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Abstract: Nitrosoglutathione (GSNO) and β-cyclodextrin (β-CD) exhibit positive roles in regulating fruit quality. However, there are few reports about the effects of GSNO and β-CD on enhancing storability and boosting nitric oxide (NO), hydrogen sulfide (H2S), and phenylpropane metabolism in fruits during storage. “Xintaihong” peach were treated with 0.5, 1.0, 1.5 mmol L−1 GSNO in 0.5% (w/v) β-CD solution (GSNO/β-CD). The effects of GSNO/β-CD on endogenous NO, H2S, and phenylpropane metabolism were investigated. Treatment with GSNO/β-CD increased the color difference of peach and inhibited the increase of respiratory intensity, weight loss, and relative conductivity. Treatment with 1.0 mmol L−1 GSNO/β-CD increased the nitric oxide synthase (NOS-like) activity and L-arginine content, thereby promoting the accumulation of endogenous NO. By improving the activities of L-cysteine desulfhydrylase (L-CD), O-acetylserine sulfur lyase (OAS-TL), serine acetyltransferase (SAT), GSNO/β-CD increased the content of endogenous H2S in peach. Treatment with GSNO/β-CD increased the activities of phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), and cinnamic acid-4-hydroxylase (C4H), promoted the increase of total phenols, flavonoids, and lignin in peach. These results indicated that GSNO/β-CD treatment better maintained the quality of peach by improving the metabolism of endogenous NO, H2S, and phenylpropane during storage.
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1  Introduction

Peach (Prunus persica) fruit is vulnerable to damage during postharvest transportation and storage, becomes brown and decays, and is easily attacked by fungi and bacteria [1–3]. Low-temperature storage is commercially used to prolong the life and maintain the quality of peach. Nitric oxide (NO) and hydrogen sulfide (H2S) are small bioactive molecules in plants’ biophysical, biochemical, and signaling processes. NO is involved in seed germination [4], pollen growth [5,6], leaf senescence [7], and stomatal closure [8] in plants. The maintenance of NO homeostasis is crucial for plant physiological processes. Exogenous NO alleviates the oxidative damage of tomato seed germination and seedling development under chromium stress [9]. NO also regulates physiological processes such as disease resistance, chilling injury, ripening, and senescence of fruits and plays a vital role in prolonging the fruit storage period and maintaining fruit postharvest quality [10,11]. Moreover, NO has been shown to reduce mitochondrial oxidative damage during peach cold storage and improve antioxidant capacity [12]. The role of endogenous NO in the stress and disease resistance of higher plants has been gradually reported [13]. Several quality-enhancing exogenous treatments were also associated with changes in endogenous NO levels [14,15]. GABA maintains high levels of endogenous NO content to enhance the resistance of tomatoes to Botrytis cinerea [16]. UV-B increases the level of endogenous NO in mango fruit and alleviates chilling injury [17]. Therefore, stimulating the accumulation of endogenous NO is a critical link in activating the positive roles of NO in plants. H2S has signal transduction characteristics and participates in the maintenance of reactive oxygen species (ROS) homeostasis to regulate the ripening, senescence, and disease resistance of fruits and vegetables [18,19]. In addition, the effect of H2S on prolonging the shelf life of broccoli [20], lotus root [21], and kiwifruits [22] have also been confirmed. The endogenous H2S accumulation has beneficial effects in ameliorating chilling injury and delaying aging [23,24]. Notably, H2S released from endogenous sulfides confer stress resistance in plants, resulting in substances that inhibit bacterial growth [25]. Delayed postharvest senescence of spinach leaves by NaHS treatment is also attributed to higher endogenous H2S accumulation [26]. It has been confirmed that H2S and NO have crosstalk in plants, and this crosstalk can be achieved by H2S and NO regulating each other’s metabolic enzymes. Exogenous application of GSNO significantly enhanced the L-CD activity in wheat, leading to the additional synthesis of H2S [27]. Wang et al. [28] found that exogenous H2S can also promote the accumulation of endogenous NO, thereby enhancing the salt tolerance of alfalfa. These studies demonstrated that the crosstalk between H2S and NO may be closely related to plant responses to stress.

The synthesis and transformation of secondary metabolites in plants are the biochemical basis of plant responses to abiotic stress [29]. The phenylpropane metabolism is a crucial pathway for producing these secondary metabolites [30]. However, during fruit ripening and senescence, the reduction of phenylpropane metabolites leads to a progressive decrease in defense capacity. The production of secondary metabolites can be accelerated by regulating the activities of key enzymes in the phenylpropane pathway, thereby improving fruit quality and disease resistance [31]. For example, methyl jasmonate and salicylic acid treatment maintain the quality of sweet cherries by promoting phenylpropane metabolism [32]. Treatment with acibenzolar-S-methyl increases the content of phenylpropanoid compounds and the activity of the main enzymes of the phenylpropane pathway in melon, thereby preventing the invasion of fungi [33]. β-Aminobutyric acid can promote the accumulation of polyphenols and lignin, accelerate potato tuber wound healing and increase disease resistance [34]. In addition, NO, as an exogenous inducer, activates the phenylpropanoid pathway in peach and induces disease resistance to Monilinia fructicola [35].

Nitrosoglutathione (GSNO) is an S-nitrosylated glutathione derivative, which stores and releases NO in cells as a NO donor [36]. GSNO modulates ROS balance and improves banana plants’ tolerance to Fusarium oxysporum [37]. However, GSNO as a NO donor has low molecular weight and poor thermal and photochemical stability [38]. To increase this stability, GSNO can be incorporated into the polymer matrix. For example, GSNO-chitosan nanoparticles enhance the antioxidant capacity of fresh-cut apples, and the effect is better than that of GSNO treatment [39]. The addition of GSNO in nanoparticles effectively improves the drought tolerance of sugarcane compared to the single application of GSNO [40]. β-Cyclodextrin (β-CD) is a cyclic glucose oligomer that can form complexes with many organic and inorganic molecules as the host [41]. Due to the lipophilic inner cavity and hydrophilic outer surface structure of β-CD, the hydrophilicity and stability of its binding partner are increased [42]. Previous studies have confirmed that S-nitrosothiol-modified cyclodextrin (CD) systems are capable of NO release [43]. Therefore, in this paper, β-CD was used as the polymer matrix, on which GSNO was added with different concentrations. Then, peach were used as the test material to study the effects of β-CD synergistic treatment with different concentrations of GSNO on postharvest quality, nitric oxide, hydrogen sulfide, and phenylpropane metabolism.

2  Materials and Methods

2.1 Plant Materials and Treatments

“Xintaihong” peach were harvested at the physiologically mature stage (about 70%–80% mature, with an average firmness of about 48 ± 1.1 N and soluble sugar content of about 9.8 ± 0.5 °Brix) from the orchard of Xintai City, Shandong Province. Peach with no diseases, no insect pests and no mechanical damage were selected and precooled at 0°C for 24 h, then were soaked in 0.5% (w/v) β-CD (the optimal concentration of pre-experiment treatment) as the control, 0.5 mmol L−1 GSNO + 0.5% (w/v) β-CD, 1.0 mmol L−1 GSNO + 0.5% (w/v) β-CD and 1.5 mmol L−1 GSNO + 0.5% (w/v) β-CD for 30 min, respectively (the temperature was about 20°C). After drying with cool air, the peach were stored at 0°C. The initial samples before treatment were represented as a sample on day 0.

2.2 Measurements of Firmness and the Soluble Solids Content

The firmness of peach fruit was measured by a GY-4 fruit firmness tester (Shanghai, China) with a probe diameter of 11 mm. The firmness value was expressed as the average value of the maximum force of each fruit measured at three points at the equator, and the unit was N.

The solid soluble content (SSC) of peach fruit was determined by a WY015R refractometer (Shanghai Cany Precision Instrument Co., Ltd., China) and was expressed in °Brix.

2.3 Color Analysis

The exterior color of peach was measured using a CR-10 Colorimeter (Konica Minolta Holdings, Inc., Japan). Nine peach in each group were used for measurement. The colorimeter measured three values of L, a, b, where “L” represents lightness or darkness. “a” represents the red and green degree, and “b” represents the yellow and blue degree. “L0”, “a0”, “b0” represent the data of peach on day 0. ΔE represented the color difference value of peach.


ΔE=(L−L0)2+(b−b0)2+(a−a0)2
(1)

2.4 Relative Conductivity

About 1 mm thick peel was peeled off from the peach fruit. The round slices with a diameter of 15 mm and a thickness of about 1 mm were randomly taken from different parts of the mesocarps. Four peach were randomly selected from each treatment, and 3 peach slices were randomly selected from each peach. Twelve pieces of peach slides were dipped in 40 mL of double distilled water. The conductivities were measured after the peach slides were immediately dipped (P0), after incubated for 10 min (P1), and after the boiling bath for 10 min and cooled (P2), respectively. The relative conductivity was calculated with the following formula:


P=P1−P0P2−P0×100%
(2)

2.5 Measurement of Weight Loss Rate and Respiratory Intensity

The fresh weight of peach was measured using the balance:


Weightloss=W1−W2W1×100%
(3)

where W1 is the weight at day 0, W2 is the weight on the sampled day. The respiratory intensity of peach was measured with the SY-1022 gas analyzer (Shiya Technology Co. China). Respiration intensity represents the milligram value of carbon dioxide exhaled per kilogram of sample per hour and expressed as mg CO2 kg−1 h−1.

2.6 Determination of Related Indexes of Endogenous NO Metabolism

The NO Assay Kit (Nanjing Jiancheng Biological Engineering Co., Ltd., China.) was used to determine NO content. The NO content was calculated according to the method in the manual. NO content was expressed as µmol g−1 protein.

According to Zhang et al. [44], the content of L-arginine and nitrite, the activities of nitrite reductase (NR) and nitric oxide synthase (NOS-like) were determined. The absorbance at 530 nm was used to determine the L-arginine content, and standard arginine solution was used as the standard curve, expressed as nmol g−1 FW. The absorbance at 540 nm was measured. The content of nitrite was expressed as µmol g−1 FW. NR activity was expressed as nmol NO g−1 protein, and NOS-like activity was expressed as µmol NO g−1 protein.

2.7 Determination of the Content of Endogenous H2S

The content of endogenous H2S was determined according to Chen et al. [45]. The absorbance at 670 nm was measured. The content of endogenous H2S was calculated with a calibration curve with Na2S and expressed as μmol g−1 FW.

2.8 Determination of Activities of Enzymes Related to H2S Metabolism

According to Huang et al. [46], the activities of L-cysteine demethylase (L-CD), O-acetylserine sulfur lyase (OAS-TL), and serine acetyltransferase (SAT) were determined by the absorbance at 670, 562, and 560 nm. The change in absorbance value per unit time was 0.01 as one enzyme activity unit (U), expressed as U g−1 protein.

2.9 Determination of Enzyme Activities Related to the Phenol Metabolism

The phenylalanine ammonia-lyase (PAL) activity was determined by the method of Aghdam et al. [47]. The absorbance at 290 nm was recorded as A0. After terminating the reaction, the absorbance at 290 nm was measured again and recorded as A1. One unit (U) of enzyme activity was defined as the difference between A1 and A0. The unit of PAL activity was U g−1 protein.

The activities of 4-Coumaric acid-CoA ligase (4CL) and cinnamic acid 4-hydroxylase (C4H) were determined by the method of Gao et al. [48]. After the reaction was completed, the absorbance value at 333 nm was measured. One unit (U) of enzyme activity was defined as an absorbance change of 0.01 per minute, and the 4CL activity was expressed as U g−1 protein. For the cinnamic acid 4-hydroxylase (C4H) activity, the absorbance at 340 nm was determined, with distilled water as the blank reference. The results were expressed as U·g−1 protein, where U was defined as an absorbance change of 0.01 per hour.

2.10 Determination of Total Phenols, Flavonoids, and Lignin Content

The total phenol content was determined by the method of Zargoosh et al. [49]. The absorbance at 760 nm was measured, and a standard curve was drawn using various concentration gradients of water and gallic acid. The total phenol content was expressed as mg g−1 FW.

The flavonoid content was determined by the method of Angmo et al. [50]. Sample extraction refers to the sample extraction of total phenol. Finally, the absorbance at 510 nm was measured, and the standard curve was determined with rutin. The content of flavonoids was expressed as mg g−1 FW.

The lignin content was determined by the method of Zhang et al. [51]. After mixing the extract with glacial acetic acid, the absorbance of the sample at 280 nm was measured. The lignin content was expressed as OD280 g−1 FW. The lignin content was calculated as follows:


lignin=Abs×litersWsample×Astandard×100%
(4)

where Abs is the absorbance of the sample solution at 280 nm; liters is the volume of the sample solution at constant volume (L); W sample is the weight of the sample (g); A standard is the standard absorbance of Arabidopsis lignin 17.2.

2.11 Statistical Analysis

Data were analyzed by a least significant difference (Duncan’s test) analysis with differences significant at p < 0.05.

3  Results

3.1 Peach Fruit from Different Treatments after 25 Days of Storage

Fig. 1 indicates the appearance of peach fruit from the different treatments after 25 days of storage. The fruit treated with 1.0 mmol L−1 GSNO/β-CD maintained a good morphological appearance of the peach fruit throughout storage. The control and other treated peach showed weight loss and rotted to different degrees.
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Figure 1: Appearance of the peach in different treatments after 25 days of storage

3.2 Changes in the Characteristics of Peach

The overall firmness of peach showed a downward trend (Fig. 2A). Treatment with 1.0 mmol L−1 GSNO/β-CD delayed the decrease of peach fruit firmness and was significantly different from the other treatments between day 10 and day 20. GSNO/β-CD treatment had an apparent inhibitory effect on the increase of solid soluble content (SSC) in peach (Fig. 2B). The inhibitory effect of 1.0 mmol L−1 GSNO/β-CD was the most significant, and the solid soluble content was always lower than other treatments. The ΔE value of all treatments showed a continuous upward trend (Fig. 2C). However, peach treated with GSNO/β-CD had a lower ΔE value at the storage end. The results showed that the GSNO/β-CD treatments alleviated the changes in ΔE value and contributed to color maintenance in the peach. The inhibitory effect of 1.0 mmol L−1 GSNO/β-CD treatment on the increase in relative conductivity during peach storage was observed only on days 5, 10, and 25 (Fig. 2D). Other than that, there was no significant difference between the other treatments and the control.
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Figure 2: Firmness (A), SSC (B), ΔE (C), relative conductivity (D), the weight loss rate (E), and the respiration rate (F) of peach during storage

The weight loss rate increased gradually with storage time in both the control and the GSNO/β-CD treatments (Fig. 2E). On day 25, the water loss rate of peach in control was 32%, which was 1.10 times and 1.23 times that of the 0.5 mmol L−1 GSNO/β-CD and 1.0 mmol L−1 GSNO/β-CD treatments. The GSNO/β-CD treated samples had consistently less weight loss than the control because the GSNO/β-CD reduced respiration rates. The respiration rate of peach showed an increasing trend at first, then exhibited a decreasing trend and reached a peak on day 20. The respiration rate of the peach treated with 1.0 mmol L−1 GSNO/β-CD was reduced by around 35% at the end of storage (Fig. 2F). Thus, it suggested that more effect of 1.0 mmol L−1 GSNO/β-CD on respiration and fruit quality could be expected.

3.3 Endogenous NO Metabolism

The NR activity increased in the first 20 days during storage (Fig. 3A), and treatments with GSNO/β-CD inhibited the increase in NR activity during storage. Only on days 5 and 20, NR activity of the 1.5 mmol L–1 GSNO/β-CD was higher than the control. The nitrite content in the peach showed an overall upward trend (Fig. 3C). In the first 15 days, different concentrations of GSNO/β-CD treatment increased the nitrite contents of peach. Thereafter, there was no significant change in the nitrite content between treatments with GSNO/β-CD and the control.
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Figure 3: Activities of NR (A) and NOS (B) and contents of nitrate (C), L-arginine (D), and endogenous NO (E) in peach during storage

The NOS-like activity and L-arginine content showed an upward trend followed by a downward trend (Figs. 3B, 3D). The NOS-like activity of 1.0 mmol L−1 GSNO/β-CD treated peach maintained a high level, 1.66 times higher than the control on day 20. Also, on day 20 of storage, the L-arginine content in peach treated with 1.0 mmol L−1 GSNO/β-CD was 1.3 times that of the control and higher than other treatments.

The content of the endogenous NO in peach of each treatment showed a trend of slow increase first and then rapid decrease, and reached the peak on the 15th day (Fig. 3E). The content of endogenous NO in peach treated with 0.5, 1.0 mmol L−1 GSNO/β-CD always maintained a high level. The NO content in peach treated with 1.5 mmol L−1 GSNO/β-CD was higher than in control except for day 15. The content of endogenous NO in peach treated with 1.0 mmol L−1 GSNO/β-CD was 1.14 and 1.46 times that of the control on days 15 and 25, respectively. It showed that 1.0 mmol L−1 GSNO/β-CD treatment effectively increased the endogenous NO content in peach.

3.4 H2S Metabolism

The L-CD activity peaked on day 20 (Fig. 4A). The L-CD activity of the control was the lowest among all treatments with GSNO/β-CD. The activities of both OAS-TL and SAT increased during storage (Figs. 4B and 4C). The activities of SAT and OAS-TL in peach treated with GSNO/β-CD were maintained at a high level, and 1.0 mmol L−1 GSNO/β-CD treatment had the best effect. Compared with the control, the activities of SAT and OAS-TL in peach treated with 1.0 mmol/L GSNO/β-CD increased by 184% and 52% at the storage end. As shown in Fig. 4D, the content of endogenous H2S in peach continued to accumulate with time in the first 20 days of storage. The peach treated with 1.0 mmol L−1 GSNO/β-CD had the highest endogenous H2S content. It showed that GSNO/β-CD treatment could promote the synthesis of endogenous H2S in peach by enhancing the activities of enzymes related to H2S metabolism.
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Figure 4: Activities of L-CD (A), SAT (B), OAS-TL (C), and H2S content (D) in peach during storage

3.5 Phenylpropane Metabolism

As shown in Fig. 5A, GSNO/β-CD treatment increased PAL activity in peach. On day 20, the PAL activities in peach treated with 0.5, 1.0, and 1.5 mmol L−1 GSNO/β-CD were 1.17, 1.36, and 1.06 times that of the control. Among them, 1.0 mmol L−1 GSNO/β-CD treatment had the best effect.
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Figure 5: Activities of PAL (A), 4CL (B), and C4H (C) and contents of total phenol (D), flavonoids (E), and lignin (F) in peach during storage

The activities of C4H and 4CL in each treatment showed a trend of increasing and decreasing slowly, reaching the highest enzyme activity value on day 20 (Figs. 5B, 5C). treatment significantly promoted the activities of C4H and 4CL in peach. On the last day of storage, the C4H and 4CL activities of peach treated with 1.0 mmol L−1 GSNO/β-CD were 34% and 25% higher than those of the control.

The total phenolic content showed a unimodal trend and increased sharply from the first day of 1.0 mmol L−1 GSNO/β-CD treatment, which was much higher than other treatments (Fig. 5D). Flavonoid content was also 1.21-fold higher than controls on day 20 of 1.0 mmol L−1 GSNO/β-CD treatment (Fig. 5E). As shown in Fig. 5F, GSNO/β-CD treatment increased the lignin content of peach during storage. At the end of storage, the lignin contents in peach treated with 0.5, 1.0, and 1.5 mmol L−1 GSNO/β-CD were 1.14, 1.23, and 1.05 times that of the control. These results suggested that, compared to other treatments, treatment with 1.0 mmol L−1 GSNO/β-CD significantly promoted the phenylpropane pathway of peach during storage.

3.6 Correlation Analysis of Indicators Related to Quality during Peach Storage

Fig. 6 showed the correlation between the enzyme activities and substance contents of NO, H2S, and phenylpropane metabolism during the storage of peach fruit. Red indicated a positive correlation, and the darker the color, the more significant the correlation. It could be seen that NOS-like, the key enzyme of NO metabolism, significantly correlated with the contents of endogenous NO and L-arginine. The increase of enzyme activities such as L-CD and SAT also had a significant positive correlation with the increase of H2S content. Similarly, the increase of phenylpropane metabolites was also associated with the increase of PAL, 4CL, and C4H enzymatic activities. The changes in these indicators were the reasons for the quality changes of peach during storage.

[image: images]

Figure 6: Correlation analysis of indicators related to quality during peach storage. SAT, serine acetyltransferase; OAS-TL, O-acetylserine thiolyase; L-CD, L-cysteine desulfhydrase; NR, nitrate reductase; NOS, nitric oxide synthase-like; PAL, phenylalanine ammonia-lyase; 4CL, 4-coumaric acid coenzyme A ligase; C4H, cinnamic acid-4-hydroxylase

4  Discussion

The quality indicators during fruit storage include firmness, soluble solids content, color difference value, relative conductivity, respiration rate, and weight loss rate. Generally, in drupe fruits, especially peach and nectarines, SSC rises due to the loss of water in the pulp during storage. And in the storage process, along with the decomposition of intracellular carbohydrates and the decrease of intracellular metabolite concentration, the fruit firmness gradually decreases, and the fruit becomes soft [52]. In studies on plums [53], mangoes [54], and peach [55], NO inhibits the decrease in firmness, inhibits fruit softening, and maintains storage quality. As in this study, the use of GSNO/β-CD effectively inhibited the increase in SSC and suppressed the decrease in peach firmness. The color difference value reflects the brightness and browning of the pulp in the peach [56]. When the plant is damaged, the cell membrane ruptures, resulting in changes in the liquid environment inside and outside the cytoplasm, thereby increasing the relative conductivity. Therefore, relative conductivity reflects the degree of lipid peroxidation and cell membrane permeability. The upward trend in relative conductivity implies low membrane integrity. However, treatment with 1.0 mmol L−1 GSNO/β-CD reduced the degree of membrane damage to a certain extent. The intensity of respiration is one of the indicators to measure the shelf life of fruits and vegetables [57]. A high respiration rate leads to the high activity of softening enzymes and affects fruit quality [58]. The respiration rate of peach increases after harvest, and inhibiting the respiration rate delays the ripening process and prolongs the storage period of the fruit [59]. This study found that GSNO/β-CD treatment inhibited the increase of color difference value and weight loss rate while reducing the electrical conductivity and respiration rate of peach to prolong the storage time of peach. Among them, the treatment with 1.0 mmol L−1 GSNO/β-CD could achieve the best effect.

Changes in the content of endogenous NO are related to various physiological processes in plant growth and stress response [60]. NR catalyzes the reduction of nitrate and nitrite, which produces endogenous NO. At the same time, NOS-like also generates NO by converting L-arginine to citrulline [61]. When plants are under stress, the activities of NR and NOS increase so that the content of endogenous NO increases to avoid plant damage. Exogenous NO triggers the accumulation of endogenous NO by promoting NOS enzyme activity, thereby maintaining the cold tolerance of bananas [62]. In this experiment, the peach treated with GSNO/β-CD had increased content of endogenous NO. That may be caused by NOS activity and L-arginine content. Studies on melatonin-treated lotus seeds show that increased NOS activity can induce the accumulation of cellular and mitochondrial NO and achieve the effect of inhibiting aging [63]. L-arginine has been shown to inhibit browning in apples, lettuce, and potatoes [64,65]. Therefore, increasing NOS activity, L-arginine, and endogenous NO content also conferred better storage quality of peach. GSNO/β-CD treatment did not significantly increase NR activity, although it increased nitrite content for the first 15 days. It was suggested that the NR pathway in this experiment might not play a significant role in the accumulation of endogenous NO content. Similar findings were also noted by Liao et al. [66] and Huang et al. [46]. Overall, GSNO/β-CD treatment activated the NOS pathway, increased NOS activity and L-arginine content in peach, induced endogenous NO accumulation, and maintained the storage quality of peach.

In plants, serine synthesizes cysteine through the action of SAT and OAS-TL. Then L-CD in the cytoplasm and mitochondria utilizes cysteine to synthesize endogenous H2S [67]. Crosstalk between H2S and NO in fruit ripening has been reported [28]. The combination of H2S and NO inhibits ethylene synthesis and cell wall-modifying enzyme activity better than each treatment alone [68]. The combined application of NO and H2S significantly delays fruit ripening [69]. Promoting the endogenous accumulation of H2S provides cells with sufficient ATP and NADPH to enhance reactive oxygen species (ROS) scavenging activity and maintain the quality of crops during cold storage [70]. This study showed that GSNO/β-CD treatment activated L-CD, OAS-TL, and SAT in peach, thereby promoting endogenous H2S accumulation, which might enhance the activity of the oxidative system and delay the postharvest senescence of peach. Sodium nitroprusside (SNP) treatment induces the accumulation of endogenous H2S in maize seedlings by enhancing the activity of L-CD [71]. NO induces endogenous H2S production in soybean by regulating key enzymatic activities of H2S metabolism [72]. The similarity of these findings further supports the role of GSNO/β-CD treatment in H2S metabolism in peach.

The phenylpropane pathway is vital in plant and fruit disease resistance [73]. PAL, C4H, and 4CL are the first three critical enzymes in the phenylpropane metabolic pathway, catalyzing the conversion of phenylalanine for synthesizing flavonoids, lignin, and other phenolic compounds [74]. The activities of PAL, C4H, and 4CL in peach after GSNO/β-CD treatment were significantly increased during storage, indicating that GSNO/β-CD treatment could trigger the critical enzymes of the phenylpropane metabolic pathway in peach. Phenolics and flavonoids have antibacterial, antiviral, and free radical scavenging activities and play essential roles in plant defenses [75]. Increased enzymatic activity in phenylpropane metabolism promotes the accumulation of total phenolics and flavonoids and enhances resistance to pathogenic bacteria in pears and mangoes [76]. Sodium nitroprusside (SNP), a donor of NO, activates the activity of PAL, C4H, and 4CL and the accumulation of metabolites in apples, which are closely related to the postharvest quality and disease resistance of fruit [74]. The same effect is obtained in SNP-treated blueberries [77]. Similarly, GSNO/β-CD treatment enhanced the activities of key enzymes in the phenylpropane metabolic pathway, such as PAL, 4CL, and C4H, induced the accumulation of antifungal compounds such as phenols, flavonoids, and lignin in the phenylpropane pathway. That might improve the disease resistance of peach and play a role in the interaction between peach and pathogenic bacteria.

The overall results showed that peach treatment with GSNO/β-CD could activate the phenylpropane pathway, increase the accumulation of endogenous NO and regulate the content of endogenous H2S. Fig. 7 showed the possible pathways of GSNO/β-CD regulating NO, H2S, and phenylpropanoid metabolism in peach fruit. It was suggested that 1.0 mmol L−1 GSNO/β-CD has positive effects on improving the disease resistance of postharvest peach and maintaining the postharvest quality of the fruit via regulating the metabolism of endogenous NO, H2S, and phenylpropane. However, the molecular mechanisms by that GSNO/β-CD regulate the metabolism of NO and H2S are still unclear, and further research is also needed to explore the crosstalk among NO, H2S, and phenylpropane, and their roles in maintaining the quality of peach.
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Figure 7: Regulation of NO, H2S, and phenylpropanoid metabolism by GSNO/β-CD in peach. SAT, serine acetyltransferase; OAS-TL, O-acetylserine thiolyase; L-CD, L-cysteine desulfhydrase; NR, nitrate reductase; NOS-like, nitric oxide synthase-like; PAL, phenylalanine ammonia-lyase; 4CL, 4-coumaric acid coenzyme A ligase; C4H, cinnamic acid-4-hydroxylase
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