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Abstract

:

Crops around the world are facing a diversity of environmental problems, of which high temperatures are proving to be the most serious threat to crops. Polyamine putrescine (Put) acts as a master growth regulator that contributes to optimal plant growth and development and increased stress tolerance. Here, the current study aimed to elucidate how Put functions in regulating chlorophyll (Chl) metabolism, oxidative stress, and antioxidant defense, as well as to characterize the expression of genes related to heat stress in tomato seedlings under such stress. The results revealed that Put treatment significantly attenuates heat-induced damage by promoting biomass production, increasing photosynthetic efficiency, and inhibiting excessive production of oxidative stress markers. Heat stress markedly decreased the Chl content in the tomato leaf and accelerated the leaf yellowing process. However, Put-treated tomato seedlings showed a higher Chl content, which could be associated with the functions of Put in elevating PBGD activity (Chl biosynthesis enzyme) and suppressing the activity of the Chl catabolic enzyme (Chlase and MDCase). Under high-temperature stress, the expression levels of the gene encoding factors involved in Chl biosynthesis and Chl catabolism were significantly down- and upregulated, respectively, and this trend was reversed in Put-treated heat-stressed seedlings. In addition, exogenous application of Put boosted the activity of antioxidant enzymes, along with the levels of expression of their encoding genes, only in plants that were heat stressed. Furthermore, the expression levels of heat-shock-related genes (HSP90, HSP70, and HsfA1) were elevated in Put-treated, high-temperature-stressed tomato seedlings. Taken together, our results indicate that Put treatment significantly increases the heat tolerance of tomato seedlings, by elevating Chl concentrations and suppressing Chl catabolic enzyme activity, modulating endogenous free PA content, increasing antioxidant defense efficiency, and upregulating the expression of heat-shock-related genes.
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1. Introduction


The tomato (Solanum lycopersicum) is one of the most important vegetable crops grown worldwide. Like most crops, tomato is sensitive to abiotic stresses. Heat stress is a major ecological constraint, which threatens world food security as global warming has progressed in recent times [1]. Global temperatures are predicted to increase by around 1.8~4.0 °C by 2100 [2]. An increase of one degree Celsius in annual temperature will result in a 2.5 to 16% reduction in crop yield [3]. Heat stress is regarded as a fatal abiotic stress because it affects crops at their morphological, physiological, biochemical, and cellular levels; limiting crop yield [4]. Numerous forms of physiological damage have been observed in plants exposed to high temperatures, including scorching of the plant leaves, suppression of shoot and root growth, leaf drop and senescence, and fruit decline, all of which result in reduced plant productivity [5]. Proline, glycine betaine, and soluble sugars are examples of primary metabolites that also accumulate in plants when exposed to thermal stress [6]. Plants exposed to thermal stress can produce reactive oxygen species (ROS) that cause oxidative damage and also alter the metabolism of carbohydrates, lipids, and proteins in cells [7]. Excess ROS production in plant tissues during stress results in damage to photosynthetic components, interruption of electron transfer from chloroplasts and mitochondria, and severe injury to biomembrane cells [8]. However, cellular elements are generally protected from ROS-caused damage via an adapted antioxidant defense system that nullifies the detrimental effects of oxidative stress [8]. Chlorophyll (Chl) is an important pigment that absorbs light energy and participates in the photosynthesis process in plants. There is a positive correlation between photosynthesis and Chl content in plant [9]. Chl content in plants has been reported to depend on an optimal balance between Chl biosynthesis and catabolism [10]. Heat stress disrupts the balance between Chl biosynthesis and catabolism in plants, reducing the Chl content in the leaves [10] and, finally, hindering plant growth, development, and productivity. Chl biosynthesis pathway regulation is a sophisticated process, influenced by diverse external environmental factors, such as temperature [11]. Furthermore, internal transcriptional regulation is critical for Chl biosynthesis. Correspondingly, Chl catabolism is a significant physiological process in plants [12]. Numerous abiotic factors can aid in Chl catabolism in plants, including high temperature [13].



The devastating effects of thermal stress on Chl and the photosynthetic machinery is related to excess ROS production [14]. Excess temperature decreases photosynthetic and respiratory activity, due to an increase in chlorophyllase activity and a decrease in the amount of photosynthetic pigments [15]. Heat stress inhibits the functions of enzymes of carbon metabolism, sucrose synthesis, and carbohydrate metabolism, by suppressing the expression of genes related to carbohydrate metabolism [16]. Heat stress causes the production of heat shock proteins (HSPs), which act as molecular chaperones to prevent protein degradation [17]. Similarly, diverse heat shock proteins (HSP70 and HSP90) binding with molecular chaperones allow HSFs to stimulate heat stress responses [17]. Ohama et al. [18] demonstrated that the central region of HsfA1d, along with several other Arabidopsis HsfA1s, is a significant regulatory domain that inhibits the HsfA1d transactivation activity of HsfA1d by engaging with heat shock protein 70 (HSP70) and HSP90.



Polyamines (PAs) are composed of low-molecular-weight aliphatic nitrogenous bases, and their metabolic functions are primarily involved in response to stresses [19]. These responses might be due to the ability of PAs to adjust osmosis and detoxify the cell by scavenging ROS through enhancing antioxidant defense capacity or inhibiting ROS generation [20]. Pretreatment with Spm enhances tolerance to concurrent drought and HT stresses by stimulating the activity of antioxidant enzymes and quenching ROS detoxification, upregulating the expression of stress-related genes that prevent trifoliate orange seedlings from damage [21]. Additionally, polyamines may serve as signaling molecules to promote gene expression and enhance the DNA binding activity of transcription factors in stress environments [22]. Indeed, several studies have found that when plants are subjected to heat stress, they produce higher levels of free and bound polyamines [23,24]. Furthermore, recent research showed that polyamines can be used to improve thermal stress tolerance, enabling a higher yield production and better quality of final plant products [25,26]. Polyamines are, in nature, generally found as free molecules, but they are also found as conjugated or bound forms. Previous research has demonstrated that exogenous PAs can rapidly enter intact chloroplasts to assist in protecting the photosynthetic apparatus under adverse conditions [27]. Exogenous spraying of PAs was observed to considerably improve the photosynthetic attributes and the Chl fluorescence features of wheat under heat stress [28]. Putrescine is the central compound in the PA biosynthesis pathway, comprising two amino groups and acting as a synthetic precursor of spermidine and spermine. Putrescine can induce alterations in the plasma membrane of guard cells through controlling the size of potassium channel pores, to regulate pore opening and closing, restricting evaporation in the plant [29,30]. Exogenous application of Put can stimulate physiological activities and activate osmotic adjustment compounds in plants such as proline, total soluble sugars, and amino acids [30]. Recently, it was shown that the catabolic activity of Put could compensate for the loss of total chlorophyll and chlorophyll fluorescence in salt-stressed ginseng plants, implying that it protects seedlings from stress-related damage and restores their morphophysiological processes [31]. The cucumber leaves of plants treated with Put had elevated photochemical efficiency via an improved heat dissipation machinery, which prevented irreversible photoinhibition [32]. Moreover, Put is well known for its ability to alleviate salt stress in plants by boosting photosynthetic efficiency [33]. Put was shown to be inextricably linked with salinity stress and reduced overaccumulation of starch in cucumber plants [34]. Foliar spraying of Put mitigates the negative effect of high temperature on cotton flowers and fruit development by enhancing the amount of Put content in cotton flowers, which was associated with a higher seed set [35]. The putative functions of the exogenous addition of Put in mitigating stress damage have been well documented in some plants [30,36,37,38]. However, the underlying mechanisms by which Put controls Chl biosynthesis and mitigates heat stress in the model tomato plant remain largely unknown. The present investigation was, therefore, carried out to address this lack of knowledge. Here, we found that the application of Put enhanced Chl metabolism and antioxidant defense ability, as well as elevating the expression of stress-related genes, resulting in an improved heat tolerance of tomato seedlings.




2. Results


2.1. Effects of Putrescine on the Growth Attributes of Tomato Seedlings under Heat Stress


Exposure of plants to heat stress significantly limited plant growth and biomass production (Figure S1). As shown in Figure S1, plants under heat stress alone showed significant decreases in plant height (46%), stem diameter (34%), fresh shoot weight (33%), fresh root weight (23%), dry shoot weight (42%), and dry root weight (30%) compared to control seedlings. On the contrary, the application of Put significantly reduced the heat-induced growth retardation and increased all the growth and biomass attributes of tomato seedlings under thermal stress (Figure S1).




2.2. Putrescine Treatment Increases Pigment Content and Regulates Chlorophyll Metabolism in Tomato Seedlings under Heat Stress


High-temperature stress results in a sharp declined in pigment and carotenoid contents in tomato seedlings. The levels of Chl a, Chl b, total Chl, and carotenoids decreased by 22%, 22%, 21.8%, and 24%, respectively, only in the heat-stressed seedlings, in contrast to the corresponding controls (Figure 1A–D). By contrast, application of exogenous Put with heat-stressed seedlings restored Chl a, Chl b, total Chl, and carotenoid contents, in contrast to heat stress alone, which were 15%, 17%, 16%, and 18% more, respectively, indicating that the Put treatments significantly ameliorated heat stress-induced Chl degradation.



At controlled temperature, the application of exogenous Put on leaves significantly elevated the PBGD activity; however, heat stress markedly inhibited the activity of PGBD (Figure 2B). Heat stress significantly induced the inhibition of PBGD activity, which increased after Put treatment of heat-stressed tomato seedlings, in addition to upregulating the levels of porphobilinogen deaminase (PBGD) transcription in tomato leaves (Figure 3). These findings further denote that heat stress stimulates Chl biosynthesis and, thus, there was reduced contents of the chlorophyll precursors PBG and ALA (Figure 2A,B). Alternatively, the ALA and PBG contents significantly increased in Put-treated tomato seedlings. To verify the genetic makeup, we also characterized other vital Chl biosynthesis-related enzyme genes, such as CHL G (encoding Chl synthase), CAO (chlorophyllide a oxygenase), POR (encoding protochlorophyllide oxidoreductase), and Mg-chelatase (Mg-CHT) (Figure 3). The reduction in Chl biosynthesis in plants subjected to elevated temperatures is accompanied by a decrease in the activity of enzymes involved in Chl biosynthesis [39]. The expression of biosynthesis-related genes was significantly increased in Put-treated seedlings, while the transcript abundances of these genes were significantly downregulated, only in heat-stressed seedlings (Figure 3).



The two most important chlorophyll catabolism enzymes are Chlase and MDCase. No significant differences were observed in the their activities between the control and Put-treated seedlings grown at ambient temperature (Figure 2C,E). However, heat stress significantly increased Chlase activity and upregulated the transcript abundance of its encoding gene (chlorophyllase, CHLASE), compared with that of the control seedlings (Figure 3). These findings demonstrate that the Chl degradation rate was significantly elevated under thermal stress conditions. Foliar application with Put significantly increased the Chlase and MDCase activities, and their encoding gene expression was markedly reduced in tomato seedlings exposed to heat treatment (Figure 2C,E). We further quantified the expression of other signatory chlorophyll catabolic genes, namely nonyellow coloring (NYC1), senescence-inducible chloroplast stay-green (SGR), and pheophorbide a oxidase (PAO), which were significantly upregulated under heat stress, whereas Put with heat-treated seedlings significantly decreased the expression of the above mentioned genes (Figure 3), indicating that supplementation with Put slows down Chl degradation.




2.3. Effects of Putrescine on Gas Exchange Parameters under Heat Stress


High-temperature-stressed significantly reduced the gas exchange parameters values such as Pn, Gs, Ci, and Tr (Figure 4A–D). The values of Pn, Gs, Ci, and Tr decreased by 41%, 46%, 16%, and 43%, respectively, in plants under heat stress, compared to the corresponding control plants. However, combined treatment of plants with both Put and heat stress reduced the adverse effects on photosynthetic properties; and compared with only heat-stressed seedlings, the application of Put to heat-stressed seedlings limited the deleterious effects of Pn, Gs, Ci, and Tr to 46%, 53%, 7%, and 24%, respectively (Figure 4A–D).




2.4. The Positive Role of Putrescine on Photosynthesis-Related Attributes under Heat Stress


To assess the impact of different light systems on thermal stress with Put, the maximum quantum yield of photosystem II (Fv/Fm) was determined. Prior to heat stress, the Fv/Fm value was no more affected by Put treatment than in the control plants (Figure 5). Under normal environments, the Fv/Fm ratio was 0.76, but this value was significantly reduced under heat stress (to 0.62). In addition, the value was increased again in plants treated with Put exposed to heat stress, and was 0.72. The effective quantum efficiencies of the PSII (Y(II)), NPQ (nonphotochemical quenching), and qP (photochemical quenching coefficient) of tomato leaves were also evaluated, to describe how photosystem II functions under heat stress and how Put affects the growth system of tomato plants (Figure 5). The results revealed that following Put and heat treatment, the effective photosynthetic quantum yield of nontreated plants decreased to 59%, while under heat stress with Put, the value of Y(II) increased by 1.82-fold compared with the control. Compared to the control treatment, the value of NPQ of the heat treatment without Put was 1.88-fold higher, but significantly lower in heat-stressed seedlings that had been sprayed with exogenous Put. In contrast to NPQ, qP was impaired at the level of the photosynthetic apparatus; the results showed a slight difference among the four treatments (Figure 5).




2.5. Effect of Putrescine on the Content of Proline and Soluble Sugar in Tomato Seedlings under Heat Stress


The proline content increased significantly with high-temperature treatment, and it was 79% higher than the control treatment (Figure 6A). In comparison to high-temperature treatment, the application of Put significantly increased the content of proline. Treatment with 1 mM Put was the most efficient at increasing soluble sugar content compared to the other treatments, with an increase of 29%. The soluble sugar level was significantly reduced only in heat-stressed seedlings (Figure 6B).




2.6. Putrescine Treatment Mitigates the Oxidative Stress of Tomato Seedlings under Heat Stress


Relative electrolyte leakage is a marker of cellular membrane injury, and it was also significantly lower in Put-treated leaves than in controls (Figure 6C). The highest REL was observed in heat-stressed only seedlings. The MDA content in heat-stressed tomato seedlings was higher than that of other treatments and was significantly reduced in Put-treated tomato seedling under thermal stress conditions (Figure 6D). This suggests that Put treatment can reduce cell membrane damage and lipid peroxidation in tomato plants under heat stress.



To obtain further relevant data for establishing a theoretical basis for the observations, the underlying mechanisms related to the stress tolerance conferred by Put were further investigated (Figure 7). As stated previously, excessive accumulation of ROS is a typical response to environmental stresses. To ascertain whether Put treatment mitigates ROS production, the levels of two major ROS representatives, H2O2 and O2•−, were detected. Here, the concentrations of H2O2 and O2•− in the leaves are denoted according to depth area as the number of brown and blue spots, respectively (Figure 7A,C).



The brown spots became more evident in heat-treated seedlings. However, this symptom was not apparent in the leaves treated with Put, even after stress treatment. NBT staining also yielded similar results. Significantly fewer spots were observed in leaves treated with Put than in control leaves (Figure 7A,C). These results indicate that the seedlings treated with Put accumulated significantly less H2O2 and O2•− than plants under only heat stress conditions. This is inextricably linked to the lower REL found in these samples. The concentration of H2O2 and O2•− showed a similar trend as detected by histochemical staining, where higher levels of H2O2 and O2•− were observed only in heat-stressed tomato plants, and not the other treatments (Figure 7B,D). The concentration of these stress markers was markedly reduced in Put-treated heat stressed seedlings, indicating that Put can mitigate oxidative stress by reducing the accumulation of stress marker components under thermal conditions.




2.7. Putrescine Increases Antioxidant Enzymes Activity under Heat Stress


To evaluate whether Put is implicated in the attenuation of ROS-induced oxidative stress under heat stress, we examined the activity of antioxidant enzymes following treatment with or without Put and exposure of plants to thermal stress. The foliar application of Put had a beneficial role on enzyme activities in plants subjected to heat stress (Figure 8). The activity of SOD under heat stress was significantly decreased among all other treatments, but the activity increased greatly in seedlings subjected to combined heat stress and Put treatment (Figure 8A). Heat-stressed seedlings had reduced antioxidant enzyme activities of POD, CAT, and APX compared to control plants (Figure 8B–D), which decreased by 36%, 54%, and 65%, respectively, compared with control seedlings. The activities of POD, CAT, and APX were higher among plants sprayed with Put in the absence of heat stress than in normal plants (Figure 8B–D). Concurrently, the maximum activities of POD, CAT, and APX increased by 32%, 38%, and 35%, respectively, under the same level of heat stress with Put, compared to the heat stress only conditions. A significant increase, of 80%, in LOX activity was obtained with heat treatment compared to the control. However, Put treatment reduced the LOX activity in heat-stressed plants (Figure 8E). Temperature stress increased glutathione S-transferase (GST) activity by 77% in tomato seedlings. Put treatment together with heat stress resulted in an additional increase in this activity (Figure 8F).



No statistically significant differences were observed in GR activity between control and Put-treated seedlings (Figure 8G). However, the GR activity was reduced by 45% in heat-stressed plants compared with control seedlings. On the contrary, plants treated with Put and subsequently exposed to high temperatures showed an upregulation of GR activity by 30% compared to seedlings exposed to heat stress without Put pretreatment. Heat-stressed seedlings, on the other hand, showed a significant decrease in MDHAR and DHAR activities compared with other treated seedlings. Moreover, MDHAR and DHAR enzyme levels increased by 33% and 70%, respectively, in Put-treated heat-stressed seedlings compared with untreated heat-stressed seedlings (Figure 8H,I).




2.8. Putrescine Modulates the Transcription of Antioxidant-Related Genes under Heat Stress


To illustrate the molecular framework by which Put mitigates heat stress-induced oxidative damage, the expression patterns of several key genes that encode antioxidant enzymes were investigated. Expression levels of most antioxidant genes were significantly decreased under heat stress. The additional supplementation of Put resulted in a notable increase in the transcript abundance of these genes under high temperature. Interestingly, the expression patterns of almost all of these genes were higher in the Put-treated seedlings. The results showed that the expression of the Cu/SOD, POD, CAT, APX, MDHAR, DHAR, and GR genes in heat-stressed seedlings was decreased by 48%, 52%, 35%, 57%, 38%, 57%, and 15%, respectively, compared to the corresponding control groups (Figure 9). Alternatively, the application of exogenous Put increased the expression of Cu/SOD, POD, CAT, APX, MDHAR DHAR, and GR by 1.33, 1.65, 1.11, 1.37, 1.27, 1.64, and 1.47 times, respectively, compared with untreated heat-stressed seedlings. Interestingly, the expression of Fe/SOD was reversed compared to the expression of other antioxidant genes. LOX expression was upregulated under heat stress conditions; however, this upregulation was significantly suppressed by Put application. These results indicate that exogenous Put can mitigate heat stress-induced oxidative damage by altering antioxidant defenses in heat-stressed tomato seedlings (Figure 9).




2.9. Putrescine Modulates Transcript Levels of Heat-Shock-Related Genes


Heat shock proteins (HSPs) play an important role in ROS uptake, and heat shock transcription factors regulate the expression of heat shock proteins when exposed to high temperatures. Compared to control seedlings, the transcript abundances of HSP70, HSP90, and HsfA1 were upregulated by 57%, 84%, and 87%, respectively, in seedlings subjected to only heat stress (Figure 9). Under normal conditions, supplementation with Put had no effect on the transcriptional levels of these genes. Conversely, Put treatment significantly upregulated the transcript levels of HSP70, HSP90, and HsfA1 in plants exposed to thermal stress, and their expression was higher by 2.68-, 2.03-, and 2.01-fold, respectively, than heat-stressed only seedlings. Among these genes, the expression level of HsfA1 in plants treated with Put was 15.87 times higher than that of control plants (Figure 9). 2.10. Effects of Putrescine on Endogenous Polyamine Levels under Heat Stress



Under unstressed conditions, exogenous Put significantly increased the content of free Put, by 24.4% and Spd by 00%, while it decreased the level of free Spm by 9.5% (Figure 10). However, the content of free Put and Spd decreased by 00% in the heat-stressed only seedlings compared to in the control seedlings, and the content of Spm increased by 00%. Moreover, under high-temperature stress, exogenous Put significantly increased the contents of free Put and Spd, to 1.3- and 1.75-fold, respectively, but decreased the Spm content by 20% compared to the heat-stressed only plants (Figure 10).





3. Discussion


The photosynthetic organ is one of the parts of a plant most vulnerable to thermal stress [40]. Parallel to other stresses, heat stress also causes water scarcity, induces oxidative stress, and reduces Chl concentrations in plants, in addition to restricting plant growth [40]. The results of this study showed that growth characteristics and biomass production were significantly reduced and Chl content decreased in tomato leaves subjected to high-temperature stress (Figure S1); exogenous application of Put effectively reduced the heat-stress-induced growth inhibition of tomato plants and simultaneously elevated the Chl content in tomato leaves (Figure 1). These findings indicate that the plant growth promotion function of Put is closely linked to the increase of Chl content in the leaves. Several research works have demonstrated the beneficial roles of exogenous Put application on plant growth attributes, biomass production, and Chl concentration in various crops under different capricious environments [41,42]. Priming with Put had a beneficial impact on leaf FW and DW, which corresponded to an increased salinity tolerance of grapevine [43]. The effects of Put on improving growth parameters can be explained by its polycationic nature and regulation of ion metabolism.



Maintaining cell membrane function under thermal stress is crucial for photosynthesis and respiration in plants [44]. Heat-induced ROS overproduction impairs photosynthetic organs, causing Chl degradation and hastening the senescence process in plants [45]. Two important enzymes, MgCHT and PBGD, participate in the biosynthesis of Chl and PaO, and Chlase catalyzes chlorophyll degradation [46]. In the current study, the ALA and PBG, along with the activity of PBGD, were significantly reduced in heat-stressed only seedlings; however, the activity of ALA and PBG was markedly elevated in heat-stressed seedlings treated with Put (Figure 2A,B,D). Furthermore, the transcript abundances of PBGD, CHL G, CAO, and Mg-CHT were significantly negatively regulated in heat-stressed seedlings (Figure 3A–E). The decrease in Chl biosynthesis in plants is imposed by thermal stress as a result of the reduced activity of enzymes related to Chl biosynthesis [39]. The conversion of Chl b to Chl a during the Chl catabolism process is part of the Chl catabolism pathway [47]. The loss of Chl can stimulate leaf yellowing in higher plants under stress conditions or as part of a natural aging process. This process occurs because Chl metabolic enzymes react with the light harvesting complex of photosystem II (LHCII) and construct protein complexes under stress conditions for degradation of the components of phototoxic intermediates, which leads to Chl degradation [48]. In the current study, Chlase and MDCase activities increased under high-temperature-stressed plants and, correspondingly, the transcript levels of Chlase were upregulated under the same stress conditions (Figure 2C,E), which prompts Chl degradation. The rate of Chl degradation was slowed under high-temperature stress, and the accumulation of Chl degradation intermediates was reduced after foliar spraying with Put. It is known that Put has the ability to protect thylakoid membranes via a chlorophyll–protein complex site and has a positive effect on leaf chlorophyll levels [49]. Similarly to our findings, in a high-temperature stress environment, Spd decreases the activity of Chlase and MDCase, as well as the expression of Chlase; thus, delaying the enzymatic process of Chl degradation in cucumber [50]. Stay-green reductase (SGR) is linked to the discharge of Chl from the thylakoid membrane. In the present study, heat stress significantly increased PAO and SGR levels (Figure 3H,I), which can significantly promote Chl loss and possibly increase dissociation of the Chl–protein complex. The addition of Put significantly reduced SGR and PAO transcription levels under high-temperature stress conditions in tomato plants (Figure 3H,I), indicating that Put suppresses PAO expression by downregulating SGR expression. It also increases Chl concentration by attenuating the dissociation of Chl protein complexes and restricting Chl degradation. Maintaining optimum Chl content is essential for photosynthesis, when plants are exposed to high-temperature stress. Foliar spraying with Spd could improve the heat tolerance of tomato seedlings that had an optimum photosynthetic capacity [51]. PA-mediated suppression of leaf senescence could extend the photosynthesis process, thus enhancing the starch content of barley [52].



Photosynthetic fluorescence is an output of the photosynthetic process that is produced by capturing light energy at the reaction center within the photosynthetic membrane and dissipating it as heat energy after photochemical activity [53]. Heat stress significantly decreased the Fv/Fm, Y(II), and qP values, where NPQ was substantially increased by the same treatment; however, treatment with Put reversed these trends (Figure 5). In a previous study, F0, Fm, Fv/Fm, and ΦPSI were reported to be significantly increased by exogenous Put application, which decreased NPQ and, thus, improved the photosynthetic capacity of plants under stress conditions [28,35,54]. These findings reveal that increased photosynthetic ability is closely linked to lowered oxidative stress, and this increase in response to Put treatment of heat-stressed tomato seedlings resulted from lowered ROS production and cell damage.



Proline, a compatible solute that accumulates under stress conditions, regulates cell membrane permeability and functions in protein stabilization and excess ROS detoxification [55]. In this study, the Put-treated heat-stressed tomato leaves had higher proline levels than those of the control (Figure 6A). In accordance with our findings, some studies have also reported that PAs, including Put, induce proline accumulation and concomitant attenuation of abiotic stress-induced damage in plants through maintenance of membrane integrity, subcellular structure, antioxidant enzymatic activities, and protein structure [38,56]. Under water deficit conditions, similar results were found in wheat, where external Put application had a positive effect on the accumulation of Pro and soluble and insoluble sugars [57]. Previous studies have noted that PAs play a critical role in balancing ROS metabolism under abiotic stress [58]. High-density, positively charged PAs can bind with (negatively charged) phosphate groups on the membrane, resulting in decreased membrane potential and lipid peroxidation levels [59]. PA and Put could substantially reduce ROS in foxtail millet (Setaria italica L.) and Brassica juncea [60] under salinity stress by increasing antioxidant activities [61]. Alternatively, polyamines have the ability to increase the activities of ROS-scavenging enzymes such as CAT, POD, and SOD. Put supplementation boosted antioxidant enzyme activities and increased osmolyte accumulation, while lowering the MDA and EL levels in our investigation, resulting in more balanced conditions, and reducing heat-induced oxidative damage and improving morphophysiological parameters (Figure 6C,D and Figure 8). Previous studies have also revealed that exogenous Put application enhances antioxidant enzymatic activity and the expression of stress response genes in plants exposed to a variety of abiotic stresses [28].



One of the most important adaptive responses of plants to heat stress is the expression of heat shock proteins (HSPs). When plants are exposed to heat stress, HSPs serve a wide range of functions, including stabilizing denatured proteins, facilitating protein maturation and assembly, reducing protein aggregation, and boosting protein integration and translocation [62,63]. Previous research has demonstrated that extreme temperature, not only increases endogenous PA content, but also upregulates HSP expression in Arabidopsis [64]. Under heat stress conditions, cellular PA metabolism is tightly controlled by HSP synthesis, influencing the integrity and attributes of cell membranes in tobacco and alfalfa [63]. PAs have been used to protect cells from heat shock-induced injury by increasing both HSP production and heat-shock-related gene expression in Arabidopsis [64]. Exogenous Put could enhance HSP17 transcript abundance, which is associated with improved heat tolerance of wheat seedlings [65]. In the current study, Put application substantially increased the expression of HSP90 and HSP70. This indicates that Put-mediated heat tolerance is involved in the expression of HSP90 and HSP70, which may balance denatured proteins and assist proteins in folding correctly in tomato when exposed to high-temperature stress, suggesting that Put may promote the increased synthesis of Hsps to protect plants from damage (Figure 9). Supplementation with polyamine improves endogenous polyamine content, which can result in a decrease in reactive oxygen species, enhanced plant quality, and even slowing the senescence process [29]. It is worth mentioning that under adverse conditions, Put concentration increases to improve plant tolerance to stressors [38,56]. Foliar spraying of Put mitigates the negative effect of high temperature on cotton flowers and fruit development by enhancing the Put content in cotton flowers, which was associated with a higher seed set [35]. Wheat plants treated with Put before being exposed to heat stress showed increased tolerance to heat stress, most likely due to enhanced endogenous PA and amino acid contents and inhibition of NH4+ and ethylene production [66]. Previous research has observed that exogenous supplementation with Spd could enhance the PA contents associated with better heat tolerance in tomato seedlings [67]. Under salt stress conditions, exogenous PA application increased the endogenous Put content in rice leaves [68]. Foliar application of Spd significantly increased the contents of free, bound, and conjugated PAs in the leaves of cucumber seedlings under salt-stress conditions [41]. The present results showed that the exogenous addition of Put significantly elevated the endogenous PA content in tomato leaves under heat stress and, thus, increased the heat tolerance of tomato plants (Figure 10). Finally, application of a Put treatment is regarded as a typical strategy to boost the performance of plants exposed to heat stress, primarily by increasing photosynthetic efficiency and antioxidant enzyme activity and restricting chlorophyll loss.




4. Materials and Methods


4.1. Planting Material and Growth Environments


Tomato (Solanum lycopersicum L.) seeds were sanitized with 0.1% sodium hypochlorite (NaOCl) for 5 min, then washed with deionized water several times and kept in the dark at 28 ± 1 °C for 36 h for germination. After germination, the seeds were sown in plastic trays composed of a peat and vermiculite mixture (2:1, v:v) and cultured in a growth chamber, where growth environments were monitored at 28 ± 1 °C (day) and 19 ± 1 °C (night), relative humidity of 65–75%, and a 12 h photoperiod (PAR 300 µmol m−2 s−1). After the second true leaf was fully developed, uniformly growing seedlings were transferred to containers filled with a mixture of peat and vermiculite and irrigated with nutrient solution on alternate days. After the fourth true leaf had developed completely, the seedlings were classified into two subgroups for providing Put and high-temperature treatment (38/28 °C temperature (day/night); 14 h/10 h (day/night) photoperiod; 55–65% relative humidity). There were four distinct treatments used in the experiments: (1) control (Cont); (2) putrescine (Put, 1 mM); (3) high temperature (HT, 38/28 °C); and (4) HT (38/28 °C) + Put (1 mM). Every day at 17:00, 1 mM Put was sprayed on leaves, while the other seedlings were sprayed with double distilled water. Following 7 days of treatment, tomato leaves (third from top to bottom) from each treatment were collected and frozen at −80 °C for subsequent analysis.




4.2. Analysis of Growth Indicators


Various growth indicators, such as plant height, fresh and dry weight of leaves and roots, and stem diameter were measured to evaluate the combined effect of putrescine and heat stress on tomato seedlings. A standard ruler and a Vernier scale were used for the measurement of plant height and stem diameter, respectively. An electric balance was used to measure the fresh weight of leaves and roots. The plants were oven dried (80 °C for 72 h) before determining the dry weight of leaves and roots.




4.3. Determination of Chlorophyll Content and Gas Exchange Parameters


To determine Chl content, leaves were ground in 80% cold acetone and then centrifuged to obtain the supernatant [69], and the Chl content was analyzed using a UV-1800 spectrophotometer. After 7 days of heat treatments, the gas exchange attributes were calculated using a portable infrared gas analysis system (Li-6400; LI-COR, Inc., Lincoln, NE, USA) between 10:00 and 11:00 a.m. [70]. The cuvette specifications for data collection were as follows: 800 μmol photons m−2 s−1 PPFD (photosynthetic photon flux density), 60–70% relative humidity, 25 °C temperature, and external CO2 concentration of 380 ± 10 μmol mol−1.




4.4. Determination of Chlorophyll Related Enzyme Activity


Aminolevulinic acid (ALA) concentration was quantified using the protocol described by Klein et al. [71]. Porphobilinogen (PBG) concentration was measured using the method of Bogorad [72]. PBGD was determined according to the method developed by Frydman and Frydman [73]. Chlorophyllase was extracted according to the method prescribed by Fernandez Lopez et al. [74]. The activity of Mg dechelatase (MDCase) was quantified according to the method described by Costa et al. [75].




4.5. Measurement of Maximum Photochemical Efficiency


For the measurement of chlorophyll fluorescence, entirely developed leaves were used, and after 30 min dark adaptation, leaf data were collected between 9:00 a.m. to 11:00 a.m. using an IMAGING-PAM Chl fluorescence analyzer (Heinz Walz, Effeltrich, Germany). The Fv/Fm (maximum photochemical efficiency) value was determined in accordance with Maxwell and Johnson [76].




4.6. Determination of Proline Accumulation


Proline content was assayed following the method described by Bates et al. [77]. Proline was extracted using 3% sulfosalicylic acid. The extract was diluted in an equal volume of glacial acetic acid and ninhydrin solutions. The sample was placed in a water bath at 100 °C. Subsequently, the sample was kept on an ice and after cool down 5 mL of toluene was added. The reading of the absorbance of the toluene layer was recorded at 520 nm using a spectrophotometer (Spectronic 20D, Milton Roy, Philadelphia, PA, USA).




4.7. Sugar Assays


For the estimation of the total soluble sugar content, dry leaf samples were ground in ethanol and then incubated in a water bath at 80 °C for 30 min. The upper layer was used to determine total soluble sugar [78].




4.8. Measurement of Electrolyte Leakage


The electrolyte leakage from foliage was determined according to the method given by Jahan et al. [70]. Briefly, an approximately 10-mm diameter leaf disc was placed on a Petri dish, to block leakage of the electrolyte when the leaf disc was removed, and the leaf was then rinsed with distilled water three times. After that, distilled water was poured into the Petri dish, which was then kept in the dark at room temperature for 24 h. Following incubation, the preliminary electrical conductivity (EC1) of the bath solution was determined. After heating the glass tube to 95 °C in a temperature-controlled water bath for 20 min, the tube was cooled to room temperature and again electrical conductivity (EC2) was measured. Electrolyte leakage was calculated using the following formula:


   EL     %  =   EC 1   EC 2   × 100  












4.9. Measurement of Lipid Peroxidation (MDA)


Malondialdehyde (MDA) concentration was quantified using the colorimetric method [79] with minor modifications. In brief, 0.5 g of plant material was macerated in 5 mL of 5% (w/v) trichloroacetic acid (TCA) solution followed by centrifuging at 4000× g at 4 °C for 10 min and with collection of the supernatant. Afterward, 2 mL of TCA containing 0.67% TBA solution mixture was added to the collected supernatant. The mixture was boiled in a water bath (100 °C) for 30 min, before being cooled on ice. The reading of the absorbance of aliquot was recorded at 450, 532, and 600 nm using a spectrophotometer. The MDA content unit was nanomoles per gram of FW.




4.10. Histochemical Detection of H2O2 and O2•−


The rate of O2•− formation and the generation of H2O2 were measured based on formation of nitro blue tetrazolium (NBT) and 3,3-diamino benzidine (DAB), respectively, according to a previously published method [80] with slight modifications. To localize H2O2, the stained leaves were implanted in a vacuumed DAB solution and kept for 12 h at room temperature. Brown spots on the surface of the leaves were visible due to the reaction between DAB and H2O2. For the detection of O2•−, leaves were immersed in 1 mg·mL−1 NBT solution, followed by incubation in a dark place for 12 h under normal conditions. Blue lesions develop in the leaves as a result of the reaction of NBT and O2•−. To remove excess chlorophyll from the leaves, both stained leaves were washed in a water bath in 95% ethanol for 20 min. Following that, the samples were immersed in absolute ethanol for several hours, prior to being photographed with a digital camera.




4.11. H2O2 Measurement


H2O2 concentration in leaves was measured based on the method developed by Ma et al. [81]. Briefly, the plants were ground in 2 mL of cold acetone, then centrifuged at 10,000× g for 15 min, followed by collection of the supernatant. The supernatant was then mixed with 0.05 mL of TiCl4 (20%) solution and 0.1 mL of concentrated ammonia water, then centrifuged at 3000× g for 10 min. Then, the remaining residual was washed three times with cold acetone, and 3 mL of 2 M H2SO4 was added to dissolve the precipitate. The absorbance values were measured at 415 nm using a spectrophotometer.




4.12. Determination of O2•− Production Rate


The rate of O2•− production was determined according to He et al. [82], with some alterations. In brief, 0.2 g of leaves tissues were macerated in 2 mL of 50 mM phosphate buffer (pH 7.8) and centrifuged at 12,000× g for 20 min at 4 °C. After that, 0.5 mL of 50 mM phosphate buffer (pH 7.8) and 0.1 mL of 10 mM hydroxylamine hydrochloride were added to 0.5 mL of supernatant followed by incubation at room temperature for 30 min. After incubation, 1 mL of 17 mM sulfanilamide and 1 mL of 7 mM naphthylamine were incorporated into the mixture solution and further incubated for 30 min. The absorbance reading was taken at 530 nm.




4.13. Antioxidant Enzyme Assay


To determine the antioxidant enzymes activity, 0.2 g of composite leaf tissues was homogenized in precooled 1.6 mL of 50 mM phosphate buffer (pH 7.8) and centrifuged at 12,000× g for 20 min at 4 °C, followed by collecting the supernatant. The superoxide dismutase (SOD, EC 1.15.1.1) activity was determined according to the method of Giannopolitis and Ries [83]. The activity of peroxidase (POD, EC 1.11.1.7) was determined based on the method described by Tao et al. [84]. The method of Dindsa et al. [85] was used to determine the catalase activity (CAT, EC 1.11.1.6). To determine the activity of ascorbic acid oxidase (APX), the method described by Nakano et al. [86] was used.



Monodehydroascorbate reductase activity (MDHAR, EC 1.6.5.4) was determined as previously described by Hossain et al. [87]. Dehydroascorbate reductase activity (DHAR, EC 1.8.5.1) was determined in accordance with the method developed by Nakano et al. [86].



The activity of glutathione reductase (GR) was determined using a GR detection kit (Solarbio Life Science, Beijing, China), according to the manufacturer’s protocols. Glutathione S-transferase (GST) activity was measured using a GST assay kit (Solarbio Life Science, Beijing, China). Lipoxygenase (LOX) activity was quantified using a lipoxygenase detection kit (Solarbio Life Science, Beijing, China), according to the company’s instructions.




4.14. Protein Extraction


The protein content was estimated according to the method described by Bradford [88].




4.15. Determination of Free Polyamines Content


Polyamine contents were determined according to the procedure described by Shen et al. [34], with a few modifications. In summary, 0.5 g of composite leaf tissue was ground in 5% (v/v) precooled perchloric acid followed by incubation on ice for 1 h. Subsequently, homogenates were centrifuged at 12,000× g for 20 min, and the upper layer was used to estimate free PAs. A 0.7 mL aliquot of supernatant was mixed with 1.4 mL of NaOH (2N) and 15 μL of benzoyl chloride, and then gently shaken in a vortex mixer, followed by incubated at 37 °C for 30 min. Saturated NaCl (2 mL) was added to the reaction mixture to stop the reaction. For the extraction of benzoyl-PA, 2 mL of cold diethyl ether was added followed by centrifuging at 3000× g for 5 min. After extraction, the benzoyl-PAs were redissolved in 1 mL of 64% (v/v) methanol. To isolate and determine the PA content, UHPLC (ultimate high performance liquid chromatograph, Ultimate 3000, Thermo Scientific, San Jose, CA, USA) was applied with a C18 column at a flow rate of 0.8 mL·min−1.




4.16. Total RNA Isolation and Gene Expression Analysis


Around 100 mg of composite tomato leaves were used to extract total RNA, using an RNAsimple Total RNA Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. As per the manufacturer guidelines, 1 µg of total RNA was reverse-transcribed into cDNA for quantitative real-time PCR using a SuperScript First-strand Synthesis System (Takara, Tokyo, Japan). DNA sequences were used to design gene-specific primers, and primer pair sequences are listed in Table S1. A StepOnePlus™ Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) was employed to carry out Real-time PCR with ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China). The relative gene expression was computed according to Liu et al. [89], and mRNA expression levels were normalized against actin and then compared.




4.17. Statistical Analysis


At least three independent biological replicates were studied for all treatments and measurements. All data were statistically analyzed using the Statistical Package for the Social Sciences (SPSS 20.0 version, SPSS Inc., Chicago, IL, USA), and the results are presented as means ± SDs. One-way analysis of variance (ANOVA) was used to analyze data, and the mean differences among the treatments were calculated using Tukey’s honesty significant test (HSD) at p < 0.05. The graphs were generated using Origin Pro 9.0.





5. Conclusions


Foliar application of Put can significantly enhance the heat tolerance of tomato. Put treatments elevated free Put, Spd content, and the activity of Chl enzymes, and decreased Spm levels, under thermal stress. Put supplementation increased antioxidant enzyme activity and decreased the levels of oxidative stress markers (MDA, H2O2, and O2•−); thus, efficiently mitigating temperature-induced oxidative damage. Furthermore, Put treatment of tomato plants resulted in maintenance of a significantly higher level of photosynthesis and photosynthetic pigment content than in heat-stressed only plants, which could be attributed to the functions of Put in elevating Chl synthesis and restricting Chl deterioration by activating Chl enzyme activity and suppressing the expression of Chl catabolism genes. In addition, Put-induced heat tolerance is implicated in promoting the expression of HSP90 and HSP70, which may function by balancing protein degradation and assisting proteins to fold correctly in tomato seedlings exposed to heat stress conditions and, working together, enhance the heat tolerance of tomato seedlings.
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Figure 1. Interactive effects of Putrescine (Put) and high temperature on Chlorophyll (Chl) and carotenoid (Car) content in tomato seedlings. (A) Chl a content, (B) Chl b content, (C) Total Chl content, and (D) Car content. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 2. Interactive effects of Putrescine and high temperature on (A) δ-Aminolevulinic acid (ALA) content, (B) Porphobilinogen (PBG) content, (C) Chlorophyllase (Chlase) activity, (D) Porphobilinogen deaminase (PBGD) activity, and (E) Mg-dechelatase (MDCase) activity in tomato seedlings. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 3. Interactive effects of Putrescine and high temperature on Chlorophyll related genes expression in tomato seedlings. (A) Porphobilinogen deaminase (PBGD), (B) Mg-chelatase (Mg-CHT), (C) Chl synthase (CHL G), (D) Chlorophyllide a oxygenase (CAO) activity, (E) protochlorophyllide oxidoreductase (POR), (F) Chlorophyllase (CHLASE), (G) nonyellow coloring (NYC1), (H) pheophorbide a oxidase (PAO), and (I) stay-green (SGR). The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 4. Interactive effects of Putrescine and high temperature on gas exchange parameter content in tomato seedlings. (A) Net photosynthetic rate (Pn) content, (B) Stomatal conductance (Gs) content, (C) Intercellular carbon dioxide (CO2) concentration (Ci) content, and (D) Transpiration rate (Tr) content. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 5. Interactive effects of Putrescine and high temperature on photosynthetic attributes in tomato seedlings. (A) Maximum quantum yield of PSII (Fv/Fm), (B) Effective quantum efficiency of PS II (Y(II)), (C) Photochemical quenching coefficient (qP), and (D) Non-photochemical quenching (NPQ). The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 6. Interactive effects of Putrescine and high temperature on (A) Proline content, (B) Soluble sugar content, (C) Electrolyte leakage, and (D) MDA content in tomato seedlings. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 7. Interactive effects of Putrescine and high temperature on (A) Accumulation of hydrogen peroxide, (B) Hydrogen peroxide content, (C) Accumulation of superoxide anion, and (D) Superoxide anion production rate in tomato seedlings. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 8. Interactive effects of Putrescine and high temperature on antioxidant enzymes activity in tomato seedlings. (A) Superoxide dismutase (SOD) activity, (B) Catalase (CAT) activity, (C) Peroxidase (POD) activity, (D) Ascorbate peroxidase (APX) activity, (E) Lipoxygenase (LOX) activity, (F) Glutathione S-transferase (GST) activity, (G) Glutathione reductase (GR) activity, (H) Monodehydroascorbate reductase (MDHAR) activity, and (I) Dehydroascorbate reductase (DHAR) activity. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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Figure 9. Heat map showing the expression of different stress-related genes in tomato leaves exposed to high temperature in the presence or absence of putrescine treatment. The intensity of gene expression ranges from deep green (low) color to deep red color (high). CK: control; Put: 1 mM putrescine; HT: heat stress (38/28 °C); Put + HT: 1 mM putrescine and heat stress. Antioxidant-related genes (FeSOD, MnSOD, CAT, POD, APX, GR, MDHAR, DHAR, GST, LOX); and Heat shock-related genes (HSP90, HSP70, HSfA1). 
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Figure 10. Interactive effects of Putrescine and high temperature on free polyamine content in tomato seedlings. (A) Free putrescine (Put) content, (B) Free spermidine (Spd) content, and (C) Free spermine (Spm) content. The data denote the mean value ± standard error (n = 3). Different alphabetic letters represent the significant differences among the treatments at p < 0.05, according to Tukey’s test. 
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