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Introduction

Lime and biochar are widely utilized to enhance nitrogen utilization in crops grown on acidic soils, though each has its own set of limitations. Understanding their combined effects is crucial for optimizing soil remediation strategies.





Methods

This study investigates the impact of lime and biochar on nitrogen utilization efficiency (NUE) in a tobacco monoculture system, which has been practiced for 20 years on acidified soils in Fuzhou, southeastern China, over the period from 2021 to 2022. Four treatments were applied: control (CK), lime alone (L), biochar alone (B), and a lime-biochar combination (L+B).





Results

The results indicated that all treatments significantly improved NUE, with increases ranging from 20.07% to 27.17% compared to CK. Biochar (B) was more effective than lime (L), and the combined treatment (L+B) showed comparable effects to biochar alone. Correlation analysis revealed that increases in soil pH and exchangeable base cations facilitated nitrogen transformation, thereby enhancing NUE. Lime treatments (L, L+B) promoted nitrification potential in rhizosphere soil, whereas biochar application (B, L+B) resulted in elevated nitrate nitrogen content. Microbial functional analysis indicated that lime (L, L+B) enhanced nitrification, while biochar (B, L+B) fostered dissimilatory nitrate reduction, thereby improving nitrogen retention. Pearson correlation analysis demonstrated a strong positive relationship between dissimilatory nitrate reduction and both soil alkali-hydrolyzable nitrogen and nitrate nitrogen contents.





Conclusion

These findings suggest that lime enhances nitrification, while biochar promotes nitrate retention, together increasing soil nitrogen availability. The combined application of lime and biochar integrates these benefits, yielding results comparable to biochar alone. This study offers valuable insights into the synergistic use of lime and biochar for mitigating soil acidification and optimizing nitrogen management in agricultural systems.
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1 Introduction

Soil acidification has emerged as a significant global issue in agricultural soil degradation, affecting approximately 40% of arable land (Wang et al., 2021). In China, the average soil pH has decreased by 0.5 units over the past three decades, with approximately 22.7% of arable land exhibiting a pH below 5.5. Projections indicate that crop production losses due to soil acidification will increase from 4% to 24% between 2010 and 2050 (Chu et al., 2020; Zhu et al., 2020). A primary contributor to this trend is the excessive application of nitrogen fertilizers (Zeng et al., 2017). Over-fertilization accelerates nitrification, producing H+ ions that replace alkaline base cations, thereby exacerbating soil acidification (Lu et al., 2014). Moreover, prolonged acidification results in elevated concentrations of H+ and Al3+, which severely impair root development, reduce nutrient absorption capacity, and ultimately lower nitrogen utilization efficiency (NUE), creating a detrimental feedback loop (Dos Reis et al., 2018; Yamamoto, 2019).

Beyond the reduction in crop nutrient absorption capacity, the depletion of available nitrogen in the soil is another key factor contributing to decreased NUE. Zhang et al. (2018) observed a significant positive correlation between soil pH and available nitrogen, which is largely attributed to the direct influence of pH changes on the activity of nitrogen-cycling microorganisms in the rhizosphere (Wang et al., 2017). Nitrogen availability in soil is primarily governed by ammonification and nitrification processes mediated by nitrogen-cycling microorganisms. The former process converts organic nitrogen into ammonium, while the latter transforms ammonium into nitrate nitrogen (Bernhard et al., 2005; Isobe et al., 2020). Studies have demonstrated that soil acidification, induced by excessive nitrogen application, significantly impairs nitrogen transformation efficiency, particularly when the pH drops below 5.5. At this point, the activity of nitrogen-cycling microorganisms in the rhizosphere is notably inhibited, thus limiting ammonification and nitrification (Sahrawat, 2008; Hao et al., 2020; Meng et al., 2023). Furthermore, He et al. (2024) emphasized that the reduced rates of nitrogen transformation in acidic soils result in insufficient nutrient supply for crops, leading to NUE significantly lower than those observed in alkaline soils, with a difference ranging from 1.1 to 2.1 times. Therefore, optimizing nitrogen cycling within the crop rhizosphere to enhance NUE has become a central focus of agricultural research, providing new directions for sustainable agricultural development.

Recent studies have increasingly focused on mitigating soil acidification and optimizing nitrogen cycling in agricultural systems. Lime, a conventional soil amendment, is widely used for acidification control due to its efficacy in providing alkaline ions such as calcium, magnesium, and potassium, which neutralize soil acidity and raise pH levels (Holland et al., 2019). Beyond its pH-raising effects, lime application has been shown to significantly enhance NUE in crops (Ai et al., 2015; Ylivainio et al., 2024) and to influence various aspects of nitrogen cycling in acidic soils. These include improved ammonification, nitrogen fixation, and nitrification, as well as a reduction in nitrous oxide (N2O) emissions (Feng et al., 2003; Fuentes et al., 2006; Kaushal et al., 2006). However, long-term lime applications can also result in negative outcomes, such as antagonistic effects on the absorption of other cations (e.g., Mg2+ and K+) (Alvarez et al., 2009) and risks of soil compaction and re-acidification (Du et al., 2020; Liu et al., 2023).

In contrast, biochar, an emerging soil amendment, has gained increasing attention due to its unique physical and chemical properties that can substantially improve soil quality and promote plant growth. Biochar’s porous structure enhances soil physical properties and nutrient retention (Wang et al., 2017), while also providing an ideal habitat for soil microorganisms. This, in turn, boosts microbial activity and diversity, creating a favorable microenvironment for the growth and proliferation of nitrogen-fixing, nitrifying, and denitrifying bacteria (Yan et al., 2019). These microbial processes play a critical role in enhancing nitrogen cycling and improving NUE in crops. Several studies have demonstrated that biochar application can significantly enhance NUE in crops grown on acidic soils (Liu et al., 2021; Zhao et al., 2024). It is evident that biochar offers more sustainable benefits compared to lime (Zhang S. W. et al., 2023). However, its high production and transportation costs present barriers to widespread adoption in agricultural production (Dai et al., 2017). Thus, while both lime and biochar offer distinct benefits, they also face challenges in modern agricultural practices. There is an urgent need to develop effective strategies for the application of soil amendments to mitigate soil acidity and enhance crop productivity in agricultural ecosystems. In recent years, numerous studies have proposed combining soil amendments to leverage their respective advantages and enhance land productivity. For example, combinations of lime and gypsum, or biochar with manure or straw, have demonstrated significant improvements in soil quality and productivity (Wu et al., 2021; Bossolani et al., 2023).

Tobacco, a major economic crop in China, thrives in soils with a pH range of 5.5 to 6.5 (Zhang et al., 2016). However, recent studies indicate that less than 40% of tobacco-growing areas in China have soils within this optimal pH range (Sun et al., 2020). In many regions of southern China, soil pH values are even lower than 5.5 (Zha et al., 2022). In Fujian, one of China’s three major tobacco-growing provinces, the average soil pH is only 5.19 (Xie et al., 2023), with soil acidification continuing to intensify. Preliminary research by our team has shown that the individual application of either lime or biochar significantly alleviates soil acidification and enhances tobacco productivity (Huang et al., 2023; Zhang et al., 2023). However, comprehensive research on the physiological mechanisms underlying the effects of lime and biochar applications in improving soil nitrogen cycling, mitigating soil acidification, and promoting soil-plant nitrogen transformations remains limited. Furthermore, studies on the synergistic effects of these amendments are scarce.

In light of these gaps, the present study hypothesizes that lime and biochar exert significantly different effects on improving acidic soils and enhancing NUE, and that their combined use may offer complementary benefits, more effectively improving the soil environment and promoting crop growth. The study focuses on soils acidified by long-term tobacco-rice cropping systems and examines the individual and combined effects of lime and biochar on the physicochemical properties of tobacco soils, nitrogen transformations in the soil-plant system, and the functional dynamics of rhizosphere nitrogen-cycling microbial communities. The objective is to provide scientific evidence to optimize soil improvement strategies, increase crop productivity in tobacco-growing regions, and promote the sustainable development of agricultural ecosystems.




2 Materials and methods



2.1 Experimental design

This study utilized the main tobacco variety “Yunyan 87” from Fujian Province, with the experimental materials provided by the Tobacco Research Institute of the Chinese Academy of Agricultural Sciences in Yunnan and the Tobacco Science Research Institute of the China National Tobacco Corporation in Fujian. The field experiment was conducted from 2021 to 2022 at the Agricultural Research Base of the Fujian Academy of Agricultural Sciences in Huangxi Town, Jin’an District, Fuzhou, Fujian Province (119°36′86″E, 26°17′33″N), over a two-year period. The experimental soil was red loam paddy soil that has been continuously used for tobacco-rice rotational cropping for 20 years. During the 2021 tobacco growing season, the effective accumulated temperature was 2445.59°C, with 459.11 mm of rainfall; in 2022, the effective accumulated temperature was 2209.04°C, with 610.43 mm of rainfall. The initial soil pH was 4.96, with organic matter content of 27.65 g·kg-1, total nitrogen content of 2.06 g·kg-1, total phosphorus content of 0.88 g·kg-1, total potassium content of 24.91 g·kg-1, alkali-hydrolyzable nitrogen content of 96.37 mg·kg-1, available phosphorus content of 51.10 mg·kg-1, and available potassium content of 190.06 mg·kg-1.

From January to August 2021, a randomized block design was applied, with four treatments: a control (CK) with no soil amendments, 1500 kg·ha-1 lime (L), 30 t·ha-1 biochar (B), and a combination of 750 kg·ha-1 lime + 15 t·ha-1 biochar (L+B). Each treatment was replicated three times, with an additional blank treatment (N0) with no amendments and nitrogen fertilizer, used for calculating NUE. The application rates of lime and biochar were based on the results of our previous studies (Huang et al., 2023; Zhang et al., 2023). Each experimental plot had an area of 144 m2 (24 m long, 6 m wide), with a total of 12 plots. One month before planting, amendments were evenly applied to the soil surface, followed by rotary tilling and ridge formation. The ridges were 35 cm high, with row spacing of 1.2 m × 0.5 m. Fertilization rates were 127.5 kg·ha-1 N, 99 kg·ha-1 P2O5, and 402 kg·ha-1 K2O. Except for the different treatments, all other field management practices followed the high-yield, high-quality cultivation measures of Fujian Province. In 2022, the experiment was repeated, with additional analyses on nitrogen metabolism enzyme activity in plants, root vitality, soil physicochemical properties, available nitrogen content in soil, urease activity and nitrification potential in rhizosphere soil, and the diversity and nitrogen-cycling function of rhizosphere bacterial communities.

The biochar used in this study was derived from tobacco stalks produced by the Henan Shangqiu Sanli New Energy Co., Ltd., which was subjected to high-temperature pyrolysis (~450°C) in an oxygen-limited environment. Its physicochemical properties were as follows: pH 9.66, fixed carbon content 475.90 g·kg-1, total nitrogen 15.00 g·kg-1, total phosphorus 1.40 g·kg-1, and total potassium 20.10 g·kg-1. The lime used had primary components of calcium oxide and calcium carbonate, with a pH of 11.41, total phosphorus content of 0.07 g·kg-1, and total potassium content of 0.48 g·kg-1.




2.2 Measurement items and methods



2.2.1 Determination of nitrogen utilization efficiency in tobacco plants

At the harvest stage, three representative plants exhibiting uniform growth were selected from each plot. These plants were then separated into roots, stems, and leaves, which were subjected to a deactivation process at 105°C for 30 minutes. Following this, the samples were dried at 80°C until a constant weight was achieved, allowing for the determination of dry matter weight. After grinding the dried samples through a 0.25 mm sieve, total nitrogen was extracted from the plant tissues using a concentrated sulfuric acid-hydrogen peroxide digestion method. Nitrogen content was subsequently analyzed using the Smartchem 2000 automated chemical analyzer (Germany). Nitrogen accumulation and NUE were calculated using the following formulas:

	

	

	




2.2.2 Determination of nitrogen metabolism enzymes in tobacco leaves and root vitality

During the root elongation, vigorous growth, and topping stages, three representative tobacco plants exhibiting uniform growth were selected from each plot. Sampling was carried out on sunny days between 9:00 and 10:30 AM. Samples of the upper functional leaves and roots from each treatment were collected, with the main veins of the leaves removed. Fresh samples were immediately stored in liquid nitrogen and transported to the laboratory for further analysis. Nitrate reductase (NR) activity was measured using a nitrate reductase assay kit from Solarbio (Bories and Bories, 1995). Glutamine synthase (GS) activity was determined using a glutamine synthase assay kit from Solarbio (Bressler and Ahmed, 1984). Root vitality (RV) was assessed using the triphenyl tetrazolium chloride (TTC) method (Li et al., 2021).




2.2.3 Determination of urease activity and nitrification potential in rhizosphere soil

Soil sampling for analysis was carried out during the root elongation, vigorous growth, and topping stages. Soil samples were collected from near the roots (within 5 mm) using a root shaking method, with three replicates taken from each plot. The samples were stored in a cool, dry environment until air-dried, after which they were ground and sieved through a 100-mesh screen for subsequent analysis. Urease (URE) activity in the rhizosphere soil was measured using the phenol-sodium hypochlorite colorimetric method (Li et al., 2016), while nitrification potential (NP) was assessed using the suspension culture method (Norton and Stark, 2011).




2.2.4 Determination of the physicochemical properties of bulk soil

During the vigorous growth stage of tobacco, one sampling point was established on the ridge surface between two consecutive representative tobacco plants in each plot. Soil bulk density (BD), total porosity (POR), and field moisture capacity (FC) were measured at soil depths of 0-10 cm, 10-20 cm, and 20-30 cm using cutting ring method. The average values of these parameters were then calculated for the 0-30 cm soil layer. Each treatment was replicated three times (Zhang et al., 2023). Soil samples were collected from each plot using the five-point sampling method, with five soil cores taken per plot. Prior to mixing, the soil cores from the same depth were combined into a single composite sample for each replicate. Three replicates were collected from each treatment. Soil samples from the 0-30 cm depth were used to determine soil chemical properties and soil nutrients. The samples were air-dried indoors, ground, and sieved through a 1 mm mesh. Soil pH was determined using a potentiometric method, while oxidation-reduction potential (ORP) was measured with a WP-T100 oxidation-reduction potential meter. Exchangeable acidity (EA) was quantified using the potassium chloride extraction method followed by neutralization titration, and exchangeable base cation (EB) concentrations were measured using the ammonium acetate extraction method with neutralization titration. The sum of exchangeable acidity and base cations was used to calculate the soil cation exchange capacity (CEC) (Lu, 2000).




2.2.5 Determination of available nitrogen content in bulk soil

Soil samples were collected at four growth stages—root elongation, vigorous growth, topping, and harvesting—using the five-point sampling method outlined in Section 2.2.4. The content of alkali-hydrolyzable nitrogen (AN) was quantified via the alkali diffusion method. Ammonium nitrogen (NH4+-N) was measured using the indophenol blue colorimetric technique, while nitrate nitrogen (NO3–N) was determined using the dual-wavelength spectrophotometric method (Lu, 2000). Microbial biomass nitrogen (MBN) was estimated using the chloroform fumigation-extraction method, with a conversion factor of 0.45 (Brookes et al., 1985).




2.2.6 Rhizosphere soil bacterial DNA extraction and high-throughput sequencing

During the vigorous growth stage, three representative plants exhibiting uniform growth were selected from each experimental treatment. The entire root system was excavated, and debris surrounding the rhizosphere was rapidly removed. The soil adhering to the roots was wrapped in aluminum foil, mixed, and immediately frozen in liquid nitrogen before being transferred to a -80°C freezer for storage. The extraction of soil DNA, PCR amplification, and sequencing were performed by Allwegene Technology Co., Ltd (Beijing, China). Soil samples were weighed, and total microbial DNA was extracted. The concentration and quality of the DNA were assessed using a NanoDrop 2000 spectrophotometer and agarose gel electrophoresis, after which the DNA samples were stored at -20°C. Following DNA extraction, the 16S rDNA V3-V4 region was amplified using barcoded primers 338F (5’ -ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). Library construction was carried out using the TruSeq® DNA PCR-Free Sample Preparation Kit, and sequencing was performed on the Illumina MiSeq platform. The raw image data files obtained from sequencing were processed using the RDP Classifier algorithm and the Silva database (Release 119) to cluster reads with greater than 97.0% similarity, generating representative sequences for operational taxonomic units (OTUs). The community composition was annotated, and the abundance of OTUs across samples was normalized for subsequent diversity and differential analysis (NCBI accession number: PRJNA1118945).





2.3 Statistical analysis

Alpha species diversity of the community was calculated using the diversity function from the R package “vegan” (Dixon, 2003). Beta diversity was assessed by computing the Weighted-Unifrac distances between samples, followed by Principal Coordinates Analysis (PCoA). Species annotation of feature sequences was performed using the PICRUSt2 tool, and potential functional genes within the samples were identified via the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Douglas et al., 2020). Furthermore, nitrogen cycling-related functional gene information was extracted using the DiTing software (Gao et al., 2024). The abundance of these functional genes was subsequently normalized using Z-score transformation. Figures and tables were generated using Microsoft Excel 2019, Origin 2024b, and R 4.2.9. Statistical analyses were conducted with SPSS 22.0, utilizing Duncan’s multiple range tests at α = 0.05 to assess significance.





3 Results



3.1 Effects of different treatments on NUE and outputs of tobacco plants

As shown in Table 1, the nitrogen accumulation and NUE of tobacco plants were significantly higher in all experimental treatments compared to CK treatment after the application of soil amendments. Over the two-year period, NUE was significantly increased by 20.31% to 29.10% in year one and by 19.84% to 25.24% in year two, compared to the CK treatment. In addition, NHI was also significantly higher in all treatments relative to CK. Among the treatments, the B treatment exhibited significantly higher NUE than the L treatment, with increases in nitrogen accumulation of 5.00% and 7.54% in the two years, respectively, and NUE improvements of 8.79% and 5.40%. The L+B treatment showed no significant difference in NUE compared to the B treatment. Regarding yield value, both the B treatment and the L+B treatment demonstrated superior performance compared to the L treatment (Supplementary Figure S1). In conclusion, the results over the two years clearly indicate that all treatments significantly enhance tobacco yield value and NUE, although the extent of improvement varies. Notably, the L+B treatment achieved significantly greater enhancement compared to the L treatment, with no significant difference when compared to the B treatment. This finding underscores the importance of adopting a comprehensive approach to soil improvement strategies.


Table 1 | Nitrogen accumulation and nitrogen utilization efficiency of tobacco plants under different treatments.






3.2 Effects of different treatments on the physicochemical properties in the bulk soil of tobacco

As shown in Table 2, all experimental treatments significantly increased soil pH, reduced EA, and significantly enhanced EB and CEC compared to the CK treatment. Among the treatments, the B and L+B treatments were significantly more effective than the L treatment in increasing pH and EB. Additionally, both the B and L+B treatments also significantly improved ORP. Regarding soil physical properties, as illustrated in Supplementary Figure S2, both the B and L+B treatments significantly reduced BD and increased FC compared to the CK treatment. In contrast, the L treatment showed no significant difference in BD and FC when compared to CK. These findings suggest that the application of soil amendments can effectively alleviate soil acidification, shifting the soil environment towards a more alkaline condition. Furthermore, compared to the L treatment, both the B and L+B treatments demonstrated more pronounced effects in enhancing soil pH and improving soil aeration.


Table 2 | Chemical properties of tobacco soil in under different each soil treatment.






3.3 Changes in plant-soil nitrogen transformation capacity



3.3.1 Changes in nitrogen metabolism enzyme activity and RV in tobacco plants

As shown in Figure 1, all experimental treatments significantly enhanced NR activity of tobacco leaves during the root elongation, vigorous growth, and topping stages compared to the CK treatment, with increases ranging from 52.90% to 79.20%, 134.90% to 240.60%, and 138.09% to 161.90%, respectively (Figure 1A). Additionally, the activity of GS was significantly elevated across all three stages, with increases of 53.74% to 67.73%, 47.73% to 90.76%, and 36.39% to 47.71%, respectively (Figure 1B). The increase in RV during the root elongation and vigorous growth stages ranged from 39.18% to 121.24% and 20.46% to 115.98%, respectively (Figure 1C). Notably, during the vigorous growth stage, the B and L+B treatments had a significantly greater effect on NR activity, GS activity, and RV compared to the L treatment. These results suggest that all experimental treatments significantly improve nitrogen assimilation efficiency and RV in tobacco plants, with the B and L+B treatments having particularly pronounced effects during the vigorous growth stage.




Figure 1 | Nitrate reductase activity (A), glutamine synthetase activity (B) of tobacco leaves, and root vitality (C) in each treatment. NR, Nitrate reductase; GS, Glutamine synthetase; RV, Root vitality; CK, control without soil amendment; L, lime-alone treatment; B, biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means ± SD of three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by different lowercase letters.






3.3.2 Effects of different treatments on URE activity and NP in the rhizosphere soil of tobacco

URE activity and NP in soil are key indicators of the available nitrogen production capacity. As shown in Figure 2, during the root elongation stage of tobacco, URE activity in the rhizosphere under all experimental treatments was significantly higher than that in the CK treatment (Figure 2A). During the vigorous growth stage, URE activity in the tobacco rhizosphere reached its peak; however, no significant differences were observed among the various treatments (Figure 2A). The NP in the rhizosphere initially increased, then declined, with the highest levels occurring during the vigorous growth stage. Specifically, during the root elongation stage, NP in the rhizosphere of all experimental treatments was significantly lower than in the CK treatment. Conversely, during the vigorous growth stage, NP in all experimental treatments was significantly higher than in the CK treatment, with the L treatment and L+B treatment showing increases of 16.61% and 9.05%, respectively, compared to the B treatment (Figure 2B). These findings suggest that the application of soil amendments can effectively enhance the biochemical processes involved in nitrogen cycling within the soil. Notably, the L treatment had a significantly greater impact on nitrification potential than both the B and L+B treatments, with the L+B treatment exhibiting a secondary effect.




Figure 2 | Urease activity (A) in tobacco rhizosphere soil and its nitrification potential (B). URE, Urease; NP, Nitrification potential; CK, control without soil amendment; L, lime-alone treatment; B, biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means ± SD of three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by different lowercase letters.






3.3.3 Effects of different treatments on the variations in available nitrogen content in the bulk soil of tobacco

As illustrated in Figure 3, the content of AN in the soil reached its peak during the vigorous growth stage of tobacco. All experimental treatments resulted in a significant increase in AN content, ranging from 8.91% to 18.46%, as well as an increase in NO3–N content, which rose by 49.48% to 101.41%, compared to the CK treatment (Figures 3A, C). Additionally, these treatments significantly reduced NH4+-N content during the vigorous growth stage, with reductions ranging from 14.00% to 28.02% relative to the CK treatment (Figure 3B). Notably, both the B and L+B treatments significantly enhanced NO3–N content by 6.76% to 8.76% compared to the L treatment (Figure 3C). Furthermore, the B and L+B treatments also significantly increased both AN and MBN content relative to the L treatment (Figures 3A, D). These findings highlight the considerable impact of soil amendments on nitrogen cycling. Specifically, the L treatment was less effective in enhancing soil available nitrogen content compared to the B and L+B treatments.




Figure 3 | Contents of alkali-hydrolyzable nitrogen (A), ammonium nitrogen (B), nitrate nitrogen (C), and microbial biomass nitrogen (D) in tobacco bulk soil. AN, Alkali-hydrolyzable nitrogen; NH4+-N, Ammonium nitrogen; NO3−-N, Nitrate nitrogen; MBN, Microbial biomass nitrogen; CK, control without soil amendment; L, lime-alone treatment; B, biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means ± SD of three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by different lowercase letters.






3.3.4 Correlation analysis of nitrogen utilization efficiency, plant-soil nitrogen transformation capacity, and soil physicochemical properties

A correlation analysis was performed to examine the relationships among NUE, soil physicochemical properties, and plant-soil nitrogen transformation capacity during the vigorous growth stage, with the results presented in Figure 4. NUE, NR, GS, and RV all showed a highly significant positive correlation with pH and EB (P< 0.01). Additionally, pH exhibited a highly significant positive correlation with AN, NO3--N, and MBN. Moreover, RV demonstrated a highly significant negative correlation with BD (P< 0.01). Notably, no significant correlation was observed between NP and NUE, nor between NP and NO3--N.




Figure 4 | Pearson correlation analysis of nitrogen utilization efficiency in tobacco plants, plant-soil nitrogen transformation capacity, and soil physicochemical properties. “*” at 0.05 level (two-tailed), the correlation was significant; “**” at level 0.01 (two-tailed), the correlation was significant. NUE, Nitrogen utilization efficiency; EA, Exchangeable acidity; EB, Exchangeable base cations; CEC, Cation exchange capacity; ORP, Oxidation-reduction potential; BD, Bulk density; POR, Porosity; FC, Field moisture capacity; AN, Alkali-hydrolyzable nitrogen; NH4+-N, Ammonium nitrogen; NO3−-N, Nitrate nitrogen; MBN, Microbial biomass nitrogen.







3.4 Evolution of nitrogen-cycling microbial communities in the rhizosphere of tobacco under different treatments



3.4.1 Rhizosphere bacterial community diversity and species composition

As shown in Supplementary Table S1, the experimental treatments had varying effects on bacterial community species diversity. The L and L+B treatments significantly increased species diversity (observed OTUs, Ace, Chao1, and Shannon indices) compared to the CK treatment, while the B treatment did not show significant differences in species diversity relative to the CK treatment. As illustrated in Supplementary Figure S3, dimensionality reduction analysis revealed substantial differences in species composition between the experimental treatments and the CK treatment, with the differences between the L+B and L treatments, as well as between the L and B treatments, being more pronounced. This suggests that lime and biochar exert distinct effects on species composition, and their combined application may interact synergistically to enhance these effects.

Regarding species composition, as shown in Supplementary Figure S4, the L and L+B treatments significantly reduced the relative abundances of Proteobacteria and Bacteroidota, while significantly increasing the relative abundances of Chloroflexi and Acidobacteriota. In contrast, the B treatment significantly increased the relative abundances of Proteobacteria and Bacteroidota, and significantly decreased the relative abundances of Chloroflexi and Acidobacteriota (Supplementary Figure S4A). Furthermore, under the L treatment, the relative abundance of Nitrospirota was the highest among all treatments, followed by the L+B treatment. In terms of dominant genera, all experimental treatments significantly reduced the relative abundances of Rhodanobacter and Chujaibacter compared to the CK treatment (Supplementary Figure S4B).




3.4.2 Analysis of the abundance of rhizosphere nitrogen-cycling functional genes and pathways

Although the changes in species composition mentioned above indicate that the experimental treatments significantly affected the microbial community structure, no clear alterations in nitrogen cycling functions were observed in these results. To further investigate this issue, we annotated the nitrogen cycling functional genes in the rhizosphere bacterial communities using the KEGG database, with the results presented in Figure 5. A total of 30 functional genes were identified, which were classified into six major categories based on their functional characteristics, encompassing nine distinct biological processes (Figure 5A). Further statistical analysis of the relative abundance of each nitrogen cycling pathway is shown in Figure 5B. The results demonstrate that different soil amendment treatments exhibited both common and divergent effects on soil nitrogen cycling processes. All experimental treatments significantly increased the functional abundance of nitrogen fixation and the first stage of nitrification (NH4+ → NH2OH) compared to the CK treatment. In the subsequent stage of nitrification (NH2OH → NO3-), the L and L+B treatments significantly outperformed the B and CK treatments. In the three stages of denitrification, the functional abundance followed the trend: B > CK > L+B > L, with the B treatment significantly higher than all other treatments, while the L and L+B treatments showed significantly lower functional abundances than the CK treatment, and the L treatment was significantly lower than the L+B treatment. Furthermore, the B treatment significantly enhanced the functional abundances of dissimilatory nitrate reduction and assimilatory nitrate reduction, while the L+B treatment also demonstrated significant increases in these two processes compared to the L and CK treatments. In contrast, the L treatment showed no significant difference from the CK treatment in these two processes.




Figure 5 | Relative abundance of nitrogen cycling functional genes (A) and associated nitrogen cycling pathways (B) in the tobacco rhizosphere under different treatments. Data were normalized using Z-score transformation. CK, control without soil amendment; L, lime-alone treatment; B, biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means ± SD of three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by different lowercase letters.



In summary, all soil amendment treatments significantly increased the functional abundances of nitrogen fixation and initial nitrification in soil nitrogen cycling. The L and L+B treatments performed better than the B treatment in the subsequent stages of nitrification, while the B treatment showed the highest performance in denitrification and nitrate reduction processes, followed by the L+B treatment.




3.4.3 Correlation between the functional abundance of rhizosphere nitrogen-cycling pathways and soil available nitrogen content and nitrogen utilization efficiency

As shown in Figure 6, a highly significant positive correlation was observed between nitrogen fixation and NUE (P< 0.01). Additionally, both dissimilatory nitrate reduction and assimilatory nitrate reduction exhibited a significant positive correlation with NUE (P< 0.05). Furthermore, these two nitrate reduction processes demonstrated highly significant positive correlations with the content of AN, NO3--N, and MBN (P< 0.01). In contrast, they showed a highly significant negative correlation with NH4+-N (P< 0.01).




Figure 6 | Pearson correlation analysis between nitrogen cycling functional abundance and soil nitrogen content regarding the nitrogen utilization efficiency ”*” at 0.05 level (two-tailed), the correlation was significant; “**” at level 0.01 (two-tailed), the correlation was significant. NUE, Nitrogen utilization efficiency; AN, Alkali-hydrolyzable nitrogen; NH4+-N, Ammonium nitrogen; NO3−-N, Nitrate nitrogen; MBN, Microbial biomass nitrogen.








4 Discussion

This study, conducted over a 2-year fixed-point trial, demonstrates that the application of lime (L), biochar (B), and their combination (L+B) significantly enhances nitrogen utilization efficiency and nitrogen harvest index in tobacco. Notably, the L+B treatment resulted in a more substantial improvement than the L treatment, with no significant difference observed when compared to the B treatment (Table 1). These findings align with those of Mosharrof et al. (2021) and Elbagory et al. (2024), who reported that the combined application of lime and biochar outperforms the individual application of either amendment in enhancing the productivity of maize and wheat. This suggests that the joint application of lime and biochar holds significant potential for improving nitrogen utilization in crops grown in acidic soils.

To further elucidate the mechanistic differences between lime and biochar in ameliorating acidic soils and enhancing nitrogen utilization efficiency in tobacco, this study analyzed soil physicochemical properties and nitrogen transformation capacities between plants and soil. The results revealed that all amendment treatments increased soil pH and the concentration of exchangeable base cations. However, compared to the L treatment, both the B and L+B treatments showed significantly greater effects on improving soil acidity, enhancing soil aeration, and increasing the oxidation-reduction potential (Table 2). This difference may be attributed to the slower mobility of alkaline ions in lime, which limits their rapid penetration into deeper soil layers (Conyers et al., 2003). Previous studies have suggested that lime typically requires a longer period to improve the acidity of deeper soil layers (Tang et al., 2013; Wang et al., 2016). In contrast, when lime and biochar are applied together, biochar facilitates the faster diffusion of alkaline ions from lime, thereby accelerating the amelioration of soil acidity. Consequently, the combined application of lime and biochar represents a promising strategy for effectively improving acidic soils.

Root vitality is a critical indicator of a plant’s nutrient absorption capacity (Oshunsanya et al., 2019), while leaf nitrate reductase and glutamine synthetase are key enzymes influencing nitrogen assimilation and uptake (Anas et al., 2020). Our results indicate that, compared to the L treatment, both the B and L+B treatments significantly enhanced root vitality, as well as the activities of leaf nitrate reductase and glutamine synthetase (Figure 1). We suggest that biochar application reduces soil resistance, improves soil permeability, and increases water retention capacity, thereby promoting tobacco root growth (Asai et al., 2009). This enhanced root development facilitates deeper penetration into the soil for nutrient absorption, ultimately improving nitrogen assimilation within the plant (Xia et al., 2024). Correlation analysis revealed a highly significant negative correlation between bulk density and root vitality (Figure 4). Nitrogen fertilizers must undergo hydrolysis by urease to convert into ammonium nitrogen, which plants can absorb. Our results show that all experimental treatments significantly increased urease activity during the root elongation stage compared to CK treatment (Figure 2A), consistent with the findings of Li et al. (2023), who reported that both lime and biochar enhance urease activity in acidic soils. However, during the vigorous growth and topping stages, no significant changes in urease activity were observed, likely due to stabilization in the hydrolysis process of fertilizers as tobacco growth progressed, with other nitrogen cycle processes remaining active.

Nitrification, a primary cause of soil acidification (Lu et al., 2014), is itself inhibited by soil acidity (Ye et al., 2022). For tobacco, nitrate nitrogen serves as the primary nitrogen source, and the nitrification process significantly impacts nitrogen utilization efficiency (He et al., 2017). In this study, compared to the B and L+B treatments, the L treatment exhibited a more pronounced nitrification potential in the rhizosphere soil during the vigorous growth stage, with the nitrification potential in the L+B treatment significantly higher than that in the B treatment (Figure 2B). This result aligns with the findings of Teutscherova et al. (2018; 2023), who suggested that lime application can enhance soil nitrification rates by promoting the proliferation of nitrifying bacteria. Conversely, some studies argue that biochar’s adsorption of ammonium nitrogen may reduce nitrification rates (Yang et al., 2015). Thus, biochar primarily enhances nitrogen absorption and assimilation in plants by improving the soil environment, whereas lime stimulates nitrification, increasing the supply of available nitrogen. The combined application of both amendments effectively retains the advantages of each.

These findings prompted further investigation into nitrogen content and the microbial communities involved in rhizosphere nitrogen cycling in tobacco fields. Soil acidification typically leads to nutrient immobilization, reducing nutrient availability and thereby limiting plant-accessible nutrients (Adekiya et al., 2024). In this study, all experimental treatments significantly increased alkali-hydrolyzable nitrogen and nitrate nitrogen content compared to the CK treatment (Figures 3A, C), indicating that amendments effectively mitigate nutrient immobilization in soil. Additionally, the B and L+B treatments significantly increased microbial biomass nitrogen compared to the L treatment (Figure 3D). Cheng et al. (2017) found that enhancing microbial assimilation of inorganic nitrogen and converting it into microbial biomass nitrogen is an essential mechanism for reducing soil inorganic nitrogen loss. This finding aligns with Wang and Lu (2024), who indicated that biochar improves the growth environment for microorganisms, thereby enhancing microbial nitrogen assimilation capacity (Hammer et al., 2014). Interestingly, although the L treatment exhibited a higher nitrification potential, its nitrate nitrogen content was significantly lower than that in the B and L+B treatments. This may be due to the tendency of nitrate nitrogen to leach, whereas biochar can adsorb nitrate ions onto its anionic exchange sites, thus reducing denitrification efficiency and minimizing nitrate loss (Mandal et al., 2016). Correlation analysis revealed a significant positive relationship between soil pH, exchangeable cation concentrations, and both nitrogen utilization efficiency and nitrogen assimilation capacity in plants. These factors also showed a strong positive correlation with available nitrogen content in the soil. This suggests that increases in soil pH and exchangeable cation concentrations are key physicochemical factors promoting plant-soil nitrogen transformation. However, no significant correlation was observed between nitrification potential and nitrogen utilization efficiency, nor between nitrification potential and nitrate nitrogen content (Figure 4), implying that the mechanisms by which lime and biochar enhance nitrogen utilization efficiency in acidic soils may be more complex than previously understood.

The results indicate that lime is particularly effective in promoting nitrification, while biochar excels in enhancing microbial nitrogen assimilation. To further explore changes in rhizosphere nitrogen-cycling microbial communities and their functions, we performed high-throughput sequencing and used the PICRUSt2 tool to annotate the nitrogen cycling functions of bacterial communities based on the KEGG database. The results revealed that all experimental treatments significantly increased the functional abundance of nitrogen fixation compared to the CK treatment, with no significant difference observed between the L and B treatments (Figure 5B). This enhancement may be due to both lime and biochar supplying sufficient cations to meet the trace element requirements of nitrogen-fixing microorganisms (Nishio and Okano, 1991; Bossolani et al., 2020). Consistent with these findings, both the L and L+B treatments significantly increased the functional abundance of nitrification compared to the B and CK treatments. Additionally, the B and L+B treatments significantly enhanced the functional abundance of the assimilatory nitrate reduction process compared to the L and CK treatments. Both the B and L+B treatments also significantly increased the functional abundance of denitrification compared to the L and CK treatments, with the B treatment showing significantly higher levels than the L+B treatment (Figure 5B). This may be explained by the higher nitrate nitrogen content in the soil, which provides abundant substrates for denitrifying microorganisms (Chen et al., 2015).

Furthermore, the B and L+B treatments significantly increased the functional abundance of dissimilatory nitrate reduction compared to the L and CK treatments (Figure 5). Wan et al. (2023) highlighted that dissimilatory nitrate reduction is a key mechanism for retaining available nitrogen in soils. This process converts nitrate nitrogen, which is prone to being transformed into nitrous oxide (N2O), into ammonium nitrogen, reintegrating it into the nitrification cycle. Moreover, dissimilatory nitrate reduction and denitrification processes are closely coupled (Stein and Klotz, 2016), providing a reasonable explanation for the observed increase in denitrification functionality. Pearson correlation analysis revealed a significant positive correlation between tobacco nitrogen utilization efficiency and nitrogen fixation, as well as a significant positive correlation with dissimilatory nitrate reduction. Additionally, dissimilatory nitrate reduction showed a significant positive correlation with alkali-hydrolyzable nitrogen and nitrate nitrogen content in the soil (Figure 6). These results suggest that lime application primarily activates nitrification to enhance nitrate nitrogen production, while biochar enhances dissimilatory nitrate reduction functionality to retain more nitrogen. Therefore, the combined use of lime and biochar integrates the benefits of both amendments, thereby improving overall nitrogen cycling in the soil.




5 Conclusion

The findings of this study indicate that the application of either lime or biochar can alleviate soil acidification and increase the concentration of exchangeable cations, thereby improving nitrogen utilization efficiency in tobacco plants. Notably, biochar (B) demonstrated significantly more pronounced effects compared to lime (L). An integrated analysis of soil available nitrogen content and rhizosphere microbial community functions revealed that while lime was more effective in promoting nitrification within the soil nitrogen cycle, biochar treatment enhanced dissimilatory nitrate reduction. This process promotes the formation of a “microcycle” between ammonium and nitrate nitrogen in the soil, thereby more effectively retaining available nitrogen. This mechanism is key to understanding why biochar outperforms lime in enhancing crop nitrogen utilization. Moreover, the combined application of lime and biochar (L+B) synergistically integrates the benefits of both amendments, resulting in outcomes comparable to those achieved with either amendment alone (L or B). These results provide a significant theoretical foundation for the combined use of lime and biochar as an effective strategy to mitigate soil acidification. Future research should focus on exploring the synergistic effects of these amendments under different soil types and climatic conditions, as well as determining the optimal application ratios to establish more scientifically robust soil management strategies.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

BZ: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Writing – original draft, Writing – review & editing. LT: Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft. ZC: Validation, Writing – review & editing. XC: Formal analysis, Methodology, Writing – review & editing. LY: Formal analysis, Writing – review & editing. RP: Data curation, Writing – original draft. TC: Validation, Writing – original draft. YL: Formal analysis, Writing – original draft. WL: Supervision, Writing – original draft, Writing – review & editing. JH: Conceptualization, Formal analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors declare that this study received funding from the Natural Science Foundation of Fujian Province (2021J01467), the Fujian Branch of China National Tobacco Corporation, China (2019350000240143). The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1530128/full#supplementary-material





Abbreviations

CK, control without soil amendment; L, lime treatment; B, biochar treatment; L+B, lime and biochar combined treatment; NUE, Nitrogen utilization efficiency; NHI, Nitrogen harvest index; EA, Exchangeable acidity; EB, Exchangeable base cations; CEC, Cation exchange capacity; ORP, Oxidation-reduction potential; BD, Bulk density; POR, Porosity; FC, Field moisture capacity; NR, Nitrate reductase; GS, Glutamine synthetase; RV, Root vitality; AN, Alkali-hydrolyzable nitrogen; NH4+-N, Ammonium nitrogen; NO3−-N, Nitrate nitrogen; MBN, Microbial biomass nitrogen.




References

 Adekiya, A. O., Ayorinde, B. B., and Ogunbode, T. (2024). Combined lime and biochar application enhances cowpea growth and yield in tropical alfisol. Sci. Rep.-Uk. 14 (1), 1389. doi: 10.1038/s41598-024-52102-7

 Ai, C., Liang, G., Sun, J., He, P., Tang, S., Yang, S., et al. (2015). The alleviation of acid soil stress in rice by inorganic or organic ameliorants is associated with changes in soil enzyme activity and microbial community composition. Biol. Fert. Soils. 51, 465–477. doi: 10.1007/s00374-015-0994-3

 Alvarez, E., Viadé, A., and Fernández-Marcos, M. L. (2009). Effect of liming with different sized limestone on the forms of aluminium in a Galician soil (nw Spain). Geoderma 152, 1–8. doi: 10.1016/j.geoderma.2009.04.011

 Anas, M., Liao, F., Verma, K. K., Sarwar, M. A., Mahmood, A., Chen, Z. L., et al. (2020). Fate of nitrogen in agriculture and environment: agronomic, eco-physiological and molecular approaches to improve nitrogen use efficiency. Biol. Res. 53 (1), 1–20. doi: 10.1186/s40659-020-00312-4

 Asai, H., Samson, B. K., Stephan, H. M., Songyikhangsuthor, K., Homma, K., Kiyono, Y., et al. (2009). Biochar amendment techniques for upland rice production in northern Laos: 1. Soil physical properties, leaf spad and grain yield. Field Crop Res. 111, 81–84. doi: 10.1016/j.fcr.2008.10.008

 Bernhard, A. E., Donn, T., Giblin, A. E., and Stahl, D. A. (2005). Loss of diversity of ammonia-oxidizing bacteria correlates with increasing salinity in an estuary system. Environ. Microbiol. 7, 1289–1297. doi: 10.1111/j.1462-2920.2005.00808.x

 Bories, P. N., and Bories, C. (1995). Nitrate determination in biological fluids by an enzymatic one-step assay with nitrate reductase. Clin. Chem. 41, 904–907. doi: 10.1093/clinchem/41.6.904

 Bossolani, J. W., Crusciol, C., Mariano, E., Fonseca, M., Moretti, L. G., Momesso, L., et al. (2023). Long term co-application of lime and phosphogypsum increases 15 n recovery and reduces 15 n losses by modulating soil nutrient availability, crop growth and n cycle genes. Eur. J. Agron. 149, 126907. doi: 10.1016/j.eja.2023.126907

 Bossolani, J. W., Crusciol, C., Merloti, L. F., Moretti, L. G., Costa, N. R., Tsai, S. M., et al. (2020). Long-term lime and gypsum amendment increase nitrogen fixation and decrease nitrification and denitrification gene abundances in the rhizosphere and soil in a tropical no-till intercropping system. Geoderma 375, 114476. doi: 10.1016/j.geoderma.2020.114476

 Bressler, S. L., and Ahmed, S. I. (1984). Detection of glutamine synthetase activity in marine phytoplankton: optimization of the biosynthetic assay. Mar. Ecol. Prog. Ser. 14, 207–217. doi: 10.3354/meps014207

 Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D. S. (1985). Chloroform fumigation and the release of soil nitrogen: a rapid direct extraction method to measure microbial biomass nitrogen in soil. Soil Biol. Biochem. 17, 837–842. doi: 10.1016/0038-0717(85)90144-0

 Chen, J., Kim, H., and Yoo, G. (2015). Effects of biochar addition on co2 and n2o emissions following fertilizer application to a cultivated grassland soil. PloS One 10 (5), e0126841. doi: 10.1371/journal.pone.0126841

 Cheng, Y., Huang, R., Yu, Y. F., and Wang, S. Q. (2017). Role of microbial assimilation of soil no3-in reducing soil no3- concentration. Acta Pedol. Sinica. 54, 1326–1331. doi: 10.11766/trxb201706010145

 Chu, C., Wu, C. Y., Huang, Q. R., Han, C., and Zhong, W. H. (2020). Effect of organic matter promotion on nitrogen-cycling genes and functional microorganisms in acidic red soils. Environ. Sci. 41, 2468–2475. doi: 10.13227/j.hjkx.201911013

 Conyers, M. K., Mullen, C. L., Scott, B. J., Poile, G. J., and Braysher, B. D. (2003). Long-term benefits of limestone applications to soil properties and to cereal crop yields in southern and central new south wales. Aust. J. Exp. Agricult. 43, 71–78. doi: 10.1071/EA01121

 Dai, Z. M., Zhang, X. J., Tang, C., Muhammad, N., Wu, J. J., Brookes, P. C., et al. (2017). Potential role of biochars in decreasing soil acidification - a critical review. Sci. Total Environ. 581, 601–611. doi: 10.1016/j.scitotenv2016.12.169

 Dixon, P. (2003). Vegan, a package of r functions for community ecology. J. Veg. Sci. 14, 927–930. doi: 10.1111/j.1654-1103.2003.tb02228.x

 Dos Reis, A. R., Lisboa, L., Reis, H., Barcelos, J., Santos, E. F., Santini, J., et al. (2018). Depicting the physiological and ultrastructural responses of soybean plants to al stress conditions. Plant Physiol. Bioch. 130, 377–390. doi: 10.1016/j.plaphy.2018.07.028

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). Picrust2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688. doi: 10.1038/s41587-020-0548-6

 Du, Y. D., Cui, B. J., Zhang, Q., Wang, Z., Sun, J., and Niu, W. Q. (2020). Effects of manure fertilizer on crop yield and soil properties in China: a meta-analysis. Catena 193, 104617. doi: 10.1016/j.catena.2020.104617

 Elbagory, M., Shaker, E. M., El-Nahrawy, S., Omara, A. E., and Khalifa, T. H. (2024). The concurrent application of phosphogypsum and modified biochar as soil amendments influence sandy soil quality and wheat productivity. Plants-Basel 13 (11), 1492. doi: 10.3390/plants13111492

 Feng, K., Yan, F., Hütsch, B. W., and Schubert, S. (2003). Nitrous oxide emission as affected by liming an acidic mineral soil used for arable agriculture. Nutr. Cycl. Agroecosys. 67, 283–292. doi: 10.1023/B:FRES.0000003664.51048.0e

 Fuentes, J. P., Bezdicek, D. F., Flury, M., Albrecht, S., and Smith, J. L. (2006). Microbial activity affected by lime in a long-term no-till soil. Soil Till. Res. 88, 123–131. doi: 10.1016/j.still.2005.05.001

 Gao, Y., Zhang, G., Jiang, S., and Liu, Y. (2024). Wekemo bioincloud: a user-friendly platform for meta-omics data analyses. Imeta 3, e175. doi: 10.1002/imt2.175

 Hammer, E. C., Balogh-Brunstad, Z., Jakobsen, I., Olsson, P. A., Stipp, S., and Rillig, M. C. (2014). A mycorrhizal fungus grows on biochar and captures phosphorus from its surfaces. Soil Biol. Biochem. 77, 252–260. doi: 10.1016/j.soilbio.2014.06.012

 Hao, T., Zhang, Y., Zhang, J., Müller, C., Li, K., Zhang, K., et al. (2020). Chronic nitrogen addition differentially affects gross nitrogen transformations in alpine and temperate grassland soils. Soil Biol. Biochem. 149, 107962. doi: 10.1016/j.soilbio.2020.107962

 He, M., Chen, S., Meng, L., Dan, X., Wang, W., Zhu, Q., et al. (2024). Maize genotypes regulate the feedbacks between maize nitrogen uptake and soil nitrogen transformations. Soil Biol. Biochem. 188, 109251. doi: 10.1016/j.soilbio.2023.109251

 He, M. J., Fan, T. F., Yang, C., Chen, Y. Y., Li, D. Q., Li, C. J., et al. (2017). Physiological characterization of no3– and nh4+uptake kinetics of tobacco ‘k326’ and ‘honghuadajinyuan’ using a short-time 15n-substratelabeling approach. Plant Physiol. J. 53, 572–580. doi: 10.13592/j.cnki.ppj.2016.0519

 Holland, J. E., White, P. J., Glendining, M. J., Goulding, K., and McGrath, S. P. (2019). Yield responses of arable crops to liming - an evaluation of relationships between yields and soil ph from a long-term liming experiment. Eur. J. Agron. 105, 176–188. doi: 10.1016/j.eja.2019.02.016

 Huang, J. W., Li, R. K., Chen, Z. C., Zhang, B. H., Lei, H., Pan, R. X., et al. (2023). Effects of straw returning techniques on soil nutrients, organic carbon and microbial diversity in tobacco-rice rotation system. Chin. J. Rice. Sci. 37, 415–426. doi: 10.16819/j.1001-7216.2023.220901

 Isobe, K., Ise, Y., Kato, H., Oda, T., Vincenot, C. E., Koba, K., et al. (2020). Consequences of microbial diversity in forest nitrogen cycling: diverse ammonifiers and specialized ammonia oxidizers. Isme J. 14, 12–25. doi: 10.1038/s41396-019-0500-2

 Kaushal, T., Onda, M., Ito, S., Yamazaki, A., Fujikake, H., Ohtake, N., et al. (2006). Effect of deep placement of slow-release fertilizer (lime nitrogen) applied at different rates on growth, n2 fixation and yield of soya bean (glycine max [l.] Merr.). J. Agron. Crop Sci. 192, 417–426. doi: 10.1111/j.1439-037X.2006.00230.x

 Li, L. J., Li, Q., Davis, K. E., Patterson, C., Oo, S., Liu, W. Y., et al. (2021). Response of root growth and development to nitrogen and potassium deficiency as well as microrna-mediated mechanism in peanut (arachis hypogaea l.). Front. Plant Sci. 12. doi: 10.3389/fpls.2021.695234

 Li, Y., Niu, W. Q., Wang, J. W., Liu, L., Zhang, M. Z., and Xu, J. (2016). Effects of artificial soil aeration volume and frequency on soil enzyme activity and microbial abundance when cultivating greenhouse tomato. Soil Sci. Soc Am. J. 80, 1208–1221. doi: 10.2136/sssaj2016.06.0164

 Li, Y. Z., Abdo, A. I., Shi, Z. J., Merwad, A., and Zhang, J. E. (2023). Biochar derived from invasive plants improved the ph, macronutrient availability and biological properties better than liming for acid rain-affected soil. Biochar 5 (1), 59. doi: 10.1007/s42773-023-00251-9

 Liu, J., Jiang, B. S., Shen, J. L., Zhu, X., Yi, W. Y., Li, Y., et al. (2021). Contrasting effects of straw and straw-derived biochar applications on soil carbon accumulation and nitrogen use efficiency in double-rice cropping systems. Agr. Ecosyst. Environ. 311, 107286. doi: 10.1016/j.agee.2020.107286

 Liu, Y. X., Li, H., Li, X., Zhang, H., Zhu, J. W., Peng, Y., et al. (2023). Effect of soil bioremediation on soil microbial community structure aimed at controlling tobacco bacterial wilt. Appl. Microbiol. Biot. 107, 7543–7555. doi: 10.1007/s00253-023-12753-4

 Lu, R. K. (2000). Soil agrochemical analysis methods. China Agricultural Science and Technology Press.

 Lu, X. K., Mao, Q. G., Gilliam, F. S., Luo, Y. Q., and Mo, J. M. (2014). Nitrogen deposition contributes to soil acidification in tropical ecosystems. Global Change Biol. 20, 3790–3801. doi: 10.1111/gcb.12665

 Mandal, S., Thangarajan, R., Bolan, N. S., Sarkar, B., Khan, N., Ok, Y. S., et al. (2016). Biochar-induced concomitant decrease in ammonia volatilization and increase in nitrogen use efficiency by wheat. Chemosphere 142, 120–127. doi: 10.1016/j.chemosphere.2015.04.086

 Meng, C., Xing, Y., Ding, Y., Zhang, Q., Di, H., Tang, C., et al. (2023). Soil acidification induced variation of nitrifiers and denitrifiers modulates n2o emissions in paddy fields. Sci. Total Environ. 882, 163623. doi: 10.1016/j.scitotenv.2023.163623

 Mosharrof, M., Uddin, M. K., Sulaiman, M. F., Mia, S., Shamsuzzaman, S. M., and Haque, A. (2021). Combined application of rice husk biochar and lime increases phosphorus availability and maize yield in an acidic soil. Agriculture-Basel 11 (8), 793. doi: 10.3390/agriculture11080793

 Nishio, M., and Okano, S. (1991). Stimulation of the growth of alfalfa and infection of mycorrhizal fungi by the application of charcoal. Bull. Natl. Grassl. Res. Inst. 45, 61–71.

 Norton, J. M., and Stark, J. M. (2011). Regulation and measurement of nitrification in terrestrial systems. Methods Enzymol. 486, 343–368. doi: 10.1016/B978-0-12-381294-0.00015-8

 Oshunsanya, S. O., Yu, H., Li, Y., and Saggar, S. (2019). Root hairs and cortex contribute to soil loss due to root crop harvesting. Catena 174, 514–523. doi: 10.1016/j.catena.2018.11.016

 Sahrawat, K. L. (2008). Factors affecting nitrification in soils. Commun. Soil Sci. Plan. 39, 1436–1446. doi: 10.1080/00103620802004235

 Stein, L. Y., and Klotz, M. G. (2016). The nitrogen cycle. Curr. Biol. 26, R94–R98. doi: 10.1016/j.cub.2015.12.021

 Sun, J. G., Li, X. H., Zhang, P. L., Sun, G. W., He, B., Feng, J., et al. (2020). Research progress on effect of acidizing on tobacco planting soil. J. Anhui Agric. Sci. 48, 20–22. doi: 10.3969/j.issn.0517-6611.2020.02.006

 Tang, C. X., Weligama, C., and Sale, P. (2013). Subsurface soil acidification in farming systems: its possible causes and management options. Mol. Environmental Soil Sci. 2013, 389–412. doi: 10.1007/978-94-007-4177-5_13

 Teutscherova, N., Houska, J., Navas, M., Masaguer, A., Benito, M., and Vazquez, E. (2018). Leaching of ammonium and nitrate from acrisol and calcisol amended with holm oak biochar: a column study. Geoderma 323, 136–145. doi: 10.1016/j.geoderma.2018.03.004

 Teutscherová, N., Vázquez, E., Drábek, O., Hutla, P., Kolaríková, M., and Banout, J. (2023). Disentangling the effects of rice husk ash on increased plant growth and nitrogen recovery. Geoderma 437, 116577. doi: 10.1016/j.geoderma.2023.116577

 Wang, C., Zheng, M., Song, W., Wen, S., Wang, B., Zhu, C., et al. (2017). Impact of 25 years of inorganic fertilization on diazotrophic abundance and community structure in an acidic soil in southern China. Soil Biol. Biochem. 113, 240–249. doi: 10.1016/j.soilbio.2017.06.019

 Wang, W., and Lu, S. C. (2024). Influence of green manure rapes returning and biochar application on soil carbon and nitrogen statuts of newly built green houses. J. Soil Sci. Plant Nutt. 24, 2035–2047. doi: 10.1007/s42729-024-01709-w

 Wang, X., Tang, C., Baldock, J. A., Butterly, C. R., and Gazey, C. (2016). Long-term effect of lime application on the chemical composition of soil organic carbon in acid soils varying in texture and liming history. Biol. Fert. Soils. 52, 295–306. doi: 10.1007/s00374-015-1076-2

 Wan, Y., Du, Q., Wu, Y., Li, R., Yan, X., Li, N., et al. (2023). Rapid dissimilatory nitrate reduction to ammonium conserves bioavailable nitrogen in organic deficient soils. Soil Biol. Biochem. 177, 108923. doi: 10.1016/j.soilbio.2022.108923

 Wang, Y. D., Hu, N., Ge, T. D., Kuzyakov, Y., Wang, Z. L., Li, Z. F., et al. (2017). Soil aggregation regulates distributions of carbon, microbial community and enzyme activities after 23-year manure amendment. Appl. Soil Ecol. 111, 65–72. doi: 10.1016/j.apsoil.2016.11.015

 Wang, Y., Yao, Z. S., Zhan, Y., Zheng, X. H., Zhou, M. H., Yan, G. X., et al. (2021). Potential benefits of liming to acid soils on climate change mitigation and food security. Global Change Biol. 27, 2807–2821. doi: 10.1111/gcb.15607

 Wu, Q. F., Lian, R. Y., Bai, M. X., Bao, J. P., Liu, Y., Li, S. H., et al. (2021). Biochar co-application mitigated the stimulation of organic amendments on soil respiration by decreasing microbial activities in an infertile soil. Biol. Fert. Soils. 57, 793–807. doi: 10.1007/s00374-021-01574-0

 Xia, Z., Gong, Y., Yang, Y., Wu, M., Bai, J., Zhang, S., et al. (2024). Effects of root-zone warming, nitrogen supply and their interactions on root-shoot growth, nitrogen uptake and photosynthetic physiological characteristics of maize. Plant Physiol. Bioch. 214, 108887. doi: 10.1016/j.plaphy.2024.108887

 Xie, R. R., Lei, R. Q., Zou, S. H., Zeng, W. L., Wang, X. R., Xu, C. S., et al. (2023). Research on spatial distribution characteristics of soil exchangeable magnesium and pH in the major tobacco planting areas of Fujian Province. Soil Fertilizer Sci. China. 02, 25–32. doi: 10.11838/sfsc.1673-6257.22027

 Yamamoto, Y. (2019). Aluminum toxicity in plant cells: mechanisms of cell death and inhibition of cell elongation. Soil Sci. Plant Nutr. 65, 41–55. doi: 10.1080/00380768.2018.1553484

 Yan, S., Niu, Z. Y., Yan, H. T., Yun, F., Peng, G. X., Yang, Y. F., et al. (2019). Biochar application significantly affects the n pool and microbial community structure in purple and paddy soils. Peerj 7, e7576. doi: 10.7717/peerj.7576

 Yang, F., Cao, X. D., Gao, B., Zhao, L., and Li, F. Y. (2015). Short-term effects of rice straw biochar on sorption, emission, and transformation of soil nh4+-n. Environ. Sci. pollut. R. 22, 9184–9192. doi: 10.1007/s11356-014-4067-1

 Ye, H. J., Tang, C. Y., Cao, Y. J., Li, X., and Huang, P. Y. (2022). Contribution of ammonia-oxidizing archaea and bacteria to nitrification under different biogeochemical factors in acidic soils. Environ. Sci. pollut. R. 29, 17209–17222. doi: 10.1007/s11356-021-16887-8

 Ylivainio, K., Leta, R., Esala, M., Jauhiainen, L., Peltovuori, T., and Chernet, T. (2024). Liming improves wheat nutrient use efficiency, yield, and quality on acid soils in Ethiopia. Nutr. Cycl. Agroecosys. 129, 167–183. doi: 10.1007/s10705-024-10369-2

 Zeng, M. F., de Vries, W., Bonten, L., Zhu, Q. C., Hao, T. X., Liu, X. J., et al. (2017). Model-based analysis of the long-term effects of fertilization management on cropland soil acidification. Environ. Sci. Technol. 51, 3843–3851. doi: 10.1021/acs.est.6b05491

 Zha, Y. X., Ran, M., and Zhou, X. B. (2022). Research progresses on the causes of soil acidification in tobacco fields and its control. Soils 54, 211–218. doi: 10.13758/j.cnki.tr.2022.02.001

 Zhang, Y. T., He, X. H., Liang, H., Zhao, J., Zhang, Y. Q., Xu, C., et al. (2016). Long-term tobacco plantation induces soil acidification and soil base cation loss. Environ. Sci. pollut. R. 23, 5442–5450. doi: 10.1007/s11356-015-5673-2

 Zhang, B. H., Lei, H., Li, R. K., Yang, M. Y., Pan, R. X., Pan, M. Q., et al. (2023). Effects of deep tillage on the yield and production value of flue-cured tobacco and its rhizosphere soil microenvironment. J. South. Agricult. 54, 2195–2206. doi: 10.3969/j.issn.2095-1191.2023.08.001

 Zhang, B., Tang, L., Wang, Y., Yang, M., Pan, R., Pan, M., et al. (2023). Effect of reduced nitrogen fertilizer application combined with biochar on nitrogen utilization of flue-cured tobacco and its association with functional gene expressions of the nitrogen cycle in rhizosphere soil. Technol. Agro. 3 (1), 12. doi: 10.48130/TIA-2023-0012

 Zhang, J. Y., Zhang, N., Liu, Y. X., Zhang, X. N., Hu, B., Qin, Y., et al. (2018). Root microbiota shift in rice correlates with resident time in the field and developmental stage. Sci. China Life Sci. 61, 613–621. doi: 10.1007/s11427-018-9284-4

 Zhang, S. W., Zhu, Q. C., de Vries, W., Ros, G. H., Chen, X. H., Muneer, M. A., et al. (2023). Effects of soil amendments on soil acidity and crop yields in acidic soils: a world-wide meta-analysis. J. Environ. Manage. 345, 118531. doi: 10.1016/j.jenvman.2023.118531

 Zhao, Y. Z., Jiang, H. F., Gao, J. P., Wan, X., Yan, B. C., Liu, Y., et al. (2024). Effects of biochar application methods on greenhouse gas emission and nitrogen use efficiency in paddy fields. Sci. Total Environ. 915, 169809. doi: 10.1016/j.scitotenv.2023.169809

 Zhu, Q. C., Liu, X. J., Hao, T. X., Zeng, M. F., Shen, J. B., Zhang, F. S., et al. (2020). Cropland acidification increases risk of yield losses and food insecurity in China. Environ. pollut. 256, 113145. doi: 10.1016/j.envpol.2019.113145




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Zhang, Tang, Chen, Chen, You, Pan, Chen, Liu, Lin and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1530128-g004.jpg
Pearsonr
1.00

0.80

0.60

-

- BN
~ HEN
> NN 0.00
| [l iRl

BN - SN 0.20
_l=lllllllll.

0.40

0.20

EEEEEEED
ERERL |
|

-0.40

-0.60

-0.80

-1.00






OEBPS/Images/M2.jpg
Nitrogen utilization eficiency  (NUE) (%)}
= [(Nitrogen uptake by plants in nitrogen treatment are
~Nitrogen uptake by plants in the area without

nirope trestoaent)/ Nittogen application atel 3 100%





OEBPS/Images/fpls-16-1530128-g002.jpg
0.70
A ——L
—_—— B
0.60 2B

)\

<

URE activity (mg-g™-
o o
N W
o o

T SRS S ——
20.004 B

18.00

N

"« 16.00

24

", 14.00

12.00 /

10.00

NP (mg-k

8.00

Root elongation stage Vigorous growth stage Topping stage





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Comparative and synergistic impacts of lime and biochar on soil properties, nitrogen transformation, and microbial function in acidic soils under tobacco cropping

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental design

          



          		

            2.2 Measurement items and methods

          

            		

              2.2.1 Determination of nitrogen utilization efficiency in tobacco plants

            



            		

              2.2.2 Determination of nitrogen metabolism enzymes in tobacco leaves and root vitality

            



            		

              2.2.3 Determination of urease activity and nitrification potential in rhizosphere soil

            



            		

              2.2.4 Determination of the physicochemical properties of bulk soil

            



            		

              2.2.5 Determination of available nitrogen content in bulk soil

            



            		

              2.2.6 Rhizosphere soil bacterial DNA extraction and high-throughput sequencing

            



          



          



          		

            2.3 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effects of different treatments on NUE and outputs of tobacco plants

          



          		

            3.2 Effects of different treatments on the physicochemical properties in the bulk soil of tobacco

          



          		

            3.3 Changes in plant-soil nitrogen transformation capacity

          

            		

              3.3.1 Changes in nitrogen metabolism enzyme activity and RV in tobacco plants

            



            		

              3.3.2 Effects of different treatments on URE activity and NP in the rhizosphere soil of tobacco

            



            		

              3.3.3 Effects of different treatments on the variations in available nitrogen content in the bulk soil of tobacco

            



            		

              3.3.4 Correlation analysis of nitrogen utilization efficiency, plant-soil nitrogen transformation capacity, and soil physicochemical properties

            



          



          



          		

            3.4 Evolution of nitrogen-cycling microbial communities in the rhizosphere of tobacco under different treatments

          

            		

              3.4.1 Rhizosphere bacterial community diversity and species composition

            



            		

              3.4.2 Analysis of the abundance of rhizosphere nitrogen-cycling functional genes and pathways

            



            		

              3.4.3 Correlation between the functional abundance of rhizosphere nitrogen-cycling pathways and soil available nitrogen content and nitrogen utilization efficiency

            



          



          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-16-1530128-g005.jpg
Relative abundance

(Z-score)

1
-

sssa
OD®DO
OWZD%

>0 EHNNERERRANT A ANNNNNRRE
I NSEEREERRRNSANN: NEENER

Z-score
3

2
1

group
CK
L
B
L+B

type
. Ammonification (Organic N—NH,")

. Dissimilatory nitrate reduction (NO, —NH 4+)
. Assimilatory nitrate reduction (NO3'—>NH 4+)
. Denitrification (NOZ’—>NO)

" Denitrification (NO—N,,0)

" Denitrification (N,O—N,)

. Nitrogen fixation (N,—NH,")

. Nitrification (NH 4+—>NH20H)

~ nosZ
- nifD . Nitrification (NH,OH—NO,)
o nifH
- nifK
I T amoA
I T amoB
BN amoC
BN hao
S nxrA
L nxB
¢ N Y D5 N 94 D N q 9
Q Vv
) s e VRV Q7R
AV Y
B Nitrogen fixation (N,—~NH})
3.00
8 200
Denitrification (N,O—N,) § = 1.00
- 5,00 a é § 0.00 Ammonification (Orgnic N—NH})
S 200 N %
2 S N_100 S 200 5
m R~
> ° 1.00 3 -2.00 EE 1.00] 2
23 000 -3.00 2 3 000
S @ : 3 CK L BL+B ® M -1.00
N _ s
é -2.00 C S n: CK L B L+B
200 L——— - ) NH4* Orgnic N
'l
P Nitrification (NH;—NH,OH)
Y 4 ®
y 2 200 a a
©
N2O Y 4 g 100 a
Y 4 3 8 o000
Denitrification (NO—N,0) ' ; th'1-°°
2.00 J - . . T 200 5
a 'Assmllatory nitrate reduction e -300
1.00 b (NO; NH;) Dissimilatory nitrate reduction CK L B L+B
' [ | o 300 ? * ) (NO; —NH})
0.00 I ¢ . a S :gg NH20H
1] © 8
I 25 10 2T
.00 cg b @ 1.00
c I 23 oo 28 000
-2.00 @ N.-1.00 2 N-1.00
d ‘ .%v c % -200{ C
CK L BL+B L5 2% c e -3.00
"" -3.00 CcK
CK L B L+B
NO Y
L § Nitrification (NH,OH—NO;’)
S @
- S 200 a
A3 NO2- 5
Denitrification (NO; —NO) ‘\ 27 100 a
o
< o 0.00
$ 200 a % o
& ~~ 2 Y-1.00 .
gg 1.004{ b NOo- §~. § -2.00{ b
< g 000 2 pal J e CK L B L+B
o N -
2 S-1.00 c \.—/ NO3
[}
& -200 d

CK L B L+B





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
CK 4.89 + 0.01d 12.83 £ 0.17a 29.84 + 0.04c

42.67 £ 0.15¢

639.48 + 13.33¢

L 5.04 +0.02¢ 8.33 + 0.01b 35.50 + 0.07b
B 527 £001la 7.00 + 0.17¢ 37.12 £0.11a
L+B 5.13 £ 0.02b 7.17 £ 0.17¢ 37.34 + 0.04a

43.84 +0.11b

44.32 £ 0.11a

44,50 + 0.19a

641.67 + 12.97¢

728.23 £ 5.10a

689.04 + 7.73b

EA, Exchangeable acidity; EB, Exchangeable base cations; CEC, Cation exchange capacity; ORP, Oxidation-reduction potential; CK, control without soil amendment; L, lime-alone treatment; B:
biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means + SD of three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by

different lowercase letters.





OEBPS/Images/fpls-16-1530128-g003.jpg
kg™)

NO; -N (mg

180.00

150.00

120.00

90.00

o)
o
o
S

30.00

0.00

Root elongation Vigorous growth Topping stage Harvesting stage
stage stage

—=—CK —eo—L
——B ——L+B

Root elongation Vigorous growth Topping stage Harvesting stage
stage stage





OEBPS/Images/fpls.2025.1530128_cover.jpg
& frontiers | Frontiers in Plant Science

Comparative and synergistic impacts of lime
and biochar on soil properties, nitrogen
transformation, and microbial function in

acidic soils under tobacco cropping





OEBPS/Images/M3.jpg
Nitrogen hrvest Index(NIIN. %.

[Nitrogen accurnuistion i prnt laves;

‘Whole plant Nitrogen accumulation) x 100 %





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1530128-g001.jpg
NR activity (U-g™")

16.00

—_—
I3
o
S

8.00

4.00

0.00

25.00
20.00
k2
= 15.00
2
=
© 10.00
©
7p)
O
5.00
| 0.00
Root elongation stage Vigorous growth stage Topping stage
C
500.00
400.00
= 300.00
o
2
— 200.00
=
o
100.00

0.00 -
Root elongation stage Vigorous growth stage

Root elongation stage

Topping stage

Vigorous growth stage

Topping stage





OEBPS/Images/fpls-16-1530128-g006.jpg
Pearsonr

1.00
Ammonification 0.80
0.60
Nitrification
0.40
C ’ ; 0.20
Dissimilatory nitrate reduction
0.00
Assimilatory nitrate reduction -0.20
-0.40
Denitrification
-0.60
-0.80

Nitrogen fixation

-1.00






OEBPS/Images/M1.jpg
Nitrogen accumulation per unit area of plant (kg - ha™") = Nitrogen accumulation per plant x planting der






OEBPS/Images/table1.jpg
Leaf Stem Root Whole plant

Treatment (5 ha) (kg-ha™) (kgha™) (kg-ha™) L M=)
NO 20.98 + 1.79d 9.76 + 0.86¢ 9.12 £ 1.34c 39.86 + 2.38d
CK 34.56 + 2.15¢ 18.46 + 1.44b 21.04 +2.43b 74.07 + 5.39¢ 26.83 + 4.28¢ 46.66 + 0.85b
2021 L 51.96 + 2.23b 25.08 + 1.09a 28.82 + 2.90a 105.86 + 2.10b 47.14 £ 3.11b 49.08 + 1.49a
B 55.80 + 2.07a 25.60 + 1.53a 29.76 + 2.03a 111.16 + 1.61a 55.93 + 1.09a 50.20 + 0.85a
L+B 5422 + 1.28a 2413 £ 191a 29.11 £ 1.97a 107.46 + 1.99ab 53.02 + 3.32a 50.46 + 1.87a
NO 19.21 + 1.22d 5.99 + 0.22¢ 6.04 + 0.45b 31.23 + 1.03d
CK 2833 +1.24c 16.33 + 1.07b 2138 + 1.91a 66.04 £+ 1.73¢ 27.30 + 1.36¢ 42.90 + 1.23b
2022 3 47.54 + 0.43b 22.24 + 0.53a 2155 +2.17a 91.33 + 1.51b 47.14 + 1.18b 52.05 + 1.09a
B 5373 + 1.24a 20.62 + 0.56a 23.87 + 1.47a 98.22 + 0.60a 52.54 + 0.47a 54.70 + 1.59a
L+B 51.16 + 1.05a 20.63 £ 1.20a 2299 +0.56a 94.78 + 0.41ab 49.84 + 1.05a 53.98 + 2.58a

Nitrogen utilization efficiency for the CK, L, B, and L+B treatments were calculated using NO as the control. NUE, Nitrogen utilization efficiency; NHI, Nitrogen harvest index; N0, control
without nitrogen fertilization; CK, control without soil amendment; L, lime-alone treatment; B, biochar-alone treatment; L+B, lime and biochar combined treatment. Data depicts means + SD of
three biological replicates. Significant differences between treatments (P< 0.05) are illustrated by different lowercase letters.





