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Cold acclimation is affected by
diurnal cycles and minute-scale
random temperature fluctuations
via calcium signals
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and Yukio Kawamura®**

The United Graduate School of Agricultural Sciences, lwate University, Morioka, Japan, 2Department
of Plant-bioscience, Faculty of Agriculture, Iwate University, Morioka, Japan

Molecular and physiological processes during cold acclimation (CA) have been
investigated using plants incubated under constant low-temperature conditions.
However, to comprehensively characterize CA in the field, the effects of day—
night temperature cycles and minute-scale random temperature fluctuations
must be clarified. Thus, we developed an experimental system that can maintain
diurnal cycles and random temperature fluctuations during CA treatments. On
the basis of the temperature changes in the field, three CA conditions were
applied: conventional CA at 2°C (con-CA), CA with a 10°C day/2°C night cycle
(C-CA), and C-CA with random temperature fluctuations only during the day
(FC-CA). Because cold-induced Ca®* signals help regulate CA, the effects of Ca®*
signals during the three CA treatments were examined using Ca®" channel
blockers (LaCls and ruthenium red). The freezing tolerance of Arabidopsis
thaliana was similar after the C-CA and con-CA treatments, but it decreased
following the FC-CA treatment. The analysis of transcription factors regulating
CA processes indicated CBF/DREBI expression levels tended to be highest for
the con-CA treatment, followed by the FC-CA and C-CA treatments. Moreover,
the Ca* signals substantially contributed to the freezing tolerance of the plants
that underwent the FC-CA and C-CA treatments, while also considerably
modulating gene expression in the FC-CA-treated plants. Furthermore, the
Ca’* signals enhanced CBF/DREBI1 expression during the FC-CA treatment,
but the Ca®" signals derived from intracellular organelles suppressed the
expression of CBF2/DREBIC and CBF3/DREBIA during the C-CA treatment.
Thus, diurnal temperature cycles and random temperature fluctuations affect CA
through different calcium signals, implying that plants regulate CA by precisely
sensing temperature changes in the field.
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1 Introduction

Cold acclimation (CA) refers to the phenomenon in which the
freezing tolerance of temperate plants is enhanced by an exposure to
low non-freezing temperatures (Levitt, 1980). Over the last several
decades, studies have been conducted to clarify the molecular
mechanisms underlying CA and the accompanying increase in
freezing tolerance. Consequently, a number of cold-inducible
genes have been identified, including those encoding proteins
associated with freezing tolerance and transcription factors that
regulate CA (Steponkus et al., 1998; Fowler and Thomashow, 2002;
Chinnusamy et al.,, 2007; Yamazaki et al., 2008; Thalhammer et al.,
2014; Takahashi et al., 2016; Watanabe et al., 2022). The regulated
expression of these cold-inducible genes is reportedly influenced by
calcium signaling.

In plants, calcium ions (Ca**) function as second messengers
during stress responses (McAinsh and Pittman, 2009; Martl et al.,
2013). More specifically, the transient cytosolic Ca®" concentration
(i.e., Ca®" signal) is closely associated with the perception of cooling
(Plieth et al., 1999; Kiegle et al.,, 2000; Knight and Knight, 2000;
Krebs et al., 2012; Hiraki et al., 2019). Several studies showed that
the expression of cold-inducible genes, including transcription
factor genes and genes related to enhanced freezing tolerance,
may be regulated by Ca®" in response to cold shock or low-
temperature stress (Knight et al, 1996; Knight et al., 1996;
Téhtiharju et al, 1997; Chinnusamy et al., 2007; McAinsh and
Pittman, 2009). The Ca®" signal has been proposed as the inducer of
CA, which involves the following process: i) Ca** is perceived by
calmodulin, which binds to calmodulin-binding transcription
activator 3 (CAMTA3) and CAMTADS; ii) these complexes induce
the expression of the CBF/DREBI transcription factor genes
(Doherty et al., 2009; Kidokoro et al., 2017); iii) CBF/DREBI1
transcription factors induce the expression of the cold-responsive
COR genes, thereby directly or indirectly increasing the tolerance to
freezing conditions (Fowler and Thomashow, 2002; Wang and
Hua, 2009).

To better understand the role of calcium signals in the CA
process, we constructed a system in which the temperature can be
precisely controlled and the cellular calcium signal level can be
measured in intact plants. This system, which is useful for
thoroughly investigating cold-induced calcium properties,
revealed that in intact plants, the cold-induced generation of
calcium signals occurs only in response to cooling (i.e., not
following a constant low-temperature treatment) (Hiraki et al,
2019). In earlier studies involving artificial CA treatments, plants
were grown at approximately 20°C prior to a constant low-
temperature treatment. Under low temperature and light
conditions, the CA process is initiated in plants, but calcium
signals are expected to be generated only when the plants are
transferred from an environment with a normal growth
temperature to an environment with a lower temperature. In fact,
only one calcium signal was detected in our earlier continuous
measurement of calcium signals within a 72-h period (Hiraki et al.,
2019). It is still unclear whether this one-time signal triggers the CA
process. However, unlike under controlled experimental conditions,
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the air temperature is never constant under natural conditions.
Interestingly, when Arabidopsis thaliana is acclimated to the cold in
a field, CBF gene expression becomes increasingly dependent on
calcium signaling as the frequency of temperature changes increases
(Hiraki et al., 2019).

Under field conditions, the temperature can change at any time.
For example, in addition to diurnal temperature changes, minute-
scale random temperature fluctuations may occur in a single day.
Plants likely sense seasonal temperature changes in such an
environment and are acclimated to the cold from fall to winter,
but it is unclear how CA proceeds in plants exposed to fluctuating
temperatures. Recent research on temperature changes and low-
temperature acclimation showed that in A. thaliana, cold-inducible
gene expression does not occur in darkness even at low
temperatures (Tominaga et al., 2021) and there is no increase in
freezing tolerance (Wanner and Junttila, 1999). However, freezing
tolerance reportedly increases when the temperature changes from
23°C during the day to 1°C at night (Wanner and Junttila, 1999).
The reason for this unexpected finding is unknown, but it is possible
that the temperature change induces the production of calcium
signals that promote CA.

Based on the previous findings described above, we developed
the working hypothesis that cold-induced Ca** signals enable the
CA process to proceed stably in a field with diurnal and random
temperature fluctuations. In this study, as a first step to test our
working hypothesis, features of temperature changes in the field
were extracted, a model system was constructed in chamber
experiments, and the involvement of calcium signals in the model
system was tested. In the model system, we especially focused on the
relationship between cold-induced Ca®" signals and temperature
changes during CA, especially the cyclical day-night temperature
changes and the temperature fluctuations over relatively short
periods (i.e., minutes). While both conditions were expected to
cause cold-induced Ca** signals, the day-night changes have a
longer period and is accompanied by a change in light conditions,
whereas the temperature fluctuations have a shorter period and no
change in light conditions. Therefore, we investigated the possibility
that the cold-induced Ca®" signals in these both conditions are
different in quality, and that subsequent gene regulation may
be different.

2 Materials and methods
2.1 Plant materials

Arabidopsis thaliana (Col-0) plants were grown in Petri plates
containing modified Hoagland’s nutrient solution solidified with
1% agar (Minami et al., 2015). Seeds of Arabidopsis thaliana ecotype
Columbia (Col-0) were surface sterilized and placed on Hoagland
medium containing 1% sucrose and 1% agar in 96 x 96 x 15-mm
Petri plates (Minami et al., 2015). After stratification at 4°C in the
dark, plants were grown at 23°C with a 16-h photoperiod (photon
flux: 80 pmol m2 sfl) for 2 weeks, and then CA treatment
was done.
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2.2 Cold acclimation treatments

The plants underwent one of the following three artificial CA
treatments: (a) constant low temperature (2°C; con-CA), (b) day
(10°C)-night (2°C) temperature cycle (C-CA), and (c¢) C-CA with
random temperature fluctuations only during the day (FC-CA). For
the FC-CA treatment, the following special experimental system
was developed using a polystyrene foam box (Figure 1A). A copper
plate was laid on the bottom of the box (Figure 1B). A silicone belt
heater (Sakaguchi E.H. VOC Co., Japan) was attached to the
underside of the plate (Figure 1C). The heater was connected to a
temperature controller (KT4R; Panasonic Co., Japan) (Figure 1D)
and a power supply. Using the on/off mode of the temperature
controller, the temperature was kept at 10°C during the day and 2°C
at night. Normally, growth chamber temperatures are maintained
via proportional-integral-differential control to avoid overshooting
the set temperature and fluctuating temperatures. In our system, the
on/off mode was adopted to facilitate temperature fluctuations.
Because this system lacked a cooling mechanism or lights, it was
placed in a growth chamber set at 1°C (Figure 1E).

The three CA treatments under a 12-h photoperiod (photon
flux rate: 80 umol m™> s™') were completed in a cold chamber
(MLR-352-PJ; PHCDbi, Japan), which was periodically warmed to
10°C for 10 min at 3:00 and 15:00 (i.e., defrosted).

2.3 Air temperature analysis

Air temperature data were collected at 1 min intervals using a
thermocouple data logger (TR-55i; T&D Corporation, Japan). From
2018 to 2022, temperatures were recorded in a field that was not
exposed to direct light on the Iwate University campus (latitude 39°
42’53” N and longitude 141°08’08” E). The field temperature data

FIGURE 1
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were analyzed using the built-in functions in MATHEMATICA
(version 13; Wolfram Research).

2.4 Chemical treatment

To investigate the role of Ca®" signals during the plant
responses to the con-CA, C-CA, and FC-CA treatments, the
plants were treated with 50 uM ruthenium red (RR) and 1 mM
LaCls, which are Ca** channel blockers. Specifically, the plants were
sprayed with solutions comprising these chemicals and 0.05%
Triton X-100. Triton X-100 was used to enhance the penetration
of the plant tissue by the chemicals. The control plants were sprayed
with a 0.05% Triton X-100 solution. The chemical treatment was
performed 1 h before and 45 h after starting the CA treatments.
According to earlier research, LaCl; blocks the influx of
extracellular Ca** (Knight and Knight, 2000) and RR inhibits the
release of Ca*" from intracellular organelles (Knight et al., 1992;
Monroy et al., 1995).

2.5 Freezing tolerance test and
measurement of electrolyte leakage

After the chemical treatment, the freezing tolerance tests were
performed before and after the CA treatment at 73 or 169 h (i.e.,
plants acclimated for 3 or 7 days). Freezing tolerance of each plant
was evaluated on the basis of electrolyte leakage (EL) according to
the slightly modified method of Minami et al. (2015). The third and
fourth leaves were harvested and placed in a test tube with 0.2 ml
distilled water. The samples were incubated at —2°C for 15 min and
then small pieces of ice were added. After incubation for 2 h at
-2°C, the samples were cooled at a rate of 2°C h™! to a specified

Setting of the chamber for the cold acclimation with random temperature fluctuations only during the day. To prepare the FC-CA conditions, a
special chamber was constructed to generate temperature fluctuations: (A) the appearance of the chamber, (B) copper plate installed at the bottom
of the chamber, (C) silicone belt heater (Sakaguchi E.H. VOC Co., Japan) attached to the back of the copper plate, and (D) temperature controller
(KT4R; Panasonic Co., Japan). Finally, the FC-CA treatment was completed using this special chamber in a cold growth chamber (E).
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temperature in an ethanol bath (NCB-3400; EYELA, Tokyo, Japan).
When they reached the specified temperature, the samples were
removed from the bath. Unfrozen (uf) and liquid nitrogen-frozen
(LN) samples were also prepared, and together these were thawed at
4°C overnight and incubated with 3 ml distilled water for 2 h at
room temperature. Then, electrolyte leakage from the samples was
measured with a conductivity meter (Twin Cond Conductivity
Meter, B-173; Horiba Ltd., Tokyo, Japan). Subsequently, the
samples were boiled for 30 min and shaken for 2 h at room
temperature and electrolyte leakage of the samples was measured
again to obtain the total electrolyte leakage from the cells (ELpoq)-
Normalized values were calculated using the following formula.

EL/ELpyy = ELyp/ELyi
EL;n/ELyoit = ELyp/ELyyy

Normalized EL =

Freezing tolerance of Arabidopsis thaliana reaches a maximum
after about one week of CA treatment (Uemura et al.,, 1995; Miki
et al, 2019), but the process is not uniform over the week; e.g.,
changes in the composition of the plasma membrane proteins are
different around 3 days of CA (Miki et al., 2019; Watanabe et al,,
2022). Therefore, days 3 and 7 of the CA treatment were chosen. In
addition, while the temperatures at which 50% survival occurred
after freezing tests range from —9°C to —12°C at 3 to 7 days of CA
(Uemura et al., 1995; Miki et al., 2019), to compare the difference
with the inhibitor treatment, the freezing treatment temperatures
were chosen at —4°C and —6°C. After 3 or 7 days of the CA
treatments, freezing tolerance was evaluated on the basis of EL.
Because increases in the EL values are positively associated with
increases in the plasma membrane damage, they have traditionally
been used as an indicator of freezing injury (Nagao et al., 2008).

2.6 Measurement of mRNA levels

Total RNA was extracted from the aerial part of A. thaliana
(Col-0) plants using ISOSPIN Plant RNA (Nippon Gene Co., Ltd.,
Japan) and then cDNA was synthesized using the ReverTra Ace
qPCR RT Master Mix (TOYOBO Co., Tokyo, Japan). The real-time
PCR analysis was performed using the cDNA synthesized for each
sample, with PDF2 (Atl1gl13320) selected as the reference gene. The
real-time PCR primers are listed in Supplementary Table S1.

2.7 Statistical analysis

The number of repeats in each experiment is noted in the legend
of each figure. All statistical analyses were performed using the
built-in functions in MATHEMATICA (version 13;
Wolfram Research).

The contribution of the Ca®* signals was calculated by
subtracting the EL value of the control from that of the inhibitor
treatment, and the standard error was calculated by the propagation
of error shown in the following equation (Figure SI).

— 2 2
SEtreatment—control - \/SEtreatment + SEcomrol
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On the other hand, because the repetition numbers cannot be
defined for the values after subtraction, in this case, statistical tests
that require the repetition numbers in the calculation process could
not be performed.

2.8 Construction of a model system for
field temperature changes

2.8.1 Air temperature changes in winter

To characterize the average diurnal temperature cycle for each
month in winter, the moving averages of 1-h periods were
calculated and then the monthly average and the 4-year average
were calculated to eliminate random temperature fluctuations. The
average temperature difference between day and night was within
8°C (Figure 2A).

Next, to characterize the random temperature fluctuations over
1 day, moving standard deviations of 1-h periods were calculated
and then the monthly average and the 4-year average were
calculated. For all months, the temperature fluctuations increased
rapidly after sunrise, peaked in the morning, decreased toward
sunset, and were relatively low at night (Figure 2B). Random
temperature fluctuations are created by frequent increases and
decreases in the air temperature. Because cold-induced calcium
signals can be triggered by even low cooling rates in the field (Hiraki
et al., 2019), the cooling rate per hour per day was calculated for
each month. The cooling rate increased immediately after sunrise,
decreased in the afternoon, and was almost constant at night
(Figure 2C). From November to February, the maximum average
cooling rate was approximately 0.2°C/min, which occurred at
approximately 14:00.

Finally, the average periodicity of the random temperature
fluctuations was estimated. Using the 2018 data, the daily random
temperature fluctuations were calculated by subtracting the moving
average of a 1-h period from the temperature data. A discrete
Fourier analysis was performed using this data and the average was
calculated for each month. Because there were no seasonal
characteristics in the periodicity, the average for the data from
November to March was calculated, resulting in a periodicity of
25 min.

2.8.2 Temperature changes for the three cold
acclimation treatments of Col-0

To study the relationship between temperature fluctuations and
calcium signals during the CA process, the following three artificial
CA conditions were set on the basis of the information obtained
from the temperature analysis: i) con-CA (Figure 3A), ii) C-CA
(Figure 3B), and iii) FC-CA (Figure 3C). Because the focus of this
study was on temperature conditions, a 12-h daylength was used for
all three CA conditions. In addition, the temperature for the con-
CA treatment (i.e., the control in this experiment) was 2°C, which
was consistent with our earlier experiments (Uemura et al., 1995;
Tominaga et al., 2021).

The temperature fluctuations for the C-CA and FC-CA
treatments, which were based on the information derived from
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FIGURE 2

Air temperature changes under field conditions. The air temperature in a field that was not exposed to direct light at Iwate University was measured
at 1 min intervals from 2018 to 2022. (A) The average diurnal temperature cycle for each month in winter was calculated according to the following
procedure: i) moving averages of 1-h periods were calculated and ii) the monthly average and 4-year average were calculated for each month.

(B) The random temperature fluctuations over 1 day were estimated according to the following procedure: i) moving standard deviations of 1-h
periods were calculated and ii) the monthly average and the 4-year average were calculated for each month. (C) The cooling rate per hour per day
was calculated for each month according to the following procedure: i) temperature changes per minute were calculated and ii) the hourly mean
and standard deviation per day were calculated for each month using the data collected over 4 years.

the analysis of field temperatures, were implemented relatively
simply in the experimental system. The C-CA conditions were set
at 10°C (day)/2°C (night) so the day-night temperature difference
was 8°C (Figure 1A) and the minimum temperature was 2°C (i.e.,
same as the temperature for the con-CA treatment). For the FC-
CA treatment, a device that generates temperature fluctuations
was placed in the low-temperature chamber (Figures 1A-E).
Random temperature fluctuations occurred exclusively during
the day (according to Figure 1B). Although fine-tuning the
random temperature fluctuations was difficult, the temperature
fluctuated between approximately 9°C and 12°C, with 12-18 min
per fluctuation. The cooling rate during the random temperature
fluctuations was approximately 0.14-0.2°C min~". These random
temperature fluctuations were similar to those detected in the
field (Figure 1). Finally, the temperatures in the Petri dishes
during the three CA treatments were measured using
thermocouples (Figure 3). We confirmed that the plants in
each Petri dish were exposed to the expected air
temperature conditions.

Frontiers in Plant Physiology

3 Results

3.1 Effect of the temperature cycle and
fluctuation on electrolyte leakage

To study how Ca®" signals are affected by the three CA
treatments (i.e., FC-CA, C-CA, and con-CA), plants were treated
with the Ca®* channel blockers LaCl; and RR before undergoing the
CA treatments. First, we confirmed that the EL values for the control
plants that were not acclimated to the cold were 50.4 + 8.8% (mean +
SE) at —4°C and 79.7 £ 5.4% at —6°C (data not graphed). In contrast,
the EL values for the plants exposed to the FC-CA, C-CA, and con-
CA conditions were respectively 19.7 + 4.5%, 7.2 + 1.1%, and 14.3 +
4.3% at —4°C and 37.8 + 4.4%, 35.7 + 4.4%, and 32.5 + 3.2% at —6°C
after 3 days of the CA treatments (Figures 3A, C) and were
respectively 18.5 + 2.4%, 3.8 £ 0.9%, and -0.8 + 7.4% at —4°C and
41.5 + 4.5%, 19.0 £ 5.0%, and 25.4 + 6.8% at —6°C after 7 days of the
CA treatments (Figures 3B, D), indicative of an increase in freezing
tolerance for all CA treatments.
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FIGURE 3

Temperature changes during three acclimation treatments. On the basis of the temperature data, the following three artificial CA conditions were
prepared: (A) constant low temperature (con-CA), (B) day—night temperature cycle (C-CA), and (C) C-CA with random temperature fluctuations only
during the day (FC-CA). All temperature data were collected using a temperature data logger (TR-55i; T&D Co., Japan)

There tended to be a significant difference in the EL value
between the control and chemical-treated plants following the FC-
CA and C-CA treatments, but not after the con-CA treatment
(Figure 4). In the FC-CA-treated plants, the EL values for the
control plants hardly changed from days 3 to day 7 (Figure 4). For
the C-CA and con-CA treatments, the EL values for the control
plants tended to be higher on day 3 than on day 7 (Figure 4).
Among the three CA treatments, FC-CA resulted in the

Frontiers in Plant Physiology

weakest freezing tolerance as evidenced by the highest EL
values (Figure 4D).

To quantitatively analyze the contribution of the Ca*" signal to
the increase in freezing tolerance, the EL value of the control plants
was subtracted from the EL value of the plants treated with LaCl,
and RR (Figure S1). In terms of the enhanced freezing tolerance at
~4°C, the contribution of the Ca** signal was similar for the FC-CA
and C-CA treatments at the 3-day time-point, but the contribution
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significant differences (p< 0.05) (n = 12-24). The bars indicate the SE.

of the Ca®" signal for the con-CA treatment was less than half of
that for the FC-CA and C-CA treatments (Figure 5A). On day 7 of
the FC-CA treatment, the contribution of the Ca** signal was
almost the same as that on day 3. However, for the C-CA
treatment, the contribution of the Ca®" signal on day 7 was
approximately half of that on day 3. For the con-CA treatment,
the effect of the Ca®" signal on days 3 and 7 were similarly low
(Figure 5A). For the enhanced freezing tolerance at —6°C, the
contribution of the Ca®' signal for the FC-CA and C-CA
treatments was approximately 3-times higher on day 7 than on
day 3 (Figure 5B). Conversely, the contribution of the Ca** signal
for the con-CA treatment was lower on day 7 than on day
3 (Figure 5B).

3.2 Gene expression induced by the three
CA treatments

The CBFI1/DREBIB, CBF2/DREBIC, and CBF3/DREBIA
expression levels at 0, 8, 22, 32, and 46 h after starting the CA
treatments were analyzed by real-time PCR, which revealed
differences among the gene expression changes induced by the FC-
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CA, C-CA, and con-CA treatments. The CBFI/DREBIB expression
levels peaked at 8 and 32 h after initiating the CA treatments. For the
con-CA treatment, the first CBFI/DREBIB expression peak was larger
than the second expression peak, whereas the CBFI/DREBIB
expression peaks were similar for the FC-CA and C-CA treatments
(Figure 6A). The CBF1/DREBIB expression levels after the FC-CA and
C-CA treatments were one half to one tenth of those following the con-
CA treatment (Figure 6A). In response to the con-CA treatment, CBF2/
DREBIC expression peaked once at 8 h (Figure 6B). Of the three CA
treatments, con-CA resulted in the highest CBF2/DREBIC expression
level. There was almost no increase in CBF2/DREBIC expression
following the C-CA treatment (Figure 6B), whereas CBF2/DREBIC
expression peaked twice (8 and 32 h) after the FC-CA treatment
(Figure 6B). Similar to the expression of CBF2/DREBIC, the CBF3/
DREBIA expression level peaked at 8 h after starting the con-CA
treatment. The C-CA and FC-CA treatments resulted in two CBF3/
DREBIA expression peaks (8 and 32 h) (Figure 6C), but the first and
second CBF3/DREBIA expression peaks were 2- to 3-times higher after
the FC-CA treatment than after the C-CA treatment (Figure 6C). The
expression of CORI5A, which is a cold-responsive gene regulated by
CBF/DREBI, at two time-points (32 and 46 h) did not differ
significantly among the three CA treatments (Figures 6D, E).
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3.3 Inhibitory effects of Ca®* channel
blockers on gene expression during three
cold acclimation treatments

Gene expression may be suppressed by Ca>* channel blockers.
The effects of Ca®" signals on gene expression were examined using
LaCls, RR, and a solution comprising both chemicals (i.e., mixed
solution). The 32 h time-point, which corresponds to the second
CBF/DREBI expression peak, was selected for the subsequent
analysis to avoid the initial effect of the temperature decrease (i.e.,
room temperature to the temperature for each CA treatment).

First, CBF1/DREBIB expression was significantly inhibited by
LaCl; during the FC-CA, C-CA, and con-CA treatments
(Figure 7A). Because the mixed solution contained LaCls, it also
tended to inhibit gene expression (Figure 7A). Ruthenium red
tended to decrease CBFI/DREBIB expression only during the FC-
CA treatment (p< 0.07) (Figure 7A). Second, CBF2/DREBIC
expression during the FC-CA treatment was inhibited by all
chemical treatments (Figure 7B). Interestingly, RR upregulated
the expression of CBF2/DREBIC in the C-CA-treated plants
(Figure 7B). For the plants that underwent the con-CA treatment,
only LaCl; decreased the expression of CBF2/DREBIC (Figure 7B).
Third, CBF3/DREBIA expression in the plants exposed to the FC-
CA conditions was inhibited by all chemical treatments (Figure 7C).
Both LaCl; and the mixed solution inhibited the expression of
CBF3/DREBIA, whereas RR had the opposite effect (Figure 7C).
There was no significant difference among the CBF3/DREBIA
expression levels in the con-CA-treated plants (Figure 7C). The
effects of the Ca** channel blockers on CORI5A expression were
also assessed. The expression of CORI5A was suppressed by all
chemical treatments during the FC-CA treatment. Although LaCl;
and the mixed solution also inhibited CORI5A expression during
the C-CA and con-CA treatments, RR alone did not (Figure 7D).
Accordingly, LaCl; inhibited the expression of almost all genes in all
conditions. In contrast, RR inhibited gene expression only during
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the FC-CA treatment, while also upregulating CBF2/DREBIC and
CBF3/DREBIA expression, but only during the C-CA treatment.

4 Discussion

4.1 Effect of the temperature cycle
and temperature fluctuations
on the CA process

In this study, new CA conditions were established by analyzing
the characteristics of the following two temperature fluctuations
that occurred in the experimental field (Figure 2): C-CA (Figure 3B)
and FC-CA (Figure 3C). Due to the requirement for routine
defrosting in the cold chamber, even under con-CA conditions
with a constant 2°C setting, a slight temperature increase occurs
twice a day (Figure 3A). However, unlike the C-CA and FC-CA
treatments, the con-CA treatment typically did not lead to a Ca**
signal-dependent increase in freezing tolerance (Figure 4),
suggesting that this transient temperature increase may not
significantly affect the regulation of CA via Ca*" signals.

In A. thaliana, the transient expression of CORI5A, even during an
incubation at 11°C under light, does not increase freezing tolerance
(Tominaga et al., 2021). Additionally, in darkness, CORI5A is hardly
expressed, even at 2°C, and there is no increase in freezing tolerance
(Wanner and Junttila, 1999, Tominaga et al., 2021). Thus, if there is no
interaction between the daytime and nighttime phenomena, there
should be no increase in freezing tolerance under the C-CA
condition of 10°C at day and 2°C at night. However, in fact, a
similar level of freezing tolerance was observed in C-CA as in con-
CA, indicating that there is an interaction between the daytime and
nighttime phenomena. Although this phenomenon has not been re-
examined since Wanner and Junttila (1999) reported it, it must be
elucidated to characterize CA in the field. Interestingly, according to the
results of our experiments involving inhibitors, Ca** signals help
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increase the freezing tolerance under C-CA and FC-CA conditions
with diurnal temperature cycles (Figure 4).

Cold-induced Ca* signals are generated only during cooling,
although they are also affected by the absolute temperature (Knight
et al, 1996; Plieth et al, 1999; Knight and Knight, 2000; Nagel-
Volkmann et al., 2009; Hiraki et al., 2019). For the con-CA treatment,
while there were periodic and small transient temperature changes
(Figure 3A), the only major temperature change was the decrease
from 23°C to 2°C, only in which the production of major Ca®* signals
is caused (Hiraki et al., 2019). This signal is probably the reason for
the detection of the slight Ca®" signal-dependent freezing tolerance
only on day 3 of the CA treatment (Figure 4C). In contrast, for the C-
CA and FC-CA treatments, significant Ca®* signal-dependent
freezing tolerance was detected even on day 7 of the CA treatment
(Figure 4), suggestive of the importance of the frequent cold-induced
production of Ca** signals during CA.

The freezing tolerance increased during the C-CA treatment,
even from day 3 to day 7, whereas the freezing tolerance during the
FC-CA treatment peaked on day 3 and was lower than that for the
C-CA treatment (Figure 4). Because the average temperature was
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highly similar between the FC-CA and C-CA treatments, this result
implies that the random temperature fluctuations in this
experiment inhibited the increase in freezing tolerance. However,
a thorough analysis of the FC-CA data indicated that the freezing
tolerance of the control was unchanged from day 3 to day 7 of the
CA treatment, but the Ca*" signal-dependent freezing tolerance
increased (Figures 4C, D). For CA under artificial conditions,
freezing tolerance gradually decreases after a certain period of
CA, although the reason for this decrease is unknown (Tominaga
etal, 2021). It is likely that the freezing tolerance during the FC-CA
treatment also started to decrease after day 3, but this decrease was
suppressed by Ca®* signals.

4.2 Effect of the temperature cycle
and temperature fluctuations
on gene expression

The three CA treatments differentially induced the expression
of cold-responsive transcription factor genes and other genes. The
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CBF/DREBI expression levels were higher in the con-CA-treated
plants than in the plants that underwent the FC-CA and C-CA
treatments (Figure 6A), reflecting the temperature-dependent
induction of gene expression (Zarka et al., 2003). The con-CA
treatment rapidly cooled the plants from room temperature to 2°C,
which was the lowest temperature among the three CA treatments.
There are two potential explanations for the lack of a significant
difference in the expression of CORI5A at 32 and 46 h among the
CA treatments (Figures 6D, E). Specifically, low CBF/DREBI
expression levels are sufficient for inducing CORI5A expression.
Alternatively, COR15A expression may be induced by another
mechanism during the FC-CA and C-CA treatments.

The con-CA treatment resulted in a single CBF/DREBI
expression peak at 8 h (Figure 6), whereas a second expression
peak was detected for the FC-CA and C-CA treatments, possibly
because of the day-night temperature cycle. Circadian rhythms and
diurnal changes regulate CBF/DREBI expression (Dong et al,
2011). Moreover, Millar (2004) reported that circadian rhythms
can be entrained by warm-cold cycles. Likewise, the circadian
rhythms in the temperature changes during the FC-CA and C-
CA treatments may modulate CBF/DREBI expression.

The CBF/DREBI expression levels were higher in the FC-CA-
treated plants than in the C-CA-treated plants (Figure 6), whereas
the opposite trend was observed for the freezing tolerance
(Figure 4). This suggests that freezing tolerance may be increased
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by a pathway unrelated to Ca®*-CBE/DREBI under C-CA
conditions. The factors associated with the perception of
temperature fluctuations and the subsequent signaling and
inhibition of the CA process during the FC-CA treatment remain
to be determined. The effects of the slight increase in the peak
temperature (ie., 1 to 2°C increase) due to the temperature
fluctuations and signal transduction pathways that do not involve
Ca”* should be explored.

The influx of extracellular Ca** and the release of Ca** from
intracellular pools (e.g., vacuoles) generate Ca>" signals (Knight
et al,, 1996; Knight and Knight 2009). In the current study, LaCls
was used as the Ca® channel blocker to restrict the influx of
extracellular Ca®* (Knight and Knight, 2000). Ruthenium red was
used because it reportedly blocks Ca®>" channels in organelles
(Knight et al., 1992; Monroy et al, 1995) and inhibits the
production of Ca®" signals caused by cooling. We previously
confirmed these Ca®* channel blockers affect the generation of
Ca*" signals during cooling (Hiraki et al., 2019). More specifically,
LaCl, substantially decreases the first Ca®* signal peak (Knight and
Knight, 2000; Hiraki et al.,, 2019), while RR decreases the three Ca**
signal peaks by more than half (Hiraki et al., 2019). However, there
is no clear evidence of the individual effects of Ca** influx or efflux.

The temperature fluctuation-induced Ca®" signals increased
CBF/DREBI expression, especially during the FC-CA treatment
(Figure 7). In addition, RR upregulated gene expression only during
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the C-CA treatment, indicating that the release of Ca®" from
intracellular pools due to the day-night temperature change
suppressed the expression of CBF2/DREBIC and CBF3/DREBIA
during the C-CA treatment, but not during the FC-CA treatment
(Figure 7). The temperature fluctuation originally inhibited the
increase in freezing tolerance during CA (Figure 4), but the Ca*"
signals produced because of the temperature fluctuation induced
the expression of CBFI/DREBIB, CBF2/DREBIC, and CBF3/
DREBIA (Figure 7). In an earlier study involving CA treatments
in the field, we observed that RR tends to inhibit the expression of
CBF1/DREBIB and CBF2/DREBIC when the amplitude of the
temperature fluctuation is high, while it decreases CBF/DREBI
expression levels when the amplitude of the temperature
fluctuation is low (Hiraki et al., 2019). The results of the present
study and our previous research support the hypothesis that Ca**
signals, especially the signals derived from intracellular organelles,
positively or negatively regulate CBF/DREBI expression depending
on the amplitude of the temperature fluctuation. Our findings also
imply the effects of Ca** influx and Ca®" efflux vary depending on
the temperature fluctuation. Because the effect of only Ca®" efflux
changed (i.e., positive or negative regulator of gene expression), the
gradation or the balance in the cellular Ca** concentration may
influence the regulation of gene expression. Because these Ca”"
signals cannot be explained by only the Ca?**-CAMTA3 or
-CAMTAS pathway, there may be an additional Ca**-CBF/
DREBI1 pathway.

Another possibility is that the Ca®* signal produced in response
to rapid cooling during the day may not suppress gene expression.
The cold-induced Ca®" signal peak is reportedly relatively high
during the day (Dodd et al., 2006). Moreover, photoreceptors help
reset the internal clock (Devlin, 2002). Some photoreceptors, such
as phototropin and phytochrome, are mediated by Ca®" signals
(Bowler et al., 1994; Briggs and Olney, 2001; Zhao et al., 2013).
Therefore, the varying effects of Ca*" signals over time might be
associated with the crosstalk between circadian- and photoreceptor-
related factors.

5 Conclusions

In this study, we revealed that day-night temperature cycles and
random temperature fluctuations that occur during CA in the field
induce different types of calcium signals. Because the formation of
Ca®" signals is considerably affected by the cooling rate, the
duration of the cooling period, and the absolute temperature
(Plieth et al., 1999; Nagel-Volkmann et al., 2009; Hiraki et al.,
2019), there may be qualitative and quantitative differences in the
Ca®" signals produced by cooling (e.g., day-night temperature
change) and temperature fluctuations (Hiraki et al., 2019).
Notably, although the C-CA and FC-CA treatments resulted in
similar calcium signal-dependent freezing tolerance, there were
clear differences in the calcium signal-related regulation of cold-
inducible gene expression. In future, to further clarify the role of
Ca®" signals in CA in the field, it is necessary to study the effects of
seasonal changes in day/night temperature differences and
day length.
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