dead after 4 wk at 
10 °C when hydroponically grown under 1.5 mM [Ca2+]ext, 
they all survived when grown under 0.1 mM [Ca2+]ext 

(Fig. 4E).

ACA10 and ACA8 are critical for plant survival at high 
temperatures
To determine the roles of ACA8 and ACA10 in heat tolerance, 
we subjected the aca8 aca10 mutant plants to heat stresses. 
Seedlings of the mutant and the wild type were first grown at 
22 °C for 2 wk and then grown at 35 °C. No apparent mor
phological difference was observed between the aca8 aca10 
mutant and the wild type in the first week at 35 °C, but 
the mutant became yellower compared to the wild type 
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afterward and the difference became more drastic as heat 
treatment continued. After 4 wk at 35 °C, the aca8 aca10 
mutant plants were all dead, whereas the wild-type plants 
were all alive (Fig. 5A). This shows that the ACA8 and 
ACA10 are essential for plant survival at high temperatures. 
High temperature is known to inhibit SA-mediated immune 
responses (Hua 2013), and we expected that this heat toler
ance defect in the aca8 aca10 mutant was not due to auto
immunity, unlike that of the chilling tolerance defect. This 
was verified by the investigation of heat tolerance of the 
aca8 aca10 fmo1 mutant where autoimmunity was largely 
suppressed. The fmo1 mutation did not significantly alter 
heat tolerance, and the fmo1 mutant was alive after 4 wk 

at 35 °C, similarly to the wild type (Fig. 5A). The aca8 
aca10 fmo1 mutant, like aca8 aca10, died after 4 wk at 
35 °C (Fig. 5A). A similar heat susceptibility was also ob
served for the aca8 aca10 mutant at 42 °C. After 10 d of 
42 °C treatment of 2-wk-old seedlings, the aca8 aca10 
and aca8 aca10 fmo1 plants were dead but the wild type 
Col-0 and fmo1 plants were alive (Supplemental Fig. 
S4A). This indicates that ACA8 and ACA10 regulate heat 
tolerance independent of their defense regulation. 
Similar to the aca8 aca10 mutant, the aca4 aca11 mutant 
plants all died, whereas the wild-type plants were all alive 
after 4 wk of heat treatment at 35 °C or 11 d of heat treat
ment at 42 °C (Fig. 5B and Supplemental Fig. S4B).

A
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B

Figure 4. The aca4 aca11 mutant has a reduced autoimmunity under low [Ca2+]ext and is more chilling susceptible compared to the wild type. A) 
Images and quantification (in box plot) of fluorescence signal ratios of GFP/RFP from the reporter mCherry-GCaMP6f in leaf epidermal cells of the 
wild-type Col-0 and the aca4 aca11sid2 mutant plants containing the reporter grown hydroponically at 0.1 or 1.5 mM [Ca2+]ext. The scale bar is 
20 μm. More than 10 cells (1 cell/plant) for each genotype were measured for quantification. Different letters indicate statistically significant differ
ences tested by ANOVA (P < 0.05). For the box-whisker plot, the top and bottom sides of the box are the upper and lower quartiles; the line in the 
box is the median; the whiskers mark the range from maximum to minimum or 1.5 times the interquartile range with outliers represented as a circle. 
B) Phenotypes of wild-type Col-0 and aca4 aca11 plants grown hydroponically at 0.1 or 1.5 mM [Ca2+]ext for 21 d. C) Growth of Pst DC3000 in 
wild-type Col-0 and aca4 aca11 seedlings hydroponically grown under 0.1 and 1.5 mM [Ca2+]ext. Seedlings were grown under a 12/12-h photoperiod 
at 22 °C for 14 d before they were infected with Pst DC3000. Shown are mean values and SD (standard deviation) of log10 value of the bacterial 
number (cfu per mg FW) in leaves at 3 d after infection from 3 biological repeats in one representative experiment. Similar results were obtained 
from 2 independent experiments (each with 3 biological repeats). Different letters indicate statistically significant differences tested by ANOVA (P <  
0.05). D) Phenotype and survival status of wild-type Col-0, aca4 aca11, and aca4 aca11 sid2 grown at 10 °C (following 5 d of germination and growth 
at 22 °C). Plant images were taken at 1 mo’s growth at 10 °C, and the survival status (1 as live and 0 as dead) was analyzed at 3 mo’ growth at 10 °C. 
More than 27 plants were analyzed for each genotype. Different letters indicate statistically significant differences tested by ANOVA (P < 0.05). E) 
Phenotypes and survival status of wild-type Col-0 and aca4 aca11 plants grown hydroponically under 0.1 and 1.5 mM [Ca2+]ext at 22 °C for 14 d and 
then 10 °C for 28 d. More than 22 plants for each genotype were analyzed. Different letters indicate statistically significant differences tested by 
ANOVA (P < 0.05).
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Figure 5. Heat susceptibility of the aca8 aca10 mutant is associated with high [Ca2+]cyt, high leaf temperature, and high HSP expression. Growth 
phenotypes and survival status of wild-type Col-0, fmo1, aca8 aca10, and aca8 aca10 fmo1 plants A) or Col-0 and the aca4 aca11 mutant plants B) 
under heat. Seedlings were grown at 22 °C for 2 wk and then at 35 °C for 4 wk before being photographed (scale bar, 10 mm). More than 34 plants A) 
or 22 plants B) for each genotype were analyzed for survival status (1 for live and 0 for dead). Different letters indicate significant differences among 
samples by ANOVA test (P < 0.05). C) Leaf temperature expressed as ΔT (difference between leaf and ambient temperatures) of wild-type Col-0, 
fmo1, aca8 aca10, and aca8 aca10 fmo1 at 22 °C and 35 °C. Plants were grown at 22 °C for 21 d and were then moved to 35 °C for 1 d. Shown are mean 
values ± SD from measurements of 10 leaves each from a different plant. Tleaf, leaf temperature; Tambient, ambient temperature. Different letters 
indicate significant differences among samples by ANOVA test (P < 0.05). D) Stomatal apertures (expressed as width/length of the pore) of wild- 
type Col-0 and aca8 aca10 at 22 °C and 35 °C. Shown are mean values ± SD from 35 stomata. Plants were grown at 22 °C and moved to 35 °C for 1 d 
(same as in C). Epidermis layers were peeled, floated on ddH2O, and observed under a microscope, all done under the respective temperatures. 
Different letters indicate significant differences among samples by ANOVA test (P < 0.05). E) Stomatal conductance of wild-type Col-0 and aca8 
aca10 at 22 °C and 35 °C. Shown are mean values ± SD from measurements of 12 leaves each from a different plant. Plants were grown at 22 °C 
and moved to 35 °C for 1 d (same as in C). Different letters indicate significant differences among samples by ANOVA 
(P < 0.05). Images and quantification of [Ca2+]cyt signal shown as FRET-YFP and CFP ratio from YC3.6 in guard cells of 3-wk-old wild-type Col-0 
plants grown at 22 °C or 35 °C for additional 5 d F) or 3-wk-old plants of wild-type Col-0 and aca8 aca10 grown at 35 °C for 5 d G). The scale 
bar is 10 μm. Data were obtained from more than 10 stomata (each from a different leaf) for each genotype. “*” indicates a statistically significant 
difference between samples determined by Student’s t-test (*P < 0.05). For box-whisker plots in C), E), F), and G), the top and bottom sides of the 
box are the upper and lower quartiles; the line in the box is the median; the whiskers mark the range from maximum to minimum or 1.5 times the 
interquartile range with outliers represented as a circle.
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The aca8 aca10 mutant is more susceptible to heat 
and has a higher leaf temperature under heat than 
the wild type
To reveal how ACA8 and ACA10 regulate heat tolerance in 
Arabidopsis, we carried out a transcriptome analysis on the 
wild-type Col-0, fmo1, aca8 aca10, and aca8 aca10 fmo1 
plants under heat treatment. Plants were grown at 22 °C 
for 2 wk before they were heat treated at 42 °C, and RNAs 
were extracted from leaf tissues at 0 d (before treatment), 
1 d, and 7 d. Cluster analysis of DEGs revealed 5 major groups 
for these 4 genotypes at 3 time points (Supplemental Fig. 
S5A). Genes in group 1 had expression patterns associated 
with the heat-susceptible phenotype among the 4 genotypes: 
they were highest in aca8 aca10 and aca8 aca10 fmo1 com
pared to the wild type and the fmo1 mutant at 7 d at 42 °C 
(Supplemental Fig. S5A). GO analysis of these DEGs revealed 
an enrichment of the terms related to heat response such as 
“response to hydrogen peroxide,” “cellular response to heat,” 
“heat response,” and “heat acclimation” (Supplemental Fig. 
S5B). More specifically, heat stress transcription factor 
(HSF) genes and heat shock protein (HSP) genes are shared 
under these terms. Expressions of 6 HSF and 15 HSP genes 
were induced by 1 d of 42 °C in the wild type and the 
fmo1 mutant, and the induction was higher in aca8 aca10 
and aca8 aca10 fmo1 compared to the wild type or fmo1 
(Supplemental Fig. S5C). The difference became more drastic 
at 7 d of 42 °C treatment with expression of HSPs and HSFs at 
1.5- to 10-fold higher in aca8 aca10 and aca8 aca10 fmo1 
compared to in wild-type Col-0 and fmo1 (Supplemental 
Fig. S5C, Supplemental Data Set S3). For instance, expression 
of HSP22 was 2-fold higher in the aca8 aca10 mutant at 1 d of 
42 °C but was increased to 6-fold at 7 d of 42 °C compared to 
the wild-type Col-0 (Supplemental Fig. S5D). The expression 
of HSP70 was increased to a comparable high level in the mu
tant and the wild type at 1 d of 42 °C, and it further increased 
in the aca8 aca10 mutant but not as much in the wild type at 
7 d of 42 °C treatment (Supplemental Fig. S5D). This suggests 
that the aca8 aca10 mutant may experience a more severe 
heat stress than wild-type Col-0 under the same heat condi
tions. Corroborated with this hypothesis, another term 
“long-chain fatty acid metabolic process” enriched for 
DEGs of aca8 aca10 at 42 °C was associated with heat stress 
(De Bigault and Cacas 2016 ), suggesting a higher heat stress 
in the mutant.

We explored the possibility that the mutant was experien
cing a higher leaf temperature than the wild type under the 
same heat condition. To this end, leaf surface temperatures 
were measured by the photosynq MultispeQ on 3-wk-old 
plants of wild-type Col-0, fmo1, aca8 aca10, and aca8 aca10 
fmo1 that were treated by 35 °C for 1 d. The difference be
tween temperatures of leaf and ambient air (ΔT) that were 
measured simultaneously was used to reflect the leaf surface 
temperature. At 22 °C, ΔTs of aca8 aca10 and aca8 aca10 
fmo1 were not significantly different from those of the wild- 
type Col-0 and fmo1 (Fig. 5C). However, at 35 °C, ΔTs of aca8 

aca10 and aca8 aca10 fmo1 were significantly higher than 
those of the wild-type Col-0 and fmo1 (Fig. 5C). This indicates 
that ACA8 and ACA10 affect leaf surface temperatures under 
heat.

The aca8 aca10 mutant has less opened stomata and 
less transpiration under heat compared to the wild 
type
Previous study showed that ACA8 and ACA10 regulate sto
matal aperture. The stomata of the aca8 aca10 mutant 
were more closed than the wild type at 22 °C, and they did 
not close in response to pathogen, external Ca2+, or ABA 
(Yang et al. 2017; Yu et al. 2018). We, therefore, examined 
the stomatal aperture of the aca8 aca10 mutants at 35 °C. 
Consistent with the previous findings, stomata were more 
closed in aca8 aca10 than in wild-type Col-0 at 22 °C, and 
there was no significant difference in stomatal aperture be
tween aca8 aca10 fmo1 and aca8 aca10 (Fig. 5D). The wild 
type had more opened stomata at 35 °C compared to 22 ° 
C, suggesting an increased transpiration under heat to lower 
leaf temperature. The aca8 aca10 and aca8 aca10 
fmo1 mutants did not open stomata significantly in response 
to heat and had more closed stomata compared to the wild- 
type Col-0 or fmo1 at 35 °C. This indicates that ACA8 and 
ACA10 negatively regulate stomatal closure at both 22 °C 
and 35 °C.

We subsequently measured the stomatal conductance to 
determine if lethality in aca8 aca10 might result from low 
transpiration. The wild type had a higher stomatal conduct
ance at 35 °C compared to 22 °C (Fig. 5E), indicating a higher 
transpiration to facilitate leaf cooling. The aca8 aca10 mu
tant also had a higher stomatal conductance at 35 ° 
C compared to at 22 °C, but it had a lower conductance at 
35 °C compared to the wild type (Fig. 5E). This likely contri
butes to the higher leaf temperature and lethality of the aca8 
aca10 mutant at high temperatures.

Because calcium signals have been implicated in control
ling stomatal apertures (Kudla et al. 2010), we examined 
[Ca2+]cyt level in guard cells of the aca8 aca10 mutant and 
the wild-type Col-0 at 35 °C. The [Ca2+]cyt was higher in 
aca8 aca10 than in Col-0 at 35 °C (Fig. 5G), similarly to 
22 °C. Interestingly, the [Ca2+]cyt was lower at 35 °C com
pared to 22 °C in the wild type (Fig. 5F). This suggests that 
more closed stomata in aca8 aca10 could result from the ele
vated [Ca2+]cyt in the aca8 aca10 mutant.

Basal and peak levels of transient Ca2+ signals 
triggered by flg22, cold, and heat are elevated in the 
aca8 aca10 mutant
ACA8 and ACA10 maintain low resting [Ca2+]cyt and prevent 
activation of defense response genes before pathogen infec
tion, and the upregulation of defense response genes prior to 
infection could account for reduced pathogen growth (en
hanced resistance) observed in the aca8 aca10 mutant. 
Similarly, the aca8 aca10 defects in tolerance to long-term 
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treatment of cold and heat can also be accounted by ele
vated resting [Ca2+]cyt level. We further asked whether or 
not ACA8 and ACA10 have an additional role in regulating 
transient [Ca2+]cyt in response to environmental stimuli.

Using the ratiometric calcium reporter mCherry-GCaMP6f, 
we compared transient Ca2+ signal in responses to the elicitor 
flg22 peptide, cold, and heat in epidermal cells of the wild-type 
Col-0 and the aca8 aca10 fmo1 mutant where autoimmunity 

is blocked. After the flg22 application, the wild-type Col-0 and 
the aca8 aca10 mutant had a similar response dynamic in 
[Ca2+]cyt elevating, peaking, and decreasing (Supplemental 
Movies S1 and S2). The aca8 aca10 mutant had higher peak 
and basal [Ca2+]cyt levels as measured by R (ratio) of GFP/ 
RFP compared to the wild type (Fig. 6A). We further analyzed 
Ca2+ response to flg22 by fractional ratio changes (ΔR/R0) to 
remove the effect of basal [Ca2+]cyt. The response measured 

A

D

B C

Figure 6. [Ca2+]cyt response to elicitor, cold, and heat in the aca8 aca10 mutant. [Ca2+]cyt responses to flg22 A), cold B), and heat C) in epidermal 
cells of wild-type Col-0 and aca8 aca10 fmo1 mutant measured by the mCherry-GCaMP6f reporter. Shown are averages and SD (error bars) of the 
GFP/RFP ratio (upper panel) and fractional ratio changes ΔR/R0 (lower panel). In A), signals in response to 200 nM flg22 were captured every minute, 
and signals from 15 min before the peak to 20 min after the peak from a total of 8 cells (1 cell/plant) for each genotype are aligned at the peak. For B), 
leaves were taped on slides, and ice water was added to a slide as cold treatment. Arrow indicates the time of cold application. Data were from a total 
of 12 cells (1 cell/plant) for each genotype. For C), leaves were taped on slides, and heat treatment was applied by adding water of 42 °C to slides. 
Arrow indicates the time of heat application. Data are from 10 cells (1 cell/plant) for each genotype. D) Model of calmodulin-regulated Ca2+ pumps 
function. The primary functions of PM-localized Ca2+ pumps ACA8 and ACA10 as well as the vacuole-localized pumps ACA4 and ACA11 are to 
maintain low resting [Ca2+]cyt, and the resting level of [Ca2+]cyt has a large impact on biotic and abiotic stress responses. Elevated resting 
[Ca2+]cyt in the aca8 aca10 or aca4 aca11 mutants causes autoimmunity with mis-regulated expression of defense response genes. Under chilling, 
this autoimmunity is amplified leading to cell death and chilling susceptibility. Under heat, elevated resting [Ca2+]cyt induces closed stomata and 
heat susceptibility.
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by ΔR/R0 was similar in the aca8 aca10 and wild-type Col-0 
(Fig. 6A).

After cold treatment, a [Ca2+]cyt increase was initiated 
quickly with a peak at 10 s after treatment in the wild type 
(Fig. 6B, Supplemental Movies S3 and S4), similar to earlier 
reports (Knight and Trewavas 1996 ; Cui et al. 2020). A tran
sient [Ca2+]cyt response to cold was initiated at the same 
time in the aca8 aca10 fmo1 mutant (Fig. 6B). The peak level 
was higher in the mutant compared to wild type, but the 
Ca2+ response was similar between the wild type and the mu
tant as indicated by ΔR/R0 (Fig. 6B). After heat treatment, the 
wild type had a first [Ca2+]cyt spike that peaked at 10 s and a 
second [Ca2+]cyt spike that peaked at 60 s (Fig. 6C, 
Supplemental Movies S5 and S6). A similar dynamic of the 
transient calcium response to heat was observed in the 
aca8 aca10 fmo1 mutant, and the basal levels and peak levels 
of [Ca2+]cyt were higher in the mutant compared to the wild 
type (Fig. 6C). The [Ca2+]cyt response dynamics measured by 
ΔR/R0 was similar in the first peak but was lower (but not 
statistically different) for the second peak in the aca8 
aca10 compared to the wild-type Col-0 (Fig. 6C).

Discussion
Ca2+ transporting systems are thought to play essential roles 
in maintaining Ca2+ homeostasis and generating Ca2+ signals 
that are important for plant growth, development, and envir
onmental responses. Here, we investigated the function of 2 
major PM-localized ACA-type Ca2+ pumps, ACA8 and 
ACA10, as well as 2 vacuole-localized pumps, ACA4 and 
ACA11, in regulating cytosolic Ca2+ signals and environmen
tal responses. A loss of their function resulted in plants with 
multiple defects, including an autoimmune response with a 
reprogrammed transcriptome and hyper-susceptibility to 
chilling or heat. Using 3 different Ca2+ reporters, GCaMP6s, 
YC3.6, and mCherry-GCaMP6f, we observed elevated resting 
[Ca2+]cyt in both leaf epidermal pavement cells and guard 
cells in the aca8 aca10 mutant compared to the wild-type 
Col-0 (Fig. 1, A and B). These abnormal resting levels of 
[Ca2+]cyt were initially observed in plants grown under stand
ard conditions in either soil or hydroponics with 1.5 mM 
[Ca2+]ext. However, a restoration of near-normal resting 
[Ca2+]cyt levels was achieved using hydroponics in 
which [Ca2+]ext was reduced by more than 10-fold from 1.5 
to 0.1 mM. This reduction in external Ca2+ also suppressed 
the aca8 aca10- and aca4 aca11-dependent phenotypes asso
ciated with chilling and autoimmunity noted above (includ
ing changes in the transcriptome, see Fig. 2C). The effects of 
reduced [Ca2+]ext on heat susceptibility were not determined 
due to difficulty in setting up long-term hydroponic growth 
under heat. Nevertheless, this suppression of autoimmunity 
and chilling sensitivity provides strong evidence that at least 
some of the most observable phenotypes were caused by (or 
exacerbated by) elevations in the basal resting [Ca2+]cyt.

Similar elevations in resting [Ca2+]cyt levels were previously 
reported in plants harboring a knockout of the vacuole- 

localized ACAs (aca4 aca11) as well as the ER-localized 
ACAs, aca1 aca2 aca7 (Hilleary et al. 2020; Rahmati Ishka 
et al. 2021). This was confirmed here for aca4 aca11 using 
the ratiometric reporter mCherry-GCaMP6f, a Ca2+ reporter 
fused with mCherry in order to normalize Ca2+ signals be
tween different plants, plant tissues, or conditions. It is noted 
that while all these LOF mutants have elevated resting 
[Ca2+]cyt in leaves, the aca8 aca10 and aca4 aca11 mutants 
were reported to have wild-type level of [Ca2+]cyt in roots 
(Costa et al. 2017; Hilleary et al. 2020). This suggests some 
tissue-specific variation in how different efflux systems con
tribute to maintaining [Ca2+]cyt levels.

These combined results indicate that different subsets of 
ACA pumps on multiple membranes can all make significant 
contributions to the maintenance of low resting [Ca2+]cyt. 
Given that the 3 sets of aca knockouts (PM, aca8 aca10; 
Vacuole, aca4 aca11; and ER, aca1 aca2 aca7) all display 
leaves with some degree of enhanced autoimmunity, this 
raises a question of whether elevated resting [Ca2+]cyt in 
these mutants might arise from an indirect consequence of 
an autoimmunity-triggered Ca2+ influx into the cytosol (Bi 
et al. 2021; Jacob et al. 2021). Despite this concern, genetic 
evidence here indicates that elevated resting [Ca2+]cyt in 
the aca8 aca10 mutant remained high even after the sup
pression of the autoimmunity phenotype with an fmo1 
knockout mutation that abolishes NHP biosynthesis and in
hibits SA signaling (Fig. 1, A and C). Similarly for an aca4 
aca11 mutant, resting [Ca2+]cyt remained elevated even after 
the suppression of the autoimmunity phenotype with a sid2 
mutation. Both FMO1 and SID2 are important for 
SA-dependent systemic-acquired immunity, and mutations 
in these genes block immune responses to a great extent 
(Wildermuth et al. 2001; Hartmann et al. 2018). Thus, the fail
ure of fmo1 or sid2 to restore normal resting [Ca2+]cyt in aca8 
aca10 or aca4 aca11 indicates that the observed elevations in 
resting levels are not an indirect effect of autoimmunity. 
While it is not yet clear how autoimmunity is triggered, or 
the specific role of Ca2+ in its systemic propagation, results 
here highlight the importance of high-affinity Ca2+ pumps 
in maintaining low resting [Ca2+]cyt levels to prevent an in
appropriate activation of pathogen defense responses.

In addition to setting cytosolic resting levels of [Ca2+]cyt, 
ACA8 and ACA10 also have an effect on transient signal. 
Mutant plants harboring aca8 aca10 LOF mutations dis
played transient Ca2+ signals with increased peak levels in re
sponse to a pathogen elicitor, chilling, and heat stress (Fig. 6, 
A–D; Supplemental Movies S1–S6). Although there is an in
crease of absolute peak level in the mutant compared to the 
wild type, the relative increase of [Ca2+]cyt level over the basal 
[Ca2+]cyt level, as indicated by ΔR/R0, was not substantially 
different between the aca8 aca10 mutant and the wild 
type (Fig. 6, A–C). As these transient responses have high 
variability, future studies with a larger sample number might 
determine if there are small differences in relative [Ca2+]cyt 

response to flg22, heat, and cold caused by the loss of 
ACA8 and ACA10 in addition to basal [Ca2+]cyt. An increase 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad047#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad047#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad047#supplementary-data


2546 | PLANT PHYSIOLOGY 2023: 191; 2534–2550                                                                                                                 Li et al.

of [Ca2+]cyt response was observed for a wounding signal in 
an aca8 mutant (Costa et al. 2017) and for an flg22-triggered 
signal in aca4 aca11 and aca1 aca2 aca7 mutants (Hilleary 
et al. 2020; Rahmati Ishka et al. 2021), whereas a decrease 
of [Ca2+]cyt response was observed for ATP stimulus in the 
aca8 aca10 mutant (37). Future studies should reveal 
whether the loss of ACA-type pumps at different locations 
might differentially affect the relative magnitudes of Ca2+ sig
nals in a trigger-specific manner, and if so, whether or not the 
resting Ca2+ level contributes to the amplitude of transient 
signal. More extensive analysis of transient signals to multiple 
stimuli under different [Ca2+]ext levels could be investigated 
in the future to probe the potential connection between the 
peak magnitudes and basal starting points that are set by the 
calcium pumps.

This study reveals a critical role in cold stress tolerance for 
both the PM-localized ACA8 and ACA10 and vacuole- 
localized ACA4 and ACA11. Their LOF accelerates cell death 
and lethality at 10 °C. Interestingly, this chilling lethality is 
prevented by suppressing autoimmunity with the fmo1 mu
tation in aca8 aca10 (Fig. 3A and Supplemental Fig. S4B), or 
the sid2 mutation for aca4 aca11. Autoimmunity in the aca8 
aca10 mutant is more pronounced at low temperature com
pared to normal temperature (Fig. 3D). This is consistent 
with the early findings that low temperature enhances SA 
biosynthesis and NLR protein activity and that NLR could 
form an amplification loop with SA to enhance resistance 
at low temperature (Li et al. 2019). Autoimmunity with up
regulation of the SA/NLR pathway induces plant cell death 
and hybrid necrosis which are enhanced by low temperature 
(Bomblies et al. 2007; Wang et al. 2013). These results empha
size the contribution of biotic stress response to low- 
temperature responses in Arabidopsis.

This study also revealed a critical role in heat stress toler
ance for both ACA8/ACA10 and ACA4/ACA11. Their LOF 
accelerates cell death and lethality at 35 °C (Fig. 5, A and 
C; Supplemental Fig. S5). However, in contrast to the cold 
stress response, this hypersensitivity was not prevented by 
suppressing the autoimmunity phenotype with fmo1 or 
sid2, which is consistent with the early finding of high- 
temperature suppression of SA-mediated immune responses 
(Hua 2013). Gene expression studies suggest that this heat 
susceptibility does not result from a deficient short-term 
heat shock response, as heat shock response genes were in
duced by heat in both the aca8 aca10 mutant and the wild 
type (Supplemental Fig. S5C). However, the mutant showed 
a higher leaf surface temperature, which was associated with 
the observation that stomatal apertures were more closed, 
which would reduce the cooling potential from evapotrans
piration (Fig. 5, C–E). This supports a model in which an ele
vation in resting [Ca2+]cyt could impact stomatal aperture 
regulation and thereby make aca8 aca10 and aca4 aca11 mu
tants hypersensitive to heat stress.

In sum, we show here that PM and endomembrane ACAs 
all make significant contributions to maintaining a low rest
ing [Ca2+]cyt, and that an elevation in the resting level of 

[Ca2+]cyt has a different impact on biotic and abiotic stress 
responses (Fig. 6D). However, additional studies are needed 
to define potential tissue-specific and location-specific func
tions for different subsets of pumps that are localized to the 
PM, ER, and vacuole. In addition, it is not yet clear what add
itional unique or shared contributions are provided by other 
calcium efflux systems, such as ECAs and calcium-exchangers 
(CAXs) (Shigaki and Hirschi 2006; Garcia Bossi et al. 2020). 
Regardless, the results here establish the importance of 
ACA-type Ca2+ pumps in maintaining a low resting 
[Ca2+]cyt that prevents autoimmune responses and impact 
a plant’s tolerance to hot and cold temperatures.

Materials and methods
Plants growth conditions
The Arabidopsis (Arabidopsis thaliana) plants were grown in 
chambers with a light intensity of 70 to 100 μmol m−2 s−1 

and a relative humidity of 50% to 70%. Plants were grown un
der constant light unless they were used for pathogen growth 
assay where they were grown under a 12-h light/12-h dark 
photoperiod.

The hydroponic culture was performed as previously de
scribed with slight modification (Tian et al. 2019). Arabidopsis 
seeds were sown on plates on half-strength Murashige and 
Skoog solid medium with 1% (w/v) sucrose and 7 g L−1 agar. 
After 2 d of 4 °C treatment in the dark, seeds were germinated 
under constant light at 22 °C. Five-day-old seedlings were trans
ferred onto a floating foam support and placed in a 300-ml box 
covered by foil and filled with a standard hydroponic solution 
of 0.2 mM KH2PO4, 3 mM KNO3, 1 mM NH4NO3, 0.25 mM 
MgSO4, 0.01632 g L−1 micronutrient (Caisson Labs), and 0.1 
or 1.5 mM CaCl2 (pH 5.8, adjusted with NaOH). The hydropon
ic solutions were replaced by fresh solutions every week.

Generation of transgenic plants
The GCaMP6s cassette was amplified from HBT-GCaMP6-HA 
(Liu et al. 2017) by PCR and cloned into PCR8gw vector and 
then cloned into the binary vector pMDC99 by LR reaction 
of the Gateway system (Curtis and Grossniklaus 2003). The 
construct was transformed into Agrobacterium and then 
Arabidopsis plants via floral dipping. Primers used for generat
ing constructs and genotyping are provided in Supplemental 
Data Set S4.

EMS mutagenesis and cloning of the suppressor gene
Approximately 7,000 seeds were treated with 0.25% EMS for 
12 h with gentle shaking. Ten M1 plants were pooled for col
lecting M2 seeds. Approximately 100 seeds from each pool 
were screened for suppressors. The mapping-by-sequencing 
was carried out to isolate the suppressor gene as described 
by Hua et al. (2017). F2 progenies from a cross of a suppressor 
mutant and aca8 aca10 were used for mapping. Equal 
amounts of leaf tissues were collected from >50 plants 
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showing a suppressor phenotype and pooled for next- 
generation sequencing.

RNA-seq data analysis
For transcriptome analysis, total RNAs were extracted from 
tissues using Trizol (Invitrogen) according to the manufac
turer’s instructions. Total RNAs of 3 biological replicates 
were then processed at the Cornell Genomic Facility for 
3′-RNA seq analysis on Illumina NextSeq500. The read count 
for each gene was obtained from the mapping result and nor
malized to CPM (count per million reads). DEGs were de
fined by FDR (false discovery rate) ≤ 0.001 and absolute 
value of log2|fold-change|≥1. DEGs were identified by 
DESeq2 (moderated estimation of fold change and dispersion 
for RNA-seq data) based on a pairwise comparison between 
the mutant and the wild type, setting q-value < 0.05 and 
log2|fold-change|>1. The expression levels of these DEGs 
were subjected to CLUSTER and JAVA TREE for gene co- 
expression analysis (Hoon et al. 2004; Saldanha 2004). 
Heatmap was plotted by the TB tool (Chen et al. 2020) to 
visualize gene expression.

Pathogen growth assay
Pathogen growth assays were performed by dipping inocula
tion as previously described (Gou et al. 2015). Seedlings were 
grown for 14 d at 22 °C before inoculation. The amounts of 
bacteria in plants were analyzed at 1 h/0 d or 3 d post 
inoculation.

Confocal microscopy and calcium imaging
Confocal microscopy images were taken using the ZEISS 
LSM880 or LSM710 inverted confocal microscope equipped 
with the ZEISS software package. A 20 ×  objective was 
used for imaging, and a zoom factor of 8-bit images was ac
quired with a frame size of 512×512 pixels. For the GCaMP6s 
indicator, GFP was excited at 488 nm and emission was col
lected at 500 to 545 nm. For the mCherry-GCaMP6f sensor, 
GFP was excited at 488 nm and emission was collected at 
500 to 545 nm, while RFP was excited at 561 nm and emis
sion was obtained at 580–630 nm (Weigand et al. 2021). 
For GCaMP6s, the gain of the detector was set at 1 and offset 
was set at 0, and the exposure time was set at 880 s for soil- 
grown plants and 960 s for hydroponic plants. The exposure 
time of mCherry-GCaMP6f was set at 800 s for RFP channel 
and GFP channel, the gain of the detector was set at 1, and 
the offset was set at 0. For the FRET-YC3.6 sensor, excitation 
was performed at 458 nm, and emissions were obtained at 
470 to 490 nm for CFP and 530 to 570 nm for YFP. The expos
ure time of YC3.6 was set at 900 s for CFP Channel and 
800 s for FRET-YFP; the gain of the detector was set at 2.4 
and the offset was set at 0. Images were acquired using the 
same parameters within the same set of experiments. For 
GCaMP6s and YC3.6, samples were fixed on the slide and 
rested on a slide for at least 1 h before observation. For 
mCherry-GCaMP6f, samples were rested on a slide for at least 
1 h followed by adapting to laser light for at least 1 h on the 

microscope stage before treatment and observation. Signal 
intensities from these reporters were measured using the im
age calculator tool in FIJI (Schindelin et al. 2012).

The 5th or 6th leaves from 3-wk-old plants grown in soil or 
4-wk-old plants grown hydroponically were used for imaging 
unless specified otherwise. For minimizing physical perturb
ation of leaves during imaging, a modified imaging slide 
was made by placing 1 square coverslip on each end of the 
slide so that the sample can sit in the middle of the slide 
and a long coverslip can sit on the top of them. For Pst 
DC3000 treatment, plants were sprayed with a bacteria cul
ture at optical density OD600 = 0.05, and leaves were col
lected and placed on the imaging slides. Samples were 
imaged at 1, 2, 3, 4, 5, 6, 7, 8, and 16 h after spray treatment. 
Treatment of cold, heat, and flg22 was done on leaves posi
tioned on slides, and leaves were let to sit on slides for at 
least 1 h to allow calcium level to become steady before im
aging and treatment. For cold or heat treatment, 200 μl ice 
or 42 °C water was added to the slide. For flg22 treatment, 
2 µL of 10 mM flg22 was added to the 100 µL of H2O on the 
imaging slide where the leaf sits to achieve a final concen
tration of 200 nM. Imaging frequency was set at 5 s for 
over 150 s (cold), 10 s for over 10 min (heat), or 1 min for 
over 35 min (flg22).

Cold and heat tolerance assays
For chilling treatment, plants were germinated and grown at 
22 °C for 5 d and then grown at 10 °C until the wild-type 
plants set seeds. For heat treatment, plants of 2-wk growth 
at 22 °C were moved to and grown at 35 °C or 42 °C until 
the mutants died. Plants of different genotypes were 
planted side by side with each genotype occupying half a 
pot for phenotypic comparison. The heat and chilling tol
erance tests were conducted for at least 3 times for the 
aca8 aca10 mutant and 1 time for the aca4 aca11 mutant. 
For survival status, live plants were assigned 1 and dead 
plants were assigned 0.

Stomatal closure assay
Stomatal closure assays were performed as previously de
scribed (Zeng et al. 2010) with slight modifications. Plants 
grown for 4 wk under a 12/12 h photoperiod at 22 °C were 
moved to 35 °C. Fully expanded leaves were collected before 
and after 1 d at 35 °C. Microscopic observation was done in
side the walk-in growth chamber to keep all solutions and 
plant materials at the same temperature. Leaf epidermises 
were peeled, placed on ddH2O, and observed under light mi
croscopy within 2 to 3 h when no change in aperture was ob
served. At least 35 stomata from 10 leaves were imaged, and 
the aperture was measured using ImageJ software. The ana
lysis was repeated for at least 3 times.

Leaf temperature and leaf conductance measurement
Leaf temperature was measured by using the MultispeQ V2.0 
(Photosynq). Plants grown for 4 wk under a 12/12-h photo
period at 22 °C were moved to 35 °C. The 5th or 6th leaves 
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were used for temperature measurement before and after 1 d 
at 35 °C.

Stomatal conductance was measured by using the SC-1 
Leaf Porometer (Decagon Devices, Inc.). Plants grown at 
22 °C for 4 wk under a 12/12-h photoperiod were moved 
to 35 °C. The 5th or 6th leaves were used for conductance 
measurement before and after 1 d at 35 °C.

Accession numbers
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under accession numbers 
AT2G41560 (ACA4), AT5G57110 (ACA8), AT4G29900 
(ACA10), AT3G57330 (ACA11), and AT1G19250 (FMO1).
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