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Introduction: In arid regions, soil degradation and nutrient scarcity limit the productivity of Korla fragrant pear (Pyrus bretschneideri Rehd.). This study aimed to systematically evaluate how bacterial fertilizer and different green manures affect rhizosphere ecological functions and yield formation.

Methods: A field experiment was conducted in a Korla pear orchard with six treatments: bacterial fertilizer (JF), two planting densities of sweet clover (CMX1, CMX2), two planting densities of oil sunflower (DK1, DK2), and a control (CK). Soil physicochemical properties, enzyme activities, root architecture, and yield were analyzed.

Results: Both bacterial fertilizer and green manures significantly reduced soil pH and EC, improved nutrient content, and enhanced enzyme activity. Bacterial fertilizer was more effective in boosting enzyme activity, while sweet clover excelled in improving soil properties. Low-density green manures outperformed high-density ones. Root activity, vessel area, and yield were significantly increased by all amendments, with bacterial fertilizer showing the strongest effect. PLS-SEM analysis identified root activity as a key mediator linking soil improvements to yield gains.

Discussion: These results highlight the critical role of root activity in translating soil amendments into yield benefits. Among all treatments, low-density sweet clover (CMX1) offers the most cost-effective and sustainable strategy for improving soil fertility and pear yield in arid orchards.
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1 Introduction

Fertilizers are recognized as essential inputs in modern agricultural production, providing crucial nutrients that promote healthy plant growth and improve soil fertility, ultimately leading to increased crop yields (Sorecha et al., 2025). As the global population rises and food demand continues to grow, the role of fertilizers in ensuring food security has become increasingly significant (Zhao et al., 2009). However, fertilizer application is a complex process, with the selection of appropriate types and methods exerting profound effects on agricultural outcomes. According to 2023 data from the National Bureau of Statistics, the standardized fertilizer application in Xinjiang reached 2.4766 million tons, ranking seventh nationwide (Figure 1a). From 2005 to 2023, fertilizer use in Xinjiang (Figure 1b) has increased substantially, intensifying concerns regarding soil acidification, compaction, and environmental pollution. These challenges threaten the stability of soil ecosystems and pose serious obstacles to sustainable agriculture (Mustafa et al., 2023). Improper fertilizer application may disrupt soil ecological balance, negatively affecting plant growth and soil health (Liu et al., 2021). Excessive use of chemical fertilizers suppresses soil microbial activity, destroys soil aggregate structure, and diminishes water and nutrient retention capacity (Kashyap et al., 2025). Furthermore, nutrient leaching from fertilizers contributes to water eutrophication and irreversible ecosystem damage (Ebhin Masto et al., 2006). Therefore, the development of scientific, environmentally friendly, and efficient fertilization practices is imperative for sustainable agriculture. In this context, the importance of bacterial fertilizer and green manure has become increasingly apparent. Bacterial fertilizer, rich in organic matter and microorganisms, effectively improve soil structure, enhance aeration and water retention, and provide sustained nutrient supply to crops. Green manure crops, through biological nitrogen fixation, convert atmospheric nitrogen into plant-available forms, thereby increasing soil nitrogen content (Lyu et al., 2024). Their root systems also promote soil structure, improve aeration and infiltration, reduce erosion, and suppress weed growth, benefiting subsequent crop yields (Cao et al., 2024; Krishnan et al., 1998). Compared to conventional chemical fertilizers, bacterial fertilizer and green manure generate lower carbon emissions and cause less environmental pollution, aligning with the principles of sustainable development (Min et al., 2023; Xiaomin et al., 2023). The pursuit of scientifically rational fertilizer application has thus become a critical focus in contemporary agricultural research and practice (He et al., 2024).
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FIGURE 1
 (a) In 2023, the National Bureau of Statistics applied the pure amount of agricultural chemical fertilizers in various regions of the country. (b) The amount of agricultural chemical fertilizer in Xinjiang from 2005 to 2023.


Korla fragrant pear, a significant economic crop in Xinjiang, has gained a strong reputation in the market due to its distinctive flavor and superior quality. Its cultivation not only provides substantial economic benefits for local farmers but also drives regional agricultural development (Wang et al., 2025). With a long history of cultivation, Korla pears are rich in vitamin C, dietary fiber, and various minerals, offering high nutritional value and health benefits, which are highly favored by consumers (Ouyang et al., 2018). However, the extended duration of cultivation and prolonged reliance on a single fertilization approach have gradually led to declining soil fertility in pear orchards, restricting root growth and ultimately affecting yields (Ding et al., 2019). Therefore, improving fertilization methods and optimizing fertilizer types, especially through the rational application of organic fertilizers, are considered crucial for enhancing soil quality in Korla pear orchards (Stumpf et al., 2025). This study focuses on the effects of different bacterial fertilizer and green manures on root–soil interactions in Korla pear orchards. By applying bacterial fertilizer, sweet clover, and oil sunflower green manure, the comprehensive impacts on soil fertility, physiological root indices, and pear yield are explored to provide scientific and practical guidance for the sustainable development of Korla pear orchards. It is anticipated that the findings will offer growers evidence based fertilization strategies, promote high-quality industry growth, and improve soil ecological conditions, serving as a reference for fertilization management in other economic fruit crops and supporting green, sustainable agricultural development.



2 Results


2.1 Effects of different bacterial fertilizer and green manures on soil physicochemical properties

As shown in Figure 2, significant differences (p < 0.05) were observed between all treatments and the CK control in the 0–20 cm soil layer for soil organic matter, total nitrogen, available nitrogen, and available phosphorus. Compared with CK, the organic matter content increased by 7.80, 16.95, 9.88, 8.90, and 6.37% in the JF, DK1, DK2, CMX1, and CMX2 treatments, respectively. Total nitrogen increased by 8.46, 20.40, 16.42, 31.34, and 25.87%, while available nitrogen increased by 18.66, 24.30, 22.65, 28.99, and 25.70%, and available phosphorus by 9.88, 19.74, 19.43, 18.37, and 17.78%, respectively. Available potassium was significantly higher (p < 0.05) in the JF, DK1, and CMX1 treatments, with increases of 7.50, 13.33, and 10.42%. Soil pH was significantly reduced (p < 0.05) in all treatments, with reductions of 1.44, 2.88, 1.57, 3.24, and 2.65%, respectively. Electrical conductivity was significantly lower under JF and CMX1 (p < 0.05), by 8.45 and 10.28%, respectively.
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FIGURE 2
 (a–g) The electric conductivity, pH, alkaline hydrolysis nitrogen, total nitrogen, available potassium, available phosphorus, and organic matter in the soil during the mature stage of Korla fragrant pear corresponded sequentially to the different bacterial fertilizer and green manure treatments.


In the 20–40 cm soil layer, organic matter content in DK1 and CMX1 treatments was significantly higher than CK by 14.66 and 9.22% (p < 0.05). All treatments showed significantly higher total nitrogen content (p < 0.05), with increases of 18.67, 21.69, 17.47, 39.76, and 40.96%. Available nitrogen was significantly higher in DK1, DK2, CMX1, and CMX2 (p < 0.05), by 9.89, 4.57, 21.00, and 18.72%. Available phosphorus was significantly higher in DK2, CMX1, and CMX2, by 10.25, 17.68, and 18.14%. Significant increases (p < 0.05) in available potassium were seen in JF, DK1, DK2, and CMX1, by 6.96, 14.62, 6.50, and 15.78%. Soil pH was significantly reduced in all treatments, with reductions of 2.31, 3.60, 2.93, 3.87, and 2.89%. Electrical conductivity was significantly reduced in JF, DK1, CMX1, and CMX2, by 12.92, 5.78, 17.28, and 9.58%, respectively.

In the 40–60 cm layer, significant increases in organic matter and total nitrogen were observed in DK1, DK2, CMX1, and CMX2, with organic matter increasing by 53.64, 39.09, 50.15, and 39.39%, and total nitrogen by 21.43, 23.02, 34.13, and 28.57%. Available nitrogen was significantly higher in DK1, CMX1, and CMX2 (by 26.24, 32.81, and 25.57%). Available phosphorus was significantly higher in JF, CMX1, and CMX2 (by 10.33, 8.17, and 12.51%), while available potassium was significantly higher in DK1 and CMX1 (by 10.63 and 14.43%). Soil pH was significantly reduced in all treatments, with reductions of 3.59, 4.86, 2.85, 4.34, and 3.59%. Electrical conductivity was significantly reduced in JF, DK1, and CMX1, by 10.64, 5.77, and 17.53%, respectively.

Overall, JF treatment significantly increased soil organic matter, total nitrogen, available nitrogen, available phosphorus, and available potassium in the 0–20 cm layer, and reduced pH and electrical conductivity across 0–60 cm. Green manure treatments significantly increased soil organic matter, total nitrogen, available nitrogen, available phosphorus, and available potassium across 0–60 cm, while reducing soil pH and electrical conductivity. Oil sunflower was more effective than sweet clover in increasing organic matter, while sweet clover outperformed oil sunflower in improving available nutrients and reducing soil pH and conductivity, with CMX1 superior to CMX2.



2.2 Effects of different bacterial fertilizer and green manures on soil enzyme activities

As shown in Figures 3a–d, the activities of urease, protease, catalase, and nitrate reductase decreased with increasing soil depth (0–60 cm). In the 0–20 cm layer, significant differences (p < 0.05) in soil nitrate reductase activity were observed for JF, DK1, CMX1, and CMX2 treatments compared to CK, with increases of 67.93, 15.23, 40.22, and 26.06%, respectively. Catalase activity was significantly higher in JF, CMX1, and CMX2 by 31.61, 9.54, and 5.20%, while protease activity increased by 41.35, 8.65, 34.62, and 22.12% in JF, DK1, CMX1, and CMX2, respectively. Urease activity was significantly enhanced by 12.03, 7.66, and 4.65% in JF, CMX1, and CMX2 treatments, respectively.

[image: Four graphs labeled a, b, c, and d show different soil depths versus varying parameters CAT, NR/NO₃⁻, PR, and URE/NH-N. Each graph includes lines representing different treatments: CK (light green triangles), JF (black squares), CMX1 (red circles), CMX2 (blue triangles), DK1 (purple diamonds), and DK2 (yellow triangles). The x-axes represent different measurements, while the y-axes show soil depth in centimeters. Each graph provides a comparison of treatments at various depths.]

FIGURE 3
 (a–d) Display the activities of soil protease, catalase, urease, and nitrate reductase during the mature period of Korla fragrant pear under different bacterial fertilizer and green manure treatments, respectively.


In the 20–40 cm layer, JF, DK1, DK2, CMX1, and CMX2 treatments significantly increased nitrate reductase activity by 67.68, 20.97, 18.72, 36.42, and 21.73%. Catalase activity was significantly improved in JF and CMX1 by 30.97 and 5.99%, while protease activity was higher in JF, CMX1, and CMX2 by 33.55, 27.74, and 16.77%. Urease activity increased significantly by 9.20, 4.35, 3.36, 8.75, and 4.06% under JF, DK1, DK2, CMX1, and CMX2, respectively.

In the 40–60 cm layer, JF and CMX1 treatments significantly enhanced nitrate reductase activity by 34.51 and 30.26%. Catalase activity was significantly higher only in JF (6.85%). Protease activity was significantly increased by 60.36, 27.03, 21.26, 45.95, and 33.33% in JF, DK1, DK2, CMX1, and CMX2, respectively. Urease activity was significantly improved by 6.39 and 2.39% in JF and CMX1.

Overall, compared to CK, application of JF and planting sweet clover as green manure significantly enhanced urease, protease, catalase, and nitrate reductase activities throughout the 0–60 cm soil profile, with the effect ranked as JF > CMX1 > CMX2. Sunflower green manure (DK1) had a pronounced effect on increasing nitrate reductase activity in the 0–40 cm layer and protease activity in the 40–60 cm layer, with DK1 > DK2.



2.3 Effects of different bacterial fertilizer and green manures on root activity of Korla fragrant pear

As shown in Figure 4a, significant differences in root activity of Korla fragrant pear were observed among soil layers. Root activity declined with increasing soil depth (0–60 cm), reaching its maximum in the surface layer (0–20 cm). In the 0–20 cm layer, JF, CMX1, CMX2, DK1, and DK2 treatments resulted in significantly higher root activity than CK, with increases of 55.80, 16.43, 29.91, 20.98, and 11.88%, respectively. In the 20–40 cm layer, significant increases over CK were observed for JF (68.42%), CMX1 (9.36%), CMX2 (38.01%), and DK1 (11.70%). In the 40–60 cm layer, JF, CMX1, CMX2, DK1, and DK2 treatments significantly enhanced root activity by 71.28, 35.11, 63.83, 50.00, and 26.60%, respectively, compared with CK. Overall, both bacterial fertilizer and green manure applications significantly increased root activity in the soil profile, with the effect ranked as JF > CMX2 > DK1 > CMX1 > DK2.
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FIGURE 4
 (a) Root activity of Korla fragrant pear at the mature stage under different bacterial fertilizer and green manure treatments. (b–d) Root cortex thickness, vessel area, and section area of the mature Korla fragrant pear under different bacterial fertilizer and green manure treatments, respectively. (e) Single fruit weight, yield per plant, and total yield of Korla fragrant pear under different bacterial fertilizer and green manure treatments.




2.4 Effects of different bacterial fertilizer and green manures on root activity of Korla fragrant pear

As shown in Figure 5, the anatomical structure of the roots was primarily assessed by examining indicators related to cortex thickness, the proportions of various cell types within the xylem and phloem, vessel area, and section area.

[image: Microscopic cross-sections of plant stems arranged in a grid, showing three depth layers: 0-20 cm, 20-40 cm, and 40-60 cm. Each section is labeled with CK, JF, DK1, DK2, CMX1, and CMX2. The sections have violet and blue staining, highlighting different structures. Scale bars indicate sizes, mostly 100 micrometers, with one at 50 micrometers.]

FIGURE 5
 Paraffin sections of roots under different treatments.



2.4.1 Effects of different bacterial fertilizer and green manures on root cortex thickness

As shown in Figure 4b, both bacterial fertilizer and green manure treatments reduced root cortex thickness compared with the CK control. In the 0–20 cm soil layer, JF, CMX1, CMX2, DK1, and DK2 treatments significantly decreased root cortex thickness by 28.4, 18.05, 22.37, 15.66, and 12.50%, respectively (p < 0.05). In the 20–40 cm layer, significant reductions of 25.28, 18.19, 22.93, 14.79, and 7.74% were observed for JF, CMX1, CMX2, DK1, and DK2 (p < 0.05). In the 40–60 cm layer, the corresponding reductions were 28.99, 12.45, 18.16, 5.54, and 4.20% (p < 0.05). Overall, both bacterial fertilizer application and green manure planting effectively reduced root cortex thickness compared to CK, with bacterial fertilizer showing greater effectiveness than green manure. Among green manure treatments, the decreasing effect followed the order: CMX2 > CMX1 > DK1 > DK2.



2.4.2 Effects of different bacterial fertilizer and green manures on the proportion of cellulose cell wall cells in xylem

As shown in Figures 6a–c, both sweet clover green manure and bacterial fertilizer significantly increased the proportion of cellulose cell wall cells in xylem, and this proportion gradually increased with soil depth. In the 0–20 cm soil layer, the proportion of cellulose cell wall cells in xylem in the JF, CMX1, and CMX2 treatments was 65.67, 68.07, and 56.64%, respectively, which represented significant increases of 21.52, 23.92, and 12.49% compared to CK (p < 0.05). In the 20–40 cm layer, JF, CMX1, and CMX2 treatments showed proportions of 72.16, 77.85, and 64.09%, corresponding to increases of 20.69, 26.38, and 12.62% over CK (p < 0.05). In the 40–60 cm layer, the proportion reached 78.87% (JF), 81.71% (CMX1), and 68.36% (CMX2), significantly higher than CK by 19.16, 22.00, and 8.65%, respectively (p < 0.05). Overall, the proportion of cellulose cell wall cells in xylem increased with soil depth in all treatments, with CMX1 and JF showing the most pronounced effects, followed by CMX2. No significant difference was observed between DK treatments and CK.

[image: Bar charts labeled a to f show the proportions of cellulosic and lignified walls across different samples: JF, CMX1, CMX2, DK1, DK2, and CK. Green indicates cellulosic walls, while gray represents lignified walls. Each bar includes error bars and is divided into two sections, depicting the relative proportions of each type.]

FIGURE 6
 (a–c) Show the proportion of cellulose cell wall cells in the xylem at 0–20, 20–40, and 40–60 cm soil depths, respectively; (d–f) present the proportion of cellulose cell wall cells in the phloem at 0–20, 20–40, and 40–60 cm soil depths.




2.4.3 Effects of different bacterial fertilizer and green manures on the proportion of cellulose cell wall cells in phloem

As shown in Figures 6d–f, both sweet clover green manure and bacterial fertilizer treatments significantly increased the proportion of cellulose cell wall cells in phloem, with this proportion progressively increasing with soil depth. In the 0–20 cm soil layer, JF, CMX1, and CMX2 treatments resulted in phloem proportions of 71.85, 73.78, and 78.00%, representing significant increases of 15.76, 17.69, and 21.91% over CK (p < 0.05). In the 20–40 cm layer, JF, CMX1, CMX2, and DK2 treatments reached 79.76, 79.59, 77.47, and 69.80%, with significant increases of 21.03, 20.86, 18.74, and 11.07% compared to CK (p < 0.05). In the 40–60 cm layer, the corresponding values were 83.17% (JF), 83.49% (CMX1), 83.20% (CMX2), 72.13% (DK1), and 71.72% (DK2), which were significantly higher than CK by 19.20, 18.91, 18.88, 7.84, and 7.43% (p < 0.05), respectively. Overall, the proportion of cellulose cell wall cells in phloem increased with soil depth, and sweet clover and bacterial fertilizer treatments demonstrated the most significant promotive effects, especially for JF, CMX1, and CMX2, while DK treatments had weaker effects.



2.4.4 Effects of different bacterial fertilizer and green manures on vessel area and section area

As shown in Figure 4c, both bacterial fertilizer and green manure treatments significantly increased root vessel area compared to CK. In the 0–20 cm soil layer, JF, CMX1, CMX2, and DK1 treatments resulted in vessel area increases of 71.31, 30.29, 37.63, and 15.77% over CK, respectively (p < 0.05). In the 20–40 cm layer, vessel area was significantly increased by 35.03% (JF), 18.17% (CMX1), 23.33% (CMX2), and 10.43% (DK1) compared to CK (p < 0.05). In the 40–60 cm layer, all treatments significantly enhanced vessel area, with increases of 138.32, 106.38, 113.33, 91.12, and 34.05% (JF, CMX1, CMX2, DK1, and DK2, respectively; p < 0.05).

As shown in Figure 4d, root section area was also significantly increased by bacterial fertilizer and green manure. In the 0–20 cm layer, JF, CMX1, and CMX2 increased section area by 132.98, 29.90, and 90.58%, respectively, compared to CK (p < 0.05). In the 20–40 cm layer, all treatments showed significant increases over CK by 108.90, 39.16, 72.63, 26.66, and 18.37% (JF, CMX1, CMX2, DK1, and DK2, respectively; p < 0.05). In the 40–60 cm layer, section area increased by 175.02, 122.23, 162.14, 97.01, and 58.56% under JF, CMX1, CMX2, DK1, and DK2, respectively, all significantly greater than CK (p < 0.05).

Overall, both bacterial fertilizer and green manure significantly enhanced the vessel area and section area of Korla fragrant pear roots, with bacterial fertilizer having the strongest effect, followed by green manures in the order CMX2 > CMX1 > DK1 > DK2.




2.5 Principal component analysis based on soil physicochemical properties, enzyme activities, and root indices

According to the principal component analysis results (Figure 7), the first two principal components (PC1 and PC2) explained 82.7, 76.6, and 72.3% of the total variance in the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, respectively, under different bacterial fertilizer and green manure treatments, effectively accounting for the overall variability in root activity related indices. The contribution rates of PC1 in the three soil layers were 57.3, 56.8, and 54.7%, respectively, mainly driven by root section indices (proportion of cellulose cell wall cells in xylem and phloem, cortex thickness, vessel area, section area) and soil enzyme activities (protease, urease, nitrate reductase, and catalase), representing root structural and enzymatic characteristics and serving as the core factors influencing root activity. PC2 contributed 25.4, 19.8, and 17.6% in the three layers, primarily influenced by soil physicochemical properties. Root activity was strongly positively correlated with PC1 across all soil layers, further confirming the key roles of root anatomical structure and enzyme activity in enhancing root activity. In contrast, root activity exhibited a weak positive correlation with PC2 in the surface and middle layers but shifted to a weak negative correlation in the deep layer, indicating that soil physicochemical properties have a certain regulatory effect on root activity.

[image: Three principal component analysis (PCA) biplots labeled a, b, and c, show the distribution of treatments CK, CMX1, CMX2, DK1, DK2, and JF with colored ellipses. Each plot consists of vectors representing variables, and axes labeled PC1 and PC2 with respective percentages indicating variance explained.]

FIGURE 7
 (a–c) From a to c are the principal component analyses based on soil physicochemical properties, enzyme activities, and root indicators for the 0–20 cm, 20–40 cm, and 40–60 cm soil layers, respectively.


Comprehensive analysis revealed that vessel area, section area, the proportion of cellulose cell wall cells in xylem and phloem, and soil enzyme activities were all significantly positively correlated with root activity, while cortex thickness, electrical conductivity, and pH showed significant negative correlations with root activity. Soil nutrient content was weakly positively correlated with root activity.



2.6 Effects of different bacterial fertilizer and green manures on the yield of Korla fragrant pear

As shown in Figure 4e, both bacterial fertilizer and green manure treatments had a significant impact on the yield of Korla fragrant pear. There were no significant differences among treatments in either fruit number per tree or single fruit weight. However, total yield was significantly higher for all bacterial fertilizer and green manure treatments compared to the control (CK). Specifically, JF, CMX1, CMX2, and DK2 treatments increased total yield by 55.3, 39.3, 35.9, and 33.2% relative to CK (p < 0.05). Although JF achieved the greatest yield increase, no significant differences in yield were observed among JF, CMX1, CMX2, and DK2.



2.7 Correlations among soil nutrients, enzyme activities, root activity, and yield under different bacterial fertilizer and green manure treatments

To investigate the influence of soil physicochemical properties and enzyme activities on crop yield, Mantel tests combined with Pearson correlation analysis were conducted, as presented in Figure 8a. The results revealed significant correlations among soil properties such as pH, electrical conductivity (EC), and organic matter (OM), as well as strong associations between these physicochemical parameters and enzyme activities (URE, PRO, CAT, NR). This suggests that changes in the soil physicochemical environment may impact soil microbial activity and enzyme expression. Mantel’s test further indicated that soil pH, EC, OM, available potassium (AK), and various enzyme activities were all significantly correlated with crop yield. These findings suggest that managing soil physicochemical properties and improving soil enzyme activity can help enhance yield in practical agricultural production. Enzyme activities were also found to be highly positively intercorrelated, indicating a synergistic response within the soil enzyme system. Moreover, these enzyme activities were closely related to crop yield.

[image: Diagram (a) is a correlation matrix showing relationships between variables like pH, EC, AK, AP, among others, with connections indicating significance levels through color and line width. Diagram (b) is a structural equation model illustrating the effects of treatment on soil acidity, conductivity, nutrients, enzyme activities, root indicators, and yield, with paths showing coefficients and significance levels.]

FIGURE 8
 (a) Correlations among soil physicochemical properties, enzyme activities, root activity, and yield under different bacterial fertilizer and green manure treatments. (b) PLS-SEM path analysis diagram (*p < 0.05; **p < 0.01; ***p < 0.001).


To further elucidate the potential pathways by which fertilization affects crop yield, a structural equation model based on partial least squares path modeling (PLS-SEM) was constructed (Figure 8b), systematically analyzing the indirect effects of fertilization on yield via soil physicochemical properties, enzyme activities, and root physiological characteristics. The modeling results demonstrated that fertilization treatments significantly improved soil chemical properties (path coefficient = 0.448, p < 0.001), soil nutrient levels (path coefficient = 0.129, p < 0.05), and soil enzyme activities (path coefficient = 0.330, p < 0.01), highlighting the positive role of fertilization in optimizing the soil environment. Soil pH and EC exhibited a negative correlation with soil nutrient levels (path coefficient = −0.526, p < 0.001). Soil enzyme activity significantly enhanced soil nutrient accumulation (path coefficient = 0.657, p < 0.001), reflecting the key role of enzymatic processes in nutrient transformation. Soil nutrients significantly promoted root physiological indices (path coefficient = 0.905, p < 0.001) and subsequently drove increases in root activity (path coefficient = 0.865, p < 0.001). Root activity, as a direct factor, contributed positively to crop yield (path coefficient = 0.273, p < 0.05).




3 Discussion


3.1 Effects of different bacterial fertilizer and green manures on soil physicochemical properties

The results of this study indicate that application of JF significantly increased soil organic matter, total nitrogen, alkaline hydrolysis nitrogen, available phosphorus, and available potassium in the 0–20 cm soil layer, while reducing soil pH and electrical conductivity (EC) throughout the 0–60 cm profile. Research by Wang et al. (2025) and Yodphet et al. (2025) has shown that bacterial fertilizer enhance soil organic matter content and structural stability through the synergistic action of diverse functional microorganisms, which decompose soil organic residues and convert them into stable organic matter. Nitrogen-fixing bacteria in bacterial fertilizer can fix atmospheric nitrogen into forms available to plants, while microbial metabolism produces organic acids that help neutralize soil alkalinity, decrease pH, and promote the decomposition and transformation of salts, thus reducing salt accumulation and lowering EC. Collectively, these effects improve soil fertility and the overall environment, creating more favorable conditions for plant growth.

Similarly, the use of green manure significantly increased soil organic matter, total nitrogen, alkaline hydrolysis nitrogen, available phosphorus, and available potassium across the 0–60 cm soil layer, while decreasing pH and EC. According to Lan et al. (2014), green manure crops fix large amounts of carbon through photosynthesis during growth, and after being incorporated into the soil at maturity, their decomposition by soil microbes releases abundant nutrients, thereby improving soil physicochemical properties. Studies by Al-Makhlof et al. (2022) and Huang et al. (2025) have further shown that oil sunflower green manure, due to its higher biomass and faster decomposition rate compared to sweet clover, results in greater improvements in soil organic matter. The two density levels in this study were selected according to local agronomic practice for green manure management in Korla fragrant pear orchards. Although the gradient was limited, these settings represent typical field configurations and therefore provide meaningful insights into their practical applicability. Future studies with finer density gradients and independent variation of row spacing will help clarify potential non-linear density–yield relationships.

In contrast, sweet clover outperformed oil sunflower in increasing rapidly available nutrients and reducing soil pH and EC. Dakora and Phillips (2002) and Drinkwater et al. (1998) reported that organic acids such as oxalic acid and citric acid secreted by sweet clover roots can chelate soil metal ions, release immobilized phosphorus, and neutralize some alkaline and saline components, thereby lowering soil pH. Legume-based cropping systems also help reduce nutrient loss and salt accumulation, enhancing overall soil health.



3.2 Effects of different bacterial fertilizer and green manures on soil enzyme activities

In this study, all bacterial fertilizer and green manure treatments significantly affected soil enzyme activities to varying degrees. Overall, the activities of urease, protease, catalase, and nitrate reductase were elevated under bacterial fertilizer and green manure treatments, with the most pronounced increases observed in the 0–20 cm surface soil. According to Shen et al. (2021), bacterial fertilizer are rich in diverse functional microorganisms such as denitrifying bacteria and proteolytic bacteria, which can significantly stimulate soil nitrogen transformation and organic matter decomposition, thereby enhancing various soil enzyme activities. In the present experiment, bacterial fertilizer (JF) increased the activity of all measured soil enzymes, particularly nitrate reductase and protease, which were elevated by 67.93 and 41.35% compared to the control, respectively.

Regarding green manure treatments, Rao et al. (2021) reported that plant residues and root activity can improve the soil microecological environment and thus promote various enzyme activities, a finding corroborated by the results for CMX1 and CMX2 in this study. As soil depth increased (20–40 cm), the promoting effects of all treatments on enzyme activities remained evident, though the overall magnitude declined compared to the surface. Xu et al. (2023) suggested that such effects extending into deeper soil layers may be attributed to the downward migration of watersoluble organic matter and root penetration.

In the 40–60 cm deep soil, the effects of bacterial fertilizer and green manure treatments diminished, with only JF and CMX1 maintaining significant enhancement of most enzyme activities. Amadou et al. (2020) indicated that the sustained release of bacterial fertilizer can activate the microecosystem in deeper soil layers. Both bacterial fertilizer and sweet clover green manure not only significantly improved surface soil enzyme activities, but also contributed to the functional enhancement of deep soil microbial communities. These results are consistent with findings by Carlson et al. (2015) and Xu et al. (2023), who concluded that organic inputs can enhance soil enzyme activity and ecological function by increasing organic matter supply and microbial diversity.



3.3 Effects of different bacterial fertilizer and green manures on root activity of Korla fragrant pear

This study found that the root activity of Korla fragrant pear was significantly higher in all treatments compared to the control, and the degree of enhancement in-creased with soil depth (0–60 cm). This indicates that the most active root zones were concentrated in deeper soil layers, largely influenced by nutrient availability, moisture, and aeration, which is consistent with the root ecological distribution characteristics proposed by Kang et al. (2022). Among all treatments, JF bacterial fertilizer showed the strongest improvement in root activity at all depths, suggesting that bacterial fertilizer enhances root microecological activity, thereby further promoting root vitality. The effects of green manure treatments followed the order CMX2 > DK1 > CMX1 > DK2, mainly attributed to differences in root exudates, biomass input, and planting density among green manure species, which differentially regulate the rhizosphere environment and soil biological activity. Studies by Nihorimbere et al. (2011) and Yan et al. (2024) have shown that green manure species and planting density synergistically influence the rhizosphere and root metabolic activities, thereby affecting root activity.

In the sweet clover treatment, Morales et al. (2021) reported that the low C/N ratio of sweet clover biomass allows for sustained nitrogen and organic acid release during decomposition, significantly stimulating soil microbial activity and rhizosphere enzyme activities, thereby enhancing root metabolic function. Further, Chelan et al. (2025), Liu et al. (2025), and Kintl et al. (2025) demonstrated that flavonoids, amino acids, and low-molecular-weight organic acids secreted by sweet clover roots not only directly stimulate root activity in Korla fragrant pear, but also significantly increase rhizosphere microbial populations and enzyme activities, accelerating nutrient mineralization and release and forming a positive feedback loop that enhances root activity.

In contrast, Khan et al. (2025) found that moderate biomass input from DK1 helps alleviate rhizosphere oxygen competition and declining aeration while maintaining stable inorganic nitrogen release, thus supporting root activity. However, Araujo et al. (2025) noted that excessive green manure residue input may reduce soil aeration and lead to the accumulation of harmful intermediates, thereby imposing metabolic stress and decreasing root activity.



3.4 Effects of different bacterial fertilizer and green manures on root anatomical structure

This study found that both bacterial fertilizer and varying densities of green manure treatments significantly regulated the anatomical structure of Korla fragrant pear roots, as evidenced by a general reduction in cortex thickness across the 0–60 cm soil profile. Tian et al. (2022) demonstrated that organic fertilizer application can improve soil aggregate structure and enhance root metabolic activity and absorption efficiency, which aligns closely with the observed reduction in cortex thickness and enhanced water and nutrient uptake capacity under bacterial fertilizer treatment in this study. Furthermore, Martins et al. (2013) revealed that plants regulate root structure through calcium signaling and green manure–crop rotation systems; the present finding that high-density sweet clover intensified resource competition and triggered adaptive structural adjustments in roots is consistent with this mechanism. Yu et al. (2025) and Zhenggui et al. (2024) also confirmed that different densities and types of green manure have distinct regulatory effects on soil physicochemical properties and crop root structure.

Liu et al. (2010) showed that long-term application of organic and inorganic fertilizers promotes lignin accumulation in roots, thereby increasing mechanical strength. The findings of Ralph et al. (2001) and Chang et al. (2025) indicate that moderate biomass input and balanced carbon–nitrogen dynamics are beneficial for rhizosphere microbial activity and sustained expression of lignin biosynthesis genes. In this study, low-density sweet clover resulted in a greater increase in the proportion of lignified cells in the xylem compared to high-density treatments, which aligns with the aforementioned mechanisms.

Li et al. (2020) and Delphine et al. (2023) reported that soil organic inputs and carbon signaling can induce cell wall thickening and upregulate sugar transporter proteins, while Volker et al. (2009) found that microbial signaling molecules can modulate cell wall microfibril formation and lignin polymerization, thereby enhancing cell mechanical strength and metabolic adaptability. These findings support the present observation that both bacterial fertilizer and green manure treatments promoted phloem structural differentiation in deeper root layers.

Regarding vessel area and section area, Luo et al. (2025) and Luo et al. (2018) confirmed that application of bacterial fertilizer and organic fertilizer enhances root vessel formation and expansion by improving rhizosphere microbial function and hormone synthesis. Consistent with these reports, this study found that both bacterial fertilizer and high-density sweet clover significantly increased vessel area and section area. Additionally, Zhou et al.’s (2023) “channel effect” theory explains the positive influence of oil sun-flower green manure on deep root extension in pear, a result also observed in this study with significant promotion of root depth distribution in the 20–60 cm soil layer under oil sunflower treatment.



3.5 Effects of different bacterial fertilizer and green manures on the yield of Korla fragrant pear

The results of this study demonstrate that different types of bacterial fertilizer and green manures significantly increased the yield of Korla fragrant pear. Compared with the control (CK), JF, CMX1, CMX2, and DK2 treatments all effectively improved yield. Previous research by Rad et al. (2022) and Kang et al. (2021) indicated that bacterial fertilizer can promote fruit set and development in fruit trees by improving the root microenvironment, enhancing root activity, and increasing nutrient uptake capacity, which is consistent with the findings of the present study. Among the green manure treatments, sweet clover green manure was particularly effective in enhancing yield. Ma et al. (2021) confirmed that as a leguminous green manure, sweet clover not only possesses nitrogen fixation ability but also markedly improves soil structure, increases soil organic matter and nutrient supply, thereby promoting the growth and yield of fruit trees.



3.6 Mantel test and PLS-SEM model

By integrating the Mantel test with Pearson correlation analysis, this study provided an in-depth understanding of the mechanisms by which soil enzyme activities and physicochemical properties influence pear yield and root activity. The results revealed that soil enzyme activities—particularly urease (URE), catalase (CAT), protease (PRO), and nitrate reductase (NR)—were highly and significantly positively correlated with both crop yield and root activity, highlighting the central role of soil enzymes in driving plant root metabolism and yield formation. Enzyme activity directly reflects soil biological function; increased enzyme activity generally indicates heightened microbial activity and accelerated nutrient cycling, thereby supplying more available resources to plants (Wallenstein and Weintraub, 2008). Among these, urease was strongly linked to nitrogen transformation, with its high correlation with yield (r = 0.89, p < 0.001) suggesting that nitrogen supply efficiency may be a key limiting factor for high yield in pears in the study area (Melara et al., 2025). Similarly, CAT and PRO play important roles in regulating redox balance and alleviating root stress, thereby enhancing root activity and nutrient uptake efficiency (Gianfreda and Rao, 2008). In contrast, correlations between soil physicochemical factors such as pH, EC, and available potassium (AK) and yield or root activity were comparatively weaker, indicating these factors primarily serve as a foundational environment for roots, exerting more indirect effects—mainly by influencing the composition and function of the soil microbial community, which in turn regulates enzyme activity and ultimately impacts plant physiology (Wang et al., 2022). pH was significantly negatively correlated with several enzyme activities, likely because the overall soil was slightly alkaline, and further increases in pH may exceed optimal ranges, suppressing microbial metabolism and plant growth (Estoppey et al., 2025). In addition, root activity showed a significant positive correlation with yield, further emphasizing the key role of root function in supporting high crop productivity. A healthy and active root system not only enhances water and nutrient uptake efficiency but may also improve plant resilience to stress (Philippot et al., 2013). Thus, root activity is not only a prerequisite for yield improvement but also a sensitive indicator of soil management effectiveness (Zhu et al., 2025).

Further structural equation modeling (PLS-SEM) showed that fertilization treatments positively regulated root section structure and root activity—and thus yield—by optimizing soil pH, EC, nutrient levels, and enzyme activities. This is consistent with previous studies showing that fertilization can regulate the root microecology, improving plant nutrient acquisition and root metabolic activity (Nannipieri et al., 2012). Soil nutrient status was not only significantly and positively influenced by soil enzyme activity (R2 = 0.657), but also exerted the strongest direct effect on root section indices (path coefficient = 0.913), further confirming the pivotal role of soil biological function in crop productivity (van der Heijden et al., 2008). The model also revealed potential nonlinear ecological feedbacks induced by fertilization, such as the negative relationship between soil pH/EC and nutrient supply (path coefficient = −0.527), suggesting that moderate reductions in pH may enhance nutrient availability in the orchard (Zhang et al., 2025). The model exhibited high explanatory power for soil nutrients (R2 = 0.877), root physiological indices (R2 = 0.834), and root activity (R2 = 0.822), with clear structure, robust path fitting, and strong biological significance (Wang et al., 2025). Overall, fertilization mainly drives root and yield responses by regulating soil physicochemical and biological properties, unveiling a multilayered cascade among “fertilization–soil–root–yield” and providing theoretical support for precise fertilization and efficient management (Lai et al., 2025). The structural equation model exhibited clear path relationships and satisfactory explanatory power, supporting both the biological plausibility and statistical reliability of the findings.




4 Materials and methods


4.1 Overview of the experimental site

This experiment was conducted in Heshilik Township, Korla City, Xinjiang (41°72′78″N, 85°95′46″E, elevation 855.3 m), located in central Xinjiang, on the southern flank of the Tianshan Mountains and the northeastern edge of the Tarim Basin. The region borders the Tianshan foothills to the north and the Taklamakan Desert, the world’s second largest desert, to the south. The area experiences a warm temperate continental climate characterized by large diurnal temperature variation and abundant sunlight, with an annual sunshine duration of 2,990 h. The average annual temperature is 14–15 °C, annual precipitation ranges from 50 to 58 mm, and the maximum annual evaporation is 2,788.2 mm. The region has an effective accumulated temperature of 4,100–4,400 °C, a frost-free period of 210–239 days, and prevailing northeasterly winds.

The soil in the pear orchard is sandy in texture. Basic soil nutrient contents are as follows: organic matter, 11.22 g·kg−1; alkaline hydrolysis nitrogen, 16.63 mg·kg−1; available phosphorus, 12.06 mg·kg−1; available potassium, 167.17 mg·kg−1; and pH value, 7.80.



4.2 Experimental design

From 2022 to 2023, field experiments were conducted using 7–8-year-old Korla fragrant pear trees (Pyrus sinkiangensis), grafted onto Pyrus betulifolia rootstock. The experimental orchard was selected based on its long-term uniform management history, ensuring relatively homogeneous soil fertility and tree growth conditions across plots. The planting pattern was 3 m × 5 m, with a planting density of 675 trees per hectare. Six fertilizer treatments were established in the orchard: chemical fertilizer alone, chemical fertilizer plus bacterial fertilizer, and chemical fertilizer plus green manure (various species and sowing methods). Details of fertilizer application rates, green manure species, and sowing techniques are provided in Table 1.


TABLE 1 Experimental processing design scheme.


	Experimental processing
	Fertilizer type
	Sowing amount
 kg/hm2
	Sowing depth
 cm
	Row spacing
 cm
	Bacterial fertilizer
 kg/hm2
	Nutrient usage kg/hm2



	
N

	P2O5
	K2O

 

 	CK 	Chemical fertilizer 	0 	0 	0 	0 	300 	300 	150


 	JF 	Bacterial fertilizer 	0 	0 	0 	1,200 	300 	300 	150


 	DK1 	Oil sunflower 	27 	2–3 	25 	0 	300 	300 	150


 	DK2 	Oil sunflower 	33 	2–3 	20 	0 	300 	300 	150


 	CMX1 	Sweet clover 	21 	1 	25 	0 	300 	300 	150


 	CMX2 	Sweet clover 	27 	1 	20 	0 	300 	300 	150




 

Each experimental plot covered an area of 666.67 m2 (equivalent to 1 mu), with three replicates per treatment, resulting in a total experimental area of 12,000 m2 (18 mu). In autumn, a basal application of 15,000 kg/hm2 sheep manure was incorporated once. Phosphorus and potassium fertilizers were applied before spring bud break as single applications: superphosphate (containing 46% P₂O₅) and potassium sulfate (containing 51% K₂O), respectively. Urea (46% N) was used as the nitrogen fertilizer, and the bacterial fertilizer “Shipulang” (produced by Sumitomo Fertilizer, Qingdao), containing Bacillus subtilis and Bacillus licheniformis with ≥5.0 × 108 CFU/g viable bacteria, was used as the bacterial fertilizer. For both nitrogen and bacterial fertilizer, 60% of the total amount was applied before bud break, and the remaining 40% was top-dressed before fruit enlargement. Green manure was incorporated into the soil at the flowering stage by rotary tillage, following the local orchard practice. After incorporation, irrigation was conducted at intervals of approximately 15–20 days, ensuring favorable conditions for decomposition.

Fertilizer was applied by digging a circular trench 30 cm wide and 30 cm deep at a distance of 50–80 cm from the trunk and uniformly distributing fertilizer within the trench. After fertilization and green manure sowing, conventional orchard management practices were followed, and all treatments were maintained under the same growth and cultivation conditions. Green manure was sown in early April and mowed and incorporated into the soil in late July. The green manure species were sweet clover and oil sunflower, with seeds sourced from Inner Mongolia and purchased from Gansu Lanbin Ecological Technology Co., Ltd. The sweet clover seeds had a purity of 95% and a germination rate of 85%; oil sunflower seeds had a purity of 90% and a germination rate of 80%. The spacing between pear tree rows and green manure strips was maintained at 70–80 cm.



4.3 Sampling and Measurement


4.3.1 Sample collection

Soil samples were collected during the fruit enlargement stage of Korla fragrant pear on August 3. For each treatment, soil was sampled from five trees. On both sides of the fertilization trench (5–10 cm from the trench), after removing surface litter, samples were taken from three soil layers (0–20, 20–40, and 40–60 cm). Soil from the same depth on both sides of the trench was combined to form a composite sample per layer. Samples were then preliminarily crushed, homogenized, placed in self-sealing bags, and transported in a dry ice-cooled box to the laboratory. Upon arrival, samples were cleared of roots and large stones, sieved through a 2-mm mesh, and homogenized. Each sample was divided into two portions: one portion, kept on dry ice, was sent for the determination of urease, protease, catalase, and nitrate reductase activities; the other portion was air-dried in the laboratory, sieved through 1-mm and 0.25-mm meshes, and used for soil physicochemical analyses.

Root samples were also collected on August 3 during the fruit enlargement stage, using a root auger (diameter φ = 7 cm). For each treatment, roots from five trees were sampled. Along the inner side of the fertilization trench and at four compass points (east, south, west, north) within the tree canopy, after removing surface litter, root samples were taken from three soil depths (0–20, 20–40, 40–60 cm). Roots from the same layer and tree were washed with deionized water and pooled. The cleaned roots were divided into two equal portions: one portion was placed in cryotubes containing FAA (formalin–acetic acid–alcohol) fixative and transported in a dry ice-cooled container to Chengdu Baihui Biotechnology Co., Ltd. for root sectioning; the other portion was brought back to the laboratory for root activity determination. During sampling, pear roots were distinguished from green manure roots by their morphology: pear roots are thicker, yellowish-white to brown, with a developed periderm and distinct branching patterns, whereas green manure roots are much finer and lighter in color. Only pear roots were retained for analysis.



4.3.2 Measurements and calculations


4.3.2.1 Determination of soil physicochemical properties

Soil organic matter content was measured using the external heating method with potassium dichromate and concentrated sulfuric acid. Total nitrogen was determined by the Kjeldahl method after sulfuric acid digestion. Alkaline hydrolysis nitrogen was measured using the alkaline hydrolysis diffusion method. Available phosphorus was extracted with 0.5 mol·L−1 NaHCO₃ and determined by the molybdenum antimony colorimetric method. Available potassium was extracted with 1 mol·L−1 ammonium acetate and measured by flame photometry. Soil pH was determined with an FE28 pH meter (water:soil ratio 5:1), and electrical conductivity (EC) was measured using a DDS11A conductivity meter.



4.3.2.2 Determination of soil enzyme activities

Urease activity was determined by the sodium phenolate colorimetric method, and its activity was expressed as the milligrams of NH₄+–N produced per gram of soil over 24 h. Soil protease activity was measured by the casein colorimetric method and expressed as the milligrams of amino nitrogen produced per gram of soil at 30 °C within 24 h. Catalase activity was determined by the potassium permanganate titration method, and expressed as the volume (mL) of 0.1 mol·L−1 KMnO₄ consumed per gram of soil. Nitrate reductase activity was measured by the phenol disulfonic acid colorimetric method, and its activity was calculated as the change in milligrams of nitrate nitrogen per gram of soil before and after reaction.



4.3.2.3 Determination of root activity

Root activity was measured using the 2,3,5-triphenyltetrazolium chloride (TTC) reduction method. First, a standard curve was prepared. Fresh root samples (0.50 g) were weighed and placed into a 25 mL beaker (for the blank, sulfuric acid was added before the root sample; all other procedures were identical). A mixture of 0.4% TTC solution and phosphate buffer (10 mL, equal volumes) was added, ensuring that the roots were fully immersed. The samples were incubated in the dark at 37 °C for 2 h. Then, 2 mL of 1 mol·L−1 sulfuric acid was added (except for the blank) to stop the reaction. Roots were removed, blotted dry, and transferred to the original beaker, then extracted with 6 mL of 95% ethanol for 15–20 min (or left overnight until the red pigment was fully extracted). The extract was transferred to a 10 mL centrifuge tube, and the roots were washed 2–3 times with ethanol, with all washings combined in the tube. The final volume was adjusted to 10 mL with 95% ethanol. Samples were centrifuged at 4,000 rpm for 10 min, cooled, and absorbance was measured at 485 nm with a spectrophotometer, using the blank as a reference. The amount of TTC reduction was determined based on the standard curve.



4.3.2.4 Root paraffin sectioning and structural analysis

Root sections were stained using the safranin-fast green method to visualize cell structure and cell wall composition. After fixation in FAA (formalin–acetic acid–alcohol), the root tissues underwent graded alcohol dehydration, clarification with acetic acid, and paraffin embedding. Sections were cut at a thickness of 8 μm, then dewaxed and rehydrated. The staining procedure was as follows: sections were stained in safranin solution for 10 min, rinsed with distilled water, then stained in fast green for 2 min, followed by rapid differentiation in 1% hydrochloric ethanol solution. Finally, sections were dehydrated through graded alcohols, cleared with xylene, and mounted with neutral gum. Under optical microscopy, nuclei and lignified cell walls appeared red, while cytoplasm and celluloserich cell walls were green, clearly displaying the distribution of cell structures and cell wall components in root tissues.





4.4 Data processing

All soil physicochemical and enzyme activity measurements were preliminarily processed in Excel 2019. Pearson’s correlation and Waller-Duncan multiple range tests (p < 0.05) were performed with IBM SPSS 27.0. Data are expressed as mean ± standard error (x ± se), and figures were drawn in Origin 2022.

Spearman correlation analysis and Mantel tests between enzyme activity, soil properties, and root activity were conducted and visualized using R. PLS-SEM was performed with SMART-PLS. The model was evaluated using standard reliability and validity checks to ensure robustness.




5 Conclusion

To improve soil quality and yield while balancing cost reduction, efficiency, and environmentally friendly production, CMX1 is recommended as the optimal management strategy for pear orchards. The findings of this study provide a scientific and technical foundation for the sustainable management of pear orchards in arid regions and broaden the theoretical perspective of sustainable production management. It should be noted that the present study only covers two consecutive years, and therefore reflects short-term field responses. Longer-term trials are still needed to confirm the persistence and stability of the observed effects.”
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