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To meet the increased demand for phytochemicals, plant cultivation in soil amended with biofertilizers has been developed. Here, we aimed to use vermicompost as an environmentally safe biofertilizer to enhance the nutritive and medicinal value of five common cultivars of Saudi date palm; namely Phoenix dactylifera L. var. Ajwa, Hulwa, Ruthana, Sefri, and Luban. To determine changes in the fruit nutritive composition, primary metabolites, antioxidants, phenolic compounds and mineral profiles were analyzed in the fruits from non-fertilized and vermicompost-fertilized date palms. We also tested how changes in the fruit chemical compositions due to vermicompost fertilization affected their medicinal potentials. Applying vermicomposts generally increased primary metabolites, vitamins, and mineral content as well as the medicinal potential of the date palm fruits. This positive effect is possibly explained by the role of vermicomposts in improving soil health and fertility. Furthermore, clustering analyses and principal component analysis (PCA) indicated cultivar-specific responses. PCA analysis also revealed that the bioactivities of the date palm fruit extracts and their antioxidants tended to display correlated output values. One of the highly accumulated phenolic compounds, β-D-glucogallin, was extracted and purified from P. dactylifera L. var. Ajwa fruits and showed significant antioxidant, anticancer, antibacterial, antimutagenic, and antiprotozoal activities. Overall, applying vermicompost is an innovative approach to increase the nutritive quality and medicinal potential of date palm fruits.
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INTRODUCTION

Fruits constitute a major part of the daily human diet, and in the Middle East date fruits are particularly important because of their nutritive value. Date palms (Phoenix dactylifera L., Palmae) are the source of these fruits and are widely cultivated in the Middle East (Al-Farsi and Lee, 2008). There are about 5000 varieties of date palm fruits grown in different regions of the world. Date palm cultivation is not only for food, but also supports specific social development of people located in very hot regions such as Saudi Arabia (Selim et al., 2012). For the natives in the Middle East, date palm fruits are used as a staple carbohydrate. Date palm fruits are rich in amino acids, fatty acids (FA), and minerals (Al-Shahib and Marshall, 2003) and contain high levels of phenolic compounds, vitamins and dietary fibers, which increase their nutritive and therapeutic value (Al-Shahib and Marshall, 2003). Extracts of date palm fruits were reported to have antibacterial, antioxidant and antifungal properties (Selim et al., 2012; Hamad et al., 2015). They have the potential to supply antioxidants in different pharmaceutical and medicinal applications. For instance, the extracts reduced cytotoxicity of induced liver cancer, restored liver function, and protected against hepatotoxicity of carbon tetrachloride (Hussain et al., 2014; Khalid et al., 2017). Considering the nutritive values of date palm fruits, the importance of studying their biochemical composition, nutritive, and medicinal potential is increasingly recognized.

From an ecological point of view, there is an increasing demand to apply eco-friendly approaches to improve productivity and food quality of agricultural crops. Applying bio-fertilizers containing beneficial microorganisms increased plant yield and helped in maintaining soil health and fertility (O’Connell, 1992; Nagavallemma et al., 2004). One widely used bio-fertilizer is vermicompost, a mixture of organic materials resulting from interactions between microorganisms and earthworms. This biofertilizer is rich in minerals, plant growth hormones and humic acids in addition to providing beneficial microbial populations (Theunissen et al., 2010). Applying vermicompost for 60 days improved marigold growth and yield (Gupta et al., 2014). Similarly, Gutiérrez-Miceli et al. (2007) determined that sheep-manure vermicompost improved yield and carbohydrate content in tomato fruits (Lycopersicum esculentum).

Vermicompost is rich in humic acids and thereby provides a supportive environment for chemical reactions and microbial populations (Nagavallemma et al., 2004). In addition, increased N, P, K, Cu, Mg, and Fe levels were reported in soils fertilized with vermicompost, thus enhancing plant metabolic functions (Tanaka et al., 1998). Plants fertilized with vermicompost showed enhanced root growth and development, which could explain the improved macro- and micro-nutrient uptake and assimilation (Theunissen et al., 2010). On the other hand, the positive effect of vermicompost was dependent on the applied fertilizer level, as high vermicompost levels in the soil reduced soil aeration and salt concentrations (Tucker, 2005) that could inhibit plant growth (Subler et al., 1998).

Recent approaches have been successfully used to investigate primary and secondary metabolites in date palm fruits and to assess their nutritive composition and medicinal potential. In our previous study, high performance liquid chromatography (HPLC) and mass spectrometry (HPLC/PDA/MS) were used to measure primary and secondary metabolites (soluble sugars, amino acids, organic acids, FA, phenolics, and flavonoids) in 12 cultivars of date palm fruits (Hamad et al., 2015). One molecule induced in date palm fruits by the vermicompost fertilization, that could be important in date fruit medicinal properties, is the phenolic compound β-D-glucogallin. This molecule acts as an antioxidant and has antimicrobial activities (Chanwitheesuk et al., 2007; Alu’datt et al., 2017; Rajan and Muraleedharan, 2017). β-D-glucogallin has been extracted for medical applications (Alu’datt et al., 2017) and has been reported to have anti-inflammatory and anti-cancer effects (Puppala et al., 2012).

In this study, we aimed to understand the potential effect of vermicompost fertilization on soil fertility and yield, nutritive quality and the medicinal potential of date palm fruits. Special emphasis was given to the accumulation of health-beneficial phytochemicals (primary metabolites, minerals, vitamins, and antioxidants). Another aim was to evaluate the bioactivity of an isolated phenolic compound, β-D-glucogallin, from P. dactylifera cv. Ajwa.

MATERIALS AND METHODS

Experimental Design

The field study was performed during two successive growing seasons (2015 and 2016) in a private orchard located at Sakakah, Al Jawf region in the north of Saudi Arabia (latitude: 13.837832, longitude: 45.834881). Five cultivars of Saudi date palm (Ajwa, Hulwa, Ruthana, Sefri, and Luban) of 12 years of age were planted in sandy soil, in spaces of 6 × 6 m. Selected trees were healthy and as uniform as possible in age and growth. The number of leaves per bunch (9:1 ratio) was adjusted for each control and treated cultivars. No fertilizers were applied before the study. Date palm fruits were collected from the same trees in 2015 and 2016. In March of each year, 10 kg of vermicomposts were applied to the soil surface and then followed by irrigation. The experiment was conducted with three replicates for each treatment and three trees for each replicate; therefore, we used 12 trees for each cultivar. Soil water content was monitored by neutron moisture meter (neutron probe) and maintained at 60% of the soil water capacity. After 6 months, date palm fruits were collected from treated and untreated cultivars at the fully ripe (Tamar) stage. Washed date palm fruits were stored at -40°C before measurement of metabolic and mineral composition and extraction for biological activities evaluation. Results obtained for both harvests (2015 and 2016) were averaged.

Soil Analysis

Soil physicochemical properties, pH, electrical conductivity (EC), organic matter (OM), total phenolic compounds and mineral nutrients were determined according to Jones (2001).

METABOLITE DETERMINATIONS

Sugars

Mono, di- and polysaccharides in the date were measured by using HPLC following Hamad et al. (2015). 150 mg of dry plant tissues were vigorously homogenized in 2 ml of acetonitrile:water (1:1 v/v) for 5 min. Samples were boiled for denaturation of sugar enzymes and after 15 min of incubation at 55–60°C in a water bath, filtration was performed through Whatman No. 1 filter paper. Another 20 ml of solvent was added to the remaining pulp for re-extraction. The mobile phase was a mixture of acetonitrile and water (75:25 v/v) and was applied at a flow rate of 1 ml min-1. Sugars were identified and quantified according to a calibration curve (1–10 mg 100 ml-1) of the corresponding standards of the same extracting solution.

Organic Acids

Quantitative determination of organic acids was performed according to Hamad et al. (2015). Briefly, 500 mg of powdered fruits were extracted in phosphoric acid (0.1%). After centrifugation for 30 min at 14,000 g and 4°C, the supernatants were passed through Millipore microfilters (0.2 μm pore size). Organic acids were detected by HPLC detection methods coupled with SUPELCOGELC-610H column and UV detector (LaChrom L-7455 diode array, Japan). Phosphoric acid (0.1%, v/v) at a flow rate of 0.45 ml min-1 was used as a mobile phase.

Amino Acids

One hundred mg of the dry fruit samples was homogenized in 5 ml of 80% aqueous ethanol (MagNA Lyser, Roche, Belgium) for 1 min at 5000 rpm (Hamad et al., 2015). After centrifugation for 25 min at 14,000 g, the supernatant was resuspended in 5 ml of absolute chloroform. Immediately, the residue was re-extracted with 1 mL deionized water and centrifugation was repeated. The supernatant and pellet were suspended in absolute chloroform and then centrifuged at 8000 g for 10 min. The aqueous phase was filtered using Millipore microfilters (0.2 μM pore size). Amino acids were quantified using a Waters Acquity UPLC TQD system (Milford, Worcester County, MA, United States) coupled to a BEH amide column.

Fatty Acids

Fatty acid quantification was performed by gas chromatography according to Hamad et al. (2015). 200 mg dry fruit samples extracted in 1 mL aqueous methanol (1:1 w/v) at 25°C until discoloration of the tissues occurred. An internal standard (nonadecanoic acid) was added during extraction. GC/MS analysis was carried out on a Hewlett Packard 6890, MSD 5975 mass spectrometer (Hewlett Packard, United States), equipped with a HP-5 MS column (30 m × 0.25 mm × 0.25 mm). Lipids were identified with the NIST 05 database and Golm Metabolome Database1.

Phenolics and Flavonoids

Phenolics and flavonoids were determined by using the method described in Hamad et al. (2015). About 200 mg of the dry date fruits were homogenized in an acetone-water solution (4:1 v/v) for 24 h. Phenolics and flavonoids were quantified on a Shimadzu HPLC system (SCL-10 AVP, Japan), equipped with a Lichrosorb Si-60, 7 μm, 3 × 150 mm column and a diode array detector (SPDM10AVP). The mobile phase water-formic acid (90:10, v/v) and acetonitrile/water/formic acid (85:10:5, v/v/v) was applied at a flow rate of 0.8 mL min-1. The extract was filtered, centrifuged and the resulted supernatant was evaporated under vacuum, then the residue was resuspended in methanol (HPLC grade). Baicalein (100 μg/ml) was used as an internal standard, and the concentration of the phenolic compounds was determined based on the corresponding standard.

For determination of the total phenolics and flavonoids, 100 mg of the dry fruit samples was homogenized in 0.5 ml 80% aqueous ethanol. After centrifugation, the pellet was washed twice with 80% ethanol. A Folin–Ciocalteu assay was used for total phenolic content quantification (AbdElgawad et al., 2014), with gallic acid as a standard. Total flavonoid content was estimated according to AbdElgawad et al. (2015) with quercetin as a standard.

Vitamins

Contents of ascorbate, tocopherols, and carotenoids were determined in date palm fruits by HPLC. The separation and detection processes were done with UV and/or fluorescence detectors (Jakob and Elmadfa, 1996; Siebert, 1999; Van Oostende et al., 2008; AbdElgawad et al., 2015). Tocopherols were extracted in absolute hexane and their separation and quantification were conducted by a normal phase HPLC (Shimadzu, ‘s-Hertogenbosch, Netherlands). Carotenes were extracted in acetone and quantified by a reversed phase HPLC (software analysis with Shimadzu Lab Solutions Lite). Phylloquinone was detected by reversed phase HPLC (RP18 column, Eurosphos-100, 250 × 4.6 mm, Germany) using a fluorescence detector (excitation, 243 nm; emission, 430 nm).

MINERALS

One hundred mg of the dry fruit samples were digested in HNO3/H2O solution (5:1 v/v) in an oven according to AbdElgawad et al. (2015) and Hamad et al. (2015). Minerals were determined by ICP-MS (Finnigan Element XR, Scientific, Bremen, Germany).

BIOLOGICAL AND MEDICINAL ACTIVITIES

Antibacterial Assay

The disc diffusion method was used to evaluate the bacterial potential of the date palm fruit extracts (Selim et al., 2012). The clinical bacterial strains (Streptococcus spp., Serratia marcescens, Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, Pseudomonas aeruginosa) obtained from the microbial culture collection of the Department of Clinical Laboratory Sciences, Al Jouf University, Saudi Arabia were used as test strains. About 150 μl of the bacterial suspension was spread on Muller Hinton agar and nutrient agar media. The same solvent employed to extract the date palm fruits was used as a negative control. Amoxicillin (30 μg/disc), gentamycin (30 μg/disc), and streptomycin (30 μg/disc) were used as positive reference standards. The minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were determined for the strains sensitive to the fruit extract in the assay. Time-kill studies were performed for S. aureus in McCartney bottles using a method based on the European Standard quantitative suspension test.

Anti-mutagenicity Assay (Ames Test)

An Ames assay (Ames et al., 1975) was used to determine the anti-mutagenicity of β-D-glucogallin. The two strains (TA98 and TA100) of Salmonella typhimurium were used for this test. Sodium azide (NaN3) and mutagen 4-nitro-o-phenylenediamine (NPD) were used as positive controls. Toxicity of β-D-glucogallin was checked against all the used mutagens. The experiments were conducted in pre-incubation and co-incubation modes. The inhibition % of mutagenic activity was calculated as described by Ames et al. (1975), where the number of histidine revertants induced by the mutagen alone, the mutagen in the presence of β-D-glucogallin and β-D-glucogallin alone were used for the calculations.

Antiprotozoal Activity

The vitro anti-leishmanial assay against the amastigotes of Leishmania donovani and Trypanosoma cruzi was conducted according to the protocols established by Räz et al. (1997). Amastigote density was 1 × 108 parasites per mL, and 90 μL were added to each well of the 96-well plates. Then, 10 μL of β-D-glucogallin and standard compound (Benznidazole and Miltefosine) solutions were added to the wells. Amastigotes of L. donovani were incubated with AlamarBlueTM for 3 days, and the viability was evaluated by a fluorescence scanner. Viability measurements of trypomastigotes of T. cruzi and L. donovani were conducted using rat skeletal myoblasts and seeded in the microtiter plates using chlorophenol red-β-D-galactopyranoside (CPRG)-Nonidet substrate. After 4 days of incubation at 37°C and under 5% CO2 environment, the developed color reaction was read at 540 nm. The IC50 values were calculated for both species.

DPPH Radical Scavenging Activity Assay

The DPPH method was used to measure the free radical scavenging activity of date palm fruit ethanol extracts and β-D-glucogallin (Hamad et al., 2015). The extracts were mixed with 0.25 mM DPPH solution. After shaking for 30 min, 2 mL of distilled water was added, and the absorbance was measured at 517 nm.

Total Antioxidant Capacity (FRAP)

The total antioxidant capacity (FRAP) was assayed by extracting date palm fruits in 80% ice-cold ethanol in liquid nitrogen. FRAP reagent (2,4,6-tripyridyl-striazine and FeCl3 dissolved in 0.3 M Na-acetate buffer) was mixed with the samples or with the standard (trolox) solution in micro-titration plates for 30 min and measured at 593 nm (AbdElgawad et al., 2015).

Anticancer Activity

Human cancer cell lines [Hepatocellular carcinoma (HepG2), Colon carcinoma (Colo205), Embryonic kidney adenocarcinoma (293), and Urinary bladder carcinoma (T24P)] were used in this study. Ethanol extracts of the tested date palm fruits (2 mg/mL) as well as β-D-glucogallin (0.1 mg/mL) dissolved in ethanol were used. Cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) [10% fetal calf serum, Na-pyruvate, streptomycin (1 mg/0.1 mL), penicillin (1 U/0.1 mL)] at 37°C and 5% CO2. The cell lines were suspended and seeded in DMEM. Incubation of the cell lines with extracts, β-D-glucogallin and ethanol as a negative control was continued until a confluent growth was achieved. Then, the cells were collected by trypsinization in trypsin solution (0.25% trypsin w/v) and the vital cells were determined by the CellTiter-Blue reagent (Promega, Madison, WI, United States) (Solowey et al., 2014).

Extraction, Fractionation, and Isolation of β-D-Glucogallin

To isolate β-D-glucogallin, 250 g of P. dactylifera cv. Ajwa date fruits, which showed the highest concentration of β-D-glucogallin, was collected and extracted in ethanol for up to 6 h. Then, the filtrate was concentrated under vacuum. Dried ethanol extract was eluted by using gradients of heptane:ethanol (9:1 to 0:1) as a mobile phase to yield seven fractions depending upon thin layer chromatography (TLC) analyses. The abundant fraction, was evaporated under reduced pressure at 45°C to remove the solvent and then subjected to column chromatography (Merck KGaA, Germany) on a silica gel column. The mobile phase (dichloromethane:water) with gradient from 10:0 to 3:10 was chosen for elution depending upon TLC analyses to give 5 sub-fractions (F1-1 to F1-5). Sub-fraction 2 (F5-2) (3.14 g) showed the highest elongation activity by using coleoptiles bioassay. In this assay, 5 mm of wheat coleoptiles were placed in test tubes containing the extracts and controlled tubes were filled with water. Test tubes were moved to growth cabinet for 24 h, and then the increases in collectibles length were recorded. TLC analyses of F1-3 showed the presence of mixture of three compounds, and one of them was very low, the major one was purified by subjecting to Sephadex LH-20 column and 104.5 mg of the purified compound was yielded. The preliminary bioactivity test of the isolated pure compound indicated its phytotoxicity.

Identification of β-D-Glucogallin Pure Compound

IR, 1H, and 13C NMR spectra were used to identify the pure isolated phenolic compound β-D-glucogallin. Samples were dissolved in acetone and the internal standard tetramethylsilane (TMS) was used. The compound in F1-3 was identified based on spectroscopic analyses and comparison of 1H and 13C NMR data with previous literature values (Puppala et al., 2012). A complete attribution was performed on the basis of a 2D experiment (heteronuclear multiple bond correlation, HMBC). The Micromass type QTOF 2 spectrometer was used to measure the resolution-mass spectrometry (HRMS) data.

Statistical Analysis

One-way analysis of variance (Duncan’s test, P ≤ 0.05) was applied by using SPSS 16.0 (SPSS, Woking, Surrey, United Kingdom). PCA analysis was performed by using XLSTAT (software, 2011). All parameters were subjected to Pearson distance metric cluster analysis by using the MultiExperiment Viewer (MeV) TM4 software package (Dana-Farber Cancer Institute, Boston, MA, United States).

RESULTS AND DISCUSSION

Characterization of the nutritive and medicinal potentials of the date palm fruits requires detailed knowledge of the metabolite content and biological activities. Although the nutritive composition of date palm fruits has been reported (Assirey, 2015; Hamad et al., 2015), analyses at multiple-omics levels are combined (Khalid et al., 2017). Moreover, phytochemicals from date palm fruits are believed to possess numerous health benefits for humans and are important in the daily fruit intake for large groups of people. Nevertheless, the generally consumed amount of date palm fruits is less than is optimal for health maintenance. One strategy to improve the intake of these phytochemicals is through increasing the date fruit yield and quality (Khalid et al., 2017). Application of bio-fertilizers such as vermicompost is a low-impact, environmentally friendly and increasingly used technology in agriculture (Domínguez, 2004).

Vermicomposting resulted in a low soil C:N ratio, high water-holding capacity and porosity, in addition to increasing the availability of many nutrients for plants (Theunissen et al., 2010). In contrast to a large number of studies on the effects of regular composting in plants, relatively little is known on the effects of vermicomposting. In this study, we analyzed vermicompost-induced changes in five common varieties of date palm fruits at the level of primary metabolism, vitamins, and minerals, besides the effect on therapeutic properties. Overall, vermicompost improved the nutritive and therapeutic values of date palm fruits growing in both first and second seasons, with no significant impact of season variation on the trend of the measured parameters. Furthermore, we extracted and tested the medicinal activity of one of the most induced phenolic compounds by vermicompost supply.

Vermicompost Improved Soil Fertility and Date Palm Fruit Yield

Analysis of soil physicochemical properties (Table 1) indicates that vermicompost addition did increase several parameters (minerals and total phenols) but did not affect soil pH and EC. Increased levels of phenolic compounds were observed in the fertilized soil with the highest increase recorded for the Ruthana tree (Table 1). Similar findings have previously been reported by Nagavallemma et al. (2004) and Theunissen et al. (2010), showing significant increases in concentrations of phenolics and amino acids in vermicompost-fertilized soil. With respect to the soil mineral nutrients, vermicompost raised the concentrations of the exchangeable elements, N, Ca, Zn, Mn, Cu, Mg, and P, but did not significantly affect the availability of soil K and Na. Previous investigations in this regard recorded elevated levels of exchangeable N, P, and K in soil incorporated with residues of different plants as compared with unfertilized soil (Theunissen et al., 2010). In addition, some reports pointed out the role of vermicompost in promoting the processes of biological nitrogen fixation and nodulation (Theunissen et al., 2010).

TABLE 1. Vermicompost fertilization effect on the properties of rhizospheric soil and the yield of five palm cultivars.

[image: image]

Incorporation of vermicompost in the soil had a significant positive impact on the yield of date palm fruits, with increases of 9 to 15%, and the highest increases were in the Ajwa and Ruthana cultivars (Table 1). Such an enhancement in the yield may be a logical consequence of the improved soil fertility due to the release of nutrients during vermicompost decomposition. Additionally, vermicompost incorporation in the soil is believed to improve water retention, nutrient uptake and photosynthesis (Tan and Hogan, 1995; Tanaka et al., 1998; Theunissen et al., 2010). The higher productivity of plants grown in fertilized soils may also be attributed to the increased availability of phenolic compounds and mineral contents of the decomposed residue, which can reduce the susceptibility of plants to phytopathogens and increase photosynthetic reactions (Theunissen et al., 2010). In this context, high availability of microorganisms such as N-fixing bacteria in the fertilized soil with vermicompost can produce growth-promoting compounds such as plant hormone analogs and growth regulators leading to increased plant growth and yield (Theunissen et al., 2010).

Vermicompost Differentially Accumulated Primary Metabolites Among the Different Cultivars of Date Palm

Sugars Profile

Date flesh is a high-energy food due to its high sugar contents, particularly glucose and fructose (Khalid et al., 2017). For instance, 33 and 74% of Ajwa date are sugars. In our analysis, the highest and lowest levels of glucose, fructose and total soluble sugars were observed in Ajwa and Luban fruits under control conditions, respectively (Figure 1A and Supplementary Table S1). Sucrose and total insoluble sugars, on the other hand, showed a somewhat different profile with a strong increase in Ruthana. Notably, in most sugars, vermicompost fertilization caused a strong increase in sugar concentration in all date varieties and particularly in Ajwa, Hulwa, and Ruthana. Luban fruits showed the lowest sugars levels under control and vermicompost fertilization conditions. Sucrose level, in contrast, decreased in Ruthana date palm fruits after vermicompost treatment. Uptake of the plant macro-nutrients such as N, K, P, and Mg provided by vermicompost supply, is involved in the chlorophyll biosynthesis and hence increased photosynthesis (Tanaka et al., 1998). The high rate of photosynthesis increased carbon input into fruits, which could result in the induced sugars levels (Theunissen et al., 2010).


[image: image]

FIGURE 1. Hierarchical clustering of primary metabolites [sugars (A), amino acids (B), organic acids (C), and fatty acids (D)] concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage.



Amino Acids Profile

The amino acids analysis of date palm fruits showed a higher percentage of essential amino acids (Hamad et al., 2015). Amino acids are precursors for protein synthesis and a few amino acids, such as proline, act as antioxidants. We quantified 21 amino acids (Figure 1B and Supplementary Table S2), and, when looking at the concentration profiles at a glance, it is immediately clear that some profiles have very similar characteristics. For example, the profiles of glutamine, histidine, aspartate, and tyrosine are accumulated in Ajwa, Sefri and Luban and they further increased by vermicompost fertilization. Other amino acids (leucine, methionine, asparagine, and threonine), showed the highest levels irrespective to vermicompost fertilization in Sefri date fruits. Also, Sefri and Luban contained higher levels of the rest of the amino acids, particularly after fertilization, except for cysteine, which was accumulated in Ajwa date fruits.

These results suggested that, like sugars, vermicompost treatments induced accumulation of amino acids and these effects were date cultivar-dependent. Similarly, the study of Manivannan et al. (2009) indicated that amino acid contents were increased in crops grown under vermicompost application when compared to control. Vermicompost directly enriched the soil with nitrogen or indirectly by enhancing N-fixing bacteria (Theunissen et al., 2010). Moreover, vermicompost incorporated chemical antagonists such as amino acids into the soil (Nagavallemma et al., 2004). Consequently, under vermicompost fertilization, nitrogen uptake by date palm trees was markedly incorporated in amino acids biosynthesis and could explain the higher levels of amino acids in the date fruits (Theunissen et al., 2010).

Organic Acids Profile

The presence of organic acids not only increases the fruits’ nutritive value but also improves their sensory characteristics (e.g., sour, tart, and acidic). For instance, malic acid is one of the abundant organic acids in date fruits and significantly contributes to the characteristic fruity, smooth and sour taste of the fruits (Khalid et al., 2017). Organic acids also prolonged the quality of fruits because they reduced the growth of microorganisms in the fruit. Here, we also analyzed organic acid contents in the target date fruits, focusing on the changes in their concentrations after vermicompost fertilization (Figure 1C and Supplementary Table S3). Heat map representations showed an increase in the organic acids oxalic, malic, and isobutyric in Ajwa, Hulwa, Sefri, and Luban cultivars, and to lesser extent in Ruthana. On the other hand, Ruthana significantly accumulated citric, succinic and formic acids and higher inductions were also recorded for other cultivars of date palm after vermicompost application. Increased carbon assimilation in vermicompost-fertilized plants resulted in high carbon input in fruits, and that could explain the increase in metabolite levels such as organic and FA (Theunissen et al., 2010). Moreover, organic acid content and composition may be affected by experimental growth conditions, soil fertilization and fruit maturity (Ahmed et al., 1995).

Fatty Acids Profile

In date palm fruits, lipid content represents about 10% of dry mass (Galeb et al., 2012). For instance, Ajwa fruits have good lipid quality indices where about 21 and 75% of the total fatty acids (FA) are saturated fatty acids (SFA) and unsaturated fatty acids (UFA), respectively (Galeb et al., 2012). To reveal the impact of vermicompost amendment on the FA composition of date palm fruits, SFA and UFA were analyzed by GC/MS analysis (Figure 1D and Supplementary Table S4). Date palm varieties differentially accumulated FA under control conditions, for instance, Ajwa, Hulwa and Luban showed increased levels of tricosanoic, tetracosanoic, and hexadecanoic acids, respectively. The first profile observed for FA contains those which increased in all varieties and particularly in Ajwa date fruits by vermicompost application, and is almost uniquely composed of unsaturated and saturated FA (C16:2, C23:0, C25:0, C22:0, C24:1). The second profile showed these FA highly increased in fertilized Sefri, Hulwa and/or treated Luban (C14:0, C15:0, C16:3, C18:1, C18:3, C12:0, C20:0, C16:1, C17:0, C18:2, C20:2, C26:0). In contrast, another profile consisted of the FA which decreased during vermicompost treatment and contains mostly individual saturated FA (C24:0, C18:0 and C16:0, for Hulwa, Ruthana and Luban; respectively). Our results are similar to the results of Al-Shahib and Marshall (2003), who reported differences in fatty acid contents between 14 varieties of date palm fruits which were ascribed to varietal differences. The results of this study suggested that treated date palm fruits are rich sources of edible oils for human consumption.

Vermicompost Supply Increased the Nutritive Values of the Fertilized Date Palm Fruits

Antioxidant Phenolic and Flavonoid Compounds

A high content of total phenolic and flavonoids was recorded in non-treated date palm fruits in the range of 0.3–4 mg/g DW (Figure 2A and Supplementary Table S5). Because of the high content of polyphenolic compounds, date palm fruits are recommended as good antioxidant sources (Selim et al., 2012; Hamad et al., 2015). Our cluster analysis grouped the phenolics and flavonoids in different classes depending upon their responses. More specifically, treated Ajwa, and treated Sefri significantly accumulated quercetrin, resorcinol, catechol, p-coumaric acid, chlorogenic acid, galic acid, syringic acid, isoquercitrin, beta glucogallin, luteolin, apigenin, rutin, and ellagic acid. On the other hand, treated Ruthana contained high levels of velutin and O-hydroxydaizein, while Luban contained high levels of caffeic acid, ferulic acid, protocatechuic acid, and naringenin. Due to the slow and gradual release of plant-available nutrients from vermicompost, higher levels of total phenolic compounds were observed in vermicompost-treated plants (Theunissen et al., 2010). More specifically, the high humic acid levels in vermicompost could be involved in the synthesis of phenolic compounds, which may improve plant quality (Theunissen et al., 2010). High phenolic content also acts as a deterrent to pests and diseases. The heterogeneity of these results could be attributed to several factors including date palm cultivar and growing conditions (Hamad et al., 2015). Finally, it is highly important to understand how vermicomposting fertilization should be manipulated to induce the highest phenolic level, which grants an improvement in antioxidant and nutritive quality.
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FIGURE 2. Hierarchical clustering of phenolics and flavonoids (A), vitamin (B), and mineral (C) concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage.



Vitamins

Date palm fruits are good sources for vitamins such as Vit-C (L-ascorbic acid), Vit-A (carotene), Vit-B1 (thiamine), and Vit-B2 (riboflavin) (Al-Shahib and Marshall, 2003). Beside these vitamins, we also detected considerable levels of tocopherols, phylloquinone (Vit-K) and beta-cryptoxanthine (Vit-A) (Figure 2B and Supplementary Table S6). Untreated Ruthana and Luban cultivars showed increased levels of Vit-B1 and alpha-tocopherol, respectively. High contents of pro-vitamin A and vitamin C were recorded for some date palm cultivars such as Ajwa (Khalid et al., 2017). After vermicomposting, Ajwa showed the highest levels of beta and gamma tocopherols, however, Hulwa and Luban cultivars contained the highest levels of total tocopherol, Vit-K and beta-carotene, respectively. Similarly, vermicompost fertilization was reported to increase concentrations of vitamins such as ascorbate (Vit-C) (Theunissen et al., 2010). In this regard, previous studies indicated that nutrients, such as nitrogen, released from vermicompost could explain the increased concentration of vitamins such as carotene (Mozafar, 1993). Also, it induced vitamin levels that could be attributed to increased carbon assimilation (high photosynthetic rate). Therefore, applying vermicompost will not only enhance the plant yield but also its nutritive quality.

Mineral Profiling

In general, significant amounts of minerals in date palm fruits were observed, and they were significantly induced by vermicompost treatment (Figure 2C and Supplementary Table S7). In particular, potassium and phosphorus contents were the highest (0.01–0.2 mg/g DW). Previously, it was reported that mineral contents in date palm fruits were more than three to five times those compared to their amounts in grapes, apples, oranges and bananas (Al-Showiman, 1998). In our study, induced levels of Mn in Ajwa; Ca and Mg in Hulwa; Cu, Na, and Fe in Sefri; P, Cd, and Zn in Luban; and N in the fruits of all tested cultivars were reported. Similarly, foliar application of vermicompost was reported to increase mineral contents (Tejada et al., 2007). Therefore, date palm fruits of Hulwa and Sefri cultivars grown in soil amended with vermicompost could be used as good sources of macronutrients essential for the development of bone, production of red blood cells and energy metabolism (Fahad et al., 2014). Induced levels of nutrients could be explained by the fact that vermicompost released both macro and micronutrients in the treated soil. Absorption of minerals on humic acid makes them available for plant growth (Gutiérrez-Miceli et al., 2007). High nutrient level was not only due to nutrient uptake, but also to the plant’s ability to assimilate essential nutrients under vermicompost application (Theunissen et al., 2010). The high level of K and the low level of Na in most of the tested date palm fruits are useful for people with hypertension (Khalid et al., 2017). Thus, checking the nutrient constitution of vermicompost samples before their use will provide useful information on the released nutrient types and quality.

Vermicompost Fertilization Induced the Medicinal Activities of Date Palm Fruits Ethanol Extracts

Antioxidant, Anticancer, Antibacterial, and Antiprotozoal Activities

Date palm fruits are rich in phytochemicals and have been used to treat human diseases and were reported to possess anti-inflammatory, antioxidant and anticancer activities (Hussain et al., 2014; Khalid et al., 2017). Therefore, we evaluated different biological activities (antioxidant, antibacterial, antiprotozoal, and anticancer) of the ethanol extracts of the selected date palm fruits (Figure 3A and Supplementary Table S8). Overall, the ethanol extracts from all the treated varieties of date palm fruits showed increased antioxidant levels, antibacterial, antiprotozoal, and/or anticancer abilities (Figure 3A). In particular, Ajwa and Hulwa cultivars showed the strongest antiprotozoal capacity under vermicompost fertilization, whereas Ruthana, Sefri and Luban exhibited high anticancer (Colo205, HepG2, T24P, and 293), antioxidant (FRAP and DPPH%) and/or antibacterial activities against Streptococcus spp. and E. coli. Antioxidant and anticancer capacities of the ethanol extracts of date palm fruits could be attributed to the availability of antioxidants such as phenolics, flavonoids, steroids, tocopherols, and ascorbate (Hussain et al., 2014). Induced antioxidants prevent free radical accumulation, which could damage cellular molecules, resulting in cancer and aging-related diseases (Al-Alawi et al., 2017). On the other hand, date palm fruit extract also showed induced antioxidative enzyme activities such as catalase enzyme, which is involved in proliferative damage inhibition (Al-Alawi et al., 2017). In the study of Al-Yahya et al. (2015), date extracts delayed the depletion of vital antioxidant enzymes like carnitine acyl transferase and superoxide dismutase.
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FIGURE 3. Hierarchical clustering medicinal bioactivities of the ethanol extracts (A) of vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits and β-D-glucogallin (B). Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage.



Moreover, the increased phenolics and flavonoid contents in date palm fruits resulted in improved antimicrobial activity (Hussain et al., 2014). For example, date extracts inhibited the activity of many Gram-positive and Gram-negative bacteria such as Bacillus cereus, S. marcescens, S. aureus, E. coli, and K. pneumonia (Aamir et al., 2013). The extract of P. dactylifera cv. Ajwa fruits also showed significant positive effects on the causative pathogen of enteric diseases, since it inhibited Enterococcus faecalis growth (Aamir et al., 2013). We therefore proposed the treated date palm fruits as a good and inexpensive source for natural products to control microbial infectious diseases.

Principal Component Analysis (PCA) Supported the Cultivars Specificity

To summarize the differences between date palm cultivar responses at the metabolic and biological activity levels, and to independently test the deductions of cluster analysis, all data were subjected to PCA (Figure 4A). PCA clearly separated the cultivars into two different groups, the first two components (PC1 and PC2) together explaining 91% of the variability. The first group consisted of the cultivars Luban, Sefri, and Ruthana and the second group consisted of the cultivars Ajwa and Hulwa. PC1 (83.36) was heavily loaded on parameters related to medicinal activities (e.g., antioxidants, anticancer, antiprotozoal, and antibacterial activity), antioxidants (e.g., phenols and flavonoids) and amino acids (proline, valine, asparagine, and alanine) (Figure 4). On the other hand, no separation according to fertilizer treatments was recorded. PCA data also indicated that bioactivities of the fruit extracts and their antioxidants tend to display correlated output values. For instance, anticancer activity, antibacterial activity, antioxidants, phenolic, and flavonoids were grouped together.
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FIGURE 4. Principal component analysis (PCA) of the measured metabolites, mineral concentrations and bioactivities of the ethanol extracts of vermicompost-fertilized and unfertilized date fruits of P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban (A). PCA-plot separating the date palm cultivars and (B) the measured metabolites, mineral concentrations, and bioactivities.



Medical Bioactivity of the Isolated β-D-Glucogallin

It is well known that phenolic compounds possess antioxidant, antimicrobial and anti-inflammatory activities (Hamad et al., 2015). Among the phenolic compounds which were increased by vermicompost application is β-D-glucogallin. β-D-glucogallin is widely distributed in angiosperms (Puppala et al., 2012). Under control and treatment conditions, many phenolic compounds were found in Ajwa fruits, and β-D-glucogallin represented the highest level. Therefore, β-D-glucogallin was isolated by chromatographic and spectroscopic methods for biological activity evaluation. β-D-glucogallin is well-known as an antioxidant and it showed anti-inflammatory and antitumor activities (Puppala et al., 2012). In addition, antibacterial and antifungal activities were also reported for β-D-glucogallin (Chanwitheesuk et al., 2007). β-D-glucogallin was extracted by TLC, where its spot on the TLC plate reacted with Folin–Ciocalteu’s reagent to produce a blue color. It was preliminarily identified by comparing its Rf value and retention time with those of authentic compounds. Finally, the structure of the isolated phenolic compound was elucidated based on IR, MS, and 1H and 13C NMR analyses.

Due to the emergence of drug-resistant bacteria, it is essential to investigate novel natural bioactive compounds with lesser resistance. Several studies attributed the antibacterial activity of plant extracts against bacterial pathogens to their phenolic composition (Ahmed et al., 2015). Therefore, investigating the structural diversity of phenolics in date palm fruit extracts could affect their exhibited antimicrobial potentials. Here, the bioactivities of phenolic acids extracted from date palm extracts against different bacterial strains were studied. Standard disk diffusion technique analyses indicated the strong antibacterial potential of β-D-glucogallin (Figure 3B, Supplementary Figure S1, and Supplementary Table S9). Varying degree of microorganism sensitivity to β-D-glucogallin treatment was also documented, to suggest that there was differential intrinsic tolerance of microorganisms to β-D-glucogallin. Strong and weak antimicrobial activities of β-D-glucogallin were recorded against S. aureus, and Candida albicans, respectively. Meanwhile, no inhibitory effect was noticed against S. marcescens, P. vulgaris, and P. aeruginosa. The bacterial physiological indexes MIC and MBC were studied (Supplementary Table S8). The MIC and MBC values of date palm fruit extracts ranged from 125 to 500 μg/mL. β-D-glucogallin significantly inhibited the growth of S. aureus with a MIC value of 125 μg/ml. The Gram-positive bacteria were more susceptible to the phenolic acid than the Gram-negative bacteria. In a previous study of Tunon et al. (2009), it was found that tea flavonoids inhibited Streptococcus mutans and Streptococcus sobrinus at concentrations between 250 mg/mL and 1000 mg/ml.

Based on the promising antimicrobial activity, the anti-mutagenic activity was also investigated by the Ames test against the indirectly acting mutagen cyclophosphamide (Figure 3B and Supplementary Table S10). It has been hypothesized that bio-antimutagens act as second stage inhibitors that block the mutagen before they could attack the DNA (Hung et al., 2009). The anti-mutagenic activity of β-D-glucogallin was evaluated against the TA98 and TA100 strains of S. typhimurium. Significant anti-mutagenic activity (p < 0.01) of β-D-glucogallin under all applied concentrations was recorded. More specifically, β-D-glucogallin showed higher anti-mutagenic activity at a concentration of 2500 μg/plate against S. typhimurium TA98. For both tested bacterial strains, mutagenicity decreased from 45 to 5 for TA98 and from 36 to 12 for TA100. The induced anti-mutagenic activity of β-D-glucogallin could be attributed to its powerful radical scavenger activity. β-D-glucogallin reduces the mutagenicity caused by indirect acting mutagen cyclophosphamide by 45 and 36%, respectively, in the strains TA98 and TA100 at the highest tested dose (2500 g/plate), which proves the strong anti-mutagenic activity. It also had strong and effective anti-mutagenicity against cyclophosphamide. With respect to the antiprotozoal activity, β-D-glucogallin showed high activity against T. cruzi and L. donovani (Figure 3B and Supplementary Table S11). IC50 values of β-D-glucogallin were 4.8 and 8.6 μg/mL, respectively. In general, high polarity of β-D-glucogallin could explain its antiprotozoal activity. Similar to antiprotozoal activity, the DPPH scavenging activity and total antioxidant capacity (FRAP) were also recorded for β-D-glucogallin (Figure 3B and Supplementary Table S12). DPPH radical-scavenging activity and FRAP of β-D-glucogallin extracted from date palm fruits were higher than the one recorded for gallic acid (49.2 and 39.4 for DPPH and FRAP, respectively).

CONCLUSION

The findings of the present work suggested that fertilizing palm date fruits with vermicompost is a promising eco-friendly approach to improve date palm fruit yield, nutritive quality and biological activities. Vermicompost improved soil health and fertility by increasing nutrients, plant growth regulators and humic acids. Improved soil fertility could explain the high health-beneficial value of the produced date palm fruits as indicated by the elevated levels of primary metabolites, minerals, vitamins, essential amino acids, unsaturated FA and antioxidants. Consequently, increased amounts of compounds that are beneficial to health enhanced the medicinal value of date fruit ethanol extracts. Our results also signify that P. dactylifera cv. Ajwa date fruit extract was a good source of the natural bioactive compound β-D-glucogallin, which showed significant antioxidant activity as well as promising action against microbial and protozoal growth.
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FIGURE S1 | Effect of different concentrations of β-D-glucogallin, 0 (control, ◆), 100 μg/ml (■), 200 μg/ml (▲) on the viability of Staphylococcus aureus. Values are the average of three individual replicates (means ± SD). Different letters represent significant differences between the treatments (Duncan test; P < 0.05 and n = 4).

TABLE S1 | Sugar concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in each cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S2 | Amino acid concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S3 | Organic acid concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. (a) Heat map and cluster tree representation of the organic acids, (b) the measured metabolites. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S4 | Fatty acid concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S5 | Mineral concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S6 | Vitamin concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S7 | Phenolics and flavonoid compound concentrations in vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S8 | Medicinal bioactivities of the ethanol extracts of vermicompost-fertilized and non-fertilized P. dactylifera cv. Ajwa, Hulwa, Ruthana, Sefri, and Luban fruits. Vermicompost fertilization was carried out at a rate of 10 Kg/tree and fruits were harvested at the tamar stage. Different letters represent significant differences between the treatments in the cultivar (Duncan test; P < 0.05 and n = 4).

TABLE S9 | Antimicrobial activity of β-D-glucogallin (100 μg/disc) extracted from Ajwa date fruits. Values are expressed as average of three replicates ± SD. Different letters represent significant differences between the treatments in the same raw (Duncan test; P < 0.05 and n = 4).

TABLE S10 | Antimutagenic potential of β-D-glucogallin against S. typhimurium TA98 and TA100 bacterial strains. Values are expressed as the average of three replicates ± SD. Different letters represent significant differences between the treatments in the same raw (Duncan test; P < 0.05 and n = 4).

TABLE S11 | Antiprotozoal activity of the investigated β-D-glucogallin against Trypanosoma cruzi and Leishmania donovani. Activities are presented as IC50 μg/mL (Standard compounds: Benznidazolea and Miltefosineb). Values are expressed as the average of three replicates ± SD. Different letters represent significant differences between the treatments in the same raw (Duncan test; P < 0.05 and n = 4).

TABLE S12 | Antioxidant capacity using DPPH and FRAP assays of the isolated β-D-glucogallin. DPPH: 2,2-diphenyl-1-picrylhydrazyl, FRAP: ferric reducing antioxidant power. Values are expressed as the mean of three replicates ± SD. Different letters represent significant differences between the treatments in the same raw (Duncan test; P < 0.05 and n = 4).

FOOTNOTES

1 http://gmd.mpimp-golm.mpg.de
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