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Abstract
High temperatures are a major threat to plant growth and development, leading to yield losses in crops. Calcium-dependent
protein kinases (CPKs) act as critical components of Ca2þ sensing in plants that transduce rapid stress-induced responses to
multiple environmental stimuli. However, the role of CPKs in plant thermotolerance and their mechanisms of action remain
poorly understood. To address this issue, tomato (Solanum lycopersicum) cpk28 mutants were generated using a CRISPR-
Cas9 gene-editing approach. The responses of mutant and wild-type plants to normal (25�C) and high temperatures (45�C)
were documented. Thermotolerance was significantly decreased in the cpk28 mutants, which showed increased heat stress-
induced accumulation of reactive oxygen species (ROS) and levels of protein oxidation, together with decreased activities
of ascorbate peroxidase (APX) and other antioxidant enzymes. The redox status of ascorbate and glutathione were also
modified. Using a yeast two-hybrid library screen and protein interaction assays, we provide evidence that CPK28 directly
interacts with cytosolic APX2. Mutations in APX2 rendered plants more sensitive to high temperatures, whereas the addition
of exogenous reduced ascorbate (AsA) rescued the thermotolerance phenotype of the cpk28 mutants. Moreover, protein
phosphorylation analysis demonstrated that CPK28 phosphorylates the APX2 protein at Thr-59 and Thr-164. This process is
suggested to be responsive to Ca2þ stimuli and may be required for CPK28-mediated thermotolerance. Taken together,
these results demonstrate that CPK28 targets APX2, thus improving thermotolerance. This study suggests that CPK28 is an
attractive target for the development of improved crop cultivars that are better adapted to heat stress in a changing cli-
mate.

Introduction
Increasing anthropogenic emissions have led to increasing
and irreversible climate change. Consequently, global

warming is generating a rapid increase in air temperatures
that will have a profound impact on agriculture and natural
ecosystems (Mittler and Blumwald, 2010). When heatwave
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temperatures exceed critical thresholds, plant growth
and development will be impeded as a result of decreased
photosynthetic activity, disruption of plasma membrane in-
tegrity, protein denaturation, reduced enzyme capacities,
and increased oxidative stress (Ohama et al., 2017; Vu et al.,
2019). Plants have evolved multiple mechanisms to tolerate
high-temperature stress, such as the induction of heat shock
proteins (HSP) and the activation of antioxidant systems
that scavenge reactive oxygen species (ROS) as well as
regulated fluctuations in the levels of cytosolic Ca2þ and al-
tered stomatal development and movements (Mittler et al.,
2012; Lamers et al., 2020). Together, these changes serve to
minimize heat-induced inactivation of key processes.

High temperatures lead to the activation of specific mem-
brane-localized calcium channels, which trigger a rapid Ca2þ

influx that activates downstream high temperature-stress
responses (Mittler et al., 2012). Cytosolic Ca2þ alterations
are decoded via specific Ca2þ sensors and associated signal-
ing pathways. There are three major families of calcium
sensors in terrestrial plants, including calmodulins (CaMs),
calcineurin B-like (CBL) proteins, and calcium-dependent
protein kinases (CPKs, also called as CDPKs; Boudsocq and
Sheen, 2013). Of the Ca2þ sensors, CPKs are unique because
they function as Ca2þ responders that catalyze the direct
phosphorylation of downstream target substrates. Genome-
wide exploration of Arabidopsis thaliana, rice (Oryza sativa),
and tomato (Solanum lycopersicum) has revealed the pres-
ence of 34, 29, and 29 CPK genes, respectively (Cheng et al.,
2002; Asano et al., 2005; Hu et al., 2016). CPKs are typically
composed of four domains: an N-terminal variable domain,
a Ser/Thr kinase domain, an auto-inhibitory junction region,
and a regulatory calmodulin-like domain (Boudsocq and
Sheen, 2013). At low cytosolic Ca2þ concentration, the auto-
inhibitory junction region restrains CPK activity and main-
tains the inactive status of the protein. Increasing Ca2þ

levels trigger conformational changes in the CPK proteins to
release auto-inhibition and increase kinase activity
(Christodoulou et al., 2004). A truncated variant of CPK that
contains only the N-terminal variable domain and the kinase
domain is constitutively active, even in the absence of a
Ca2þ influx (Monaghan et al., 2014).

A growing body of evidence indicates that CPKs are
involved in environmental stress signaling upon the per-
ception of external stimuli. In Arabidopsis, AtCPK5/6/11
were shown to be redundant positive regulators of plant
immunity to Pseudomonas syringae pv. tomato DC3000
and Botrytis cinerea (Boudsocq et al., 2010; Dubiella et al.,
2013; Gravino et al., 2015). Moreover, the Atcpk8, Atcpk10,
and Atcpk4/11 mutants were significantly impaired in
ABA-mediated stomatal closure in response to drought
stress (Zhu et al., 2007; Zou et al., 2010; Zou et al., 2015),
whereas Atcpk33 mutants were hypersensitive to ABA ac-
tivation of stomatal closure, promoting drought tolerance
(Li et al., 2016). The overexpression of rice OsCDPK7 en-
hanced tolerance to multiple abiotic stresses, including
cold, salinity, and drought (Saijo et al., 2000). In tomato,
SlCPK27 is an essential regulator of cold tolerance via

crosstalk with ROS and reactive nitrogen species (Lv et al.,
2018). In contrast to other environmental stresses de-
scribed above, the functions of CPKs in thermotolerance
remain poorly characterized.

Several genome-wide expression studies have shown that
multiple CPK isoforms are highly expressed in response to
high-temperature stress. For example, the levels of
transcripts encoding seven cucumber (Cucumis sativus)
CsCPK isoforms, including CsCDPK2/6/10/15, were greatly in-
creased in response to high-temperature treatments (Xu
et al., 2015). Similarly, the abundance of transcripts encoding
nine CaCDPK isoforms was greatly increased in response to
heat stress in pepper (Capsicum annuum; Cai et al., 2015).
Grapevine (Vitis amurensis) VaCPK2/3/9/20/21/29 were iden-
tified as high temperature-responsive genes, and VaCPK29
was further shown to be involved in the positive regulation
of thermotolerance based on transient overexpression studies
in V. amurensis callus cells (Dubrovina et al., 2013; Dubrovina
et al., 2017). In tomato, 13 out of the 29 CPK isoforms were
expressed in response to high-temperature stress, i.e., 45�C
(Hu et al., 2016). In particular, the abundance of CPK9/23/28
transcript was significantly increased within the first hour af-
ter high-temperature treatment (Hu et al., 2016). In an inde-
pendent study, the accumulation of tomato CPK28
(previously named LeCPK2) mRNAs was induced soon after
exposure to high temperatures (Chang et al., 2009). Thus, it is
reasonable to hypothesize that this tomato CPK28 functions
as a Ca2þ sensor in the regulation of thermotolerance.

Tomato is an economically important crop worldwide, as
well as an established research model for the Solanaceae.
Typically, the optimal temperatures for tomato growth are
20–25�C. High temperature (higher than 35�C) in greenhouse
and field conditions negatively affect the vegetative and re-
productive phases of tomato growth, particularly leading to a
disruption of fruit set, which can result in losses of up to 70%
at harvest (Ruggieri et al., 2019). To investigate the functions
of CPK28 in the control of thermotolerance in tomato, we
generated stable tomato cpk28 mutants via a CRISPR-Cas9
gene-editing approach. The characterization of these mutants
demonstrates that this gene has a positive function in ther-
motolerance in tomato. We provide evidence that a cytosolic
ascorbate peroxidase APX2 is a substrate of CPK28; the phos-
phorylation of Thr-59 and Thr-164 in the APX2 protein is po-
tentially crucial to the regulation of this antioxidant enzyme
and its associated metabolism in response to high-tempera-
ture stress. These findings not only create a step-change in
our current understanding of the biological function of
CPK28 in thermotolerance but also identify new targets and
markers for the development of improved cultivars that are
better equipped to combat heat stress.

Results

Loss-of-function of CPK28 impairs thermotolerance
in tomato
We isolated two individual CRISPR-Cas9-edited lines for
CPK28 (cpk28#36 and cpk28#44). These carry 11-bp and
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2-bp deletions in the first exon, respectively (Figure 1A).
There were slight growth differences between the cpk28
lines and the wild-type (WT) plants under optimal growth
conditions. For example, both cpk28 lines exhibited a small
decrease in shoot height (Figure 1B, top panel). To investi-
gate the role of CPK28 in thermotolerance, 4-week-old
cpk28 and WT plants were exposed to temperatures of
45�C. After a 12-h period of temperature treatment, the
cpk28 mutants displayed strikingly lower thermotolerance
properties than the WT plants (Figure 1B). High-tempera-
ture stress led to a greater decline of the maximal efficiency
of PSII (Fv/Fm) in both cpk28 lines, whereas the Fv/Fm val-
ues were not changed as a result of the normal-temperature
treatment in any of the lines (Figure 1C). Electrolyte leakage
was significantly increased as a result of the high-tempera-
ture treatment in the cpk28 lines and the malondialdehyde
(MDA) levels were increased (Figure 1, D and E). Taken
together, these results demonstrated that CPK28 plays a
positive role in thermotolerance in tomato.

CPK28 is a high-affinity, Ca2þ binding protein and its
activity are dependent on the availability of Ca2þ signals
(Bender et al., 2017). We, therefore, determined the role of
Ca2þ availability in thermotolerance. The chlorophyll
contents of leaf discs supplemented with different concen-
trations of CaCl2 were higher following high-temperature
stress than that in control discs supplemented only with
equivalent concentrations of KCl. The discs supplemented
with 40 mM CaCl2 showed the greatest heat-stress tolerance
(Supplemental Figure S1, A and B).

High temperature-induced ROS accumulation and
protein oxidation is aggravated in the cpk28
mutants
High-temperature stress usually leads to oxidative stress via
the overproduction of ROS (Choudhury et al., 2017). To de-
termine the role of CPK28 in the control of high tempera-
ture-induced oxidation, we first evaluated the accumulation
of H2O2 using DAB staining and O•–

2 accumulation using
NBT staining (Figure 2, A and B). The observed increase in
brown and blue staining, respectively, indicated the high-
level accumulation of these oxidants in the leaves exposed
to high temperatures (Figure 2, A and B). Consistent with
the histochemical staining, quantification of leaf H2O2 levels
confirmed that H2O2 contents were higher in the cpk28
mutants than in the WT plants following the high-tempera-
ture treatment (Figure 2C).

Temperature causes conformational changes to proteins
and directly influences protein abundance and turnover.
To determine the effects of CPK28 on high-temperature-
dependent effects on protein properties, we measured the
carbonylation state of leaf proteins using 2,4-dinitrophenol
(DNP) and anti-DNP antibodies in the cpk28 and WT plants
after high-temperature treatment. As shown in Figure 2D,
CPK28 loss of function led to a greater temperature-depen-
dent increase in the level of protein carbonylation, whereas
the cpk28 and WT control plants showed similar levels of

oxidized proteins under normal temperatures. The molecu-
lar chaperone HSP70 regulates protein quality by renaturing
heat-denatured proteins (Hahn et al., 2011). Similarly, APX
and 2-Cys peroxiredoxins (2-CP) are ROS-scavenging pro-
teins, associated with cellular redox regulation (Awad et al.,
2015). The high temperature-induced increases in the HSP70
protein, as detected by specific antibodies, were similar in
the cpk28 and WT plants (Figure 2E). In contrast, the heat-
induced increase in the levels of the cytosolic APX protein
was largely suppressed in the cpk 28 plants, and the levels of
the 2-CP monomer were deceased more in the cpk 28 lines
than the WT plants in response to high-temperature stress
(Figure 2E). The monomer form of 2-CP has the greatest
peroxidase enzyme (Jang et al., 2004). Taken together, these
results show that the heat stress-induced regulation of cellu-
lar redox homeostasis was disrupted in the cpk28 lines.

Regulation of cellular redox homeostasis is
downstream of CPK28 in thermotolerance
The activation of antioxidant enzymes such as APX, catalase
(CAT), dehydroascorbate reductase (DHAR), and glutathione
reductase (GR) protect against temperature-induced ROS
accumulation (Cheng et al., 2016). The high temperature-
induced increase in the activities of these antioxidant
enzymes was significantly compromised in both cpk28 lines
compared to the WT (Figure 3A). Moreover, the loss of
CPK28 functions led to a slight decrease in the activities of
APX at the normal temperature (Figure 3A). Additionally,
both ascorbate and glutathione are abundant and stable
antioxidants, acting as the heart of the cytosol redox hub
with appropriate redox potentials (Foyer and Noctor, 2011).
Shifts in reduced ascorbate to dehydroascorbate (AsA/DHA)
and reduced glutathione to glutathione disulfide (GSH/
GSSG) ratios are generally accepted as indicators of changes
in redox status (Foyer and Noctor, 2011). The total amounts
of the ascorbate (AsA plus DHA) and glutathione (GSH plus
GSSG) pools were similar in all lines irrespective of the tem-
perature regime (Figure 3B). Whereas AsA/DHA ratios were
lower in the cpk28 mutants than in the WT plants at both
temperatures, GSH/GSSG ratios were lower in the cpk28
mutants than in the WT plants after the high-temperature
treatment but not under normal temperatures (Figure 3C).

We then tested whether the thermotolerance in cpk28
plants could be increased by the application of exogenous
AsA. Exogenous AsA treatments alleviated the high temper-
ature-induced wilting of the cpk28 lines, which thereafter
showed similar changes to the WT controls (Figure 4, A and
B). An analysis of the ascorbate content and the redox state
of the ascorbate pool was performed after exogenous AsA
treatment (Figure 4C). The application of AsA increased the
endogenous AsA contents of all lines without any significant
changes in the DHA contents (Figure 4D) under both nor-
mal and high temperatures. As the consequence, the AsA/
DHA ratios were significantly increased, especially in the
cpk28 mutants, leading to enhanced thermotolerance at
high temperatures (Figure 4E). Therefore, ascorbate
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Figure 1 Role of CPK28 gene in tomato thermotolerance. A, Schematic illustration of the sgRNA target site (red arrows) in wild type (WT) CPK28
and two alleles (cpk28#36 and cpk28#44) from CRISPR-Cas9 T2 mutant lines. Red font presents the deletion sequences, and black box presents
protospacer-adjacent motif (PAM) sequences. B, Representative images of cpk28 mutant and WT plants. Bar ¼ 10 cm. The cpk28 and WT plants
were subjected to normal temperature (NT, 25�C) or high temperature (HT, 45�C) treatment, and the plant images were taken 12 h later. C, The
representative leaf images indicating the maximum photochemical efficiency of photosystem II (Fv/Fm) after 7 h of different temperature treat-
ments. The color gradient scale at the bottom indicates the magnitude of the fluorescence signal represented by each color. D, The relative elec-
trolyte leakage of tomato leaves after 7 h of different temperature treatments. E, The accumulation of the membrane lipid peroxidation product
MDA in tomato leaves after 7 h of different temperature treatments. Images shown in B and C were digitally extracted and scaled for comparison.
The data in C to E are presented as mean values 6 SD; n ¼ 3. Different letters indicate significant differences between treatments (P < 0.05,
Tukey’s test).
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metabolism appears to function downstream of CPK28 in
thermotolerance.

CPK28 directly targets cytosolic APX2 and this
interaction is responsive to Ca2þ stimuli
We next identified CPK28-interacting proteins to gain better
insights into the mechanisms of CPK28-mediated effects on
cellular redox homeostasis and thermotolerance. We
performed a yeast two-hybrid (Y2H) screen with baits com-
prised of the variable N-terminal domain and the kinase do-
main of CPK28 (referred to as CPK28VK), which is regarded
as a constitutively active variant of CPK28 (Monaghan et al.,
2014). Of the 100 or so candidate CPK28-interacting pro-
teins that were identified (Supplemental Table S1), one

clone encoding a cytosolic APX2 (Solyc06g005150.2.1) was
confirmed to have strong interaction with CPK28 in Y2H
and GST pull-down assays (Figure 5, A and B). BiFC assay
showed the CPK28–APX2 complex is mainly present in the
cytosol (Figure 5C). In planta split-luciferase (split-Luc)
assays and co-immunoprecipitation (Co-IP) assays further
demonstrated that the intensity of the CPK28–APX2 inter-
action was enhanced in the presence of exogenous Ca2þ,
and vice versa it was inhibited in the presence of the exoge-
nous Ca2þ chelator, EGTA (Figure 5, D and E).

To further investigate the functions of APX2 in response
to high-temperature treatments, we generated apx2 mutants
via CRISPR-Cas9-mediated gene editing, and isolated two
stable lines, apx2#2 and apx2#4, which contained 1-bp

Figure 2 Response of ROS accumulation and protein oxidation to high temperature in cpk28 mutants. A, Representative images of H2O2 accumu-
lation as determined by DAB staining. B, Representative images of O�2 accumulation as determined by NBT staining. The cpk28 and wild type
(WT) plants were subjected to normal-temperature (NT, 25�C) or high-temperature (HT, 45�C) treatment, and leaf samples were collected 7 h
later. C, Quantification of H2O2. Leaf samples were collected 7 h after different temperature treatments. D, Oxidation of soluble proteins were
detected by immunoblot analysis with anti-DNP antibody. Leaf samples were collected 7 h after different temperature treatments. The soluble
proteins from leaf were isolated and derivatized by 2,4-dinitrophenol (DNP). The protein input was indicated by Coomassie Blue staining (CBB),
and the relative intensity of oxidative protein was labeled on the top of the image. E, Immunoblot analysis of the protein abundance of HSP70
and cytosolic APX, and protein conformational change of 2-CP. Leaf samples were collected 7 h after different temperature treatments. The pro-
tein input was indicated by Ponceau S staining of Rubisco. Images shown in A and B were digitally extracted and scaled for comparison. The data
are presented in C as mean values 6 SD; n ¼ 4. Different letters indicate significant differences between treatments (P < 0.05, Tukey’s test).
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Figure 3 The changes of antioxidants and enzyme activities in response to high temperature in cpk28 mutants. A, Effects of high-temperature
treatment on antioxidant enzyme activities in cpk28 mutants and wild-type (WT) plants. APX, ascorbate peroxidase; CAT, catalase; DHAR, dehy-
droascorbate reductase; GR, glutathione reductase. B, Effects of high-temperature treatment on ascorbate and glutathione contents. AsA, reduced
ascorbate; DHA, dehydroascorbate; GSH, glutathione; GSSG, glutathione disulfide. C, Effects of high-temperature treatment on the redox statuses
of ascorbate and glutathione. The cpk28 mutants and WT plants were subjected to normal-temperature (NT, 25�C) or high-temperature (HT,
45�C) treatment, and leaf samples were collected 7 h later for enzyme activity and antioxidant content analysis. The data are presented as mean
values 6 SD; n ¼ 3. Different letters indicate significant differences between treatments (P < 0.05, Tukey’s test).
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insertions of A and C in the fifth exon, respectively
(Figure 6A). Compared with the WT plants, apx2 mutants
exhibited a significant reduction in thermotolerance after a

12-h exposure to high-temperature stress (Figure 6B).
Moreover, the apx2 mutants exhibited about 40% lower
APX activities than the WT plants under normal

Figure 4 Exogenous AsA treatment rescues cpk28 mutants from high-temperature stress. A, Representative images of tomato plants as influenced
by AsA and high-temperature treatment. The cpk28 mutants and WT plants were pre-treated with 10 mM AsA and H2O control once per day for
three successive days. Then, plants were subjected to normal temperature (NT, 25�C) or high temperature (HT, 45�C), and the plant images
were taken 12 h later. Bar ¼ 10 cm. Images shown were digitally extracted and scaled for comparison. B, The relative electrolyte leakage of tomato
leaves after 7 h of different temperature treatments with or without AsA pretreatment. C–E, Effects of exogenous AsA treatment on the
endogenous AsA content (C), DHA content (D), and its redox status (E) in cpk28 and wild-type (WT) plants after 7 h of normal-temperature or
high-temperature treatment. The data are presented in B–E as mean values 6 SD; n ¼ 3. Different letters indicate significant differences between
treatments (P < 0.05, Tukey’s test).
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temperatures, and they were unable to increase APX activi-
ties at high temperatures (Figure 6C). Thus, APX2 also
appeared to be essential for the thermotolerance traits of
tomato.

Phosphorylation of APX2 by CPK28 at Thr-59 and
Thr-164 sites is important for thermotolerance
We next assessed whether CPK28 induces phosphorylation
of the APX2 protein. A GST-CPK28 fusion recombinant pro-
tein was shown to phosphorylate a His-APX2 substrate,
based on immunoblotting with anti-phospho-serine/threo-
nine (anti-pSer/pThr) and anti-phospho-threonine (anti-
pThr) antibodies (Figure 7A). When CPK28 and APX2 were
co-expressed in N. benthamiana leaves, the phosphorylation

level of APX2 was significantly increased, and it was further
increased in response to Ca2þ stimuli (Figure 7B).

To identify the CPK28-mediated phosphorylation sites of
APX2, the phosphorylated recombinant APX2 protein (pro-
duced by CPK28) was subjected to LC–MS/MS analysis. Two
APX2 phospho-peptides incorporating the Thr-59 and Thr-
164 sites were found to be phosphorylated by CPK28
(Figure 7, C and D). Both Thr sites are highly conserved in
cytosolic APXs in tomato and Arabidopsis (Supplemental
Figure S2), which implies that these phosphorylation events
might also occur in other plant species. We then generated
the threonine (T)-to-alanine (A) point mutant variants in
APX2 (APX2T59A, APX2T164A, and APX2T59A/164A), which are
designed to block its phosphorylation within these two sites

Figure 5 CPK28 interacts with APX2, which was enhanced by Ca2þ stimuli. A, Y2H assay shows interactions between CPK28VK and APX2.
Protein–protein interactions were evaluated by the different concentration of yeast cells growth on selective media lacking Trp (T), Leu (L), Ade
(A), and His (H). CPK28VK, a constitutively active variant of CPK28. B, GST pull-down assay of interactions between CPK28 and APX2 in vitro.
GST or GST-APX2 immobilized on glutathione Sepharose beads was incubated with CPK28-His purified proteins. The beads were collected for im-
munoblotting with an anti-His antibody (top). The input fusion proteins were indicated by Coomassie brilliant blue (CBB) staining (bottom). The
asterisks indicate proteins labeled on the right. C, BiFC analysis shows that CPK28–APX2 interaction occurs at the cytoplasm. Spliced YFP fusion
constructs were transiently coexpressed in N. benthamiana leaves for 2 d. The YFP fluorescence signals were obtained by the confocal microscopy.
Scale bar ¼ 50 lm. D, Split-LUC assay and E, Co-IP assay show that CPK28–APX2 interaction is responsive to Ca2þ stimuli. Indicated binary con-
structs were co-expressed in N. benthamiana transient expression system. 2 d later, the leaves were inoculated of 15 mM CaCl2, 1.5 mM EGTA, or
dH2O control just 1 h before sample collection. The relative luminescence units (RLU) and the APX2 protein abundance after GFP-agarose-medi-
ated immunoprecipitation indicate levels of protein–protein interactions in split-LUC assay and Co-IP assay, respectively. The asterisks indicate
proteins labeled on the right. The data are presented in D as mean values 6 SD; n ¼ 8. Different letters indicate significant differences between
treatments (P < 0.05, Tukey’s test).
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by CPK28. Different site-directed APX2 mutants substantially
reduced CPK28-mediated phosphorylation in planta
(Figure 7E). To investigate the significance of these phos-
phorylation events in thermotolerance, the different site-di-
rected mutants and WT APX2 variants were transiently
overexpressed in the tomato apx2 background
(Supplemental Figure S3). The plants were then subjected to
high-temperature treatment. Compared to the overexpres-
sion of the WT APX, the plants that overexpressed the

site-directed mutants of APX exhibited lower Fv/Fm values
and APX activity (Figure 7, F and G). Interestingly,
APX2T59A/164A overexpression plants showed a similar level
of thermotolerance to that observed in the YFP overexpress-
ing control lines (Figure 7F). Because the site-directed
mutation of APX caused significantly decreased APX activity
in vitro (Figure 7H), this experiment on its own does not
provide evidence for or against the role of APX phosphoryla-
tion in thermotolerance, which needs further investigation.

Discussion
As Ca2þ sensors, CPKs have been conserved during evolu-
tion; they are found in photosynthetic organisms ranging
from green algae to vascular plants. These enzymes play
critical roles in the regulation of plant responses to multiple
environmental stimuli such as drought, salt, and chilling
stresses (Zou et al., 2010; Campo et al., 2014; Zou et al.,
2015; Li et al., 2016; Liu et al., 2018; Lv et al., 2018; Zhang
et al., 2020). However, little is known about the functions of
CPKs in thermotolerance, and the mechanisms of targeted
CPK phosphorylation are poorly characterized. In this study,
we present several lines of evidence supporting the conclu-
sion that the tomato CPK28 mediates thermotolerance by
phosphorylation of APX2, which in turn regulates cellular re-
dox homeostasis in tomato.

CPK28 increases thermotolerance in tomato
As discussed previously, several CPK genes are highly
expressed in response to high temperatures, but their pre-
cise roles are unclear. Here, we show that CPK28 increases
thermotolerance, as demonstrated by the loss of photosys-
tem and cellular membrane functions in the cpk28 mutants
(Figure 1). In agreement with this conclusion, heterologous
overexpression of VaCPK29 was shown to enhance the high-
temperature tolerance of Arabidopsis (Dubrovina et al.,
2017). In another heterologous overexpression system, tea
(Camellia sinensis) CsCDPK20 and CsCDPK26 were overex-
pressed in Arabidopsis, leading to improved thermotoler-
ance by increasing the expression of stress-responsive genes,
such as AtAPX1 and AtPOD (Wang et al., 2018). Given that
a previous study had shown that high temperature induces
the expression of multiple CPK genes (Hu et al., 2016), it is
possible that other CPK isoforms also contribute to thermo-
tolerance; however, future studies are required to elucidate
this point.

CPK28 mediates thermotolerance through redox
homeostasis changes
High-temperature stress is usually accompanied by the accu-
mulation of ROS and alterations in protein stability and
turnover (Mittler et al., 2012). HSPs and antioxidant
enzymes are high temperature-responsive proteins that pro-
tect enzyme functions against the negative impacts of high-
temperature stress (Ohama et al., 2017). The data presented
here show that high-temperature stress-induced ROS accu-
mulation and protein oxidation in tomato, factors that were

Figure 6 Role of APX2 gene in tomato thermotolerance. A, Schematic
illustration of the sgRNA target site (red arrows) in wild type (WT)
APX2 and two alleles (apx2#2 and apx2#4) from CRISPR-Cas9 T2 mu-
tant lines. Red font indicates inserted nucleotides, and black box
presents protospacer-adjacent motif (PAM) sequences. B,
Representative images of apx2 lines after 12 h of normal-temperature
(NT, 25�C) or high-temperature (HT, 45�C) treatment. Bar ¼ 10 cm.
Images shown were digitally extracted and scaled for comparison. C,
Effects of high-temperature treatment on APX activities in apx2
mutants and WT plants. The data are presented in C as mean values,
and 6 SD; n ¼ 8. Different letters indicate significant differences be-
tween treatments (P < 0.05, Tukey’s test).
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Figure 7 Blocking the phosphorylation of APX2 at Thr-59 and Thr-164 sites by CPK28 inhibits tomato thermotolerance. A, CPK28 phosphorylates
APX2 in vitro. The phosphorylation reactions were performed using His-CPK28 as the kinase and GST-APX2 as the substrate. After separation by
SDS-PAGE, the phosphorylated APX2 protein was detected by anti-pSer/pThr and anti-pThr antibodies. B, Ca2þ induces the phosphorylation of
APX2 by CPK28 in vivo. Indicated binary constructs were co-expressed in N. benthamiana transient expression system. 2 d later, the leaves were
inoculated with 15 mM CaCl2 or dH2O control just 1 h before sample collection. The phosphorylated APX2 proteins were immunoprecipitated
by the anti-MYC agarose beads (IP: anti-MYC), and then immunoblotted with anti-pSer/pThr and anti-pThr antibodies. C–D, The Thr-59 (C) and
Thr-164 (D) residues of APX2 are phosphorylated by CPK28. An LC–MS/MS analysis of the phosphorylation reaction carried by His-CPK28 and
GST-APX2 showed that the phosphorylation of Thr-59 and Thr-164 in APX2 by CPK28. The phosphorylated Thr residues in the APX2 fragment
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further increased in the cpk28 plants (Figure 2). Whereas the
heat-induced accumulation of HSP70 protein was similar in
all lines, accumulation of the cytosolic APX protein and the
monomeric form of 2-CP were decreased in the cpk28
plants compared to the WT in response to high-tempera-
ture stress (Figure 2E), suggesting a link between CPK28 and
cellular redox homeostasis.

The AsA-GSH pools and ROS-scavenging enzymes regulate
cellular redox homeostasis and prevent excessive ROS accu-
mulation in response to high-temperature stress (Noctor
et al., 2016). The activities of ROS-scavenging enzymes, espe-
cially APX, were found to be lower in cpk28 plants than in
WT under both temperature conditions (Figure 3A). APX
has a high affinity for H2O2 (Km around 20–50 lM) and
functions as a major ROS-scavenging enzyme in plants
(Queval et al., 2008). As the specific electron donor for APX,
AsA is at the center of the cellular redox hub, functioning
to reduce H2O2 to water (Foyer and Noctor, 2011; Smirnoff
and Arnaud, 2019). The data presented here show that loss
of function of CPK28 results in lower AsA/DHA ratios under
both temperature conditions (Figure 3C). Consistent with
these findings is the observation that maize (Zea mays)
ZmCPK11 is involved in the regulation of ABA-induced anti-
oxidant defenses by activating the activities of APX and
SOD (Ding et al., 2013). Moreover, treatment with exoge-
nous AsA enhanced endogenous AsA accumulation, leading
to increased AsA/DHA ratios of the cpk28 mutants to simi-
lar values as those observed in the WT control plants
(Figure 4). This increased the protection of the cpk28 plants
against high-temperature stress and resulted in a similar
level of thermotolerance as that observed in the WT con-
trols (Figure 4). Earlier studies have shown that the exoge-
nous application of AsA increases endogenous AsA
accumulation and prevents oxidative stress-induced changes
in leaves (Zheng et al., 2000; Maddison et al., 2002; Athar
et al., 2008). Taken together, these findings suggest that the
antioxidant system, and the APX-AsA module, in particular,
functions downstream of CPK28-mediated thermotolerance.

CPK28 phosphorylates APX2, thus improving
thermotolerance
The identification and functional characterization of CPK28
substrates are critical to understand the molecular basis of
CPK28-mediated thermotolerance in tomato. Earlier studies

had identified several potential CPK substrates that are in-
volved in redox-mediated, abiotic-stress responses, which
transduce CPK-mediated signals that are initiated by Ca2þ

(Zou et al., 2015; Liu et al., 2018). A Y2H screen library was
used to identify several candidates associated with redox ho-
meostasis that bind to CPK28, including FRX, GRX, and
APX2 (Supplemental Table S1). Of these candidates, the
CPK28–APX2 interaction was confirmed using multiple
in vivo and in vitro assays (Figure 5). Like the cpk28 mutants,
the apx2 mutants were more sensitive to high-temperature
stress than the WT (Figure 6). APX2 belongs to the cytosolic
APX family, which exhibits responses to multiple abiotic
stresses (Fryer et al., 2003; Rossel et al., 2006). A previous
study in Arabidopsis showed that AtAPX2 loss of function
results in a higher level of high temperature-induced inhibi-
tion of root growth compared to WT plants (Suzuki et al.,
2013).

The data presented here show that APX2 is potentially
phosphorylated by CDPK28 at the Thr-59 and Thr-164 sites,
as the analysis showed that a Thr-to-Ala point mutation at
both sites significantly decreased thermotolerance responses
(Figure 7). Notably, the CPK28–APX2 interaction and the
phosphorylation state of the APX2 protein were shown to
be responsive to Ca2þ availability (Figures 5, D and E, 7B). In
agreement with this finding, the role of Ca2þ in the control
of CPK-mediated interactions and the phosphorylation of
target proteins was shown to be central to Ca2þ-initiated
signaling transduction in multiple stress responses (Zou
et al., 2015; Liu et al., 2018; Zhou et al., 2020). Arabidopsis
AtCPK8 specifically targets another antioxidant enzyme,
AtCAT3, and catalyzes the phosphorylation of the CAT pro-
tein at Ser-261, promoting an increase in catalase activity in
the ABA-mediated regulation of stomatal closure during
drought stress (Zou et al., 2015). By contrast, rice
OsCPK24 phosphorylates OsGrx10, leading to an inhibition
of activity in response to cold stress (Liu et al., 2018).
Here, we should be more circumspect in interpreting the
data indicating lower APX activities in Thr-to-Ala point-
mutation lines (Figure 7, G–H), as reduced activity might
not only be caused by a lack of phosphorylation sites, but
also possibly because that the mutations have eliminated
APX activity due to other disruptions. Also, future studies
on the roles of CPKs in the regulation of the antioxidant
system and its responses to heat stress will undoubtedly

are highlighted in red. E, Site-directed mutation of Thr residues in APX2 inhibited its phosphorylation by CPK28. The wild-type (WT) and Thr-mu-
tated forms of APX2-MYC were co-expressed with CPK28-GFP in N. benthamiana leaves. The APX2 proteins were immunoprecipitated by anti-
MYC agarose beads (IP: anti-MYC), and then analyzed by anti-pThr and anti-MYC antibodies. The protein inputs were indicated by immunoblot-
ting. F, Effect of phospho-dead APX2 variants on thermotolerance in tomato apx2 mutants. Agrobacterium carried with indicated binary vectors
were transiently expressed in tomato apx2 mutants for 2 d. After 12 h of high-temperature stress treatment at 45�C, samples were collected for
representative leaf images indicating the maximum photochemical efficiency of photosystem II (Fv/Fm). The color gradient scale at the right indi-
cates the magnitude of the fluorescence signal represented by each color. Images shown were digitally extracted and scaled for comparison. G,
Effect of phospho-dead APX2 variants on APX activity in tomato apx2 mutants. Indicated binary vectors were transiently expressed in tomato
apx2 mutants for 2 d, and the plants were subjected to high temperature (45�C) for 7 h before enzyme activity analysis. H, Blocking the phosphor-
ylation of Thr-59 and Thr-164 sites of APX2 impaired APX activity in vitro. Purified recombinant GST-APX2, GST-APX2T59A, GST-APX2T164A, GST-
APX2T59A/T164A, and GST control protein were used for the enzymatic activity analysis. The data are presented in F to H as mean values 6 SD; n ¼
3. Different letters indicate significant differences between treatments (P < 0.05, Tukey’s test).
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further our understanding of how these enzymes modu-
late thermotolerance.

In summary, the data presented here reveal a function for
CPK28 in the regulation of thermotolerance, together with a
molecular mechanism leading to the modulation of cellular
redox homeostasis. This study not only highlights the impor-
tance of CPK28 but also points to new targets for plant im-
provement and stress management in response to a
changing climate.

Materials and methods

Plant material, growth condition, and high-
temperature treatment
Tomato (Solanum lycopersicum cv Condine Red) and
Nicotiana benthamiana were used as wild type (WT) in this
study. Tomato CRISPR-Cas9-edited lines of cpk28 and apx2
were generated with Agrobacterium tumefaciens-mediated
cotyledon tissue culture as described previously (Hu et al.,
2021). Seeds were sowed in pots filled with a mixture
of peat and vermiculite (7:3, v/v) and receiving Hoagland
nutrient solution. The growth conditions were maintained
as follows: 14 h/10 h (day/night) photoperiod, 25�C/20�C
(day/night) ambient air temperature, 400 lmol m�2 s�1

photosynthetic photon flux density.
Approximately 5-week-old plants were used for high-tem-

perature treatments in growth chambers (Qiushi, China).
For AsA pretreatment assay, the cpk28 mutants and WT
plants were sprayed with 10 mM AsA or H2O control once
per day for three successive days. For in planta high-temper-
ature treatments, tomato CRISPR-Cas9-edited lines and WT
plants were exposed to high temperature (45�C) or control
normal temperature (25�C). Other environmental parame-
ters except temperature in the growth chambers were the
same as previously described growth conditions. After 7 h of
differential temperature treatments, pooled samples, with
each sample being from two individual plants, were col-
lected for the next assays. Representative plant images were
taken after 12 h of differential temperature treatments. For
in vitro high-temperature treatments, 1-cm2 leaf discs de-
tached from fourth fully expanded tomato leaves were
floated in the indicated solutions and incubated at 45�C of
2 h for tomato, followed by recovery at 25�C for 2 d.

Plasmid construction and transformation
For Escherichia coli expression vectors, the protein-coding
regions of CPK28 and APX2 were amplified from tomato
cDNA and used to generate recombinant constructs with
pET28a and pGEX-4T-1, respectively. Then, the above vec-
tors were introduced into E. coli BL21(DE3) strain for protein
expression.

To generate the CRISPR-Cas9 vectors, the target sequences
of CPK28 and APX2 were synthesized according to a web
tool of CRISPR-P (available at http://crispr.hzau.edu.cn/
CRISPR2/). Each synthesized fragment was annealed and
inserted into the AtUb-sgRNA-AtUBQ-Cas9 intermediate
vector. The whole cassette was then shuttled between the

Kpn I/Hind III sites of the pCAMBIA1301 vector. Then, the
CRISPR-Cas9 vectors were electroporated into A. tumefaciens
strain GV3101 for generating the CRISPR-Cas9 gene-edited
mutants.

For transient overexpression binary vectors, the open
reading frames of each gene were amplified based on to-
mato cDNA and cloned into pDONR-Zeo via Gateway BP
reaction (Invitrogen). The point-mutation vectors of APX2
were introduced based on the wild type pDNOR-APX2 by
Q5VR Site-Directed Mutagenesis Kit (New England Biolabs,
E0552). After confirmation with Sanger sequencing, the frag-
ment cassette was shuttled through LR cloning into destina-
tion vectors: pGTQL1221YC and pGTQL1211YN for BiFC
assay, pCAMBIA-GW-nLUC and pCAMBIA-GW-cLUC for
split-Luc assay, pGWB417 with C-terminal MYC tag,
pGWB505 with C-terminal GFP tag, respectively. The binary
vectors were introduced into A. tumefaciens strain GV3101
for transient expression in N. benthamiana, and into strain
C58C1 for transient expression in tomato. The transient
overexpression assays in N. benthamiana and tomato plants
were performed as previously described (Reichardt et al.,
2018).

All primers for the plasmid construction are listed in
Supplemental Table S2.

Thermotolerance and ROS analysis
After high temperature-stress treatments, plant thermotoler-
ance was assessed by quantifying MDA contents (Cheng
et al., 2014), relative electrolyte leakage (Pan et al., 2019),
chlorophyll fluorescence of the maximum quantum yield of
PSII (Fv/Fm; Pan et al., 2019), and chlorophyll contents (Liu
et al., 2018).

To explore ROS accumulation, DAB and NBT staining
were performed to indicate H2O2 and O:�

2 as previously
described (Hu et al., 2020) with minor modifications. The to-
mato leaves were incubated with freshly prepared 1 mg
mL�1 DAB in 50 mM Tris-HCl (pH 3.8) for 12 h in dark at
room temperature, or 0.1 mg mL�1 NBT in 25 mM HEPES
buffer (pH 7.8) for 2 h. The accumulation of H2O2 in the
leaves was quantified according to the method described
previously (Willekens et al., 1997). Briefly, 0.3 g leaf material
was ground in 3 mL of 0.2 M HClO4 at 4�C, and the homog-
enate was centrifuged at 6,000 g for 10 min at 4�C. The su-
pernatant was neutralized to pH 6.0 with 4 M KOH, and
centrifuged at 6,000 g for 10 min at 4�C. The supernatant
was loaded onto an AG1x8 prepacked column (Bio-Rad,
USA), and the solution was eluted with 4 mL ddH2O. The
elute (800 lL) was mixed with 400 lL of reaction buffer
containing 4 mM 2,20-azino-di(3-ethylbenzthizaoline-6-sul-
fonic acid) and 100 mM potassium acetate at pH 4.4,
400 lL ddH2O and 0.25 U of horseradish peroxidase.
Then, the H2O2 content was measured by the changes in
absorbance at 412 nm.

Immunoblotting assays
The oxidized proteins from the soluble protein were evalu-
ated with an OxyBlot Protein Oxidation Detection Kit
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(Chemicon International, USA) following the manufacturer’s
manuals.

The high temperature-responsive proteins were detected
by immunoblot analysis with antibodies against cytosolic
APX (Agrisera, AS06180), HSP70 (Agrisera, AS08371), and
2-CP (Beijing Protein Innovation). Secondary antibody used
subsequently in these analyses was goat anti-rabbit horse-
radish peroxidase-linked antibody (Cell Signaling Technology,
7074).

Y2H assay
The tomato cDNA library construction and yeast two-hybrid
(Y2H) screening were performed following the manufac-
turer’s protocol (Clontech). The coding sequences of
CPK28VK, a constitutively active variant of CPK28, were
cloned into pGBKT7 vector as bait and transformed into
AH109 yeast strain. For Y2H screening, colonies were directly
cultured to SD-Trp-Leu-Ade-His (-T-L-A-H) plates after mat-
ing. For the further confirmation of putative positive clones,
the mated colonies carrying pGBKT7-CPK28 and pGADT7-
APX2 were transferred from SD-T-L plates to SD-T-L-A-H
plates with different diluted concentration.

BiFC and split-Luc assays
For BiFC and split-Luc assays, the pairs of binary constructs
carried by Agrobacterium tumefaciens GV3101 strains were
transiently expressed in leaves of 5-week-old N. benthamiana
plants. BiFC assays were performed with a Zeiss LSM 780
confocal microscope as described previously (Zhang et al.,
2018). For the split-Luc assays, the leaf discs, pre-infiltrated
with 15 mM CaCl2, 1.5 mM EGTA, or dH2O control for 1 h,
were then incubated with 100 lL 1mM luciferin
(MedChemExpress) solution in a 96-well plate. After 10 min
incubation, the protein–protein interaction intensity was
evaluated based on the relative light units by the Centro LB
960 Microplate Luminometer (Berthold Technologies,
Germany).

GST pull-down and Co-IP assays
The 6�His- or GST-fused recombinant proteins were
expressed in E. coli BL21(DE3) strain and purified with Ni-
NTA Agarose (Qiagen) or Pierce Glutathione Agarose
(Thermo), respectively. For pull-down assays, about 10 lg of
GST or GST-APX proteins were pre-incubated with 10 lL
glutathione agarose beads in 400 lL pull-down buffer
[10 mM Tris-HCl at pH 7.5, 100 mM NaCl, 1 mM b-mercap-
toethanol, 1 mM EDTA, 10% glycerol (v/v), with 0.5% Triton
X-100 (v/v)] at 4�C for 1 h with gentle shaking. The agarose
beads were harvested by centrifugation, and then inoculated
with His-CPK28 proteins in 400 lL pull-down buffer at 4�C
for 1 h with gentle shaking. Finally, the pulled-down proteins
were collected and released from agarose beads by boiling
with SDS loading buffer. GST-APX pulled-down proteins
were detected by immunoblotting with anti-His antibody
(Sigma).

For Co-IP assays, a pair of binary vectors with either an
MYC or a GFP tag were co-expressed in N. benthamiana

leaves. The leaf samples were collected at 2 d post-inocula-
tion, and ground in IP buffer [50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100 (v/v); 1�
protease inhibitor (Roche), 2.5 lL 0.4 M DTT, 2 lL 1 M
NaF, and 2 lL 1 M Na3VO4 added for 1 mL buffer before
using]. Each set of GFP-tagged soluble protein immunopre-
cipitation was operated in 1 mL IP buffer with 15 lL of
anti-GFP agarose beads (Chromotek). After 3 h of gentle
shaking at 4�C, the agarose beads were washed 3 times with
washing buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5,
5 mM EDTA, and 0.1% Triton X-100 [v/v]), and once more
with 50 mM Tris-HCl, pH 7.5. Then, the immunoprecipi-
tated proteins were detected by immunoblotting with indi-
cated antibodies.

LC–MS/MS analysis and phosphorylation assays
The in vitro phosphor-sites identification with LC–MS/MS
analysis was performed as reported previously (Zhou et al.,
2018). Briefly, the phosphorylation reaction dependent on
GST-APX2 as the substrate and CPK28-His as the kinase was
incubated for 3 h at room temperature. Then, the substrate
proteins were separated and collected by SDS-PAGE for fur-
ther digestion with trypsin overnight. The phosphopeptides
were analyzed with LTQ Orbitrap Elite (Thermo-Fisher).

The in vitro phosphorylation reactions were performed in
30 lL of kinase buffer (25 mM Tris-HCl, pH 7.5, 10 mM
MgCl2, 0.1 mM CaCl2, 1 mM DTT, and 0.2 mM ATP) con-
taining 1 lg CPK28-His and 10 lg of substrate proteins at
25�C with 2 h of gentle shaking. For in planta phosphoryla-
tion reactions, the indicated binary vectors with either an
MYC or a GFP tag were co-expressed in N. benthamiana
leaves for 2 d, and then the proteins were extracted and in-
cubated in 1 mL IP buffer with 15 lL of anti-MYC agarose
beads (Chromotek). After 3 h of gentle shaking at 4�C, the
agarose beads were washed 3 times with washing buffer,
and once more with 50 mM Tris-HCl, pH 7.5. The immuno-
precipitated proteins were released from agarose beads by
boiling in SDS loading buffer.

The phosphorylation of recombinant proteins from
in vitro and in planta phosphorylation reactions were ana-
lyzed by immunoblotting with anti-pSer/pThr antibody
(ECM Biosciences, PM3801) or anti-pThr antibody (Cell
Signaling Technology, 9386) after protein separation by SDS-
PAGE.

Measurements of antioxidant contents and enzyme
activities
For the antioxidant enzyme activity assays in planta, 0.3 g
leaf sample was ground with 3 mL ice-cold enzyme buffer
[25 mM HEPES, 0.2 mM EDTA, 2 mM AsA, and 2% polyvi-
nylpolypyrrolidone (w/v), pH 7.8]. After 4�C-centrifugation
at 12,000 g for 20 min, the supernatants were used for the
subsequent enzyme activity determination with a
SHIMADZU UV-2410PC spectrophotometer (Shimadzu,
Japan). The enzyme activities of APX and DHAR were ana-
lyzed by a decline in A290 and an increase in A265, respec-
tively (Nakano and Asada, 1981). CAT activity was
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determined according to the consumption of H2O2 at A240

(Veljovic-Jovanovic et al. 2001). GR activity was calculated
on the rate of decrease in the absorbance of NADPH at
A340 (Foyer and Halliwell, 1976). For APX activity assay
in vitro, E. coli-expressed recombinant GST-APX isoforms
and GST control were used for the assay by adding sodium
ascorbate (ASC) and H2O2 to final concentration at 0.4 and
1 mM, respectively. After adding H2O2, the samples were
immediately analyzed the changes of the absorbance at A290

every 15 s for a 2-min recording time (Yang et al., 2015).
Protein concentration was determined by the Bradford
method.

For the antioxidant content assays, about 0.1 g leaf sample
was ground to powder in liquid nitrogen and extracted into
1 mL 0.2 M HCl. After 4�C-centrifugation at 14,000 g for 10
min, the 0.5 mL of supernatant supplement with 100 lL 0.2
M phosphate buffer (pH 5.6) was neutralized with 0.2 M
NaOH to pH 4–5. Then, the neutralized extracts were used
to measure both ascorbate and glutathione using spectro-
photometric assays according to previous methods (Noctor
et al., 2016).

Statistical analysis
At least three independent biological replicates were sam-
pled for each determination. Unless otherwise stated, each
biological replicate consisted of an independent sample that
was a pool of two leaves, each taken from a different plant.
The experiments were independently performed 2–3 times.
The obtained data were subjected to analysis of variance us-
ing SAS 8.0 software (SAS Institute), and means were com-
pared using Tukey’s test at the 5% level.

Accession numbers
Genetic information from this article can be found in the
Sol Genomics Network under the following accession num-
bers: CPK28, Solyc02g083850; APX2, Solyc06g005150.
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