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Abstract

:

The aim of the current work was to characterize disturbances in the hormonal balance and changes in the accumulation of the protective heat shock proteins (HSP) as a result of deacclimation in a few cultivars of oilseed rape. Samples for both analyses were collected from plants that had not been acclimated (before cold acclimation—control), cold acclimated (at 4 °C d/n, three weeks) and then deacclimated at 16/9 °C d/n (one week). The tested hormones included abscisic acid, jasmonic acid, salicylic acid, gibberellins, auxins and cytokinins (including their precursors, intermediates and conjugates). Unambiguous results were obtained for a stress hormone, abscisic acid, whose concentration increased in the leaves of all of the tested cultivars during cold acclimation while it strongly decreased during deacclimation. Deacclimation resulted also in an elevated level of the typical growth hormones. As a result of cold acclimation, the accumulation of protective proteins such as cytoplasmic HSP70 and HSP90 increased in three of the four tested cultivars. The HSP content most often decreased in the deacclimated plants compared to the cold-acclimated plants. The hormonal and protein changes are discussed relative to the frost tolerance changes of the tested cultivar.
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1. Introduction


Cold acclimation (cold hardening) is a low-temperature-induced process that is especially important/characteristic for winter cultivars of crops because their vegetation season includes the autumn/winter months and, thus, requires specific metabolic adjustments. After a few weeks of growth at a temperature between +2 °C to +5 °C (in autumn), well cold-acclimated crop plants can survive temperatures that are as low as −20 °C, especially when they are under snow cover [1,2]. The process of cold acclimation of winter crops occurs in autumn. However, due to changes in climate conditions, in some regions where winter crops are cultivated, periods of warm breaks that interrupt the cold-hardening process are occurring more and more often. This phenomenon is called deacclimation (dehardening) and it disturbs the natural process of acquiring a high level of frost tolerance. Deacclimation can also occur in the middle of winter or in very early spring when the temperature starts to rise and plants begin to resume their growth and development, thereby losing their frost tolerance. In such a case, the sudden occurrence of even a light frost during that time is dangerous and could cause frost injuries. The negative effects of a seven-day deacclimation on a decrease in the frost tolerance of winter oilseed rape were characterized in detail in the work [3]. According to [4], deacclimation becomes “a crucial, but widely neglected” part of the problems that are associated with the winter survival of plants.



Cold acclimation triggers many biochemical and physiological changes in plant cells; for example, the most known are changes in the composition of fatty acids, changes in carbohydrate management and in the osmotic potential, the stimulation of the production of protective proteins and an elevated level of stress hormones [5,6]. Deacclimation, on the other hand, is dangerous because it can reverse these metabolic adjustments. Although climate changes have led to more studies that are devoted to the detailed biochemical changes that accompany deacclimation, knowledge about these changes is still quite scarce.



One of the winter crops that is affected by deacclimation is oilseed rape—a plant that is mainly cultivated as the major source of vegetable oil. Our earlier studies confirmed that during cold hardening of this species, even one week of a warm break at a temperature of 16 °C/9 °C (d/n) had a reverse effect on metabolism. The chemical composition of the leaves, which was measured using FT-Raman spectroscopy, clearly confirmed that there were metabolic differences between the cold-acclimated and deacclimated plants [7]. Deacclimation increased the photosystem II efficiency that was suppressed by cold acclimation [3,7]. The content of soluble sugars was drastically decreased after deacclimation [7], which was accompanied by changes in the osmotic potential in a direction that was not beneficial from the point of view of frost tolerance. The leaf relative water content also increased after deacclimation [7]. Cold hardening also increased the accumulation of proteins BnPIP1 (aquaporin), while deacclimation decreased it [7]. The current work is a continuation of the studies of the deacclimation process of oilseed rape in which, as the next step, we are going to focus on a detailed analysis of hormonal homeostasis and any potential changes in the accumulation of the protective proteins from a group of heat shock proteins (HSP).



All metabolism of plants is controlled by hormones, and hormonal homeostasis is specifically linked to plant growth conditions. External factors such as temperature, light or water availability modify hormonal management, thereby allowing the metabolism to adapt to changing environmental conditions. Hormones, such as cytokinins, gibberellins, auxins, abscisic acid or brassinosteroids (and the interactions among them), play an important role in the growth/development of plants and in plants’ reaction to various stressors [8,9,10]. Hormonal changes that occur during the cold acclimation of plants are important for the survival of plants in low temperatures. A higher level of ABA with a lower level of bioactive cytokinins, auxins and gibberellins was observed in wheat cultivars during cold acclimation [11]. In cold-acclimated oilseed rape leaves discs, the exogenous application of gibberellin GA3 decreased the frost tolerance, while the application of ABA increased the frost tolerance [12]. The exogenous use of the auxin analogues TA-12 (calcium 4-(2-chloroethoxycarbonylmethyl)-1-naphthalenesulfonate) and TA-14 (ω-trialkylammonioalkyl ester of 1-napthylethanoic acid) on oilseed rape improved the winter hardiness of plants [13]. The exogenous application of jasmonate improved the freezing tolerance of Arabidopsis thaliana L. while blocking endogenous biosynthesis. and the signaling pathways of jasmonate caused plants to be hypersensitive to freezing stress [14]. While these are only a few examples, generally, there is a wealth of knowledge about the activity and significance of plant hormones in cold acclimation. However, the hormonal balance during deacclimation and its role in the changes in the frost tolerance of deacclimated plants is quite limited and relatively new. According to the literature, during the deacclimation of A. thaliana L., there was an overexpression of the genes related to the metabolism of auxins, gibberellins, brassinosteroids, jasmonate and ethylene [15]. Deacclimated plants of barley (Hordeum vulgare L.) were characterized by an increased level of hormones from growth-promoting groups such as indole-3-acetic acid (IAA), IAA methyl ester; the level of some gibberellins was also elevated, i.e., GA6 or cytokinins (trans-zeatin and cis-zeatin), compared to cold acclimated plants [16]. In our earlier studies, the most abundant brassinosteroid (28-homocastasterone) in oilseed rape was accumulated in higher amounts in the cultivars that had maintained a better frost tolerance after deacclimation [3]. Interestingly, the accumulation of the transcript of BRI1 (which encodes the BR-receptor protein) decreased after cold acclimation, and in the more frost-tolerant cultivars, it remained low even after deacclimation [3].



Although heat shock proteins (HSP) are a group of proteins that are produced in plants especially as a reaction to heat stress [17], changing amounts of HSP are also found in plants growing at room temperature or even cold-stressed plants [18,19]. There are many types of heat shock proteins that differ in their molecular weight from 10 to 200 kDa and perform various functions [20,21]. Among them, the HSP90 proteins are necessary for the proper functioning of all of the eucaryotic cells and assist other proteins in folding, maintaining and stabilizing the cytosolic proteins, including the proteins that are involved in cell cycle control and signal transduction [22]. Another family is HSP70, which stabilizes the precursor proteins and maintains them in an unfolded form [23]. Specific chloroplastic proteins HSP70 were also identified in plants [23]. For example, HSP70, which is found in the stroma, participates in the photoprotection and reparation of PSII during and after photoinhibition [24]; it is also necessary for heat tolerance [25].



As was mentioned earlier, although the heat shock proteins accumulate in plants that are growing under a high temperature stress, their expression increases under different abiotic stresses as well as during cold acclimation [18]; however, this has been much less studied. In grape plants (Vitis vinifera L. cv. Jingxiu), during, among others, cold acclimation stress, an increased level of HSP70 and small HSP17.6 was observed. Moreover, the synthesis of the HSP proteins was parallel to an increase in cold tolerance [18]. In oilseed rape plants, an increased level of HSP90 mRNA was observed in young plant tissues such as the shoot apices, as well as after exposure to high and low temperatures. During an exposure to 5 °C, there was a 15-fold increase in the hsp90 mRNA level, which remained elevated during the entire cold treatment. It decreased again when the temperature increased to 20 °C. This change was observed between the 4th and 5th hours after the transfer to 20 °C [26]. Those results illustrate that HSP90 could be significant in the adaptation of plants to low-temperature stress and in their tolerance to low temperatures. Therefore, the questions of whether the deacclimation process causes the changes in the HSP accumulation or if it correlates with a decrease in frost tolerance of plants arises.



The aim of the current work was to characterize the disturbances in the hormonal balance and changes in the accumulation of protective heat shock proteins as a result of deacclimation in an economically important crop plant—oilseed rape. The results are discussed relative to a deacclimation-induced decrease in the frost tolerance of plants.




2. Materials and Methods


2.1. Plant Material


The experiment was conducted on four cultivars of oilseed rape (Brassica napus L. var. napus L.): Bojan, President, Rokas (winter cultivars) and Feliks (spring cultivar). These cultivars are available to cultivate in Poland. President is a hybrid cultivar (F1) while Bojan, Rokas and Feliks are population cultivars. The cultivars were selected based on a previous experiment in which their frost tolerance was characterized in controlled conditions [3]. After cold acclimation, the plants were characterized by a higher tolerance (in comparison to non-acclimated plants), while after a period of deacclimation, the frost tolerance decreased, although not to the level that was recorded in the non-acclimated control. The control plants after frost (−5 °C) had one point on a seven-point scale of injuries. The cold acclimated plants were able to survive −15 °C (three to four points on the scale of injuries), while the deacclimated plants were already severely injured by a temperature of −12 °C (one to two points on the scale of injuries). There were differences between cultivars. Rokas and Bojan had the highest basal frost tolerance (noted for non-acclimated plants), President was moderately frost tolerant, while Feliks had the lowest basal frost tolerance [3]. After cold acclimation, Rokas and Bojan were highly frost tolerant, while President and Feliks were characterized by a lower frost tolerance. After deacclimation, Rokas remained the most frost tolerant. Bojan exhibited a moderate tolerance to frost, while President and Feliks had the lowest frost tolerance. Among the tested cultivars, Rokas is a semi-dwarf cultivar. The average height of fully-developed Rokas plants, according to COBORU (Development of Polish Official Variety Testing), is 131 cm. The seeds of cultivars Bojan and Feliks were obtained from The Plant Breeding and Acclimatization Institute (IHAR) the National Research Institute in Strzelce (Radzików, Poland). The seeds of the President cultivars were obtained from Saatbau (Środa Śląska, Poland), and the seeds of the Rokas cultivar were obtained from Syngenta (Warszawa, Poland).




2.2. Experimental Design and Sampling


The experimental model was similar to an earlier model that was described in detail by [3]. Briefly, the seeds of the oilseed rape were germinated in darkness at 24 °C (two days). Then, the seedlings were transferred into pots (18 plants per pot; details regarding soil are given in [3]). The plants were cultured in a growth chamber (20 °C day/night, 12 h photoperiod, four days; then 17 °C d/n, 12 h photoperiod, three weeks). After that, a group of 15 uniform plants was retained in each pot and the plants were pre-hardened at 14 °C d/n (12 h photoperiod, two days); 12 °C d/n (8 h photoperiod, three days) and 10 °C d/n (8 h photoperiod, two days). Then, for the cold acclimation, the temperature was set at 4 °C (8 h photoperiod, three weeks). Next, for deacclimation, the temperature was set at 16/9 °C d/n (8 h photoperiod, one week). The intensity of light was constant during the experiment (300 µmol m−1 s−1; modified LED lamps HORTI A provided by PERFAND LED, Trzebnica, Poland; for details see [3]). The experiment was conducted in the autumn/winter seasons. The scheme of the experiment is visualized in Figure S1 (Supplementary Materials).



For all of the hormonal and HSP analyses, samples of leaves were collected from the non-acclimated plants (NA, control group), cold-acclimated plants (CA) and deacclimated plants (DA). During sampling, all tested plants were in vegetative stage-rosette, but there were some architectural differences between younger (non-acclimated) and older (cold-acclimated and deacclimated); older plants were more compact (pictures available in [3]). The best developed rosette leaves (not too young or senescing) were always selected.




2.3. Measurements


2.3.1. Analysis of the Plant Hormones and Related Metabolites


The collected leaf samples were frozen in liquid N2 and then stored at −80 °C. Analyses were performed according to [27] with modifications. For the analyses of the hormones and related substances, the material was lyophilized and ground (MM 400, Retsch, Kroll, Germany). Weighed samples (10 mg) were spiked with a stable isotope-labelled internal standard solution (ISTD) in acetonitrile (ACN) and then extracted in 1 mL methanol/water/formic acid (MeOH/H2O/HCOOH, 15/4/1, v/v/v). The samples were shaken for 10 min, sonicated (5 min) and centrifuged (5 min, 22,000× g, 15 °C, Universal R32, Hettich, Haan, Germany). The supernatant was collected and evaporated to dryness under an N2 stream at 45 °C. The residues were dissolved in 1 mL of 3% MeOH in a 1 M aqueous solution of formic acid, sonicated (5 min), centrifuged (5 min, 22,000× g, 15 °C) and purified on cartridges (BondElutPlexa PCX, 30 mg, 1 mL, Agilent Technologies, Santa Clara, CA, USA). The cartridges were activated with 1 mL of methanol and 1 mL of 1 M formic acid. The samples were applied to the cartridges, aspirated slowly and washed with 1 mL of 1 M formic acid. The substances of interest were washed out with 0.5 mL of ACN/MeOH (1/1 v/v), 0.5 mL of 5% NH3aq in ACN/MeOH (1/1 v/v) and 0.5 mL of ACN/MeOH (1/1 v/v) in succession. The collected eluate was evaporated to dryness under nitrogen and dissolved in 70 µL of ACN prior to the UHPLC analyses. Four or five replicates were analyzed using an UHPLC apparatus (Agilent Infinity 1260, Agilent, Germany) that was coupled to a triple quadruple mass spectrometer MS/MS (6410 Triple Quad LC/MS, Agilent, Savage, MD, USA) with electrospray ionization (ESI). The samples were separated on an Ascentis Express RP-Amide analytical column (2.7 μm, 2.1 mm × 150 mm; Supelco, Bellefonte, PA, USA). Further technical details are given in Table 1 and [27,28,29,30]. The following phytohormones and related metabolites were detected: cytokinins: cis-zeatin (cis-ZEA) and cis-zeatin riboside (cis-ZEA-rib); auxins: indole-3-acetic acid (IAA), oxoindole-3-acetic acid (OxIAA), indole-3-acetyl-aspartic acid (IAAsp), indole-3-carboxylic acid (I3CA), indole-3-acetonitril (IAN), indole-3-acetyl-glutamic acid (IAGlu), indole-3-acetamid (IAM); gibberellins: gibberellic acid (GA3), gibberellin A6 (GA6), gibberellin A20 (GA20), gibberellin A19 (GA19), gibberellin A53 (GA53), gibberellin A7 (GA7), gibberellin A4 (GA4), gibberellin A15 (GA15) and gibberellin A9 (GA9); stress hormones: benzoic acid (BA), salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA) and 12-oxo-phytodenoic acid (12-oxo-PDA). The following ratios of hormones were calculated: GA3/ABA, ratio GA3 + GA4 + GA6 + GA7/ABA and ratio IAA + cis-ZEA + GA3 + GA4 + GA6 + GA7/ABA + JA.




2.3.2. HSP Analysis


Measurements of the Protein Concentration in the Leaf Extracts. The samples that were obtained from leaves (1 g) were homogenized in liquid N2 and immediately extracted using a Tricine buffer (100 mM Tricine, 3 mM MgSO4, 1 mM DTT, 3 mM EGTA, pH = 8.0 and a protease inhibitor (Protease Inhibitor Cocktail Tablets, Roche, Germany)). The samples were centrifuged for five minutes at 38,030× g (MIKRO R, Hettich Centrifugen, Tuttingen, Germany). After the centrifugation, the supernatant was collected and the protein concentration in the obtained extracts was measured according to Bradford [31] using a SynergyTM2 Multi-Detection Microplate Reader (BioTek, Winooski, VT, USA). Bovine serum albumin (BSA) (Sigma-Aldrich, Poznań, Poland) was used as the calibration standard. The analysis was performed in three replications.



Analysis of the Accumulation of HSP90 and HSP70 (Cytosolic and Chloroplastic) in the Leaf Samples Using Immunoblotting. The same amount of protein extracts (selected after being optimized in a range of 2.5 µg to 20 µg for HSP70 cytoplasmic; 5 µg to 30 µg for HSP70 chloroplastic and 5 µg to 30 µg for HSP90), which were isolated from tested samples, were loaded and separated on 12% SDS-PAGE (1 mm polyacrylamide gel) according to the procedure of Laemmli [32]. Based on the testing, we decided to use 3 µg of the protein for the HSP70 cytoplasmic, 5 µg for the HSP70 chloroplastic and 10 µg for the HSP90. The samples were diluted with an SDS loading buffer (0.125 mM TRIS pH 6.8, 4% SDS, 20% glycerol, 5% 2-mercaptoetanol, 0.004% bromophenol blue). The molecular weight standard was Thermo Scientific PageRuler Prestained Protein Ladder (Thermo Scientific, Vilnius, Lithuania). After the proteins were separated, they were blotted to nitrocellulose membranes (0.2 µm, Trans-Blot Turbo Transfer Pack, Bio-Rad Laboratories, Inc., Hercules, CA, USA) using a BioRad Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Then, the membranes were blocked with 4% low-fat milk diluted in a Tris-buffered saline/Tween (TSB-T) buffer (containing 0.9% NaCl, 10 mM Tris) overnight. Next, the membranes were washed four times for five minutes with a TBS-T buffer and probed in the appropriate antibodies for 1.5 h (Anti-HSP70 cytoplasmic (AS08 371), 1:3000; Anti-HSP70 chloroplastic (AS08 348), 1:2000; Anti-HSP90-1 (AS08 346), 1:3000 (Agrisera, Vännäs, Sweden)). The membranes were washed four times for five minutes with a TBS-T buffer and then incubated with the appropriate secondary antibody (Alkaline-Phosphate Conjugated Anti-rabbit, for HSP70 cytoplasmic 1:5000; for HSP70 chloroplastic 1:10,000; for HSP90 1:5000 (Sigma-Aldrich, Poznan, Poland)) for 1.5 h. Dilutions of the antibodies were selected based on the previous optimalization process and the protocol of the manufacturer. Three independent repetitions (both biological and technical) were performed. Densitometric analyses were performed to measure the protein content using ImageJ software (NIH, Bethesda, MD, USA). The averages are expressed as arbitrary units (A.U.) correlated with the area under the densitometric curves. Exemplary blots are presented in Figure S2 (Supplementary Materials).





2.4. Statistical Analyses


All of the statistical analyses (ANOVA, post-hoc Duncan’s tests) were conducted using Statistica 13.1 software (StatSoft, Tulsa, OK, USA). For a specific hormone or protein, the non-acclimated, cold-acclimated and deacclimated plants (within each cultivar separately) were compared. The average data are presented as ±SD. Values that are marked with the same letters did not significantly differ according to the Duncan’s test (p < 0.05).





3. Results


3.1. Hormonal Analyses


Twenty-three hormonal compounds were identified in the group of growth-promoting hormones and stress hormones (active forms, precursors, metabolites, conjugates) in all of the tested cultivars.



Five hormones (more characteristic for the plant stress response) and their precursors were identified: abscisic acid, 12-oxo-phytodenoic acid, jasmonic acid, benzoic acid and salicylic acid (Figure 1A–U). The concentration of abscisic acid (ABA) increased (from 485% in cultivar Bojan to 963% in cultivar Rokas) in all of the cold-acclimated plants (compared to the non-acclimated plants) and then decreased once again in the deacclimated plants. However, the ABA level in the DA plants was still significantly higher than in the NA plants (Figure 1A–D). The abscisic acid (ABA) content had the same, statistically significant pattern of changes in all of the tested cultivars.



Changes in the content of 12-oxo-phytodenoic acid (a precursor of jasmonic acid) were also observed. Lower amounts of this phytohormone were detected after cold acclimation of all of the cultivars from 51% to 77% (Figure 1E–H). After deacclimation, the 12-oxo-PDA content once again increased in three cultivars, the exception was Rokas, in which there were no changes between the CA and DA plants (Figure 1H). As for the active form (jasmonic acid), in the CA plants (Bojan, Feliks), its content was visibly higher by an average of 327% (Figure 1I,J). In President, there was a slight tendency of JA to increase, while in Rokas, no changes were observed between the NA and CA plants. Deacclimation reduced content of JA in Bojan and Feliks to the level that was observed in the NA plants. There was an opposite effect for the deacclimated plants of President and especially Rokas, in which an higher content of JA was observed (Figure 1K,L).



A lower amount of benzoic acid was detected in the cold-acclimated Bojan, Feliks and Rokas plants by an average of 11% compared to the non-acclimated plants. In President, the tendency was similar but statistically insignificant. After the deacclimation process, the effects of cold was generally reversed (Figure 1M–P). There were no differences in the level of salicylic acid in the cold-acclimated cultivars of Bojan, Feliks and President (Figure 1R–T). A decrease in the level of salicylic acid in the cold-acclimated plants was detected only in Rokas (Figure 1U). In all of the cultivars, there were no statistically significant differences in the SA level between the CA and DA plants.



The following gibberellins were identified in our studies: GA3, GA4, GA6, GA7, GA9, GA15, GA19, GA20 and GA53. In the presentation of the results, the gibberellins were divided into two groups according to their biosynthetic pathways [33]. GA15, GA9, GA4 and GA7 are presented in Figure 2A–P, while GA53, GA19, GA20, GA3 and GA6 are presented in Figure 3A–U.



In Bojan and President plants, the level of GA15 decreased after cold acclimation (54% and 55%, respectively), but after deacclimation, it increased to a level that was similar to the non-acclimated plants (Figure 2A,C). In the Feliks and Rokas plants, there were no differences in GA15 between the NA and CA plants; however, after deacclimation, the GA15 content had a tendency to decrease (but statistically significantly only in Feliks) (Figure 2B,D). Generally, we did not detect any significant changes in the amounts of GA9 in the tested cultivars between the NA, CA and DA plants (Figure 2F–H); the exception was a slightly, although statistically significant, lower level of this compound in the CA Bojan plants (Figure 2E).



Cold acclimation generally reduced the concentration of GA4 and GA7 (Figure 2I–P); deacclimation more or less reversed this effect in almost all of the studied cultivars, which was particularly visible in the case of GA7 (Bojan, President and Rokas; Figure 2M,O,P).



The tendencies of changes in the concentration of GA53 were similar in the Bojan and President cultivars, which accumulated more GA53 after cold treatment (compared to the NA plants) by approximately 1461 and 534%, respectively (Figure 3A,C). In the Feliks plants, there was no difference in the GA53 level between the NA and CA plants, while in the Rokas plants, GA53 decreased after cold (Figure 3B,D). After deacclimation, the level of this phytohormone was similar to the level that was observed in the cold-acclimated plants in three of the four tested cultivars (Figure 3B–D).



The GA19 rather showed a tendency to accumulate more in cold acclimated plants (than in NA plants); interestingly, deacclimation further strengthened this effect (Figure 3E–H). For example, the DA Rokas plants were characterized by a level of GA19 that was 4.5-fold higher than in the NA plants and 2-fold higher than in the CA plants (Figure 3H). The deacclimated President plants accumulated as much as a four-fold higher content of GA19 compared to the CA plants (Figure 3G).



In the cold-acclimated plants, the level of GA20 was generally similar (Feliks, President, Rokas) or lower (Bojan) than in the non-acclimated plants (Figure 3I–L). The deacclimation increased it only in the case of the President and Rokas plants (Figure 3K,L).



The level of GA3 increased in the cold-acclimated Bojan plants and decreased in deacclimated plants (Figure 3M). In the other cultivars, cold had no effect on GA3 (Figure 3N–P). In the deacclimated plants, the GA3 level was clearly higher only in the Feliks plants compared to both the non-acclimated and cold-acclimated plants by approximately 1.9-fold (Figure 3N). In the case of this cultivar, a similar trend was also observed for GA6 in which the DA plants were characterized by an average 235% higher level of this gibberellin than in the NA and CA plants (Figure 3S). The level of GA6 after cold acclimation was similar to that after deacclimation in Bojan and President plants (Figure 3R,T). In the Rokas plants, cold decreased the content of GA6 while deacclimation increased it once again (the accumulation of GA6 in the non-acclimated and deacclimated plants was at a similar level; Figure 3U).



The following auxins, auxin precursors, metabolites and conjugates were identified in all of the tested cultivars: indole-3-acetamid, indole-3-acetonitril, indole-3-acetic acid, indole-3-acetyl-aspartic acid, oxoindole-3-acetic acid, indole-3-acetyl-glutamic acid and indole-3-carboxylic acid. The auxin precursors (IAM, IAN) and active auxin IAA are presented in Figure 4A–L, while the auxin conjugates (IAAsp, IAGlu), oxIAA and an indole-derivative metabolite-indole-3-carboxylic acid (I3CA) are presented in Figure 5A–P.



Cold acclimation reduced the level of IAM in three of the four tested cultivars, while in one cultivar (President), IAM remained at a similar level as in the non-acclimated plants (Figure 4A–D). During the deacclimation, there was a significant increase in the level of IAM in the Bojan plants—the accumulation of IAM reached the same level as that in the non-acclimated plants (Figure 4A). There was a similar tendency (statistically insignificant) in the Rokas cultivar (Figure 4D). Deacclimation did not change the content of this hormone in the Feliks and President plants (Figure 4B,C).



The content of the second precursor (IAN) decreased after cold acclimation only in the Bojan plants (there were no changes between the NA and CA plants in the other three cultivars) (Figure 4E–H). After the Bojan plants were deacclimated, IAN was higher once again and reached a level that was 190% higher than in the NA plants and 103% higher than in the CA plants. In the Feliks cultivar (Figure 4F), IAN decreased after deacclimation, while in two of the other cultivars, it remained at the same level as after cold acclimation (Figure 4G,H).



The cold-acclimated Bojan plants were characterized by a decreased level of IAA (by approximately 53% compared to the NA plants) (Figure 4I). The hormone level in this cultivar increased again after deacclimation (although it did not reach the same level as in the NA plants). In the Feliks and Rokas plants, cold acclimation lowered the concentration of IAA slightly, and this level was also maintained after deacclimation (Figure 4J,L). There were no statistically significant differences in the accumulation of IAA (similar to IAM and IAN) between NA, CA and DA plants in the President cultivar (Figure 4K).



The leaf accumulation of the auxin conjugates IAAsp, IAGlu and the oxidized form OxIAA had the same pattern of changes in the Bojan plants. Their concentrations decreased after cold and increased again after deacclimation, although not to the level that was characteristic for the NA plants (Figure 5A,E,I). In the three other genotypes, cold also decreased (or did not change) the content of these compounds (Figure 5B–D,F–H,J–L), but the accumulation of IAAsp and IAGlu in the leaves of deacclimated Feliks, President and Rokas plants, in most of the cases, reached the lowest values compared to both the NA and CA plants (Figure 5B–D,J–L). The deacclimation of these three cultivars did not change the level of OxIAA (compared to the CA plants) (Figure 5F–H).



The amount of I3CA decreased significantly (from 41% to as much 94%) in the cold-acclimated plants (with the exception of the Feliks plants; Figure 5N). After deacclimation, the content of this hormone returned to a similar level as was detected in the NA plants (Figure 5M,O,P).



Among the cytokinins, cis-zeatin and cis-zeatin riboside were identified (Figure 6A–H). The leaf accumulation of cis-zeatin decreased in the cold-acclimated plants in all of the tested cultivars (from 75% in the Rokas plants to 81% in the President plants) (Figure 6A–D). Deacclimation increased the concentration of cis-zeatin in three of the four cultivars. The exception was the DA Bojan plants in which the cis-zeatin remained unchanged (compared to the CA plants). As for cis-ZEA-rib, generally, there were no differences between the NA, CA and DA plants in the cultivars (one exception was a slight increase in this compound in the CA Feliks plants) (Figure 6E–H).




3.2. HSP Analyses


The presence of cytoplasmic HSP70, chloroplastic HSP70 and HSP90 was detected in the leaves of the four cultivars of oilseed rape (Figure 7A–L). The accumulation of cytoplasmic HSP70 increased after the cold acclimation of the Bojan, Feliks, and President cultivars (Figure 7A–C). After deacclimation, the amount of this protein returned to a similar level as was observed in the non-acclimated plants of cv. Feliks and President (Figure 7B,C). In the Bojan plants, the amount of HSP70 cytoplasmic was decreased after deacclimation and finally was lower than in the non-acclimated plants (Figure 7A). The exception from this patterns was changes in cytoplasmic HSP70 in the Rokas plants. This cultivar was characterized by a decrease in the level of the HSP70 cytoplasmic protein after cold acclimation, and a further decrease was also observed after deacclimation (Figure 7D).



As for chloroplastic HSP70, in the Bojan plants, there was an increase in the amount of this protein after cold acclimation. After deacclimation, the level of chloroplastic HSP70 remained similar to what was noted after cold acclimation (Figure 7E). In cultivar Feliks, there was a similar tendency to accumulate more HSP70 chloroplastic in the cold-acclimated plants. The deacclimated Feliks plants were characterized by a lower level of this protein than the cold-acclimated plants. This level was also similar to what was detected in the non-acclimated plants (Figure 7F). Both cultivars President and Rokas had a similar tendency to accumulate HSP70 chloroplastic—the smallest amount was detected in the non-acclimated plants, while it was significantly higher in the cold-acclimated plants; the accumulation was the highest in the deacclimated plants (Figure 7G,H).



In the case of the accumulation of HSP90, a similar pattern of changes was noted for the Bojan, Feliks and President plants—cold increased the content of the protein while deacclimation more or less decreased it (Figure 7I–K). In contrast to these three cultivars, the Rokas cultivar accumulated the highest amount of HSP90 in the non-acclimated plants, and this amount was surprisingly lower in the cold-acclimated plants and decreased further in the deacclimated plants (Figure 7L).



The common tendency for all of the tested cultivars was a lower accumulation of HSP90 (so as cytoplasmic HSP70) in the DA plants (compared to the CA plants).





4. Discussion


4.1. The Impact of Deacclimation on Plant Hormone Management


Generally, the profile of the hormones detected in the oilseed rape was in agreement with the data that are available in the literature. The presence of auxins (for example IAN, IAM, IAA, oxIAA, IAAsp, IAGlu) in oilseed rape was reported by [34], gibberellins (for example GA1, GA3, GA19, GA20) by [35] and cytokinins (for example cis-ZEA and cis-ZEA-rib) by [36]. Additionally, stress hormones such as ABA, JA, SA (and its precursor BA) were reported by [37,38,39]. According to our best knowledge, only 12-oxo-PDA and I3CA were not previously detected in oilseed rape plants; thus, we report it for the first time here.



It is well known that the temperature in which a plant grows modifies the content of hormones in plant tissue. Regarding the cold acclimation (hardening), the changes in ABA are well known. This is related to the fact that the role of cold hardening in the case of winter plants is to increase their frost tolerance, and therefore, the increase in the level of ABA is important for the development of frost tolerance [40]. This is also confirmed by studies in which this hormone was used exogenously and an increase in frost tolerance of winter plants was noted [41,42]. In our experiment, in winter oilseed rape, after three weeks of cold acclimation, the ABA content increased unequivocally in all four of the tested cultivars (Bojan, Feliks, President, Rokas). An increase in the ABA content (from 300 to almost 600 pg/mg D.W.) in the cold was also observed in the fifth cultivar of winter oilseed rape—Pantheon, which was tested in another experiment (data not shown). These results were expected and are consistent with previous reports on oilseed rape [40]. The rapid increase in the ABA content in the leaf discs was noted within the first three days of cold acclimation at 2 °C. The ABA level remained high during the next 18 days. According to [37], increased levels of ABA were already observed in oilseed rape during early seedling growth in prehardened plants (plants growing at temperature 12 °C vs. plants growing at 20 °C).



Generally, the cold-induced increase in the ABA content in the plants of the cultivars that were studied here corresponded with a significant increase in the frost tolerance of these plants [3]. It was also observed that the most frost-tolerant cultivar, Rokas, accumulated more than 1200 pg of this hormone per mg of D.W. in the leaves after cold acclimation, while the other tested cultivars accumulated approximately two-fold less. This corresponds somewhat to the results of experiments with the exogenous use of ABA, where it was proven that while the supplementation of ABA increased the frost tolerance, the hormone was more effective in cultivars that had a naturally lower content of ABA [43].



In an earlier work [3], deacclimation (7 days 16/9 °C d/n) caused a significant decrease in frost tolerance of the ten tested cultivars of oilseed rape. Considering the significant relationship between ABA and the level of frost tolerance, a decrease in the level of this hormone as a result of deacclimation could be expected. The results obtained in this paper fully support this assumption. In all of the cultivars (Bojan, Feliks, President, Rokas), as well as in the additionally tested cultivar Pantheon (data not shown), this deacclimation caused a decrease in ABA content, although not to the level that was recorded in the control plants (those without cold hardening). This corresponds to the fact that the frost tolerance of the plants after deacclimation was lower, although it remained higher than that of the control plants [3]. Surprisingly, according to [37],the deacclimation of oilseed rape caused a slight increase in the ABA content in both of the tested cultivars of oilseed rape that were tested by the authors.



Although the role of ABA in the cold hardening and in frost tolerance of plants is the most well-known, other typical stress hormones can also contribute to improving the tolerance to temperature stress. Among them, we also studied jasmonic acid and salicylic acid in our experiment. According to the literature, the exogenous application of jasmonic acid improves the freezing tolerance of A. thaliana L. with or without the cold acclimation process. In contrast, blocking the endogenous JA biosynthesis resulted in plants that were hypersensitive to freezing [14]. Simultaneously, the content of JA increased also in cold-treated wheat [11]. It is in agreement with our studies, where the leaf content of JA generally increased after cold acclimation (although an interesting exception was the most frost tolerant Rokas in which there were no changes in NA vs. CA plants). In addition, in some of the cultivars (Bojan and Feliks, partly also President) the relationship between JA and its precursor (12-oxo-PDA) was particularly clear. A higher precursor content in the control plants or deacclimated plants was usually reflected in a lower JA content. A lower content of the precursor in cold-acclimated plants was associated with a higher JA content.



It is also worth emphasizing that, unlike the other three cultivars, after deacclimation, the plants of the Rokas cultivar were characterized by a several times higher content of JA compared to the level of JA in the other cultivars. Because it is believed that JA is important for improving low temperature tolerance ([14,44] and the literature cited there), it is possible that the high levels of this hormone in this cultivar are among the factors that contribute to maintaining a high frost tolerance despite deacclimation.



In the case of the third hormone, which was salicylic acid, the differences between the NA, CA, and DA plants were not too large. Although the exogenous treatment of plants with salicylic acid may induce cold or frost tolerance, i.e., in wheat (not acclimated and cold acclimated plants [45,46,47]), in our opinion, the significance/importance of SA in the frost tolerance of oilseed rape remains an open question.



Because plant growth is limited during the cold acclimation period, a reduction in the level of the growth-stimulating hormones such as gibberellins, auxins and cytokinins can be expected. In the plants of the same family as oilseed rape-Arabidopsis, GSF (Gibberellin Suppressing Factor) participates in the response to abiotic stresses such as cold by suppressing the biosynthesis of gibberellins [48]. An increased deactivation of gibberellins (in response to a short period of cold) was reported in winter wheat [11]. According to [37], during the cold acclimation of oilseed rape seedlings (cultivar Górczański), the level of GA3 decreased slightly. On the other hand, exogenous GA3 disturbed cold acclimation, thus, increasing the susceptibility of the photosynthetic apparatus to cold-induced photoinactivation [12]. In our studies, the dominating, active gibberellin GA3 did not change during cold acclimation (or in one cultivar—Bojan—even increased). On the other hand, a cold-induced decrease was observed for the other active gibberellins, mainly for GA7 and GA4 (usually accompanied by decrease in the precursor GA15). In two of the four tested cultivars, the content of GA6 also decreased. Those differences in the contents/changes of specific gibberellins between the cultivars indicates that the effect of temperature on gibberellin biosynthesis in oilseed rape may be (at least partly) cultivar-dependent. This could justify some of the differences between our results and the results in oilseed rape that were obtained by [37]. It is worth mentioning here that the level of gibberellins may dynamically change during the cooling time, which should be taken into account when performing only single/point analyses. For example, in winter wheat, the concentration of GA3 and GA6 (gibberellins from the group that is synthetized in the pathway via GA53 [33]) began to increase significantly on the 9th day of cold up to the 15th day of cold [49]. On the other hand, GA4 and GA7 (gibberellins from group synthetized in pathway via GA15) had only one peak on the 12th day of cold and then their content decreased once again. In barley, there was a tendency to accumulate fewer GA3 and GA4 in the cold acclimated plants, while the amount of GA6 tended to increase [50].



In oilseed rape, however, the gibberellin levels can already begin to increase at the end of the cold period, especially when long (i.e., ten weeks) cooling periods are used [51]. This is connected with the fact that in oilseed rape, gibberellins are engaged in development and in this aspect, cold exposure is crucial to the vernalization process. Winter cultivars require cold for the induction of stem elongation and flowering, and according to [51], vernalization influences GA content and metabolism with GAs serving as probable regulatory intermediaries between the cold treatment and subsequent stem growth. The authors observed a further increase in the level of gibberellins (especially GA20, GA1 and GA3) eight days after the plants were moved from cold to 23 °C. In the experiment performed by [37] and in our experiment, the cold period was much shorter (three to four weeks) and there was an increase in the level of gibberellins in the plants, but during the period of deacclimation. It should be emphasized that in the oilseed rape that we studied, the increase in the level of gibberellins as a result of deacclimation was varied (i.e., depending on the cultivar) but it concerned especially GA19 (four cultivars), GA7 and GA4 (three cultivars), GA20 and GA6 (two cultivars), GA3 and GA15 (one cultivar). However, unlike the experiment of [51] in which the importance of gibberellins in the context of development was examined, in our experiment, the increase in the level of gibberellins as a result of deacclimation should be interpreted as being unfavorable. Deacclimation in winter could mean a resumption of growth and could be associated with a decrease in the frost tolerance of a plant. It is worth mentioning here that exogenous gibberellins accelerate development ([52] and the literature cited there) and especially at higher concentrations, GAs can decrease the tolerance to low temperature [53,54].



Cytokinins are also engaged in the transition of winter oilseed rape to the generative phase due to vernalization [52]. In our experiment, cold decreased the cis-ZEA levels in oilseed rape (in all four cultivars), while deacclimation caused a statistically significant increase in the level of this hormone in two cultivars; in the third cultivar, a similar trend was observed, but it was not statistically significant. These trends are consistent with those that were observed in previous studies on barley, where it was also shown that cis-ZEA decreased after three weeks of cold, while after deacclimation, the level of cytokinins increased again [16]. A decrease in cis-ZEA was also observed in winter wheat after 2 weeks of cold [49]. However, for oilseed rape [36], reported that in the 21st day of cold, the concentration of cis-ZEA started to increase slightly, while maximal value was reached on the 42nd day of cold. Thus, as in the case of gibberellins, shorter periods of cooling may be associated with a lower level of cytokinins, but after a longer period of cooling, the accumulation of cytokinins can increase due to the progress of the processes of the induction of generative development. However, when it comes to deacclimation (as in the case of gibberellins), a sudden increase in the level of cytokinins as a result of this process, which may occur, e.g., in the middle of the winter, should, in our opinion, be interpreted as unfavorable as it could indicate the resumption of growth related to the lowering of frost-tolerance.



As for the hormones from the third group of growth-promoting substances—auxins, in our studies, the amount of IAA (the main active auxin) generally had a tendency to decrease in the cold acclimated plants, which is in agreement with earlier findings for wheat or barley [11,16,49]. However, the deacclimated plants of barley were characterized by an increased level of hormones such as IAA or IAA methyl ester [16]. In our work, a similar phenomenon was observed for only one of the four tested cultivars—Bojan. In this cultivar, deacclimation very clearly reversed the effect of cold by not only increasing the concentrations of IAA, but it was simultaneously connected to an increase in the production of the precursors in IAA biosynthesis (IAM and IAN). The significant increase was also recorded for IAAsp and oxIAA (and a tendency in IAGlu). OxIAA is characterized by a weak biological activity and is usually irreversibly formed in response to increases in the auxin levels [55]. Both conjugates IAAsp and IAGlu are also a form of deactivation of IAA, and their level usually increases with an increase in the IAA content [56]. The results suggest that generally the entire metabolism of auxins from biosynthesis to conjugation/deactivation in this cultivar was enhanced. In contrast to Bojan, there was a different picture for auxin metabolism in the CA and DA plants for Feliks, President and Rokas. The IAA content generally dropped slightly in these cultivars after cold and this level was maintained after deacclimation. The lower content of the main active auxin was accompanied by a relatively low content of the precursors (mainly IAM in Feliks and Rokas) as well as IAAsp or oxIAA, which reflects a less intense metabolism of auxins than in Bojan, especially after deacclimation.



In the end of this part of the discussion, it is worth emphasizing that the work of [15] provided important genetic support for our studies that were devoted to changes in the content of gibberellins and auxins in the deacclimated plants. According to the authors, during the deacclimation of A. thaliana (a plant from the same family as oilseed rape), there was an overexpression of the genes associated with the metabolism of auxins and gibberellins (but also brassinosteroids, jasmonate and ethylene).



The data regarding the accumulation of I3CA in the aspect of cold acclimation and deacclimation must be taken into account for these very interesting and novel results. I3CA (indole-3-carboxylic acid) is an indolic compound that is mainly recognized as a player in plant pathogen resistance [57,58]. In our studies, its content decreased in cold (in three of the four tested cultivars), while in all four of the tested cultivars, it significantly increased after deacclimation. A simpler, although still theoretical, explanation is that this is connected to the susceptibility of plants to some pathogen infection. Plants growing in higher temperatures (deacclimated and also non-acclimated) are more susceptible to a pathogen infection [59], thus, the involvement of the I3CA accumulation as protective agent is higher (than in cold). There might also be another explanation based on the fact that I3CA is one of the factors that regulate the callose accumulation [58]. Callose is a plant polysaccharide that was mainly studied in the context of plant defense reactions, although it is also engaged in the process of growth and development [60]. During the process of cell division, the cell plate determines the correct composition of the cell wall layer—callose forms a coat-like structure that covers the surface of the cell plates [60]. Limited growth (and cell division) processes in cold might be connected to a lower requirement for callose (thus I3CA as callose synthesis regulator may be lower). After the deacclimation processes, the resumption of plant growth is linked to the higher activity of the growth regulation factors, perhaps also including a higher callose synthesis that is regulated, among others, by I3CA. The temperature-dependent changes in I3CA are a reason for further studies of this matter and the verification presented hypothesis.



To conclude this part of the discussion, a few words need to be devoted to the relationship between ABA and GA, which are hormones with an antagonistic activity [61]. To visualize general changes in the hormonal balance between the active forms of the growth-promoting and stress hormones in non-acclimated, cold-acclimated and deacclimated oilseed rape, the following ratios were calculated: GA3/ABA, ratio GA3 + GA4 + GA6 + GA7/ABA and ratio IAA + cis-ZEA+ GA3 + GA4 + GA6 + GA7/ABA + JA (Figure 8A–F).



As for the ratio of gibberellins to ABA, the model of changes that is presented in Figure 8A–D shows that the value of the ratio decreased in cold but increased again after deacclimation, although (especially in winter cultivars) it did not reach the level that was recorded for the control plants (before acclimation). In the case of the spring cultivar—Feliks (Figure 8B,D), the effect of deacclimation was more pronounced than in the case of the winter cultivars (Figure 8A,C), which (as expected) could indicate a lower tolerance to the deacclimation of the spring cultivar. This lower tolerance to the deacclimation in a spring cultivar is even better expressed in the relationship between all of the studied active forms of the growth-promoting hormones (IAA + cis-ZEA+ GA3 + GA4 + GA6 + GA7) and stress hormones (ABA + JA) (Figure 8E,F).



Generally, the ratio of gibberellins to ABA corresponded well to the earlier results concerning cold acclimation- and deacclimation-induced changes in frost tolerance [3]. After cold acclimation, the plants were characterized by a higher tolerance, while after a period of deacclimation, the frost tolerance decreased, although not to the level that was recorded in the control plants (basal tolerance). The control plants after frost (−5 °C) had one point on a seven-point scale of injuries. The cold acclimated plants were able to survive −15 °C (three to four points on the scale of injuries), while the deacclimated plants were already severely injured by a temperature of −12 °C (one to two points on the scale of injuries).




4.2. The Impact of Deacclimation on Heat Shock Protein Accumulation


As was mentioned in the Introduction, the heat shock proteins play an important role as chaperones and assist other proteins in folding, maintaining and stabilizing [22]. Moreover, HSP90 is an important player that mediates the stress signal transduction [62]. A similar function was also proposed for HSP70 [63]. As for chloroplastic HSP70, this protein contributes to the photoprotection and repair of photosystem II [24]. HSPs are accumulated in higher amounts (by various plants including oilseed rape), particularly during the heat stress [17,26,64], but various classes of HSPs have often also been found elevated in cold treated plants of grapevine [18], winter wheat [65] or barley [19]. That is why the elevated accumulation of HSPs in cold-acclimated oilseed rape, which was observed in our experiment, was an expected phenomenon. On the other hand, in our studies, deacclimation most often resulted in a lower accumulation of HSPs. A higher level of hsp90 mRNA under low temperature was previously described in oilseed rape, after which the accumulation of hsp90 mRNA decreased once again to the level of the control when the cold-treated plants were transferred back to 20 °C [26]. In some way, exposing plants to 20 °C here could reflect deacclimation conditions. Moreover, in Rhododendron anthopogon D.Don (an evergreen shrub), the expression of, among others, stromal HSP70 was up-regulated during the cold-acclimation phases and down-regulated during the transition to the deacclimation phase [66]. Although a decrease (or increase) in gene expression does not always have to correlate with a decrease (or increase) in protein accumulation, in our oilseed rape, the directions of the changes in protein accumulation (an increase after cold acclimation and then a decrease after deacclimation) were generally consistent with the directions of the changes in the HSP gene expression that were previously found in genetic studies on oilseed rape [26] and even in another family plant—R. anthopogon [66].



It is worth noting that changes in level of the protective HSP proteins (an increase in the CA plants and usually a decrease in the DA plants) were accompanied by changes in their frost tolerance (at least for three cultivars). As we previously described, deacclimation significantly lowered the cold-induced frost tolerance of the tested cultivars [3]. The exception, however, was a different pattern of changes in the HSP accumulation that was recorded in the most frost tolerant cultivar—Rokas. This cultivar was generally characterized by high basal level of HSP90 (measured in non-acclimated plants) and cytoplasmic HSP70, but accumulation of these HSPs in the CA plants was surprisingly decreased. While deacclimation caused a further decrease in the level of these proteins, the deacclimated Rokas plants maintained the highest frost tolerance compared to the other cultivars [3]. This is difficult to explain, and we can only offer a theory that it had something to do with the complex dependency of HSP with many other factors, such as hormones, various signaling proteins, transcription factors, etc. [62]. We also have to remember that in our experiment, we only tracked the final accumulation of HSP and we did not know anything about the intensity of the complex processes of the synthesis or degradation of the proteins or the balance between them [67].



In the light of all the results presented in this work, it is worth making a brief comment about a potential link between the HSPs, hormone ABA and cytokinins. According to the review of [68], HSP90 may play a role in the signal transduction of ABA and this presumption was made, among others, because of the evidence that a genetic or pharmacological interference with HSP90 could result in disturbances of the ABA-induced stomata closure [69]. HSP90 clients and their potential involvement in the signaling pathways of cytokinins (such as PAS1) were also described [68]). On the other hand, an exogenous ABA treatment of A. thaliana and Festuca arundinacea Schreb. resulted in a higher level of the expression of various HSPs, together with an improved tolerance to heat stress [70]. The picture from our studies is somewhat similar to the results of [70]. In our work, an increase in the ABA content (not by exogenous treatment but as a natural effect of a low temperature) was usually accompanied by an increase in the HSPs, which was in agreement with an increase in the cold-induced frost tolerance (as was previously described for the tested cultivars [3]). Deacclimation significantly reversed these effects. Against this background, it can be seen that the level of cytokinins decreased in cold and usually increased again after deacclimation, thus, in contrast to the changes in ABA and HSPs. It is commonly known that ABA and cytokinins have antagonistic effects on many physiological processes, however, the dependency of cytokinin level on the HSP expression is more interesting. For example, as was reported by [71], transgenic A. thaliana overexpressing ZmsHSP was characterized by a lower level of cytokinins (although it was more sensitive to cytokinins). However, on the other hand, according to [67,72], cytokinins up-regulated most of the HSP70s and stimulated protein accumulation. Simultaneously, ABA (and jasmonates) have a negative effect on the HSP70 expression/HSP70 protein accumulation, which only shows that the relationship/interaction between these groups of players (ABA, cytokinin, HSP) is a result of a complex crosstalk on multiple levels that certainly (in the aspect of cold acclimation and deacclimation) requires further studies, probably using plant mutants or inhibitors as well as genetic research. To summarize, a model of the changes in the frost tolerance of cold acclimated and deacclimated oilseed rape against the background of the changes in the concentrations of ABA, cis-ZEA, HSP70 cytoplasmic, HSP70 chloroplastic and HSP90 is visualized in Figure 9.





5. Conclusions


In conclusion, in the winter oilseed rape, deacclimation-induced changes in the hormonal balance in the direction of the increased participation of hormones accompanied by a stimulation in plant growth and development (cytokinin, GAs (cultivar-dependent)) while there was a decrease in the concentration of the stress hormone (ABA (cultivar independent)). This is probably one of the factors that is responsible for the growth resumption of deacclimated plants and the lowering of their frost tolerance. The measurements of ABA or the ratio of gibberellins/ABA can be a tool for monitoring the process of deacclimation (and potential changes in frost tolerance) in oilseed rape. In most cases, deacclimation reversed the effect of cold acclimation on the protective heat shock proteins, which could also be responsible for lowering plant frost tolerance. An interrelation between HSP and hormones such as ABA or cytokinins in cold-acclimated and deacclimated plants seems to be an interesting matter for more detailed studies. Similarly, finding an explanation for the reason for changes in the concentration of indolic compound I3CA, which is lower in cold but higher after deacclimation, requires further research. I3CA is an indolic compound that, to date, has mainly been linked with the reaction of plants to pathogens.
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Figure 1. Content of the stress hormones: abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA) and selected precursors (12-oxo-phytodenoic acid (12-oxo-PDA) is a precursor of JA; benzoic acid (BA) is a precursor of SA) in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. (A–D)—ABA; (E–H)—12-oxo-PDA; (I–L)—JA; (M–P)—BA; (R–U)—SA. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 2. Content of the gibberellins GA15, GA9, GA4 and GA7 in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. The gibberellins are presented in order based on the biosynthetic pathway from the precursor GA15 via GA9 to their active forms GA4 and GA7 (according to [33]). (A–D)—GA15; (E–H)—GA9; (I–L)—GA4; (M–P)—GA7. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 3. Content of the gibberellins GA53, GA19, GA20, GA3 and GA6 in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. The gibberellins are presented in order based on the biosynthetic pathway from precursor GA53 via GA19 and GA20 to their active forms GA3 and GA6 (according to [33]). (A–D)—GA53; (E–H)—GA19; (I–L)—GA20; (M–P)—GA3 and (R–U)—GA6. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 4. Content of the auxin precursors (indole-3-acetamid (IAM), indole-3-acetonitril (IAN)) and active auxin indole-3-acetic acid (IAA) in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. (A–D)—IAM; (E–H)—IAN; (I–L)—IAA. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 5. Content of the auxin conjugates (indole-3-acetyl-aspartic acid (IAAsp) and indole-3-acetyl-glutamic acid (IAGlu)), the oxidized auxin form (OxIAA) and the indole-derivative metabolite: indole-3-carboxylic acid (I3CA) in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. (A–D)—IAAsp; (E–H)—OxIAA; (I–L)—IAGlu. (M–P)—I3CA. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 6. Content of the cytokinins–cis-zeatin (cis-ZEA) and cis-zeatin-riboside (cis-ZEA-rib) in four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. (A–D)—cis-ZEA; (E–H)—cis-ZEA-rib. Values marked with the same letters (within each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 7. Changes in the accumulation of the HSP proteins in the leaves of four cultivars of the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) oilseed rape. (A–D)—changes in the accumulation of cytoplasmic HSP70; 3 µg of the protein was loaded onto the gel. (E–H)—changes in the accumulation of chloroplastic HSP70; 5 µg of the protein was loaded onto the gel. (I–L)—changes in the accumulation of HSP90; 10 µg of the protein was loaded onto the gel. Values marked with the same letters (for each cultivar separately) were not significantly different according to the Duncan test (p ≤ 0.05). 
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Figure 8. Visualization of the changes in the hormonal balance between the active forms of the growth promoting and stress hormones in the non-acclimated (NA), cold-acclimated (CA) and deacclimated (DA) plants of winter and spring cultivars of oilseed rape. Model is based on calculations of ratio GA3/ABA (A,B), ratio GA3 + GA4 + GA6 + GA7/ABA (C,D) and ratio IAA + cis-ZEA + GA3 + GA4 + GA6 + GA7/ABA + JA (E,F). 
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Figure 9. Directions of the changes in the frost tolerance of cold acclimated and deacclimated oilseed rape plants against the background of changes in the concentrations of ABA, cytokinin cis-ZEA, HSP70 cytoplasmic (cyt.), HSP70 chloroplastic (chl.) and HSP90. The visualization is based on the data from [3] (frost tolerance) and on Figure 1A–D, Figure 6A–D and Figure 7A–L. Blue—increase, red—decrease, grey—no changes. 
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Table 1. The optimized mass spectrometry parameters that were used to quantify the phytohormones. The following conditions were optimal for the analyses: capillary voltage 4 kV, gas temperature 350 °C, gas flow 12 L/min and a nebulizer pressure of 35 psi. The measurements were performed using multiple reaction monitoring (MRM) in a positive polarity. MassHunter software was used to control the LC-MS/MS system and data analysis. For the MRM parameters, a MassHunter Optimizer was used. The quantities of the internal standards (ISTD) are given in parenthesis. DHZ-N15 and t-Z-R-D5–internal standards for the cytokinins; GA1-D2 and GA5-D2–internal standard for gibberellins; for the other abbreviations, see Material and Methods Section 2.3.1.
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	Compound
	
	Type of Ion
	Quantifier Transition

(Precursor/Product Ions)
	Fragmentor Voltage (V)
	Collision Energy (V)
	MRM Start Time (min.)





	DHZ-N15
	ISTD

(10 pmol)
	[M + H]+
	226.2/152
	124
	18
	1.5



	cis-ZEA
	
	[M + H]+
	220.2/136.3
	85
	9
	



	oxIAA
	
	[M + H]+
	192.2/146.1
	54
	9
	4.0



	IAM
	
	[M + H]+
	175.1/130
	66
	17
	



	t-Z-R-D5
	ISTD

(10 pmol)
	[M + H]+
	357.3/225.2
	116
	17
	5.12



	cis-ZEA-rib
	
	[M + H]+
	352.2/220.3
	120
	9
	



	IAAsp
	
	[M + H]+
	291.2/130.1
	54
	25
	6.4



	BA-D4
	ISTD

(500 pmol)
	[M + H]+
	128.1/84.1
	61
	13
	



	BA
	
	[M + H]+
	123.1/79.1
	56
	13
	



	IAGlu
	
	[M + H]+
	305.2/130.1
	58
	29
	



	GA3
	
	[M-H2O + H]+
	329.3/311.3
	100
	14
	8.15



	GA1-D2
	ISTD

(10 pmol)
	[M-H2O + H]+
	333.3/287.2
	58
	9
	



	I3CA
	
	[M + H]+
	162.2/118.1
	58
	9
	



	IAA-D5
	ISTD

(100 pmol)
	[M + H]+
	181.1/135.1
	38
	14
	



	IAA
	
	[M + H]+
	176.1/130.3
	51
	9
	



	SA-D4
	ISTD

(500 pmol)
	[M + H]+
	143.2/125.2
	80
	14
	



	SA
	
	[M + H]+
	139.2/121.2
	80
	14
	



	GA6-D2
	ISTD

(10 pmol)
	[M-H2O + H]+
	331.3/115.1
	96
	5
	10.4



	GA6
	
	[M-H2O + H]+
	329.3/283.3
	104
	14
	



	IAN-D4
	ISTD (100 pmol)
	[M + H]+
	161.1/134.1
	66
	13
	12.0



	IAN
	
	[M + H]+
	157.1/130.1
	71
	13
	



	ABA-D6
	ISTD

(30 pmol)
	[M-H2O + H]+
	253.4/191.3
	80
	14
	14.6



	ABA
	
	[M-H2O + H]+
	247.4/187.2
	80
	14
	



	GA5-D2
	ISTD

(10 pmol)
	[M-H2O + H]+
	287.3/115.0
	96
	5
	15.45



	GA20
	
	[M-H2O + H]+
	287.3/115.0
	96
	5
	



	GA19
	
	
	345.2/299.1
	80
	9
	16.8



	JA-D5
	ISTD

(100 pmol)
	[M + H]+
	216.3/153.2
	80
	5
	19.5



	JA
	
	[M + H]+
	211.3/151.2
	80
	14
	



	GA7
	
	[M-H2O + H]+
	313.2/223.1
	104
	14
	18.5



	GA4-D2
	ISTD

(10 pmol)
	[M-H2O + H]+
	317.3/271.2
	88
	9
	



	GA4
	
	[M-H2O + H]+
	315.3/269.3
	100
	14
	



	GA53
	
	
	303.2/285.1
	100
	9
	



	GA9
	
	[M-H2O + H]+
	271.3/225.2
	136
	13
	22.25



	GA15
	
	
	331.2/285.1
	115
	9
	



	dinor-12-oxo-OPDA-D5
	ISTD

(10 pmol)
	[M + H]+
	270.3/252.2
	84
	5
	



	12-oxo-PDA
	
	[M + H]+
	293.3/275.2
	68
	9
	24.54
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