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Abstract: Ellagic acid (EA) is a natural antioxidant, widely present in a lot of forms’ soft fruits, nuts, and other plant tissues, and helpful for promoting human health; however, its protective effect on postharvest fruit and improving the quality index of postharvest fruit have rarely been studied. In this experiment, the strawberries were soaked in 0, 100, 200, 300, 400, and 500 mg L−1 EA, respectively, and the influential EA on fruit quality and the antioxidant system of strawberries were studied. Compared with the control, EA treatment can reduce the browning degree and rotting rate of strawberry fruit during storage and augment the soluble solid content (SSC). EA treatment can also increase the content of related stuff and enzyme activity in antioxidant systems; the gene expression level of polyphenol oxidase (PPO) in strawberries treated with EA was always down-regulated, correspondingly, the expression of other antioxidant enzyme genes was enhanced. Among the strawberry fruits treated with EA of different concentrations, 300 mg L−1 EA had the best effect in the process of strawberry preservation. The results suggested that the proper concentration of exogenous EA at 300 mg L−1 could maintain strawberries’ quality and enhance the antioxidant system by improving the activities of antioxidative enzymes and the ascorbate-glutathione (AsA-GSH) cycle during storage.
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1  Introduction

Strawberry, a berry fruit with bright color and unique taste, rich in nutrients, is a good source of ellagic acid (EA), anthocyanins, and catechins, which have antioxidant functions and a good role in reducing cardiovascular disease. In addition, diets with adequate strawberries are suitable for the anti-aging brain [1]. So, strawberry is an essential origin of bioactive substances for human health [2]. However, strawberries are not easy to store after postharvesting, leading to rot and odor and seriously restricting their edible and commercial value [3,4]. Therefore, finding a simple and effective preservation technology is the key to expanding the market for strawberries.

At present, the preservation methods of strawberries include chemical, physical, and biological preservation. Studies have shown that a comestible coating based on inartificial Aloe vera (AV) gel combined with ascorbic acid reduces total aerobic mesophilic, yeasts, and mold number so that strawberries can be stored for a more extended time [5]. Alginate oligosaccharide enhances the strawberries’ shelf life by regulating the abscisic acid content [6]. Appropriately increasing the concentration of carbon dioxide delays strawberries’ softening and decay rate and prolongs their storage time [7]. Chitosan coatings as a carrier of nisin and natamycin are used to reduce the oxygen consumption of fresh strawberries to maintain their quality [8].

The excessive addition of reactive oxygen species (ROS) may cause oxidative damage and cell death. In plants, there is an active oxygen scavenging system composed of both an enzymatic defense system and a non-enzymatic oxidation resistance defense system [9,10]. The oxidation resistance system covering superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) could directly trim down the ROS levels by scavenging active oxygen. The ascorbate-glutathione (AsA-GSH) cycle is vital to the non-enzymatic antioxidant system. On the one hand, ROS produced in plants can be directly eliminated through the catalytic action of monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), and ascorbate peroxidase (APX). For another, the ASA-GSH cycle can promote the production of ascorbic acid (AsA) and glutathione (GSH), thus maintaining the balance of oxidation and reducing (REDOX) substances in plants [11,12]. Bioactive molecules have been reported to heighten the oxidation resistance system of fruits to mitigate the oxidic lesions correlated with the senescence of fruits and keep the high quality of fruits during storage [13,14]. Ellagic acid (EA), a polyphenol compound widely existing in plant tissues, has superb antioxidant activity and antimicrobial properties and is indispensable in the postharvest fruit production system [15]. Relevant studies have also begun applying EA to other fruit preservation to extend its storage time and improve its quality during storage, such as EA prevents ulceration caused by bacteria in kiwifruit [16], enhances oxidation resistance liveness, and maintains the postharvest character of kumquat fruit [17].

Although there are many methods to prolong the storage period of strawberries, there are few reports about the preservation outcome of EA on postharvest strawberries. In this experiment, strawberry was soaked with different concentrations of EA, the ramifications of EA on the oxidation resistance system of strawberries were studied, and the optimal EA concentration for postharvest strawberries was optimized to provide a potential method of utilizing EA in the conservation of postharvest fruit.

2  Materials and Methods

2.1 Fruit Material and Treatments

Strawberries (Fragaria ananassa cv. Tianbao) were picked from Taian, China. The strawberries, which were physiologically mature and had no pests and mechanical damage, were removed from the field heat at 4°C for 12 h. After soaked in double-distilled water (as the control) and 100, 200, 300, 400, and 500 mg L−1 ellagic acid (EA, Macklin., Ltd., Shanghai, China) solution for 5 min, the strawberries were dried with the natural wind and then stored at 4°C. Specimens were fetched at 0, 1, 2, 3, and 4 days throughout the period to evaluate browning degree, rotting rate, and soluble solid content (SSC). Meanwhile, strawberry fruit was cut into fragments and then stockpiled at −80°C for the subsequent analysis of enzymes, metabolites, and RNA extraction. One kilogram of strawberry fruit was specimen for each repetition, and biological tests were repeated three times.

2.2 Determination of the Physiochemical Parameters of Strawberries

The browning degree was measured with an ultraviolet spectrophotometer (UV2450, Shimadzu, Japan) [18]. Strawberries tissue (2 g) was mixed evenly in 5 mL of 95% (v/v) ethanol and centrifuged at 10 000 × g for 10 min at 4°C. The supernatant was collected and shifted to the new centrifuge tubes, and then its absorbance at 410 nm was measured by ultraviolet spectrophotometer, and the browning degree was indicated to absorbance at 410 nm (OD410). The soluble solid content (SSC) was measured through the medium of a portable refractometer (WY015R, Syas Technology Ltd., China) and implied as °Brix. The rotting rate was classified according to the rotting area on the surface of strawberries: no rotting area was defined as grade 0, a rotting area less than 1/4 was as grade 1, and a rotting area between 1/4 and 1/2 was as grade 2. If the rotting area was more than 1/2, it was grade 3. Rotting rate = ∑ (grade × number of samples at this grade) / (highest grade × the total number of samples) × 100%.

2.3 Determination of the Content of Malondialdehyde and Reactive Oxygen Species

Malondialdehyde (MDA) content was gauged with a UV2450 spectrophotometer [13]. Strawberries tissue (5 g) was added to a test tube that contained 10 mL of 0.6 mol L−1 trichloroacetic acid (TCA) solution, then left for two minutes to mix thoroughly, and then centrifuged at 4°C at 5 000 × g for 10 min to obtain the upper liquid. Carefully transferred the upper liquid to the new clean centrifuge tubes and marked them. The extract (50 μL) was thoroughly blended with 1 mL of 10% TCA and boiled at 95°C for 20 min. Centrifuged at 12 000 × g and 4°C for 10 min, the upper layer liquid was absorbed and recorded at 600, 532, and 450 nm using the UV2450. MDA content was expressed as nmol g−1 FW (fresh weight, FW) and calculated with the formula: 
6.45×(OD532−OD600)−0.56×OD450
. Reactive oxygen species (ROS) content was measured employing the fluorometer [19], calculated by the relative fluorescence intensity (a.u.) per gram of fresh weight and recorded as a.u. g−1 FW.

2.4 Determination of the Activities of Polyphenol Oxidase, Peroxidase, Superoxide Dismutase, and Catalase

Ground strawberries (10 g) were thoroughly commixed with 30 mL 50 mmol L−1 sodium phosphate buffer solution (pH 7.8) and centrifuged at 4°C, 12 000 × g for 15 min. The catalase (CAT) activity was determined by the drop-off in absorbance caused by the decomposition of H2O2 [20] with the wavelength of the spectrophotometer at 240 nm. One unit of CAT activity was described as a variation in absorbance of 0.01 per min and stated as U g−1 FW. The polyphenol oxidase (PPO) activity was adopted in line with the scheme described by Lei et al. [18]. The mixture involved 1.0 mL 0.1% catechol, 1.0 mL of the extracting solution, and 2 mL 0.1 mol L−1 phosphate buffer (pH 6.5). The change of absorbance was measured at 420 nm. One unit of PPO activity description and unit representation is the same as CAT. The superoxide dismutase (SOD) activity was used by referring to Wei et al. [21]. One unit of SOD activity was described as the quantity of ferment inhibiting 50% photoreduction ability under assay conditions, and the unit description is the same as CAT. Peroxidase (POD) activity was measured in compliance with Ma et al. [14]. The absorbance of the fluids was measured at 580 nm. The unit of POD activity was represented as the same as CAT.

2.5 Determination of the Metabolite Content and Enzyme Activities in the Ascorbate–Glutathione Cycle

Determining the metabolite content and enzyme activities was referred to the method of Ma et al. [13]. Glutathione (GSH) and ascorbic acid (AsA) content were expressed as μmol g−1 FW. The activities of dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR), glutathione reductase (GR), and ascorbate peroxidase (APX) were expressed as the same as CAT.

2.6 Extraction of Total RNA and qRT-PCR

The total RNA was derived from strawberry tissue drawn on the technique of Meisel et al. [22]. The purity and content of RNA were determined by a Q5000 microspectrophotometer (Quawell, USA). Total RNA was reversely transcripted with cDNA PrimeScript™ II1st Strand cDNA Synthesis Kit (Takara, Dalian, China). qRT-PCR was carried out with the method of He et al. [23] with ACTIN as a housekeeping gene. The primers for qRT-PCR are listed in Table 1. The gene expression scale of strawberries untreated at day 0 was set as 1. The formula of PCR exponential amplification was Rn = R0 × (1 + Er)n. In this formula, Er was amplification efficiency, n was cycle number, Rn represented the number of PCR products after n cycles, and R0 was the number of original templates. The expression level of genes was calculated using formula 2(−ΔΔt). The internal reference gene of strawberries was FaActin.
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2.7 Statistical Analyses

Data was analyzed with a one-way analysis of square deviation (ANOVA), and the mean separations were used the minimum significant difference (LSD) test at a significance level of p < 0.05, highly significant level of p < 0.01, and not significant level of p ≥ 0.05. The presented data represented the mean ± standard deviation. Each test was repeated three times (n = 3).

3  Results

3.1 Effect of EA on Browning Degree, Rotting Rate, and Soluble Solid Content of Strawberries

The browning degree of the EA-treated and controlled strawberries increased from beginning to end period (Fig. 1A). In contrast to the control, the treatments with EA observably retarded the increase in the browning degree of strawberries (p < 0.01). On the first day, the browning degree of strawberries treated with different EA concentrations was not significant (p ≥ 0.05), but the EA treatment significantly restrained the browning of strawberries compared to the control (p < 0.01). Significantly, the browning degree of strawberries treated with 300 mg L−1 EA remained inferior to the control and the treatments with other concentrations of EA at 2–4 days (p < 0.05). On day 4, the browning degree of strawberries with 300 mg L−1 EA was 0.542 OD410, only 65% of the control’s (p < 0.01).
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Figure 1: Changes in (A) browning degree, (B) soluble solid content (SSC), (C) rotting rate of strawberries after different treatments with ellagic acid (EA) during storage. Data are average ± standard error values. Different lowercase letters indicated significant differences between treatments for each acquisition time (p < 0.05). Each sample was measured three times (n = 3)

The soluble solid content (SSC) of strawberries diminished while storing, and EA could slow this decrease rate (Fig. 1B). The SSC of strawberries treated with 100, 200, 400, and 500 mg L−1 EA was 6.77, 6.93, 6.55, 6.36°Brix on day 4. Throughout the storage period, EA treatment significantly maintained higher SSC compared to control (p < 0.01). Compared with EA treatment of other concentrations and control, 300 mg L−1 EA treatment consistently maintained the highest SSC (p < 0.05) and better maintained the quality of strawberry fruit. On the fourth day, the SSC of strawberries with 300 mg L−1 EA was 7.45°Brix, which was 1.30 times as tall as that of the control (p < 0.01).

The rotting rate of control and EA-treated strawberries increased throughout the storage period, with the most significant rotting rate of control strawberries reaching 78% on the fourth day (Fig. 1C). The rotting rate of strawberries treated with 100, 200, 400, and 500 mg L−1 EA was 74%, 64%, 60%, and 64%, respectively, on day 4. Relative to the other treatments, treatment with 300 mg L−1 EA declined the rotting rate of strawberries in the entire period. On day 4, the rotting rate of strawberries handled with 300 mg L−1 EA was 41%, less than that of the contrast and other treatments (p < 0.01).

3.2 Effect of EA on the Content of Malondialdehyde and Reactive Oxygen Species of Strawberries

The malondialdehyde (MDA) content of strawberries increased in the first two days (Fig. 2A). The MDA content at 3–4 days had a slower upward trend compared with 1–2 days. During storage, the EA treatment could suppress the growth rate of MDA content in strawberries. The MDA content of strawberries with 300 mg L−1 EA on day 3 and day 4 was 0.883 and 0.901 mmol g−1 FW, significantly lower than the control (p < 0.01).
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Figure 2: Changes in the content of (A) malondialdehyde (MDA) and (B) reactive oxygen species (ROS) of strawberries after different treatments with ellagic acid (EA) during storage. Data are average ± standard error values. Different lowercase letters indicated significant differences between treatments for each acquisition time (p < 0.05). Each sample was measured three times (n = 3)

The reactive oxygen species (ROS) content gradually increased during storage. The ROS content increased sharply on days 0–1 and tended to be stable on days 1–4 (Fig. 2B). Compared with the control, treatments with EA could inhibit ROS formation (p < 0.05) during storage, and 300 mg L−1 EA had the best effect. The data showed a significant disparity between the strawberries treated with 300 mg L−1 EA and the control (p < 0.01).

3.3 Effect of EA on the Activities and Relative Gene Expression of the Antioxidant Enzyme of Strawberries

Polyphenol oxidase (PPO) activity of all samples boosted to the peak value on day 2 (Fig. 3A). The PPO activity of strawberries with EA was diminished than those of the contrast (p < 0.05). On the second day, the PPO activity of strawberries treated with 300 mg L−1 EA was 5.21 U g−1 FW, which was 82% of that of the control (p < 0.01). It could be seen (Fig. 3B) that the peroxidase (POD) activity of all samples rose on the first two days and then fell. The POD activities of strawberries with EA were consistently elevated compared to the control’s. On the fourth day, the POD activity of strawberries with 300 mg L−1 EA was 5.89 U g−1 FW and 1.87 times as high as the control (p < 0.01). Therefore, EA treatment could enhance the POD activity of postharvest strawberries. The superoxide dismutase (SOD) activity of strawberries decreased from beginning to end period (Fig. 3C). EA alleviated the reduction in the SOD activities of strawberries. In contrast to the control and other treatments, treatment with 300 mg L−1 EA maintained higher activity of SOD the entire period (p < 0.05). On day 4, the SOD activity of strawberries with 300 mg L−1 EA was 4.74 U g−1 FW, which was 1.25 times as many as that of the contrast (p < 0.01). Catalase (CAT) activity of strawberries handled with EA was taller than those of the contrast (p < 0.05) while storing (Fig. 3D). On the fourth day, the CAT activity of strawberries handled with 300 mg L−1 EA was 24.3 U g−1 FW, which was 1.46 times as high as that of the contrast (p < 0.01).
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Figure 3: Changes in the activities of (A) polyphenol oxidase (PPO), (B) peroxidase (POD), (C) superoxide dismutase (SOD), (D) catalase (CAT), and the relative gene expression of (E) polyphenol oxidase (PPO), (F) peroxidase (POD), (G) manganese superoxide dismutase (MnSOD), (H) copper/zinc superoxide dismutase (Cu/ZnSOD), (I) iron superoxide dismutase (FeSOD) and (J) catalase (CAT) of strawberries after different treatments with ellagic acid (EA) during storage. Data are average ± standard error values. Different lowercase letters indicated significant differences between treatments for each acquisition time (p < 0.05). Each sample was measured three times (n = 3)

EA down-regulated PPO expression level (p < 0.01), and the expression degree of POD in strawberries treated with EA was upward than that of the comparison (p < 0.05) on days 1–4 during storage (Figs. 3E, 3F). EA only up-regulated the gene expression of manganese superoxide dismutase (MnSOD) on days 2 and 3 (p < 0.01), copper/zinc superoxide dismutase (Cu/ZnSOD) on day 4, and iron superoxide dismutase (FeSOD) on day 2 (p < 0.01), and down-regulated the gene expression of Cu/ZnSOD on days 1, 2 and 3 (p < 0.01), FeSOD on days 1, 3 and 4 (p < 0.01) (Figs. 3G–3I). The gene repression level of CAT in fruit treated with EA was higher from days 2–4 (p < 0.01) but lower on day 1 (p < 0.05) than that of the control (Fig. 3J).

3.4 Effect of EA on the Content of Ascorbic Acid and Glutathione of Strawberries

The ascorbic acid (AsA) content of all samples decreased during storage (Fig. 4A). EA delayed the rate of decrease in the AsA content of strawberries during storage. On day 3 and day 4, the AsA content of strawberries with 300 mg L−1 EA was 12.03 and 11.80 μmol g−1 FW, which was 1.21 (p < 0.01) and 1.24 (p < 0.01) times, severally, as high as that of the control. Similar to the changes of AsA, the decrease in the glutathione (GSH) content (Fig. 4B) of strawberries was relieved by the treatment with 300 mg L−1 EA during storage. On day 2 and day 4, the GSH content of strawberries with 300 mg L−1 EA was 0.0384 and 0.0146 μmol g−1 FW, which was 3.79 (p < 0.01) and 5.35 (p < 0.01) times, as high as that of the control.
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Figure 4: Changes in the content of (A) ascorbic acid (AsA) and (B) glutathione (GSH) of strawberries after different treatments with ellagic acid (EA) during storage. Data are average ± standard error values. Different lowercase letters indicated significant differences between treatments for each acquisition time (p < 0.05). Each sample was measured three times (n = 3)

3.5 Effect of EA on the Activities and Relative Gene Expression of Enzymes in the Ascorbate–Glutathione Cycle of Strawberries

Dehydroascorbate reductase (DHAR) activity of the control strawberries decreased before day 2 and then started to pick up on the third and fourth day (Fig. 5A). The second day of the strawberry’s storage process, the DHAR activity of strawberries with 300 mg L−1 EA was 19.8 U g−1 FW and was 1.65 times that of the control (p < 0.01). On day 4, the DHAR activity of strawberries with 300 mg L−1 EA was 1.87 times as high as those of the control (p < 0.01). Compared with other concentrations of EA, EA at 300 mg L−1 more effectively improved the DHAR activity of strawberries during storage (p < 0.05). The gene expression level of DHAR in strawberries with EA was lower on day 1 (p < 0.01) and higher after day 4 (p < 0.01) than that of the control (Fig. 5E).
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Figure 5: Changes in the activities of (A) dehydroascorbate reductase (DHAR), (B) monodehydroascorbate reductase (MDHAR), (C) glutathione reductase (GR), (D) ascorbate peroxidase (APX), and the relative gene expression of (E) dehydroascorbate reductase (DHAR), (F) monodehydroascorbate reductase (MDHAR), (G) glutathione reductase (GR) and (H) ascorbate peroxidase (APX) of strawberries after different treatments with ellagic acid (EA) during storage. Data are average ± standard error values. Different lowercase letters indicated significant differences between treatments for each acquisition time (p < 0.05). Each sample was measured three times (n = 3)

Monodehydroascorbate reductase (MDHAR) activity gradually rose to numerical vertex on day 3 and then declined (Fig. 5B). The MDHAR activity of strawberries with EA was superior to that of the control (P < 0.05). On the third day, the MDHAR activity of strawberries conducted with 300 mg L−1 EA was 77.14 U g−1 FW, which was 1.1 times as high as the control’s (p < 0.01). In different treatment concentrations, EA at 300 mg L−1 preserved the highest MDHAR activity of strawberries throughout the storage process. Exogenous EA up-regulated the gene expression of MDHAR on days 2–4 than those of the control (p < 0.05) (Fig. 5F).

Glutathione reductase (GR) activity of strawberries boosted to reach the numerical peak on day 2 and then declined (Fig. 5C). EA could improve the activity of GR from beginning to end period. The GR activity of strawberries with 300 mg L−1 was higher in contrast to the control and the treatments with other concentrations of EA during storage (p < 0.01). The manifestation of GR in strawberries processed with EA was lower on days 1–3 (p < 0.05) and taller on day 4 (p < 0.01) than that of the control (Fig. 5G).

Ascorbate peroxidase (APX) activity of strawberries rose to the zenith on day 2 and then diminished during storage (Fig. 5D). Treatments with EA significantly increased APX activity on days 1–3 (P < 0.01). Compared with other treatments, EA at 300 mg L−1 maintained the highest APX activity of strawberries while storing. On day 4, the APX activity of strawberries with 300 mg L−1 was 1.76 times (p < 0.01), 1.23 times (p < 0.01), and 1.71 times (p < 0.01) as high as that of the control, treatment with 200 mg L−1 EA, and treatment with 400 mg L−1 EA, respectively (Fig. 5D). The gene expression of APX in strawberries treated with EA was up-regulated from days 2–4 (Fig. 5H) (p < 0.01).

4  Discussion

Postharvest strawberries have a high metabolic rate and vigorous respiration. Therefore, the storability of strawberries is poor, mainly reflected in the loss of water, browning, and decaying. Browning and decay can destroy the appearance and quality of strawberries, affect their flavor, reduce their commercial and nutritional value, and then affect the desire of buyers [24]. Some relevant studies show ellagic acid (EA) could reduce the decay rate of cranberry pomace during storage by inhibiting the growth and reproduction of microorganisms [25]. This study also showed that EA treatment could efficiently curb the browning and rotting rates of strawberries and thus maintain the surface color of strawberries, among which 300 mg L−1 EA treatment had the best effect. Soluble solid content (SSC) is some intracellular protective substance, mainly composed of nutrients such as soluble sugar and organic acids. Fruit flavor is closely related to SSC. Increasing the content of SSC in strawberry fruit can significantly improve the standard of strawberries. This experimental study showed that SSC expressed a downward trend during storage, but in comparison to the control group, strawberries treated with EA could effectively assuage this process, and treatment with 300 mg L−1 EA had the second to none effect on restraining the decline of SSC of strawberries.

Plants produce plenty of reactive oxygen species (ROS) under adverse environments, causing oxidative damage to plant cells and affecting the normal physiological activities of cells. Reducing the ROS production rate can effectively extend postharvest fruits’ shelf life [26]. ROS, as a product of plants under oxidative stress, can devastate cell membranes, causing membrane lipid peroxidation and accelerating cell senescence. The antioxidant system in plants regulates the immune system and maintains the normal function of cells [27]. According to the results of this experiment, as shown in Fig. 2B, by contrast with the control, EA treatment can lessen the generation of ROS and ameliorate the preservation effect of strawberry fruit, in which both 100 and 300 mg L−1 EA have better effects than others. Malondialdehyde (MDA) is a crucial index for evaluating lipid peroxidation and the structural integrity of membranes, as well as the end product of lipid peroxidation, and its content can directly mirror the injury to cell membranes [28]. As shown in Fig. 2A, MDA content showed an increasing trend while storing, but the accumulation of MDA could be refrained by EA treatment.

In the enzymatic defense system, peroxidase (POD) is an important ROS scavenging agent in plants, can regulate oxygen concentration by scavenging hydrogen peroxide in tissues, and maintains the equilibrium of reactive oxygen species metabolism in cells [29]. The activity and gene expression level of POD of strawberries handled with EA was notably higher than that of the control, indicating that EA could improve POD activity to reduce the ROS content in plant tissues. Analogical consequences are also discovered in strawberries treated with salicylic acid and methyl jasmonate [30]. During storage, EA significantly increased the activities and gene expression levels of superoxide dismutase (SOD) and catalase (CAT), accelerating the transition of superoxide anion to hydrogen peroxide and then further into water [31], thereby improving the antioxidant capacity of strawberries. Similar influences of EA on the activities of antioxidative enzymes are also obtained in kumquat fruits during storage [17]. It seems that the gene expression of manganese superoxide dismutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD), and iron superoxide dismutase (FeSOD) contributed to the SOD activity on day 2–3, day 4, and day 2, respectively. The time differences in changes in the gene expression of MnSOD, Cu/ZnSOD, and FeSOD in strawberries treated with EA suggested that the three isoenzymes of SOD contributed to the enzyme activity in different periods.

In the non-enzymatic antioxidant defense system, ascorbic acid (AsA)and glutathione (GSH) are momentous reducing substances in plant cells and synergistically scavenge ROS, eliminate peroxide chain reactions, and alleviate the damage of free radicals to plant cells, indicating that they are effective antioxidants in plants [32]. As shown in Fig. 4, treatment with 300 mg L−1 EA could significantly increase the assay of AsA and GSH in postharvest strawberries, maintain the relatively steady state of AsA and GSH in cells, and enhance the eliminate ability of plant cells to ROS. Similar results are obtained in strawberries treated with allyl isothiocyanate [33].

Monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), and ascorbate peroxidase (APX), which work together to complete the regeneration of AsA and GSH and to remove free radicals, are vital enzymes in the AsA-GSH cycle [34]. AsA is altered to reduce oxidized ascorbate (DHA) and then renovates H2O2 to H2O by means of the oxidation of APX, and this reaction is accommodated by DHAR and MDHAR. APX is an essential antioxidant enzyme that attenuates cellular lipid peroxidation, which can eliminate excess H2O2 in plants and augment the rate of ROS metabolism. The decrease in APX enzyme activity can be used as a basis for plant senescence [35]. DHAR and MDHAR promote the regeneration of AsA by DHA and monodehydroascorbic acid (MDHA). MDHAR and DHAR are the key enzymes to maintain the content of AsA [36]. As seen in Fig. 5, EA enhanced the APX activity of strawberries during storage and delayed the senescence of the fruits. It is similar to the results of strawberries treated with chitosan [37]. Treatment with 300 mg L−1 EA positively increased the activity of MDHAR and DHAR and maintained the AsA content in strawberries, which helped improve the resistance to oxidative damage. Meanwhile, the activity of APX in strawberries was always more advanced than that of DHAR and MDHAR, indicating that APX had a more vital ability to oxidize AsA than MDHAR and DHAR, similar to the results of Jin et al. [38]. GR also plays a vital role in the AsA-GSH defense system, regulating redox balance with other antioxidants in plants and maintaining the regular physiological activity of fruits [39]. Treatment with EA increased the activity of GR during storage, which improved the ability of GR to scavenge ROS under oxidative stress, indicating that EA could add to the antioxidant activity of strawberries and prolong their guarantee period. Semblable outcomes are also discovered in strawberries disposed with salicylic acid [40]. The gene expression levels of DHAR and GR were inconsistent with the variations in enzyme activities in strawberries with EA treatment. It has been reported that preservatives can form complexes with antioxidant enzymes to alter their liveness by affecting the constitution of these enzymes [14]. We speculated that EA might similarly perform combined with DHAR and GR to directly regulate the enzyme activities instead of influencing the transcription levels of their genes, but the formation and the formation mechanism of the compound are meriting further research.

5  Conclusion

The postharvest strawberries soaked in EA solution of 300 mg L−1 exhibited more effective regulation of fruit quality and antioxidant system than the treatments with EA of 100, 200, 400, and 500 mg L−1. EA at 300 mg L−1 could significantly reduce strawberries’ browning degree, rotting rate, MDA, and ROS content compared to the control. Additionally, treatment with EA can maintain high activities of POD, SOD, CAT, APX, GR, DHAR, and MDHAR, maintain high content of ASA and GSH, downgrade the content of MDA and ROS, and up-regulate the gene expression level of POD, SOD, CAT, MDHAR, and APX. Based on the data obtained in this study, it was suggested that exogenous EA can excellently trim down oxidative stress by adjusting the enzymatic and non-enzymatic antioxidant defense systems in strawberries. In conclusion, EA treatment is an efficient technology to preserve postharvest character by improving the antioxidant system of fruits.
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Table 1: The sequences of the specific primers

Primer names

Primer sequences

FaMnSOD

FaCu/ZnSOD

FaFeSOD

FaPOD

FaGR

FaCAT

FaAPX

FaPPO

FaDHAR

FaMDHAR

FaActin

F: 5'-GGCAAATCAGGACCCA-3’

R: 5'-CAAGCACTTTCTTTCTCGTA-3’
F: S'-CTTTGCTCCAGTGAGGGTGT-3'
R: 5'-GCAACCATTTGTGGTGTCCC-3'
F: S'-CAGTGTAAGCAGCAGAAAA-3'
R: 5'-GGCTCCAAAGCATCAAG-3'

F: 5'-CCCAAGGCAGTCCAGTA-3’

R: 5'-GGTCCACCATCATCAAAC-3’

F: S'-TGTTCGTGCCGCCAGATT-3'

R: 5'-TGTTCCACCAACTCCTCCAAT-3’
F: S'-CCTGCCCTTATTGTCCC-3'

R: 5'-GGTGATTGTTGTGGTGAGC-3’
F: S'-AAGGGCACACAAGGAACGG-3'
R: 5'-ACAAGAGGGCGGAAGACAGG-3’
F: S'-CAAATCAACACCAACCTCA-3’
R: S'-AGTCTCTATTGCTCCGCC-3'

F: S'-TTGTCTCCAAACTCCTCCTG-3'
R: 5'-GGTCATCCAATGCCTTCA-3’

F: S'-TCACTTCTGGTATTGCTGCT-3'
R: 5'-TTCCTTGACCTCTCCATTTG-3'
F: 5'-GCCGATTCCGAGGACATTCA-3’
R: 5’-CCCATCCCCACCATAACACC-3'
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