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Abstract

:

The appropriate concentration of the nutrient solution (NS) plays an important role in the yield, antioxidant capacity, and biochemical compounds of basil microgreens in the floating system. This study examined the impact of five different concentrations of Hoagland’s NS (25%, 50%, 75%, 100%, and 125%) on the antioxidant capacity, biochemical compounds, and yield of four basil cultivars and genotypes (Persian Ablagh, Violeto, Kapoor and Red Rubin) in a floating system, utilizing a split plots designs. Results revealed that the highest yield was achieved with a 50% NS concentration. The Persian Ablagh genotype, under a 125% NS concentration, exhibited the highest content of carotenoids, flavonoids, phenolic compounds, and antioxidant potential index (APCI). The Violeto cultivar at a 100% NS concentration produced the highest amounts of vitamin C and anthocyanin. The Kapoor cultivar, when grown with a 100% NS concentration, demonstrated the greatest antioxidant capacity. The nutrient solution with 125% concentration compared to 50% concentration reduced the yield by 23.29%. Also, the performance of the Violeto cultivar increased by 36.24% compared to the red variety of Robin. According to the APCI index, the genotype of Iranian Ablaq basil increased by 152.79% in the treatment of nutrient solution with a concentration of 125% compared to 50%. In this study, yield and total chlorophyll showed a significant negative correlation. A significant positive correlation was observed between vitamin C content and flavonoids, anthocyanin, phenolic compounds, and antioxidant capacity. Anthocyanin content exhibited a positive and significant correlation with the APCI. Based on these findings, we recommend a 50% NS concentration of Hoagland’s NS for optimal yield, a 125% NS concentration for the production of secondary metabolites with enhanced antioxidant capacity, and a 100% NS concentration as a balance between antioxidant properties and yield for basil microgreens production in a floating system.
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1. Introduction


The connection between the consumption of nutritious food and the prevalence of chronic diseases can be linked to the absence of beneficial phytochemical antioxidants in plants [1]. These biomolecules, often referred to as secondary metabolites, are vital for the defense mechanisms and functional interaction between the plant and its environment [2].



Microgreens, introduced in the 21st century, offer the possibility of large and small-scale cultivation while delivering a higher concentration of nutrients and antioxidants compared to mature plants [3]. However, their low yields, increased production costs, and the accessibility of cheaper processed foods impact their consumption, thereby affecting the nutritional value of contemporary diets [4]. Therefore, strategies to improve food quality without compromising yield are urgently needed. Due to these challenges, microgreens are becoming popular subjects of studies exploring biochemical properties and enhancing antioxidant capabilities; hence, their labels as “functional foods” or “superfoods.” Previous research has shown variable responses among commercial microgreen basil (Ocimum basilicum L.) cultivars and genotypes. Some noteworthy cultivars and genotypes include Persian Ablagh, Violeto, Kapoor, and Red Rubin, which demonstrated superior antioxidant potential and yield among 21 cultivars in a floating system with LED lighting [5].



The antioxidant potential of basil microgreens is related to the presence of secondary metabolites with antioxidant properties such as polyphenols, flavonoids (principally flavonols and anthocyanins), vitamin C, carotenoids, glucosinolates, essential oils, alkaloids, etc. [6,7]. The different concentrations of nutrient solution (NS) affect the metabolism of these secondary metabolites [8]; therefore, according to the reaction of different types of basil in different concentrations of NS, the regulation and synthesis of these phytochemicals need more research. Many studies have pointed out, that the best production methods for microgreen cultivation in hydroponic systems with increasing the antioxidant potential and yield have not been developed [9,10].



Prior research also highlights the significant role of NSs in enhancing antioxidant potential. Numerous studies have been conducted on different concentrations of Hoagland’s NS in microgreen cultivation across various species [11,12,13]. For instance, studies involving radish and watercress cultivation under different levels of Hoagland’s NS (25%, 50%, and 100%) demonstrated how altering the NS concentration could impact the amount of carotenoids, total phenols, nitrates, and antioxidant capacity [14]. Similarly, different NS levels (50% and 100%) affected the growth characteristics of purple cabbage, influencing both biomass and carotenoid content at harvest [15]. Recent research on Brussels sprouts and green cabbage microgreens revealed that a 25% concentration of Hoagland’s NS increased yield and chlorophyll (chl) content, while the carotenoid content increased with a higher NS concentration [16]. It is clear from past research that low NS concentrations can inhibit plant growth, while excessive nutrient use and high electrical conductivity (EC) can raise production costs and potentially be harmful to plants [17,18,19]. The ambiguous effects of low-concentration NS (nutritional stresses) on leafy vegetable yield parameters have led producers to use higher concentrations than required [20].



Ultimately, previous studies conclude that the ideal EC of the NS depends on the cultivation method and the product being produced [21]. While methods to boost antioxidant properties without damaging the performance of basil microgreens exist, these are limited and need further exploration. Hoagland’s NS has been the base NS for microgreen cultivation [22]. However, the response of specific important cultivars, as well as the Persian Ablagh genotype, to different concentrations of Hoagland’s NS in a floating system, especially at 125% NS concentration, is not well understood. The aim of this study is to understand the responses of key commercial microgreen basil cultivars and the Persian genotype to changes in NS concentration within a floating system.




2. Materials and Methods


2.1. Experimental Setup and Design


This experiment was conducted using a split-plot design based on randomized complete blocks with three replications. The main factor examined was different concentrations of Hoagland’s NS (25%, 50%, 75%, 100%, and 125%). The subplot factor consisted of four basil cultivars: Red Rubin, Kapoor, Violeto (obtained from Emanuele Larosa Seeds, Puglia, Italy), and the Persian Ablagh genotype (sourced from local farmers in Tabriz city, N: 48°25′ and E: 38°2′). The cultivation was conducted in a floating system. Basil seeds were uniformly planted in a mixture of cocopeat and perlite (v/v: 50%) in seedling trays with cell dimensions of 5 × 3 × 3 cm with a density of 48.5 g m−2. Each concentration of the tested solution had a volume of 20 L, which was placed in containers measuring 96 × 18 × 14 cm. Seedling trays were kept at a temperature of 25 °C and humidity of 65% for 24 h, and dark conditions were applied to accelerate germination. After germination, the microgreens were nourished with five levels of Hoagland’s NS (Table 1). The basil microgreens were grown under blue and red LED lights (1:1) with a light intensity of 300 ± 15 μmol photons m−2 s−1 for a photoperiod of 16 h within the floating system. Night and day temperatures were maintained at 22 ± 1 and 24 ± 1 °C, respectively, while the night and day relative humidity were set at 75 ± 5 and 65 ± 5, respectively. The pH and EC of the NS were controlled daily after sowing seeds.




2.2. Determination of Photosynthetic Pigments


Arnon’s method [23] was used with some modifications to measure the photosynthetic pigments of leaves. According to this method, 30 mg of fresh leaves were placed in the dark with 300 microliters of 80% acetone for 72 h. In the next step, the samples were centrifuged for 10 min and 250 microliters of extract from each sample was added to each well of a microplate reader (INNO, LTEK, Seongnam, Korea) and measured at wavelengths of 663, 645, and 470 nm. Using formulas 1–4, the contents of chlorophyll a (chl a), chlorophyll b (chl b), total chlorophyll, and carotenoids were calculated, respectively.


Chl a = (((12.7 × A663) − (2.69 × A645))/W) × V



(1)






Chl b = (((22.9 × A645) − (4.68 × A663))/W) × V



(2)






Total chl = (((20.08 A645) + (8.02 A663))/W) × V



(3)






Carotenoids = (1000(A470) − 1.8 (chl a) − 58.2 (chl b))/198



(4)




W = sample weight (g), V = sample volume (mL).




2.3. Determination of Vitamin C Content


To determine the vitamin C content of fresh microgreen basil leaves, 0.3 g of each sample was separated and mixed with 1 mL of 1% metaphosphoric acid and then centrifuged at 900 g for 15 min. In the next step, 70 microliters of the supernatant were mixed with an equal amount of 2,6-dichloroindophenol sodium salt (DCIP) (30 ppm) and incubated at room temperature for one minute [24]. In the last step, absorbance was measured at a wavelength of 515 nm by the microplate reader described above. Vitamin C concentration was calculated based on a standard curve for vitamin C (mg AA g−1 fresh weight, FW); (y = 629.42x − 5.3205, R2 = 0.99).




2.4. Measurement of Antioxidant Capacity, Polyphenols, Flavonoids, and Anthocyanin


Half a gram of fresh basil microgreen leaves was extracted with 5 mL of 80% methanol and then stored in the dark in the refrigerator (4 °C) for 24 h. To calculate the antioxidant and biochemical compounds, the extracted samples were centrifuged at 3000 rpm for 15 min.



The method proposed by Sharma and Bhat [25] was used to evaluate the antioxidant capacity. The percentage of 2-diphenyl-1-picrylhydrazyl (DPPH) inhibition was calculated using the following equation:



Radical scavenging activity DPPH % = {(Abs of control − Abs of sample)/(Abs of control)} × 100.



Total phenolic compounds were measured by mixing 20 µL of the extract with 20 µL of 10% (w/v) Folin–Ciocalteu reagent and 160 µL of 1 M Na2CO3 solution [26]. After incubating the samples for 20 min in the dark, the absorbance was measured at a wavelength of 765 nm using a microplate reader. The polyphenolic compounds were calculated in terms of mg gallic acid g−1 FW from the calibration curve of gallic acid, GA (y = 105.88 × x, R2 = 0.99).



Flavonoids were measured by adding 20 μL of the extracted sample to a mixture of 85 μL of distilled water and 5 μL of 5% NaNO2. After a 6 min reaction, 10 μL of 10% AlCl3·6H2O was added to the mixture. After another 5 min reaction, 35 μL of 1 M NaOH and 20 μL of distilled water were added, and the absorbance was measured at a wavelength of 520 nm. The results were expressed as mg of (+)-catechin (CAE) hydrate g−1 FW of basil leaf [27].



The amount of anthocyanin in the extract was measured by adding 40 μL of extract and 160 μL of buffer to the microplate wells, with absorbance measured at 520 and 700 nm after 20 to 50 min [28].




2.5. Determination of the Antioxidant Potential Composite Index


The combined antioxidant potential composite index (APCI) was used to quantitatively assess the antioxidant capacity of basil microgreens [29]. Based on the formula, APCI was the average of six antioxidant activity indices, including antioxidant capacity, vitamin C, carotenoids, flavonoids, polyphenols, and anthocyanins.



X1: Antioxidant capacity;



X2: Polyphenols;



X3: Vitamin C;


  APCI = (     m e a s u r e d   X 1   M a x   X 1   + … +   m e a s u r e d   X 6   M a x   X 6     n   ) · 100  











X4: Flavonoids;



X5: Anthocyanin;



X6: Carotenoids;



n: Number of the trains.




2.6. Yield of Basil Microgreen


On the 25th day after planting, the yield of microgreens was measured and reported in terms of kg m−2.




2.7. Statistical Analysis


IBM SPSS software version 22 was used for data analysis. Duncan’s multiple range test (p ≤ 0.05) was used for mean comparison. A bivariate Pearson correlation analysis was performed to identify any linear relationship between the studied trains.





3. Results


3.1. Content of Photosynthetic Pigments


Based on the variance analysis results, the effects of NS concentration, the cultivar (C), and the interaction between NS concentration and cultivar (NS × C) on chl a, chl b, and total chl content significantly differed at a 1% level. The highest and lowest chl a content were observed in the Red Rubin cultivar at 125% NS concentration (0.9 mg g−1 FW) and the Violeto cultivar at 75% NS concentration (0.34 mg g−1 FW), respectively. The highest and lowest chl b content were related to the Red Rubin cultivar at 100% NS concentration (0.58 mg g−1 FW) and the Violeto cultivar at 50% NS concentration (0.15 mg g−1 FW), respectively. The highest and lowest total chl content were measured in the Ablagh genotype at 100% NS concentration (1.41 mg g−1 FW) and the Violeto cultivar at 75% NS concentration (0.5 mg g−1 FW), respectively (Table 2). Total chl content had a significant positive correlation with carotenoid (r = 0.278**), vitamin C (r = 0.325*), total phenolic compounds (r = 0.299*), antioxidant capacity (r = 0.309*), and APCI index (r = 0.343**) (Table 3). A significant negative correlation was observed between the yield of microgreens and the content of chl a, chl b, and total chl (Table 3).




3.2. Carotenoid Content


Based on the variance analysis results, the effects of NS, C, and their interaction (NS × C) on carotenoid content differed significantly at the 1% level. The highest and lowest carotenoid content were observed in the Ablagh genotype at 125% NS (0.56 mg g−1 FW) and the Violeto cultivar at 25% NS (0.10 mg g−1 FW), respectively (Table 2). Carotenoid content had a significant positive correlation with vitamin C (r = 0.785**), flavonoids (r = 0.829**), phenolic compounds (r = 0.530**), antioxidant capacity (r = 0.618**), and APCI index (r = 0.888**) (Table 3).





 





Table 3. Correlation coefficient between studied characters.






Table 3. Correlation coefficient between studied characters.



















	
	Chl a
	Chl b
	Chl a+b
	Car
	Vit C
	TFC
	ACNs
	TPC
	AC
	APCI
	Y





	Chl a
	1
	
	
	
	
	
	
	
	
	
	



	Chl b
	0.874 **
	1
	
	
	
	
	
	
	
	
	



	Chl a+b
	0.976 **
	0.959 **
	1
	
	
	
	
	
	
	
	



	Car
	0.326 *
	0.193
	0.278 *
	1
	
	
	
	
	
	
	



	Vit C
	0.377 **
	0.232
	0.325 *
	0.785 **
	1
	
	
	
	
	
	



	TFC
	0.224
	0.076
	0.166
	0.829 **
	0.606 **
	1
	
	
	
	
	



	ACNs
	0.180
	0.136
	0.164
	0.239
	0.455 **
	0.144
	1
	
	
	
	



	TPC
	0.394 **
	0.154
	0.299 *
	0.530 **
	0.468 **
	0.590 **
	0.066
	1
	
	
	



	AC
	0.372 **
	0.201
	0.309 *
	0.618 **
	0.482 **
	0.697 **
	−0.014
	0.730 **
	1
	
	



	APCI
	0.414 **
	0.224
	0.343 **
	0.888 **
	0.852 **
	0.851 **
	0.426 **
	0.727 **
	0.775 **
	1
	



	Y
	−0.423 **
	−0.345 **
	−0.401 **
	0.025
	0.062
	−0.056
	−0.085
	−0.239
	−0.242
	−0.112
	1







** Correlation is significant at the 0.01 level, * correlation is significant at the 0.05. N = 20, Chl a = Chlorophyll a; Chl b = Chlorophyll b; Chl a+b = Chlorophyll a+b; Car = Carotenoids; Vit C = Vitamin C; TFC = total flavonoid contents; ACNs = Anthocyanins; TPC = total polyphenols content; AC = antioxidant capacity (%), Y = Yield.












3.3. Vitamin C Content


The effects of NS, C, and their interaction (NS × C) on vitamin C content showed a significant difference at the 1% level. The highest and lowest content of vitamin C were measured for the Violeto cultivar at 100% NS (4.34 mg g−1 FW) and 25% NS (1.07 mg g−1 FW), respectively (Table 4). Vitamin C content showed a significant positive correlation with flavonoids (r = 0.606**), anthocyanin (r = 0.455**), phenolic compounds (r = 0.468**), antioxidant capacity (r = 0.482**), and APCI index (r = 0.852**) (Table 3).




3.4. Flavonoid Content


Based on the variance analysis results, the effects of NS, C, and their interaction (NS × C) on flavonoid content showed a significant difference at the 1% level. The highest and lowest flavonoid content were measured in the Ablagh genotype at 125% NS (8.49 mg CAE g−1 FW) and the Violeto cultivar at 25% NS (0.99 mg CAE g−1 FW), respectively (Table 4). Flavonoid content had a significant positive correlation with phenolic compounds (r = 0.590**), antioxidant capacity (r = 0.697**), and APCI index (r = 0.851**) (Table 3).




3.5. Anthocyanin Content


The effects of NS, C, and their interaction (NS × C) showed a significant difference in anthocyanin content at the 1% level. The highest and lowest anthocyanin content were observed in the Violeto cultivar at 100% NS (28.77 mg 100 g−1 FW) and the Kapoor cultivar at 125% NS (6.52 mg 100 g−1 FW), respectively (Table 4). Anthocyanin content showed a significant positive correlation with the APCI index (r = 0.426**) (Table 3).




3.6. Total Polyphenols Content


The effects of NS, C, and their interaction (NS × C) showed a significant difference in phenolic compounds at the 1% level. The highest and lowest phenolic compound content were measured in the Ablagh genotype at 125% NS (1444.91 mg GA 100 g−1 FW) and the Violeto cultivar at 75% NS (699.29 mg GA 100 g−1 FW), respectively (Table 4). Phenolic compounds showed a significant positive correlation with antioxidant capacity (r = 0.730**) and APCI index (r = 0.727**) (Table 3).




3.7. Antioxidant Capacity


The effects of NS, C, and their interaction (NS × C) showed a significant difference in antioxidant capacity at the 1% level. The highest and lowest antioxidant capacity were observed in the Kapoor cultivar at 100% NS (93.10% DPPH inhibition) and the Red Rubin cultivar at 75% NS (23.30% DPPH inhibition), respectively (Table 4).




3.8. Antioxidant Potential Composite Index


The effects of NS, C, and their interaction (NS × C) on the APCI index differed significantly at the 1% level. The highest and lowest APCI index was measured for the Ablagh genotype at 125% NS concentration (87.81) and 50% NS concentration (34.74), respectively (Table 4 and Figure 1).




3.9. Yield of Microgreens


The effects of NS and C on the yield of basil microgreens showed a significant difference at the 1% level, but the interaction of NS × C did not significantly affect the yield. The highest and lowest yields were observed at 50% NS (3.07 kg m−2) and 125% NS (2.49 kg m−2), respectively (Figure 2). The Violeto and Red Rubin cultivars yielded the highest (3.12 kg m−2) and lowest (2.29 kg m−2) amounts, respectively (Figure 3).




3.10. Balance of Yield and Antioxidant Accumulation under Different Concentrations of Nutrient Solution


In general, if the primary goal is to produce secondary metabolites with antioxidant properties, a 125% NS, according to the APCI index, can be a good option. However, if the target is a higher yield, a 50% NS would be more suitable. To balance antioxidant content and yield, a 100% NS appears to be the best choice for growing basil microgreens in a floating system (Figure 4).





4. Discussion


The results showed that the concentration of the NS impacts the antioxidant capacity, biochemical compounds, and yield of different microgreen basil cultivars. Different production targets can be achieved by adjusting the NS concentration. Previous studies have indicated that reducing or lacking phosphorus can lower plant energy, leading to a decrease in plant metabolism and photosynthesis [30]. Moreover, nitrogen, a crucial component of many cellular structural and metabolic compounds such as chl, amino acids, and enzymes like ribulose-1, 5-bisphosphate carboxylase-oxygenase, plays an integral role. When nitrogen availability decreases, the plant’s photochemical energy conversion efficiency in the cell drops, reducing protein synthesis, particularly chloroplastic proteins related to photosystem I and II [16].



Given the increased concentration of elements such as nitrogen, phosphorus, magnesium, and iron (water-soluble type), which are structural components involved in the biosynthetic pathway of chl in the leaves, it can be inferred that elevating the concentration of NS could enhance chl synthesis by making these elements more accessible. As the concentration of nitrogen, magnesium, and iron in the NS (key structural components of chl) increased, the amount of chl rose. However, when the concentration of NS increased from 100% to 125%, the chl amount decreased, suggesting that high concentrations of macronutrients might degrade chl pigments, reducing photosynthetic efficiency and the nutritional properties of leafy vegetables [31]. The loss of chl under a high concentration of NS could be attributed to the formation of reactive oxygen species, leading to a decrease in photosynthesis and overall plant performance [32]. Broadly speaking, for growing basil microgreens, the optimal level of NS in this experiment is a 100% concentration of Hoagland’s NS. This concentration can enhance photosynthetic efficiency and, ultimately, yield by providing the elements involved in chl synthesis. The chl content exhibited a negative and significant relationship with the yield of microgreens. This result introduces a new concept of the relationship between plant sink and source. Unlike the final growth stages where mature plants have a positive relationship between chl content and yield [33], there is a negative relationship during the microgreen stage.



This difference could be attributed to the high growth rate of microgreens during the cultivation period, which disrupts the balanced construction of organelles such as chloroplasts and the yield of microgreens. Consequently, carbohydrates, the products of photosynthesis, are redirected towards the production of plant secondary metabolites. Carotenoids, particularly when present in leaves, safeguard the photosynthetic system [34]; hence, there is a correlation between chl and carotenoid content. The biosynthesis and accumulation of carotenoids are primarily regulated by genetic factors [35]. Previous results have shown that principal carotenoids, lutein, and beta-carotene have a positive correlation with potassium since K+ plays a pivotal role in the biosynthesis of carotenoids and affects key enzymes such as pyruvate kinase and phosphofructokinase [11]. Therefore, it is reasonable to expect an increase in carotenoids with the rise in the concentration of the NS and potassium available to the plant. The observed trend of carotenoid response in basil microgreens to changes in NS concentration aligns with the results presented by Kopsell et al. [36] for kale microgreens, where increasing nitrogen rates caused a linear increase in carotenoids [37]. Neugart et al. [38] also confirmed that the availability of nitrogen in NS correlates positively with chl and carotenoid concentrations.



In addition, the increase in carotenoids is beneficial due to their antioxidant properties [39]. Thus, the direct relationship between carotenoids and vitamin C, total phenol, flavonoid, and antioxidant capacity underlines the significant contribution of these pigments to the APCI index. The results indicate that 125% of Hoagland’s NS was the optimal concentration for increasing carotenoids. However, the synthesis of these compounds in the plant is highly species dependent. Increasing the production of vitamin C in plants presents considerable difficulty due to its complex biosynthesis pathways and instability [40,41]. Moreover, alterations in crop quality and growing methods can cause its amount to decrease at delivery or within 24–72 h in mature plants [42]. Thus, the biofortification of vitamin C is critical to ensure a consistent source without compromising other nutrients. El-Nakhel et al. [11] attributed vitamin C accumulation to the activation of L-galactose dehydrogenase, potentially triggered by increasing NS concentration. Kathi et al. [43] previously reported the feasibility of vitamin C biofortification in the early stages of plant growth. Only four studies [44,45,46,47] within the last decade have successfully elevated vitamin C content. This research’s results indicate that adjusting the NS concentration in basil microgreens can enhance vitamin C production. Given the short shelf life of these products, they are often consumed immediately post harvest, making them an excellent fresh source of vitamin C. These results suggest that microgreen producers can employ NS adjustments to boost vitamin C production, a factor that varies significantly depending on different cultivars’ reactions and the influence of diverse production conditions like NS concentrations. Overall, in this experiment, the most effective concentration of the NS for increasing the vitamin C content in microgreen basil was a 100% concentration of Hoagland’s NS, which amplified vitamin C and antioxidant potential.



Flavonoid content increased linearly with the rise in NS concentration. Flavonoid biosynthesis and nitrogen metabolism are linked by the shikimate pathway, which catalyzes the pentose phosphate and glycolysis of carbohydrates to synthesize aromatic amino acids (tyrosine, phenylalanine, and tryptophan) [48]. Lillo et al. [49] showed that the photosynthetic carbon source from the shikimate pathway could be important for flavonoid synthesis, where flavonoids are synthesized from phenylalanine. Thus, flavonoid biosynthesis is regulated by nitrogen availability through the allocation of photosynthetic carbon among different biochemical pathways, reinforcing the correlation between nitrogen and flavonoids [5,50]. Therefore, by elevating the NS concentration up to 125%, flavonoid content increases due to the greater nitrogen availability. This concentration is suggested for producing more flavonoids because of its direct relationship with phenolic compounds and antioxidant capacity in growing basil microgreens.



Anthocyanins, highly water-soluble plant pigments, accumulate in cell vacuoles in varying concentrations and compositions based on genetic and environmental factors. Consequently, their production does not follow a uniform pattern [51]. Our study found no clear pattern in anthocyanin synthesis under different NS concentrations, aligning with the report of Martínez-Ispizua et al. [52]. However, Toscano et al. [53] noted that defensive flavonoids (e.g., anthocyanins) are costly for plants and can inhibit growth. This was observed in the Red Rubin cultivar in our experiment, where heightened anthocyanins led to reduced yield compared to other cultivars. Generally, the Violeto cultivar, which turns purple when fed a 100% NS concentration, had higher anthocyanin content than other cultivars. This treatment also showed greater antioxidant capacity based on its anthocyanin-APCI index correlation.



Phenols are primary components of the antioxidant potential of basil microgreens. These compounds act as scavengers of reactive oxygen species, protecting young growing leaves from photodamage [54]. Toscano et al. [53] reported that broccoli under nitrogen stress conditions showed an elevated phenolic compound content. During nutrient deficiency or excess availability, plant secondary metabolite production can increase, allowing fixed carbon to convert into secondary metabolites [55]. Keutgen et al. [14] found that total phenolic compound content decreases with increasing Hoagland’s NS concentration from 25% to 100%, corroborating our experiment’s results. In addition, the varying total phenolic content might be explained by the physiological status of different basil cultivars, as nutrient deficiency can slow growth processes. Growth inhibition can cause available carbon to shift towards nitrogen-free compounds, like carbohydrates or phenolic compounds, resulting in species- and cultivar-dependent changes in total phenolic content [14,56]. Past research [57,58] has shown that low nitrogen levels stimulate phenylpropanoid metabolism, leading to the accumulation of phenylalanine ammonia-lyase and other vital enzymes involved in phenolic compound biosynthesis, consistent with our experiment’s findings. This suggests that lower nitrogen levels, by reducing growth requirements, can enhance the accumulation of specialized metabolites [12]. Our results showed that basil microgreens at low and high NS concentrations (25% and 125%) can boost antioxidant activity and polyphenols, the primary biochemical class of plant antioxidants, aligning with Corrado et al. [59] findings. Our experiment indicates that NSs at 25% similar 125% concentrations can match high concentration outcomes regarding phenolic compound production by reducing production cost, chemical fertilizer consumption, and enhancing product health, making them considerable options for basil microgreen production.



Previous research [60,61] investigating the effect of EC on antioxidant activity reported that basil cultivars react differently due to genetic influences on their responses to varying concentrations of NS. The accumulation of secondary metabolites, including total polyphenol—the plant’s most important antioxidant compound—was significantly impacted by different EC levels. A significant correlation was observed between basil cultivars and EC for phenolic acids [62]. Interestingly, the concentration of antioxidants and the plant’s performance may exhibit inverse trends under the same environmental conditions, especially under mild NS stress [8,63]. Nutrient deficiency significantly enhanced the content of phenolic compounds and the antioxidant capacity of basil [64]. Therefore, the optimal EC levels in the NS often vary depending on the desired crop production goals, such as prioritizing high yield or high antioxidant content. Our study, aimed at balancing antioxidant activity and yield, corroborated previous research, suggesting that the antioxidant capacity of basil microgreens negatively correlates with performance. However, we recommend a 100% NS concentration as the most conducive for boosting yield and secondary metabolite production with antioxidant properties. In our research, high NS concentration significantly influenced the growth of the basil plant. Munns et al. [65] demonstrated that high levels of NS inhibit plant growth in two ways: by reducing the plant’s ability to absorb water due to reverse osmosis—leading to slower growth—and by allowing excessive amounts of certain salts to enter the transpiration stream, potentially damaging the cells of the transpiring leaves and reducing photosynthesis and growth. The altered growth patterns observed in our study may be due to physiological water deficits arising from increased osmotic pressure at high NS concentrations [65]. High levels of NS could negatively impact plant growth and water content due to metabolic issues within plant cells. High osmotic pressure induced by high salinity limits plant cells’ absorption of water and soluble mineral nutrients in the culture. Brauer et al. [66] posited that growth inhibition under osmotic conditions might be primarily due to decreased cytoplasmic volume and loss of cell turgor as intracellular water is osmotically extracted. Furthermore, it was reported that fresh and dried weights of basil leaves decreased significantly when the EC level increased from 1.2 to 0.5 dS m−1 [67]. However, the optimal EC level to maximize beet growth and yield depends on cultivar and environmental conditions [61,62]. Nutritional stress, due to insufficient or excessive intake of essential nutrients, can inhibit plant growth and development and may enhance antioxidant accumulation [68]. Balancing yield and antioxidant accumulation in vegetables is crucial yet challenging. In our study, we aimed to identify the optimal NS by striking a balance between performance and antioxidant capacity. Consequently, our results suggest that a 100% NS could be a viable option for cultivating basil microgreens in a floating system.




5. Conclusions


Given the high concentration of beneficial phytochemicals in basil and its frequent consumption, basil microgreens serve as an intriguing source of these secondary metabolites. Our study’s results indicate that the biochemical and antioxidant content of basil microgreens relies on the cultivar/genotype and the nutrient solution concentration. We observed a relationship between nutrient solution concentration, chlorophyll content, yield, and secondary metabolites with antioxidant properties. This relationship demonstrates that when the growth rate of the microgreens is slower, the antioxidant potential increases, and vice versa. Interestingly, these changes can be modulated by managing the concentration of the nutrient solution. By striking a balance between the yield and antioxidant potential of basil microgreens, we determined that a 100% concentration of Hoagland’s nutrient solution is advisable. This concentration promotes the production of secondary metabolites, such as total chlorophyll, vitamin C, anthocyanin, and antioxidant capacity, without negatively impacting the yield. Our research offers a new and relatively straightforward method for balancing yield and antioxidant accumulation in the cultivation of basil microgreens in a floating system.
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Figure 1. APCI index profiles of the basil microgreens in different concentrations of Hoagland’s nutrient solution. 
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Figure 2. Effect of the different concentrations of Hoagland’s NS on yield. Different letters within each column indicate significant differences according to Duncan’s multiple range test (p = 0.05). 
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Figure 3. Yield of the basil microgreen cultivars. Different letters within each column indicate significant differences according to Duncan’s multiple range test (p = 0.05). 
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Figure 4. Changes in yield and antioxidant index of four basil microgreens under five different NS concentrations. 
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Table 1. Different concentrations of Hoagland’s nutrient solution (1938).






Table 1. Different concentrations of Hoagland’s nutrient solution (1938).





	Concentration of Nutrients

(mg L−1)
	25%
	50%
	75%
	100%
	125%





	N
	52.50
	105
	157.50
	210
	262.50



	K
	58.75
	117.50
	176.25
	235
	293.75



	Ca
	50
	100
	150
	200
	250



	P
	7.75
	15.50
	23.25
	31
	38.75



	S
	16
	32
	48
	64
	80



	Mg
	12
	24
	36
	48
	60



	Fe
	0.75
	1.50
	2.25
	3
	3.75



	B
	0.125
	0.25
	0.375
	0.5
	0.625



	Mn
	0.125
	0.25
	0.375
	0.5
	0.625



	Zn
	0.012
	0.02
	0.037
	0.05
	0.065



	Cu
	0.005
	0.01
	0.015
	0.02
	0.025



	Mo
	0.002
	0.005
	0.007
	0.01
	0.012



	EC (mS cm−1)

y = 0.0237x + 0.0351, R2 = 0.99
	0.60
	1.24
	1.85
	2.42
	2.97










 





Table 2. Mean comparison of photosynthetic pigment contents of basil microgreen in different concentrations of Hoagland’s NS.
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Factors

	
Chlorophyll a

(mg g−1 FW)

	
Chlorophyll b

(mg g−1 FW)

	
Total Chlorophyll

(mg g−1 FW)

	
Carotenoids

(mg g−1 FW)




	
NS

Concentration

	
Cultivar






	
25%

	
Violeto

	
0.39 e

	
0.20 ghi

	
0.60 f

	
0.10 h




	
Ablagh

	
0.63 cd

	
0.33 cdefgh

	
0.97 cde

	
0.25 f




	
Red Rubin

	
0.74 abc

	
0.42 abcde

	
1.17 abc

	
0.31 e




	
Kapoor

	
0.68 c

	
0.35 cdefg

	
1.04 bcd

	
0.24 f




	
50%

	
Violeto

	
0.37 e

	
0.15 i

	
0.51 f

	
0.39 d




	
Ablagh

	
0.46 de

	
0.25 fghi

	
0.70 ef

	
0.23 f




	
Red Rubin

	
0.48 de

	
0.27 efghi

	
0.76 def

	
0.32 e




	
Kapoor

	
0.48 de

	
0.24 ghi

	
0.71 def

	
0.30 e




	
75%

	
Violeto

	
0.34 e

	
0.15 i

	
0.49 f

	
0.38 d




	
Ablagh

	
0.70 bc

	
0.45 abc

	
1.15 abc

	
0.30 e




	
Red Rubin

	
0.75 abc

	
0.53 ab

	
1.28 abc

	
0.18 g




	
Kapoor

	
0.45 e

	
0.28 defghi

	
0.73 def

	
0.41 d




	
100%

	
Violeto

	
0.39 e

	
0.17 hi

	
0.56 f

	
0.41 d




	
Ablagh

	
0.89 a

	
0.53 ab

	
1.41 a

	
0.53 ab




	
Red Rubin

	
0.73 abc

	
0.58 a

	
1.31 ab

	
0.32 e




	
Kapoor

	
0.48 de

	
0.29 cdefghi

	
0.77 def

	
0.48 c




	
125%

	
Violeto

	
0.46 de

	
0.16 i

	
0.62 f

	
0.21 fg




	
Ablagh

	
0.87 ab

	
0.45 abc

	
1.32 ab

	
0.56 a




	
Red Rubin

	
0.89 a

	
0.41 bcdef

	
1.30 ab

	
0.51 bc




	
Kapoor

	
0.46 de

	
0.28 defghi

	
0.75 def

	
0.33 e








Various letters in each column showed significant differences according to Duncan’s multiple range test (p = 0.05).













 





Table 4. Mean comparison of antioxidant traits of basil microgreen in different concentrations of Hoagland’s NS.
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Source of Variance

	
Vitamin C

(mg g−1 FW)

	
Flavonoids

(mg CAE g−1 FW)

	
Anthocyanin

(mg 100 g−1 FW)

	
Polyphenols

(mg GA 100 g−1 FW)

	
Antioxidant Capacity (%)

	
APCI Index




	
NS Concentration

	
Cultivar






	
25%

	
Violeto

	
1.07 g

	
0.99 h

	
19.70 d

	
788.44 ghi

	
56.40 e

	
37.25 jk




	
Ablagh

	
1.09 g

	
2.65 def

	
11.90 gh

	
1063.40 d

	
66.17 cd

	
44.87 i




	
Red Rubin

	
1.32 fg

	
2.55 def

	
21.00 cd

	
934.22 e

	
72.15 bc

	
51.80 efg




	
Kapoor

	
2.22 d

	
1.21 gh

	
9.57 h

	
866.97 efg

	
46.53 f

	
39.41 j




	
50%

	
Violeto

	
1.83 e

	
2.93 de

	
23.53 bc

	
836.88 fgh

	
43.33 f

	
51.62 efg




	
Ablagh

	
1.09 g

	
1.61 fgh

	
15.23 ef

	
838.42 fgh

	
24.90 g

	
34.74 k




	
Red Rubin

	
2.29 d

	
2.12 efg

	
24.17 bc

	
746.71 ij

	
30.23 g

	
47.03 hi




	
Kapoor

	
1.53 f

	
3.30 cd

	
10.20 h

	
700.51 j

	
25.00 g

	
36.92 jk




	
75%

	
Violeto

	
2.56 c

	
2.68 def

	
25.17 b

	
699.29 j

	
26.13 g

	
49.91 fgh




	
Ablagh

	
2.68 c

	
2.08 efgh

	
18.00 de

	
757.81 hij

	
47.20 f

	
47.71 ghi




	
Red Rubin

	
1.19 g

	
1.69 fgh

	
25.93 ab

	
745.49 ij

	
23.30 g

	
37.98 jk




	
Kapoor

	
1.82 e

	
5.46 b

	
11.47 gh

	
902.56 ef

	
71.57 bc

	
55.94 e




	
100%

	
Violeto

	
4.34 a

	
5.34 b

	
28.77 a

	
1024.56 d

	
65.10 cd

	
74.14 c




	
Ablagh

	
4.23 a

	
4.20 c

	
23.87 bc

	
1425.96 ab

	
77.83 b

	
79.41 b




	
Red Rubin

	
2.58 c

	
2.15 efg

	
26.43 ab

	
866.97 efg

	
43.63 f

	
53.04 ef




	
Kapoor

	
2.64 c

	
5.83 b

	
14.50 fg

	
1050.39 d

	
93.10 a

	
68.57 d




	
125%

	
Violeto

	
1.25 g

	
2.48 def

	
20.21 d

	
1395.30 ab

	
56.20 e

	
50.14 fgh




	
Ablagh

	
3.63 b

	
8.49 a

	
24.97 b

	
1444.92 a

	
87.57 a

	
87.82 a




	
Red Rubin

	
4.28 a

	
5.37 b

	
24.51 b

	
1358.00 b

	
90.27 a

	
82.73 b




	
Kapoor

	
1.93 e

	
3.37 cd

	
6.52 i

	
1268.69 c

	
62.33 de

	
50.14 fgh








Different letters within each column indicate significant differences according to Duncan’s multiple range test (p = 0.05).
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