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Abstract

:

The pomegranate is one of the most essential crop fruits in the world. 5-Aminolevulinic acid (ALA) regulates the growth and development of 5-year-old pomegranate. However, for plenty of pome crops, conventional information on the physio-chemical characteristics underlying 5-ALA is limited. Therefore, in this study, we applied four different concentrations of 5-ALA treatments (0 mg L−1, 10 mg L−1, 20 mg L−1, 50 mg L−1, and 100 mg L−1), where 0 mg L−1 was considered as a control group, to evaluate the effects of 5-ALA on the physiochemical characteristics of pomegranates. Our results showed that maximal photochemical efficiency (FV/FM), photosystem (ΦPSII), and photochemical quenching (qP) increased at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. Anthocyanin contents were elevated by 2.27% and 1.33% at the 5-ALA concentrations of 50 mg L−1 and 100 mg L−1. Furthermore, qRT-PCRs of the DEGs, such as punica granatum chalcone synthase (PgCHS), chalcone isomerase (PgCHI), flavanone 3-hydroxylase (PgF3H), dihydroflavonol 4-reductase (PgDFR), anthocyanidin synthase (PgANS), and ultrafine-grained (PgUFG), showed up-regulations, except for chalcone isomerase (PgCHI), after 5-ALA treatments. The fresh weight of the fruit and the weight of the grains were elevated under 50 mg L−1 and 100 mg L−1 concentrations, and both the fresh weight of the fruit and the grain weight were higher than controls. Total sugar (TS) increased by 8.49% and 24.99%, total soluble solids (TSS) increased by 2.02% and 6.07%, soluble proteins increased by 1.16% and 1.15%, and the pH level of juice increased by 0.12% and 0.19%, respectively. In addition, the contents of ascorbic acid, total phenols, and total flavonoids increased by 24.18%, 2.53%, and 1.29%, respectively, compared with controls. Taken together, the antioxidant activities of SOD and POD also increased by 13.33% and 11.95% at concentrations of 100 mg L−1. Our results show that concentrations of 5-ALA treatments at 50 mg L−1 and 100 mg L−1 will be beneficial for crop cultivation.
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1. Introduction


5-Aminolevulinic acid (ALA), a natural δ-amino acid, is not involved in protein biosynthesis but instead acts as an essential biosynthetic precursor of all tetrapyrrole compounds such as chlorophylls and hemes, which are closely associated with plant photosynthesis and respiration. The pomegranate plant is an essential edible pome native to central Asian countries [1]. Normally, healthy pomegranate fruits have extreme nutritive and medical values that the pomegranate industry has profited from in the comprehensive consumer market in recent years [2,3,4,5]. Currently, due to the fastest growing production of pomegranate in the fruit industry, China has been considered the top- ranking country for pomegranate trade. According to the NBSC report, China’s pomegranate production during 2017–2018 was 120,000 and 1,700,000 tons [6]. Some studies have predicted that pomegranate might have emerged from Iran and Turkey based on the Mediterranean agriculture; however, fruit ripening is an intricate process that can be regulated by various factors, like light rhythms [7], temperature [8], nutrient elements [9], and plant hormones [10]. Recently, several methods in terms of improving pomegranate fruit quality in sandy soil involving semi-arid ecosystems have been reported, such as the foliar application of proline, tryptophan [11], zinc (Zn), boron (B) [12], potassium (K) [13], selenium (Se) [14], calcium (Ca), boron (B), gibberellic acid, and (GA3) [15]. Nevertheless, the investigations into horticultural practices that might be used to elevate the fruit quality of pomegranates cultivated in China are fairly limited.



5-Aminolevulinic acid (ALA) is a non-protein amino acid that is naturally present in all kinds of flora, faunas, fungi, and microorganisms [16]. In the last two decades, 5-ALA has incurred much awareness due to its great potential in the growth, maintenance, and developmental regulation of agricultural and horticultural crops [17]. The outstanding role of 5-ALA is that it helps in promoting photosynthetic activity in different crops [18], vegetables [19], and even in fruit trees [20,21,22]. It also improves fruit skin appearance and interior quality [23]. Some studies have suggested that exogenous applications of ALA are considered as a natural plant growth regulator (PGR) and can significantly increase fruit-ripening periods and pigmentation, as well as anthocyanin accumulation in apple (Malus domestica L.) [22,23,24,25], grape (Vitis vinifera L.) [26], peach (Prunus persica L.) [27,28], and litchi (Litchi chinensis Sonn.) [29]. In addition, 5-ALA may remarkably regulate fruit quality, including fruit mass, flavors, aroma, the content of vitamin C, and the activity of antioxidant and non-antioxidant enzymes [28,29,30]. Some researchers have suggested that treatments of 5-ALA are also effective during the maintenance of the post-harvesting level of fruit nutritional quality [31,32]. Nevertheless, remarkable doses of 5-ALA application can ameliorate fruit growth and fruit development. Therefore, whether 5-ALA could effectively improve the physiochemical and fruit quality of pomegranate remains unknown.



This study aimed to demonstrate the effects of ALA on pomegranates subjected to several concentrations of ALA treatments. Our current findings furnished valuable references to the suitable doses of this compound in pomegranates regarding growth and development.




2. Material and Methods


2.1. Plant Material via Experimental Closure


In this study, a 5-year-old pomegranate tree was cultivated in a garden that is situated in Huzhou, Zhejiang, China (N30.89, E120.09). The tissues (fruits) of the pomegranate tree were used in the present study. The growth of trees was managed according to traditional methods. The 75 uniform, well-grown trees were selected and divided into five experimental blocks and each experimental block comprised five trees. After 150 days of flowering, the foliar and fruit of selected trees were sprayed with different concentrations of 5-ALA solution, such as (0.01% Twenty-20 as the surfactant, pH 6.5) 0 mg L−1 (control meaning only normal water), 10 mg L−1, 20 mg L−1, 50 mg L−1, and 100 mg L−1, until exclusive foliage and fruit wetting at about 4 L/tree. After 30 days of treatment of 5-ALA solution, 8 fruits from the main branches of the plant and selected trees were randomly chosen for experimental procedures, and each block consisted of 8 fruits. After collection, the pomegranate fruits were directly brought to the laboratory. The selected parameters were checked. Pomegranate plant tissues, pericarp, and seed coats were separated at the harvesting stage and were kept in liquid nitrogen at -80 °C until analysis. Other parameters were evaluated by using fresh samples.




2.2. Determination of Physio-Chemical Parameters


In order to examine the effects of 5-ALA on chlorophyll content and the fluorescence parameter of pomegranate leaves, the 3rd and 4th mature leaves from the top of the plants were detected early at 9:00 a.m. after growing for two weeks. Chlorophyll contents were measured using a SPAD-502 chl-meter (Konica-Minolta, Tokyo, Japan). PAM-2500 (Waltz, Effeltrich, Germany) was used to assess the chlorophyll fluorescence parameters of PSII according to the protocol [33]. After sufficient dark adaptation, the leaves were exposed to a measuring light (<1 µmol (photon) m−2 s−1) and saturating light pulse (6000 µmol (photon) m−2 s−1) for 0.8 s to determine the minimum fluorescence (F0) and maximum fluorescence (FM). Then, a second saturating light pulse was imposed to record FM in the light-adapted state FM after real-time fluorescence reached a steady value under actinic light (619 μmol (photon) m−2 s−1) irradiation. On this basis, the actinic light was switched off and the minimum fluorescence parameter (F0′) was gained using infra-red light at (720–730 nm) for 4 s based on these original procedures as mentioned above; the relative parameters were analyzed according to Wang et al. (2018) [34].




2.3. Measurement of Anthocyanin Contents


To determine the anthocyanin content of pomegranate pericarp and seed coat, 0.5% of hydrochloric acid (HCl) was placed in a 5 mL methanol solution for 24 h at room temperature in the dark (Leong and Oey, 2012) [35]. After centrifugation of the extracts at 15,000× g for 15 min, the absorbance of the supernatant was measured at 530 and 700 nm, respectively. The content of anthocyanins was determined using pH differential method: when pH = 1.0, anthocyanins have characteristic absorption peaks at 530 nm, and when pH = 4.5, anthocyanins transform into colorless chalketone form without absorption peaks at 530 nm. This property can be used to determine the absorption values at 530 nm and 700 nm at different pH conditions, so as to quantitatively detect the content of plant anthocyanins. Furthermore, anthocyanin content was displayed in milligrams of cyanidin-3-galactoside equivalents per 100 g.




2.4. Determination of Fruits Physio-Morphological Properties of Fruits


For the measurements of physio-chemical properties, 30 fruits were selected from each treatment for physical-properties determination. Fruit weight (g) and weight of 100 grains (g) were measured. The fruit diameter (mm) and fruit length (mm) were recorded using the digital Vernier caliper (Mitutoyo, Kawasaki, Japan).




2.5. Determination of Physio-Chemical Fruit characteristics


2.5.1. Determinations of Total Sugars and Total Soluble Solids (TS and TSS) Contents


At the normal room temperature, pomegranate juice was extracted with the help of manual extraction for the measurements of total sugars and TSS contents. In addition, the total sugar contents of pomegranate juice were measured according to the process described by Zahedi et al. (2019) [14]. On the other hand, with slight modification, the fresh juice (0.5 g) was homogenized in a sterilizer centrifuge tube and diluted with 5 mL of deionized water. TS content was detected using anthrone-H2SO4 policy at 620 nm with a glucose standard curve. TS content was displayed in grams per 100 g of fresh weight (FW, g 100 g−1). Moreover, TSS was measured using a digital refractometer (A.PAL-1, Atago, Tokyo, Japan).




2.5.2. Measurement of Juice Titratable Acid Content (TAC), Soluble Protein Content (SPC), and pH


For the measurements of TAC in a pomegranate, juice was extracted and determined using a titration methodology according to Davarpanah et al. (2016) [12], and the results were expressed as percentages. SPC of pomegranate juice was extracted and determined using coomassie brilliant blue G250 staining at 595 nm [36]. The pH values of juice were assessed using a digital pH meter (BELL Analytical Instruments, Dalian, China).




2.5.3. Determinations of Ascorbic Acid


Ascorbic acid content was measured as described by Rajakumar and Rao (1993) [37]. The peel of the pomegranate containing fruit juice (0.3 g) was organized with 2 mL of 50 g L−1 trichloroacetic acid (TCA) in a test tube, and the homogenate was diluted at 100 mL with TCA. Seven milliliters of assay mixture contained TCA, 0.4% phosphoric acid-ethanol, 5 g L−1 o-phenanthroline, 0.2 mL ferric chloride, and the test take out was incubated for 60 min at 30 °C. Absorbance values were subjected at 534 nm. Our current results show milligrams per 100 g of fresh weight.




2.5.4. Measurement of Total Phenols and Flavonoid


Total phenols of pomegranate fruit were subjected according to Folin–Ciocalteu (FC) reagent methodology [12]. The 0.1 g juice was assorted with 1 mL distilled water and 1 mL of FC reagent mixture. After standing for 4 min, 2 mL of sodium carbonate solution (10%) was added to the asserter and the prepared samples were further incubated in a double boiler at 30 °C for around 60 min. The absorbance wavelength was measured at 765 nm. The gallic acid calibration curve was used to determine the phenolic content in the sample. The total flavonoid of fruit juice was determined according to the method described by Nie et al. [38]. Total flavonoid was asserted from 0.1 g juice using 2 mL 80% ethyl alcohol with ultrasonic vibration for 30 min at 20 °C and then centrifuged at 10,000× g for 15 min at 4 °C. Then, 1 mL of supernatant, 5 mL of deionized water, 0.3 mL NaNO2 (5%), and 0.5 mL 10% aqueous AlCl3 were completely assorted for at least 5 min; 1 mol L−1 of NaOH was added in a test tube. The assay reaction assertor was then incubated with the involvement of an ice bath for at least 15 min, and the absorbance value was subjected to around 500 nm. The total flavonoids of samples were displayed on a preliminary basis as mg.





2.6. Determinations of Antioxidant Enzymatic Activities


For the determinations of antioxidant enzymatic activities, the fresh juice samples (0.2 g) were homogenized with 2 mL of 50 mM phosphate buffer (pH 7.8). After that, the homogenate mixture was centrifuged at 15,000× g at 4 °C for around 20 min. Later, the supernatant mixture was used to evaluate super dioxide dismutase (SOD) (EC 1.15.1.1) and catalase (CAT) (EC 1.11.1.6) activities. Furthermore, the SOD activity was determined by assaying its inhibition role in the photochemical reduction of nitro blue tetrazolium (NBT) as described by Giannopolitis and Ries (1977) [39]. One SOD unit was explained as the amount of SOD required to inhibit 50% NBT photo-reduction of the blank test tube by monitoring at 560 nm. The CAT activity was determined by extinction of H2O2 at 240 nm for 180 s [40]. One unit of CAT activity was explained by the amount of enzyme that reduces the absorbance by 0.1 per min under the above conditions.




2.7. Extraction of RNA and qRT-PCR Validations


The total RNA of pomegranate from peel samples of (1 g) was extracted using cetyltrimethylammonium bromide (CTAB-LiCl) closure as presented by Jaakola et al. (2001) [41]. The first strand of cDNA synthesis was accomplished after the removal of genome DNA according to TransScript® One-Stpe gDNA elimination and cDNA Synthesis Supermix (Transgen Biotech, Beijing, China) according to the manufacturer’s instruction. The cDNA solution was diluted five times and was prepared as the template for qRT-PCR. The 20-μL reaction mixture consisted of a 10-μL SYBR qPCR Master Mix kit (Vazyme, Nanjing, China), 0.8-μL forward- and reverse-specific primer, 2-μL cDNA template, and 7.2-μL ddH2O. The qRT-PCR reaction was conducted in ABI 7300 Real-Time PCR system with the following amplification program: 95 °C for 2 min, tracked by 40 cycles at 94 °C for 5 s, 55 °C for 20 s, and 72 °C for 30 s. The relative expression levels of the tested genes were visualized according to Livak and Schmitten (2010) [42]. The primers used for qRT-PCR are listed in (Table 1). And, the PgActin gene was used as the reference gene [43,44].




2.8. Statistical Analysis


The current data presented in the figures were visualized based on SPSS software version 16.0 Statistics (SPSS Inc., Chicago, IL, USA), and all data were statistically analyzed using Analysis of Variance (ANOVA). The LSD (least significant difference) multiple comparison test, p ≤ 0.05, is used to indicate the significance difference between different treatments in lowercase letters. In addition, Origin 2019 was used to produce our experimental outcomes map.





3. Results


3.1. 5-ALA Ameliorates the Physiological Characteristics of Pomegranate


Our results demonstrate that chlorophyll content was significantly elevated by 7.78%, 8.62%, 8.32%, and 9.54% after the treatments of 5-ALA doses at 10 mg L−1, 20 mg L−1, 50 mg L−1, and 100 mg L−1, compared with the control (p < 0.05) (Figure 1A). Furthermore, the maximum quantum yield first slightly increased at 10 mg L−1 and was highly elevated at 20 mg L−1 and 50 mg L−1 of 5-ALA concentrations, and slightly decreased at 100 mg L−1, but FV/FM was higher when compared with controls (Figure 1B). In addition, ΦPSII was higher at 100 mg L−1 of 5-ALA concentrations and lower at 10 mg L−1, 20 mg L−1, and 50 mg L−1 but was higher when compared with controls (Figure 1C). The qP ratio was higher at 50 mg L−1 and 100 mg L−1; on the other hand, the qP ratio was lower at 10 mg L−1 and 20 mg L−1 but was but increased substantially compared with the controls (Figure 1D). However, the NPQ concentrations were totally decreased at different levels of 5-ALA treatments but were increased in controls (Figure 1E). Our results demonstrate that higher concentrations of 5-ALA treatments increase the physiological characteristics of pomegranates and that different parameters of pomegranates could change due to slight changes in 5-ALA concentrations. This may be due to fluctuations in the environment, with a decrease in the non-photochemical composition of chlorophyll at different doses of 5-ALA treatment, whilst showing the opposite trend in the control group.




3.2. 5-ALA Elevates Anthocyanin Content of Pomegranates


Fruit coloration status is positively correlated with anthocyanin contents. The anthocyanin content and anthocyanin content of juice at the fruit harvesting stage are shown in Figure 2. In Figure 2A, the anthocyanin contents are increased by 2.27% and 1.33% times at 50 mg L−1 and 100 mg L−1 5-ALA treatments (p < 0.05), respectively, compared with the control. Similarly, at the same concentrations of 50 mg L−1 and 100 mg L−1, the anthocyanin contents (Figure 2B, p < 0.05) are 1.20% and 0.27% times higher than the controls. Our findings justify that 5-ALA treatment at 50 mg L−1 and 100 mg L−1 may remarkably improve pomegranate fruiting peel and juice coloration.




3.3. Differentially Expression of Genes


qRT-PCR was used to elucidate the structural gene expression levels of anthocyanin contents. There were six numbers of genes (PgCHS, PgCHI, PgF3H, PgDFR, PgANS, and PgUFGT) that were selected for relative expression (Figure 3). Our results shows that 5-ALA treatments remarkably elevated the expression levels of the PgCHS gene when fruits were treated with 50 mg L−1 and 100 mg L−1 of 5-ALA, and the expression level was 9.59% and 5.44% times increased when compared with controls (Figure 3A). The relative expression level of the PgCHI gene treated with 5-ALA was significantly up-regulated at 3.80% and 13.38% times at 20 mg L−1 and 50 mg L−1 compared with the control, and the relative gene expression level peaked during the 20 mg L−1 of 5-ALA treatment (Figure 3B). The PgF3H gene relative expression levels at 50 mg L−1 and 100 mg L−1 of the 5-ALA treatments showed a remarkably higher relative expression when compared with controls (Figure 3C). The PgDFR relative gene expressions at 20 mg L−1, 50 mg L−1, and 100 mg L−1 of 5-ALA treatments were 3.64%, 12.72%, and 3.97% higher when compared with controls (Figure 3D). In general, the relative gene expressions of PgANS and PgUFGT (Figure 3E,F) were similar to those of PgF3H, PgDFR, and PgCHS. Hence, the relative gene expression findings suggest that the high expression levels of anthocyanin biosynthetic genes under 5-ALA treatments may be primarily responsible for the fruit color development of pomegranates.




3.4. 5-ALA Promotes Physio-Morphological Characteristics


The morphological parameters of pomegranates such as fresh weight (g), the weight of 100 grains (g), fruit diameter (mm), and fruit length (mm) were checked under 5-ALA treatments (Figure 4). Figure 4A shows that the fresh weight was increased by 4.74% and 6.16% under different concentration levels of 5-ALA compared with the controls. As shown in Figure 4B, the weight of 100 grains increased by 15.35% and 14.37% at different concentration levels of 5-ALA compared with controls. Figure 4C,D show that fruit diameter and fruit length were elevated only at concentrations of 50 mg L−1 5-ALA compared with controls. Our findings suggest that different concentrations of 5-ALA treatments, such as 50 mg L−1 and 100 mg L−1, are preferable to increase the contents of the morphological and physiological parameters of pomegranates.




3.5. 5-ALA Enhances Physio-Chemical Characteristics of Pomegranate


3.5.1. Determinations of Total Sugars (TS), TSS, TA, Soluble Protein Content, and pH Contents


The physio-chemical characteristics including total sugar, total soluble solids, titratable acids, soluble proteins, and the pH level of the juice were checked based on the different concentrations of 5-ALA treatments (Figure 5). Our results demonstrate that total sugar increased by 8.49% and 24.99% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls (Figure 5A). Figure 5B shows that total soluble solids increased by 2.02% and 6.07% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. As shown in Figure 5C, titratable acid, increased by 23.08% at different concentrations of 5-ALA, suggesting that the cells were squeezed without showing activity, possibly due to environmental changes, hence lowering their activity of titratable acid. It can be seen from Figure 5D that soluble protein increased by 1.12%, 1.28%, 1.16%, and 1.15% at different concentrations compared with controls. Figure 5E shows that the pH level of juice increased by 0.12% and 0.19% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. Therefore, our results indicate that various applications of 5-ALA treatments are preferable for the physio-chemical characteristics of plants.




3.5.2. Determinations of Antioxidant Characteristics of Pomegranate


The contents of ascorbic acid, total phenols, and total flavonoids were checked (Figure 6). Our results show that the content of ascorbic acid increased by 10.82%, 17.24%, 24.18%, and 20.31%, respectively, at concentrations of 10 mg L−1, 20 mg L−1, 50 mg L−1, and 100 mg L−1 compared with controls (Figure 6A). Figure 6B shows that total phenols were increased by 2.09% and 2.53% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. As shown in Figure 6C, total flavonoids were increased by 1.29% and 1.19% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. In addition, our findings show that different concentrations of 5-ALA treatments can ameliorate the antioxidant properties such as vitamin C, phenolic compounds, and flavonoids.





3.6. Determination of Antioxidant Enzymatic Activity


The superoxide dismutase (SOD) and catalase (CAT) activities in pomegranate fruits were determined at the different concentrations of 5-ALA treatments, as shown in (Figure 7). Figure 7A demonstrates that SOD activity was increased by 13.33% at concentrations of 100 mg L−1 compared with controls. The results of Figure 7B demonstrate that POD activity was elevated by 4.88% and 11.95% at concentrations of 50 mg L−1 and 100 mg L−1 compared with controls. All these results indicate that suitable concentrations of 5-ALA treatment are preferable to promote the antioxidant enzymatic activity of floral characteristic features.





4. Discussion


Pomegranate is a precious pome, and its productivity significantly depends on its cultivation conditions. The hormonal changes and environmental fluctuations are important components of plants’ physio-chemical parameters that play an essential role in growth and productivity. Some studies have suggested that photosynthetic activity are essential for plant growth under the 5-ALA treatments [45]. In addition, increasing the concentrations of 5-AlA as a precursor has the potential to increase the physio-chemical parameters of the plants and to some extent decrease the photosynthetic performance concerning non-photochemical characteristics [45]. Some studies have shown that several exogenous applications of plant growth regulators are widely applied in modern orchards to regulate fruit growth and increase fruit quality for commercial value [11,29,46]. 5-ALA treatment is an effective way to improve the morphology of the plants, the physical characteristics, fruit development, and maturation [24,25,26,27,28,29]. 5-ALA is an essential component for chlorophyll biosynthesis in nature [47]; furthermore, it is considered a developmental component for increasing the content of photosynthetic pigments in various plant species such as fig [48], strawberries [20], and peach [28]. The present study found that under different concentrations of 5-ALA treatments, growing pomegranates have shown remarkable results that positively demonstrates various physio-chemical characteristics such as chlorophyll content, yield, photosystem, and non-photochemical components.



A published study has suggested that applications of 5-ALA increase photosynthetic activities, such as maximum photochemical efficiency (FV/FM), the photochemical efficiency of the photosystem (ΦPSII), photochemical quench (qP), and nonphotochemical quench (NPQ) [49]. In the present study, the favorable results of 5-ALA treatments on the photosynthetic activities of pomegranate leaves were mainly calculated using several important fluorescence parameters, including FV/FM, ΦPSII, qP, and NPQ. These photosynthetic indexes demonstrate that 5-ALA may increase light quantum reactions, photon reaction centers, and actual photochemical reaction efficiency, and decrease the proportion of energy dissipation in PSII. Similarly, 5-ALA treatments may improve the accumulation of chlorophyll contents and the scheme of photosystem containing II and I in spirulina under non-stress conditions [50]. The current study found that 5-ALA enhances photosynthetic efficiency under favorable conditions. We also observed no clear effect of 5-ALA treatments at relatively low concentrations of (10 mg L−1 and 20 mg L−1). This may indicate that high concentrations of 5-ALA treatments are beneficial in improving photochemical efficiency in pomegranate leaves. Wang et al. (2004) reported that 300 mg L−1 ALA solution could enhance the coloration of apple fruits [51]. Therefore, we believe that the trend of higher concentrations of 5-ALA solutions can elevate the growth of horticultural plants.



Anthocyanins play an important part in pigmentation and help to prevent damage and maintain beautiful colors for plants. Fruit color appearance level is related to anthocyanin accumulation, which is a key factor influencing the market value of fruits that attracts consumers. 5-ALA treatment shows a substantial leading role in the metabolic regulation of fruit anthocyanin accumulation [24,25,26,27,28,29,32]. Our results confirm that exogenous applications of 5-ALA elevate anthocyanin biosynthesis in pomegranate pome.



The molecular mechanism of anthocyanin-related genes under 5-ALA treatments may regulate fruit appearance and color change in horticulture crops. The former survey revealed that a higher formulation of anthocyanin biosynthetic structural genes was the main factor, including CHS, DFR, ANS, and UFGT [24,25,27,28,52]. The CHS gene plays a pivotal role in the flavonoid biosynthetic pathway and was strongly induced by exogenous applications of 5-ALA treatments in apples [24,25,27] and peaches [28]. In addition, our results show that the PgCHS gene in pomegranate has a significant role in fruit expressional levels. Some studies have suggested that DFR, ANS, and UFGT genes annotated by the late biosynthetic anthocyanin accumulation biosynthesis may rapidly respond to 5-ALA stimulation in various crops, such as peach [27] and apple [24]. In the present study, the pomegranate fruit peel expression approaches of PgDFR, PgANS, and PgUFGT were positively increased under 5-ALA. Moreover, 5-ALA treatment also positively enhanced PgCHI and PgF3H gene expression levels (Figure 3B,C). The coloration effects of 5-ALA mainly enriched the anthocyanin accumulation biosynthesis of the fruit peel or pericarp without affecting the fruit flesh in various crops, such as apple, grape, and litchi [24,25,26,29] However, the seed coat of the pomegranate-related anthocyanin gene PgDFR was also significantly elevated under 5-ALA. Therefore, we speculate that several anthocyanin biosynthesis-related genes and enzymes might be responsible for various pigmentation and coloration in plants under the different concentrations of 5-ALA treatments. Further research is required for various genes concerning the anthocyanin-related metabolic activities of plants.



In horticultural study, evaluating the different parameters of the plant, such as fresh weight, grain weight, fruit diameter, and fruit length, is important. Our results show that fresh weight, grain weight, fruit diameter, and fruit length were significantly elevated under the given concentration of 5-ALA treatments. A previous study also recommended that 5-ALA treatments can amend various plants’ physio local parameters such as biomass in pepper (Capsicum annuum), kudzu (Pueraria phaseoloides) [23], and maize [53]. Similar effects have been observed during fruit development in many crops, including grapevine [26] and apple [54]. At the physiological level, there are interconnections between the different parameters of plants to achieve their respective functions. Furthermore, it allows the visualization mechanisms in pomegranates, such as photosynthesis, the cycling process of available nutrition, and evapotranspiration, as well as, ultimately, crops growth.



To date, TS, TSS, and soluble proteins play pivotal roles in pomegranate plants, such as photosynthesis, respiration, and transpiration processes. In the present study, our results show that total sugar, total soluble sugar, soluble proteins, and pH level were increased under 5-ALA treatments. A similar trend was also noticed in many fruit crops such as grapevine [26] and peach [28]. 5-ALA treatments may improve the soluble sugars and regulate the qualities of the pomegranate pome crop species. Ascorbic acid, total phenols, and total flavonoids are major biocatalysts and perform various biological functions such as hormone biosynthesis, defense mechanisms, seed development, fruit growth, and maturity and growth regulator transporters in pomegranate. Our results show that applications of 5-ALA treatment elevated the ascorbic acid, total phenols, and total flavonoids, which is similar with other fruit crops [28,54,55,56,57].



SOD and POD are functionally important for physiological defense schemes in plants coping with radicals and ROS subjected to biotic and abiotic stress. During plant growth and development, antioxidant metabolism and ROS-scavenging production are the major events of physiological and biochemical processes beneath stress conditions [23]. Our results show that SOD and POD content was significantly elevated under 5-ALA treatments, which is inconsistent with previous findings [28,54,55,56,57]. Therefore, we believe that the above results will provide positive and valuable recommendations for the improvement of physiological, biological, hormonal, and morphological changes in pomegranates and other horticultural crops.




5. Conclusions


To conclude, we discuss the effects of ALA concentrations on the physico-chemical characteristics of pomegranates. Our results show that concentrations of 5-ALA treatments at 50 mg L−1 and 100 mg L−1 will be beneficial for crop cultivation, which may provide convenient guidance in the theoretical approach.
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Figure 1. Different applications of 5-ALA treatment on the physiological parameters of pomegranate leaves. (A) represents chlorophyll content, (B) represents quantum yield, (C) represents photosystem quantum, (D) represents photochemical quenching, and (E) represents non-photochemical components of chlorophyll. Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Figure 2. Different applications of 5-ALA treatments on anthocyanin contents of pomegranate fruit peel. (A) represents anthocyanin contents contained in peel and (B) represents the anthocyanin contents of juice. Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Figure 3. Relative gene expression level based on qRT-PCR; different applications of 5-ALA treatments on fruit containing genes of pomegranate. (A–F) represents relative expression of genes (PgCHS, PgCHI, PgF3H, PgDFR, PgANS, and PgUFT). Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Figure 4. Applications of 5-ALA treatments on the morphological parameters of pomegranate. (A) represents fresh weight (g), (B) represents the weight of 100 grains (g), (C) represents fruit diameter (mm), and (D) represents fruit length (mm). Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 






Figure 4. Applications of 5-ALA treatments on the morphological parameters of pomegranate. (A) represents fresh weight (g), (B) represents the weight of 100 grains (g), (C) represents fruit diameter (mm), and (D) represents fruit length (mm). Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values.
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Figure 5. Applications of 5-ALA treatments on the physio-chemical parameters of pomegranate. (A) represents total sugars, (B) represents total soluble solids, (C) represents titratable acid, (D) represents soluble proteins, and (E) represents the pH level of juice. Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Figure 6. Applications of 5-ALA treatments on the antioxidant characters of pomegranate. (A) represents ascorbic acid, (B) represents total phenols, and (C) represents total flavonoids. Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Figure 7. Applications of 5-ALA treatments on the antioxidant enzymatic activity of pomegranate. (A) represents superoxide dismutase (SOD) and (B) represents catalase activity (CAT). Error bars demonstrate the standard error (SE) containing three biological replicates, and lowercase letters demonstrate significant differences at (p ≤ 0.05) values. 
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Table 1. The detailed primers used for qRT-PCR analysis are listed here.
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	Gene
	Accession No.
	FP Sequence (5′-3′)
	RP Sequence (3′-5′)
	Sizes in (bp)





	PgActin
	GU376750
	GATTCTGGTGATGGTGTGAG
	GACAATTTCCCGTTCAGCAG
	168



	PgCHS
	KF841615
	CTGGGGCTGAAGGAGGAGAA
	TCCGAACCCGAAGAGGACAC
	174



	PgCHI
	KF841616
	TTCTGGAAATCCGTGGGC
	ATCCGCTGGGCGATTGAGT
	127



	PgF3H
	KF841617
	GCAACGGGAGGTTCAAGA
	TGAGCGGGTACACTATGGC
	114



	PgDFR
	KF841618
	GGCATCGCAAAGCTCCTA
	TCCCTGCAACACTCCACA
	179



	PgANS
	KF841619
	GAGGAAGGCAGGCTGGAGAA
	TTAGGGCGCTGATGTCGGT
	136



	PgUFGT
	KF841620
	GGCTTTCGTGACGCATTG
	TCCTTGGTTATGGCTCCC
	165
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