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Abstract

:

In order to mitigate the detrimental impact that climate change is having on plants, the study of new practices that allow for the reduction of such effects has become imperative. In addition, the revaluation of the promotion of healthy plant by-products has also markedly increased in importance in recent years. In this work, the modifications in biomass and some antioxidant compounds of cauliflower by-products treated with putrescine under extreme temperatures in two different CO2 scenarios (the control (400 ppm) and a high concentration of CO2 (1000 ppm)) were studied. Additionally, the compositions of inner and outer leaves were also compared. According to results found in this work, cauliflower grown under elevated CO2 and treated with putrescine (2.5 mM) prior to heat stress showed the highest biomass accumulation (20%) compared to the control. Moreover, in the outer leaves from cauliflower grown under elevated CO2 and treated with putrescine prior to high temperature exposure, the highest biosynthesis of sugars (20%) was recorded. Although cauliflower by-products turned out to be rich in polyamines (208.6 nmoles g−1 fresh weight (FW) and 124.3 nmoles g−1 FW for outer and inner leaves, respectively) and phenolic compounds (1070.2 mg gallic acid equivalents ( (GAE) 100 g−1 FW in outer leaves and 772.0 mg GAE 100 g−1 FW in inner leaves), it was the outer leaves that after applying the new strategy showed the greatest increase in polyamines (68%) and phenolic compounds (39%), obtaining here the highest increase in antioxidant activity (3%). Thus, they should no longer be regarded as mere by-products and should be used for pharmaceutical or nutraceutical purposes. The novel strategy presented in this work may allow us to take advantage of both the continued increase in CO2 and heat waves that are becoming more frequent.
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1. Introduction


Climate change is an irreversible threat that will have a considerable negative effect on agriculture, compromising the food safety of the general population [1]. Over the last few years, there has been growing concern about the effects of climate change on crop production [2].



To our knowledge, there is limited information about the effect of extreme heat and high CO2 level stress combinations on plants [3,4]. Heat stress can alter the normal growth and development of plants [5]. Some authors have reported that a high level of CO2, in addition to stimulating biomass production, also has a dampening effect on the negative effects of abiotic stress on plants, such as ozone, heat, drought, nutrient imbalance, and ion toxicity [3,6,7].



Cauliflower is a frequently consumed vegetable that belongs to the Brassica species [8]. In fact, cauliflower is considered as one of the most important Brassicas due to its healthy properties. These health benefits are due to the fact that this vegetable contains a substantial amount of dietary fiber, and a substantial number of vitamins; minerals; and bioactive compounds, such as glucosinolates, isothiocyanates, and polyamines [9,10]. These health-promoting compounds have been found to be effective in protecting against many chronic human diseases, including several kinds of cancer [8].



Polyamines (PAs), including putrescine (Put), spermidine (Spd), spermine (Spm), and cadaverine (Cad), are a group of essential growth regulators in plants. They have been used to improve the tolerance of plants under different conditions of abiotic stress. Specifically, the exogenous application of spermidine to cauliflower was shown to confer some protection to cauliflower against heat stresses. Collado-González et al. [9] found that plants treated with 4 mM Spd prior to being subjected to heat stress showed an increase in their content of anions (203%), total phenolic compounds (23%), antioxidant activity (27%), total sugars (43%), and PAs (344%).



As mentioned, PAs are also important for living a healthy life. They play an important role in protecting adults from age-associated metabolic disorders and can help to improve their fertility functions [11].



On the other hand, in order to help mitigate climate change, an awareness of the need to obtain more sustainable crops has also been observed in recent years [12]. Brassica oleracea crops such as cauliflower and broccoli are widely grown worldwide, with the Region of Murcia being the largest producer of these crucifers in Europe. The consumption of these crucifers has greatly increased in recent years due to their nutritional, nutraceutical, and anticancer properties [13]. However, it is important to be aware that a large number of these plants are directly classified as residues, and more than 50% of this by-product is leaf [14]. The wasting of this material has a negative impact on the environment [15].



Therefore, the main goal of this work was to explore the effect of high temperature and elevated CO2 on the content of bioactive compounds such as PAs, total phenols, antioxidant activity, and sugars in the cauliflower cv “Moonshine” by-products. All of these parameters are of paramount importance for human health. The main objectives of this work were: (i) to explore the possible synergistic effect between heat stress and elevated CO2 in order to propose a new sustainable strategy for cauliflower cv Moonshine. and (ii) to compare the nutritional quality found in the external and internal leaves. The results of this study may provide new insights into the potential revaluation of cauliflower by-products.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


Cauliflower plants (Brassica oleracea var. botrytis L.), cv. Moonshine, were obtained from a commercial nursery (Enza Zaden España S.L., Almería, Spain) 30 days after germination, and seedlings of a similar size were selected. Plants were grown in 5 L black containers filled with coconut coir fiber (Pelemix, Alhama de Murcia, Murcia, Spain). For this experiment, eight treatments were studied, using five plants per treatment (forty plants in total). All these plants were irrigated with a modified Hoagland’ solution (mM): NO3−: 12.0; H2PO4−: 1.0; SO42−: 3.5; K+: 7.0; Ca2+: 4.5; Mg2+: 2.0. The experiment was performed in a climate-controlled chamber designed by our department specifically for plant research [16]. This chamber allowed us to have complete control of all environmental conditions. The following parameters were used: 60% relative humidity, photosynthetically active radiation (PAR) of 250 µmol m–2 s–1 provided by a combination of fluorescent lamps (TL-D Master reflex 830 and 840, Koninklijke Philips Electronics N.V., the Netherlands) and high-pressure sodium lamps (Son-T Agro, Philips, Cambridge, MA, USA), and 16/8 h day/night with temperatures of 28/16 °C at first and then 43/30 °C during the short-term heat stress event. This experiment was performed at two temperatures CO2: 400 ppm CO2 and 1000 ppm CO2. The CO2 content inside the chamber was regulated by the injection of external compressed air or CO2, controlled by a Dräger Polytron IR CO2 detector. All plants of the study were drip-irrigated by self-compensating drippers (2 L h−1), always maintaining a drainage of 35%. After 86 days, half of the plants, which were randomly selected, received a foliar spraying with a solution containing 2.5 mM putrescine plus 0.01% Tween-20 as a surfactant. Each plant was fully sprayed with 20 mL of the putrescine solution by using a hand sprayer. The putrescine treatment was allowed to act for 4 days, and then half of the sprayed plants and half of control plants were collected. Those plants remaining in the climatic chamber were then exposed during 3 days to heat stress at 43/30 °C day/night. After that period, those plants were also collected.



Thus, this experiment concluded after 93 days after transplantation in the chamber.




2.2. Chemicals and Reagents


The following standards were acquired from Sigma-Aldrich (Steinheim, Germany): glucose, sucrose, fructose, inositol, spermidine, spermine, cadaverine, putrescine, 1,6-hexaendiamine gallic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS•+), and benzoyl chloride. Sodium hydroxide was purchased from Fluka (Buchs, Switzerland), and LC-MS grade organic solvents (Methanol, acetonitrile), together with sodium carbonate, Folin-Ciocalteu reagent, and ethyl ether, were purchased from Panreac Química (Barcelona, Spain). SPE cartridges (C18 Sep-Pak cartridges) were obtained from Waters Associates (Milford, MA, USA), and, lastly, ultrapure water was produced by a Millipore water purification system.




2.3. Growth Parameters Analysis


Both the height of the cauliflower plants and the fresh weight of the leaves were determined on the final day of this experiment (the harvest day), and prior to their storage at −80 °C until analysis. The measurement of the height of the cauliflower was carried out using a meter. To measure the height, the longest leaf of the plant was taken into account. In order to safely and reliably determine the weight of the cauliflower leaves, each intact plant was placed in a collection tray and had its roots removed. After weighing the entire aerial part of the plant, the leaves of the inner and outer layers of the cauliflower were separated and weighed again. This leaf classification was performed according to a previous procedure of cauliflower leaf separation (Figure 1) [17].




2.4. Total Soluble Sugars Content Analysis


For their extraction and analysis, the methodology previously described by Balibrea et al. [18], with some modifications, was followed. In brief, 50 mg of inner and outer leaves was lyophilized and finely ground in a Moulinex grinder (AR110830); incubated twice with 1.5 mL of extraction buffer (MeOH/water (80:20, v/v) at 4 °C, for 30 min each time; and centrifuged for 15 min at 3500× g, at 4 °C. Then, each sample supernatant was filtered through an activated C18 Sep-Pak cartridge (Waters Associates, Milford, MA, USA) that had been previously activated. The activation of that cartridge was carried out by washing with 20 mL of methanol/water (80%/20%, v/v). Both filtrates were combined and filtered through a 0.45-μm filter (Millipore, Beford, MA, USA). The ion chromatography with an 817 Bioscan (Metrohm, Herisau, Switzerland) system equipped with a pulsed amperometric detector (PAD) and a gold electrode, using a METROHM Metrosep Carb 1–150 IC column (4.6 × 250 mm), which was heated to 32 °C, was used to identify and quantify the sugars present in these samples.




2.5. Determination of Free radical Scavenging Ability by the Use of ABTS•+ Radical Cation Assay and Assessment of the Total Phenolic Content (TPC)


The free radical scavenging activity of the freeze-dried outer and inner cauliflower leaf samples was determined by the ABTS radical cation (ABTS•+) assay, as previously described by Cano-Lamadrid et al. [19], with some modifications. In brief, samples (0.5 g) were sonicated with 10 mL of buffer (MeOH/water (80:20, v/v) + 1% HCl at room temperature) for 15 min and stored for 24 h at 4 °C. On the next day, the mixture was sonicated again under the aforementioned conditions and centrifuged at 10,000 rpm for 10 min at 10,000× g. Afterwards, 10 μL of each supernatant was mixed with 990 μL of the free radical solution, shaken, and placed in darkness for 10 min. The sample absorbance was read at 734 nm for the ABTS+* method. The results were expressed as µmol Trolox g−1 dry weight (DW).



The total polyphenol content (TPC) was analyzed using the Folin-Ciocâlteu colorimetric method following the procedure described by Kähkönen et al. [20], with slight modifications. 0.5 g of fresh outer and inner cauliflower leaf samples was homogenized with 5 mL of 80% acetone at room temperature and centrifuged at 10,000× g, at 4 °C for 10 min. Then, the 100 µL sample supernatant was mixed with 1 mL of the Folin–Ciocalteu reagent diluted with Milli-Q water (1:10), and 2 mL of Milli-Q water. Then, this mixture was stored at room temperature for 3 min and 2 mL of 20% sodium carbonate was added, shaken vigorously, and incubated for 1 h at room temperature in the dark. Then, sample absorbance was measured at 765 nm. The results were expressed as gallic acid equivalents (GAE), mg GAE 100 g−1 FW by using the standard curve prepared from authentic gallic acid. Both measurements (antioxidant activity and total phenolic content) were carried out in an ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu CPS-240 model, Kyoto, Japan).




2.6. Determination and Quantification of Polyamines by UPLC-UV


The extraction of PAs from fresh samples was performed following the procedure described by Rodríguez et al. [21]. Briefly, the inner and outer leaves (5 g) were homogenized with 1.2 mL of solvent extractant (0.5% cold HClO4 (v/v)) for 1 min, and the mixture was centrifuged (Eppendorf centrifuge 5804R, Hamburg, Germany) at 12,000× g for 8 min, at 4 °C. Later, an aliquot of supernatant (500 µL) was derivatized with benzoyl chloride [9]; afterwards, this emulsion was mixed with 4 mL of saturated NaCl solution to stop the reaction and the final extraction of PAs, and, subsequently, 4 mL of cold diethyl ether was added to the mixture. This mixture was stored at −20 °C until all PAs were extracted to the organic phase. An aliquot (1.5 mL) of this organic phase was evaporated using a SpeedVac concentrator (Savant SPD121P, Thermo Scientific, Waltham, MA, USA). The residue of each sample was re-dissolved in 500 µL of the mobile phase (water/acetonitrile, 58/42%, v/v). Four PAs were analyzed by reverse phase chromatography using an ACQUITY UPLC system (Waters, Milford, MA, USA) coupled with a UV detector, as reported by Collado-Gonzalez et al. [9]. The chromatographic separation was carried out on a ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 µm) (Waters Corp., Wexford, Ireland), the temperature of which was 40 °C. The solvent used as the mobile phase was a mixture of water and acetonitrile (58/42%, v/v). The injection volume was 10 μL, and the elution was performed at a flow rate of 0.55 mL min–1. Data acquisition and processing were performed using the Empower 2 (Waters) software, and polyamine peaks were detected at 254 nm. Five replicates per treatment were measured.




2.7. Statistical Analysis


The design of the experiments was completely randomized with five replications. The data were analyzed using SPSS software v.21 (IBM, Chicago, IL, USA). An analysis of variance was performed, and mean values were compared with a Tukey 0.05 test. The values for each replicate were averaged before the mean and standard error of each treatment were calculated. Combinations of different treatments were used—with two CO2 treatments (400 ppm and 1000 ppm), two temperatures (28 °C and 43 °C), and the presence/absence of 2.5 mM putrescine—with five plants per combination.





3. Results and Discussion


3.1. Analysis of Height and Biomass of Cauliflower Leaves


Our results show that the exposure of cauliflower to 43 °C affected the height of the plants. Raza et al., reported that effectively exposing plants to high temperatures could lead to lower plant height and cause accelerated senescence and lower plant productivity [22].



Regarding the biomass, our results showed that cauliflower biomass ranged from 12.0 g to 28.3 g DW at control CO2 and from 16.3 to 29.9 g DW at elevated CO2. In the absence of short-term heat stress, the increase in CO2 led to a significant increase in plant biomass from 17.1 g to 47.0 g DW (1.8-fold), with a differential response observed after the short-term heat stress (Figure 2). The heat stress (43 °C), which lasted 3 days, led to a significant reduction in total leaf weight at both concentrations of CO2 from 17.1 to 12.0 g DW at control CO2 and from 29.9 to 16.3 g DW at elevated CO2), showing that under such heat conditions, the elevated CO2 increased biomass production by 20%, compared to the control CO2. Experimental evidence suggests that both the growth and the development of the plants in the Brassicaceae family begin to slow down when the temperature exceeds 28 °C [5]. In fact, Santos et al. [4] reported that excessive heat stress in broccoli crops was specifically harmful in the differentiation phase of flower buds. However, this damaging effect was reduced when heat stress was applied after the flower buds were already formed. The effect of temperature gradient on the growth of Brassicas depends mainly on several important factors, such as the crop and variety used, the exposure time, the intensity of stress, and the growth stages when heat stress is applied. [5]. Additionally, it has been reported that a high concentration of CO2 leads to an increase of the biomass of plants and chemical defenses [23].



Our data showed that the application of foliar putrescine at 2.5 mM to plants grown under elevated CO2 that were subjected to short-term heat stress also produced an increase from 16.3 g to 41.9 g DW. Thus, these conditions led to an increase of 2.6-fold of the biomass of plants with respect to those plants that were not treated with this polyamine (Figure 2). These results are consistent with those reported in other studies, where it was indicated that the foliar application of putrescine at appropriate concentrations can act as an elicitor for the improvement of the response of antioxidant enzymes in plants (superoxide dismutase (SOD) and catalase (CAT)) against abiotic stress [24]. The increased activities of these antioxidant enzymes induced the synthesis of some valuable metabolites, such as amino acids, soluble sugars, and proline. These metabolites may compensate against the adverse effects of abiotic stress in terms of both plant biomass and quality, and the quantity of certain bioactive compounds, such as monoterpenes [25].




3.2. Total Soluble Sugar Content


The main sugars in cauliflower leaves were inositol, glucose, fructose, and sucrose. As can be observed in Figure 3, the total sugar content oscillated between 159.6 and 445.8 g kg−1 DW, and between 241.0 and 382.1 g kg−1 DW for outer and inner leaves, respectively, with glucose being the predominant sugar in all cases. Bhandari and Kwak [26] studied the sugar content in the different tissues of three cauliflower varieties (Asia purple, Asia white, and Bridal) and of three broccoli varieties (AMaGi, Baeridom, and Cheonjae) and found that while sugar content was higher in broccoli florets than leaf tissue, in cauliflower the highest content was observed in leaf tissue. These authors also reported that sugar content varied from 214.3 to 241.6 and from 192.0 to 224.4 mg·g−1 DW for cauliflower and broccoli leaves, respectively.



The sugar content found in the current work was higher than the sugar content in 20 cereals and 12 seed plants but was lower than the content found in twelve different fruits (from 201.6 g kg−1 DW (Korean cherry) to 387.7 g kg−1 DW (yellow peach). According to Guarise et al. [27], a higher content of sugars in leaves can be potentially associated with a longer useful plant life because plants can use sugars to maintain their basal metabolism. Furthermore, our data corroborate their affirmation that the foliar sugar content is associated with biomass production.



Under short-term heat stress conditions, sugar concentration significantly varied, with values between 210.9 g kg−1 DW and 445.8 g kg−1 DW in outer leaves and between 276.2 g kg−1 DW and 382.1 g kg−1 DW in inner leaves. This increase was a consequence of the increase of individual leaf sugar content. Especially, this was observed in the content of inositol (from 18.7 to 76.1 g kg−1 DW) and glucose (94.0 to 257.4 g kg−1 DW) in outer leaves. Their content was significant higher in treated plants (Figure 3 and Table 1). Nevertheless, this increase was influenced to a greater extent by the CO2 content than by short-term heat stress. This finding may be ascribed to the fact that exposure to a high CO2 content can suppress the photorespiration of plants, which results in the lower production of reactive oxygen species (ROS) and, hence, in a lower rate of oxidation. This underlines the stress-mitigating role of CO2 against the negative impact produced by abiotic stress. This is due to two types of factors: stomatal factors (greater stomatal closure and lower stomatal density) and non-stomatal factors. Among the non-stomatal factors, the changes in antioxidant enzymes (SOD, APX), the lower photorespiration rate, and an up-regulation of defense molecules should be mentioned [7]. In the absence of short-term heat stress at atmospheric CO2, the foliar putrescine application (2.5 mM) also resulted in a similar increase.



Several authors have studied the direct effect of the foliar application of putrescine on plants and have reported that putrescine ameliorated the negative effect of heat stress on both the net photosynthetic rate and the chlorophyll content in leaves, resulting in an increase in the soluble sugar content in leaves [14,28]. As mentioned above, this could be due to putrescine acting to counteract the increase in reactive oxygen species, which is a consequence of the applied abiotic stress [25].



Regarding the age-dependent effect, it was observed that under high CO2, the range of sugar content varied between 393.6 and 445.8 g kg−1 DW in the mature leaves and between 303.9 and 382.1 g kg−1 DW in inner leaves. This may be due to the inner leaves lacking the natural ability to respond to stress suffered by the plant at high CO2 [29]. Moreover, it is necessary to take into account the fact that sugars not only participate in the regulation of a plant’s response to biotic and abiotic stresses but can also play an important role in the regulation of senescence [2]. Thus, a greater accumulation of soluble sugars at the beginning of senescence in different plant species has been found [30]. Previous studies have shown that high levels of CO2 generally lead to an accumulation of sugars and a decrease in nitrogen content, resulting an unbalanced C * N−1 ratio in outer leaves [31].




3.3. Antioxidant Activity


Figure 4 shows that the antioxidant activity and the concentration of total phenolic compounds varied from 49.0 to 221.0 µmol Trolox g−1 DW and from 85.5 to 1070.2 mg GAE 100 g−1 FW for the outer leaves, and from 96.0 to 214.5 µmol Trolox g−1 DW and from 385.4 to 772.0 mg GAE 100 g−1 FW for the inner leaves. While many studies have focused on the study of antioxidant activity in the florets and reproductive organs of the Brassicaceae family, less attention has been paid to the effects of the sub-products on this plant family [32]. Our results showed lower antioxidant activity values in cauliflower by-products, compared to those observed in the edible part of the white cauliflower cv. Moonshine [9]. These values were found within the TPC range reported by other authors on the cauliflower by-products (533.6 mg GAE 100 g−1 DW and 914.1 mg GAE 100 g−1 DW) [26]. In comparison with other studies, our results could be considered to be richer in total polyphenol content than other vegetables and fruits, such as radish and apricots (79 mg GAE 100 g−1, both) [33]. This prompted us to think that cauliflower by-products could be considered to be a good source of TPC, and they may also possess good scavenging activity against ABTS•+ radicals. Although it is true that the antioxidant defense system of plants consists of enzymatic and non-enzymatic components, the antioxidant activity in crops of the Brassicacea family is mainly due to the content of phenolic compounds [34].



As can be observed in Figure 4, TPC and AA contents were also positively affected by the heat stress. In this sense, TPC varied between 288.8 and 1070.2 mg GAE 100 g−1 FW in outer leaves and between 459.8 and 772.0 mg GAE 100 g−1 FW in inner leaves, and AA varied from 93.5 to 221.1 µmol Trolox g−1 DW in outer leaves and from 103.7 to 214.5 µmol Trolox g−1 DW in inner leaves. The fact that short-term heat stress increases the content of polyphenols in cauliflower by-products (three-fold in outer leaves and 1.7-fold in inner leaves) and consequently their antioxidant activity (2.4-fold and 2-fold in outer and inner leaves, respectively) can be attributed to the greater adaptability of this crop. For example, Soengas et al. [34] stated that, as a defense mechanism against thermal stress, plants increased the biosynthesis of phenolic compounds by regulating their anabolism and catabolism. Consequently, a greater accumulation of phenolic compounds was observed.



Furthermore, as observed in Figure 4 and Table 1, the application of a high level of CO2 caused a sharper increase in antioxidant activity in plants subjected to short-term heat stress. This could be mainly due to the alleviating effect that CO2 has at elevated concentrations on the negative effects that abiotic stress has on cauliflower [7]. This was also observed in other plants (Aster tripolium L., Lolium perenne L., Medicago sativa L., Quercus ilex L., and Arabidopsis thaliana) subjected to various types of abiotic stresses (salinity, heat waves, and drought stress) and to CO2 [35,36,37].



Both TPC and AA in cauliflower leaves were also increased as a result of the exogenous application of putrescine. These results were to be expected since several previous works, including one carried out by our team, reported similar findings in several plants [25,38,39]. In such works, it was possible to see that the adverse effect produced in the plants by exposure to a high temperature could be mitigated by applying a foliar treatment with putrescine (2.5 mM).



As for leaf age, outer leaves contained a higher phenolic content and antioxidant activity. Similar results were observed by other authors, who reported that as a consequence of the imbalance of the C * N−1 ratio obtained in mature leaves from plants under elevated CO2, a premature senescence occurred in leaves. This is associated with a reduction in the activity of some antioxidant enzymes, which can increase oxidative stress and its subsequent higher content of polyphenols in these mature leaves [30,31].




3.4. Content of Polyamines


Four free PAs, namely, putrescine, cadaverine, spermidine, and spermine, were found in the cauliflower by-products, with putrescine being the most abundant polyamine (Figure 5). As can be observed in Figure 5, the total polyamine content varied significantly between 20.5 and 208.6 nmoles g−1 FW for the outer leaves, and between 65.0 and 124.3 nmoles g−1 FW for the inner leaves.



The results reported here fit within the range reported for the content of PAs in different vegetables [11], prompting us to believe that these cauliflower by-products are rich sources of PAs. Therefore, even when compared to other plants within the Brassicacea family, it can be observed that our values obtained for cauliflower by-products were higher than those obtained for leaves of Brassica napus [40]. The beneficial effects on human health of the intake of the Brassica family of plants, in addition to being attributed only to the content of polyphenols [41], can also be attributed to other compounds such as polyamines. Some authors have indicated that there is a relationship between the intake of foods rich in PAs with a lower incidence of cardiovascular diseases, a lower rate of memory loss, and a lower reduced mortality [11]. Despite the fact that within the different types of abiotic stresses, heat stress is one of the two considered to be the most important, and despite the fact that PAs acted as indicators in plants for these different stresses, few studies have truly focused on the effect of heat stress on the content of PAs in plants.



Data presented here showed a significant increase in endogenous free PAs content in response to short-term heat stress (Figure 5 and Table 1). In this sense, an increase of total free PAs from 20.5 to 46.9 nmoles g−1 FW in outer leaves, and from 65.0 until 81.6 nmoles g−1 FW in inner leaves, was observed as a response to short-term heat stress under atmospheric CO2. These findings are in agreement with the results found by Chen et al. [25] in a study carried out on Chinese kale. One possible reason for this increase is that PAs participate in maintaining the integrity of cell membranes under heat stress and play a crucial role in the adaptation of plants to heat stress [25]. Figure 5 and Table 1 also show that the combined effect of short-term heat stress and high CO2 on plants led to a higher concentration of free spermidine of 15.0% in outer leaves and of 18.2% in inner leaves, and of spermine of 65.8% in outer leaves and of 18.6% in inner leaves. However, it also resulted in an unexpected reduction in the concentration of free putrescine of 73.8% in outer leaves and of 50% in inner leaves. The results of the CO2 effect on polyamines were similar to those obtained in a study performed in tomato seedlings [42]. The reduction in putrescine content can be mainly attributed to the fact that an excessive accumulation of putrescine can generate significant damage to the lipids of the membrane and can even lead to an inhibition of plant growth [43]. At this point, it is worth mentioning that PAs can be found in their free form or conjugated with biological macromolecules such as nucleic acids and proteins by covalent bonds [44]. Thus, when plants are under abiotic conditions, their conjugated PAs become free PAs in order to sequester the ROS produced [45].



Furthermore, in this work we found an increase in all endogenous PAs content resulting from the application of foliar putrescine (2.5 mM) treatment (for putrescine: from 6.3 to 85.5 nmoles g−1 FW in the outer leaves and from 23.12 to 35.1 nmoles g−1 FW in the inner leaves; cadaverine: from 7.3 to 30.0 nmoles g−1 FW and from 15.6 to 26.3 nmoles g−1 FW in the outer and inner leaves, respectively; spermidine: from 4.5 to 74.4 nmoles g−1 FW and from 22.3 to 55.1 nmoles g−1 FW in the outer and inner leaves, respectively; and spermine: from 2.4 to 18.7 nmoles g−1 FW in the outer leaves and from 4.0 to 7.74 nmoles g−1 FW in the inner leaves, respectively) (Figure 5 and Table 1). This finding could be due to the fact that exogenous polyamine application can overcome the negative effects caused by abiotic conditions. This allows us to obtain a higher-quality plant and could even delay the senescence [25].





4. Conclusions


To sum up, the exposure of the plants to a high CO2 and the application of putrescine significantly promoted the accumulation of biomass (20%), total free sugar content (179% in outer leaves and 55% in inner leaves), total phenolic compounds (12- and 2-fold in the outer and inner leaves, respectively), and antioxidant activity (5 and 2-fold, in the outer and inner leaves, respectively) and total content of PAs (10- and 2-fold in the outer and inner leaves, respectively). These aspects improved the plants’ adaptability and allowed us to make the most out of the by-products of the cauliflower plants during short-term heat stress. The outer leaves of cauliflower cv. Moonshine grown under elevated CO2 and treated with putrescine, prior to exposure to high temperatures, showed the highest biosynthesis of sugars (20%), higher antioxidant activity (3%), and a higher content of total polyphenols (39%) and PAs (68%). Thus, these outer leaves could be considered as rich sources of polyphenols and PAs rather than by-products. These results indicate that this novel agronomic practice with putrescine could allow us to take advantage of both the continued increase in CO2, and the heat waves, which are becoming increasingly common. Moreover, these results should be taken into account to take advantage of these cauliflower by-products for pharmaceutical or nutraceutical purposes. Thus, these by-products could have a longer useful life, turning this crop into a more sustainable crop.
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Figure 1. The physical characteristics of cauliflower. 
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Figure 2. The effect of the foliar application of putrescine (2.5 mM) on the plant height (A), the total leaf weight FW (B), the total number of mature leaves (C), and the total number of inner leaves (D) of the cauliflower cv. Moonshine at different CO2 concentrations and temperatures. The data are presented as the treatment means (n = 5). Different small letters represent significantly different mean values according to Tukey’s test at p ≤ 0.05. Abbreviations used: No Put: in absence of putrescine; with Put: after using putrescine; control T (28 °C day/16 °C night): plants grown under control conditions; and elevated T: plants under heat stress (43 °C day/30 °C night). 
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Figure 3. The effect of the foliar application of putrescine on the concentrations of sugars (g kg−1 DW) in outer and inner leaves of the cauliflower cv. Moonshine at different CO2 concentrations and temperatures. The data are presented as the treatment means (n = 5). Different small letters represent significantly different mean values according to Tukey’s test at p ≤ 0.05. 
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Figure 4. The antioxidant activity and total phenolic compounds in the outer and inner leaves of the cauliflower cv. Moonshine, along with the effect of short-term heat stress, CO2 concentration, and the foliar application of 2.5 mM putrescine. The data are presented as the treatment means (n = 5). Different letters represent significantly different mean values according to Tukey’s test at p ≤ 0.05. 
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Figure 5. The effect of the foliar application of putrescine on the concentrations of polyamines (nmoles g−1) in the outer and inner leaves of the cauliflower cv. Moonshine at different CO2 concentrations and temperatures. The data are presented as the treatment means (n = 5). Different small letters represent significantly different mean values according to Tukey’s test at p ≤ 0.05. 
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Table 1. An ANOVA analysis of sugars, AA, TPC, and polyamines affected by putrescine treatment, the level of CO2, short-heat stress, and the age of leaves.
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	Attribute
	T
	Put
	CO2
	AL
	T * Put
	T * CO2
	T * AL
	Put * CO2
	Put * AL
	CO2 * AL
	T * Put * CO2
	T * Put * AL
	T * CO2 * AL
	Put * CO2 * AL
	T * Put * CO2 * AL





	Inositol
	***
	***
	***
	***
	ns
	ns
	**
	**
	ns
	***
	ns
	ns
	ns
	ns
	ns



	Glucose
	***
	***
	***
	***
	***
	***
	ns
	ns
	ns
	***
	ns
	ns
	ns
	*
	*



	Fructose
	***
	***
	***
	***
	*
	***
	***
	***
	*
	**
	**
	ns
	ns
	*
	**



	Sucrose
	***
	***
	***
	***
	***
	***
	***
	*
	***
	***
	*
	ns
	***
	*
	ns



	Total Sugars
	***
	***
	***
	***
	ns
	ns
	ns
	**
	ns
	***
	ns
	ns
	ns
	ns
	**



	AA
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***



	TPC
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	ns
	ns
	**
	ns
	***



	Putrescine
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***



	Cadaverine
	***
	***
	***
	***
	ns
	ns
	ns
	*
	ns
	***
	*
	ns
	ns
	ns
	**



	Spermidine
	***
	***
	***
	***
	*
	ns
	ns
	**
	ns
	***
	**
	***
	***
	**
	***



	Spermine
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***
	***



	Total PAs
	***
	***
	***
	***
	***
	ns
	***
	
	***
	***
	***
	ns
	***
	***
	**







The values are the means of five replicate samples; the means are within columns separated using Tukey’s multiple range test. p = 0.05; n.s.—non significant. *, **, and ***—significant at p ≤ 0.05, 0.005, and 0.001, respectively. Abbreviations used: AA: antioxidant activity; AL: age of leaf; CO2: level of CO2; T: temperature; PAs: polyamines; Put: putrescine; and TPC: total phenolic compounds.
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