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Abstract

:

Nitrogen (N) is an essential element both affecting rhizosphere microorganisms within soil and supporting plant nutrition; however, little is known about how the rhizosphere microbial community composition of tiger nut in sandy soil responds to nitrogen addition. In this study, high-throughput sequencing technology is employed to analyze the shifts in composition and co-occurrence networks of rhizosphere microbial communities in tiger nut after nitrogen addition in sandy farmland. Results reveal that nitrogen addition significantly increases several soil parameters, including total organic matter (SOC, 32.2%), total nitrogen (TN, 46.2%), alkali-hydro nitrogen (AN, 92.7%), β-1,4-glucosidase (BG, 12.6%), L-leucine aminopeptidase (LAP, 8.62%), β-1,4-xylosidase(XYL, 25.6%), and β-1,4-N-acetylglucosaminidase (NAG, 32.3%). Meanwhile, bacterial α-diversity decreases with nitrogen addition, while fungi remain unaffected. Network analysis indicates a reduction in connections between microorganisms; however, increasing stability is observed in the interaction network after nitrogen addition. Importantly, nitrogen addition leads to the enhancement of rhizosphere soil multifunctionality, with fungal diversity identified as the primary driver of soil multifunctionality. The positive impact of microbial diversity on soil multifunctionality outweighs the relative negative effects. This study sheds light on the nuanced effects of nitrogen addition on rhizosphere microbial diversity and its consequent impact on soil multifunctionality, with Acidobacteria, Proteobacteria and Ascomycota having positive effects, providing a comprehensive understanding of the complex environmental–plant–soil–microbe interactions in sandy farmland ecosystems.
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1. Introduction


In the agricultural production process, nitrogen fertilizer is a focal point for fertilization strategies [1]. The significance of nitrogen lies in its dual role: it is a more crucial element required for the growth of crops than phosphorus and potassium [2]. It must also be considered that nitrogen absorbed by crops remains in the soil and affects soil function [3]. Hui [4] has shown that nitrogen addition can augment soil organic matter (SOM), contributing to the enhancement of long-term soil productivity. Furthermore, findings in the literature indicate that nitrogen fertilizer enhances soil microbial activity, facilitating the activation of insoluble phosphorus in the soil, thereby increasing its availability and bolstering overall soil function [5]. However, divergent perspectives exist in the literature. Some studies suggest that nitrogen fertilizer input leads to a reduction in soil pH, resulting in soil acidification. This process accelerates the depletion of alkaline ions in the soil, potentially diminishing microbial activity, deteriorating soil quality, and consequently decreasing soil function [6]. The influence of nitrogen application on soil functionality, as well as the role of nitrogen in regulating various soil functions, remains a topic of debate and requires additional research. Understanding these dynamics is crucial for developing precise fertilization strategies to optimize crop productivity and minimize adverse effects on soil quality and functionality. Soil microorganisms play pivotal roles in the intricacies of soil biogeochemical cycles, contributing significantly to various soil functions, including nutrient cycling, abiotic stress tolerance, and the suppression of soil-borne pathogens [7]. Moreover, these microorganisms actively contribute to crop growth and development, thereby influencing food production for human consumption and promoting the overall service function and stability of agricultural ecosystems [8,9]. Rhizosphere microorganisms, a specialized subset, exert their influence in the proximity of the root system. They are attracted to the rhizosphere through root exudates and specialized metabolites [8,10]. The interactions and symbiotic relationships among diverse microbial communities in the rhizosphere play crucial roles in nutrient cycling within the root zone, enhancing plant disease resistance, and ecological adaptation [11].



Notably, the richness and diversity of rhizosphere soil microbial communities have been identified as potential indicators of root zone soil health, quality, and functionality. These microbial communities are integral players in the carbon and nitrogen cycling of the plant–soil relationship, underscoring their importance in maintaining the equilibrium of the soil ecosystem [9,12]. Given these critical roles, understanding the impact of fertilization on rhizosphere microbial diversity holds significant importance. It emerges as a critical factor in accurately assessing soil multifunctionality, mirroring the holistic influence of fertilization practices on the intricate relationships within the plant–soil–microbe continuum.



Tiger nut (Cyperus esculentus L.) is an annual herbaceous plant belonging to the sedge family (Cyperaceae) and the Cyperus genus. Renowned for its remarkable characteristics, tiger nut exhibits exceptional resilience, as it is drought, salt and alkali tolerant as well as proficient in thriving in poor soil conditions [13,14]. The cultivation of tiger nut is widespread across various continents, including Europe, America, Asia, and Africa, for application in medicine, food, and cosmetics [15,16]. Numerous studies underscore its robust resistance to adversity, and adaption to diverse environments with a high yield in sandy soil farmland [13,17,18]. Notably, Tian [13] emphasized the critical role of nitrogen fertilizer in fostering the growth and development of tiger nut in sandy soil conditions. Additionally, Vittorio [19] highlighted the pivotal contribution of rhizosphere microorganisms in influencing plant growth, development, and nutrient utilization. Despite the wealth of research on tiger nut, investigations specifically focusing on the rhizosphere microorganisms of tiger nut cultivated in sandy soil remain limited.



In this study, we investigated the impact of nitrogen addition on soil ecosystem versatility through its influence on the composition of rhizosphere microbial communities. Our objective was to uncover how rhizosphere soil microbial diversity and soil versatility respond to nitrogen addition. To address these questions, we (1) evaluated the influence of nitrogen addition on the composition and diversity of rhizosphere soil microbial communities in sandy soil; (2) identified alterations in the symbiotic networks and community assembly of rhizosphere microbes subsequent to nitrogen addition; and (3) demonstrated the beneficial influences of soil environmental conditions and microbial diversity on soil versatility. Through these hypotheses, we aimed to gain comprehensive insights into the intricate dynamics between nitrogen addition, rhizosphere microbial communities, and soil versatility, contributing to a deeper understanding of the complex interplay within this ecological system.




2. Materials and Methods


2.1. The Study Site


This study was conducted in Xing’an County, Kashi city, Xinjiang Province (38°38′ N, 77°06′ W), which is located on the southern edge of the Taklimakan Desert characterized as consisting of sandy soils (>95% sand) with low nutrient contents. This area experiences a temperate continental climate, a mean annual temperature of 11.4 °C, and a mean annual precipitation of 56.6 mm, with approximately 80% of the precipitation occurring between July and September. Selected physical and chemical properties of the 0–20 cm soil layer are shown in Table 1.




2.2. Experimental Design


The experimental block design was established in 2018, with a total of 12 blocks, including two treatments and six block replicates. This study involved a design featuring two N fertilizers and six replicate treatments with N application rates of 0 and 20 g N m−2 (termed control and N addition). The experimental field was subjected to continuous cropping. Tiger nuts (Zhongyousha No. 1) were cultured, with each plot measuring 15 × 10 m, with 2 × 0.5 m guard rows set between plots. The plants were spaced 10 cm apart, with a row spacing of 30 cm. During this study, the weeds were regularly removed. Urea was used as the form of N and was applied through drip irrigation. The N0 plots received only water. Irrigation was conducted 15 times over the entire reproductive period, with each tube containing two rows spaced 60 cm apart, delivering an irrigation volume of 5250 m3 ha−1.



When the tiger nuts reached maturity, 15–20 well-grown crops were randomly selected from each fertilization plot using the five-point sampling method in 2022. The surface litter was cleared using a shovel, and the soil surrounding the root system was delicately loosened with a hoe. A vertical excavation was then made around the roots to a depth of approximately 20 cm until most of the roots became visible. Subsequently, the rhizosphere soil (located within 2 mm of the root surface) was meticulously collected using either a small, sterilized spoon or brush [20]. This soil was then placed into sterile sampling bags, which were labeled, sealed, and promptly stored in a sampling container at low temperature. A total of twelve rhizosphere soil were transported under cool conditions to the lab, where each soil sample was separated into three portions: one was left to air-dry at ambient temperature to analyze soil physicochemical characteristics, another was refrigerated at 4 °C for assessing the levels of ammonium and nitrate nitrogen as well as the activity of soil extracellular enzymes, and the last portion was kept in a deep freezer for future DNA extraction.




2.3. Soil Property Analysis and Function Assessment


Soil pH and electrical conductivity (EC) were determined using calibrated probes and a multiparameter meter (HQ40D, HACH, Loveland, USA) in deionized water at a ratio of 1:2.5 (w/v). Soil total organic C (SOC) and total N (TN) concentrations were determined by combustion (Vario MACRO cube, Elementar, Frankfurt, Germany) [13], and alkali-hydro nitrogen (AN) was determined by the alkali hydrolysis diffusion method [13]. Soil nitrate nitrogen (NO3−-N) and ammonium nitrogen (NH4+-N) were extracted with potassium chloride and subjected to continuous flow analyzer analysis (AA3, Seal Analytical, Norderstedt, Germany) [21,22].



Activities of five soil extracellular enzyme activities at 25 °C involved in C and N cycling of soil were measured. Briefly, we weighed 2.75 g (dry weight equivalent) of field soil sample to a small glass dish, added 91 mL of acetate buffer (50 mM, pH = 6.0), and then blended for 1 min. We combined 800 μL of the soil suspension with 200 μL of fluorometric substrates, which were enzyme-specific (Table S1), into a 96-well microplate. This setup included four replicates alongside a negative control (comprising buffer and substrate) and a blank (buffer mixed with suspension), all of which were then incubated in darkness at 25 °C. For determining the activity levels of soil enzymes, standard curves were established by blending 800 μL of the soil suspensions with 200 μL of calibration solutions (either 4-methylumbelliferone or 7-amino-4-methylcoumarin for LAP), spanning concentrations from 0 to 100 μM. The assays for soil extracellular enzyme activities (EEAs) were executed promptly to measure the activity levels of enzymes already secreted by soil microbes. Details on quality control are provided in Table S2. We recorded fluorescence intensities using a microplate reader (Biotek Synergy 2, Winooski, VT, USA) [21,22].



In this study, a comprehensive set of nine variables (SOC: soil total organic C, AN: alkali-hydro nitrogen, NO3−-N: soil nitrate nitrogen, NH4+-N: soil ammonium nitrogen, BG: β-1,4-glucosidase, XYL: cellobiohydrolase, CBH: β-1,4-xylosidase, NAG: β-1,4-N-acetylglucosaminidase, respectively, and LAP: L-leucine aminopeptidase) were carefully chosen as representative indicators of soil functions. These variables were specifically selected due to their efficacy in serving as proxies for essential processes in farmland ecosystems, encompassing soil carbon and nitrogen cycling, sequestration, and the productivity of soil fertility [23,24]. To quantify the intricate relationships between biodiversity and soil functions, three distinct approaches were employed: single-function analysis, averaging, and turnover assessment [25]. Soil multifunctionality was quantified through Z score transformation, a method employed in previous studies, and subsequently. The averages of these transformed variables were calculated by an approach established in [26,27]. Before proceeding with the analyses, the collected data underwent scrutiny for normal distribution using the Shapiro–Wilk test. In cases where data were found not to follow a normal distribution, appropriate normal transformations were applied to ensure the robustness of subsequent statistical analyses.




2.4. DNA Extraction and High-Throughput Sequencing


The Fast DNA Spin kit (MP Biomedicals, Santa Ana, CA, USA) was used to extract microbial DNA from 0.5 g of fresh soil, and the concentration and purity of the extracted DNA were determined using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). High-throughput sequencing was performed on satisfactory DNA samples. PCR amplification was conducted using the bacterial universal primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) and the fungal universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). PCR amplification was performed on bacterial V4–V5 regions and fungal ITS1 regions. PCR was performed using TransGen AP221–02 with TransStart Fastpfu DNA polymerase. The pooled samples were then sequenced on an Illumina HiSeq 3000 platform (Illumina, San Diego, CA, USA).




2.5. Sequence Preprocessing


Bacterial and fungal amplicon sequences were analyzed with EasyAmplicon v1.14 [28]. Raw amplicon reads were merged, primers and barcodes were removed, and then quality control was performed to obtain high-quality amplicon sequences in VSEARCH v2.15 [29]. These high-quality sequences were denoised into amplicon sequence variants (ASVs), and representative sequences were picked in USEARCH v11.0.667 [30]. The bacterial and fungal ASVs were aligned to the RDP v18 [31], UNITE v8.2 [32], and NCBI nucleotide [33] databases to remove chimera sequences with the UCHIME algorithm [34]. The taxonomies of bacterial and fungal representative sequences were determined with RDP v18 and UNITE v8.2 using the SINTAX algorithm [35]. Bacterial ASVs assigned to chloroplasts and mitochondria as well as archaea were removed from the dataset [36,37]. After taxonomic identification, we obtained 12,073 ASVs for the bacteria and 1072 ASVs for the fungi. All samples were rarefied to minimum sequencing depths of 8776 for bacteria and 14,642 for fungi for downstream analyses.




2.6. Statistical Analysis


The results of all analyses are presented as the means ± standard deviations (SD) based on six replications. Data comparison, including soil chemical attributes, α-diversity metrics, and soil microbial taxa relative abundances across treatments, was performed using a two-way ANOVA in IBM SPSS v22.0 (IBM Corp., Armonk, NY, USA). To gauge microbial community diversity, five diversity indices were utilized: observed ASV species, Shannon, ACE, Richness, and Chao1. The Kruskal–Wallis test, executed in R, facilitated the assessment of microbial community composition differences between the treatments, considering p-values < 0.05 as statistically significant.



The association between individual soil functionalities, overall soil multifunctionality, and rhizosphere microbial diversity was analyzed using an ordinary least squares (OLS) linear regression model. Bacterial and fungal α-diversity were represented by the total ASV counts for bacteria and fungi at each site, respectively. A stepwise Akaike information criterion (AIC) model selection approach was adopted to construct linear additive models for each soil function, identifying a minimal set of microbial taxa (8 bacterial and 2 fungal phyla) influential on soil functionalities. Relationship between the number of soil functions and the proportion of the microbial pool that impacted these functions positively or negatively was also estimated [25]. The trade-offs of positive and negative effects or whether one type was dominant was determined by merging these two relationships.



To pinpoint soil characteristics and microbial elements (microbial diversity and dominant phyla) driving soil multifunctionality, random forest (RF) modeling was employed, utilizing R’s “A3” and “rfPermute” packages. The “rdacca.hp” package facilitated a hierarchical partitioning analysis, clarifying the relative significance of environmental and microbial factors in influencing soil multifunctionality [38].





3. Results


3.1. Response of Rhizosphere Soil Nutrients and Soil Extracellular Enzyme Activities to N Addition


The addition of nitrogen (N) fertilizer to the rhizospheric soil markedly enhanced its nutrient profiles and the activities of extracellular enzymes, pivotal for soil health and plant growth. Specifically, the concentrations of AN, SOC, TN, NO3−-N, and NH4+-N in the soil witnessed substantial increases of 92.7%, 32.2%, 46.2%, 126.3%, and 162.8%, respectively, when compared to the control group (Figure 1), indicating significant nutrient enrichment due to N fertilization (p < 0.05). In terms of extracellular enzyme activities, which are crucial for the cycling of carbon (C) and nitrogen (N) in the soil, there was a noticeable uptick following the application of nitrogen fertilizer. The activities of BG, LAP, NAG, and XYL saw increases of 12.6%, 8.62%, 32.3%, and 25.6%, respectively, compared to the control treatment. These enzymes play critical roles in the decomposition of organic matter, thereby facilitating nutrient cycling and availability in the soil ecosystem. A lower soil pH, indicating increased acidity, can affect the availability of various nutrients and potentially harm microbial diversity and activity. Similarly, a decreased C:N ratio could indicate an imbalance in the soil’s organic matter composition, potentially affecting soil structure and fertility.




3.2. Responses of Rhizosphere Microbial Community Composition and Diversity to N Addition


As shown in Figure S2, Proteobacteria, Actinobacteria, Firmicutes, Chloroflexota, and Bacteroidota were the dominant species at the phylum level in the rhizosphere bacterial community. Nitrogen addition increased the abundances of Actinobacteria and Proteobacteria but decreased the abundances of Firmicutes and Actinobacteria. Ascomycota and Basidiomycota were the most abundant fungal phyla in the rhizosphere. Nitrogen addition increased the abundances of Ascomycota and Chytridiomycota but decreased the abundance of Basidiomycota. Nitrogen application significantly reduced the α diversity of the rhizosphere bacterial microbial community (p < 0.05) but had no significant effect on the α diversity of the rhizosphere fungal community (Figure 2). The PCoA results showed that N fertilization significantly affected the composition of the rhizosphere microbial formation of tiger nut (p = 0.007 and p = 0.006) (Figure 3). In the analysis, PCoA explained 49.08% and 61.38% of the bacterial and fungal data variation, respectively, and both rhizosphere bacterial and fungal communities were significantly affected by NAG and C:N (Figure S2).




3.3. Influences of N Addition on the Complexity of the Microbial Co-Occurrence Network in Rhizosphere Soil


The networks of both the control and N addition groups exhibited scale-free patterns, with the degrees of distribution adhering to power law distributions and R2 values ranging from 0.82 to 0.86 (Figure S4). Notably, the research findings underscored significant disparities in the co-occurrence network topology between the control and N addition treatment groups. Although the number of nodes is smaller than the control group (Figure 4), with the increase in N, the proportion of bacteria in the composition of the microbial network increased by 3.34% (Figure 5a), and the positive correlation of microbial interactions in the network significantly increased (Figure 5b). The N addition treatment notably heightened the interactions within both the bacterial and bacterial–fungal networks (Figure 5c). Under N addition conditions, the network robustness, as indicated by natural connectivity, was markedly higher than that of the control group (Figure 5d), while the network complexity exhibited an inverse relationship (Figure 5e). Unlike the control group, which displayed small-world characteristics with a higher average clustering coefficient and shorter average path length, N addition treatment altered these parameters. These findings suggest that under nutrient-limited conditions, the increased interactions between fungi and bacteria facilitated more efficient nutrient acquisition from the soil (Figure 5f). In conclusion, N addition induced a shift in the network complexity of the microbial community.




3.4. Rhizosphere Microbial Diversity–Soil Multifunctionality Relationships


In our investigation, we explored the intricate relationship between microbial diversity, including both α and β diversity and various taxonomic groups, and the functioning of the soil, examining both individual soil functions (Figures S5 and S6) and overall soil multifunctionality (Figure 4). Notably, our results revealed a significant positive correlation between soil multifunctionality and bacterial β diversity (R2 = 0.84, p = 0.001) (Figure 6c). Additionally, significant negative correlations between soil multifunctionality and bacterial α diversity we observed (R2 = 0.59, p = 0.002) as well as fungal β diversity (R2 = 0.72, p = 0.001) (Figure 6a,d). Delving into specific bacterial taxa, Actinobacteria (R2 = 0.77, p = 0.001) and Proteobacteria exhibited noteworthy positive correlations with soil multifunctionality (R2 = 0.84, p < 0.001), while Actinobacteria (R2 = 0.73, p = 0.001) and Firmicutes (R2 = 0.71, p = 0.001) demonstrated significant negative correlations (Figure 6e–h). Turning to fungal taxa, Ascomycota (R2 = 0.87, p = 0.001) displayed a marked positive correlation with soil multifunctionality, whereas Basidiomycota exhibited a notable negative correlation (R2 = 0.75, p = 0.002) (see Figure 6i,j).



Through quantitative analysis, this study scrutinized the correlations between soil multifunctionality and the positive and negative impacts of microbial populations at the phylum level. The findings elucidated that as the accumulation of positively influencing microorganisms increased, the relationship tended toward saturation, with approximately 46.4% of phylum-level microorganisms exhibiting positive effects on soil multifunctionality, while approximately 29.7% had negative effects. When considering overall soil multifunctionality, all phylum-level microorganisms had positive effects, with approximately 87.5% exhibiting negative effects (Figure 7a,b). Furthermore, the research revealed a proportional increase in positive effects with the escalation of negative effects (Figure 7c), and the effect size of positive impacts slightly surpassed that of negative impacts (Figure 7d). In summary, the augmentation in soil multifunctionality post nitrogen addition was attributed to the heightened diversity of phylum-level rhizosphere microbial communities.




3.5. Potential Drivers of Root Zone Soil Multifunctionality


The relative contributions of microbial diversity and environmental factors to root zone soil multifunctionality were assessed through random forest (RF) regression, with the model explaining an impressive 84% of the variance in soil multifunctionality. The RF model underscored the substantial influence of microbial diversity on rhizosphere soil multifunctionality in desertification farmland, with fungal β diversity, Firmicutes, Acidobacteria, and Ascomycota demonstrating significant effects (p < 0.05). These results underscored the pivotal role of microorganisms in steering soil multifunctionality in sandy farmland. Further insights from hierarchical partitioning analysis revealed that microbial diversity exerted the most significant individual impact on soil multifunctionality in the root zone, accounting for 32% of the variation, followed by soil properties (Figure 8b).





4. Discussion


Rhizosphere microorganisms constitute a crucial element of the rhizosphere microenvironment, actively engaging in soil nutrient transformation, elemental cycling, and the formation of soil structure. Additionally, they play a pivotal role in enhancing plant productivity by aiding in the acquisition of soil nutrients [39]. When plants absorb nutrients, they release root exudates that influence microorganism growth and development [40]. The findings of this study highlight that the relief of soil nitrogen limitation induced a shift in microbial life strategies, notably reflected in the increased abundances of Actinobacteria and Proteobacteria in the rhizosphere of tiger nut. This observation aligns with the nutrient enrichment hypothesis, wherein Actinobacteria, capable of obtaining water and nutrients through hyphal formation, demonstrate increased abundance, aiding in their survival under adverse conditions [41]. Moreover, Actinobacteria contribute to plant nutrition and enhance plant drought resistance. Conversely, Proteobacteria provide nutrients to plants through phosphorus solubilization, nitrogen fixation, and organic matter decomposition [42]. Notably, the abundance of oligotrophic fungi decreased, while that of copiotroph fungi increased after N addition.



Similarly, changes in the soil environment are primary drivers of variations in soil microbial diversity [40]. This study observed that under nitrogen fertilization treatment, bacterial α-diversity was significantly lower compared to the control group (Figure 2a–d). In contrast, fungal diversity remained unchanged (Figure 2e–h). This disparity may stem from nitrogen fertilization altering the soil’s environmental conditions, transitioning the nutrient limitation from a dual carbon-nitrogen constraint to solely carbon, thereby affecting the bacterial community composition. Conversely, fungi, being less impacted by external environmental changes and more by their intrinsic nutritional requirements, demonstrate reduced sensitivity to such environmental alterations [42,43,44]. These changes signified a shift in fungal growth strategies, conducive to the augmentation of fungal diversity. Similarly, PCoA reveals that nitrogen addition significantly influences both bacterial and fungal β diversity (Figure 3a,b), corroborating this hypothesis [9,43]. These findings underscore the importance of nutrient limitation as a key factor shaping microbial community composition [44]. These results collectively emphasize the intricate interplay between nutrient availability and the strategies employed by rhizosphere microorganisms, shedding light on their adaptive responses to changes in nutrient conditions.



Nitrogen addition notably decreases the network connectivity and complexity of microorganisms, as evidenced by the lower average degree and longer average path length (Figure 4 and Figure 5e,f). Intriguingly, despite the overall reduction in network complexity, the fungal–bacterial interactions and network stability increased (Figure 5a–c). A comparison with random networks underscores that the empirical network structure is nonrandom co-occurrence, indicating a regulatory influence on the formation of fungal–bacterial interactions. In the control treatment, the rhizosphere microbial interaction network exhibits a shorter average path length and a larger average clustering coefficient, implying higher energy flow and nutrient cycling efficiency in this network [45,46]. However, with increased soil nutrient availability post nitrogen addition, microorganisms seem to alter their reliance on mutual interactions for nutrient acquisition, leading to an increase in the average path length. These observations align with the “hunger game” hypothesis, suggesting that microorganisms, in nutrient-limited environments, engage in “cooperative clustering” to alleviate resource limitations to sustain their life activities [12,38]. As nutrient limitation is relieved, this cooperative relationship diminishes. This strategy supports hypothesis two, indicating that nitrogen addition reduces rhizosphere microbial interactions and decreases network complexity. Our study’s results highlight that positive correlations among microorganisms increases, while network complexity decreased, suggesting a shift from “antagonism” to “symbiosis” among microorganisms. Additionally, findings from Chen [8] support the idea that, with the alleviation of nutrient limitation, positive correlations in the fungal–bacterial interaction network increase while complexity decreases. This study underscored the significance of nutrient demand as a driving factor in regulating microbial interactions.



This article explored the regulatory impact of nitrogen addition on soil multifunctionality mediated by rhizosphere microorganisms in sandy soil, focusing on tiger nut cultivation. The results revealed a negative correlation between the α diversity of bacterial communities and soil multifunctionality following nitrogen addition. This finding contrasts with the generally observed positive correlation between biodiversity and ecosystem multifunctionality, although some studies support such a negative relationship [9,47]. This could have several potential explanations. First, possible explanations include the microbial diversity–soil multifunctionality relationship on ecosystem heterogeneity. For example, soil multifunctionality correlates positively with the composition and abundance of fungi in forest ecosystems [48]. Another contributing factor could be a shift in microbial nutrient acquisition strategies from co-nutrient nutrition to oligotrophic nutrition. Such a shift is exemplified in degraded alpine grasslands, where the dominant populations of bacteria and fungi change with increasing degrees of degradation. Additionally, as microbial abundance decreases, specific microorganisms with unique functions may become more influential. In karst areas, for instance, an increase in the abundance of Chloroflexi was associated with elevated soil available nitrogen content [47]. Moreover, in nutrient-scarce and imbalanced decertified farmland, the dormant state of many microorganisms may contribute to the observed negative correlation between microbial diversity and soil multifunctionality. These complexities highlight the context-dependent nature of the relationship between microbial diversity and soil functioning in different ecosystems.



Through random forest analysis, this study reveals that bacterial and fungal communities at the phylum level exerted significant driving effects on soil multifunctionality (Figure 8a). Interestingly, the observed changes in rhizosphere microbial communities do not uniformly align with alterations in soil multifunctionality across diverse ecosystems [9,27,49], suggesting that the regulation of soil multifunctionality by microbial communities might be intricately influenced by factors such as niche differentiation, the soil environment, and survival strategies. Notably, within the fungal taxa examined in this study, the Ascomycota group emerged as having a positive impact on the regulation of soil multifunctionality. This finding implies a potential key role for Ascomycota in plant residue decomposition, aligning with prior research conducted by Li [48] In their study, the abundance of saprophytic fungi, including Ascomycota, increased with forest age during forest succession. This increase in saprophytic fungal abundance was associated with the restoration of soil multifunctionality, supporting the notion that these fungi contribute significantly to overall soil functionality [50]. These findings collectively underscore the nuanced relationship between microbial communities and soil multifunctionality, suggesting that the impact of microbial regulation on multifunctionality is context-dependent and influenced by various ecological factors.



N addition is a common agricultural practice aimed at enhancing plant growth, but it also has profound effects on soil ecosystems, particularly on microbial communities that play crucial roles in soil health and ecosystem functions. The addition of nitrogen has been observed to significantly influence soil microbial dynamics, affecting both fungi and bacteria, albeit in different ways [51]. Fungi have shown a predominant response to soil enzymatic activities, specifically enzymes such as N-acetylglucosaminidase (NAG), cellobiohydrolase (CBH), and β-glucosidase (BG) (Figure S3). These enzymes are involved in the decomposition of organic matter, nutrient cycling, and the overall maintenance of soil health, indicating fungi’s critical role in soil biochemical processes [9]. On the other hand, the response of bacteria to nitrogen addition is more closely associated with changes in soil physicochemical properties, such as pH, electrical conductivity (EC), and total nitrogen (TN) (Figure S3). These properties are fundamental to soil health, influencing water retention, nutrient availability, and the overall structure and function of microbial communities [43]. The findings suggest that while fungi are more directly involved in the biochemical processing of soil, bacteria are sensitive indicators of the soil’s physical and chemical environment. Among the soil physicochemical properties, EC and TN stand out as key non-biological drivers that influence both the diversity of soil microbes and the multifunctionality of sandy soil (Figure 8a). This underscores the substantial role of these properties in shaping microbial diversity and, by extension, the multifunctional capacity of soils to support various ecosystem services such as nutrient cycling, water filtration, and plant growth support [8,43]. The impact of EC changes on microbial activity and soil functions is particularly significant. High soil salinity, indicated by elevated EC values, can disrupt microbial life by causing osmotic stress, altering nutrient availability, and even inhibiting the growth of less tolerant microbial species [27]. This can lead to shifts in microbial community composition and function, affecting soil’s ability to process organic matter and cycle nutrients effectively. Supporting these observations, research demonstrated that alterations in soil EC values, resulting from prolonged fertilization practices, can lead to significant changes in soil microbial community composition and carbon metabolism processes. It emphasizes the need for a nuanced understanding of these interactions to manage soil health and fertility sustainably, ensuring that agricultural practices do not inadvertently compromise soil’s ecological functions and its ability to support life.



Moreover, our study reveals that fungi play a more crucial role than bacteria in sandy soil, supporting hypothesis three. This outcome aligns with observations in various ecosystems, such as forests [48], farmland [9], and grasslands [12], where fungi, especially saprophytic fungi, have been recognized for their significant contribution to lignocellulose degradation. The pronounced environmental resilience and resistance of fungi compared to bacteria might explain their consistent roles across different ecosystems [43]. This study, therefore, adds to the growing body of evidence emphasizing the substantial impact of soil physicochemical characteristics and the pivotal role of fungi in influencing soil microbial communities and functions.




5. Conclusions


This study utilizes amplicon sequencing to investigate the impact of nitrogen fertilizer addition on rhizosphere microbial diversity and its consequent effects on soil multifunctionality. Our findings reveal that nitrogen fertilizer application precipitates a significant alteration in the multifunctionality of tiger nut rhizosphere soil by influencing the microbial community composition and interaction network. Network analysis elucidates that nitrogen addition reduces interactions between fungi and bacteria while concurrently enhancing the stability of the interaction network and helps tiger nut nutrient absorption after the reduction in microbial nutrient competition. These observations suggest that nitrogen addition has the potential to alleviate microbial competition, contributing to the maintenance of network stability. Additionally, analyses utilizing random forest (RF) and variance partitioning analysis (VPA) identify Firmicutes, Acidobacteria, and Ascomycota as pivotal contributors that significantly influenced soil multifunctionality and found that species detected at all phyla classification levels had a 100% positive contribution to soil versatility. These outcomes underscore the critical roles of both microbial diversity and specific taxa in shaping soil multifunctionality in sandy land. In conclusion, this research demonstrates that nitrogen addition profoundly influences soil multifunctionality by shaping microbial diversity and composition. These changes can have cascading effects on soil health, plant growth, and ecosystem sustainability. In conclusion, this study highlights the intricate relationships between nitrogen addition, microbial community dynamics, and soil physicochemical properties.
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Figure 1. Effects of N fertilization on soil factors and soil extracellular enzyme activities (a–m). Note: AN: alkali-hydro nitrogen (a), BG: β-1,4-glucosidase (b), CBH: cellobiohydrolase (c), C:N: soil C:N (d), EC: soil electrical conductivity (e), LAP: L-leucine aminopeptidase (f), NAG: β-1,4-N-acetylglucosaminidase, (g) NH4+-N: soil ammonium nitrogen (h), NO3−-N: soil nitrate nitrogen (i), SOC: soil total organic carbon (j), TN: soil total nitrogen (k), XYL: β-1,4-xylosidase (l) and pH: soil pH (m). Lowercase letters denote significant differences based on the t-test (n = 6, p < 0.05). 
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Figure 2. Alpha diversity of rhizosphere bacterial (a–d) and fungal (e–h) microbial communities under N fertilization. Lowercase letters denote significant differences based on the t-test comparisons (n = 6, p < 0.05). 
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Figure 3. Principal coordinate analysis (PCoA) based on Bray–Curtis distances to visualize the patterns of rhizosphere bacterial (a) and fungal (b) microbial communities under nitrogen (N) fertilization. 
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Figure 4. Co-occurrence patterns of rhizosphere soil bacterial and fungal communities in (a) control and (b) N addition. 
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Figure 5. Network composition and interactions were characterized using the proportions of nodes (a), links (b), and edges (c). The network robustness (d) was assessed by determining the proportions of species randomly removed from each network. Network complexity was captured through measures of complexity and average connectivity (e). The presence of small-world properties was indicated by a high average clustering coefficient and small average path lengths (f). In the context of edges, (b–f) represented connections between bacteria and fungi in the network. 
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Figure 6. Correlations between microbial diversity and soil multifunctionality (Z score). The associations between soil multifunctionality and various microbial diversity indices were investigated, including bacterial α diversity (a), fungal α diversity (b), bacterial β diversity (c), fungal β diversity (d), and specific microbial phyla, including Actinobacteria (e), Actinobacteria (f), Firmicutes (g), Proteobacteria (h), Ascomycota (i), and Basidiomycota (j), across the sampling sites (n = 12). Fitted linear ordinary least squares (OLS) models are represented by lines, with solid lines indicating statistically significant relationships (p < 0.05) and dashed lines denoting nonsignificant relationships (p > 0.05). The shaded areas depict the 95% confidence intervals of the fit. The Akaike information criterion (AIC) represents the goodness of fit for the linear regression analysis. Yellow represents bacteria, while blue represents fungi. 
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Figure 7. Associations among soil functions, microbial species pool fraction, and the balance of positive and negative effects. The connections between the number of functions considered and the proportion of the microbial species pool were explored and categorized at the phylum level as exerting either positive (a) and negative (b) effects on soil functions. Additionally, the investigation delved into the relationship between the total numbers of positive and negative contributions made by microbial species to various soil functions (c). This study further examined the correlation between the average positive and negative effects of each microbial species (d). Each data point represents a microbial species at the phylum level. The shaded areas depict the 95% confidence interval of the fit, and the dashed line represents a 1:1 relationship. 
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Figure 8. Key Influences on soil multifunctionality and their operational mechanisms. Through the application of random forest analysis (a) and hierarchical partitioning (b), the average predictor importance concerning the environmental and rhizosphere microbial drivers of soil multifunctionality were unveiled, specifically focusing on dominant phyla representing more than 5% of the total microbial community. Significance levels were as follows: * p < 0.05, ** p < 0.01. 
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Table 1. Selected physical and chemical properties of the uppermost 20 cm soil layer before fertilization in 2022.
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	Property
	Bulk Density

(g cm−3)
	pH
	Soil Organic Carbon

(g kg−1)
	Soil Total N

(g kg−1)
	Available N

(mg kg−1)





	Value
	1.48
	8.97
	1.22
	0.46
	26.32
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