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Abstract

:

Climate changes, which result in the occurrence of periods with relatively high temperatures during the winter, can lead to the deacclimation of cold-hardened plants and cause problems with their winter survival. The aim of these studies was to investigate the physiological changes (photosynthesis and water relations including aquaporin expression) that accompany deacclimation process in the economically important winter oilseed rape plants. The effect of deacclimation on frost tolerance was also estimated for two tested cultivars: semi-dwarf and plants of a normal height. After cold acclimation at 4 °C (compared to the unacclimated control) the typical changes that accompany cold acclimation such as an increase in the content of water-soluble sugars or a lower water content in the leaves, which lead to an increased frost tolerance, were observed. Deacclimation partially or completely reversed these changes, which resulted in a decreased frost tolerance that was accompanied by a decrease in the content of sugars and an increase of the osmotic potential. The chemical composition of the leaves, which was measured using FT-Raman spectroscopy also clearly confirmed the metabolic differences between the cold-acclimated and deacclimated plants. The plants were significantly different in regard to the content of the various pigments as well as fatty acids and polysaccharides. The phenomenon of a deacclimation-induced decrease in aquaporin PIP1 accumulation, which was accompanied by unchanged PIP1 transcript accumulation, will be discussed in the aspects of the water relations and decreased frost tolerance in deacclimated plants.
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1. Introduction


Oilseed rape (Brassica napus ssp. oleifera L.), which is grown for its oilseeds, is one of the major crops and is also one of the most important sources of vegetable oil in the world. In Poland, it is one of the winter crops that is cultivated most often. The winter cultivars of this species produce a higher yield than the spring cultivars. However, the growth of winter plants during winter, especially in Eastern European regions, entails a greater risk of frost injuries. Heavy frost damage to winter oilseed rape including their inability to regrow, which often requires farmers to plough entire fields, which results in significant economic losses [1]. Plants have created defence mechanisms that enable them to deal with sub-zero temperatures. Long-term exposure (three to six weeks) of winter plants to low but non-freezing temperatures results in a phenomenon that is called cold acclimation (cold hardening), which increases their frost tolerance. This is the natural ability of winter plants to survive in winter conditions [2]. Cold acclimation at temperatures that usually are in the range of +1 to +5 °C (often preceded by prehardening) induce biochemical and physiological changes, in the content and composition of carbohydrates, growth regulators, antioxidants, phospholipids, fatty acids, and water content, among others [3,4,5,6,7,8]. Plants with a rosette with seven to eight leaves, an apical bud that was located no higher than 3 cm above the soil surface, a root neck more than 5 mm thick and a pile root more than 15 cm long guarantee a good wintering [9]. In recent years, however, due to climate changes and global warming, there are more frequent situations during winter in which the temperature suddenly increases to more than 9 °C (and sometimes even up to 20 °C), and this temperature remains high for several days. This phenomenon leads to deacclimation of previously cold-acclimated plants. This problem has become more and more serious for winter crops, especially in light of the fact that climate projections indicate that the temperature will continue to increase in the northern hemisphere in the 21st century [10]. Such a period of warming during winter disturbs the natural/metabolic ‘adaptations’ that have been shaped by cold acclimation and lowers plant tolerance to frost. According to current knowledge, the deacclimation process may result in a decrease in the content of some compounds such as carbohydrates, amino acids or proteins, which are accumulated in plants during cold acclimation [11,12,13]. In extreme situations, this phenomenon may lead to the resumption of plant growth [12,14]. In winter oilseed rape, this could even stimulate development such stem elongation and the appearance of buds, which definitely lowers frost tolerance. As was reported by Rapacz [15], the deacclimation of oilseed rape is only reversible when it is not accompanied by the induction of elongation growth and that the rate of a decrease in freezing tolerance depends on the mean temperature of the deacclimation. In addition, our latest research on barley shows that cold acclimation and deacclimation take independent pathways and that deacclimation is not simply a reversal of cold acclimation [16]. Furthermore, according to [17], the effect of rising global temperatures on deacclimation makes it a crucial factor for winter survival.



The deacclimation process has been quite well studied for woody plants [18], herbaceous plants, grasses, and monocotyledonous crops [17,19,20,21,22]. For the dicot plants, most of the research on deacclimation has been done on Arabidopsis, which is a model plant [23,24,25]. Although the knowledge about the metabolic adjustments during prehardening and cold hardening/acclimation of winter oilseed rape has been quite well characterised, the physiological/biochemical changes that occur during deacclimation (and their connection to a disturbed/lowered frost tolerance) have been explored less.



In recent years, semi-dwarf cultivars of oilseed rape have become increasingly popular among farmers and have been promoted by breeding companies as cultivars that are more resistant to lodging, which makes characterising their tolerance to abiotic stress particularly important. For this reason, these studies were performed on two winter oilseed rape cultivars (cv.) that have different growth rates, cv. Kuga and the semi-dwarf cv. Thure. Since the growth rate depends on tissue hydration and because above a certain level of tissue hydration, the process of deacclimation is irreversible and surviving frost is drastically reduced, we analysed the fluctuations in the widely understood water relations in not acclimated, cold-acclimated, and deacclimated plants. Additionally, we measured the net photosynthesis and, generally, gas exchange because stomatal conductance not only determines CO2 uptake but also transpiration. Analysis of the products of photosynthesis was also part of the work since carbohydrates decrease the osmotic potential of cells, which may prevent intracellular ice formation. Altogether, the main aim of our study was to (1) characterize physiological changes in winter oilseed rape exposed especially to deacclimation and (2) try to answer the question of whether the changes in above-mentioned parameters can explain the altered level of frost tolerance in deacclimated plants in comparison to cold acclimated.




2. Materials and Methods


2.1. Plant Material, Growth Conditions, Experimental Design and Sampling


The study was conducted on winter rapeseed (Brassica napus ssp. oleifera L.). Two cultivars of oilseed rape that are cultivated in Poland (Kuga and Thure derived by Rapool, Poland) were used. The cv. Thure is a semi-dwarf cultivar whose plants grow about 126 cm tall. The plants of the cv. Kuga are characterised by taller plants that grow about 143 cm tall. The plant heights are given according to data from COBORU (Development of Polish Official Variety Testing). According to COBORU, both cultivars also differ slightly in trait described as ‘percent of dead plants after winter 2015/16 and 2016/17′. Percentage of dead plants after winter 2015/16 and 2016/17 for Kuga is 14% and 17%, respectively, while for Thure it is 28% and 20%.



Seeds were sown in Petri dishes on moist filter paper (10 cm diameter, 50 seeds per dish) for germination in the dark (25 °C, two days). Next, the seedlings were transferred to 11 pots (40 cm × 15 cm × 15 cm; 15 plants/pot) that contained a prepared soil mixture—the universal soil “Eco-Ziem Universal soil” (Eko-Ziem s.c., Jurków, Poland) pH = 5.5–7, the soil from the cultivation plots at the University of Agriculture (Kraków) and sand (2:1:1). The plants were grown under controlled-environment conditions in a growth chamber for three weeks (17 °C day/night (d/n); 12 h photoperiod). Then, the plants were pre-acclimated for one week—first two days: 14 °C d/n, 12 h photoperiod; next three days: 12 °C d/n, 8 h photoperiod and last two days: 10 °C d/n, 8 h photoperiod. The plants were then cold acclimated for three weeks at 4 °C d/n, (8 h photoperiod) and finally deacclimated at 16/9 °C (d/n) and under 8 h photoperiod for one week. The light intensity on the plant canopy level in the growth chamber was the same during the entire experiment, 350 μmol m−1·s−1, which was emitted by LED lamps, type HORTI A, modified to emit light of constant intensity (PERFAND LED, Trzebnica, Poland). The lamp spectrum is optimized for growth of oilseed rape in rosette stage where visible light is enriched in higher intensity in blue and red range; blue: red ratio is 46%:54%). The pots in the growth chamber were rotated every day. The experiment was performed in autumn/winter-time.



All of the non-invasive measurements (PSII efficiency, gas exchange, leaf reflectance) were taken at three time-points: (1) after three weeks of growth at 17 °C (not acclimated plants, which were the control), (2) after pre-acclimation and cold acclimation at 4 °C and (3) for the deacclimated plants. The samples for the Raman spectroscopy and for all of the biochemical analyses were taken at the same three time-points. Moreover, at every time-point, one pot with 15 plants was taken and exposed to frost (details in Section 2.2) in order to evaluate any changes in frost tolerance.




2.2. Testing Frost Tolerance


Frost tolerance tests for each cultivar were conducted in freezing chamber for the three groups of plants: the not acclimated (control) plants, the cold-acclimated plants, and deacclimated plants. The temperatures for the tests were selected based on the experience of the authors and adjusted to the predicted level of the frost tolerance of a specific group of plants. For the not acclimated plants, the temperatures were −1, −4, −6, and −8 °C; for the cold-acclimated plants, they were −8, −10, −12, and −18 °C and for the deacclimated plants, they were −6, −8, and −11 °C. The plants were placed into a freezing chamber at a temperature of 2 °C (darkness). Then, the temperature was lowered by 3 °C/h until the required frost level was reached, and then the plants were kept at this temperature for a period of 6 h. Subsequently, the temperature was raised to 2 °C at a rate of 3 °C/h, after which, the plants were transferred to the growth chamber in order to observe their regrowth at 12 °C (8 h photoperiod) and 150 μmol m−2·s−1 PPFD.



After 14 days, the plant survival rate was estimated using a visual score, where: 0—a completely dead plant with no signs of leaf growth; 1—a dead plant without leaves (dead leaves have dropped). Some small elongation of leaves growing from the apical bud occurred before it died; 2—a plant that may not survive, the leaves from the apical bud occurred but they are small, discoloured, or deformed; 3—a plant that has a chance to survive but is badly injured (75% of the leaves are dead). Leaf elongation occurred, new leaves are green but thin and small; 4—a plant that has survived but shows severe injuries. About 50% of its leaves are dead (brown and shrivelled) or with necrosis spots; Leaf elongation occurred, new leaves are green and healthy; 5—a plant that is alive but some symptoms of freezing injuries are visible. About 25% of the leaves have visible damage such as drying around their edges, yellowing or with necrosis spots; 6—a plant where only 5% to 10% of the leaves show minor symptoms of freezing injuries such as small necrosis spots or dried leaves edges; 7—a plant with no symptoms of injury.



Based on the frost injuries, the expected temperature at which the regrowth was reduced by 50% (RT50) was determined for each group of plants (cultivars and treatments). The RT50 value was estimated from a linear regression fitted to the sigmoid relationship between the freezing temperatures and the regrowth score using the three/four tested temperatures.




2.3. Chlorophyll a Fluorescence Measurements


Chlorophyll a fluorescence was measured using a Plant Efficiency Analyser (PEA, Hansatech Ltd., King’s Lynn, UK) to describe the efficiency of photosystem II (PSII). The leaves for the measurements were adapted to the dark for 30 min using special clips. The technical details of the procedure were given in the paper [26]. The following parameters of the energy flow were calculated from the fluorescence curve: the energy absorption by the antenna pigments (ABS/CSm), the amount of energy that was trapped in the reaction center (TRo/CSm), the energy flux for the electron transport (ETo/CSm) and the dissipation of energy as heat (DIo/CSm) where CS is the sample cross section [27]. These parameters belong to phenomenological energy flues. The same parameters were also calculated for the reaction centre (RC) and named specific energy fluxes. Further, the number of reactive centers for each leaf cross section (RC/CSm) was calculated as well as the Fv/Fm ratio—the maximum quantum yield of the photosystem II primary photochemistry. The detailed equations for the specific parameters are given in work [27]. The PSII efficiency was measured in 15 replicates for each cultivar and treatment. A biological replicate represented one leaf of an individual plant (selected randomly from 10 pots). The measurements were taken on first or second leaf (first leaf means the oldest, appearing after the cotyledons, well-developed).




2.4. Analysis of the Photosynthetic Pigment (Chlorophyll a, b and Carotenoid) Content


Plants leaves (first or second) were lyophilised in a high vacuum at 100 μbar, coil temperature of 40 °C (lyophiliser: Freezone 4.5; Labconco, Kansas City, MO, USA) and then pulverised for 2 min at maximum frequency (30 Hz) using a ball mill (MM400, Retsch, Germany). Samples of about 10 mg of dry weight were extracted into 1.5 mL of 96% ethanol and centrifuged at 22,000× g (Universal 32R, Hettich, Germany) for 15 min at 10 °C. An aliquot of the ethanolic extract (100 μL) was added to a 96-well microplate and the absorbance was measured spectrophotometrically at 470, 648, and 664 nm using a Synergy II Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA). The concentrations of Chl a, Chl b, total Chl (a + b) and carotenoids (Car) were calculated according to the extinction coefficient given in [28] using the following equations and taking into account the path length of the microwells, which were filled to a quarter of their depth:


Chl a (µg/mL) = 13.36 A664 − 5.19 A648










Chl b (µg/mL) = 27.43 A648 − 8.12 A664










Chl a + b (µg/mL) = 5.24 A664 + 22.24 A648










Car (µg/mL) = (1000 A470 − 2.13 Chl a − 97.64 Chl b)/209








where A470 was the absorbance at 470 nm, A664 was the absorbance at 664 nm and A648 was the absorbance at 648 nm. Five biological replications representing five leaves from different plants (from five different pots) (cultivars and treatments), each consisting of three analytical replications, were analysed.




2.5. Measurements of Leaf Reflectance


The reflectance spectrum of the light radiation in the range 400–1000 nm was measured on the upper side of the first or second well-developed leaf (the same as for Chl a FL) at 22 °C using a CID Bio-Science CI-710 spectrometer with SpectraSnap software (CID Bio-Science, Camas, WA, USA). Based on the spectra, the reflectance parameters were calculated, which enabled the following to be estimated: the anthocyanin content—ARI = (R550−1 − R700−1) R800 [29]; the flavonoid cont—FRI = (R410−1 − R460−1) R800 [30] and the hydration of the leaf tissue − WBI = R900 (R970)−1 [31]. In the equations, Rx means the intensity of the reflectance at a specific wavelength x. The presented values are the average of 10 independent replicates for each cultivar and treatment (one leaf from one individual plant from different 10 pots represented one replicate).




2.6. Leaf Gaseous Exchange


The photosynthetic rate (PN), transpiration (E), stomatal conductance (gs) and intercellular concentration of CO2 (Ci) were measured using an LCpro-SD infrared gas analyser (ADC BioScientific Ltd., Hoddesdon, Herts EN11 0NT, UK). The water use efficiency index (WUE) was determined based on the quotient of the photosynthetic rate and transpiration (PN/E). The conditions in the measurement chamber were as follows: carbon dioxide concentration 370 µmol CO2 mol−1 air, air humidity equal to the ambient humidity and PAR intensity 450 µmol photons m−2·s−1. The first or second well-developed leaf was measured between 10:30 a.m. and 12:00 p.m. The measurements were performed in 10 replicates for each cultivar and treatment (one leaf from one individual plant from different 10 pots represented one replicate).




2.7. Relative Water Content (RWC)


The leaf disc was cut from the central portion of the first or second well-developed leaf and its fresh mass (FM) was determined. Then, the disc was placed in a separate vial with 30 cm3 of water and shaken (WL-972, JW Electronic, Warsaw, Poland) at 20 °C for 24 h. Next, it was weighed (turgid mass), dried for 24 h at 105 °C and weighed again (dry mass). The RWC was determined using the following equation [32]: RWC [%] = [(FM − DM)/(TM − DM)] × 100 where FM—fresh mass, DM—dry mass, and TM—turgid mass. Samples were collected from 10 independent plants from different 10 pots for each cultivar and treatment and the mean value was calculated.




2.8. Content of Total Soluble Sugars


The sugars were analysed spectrophotometrically, accordingly [33,34]. Twenty-five μL of the ethanolic extract (the supernatant that had been obtained as described for the chlorophyll and carotenoid analyses, as described in Section 2.4) was diluted with 175 μL of water; next, 200 μL of a 5% water phenol solution and 1 mL of concentrated sulphuric acid were added. The samples were incubated for 20 min and then transferred to a 96-well microplate and the absorbance at 490 nm was read in a Synergy II Microplate Reader (Bio-Tek Instruments, Winooski, VT, USA). The sugar content was calculated based on the standard curve that was prepared for glucose. The results are presented as the mean value of five biological replicates, which represent five leaves from different plants from different five pots, each consisting of two analytical replicates and are expressed as the total soluble sugar content per gram of the dry weight of the leaves.




2.9. Osmotic Potential


The osmotic potential of leaf cells was measured using a dewpoint microvoltmeter (HR 33T, Wescor Inc., Logan, UT, USA), which was equipped with a C-52 Sample Chamber. The cell sap was extracted from a leaf fragment (1 cm of diameter) that had been collected from the middle part of the youngest fully expanded leaf at a fixed force and frozen in liquid nitrogen. Each assay was performed in seven replicates that represented seven leaves from different plants, from seven different pots for each cultivar/treatment.




2.10. Accumulation of the BnPIP1 Transcript: RNA Isolation, cDNA Synthesis, and Real-Time PCR Reaction


Quantitative PCR analysis was performed to calculate any changes in the plasma membrane intrinsic protein (PIP1) transcript level using QuantStudio 3 (ThermoFisher Scientific, Waltham, MA, USA). Approximately 0.05 g of the leaf tissue (central part of the first or second leaf) was used to extract RNA using a RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. The quality and quantity of the RNA were determined using a UV-Vis Spectrophotometer Q5000 (Quawell, San Jose, CA, USA). Approximately 800 ng of an RNA template was used for each Reverse Transcription reaction combined with genomic DNA enzymatic elimination. The PCR reactions were run in three technical replicates, as described in [35]. The PCR primers and probes (Table 1) were designed using Primer Express Software v 3.0.1 (Applied Biosystems by Life Technologies, Foster City, CA, USA) to amplify separately the PIP1 and Actin gene [36] as an endogenous reference gene. QuantStudio Design and Analysis Software v. 1.5.0 was used to analyse the data. The gene expression was calculated using the relative standard curve method (Applied Biosystems). The PIP-1 expression level was determined relative to the Actin level. The results are presented as the mean value of five biological replicates, which represent five leaves from different plants from five different pots.




2.11. Protein Concentration in the Crude Leaf Extracts


Leaf discs were cut from the central portion of the first or second leaf of 12 independent plants and collected as one biological replicates (1 g of each sample was prepared). The samples were homogenised at 4 °C in 2.5 mL of a Tricine buffer based on the procedure in [37] and then centrifuged for 10 min at 18,000 rpm (Hettich, Tuttingen, Germany) after which the supernatant was collected. The concentration of the proteins in the obtained crude extract was measured spectrophotometrically according to [38]. There were three biological replicates per cultivar/treatment and each of these biological replicates were analysed in six technical repetitions. The average value was then calculated.




2.12. Analysis of the Accumulation of the BnPIP1 Aquaporins Using Immunoblotting


Based on the total amount of protein calculated by the Bradford method (Section 2.11), CBB staining was performed. For this purpose, a quantity of the crude extract containing 20 µg of protein was applied to each well corresponding to cultivar and treatments on 12% polyacrylamide gels and separated using electrophoresis SDS-PAGE for 1.5 h at a current of 46 mA in the upper gel and 38 mA in the lower gel, as described in [39] (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and then the gel was stained in CBB. The photo of the gel was added in Supplementary Materials as S3A.



Forty µg of the proteins that had been extracted from the analysed samples were loaded on gels and the electrophoresis was performed under the same conditions as described in the visualization of the total amount of protein—CBB staining. The separated proteins were blotted onto a nitrocellulose membrane for 1 h 20 min at 45 mA using a BioRad semi-dry transfer cell (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked with low-fat milk powder that had been diluted in a TBS-T buffer (containing 0.9% NaCl and 10 mM Tris) overnight. Then, the membranes were washed three times for 5 min with a TBS-T buffer and were incubated for 1 h 30 min in the appropriate primary antibody (anti-PIP1, 1:1000, Agrisera, catalog number AS09 487). Afterwards, the membranes were washed again with the TBS-T buffer (three times for 5 min) and incubated in anti-rabbit antibody for 1 h 20 min (1:2000, Sigma-Aldrich). Subsequently, the membranes were washed once again with the TBS-T buffer (two times for 5 min) and then with Alkaline Phosphatase (three times for 5 min). For each cultivar and treatment, six replicates were performed (three biological replicate analysed in two technical repetitions). The quantitative protein content was determined based on the intensity of the staining for the PIP1 bands using ImageJ software (NIH, Bethesda, MD, USA). The averages are expressed as the arbitrary units (A.U.) that correlated with the area under the densitometric curves. Representative membranes for both cultivar are presented in Supplementary Materials as S3B (cv. Kuga) and S3C (cv. Thure).




2.13. FT-Raman Spectroscopy Measurements


Raman measurements were taken on the first or second fresh leaf. The spectra were recorded using a Nicolet NXR 9600 spectrometer, which was equipped with an Nd:YAG laser emitting at 1064 nm and a germanium detector. Measurements were performed at a spectral resolution of 4 cm−1 in the range of 600 to 1800 cm−1. All of the spectra were accumulated from 512 scans and then measured at a laser power of 450 mW using an unfocused laser beam approximately 100 μm in diameter. The Raman spectra were registered using the Omnic/Thermo Scientific software program. For each group of plants (cultivar and treatment), 10 spectra from 10 different plants were collected and then averaged.




2.14. Statistical Analysis


The data were analysed using Statistica 13.3 software (StatSoft, Tulsa, OK, USA) with the multifactorial analysis of variance (ANOVA) and Duncan’s test at a significance level of p ≤ 0.05. The statistical analyses were performed in two variants: (1) Separately for each cultivar (Kuga or Thure) where differences are marked with lowercase letters, (2) together for both cultivars where differences are marked with uppercase letters. Values that are marked with the same letters did not significantly differ according to the Duncan test (p ≤ 0.05). The mean values together with the standard deviations are presented in the figures. Information about repetitions in particular analysis is given in details in chapters with description of the respective methods.



For the Raman spectra, a hierarchical cluster analysis was performed using Statistica 13.3 software. The spectra were baseline corrected. The spectral distances were calculated using Ward’s algorithm.





3. Results


3.1. Frost Tolerance of the Not Acclimated, Cold-Acclimated, and Deacclimated Oilseed Rape Plants


Regrowth (resuming growth after freezing, including the appearance of new leaves) of oilseed rape plants after frost tolerance test provides information about their frost tolerance. Regrowth was dependent on their growth conditions before the frost exposure but independent of the cultivar (Figure 1A–D). The not acclimated plants, which were not able to survive at a temperature of less than −4 °C, had the lowest frost tolerance (basal frost tolerance) (Figure 1A). As was expected, cold acclimation significantly increased the frost tolerance and the plants were able to survive temperatures as low as −18 °C, although they suffered serious injuries (regrowth at a level of two to three points; Figure 1B).



The deacclimated plants were more susceptible to frost than the plants that had been cold acclimated (Figure 1C). Freezing at a temperature of −11 °C allowed for the regrowth in the deacclimated plants at a level below three points (plants that had very little chance of surviving), while a similar temperature (−12 °C) in the cold-acclimated plants caused regrowth at a level of about six points (see scale in Section 2.2). Moreover, the frost tolerance of the deacclimated plants was not reduced to the basal frost tolerance that was characteristic for the not acclimated plants (Figure 1C). All of the described results are well summarised and illustrated by the estimated temperature that was required to reduce plant regrowth after frost exposure by 50% (RT50) (Figure 1D). In both cultivars, the temperature that was required to reduce regrowth by 50% (RT50) for the not acclimated plants was about −4 °C, for the cold-acclimated plants about −13 °C, and for the deacclimated plants about −8 °C (Figure 1D). Photographs of the oilseed rape plants that had been exposed to frost are presented in Figure 2.




3.2. Physiological/Biochemical Characteristic of Not Acclimated, Cold Acclimated and Deacclimated Oilseed Rape Plants


3.2.1. Photosystem II Efficiency


The PSII efficiency is described based on the fast-kinetic chlorophyll a fluorescence and is shown in Table 2 and on the spider graphs (Supplementary Material Figure S1) where the values that were measured for the not acclimated plants are presented as 100%.



After cold acclimation, the Fv/Fm were clearly reduced, while after deacclimation they were significantly higher than in the not acclimated plants of both cultivars (Table 2).



In the deacclimated plants of the cv. Kuga cultivar, there was a decrease in the value of the parameters that described the specific energy fluxes that were calculated per reactive center (RC) such as the energy that was absorbed by the antennas (ABS/RC)—~10%, the energy that dissipated as heat (DIo/RC)—~19% and the energy that was transferred to the RC (TRo/RC)—~9% compared with values in the not acclimated plant. The deacclimated plants also had lower values of the aforementioned parameters compared to the cold-acclimated plants. Interestingly, the energy flow to the electron-transport chain (ETo/RC) was maintained at the same level in the deacclimated Kuga plants as in the not acclimated or cold-acclimated plants (Table 2). The situation was different for the Thure cultivar where the not acclimated and deacclimated plants were characterised by similar values of the parameters ABS/RC, TRo/RC and ETo/RC while the values of these parameters were significantly lower in the cold-acclimated plants (Table 2).



In both cultivars, deacclimation resulted in a decrease of the values of the parameters that are connected with the phenomenological fluxes per cross section (CS) such as the energy absorption by the antenna system (ABS/CSm), the energy trapped in the reaction centre (TRo/CSm), the energy flux to the electron-transport chain (ETo/CSm) and the energy that dissipated as heat (DIo/CSm) compared to the not acclimated and to the cold-acclimated plants (Table 2). For example, the ABS/CSm and TRo/CSm similarly decreased (about 49% and 47%, respectively, for cv. Kuga and 48% and 47%, respectively, for cv. Thure) in the deacclimated plants compared to the cold-acclimated plants. The DIo/CSm and ETo/CSm decreased in the deacclimated cv. Kuga by 57% and 40% and in the deacclimated cv. Thure by 56% and 40% compared to the cold-acclimated plants.



The same strong trend was observed when deacclimated and not acclimated plants of both cultivars. Deacclimated plants were characterized by decreased concentration of reactive centers per excited cross section of samples (RC/CSm) in comparison to both the not acclimated and cold-acclimated plants (Table 2).




3.2.2. Leaf Pigments


Chlorophyll and Carotenoids


The trend in the changes in all of the spectrophotometrically measured pigments (Chl a, Chl b, Chl a + b and carotenoids) for both cultivars was the same (Figure 3A–D). Regardless of the cultivar, the pigment content was the highest in the leaves of the not acclimated plants and the lowest in the cold-acclimated plants, and therefore, the accumulation of pigments in the deacclimated plants generally had intermediate values. Additionally, the ratio of the carotenoids/chlorophyll a + b was calculated (Figure 3E). In both cultivars, the highest value was observed for the cold-acclimated plants and the lowest for the not acclimated plants.




Anthocyanins and Flavonols


Measurements of the leaf reflectance enabled the parameters related to the anthocyanin and flavonol content to be calculated (ARI and FRI, Figure 4). The light reflectance curves that were used to calculate these parameters (the 400 to 1000 nm range) are presented in Figure S2. After cold acclimation, there was a significant increase in the total anthocyanin pool in both cultivars, as was evidenced by the increase in the ARI values (Figure 4A). In the Thure cultivar, the anthocyanin content increased almost six-fold, while in cv. Kuga, it increased about two-fold compared to the not acclimated plants. In turn, after deacclimation, the ARI values returned to the level of the not acclimated plants (cv. Thure) while it fell even below the value noted for the not acclimated plants in cv. Kuga. The flavonol pool significantly increased under cold conditions in both of the analysed cultivars (increased FRI values, Figure 4B). Interestingly, in contrast to the anthocyanins, the flavonol levels increased further in both cultivars after deacclimation.





3.2.3. Leaf Gas Exchange


Cold acclimation and then deacclimation changed the gas exchange intensity in both of the tested oilseed rape cultivars compared to the control conditions (not acclimated plants) (Figure 5).



In both cultivars, the intensity of photosynthesis (PN) for the not acclimated and cold-acclimated plants was at a similar level (Figure 5A). After deacclimation, PN decreased significantly for the Kuga cultivar by about 18% and for the Thure cultivar by about 25% compared to the plants that had been cold acclimated.



The not acclimated plants of both cultivars had the lowest transpiration intensity (E) (Figure 5B). After cold acclimation, it increased by about 33% for cv. Kuga and more than 30% for cv. Thure. This parameter had intermediate values for the deacclimated plants.



The highest values of the stomata conductance (gs) were observed for the not acclimated plants (Figure 5C). After cold acclimation, gs decreased by about 40% (both cultivars). The deacclimated plants of both cultivars were characterised by the lowest values of this parameter.



The value of the intercellular CO2 concentration (Ci) was the lowest for the not acclimated plants regardless of the cultivar (Figure 5D). For the Kuga cultivar, this parameter increased by ~12% after cold acclimation compared to the not acclimated plants. However, after deacclimation, it decreased by about 9%. For the Thure cultivar, the Ci value increased slightly statistically insignificantly (by about 4%) after cold acclimation and reached its highest level for the deacclimated plants (a change of another 7%).




3.2.4. Sugar Accumulation and Osmotic Potential


Cold acclimation significantly increased the total sugar content in the leaves of both cultivars (almost 3.5-fold compared to the not acclimated plants (Figure 5E)). After deacclimation, the values decreased to the level of the not acclimated control in both cultivars.



Cold acclimation and deacclimation changed the osmotic potential in both cultivars (Figure 5F). There was a significant decrease for the cold-acclimated plants (20% for cv. Kuga and more than 25% for cv. Thure) compared to the not acclimated plants. After deacclimation, the osmotic potential increased by about 23% for cv. Kuga compared to the cold-acclimated plants and reached a similar level as that in the not acclimated plants. For cv. Thure, the increase was greater and amounted to almost 45%.




3.2.5. Leaf Water Relations and Aquaporin Expression


The changes in the water relations that resulted from the cold acclimation and then deacclimation were analysed using different methods. First, the leaf reflectance measurements at 970 nm enabled the water band index (WBI) to be defined. The WBI parameter was significantly higher (about 7%) for the cold-acclimated plants of both cultivars compared to the not acclimated plants (Figure 6A). After deacclimation, the values of the WBI decreased for cv. Kuga but increased for cv. Thure compared to cold-acclimated plants.



After the coefficient of water use efficiency (WUE) was calculated as the ratio PN/E, it was proven that the not acclimated plants were characterised by the most efficient use of water for photosynthesis (Figure 6B). In both cultivars, the WUE was significantly higher in the not acclimated plants than in the plants after cold acclimation and deacclimation. For cv. Kuga, there was a 30% decrease of the WUE after cold acclimation and almost 24% for the deacclimated plants. This parameter decreased by over 25% after cold acclimation and achieved the lowest value for the deacclimated plants (a decrease of another 13%) for the Thure cultivar.



A decrease in the RWC (relative water content) in the leaves was observed in the plants after cold acclimation (15% for cv. Kuga and almost 29% for cv. Thure) compared to the not acclimated plants (Figure 6C). Deacclimation did not change the RWC in the cv. Kuga plants. There was a significant increase in the RWC (17.5%) for the deacclimated cv. Thure plants compared to the cold-acclimated plants.



The highest BnPIP1 transcript levels were detected in the not acclimated cv. Kuga and cv. Thure plants (Figure 6D). Both cold acclimation and deacclimation decreased the BnPIP1 transcript level in the two analysed cultivars.



The aquaporin protein BnPIP1 was also revealed in the analysed material, and the differences in its accumulation were dependent on the growth conditions. Compared to the not acclimated control, there was an increase in the accumulation of BnPIP1 in the leaves of both cultivars during cold acclimation, however, the differences were only statistically significant for cv. Thure (Figure 6E,F). The deacclimation process caused a significant decrease in the BnPIP1 protein in both cultivars, even to the level that was lower than in the not acclimated control. As for cv. Kuga, the BnPIP1 content was more than 20% lower compared to the not acclimated plants and almost 29% compared to the cold-acclimated plants. The accumulation of BnPIP1 in the leaves of cv. Thure decreased about 43% compared to the not acclimated plants and more than 61% compared to the cold-acclimated plants.




3.2.6. FT-Raman Spectroscopy Measurements


There were three characteristic bands of carotenoids at: 1523, 1157, and 1003 cm−1 on the Raman spectra that were obtained for the leaves of the not acclimated, cold-acclimated, and deacclimated cv. Kuga and cv. Thure plants (Figure 7A,B). The most intense band was visible at 1523 cm−1 and was connected with a C=C stretching vibration of β-carotene. The medium intensity second band at 1157 cm−1 was assigned to the C-C stretching vibration. The third band of low intensity at 1003 cm−1 reflected the CH3 groups that were attached to the polyene chain and coupled with the C-C bonds. Some bands of low intensity at 1389, 1354, 1327, 1284, and 744 cm−1 were associated with the presence of chlorophyll in the leaves [40]. The bands that were visible at 1441, 1304, and 1266 cm−1 came from the saturated and unsaturated fatty acids. Furthermore, the spectra also had the bands that were connected with polysaccharides at 1187 and 1121 cm−1 [40]. There was also a low intensity band at 1600 cm−1 that showed the presence of flavonoids [41]. Additionally, although it was visible in the band at 1051 cm−1 (particularly pronounced for the not acclimated cv. Thure plants), its origin could not be determined, which has also been reported in other studies [42,43,44].



Cluster analysis (chemometric method) was used to find the meaningful and systematic differences in the spectra of the cv. Kuga and cv. Thure leaves that were not acclimated, cold-acclimated and deacclimated (Figure 7C). The analysis was carried out in the range 600–1800 cm−1 and a distinct discrimination was achieved for the three groups. The not acclimated and deacclimated cv. Thure plants comprised the first group. Regardless of the cultivar, the cold-acclimated plants belonged to the second group. The not acclimated and deacclimated plants of cv. Kuga constituted the third group, which was significantly different compared to other groups.



It was demonstrated that the chemical composition of the leaves of cv. Kuga and cv. Thure were significantly different in the content and composition of carotenoids, chlorophylls, flavonoids, fatty acids or polysaccharides and that this was dependent on the temperature at which the plants had been grown. Additionally, the dendrogram enabled the differences between the cultivars to be identified.






4. Discussion


The abnormal weather phenomena that are connected with climate change are the new challenges for agriculture because of their effect on growth and yield formation in crop plants. One example of these changes is the occurrence of periods with relatively high temperatures during wintertime, which leads to the deacclimation of previously cold-acclimated plants and causes a decrease in their tolerance to frost, for example, in winter oilseed rape. The biochemical alterations that accompany deacclimation have not yet been fully explained and in some respects are even unknown.



As was expected, although a short period of high temperatures decreased the frost tolerance of the plants compared to the cold-acclimated oilseed rape, the tolerance was not reduced to the level of the not acclimated control. This indicates that after one week of deacclimating temperatures, the plants had not completely lost their frost tolerance; similar results were also shown earlier for oilseed rape [15,45], wheat, and barley [46]. Our work showed that two chosen cultivars of oilseed rape (cultivar characterized by plants of ‘normal’ height and semi-dwarf cultivar) after cold acclimation had similar frost tolerance. After deacclimation, the semi-dwarf cultivar also had a frost tolerance that was similar to the cultivar of plants of a ‘normal’ height.



In the next step, we analysed the physiological background of the altered frost tolerance in the deacclimated plants in order to determine/describe the cause of this decrease. We first focused on photosynthesis (including changes in the pigment content). Various environmental stresses reduce the content of chlorophylls and carotenoids in plants [47]. The lower content of photosynthetic pigments that occurs in low temperatures is a commonly observed phenomenon [48,49,50]. In this study, the cold acclimation of the oilseed rape plants caused a significant reduction in the content of the chlorophylls and carotenoids in both cultivars. There was a faster reduction in the content of chlorophylls than carotenoids during the cold acclimation, which was illustrated by the carotenoids/chlorophyll a + b ratio (Figure 3E). This may be related to the function of carotenoids, which protect PSII from injuries, especially when the level of chlorophylls is reduced [51]. Although the content of photosynthetic pigments increased again after the deacclimation period, it did not reach the level of the not acclimated plants, which showed that one week of deacclimation significantly reversed the changes that were caused by cold acclimation, which could be one of the first steps to restoring elongation growth [15], which is connected to the requirements of elevated production of assimilates in photosynthetic process.



Despite the phenomenon of an increased chlorophyll level in the deacclimated plants, the values of the parameters of PSII efficiency (phenomenological fluxes and energy flow calculations per reactive centre) in the deacclimated plants (as well as further CO2 assimilation PN) was lower or unchanged in the deacclimated oilseed rape compared to not acclimated or cold acclimated (see the ETo/CSm value in Table 2 and Figure 5A, which is especially important). A better dependence was found between the increased Fv/Fm ratio and increased chlorophyll content, which was true for all of the not acclimated, cold-acclimated, and deacclimated plants. The correlation between the content of the photosynthetic pigments and the Fv/Fm is known (a decrease in the pigment content also decreases the level of light absorption [50]). The slight decline in the Fv/Fm ratio after cold acclimation (Table 2) indicated an exposure to stress of the photosynthetic apparatus and, in some cases, is also considered to be an indirect indicator of the frost tolerance of plants [52,53,54]. After deacclimation, Fv/Fm increased compared to both the not acclimated and cold-acclimated plants. This coincided with the results that were obtained for oilseed rape plants during deacclimation at 20/12 °C (day/night) after four weeks of cold acclimation [45]. On the other hand, as previously mentioned, the deacclimation process caused a significant decrease (or lack of changes) in practically all of the other calculated parameters of the fast kinetic of the fluorescence of chlorophyll a that is related to the energy flow of both the reaction centre (RC) and the excited surface of a sample (CSm) (Table 2). This could be connected with injuries to the thylakoid membranes, which appeared during cold acclimation [54] or might also be related to the decrease in the activity of the chloroplast antioxidant systems [17]. It is also worth mentioning [55], in which authors found that the prolonged exposure of a plant to cold not only causes a marked depression of photosynthesis, but also that photosynthesis became less temperature and light dependent, which may additionally lengthen the process of adapting to new conditions. Taken together, in our experiment, the high chlorophyll content in the deacclimated plants compared to the cold-acclimated plants, which had a high Fv/Fm value but lower (or unchanged) phenomenological and specific energy fluxes, particularly the ETo/CSm and net photosynthesis (PN) values, could confirm all of these explanations.



In addition to the above-discussed photosynthetic pigments, other pigments such as anthocyanins and flavonols may also be important for developing temperature stress tolerance in plants. Reflectance parameters such as ARI and FRI are considered to be highly sensitive linear indicators of the content of anthocyanins and flavonols in plant leaves and fruits [56,57]. The accumulation of these pigments in leaves is often observed as a result of low temperature stress, drought, UV-B radiation, or high light [58,59,60]. During the cold acclimation of plants to low temperatures, we observed a significant increase in the anthocyanin pool in the leaves of both oilseed rape cultivars, which indicates their involvement in the response to cold stress (Figure 4A). Anthocyanins, which are synthesised de novo, play a photoprotective role for PSII, which was very important when the chlorophyll content decreased after cold acclimation (Figure 3A,B) [61]. By absorbing excess energy, they protect the most sensitive PSII components such as OEC or D1 protein, which is why in plant mutants that have an anthocyanin deficiency, PSII is damaged more quickly [62]. The accumulation of anthocyanin was episodic, and after deacclimation, the ARI values decreased to the level of the not acclimated plants (or lower). In turn, the increase in the flavonol pool, which was initiated by the low temperature, was also maintained after deacclimation (Figure 4B). Both the production of anthocyanins and flavonols supports the inhibition of ROS production and stabilises the chloroplast membranes, which has a positive effect on increasing stress tolerance [63]. There was a greater increase in the anthocyanin content in the plants of Thure cultivar, in which there was a smaller increase in the flavonol pool than in the Kuga cultivar. This may suggest that the reduced flavonol production capacity in the cv. Thure plants is “compensated” for by an increased anthocyanin production in order to provide effective protection against oxidative stress and PSII damage.



While the aforementioned changes in PN during the cold acclimation and after deacclimation were slight, the other gas exchange parameters changed significantly (gs or E—Figure 5A–C). The deacclimated plants assimilated CO2 with less intensity (low PN), and one of the reasons could be the closing of the stomata (a very low value of gs), which also resulted in reduced plant transpiration (E).



Another parameter that is important for cold acclimation (and frost tolerance) is the sugar content. In [64], the authors indicate that seasonal changes in the carbohydrate metabolism are associated with temperature changes. As the research confirms, the content of water-soluble sugars during cold acclimation increases dramatically in both perennial grasses [65,66] and in woody plants [67,68]. A higher content of sugars in cells is closely connected with an increasing freezing tolerance and is in winter plants a part of the cold hardening/acclimation process during autumn. Sugars are important for the osmotic potential of cell sap and they also protect the cellular membranes from injuries and can help maintain respiration [69]. As a result of deacclimation, a decrease in the soluble sugar content was also observed in [70,71]. This phenomenon was often associated with elongation regrowth. Our results are in agreement with those findings and show the same course of the changes in the water content of soluble sugars as for herbaceous and woody plants. After cold acclimation, we observed a large increase in the concentration of sugars but after deacclimation, there was a decrease to a level close to the not acclimated plants (Figure 5E). Similar effects were observed in cabbage seedlings where the content of sugar dropped after just one day of deacclimation [72]. It is worth mentioning that in our studies, the changes in the sugar content in the not acclimated, cold-acclimated, and deacclimated plants was somewhat/slightly accompanied by changes in the intensity of the CO2 assimilation (PN) (Figure 5A). Further, the changes in the soluble sugar content were not only associated with frost tolerance (Figure 1D), but also, obviously, with not only osmotic potential (Figure 5F). Osmolytes such as soluble sugars, amino acids, and organic acids regulate the cellular water relations and reduce cellular dehydration. They enable the enzymes, membranes, and other cellular components to be stabilised and are involved in retailoring the membrane lipid composition in order to optimise the liquid/crystalline physical structure [73,74]. The lowest value of osmotic potential was found in the cold-acclimated plants, most likely because of their high water-soluble sugar content. Conversely, the highest value of the osmotic potential correlated with the lowest content of soluble sugars for the deacclimated plants. Similar relationships between the osmotic potential and acclimation/deacclimation for oilseed rape leaves were shown by Rapacz [45].



Water loss by plants during exposure to low temperatures is a well-known phenomenon that is required for a cold-induced increase of frost tolerance. Generally, a reduced water content is associated with increased frost tolerance [75]. Osmolytes prevent ice formation in the intracellular space because the solute gradient water migrates from the cell cytosol to the apoplastic space. As a result, ice is formed in the apoplastic space, which has a relatively lower solute concentration. Thus, intercellular freezing causes less serious damage than the damage that is caused by intracellular freezing [76]. In our experiment, the water loss was well illustrated by the values of the RWC and the frost tolerance level that characterised the not acclimated and cold-acclimated plants. Simultaneously, during deacclimation, rehydration occurred [15], which seems to be one of the explanations for the lower frost tolerance that was observed in our plants (compare Figure 1D and Figure 6C; this is especially visible in cv. Thure). An increase in the RWC after a warm period was also accompanied by lower values of the soluble sugar content and higher values of the osmotic potential in the deacclimated plants.



The water band index (WBI) has been used repeatedly to analyse changes in the water content of leaf tissues [77]. Because the WBI values in the range 0.8–1.2 a.u. are typical for green vegetation [78], the results that were obtained in our experiment for the not acclimated, cold-acclimated, and deacclimated plants are in agreement with them. During the cold acclimation and deacclimation, we observed significant fluctuations in the WBI values, which, however, did not indicate a water deficit in tissues (values below 0.8 a.u.). However, the WBI values are additionally affected by the physicochemical properties of the leaf surface. On the other hand, the increase in the WBI after deacclimation in the Thure cultivar may indicate a potentially better/faster acclimation of plants to higher temperatures but simultaneously a lower tolerance to deacclimation.



The next parameter—water use efficiency (WUE)—provides information about the amount of carbon that is assimilated as biomass or the amount of grain that is produced per unit of the water that is used by the crop [79]. After the cold acclimation, we observed a reduced value of the WUE compared to the not acclimated control, which is most likely partly connected with the growth retardation under cold or is also accompanied by lower RWC and gs values. Interestingly, after a few days of the warm period, the WUE was on a similar level in the deacclimated plants as in the cold-acclimated plants, which most likely means that despite some of the observed physiological changes, the plant growth rate after deacclimation was still quite low. According to the literature, in cold stressed Stevia ssp., the WUE was also lower, as was PN [50].



The water relations in plant tissues are regulated by special water transporting channels called aquaporins (APQs). The rate of the transmembrane water flux can be controlled by changing the abundance or the activity of the aquaporins. In addition, a plant cell can alter the water potential gradient by accumulating or extruding osmolytes in order to favour the influx or efflux of water [80]. We devoted our studies to the aquaporin expression during cold acclimation and deacclimation because a low temperature causes changes in the water relations in a plant, which is usually observed through the cellular dehydration that is controlled by the aquaporins [81], which is a part of a plant’s ‘adaptation’ to low temperature conditions. The aquaporin BnPIP1 studied here belongs to the family of the plasma membrane intrinsic protein (PIPs) aquaporins. Some researchers have suggested that the PIP proteins may regulate all of the water transport in cells [82]. In both of the tested oilseed rape cultivars we observed a significant decrease in the BnPIP1 transcript accumulation in the cold-acclimated plants vs. the not acclimated control. This is in agreement with earlier findings for rice, Festuca, and barley that had been exposed to low temperatures [37,83,84]. At the same time, there was a higher accumulation of the protein BnPIP1 in the cold-acclimated plants compared to the not acclimated plants, which may be associated with the role of aquaporins in the dehydration processes that occur under low temperatures in winter oilseed rape. Earlier, it was also proven that the accumulation of the PIP protein was higher after chilling compared to control, but accumulation of PIP transcript in maize roots was lower [85]. Simultaneously, as was reported in [83] for rice, the 28 °C recovery temperature after chilling at 7 °C increased the accumulation of the PIP1 transcript. Miki et al. [86] used the proteomic approaches to analyse the composition of the plasma membrane proteins of Arabidopsis leaves during cold acclimation and deacclimation. The authors also found that most of the cold acclimation-responsive proteins returned to their non-acclimated levels during deacclimation.



FT-Raman spectroscopy is a non-invasive technique, which is useful for identifying the chemical composition of living plant tissue [87,88,89,90]. Although it has recently been used to study the effects of abiotic and biotic stresses on plants [91,92], in the presented studies, this method was used to determine the chemical composition of plant leaves that had been subjected to cold acclimation and deacclimation periods for the first time. Because the concentration of the compounds in leaves is directly correlated with the intensity of the bands that are observed on the spectra [93], the results for oilseed rape leaves showed, among others, the significant differences in the content of carotenoids and chlorophylls (Figure 7A,B). For the cold-acclimated and deacclimated leaves of both cultivars, there was a decrease in the pigment content compared to the not acclimated plants (Figure 3). However, the decline was much more visible for the cold-acclimated leaves, especially for the cv. Thure plants. The results obtained using FT-Raman spectroscopy and spectrophotometrically were then consistent and the trends of the changes in the pigment content were the same. In addition, a hierarchical analysis of similarity was performed in order to compare the chemical composition of the not acclimated, cold-acclimated, and deacclimated oilseed rape leaves (Figure 7C), which showed significant differences in the chemical composition that differentiated the plants from all three groups.




5. Conclusions


This work was focused on description of physiological changes during cold acclimation, but especially during deacclimation (16/9 °C (d/n), one week) of winter oilseed rape. Frost tests revealed that both tested cultivars, the semi-dwarf cultivar and cultivar with plants of ‘normal’ height, after cold acclimation, had frost tolerance on similar level. In addition their frost tolerance after deacclimation decreased similarly (none of the two cultivars were more “tolerant to deacclimation”). Deacclimation partially or completely reversed the physiological/biochemical effects that are induced by cold acclimation. The directions of changes were generally very similar in both cultivars (lack or weak cultivar dependency in this aspect was noted). Deacclimation lowered the soluble sugar content, increased the osmotic potential or the RWC and increased the photosynthetic pigment content. The chemical composition of the leaves, which was measured using FT-Raman spectroscopy, also clearly confirmed metabolic differences such as different levels of chlorophylls and carotenoids between the not acclimated, cold-acclimated, and deacclimated plants. Generally, the physiological changes that were observed in our studies (after deacclimation) were accompanied by a lower frost tolerance although not for all measured parameters the level noted in the not acclimated control was reached. Both of the tested cultivars including the semi-dwarf cultivar physiologically reacted to deacclimation very similarly. While the level of transcript BnPIP1 was similar in the cold-acclimated and deacclimated plants, there was a higher production of the protein BnPIP1 in the cold-acclimated plants and a lower production of this protein in deacclimated plants. Determining more molecular mechanisms responsible for the deacclimation phenomenon in oilseed rape will require further studies.
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Figure 1. The frost tolerance of oilseed rape (cv. Kuga and cv. Thure) that characterised the not acclimated plants (A), cold-acclimated plants (B), and deacclimated plants (C). (D) Estimated temperature required to reduce plant regrowth by 50% (RT50). Mean values ± SD marked with the same letters (in Figure 1A–C) did not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 15; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. The values in Figure 1D are presented as ± the coefficient interval for p = 0.05. 
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Figure 2. The Kuga and Thure oilseed rape cultivars after frost treatment. (A) Not acclimated oilseed rape Kuga and Thure cultivars immediately after exposure to frost at −4 °C. (B) Not acclimated oilseed rape the Kuga and Thure cultivars that had been exposed to frost at −4 °C and then left to regrow (two weeks at 12 °C). (C) The cold-acclimated oilseed rape Kuga cultivar that had been exposed to frost at −8 °C, −10 °C, −12 °C, and −18 °C and then left to regrow (two weeks at 12 °C). (D) The cold-acclimated oilseed rape Thure cultivar that had been exposed to frost at −8 °C, −10 °C, −12 °C and −18 °C and then left to regrow (two weeks at 12 °C). (E) The deacclimated oilseed rape Kuga cultivar that had been exposed to frost at −6 °C, −8 °C, and −11 °C and then left to regrow (two weeks at 12 °C). (F) The deacclimated oilseed rape Thure cultivar that had been exposed to frost at −6 °C, −8 °C, and −11 °C and then left to regrow (two weeks at 12 °C). 
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Figure 3. Photosynthetic pigments in the leaves of the not acclimated, cold-acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure: (A) content of chlorophyll a, (B) content of chlorophyll b, (C) content of chlorophyll a + b, (D) content of carotenoids, (E) carotenoids/chlorophyll a+b ratio. Mean values ± SD marked with the same letters did not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 5; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. 
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Figure 4. Level of anthocyanins (parameter ARI; (A)) and flavonols (parameter FRI; (B)) that were calculated based on the leaf reflectance measurements for the not acclimated, cold-acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure. Mean values ± SD marked with the same letters did not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 10; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. 
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Figure 5. Gas exchange, total soluble sugars, and osmotic potential in the leaves of the not acclimated, cold-acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure; (A) net photosynthesis (Pn), (B) transpiration rate (E), (C) stomatal conductance (gs), (D) intercellular CO2 concentration, (E) total content of soluble sugars, and (F) osmotic potential. Mean values ± SD marked with the same letters did not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 10 for gas exchange, n = 5 for content of sugars, and n = 7 for osmotic potential; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. 
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Figure 6. Water relations of leaves of not acclimated, cold-acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure; (A) Water band index (WBI) based on the leaf reflectance at 970 nm, (B) water use efficiency index (WUE) based on the quotient of photosynthetic rate and transpiration (PN/E), (C) leaf relative water content (RWC) calculated as (fresh mass—dry mass)/(turgid mass—dry mass)] × 100. Values marked with the same letters do not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 10; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. Accumulation of the aquaporin transcript BnPIP1 (D) and the protein BnPIP1 (E,F) in the leaves of the not acclimated, cold-acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure. The results of the accumulation of the transcript (D) are presented as the fold change in the expression of the BnPIP1 gene in the given samples compared to the endogenous reference gene Actin. The visualised bands (E) corresponding to the BnPIP1 protein were identified using the anti-BnPIP1 antibody. The picture shows two individual gels made separately—first for cv. Kuga, second for cv. Thure. In total, 40 µg of proteins were loaded onto the gel. MW—molecular weight standard (Thermo Scientific PageRuler Prestained Protein Ladder). A.U.—arbitrary units. Values marked with the same letters do not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 5 (transcript), n = 6 (protein); lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. 
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Figure 7. FT-Raman spectra of the leaves of the not acclimated (green line), cold-acclimated (blue line), and deacclimated (red line) oilseed rape cv. Kuga (A) and cv. Thure cultivars (B). Cluster analysis of the FT-Raman spectra of the oilseed rape cv. Kuga cv. Thure cultivars (C). 
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Table 1. Genes, sequence origins, and the primers and probes that were designed and used in the study.
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	Gene Name
	GenBank ID
	Forward Primer
	Reverse Primer
	TaqMan MGB Probe





	PIP1
	AF118382.1
	TGTCGTTGGTTAGAGCCATATTGT
	CTTTGACGAACCCAACTCCACATA
	FAM-TCGCACCCAAACACTG-MGB



	Actin
	AF111812.1
	ACTCTGGTGATGGTGTGTCTCA
	GCGTGAGGAAGAGCATAACCTT
	FAM-CCGTGCCGATCTACG-MGB
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Table 2. Photosystem II efficiency in the leaves of the not acclimated, cold acclimated, and deacclimated oilseed rape cv. Kuga and cv. Thure. Mean values marked with the same letters (a; b; c; d; A; B; C; D—statistical differences) did not differ significantly at p ≤ 0.05 according to Duncan’s test, n = 15; lowercase—comparison separately within each cultivar, uppercase—comparison between cultivars. The percentage values of changes compared to the not acclimated plants (taken as 100%) are given in parenthesis. Fv/Fm—the maximum quantum yield of the photosystem II primary photochemistry; ABS—energy absorbed by the antennas; DI0—energy dissipated as heat; TR0—energy trapped in the reaction center; ET0—energy flow to the electron-transport chain; RC—calculation in relation to reaction center; CSm—calculation in relation to excited cross section. RC/CSm—the number of reactive centers for each leaf cross section.
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Parametrs

	
cv. KUGA

	
cv. THURE




	
Not Acclimated

	
Cold Acclimated

	
Deacclimated

	
Not Acclimated

	
Cold Acclimated

	
Deacclimated






	
Fv/Fm

	
0.823 b (B)

	
0.810 c (C) (−1.6)

	
0.840 a (A) (+2.1)

	
0.829 b (B)

	
0.810 c (C) (−2.3)

	
0.838 a (A) (+1.1)




	
ABS/RC

	
1.155 a (A)

	
1.168 a (A) (+1.1)

	
1.034 b (B) (−10.5)

	
1.157 a (A)

	
1.007 b (B) (−13.0)

	
1.085 ab (AB) (−6.2)




	
DIo/RC

	
0.204 a (B)

	
0.223 a (A) (+9.3)

	
0.166 b (D) (−18.6)

	
0.198 a (B)

	
0.192 a (BC) (−3.0)

	
0.176 a (CD) (−11.1)




	
TRo/RC

	
0.951 a (A)

	
0.945 a (A) (−0.6)

	
0.868 b (BC) (−8.7)

	
0.958 a (A)

	
0.815 b (C) (−14.9)

	
0.909 a (AB) (−5.1)




	
ETo/RC

	
0.609 a (AB)

	
0.590 a (B) (−3.1)

	
0.610 a (AB) (+0.1)

	
0.625 a (A)

	
0.503 b (C) (−19.5)

	
0.634 a (A) (+1.4)




	
ABS/CSm

	
1621.8 a (A)

	
1674.2 a (A) (+3.2)

	
857.9 b (B) (−47.1)

	
1638.5 a (A)

	
1638.3 a (A) (−0.01)

	
844.3 b (B) (−48.5)




	
DIo/CSm

	
285.9 b (B)

	
318.5 a (A) (+11.4)

	
137.2 c (C) (−52.0)

	
279.9 b (B)

	
309.5 a (A) (+10.6)

	
136.4 c (C) (−51.3)




	
TRo/CSm

	
1335.8 a (A)

	
1355.7 a (A) (+1.5)

	
720.7 b (B) (−46.0)

	
1358.6 a (A)

	
1328.7 a (A) (−2.2)

	
707.9 b (B) (−47.9)




	
ETo/CSm

	
857.0 a (AB)

	
848.4 a (AB) (−1.0)

	
508.9 b (C) (−40.6)

	
889.5 a (A)

	
823.4 b (B) (−7.4)

	
496.0 c (C) (−44.2)




	
RC/CSm

	
1404.2 a (B)

	
1433.4 a (A) (+2.1)

	
829.7 b (C) (−40.9)

	
1416.2 b (B)

	
1626.9 a (A) (+14.9)

	
778.2 c (C) (−45.1)












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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