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Abstract

:

Thermal stress reduces plant growth and development, resulting in considerable economic losses in crops such as soybeans. Nitric oxide (NO) in plants is associated with tolerance to various abiotic stresses. Nevertheless, there are few studies of the range of observed effects of NO in modulating physiological and metabolic functions in soybean plants under high temperature. In the present study, we investigated the effects of sodium nitroprusside (SNP, NO donor), on anatomical, physiological, biochemical, and metabolic processes of soybean plants exposed to high temperature. Soybean plants were grown in soil: sand (2:1) substrate in acclimatized growth chambers. At developmental V3 stage, plants were exposed to two temperatures (25 °C and 40 °C) and SNP (0 and 100 μM), in a randomized block experimental design, with five replicates. After six days, we quantified NO concentration, leaf anatomy, gas exchange, chlorophyll a fluorescence, photosynthetic pigments, lipid peroxidation, antioxidant enzyme activity, and metabolite profiles. Higher NO concentration in soybean plants exposed to high temperature and SNP showed increased effective quantum yields of photosystem II (PSII) and photochemical dissipation, thereby maintaining the photosynthetic rate. Under high temperature, NO also promoted greater activity of ascorbate peroxidase and peroxidase activity, avoiding lipid peroxidation of cell membranes, in addition to regulating amino acid and organic compound levels. These results suggest that NO prevented damage caused by high temperature in soybean plants, illustrating the potential to mitigate thermal stress in cultivated plants.
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1. Introduction


Soybean (Glycine max (L.) Merrill) is one of the most economically important crops worldwide. Soybeans are used for both human and animal foods, as well as for biodiesel production. The plant grows in tropical and subtropical environments and is susceptible to more frequent heat waves that result from climate change, compromising crop development and yields [1]. Heat waves are characterized by short periods with temperatures up to 6 °C above the average recorded temperature [2]. Changes in frequency, duration, and intensity of heat events are expected to increase in the context of climate change; current projections suggest increased average global temperatures of 2 °C by 2050 [3]. These climatic changes threaten not only food security but also economic security for soybean producing countries [4].



For plants, thermal stress is characterized by increased temperature sufficient to alter leaves and affect metabolism [5]; in soybeans, this results in lower yields [6]. For each degree of increased mean temperature, soybean yield decreases by 16% [7]. Generally speaking, higher temperatures cause decreased photosynthetic rates because of several physiological and biochemical factors, including increased RuBisCO-mediated photorespiration [8]; this is followed by increased starch and soluble carbohydrate metabolism, leading to reduced availability of organic substrates and compromised plant development [8].



Exogenous application of signaling molecules can potentially improve the adaptability of plants under conditions of environmental stress. Nitric oxide (NO) regulates growth and development processes, including mitigating damage caused by high temperature in beans [9] and wheat [10]. Chen et al. [11] reported photosynthetic recovery in tall fescue exposed at 44 °C after application of sodium nitroprusside (SNP, NO donor). This effect is attributable to NO involvement in several physiological and biochemical processes of plants influencing stomata function [12], as well as stimulation of antioxidant responses [13].



Although some studies described the role of NO in photosynthetic or oxidative characteristics in different plants exposed to high temperature combined with different abiotic stresses [10,11,14,15], there is still a lack of understanding NO interactions modulating the physiological, biochemical, metabolic, and anatomical changes under thermal stress in the soybean. Therefore, in this study, we tested the hypothesis that NO would increase the tolerance of soybean plants to thermal stress, by maintaining metabolic homeostasis.




2. Materials and Methods


2.1. Experimental Conditions and Experimental Design


Plants were grown and measured in growth chambers (Instalafrio, Pinhais, PR, Brazil) with controlled conditions of relative humidity (~65%), irradiance (~650 µmol∙m−2∙s−1) and temperature (25/20 °C or 40/25 °C, day/night) at the Ecophysiology and Plant Productivity Laboratory at the Goiano Federal Institute of Education, Science and Technology (IF Goiano), Rio Verde Campus. Soybean plants (Glycine max (L.) Merrill), cultivar Desafio 8473 RSF (Brasmax Sementes, Cambé, PR, Brazil), were grown in polyethylene pots containing 5 kg of substrate prepared from Red Latosol (LVdf) soil and sand (2:1). The substrate used had the following composition: pH CaCl2—5.6; P—0.7 mg∙dm−3; K—13.0 mg∙dm−3; Ca—1.54 cmolc∙dm−3; Mg—0.22 cmolc∙dm−3; Al—0.05 cmolc∙dm−3; H+ Al—1.3 cmolc∙dm−3; S—3.5 mg∙dm−3; B—0.8 mg∙dm−3; Cu—1.0 mg∙dm−3; Fe—37.8 mg∙dm−3; Mn—13.2 mg∙dm−3; Zn—0.1 mg∙dm−3; Na—6.0 mg∙dm−3; SB—58%; CTC—3.1 cmolc∙dm−3; organic matter—109%. Based on these characteristics, liming was performed using dolomitic limestone, increasing the base saturation to 60%. The plants were fertilized with 0.2 g∙dm−3 mono-ammonium phosphate (MAP), 0.16 g∙dm−3 potassium chloride (KCl), 0.18 g∙dm−3 potassium sulphate (K2SO4), 0.2 g∙dm−3 urea (CH4N2O), and 0.026 g∙dm−3 zinc sulfate (ZnSO4), according to the recommendation for Cerrado soils [16]. Two plants were grown per pot, representing one experimental unit.



Treatments consisted of a combination of an aqueous solution of sodium nitroprusside (SNP, NO donor; Na2 [Fe (CN)5 NO]·2H2O, SigmaAldrich, Saint Louis, MO, USA) and elevated temperature imposed at the V3 development stage [17]. The plants were treated with two doses of SNP: 0 and 100 µM for two consecutive days at 24-h intervals, using a hand sprayer with a total volume of 5 mL per plant [18], under 25 °C and 40 °C. The high temperature (HT) was imposed after the both SNP applications by gradually increasing from 25 °C at 10:00 a.m. until reaching 40 °C ± 0.5 °C at 11:30 a.m., which was maintained for five hours. After this period, the temperature gradually decreased until it returned to 25 °C at 6:30 p.m., until repeating the cycle the following day. Thermal treatments were imposed for a six-day period, during which time physiological, biochemical, metabolic, and morphoanatomical evaluations were made.



The experimental design was in randomized blocks, in a factorial scheme, with two SNP levels (0 and 100 μM) and two temperatures (25 °C and 40 °C), with five replicates.




2.2. Nitric Oxide Concentration


Endogenous NO concentration was determined according to Zhou et al. [19]. Briefly, fresh leaves (~2 g) were ground in 1.5 mL of acetic acid buffer (50 mM) containing zinc diacetate (4%), pH 3.6. The homogenates were centrifuged at 10,000× g for 15 min at 4 °C. The supernatant was collected. The pellet was washed with 1 mL of extraction buffer and the supernatant collected and combined. The samples were mixed and filtered and the extract (1 mL) was added to an equal volume of the Griess reagent. The samples were incubated at room temperature for 30 min and then the absorbance was determined at 540 nm using an ultraviolet–visible light (UV–Vis) spectrophotometer (Evolution 60S, Thermo Fisher Scientific, Madison, WI, USA). NO content was determined by comparison with a NaNO2 standard curve (0 to 120 µg∙mL−1) and was expressed as nmol∙g−1 fresh weight (FW).




2.3. Photosynthetic Pigments, Gas Exchange, and Chlorophyll a Fluorescence


Photosynthetic pigments were extracted from leaf discs (~2 cm2) in 5 mL of dimethylsulfoxide solution saturated with calcium carbonate in a 65 °C water bath. After 24 h, the solution absorbance was read at 480, 649.1, and 665.1 nm using a UV–Vis spectrophotometer. Chlorophyll a (Chla = 12.4.A665.1 − 3.62.A649.1), chlorophyll b (Chlb = 25.06.A649.1 − 6.50.A665.1) and total carotenoid (Carot = [1000A480 − 1.29Ca − 53,78Cb]/220) concentrations were calculated according to Wellburn [20] and were expressed as µg∙cm−2.



Gas exchange was measured in fully expanded leaves using an infrared gas analyzer (IRGA, LI-6400xt, Licor, Lincoln, NE, USA) to determine the net photosynthetic assimilation rate (A, µmol∙m−2∙s−1), stomatal conductance (gS, mmol∙m−2∙s−1), transpiration rate (E, mmol∙m−2∙s−1), and the ratio of internal to external CO2 (Ci/Ca). Measurements were performed under constant photosynthetically active radiation (PAR, 1000 µmol∙m−2∙s−1), and at environmental atmospheric CO2 concentration (Ca) (~430 µmol∙mol−1), temperature (~25 °C) and relative air humidity (4–65%), between 8:00 a.m. and 10:00 a.m.



Chlorophyll a fluorescence images and values were obtained using a modulated fluorometer (Imaging-PAM, Heinz Walz, Effeltrich, BY, Germany). The fluorescence signals of the leaf area examined were captured using a charge-coupled device (CCD) camera coupled to the device images. The pixel-value images of the fluorescence variables were displayed using a false color code ranging from black (0.000) to pink (1.000). To obtain measurements, leaves were initially dark-acclimated for 40 min so that the reaction centers were fully opened to obtain the minimal (F0) and maximal chlorophyll fluorescence (Fm) values. From measurements, the maximum photochemical efficiency photosystem II (PSII) (Fv/Fm = (Fm − F0)/Fm) was calculated. The leaf tissues were then exposed to actinic light and a saturating pulse to obtain the steady-state fluorescence (F) and the maximum fluorescence in a light-adapted state (Fm’), respectively. This allowed determination of the effective quantum yield of PSII (YII = (Fm’ − F)/Fm’), quenching photochemical (qP = (Fm’ − F)/(Fm’ − F0)) and the quantum yield of regulated energy dissipation (YNPQ = (F/Fm’) − (F/Fm)). The YII was used to calculate the electron transport rate, ETR = YII.PAR.LeafABS.0.5, where PAR is the photon flow (µmol∙m−2∙s−1) on the leaves, LeafABS is the fraction of incident light that is absorbed by the leaves, and 0.5 is the excitation energy fraction directed to the PSII.




2.4. Leaf Morphoanatomical Characterization


Samples (~3 cm2) from the middle region of the last fully expanded leaf were collected and fixed in Karnofsky solution. After 24 h, the material was pre-washed in phosphate buffer and dehydrated in a gradual ethyl alcohol series, pre-infiltered, and infiltered in historesin (Leica, Wetzlar, HE, Germany), according to the manufacturer’s recommendation. Samples were then transversely sectioned to 5-μm thickness in a rotating microtome (1508R model, Logen Scientific, Shangjiao Dashi, Guangzhou, China). Sections were stained with toluidine blue (0.05% in 0.1 M phosphate buffer, pH 6.8) and anatomical observations of adaxial and abaxial epidermis, palisade, and spongy parenchyma and mesophyll were made using images photographed with an Olympus microscope (BX61, Olympus, Shinjuku-ku, Japan) coupled to a DP-72 camera using the light-field option. The micromorphometry measurements were obtained from the previous images using ImageJ software (Image Processing and Analysis in Java, v. 1.47, Bethesda, MD, USA). Ten observations per replicate were measured for each structure evaluated.




2.5. Lipid Peroxidation and Antioxidant Enzyme Activities


Lipid peroxidation levels were measured as malondialdehyde (MDA) content, according to Heath and Packer [21]. Leaf samples (~0.160 g) were homogenized in 2 mL of trichloroacetic acid (TCA, 1%, and centrifuged at 12,000× g for 15 min at 4 °C. The supernatant (500 µL) was mixed with 2 mL of thiobarbituric acid (TBA) reagent (0.5% TBA in 20% TCA), heated at 95 °C for 20 min in water bath and then quickly cooled in an ice bath and centrifuged at 3000× g for 4 min. The absorbance was measured at 440, 532, and 600 nm using a UV–Vis spectrophotometer. MDA concentration was calculated using the molar extinction coefficient of 155 mM−1∙cm−1, as MDA (nmol∙mL−1) = [((Abs532 − Abs600) – (Abs440 − Abs600)/155,000)106], and expressed as nmol MDA∙g−1 FW.



To determine the activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and peroxidase activity (POX), leaf tissues (~0.2 g) were ground into a fine powder in liquid nitrogen and homogenized in 2 mL of a solution containing 50 mM potassium phosphate buffer (pH 6.8), 0.1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 2% polyvinylpolypyrrolidone (PVPP). The homogenates were centrifuged at 12,000× g for 15 min at 4 °C, and the supernatants were used as a crude enzyme extract. SOD (EC 1.15.1.1) activity was determined by measuring the ability to photochemically reduce p-nitrotetrazole blue (NBT) according to Del Longo et al. [22]. The reaction was started by the addition of 10 µL of the crude enzyme extract to 280 µL of a mixture containing 50 mM potassium phosphate buffer (pH 7.8), 13 mM methionine, 0.075 mM NBT, 0.1 mM EDTA, and 0.002 mM riboflavin. The reaction occurred at 25 °C under a 15-W lamp. After 15 min of light exposure, the light was interrupted, and the production of formazan blue—which resulted from the photoreduction of NTB—was monitored by the increase in absorbance at 560 nm using a microplate reader (VersaMax, Molecular Devices, San Jose, CA, USA). Controls for each sample were obtained from aliquots maintained in the light during the reaction time. One SOD unit was defined as the amount of enzyme required to inhibit NBT photoreduction by 50%, and was expressed in U∙min−1∙mg−1 protein.



Catalase (EC 1.11.1.6) activity was assayed according to the method described by Havir and McHale [23]. The reaction was consisted of 10 µL of the crude enzyme extract and 990 µL of a solution containing potassium phosphate buffer (100 mM; pH 6.8) and H2O2 (12.5 mM). The CAT activity was determined by the rate of H2O2 decomposition at 240 nm in UV–Vis spectrophotometer for 1.5 min at 25 °C. An extinction coefficient of 36 M−1∙cm−1 was used to calculate the CAT activity, which was expressed as min−1∙mg−1 protein.



APX (EC 1.11.1.11) activity was determined according to Nakano and Asada [24]. The reaction consisted of 50 µL of the crude enzyme extract and 1.95 mL of reaction solution containing potassium phosphate buffer (50 mM; pH 6.0), H2O2 (1 mM), and ascorbate (0.8 mM). The APX activity was measured by the rate of ascorbate oxidation at 290 nm using a UV–Vis spectrophotometer for 3 min at 25 °C. An extinction coefficient of 0.0028 M−1∙cm−1 was used to calculate the APX activity, which was expressed as µmol∙min−1∙mg−1 of protein.



Peroxidase (POX, EC 1.11.1.7) activity was determined according to Kar and Mishra [25]. The reaction consisted of 100 µL of the crude enzyme extract and 1.9 mL of a reaction mixture containing potassium phosphate buffer (25 mM; pH 6.8), pyrogallol (20 mM), and hydrogen peroxide (20 mM). The absorbance was measured at 420 nm in UV–Vis spectrophotometer for 1 min at 25 °C. An extinction coefficient of 0.00247 M−1∙cm−1 was used to calculate the POX activity, which was expressed as µmol∙min−1∙mg−1 of protein. Protein concentration was determined according to Bradford [26].




2.6. Metabolic Extraction and Analysis


The leaf samples were initially microwave dried (900 W) for 10 s to prevent metabolic turnover [27,28], and then approximately 40 mg of dried leaf material was extracted with 1 mL of methanol/chloroform/water (12:5:3, v/v/v) at 75 °C for 30 min. The water fraction of the extraction mixture consisted of a 0.1% solution of internal standard. The mixture of 0.1% penta-erythritol and 0.1% 3-nitrotyrosine for GC analysis.



Samples were centrifuged at 11,400× g and 800 μL of the supernatants were collected and mixed to 200 μL chloroform and 500 μL of Milli-Q water to facilitate phase separation. Samples were then centrifuged at 11,400× g for 3 min and 700 μL of the water–methanol-soluble fractions were collected and stored at −20 °C for further analysis.



Analysis of soluble carbohydrates, sugars, and organic acids were performed using GC on an Agilent 7890A gas chromatograph coupled to a 7000 QQQ Mass selective detector (Agilent, Santa Clara, CA, USA). A HP5 column (0.25 mm internal diameter, 30 m long, 0.25 µm film thickness) was used for chromatographic separation. Then, 50 µL of extract was dried down in a SpeedVac and derivatized using 450 µL of pyridine and 50 µL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA):trimethylcholorsilane (TMCS) (10:1) for derivatization to make up a final volume of 500 µL for GC–MS analysis. Samples were incubated for 35 min at 75 °C and analyzed by GC–MS within 24 h. A 20:1 split injection was made at 300 °C initial oven temperature program of 60 °C for 2 min, ramping to 220 °C at 10 °C∙min−1 (hold for 5 min), then ramping at 10 °C∙min−1 to 300 °C (hold for 5 min). Peak integration was made using Agilent MassHunter software (Agilent, Santa Clara, CA, USA). A mixed standard was made from a stock solution containing 500 µg∙mL−1 of each analyte. Appropriate aliquots were taken to make standard concentrations of 0.5, 1, 5, 10, 20, and 50 µg∙mL−1. The dry weight of the sample was used for the calculation and the results were expressed as µg∙g−1 of dry weight.



Analysis of amino acids was performed using the underivatized extracts on a 1290 Infinity LC-MS system (Agilent, Santa Clara, CA, USA) coupled to a 6520 QTOF Mass selective detector (Agilent, Santa Clara, CA, USA). A 3.5-µL sample was injected into a Zorbax SB-C18 column (2.1 × 150 mm, 3.5 µm), and separation was achieved by gradient elution with water and methanol. The quadrupole time-of-flight (QTOF) was tuned to operate at low-mass range (<1700 m/z), data acquisition was performed in scan mode (60–1700 m/z), and ionization performed in positive ion mode. LC–MS results were identified based on their retention times relative to standards, as well as their formula mass. Peaks were integrated and their relative quantities were calculated using MassHunter software. A mixed standard was made from a stock solution containing 500 µg∙mL−1 of each analyte. The solutions were kept frozen at −20 °C. Appropriate aliquots were taken to make resulting standard concentrations of 0.1, 0.2, 0.5, 1, 5, 10, and 20 µg∙mL−1 into 1-mL solutions in Milli-Q Water. The dry weight of the sample was used for the calculation and the results were expressed as µg∙g−1 of dry weight.




2.7. Statistical Analysis


The data were subjected to factorial analysis of variance (p < 0.05), and the means were compared using the Tukey test, using Analysis System Program Variance (SISVAR, v. 5.4, Lavras, MG, Brazil).





3. Results


3.1. Nitric Oxide Concentration


NO concentrations did not significantly differ in soybean plants at 25 °C. At 40 °C, SNP-treated plants showed a pronounced increase in NO concentration (Figure 1).




3.2. Leaf Anatomical Traits


Transverse sections of soybean leaves showed epidermis cells varying in size and shape, generally tubular and rounded, in addition to being amphistomatic. Mesophyll (MS) cells were dorsiventral with two or three strata of palisade parenchyma (PP), whose cells ranged from less to more juxtaposed, and two or three spongy parenchyma (SP) strata with large intercellular spaces. Paravenous parenchyma (PvP) between the PP and SP were also present. The vascular bundle (VB) was surrounded by a sheath of parenchymal cells arranged in a juxtaposed position extending to the epidermis (Figure 2)



No significant differences were observed in the anatomical traits of soybean leaves exposed to 25 °C, independent of SNP application (Figure 3). In the high-temperature treatment group, a reduction in the PS portions was observed (Figure 3B) along with fewer intercellular spaces, causing decreased MS (Figure 3C) and leaf thickness (Figure 3D). Soybean plants exposed to high temperature treated with SNP did not show anatomical changes compared to plants grown at 25 °C (Figure 3).




3.3. Physiological Traits


No interactions were observed between the temperature and the application of SNP in terms of concentration of the photosynthetic pigments. High temperature and SNP application, as isolated factors, increased total chlorophyll (Chl a + b) content in soybean plants (data not shown). Carotenoid levels increased in plants cultivated at 40 °C, independent of SNP application (data not shown).



The photosynthetic rate was significantly lower in high-temperature-treated plants (Panel A); this was not observed in plants exposed to SNP and high temperature (Figure 4A). Stomatal conductance (gs), transpiration rate (E), and the ratio between internal and external CO2 concentration (Ci/Ca) were not significantly affected by temperature or SNP application (Figure 4B–D).



High temperature caused an increase in the minimal fluorescence (F0) and a decrease in the values of the effective quantum yield of PSII (YII), quenching photochemical (qP) and electron transport rate (ETR) (Figure 5). The maximum photochemical efficiency of PSII (Fv/Fm) was not affected by high temperature (Figure 5). However, SNP application reversed the deleterious effects of high temperature, promoting an increase in YII and ETR. The quantum yield of regulated energy dissipation (YNPQ) was higher in high-temperature-treated plants and, at both temperatures, YNPQ was reduced by SNP application (Figure 5).




3.4. Antioxidant Defense System and Metabolic Profile of Soybean Plants


High temperature increased lipid peroxidation, as evidenced by higher MDA values (Figure 6). This observation was reversed in SNP-treated plants (Figure 6).



Antioxidant enzyme activity was significantly affected by at least one of the treatments imposed. Superoxide dismutase (SOD) and catalase (CAT) activities were higher in plants exposed only to high temperature; this was not observed in plants treated with high temperature and SNP (Figure 7A,B). The highest activities of ascorbate peroxidase (APX) and total peroxidases (POX) were observed in plants exposed to high temperature and SNP (Figure 7C,D).




3.5. Metabolic Profile of Soybean Plants


High temperature increased levels of tryptophan, phenylalanine tyrosine, histidine, and lysine when compared to 25 °C and 40 °C + SNP-treated plants (Figure 8 and Table S1, Supplementary Materials). SNP application reduced the levels of histidine, lysine, arginine, glycine, serine, alanine, aspartate, leucine, threonine, and isoleucine at 25 °C. The levels of glutamine, proline, and methionine were lower in the presence of NO, while asparagine and valine shower higher levels only under high-temperature conditions.



SNP application promoted increased ribose and d-mannitol levels in plants exposed to high temperature. However, mannose levels were reduced in SNP-treated plants when compared to untreated SNP-plants under both temperatures. By contrast, increases in levels of pentaerythritol, citric acid, fructose, pinitol, glucose, and chiro-inositol were observed only with high temperature. SNP also reduced aminobutyric acid and chiro-inositol levels (Figure 8 and Table S2, Supplementary Materials).





4. Discussion


Nitric oxide, through SNP application, increased the tolerance of soybean plants to thermal stress. NO was shown to improve the performance of cultivated plants exposed to various abiotic stresses, including water deficit [13,27,28] and salinity [29], suggesting that nitric oxide synthesis is regulated by genes that are upregulated under stress conditions [11,30]. Furthermore, it was shown that the activity of this uncharged molecule is easily transported across membranes, allowing rapid activation of cell signaling [31], changes in gene expression, and regulation of physiological processes [32] that are responsible for increasing thermal stress tolerance.



Damage to the spongy parenchyma and mesophyll thickness was observed in soybean leaves exposed to HT. This resulted in increased plasma membrane permeability and cellular leakage content as also observed in Vitis vinífera L. subjected to thermal stress [33]. However, the slight increase in mesophyll thickness and cell preservation in SNP-treated plants may be an adaptive characteristic of stress tolerance [34]. In the present study, we detected no changes in photosynthetic pigments under HT. Anatomical changes observed in the mesophyll cells probably limited CO2 supply to RuBisCO, resulting in a lower photosynthetic rate in soybean plants. SNP application also increased the chlorophyll content in soybean plants. NO was shown to interact with metallo-group molecules, altering their stability, synthesis, and/or degradation rates [35], largely because chlorophyll molecules possess an Mg2+ atom in the porphyrin groups, a target for NO interactions [36]. These interactions may have led to the improved photosynthetic performance of soybean plants under high temperature. The improvement of A may be related to an influence of NO on the activity of RuBisCO activase, as observed in rice growth under thermal stress [15]. By contrast, Hayat et al. [37] showed that NO application induced an increase in carbonic anhydrase, catalyzing the conversion of CO2 into HCO3− and maintaining the CO2 supply to RuBisCO.



HT promotes changes in the photochemical efficiency in soybean, as observed by an increase in minimal fluorescence (F0) and reduction in energy efficiency in the electron transport photoefficiency rate (YII and ETR). Similar results were reported in tall fescue [11] and rice [15] subjected to HT. The increase in F0 is associated with the centers’ reactivity, complex antenna damage, or with increases in the distance between the protein structures that compose the PSII reaction center and the antenna complex, resulting in lower energy transfer to PSII. These changes occur mainly as a function of the highly unsaturated composition of the thylakoid membrane and the presence of temperature-sensitive photosystems [38]. During thermal stress, thylakoids are susceptible to loss of stacking and swelling of the granules, inducing photooxidative stress, reduction of PSII activity, and changes in electron transport for photosynthesis [39].



By contrast to the deleterious effects of HT, NO elicited an improvement in the chlorophyll a fluorescence in soybean plants. Increases in YII and ETR suggest that NO acted as a thermal stress reliever by improving electron transport chain stability and the higher conversion of light energy to chemical energy efficiency [14]. NO induces protein repair, and de novo synthesis of genes related to the photosystem (psbA, psbB) and the antenna complex (psbC, CP47) under stress conditions [11,30]. Under high temperature only, the increase in carotenoid content and YNPQ acts as the first line of defense against the effects of stress conditions by activating photoprotective mechanisms, including the heat dissipation of excess energy [40], to avoid reactive oxygen species (ROS) formation and consequent PSII photoinhibition [15]. However, when excess energy dissipation is not sufficient to reduce PSII excitation pressure, ROS form and other suppression pathways may be required for their elimination, including the antioxidant enzyme system activation in an attempt to avoid cell damage. In our study, SNP-treated plants did not activate these mechanisms after six treatment days. The improvement of the photochemical efficiency of SNP-treated plants and the high photosynthetic rate suggest that the electrons were used in the photochemical pathway, avoiding oxidative damage by ROS production, as was observed in Crambe abyssinica Hochst. plants under water-deficit conditions [27,28].



Severe high temperatures promoted structural and functional changes in chloroplasts as a result of the oxidation of thylakoid membranes and proteins [41], as was observed by increases in MDA levels in maize, rice [42], and soybean plants. NO, on the other hand, reduced the photooxidative damage in SNP-treated plants at 40 °C. This protective effect may have occurred because of the ability of NO to react directly with ROS, by forming peroxynitrite (ONOO−), which is less toxic than H2O2 [43], or by inhibiting NADPH oxide and reducing ROS production [44].



The abundance of amino acids, sugars, and sugar-alcohol levels suggests several important strategies for coping with thermal stress, because these molecules act as signaling agents [45]. Among the amino acids related to the maintenance of cellular metabolism, increases in the levels of tryptophan, phenylalanine, tyrosine, histidine, lysine, valine, and asparagine are likely related to defense responses in soybean plants under HT. Specifically, aromatic amino acids (tryptophan, phenylalanine, and tyrosine) are synthesized in the shikimic acid pathway, and are involved in the production of compounds that are important for cellular homeostasis, including phenolic compounds, electron transporters, enzyme cofactors, and antioxidant molecules [46]. These molecules were previously found in plants in response to thermal stress [47]. Furthermore, small amino acids such as valine can serve as osmoregulators [48] or may be used as sources of energy for the plant during stress [49].



Increased levels of the amino-acid asparagine may have occurred as a consequence of the increase in protein degradation that induces ammonium accumulation [50]. Under these conditions, increased asparagine synthesis prevents ammonium toxicity in the cells and regulates nitrogen levels, as reported in sunflower plants exposed to several abiotic stresses [51]. Therefore, the results of this study suggest that increased levels of these amino acids maintain metabolic processes and prevent damage to cells through thermal stress, including loss of membrane integrity and denaturation of enzymes and proteins.



By contrast, the observed reduction in amino-acid levels in soybean plants, both at 25 °C and at 40 °C + SNP, raises further hypotheses. The first may be related to changes in nitrogen metabolism. The synthesis, reserve, and transport of amino acids depend on nitrogen distribution, regulated at the transcriptional level [52]. In this way, NO application may augment the nitrogen supply for nitrogen metabolism, thereby reflecting the constitutive accumulation of nitrogen to avoid future deficits. Regulation of amino-acid levels could participate in signaling and production of other metabolites [53], including polyamines. León et al. [54] observed extensive metabolic and transient reprogramming 6 h after treatment with NO in Arabidopsis thaliana (L.) Heynh, including increased polyamines levels that are considered good indicators of NO activation processes, dedicated to remedy oxidative stress and regulate plant growth and development. A second hypothesis may be associated not with decreased synthesis of these amino acids, but with reduction of protein degradation, resulting in lower concentrations of free amino acids. In this case, NO would have a protective role for these proteins by influencing plant metabolism, mainly under thermal stress. NO interacts with proteins through S-nitrosylation of cysteine residues [55]. This S-nitrosylation was associated with the regulation of plant growth and development processes as well as responses to environmental stimuli [56]. In A. thaliana, Iglesias et al. [57] observed that NO, through S-nitrosylation, regulated TIR1 and ASK1 proteins that act directly on the ubiquitin proteosome process in plants. According to these authors, the ubiquitin proteasome is the main mechanism for protein catabolism, as well as being part of the auxin co-receptor subunit during plant growth and development. Furthermore, in response to high temperature, S-nitrosylation regulates the activity of a molecular chaperone to Hsp90 that promotes folding and stabilization of hundreds of proteins [58].



NO application in soybean plants under HT demonstrated a potential role in the greater regulation of sugar levels of ribose and polyol d-mannitol. Increased concentration of sugars may assist in reducing heat-induced membrane rupture and consequent cellular leakage. Many sugar molecules help stabilize the lipid membrane via hydrogen-bonding interactions between sugar OH-groups and the lipid headgroups, avoiding phase transitions that may result in extravasation of solutes [59]. In addition, sugar-alcohols such as d-mannitol, in addition to acting on osmotic adjustment, have important antioxidant characteristics such as hydroxyl radical elimination, as observed for salinity in exposed corn plants [60]. In soybean plants exposed only to HT, increased levels of soluble sugars fructose and glucose are likely related to the degradation of sucrose and metabolic demand during defense responses during stress [61].



In conclusion, we found that SNP, an NO donor, played a significant role in mitigating the damaging conditions imparted by thermal stress in soybean plants. NO produced a relative improvement in physiological (increased A, ETR) and biochemical traits (peroxidases enzymes), resulting in the preservation of metabolic processes and cellular homeostasis. Under increasingly variable and extreme climatic conditions, the development and deployment of new techniques to mitigate the effects of such extreme conditions are vital. Satisfying both the demand for higher yields and the skepticism of advanced genetic manipulation, chemical-based tools to enhance crop production are of great value. Low levels of residual NO, combined with its relatively innocuous effect on plant production processes and storage, make NO a strong candidate for use in the agricultural industry. Our results highlight the central function of NO in plant tissues, as well as several promising physiological and chemical properties that suggest a role in mitigating the effects of stress conditions in plants.
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Figure 1. Nitric oxide (NO) content in soybean plants subjected to two temperatures (25 °C and 40 °C) and two sodium nitroprusside (SNP) concentrations (0 and 100 µM). Bars represent means (n = 5) ± standard error (SE). Capital letters (between temperatures) and lowercase letters (within temperatures) represent significant differences using Tukey’s test (p < 0.05). 
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Figure 2. Cross-sectional photomicrographs of soybean leaf blades showing the mesophyll thickness after the treatments with temperature (°C) and SNP application (100 µM): A—25 °C; B—25 °C + SNP; C—40 °C; and D—40 °C + SNP. AdEp: adaxial epidermis; AbEp: abaxial epidermis; PP: palisade parenchyma; SP: spongy parenchyma; PvP: paravenous parenchyma; VB: vascular bundle. Arrowheads indicate stomata. Scale bars = 100 μm. For color version, the reader is referred to the web version of this article. 
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Figure 3. Palisade parenchyma (PP, A), spongy parenchyma (SP, B), mesophyll (MS, C), adaxial epidermis (AdEp, D), abaxial epidermis (AbEp, E), and leaf thickness (LT, F) in soybean plants submitted to two temperatures (25 °C and 40 °C) and two SNP concentrations (0 and 100 µM). Bars represent means (n = 5) ± SE. Capital letters (between temperatures) and lowercase letters (within temperatures) represent significant differences using Tukey’s test (p < 0.05). 
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Figure 4. Photosynthetic rate (A, A), stomatal conductance (gs, B), transpiratory rate (E, C), and ratio between internal and external CO2 (Ci/Ca, D) in soybean plants submitted to two temperatures (25 °C and 40 °C) and two SNP concentrations (0 and 100 µM). Bars represent means (n = 5) ± SE. Capital letters (between temperatures) and lowercase letters (within temperatures) represent significant differences using Tukey’s test (p < 0.05). 
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Figure 5. Minimal chlorophyll fluorescence (F0, A), maximum photosystem II (PSII) quantum yield (Fv/Fm, B), effective PSII quantum yield (YII, C), apparent electron transport rate (ETR, D), and quantum yield of regulated energy dissipation (YNPQ, E) in soybean plants submitted to two doses of SNP (0 and 100 μM) and two temperatures (25 °C and 40 °C). Bars represent means of five replicates ± SE. Means followed by the same upper- and lowercase letters within the temperatures do not differ by the Tukey test (p < 0.05). The false color code depicted at the bottom of images ranges from 0 (black) to 100 (pink). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article. 
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Figure 6. Malondialdehyde (MDA) concentration in soybean plants submitted to two temperatures (25 °C and 40 °C) and two SNP concentrations (0 and 100 µM). Bars represent means (n = 5) ± SE. Capital letters (between temperatures) and lowercase letters (within temperatures) represent significant differences using Tukey’s test (p < 0.05). 
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Figure 7. Dismutase superoxide (SOD, A), catalase (CAT, B), ascorbate peroxidase (APX, C), and total peroxidase (POX, D) activities in soybean plants submitted to two temperatures (25 °C and 40 °C) and two SNP concentrations (0 and 100 µM). Bars represent means (n = 5) ± SE. Capital letters (between temperatures) and lowercase letters (within temperatures) represent significant differences using Tukey’s test (p < 0.05). 
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Figure 8. Schematic representation of the selected metabolic pathways with heat map of normalized compounds data integrated from soybean plants submitted to two temperatures (25 °C and 40 °C) and two SNP concentrations (0 and 100 µM). Blue and red colors represent low and high concentrations, respectively, and scale according to the color legend. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article. 
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