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Introduction: To meet the both escalating production requirements of pepino cultivation and maintaining soil sustainable development through precise exploration of chemical fertilizer input amounts.

Methods: A 5-month greenhouse experiment evaluated how varying nitrogen fertilization rates (0, 75, 150, 225, and 300 kg⋅ha–1) modulate soil biochemical properties and their subsequent effects on pepino productivity and fruit nutrients components.

Results: Our study revealed that the N300 treatment maximized vegetative growth (plant height, leaf and fruit dry biomass), as well as plant nitrogen and fruit calcium contents, but significantly reduced root-to-shoot ratio, vitamin C, and soluble sugars versus N0. N225 optimally balanced productivity and nutrition, and elevated nitrogen use efficiency (34.13%), per plant yield (45.60%), fruit protein (142.68%) and calcium (32.72%). N150 showed intermediate benefits with peak stem dry biomass and sugar content, while N75 provided only marginal growth stimulation. Moreover, nitrogen fertilization differentially modified soil biochemical properties, N300 treatment markedly enhanced urease (143.24%), nitrate reductase (99.38%), and sucrase (23.87%) activities, while increasing the relative abundances of Nitrosomonas and Ensifer, though at the cost of reduced pH, nitrite reductase, and alkaline phosphatase activities. N225 treatment improved microbial ACE and Chao indexes, and enriched the Opitutus, but depleted available nitrogen (−29.53%) and available potassium (−27.90%). N150 boosted the relative abundance of Bacillus (45.15%), Arthrobacter (72.67%), Sphingomonas (57.55%), and enriched the Mesorhizobium. N75 had slightly positive effects on core genera and nitrogen cycling microorganism. Therefore, we recommend nitrogen application rates of 150 ∼ 225 kg⋅ha–1 to optimize pepino production. Moreover, the PLS analysis illustrated that nitrogen fertilization indirectly enhanced pepino productivity by stimulating urease and nitrate reductase activities, and enriching functional microbiota (Nitrosomonas, Opitutus, Ensifer, and Mesorhizobium) to facilitate soil nutrient mobilization (soil total nitrogen, available nitrogen and available potassium) for plant growth. Notably, fruit nutrients components (protein and calcium contents) were directly modulated by nitrogen application amounts.

Discussion: Our research provided crucial theoretical foundations for both sustainable soil management and meeting the escalating production requirements in pepino cultivation.
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1 Introduction

The intensive use of agricultural practices has led to increasing reliance on chemical fertilizers to sustain crop yields in the face of growing global food demands (Sabir et al., 2021; Vries et al., 2022). However, the excessive and repeated application of chemical fertilizers, coupled with low nitrogen use efficiency by crops, has raised significant environmental concerns. For instance, inappropriate fertilizer practices might contribute to soil acidification, promote soil degradation, and lead to the accumulation of excess nutrients (such as phosphorus element) in soil (Ouyang et al., 2020; Sabir et al., 2021; Vries et al., 2022). Furthermore, previous researches indicated that widespread chemical fertilizer application disrupted the diversity, composition, and metabolic functions of soil microbial communities, which are negatively correlated with both crop productivity and quality (Sabir et al., 2021; Park et al., 2023; Zhou et al., 2023).

Fertilization is widely employed to improve soil fertility and enhance crop yields (Ai et al., 2012; Guo et al., 2020). Additionally, fertilizer application increased soil nutrient availability, which promoted the microbial growth (Geisseler and Scow, 2014). However, fertilizer inputs inevitably altered soil properties (Li et al., 2019), subsequently influenced the structure of soil bacterial and fungal communities (Leff et al., 2015; Guo et al., 2020). For instance, nitrogen fertilization, directly affected soil bacterial richness, but indirectly modified bacterial community composition through soil acidification (Zeng et al., 2016). Microbial diversity and community structure undergo significant shifts with the soil nutrient levels rising (Eo and Park, 2016), often favoring fast-growing copiotrophic bacteria at the expense of slower-growing oligotrophs, which typically dominate nutrient-limited soils (Fierer et al., 2011; Ramirez et al., 2012). Furthermore, soil enzymes, produced by microorganisms as metabolic byproducts, play a vital role in organic matter decomposition and nutrient cycling (Islam et al., 2010; Wu et al., 2024), their activities are essential for maintaining soil fertility and overall ecosystem functioning (Manuel Delgado-Baquerizo et al., 2016). Therefore, understanding the effects of fertilization on keystone microbial genera was crucial for developing sustainable fertilization strategies (Wu et al., 2023).

The rhizosphere, a critical soil zone surrounding plant roots, plays a central role in plant nutrition, health, and agricultural productivity (Berg and Smalla, 2009). This dynamic “hotspot” exhibits heightened microbial activity, greater microbial abundance, and intensified interactions among plants, microbes, and soil (Bulgarelli et al., 2013). Rhizosphere microorganisms are widely regarded as fundamental drivers of sustainable agricultural development (Yadav et al., 2018), and also are essential for crop productivity and soil health, as they can regulate organic matter decomposition and enhance nutrients mineralization rates (Barrios, 2007; Yang et al., 2022). Moreover, plant species could influence rhizosphere microbial composition, and foster distinct microbial populations (Berg and Smalla, 2009). Through the secretion of diverse metabolites, plants actively shape the functional dynamics of rhizosphere microbial communities, which in turn feedback on plant growth and productivity (Berendsen et al., 2012; She et al., 2018; Wang et al., 2018).

The pepino (Solanum muricatum) is a diploid (2n = 24) perennial herbaceous species within the Solanaceae family, closely relates to economically important crops such as tomato (Solanum lycopersicum) and potato (Solanum tuberosum) (Contreras et al., 2016; Contreras et al., 2017; Yue et al., 2020). Native species is indigenous to South America, with its center of origin in the Andean regions of Peru and Chile, and exhibits a broad geographical distribution ranging from Colombia to Bolivia (Contreras et al., 2016; Contreras et al., 2017). At optimal ripeness, pepino fruit demonstrates considerable nutritional value, containing significant levels of essential minerals (calcium, phosphorus, and potassium) as well as ascorbic acid (Vitamin C), making them a nutritionally valuable dietary component (Zhao et al., 2021; Hou et al., 2025). Furthermore, pepino has gained recognition for its potential health benefits, including demonstrated anti-inflammatory, anticarcinogenic, and antidiabetic properties, which contribute to its growing reputation as a functional food (Prohens et al., 2005; Sudha et al., 2012; Sun et al., 2022).

From 1988 year to the present, some research articles have mainly focused on the developing or postharvest fruit, such as the changes of fruit physiology (Heyes et al., 1994; Martínez-Romero, 2003), nutritional composition (Huyskens-Keil et al., 2006; Herraiz et al., 2016), and metabolic processes (Schaffer et al., 1989; Yue et al., 2020; Yang et al., 2023). Additionally, some studies have evaluated suitable cultivation regions (Hou et al., 2023), pest and disease identification in pepino (Kim et al., 2017; Ishikawa and Takahata, 2019; She et al., 2021), as well as the effects of water and salt stress on growth and development (Chen et al., 1999; Pacheco et al., 2021). Moreover, previous studies have established the phenological stages of open-field cultivated pepino on the Qinghai-Tibet Plateau, providing valuable references for research and cultivation (Hou et al., 2025).

In recent years, pepino has emerged as a valuable crop for agricultural restructuring and farmer income enhancement. Its cultivation has been recently introduced to the Hexi corridor of Gansu Province, where it is primarily grown in controlled greenhouse environments featuring single-stem pruning systems and high-density planting arrangements within limited cultivation areas, while the influence of chemical fertilizer on pepino rhizosphere soil biochemical properties, plant growth and fruit quality remain poorly understood. To address this knowledge gap, we investigated the effects of varying nitrogen fertilizer rates on pepino cultivation, with the following objectives: (1) to determine the optimal nitrogen application rate for pepino production, and (2) to elucidate the microbial mechanism of nitrogen fertilization inputs regulate pepino growth and fruit nutrients components. Our research will provide crucial theoretical foundations for both sustainable soil management and meeting the escalating production requirements of pepino cultivation.



2 Materials and methods


2.1 Experimental design

The test soil was collected from the experimental crop field of Gansu Provincial Academy of Agricultural Sciences, characterized as loessal soil (a typical aeolian deposit in arid and semi-arid regions) with a bulk density of 1.12 g/cm3, the soil mass of per mu is 150,000 kg with a 20 cm depth of topsoil. Test soil samples were obtained prior to fertilizer application for the analysis of fundamental physicochemical properties. The initial soil analysis revealed the following characteristics: organic matter content of 13.57 g⋅kg–1, available nitrogen content of 80.87 mg⋅kg–1, available potassium content of 137.00 mg⋅kg–1, available phosphorus content of 9.44 mg⋅kg–1, total nitrogen content of 0.72 g⋅kg–1, total phosphorus content of 0.77 g⋅kg–1, total potassium content of 19.50 g⋅kg–1, and soil pH value of 8.08.

The experimental material consisted of uniformly developed pepino (Solanum muricatum) plantlets derived from virus-free tissue-cultured seedlings. The study was conducted in a controlled greenhouse environment at the Institute of Biotechnology, Gansu Provincial Academy of Agricultural Sciences, during the growth period from August 1 to December 31, 2023 (mean temperature: 23.3 ± 0.5°C; mean relative humidity: 37.9 ± 2.1%). Selected seedlings of uniform size were transplanted into ecological pots (30 cm height × 25 cm inner diameter) containing 10 kg of air-dried, sieved loess soil, with one plant per pot.

Five nitrogen application rates were established: 0 (N0), 75 (N75), 150 (N150), 225 (N225), and 300 kg⋅ha–1 (N300). According to the formulas 1 ha = 15 mu, 1 mu = 15 × 104 kg soil, the unit conversions of nitrogen fertilizer application rates as Supplementary Table 1. Each treatment consisted of thirty replicate pots, and with three biological replicates allocated for parameter measurements after 150 days. Fertilizers used included urea (≥ 46% TN), granular single superphosphate (≥ 12% P2O5), and potassium sulfate (≥ 50% K2O) for agricultural use. Nitrogen application was split into two stages: 40% during main stem elongation and 60% at fruit set, and delivered via fertigation. Phosphorus (180 kg P2O5/ha) and potassium (187.5 kg K2O/ha) fertilizers were uniformly incorporated into the soil prior to potting as cultivation soil.



2.2 Plant sample collection and measurement at pepino maturity stage

Plant height was measured from the stem base to the apical meristem using a ruler. Stem diameter was determined at 2 cm above the stem base using digital calipers. Pepino plants were carefully separated into root, stem, leaf, and fruit components for biomass analysis. The samples were first heat-treated at 105°C for 30 min to terminate enzymatic activity, then dried at 80°C in a forced-air oven until constant weight was achieved. The dry weight of stem, leaf, and fruit components were measured using digital scale. Plant total nitrogen content was determined using the Kjeldahl method (Kjeltec™ 8200 Semi-Automatic Nitrogen Analyzer, FOSS, Sweden).

The total N uptake was calculated as the sum of N uptake by all the organs of the plant. To evaluate fertilization efficiency, the nitrogen fertilizer use efficiency (NUE) was calculated as follows (Ma et al., 2024):
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According to the standard test methods of the Chinese national food standard, the protein content of pepino was determined by Kjeldahl method (Kjeltec™ 8200 Semi-Automatic Nitrogen Analyzer, FOSS, Sweden). The vitamin C content was determined by fluorescence method (Shimadzu RF-540 Spectrofluorophotometer, Shimadzu Corporation, Japan). The crude fiber content was determined by acid-alkali washing method. The soluble sugar content was determined by direct titration. The calcium element was determined by inductively coupled plasma mass spectrometry (Thermo Scientific™ iCE 3500 Atomic Absorption Spectrometer, Thermo Fisher Scientific, United States). The selenium element was determined by hydride atomic fluorescence spectrometry (RGF-8740 Atomic Fluorescence Spectrophotometer, Beijing Rayleigh Analytical Instruments Corp., Beijing, China).



2.3 Soil sample collection and measurement at pepino maturity stage

For each pepino plant, the complete root system was carefully extracted from its pot. Rhizosphere soil was collected by gently shaking the roots to dislodge soil particles adhering to the root surface, followed by removal of visible impurities (e.g., plant debris) (Ren et al., 2022). The rhizosphere soil samples were collected and mixed in sterile self-sealing bags, and then divided into two parts, one part sample was stored in 5 mL cryovials at −80°C until DNA extraction; the other portion of soil sample had been naturally dried and sieved, was used for the determination of soil chemical properties and enzymatic activity (based on the measurement of dry soil method) over 1 month.

According to the standard test methods of the Chinese national standard, soil organic matter (SOM) content was determined by potassium dichromate oxidation method (Walkley, 1935). The available nitrogen (AN) was determined by the alkaline diffusion method. Available phosphorus (AP) was extracted by sodium bicarbonate and quantified with a spectrophotometer (Varian Cary 50 UV-Vis Spectrophotometer, Agilent Technologies, United States). Available potassium (AK) was extracted by ammonium acetate and quantified by a flame photometer (Sherwood Model 410 Flame Photometer, Sherwood Scientific Ltd., United Kingdom). The total nitrogen (TN) was determined by Kjeldahl method (Kjeltec™ 8200 Semi-Automatic Nitrogen Analyzer, FOSS, Sweden). Total phosphorus (TP) content was determined by alkali fusion-molybdenum antimony colorimetric method (Varian Cary 50 UV-visible spectrophotometer, Agilent Technologies, United States). The total potassium (TK) content was determined by alkali fusion-flame photometry (Sherwood M410 Flame Photometer, Sherwood Scientific Ltd., United Kingdom). The pH measurement was performed after oscillation for 30 min, and the ratio of soil to water (W/V) was 1:2.5 (pHS-25 pH Meter, Shanghai Precision and Scientific Instrument Co., Ltd., Shanghai, China) (Li et al., 2023).

Soil urease activity was measured by sodium phenol-sodium hypochlorite colorimetric method (Xu et al., 2021). Soil sucrase activity was measured by 3, and 5-dinitro salicylic acid colorimetry, and its enzyme activity was expressed as the milligrams of glucose produced in 1 g of soil over a 24 h period (Gao et al., 2013). Soil nitrate reductase activity was determined by the phenol disulfonic acid colorimetric method (Hu et al., 2014). Soil nitrite reductase activity was determined by an enzymatic assay. Soil alkaline phosphatase activity was determined by the colorimetric method using disodium benzene phosphate.



2.4 DNA extraction, amplicon sequencing, and bioinformatics analysis

Total microbial genomic DNA was extracted from pepino rhizosphere soil samples using the FastPure Soil DNA Isolation Kit (Magnetic bead) (MJYH, Shanghai, China) following the manufacturer’s protocol. DNA quality and concentration were assessed through 1.0% agarose gel electrophoresis and a NanoDrop2000 spectrophotometer (Thermo Scientific, United States), with subsequent storage at −80°C until further analysis. The hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified using primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Liu et al., 2015) in a T100 Thermal Cycler PCR system (Bio-Rad, United States).

The PCR reaction mixture including 4 μL of 5 × Fast Pfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast Pfu polymerase, 10 ng of template DNA, and ddH2O to a final volume of 20 μL. Amplification was performed under the following conditions: initial denaturation at 95°C for 3 min; 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s; followed by a final extension at 72°C for 10 min and cooling to 4°C. PCR products were separated by 2% agarose gel electrophoresis, purified using the PCR Clean-Up Kit (YuHua, Shanghai, China) according to the manufacturer’s instructions, and quantified using a Qubit 4.0 fluorometer (Thermo Fisher Scientific, United States). Equimolar concentrations of purified amplicons were pooled and subjected to paired-end sequencing on an Illumina NextSeq 2000 platform (San Diego, United States) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China), following standard protocols.

The raw FASTQ files were demultiplexed using an in-house Perl script, followed by quality filtering with fastp (version 0.19.6) (Chen et al., 2018) and merging using FLASH (version 1.2.7) (Magoč and Salzberg, 2011) under the following parameters: (i) The reads were truncated at any site receiving an average quality score of < 20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (ii) Only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region is 0.2, reads that could not be assembled were discarded; (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, 2 nucleotide mismatches in primer matching. Then the optimized sequences were clustered into operational taxonomic units (OTUs) using UPARSE (version 7.1) with 97% sequence similarity level (Stackebrandt and Goebel, 1994; Edgar, 2013). The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA gene database (SILVA_v138) using confidence threshold of 0.7.



2.5 Statistical analysis

The column plots and tables were generated using Excel 2016 and Origin Pro 2021. SPSS 26.0 statistical software was used, and Duncan method of one-way (ANOVA) analysis was used to detect significant differences (P < 0.05). Soil bioinformatics analysis was performed using the Majorbio Cloud platform (Majorbio, Shanghai, China). Alpha diversity indices (ACE and Chao1 richness indices (Chao, 1984), Shannon (Shannon, 1948) and Simpson (Simpson, 1949) diversity indices) were calculated from OTU data using Mothur v1.30.1 (Schloss et al., 2009). Beta diversity was assessed through principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity metrics. The correlation heatmap was generated based on Pearson correlation analysis. Mantel tests examining soil microbial community structure-biochemical property relationships were implemented using the “ggcor” package in R (version 4.4.1) (Du et al., 2023). Factor importance analysis was conducted with the “rfPermute” package in R (Chen et al., 2021). Differential species analysis employed LEfSe (Linear Discriminant Analysis Effect Size) with an LDA threshold > 2.5. Partial Least Squares Path Modeling (PLS-PM) was performed using the “plspm” R package.




3 Results analysis


3.1 Effect of nitrogen fertilizer rates on pepino growth at maturity stage


3.1.1 Nitrogen fertilizer addition boosted the pepino growth parameters

Effect of nitrogen fertilizer inputs on pepino growth parameters at maturity stage (Table 1), which demonstrated that increasing nitrogen fertilizer inputs progressively enhanced the pepino plant height, leaf dry biomass, fruit dry biomass. Compared to N0 control, N150, N225, and N300 treatments significantly increased plant height by 16.20, 26.00, and 26.36 cm, leaf dry biomass by 68.84, 101.40, and 113.79%, and fruit dry biomass by 29.10, 45.54, and 48.21%, respectively.


TABLE 1 Effect of nitrogen fertilizer rates on pepino growth parameters at maturity stage.


	Treatments
	Plant height (cm)
	Stem diameter (mm)
	Leaf dry biomass
 (g)
	Stem dry biomass (g)
	Root dry biomass (g)
	Fruit dry biomass (g)
	Root to shoot ratio (R/T)





	N0
	57.67 c ± 8.62
	7.61 a ± 0.93
	7.83 c ± 1.27
	6.07 c ± 1.34
	3.26 b ± 0.43
	22.40 b ± 2.04
	0.089 a ± 0.004



	N75
	64.67 bc ± 4.28
	7.86 a ± 0.65
	9.46 c ± 0.45
	7.04 bc ± 0.45
	3.61 ab ± 0.60
	26.50 ab ± 4.78
	0.086 a ± 0.015



	N150
	73.87 ab ± 3.42
	8.12 a ± 0.41
	13.22 b ± 1.76
	9.93 a ± 0.71
	4.60 a ± 0.28
	29.10 a ± 3.96
	0.093 a ± 0.005



	N225
	83.67 a ± 9.50
	8.43 a ± 1.17
	15.77 ab ± 0.35
	9.67 a ± 0.88
	3.90 ab ± 0.42
	32.60 a ± 1.72
	0.062 b ± 0.011



	N300
	84.03 a ± 5.82
	8.56 a ± 0.48
	16.74 a ± 2.46
	8.67 ab ± 1.10
	3.70 ab ± 0.76
	33.20 a ± 3.93
	0.063 b ± 0.012






Different lowercase letters indicate the significant differences between nitrogen fertilizer rates and pepino cultivation (P < 0.05). Tables are the mean ± standard error (n = 3). N0, N75, N150, N225 and N300 represent chemical nitrogen fertilizer levels, i.e., 0 kg⋅ha–1, 75 kg⋅ha–1, 150 kg⋅ha–1, 225 kg⋅ha–1, and 300 kg⋅ha–1, respectively. The same below.




Stem dry biomass and root dry biomass exhibited the increasing and then decreasing with increasing of nitrogen levels, peaking at 9.93 g and 4.60 g in N150 treatment, respectively. Moreover, the root-to-shoot ratio significantly decreased by 30.34 and 29.21% in N225 and N300 treatments. The stem diameter showed minimal variation across treatments.



3.1.2 Nitrogen fertilizer addition improved the pepino productivity

Nitrogen fertilizer inputs significantly increased total nitrogen content in pepino stems and leaves, roots, and fruits, compared to the N0 control (Figure 1a). The N300 treatment resulted in the highest nitrogen content in stems and leaves (24.23 g⋅kg–1) and roots (15.55 g⋅kg–1). In contrast, N225 treatment led to the highest fruit nitrogen content (1.59 g⋅kg–1).


[image: Three bar charts display the effects of nitrogen fertilizer rates. Chart (a) shows total nitrogen content in pepino aboveground parts (stem, leaf, root, fruit) increasing with higher nitrogen levels. Chart (b) shows nitrogen use efficiency rising with increased nitrogen levels. Chart (c) illustrates per plant yield, which improves with higher nitrogen levels, peaking at N300. Bars are labeled with letters indicating statistical significance.]
FIGURE 1
Effect of nitrogen fertilizer addition on pepino nitrogen use efficiency and yield at maturity stage. (a) Effects of nitrogen fertilizers rates on total nitrogen contents of pepino aboveground. (b) Effects of nitrogen fertilizers levels on fertilizers use efficiency. (c) Effects of chemical nitrogen fertilizers levels on per plant yield.


Nitrogen fertilizer application significantly enhanced both the nitrogen use efficiency (NUE) and yield per plant compared to the N0 control (Figures 1b,c, P < 0.05). The N75, N150, N225, and N300 treatments increased NUE by 27.46, 30.52, 34.13, and 34.74%, respectively, while yield per plant rose by 29.90, 40.21, 45.60, and 48.16%. Although the N300 treatment showed the highest values of NUE and yield, the improvement over N225 was negligible. Thus, from the perspective of cost-saving and efficiency improvement, N225 treatment achieved optimal performance with an NUE of 34.13% and a per plant yield of 466.02 g.



3.1.3 Nitrogen fertilizer addition enhanced the pepino nutrient components

Appropriate nitrogen fertilizer amounts significantly improved several key quality parameters of pepino fruit (Table 2). Vitamin C content increased significantly by 13.59, 27.18, and 41.79% under the N75, N150, and N225 treatments, respectively, but the N300 treatment resulted in a 16.67% reduction compared to N0 control. Soluble sugar content followed a quadratic response to nitrogen application, peaking at 8.25 g⋅100g–1 under N150 treatment, with a 7.84% increase than N0. Calcium content exhibited a linear increase with nitrogen application, with the N300 treatment showing the highest accumulation (100.35% greater than N0). Conversely, nitrogen fertilizer inputs had minimal effects on crude fiber and selenium contents, which remained a relatively stable value across all treatments.


TABLE 2 Effect of nitrogen fertilizer inputs on pepino quality parameters at maturity stage.


	Treatments
	Vitamin C (mg⋅100 g–1)
	Protein (g⋅100 g–1)
	Soluble sugar (g⋅100 g–1)
	Coarse fiber (%)
	Calcium (mg⋅kg–1)
	Selenium (mg⋅kg–1)





	N0
	19.50 d ± 1.20
	0.410 e ± 0.020
	7.65 b ± 0.25
	0.65 a ± 0.05
	57.15 c ± 6.65
	0.0067 a



	N75
	22.15 c ± 0.25
	0.515 d ± 0.005
	8.15 a ± 0.15
	0.75 a ± 0.05
	73.45 b ± 4.45
	0.0108 a



	N150
	24.80 b ± 2.10
	0.635 c ± 0.015
	8.25 a ± 0.15
	0.55 a ± 0.05
	73.9 b ± 8.90
	0.0070 a



	N225
	27.65 a ± 1.05
	0.995 a ± 0.025
	7.70 ab ± 0.01
	0.60 a ± 0.10
	75.85 b ± 2.85
	0.0067 a



	N300
	16.25 e ± 1.85
	0.920 b ± 0.020
	7.35 b ± 0.25
	0.70 a ± 0.10
	114.5 a ± 7.5
	0.0084 a









3.2 Effect of nitrogen fertilizer rates on soil chemical properties at maturity stage


3.2.1 Soil nutrient contents

Table 3 demonstrated that nitrogen fertilizer addition differentially affects various soil chemical parameters, with most pronounced changes occurring at application rates of 150 ∼ 300 kg⋅ha–1. Compared to the N0 control, the application of nitrogen fertilizer decreased soil pH (p < 0.05 for N300 treatment), available nitrogen (AN, p < 0.05 for N150 ∼ N300 treatments), available potassium (AK, p < 0.05 for all treatments), and total nitrogen (TN, p < 0.05 for N150 ∼ N300 treatments). Conversely, a significant increase in available phosphorus (AP) content. As for soil organic matter (SOM), N75 and N150 treatments slightly decreased SOM content, but N225 and N300 treatments slightly improved SOM content. There no clearly impact on total phosphorus (TP) and total potassium (TK), except for a significant increase under N300 treatment.


TABLE 3 Effect of chemical nitrogen fertilizer amounts on soil chemical properties.


	Treatments
	pH
	SOM(g/kg)
	AN(mg/kg)
	AP(mg/kg)
	AK(mg/kg)
	TN(g/kg)
	TP(g/kg)
	TK(g/kg)





	N0
	7.95 a ± 0.08
	12.70 ab ± 0.10
	82.97 a ± 5.45
	11.50 c ± 0.50
	128.33 a ± 6.03
	0.71 a ± 0.01
	0.99 a ± 0.02
	20.60 b ± 0.75



	N75
	7.89 ab ± 0.03
	12.00 b ± 0.69
	78.67 a ± 7.36
	17.25 a ± 0.75
	108.40 b ± 10.61
	0.69 ab ± 0.03
	0.99 a ± 0.05
	21.47 b ± 0.17



	N150
	7.85 ab ± 0.02
	11.97 b ± 0.15
	64.30 b ± 0.70
	14.85 b ± 0.75
	93.13 c ± 10.33
	0.67 b ± 0.03
	1.02 a ± 0.04
	19.87 b ± 0.21



	N225
	7.85 ab ± 0.03
	14.40 a ± 0.95
	58.47 b ± 2.83
	14.53 b ± 1.17
	92.53 c ± 4.16
	0.67 b ± 0.01
	1.01 a ± 0.09
	20.27 b ± 0.35



	N300
	7.79 b ± 0.03
	13.40 ab ± 2.09
	65.93 b ± 2.14
	14.63 b ± 1.07
	97.80 bc ± 6.02
	0.67 b ± 0.02
	1.04 a ± 0.01
	25.60 a ± 0.44






SOM, is soil organic matter; AN, is available nitrogen; AP, is available phosphorus; AK, is available potassium; TN, is total nitrogen; TP, is total phosphorus; TK, is total potassium; Tables are the mean ± standard error (n = 3).






3.2.2 Soil enzyme activities

The application of nitrogen fertilizer noticeably enhanced the activities of soil urease, nitrate reductase, and sucrase in a dose-dependent manner (Figures 2a,b,d). Among all treatments, N300 exhibited the highest enzymatic activities, with soil urease, nitrate reductase, and sucrase increasing by 143.24, 99.38, and 23.87%, respectively, compared to the N0 control. In contrast, nitrogen fertilizer inputs markedly suppressed the activities of soil nitrite reductase (Figure 2c), and the N300 treatment recorded the lowest nitrite reductase activity, showing a 26.34% reduction relative to N0. Similarly, nitrogen fertilizer application led to a decline in alkaline phosphatase activity, though no significant differences were observed among the N75 ∼ N300 treatments (Figure 2e).


[image: “Five bar charts display the effects of chemical nitrogen fertilizer levels on different soil enzyme activities. a. Red bars show urease activity increasing with higher nitrogen levels, peaking at N300. b. Green bars illustrate nitrate reductase activity, also increasing, with the highest activity at N300. c. Blue bars depict nitrite reductase activity decreasing with more nitrogen, lowest at N300. d. Orange bars show sucrase activity peaking at N225 and N300. e. Pink bars represent alkaline phosphatase activity, highest at N0 and lowest at other levels.”]
FIGURE 2
Effect of chemical nitrogen fertilizer levels on soil enzyme activities at maturity stage. (a) Effect of chemical nitrogen fertilizers levels on soil urease activity. (b) Effect of chemical nitrogen fertilizers levels on soil nitrate reductase activity. (c) Effect of chemical nitrogen fertilizers levels on soil nitrite reductase activity. (d) Effect of chemical nitrogen fertilizers levels on soil sucrase activity. (e) Effect of chemical nitrogen fertilizers levels on soil alkaline phosphatase sucrase activity.





3.3 Effect of nitrogen fertilizer inputs on soil bacterial diversity at maturity stage


3.3.1 Alpha diversity

The ACE and Chao indices of soil bacterial communities initially increased but then slightly decreased with increasing nitrogen fertilizer rates (Table 4). Specifically, the N225 treatment significantly enhanced soil bacterial ACE and Chao indices by 9.27 and 9.88%, respectively, compared to N0, while the N300 treatment showed values similar to those of N0. In contrast, nitrogen fertilizer inputs had no significant effect on the Shannon and Simpson indices, this indicated that chemical nitrogen fertilizer application primarily influenced soil bacterial richness rather than diversity.


TABLE 4 Effect of chemical nitrogen fertilizer amounts on soil bacterial alpha diversity at pepino mature stage


	Soil microbial
	Alpha diversity indices
	N0
 treatment
	N75 treatment
	N150 treatment
	N225 treatment
	N300 treatment





	Soil bacteria
	ACE
	4363.09 b ± 265.06
	4433.55 b ± 86.87
	4565.61 ab ± 102.82
	4767.75 a ± 180.53
	4492.31 ab ± 106.45



	Chao
	4209.02 b ± 287.94
	4306.15 ab ± 80.86
	4418.78 ab ± 117.84
	4624.84 a ± 158.50
	4373.46 ab ± 78.11



	Shannon
	6.80 a ± 0.02
	6.68 a ± 0.23
	6.81 a ± 0.02
	6.88 a ± 0.06
	6.81 a ± 0.01



	Simpson
	0.0032 a ± 0.0001
	0.0045 a ± 0.0002
	0.0035 a ± 0.0001
	0.0030 a ± 0.0002
	0.0032 a ± 0.0001








3.3.2 Beta diversity

Principal coordinates analysis (PCoA) based on Bray-Curtis distance matrix, and coupled with ANOSIM intergroup difference analysis, it was conducted to assess variations in microbial community structure across treatments (Figure 3). Nitrogen fertilizer inputs clearly altered soil bacterial community structure (P = 0.008). Notably, the community structures of N150 ∼ N300 treatments clustered closely together but were distinctly separated from the N0 treatment.


[image: Scatter plot showing principal component analysis (PCA) of five treatments: N0, N75, N150, N225, and N300. The x-axis represents PC1 (31.54%) and the y-axis represents PC2 (12.48%). Each treatment is color-coded and fitted with an ellipse to indicate clustering. Correlation coefficient R is 0.2533 with a p-value of 0.008000.]
FIGURE 3
Effect of nitrogen fertilizer rates on soil bacteria beta diversity at maturity period.





3.4 Effect of nitrogen fertilizer rates on soil bacterial community composition at maturity stage

Nitrogen fertilization enhanced the relative abundance of Actinobacteriota (7.45 ∼ 18.59%), Proteobacteria (13.73 ∼ 22.14%), Firmicutes (15.28 ∼ 38.83%), and Bacteroidota (46.67 ∼ 75.60%) (Figure 4a). Conversely, nitrogen fertilizer inputs reduced the relative abundance of Chloroflexi (−10.24 ∼ −22.43%) and Acidobacteriota (−9.24 ∼ −30.09%). Among the treatments, N150 significantly increased the abundance of Actinobacteriota (18.59%), Proteobacteria (13.73%), Firmicutes (38.83%), and Bacteroidota (20.47%), compared to N0 treatment.


[image: Bar charts comparing the effects of different levels of chemical nitrogen fertilizers (N0, N75, N150, N225, N300) on soil bacterial community and genera composition. The left chart shows varying abundances of nine bacterial phyla, including Actinobacteria and Proteobacteria. The right chart highlights five genera such as Bacillus and Gemmatimonas. Color-coded bars indicate relative abundances with annotations for statistical differences.]
FIGURE 4
Effect of nitrogen fertilizer rates on soil bacterial community composition at maturity stage. (a) Effect of chemical nitrogen fertilizers levels on soil bacterial community composition. (b) Effect of chemical nitrogen fertilizers levels on soil bacterial genera composition.


The dominant bacterial genera in pepino rhizosphere soil included Bacillus (3.61 ∼ 5.24%), Arthrobacter (1.72 ∼ 2.79%), Sphingomonas (1.39 ∼ 2.19%), Gaiella (2.30 ∼ 3.15%), Streptomyces (1.36 ∼ 1.57%), and RB41 (1.10 ∼ 1.66%) (Figure 4b). Nitrogen fertilization generally increased the relative abundance of Bacillus, Arthrobacter, Sphingomonas, and Streptomyces. Notably, the N150 treatment exhibited the most pronounced stimulatory effect, and significantly enhanced the relative abundance of Bacillus (45.15%), Arthrobacter (72.67%), Sphingomonas (57.55%), and Streptomyces (15.44%), compared to N0 control.



3.5 The correlations between pepino productivity and fruit quality indices at maturity period

At pepino maturity period, significant correlations were observed among NUE, yield, and quality indices (Figure 5). Both NUE and yield demonstrated significant positive correlations with calcium (Ca) content, with correlation coefficients of 0.61 and 0.60, respectively. Additionally, both NUE and yield showed highly significant positive correlations with protein (Pro) content (r = 0.74). A particularly strong positive correlation was found between NUE and yield (r = 0.81). Furthermore, the calcium content in pepino fruits exhibited a highly significant positive correlation with protein content (r = 0.64).


[image: Correlation matrix with variables NUE, Yield, Vc, Pro, SS, CF, Ca, and Se. Positive correlations are shown in red, negative in blue, with intensity and circle size indicating strength. Significant correlations are marked with asterisks: one for p ≤ 0.05 and two for p ≤ 0.01. Color gradient on the right indicates correlation strength from -1.0 to 1.0.]
FIGURE 5
The correlation between pepino productivity and quality indices at maturity stage. Yield is pepino yield of per plant. NUE, is nitrogen use efficiency; Vc, is vitamin C; Pro, is the protein; SS, is soluble sugar; CF, is coarse fiber; Ca, is calcium element; Se, is selenium element. *p ≤ 0.05, **p≤ 0.01.




3.6 The relationships between soil biochemical properties and pepino productivity

Mantel test analysis was performed to examine the relationships between soil biochemical properties and pepino productivity (Figure 6), which revealed that AK showed a significant positive correlation with S_NIR and S_ALP, while exhibiting a notable negative correlation with S_NR and S_SC. TN was significantly negatively correlated with S_NR and S_SC. AN had a significant negative correlation with S_SC. NUE was notably positively correlated with S_UE, S_NR, and S_SC, but clearly negatively correlated with soil pH, AN, AK, TN, and S_NIR. Yield demonstrated a notably positive correlation with S_UE, S_NR, S_SC, and NUE, while showing a significant negative correlation with AN, AK, and S_NIR.


[image: Two correlation matrices showing Pearson’s correlation between bacterial community and soil chemical properties. The left matrix is at the phylum level, featuring groups like Methylomirabilota and Bacteroidota. The right is at the genus level, including Sphingomonas and Arthrobacter. Circles indicate correlation strength, color-coded from red (positive) to blue (negative).]
FIGURE 6
The relationships between soil biochemical properties and pepino productivity. (a) Pearson’s correlation between bacterial community and soil chemical properties at phylum level. (b) Pearson’s correlation between bacterial community and soil chemical properties at genus level. pH, is soil pH value; SOM, is soil organic matter; AN, is available nitrogen; AP, is available phosphorus; AK, is available potassium; TN, is total nitrogen; TP, is total phosphorus; TK, is total potassium; S_UE, is soil urease; S_NR,is soil nitrate; S_NIR, is soil nitrite; S_SC, is soil sucrase; S_ALP, is soil alkaline phosphatase.


In addition, Bacteroidota showed a significant correlation with pH, AP, and S_ALP (p < 0.05), as well as a highly significant correlation with AK, TN, and NUE (p < 0.01) (Figure 6a). At the genus level, Sphingomonas was significantly correlated with pH, AP, AK, S_NR, S_NIR, S_SC, and S_ALP (p < 0.05), while displaying a highly significant correlation with TN, NUE, and yield (p < 0.01) (Figure 6b).



3.7 The relative importance of soil biochemical properties to NUE and production

The random forest algorithm was employed to assess and rank the relative importance of various factors influencing pepino nitrogen use efficiency (NUE) and production (Figure 7). Analysis revealed that soil microbial communities and chemical properties played predominant roles in determining NUE, among all evaluated parameters, AK emerged as the most significant factor affecting NUE (%IncMSE = 5.85), followed sequentially by S_NR, TN, AP, S_UE, and the relative abundance of Bacteroidota, Methylomirabilota, Sphingomonas, and Chloroflexi. As for production, S_UE demonstrated the highest importance (%IncMSE = 7.51), with NUE (%IncMSE = 6.54) and TN (%IncMSE = 3.83) being the subsequent most influential factors.


[image: Bar charts comparing soil chemical properties and bacterial communities. The left chart shows factors contributing to nitrogen use efficiency, with AK leading, followed by S_NR and Bacteroidota. The right chart highlights contributors to production, with S_UE, NUE, and TN as the top factors. Each bar is labeled with percentages indicating their contribution.]
FIGURE 7
The relative importance of soil biochemical properties to NUE and production. To simplify the figure, the top fifteen variables contributing the most to nitrogen use efficiency accrual are shown according to the result of the random forest analysis, and the top three variables contributing the most to production accrual are shown according to the result of the random forest analysis. The significant statistical results were labeled (*P < 0.05, **P < 0.01).




3.8 Functional microorganism analysis

The LEfSe (LDA score > 2.5) analysis revealed distinct microbial taxa across nitrogen addition treatments (Supplementary Figure 1). The N225 treatment was characterized by unique taxa such as Nitrosospira, while N300 was associated with taxa including Nitrosomonas, Ensifer, and Rhizobiaceae.

Nitrogen fertilization enhanced the relative abundance of functional microorganisms involved in nitrogen cycling (Figure 8). Specifically, N300 treatment showed the highest relative abundance of Nitrosomonas and Ensifer, N225 exhibited the greatest relative abundance of Opitutus, the relative abundance of Mesorhizobium was peaked in N150 treatment, N75 slightly increased nitrogen-cycling microorganisms relative to N0.


[image: Four bar charts labeled a to d show the relative abundance of different bacteria at varying nitrogen levels: N0, N75, N150, N225, and N300. Chart a in red depicts g_Nitrosomonas, chart b in green shows g_Opitutus, chart c in orange indicates g_Ensifer, and chart d in pink represents g_Mesorhizobium. The abundance generally increases with higher nitrogen levels. Error bars are present, and statistical significance is marked with letters.]
FIGURE 8
Effect of nitrogen fertilizer inputs on the relative abundance of functional microorganisms at maturity period.




3.9 The effects of nitrogen fertilizer inputs on soil biochemical properties, pepino productivity and quality

The PLS-PM (Partial Least Squares Path Modeling) analysis revealed that nitrogen fertilizer application enhanced both the relative abundance of dominant bacteria and N-cycling related microorganisms (Supplementary Figure 2; Figure 9). Notably, the relative abundance of functional microorganisms demonstrated a strong correlation with soil urease and nitrate reductase activities. Specifically, nitrogen fertilization indirectly increased pepino production by enhancing soil urease and nitrate reductase activities (PC = 0.71**), as well as increasing the relative abundance of N-cycling related microorganisms (Nitrosomonas, Opitutus, Ensifer, and Mesorhizobium) (PC = 0.82***), which facilitated the mobilization of soil nutrients (TN, AN, AK) for pepino growth. In addition, nitrogen fertilization directly improved fruit nutrient parameters (protein and calcium contents) (PC = 0.69**).


[image: Path analysis diagram illustrating relationships between variables: Nitrogen fertilizer addition, Function microbial abundance, Quality, Soil enzyme activities, Production, Soil nutrients, and Pepino growth. Arrows show direct effects, with values indicating significance. Positive effects are in blue, negative in red. R-squared values denote explanatory power for each variable.]
FIGURE 9
PLS-PM showing the comprehensive effects of nitrogen fertilizer inputs on soil biochemical properties, pepino productivity and quality. The Path coefficients were direct effect. The blue and red arrows represent positive and negative relationships, respectively, and the significance levels are labeled as *(p < 0.05), **(p < 0.01), ***(p < 0.001).





4 Discussion


4.1 Effect of nitrogen fertilizer addition on pepino productivity and fruit nutrient components

Appropriate nitrogen fertilization positively influenced crop yield, whereas excessive application adversely affected crop quality (Park et al., 2023). In our result, both yield per plant and nitrogen use efficiency (NUE) initially increased with rising nitrogen application before stabilizing. Notably, the N225 treatment demonstrated optimal performance in both NUE and yield, compared to N300 treatment (Figures 1b,c), this was consistent with the reasonable application of chemical nitrogen fertilizer enhanced crop nitrogen use efficiency (NUE) and yield (Yang et al., 2020). However, no significant differences in NUE or yield were observed across fertilization levels, possibly due to an insufficiently broad gradient in fertilizer application rates.

Nitrogen fertilization significantly enhanced pepino fruit nutrients, such as protein and calcium (Ca) contents (Table 2), this was consistent with nitrogen deficiency stress (N0) significantly inhibited the biosynthesis of nutrients in L. barbarum fruit (Li et al., 2023). Moreover, the N150 treatment yielded the highest soluble sugar content (8.25 g⋅100 g–1), while N225 produced the greatest vitamin C concentration (27.65 mg⋅100 g–1) (Table 2), this was consistent with excessive nitrogen fertilizer inputs reduced the nutrients contents in L. barbarum fruits (Li et al., 2023).



4.2 Effect of nitrogen fertilizer application on soil biochemical properties

Soil microbial diversity and composition are primarily governed by pH, organic matter content (SOM), and nutrient availability (Linton et al., 2020; Zhang et al., 2021; Che et al., 2022). Our results demonstrated the N300 treatment induced a 2.01% reduction in soil pH relative to N0, this was consistent with established patterns of nitrogen-mediated soil acidification that negatively impact Acidobacteriota and Chloroflexi communities (Figure 4a; Rousk and Baath, 2007; Leff et al., 2015). Urea are rapidly converted to ammonium by microbial action in soils, and soil urease activity can be increased, allowing it to hydrolyze urea and increase NH4+-N content, improving nitrification to form NO3–-N (Li et al., 2023). In our research, despite the pH was reduced after applying urea to soil, N300 treatment significantly enhanced soil urease and nitrate reductase activities (Figures 2a,b), urease activity stimulation likely linked to the enhancing relative abundance of Nitrosomonas (ureolysis) (Figure 8a). Nitrosomonas, as ammonia-oxidizing bacteria (AOB), can assimilate the carbon dioxide released by the reaction to make biomass via the Calvin Cycle and harvest energy by oxidizing ammonia (the other product of urease) to nitrate, a process known as nitrification (Marsh et al., 2005). Ammonia oxidizing bacteria (AOB) are critical nodes in the microbial coexistence network and an important participant in the soil nitrogen cycle, catalyzing the first step in the ammonia oxidation process. Meanwhile, the improving of nitrate reductase activity facilitated denitrification to form NO2–-N, the Opitutus (nitrogen reduction) may be participate with this nitrogen cycle process (Figure 8b).

The N225 treatment significantly reduced soil available nitrogen (AN) and potassium (AK) by 29.53 and 27.90%, respectively (Table 3), these reductions may be attributed to enhancing of NUE, yield, and fruit protein, which collectively promoted greater nutrient uptake. Additionally, the observed AK depletion likely contributed to substantial potassium distribution to developing fruits. Notably, nitrogen fertilization increased soil available phosphorus (AP) content (Table 3), this accumulation may result from suppressing of alkaline phosphatase (S_ALP) activity (Figure 2e), and lead to phosphorus (P) accumulation (Sabir et al., 2021).



4.3 Effect of chemical nitrogen fertilizer application on soil microbial diversity

Fertilization alters community diversity of soil microorganisms (Sabir et al., 2021). Notably, nitrogen fertilization reduced the diversity of bacterial community (p < 0.001) (Li et al., 2019), though some studies reported no significant differences in the α-diversity of rhizosphere bacterial communities under fertilization treatments (Wu et al., 2023). In our study, nitrogen fertilization did not significantly affect the Shannon and Simpson indices (Table 4), but N225 treatment had the greatest bacterial richness (ACE and Chao), the moderate nitrogen application may optimize soil microbial richness (Cruz-Paredes et al., 2021), this was consistent with excessive fertilization reduced α-diversity of bacterial (Li et al., 2023).



4.4 Effect of chemical nitrogen fertilizer inputs on soil bacterial community composition

Soil bacterial community exhibits high sensitivity to nutrient inputs, though responses varied significantly among taxa (Francioli et al., 2016). Proteobacteria in bacteria participated dominantly and widely in soil nitrogen metabolic processes and had a rich nutritional strategy (Li et al., 2019). Our result demonstrated that nitrogen fertilizer application improved the relative abundance of Proteobacteria, Firmicutes, and Bacteroidota, while decreasing that of Chloroflexi and Acidobacteriota (Figure 4a), this was consistent with the Proteobacteria and Firmicutes were copiotrophic taxa with fast growth rates, there were more likely to increase in nutrient-rich conditions. In contrast, Acidobacteriota and Chloroflexi, classified as oligotrophic and slow-growing, were significantly reduced in fertilizer-treated (Ai et al., 2018; Li et al., 2019; Wu et al., 2023), this likely because they prefer low-nutrient conditions (Fierer et al., 2007; Banerjee et al., 2016; Eo and Park, 2016; Qiu et al., 2021; Wu et al., 2024).

In this research, N150 treatment yielded the highest relative abundance of beneficial genera, including Bacillus, Arthrobacter, Sphingomonas, and Streptomyces, these dominance soil-beneficial microbial communities were critical, as they secreted antagonistic compounds that suppress soil-borne pathogens (Salehin et al., 2020; Cheng H. et al., 2021). In addition, Sphingomonas, a dominant plant-associated genus, played a vital role in plant-microbe interactions, and was recognized as a plant growth-promoting rhizobacterium (PGPR) (Silva et al., 2018; Cheng C. et al., 2021).



4.5 The effects of nitrogen fertilizer inputs on soil biochemical properties, pepino productivity and quality

In our research, the urea inputs significantly impacted on nitrogen cycle-related processes such as ureolysis, nitrogen reduction, nitrogen fixation, this was consistent with previous research (Li et al., 2023). Higher chemical nitrogen fertilizer inputs reduced the relative abundance of Mesorhizobium, this due to agroecosystem’s reliance on free-living N-fixing bacteria, stimulate resource competition, and further inhibit nitrogen fixation (Yu et al., 2021).

The PLS-PM analysis revealed that nitrogen fertilizer application indirectly enhanced pepino yield by stimulating urease and nitrate reductase activities, it also promoted the relative abundance of key nitrogen-cycling microorganisms, including Nitrosomonas (ureolysis), Opitutus (nitrogen reduction), Ensifer (nitrogen fixation), Mesorhizobium (nitrogen fixation), these microbial communities facilitated the mobilization of critical soil nutrients (TN, AN, AK) to support pepino plant growth. In contrast, fruit nutrients components (such as protein and calcium) were directly modulated by nitrogen fertilizer application rates (Figure 9), this regulation pathway on pepino quality was not consistent with the rate of nitrogen fertilizer (urea) input, the relative abundance of AOB and Bradyrhizobium, and their combinations clearly effected the quality (the contents of flavones and vitamins) of L. barbarum fruits (Li et al., 2023), which probably due to the different of model types, fruits nutrients components and crop types.

As a result, our research is a vital reference for precise fertilization, nitrogen savings and efficiency improvement in pepino cultivation, and this research lays the foundation for future research into the regulation mechanism of pepino growth on the rhizosphere nitrogen-transforming process through root exudates-mediated.




5 Conclusion

To ensure both soil sustainability and economic viability in pepino production, we recommended maintaining nitrogen fertilizer inputs between 150 and 225 kg⋅ha–1. Our research demonstrated that nitrogen fertilization indirectly enhanced pepino productivity through enriching functional microorganisms (Nitrosomonas, Ensifer, Opitutus, and Mesorhizobium) and stimulating key soil enzyme activities (urease and nitrate reductase) to improve soil nutrient availability, and directly modulated fruit quality through precise nitrogen dosage control. Our study highlighted the importance of optimizing chemical fertilizer management for achieving both production and nutrient objectives in pepino cultivation.
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