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Frequency, intensity and duration heat-related events have profound implications for future food supply through effects on plant growth and development. This concern needs effective and urgent mitigation tools. However, the effectiveness of potential solutions may decrease according to the specific cultivar response rather consider at specie level. The metyl-jasmonates are essential cellular regulators which are involved in pivotal plant development processes and related to confer protection to heat shock. Thus, our aim was to study the response of three pepper cultivars, Agio (Hungarian type), Basque (Chilli type), and Loreto (Lamuyo type), subjected to heat shock (40°C/72 h) and foliarly-sprayed with methyl-jasmonate (MeJA; 100 µmol), and the effects on several physiological traits. Our results show that despite the important differential impact of heat shock caused on each cultivar, MeJA application did not affect gas exchange, chlorophyll A concentration or efficiency of the photosystem in these cultivars. However, P concentration was reduced when MeJA was applied to Basque chilli, and a significant effect on leaf carbohydrates concentration was observed for Agio and Loreto. Moreover, Agio was the only cultivar in which the amino-acid profile was affected by MeJA under heat shock. Under that condition, putrescine increased for all cultivars, whist the effect of MeJA was only observed for spermine and histamine for Agio and Loreto. Thus, the results indicated that the ameliorative impact of MeJA on this stressor was clearly influenced by cultivar, revealing specific traits. Thus, these results could be used as valuable tools for the characterization of this intraspecific tolerance to heat shock during the vegetative growth stage of pepper.
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Introduction

The current climate crisis demands challenging solutions from agronomists, who have to cope with the new requirements of food and nutrition security, sustainability, and economic welfare (Dhankher and Foyer, 2018). However, the increase in food production under the context of non-optimal climate conditions for crop production (as a result of the increase in frequency and intensity of heat waves), may exceed the physiological thresholds of tolerance of many crops (Russo et al., 2014; Christidis et al., 2015). In Europe’s ecosystem, the gross primary production was reduced by 30% during the heatwave in the summer of 2003 (Ciais et al., 2005), while in the Russian heat wave in summer 2010, this impact was aggravated and estimated at 50% (Bastos et al., 2013). Consequently, new studies to increase product yield whilst maintaining quality are urgently required. Thus, this forces farmers to look for new and more efficient technologies in crop management along with more resilient crop varieties. In fact, changing cultivars could be a useful strategy for climate crisis (Waha et al., 2013), although ignoring cultivar effects, especially for heat stress intensity, could provide biased results and introduce errors in the climate impact assessment results (Rezaei et al., 2018). Presently, it is becoming more frequent to read reports about significant reductions in major crops worldwide (Tito et al., 2018), in which the sensitivity to high temperatures is not only dependent on stress intensity and duration but greatly varies among species (Weng and Lai, 2005) and cultivars (Camejo et al., 2005; Balla et al., 2019). Thus, this stressor can differentially affect plant development and yield and quality, comprising molecular, biochemical, physiological, and morphological alterations (Zandalinas et al., 2018), with their identification and quantification being of paramount importance to achieve the required higher tolerance.

Methyl jasmonate (MeJA) is a natural plant growth regulator that was found to be active in many physiological processes. For example, it can induce some specific proteins that are similar to those induced by heat shock (Weidhase et al., 1987). It was recently indicated that both MeJA biosynthesis and signaling are required for thermotolerance in Arabidopsis (Clarke et al., 2009; Kazan, 2015), thus underlining the importance of the exogenous application of MeJA to confer heat tolerance to horticultural crops. On the other hand, heat stress (HS), defined as short-term temperature increases above the optimum range (Wahid et al., 2007) threatens crop productivity in many areas of the world given the prediction of extreme conditions, and urgently highlights the lack of readiness of our current crop genotypes to cope with future climate extremes (Chavan et al., 2019). Heat shock stress has a complex effect on crops, and to further improve sweet pepper plant tolerance, it is necessary to evaluate and characterize the various mechanisms involved in this crop’s tolerance. However, not enough research has been conducted to compare the main abiotic stress-tolerance traits of sweet pepper cultivars. This crop has been pointed out as sensitive to heat stress, which affects yield and fruit quality (Mateos et al., 2013). Thus, the assessment of heat tolerance in this crop is important in climate-response breeding programs.

Sweet pepper is an important crop species in the Mediterranean-climate areas worldwide, which are some of the climate regions most impacted by the climate crisis (Woetzel et al., 2020). Therefore, the importance of our research is twofold: to gain insights into the physiological processes of the response of pepper to heat stress in relation to the response to MeJA, and to elucidate the way in which these responses are modulated by cultivar. Consequently, we studied photosynthesis and chlorophyll fluorescence, mineral content, carbohydrates, polyamines, and the amino acid profile. The information gained about the role of these traits could establish new ways for managing plant resilience to severe heat waves for this crop.



Material and methods


Plant material, growth conditions, and treatments

Three pepper cultivars (Capsicum annuum L.) Basque chilli (Chilli pepper type; Ramiro Arnedo Spain S.A.U.), Loreto (Lamuyo type; Syngenta Spain S.A.U.) and Agio (Hungarian type, Nunhems Spain S.A.U.) were obtained from a commercial nursery. Homogeneous pepper seedlings were selected and transplanted into black 5 L containers filled with coconut coir fiber (Pelemix, Alhama de Murcia, Murcia, Spain). Irrigation was supplied by self-compensating drippers (2 L h-1). Nutrient solution drainage was monitored to avoid salt accumulation and ionic interference in the rhizosphere, and fresh nutrient solution was provided with minimum drainage of 35%. The experiment was carried out in a climate chamber, as described in del Amor et al. (2010).The acclimation stage lasted 18 days, and the environmental conditions were 60% relative humidity, 16/8 h day/night photoperiod, 26/18°C, and photosynthetically active radiation (PAR) of 250 μmol m-2 s-1. The nutrient solution (modified Hoagland solution) contained the following minerals:       K+:7.0; Ca2+:4.5; Mg2+:2.0. Plants were subjected to heat stress for 72 h in the climate-controlled chamber and the temperature was increased to 40/33/28°C for 12/4/6h and 18/8h day/night photoperiod. At the beginning of the stress period, half of the plants were homogenously sprayed a solution containing MeJA (100µM) and 0.01% Tween-20 as the surfactant. Phenotype picture (control plants) is provided in Supplementary Figure 1. Six plants were analyzed per each treatment (sprayed and non-sprayed and heat treatments for 72 h).



Gas exchange

The net CO2 assimilation (ACO2), internal [CO2] (Ci), transpiration rate (E), and stomatal conductance (gs) were measured in the youngest fully-expanded leaf of each plant, using a CIRAS-2 (PP system, Amesbury, MA) with a PLC6 (U) Automatic Universal Leaf Cuvette, measuring both sides of the leaves. The cuvette provided light (LED) with a photon flux of 1,300 m-2 s-1, 360 or 800 μmol mol-1 CO2, a leaf temperature of 25°C, and 75% relative humidity. The intrinsic water use efficiency (WUE) of leaf gas exchange was calculated from the gas exchange data as ACO2/E, where ACO2 is the carbon assimilated through photosynthesis, and E is the amount of water lost via transpiration.



Chlorophyll content and fluorescence

Chlorophylls were extracted from samples of the youngest leaf with N,N dimethylformamide, for 72 h, in darkness at 4°C. Subsequently, the absorbance was measured in a spectrophotometer at 750, 664, and 647 nm, and the quantities of Chlorophylls a (Chl a), b (Chl b), and a+b (Chl a+b) were calculated according to the method by Porra et al. (1989). On the leaf used for gas exchange, the dark-adapted maximum fluorescence (Fm) and minimum fluorescence (Fo), and the light adapted, steady-state chlorophyll fluorescence (F) and maximum fluorescence (Fm′) were measured with a portable modulated fluorometer, model OS-30P (Opti-Science, USA). The ratio between the variable fluorescence from a dark-adapted leaf (Fv) and the maximal fluorescence from a dark-adapted, youngest fully-expanded leaf (Fm) – called the maximum potential quantum efficiency of photosystem II (Fv/Fm) - was calculated. A leaf clip holder was placed on each leaf to maintain dark conditions for at least 30 min before reading.



Mineral composition

The leaf anion concentrations were determined in dry matter, as previously described by Piñero et al. (2016). The anions were analyzed in an ion chromatograph (Metrohm 861 Advanced Compact IC; Metrohm 838 Advanced Sampler); the column used was a Metrohm Metrosep A Supp7 250/4.0 mm. The cation concentrations were analyzed on lyophilized leaves (0.1 g) according to Otálora et al. (2018), by acid digestion, using an ETHOS ONE microwave digestion system (Milestone Inc., Shelton, CT, USA).



Sugars content

Leaf sugars (glucose, fructose, and sucrose) were determined in leaves by ion chromatography, using an 817 Bioscan (Metrohm, Herisau, Switzerland) system equipped with a pulsed amperometric detector (PAD) and a gold electrode. The column used was a Metrohm Metrosep Carb 1-150 IC column (4.6 x 250 mm), which was heated to 32°C.



Polyamines

The polyamines content were determined according to Del Rodriguez et al. (2001), with modifications. Pepper leaf samples (5 g), previously stored at -80°C, were mixed with 5 mL of perchloric acid (5%), homogenized for 2 min, and kept for 1 h under refrigeration with periodic stirring, and centrifuged at 5000 x g for 8 min. The supernatant, containing free polyamines, was placed in plastic jars and kept in a freezer at -20°C until use. Free polyamines were benzoylated, 1 mL of sample was taken and mixed with 1 mL of 2 M NaOH and 20 µL of benzoyl chloride. The mixture was stirred in a vortex mixer for 15 s and allowed to rest for 20 min at room temperature. Subsequently, 4 mL of a saturated sodium chloride solution were added, and the system was stirred while 2 mL of diethyl ether were added. The system was left to rest for 30 min at -20°C. Then, 1 mL of the diethyl ether phase was taken and evaporated. The residue was re-suspended in 0.5 mL of acetonitrile/water (56/44 v/v). The polyamines present were analyzed with an ACQUITY UPLC system (Waters, Milford, MA, USA) equipped with a UV detector (230 nm) and a reversed-phase column (ACQUITY UPLC HSS T3 1.8 µm, 2.1 x 100 mm), at 40°C. A mixture of acetonitrile/water (42/58 v/v) was used as the elution solvent, with a flow rate of 0.55 mL/min.



Free amino acids

Free amino acids were extracted from leaves frozen at -80°C. The pepper leaves were analyzed with the AccQ·Tag-ultra performance liquid chromatography (UPLC) method [Waters, UPLC Amino Acid Analysis Solution. Waters Corporation, Milford, MA (2006)] equipped with a fluorescence detector, as described in Piñero et al. (2017). The amino acids measured were (Arg) arginine; (Ala) alanine; (Asp) aspartic acid; (Ser) serine; (His) histidine; (Ile) isoleucine; (Leu) leucine; (Phe) phenylalanine; (Met) methionine; (Pro) proline; (Gly) glycine; (Thr) threonine; (Lys) lysine; glutamic acid (Glu) and (Val) valine.



Statistical analysis

The data were tested first for homogeneity of variance and normality of distribution. Significance was determined by analysis of variance (ANOVA), and the significance (p ≤ 0.05) of differences between means was tested with Duncan’s Multiple Range Test using Statgraphics Centurion® XVI software (StatPoint Technologies, Inc). Each treatment had six replicates.




Results


Leaf gas exchange and chlorophyll fluorescence parameters

The effect of the imposed heat stress was different depending of the cultivar studied. The induced heat shock wave produced a significant increase in the net photosynthetic rate for all cultivars, with this effect being cultivar-dependent (Figure 1A). Thus, the impact of the stress was significantly higher for the Basque chilly, as shown by the increased leaf photosynthesis of 27.7%, as compared with the less affected cultivars Hungarian type (Agio) or Lamuyo type (Loreto), with an increase of 22.3% and 18.3%, respectively. The application of MeJA before stress had a relatively minor effect on the three cultivars, but Loreto showed the highest photosynthetic values. The response for leaf stomatal conductance and transpiration, and consequently intrinsic water use efficiency, were less affected among cultivars, as compared to the data observed for leaf photosynthesis, with the effect of the cultivar being not significant. As expected, the transpiration rate (Figure 1B) was higher when heat stress was applied, although the effects of the cultivar and MeJA were not significant. Accordingly, intrinsic water use efficiency (Figure 1D) had the same effect. The response for leaf stomatal conductance (Figure 1C) with increasing temperature was not affected in the three cultivars. The impact of heat stress on chlorophyll A (Chll A) concentration (Figure 2A) was remarkable in Agio, but not for Basque chilli or Loreto. However, chlorophyll B (Chll B) (Figure 2B) was clearly affected in the three cultivars to a large extent. Thus, when cultivars were subjected to heat stress for 72 h, a significant leap was observed for Chll B in Basque chilli and Agio (47.9% and 115.1%) although this was lower for Loreto (12.4%). The application of MeJA caused no impact on Basque chilli or Loreto, although Agio showed the highest response (reducing the observed increase in Chll B due to heat stress to 74.5% with respect the non-stressed plants). In addition, a similar effect as Chll B was found for total chlorophylls (Figure 2C), as Chll B, was a major component of this parameter. Moreover, we found a weak effect of both treatments on chlorophyll fluorescence (Figure 2D) and only Agio showed a slight increase (1.3%) with heat shock, although the application MeJA did not have a significant effect.




Figure 1 | Effects of heat shock and MeJA on (A) the net CO2 assimilation rate (ACO2), (B) transpiration (E), (C) stomatal conductance (gs), and (D) intrinsic water use efficiency (WUE) in leaves of the three pepper cultivars. Values are means ± SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the level of p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.001; n.s., not significant. C is cultivar; T is temperature.






Figure 2 | Effects of heat shock and MeJA on (A) Chlorophyll a, (B) Chlorophyll b, (C) total Chlorophylls (a+b), and (D) the maximum potential quantum efficiency of photosystem II (Fv/Fm) in leaves of the three pepper cultivars. Values are means ± SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the level of p ≤ 0.05; ***p ≤ 0.001; n.s., not significant. C is cultivar; T is temperature.





Leaf mineral concentration

Leaf nitrate concentration significantly increased in the three studied cultivars after heat stress, with Basque chilli being the most responsive, with an increase of 26.7%, followed by Loreto (19.4%) and Agio (18.4%) with respect of non-stressed plants for the same cultivar (Table 1). The concentrations of phosphates, sulfates, and chlorides concentration were more affected according to cultivar. Loreto showed a clearly distinctive pattern with heat stress, with a significant reduction observed for phosphates and chlorides, whilst the increase in sulfates was more attenuated as compared with Basque chilli and Agio. Loreto was also the cultivar where the addition of MeJA resulted in a reduction of nitrate concentration as compared with stressed plants, without significant differences observed with respect to non-stressed plants. The concentration of cations varied among cultivars (Tables 2, 3). Control plants of Basque chilli showed the lowest Ca concentration, whilst Loreto had the highest P and Mg concentrations. When subjected to heat stress, the Basque chilli cultivar was less affected with respect to the cation concentrations, but interestingly, MeJA attenuated the accumulation of P after heat stress. Agio had a similar response for P, but this effect was not observed for Loreto, which prompted the highest Na concentration in the leaves. Micronutrients (Table 3) concentrations were markedly affected, where B concentration increased by 17.6% and 33.8%, respectively, in Basque chilli and Agio, by the heat stress. Loreto showed differences for Cu and Zn (which increased 50.8% and 15.84%), while Mn concentration was affected in Agio and Loreto (42.3% and 82.7%), although Basque Chilli did not show a significant difference for this macronutrient after heat stress. MeJA did not affect the response of leaf micronutrients in the pepper plants subjected to heat stress.


Table 1 | Effects of heat shock and MeJA on leaf anion concentration (g kg-1 DW) of the three pepper cultivars.




Table 2 | Effects of heat shock and MeJA on leaf cation concentration (g kg-1 DW) of the three pepper cultivars.




Table 3 | Effects of heat shock and MeJA on leaf cation concentration (mg kg-1 DW) of the three pepper cultivars.





Leaf sugars concentration

The heat stress differentially impacted the cultivars, and the leaf carbohydrates concentrations varied by cultivar (Figure 3). Glucose concentration was not altered by heat in Basque chilli, but Agio and Loreto increased its concentration in a similar way (52.7% and 52.5%) as compared with the non-stressed plant of the same cultivar. However, fructose was only increased in Agio (16.8%) when heat shock was applied. On the other hand, sucrose was noticeably impacted in Basque chilli, which was the only sugar affected in this cultivar after stress (61% increase). The behavior of sucrose for Agio was similar to Basque chilli, while Loreto experienced a significant increase for this carbohydrate when MeJA was applied.




Figure 3 | Effects of heat shock and MeJA on leaf carbohydrate concentration [(A) glucose, (B) fructose and (C) sucrose] of the three pepper cultivars. Values are means ± SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the level of p ≤ 0.05; ***p ≤ 0.001; n.s., not significant. C is cultivar; T is temperature.





Polyamines

MeJA had an important effect on the putrescine concentration and showed similar results for all cultivars (Figure 4). Thus, while heat stress significantly reduced putrescine by 55.1%, 71.5%, and 85.5% for Chilli, Agio and Loreto, with respect non-stressed plants, the application of MeJA to the stressed ones remarkably increased putrescine concentration by 213.9%, 174.3% and 297.6%, respectively. The results for spermidine were more attenuated and only the Basque chilli showed a significant effect on the MeJA application. Spermine concentration also increased after MeJA application as compared with stressed plants without MeJA, but only for Basque chilli and Agio (37.9% and 46.7%), with no significant differences observed for Loreto. Cadaverine showed a pattern similar to spermidine. Histamine concentration was also reduced after 72 h of the imposed stress by 44.8%, 39.2%, and 38.5% for Basque chilli, Agio and Loreto, respectively, but the application of MeJA before stress restored them to non-stressed values.




Figure 4 | Effects of heat shock and MeJA on leaf polyamines ((A) putrescine, (B) spermidine, (C) spermine, (D) cadaverine and (E) histamine) of the three pepper cultivars. Values are means ± SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The ** refers to significant differences at the level of p ≤ 0.005; ***p ≤ 0.001; n.s., not significant. C is cultivar; T is temperature.





Free amino acids

The leaf amino acid concentration in the studied cultivars had a broad and diverse response to heat stress. Thus, the Basque chilly response was the most attenuated to both heat stress and MeJA (Figure 5A), whilst the Agio (Figure 5B) and Loreto (Figure 5C) cultivars showed a more specific response. Agio showed a remarkable effect after the application of MeJA before heat stress and the amino acids histidine, serine, arginine,threonine, valine, and isoleucine were significantly affected and as compared with stressed plants, the concentrations in the leaf increased by 144.5%, 102.5%, 220.3%, 174.5%,104.6%, and 105.5%, respectively. These increases were also very significant although lower when these were compared with the MeJA amendment and with the non-stressed plants. In the case of Loreto, the application of MeJA had a very reduced effect, with the response mainly attributed to the heat stress alone. In this case, we observed differences for Arginine, Alanine, Proline, and Lysine, and the decreases (instead of increases reported for Agio) were (compared with the non-stressed ones) 20.9%, 40.1%, 46.4%,35.0%.The most abundant amino acids found in the three untreated pepper cultivars were Ser,Arg, Asp, Ala and Glu, representing around 70%, 75%, and 73% of the total amino acids in Basque chilli, Agio, and Loreto, respectively. MeJA applied to Basque chilli and Loreto pepper plants had a lesser effect on the content of these compounds than in Agio pepper plants.




Figure 5 | Effects of heat shock and MeJA on leaf amino acids concentration (µmol L-1) of the three pepper cultivars [(A) Basque chilli, (B) Agio and (C) Loreto]. Values are means ± SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the level of p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.001; n.s., not significant.



Table 4 shows the percentage of variance attributable to temperature, variety, and their interaction on pepper amino acid content. Temperature × variety was the most dominant factor for the concentrations of Ser, Arg, Gly, Asp, Thr, Met, Ile, and total amino acids.Temperature was the most dominant factor of variation for the concentrations of Ala and Glu. Variety was the most dominant factor of variation for the concentrations of His, Pro, Lys, Val, Leu, and Phe.


Table 4 | Percentage of variance attributable to temperature, variety and their interaction for each amino acid of the three pepper cultivars.






Discussion

Our data showed that the imposed heat stress had a positive effect on increasing leaf net CO2 assimilation rate for all the studied cultivars. Griffin et al. (2004) reported that Rubisco, the central enzyme of photosynthesis, is disrupted if the temperature increases from 35°C, stopping the photosynthetic process. That reduction in the photosynthetic process has been attributed to the inhibition of photosystem II in the thylakoid membrane, which impairs chlorophyll fluorescence (Chen et al., 2017) while decreasing stomatal conductance and transpiration (Fahad et al., 2016). However, these effects attributable to stomatal closure and/or inhibition of the inactivation of Rubisco, and the loss of chlorophyll contents (Ristic et al., 2008) were not detected in our experiment with pepper at a higher temperature, which increased or maintained Chlorophylls (a+b) content whilst increasing leaf transpiration, although WUE was reduced. The resilience of the photosynthetic machinery to high temperatures was also reported in our previous work with sweet pepper and elevated CO2 concentration during the vegetative growth stage (Pérez-Jiménez et al., 2019). At this point, we agreed with Rizhsky et al. (Rizhsky et al., 2002) who also indicated that high temperatures do not impair photosynthesis along with the intensification of the stomatal conductance. However, Pagamas and Nawata (2008) and Lee et al. (2018) pointed out the beneficial effect of high temperature on vegetative parameters. Interestingly we observed a differential response for Agio, where chlorophyll B clearly increased in concentration by heat (a similar response for all cultivars), but chlorophyll A was reduced. In squash, Ara et al. (2013) reported that Chl. B degraded more drastically under high temperature than Chll A, with the destruction of photosynthetic pigments under heat stress providing a clue for determining thermotolerance. However, Zhou et al. (2015), when screening heat tolerance for tomato genotypes, observed that heat stress led to a significant increase in the content of Chll A, Chl. B, and total chlorophyll contents in the heat-tolerant group, while in the heat-sensitive group, a significant decrease in the pigment contents was observed. In our experiment only Agio was affected (reduced Chll A content), and despite Chll A being a primary electron donor in the electron transport chain and the primary pigment in photosynthesis, photosynthesis was not affected after heat stress in this cultivar. Moreover, an increase in Chll B was identified for all cultivars, probably attributed to an adaptation to high temperature for this species. The application of MeJA did not increase any gas exchange parameters beyond the temperature effects alone.The concentrations of leaf mineral nutrients were different under non-stressed conditions for the three cultivars. This is in agreement with the results from Ropokis et al. (2018), which uptake of nutrients was different under the same water regime, nutritional supply, and environmental conditions. Under heat stress, leaf NO3-concentration was significantly increased, although this increase was different depending on the cultivar, with Loreto being the least responsive. However, MeJA did not alter the response of the stressed cultivars. Huang et al. (Huang et al., 2017) indicated that exogenously applied jasmonate was related with inhibition of primary root growth. The effect of MeJA on root morphology could trigger alterations in nutrient uptake, especially under this stress condition, although a marginal effect was found for these pepper cultivars. This smaller effect can be attributable to the reduced time (72h) of the application to harvest, which reduced the effect on the accumulated growth. Sugar can act as signal molecules in the leaves, playing a pivotal role in regulating development, and triggering leaf senescence (Van Doorn, 2008; Reinbothe et al., 2009). Sugars can also impair photosynthesis when overcoming threshold concentrations (Zhang and Zhou, 2013). In tomato, the maintenance or higher levels of non-structural carbohydrates in mature leaves were associated with heat tolerance under short-term heat stress (Zhou et al., 2017). Sucrose, the final product of photosynthesis, can either act as a signaling molecule or become a reactive oxygen species scavenger, at low or high concentrations, respectively (Frank et al., 2009), with the latter protecting the plants from cellular damages and degradation of pigments such as chlorophylls. Our data showed that heat shock had an impact on the plants, especially for the Agio cultivar, in which glucose, fructose and sucrose were clearly reduced when MeJA was applied; however, an increase in sucrose concentration was observed in Loreto. Such alterations in carbohydrate concentration did not impair CO2-fixation. Gómez et al. (2010) pointed out in tomato that MeJA produced a rapid increase in leaf export of photosynthates, which did not occur in pepper.

Recent works have indicated that endogenous polyamines could participate in sustaining membrane integrity in cauliflower, as protectors against damage under stress conditions, through the stabilization of cell membranes (Collado-González et al., 2021a; Collado-González et al., 2021b), and therefore, they could have an effect in delaying leaf-related-senescence disorders. As previously indicated for other species, the collateral effect of MeJA associated with early senescence, can be effectively counteracted by the increase in the concentration of endogenous polyamines in specific pepper cultivars. Thus, in our stress conditions, this remarkable effect of MeJA can partly mitigate further leaf damage. A decrease in amino acid contents has also been observed for tomato (Gómez et al., 2010) and Brassica rapa leaves (Liang et al., 2006) after treatment with the foliar application of MeJA, with no stress conditions. Our data showed, after thermal stress, that MeJA application only affected the Agio cultivar, which clearly increased the concentration of their leaf amino acids. Consequently, a cultivar-dependent response was observed for pepper after the application of MeJA. (Garde-Cerdán et al., 2016) indicated that the amino acid profile of grapes was altered after the application of MeJA. In this study, we found a smaller decrease in the total amino acid content under heat stress in Agio and Loreto as compared to Basque chilli. Also, the effect of MeJA increased total amino acid content in the Agio variety alone. The differential accumulation of free amino acids could be associated with the genetic variations of heat tolerance in pepper plants. Thus, the effects of MeJA on pepper amino acid concentration were conditioned by variety. Gutiérrez-Gamboa et al. (2018) showed that grape variety had a higher effect on must amino acid composition than the elicitation through MeJA and yeast extract treatments and their interaction (variety x treatment).



Conclusions

Horticultural production is one of the most vulnerable agrosystems to the temperature impacts of climate change, and the effectiveness of mitigation strategies (such as the application of elicitors) against to this constraint needs to be widely contrasted. Our work shows the differential effects of pepper cultivars to heat stress with the application of MeJA, and also describes and examines the physiological traits involved in heat tolerance and the physiological mechanics affected. However, more studies are needed to screen a wider range of stress intensities and durations during the vegetative phase of growth and throughout the other developmental stages. To date, very few studies have addressed the specific differences of cultivars to high temperature and MeJA to show their specific responses. To this end, our study sought to investigate the physiological traits involved in that specific response to provide new knowledge for the development of new cultivars, selected to withstand the impact of heat waves without compromising yields.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

GO: conceptualisation, methodology, formal analysis, investigation, writing, editing. JG and MP: methodology, and formal analysis. JL-M: supervision. FA: conceptualization, funding acquisition, resources, project administration, supervision. All authors contributed to the article and approved the submitted version. All authors contributed to the article and approved the submitted version.



Funding

This work was financed by the European Regional Development Fund (ERDF) 80% – Region de Murcia (FEDER 1420-30).



Acknowledgments

We thank José Manuel Gambín, Miguel Marín, José Sáez Sironi, and Raquel Roca, for their technical assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1014230/full#supplementary-material



References

 Ara, N., Yang, J., Hu, Z., and Zhang, M. (2013). Determination of heat tolerance of interspecific (Cucurbita maxima x cucurbita moschata) inbred line of squash “Maxchata” and its parents through photosynthetic response. Tar. Bil. Der. 19, 188–197. doi: 10.1501/tarimbil_0000001244

 Balla, K., Karsai, I., Bónis, P., Kiss, T., Berki, Z., Horváth, Á., et al. (2019). Heat stress responses in a large set of winter wheat cultivars (Triticum aestivum l.) depend on the timing and duration of stress. PloS One 14 (9), e0222639. doi: 10.1371/journal.pone.0222639

 Bastos, A., Gouveia, C. M., Trigo, R. M., and Running, S. W. (2013). Comparing the impacts of 2003 and 2010 heatwaves in NPP over Europe. Biogeosciences Discuss. 10, 15879–15911. doi: 10.5194/bgd-10-15879-2013

 Camejo, D., Rodríguez, P., Morales, M. A., Dell’Amico, J. M., Torrecillas, A., and Alarcón, J. J. (2005). High temperature effects on photosynthetic activity of two tomato cultivars with different heat susceptibility. J. Plant Physiol. 3, 281–289. doi: 10.1016/j.jplph.2004.07.014

 Chavan, S. G., Duursma, R. A., Tausz, M., and Ghannoum, O. (2019). Elevated CO2 alleviates the negative impact of heat stress on wheat physiology but not on grain yield. J. Exp. Bot. 70, (21) 6447–6459. doi: 10.1093/jxb/erz386

 Chen, Y. E., Zhang, C. M., Su, Y. Q., Ma, J., Zhang, Z. W., Yuan, M., et al. (2017). Responses of photosystem II and antioxidative systems to high light and high temperature co-stress in wheat. Environ. Exper. Bot. 165, 45–55. doi: 10.1016/j.envexpbot.2016.12.001

 Christidis, N., Jones, G. S., and Stott, P. A. (2015). Dramatically increasing chance of extremely hot summers since the 2003 European heatwave. Nat. Clim. Change. 5, 46–50. doi: 10.1038/nclimate2468

 Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., et al. (2005). Europe-Wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533. doi: 10.1038/nature03972

 Clarke, S. M., Cristescu, S. M., Miersch, O., Harren, F. J. M., Wasternack, C., and Mur, L. A. J. (2009). Jasmonates act with salicylic acid to confer basal thermotolerance in Arabidopsis thaliana. N. Phytologist. 182, 175–187. doi: 10.1111/j.1469-8137.2008.02735.x

 Collado-González, J., Piñero, M. C., Otálora, G., López-Marín, J., and del Amor, F. M. (2021a). The effect of foliar putrescine application, ammonium exposure, and heat stress on antioxidant compounds in cauliflower waste. Antioxidants 10 (5), 707. doi: 10.3390/antiox10050707

 Collado-González, J., Piñero, M. C., Otálora, G., López-Marín, J., and del Amor, F. M. (2021b). Merging heat stress tolerance and health-promoting properties: The effects of exogenous arginine in cauliflower (Brassica oleracea var. botrytis l.). Foods 10 (1), 30. doi: 10.3390/foods10010030

 del Amor, F. M., Cuadra-Crespo, P., Walker, D. J., Cámara, J. M., and Madrid, R. (2010). Effect of foliar application of antitranspirant on photosynthesis and water relations of pepper plants under different levels of CO2 and water stress. J. Plant Physiol. 167 (15), 1232–1238. doi: 10.1016/j.jplph.2010.04.010

 Del Rodriguez, S. C., López, B., and Chaves, A. R. (2001). Effect of different treatments on the evolution of polyamines during refrigerated storage of eggplants. J. Agric. Food Chem. 49 (10), 4700–4705. doi: 10.1021/jf0001031

 Dhankher, O. P., and Foyer, C. H. (2018). Climate resilient crops for improving global food security and safety. Plant Cell Environ. 41, 877–884. doi: 10.1111/pce.13207

 Fahad, S., Hussain, S., Saud, S., Hassan, S., Ihsan, Z., Shah, A. N., et al. (2016). Exogenously applied plant growth regulators enhance the morpho-physiological growth and yield of rice under high temperature. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01250

 Frank, G., Pressman, E., Ophir, R., Althan, L., Shaked, R., Freedman, M., et al. (2009). Transcriptional profiling of maturing tomato (Solanum lycopersicum l.) microspores reveals the involvement of heat shock proteins, ROS scavengers, hormones, and sugars in the heat stress response. J. Exper. Bot. 60, 3891–3908. doi: 10.1093/jxb/erp234

 Garde-Cerdán, T., Portu, J., López, R., and Santamaría, P. (2016). Effect of methyl jasmonate application to grapevine leaves on grape amino acid content. Food Chem. 203, 536–539. doi: 10.1016/j.foodchem.2016.02.049

 Gómez, S., Ferrieri, R. A., Schueller, M., and Orians, C. M. (2010). Methyl jasmonate elicits rapid changes in carbon and nitrogen dynamics in tomato. N. Phytol. 188, 835–844. doi: 10.1111/j.1469-8137.2010.03414.x

 Griffin, J. J., Ranney, T. G., and Pharr, D. M. (2004). Heat and drought influence photosynthesis, water relations, and soluble carbohydrates of two ecotypes of redbud (Cercis canadensis). J. Am. Soc Hortic. Sci. 129, 497–502. doi: 10.21273/jashs.129.4.0497

 Gutiérrez-Gamboa, G., Portu, J., López, R., Santamaría, P., and Garde-Cerdán, T. (2018). Elicitor and nitrogen applications to garnacha, graciano and tempranillo vines: effect on grape amino acid composition. J. Sci. Food Agric. 98, 2341–2349. doi: 10.1002/JSFA.8725

 Huang, H., Liu, B., Liu, L., and Song, S. (2017). Jasmonate action in plant growth and development. J. Exp. Bot. 68, 1349–1359. doi: 10.1093/jxb/erw495

 Kazan, K. (2015). Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends Plant Sci. 20, 219–229. doi: 10.1016/j.tplants.2015.02.001

 Lee, S. G., Kim, S. K., Lee, H. J., Lee, H. S., and Lee, J. H. (2018). Impact of moderate and extreme climate change scenarios on growth, morphological features, photosynthesis, and fruit production of hot pepper. Ecol. Evolution. 8, 197–206. doi: 10.1002/ece3.3647

 Liang, Y. S., Choi, Y. H., Kim, H. K., and Verpoorte, R. (2006). Metabolomic analysis of methyl jasmonate treated brassica rapa leaves by 2-dimensional NMR spectroscopy. Phytochemistry 67, 2503–2511. doi: 10.1016/j.phytochem.2006.08.018

 Mateos, R. M., Jiménez, A., Román, P., Romojaro, F., Bacarizo, S., Leterrier, M., et al. (2013). Antioxidant systems from pepper (Capsicum annuum l.): Involvement in the response to temperature changes in ripe fruits. Int. J. Mol. Sci. 14, 9556–9580. doi: 10.3390/ijms14059556

 Otálora, G., Piñero, M. C., López-Marín, J., Varó, P., and del Amor, F. M. (2018). Effects of foliar nitrogen fertilization on the phenolic, mineral, and amino acid composition of escarole (Cichorium endivia l. var. latifolium). Sci. Hortic. 239, 87–92. doi: 10.1016/j.scienta.2018.05.031

 Pagamas, P., and Nawata, E. (2008). Sensitive stages of fruit and seed development of chili pepper (Capsicum annuum l. var. shishito) exposed to high-temperature stress. Sci. Hortic. 117, 21–25. doi: 10.1016/j.scienta.2008.03.017

 Pérez-Jiménez, M., Piñero, M. C., and del Amor, F. M. (2019). Heat shock, high CO2 and nitrogen fertilization effects in pepper plants submitted to elevated temperatures. Sci. Hortic. 244, 322–329. doi: 10.1016/j.scienta.2018.09.072

 Piñero, M. C., Otálora, G., Porras, M. E., Sánchez-Guerrero, M. C., Lorenzo, P., Medrano, E., et al. (2017). The form in which nitrogen is supplied affects the polyamines, amino acids, and mineral composition of sweet pepper fruit under an elevated CO2 concentration. J. Agric. Food Chem. 65, 711–717. doi: 10.1021/acs.jafc.6b04118

 Piñero, M. C., Pérez-Jiménez, M., López-Marín, J., and Del Amor, F. M. (2016). Changes in the salinity tolerance of sweet pepper plants as affected by nitrogen form and high CO2 concentration. J. Plant Physiol. 200, 18–27. doi: 10.1016/j.jplph.2016.05.020

 Porra, R. J., Thompson, W. A., and Kriedemann, P. E. (1989). Determination of accurate extinction coefficients and simultaneous equations for assaying chlorophylls a and b extracted with four different solvents: Verification of the concentration of chlorophyll standards by atomic absorption spectroscopy. BBA - Bioenergetics. 975, 384–394. doi: 10.1016/S0005-2728(89)80347-0

 Reinbothe, C., Springer, A., Samol, I., and Reinbothe, S. (2009). Plant oxylipins: Role of jasmonic acid during programmed cell death, defence and leaf senescence. FEBS J. 276, 4666–4681. doi: 10.1111/j.1742-4658.2009.07193.x

 Rezaei, E. E., Siebert, S., Hüging, H., and Ewert, F. (2018). Climate change effect on wheat phenology depends on cultivar change. Sci. Rep. 8, 4891. doi: 10.1038/s41598-018-23101-2

 Ristic, Z., Bukovnik, U., Momčilović, I., Fu, J., and Vara Prasad, P. V. (2008). Heat-induced accumulation of chloroplast protein synthesis elongation factor, EF-tu, in winter wheat. J. Plant Physiol. 165, 192–202. doi: 10.1016/j.jplph.2007.03.003

 Rizhsky, L., Liang, H., and Mittler, R. (2002). The combined effect of drought stress and heat shock on gene expression in tobacco. Plant Physiol. 130, 1143–1151. doi: 10.1104/pp.006858

 Ropokis, A., Ntatsi, G., Kittas, C., Katsoulas, N., and Savvas, D. (2018). Impact of cultivar and grafting on nutrient and water uptake by sweet pepper (Capsicum annuum l.) grown hydroponically under mediterranean climatic conditions. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01244

 Russo, S., Dosio, A., Graversen, R. G., Sillmann, J., Carrao, H., Dunbar, M. B., et al. (2014). Magnitude of extreme heat waves in present climate and their projection in a warming world. J. Geo-phys. Res. Atmos. 119, 500–12,512. doi: 10.1002/2014JD022098

 Tito, R., Vasconcelos, H. L., and Feeley, K. J. (2018). Global climate change increases risk of crop yield losses and food insecurity in the tropical Andes. Glob Change Biol. 24, e592–e602. doi: 10.1111/gcb.13959

 Van Doorn, W. G. (2008). Is the onset of senescence in leaf cells of intact plants due to low or high sugar levels? J. Exper. Bot. 59, 1963–1972. doi: 10.1093/jxb/ern076

 Waha, K., Müller, C., Bondeau, A., Dietrich, J. P., Kurukulasuriya, P., Heinke, J., et al. (2013). Adaptation to climate change through the choice of cropping system and sowing date in sub-Saharan Africa. Global Environ. Change. 23, 130–143. doi: 10.1016/j.gloenvcha.2012.11.001

 Wahid, A., Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance in plants: An overview. Environ. Exper Bot. 61, 199–223. doi: 10.1016/J.ENVEXPBOT.2007.05.011

 Weidhase, R. A., Kramell, H. M., Lehmann, J., Liebisch, H. W., Lerbs, W., and Parthier, B. (1987). Methyljasmonate-induced changes in the polypeptide pattern of senescing barley leaf segments. Plant Sci. 51, 177–186. doi: 10.1016/0168-9452(87)90191-9

 Weng, J. H., and Lai, M. F. (2005). Estimating heat tolerance among plant species by two chlorophyll fluorescence parameters. Photosynthetica 43, 439–444. doi: 10.1007/s11099-005-0070-6

 Woetzel, J., Pinner, D., Samandari, H., Engel, H., Krishnan, M., Boland, B., et al. (2020). Climate risk and response, physical hazards and socioeconomic impacts (United States: McKinsey. Global Institute), 152. Available at: www.mckinsey.com/mgi.

 Zandalinas, S. I., Mittler, R., Balfagón, D., Arbona, V., and Gómez-Cadenas, A. (2018). Plant adaptations to the combination of drought and high temperatures. Physiol. Plantarum 162, 2–12. doi: 10.1111/ppl.12540

 Zhang, H., and Zhou, C. (2013). Signal transduction in leaf senescence. Plant Mol. Biol. 82, 539–545. doi: 10.1007/s11103-012-9980-4

 Zhou, R., Yu, X., Kjær, K. H., Rosenqvist, E., Ottosen, C. O., and Wu, Z. (2015). Screening and validation of tomato genotypes under heat stress using Fv/Fm to reveal the physiological mechanism of heat tolerance. Environ. Exper. Bot. 118, 1–11. doi: 10.1016/j.envexpbot.2015.05.006

 Zhou, R., Yu, X., Ottosen, C. O., Rosenqvist, E., Zhao, L., Wang, Y., et al. (2017). Drought stress had a predominant effect over heat stress on three tomato cultivars subjected to combined stress. BMC Plant Biol. 17, 24. doi: 10.1186/s12870-017-0974-x



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Otálora, Piñero, Collado-González, Gálvez, López-Marín and del Amor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-1014230-g003.jpg
Glucose (mg kg™* DW)
§888¢8¢8¢8

g

Cone

Toes WCONTROL B40-C E40<C+MelA Coor c
Taes
T
CxTns 8000 1600 e
e CxT* ” CxT
e 7000 e
e
6000 de 1200 de
5 5 s o
o -E 5000 be be ? be
¥ abe < ® ab
a5 2 000 R ab 2 800
ab § g
a
€ 3000 g
£ 3
2000 00
1000
0 0
BASQUE CHILLI AGIO LORETO BASQUE CHILLI AGIO LORETO 'BASQUE CHILLI AGIO LORETO





OEBPS/Images/im2.jpg
H,PO;






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Heat-shock and methyl-jasmonate: The cultivar-specific responses of pepper plants

      

        		

          Introduction

        



        		

          Material and methods

        

          		

            Plant material, growth conditions, and treatments

          



          		

            Gas exchange

          



          		

            Chlorophyll content and fluorescence

          



          		

            Mineral composition

          



          		

            Sugars content

          



          		

            Polyamines

          



          		

            Free amino acids

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Leaf gas exchange and chlorophyll fluorescence parameters

          



          		

            Leaf mineral concentration

          



          		

            Leaf sugars concentration

          



          		

            Polyamines

          



          		

            Free amino acids

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1014230-g002.jpg
Chlorophyll A (mg kg FW)

Chlorophyll A+B (mg kg! FW)

1400

1300

1200

g

g

g

800

700

600

500

2300

2000

g

1400

g

g

500

C Hax
T‘
CxT*

BASQUE CHILLI

C ***
T ek

CxT s

BASQUE CHILLI

ECONTROL m40-C E40-C+MelA
1400

1300

g 1200

mg kg
g g

g

800

Chlorophyll B (

700

600

500
AGIO LORETO

0.9

Fu/Fm

AGIO LORETO

C***

Ti“
CxT**s & e

BASQUE CHILLI AGIO LORETO

C #**
T‘
CxThns

BASQUE CHILLI AGIO LORETO





OEBPS/Images/table2.jpg
Cultivar

BASQUE CHILLI

AGIO

LORETO

ANOVA

Treatment

Control

40°C

40°C + MeJA
Control

40°C

40°C + MeJA
Control

40°C

40°C + MeJA
Cultivar (C)
Temperature (T)
CxT

Ca

928 +0.22a
10.28 £0.27 a
990 +0.28 a
14.36 +0.68 cd
15.33 £ 0.69 de
1642 £0.78 ¢
13.90 + 0.71 bed
13.34 £ 0.58 be
1240 £0.34b
ns

ns

K

57.48 + 1.40 a
61.02 + 1.87 ab
59.73 £ 1.25 ab
58.86 + 2.49 ab
59.59 + 1.58 ab
62.88 + 2.15 ab
62.41 + 1.26 ab
64.01 £ 0.96 b
63.73+149b

*

ns

ns

Mg

508 +0.14a
5.71 + 0.29 abc
5.54 + 031 ab
504+ 028a
5.60 + 0.25 abc
5.67 + 0.24 abc
6.05 + 0.21 be
6.41 £ 0.17 ¢
6.05 % 0.17 be

ke

ns

ns

Na

0.15 0.0l a
0.16 £ 0.01 a
0.18 £ 0.01 ab
0.19 + 0.02 abc
0.20 + 0.01 abc
0.23 £ 0.02 bed
0.24 + 0.01 cde
0.27 £ 0.01 de
0.30 £0.02

onx

*

ns

B

472+0.13a
5.92 + 0.08 cd
5.05 + 0.29 ab
5.20 + 0.40 ab
5.89 + 0.17 od
5.44 +0.12 be
592 + 032 cd
6.88 £ 0.10 e

6.49 + 0.17 de

onx

ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the
level of p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.





OEBPS/Images/table4.jpg
Temperature (%) Variety (%) Temperature x variety (%) Residual (%)

His 17.26 ** 26.54 ¥ 19.47 ** 36.71
Ser 4.80 NS 1213 * 36.14 ¥+ 46.92
Arg 533 NS 35.80 *** 38.98 *** 19.87
Gly 0.87 NS 20.03 * 24.04 % 55.05
Asp 1.65 NS 7.08 NS 12.68 NS 78.57
Glu 19.83 ** 325NS 37.97 0%+ 3893
Thr 10.12 * 18.83 ** 30.73 ¥+ 40.29
Ala 25.05 ¥ 16.56 * 12.07 NS 46.31
Pro 17.57%* 29.70 ¥** 13.01 NS 39.70
Lys 9.66 NS 17.55 * 16.87 NS 55.90
Met 0.67 NS 20.80 * 26.88 * 51.64
Val 2.32 NS 23.34 % 2048 * 53.84
Leu 4.17 NS 23.68 ** 2022 * 51.92
Phe 0.33 NS 26.36 ** 17.89 * 55.41
lle 0.47 NS 22137% 23.07 * 54.32
Total aas 11.20 * 13.56 ** 42.68 *** 3255

Statistically significant at *p < 0.05, **p < 0.01 and ***p < 0.001, respectively. NS, not significant.





OEBPS/Images/table3.jpg
Cultivar Treatment B Cu Fe Mn Zn

BASQUE CHILLI Control 3383 +1.26a 7.67 £0.72a 122.12 + 6,51 ab 1258 £ 1.13 a 48.83 £2.07a
40°C 39.77 +1.24 b 10.94 + 0.97 be 116.05 + 3.30 a 15.88 + 1.57 ab 6275 +1.98 b
40°C + MeJA 40.93 + 0.58 b 9.95 + 1.43 abc 11422 + 498 a 1202+ 154 a 56.75 + 4.43 ab

AGIO Control 31.06 + 1.54 a 7.18 £0.51 a 118.36 + 4.36 ab 12.54 £1.90 a 66.05 + 6.17 be
40°C 4155 +135b 8.77 +0.77 ab 11589 £3.39 a 17.85 + 1.96 b 76.12 £3.52 ¢
40°C + MeJA 4213 +094 b 8.45 + 0.67 ab 11573 +2.25a 1848 +1.33 b 74.58 +2.02 ¢

LORETO Control 3043 +2.44a 7.76 £ 0.86 a 125.57 + 8.76 ab 1131 £144a 77.38 £3.98 ¢
40°C 3356 +0.64a 11.70 £ 0.63 ¢ 133.09 +4.09 b 20.66 + 0.76 b 99.06 +3.58 d
40°C + MeJA 3250 +0.70 a 1240 £0.76 ¢ 12841 + 6.89 ab 19.05 222 b 89.64 £3.92d
Cultivar (C) ox . - * ox

ANOVA Temperature (T) b ARE ns ] i
CxT ¥ ns ns ns ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the
level of p < 0.05; ***p < 0.001; n.s., not significant.





OEBPS/Images/im3.jpg
SO} :35;





OEBPS/Images/fpls-13-1014230-g004.jpg
Putrescine (nmol g* FW)

100

8

a0

20

ECONTROL m40-C @40-C+MelA Cns c=e
T Tene
CxTns CxTns
CxTns - 555 .
= bed bed
250 250
g abe abed abe B be
3 ab 3
) a W X7 ab b w P
3 3
E
Y
£ £
H &
50 50
0 0
BASQUE CHILLI AGIO LORETO BASQUE CHILLI AGIO LORETO BASQUE CHILLI AGIO LORETO
Cns Cns
T Teee
120 CxThs 200 CxTns
c
be
100 abc be 160
P - F
2 ab ab b W Lo
fw . : g
2 2w
g w ]
2 i
38 =
20
o

BASQUE CHILLI

AGIO

LORETO BASQUE CHILLI

LORETO





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/im1.jpg
NO;:12.0;





OEBPS/Images/fpls-13-1014230-g005.jpg
Amino acid (pmol L)

400

350

ser

Arg

Gly

Asp

Basque chilli Agio

Glu

B Control

m40°C

B40°C+MelA

Amino acid (i

Thr Ala Pro Llys Met Val Lleu Phe lle His Ser Arg Gly Asp Glu Thr

C Loreto

400

350

Amino acid (jume

His Ser Arg Gly Asp Glu Thr Ala Pro Lys Met Val Leu Phe lle

ltvar |t * * s
Temperatwe ** ns ns ns ns Y * Y™ ** oo s ons onms o onsons
ns

oxT e wer ong o

Ala

Pro

Lys

Met






OEBPS/Images/table1.jpg
Cultivar Treatment Chlorides Nitrates Phosphates Sulfates

BASQUE CHILLI Control 106 +0.10 ¢ 39.29 + 1.12 abc 14.05 + 0.40 be 6.08 £0.19 a
40°C 0.96 + 0.06 bc 49.77 + 1.88 de 17.72 + 0.56 d 7.17 +0.36 abc
40°C + MeJA 0.97 + 0.03 be 49.06 + 2.09 de 13.66 + 0.88 bc 6.86 + 0.58 ab

AGIO Control 1.01 + 0.08 bc 43.90 £ 4.02 cd 13.95 + 2.10 be 6.82 +0.78 ab
40°C 117 £0.12 ¢ 5198 £ 134 e 16.94 £ 0.91 cd 844 £0.24 ¢
40°C + MeJA 0.99 + 0.07 be 53.65 £ 1.90 e 16.40 + 0.70 cd 8.50 £0.30 ¢

LORETO Control 0.76 + 0.07 b 3446 £143 a 16.54 +2.10 cd 7.12 +0.20 abc
40°C 0.48 + 0.05 a 41.15 + 1.37 be 11.18 £ 0.79 ab 7.60 + 0.41 be
40°C + MeJA 0.44 £ 0.05 a 36.74 + 1.82 ab 9.71 £ 1.02 a 6.67 + 0.52 ab

ANOVA Cultivar (C) e b h *
Temperature (T) ns Ak ns %

CxT ns ns et ns

Values are means + SE. Different letters indicate significant differences between treatments according to Duncan’s test at the 95% confidence level. The * refers to significant differences at the
level of p < 0.05; **p < 0.005; ***p < 0.001; n.s., not significant.





OEBPS/Images/fpls.2022.1014230_cover.jpg
& frontiers | Frontiers in Plant Science

Heat-shock and methyl-jasmonate:a
The cultivar-specific responses of
pepper plants





OEBPS/Images/fpls-13-1014230-g001.jpg
Acoz (umol H,0 m~ s7)

WUE (Aco/E)

12

C**

T #ex

CxTns

ECONTROL ®40:-C B40:C+MelA

F':I‘
&)
£
Q
%
T
°
£
£
w
BASQUE CHILLI AGIO LORETO
D
Cns
T s
CxTns

gs (mmol H,0 m?2s1)

BASQUE CHILLI

AGIO LORETO

Cns
T e

79 CxTns

BASQUE CHILLI AGIO LORETO

Cns
T*
CxThns

100 A b

BASQUE CHILLI

AGIO LORETO





