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The aim of this study was to assess the effect of inoculated endophytic bacteria on the concentrations of vitamins E (tocopherols), K (phylloquinone), B1 (thiamine), B2 (riboflavin), C (ascorbic acid) and the peroxyl radical scavenging capacity of hydroponically grown sweet basil. Endophytic strains were all isolated from hydrocarbon-stressed herbaceous plants or from basil showing superior growth. Plants inoculated with the endophytes displayed up to 40% increase (p < 0.05) in the concentration of the reduced form of vitamin C relative to control [0.56 mg/g fresh weight (FW)] which indicated less oxidative stress in the presence of endophytes. In the case of γ-tocopherol, the highest content [25.8 μg/g of fresh weight (FW)] in inoculated basils was significantly higher compared to control plants (18.5 ± 1.2 μg/g FW) (p < 0.05). Antioxidant activity (ROO∙ radicals scavenging) was as high as 94 ± 4 μM Trolox equivalents (TE)/g FW vs. 53 ± 5 μM TE/g FW for the control basil. Concentrations of vitamins C, B1, and B2 were not affected by most strains. The results showed that endophytic bacteria have the capacity to alter free radical quenching capacity and vitamin concentrations in basil plants and, that their effect is strain and nutrient dependent.
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Introduction

Sweet basil (Ocimum basilicum L.) is an annual aromatic herb native to India and Asia that is today cultivated in many parts of the world (Makri and Kintzios, 2008; Falowo et al., 2019; Skrypnik et al., 2019). Although basil has ornamental and therapeutic uses (Kaurinovic et al., 2011), worldwide, it is mostly used as culinary herb (Lin et al., 2021). Basils add flavor to foods, and also provide minerals (calcium, iron, potassium, magnesium, sodium), and vitamins (e.g., A, C, E, and K) (Ghasemzadeh et al., 2016). The presence of secondary metabolites like carotenoids and polyphenols can reduce oxidative damage in plants, processed foods, or in the human body after consumption (Skrypnik et al., 2019). The amount of nutrients and phytochemicals in crops, in general vary based on factors such as environmental conditions, genotype, and maturity (Paradiković et al., 2011; Ivanović et al., 2019). Sweet basil is generally grown in open fields and in greenhouses where nutrients are provided by the soil environment (Skrypnik et al., 2019). However, soil-less cultivation in hydroponic and aquaponic systems is popular for sustainability purposes, reproducibility, efficient use of water, and year-round availability of fresh vegetables (Sgherri et al., 2010; Neocleous and Nikolaou, 2019). Soil-free techniques are usually set up in vertical integration systems often in indoor urban locations, addressing the limitation of available space and soil quality (Saha et al., 2016). There are two main types of soil-less cultivation, hydroponic where the plant nutrients are dissolved in a water solution, and aquaponic in which waste water from fish culture is used to grow herbaceous crops (Yang and Kim, 2020). These soil-less techniques lack endophytic bacteria also known as plant growth-promoting bacteria (PGPB) (Paradiso et al., 2017). The use of endophytic bacteria in the soil-less systems may alter the nutritional balance and phytochemical contents of the growing plants. For instance inoculation of soil-grown strawberry with strains of bacteria Bacillus and Paraburkholderia improved the growth, and content of antioxidant molecules (anthocyanins, carotenoids) in fruits (Rahman et al., 2018), while there was an increase synthesis of vitamin B6 in tomato plants inoculated with Bacillus subtilis (Chandrasekaran et al., 2019).

Endophytic microorganisms can impart several benefits to the host plants ranging from growth, biocontrol, and nutrient accumulation to bioremediation. Strains of the bacterial endophyte Azospirillum brasilense showed depending on the inoculating conditions several beneficial effects. These include enhanced yields, root and shoot growth, or greater formation of indole-3-acetic acid in seedlings of cucumber, tomato, and lettuce (Terry et al., 2000; Mangmang et al., 2015). An increase resistance to diseases was also reported in tomato plants (Fujita et al., 2017). Other bacterial endophytes belonging to Agrobacterium, Pseudomonas, Enterobacter, and Rhizobium species increased the growth and production of indole-3-acetic acid in potato plants (Naqqash et al., 2016). In lettuce, the fungus Beauveria bassiana had an endophytic role by promoting resistance to pathogens and by inducing an increase in micro-nutrient (zinc, iron, manganese) tissue contents (Macuphe et al., 2021) while Piriformospora indica enhanced by 7.6-fold the concentration of zinc (Padash et al., 2016). In a previous work, we reported the promotion of root and shoot growth of aquaponically grown basil, lettuce, and bok choy plants due to inoculation with bacteria endophytes (Mayer et al., 2019). The main objective of this study was then to determine if fat- and water-soluble vitamins in basil could also be affected by some of those endophytes. A secondary objective was to determine the peroxyl radical scavenging activity of extracts and correlate that to the concentrations of antioxidant vitamins.



Materials, methods, and instruments


Chemicals and reagents

The standards α-tocopherol, ∂-tocopherol, γ-tocopherol, phylloquinone (K1), thiamine hydrochloride, and riboflavin were obtained from Sigma Aldrich (Oakville, ON, Canada). L-ascorbic acid, butylated hydroxytoluene (BHT), hexane, zinc chloride, sodium acetate, Taka-Diastase from Aspergillus oryzae, trichloroacetic acid, potassium ferrocyanide (III), 1,4-Dithiothreitol (DTT), N-Ethylmaleimide (NEM), phosphoric acid, α-α1-bipyridil, iron (III) chloride, 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH), 6-hydroxy-2,5,7,8- tetramethylchroman-2-carboxylic acid (Trolox), and rutin trihydrate, were also from Sigma Aldrich (Oakville, ON, Canada). Fluorescein was obtained from Fisher Scientific Co. (Nepean, ON, Canada). Acetone, methanol, potassium phosphate monobasic, acetic acid, 2-propanol, chloroform, hydrochloric acid, and potassium phosphate dibasic were obtained from VWR Canada, (Montreal, QC). High-purity water was produced in the laboratory by an Alpha-Q system (Millipore, Marlborough, MA, USA). The high-performance liquid chromatographic (HPLC) system used for quantification of vitamins was a Waters Breeze™ 2 model that included a 1,525 Binary pump, 2,707 autosampler maintained at 8°C, 2,475 Fluorescence Detector, and Empower™ version 3 software from Waters Corporation (Mississauga, ON, Canada).



Microbial strains, plant inoculation, and growing conditions
 
Microbial strains

Most of the bacterial endophytes tested in this work; strains A (Plantibacter flavus), B (Plantibacter flavus), C (Curtobacterium flaccumfaciens), D (Methylobacterium oryzae), E (Sinorhizobium medicae), G (Rizhobium selenireductens), and H (Curtobacterium herbarum) were isolated from herbaceous plants growing in contaminated soils (Lumactud et al., 2016). Strains A, B, G and H were found to promote root and aerial biomass of basil and other hydroponically grown plants (Mayer et al., 2019). Stains I (Bacillus toyonensis), and J (Bacillus fluminis) were isolated from basil plants showing superior root and shoot growth in hydroponic systems. Strains C and D had beneficial effects on the growth of Arabidopsis and were included to see if they may also have an effect on basils (Mayer et al., 2019). Strains A and B were combined as a consortium treatment because they show different plant growth promoting effects and genomic structure as detailed in Mayer et al. (2019). In all cases, species identifications were derived from the sequence of 16S rRNA gene fragments amplified from DNA extracts as described in Lumactud et al. (2016).



Plant inoculation

Basil seeds were germinated in coconut-fiber plugs (Rapid Rooter sponge plugs, from International Horticultural Technologies, LLC, Hollister, CA, USA), one seed per plug. Plugs were exposed to UV light for 40 min and incubated at 60°C for 3 days before use. Plugs with germinated seeds were placed in sterile (autoclavable) trays, containing 12 plugs/ seedling per each treatment (Figure 1) and distilled water. On day five, the inoculation of seedlings with microbial strains was performed. For that, each strain was grown in tryptic soy broth culture for 24 h under 27°C, at 140 RPM. The number of cells for each microbial strain was standardized by cell counting and by spectrophotometer. The broth was centrifuged for 5 min at 5,000 RPM, cells were washed with phosphate buffer solution (PBS buffer) and centrifuged again. The pellet was resuspended in PBS buffer and an aliquot (200 μL) of liquid containing ~103 cells were added over each seedling. The control plants were not inoculated with bacteria, but they were provided with 200 μL of sterile PBS (the same volume of PBS that was used to suspend the bacterial pellet after centrifugation). The procedure was repeated for each treatment. After 10 days, the plugs were transferred to the aquaponic system. On days 15th, 35th, and 45th, macro and micronutrients were applied in the tanks according to the manufacturing protocol. Biocontrol of aphids was effectively performed with ladybugs. After 20 days, basil leaves and stems were collected and stored at −80°C for further analysis.
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FIGURE 1
 (A) Basil seedlings after 5 days of germination, in sterile growth sponges; (B) Adult basil plants, in the hydroponics system at the University of Toronto; (C) Lady bug (Coccinellidae) on basil leaves, applied on the plants for biological control of aphids.





Determination of tocopherols

The extraction of tocopherols was based on a previous literature report (Knecht et al., 2015). Frozen basil leaves were first ground in a mortar. Then 500 mg were transferred to a tube and homogenized with a homogenizer (Model OM 02403, Fisher Scientific Co.), mixed with 0.5 mL of aqueous ascorbic acid solution (11%w/v) and 1 mL of acetone 0.025% BHT to prevent oxidation. The mixture was placed for 2 min in an ultrasonic bath (Model FS30, Fisher Scientific Co.), vortex (1 min), and centrifuged 2,100g, 2 min, 6°C (Legend Micro 21R Centrifuge, Thermo Fisher Scientific). The acetone upper layer was collected and transferred to a separate test tube, the extraction was repeated two more times. Supernatants were combined and dried under nitrogen stream gas at 40°C. The dried extract was reconstituted using 500 μL of methanol/acetone/water mixture (54:40:6 v/v), filtered through 0.45 μm nylon membrane (Dikmatech, Canada) for HPLC quantification of α- and γ-tocopherols which were the two forms of vitamin E in the extracts.

The separation of tocopherols was performed using ACME™ Amide C18, 3 μm, 120Å, 100 × 4.6 mm column (Canadian Life Science, Peterborough, ON, Canada) for 30 min at a flow rate of 1 mL/min with an isocratic solvent mixture (93:7, A: B). Solvent A was 0.1% of acetic acid in water while solvent B was 100% methanol. The sample injection volume was 20 μL. Both α- and γ-tocopherols were detected using a fluorescence detector (excitation 295 nm, emission 330 nm) and using external standards constructed with five concentrations between 2.5 and 20 μg/mL for α-tocopherol and γ-tocopherol. Samples chromatograms are provided in Figures 2A,B.
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FIGURE 2
 Samples HPLC chromatograms. (A) Standards mixture of vitamin E or tocopherols; (B) tocopherols in basil; (C) standard vitamin K1 or phylloquinone; (D) phylloquinone in a basil; (E) Standards mixture of thiamin (B1) and riboflavin (B2); (F) B1 and B2 in a basil plant.




Determination of phylloquinone (vitamin K1)

The extraction was adapted from previous work (Koivu et al., 1997). To mortar crushed basil leaves (500 mg), 4.5 mL of 2-propanol were added and homogenized with the tissue mixer followed by sonication for 5 min in the ultrasonic bath. Extraction was continued by the addition of 4 mL of hexane and 2 mL of water, then vortex and centrifuged 1,500 g (5 min). The hexane's upper layer was removed, dried under nitrogen stream, reconstituted with 500 μL of chloroform: methanol (1:4), and filtered for analysis on HPLC (Vardavas et al., 2006).

The reconstituted hexane extract was separated on ACME™ Amide C18, 3 μm, 120 Å, 100 × 4.6 mm column. The injection volume was 20 μL, while the eluent was composed of solvent A (1% of acetic acid in water) and solvent B (100% Methanol containing (10 mM zinc chloride, 5 mM sodium acetate, 5 mM acetic acid). The linear gradient was 95% to 5% solvent A in 30 min. Fluorescence detection of phylloquinone was achieved with excitation and emission wavelengths of 243 and 430 nm, respectively. A calibration curve constructed with five concentrations of the standard (10–50 μg/mL) was used to quantify the amount of phylloquinone in each extract. The use of zinc chloride is to convert phylloquinone (K1) to its fluorescent hydroquinone derivative (K1H2). Sample chromatograms are provided in Figures 2C,D.



Determination of thiamine (B1) and riboflavin (B2)

Thiamine and riboflavin quantification was based on previous work (Esteve et al., 2001). The analysis was accomplished by homogenizing 500 mg of crushed leaves in 5 mL of 0.1 M HCl followed by heating at 100°C for 5 min to hydrolyze proteins and free the vitamins. In the next step, solutions were cooled in water followed by the pH adjustment to 4.5, the addition of 1.25 mL of takadiastase (10% w/v), and incubation for 3 h at 50°C was performed to cleave both thiamine phosphate esters and flavoproteins. To end the process, the mixture was heated at 100°C for 5 min. To obtain the extracts, 0.5 mL of 50% (w/v) trichloroacetic acid was added and centrifuged to precipitate and remove the proteins. Supernatants were collected as extracts and analyzed the same day. Prior to the analysis, 1 mL of each extract was mixed with 75 μL of potassium ferrocyanate in 15% of NaOH, vortex, and let stand for 10 min to allow the oxidation of thiamin to thiochrome. Authentic standard mixtures of thiamine and riboflavin were oxidized the same way.

The oxidized extracts and standard mixtures were filtered through 0.45 μm nylon membrane and injected (20 μL) into HPLC. The separation was performed on Waters Atlantis dC18™ 100 Å, 5 μm, 4.6 × 150 mm column (Waters Corp., Mississauga, ON, Canada). The solvents 0.1% of acetic acid in water (solvent A) and 100% acetonitrile (solvent B). The flow rate was 1.4 mL/min while the linear gradient conditions were as followed: 0–4 min 100% A, 4–6 min 97% A, 6–15 min 85% A, 15–20 min 80% A, 20–30 min 20% A. An equilibration time of 10 min was allowed between injections. Fluorescence detection of both vitamins was achieved at excitation and emission wavelengths of 422 and 515 nm, respectively. The quantification was achieved using calibration curves made with mixtures of standard thiamine (0.2–3 μg/mL) and riboflavin (0.015–0.3 μg/mL). Standard curves were used to determine vitamins concentrations in the extracts. Samples chromatograms are provided in Figures 2E,F.



Determination of ascorbic acid

Vitamin C in the form of total ascorbate, oxidized and reduced ascorbates were determined spectrophotometrically based on literature reports (Hodges et al., 2001; Gillespie and Ainsworth, 2007). In brief, 500 mg of crushed basil leaves were homogenized with 2 mL of freshly prepared 6% TCA (trichloroacetic acid) and centrifuged at 13,000 g for 5 min at 4°C. Total ascorbate was determined by incubating (25°C, 10 min) a mixture of 200 μL of either supernatant (extract), or standard. L-ascorbic acid (0–1 mM) or 6% TCA (blank), 100 μL of 75 mM KH2PO4 buffer, and 100 μL of 10 mM DTT. The excess DTT was removed with the addition of 100 μL of 0.5% (w/v) N-ethylmaleimide (NEM). For the determination of reduced ascorbate, the process was similar except that DTT and NEM were substituted with water. The experiment was continued by adding to each of the tubes 500 μL of 10 % (w/v) TCA, 400 μL of 43% o-phosphoric acid, 400 μL of 4% α-α1-dipyridyl in 70% ethanol, and 200 μL of 3% FeCl3 followed by incubation at 37°C for 1 h to convert the analytes into UV-Vis absorbable molecules that were quantified at 525 nm. Oxidized ascorbate values were obtained from the difference between total ascorbate and reduced forms.



Oxygen radical absorbance capacity assay

The antioxidant capacity of basil extracts was determined through the oxygen radical absorbance capacity (ORAC) assay which is based on the ability of antioxidant compounds to quench AAPH (2,2'-Azobis-2-methyl-propanimidamide, dihydrochloride) radical and prevent the decay of a fluorescent probe. Mortar crushed leaves (250 mg) were homogenized with 2 mL of aqueous acetone (50%) and then centrifuged (4,500 g, 30 min, 4°C) to collect the extracts. The analysis was carried out as per the method described in 96-well black microplates (Jodayree et al., 2012). Wells contained 120 μL of fluorescein (0.08 mM) and then 20 μL of either phosphate buffer (blank), Trolox standard (6.25–100 μM), or basil extract were added. The microplate was incubated at 37°C for 20 min followed by the addition of 60 μl of AAPH (140 mM) to each well of the plate. Fluorescence readings were at 485/20 nm excitation and 528/20 nm emission for 50 min with 1 min reading intervals on FLx800™ model reader (Bio-Tek Instruments, Inc., Winooski, VT). The final ORAC values were calculated using a linear equation from the calibrated curve. The radical scavenging activities or ORAC values were expressed as μM Trolox equivalents (TE) per gram of fresh weight.



Statistical analysis

Four biological replicates per treatment were analyzed. Data were expressed as mean ± standard error of the mean. Multivariate analysis of variance (MANOVA) was performed on basil samples in relation to vitamin contents and antioxidant activities while one-way analysis of variance (ANOVA) was used to assess the effect of the inoculation on each vitamin concentration or on the antioxidant activity. Significant differences were evaluated using Duncan's multiple range test (p < 0.05). Principal component analysis (PCA) was performed to determine the interrelationships between the variables (loading plot) and to detect sample patterns, groupings, similarities, or differences (score plot) between the basil samples. The statistical package used was SAS (SAS OnDemand, 9.4, 2017, SAS Institute Inc., Cary, NC, USA). The PCA loading plot and the score plot were generated with R software (R version 4.1.0, The R Foundation for Statistical Computing Platform, Vienna, Austria).




Results

The data from statistical analyses showed that inoculation with the endophytes had significant effects on both vitamin contents and radical scavenging activities. According to those analyses, there are significant differences in α- and γ-tocopherols, reduced ascorbate, riboflavin, and antioxidant activity data as summarized in Table 1.


TABLE 1 Concentration of vitamins and antioxidant (ROO∙ scavenging) activity of basils.
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Tocopherols (vitamin E)

The concentrations are provided in Table 1. Basils inoculated with strains D, G, and F consortium of strains (A + B) maintained total tocopherol concentrations in relation to the non-inoculated control basils (P > 0.05). There were, however, significant decreases in total tocopherols from 52.2 μg/g f.w. in the control to 39.4–26.1 μg/g f.w. representing a 25–50% decrease (p < 0.05) with the lowest value being associated with strain A. Strains with lower total tocopherols also have lower α-tocopherol but a different trend was observed for γ-tocopherol. Strain H in basil, for example, had the highest content of γ-tocopherol (25.8 μg/g of fresh weight) and this was significantly higher (p < 0.05) compared to control basil (18.5 ± 1.2 μg/g).



Phylloquinone (vitamin K1)

Four of the inocula (A, B, C, and J) produced relatively high contents of phylloquinone (11.0–12.1 μg/g of f.w.) and although this represents an increase of up to 20% relative to the control (10.0 ± 0.2 μg/g of f.w.) they were not different (p > 0.05) due to large variation. These four inocula resulted in significantly higher phylloquinone concentrations (p < 0.05) than those basil plants inoculated with strain D (8.6 ± 0.6 μg/g of f.w.).



Thiamine (vitamin B1) and riboflavin (vitamin B2)

The concentrations of riboflavin in basil plants inoculated with strains A, B, D, E, F, and I did not differ from those in controls (0.126 ± 0.008 μg/g f.w.). Four of the endophytes (C, G, H, J) significantly decreased (p < 0.05) riboflavin contents from 38 to 54%. Strain G caused the largest decrease of thiamine levels (about 78%). The consortium F, (a mixture of strains A and B) had no effect on thiamine relative to controls but produced lower thiamine concentrations relative to inoculation with individual strains.



Ascorbic acid (vitamin C)

In addition, to thiamine and riboflavin, a third water-soluble vitamin was quantified. In foods and biological systems, vitamin C exists in two forms, ascorbic acid or ascorbate (the reduced and most active form) and dehydroascorbic acid or dehydroascorbate (oxidized form). The sum of the two forms constitutes the total vitamin C (or total ascorbate), they can provide an indication of a metabolic state or oxidative state in the organisms. Total ascorbate, reduced, and oxidized ascorbate data of inoculated and control aquaponic basils (Table 1) indicated that four of the inocula C, F, G, J had significantly higher (p < 0.05) concentrations (0.88–0.98 mg/g) of the reduced form of vitamin C relative to control (0.56 ± 0.05 mg/g) indicating lower oxidative stress in those basil plants. Despite the similarity in total ascorbate concentrations, the ratio of oxidized to reduced forms was up to 2-fold higher in the control basil plants in comparison to the inoculated plants. The control basil was then under higher oxidative stress.



Peroxyl radical scavenging activity

Peroxyl radicals (ROO∙) are the most common reactive species in foods and biological systems. The standard assay to determine the ability of individual compounds or mixtures like plant extracts to neutralize the oxidant effects of ROO∙ is the Oxygen Radical Absorption Capacity assay - ORAC (Huang et al., 2002). Peroxyl radical scavenging capacity is expressed as μM Trolox equivalents (TE)/g f.w. (Table 1). Basils inoculated with strain G exhibited higher ORAC than controls (94 ± 4 μM TE/g f.w. vs. 53 ± 5 μM TE/g f.w.) (p < 0.05) and any other inoculum.



Principal component analysis

Data from the eight vitamins and ORAC levels were used to visualize the measured parameters in multivariate space. The plant scores on the first two principal components (PC1 and PC2) are shown in Figure 3, they account for 33.9%, and 19.1% of the variance in the data respectively. The loading plot Figure 3A showed that PC1 was positively correlated with all forms of vitamin C although most strongly associated with reduced ascorbate. PC2 demonstrated a positive correlation with riboflavin, thiamine, and phylloquinone while displaying a negative correlation with γ-tocopherol. The PCA shows that the endophyte inocula produce a range of reproducible effects in the basil plants. Notably, the effects of H, A, B, and C are highly reproducible, offering proof that these bacteria are not impacting the basil metabolisms in a random fashion.
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FIGURE 3
 Principal component analysis (PCA) plots. (A) Loading plot for different variables on PC1&PC2. The loading plots represent the original variables in the space of the PCs; they reveal the magnitude and direction of correlation of the original variables with the 1st and 2nd PCs. Measured variables were alpha-tocopherol, gamma-tocopherol, phylloquinone, thiamine, riboflavin, total ascorbate, reduced ascorbate, oxidized ascorbate, ORAC values. (B) PCA scores plot for basil samples on PC1 and PC2 marked in different colors in accordance. Basil inoculated with strains of A (Plantibacter flavus), B (Plantibacter flavus), C (Curtobacterium flaccumfaciens), D (Methylobacterium oryzae), E (Sinorhizobium medicae), Consortium F (A + B), G (Rizhobium selenireductens), H (Curtobacterium herbarum), I (Bacillus toyonensis), and J (Bacillus fluminis).





Discussion

In this work, the concentrations of two fat-soluble and three water-soluble vitamins of inoculated basils were compared to those of non-inoculated (control) plants growing in a hydroponic system. Plants normally interact with soil systems that harbor tens of thousands of different species of bacteria per gram (Roesch et al., 2007) and associate with both bacteria and fungi as endophytic partners. Commercial aquaponic systems are drastically less microbiologically diverse than soils, so the plants have far less opportunity to form associations with potentially beneficial microbes. We hypothesized that inoculation with endophytic PGPB might alter their metabolic profiles. We saw antioxidant activity increased by strain G (Rhizobium selenireductuns), and reduced form of Vitamin C increased by four of our inocula (G—Rizhobium selenireductens, C—Curtobacterium flacciflamiens, F—Plantibacter flavus, and J—Bacillus fluminis). Inoculation effects on B1, B2, and E vitamins were largely negative, and there was no effect on phylloquinone.

Vitamin C is a redox molecule that can protect the plant cells from oxidative stress, and cofactor of enzymes involved in mitosis and growth of the plant (Baslam et al., 2013). The ratio of reduced ascorbate to oxidized ascorbate is the lowest in control (p < 0.05) relative to all inocula. Four of our endophyte inoculum treatments significantly increased ascorbic acid levels. This result was also seen in strawberries but with a Phyllobacterium strain (Flores-Félix et al., 2015). This is an indication that the control basil plants were under higher oxidative stress compared to those inoculated with endophytes. A possible explanation is that the endophytes may have reduced the sensitivity of basils to salt-induced stress and decreased the concentration of reactive hydrogen peroxide molecules as documented for strawberries (Keutgen and Pawelzik, 2007). It has also been shown in hydroponically grown basil, that boron caused an increase of oxidized ascorbate (Landi et al., 2013). In soil-grown basil plants under different organic fertilization treatments reduced ascorbic acid was quantified using the dichloroindophenol titration method, reporting a value of 0.24–0.36 mg/g f.w. (Naiji and Souri, 2018) which are lower than the current values obtained in this work but, the method of analysis and the growing conditions are different.

The peroxyl radical scavenging data were obtained to complement the vitamin data. In fact, increased oxidative stress in the plant can lower its antioxidant capacity (Keutgen and Pawelzik, 2007). Here we saw a significant increase in peroxyl radical quenching capacity in basil inoculated with strain G. Increased oxidants in the basil leaves such as hydrogen peroxide, singlet oxygen, and superoxide anion radicals can reduce the redox balance of ascorbic which is also equivalent to a reduced antioxidant power (Landi et al., 2013). In strawberries, for example, inoculation with Bacillus amyloliquefaciens BChi1 or Paraburkholderia BRRh-4 increased the DPPH radical scavenging activity of fruits (Rahman et al., 2018). It is believed that changes in secondary metabolites such as polyphenols are important for enhancing the antioxidant capacity of the plant such as found in regular grown basil where the variation of ROO∙ scavenging capacities were correlated to the contents of the two polyphenols isoquercitrin and rutin (Wakagi et al., 2016). ORAC data of this work (35.8–94.2 μM TE/g f.w.) are similar to the average of 48.05 μM TE/g for fresh basil reported by the USDA (United States Department of Agriculture) (Haytowitz and Bhagwat, 2010) and for fresh basils of different growing seasons (44.5–143.8 μM TE/g f.w.) (Wakagi et al., 2016). Lower values (7.6–9.3 μM TE/g) for eight varieties of soil-grown Asian basils have also been described (Mishra et al., 2020). Considering that there were an enhanced antioxidant activity and an increase in the ratio of reduced to oxidized forms of vitamins C, it can be stipulated that the inocula can help release plant stress or make them more resilient against stressful environmental factors meanwhile, further experiments are needed.

The two forms of vitamin E detected in the aquaponic grown basil samples were α- and γ-tocopherols which is consistent with a previous study, where no β-tocopherol was detected in typical hydroponic or soil-grown basils (Sgherri et al., 2010). Inoculum H significantly increased levels of γ-tocopherol but decreased levels of alpha-tocopherol, so there was no overall change in total Vitamin E levels. Interestingly, inoculation with either A or B strains resulted in significantly lower α- and total tocopherols but their combination (F) demonstrated an enhancing effect with no difference relative to control. The effect of the studied endophytes varies depending on the microorganism and the form of vitamin E which is consistent with the literature (Baslam et al., 2013). A previous work demonstrated that the age of hydroponically grown basil is a key factor in vitamin content—the authors saw 84 and 56% decreases of α- and γ-tocopherols, respectively, in 35 days hydroponically grown basils in comparison to those that were grown for 20 days (Sgherri et al., 2010).

Phylloquinone (vitamin K1) is the form of vitamin K present in plants and its major dietary sources are green leafy vegetables that can account for up to 60% of individual intakes (Booth, 2012). It was then of interest to determine its content in the basil inoculated with endophytes. Phylloquinone is mainly located in the photosynthetic tissues of plants, thus its content has been linked to its green color (Otles and Cagindi, 2007). Inocula A, B, C, and J were the ones with relatively higher concentrations of K1, and although not significant, this is still interesting as an adequate intake of vitamin K promotes blood heath (co-factor of the synthesis of the blood-clotting protein, prothrombin) and bone health through its effect on the carboxylation of osteocalcin in bone. The analysis of phylloquinone content in vegetables, spices, and seasonings purchased at Canadian food stores reported between 3.7 and 11.9 μg/g with basil having 6.12 μg/g. Another work reported a concentration of 29.2 μg/g in basil collected from an organic farm (Alibas et al., 2021). Values of phylloquinone obtained in this work (8.6–12.1 μg/g f.w.) are then lower than the value in organic basil but higher compared to store-bought basil, although the origin and growing conditions are not known.

Thiamine (B1) and riboflavin (B2) are two water-soluble vitamins that play essential roles in several body processes such as energy transformation, nervous transmission, and replication of genes (Koivu et al., 1997; San José Rodriguez et al., 2012). In plants, they act as antioxidants, and coenzymes, they also induce disease resistance against several pathogens (Boubakri et al., 2016). Like phylloquinone, green vegetables are an important source (Yoshii et al., 2019). It is interesting that all of our inocula decreased Thiamine levels in these basil plants—an observation that might be explained by bacterial competition for this vitamin. The average value in nutrient databases of thiamine in fresh basil is 0.34 ± 0.07 μg/g f.w. while that of riboflavin is 0.76 ± 0.03 μg/g f.w. (USDA, 2019). Although the origin and growth conditions are not specified in the nutrient databases, thiamine (0.15–0.69 μg/g f.w.) data from this study are similar to database values, while for riboflavin the reported concentrations (0.06–0.13 μg/g f.w.) are lower.

The variability of nutrients in endophyte inoculated crops is generally dependent on plant species, the endophyte strain, the endophyte concentration, the inoculation method, and growth conditions (Mangmang et al., 2015; Naqqash et al., 2016; Pii et al., 2018). At a concentration of 1 × 106 conidia/mL for example, Beauveria bassiana significantly decreased protein contents in lettuce leaves while 10- and 100-times higher concentrations did not affect protein contents (Macuphe et al., 2021). The data may not directly be extrapolated as Beauveria bassiana is a fungal strain and the vegetables are different.

Endophytes can promote plant growth by several mechanisms as reviewed by Santoyo et al. (2016). They can increase the level of phytohormones such as auxin, gibberellins, cytokinin, or abscisic acid (Sharma et al., 2021) which in turn stimulate the plant metabolic pathways to alter the concentration of vitamins, secondary metabolites, or enhance stress tolerance (Etesami and Maheshwari, 2018; Sharma et al., 2021). Auxin-producing bacteria for example enhanced the concentration of secondary metabolites, yields of essential oil, root branching, growth, and the number of glandular trichomes in different aromatic herbs, spices, and seed crops (Çakmakçi et al., 2020). The impact of bacterial endophytes depends on the species, the strain, the plant host, and the growth phase of the host plant (Naqqash et al., 2016; Etesami and Maheshwari, 2018; Singha et al., 2021). In this work we examined a limited number of endophytes on basil plants only at one time point. However, sampling of younger and older plants atdifferent time points might reveal different results. Most of the bacteria, with the exception of Bacillus strains I and J, were in partnerships with species other than basil. A broader study, focussing on more strains isolated from basil or close relatives might show up more effects.

As a first step, this work aimed to study the effect of the small number of known PGPB strains on the content of vitamins and antioxidant activity. Data showed that the inocula enhanced the resistance to oxidative (i.e., higher ratios of reduced to oxidised absorbates). Other mechanisms, however, remain to be investigated in a future work. Although, the tested microorganisms are known PGPB strains, proper quantification of bacteria colonies in host tissues preferably by strain specific quantitative PCR is very important because it can explain the difference in concentration of biosynthesised nutrients. This is a limitation of the current work that can be addressed in future work. Additionally, the quantification of secondary metabolites such as polyphenols, and carotenoids in the same extract is required to determine the effect of the inocula and the contribution of these secondary metabolites to the antioxidant activity.



Conclusion

The enhancement of nutritional quality in plants via endophytic organisms is a valuable tool to produce functional foods. This work shows that endophytic bacteria have the potential to alter vitamin profiles. In particular, the antioxidant status of basil could be affected. Further studies are required to elucidate the mechanism involved in these studies paying particular attention to the growth stage of the plant, the concentration, as well as the genetic makeup of the inoculated strains.
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