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In light of the challenges posed by contemporary global warming and soil acidification, the respective effects of pH and temperature on soil microbiome and functions have been explored. However, the combined influence of acidification and warming on soil denitrification and active microbial communities are still unclear. Here, we conducted a microcosm experiment to investigate the influences of increasing temperature and acidification on active microbes such as bacteria and eukaryotic microbes. Denitrification rate in soil were detected using a C2H2 inhibition method. The results showed that the Shannon index of bacterial communities exhibited significant enhancement in response to warming and acidification, whereas their community patterns were predominantly shaped by pH. For the micro-eukaryotic community, temperature emerged as the main driver of variations in the α-diversity, with the MT group exhibiting significantly lower Shannon indices compared to LT and HT groups. Both pH and temperature exerted a combined effect on their community patterns. Additionally, pH was detected as a crucial factor influencing denitrification rates, with a significant negative correlation between pH and denitrification rate within the pH range of 4.32–7.46 across all temperatures in this study. Our findings highlighted the significant impacts of acidification on soil denitrification rates and active microbes under global warming, which provided an important scientific basis for agricultural production management and environmental protection in the context of global climate warming.
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1 Introduction

Nitrous oxide (N2O) is a major greenhouse gas and is regarded as the most significant contributor to ozone depletion in the 21st century (Ravishankara et al., 2009; Montzka et al., 2011). As an essential component of the global biogeochemical cycle, soil serves as both the source and sink of atmospheric N2O (Ryden, 1981). Consequently, N2O released by soils, especially farmland soils, has received much attention in previous studies (Bhattarai et al., 2021), which have shown that microbial processes are critical to nitrous acid emissions from agricultural soils.

Denitrification is an important microbial process converting nitrate (NO3–) and nitrite (NO2–) into N2O and N2 in different ecosystems, for example, soil, sediment, and water (Long et al., 2013; Margalef-Marti et al., 2024). This process has been extensively studied in bacteria, showing as multiple reduction steps catalyzed by various enzymes, including nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR), and N2O reductase (NOS) (Sennett et al., 2024). In addition to bacteria, eukaryotic microbes represent a significant component of the soil microbial community, playing vital ecological roles in nitrogen processes (Mothapo et al., 2013, 2015; Maeda et al., 2015; Higgins et al., 2016). Differed from bacteria, several denitrifying eukaryotic microbes, such as Fusarium oxysporum, Bolivina plicata, and Stainforthia sp. (Kobayashi et al., 1996; Kamp et al., 2015), lack the nosZ gene, resulting in N2O as the final denitrification product (Laughlin and Stevens, 2002; Crenshaw et al., 2008). Soil environments would affect the relative contributions of bacteria and eukaryotic microbes to denitrification, especially N2O emission rates in soil. Eukaryotic microbes derived N2O emissions are comparable to, or even exceeded, those from bacterial denitrification (Chen et al., 2014).

Complex relationships between soil pH and denitrification processes have been determined in a previous study (Firestone et al., 1980). The ratios of denitrification products was strongly influenced by pH (ŠImek and Cooper, 2002), specifically, the N2O/(N2O + N2) ratio seemed to have a negative correlation with soil pH in agricultural settings pH 5–8 (Bakken et al., 2012). Additionally, there was an increase in the N2O/(N2O + N2) ratio during denitrification under acidic conditions (pH < 5.0). Raising soil pH to near-neutral levels (pH > 6.5) through liming can reduce N2O emissions; However, increasing the pH of acidic soils (pH < 5.6) to moderately acidic levels (pH 5.6–6.0) generally led to higher N2O emissions. A hump-shaped relationship existed between soil pH and N2O, leading to peak N2O emissions at moderate soil acidity (Qiu et al., 2024). Furthermore, variations in pH over both short and long terms affect soil N2O emissions differently, as the dominant microbial communities can shift due to pH-induced changes in the microbial source of N2O (Baggs et al., 2010). Additionally, temperature has also been indicated to be important factor affecting the distribution of soil denitrifying bacterial communities (Braker et al., 2010; Taylor et al., 2019). A previous study has demonstrated that ammonia oxidizers and bacterial denitrifiers were significantly inhibited at high temperatures, whereas micro-eukaryotic denitrifiers are well-adapted and may be the primary contributors to N2O emissions in acidic soils (Xu et al., 2017). Whereas, most of previous studies investigating pH or temperature impacts on microbes determined the community and abundance of microbes at DNA level, but not RNA level, which reflects active microbes in different ecosystems. Previous studies have determined the correlation between denitrification rate and microbial community including microbial abundance and diversity at DNA level (Yao et al., 2013; Wang et al., 2014; Chunyi et al., 2024). However, active microbes are the drivers of nutrient transformations in different ecosystems. The effects of pH and temperature on active microbial community are still limited, especially the combined impacts of pH and temperature.

To explore the combined effects of warming and acidification on soil denitrification rates and the active microbial communities, we conducted a microcosm experiment with a gradient of pH (4.9–7.7) and soil temperature (20°C–30°C). Additionally, we employed transcriptomic methods to analyze RNA levels, allowing us to investigate the relationship between denitrification rates and the dynamics of active microbial communities. This study will shed light on how active microorganisms, alongside soil nutrients, influence soil denitrification, offering insights into the combined effects of soil acidification and rising temperature on greenhouse gas production.



2 Materials and methods


2.1 Soil microcosm designment

Soil samples with an initial pH of 4.95 were collected from a tea garden in Ningbo, China (121.86°E, 29.75°N). Soil was homogenized by sieving through a 2 mm mesh. The soil samples were maintained at room temperature with a 20% moisture content for 30 days to stabilize the soil properties and microbial community. Limestone (CaCO3, 99.0%, AR) was added to adjust the soil pH values. During the soil pH adjustment period, three pH levels were established as high pH 7.7 (HP), medium pH 6.4 (MP) and low pH 4.9 (LP), respectively. The soil with stabilized pH were incubated at three different soil temperature gradients (soil temperature was measured by using a thermometer) for 30 days, including low temperature 20°C (LT), medium temperature 25°C (MT), and high temperature 30°C (HT), respectively. During the adjustment of pH and temperature, the moisture content was maintained at 20%, consistent with level during previous stable incubation. Finally, a total of nine experimental treatments were prepared: LTHP, MTHP, HTHP, LTMP, MTMP, HTMP, LTLP, MTLP, and HTLP. Each treatment consisted of three replicates, with each replicate containing 200 g of soil. pH decreased slightly after 1 month of incubation (Supplementary Table 1).



2.2 Analysis of soil physicochemical property

The concentration of ammonia (NH4+) and nitrate (NO3–) were determined using a continuous flow analyzer (AA3 analyzer, German) after extracted by 1 mol/L KCl solution (soil:KCl solution = 1:10) (Li et al., 2025). The pH of each soil was measured using an XL60 pH meter (Fisher Scientific, United States) after being suspended in deionized water (ddH2O) with 1:2.5 soil-to-water ration (Li et al., 2016). Soil moisture was calculated after dried in an oven at 105°C for 16 h. Total carbon, nitrogen, and sulfur contents were analyzed using a Vario MAX CNS elemental analyzer (ELEMENTAR, German) (Xu et al., 2014).



2.3 Determination of denitrification rate

Denitrification rate was measured using an acetylene (C2H2) inhibition method in accordance with a previous study (Xu et al., 2019). In brief, 10 g of fresh soil was placed in a 120 mL serum bottle with 5 mL 2.4 mM NaNO3 and 5 mL 0.06 M glucose. The serum bottles were sealed with rubber stoppers and were alternately vacuumed and flushed with helium (He) gas to establish anaerobic conditions. For determination of potential N2O production rate, 10% (v/v) of C2H2 was added to inhibit the reduction of N2O to N2. The rates of N2O production in the treatments without C2H2 were calculated as the real denitrification rates (Philippot et al., 2011). The concentration of N2O in the headspace was measured at 1 and 5 h (Supplementary Table 2) using a gas chromatograph (7890A; Agilent Technologies, Santa Clara, CA, United States) (Molstad et al., 2007; Xu et al., 2019).



2.4 RNA extraction, reverse transcription, and target-gene sequencing

Total RNA was extracted from 2 g fresh soil using a RNeasy PowerSoil Total RNA Kit (Qiagen) according to the manufacturer’s instructions, and the purified RNA without DNA was stored at −80°C until used. Complementary DNA (cDNA) was synthesized through reverse transcription using an ABKscript RT MasterMix (OneStep gDNA Removal) Kit, and the resulting cDNA was used as template for target gene amplification. To evaluate the communities of bacteria and eukaryotic microbes in different treatments, we performed PCR amplification for bacterial 16S rRNA gene and micro-eukaryotic 18S rRNA gene using primer set of 338F/806R (Yang et al., 2020) and 565F/981R (Salmaso et al., 2020), respectively. The amplicons were purified using a E.Z.N.A.® Gel Extraction Kit (Omega, United States) and sent to Magigene Biotechnology Co. (GuangZhou, China) for high-throughput sequencing on a Novaseq 6000 PE250 platform.



2.5 Data processing and statistical analysis

We utilized Quantitative Insights Into Microbial Ecology version 2 (QIIME2) (Bolyen et al., 2019) to analyze the sequences, and employed the DADA2 plugin (Callahan et al., 2016) to denoise sequences and generate Amplicon Sequence Variants (ASV) approximately 250 base pairs in length. For both bacteria and eukaryotic microbes, ASVs with only one sequence were discarded in the following analysis (Li et al., 2023). SILVA 138 SSU Ref NR99 and RDP 18S v4.1 database (Pruesse et al., 2007; Wang et al., 2007) were used for the classification of the bacterial and micro-eukaryotic taxonomy, respectively. ASVs identified as mitochondria and chloroplast sequences were removed. Alpha diversity indices (Shannon and Chao1) were calculated based on species richness to assess the biodiversity of microbial communities (Supplementary Table 3). Principal Co-ordinates Analysis (PCoA) were constructed to exhibit the distribution patterns of microbial (i.e., bacteria and eukaryotic microbes), bacterial, and micro-eukaryotic communities based on Bray-Curtis distances. Then, redundancy analysis (RDA) was selected to distinguish the soil properties affecting microbial communities. The relative abundances of bacterial and micro-eukaryotic species were displayed using heatmap plot using R with “pheatmap” package (version 1.0.12). We used LDA Effect Size (LEfSe) to identify species with significant differences between treatment via the website1, with an LDA threshold of four and a p-value threshold of 0.05. Additionally, classes differences between bacterial and micro-eukaryotic active microorganisms under different treatments were assessed using two-way ANOVA to extract F values for evaluating the impact magnitude (Package “vegan” v2.6–6.1). After filtering for ASVs with relative abundance greater than 0.01%, a heatmap was generated using the top 30 species by relative abundance at the class level. Mantel test and Pearson’s correlation analyses were conducted using R with “LinkET” package (version 0.0.7.4). The p-values of mantel test were adjusted using FDR. The partial least squares path modeling (PLSPM) was constructed to explore the mechanism of effects of microbial alpha and community pattern, total nutrient (including TS, TC, and TN), inorganic nitrogen (including NOx-N, and NH4+-N), pH, and temperature on soil denitrification rates using the “plspm” package (version 0.5.1) in R software. Multiple goodness of fit criteria was tested for the model as follows: Goodness of Fit (GoF > 0.6), Dillon-Goldstein’s rho (DG.rho > 0.7), Average Variance Extracted (AVE > 0.5). Random forest analyses were conducted using the “rfPermute” package (version 2.5.2) in R with 1,000 permutations and 500 decision trees. The data for Random Forest analysis incorporated actual denitrification rates (measured without C2H2 inhibition), soil physicochemical parameters, microbial diversity and community patterns (PCoA 1 axis). All data used R software (R4.3.1) for statistical testing and correlation analysis. Tukey-HSD was used for post hoc pairwise comparisons. The date for bacterial 16S rRNA genes and micro-eukaryotic 18S rRNA genes could be downloaded from ScienceDB using https://doi.org/10.57760/sciencedb.17932.




Results


3.1 Denitrification rates

Significant differences in denitrification rates were observed among the various treatment groups, with rates ranging from 0.018 to 0.55 μg⋅g–1⋅h–1 in the absence of acetylene (C2H2) and N2O production rates ranging from 0.17 to 0.87 μg⋅g–1⋅h–1 in treatments with C2H2 (Figure 1A). In the treatment with C2H2, denitrification rates were significantly higher (p < 0.05) in the medium temperature and medium pH (MTMP) treatment than in other treatments. Conversely, high pH significantly decreased the denitrification rates in soils, especially treated with low and high temperature (p < 0.05). In the treatment without C2H2, the highest N2O production rate was observed in the LTMP treatment, while the lowest rate was found in the MTLP treatment. Additionally, N2O production rates in middle pH groups were the highest, followed by in high pH and low pH (p < 0.05). Calculating based on N2O emission in treatments with and without C2H2, the rates of N2O reduction, i.e., conversion of N2O to N2, were the lowest in low pH treatments compared in high and middle treatment groups (Supplementary Table 2).
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FIGURE 1
N2O emission from soil samples with different treatments. (A) N2O emission rates under different conditions: with (red bars) and without (gray bars) C2H2. (B) Factors, i.e., pH and Temp (temperature), influencing denitrification rates. The treatment groups g low temperature (LT), medium temperature (MT) and high temperature (HT) in the figure represented low temperature, medium temperature and high temperature, respectively. These letters employ the alphabet mark method to indicate statistically significant differences in multiple comparisons. The symbol ‘***’ represents asterisks for significance in figures.


Soil pH, temperature, and combination of pH and temperature significantly (two-way ANOVA test, p < 0.001) affected denitrification rates in soil. Notably, soil pH played a more important role in regulating soil denitrification rate in comparison with temperature (Figure 1B).



3.2 Diversity of active microbial communities

A total of 50,610 bacterial ASVs and 6,181 micro-eukaryotic ASVs were obtained in soil samples based on high-throughput sequencing of bacterial 16S rRNA genes and micro-eukaryotic 18S rRNA genes at RNA-level. The coverage of 99.20% and 99.64%, for bacterial and micro-eukaryotic communities, respectively, indicated sufficient sampling depth to capture overall microbial diversity across all 27 samples. Significant acidic and thermal variations (p <0.05) were observed in the Shannon index (Supplementary Figures 1A, C, E), with HT and LP treatments exhibiting higher values than LT and HP treatments (Supplementary Figure 1), indicating that pH and temperature changes played a pivotal role in shaping the alpha diversity of bacteria. While temperature mainly affected the alpha diversity of soil eukaryotic microbes (Supplementary Figures 2A, E), with HT and LT treatment showing higher values than MT treatment (Supplementary Figure 2). From the perspective of overall active microorganisms, temperature primarily had a significant effect on alpha diversity (Supplementary Figures 3A–E).

PCoA plots showed that significant differences were observed in community patterns of microbes including bacteria and eukaryotic microbes (Figure 2A) among various treatments (adonis R2 = 0.80, p < 0.001). Further, we found that microbial profiles in low pH (LP) treatments differed from those in middle (MP) and high (HP) groups. Moreover, pH changed the distribution patterns of microbes in soil samples across different pH (Figure 2A). Similarly, bacterial patterns in soil samples treated with low pH were separated from both MP and HP treatments at axis one, which explained 32.51% variation in bacterial communities (Figure 2B). In contrast, the micro-eukaryotic patterns were separated at axis 1 based on temperature, and three groups of micro-eukaryotic communities in soils with different temperatures were clearly separated (Figure 2C).
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FIGURE 2
Distribution patterns of microbial communities and factors influencing microbial communities in soil samples. (A–C) Principal Co-ordinates Analysis (PCoA) of microbial communities, bacterial and micro-eukaryotic communities, respectively. (D–F) Environmental factors affecting microbial communities, bacterial communities, and micro-eukaryotic communities, respectively. (G–I) Correlation coefficient (r2) of environmental factors to microbial communities, bacterial communities, micro-eukaryotic communities, respectively, calculated by redundancy analysis (RDA) analysis. The environmental factors included pH, temperature (Temp), total carbon (TC), total nitrogen (TN), total sulfur (TS), nitrate and nitrite nitrogen (NOx-N), and ammonium nitrogen (NH4+-N). The symbol ‘*’, ‘**’, ‘***’ represents asterisks for significance in figures.


RDA analysis determined the factors influencing microbial communities (Figure 2D), bacterial communities (Figure 2E), and micro-eukaryotic communities (Figure 2F) in soil samples, respectively. pH, TC, TN, NOx-N, and NH4+-N were determined to significantly affect microbial communities (p < 0.01). Further, we found that pH played the most important role on regulating microbial community patterns in soil samples (Figure 2G). For bacterial community, pH, TC, TN, temperature, and NH4+-N concentration were detected as environmental factors significantly influencing their community structures (p <0.05). Correlation coefficient analysis further indicated that pH acted as the most important factor in changing bacterial communities, followed by TC, TN, and temperature (Figure 2H). Finally, TC, TN, TS, pH and temperature significantly influenced micro-eukaryotic communities, with pH and temperature showing equal contributions (Figure 2I).



3.3 Variant microbial species among treatments

The genus-level classification plots were shown in Supplementary Figures 4A, 5A. LEfSe analysis revealed that 62 bacterial and 77 micro-eukaryotic species exhibited significant differences (Supplementary Figures 4B, C, 5B, C) among treatments (p < 0.05, standardized scaling factor: 1000000). Among the top 30 bacterial classes, most showed significant differences (Figure 3A), with 18 classes significantly affected by both pH and temperature, including Alphaproteobacteria, Holophagae, and Vicinamibacteria. The acidification process enriched several bacteria, such as Acidimicrobiia (HP: 0.49%, MP: 0.51%, LP: 0.90%), Dehalococcoidia (HP: 0.072%, MP: 0.084%, LP: 0.15%) and Bdellovibrionia (HP: 0.37%, MP: 0.55%, LP: 2.56%). In addition, the warming process enriched several bacteria, such as Acidobacteriae (HP: 4.60%, MP: 4.77%, LP: 5.01%) and Bacteroidia (LT: 1.76%, MT: 5.11%, HT: 8.29%).
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FIGURE 3
Factors influenced the relative abundance of variant taxa among different treatments, including (A) active bacterial microorganisms and (B) eukaryotic active microorganisms. The symbol ‘*’, ‘**’, ‘***’ represents asterisks for significance in figures.


Among the top 30 micro-eukaryotic classes, results showed temperature played a more important role in regulating the abundance of eukaryotic microbes in comparison with pH (Figure 3B). There were 25 classes of eukaryotic microbes significantly affected by temperature, such as Glomeromycetes (LT: 2.25%, MT: 1.35%, HT: 5.98%), Monoblepharidomycetes (LT: 0.22%, MT: 0.11%, HT: 0.73%) and Coleochaetophyceae (LT: 0.71%, MT: 0.21%, HT: 1.16%). In addition, Elardia reached its peak under LT groups (LT: 16.28%, MT: 14.18%, HT: 2.68%) and Chrysophyceae exhibited the highest relative abundance under MT treatment (LT: 16.18%, MT: 50.11%, HT: 19.88%).



3.4 Factors affecting denitrification and N2O production rates

Mantel tests were employed to detect the biotic and abiotic factors affecting denitrification and N2O production rates in soil and to analyze the relationships between biotic and abiotic factors (Figure 4). The results showed that pH (r = 0.68, p < 0.05), active bacterial diversity (Chao1 and Shannon: r = 0.22, p < 0.05 and r = 0.18, p < 0.05, respectively), community pattern (microbes and bacteria: r = 0.71, p < 0.05 and r = 0.74, p < 0.05, respectively), inorganic nitrogen (NH4+ and NOx–: r = 0.33, p < 0.05 and r = 0.32, p < 0.05, respectively) significantly influenced the rates of N2O production. Differing from N2O production, denitrification rate was significantly affected by pH (r = 0.26, p < 0.05), total carbon (TC, r = 0.25, p < 0.05), and total nitrogen (TN, r = 0.29, p < 0.05). Notably, no significant correlation between temperature and denitrification rate, and between temperature and N2O production rate was observed, while the significant correlations between temperature and microbial alpha diversity, and soil nutrients (e.g., TC. TN, and TS) were observed in this study.
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FIGURE 4
Mantel test analysis identified factors influencing both denitrification and N2O production rate. The Mantel’s r and p-values indicated the correlation and significance, respectively. Dashed lines and solid lines indicated negative and positive correlations, respectively, while red and gray color meant significant (p < 0.05) and non-significant, respectively. Total Chao1: Chao1 index of microbial including bacterial and micro-eukaryotic community. 16S Chao1 and 18S Chao1: Chao1 index of bacterial and micro-eukaryotic community, respectively. Total Shannon: Shannon index of microbial including bacterial and micro-eukaryotic community. 16S Shannon and 18S Shannon: Shannon index of bacterial and micro-eukaryotic communities, respectively. Total β diversity: PCoA1 axis index of microbial including bacterial and micro-eukaryotic community. 16S β diversity and 18S β diversity were used to represent bacterial and micro-eukaryotic PCoA1 axis, respectively. The symbol ‘*’, ‘**’, ‘***’ represents asterisks for significance in figures.


PLSPM was employed to further analyze the mechanisms of the effects of pH and temperature on soil denitrification rate and model explained 44%, 45%, and 50% of the variation in denitrification rate for overall active microbial, bacterial and micro-eukaryotic groups, respectively (Figures 5A, C, E). The alpha diversity of active microorganisms exerts the strongest positive effect on denitrification rates. Furthermore, inorganic nitrogen has the opposite effect on denitrification rates in both bacterial and micro-eukaryotic models. Notably, pH has a greater influence on denitrification rates than temperature (Supplementary Figures 6A–C). Consistent with the Mantel test results, pH exerted a stronger influence on denitrification rates than temperature (Figures 5B, D, F). Alpha diversity had the pH directly and indirectly affected the rates of denitrification through altering soil properties, bacterial alpha diversity (Figure 5C), and micro-eukaryotic community pattern (Figure 5E). Temperature, conversely, only indirectly affected denitrification rates by influencing inorganic nitrogen (NH4+ and NOx–) concentrations and microbial community pattern (Figures 5A, C, E). Additionally, increasing temperature significantly and directly affected the community compositions of eukaryotic microbes but not bacteria in soil ecosystems (Figures 5C, E). Further, a Random Forest analysis corroborated these findings, indicating that pH was the most significant factor influencing denitrification rates in both micro-eukaryotic and bacterial groups, while the importance of other physicochemical properties, including TC and TN, ranked secondary in comparison, consistent with the Mantel test results (Figures 5B, D, F).
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FIGURE 5
Partial least squares path modeling (PLSPM) model elucidated the influence of microbial and soil properties on denitrification rate. The model assessed the impacts of active soil microorganisms (bacteria and eukaryotic microbes) and physicochemical properties on denitrification rate. (A,C,E) The fitness of PLSPM model was acceptable (GoF > 0.6, DG.rho > 0.7, AVE > 0.5). Microbial alpha and beta diversity represented the overall diversity of bacterial and eukaryotic active microbes. Positive correlations were depicted by red solid lines, and negative correlations by blue solid lines. Dashed lines indicated non-significant correlations, with the color corresponding to the correlation status. Path coefficients and coefficients of determination (R2) were calculated after 999 bootstrapping iterations, and all path coefficients shown were statistically significant (p < 0.05). (B,D,F) Random Forest modeling with permutation tests (n = 999, *p < 0.05, **p < 0.01) indicated that the MeanDecreaseGini (MDG) values showed the significant importance of environmental variables and microbial biodiversity indices. (A,B) Represented overall microorganisms. The index of β diversity, Chao1 and Shannon indicated microbial communities including bacterial and micro-eukaryotic community diversity. (C,D) Denoted bacteria. Similarly, the index of β diversity, Chao1 and Shannon indicated bacterial community diversity. (E,F) Referred to eukaryotic microbes and their indexes of β diversity, Chao1 and Shannon indicated micro-eukaryotic community diversity. The environmental factors included pH, temperature (Temp), total carbon (TC), total nitrogen (TN), total sulfur (TS), nitrate and nitrite nitrogen (NOx-N), and ammonium nitrogen (NH4+-N). The symbol ‘***’ represents asterisks for significance in figures.





4 Discussion


4.1 The impacts of bacteria on N2O emission in soil

In the present study, we observed that the relative abundance of denitrifying bacteria, such as Pseudoxanthomonas, Bacillus, and Pseudomonas (Hartmann and Six, 2023), exhibited relatively high abundances under MTMP treatment, and this treatment had the highest denitrification rate. Denitrifying bacteria are abundant in various soil types, including farmland, parks, and tea gardens, where they enhance N2O emissions and play a crucial role in the nitrogen cycle (Crenshaw et al., 2008; Hiis et al., 2024; Tan et al., 2024). Additionally, there was a significant positive correlation between inorganic nitrogen levels and bacterial diversity (Figure 4), which may be attributed to the nitrification processes performed by nitrifying bacteria. Nitrifying bacteria, such as Nitrosospira and Nitrospira (Zhang et al., 2022; Deng et al., 2024), exhibited the highest abundance under MTMP treatment. This condition also led to the highest denitrification rates by providing substrates for denitrification and enhancing the activity of associated microorganisms (Su et al., 2021). These findings highlight the significant role of active bacteria in mediating biochemical processes and influencing soil multifunctionality.



4.2 Potential impacts of micro-eukaryotic denitrifiers on N2O emission in soil

Micro-eukaryotic denitrifiers play an important role in N2O emission (Figures 4, 5E). Although the richness of micro-eukaryotic denitrifiers was relatively rare compared to their bacterial counterparts (Bösch et al., 2023), they exhibited biome-specific differences in both relative abundance and species distributions (Figure 2C and Supplementary Figure 5A). Studies indicate that fungi contribute more to soil N2O emissions than bacteria in acidic soils (Laughlin and Stevens, 2002; Herold et al., 2012; Zheng et al., 2020; Xiong et al., 2024), especially those belonging to the genus Fusarium, can perform denitrification sensu stricto (Keuschnig et al., 2020), resulting in an increase in N2O emissions (Shoun et al., 1989; Zheng et al., 2020). As studies have shown that Fusarium is an important fungus in N2O emission (Maeda et al., 2015; Zheng et al., 2020; Shao et al., 2024), under acidic conditions (e.g., in LTLP treatment), the relative abundance of Fusarium is highest, which may explain the phenomenon that soil still retains denitrification capacity (Figure 1A) even in strongly acidic environments (pH 4.3–4.7) (Chen et al., 2014). In addition to fungi, other eukaryotic microorganisms, mainly including foraminifers such as Globobulimina pseudospinescens, Bolivina plicata and Stainforthia sp. (Kamp et al., 2015; Risgaard-Petersen et al., 2006), are also involved in denitrification processes that release N2O. Unlike active bacteria, eukaryotic microbes exhibit similar responses to pH and temperature (Figures 2I,
5E), demonstrating their ability to thrive under extreme climatic conditions with high temperatures (Xu et al., 2017). The relatively low sensitivity of micro-eukaryotic richness to pH and temperature changes compared to bacteria may explain their stability in denitrification processes (Huang et al., 2017; Banerjee et al., 2024). These results imply potential micro-eukaryotic contributions to nitrogen cycling processes, laying the foundation for future use of eukaryotic microbes to improve soil health.



4.3 The potentially greater role of pH than temperature in changing N2O emission and active microorganism communities in soil

Temperature is a critical factor influencing denitrification processes (Barnard et al., 2005). Elevated temperatures (typically 20°C–25°C) enhance N2O emissions (Dai et al., 2020). This phenomenon can be attributed to multiple mechanisms. Higher temperatures accelerate the mineralization process (Dai et al., 2020), which elevates soil inorganic nitrogen levels (Figure 5A) and supplies additional substrates for microbial nitrification and denitrification, thereby promoting N2O production. Furthermore, rising temperatures stimulate the activity and growth of denitrifying microorganisms in soil (Schulz et al., 2017). For instance, warmer conditions promote the proliferation of Bacillus (Choma et al., 2000), directly contributing to increased N2O emission.

This study reveals a negative correlation between soil pH and denitrification rate, aligning with earlier report (Čuhel and Šimek, 2011). Previous research demonstrated that pH dominates the ratio of denitrification products (Figures 2G–I,
4, 5B, D, F), with N2O being the primary product at pH 4.6–5.4 (Koskinen and Keeney, 1982). This phenomenon may be attributed to the significantly negative correlation between pH and inorganic nitrogen concentrations (Figure 4). Specifically, soil acidity enhances the effect of nitrate on the composition denitrification-derived gaseous products, driving higher N2O production at pH 4.9 than at pH 6.5 (Firestone et al., 1980). However, reduced pH hinders the decomposition of soil organic nitrogen (Li et al., 2018), partially suppressing denitrification rates. pH further indirectly inhibits denitrification (Krichels et al., 2025) by altering active microbial communities (Figures 2G–I). The limited N2O reduction in LP groups (Figure 1A) implies that acidic conditions may inhibit bacterial N2O reductase activity, potentially due to the sensitivity of reductase translation and assembly to pH value (ŠImek and Cooper, 2002). Active bacteria responses to pH fluctuations are rapid, as their lack of a cytoskeleton contrasts with the structural rigidity conferred by fungal chitinous cell walls (Wang and Kuzyakov, 2024). Additionally, fungal spore formation further reinforces resistance to stressors such as drought and acidification (Yang et al., 2024).

Soil pH exerts a stronger impact than temperature on N2O emission and active microorganisms (Figures 2–5), particularly in shaping the denitrifying bacterial community patterns (Lauber et al., 2009; Bakken et al., 2012). This likely arises because pH more robustly governs nitrate utilization by denitrifiers (Blackmer and Bremner, 1978; Senbayram et al., 2019). Our analysis demonstrated a significant negative correlation between nitrate and pH, but no such relationship with temperature (Figure 4). Elevated nitrate levels, as a substrate, promote the proliferation of nirK- and nirS- type denitrifiers (Hao et al., 2022). Moreover, pH exerts a marked effect on microbial diversity (Figures 4, 5) and community patterns (Figure 2), particularly on certain bacterial denitrifiers (Pan et al., 2023). Researchers revealed that significant changes in the proteome of denitrifier (e.g., P. denitrificans) were identified when comparing pH 6.5 and 7.2, exhibiting significant downregulation of functional proteins (Olaya-Abril et al., 2021). These findings suggest that pH stability, compared to temperature, exerts a stronger influence on the survival of denitrifiers, ultimately shaping microbial diversity and community patterns. This may account for the reduced relative abundance of Pseudomonas and Pseudoxanthomonas at low pH, as observed in genus-level bacterial community structure analyses.



4.4 Research limitations

While this study demonstrated that the effects of soil acidification and warming on denitrification processes through RNA-seq approaches, it should be noted that the current conclusions were exclusively based on correlation analyses, such as RDA, Mantel test and PLSPM model. To clarify the mechanisms on how active microorganisms impacts soil nitrogen cycling processes, future studies should consider combining quantitative PCR and metatranscriptomics to systematically assess the functional contributions of microbial communities (e.g., nirK, nirS, and nosZ genes) in soil denitrification processes.




5 Conclusion

In summary, the results of this study demonstrated a stronger impact of pH on denitrification rates than temperature. Micro-eukaryotic and bacterial communities exhibited distinct responses to soil acidification and warming. Bacterial communities were predominantly shaped by pH, while micro-eukaryotic communities were influenced similarly by pH and temperature. Additionally, we found that micro-eukaryotic active microbes also contributed to the denitrification and N2O emission in the used soil of this study. These findings highlighted the important role of pH on nitrogen cycling in soil through changing active bacterial and micro-eukaryotic communities and provided scientific basis for agricultural management during the global warming.
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