

  horticulturae-09-00396




horticulturae-09-00396







Horticulturae 2023, 9(3), 396; doi:10.3390/horticulturae9030396




Article



Effects of Applying Nitrogen and Potassium on Lilium lancifolium Growth and Accumulation of Secondary Metabolites in Bulbs



Yunxia Wang †, Hubai Bu †, Han Wang, Ping Zhang * and Lei Jin *





School of Agriculture, Ningxia University, Yinchuan 750021, China









*



Correspondence: zp2689396@163.com (P.Z.); jinlei2013@nxu.edu.cn (L.J.)






†



These authors contributed equally to this work.









Academic Editor: Jiri Gruz



Received: 21 February 2023 / Revised: 15 March 2023 / Accepted: 16 March 2023 / Published: 18 March 2023



Abstract

:

Lilium lancifolium is a plant resource used as both medicine and food because it is enriched with polysaccharides, polyphenol compounds, and saponins. Increasing the quality of Lilium species is based largely on improvement using methods such as selective breeding and proper fertilization. In this study, we investigated the different responses of L. lancifolium bulbs to treatment with nitrogen (N) and potassium (K) in Hoagland solution. A pot experiment was conducted with four N rates and five K rates under a completely random design. The agronomic traits, N and K contents, and concentrations of active compounds were determined in bulbs, including total phenols, flavonoids, polysaccharides, and saponins. L. lancifolium treated with N and K exhibited increases in the plant height, leaf number, and chlorophyll content compared with the control (N0 + K0). The bulb circumference increased by 17.41% under N2 (609.80 mg L−1) + K2 (523.34 mg L−1) compared with N0 + K0. Individual or combined application of N and K increased the total phenol, flavonoid, and saponin contents, especially under N2 + K3, with the highest increases of 1.87–2.93 times compared with N0 + K0. However, the individual application of N decreased the polysaccharide contents by 2.78–42.04%. Hoagland solution containing 443.24–572.87 mg L−1 N and 573.61–759.16 mg L−1 K is recommended to improve the active contents of bulb components based on regression analysis. Our results demonstrate that the combined application of N and K is important for obtaining high-quality L. lancifolium bulbs.
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1. Introduction


Lilium lancifolium Thunb. is a perennial herb that belongs to the family Liliaceae, which originated in China where the richest germplasm resources are found for Lilium. Sichuan, Yunnan, and Shaanxi provinces have the largest distributions of Lilium species [1]. The bulbs of L. lancifolium are popular as a quality health food with medicinal and edible uses. Studies have shown that the underground bulbs are rich in various bioactive substances, such as total phenols, total flavonoids, polysaccharides, and saponins [2,3], which contribute to the quality and nutritional value. These compounds are known to have anti-tumor [4,5], anti-oxidation [6,7], hypoglycemic [8], and anti-inflammatory functions [9,10]. The bulb is an important vegetative reproductive organ for triploid L. lancifolium. However, the abundance and quality of this species have declined as the cultivated area expanded, and the plant’s edible and medicinal properties have been affected by limited accumulation of the active ingredients. Therefore, increasing the contents of the active ingredients of the bulb is an important approach for improving its edible and medicinal properties. Potassium (K) is an important element for plant metabolism and promoting the synthesis of carbohydrates [11]. It is well known that K has a role in increasing the chlorophyll content and photosynthesis, as well as in carbohydrate metabolism, thereby affecting the biosynthesis of carbon-based secondary metabolites, such as total phenols and flavonoids [12,13]. Nitrogen (N) is an essential element throughout plant growth and development because it is a constituent of proteins, enzymes, chlorophyll, auxin, and cytokinins [14,15]. The effects of different N concentrations and forms on plant growth are often primarily mediated through effects on protein concentrations [16]. Plant nutrition directly affects the effective synthesis, distribution, and accumulation of components of plants, thereby resulting in variations in quality under different cultivation conditions [17,18]. Rational fertilization increases the yield and quality as well as increasing the N and K use efficiency [19,20,21,22]. However, applying excessively high or low amounts of fertilizer will inhibit the absorption of nutrients, which is not conducive to growth. Guillén-Román et al. [23] showed that adding N significantly increased the accumulation of flavonoids in Moringa oleifera, but led to a decrease in the polysaccharide concentration in Lycium barbarum [24]. These studies suggest that fertilization may be a potential strategy for improving the medicinal and food functions of L. lancifolium.



Few studies have investigated the impacts of fertilization on the active substances in L. lancifolium, and most focused on the nutrient contents, whereas the main active substances comprising total phenols, saponins, and polysaccharides were not studied comprehensively. N and K are macronutrients with important roles in plant growth and the accumulation of active substances. However, the effects of different N and K application rates on the active components in L. lancifolium still require elucidation. Thus, it is important to determine the effects of applying different N and K concentrations and their interactions on the bulb quality in L. lancifolium.



In order to improve the quality, this study investigated the effects of incorporating N and K (five potassium and four nitrogen concentrations were set) into Hoagland nutrient solution on growth and the accumulation of bioactive substance in L. lancifolium bulbs. The experimental results obtained in this study will help to improve the medicinal and edible quality of L. lancifolium and contribute to the standardized cultivation of other bulbous plants. Our findings also provide a theoretical basis for research and development into specific fertilizers suitable for edible lilies.




2. Materials and Methods


2.1. Experimental Site


The field used for pot experiments was located in Yinchuan, which is the capital of Ningxia province in northwest China (38°30′16″ N, 106°7′38″ E). The trial was conducted from March to October 2020 at the Agricultural Training Base of Ningxia University. The bulbs were grown in an environmentally controlled greenhouse with day/night temperatures of 25 °C/15 °C ± 2 °C and relative humidity levels of 70–80%, and the daily average number of sunshine hours was more than 11 h.




2.2. Plant Materials and Treatments


L. lancifolium bulbs were planted in plastic pots (diameter of 180 mm and depth of 160 mm) filled with 3 kg of substrate (peat:perlite = 2:1) for lily planting on 15 March 2020, and each pot contained a single bulb. The experiment had a completely randomized design with a factorial arrangement and three replicates, with a total of 60 pots. Control and experimental groups were provided with deionized water (200 mL) every 3–5 days.



A two-factor, completely randomized design was used to set the phosphorus contents in the Hoagland nutrient solution, where the N and K treatments were prepared according to the N and K concentrations in the Hoagland solution. Five potassium and four nitrogen concentrations were set as follows: K0, nutrient solution containing no K+; K1, 0.5× Hoagland nutrient solution; K2, standard Hoagland nutrient solution; K3, 1.5× Hoagland nutrient solution; K4, 2× Hoagland nutrient solution; N0, nutrient solution containing no N+; N1, 0.5× Hoagland nutrient solution; N2, standard Hoagland nutrient solution; and N3, 1.5× Hoagland nutrient solution. The amounts of N (609.80 mg L−1) and K (523.34 mg L−1) in the Hoagland solution were at the standard level. The other N and K treatments were prepared by adding appropriate proportions of ammonium bicarbonate (N) and potassium sulfate (K) to obtain N0, N1, N2, N3, K0, K1, K2, K3, and K4. The Hoagland solution without N and K ions was used as the control. The standard formula of the Hoagland nutrient solution was calcium nitrate 945 mg L−1, potassium nitrate 607 mg L−1, and ammonium phosphate 115 mg L−1. The N in formulation of the Hoagland solution comes from more than two substances, so ammonium bicarbonate (N), potassium sulfate (K), and sodium dihydrogen phosphate (P) were used in this test to obtain ion balance in the Hoagland nutrient solution. The concentrations after determining the ion balance are ammonium bicarbonate 609.80 mg L−1, potassium sulfate 523.34 mg L−1, and sodium dihydrogen phosphate 88.40 mg L−1. The different concentration gradient of N and K after ion balance was shown in Table 1. A nutrient solution without N and K was used to compare with the experimental group (N0 + K0). On April 18, L. lancifolium seedlings were irrigated with N and K nutrient solution at different concentrations, where each pot received 400 mL of nutrient solution in two separate irrigations of 200 mL each, each 8 h apart. On 23 August 2020 (blooming stage), the plant height, stem diameter, leaf number, and chlorophyll content were measured with a tape measure, vernier caliper, and chlorophyll meter. Bulbs under different treatments were sampled to measure their circumference on 20 October 2020 (wilting stage). The bulbs were washed, placed in paper bags, dried in a hood at 50 °C, crushed, and passed through a 0.25 mm sieve. No insects, pests, or diseases were observed during the whole season.




2.3. Determination of Nutrient Contents


2.3.1. Sample Digestion


A sample of dried powdered bulb (0.1 g) was weighed in a digestion tube and wetted with a little deionized water, before adding 5 mL of sulfuric acid and shaking to mix well. A curved-neck funnel was placed in the mouth of the digestion tube, before heating in a digesting furnace. When the solution became brown and black, after cooling slightly, 10 drops of hydrogen peroxide (30%) were added to the tube, before digesting again for about 10 min. This method was repeated 2–3 times until the solution was colorless, before cooling down to room temperature. The solvent was transferred to a volumetric flask and diluted to 100 mL with deionized water [25].




2.3.2. Determination of N and K Contents


The N content was analyzed by using the Kjeldhal method (KDN–04B, Shanghai Lichen Bangxi Instrument Scientific and Technology Limited Company, Shanghai, China) [25]. Digestion solution (10 mL) was added to a semi-micro distillation system and 5 mL of boric acid at a concentration of 2% was added to a 150 mL triangular flask for distillation. The process was terminated when the volume of the liquid under steam distillation reached about 50–60 mL. The distilled liquid was then titrated with an acid standard solution until it turned blue-green to purple-red, and the amount of acid solution used was recorded.


  N ,  (   %   DW   )  =    (   V 1  −  V 0   )  × c × 14 × ts ×   10   − 3   × 100  m   



(1)







V1: the volume of the acid standard solution used when titrating the reagent, mL.



V0: the volume of the acid standard solution used when titrating the blank, mL.



c: concentration of acid standard solution, mol L−1.



14: molar mass of nitrogen atom, g mol−1.



ts: dividing multiple, constant volume of digestive juice/the volume of the liquid to be measured.



m: dry sample mass, g.



The K content was analyzed by Gallenkamp flame photometry [26]. The digestion solution (5 mL) was added to a volumetric flask and diluted to 50 mL with deionized water. The samples were measured with a flame photometer (FP6410, Shanghai Precision Scientific Instrument Limited Company, Shanghai, China).


  K ,  (   %   DW   )  =     ρ ⋅ V ⋅ ts  m  ×   10   − 4    



(2)







ρ: Check the mass concentration of chromogenic solution phosphorus from the standard curve, ug mL−1.



V: the volume of the chromogenic solution, mL.



ts: dividing multiple, constant volume of cooking liquid/volume of absorbing cooking liquid.



m: dry sample mass, g.





2.4. Determination of Active Component Contents


Representative samples of dry crushed bulbs (1.0 g) were extracted with 10 mL of methanol by ultrasonic extraction for 30 min and then centrifuged at 8000 r min−1 and 4 °C. This procedure was repeated twice, before pooling the extracts and storing in the dark [3].



The polysaccharide content was measured using the sulfuric acid–phenol method [27]. An aliquot of sample solution (0.1 mL) was mixed with 1.9 mL methanol in a test tube and 1 mL of phenol (5%) was added. After mixing, 5 mL of concentrated sulfuric acid was added quickly. The test tube was placed in a boiling water bath after heating for 15 min. After 10 min, 2 mL of distilled water was added and the absorbance was measured at 490 nm using a UV–visible spectrophotometer (UV-3000 PC, Mapada Crop, Shanghai, China). The mass concentration of glucose standard solution was 0, 100, 200, 300, 400, 500 mg L−1, respectively. The standard equation was y = 0.0197x − 0.0004, R2 = 0.9976 (x and y values represent absorbance and concentration, respectively).



The total phenol content was measured using the Folin–Ciocalteu method [28]. Briefly, 7.9 mL distilled water, 0.1 mL of Lilium bulb extract, and 0.5 mL of Folin–Ciocalteu reagent were added in order to a test tube. After reacting for 5 min, 1.5 mL of 20% sodium carbonate solution was added. The mixture was allowed to react at room temperature in the dark for 2 h and the absorbance was then measured at 765 nm. The mass concentrations of gallic acid standard solution were 0, 50, 100, 200, 400, 600, 800 mg L−1, respectively. The standard equation was y = 0.0976x + 0.0014, R2 = 0.9993 (x and y represent the absorbance and concentration, respectively).



The total flavonoid content was determined as described by Sarker and Oba [29]. Briefly, an aliquot of sample solution (1 mL) in a centrifuge tube was mixed in order with 4 mL of methanol solution, 0.3 mL of sodium nitrite (0.5 M), and 0.3 mL of aluminum chloride (0.3 M). After 5 min, 4 mL of sodium hydroxide (1 M) was added to the reaction system and the absorbance was measured at 510 nm. The mass concentration of rutin standard solution was 0, 50, 100, 200, 400, and 800 mg L−1, respectively. The standard equation was y = 0.1054x − 0.002, R2 = 0.9930 (x and y values represent absorbance and concentration, respectively).



The saponin content was determined by using the vanillin–perchloric acid method [30]. An aliquot of sample solution (0.1 mL) in a test tube was dried under a warm air flow. Next, after evaporating off the methanol, 0.2 mL vanillin–glacial acetic acid solution (5%) and 0.8 mL perchloric acid were added to the test tube. After mixing, the tube was placed in a constant temperature water bath at 60 °C to allow the color reaction to occur for 15 min. The tube was removed and cooled immediately for 5 min, before adding 5 mL of glacial acetic acid. After 10 min, the absorbance was measured at 544 nm. The mass concentration of dioscin standard solution was 0.25, 0.50, 0.75, 1.0, 1.25, and 1.50 mg L−1, respectively. The standard equation was y = 7.5657x − 0.046, R2 = 0.9963 (x and y represent the absorbance and concentration, respectively). The calculation formula of active component contents as follows:


     Active   component   contents ,     (     mg   g     - 1       DW   )  =   y × V × ts    V 0     



(3)







y: standard sample mass concentration, mg g−1.



V: amount of extracting solvent, L.



ts: dilution multiple.



V0: amount of extracting solution, L.




2.5. Statistical Analysis


The effects of the main factors (N and K) and their interactions on different variables were analyzed by two-way analysis of variance (ANOVA) using SPSS (version 23). Significant differences were accepted at p < 0.05. Duncan’s multiple range test was used to compare means. Nonlinear relationships were found between the active ingredient contents and the amounts of N and K applied, and the relationships between these variables were determined by using polynomial regression models. In each model, one factor was fixed by the dimension reduction method, i.e., the effect of a single factor on the polysaccharide, total phenol, flavonoid, and saponin contents.





3. Results


3.1. Effects of N and K on Agronomic Traits


Table 2 shows that compared with N0 + K0, the applied N and K concentrations affected the plant height, chlorophyll content, and bulb circumference, and these variables were strongly enhanced by the K application. When N was applied at N0–N2 level, the plant height increased initially and then decreased with the K application amount, and the maximum height occurred under at K3, but it was not different from that under K4. The maximum stem diameter also occurred under K4 (7.92 mm) and it was 10.31% higher compared with that under K0. The leaf number and chlorophyll content of the leaves increased with the K application amount by 3.03–15.67% and 4.20–25.07%, respectively. The N application rates over 609.80 mg L−1 and the K application rates over 785.01 mg L−1 negatively affected the agronomic traits, especially N3, which most clearly decreased the traits. Furthermore, the circumference of the bulb comprising the edible part of L. lancifolium is an important index that determines the yield. The bulb circumference responded weakly to the N application, where the highest bulb circumference (14.23 cm) was obtained under N2 + K2 (N 609.8 mg L−1, K 523.34 mg L−1) and it was significantly higher than those under other treatments, i.e., 17.41% higher compared with CK (N0 + K0). N and K had significant interactive effects (Table 3), especially on the plant height and bulb circumference (p < 0.05). The correlations between the N and K levels and agronomic traits were analyzed based on the different indexes analyzed for L. lancifolium. The results showed that the factors were correlated at p < 0.05, and the correlation coefficients ranged between −0.07 and 0.78 (Table 4). The N application was significantly positively correlated with the plant height and leaf number, with correlation coefficients of 0.50 and 0.47, respectively. The bulb circumference was positively correlated with the K application (correlation coefficient of 0.56).




3.2. Effects of Nitrogen (N) and Potassium (K) on Total N and K Contents of Bulbs


The N and K contents of the bulbs differed significantly under the N and K treatments (Figure 1A,B). Positive interactive effects were found at 0–2 times the standard level, where the N and K contents increased with the N and K application amounts. Figure 1A shows that the N and K contents of the bulbs differed significantly under the different N and K treatments, with a positive interactive effect. The highest N content was found under N2 + K3, which was 134.43% higher compared with that under N0 + K0. The N application had a significant positive correlation with the N content (correlation coefficient of 0.53) (Table 5). Treatment with N3 (914.70 mg L−1) K4 (1046.68 mg L−1) had a significant negative effect, thereby indicating that high N and K concentrations inhibited the accumulation of N. The highest K content was obtained under N2 + K2 and it was 2.27 times that under N0 + K0 (Figure 1B). The K content was lower under N3 than N2 but significantly higher than 1.that under N0. The K application amount and K content had a significant positive correlation (correlation coefficient of 0.55).




3.3. Effects of N and K on Active Components of Bulbs


Regression analysis was conducted with the binary quadratic polynomial: Y = b0 + b1X1 + b2X2 + b3X12 + b4X22 + b5X1X2, and the associations between active components and fertilizer application were examined using the method. Regression models were obtained among the total phenols (Y1), flavonoids (Y2), polysaccharides (Y3), and saponins (Y4), and N (X1) and K (X2) contents.



The coefficients of determination (R2 values) for the equations were 0.809, 0.672, 0.661, and 0.735, respectively, thereby indicating that the models established based on the experimental factors and results obtained good fits for the relationships between N and K and the active components of bulbs. The relationships between N and K with the active ingredients were coded and replaced in the binary quadratic regression equations, so the coefficients of the absolute values directly reflected the significance level of the influence of each factor on the active ingredients.



3.3.1. Effects of Individual Factors


The dimensionality reduction method was used to fix factors in the regression equation models for Y1, Y2, Y3, and Y4 in order to obtain an equation representing the effect of a single factor on the total phenol content:


Y1(X1) = 2.932 + 0.031X1 − 0.006X12



(4)






Y1(X2) = 2.932 + 0.006X2 − 0.005X22



(5)







Similarly, the equations for Y2, Y3, and Y4 were obtained by fixing each other factor.


Y2(X1) = 1.504 + 0.011X1 − 0.008X12



(6)






Y2(X2) = 1.504 + 0.008X2 − 0.005X22



(7)






Y3(X1) = 20.11 + 0.057X1 − 0.006X12



(8)






Y3(X2) = 20.11 + 0.038X2 − 0.002X22



(9)






Y4(X1) = 1.021 + 0.002X1 − 0.002X12



(10)






Y4(X2) = 1.021 + 0.019X2 − 0.002X22



(11)







The first order term in the regression equation between the amounts of N and K applied and the total phenol contents showed that the regression coefficients for X1 were 0.031 and 0.006, respectively, and thus the effect of K fertilizer on the total phenol contents was more significant than that of N fertilizer under the conditions in this experiment. Similarly, the effects of K fertilizer on the total flavonoids and polysaccharides were more significant than those of N fertilizer, whereas the effect of N fertilizer on saponins was more significant than that of K fertilizer.



The total phenol, flavonoid, polysaccharide, and saponin contents of the bulbs increased initially and then decreased as the N and K levels increased (Figure 2). Figure 2A shows that the total phenol content increased with the N application amount and the maximum occurred under N2, which was 15.70% higher compared with that under N0. In addition, the highest total phenol content occurred under K3 (6.20 mg g−1) and it was 30.53% higher than that under K0, thereby indicating that adding an appropriate amount of K fertilizer could increase the total phenol content. The flavonoid contents increased with the amounts of N and K applied at 0–2 times the standard level (Figure 2B). K3 had a significant effect on the total flavonoid content (p < 0.05), which was 46.32% higher compared with that under K0. The highest polysaccharide and saponin contents were obtained under N1 (Figure 2C,D) and they were significantly lower under N3, i.e., 42.04% and 32.07% lower, respectively. These findings indicate that the accumulation of polysaccharides and saponins demanded little N, and the application of high amounts of N could inhibit their accumulation. Compared with K0, the polysaccharide and saponin contents were significantly higher under K, i.e., 31.23% and 49.03% higher, respectively.




3.3.2. Effects of Two Factors


The total phenol and flavonoid contents of L. lancifolium bulbs increased under the application of N at 0–304.9 mg L−1 and K at 0–523.34 mg L−1 (Figure 3A,B), and there was a significant positive interaction between N and K according to the coefficients of the interaction for Equations (1) and (2) (p < 0.05). Increasing the application of N from 609.80 to 914.70 mg L−1 and K from 785.01 to 1046.68 mg L−1 significantly decreased the total phenol and flavonoid contents. Figure 3C shows that the polysaccharide content increased under the K application when N ranged between 0 and 304.90 mg L−1. The highest polysaccharide content was obtained under the N application at 304.90 mg L−1 and the K application at 523.34 mg L−1, and the content was significantly lower under the N application at 609.80 mg L−1, thereby indicating that applying an excessive amount of N was detrimental to polysaccharide accumulation and thus less N fertilizer should be applied in the later stage of L. lancifolium growth. The independent effect of N on the saponin content (Figure 3D) was greater than that of K. However, excessive N application might have a negative effect on the accumulation of saponins.




3.3.3. Optimized Combination of Factors


An interactive effect was found between N and K, and thus it was important to determine the optimal combination by analyzing the independent and interactive effects. Thus, the optimal combination of the desired amounts of fertilizer was obtained by solving the regression equation. The partial derivative functions were obtained for (N) X1, (K) X2 from the regression equation (Y1):


    ∂ y   ∂   X 1     = 0  . 031  + 0  . 012  X 1   + 0  . 009  X 2    



(12)






    ∂ y   ∂   X 1     = 0  . 006  + 0  . 010  X 2   + 0  . 009  X 1    



(13)







After solving the group of equations, we obtained X1 = 475.00 and X2 = 602.77, and thus the amounts of N and K applied would be 475.00 and 602.77 mg L−1, respectively, to produce the highest total phenol content in the bulbs.



Similarly, after determining the partial derivative functions for X1 (N) and X2 (K) from Y2, Y3, and Y4, the highest flavonoid, polysaccharide, and saponin contents would be obtained under the N application rates of 548.26, 443.81, and 596.54 mg L−1, respectively, and the K application rates of 655.79, 750.47, and 514.81 mg L−1.



Therefore, regression analysis showed that the highest active component contents in the bulbs would be obtained under N at 443.81 to 596.54 mg L−1 and K at 514.81 to 750.47 mg L−1 in the Hoagland nutrient solution. These findings are significant for research and the development of specific fertilizer for edible lilies.






4. Discussion


The present study of the effects of N and K application on the agronomic traits of L. lancifolium showed that applying appropriate amounts of N and K promoted growth and development. The positive effects of N fertilization can probably be explained by the fact that N is a constituent of the chlorophyll molecule, and applying N combined with K significantly increased the chlorophyll content (Table 2), which is essential for photosynthesis [11]. Under N3 (914.70 mg L−1), the stem diameter, leaf number, and chlorophyll content decreased with the K application, thereby indicating the unfavorable effect of excessive N application on the development of L. lancifolium, where top growth was inhibited [31,32]. El-Magd et al. [33] reported that the K application improved the plant length, leaf number, and bulb dimensions in sweet fennel. Our study showed that the changes in the agronomic traits varied as the N and K application rates increased. However, increasing the N rate does not always increase plant growth, and the availability of excessive amounts of nutrients can inhibit plant growth [34]. For example, the N and K application rates had an interactive effect on the growth of sweet fennel [11]. In the present study, N and K had significant interactive effects on the plant height and bulb circumference (Table 3). The agronomic traits were significantly enhanced under N2 + K2, where the positive effect on the bulb circumference was more obvious, i.e., 17.41% larger compared with N0 + K0. Correlation analysis demonstrated that the plant height and leaf number were positively correlated with the N application, and the bulb circumference was positively correlated with the K application (Table 4). Thus, N had a greater effect on top growth in L. lancifolium, probably because it is essential for cell division and elongation [35], and K was crucial for bulb enlargement. An appropriate combination of N and K fertilizers could be an efficient strategy to improve the growth traits and tuber yield in L. lancifolium [36].



The N and K contents can effectively reflect the absorption and utilization of nutrients by plants, which is crucial for improving fertilizer utilization rates [37]. Improved crop performance must be accompanied by an increase in the nitrogen use efficiency in order to limit the external N inputs and avoid the N surpluses associated with environmental and health problems [38]. Fu et al. [39] showed that the K utilization rate in plants was improved by adding N fertilizer, and K also helped to improve the N use efficiency in spring wheat in another study [20]. These results are consistent with those reported by El-Magd et al. who found that increasing the application rate of K fertilizer increased the N and K contents of sweet fennel bulbs [33]. In the present study, the N content clearly decreased when the K application was 1046.68 mg L−1 because the ability of plants to absorb N depends greatly on the intensity of photosynthesis, and a high concentration of K fertilizer will inhibit the effectiveness of photosynthesis, thereby hindering the absorption of N by plants [40]. When the N application rate was 914.7 mg L−1, the K content decreased significantly by 1.60–11.58% because excessive N affected the activities of photosynthetic enzymes and inhibited photosynthesis to reduce the absorption of K in bulbs [41]. Excessive K application reduces the K use efficiency rather than maintaining higher utilization rates [42]. Similar results have been reported for N where excessive fertilization decreased the fertilizer use efficiency [43]. In addition, we found that the K application rate was positively related to the N content (Table 5), which is consistent with the results obtained by Barzegar et al. [44] in sweet fennel.



The effect of K fertilizer on the total phenol content was more significant than that of N fertilizer under the conditions in the present study according to regression Equations (4) and (5). Similarly, the effect of K fertilizer on the total flavonoid and polysaccharide contents was more significant than that of N fertilizer. Our experimental results agree with those obtained in a previous study [42], which showed that N fertilizer had a greater effect on saponins than K fertilizer. Chung et al. [24] also obtained a higher concentration of polysaccharides under low N fertilization, which is consistent with our results. An adequate supply of nutrients is critical for the normal growth and development of medicinal plants. Nutrient elements such as N and K affect the synthesis of primary metabolites, but they also play important roles in the synthesis and accumulation of bioactive ingredients [11]. In the present study, increasing the application of N from 609.80 to 914.70 mg L−1 and K from 785.01 to 1046.68 mg L−1 significantly decreased the total phenol and flavonoid contents, and thus the excessive application of N and K had inhibitory effects on the biosynthesis of total phenols and flavonoids [18]. Potassium is the major cation in the phloem sap that affects sugar loading and long-distance transport through the phloem into sink organs, and increasing the polysaccharide content of the bulb may depend on greater sugar import and accumulation [44]. However, the excessive application of N might have a negative effect on saponin accumulation by decreasing the root activity, which is not conducive to the absorption of nutrients, thereby resulting in a decrease in active components [45]. N fertilizer increases the available N content to enhance N metabolism, increase the accumulation of amino acids, and significantly promote the production of secondary metabolites [18]. K fertilizer can coordinate the synthesis, transportation, and transformation of photosynthetic products, which is beneficial for the synthesis and accumulation of active substances in plants [46]. Many plant physiological functions depend on K, including energy metabolism, enzymatic activation, osmotic adjustment, and carbohydrate synthesis [47,48]. Thus, the excessive or insufficient application of fertilizer could limit the accumulation of active ingredients and result in the production of poor quality bulbs, and other medicinal plants also have specific fertilizer requirements [40,43,45].




5. Conclusions


Agronomic traits comprising the plant height, stem diameter, leaf number, and chlorophyll content, as well as the N and K contents of L. lancifolium bulbs, differed significantly under various N and K treatments (p < 0.05). The bulb circumference is regarded as a measure of the yield, and it was maximized under N at 609.80 mg L−1 and K at 523.34 mg L−1 in the Hoagland nutrient solution. Compared with N0 + K0, the experimental treatments increased the active component contents of the bulbs by 38.74–193.25%, especially under N2 + K3. The N and K application rates had significant interactive effects on the total phenolics, flavonoid, and saponin contents. According to regression analysis, the highest total phenol, flavonoid, polysaccharide, and saponin contents were obtained in bulbs under N applied at 443.2–572.87 mg L−1 and K at 573.61–759.16 mg L−1. The results obtained in this study contribute to our understanding of the responses of L. lancifolium bulbs to different fertilizer application levels, thereby helping to improve its medicinal and edible characteristics.
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Figure 1. N and K contents of L. lancifolium in bulbs under treatment with different N and K levels. Values within the same K level followed by different lowercase letters differed significantly (p < 0.05). Analyses of all indicators were replicated three times. 
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Figure 2. Effects of N and K application amounts on contents of active components of L. lancifolium bulbs. (A–D) show the change trend of total phenol, flavonoid, polysaccharide, and saponin in bulbs under a single factor, respectively. All experiments were repeated three times and the results were expressed as the mean± standard deviation. Values within the same K level followed by different lowercase letters differed significantly (p < 0.05). 
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Figure 3. Interactive effects of N and K on the active components in L. lancifolium bulbs. (A–D) show the change trend of total phenol, flavonoid, polysaccharide, and saponin in bulbs under the two factors, respectively. Analyses of all indicators were replicated three times. 
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Table 1. Experimental factor levels and coding (mg L−1).
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Factors

	
Constant Interval

	
Levels




	
0

	
1

	
2

	
3

	
4






	
N

	
304.9

	
0

	
304.90

	
609.80

	
914.70

	
–




	
K

	
261.67

	
0

	
261.67

	
523.34

	
785.01

	
1046.68
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Table 2. Effects of N and K application on growth and development of L. lancifolium.






Table 2. Effects of N and K application on growth and development of L. lancifolium.





	
N

	
K

	
Plant Height

(cm)

	
Stem Diameter

(mm)

	
Leaf Number

(No.)

	
Total Chlorophyll

(mg g−1)

	
Bulb Circumference

(cm)






	
0

	
0

	
127.78 ± 1.52 gh

	
6.43 ± 0.67 def

	
107.17 ± 2.46 d

	
46.50 ± 2.07 h

	
12.12 ± 0.58 de




	
1

	
128.47 ± 2.46 fgh

	
6.86 ± 0.30 bcdef

	
109.83 ± 2.37 cd

	
46.00 ± 3.14 h

	
12.97 ± 0.84 bcd




	
2

	
132.45 ± 1.16 cdefg

	
7.08 ± 0.73 abcdef

	
112.50 ± 2.29 bcd

	
51.85 ± 3.44 g

	
12.88 ± 0.82 bcd




	
3

	
135.57 ± 1.92 bcde

	
6.74 ± 0.81 bcdef

	
114.67 ± 1.59 abcd

	
52.98 ± 2.34 fg

	
12.90 ± 1.14 bcd




	
4

	
133.45 ± 1.97 cdef

	
6.31 ± 0.60 f

	
120.83 ± 0.97 ab

	
58.16 ± 3.49 ab

	
12.87 ± 0.42 bcd




	
1

	
0

	
132.17 ± 1.28 defgh

	
6.77 ± 0.48 bcdef

	
117.33 ± 1.85 abc

	
55.43 ± 2.85 cde

	
11.95 ± 0.40 de




	
1

	
134.60 ± 1.56 cdef

	
6.81 ± 0.32 bcdef

	
118.67 ± 1.77 abc

	
56.25 ± 3.40 abcd

	
12.43 ± 0.72 cde




	
2

	
133.55 ± 1.00 cdefg

	
7.30 ± 0.42 abcd

	
117.00 ± 2.16 abc

	
56.61 ± 3.45 abcd

	
12.98 ± 0.42 bcd




	
3

	
135.68 ± 2.10 bcde

	
7.05 ± 0.35 bcdef

	
114.00 ± 0.89 abcd

	
55.97 ± 3.13 bcde

	
13.78 ± 0.94 ab




	
4

	
132.50 ± 2.13 cdefg

	
7.11 ± 0.60 abcdef

	
114.67 ± 1.28 abcd

	
57.76 ± 3.80 abc

	
12.92 ± 0.30 bcd




	
2

	
0

	
134.53 ± 0.99 cdef

	
7.18 ± 0.36 abcdef

	
119.17 ± 1.05 ab

	
53.94 ± 2.76 efg

	
12.55 ± 1.02 bcd




	
1

	
136.78 ± 1.68 bcd

	
7.25 ± 0.51 abcde

	
122.17 ± 1.60 a

	
56.57 ± 2.91 abcd

	
13.05 ± 0.85 bcd




	
2

	
138.78 ± 1.92 abc

	
7.35 ± 0.91 abc

	
118.33 ± 1.34 abc

	
58.35 ± 3.34 a

	
14.23 ± 0.68 a




	
3

	
143.17 ± 3.17 a

	
7.26 ± 0.44 abcde

	
117.33 ± 3.03 abc

	
52.56 ± 2.37 g

	
13.60 ± 0.32 abc




	
4

	
141.55 ± 2.23 ab

	
7.92 ± 0.81 a

	
112.50 ± 1.28 bcd

	
53.19 ± 4.18 fg

	
13.48 ± 1.02 abc




	
3

	
0

	
129.00 ± 2.14 efgh

	
7.44 ± 0.62 ab

	
121.33 ± 2.63 ab

	
56.87 ± 2.26 abcd

	
11.37 ± 0.57 e




	
1

	
130.83 ± 1.61 defg

	
7.32 ± 0.34 abc

	
118.00 ± 3.08 abc

	
56.78 ± 3.01 abcd

	
12.87 ± 0.72 bcd




	
2

	
128.17 ± 2.86 fgh

	
6.74 ± 0.27 bcde

	
117.00 ± 2.87 abc

	
54.89 ± 2.57 def

	
13.75 ± 0.56 ab




	
3

	
126.50 ± 2.83 h

	
6.49 ± 0.45 cdef

	
117.67 ± 1.52 abc

	
52.58 ± 2.12 g

	
13.43 ± 0.29 abc




	
4

	
126.67 ± 1.98 h

	
6.40 ± 0.31 ef

	
114.17 ± 1.66 abcd

	
53.18 ± 3.66 fg

	
12.70 ± 0.42 bcd








Values within the same columns followed by different lowercase letters differ significantly at p < 0.05. Analyses of all indicators were replicated three times. All data are expressed as the mean ± standard error.
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Table 3. F-values obtained by two-way ANOVA showing significant effects of N and K on trait performance in L. lancifolium.
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Traits

	
Plant Height

	
Stem Diameter

	
Leaf Number

	
Total Chlorophyll

	
Bulb Circumference






	
Factors

	
F

	
P

	
F

	
P

	
F

	
P

	
F

	
P

	
F

	
P




	
N

	
1.79

	
0.07

	
3.77 *

	
0.04

	
2.47

	
0.07

	
3.12 *

	
0.04

	
1.79

	
0.14




	
K

	
3.25 *

	
0.03

	
1.61

	
0.12

	
0.96

	
0.38

	
4.29 *

	
0.03

	
2.97 *

	
0.04




	
N * K

	
3.47 *

	
0.03

	
0.72

	
0.18

	
0.54

	
0.36

	
1.03

	
0.04

	
2.91 *

	
0.04








* Significant treatment effects within a main category at 0.01 < p ≤ 0.05.
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Table 4. Correlations between N and K levels and agronomic characters in L. lancifolium.
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	N
	K
	Plant Height
	Stem Diameter
	Leaf Number
	Total Chlorophyll
	Bulb Circumference





	N
	1
	
	
	
	
	
	



	K
	0.00
	1
	
	
	
	
	



	Plant Height
	0.50 *
	0.31
	1
	
	
	
	



	Stem Diameter
	0.27
	−0.07
	0.62 **
	1
	
	
	



	Leaf Number
	0.47 *
	−0.10
	0.59 **
	0.17
	1
	
	



	Chlorophyll
	0.33
	0.20
	0.52 *
	0.28
	0.78 **
	1
	



	Bulb Circumference
	0.14
	0.56 *
	0.43
	0.08
	−0.05
	0.13
	1







* Significant at p < 0.05; ** significant at p < 0.01 (n = 3).
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Table 5. Correlations between N, K concentrations and N, K contents of L. lancifolium in bulbs.
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	N
	K
	N Content
	K Content





	N
	1
	
	
	



	K
	0.00
	1
	
	



	N content
	0.53 *
	0.55 *
	1
	



	K content
	0.44
	0.55 *
	0.42
	1







* Significant at p < 0.05; (n = 3).
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