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Introduction

More than ever, traditional agricultural practices need a shift towards more resilient, sustainable, modern and adaptable practices that benefit the health of the planet and people. Today's consumers are constantly on the lookout for novel, highly nutritious foods that have a positive impact on their overall health and well-being. Nettle (Urtica dioica L.) is gaining recognition not only as a popular medicinal plant, but also as a desirable green leafy vegetable rich in phytonutrients. As it is difficult and even expensive to control the quality standards of wild-collected plants, the implementation of sustainable cultivation methods, especially hydroponics, with effective greenhouse management could be a possible solution to obtain a standardized product with high nutritional value. Therefore, the aim of this study was to investigate the effects of four nutrient solutions differing in the content of macro- and micronutrients (especially nitrogen, potassium, calcium, magnesium and iron) and two consecutive cuts on the number of leaves, yield, nitrate and mineral content and the content of specialized metabolites of stinging nettle from a floating hydroponic system.





Methods

Nettle plants were cultivated in a hydroponic system using the floating hydroponics technique. The two-factorial experiment was performed with nutrient solution and consecutive cuts as factors.





Results

The highest yield (2.49 kg/m2) was achieved after the 1st cut with plants cultivated in the nutrient solution with higher nutrient concentration. All tested nutrient solutions resulted in high levels of minerals and bioactive compounds in the plant material (ascorbic acid content of 102.30 mg/100 g fw and total phenolics content of 465.92 mg GAE/100 g fw), confirming floating hydroponics as a sustainable approach for cultivating nettle with enhanced nutritional value and antioxidant potential.





Conclusion

It is important to highlight that the nutrient solution with the lowest nutrient composition yielded the highest concentrations of calcium (5.54%) and iron (180.67 mg/kg dw). Furthermore, it exhibited elevated levels of specific phenolic compounds, including caffeoylmaleic acid, ellagic acid, ferulic acid, naringin, and rutin trihydrate. Notably, this solution demonstrated the lowest nitrate content (4225.33 mg/kg fw) in the plant material. Therefore, it can be recommended as a preferable formulation for hydroponic nettle cultivation.
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1 Introduction

In the face of increasing global challenges, the agricultural sector is at the forefront of a critical transformation. Climate change, population growth, and increasing scarcity of land and water resources create an urgent need to modernize traditional agricultural practices. Agriculture is one of the world’s largest water consumers and also represents the most extensive land use on the planet covering 1.5 billion ha (Garnett et al., 2013; Rufí-Salís et al., 2020; Steensland and Zeigler, 2021). Competition for resources, both water and land, between food production and other uses will intensify in the future (Steensland and Zeigler, 2021). To address these issues and achieve the European Union’s ambitious sustainability goals, modern agriculture must adapt, innovate, and adopt environmentally conscious techniques (European Commission, 2023a; Marek and Tosun, 2023). The European Union has set a course toward a carbon-neutral circular economy that includes a series of strategic plans to usher in a new era of sustainable agricultural practices. Central to this change is the adoption of modern cultivation methods that not only increase productivity but are also compatible with environmental principles. These methods offer the possibility of bridging the gap between the growing demand for food and the constraints imposed by finite resources (Gonnella and Renna, 2021; Heyl et al., 2023; Monisha et al., 2023).

Vegetable cultivation in the open field is increasingly exposed to many risks and is also a major contributor to nutrient losses, air and water pollution, and biodiversity loss. Cultivation is increasingly shifting to greenhouses, where abiotic factors can be controlled to a certain extent and the influence of climate changes on crop production is less evident (Fernández et al., 2018; Savvas and Gruda, 2018; Ashour et al., 2020; Hamza et al., 2022). Greenhouses offer the advantage of enabling crop cultivation in urban areas, even on unsuitable land, addressing the challenges of dwindling arable land availability and a growing population.

Hydroponic production is a turning point and a suitable solution to overcome the above problems, mainly because of its advantages, which range from good management of natural resources to rational water use and prevention of nutrient losses from the rhizosphere (Gonnella and Renna, 2021; Monisha et al., 2023). In a world struggling with environmental problems, hydroponic systems represent a step toward low input, high resource efficiency, and closed-loop production. These systems enable soilless plant growth through precise water and nutrient management. They offer better control of plant nutrition, more efficient use of space, reduced reliance on herbicides and pesticides, and significant savings in fertilizer and water use with the goal of minimizing nitrate uptake, making them suitable for environmentally sensitive areas. The potential of hydroponic agriculture is also underlined by the fact that it helps to solve the problem of nitrate accumulation in green leafy vegetables, a common problem and an important issue in conventional agriculture (Gonnella et al., 2004; Bian et al., 2020; Rufí-Salís et al., 2020).

Nitrate is still considered an anti-nutrient that is potentially harmful to the consumer, and the amounts in foods and especially vegetables are monitored (Brkić et al., 2017). However, some research suggests that the consumption of plant foods containing nitrate and nitrite can have a positive impact on the treatment of some metabolic disorders, heart disease and gastric ulceration (Lundberg et al., 2008; Rocha, 2021) and that it has a positive effect on the central nervous, the musculoskeletal and the cardiovascular system. Rocha (2021) states that preclinical and clinical evidence suggests that a diet rich in nitrates has the potential to halt, reverse or ameliorate the physiological decline associated with aging. Nevertheless, controlling nitrate content in plant foods is crucial to ensure their safety and nutritional value, as about 80% of nitrates in the diet come from the consumption of vegetables (Brkić et al., 2017; Luetic et al., 2023). Nitrate accumulation is very complex and is influenced by several internal and external factors, highlighting the need for careful management throughout the plant’s growth cycle to optimize the balance between nutritional value and potential risks (Qiu et al., 2014).

In hydroponic systems, the plants receive their nutrients via a nutrient solution that can be tailored to the exact needs of the individual species. The nutrient solution is a decisive factor that prevents nutrient antagonisms, ensures optimal plant nutrition and offers the possibility of influencing the content of minerals and certain metabolites by directly regulating the contents of the individual biogenic elements in the solution (Gonnella et al., 2004; Nicola et al., 2006; Trejo-Téllez and Gómez-Merino, 2012). In addition, it is important to know that an increased nitrogen content in the nutrient solution can have a negative impact on the concentration of specialized metabolites (especially polyphenols), which ultimately affects the overall quality of the final product (Radman et al., 2015). Therefore, it is extremely important to find a suitable nutrient solution formulation that provides the plant with sufficient nutrients without negatively affecting the content of bioactive compounds (Niu et al., 2015; Gruda et al., 2018).

Recently, stinging nettle (Urtica dioica L.) has been making a big comeback as a leafy green vegetable (the better counterpart to spinach), gaining superfood status because it is rich in minerals and specialized metabolites that are important for human health (Opačić et al., 2022). However, this plant is also a notable example of a nitrate-accumulating species (Radman et al., 2015), making it a great experimental plant. As far as we know, growing nettle for human consumption using hydroponics is still rare and there are no official guidelines for successful agronomic practices for its cultivation. Such a product from controlled agronomic production is currently not available on the market.

The aim of this study was to investigate the effects of four different nutrient solutions in hydroponic cultivation on the number of leaves, yield, mineral composition, nitrate and specialized metabolites concentration of stinging nettle during two consecutive cuts.




2 Materials and methods



2.1 Plant material and cultivation conditions

The research was conducted in an unheated greenhouse at the Experimental Station of the Department of Vegetable Crops of the Faculty of Agriculture in Zagreb (45.8150° N, 15.9819° E). The nettle plants were cultivated in a hydroponic system using the floating hydroponics technique. The two-factorial experiment, with nutrient solution and consecutive cuts as factors, was set up according to a randomized complete block design with three replicates. Each replicate consisted of two polystyrene plates and there were six plates in each basin.

Nettle seeds (B&T World Seeds, France) were initially sown on March 11, 2021 in polystyrene plates (0.96 × 0.60 m) containing 102 slots (17.0 × 0.5 cm) and filled with granulated inert substrate perlite (Europerl d.o.o., Croatia). With the sowing of 30 seeds per slot, 3060 plants/plate can be achieved, resulting in a total quantity of 5312 plants/m2. During the germination phase, the plates were placed in a greenhouse with a temperature of 15 to 20°C and humidity of 60%. As soon as the nettle plants emerged (March 18), the plates were transferred to 3.0 × 1.2 m (878L) basins filled with water.

To evaluate the effects of different nutrient solutions on the quality of nettle plants, four nutrient solutions were prepared with different nutrient levels according to Lorenz and Maynard (1988) (see Table 1), which is reflected in the target electrical conductivity (EC) values of each solution.


Table 1 | Concentration of nutrient solutions for the hydroponic cultivation of nettle.



Since nettle plants have a relatively long germination period during which nutrient requirements are not as pronounced and in order to minimize the excessive use of costly salts for nutrient solution preparation (in light of sustainable farming), the plates were initially positioned on water-filled basins. Subsequently, on April 13, when the nettle roots had developed, the nutrient solution was added. A multiparameter instrument (Hanna Instruments HI98194, Romania) was used to measure several solution quality parameters, including pH and electrical conductivity (mS/cm), temperature (°C), and oxygen content (mg/L) of the solution. In addition, air temperature and relative humidity were measured regularly in the greenhouse using a tabletop thermohygrometer (Agrologistika d.o.o., Croatia).

Figure 1 shows greenhouse temperature and relative humidity during stinging nettle cultivation from March 18 to July 5, 2021. Abiotic parameters were measured daily but are shown as mean decadal values.




Figure 1 | Abiotic factors (temperature and relative humidity) in the greenhouse during hydroponic cultivation of nettle (March 18 – July 5). RH – relative humidity.



The minimum air temperature showed a wide range, from 8.3°C in the 1st ten days of April to 20.9°C in the 2nd decade of June. The maximum air temperature, on the other hand, varied from 29.1°C in the 2nd decade of April to a high 45.5°C in the 1st ten days of July. Average air temperature varied from 19.6°C (2nd decade of April) to 32.2°C (2nd decade of June), while relative humidity averaged between 25% and 51%.

The pH and electrical conductivity (EC) of the nutrient solutions are listed in Table 2- and were adjusted as required. To balance the pH of the solutions, 56% HNO3 was used and it was kept in a range slightly above that recommended for leafy vegetables (5.8 – 6.2), since there are no guidelines for hydroponic cultivation of nettle. In the basin with solution with the weakest nutrient composition (NS1), the average EC value was 1.5 mS/cm and pH varied between 6.6 and 7.2. The EC value in the basin with the nutrient solution of higher nutrient concentration (NS2) was recorded at 1.7 mS/cm, and the pH levels ranged between 6.1 and 7.2. The values in the third nutrient solution (NS3) were 2.9 mS/cm (EC) and 6.5 - 7.3 (pH). In the basin filled with the nutrient solution with the highest concentration of elements (NS4), the average EC value was the highest at 3.0 mS/cm, as it contained the largest quantity of nutrients. The pH of the solution ranged between 6.3 and 7.1.


Table 2 | Abiotic parameters of nutrient solutions during hydroponic cultivation of nettle shown by decade (April 13 – July 5).




Table 3 | Equations of the calibration curves of the individual phenolic standards.



During the hydroponic cultivation, the temperature of the solution and the dissolved oxygen (DO) content were also monitored (Table 2). The temperature of the solution was lowest in the 1st decade of April (17.2 – 17.4°C) and highest in the 3rd decade of June (31.4 – 31.9°C). The dissolved oxygen levels also varied, ranging from 2.2 - 3.5 mg/L in NS1, 2.0 – 3.6 mg/L in NS2, 2.0 – 3.3 mg/L in NS3, and 2.7 - 3.5 mg/L in NS4, but the solution was considered sufficiently oxygenated because the dissolved oxygen content did not fall below 2.0 mg/L.

The 1st cut occurred on May 20, 2021 (63 days after nettle germination), but due to technical problems resulting in salt deposition in the basins, the plant material from the 1st cut could not be considered relevant to the subject of this study. Due to technical challenges encountered in the initial phase of the experiment within the nutrient solution preparation system, an unintended reaction took place between calcium ions and phosphate and sulfate ions, resulting in sedimentation at the bottom of the basin. These issues were promptly identified and successfully addressed in a timely manner. The consecutive cuts considered in this study were conducted 18 days later, on June 8 (cut I), and 45 days later, on July 5, 2021 (cut II). Manual cutting was done with scissors before the plants reached the flowering stage, and it was done above the lower two nodules to facilitate re-growth.




2.2 Number of leaves and yield of hydroponic cultivated nettle

Morphological analyzes were carried out immediately after each cut. The number of leaves was determined by randomly selecting 15 plants per plate, for a total of 30 per replicate or 90 per basins. The total yield was determined by weighing the nettle plant material per plate and expressing it in kg/m². Following yield determination, samples of representative plant material were meticulously prepared, with leaves carefully separated for subsequent analysis of mineral composition and chemical content.




2.3 Determination of dry matter, mineral composition and nitrate concentration

Representative samples of the plant material after both cuts, consisting only of leaves without stems, were immediately sent to the Department of the Department of Plant Nutrition. These samples were subjected to thorough analysis for dry matter content, mineral composition, and nitrate concentration.

Nitrates were determined spectrophotometrically after hot water extraction of the fresh samples (AOAC, 2015) and expressed in mg/kg in fresh weight (fw).

For the determination of dry matter content and mineral composition, fresh leaf samples were dried at 105°C to constant weight, then crushed and homogenized. Dry matter was determined by the gravimetric method according to HRN ISO 11465:2004. Total nitrogen in the dry sample was determined by the modified Kjeldahl method (HRN ISO 11261:2004). After digestion of the dry samples with HNO3 and HClO4, phosphorus was determined spectrophotometrically, potassium by flame photometer, and calcium, magnesium, iron, zinc, maganese, and copper by atomic absorption spectrometer (AOAC, 2015). The dry matter content is expressed in %, the macroelements in % of the dry weight (dw), and the microelements are quantified in mg/kg dw.




2.4 Determination of the ascorbic acid content and phenolic compounds

The chemical analyses of ascorbic acid content, phenolic and pigment compounds, and antioxidant capacity, were conducted in the laboratory of the Department of Sustainable Technologies and Renewable Energy Sources. The resultant content values were expressed in mg/g of fresh weight (fw).

The ascorbic acid (AsA) content was determined in accordance with the AOAC (2002) standard method by employing titration with 2,6-dichloroindophenol (DCPIP). Detailed method is described in Dujmović et al., 2023.

For the determination of total phenolics in the samples, the colorimetric reaction with Folin–Ciocâlteu reagent was performed according to Dujmović et al. (2022). The absorbances of the ethanolic extracts were recorded at 750 nm (Shimadzu, 1900i spectrophotometer, Kyoto, Japan). TPC and TNFC results were calculated based on the calibration curve for gallic acid and expressed as milligrams equivalents of the standard per 100 grams of plant fresh weight, while TFC was expressed as the difference between TPC and TNFC and presented as milligrams of catechol equivalents per 100 g of fresh weight.

Phenolic compounds of nettle methanolic extracts were separated using high-performance liquid chromatography (HPLC) Shimadzu system (Shimadzu, Kyoto, Japan), which consisted of a DGU-405 degasser, a LC-40BXR pump, a SIL-40C autosampler, a CTO-40AC column oven, a SPD-M40A photodiode array detector and a RF-20AXS fluorescence detector and a SCL-40 controller. Extract preparation and analysis conditions of separation, identification, and quantification of compounds were the same as in Dujmović et al. (2023). Detection was carried out by scanning over a wavelength range from 220 to 360 nm. The contents of 10 individual phenolic compounds (caffeic, caffeoylmalic, chlorogenic, coumaric, ellagic and ferulic acid, kaempferol, naringin, quercetin 3-glucoside and rutin trihydrate) were expressed on the basis of the calibration curves of the corresponding standards (Table 3).




2.5 Determination of pigment compounds

Pigment compounds were quantified in accordance with the methods described by Holm (1954) and Wettstein (1957) as shown in Dujmović et al. (2023) and all measurements were performed on a Shimadzu 1900i spectrophotometer (Kyoto, Japan).




2.6 Determination of antioxidant capacity

Free radical scavenging activity (ABTS and FRAP) of the ethanolic extracts was measured as described in Dujmović et al. (2023) and all measurements were performed on a Shimadzu 1900i spectrophotometer (Kyoto, Japan). Results were expressed as µmol Trolox equivalents of plant fresh weight.




2.7 Statistical analysis

The experiment was set up according to the randomized complete block design with three replicates, where one repetition was represented by two plates of nettle plants randomly placed in basins. In addition, all chemical laboratory analyzes of representative homogenized nettle leaves samples were performed in triplicate. The data obtained were averaged and expressed as mean standard deviation (SD) as shown in the tables. Statistical analyzes of the data were performed using PROC GLM (general linear model) in SAS software system, v. 14.3. (SAS/STAT, 2017), subjected to two-way analysis of variance (ANOVA) and expressed as means, which were compared using a t-test (LSD) and considered statistically significant at a p ≤0.01. Different letters indicate significant statistical differences between samples.





3 Results and discussion



3.1 Number of leaves and yield of nettle

The results of the number of leaves and yield of the studied nettle plants grown in four nutrient solutions of different composition during two consecutive cuts are shown in Table 4. Statistical analysis showed the nutrient solution (NS) and the interaction of the two factors (NS × C) significantly influenced the number of leaves per plant. However, the influence of cut (C) had no statistically justified effect on this morphological trait. Yield was significantly influenced by both factors and their interactions.


Table 4 | Number of leaves and yield of nettle cultivated in different nutrient solutions.



The number of leaves is an important morphological trait because it has a substantial impact on the total plant yield. In this study, the number of leaves varied from 8.47 to 12.27 per plant. The average number of leaves was 10.43 after the cut I (C I) and 11.16 after the cut II (C II). Radman et al. (2014) determined a comparable number of nettle leaves and noted a trend toward an increase in leaf number during the 2nd consecutive cut when nettle was grown in a floating system. However, when grown in an open field, a greater number of stinging nettle leaves were observed than in the floating hydroponics (Radman et al., 2022). In this research, after the C I the lowest number of leaves was observed in NS4 (8.47), although it was a solution with the strongest nutrient composition, especially in terms of the content of nitrogen and potassium, elements important for plant growth. This weaker uptake of biogenic elements by the nettle, which grew in a stronger solution, could be explained by the presence of salt deposits in the basins under the influence of high temperatures; the temperature of the nutrient solution varied between 17.2 and 31.4°C, as evident in Table 2. The nettle from NS2 had the highest number of leaves after both consecutive cuts (11.40 and 12.27). In contrast to the number of leaves, in the same NS a higher average yield was observed after the C I (2.49 kg/m2), even four times more than after the C II (0.41 kg/m2).




3.2 Dry matter content of nettle

Nutrient solution, consecutive cuts, and interactions (Table 5) had a statistically significant influence on a nettle dry matter (DM) content. Justifiably the highest content of DM was determined in the plants from treatment NS2 × C II while lowest DM content was found in nettle from C I in treatments NS4 and NS3 (16.05% and 14.56%). A statistically equal share of DM was achieved in the C II in the treatments NS1, NS3 and NS4 (24.34%, 24.16% and 24.24%). Treatments NS2 and NS4 in C I were also statistically in the same rank. In general, higher DM values were found in plant material from the C II which is consistent with fact that DM increases with plant ageing.


Table 5 | Dry matter content, mineral composition and nitrate concentration of nettle cultivated in different nutrient solutions.



Dry matter is an important indicator of plant material quality because, it contains a variety of vital components, including proteins, carbohydrates, vitamins, minerals, specialized metabolites, and other substances besides water. Therefore, plant material with higher DM values reflects better nutritional quality. In a study by Biesiada et al. (2010), which examined the effects of plant age and harvest period on the chemical composition and antioxidant activity of nettle (cultivated in open field), DM values averaged 28.34%, slightly higher than hydroponic nettle in this study. Rutto et al. (2013) report 11 – 24.9% of DM in fresh nettle leaves cultivated in open field in spring and fall period. The dry matter of nettle leaves in the 6th harvest from the study by Radman et al. (2015) averaged 23.82%, which was similar to our results of the C II.




3.3 Mineral composition of nettle

According to various studies (Rutto et al., 2013; Upton, 2013; Đurović et al., 2017; Kregiel et al., 2018), the nettle plant is an excellent source of minerals, so it can be recommended as part of a diverse and balanced diet rich in vitamins, minerals and other health-promoting substances. Therefore, the application of modern technologies plays an important role in the cultivation of plant species with the aim of increasing the nutritional value of the final product. However, during cultivation, factors such as pH, redox potential, biological activity, and cation exchange capacity can affect the uptake of nutrients, especially microelements. In addition, plant factors such as root and root hair morphology, root-induced changes, exudation of organic acids, sugars, and non-proteinogenic amino acids, secretion of enzymes, plant requirements, and plant species/cultivars have a profound effect on the ability of plants to take up and utilize nutrients (Fageria et al., 2002). Minerals are often divided into macro- and microelements, depending on the amounts required for the normal functioning of the organism.

Table 5 shows the result of dry matter, macro and microelements and nitrate concentration of nettle plants cultivated in different NSs.

Nitrogen (N) is a main component of several essential compounds, including amino acids, nucleic acids and proteins which are vital for various physiological functions in the human body, including tissue growth, immune system function, enzyme activity, and the maintenance and repair of cells (Bian et al., 2020; Nieder and Benbi, 2022). The treatment that resulted in higher N concentration in nettle was NS3 × C I [6.70% N in dry weight (dw)], while the lowest N concentration in nettle was achieved in C II by treatments NS1 and NS2 (3.97 and 3.96% N dw). This was to be expected considering the lowest concentration of N in NS1 and NS2. Treatments NS1, NS2 and NS4 in C I yielded statistically the same N content. Solutions NS3 and NS4 had twice as much nitrogen in their formulation, but this trend was not evident in the plant material. In the study by Radman et al. (2021) on the mineral content of hydroponically grown nettle, the nitrogen content was 3.87–4.17% N dw, which are somewhat lower values than in this study, especially the values found in the C I. Biesiada et al. (2010) also reported lower N content (3.30 – 3.67% N dw) in nettle grown in the open field.

Phosphorus (P) is essential for a variety of functions, including energy metabolism (as a component of ATP), enzyme activity, nucleic acid synthesis, and the assembly of cell membranes (phospholipids), phosphoproteins, and coenzymes. It is also involved in the metabolism of red blood cells. Although phosphorus is essential, it is noted that the intake of phosphorus by the general population often exceeds the amount required for health due to phosphate-containing additives in processed foods (Bird and Eskin, 2021). Highest values of P were detected in nettle from C I in treatments NS2 and NS3 (0.66 and 0.70% P dw) and treatment NS1 × C II resulted in almost 2.7 times lower content of P while treatments NS2, NS3 and NS4 in C II didn’t statistically differ (0.36, 0.35 and 0.37% P dw). If we look at the composition of the NSs, it would be expected for the plants grown in NS2 and NS4 to have a higher phosphorus content. A slightly higher P content was determined by Paulauskienė et al. (2021) in stinging nettles grown in the field, reporting 0.81% P dw. In contrast, Biesiada et al. (2010) reported 0.37-0.40% P dw, which is similar to the values found in the C II of this study.

Potassium (K) is necessary for muscle cell function, and a lack of it can lead to muscle cramps, weakened bowel function, and heart problems. It also serves as a cofactor for enzymes such as pyruvate kinase. Potassium plays an important role in fluid balance, muscle contraction, transmission of nerve impulses and regulation of blood pressure but many people consume less potassium than recommended (McLean and Wang, 2021). Same as in the case of N content, nettle plants from treatment NS3 in C I had the highest values of K ranging 4.64% K dw while NS1 × C II resulted in plant material with lowest K content (3.07% K dw). Value of K in treatment NS3 × C II (4.53% K dw) did not differ from values achieved by treatments NS4 in C I (4.38% K dw) and NS4 in C II (4.36% K dw). Solution NS3 was the one with the highest K content in the formulation, so the highest K content would be expected in treatments NS3 × C I and NS3 × C II. According to Đurović et al. (2017), the K content in wild-harvested stinging nettle is 33899.00 μg/g K. Radman et al. (2021) found 4.30 - 4.45% K dw in nettle from floating hydroponics, which is consistent with the results of this study, while nettle from open field cultivation contained 50% less K in the study by Radman et al. (2015). Lower content of K in stinging nettles from field cultivation were also reported in the study by Biesiada et al. (2010).

Calcium (Ca) is one of the most abundant elements in the human body and is best known for its role in building bones and teeth. However, it has a variety of functions, including muscle contraction, nerve transmission, blood clotting, regulation of heart rhythm, and maintenance of fluid balance in cells. Ca absorption can be affected by factors such as vitamin D, manganese and fluoride. Inadequate calcium intake can result from excessive consumption of acidic and canned foods and NaCl (Pravina et al., 2013). Nettle from treatment NS1 × C I had highest Ca content (5.54% Ca dw) while treatment NS2 in C I resulted in nettle with almost 60% less Ca although NS1 and NS2 formulation had similar content of Ca(NO3)2. In general, nettle plants in C II had lower content of Ca in comparison to C I. This was not to be expected, as these higher values were determined in a solution with a weaker composition and in younger plants. This phenomenon can possibly be explained by the presence of stress conditions (abiotic factors). As a result of the high temperatures (Figure 1, Table 2), there was a potential salt deposition in solutions with a higher concentration, so that the plants could not take up calcium. The Ca content of wild harvested nettle from Macedonia ranged from 2.63 to 5.09% Ca dm, which is consistent with the results of this study. The results of the studies by Biesiada et al. (2010); Paulauskienė et al. (2021), and Radman et al. (2021) are also in this range, while Đurović et al. (2017) report a value of 28.605 μg/g Ca.

Magnesium (Mg) is a cofactor for over 300 enzymes involved in various biochemical reactions in the body. It plays a critical role in processes such as protein synthesis, muscle and nerve function, blood sugar control, and blood pressure regulation. Mg is needed for energy production, bone formation, DNA and RNA synthesis, and antioxidant activity (e.g., glutathione). A Mg deficiency can lead to problems such as muscle and heart problems, digestive disorders, concentration problems, irritability, fatigue, depression and increased adrenaline (Glasdam et al., 2016). Treatment NS2 in C I resulted in plants with highest values of Mg with content of 1.46% Mg dw. In the same cut plants from treatment NS3 had lowest Mg content (0.81% Mg dw) although NS3 formulation had the same content of MgSO4. When we look at the C II only, it is evident that same treatment (NS2) produced plants with higher Mg content in comparison to the other three solutions. The average Mg content in this study (data not shown) was 50% higher than that reported by Radman et al. (2021) for nettle cultivated in floating hydroponics. On the other hand, Rafajlovska et al. (2013) found 2.51-3.56% Mg dw in wild harvested nettle plant material. The content found in nettle from the study by Đurović et al. (2017) was 8699.76 μg/g Mg.

The results of the content of microelements of the studied nettle plants grown during two consecutive cuts under different nutrient treatments are shown in Table 5. Statistical analysis showed that both tested factors (NS and C) and their interaction (NS × C) significantly (≤ 0.0001) affected the content of microelements (iron, zinc, manganese, copper) of nettle plants.

Micronutrients are needed by the body in very small amounts. However, their impact on the health of the body is crucial, and a deficiency of any of them can lead to serious and even life-threatening diseases. Many of these deficiencies can be prevented by a healthy, varied diet (WHO, 2023). Iron deficiency anemia is a global nutritional concern that predominantly affects children and pregnant women, as highlighted by the World Health Organization (WHO) in 2023. Therefore, it is imperative to conduct research aimed at promoting the consumption of iron-rich foods. Previous studies (Upton, 2013; Adhikari et al., 2016; Radman et al., 2016; Kregiel et al., 2018; Paulauskienė et al., 2021; Radman et al., 2021) have unequivocally demonstrated the iron-rich nature of nettle. The iron content varied depending on factors such as the nettle’s origin (wild or cultivated), cultivation methods (e.g., soil or hydroponics), and geographical location. In the present study, the iron (Fe) content ranged from 100.00 to 180.67 mg/kg of dry matter, reaffirming nettle’s classification as an iron-rich plant species. On average, higher Fe levels were observed during the C II (168.42 mg/kg Fe dw) compared to the C I (118.34 mg/kg Fe dw); data not shown. The influence of nutrient solutions, however, varied depending on the consecutive cut. During the C I, nettles cultivated in NS3 exhibited the highest Fe content (136.67 mg/kg Fe dw), followed by NS2 and NS4, resulting in decreased Fe content in nettle leaves (121.00 and 115.67 mg/kg Fe dw, respectively). Nettles grown in NS1 had the lowest Fe content (100.00 mg/kg Fe dw), which aligns with the fact that NS1 contains the lowest iron concentration (12.8 mg/L FeEDTA 13%). Consequently, the plants absorbed the least iron from this solution. In contrast, NS4 contains nearly four times the Fe concentration (42.68 mg/L FeEDTA 13%). Surprisingly, the plants did not absorb a larger quantity, potentially due to NS4 higher nitrogen content, which could have affected the nettle’s Fe uptake. This aligns with the findings of Radman et al. (2016), who reported a negative impact of nitrogen fertilization on Fe uptake by plants. In the C II, the iron levels in the tested nutrient solutions ranked as follows: NS2 (160.33 mg/kg Fe dw) > NS4 (162.00 mg/kg Fe dw) > NS3 (170.67 mg/kg Fe dw) > NS1 (180.67 mg/kg Fe dw). According to Brown (1978), the pH of the nutrient solution also has an impact on the Fe uptake. This means that even if iron is present in the soil or nutrient solution, it may not be readily available to plants if the pH is not within the appropriate range (alkaline environment).

The zinc (Zn) content in the nettle varied from 12.43 to 36.03 mg/kg Zn dw, with the plants containing more Zn on average after the C I (30.54 mg/kg Zn dw) than after the C II (19.68 mg/kg Zn dw); data not shown. As for the NS, after both consecutive cuts, nettles contained more Zn when grown in the NS3 (36.03 and 25.77 mg/kg Zn dw), while the NS2 proved to be the least favorable (24.20 and 12.43 mg/kg Zn dw). Clearly, a decline in Zn content is observed across all four nutrient solutions during the C II. This reduction is particularly conspicuous in the case of the NS2, where the Zn levels in the C II are only about half of their previous values. This drop can be ascribed to the greenhouse and nutrient solution’s rising temperatures, as clearly depicted in Table 2 and Figure 1. The elevated temperatures within the nutrient solution directly impact root metabolism, leading to diminished respiration and ATP production. ATP, being essential for the active absorption of nutrients by plant roots, plays a critical role in this process (Bergmann, 1992; Lazarević and Poljak, 2019).

The manganese (Mn) content in nettles exhibited a range from 24.10 mg/kg Mn dw to 145.53 mg/kg Mn dw. On average, following the C I, the plant material contained Mn at an average of 100.62 mg/kg Mn dw, but this dropped to just 33.47 mg/kg Mn dw after the C II (data not shown). This trend closely resembles that of iron but contrasts with the pattern observed for zinc. Mn is primarily absorbed through diffusion, as outlined by Bergmann (1992). Consequently, the increased temperatures and heightened humidity observed during C II led to decreased transpiration, ultimately resulting in less efficient Mn uptake and reduced involvement in metabolic processes. In the C I, the highest Mn values were achieved by applying NS4 (145.53 mg/kg Mn dw) and NS3 (140.80 mg/kg Mn dw). This was to be expected, since these two solutions contain the highest content of manganese in their composition compared to the other two solutions (Table 1). Subsequently, Mn content declined in the remaining two solutions, with NS2 measuring at 80.70 mg/kg Mn dw and NS1 at 35.43 mg/kg Mn dw. NS3 was most favorable for stinging nettle in the C II (50.13 mg/kg Mn dw), while stinging nettle in NS2 (32.03 mg/kg Mn dw), NS4 (27.63 mg/kg Mn dw), and NS1 (24.10 mg/kg Mn dw) contained the least Zn after the C II.

Copper (Cu) levels in the samples exhibited a range from 4.60 mg/kg Cu dw (in NS4 × C II) to 29.73 mg/kg Cu dw (in NS2 × C I). On average, Cu levels were three times higher after the C I (21.89 mg/kg Cu dw) compared to the C II (7.23 mg/kg Cu dw); data not shown. Examining the impact of nutrient solutions on Cu levels in nettle, we find that during the C I, there was an increase in Cu content as follows: NS4 (10.90 mg/kg Cu dw) > NS3 (21.93 mg/kg Cu dw) > NS1 (25.00 mg/kg Cu dw) > NS2 (29.73 mg/kg Cu dw). This trend persisted during the C II, with the lowest Cu content recorded in NS4 (4.60 mg/kg Cu dw) and statistically the same value in NS1 (4.63 mg/kg Cu dw). Cu levels in nettle leaves increased when using NS2 (8.60 mg/kg Cu dw) and NS3 (11.10 mg/kg Cu dw). This outcome was anticipated since these two solutions are richer in this microelement, while NS1 contains the least copper.




3.4 Nitrate concentration of nettle

Table 5 also shows the results of nitrate concentration in nettle leaves expressed in fresh weight (fw), and significant differences were found among the values. The highest nitrate concentration was found in nettle from C II in treatment NS3 (7153.33 mg NO3/kg fw), while treatment NS1 gave the lowest nitrate value, almost 40% less (4225.33 mg NO3/kg fw). Treatments NS1, NS3 and NS4 in C I and NS4 in C II were not statistically different from each other regardless of the different content of nitrogen available in NSs.

Leafy vegetables tend to accumulate nitrates, so reducing nitrate levels is an important aspect of vegetable production (Gonnella et al., 2004; Nicola et al., 2006; Luetic et al., 2023). Currently, there is no legal framework in the EU for the maximum content of nitrates allowed in fresh nettle leaves, but there is a regulation for green leafy vegetables such as spinach – Spinacia oleracea L. (which consumers are known to substitute for nettle when preparing meals) and arugula – Eruca sativa L. According to Commission Regulation 2023/915 of April 25, 2023 (European Commission, 2023b) on maximum levels for certain contaminants in food, the maximum level of nitrates in fresh spinach is 3500 mg NO3/kg fw. For arugula, the maximum levels range from 6000 to 7000 mg NO3/kg fw, depending on the growing period. The results obtained in this study for nettle are below or within the legal limits of the values for arugula. The uptake and accumulation of nitrates in vegetables is influenced by numerous factors such as humidity, temperature, radiation, photoperiodism, amount and formulation of nitrogen fertilizer, and availability of other nutrients such as phosphorus, potassium, calcium, iron, or molybdenum. High temperatures are the biggest influencing factor, leading to increased transpiration and consequently higher nitrate levels in the plant. During the nettle cultivation in floating hydroponics, the temperature of the NS was the limiting factor, as considerable differences were observed given the considerable variation from May to July. In the C I (May 21-June 7), the temperature of NS was between 23.5 and 27°C, and during C II (June 8–July 4), the temperature of NS increased to 30 and 32°C. The optimal temperature range for nettle growth is between 20 and 25°C (Opačić et al., 2022), so high temperatures certainly resulted in higher nitrate levels in nettle. The lowest nitrate level detected in nettle cultivated in NS1 during the C II might be due to the fact that NS1 had lower nitrogen concentration than NS3 and NS4, which contained up to 2 times more nitrogen. Some research suggests (Gonnella et al., 2004; Nicola et al., 2006; Radman et al., 2016) that nitrate levels can be lowered by replacing the NS with water a few days before harvest. In addition, nitrate content can be reduced by blanching (Wu et al., 2021). Since nettle leaves are heat treated before consumption (because they are covered with stinging hairs), this could be the way to further reduce nitrate levels in this type of plant material. Nitrate levels in stinging nettles grown in open field and treated with varying amounts of nitrogen fertilizer ranged from 780 to 2070 mg NO3/kg fw in the study by Radman et al. (2015). These values are much lower than those found in this study, while Biesiada et al. (2010) reported even lower values.




3.5 Ascorbic acid content of nettle

According to the results of ascorbic acid content (AsA) in fresh nettle leaves (Table 6), the highest AsA content was observed after C II in treatment with NS2 with the value of even 102.3 mg/100 g fw. The AsA content in nettle leaves was strongly influenced by the nutrient solution content, as shown by the results of the significance of each varied factor for NS p ≤ 0.0001 and the combination of nutrient solution content and consecutive cuts (NS × C p ≤ 0.0004). In general, regardless of the content of the nutrient solution, higher average AsA content was determined after C II compared to the C I. Those differences were not so pronounced, but statistically justified with about 5% higher AsA values in C II to C I. Nutrient solution content had a significant impact on AsA values, while in C I highest AsA content was observed in nettle leaves treated by NS4, while no significant differences were determined between NS1 and NS3 with the lowest determined AsA content in leaves from C I. On average, the difference between the highest and lowest AsA values in the C I amounted to 23%. Furthermore, in C II, highest AsA content was determined in treatment with NS2, while the lowest with no significant difference, in treatments with NS3 and NS4 with average value of 73.82 mg/100 g fw (data not shown). The difference between the highest and lowest AsA values in the C I amounted to 39%.


Table 6 | Specialized metabolites content of nettle cultivated in different nutrient solutions.



The nettle species is characterized by the fact that it can regrow during the cultivation, i.e. had possibility to re-growth. Therefore, during harvest it must be cut above the first two nodules so that the plants can regrow. Depending on various factors, mainly environmental (temperature, humidity) and agrotechnical (cultivation method, irrigation, nutrient availability), nettle can reach several consecutive cuts during the cultivation period without significant changes in morphological characteristics, especially without loss of total yield and pronounced impairment of the dynamics of plant growth, leaf size, etc (Radman, 2015). The most important in determining the time of harvest is to avoid the flowering phase, i.e. the generative phase, in order to allow the regrowth of the plant and also to preserve the content of important secondary plant compounds. One of the compounds that play an important role in plant growth and development is vitamins, which even in very small amounts can have a pronounced effect as bioregulators and precursors of hormones such as cytokines and gibberellins, which are important for the development and growth of the plant organism. More specifically, AsA has several important functions in the plant organism, including reducing cell division, mitigating oxidative stress in plant cells (antioxidant properties), it is a co-factor for enzymes and a precursor for oxalate and tartrate synthesis (Gomes et al., 2014; Naz et al., 2016; Gaafar et al., 2020). In addition, AsA affects energy metabolic pathways by protecting them from the effects of H2O2 and other oxygen free radicals through its scavenging action or by regenerating the reduced forms of tocopherols or zeaxanthin (Hasanuzzaman et al., 2020; Šic Žlabur et al., 2021). The process of harvest is perceived by plants as a kind of stress, and they begin to activate defense mechanisms in which AsA plays one of the main roles as a powerful antioxidant. The availability of AsA to the plant organism at the moment of stress has significant effects on almost all-important physiological processes in the plant organism, from photosynthesis to the biosynthesis of compounds of secondary metabolism to cell division (Akram et al., 2017). Considering the above, the general tendency of higher AsA content in nettle leaves after C II compared to C I can be explained by the effect of AsA protecting plants from oxidative stress caused by consecutive cuts. Other research studies also demonstrate the effect of multiple harvesting in the growing season on AsA content in plants, finding a positive effect of AsA accumulation in plants that are harvested multiple times during cultivation (Lee and Kader, 2000; Radman et al., 2015). Moreover, the content of the NS significantly affected the AsA content in the nettle leaves despite the number of harvests. Biogenic elements, which are crucial for normal plant growth and development, also significantly affect the accumulation of phytochemicals in various plant organs. As a nitrophilous species (Opačić et al., 2022) nettle shows a significant tendency to accumulate nitrates from the nutrient solution, with nitrogen content showing a pronounced influence on AsA accumulation along with other various factors such as stress, ecological factors, cultivation practices, etc. (Roumeliotis et al., 2021; Chadzinikolau and Formela-Luboińska, 2023). The nutrient solutions in this study mainly varied in nitrogen content, with NS1 containing the lowest nitrogen content, while NS4 the highest nitrogen content. In general, nitrogen content negatively affects AsA accumulation, while excess nitrogen leads to lower synthesis of AsA in plant tissues (Roumeliotis et al., 2021; Chadzinikolau and Formela-Luboińska, 2023). In C I some contrary results were obtained since the highest AsA content was recorded in plants treated by NS4, while lowest in leaves treated by NS1 and NS3. Given stated, some uniformity in the results cannot be distinguished, i.e. it cannot be clearly confirmed that NS with a higher nitrogen content result in a lower AsA content and vice versa. This might be caused by the impact of other biogenic elements from NS, since they show a synergistic effect, where the lack of one can affect the increase of the other and vice versa. For example, AsA content is positively related to the concentration of Mg and P (Abanto-Rodriguez et al., 2016). In C II, opposite results were obtained, with the lowest AsA content in the plants treated with NS4 (highest content of nitrogen) and the highest AsA content in the leaves treated with NS2 (low nitrogen content). Considering other studies that have analyzed the AsA content in nettle leaves, it can be stated that the AsA values obtained in this study are in agreement with other literature data or even higher, depending strongly on the cultivation practice, the origin of the plant and, of course, ecological factors during the cultivation period (Radman et al., 2015; Paulauskienė et al., 2021; Opačić et al., 2022).




3.6 Phenolic content of nettle

Phenolic compounds are a diverse group of phytochemicals that play several crucial roles in plants, including protection against various stress conditions (Chowdhary et al., 2021). These effects are manifested thanks to the antioxidant activity of phenols which contributes to plant development overall but also has beneficial biological effects on human organisms (Nardini, 2022).

The results of the total phenolics (TPC) of the studied nettle plants grown under different nutrition treatments during two consecutive cuts are presented in Table 6. According to the statistical analysis, both tested factors (NS and C) and their interaction (NS × C) significantly affected (≤ 0.0001) total phenolics content. The TPC values varied from 164.79 to 465.92, and TFC from 78.92 to 240.69 mg GAE/100 g fw. Overall results show that the highest content of total phenolics was observed at treatment NS2 × C II. All nutrient elements present in NSs significantly influence the phenolic composition in plants by impacting the biosynthesis, accumulation, and distribution of phenolic compounds (Heimler et al., 2017; Bustamante et al., 2020; Ebrahimian et al., 2021; Vilkickyte and Raudone, 2021) and nutrient levels and forms in solution can impact the quality and quantity of phenolics as well (Vilkickyte and Raudone, 2021; Marlin et al., 2022). However, nitrogen is a major essential nutrient for plant growth and development, which also significantly influences the phenolic composition in plants. Some studies (Radušienė et al., 2019; Marlin et al., 2022) show that higher nitrogen availability and nitrogen-rich environments in general may suppress the accumulation of certain phenolic compounds. On the other hand, plants exposed to N deficiency often respond by increasing the synthesis and accumulation of phenolic compounds, as a defense mechanism to cope with the stress caused by nutrient deficiency (Nguyen and Niemeyer, 2008; Fortier et al., 2010; Stefanelli et al., 2010; Heimler et al., 2017) which goes in favor with the results obtained in this study. The content of N in tested NSs are as follows: NS4 > NS3 > NS2 > NS1. In this study, regardless of the consecutive cut, the highest values for TPC were recorded while applying NS1. As an essential macronutrient for plant functions, a certain content of N is needed, so the N content in NS1 as obviously too low for higher total phenol accumulation. NS2 has a lower N content than NS3 and NS4, confirming that greater phenol production can occur as a lack of nitrogen, which also coincides with the aforementioned research of Nguyen and Niemeyer (2008); Fortier et al. (2010); Stefanelli et al. (2010); Heimler et al. (2017); Radušienė et al. (2019) and Marlin et al. (2022). Also, in a study by Radman et al. (2015) higher phenolic values of nettle leaves were recorded by applying lower N fertilization and high N levels significantly reduced the concentration of TFC of nettle aerial parts according to Grevsen et al. (2008). While observing consecutive cuts, regardless of NS, it can be noticed that the highest values for TPC, TNFC, and TFC were achieved at C II. Cutting and damaging plant tissue during harvest can be considered a form of stress whereby the plant needs to heal wounds and regrow. Numerous research (Hu et al., 2022; Pratyusha, 2022; Dujmović et al., 2023) confirm that various stress conditions stimulate phenols production in plant organisms which may explain the increased phenolic content in C II.

As established, N availability can influence the content of various phenolic compounds in plants through several mechanisms, but data on the influence of NSs with different N content on individual phenolic compounds are lacking. The significance of the factor interactions (NS × C) shows that the combination of both factors strongly affected individual phenolic content (Table 7). The results of the present study correspond with some previous literature data. The presence of caffeic, chlorogenic, coumaric, and ferulic acid, kaempferol and quercetin 3-glucoside in nettle was detected in the study by Repajić et al. (2021). In another research, carried out by Dujmović et al. (2023), a similar content of coumaric, ellagic, and ferulic acid, as well as naringin was identified in nettle leaves as in our results. Caffeoylmalic acid was the most abundant and chlorogenic acid was the 2nd most represented phenolic compound in nettle in the work of Koczkodaj et al. (2023), and the same trend was observed in the results of the present study. Different levels of N can cause an increase or decrease in different phenolic compounds, which was the case in this study. Obtained results show that the lowest N content (NS1) at the C II was most suited for increased accumulation of caffeic, caffeoylmalic, and ferulic acid and naringin (10.32, 462.38, 24.02, and 16.55 mg/L respectively), while quite the opposite was in the case of chlorogenic acid where the highest N levels (NS4) favored the increase of chlorogenic acid content (119.57 mg/L).


Table 7 | Individual phenolic compound content of nettle cultivated in different nutrient solutions.



Grevsen et al. (2008) discovered that the application of different N levels to nettle either had no influence on caffeoylmalic acid and quercetin 3-glucoside, or caused their increase when lowering content of N which can be related to the results of this research. A large influence of cut as a stress factor can be observed in the case of individual phenolic compounds. All phenolics investigated in this study show the highest values in the C II, assuming that their enhanced synthesis helps the plant cope more easily with tissue damage. In fact, the average value of caffeoylmalic acid increased even over 1300% from the C I to the C II, while the content of chlorogenic acid increased by about 580% in the C II. In addition, the presence and functions of different phenols are highly influenced by environmental factors (Šamec et al., 2021), so the abiotic conditions with an average air temperature of 25°C, and RH of 24% during the C II might also favor phenolic accumulation. Regarding total and individual phenolic content, it can be summarized that a balanced and appropriate N supply is crucial to optimize the content of phenolic compounds, but excessive N levels can sometimes lead to a decrease in certain phenolics, due to an overproduction of vegetative growth, as confirmed by the results of the present study.




3.7 Antioxidant activity of nettle

The accumulation of antioxidants, and thus the antioxidant capacity of plants can be influenced by a variety of factors, including environmental factors and nutrient availability (Liu et al., 2016; Weiwei et al., 2020; Villani et al., 2023), and according to Weiwei et al. (2020), N availability plays an essential role in regulating antioxidant accumulation. Considering the analyzed antioxidant capacity of nettle leaves grown under different treatments, it should be emphasized that the two varied factors (NS and C) and their interaction (NS × C) significantly affected antioxidant capacity. The results for the FRAP assay ranged from 963.27 to 3237.62 µmol TE/L and varied significantly, while the results for ABTS assay ranged from 2365.24 to 2525.78 µmol TE/L, as presented in Table 6. Since all major antioxidants (AsA and phenolic compounds) showed the highest content in the NS2 × C II treatment, it was expected that the highest antioxidant capacity would be detected in the same treatment. The results of our research show that lower N doses in the nutrient solution (NS1 and NS2) promoted antioxidant capacity, which can be related to the study of Olarewaju et al. (2018), which found that the antioxidant capacity of some leafy vegetables depended on N fertilizer dose. However, the data on antioxidant capacity from different studies are contradictory showing a trend of improving (Ma et al., 2023) or lowering (Ibrahim et al., 2013) bioactive content and antioxidant capacity of plant material by increasing the content of nitrogen in fertilizer. On the other hand, the influence of stress caused by cutting is pronounced in the results obtained by the FRAP method, while it is not noticeable in the case of the ABTS assay. These two methods were used because phenols are a mixture of hydrophilic and lipophilic compounds, which is why the results of antioxidant capacity obtained by both methods are different. But regardless of the different results, this research shows that the nettle leaves have a strong antioxidant capacity, which is consistent with other studies (Radman et al., 2015; Dujmović et al., 2023). The obtained results also show that the antioxidant capacity of nettle leaves is strongly influenced by the composition of the NS and consecutive cuts, whereby the proper selection of these factors can increase the antioxidant activity of nettle.




3.8 Photosynthetic pigment content of nettle

In general, photosynthetic pigments, including chlorophyll a (Chl_a), chlorophyll b (Chl_b), and total chlorophylls content (TCh), were higher in C I compared to the C II, with Chl_a content 21% higher, Chl_b content 17% higher, and TCh content 19% higher (Table 8). But the results of total carotenoids content (TCa) do not coincide with the trend recorded for chlorophylls depending on the consecutive cut, during which about 19% higher values were recorded in nettle leaves in C II compared to the C I. Given the results of significance of each varied factor, cut significantly affected the content of all analyzed photosynthetic pigments. In C I the highest TCh value was recorded in leaves treated with NS3 and NS4 with no significant statistical difference, while in C II in leaves treated by NS1 and NS4 with no significant difference. Content of TCA in C I was the highest in nettle leaves treated by NS1 and NS3 with no significant difference, while in C II in leaves treated by NS1 and NS4 with no significant difference. According to the results of the significance of influence of individual varied factors, nutrient solution content (NS) had no significant influence on analyzed photosynthetic pigments content, while the combination of both factors NS × C significantly influenced only on the TCA content.


Table 8 | Pigment compounds content of nettle cultivated in different nutrient solutions.



As research studies suggest, chlorophyll and carotenoid content in plants is strongly influenced by ecological factors, especially temperature and solar radiation (Kukrić et al., 2012; Kriegel et al., 2018; Paulauskienė et al., 2021), but also by harvest time and the phenophase of the plant (Kukrić et al., 2012; Šircelj et al., 2018). Photosynthetic pigments tend to accumulate in young leaves, while the concentration of these pigments decreases during senescence and plant ageing (Biesiada et al., 2010; Kukrić et al., 2012; Wujeska-Klause et al., 2019). This statement is in agreement with the results of chlorophyll content in nettle leaves from this study, as the values of Chl_a, Chl_b, and TCh are significantly higher after C I and significantly lower after C II. TCA values do not follow the same trend as chlorophyll pigments when considering the consecutive cuts, as the generally higher TCA levels were found in C II. This could be influenced by the more intense sunlight in July, when the 2nd cut was carried out, as other authors have also found the higher TCA content in leaves in places with greater availability of sunlight (Paulauskienė et al., 2021). In addition, as vital components of the plant photosynthetic process, carotenoids function as light scavengers, energy carriers, and photochemical redox reactants that can perform a photoprotective function when plants are to exposed to sunlight (Shonte et al., 2020). Furthermore, strong link between photosynthetic pigments and nitrogen have been proven by several research studies (Chen et al., 2018; Botelho and Müller, 2020; Peng et al., 2021). Nitrogen is an essential component of the chlorophyll molecule and plays a crucial role in the most important plant metabolic processes, photosynthesis and the biosynthesis of chlorophylls. Thus, a deficiency of nitrogen leads to a decrease in the content of chlorophylls and carotenoids due to the reduced leaf CO2 assimilation (Lin et al., 2016). Considering the above, the results of higher photosynthetic pigment content in treatments with higher nitrogen content in the nutrient solutions (NS3 and NS4) are consistent with the data from the literature (Huang et al., 2021). This trend is more pronounced in C I, where Chl_a, Chl_b and TCh levels were significantly higher in treatments with NS3 and NS4, while in C II some deviations were recorded, as the highest chlorophyll levels were recorded in treatments with NS1 and NS4. This could be due to a stronger effect of the consecutive cut i.e. plant age on the content of photosynthetic pigments. Generally, given the other literature data about chlorophyll and carotenoid content in nettle leaves can be pointed that results from this study are in agreement with other researches which state that nettle is a rich source of chlorophylls. In this research even higher values of photosynthetic pigments were recorded compared to the other literature data (Guil-Guerrero et al., 2003; Kukrić et al., 2012; Kriegel et al., 2018; Paulauskienė et al., 2021; Opačić et al., 2022).





4 Conclusion

The research was conducted in a greenhouse hydroponic system and offers insights into controlled agronomic practices for nettle cultivation. These results are promising for sustainable agriculture in the face of growing environmental challenges. They demonstrate the potential of hydroponic methods for cultivation of nettle as a green leafy vegetable for human consumption and optimize resource use and food quality. It can be concluded that hydroponically grown nettle has high nutritional quality and is an excellent source of minerals and specialized metabolites that enrich human nutrition. Considering the results of this study, a nutrient solution with lower nutrient levels (NS2) yielded the plant material with the highest content of ascorbic acid, total phenolic content, total non-flavonoid content, and total flavonoid content, as well as antioxidant capacity during 2nd consecutive cut. Nutrient solution with even lower levels of nutrients (NS1) resulted in the lowest nitrate content of the plant material (which is critical for both safety and nutritional value) and the highest levels of Ca and Fe, as a result of ion antagonism. Additionally, NS1 resulted in higher concentrations of specific phenolic compounds: caffeoyl maleic acid, ellagic acid, ferulic acid, naringin, and rutin trihydrate. Based on all these points, and considering that this solution is the most favorable in terms of resource management (benefits in terms of cost savings, reduced environmental impact and efficient use of resources) due to the lower content of nutrients, we would highly recommend it for the future sustainable cultivation of nettle using hydroponic techniques.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

NO: Conceptualization, Data curation, Software, Writing – original draft, Writing – review & editing. SR: Conceptualization, Methodology, Writing – original draft, Writing – review & editing. MD: Conceptualization, Data curation, Methodology, Writing – original draft, Writing – review & editing. SFU: Methodology, Software, Writing – review & editing. BB: Software, Writing – review & editing. NT: Software, Visualization, Writing – review & editing. MP: Conceptualization, Data curation, Writing – original draft. LČ: Data curation, Writing – review & editing. SV: Data curation, Visualization, Writing – review & editing. JŠŽ: Conceptualization, Methodology, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by Croatian Science Foundation (Hrvatska zaklada za znanost–www.hrzz.hr) under the project IP-2019-04-3325 URTICA-BioFuture–Nutritional and functional value of nettle (Urtica dioica L.) by application of modern hydroponic cultivation techniques.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Abanto-Rodriguez, C., Pinedo-Panduro, M., Alves-Chagas, E., Cardoso-Chagas, P., Tadashi-Sakazaki, R., Santos de Menezes, P. H., et al. (2016). Relation between the mineral nutrients and the Vitamin C content in camu-camu plants (Myrciria dubia) cultivated on high soils and flood soils of Ucayali, Peru. Scientia Agropecuaria 7 (3), 297–304. doi: 10.17268/sci.agropecu.2016.03.18

 Adhikari, B. M., Bajracharya, A., and Shrestha, A. K. (2016). Comparison of nutritional properties of Stinging nettle (Urtica dioica) flour with wheat and barley flours. Food Sci. Nutr. 4, 119–124. doi: 10.1002/fsn3.259

 Akram, N. A., Shafiq, F., and Ashraf, M. (2017). Ascorbic acid-a potential oxidant scavenger and its role in plant development and abiotic stress tolerance. Front. Plant Sci. 613. doi: 10.3389/fpls.2017.00613

 AOAC. (2002). Official Methods of Analysis. 17th Edition (Washington DC, USA: Association of Official Analytical Chemist).

 AOAC. (2015). Officinal Method of Analysis of AOAC International (Gaithersburg, Maryland, USA: Association of Official Analytical Chemist).

 Ashour, H., Khalifa, S., and Okasha, A. (2020). Automated drip irrigation scheduling for maximizing water use efficiency of cucumber production inside greenhouse by solar energy. Fresenius Environ. Bull. 29 (2), 706–714.

 Bergmann, W. (1992). Nutritional disorders of plants (Stuttgart, New York: Gustav Fischer Verlag Jena).

 Bian, Z., Wang, Y., Zhang, X., Li, T., Grundy, S., Yang, Q., et al. (2020). A review of environment effects on nitrate accumulation in leafy vegetables grown in controlled environments. Foods 9 (6), 732. doi: 10.3390/foods9060732

 Biesiada, A., Kucharska, A., Sokół-Łętowska, A., and Kuś, A. (2010). Effect of the age of plantation and harvest term on chemical composition and antioxidant avctivity of stinging nettle (Urtica dioica L.). Ecol. Chem. Eng. 17 (9), 1061–1068.

 Bird, R. P., and Eskin, N. M. (2021). The emerging role of phosphorus in human health. Adv. Food Nutr. Res. 96, 27–88. doi: 10.1016/bs.afnr.2021.02.001

 Botelho, R. V., and Müller, M. M. L. (2020). Nutrient redistribution in fruit crops: Physiological implications (Amsterdam, Netherlands: Fruit Crops, Elsevier), 33–46. doi: 10.1016/B978-0-12-818732-6.00003-4

 Brkić, D., Bošnir, J., Bevardi, M., Bošković, A. G., Miloš, S., Lasić, D., et al. (2017). Nitrate in leafy green vegetables and estimated intake. Afr. J. Tradit. Complement. Altern. Medicines 14 (3), 31–41. doi: 10.21010/ajtcam.v14i3.4

 Brown, J. C. (1978). Mechanism of iron uptake by plants. Plant Cell Environ. 1 (4), 249–257. doi: 10.1111/j.1365-3040.1978.tb02037.x

 Bustamante, M.Á., Michelozzi, M., Barra Caracciolo, A., Grenni, P., Verbokkem, J., Geerdink, P., et al. (2020). Effects of soil fertilization on terpenoids and other carbon-based secondary metabolites in Rosmarinus officinalis plants: A comparative study. Plants 9, 830. doi: 10.3390/plants9070830

 Chadzinikolau, T., and Formela-Luboińska, M. (2023). Nitrogen metabolism and antioxidant capacity of selected vegetables from organic and conventional crops. Appl. Sci. 13 (20), 11170. doi: 10.3390/app132011170

 Chen, G., Wang, L., Fabrice, M. R., Tian, Y., Qi, K., Chen, Q., et al. (2018). Physiological and nutritional responses of pear seedlings to nitrate concentrations. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01679

 Chowdhary, V., Alooparampil, S. V., Pandya, R. G., and Tank, J. (2021). Physiological Function of Phenolic Compounds in Plant Defense System. Phenolic Compounds - Chemistry, Synthesis, Diversity, Non-Conventional Industrial, Pharmaceutical and Therapeutic Applications (London, United Kingdom: IntechOpen). doi: 10.5772/intechopen.101131

 Dujmović, M., Opačić, N., Radman, S., Fabek Uher, S., Voća, S., and Šic Žlabur, J. (2023). Accumulation of stinging nettle bioactive compounds as a response to controlled drought stress. Agriculture 13 (7), 1358. doi: 10.3390/agriculture13071358

 Dujmović, M., Radman, S., Opačić, N., Fabek Uher, S., Mikuličin, V., Voća, S., et al. (2022). Edible flower species as a promising source of specialized metabolites. Plants 11 (19), 2529. doi: 10.3390/plants11192529

 Đurović, S., Pavlić, B., Šorgić, S., Popov, S., Savić, S., Petronijević, M., et al. (2017). Chemical composition of stinging nettle leaves obtained by different analytical approaches. J. Funct. Foods 32, 18–26. doi: 10.1016/j.jff.2017.02.019

 Ebrahimian, S., Pirzad, A., Jalilian, J., and Rahimi, A. (2021). The Effect of Micronutrients Supplementation (Fe, Zn, B, and Mn) on Antioxidant Activity of Milk Thistle (Silybum marianum L.) under Rainfed Condition. J. Medicinal Plants By-products 1, 43–50. doi: 10.22092/jmpb.2021.123781

 European Commission. (2023a). Available at: https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/agriculture-and-green-deal_en (Accessed October 10 2023).

 European Commission. (2023b). Commission Regulation (EU) 2023/915 of 25 April 2023 on maximum levels for certain contaminants in food and repealing Regulation (EC) No 1881/2006. Off. J. Eur. Union 119, 103–157.

 Fageria, N. K., Baligar, V. C., and Clark, R. B. (2002). Micronutrients in crop production. Adv. Agron. 77, 185–268. doi: 10.1016/S0065-2113(02)77015-6

 Fernández, J. A., Orsini, F., Baeza, E., Oztekin, G. B., Muñoz, P., Contreras, J., et al. (2018). Current trends in protected cultivation in Mediterranean climates. Eur. J. Hortic. Sci. 83 (5), 294–305. doi: 10.17660/eJHS.2018/83.5.3

 Fortier, E., Desjardins, Y., Tremblay, N., Bélec, C., and Côté, M. (2010). Influence of irrigation and nitrogen fertilization on broccoli polyphenolics concentration. Acta Hortic. 856, 55–62. doi: 10.17660/ActaHortic.2010.856.6

 Gaafar, A. A., Ali, S. I., El-Shawadfy, M. A., Salama, Z. A., Sękara, A., Ulrichs, C., et al. (2020). Ascorbic acid induces the increase of 2ndary metabolites, antioxidant activity, growth, and productivity of the common bean under water stress conditions. Plants 9 (5), 627. doi: 10.3390/plants9050627

 Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G., Bloomer, P., et al. (2013). Sustainable intensification in agriculture: premises and policies. Science 341 (6141), 33–34. doi: 10.1126/science.123448

 Glasdam, S. M., Glasdam, S., and Peters, G. H. (2016). The importance of magnesium in the human body: a systematic literature review. Adv. Clin. Chem. 73, 169–193. doi: 10.1016/bs.acc.2015.10.002

 Gomes, M. P., Smedbol, É., Carneiro, M. M. L. C., Garcia, Q. S., and Juneau, P. (2014). Reactive oxygen species and plant hormones. Oxid. damage to Plants pp, 65–88. doi: 10.1016/B978-0-12-799963-0.00002-2

 Gonnella, M., and Renna, M. (2021). The Evolution of soilless systems towards ecological sustainability in the perspective of a circular economy. Is it really the opposite of organic agriculture? Agronomy 11 (5), 950. doi: 10.3390/agronomy11050950

 Gonnella, M., Serio, F., Conversa, G., and Santamaria, P. (2004). Production and nitrate content in lamb’s lettuce grown in floating system. Acta Hortic. 644, 61–68. doi: 10.17660/ActaHortic.2004.644.5

 Grevsen, K., Fretté, X., and Christensen, L. P. (2008). Concentration and composition of flavonol glycosides and phenolic acids in aerial parts of stinging nettle (Urtica dioica L.) are affected by high nitrogen fertilization and by harvest time. Eur. J. Hortic. Sci. 73 (1), 20–27.

 Gruda, N., Savvas, D., Colla, G., and Rouphael, Y. (2018). Impacts of genetic material and current technologies on product quality of selected greenhouse vegetables—A review. Eur. J. Hortic. Sci. 83 (11), 319–328. doi: 10.17660/eJHS.2018/83.5.5

 Guil-Guerrero, J. L., Rebolloso-Fuentes, M. M., and Isasa, M. T. (2003). Fatty acids and carotenoids from Stinging Nettle (Urtica dioica L.). J. Food Composition Anal. 16 (2), 111–119. doi: 10.1016/S0889-1575(02)00172-2

 Hamza, A., Abdelraouf, R. E., Helmy, Y. I., and El-Sawy, S. M. M. (2022). Using deep water culture as one of the important hydroponic systems for saving water, mineral fertilizers and improving the productivity of lettuce crop. Int. J. Health Sci. 6, 2311–2331. doi: 10.53730/ijhs.v6nS9.12932

 Hasanuzzaman, M., Bhuyan, M. B., Zulfiqar, F., Raza, A., Mohsin, S. M., Mahmud, J. A., et al. (2020). Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator. Antioxidants 9 (8), 681. doi: 10.3390/antiox9080681

 Heimler, D., Romani, A., and Ieri, F. (2017). Plant polyphenol content, soil fertilization and agricultural management: a review. Eur. Food Res. Technol. 2, 1107–1115. doi: 10.1007/s00217-016-2826-6

 Heyl, K., Ekardt, F., Roos, P., and Garske, B. (2023). Achieving the nutrient reduction objective of the Farm to Fork Strategy. An assessment of CAP subsidies for precision fertilization and sustainable agricultural practices in Germany. Front. Sustain. Food Syst. 7. doi: 10.3389/fsufs.2023.1088640

 Holm, G. (1954). Chlorophyll mutations in barley. Acta Agric. Scand. 44, 57–71. doi: 10.1080/00015125409439955

 HRN ISO 11261:2004. (2004). Soil quality - Determination of total nitrogen - Modified Kjeldahl method (ISO 11261:1995). Hrvatski zavod za norme, Zagreb, Croatia.

 Hu, W., Guan, Y., and Feng, K. (2022). Biosynthesis of phenolic compounds and antioxidant activity in fresh-cut fruits and vegetables. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.906069

 Huang, W. T., Xie, Y. Z., Chen, X. F., Zhang, J., Chen, H. H., Ye, X., et al. (2021). Growth, mineral nutrients, photosynthesis and related physiological parameters of Citrus in response to nitrogen deficiency. Agronomy 11 (9), 1859. doi: 10.3390/agronomy11091859

 Ibrahim, M. H., Jaafar, H. Z. E., Karimi, E., and Ghasemzadeh, A. (2013). Impact of organic and inorganic fertilizers application on the phytochemical and antioxidant activity of Kacip Fatimah (Labisia pumila Benth). Molecules 18, 10973–10988. doi: 10.3390/molecules180910973

 Koczkodaj, S., Przybył, J. L., Kosakowska, O., Węglarz, Z., and Bączek, K. B. (2023). Intraspecific variability of stinging nettle (Urtica dioica L.). Molecules 28 (3), 1505. doi: 10.3390/molecules28031505

 Kregiel, D., Pawlikowska, E., and Antolak, H. (2018). Urtica spp.: Ordinary plants with extraordinary properties. Molecules 23 (7), 1664. doi: 10.3390/molecules23071664

 Kukrić, Z. Z., Topalić-Trivunović, L. N., Kukavica, B. M., Matoš, S. B., Pavičić, S. S., Boroja, M. M., et al. (2012). Characterization of antioxidant and antimicrobial activities of nettle leaves (Urtica dioica L.). Acta Periodica Technologica 43, 257–272. doi: 10.2298/APT1243257K

 Lazarević, B., and Poljak, M. (2019). Fiziologija bilja (Croatia: University of Zagreb Faculty of Agriculture).

 Lee, S. K., and Kader, A. A. (2000). Preharvest and postharvest factors influencing vitamin C content of horticultural crops. Postharvest Biol. Technol. 20 (3), 207–220. doi: 10.1016/S0925-5214(00)00133-2

 Lin, Z. H., Zhong, Q. S., Chen, C. S., Ruan, Q. C., Chen, Z. H., and You, X. M. (2016). Carbon dioxide assimilation and photosynthetic electron transport of tea leaves under nitrogen deficiency. Botanical Stud. 57, 1–12. doi: 10.1186/s40529-016-0152-8

 Liu, W., Yin, D., Li, N., Hou, X., Wang, D., Li, D., et al. (2016). Influence of environmental factors on the active substance production and antioxidant activity in Potentilla fruticosa L. and its quality assessment. Sci. Rep. 6, 28591. doi: 10.1038/srep28591

 Lorenz, O. A., and Maynard, D. N. (1988). Knotts Handbook for Vegetable Growers (New York: John Wiley Sons).

 Luetic, S., Knezovic, Z., Jurcic, K., Majic, Z., Tripkovic, K., and Sutlovic, D. (2023). Leafy vegetable nitrite and nitrate content: potential health effects. Foods 12 (8), 1655. doi: 10.3390/foods12081655

 Lundberg, J., Weitzberg, E., and Gladwin, M. (2008). The nitrate–nitrite–nitric oxide pathway in physiology and therapeutics. Nat. Rev. Drug Discovery 7, 156–167. doi: 10.1038/nrd2466

 Ma, Y., Zhang, S., Feng, D., Duan, N., Rong, L., Wu, Z., et al. (2023). Effect of different doses of nitrogen fertilization on bioactive compounds and antioxidant activity of brown rice. Front. Nutr. 10. doi: 10.3389/fnut.2023.1071874

 Marek, C., and Tosun, J. (2023). Tackling the environmental and climate footprint of food systems: how “Transformative” Is the EU’s farm to fork strategy? Sustain. Transformations Soc. Transitions Environ. Accountabilities pp, 265–297. doi: 10.1007/978-3-031-18268-6_10

 Marlin, M., Simarmata, M., Salamah, U., and Nurcholis, W. (2022). Effect of nitrogen and potassium application on growth, total phenolic, flavonoid contents, and antioxidant activity of Eleutherine palmifolia. AIMS Agric. Food 7 (3), 580–593. doi: 10.3934/agrfood.2022036

 McLean, R. M., and Wang, N. X. (2021). Potassium. Adv. Food Nutr. Res. 96, 89–121. doi: 10.1016/bs.afnr.2021.02.013

 Monisha, K., Kalai Selvi, H., Sivanandhini, P., Sona Nachammai, A., Anuradha, C. T., Rama Devi, S., et al. (2023). Hydroponics agriculture as a modern agriculture technique. J. Achievements Mater. Manuf. Eng. 116 (1), 25–35. doi: 10.5604/01.3001.0016.3395

 Nardini, M. (2022). Phenolic compounds in food: characterization and health benefits. Mol. (Basel Switzerland) 27 (3), 783. doi: 10.3390/molecules27030783

 Naz, H. I. R. A., Akram, N. A., and Ashraf, M. (2016). Impact of ascorbic acid on growth and some physiological attributes of cucumber (Cucumis sativus) plants under water-deficit conditions. Pak J. Bot. 48 (3), 877–883.

 Nguyen, P. M., and Niemeyer, E. D. (2008). Effects of nitrogen fertilization on the phenolic composition and antioxidant properties of basil (Ocimum basilicum L.). J. Agric. Food Chem. 56 (18), 8685–8691. doi: 10.1021/jf801485u

 Nicola, S., Hoeberechts, J., and Fontana, E. (2006). Ebb -and- flow and floating systems to grow leafy vegetables: A review for rocket, corn salad, garden cress and purslane. Acta Hortic. 747, 585–593. doi: 10.17660/ActaHortic.2007.747.76

 Nieder, R., and Benbi, D. K. (2022). Reactive nitrogen compounds and their influence on human health: an overview. Rev. Environ. Health 37 (2), 229–246. doi: 10.1515/reveh-2021-0021

 Niu, F., Zhang, D., Li, Z., Van Iersel, M. W., and Alem, P. (2015). Morphological response of eucalypts seedlings to phosphorus supply through hydroponic system. Scientia Hortic. 194, 295–303. doi: 10.1016/j.scienta.2015.08.029

 Olarewaju, O. A., Alashi, A. M., Taiwo, K. A., Oyedele, D., Adebooye, O. C., and Aluko, R. E. (2018). Influence of nitrogen fertilizer micro-dosing on phenolic content, antioxidant, and anticholinesterase properties of aqueous extracts of three tropical leafy vegetables. J. Food Biochem. 42 (4), 12566. doi: 10.1111/jfbc.12566

 Opačić, N., Radman, S., Fabek Uher, S., Benko, B., Voća, S., and Šic Žlabur, J. (2022). Nettle cultivation practices—From open field to modern hydroponics: A case study of specialized metabolites. Plants 11 (4), 483. doi: 10.3390/plants11040483

 Paulauskienė, A., Tarasevičienė, Ž., and Laukagalis, V. (2021). Influence of harvesting time on the chemical composition of wild stinging nettle (Urtica dioica L.). Plants 10 (4), 686. doi: 10.3390/plants10040686

 Peng, J., Feng, Y., Wang, X., Li, J., Xu, G., Phonenasay, S., et al. (2021). Effects of nitrogen application rate on the photosynthetic pigment, leaf fluorescence characteristics, and yield of indica hybrid rice and their interrelations. Sci. Rep. 11 (1), 7485. doi: 10.1038/s41598-021-86858-z

 Pratyusha, S. (2022). Phenolic compounds in the plant development and defense: an overview. In Plant Stress Physiology  M. Hasanuzzaman, and K. Nahar Eds. IntechOpen: London, UK, 125–140. doi: 10.5772/intechopen.102873

 Pravina, P., Sayaji, D., and Avinash, M. (2013). Calcium and its role in human body. Int. J. Res. Pharm. Biomed. Sci. 4 (2), 659–668.

 Qiu, W., Wang, Z., Huang, C., Chen, B., and Yang, R. (2014). Nitrate accumulation in leafy vegetables and its relationship with water. J. Soil Sci. Plant Nutr. 14 (4), 761–768. doi: 10.4067/S0718-95162014005000061

 Radman, S. (2015). Influence of Nitrogen Fertilization and Cultivation Methods on the Chemical Composition of Stinging Nettle (Urtica dioica L.). Ph.D. Thesis (Zagreb, Croatia: Faculty of Agriculture, University of Zagreb), 27 (12).

 Radman, S., Fabek, S., Žutić, I., Benko, B., and Toth, N. (2014). Stinging nettle cultivation in floating hydropon. Contemp. Agric. 63 (3), 215–223.

 Radman, S., Fabek Uher, S., Opačić, N., Ivanka, Ž., Benko, B., Jurčić, B., et al. (2022). Primjena biostimulatora u uzgoju koprive. Glasnik Zaštite Bilja 45 (3), 22–28. doi: 10.31727/gzb.45.3.3

 Radman, S., Javornik, M., Žutić, I., Opačić, N., and Benko, B. (2021). “Impact of different nutrient solution composition on stinging nettle growth and mineral content,” in VIII South-Eastern Europe Symposium on Vegetables and Potatoes 1320. (Belgium: International Society for Horticultural Science), 157–166. doi: 10.17660/ActaHortic.2021.1320.20

 Radman, S., Žutić, I., Fabek, S., Toth, N., Benko, B., and Čoga, L. (2016). “Influence of propagation method and fertilization on chemical composition and yield of stinging nettle,” in Proceedings of the 51st Croatian & 11th International Symposium on Agriculture, Opatija, Hrvatska, 15–18 February 2016 (Zagreb: University of Zagreb Faculty of Agriculture), 192–196.

 Radman, S., Žutić, I., Fabek, S., Žlabur, J. Š., Benko, B., Toth, N., et al. (2015). Influence of nitrogen fertilization on chemical composition of cultivated nettle. Emirates J. Food Agric. 27 (12), 889–896. doi: 10.9755/ejfa.2015-04-089

 Radušienė, J., Marksa, M., Ivanauskas, L., Jakštas, V., Çalişkan, Ö., Kurt, D., et al. (2019). Effect of nitrogen on herb production, secondary metabolites and antioxidant activities of Hypericum pruinatum under nitrogen application. Ind. Crops Products 139, 111519. doi: 10.1016/j.indcrop.2019.111519

 Rafajlovska, V., Kavrakovski, Z., Simonovska, J., and Srbinoska, M. (2013). Determination of protein and mineral contents in stinging nettle. Qual. Life (Banja Luka)-APEIRON 7 (1-2), 26–30. doi: 10.7251/QOL1301026R

 Repajić, M., Cegledi, E., Zorić, Z., Pedisić, S., Elez Garofulić, I., Radman, S., et al. (2021). Bioactive Compounds in Wild Nettle (Urtica dioica L.) Leaves and Stalks: Polyphenols and Pigments upon Seasonal and Habitat Variations. Foods 10, 190. doi: 10.3390/foods10010190

 Rocha, B. S. (2021). The nitrate-nitrite-nitric oxide pathway on healthy ageing: A review of pre-clinical and clinical data on the impact of dietary nitrate in the elderly. Front. Aging 2. doi: 10.3389/fragi.2021.778467

 Roumeliotis, C., Siomos, A. S., and Gerasopoulos, D. (2021). Comparative nutritional and antioxidant compounds of organic and conventional vegetables during the main market availability period. Nitrogen 2 (1), 18–29. doi: 10.3390/nitrogen2010002

 Rufí-Salís, M., Calvo, M. J., Petit-Boix, A., Villalba, G., and Gabarrell, X. (2020). Exploring nutrient recovery from hydroponics in urban agriculture: An environmental assessment. Resour. Conserv. Recycling 155, 104683. doi: 10.1016/j.resconrec.2020.104683

 Rutto, L. K., Xu, Y., Ramirez, E., and Brandt, M. (2013). Mineral properties and dietary value of raw and processed stinging nettle (Urtica dioica L.). Int. J. Food Sci. 3, 1–9. doi: 10.1155/2013/857120

 Šamec, D., Karalija, E., Šola, I., Vujčić Bok, V., and Salopek-Sondi, B. (2021). The role of polyphenols in abiotic stress response: the influence of molecular structure. Plants 10 (1), 118. doi: 10.3390/plants10010118

 SAS Institute (2017). SAS/STAT 14.3 (Cary, NC. SAD: SAS Institute Inc).

 Savvas, D., and Gruda, N. (2018). Application of soiless culture techologies in the modern greenhouse industry – A review. Eur. Hortic. Sci. 83 (5), 280–293. doi: 10.17660/eJHS.2018/83.5.2

 Shonte, T. T., Duodu, K. G., and de Kock, H. L. (2020). Effect of drying methods on chemical composition and antioxidant activity of underutilized stinging nettle leaves. Heliyon 6 (5), e03938. doi: 10.1016/j.heliyon.2020.e03938

 Šic Žlabur, J., Radman, S., Fabek Uher, S., Opačić, N., Benko, B., Galić, A., et al. (2021). Plant response to mechanically-induced stress: a case study on specialized metabolites of leafy vegetables. Plants 10 (12), 2650. doi: 10.3390/plants10122650

 Šircelj, H., Petkovsek, M. M., Veberic, R., Hudina, M., and Slatnar, A. (2018). Lipophilic antioxidants in edible weeds from agricultural areas. Turkish J. Agric. Forestry 42 (1), 1–10. doi: 10.3906/tar-1707-25

 Steensland, A., and Zeigler, M. (2021). Productivity in agriculture for a sustainable future. The Innovation Revolution in Agriculture (Cham, Switzerland: Springer).

 Stefanelli, D., Goodwin, I., and Jones, R. (2010). Minimal nitrogen and water use in horticulture: Effects on quality and content of selected nutrients. Food Res. Int. 43, 1833–1843. doi: 10.1016/j.foodres.2010.04.022

 Trejo-Téllez, L. I., and Gómez-Merino, F. C. (2012). “Nutrient solutions for hydroponic systems,” in Hydroponics—A Standard Methodology for Plant Biological Researches (London, UK: IntechOpen), 1–22.

 Upton, R. (2013). Stinging nettles leaf (Urtica dioica L.): Extraordinary vegetable medicine. J. Herbal Med. 3 (1), 9–38. doi: 10.1016/j.hermed.2012.11.001

 Vilkickyte, G., and Raudone, L. (2021). Phenological and geographical effects on phenolic and triterpenoid content in Vaccinium vitis-idaea L. Leaves Plants (Basel Switzerland) 10 (10), 1986. doi: 10.3390/plants10101986

 Villani, A., Loi, M., Serio, F., Montesano, F. F., D’Imperio, M., De Leonardis, S., et al. (2023). Changes in Antioxidant Metabolism and Plant Growth of Wild Rocket Diplotaxis tenuifolia (L.) DC cv Dallas Leaves as Affected by Different Nutrient Supply Levels and Growing Systems. J. Soil Sci. Plant Nutr. 23, 4115–4126. doi: 10.1007/s42729-023-01328-x

 Weiwei, Z. H. O. U., Ting, L. V., Yan, H. U., Wenjing, L. I. U., Qingfang, B. I., Chongwei, J. I. N., et al. (2020). Effect of nitrogen limitation on antioxidant qualities is highly associated with genotypes of lettuce (Lactuca sativa L.). Pedosphere 30 (3), 414–425. doi: 10.1016/S1002-0160(19)60833-7

 Wettstein, D. (1957). Chlorophyll-letale und der submikroskopische Formwechsel der Plastiden. Exp. Cell Res. 12, 427–434. doi: 10.1016/0014-4827(57)90165-9

 WHO. World Health Organization. (2023). Available at: https://www.who.int/health-topics/micronutrients#tab=tab_1 (Accessed September 3 2023).

 Wu, S., Liu, Y., Cui, X., Zhang, Q., Wang, Y., Cao, L., et al. (2021). Assessment of potential nitrite safety risk of leafy vegetables after domestic cooking. Foods 10 (12), 2953. doi: 10.3390/foods10122953

 Wujeska-Klause, A., Crous, K. Y., Ghannoum, O., and Ellsworth, D. S. (2019). Leaf age and eCO2 both influence photosynthesis by increasing light harvesting in mature Eucalyptus tereticornis at EucFACE. Environ. Exp. Bot. 167, 103857. doi: 10.1016/j.envexpbot.2019.103857




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Opačić, Radman, Dujmović, Fabek Uher, Benko, Toth, Petek, Čoga, Voća and Šic Žlabur. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2024.1331327_cover.jpg
& frontiers | Frontiers in Plant science

Boosting nutritional quality of Urtica dioica
L. to resist climate change





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Boosting nutritional quality of Urtica dioica L. to resist climate change

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Plant material and cultivation conditions

          



          		

            2.2 Number of leaves and yield of hydroponic cultivated nettle

          



          		

            2.3 Determination of dry matter, mineral composition and nitrate concentration

          



          		

            2.4 Determination of the ascorbic acid content and phenolic compounds

          



          		

            2.5 Determination of pigment compounds

          



          		

            2.6 Determination of antioxidant capacity

          



          		

            2.7 Statistical analysis

          



        



        



        		

          3 Results and discussion

        

          		

            3.1 Number of leaves and yield of nettle

          



          		

            3.2 Dry matter content of nettle

          



          		

            3.3 Mineral composition of nettle

          



          		

            3.4 Nitrate concentration of nettle

          



          		

            3.5 Ascorbic acid content of nettle

          



          		

            3.6 Phenolic content of nettle

          



          		

            3.7 Antioxidant activity of nettle

          



          		

            3.8 Photosynthetic pigment content of nettle

          



        



        



        		

          4 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/table6.jpg
ASA

_cap FRAP (umol Ant_cap ABTS
Treatment 1(&1% ) pTE/L) ¢ (umolpTE/
NS1 xCI 74.90° + 7.07 215.82° + 1.88 71.488 + 1.20 144.34° + 2.88 122477 + 19.12 2423044 + 9.72
N§2x CI 80.25% +7.59 23839 + 143 97.78° + 053 140.61° + 1.90 1554.40° + 17.99 2413.83% + 2126
N$3 x C1 69.73 + 4.00 164.79% + 331 85.88" + 0.43 78.928 + 2.89 963.27" + 11.92 2461.24% + 4.35
N$4x C1 89.03" + 3.35 170.23 £ 0.91 73.288 + 291 96.94" + 2.03 1078.05¢ + 9.06 2442.40% £ 9.89
NSL x CII 79.38" £ 6.68 419.22° £ 0.63 205.16° + 2.31 214.06" £ 1.67 3122.07° + 41.36 2475.76" + 5.40
NS2 x CII 102.30" + 1.19 465.92" + 045 225.16" + 0.57 240.69" + 0.95 3237.62° + 21.20 2525.78" + 7.68
NS3 x CII 72.78°+ 432 352.24° + 0.89 164.319 + 1.08 187.93% + 118 2617.92% + 20.92 2467.46™ + 17.75
NS4 x CII 74.86° + 4.67 42056" + 1.75 211.78° £ 0.39 208.78° + 1.91 303361 + 14.76 2365.24°  63.78
ANOVA p < 0.0002 p <0.0001 p <0.0001 p <0.0001 p <0.0001 P <0.0002
NS 0.0001%* 0.0001* 00001 00001 0.0001** 0.0013**
C 0.1001" 0.0001*%* 0.0001**% 0.0001%** 0.0001** 0.0346*
NSxC 0.0004*** 0.0001*%* 0.0001*** 0.0001*** 0.0001*** 0.0001***

NS, nutrient solution; C, consecutive cut; NS x C, the interaction of nutrient solution and consecutive cut; C I, 1* cut; C 11, 2™ cut; AsA, ascorbic acid content; TPC, total phenol content; TNFC,
total non-flavonoid content; TFC, total flavonoid content; Ant_cap, antioxidant capacity. Results are expressed as mean + standard deviation. Different letters indicate significant differences
between mean values. * and *** indicate significant effects at p < 0.05 and 0.001, respectively.
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pH EC (mS/cm) DO (mg/L) 17(Ee)

Becaces NS1 NS2 NS3 NS4 NS1 NS2 NS3 NS4 NS1 NS2 NS3 NS4 NS2 NS3

April IT 74 72 73 7.1 19 18 29 30 35 35 20 28 174 | 174 172 | 172
April 11T 68 66 64 ‘ 64 18 18 28 30 22 2.0 31 27 17.8 179 180 180
May I 7.5 7.0 67 67 19 18 29 30 34 35 32 35 199 195 196 198
May IT 72 6.8 65 65 14 17 2.7 29 28 27 20 27 235 | 232 233 231
May IIT 72 67 65 65 14 16 28 30 32 3.0 23 25 236 | 233 234 233
June I 74 7 67 68 12 16 29 31 29 28 24 28 271 | 269 | 271 | 270
June 1T 72 69 65 66 13 16 28 29 35 36 24 35 275 | 270 | 272 | 274
June TIT 73 63 6.6 64 13 17 30 32 34 31 31 ‘ 35 316 | 314 | 319 314

July T 72 V 6.1 65 63 13 18 29 31 29 28 26 28 313 308 313 307

EC, electrical conductivity; DO, diluted oxygen; T, temperature.
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Treatment Number of leaves

NS1xCI 11.00° + 1.40 230° + 0.27
NS2xC1 1140 ™+ 0.12 1.82° + 0.32
N$3xCI 10.87°% + 1.71 249" £ 0.36
NS4 x C1 847°+1.72 1.99% + 030
NS1 x CII 1200 + 1.70 0.44° £ 0.27
Nszxcl 1227 + 130 053¢ £ 0.05
NS3 x CII 8.90° + 111 058+ 0.17
NS4 x C I 1147 + 0.96 0.41° + 0.01
ANOVA 00292 P <0.0001
NS 0.0343* 0.0976™
¢ 0.1513% 00001
NS x C 0.0292* v 0.0001**

NS, nutrient solution; C, consecutive cut; NS x C - the interaction of nutrient solution and
consecutive cut; C I, 1* cut; C IL, 2™ cut. Results are expressed as mean + standard deviation.
Different letters indicate significant differences between mean values. ns, * and *** indicate
significant effects at p < 0.05 and 0.001, respectively.
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Standard

Calibration

rve Equa

Caffeic acid y = 13159.9x + 12112.7 0.9998311
Caffeoylmalic acid y = 20636.8x + 16807 0.999728
Chlorogenic acid y = 14511.7x - 66325.3 0.9997641

Coumaric acid y =2551.11x + 2349.01 0.9998387

Ellagic acid y = 33829.1x - 6862.97 1.0

Ferulic acid y = 27461.5 - 90059.3 0.9870226

Kaempferol y = 88470.8x - 1047410 0.9998243

Naringin y =3941.28 - 30329.7 0.9829743
Quercetin 3-glucoside y = 50449x - 342648 0.9997252
Rutin trihydrate y = 34107.6x - 238617 0.9989752
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Treatment

NSI x CI 0.73% + 0.02 039" + 0.01 L11* £ 0.01 0.21°° £ 0.01
NS2 x CI 0.77" + 0.01 039 + 0.03 115" £ 0.04 0.20° = 0.02
NS3 x CI 078"+ 0.11 042" +0.09 1.20° + 020 021 +0.01
NS4 x CI 077" +0.03 044" +0.03 121° + 0.00 0.15° £ 0.03
NS1 x CIl 0.67"" + 0.05 040™ + 0.03 1.07* + 0.08 024" + 0.01
NS2 x CII 0.61% + 0.05 035" + 0.06 0.95% £ 0.10 021°° £ 0.01
NS3 x CII 0.56° £ 0.04 0.30° + 0.02 0.86° £ 0.06 0.22% £ 0.01
NS4 x CIl 0.69™ +0.10 034 + 0.05 1.03%¢ + 015 024" £ 0.03
ANOVA p <0.0079 p<0.0214 P <0.0096 P <0.0011
NS 0.4212™ 0.5959" 0.4505™ 0.0936™
C 0.0001*** 0.0064* 0.0004* 0.0001***
NS x C 0.0079** 0.0214* 0.0096** 0.0011

NS, nutrient solution; C, consecutive cut; NS x G, the interaction of nutrient solution and consecutive cut; C 1, 1% cut; C I1, 2° cut;; Chl_a. chlorophyll a content; Chl_b. chlorophyll b content;
‘TCh, total chlorophyll content; TCa, total carotenoid content. Results are expressed as mean + standard deviation. Different letters indicate significant differences between mean values. ns, *, **,

and *** indicate non-significant and significant effects at p < 0.05, 0.01, and 0.001, respectively.
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Quercetin 3 Rutin

Treatment Caffeic acid Caffeoylmalic acid Chlorogenic acid Coumaric acid Ellagic acid = Ferulic acid Kaempferol Naringin

glucoside trihydrate
mg/L

NSIxCl nd 9.14°£1.79 1068° £ 191 nd 0.58°£0.08 3.68° % 0.09 no1tt001 | 8359£023 7.01°£ 005 7.37° £ 008
Ns2xCI 01 0.1 2520°+7.28 2026° £ 521 0,07 %007 070° £ 0,09 3885014 109592003 84g™'x026 727007 7.49° £ 0,09
NS3xC1 028% +019 46.28°+ 108 833+ 062 nd 1.83°£ 0.06 482 % 0.11 1194 £001 910" 009 741° £ 0.18 8557+ 005
NSt xC1 nd 1012° £ 071 1067° + 121 nd 0915+ 0.12 403 £ 004 1198+ 004 814 +013 7185+ 004 7.68 £ 0.14
NSIxCII 1032° £ 0.12 46238 £ 23.12 104.00° £ 15.12 5.27°+095 14.40° + 1.34 2402° £ 377 12034010 | 1655°+073 | 1414°£023 2400° £ 240
NS2x CII 441°£0.14 26934° £ 13.47 48.40" £ 090 463"+ 174 1270° + 255 1598° +323 12000 £ 006 | 85914019 1384+ 162 2192° £ 507
NS3xCII 677°+0.17 229087 + 2660 69.07° £ 327 972" £0.12 0.48° £ 0.00 1830° + 1.00 1213 £ 001 797" + 0.08 14.97% £ 054 13.94° + 1.00
NSt xCIl 7.00° +0.09 365.80° £ 16.48 11957° +393 1052° 075 1034° £ 052 1934° + 046 1209°£002 921"+ 0.16 1554° £ 025 1927 £ 153
ANOVA P =0.0001 P < 0.0001 P = 0.0001 p = 0.0001 = 00001 p < 0.0001 = 00019 p < 00001 P = 0.0001 P = 0.0001
NS 0.0001°* 0,001 000017 00001+ 0.0001°+ 00192 00377 0.0001°+* 0.0686™ 0.0158"
c 0,001+ 0,001+ 0.0001° 00001+ 000017+ 0.0001+* 000017+ 0.0001+ 000017 000017+
NsxC 0,001 0,001 000017 0.0001"+ 000017+ 00001 0.0019* 00001+ 000017 00001+

NS, nutrient solution; C, consecutive cut; NS x C, the interaction of nutrient solution and consecutive cut C I, 14 cut; C 11, 2" cut. Results are expressed as mean + standard deviation. Different letters indicate significant differences between mean values. nd ~ not
determined; ns, *, **, and *** indicate non-significant and significant effects at p < 0.0, 0.01, and 0.001, respectively.
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Solution

KNO, 25099 20343 177.01 583.88
KH,PO, 1427 27212 180.0 261.56
K504 0 0 343.46 0
Ca(NO;),.4H,0 501.5 548.7 1063.0 1093.0
MgSO, x 7H,0 25625 494.06 494.06 5126
FeEDTA 13% 128 13.66 17.07 42.68
H;BO; 132 264 581 159
CuSO, x 5H,0 0.026 132 1.32 026
Mn$O; x 4H,0 0.79 238 3.96 6.08
ZnSO, x 7H,0 0.11 0.40 1.32 045
Na,MoO; » 2 H,0 0.02 0.07 0.19 0
(NH,)gM0,0,x4H,0 0 0 0 037
EC 15 17 28 30
pH 58-62

EC, electric conductivity.
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Treatment

& C 16.81° 6.32 0.61° 3.89° 554° 1.03° 100.00° 34.43° 35.43¢ 25.00° 6196.67°
+035 +0.03 +001 +0.02 +0.08 +0.06 +3.61 +076 +087 +0.56 +287.29

NS2xC1 1658 621° 0.66" 3.78° 424 146" 121.00° 2420° 80.70° 2973 5366.67°
+033 +0.03 +0.02 +0.09 +0.02 +0.01 +1.00 +036 +251 +035 +52.84

NS5 B 14.56° 6.70° 0.70° 1.64" 1.69° 0.81° 136.67% 36.03" 140.80" 21.93° 6117.00°
+0.18 +0.09 +0.03 +0.16 +0.08 +0.03 +3.06 032 +348 +086 +202.90

NS4 x C 1 16.05" 6.20° 059" 438" 4.42° 0.88% 115.67° 27.50° 145.53" 10.90° 6202.67°
+0.20 +0.05 +0.03 +0.09 £0.13 +0.07 £5.13 + 111 +293 +020 +70.19

NSl 2434° 3.97 026 3.07° 3174 0.83% 180.67* 23.13¢ 24.10° 463" 4225334
+003 +0.06 +001 +0.03 +0.22 +002 +5.69 025 +1.05 +085 +215.98

NS2 X C I 25.25% 3.96° 0.36° 333¢ 226" 1.23° 160.33° 12438 32.03% 8.60° 14946.67°
+0.16 +0.03 +0.01 +0.07 +0.09 +0.03 +2.89 +0.80 +2.60 +036 +314.10

NG 24.16" 4.96° 0.35° 453 2.82° 0.89% 170.67* 2577% 50.13° 11.10¢ 7153.33"
+041 +0.04 £0.01 +0.06 £0.09 +0.01 £737 £074 +323 +036 +85.36

NSeso 24.24° 4774 037 436" 2.88° 0.92¢ 162.00% 17.40" 27.63 460" 6050.00°
+0.13 +0.02 +001 +0.06 +0.08 +0.02 +458 +0.10 +1.10 +030 + 11435

P P P
ANOVA <0.0001 < 00001 <0.0001  p <0.0001 <00001  p<0.0001 | p<0.0001 <0.0001
P <00001  <o00001 P <o00001 P P P B P B

NS 00001 | 0.0001**  0.0001** | 0.0001***  0.0001**  0.0001**  0.0002** | 0.0001***  0.0001** | 0.0001***  0.0001***

(] 0.0001** | 0.0001%*  0.0001** | 0.0001***  0.0001**  0.0001** = 0.0001** | 0.0001***  0.0001*** = 00001***  0.0003***

NS xC 00001 | 0.0001%*  0.0001** | 0.0001**  0.0001***  0.0001**  0.0001** | 0.0001***  0.0001*** | 0.0001***  0.0001***

DM, dry matter; NO, " - nitrate content; NS - nutrient solution; C, consecutive cut; NS x C - the interaction of nutrient solution and consecutive cut; CI, 1% cut; CI1, 2™ cut. Results are expressed
as mean + standard deviation. Different letters indicate significant differences between mean values.*** indicate significant effects at p < 0.001.





