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Abstract

:

Lilium davidii var. unicolor is an important variety of lily with high economic, ornamental, edible, and medicinal values. Up to now, the research on polysaccharide as the main active substance is not vast, especially the effect of potassium on lily polysaccharide. Here, we investigated the effects of potassium fertilizer application on the growth and development, polysaccharide accumulation in the bulb, and differential metabolites in L. davidii var. unicolor. It was treated with fixed amounts of nitrogen (N) and phosphorus (P), and four K concentrations comprising K0 (0 mg·L−1), K1 (447.6 mg·L−1), K2 (671.4 mg·L−1), or K3 (895.2 mg·L−1). The growth indexes were determined for L. davidii var. unicolor under different K concentrations in different growth stages. The polysaccharide contents of the bulbs were determined using the sulfuric acid−phenol method. An analysis of the differential polysaccharide metabolites was also conducted. The application of potassium promoted the growth and increased the bulb polysaccharide content of L. davidii var. unicolor, and the most suitable K concentration of 671.4 mg·L−1 had the most significant effects. Non-targeted metabolomics analysis screened 37 differential polysaccharide metabolites under K0 and K2, where 25 were significantly upregulated and 12 were significantly downregulated. Three metabolic pathways were enriched in polysaccharide-related differential metabolites, i.e., the galactose metabolism, amino sugar and nucleotide sugar metabolism, and starch and sucrose metabolism. The results could provide a theoretical basis for an improved fertilization management and the high-quality cultivation of L. davidii var. unicolor.
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1. Introduction


The Lilium davidii var. unicolor is an important economic crop; it is the only edible sweet lily in China and its high levels of polysaccharides can be used as potential bulb quality biomarkers [1]. The L. davidii var. unicolor is mostly found in Lanzhou city, Gansu Province, China, where it is mainly cultivated through the bulb propagation method. It is commonly known as the “sweet lily” because of its edible, nutritious, and medicinal properties [2]. The bulbs of L. davidii var. unicolor are regularly consumed as food for their distinctive taste and are common ingredients in soups, stir-fries, and stew-like dishes such as a “hot pot”. It has been used as a herb in Chinese folk medicine as a remedy for insomnia and dreamful sleep. The bulbs are rich in starch, protein, and dietary fiber, as well as bioactive polysaccharides [3]. Polysaccharides have a polycarbohydrate structure with at least 10 monosaccharides linked by glycosidic bonds. During hydrolysis, polysaccharides produce a series of intermediate products before ultimately yielding monosaccharides through the complete hydrolysis [4]. In addition, pharmacological studies have shown that the polysaccharides have antioxidant [5,6], immune [7], antitumor [8,9,10,11], and hypoglycemic properties [12,13,14], and thus it is known as “vegetable ginseng”.



Ornamental species, especially flowering plants, demand high amounts of K because this element is directly related to the flowering process [15]. In calla lily plants, K is the most important essential nutrient [16,17]. The demand of potassium plants for potassium is greater than that of nitrogen and phosphorus. A single application of nitrogen and phosphorus fertilizer can promote the growth of lily plants, but its increase is lower than that of potassium fertilizer. The seedlings of L. davidii var. unicolor also exhibit a strong but inconsistent response to the K treatment: whereas an intermediate K supply increases the seedling height, basal shoot diameter, leaf number, and leaf area, a high K supply decreases or has little effect on these growth characteristics [18]. The polysaccharide, reducing sugar contents, and nine mineral elements were studied in the bulbs of four types of edible lily [19], and the highest polysaccharide content was 14.58 mg·g−1 in L. davidii and the lowest was 9.74 mg·g−1 in Lilium lancifolium. In another study, the phenol−sulfuric acid method and aluminum blue colorimetric method were used to determine the polysaccharide contents of Lilium under different fertilization treatments [20], where potassium fertilizer had the greatest influence on the quality of Lilium and the polysaccharide content was significantly higher than the average level after a foliar fertilizer treatment in the later stage. Integrated metabolic profiling and transcriptome analysis using petal tissues from the lily cultivar “Vivian” [21] detected metabolites in different regions using a wide targeting metabolomics method, and 23 differentially accumulated metabolites were found. The levels of cinnamic acid and coumarinic acid were higher in the bud stage in “Vivian” petal samples than pigmented petal samples. In recent years, the expansion of the cultivation area, seed degeneration, and quality declines have resulted in the decreased accumulation of active ingredients in Lilium, thereby affecting the edible and medicinal properties [22].



Previous studies mainly focused on the polyphenol contents of lily bulbs after fertilization and the optimal fertilizer ratio, whereas few have considered the accumulation of polysaccharides, metabolic pathways for polysaccharides, and differential metabolites during the growth and development of lily bulbs in Lanzhou. Therefore, in this study, we investigated the effects of different potassium concentrations on the growth and development of L. davidii var. unicolor, and the accumulation of polysaccharides in the bulb. Metabolomics analysis was conducted to determine the bulb polysaccharide-related metabolites and metabolic pathways after the potassium application in order to provide a reference for an improved fertilization management and the development of medicinal health resources for L. davidii var. unicolor.




2. Materials and Methods


2.1. Sampling


The test materials comprised L. davidii var. unicolor bulbs with a circumference of 12−15 cm purchased from Huamu Company, Lanzhou city, Gansu Province, China. The experiment was conducted in a glass greenhouse at the agricultural training base of Ningxia University in China. The average indoor temperature was 24 °C and natural illumination was available for more than 10 h per day. The relative humidity was 70−80%.




2.2. Chemicals and Reagents


Pure analytical reagents comprising phenol, sulfuric acid, and methanol were purchased from Bodi Chemical Co., Ltd. (Tianjin, China). Methanol, HPLC, 67-56-1, Fisher Chemical; Acetonitrile, HPLC, 75-05-8, Fisher Chemical; Formic Acid, HPLC, 64-18-6, CNW; Water, LC-MS, 7732-18-5, Fisher Chemical; 2-Propanol, HPLC, 67-63-0, Merck; 2-Chloro-L-Phenylalanine, ≥98%, 103616-89-3, Adamas-beta.




2.3. Experimental Design


A single factor completely randomized design was used to fix the nitrogen and phosphorus contents in Hoagland nutrient solution, and four potassium concentration gradients were set: K0, nutrient solution containing no K+; K1, standard Hoagland nutrient solution; K2, 1.5× Hoagland nutrient solution; and K3, 2× Hoagland nutrient solution. (Since the N element in the Hoagland formulation comes from more than two substances, ammonium bicarbonate (N), potassium chloride (K), and sodium dihydrogen phosphate (P) were used in this test under the condition of ion balance with the Hoagland nutrient solution. The concentrations after the balance are shown in Table 1). There were 4 treatments in the experiment and 20 pots for each treatment, reaching a total of 400 pots. A 20 cm × 20 cm plastic flowerpot was selected and the pot was filled with a substrate (peat:perlite = 2:1) of 3 kg for lily planting. Each pot was planted with a bulb, with a depth of about 10 cm. The pots of different treatments were digitally marked and placed on a movable seedbed in turn, watered with deionized water every 3–5 days. The seedlings of L. davidii var. unicolor (on 8 April) were irrigated with different concentrations of potassium nutrient solution, and each pot received an amount of irrigated nutrient solution of 400 mL. Samples were taken every 15 days after the potassium application, and five pots were randomly selected from each treatment for mixed sampling and sent back to the laboratory for cleaning, drying at 50 °C, crushing, and screening.




2.4. Determination of Growth Indicators


The plant height was measured as the distance from the plant base to the top with a steel tape. The stem diameter was measured at the thickest part of the stalk base by using Vernier calipers at internodes on the stem base. The effective blade number was counted on the plants from the bulb base. The chlorophyll contents were measured with a chlorophyll meter for the blades growing at the top, middle, and bottom of the plant. The bulbs were weighed, and the bulb circumference was measured with a ruler to circle the bulb.




2.5. Extracts and Determination of Polysaccharide Contents


The lily bulb extracts for polysaccharide analysis were prepared using the following methods. The lily bulbs used in the experiment were cleaned, dried in an oven, crushed by a grinder, and ground to make a dry lily bulb powder. The dry lily bulb powder was prepared and 1.00 g was placed into a 50 mL centrifuge tube, before adding 10 mL of methanol solution. After sealing, an ultrasonic extraction was conducted at 50 °C for 30 min, before centrifugation at 4 °C for 10 min (12,000 r·min−1). The supernatant was collected in a 15 mL centrifuge tube and stored in a refrigerator in the dark at 4 °C to determine the polysaccharide contents.



The phenol–sulfuric acid method was used to determine the polysaccharide contents [23] and the results were expressed as the glucose mass (mg) per gram of the fresh lily bulb sample. Next, 0.02 mL of Lanzhou lily bulb extract was placed in a 10 mL test tube, before adding 1.98 mL of methanol and 1 mL of 5% phenol reagent. The mixture was shaken and 5 mL of the concentrated sulfuric acid was added, before shaking again for 2 min and heating in a boiling water bath for 15 min. The tube was then immediately placed in a cold water bath to cool, before adding 2 mL of distilled water, shaking, and measuring the absorbance at 490 nm. Three replicates were analyzed for each treatment.




2.6. HPLC Analysis for Polysaccharide


The sample extraction: 50 mg of lily bulb was placed in a 2 mL centrifuge tube, before adding 6 mm diameter grinding beads and 400 μL of the extract (the extract was methanol:water = 4:1 (v:v), containing 0.02 mg·mL−1 L-2-chlorophenylalanine). Under the condition of −10 °C, 50 Hz, it was put into the freeze grinding machine for grinding over a course of 6 min. At 5 °C, with a 40 KHz low temperature ultrasonic extraction at 30 min, the extract was placed under the condition of −20 °C for 30 min and then centrifuged for 15 min. Finally, the supernatant was removed to the sample bottle for intubated machine analysis.



The chromatographic conditions: UPLC was conducted using an ACQUITY UPLC HSS T3 chromatographic column (Waters, Milford, USA, with a column temperature of 40 °C, mobile phase A comprising 95% water + 5% acetonitrile (containing 0.1% formic acid), and mobile phase B comprising 47.5% acetonitrile + 47.5% isopropanol + 5% water (containing 0.1% formic acid)). The mobile phase elution gradient: the flow rate was set to 0.4, 0.5, and 0.6 mL. At min−1 3.5~5.5 min, A decreased from 75.5% to 0% and B increased from 24.5% to 100%; at 7.4~7.6 min, A increased from 0% to 48.5% and B decreased from 100% to 51.5%; and at 7.8~10 min, A was 100% and B was 0%.




2.7. Data Analysis


All experiments were repeated three times and the results were expressed as the mean ± standard deviation. Excel 2010 was used for the data processing, SPSS 19.0 software was used to conduct the analysis of variance (ANOVA), and Duncan’s multiple comparison test was applied to detect the significance differences at p < 0.050. Pearson’s correlation coefficients were calculated to detect the correlations. Origin 2018 software was used for mapping. A multivariate statistical analysis (Python v1.0.0 and R language ropls package) was used for the chemometric analyses, i.e., partial least squares-discriminant analysis (PLS-DA).





3. Results and Analysis


3.1. Effects of Potassium Application on Growth and Development of L. davidii var. unicolor


The effects of the potassium application on the growth and development of L. davidii var. unicolor are shown in Table 2, which demonstrates that the potassium application obtained a better plant growth compared with the no potassium treatment (K0). From 60 days to 75 days after the potassium application, the plant height, stem diameter, and chlorophyll content increased initially and then decreased as the potassium concentration increased. The overall L. davidii var. unicolor plant height was highest in this growth period compared with other treatments, and the maximum plant height, stem diameter, and chlorophyll content were obtained under K2 with 74.56 cm, 9.09 mm, and 71.47, respectively. From 30 days to 45 days after the fertilization, the chlorophyll content of the L. davidii var. unicolor leaves was positively correlated with the K concentration in the budding stage, and the chlorophyll content increased with the K concentration. Under different K concentrations, the bulb weight and bulb circumference increased initially but then decreased as the K concentration increased, where they were higher under all of the K treatments compared with K0. In particular, the bulb weight and bulb circumference were highest under K2. Thus, adding an appropriate K concentration could increase the bulb weight and bulb circumference, maintain the bulb growth, and continuously support the aboveground growth. During the whole growth period, compared with K0, the potassium application promoted the growth and development of L. davidii var. unicolor, and the growth parameters varied significantly under the different treatments and in the different growth stages.




3.2. Effect of Potassium Application on Polysaccharide Content in Bulbs of L. davidii var. unicolor


As shown in Figure 1, during the whole growth period, except for 30 days of potassium application, K3 reduced the polysaccharide content compared with the K0 treatment. At 60 days, the polysaccharide content of the K3, K2, and K1 treatments was lower than that of the K0 treatment. At 15 days, 45 days, and 75 to 135 days, the potassium application increased the polysaccharide content in the bulb compared with the K0 (no potassium application). Within 45 days of the potassium fertilizer application, the polysaccharide contents increased gradually in the bulbs as the potassium application rate increased, and the polysaccharide contents were higher than those in the later growth period. After the fertilization at the 60 days mark, with the increase in the potassium concentration, the content of polysaccharide decreased first and then increased, but it was lower than that of the K0 treatment. Similarly, a previous study on potassium fertilizer application showed that the polysaccharide content was significantly higher in the early stage of the medicinal lily cultivation than the average level. Thus, potassium fertilizer is beneficial for the accumulation of the active substances in lily plants.




3.3. Correlations between Agronomic Traits and Polysaccharide Contents of L. davidii var. unicolor


The correlations between the agronomic traits and bulb polysaccharide contents were analyzed based on the different indexes analyzed for L. davidii var. unicolor. The results showed that the factors were correlated at p < 0.05, and the correlation coefficients ranged between −0.051 and 0.82 (Figure 2). The polysaccharide contents were significantly negatively correlated with the plant height (a correlation coefficient of −0.44) and significantly positively correlated with the leaf number and chlorophyll contents, obtaining correlation coefficients of 0.45 and 0.56, respectively. The bulb circumference was positively correlated with the stem diameter and bulb weight, but the correlation with the bulb weight was highest at 0.82.




3.4. Metabolomics Analysis of Polysaccharides in Bulb Extract of L. davidii var. unicolor


During the harvest period (on August 24), the metabolomics analyses were conducted to determine the polysaccharide contents under K0 and K2.



3.4.1. PLS-DA Results


After the PCA, a supervised PLS-DA was conducted to identify the different metabolites that contributed to the clusters obtained by the PCA data. According to the PLS-DA score plot (Figure 3), the data under K2 and K0 were clearly separated, thereby demonstrating that the changes in the small molecular metabolites were obvious during the growth and development of L. davidii var. unicolor after the potassium fertilizer application. In the permutation test, the two groups of R2Y > Q2Y, and the intercept is less than 0.05, indicating that the PLS-DA model is stable and reliable, and no fitting has occurred, which can explain the differences between the samples in each group. Thus, the data interpretation and prediction capacities of the PLS-DA model were good, so it could be used to further screen differential metabolites.




3.4.2. Composition of Polysaccharides and Related Compounds


Thus, a cluster analysis was used to determine the metabolic patterns of the metabolites under different experimental conditions. Metabolites with similar metabolic patterns had similar functions or participated in the same metabolic process or cell pathway. A hierarchical cluster analysis was performed based on all of the identified differential metabolites and the relative quantitative values for the differential metabolites were normalized and clustered. Different color regions represent the differences in the clustering grouping information. The metabolic expression patterns in the same group were similar, where they had similar functions or participated in the same biological process. As shown in Figure 4, 37 carbohydrate metabolites were screened from bulbs of L. davidii var. unicolor treated under K0 and K2, and the types and contents of each metabolite differed. Compared with the different metabolites under K0, the different metabolites under K2 varied significantly, and the sugar content was higher under K2.




3.4.3. Differential Metabolites of Polysaccharides and Related Compounds


Based on the variable importance projection and fold change (FC) differences according to the PLS-DA, we screened the differential metabolites of polysaccharides and the related compounds in lily bulb extracts treated with different potassium concentrations (Table 3). We identified 37 different metabolites of polysaccharides under different potassium concentrations, where 25 were significantly upregulated and 12 were significantly downregulated, including B-D-Xylopyranosyl-(1->4)-a-L-rhamnopyranosyl-(1->2)-D-fucose.




3.4.4. Analysis of Differential Metabolites Using Venn Diagrams


The differential metabolites screened after the pairwise comparisons of the bulb samples of L. davidii var. unicolor treated with K0 (0 mg·L−1) and K2 (671.4 mg·L−1) were analyzed using Venn diagrams. Clearly, K0 and K2 shared common polysaccharides and specific polysaccharides. As shown in Figure 5, 29 polysaccharide metabolites were screened under K0 and 37 polysaccharide metabolites were screened under K2, with 29 common polysaccharide metabolites and eight different polysaccharide metabolites: maltotetraose, (3b,7b,22x)-cucurbita-5,24-diene-3,7,23-triol 7-glucoside, L-citronellol glucoside, (1xi,2xi)-1-(4-hydroxyphenyl)-1,2,3-propanetriol 3-O-beta-D-glucopyranosid, cis-p-coumaric acid 4-[apiosyl-(1->2)-glucoside], 1-O-E-cinnamoyl-(6-arabinosylglucose), maltohexaose, and (S)-a-amino-2,5-dihydro-5-oxo-4-isoxazolepropanoic acid N2-glucoside.




3.4.5. Kyoto Encyclopedia of Genes and Genomes (KEGG) Classifications and Functional Pathways


The KEGG database analysis was conducted to classify the compounds found in the samples to annotate the related metabolic pathways (Figure 6). Eight KEGG classifications comprising vitamins and cofactors, peptides, nucleic acids, hormones and transmitters, steroids, organic acids, lipids, and carbohydrates were assigned to 45 compounds. The KEGG metabolic pathway annotations were obtained for 154 compounds, where they were mainly assigned to metabolism, human diseases, genetic information processing, and environmental information processing.




3.4.6. Analysis of Pathways for Differential Metabolites


A pathway enrichment analysis was conducted for the differential metabolites based on the KEGG database in order to understand the mechanisms associated with the changes in the differential metabolites in various metabolic pathways. As shown in Table 4, 37 differential metabolites screened under K0 and K2 were assigned to three metabolic pathways: the galactose metabolism, amino sugar and nucleotide sugar metabolism, and starch and sucrose metabolism. The main enriched differential metabolites were stachyose, maltotriose, and CDP-glucose, where CDP-glucose is involved in multiple metabolic pathways.






4. Discussion


L. davidii var. unicolor has attracted much attention because of its bioactive components, especially its polysaccharides [24]. Potassium is an important macro-nutrient for plant growth and development, and the plant requirements for K are higher than those for any other macro-nutrient after nitrogen [25,26]. In this experiment, the dynamic changes of growth and the accumulation of the polysaccharide content in bulbs of L. davidii var. unicolor under different K application rates in different sampling periods were studied, and a metabolomics analysis was carried out. The results showed that potassium could promote the development of underground bulbs and leaf growth, increase the plant height and stem diameter, increase the chlorophyll content, and make full use of light energy to enhance the photosynthetic efficiency, thus promoting the plant’s growth and development. We also found that the bulb weight and bulb circumference decreased significantly with an excessive K fertilizer application, as also found in other crops [27,28], possibly because the application of an excessive amount of K hinders the absorption of other nutrients such as N and P, thereby negating the positive effects of K fertilization [29]. Potassium is involved in the synthesis, transportation, and transformation of sugars, where it can inhibit acid invertase and promote the activity of sucrose phosphate synthase to decrease the hydrolysis of sucrose and promote the accumulation of polysaccharides [30]. The polysaccharide content decreases in the 75 to 135 d timepoints compared to the earlier timepoints. This could be between 75 and 135 days, where the aboveground part began to gradually age, the nutrients transported downward, the underground bulbs expanded, more nutrients were accumulated, the bulb K content increased, and an excessive potassium concentration inhibited the accumulation of the polysaccharide content. As the correlation analysis shows, the stem diameter was positively correlated with the polysaccharide content, as also found in a previous study of L. davidii var. unicolor [31]. A recent review showed that many of the compounds related to the medicinal functions of L. davidii var. unicolor have not yet been identified. Therefore, it is necessary to classify and identify the important compounds found in L. davidii var. unicolor [32]. Non-targeted metabolomics was used to detect and identify the polysaccharides in the bulbs of L. davidii var. unicolor. There were differences in the composition and content of the polysaccharides in the bulbs of L. davidii var. unicolor treated with different potassium concentrations. We identified 37 different metabolites of polysaccharides, of which 25 polysaccharides and its related compounds were significantly upregulated, and 12 were significantly downregulated. Metabolite B-D-Xylopyranosyl- (1->4) -a-L-rhamnopyranosyl-(1->2)-D-fucose has an important role in salt tolerance [33]. Through a hierarchical cluster analysis, compared with the different metabolites under K0, the different metabolites under K2 varied significantly, and the sugar content was higher under K2. The glucose content in monochrome corm was very high. This was consistent with a previous analysis of 13 endogenous free sugars in different lily samples [34]. The common differential metabolites of polysaccharides were found in the bulbs of L. davidii var. unicolor with different potassium application rates, and they were enriched into multiple metabolic pathways, the galactose metabolism, amino sugar and nucleotide sugar metabolism, and starch and sucrose metabolism, which indicated that the nutrients in the bulbs were constantly metabolized after the potassium application, and the types and quantities of the polysaccharides metabolites involved were increasing, which are consistent with the glycometabolism pathway in Grifola frondosa [35]. Galactose is a polysaccharide component in many primary cell walls and its metabolism is closely related to cell wall expansion during growth [36].




5. Conclusions


In this study, the application of potassium at a concentration of 671.4 mg·L−1 effectively promoted the growth and development of L. davidii var. unicolor and the accumulation of polysaccharides in the bulb compared with the no potassium treatment (K0). Non-targeted metabolomics analysis screened out 37 differential polysaccharide metabolites under K0 and K2. The metabolic pathways enriched for polysaccharide-related differential metabolites comprised the galactose metabolism, amino sugar and nucleotide sugar metabolism, and starch and sugar metabolism. This experiment can further determine transcriptomics, combined with metabolomics, to study the mechanism of potassium fertilizer regulating the polysaccharide accumulation and metabolism.
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Figure 1. Effects of potassium application on polysaccharide contents of L. davidii var. unicolor bulbs. The same letter indicates no significance between treatments, and different letters indicate significance, K concentrations comprising K0 (0 mg·L−1), K1 (447.6 mg·L−1), K2 (671.4 mg·L−1), or K3 (895.2 mg·L−1). Samples were taken every 15 days after potassium application. 
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Figure 2. Correlations between agronomic traits and polysaccharide contents of L. davidii var. unicolor. * represents correlation (p ≤ 0.05): red is positive correlation, blue is negative correlation. K concentrations comprising K0 (0 mg·L−1), K1 (447.6 mg·L−1), K2 (671.4 mg·L−1), or K3 (895.2 mg·L−1). Samples were taken every 15 days after potassium application. 
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Figure 3. PLS-DA score plot and model validation. K concentrations: K0 (0 mg·L−1), K2 (671.4 mg·L−1). The greater the degree of separation of the two groups of samples in the figure, the more significant the classification effect. The abscissa represents the permutation retention of the permutation test. The point with a permutation retention of 1 is the R2 and Q2 values of the original model. The ordinate represents the values of the R2 and Q2 permutation tests. The two dashed lines represent the regression lines of R2 and Q2, respectively. 
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Figure 4. Cluster heat maps of polysaccharides and related compounds in lily bulb extracts. K concentrations: K0 (0 mg·L−1), K2 (671.4 mg·L−1). Each column represents a sample and each row represents a metabolite. The colors in the figure represent the relative expression levels of metabolites in a group of samples. The left-hand side shows the metabolite clustering tree and the right-hand side shows the names of the metabolite. The expression of two metabolites is closer when their branches are closer. 
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Figure 5. Venn diagram of differential metabolites under K0 and K2. K concentrations: K0 (0 mg·L−1), K2 (671.4 mg·L−1). The overlapping portions in the figure represent the number of metabolites shared by multiple metabolic sets, the non-overlapping portions represent the number of metabolites unique to the metabolic set, and the numbers represent the number of corresponding metabolites. 
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Figure 6. KEGG classifications and functional pathways. During the harvest period (August 24), metabolomics analyses were conducted. K concentrations: K0 (0 mg·L−1), K2 (671.4 mg·L−1). The ordinate is the KEGG compound classification, and the abscissa is the number of compounds annotated to the class; the color representation of the bar belongs to the compound primary category. 
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Table 1. Different potassium concentrations applied to the seedlings of L. davidii var. unicolor (mg·L−1).
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	Treatment
	K0
	K1
	K2
	K3





	N (609.8 mg·L−1)

+P (88.4 mg·L−1)
	0
	447.6
	671.4
	895.2
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Table 2. Effects of potassium application on growth and development of L. davidii var. unicolor.






Table 2. Effects of potassium application on growth and development of L. davidii var. unicolor.















	Days after Fertilization
	Treatment
	Plant Height (cm)
	Stem Diameter

(mm)
	Blade Number (Number)
	Chlorophyll
	Bulb Weight (g)
	Bulb

Circumference

(cm)





	
	K0
	31.22 ± 0.55 b
	7.25 ± 0.13 b
	208.67 ± 8.09 b
	41.90 ± 1.18 c
	20.27 ± 0.97 b
	11.00 ± 0.15 b



	
	K1
	35.24 ± 0.55 a
	7.48 ± 0.12 ab
	213.00 ± 7.09 b
	47.27 ± 0.69 b
	23.73 ± 0.33 a
	12.43 ± 0.55 a



	15
	K2
	35.56 ± 0.45 a
	8.19 ± 0.40 a
	243.67 ± 9.33 a
	56.67 ± 2.08 a
	22.23 ± 0.46 a
	11.47 ± 0.30 b



	
	K3
	32.68 ± 0.54 b
	7.69 ± 0.21 ab
	194.00 ± 8.72 b
	57.10 ± 1.47 a
	17.53 ± 0.44 c
	11.70 ± 0.45 b



	
	K0
	43.52 ± 0.58 c
	6.92 ± 0.07 b
	209.00 ± 5.03 c
	43.73 ± 0.32 c
	14.53 ± 0.49 b
	11.03 ± 0.44 a



	
	K1
	49.44 ± 1.23 b
	6.69 ± 0.05 b
	233.33 ± 6.64 b
	60.70 ± 0.25 b
	21.53 ± 0.56 a
	10.93 ± 0.72 b



	30
	K2
	53.96 ± 0.80 a
	7.98 ± 0.45 a
	254.67 ± 8.01 a
	66.60 ± 2.51 a
	22.40 ± 0.99 a
	12.07 ± 0.29 a



	
	K3
	49.94 ± 0.52 b
	7.18 ± 0.21 ab
	165.67 ± 5.55 d
	63.20 ± 1.20 ab
	16.53 ± 0.55 b
	10.83 ± 0.20 b



	
	K0
	50.22 ± 0.97 c
	6.51 ± 0.04 b
	163.67 ± 9.60 c
	62.20 ± 1.01 b
	13.00 ± 0.31 b
	10.07 ± 0.15 b



	
	K1
	57.60 ± 1.04 b
	8.19 ± 0.27 a
	196.00 ± 1.00 b
	64.77 ± 0.52 ab
	13.83 ± 0.50 b
	10.40 ± 0.35 ab



	45
	K2
	62.88 ± 0.63 a
	8.27 ± 0.35 a
	244.67 ± 6.23 a
	65.64 ± 1.04 ab
	16.03 ± 0.48 a
	11.53 ± 0.90 a



	
	K3
	57.62 ± 1.21 b
	7.02 ± 0.19 b
	192.00 ± 9.50 b
	67.50 ± 1.70 a
	15.33 ± 0.49 a
	10.40 ± 0.95 ab



	
	K0
	60.48 ± 0.28 c
	6.93 ± 0.25 b
	156.67 ± 5.55 c
	60.83 ± 1.50 c
	7.83 ± 0.09 d
	7.88 ± 0.20 b



	
	K1
	65.64 ± 0.52 b
	7.44 ± 0.27 b
	246.33 ± 7.84 a
	60.87 ± 0.79 c
	9.30 ± 0.58 c
	8.57 ± 0.26 b



	60
	K2
	72.76 ± 1.84 a
	9.09 ± 0.10 a
	235.67 ± 4.33 a
	71.47 ± 0.30 a
	13.57 ± 0.23 a
	10.03 ± 0.28 a



	
	K3
	64.10 ± 0.96 b
	6.95 ± 0.25 b
	205.33 ± 8.51 b
	66.67 ± 1.11 b
	11.57 ± 0.60 b
	9.83 ± 0.24 a



	
	K0
	63.10 ± 0.51 c
	6.27 ± 0.04 b
	174.33 ± 7.45 b
	48.90 ± 3.39 b
	11.80 ± 0.31 d
	9.67 ± 0.13



	
	K1
	67.92 ± 0.29 b
	7.37 ± 0.43 ab
	213.33 ± 6.69 a
	58.83 ± 0.81 a
	13.00 ± 0.06 c
	9.83 ± 0.28 ab



	75
	K2
	74.56 ± 1.22 a
	8.19 ± 0.71 a
	211.00 ± 7.55 a
	65.17 ± 1.13 a
	16.27 ± 0.28 a
	10.60 ± 0.29 a



	
	K3
	62.40 ± 0.51 c
	6.13 ± 0.15 b
	175.00 ± 3.21 b
	59.47 ± 1.31 a
	14.97 ± 0.34 b
	9.60 ± 0.20 b



	
	K0
	61.80 ± 0.49 ab
	5.67 ± 011 c
	173.00 ± 7.09 b
	50.03 ± 0.17 b
	20.60 ± 0.61 b
	10.50 ± 0.15 b



	
	K1
	65.00 ± 2.35 a
	6.77 ± 0.31 b
	203.33 ± 7.62 a
	56.57 ± 1.19 a
	19.37 ± 0.27 bc
	10.67 ± 0.09 b



	90
	K2
	63.50 ± 0.61 ab
	8.12 ± 0.25 a
	184.67 ± 7.54 ab
	56.20 ± 0.46 a
	23.37 ± 0.43 a
	11.60 ± 0.17 a



	
	K3
	60.80 ± 0.46 b
	7.37 ± 0.32 ab
	184.00 ± 3.46 ab
	55.30 ± 0.85 a
	18.30 ± 0.61 c
	11.37 ± 0.17 a



	
	K0
	59.10 ± 1.05 c
	6.84 ± 0.08 a
	201.33 ± 9.53 a
	54.37 ± 0.58 ab
	22.27 ± 0.56 b
	10.27 ± 0.19 b



	
	K1
	63.02 ± 0.45 b
	6.96 ± 0.04 a
	204.00 ± 7.51 a
	53.57 ± 0.55 b
	22.87 ± 0.20 b
	10.90 ± 0.20 ab



	105
	K2
	68.98 ± 0.62 a
	7.01 ± 0.11 a
	188.00 ± 3.79 ab
	56.53 ± 0.15 a
	23.30 ± 0.38 a
	11.67 ± 0.09 a



	
	K3
	58.58 ± 0.91 c
	6.50 ± 0.14 b
	165.33 ± 6.36 b
	54.13 ± 1.13 b
	22.50 ± 0.42 b
	11.40 ± 0.35 a



	
	K0
	52.88 ± 0.47 b
	6.83 ± 0.19 b
	162.67 ± 0.88 a
	27.47 ± 0.22 b
	17.37 ± 0.73 b
	10.63 ± 0.13 c



	
	K1
	62.70 ± 0.32 a
	7.25 ± 0.21 b
	154.67 ± 2.33 b
	30.10 ± 0.35 a
	22.20 ± 0.55 a
	11.90 ± 0.31 b



	120
	K2
	66.90 ± 0.43 a
	7.96 ± 0.14 a
	153.33 ± 0.88 b
	29.23 ± 0.32 a
	23.90 ± 0.62 a
	13.33 ± 0.26 a



	
	K3
	51.68 ± 3.78 b
	6.74 ± 0.11 b
	152.33 ± 1.76 b
	25.93 ± 0.84 b
	17.73 ± 0.38 b
	11.13 ± 0.23 bc



	
	K0
	59.34 ± 0.32 c
	7.27 ± 0.37 b
	190.00 ± 7.00 a
	26.00 ± 0.29 b
	19.57 ± 0.33 b
	10.93 ± 0.09 c



	
	K1
	61.44 ± 0.22 b
	7.64 ± 0.14 b
	183.67 ± 7.67 b
	28.60 ± 0.49 a
	22.23 ± 1.04 a
	11.97 ± 0.30 b



	135
	K2
	69.44 ± 0.70 a
	8.58 ± 0.09 a
	171.00 ± 3.06 b
	25.77 ± 0.32 b
	24.00 ± 0.36 a
	13.73 ± 0.12 a



	
	K3
	59.50 ± 0.38 c
	6.44 ± 0.28 c
	129.33 ± 6.77 b
	23.20 ± 0.52 c
	19.73 ± 0.90 b
	11.03 ± 0.15 bc







The same letter indicates no significance between treatments, and different letters indicate significance, K concentrations comprising K0 (0 mg·L−1), K1 (447.6 mg·L−1), K2 (671.4 mg·L−1), or K3 (895.2 mg·L−1). Samples were taken every 15 days after potassium application.
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Table 3. Differential metabolites of polysaccharides and related compounds.
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	Metabolite
	VIP
	FC
	U/D





	Maltopentaose
	2.06
	1.38
	U



	Maltotetraose
	0.37
	1.08
	U



	1-Kestose
	1.57
	1.12
	U



	B-D-Xylopyranosyl-(1->4)-a-L-rhamnopyranosyl-(1->2)-D-fucose
	0.69
	0.97
	D



	Trans-p-Menthane-1,7,8-triol 8-glucoside
	1.84
	1.15
	U



	(3b,7b,22x)-Cucurbita-5,24-diene-3,7,23-triol 7-glucoside
	2.06
	1.29
	U



	L-Citronellol glucoside
	0.56
	1.36
	U



	Linalool oxide D 3-[apiosyl-(1->6)-glucoside]
	1.38
	1.08
	U



	Kojibiose
	2.07
	1.40
	U



	Alpha-D-Xylopyranosyl-(1->6)-beta-D-glucopyranosyl-(1->4)-D-glucose
	0.54
	1.05
	U



	Stachyose
	2.14
	1.31
	U



	Alpha-Hydrojuglone 4-O-b-D-glucoside
	1.13
	0.92
	D



	Formononetin 7-(6″-malonylglucoside)
	0.86
	1.11
	U



	(1xi,2xi)-1-(4-Hydroxyphenyl)-1,2,3-propanetriol 3-O-beta-D-Glucopyranoside
	0.37
	1.36
	U



	N-Acetyllactosamine
	0.84
	1.06
	U



	Taraxacoside
	1.45
	0.84
	D



	Cis-p-Coumaric acid 4-[apiosyl-(1->2)-glucoside]
	0.78
	0.36
	D



	Glycerol 2-(9Z,12Z-octadecadienoate) 1-hexadecanoate 3-O-[alpha-D-galactopyranosyl-(1->6)-beta-D-galactopyranoside]
	1.73
	0.89
	D



	B-Chlorogenin 3-[4″-(2″-glucosyl-3″-xylosylglucosyl)galactoside]
	1.02
	0.92
	D



	Blumenol C glucoside
	0.25
	1.01
	U



	Methyl (3x,4E,10R)-3,10-dihydroxy-4,11-dodecadiene-6,8-diynoate 10-glucoside
	1.02
	1.09
	U



	1-O-E-Cinnamoyl-(6-arabinosylglucose)
	0.80
	1.06
	U



	3-Hydroxy-beta-ionol 3-[glucosyl-(1->6)-glucoside]
	1.27
	1.11
	U



	1-O-Feruloyl-beta-D-glucose
	0.60
	1.03
	U



	L-DOPA 3′-glucoside
	0.45
	0.96
	D



	Todatriol glucoside
	0.90
	1.08
	U



	Isopropyl beta-D-glucoside
	0.18
	0.99
	D



	3-Fucosyllactose
	3.14
	1.90
	U



	Beta-D-Xylopyranosyl-(1->5)-alpha-L-arabinofuranosyl-(1->3)-L-arabinose
	1.13
	1.11
	U



	Maltohexaose
	0.41
	1.01
	U



	A-L-Fucopyranosyl-(1->2)-b-D-galactopyranosyl-(1->2)-D-xylose
	1.47
	0.83
	D



	Beta-D-Fructofuranosyl alpha-D-glucopyranosyl-(1->4)-D-glucopyranoside
	1.67
	1.23
	U



	Maltotriose
	1.73
	1.18
	U



	Prenyl glucoside
	1.86
	1.38
	U



	(S)-a-Amino-2,5-dihydro-5-oxo-4-isoxazolepropanoic acid N2-glucoside
	0.91
	0.54
	D



	Maclurin 3-C-(6″-p-hydroxybenzoyl-glucoside)
	1.06
	0.93
	D



	CDP-glucose
	1.41
	0.87
	D







During the harvest period (August 24), metabolomics analyses were conducted. K concentrations: K0 (0 mg·L−1), K2 (671.4 mg·L−1). VIP: variable importance in projection; FC: fold change; U: significantly upregulated; D: significantly downregulated.
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Table 4. KEGG metabolic pathways assigned to lily bulb polysaccharide-related metabolites.
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	Pathway ID
	Pathway
	First Category
	Second Category





	map00052
	Galactose metabolism
	Metabolism
	Carbohydrate metabolism



	map00520
	Amino sugar and nucleotide sugar metabolism
	Metabolism
	Carbohydrate metabolism



	map00500
	Starch and sucrose metabolism
	Metabolism
	Carbohydrate metabolism
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