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Calcium-dependent protein kinases (CDPKs) are very effective calcium signal decoders due to their unique
structure, which mediates substrate-specific [Ca2+]cyt signalling through phosphorylation. However, Ca®*-
dependence makes it challenging to study CDPKs. This work focused on the effects of the overexpression of
native and modified forms of the AtCPK1 gene on the tolerance of tobacco plants to heat and cold. We studied the
interaction between the calcium and signalling systems of abscisic acid (ABA) at various temperatures. The
hormonal state, stress-induced senescence, and expression of important corresponding genes were investigated.
We showed that inactivation of the autoinhibitory domain of the modified constitutively active form of AtCPK1
has a positive effect on resistance not only to long-term cold but also to heat. We showed that the constitutively
active form of AtCPK1 under nonstressed conditions activated biosynthesis of ABA, but a decrease in ABA content
was detected upon heat exposure. On the basis of our results, we can assume that this effect is achieved through
the CPK-dependent activation of salicylic acid (SA) signalling. The obtained data shed light on heat-associated
molecular processes and support the possibility of using intradomain modifications of CDPK both for compre-

Heat shock factors

hensive study of its functional features and as a bioengineering tool.

1. Introduction

Unique spatiotemporal fluctuations in intracellular calcium ions are
often involved in the adequate response of plant cells to external stimuli.
The concentration of free Ca®" in the cytosol ([Ca%1] cyt) in plant cells is
between 100 and 200 nM when the cells are at rest, but it can rise
quickly when different stimuli are perceived (Costa et al., 2018;
Resentini et al., 2021). The term "induced increase in [Ca2+]cyt" refers to
an analogue signal that exhibits a unique dynamic known as the cyto-
solic "Ca2" signature” on the basis of the type and strength of the stim-
ulus (Kudla et al., 2010; Resentini et al., 2021). Decoding of [Ca2+]cyt
signals is carried out by special enzymes, the activity of which depends
on the level of intracellular calcium ions (White and Broadley, 2003).
Three main families of [Ca2+]cyt sensors have been found in plants:
calmodulin (CaM), calcineurin B-like proteins (CBL), and
Ca?*-dependent protein kinases (CDPKs or CPKs). As explained in detail
(Yip Delormel and Boudsocq, 2019), compared with CaM and CBL,
structure of CDPKs is unique due to ability to mediate substrate-specific

[Ca2+]cyt signalling through phosphorylation. In response to external
biotic or abiotic stimuli, decoders of Ca?" signals, including CDPK,
trigger reactions regulated by stress-related hormones, such as ethylene
(ET), jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA)
(Bredow and Monaghan, 2019). Stress hormones trigger corresponding
resistance processes. In addition to activating regulatory mechanisms,
CDPKs exert independent effects on terminal transcription factors and
enzymes (Bredow and Monaghan, 2019). There are several dozen
distinct CDPK gene isoforms found in the plant genome (Yip Delormel
and Boudsocq, 2019). Different CDPKs have different characteristics,
including substrate selectivity, localization, and calcium sensitivity,
among many others. These variants allow the involvement of specific
CDPK isoforms in numerous cell processes (Yip Delormel and Boudsocq,
2019).

The overexpression of some CDPK genes increases plant resistance
only to osmotic stress (Huang et al., 2017; Veremeichik et al., 2021b). It
is yet unclear how Ca?* and calcium-dependent protein kinases
contribute to thermotolerance (Dekomah et al., 2022). Resistance to
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short-term, acute cold stress is increased by the overexpression of
different CDPK gene isoforms (Almadanim et al., 2017; Liu et al., 2018;
Lv et al., 2018). Numerous studies have investigated the role of CDPKs in
heat tolerance. Studies (Ray et al., 2007; Romeis et al., 2001; Dubrovina
et al., 2013; Dong et al., 2020; Veremeichik et al., 2014; Veremeichik
et al., 2022b ) have demonstrated that some isoforms react to short-term
heat stress. Short-term (2-48 h) acute (42 °C) heat stress increases the
expression of 4 of the 19 isoforms of the CDPK genes of the wild Chinese
grape V. pseudoreticulata (Zhang et al., 2015). Compared with cultivated
soybeans, wild soy presented considerably greater increases in
GmCDPK5 and GmCDPK10 expression under extreme short-term stress
(Veremeichik et al., 2022b). The activation of protective mechanisms in
CDPK-overexpressing plants in response to short-term heat treatment
has also been shown (Tan et al., 2011; Wang and Song, 2014). Under
heat stress, AtCPK28 directly phosphorylates the stress marker enzyme
APX2, which regulates resistance to heat (Hu et al., 2021). Over-
expression of the SICDPK7 gene led to an increase in catalase activity the
expression level of heat and cold stress-responsive genes in SiCDP-
K7-expressed Arabidopsis and foxtail millet under stress conditions (Wei
et al., 2023). However, there is little evidence of a direct increase in heat
tolerance in CDPK-overexpressing plants. There are many conflicting
data concerning the role of Ca?" in thermotolerance.

This discrepancy can be explained by the dependence of CDPK on
intracellular Ca®* levels: at basal [Ca2+]cyt levels, CDPKs are inactivated
due to autoinhibition (Dekomah et al., 2022). Autoinhibition of CDPK is
a striking example of self-regulation of stress-inducible enzymes,
providing the necessary and sufficient level of response in accordance
with the level of impact. The structure of CDPK is represented by four
domains: the N-terminal variable domain, which is responsible for the
localization and specific recognition of the substrate; the Ser/Thr kinase
domain; the C-terminal regulatory calmodulin-like domain (CaM-LD),
which has conserved calcium-binding motifs; and the J junction domain,
which is an autoinhibitory domain that blocks kinase activity in the
absence of calcium ions (Bredow and Monaghan, 2019). Autoinhibition
of CDPK occurs by blocking the calmodulin-like domain via auto-
inhibitory domain autoinhibition (Dekomah et al., 2022). As part of an
in vitro study of the subdomain structure of the autoinhibitory domain,
Harper (Harper et al., 1994) and Huang (Huang et al., 1996) obtained
various mutant forms of the AtCPK1 gene (GenBank accession number,
AT5G04870; http://www.uniprot.org/UniProt/Q06850) of Arabidopsis
thaliana via site-directed mutagenesis. In those works, studies were
carried out only in vitro; the function of mutant forms within a plant cell
was not studied. However, two mutant forms are of particular interest
for studies at the physiological level. The mutant form of KJM4 was
inactive regardless of the presence of Ca?" ions. Substitution of 4 amino
acid residues in the C-terminal region of the autoinhibitory domain of
KJM4 prevents the binding of the CaMLD domain to Ca®", which leads
to complete inactivation of CDPK (Huang et al., 1996). In Harper’s work,
the mutant form of KJM23 had a six-amino acid substitution in the
central part of the autoinhibitory domain, which ensured maximum
enzyme activity regardless of Ca2" ions (Harper et al., 1994).

AtCPK1 from Arabidopsis has been one of the most studied members
since the first evidence of the presence of CDPKs in plant cells (Watillon
et al., 1993). Increases in drought and salt tolerance as well as phyto-
alexin production have been linked to the overexpression of AtCPK1
(Huang et al., 2017; Shkryl et al., 2011, 2016; Veremeichik et al., 2016,
2019, 2021a, 2021b). Additionally, AtCPK1 controls the generation of
reactive oxygen species (ROS) (Xing et al., 2001; Veremeichik et al.,
2021a, 2021b). It can also govern cell death by phosphorylating ORE-
SARA1/ANAC092 (ORE1), the primary regulator of cell death (Durian
et al., 2020a,b). These findings suggest that AtCPK1 is crucial to the
defensive state of plant cells. The overexpression of the constitutively
active form of the AtCPK1 gene (AtCPK-KJM23) led to an increase in the
yield of specialized metabolites in transgenic cell cultures of various
plant species. In these works, it was shown that replacing 6 of the 35
amino acid residues (KJM23) of the CDPK autoinhibitory domain
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multiplies the effect of AtCPK1 on secondary metabolism, whereas
replacing the other 4 amino acid residues (KJM4) abolishes any effect
(Shkryl et al., 2011, 2016; Veremeichik et al., 2016, 2019). Moreover,
overexpression of the calcium-independent mutant form of AtCPKI
accelerated tolerance to abiotic stress treatments (Veremeichik et al.,
2021a, 2021b). Salt tolerance can be increased by up to 80% by inac-
tivating the autoinhibitory domain compared to plants expressing the
native AtCDPK1 gene (Veremeichik et al., 2021b). The simultaneous
activation of secondary metabolism and tolerance to abiotic stress was
demonstrated in AtCPKI-transformed cell cultures of R. cordifolia
(Veremeichik et al., 2021a). This work shows for the first time that the
expression of AtCPK1 can improve heat tolerance. In addition to
increased tolerance to cold and salt, the mutant calcium-independent
form of AtCPK1 exhibited strong tolerance to long-term high--
temperature treatment (Veremeichik et al., 2021a).

Temperature stress triggers leaf senescence by affecting endogenous
signal molecules that regulate leaf senescence. Among these factors,
ABA functions as a link between oxidative damage to the cellular
structure and the response of signalling molecules to abiotic stress
during leaf senescence (Asad et al., 2019). Senescence is regulated
coordinately through senescence-associated genes (SAGs), which play a
role in macromolecule degradation and reactions to diverse environ-
mental signals. Moreover, SAGs provide extensive signalling crosstalk
between the senescence process and stress responses (Lim et al., 2007).
ORE1-SAG12 is strongly regulated through ABA signalling
(Matallana-Ramirez et al., 2013). In addition to ethylene, ABA is one of
the most effective plant hormones for promoting initial leaf senescence
(Zacarias and Reid, 1990; Lee et al., 2011). Increases in endogenous ABA
have been shown to coincide with leaf senescence, whereas genes
involved in ABA signalling are induced earlier during senescence
(Breeze et al., 2011). The ABA signalling system consists of a complex of
kinases and phosphatases (Chinnusamy et al., 2010). In response to
stress, calcium channels are activated, resulting in the activation of
messengers that activate the expression of genes encoding enzymes
involved in ABA biosynthesis, such as 9-cis-epoxycarotenoid dioxyge-
nase, NCED (Ng et al., 2014). Under stress-induced conditions, excess
ABA binds to phosphatases, allowing kinases to trigger cascades of
response reactions. In addition to the ABA kinase system, phosphatases
also block the function of calcium messengers to reduce stress-induced
ABA levels (Roychoudhury et al., 2013). On the other hand, chloro-
phyll degradation, as a reaction of hypersensitivity and part of pro-
grammed cell death (PCD), is also regulated through the ACCELERATED
CELL DEATH 6 protease ACD6 (Rate et al., 1999). ACD6 is a key
component of the feedback regulatory loop involved in salicylic sig-
nalling. By blocking the main manifestations of systemic acquired
resistance (SAR), ACDG6 initiates stress-induced senescence. Moreover,
SA also blocks the effects of ACD6 (Rate et al., 1999). Previous studies
have demonstrated that CPK1 activates the salicylic acid signalling
system (Coca and San Segundo, 2010; Bredow and Monaghan, 2019),
and its constitutively active form also induces the expression of
SAR-associated proteins (Veremeichik et al., 2023a). The overexpression
of the mutant constitutively active isoform of the AtCPK1 gene has a
significant effect on reactive oxygen species (ROS) metabolism
(Veremeichik et al., 2021a, 2021b). ROS are among the key regulatory
tools used by plant cells. The ROS signalling system is interconnected
with other signalling systems, such as the auxin, ABA, and SA signalling
systems (Mittler et al., 2022). Moreover, these signalling systems can
modulate each other to ensure survival and reproduction, depending on
the conditions (Mittler et al., 2022).

The present study aimed to verify two hypotheses: i) KJIM23 muta-
tions in the AtCPK1 junction enhance thermotolerance in plants, and ii)
KJM4 mutations disable recombinant AtCPK1. We used transgenic to-
bacco plants (Nicotiana tabacum L. var Xanthi) for the analyses. The ease
of transformation and plant regeneration of tobacco make it one of the
most convenient plants for transgenic studies (Horsch et al., 1985). In
the present work, we studied the effects of the transformation of native
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and modified forms of the AtCPK1 gene on plant resistance to long-term
temperature stress, both cold and heat. Moreover, we examined the role
of CPK in the early response of the ABA signalling system to heat stress.
We clarified the role of CPK in the regulation of heat-induced ABA-de-
pendent senescence processes.

2. Materials and methods
2.1. Plant materials

Previously obtained transgenic tobacco plants were used in the
present work (Veremeichik et al., 2021b). For the experiments, we used
clonally cultivated plantlets of Nicotiana tabacum L. (cv Xanthi): WT as
the control and AtCPK1-transformed CPK1-OE (plants transformed with
the native form of the AtCPK1 gene, construction pPZP-RCS2-nptll/Ak),
KJM4-OE (plants transformed with the nonactive form of the AtCPK1
gene, construction pART27/AtCPK1-KJM4), and KJM23-OE (plants
transformed with the active form of the AtCPKI gene, construction
PART27/AtCPK1-KJM23) as described previously (Harper et al., 1994;
Huang et al., 1996; Shkryl et al., 2016). The expression level of the
AtCDPK1 gene in the transgenic tobacco plants was the same
(Veremeichik et al., 2021b). The control and transgenic plants were
clonally cultivated (micropropagated) in vitro on MS agar media
(Murashige and Skoog, 1962). The following conditions were used for
cultivation: temperature, 24/22°C; photoperiod, 16/8 h; illumination in
the daytime, 3000-5000 lux of luminescent lamps (near 150 pmol
m %) humidity, 70%; and 30-day subculture intervals. Seeds of the
third generation (T3) of transgenic N. tabacum plants were obtained for
germination tests under stress conditions. A resistance test to the se-
lective antibiotic kanamycin was performed to confirm the 100% pres-
ence of transgenic homozygotes. The sterilized seeds were germinated
on MS/2 media supplemented with 1000 or 2000 mg/L kanamycin.
After 5 days, all the plants had germinated; after 10 days, the non-
transgenic control plants died, while the growth of the transgenic plants
continued (Suppl. Fig. 1).

2.2. Experimental design

Cold treatment. The untransformed control clonally cultivated
plantlets of N. tabacum (designated WT) and AtCPK1, AtCPK1-KJM4-,
and AtCPK1-KJM23-transgenic plantlets of N. tabacum (CPK1-OE,
KJM4-OE, and KJM23-OE, respectively) were clonally cultivated
(micropropagated) in glass tubes via MS/2 media supplemented with 10
g/L sucrose (Murashige and Skoog, 1962) in a climate chamber (KS-200,
Russia) as described above. The effects of long-term cold stress on the
growth of the control WT and transgenic CPK1-OE, KJM4-OE, and
KJM23-OE plants were investigated by cultivating them at a low tem-
perature (12 °C) for 30 days. Samples were harvested from 30-day-old
plantlets and weighed. To study the germination of normal and trans-
genic seeds, sterile paper discs soaked in distilled water were added to
12-well plates. Seeds of WT and transgenic plants were harvested from
parent plants that grew together under the same conditions and were
used immediately and stored at room temperature in the dark. The
conditions of germination were as follows: temperature, 24/22°C
(control conditions) or 12°C (cold stress); photoperiod, 16/8 h; illumi-
nation in the day, 3000-5000 lux of the luminescent lamps (near 150
pmol m~2s~1); humidity, 70%. Green cotyledons of all the analysed
tobacco lines under control conditions were observed on the 3rd day;
after 14 days, the results of the experiments were photographed. Both
types of cold stress experiments were repeated three times.

Heat treatment. The effects of heat stress on the growth of control and
transgenic N. tabacum plants were investigated using control and
transgenic tobacco plants growing in soil with regular watering under
the same conditions: photoperiod, 16/8 h; illumination during the day,
3000-5000 lux of the luminescent lamps (near 150 pmol m’zs’l); hu-
midity, 70%. Two types of experiments were performed: seeds were
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germinated and grown for 20 and 30 days under control conditions
(24 °Q), followed by slight heat exposure (36 °C for 20 days) and intense
heat exposure (42 °C for 20 days). The corresponding control conditions
were 40 and 50 days under the control temperature (24 °C). After the
stress treatments, the experimental plants were photographed, and the
relative lengths of the shoots under heat exposure (%) were measured.
Both types of heat stress experiments were repeated three times.

Molecular analysis. To analyse heat-induced ABA accumulation and
determine gene expression, the following experiments were performed.
Forty-day-old clonally cultivated normal (WT) and transformed tobacco
plants were transferred to 4 °C and 42 °C for 1 h. RNA, or ABA, was
extracted immediately. In this work, we used three independent lines of
control plants and each type of transgenic plant.

2.3. HPLC-DAD-ESI-MS(/MS) conditions

2.3.1. Chemicals

LC-MS-grade acetonitrile and methanol were acquired from Merck
(Darmstadt, Germany). MS-grade formic acid was acquired from Sigma
Aldrich (Steinheim, Germany). Deionized water was obtained using a
Milli-Q Simplicity water purification system (Millipore, Molsheim,
France). Analytical standards of indole-3-acetic acid (IAA), ABA, and SA
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3.2. HPLC-MS/MS analysis and quantification of plant hormones

For the quantification of plant hormones, sample preparation and
analysis were performed as described previously with the same param-
eters (Veremeichik et al., 2022b). A Shimadzu LC-30AD HPLC system
coupled with a Shimadzu LCMS-8060 triple quadrupole mass spec-
trometer (Kyoto, Japan) equipped with an electrospray ionization
interface was used for analysis. A Shimpack ODSII column (75 x 2 mm i.
d., 2.2 pm particle size) (Shimadzu, Duisburg, F.R. Germany) was used
at 45 °C. All important parameters of MRM and calibration curves
necessary for HPLC-MS/MS analysis are summarized in Supplementary
Table 1.

2.3.3. HPLC-MS/MS analysis and quantification of the breakdown
products of chlorophyll

Phyllobilin extraction was performed as described previously
(Veremeichik et al., 2023b). The reversed-phase high-performance
liquid chromatography with diode array detection and electrospray
ionization mass spectrometry (RP-HPLC-DAD-ESI-MS/MS2) method was
applied for chlorophyll catabolite determination using a 1260 Infinity
analytical HPLC system (Agilent Technologies, Santa Clara, California,
USA) interfaced with an ion trap mass spectrometer Bruker HCT ultra
PTM Discovery System (Bruker Daltonik GmbH, Bremen, Germany). The
separation was carried out using an analytical Zorbax C18 column (150
mm, 2.1 mm i.d., 3.5 pm; Agilent Technologies, USA) with a flow rate of
0.2 ml/min and a column temperature of 40 °C. The mobile phase
consisted of a gradient elution of 0.1% aqueous acetic acid (A) and
acetonitrile (B). A binary gradient with A and B was installed, starting
with 10% B and reaching 60% B at 40 min. UV/Vis spectra were
recorded with a DAD in the range of 200-600 nm, and chromatograms
were obtained at a wavelength of 312 nm. The MS data were collected in
positive ion mode with a range of m/z 100-1200. The following settings
were used: the drying gas (N3) flow rate was 8.0 L/min, the nebulizer gas
(N3) pressure was 175 kPa, the capillary voltage was kept at —4.0 kV,
and the drying gas temperature was 325 °C. Tandem mass spectra were
acquired in auto-MS? mode (smart fragmentation) by increasing the
collision energy. The fragmentation amplitude was set to 1 V.

High-resolution mass spectrometry (HRMS) was carried out via an
LCMS-IT-TOF tandem mass spectrometer (Shimadzu, Japan), including
an LC-20AD Prominence (Shimadzu, Japan), and an ion trap/time-of-
flight mass spectrometer. The mass spectra were recorded using elec-
trospray ionization with simultaneous negative and positive ion detec-
tion and a resolution of 12,000. The following settings were used: the
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range of m/z detection was 400-1,200, the drying gas (N) pressure was
150 kPa, the nebulizer gas flow rate was 1.5 L/min, the ion source po-
tential changed from —3.8 to 4.5 kV, and the interface temperature was
200 °C.

2.4. ABA ELISA

For the ELISA of the baseline and heat-induced ABA contents, sample
preparation was performed according to previously described methods
(Veselov et al., 1992). Heat-treated (42°C for 1 h) and untreated
40-day-old plants grown in vitro were powdered with liquid nitrogen and
immediately weighed to 300 mg. Extraction was performed in 1 ml of
80% ethanol for 16 h at 4 °C. After incubation, the extracts were
centrifuged, and the supernatant was dried (Concentrator Plus, Eppen-
dorf). The dried pellet was dissolved in 1 ml of water acidified with HCI
(pH 2-3). Then, ABA was concentrated twice with diethyl ether. The
ether phase was dried; the pellet was dissolved in 50 pl of 80% ethanol
and used immediately for the ELISA. ELISA was performed via an ELISA
Kit for Abscisic Acid (Cloud-Clone Corp., China) according to the man-
ufacturer’s instructions. The samples were analysed in a 96-well plate
using a spectrophotometer (Benchmark Plus Microplate Reader,
Bio-Rad, USA) at a wavelength of 450 nm. The results were obtained
from a calibration curve constructed according to the optical density of a
standard diluted to concentrations of 1.23, 3.70, 11.11, and 33.33
ng/ml. The analysis of ABA content was repeated three times.

2.5. Analysis of gene expression

Total DNA extraction, total RNA extraction, and first-strand cDNA
synthesis were performed as described previously (Veremeichik et al.,
2019). We used the Actin (Veremeichik et al., 2021b) and elongation
factor (Baek et al., 2017) genes from N. tabacum as reference genes for
real-time PCR analysis. The oligonucleotide pairs used for analysis of
NtHSF (heat shock factor) gene expression were described previously
(Veremeichik et al., 2021b). The oligonucleotide pairs used for analysis
of the NtNCEDs, NtSAG12, and NtACD6 genes are listed in Supplemen-
tary Table 2. Under the following conditions, PCR and real-time PCR
experiments were carried out as previously described (Veremeichik
et al., 2019) in a 10 pl volume comprising 1 pl of the diluted cDNA
sample and 300 nM of each primer. In a 96-well reaction plate, 3 min at
96 °C was followed by 35 cycles of 15 s at 96 °C and 30 s at 60 °C. Three
technical replicates were evaluated for every biological replicate, and
two biological replicates were used for the analysis. To confirm that
there was no contamination, qPCR analysis was performed with both the
RNA-RT and no-template controls. At the end of each run, we employed
melting curve analysis to establish the lack of primer—dimer artefacts or
nonspecific products. The software CFX Manager was used to analyse
the data.

2.6. Statistical analysis

All values were represented via Statistica 10.0 (StatSoft Inc., USA) as
the mean + SE. A significance threshold of P < 0.05 was applied to the
differences. ANOVA and multiple comparisons were used to compare
data across different groups, and Student’s t-test was used to analyse
data between two independent categories. For the intergroup compari-
sons, Fisher’s protected least significant difference (PLSD) post hoc test
was used.

3. Results

3.1. Steady-state levels of major plant hormones in AtCPK1 transgenic N.
tabacum plants

We studied the effects of the overexpression of the native and
modified forms of the AtCPK1 gene on the intracellular levels of IAA,
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ABA, and SA in N. tabacum plants. The contents of IAA, ABA, and SA in
the extracts of 40-day-old in vitro cultivated plants were determined
using HPLC-DAD-HRMS/MS2 (high-performance liquid chromatog-
raphy with a diode array detector in combination with a high-resolution
tandem mass spectrometer). The WT tobacco plants contained twice as
much SA (up to 0.8 ng/g fresh weight) as IAA (up to 0.4 ng/g fresh
weight). The amount of ABA was within 40 ng/g of fresh weight in the
WT plants, which was 100 times greater than the content of IAA (Fig. 1).
By comparing the contents of IAA, ABA, and SA in the WT and transgenic
plants, we showed that the transformation of both the inactive mutant
(KJM4-OE) and native forms of the AtCPK1 gene had no effect on the
hormonal status of the transgenic plants compared with that of the
control plants. Moreover, we observed a significant increase in the
content of ABA in KJM23-OE plants. The ABA content in the KJM23-OE
plants reached 50 ng/g of fresh tissue, which was 20% greater than the
ABA content in the WT plants (Fig. 1).

Both endogenous and exogenous ABA are known to inhibit seed
germination (Kang et al., 2015). Therefore, the germination of WT and
AtCPK1-transgenic N. tabacum seeds was studied. Seeds of the third
generation (T3) of transgenic N. tabacum plants were obtained. A
kanamycin assay was performed to confirm the presence of 100% of the
transgenic homozygotes (Suppl. Fig. 1). To avoid biotic and abiotic ef-
fects, the seeds were grown under sterile, controlled in vitro conditions.
The percentage of germination and the length of the cotyledons were
recorded starting from the 4th day and every 2 days until the 10th day.
In a series of experiments, 70% of the seeds of the WT plants and
KJM4-OE plants germinated on the 4th day, with the length of the
cotyledons being 3-4 mm. On the 6th day, 80-90% of the seeds
germinated, and the length of the cotyledons ranged from 7 to 8 mm. On
the 8th day, the length of the cotyledons exceeded 10 mm and doubled
by the 10th day (Fig. 2). The transformation of the native AtCPK1 gene
had a slight inhibitory effect on the germination rate on the 4th day;
however, further differences were not found. The overexpression of
AtCPK1-KJM23 led to significant inhibition of germination. The
germination rate of the KJM23-OE seeds was equal to that of the WT
plants up to the 10th day, and the length of the cotyledons was equal to
that on the 10th day. Only on the 6th day did the percentage of
germination of KJM23-OE plants reach the level of that of the control
plants on the 4th day. On the 8th day, the percentage of germination of
the KJM23-OE seeds was equal to that of the control. The length of the
KJM23-OE cotyledons was equal to that of the control cotyledons only
on the 10th day. Thus, the delay in the germination of N. tabacum plants
transformed with AtCPK1-KJM23 corresponds to an increase in the level
of endogenous ABA.

3.2. Steady-state and ABA-induced chlorophyll degradation in AtCPK1-
transgenic N. tabacum plants

Both exogenous and endogenous ABA positively regulates natural
aging processes and stress-induced senescence. Moreover, plants with
high levels of endogenous ABA are more sensitive to exogenous ABA,
which manifests as more intense yellowing of the leaves (Ren et al.,
2018). Moreover,  AtCPK1 directly interacts with the
senescence-associated protein ORE1 (Durian et al., 2020a,b). We ana-
lysed the contents of important indicators of senescence, such as the
products of chlorophyll degradation and nonfluorescent catabolites,
nonfluorescent chlorophyll katabolites/dioxobilin type, and NCC/DNCC
(Pérez-Galvez and Roca, 2017; Christ et al., 2013, 2016). NCC/DNCC
are markers of aging and stress-induced senescence (Lim et al., 2007;
Moser et al., 2020). To identify the breakdown products of chlorophyll,
the leaves of N. tabacum plants grown under control unstressed condi-
tions were senesced as described previously (Christ et al., 2013). The
identification of the target compounds was based on analysis of their
retention time (Rt) and ultraviolet and mass spectrometric data and
comparison of the same parameters with literature data (Berghold et al.,
2004).
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Fig. 1. Determination of the contents of indoleacetic acid (IAA), abscisic acid (ABA), and salicylic acid (SA) in N. tabacum plants. The amounts of IAA, ABA, and SA
(ng/g fresh tissue) were determined using HPLC-DAD-HRMS/MS2 in 40-day-old tobacco plants: control (WT), transformed native (CPK1-OE), mutant inactive
(KJM4-OE), and constitutively active (KJM23-OE) forms of the AtCPK1 gene. The data were obtained from 6 independent experiments and are presented as the mean
+ standard error of the mean. Asterisks above the error bars indicate statistically significant mean differences (P < 0.05, Fisher’s LSD).
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Fig. 2. Effects of the overexpression of native and mutant forms of the AtCPK1 gene on the germination of N. tabacum seeds. Seeds of the control (WT), transformed
native (CPK1-OE), mutant inactive (KJM4-OE), and constitutively active (KJM23-OE) AtCPK1 gene plants were sterilely germinated on MS/2 agar media for 10 days.
The results were recorded on the 4th, 6th, 8th, and 10th days. The cotyledons were photographed (A), and the percentage and length (mm) of the seedlings were
determined (B). The data were obtained from 3 independent experiments and are presented as the mean + standard error of the mean. The different letters above the
error bars indicate statistically significant differences (P < 0.05, Fisher’s LSD).

The artificial senescence of tobacco leaves was used to study the
breakdown products of chlorophyll. An analytical HPLC-UV/Vis-MS
(MS?) method was used to identify the compounds whose abundances
increased during leaf senescence. Thus, two colourless compounds with
characteristic UV/Vis absorbance profiles of nonfluorescent chlorophyll
catabolites (NCCs) were detected (Fig. 3A and B). The first compound,
with Rt = 23.8 min, was protonated [M-+H]" at m/z 807.3430 (error,

1.7 ppm) and more deprotonated [M-H]™ at m/z 805.3329 (error, 2.7
ppm) according to high-resolution mass spectrometry and was deter-
mined to be C41Hs9N4013. Additionally, the second compound with Rt
= 25.1 min was defined as C44H52N4016 ([M-+H]™ at m/z 893.3432 with
an error of 3.3 ppm and [M-H] at m/z 891.3317 with an error of 1.1
ppm). The MS? fragmentation patterns of the protonated molecules
[M+H]" of both compounds were the most consistent (Fig. 3, C). The
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Fig. 3. HPLC-DAD-HRMS/MS?2 identification of NCC/DNCC in extracts of 40-day-old N. tabacum plants.

characteristic losses of 32 Da (due to the methyl ester) and 123 Da (due
to C;H9NO - loss of ring A) were observed in both cases (Berghold et al.,
2004): signals with m/z 775 and 684 for the first compound and m/z 861
and 770 for the second one, respectively. Notably, fragment ions at m/z
645 and 613 were detected for both compounds and were formed by the
elimination of the hexoside residues [(M + H)-162]" and [(M +
H)-32-162] " from the first compound and the elimination of the malo-
nylated sugar moiety [(M + H)-248]" and [(M + H)-32-248]" from the
second compound, respectively. The first compound was identified as
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Nr-NCC-2, and the second was identified as its malonylated derivative,
Nr-NCC-1, as previously shown (Berghold et al., 2004). Quantification
calculations were based on differences in the areas of the analysed peaks
(Fig. 3).

For analysis, 40-day-old WT and transgenic N. tabacum plants grown
in vitro were used. We studied the steady-state levels of NCC/DNCC as
indicators of the intensity of natural aging processes and ABA-induced
aging. The plants were sprayed with an ABA solution (5 mM) on the
33rd day of growth and analysed at 7 days after treatment. Three

40-day-old plants (control conditions)

J48
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Fig. 4. Effect of the overexpression of native and mutant forms of the AtCPK1 gene on the content of NCC/DNCC chlorophyll catabolites in N. tabacum plants. A —
Relative content of NCC/DNCC in extracts of 40-day-old tobacco plants: control (WT), transformed native (CPK1-OE), mutant inactive (KJM4-OE), and constitutively
active (KJM23-OE) forms of the AtCPK1 gene. B — Plants grown in vitro under controlled conditions (top) and treated with a 5 mM ABA solution for 7 days (bottom).
The data were obtained from 3 independent experiments and are presented as the mean + standard error of the mean. The different letters above the error bars

indicate statistically significant differences (P < 0.05, Fisher’s LSD).



G.N. Veremeichik et al.

independent experiments were conducted using two independent clones
of transgenic plants for each variant. The analysis revealed that the
relative NCC/DNCC content did not differ between the WT control
plants and KJM4-OE plants. ABA treatment reliably increased the rela-
tive NCC/DNCC ratio, which is associated with common leaf yellowing
(Fig. 4). Moreover, the transformation of the native and KJM23 forms of
the AtCPK1 gene led to an increase in the relative content of NCC/DNCC.
Statistical analysis of the data set revealed that the NCC/DNCC content
in CPK1-OE and KJM23-OE plants was not markedly different from that
in WT plants under control conditions or after exposure to ABA. CPK1-
OE and KJM23-OE plants grown under control conditions for 40 days
also did not differ from the WT plants. However, a tendency toward
increased NCC/DNCC content was observed in all the experiments car-
ried out. Compared with those of the WT plants, the leaves of the CPK1-
OE and KJM23-OE plants were markedly yellow after 7 days of exposure
to ABA. The relative NCC/DNCC content was more than four times
greater in CPK1-OE and KJM23-OE plants than in WT plants (Fig. 4A and
B).

3.3. Tolerance of N. tabacum plants transformed with native and
modified AtCPK1 genes to long-term cold treatment

The role of AtCPK1 in osmotic stress tolerance has been previously
shown (Huang et al, 2017, 2017b). However, there are no data
describing the effects of CDPK gene overexpression on tolerance to
long-term cold or heat treatment. Moreover, the crosstalk between ABA
and cytosolic Ca®" in the temperature stress response is still unclear (Li
et al., 2020). Next, we investigated the effects of the expression of the
native and modified forms of the AtCPK1 gene on cold and heat toler-
ance in tobacco plants.

To determine tolerance to low temperatures, the plants were clonally
cultivated (micropropagated) in vitro at a low temperature (12 °C) for 30
days (Fig. 5, A). We showed that under low temperature, biomass
accumulation of WT plants was reduced to 25% of the untreated wild
type (Fig. 5). Similarly, low temperature affected the growth of KJM4-
OE plants (Fig. 5). The overexpression of the native form of the
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AtCPK1 gene slightly increased cold tolerance. The growth of the CPK1-
OE plants was inhibited less than threefold. (Fig. 5). Inactivation of the
junction domain in the constitutively active AtCPK1-KJM23 mutant
enhanced this effect. The inhibitory effect of cold on the growth and
biomass accumulation of KJM23-OE plants was less than 50%. When
exposed to low temperatures, the CPK1-OE and KJM23-OE plants pre-
sented more voluminous rosettes and shortened stems (Fig. 5).

Next, we studied the effects of cold on the germination of N. tabacum
WT plants and plants transformed with native and modified forms of the
AtCPK1 gene. The seeds were sterilely germinated for 10 days in 12-well
plates on wet filter paper. Low temperature (12 °C) inhibited the
germination of WT KJM4-OE plants by 90%, while the cotyledons grew
to approximately 1/4 of the height of untreated wild-type plants (Fig. 5,
C). The germination of the CPK1-OE plants at low temperatures was
inhibited by more than 60%, and the length of the cotyledons decreased
by more than 2-fold (Fig. 5C and D). No significant inhibitory effect of
low temperature on the germination of KJM23-OE seeds was found. A
slight decrease in cotyledon length of only 10% was noted (Fig. 5C and
D).

3.4. Tolerance of N. tabacum plants transformed with native and
modified AtCPK1 genes to heat shock and long-term heat treatment

We investigated the effects of long-term slight and intense heat
treatments on the growth of the transgenic plants. For slight heat
treatment, the WT and transgenic plants were grown in soil at a
controlled temperature (24 °C) for 20 days. Twenty-day-old WT and
transgenic N. tabacum plants were subjected to 20 days of exposure to
slight heat stress at 36 °C (Fig. 6). More intense heat treatment was
performed on 30-day-old plants (Fig. 7) because younger plants cannot
withstand an increase in temperature up to 42 °C. After 20 days of heat
treatment, the shoots were photographed, and their length was
measured. We showed that both slight (36 °C) and intense (42 °C) heat
treatments significantly inhibited the growth of the WT plants by 50%
and 60%, respectively (Figs. 6 and 7). Moreover, intense heat exposure
caused leaf yellowing, which is associated with stress-induced
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Fig. 5. Effects of low temperature (12 °C) on the growth of N. tabacum plants. Biomass accumulation (A) and morphology (B) of 30-day-old tobacco plants under
unstressed conditions (24 °C) and at low temperature (12 °C) for 30 days: control (WT), transformed native (CPK1-OE), mutant inactive (KJM4-OE), and consti-
tutively active (KJM23-OE) forms of the AtCPK1 gene. The effects of low temperature (12 °C) on the germination (%), length (mm) (C), and morphology (D) of the
cotyledons were determined after 10 days of treatment. The data were obtained from three independent experiments with 10 replicates and are presented as the
mean =+ standard error of the mean. The different letters above the error bars indicate statistically significant differences (P < 0.05, Fisher’s LSD).
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Fig. 6. Effects of moderate heat stress on the growth of N. tabacum plants. A—40-day-old plants grown in soil under control conditions (24 °C, 40 days, top); bottom:
plants grown under control conditions (24 °C, 20 days) followed by moderate heat exposure (36 °C, 20 days). B—the relative length of plants grown under heat
exposure (%). The control (WT) and transformed native (CPK1-OE), mutant inactive (KJM4-OE), and constitutively active (KJIM23-OE) forms of the AtCPK1 gene
tobacco plants were grown in soil with regular watering. The data were obtained from 3 independent experiments with 10 replicates and are presented as the mean
+ standard error of the mean. Asterisks above the error bars indicate statistically significant mean differences (P < 0.05, Fisher’s LSD).

senescence. Similarly, heat stress affected the growth of KJM4-OE
plants. Transformation with the native form of the AtCPKI1 gene did
not increase resistance to heat stress (Figs. 6 and 7). The overexpression
of the constitutively active form of the AtCPK1 gene led to a significant
increase in tolerance to heat stress in KJIM23-OE plants. The growth of
the KJM23-OE plants was unaffected by slight heat (Fig. 6A and B),
whereas intense heat exposure at 42 °C inhibited KJM23-OE plant
growth by 20% (Fig. 6A-C).

We also investigated the response of tobacco plants growing in vitro
to heat shock. Interestingly, tobacco plants growing in soil were more
tolerant to 42 °C than were plants growing in vitro. Thirty-four-day-old
WT and transgenic tobacco plants grown in vitro were exposed to
42 °C as were the corresponding soil plants. However, after 5 days of
heat treatment, the WT, KJM4-OE and CPK1-OE plants significantly
senesced, whereas the KJM23-OE plants were green (Fig. 8, A). We
analysed the relative NCC/DNCC content in the treated and untreated
plants and revealed that after heat shock, the NCC/DNCC content in the
WT, KJM4-OE and CPK1-OE plants increased more than 10-fold,
whereas the NCC/DNCC content in KJM23-OE did not change (Fig. 8,
B). These results indicate that overexpression of the calcium-
independent form of the AtCPKI gene mitigated heat-induced senes-
cence. Moreover, the tolerance of KJM23-OE to long-term heat stress
may be related to the KJM23-mediated stabilization of heat-induced
senescence. To clarify these aspects, we further investigated the
biosynthesis of the main senescence-associated hormone ABA under
thermal stress.

3.5. Baseline and thermoinduced ABA biosynthesis in AtCPK1-
transformed N. tabacum

Next, we studied the expression of the genes encoding ABA biosyn-
thesis enzymes in WT and transgenic N. tabacum plants. The main group
of ABA biosynthesis enzymes is 9-cis-epoxycarotenoid dehydrogenases
(NCEDs). In Arabidopsis plants, the AtNCED3 isoform was shown to
promote stress-induced ABA biosynthesis (luchi et al.,, 2001). We
selected two isoforms of the tobacco 9-cis-epoxycarotenoid dehydroge-
nase genes, NtNCED1 and NtNCED3, which are most closely related to
AtNCED3. Analysis of the expression of the NtNCED1 and NtNCED3
genes was carried out on 40-day-old micropropagated plants growing in
vitro. In addition, the analysis was also carried out under intense
short-term stresses: cold (4 °C) and heat (42 °C) for 1 h. We have shown
that under control conditions, the expression of the NtNCED3 gene is
more than 6 times greater in KJIM23-OE plants than in other plant var-
iants. However, no difference in the expression of this isoform was found
among the WT, KJM4-OE, and CPK1-OE plants. The expression of the

NtNCED1 gene was similar in all the tested plants under controlled
conditions (Fig. 9). In the WT plants, cold and heat treatments had no
effect on the expression of the NtNCED1 gene. Cold stress led to an in-
crease in NtNCED3 expression of up to 5-fold. Exposure to intense heat
stress for 1 h resulted in a significant (10-12-fold) increase in the
expression of the NtNCED3 gene in the WT, KIM4-OE, and CPK1-OE
plants. In contrast, in the KJM23-OE plants, we observed a stable
decrease in the expression of the NtNCED3 isoform (Fig. 9).

Next, we confirmed the inhibitory effect of the constitutively active
form of the AtCPK1 gene (KJM23 form) on the biosynthesis of ABA in the
early stage of heat stress. The heat-mediated modulation of ABA was
measured using a highly sensitive and reproducible ELISA method with
modified protocols for sample preparation. An HPLC-tandem mass
spectrometry (HPLC-MS/MS) method was used to confirm successful
ABA extraction. The ABA standard solution (10 ng/ml) and WT extract
were analysed under the same conditions. The retention times and MS/
MS fragmentation patterns of the target compounds from both samples
were similar (Fig. 10, A) and consistent with previously published data
(Veremeichik et al., 2022a). Using ELISA, we analysed concentrated
extracts of 40-day-old WT and transgenic tobacco plants grown under
control conditions and after heat shock treatment (42 °C for 1 h). The
experiments were repeated four times with the same results. Therefore,
the heat shock-induced differences in ABA levels match the differences
observed in the expression of the NCED3 gene (Figs. 9, 10, B).

3.6. Thermoinduced expression of senescence-associated ABA-dependent
SAGI12 and SA-dependent ACD6 genes in AtCPK1-expressing tobacco
plants

Thus, we have shown the ability of the modified constitutively active
calcium-independent form of AtCPK1 to activate the biosynthesis of
baseline ABA and downregulate ABA biosynthesis under thermal stress.
As a result, we observed the prevention of thermoinduced chlorophyll
degradation in KJM23-OE plants. Next, we studied the possible mech-
anisms of the described processes. In general, stress-induced senescence
accompanied by chlorophyll degradation is regulated through the ABA
signalling pathway (Asad et al., 2019). Previously, CPK1 was shown to
activate the expression of the senescence associated gene SAGI2
(Balazadeh et al., 2010) through phosphorylation of the senescence
master regulator TF ORE1 (Durian et al., 2020a,bA). The ORE1-SAG12
system is strongly regulated by ABA (Matallana-Ramirez et al., 2013)
and ROS (Garapati et al., 2015). In addition, SA-mediated ACD6
(ACCELERATED CELL DEATH 6) also regulates natural leaf senescence
(Jasinski et al., 2021). To date, the role and function of this protein have
remained unknown because its biochemical mechanism of action is
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Fig. 7. Effects of intense heat stress on the growth of N. tabacum plants. A—50-
day-old plants grown in soil under control conditions (24 °C, 50 days, top);
bottom: plants grown under control conditions (24 °C, 30 days) followed by
moderate heat exposure (42 °C, 20 days). B—the relative length of the plants
under heat exposure (%). The control (WT) and transformed native (CPK1-OE),
mutant inactive (KJM4-OE), and constitutively active (KJM23-OE) forms of the
AtCPK1 gene tobacco plants were grown in soil with regular watering. The data
were obtained from 3 independent experiments with 10 replicates and are
presented as the mean + standard error of the mean. Asterisks above the error
bars indicate statistically significant mean differences (P < 0.05, Fisher’s LSD).

unclear. However, ACD6 is known to be part of the positive and negative

regulatory loop of SA signalling and plays an important role in the
regulation of calcium channels (Chen et al., 2023). Research in this area
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is also important because CPK1 has previously been shown to directly
regulate SA signalling by activating SAR (Coca and San Segundo, 2010;
Veremeichik et al., 2023a). Thus, to clarify the process of heat-induced
senescence and the role of Ca>" and CPK1 in this process, we examined
the basal and thermoinduced expression levels of the SAG12 and ACD6
genes.

Under control conditions, the expression of the SA-dependent ACD6
gene increased more than 5-fold in KJIM23-OE plants compared with
WT, KIJM4-OE, and CPK1-OE plants (Fig. 8). Compared with that in the
WT and KIM4-OE plants, the expression of the ABA-dependent SAG12
gene was upregulated in both the CPK1-OE and KJM23-OE plants.
However, in the CPK1-OE plants, the SAG12 expression level did not
increase by more than twofold, whereas in the KJM23-OE plants, it
increased by more than fivefold compared with that in the WT plants.
Short-term cold treatment led to an increase in SAGI12 and ACD6 gene
expression in the WT, KJM4-OE, and CPK1-OE plants and an almost
fourfold decrease in the KJM23-OE plants. Heat treatment did not affect
SAGI12 or ACD6 gene expression more than twofold in the WT, KJM4-
OE, or CPK1-OE plants. Moreover, the expression of the SAGI2 and
ACDG6 genes was almost completely inhibited in the KJIM23-OE plants
under short-term heat treatment (Fig. 8).

3.7. Baseline and thermoinduced expression of HSF genes in AtCPK1-
expressing tobacco plants

Previously, we reported differential regulation of heat shock factor
(HSF) gene expression in WT and AtCPK1-transformed tobacco plants
under salinity treatment (Veremeichik et al., 2021b). In the present
work, we examined the expression of HSF genes under temperature
stress to elucidate AtCPK1-mediated cold and heat tolerance. We ana-
lysed the expression of the master regulator NtHSFA1 and the down-
stream isoforms NtHSFA2 and NtHSFA3 in WT plants and in plants
expressing the native and modified forms of the AtCPKI gene after
short-term intensive cold and heat treatments (Fig. 8). Real-time PCR
analysis revealed that the expression of NtHSFA2 was strongly upregu-
lated at the early stage of intensive heat treatment. However, the
expression of NtHSFA1 did not significantly change in the WT,
KJM4-OE, CPK1-OE, or KJM23-OE plants under heat stress conditions.
Moreover, the expression of NtHSFA3 decreased under heat stress in the
WT, KJM4-OE, and CPK1-OE plants but not in the KJIM23-OE plants
compared to untreated WT plants. Cold stress led to a slight increase
only in NtHSFA1 gene expression.

Under control conditions, the expression of the NtHSF1 gene was
significantly greater in CPK1-OE plants than in WT plants. However,
under cold and heat treatments, the expression of the NtHSF1 gene was
the same in the WT and CPK1-OE plants. However, neither cold nor heat
stress significantly affected the expression of NtHSF1 in the KJM23-OE
plants. The overexpression of the native and constitutively active
forms of the AtCPK1 gene led to an increase in heat-induced NtHSF2
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Fig. 8. Heat-induced accumulation of NCC/DNCC chlorophyll catabolites in N. tabacum plants. Morphology (A) and relative content of NCC/DNCC (B) in extracts of
40-day-old tobacco plants grown in vitro under unstressed conditions (24 °C, top) and after heat treatment at 42 °C for 5 days (bottom): the control (WT), transformed
native (CPK1-OE), mutant inactive (KJM4-OE), and constitutively active (KJM23-OE) forms of the AtCPK1 gene. The data were obtained from 3 independent ex-
periments and are presented as the mean =+ standard error of the mean. The different letters above the error bars indicate statistically significant differences (P <

0.05, Fisher’s LSD).
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Fig. 9. Expression of the NtNCEDs, NtHSFs, and NtSAG12 genes in N. tabacum plants under different temperature treatments. Forty-four-day-old, in vitro-grown the
control (WT), transformed native (CPK1-OE), mutant inactive (KJM4-OE), and constitutively active (KJIM23-OE) forms of the AtCPK1 gene were subjected to
temperature stress (4 °C and 42 °C) for 1 h. All stress treatments were repeated three times in three independent experiments (biological replicates), and qQPCR
measurements of each biological replicate were performed in three technical replicates. The data are presented as a heatmap calculated as 2“2 from the qPCR data.
Different colours indicate significantly different means (P < 0.05), Fisher’s LSD. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

gene expression of more than two and three times, respectively. In
summary, overexpression of the constitutively active form of the AtCPK1
gene (KJM23) led to an increase in baseline and heat- or cold-induced
NtHSF gene expression, whereas the native form of the gene was not
affected by heat stress. The expression of the modified, nonactive form
of the AtCPK1 gene did not differ from that of the WT.

4. Discussion

More than 30 years ago, Harper and Huang obtained mutant versions
of the AtCPK1 gene via site-directed mutagenesis (Harper et al., 1994;
Huang et al., 1996). These were biochemical investigations at the time
of the autoinhibitory domain’s subdomain structure and its ability to
control CDPK activity. By altering the pseudosubstrate autoinhibition
subdomain, constitutive activity is conferred upon the enzyme by pre-
venting its reliance on calcium ion oscillations caused by stress. This
imitation of stable stress leads to an increase in the threshold of sensi-
tivity to adverse external influences. A modification in the
calmodulin-like domain binding subdomain completely blocks enzyme
activity. In the present work, the effects of the overexpression of two
mutant forms of the AtCPK1 gene on thermotolerance were analysed in
comparison with those of native AtCPK1. We have previously shown
that AtCPK1-KJM23 is more effective than the native form in stimulating
the biosynthesis of phytoalexins in transformed cell cultures (Shkryl
et al., 2011, 2016; Veremeichik et al., 2016).

Hormone profiling. First, we analysed the levels of endogenous SA,
ABA, and IAA using a high-precision, high-resolution system. However,
we were unable to detect an increase in SA, as expected, in either CPK1-
OE or KJM23-OE plants. The obtained data contradict previous results
(Coca and San Segundo, 2010; Veremeichik et al., 2023a). It can be
assumed that a more detailed analysis of SA in terms of plant growth
dynamics is needed. However, we detected a significant increase in ABA
in KJM23-OE plants. This finding also indicates the need for a detailed
analysis of hormonal status over time since ABA and SA are antagonistic
agents (Cao et al., 2011; Nahar et al., 2012). The main external indicator
of an increased level of endogenous ABA is the inhibition of seed
germination (Ali et al., 2021; Schopfer et al., 1979). We investigated
how the overexpression of native and modified forms of the AtCPK1
gene affects seed germination. In in vitro experiments, we detected a
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significant delay in KJM23-OE germination until day 4. Subsequently,
seed germination levelled off.

Another important manifestation of increased endogenous ABA is
increased sensitivity to exogenous ABA. Both exogenous and endoge-
nous ABA positively regulate natural aging processes and stress-induced
senescence. This is expressed in the more intense senescence-associated
degradation of chlorophyll (Ren et al., 2018). We analysed the content
of chlorophyll catabolites in WT and transgenic plants under normal
conditions and under exogenous ABA treatment. The analysis revealed
that ABA-induced senescence is much more intense in plants trans-
formed with the native and constitutively active forms of the AtCPK1
gene. This finding indicates the involvement of Ca®* in the process of
ABA-induced senescence, which does not allow us to determine the
difference between the native and constitutively active forms of the
AtCPK1 gene. These findings are consistent with the previously estab-
lished CPK1-mediated activation of ORE1, one of the most important
master regulators of ABA-dependent PCD and senescence (Durian et al.,
2020a,b).

Cold stress. It is yet unclear how Ca?" and calcium-dependent protein
kinases contribute to thermotolerance. In brief, resistance to acute cold
stress is increased by the overexpression of different CDPK gene isoforms
(Almadanim et al., 2017; Liu et al., 2018; Lv et al., 2018). It is unknown
how CDPK functions in low-temperature cultivation and long-term cold
stress tolerance (Dekomah et al., 2022). Nonetheless, there has been
enough research on the beneficial effect that intracellular Ca?* has on
controlling cold resistance. Both tobacco plants, which are susceptible to
cold, and Arabidopsis plants, which can withstand cold, instantaneously
increase the cytosolic Ca®" concentration upon cold shock. Therefore,
cold memory may be enhanced during acclimatization by altering cal-
cium signalling (Knight et al., 1996; Song et al., 2008). Changes in
intracellular Ca* are influenced by the frequency and duration of cold
treatments. Furthermore, repeated cold treatments guarantee the
development of "cold memory" by reducing the amount of intracellular
Ca®* influx caused by cold (Plieth et al., 2002). Genes involved in the
Ca?" signalling pathway and in plant reactions to cold stress are induced
to be expressed when there is an external supply of Ca?". Stress toler-
ance is ultimately enhanced by increased expression of genes related to
cold sensitivity and calcium signalling, which also preserve the cellular
redox equilibrium and photosynthetic rates (Malko et al., 2023).
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nificant differences (P < 0.05, Fisher’s LSD).

Therefore, it is anticipated that overexpressing CDPK will greatly in-
crease tolerance to prolonged cold stress. However, we were unable to
locate such data. It is likely that antagonistic interactions between Ca®"
and other signalling systems prevent Ca>* from having beneficial effects
during extended periods of cold stress, which decreases the effectiveness
of transformation by calcium-dependent protein kinases.

However, in this study, we showed that plants transformed with a
constitutively active form of the AtCPK1 gene were significantly more
resistant to long-term cold stress than plants transformed with the native
form of the gene. Long-term (30-day) low-temperature treatment led to
a 4-fold decrease in the growth of the control plants. The overexpression
of the native form of the AtCPK1 gene slightly but significantly increased
resistance by no more than 20%. Moreover, the effect was shown both
during seed germination and during the long-term cultivation of plants.
Moreover, plants expressing the mutant constitutively active form of the
AtCPK1 gene were two times more resistant to cold than were the con-
trol plants. Overexpression of the native form of the AtCPK1 gene led to
weak but significant resistance to long-term cold (12 °C) during seed
germination. Moreover, low temperature did not have an inhibitory
effect on the germination of the KJM23-OE plants. Thus, we can
conclude that the native form of AtCPK1 confers cold tolerance and that
inactivation of the autoinhibitory domain enhances this effect. Howev-
er, notably, in this case, the effect of the expression of the native form of
the gene on cold resistance is very weak. Thus, we have shown for the
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first time that direct inactivation of the autoinhibitory domain makes
CDPK a powerful tool for producing cold-tolerant plants.

Heat stress. Crop production is facing more serious challenges due to
global warming. The average world temperature is predicted to increase
by approximately 1 °C by 2025, according to the Intergovernmental
Panel on Climate Change (IPCC), which projected that it will increase at
a rate of 0.3 °C over the course of a decade (Jones et al., 1999). Heat
stress is a major danger to crop output worldwide because it disrupts
cellular homeostasis, which ultimately results in stunted growth and
even death (Hall, 2000). Studies (Ray et al., 2007; Romeis et al., 2001;
Dubrovina et al., 2013; Dong et al., 2020; Veremeichik et al., 2022b)
have demonstrated that some isoforms of the CDPK genes react to short,
severe heat stress. Short-term (2-48 h) acute (42 °C) thermal stress in-
creases the expression of 4 of the 19 isoforms of the CDPK genes of the
wild Chinese grape V. pseudoreticulata (Zhang et al., 2015). Compared
with cultivated soybeans, wild soy presented considerably greater in-
creases in GmCDPK5 and GmCDPK10 expression under extreme
short-term stress (Veremeichik et al., 2023a). The activation of protec-
tive mechanisms in CDPK-overexpressing plants in response to
short-term heat treatment has also been shown (Tan et al., 2011; Wang
and Song, 2014). Increased heat resistance should result from
AtCPK28’s direct phosphorylation of the stress marker enzyme APX2
under heat stress (Hu et al., 2021). Additionally, it has been demon-
strated that the cdpk mutant has less heat tolerance (Wei et al., 2023).
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Nevertheless, there is no evidence that plants that overexpress CDPK
directly have greater heat tolerance (Dekomah et al., 2022). There are
many contradictory findings regarding the function of Ca%* in thermo-
tolerance. The unclear role of Ca®" in the response of cells to heat stress
may explain why CDPKs are unable to develop tolerance to long-term
heat stress in CDPK-overexpressing plants. Heat-induced Ca®" influx
was subsequently shown to have a cytotoxic effect (Wang et al., 2009).
In addition, Ca?* may regulate the development of programmed cell
death (PCD). Thus, Ca®* clearly plays a dual role in plant responses to
elevated temperatures. On the one hand, it activates the expression of
heat shock proteins (HSPs) and may protect the plant from death; on the
other hand, it can stimulate plant death. It can be assumed that feedback
loops block the possible positive effect of the CDPK.
Phosphorylation-regulated ~ Ca?"  channels or  Ca®'-induced
phosphorylation-dependent pathways can be blocked through currents
or the activation of phosphatases. This process may involve antagonism
of the SAR and ABA signalling systems (Yasuda et al., 2008). We showed
that AtCPK1 overexpression in tobacco has no effect on resistance or
sensitivity to heat stress. Moreover, the expression of the modified
AtCPK1 form, which is independent of fluctuations in intracellular Ca?*
levels, significantly increases resistance to prolonged heat exposure.
However, the role of intracellular Ca?" in the regulation of heat toler-
ance is currently poorly understood. On the basis of the data obtained,
inactivation of the CDPK autoinhibitory domain is a promising tool for
making plants resistant to temperature stress.

4.1. Heat-induced senescence

On the basis of the obtained molecular and biochemical data, we
propose the following model of the role of the CDPK under heat stress
(Fig. 11). During the early stages of heat exposure, the intracellular Ca%*
concentration increases, which triggers cascades regulated by CDPK.
However, later, Ca®" levels decrease, which blocks CDPK from func-
tioning. In turn, heat-induced excess ABA triggers chlorophyll catabo-
lism (Kane and McAdam, 2023), which reduces the physiological load
under short-term exposure but leads to plant death under long-term and
intense heat stress (Song et al., 2016). We showed that the constitutively
active form of AtCPK1 normally activates ABA biosynthesis, but a
decrease in ABA content was detected upon heat exposure. As a conse-
quence, a decrease in SAG12 expression was observed. As a result, the
leaves of KJIM23-OE plants were much less yellow than those of WT
plants under heat stress. We can assume that this effect is achieved
through the CPK-dependent activation of SA signalling. SA and ABA are
known to be antagonistic, and the activation of SAR inhibits ABA sig-
nalling (Cao et al., 2011; Nahar et al., 2012). On the one hand, this
hypothesis is supported by previously obtained data on CPK-dependent
activation of SA signalling, both SA biosynthesis (Coca and San Segundo,
2010) and activation of the expression of proteins associated with SAR
(Veremeichik et al., 2023a). On the other hand, this hypothesis is
confirmed by the data obtained in this work. We observed a decrease in
the expression of the SA-dependent protease ACD6. ACD6 is involved in
the feedback regulation of SA signalling and mediates the hypersensi-
tivity response and PCD (Rate et al., 1999). Thus, further research in this
area involves a detailed study of the biosynthesis and signalling of ABA
and SA during long-term heat stress and the role of the native and
constitutively active forms of AtCPK1 in these processes.

5. Conclusion

By altering the pseudosubstrate autoinhibition subdomain, consti-
tutive activity is conferred upon the enzyme by preventing its reliance
on calcium ion oscillations caused by stress. We have shown for the first
time that direct inactivation of the autoinhibitory domain makes CDPK a
powerful tool for producing cold- and heat-tolerant plants. We showed
that the constitutively active form of AtCPK1 normally activates ABA
biosynthesis, but a decrease in ABA content was detected upon heat
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SA—————ACD6—,

Chlorophyll
degradation

Long-term Heat Stress
NCED3—ABA — SAGI2—

Fig. 11. Proposed model of the role of the CDPK under heat stress. During the
early stages of heat exposure, the intracellular calcium concentration increases,
which triggers cascades regulated by CDPK. Later, calcium levels decrease,
which blocks CDPK; heat-induced excess ABA triggers chlorophyll catabolism
(Kane and McAdam, 2023). SA and ABA are known to be antagonistic (Cao
etal., 2011; Nahar et al., 2012). ACD6 is involved in the feedback regulation of
SA signalling and mediates the hypersensitivity response and PCD (Rate
et al., 1999).

exposure. As a consequence, a decrease in SAG12 expression was shown.
As a result, the leaves of KJIM23-OE plants were much less yellow than
those of WT plants under heat stress. We can assume that this effect is
achieved through the CPK-dependent activation of SA signalling. SA and
ABA are known to be antagonistic, and the activation of SAR inhibits
ABA signalling.
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