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ABSTRACT 17 

Ophiopogon japonicus is a valuable medicinal plant commonly intercropped with corn due to limited 18 

arable land in its primary cultivation areas. Optimizing fertilization management to enhance both crop 19 

yields and medicinal quality is a key research focus. This study investigates the effects of different 20 

fertilization treatments—nitrogen sources (urea and ammonium nitrate), micronutrient supplementation 21 

(magnesium and manganese), and phosphorus-potassium (P+K) fertilization—on the growth, yield, and 22 

medicinal quality of O. japonicus and corn in an intercropping system. A randomized complete block 23 

design was employed to evaluate eight treatments. Agronomic traits, biomass production, and medicinal 24 

quality indicators were analyzed using cluster analysis, correlation analysis, and principal component 25 

analysis (PCA). Results showed that nitrogen source significantly affected corn height, with ammonium 26 

nitrate outperforming urea. Micronutrients and P+K had significant interactive effects on stem diameter 27 

and leaf development. Fresh biomass and silage yield were primarily influenced by nitrogen source and 28 

P+K, while stem biomass was affected by micronutrient supplementation. The highest corn yield and 29 

biomass were recorded in treatments T5 (Urea + P + K), T7 (Urea + Mn + Mg + P + K), and T8 30 

(Ammonium nitrate + Mn + Mg + P + K). For O. japonicus, micronutrient applications significantly 31 

increased tuberous root numbers, while P+K fertilization promoted plant height and fibrous root growth. 32 

All three fertilization factors significantly impacted tuber biomass, the main determinant of medicinal 33 

yield. T8 showed the highest overall yield of O. japonicus, followed by T5 and T7. Medicinal quality 34 

evaluation through cluster analysis and PCA identified T5 as the optimal treatment for enhancing key 35 

medicinal components. The optimal strategy for maximizing yield in the intercropping system includes 36 

ammonium nitrate (150 kg/ha), magnesium sulfate (45 kg/ha), manganese sulfate (15 kg/ha), 37 

superphosphate (75 kg/ha), and potassium sulfate (450 kg/ha). For improving medicinal quality, the best 38 

treatment includes urea (150 kg/ha), superphosphate (75 kg/ha), and potassium sulfate (450 kg/ha). Future 39 

studies should assess the adaptability of this intercropping system across different soil and climatic 40 
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conditions. Incorporating precision agriculture technologies may further refine fertilization strategies, 41 

while long-term monitoring is recommended to evaluate impacts on soil health and environmental 42 

sustainability. 43 

 44 

 45 

Keywords: Intercropping system; Nitrogen fertilizer types; Micronutrients; Top-dressing; Yield 46 

and quality   47 

 48 

INTRODUCTION 49 

With the rising global health awareness and shifts in medical paradigms, the efficacy and 50 

safety of natural medicines are increasingly recognized in the global market. Traditional Chinese 51 

medicine, as a significant component of natural medicine, has also gained widespread 52 

acknowledgment for its effectiveness and safety. Modern research has identified the main 53 

chemical constituents of Ophiopogon japonicus, including steroid saponins(Sun et al. 2013; 54 

Wang et al. 2011), high isoflavonoids (Lin et al. 2014; Zhou et al. 2013), and polysaccharides 55 

(Fang et al. 2018; Xiong et al. 2011), which exhibit various pharmacological effects such as 56 

lowering blood sugar (Ding et al. 2012; Wang 2013), protecting the cardiovascular system (Lan 57 

et al. 2013; Zheng et al. 2009), enhancing immunity (li Xiong et al. 2011), anti­aging (li Xiong et 58 

al. 2011), anti-inflammatory (Song et al. 2010), and anti-tumor activities (Chen et al. 2013; 59 

Zhang et al. 2012). Due to its efficacy and safety (Jin et al. 2024), Ophiopogon japonicus and its 60 

products are widely used in at least 25 countries, including China, Japan, Germany, Vietnam, 61 

India, the United States, Malaysia, and South Korea. According to customs data, China exported 62 

over 6,000 tons of Ophiopogon japonicus from 2018 to 2022. Santai County in Sichuan Province 63 

is a major production area for Ophiopogon japonicus with a long cultivation history, yielding 64 

approximately 15,000 tons annually, which accounts for over 90% of the domestic market. The 65 

development of regional planting and specialized production has made Ophiopogon japonicus a 66 

leading industry in local rural areas and a significant source of income for farmers. However, the 67 

suitable land for Ophiopogon japonicus cultivation is limited, compounded by policies aimed at 68 

preventing the "non­food" use of arable land (Dong et al. 2024; Li et al. 2024a; Su et al. 2024), 69 

leading to competition for space between medicinal and food crops. Additionally, Ophiopogon 70 

japonicus cultivation faces challenges such as soil pH imbalance, pollution, and biodiversity loss 71 

(Bertness & Callaway 1994; Moonen & Bàrberi 2008).  72 

Based on local Ophiopogon japonicus production practices and policy guidance, a 73 

sustainable "corn–Ophiopogon japonicus" intercropping system has been developed by 74 

integrating traditional agriculture with modern technology. This ecological planting method now 75 

accounts for over 90% of the cultivated area in production regions and plays a crucial role in 76 

Ophiopogon japonicus farming. First, intercropping enhances biodiversity within agricultural 77 

systems. Studies show that intercropping with legumes increases the abundance of beneficial 78 

bacteria; for example, intercropping with paulownia and buckwheat significantly improves soil 79 



bacterial diversity. A richer microbial community and higher enzyme activity contribute to 80 

nutrient cycling and soil health, particularly by increasing soil organic matter, nitrogen, and 81 

potassium levels (SIMON et al. 2024; Woźniak et al. 2024; Zhou et al.). Second, this intensive 82 

land-use approach greatly improves land utilization efficiency. Intercropping systems, such as 83 

legumes with oilseeds (e.g., pea–canola and chickpea–flax) (McAuley et al.) and legumes with 84 

corn (Wang et al. 2024a), have demonstrated higher land equivalent ratios. Additionally, 85 

intercropping promotes crop trait plasticity, which helps stabilize productivity over time (Yang et 86 

al. 2025). Third, intercropping improves crop quality. For instance, intercropping Aconitum 87 

carmichaeli with local crops significantly enhances its quality by increasing biomass and 88 

polysaccharide content while altering alkaloid accumulation (Liu et al. 2023). Similarly, 89 

tobacco–Isatis intercropping improves tobacco leaf chemical composition (Wang et al. 2024b) , 90 

and intercropping Eugenia dysenterica enhances fruit nutritional quality, increasing nitrogen 91 

levels, essential minerals, phenolic content, and antioxidant capacity (Almeida et al. 2024) . 92 

Furthermore, intercropping has been shown to boost flavonoid and saponin levels in carrots by 93 

32.92% and 13.92%, respectively (Zhou et al.). Finally, intercropping increases per-unit land 94 

revenue, significantly improving farmers' economic returns. Systems such as rice–corn and 95 

legume–corn intercropping have been shown to enhance profitability (Li et al. 2024c; Metwally 96 

et al. 2019; Riyanto et al. 2021). The adoption of this ecological planting model fosters green 97 

development while simultaneously promoting food and medicinal plant production and 98 

increasing farmers' income. 99 

Intercropping influences crop growth and yield composition through spatial and temporal 100 

arrangements (Yang et al. 2015). By leveraging complementary growth patterns among different 101 

species, intercropping optimizes resource utilization, leading to various benefits, including 102 

increased productivity, improved soil health, and effective weed management (Tong et al. 2024; 103 

Villegas-Fernández et al. 2024). However, due to differences in crop structures, intercropping 104 

can result in both nutrient facilitation and competition (Davis & Liebman 2001; Ghosh et al. 105 

2009). Enhanced rhizosphere interactions and microbial community dynamics in intercropping 106 

systems significantly improve nutrient uptake. For instance, tobacco–corn intercropping 107 

increases nitrogen (N), phosphorus (P), and potassium (K) accumulation in both crops (Dou et al. 108 

2025). Similarly, spring wheat­pea intercropping raises N and P absorption rates by 11.4% and 109 

11.3%, respectively (Feng et al. 2024). In soybean­ corn intercropping, specific microorganisms 110 

such as Microbacterium and Rhizobium produce iron chelators that facilitate nutrient absorption 111 

under iron-deficient conditions (Liu et al. 2025). However, intercropping can also intensify 112 

nutrient competition, potentially affecting overall productivity and resource efficiency. For 113 

example, Suaeda salsa­ corn intercropping creates competition for N, negatively impacting corn 114 

growth, though nitrogen fertilization can mitigate this effect (Wang et al. 2022). Under nutrient-115 

limited conditions, competition between millet and Guinea grass significantly influences nutrient 116 

uptake and growth (Jayamanna et al. 2023). Additionally, intercropping alters the uptake and 117 

mobility of micronutrients such as manganese (Mn) and magnesium (Mg). Corn­soybean 118 

intercropping has been shown to enhance the bioavailability of Mg and other micronutrients, 119 
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particularly when combined with appropriate fertilizers (Dragicevic et al. 2015). Conversely, 121 

corn intercropped with Sedum alfredii exhibited reduced Mn absorption, whereas Mn levels in 122 

soybean remained unchanged (Li et al. 2024d). In practice, improper fertilization techniques and 123 

mismanagement can lead to low nutrient use efficiency and significant nutrient losses, posing 124 

risks to agricultural productivity, resource conservation, and environmental sustainability. 125 

Existing fertilization research on Ophiopogon japonicus primarily focuses on monocropping, 126 

with no studies addressing nutrient supplementation in the "corn–Ophiopogon japonicus" 127 

intercropping system. This knowledge gap results in uncoordinated fertilization strategies, 128 

leading to suboptimal nutrient ratios and inefficient application. Given that corn and Ophiopogon 129 

japonicus are a high-low crop combination, their canopy structure facilitates greater light 130 

interception, enhancing overall light-use efficiency and yield potential (Awal et al. 2006). 131 

However, optimizing nutrient supplementation in this multi-cropping system remains a critical 132 

challenge. Previous studies indicate that both corn and Ophiopogon japonicus require substantial 133 

nitrogen inputs, with corn, a Poaceae crop, exhibiting a competitive advantage in N uptake. This 134 

further influences the nitrogen use efficiency of Ophiopogon japonicus (Li et al. 2001). 135 

Currently, fertilization practices primarily target Ophiopogon japonicus, failing to meet the 136 

nutrient demands of both crops, especially for nitrogen. Urea and ammonium nitrate are the 137 

primary nitrogen fertilizers used in production areas, yet different nitrogen forms affect plant 138 

physiology and root development differently. Determining the most suitable nitrogen fertilizer 139 

for the "corn-Ophiopogon japonicus" intercropping system requires further investigation. In 140 

addition to nitrogen, micronutrients such as Mg and Mn should also be considered. Studies 141 

suggest that supplementing these elements not only alleviates nutrient competition but also 142 

ensures the medicinal quality of Ophiopogon japonicus (Aulakh & Malhi 2005). 143 

Currently, there is limited research on nutrient management protocols in the "Ophiopogon 144 

japonicus-corn" multi-cropping system. This study will focus on three key factors: nitrogen 145 

source selection, N-P-K ratio optimization, and micronutrient supplementation. The objective is 146 

to investigate their effects on the growth of corn and Ophiopogon japonicus, as well as the 147 

medicinal quality of Ophiopogonis Radix (the medicinal part of Ophiopogon japonicus refers to 148 

its dried root tubers). The findings will provide a scientific basis for nutrient management in the 149 

"Ophiopogon japonicus-corn" multi-cropping system, ensuring high yield, stable production, and 150 

superior quality of Ophiopogonis Radix. 151 

MATERIAL & METHODS 152 

Experimental design 153 

This study was conducted at the Ophiopogon japonicus Research Demonstration Park in 154 

Santai County, Sichuan Province (Longitude 104°57′44″, Latitude 31°24′35″). The area has a 155 

subtropical monsoon climate with humid conditions and sandy loam soil. Key soil characteristics 156 

include a pH of 7.05, Organic matter at 10.3 g/kg, Ammonium nitrogen at 28.2 mg/kg, Available 157 

phosphorus at 81.2 mg/kg, and Available potassium at 124.8 mg/kg. The research aims to assess 158 



the effects of various nutrient management protocols on the growth, yield, and medicinal quality 159 

of Ophiopogon japonicus and corn in an intercropping system (Figure 1). 160 

Uniform basal fertilizer management was implemented across all treatments, utilizing 1.5 161 

t/hm² of commercial organic fertilizer (N+P₂ O₅ +K₂ O ≥ 5%, organic matter ≥ 45%, produced 162 

by Mianyang Keya Agricultural Development Co., Ltd.) and 600 kg/hm² of compound fertilizer 163 

(N: P₂ O₅ : K₂ O = 17: 17: 17, total nutrients ≥ 51%, produced by Guizhou Xiyang Industry 164 

Co., Ltd.). 165 

The nutrient management protocols experiment employed a complete randomized block 166 

design with three factors and two levels, resulting in eight treatments, each replicated three times 167 

across 24 plots, each measuring 24 m². The first factor examined types of nitrogen fertilizers, 168 

comparing Urea (N ≥ 46%) and Ammonium nitrate (N ≥ 34.8%), applied at 150 kg N/hm². The 169 

second factor focused on micronutrient fertilizers, specifically magnesium and manganese, with 170 

treatments for magnesium sulfate (MgSO₄ ·7H₂ O) applied at 45 kg/hm² and manganese sulfate 171 

(MnSO₄ ·H₂ O) at 15 kg/hm², both as foliar applications. The third factor evaluated topdressing 172 

with phosphorus and potassium fertilizers, applying Calcium superphosphate (P₂ O₅  ≥ 12%) at 173 

75 kg P₂ O₅ /hm² and Potassium sulfate (K₂ O ≥ 52%) at 450 kg K₂ O/hm² (Table 1). 174 

Corn was planted at a density of 45,000 plants/hm², with ten rows of Ophiopogon japonicus 175 

interspersed between two rows of corn, resulting in a planting density of 1.5 million plants/hm². 176 

The Ophiopogon japonicus variety used was "Chuanmaidong No. 1", the local cultivar, while the 177 

corn variety was "Chengdan 99", intended for silage production. Both Ophiopogon japonicus 178 

and corn were sown on April 22, 2022, with management practices following the standard 179 

(2020). The corn was harvested on July 26, 2022, and the Ophiopogon japonicus on March 25, 180 

2023. 181 

Methods for determination of agronomic indicators 182 

In the experimental design, both Ophiopogon japonicus and corn will be harvested at their 183 

respective maturity stages. Corn will be harvested by removing the entire aboveground portion, 184 

while Ophiopogon japonicus will be excavated from the soil to obtain the entire plant. The 185 

height of Ophiopogon japonicus and corn was measured using a measuring tape, while the stem 186 

circumference of corn was measured with a flexible tape. The number of corn leaves was 187 

recorded, excluding those with over 50% wilting. The quantities of storage roots, nutritive roots, 188 

and root tubers of Ophiopogon japonicus were noted. Fresh weights of various parts—corn 189 

(including corn with husks, leaves, and stems) and Ophiopogon japonicus (leaves, rhizomes, 190 

storage roots, nutritive roots, and root tubers)—were measured using a 0.01 g electronic balance. 191 

As shown in Figure 2, the fresh weight of the root tuber represents the yield of Ophiopogon 192 

japonicus. The medicinal material of Ophiopogon japonicus was graded according to standards 193 

(2023). 194 

Methods for Determining Quality Indicators of Ophiopogon japonicus Medicinal Material 195 

The determination of moisture, extractives, and total saponins for Ophiopogon japonicus 196 

was conducted according to the methods outlined in the 2020 edition of the Pharmacopoeia of 197 



China (Commission 2020). The total flavonoid content in the medicinal material was measured 198 

using ultraviolet spectrophotometry, with hesperidin as the reference standard (Lin 2014). The 199 

total polysaccharide content was determined using the sulfuric acid­anthrone colorimetric 200 

method (Wang et al. 2016). 201 

Standards for Ophiopogon saponin D (reference substance number Wkg22061609), 202 

Methylophiopogonanone A (reference substance number Wkq24021807), and 203 

Methylophiopogonanone B (reference substance number Wkq23072006) were purchased from 204 

Sichuan Weikegi Biological Technology Co., Ltd. (Chengdu, China). High-performance liquid 205 

chromatography (HPLC)-grade acetonitrile was obtained from Sichuan Cologne Chemical Co., 206 

Ltd. (Chengdu, China). HPLC was employed to determine the content of Ophiopogon saponin D, 207 

Methylophiopogonanone A, and Methylophiopogonanone B in the samples. 208 

For the extraction of Ophiopogon saponin D, 3 g of Ophiopogon japonicus powdered 209 

material was placed in a round-bottom flask with 50 mL of methanol. The mixture was refluxed 210 

for 2 hours, filtered, and the filtrate was concentrated to dryness. Afterward, 10 mL of water was 211 

added to dissolve the residue. The solution was then extracted with water-saturated n-butanol, 212 

shaking five times with 12 mL each time. The n-butanol extracts were combined and washed 213 

twice with 5 mL of ammonium hydroxide solution. The ammonium solution was discarded, and 214 

the n-butanol solution was evaporated to dryness. Finally, the residue was dissolved in 80% 215 

methanol, transferred to a 5 mL volumetric flask, and filtered through a 0.45 μm membrane filter 216 

(Wu et al. 2015). 217 

The chromatographic conditions for Ophiopogon saponin D included using a C18-bonded 218 

silica gel column (250 mm length, 46 mm inner diameter, 5 μm particle size). The mobile phase 219 

consisted of water (A) and acetonitrile (B) with a gradient elution as follows: 0–5 min, 38%–220 

55% acetonitrile; 5–15 min, 55%–70% acetonitrile; 15–17 min, 38%–55% acetonitrile; 17–20 221 

min, 70%–38% acetonitrile. The flow rate was 1.0 mL/min, the column temperature was set at 222 

25°C, the drift tube temperature at 105°C, and the gas flow rate at 3.0 L/min. The retention time 223 

for Ophiopogon saponin D was 12.3 minutes. 224 

For the extraction of Methylophiopogonanone A and Methylophiopogonanone B, 3.0 g of 225 

Ophiopogon japonicus root tuber powder was placed in a conical flask with 25 mL of water and 226 

allowed to stand for 24 hours. The mixture was then ultrasonicated (500 W, 40 kHz) for 60 227 

minutes, shaken well, and filtered to obtain the filtrate (Wu et al. 2016). 228 

The chromatographic conditions for Methylophiopogonanone A and 229 

Methylophiopogonanone B also utilized a C18-bonded silica gel column (250 mm length, 46 mm 230 

inner diameter, 5 μm particle size). The mobile phase consisted of water (A) and acetonitrile (B) 231 

at 60% acetonitrile, employing isoelution. Detection was carried out at 296 nm, with a flow rate 232 

of 1.0 mL/min and a column temperature of 25°C. The retention times for 233 

Methylophiopogonanone A and Methylophiopogonanone B were 13.5 minutes and 15.3 minutes, 234 

respectively. 235 

Statistical Analysis 236 



All data were processed using Excel. Stacked bar charts and radar charts were created using 237 

Origin 2024b. Additionally, principal component analysis (PCA) of the quality of Ophiopogon 238 

japonicus was conducted using Origin 2024b, producing a 3D PCA plot. Prior to calculating 239 

scores for different treatments, the quality data were standardized. Bar charts and stacked bar 240 

charts were created using GraphPad Prism 8. 241 

Data standardization for growth indicators of corn and Ophiopogon japonicus was 242 

performed using the ‘Stats’ package in R. Clustering was conducted with the ‘Pheatmap’ 243 

package, which generated a circular clustering heatmap using complete linkage and Euclidean 244 

distance. A 2D PCA analysis was created using stats, while inter-group correlation analysis 245 

employed the Pearson method, utilizing the ‘psych’ package. Correlation plots were visualized 246 

using the ‘ggplot2’ package, along with additional visualizations created through the online 247 

platform www.chiplot.online (accessed September 27, 2024). 248 

One-way and multi-factor analysis of variance (ANOVA) were performed using SPSS 26.0, 249 

with multiple comparisons conducted using Duncan's new multiple range test. 250 

RESULTS 251 

Effects of different top­dressing conditions on corn growth and yield 252 

Effects of different nutrient management protocols on agronomic traits of corn are presented 253 

in Figure 3. Under different nutrient management protocols, the height of corn reached between 254 

288.76 and 306.58 cm per plant. Treatments T2 and T4 were significantly taller than T5, with 255 

increases of 6.17% and 4.91%, respectively. The type of nitrogen fertilizer had a significant 256 

effect on corn height, with corn treated with ammonium nitrate showing superior growth. The 257 

stem circumference varied between 7.96 and 9.20 cm per plant across the treatments, with 258 

treatments T1 and T4 significantly outperforming T2 by 15.64% and 14.25%, respectively. All 259 

three factors demonstrated a significant interactive effect on corn stem circumference. The 260 

number of leaves per plant ranged from 12.67 to 13.56, with T4 significantly exceeding T8 by 261 

7.02%. Micronutrient fertilizers and topdressing showed a significant interactive effect on the 262 

number of corn leaves. 263 

Effects of different nutrient management protocols on the accumulation of fresh biomass in 264 

corn are presented in Figure 4. Table 2 shows the results of multivariate analysis of corn fresh 265 

biomass based on different nutrient management protocols. Under different nutrient management 266 

protocols, the fresh biomass of corn leaves reached between 28.13 and 39.38 t/hm². Treatment 267 

T5 was significantly higher than the other treatments, surpassing them by 34.62% (T1), 40.00% 268 

(T2), 16.67% (T3), 25.00% (T4), 29.63% (T6), 12.90% (T7), and 12.90% (T8). Both the type of 269 

nitrogen fertilizer and the topdressing had significant effects on the fresh biomass of corn leaves, 270 

with a notable interaction among the three factors (N×M×T). The fresh biomass of corn stems 271 

ranged from 31.50 to 37.13 t/hm², with treatments T4, T5, and T8 significantly higher than T3 by 272 

17.86%, 17.86%, and 14.29%, respectively. There was a significant interaction between nitrogen 273 

and micronutrient treatments (N×M) regarding the fresh biomass of corn stems. For corn with 274 

husks, the fresh biomass ranged from 22.50 to 27.00 t/hm², with treatments T3, T5, and T8 275 
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significantly exceeding T1 and T2. Both nitrogen and topdressing had significant effects on the 276 

fresh biomass of corn with husks, and these two factors exhibited a notable interaction. 277 

Overall, the fresh yield of silage corn varied from 84.38 to 103.50 t/hm², with T5 278 

significantly outperforming the other treatments (except for T7 and T8). T5 exceeded the other 279 

treatments by 16.46% (T1), 22.67% (T2), 12.20% (T3), 12.20% (T4), and 15.00% (T6). Both 280 

nitrogen and topdressing had significant effects on the fresh yield of silage corn, with a 281 

significant interaction between nitrogen and micronutrient treatments (N×M). 282 

The circular clustering diagram illustrating the effects of different nutrient management 283 

protocols on agronomic traits and fresh biomass accumulation in corn is presented in Figure 5. 284 

According to the circular clustering diagram of corn, the variables corn plant height, corn stem 285 

girth, and number of corn leaves formed one cluster, while the fresh biomass of corn and corn 286 

yield from different parts grouped together in another cluster. The results of the hierarchical 287 

clustering analysis indicate that the eight treatments can be divided into three categories. The 288 

first category consists solely of T5, where the fresh biomass of corn parts and corn silage yield 289 

performed the best, while corn plant height, stem girth, and number of leaves showed the worst 290 

results. The second category includes T7 and T8, where the fresh biomass and corn silage yield 291 

were inferior compared to the first category, but corn plant height and stem girth exhibited 292 

improvements relative to the first cluster. The remaining treatments, T1, T2, T3, T4, and T6, fall 293 

into the third category, which overall showed relatively high values for corn plant height, stem 294 

girth, and number of leaves, but the lowest performance for the fresh biomass of corn parts and 295 

corn silage yield. 296 

The principal component analysis (PCA) diagram illustrating the effects of different 297 

nutrient management protocols on corn agronomic traits and fresh biomass accumulation is 298 

shown in Figure 6. PCA analysis was conducted using corn agronomic traits, biomass from 299 

different parts, and corn silage yield. The first principal component (PC1) accounted for 45.62% 300 

of the variance, while the second principal component (PC2) accounted for 18.62%, resulting in 301 

a cumulative variance contribution of 64.24% for the two principal components. The P-value of 302 

0.2230 indicates that the differences between groups are not significant. 303 

In the analysis, T5 was categorized as a distinct group, while T7 and T8 were grouped 304 

together. The remaining treatments, T1, T2, T3, T4, and T6, formed another cluster. These 305 

findings are consistent with the results of the circular clustering analysis. 306 

Effects of different nutrient management protocols on the growth and quality of 307 

Ophiopogon japonicus 308 

Effects of different nutrient management protocols on the growth of Ophiopogon japonicus 309 

Effects of different nutrient management protocols on agronomic traits of Ophiopogon 310 

japonicus are presented in Figure 7. Under different top-dressing treatments, the number of root 311 

tubers for Ophiopogon japonicus ranged from 12.7 to 16.4, with T8 significantly higher than T1 312 

by 29.65%. The micronutrient fertilizers (M) had a significant impact on the number of root 313 

tubers. The plant height of Ophiopogon japonicus reached 22.9 to 26.7 cm/plant, with T1 and T4 314 

significantly taller than T5, T7, and T8. The number of nutritive roots varied from 6.6 to 9.8, 315 



where T2 and T4 were significantly higher than T7 by 38.24% and 48.45%, respectively, with no 316 

significant differences among the other treatments. The topdressing (T) significantly influenced 317 

both plant height and the number of nutritive roots. The storage root count ranged from 16.8 to 318 

19.8, with no significant differences observed between treatments. 319 

Effects of different nutrient management protocols on the accumulation of fresh biomass 320 

indifferent parts of Ophiopogon japonicus are presented in Figure 8. Table 3 shows the results of 321 

multivariate analysis of Ophiopogon japonicus fresh biomass based on different nutrient 322 

management protocols. Under different nutrient management protocols, the fresh biomass of root 323 

tubers ranged from 11.00 to 17.91 t/hm², with T4 to T8 significantly higher than T1 to T3, 324 

achieving increases of 48.86% to 62.75% compared to T1, and 18.45% to 29.50% compared to 325 

T2 and T3. The types of nitrogen fertilizers, micronutrient fertilizers, and topdressing all had 326 

significant effects on the fresh biomass of root tubers, with notable interactions between N and 327 

T. 328 

The fresh biomass of Ophiopogon japonicus leaves ranged from 19.50 to 23.45 t/hm², while 329 

the fresh biomass of rhizomes varied from 2.22 to 3.21 t/hm². For nutritive roots, it ranged from 330 

2.88 to 4.69 t/hm², and storage roots ranged from 6.63 to 9.27 t/hm². Among these, the N, M, and 331 

T showed significant interaction effects only on the fresh biomass of storage roots, with no 332 

significant impact on the other indicators. 333 

The circular clustering diagram illustrating the effects of different nutrient management 334 

protocols on agronomic traits and fresh biomass accumulation in Ophiopogon japonicus is 335 

presented in Figure 9. According to the circular clustering analysis of Ophiopogon japonicus, the 336 

fresh biomass of root tubers, OJ storage roots, and OJ root tubers were grouped together, while 337 

OJ plant height and fresh biomass of OJ leaves formed another group. A third group included OJ 338 

nutritive roots, fresh biomass of OJ nutritive roots, fresh biomass of OJ rhizomes, and fresh 339 

biomass of OJ storage roots. 340 

The results indicate that the eight treatments can be categorized into three main groups. The 341 

first group consists of T8, which performed optimally in terms of root quantity and biomass but 342 

showed poorer results in OJ plant height and fresh biomass of OJ leaves. The second group 343 

includes T5, T6, and T7, which excelled primarily in fresh biomass of root tubers but were less 344 

effective in other measures. The remaining treatments, T1, T2, T3, and T4, form the third group, 345 

which exhibited overall poorer performance in fresh biomass of root tubers, OJ storage roots, and 346 

OJ root tubers, while showing better results in OJ plant height, fresh biomass of OJ leaves, OJ 347 

nutritive roots, fresh biomass of OJ nutritive roots, fresh biomass of OJ rhizomes, and fresh 348 

biomass of OJ storage roots. 349 

The principal component analysis (PCA) diagram illustrating the effects of different 350 

nutrient management protocols on Ophiopogon japonicus agronomic traits and fresh biomass 351 

accumulation is shown in Figure 10. In the PCA analysis based on Ophiopogon japonicus plant 352 

height, root quantity, and biomass of various parts, PC1 accounted for 34.91% and PC2 353 

accounted for 24.10%, resulting in a cumulative variance contribution rate of 59.01%. The p-354 

value was 0.2670, indicating no significant differences between the groups. Treatment T8 was 355 



categorized as a separate group, while treatments T5, T6, and T7 formed another group, and 356 

treatments T1, T2, T3, and T4 were grouped together. This classification aligns with the results 357 

of the circular clustering analysis. 358 

Effects of different top-dressing conditions on the quality of Ophiopogon japonicus 359 

Effects of different nutrient management protocols on quality of Ophiopogon japonicus are 360 

presented in Figure 11. Table 4 shows the results of multivariate analysis of quality indices for 361 

Ophiopogon japonicus based on different nutrient management protocols. Under different 362 

nutrient management protocols, the extract reached 82.78% to 85.03%, with T2 significantly 363 

higher than other treatments (except T3) by 1.31% to 2.72%. Nitrogen type (N) and topdressing 364 

(T) had significant effects on the extract, and there was a significant interaction between N and 365 

micronutrient fertilizers (M). Total polysaccharide content ranged from 61.52% to 67.54%, with 366 

T1 and T3 significantly higher than T2, T7, and T8 by 4.37% to 9.79%. Micronutrient fertilizers 367 

(M) and topdressing (T) had significant effects on total polysaccharides, and there were 368 

significant interactions among N, M, and T. Total saponin content varied from 0.15% to 0.23%, 369 

with T4, T7, and T8 significantly higher than other treatments by 30.13% to 56.72%. All factors 370 

(N, M, T) significantly affected total saponin, with significant interactions among all factors 371 

except for the interaction between M and T. Total flavonoid content ranged from 0.16% to 372 

0.19%, with T7 significantly higher than other treatments by 5.89% (T1), 3.93% (T2), 22.12% 373 

(T3), 14.60% (T4), 3.47% (T5), 8.24% (T6), and 9.70% (T8). N, M, and T significantly 374 

influenced total flavonoid content, with significant interactions among all factors except for the 375 

interaction between N and M. Ophiopogon saponin D levels reached 0.19 to 0.48 mg/g, with T4 376 

and T7 significantly higher than other treatments, where T4 was 36.59% to 150.42% higher and 377 

T7 was 27.52% to 133.79% higher than others. All factors (N, M, T) significantly affected 378 

Ophiopogon saponin D, and significant interactions were observed among all factors. 379 

Methylophiopogonanone A ranged from 52.69 to 103.88 μg/g, with T5 significantly higher than 380 

other treatments (except T7) by 63.29% (T1), 21.48% (T2), 97.17% (T3), 38.86% (T4), 17.69% 381 

(T6), and 50.25% (T8). Micronutrient fertilizers (M) and topdressing (T) significantly affected 382 

Methylophiopogonanone A, with a significant interaction between N and T. 383 

Methylophiopogonanone B varied from 32.37 to 65.51 μg/g, with T6 significantly higher than 384 

other treatments (except T5) by 56.55% (T1), 29.29% (T2), 102.39% (T3), 44.79% (T4), 14.23% 385 

(T7), and 59.27% (T8). Both M and T significantly influenced Methylophiopogonanone B, with 386 

significant interactions among all factors except for the interaction between N and M. 387 

The circular clustering diagram demonstrating the effects of different nutrient management 388 

protocols on quality indices of Ophiopogon japonicus is presented in Figure 12. Based on the 389 

circular clustering heatmap of Ophiopogon, Extract and Total polysaccharide were grouped 390 

together, while Total saponin and Ophiopogon saponin D formed another group. Total flavonoid, 391 

Methylophiopogonanone A, and Methylophiopogonanone B were clustered as a third group. The 392 

hierarchical clustering analysis indicated that the eight treatments could be broadly categorized 393 

into three groups. The first group included T4 and T8, which exhibited the best overall 394 

performance in Total saponin and Ophiopogon saponin D but performed poorly in Total 395 



flavonoid, Methylophiopogonanone A, and Methylophiopogonanone B. The second group 396 

comprised T5, T6, and T7, which showed superior results in Total flavonoid, 397 

Methylophiopogonanone A, and Methylophiopogonanone B, but had lower performance in other 398 

aspects. The remaining treatments formed the third group, including T1, T2, and T3, which 399 

performed well in Extract and Total polysaccharide but were less effective in the other five 400 

quality indicators. 401 

Correlation analysis of the effects of different nutrient management protocols on agronomic 402 

traits and fresh biomass accumulation in Ophiopogon japonicus is presented in Figure 13. In the 403 

correlation analysis, Total saponin and Ophiopogon saponin D showed a highly significant 404 

positive correlation with Ophiopogon japonicus (OJ) yield, while Methylophiopogonanone A 405 

demonstrated a significant positive correlation with OJ yield. Extract was significantly positively 406 

correlated with both OJ nutritive root and fresh biomass of OJ rhizome. Conversely, Extract and 407 

Total polysaccharide exhibited a significant negative correlation with OJ yield. Additionally, 408 

Total flavonoid and Methylophiopogonanone A showed a significant negative correlation with 409 

OJ plant height, and Total flavonoid was significantly negatively correlated with OJ nutritive 410 

root. 411 

Effects of different nutrient management protocols on the grading of Ophiopogon japonicus 412 

are presented in Figure 14. Under different nutrient management protocols, the first-grade 413 

Ophiopogon japonicus yield reached 33.85% to 40.77%, with T3 significantly outperforming T1, 414 

T2, T4, and T5 by 7.64% (T1), 8.39% (T2), 20.43% (T4), and 13.56% (T5), while showing no 415 

significant correlation with T6, T7, and T8. The second-grade yield varied between 47.39% and 416 

54.08%, with T4 and T5 significantly higher than the other treatments, where T4 exceeded other 417 

groups by 4.27% to 12.42%, and T5 by 5.85% to 14.13%. The third-grade yield ranged from 418 

10.02% to 14.55%, with T1 significantly higher than all other groups by 28.83% (T2), 35.75% 419 

(T3), 13.04% (T4), 45.28% (T5), 31.57% (T6), 32.30% (T7), and 15.26% (T8). 420 

The 3D principal component analysis (PCA) plot of quality indicators and medicinal 421 

properties of Ophiopogon japonicus is shown in Figure 15. Table 5 shows the results of Principal 422 

Component Analysis (PCA) of the quality indicators and medicinal properties of Ophiopogon 423 

japonicus. Principal component analysis (PCA) was performed on the quality indicators and 424 

medicinal properties of Ophiopogon japonicus root tuber. 425 

The first principal component (PC1) accounted for 47.00%, the second (PC2) for 29.53%, 426 

and the third (PC3) for 11.73% of the variance. Together, these three principal components 427 

explained 88.26% of the variance, representing most of the information content in the quality and 428 

medicinal indicators of Ophiopogon japonicus root tuber. Therefore, these three principal 429 

components can be used to evaluate the quality and medicinal properties of Ophiopogon 430 

japonicus root tuber from the 8 treatment groups. 431 

PC1 primarily integrates the information from extract, total polysaccharide, total saponin, 432 

total flavonoid, Ophiopogon saponin D, Methylophiopogonanone A and 433 

Methylophiopogonanone B. These indicators show a positive distribution on the first principal 434 



component, meaning that the higher the PC1 value, the higher the values of these indicators. PC2 435 

mainly reflects the total saponin. 436 

Based on the principal component analysis model, the eigenvectors for each indicator were 437 

calculated and used as weights to derive the scoring formulas for the three principal components 438 

(H1, H2, H3). SPSS software was used to standardize the quality data of the Ophiopogon 439 

japonicus root tuber and, in putting it into these scoring formulas, we obtained the scores of 440 

Ophiopogon japonicus root tuber from different treatment groups on seven principal 441 

components. The weights for these principal components were based on their respective variance 442 

contribution rates, and the comprehensive quality score (H0) of the Ophiopogon japonicus root 443 

tuber was calculated accordingly. 444 

H1 = -0.417Z1 - 0.307Z2 + 0.266Z3 + 0.406Z4 + 0.293Z5 + 0.480Z6 + 0.425Z7 445 

H2 = 0.150Z1 + 0.145Z2 - 0.598Z3 + 0.355Z4 - 0.529Z5 + 0.274Z6 + 0.343Z7 446 

H3 = -0.129Z1 + 0.865Z2 - 0.001Z3 - 0.173Z4 + 0.335Z5 + 0.147Z6 + 0.267Z7 447 

H0 = 0.533H1 + 0.335H2 + 0.133H3 448 

The comprehensive scores for each treatment group are ranked as follows: T5 > T7 > T6 > 449 

T2 > T1 > T8 > T4 > T3 (Table 6). Among the 8 treatment groups, the Ophiopogon japonicus 450 

root tuber from T5 treatment group has the highest quality. The Ophiopogon japonicus root tuber 451 

from the treatment groups of T1, T8, T4, and T3 has relatively poor quality.  452 

DISCUSSION 453 

Effective ecological planting models in modern agriculture integrate various components to 454 

achieve sustainability, economic viability, and environmental protection. These models 455 

emphasize the harmonious interaction between agricultural activities and natural ecosystems, 456 

offering significant advantages in resource utilization, soil improvement, pest and weed 457 

suppression, and enhanced economic and ecological benefits. However, they also present 458 

challenges such as complex management and resource competition. Despite these challenges, 459 

ecological planting models hold great potential for contributing to sustainable development and 460 

environmental conservation, making them a promising approach for the future cultivation of 461 

medicinal plants. 462 

As the primary approach to cultivating medicinal plants, ecological planting is increasingly 463 

recognized for its role in enhancing the sustainability of traditional Chinese medicine (TCM) 464 

production and improving environmental management. This method integrates ecological 465 

principles with agricultural practices to ensure high-quality medicinal materials while 466 

minimizing environmental impact. Currently, ecological planting models for medicinal plants 467 

include simulated wild cultivation (Schafer 2011), understory planting (He et al. 2022b), 468 

intercropping (Kang et al. 2020b), crop rotation, and biodiversity-based landscape farming (Kang 469 

et al. 2020a). Among these, intercropping is the most widely adopted production method. By 470 

optimizing spatial and temporal arrangements, intercropping efficiently utilizes natural resources 471 

such as land, water, nutrients, sunlight, and labor (Latati et al. 2013). This approach not only 472 

maximizes land use efficiency and increases crop yields but also minimizes ecological 473 

disturbances. To fully realize the benefits of intercropping, scientific planning, strategic crop 474 



selection, and enhanced resource and nutrient management are essential. Proper implementation 475 

can maximize productivity while mitigating potential drawbacks, ensuring a balanced and 476 

sustainable agricultural system. 477 

Fertilizers are essential for crop growth and play a critical role in ensuring food security. 478 

Nitrogen (N), phosphorus (P), and potassium (K) are the primary macronutrients required for 479 

plant development, making fertilizers a key input in agricultural production. However, in 480 

intercropping systems, nutrient competition between crops can limit the efficient utilization of 481 

available nutrients (Nasar et al. 2021; Nyawade et al. 2021). In the Ophiopogon japonicus-corn 482 

intercropping system, Ophiopogon japonicus primarily undergoes its seedling stage during 483 

intercropping. At this stage, the crop focuses on leaf and fibrous root growth, with nutrient 484 

accumulation mainly in these organs. Meanwhile, corn is in a vigorous growth phase, resulting in 485 

high nutrient demands, particularly for nitrogen. Studies indicate that both corn and Ophiopogon 486 

japonicus require substantial nitrogen inputs, with corn, as a grass species, having a competitive 487 

advantage in nitrogen uptake. Intercropping further influences the nitrogen-use efficiency of both 488 

crops (Li et al. 2001). Nitrogen plays a crucial role in chlorophyll synthesis, enzyme activity, and 489 

overall plant metabolism (Pan et al. 2021). Proper nitrogen supplementation can mitigate the 490 

negative effects of nutrient competition in intercropping systems. During the co-growth period, 491 

corn's nitrogen demand peaks during its rapid growth and grain formation stages, while 492 

Ophiopogon japonicus requires less nitrogen at the seedling stage. Moderate nitrogen application 493 

supports its leaf growth and root development, but excessive nitrogen can lead to excessive 494 

vegetative growth, reducing root yield and quality. To balance the nitrogen demands of both 495 

crops, fast-acting nitrogen fertilizers are preferred. Urea and ammonium nitrate are two common 496 

nitrogen sources. Urea provides amide nitrogen, which must be converted into ammonium or 497 

nitrate by soil microbes before plant uptake. In contrast, ammonium nitrate supplies both 498 

ammonium and nitrate nitrogen, which are readily available for plant absorption. As a result, 499 

ammonium nitrate generally has a higher nitrogen-use efficiency than urea (Sylvester-Bradley et 500 

al. 2014). Our study found that nitrogen supplementation significantly improved the growth of 501 

both crops, increasing corn silage and Ophiopogon japonicus root yields while maintaining root 502 

quality. These findings align with previous research on intercropping systems, such as corn-503 

alfalfa and corn-soybean intercropping (Nasar et al. 2020; Shao et al. 2020). Notably, nitrogen 504 

fertilizer type had a significant effect on corn plant height, with ammonium nitrate yielding 505 

better results. This is attributed to its fast-acting nitrogen availability, whereas urea requires 506 

microbial conversion before plant uptake (Song et al. 2023; Waterhouse et al. 2017). Prior 507 

studies have demonstrated the impact of nitrogen forms on crop growth and yield, particularly in 508 

corn (Reyes-Matamoros et al. 2024) and tobacco (Li et al. 2024b). 509 

Nitrogen (N), phosphorus (P), and potassium (K) are essential nutrients for plant growth, 510 

directly influencing crop yield and quality. However, different intercropping systems have 511 

varying nutrient demands and absorption patterns (Nasar et al. 2020; Zaeem et al. 2019). The 512 

optimal NPK ratio is critical for maximizing plant growth and yield. Excessive or unbalanced 513 

use of chemical fertilizers can lead to nutrient imbalances, reduced efficiency, soil salinization, 514 



and water pollution (He et al. 2022a) . Only through the interaction of N, P, and K can root 515 

development, biomass production, and overall plant health be effectively regulated. The NPK 516 

ratio serves as a key indicator of nutrient limitations. A deficiency in phosphorus or potassium 517 

can reduce nitrogen efficiency, ultimately inhibiting plant growth and yield (Usherwood & 518 

Segars 2001). For instance, root and tuber crops require higher potassium levels to support tuber 519 

development and water regulation, while a balanced supply of nitrogen and phosphorus is crucial 520 

for strong root growth and nutrient uptake (Smith 1976) . The impact of different NPK ratios on 521 

medicinal plant cultivation is multifaceted, affecting both growth and medicinal quality. Studies 522 

have shown that varying NPK ratios influence biomass accumulation in licorice (Chen et al. 523 

2023), with higher nitrogen, phosphorus, and potassium levels promoting dandelion biomass 524 

while lower levels favor secondary metabolite accumulation (SU et al. 1994). Additionally, 525 

specific NPK ratios significantly impact the accumulation of phenolic compounds in Rhodiola 526 

rosea, with an optimized ratio enhancing salidroside and other phenolic contents (Zhao et al. 527 

2018). A 3:1:3 NPK combination has been shown to increase ginsenoside content and improve 528 

rhizosphere microbial diversity, benefiting plant health (Sun et al. 2022). Optimizing nutrient 529 

balance can significantly enhance both biomass production and active compound concentration, 530 

which is vital for medicinal efficacy. Different NPK ratios also play a crucial role in 531 

intercropping systems, influencing crop growth, yield, and quality traits. Applying specific NPK 532 

ratios can improve productivity and resource use efficiency. For example, in a rice-soybean 533 

intercropping system, a higher NPK ratio significantly enhanced plant height, leaf area index, 534 

and seed weight, leading to increased rice yield components (Effam et al. 2024). Similarly, 535 

intercropping cotton with peanut, garlic, or wheat increased aboveground biomass by 15.5%, 536 

with improved nutrient uptake contributing to yield advantages (Qiu et al. 2023). In foxtail 537 

millet, the optimal NPK ratio (N160P90K150) significantly boosted yield and quality traits, 538 

highlighting the importance of balanced fertilization in intercropping systems (Xing et al. 2023). 539 

In this study, we examined the effects of different NPK top-dressing ratios on the growth, yield, 540 

and quality traits of an Ophiopogon japonicus-corn intercropping system. Corn has high nutrient 541 

demands, particularly for nitrogen (from the jointing to tasseling stage), phosphorus (during the 542 

seedling and jointing stages), and potassium (from the jointing to grain-filling stage). 543 

Meanwhile, Ophiopogon japonicus requires higher phosphorus and potassium levels during its 544 

seedling stage for root growth and tillering. Our results indicate that different NPK ratios 545 

significantly affect the growth, yield, and quality of both crops, aligning with previous research 546 

findings. While an optimal NPK ratio can enhance crop quality and yield, its effects vary 547 

depending on crop species and environmental conditions, suggesting a complex interaction 548 

between nutrient utilization and plant growth dynamics (Jose 2023). Furthermore, soil conditions 549 

and crop-specific requirements influence fertilizer effectiveness, emphasizing the need for 550 

tailored fertilization strategies for different cropping systems (Singh et al. 2015). 551 

Micronutrients play a crucial role in plant growth, acting as catalysts and participants in 552 

various physiological and biochemical processes. While they do not directly influence crop 553 

growth as macronutrients do, they are essential for numerous metabolic functions. Magnesium 554 



(Mg) is a vital micronutrient for corn growth, playing a key role in physiological processes. It is 555 

the core element of chlorophyll formation (El-Dissoky et al. 2017) and serves as a cofactor for 556 

several carbon fixation-related enzymes, influencing amino acid and lipid phosphorylation and 557 

synthesis [83]. Additionally, magnesium is essential for protein synthesis (El-Dissoky et al. 558 

2017). Additionally, magnesium is essential for protein synthesis (Maathuis 2009). The 559 

nutritional status of magnesium fertilizers affects the transport of photosynthetic products from 560 

leaves to growing roots, influencing root nutrient absorption capacity (Chen et al. 2017; Kiss et 561 

al. 2004). Notably, magnesium can reduce the concentration of other micronutrients in plants, 562 

not only due to a biomass dilution effect but also by altering root absorption capacity (Kleiber et 563 

al. 2012). Despite its importance, magnesium is often overlooked in fertilization programs 564 

compared to other nutrients. Recent studies have highlighted the benefits of magnesium 565 

fertilization, particularly in improving corn yield and nutrient uptake. For example, magnesium 566 

nanoparticles have been shown to enhance corn Mg absorption and utilization efficiency, 567 

increase phosphorus, potassium, and calcium content in harvested grains, and improve yield and 568 

phenological development (Zhang et al. 2020). Manganese (Mn) is another critical micronutrient 569 

for corn, playing a vital role in metabolism and growth. It is essential for physiological processes 570 

such as photosynthesis, respiration, and nitrogen assimilation. Manganese availability and 571 

concentration influence nutritional value and agricultural productivity. Specialized manganese 572 

fertilizers have been proven to enhance corn yield and stress resistance. For instance, high-573 

nitrogen compound fertilizers enriched with manganese can address nutrient imbalances, 574 

promote crop growth, increase yield, and improve soil fertility (Osman & Osman 2013). Our 575 

study demonstrates that magnesium and manganese fertilization significantly improved the yield 576 

of silage corn and Ophiopogon japonicus. Notably, magnesium and manganese application 577 

increased the number of Ophiopogon japonicus tuberous roots, leading to a higher yield of 578 

Ophiopogonis Radix. However, the increased yield resulted in a slight decline in quality (Fan et 579 

al. 2023). Therefore, in addition to nitrogen, phosphorus, and potassium, balanced fertilization 580 

strategies should include appropriate supplementation of essential micronutrients based on crop 581 

requirements. This approach not only enhances yield but also improves medicinal material 582 

quality. Inappropriate fertilization can hinder plant growth, reduce yield, and decrease the 583 

content of bioactive compounds. However, further research is needed to explore the 584 

photosynthetic efficiency of nitrogen, phosphorus, potassium, magnesium, and manganese in the 585 

corn-Ophiopogon japonicus intercropping system. 586 

The quality of Ophiopogonis Radix is significantly influenced by the types of nitrogen 587 

fertilizers and topdressing applications, affecting key bioactive compounds such as extract yield, 588 

total polysaccharides, total saponins, and total flavonoids. Interactions between different factors 589 

also lead to variations in the medicinal components, including Ophiopogon saponin D, 590 

Methylophiopogonanone A, and Methylophiopogonanone B. These findings align with previous 591 

fertilization studies on monocropped Ophiopogon japonicus, which identified an optimal 592 

combination of organic and inorganic fertilizers to enhance bioactive compounds while 593 

minimizing heavy metal accumulation. This may be attributed to the application of nitrogen and 594 



potassium fertilizers, which enhances carbon assimilation enzyme activity, promotes 595 

carbohydrate synthesis, and facilitates the formation of terpenoid compounds that rely on non-596 

structural carbohydrates as precursors (Waring et al. 2023). A similar pattern has been observed 597 

in Panax notoginseng, where high nitrogen levels suppress the accumulation of saponins-a key 598 

bioactive compound-by reducing nitrogen use efficiency and photosynthetic capacity. 599 

Conversely, low nitrogen conditions promote the accumulation of saponins and flavonoids by 600 

increasing the C/N ratio and upregulating genes involved in their biosynthesis (Cun et al. 2023). 601 

This highlights the importance of optimizing nitrogen levels to balance plant growth with the 602 

production of high-quality medicinal metabolites. 603 

In response to the challenges faced by Ophiopogonis Radix production, the adoption of an 604 

Ophiopogon japonicus-corn intercropping system presents an effective solution. This approach 605 

not only improves land use efficiency but also mitigates the competition between medicinal and 606 

food crops caused by large-scale Ophiopogon japonicus cultivation. However, nutrient 607 

competition between Ophiopogon japonicus and corn necessitates precise nutrient 608 

supplementation during cultivation. To ensure both yield and quality, it is crucial to regulate the 609 

supply and form of macronutrients such as nitrogen, phosphorus, and potassium while also 610 

addressing the availability of essential micronutrients like magnesium and manganese. These 611 

elements play a vital role in plant growth, stress resistance, and overall crop performance, further 612 

enhancing the benefits of intercropping. By implementing a well-managed nutrient strategy, this 613 

model can achieve both medicinal and food crop production while supporting sustainable 614 

agriculture, offering valuable insights for similar cropping systems. 615 

CONCLUSIONS 616 

This study explores the potential of the corn-Ophiopogon japonicus intercropping system in 617 

improving land use efficiency and alleviating competition between medicinal and food crops. 618 

Additionally, it proposes an optimized fertilization strategy to enhance both crop yield and 619 

quality. The results indicate that appropriate nutrient supplementation not only increases the 620 

yield of silage corn and Ophiopogon japonicus but also improves the quality of Ophiopogonis 621 

Radix. For yield improvement, the recommended fertilization plan includes ammonium nitrate 622 

(150 kg/ha), magnesium sulfate (45 kg/ha), manganese sulfate (15 kg/ha), superphosphate (75 623 

kg/ha), and potassium sulfate (450 kg/ha). This combination enhances corn agronomic traits such 624 

as plant height and stem diameter, significantly increasing silage corn yield while also promoting 625 

Ophiopogon japonicus tuber formation, thereby boosting Ophiopogonis Radix production. To 626 

improve the medicinal quality of Ophiopogonis Radix, the study recommends applying urea (150 627 

kg/ha), superphosphate (75 kg/ha), and potassium sulfate (450 kg/ha), which ensures stable yield 628 

while significantly enhancing the bioactive compound content. 629 

In summary, this study provides scientific evidence for nutrient management in the corn-630 

Ophiopogon japonicus intercropping system, demonstrating that optimized fertilization strategies 631 

can achieve a win-win outcome for both food and medicinal crops. Future research should 632 

explore: (1) the adaptability of this intercropping system across different soil types and climatic 633 

conditions; (2) the long-term impact of the recommended fertilization strategy on soil health and 634 

Excluído: —635 
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ecosystem stability; (3) the integration of modern precision agriculture technologies, such as 637 

remote sensing and intelligent fertilization systems, to further refine nutrient management; and (4) 638 

the mechanisms of crop interactions in intercropping, particularly the role of root exudates and 639 

microbial communities in nutrient uptake and plant growth. These studies will provide a more 640 

comprehensive theoretical foundation and technical support for the wider adoption of the corn–641 

Ophiopogon japonicus intercropping system. 642 

Additionally, future research should assess the economic and social benefits of this system, 643 

including its potential to reduce fertilizer use, lower environmental pollution, and increase 644 

farmers’ income. Such insights could contribute to sustainable agricultural development by 645 

offering innovative solutions and practical strategies. 646 
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