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Introduction: Rock weathering is a fundamental process that shapes Earth’s topography, soil formation, and other surface processes. However, the mechanisms underlying the influence of fertilizer application on weathering remain poorly understood, especially with respect to bacterial intervention.

Methods: In this study, purple parent rocks from Shaximiao Group (J2s) and Penglaizhen Group (J3p) were selected to investigate the effects of fertilizer application on the bacterial community and weathering characteristics of these rock by leaching experiment.

Results: The results revealed that: fertilizer application, especially when at high levels, greatly altered the abundance, diversity and composition of the bacterial community in weathered products. Through redundancy analysis, a decrease in pH and increases in available nutrients (AN and AP) resulting from fertilizer application were identified as the key factors driving changes of bacterial community composition in weathered products. Moreover, fertilizer application promotes the physical and chemical weathering of the parent rocks to some extent. This is especially true for the chemical weathering of J2s. Structural equation model indicated that fertilizer application affects weathering through multiple pathways by affecting the chemical properties (pH, C:N and AP), specific bacterial genera (IMCC26256, Ramlibacter, and Nitrosospira), and bacterial community composition of weathered products.

Discussion: Our study links weathering characteristics with chemical properties and bacterial community changes of weathered products after fertilizer application, which plays a key role in controlling and predicting dynamic changes of rock weathering in space and time. It is helpful to further understand the law of human activities affecting the surface processes.
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1 Introduction

Weathering is a fundamental process of the land surface, which directly affects the topography, soil formation, material circulation and other surface processes (Balland et al., 2010; Eppes et al., 2002; Xi et al., 2018). Moreover, the consumption of atmospheric CO2 over geological timescales plays a crucial role in global climate change (Goldsmith et al., 2010; Them et al., 2017). In this process, substances (rocks, minerals, etc.) disintegrate (physical weathering), decompose (chemical weathering) and form new substances (Fang et al., 2023), which are influenced by various natural and anthropogenic factors (Jin and Gan, 2013; Pawlik, 2013). However, since the middle of the 20th century, anthropogenic activities have caused unprecedented and rapid changes (Lewis and Maslin, 2015) in land use (Song et al., 2018), biodiversity (Isbell et al., 2017), environmental conditions (Marvel et al., 2019), and material cycling (Austin et al., 2013). Notably, recent studies have estimated that anthropogenic activities contribute between 16 and 40% of weathering processes on the basis of mass balance calculations (Huang et al., 2016; Yu et al., 2016).

Fertilizer application is an important activity in agricultural production, and with the continuous increase in the global population, agricultural activities have intensified, which has led to increased fertilizer usage. According to the official website of the Food and Agriculture Organization of the United Nations, the global consumption of N, P2O5, and K2O fertilizers reached a staggering 201 million tons in 2020. This figure reflects a remarkable 49% increase compared with 2000. Long-term and excessive fertilizer application affects the soil nutrient content, pH, cation exchange capacity and other properties. Changes in soil chemical properties lead to changes in the process and rate of weathering. For example, the introduction of organic matter through livestock organic fertilizers has been shown to inhibit the weathering of carbonate rocks by increasing CO2 concentrations and increasing the pH (Song et al., 2017b). Conversely, the soil acidification caused by the application of chemical fertilizers, especially ammonium nitrogen fertilizer (Guo et al., 2010; Bibi et al., 2014; Raza et al., 2020), leads to the leaching of salt group ions and the activation of aluminum (Bibi et al., 2014; Zhao et al., 2022), while causing a decrease in rock strength and disruption of the rock structure. This process contributes to the acceleration of rock physicochemical weathering. Biological weathering occurs when physicochemical weathering is assisted by biological processes. Bacterial weathering, as a significant pathway in bioweathering, plays a vital role in rock weathering (Sel and Binal, 2021). Bacteria can accelerate mineral weathering reactions through various mechanisms, including the production of organic acids and metal–ligand carriers, alteration of redox conditions, and the formation of biofilms (Wu, 2007; Mao et al., 2017; Chen et al., 2022). Increasing evidence supports the notion that bacteria profoundly mediate mineral weathering processes. Fertilizer application is known to cause the changes of bacterial abundance, diversity and community composition in soil (Yuan et al., 2013; Leff et al., 2015; Zeng et al., 2016; Ling et al., 2017; Yu et al., 2019). This change is closely related to the soil chemical properties affected by fertilizer application. Consequently, studying bacteria under different fertilization conditions is pivotal for understanding the complexities of weathering processes.

Weathering is a slow process that is difficult to observe. But owing to their easy weathering characteristics, purple parent rocks are prone to disintegration under the influence of environmental factors and anthropogenic activities. Therefore, they represent an ideal material for studying weathering processes. Through field observations and simulation experiments, scholars have reported that the weathering disintegration thickness of purple parent rocks can reach 11.2 ~ 19.6 mm.yr.−1 on average (Zhu et al., 2008). In recent years, we have determined the rates of physical weathering of a variety of purple parent rocks under different influencing factors through a series of indoor and outdoor experiments (Zhang et al., 2016; Zhao et al., 2018). These studies mainly addressed natural factors such as water, heat and acid deposition. There are few studies concerned with anthropogenic activity influence-fertilizer application. Therefore, the objective of this study was to comprehensively examine the degree of weathering and the mechanisms underlying the effects of fertilization on typical purple parent rocks under various fertilization conditions. The elucidation of these relationships will contribute to the development of sustainable strategies for purple soil regions, ensuring their long-term productivity and environmental integrity.



2 Materials and methods


2.1 Field sites

The experimental site is located at the Yanting Purple Soil Agroecology Experimental Station of the Chinese Academy of Sciences (N 31°16′52″ E105°27′20″), at an altitude of 420 m. The average annual temperature in the experimental area is 17.3°C. The average annual rainfall is 880.7 mm. The predominant cropping system involves winter wheat and summer corn cultivation.



2.2 Rock sample preparation and experiment description

Two representative purple parent rocks, namely, Shaximiao Group (J2s) (N 29°46′04″ E 104°48′42″) and Penglaizhen Group (J3p) (N 31°16′52″ E 105°27′20″), which account for the largest exposed area in the Sichuan Basin, were selected as the experimental materials. To ensure the reliability and comparability of the experimental data, parent rocks of the same lithological type were sourced from identical sources and exhibited consistent coloration and degrees of weathering. The parent rock samples were subsequently naturally dried, followed by crushing and sieving to obtain rock fragments with five distinct particle size fractions: > 60 mm, 40–60 mm, 20–40 mm, 10–20 mm, and 5–10 mm. The mineral composition (Supplementary Table S1), major elemental content (Supplementary Table S2) and chemical properties (Supplementary Table S3) of the original parent rocks were determined.

Leaching columns with a diameter of 160 mm and a height of 400 mm were prepared for the experiment. The columns were filled with 600 g of rock fragments of each particle size fraction, totaling 3,000 g. Larger rock fragments were positioned at the bottom of the column, whereas smaller fragments were placed at the top. The experiment was set up with two variables: the application of fertilizer type and level. Nitrogen fertilizer (NH4HCO3) applied alone and combined application of nitrogen, phosphorus and potassium fertilizers (NH4HCO3, NH4H2PO4 and KCl) were selected as the two types of fertilizer. The amount of fertilizer was determined according to the conventional fertilization amount (for the wheat planting period, N-P2O5-K2O = 130-90-36 kg · ha−1 · a−1; for the corn planting period, N-P2O5-K2O = 150-90-36 kg · ha−1 · a−1). The conventional fertilization amount was considered the 100% fertilizer level, and the experiment included four levels: 0, 100, 200 and 300%. Therefore, the experiment consisted of seven treatments: (i) control group without fertilizer (CK); (ii) 100% N fertilizer treatment (N1); (iii) 200% N fertilizer treatment; (iv) 300% N fertilizer treatment (N1); (v) 100% NPK fertilizer treatment (NPK1); (vi) 200% NPK fertilizer treatment; and (vii) 300% NPK fertilizer treatment. The fertilizers were dissolved in 50 mL of deionized water and uniformly applied to the surface layer of the leaching columns. The leaching columns were installed in a field in June 2021 for the natural rainfall leaching experiments. The timing of fertilization was based on the local fertilization schedule in the months of June and October each year. After each rainfall event, the leached solutions were collected from the leaching columns. The weathered products of the parent rock were collected in September 2023. The samples were subjected to bacterial community analysis at −4°C, and physical and chemical properties were assessed after the samples were subjected to room temperature drying.



2.3 Chemical properties of weathered products

The weight of the <2 mm particles in the weathered products was measured via dry sieving, and the chemical characteristics of these particles were determined after drying at 65°C. The pH was determined via a potentiometric method at a water-to-soil ratio of 2.5:1. The cation exchange capacity (CEC) was determined via cobalt hexachloride leaching spectrophotometry (Renault et al., 2009). The total nitrogen (TN) and soil organic carbon (SOC) contents were determined via a combustion elemental analyzer. The contents of total phosphorus (TP), total potassium (TK), and other conserved elements were determined via X-ray fluorescence spectroscopy (XRF). Available nitrogen (AN) was determined via the alkaline hydrolysis diffusion method. Available phosphorus (AP) was determined via the sodium bicarbonate extraction molybdenum antimony colorimetric method. Available potassium (AK) was determined via ammonium acetate extraction flame photometry. The sample mineral composition was determined via X-ray diffraction (XRD) analysis (Sanchez and Gunter, 2006).



2.4 DNA extraction, PCR amplification, and high-throughput sequencing

The total genomic DNA of weathered product samples was extracted via an OMEGA Soil DNA Kit (OmegaBio-Tek, Norcross, GA, United States). Bacterial 16S rRNAV3-V4 region-specific primers were selected for PCR amplification, and according to the selected 16S V4 region, PCR amplification was carried out via the primers 338F (5′-barcode+ACTCCTACGGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The amplification products were subjected to 2% agarose gel electrophoresis, and the target fragments were excised and then recovered via an Axygen Gel Recovery Kit. The PCR products were quantified on a microplate reader (BioTek, FLx800) via the Quant-iT PicoGreen dsDNA Assay Kit. After the quantification step, the samples were mixed according to the amount of data required for each sample. Sequencing was performed via the NovaSeq-PE250 pattern of the Illumina MiSeq platform at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



2.5 Evaluation indices of weathering

The degree of chemical weathering is often determined through the analysis of geochemical parameters. The chemical index of alteration (CIA), which effectively captures the extent of weathering by considering various elements involved in the weathering process and exhibiting a monotonic response to silicate weathering (Nesbitt et al., 1996), has been widely used to assess the degree of rock weathering. The CIA is calculated as follows:
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where oxides are presented in molar units. CaO* in Equation 1 is the CaO content in silicate; if n (Na2O) > n (CaO), then n (CaO) = n (CaO*), if n (Na2O) < n (CaO), then n (Na2O) = n (CaO*).

A particle size of <2 mm is considered as the soil-forming standard for purple parent rock. The mass fraction of weathered products of <2 mm particle size was used as the physical weathering index to determine the soil formation rate (SFR) (Soil Research Office of Chinese Academy of Sciences Chengdu Branch, 1991).

The calculation of the SFR is performed as follows:
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where: m in Equation 2 is the total mass of the parent rock in the lysimetric column (3,000 g), and where m1 is the mass of weathered products with >2 mm grain size at the end of the experiment.



2.6 Statistical analysis

Analysis of variance (ANOVA) and Pearson’s correlation analysis were performed in SPSS 26 to statistically analyze the experimental results. Microbiome bioinformatics was performed with QIIME 2019.4 according to official tutorials. Permutational multivariate analysis of variance (PERMANOVA) was performed with R 4.3.2 to evaluate the differences in bacterial community composition. Redundancy analysis (RDA) was performed by CANOCO 5 to evaluate the effects of the chemical properties of the weathered products on the total bacterial community composition. The above data were visualized in Origin 2021 and R 4.3.2. Structural equation models (SEMs) of the relationships between fertilization conditions, chemical properties, bacteria and degree of weathering were constructed via SMARTPLS 3 (Armonk, United States).




3 Results


3.1 Chemical properties of weathered products

As shown in Table 1, the chemical properties of the weathered products changed to different degrees under the different fertilizer treatments. For J2s, the pH, CEC and SOC content of all of the fertilizer treatments were significantly lower than those of the CK treatment (except for the SOC content under the NPK1 fertilizer treatment) (p < 0.05). The pH decreased with increasing fertilizer level under the same fertilizer type. The order of magnitude of pH was NPK < N < CK. Conversely, the AN and AK contents in all of the fertilizer treatments were greater than those in the CK treatment, with corresponding increases as the fertilizer level increased. The order of magnitude of the AN and AK contents was CK < N < NPK. The AN content under all the fertilizer treatments and the AK content under the NPK fertilizer treatments were significantly greater than those under the CK treatment (p < 0.05). The contents of TP and AP in the NPK fertilizer treatments were significantly greater than those in the CK treatment (p < 0.05), with corresponding increases as the fertilizer level increased. The content of TP in the N fertilizer treatment was not significantly different from that in the CK treatment (p > 0.05), but the AP content was significantly lower than that of the CK treatment (p < 0.05). The contents of TN and TK did not significantly differ among the treatments (p > 0.05). The chemical properties of J3p were less sensitive to fertilizer treatments than those of J2s were. There were no significant changes in the chemical properties (p > 0.05), except for the contents of TP and available nutrients, which were significantly greater under the NPK fertilizer treatments than under the CK treatment (p < 0.05).



TABLE 1 Weathered product chemical properties under different treatments.
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3.2 Bacterial abundance, diversity and community composition of weathered products

A total of 3,923,050 sequences were identified from all samples via Illumina® MiSeq sequencing, and 3,293,394 valid sequences were retained after quality filtering. The sequences were analyzed and identified as belonging to 39 phyla, 129 classes, 337 orders, 559 families, 1,164 genera and 2,780 species. Among them, the dominant phyla were Proteobacteria, Actinobacteriota, Gemmatimonadota, Bacteroidota, Chloroflexi and Acidobacteriots, which collectively accounted for 73.90 to 90.95% of the entire bacterial community. Sixteen genera were identified as abundant (with relative abundances greater than 0.05% in all of the treatments and mean values exceeding 1%). The most abundant genera were Longimicrobiaceae, Sphingomonas, Blastococcus, Longimicrobium and JG30-KF-CM45, and the number of sequences of these genera accounted for 23.93% ~ 54.81% of the total number of sequenced genera (Figure 1).

[image: Figure 1]

FIGURE 1
 Distribution of bacteria in weathered products under different treatments. (A) The dominant phyla of the purple parent rock of J2s. (B) The dominant phyla of the J3p purple parent rock. (C) The dominant genus of the purple parent rock of J2s. (D) The dominant genus of the J3p purple parent rock.


For subsequent analysis, rarefaction curves were plotted, which revealed that the sequencing results sufficiently reflected the diversity contained in the sample (Supplementary Figure S1). To assess the alpha diversity of the bacterial community of weathered products, abundance was characterized by the Chao1, coverage was represented by Good’s coverage index, and diversity was determined by the Shannon. The Good’s coverage indices were all greater than 0.99, indicating that the sequencing capability covered most of the characteristics of the bacterial community (Figure 2).

[image: Figure 2]

FIGURE 2
 The α diversity index of the bacteria in the weathered products under different fertilization treatments. (A) Chao1 of the J2s purple parent rock. (B) Goods_coverage index of the J2s purple parent rock. (C) Shannon of J2s the purple parent rock. (D) Chao1 of the J3p purple parent rock. (E) Goods_coverage index of the J3p purple parent rock. (F) Shannon index of the J3p purple parent rock. Different lowercase letters indicate that there were significant differences among the treatments (p < 0.05).


For J2s, the Chao1 of the 100% N and NPK fertilizer treatments was greater than that of the CK treatment, although the difference was not statistically significant (p > 0.05). The Chao1 of the 200 and 300% N and NPK fertilizer treatments were lower than those of the CK treatment, with a significant decrease observed at the 300% N fertilizer treatment level (p < 0.05). Under the same type of fertilizer, the Chao1 tended to decrease with increasing fertilizer level. The pattern of change in the Shannon was the same as that in the Chao1, but there was no significant difference between the fertilizer treatments and the CK treatment. For J3p, the Chao1 was consistently lower than that of the CK treatment for the fertilizer treatments (except for the 100% NPK fertilizer treatment), where the Chao1 was significantly lower under the 200% N and 300% NPK fertilizer treatments (p < 0.05). Like in J2s, the Chao1 decreased with increasing fertilizer level in the NPK fertilizer treatment. The pattern of change in the Shannon was comparable to that in the Chao1.

Nonmetric multidimensional scaling (NMDS) analysis based on the bray–curtis distance algorithm was conducted to assess the beta diversity of the bacterial community of weathered products. The results revealed distinct differences in the bacterial community among the different fertilizer treatments (Figure 3). The N and NPK fertilizer treatments were distinguished from the CK treatment along NMDS1, whereas the N and NPK treatments were differentiated along NMDS2. Furthermore, clusters representing different fertilizer levels within the same fertilizer types were separated from each other along NMDS1. Overall, the results of PERMANOVA revealed significant differences in community composition among the treatments. Similar patterns were observed for both parent rocks.

[image: Figure 3]

FIGURE 3
 Nonmetric multidimensional scales (NMDS) beta diversity analysis of the bacterial community composition in the weathered products under different treatments. (A) J2s purple parent rock. (B) J3p purple parent rock.


Redundancy analysis (RDA) revealed that environmental factors (pH, AP and AN content) played important roles in bacterial community composition of weathered products under the different fertilizer treatments (Figure 4), with AP having the most pronounced effect (Supplementary Table S4).

[image: Figure 4]

FIGURE 4
 Redundancy analysis (RDA) of the effect of different chemical properties of the bacterial community composition in the weathered products under different treatments. (A) J2s purple parent rock. (B) J3p purple parent rock.




3.3 Effects of fertilizer application on weathering

The CIA revealed that fertilizer application generally promoted chemical weathering of the parent rocks (Figure 5). Specifically, for J2s, compared with the CK treatment, all the fertilizer treatments significantly increased the CIA, with increases ranging from 0.89 to 1.40% (p < 0.05). In contrast, compared with J2s, J3p presented a lower degree of chemical weathering and a lower sensitivity to fertilizer. Compared with that under the CK treatment, the CIA of the weathered products under the 300% N fertilizer treatment decreased by 0.04%. The CIA of the other fertilizer treatments was greater than that of the CK treatment, increasing by 0.13% ~ 0.67%, but there was no significant difference between the treatments (p > 0.05). Within the same type of fertilizer, the CIA of weathered products tended to decrease with increasing level of fertilizer.
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FIGURE 5
 Chemical index of alteration (CIA) of the weathered products under different treatments. Values are the means with standard deviations shown by vertical bars (n = 3). Different lowercase letters indicate that there were significant differences among all treatments (p < 0.05).


The SFR was calculated as an index of the degree of physical weathering (Figure 6), and the SFR of J2s was 6.82% ~ 10.54% under each treatment. Compared with those in the CK treatment, the SFR in the N and 200% NPK fertilizer treatments increased by 19.97% ~ 45.78%, with a significant increase under 100 and 200% N fertilizer treatments (p < 0.05). However, the SFR decreased by 2.15% ~ 5.68% under the 100 and 300% NPK fertilizer treatments, but the differences were not statistically significant (p > 0.05).
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FIGURE 6
 The soil formation rate (SFR) of the weathered products under different treatments. Values are means with standard deviations shown by vertical bars (n = 3). Different lowercase letters indicate that there were significant differences among all treatments (p < 0.05).


Compared with the CK treatment, all of the fertilizer treatments (except for the 100% N fertilizer treatment) resulted in an increase in the SFR, ranging from 0.71 to 45.24%, in J3p. The 200 and 300% NPK fertilizer treatments significantly increased the SFR (p < 0.05). In contrast, the SFR of the 100% N fertilizer treatment decreased by 5.71%, but the difference was not statistically significant (p > 0.05). Overall, except for the N fertilizer treatments in J3p, the SFR of all the treatments for both parent rocks reached their peak values at the 200% fertilizer level.

Multivariate analysis of variance (MANOVA) was conducted to examine the influence of parent rock type and fertilizer conditions on the weathering indices (Table 2). The results revealed a significant effect of parent rock type on the CIA (p < 0.05). Both parent rock type and fertilizer type had a significant effect on the SFR (p < 0.05), and their interaction also had a significant effect (p < 0.05).



TABLE 2 Multivariate analysis of variance (MANOVA) of rock type, fertilizer type and fertilizer level.
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3.4 Effects of fertilizer-driven biochemical properties on weathering

Correlation analyses were conducted to investigate the relationships between chemical properties, bacterial diversity indicators, bacterial community composition (BCC), dominant phyla, dominant genera, and weathering indices. In J2s, the CIA was significantly negatively correlated with pH, the SOC content, the C:N, and the relative abundance of Acidobacteriota and IMCC26256, and was significantly positively correlated with the relative abundance of Nitrosospira. Moreover, a correlation was observed between the bacterial community composition and the CIA. The SFR was significantly negatively correlated with the contents of TN and AP and the relative abundances of Actinobacteria and Flavisolibacter and significantly positively correlated with the relative abundances of Sphingomonas, YC-ZSS-LKJ147, Ramlibacter, and Nitrosospira. The bacterial community composition was also correlated with the SFR. Among the factors affecting J3p, only the relative abundance of Subgroup_7 was significantly correlated with the CIA. The SFR was significantly negatively correlated with the CEC and the relative abundances of Proteobacteria and Sphingomonas and significantly positively correlated with the contents of TP, AN, AP and AK and the relative abundances of Blastococcus, JG30-KF-CM45, LWQ8, Ramlibacter, and Parviterribacter. Like that in J2s, bacterial community composition in J3p was also related to the SFR (Figure 7). A comparison of the two weathering indices revealed that physical weathering was more sensitive to each factor than chemical weathering.

[image: Figure 7]

FIGURE 7
 Correlations among weathering evaluation indices (the chemical index of alteration and the soil formation rate), chemical properties, dominant phyla, dominant genera, bacterial abundance, diversity and community composition. (A) J2s purple parent rock. (B) J3p purple parent rock. * and ** indicate significances at p < 0.05 and p < 0.01.





4 Discussion

Fertilizer application profoundly influences the chemical properties of weathered products. The pH decreased after fertilizer application (Table 1). This finding is consistent with the results of previous soil-related studies (Guo et al., 2010; Zhang et al., 2024). Nitrate leaching caused by fertilizer application accounted for 59% ~ 66% of the total acidity in semiarid regions of the U.S.A (Tarkalson et al., 2006). The pH reduction is attributed primarily to the production of protons during the process of ammonium oxidation to nitrite and further to nitrate. The loss of nitrate removes alkaline ions such as calcium and magnesium, consequently causing soil acidification (Raza et al., 2020). Notably, the pH decrease in J3p was not significant compared with that in J2s because of its higher content of CaCO3, which acts as a neutralizing agent (Zhao et al., 2022). Compared with those in the CK treatment, some nutrients significantly increased under the fertilizer treatments, which resulted from the exogenous nutrient inputs from fertilizer application. However, except for TP (under the NPK fertilizer treatments), the contents of the total nutrients did not significantly increase, and even the SOC content was lower than that in the CK treatment. Available nutrients can be adsorbed by clay minerals, such as illite, which adsorbs ammonium nitrogen, and with time, its lattice ion exchange stabilizes available nitrogen into total nitrogen (Heleen et al., 2021). In this study, we used rock as the material, as the specific surface area and clay mineral content are much lower than those of soil, making it difficult to fix the available nutrients, and there were no plant-mediated nutrients, so the total nutrients cannot be increased. In addition, the sole application of chemical fertilizers leads to a decline in the content of SOC, due to its inability to provide organic carbon sources and its ability to alter the composition and activity of the microbial community (Demoling et al., 2007). Specifically, the application of nitrogen fertilizer alone intensifies the activities of ammonia-oxidizing bacteria and nitrifying bacteria (Han et al., 2023), and these microorganisms consume SOC during their metabolic procedures, thus reducing the content of SOC and the C:N (Zhong et al., 2016; Mori et al., 2018).

The characteristics of the bacterial community of weathered products also changed concomitantly with the changes in chemical properties caused by fertilizer application. Consistent with previous research, the bacterial abundance and diversity of weathered products significantly decreased with increasing levels of fertilizer (Yuan et al., 2013; Burns et al., 2015; Zeng et al., 2016; Yu et al., 2019). Correlation analysis revealed that pH, contents of TP and available nutrients play pivotal roles in shaping bacterial diversity (Figure 7), which is consistent with the findings of previous studies (Zhang et al., 2017; Cheng et al., 2020). The bacterial diversity exhibited a consistent association with the pH gradient, which can be attributed to the narrower pH optima of specific bacteria (Lagos et al., 2016; Rousk et al., 2010). Moreover, the increased availability of nutrients resulting from fertilizer stimulated bacterial growth and contributed to increased bacterial diversity (Cheng et al., 2020). However, the low SOC content resulting from high-level fertilizer constrains bacterial growth (Demoling et al., 2007).

According to NMDS (Figure 3), differences in the composition of bacterial communities have also been observed under different fertilizer treatments, which has been confirmed in previous studies (Yuan et al., 2013; Leff et al., 2015; Cheng et al., 2020). The dominant phyla with relative abundances greater than 1% for all samples were Proteobacteria, Actinobacteriota, Gemmatimonadota, Bacteroidota, Chloroflexi, and Acidobacteriota. The relative abundance of these dominant phyla varied under the different fertilizer treatments (Figure 1). Fertilization-induced changes in bacterial community composition can be explained by the co-nutrient hypothesis: nutrient enrichment favors copiotrophic bacteria colonization, while oligotrophic ones may be unaffected or negatively affected (Dai et al., 2017; Fierer et al., 2007). An examination of the relative abundances of the dominant phyla (Figure 8) revealed that Gemmatimonadota and Bacteroidota (copiotrophic groups) generally tended to increase under fertilizer application. Conversely, Actinobacteriota and Acidobacteriota (oligotrophic groups) displayed an overall decreasing trend under fertilizer application, whereas the relative abundance of Chloroflexi (oligotrophic group) did not significantly differ among the treatments. Surprisingly, the relative abundance of Proteobacteria (copiotrophic group) decreased under fertilizer application, particularly in response to NPK fertilizer treatments. Proteobacteria are known to thrive in nutrient-rich environments, primarily consuming labile organic matter (Demoling et al., 2007). Therefore, despite the significant increase in nutrient availability resulting from fertilizer application, the concurrent decrease in the SOC content renders the environmental conditions unfavorable for the growth and reproduction of Proteobacteria. This finding suggested that, in addition to nutrient preferences, different bacteria have distinct limiting conditions for each nutrient. Redundancy analysis (RDA) of the dominant genera (Supplementary Table S4) revealed that the contents of AP and AN and the pH of the weathered products were critical factors influencing bacterial growth under fertilization. Notably, the AP content had a stronger effect on the bacterial community composition than did the other chemical factors. These findings suggest that fertilizer application mitigates bacterial phosphorus limitation and influences bacterial community composition by increasing phosphorus effectiveness (Liu et al., 2020). This finding was further validated via SEM (Figure 9).
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FIGURE 8
 The relative abundance of bacteria classified into copiotrophoc and oligotrophic groups at the phylum level under different treatments.


[image: Figure 9]

FIGURE 9
 Structure equation models (SEMs) of the relationships between the chemical properties, relative abundance of dominant genus, bacterial abundance, diversity and community composition. (A) J2s purple parent rock. (B) J3p purple parent rock. Lines in red and blue color with arrows indicate significant positive and negative paths, respectively. Numbers on the lines indicate the standard path coefficients, * and ** indicate significances at p < 0.05 and p < 0.01. R2 values represent the proportions of variance explained by relationships with other variables.


These alterations in biochemical properties that are consequent to fertilizer application affect the weathering processes and velocity of purple parent rocks through multiple pathways. Compared with the CK treatment, fertilizer application stimulated chemical weathering in J2s (Figure 5). The CIA of J2s was correlated with pH, SOC content, C:N, bacterial community composition, and specific bacteria (Figure 7). SEM revealed that the pH, C:N, AP content, relative abundance of IMCC26256, and relative abundance of Ramlibacter were key factors influencing the chemical weathering of J2s (Figure 9). Specifically, the pH and C:N of weathered products under different fertilizer conditions were the most important drivers that interactively controlled chemical weathering through the influence of the relative abundance of IMCC26256. IMCC26256 is significantly and positively correlated with the N2O index (Sui et al., 2020), indicating the involvement of IMCC26256 in the nitrogen cycling process of weathered products, which is proven to be correlated with weathering processes. Additionally, AP regulated J2s chemical weathering through Ramlibacter. Ramlibacter possesses genes associated with the phosphorus scavenging pathway, which are involved in high-affinity phosphate acquisition and storage of polyphosphate particles and play crucial roles in residual phosphorus mineralization (Props et al., 2019; Zhang et al., 2021). The phosphorus solubilization process can facilitate the release of Ca and Mg, thereby impacting mineral weathering (Li et al., 2023). The input of AP resulting from fertilizer application disrupts the P balance regulated by Ramlibacter and inhibits the growth and reproduction of Ramlibacter, consequently affecting the weathering process.

Fertilizer application enhanced the physical weathering of J2s, except for the NPK fertilizer treatments at the 100 and 200% levels (Figure 6). Correlation analysis revealed that the contents of TN and AP, the bacterial community composition, and specific bacteria were correlated with the SFR (Figure 7). SEM revealed that the level of fertilizer had a positive effect on Nitrosospira, which plays a role in physical weathering processes (Figure 9). Nitrosospira belongs to the group of ammonia-oxidizing bacteria (AOB), and its ammonia oxidation activity represents the rate-limiting step in nitrification (Huang et al., 2023). Previous studies have demonstrated that the H+ produced during nitrification under fertilization undergoes ion exchange reactions with minerals within rock crystals, leading to cavity enlargement, pore unclogging, and enhanced rock disintegration and destruction (Li et al., 2021; Song et al., 2017a). Furthermore, fertilizer type impacts the AP content, significantly influencing the physical weathering of J2s. Similar to the mediation mechanism by which Ramlibacter mediates CIA through AP, the process of P dissolution promotes mineral weathering. However, the introduction of excessive amounts of AP can inhibit this process. This observation helps explain the disparity in the degree of physical weathering between the two different types of fertilization.

Compared with that of J2s, the chemical weathering of J3p was not sensitive to fertilizer application. Under the same fertilizer type, chemical weathering degree of J3p tended to decrease with increasing fertilizer level. This finding aligns precisely with the results derived from the incubation experiments focused on the influence of nitrogen fertilizer on weathering (Li et al., 2023). The CIA was not correlated with any of the factors except the relative abundance of Subgroup_7. According to the SEM (Figure 9), an effective pathway to influence chemical weathering was not formed by the given factors, which may have occurred because the influence of fertilization on chemical weathering factors was much lower than the influences of external environmental factors, such as rainfall and temperature. These changes did not reach the threshold for causing changes in chemical weathering.

In contrast, the NPK fertilization treatments significantly enhanced the physical weathering of J3p (Figure 6). Correlation analysis revealed that the SFR of J3p was associated with the CEC, the contents of TP and available nutrients, the bacterial community composition, and the abundances of specific bacteria (Figure 7). SEM revealed that the impact of fertilizer application on the physical weathering of J3p can be divided into two pathways (Figure 9). First, the level of fertilizer had a negative effect on the pH, directly influencing physical weathering. Previous studies have demonstrated that H+ input accelerates weathering. However, J3p exhibited the opposite trend due to its high pH value and the neutralizing effect of its large amount of CaCO3, which resulted in minimal influence of fertilizer application on the pH. Consequently, although the SEM indicated a positive feedback effect on physical weathering, the actual path coefficient was small. Second, fertilizer application indirectly affected the bacterial community composition through the AP and directly affected the bacterial community composition through the fertilization level, thereby influencing physical weathering in J3p. RDA revealed that AP was the primary driver of bacterial community composition Multiple studies have shown that nutrient inputs and associated environmental changes can alter bacterial community composition (Leff et al., 2015; Cheng et al., 2020; Zi et al., 2023). Recent findings from functional gene screening studies further support these results, indicating that the distribution and function of weathering-associated bacteria are strongly influenced by external factors such as pH, nutrient effectiveness, and carbon and nitrogen sources (Chen et al., 2022; Epihov et al., 2021). These findings align with the results obtained in this study.

In addition, the intrinsic properties of the parent rock (mineral composition and resistance to weathering) are major factors in the selection bias of weathering bacteria. For example, Burkholderia, which has an excess of negatively charged surface groups and phosphate groups, is more inclined to adsorb to orthoclase, which has a less negatively charged surface (Uroz et al., 2015). This explains the difference in bacterial weathering between the two parent rock types under fertilizer application.



5 Conclusion

Fertilizer application altered the bacterial community, with increasing fertilizer levels leading to decreased bacterial diversity and abundance and changes in community composition of weathered products. The two types of parent rock have different weathering characteristics and sensitivities to fertilizer types. J2s manifested more potent chemical weathering, whereas J3p exhibited relatively preponderant physical weathering. Overall, fertilizer application enhanced weathering of the purple parent rock.

Through correlation analysis and structural equation models, the mechanisms of fertilization impacting the weathering of purple parent rocks were revealed: (1) Fertilizer application exerts indirect effects on physicochemical weathering through the modulation of chemical properties (pH, C:N and AP content), which are mediated by specific bacteria (IMCC26256 and Ramlibacter), and the overall bacterial community composition of weathered products. (2) Fertilizer application directly influences physical weathering by directly modifying chemical properties (pH and AP content). (3) Fertilizer application directly impacts physical weathering by altering the relative abundance of specific bacteria (Nitrosospira).

This study explored the effects of fertilizer application on bacteria and weathering. However, in reality, the influence of plants on rock weathering under fertilization cannot be ignored. Moreover, plants and microorganisms’ metabolic activities interact. Future studies should comprehensively consider their combined effect on rock weathering to dissect fertilization’s impact. Consequently, it can provide a novel approach for the research on the sustainable development, carbon cycling, and climate regulation of agricultural areas.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

XW: Conceptualization, Formal analysis, Validation, Visualization, Writing – original draft, Writing – review & editing. JZ: Funding acquisition, Methodology, Writing – review & editing. CL: Formal analysis, Validation, Writing – review & editing. LD: Validation, Writing – review & editing. RC: Investigation, Writing – review & editing. TZ: Resources, Writing – review & editing. ZH: Writing – review & editing. GL: Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Natural Science Foundation of China No. 42007002, and the National Key Research and Development Plan Project No. 2023YFD190003603.



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 authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1514646/full#supplementary-material



References

 Austin, A. T., Bustamante, M. M. D. C., Nardoto, G. B., Mitre, S. K., Pérez, T., Ometto, J. P. H. B., et al. (2013). Latin America’s nitrogen challenge. Science 340:149. doi: 10.1126/science.1231679

 Balland, C., Poszwa, A., Leyval, C., and Mustin, C. (2010). Dissolution rates of phyllosilicates as a function of bacterial metabolic diversity. Geochim. Cosmochim. Acta 74, 5478–5493. doi: 10.1016/j.gca.2010.06.022

 Bibi, I., Singh, B., and Silvester, E. (2014). Dissolution kinetics of soil clays in sulfuric acid solutions: ionic strength and temperature effects. Appl. Geochem. 51, 170–183. doi: 10.1016/j.apgeochem.2014.10.004

 Burns, K. N., Kluepfel, D. A., Strauss, S. L., Bokulich, N. A., Cantu, D., and Steenwerth, K. L. (2015). Vineyard soil bacterial diversity and composition revealed by 16S rRNA genes: differentiation by geographic features. Soil Biol. Biochem. 91, 232–247. doi: 10.1016/j.soilbio.2015.09.002

 Chen, J., Li, F. B., Zhao, X. W., Wang, Y., Zhang, L. M., Yan, L. B., et al. (2022). Change in composition and potential functional genes of microbial communities on carbonatite rinds with different weathering times. Front. Microbiol. 13:1024672. doi: 10.3389/fmicb.2022.1024672 

 Cheng, J. M., Zhao, M. X., Cong, J., Qi, Q., Cong, W., Deng, Y., et al. (2020). Soil pH exerts stronger impacts than vegetation type and plant diversity on soil bacterial community composition in subtropical broad-leaved forests. Plant Soil 450, 273–286. doi: 10.1007/s11104-020-04507-2

 Dai, H. C., Chen, Y. Q., Yang, X. L., Cui, J. X., and Sui, P. (2017). The effect of different organic materials amendment on soil bacteria communities in barren sandy loam soil. Environ. Sci. Pollut. R. 24, 24019–24028. doi: 10.1007/s11356-017-0031-1 

 Demoling, F., Figueroa, D., and Bååth, E. (2007). Comparison of factors limiting bacterial growth in different soils. Soil Biol. Biochem. 39, 2485–2495. doi: 10.1016/j.soilbio.2007.05.002

 Epihov, D. Z., Saltonstall, K., Batterman, S. A., Hedin, L. O., Hall, J. S., van Breugel, M., et al. (2021). Legume–microbiome interactions unlock mineral nutrients in regrowing tropical forests. Proc. Natl. Acad. Sci. USA 118:e2022241118. doi: 10.1073/pnas.2022241118 

 Eppes, M. C., McFadden, L. D., Matti, J., and Powell, R. (2002). Influence of soil development on the geomorphic evolution of landscapes: an example from the transverse ranges of California. Geology 30, 195–198. doi: 10.1130/0091-7613(2002)030<0195:IOSDOT>2.0.CO;2

 Fang, Q., Lu, A. H., Hong, H. L., Kuzyakov, Y., Algeo, T. J., Zhao, L. L., et al. (2023). Mineral weathering is linked to microbial priming in the critical zone. Nat. Commun. 14:345. doi: 10.1038/s41467-022-35671-x 

 Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839 

 Goldsmith, S. T., Carey, A. E., Johnson, B. M., Welch, S. A., Lyons, W. B., Mcdowell, W. H., et al. (2010). Stream geochemistry, chemical weathering and CO2 consumption potential of andesitic terrains, Dominica, Lesser Antilles. Geochim. Cosmochim. Acta 74, 85–103. doi: 10.1016/j.gca.2009.10.009

 Guo, J. H., Liu, X. J., Zhang, Y., Shen, J. L., Han, W. X., and Zhang, W. F. (2010). Significant acidification in major Chinese croplands. Science 327, 1008–1010. doi: 10.1126/science.1182570 

 Han, L., Qin, H., Wang, J., Yao, D., Zhang, L., Guo, J., et al. (2023). Immediate response of paddy soil microbial community and structure to moisture changes and nitrogen fertilizer application. Front. Microbiol. 14:1130298. doi: 10.3389/fmicb.2023.1130298 

 Heleen, D., Masuda, A., Orly, M., Pascal, B., and Steven, S. (2021). Control of paddy soil redox condition on gross and net ammonium fixation and defixation. Geoderma 400:115151. doi: 10.1016/j.geoderma.2021.115151 

 Huang, L. M., Shao, M. A., Jia, X. X., and Zhang, G. L. (2016). A review of the methods and controls of soil weathering rates. Adv. Earth Sci. 31:1021. doi: 10.11867/j.issn.1001-8166.2016.10.1021

 Huang, X. R., Zhao, J., Li, S., Zhou, X., Nannipieri, P., Jia, Z., et al. (2023). Reassembly of active ammonia oxidizing bacteria following invasion of exogenous microbiome in an acidic soil. Appl. Soil Ecol. 184:104785. doi: 10.1016/j.apsoil.2022.104785

 Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Díaz, S., Hector, A., et al. (2017). Linking the influence and dependence of people on biodiversity across scales. Nature 546, 65–72. doi: 10.1038/nature22899 

 Jin, L., and Gan, L. (2013). Weathering and soil formation rates based on geochemical mass balances in a small forested watershed under acid precipitation in subtropical China. Catena 105, 11–20. doi: 10.1016/j.catena.2013.01.002 

 Lagos, L. M., Acuña, J. J., Maruyama, F., Ogram, A., de la Luz Mora, M., and Jorquera, M. A. (2016). Effect of phosphorus addition on total and alkaline phosphomonoesterase-harboring bacterial populations in ryegrass rhizosphere microsites. Biol. Fert. Soils. 52, 1007–1019. doi: 10.1007/s00374-016-1137-1

 Leff, J. W., Jones, S. E., Prober, S. M., Barberán, A., Borer, E. T., Firn, J. L., et al. (2015). Consistent responses of soil microbial communities to elevated nutrient inputs in grasslands across the globe. PNAS 112, 10967–10972. doi: 10.1073/pnas.1508382112 

 Lewis, S. L., and Maslin, M. A. (2015). Defining the anthropocene. Nature 519, 171–180. doi: 10.1038/nature14258 

 Li, C. P., Fan, M. P., Wang, X., Li, X., Zhao, G., Liu, G. C., et al. (2023). Effects of nitrogen fertilizers on the bacterial community diversity and the weathering of purple mudstone in Southwest China. Front. Microbiol. 14:1164826. doi: 10.3389/fmicb.2023.1164826 

 Li, Z. Y., Wang, P. S., Liu, L., Zheng, Y. Y., and Xie, D. T. (2021). High negative surface charge increases the acidification risk of purple soil in China. Catena 196:104819. doi: 10.1016/j.catena.2020.104819

 Ling, N., Chen, D. M., Guo, H., Wei, J. X., Bai, Y. F., Shen, Q. R., et al. (2017). Differential responses of soil bacterial communities to long-term N and P inputs in a semi-arid steppe. Geoderma 292, 25–33. doi: 10.1016/j.geoderma.2017.01.013

 Liu, W. X., Jiang, L., Yang, S., Wang, Z., Tian, R., Peng, Z. Y., et al. (2020). Critical transition of soil bacterial diversity and composition triggered by nitrogen enrichment. Ecology 101:e03053. doi: 10.1002/ecy.3053 

 Mao, X. X., Li, F., Yan, H., Wang, Q., and Sheng, X. (2017). Isolation of mineral-weathering Burkholderia strains and their biological characteristics. Soil 49, 77–82. doi: 10.13758/j.cnki.tr.2017.01.012

 Marvel, K., Cook, B. I., Bonfils, J. W., Durack, P. J., Smerdon, J. E., and Williams, A. P. (2019). Twentieth-century hydroclimate changes consistent with human influence. Nature 569, 59–65. doi: 10.1038/s41586-019-1149-8 

 Mori, T., Lu, X., Aoyagi, R., and Mo, J. (2018). Reconsidering the phosphorus limitation of soil microbial activity in tropical forests. Funct. Ecol. 32, 1145–1154. doi: 10.1111/1365-2435.13043

 Nesbitt, H. W., Young, G. M., McLennan, S. M., and Keays, R. R. (1996). Effects of chemical weathering and sorting on the petrogenesis of siliciclastic sediments, with implications for provenance studies. J. Geol. 104, 525–542. doi: 10.1086/629850

 Pawlik, T. (2013). The role of trees in the geomorphic system of forested hillslopes - a review. Catena 126, 250–265. doi: 10.1016/j.earscirev.2013.08.007 

 Props, R., Monsieurs, P., Vandamme, P., Leys, N., Denef, V. J., and Boon, N. (2019). Gene expansion and positive selection as bacterial adaptations to oligotrophic conditions. mSphere 4, 10–1128. doi: 10.1128/mspheredirect.00011-19 

 Raza, S., Miao, N., Wang, P. Z., Ju, X. T., Chen, Z. J., Zhou, J. B., et al. (2020). Dramatic loss of inorganic carbon by nitrogen-induced soil acidification in Chinese croplands. Glob. Chang. Biol. 26, 3738–3751. doi: 10.1111/gcb.15101 

 Renault, P., Cazevieille, P., Verdier, J., Lahlah, J., Clara, C., and Favre, F. (2009). Variations in the cation exchange capacity of a ferralsol supplied with vinasse, under changing aeration conditions: Comparison between CEC measuring methods. Geoderma. 154, 101–110. doi: 10.1016/j.geoderma.2009.10.003 

 Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., et al. (2010). Soil bacterial and fungal communities across a pH gradient in an arable soil. ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58 

 Sanchez, M. S., and Gunter, M. E. (2006). Quantification of amphibole content in expanded vermiculite products from Libby, Montana U.S.A. using powder X-ray diffraction. Am. Mineral. 91, 1448–1451. doi: 10.2138/am.2006.2299

 Sel, A., and Binal, A. (2021). Does bacterial weathering play a significant role in rock weathering? Environ. Earth Sci. 80:778. doi: 10.1007/s12665-021-10088-9

 Soil Research Office of Chinese Academy of Sciences Chengdu Branch (1991). Chinese purple soil. 1st Edn. Beijing: Science Press.

 Song, X., Hansen, M. C., Stehman, S. V., Potapov, P. V., Tyukavina, A., Vermote, E. F., et al. (2018). Global land change from 1982 to 2016. Nature 560, 639–643. doi: 10.1038/s41586-018-0411-9 

 Song, C., Liu, C. L., Han, G. L., and Liu, C. Q. (2017a). Impact of different fertilizers on carbonate weathering in a typical karst area, Southwest China: a field column experiment. Earth. Surf. Dynam. 5, 605–616. doi: 10.5194/esurf-5-605-2017

 Song, C., Liu, C. L., Yun, Z. Y., and Hou, H. B. (2017b). Impact of animal manure addition on the weathering of agricultural lime in acidic soils: the agent of carbonate weathering. JGSE 5, 202–212. doi: 10.26599/JGSE.2017.9280020

 Sui, W. K., Li, J., Wu, X. G., Wu, Q. Y., Ma, Y. M., Zhang, X. Y., et al. (2020). Microbial mechanism of sulfide inhibiting N2O reduction during denitrification in fluvo-aquic soil. Microbiol. China 47, 3114–3125. doi: 10.13344/j.microbiol.china.200363

 Tarkalson, D. D., Payero, J. O., Hergert, G. M., and Cassman, K. G. (2006). Acidification of soil in a dry land winter wheat-sorghum/corn-follow rotation in the semiard U.S. Great plains. Plant Soil 283, 367–379. doi: 10.1007/s11104-006-0027-y

 Them, T. R., Gill, B. C., Selby, D., Grcke, D. R., Friedman, R. M., and Owens, J. D. (2017). Evidence for rapid weathering response to climatic warming during the Toarcian oceanic anoxic event. Sci. Rep. 7:5003. doi: 10.1038/s41598-017-05307-y 

 Uroz, S., Kelly, L. C., Turpault, M. P., Lepleux, C., and Frey-Klett, P. (2015). The mineralosphere concept: mineralogical control of the distribution and function of mineral-associated bacterial communities. Trends Microbiol. 23, 751–762. doi: 10.1016/j.tim.2015.10.004 

 Wu, T. (2007). Advance in studies on the function of microbes to the weathering of silicate minerals. Bull. Mineral. Petrol. Geochem. 26, 263–268. doi: 10.3969/j.issn.1007-2802.2007.03.013

 Xi, J., Wei, M., and Tang, B. (2018). Differences in weathering pattern, stress resistance and community structure of culturable rock-weathering bacteria between altered rocks and soils. RSC Adv. 8, 14201–14211. doi: 10.1039/c8ra01268g 

 Yu, S., He, S. Y., Sun, P. A., Pu, J. B., Huang, J., Luo, H. X., et al. (2016). Impacts of anthropogenic activities on weathering and carbon fluxes: a case study in the Xijiang River basin, Southwest China. Environ. Earth Sci. 75, 1–11. doi: 10.1007/s12665-015-5226-5 

 Yu, H. L., Ling, N., Wang, T. T., Zhu, C., Wang, Y., Wang, S. J., et al. (2019). Responses of soil biological traits and bacterial communities to nitrogen fertilization mediate maize yields across three soil types. Soil Tillage Res. 185, 61–69. doi: 10.1016/j.still.2018.08.017

 Yuan, H. Z., Ge, T. D., Zhou, P., Liu, S. L., Roberts, P., Zhu, H. H., et al. (2013). Soil microbial biomass and bacterial and fungal community structures responses to long-term fertilization in paddy soils. J. Soils Sediments 13, 877–886. doi: 10.1007/s11368-013-0664-8

 Zeng, J., Liu, X. J., Song, L., Lin, X. G., Zhang, H. Z., Shen, C. C., et al. (2016). Nitrogen fertilization directly affects soil bacterial diversity and indirectly affects bacterial community composition. Soil Biol. Biochem. 92, 41–49. doi: 10.1016/j.soilbio.2015.09.018

 Zhang, D., Chen, A. Q., Wang, X. M., Yan, B. G., Shi, L. T., and Liu, G. C. (2016). A quantitative determination of the effect of moisture on purple mudstone decay in southwestern China. Catena 139, 28–31. doi: 10.1016/j.catena.2015.12.003

 Zhang, Y. L., Li, Y., Wang, S. Z., Umbreen, S., and Zhou, C. F. (2021). Soil phosphorus fractionation and its association with soil phosphate-solubilizing bacteria in a chronosequence of vegetation restoration. Ecol. Eng. 164:106208. doi: 10.1016/j.ecoleng.2021.106208

 Zhang, H., Li, X., Zhou, J., Wang, J., Wang, L., Yuan, J., et al. (2024). Combined application of chemical fertilizer and organic amendment improved soil quality in a wheat–sweet potato rotation system. Agronomy 14:2160. doi: 10.3390/agronomy14092160

 Zhang, Y. T., Shen, H., He, X. H., Thomas, B. W., Lupwayi, N. Z., Hao, X. Y., et al. (2017). Fertilization shapes bacterial community structure by alteration of soil pH. Front. Microbiol. 8:267440. doi: 10.3389/fmicb.2017.01325 

 Zhao, J. X., Li, C. P., Lu, C., Deng, L. M., Liu, G. C., and Fan, M. (2022). Acidic condition accelerates cation release from purple rock in southwestern China. Sci. Rep. 12:11412. doi: 10.1038/s41598-022-14851-1 

 Zhao, J. X., Lu, C. H., Deng, L. M., and Liu, G. C. (2018). Impacts of simulated acid solution on disintegration and cation release of the purple rock (mudstone) in Southwest China. Geomorphology 316, 35–43. doi: 10.1016/j.geomorph.2018.05.009

 Zhong, Y. Q., Yan, W. M., and ShangGuan, Z. P. (2016). The effects of nitrogen enrichment on soil CO2 fluxes depending on temperature and soil properties. Glob. Ecol. Biogeogr. 25, 475–488. doi: 10.1111/geb.12430

 Zhu, B., Wang, T., You, X., and Gao, M. R. (2008). Nutrient release from weathering of purplish rocks in the Sichuan Basin. Pedosphere 18, 257–264. doi: 10.1016/S1002-0160(08)60015-6

 Zi, H. B., Hu, Y. G., Hu, L., and Wang, C. T. (2023). Distinct responses of soil bacterial communities to N and P fertilization in a Tibetan alpine meadow of China. Land Degrad. Dev. 34, 4236–4251. doi: 10.1002/ldr.4772


Copyright
 © 2025 Wang, Zhao, Li, Deng, Cui, Zhou, Hussain and Liu. 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.

OPS/images/fmicb-15-1514646-t002.jpg
Weathering index
cia

SER

Treatmen
Rock type

Fertilizer type

Fertilizer level
Rock x fertlizer type
Rock x fertlizer level

Fertlizer type x fertilizer level

rlevel

Rock x fertlizer type x fer
Rock type

Fer

izer type
Fertlizer level

Rock type x fertilizer type
Rock type x fertilizer level
Fertlizer type x fertilizer level

Rock x fertlizer type x fertilizer level

DF

Ms
8.980
0292
0031
0.090
0254
0.136
0017
0.004
0.000
0.000
0.008
0.000
0.000

0.000

66.208
2150
0229
0.664
1871
1.001
0124

33.080
3743
1335

73714
1214
1502

0.166

0797

0423

0176

0382

0.884

0.000

0.041

0261

0.000

0317

0246

0.848





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effects of fertilizer application on the bacterial community and weathering characteristics of typical purple parent rocks



		1 Introduction



		2 Materials and methods



		2.1 Field sites



		2.2 Rock sample preparation and experiment description



		2.3 Chemical properties of weathered products



		2.4 DNA extraction, PCR amplification, and high-throughput sequencing



		2.5 Evaluation indices of weathering



		2.6 Statistical analysis









		3 Results



		3.1 Chemical properties of weathered products



		3.2 Bacterial abundance, diversity and community composition of weathered products



		3.3 Effects of fertilizer application on weathering



		3.4 Effects of fertilizer-driven biochemical properties on weathering









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-15-1514646-t001.jpg
Parent rock Treatment pH CEC TN Nelel TP TK AN AP AK

Jis CK 9.79:£0.03a 20.08:+0.18a 0.03+0.00a 022:£0.09 0.09:+0.01c 320 0.01ab 15,53 +3.39d 16,19 +8.00d 99.92+0.42d
N1 9.33+0.06b 19.90 £ 0.30b 0.03+0.00a 015+ 0.03b 0.09+0.01c 321+002b 25.26+0.33¢ 1106 + 2.68d 10258+ 7.84d
N2 9.27+0.05be 19.94:+0.23ab 0.03+0.00a 0.14+0.02b 0.08+0.00c 3190020 27.38+334c 9284384 103.60 £ 0.73d
N3 9.11+0.05¢ 1920 £0.20b 0.03+0.00a 0.15+0.04b 0.10+0.02¢ 3254003 60.61+7.68b 1403 £ 8.49d 111,88 +21.99d
NPK1 87940.09d 1888+ 0.51b 0.04+0.00a 02340012 019+ 0.02b 317+002b 5870+ 6.41b 3870+ 201c 17447 £ 7.07¢
NPK2 855+ 0.16¢ 19.11:£051b 0.03+0.00a 0.14+001b 024002 324+ 005ab 68.21+7.60b 55.17+3,57b 245.00 + 16.08b
NPK3 8520.15¢ 19.35:£022b 0.03+0.00a 0.14+001b 0240012 324+ 002b 9626+ 5,03 67.60 £ 4,662 30957 + 18.44a

Ip K 9.05+0.01ab 19210482 0.04+0.00a 0.20£0.06a 0.08 +0.00d 2894003 19.59 £ 1.07d 758+1.27d 11540 £3.00d
N1 9.04+0.03ab 18570242 0.03+0.00a 0.12£001a 0.08:+0.00d 29540082 1958 +534d 631+ 113d 11000 £ 6.10d
N2 9.06+0.02ab 18.82+0.802 0040012 0.15£003 0.07+0.00d 291007 21394357 cd 540 0.85d 10675 £ 5754
N3 9.02+0.01ab 1771£030 0.03+0.00a 0.14:£003 0.08 +0.00d 283004 24884353 cd 772233 98.25+ 1,524
NPK1 9.08:+0.01a 1759+ 061a 0.03+0.00a 0174003 0,15+ 0.00c 2854005 30,06+ 3.94¢ 3515+ 133 177.07 £ 7.97¢
NPK2 9.06+0.05ab 1732+ 113 0.04+0.00a 0174002 025+ 0.01b 2.86+0.09% 4104 +3.90b 60.98+6.01b 2754+ 1331b
NPK3 8.99+0.03b 1756 £ 0.85 0.04+0.00a 0154002 040+ 0.02a 29940042 52124408 96.78+ 1252 3507+ 10542

CK=No fertilizer; N1 = 280 kg ha~' -a~' N; N2 = 560 kg -ha~' -a~' N; N3 = 840 kg ha' - a~' N NPK1 = N-P,0,-K;0: 280-180-72 kg - ha' -~ NPK2 = N-P,0,-K,0: 560-360-144 kg - ha™' - a~'; NPK3 = N-P,0,-K,0:840-540-216 kg - ha~ - a~; CEC(cmol kg
Cation exchange capacity; TN(%)—Total nitrogen; SOC(%)—Soil organic carbon; TP(%)—Total phosphorus; TK(%)—Total potassium; AN(%)—Available nitrogen; AP(%)—Available phosphorus; AK(%)—Available potassium. Numbers depict means + standard
deviations ( = 3), and different lowercase letters indicate that there were significant differences among all treatments (p < 0.05).
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