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FHFXEE Mechanism of how plants survive freezing temperatures in winter
~ The effects of freezing and light on cold acclimated plants ~
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Overwintering plants have a mechanism called cold acclimation (CA), in which freezing tolerance
is enhanced by low temperatures as a trigger. CA plants acquire further freezing tolerance when
they experience mild sub-zero temperatures such as -2, -3 °C. This phenomenon has been known as
second-phase cold hardening (2PH) or sub-zero acclimation (SZA). Several studies have revealed
details of the CA process at the molecular level. For example, rapid transient expression of C-
repeat binding factors (CBFs, a type of transcription factor) induces the expression of cold-
regulated (COR) genes to acquire freezing tolerance. Furthermore, light is one of the physiological
conditions to induce CA by requiring not only for pathways involving photosynthesis, but also as a
signal for pathways triggered by photoreceptors including phytochrome (PHYB) and
cryptochromes for enhanced freezing tolerance. In addition, it has been reported that the plants
accumulate sugars as compatible solutes through photosynthesis during CA process. However,
compared to studies on CA study, there have been few reports on 2PH and SZA, and it has not been
clarified whether the molecular pathway is the same or different from that of CA process. For
example, no previous studies have examined the effect of light on the 2PH and SZA process. One
of the slow research projects is that it is difficult to construct a experimental system such as
maintaining plants at sub-zero temperatures and freezing them under light conditions. For this
study, we constructed a chamber capable of maintaining negative temperatures even under light
conditions. Using this chamber, we have shown that freezing itself, rather than sub-zero
temperatures, contributes more to this phenomenon and I termed second phase freezing acclimation
(2PFA). Here, I explored the physiological conditions and molecular mechanism of 2PFA plants.
To confirm the physiological conditions required for 2PFA, the model plant Arabidopsis
thaliana was subjected to 1 week of CA at 2°C under a 12-h light/12-h dark photoperiod, followed



by freeze treatments with different number of treatment days under a 12-h light/12-h dark
photoperiod or dark conditions at -2°C. As a Freezing tolerance test, plates growing plants were
placed vertically in the dark in an controlled-temperature chamber, in which were rotated at 1 rpm
to equalize all plates temperatures through air circulation by the fan. The temperature was
gradually lowered to —22°C at —2°C h'! in the dark, then plates were taken out at the specified
temperature. Plants were transferred to a growth chamber at 23°C with a 16-h light/8-h dark
photoperiod. The plants were kept under these conditions for 1 day to allow thawing, and then the
survival rate was measured. The survival rate of plants was based on the percentage decrease in the
area where photosynthetic activity was calculated from the maximum photochemical efficiency of
photosystem II (PSII) (F./Fn) after the plants were allowed to recover for 1 day under 23°C and 16
h daylength. LTso was calculated by linear regression using data from the two temperatures
spanning the interval from less to more than 50% damage. As a photosynthetic electron transfer
inhibitor, 3—(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) treatment, the CA plants were misted
twice with 0.5% v/v ethanol with or without 50 uM DCMU. After 1 h, the plants were transferred
into the freeing chamber at —2°C for 3 days under dark conditions or a 12-h light/12-h dark
photoperiod as 2PFA treatment.

The results show that, to achieve the 2PFA effect, 1 days of 2PFA treatment in the dark
conditions and 3 days of 2PFA treatment under the light conditions are required. Interestingly,
compared with a freezing treatment in the dark conditions, a freezing treatment under light
conditions had a stronger effect to enhance freezing tolerance, achieving an LTso value below
—20°C. Comparisons of the transcriptional profiles of several CBF and COR genes among the
treatments revealed a clearly different transcriptional profile of CBF genes in the 2PFA treatment
under the light conditions. These results indicate that the process of 2PFA and CA are different, and
the 2PFA treatment induce a unique mechanism that leads to increased freezing tolerance.

To confirm the contribution of photosynthesis to the effects of light to strengthen freezing
tolerance after the 2PFA treatments, I conducted experiments using photosynthetic electron transfer
inhibitor DCMU. The results revealed that the plants subjected to 2PFA treatments under the light
conditions in the presence of DCMU exhibited lower freezing tolerance. These results suggest that
the photosynthetic electron transport pathway is involved in the effect of light to strengthen the
freezing tolerance acquired after a 2PFA treatment. In addition, the results showed that, compared
with wild-type plants, photoreceptor mutants phyb and phototropinli,2 showed lower freezing
tolerance after 2PFA treatment. Since phototropins act as positioning chloroplasts in an optimal
position for photosynthesis, it is possible that phototropins relocate chloroplasts to positions with
moderate light levels during 2PFA process under the light conditions. Interestingly, photosynthetic
products, sugars in 2PFA plants under the light conditions were increased. Sucrose and galactinol
were increased in only the 2PFA plants under light conditions. Consistently, the osmotic
concentration were also increased in the 2PFA plants under light conditions, indicated that 2PFA
plants under light conditions accumulate sugars as compatible solutes such as osmotic regulators to
cope with freezing-induced drought stress. To investigate whether changing in sugar and osmotic
concentration is involved in the photosynthetic electron transport pathway, DCMU were used
during 2PFA process under light conditions. When the plants were treated with DCMU prior to
2PFA under the light conditions, the increasing of sugars and osmotic concentration was not
observed. These results suggested that the 2PFA plants under light conditions increase sugar and
osmotic concentration via photosynthetic electron transport pathway. Consistently, to verify the
state of electron transfer under freezing by observing chlorophyll fluorescence, I constructed an
experimental system using a chlorophyll fluorescence spectrometer that could measure
photosynthetic activity in intact (non-destructive) frozen plants. The results showed that
chloroplast electron transfer has been functioning under freezing conditions, suggesting that
photosynthesis may be taking place under freezing conditions. Finally, I conducted comprehensive
gene expression analysis using RNA sequencing. The RNA-seq data showed that the transcript
level of genes associated with drought stress and sugar metabolism were regulated during 2PFA
under the light conditions. Furthermore, 2PFA plants under light conditions regulated the transcript
level of genes related to cell wall, indicated that sugars may be used for cell wall polysaccharide
synthesis.

Collectively, these results showed that exposure to freezing under light conditions after CA



lead to a dramatic enhancement of freezing tolerance. Increasing of sugar concentration via
photoreceptors and photosynthetic pathway were involved in the increasing of this significant
freezing tolerance by function as osmotic regulators. It will be interesting to investigate the effect
of cell wall on the increasing freezing tolerance during this phenomenon.

Most plants experience low temperatures under light conditions during the fall and early
winter. After midwinter, depending on the location, some plants overwinter under snow with little
light but relatively warm temperatures, while others overwinter under light conditions with little
snow and severe cold. The features of the 2PFA revealed in this study are adapted to the natural
conditions in which these multiple patterns occur.
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