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Editorial on the Research Topic
 Anthropogenic effects on the microbial communities of terrestrial ecosystems





Introduction

Microorganisms in terrestrial ecosystems, including bacteria, fungi, archaea, protozoa, and microalgae (Chen et al., 2024), are one of the vital components of terrestrial ecosystems. Terrestrial microbial communities act as the core drivers of biogeochemical cycles and are the supporters of the productivity and stability of terrestrial ecosystems. They maintain the material cycles and energy flows of terrestrial ecosystems with their species diversity, genetic diversity, functional diversity, and complex metabolic networks (Song, 2023, 2024; Chen et al., 2024; Hu et al., 2024; Zhao et al., 2025; Srivastava et al., 2025; Steinauer et al., 2023). However, with the intensification of industrialization and modernization in various countries, the negative impacts of human activities on terrestrial ecosystems have gradually become apparent, and scholars have increasingly focused on the effects of anthropogenic factors on microbial communities in terrestrial ecosystems (Maehara et al., 2024; Philippot et al., 2021; Xue et al., 2024). Compared with natural factors, anthropogenic factors are more urgent due to their complexity and potential risks that have not yet been fully recognized. The ability of terrestrial ecosystems to resist anthropogenic disturbances and maintain their ecological functions is being increasingly challenged. Therefore, it is particularly important to explore the impact of anthropogenic factors on microbial communities in terrestrial ecosystems.

With the discovery and application of new technologies such as microbial genomics, transcriptomics, and DNA-SIP, we are now more capable than ever of revealing and improving the impact of anthropogenic factors on the structure and function of microbial communities in terrestrial ecosystems. Thus, this Research Topic in Frontiers in Microbiology aims to systematically analyze the impact mechanisms of anthropogenic factors on microbial communities in terrestrial ecosystems from aspects such as agricultural activities, grassland management, forest management, pollution, and urbanization (Figure 1). This Research Topic was a success since 35 Articles were collected here and called on scholars worldwide to actively participate in related research.
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FIGURE 1
 Schematic diagram of the impact of anthropogenic factors on microbial communities in terrestrial ecosystems.




The impact of agricultural activities on microbial communities

Modern agricultural activities play a significant role in altering the structure and function of microbial communities in terrestrial ecosystems. This Research Topic focuses on how different cropping patterns, tillage management, and soil amendments in agricultural activities can regulate microbial communities to enhance ecosystem services in agriculture.

Cropping patterns mainly include monoculture, crop rotation, and intercropping. Song et al. and Ding et al. who studied the soil of continuously cropped wine grapes in arid regions and the rhizosphere soil of tobacco that had been monocropped for many years, respectively, found that long-term monoculture significantly reduces soil enzyme activity, alters microbial community structure, and disrupts nutrient cycling functions. In contrast, Liu L. et al., Yan et al., and Wang B. et al. analyzed the changes in soil microbial community structure and function under different crop rotation patterns, such as tobacco-oilseed rape rotation and tobacco-maize rotation, and discovered that crop rotation significantly affects soil microbial diversity and composition, influencing the health and productivity of agricultural ecosystems. Meanwhile, Liu J. et al. who studied the soil of poplar and soybean intercropping, found that intercropping can change the composition of soil microbial communities and improve soil physicochemical properties such as phosphorus content. Both crop rotation and intercropping can to some extent offset the negative impacts of long-term monoculture on soil physicochemical properties and the structure and function of microbial communities.

Tillage management is an important aspect of agricultural production. This Research Topic explored the impact of different agronomic practices on soil microbial community diversity. The articles by Li H. et al., Jia et al., Guo et al. and Wei et al. found that rational agronomic measures can significantly enhance soil microbial community diversity, thereby improving soil health and promoting the recovery of agricultural ecosystems. Li H. et al. investigated the effects of different straw cover frequencies and amounts on the structure and function of rhizosphere and endophytic microbial communities in crops and found that low-frequency, high-coverage straw can significantly reduce the abundance of pathogenic bacteria while increasing the proportion of nitrogen-fixing bacteria. Moderate coverage can promote the complexity and optimization of microbial community structure and function. Jia et al. found that long-term nitrogen fertilization and straw incorporation significantly increase N2O emissions and potential nitrification rates (PNR), thereby affecting soil microbial activity and soil nitrogen cycling. Guo et al. discovered that a combination of 600,000 plants per hectare, 1,800 m3 of irrigation per hectare, and 150 kg of urea per hectare in the Aksu region can maintain high microbial diversity and soil health. Wei et al. found that composting can improve soil conditions and regulate rhizosphere microbial communities, thereby increasing the productivity of alfalfa in saline-alkali soils and providing an effective strategy for the ecological restoration of saline-alkali lands.

Good soil conditions are the foundation for stable and high agricultural production. In this Research Topic, Ye et al. and Xiao et al. studied the relationship between soil microbial community diversity and soil functional diversity under various human interventions, including biochar addition. The results indicate that appropriate human interventions can significantly enhance soil microbial community function and promote the availability of soil nutrients, thereby improving the growth environment for crops.



The impact of grassland management on microbial communities

Grassland ecosystems are an important component of terrestrial ecosystems, and the microbial communities within them play an irreplaceable role in material cycling, energy flow, and ecosystem services. Rui et al. revealed the distribution dynamics of prokaryotic communities in the soil of the Tibetan Plateau alpine grasslands along altitude and seasonal gradients, emphasizing the key role of moisture conditions in regulating community assembly processes. Grassland management is crucial for maintaining the stability of grassland ecosystems. This Research Topic, combined with the latest research findings of many scholars, explores the impact of different grassland management strategies on the structure and function of grassland microbial communities.

Overgrazing is one of the important anthropogenic drivers of grassland ecosystem degradation. Fang et al. (a) using the Hulunbuir grassland in Inner Mongolia as a study site, explored how overgrazing on unmanaged grasslands affects the recovery of adjacent grazing-banned grasslands and found that overgrazing on unmanaged grasslands has a negative impact on the ecological recovery of adjacent grazing-banned grasslands, manifested in the deterioration of soil properties, simplification of plant communities, and singularization of microbial community functions in both the unmanaged grasslands themselves and the grazing-banned areas close to them.

For a long time, grazing bans have been considered an important means of ecological restoration in grassland ecosystems. However, Jiang et al. by studying three different types of grasslands (temperate desert, temperate grassland, and mountain meadow), explored the impact of long-term grazing bans on soil nutrients and fungal community structure and found that the effect of grazing bans varies with grassland type. The fungal network modularity is the highest in the grazing-banned areas of temperate grasslands, with significant enhancement of community stability, while in the grazing-banned areas of mountain meadows, soil nutrient levels decline, and grazing bans exacerbate nutrient imbalances.

In addition, this Research Topic also explored whether the addition of exogenous substances to grassland ecosystems would lead to soil carbon emissions driven by microbial communities. Liu G. et al. indicate that short-term addition of exogenous substances only causes weak decomposition of soil organic matter, while long-term addition promotes carbon sequestration through the microbial carbon pump mechanism rather than continuous emissions. This has positive implications for maintaining the stability of soil carbon stocks in grassland ecosystems and addressing climate change.



The impact of forest management on microbial communities

Forests are a core component of terrestrial ecosystems, and the microbial communities within forest ecosystems are the main drivers of element cycling and vegetation renewal. These communities are also influenced by natural factors. Lian et al. found that light and moisture significantly affect the rhizosphere microecology of two types of oak seedlings, influencing soil enzyme activity and microbial community structure.

However, forest ecosystems are currently facing unprecedented human disturbances, among which anthropogenic wildfires and logging are inevitable interferences in forest succession. These two types of human-induced forest disturbances alter the dynamics of microbial communities in terrestrial ecosystems through different mechanisms, thereby affecting the structure and function of forest ecosystems.

Liu G. et al. using Chinese pine forests in North China as a study object, investigated the impact of wildfire intensity and soil stratification on soil physicochemical properties and analyzed changes in microbial community diversity and composition through 16S rRNA sequencing. They found that high-intensity wildfires significantly increase soil pH, reduce inorganic phosphorus content and nitrate nitrogen supply rates, leading to a decrease in the abundance of ectomycorrhizal fungi and an increase in the proportion of pathogenic bacteria. Robinson et al. studying the effects of selective logging on soil microbial communities and their functions in Borneo's tropical forests, found that selective logging weakens soil ecosystem services by altering key microbial communities. Specifically, selective logging significantly reduces the abundance of ectomycorrhizal fungi in soil microbial communities, increases the abundance of arbuscular mycorrhizal fungi, leads to a decline in soil inorganic phosphorus concentration and nitrate supply rates, and reduces the trend of soil heterotrophic respiration.

In the face of frequent human disturbances, sustainable forest management measures such as reforestation, fertilization, and optimization of planting patterns have emerged. These measures can regulate the ecological service functions of forest ecosystems by altering vegetation structure, soil environment, and the structure and function of microbial communities. Wang C. et al. revealed that in poplar plantations, the dynamic assembly of bacterial communities is mainly driven by stochastic processes and is significantly influenced by environmental factors such as temperature and precipitation. They also emphasized the role of key species in maintaining community stability. Hou et al. studying a man-made fir forest in South China, explored the impact of reforestation on the structure and function of soil prokaryotic microbial communities and found that reforestation can change soil microenvironments, select microbial taxa adapted to specific environments, and affect carbon and nitrogen cycling efficiency. Qin et al. comparing phosphorus cycling genes in different soil layers of three forest types, found that converting a mason pine plantation to a broad-leaved forest significantly enhances the phosphorus-solubilizing potential of surface soil microorganisms, while converting it to a mixed forest increases the structural stability of the phosphorus cycling gene network, making it more resilient to environmental changes. Li D. et al. studying the interaction between plants and their rhizosphere bacterial communities at different successional stages of a subtropical secondary forest, found that organic fertilizers, compared to inorganic fertilizers, significantly increase bacterial diversity and promote species growth, thereby facilitating positive forest succession. Tian et al. discovered the response of soil microbial communities to forest succession and the root condition of specific tree species in a subtropical pine-oak mixed forest. However, it is important to note that some management measures may pose risks. Tavares et al. found that converting forests to pastures changes soil microbial composition and may increase the environmental spread of antibiotic resistance genes through management practices such as fertilization.



The impact of pollution on microbial communities

Since the advent of the industrial civilization era, frequent industrial construction and other human activities have given rise to a variety of environmental pollutants. These pollutants, once released into the environment, are altering microbial communities in terrestrial ecosystems. This Research Topic, in combination with the latest research findings from various scholars, reveals the impact of pollutants on microbial communities in terrestrial ecosystems and the mechanisms by which microbial communities respond to pollutants.

Heavy metal pollution is severely threatening and reshaping the structure and function of soil microbial communities. Liu H. et al. and Zhang X. et al. investigated the complex effects of cadmium (Cd) and chromium (Cr) pollution on soil microorganisms and found that heavy metal pollution can alter soil physicochemical properties, thereby directly or indirectly disrupting the structure of microbial communities and reducing their ecological stability. Liu H. et al. also discovered that the microporous structure of biochar can adsorb heavy metals, while organic manure can reshape microbial structure through carbon and nitrogen supply. The combined application of the two can positively improve soil conditions affected by heavy metal pollution and enhance crop quality, providing a green solution for the remediation of heavy metal-contaminated land.

With the continuous development of nuclear industry and nuclear science in various countries, an increasing number of ecosystems are being exposed to ionizing radiation pollution over the long term. Zeng et al. through a study of plant-microbe-soil ecosystems exposed to low-level radiation (LLR) for 10 years, analyzed the changes in radiation absorption dose rates with distance and found that LLR affects the carbon and nitrogen migration processes between plants, microbes, and soil through symbiotic microbial effects. They also showed that increased radiation intensity leads to a significant increase in the relative abundance of symbiotic fungi, accompanied by increases in soil lignin peroxidase activity, C/N ratio, and carbon content, and induces adaptive changes in plant functional traits.

On a global scale, Wepking et al. through a study of the residual effects of antibiotic use on the temperature response of soil microorganisms, found that compared with non-polluted soil, soil samples contaminated with antibiotics exhibit different evolutionary trajectories of microbial community structure and function under warming conditions, which may greatly disrupt the stability of soil carbon cycling and, in turn, affect the accuracy of global carbon budget predictions. Yang et al. found that plastic pollution has become a global environmental issue, posing potential ecological risks to microbial communities in soil ecosystems. However, there are still gaps in the long-term ecological impact of plastic pollution on soil microbial communities and the combined effects of plastic with other pollutants. Future research needs to be conducted over a wider range of environmental conditions for a comprehensive assessment of the ecological risks of plastic pollution.

Wu et al. focusing on ecological restoration, discovered the potential of phosphate-solubilizing bacteria (PSB) in high-altitude harsh environments, providing a sustainable solution for the ecological restoration of the Mu Li coal mine area while reducing dependence on chemical fertilizers and lowering environmental pollution risks.



The impact of urbanization on microbial communities

Urban areas represent highly anthropogenic ecosystems, and their influence on microbial communities in terrestrial ecosystems is increasingly becoming a focal point of current research. From the green space soils in Jiangnan cities to the urban fringes of northern grasslands, this Research Topic integrates the latest findings to reveal how multiple urbanization processes alter the structure and function of microbial communities, thereby threatening ecosystem stability.

Dai et al. in their study of soil microbial communities in urban and rural citrus orchards in Zhejiang Province, found that in urban soils, the abundance of heavy metal-tolerant bacteria such as Bacillus significantly increased. The over proliferation of such bacterial groups, coupled with the decline of beneficial bacteria, led to an increased risk of root rot, indicating poor disease regulation capacity in urban ecosystems. Zhang F. et al. focused on the urbanized areas of Nanchang City, examining soil aggregates under different urbanization intensity gradients. By studying how soil microbes and enzymes influence the dynamics of soil organic carbon (SOC) during urbanization, they discovered that as urbanization intensity increased, both SOC content and storage significantly decreased, along with microbial and enzyme activity. Structural equation modeling indicated that urbanization primarily reduced SOC by lowering the total nitrogen (TN) and total phosphorus (TP) content in the soil, which in turn suppressed microbial biomass and led to a decline in carbon sequestration capacity.

Vegetation is an essential component of urban ecosystems and often serves as a refuge for microbial communities alongside soil. Fang et al. (b) using the Hulun Buir grassland in Inner Mongolia as a study site, explored the impact of pastoral town construction on adjacent grassland ecosystems. They found that the soil in grasslands within 1 km of urban areas, compared to those 3 km away, experienced a decrease in total organic carbon (TOC) and soil water content (SWC), which weakened the decomposition function of lignicolous fungi. Meanwhile, increases in pH and TP promoted the proliferation of pathogenic fungi. The rise in pathogenic fungi led to a decline in plant diversity, further reducing litter input and exacerbating nutrient cycling obstacles in the soil. In other words, urbanization often comes at the cost of disrupting the interactions between plants and soil microbial communities, leading to the degradation of adjacent grassland ecosystems. Li T. et al. discovered that photovoltaic power stations can significantly affect the structure and network characteristics of microbial communities by altering soil properties. In response to these changes, bacterial communities are more sensitive, while fungal communities exhibit stronger adaptability.



Conclusions and future directions

This Research Topic collects 35 articles from scholars from different parts by systematically reviewing the impact of various typical human activities, such as agricultural practices, grassland management, forest management, pollution, and urbanization, on the structure and function of microbial communities in terrestrial ecosystems, it has revealed that human factors primarily alter the ecological niches of microbial communities by directly changing the soil environment or plant growth conditions on which microbial communities depend. This ultimately affects the stability of terrestrial ecosystems and provides a scientific basis for understanding the vulnerability of microbial communities and ecological restoration.

Despite the significant progress made in current research, there are still limitations. For example, studies often focus on a single disturbance factor, while terrestrial ecosystems are actually frequently subjected to multiple pressures from various sources. The depth of functional analysis of microbial communities is insufficient, and there is a lack of mechanistic explanations for the specific environmental adaptation strategies of microbial groups. Most existing studies are based on the analysis of microbial communities using 16S rRNA gene sequencing results, lacking research on the metabolic functions of microbial communities. Future research directions should focus on integrating studies from multiple factors and perspectives, combining techniques such as metagenomics or metabolomics to reveal changes in the structure and function of microbial communities. It is also possible to investigate the long-term evolutionary patterns of microbial communities at observation stations in the studied ecosystems. There is a call for interdisciplinary cooperation among experts and scholars in related fields to conduct joint research.



Author contributions

WS: Writing – review & editing, Writing – original draft. XX: Writing – review & editing, Writing – original draft. JW: Writing – review & editing, Writing – original draft. MR: Writing – review & editing, Writing – original draft. YL: Writing – original draft, Writing – review & editing.



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.


References
	 Chen, Q. X., Song, Y. J., An, Y. X., Lu, Y. L., and Zhong, G. H. (2024). Soil microorganisms: their role in enhancing crop nutrition and health. Diversity-Basel 16:734. doi: 10.3390/d16120734
	 Hu, Z. H., Liu, H. Y., Yang, J. J., Hua, B., Bahn, M., Pang, S., et al. (2024). Tradeoff between productivity and stability across above- and below-ground communities. J. Integr. Plant Biol. 66, 2321–2324. doi: 10.1111/jipb.13771
	 Maehara, K., Iwachido, Y., Katsuhara, H., Tomitaka, M., Seto, K., and Ushio, M. (2024). Plant and soil microbial community assembly processes across urban vacant lots. J. Veg. Sci. 35:e13262. doi: 10.1111/jvs.13262
	 Philippot, L., Griffiths, B. S., and Langenheder, S. (2021). Microbial community resilience across ecosystems and multiple disturbances. Microbiol. Mol. Biol. R. 85, e00026–e00020. doi: 10.1128/MMBR.00026-20
	 Song, W. (2023). Negative linear or unimodal: why forest soil fungal latitudinal diversity differs across China. Microbiol. Spectr. 11, e02515–e02522. doi: 10.1128/spectrum.02515-22
	 Song, W. (2024). Ectomycorrhizal fungi: potential guardians of terrestrial ecosystems. mLife. 3, 387–390. doi: 10.1002/mlf2.12127
	 Srivastava, A. K., Singh, R. D., Pandey, G. K., Mukherjee, PK, and Foyer, C. H. (2025). Unravelling the molecular dialogue of beneficial microbe-plant interactions. Plant Cell Environ. 48, 2534–2548. doi: 10.1111/pce.15245
	 Steinauer K. Thakur M. P. Hannula S. E. Weinhold A. Uthe and, H. van Dam N. M. (2023). Root exudates and rhizosphere microbiomes jointly determine temporal shifts in plant-soil feedbacks. Plant Cell Environ. 46, 1885–1899. doi: 10.1111/pce.14570
	 Xue, P. P., Minasny, B., Wadoux, A. M. J. C., Dobarco, M. R., Mcbratney, A., Bissett, A., et al. (2024). Drivers and human impacts on topsoil bacterial and fungal community biogeography across Australia. Global Change Biol. 30:e17216. doi: 10.1111/gcb.17216
	 Zhao, Y. Q., Yuan, X. J., Ran, W. W., Zhao, Z. B., Su, D., and Song, Y. H. (2025). The ecological restoration strategies in terrestrial ecosystems were reviewed: a new trend based on soil microbiomics. Ecol. Evol. 15:e70994. doi: 10.1002/ece3.70994
	Copyright
 © 2025 Song, Xiang, Wang, Radosevich and Lin. 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.









 


	
	
TYPE Original Research
PUBLISHED 22 September 2023
DOI 10.3389/fmicb.2023.1280011






Elevational distribution and seasonal dynamics of alpine soil prokaryotic communities

Junpeng Rui1,2, Yuwei Zhao1,2, Nan Cong3, Fuxin Wang1, Chao Li1, Xiang Liu1, Jingjing Hu1, Ning Ling2 and Xin Jing4*


1State Key Laboratory of Herbage Improvement and Grassland Agro-ecosystems, College of Ecology, Lanzhou University, Lanzhou, China

2Center for Grassland Microbiome, College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, China

3Lhasa Plateau Ecosystem Research Station, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, China

4State Key Laboratory of Herbage Improvement and Grassland Agro-ecosystems, College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, China

[image: image2]

OPEN ACCESS

EDITED BY
 Xingjia Xiang, Anhui University, China

REVIEWED BY
 Shuo Jiao, Northwest A&F University, China
 Yue Lu, Hunan University, Changsha, China
 Congcong Shen, Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE
 Xin Jing, jingx@lzu.edu.cn 

RECEIVED 19 August 2023
 ACCEPTED 06 September 2023
 PUBLISHED 22 September 2023

CITATION
 Rui J, Zhao Y, Cong N, Wang F, Li C, Liu X, Hu J, Ling N and Jing X (2023) Elevational distribution and seasonal dynamics of alpine soil prokaryotic communities. Front. Microbiol. 14:1280011. doi: 10.3389/fmicb.2023.1280011

COPYRIGHT
 © 2023 Rui, Zhao, Cong, Wang, Li, Liu, Hu, Ling and Jing. 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.
 

The alpine grassland ecosystem is a biodiversity hotspot of plants on the Qinghai-Tibetan Plateau, where rapid climate change is altering the patterns of plant biodiversity along elevational and seasonal gradients of environments. However, how belowground microbial biodiversity changes along elevational gradient during the growing season is not well understood yet. Here, we investigated the elevational distribution of soil prokaryotic communities by using 16S rRNA amplicon sequencing along an elevational gradient between 3,200 and 4,200 m, and a seasonal gradient between June and September in the Qinghai-Tibetan alpine grasslands. First, we found soil prokaryotic diversity and community composition significantly shifted along the elevational gradient, mainly driven by soil temperature and moisture. Species richness did not show consistent elevational trends, while those of evenness declined with elevation. Copiotrophs and symbiotic diazotrophs declined with elevation, while oligotrophs and AOB increased, affected by temperature. Anaerobic or facultatively anaerobic bacteria and AOA were hump-shaped, mainly influenced by moisture. Second, seasonal patterns of community composition were mainly driven by aboveground biomass, precipitation, and soil temperature. The seasonal dynamics of community composition indicated that soil prokaryotic community, particularly Actinobacteria, was sensitive to short-term climate change, such as the monthly precipitation variation. At last, dispersal limitation consistently dominated the assembly process of soil prokaryotic communities along both elevational and seasonal gradients, especially for those of rare species, while the deterministic process of abundant species was relatively higher at drier sites and in drier July. The balance between deterministic and stochastic processes in abundant subcommunities might be strongly influenced by water conditions (precipitation/moisture). Our findings suggest that both elevation and season can alter the patterns of soil prokaryotic biodiversity in alpine grassland ecosystem of Qinghai-Tibetan Plateau, which is a biodiversity hotspot and is experiencing rapid climate change. This work provides new insights into the response of soil prokaryotic communities to changes in elevation and season, and helps us understand the temporal and spatial variations in such climate change-sensitive regions.
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 soil microbial community, altitudinal gradient, temporal dynamic, alpine grassland, Actinobacteria, community assembly


Introduction

As hotspots of biodiversity and climate change, mountains create a broad range of gradients in both abiotic and biotic settings (Martin and Bellingham, 2016), and provide ecologists with a natural setting for testing their hypotheses (Lomolino, 2001). Spatial distributions of flora and animals along elevational gradients have been extensively studied (Rahbek, 1995). The most prevalent elevational pattern is a hump-shaped species-richness pattern for plants and animals, followed by a decreasing pattern of species richness (Rahbek, 2005). However, the elevational patterns for soil microorganisms are not well understood that may not be the same as those of animals and plants (Fierer et al., 2011). Generally, elevational patterns of soil microbes are diverse and inconclusive, including five types (type I-V): increase, decrease, hump-shaped, U-shaped, and no discernable tread (Hendershot et al., 2017; Looby and Martin, 2020).

Many environmental factors change along elevation since it is a complex and indirect gradient (Fierer et al., 2011). For example, temperature declines with increased elevation (Körner, 2007), coupled with decreased aboveground biomass (Hendershot et al., 2017), and while precipitation is often hump-shaped because of the cloud zone at mid-elevation (Rahbek, 1995). Consequently, various environmental settings, including temperature, precipitation, vegetation, and soil characteristics, may have an impact on the diversity and community composition of soil microbes (Sundqvist et al., 2013; Singh et al., 2014; Nottingham et al., 2018). However, key factors driving the elevational distribution are still under debate. The key factor may be different owing to different vegetation types or sampling scales on the same mountain. For instance, soil pH drives bacterial community distribution along six elevations between 530 m and 2,200 m a.s.l. on Changbai Mountain (Shen et al., 2013), while the primary determinants of bacterial elevational distribution are soil carbon and nitrogen concentrations at a rather small scale from 2000 m to 2,500 m a.s.l. on the same mountain (Shen et al., 2015).

Environmental factors, including temperature, precipitation, vegetation, and soil characteristics, may change with seasons, resulting in seasonal dynamics of the soil microbes (Lazzaro et al., 2015). For example, since different soil microbial taxa may differ in their response to changes in soil moisture and temperature, the seasonal dynamics of soil temperature and moisture strongly influence the abundance of soil bacteria in a desert grassland (Bell et al., 2009). A study of the alpine ecosystem demonstrates that Acidobacteria was more abundant in spring, Actinobacteria and Bacteroides in winter, while Verrucomicrobia and Betaproteobacteria in summer (Lipson and Schmidt, 2004). Alpine ecosystems go through a remarkable variety of seasonal variations (Ernakovich et al., 2014). However, few studies have focused on seasonal dynamics of soil microbial communities along elevational gradients. According to a study along the tree line, elevational effects on soil microbial diversity outweigh seasonal influences (Shen et al., 2021). At every elevation, the bacterial and fungal community structures exhibit an annual cycle in the catchment of the Tiefen Glacier (Lazzaro et al., 2015).

The community assembly mechanism is a critical issue in microbial ecology (Stegen et al., 2012). Stochastic processes include homogenous dispersal, dispersal limitation, and drift, while deterministic processes consist of homogenous selection and heterogeneous selection (Stegen et al., 2015; Shi et al., 2022). Some studies reported that deterministic processes play critical roles in bacterial community assembly along elevation gradients in some sites of the Qinghai-Tibetan Plateau, where the range of soil pH was broad (Li et al., 2018; Shen et al., 2019). However, a transect study across the Qinghai-Tibetan Plateau showed that stochastic processes, notably dispersal limitation and drift, played a primary role in bacterial community assembly in alpine meadow soils (Kang et al., 2022).

Alpine grasslands, the dominant vegetation on the Qinghai-Tibetan Plateau, are fragile and sensitive to climate change. Soil microorganisms are mainly concentrated in surface soils of this area, and play important roles in C and N cycles (Zhao and Zhou, 1999). The mechanism of soil microbial distribution along an elevation gradient in alpine grasslands keeps unclear. Precipitation is a primary driving force on the bacterial community between 4,400 and 5,200 m a.s.l. over the Qinghai-Tibetan alpine grasslands at Damxung station (Yuan et al., 2014), while temperature may be more significant at Haibei station, Qinghai (Rui et al., 2015). Besides, the seasonal dynamics of soil microbial community along elevation may occur since climate, soil properties, and microbial biomass are seasonal various (Chen et al., 2021).

In this study, we aim to elucidate the elevational distribution and seasonal dynamics of soil prokaryotic communities along an elevational gradient (3200–4,200 m) in the Qinghai-Tibetan alpine grassland during the growing season. The main goal of this study is to answer the following questions: (i) What is the critical factor driving the elevational distribution of soil prokaryotic community? (ii) Whether soil prokaryotic community significantly changes during the growing season? and (iii) Whether the ecological processes of prokaryotic community assembly change along the elevational or seasonal gradients?



Materials and methods


Study site description and experimental design

The study site is located at the Haibei National Alpine Grassland Ecosystem Research Station (101°12′E, 37°37’N, ~ 3,200 m above sea level) on the northeastern Qinghai-Tibetan Plateau in Qinghai, China. The annual mean air temperature is −1.1°C, and the annual mean precipitation is 485 mm (Ma et al., 2017). The soil is classified as Mat-Gryic Cambisol, and is dominated by perennial plants (Ma et al., 2017). The growing season lasts from May to September, when more than 80% of the annual rainfall falls (Yang et al., 2014).

Study sites were located at six elevations along an elevational gradient (3,200, 3,400, 3,600, 3,800, 4,000, and 4,200 m). Six 1 m × 1 m quadrats were selected as replicates at each elevation. The geographic coordinates and vegetation information for each elevation were reported previously (Rui et al., 2022). We collected soil samples at the beginning of June, July, August, and September in 2021, respectively. Five soil cores (5 cm in diameter) with 0–10 cm depth were taken randomly within each quadrat, mixed as one sample, and sieved with a 2 mm mesh. The aboveground plant biomass and richness were surveyed at the same time (Supplementary Figure S1). Soil temperature was monitored using EM-50 devices (Decagon devices, United States) at 5 cm, and the mean monthly temperature was calculated. Methods of measuring soil moisture, pH, total nitrogen (TN), total organic carbon (TOC), nitrate, nitrite, and ammonium contents were reported previously (Rui et al., 2022). Monthly precipitations at 3200 m between June and September in 2021 were 90, 64, 125, and 104 mm, respectively. The data of soil and plant properties are in the Supplementary materials.



DNA extraction, qPCR, and sequencing

PowerSoil DNA Isolation kit (MO BIO Laboratories, United States) was used to extract genomic DNA in soils following the manufacturer’s instructions (Rui et al., 2022). The universal primers 515F and 806R were used for the amplification of the 16S rRNA gene for qPCR and sequencing (Borton et al., 2017). The amplifications for sequencing were conducted following the “16S Illumina Amplicon Protocol” on the website of the Earth Microbiome Project.1 Real-time PCR was performed on the Applied Biosystems 7,300 Sequence Detection System (ABI, United States). The qPCR reaction system was composed of 10 μL of 2X Taq Plus Master Mix (Vazyme Biotech Co., Ltd., China), 0.8 μL of forward primer (5 μmol L−1), 0.8 μL of reverse primer, 1 μL of DNA, and 7.4 μL of ddH2O. The PCR program included an initial denaturation at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min. Sequencing libraries were generated with TruSeq® DNA Kit (Illumina, United States), and sequenced with the Reagent Kit v2 (2 × 250 bp) on the Illumina NovaSeq 6,000 platform (Novogene, Beijing, China) (Rui et al., 2022).



Sequencing data analysis

FLASh v1.2.11 was used to merge the paired-end reads (Magoč and Salzberg, 2011). Primers were removed from the merged reads using the Perl script trim_primer_in fq.pl (All Perl scripts mentioned in this article are available on GitHub at https://github.com/PeterRui/perl4amplicon). Low-quality reads were filtered using Trimomatic version 0.39 (Bolger et al., 2014). Chimeras were checked using Usearch 11.0.667.2 Amplicon sequence variants (ASVs) were obtained using the Unoise3 algorithm (Edgar, 2016a). The representative reads of ASVs were aligned with PyNAST, and the phylogenetic tree was constructed with Qiime 1.9.1 (Caporaso et al., 2010). The taxonomy of ASV-representative sequences was predicted with the RDP training set v16 database using the SINTAX algorithm (Edgar, 2016b). Moreover, chloroplasts and mitochondria from eukaryotic cells were checked using Greengenes v13.5 and SILVA v123 database using SINTAX. Sequences of each sample in the ASV-table were randomly normalized to the same sequence depth using the Perl script subsample_in_table.pl. After subsample, a total of 3,947,600 high-quality 16S rRNA sequences were obtained from 142 samples, affiliated to 41,750 ASVs. Alpha diversity indices, such as observed species, Chao1 richness, Shannon diversity, reciprocal Simpson diversity (1/D), and Pielou evenness index were calculated with the script alpha_diversity.pl. The Supplementary material contains information on using Perl scripts.



Statistical analyses

We performed statistical analyses based on the ASV-table and/or environmental factors using R (Version 4.1.0). Details of the statistical analysis can be found in a previous publication (Rui et al., 2022). For example, the function varclus in package Hmisc and vif.cca in package vegan were used to estimate collinearities among environmental factors. Using the function HSD.test in package agricolae, ANOVA with Tukey’s test was calculated to check the differences of prokaryotic groups or environmental factors among elevations/months. Bray-Curtis distance-based PCoA was conducted using cmdscale in vegan. Environmental factors were fitted onto the PCoA plots using envfit in vegan. Adonis (i.e., PerMANOVA) was estimated using adonis to evaluate community differences between sample groups. To calculate the multivariate homogeneity of community dispersions, PERMDISP was estimated using betadisper. Partial Mantel test and multiple regression on distance matrices (MRM) were conducted with the package ecodist to evaluate the effects of environmental factors on the prokaryotic community. The package rdacca.hp was used to estimate the independent contribution of each factor to prokaryotic community variation (Lai et al., 2022).



Community assembly processes of subcommunities

Abundant and rare subcommunities may have different ecological roles and community assembly mechanisms (Logares et al., 2014; Jiao et al., 2017). The definition of abundant, intermediate, and rare species were modified based on Jiao’s method (Jiao and Lu, 2020). Specifically, across all samples, ASVs with average relative abundances <0.001% and > 0.01% were defined as rare and abundant species, respectively. Those between 0.001% and 0.01% were defined as intermediate species. The community assembly processes of abundant, intermediate, and rare species were evaluated with iCAMP, using the confidence index for the null model significance test. ASVs were divided into different “bins” based on the phylogenetic tree, and their ecological processes were identified using null model analysis (Ning et al., 2020).




Results


Elevational shift of prokaryotic diversity and community composition

Alpha diversity indices changed significantly along the elevational gradient (two-way ANOVA p < 0.001). In general, elevational changes of evenness were more obvious than that of species richness (Observed species and Chao1 index). Elevational patterns of species richness were almost no trend in most cases (Figures 1A,B), while those indices including Shannon diversity, reciprocal Simpson diversity, and Pielou evenness declined with elevation, although not always monotonic (Figures 1C–E). Soil temperature was the most important factor in elevational shift, positively correlated to alpha diversity, especially evenness (p < 0.01).

[image: Five line graphs labeled A to E show variations in biodiversity metrics across different altitudes ranging from 3200 to 4200 meters. The metrics are observed species, Chao1 richness, Shannon diversity, reciprocal Simpson index, and Pielou evenness. Each graph includes four lines representing data from June (red), July (black), August (blue), and September (green). The graphs reveal varying trends and overlaps across these months, with error bars indicating variability.]

FIGURE 1
 Elevational changes of prokaryotic alpha diversity indices during the growing season. Error bars represent standard deviations (n = 6).


The community structures at low elevations (3200–3,400 m) were substantially different from those at high elevations (3600–4,200 m), which could be distinguished along axis 1 of PCoA (Figure 2A). In the same month, most elevations we sampled had substantially distinct prokaryotic community structures (Supplementary Figure S2). Soil temperature was the critical factor driving the prokaryotic elevational distribution in each month (Tables 1–3). Temperature was strongly correlated to prokaryotic community structure, best fitted in PCoA patterns in each month (R2 ≥ 0.75, Supplementary Figure S3). Moisture was another important factor to elevational distribution, particularly in July (Tables 1–3). The effects of temperature and moisture decreased in August, in which the community dispersions were higher (Supplementary Figure S4). In addition, soil pH was important to elevational distribution in June, while plant richness in July (Tables 1, 2). It seems that aboveground biomass was less important because of its collinearity with temperature. The impact of precipitation along the elevation gradient was unclear due to lack of data.

[image: Principal coordinate analysis (PCoA) plots show relationships between environmental variables and plant communities across different elevations and months. Plots A and B display PCo1 against PCo2 and PCo3, respectively, illustrating July-September dynamics with variables like moisture and temperature. Plots C and D relate PCo1 to PCo2 and PCo3, highlighting monthly variations from June to September. Each point represents a specific elevation and month, color-coded and shaped accordingly, with vectors indicating environmental factors.]

FIGURE 2
 PCoA plots of prokaryotic community structure based on Bray-Curtis distance. Plots include all samples with (A) axis 1 vs. axis 2, and (B) with axis 1 vs. axis 3; samples at 3200 m (C) with axis 1 vs. 2, and (D) with axis 2 vs. 3, respectively. Important environmental factors were fitted onto the patterns. Values on axes indicated the percentages of total variation explained by each axis.




TABLE 1 Spearman’s correlation coefficients of prokaryotic community structure with environmental factors based on partial Mantel test.
[image: A table displays correlations between environmental factors and plant variables at various elevations and months. Columns include ammonium, nitrate, nitrite, TN, C:N ratio, pH, moisture, precipitation, temperature, plant richness, and plant biomass. Rows list "All", multiple elevation levels from 3,200m to 4,200m, and months from June to September. Significant correlations are marked with asterisks, with **p<0.01 and ***p<0.001. Notes indicate nitrite's collinearity with temperature and TN's with moisture. Values for precipitation are marked "n.a." (not applicable).]



TABLE 2 MRM regression coefficients of prokaryotic community structure with environmental factors.
[image: Data table showing correlation coefficients between environmental variables and plant factors across different elevations and months. Significant values are marked with *, **, or *** for p-values less than 0.05, 0.01, and 0.001 respectively. Notable correlations include ammonium at 4,200 meters and temperature in July. Precipitation data is not available for different elevations. Nitrite and total nitrogen show strong collinearity with other variables, indicated by letters 'a' and 'b'.]



TABLE 3 The independent contribution of each factor to prokaryotic community variation based on hierarchical partitioning in canonical analysis.
[image: Table comparing various environmental and plant metrics (Ammonium, Nitrate, Nitrite, TN, C:N ratio, pH, Moisture, Precipitation, Temperature, Plant richness, Plant biomass) across different elevations and months. Significant results are highlighted with asterisks, indicating levels of statistical significance. Some values are marked as not applicable (n.a.) due to unavailable data. Footnotes explain collinearity and correlation with Pearson's r value greater than 0.7.]

Across all samples, 58 phyla and 943 genera were detected. Proteobacteria, Actinobacteria, and Acidobacteria were dominant phyla, accounting for >60% of relative abundance in most samples (Figure 3). Besides, Verrucomicrobia, Bacteroidetes, Gemmatimonadetes, Planctomycetes, Nitrospirae, Chloroflexi, Firmicutes, and Thaumarchaeota were also important phyla with high relative abundance.

[image: Graphs depicting the relative abundance of different bacterial phyla at various altitudes, measured from June to September. Each panel (A to O) represents a specific phylum or class, such as Proteobacteria, Acidobacteria, Actinobacteria, and others. Lines and error bars in red, black, green, and blue indicate data for June, July, August, and September, respectively, measured against altitude in meters.]

FIGURE 3
 Elevational shifts of important phyla (A–K) and proteobacterial classes (L–O) in each month. Error bars represent standard deviations (n = 6).


Elevational patterns of community composition were diverse at the genus/phylum level, including increase (type I, genus level 2.3%/phylum level 4.9%), decrease (type II, 7.8%/3.3%), hump-shaped (type III, 3.2%/13.1%), U-shaped (type IV, 1.4%/1.6%) and no trend (type V, 85%/77%) (Supplementary Figures S5–S9). For example, Verrucomicrobia and Betaproteobacteria (mainly Nitrosomonadaceae) increased with elevation, while Alphaproteobacteria decreased (Figure 3). Patterns of Nitrospirae, Thaumarchaeota, and Deltaproteobacteria were hump-shaped, while Gemmatimonadetes was opposite. Besides, elevational patterns of many phyla were no trend, such as Acidobacteria, Actinobacteria, Firmicutes, and Chloroflexi. Besides, many rare taxa did not show any trends because of low abundance and low frequency.

At the genus level, type I genera were mainly composed of Nitrospira, Rhodoplanes, Rhodomicrobium, Chthoniobacter, Bauldia, and Terrimicrobium (Supplementary Figure S5). Several actinobacterial genera were type II, such as Oryzihumus, Blastococcus, Mycobacterium, and Arthrobacter (Supplementary Figure S6). Moreover, some rhizobia also belonged to type II, such as Mesorhizobium, Rhizobium, and Devosia. Type III genera were hump-shaped, such as Nitrososphaera and Candidatus Solibacter (Supplementary Figure S7). Type IV genera were lower at middle elevations, such as acidobacterial genera Terrimonas and Aridibacter (Supplementary Figure S8). Type I and II genera were significantly correlated to soil temperature, aboveground biomass, and altitude (Supplementary Table S1). Most type III and IV genera were significantly correlated to soil moisture.



Seasonal dynamics of prokaryotic diversity and community composition

Species richness exhibited more pronounced seasonal changes than evenness (Supplementary Figure S10). Both richness and evenness were lowest in September. Richness indices declined from July to September (Supplementary Figures S10A,B). However, richness indices in June were not significantly different from those in July. Precipitation was important to seasonal dynamics of alpha diversity at 3200 m, negatively correlated to these indices, especially to richness (p < 0.01, Supplementary Table S2).

The community structures in June were quite different from those in other months, which was obvious along axis 2 of PCoA (Figure 2A). Moreover, samples in July were separated from those in August and September by axis 3 (Figure 2B). Community dissimilarities between sample groups (i.e., between elevations and months) were higher than those within each group (Supplementary Figure S2). Therefore, prokaryotic community succession during the growing season could be divided into 3 stages, that is early stage (June), middle stage (July), and late stage (August and September). Community structures (i.e., beta-diversity) were significantly different among months, even between the same month in different years (Figure 2D). According to Adonis’ analysis, altitude, sampling season and their interaction could explain 19%, 22%, and 12% of community variations in all samples, respectively, while 22%, 14%, and 12% if samples in June were excluded, indicating that the difference between early stage and other stages contributed more to community variation.

Seasonal dynamics of the prokaryotic community were mainly affected by aboveground biomass, precipitation, and temperature (Tables 1, 2, Figures 2C,D). Aboveground biomass was more important to seasonal dynamics at low elevations, since it increased from June to August (Supplementary Figure S1E), while temperature played more important roles at higher elevations (Tables 1–3). However, the seasonal changes of aboveground biomass were less significant at high elevations (Supplementary Figure S1E), resulting in less importance of aboveground biomass. The community dispersions were high at 3800 and 4,200 m (Supplementary Figure S4), weakening the impacts of temperature. Soil nitrate was significantly correlated to prokaryotic community structures at 3800 m (Tables 1, 2), indicating the importance of nitrogen cycling-related microorganisms there. Results at 3200 m revealed that precipitation was more important than soil moisture to seasonal dynamics (Tables 1–3; Figures 2C,D).

Seasonal patterns of community composition were also diverse during the growing season in 2021, including increase (type 1, 44%/36%), decrease (type 2, 9.1%/28%), hump-shaped (type 3, 8.6%/6.9%), V-shaped (type 4, 1.3%/3.4%), and no trend (type 5, 37%/26%) at the genus/phylum level. For example, Thaumarchaeota and Firmicutes increased and were most abundant at the late stage (i.e., August and September, type 1, Supplementary Figure S11), while Acidobacteria, Nitrospirae, and Deltaproteobacteria (mainly Syntrophobacteraceae) were most abundant in June and decreased during the growing season (type 2). Actinobacteria were most abundant in July (type 3), while Proteobacteria (such as beta and gamma classes), Gemmatimonadetes, and Verrucomicrobia indicated lowest in July (type 4). Those phyla with no trend were mainly rare taxa.



Community assembly processes of abundant, intermediate, and rare species

Across all samples, abundant, intermediate, and rare species consisted of 116, 10,568, and 31,065 ASVs, respectively, and their total relative abundances were 24.8%, 65.6%, and 9.6%, respectively (Figure 4). The PCoA plots of abundant and intermediate species were similar to those of all samples, that is, the subcommunity structure in June was quite different from other months (Supplementary Figures S12A,B). Key factors affecting these subcommunities were also similar to that of all samples, especially the intermediate species (Tables 1–3, Supplementary Table S3). However, the subcommunity structure of rare species in September was quite different from other months (Supplementary Figures S12C,D). The key factors influencing rare subcommunities were nitrate, C: N ratio, plant richness, and aboveground biomass (Supplementary Table S3).

[image: Bar charts labeled A and B display the relative abundance of various phyla across categories: Abundant, Intermediate, and Rare. Each section shows stacked bars with different colors representing specific phyla, including Proteobacteria, Actinobacteria, Acidobacteria, and others. The x-axis denotes frequencies, and the y-axis indicates relative abundance percentages. A legend on the right identifies phyla by color.]

FIGURE 4
 Relative abundances of phyla for abundant, intermediate and rare subcommunities (A) along the elevational gradient and (B) during the growing season. Error bars represent standard deviations (n = 6).


The primary assembly mechanism, particularly in rare subcommunities, was dispersal limiting (Figure 5). The proportions of contribution from different assembling processes were relatively steady in rare and intermediate subcommunities. The relative importance of homogeneous selection was higher in intermediate subcommunities than that in rare subcommunities. Besides, ecological drift was almost only observed in intermediate subcommunities.

[image: Bar chart with three panels labeled A, B, and C, showing relative importance percentages of ecological processes for "Abundant," "Intermediate," and "Rare" categories. Each panel displays color-coded segments representing "Drift and Others," "Homogenizing Dispersal," "Dispersal Limitation," "Homogeneous Selection," and "Heterogeneous Selection" from June to September.]

FIGURE 5
 Relative importance of different ecological processes for (A) abundant, (B) intermediate, and (C) rare subcommunities along the elevational gradient during the growing season.


In abundant subcommunities, the relative importance of different processes shifted variously, especially homogeneous selection and heterogeneous selection. The elevation pattern of the deterministic process was opposite to that of moisture, and this process was higher in drier July. Thus, water conditions (precipitation/moisture) might be the key factor affecting the balance between deterministic and stochastic processes in abundant subcommunities. Generally, dispersal limitation was lower at low elevations but higher at middle elevations, and the lowest in July (Figure 5A). Its relative importance was contributed by almost all abundant species (Supplementary Table S4). The homogeneous selection was higher in drier July, and it was also higher at 3200 and 4,200 m, indicating drought might increase its relative importance. Its relative importance was mainly contributed by Betaproteobacteria in June, Actinobacteria (“bin2”) in July, while Acidobacteria (classes Vicinamibacteria and Holophagae) and Verrucomicorbia in September (Supplementary Table S4). The heterogeneous selection was higher at low elevations, while it was lower at middle elevations, especially in July. Its relative importance was mainly contributed by Acidobacteria (classes Blastocatellia and Gp16) in August and September, while by Actinobacteria (“bin2”) in June (Supplementary Table S4). Interestingly, the roles of “bin2” changed, and its relative abundance increased dramatically from wetter June to drier July (Supplementary Figure S13). Therefore, community assemblies of different taxa might be different even though in the same place.




Discussion

The main finding of this study was that soil prokaryotic diversity and community composition significantly shifted along the elevational gradient, mainly driven by soil temperature, followed by soil moisture. Seasonal patterns of community composition were also diverse and driven mainly by aboveground biomass, precipitation, and temperature. Water conditions might be the key drivers for the balance between deterministic and stochastic processes in abundant subcommunities along the elevational and seasonal gradients.


Elevational shift of prokaryotic diversity and community composition

Our results clearly showed that temperature was the critical factor driving prokaryotic elevational distribution. Temperature is one of the most important factors affecting soil microbial community. First, high temperatures may directly alter the microbial community by increasing the metabolism and growth rates of microorganisms (Brown et al., 2004). Second, a higher temperature may increase aboveground biomass and alter plant community composition, then indirectly affecting the soil microbial community (Wang et al., 2009). Third, a higher temperature may increase the degradation rate of organic matter such as litter, and then increase the substrates for microbes (Zhou et al., 2016). In our study, aboveground biomass and richness were higher at low elevations with higher temperatures (Supplementary Figure S1). Our previous study showed that temperature indirectly affected prokaryotic communities through vegetation (Rui et al., 2015). Some important taxa were affected by temperature. For instance, Verrucomicrobia and Betaproteobacteria increased with elevation, while Alphaproteobacteria decreased (Figure 3). Verrucomicrobia is a common oligotroph in soils, adaptable to the high elevation where available nutrients are limited (Lipson and Schmidt, 2004; Yuan et al., 2021). Nitrosomonadaceae, the ammonia-oxidizing bacterium (AOB) (Garrity et al., 2015), was the most abundant family in Betaproteobacteria in this study, which increased with elevation. Many members of Alphaproteobacteria are copiotrophs, resulting in the decrease pattern of this class, in line with our previous study (Rui et al., 2015). Moreover, alphaproteobacterial genera Mesorhizobium, Rhizobium, and Devosia declined with elevation, which are symbiotic rhizobia associated with legumes (Franche et al., 2009). Our previous study showed that legume biomass is higher at low elevation, resulting in higher symbiotic nitrogen fixation and a higher abundance of symbiotic rhizobia (Rui et al., 2022).

Soil moisture was another important factor driving prokaryotic elevation distribution, although its effect was smaller than temperature (Tables 1–3). The physiological state of microorganisms could be directly influenced by soil moisture (Prado and Airoldi, 1999), and indirectly affect them by altering vegetation and soil properties (McHugh et al., 2014; Chen et al., 2015). Excessive soil moisture may lead to an anaerobic environment unfavorable to aerobic microbes (Unger et al., 2009). Due to the influence of topography on rainfall in this study, the soil moisture got maximum at 3600 m during the growth season at the study location (Xu et al., 2010). Many soil properties were significantly correlated to moisture, such as TN, TOC, nitrite contents, and pH (p < 0.001). Our previous study showed that anaerobic free-living diazotrophs are most abundant at 3600 m, indicating the anaerobic microenvironment there (Rui et al., 2022). In this study, some type III taxa (hump-shaped) were anaerobic or facultatively anaerobic, such as Defluviicoccus, Hyphomicrobium, and Phaselicystis (Supplementary Figure S7). Nitrososphaera, known as common ammonia-oxidizing archaea (AOA) in soils (Tourna et al., 2011), was higher at mid-elevation. The positive correlation between Nitrososphaera and soil moisture/precipitation is identical to other studies (Gu et al., 2017; Yang et al., 2018). In contrast, type IV phylum Gemmatimonadetes was U-shaped. Gemmatimonadetes prefers low moisture (DeBruyn et al., 2011), and is abundant in dry soils (Singh et al., 2014). Moisture also indirectly affected microbial taxa through soil pH. For example, Candidatus Solibacter, a member of Acidobacteria subdivision 3, was hump-shaped and displayed highest at 3600 m because low pH was preferred (Halamka et al., 2022). The U-shaped Aridibacter and Blastocatella are members of Acidobacteria subdivision 4, which prefers high pH, common in arid soils and crusts (Foesel et al., 2013).

Soil pH is often recognized as the critical driver of microbial elevational distribution in the literature (Bryant et al., 2008; Looby and Martin, 2020). However, it is not the case in this work. The importance of soil pH depends on the range of soil pH. A very narrow range of pH perhaps lead to less importance of soil pH (Singh et al., 2014). Interestingly, substantial changes in soil pH are often observed in elevational gradients where soil pH is the key factor driving bacterial elevational distribution (Shen et al., 2013; Xu et al., 2014; Li et al., 2018). In our study, the range of soil pH was narrow (Supplementary Figure S1), resulting in less importance of soil pH.

In summary, soil temperature and moisture drove the elevational distribution of soil prokaryotic community. Copiotrophs and symbiotic diazotrophs declined with elevation, while oligotrophs and AOB increased, affected by temperature. Anaerobic or facultatively anaerobic bacteria and AOA were hump-shaped, mainly influenced by moisture.



Seasonal dynamics of prokaryotic diversity and community composition

In this study, we found obvious seasonal dynamics of soil prokaryotic community at each elevation, which were mainly affected by aboveground biomass, precipitation, and soil temperature. Plants primarily influenced the soil microbial community by adding litter and root exudates (Knelman et al., 2012). Root exudates may change during the plant growth cycle, and alter soil microbial community structures, especially in rhizospheres (Dunfield and Germida, 2003; Li et al., 2014). At the early stage of the growing season, aboveground biomass was much lower than in the mid and late stages, indicating available carbon input from plants might be also lower. In this study, relative abundances of Acidobacteria, Nitrospirae, and Deltaproteobacteria were relatively higher in June (Supplementary Figure S11). Acidobacteria is a keystone oligotroph in soils, abundant in bulk soils with low resource availability (Fierer et al., 2007). It plays an important role in the degradation of soil organic matter (Banerjee et al., 2016). Nitrospira, the dominant genus of Nitrospirae in our study, is able to oxidize ammonia to nitrite (Daims and Wagner, 2018), perhaps related to high ammonium and low nitrite contents in June (Supplementary Figure S1). Deltaproteobacteria were dominated by Syntrophobacteraceae, related to anaerobic degradation of organic substrates and sulfate reduction (Kuever et al., 2015). Interestingly, relative abundances of rhizobia, such as Bradyrhizobium, Mesorhizobium, and Rhizobium, were the lowest in June, owing to the low biomass of legumes. Thus, symbiotic nitrogen fixation might be less important in June, and the high ammonium content could be from other pathways, such as free-living nitrogen fixation (Rui et al., 2022). It is necessary to investigate the seasonal dynamics of the diazotrophic community and measure the nitrogen fixation rate here in the future.

Actinobacteria plays important roles in carbon cycling, especially in the solubilization of fungal and plant cell walls (Lacombe-Harvey et al., 2018). The relative abundance of Actinobacteria was the lowest in June due to the lowest aboveground biomass. When aboveground biomass increased with lower precipitation in July, Actinobacteria increased dramatically and reached the highest level (Supplementary Figure S11). The relative abundance of Actinobacteria was negatively correlated to precipitation in soils during July and September (p < 0.001), indicating precipitation became the main factor for Actinobacteria, in line with another study (Yao et al., 2017). Seasonal dynamics of Actinobacteria in grassland soils were also observed in another study, caused by seasonal variation of rainfall (Jenkins et al., 2009). In our study, several actinobacterial genera such as Arthrobacter were positively correlated to aboveground biomass, which prefer soils receiving organic inputs (Jenkins et al., 2009). Compared to other phyla, the relative abundance of Actinobacteria changed dramatically during the growing season. Thus, Actinobacteria was the keystone indicator of seasonal dynamics of the soil prokaryotic community in the alpine meadow.

Our study showed that several important phyla changed almost linearly during the growing season. Community structures were more similar between the same months in different years than those between different stages (Figure 2). The seasonal dynamics indicated that the soil prokaryotic community was sensitive to short-term climate change, such as monthly variation of precipitation. Thus, seasonal variation should be paid attention to the time of soil sampling for bacterial community sequencing.



Community assembly processes of abundant, intermediate, and rare species

We found that dispersal limitation was the main assembly process for the prokaryotic community in alpine grassland soils, in accordance with the transect study across the Qinghai-Tibetan Plateau (Kang et al., 2022). Two reasons could explain it. First, soil microbes produce dormancy to deal with stressors such as low temperature, and microbial dormancy serves as a seed bank that may weaken the selection effects of community assembly, but increase the relative importance of stochastic processes (Nemergut et al., 2013). Second, soil freezing is a physical barrier that can limit the movement of microbes (Steven et al., 2008), increasing dispersal limitation (Kang et al., 2022). Permafrost and seasonally frozen zones cover 96% of the areas on the Qinghai-Tibetan Plateau (Zou et al., 2017). Therefore, it is not surprising that dispersal limitation is the primary process for the prokaryotic community in alpine grassland soils (Kang et al., 2022).

Different ecological processes were dominant in different subcommunities. First, the relative importance of dispersal limitation was the highest in rare subcommunities. We suspect that the reason is that species with higher abundance may have a greater probability of dispersal than rare species (Nemergut et al., 2011; Zhou and Ning, 2017). In this study, abundant species were found in most samples, while rare species were in only 10 samples on average. Second, the relative importance of drift was the highest in intermediate subcommunities. Drift refers to random changes due to birth, death, and reproduction (Zhou and Ning, 2017). A large fraction of a rare biosphere consists of nongrowing cells, such as dormancy cells and spores (Pedrós-Alió, 2012). Therefore, drift was seldom observed in rare subcommunities in our study. Third, heterogeneous selection was more important to abundant subcommunities, while the homogeneous selection was more important to intermediate subcommunities. Heterogeneous selection (i.e., variable selection) refers to the heterogeneous changes of communities in selective pressure from environmental heterogeneous, while homogeneous selection refers to the homogeneous changes in a consistent selective pressure if environmental conditions are homogeneous (Dini-Andreote et al., 2015; Stegen et al., 2015). The environmental conditions were relatively homogeneous at the same elevation and at the same time, causing strong homogeneous selection. Abundant species usually grow fast and contribute more to nutrient cycling and carbon flow (Pedrós-Alió, 2012). Thus, the response of abundant species to selective pressure might be more active than immediate and rare species.

A transect research reported that precipitation can balance deterministic and stochastic processes in grassland soils (Yang et al., 2022). We found that water conditions might be the key factor affecting the balance between deterministic and stochastic processes in abundant subcommunities. Actinobacteria played an important role here (Supplementary Table S4). From wetter June to drier July, the relative abundance of Actinobacteria increased dramatically. As a result, communities at the same elevation became similar (Supplementary Figure S4), in line with the definition of homogeneous selection. Therefore, water conditions might be the critical factor influencing community assembly.




Conclusion

In conclusion, soil prokaryotic diversity and community composition significantly shifted along the elevational gradient, mainly driven by soil temperature, followed by soil moisture. Elevational patterns of community composition were diverse, including increase, decrease, hump-shaped, U-shaped, and no trend. Moreover, seasonal patterns of prokaryotic community composition were also diverse and driven mainly by aboveground biomass, precipitation, and temperature. Actinobacteria was the keystone indicator of seasonal dynamics, more abundant in drier July. Dispersal limitation consistently dominated the assembly process of soil prokaryotic communities along both elevational and seasonal gradients. The deterministic process of abundant species was relatively higher at drier sites and in drier July. Our findings suggest that rapid changes in growing season climate can alter the patterns of soil prokaryotic biodiversity along both elevational and seasonal environmental gradients, especially carbon/nitrogen cycling microorganisms. This work highlights that temperature, water conditions, and plant productivity are critical factors driving soil prokaryotic community along elevations during the growing season, and provides new insights into the response of soil prokaryotic community to changes in elevation and season, and helps us understand the temporal and spatial fluctuations of the climate-sensitive Qinghai-Tibetan Plateau.
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A “grazing ban” policy has been implemented in some pastoral areas in China to fence degraded grasslands for restoration. However, fencing increased grazing pressures in unmanaged grasslands. Based on the mechanism of negative edge effect, we investigated whether overgrazing on unmanaged grassland interfered with the restoration of adjacent grazing-banned grassland by affecting soil properties and microbial community using a sample in Hulun Buir of Inner Mongolia, in order to optimize the “grazing ban” policy. Plant and soil were sampled in areas 30 m away from the fence in unmanaged grassland (UM) and in areas 30 m (adjacent to UM) and 30–60 m (not adjacent to UM) away from the fence in the grazing-banned grassland (F-30 m and F-60 m). The species richness and diversity of plant communities and the ASV number of fungal communities significantly decreased in F-30 m and UM, and the Simpson index of the bacterial community significantly decreased in F-30 m compared with F-60 m. The abundance of fungi involved in soil organic matter decomposition significantly decreased and the abundance of stress-resistant bacteria significantly increased, while the abundance of bacteria involved in litter decomposition significantly decreased in UM and F-30 m compared with F-60 m. The simplification of plant communities decreased in soil water and total organic carbon contents can explain the variations of soil microbial communities in both UM and F-30 m compared with F-60 m. The results of PLS-PM show that changes in plant community and soil microbial function guilds in UM may affect those in F-30 m by changing soil water and total organic carbon contents. These results indicate that overgrazing on unmanaged grassland interfered with the restoration of adjacent grazing-banned grassland by affecting soil properties and microbial community. The grazing-banned grasslands should be adjusted periodically in order to avoid negative edge effects.
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1 Introduction

Grassland is an ecosystem where humans and nature coexist and interact (Wang et al., 2018; Sun et al., 2022). Grasslands provide grazing resources for humans, and moderate grazing promotes decomposition and regulates the structure of plant communities, maintaining the dynamic balance of grasslands (Xun et al., 2018). However, the ongoing impact of overgrazing and global climate change has resulted in grassland degradation, which has become a major factor threatening the stability of the global terrestrial ecosystem (Boval and Dixon, 2012; Gibbs and Salmon, 2015; Liu et al., 2019; Lyu et al., 2020; Bardgett et al., 2021; Török et al., 2021). To curb grassland degradation, a series of restoration policies have been implemented in some pastoral areas of China (Kolås, 2014; Sun et al., 2020). “Grazing ban” is one such policy to fence some grasslands from grazing. The implementation of the policy significantly improved the plant diversity, total organic carbon, soil water content, and total nitrogen in the grazing-banned areas (Pei et al., 2008; Cheng et al., 2016; Wang et al., 2016; Xiong et al., 2016; Li et al., 2017). However, fencing increased grazing pressure in the unmanaged areas which are usually adjacent to the grazing-banned areas (Sun et al., 2020). In some long-term fenced grasslands, the areas adjacent to unmanaged grasslands have degraded. Therefore, it is necessary to understand whether the overgrazing on unmanaged grasslands interfered with the restoration of grazing-banned grasslands.

Fencing formed a clear boundary between unmanaged and grazing-banned grasslands. Edge effect refers to the changes in community structure and ecological processes caused by ecological factors or system-attributed changes at the edge zone of two adjacent ecosystems (Fonseca and Joner, 2007; Eldegard et al., 2015). In anthropogenic interference-induced edge zones, the biological community structures within the edge zones changed rapidly and had weak anti-interference abilities (Kark, 2013; Smith and Goetz, 2021). Light, energy utilization rate, soil temperature, and soil physicochemical properties in such areas changed with the changes in the biological community (Schmidt et al., 2017; Koelemeijer et al., 2023). Thus, edge effects induced by anthropogenic interference have been confirmed to negatively influence species diversity, community dynamics, and ecosystem functions (Guerra et al., 2017; Krishnadas et al., 2018; Fischer et al., 2021; Blanchard et al., 2023; Lapola et al., 2023).

It is well known that the anthropogenic interference-induced edge effect is caused by disrupting the interaction between soil microbial and plant communities in the edge zone (Pennanen, 2001; Ettema and Wardle, 2002; Malmivaara-Lämsä et al., 2008). The interaction between plants and soil microorganisms is important for maintaining the stability and productivity of ecosystems (van der Heijden et al., 2008; Bardgett and van der Putten, 2014). Plants serve as specific hosts for soil microorganisms (Zhang et al., 2018), influence the microbial community structure through root exudates (Meier et al., 2017; Canarini et al., 2019), and provide energy and nutrients for microbial metabolism (van der Heijden et al., 2008; Luo et al., 2022). Soil microorganisms regulate nutrient cycling between plants and soil, aiding the formation of soil structures that are conducive to plant growth (Bissett and Burke, 2007; Coban et al., 2022; Hartmann and Six, 2023; Li et al., 2023). The soil microbial community structure and function in the edge zone change with the changes in soil properties and plant community, and these changes influence litter decomposition rates and nutrient cycling in the edge zone (Pennanen, 2001). Changes in nutrient and water supply may in turn affect the structure and diversity of plant communities in adjacent areas, ultimately leading to vegetation degradation in these areas (Ettema and Wardle, 2002). For example, forest fragmentation-induced edge effect changed soil microbial communities by affecting the soil properties in the forest edge zone (Malmivaara-Lämsä et al., 2008). Based on the mechanism of edge effect induced by anthropogenic interference, overgrazing on unmanaged grassland may deteriorate the interaction between soil microbial and plant communities in adjacent grazing-banned grassland, reducing the restoration effectiveness in grazing-banned grassland. Therefore, it is necessary to understand whether such a negative edge effect exists in order to optimize the “grazing ban” policy.

The Inner Mongolia grassland is one of the pastoral areas in China where the “grazing ban” policy is implemented (Hao et al., 2014; Kolås, 2014; Gao et al., 2022). Grasslands designated by the local government as under “restoration” cover approximately 70% of the total grassland. Of the total area under “restoration”, pastures fenced under “grazing ban” cover approximately 20%, and pastures subjected to unspecified restoration measures cover approximately 20% (Kolås, 2014). Due to the reduction in grazing grasslands, herders overgrazed on the unmanaged grasslands, resulting in severe degradation of these areas. Many such unmanaged areas are adjacent to grazing-banned areas. Based on the known mechanisms of edge effect induced by anthropogenic interference described above, this study aims to investigate whether overgrazing on unmanaged grasslands interfered with the restoration of adjacent grazing-banned grassland by affecting soil properties and microbial communities. We predicted that (1) in grazing-banned grassland, the composition and the interaction of soil microbial and plant communities of the area adjacent to unmanaged grassland were similar to those of the unmanaged grassland but different from those of the area not adjacent to the unmanaged grassland; and (2) the changes of plant and soil microbial communities in the unmanaged grassland may change those in adjacent grazing-banned grassland by changing soil properties.



2 Materials and methods


2.1 Study site

The study site was located in the Xin Barag Right Banner of Hulun Buir, in the Inner Mongolia Autonomous Region (47°36′00″N ~ 49°50′0″N and 115°31′00″E ~ 117°43′00″E), and is an example of a typical temperate grassland. The average annual precipitation is 243.9 mm, with the majority of rainfall occurring during the summer months. The average annual temperature is 1.6°C. The primary soil type is Calcic Luvisols (FAO, 1988), and the dominant plant species include Leymus chinensis, Stipa capillata, Poa annua, and Caragana stenophylla, among others.



2.2 Experimental design

The grazing-banned grassland selected in this study was fenced in 2008 and is adjacent to an unmanaged grassland (Figure 1A). Three belt transects spaced 1 km apart were set up perpendicular to the fence. According to the observation that degradation area in the grazing-banned grassland is approximately 30 m away from the fence, we defined 30 m as a distance unit from the fence (Figure 1A). In each belt transect, three 5 m × 5 m plots, spaced 5 m apart, were set up 30 m away from the fence in unmanaged grassland (hereafter UM) and the areas 30 m (adjacent to the unmanaged grassland) and 30–60 m (not adjacent to the unmanaged grassland) away from the fence in grazing-banned grassland (hereafter F-30 m and F-60 m), respectively. The sampling diagram is shown in Figure 1B. Within each plot, the plant community was surveyed, and the soil was sampled. To test our two predictions, we compared the composition of the plant and soil microbial communities, soil microbial functions, and soil physicochemical properties in the three types of sampling grasslands, and then we analyzed the relationships between plant community, soil physicochemical properties, and soil microbial community in UM and F-30 m, respectively; finally, we estimated the direct and indirect effects of plant community, soil property, and soil microbial community in UM on those in F-30 m.

[image: Comparison of images labeled A and B. Image A shows a contrast between grazing banned grassland and unmanaged grassland separated by a fence. Image B is a schematic diagram displaying rectangular plots within two grassland types divided by a fence, indicating different management areas.]

FIGURE 1
 The sample site (A) and experimental design diagram (B).




2.3 Plant community survey and soil sampling

The plant community survey and soil sampling were conducted in July 2022. Plant species were identified, and the number of each species in each plot was counted. Five soil samples, 5 cm in diameter and 20 cm deep, were taken from the four corners and centers of each plot. Samples collected from the same plot were combined and passed through a 2 mm sieve before being divided into three parts for analysis. One portion was stored at 4°C for analysis of pH and soil water content (SWC). Another portion was air dried for analysis of soil element content, and the final portion was stored at −80°C for Illumina sequencing of soil microorganisms.



2.4 Analysis of soil physicochemical properties

The soil samples were immediately weighed after collection, before being placed in an oven for 24 h at 60°C and weighed again. The difference between the wet and dry soil weights was used to determine the soil water content (SWC). The soil pH values were measured in the soil suspension (soil:water = 1:2.5) using a pH meter (Sartorius PB-10, Gottingen, Germany). We measured the total organic carbon (TOC) and total nitrogen (TN) contents using a carbon-nitrogen analyzer (Vario Max CN, Elementar, Germany), total phosphorus (TP) content using ammonium molybdate spectrophotometry, and available potassium (AK) content using flame atomic absorption spectroscopy.



2.5 Soil microbial analysis

We extracted DNA from different samples using Omega Bio-Tek (Soil DNA Kit D5625, United States), amplified the V4 region of the bacterial 16S rRNA gene using 515F (5’-GTGYCAGCMGCGGTAA-3′) and 806R (5’-GACTACHVGGGTWTCTAAT-3′) primers, and then amplified the ITS2 region of fungi using ITS1FI2 (5’-GTGARTCATC GAATCTTTG-3′) and ITS2 (5’-TCCTCTTATTGC-3′) primers. PCR amplification was performed in a 25 μl reaction mixture containing 50 ng template DNA, 12.5 μL Phusion Hot start flex 2X Master Mix, and 2.5 μL forward and reverse primers, and ddH2O was used to adjust the volume to 25 μL. The PCR amplification conditions were as follows: initial denaturation at 98°C for 30 s, followed by 32 cycles consisting of denaturation at 98°C for 10 s, annealing at 54°C for 30 s, and extension at 72°C for 45 s. The bacteria and fungi were amplified 35 times and 32 times, respectively, followed by a final extension step at 72°C for 10 min. PCR products were purified and quantified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and Qubit (Invitrogen, United States), respectively. Amplicon library was prepared, and its size and quantity were assessed using an Agilent 2,100 Bioanalyzer (Agilent, United States) and the Library Quantification Kit for Illumina (Kappa Biosciences, Woburn, MA, United States). Finally, we used the NovaSeq PE250 platform to sequence the library.



2.6 Bioinformatics analysis on microbial community

We separated the sample data based on barcode information, removed joints and barcode sequences, and then concatenated and filtered the data. The Differential Amplicon Denoising Algorithm 2 (DADA2) was used for length filtering and denoising, and single base precision biological sequences were obtained and renamed as amplified subsequence variants (ASVs), and singleton ASVs were removed. The feature sequences of each ASV were obtained through taxonomic annotation. Based on the obtained ASV feature sequence and ASV abundance table, the Shannon and Simpson indices of bacteria and fungi in each sample were calculated, and the dominant phyla were determined (relative abundance >1%). The prediction of the functional guilds of bacteria and fungi was performed in FAPROTAX and FUNGuild, respectively.



2.7 Calculation

We defined the number of plant species in each sample plot as plant species richness and measured plant species diversity using the Shannon−Weiner index (Spellerberg and Fedor, 2003). Based on the Z-score of the average abundance of each plant species, a cluster analysis was carried out on the composition of plant species. The microbial community alpha diversity was indicated by the Shannon−Weiner and Simpson indices (Wang et al., 2020). Based on the Bray−Curtis distance, we performed clustering analyses on the composition of microorganisms at the phylum and genus levels. We calculated the abundance of dominant phyla and functional guilds of bacteria and fungi.



2.8 Statistical analysis

One-way ANOVA and Tukey’s HSD multiple comparison tests were used to determine the significance of differences in the soil physicochemical properties and the alpha diversity index of plant communities among different types of grassland. The Kruskal–Wallis test and Steel–Dwass multiple comparison tests were used to determine the significance of differences in the alpha diversity index of microbial community and abundance of dominant phyla and functional guilds of soil microbial community among different types of grassland. Redundant analysis (RDA) was used to identify the effects of plant community composition and soil physicochemical properties on the soil microbial community composition in UM and F-30 m, respectively, taking F-60 m as a reference group. Pearson correlation was used to analyze the relationship between plant community composition, soil physicochemical properties, and the relative abundance of functional guilds of microorganisms in UM and F-30 m, respectively. Finally, we used partial least squares path modeling (PLS-PM) to estimate the influence paths among plant communities, soil properties, and soil microbial communities in UM and F-30 m. The PLS-PM (“plspm” package in R) used PLS regression to estimate the direction and strength of linear correlations between multiple variables. GoF > 0.5 is used as the indicator to determine the fitness of a path model. One-way ANOVA and Kruskal–Wallis tests were completed in SPSS 20.0, while RDA analysis, Pearson correlation, and PLS-PM were conducted in R4.2.2.




3 Results


3.1 Plant and soil microbial community composition and soil physicochemical properties

Plant species richness and Shannon–Weiner index were significantly lower in F-30 m and UM than in F-60 m (one-way ANOVA and Tukey’s HSD test, p < 0.05; Figures 2A,B). Leymus chinensis, Caragana stenophylla, Poa annua, and Cleistogenes squarrosa are the dominant species in three types of grassland (Figure 2C). According to the results of cluster analysis, there were more Gramineae plants in F-60 m than in F-30 m and UM (Figure 2C). The Simpson index of bacterial community in F-30 m significantly decreased (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 3C). The numbers of ASVs of fungal communities in UM and F-30 m significantly decreased (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 3D). The Shannon–Weiner index of fungal community significantly decreased in UM (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 3E). The bacteria genus, fungal genus, and phylum in F-30 m are similar to UM and different from F-60 m (Figures 4A,C,D), while the bacteria phylum in F-30 m is similar to F-60 m and different from UM (Figure 4B). There was no significant difference in the numbers of ASVs and Shannon–Weiner index of bacterial community and Simpson index of fungal community among different types of grassland (Figures 3A,B,F, Kruskal–Wallis, p > 0.05). The abundances of Verrucomirobiota and Methlomirabiota significantly increased, but the abundance of Proteobacteria significantly decreased in UM and F-30 m (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 5A). The abundances of Chloroflexi and Bacteroidota significantly increased and decreased in UM, respectively (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 5A). The abundances of Ascomycetes and Fungi_unclassified in UM and F-30 m significantly decreased and increased, respectively (Kruskal–Wallis and Steel–Dwass test, p < 0.05, Figure 5B). The abundance of Basidiomycota significantly increased in UM (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 5B). The TOC content and SWC in UM and F-30 m significantly decreased. The TN content significantly decreased in F-30 m. The TP content significantly increased in UM (one-way ANOVA and Tukey’s HSD test, p < 0.05, Table 1).

[image: Boxplots and heatmap illustrating plant data. Panel A shows plant species richness with F-60m having the highest median, followed by F-30m, and UM. Panel B displays the Shannon-Weiner index, with F-60m also highest. Panel C is a heatmap of plant species abundance with a Z-score gradient from red to blue, categorizing F-60m, F-30m, and UM. Significant differences are marked with asterisks.]

FIGURE 2
 Plant species richness (A), Shannon–Weiner Index (B), and cluster analysis (C) of unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m). ** and * mean one-way ANOVA and Tukey’s HSD test, p < 0.01 and p < 0.05. Z-score is the average abundance of each plant species.


[image: Box plots showing diversity indices comparing bacterial and fungal ASVs across groups F-60m, F-30m, and UM. Plots A to C display bacterial observed ASVs, Shannon-Weiner index, and Simpson index. Plots D to F display fungal observed ASVs, Shannon-Weiner index, and Simpson index. The red, green, and blue boxes represent F-60m, F-30m, and UM groups, respectively. Asterisks indicate significant differences.]

FIGURE 3
 The alpha diversity of bacteria and fungi in unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m). * means Kruskal–Wallis and Steel–Dwass tests p < 0.05. (A) bacterial ASV number; (B) bacterial Shannon–Weiner index; (C) bacterial Simpson index; (D) fungal ASV number; (E) fungal Shannon–Weiner index; (F) fungal Simpson index.


[image: Grouped bar charts (A, B, C, D) showing microbial community composition across different samples (F-30m, UM, F-60m). Each chart visualizes relative abundance of various taxa with a Bray-Curtis distance dendrogram on the left for clustering. Different taxa are color-coded in the legends beside each chart.]

FIGURE 4
 Cluster analyses based on Bray–Curtis distance for dominant bacterial genera (A), fungal genera (B), bacterial phyla (C), and fungal phyla (D) in unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m).


[image: Bar charts showing relative abundance percentages of microbial groups in two panels (A and B) for three groups: F-60m (red), F-30m (green), and UM (blue). Panel A highlights Actinobacteriota and Proteobacteria as most abundant. Panel B shows Ascomycota and Basidiomycota as dominant. Error bars indicate variability.]

FIGURE 5
 The relative abundance of bacterial dominant phyla (A) and fungal dominant phyla (B) in unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m). The relative abundance of dominant phyla is mean ± standard deviation. The lowercase letters (a, b) on the bar chart indicate significant differences between different grasslands (Kruskal–Wallis and Steel–Dwass tests, p < 0.05).




TABLE 1 Soil physicochemical properties in the unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m).
[image: Table comparing soil properties among three grassland types: F-60 m, F-30 m, and UM. Parameters include soil water content (SWC), total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), pH, and available potassium (AK). Values are presented as mean ± standard deviation. Significant differences between grasslands are noted with different letters (a, b) based on one-way ANOVA and Tukey's HSD test (p < 0.05).]



3.2 Soil microbial functional guilds

Among the bacterial functional guilds, the abundance of chemoheterotrophy and aerobic chemoheterotrophy in UM was significantly lower than in F-60 m (Kruskal–Wallis and Steel–Dwass tests, p < 0.05; Figure 6A). Among the fungal functional guilds, the abundance of undefined saprotroph in F-30 m and UM was significantly lower than in F-60 m (Kruskal–Wallis and Steel–Dwass tests, p < 0.05), while the abundance of dung saprotroph was significantly higher in F-30 m and UM than in F-60 m (Kruskal–Wallis and Steel–Dwass tests, p < 0.05). The abundance of fungal parasites in F-60 m was significantly higher than in UM (Kruskal–Wallis and Steel–Dwass tests, p < 0.05, Figure 6B).

[image: Bar charts depicting relative abundance percentages of two groups. Chart A shows various ecological processes like aerobic chemoheterotrophy and nitrate reduction among groups F-60m, F-30m, and UM. Chart B displays symbiotrophic, pathotrophic, and saprotrophic categories, highlighting differences in groups. Both charts use red, green, and blue bars to differentiate group data.]

FIGURE 6
 The relative abundance of bacterial functional guilds (A) and fungal functional guilds (B) in unmanaged grassland (UM) and the areas 30 m and 30–60 m away from the fence in grazing-banned grassland (F-30 m and F-60 m). The relative abundance of functional guilds is mean ± standard deviation. The lowercase letters (a, b) on the bar chart indicate significant differences between different grasslands (Kruskal–Wallis and Steel–Dwass tests, p < 0.05).




3.3 Effects of plant community and soil properties on soil microbial community

Plant species richness, plant Shannon–Weiner index, SWC, and the abundance of L. chinensis, P. annua, and C. squarrosa were the main factors affecting the bacterial community composition in UM compared with F-60 m, which explained 53.87% of the variation in the composition of the bacterial communities (Figure 7A). Plant Shannon–Weiner index, SWC, TN, and the abundance of P. annua were the main factors affecting the bacterial community composition in F-30 m compared with F-60 m, which explained 40.98% of the variation in the composition of the bacterial communities (Figure 7B). Plant Shannon–Weiner index, SWC, TOC, TN, and the abundance of P. annua and C. squarrosa were the main factors affecting the fungal community composition in UM compared with F-60 m, which explained 42.54% of the variation in the composition of the fungal communities (Figure 7C). Plant Shannon–Weiner index, TOC, TN, and the abundance of P. annua and C. squarrosa were the main factors affecting the fungal community composition in F-30 m compared with F-60 m, which explained 34.77% of the variation in the composition of the fungal communities (Figure 7D).

[image: Four redundancy analysis (RDA) plots (A, B, C, D) illustrate relationships between microbial and environmental data. Each plot features axes labeled RDA1 and RDA2 with variance percentages. Arrows represent variables like microbial groups (e.g., Actinobacteria, Acidobacteriota) and environmental factors (e.g., plant species richness, TOC). Data points indicate sample groups with distinct markers and colors for F-60 m, UM, and F-30 m. Each plot highlights variations in associations between microbes and environmental variables, with different orientations of vectors and points.]

FIGURE 7
 Redundancy analysis on the effect of plant diversity, plant dominant species abundance, and soil properties on soil bacterial communities in UM (A) and F-30 m (B) and soil fungal communities in UM (C) and F-30 m (D) compared with F-60 m.




3.4 Effects of plant community and soil properties on soil microbial functional guilds

In UM and F-60 m, plant species richness, plant Shannon–Weiner index, SWC, and TOC positively correlated with the abundance of chemoheterotroph and aerobic chemoheterotroph bacteria (p < 0.05, Figure 8A). Three plant species positively or negatively correlated with the abundance of different bacteria functional guilds (p < 0.05, Figure 8A). SWC positively correlated with the abundance of parasite fungi (p < 0.05, Figure 8C). Two plant species positively or negatively correlated with the abundance of different fungal functional guilds (p < 0.05, Figure 8C). In F-30 m and F-60 m, plant Shannon–Weiner index and SWC positively correlated with the abundance of chemoheterotroph and aerobic chemoheterotroph bacteria (p < 0.05, Figure 8B). TOC positively and negatively correlated with the abundance of undefined saprotroph fungi and dung saprotroph fungi, respectively (p < 0.05, Figure 8D); SWC positively correlated with the abundance of parasite fungi (p < 0.05, Figure 8D). Three plant species positively or negatively correlated with the abundance of different fungal functional guilds (p < 0.05, Figure 8D).

[image: Four panels labeled A, B, C, and D display circular correlation matrices. Each panel shows different biological functions and plant species richness indicators on the vertical axis, with plant and soil variables on the horizontal axis. Colored circles indicate correlation strength and direction, with a gradient bar from negative correlation (orange) to positive correlation (green). Each circle size signifies correlation magnitude. Panels exhibit variations in functions such as chemoheterotrophy, nitrate reduction, saprotroph categorizations, and mycorrhizal associations.]

FIGURE 8
 The Pearson correlation between the bacterial and fungal functional guilds and plant diversity, relative abundance of dominant plants, and soil physicochemical properties [(A) bacterial guilds in UM and F-60 m samples; (B) bacterial guilds in F-30 m and F-60 m samples; (C) fungal guilds in UM and F-60 m samples; (D) fungal guilds in F-30 m and F-60 m samples]. SWC, soil water content; TOC, total organic carbon; TN, total nitrogen; and TP, total phosphorus. * p < 0.05, ** p < 0.01, and *** p < 0.001.




3.5 Path model of the plant community, soil microbial community, and soil properties in UM and F-30 m

According to the results in 3.4, we selected factors that significantly affect soil microbial function guilds to construct three variables, including plant diversity (plant species richness and Shannon–Weiner index), dominant species abundance (Leymus chinensis, Caragana stenophyll, Poa annua, and Cleistogenes squarrosa), and soil properties (SWC and TOC). The PLS-PM estimation was performed between these three variables and soil microbial functions. The path model with GoF = 0.56 is shown in Figure 9. Plant diversity in UM had a positive effect on the bacterial function in UM, while the abundance of dominant species in UM had a negative effect on the fungal function in UM. The bacterial and fungal functions in UM had positive effects on soil properties in UM. The soil properties in UM had a direct positive effect on the soil properties of F-30 m. The soil properties in F-30 m had positive effects on bacterial and fungal functions in F-30 m. Bacterial function in F-30 m had positive effects on plant diversity and dominant species abundance in F-30 m. Fungal function in F-30 m had a positive effect on the abundance of dominant species in F-30 m.

[image: Path diagram comparing two models, UM and F-30m, separated by a fence. Both models show relationships between plant diversity, dominant species, bacterial function, fungal function, and soil properties. Arrows indicate the direction and strength of relationships, with R² values provided. UM model shows stronger overall soil properties prediction (R² = 0.96) compared to F-30m (R² = 0.57). GoF for the entire diagram is 0.56. Both diagrams include various path coefficients indicating statistical significance.]

FIGURE 9
 The partial least squares path model (PLS-PM) of the plant diversity, the abundance of dominant species, soil microbial function, and soil properties in UM and F-30 m. The orange and blue arrows indicate positive and negative effects (p < 0.05), respectively. The dashed line represents a non-significant (p > 0.05) relationship. Plant diversity includes plant species richness and Shannon–Weiner index; dominant species include Leymus chinensis, Caragana stenophyll, Poa annua, and Cleistogenes squarrosa; Soil properties include SWC (soil water content) and TOC (total organic carbon).* means p < 0.05.





4 Discussion

Numerous studies have demonstrated that long-term repeated grazing can reduce plant diversity and vegetation productivity (Eldridge and Delgado-Baquerizo, 2017; Xun et al., 2018). The results showed that UM had significantly lower plant richness and diversity, indicating the degradation of unmanaged areas. The results of the plant Shannon index and species cluster analysis showed that the plant community in F-30 m was similar to that in UM and different from that in F-60 m (Figure 2), indicating that the area adjacent to UM in the grazing-banned grassland exhibited similar degradation to unmanaged grassland, although there was no grazing in this area. Plant community degradation can cause significant changes in microbial communities (Zhou et al., 2019; Wang et al., 2022). The results of fungi ASVs, Shannon index, and cluster analysis showed that the fungi community in F-30 m was also similar to UM and different from F-60 m. The bacterial community at the genus level in the F-30 m was similar to UM. The abundance of stress-resistant microorganisms significantly increased in UM and F-30 m areas, such as Verrucomirobiota and Methylomirabilota, appearing in drought and hypoxic environments (Chowdhury et al., 2019; Zhu et al., 2022). The abundance of bacteria phylum Proteobacteria involved in litter decomposition and fungal phylum Ascomycota involved in degrading lignin and cellulose (Fierer et al., 2007; Wang et al., 2020; Zheng et al., 2021) significantly decreased in UM and F-30 m areas. These results support our first prediction that the structures of plant and soil microbial communities in the areas adjacent to unmanaged grassland in grazing-banned grassland are similar to those in unmanaged grassland but different from those in the areas not adjacent to unmanaged grassland.

The bacterial functional guild analysis reveals that the levels of chemoheterotroph and aerobic chemoheterotroph, which are involved in the transformation of organic matter into soil (Lian et al., 2021; Zheng et al., 2023), are significantly lower in UM and F-30 m than in F-60 m. Thus, the decomposition of soil organic matter in the unmanaged grassland and the edge area in the grazing-banned grassland is weak, which is detrimental to the soil carbon cycling in these areas. The fungal parasite and saprophytic fungal guilds contributed to the majority of differences observed among the three types of grassland. The significant decrease in fungal parasites in UM and F-30 m is related to a decrease in plant diversity, which leads to a decrease in the host population (Maurice et al., 2021). There was a significant decrease in the abundance of undefined saprotrophs in UM and F-30 m. Saprophytic fungi play a crucial role in organic matter decomposition, facilitating the cycling of key soil nutrient elements, affecting species coexistence by altering soil nutrients, and maintaining stable vegetation productivity (Crowther et al., 2012; Chen et al., 2019; Liu et al., 2022). The bacterial and fungal functional guild analysis jointly suggest that soil nutrient cycling in F-30 m and UM may be inhibited.

Long-term overgrazing can reduce plant diversity, dominant species abundance, soil nutrients, and water content in grassland (Wu et al., 2014; Ji et al., 2022; Luo et al., 2022), which is reflected by the plant Shannon–Weiner index, SWC, TOC, and TN reduction in the UM grassland in our study. Human interference can negatively alter soil properties in edge areas, such as TOC, TN, and C/N (Malmivaara-Lämsä et al., 2008). Our results showed that the SWC, TOC, and TN in the F-30 m are similar to those in UM, which indicate that the soil properties in the grazing-banned area adjacent to unmanaged grassland degrade. Degradation in both plant community and soil properties can alter the soil bacterial and fungal composition (Parton et al., 1995; Manzoni et al., 2012; Steinauer et al., 2015; Zhou et al., 2019; Huang et al., 2021; Wang et al., 2021; Yu et al., 2021), especially reducing the microorganisms related to nutrient cycling (Pennanen, 2001; Malmivaara-Lämsä et al., 2008). Changes in plant diversity can alter the composition and function of soil microorganisms by affecting litter input (Steinauer et al., 2015). SWC can directly affect the transformation of soil nutrients and soil microbial metabolism, thereby affecting the composition and function of soil microbial communities (Parton et al., 1995; Manzoni et al., 2012). TOC can provide energy and carbon sources for soil microorganisms (Zhou et al., 2019; Wang et al., 2021). In our RDA and Pearson correlation results, compared with F-60 m, the plant Shannon–Weiner index and the abundance of Poa annua influence soil microbial composition and functional guilds in both UM and F-30 m, while the soil TOC and SWC influence the soil microbial functional guilds in both UM and F-30 m. The decrease in plant Shannon–Weiner index, Poa annua, TOC, and SWC in UM and F-30 m results in the decrease in chemoheterotroph and aerobic chemoheterotroph bacteria, saprotroph, and parasite fungi in UM and F-30 m, which may reduce nutrient cycling efficiency. These results indicate that the grazing-banned area adjacent to unmanaged grassland exhibits a degraded interaction between plant and microbial communities just like unmanaged grassland.

It has been known that plant community degradation can reduce the abundance of microorganisms related to nutrient cycling and degrade the soil properties of the adjacent area (Pennanen, 2001; Malmivaara-Lämsä et al., 2008). Changes in soil water and nutrient supply may in turn affect the structure and diversity of plant community and ultimately lead to the vegetation degradation of the adjacent area (Ettema and Wardle, 2002). Our PLS path model indicates that plant diversity or dominant species in UM can affect the soil water and organic carbon contents in UM by affecting the bacterial and fungal functional guilds, and the changes of soil properties in UM influence the soil properties in F-30 m. Subsequently, the changes in soil properties in F-30 m affect the bacterial and fungal functional guilds in F-30 m and then affect the plant diversity and dominant species in F-30 m. These results support our second prediction that the degradation of plant community, soil properties, and soil microbial community in unmanaged grassland interfere with soil microbial communities and, consequently, the plant restoration in the adjacent grazing-banned grassland. Such edge effects may gradually interfere with more areas in grazing-banned grassland.

In summary, our results showed that soil microbial composition, soil properties, and plant community composition in the grazing-banned grassland adjacent to unmanaged grassland are similar to those in degraded unmanaged grassland, indicating that the degradation of unmanaged grasslands can affect the restoration of the grazing-banned grasslands via negative edge effect. In our study area, the grazing-banned grassland has been fenced for 15 years. Long-term fencing increased grazing pressure in unmanaged grasslands, and degradation in these areas interfered with the restoration of fenced areas. Traditional nomadism in the Inner Mongolia grassland is distinguished by mobile grazing which helps prevent grassland degradation caused by long-term sedentary grazing on the same grassland (Yamamura et al., 2013). Thus, we suggest combining “grazing ban” with traditional nomadism to avoid excessive use of unmanaged grassland. The fence should be removed according to the vegetation restoration status. The study on the Tibetan plateau showed that degraded grassland can be restored after 4 to 8 years of fencing (Sun et al., 2020); thus, grazing-banned areas should be adjusted after such a period in order to avoid the negative edge effect.



5 Conclusion

The soil microbial and plant communities in the edge zone of grazing-banned grassland have been similar to those in adjacent unmanaged overgrazed grassland. The abundance of microorganisms was related to nutrient cycling reduced in both unmanaged and adjacent grazing-banned grasslands. The plant diversity, dominant plant species, soil organic carbon, and water content can explain the soil microbial community variation in both unmanaged and adjacent grazing-banned grasslands. Changes in soil water and organic carbon contents in unmanaged grassland affect these soil properties in adjacent grazing-banned grassland and subsequently affect soil microbial functions and plant community. Degradation in unmanaged grassland interferes with the restoration of grazing-banned grassland via negative edge effects.
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Excessive Cd accumulation in soil reduces the production of numerous plants, such as Sophora tonkinensis Gagnep., which is an important and widely cultivated medicinal plant whose roots and rhizomes are used in traditional Chinese medicine. Applying a mixture of biochar and organic fertilizers improved the overall health of the Cd-contaminated soil and increased the yield and quality of Sophora. However, the underlying mechanism between this mixed fertilization and the improvement of the yield and quality of Sophora remains uncovered. This study investigated the effect of biochar and organic fertilizer application (BO, biochar to organic fertilizer ratio of 1:2) on the growth of Sophora cultivated in Cd-contaminated soil. BO significantly reduced the total Cd content (TCd) in the Sophora rhizosphere soil and increased the soil water content, overall soil nutrient levels, and enzyme activities in the soil. Additionally, the α diversity of the soil bacterial community had been significantly improved after BO treatment. Soil pH, total Cd content, total carbon content, and dissolved organic carbon were the main reasons for the fluctuation of the bacterial dominant species. Further investigation demonstrated that the abundance of variable microorganisms, including Acidobacteria, Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi, Gemmatimonadetes, Patescibacteria, Armatimonadetes, Subgroups_ 6, Bacillus and Bacillus_ Acidiceler, was also significantly changed in Cd-contaminated soil. All these alterations could contribute to the reduction of the Cd content and, thus, the increase of the biomass and the content of the main secondary metabolites (matrine and oxymatrine) in Sophora. Our research demonstrated that the co-application of biochar and organic fertilizer has the potential to enhance soil health and increase the productivity and quality of plants by regulating the microorganisms in Cd-contaminated soil.
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 biochar and organic fertilizer, cadmium-contaminated soil, Sophora tonkinensis, bacterial community, yield and quality


1 Introduction

Cadmium (Cd) is a toxic heavy metal widely present at low concentrations in natural environments (Li et al., 2012; Ming et al., 2018). In recent decades, the contamination of agricultural soils with Cd has escalated due to various factors, such as mining and other industrial activities, phosphate fertilization, fossil fuel combustion, and so on (Todd et al., 2018; Wei and Yan, 2023). Even though Cd content in the soil is very low, continuous low levels of Cd exposure can also lead to excessive Cd accumulation in plants (Wei and Yan, 2023). Most importantly, this non-degradable heavy metal gets transmitted to humans along the food chain (Nagajyoti et al., 2010; Wu et al., 2019; Bai et al., 2023). Even at minimal levels of exposure, Cd can induce kidney and skeletal diseases, cardiac metabolic dysfunction, cancer, and mortality in humans (Menahem et al., 2018; Hui et al., 2019; Rachael et al., 2019). Additionally, excessive Cd accumulation in the soil can disrupt the metabolic processes of plants (Meghan et al., 2017; Zhu et al., 2020), such as protein synthesis (Lian et al., 2015; Sha et al., 2019), nitrogen and carbohydrate metabolism (Huang et al., 2020; Zhu et al., 2022; Cao et al., 2023), enzyme activation (Chmielowska and Deckert, 2012; Lian et al., 2018; AlHuqail et al., 2023), photosynthesis, and chlorophyll synthesis (Abeer et al., 2016; Raletsena et al., 2022; Tunçtürk et al., 2023), leading to abnormal plant growth and metabolism and ultimately mortality (Mohammadhossein et al., 2019; Li et al., 2023). Therefore, reducing Cd concentrations in agricultural soils is crucial for sustainable agriculture and human health.

Sophora tonkinensis Gagnep. is a leguminous shrub widely distributed in China, South Korea, and Vietnam and is well-known for its commercial and medicinal applications (Hao et al., 2019). In China, the desiccated roots and rhizomes of Sophora are commonly known as “Shan-Dou-Gen” and have been included in the Chinese Pharmacopoeia (Ying et al., 2020). Sophora has been used in traditional Chinese medicine (TCM) to treat various ailments, including tumors, abdominal pain, fever, throat inflammation, asthma, dermatitis, and gastrointestinal bleeding (Rui et al., 2020; Nan et al., 2021; Xia et al., 2022). However, the wild reserves of Sophora are currently at risk due to excessive harvesting driven by growing market demand and habitat deterioration in natural areas. Thus, artificial cultivation has emerged as the primary means of sourcing Sophora for medicinal purposes; however, it is still unable to meet market demand (Shaza et al., 2019). Moreover, Sophora fields are frequently contaminated with Cd, which reduces soil health and increases Cd accumulation in plants.

Biochar is an inexpensive and effective physical material for contaminated soil remediation. Biochar is a solid material produced through high-temperature biomass pyrolysis in an environment devoid of oxygen (Yang L. et al., 2020; Yang Y. W. et al., 2020). It has a high carbon content and is frequently employed for remediating soil contaminated with heavy metals due to its complementary functional groups, high specific surface area, and high cation exchange capacity (Tan et al., 2015; Li et al., 2017; Sheng et al., 2020; Yang L. et al., 2020; Yang Y. W. et al., 2020; Li et al., 2022). Biochar can also increase soil enzyme and bacterial activities (Muhammad et al., 2018; Effrey et al., 2019; Shen et al., 2019; Wan et al., 2023; Xiao et al., 2023). However, long-term single-use of biochar can also have drawbacks, such as reducing the effectiveness of plant nitrogen (Bo et al., 2023; Wang et al., 2023; Zhang C. et al., 2023; Zhang N. H. et al., 2023; Zhang X. et al., 2023; Zhang Z. et al., 2023; Zheng K. et al., 2023; Li et al., 2024). In practice, biochar is commonly used with supplemental nutrients, such as organic fertilizer, to enhance soil quality, mitigate heavy metal stress, and increase crop productivity (Muhammad et al., 2017; Saeed et al., 2021). Notably, this fertilization method is often accompanied by changes in the soil bacterial community (Wei et al., 2020; Liu et al., 2022; Wen et al., 2023). However, to date, the alterations and effects of the soil bacterial community in most soil remediation processes are still poorly understood.

In the present study, we investigate the effects of a mixture of biochar and organic fertilizer applications on Sophora rhizosphere soil quality, Sophora growth and Cd accumulation, and the Sophora rhizosphere bacterial community by conducting a field-controlled experiment. We analyzed the correlation between microbial species changes and soil physicochemical factors and between species and Sophora yield and quality. Our study will not only help to reduce Cd contamination on soil and plants but also have positive implications in explaining the mechanism of soil remediation.



2 Materials and methods


2.1 Study site

The experiment was conducted in a Sophora tonkinensis field in Jinchengjiang District, Hechi City, Guangxi Zhuang Autonomous Region, China (108°001 E, 24°427 N, altitude 207 m). The site is adjacent to a non-ferrous metal smeltery and was contaminated with Cd. The area has a subtropical monsoon climate, with an average sunshine of 1350.9 h, average precipitation of 3541.36 mm, and a soil pH of 5.52. The majority of rainfall occurs between May and August, while the average high and low temperatures are 26°C and 18°C, respectively.



2.2 Preparation of a biochar and organic fertilizer mixture

Biochar (carbonized rice straw) was purchased (Shanghai Puzhi Environmental Technology Co., Ltd., China). It was prepared by continuously carbonizing rice straw at a pyrolysis temperature of 400°C for 30 min. The biochar has a microporous specific surface area of 62.637 m2/g, a pore size of 5.012 nm, a pore capacity of 0.076 cm3/g, total nitrogen of 0.76%, total carbon of 22.64%, total hydrogen of 1.18%, total oxygen of 10.46%, and total sulfur of 0.25%. The organic fertilizer used in the experiment was chicken manure (purchased from Hebei Dewuoduo Fertilizer Co., Ltd., China). It has an organic matter content of 60%, total nitrogen content of 1.6%, a phosphorus pentoxide (P2O5) content of 4.5%, a potassium oxide (K2O) content of 3%, and a pH of 6.6. The soil amendment required for the experiment was prepared by thoroughly mixing biochar and organic fertilizer at a ratio of 1:2.



2.3 Experimental design and implementation

In the present study, the soil contaminated with the heavy metal Cd is referred to as the HM group; the fields cultivated with Sophora in the HM are referred to as the FS group; and a combination of biochar and organic fertilizer application at a ratio of 1:2 on the Sophora fields in the Cd-contaminated soil is referred to as the BO group. The experimental period lasted for 14 months. In the FS treatment, Sophora was sown in March 2021 on an area of approximately 0.02 ha, maintaining a planting density of 64,800 plants/ha, a row spacing of 45 cm, and a plant spacing of 40 cm; the harvesting was done in May 2022. The other field management measures, except for fertilization, were the same as the traditional farming methods in the area. The measures in the BO treatment were the same as those in the FS treatment. Besides, in BO, a mixture of biochar and organic fertilizer was applied as a base fertilizer before planting Sophora at a fertilization rate of 420 kg/ha; 147 kg/ha of the fertilizer was applied as topdressing in November 2021.



2.4 Soil and plant sampling

During the harvesting period in May 2022, a random sampling method was used to collect the soil samples from each sampling site. First, the topsoil at a depth of 0 ~ 5 cm was removed with a shovel. Then, the soil sample for the HM treatment was collected from the layer 5 ~ 20 cm below the soil surface. The whole Sophora plant was dug out of the soil in the FS and BO treatments without damaging the roots. The soil blocks loosely attached to the roots was shaked off and discarded, and then the soil tightly attached to the roots was collected using a brush. After drying, the soil was used to measure its physical and chemical properties. The Sophora plants were then placed in a bag and taken to the laboratory. The roots, stems, and leaves were separated, dried in an oven at a constant temperature, and crushed with a grinder to obtain a fine powder; this powder was then passed through a 0.15 mm sieve. The remaining soil from the roots of Sophora was also collected and divided into two parts; one was stored in a− 80°C freezer for measuring enzyme activity, and the other was stored in a− 80°C freezer for DNA extraction.



2.5 Analysis of soil physicochemical properties, plant properties, and Cd content

Soil pH was measured using a pH meter (Reze PHS-3E pH measuring instrument, China), and soil total carbon content was measured using an element analyzer (Elemental Vario EL Cube, Germany). Soil organic matter content was measured using a potassium dichromate volumetric method, soil alkaline nitrogen content was measured using an alkaline hydrolysis diffusion method, soil available potassium content was measured using an ammonium acetate extraction flame photometric method (Liu et al., 2021), soil Cd content was measured using an inductively coupled plasma mass spectrometry analyzer (Muhammad et al., 2018), and soil bulk density and water content were measured using a cutting ring method (Sun et al., 2022). Soil enzyme activity was measured using the method by İbrahim and Md (İbrahim et al., 2020; Md et al., 2020). The Cd content of plants was determined by inductively coupled plasma mass spectrometry, while matrine and oxymatrine content was measured by the HPLC method (Thang et al., 2022).



2.6 Analysis of soil bacterial diversity

Bacterial genomic DNA was extracted from the soil samples using the HiPure Soil DNA Kit (Magen, China), and the V3-V4 region was amplified by PCR using bacterial primers 341F (5′-CCTACGGGNGGCGWGCAG-3′) and 806R (5′-GACTACHVGGGTATCTAAT-3′). PCR was carried out in a 50-μL reaction volume using TransGen High-Fidelity PCR SuperMix (TransGen Biotech, China), forward and reverse primers (0.2 μmol/L), and template DNA (5 ng). The obtained amplicons were evaluated on 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, United States) according to the manufacturer’s instructions. Further, sequencing libraries were generated from these amplicons using the SMRTbell TM Template Prep Kit (PacBio, United States). Library quality was assessed with a Qubit 3.0 fluorometer (Thermo Fisher Scientific, United States) and a FEMTO pulse system (Agilent Technologies, United States). Finally, the libraries were sequenced on the PacBio Sequel platform. The raw reads were deposited in the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA1025955).

In addition, the raw reads were quality filtered by removing the reads containing more than 10% unknown nucleotides (N) and reads containing less than 50% bases with a mass (Q value) greater than 20 using FASTP (version 0.18.0) (Chen et al., 2018). The paired-end clean reads were merged as raw tags using FLASH (version 1.2.11) (Magoč and Salzberg, 2011) with a minimum overlap of 10 bp and a mismatch error rate of 2%. Quality filtering of the raw tags was performed under specific filtering conditions to obtain high-quality, clean tags. The filtering conditions were set as follows: (1) the raw tags from the first low-quality base site where the number of bases in the continuous low-quality value (the default quality threshold is ≤3) reached the set length (the default length is 3 bp) were broken; (2) then, the tags whose continuous high-quality base length was less than 75% of the tag length were filtered. The clean tags were clustered into operational taxonomic units (OTUs) with ≥97% similarity using the UPARSE pipeline (version 9.2.64) (Edgar, 2013). All chimeric tags were removed using the UCHIME algorithm (Edgar, 2013), and the obtained effective tags were used for further analysis. The tag sequence with the highest abundance was selected as the representative sequence within each cluster. Then, paired-end denoised reads were merged as raw ASVs (amplicon sequence variants) with a minimum overlap of 12 bp. Chimera sequences were identified and deleted using the UCHIME algorithm (Edgar, 2011). After chimera removal, the denoised, chimera-free ASV sequences and their abundances were output.



2.7 Statistical analysis

Excel 2019 and IBM SPSS Statistics 22 were used to analyze the experimental data, and Excel 2019 was used to plot the graphs. One-way analysis of variance (ANOVA), two-tailed Duncan’s test, and Tukey’s HSD test (p < 0.05) were used to evaluate the significant differences between treatment means. The Shannon, Simpson, and Pielou’s evenness indexes were calculated in QIIME (version 1.9.1) (Wang, 2007; Caporaso, 2010; Nilsson et al., 2018). The alpha-diversity indices of the different treatments were compared by performing Tukey’s HSD test in the R package Vegan (version 2.5.3) (Vegan, Community Ecology Package, 2010). Principal component analysis (PCA) was performed using the R package Vegan (Vegan, Community Ecology Package, 2010). Statistical analysis of the Adonis test (based on PERMANOVA) was calculated in the R package Vegan (Vegan, Community Ecology Package, 2010). Venn analysis was performed using the Venn diagram package in R (version 1.6.16). Species between groups were compared by multiple comparisons based on Tukey’s HSD in the R package Vegan (Vegan, Community Ecology Package, 2010). Biomarker features in each group were screened using LEfSe software (version 1.0) (Caporaso, 2010). Redundancy analysis (RDA) and the Envfit test were executed in the Vegan package (Vegan, Community Ecology Package, 2010) to clarify the influence of environmental factors on community composition. The Pearson correlation coefficient between environmental factors and species was calculated using the Psych package in R (version 1.8.4) (The Comprehensive R Archive Network, 2015). A network based on the Pearson correlation coefficient was generated using Omicsmart, a dynamic, real-time interactive online platform for data analysis.1




3 Results


3.1 Soil physicochemical properties

We first evaluated the physical and chemical characteristics of the soils after the application of the biochar and organic fertilizer mixture. Compared with FS, BO treatment resulted in a significant increase in pH, soil moisture content (SMC), total carbon content (TC), dissolved organic carbon content (DOC), organic matter content (OM), soil alkali-N content (AN), and available potassium content (AK) (17.42, 20.81, 183.88, 78.61, 75.04, 53.42, 150.77%, respectively; Figures 1A–G). Compared to FS, BO treatment also resulted in a significant increase in SMC, TC, DOC, OM, AN, and AK (17.54, 88.94, 71.44, 83.91, 46.79, and 73.17%, respectively, Figures 1B–G). In addition, BO treatment significantly reduced soil total Cd content (TCd, 56.37%) and soil bulk density (BD, 25.79%) (Figures 1H,I). The cultivation of Sophora plants also partially remediated soil Cd contamination. Compared to HM, the FS treatment decreased soil TCd by 16.42% and increased TC and AK by 50.25 and 44.81%, respectively (Figures 1H,I). All the differences observed in this experiment were statistically significant (p < 0.05; Figure 1).

[image: Bar charts (A-I) showing various soil properties across three treatments: HM (yellow), FS (blue), and BO (red). Each chart represents different metrics: (A) pH, (B) Soil Moisture Content (SMC), (C) Total Carbon (TC), (D) Dissolved Organic Carbon (DOC), (E) Organic Matter (OM), (F) Available Nitrogen (AN), (G) Available Potassium (AK), (H) Total Cadmium (TCd), and (I) Bulk Density (BD). The letters above the bars indicate statistical differences between treatments. Error bars represent standard deviation.]

FIGURE 1
 Soil physicochemical properties. (A) soil pH; (B) soil moisture content (SMC); (C) soil total carbon content (TC); (D) soil dissolved organic carbon content (DOC); (E) soil organic matter content (OM); (F) soil alkali-N content (AN); (G) soil available potassium (AK); (H) soil total cadmium content (TCd); (I) soil bulk density content BD. Data are presented as mean ± standard deviation, n = 6. Different lowercase letters indicate significant differences among treatments (ANOVA); differences were considered significant at p < 0.05.




3.2 Soil enzyme activity

To gain additional insight into the effects of biochar and organic fertilizer mixture applications on soil health, we assessed the soil enzyme activity. Compared with HM, BO treatment increased the activity of catalase, polyphenol oxidase, and β-glucosidase by 50.75, 68.11, and 233.94%, respectively (Table 1). Similarly, compared with FS, BO treatment increased catalase activity, polyphenol oxidase activity, and β-glucosidase activity by 41.24, 50.37, and 207.41%, respectively (Table 1). All the differences observed in this experiment were statistically significant (p < 0.05). However, there was no significant difference in cellulase activity among the three groups.



TABLE 1 Soil enzyme activity in Sophora fields under different treatments.
[image: Table comparing enzyme activities (catalase, polyphenol oxidase, β-glucosidase, cellulase) across treatments: HM, FS, BO. Values are means with standard deviations. Significant differences within columns are indicated by letters; p-values are provided for significance, with ns denoting non-significant.]



3.3 Growth parameters and Cd content of Sophora

Analysis of Sophora growth parameters revealed that the mixed application of biochar and organic fertilizer increased Sophora main root length, aboveground dry biomass, and dry root biomass by 49.02%, 34.23%, and 28.78%, respectively, but decreased plant desiccation rate by 8.86% (Table 2). All the differences observed in this experiment were statistically significant (p < 0.05; Table 2).



TABLE 2 Growth parameters and drying rate of Sophora under different treatments.
[image: Table comparing two treatments, FS and BO, across four metrics: Main root length (FS: 15.30±3.70 cm, BO: 22.80±4.70 cm), Aboveground dry biomass (FS: 10.15±1.66 g, BO: 13.47±2.52 g), Dry root biomass (FS: 6.05±1.50 g, BO: 7.79±0.95 g), and Plant drying rate (FS: 30.59±3.63%, BO: 27.88±4.49%). Statistical significance marked with * (p < 0.05) and ns for p ≥ 0.05, based on ANOVA, n = 6.]

The study also investigated the effect of mixed fertilization on the Cd accumulation in different parts of Sophora. Compared with FS, BO treatment decreased the Cd content in the roots, stems, and leaves by 32.35%, 27.97%, and 35.64%, respectively (p < 0.05; Table 3).



TABLE 3 Effect of biochar and organic fertilizer combination on the cadmium content in the roots, stems, and leaves of Sophora.
[image: Table showing cadmium content in micrograms per gram for different plant treatments. For treatment FS: root 568.75 ± 83.24*, stem 153.32 ± 45.2*, leaves 140.23 ± 35.05*. For treatment BO: root 384.79 ± 79.83, stem 110.44 ± 34.06, leaves 90.25 ± 18.76. Asterisk indicates significance at p < 0.05.]



3.4 Matrine and oxymatrine content of Sophora

We also determined the content of matrine and oxymatrine in Sophora. Compared with those of FS, the levels of matrine and oxymatrine in Sophora under BO treatment increased by 216.13% and 108.83%, respectively (p < 0.05; Figure 2).

[image: Bar graphs comparing the concentration of matrine and oxymatrine in two groups: FS and BO. Chart A shows higher matrine levels in BO than FS, marked with an asterisk for significance. Chart B shows significantly higher oxymatrine levels in BO than FS, marked with three asterisks. Error bars indicate variability.]

FIGURE 2
 Matrine and oxymatrine content of Sophora. Data are presented as mean ± standard deviation. (A) matrine content; (B) oxymatrine content. Different lowercase letters indicate significant differences between treatments (ANOVA) *p < 0.05; **p < 0.01; ***p < 0.001, n = 6.




3.5 Changes in α-diversity of soil bacteria under different treatments

The study investigated the α-diversity of soil bacteria in Cd-contaminated soil after BO treatment. We analyzed the Shannon, Simpson, and Pielou indices to evaluate the diversity of the bacterial community. The results indicated that the Shannon index and Pielou index of soil bacteria in the BO group were significantly higher (p < 0.05; 3.08 and 2.37%, respectively) than those in the FS group (Figures 3A,C). However, no significant difference in the Simpson index was observed between the two groups (Figure 3B). Compared with HM, the FS treatment increased the Shannon, Simpson, and Pielou indices by 4.70, 0.98%, and 5.41, respectively (p < 0.05; Figures 3A–C). Meanwhile, the Shannon, Simpson, and Pielou indices of the BO group were 7.92%, 1.12%, and 7.91% higher than those of the HM group, respectively, and the differences were significant (p < 0.05; Figure 3).

[image: Box plots showing diversity indices: Panel A presents the Shannon index, Panel B the Simpson index, and Panel C the Pielou index. Group comparisons display significant differences, highlighted by asterisks, between HM, FS, and BO groups. Colors indicate group categories: orange for HM, blue for FS, and red for BO.]

FIGURE 3
 Alpha diversity indices of bacterial communities. (A) Shannon index; (B) Simpson index; (C) Pielou index. All these indices were calculated and compared at the OTU level. Note: Data are presented as mean ± standard deviation (Tukey HSD), *p < 0.05; ***p < 0.001, ns, p ≥ 0.05.




3.6 Changes in β-diversity of soil bacteria under different treatments

Furthermore, both PCA and Adonis analyses based on the weighted Unifrac distance at the OTU level were performed to examine the overall structural differences in the soil bacterial community under different treatments. PCA divided the bacterial communities into three groups (HM, FS, and BO) (Figure 4A). Compared with HM, the Adonis test (PERMANOVA) showed significant alterations in the structure of the soil bacterial community under FS and BO treatments (R2 = 0.8856, p = 0.006) (Figure 4B). In addition, the dissimilarities between the HM, FS, and BO groups were more pronounced than the dissimilarities within each group (Figure 4B).

[image: Panel A shows a PCA biplot with clustering for three groups: HM (orange squares), FS (red circles), and BO (blue triangles). PC1 explains 82.50% and PC2 explains 13.08% of the variance. Panel B presents a box plot indicating the variance R-squared value of 0.8856 and a p-value of 0.006, comparing four groups: Among (orange), HM (blue), ST (red), and OC (green).]

FIGURE 4
 β-diversity of soil bacteria under different treatments. (A) PCA based on the weighted Unifrac distance at the OTU level (PCA, Principal Component Analysis); (B) Adonis analysis based on the weighted Unifrac distance at the OTU level (permutational multivariate analysis of variance, PERMANOVA).




3.7 Analysis of bacterial community composition

In order to understand the impact of BO treatment on the species distribution of the bacterial community, further analysis was conducted. As shown in Figure 5A, there were 25 identical soil bacterial phyla among the HM, FS, and BO groups. The FS group had one distinct phylum, the BO group had two unique phyla, and the HM group had no unique bacterial phyla. Furthermore, 221 identical soil bacterial genera were observed among the three groups (Figure 5B). In total, 52, 45, and 48 unique genera were found in the HM, FS, and BO, respectively.

[image: Two panels show Venn diagrams and bar charts of microbial compositions.   Panel A: Venn diagram comparing microbial taxa across HM, FS, and BO, indicating shared and unique taxa. Panel B: Similar diagram with different numbers.  Panels C and D: Bar charts depicting the relative abundance of various microbial taxa, including Unclassified, Other, and specific bacteria like Proteobacteria and Flavobacterium, across HM, FS, and BO. Each color represents a different taxon.]

FIGURE 5
 Venn diagram based on the phyla (A) and genera (B) of the soil bacteria in the rhizospheres of the HM, FS, and BO treatments. The relative abundance of the dominant bacterial phylum (C) and bacterial genus (D) in the Sophora rhizosphere under different treatments.


Analysis based on species distribution revealed that the soil bacterial community encompassed 34 phyla, 274 families, and 428 genera. The top ten dominant bacterial phyla, ranked by relative abundance, were Proteobacteria (18.46%), Acidobacteria (16.08%), Firmicutes (12.58%), Actinobacteria (10.66%), Bacteroidetes (7.44%), Verrucomicrobia (7.20%), Chloroflexi (4.93%), Planctomycetes (5.44%), Gemmatimonadetes (5.28%), and Patescibacteria (2.78%). Collectively, these bacterial phyla accounted for over 90% of all sequences (Figure 5C). Similarly, the top ten dominant genera, based on the relative abundance, were Bacillus (9.11%), Candidatus Udaeobater (4.31%), RB41 (3.38%), Sphingomonas (1.96%), Gemmatimonas (1.88%), Bryobater (1.91%), Streptomyces (1.61%), Flavobacterium (0.92%), Paenibacillus (0.83%), and Flaviobacterium (1.05%); these bacterial genera account for more than 26.96% of all sequences (Figure 5D).

Among the aforementioned bacterial phyla, compared to FS, BO treatment resulted in a substantial increase in the relative abundance of Bacteroidetes, Chloroflexi, and Patescibacteria in the rhizosphere soil of Sophora. Conversely, a significant decrease in the relative abundance of Proteobacteria, Firmicutes, and Verrucomicrobia was detected in the rhizosphere soil. Compared to HM, the FS treatment increased the relative abundance of Verrucomicrobia, Chloroflexi, and Gemmatimonadetes, but decreased that of Firmicutes and Bacteroidetes. In comparison to HM, BO treatment significantly increased the relative abundance of Acidobacteria, Verrucomicrobia, Chloroflexi, Planctomycetes, Gemmatimonadetes, and Patescibacteria but decreased that of Proteobacteria and Firmicutes (Supplementary Table S1). Among the aforementioned bacterial genera, compared to FS, BO treatment resulted in a significant increase in the relative abundance of RB41, Flavisolibacter, Gemmatimonas, Bryobacter, and Sphingomonas in the rhizosphere soil of Sophora. Conversely, a significant decrease in the relative abundance of Flavobacterium, Streptomyces, Candidatus_Udaeobacter, and Bacillus was detected in the rhizosphere soil. Compared to HM, the FS treatment significantly increased the relative abundance of Candidatus_Udaeobacter, RB41, Sphingomonas, Bryobacter, and Candidatus_Solibacter, but significantly reduced that of Bacillus, Gemmatimonas, and Flavobacterium. In comparison to HM, BO treatment significantly increased the relative abundance of Candidatus_Udaeobacter, RB41, Sphingomonas, Bryobacter, Gemmatimonas, Candidatus_Solibacter, and Flavisolibacter, but significantly decreased that of Bacillus, Streptomyces, and Flavobacterium (Supplementary Table S2).

LEfSe analysis was performed to determine the differences in soil bacteria among the three groups. Firmicutes phylum, Subgroup_6 class, Bacilli class, Actinobacteria class, Streptomycetales order, Bacillales order, Bacillaceae family, Streptomycetaceae family, Bacillus genus, and Bacillus_acidiceler species were significantly enriched in the HM group (Figure 6A). Verrucomicrobia phylum, Proteobacteria phylum, Verrucomicrobiae class, Acidobacteriia class, Chthoniobacterales order, Acidobacteriaes order, Chthoniobacteraceae family, and Candidatus_Udaeobacter genus were significantly enriched in the FS group (Figure 6A). In addition, 20 dominant species were significantly enriched in the BO group, including Gemmatimonadetes phylum, Chloroflexi phylum, Patescibacteria phylum, Blastocatellia_Subgroup_4 class, Gemmatimonadetes class, Chloroflexia class, Pyrinomonadales order, Nostocales order, Solibacterales order, Gemmatimonadales order, Chloroflexales order, Chitinophagales order, Pyrinomonadaceae family, Solibacteraceae_Subgroup_3 family, Gemmatimonadaceae family, Roseiflexaceae family, Phormidiaceae family, Tychonema_CCAP_1459_11B genus, Pyrinomonadaceae, RB41 genus, and Gemmatimonas genus (Figure 6A). In total, 38 evolutionary branches of soil bacteria showed significant differences (LDA > 4) (Figure 6B).

[image: A circular phylogenetic tree (A) shows bacterial taxa distributions in three groups: HM (red), FS (green), and BO (blue). The bar chart (B) displays LDA scores for various bacteria, with color-coded bars corresponding to the groups: red for HM, green for FS, and blue for BO. Each group has differently influenced taxa, emphasizing the variation in bacterial prevalence.]

FIGURE 6
 LEfSe analysis of soil bacteria in Sophora fields. (A) Cladogram diagram of bacterial lineages in Sophora rhizosphere soil; (B) indicator soil bacteria with LDA scores of 4.0 from in Sophora rhizosphere soil.




3.8 Relationships between bacterial communities and environmental factors

Furthermore, redundancy analysis (RDA) was conducted to elucidate the associations between the dominant bacterial groups and various environmental factors, including pH, SMC, TC, TCd, DOC, AN, BD, and AK. The environmental variables accounted for 98.47% of the variation in OTU abundance in the bacterial communities. Except for SMC and BD, other environmental factors were significantly correlated with changes in bacteria. Soil TCd, DOC, and TC were the main driving factors for bacterial community diversity. TCd was negatively correlated with pH. These findings indicated that the alterations in soil physicochemical properties significantly influenced the composition of soil bacterial communities (Figure 7A). In addition, to analyze the impact of each environmental factor on microbial community changes, we conducted a variance partitioning analysis (VPA) (Figure 7B). The ranking of environmental factors based on their contribution from large to small is as follows: pH > TCd > DOC > BD > AK > TC > AN > SMC (Figure 7B).

[image: Diagram showing three panels: A, B, and C. Panel A is a redundancy analysis (RDA) biplot illustrating relationships among environmental factors with axes labeled RDA1 and RDA2. Panel B is a bar graph showing explanatory values (%) for various environmental factors ranging from 7.42 to 60.02 percentage. Panel C is a network graph depicting relationships among different bacteria, with nodes and edges colored by categories.]

FIGURE 7
 The influence of environmental factors on the distribution of Sophora rhizosphere bacterial communities (A) redundancy analysis; (B) variance partitioning analysis based on OTU; (C) genus-level bacterial network analysis.




3.9 Bacterial network analysis

The study also conducted network analysis based on environmental factors and species. As shown in Figure 7C, all environmental factors had an impact on the bacterial network, except for pH, SMC, and BD. The analysis revealed noteworthy correlations between DOC and eight species, with one exhibiting a negative correlation (Terrimonas) and seven displaying positive correlations (Marmoricola, Pajaroellobacter, FFCH7168, JGI_0001001-H03, Solirubtobacter, Tychonema_CCAP_145911B, and Segetibacter). TC exhibited significant correlations with seven dominant species, with two showing negative correlations (Wolbachia and Streptomyces) and five showing positive correlations (Segetibacter, Ellin6067, Bryobacter, Gemmatimonas, and Conexibacter). Furthermore, significant correlations were observed between TCd and three dominant species (Solirubtobacter, Flavisolibacter, and Blastocatella), all of which exhibited negative correlations. A negative correlation was also detected between OM content and JGI_0001001-H03. A negative correlation was also observed between AN and Streptomyces. Additionally, AK showed a positive correlation with Blastocatella.




4 Discussion


4.1 Effects of the mixed application of biochar and organic fertilizer on soil physicochemical properties and soil enzyme activities

Biochar, an alkaline soil amendment that contains abundant alkaline groups, could facilitate the transformation of dissociated Cd to non-free states, including Cd(OH)2, Cd3(PO4)2, and CdCO3 (Liu et al., 2011; Udosen et al., 2016; Lee et al., 2022). Recent research has shown that biochar is a cost-effective and environmentally friendly additive for stabilizing and remediating heavy metal-contaminated soils (Yang L. et al., 2020; Yang Y. W. et al., 2020; Sun et al., 2022). A mixture of biochar and organic fertilizer can effectively address issues of soil heavy metal pollution, nutrient imbalance, and growth inhibition of Mentha crispa L. (Jiang et al., 2022; Ghassemi and Farhangi, 2023), purslane (Han et al., 2022), alfalfa (Kareem et al., 2022), and rapeseed (Zhang C. et al., 2023; Zhang N. H. et al., 2023; Zhang X. et al., 2023; Zhang Z. et al., 2023; Zhang K. et al., 2023). We also found that the mixed application of biochar and organic fertilizer reduced both TCd in Sophora fields and Cd content in Sophora (Figures 1A,H; Table 3). Based on previous research, these outcomes could be attributed to two underlying factors. First, biochar has a notable adsorption capacity for Cd (Lian et al., 2015; Muhammad et al., 2018). Second, incorporating biochar-organic fertilizer could increase the soil pH and organic functional group content, facilitating Cd precipitation (Tan et al., 2015; Li et al., 2017; Muhammad et al., 2018, 2019; Zhu et al., 2020; Li et al., 2022). We also found that mixed fertilization had a significant impact on soil physicochemical properties and nutrient levels (Figures 1C–G). These could be ascribed to the direct release of nutrients from organic fertilizers and biochar (Hussain et al., 2023). Furthermore, the improvements in available soil nutrients could be attributed to the high alkalinity and cation exchange capacity (CEC) of biochar (Muhammad et al., 2018; Joshi et al., 2023; Xiao et al., 2023). Nevertheless, it is important to note that although BO treatment mitigated Cd accumulation in Sophora tissues, complete avoidance of Cd absorption was not achieved (Table 3).

Typically, the activities of diverse soil enzymes, which are crucial for facilitating the circulation of matter and energy in the soil, are valuable indicators of soil health (Yao et al., 2018; Chow and Pan, 2020; Yan et al., 2022; Joshi et al., 2023). Compared with the HM and FS groups, BO treatment significantly induced the activities of multiple soil enzymes, including catalase, polyphenol oxidase, and β-glucosidase (Table 1). Similar experimental results were also found in other reports (Zheng et al., 2016).



4.2 Effects of the mixed application of biochar and organic fertilizer on the growth, Cd content, and matrine and oxymatrine content of Sophora

The combined use of biochar and other soil nutrient amendments has been proven to effectively reduce the harmful effects of Cd pollution on plant growth and improve crop productivity (Lian et al., 2015; Pankaj et al., 2016; Liang et al., 2023; Sifton et al., 2023). In our study, we also observed a similar result. BO treatment significantly reduced the Cd content in Sophora. The roots and rhizomes of Sophora, which contain the main active ingredients (matrine and oxymatrine), are used in traditional Chinese medicine. Consequently, the main root length, dry root biomass, matrine, and oxymatrine contents, which are the main indicators of Sophora productivity and quality, were significantly improved after the mixed fertilization (Table 2), indicating that this co-application could effectively alleviate the inhibitory effect of Cd on the growth of Sophora. Further analysis indicated that changes in soil physicochemical properties and improvements in nutrient balance were mainly responsible for these increases. Similar conclusions have also been found in other studies (Lian et al., 2015; Sifton et al., 2023).



4.3 Mixed fertilization may have increased the productivity and quality of Sophora plants by regulating the microorganisms in Cd-contaminated soils

Soil bacterial communities are crucial for nutrient cycling, waste decomposition, and pollutant degradation (Muhammad et al., 2019). The presence of heavy metals not only has adverse effects on the physical and chemical properties of soils but can also change the composition, activity, and function of soil bacterial communities (Delgado, 2019; Chao et al., 2023). In turn, the analysis of bacterial community composition can be used to evaluate the effectiveness of the remediation of Cd-contaminated soil (Hussain et al., 2023; Yan et al., 2023).

Our findings suggested that the cultivation of Sophora plants with the application of a biochar-organic fertilizer mixture significantly increased the diversity of bacterial communities in Cd-contaminated soil (Figures 5C, 6B), as reported previously (Chow and Pan, 2020; Haider et al., 2021). This effect could be at least partially attributed to the high nutrient content in the biochar-organic fertilizer mixture (Haider et al., 2021). Specifically, supplementing the carbon pool fosters a conducive microenvironment for the proliferation and metabolic processes of soil bacteria, thereby augmenting the biomass and diversity of soil bacteria (Haider et al., 2021; Zheng K. et al., 2023).

Numerous studies have shown a significant correlation between the decrease in soil pH and the systematic aggregation of Acidobacteria enhancement (Conradie and Jacobs, 2021; Xiao et al., 2023). In the HM group, Acidobacteria, including Subgroup_6 in the Acidobacteria taxonomic group, were significantly enriched (Figure 6B). After BO treatment, the relative abundance of Acidobacteria and Subgroup_6 significantly decreased (Figure 6B). This indicates a significant negative correlation between pH increase and the relative abundance of Acidobacteria (Supplementary Figure S1). This change should be caused by the high alkalinity of the biochar-organic fertilizer. In addition, Acidobacteria and Subgroup_6 were found to have oligotrophic growth characteristics in some studies (Anwar et al., 2013; Zheng et al., 2016). Thus, the increase in soil nutrients induced by the BO treatment should also be the reason for the negative correlation mentioned above. In the remediation of soils contaminated with polycyclic aromatic hydrocarbons and heavy metals, it was found that the relative abundance increase of Proteobacteria would lead to better remediation effects (Kuppusamy et al., 2016). Under nutrient-rich conditions, Proteobacteria usually dominate among bacterial species, with a relatively high relative abundance (Amin, 2023). However, sometimes there are differences (Amin, 2023). In the case of remediation of heavy metal-contaminated soils using microbial inoculants and legumes, the increase in AN had a significant impact on the reduction of Proteobacteria, resulting in a decrease in soil TCd and Cd content in Robinia pseudoacacia L. (Zheng K. et al., 2023). In our study, the relative abundance of Proteobacteria in the BO group was also negatively correlated with the AN (Figure 6B; Supplementary Figure S1). Additionally, the reduction in Proteobacteria community abundance was beneficial for the decrease in Cd content, longitudinal growth of the main root, and accumulation of dry root biomass and oxymatrine of Sophora (Supplementary Figure S3). Although the relative abundance of Bacteroidetes was significantly increased in the BO treatment, it was not significantly correlated with the indicators of soil physicochemical properties (Figure 5C). This may be related to the change in soil aggregate size caused by BO (Fan et al., 2021; Zhang C. et al., 2023; Zhang N. H. et al., 2023; Zhang X. et al., 2023; Zhang Z. et al., 2023; Zheng K. et al., 2023). However, the increase in the relative abundance of Bacteroidetes was beneficial for the decrease in Cd content, longitudinal growth of the main root, and accumulation of dry root biomass and oxymatrine in Sophora (Supplementary Figure S3). Similar results were also found in other reports, as Bacteroidetes were determined to be Cd-tolerant microorganisms with positive impacts on plant growth (Lu et al., 2020; Xie et al., 2021; Pfendler et al., 2023). Compared with those in the HM and FS groups, the relative abundance of Firmicutes in the BO group, including Bacillus and Bacillus_acidiceler, was significantly decreased (Figures 5, 6). As is well known, Firmicutes, including their taxonomic groups, have a higher relative abundance in various extreme environments (Venkateswar and Venkata, 2012; Mukhia et al., 2022; Zuo et al., 2023). The decrease in the relative abundance of Firmicutes was thought to be beneficial for restoring the health of heavy metal-contaminated soils and reducing heavy metal accumulation in crops (Hui et al., 2020; Alsamhary, 2022; Tan et al., 2023; Yang et al., 2023). In addition, Firmicutes, Bacillus, and Bacillus_acidiceler were positively correlated with TCd and BD, while negatively correlated with pH, OM, DOC, and AK in our study (Supplementary Figures S1, S2). The decrease in the relative abundance of Firmicutes and Bacillus promoted the main root length, dry root biomass, and oxymatrine content of Sophora, which was beneficial for reducing Cd accumulation in Sophora (Supplementary Figures S3, S4). Moreover, the relative abundance of Chloroflexi increased, which was beneficial for the accumulation of main root length, dry root biomass, oxymatrine, and matrine of Sophora, as well as for the reduction of Cd content in roots and stems of Sophora (Supplementary Figures S3, S4). DOC, pH, and AK are positively correlated with the relative abundance of Chloroflexi, while TCd and BD are significantly negatively correlated with Chloroflexi (Supplementary Figure S1). A negative correlation between Chloroflexi abundance and soil Cd content was also demonstrated (Gondek et al., 2023). In addition to Chloroflexi, Gemmatimonadetes, and Patescibacteria were also significantly enriched in the BO treatment, which was beneficial for the reduction of TCd. Interestingly, among all microbial species, only the proliferation of Chloroflexi and Armatimonadetes could promote the accumulation of matrine (Supplementary Figure S3). Whether these two microbial species could directly or indirectly regulate the biosynthetic pathway of matrine in Sophora or even be endophytic bacteria that produce matrine together with Sophora needs further investigation.

In conclusion, the results showed that the combined use of biochar and organic fertilizer in Cd-contaminated Sophora fields significantly improved soil health, reduced Cd accumulation, and increased Sophora yield and quality (Figure 8). This beneficial effect could be attributed to the changes in the soil’s physicochemical properties, such as pH and soil carbon pool, which were important in regulating the dominant bacterial species or the entire bacterial network. In the future, it will be important to illustrate the proportion of different forms of Cd in soil, the underlying molecular mechanism of Cd absorption by BO treatment, the targeted cultivation of excellent microorganisms in Cd-contaminated soil, and the regulation mechanism of yield and quality of Sophora by rhizosphere microorganisms to balance soil health, plant growth, and ecological restoration.

[image: Illustration comparing plant growth in cadmium-polluted soil with and without biochar and organic fertilizer. On the left, a plant with smaller leaves is in polluted soil with microbes and cadmium. On the right, a healthier plant with larger leaves grows in amended soil containing biochar, fertilizer, and visible nutrient adsorption, leading to increased content. Chemical structures and sunlight symbol are included at the top.]

FIGURE 8
 BO treatment changed the health status of the Sophora rhizosphere soil and facilitated Sophora growth.





5 Conclusion

The potential value of the mixed application of biochar and organic fertilizer to Sophora in Cd-contaminated soil was evaluated from three aspects: soil properties, crop yield, and bacterial structure. This fertilization method created a richer and more diverse rhizosphere microenvironment, achieving higher Sophora yield and higher levels of major secondary metabolites. In addition, the biochar-organic fertilizer mixture had a significant impact on microbial communities, including Acidobacteria, Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi, Gemmatimonadetes, Patescibacteria, Armatimonadetes, Subgroups_ 6, Bacillus and Bacillus_ Acidiceler. The relative changes of these microbial communities are influenced by soil physicochemical properties and can potentially improve the productivity and quality of Sophora. Overall, in terms of improving the health of the Cd-contaminated soils and increasing the yield and quality of Sophora, this new approach is relatively effective and desirable.
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Introduction: Ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB) have been proven to be key microorganisms driving the ammonia oxidation process. However, under different fertilization practices, there is a lack of research on the impact of interaction between predators and AOA or AOB on nitrogen cycling at the multi-trophic level.
Methods: In this study, a network-oriented microscopic culture experiment was established based on four different long-term fertilization practices soils. We used the nitrification inhibitors 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxide-3-oxyl (PTIO) and 3, 4-Dimethylpyrazole phosphate (DMPP) inhibited AOA and AOB, respectively, to explore the impact of interaction between protists and AOA or AOB on nitrogen transformation.
Results: The results showed that long-term nitrogen application promoted the potential nitrification rate (PNR) and nitrous oxide (N2O) emission, and significantly increased the gene abundance of AOB, but had no obvious effect on AOA gene abundance. DMPP significantly reduced N2O emission and PNR, while PTIO had no obvious effect on them. Accordingly, in the multi-trophic microbial network, Cercozoa and Proteobacteria were identified as keystone taxa of protists and AOB, respectively, and were significantly positively correlated with N2O, PNR and nitrate nitrogen. However, Nitrososphaerota archaeon as the keystone species of AOA, had an obvious negative linkage to these indicators. The structural equation model (SEM) showed that AOA and AOB may be competitors to each other. Protists may promote AOB diversity through direct trophic interaction with AOA.
Conclusion: The interaction pattern between protists and ammonia-oxidizing microorganisms significantly affects potential nitrification rate and N2O emission, which has important implications for soil nitrogen cycle.

KEYWORDS
protists, ammonia-oxidizing bacteria (archaea), keystone taxa, predatory relationship, N2O emission, potential nitrification rate


1 Introduction

Soil nitrogen cycle is one of the cores of elemental cycling in soil ecosystems, which mainly includes four processes, biological nitrogen fixation, ammonification, nitrification and denitrification (Wang et al., 2021). Nitrification is an intermediate link between nitrogen fixation and denitrification (Lehnert et al., 2018). Nitrification determines the effective utilization of nitrogen by plants, but also is directly related to a series of ecological and environmental problems such as soil acidification, and greenhouse gas nitrous oxide (N2O) release (Aryal et al., 2022). The ammonia oxidation process is the first and rate-limiting step of nitrification, and is the central link of the global nitrogen cycle. It is mainly driven by ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB) (Zhao et al., 2020; Kaur-Bhambra et al., 2021). Previous studies of ammonia-oxidizing microorganisms affecting nitrogen transformation mainly focused on effects of abiotic factors at the same trophic level. For example, AOB was significantly correlated with potential nitrification rate (PNR) and dominated nitrification rather than AOA in calcareous soils (Zou et al., 2022). Urea nitrogen in paddy soil promoted N2O production by AOB more than ammonium nitrogen, and the N2O production by AOA was more sensitive to ammonium nitrogen (Fu et al., 2020). However, the effects of microbial interactions on nitrogen cycle under different fertilization practices and at the multi-trophic level of predation relationships (e.g., protists) have rarely been reported. Therefore, it is necessary to add discriminative inhibitors to silence the activity of AOA and AOB, in order to better explain the trophic interactions between predators and ammonia-oxidizing microorganisms.

2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxide-3-oxyl (PTIO) is a stable and water-soluble organic free radical that can combine with NO to form NO2, and it is usually used as a nitric oxide scavenger (Lin et al., 2023). It has been reported that low concentrations of PTIO have a strong inhibitory effect on AOA rather than AOB (Sun et al., 2022). For example, under the condition of 100 μM PTIO, PTIO can inhibit the ammonia oxidation process by inhibiting AOA (Duan et al., 2018; Choi et al., 2023), and thus it was used to selectively inhibit the activity of AOA in the presence of AOB (Kits et al., 2019). 3,4-dimethylpyrazole phosphate (DMPP) is a highly soluble compound with high stability and persistent suppression effects (Li et al., 2023). Studies have shown that DMPP effectively inhibited the metabolic activity of AOB rather than AOA, which in turn led to a reduction of nitrification rate (Lei et al., 2022). Furthermore, in calcareous soils where the nitrification process was regulated by AOB, the addition of DMPP significantly suppressed N2O emissions (Bai et al., 2020). In general, these findings demonstrated that PTIO and DMPP can serve as effective inhibitors of AOA and AOB.

To investigate the effects of biological factors on nitrification process at the multi-trophic level, we focused on trophic interactions between protists and ammonia-oxidizing microorganisms. Protists, as predators of soil micro-food webs, can control the abundance and function of microbial species by preying on bacteria, fungi, or nematodes (Geisen et al., 2015; Geisen, 2016). Thus, the nutrient turnover rate of soil food web is increased, which ultimately regulates the decomposition of organic matter and affects nutrient cycling. Predatory behavior of protists leads to interactions between organisms within the soil microbiome to influence the response of the protist community to nitrogen application practices (Gao et al., 2019). Protists resorbed growth-limiting nutrients by feeding on bacterial cells in oligotrophic environments and ultimately stimulated the proliferation of primary producers and other bacteria (Chen et al., 2021). In addition, the interaction between protists and other microorganisms can promote the efficient utilization of organic nitrogen by AM fungal hyphae. Due to the fact that AM fungal hyphae acquire nitrogen more efficiently when both protists and prokaryotes are present in the organic nitrogen zone (Rozmoš et al., 2022). Thus, indirect (top-down control) and direct (heterotrophic) effects of protists on soil nutrient cycling perhaps increase the availability of nitrogen in the soil (Koller et al., 2013) and there is increasing attention to the role of protists in nutrient cycling. Although both protists and ammonia-oxidizing microorganisms have important implications for the soil nitrogen cycle, the effects of trophic interactions between protists and AOA or AOB on nitrification process remain unknown.

In general, understanding the effects of abiotic and biotic factors on nitrification is critically important for the regulation of soil nitrogen cycling processes. This study conducted microcosm experiments using four different long-term fertilization soils, using high-throughput sequencing technology and incorporating structural equation modeling (SEM). The aim was to (1) assess the efficacy of fertilization practices and ammonia-oxidizing microorganisms in influencing N2O emissions and PNR. (2) Reveal the trophic interactions between protists and AOA or AOB and their effects on nitrification process at the multi-trophic level.



2 Materials and methods


2.1 Field site and sampling

In June 2022, the soil was sampled in a long-term field experiment at Fengqiu Agricultural Ecological Experimental Station of Chinese Academy of Sciences (35°01′N, 114°32′E). The experiment has been conducted since 2010. The basic soil properties at the beginning of the experiment were shown in Table 1. This study collected soil samples from four fertilization treatments: NN (No straw and no nitrogen fertilization), CF (No straw and conventional fertilization), SM (Straw mulching and no nitrogen fertilization), SMCF (Straw mulching and conventional fertilization). NN and SM treatments were applied without nitrogen and only phosphorus and potassium fertilizers were applied. Conventional fertilization of CF and SMCF treatments indicated that both nitrogen, phosphorus and potassium fertilizers were applied. In all fertilizer treatments, the total amount of nitrogen (pure nitrogen) applied to wheat throughout the whole growth period was 210 kg ha–1, and the phosphorus and potassium fertilizers were 157 kg ha–1 for P2O5 and 105 kg ha–1 for K2O, respectively. Straw mulching was done by cutting corn straw into 20–50 mm strips after the previous season’s corn harvest, and then evenly covering the soil surface with straw after tilling (at a depth of about 15 cm). All the crop straw from each plot was returned to the same plot. The soil samples (0–20 cm depth) were collected using the five-point diagonal sampling method. Subsequently, the samples were put in sterile bags and temporarily stored in foam boxes with dry ice and taken back to the laboratory at the station within 2 h. Adequate dry ice was used to ensure that the soil samples were in an environment below 0°C. All the soil samples were passed through a 2 mm diameter mesh sieve to remove plant debris and stones, and the remaining fine root and straw residues were manually removed. The soil samples were stored at 4°C before constructing the micro world.


TABLE 1    Basic soil properties of the field.

[image: Table showing soil properties, including pH at 8.57, total nitrogen at 0.54 grams per kilogram, soil organic matter at 8.00 grams per kilogram, alkaline nitrogen at 40.92 milligrams per kilogram, total phosphorus at 0.86 grams per kilogram, available phosphorus at 16.71 milligrams per kilogram, total potassium at 19.17 grams per kilogram, and available potassium at 63.67 milligrams per kilogram.]



2.2 Soil microcosm experiment

Soil samples were pre-incubated at 28°C for 7 days with moisture adjusted to 50% of water holding capacity. A 21-day microcosm experiment was established by placing 20 g (equivalent dry weight) of pre-incubated soil in 120 ml serum bottles. The following treatments were set up for each fertilized soil: (i) water only (CK), (ii) urea only (U), (iii) urea + PTIO (UP), and (iv) urea + DMPP (UD). Urea was added at 200 mg N kg–1 dry soil and DMPP was added at 1.5% of urea N (Fan et al., 2019; Yin et al., 2021) and the concentration of PTIO was set to 100 μM, (Jung et al., 2014). Three replications were set up for all treatments and a total of 144 microcosms were established. Gas samples (20 ml) were collected from the top with a syringe at 1, 2, 3, 4, 7, 10, 14, and 21 days after incubation. N2O concentrations were analyzed by gas chromatograph (Agilent 7890, Agilent Technologies, Santa Clara, CA, USA). To maintain aerobic conditions, all remaining bottles were vented for 30 min after each sampling and then resealed. Soil ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3–-N) contents were determined by destructive collection of three bottles from each treatment on days 0, 7, 14, and 21 of incubation. A portion of the last sampled soil was stored at −80°C for DNA extraction.



2.3 DNA extraction, real-time fluorescence quantitative PCR analysis and high-throughput sequencing

Total DNA was extracted from 0.5 g of fresh Soil using the Fast DNA® Spin Kit for Soil (MP Biomedicals, Inc.). The extracted DNA concentration and purity were examined by NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). We used primers TAReuk454FWD1 (CCAGCASCYGCGGTA ATTCC)/TAReukREV3 (ACTTTCGTTCTTGATYRA) (Stoeck et al., 2010), Arch-amoA26F (GACTACATATTCTACACWGACT GGGC)/Arch-amoA417R (GGTGTCATATATTGGAGGCAACGT TGG) and amoA1F (GGGGTTTCTACTGGTGGT)/amoA2R(CCC CTCKGSAAAGCCTTCTTC) (Xia et al., 2011) amplified protists, AOA and AOB, respectively. AOA and AOB were analyzed on the qTOWER3/G amplification apparatus (Analytik Jena AG, Germany) with three replicates per sample. The standard curve is constructed from 8 series of diluents containing known copy number plasmids of the target gene. The reaction system for qPCR was 20 μl, including 1 μl of DNA template, 10 μl of TB Green® Premix Ex Taq TM, 0.25 μl forward and 0.25 μl reverse primers, and 8.5 μl of sterilized double-distilled water. Negative control was performed using sterilized distilled water instead of the template DNA sample as the reaction template.

Amplicon sequence variants (ASVs) were generated from raw sequence data using DADA2 (Callahan et al., 2016). Briefly, after removing the primer and adapt sequences using “cutadapt” (Martin, 2011), the sequences were filtered and trimmed using “filterAndTrim” with the following parameters: maxN = 0, maxEE = c(2,2), truncQ = 2. Chimeric sequences were detected and removed using “removeBimeraDenovo” based on the “consensus” method. The taxonomy assignment for protist was performed with the “assignTaxonomy” function (minimal bootstrap value 50) based on the PR2 database (V4.14.0) (Guillou et al., 2012). Taxonomy of the amoA ASVs was assigned using BLASTn based on the nucleotide database in NCBI with the default algorithm parameters (expect threshold was 0.05, word size was 28, match/mismatch scores were 1, -2, gap costs was linear, and e-value was 0.00001) (Kõljalg et al., 2005). The unassigned ASVs were filter for further study. The ASVs of 18S rRNA assigned as Rhodophyta, Streptophyta, Metazoa, Fungi, and unidentified Opisthokonta were removed for protist community analysis. All high-throughput sequencing steps were performed by Guangdong Magi Gene Technology Co., Ltd. (Guangzhou, China).



2.4 Statistical analysis

One-way analysis of variance (ANOVA) in SPSS Statistics 21 was used to evaluate the effects of different treatments on N2O emission and copy number of ammonia-oxidizing microorganisms. The “vegan” package in R v4.2.1 software was used to conduct principal coordinate analysis (PCoA) (Anderson and Willis, 2003). Pearson correlation analysis was conducted using R v4.2.1 software packages reshape2 and psych to examine the correlation between key taxa and soil physicochemical properties, as well as between key taxa. A heat map was generated using the “pheatmap” package.

The co-occurrence network analysis based on Spearman’s correlation matrix was calculated in the “Hmisc” package in R v4.2.1 (Wang et al., 2022). ASVs with a sum of relative abundance higher than 90% were selected, and then two correlations between all ASVs were calculated by combining protists (744 PASVs), AOA (105 ASVs) and AOB (67 BASVs) into one relative abundance table. To distinguish different microorganisms, we used PASV to represent the ASV of protists and BASV to represent the ASV of AOB. A correlation threshold higher than 0.6 and a P-value lower than 0.01 are considered to be stable co-occurrence relationships. Adjustments were made by using test corrections from the Benjamini-Hochberg procedure to reduce the chances of obtaining false positive results (Benjamini and Hochberg, 1995). The co-occurrence network was visualized and analyzed by “Gephi” software (Bastian et al., 2009). Subsequently, the connections within modules (Zi) and between modules (Pi) were calculated using the package “igraph” in R v4.2.1. According to the topological characteristics of nodes, node attributes were classified into four types, including: Module hubs, nodes with high connectivity within a module (Zi > 2.5 and Pi < 0.62). Connectors, nodes with high connectivity between two modules (Zi < 2.5 and Pi > 0.62). Network hubs, nodes with high connectivity throughout the network (Zi > 2.5 and Pi > 0.62), and Peripherals, nodes that do not have high connectivity both within and between modules (Zi < 2.5 and Pi < 0.62) (Deng et al., 2016). Moreover, according to Banerjee et al. (2018) and Shi et al. (2020), module hubs connectors, and network hubs were defined as keystone species in this study. Among them, the taxa of module hubs generally mediate interactions between species within the module and have significant implications for module function by regulating energy and material exchange within the module (Guimera and Nunes Amaral, 2005; Toju et al., 2018). Therefore, this study mainly focused on module hubs.

The SEM quantified the direct and indirect effects of soil physicochemical properties, protists, AOA, and AOB on PNR and N2O. Soil physicochemical properties (soil NO3–-N and NH4+-N) and microbial diversity (protists, AOA and AOB diversity) were represented by PCoA data of corresponding indicators. The maximum likelihood estimation method was applied to fit the model, and the parameters were consistent with relatively low chi-square and P > 0.05, goodness fit index (GFI) > 0.90 and root mean square error of approximation (RMSEA) < 0.05 (Grace and Keeley, 2006). All SEM analyses were performed using AMOS 21.




3 Results


3.1 Changes in N2O emission rates and PNR

Nitrous oxide emission rate was significantly affected by soil fertilization practices and nitrification inhibitors. For the urea (alone) treatments, the N2O emission rate of the long-term no-nitrogen treatments (NN, SM) peaked on day 4 (Figures 1A, C), and the long-term nitrogen treatments (CF, SMCF) reached the maximum rates on day 2 (Figures 1B, D). Meanwhile, long-term nitrogen and straw treatment (SMCF) had the highest N2O emission rate (Figure 1D). N2O emissions ranged from 18.84∼64.32 pmol g–1 h–1 under different fertilization practices, thus, long-term nitrogen and straw application promoted N2O emission by 3.4 times. The N2O emission rate was reduced at different degrees by the application of nitrification inhibitors. In all soils, N2O emission rates of U and UP treatments rapidly increased during the first week of incubation. During the whole incubation period, the UD treatment significantly decreased the N2O emission rate, and the emission trend was essentially consistent with CK. The range of N2O emissions under nitrification inhibitor treatments was 1.03∼64.32 pmol g–1h–1, which reduced N2O emissions by 62.4 times. In contrast, nitrification inhibitors were much more effective on N2O emissions than fertilizer treatments. Additionally, compared with U treatment, NO3–-N increased slowly in the UD treatment, and the UP treatment reduced NH4+-N content (Supplementary Figure 1).


[image: Four line graphs labeled A to D present N₂O emission rates over time in days. Each graph compares four treatments: CK (purple), U (red), UP (blue), and UD (green). CK shows low emissions. U and UP peak around day three to four, then decrease. UD remains low throughout.]

FIGURE 1
Dynamic of N2O emission rates in the four fertilization practices from NN (A), CF (B), SM (C) and SMCF (D) under four treatments, including CK, U, UP and UD during the experimental incubation. Vertical bars indicate standard errors of the means (n = 3). NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization. CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.


The effect of soil fertilization practices on PNR was significant only in the CK treatment, i.e., the long-term nitrogen application treatments (CF and SMCF) obviously increased PNR under the condition of no exogenous urea addition. Moreover, long-term nitrogen and straw application promoted PNR by 7.5 times. However, the addition of urea during incubation reduced the differences of soil fertilization practices. The U and UP treatments had the highest PNR in all soils. Compared with U treatment, the PNR was significantly increased in UP treatment on day 7 of NN and CF treatments, while there was a decreasing trend on the day 14 and 21. The PNR of UP treatment decreased with the extension of incubation time compared to the U treatment in SM treatment. The UD treatment significantly decreased PNR, with a trend consistent with CK or even obviously lower than CK (Table 2). PNR was reduced by 80 times after treatment with nitrification inhibitors. In general, the effect of fertilization practices on PNR was much lower than that of nitrification inhibitors.


TABLE 2    PNR during incubation of four nitrification inhibitors treatments (CK, U, UP, UD) within four fertilization practices (NN, CF, SM, SMCF).

[image: A table showing treatment effects on different variables over time intervals: 7 days, 14 days, and 21 days. Treatments are labeled NN, CF, SM, and SMCF. Columns are CK, U, UP, and UD, with values given as mean ± standard deviation followed by a letter indicating significance. Different letters in rows denote significant differences at the p < 0.05 level.]



3.2 Changes in gene abundance and analysis of microbial community structure

To explore the effects of fertilization practices and nitrification inhibitors on the activity of ammonia-oxidizing microorganisms, we analyzed the changes of AOA and AOB gene abundance. For AOA, the highest gene abundance of all soil treatments was found in the NN treatment on day 7. Moreover, the UP treatment reduced AOA gene abundance in all soils. Unexpectedly, obviously higher AOA gene abundance was observed in UD and CK treatments than in U treatment (Figures 2A–D). For AOB, CF treatment had the highest gene abundance on day 7. It is noteworthy that the gene abundance of SMCF treatment was lower than that of CF treatment. The effect of nitrification inhibitors on the AOB gene abundance under different fertilization practices showed the same trend. AOB gene abundance was significantly improved in U treatment and obviously decreased in UD treatment for all soils (Figures 2E–H). It appeared that AOA was better suited to oligotrophic environments, while AOB was more active in nitrogen-rich environments.


[image: Bar charts titled A to H show changes in AOA and AOB gene copies in soil over 21 days. Four treatments, CK, U, UP, and UD, are represented with different colors. Y-axis indicates gene copies per gram of dry soil, and x-axis represents time in days. Variations among treatments are denoted by different letters above the bars, and error bars indicate standard deviation.]

FIGURE 2
Dynamic of the AOA (A–D) and AOB (E–H) gene copies in the four fertilization practices from NN (A,E), CF (B,F), SM (C,G), and SMCF (D,H) under four treatments, including CK, U, UP, and UD during the experimental incubation. Vertical bars indicate standard errors of the means, different lowercase letters represent significant differences within groups (n = 3). NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization; CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.


We further analyzed the response of microbial community structure to fertilization practices and nitrification inhibitors. Soil fertilization practices and nitrification inhibitor treatments had different effects on the community structure of protist, AOA, and AOB. Notably, all microbial communities in NN and SMCF treatments showed obvious separation, suggesting that long-term nitrogen and straw application significantly changed the microbial community structure (Figure 3). For protists, CK treatment was significantly detached from other treatments, while there was no obvious variation in community structure between U, UP, and UD treatments. For AOA, significant changes in community structure occurred in the UP treatment. Compared with nitrification inhibitor treatments, different fertilization soils had a greater impact on AOB community structure. For example, the AOB community structure in soils with long-term non-nitrogen application was clearly apart from soils with long-term nitrogen application.


[image: Three scatter plots present Principal Coordinate Analysis (PCoA) results for Protist, AOA, and AOB communities. Each plot displays data points categorized by different treatments indicated by various shapes and colors. Percent variation explained by axes PCoA1 and PCoA2, and R-squared values with p-values are noted: Protist (PCoA1: 17.6%, PCoA2: 13.3%, R²=0.68), AOA (PCoA1: 66.69%, PCoA2: 15.81%, R²=0.94), AOB (PCoA1: 34.59%, PCoA2: 11.02%, R²=0.64). A legend correlates colors and shapes with treatments such as CK, U, UP, and others.]

FIGURE 3
The PCoA analysis of protists, AOA and AOB within four fertilization practices (NN, CF, SM, SMCF) under four treatments, including CK, U, UP, and UD. NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization; CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.




3.3 Microbial interaction networks and key taxa analysis under nitrification inhibitor treatments

In order to determine the impact of nitrification inhibitors on the symbiotic relationship of soil microorganisms, the co-occurring networks of protists, AOA, and AOB were constructed for CK, U, UP, and UD treatments, respectively, and the topological parameters of each network were calculated (Figure 4A). Compared to CK, the network nodes, edges, average degree, clustering coefficient and network density were increased for all urea-added treatments. Notably, all topological properties of UD treatment were reduced, resulting in a lower complexity of the network (Supplementary Table 1). Meanwhile, the direct microbial interaction showed the lowest positive correlation ratio (79.92%) under UD treatment. Nodes with higher within module connectivity (Module hubs, Zi > 2.5 and Pi < 0.62) were identified as key taxa in the network. These taxa may play an important role in maintaining the stability of network structure. There were no module hubs in CK treatment (Figure 4B), while UP and UD treatments had more key taxa than U treatment. The key taxa identified in the U, UP, UD treatments were mainly Cercozoa, Lobosa, Sagenista, Crenarchaeota and Proteobacteria (Supplementary Table 2). Moreover, the relative abundances of key taxa were also highly correlated with physicochemical properties associated with nitrogen transformation (Figure 5).


[image: Four network diagrams labeled CK, U, UP, and UD are shown alongside scatter plots. Each diagram illustrates interactions among Protists, AOA, and AOB, represented by colors. Scatter plots display within-module versus among-module connectivities, highlighting specific data points like PASV540 and PASV23. Various nodes are identified as peripherals, connectors, module hubs, and network hubs.]

FIGURE 4
The co-occurring network of protist, AOA and AOB under four treatments, including CK, U, UP and UD (A). Classification of nodes to identify keystone species within the networks (B). NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization; CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.



[image: Two-part image showing heatmaps. Panel A has a heatmap with rows labeled N2O, PNR, NH4+-N, NO3--N, with columns of ASV and PASV identifiers, displaying a gradient from red to blue. Panel B features a dot matrix with similar identifiers, showing a gradient with circles marked with significance stars, indicating correlations. Color bars on the side represent value ranges.]

FIGURE 5
Pearson correlations between key taxa and physicochemical properties (A) and within key taxa (B). *P < 0.05, **P < 0.01, ***P < 0.001. NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization; CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.


N2O, PNR, NO3–-N, and NH4+-N are indicators closely related to the nitrification process. However, in contrast to the other indicators, NH4+-N was mainly negatively correlated with key species of microorganisms. Among the key taxa of the protists, the proportion of key taxa with significant positive correlations with N2O, PNR and NO3–-N was 50%, while the proportion of negative correlations was only 25%. The key taxa of protists with positive correlations were PASV1204, PASV634, PASV23, and PASV393, classified at the phylum level as Cercozoa, Lobosa and Sagenista. For AOA, only ASV56 was strongly linked to the four physicochemical properties, but the correlation was mainly negative. For AOB, although there were only two key taxa, BASV1 was positively associated with both N2O and PNR, and belonged to the Proteobacteria at the phylum level (Figure 5A). Additionally, the proportion of key species of AOA that were significantly negatively related to PASV1204, PASV634, PASV23, and PASV393 was 11%, and the proportion of positively correlated key species was 50% for AOB. For AOA, only ASV56 was significantly negatively linked to key species of protists, and BASV1 of AOB had the opposite pattern to ASV56 (Figure 5B).



3.4 Effects of microbial interactions on PNR and N2O under nitrification inhibitor treatments

The SEM was constructed to further clarify the relationship between soil properties, microorganisms, PNR and N2O under different nitrification inhibitor treatments (Figure 6). In all treatments, AOA had a direct negative effect on protists, conversely, AOB had a direct positive impact on protists. In CK and U treatment, the influences of microorganisms on PNR and N2O were mostly insignificant (Figures 6A, B). Microorganisms were more closely related to each other and to PNR and N2O with the addition of nitrification inhibitors (Figures 6C, D). In terms of standardized total effects, the addition of nitrification inhibitors resulted in a greater contribution of AOA and AOB on protist compared to the U treatment. To be specific, the interaction between AOB and protists increased the contribution to N2O after inhibiting AOA, the suppression of AOB enhanced the contribution of interaction between AOA and protists to PNR (Supplementary Figure 2). Overall, when AOA was suppressed, only N2O was significantly affected by interaction between AOB and protist. The interaction between AOA and protists obviously affected both N2O and PNR with high contributions when AOB was inhibited.


[image: Diagram depicting structural equation models in four panels (A, B, C, D) showing relationships between soil properties, AOA, AOB, protist, N2O, and PNR. Each panel displays paths with arrows, indicating direction and strength of relationships. Numerical values represent standardized path coefficients, with significance levels noted by asterisks. Model fit indices are provided below each panel. Arrows are color-coded in red and green to denote different paths or relationship contexts.]

FIGURE 6
Structural equation model (SEM) analysis of the relationships between soil properties, protist, AOA, AOB and N2O and PNR under CK (A), U (B), UP (C), UD (D) treatments. The arrow width is proportional to the strength of the relationship. Green edge: positive correlation; Red edge: negative correlation. Adjacent numbers in the same direction as the arrow indicate the correlation coefficient. Paths with non-significant coefficients are shown as gray lines. The significance levels are indicated by *P < 0.05, **P < 0.01, ***P < 0.001. NN, no straw and no nitrogen fertilization; CF, no straw and conventional fertilization; SM, straw mulching and no nitrogen fertilization; SMCF, straw mulching and conventional fertilization; CK, water only; U, urea only; UP, urea + PTIO; UD, urea + DMPP.





4 Discussion


4.1 Effects of soil fertilization practices and nitrification inhibitors on N2O emission and PNR

The highest N2O emissions occurred in treatment with long-term nitrogen and straw application (Figure 1), which is consistent with recent studies (Xia et al., 2018). Long-term nitrogen application stimulates N2O emissions by affecting biological processes such as nitrification and denitrification in soil (Wu et al., 2018; Bai et al., 2020). Meanwhile, straw application can alleviate the limitation of soil N2O emission by providing carbon and nitrogen sources. In particular, straw addition enhances the availability of unstable carbon, which provided energy for the growth of N2O-producing microorganisms (e.g., AOA and AOB) in the soil (Wu et al., 2020).

As is well known, N2O is an important byproduct of nitrification or denitrification (Ma et al., 2012). The ammonia oxidation process driven by AOA and AOB is the initial and rate limiting step of nitrification (Hu and He, 2017; Lin et al., 2020). Our study confirmed that N2O emission was slightly reduced when AOA was inhibited and significantly reduced when AOB was suppressed (Figure 1). It indicated that AOB may be the main driver of N2O emission during the nitrification process in this study. Firstly, nitrification denitrification and incomplete NH2OH oxidation are the causes of N2O production by AOB in alkaline soils (Wu et al., 2018). Secondly, AOA seems to lack nitrification-denitrification ability due to the absence of NO reductase (Walker et al., 2010). Therefore, the effect of suppressing AOA on N2O emissions was not obvious. Except for N2O, PNR is also an important chemical index to characterize the nitrification of aerobic ammoxidation microorganisms, which can be used to quantify nitrification potential. Our study revealed that long-term nitrogen application significantly increased PNR, while PNR was reduced sharply after AOB was suppressed (Table 2). On the one hand, long-term nitrogen application provided sufficient substrate for nitrifying microorganisms and increased microbial activity (Wang et al., 2019), which in turn improved PNR. On the other hand, suppression of AOB reduced PNR probably owing to the fact that AOB is the major contributor to nitrification potential in neutral and alkaline soils (Ren et al., 2023). Thus, inhibition of AOB by DMPP indirectly suppressed PNR.



4.2 Effects of soil fertilization practices and nitrification inhibitors on AOA and AOB gene abundance

In this study, the long-term no nitrogen treatment had the highest AOA gene abundance (Figure 2A). This can be explained by the fact that AOA is dominant in nitrogen-limited environment (Wang et al., 2015), and long-term non-nitrogen soils provide favorable conditions for AOA to compete for ecological niches. In contrast to AOA, the peak of AOB gene abundance appeared in long-term nitrogen treatment (CF). It is due to that AOB is suited to survive in alkaline and nitrogen-enriched environments, and the application of nitrogen can provide high soil NH4+-N concentration for AOB growth (Verhamme et al., 2011; Sun et al., 2023). Additionally, we found that AOB gene abundance was lower in SMCF treatment than in CF treatment (Figure 2H). The incorporation of straw increased soil C/N, thereby delaying the nitrification process (Elrys et al., 2021; Wang et al., 2023), and thus the decrease of AOB gene abundance is understandable.

The addition of nitrification inhibitors had different effects on AOA and AOB. Our results showed that PTIO significantly inhibited the AOA gene abundance (Figures 2A–D). This may be explained by the high sensitivity of AOA to PTIO (Martens-Habbena et al., 2015). Interestingly, AOA gene abundance was obviously increased after suppressing AOB in long-term nitrogen fertilization soils (Figures 2A–D). This was inconsistent with the results of most studies that revealed AOA populations were unchanged or decreased (Di and Cameron, 2011). Firstly, there may be substrate competition between AOA and AOB, and the suppression effect of DMPP may free AOA from the competition of AOB (Fan et al., 2019). Secondly, DMPP, as an organic compound, may serve as a useful C-substrate to promote AOA growth (Florio et al., 2014). Meanwhile, the application of DMPP strongly inhibited the AOB gene abundance (Figures 2E–H) in all soils. It was worth noting that AOA activity was not affected by DMPP (Figures 2A–D). In fact, the different responses of AOA and AOB to DMPP inhibition may be attributed to different nitrifying enzyme systems. The AOA amoA sequence is more similar to the gene encoding bacterial micromethane monooxygenase (pMMO), resulting in functional differences between the AMO of AOA and AOB (Jung et al., 2014). The nitrification inhibitor DMPP decreases AMO activity, whereas MMO is unaffected (Weiske et al., 2001). Therefore, DMPP specifically inhibited AOB activity.



4.3 Interactions between protists and AOA or AOB

In contrast to AOA and AOB, protists are significantly affected by nitrogen fertilizer rather than inhibitors. Protists are the predators of soil micro-food web and the response to nitrogen are sensitive (Zhao et al., 2021). To explore the effect of interactions between protists and AOA or AOB on nitrogen transformation, a symbiotic network between them was constructed. We found that the addition of urea increased the complexity of the soil microbiome network and caused closer network connectivity (Supplementary Table 1). As nitrogen addition increased the availability of resources and food in the soil, it enhanced the interactions within the microbiome to improve resource utilization efficiency (Shi et al., 2016; Yu et al., 2018). Remarkably, the network complexity was lower when AOB was suppressed by DMPP. This may be due to the key taxa of AOB was inhibited, which can maintain network stability and increase network complexity. It was also confirmed by the fact that AOB was not identified in the keystone species treated with UD (Figure 4).

Nodes with high connectivity within the module (Zi > 2.5 and Pi < 0.62) were identified as key taxa. These taxa may function through energy and substance exchange within the module (Deng et al., 2016). When they are removed or disappeared from a particular ecosystem, it can lead to drastic changes in that ecosystem (Ikegami, 2005). In this study, the key species of protists after inhibitor addition mainly included PASV1204, PASV634, PASV23, and PASV393 (Supplementary Table 2), all of which were significantly positively correlated with N2O, PNR and NO3–-N. We further classified the key species and determined that they belong to Cercozoa, Lobosa and Sagenista at the phylum level. However, only Cercozoa was the protist species that appeared consistently since suppressing AOA or AOB, which was classified as generalist in microbial networks (Barberán et al., 2012). It emphasized the important role in microbial symbiosis. Cercozoa belongs to the predatory protist in the functional classification. It generally affects soil nutrient mineralization by top-down regulation of microbial biomass and activity and by affecting the acquisition of soil nitrogen and carbon enzyme activities (Wei et al., 2021; Wu et al., 2022). Additionally, BASV1, belonging to Proteobacteria at the phylum level, is the only AOB key species identified after inhibiting AOA. It is strongly positively associated with N2O, PNR, and NO3–-N, and key species of protist (Figure 5). It is well known that Proteobacteria is a key denitrification species with the potential to produce and reduce N2O (Xiang et al., 2023).

For AOA, on the one hand, N2O and PNR showed no significant changes or increased trends after AOA was inhibited. Meanwhile, we found that only ASV56 was significantly negatively correlated with both N2O and PNR among the key species of AOA. On the other hand, only ASV56 was negatively linked to keystone species of protists. Furthermore, the SEMs of four treatments showed a significant negative correlation between AOA and protists. The standardized total effects also indicated high negative contributions of AOA to protists. Therefore, we speculated that among the key species of AOA, ASV56 may play a major role in microbial interactions in this study. Since the key taxa of AOA was not identified, the relevant functions were analyzed by NCBI similar sequence alignment (Supplementary Table 3). By comparison, the key AOA species may be Nitrososphaerota archaeon, which can obtain energy during ammonia oxidation and utilize carbon dioxide as a chemoautotrophic carbon source (Wei et al., 2023). The interactions between protists and AOA or AOB may provide substrates and motivation for the soil nitrification process and stimulate nitrogen transformation. Specifically, Cercozoa had a higher C/N than sub-trophic level organisms, and they excreted excess nitrogen making it available to other microorganisms (Jousset, 2017). Meanwhile, Proteobacteria and Nitrososphaerota archaeon can also use the nitrogen secreted by protists to promote PNR and the N2O emission. Recent studies have found that the symbiotic relationship between Cercozoa and Proteobacteria was closely related to soil nitrogen transformation process (Xiao et al., 2022). The predator-prey interactions between Cercozoa and Thaumarchaeota increased nutrient turnover (Gu et al., 2023). These all support the above view.

The SEM analysis also provided a basis for the above argument. Protists were found to be the highly negatively correlated with AOA and significant positively associated with AOB. The addition of nitrification inhibitors resulted in a strong negative linkage between AOA and AOB. At the same time, standardized total effects indicated that AOA or AOB was closely related to protists. When one of AOA and AOB was inhibited, the other interacted with protists to increase contributions on N2O or PNR. Since the fact that both AOA and AOB use ammonia nitrogen as energy substrates, there is a direct nutritional competition between them (French et al., 2021; Sun et al., 2022). When one of the microorganisms was suppressed, the interaction between the other and protists may be more closely. Thus, the addition of nitrification inhibitors may promote the interactions between ammonia-oxidizing microorganisms and protists, and the trophic interaction may stimulate nitrogen turnover (Gao et al., 2019). Therefore, the addition of nitrification inhibitors is a noteworthy agricultural strategy to improve the soil nitrogen cycle.




5 Conclusion

Both abiotic and biotic factors are important factors affecting nitrogen transformation indicators N2O and PNR. The highest N2O emissions in different soil fertilization practices were found in long-term nitrogen and straw application treatment, and the PNR was also significantly increased in the treatment of long-term nitrogen application. In addition, our results demonstrated that the addition of PTIO and DMPP significantly inhibited the activity of AOA and AOB, respectively, and AOB was the main microorganism driving N2O emissions and stimulating PNR in alkaline fluvo-aquic soil. Finally, the relationship between keystone taxa and N2O and PNR in the network directly reflected the relevance of corresponding microorganisms with these indicators. Protists were significantly negatively associated with AOA and positively linked to AOB. There may be competition between AOA and AOB, and protists may promote the diversity of AOB through direct trophic interaction with AOA, thereby affecting the nitrogen transformation process. In the future, we can regulate the interaction between protists and ammonia oxidizing microorganisms by modulating key taxa of protists, AOA and AOB, and finally achieve the goal of managing soil nitrogen cycle in the field.
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As the environmental nuclear radiation pollution caused by nuclear-contaminated water discharge and other factors intensifies, more plant–microorganism–soil systems will be under long-term low-dose ionizing radiation (LLR). However, the regulatory mechanisms of the plant–microorganism–soil system under LLR are still unclear. In this study, we study a system that has been stably exposed to low-dose ionizing radiation for 10 years and investigate the response of the plant–microorganism–soil system to LLR based on the decay of the absorbed dose rate with distance. The results show that LLR affects the carbon and nitrogen migration process between plant–microorganism–soil through the “symbiotic microbial effect.” The increase in the intensity of ionizing radiation led to a significant increase in the relative abundance of symbiotic fungi, such as Ectomycorrhizal fungi and Rhizobiales, which is accompanied by a significant increase in soil lignin peroxidase (LiP) activity, the C/N ratio, and C%. Meanwhile, enhanced radiation intensity causes adaptive changes in the plant functional traits. This study demonstrates that the “symbiotic microbial effect” of plant–microorganism–soil systems is an important process in terrestrial ecosystems in response to LLR.
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1 Introduction

With the development of the nuclear industry and nuclear science, more and more ecosystems are suffering from ionizing radiation pollution. Especially after the Fukushima Daiichi Nuclear Disaster, Japan discharged a large amount of nuclear-contaminated water into the sea. The migration of these long half-life nuclides in the geochemical cycle will cause long-term radiation anomalies throughout the Earth’s ecosystems. Many regions (especially in Asia-Pacific and North America) will be under long-term low-intensity radiation (Chen et al., 2021). The increase in ionizing radiation in ecosystems carries out various effects, such as population extinction, biodiversity reduction, and changes in ecosystem structure and function (Geras’kin et al., 2008; Carolina et al., 2019; Mousseau and Møller, 2020; Elena, 2022). Especially in terrestrial ecosystems, there is a systematic correlation among plants, microorganisms, and soil. Aboveground vegetation, plant roots, soil physicochemical properties, and soil microorganisms are interconnected through nutrient cycle, energy flow, etc., which affect the structure and function of the whole terrestrial ecosystem (Castle et al., 2016; Song and Liu, 2018; Siddhartha and Karolina, 2022; Giovannetti et al., 2023; Song, 2023). Therefore, plant–microorganism–soil interaction is the main driving factor of carbon and nitrogen cycling (Delgado-Baquerizo et al., 2016). Some studies have shown that a certain dose of ionizing radiation will cause changes in plant functional traits and inhibit their growth and development, changes in the content, structure, and properties of organic and inorganic substances in soil, reduction of microbial diversity, and changes in ecosystem structure and function (Mohammad and Majed, 2019; Sergey et al., 2019; Cheptsov et al., 2021; Videvall et al., 2023). However, most of the studies on the ecological effects of ionizing radiation have mostly been carried out under laboratory conditions and usually based on a single species, excluding biological environmental factors and controlling non-biological factors, which makes these results have great limitations (Geras'kin, 2016). At present, little is known about the regulatory mechanisms of the plant–microorganism–soil system under long-term low-dose ionizing radiation (LLR). Therefore, it is of great significance to study the relationship of plant–microorganism–soil interaction in terrestrial ecosystems under long-term ionizing radiation.

In general, plants usually enhance their resistance by stimulating root-driven microbial communities when facing environmental stress and the same is true when subjected to nuclear radiation stress (Guesmi et al., 2022). Recent studies also indicated that under LLR conditions, plants tend to reduce aboveground biomass and invest more organic matter underground, thereby promoting the nutrient acquisition of the root-microbial system and improving the ecosystem’s adaptability to long-term nuclear radiation (Li et al., 2022; Cheng et al., 2023). According to previous studies, there are mainly two ways for plants to promote the nutrient acquisition of the root-microbial system, namely the “nitrogen mineralization effect” and the “symbiotic microbial effect,” which will lead to changes in soil carbon and nitrogen cycling and enzyme activity. The “nitrogen mineralization effect” refers to the phenomenon that plants increase the input of organic matter to the underground through the roots, which increases the number and activity of soil microorganisms, thus releasing more extracellular enzymes (such as proteases, cellulases, and lignin peroxidase), and then converting soil organic matter into inorganic forms of nutrients (such as ammoniacal nitrogen and nitrate nitrogen) that can be absorbed and utilized by plant roots, so as to improve plant nitrogen nutrition level and growth efficiency (Zang et al., 2016). The “symbiotic microbial effect” means to the phenomenon that plants increase the input of photosynthetic products and increase root exudates, which attract more symbiotic microorganisms (mainly mycorrhizal fungi), thus forming more hyphal networks extending into the soil, increasing the effective absorption area of plant roots, helping plants absorb more water and mineral nutrients, and enhancing plant adaptability (Harman et al., 2021). Therefore, two hypotheses are made as follows:

	i. The response of plant–microorganism–soil system to LLR is mainly based on “nitrogen mineralization effect.” In this case, the plant will release more root exudates, promote soil microorganisms to secrete extracellular enzymes to decompose soil organic matter, and obtain more inorganic nitrogen.
	ii. The response of the plant–microorganism–soil system to LLR is mainly based on the “symbiotic microbial effect.” In this case, plants will rely more on microorganisms that are symbiotic with roots and obtain more mineral elements by increasing the number and activity of symbiotic microorganisms.

In order to discuss which interaction process is more realistic, in this study, we take a grassland ecosystem irradiated by radioactive nuclide thorium-232 for 10 years as the research object. By measuring the leaf functional traits and isotopic indicators of plants, as well as soil physicochemical properties, enzyme activities, and soil microbial community composition under different radiation doses, to verify the response of plant–microorganism–soil interaction under LLR. This study provides an important reference for coping with the impact of LLR on terrestrial ecosystems in future.



2 Materials and methods


2.1 Sample site introduction and sampling

The sample site is located in Chengdu, China, at the geographic coordinates of 108°8′11″E, 30°40′29″N. The soil type of this area is dark brown soil. The region has a subtropical monsoon climate, with an annual average precipitation of 1,150 mm, an average temperature of 17.1°C, and an average of 1,100 h of sunshine. A square-shaped thorium ore (an isotope of the radionuclide thorium-232) with a length, width, and height of 75 cm each is in the center of the sample site, exposing the surrounding ecosystem to radiation for more than a decade. Minerals are technically shaped and exposed to the surface of the soil. The radioactivity of the thorium mineral is about 2.93 × 106 Bq. Tradescantia fluminensis L. is the overwhelmingly dominant group species in the region and has undergone multiple generations of reproduction in an LLR environment. Soil microorganisms also form stable communities adapted to the radiation environment (Carolina et al., 2019).

An HPGe portable gamma-ray spectrometer (trans-SPEC-DX-100 T) was used to measure the absorbed dose rate from thorium minerals at different distances. The highest absorbed dose rate at the periphery for thorium-232 was 910.964 ± 41.09 nGy/h and the lowest was 192.906 ± 5.05 nGy/h. Based on the attenuation of absorbed dose with distance, the sampling locations were set to three different gradients (2 ± 0.5 cm, 7 ± 0.5 cm, and 14 ± 0.5 cm). Their corresponding values were approximately four, three, and two times the maximum background-environmental radiation limit in Sichuan Province, which are known as high, medium, and low groups, respectively. In addition, samples were taken at the maximum limit of the environmental radioactivity background of the Sichuan Province as the blank group (Figure 1).

[image: Radiation distribution map centered on Th-232 source, showing concentric zones of radiation intensity in nanoGray per hour. Stars mark sampling points. Intensity labels: Blank: 210, Low: 420, Medium: 630, High: 840 nGy/h. Background limit noted for Sichuan, China. Gradient color bar indicates intensity scale.]

FIGURE 1
 A coordinate system is established with the radiation source thorium-232 as the origin, and the schematic diagram of the surrounding absorbed dose rate and sampling points is shown. From inside to outside, pure white represents the maximum absorbed dose rate, and pure purple represents the minimum absorbed dose rate.


The collection time for plant and soil samples is 10 May 2021. Sixty healthy and growing plants were randomly selected and uprooted from four gradients. Samples of 0–20 cm topsoil were taken in five replicates at each radiation gradient. After removing stones, plant roots, and other sundry materials, the soil was mixed, bagged, sealed, and labeled and stored in a 0°C ice box at low temperature, transported to the laboratory, and stored at −20°C prior to analyses.



2.2 Plant functional traits

Leaf thickness, root length, and plant full length were measured with Vernier calipers. Leaf area was calculated by Photoshop pixel analysis method, which digitizes the leaf and automatically analyzes the selected leaf area of various shapes by using the Photoshop pixel analysis function, thus obtaining the leaf area size. The samples were air-dried to remove moisture in a fume hood, which then measured the mass by using the analytical balance.

Plants are ground to a 200-mesh powder with a mortar and pestle. The δ13C, δ15N, carbon, and nitrogen contents (g·g−1; %) of the samples were measured with a DELTA V Advantage Isotope Ratio Mass Spectrometer. Stable carbon isotope discrimination was calculated with the following Equation (1):

[image: The formula shown is Δ¹³C equals (δₐ minus δₚ) times (1 plus δₚ).]

Where δa is the δ13C value of CO2 in the atmosphere and δp is the δ13C value of plant samples. The phosphorus content (g·g−1; %) of the samples was measured with an AxiosmAX Wavelength Dispersive X-ray Fluorescence (WDXRF) spectrometer from PANalytical B.V. (Shen, 2012). The spectrometer uses a Rh-target X-ray tube, set at 60 kV, 125 mA current, and 20 min measurement time. Quantitative analysis software is Super Q 4.0. The values in the graph are the mean ± standard error.



2.3 Physical and chemical properties of soil

The samples were extracted with a potassium chloride solution, and then, the soil ammonium nitrogen content was determined by indophenol blue colorimetry, and the determination of soil nitrate nitrogen content by dual-wavelength colorimetry. The sum of NH+ 4-N and NO- 3-N extracted from the cultured sample and the resin bag below the soil column was subtracted from the sum of NH+ 4-N and NO- 3-N extracted from the initial sample and divided by the incubation days to obtain the nitrogen mineralization rate of the sample (Miransari and Mackenzie, 2010).

Lignin peroxidase (LiP) oxidizes veratrylalcohol to form veratrylaldehyde. The absorbance at 310 nm was measured to calculate LiP activity (Guan, 1982). β-Glucosidase (β-GC) catalyzes the formation of p-nitrophenol from p-nitrobenzene-β-D-glucopyranoside. The absorbance of the p-nitrophenol at 405 nm was measured to calculate β-GC activity (Dick et al., 2013). In an alkaline environment, alkaline phosphatase (AKP) was used to catalyze the hydrolysis of disodium phenyl phosphate to produce phenol and disodium hydrogen phosphate, and AKP activity was calculated by measuring the amount of phenol produced (Guan, 1982). The NH3-N produced by urease (UE) hydrolysis of urea was determined by indophenol blue colorimetry to calculate UE activity (Guo et al., 2012). The content of reducing sugar produced by cellulase (CL) catalytic cellulose degradation was determined by anthrone colorimetry to calculate CL activity (Guan, 1982). Under alkaline conditions, alkaline protease (ALPT) can hydrolyze casein to produce tyrosine, which reduces phosphomolybdic acid compounds to produce tungsten blue. The absorbance of the latter at 680 nm was measured to calculate ALPT activity (Geisseler and Horwath, 2008).



2.4 Soil microbial DNA extraction, PCR amplification, and sequencing

Soil microbiome DNA extraction was performed with the PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States) following the specification. For extraction, 0.25 g (fresh weight) of each soil sample was weighed. The quality and concentration of the DNA extracted were measured with 1% agarose gel electrophoresis and spectrophotometry. The mean DNA concentration was 212.5 ng/μl. The samples were stored at −20°C for later experiments.

PCR amplification and sequencing were used to identify the bacterial and fungal species. The primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) were used to amplify the v.3-v.4 region of the 16S rRNA gene of bacteria. The primers ITS1 (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-TGCGTTCTTCATCGATGC-3′) were used to amplify the ITS1 region of the ITS gene of fungi. Barcode sequences 8 bp in length were added to the 5′ ends of the upstream and downstream primers to differentiate the different samples. The PCR system for both 16S rRNA and ITS (total system of 25 μL)were as follows: 12.5 μL 2xTaq Plus Master Mix, 3 μL BSA (2 ng/μL), 1 μL forward primer (5 μM), 1 μL reverse primer (5 μM), 2 μL DNA (30 ng), and 5.5 μL ddH2O to equal a final volume of 25 μL. The thermocycling conditions of the 16S rRNA reaction were as follows: pre-denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 60 s; and final extension at 72°C for 7 min. The thermocycling conditions of the ITS reaction were as follows: pre-denaturation at 94°C for 5 min; 34 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 60 s; and final extension at 72°C for 7 min. PCR products were detected by 1% agarose gel electrophoresis to detect the size of amplified target bands and purified by the Agencourt AMPure XP Nucleic Acid Purification Kit.

The PCR products were used to construct microbial diversity sequencing libraries, and paired-end sequencing was performed using the Illumina Miseq PE300 high-throughput sequencing platform. The raw sequencing sequences were uploaded to the NCBI SRA database. The origin sequences were split by the Barcode sequence according to the QIIME2 software (Bolyen et al., 2019), and the data were filtered and spliced by the Pear (v2.0.9) software. Remove low scores of 20, sequences with ambiguous bases, and primer mismatch sequences. The minimum overlap was set to 10 bp, and the mismatch rate was 0.1 when splicing. After splicing, the Vsearch (v2.8.1) software was used to remove sequences with a length of less than 230 bp, and the chimeric sequences were removed by comparing with the Gold Database using the uchime method (Rognes et al., 2016). The VSEARCH (v2.8.1) software program was used to cluster high-quality sequences with operational taxonomic units (OTUs), with the sequence similarity threshold at 97% (Edgar, 2013). Silva and Unite databases were used to obtain the species classification data corresponding to each OTU. The Ectomycorrhizal fungi were divided using FungalTraits (Põlme et al., 2020).




3 Results


3.1 Changes in soil microbial community

At the phylum level of the bacterial community, the dominant groups in the high, medium, low, and blank groups were Proteobacteria and Acidobacteriota; the relative abundance of Bacteroidota in the medium group was significantly lower than that of the other groups, but the relative abundance of Chloroflexi was significantly higher than that of the other groups; the relative abundance of other phyla did not change significantly (Figure 2A). At the phylum level of the fungal community, the dominant groups of the high, medium, low, and blank groups were Ascomycota, and the relative abundance of Rozellomycota in the high, medium, and low groups was higher than that of the blank group; with the increase in radiation intensity, the relative abundance of Mortierellomycota in the medium and low groups was lower than that of the blank group, while that in the high group was significantly higher than that of the blank group; the relative abundance of Chytridiomycota in the low group was higher than that of the blank group, while that in the high and medium groups was significantly lower than that of the blank group; and the relative abundance of other phyla did not change significantly (Figure 2B).

[image: Bar charts labeled A and B show the relative abundance of microbial taxa at four soil treatment levels: High, Medium, Low, and Blank. Chart A illustrates bacterial taxa, predominantly Proteobacteria, Acidobacteriota, and Bacteroidota. Chart B shows fungal taxa, mainly Ascomycota and Rozellomycota. Each chart includes a legend detailing the taxa represented by different colors.]

FIGURE 2
 The composition of soil (A) bacteria and (B) fungi at the phylum level under different radiation intensities.




3.2 Changes in plant functional traits

There were no significant differences in plant composition, diversity, and biomass in the sample plots at different radiation intensities. However, long-term ionizing radiation had a significant effect on plant functional traits. Compared with the blank group, the specific leaf area of the long-term radiation group decreased significantly, and the lowest was in the high group (Figure 3A). While the leaf thickness increases gradually with the increase in radiation intensity (Figure 3B). The specific root length of the low and medium groups was significantly lower than that of the blank group, but the specific root length of the high group was significantly higher than that of the blank group (Figure 3C). The proportion of root dry matter of the low group was significantly higher than that of the blank group, while the proportion of root dry matter of the medium group was significantly lower than that of the low group, and that of the high group was significantly lower than that of the medium group (Figure 3D). The plant full length decreases gradually with the increase in radiation intensity (Figure 3E). The plant nitrogen content decreases gradually with an increase in radiation intensity (Figure 3F). The plant phosphorus content of the low group did not differ significantly from that of the blank group, but the plant phosphorus content of the medium and high groups decreased significantly in turn (Figure 3G). The Δ13C values of the low and medium groups were significantly lower than that of the blank group, but the Δ13C value of the high group did not differ significantly from that of the blank group (Figure 3H). The Δ15N values of the low and medium groups were significantly higher than that of the blank group, and the Δ15N value of the high group was significantly higher than that of the low and medium groups (Figure 3I).

[image: Nine bar charts labeled A to I, each showing different plant growth metrics across four treatments: High, Medium, Low, and Blank. Metrics include specific leaf area, leaf thickness, specific root length, proportion of leaf dry matter, plant full length, nitrogen content, phosphorus content, Δ¹³C, and δ¹⁵N. Statistical significance is indicated by asterisks, with variations in height across treatments for each metric.]

FIGURE 3
 Plant functional traits under different radiation gradients: (A) specific leaf area, (B) leaf thickness, (C) specific root length, (D) root dry matter ratio, (E) plant height, (F) nitrogen concentration, (G) phosphorus concentration, (H) Δ13C, (I) δ15N. Significance: *<0.05; **<0.01; ***<0.001.




3.3 Effects of ionizing radiation

No significant differences were found in soil moisture, pH (around 7.5), light, and other environmental factors among plots under different radiation intensities. This indicated that the adaptive changes in plant functional traits and microbial communities are caused by ionizing radiation itself, rather than other environmental changes caused by ionizing radiation. The C% in the soil of the low group was not significantly different from that of the blank group, while that of the medium group was significantly higher than that of the blank group, and that of the high group was significantly higher than that of the medium group; there was no significant difference in soil N% among groups; the C/N ratio of the low group was significantly higher than that of the blank group, and that of the high and medium groups were significantly higher than that of the low group (Figure 4). Soil nitrogen mineralization rate had no significant correlation with radiation intensity, C/N ratio, C%, N%, and abundance of Ectomycorrhizal fungi, Rhizobiales, and Predatory or Exoparasitic (Figure 5). β-GC, AKP, and UE activities had significant negative correlations with radiation intensity, C/N ratio, C%, and abundances of Ectomycorrhizal fungi and Rhizobiales (Figure 5). AKP and UE activities had significant negative correlations with N% (Figure 5). LiP activity had significant positive correlations with radiation intensity, C/N ratio, C%, and N%, and abundances of Ectomycorrhizal fungi and Rhizobiales, but had significant negative correlations with an abundance of Predatory or Exoparasitic (Figure 5). CL activity had no significant correlation with radiation intensity, C/N ratio, C%, N%, and abundance of Ectomycorrhizal fungi, Rhizobiales, and Predatory or Exoparasitic (Figure 5).

[image: Bar charts labeled A, B, and C display measurements for different sample groups: High, Medium, Low, and Blank. Chart A shows carbon content, with High significantly greater than other groups. Chart B presents nitrogen content without significant differences. Chart C illustrates the C/N ratio, displaying significant differences among several groups. Error bars indicate variability, and asterisks denote significance levels.]

FIGURE 4
 Soil (A) C content, (B) N content, and (C) C/N ratio under different radiation gradients. Significance: *<0.05; **<0.01; ***<0.001.


[image: Heatmap displaying correlations among various variables and factors, including LIP, β-GC, AKP, UE, CL, and NMR, with attributes such as radiation, ectomycorrhizal status, and nutrient percentages. The color gradient ranges from red to blue, indicating positive to negative correlations. Significant values are marked with asterisks.]

FIGURE 5
 Relationships of soil nitrogen mineralization rate (NMR), soil lignin peroxidase (LiP), cellulase (CL), β-glucosidase (β-GC), alkaline phosphatase (AKP), and urease (UE) with radiation intensity, C content, N content, C/N ratio, and the abundance of Ectomycorrhizal fungi, Rhizobiales, and Predatory or Exoparasitic. Color depth represents the level of correlation. Significance: *<0.05; **<0.01; ***<0.001. Distance algorithm: Bray–Curtis, clustering method: Pearson.





4 Discussion


4.1 Nitrogen mineralization effect versus symbiotic microbial effect

When the nitrogen mineralization effect occurs, then must accompanied by phenomena such as an increase in the rate of nitrogen mineralization, an increase in the activities of enzymes related to nitrogen mineralization, a decrease in soil organic carbon due to the accelerated decomposition of organic matter, and a decrease in total soil nitrogen but an increase in the amount of the available nitrogen (Kuzyakov and Xu, 2013). At the same time, the specific leaf area and plant biomass should increase (Abalos et al., 2018), and the δ15N of the plant should not change significantly (Song et al., 2020). However, our study found that there is no significant change in soil N mineralization rate in relation to radiation intensity, C/N ratio, C%, and N%, and the activities of CL, β-GC, AKP, and UE are either significant negative correlate or non-significant correlate with radiation intensity, C/N ratio, C%, and N%. In addition, with the increase in radiation intensity, soil N% did not change significantly, while C% not only did not decrease but increased significantly. The specific leaf area and plant biomass not only did not increase, but instead decreased, while the δ15N of the plant increased significantly. Therefore, the hypothesis of the “nitrogen mineralization effect” is not valid.

When the symbiotic microbial effect occurs, the symbiotic microorganism, mainly Ectomycorrhizal fungi, in order to obtain nutrients such as nitrogen and phosphorus from difficult-to-break-down organic matter such as lignin in exchange to plants, usually release LiP to transform difficult-to-break-down plant residues, simultaneously promoting soil carbon and nitrogen sequestration (Zak et al., 2019; Argiroff et al., 2022). Moreover, because the δ15N of the nitrogen element given to the plant by the mycorrhizal fungi is high, causing the δ15N of the plant is also high (Song and Zhou, 2021). We found that LiP activity has significant positive correlations with radiation intensity, C/N ratio, C%, N%, and abundance of Ectomycorrhizal fungi and Rhizobiales, and plant δ15N increase with increasing radiation intensity, which is consistent with the hypothesis of the “symbiotic microbial effect.” In addition, the symbiotic microbial effect can also explain some physiological changes in plants to adapt to long-term ionizing radiation. For example, the plants in the low group improve their damaged nutritional status due to radiation by enhancing the nutrient absorption ability of the root system, which makes the specific root length of the plants in the low group significantly lower than that of the blank group, while the root dry matter proportion is significantly higher than that of the blank group (Li et al., 2022). Moreover, the abundance of Ectomycorrhizal fungi in the high group is 6 times that of the medium group, 13 times that of the low group, and 0 in the blank group. This indicates that under long-term ionizing radiation stress, plants transfer the main task of absorbing nutrients to symbiotic microorganisms mainly composed of Ectomycorrhizal fungi, resulting in significantly longer specific root length than that of the blank group, while the proportion of root dry matter is significantly lower than that of the blank group (Li et al., 2022; Cheng et al., 2023).



4.2 Response of plant–microbial–soil system to ionizing radiation

The radiation intensity in this study is not enough to change the dominant groups of soil microorganisms, but the relative abundance of some microbial phyla still changed under different irradiation intensities. The bacterial abundance composition is relatively stable, and only the abundance of Bacteroidota and Chloroflexi in the medium group changed greatly. In the fungi composition, compared to the blank and low groups, Chytridiomycota is significantly reduced in the medium and high groups. Chytridiomycota is a kind of transgenic parasitic fungi of various plants, and its produced zoospores are mediators for the transmission of some viruses in the soil (James et al., 2006; Kaczmarek and Boguś, 2021). A reduction in the relative abundance of Chytridiomycota reduces soil-borne diseases and thus indirectly promotes plant growth. The relative abundance of Mortierellomycota in the high group is significantly higher than that in the other groups. Some types of Mortierella alpina can significantly increase the content of soil-dissolved organic carbon, resulting in a significantly higher C% in the high group compared to the other groups (Wang et al., 2022).

In order to cope with the adverse effects of the radiation environment, plants under different radiation intensities have made adaptive changes to the varying radiation intensity, such as reducing specific leaf area, increasing leaf thickness, and shortening plant length (Li et al., 2022). In this case, the plants do not have excess root exudates to stimulate soil microorganisms for nitrogen mineralization. However, while making these stress-resistance responses, plants also reduce their nutrient absorption ability, making their nitrogen and phosphorus content lower. At this time, plants usually turn to rhizosphere microorganisms (especially root symbiotic microorganisms) to obtain nutrients such as nitrogen and phosphorus (Chai and Schachtman, 2022). Under the influence of this symbiotic microbial effect, the abundance of Ectomycorrhizal fungi increased significantly with the increase in radiation intensity. Because Ectomycorrhizal fungi form a biofilm on the root surface, this biofilm not only helps plants resist the invasion of pathogens, toxins, and drought (Peter et al., 2016; Vincent and Declerck, 2021; Zheng and Song, 2022) but also promotes soil carbon sequestration by sequestering as microbial residues in the soil for a long period of time because of the difficulty of decomposition of its constituents (Liang et al., 2017; Liang, 2020; Song et al., 2023). Moreover, Rhizobiales can also exchange nutrients with plants and have the ability to promote soil carbon sequestration (Song et al., 2020). Therefore, with the increase in radiation intensity, the abundance of Ectomycorrhizal fungi and Rhizobiales also increase, thereby increasing soil C% and increasing the C/N ratio (Wallander et al., 2011). Ionizing radiation also inhibited Predatory or Exoparasitic, thus indirectly stabilizing ecosystem productivity (Liu et al., 2022), which, in turn, affects soil nutrient changes (Ning et al., 2021). In addition, the Δ13C value reflects the water use efficiency of plants (Song and Liu, 2020), and the Δ13C values of the low and medium groups are significantly lower than that of the blank group, but the Δ13C value of the high group do not differ significantly from that of the blank group, indicating that the symbiotic microbial effect can restore the water use efficiency of plants damaged by radiation. In summary, we believe that root symbiotic microorganisms are important research objects to regulating the function of plant–microorganism–soil systems under LLR and coping with global ionizing radiation pollution in future.




5 Conclusion

Compared with the nitrogen mineralization effect, the symbiotic microbial effect is more consistent with the actual situation of plant–microorganism–soil interactions under LLR. The symbiotic microbial effect changes the carbon and nitrogen migration processes and thus helps plants cope with the nutrient status damaged by radiation. Under the symbiotic microbial effect, radiation promotes the growth of Ectomycorrhizal fungi and Rhizobiales and inhibits the growth of Predatory or Exoparasitic, which increases soil C% and C/N ratio. The greater the radiation intensity, the greater the effect. This study believes that long-term ionizing radiation has a significant interaction with plant–microorganism–soil system. Root symbiotic microorganisms (especially Ectomycorrhizal fungi) are important microbial groups to cope with LLR in future, and symbiotic microbial effect is an important process affecting the response of terrestrial ecosystems to LLR.
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Introduction: Soil microbes are central in governing soil multifunctionality and driving ecological processes. Despite biochar application has been reported to enhance soil biodiversity, its impacts on soil multifunctionality and the relationships between soil taxonomic biodiversity and ecosystem functioning remain controversial in paddy soil.



Methods: Herein, we characterized the biodiversity information on soil communities, including bacteria, fungi, protists, and nematodes, and tested their effects on twelve ecosystem metrics (including functions related to enzyme activities, nutrient provisioning, and element cycling) in biochar-amended paddy soil.
Results: The biochar amendment augmented soil multifunctionality by 20.1 and 35.7% in the early stage, while the effects were diminished in the late stage. Moreover, the soil microbial diversity and core modules were significantly correlated with soil multifunctionality.
Discussion: Our analysis revealed that not just soil microbial diversity, but specifically the biodiversity within the identified microbial modules, had a more pronounced impact on ecosystem functions. These modules, comprising diverse microbial taxa, especially protists, played key roles in driving ecosystem functioning in biochar-amended paddy soils. This highlights the importance of understanding the structure and interactions within microbial communities to fully comprehend the impact of biochar on soil ecosystem functioning in the agricultural ecosystem.
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1 Introduction

Soils, a main repository of terrestrial biodiversity, harbors one-quarter of all species on Earth, including millions of species and billions of organisms (Bardgett and Van Der Putten, 2014; Jansson and Hofmockel, 2020; Guerra et al., 2021; Coban et al., 2022). Soil microorganisms are highly diverse and complex, spanning from minute bacteria and fungi to more sizable organisms, such as protists and nematodes (Bardgett and Van Der Putten, 2014; Guerra et al., 2021). As a large fraction of soil biome, soil microbiome is undeniably a crucial component in both natural and anthropogenic ecosystems, influencing soil pH, structure, and fertility. Additionally, they can also impact soil water availability by modifying soil hydraulic conductivity and hydrophobicity (Fierer, 2017). Soil microbiome is inseparably linked to soil health, serving as a critical driver for One Health initiatives aimed at promoting ecosystem health (Lehmann et al., 2020).

Soil microorganisms govern a wide variety of fundamental functions that underpin essential ecosystem services (Fierer, 2017). The microbes are involved in ecosystem biogeochemical processes on Earth, driving macronutrients, micronutrients, and other elements cycling with direct feedback effects on soil ecosystem functioning (Fierer, 2017; Jansson and Hofmockel, 2020). There is a number of evidence that soil biodiversity can significantly impact the soil multifunctionality in diverse ecosystems (Nielsen et al., 2011; Delgado-Baquerizo et al., 2016, 2020; Chen et al., 2020). The positive relationships between biodiversity and multifunctionality were observed in terrestrial ecosystems and urban greenspaces (Delgado-Baquerizo et al., 2016; Fan et al., 2023). The multifunctionality also exhibited a strong linear correlation with soil biodiversity in model grassland (Wagg et al., 2014). Yet the evidence for this conclusion primarily stems from experiments testing the impact of multidiversity or solely considering the effects of low-trophic-level soil microorganisms on multifunctionality (Wagg et al., 2019; Chen et al., 2020), despite the fact that the ecosystem functions are dominated by certain trophic organisms. While extensive understanding exists regarding the regulation of ecosystem multifunctionality by soil biodiversity, the identification of specific biological populations crucial to sustaining these ecosystem functions remains an unresolved challenge.

Biochar has received a great deal of attention as an effective soil amendment for enhancing soil fertility and promoting plant growth. With its ability to improve soil structure, nutrient cycling, and fertility, biochar has emerged as a promising sustainable method of soil improvement in agriculture (Zhou et al., 2019). In the terrestrial ecosystem, a broad range of biogeochemical processes, including carbon sequestration, soil respiration, ammonification and nitrification, and nutrient transport and transformation, are affected by biochar application (Liang et al., 2017; Zheng et al., 2018; Dong et al., 2022). Over the past few decades, studies have reported that biochar can enhance soil microbial functional activities and optimize community structure, thereby augmenting soil biological properties (Li et al., 2018). The highly porous structure and various functional groups of biochar provide habitats for soil microorganisms to colonize and further stimulate microbial activities (Liu et al., 2018). Biochar amendment can also significantly modify soil physicochemical properties, such as soil pH and organic matter content, creating a more suitable environment for microbial growth, development, and proliferation (Palansooriya et al., 2019). However, the role of soil microbes on ecosystem functioning in paddy soil amended with biochar remains comparatively unexplored. Identifying mechanisms by which biochar modulates the diversity-multifunctionality relationships within the soil ecosystem is essential to comprehending how biochar application affects the paddy soil ecosystem.

Herein, this work was to (1) investigate the effects of biochar on soil multifunctionality, and (2) evaluate the relationship between interactions among different microorganisms and their functions. We characterized the biodiversity information on bacteria, fungi, protists, and nematodes in soil samples collected from a biochar-amended paddy soil. Twelve ecosystem metrics from the enzyme level to nutrient provisioning and their simultaneous provision (multifunctionality) were adopted. The soil network among the multitrophic members of the soil microbiome was visualized using co-occurrence networks.



2 Materials and methods


2.1 Experimental design and soil sampling

The pot experiment was carried out in Jiujiang City (29°68′N, 115°98′E), Jiangxi Province, South-Eastern China, which features a subtropical warm and humid monsoon climate, exhibiting four distinct seasons. The paddy soil (classified as Stagnic Anthrosols) was collected from local farmland in Jiujiang before the 2020 rice planting season. There are four treatments with three replicates. Maize straw biochar, which pyrolyzed at 400°C, was used with the dosage of 2.5 g kg–1 (B1), 5.0 g kg–1 (B2), and 10.0 g kg–1 (B3) in biochar treatments, respectively. Pots (20 cm × 20 cm × 25 cm) without biochar amendment were treated as control (CK). In the Spring of 2020, rice seedlings (Taifengyou3301) were planted in plastic pots with 10.0 kg soil. The total number of pots was 4 biochar levels × 2 sampling times (heading stage and maturation stage of rice) × 3 replicates = 24 pots. The pot experiment was initiated in May 2020, with sample collection during the heading stage (n = 36) conducted in August 2020, followed by the maturity stage (n = 36) sampling in October 2020. The experimental duration lasted for 4 months. During the maturity stage sampling, the average seedling height measured 90 cm. After sampling, the soil was separated into three aggregate classes: >2000 μm (large macroaggregate), 250–2000 μm (small macroaggregate), and <250 μm (microaggregate) at each sampling time following the previous study (Elliott, 1986).



2.2 Ecosystem functions

In the present study, we quantified 12 metrics related to enzyme activities, nutrient provisioning, and element cycling: soil organic carbon (SOC), dissolved organic C (DOC), total N (TN), total P (TP), ammonium (NH4+), nitrate (NO3–), saccharase, β-glucosidase, urease, phosphatase, available S (AS) and available Fe. The contents of SOC, total N, total P, ammonium, and nitrate were measured using standard soil testing procedures (Hu et al., 2021). The concentrations of DOC, available S, and available Fe were detected following the previous approach (Jiao et al., 2022). The extracellular enzyme activities were determined using the model substrates methods as described previously (Yao et al., 2019; Han et al., 2021). Ecosystem multifunctionality measures reflect the ability of an ecosystem to supply multiple functions or services simultaneously. To deliver a quantitative multifunctionality index for each sample, the 12 metrics measured were normalized and standardized using the Z-score transformation. After standardizing, the ecosystem functions were averaged to calculate the multifunctionality index (Delgado-Baquerizo et al., 2016).



2.3 Soil biodiversity analysis

Soil microbial DNA was extracted from fresh soil in three aggregate levels by using the Fast DNA SPIN Kit (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions. The diversity and composition of bacteria, fungi, protists, and nematodes were analyzed using sequencing (Illumina HiSeq-PE250 platform). Bacterial 16S rRNA was amplified the V4-V5 region with the primer pairs: 5′-GTGCCAGCMGCCGCGGTAA-3′ and 5′-CCGTCAATTCMTTTRAGTTT-3′. Eukaryota 18S rRNA was amplified using the paired primers: 5′-GGTGGTGCATGGCC GTTCTTAGTT-3′ and 5′-TACAAAGGGCAGGGACGTAAT-3′ (Fan et al., 2021). Bacterial and eukaryotic sequences have been submitted to the NCBI Sequence Read Archive (SRA) with the accession number PRJNA984952.

Raw sequences were processed using the QIIME pipeline and then clustered into operational taxonomic units (OTUs) at a 97% similarity threshold after removing the low-quality sequence. The SILVA database was used to classify bacteria and nematodes, while the UNITE database and the Protist Ribosomal Reference (PR2) database were employed for the classification of fungi and protists, respectively, with all taxonomic assignments adhering to a 97% similarity threshold. The even sampling depths for each group were 12049 for bacteria, 2006 for fungi, 7524 for protists, and 119 for nematodes. Soil biodiversity was characterized as richness (i.e., number of soil phylotypes) and Shannon diversity. The multidiversity index was calculated by averaging the standardized values (0–1) of richness of all types of organisms: soil bacteria, fungi, protists, and nematodes (Wang et al., 2019).



2.4 Statistical analyses

We chose the abundant (top 10% of all identified bacteria and eukaryotes) phylotypes to construct the co-occurrence networks. All pairwise Spearman correlations were calculated in the package “WGCNA” in R and the correlation threshold was above 0.65 and P-value < 0.01. Additionally, we employed the analysis of variance (ANOVA) to eliminate the variance. The data for network analysis is derived from the OTU data of all 72 samples, obtained at various aggregation levels of microbial OTUs. The networks were visualized using Gephi software. The modules were identified from soil microbial groups that were closely interacting with each other. Structural equation models (SEMs) were used to assess the direct and indirect effects of soil pH, biochar, soil biodiversity, and modules on multifunctionality. The data used for the structural equation model (SEM) is based on 72 samples. For bacteria, fungi, protists, and nematode diversity data, we utilized richness data. Regarding module data, we performed principal component analysis (PCA) on the relative abundances of modules 1, 2, 3, and 4 and subsequently extracted the data from the first principal component (PCA1). SEM was conducted in IBM SPSS Amos 21. Linear regressions (based on Spearman correlations) were performed to establish the relationships between soil biodiversity, multidiversity, and multifunctionality. Heatmaps were conducted to estimate the Spearman correlations between biodiversity, modules, and single functions. We also evaluated the role of main protists and nematodes in multifunctionality by linear regressions.




3 Results


3.1 Effect of biochar addition on soil multifunctionality

We examined the influence of biochar addition on soil ecosystem multifunctionality at different aggregate sizes. The results suggested that the addition of biochar significantly enhanced the soil multifunctionality compared to the control treatment in the early stage (P < 0.01) (Figure 1A). Moreover, soil multifunctionality increased along with the increasing doses of biochar application in the early stage. For example, the soil ecosystem multifunctionality in B1 and B3 increased by 20.1 and 35.7%, respectively, compared to that in CK (Supplementary Figure 1A). Nevertheless, the impacts of biochar amendment on soil multifunctionality were inconsistent at different stages. The biochar amendment had a significantly positive effect (P < 0.01) on soil multifunctionality in the early stage, but the effect was diminished in the late stag (P > 0.05) (Figures 1A, B and Supplementary Figure 1). These results suggested that the biochar amendment exhibited a stronger positive association with soil multifunctionality in the early stage, and such an effect was enhanced by the increase of biochar application. At the late stage, however, biochar application exhibited weaker or no relationships with soil ecosystem multifunctionality compared to the control treatment. At the aggregate level, no significant correlations were observed for biochar amendment on multifunctionality (Figure 1A). Regarding aggregate size, in the early stage, the highest biodiversity is observed in the microaggregates (Supplementary Figure 2), with a gradual decrease noted in larger aggregate sizes. The large aggregates exhibit the lowest biodiversity during this stage. In the late stage, there is a notable increase in biodiversity for small aggregates, which exhibit the highest biodiversity, followed by microaggregates, with large aggregates displaying the lowest biodiversity among the three categories (Supplementary Figure 2).
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FIGURE 1
The multifunctionality in different treatments. (A) Early stage of rice growing, (B) late stage of rice growing. CK, control, and without additive; B1, with the addition of 2.5 g kg–1 biochar; B2, with the addition of 5 g kg–1 biochar; B3, with the addition of 10 g kg–1 biochar; L: large macroaggregates, S, small macroaggregates, M, microaggregates. P-values were indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




3.2 Relationship between microbial diversity and soil multifunctionality

The relationship between microbial diversity and soil multifunctionality was explored using the standardized average of twelve variables: SOC, TN, TP, nitrate, ammonium, Fe, DOC, phosphatase, urease, β-glucosidase, saccharase, and AS (see section “2 Materials and methods”). The results indicated that the diversity of soil organisms shifted the soil ecosystem multifunctionality (Figures 2A–D and Supplementary Figure 3). The least-squares regression models revealed a negative linear correlation between soil microbial richness and soil multifunctionality for both bacteria (r = −0.28, P = 0.018) and nematodes (r = −0.35, P = 0.003) (Figures 2A, D). In contrast, the richness of protists was positively related to soil ecosystem multifunctionality along with the soil diversity gradient (r = 0.25, P < 0.05) (Figure 2C). However, the fungal richness showed weaker or no multifunctional relationships than the richness of bacteria, protists, and nematodes (Figure 2B). Interestingly, this relationship was found to be different when considering the Shannon index (Supplementary Figure 3). Unlike in Figure 2B, the fungal Shannon diversity significantly decreased soil ecosystem multifunctionality (P = 0.01), but weaker or no significant associations between the Shannon diversity of bacteria and nematodes and soil multifunctionality were observed (P > 0.05) (Supplementary Figure 3). Notably, the relationship between the diversity of protists and soil multifunctionality was maintained when using the Shannon index (Supplementary Figure 3). The diversity of protists was the only exception presenting a significantly positive effect when both richness and Shannon index were employed as an indicator to evaluate soil microbial diversity (Figure 2C and Supplementary Figure 3).
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FIGURE 2
The relationship between multifunctionality and biodiversity of organisms with biochar addition. (A–D) The linear relationships between multifunctionality and the biodiversity of selected groups of soil organisms (averaged standardized between 0 and 1). Statistical analysis was performed using ordinary least squares linear regressions; P-values were indicated by asterisks: *P < 0.05, **P < 0.01, and ***P < 0.001. (E) Significant correlations (Spearman; ρ < 0.05) between the diversity of single groups of organisms and 12 single ecosystem metrics (including functions related to enzyme activities, nutrient provisioning, and element cycling). SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; DOC, dissolved organic carbon; AS, available sulfur.


By identifying the correlation between the diversity of single groups of organisms and single ecosystem functions, it was observed that various soil organisms had distinct impacts on the different aspects of ecosystem functions and services (enzyme activities, nutrient provisioning, and element cycling) (Lefcheck et al., 2015; Jiao et al., 2022). Among them, soil organic carbon (SOC), dissolved organic C (DOC), total N (TN), total P (TP), ammonium (NH4+), and nitrate (NO3–) represent nutrient provisioning. Saccharase, β-glucosidase, urease, and phosphatase are indicative of enzyme activities, while available S (AS) and available Fe are associated with element cycling. Activities of P-, N-, and C- cycle enzymes, including phosphatase, urease, β-glucosidase, and saccharase, showed significant correlations with different soil microbes (bacteria, fungi, protists, and nematodes) (Figure 2E). Among the enzymes assessed, the activities of phosphatase, urease, and β-glucosidase were negatively related to the diversity of bacteria and nematodes, while the activities of phosphatase and urease positively correlated with the diversity of protists (Figure 2E). In particular, saccharase was the only enzyme displaying positive association with most of the microorganisms, especially on nematodes (P < 0.001) (Figure 2E). In addition, the accumulation of NH4+ and TP was positively associated with the diversity of bacteria and nematodes but were not positively related to that of fungi and protists. No correlation, however, was found between some single ecosystem functions (including the accumulation of TN, SOC, NO3–, and DOC) and the diversity of four soil groups. Fe-element cycling and AS in soil were negatively associated with nematodes but positively with protists (Figure 2E).

To explore whether the biochar addition and multidiversity showed a significant correlation with multifunctionality, we further averaged the standardized scores (z scores) of all ecosystem functions to obtain a single index of soil ecosystem multifunctionality (Supplementary Figure 4). Similarly, the multidiversity index reflects the overall community compositional changes in concert with changes in soil microbial biodiversity. The biochar amendment exhibited highly significant positive effects on multifunctionality (P < 0.001), whereas the changes in ecosystem multifunctionality had negative associations with the average of the indicators of soil biodiversity (P < 0.05) (Supplementary Figure 4). These results suggested that the biochar amendment and changes in soil biodiversity significantly impact ecosystem multifunctionality in paddy soil.



3.3 Links between main phylotypes, modules, and ecosystem functions

To reveal how soil phylotypes of different modules impact the soil ecosystem multifunctionality, the soil co-occurrence networks were constructed for four soil groups (bacteria, fungi, protists, and nematodes) (Figure 3). The integrated co-occurrence networks were composed of 440 nodes and 2582 edges. As shown in Figure 3A, positive correlations dominated the co-occurrence networks. The proportion of positive associations occupied 99.3% for the total edges of the network. Based on the co-occurrence networks, the multitrophic network was clustered into four modules (subunits with highly inter-connected nodes) (Figure 3A). Co-occurrence network analysis showed that a higher number of nodes and edges among nodes was observed in Module 1, indicating that Module 1 was more closely and complicatedly with higher connectedness than other modules (Figure 3A). We further measured the OTUs proportion of dominant taxa in Modules 1–4 and found that protist OTUs accounted for a considerable proportion of all soil microbial organisms within modules, with the highest relative abundance reaching 48.08% (Figure 3B).


[image: A network diagram and bar graph represent microbial community modules. The network (A) shows four modules with nodes in pink, green, blue, and orange, connected by pink lines. The bar graph (B) displays the proportion of operational taxonomic units (OTUs) for each module, with colors signifying nematodes, protists, fungi, and bacteria. Module 1 is primarily pink, while Module 2 includes orange and green. Modules 3 and 4 are mainly orange and blue.]

FIGURE 3
The main modules in the network and the OTU number proportion in the modules. (A) Co-occurrence network of soil microbial OTUs. Co-occurrence networks visualizing significant correlations (Spearman’s correlation coefficient >0.65) between OTUs in the communities of four kinds of soil microbial taxa (bacteria, fungi, protists, and nematodes). Four modules in microbial networks are shown in different colors. The size of each node accounts for the degree of OTUs, representing the connectedness among OTUs. The connecting lines (edges) among those nodes represent the interactions between soil organisms. The red and blue edges show positive and negative interactions, respectively. (B) OTUs number proportion (%) of the soil organismal phylotypes in Modules 1–4 in the network.


To characterize microbial interactions within each module, we next structured the microbial networks of four ecological assemblies based on the co-occurrence network of total microbial OTUs. Consistent with the results presented in Figure 3A, the network of Module 1 contained a higher number of significantly co-occurring OTUs (nodes = 169) than the other networks. The network complexity within Module 1, as indicated by the number of edges (1557), was also higher than in other modules. The keystone taxa, represented by nodes with both high degree and low betweenness centrality values in the networks, differed among various modules (Figures 4A–D). The keystone species at the phylum level, found in Module 1, were Bacteroidetes and Nitrospirae, and Dikarya, which belong to bacteria and fungi, respectively (Figure 4A). Within Module 2, these were Actinobacteria, Firmicutes, Cryptomycota, and Archaeplastida, which belong to bacteria, fungi, and protists, respectively (Figure 4B). For Module 3, Proteobacteria, Bacteroidetes, and Alveolata which belong to bacteria and protists, respectively, were found to be the keystone phyla (Figure 4C). And the keystone phyla with Module 4 were Bacteroidetes, Acidobacteria, Firmicutes, and Proteobacteria (all belonging to bacteria) (Figure 4D).


[image: Four network diagrams labeled A, B, C, and D, representing microbial co-occurrence with various colored nodes indicating different microbial groups, such as Acidobacteria and Actinobacteria. The legend distinguishes categories by color. Below, panel E shows a heatmap in four modules indicating correlations of modules with environmental factors like SOC, TN, and TP. Colors range from red to blue, with symbols indicating significance levels (*, **, ***).]

FIGURE 4
The main modules and the correlation between modules and physicochemical properties. (A–D) Taxonomic composition of modules. The different soil organisms are shown in different colors. The size of each node accounts for the degree of OTUs, representing the connectedness among OTUs. The connecting lines among those nodes represent the interactions between soil organisms. (E) Significant correlations (ρ < 0.05) between the modules and single ecosystem functions. P-values were indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.


It was found that protists displayed a high connectedness in the networks. Likewise, at the genus level, the affiliation of keystone taxa also varied significantly among the modules. Major keystone protistan species within Module 1 included members of the phylum Stramenopiles, comprising the genus Navicula, Sellaphora, and Nitzschia; the phylum Alveolata, consisting of the genus Furgasonia, and the phylum Opisthokonta, comprising the genus Chaetonotida, Monogononta, Gastropoda, and Crustacea (Figure 4A). Within Module 2, the majority of keystone protistan taxa were the phylum Stramenopiles, including the genus Stauroneis and Pinnularia; the phylum Alveolata, including the genus Stylonychia, Cyrtolophosidida, and Didinium, and the phylum Opisthokonta, comprising the genus Monogononta (Figure 4B). Most keystone protistan genera within Module 3 were composed of Neidium and Cyrtolophosidida, while within Module 4, they were Rhabditida and Chromadorea (Figures 4C, D).

In this work, emphasis was also centered on the associations between the biodiversity of each module and single ecosystem functions. The biodiversity within Modules 2–4 was positively correlated with the activity of phosphatase, urease, and β-glucosidase, whereas it was negatively correlated with the activity of saccharase (P < 0.01) (Figure 4E). Besides, the accumulation of TP and NH4+ showed significantly negative correlations (P < 0.01) with the biodiversity of Modules 2–4. The accumulation of TN, NO3– and Fe-element cycling was positively related to the biodiversity of Module 2 but not significantly associated with that of most other modules (Figure 4E). No correlation was observed between the accumulation of SOC, DOC, and AS and the diversity of Modules 1–4 (Figure 4E). Interestingly, the significant relationship between the effects of Module 1 on single ecosystem functions appeared to be the exact reverse of Modules 2–4 (Figure 4E).

The relationships between each module and multifunctionality were evaluated to further investigate the mechanism of the modules on adjusting soil multifunctionality. Significant positive correlations (P < 0.05) between the diversity of Modules 2–4 and soil multifunctionality were detected (Figure 5). The richness of Module 1 was the only exception, presenting a significantly negative relationship (P < 0.01) (Figure 5). The specificity of Module 1 (Figure 5) and the characteristics of the microbial co-occurrence networks (Figures 3, 4) indicated that soil microbial taxa in modules regulate multifunctionality. We next explored the importance of dominant taxa within ecological modules as manipulators of soil ecosystem multifunctionality.


[image: Four scatter plots show relationships between multifunctionality and modules with trend lines and correlation values. Module 1 has a negative correlation (r = -0.33, P = 0.005) in purple; Module 2 has a positive correlation (r = 0.33, P = 0.005) in green; Module 3 has a positive correlation (r = 0.26, P = 0.027) in orange; Module 4 has a positive correlation (r = 0.30, P = 0.01) in blue.]

FIGURE 5
The correlation between the four main modules and multifunctionality. Statistical analysis was performed using ordinary least squares linear regressions.


Given that the effects of protists on the majority of single functions were consistent with most modules (Figures 2E, 4E), and protists showed specificity in their impacts on soil multifunctionality (Figure 2C and Supplementary Figure 3), we speculated that protists in the modules were the dominant taxa regulating soil multifunctionality. The associations between protistan diversity within each module and soil multifunctionality were then tested. The richness of protists within Modules 2, 3, and 4 was positively related to the multifunctionality (Figure 6). By contrast, the protistan diversity in Module 1 had a negative association with the multifunctionality (Figure 6). The impacts of protists within modules on soil multifunctionality were coherent with those of each module (Figures 5, 6). Besides, we assigned the protists into various functional groups based on their nutrient-uptake mode (Xiong et al., 2020), including phagotrophs, parasites, phototrophs, and plant pathogens, and tested their associations with single functions. Protists, especially microbial-feeding phagotrophs, are significantly correlated with soil multifunctionality (Figure 6). The phagotrophic protists exerted a significant impact on both enzyme activity and the supply of nitrogen and phosphorus nutrients (Figure 6). These results provided independent evidence for the hypothesis of protists regulating multifunctionality.


[image: Heatmap showing correlations between various protist modules and environmental variables like nitrogen, phosphatase, and others. Color scale from -0.6 (blue) to 0.6 (red) indicates correlation strength. Key variables include SOC, TN, and ammonium, with significance levels indicated by asterisks.]

FIGURE 6
The correlation between the main protists in four modules, protistan functional groups, and multifunctionality. Significant correlations (Spearman, ρ < 0.05) between protists within each module, as well as between different protistan functional groups and ecosystem functions. P-values were indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




3.4 Accounting for multiple multifunctionality drivers

Structural equation models (SEMs) were then conducted to infer the multiple direct and indirect impacts of biochar amendment, microbial diversity, and modules in explaining soil ecosystem multifunctionality. To test whether various indirect pathways drive the biochar-biodiversity-multifunctionality relationships, we divided the microbial diversity into multidiversity, modules and different soil microbes, including bacteria, fungi, protists, and nematodes, and performed SEMs for both cases separately. Our results from both cases suggested that the direct positive impacts (P < 0.001) of biochar amendment on soil ecosystem multifunctionality were maintained even after accounting for the effects of other ecosystem factors simultaneously (Figure 7). The biochar amendment was the predominant driver of soil multifunctionality and positively related to soil pH which had limited contribution to multifunctionality indirectly (Figure 7). Consistent with the results shown in Figure 2A and Supplementary Table 1, SEMs for soil taxonomic microorganisms revealed that the diversity of nematodes was negatively correlated with soil multifunctionality, whereas that of protists was positively correlated with soil multifunctionality (P < 0.05) (Figure 7A). More importantly, although the bacterial and fungal diversity did not affect soil multifunctionality directly, they did affect the multifunctionality indirectly by altering the diversity of nematodes and protists, respectively (Figure 7A). In addition, modules had direct and significant positive effects (P < 0.001) on soil multifunctionality (Figure 7B). Multidiversity, however, indirectly influenced soil ecosystem multifunctionality primarily by negatively affecting the modules (R = −0.42, P < 0.001) (Figure 7B).
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FIGURE 7
Structural equation models (SEMs) accounting for the direct and indirect relationships between biochar, modules, soil biodiversity, and multifunctionality. (A) Structural equation model describing the relationship between soil biodiversity (bacteria, fungi, protists, and nematode) and multifunctionality. (B) Structural equation model describing the correlation between modules and multifunctionality. The blue and red lines indicate positive and opposite effects, respectively. The black lines show no significant impact. The thickness of the line infers the strength of the relationship. Asterisks indicate the significance level of each coefficient: P-values: *p < 0.05, **p < 0.01, and ***p < 0.001.


In summary, these results demonstrated that the effects of multidiversity on multifunctionality were indirectly driven by changes in modules. The association of the diversity of soil higher trophic level microorganisms with soil ecosystem multifunctionality was stronger and more significant than that of the lower ones.




4 Discussion


4.1 Effects of biochar on multifunctionality in paddy soil

Previous studies have confirmed that biochar addition actively enhanced the soil ecosystem functions (Liang et al., 2017; Dong et al., 2022; Han et al., 2022; Ren et al., 2023). In this study, we also found that the different gradients of biochar amendment improved the soil multifunctionality in the early stage (P < 0.01) (Figure 1A). This was largely attributed to the biochar addition increasing soil pH, thus hindering soil acidification (Dong et al., 2022; Figure 7). Soil acidification decelerated nutrient provisioning, litter decomposition, and element cycling, thereby negatively affecting soil ecosystem multifunctionality (Eldridge et al., 2020; Shen et al., 2021; Wei et al., 2022). In addition, with its highly porous and loose characteristics, biochar can promote the growth and proliferation of soil microorganisms by offering more room (Jaafar et al., 2014, 2015; Ye et al., 2017). Furthermore, biochar may enhance soil multifunctionality by improving soil biological properties, such as boosting enzyme activities. Soil enzyme activities are crucial indicators that should be taken into consideration in evaluating the soil ecosystem multifunctionality. Wang et al. (2015) reported that the activities of some extracellular enzymes involved in nutrient cycling were increased in biochar-amended fluvo-aquic soil (Wang et al., 2015). However, the impact of biochar addition on soil multifunctionality was weakened in the late stage, which mainly accounted for the buffering capacity of paddy soils. The soil buffering capacity alleviated the pH enhancement induced by the biochar amendments (Li et al., 2019). Simultaneously, Xu et al. (2012) revealed that the biochar application led to an improvement in the soil buffering capacity (Xu et al., 2012). These results reflected that the biochar amendment on paddy soil exhibited the buffering capacity, which in turn increased with adding biochar. The buffering capacity, nevertheless, was not immediately noticeable in the early stage, while only became evident in the later stage. This supports our first hypothesis that biochar positively affects soil multifunctionality by increasing soil pH, but this effect faded owing to the soil buffering capacity at the late stage. Moreover, aggregate size was closely related to biodiversity levels in biochar-amended paddy soils, with smaller aggregates supporting a higher diversity of soil organisms (Supplementary Figure 2). This indicated that smaller soil aggregates exhibited higher biodiversity compared to larger aggregates. The microscale spatial heterogeneity and complexity of soil aggregates impacted the distribution of microorganisms, concurrently influencing microbial diversity in biochar-amended paddy soils (Han et al., 2021).



4.2 Microbial diversity and ecosystem multifunctionality

The biodiversity of soil protists was positively related to soil multifunctionality, whereas that of bacteria, fungi, and nematodes exhibited negative correlations with multifunctionality (Figures 2A–D and Supplementary Figure 3). SEMs further revealed that the direct associations between the diversity of protists and nematodes and soil multifunctionality were robust after accounting for four soil microorganisms simultaneously. By contrast, bacterial and fungal diversity was indirectly correlated with multifunctionality (Figure 7B). This is corresponding to our second hypothesis that the relationship between the biodiversity of soil higher trophic level microorganisms and soil ecosystem multifunctionality was stronger and more significant than that of the lower ones. Moreover, multiple potential associations between soil microbial biodiversity impacted ecosystem multifunctionality (Delgado-Baquerizo et al., 2020). Specifically, the diversity of protists and nematodes showed a positive association with that of fungi and bacteria, respectively (P < 0.01) (Figure 7B), indicating the presence of potential predator-prey relationships. Bacteria and fungi may indirectly impact multifunctionality by being preyed upon by protists and nematodes (Han et al., 2022). For instance, the negative relationships (P < 0.01) between the typical nematodes (Aracolaimida and Chromadorida) and multifunctionality were observed (Supplementary Table 1). According to the SEM, there was a positive correlation between the diversity of nematodes and that of bacteria (Figure 7B). Considering these associations and interactions among different trophic levels, it could indicate that nematodes preying on bacteria involved in soil functions lead to a significant negative correlation between nematodes and multifunctionality. This is aligned with the earlier finding of Wagg et al. (2019), revealing that the interactions among the multitrophic members of soil microbiome also have contributed to soil ecosystem functions directly or indirectly (Wagg et al., 2019).

Overall, the alterations in soil multifunctionality exhibited a negative association with the average of soil biodiversity (multidiversity) (Supplementary Figure 4), indicating that changes in soil microbial diversity negatively impact soil ecosystem multifunctionality. Currently, the effects of soil microbial diversity on ecosystem processes remain largely controversial because the positive, negative, and neutral relationships between soil multidiversity and multifunctionality have been reported (Nielsen et al., 2011; Bradford et al., 2014; Wagg et al., 2014; Delgado-Baquerizo et al., 2016, 2020; Chen et al., 2020; Dong et al., 2022; Jiao et al., 2022; Fan et al., 2023). These contradictory findings reported in prior studies may be attributed to two main reasons: (1) environmental change factors, including biotic and abiotic factors, can alter the effects of soil diversity on soil ecosystem functions (Hu et al., 2021; Yang et al., 2022); and (2) the soil biodiversity-multifunctionality relationships may be contingent upon the number of functions and their combinations (Bradford et al., 2014; Lefcheck et al., 2015; Soliveres et al., 2016; Chen et al., 2020). All soil ecosystem functions have the potential to be either positively or negatively influenced by soil diversity or the interplay among the functions (Kareiva et al., 2007; Lefcheck et al., 2015). As more functions and trophic levels are considered, the biodiversity-multifunctionality relationships become more comprehensive and persuasive (Soliveres et al., 2016; Wang et al., 2019). Thus, the soil biodiversity-multifunctionality relationships shift as the spatial-temporal environmental conditions change. Different ecosystems have distinct purposes and provide various services; hence, the results of measuring the relationship above vary in different ecosystems (Jiao et al., 2022; Fan et al., 2023).



4.3 Microbial modules and interactions impact ecosystem functions

The correlations of module diversity with soil single functions were stronger and more significant than those of soil microbial taxa (Figures 2E, 4E). Enzyme activities and the accumulation of NH4+ and TP were significantly associated with the diversity of modules (Figure 4E). The stronger relationships between modules and single functions are probably explained by the fact that the ecological clusters can support similar functions (Jiao et al., 2022). Theoretically, species with similar ecological preferences are more likely to cluster and form modules that promote similar functions (Delgado-Baquerizo et al., 2020; Wang et al., 2022). Interactions among soil horizontal and vertical species lead to altering ecosystem functions (Duffy et al., 2007). The microbial co-occurrence networks were dominated by positive correlations (Figure 3A), suggesting potential cooperative interactions among taxa within modules. The cooperative interactions among the species in modules result in their synergistic and complementary relationships that consistently enhance the impact of modules on various ecosystem functions (Chen et al., 2022). No correlation, however, was found between some single ecosystem functions (including the accumulation of TN, SOC, AS, and DOC) and the diversity of modules (Figure 4E). This discrepancy is largely triggered by functional redundancy as soil microbial communities may have overlapping functions (Allison and Martiny, 2008), implying that multiple taxonomic groups can perform the same ecosystem functions (Li et al., 2021). However, the existence of functional redundancy in ecosystems affects evaluating the relationships between biodiversity and soil ecosystem functions. Microbial communities display highly functional redundancy for some basic functions, such as microbial respiration, whereas redundancy may not be observed for specific or specialized functions (Langenheder et al., 2006; Reich et al., 2012; Chen et al., 2020). The functional redundancy tends to fade as more functions are measured (Hector and Bagchi, 2007; Isbell et al., 2011). It also explains why multitrophic levels and more appropriate functions are needed to be considered in exploring the mechanism of biodiversity-multifunctionality relationships.

Four primary modules were detected based on the soil co-occurrence network of soil organisms to reveal how soil modules regulate the soil ecosystem multifunctionality. Soil microbial community diversity and multifunctionality exhibited a positive correlation in Module 2–4 (P < 0.05), yet a negative correlation in Module 1 (P < 0.01) (Figure 5). The specificity of Module 1 has been primarily attributed to closer and more complicated connectedness and more robust interactions between species of Module 1 than other modules (Figure 3A). This result revealed that trade-offs exist when measuring soil biodiversity-multifunctionality relationships (Byrnes et al., 2014; Hu et al., 2021). The negative relationships and complicated interactions within Module 1 reflected an increasing frequency of trade-offs among ecosystem functions as more species and their interactions were considered (Lefcheck et al., 2015).

According to Fan et al. (2021), keystone taxa within modules played a pivotal role in regulating the ecosystem functions of terrestrial ecosystems subjected to 40 years of fertilization (Fan et al., 2021). Keystone taxa, integral to the flow of energy and materials, substantially contribute to the productivity of the soil ecosystem in ecological networks (Toju et al., 2018; Shi et al., 2020). Protists in Module 1 exhibited a negative correlation with multifunctionality, suggesting a unique interaction dynamic within this module that may involve complex trade-offs. Conversely, protists in Modules 2, 3, and 4 showed positive correlations with multifunctionality, highlighting their fundamental contribution to promoting a range of soil functions (Figure 6). Therefore, we identified the protistan keystone taxa in the modules based on the microbial co-occurrence network analysis (Figures 4A–D). Moreover, the major phyla of predatory protists, such as Amoebozoa, Stramenopiles, Excavata, and Alveolata, were found to positively correlate with ecosystem multifunctionality (Supplementary Table 1). The predation or grazing of protists was essential for directing carbon and energy flow toward higher trophic levels while facilitating the release of dissolved nutrients throughout the food webs (Bjorbaekmo et al., 2020). Guo et al. (2022) demonstrated that predatory protists interacted with bacteria in the plant-soil microbiome, ultimately augmenting plant health and crop yields (Guo et al., 2022). In our study, the biochar amendment of paddy soil enhanced the abundance of predatory protists (Asiloglu et al., 2021) and played a critical role in maintaining ecosystem functioning.

The SEMs demonstrated that the modules exerted a significant effect on soil multifunctionality (P < 0.001), while multidiversity indirectly affected multifunctionality through its impact on modules (P < 0.001) (Figure 7A). Simultaneously, the influence of modules on soil multifunctionality surpassed that of individual microorganisms (Figure 7B). Recent research also revealed that modules regulated soil multifunctionality more remarkably than individual microorganisms and multidiversity (Delgado-Baquerizo et al., 2020; Jiao et al., 2022; Yang et al., 2022). These findings convincingly illustrated the crucial role of modules formed by soil microbes with similar ecological preferences as critical drivers of ecosystem functioning. Together, our study highlights the more prominent role of modules in determining soil multifunctionality.




5 Conclusion

Collectively, our work supports the claim that biochar amendment promotes the ecosystem multifunctionality of paddy soil, while the effects were diminished in the late stage. The soil taxonomic diversity and core modules are tied to the ecosystem functioning in biochar-amended paddy soil, including multifunctionality and multiple individual functions. The core taxa within modules in biochar-amended paddy soil serves as the best predictor for ecosystem functioning. These modules’ interactions and interrelations are crucial in maintaining and enhancing soil multifunctionality, highlighting the significance of microbial community structure in ecosystem function. This observation underlines the critical role of module-based biodiversity in determining the ecological outcomes and reinforces the importance of understanding the complex interactions among different functional groups within these modules for effective ecosystem management.
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Introduction: Continuous cropping affected the stability of soil enzyme activity and the structural characteristics of microbial community. Owing to challenges in the study of complex rhizosphere microbial communities, the composition and function of these microbial communities in farmland ecosystems remain elusive. Here, we studied the microbial communities of the rhizosphere of wine grapes with different years of continuous cropping and investigated their relationships with soil enzyme activity.



Methods: Metagenomic sequencing was conducted on the rhizosphere soils from one uncultivated wasteland and four vineyards with varying durations of continuous cropping.
Results: The predominant microbial were bacteria (98.39%), followed by archaea (1.15%) and eukaryotes (0.45%). Continuous cropping caused a significant increase in the relative abundance of Rhizobiales and Micrococcales but a marked decrease in Solirubrobacterales. At the genus level, 75, 88, 65, 132, and 128 microbial genera were unique to uncultivated wasteland, 5, 10, 15, and 20 years of continuous cropping, respectively. The relative abundance of genes with signal transduction function was the highest. The activity of all enzymes measured in this study peaked at 5 years of continuous cropping, and then decreased with 10 to 15 year of continuous cropping, but increased at 20 years again. In addition, soil enzyme activity, especially of alkaline phosphatase was significantly correlated with the diversity of the dominant microorganisms at the genus level. Moreover, the coupled enzyme activities had a greater impact on the diversity of the microbial community than that of individual enzymes.
Conclusion: Our findings reveal the composition and function of the soil microbial communities and enzymes activity in response to changes in cropping years, which has important implications for overcoming continuous cropping obstacles and optimizing land use.
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1 Introduction

The global impact of the vine and wine industry in terms of production, acreage, and trade is widely recognized. In recent years, with the adjustment of the planting structure and the rapid development of the agricultural economy in China, there has been a consistent increase in the area under cultivation for wine production, accompanied by an accelerated shift toward intensive large-scale intensive production. However, continuous cropping remains a common practice in vine cultivation due to geographical factors and the inherent characteristics of the crop. Overcoming barriers associated with continuous cropping has been a primary focus of research on perennial cash crops (Gao et al., 2019; Ledo et al., 2020; Pang et al., 2021). The obstacles include depletion of soil nutrients, alterations in the composition and abundance of soil microbial species, and modifications to the fundamental structure of the soil (Sun et al., 2021; Zhang et al., 2021). The aggravation of diseases, insect pests, tree weakness, replanting, and regeneration caused by continuous cropping reduced the quality and yield of crops (Chen et al., 2020; Betancur-Agudelo et al., 2021). The obstacles were intricately linked with an imbalance within the structure of the soil microbial community (Zhang Y. et al., 2019; Liu et al., 2021). Therefore, the relationship between microbial community structure and function in the rhizospheric soil and continuous cropping obstacles has attracted increasing attention.

Microorganisms are the most active component of soil ecosystem, which can make timely response and feedback to soil ecosystem (Toledo et al., 2023; Zhao et al., 2023). The diversity and composition of soil microbial communities play a crucial role in preserving soil health and quality. A higher abundance of bacteria and fungi in the soil was positively correlated with the overall condition of the soil ecosystem (Liu et al., 2015). However, continuous cropping practices have been found to exert numerous detrimental effects on soil microorganisms. For instance, continuous cropping practices led to a significant decline in functional strains such as aerobic and nitrogen-fixing bacteria, thereby disrupting the original structure of the microbial community of the soil and subsequently impacting plant growth (Wang et al., 2018). In addition, they can inhibit the secretion of antibiotics by bacteria and enhance the proliferation of pathogenic bacteria, thereby leading to an elevation in the incidence of plant diseases (Zhang et al., 2020). Simultaneously, harmful microorganisms secrete secondary metabolites that attract beneficial microorganisms for their own benefit, further disrupting the soil microecology and driving it toward a state conducive to their survival, thus exacerbating the challenges associated with cropping. Therefore, investigating the impact of wine grape continuous cropping on the soil microbial and biochemical characteristics is highly significant for enhancing vineyard cultivation practices and improving the soil microecological environment.

Soil enzyme activity (SEA) is considered a crucial indicator of the functioning of the soil ecosystem. It is generated through the biological activities of the soil fauna, organisms, and plant roots. Enzymes are proteins with catalytic properties that can significantly accelerate the biological reactions in organisms by a hundred- or even thousand-fold. Moreover, they play a vital role in the C, N, and P cycles within the soil (Fu et al., 2017; Sanchez-Hernandez et al., 2017). The SEA reflects the trend and intensity of various biochemical processes in the soil, making it more sensitive than changes to the physicochemical properties. Therefore, compared to the physical and chemical indices, ascertaining the changes in the SEA is a more intuitive and reliable approach to elucidate the impact of continuous cropping on soil quality (Li et al., 2023). In recent years, numerous analyses have been conducted analyses on the impact of continuous cropping on SEA; however, the findings were inconsistent. Some studies indicated a peak in SEA with increasing years of planting (Zhang et al., 2021), while others demonstrated a negative correlation between the two (Wang et al., 2022). These discrepancies may be attributed to variations in soil type and plant species. Furthermore, microbial communities play a significant role in maintaining the microecological environment of plant roots through their influence on SEA.

Although several studies have focused on the effects of continuous cropping of wine grapes on grape diseases and fruit quality (Merot et al., 2020; Wang B.T. et al., 2022), such research is scarce on its effects on the structure of the microbial communities of the rhizosphere and biochemical characteristics of the soil. To analyze the evolutionary trends in SEA and the microbial community associated with wine grapes under continuous cropping conditions, metagenomic sequencing was performed on the rhizosphere soil of one uncultivated wasteland and four vineyards under different durations of continuous cropping. This study aimed to achieve three primary objectives: (1) To investigate the impact of wasteland use and continuous cropping of wine grapes on SEA; (2) To elucidate the alterations in the diversity and structure of the microbial community associated with wine grapes under continuous cropping conditions; (3) To unravel the interaction between SEA and the microorganisms. In conclusion, this study aimed to provide a theoretical foundation for mitigating challenges associated with the continuous cropping of wine grapes while holding significant practical implications for guiding agricultural practices.



2 Materials and methods


2.1 Field experiments and soil sampling

The rhizosphere soil samples analyzed in this study were collected from the YaDai chateau of wine grape producing region at the eastern foot of the Helan Mountains in Ningxia (105°43′45′′–106°42′50′′ E, 37°28′ 08′′–37°37′23′′ N), China (Figure 1). The first batch of grapes was planted in 2,000. With the continuous expansion of the planting scale, the initial planting of 40 ha increased to 73.3 ha over time. This region features a continental arid climate characterized by low rainfall, dry conditions, abundant sunlight, and significant diurnal temperature fluctuations conducive to producing high-quality wine grapes. The average annual temperature was 9.2°C, with a daily difference ranging from 12 to 15°C. Precipitation levels ranged from 150 to 240 mm, while sunshine duration ranged from 1700 to 2,000 h⋅a−1. The predominant soil types included lime-lime, aeolian sand, and irrigated silt. Organic fertilizers were applied once a year between March and April, while other fertilizers such as N (38 kg⋅ha–1), P (30 kg⋅ha–1), and K (8 kg⋅–1) were applied between June and September. Additionally, the annual irrigation water volume was 3,900 m3⋅ha–1.
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FIGURE 1
Distribution of study site.


Soil samples were obtained from the topsoil (0–20 cm) in the rhizosphere of Cabernet Sauvignon grapes grown continuously for 5 (C5), 10 (C10), 15 (C15), and 20 years (C20). The 5-year-old vineyard was cultivated in April 2016, and 10-year-old vineyard, 15-year-old vineyard, and 20-year-old vineyard were cultivated in April 2011, April 2006, and April 2001, respectively. In addition, to determine the quality, microbial abundance, and composition of the microbial community of the soils used for cultivating grapes before reclamation, a sample was taken in the same manner as the control treatment from uncultivated lands (UL) within 500 m of the trial vineyards. The soil of the vineyard before reclamation was consistent with that of the wasteland soil. The wasteland has few crops grew and no agronomic management was done. Five 10 m × 10 m sampling sites were selected in each study plot at a distance of 100 m from each other. After removing the surface litter, soil samples were collected from the rhizosphere (0–20 cm) using a steel drill with a diameter of 5 cm. Five rock cores were randomly obtained at each sampling site and combined to form a composite sample. Fine roots were separated using a 2 mm sieve. All soil samples were transferred to sterile containers and transported to the laboratory in a refrigerator. Subsequently, a sterilized tube was used to store 10 g soil samples at −80°C for subsequent DNA extraction. Other soil samples were utilized for analyzing the SEA. Each experimental treatment was performed in five replicates.



2.2 Analysis of SEA

The fresh soil was dried under ventilation, and the SEA was analyzed using dry soil samples. SEA was determined following the method described by Guan (1986). Catalase activity was determined by potassium permanganate titration, with 0.3% hydrogen peroxide solution as the substrate, under acidic conditions, with 0.1N potassium permanganate titration, residual hydrogen peroxide was determined. Catalase activity was expressed as 0.1N potassium permanganate milliliters consumed by 1 g of soil after 20 min (ml⋅KMnO4⋅g–1⋅20 min–1); Alkaline phosphatase activity was determined using phenylene disodium phosphate colorimetry, based on the content of phenol released by soil sample and borate buffer (pH 10) cultured at 37°C for 24 h. Alkaline phosphatase activity was expressed as the amount of phenol released in 1 g of soil after 24 h (mg⋅d–1⋅g–1); Urease activity was determined by sodium phenolate-sodium hypochlorite colorimetric method, based on the content of ammonia released by soil samples cultured with citric acid buffer (pH 6.7) and 10% urea solution at 37°C for 24 h. Urease activity was expressed as NH3-N content in 1 g of soil after 24 h (mg⋅d–1⋅g–1); β-glucosidase activity was determined by nitrophenol colorimetry. The content of p-nitrobenzene-β-D-glucopyranoside solution was hydrolyzed to produce p-nitrophenol. β-glucosidase activity was expressed as the content of p-nitrophenol released in 1 g of soil every 1 h (ug⋅g–1⋅h–1); Amylase activity was determined by 3,5-dinitrosalicylic acid, based on the amount of maltose produced in 2% starch solution and acetate-phosphate buffer (pH 5.5) at 37°C for 24 h. Amylase activity was expressed as the content of maltose contained in 1 g soil after 24 h (mg⋅d–1⋅g–1); Sucrase activity was determined by 3,5-dinitrosalicylic acid based on glucose content in 8% sucrose solution and phosphate buffer (pH 5.5) at 37°C for 24 h. Sucrase activity was expressed as the amount of glucose contained in 1 g soil after 24 h (mg⋅d–1⋅g–1); Cellulase activity was determined by 3,5-dinitrosalicylic acid based on the amount of glucose produced after 72 h incubation of 8% sucrose solution and phosphate buffer (pH 5.5) at 37°C for 24 h. Cellulase activity was expressed as the amount of glucose contained in 1 g soil after 72 h (mg⋅d–1⋅g–1). The main instruments used include a ultraviolet spectrophotometer (Shimadzu, UV-1900i) and a full thermostatic oscillation box (China Instrument manufacturing Co., Ltd., GWQ-12).



2.3 Soil DNA extraction and metagenomic sequencing

Following the manufacturer’s recommendations, total microbial genomic DNA samples (The quality of samples was shown in Supplementary Figure 1) were extracted using the OMEGA Soil DNA Kit (Omega Bio-Tek, USA) and kept at −20°C for further analysis. A NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA) and agarose gel electrophoresis were used, respectively, to evaluate the amount and quality of DNA. Metagenome shotgun sequencing libraries were constructed using the Illumina TruSeq Nano DNA LT Library Preparation Kit (Illumina, USA) with insert sizes of 400 bp. Sequencing data were obtained using an Illumina NovaSeq platform (Illumina, USA) with the PE150 strategy at Personal Biotechnology Co., Ltd. (Shanghai, China).



2.4 Metagenomic assembly and gene annotation

The raw sequencing data was processed to obtain high-quality reads for subsequent analysis using fastp (v0.23.2, -l 50 -g -W 5 -5 -q 20 -u 30) (Chen et al., 2018). The samples were assembled using Megahit (v1.2.9, default parameters) with the default parameters for meta-large datasets with contigs longer than 300 bp left (Li et al., 2015). The classification of the lowest common ancestor of contigs is performed by comparing them against the NCBI-nt database using mmseqs2 in “taxonomic” mode (Steinegger and Söding, 2017), while removing the configuration assigned to Viridiplantae or Metazoa for subsequent analysis. The prodigal (V2.6.3, -p meta) tool is utilized for predicting gene overlap groups. The CDS sequences of all samples were clustered using mmseqs2, employing the “easy-cluster” mode. A protein sequence recognition threshold of 0.90 was set, with a low utilization rate of covering residues at 90%. The abundance of these genes was assessed by mapping the readings from each sample onto the predicted gene sequence using featureCounts (v2.0.3), in order to determine the abundance of each gene (Corley et al., 2019). The functionality of the non-redundant genes were obtained by annotated using mmseqs2 against the protein databases of KEGG (Kanehisa and Goto, 2000), EggNOG (Huerta-Cepas et al., 2019), respectively.



2.5 Data analysis

The distribution of samples was mapped using Adobe Illustrator 27.4 (Adobe Inc., USA). SPSS Statistics R26 (IBM Corp., USA) was used for analysis of variance (ANOVA) to investigate the significance of the variability in soil enzyme activities across the various locations based on Waller-Duncan test and Tukey test. Non-metric multi-dimensional scale (NMDS) analysis based on Bray-Curtis distance and hierarchical clustering was performed to identify differences in microbial community composition in relation to wine grape continuous cropping, this analysis was performed by “Vegan” package in R 3.2.5. Heatmap showing the differences between the dominant microorganisms and the differences function genes of all sampling sites, this analysis was performed by the “pheatmap” package in R 3.2.5. Mantel test was used to analyze the correlation between dominant microbial diversity at genus level and soil enzyme activity, this analysis was performed by “ade 4 1.7.13” package in R 3.2.5. Correlation networks analyzed co-occurrence relationships between functional genes, this analysis was performed by Python. Additionally, variance partitioning analysis (VPA) was employed to identify the contribution of soil enzyme activity variables to the diversity of predominant microbial community, this analysis was performed by “Vegan” package in R 3.2.5. Statistical significance was indicated by P < 0.05.




3 Results


3.1 Effects of wine grape continuous cropping on SEA

The continuous cultivation of wine grapes had significantly impacted the enzyme activities in different soils. The activities of seven enzymes ascertained in this study exhibited a remarkable enhancement at C5, followed by a decline with increasing planting years (Table 1). However, at C20, the enzyme activity again showed an upward trend. Notably, the activities of the soil urease, sucrase, cellulase, and catalase were significantly lower at C10 and C15 than at UL, indicating that continuous cropping negatively impacted the SEAs over a certain period.


TABLE 1 Effects of wine grape continuous cropping on SEA.
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3.2 Effects of continuous cropping on the abundance and composition of soil microorganisms

In total, 99.99% of the microbial communities in the soils of the five sampling sites were identified, with bacterial communities dominating (average relative abundance of 98.39%), followed by archaea (1.15%), eukaryotes (0.45%), and others (unclassified sequence) (Figure 2A). The relative abundance of the bacterial communities was not significantly different among the five plots. The relative abundance of archaea was the highest at C5, followed by C10, C15, and C20, than that at UL. The relative abundance of eukaryotes was highest at C15, followed by C20 compared to UL. Furthermore, the microbial composition of the five plots displayed marked differences at the species level (Figure 2B).
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FIGURE 2
Effects of continuous cropping on the classification and composition of soil microorganisms were investigated. (A) The classification of bacteria, archaea, eukaryotes, and other organisms in different sampling sites was analyzed (n = 5). (B) Non-metric multi-dimensional scale (NMDS) analysis based on Bray-Curtis dissimilarities revealed significant species-level variations in soil microbial composition across different sampling sites. The stress value is an indicator reflecting the suitability of the model. It is generally believed that the stress value < 0.1 indicates that the model is reasonable.


Among the microorganisms at the five soil sampling sites, the main order of microorganisms were Rhizobiales, Propionibacteriales, Solirubrobacterales, Micrococcales, and Streptomycetales (Figure 3). A hierarchical clustering analysis of the relative abundances of soil microorganisms based on Bray-Curtis distance indicated a conspicuous variation in the microbial abundance between the wasteland and vineyard soils. Compared with UL, the relative abundances of Rhizobiales and Micrococcales were elevated after land use, whereas that of Solirubrobacterales and Streptomycetales decreased. In addition, after the reclamation of wasteland for the cultivation of wine grapes, the relative abundance of soil microorganisms in vineyards with varied planting years also showed marked differences.
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FIGURE 3
Hierarchical clustering analysis was performed on the relative abundance of soil microorganisms (Order level) based on Bray-Curtis distance.


After the reclamation of wasteland for vineyards, the relative abundances of Rhizobiales enhanced appreciably (Figure 4A), indicating that the rhizospheric soil environment was conducive to their survival. The relative abundance of Propionibacteriales was the lowest at C15 (Figure 4B). However, the relative abundance of Solirubrobacterales, Streptomycetales, and Pseudonocardiales reduced significantly after reclamation but increased with the cropping years (Figures 4C, E, F). The relative abundance of Micrococcales was the lowest at UL but increased due to long-term continuous cropping (Figure 4D). Metagenomic analysis identified 3,862, 3,944, 3,977, 4,047, and 4,028 microbial genera in UL, C5, C10, C 15, and C20, respectively. Among them, 75 88, 65, 132, and 128 microbial genera were unique to UL, C5, C10, C15, and C20, respectively (Figure 5A). Heatmap analysis further clarified the differences in the abundance of the top 20 dominant genera microorganisms under continuous cropping. Nocardioides, Streptomyces, and Solirubrobacter had the highest relative abundance (Figure 5B). Specifically, the relative abundance of Streptomyces and Solirubrobacter had the highest relative abundance at UL and varied in abundance across years of continuous cropping, while Nocardioide was highest at C20.


[image: Graphs showing the relative abundance of six bacterial orders over five samples: UL, C5, C10, C15, and C20. A) Rhizobiales peaks at C15, B) Propionibacteriales peaks at UL and C20, C) Solirubrobacterales decreases after UL, D) Micrococcales increases towards C20, E) Streptomycetales decreases after UL, and F) Pseudonocardiales decreases significantly after UL. Each graph features a green line with shaded areas around it, indicating variation with data points labeled a, b, c, etc.]

FIGURE 4
The impact of continuous cropping of wine grape changed the relative abundance of the dominant soil microorganisms at the order-level. The relative abundance of Rhizobiales (A), Propionibacteriales (B), Solirubrobacterales (C), Micrococcales (D), Streptomycetales (E), and Pseudonocardiales (F) was altered due to long-term monoculture of wine grapes. A non-linear relationship was observed between the relative abundance of dominant microorganisms in the soil and the number of years of continuous cropping for wine grapes. The solid line represents the trend, while the gray area indicates a 95% confidence interval. Different letters indicate significant differences (p < 0.05, n = 5).



[image: Panel A shows an UpSet plot analyzing intersections of different datasets, represented by blue bars and orange connections. Panel B displays a heatmap with hierarchical clustering, illustrating bacterial genera across treatments (UL, C5, C10, C15, C20). Color gradients represent abundance levels.]

FIGURE 5
Effect of continuous cropping on the dominant genera of soil microorganisms. (A) Upset diagram showing the characteristics of common and endemic microorganisms at the genus level; (B) Heatmap showing the differences between the dominant microorganisms at the genus level. Lower letters indicate significant differences in the relative abundance of genus level dominant microorganisms (P < 0.05).




3.3 Effects of continuous cropping on soil microbial function

Continuous cropping led to differences in the relative abundance of different functional genes in soil microorganisms. According to the sample cluster analysis of the heatmap, samples from the same continuous planting year were grouped together. UL was significantly different from other groups. Among them, the largest difference in the relative abundance of different functional genes between UL and C20 groups (Figure 6).


[image: Heatmap displaying gene expression levels with hierarchical clustering. Rows represent different genes, while columns depict samples labeled UC, C10, and C20. Color gradient ranges from blue (low expression) to red (high expression), with clustering dendrograms on top and left indicating sample and gene similarity.]

FIGURE 6
Heatmap of the abundance of functional genes (eggNOG, top50) across microbial communities of five soil sampling sites. The meaning of the functional gene database ID, description, class, and category shown in Supplementary Table 1.


The functional genes and community composition of soil microorganisms showed significant interaction. The abundance of ENOG4105BZU was much higher than that of other functional genes, and was positively correlated with ENOG4105CJ1, ENOG4105CEJ and ENOG4105C0B, and negatively correlated with ENOG4105BZS and ENOG4105C0W (Figure 7A). In addition, ENOG4105C1W, ENOG4105D2V and ENOG4105CHU all had complex network relationships and interacted with multiple functional genes. However, the network relationship of ENOG4105CQF is relatively simple and only positively correlated with ENOG4105C2T. Among the genera, Propionibacteriales with higher abundances were negatively correlated with Rhodospirillal (Figure 7B). Solirubrobacterales was positively correlated with Pseudonocardiales and negatively correlated with Acidobacteriales and Rhodobacterales.


[image: Network graph illustrating connections between nodes labeled with ENOG codes (left) and bacterial order names (right). Nodes are connected by red and green lines, indicating different types of interactions. Node sizes vary, suggesting differing significance or degree of connectivity within the network.]

FIGURE 7
Correlation network diagram of Top 50 functional genes (A) and Top 30 genus level microbial (B) of five soil sampling sites. The lines color indicates whether the relationship is positive (red) or negative (green). The relationship are shown by connections between nodes (Spearman correlation coefficient, r = 0.6; P = 0.05). The abundance is directly proportional to the size of the node. The meaning of the functional gene database ID, description, class, and category shown in Supplementary Table 1.




3.4 Effects of SEA on microbial composition and functional genes

Continuous cropping led to alterations in the SEA and exhibited a significant association with the diversity of the dominant genera of microorganisms. β-glucosidase was extremely highly associated with the relative abundance of Arthrobacter (p < 0.01), and significantly associated with that of Nocardioides (p < 0.05). The activity of amylase and cellulase were significantly associated with the relative abundances of Steroidobacter, Mesorhizobium, and Arthrobacter (Figure 8A).


[image: Panel A shows a heatmap and network analysis depicting the relationships between microbial genera and enzymes along with Mantel's p-values and Pearson correlations. Panel B is a redundancy analysis (RDA) plot illustrating the interaction between enzymatic activities and specific gene expressions. Panel C is a flow chart quantifying contributions of various enzymes to the total, with explained and unexplained percentages depicted.]

FIGURE 8
Effects of SEAs on microbial composition and functional genes. (A) Mantel test analysis showing the correlation between dominant microbial diversity at genus level and SEAs. (B) Redundancy analysis (RDA) revealed the effects of SEAs on functional genes. (C) VPA analysis showing the contribution of SEAs variables to the diversity of predominant microbial community. The meaning of the functional gene database ID, description, class, and category shown in Supplementary Table 1.


RDA analysis showed that SEAs played an important role in the abundance of functional genes in microbial communities. Explanatory variables (amylase, sucrase, β-glucosidase, catalase, alkaline phosphatase, cellulase, sucrase, and pH) accounted for 89.27% of the total variation in the model, with the first two axes accounting for 79.95 and 9.32%, respectively (Figure 8B). pH, catalase and amylase activity were the main environmental variables that affect the abundance of functional genes. In addition, the amylase activity was positively correlated with the abundance of genes that function as signal transduction mechanisms (ENOG4105BZU); pH was positively correlated with the abundance of genes with lipid transport and metabolic functions (ENOG4105CEY), and negatively correlated with the abundance of genes with energy production and conversion functions (ENOG4105C7W).

Variance partitioning analysis analysis determined the extent to which the variables of SEA contributed to the impact in the diversity of the dominant microbial communities. Alkaline phosphatase, sucrase, and catalase contributed the most to the effects on the variety of the dominant microbial communities at the genus level, which were 19.22, 4.04, and 3.21%, respectively (Figure 8C). However, the coupling relationship between the SEAs had a more significant impact on the microbial community diversity than that of the individual enzymes. The results showed that the combined effects of β-glucosidase, cellulase, alkaline phosphatase, and urease contributed 51.64%, and of urease, amylase, sucrase, and catalase 42.73% to these impacts on the diversity of the dominant microbial community.




4 Discussion


4.1 SEA was influenced by land use and varying durations of continuous cropping

The continuous cropping barriers are considered the phenomenon in which after the soil was continuously planted with the same or related crops for a long time, the growth of the crop was weakened even under normal conditions of management, resulting in reduced production and quality (Gao et al., 2019; Chen et al., 2021). Wine grapes, a crop with a high economic value and a long cultivation period with continuous cropping, are typical. Given that 7.3 million hectares of vineyards are planted in China, it is crucial to reveal the effects of long-term monoculture on the soil biochemical indices for improving the sustainable cultivation of wine grapes. SEA regulated the essential metabolic pathways of soil microorganisms and was frequently employed to characterize the soil quality and the diversity of the functional soil microbial communities (Zhang C. et al., 2019; Piotrowska-Długosz et al., 2022). Overall, the activities of the enzymes included in this study enhanced markedly after land use but were inversely proportional with the planting years, which was consistent with previous studies (Liu et al., 2021). The impact of continuous cropping on American ginseng was investigated, which remarkably reduced the Alkaline phosphatase and cellulase activities, which gradually returned to the pre-planting levels. This outcome may be attributed to the following three factors. Firstly, the sampling area selected for this study was in Ningxia, China, characterized by a typical continental climate, where vines were conventionally buried during winter to overcome the harsh conditions. This operation resulted in the depletion of soil organic matter and nutrients, leading to a decline in SEA. Secondly, the degradation products such as pesticides, disinfectants, and insecticides used in agronomic management inhibited the SEA (Niemi et al., 2009; Gao et al., 2020). Third, long-term monoculture may alter the diversity and composition of soil microbes, resulting in variations in microbial metabolic pathways and thus affecting enzyme activity (Piotrowska-Długosz et al., 2022). Urease is an enzyme that is closely associated with nitrogen metabolism and catalyses the breakdown of urea into ammonia and carbon dioxide (Zhang et al., 2013). The activity of urease was peaked at C5, then remarkably reduced at C10 and C15, compared to UL, which was in line with the growth pattern of wine grapes. When continuously planted for 10–15 years, wine grapes were in the vigorous growth stage, and the N consumption of plants was greater than the amount applied, which affected urease activity. Alkaline phosphatases are the most frequently studied soil enzymes because they are the fastest to react to environmental stress caused by anthropogenic and natural factors (Lemanowicz et al., 2020). The activities of this enzyme also exhibited an upward trend after C20, which could be attributed to the continuous cropping years and soil texture. The prolonged monoculture led to the stabilization of clay minerals (Chen and Arai, 2023), thereby reducing the enzyme activity rates in this region. Furthermore, soil microbes persistently secrete enzymes to promptly respond to the changes in substrate availability even under nutrient-deficient conditions (Chacon et al., 2006). Sucrase can promote the hydrolysis of carbohydrates, increase soluble nutrients in soil, and provide nutrients for the growth and reproduction of microorganisms. Its activity level can reflect the law of soil organic carbon transformation, decomposition and accumulation, and can reflect the intensity of soil biological activity (Lemanowicz et al., 2020). Compared with wasteland, the activity of sucrase was lower in 10 and 15 years of continuous cropping, it may be due to the loss of soil organic carbon caused by long-term monoculture, which inhibited the secretion and release of enzymatic substances by soil microorganisms, thus reducing soil enzyme activity. It may also be related to the change of soil physical and chemical properties such as soil pH (Kompała-Ba̧ba et al., 2020).



4.2 Continuous cropping of wine grapes changed the diversity and composition of the soil microbial community

The effects of continuous cropping of wine grapes on the rhizospheric microorganisms primarily encompassed growth inhibition and promotion. Among them, the inhibitory effect was predominantly observed as an obstacle to cropping, resulting from the elevated relative abundance of soil pathogens (Xin et al., 2022). The promotive effect was primarily demonstrated by enhancing the rhizospheric growth environment through modulation of the structure and diversity of the functional bacterial communities with growth-promoting potential (Liu et al., 2020; Wei et al., 2023). Continuous cropping had no significant effect on the relative abundance of bacteria, but there was a significant difference in the effects on archaea and eukaryotes (Figure 1A). This suggests that archaea and eukaryotes are more inclined than bacteria to adapt to alterations in the soil environment, primarily due to the widespread distribution of archaea and their frequent association with habitats characterized by unconventional physicochemical properties (Walsh et al., 2005). Archaea is more important than bacteria in driving soil stoichiometry in phosphorus deficient habitats (Wang J. T. et al., 2022). The main order of microorganisms were Rhizobiales, Propionibacteriales, Solirubrobacterales, Micrococcales, and Streptomycetales, The relative abundance of Rhizobiales significantly increased after land use, and the relative abundance varied across different planting years. Rhizobiales (Proteobacteria) represent a diverse and abundant microbiome taxa that establishes both mutualistic and pathogenic relationships with plants while playing a crucial role in nitrogen fixation processes (Clúa et al., 2018; Lemos et al., 2021). After the land use for vineyards, the litter and animal residues increase the nitrogen fixation of the soil, consequently leading to a higher relative abundance of Rhizobiales. In addition, the antagonism between Rhizobiales and pathogenic microorganisms also promoted the increase of their relative abundance (Ji et al., 2022). The relative abundances of Solirubrobacterales and Pseudonocardiales were the highest in the uncultivated soil and the lowest in the early stage of land use (C5). With the increase of cropping years, the relative abundances of Solirubrobacterales and Pseudonocardiales showed an increasing trend. This could be attributed to Solirubrobacterales and Pseudonocardiales have extremely diverse trophic modes, which change with different soil conditions, resulting in different relative abundances (Shange et al., 2012; Gummerlich et al., 2020).

Continuous cropping of wine grapes resulted in significant differences in the dominant genera of microorganisms. Nocardioides, Streptomyces, and Solirubrobacter revealed the highest relative abundance. The diversity of bacterial communities in the rhizosphere and block soils of Artemisia annua growing in the Ugandan highlands was dominated by the genera Nocardioides and Solirubrobacter (Aidah et al., 2023), which was similar to the findings of this study. Nocardioides is renowned for its ability to tolerate high salt concentrations and release phosphatases (Dastager et al., 2008). The relative abundance of Nocardioides varied, corresponding to the continuous cropping years, suggesting differential capabilities of degrading toxic substances in the soil. Streptomyces is a significant antagonist of soil pathogens (Dundore-Arias et al., 2019), exhibiting the highest relative abundance at UL. However, its relative abundance was reduced following land use, which could be potentially attributed to alterations in the soil environment during the transformation of wastelands to wine grape cultivation. Consequently, this change weakened its inhibitory capacity against pathogens.



4.3 Continuous cropping of wine grapes changed the function of soil microbial community

During the growth of wine grapes, vines residues and root exudates will be different, resulting in differences in soil microbial communities and functions. The relative abundance of different functional genes in UL and C20 was the largest, indicating that land use and wine-grape continuous cropping had changed the function of soil microorganisms. The ENOG4105BZU gene has the signal transduction function and exhibits the highest relative abundance, which is because the formation and transformation of soil organic matter are inseparable from the mutual transmission of signals and transduction information among soil microorganisms (Song et al., 2023). In addition, the microbial community is susceptible to soil disturbance and changes in the external environment, and needs timely feedback to respond to these changes, so the abundance of genes with signal transduction functions was highest. Under continuous cropping conditions, microbiomes have developed diverse stress response systems to maintain their functionality (Bei et al., 2023). In this study, most of the genes involved in inorganic ion transport and metabolism (ENOG4105CJM, ENOG4105C2T, ENOG4105C0R) were highly expressed in UL (Figure 6). However, after wine-grapes were planted, their expression decreased significantly. This suggests that the utilization of inorganic carbon sources may be a means for microbial survival in uncultivated and poor soils. After land use, chemotaxis enables microorganisms to move toward nutrients and sense environmental changes (Sourjik and Wingreen, 2012), which led to the expression of genes with signal transduction function (ENOG4105BZU, ENOG4105D9P, ENOG4105C1W) and carbohydrate transport and metabolism function (ENOG4105DZG) were increased.

Soil pH, amylase and catalase had the most significant effects on the relative abundance of functional genes (Figure 8B). Amylase was positively correlated with ENOG4105BZU (Signal transduction mechanisms), ENOG4105BZS (Defense mechanisms) and ENOG4105BZ1 (Defense mechanisms). This may be related to continuous cropping reduces soil enzyme activity and changes the pattern of microbial utilization of soil substrates, thus inhibiting the expression of related genes (Zhao et al., 2021). In addition, pH was negatively correlated with ENOG4105C1W (Signal transduction mechanisms) and ENOG4105D9P (Signal transduction mechanisms). It was further confirmed that genes with signal transduction function were adapted to enrich under acidic pH conditions, which was consistent with previous studies (Wang et al., 2023). This may be due to the strong microbial activity in acidic soil (Boer and Kowalchuk, 2001), which can accelerate the decomposition of organic matter and promote the expression of genes with signal transduction function.

The network relationships between soil microbial communities can promote or inhibit the expression of functional genes. ENOG4105C2Z has the functions of post-translational modification and protein turnover, and the interaction with other functional genes was relatively simple, such as it was negatively correlated with the gene with replication, recombination and repair functions (ENOG4105C0B), which may be related to soil pH. Soil pH has been recognized as the essential driver of microbial structure and function (Luan et al., 2023; Piton et al., 2023). One study have shown that functional gene adaptations related to energy metabolism and protein turnover are enriched in neutral pH conditions, and gene adaptations with signal transduction, complex compound degradation, and recombination and repair functions are enriched in acidic pH conditions (Wang et al., 2023), this explains why the two functional genes were inversely related. In addition, the correlation network diagram showed negative correlations among many functional genes, indicated that the variation trend of rhizosphere microbial function were different, since the function of microbial communities is regulated by plant adaptation (Angulo et al., 2022). This would help maintain a balance between beneficial and harmful microorganisms in monocultural soils (Wu et al., 2018).

Continuous cropping was changed soil enzyme activity, led to significant functional differences in microbial communities, indicated that the expression of functional genes was mainly regulated by plant adaptability. Among them, the function of rhizosphere microbial community was mainly affected by soil pH, which mean that the change of soil quality caused by continuous cropping will have an increasing impact on the gene function of soil microorganisms. Reveal the effects of continuous cropping on functional genes will contribute to our understanding of crop-soil-microbial interactions. Thus, more evidence is needed on the effects of continuous cropping on microbial functional genes, which should be the focus of future research.



4.4 Correlation between SEA and the diversity and composition of soil microbial community

The effects of continuous cropping of wine grapes regarding their associated microorganisms were primarily achieved through the assimilation and transformation of nutrients and the secretion of metabolites during plant growth (Zhang C. et al., 2019; Chen et al., 2021). The alteration in the resident soil microflora has been widely associated with variations in the physicochemical properties of soil, SEA, and crop type (Zhang et al., 2016; Liu et al., 2021; Fan et al., 2022). A synergistic interplay between abiotic and biotic factors frequently influences the diversity and composition of microbial communities. Continuous cropping caused changes in SEA, significantly correlated with the variety and composition of the dominant microbial genera in the soil. β-glucosidase is sensitive to soil management practices (Knight and Dick, 2004). In this study, β-glucosidase was highly associated with the relative abundance of Arthrobacter (p < 0.01) and of Nocardioides (p < 0.05) (Figure 5A). Amylase and cellulase are essential enzymes in the soil (Houfani et al., 2018), and are responsible for the decomposition of crop litter (Wu et al., 2023). The results of this study indicated that Amylase and cellulase were markedly correlated with the relative abundance of Steroidobacter, Mesorhizobium, and Arthrobacter. Alkaline phosphatase, sucrase, and catalase contributed the most to the correlation of the diversity of dominant microbial genera at 19.20, 4.04, and 3.21%, respectively. Moreover, the coupled SEAs had a higher impact on the diversity of the microbial community than the individual enzyme activities. In fact, the microbe-based assimilation of organic matter requires the synergistic action of multiple enzymes. For example, the effective conversion of lignocellulose from litter in farmland to monomer sugars requires the synergistic action of oxidase, peroxidase, and xylanase, which is why the coupling effect of multiple enzymes are greater than that of a single enzyme (Jiménez et al., 2014).




5 Conclusion

Continuous cropping as an inevitable agronomic practice in farmland management, which has a negative impact on soil enzyme activity. Additionally, continuous cropping led to changes in the structure and function of soil microbial communities. Archaea and eukaryotes were more easily adaptable to the soil environmental changes than bacteria, and the structure and function of microbial communities were mainly regulated by plant adaptability. Microbes were utilized diverse stress response systems to maintain their diversity, especially under continuous cropping conditions, led to an increase in the relative abundance of genes with signal transduction functions. Furthermore, Alkaline phosphatase, β-glucosidase and cellulase were the main environmental variables influencing the composition of microbial communities, while pH, Catalase and Amylase were the main environmental variables influencing the abundance of functional genes. These results illustrated that continuous cropping altered both microbial structure and function as well as differences in soil enzyme activity. Overall, this study provides a theoretical basis for alleviating obstacles with continuous cropping in farmland. Considering limited arable land area in arid regions, the effects of continuous cropping on soil quality need to be further deepened and expanded. We suggest that future studies should focus more on minority closely related microbial taxa in the rhizosphere, especially fungi, which play crucial roles in soil quality and plant adaptive regulation.



Data availability statement

The original contributions presented in this study are included in this article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

RS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Writing—original draft. WZ: Formal analysis, Writing—review and editing. HL: Funding acquisition, Methodology, Project administration, Supervision, Validation, Writing—review and editing. HW: Project administration, Software, Supervision, Writing—review and editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the Ningxia Hui Nationality Autonomous Region Major Research and Development Project, 2020BCF01003; the Key Research and Development Program of Shanxi Province, 2020ZDLNY07_08; and the Research and Application of Key Technologies for Sustainable Development of Wine Industry, LYNJ202110.



Acknowledgments

We would like to thanks Personal Biotechnology Co., Ltd. (Shanghai, China) for metagenomic sequencing of sampled soil.



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.



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.2024.1348259/full#supplementary-material



	References
	Aidah, N., Engeu, O. P., Baptist, T. J., Muwanika, V. B., Johnson, M., and Joel, B. (2023). Diversity of bacterial community in the rhizosphere and bulk soil of Artemisia annua grown in highlands of Uganda. PLoS One 18:e0269662. doi: 10.1371/journal.pone.0269662
	Angulo, V., Beriot, N., Garcia-Hernandez, E., Li, E., Masteling, R., and Lau, J. A. (2022). Plant–microbe eco-evolutionary dynamics in a changing world. New Phytol. 234, 1919–1928. doi: 10.1111/nph.18015
	Bei, Q. C., Reitz, T., Schnabel, B., Eisenhauer, N., Schädler, M., Buscotet, F., et al. (2023). Extreme summers impact cropland and grassland soil microbiomes. ISME J. 17, 1589–1600. doi: 10.1038/s41396-023-01470-5
	Betancur-Agudelo, M., Meyer, E., and Lovato, P. E. (2021). Arbuscular mycorrhizal fungus richness in the soil and root colonization in vineyards of different ages. Rhizosphere 17:100307.
	Boer, W. D., and Kowalchuk, G. A. (2001). Nitrification in acid soils: micro-organisms and mechanisms. Soil Biol. Biochem. 33, 853–866.
	Chacon, N., Flores, S., and Gonzalez, A. (2006). Implications of iron solubilization on soil phosphorus release in seasonally flooded forests of the lower Orinoco river, Venezuela. Soil Biol. Biochem. 38, 1494–1499.
	Chen, A., and Arai, Y. J. (2023). A review of the reactivity of phosphatase controlled by clays and clay minerals: implications for understanding phosphorus mineralization in soils. Clay. Clay Miner. 71, 119–142.
	Chen, P., Wang, Y. Z., Liu, Q. Z., Zhang, Y. T., Li, X. Y., Li, H. Q., et al. (2020). Phase changes of continuous cropping obstacles in strawberry (Fragaria × ananassa Duch.) production. Appl. Soil Ecol. 155:103626.
	Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560
	Chen, W., Guo, X., Guo, Q., Tan, X., and Wang, Z. (2021). Long-Term Chili Monoculture Alters Environmental Variables Affecting the Dominant Microbial Community in Rhizosphere Soil. Front. Microbiol. 12, 681953. doi: 10.3389/fmicb.2021.681953
	Clúa, J., Roda, C., Zanetti, M. E., and Blanco, F. A. (2018). Compatibility between legumes and rhizobia for the establishment of a successful nitrogen-fixing symbiosis. Gene 9:125. doi: 10.3390/genes9030125
	Corley, S. M., Troy, N. M., Bosco, A., and Wilkins, M. R. (2019). QuantSeq. 3’ sequencing combined with Salmon provides a fast, reliable approach for high throughput RNA expression analysis. Sci. Rep. 9:18895. doi: 10.1038/s41598-019-55434-x
	Dastager, S. G., Lee, J. C., Ju, Y. J., Park, D. J., and Kim, C. J. (2008). Nocardioides halotolerans sp. nov., isolated from soil on Bigeum Island, Korea. Syst. Appl. Microbiol. 31, 24–29. doi: 10.1016/j.syapm.2007.10.003
	Dundore-Arias, J. P., Felice, L., Dill-Macky, R., and Kinkel, L. L. (2019). Carbon amendments induce shifts in nutrient use, inhibitory, and resistance phenotypes among soilborne streptomyces. Front. Microbiol. 10:498. doi: 10.3389/fmicb.2019.00498
	Fan, D., Zhao, Z., Wang, Y., Ma, J., and Wang, X. (2022). Crop-type-driven changes in polyphenols regulate soil nutrient availability and soil microbiota. Front. Microbiol. 13:964039. doi: 10.3389/fmicb.2022.964039
	Fu, H., Zhang, G., Zhang, F., Sun, Z., Geng, G., and Li, T. (2017). Effects of continuous tomato monoculture on soil microbial properties and enzyme activities in a solar greenhouse. Sustainability 9:317.
	Gao, M., Dong, Y., Zhang, Z., and Song, Z. (2020). Effect of dibutyl phthalate on microbial function diversity and enzyme activity in wheat rhizosphere and non-rhizosphere soils. Environ. Pollut. 265:114800. doi: 10.1016/j.envpol.2020.114800
	Gao, Z., Han, M., Hu, Y., Li, Z., Liu, C., Wang, X., et al. (2019). Effects of continuous cropping of sweet potato on the fungal community structure in rhizospheric soil. Front. Microbiol. 10:2269. doi: 10.3389/fmicb.2019.02269
	Guan, S. Y. (1986). Soil Enzyme and Its Study Method. Beijing: China Agriculture Press.
	Gummerlich, N., Rebets, Y., Paulus, C., Zapp, J., and Luzhetskyy, A. (2020). Targeted genome mining—from compound discovery to biosynthetic pathway elucidation. Microorganisms 8:2034. doi: 10.3390/microorganisms8122034
	Houfani, A. A., Větrovský, T., Navarrete, O. U., Štursová, M., Tláskal, V., Beiko, R. G., et al. (2018). Cellulase-hemicellulase activities and bacterial community composition of different soils from algerian ecosystems. Microb. Ecol. 77, 713–725. doi: 10.1007/s00248-018-1251-8
	Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2019). eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, D309–D314. doi: 10.1093/nar/gky1085
	Ji, L., Yang, X., and Qi, F. (2022). Distinct responses to pathogenic and symbionic microorganisms: the role of plant immunity. Int. J. Mol. Sci. 23:10427. doi: 10.3390/ijms231810427
	Jiménez, D. J., Dini-Andreote, F., and van Elsas, J. D. (2014). Metataxonomic profiling and prediction of functional behaviour of wheat straw degrading microbial consortia. Biotechnol. Biofuels. 7:92. doi: 10.1186/1754-6834-7-92
	Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30.
	Knight, T. R., and Dick, R. P. (2004). Differentiating microbial and stabilized β-glucosidase activity relative to soil quality. Soil Biol. Biochem. 36, 2089–2096.
	Kompała-Ba̧ba, A., Bierza, W., Sierka, E. Błońska, A., and Besenyei, L.Woźniak, G. (2021). The role of plants and soil properties in the enzyme activities of substrates on hard coal mine spoil heaps. Sci. Rep. 11, 5155. doi: 10.1038/s41598-021-84673-0
	Ledo, A., Smith, P., Zerihun, A., Whitaker, J., Vicente-Vicente, J. L., Qin, Z., et al. (2020). Changes in soil organic carbon under perennial crops. Global Change Biol. 26, 4158–4168.
	Lemanowicz, J., Haddad, S. A., Bartkowiak, A., Lamparski, R., and Wojewódzki, P. (2020). The role of an urban park’s tree stand in shaping the enzymatic activity, glomalin content and physicochemical properties of soil. Sci. Total Environ. 741:140446. doi: 10.1016/j.scitotenv.2020.140446
	Lemos, L. N., de Carvalho, F. M., Gerber, A., Guimarães, A. P. C., Jonck, C. R., and Ciapina, L. P. (2021). Genome-centric metagenomics reveals insights into the evolution and metabolism of a new free-living group in Rhizobiales. BMC Microbiol. 21:294. doi: 10.1186/s12866-021-02354-4
	Li, D., Liu, C. M., Luo, R., Sadakane, K., and Lam, T. W. (2015). MEGAHIT: an ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 10, 1674–1676. doi: 10.1093/bioinformatics/btv033
	Li, W., Chantal, H., Peina, L., Junying, W., Dandi, S., Yijia, W., et al. (2023). Using enzyme activities as an indicator of soil fertility in grassland - an academic dilemma. Front. Plant Sci. 14:1175946. doi: 10.3389/fpls.2023.1175946
	Liu, H., Pan, F. J., Han, X. Z., Song, F. B., Zhang, Z. M., Yan, J., et al. (2020). A comprehensive analysis of the response of the fungal community structure to long-term continuous cropping in three typical upland crops. J. Integr. Agric. 19, 866–880.
	Liu, L., Sun, C., Liu, S., Chai, R., Huang, W., Liu, X., et al. (2015). Bioorganic fertilizer enhances soil suppressive capacity against bacterial wilt of tomato. PLoS One 10:e0121304. doi: 10.1371/journal.pone.0121304
	Liu, S., Wang, Z., Niu, J., Dang, K., Zhang, S., Wang, S., et al. (2021). Changes in physicochemical properties, enzymatic activities, and the microbial community of soil significantly influence the continuous cropping of Panax quinquefolius L. (American ginseng). Plant Soil 463, 427–446.
	Luan, L., Jiang, Y. J., Dini-Andreote, F., and Sun, B. (2023). Integrating pH into the metabolic theory of ecology to predict bacterial diversity in soil. Proc. Natl. Acad. Sci. U S A. 120:e2207832120.
	Merot, A., Fermaud, M., Gosme, M., and Smits, N. (2020). Effect of conversion to organic farming on pest and disease control in french vineyards. Agronomy 10:1047.
	Niemi, R. M., Heiskanen, I., Ahtiainen, J. H., Rahkonen, A., Mäntykoski, K., Welling, L., et al. (2009). Microbial toxicity and impacts on soil enzyme activities of pesticides used in potato cultivation. Appl. Soil Ecol. 41, 293–304.
	Pang, Z., Dong, F., Liu, Q., Lin, W., Hu, C., and Yuan, Z. (2021). Soil metagenomics reveals effects of continuous sugarcane cropping on the structure and functional pathway of rhizospheric microbial community. Front. Microbiol. 12:627569. doi: 10.3389/fmicb.2021.627569
	Piotrowska-Długosz, A., Długosz, J., Frąc, M., Gryta, A., and Breza-Boruta, B. (2022). Enzymatic activity and functional diversity of soil microorganisms along the soil profile – a matter of soil depth and soil-forming processes. Geoderma 416:115779.
	Piton, G., Allison, S. D., Bahram, M., Hildebrand, F., Martiny, J. B. H., Treseder, K. K., et al. (2023). Life history strategies of soil bacterial communities across global terrestrial biomes. Nat. Microbiol. 8, 2093–2102. doi: 10.1038/s41564-023-01465-0
	Sanchez-Hernandez, J. C., Notario Del Pino, J., Capowiez, Y., Mazzia, C., and Rault, M. (2017). Soil enzyme dynamics in chlorpyrifos-treated soils under the influence of earthworms. Sci. Total Environ. 612, 1407–1416. doi: 10.1016/j.scitotenv.2017.09.043
	Shange, R. S., Ankumah, R. O., Ibekwe, A. M., Zabawa, R., and Dowd, S. E. (2012). Distinct soil bacterial communities revealed under a diversely managed agroecosystem. PLoS One 7:e40338. doi: 10.1371/journal.pone.0040338
	Song, W. C., Wang, Y., Peng, B., Yang, L. Y., Gao, J., and Xiao, C. W. (2023). Structure and function of microbiomes in the rhizosphere and endosphere response to temperature and precipitation variation in inner Mongolia steppes. Front. Plant Sci. 14:1297399. doi: 10.3389/fpls.2023.1297399
	Sourjik, V., and Wingreen, N. S. (2012). Responding to chemical gradients: bacterial chemotaxis. Curr. Opin. Cell Biol. 24, 262–268.
	Steinegger, M., and Söding, J. (2017). MMseqs2 enables sensitive protein sequence searching for the analysis of massive data sets. Nat. Biotechnol. 35, 1026–1028. doi: 10.1038/nbt.3988
	Sun, K., Fu, L., Song, Y., Yuan, L., Zhang, H., Wen, D., et al. (2021). Effects of continuous cucumber cropping on crop quality and soil fungal community. Environ. Monit. Assess. 193:436.
	Toledo, S., Bondaruk, V. F., Yahdjian, L., Oñatibia, G. R., Loydi, A., and Alberti, J. (2023). Environmental factors regulate soil microbial attributes and their response to drought in rangeland ecosystems. Sci. Total Environ. 892:164406. doi: 10.1016/j.scitotenv.2023.164406
	Walsh, D. A., Papke, R. T., and Doolittle, W. F. (2005). Archaeal diversity along a soil salinity gradient prone to disturbance. Environ. Microbiol. 7, 1655–1666. doi: 10.1111/j.1462-2920.2005.00864.x
	Wang, B. T., Lu, Y. F., Li, W. F., Lin, R., and Qu, P. (2022). Effects of the Continuous Cropping of Amomum villosum on Rhizosphere soil physicochemical properties, enzyme activities, and microbial communities. Agronomy 12:2548.
	Wang, J. T., Zhang, Y. B., Xiao, Q., and Zhang, L. M. (2022). Archaea is more important than bacteria in driving soil stoichiometry in phosphorus deficient habitats. Sci. Total Environ. 827:154417. doi: 10.1016/j.scitotenv.2022.154417
	Wang, C., Yu, Q. Y., Ji, N. N., Zheng, Y., Taylor, J. W., Guo, L. D., et al. (2023). Bacterial genome size and gene functional diversity negatively correlate with taxonomic diversity along a pH gradient. Nat. Commun. 14:7437. doi: 10.1038/s41467-023-43297-w
	Wang, R., Xiao, Y., Lv, F., Hu, L., Wei, L., Yuan, Z., et al. (2018). Bacterial community structure and functional potential of rhizosphere soils as influenced by nitrogen addition and bacterial wilt disease under continuous sesame cropping. Appl. Soil Ecol. 125, 117–127.
	Wei, C., Liu, S., Li, Q., He, J., Sun, Z., and Pan, X. (2023). Diversity analysis of vineyards soil bacterial community in different planting years at eastern foot of Helan mountain. Ningxia. Rhizosphere 25:100650.
	Wu, H., Hu, B., Cheng, X., Kang, F., and Han, H. (2023). Relative importance of influencing factor-driven soil enzyme activity during the early plantation stage in the hilly-gully Loess regions. Land Degrad. Dev. 34, 2483–2493.
	Wu, L. K., Wang, J. Y., Wu, H. M., Chen, J., Xiao, Z. G., Qin, X. J., et al. (2018). Comparative metagenomic analysis of rhizosphere microbial community composition and functional potentials under rehmannia glutinosa consecutive monoculture. Int. J. Mol. Sci. 19:2394. doi: 10.3390/ijms19082394
	Xin, A., Jin, H., Yang, X., Guan, J., Hui, H., Liu, H., et al. (2022). Allelochemicals from the rhizosphere soil of potato (Solanum tuberosum L.) and their interactions with the soilborne pathogens. Plants 11:1934. doi: 10.3390/plants11151934
	Zhang, C., Nie, S., Liang, J., Zeng, G., Wu, H., Hua, S., et al. (2016). Effects of heavy metals and soil physicochemical properties on wetland soil microbial biomass and bacterial community structure. Sci. Total Environ. 557–558, 785–790. doi: 10.1016/j.scitotenv.2016.01.170
	Zhang, C., Zhou, T., Zhu, L., Du, Z., Li, B., Wang, J., et al. (2019). Using enzyme activities and soil microbial diversity to understand the effects of fluoxastrobin on microorganisms in fluvo-aquic soil. Sci. Total Environ. 666, 89–93. doi: 10.1016/j.scitotenv.2019.02.240
	Zhang, Y., Zheng, Y., Xia, P., Xun, L., and Liang, Z. (2019). Impact of continuous Panax notoginseng plantation on soil microbial and biochemical properties. Sci. Rep. 9:13205. doi: 10.1038/s41598-019-49625-9
	Zhang, Q., Zhu, L., Wang, J., Xie, H., Wang, J., Wang, F., et al. (2013). Effects of fomesafen on soil enzyme activity, microbial population, and bacterial community composition. Environ. Monit. Assess. 186, 2801–2812. doi: 10.1007/s10661-013-3581-9
	Zhang, S., Jiang, Q., Liu, X., Liu, L., and Ding, W. (2020). Plant growth promoting rhizobacteria alleviate aluminum toxicity and ginger bacterial wilt in acidic continuous cropping soil. Front. Microbiol. 11:569512. doi: 10.3389/fmicb.2020.569512
	Zhang, Y., Guo, R., Li, S., Chen, Y., Li, Z., He, P., et al. (2021). Effects of continuous cropping on soil, senescence, and yield of Tartary buckwheat. Agron. J. 113, 5102–5113.
	Zhao, J. Y., Xie, X., Jiang, Y. Y., Li, J. X., Fu, Q., Qiu, Y. B., et al. (2023). Effects of simulated warming on soil microbial community diversity and composition across diverse ecosystems. Sci. Total Environ. 911:168793.
	Zhao, Y., Qin, X. M., Tian, X. P., Yang, T., Deng, R., and Huang, J. (2021). Effects of continuous cropping of Pinellia ternata (Thunb.) Breit. on soil physicochemical properties, enzyme activities, microbial communities and functional genes. Chem. Biol. Technol. Agric. 8:43.


Copyright
© 2024 Song, Zhu, Li and Wang. 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.











	
	ORIGINAL RESEARCH
published: 13 February 2024
doi: 10.3389/fmicb.2024.1312286






[image: image2]

Reforestation of Cunninghamia lanceolata changes the relative abundances of important prokaryotic families in soil
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Over the past decades, many forests have been converted to monoculture plantations, which might affect the soil microbial communities that are responsible for governing the soil biogeochemical processes. Understanding how reforestation efforts alter soil prokaryotic microbial communities will therefore inform forest management. In this study, the prokaryotic communities were comparatively investigated in a secondary Chinese fir forest (original) and a reforested Chinese fir plantation (reforested from a secondary Chinese fir forest) in Southern China. The results showed that reforestation changed the structure of the prokaryotic community: the relative abundances of important prokaryotic families in soil. This might be caused by the altered soil pH and organic matter content after reforestation. Soil profile layer depth was an important factor as the upper layers had a higher diversity of prokaryotes than the lower ones (p < 0.05). The composition of the prokaryotic community presented a seasonality characteristic. In addition, the results showed that the dominant phylum was Acidobacteria (58.86%) with Koribacteraceae (15.38%) as the dominant family in the secondary Chinese fir forest and the reforested plantation. Furthermore, soil organic matter, total N, hydrolyzable N, and [image: Ammonium ion (NH4+) is bonded to a nitrogen atom with a single dash indicating the bond.] were positively correlated with prokaryotic diversity (p < 0.05). Also, organic matter and [image: Chemical formula showing nitrate (NO3^-) bonded to nitrogen (N).] were positively correlated to prokaryotic abundance (p < 0.05). This study demonstrated that re-forest transformation altered soil properties, which lead to the changes in microbial composition. The changes in microbial community might in turn influence biogeochemical processes and the environmental variables. The study could contribute to forest management and policy-making.
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Highlights

	• Acidobacteria dominated subtropical Chinese fir forest soil.
	• Forest reformation altered the structure of the prokaryotic community.
	• Soil layer influenced prokaryotic community composition.
	• Prokaryotic community composition showed seasonality.



1 Introduction

Forests are one of the most important ecosystems carrying out many ecological and economic functions, such as CO2 sequestration, conserving natural diversity, protecting environment, and providing sustainable timber resources. Forest soils are the favorite habitat for most microorganisms, which are involved in a wide range of elemental biogeochemical cycles, such as nitrogen (N; Stein and Klotz, 2016), carbon (C), and sulfur (S) cycles (Kertesz and Mirleau, 2004). Microbial composition and activities are substantially affected by biotic and abiotic factors (Llado et al., 2018). Thus, it is necessary to explore the effects of these biotic and abiotic factors on soil microorganisms under the background that human activities are influencing forests globally.

Land use change could impact vegetation (Tasser and Tappeiner, 2002; Shen et al., 2023), and thus the soil micro- and macro-biota (De Graaff et al., 2014; Navarrete et al., 2015; Poirier et al., 2016; Li et al., 2022). Nowadays, many forests have been converted to croplands (Bruun et al., 2013) or commercial tree stands (Prabowo et al., 2017). In southern China some secondary forests have even been completely cut down and replaced by a single commercial tree species (Wang et al., 2010, 2011; Guan et al., 2015). Many of these forests have low quality because of poor management practices, for example, some forests possess low water holding capacity (Zeng et al., 2011) and pathogens attack is also among the major threats to the forest trees sustainability (Durán et al., 2008). There is a dire need to reform these forests by felling the diseased trees and replanting new seedlings in the forest gaps. A radical practice is clear cutting and then the cutover land is planted with single tree species. However, these kinds of intense land use changes will greatly disturb the forest soils and native microorganism communities (Zhang, 1995). The soil biogeochemical processes might be impacted due to soil microbial community disturbance which can influence the environmental cycling and natural ecosystems. To our knowledge, a limited number of studies have been conducted to address such an emerging issue and minimum work has been reported to overcome the microbial interaction and its role in forest biogeochemical cycling (Verchot et al., 1999, 2000).

We have carried out studies on some pivotal prokaryotic communities, including ammonia-oxidizing archaea and bacteria (Wu et al., 2018), anammox bacteria and n-damo bacteria (Gan et al., 2016; Meng et al., 2016), diazotrophs (Meng et al., 2018), denitrifying microorganisms (Meng et al., 2017), in the Nanling National Nature Reserve in Guangdong province, China. These articles documented the prokaryotic community in original forests, but the effects of forest transformation on the entire prokaryotic community have not been explored. In this study, we further investigated the entire prokaryotic community in a secondary Chinese fir forest (original) and a newly planted Chinese fir plantation from the cutover land of a secondary Chinese fir forest in the Nanling National Nature Reserve. We aimed to explore how this kind of forest transformation affects the prokaryotic community and the underlying mechanisms, providing important management recommendations for reforestation. We hypothesized that forest conversion change tree species, leading to different litter quality. Increased human activity could also disturb soils, which impact soil organic content and pH. The changes in soil properties then result in the variation in microbial community.



2 Materials and methods


2.1 Study sites and soil sample collection

Soils were collected from Guangdong Nanling National Nature Reserve (24°37′-24°57′N, 112°30′-113°04′E), whose climate is subtropical monsoon with an annual precipitation of 2,108.4 mm. Two types of forests were selected: one was a secondary Chinese fir forest (Cunninghamia lanceolata), which was 26 years old. Part of the above forest was clear cut and re-planted with Chinese fir seedlings 6 years ago. This new plantation was selected as the second site. Three replicate sampling points were randomly collected from each type of forest, respectively in winter (8 January 2015) and summer (5 August 2015). At each sampling point, the soil samples were separately collected from the upper (0–2 cm) and lower (18–20 cm) horizons, respectively representing A and B horizons. About 3 kg of soil was collected and homogenized for each sample. Approximately 900 g of homogeneous soil was used for physicochemical analysis and 100 g for subsequent molecular analysis. Samples were immediately placed in a cooling box with ice bags before laboratory physicochemical analysis. In the laboratory, samples for molecular studies were stored at −80°C, and samples for physicochemical analysis were processed immediately.



2.2 Assay of soil physicochemical properties

The physicochemical properties of the soil samples were analyzed by the Guangdong Institute of Ecology, Environment and Soil Science using the Methods of Agricultural Chemical Analysis (Rushen, 2000). Soil pH values were measured by a pH meter (Starter 3C, OHAUS) while organic carbon was determined using the dichromate sulfate ablation method, total nitrogen by Kjeldahl, active nitrogen by KOH diffusion, ammonia and nitrate nitrogen by potassium chloride extraction, and total phosphorus by digestion with HClO4 + H2SO4 followed by a colorimetric method. The effective phosphorus was first extracted by NaHCO3 and then the effective phosphorus content was determined by the colorimetric method. A UV-Vis spectrophotometer (model 752 N, Jinko, Shanghai) was used for all spectrophotometric determinations. 2 M KCl was used to extract exchangeable aluminum from the soil samples, and the concentrations of exchangeable aluminum were determined by ICP-OES (Perkin Elmer Optima 8300, Waltham, MA, USA). The results of soil parameters are given in Supplementary Table 1.



2.3 Total genomic DNA extraction and 16s rRNA gene sequencing

Using the SoilMaster DNA extraction kit to extract Genomic DNA in duplicate from each soil sample (Epicenter Biotechnologies, Madison, WI). Using a NanoDrop spectrophotometer to examine DNA concentration and quality. After extracting, DNA from the same sample was mixed and diluted to 10 ng μL−1 and stored at −40°C for downstream use.

The hypervariable region of 16S rRNA gene V4-V5 was amplified with 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′) as general primers. The PCR reaction (25 μl) consisted of 5 ng DNA, 1 unit of EX Taq (TaKaRa, Dalian, China), 1 buffer of EX Taq, 0.2 mM for each dNTP, and 0.4 μM for each primer. Amplification conditions consisted of an initial denaturation step of 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 50 s, and finally an extension of 10 min at 72°C. The PCR reaction was repeated for each sample, and the products were pooled and subjected to 1% agarose gel electrophoresis. Bands of the correct size were taken and purified using the SanPrep DNA Gel extraction kit (Sangon Biotech, Shanghai, China). All PCR products were quantified by Nanodrop and mixed with an equal molar amount from each sample. Sequencing samples were prepared using the TruSeq DNA kit according to the manufacturer's instructions. The purified library was diluted, denatured, and re-diluted according to Illumina library preparation protocol, mixed with PhiX (equal to 30% of the final DNA amount), and sequenced using Reagent Kit v2 2 × 250 bp Illumina Miseq system based on environmental genomics platform of Chengdu Institute of Biology.



2.4 High-throughput sequence data analysis

Using QIIME Pipeline-Version 1.7.0 process sequence data (http://qiime.org/). Trim the sequence reading and assign it to the sample according to its barcode. High-quality sequences with length >300 bp, unambiguous base N and average base quality score >30 were selected for downstream analysis. The sequences were clustered into operational classification units (OTUs) under the recognition threshold of 97%. The Uchime algorithm was used for chimeric check of the aligned 16S rRNA gene sequences (Edgar et al., 2011). A total of 9,190 reads were randomly retaken from all samples, and the α-diversity, phylogenetic distance of the whole tree, Chao1 estimates of richness, species, and Shannon diversity index were calculated. Generate sparse curves from observed species. The ribosome database item classifier was used for classification (Wang et al., 2007).



2.5 Principal coordinate analysis and redundancy analysis

Based on 6,408 OTUs that appeared at least three times in 24 samples, principal coordinate analysis (PCoA) was performed using Canoco 5.0 software to assess overall structural changes between samples (Brackin et al., 2013).



2.6 Statistical analysis

Using Microsoft Excel 2019 software, a two-factor analysis of variance (ANOVA) was used to analyze the effects of the soil layer, reforestation type, and season on soil properties, prokaryotic biodiversity, abundance and the 10 most abundant families of prokaryotes. The value p < 0.05 or 0.01 was considered statistically significant at two levels. The correlation coefficient (r) between soil physicochemical parameters, soil physicochemical parameters and the ten most abundant families were calculated using the following formula;

[image: The formula for Pearson's correlation coefficient, \( r \), is shown. It is equal to the numerator \( n \sum XY - (\sum X)(\sum Y) \) divided by the square root of \( [n \sum X^2 - (\sum X)^2][n \sum Y^2 - (\sum Y)^2] \).]

X: every x-variable value, Y: every y-variable value, n: sample size.

The diversity significance difference (p-value) of Chao1, Observed OTU and Shannon index between soil layers and forest types in different seasons is analyzed by ANOVA combined with the multi-factor box plot of origin software.



2.7 Real-time fluorescence quantitative PCR

Real-time fluorescence quantitative PCR was performed to measure the 16S rRNA gene abundance of prokaryotic microorganisms in each soil. The primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) targeted 16S rRNA were used for real-time fluorescence quantitative PCR (Roche lightcycler96). The reaction included 10 μl 2 × AceQ Universal SYBR qPCR Master Mix (Vazyme, China), 0.4 μl former primer, 0.4 μl reverse primer, 2 μl 1‰ BSA (bovine serum albumin), 6.6 μl sterile water, and 0.6 μl DNA in 20 μl reaction system. The reaction was repeated three times for each sample. The cyclic conditions of this reaction were as follows: run at 95°C for 5 min; denatured at 95°C for 10 s, annealed at 54°C for 45 s, extended at 60°C for 45 s, a total of 40 cycles; extended at 72°C for 10 min. The reaction temperature increased from 65.0 to 95.0°C at a rate of 0.5°C s−1 during the analysis of the melting curve. The standard curve was constructed using a 10-fold serial dilution (102-107 gene copies μl−1) of newly extracted plasmids containing the corresponding gene fragments. The correlation coefficient R2 was higher than 99% for the standard curve.



2.8 Nucleotide sequence accession numbers

The raw sequence data of the 16S rRNA gene analyzed in this study was uploaded to the sequence read archive on the NCBI website under the accession number PRJNA992889.




3 Results


3.1 The effect of soil properties on prokaryotic diversity and abundance

Chao1, OTU numbers, and Shannon index of the prokaryotic organisms are given in Table 1. Soil layer had a significant influence on α diversity of prokaryotic microorganisms (p < 0.01; Figure 1). The Shannon index was selected to analyze the relationship between prokaryotic diversity and soil factors. Pearson correlation coefficient analysis showed that soil organic matter, total N, hydrolyzable N and [image: Ammonium ion (\( \text{NH}_4^+ \)) connected to a nitrogen atom represented as \( \text{NH}_4^+ - \text{N} \).] were positively correlated with the Shannon index (p < 0.05; Table 2). Soil pH, total P, total K, available P, [image: Chemical formula showing "NO₃⁻ - N," representing nitrate nitrogen.], [image: Chemical formula of sulfate ion, represented as S O four raised to the power of two minus.], and Al3+ were not significantly correlated with the Shannon index (p < 0.05). It was also evident that organic matter and [image: Chemical formula depicting nitrate nitrogen, represented as "NO3-N".] were positively correlated with prokaryotic abundance (p < 0.05; Table 2), while soil pH, total N, total P, total K, hydrolyzed N, available P, [image: Chemical formula showing ammonium, NH₄⁺, bonded to nitrogen, N.], [image: Chemical formula for the sulfate ion: "SO4" with a two minus charge, indicating it is an anion.], and Al3+ were not significantly correlated with prokaryotic abundance (p < 0.05).


TABLE 1 Observation and estimation of prokaryotic community diversity based on 16S rRNA gene sequences (±) sign indicated standard error of mean of (n = 3).

[image: Table showing sample IDs with corresponding Chao1, Observed OTU, and Shannon index values. Sample IDs combine season (summer: S, winter: W), type (reforested Chinese fir plantation: RCFP, secondary Chinese fir forest: SCFF), and layer (upper: u, lower: l). Values for Chao1, Observed OTU, and Shannon index are listed with their respective standard deviations.]


[image: Box plots showing the Chao 1 richness, Observed OTUs, and Shannon index across different conditions: Summer vs. Winter, Upper vs. Lower, and RCFP vs. SCFF. The plots illustrate variations in microbial diversity metrics, with Summer, Upper, and RCFP generally showing higher values than Winter, Lower, and SCFF.]
FIGURE 1
 Effects of season, soil layer and forest type on alpha diversity of prokaryotic microorganisms in forest soils. The horizontal line in each box is the median value. Sample IDs: RCFP, reforested Chinese fir plantation; SCFF, secondary Chinese fir forest; Upper, upper layer; Lower, lower layer.



TABLE 2 Correlation coefficients between soil physicochemical parameters and prokaryotic diversity and abundance.

[image: A correlation table displaying various soil parameters: pH, organic matter, total nitrogen, phosphorus, potassium, hydrolyzable nitrogen, available phosphorus, nitrate, ammonium, sulfate, aluminum, Shannon index, and prokaryotic abundance. Significant correlations are marked in bold, with a single asterisk for significance at p < 0.05 and double asterisks for p < 0.01. Notable significant correlations include organic matter with total nitrogen at 0.973, and ammonium with total nitrogen at 0.938.]



3.2 Relationship between soil parameters and the dominant families

The prokaryotic communities of all samples from the two Chinese fir forests on the family level mainly consisted of Koribacteraceae (15.38%), Thermogemmatisporaceae (5.36%), Chthoniobacteraceae (3.04%), Solibacteraceae (2.55%), and Rhodospirillaceae (2.06%), Acidobacteriaceae (1.95%), Sinobacteraceae (1.41%), Syntrophobacteraceae (1.12%), Pedosphaeraceae (1.10%), Hyphomicrobiaceae (0.63%), and other families (65.41%). Therefore, the relationship between these 10 most abundant families and soil factors were studied.

Pearson correlation coefficient analysis showed that the relative abundance of the 10 most abundant prokaryote families was significantly correlated with certain soil physicochemical parameters (Table 3). Organic matter was positively correlated with most families: Koribacteraceae, Hyphomicrobiaceae, Acidobacteriaceae, Sinobacteraceae, and Solibacteraceae (p < 0.05), while negatively correlated with Syntrophobacteraceae and Chthoniobacteraceae (p < 0.05). Total N was also a crucial factor, positively correlated with most families: Koribacteraceae, Hyphomicrobiaceae, Acidobacteriaceae, Sinobacteraceae, Solibacteraceae (p < 0.05), and negatively correlated with Chthoniobacteraceae (p < 0.05). [image: Chemical formula displaying nitrate as "NO3" with a superscript minus sign for charge, followed by a dash and the letter "N".] was also a key factor, with positive correlations with Koribacteraceae, Acidobacteriaceae, and Solibacteraceae (p < 0.05), while negative correlations with Syntrophobacteraceae and Chthoniobacteraceae (p < 0.05). Thermogemmatisporaceae was positively correlated with pH and negatively correlated with total P (p < 0.05). Hydrolyzable N was positively correlated with Hyphomicrobiaceae and Sinobacteraceae (p < 0.05). [image: Ammonium ion (NH4+) bonded to a nitrogen atom with a single bond.] was positively correlated with Koribacteraceae and Sinobacteraceae (p < 0.05), while negatively correlated with Chthoniobacteraceae. Al3+ had a negative correlation with Chthoniobacteraceae (p < 0.05). Total K, available P, and [image: Chemical formula of sulfate ion, represented as SO4 with a two minus charge.] were not significantly correlated with any prokaryotic families. Rhodospirillaceae and Pedosphaeraceae were not significantly affected by any of the identified parameters.


TABLE 3 Correlation coefficients between relative abundance of families and soil parameters.

[image: Table showing correlation coefficients between soil properties (pH, organic matter, total nitrogen, total phosphorus, total potassium, hydrolyzable nitrogen, available phosphorus, nitrate, ammonium, aluminum, sulfate) and different bacterial families. Significant correlations are indicated by asterisks, with single indicating p < 0.05 and double indicating p < 0.01. Bold values indicate statistical significance.]

Redundancy analysis showed correlations between soil parameters and the relative abundance of families (Supplementary Figure 1). Organic matter, total N, and [image: Nitrate ion (NO3) with a negative charge, and a dash followed by a capitalized letter N.] were shown to be closely correlated with the relative abundances of most families, which is congruent with the results of Pearson correlation coefficient analysis (Table 3).



3.3 Effect of reforestation, soil horizon, and season on prokaryotic family composition

To explore the effect of reforestation, season, and soil horizon on prokaryote community structure, changes in relative abundances of the most abundant 10 families were explored and investigated when secondary Chinese fir forest was deforested and planted with Chinese fir seedlings. The results showed that the prokaryotic family composition of the soil samples showed different patterns between forest types, seasons, and soil layers (Figure 2).


[image: Stacked bar chart showing the relative abundance of different bacterial families in reforested and secondary Chinese fir forests, across summer and winter seasons, and upper and lower soil layers. Key bacterial families include Syntrophobacteraceae, Pedospiraceae, and Koribacteraceae, among others. Abundance varies with season and soil depth.]
FIGURE 2
 The relative abundance and composition of prokaryotes in soil of Chinese fir forests in subtropical Nanling National Nature Reserve at family level.


Reforestation influenced the prokaryote composition because relative abundances of families were different between forest types, i.e., for the soils of the upper or lower horizons in summer, Koribacteraceae relative abundance was significantly higher in the secondary forest than the reforested plantation (p < 0.05; Figure 2 and Supplementary Table 2). In the upper layers of soil in winter, Thermogemmatisporaceae in the reforested Chinese fir plantation was higher than that in the secondary Chinese fir forest (p < 0.01). In the lower layers of soil in summer, Thermogemmatisporaceae in the secondary Chinese fir forest was higher than in the reforested Chinese fir plantation (p < 0.01). In the lower layers of soil in winter, Syntrophobacteraceae in the reforested Chinese fir plantation was higher than in the secondary Chinese fir forest (p < 0.01). Meanwhile, in summer in the lower horizons, Acidobacteriaceae in the reforested Chinese fir plantation was higher than in the secondary Chinese fir forest (p < 0.05). In the lower layers of soil in winter, Pedosphaeraceae in the reforested Chinese fir plantation was higher than in the secondary Chinese fir forest (p < 0.05).

Soil horizon significantly affected the family composition of the prokaryotic community because the relative abundances of different families in different soil layers varied among samples from the same site (Figure 2 and Table 4). The soil layer also affected the relative abundance of prokaryotes, which was twice as high in the upper soil layers as in the lower soil layers (Figure 3). The relative abundances of Koribacteraceae and Acidobacteriaceae in the upper layers of soil were higher than that in the lower layer at each site (p < 0.01). In summer and winter soils of the reforested Chinese fir plantation, and winter soils of the secondary Chinese fir forest, relative abundances of Syntrophobacteraceae were higher in the upper than in the lower layers (p < 0.01). Hyphomicrobiaceae, Solibacteraceae, Thermogemmatisporaceae, Chthoniobacteraceae, and Pedosphaeraceae also showed significant differences between upper and lower layers (p < 0.05; Figure 2 and Table 4).


TABLE 4 Dissimilarity of families between upper and lower soil layers (n = 3).

[image: Table displaying significance values of strain differences across various bacterial families. RCFP and SCFF samples show significant values in bold. Significance levels are indicated by asterisks: one asterisk for p < 0.05, two asterisks for p < 0.01. Rows represent samples from summer and winter, and columns represent bacterial families.]


[image: Bar graph comparing 16S rRNA gene copy numbers in soil across seasons and layers in Chinese fir plantations. Winter shows higher gene copies than summer, with notable variations between upper and lower layers in both reforested and secondary forests. Error bars indicate variability.]
FIGURE 3
 Relative abundance of prokaryotes in different types of Chinese fir forest soils in the Nanling National Nature Reserve.


The family composition and relative abundance of the prokaryotic community showed pronounced seasonality (Figure 2 and Supplementary Table 3). The relative abundance of prokaryotes in summer was at least 1.5 times higher than the relative abundance in winter for the same soil. In the same soil layers of each forest, prokaryotic community compositions were significantly different between seasons, especially in the reforested Chinese fir plantation. In the upper layers of the reforested Chinese fir plantation, Koribacteraceae in summer was significantly lower than in winter (p < 0.05); however, in the lower layer of reforested the Chinese fir plantation, Koribacteraceae in winter soil was significantly lower than in summer (p < 0.01). In the upper layer of the reforested Chinese fir plantation, Thermogemmatisporaceae in summer was significantly lower than in winter (p < 0.01). In addition, in the lower layers of the reforested Chinese fir plantation, Syntrophobacteraceae, and Pedosphaeraceae in summer were significantly lower than in winter (p < 0.05). In the upper layers of the reforested Chinese fir plantation, Chthoniobacteraceae in winter soil was significantly lower than in summer (p < 0.05).



3.4 Effect of reforestation, soil horizon, and season on the diversity and abundance of prokaryotic community

As can be seen from Supplementary Table 4, reforestation had no significant effect on the abundance or diversity of prokaryotes statistically. However, combined with Figure 2, reforestation changed the relative proportions of prokaryotic families, so reforestation affected community structure. Moreover, the pH of the secondary Chinese fir forest was significantly lower than that of reforested Chinese fir plantation (p < 0.05; Supplementary Table 4).

Prokaryotic diversity and abundance were significantly correlated with soil layers (Figure 3 and Table 5): prokaryotic biodiversity and abundance were higher in the uppers than the lower ones (p < 0.05), regardless of forest type or seasons.


TABLE 5 Dissimilarity of prokaryotic diversity, prokaryotic abundance, and soil parameters between upper and lower soil layers.

[image: Table comparing soil characteristics across different sample types and seasons, showing values for pH, organic matter, total nitrogen, total phosphorus, total potassium, hydrolyzable nitrogen, available phosphorus, nitrate nitrogen, ammonium nitrogen, sulfate, aluminum, Shannon index, and prokaryotic abundance. Significant differences at levels p < 0.05 and p < 0.01 are indicated by asterisks, with bold numbers highlighting statistical significance. Sample types are RCFP (reforested Chinese fir plantation) and SCFF (secondary Chinese fir forest), each measured in winter (win) and summer (sum).]

Season affected prokaryotic diversity at the family level (Supplementary Table 5). For the lower layers of the reforested Chinese fir plantation, prokaryotic diversity in summer was significantly higher than in winter (p < 0.05). The season had a certain degree of effect on prokaryotic abundance, with significant differences (p < 0.05) in the upper layers of the reforested Chinese fir plantation.



3.5 Effect of reforestation, soil horizon, and season on prokaryotic community structure by PCoA analysis

Principal coordinate analysis (PCoA) based on OTU data showed similarities in prokaryotic communities between soil types, soil layers, and seasons (Figures 4, 5 and Supplementary Figure 2). Reforestation had a strong influence on the community structure of prokaryotic organisms because the same soil layers in the same season were always different between the two forest types (Figure 5). Soil layer had a strong influence on the structure of the prokaryotic community because the upper and lower layers were separately clustered (Figure 4). Season had a certain degree of effect on community structure although samples from the same site in different seasons were relatively close (Supplementary Figure 2). In summary, PCoA analysis showed similar results as the above other methods.


[image: Scatter plot depicting two ellipses representing data clusters on Axis 1 (47.8%) and Axis 2 (12.9%). Labels include combinations of S (summer), W (winter), RCFP (reforested Chinese fir plantation), SCFF (secondary Chinese fir forest), u (upper layer), and l (lower layer).]
FIGURE 4
 Principal coordinate analysis showing the effects of soil layer on prokaryotic community structure.



[image: Four scatter plots display data along Axis 1 (47.8%) and Axis 2 (12.9%). Each plot shows different clusters:  1. Top left: Two overlapping clusters labeled S_RCFP_u and S_SCFF_u. 2. Top right: Two separated clusters labeled S_RCFP_l and S_SCFF_l. 3. Bottom left: Overlapping clusters labeled W_RCFP_l and W_SCFF_l. 4. Bottom right: Intertwined clusters labeled W_RCFP_u and W_SCFF_u.  Dotted lines encircle each cluster.]
FIGURE 5
 Principal coordinate analysis showing the effects of reforestation on prokaryotic community structure.





4 Discussion


4.1 Reforestation changed prokaryotic community composition

The present study showed that the phylum Acidobacteria (including Koribacteraceae, Solibacteraceae, and Acidobacteriaceae) dominated in the soil of the two Chinese fir forests, accounting for 58.86% of the prokaryotic community (Supplementary Figure 3). This may be because Acidobacteria are oligotrophic (Fierer et al., 2007) and prefer low pH environments (Jones et al., 2009; Zhang et al., 2017), whereas in this experiment the two Chinese fir forest soil sample had a lower average pH (pH = 4.4), thus favoring the growth of the Acidobacteria phylum. This finding is in line with some studies, such as the study of Pankratov et al. (2008) that showed some members in the phylum Acidobacteria have an optimal growth pH of 3.5–4.5; Ca. Koribacter versatilis strain Ellin345 and Ca. Solibacter usitatus strain Ellin6076 in the Acidobacteria phylum grow best at pH 4.0 to 6.0 (Ward et al., 2009); three subgroups in Acidobacteria were found in forest samples in the pH range 3.5–5.0 (Kim et al., 2021).

The results showed that the community structure of prokaryotes changed when the secondary Chinese fir forest was clear-cut and reforested with Chinese fir seedlings. Importantly, the family level composition of soil prokaryotes changed greatly. This change might come from the difference in pH. The pH of the secondary Chinese fir forest was significantly lower than that of reforested Chinese fir plantation (p < 0.05). Therefore, Koribacteraceae (belonging to Acidobacteria) was significantly higher in the secondary Chinese fir forest soil than in the reforested Chinese fir plantation. Other studies (Eichorst et al., 2007; Hartman et al., 2008; Lauber et al., 2009) have also shown a significant increase in the abundance of Acidobacteria at lower pH (2–6). In the present study, the relative proportion of Proteobacteria (Rhodospirillaceae, Syntrophobacteraceae, Hyphomicrobiaceae, and Sinobacteraceae) increased with the decrease of anthropogenic disturbance: Proteobacteria accounted for a lower proportion in the prokaryotic community of reforested Chinese fir plantation than in secondary Chinese fir forest. Our results were congruent with previous studies (Jangid et al., 2013; Li et al., 2014), which showed that the numbers of proteobacteria increased over time after anthropogenic disturbance ceased.

The finding that forest conversion affects microbial communities composition is similar to the results of several previous studies, for example, in areas where native broadleaf forests were converted to plantation forests in Fujian Province, China (Guo et al., 2016a), the relative abundance of Gram-positive bacteria in the soil of the Chinese fir plantation forest was significantly lower than that in the soil of the native broad-leaved forest; in Zhejiang Province, China where broadleaf forests were converted to bamboo forests, anaerobic bacterial abundance increased significantly (Guo et al., 2016b); in Hunan Province, China after converting from a natural evergreen and deciduous broad-leaf forest to four different 5-year old monoculture plantations, the relative abundance of Ca. solidcharacter, Acidibacter, Occallatibacter, Burkholderia, and Acidothermus decreased, while the relative abundances of the genera HSB_OF53-F07 (Order: Ktedonobacterales) and FCPS473 (Family: Ktedonobacteraceae) increased (Liu et al., 2020); in Guangdong Province, China, the transition from the Masson pine to eucalyptus plantation forests resulted in a significant decrease in soil AOA abundance (Zhang et al., 2016); and in Sumatra, Indonesia, tropical rainforests have been transformed into rubber agroforestry composite forests, leading to a decrease in the abundance of Gram-negative bacteria (Krashevska et al., 2015).

The present study showed a change in microbial community composition; however, the abundance and diversity were not significantly different between the two forests. This may be due to an increase in some prokaryotic taxa, such as Rhodospirillaceae, Hyphomicrobiaceae, and Chthoniobacteraceae, and a decrease in others, such as Thermogemmatisporaceae and Solibacteraceae, which ultimately resulted in a statistically unaffected abundance and diversity of the prokaryotic community in these two Chinese fir forests. The above changes in the family level may be due to the following reasons. Soil organic matter, containing carbon, and nitrogen elements, is conducive to the growth of Alphaproteobacteria (e.g., Rhodospirillaceae and Hyphomicrobiaceae) and Gammaproteobacteria (e.g., Sinobacteraceae; Alonso-Saez et al., 2009), while high nitrogen concentrations are of no use to the growth of Acidobacteria (Koribacteraceae, Acidobacteriaceae, and Solibacteraceae; Wang et al., 2018). Another study demonstrated that soil organic matter produces α-D-lactose, which can facilitate the growth of Verrucomicrobia (including Chthoniobacteraceae and Pedosphaeraceae), whereas the abundance of Acidobacteria was significantly negatively correlated with total organic matter (Jeanbille et al., 2016).



4.2 Soil depth significantly affected prokaryotic diversity and prokaryotic community composition

In this study, soil depth had a significant influence on prokaryotic biodiversity and community composition: the prokaryotic biodiversity in the upper layers of soil was significantly higher than that in the lower layers, which was consistent with recent studies (Pang et al., 2009; Selvam et al., 2010). This phenomenon was possibly due to the changes in soil organic matter as the upper soils contained higher organic matter, which was mainly derived from the decomposition of litter (Llado et al., 2017). The higher organic matter could serve as a substrate for different types of heterotrophic microbes, resulting in higher prokaryotic diversity (Wagner and Byrd, 2004). Besides, Acidobacteria can decompose cellulose (Stursova et al., 2012), so there were significantly more Acidobacteria in the upper soil than lower due to high cellulose in the upper layers. In particular, Koribacteraceae in the upper layers of soil was significantly higher than the lower ones, which might be because the extractable Al3+ in the upper layers of soil was higher than the lower ones. A former study also found a higher abundance of Koribacteraceae in tilled soil of higher extractable Al3+ (Lewis et al., 2018). The mechanism of why Koribacteraceae is positively related to Al3+ is still unknown. Our finding is that soil layers had a significant effect on prokaryotic diversity and composition, which is similar to other studies. Wang et al. (2022) showed that prokaryotic diversity was greater in the upper than the lower layers of the forest soil and that the prokaryotic community composition was different. Ren et al. (2023) also found a difference in the structure of the microbial community between different soil layers.



4.3 Seasonality pattern of the prokaryotic community composition

This study shows that prokaryotic community composition presented obvious seasonality, which is consistent with previous studies. For example, seasons influence the composition of Acidobacteria phylum in rhizospheres (Conradie and Jacobs, 2020); microbial community composition in riverbed sediments is influenced by seasons (Danczak et al., 2016); seasons alter halophilic prokaryotic communities in ponds at the Sfax solar saltern (Boujelben et al., 2012); seasons change prokaryotic communities in marine-snow-associated and ambient-water (Vojvoda et al., 2014).

In this study, the abundances of Rhodospirillaceae, Koribacteraceae, Thermogemmatisporaceae, Syntrophobacteraceae, Acidobacteriaceae, Solibacteraceae, and Pedosphaeraceae were higher in winter than in summer, whereas the abundances of Chthoniobacteraceae, Hyphomicrobiaceae, and Sinobacteraceae were higher in summer than in winter. The underlying mechanism might be related to the changes in temperature between seasons. Temperature changes alter the composition of bacterial communities in the soil (Fu et al., 2023). Dedysh and Sinninghe-Damste (2018) have shown that most Acidobacteria (Koribacteraceae, Acidobacteriaceae, and Solibacteraceae) either are classified as mesophiles or psychrotolerants with slow metabolic activity, that is, low temperature does not inhibit them as other microorganisms. Moreover, Jin and Mullens (2014) show that air temperature is positively correlated with the upper soil temperature. Therefore, our study showed that prokaryotes in the upper soils presented higher seasonality than those in the lower ones. Specifically, Koribacteraceae in winter soil was significantly higher than that in summer.




5 Conclusions

The results showed that forest reformation changed the composition of the prokaryotic community in soil. Soil depth had an important influence on the diversity of prokaryotes and the composition of the prokaryotic community: the diversity of prokaryotes was significantly higher in the upper layers of the soil than in the lower ones (p < 0.05). Season affected the composition of the prokaryotic community. In addition, the results showed that multiple phyla of soil microorganisms were found in Chinese fir forests with the dominance of Koribacteraceae (15.38%) from the phylum Acidobacteria (58.86%). Soil organic matter, total N, hydrolyzable N, and [image: Chemical structure showing an ammonium ion, \(\text{NH}_4^+\), bonded to a nitrogen atom, represented as \(\text{NH}_4^+ - \text{N}\).] were significantly correlated with prokaryotic diversity (p < 0.05). Organic matter and [image: Chemical notation showing "NO3 minus N", indicating nitrate nitrogen.] were positively (p < 0.05) correlated with prokaryotic abundance. Overall, this study indicated that forest conversion transformed the soil prokaryotic community, which might be due to the changed soil physicochemical parameters.
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Stover mulching, as a sustainable agricultural conservation practice, has been shown to effectively increase soil organic matter and enhance crop yields. The impact of stover mulching on soil microorganisms has been extensively studied. However, less attention has been given to endophytic and rhizospheric microorganisms that have closer relationships with crops. How do the quality and frequency of stover mulching affect the composition and structure of these endosphere and rhizosphere microbial communities? And what is their influence on critical indicators of soil health such as bacterial plant pathogen and Rhizobiales? These questions remain unresolved. Therefore, we investigated the responses of the microbial functional guilds in the endosphere and rhizosphere to maize stover mulching qualities (0%, 33%, 67%, and total stover mulching every year) and frequencies (once every 3 years and twice every 3 years) under 10-year no-till management. Results showed significant correlations between Bacillales and Rhizobiales orders and soil SOC, NO3−N, and NH4+N; Hypocreales and Eurotiales orders were significantly correlated with soil NO3−N, with the Aspergillus genus also showing a significant correlation with soil SOC. The frequency and quality of stover mulching had a significant effect on root and rhizospheric microbial communities, with the lowest relative abundance of bacterial plant pathogens and highest relative abundance of nitrogen-fixing bacteria such as Rhizobiales and Hypocreales observed under F1/3 and F2/3 conditions. The most complex structures in endosphere and rhizospheric microbial communities were found under Q33 and Q67 conditions, respectively. This research indicates that from a soil health perspective, low-frequency high-coverage stover mulching is beneficial for the composition of endosphere and rhizosphere microbial communities, while moderate coverage levels are conducive to more complex structures within these communities. This study holds significant ecological implications for agricultural production and crop protection.
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1 Introduction

Maize (Zea mays L.) is one of the world’s three principal cereal crops. As an agricultural powerhouse, China contributes to 23% of the global maize production (Wang Y. Q. et al., 2019). However, this substantial yield also generates a considerable amount of crop residue, particularly cornstalks, which require proper disposal. In the past, many farmers opted for field burning due to the high costs associated with managing these residues. This practice led to the emission of particulate matter, nitrogen oxides, sulfur dioxide, and other pollutants into the atmosphere, causing air pollution, nutrient loss, and posing health risks to humans (Wang Z. Z. et al., 2019; Cao et al., 2022). In line with sustainable agricultural development in China, it is imperative to utilize crop residue resources effectively. Stover mulching, as a key method for such utilization, has been shown to increase soil organic matter content and enhance crop yields, thus contributing positively to agricultural sustainability (Liu et al., 2010).

In soil, there exists a diverse community of microorganisms that play crucial roles in energy flow, nutrient cycling, and information exchange (Chaparro et al., 2012; Frąc et al., 2018), serving as biological indicators of soil health (Doran and Zeiss, 2000). A wealth of research has demonstrated significant differences in the microbial community composition between soils subjected to stover mulching compared to those under conventional tillage practices (Zhang et al., 2019; Yang et al., 2022). Overall, stover mulching tends to shift soil microbial communities toward a composition that is more conducive to crop growth; however, it can also introduce potential drawbacks, such as an increase in pests and diseases (Gao et al., 2022). Studies have shown that both the quantity and frequency of stover mulching directly impact the soil microbial community, with specific frequencies and quantities capable of effectively steering the microbial populations toward a composition that benefits crops (Wang et al., 2020a; Yang et al., 2022). Therefore, altering the quantity and frequency of stover mulching may be a critical strategy for optimizing this practice while minimizing potential risks.

The rhizosphere, the narrow region surrounding plant roots within a few millimeters, is a critical zone where microorganisms engage in intensive material exchange and information transfer with plants, often hosting the most active soil microbial communities (Hassan et al., 2019; Song et al., 2023). The endosphere refers to the internal plant tissues where diverse microorganisms coexist symbiotically within the plant (Adeleke et al., 2023), and endophytic microorganisms are more similar in the ecological niche to “producers” (Song et al., 2023). Compared to soil microorganisms, both endophytes and rhizosphere microbes have more direct interactions with plants, being more intimately related to plant health and functioning (Attia et al., 2021). In evaluating the impact of stover mulching on soil health, investigating changes in the endophytic and rhizosphere microbial communities are of paramount importance. However, there is currently a dearth of research specifically addressing how stover mulching affects endophytes and rhizosphere microbes within the root system. It remains uncertain whether the effects of stover mulching on endophytes and rhizosphere microbiota are merely the extension of its influence on the soil microbial community or if they involve more intricate and unique relationships. Existing studies have indeed assessed the effects of variations in stover mulching frequency and amount on nitrifying bacterial and fungal plant pathogens within both the endosphere and rhizosphere (Song et al., 2022), with some research delving down to the species level (Wang et al., 2020a,b). However, there remain substantial gaps in the research on how the quality and frequency of stover mulching influence endosphere and rhizosphere microbial communities, particularly with respect to critical groups such as rhizobia and bacterial plant pathogens.

Stover mulching is a process involving the release and mineralization of organic nutrients, with numerous factors influencing its decomposition, including soil properties, types of microorganisms, and hydrothermal conditions. Microorganisms are core elements in the cycling and transformation of soil carbon and nitrogen, and primarily rely on these organisms to decompose stover and release nutrients into the soil (Hu et al., 2012). Typically, the decomposition of initial components such as proteins and cellulose in straw is predominantly carried out by bacteria (Marschner et al., 2011), while fungi play a major role in the breakdown of more recalcitrant components like lignin during later stages. However, existing studies have shown that bacteria play a significant role throughout the entire process of straw decomposition (Lee et al., 2011; Fan et al., 2014a). Throughout the process of stover decomposition, microorganisms constantly interact with soil and plants. Their biological activities have a direct or indirect impact on soil physical properties as well as plant health and productivity (Xiong et al., 2021; Zhu et al., 2021). Research has shown that the composition and functions of endophytic and rhizospheric microbiota significantly vary across different growth stages of plants, exerting distinct ecological roles (Xiong et al., 2020, 2021). Beyond the interactions between environmental factors and microbial communities, there are also complex interrelationships among different microorganisms within these communities. Prior study have demonstrated that stover mulching can increase the complexity of microbial interaction networks (Wang et al., 2020b). Thus, it is hypothesized that the quality and frequency of stover mulching could affect the connectivity between endophytic and rhizospheric microbial populations, with varying degrees of influence. However, current research largely focuses on the impacts of mulch quantity and frequency on overall soil microbial communities (Wang et al., 2021), with relatively little attention given to their specific effects on endophytic and rhizospheric microbiota. Currently, there is a substantial body of research examining the effects of stover mulching quantity and frequency on soil microbial communities across various crops such as rice, wheat, soybeans, among others (Wang et al., 2021, 2023; Wei et al., 2021), including corn which is under investigation in our study. However, literature addressing the specific impacts of straw return on endophytic and rhizosphere microbial populations is scarce. As a result, the precise influence of different stover mulch frequencies and amounts on the composition and structure of both the endosphere and rhizosphere microbial communities remains largely unknown.

Previous studies on soil microbial communities showed that a high-frequency while small-quantity mulch is more beneficial for soil microbial communities (Kou et al., 2020; Yang et al., 2022). Thus, our research hypothesis is that this phenomenon will continue to endophytic and rhizosphere microbial communities, where a high-frequency while small-quantity mulch is also beneficial to endophytic and rhizosphere microbial communities. This study aims to investigate the effects of different stover mulching frequencies and qualities on the composition and structure of endophytic and rhizospheric microbial communities at the order and lifestyle levels. The objective is to identify optimal frequencies and quantities of straw return from a perspective of maintaining and promoting the health of microbial communities, which holds significant ecological implications for the protection and enhancement of agricultural production.



2 Materials and methods


2.1 Experimental design

Field trials were conducted in the spring of 2010 in a maize cropping system in Aohan, Inner Mongolia (42.26′N, 119.70′E). Maize stover was used in the field trials. The local average annual temperature is 6°C and the average annual precipitation is 384 mm, with more than 70% of the total precipitation falling between June and September. It has a monsoon, continental and semi-arid climate, and the soil is yellow-brown clay loam.

The land was plowed for 10 years. The trial has conducted over 9 years with six randomized treatments (Supplementary Figure S1): Q0 (no return control), Q33 (33% stover mulched per year), Q67 (67% stover mulched per year), Q100 (100% stover mulched per year), F1/3 (stover mulched in the first year of the three-year cycle) and F2/3 (stover mulched in the first 2 years of the three-year cycle). Compound fertilizer (N-P2O5-K2O, 26%–12%) was applied at a rate of 900 kg/ha before maize was sown. After maize was harvested, plant parts other than residual stubble (about 30 cm high) were crushed and then mulched to the soil surface according to the proportion of the experimental treatments, with a maximum application rate (Q100) of 7.5 t/ha.



2.2 Field sampling and laboratory analysis

The soil was sampled continuously in 2020 at the time of jointing (May to June), flowering (July) and mature (September) stages of maize, and the roots of five plants were randomly collected as samples in each plot. After removing dead leaves, stones and other impurities, in order to isolate the rhizosphere soil, fine roots less than 2 mm in diameter were packed into 2 mL sterile tubes with sterile water, shaken for 15 min then centrifuged at 10,000 r/min. At the end of centrifugation, the fine roots were rinsed more than 3 times with deionized sterile water to ensure that all soil on the root surface was washed, and then stored at −80°C together with the rhizosphere soil obtained by centrifugation. Soil for chemical analyses was sampled instead by using an auger to collect undisturbed bulk soil, sieved through a 2 mm sieve and stored at 4°C. The soil was analyzed using the method described by Kou et al. (2020) for the determination of total soil nitrogen (TN), nitrate nitrogen (NO3−N) and ammonium nitrogen (NH4+N), and the wet oxidation method was used for the determination of soil organic carbon (SOC).



2.3 DNA extraction

DNA extraction was performed using the method of Song et al. (2020). Maize roots were to be pre-treated, submerged in liquid nitrogen, and then MO BIO’s PowerSoil DNA isolation kit (Qiagen, Germany)was used to extracted DNA (0.5 g) from rhizosphere soil and root samples, following the manufacturer’s instructions. The concentration of extracted DNA was determined using a NanoDrop 2000 spectrophotometer (Waltham, Massachusetts, United States). To study the bacterial and fungal communities, targeted amplification of the V4 region of bacterial 16S rRNA and the ITS2 region of fungal ITS DNA, respectively, was performed with the universal primers 515F (GTGCCAGCMGCCGCGGGTAA) and 806R (GGACTACHVGGGGTWTCTAAT; for bacterial 16SrRNA) and 5.8SFun (AACTTTYRRCAAYGGGATCWCT) and ITS4Fun (AGCCTCCGCTTATTGATATGCTTAART; for fungal ITS regions). A mixture consisting of 1 μL DNA, 2.5 μL forward and reverse primers, and 5 μL PCR buffer was added to the PCR system. The PCR procedure consisted of a 3-min maintenance at 95°C (denaturation); then three stages of 30-s maintenance at 95°C, 30-s maintenance at 55°C, and 45-s maintenance at 72°C in one cycle, which was repeated 27 times; and a final extension of 72°C for 10 min. The PCR reaction process and product purification were performed according to the method described by Taş et al. (2014). Amplicon libraries were sequenced using the Illumina MiSeq platform (Illumina, United States) with a paired-end sequencing strategy.



2.4 Bioinformatic analysis

Valid sequences were first filtered from the raw data; sequences that were too short in length (<230 bp), had low quality scores (≤20), contained indeterminate bases, or primer sequences that did not exactly match the barcode tag were disregarded and removed with sample-specific barcode sequences. Sequences obtained from the sequencer were processed using the QIIME2 pipeline (Caporaso et al., 2010). After removal of barcodes and primers, ambiguous reads and low quality sequences were removed to improve sequence quality. Paired ends of 16S rRNA and ITS reads were merged using the FLASH tool (Magoc and Salzberg, 2011). Chimeric sequences were removed and valid sequences with more than 97% similarity were grouped into operational taxonomic units (OTUs) using UPARSE. Representative sequences for each bacterial and fungal OTU were searched for taxonomic similarity using the SILVA 138 SSU Ref NR99 and UNITE 8.2 databases (Nilsson et al., 2018). The entire database has been submitted to the NCBI Sequence Read Archive (SRA) database under accession number PRJNA758631.



2.5 Statistical analyses

Statistical analyses were performed using the R (4.0.2) platform and data visualization was performed using the R package “ggplot2” (3.3.6). The aov() function and corr.test() function in the statistical package (version 4.0.2) were used to perform ANOVA to assess the significance of microbial abundance among treatments and Spearman’s correlation analysis to predict the relationship between microbial communities and soil chemical properties, respectively. Species composition was analyzed by histograms using the R software packages psych (2.2.5), and correlation heatmaps were generated using pheatmap (1.0),. Tukey’s HSD test was used if differences between groups were significant. Bacterial and fungal functions were delineated separately using FAPROTAX and FungalTraits (Louca et al., 2016; Põlme et al., 2020). Symbiotic patterns of bacterial and fungal communities were assessed through network analyses using maximum information coefficient (MIC) scores from the MINE statistic (Shannon et al., 2003). The networks were then visualized in Cytoscape version 3.4.0 (Reshef et al., 2011). The NetworkAnalyzer tool was used to calculate network topology parameters (see Romdhane et al., 2022 for details).




3 Results


3.1 Effects of stover mulching quantity and frequency on soil microbial lifestyle

Overall, different stover mulching treatments showed a suppressive effect on the relative abundance of bacterial plant pathogens, particularly within the endosphere. F1/3 had significantly lower relative abundances of bacterial plant pathogens compared Q0 in the endosphere (Figure 1A). During the jointing stage, the relative abundance of bacterial plant pathogens was significantly lower in the endosphere under the F1/3 and F2/3 treatments, while within the rhizosphere, there was a comparably lower relative abundance of bacterial plant pathogens observed under the F1/3, F2/3, and Q100 treatment regimens. At the flowering stage, the relative abundances of plant pathogens in the endosphere were significantly lower in the F1/3, Q67, and Q100 than in the Q0, with all experimental groups showing decreased relative abundances of bacterial plant pathogens in both the endosphere and rhizosphere as compared to Q0 (Figure 1A). However, during the mature stage, the impact of various stover mulching qualities and frequencies on the relative abundance of bacterial plant pathogens was not as significant (Figure 1B).
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FIGURE 1
 Relative abundance of bacterial plant pathogen in the endosphere (A) and rhizosphere (B) at different time periods and at different quantities and frequencies of stover mulching. Different letter means a statistical significance: p < 0.05.




3.2 The effect of stover mulching on the composition of soil microbial community


3.2.1 Effects on bacterial community

In the rhizosphere, both F1/3 and F2/3 increased the relative abundance of Rhizobiales totally period compared to Q0 (Figure 2H). And in the rhizosphere, F1/3 also demonstrated an elevated relative abundance of Rhizobiales throughout their entire growth period compared to Q0 (Figure 2H). Within the endosphere, during the jointing stage, all experimental groups showed a slight increase in the relative abundance of Rhizobiales compared to Q0, with F2/3 demonstrating the most pronounced enhancement (Figure 2A). On the mature stage, only F2/3 exhibited a higher relative abundance of Rhizobiales compared to Q0 (Figure 2C). In the rhizosphere, the laws for the jointing and flowering stages were consistent with that observed in the endosphere, with differences emerging only at the mature stage. During this stage, an apparent promotional effect on the relative abundance of Rhizobiales was seen in F1/3 and F2/3 (Figure 2G).

[image: Eight bar charts labeled A to H display relative abundance percentages of various taxonomies across samples F1.3 to Q100. Each chart shows stacked colored bars representing different taxonomic groups, with a legend on the right indicating color assignments.]

FIGURE 2
 Relative abundance of root endosphere (A–D) and rhizosphere (E–H) bacteria at the level of the order of magnitude at the stage of jointing (A,E), at the stage of flowering (B,F), at the stage of mature (C,G), and throughout the growth period (D,H).


Overall, the relative abundance of Pseudomonadales was not notably high (Figure 2). However, it showed distinct distribution patterns within the endosphere during the jointing stage and in the rhizosphere during the flowering stage. During the flowering stage, within the rhizosphere, F1/3 and F2/3 displayed a higher relative abundance of Pseudomonadales compared to Q0 control (Figure 2F).



3.2.2 Effects on fungal community

Overall, the total relative abundance of Hypocreales in the endosphere was not significantly affected by different types of stover mulching to the field (Figure 3D). However, at different growth stages, distinct mulches were observed due to these various practices. Relative to Q0, during the jointing stage, F2/3 notably promoted the relative abundance of Hypocreales (Figure 3A). At the flowering stage, only F1/3 increased the relative abundance of Hypocreales; conversely In the rhizosphere, throughout the entire growth period, the relative abundance of Hypocreales was higher in all experimental groups than in Q0 (Figure 3H). Among them, F1/3, Q67, and Q100 had more evident promoting effects on the relative abundance of Hypocreales. During the jointing and flowering stages, almost all experimental groups showed varying degrees of increase in the relative abundance of Hypocreales as compared to Q0, with the highest increments observed in the F1/3 and Q100 (Figures 3E,F).
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FIGURE 3
 Relative abundance of root endosphere (A–D) and rhizosphere (E–H) fungi at the level of the order of magnitude at the stage of jointing (A,E), at the stage of flowering (B,F), at the stage of mature (C,G), and throughout the growth period (D,H).


During the jointing and flowering stages, the relative abundance of Eurotiales in Q0 was highest among all groups for both the endosphere and rhizosphere (Figure 3). And by the mature stage, the relative abundance of Eurotiales was notably diminished (Figures 3C,G). In the endosphere, F1/3 exerted the most suppressive effect on the relative abundance of Eurotiales, maintaining the lowest relative abundance among all groups from the jointing stage through to the mature stage (Figures 3A–D).




3.3 The relationship between microbial communities and soil carbon and nitrogen


3.3.1 Bacterial community

Figure 4 visually depicted the correlations between various bacterial orders in different growth stages and soil components including SOC, TN, NO3−N, and NH4+N. During the jointing stage, Bacillales within the endosphere showed a significant positive correlation with soil NO3−N levels (p < 0.05; Figure 4A). At the flowering stage, Bacillales in the rhizosphere exhibited a similarly significant positive correlation with soil NO3−N (p < 0.05; Figure 4F). In the mature stage, there were no significant correlations observed between any bacterial orders and the four measured soil properties (Figures 4C,G). Considering the entire growth period, Bacillales within the endosphere demonstrated a significant positive correlation with both soil NO3−N and NH4 + -N concentrations (p < 0.05; Figure 4D). Furthermore, Rhizobiales within the endosphere had a highly significant positive correlation with soil NO3−N (p < 0.01; Figure 4D), while those in the rhizosphere showed a significant positive correlation with soil SOC (p < 0.05; Figure 4H) and an extremely significant positive correlation with both NO3−N and NH4+N (p < 0.001; Figure 4H).
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FIGURE 4
 The Spearman correlation coefficients between bacterial communities at the order level in the endosphere (A–D) and rhizosphere (E–H) across different growth stages: jointing stage (A,E), flowering stage (B,F), mature stage (C,G), and throughout the entire growth period (D,H) with soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen (NO3−N), and ammonium nitrogen (NH4+-N). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001.




3.3.2 Fungal community

Figure 5 illustrated the correlations between various fungal orders at different growth stages and soil properties, including SOC, TN, NO3−N, and NH4+N. Overall, in the endosphere, Hypocreales showed a significant negative correlation with soil NO3−N levels (p < 0.01; Figure 5D), while Eurotiales exhibited an extremely significant positive correlation with soil NO3−N (p < 0.001; Figure 5D). In the rhizosphere, Eurotiales had a significant positive correlation with soil NO3−N (p < 0.01; Figure 5H). Regarding the Penicillium genus, endophytic Penicillium had a significant positive correlation with soil NO3−N during the jointing stage (p < 0.05) and a significant negative correlation with soil SOC during the flowering stage (p < 0.05). Considering the entire growth period, endospheric Penicillium demonstrated an extremely significant positive correlation with soil NO3−N (p < 0.001), while rhizospheric Penicillium showed a significant positive correlation with soil NO3−N (p < 0.01).

[image: Heatmaps labeled A to H compare the correlation between soil chemical properties (NH₄⁺, NO₃⁻, TN, SOC) and fungal orders (Hypocreales, Eurotiales, etc.). Colors range from red to blue, indicating positive to negative correlations. Asterisks denote significance levels: * (p<0.05), ** (p<0.01), *** (p<0.001).]

FIGURE 5
 The Spearman correlation coefficients between fungi communities at the order level in the endosphere (A–D) and rhizosphere (E–H) across different growth stages: jointing stage (A,E), flowering stage (B,F), mature stage (C,G), and throughout the entire growth period (D,H) with soil organic carbon (SOC), total nitrogen (TN), nitrate nitrogen (NO3−N), and ammonium nitrogen (NH4+N). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001.





3.4 Effects of stover mulching quantity and frequency on microbial community structure


3.4.1 Effects on bacterial structure

At different stover return quantity and frequency, the topological structures of bacterial community networks exhibited distinct differences (Figure 6). At the lifestyle level, the bacterial community network in the endosphere under Q100 treatment comprised 69 nodes connected by 313 edges, and the average number of neighbors in the network under Q100 treatment was higher than that of the other three networks, indicating a closer relationship among bacterial taxa (Figure 6A). Under F1/3 treatment, the endosphere community network comprised 65 nodes and 534 edges, with both its average number of neighbors and average clustering coefficient significantly higher than that of the network in the F2/3 treatment (Figure 6A). The rhizosphere bacterial community network under Q33 treatment consisted of 73 nodes and 1,498 edges, featuring a higher average number of neighbors compared to the networks under other treatments. The rhizosphere bacterial network in the F2/3 treatment group consisted of 69 nodes with 748 edges, and having a higher average number of neighbors than that of the F1/3 treatment (Figure 6B).
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FIGURE 6
 The bacterial community networks at the level of lifestyle (A,B) and genus (C,D) in the endosphere (A,C) and rhizosphere (B,D) under varying quantities and frequencies of mulches.


At the genus level, the endosphere bacterial community network under Q0 treatment consisted of 173 nodes and 1,398 edges, while it had 190 nodes and 1,165 edges in Q67 treatment, 174 nodes and 1,857 edges in Q100 treatment, and under Q33 treatment, the network featured 188 nodes connected by 1,876 edges with an average number of neighbors higher than the other three networks, indicating a more complex network structure (Figure 6C). In F1/3 treatment, the network comprised 167 nodes and 821 edges, and for F2/3 treatment, there were 169 nodes and 867 edges (Figure 6C). The rhizosphere bacterial network under Q0 treatment consisted of 191 nodes and 1,766 edges. Under Q33 treatment, it had 192 nodes connected by 1,394 edges. The network for Q67 treatment comprised 199 nodes with 2,189 edges, and in Q100 treatment, it featured 203 nodes and 1,343 edges. Obviously, both the average number of neighbors and the average clustering coefficient in Q67 network were higher than those in the other three treatments (Figure 6D). The network for the F1/3 group consisted of 194 nodes and 1,373 edges, indicating better associations among bacterial genera compared to the F2/3, which had 184 nodes and 1,198 edges. And the network for the F1/3 group also featured a higher average number of neighbors (Figure 6D).



3.4.2 Effects on fungal community structure

Under different quantity and frequency of stover mulching, there were also significant differences in the topology of fungal networks (Figure 7). At the genus level, the endosphere fungal community network suggested that a stover return quantity of Q67 result in stronger associations among different genera (Figure 7C). Regarding the rhizosphere fungal community network, under Q33 treatment, it was composed of 238 nodes and 709 edges, with both its average number of neighbors and average clustering coefficient higher than the other three treatments, indicating that Q0 enhanced the associations among fungal genera (Figure 7D). The network had better inter-genera associations when the straw return frequency was at F1/3 (Figure 7D). The rhizosphere fungal community network consisted of 238 nodes and 709 edges in Q0 treatment, and the network had a higher average number of neighbors and average clustering coefficient compared to the other three treatments, suggesting that Q0 enhanced the associations among fungal genera (Figure 7D). The stover mulching frequency of F1/3 led to stronger inter-genera associations among fungi (Figure 7D).
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FIGURE 7
 The fungi community networks at the level of lifestyle (A,B) and genus (C,D) in the endosphere (A,C) and rhizosphere (B,D) under varying quantities and frequencies of mulches.






4 Discussion


4.1 Frequency and quantity of stover mulching affected the composition and structure of microbial community

Compared to the control group, the bacterial community structures within the rhizosphere and endosphere in different experimental groups were relatively similar, while the fungal community structures exhibited greater variations. Research by Wakelin et al. (2007) suggests that the impact of stover mulching on fungal community structures in the soil is more pronounced than its impact on bacterial community structures. This phenomenon was still applicable both within the endosphere and rhizosphere. Additionally, within the fungal community, the influence of stover mulching on the endosphere was stronger than its impact on the rhizosphere, whereas no such trend was observed in bacterial communities. This may be explained by the morphology of fungi in the soil. Fungi can form a mycelial network with plant roots, facilitating the connection between roots and soil. Hence, they are more susceptible to soil environment changes compared to bacterial communities in the endosphere and rhizosphere (Song et al., 2023). The microbial communities within the endosphere and rhizosphere can be categorized into two systems based on their ecological niches. The endophytic microbial community in the endosphere often engages in symbiosis with plants, while the rhizospheric microbial community serves as a bridge between plant roots and the soil (Song et al., 2023). The fungal community in the endosphere relies more on the mycelial network; therefore, changes in the mycelial network result in more noticeable variations in the fungal community of the endosphere.

Some studies suggest that a high-frequency while small-quantity mulch is more beneficial for soil microbial communities (Kou et al., 2020; Yang et al., 2022). However, in our current study, the enrichment of Rhizobiales in the conditions of high-frequency mulch did not exist both in the endosphere and in the rhizosphere. Although the high-frequency while small-quantity mulch benefits the soil microbial community, it may not necessarily favor the microbial communities within the endosphere and rhizosphere. Studies have shown that certain members of the Rhizobiales order exhibit nitrogen-fixing capabilities and can form stable symbiotic relationships with plants, stimulating plant growth and enhancing productivity (Yang et al., 2022). The observation that F1/3 and F2/3 increase the relative abundance of Rhizobiales in both the endosphere and rhizosphere suggests that F1/3 and F2/3 may be beneficial to the composition of endophytic and rhizosphere microbial communities. And we found that stover mulching effectively inhibited the relative abundance of bacterial plant pathogen, while F1/3 had the most obvious inhibition among experimental groups. Similarly, literature indicates that F1/3 and F2/3 exhibit the lowest abundance of nitrifying bacteria and anaerobic nitrifying bacteria, the highest abundance of nitrogen-fixing bacteria, and F2/3 significantly reduces the relative abundance of fungi plant pathogens in the rhizosphere (Song et al., 2022). Multiple lines of evidences suggest that frequency but not the quantity of stover mulching plays a dominant role in influencing the microbial communities within the endosphere and rhizosphere. Moreover, the low-frequency while high-intensity mulch leads to a healthier microbial composition in the endosphere and rhizosphere.

Some research has revealed that the quantity of stover mulching is a crucial factor influencing the correlation of soil microbial communities. In comparison to other levels of stover mulching, a moderate level of stover mulching leads to a more complex network of soil microbial community, while a small quantity of stover mulching (less than 50% mulching) reduces the complexity of the network (Wang et al., 2021). In our current study, we found that Q33 reduced the complexity of the rhizospheric bacterial genus-level community network, similar to the trends observed in soil microbial networks (Wang et al., 2021). However, the bacterial community network at the genus level within the endosphere was found to be most complex under the stover mulching quantity of Q33, while Q67 significantly reduced the interconnectivity among communities, even resulting in lower association levels than those observed in the Q0 group. This could be attributed to the differences between endophytic and rhizospheric microorganisms, where plants exhibit a stronger selectivity for endophytic microorganisms (Hardoim et al., 2008; Berendsen et al., 2012). Unlike rhizospheric microorganisms, endophytic microorganisms experience fewer biotic and abiotic stresses within plant tissues, and their abundance is less influenced by soil nutrient levels (Wang et al., 2016; Chen et al., 2020). Furthermore, this explains why, in comparison to rhizospheric microorganisms, the impact of stover mulching frequency on the correlation of endophytic microorganisms at the genus level is not as significant. Our study indicates that microbial community correlations vary significantly under different quantities and frequencies of stover mulching, and there is substantial dissimilarity between endophytic and rhizospheric microorganisms. In this study, the stover mulching quantities that resulted in the most complex bacterial community networks at the genus level for endophytic and rhizospheric microorganisms were Q33 and Q67, respectively. More complex community networks may signify stronger interactions among microorganisms, allowing more microorganisms to share ecological niches (Berry and Widder, 2014), thereby promoting the improvement of plant endophytic or rhizospheric environments.



4.2 Relationship between microbial communities and soil carbon and nitrogen

Many microorganisms have a significant impact on plant growth and soil physicochemical properties. Under natural conditions, Rhizobiales generally do not form nodules with non-leguminous plants but can colonize the endosphere or rhizosphere such as rice and corn, acting as Plant Growth-Promoting Rhizobacteria (PGPR) to enhance plant growth (Baset Mia and Shamsuddin, 2010). Therefore, the relative abundance of Rhizobiales in the rhizosphere was highly significant correlated with soil NO3−N and NH4+N levels. Previous research has shown that many groups within Bacillales can fix atmospheric nitrogen, explaining the significant positive correlation observed in this study between the relative abundance of endophytic and rhizospheric Bacillales and soil NO3−N levels (Ding et al., 2005; Yousuf et al., 2017). Bacillales have been reported to be used as Plant Growth-Promoting Rhizobacteria (PGPR) in the cultivation of various crops and horticultural plants, contributing to the solubilization of mineral elements. Many species within Bacillales, such as Bacillus subtilis and Bacillus amyloliquofaciens, can produce various antibiotics. They also support plant growth by producing plant hormones, releasing ammonia from nitrogen-containing organic compounds, and increasing the plant’s demand for nutrients, thereby promoting nitrogen uptake by plants (Goswami et al., 2014). This explains the significant positive correlation observed in this study between the relative abundance of endophytic Bacillales and soil NH4+N levels.

Corn stover organic matter undergoes two processes in the soil, mineralization and humification. Mineralization involves the breakdown of organic matter into simple inorganic compounds through microbial action, which is a crucial pathway for Soil Organic Carbon (SOC) loss (Thuriès et al., 2001). Humification is a process that retains nutrients in the soil, and humus is the most stable component of soil organic matter (Adam et al., 1985; Pei et al., 2015). The decomposition of cellulose in corn stover is a vital step in its degradation. Some strains of filamentous fungi from Penicillium exhibit strong secretion capabilities of cellulolytic enzymes, and they have advantages in terms of enzyme performance and strain growth rate (Gusakov, 2011). Research has shown that the relative abundance of endophytic Penicillium is significantly negatively correlated with SOC levels during the flowering stage, which may be related to the secretions produced by endophytic Penicillium. When interacting with plants, these fungi secrete antibiotics and other biocontrol agents that positively influence plant growth, thereby promoting nutrient release in the soil (Bashan and De-Bashan, 2010). Stover mulching can both enhance SOC recovery and improve soil fertility through increasing carbon input (Fan et al., 2014b); however, it may also indirectly decrease SOC content due to the promotion of plant growth by specific fungi like Penicillium. The effect of stover mulching on soil carbon sequestration is dual-sided, and how to regulate the balance between carbon storage and release remains an area for further research.




5 Conclusion

The study found that the quality and frequency of stover mulching significantly influence the composition and structure of endophytic and rhizospheric microbial communities. Nitrogen-fixing bacteria and rhizosphere-promoting microorganisms showed significant correlations with SOC, NO3−N, and NH4+N. Cellulose-degrading fungi were notably related to SOC content. Different amounts and frequencies of stover mulching had varying impacts on the microbiota within both the endosphere and rhizosphere. The conditions F1/3 and F2/3 proved most beneficial for the composition of endophytic and rhizospheric microbial communities, while Q33 and Q67 were optimal for the structural complexity of endophytic and rhizospheric microbial communities, respectively.

Stover mulching has a dual impact on soil carbon sequestration, and the balance between carbon fixation and release is likely to be a focal point of future research. This study highlights that certain stover mulching conditions that are favorable to overall soil microbiota may not necessarily be advantageous for the composition of endophytic and rhizospheric microbial communities, and conditions that promote a beneficial composition in these root-associated microbiota might not always favorably influence their structural organization. The underlying reasons for this phenomenon require further exploration. This research holds significant ecological implications for agricultural production and conservation practices.
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Soil microorganisms and enzymes play crucial roles in soil organic carbon (SOC) sequestration by promoting soil aggregate formation and stability and by participating in SOC cycling and accumulation. However, the effects by which soil microorganisms and enzymes act as mediators driving dynamic changes in SOC during rapid urbanization remain unclear. Therefore, this study selected the built-up area of Nanchang City, China (505 km2), as the study area. Sampling surveys were conducted using 184 sample plots stratified based on the proportion of impermeable surface area to distinguish different urbanization levels. The driving factors of dynamic changes in SOC of different aggregates during the process of urbanization were analyzed using the soil microbial community and enzyme activities. The results demonstrated that with an increase in urbanization intensity, both SOC content and stock exhibited a significant decline (p < 0.05). The highest SOC stock and contribution rate were observed in the 0.25–1 mm aggregates, and they were significantly influenced by urbanization (p < 0.05). In addition, the biomass of gram-positive bacteria (G+) and actinomycetota, and the activities of N-acetylglucosaminidase and acid phosphatase (AP) were significantly higher in low-urbanization areas than in high-urbanization areas (p < 0.05). SOC of each aggregate was positively correlated with fungi, arbuscular mycorrhizal fungi, G+, gram-negative bacteria, actinomycetota, protozoa, β-1,4-glucosidase, N-acetylglucosaminidase, AP, urease, and catalase. Compared to soil enzymes, soil microorganisms exhibited a greater role in SOC sequestration (22.7%). Additionally, a structural equation model indicated that urbanization can directly or indirectly lead to a decrease in SOC of aggregates by altering soil physicochemical properties and affecting microbial and enzyme dynamics. However, the larger vegetation characteristics index mitigate the negative impacts of urbanization on SOC. Overall, urbanization had a negative impact on soil carbon storage. In the future, it is important to consider strategies that focus on improving soil nutrients, maintaining soil structure, protecting existing urban trees, and enhancing plant diversity during the urbanization process. These measures can help increase soil microbial biomass and enzyme activity, thereby improving soil and aggregate-related SOC content. The study could contribute to enhancing carbon sequestration in urban greenspaces.
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1 Introduction

Over the past few decades, natural and rural land worldwide has been rapidly converted to urban land, and it is projected that by 2030, the urban land area will double (Seto et al., 2012). Rapid urbanization is causing global environmental changes and is expected to have severe consequences on biodiversity and natural ecological processes (Pouyat et al., 2007). Particularly in developing countries, the high demand for construction land exacerbates this process. As the world’s largest developing country, China’s urban population has surpassed 900 million, with an urbanization rate as high as 63.89% (National Bureau of Statistics of China, 2024). The rapid and intensive expansion of cities has altered land use patterns, resulting in the coverage or fragmentation of previously natural land into fragmented patches. This significantly affects greenspace soil properties and functions (e.g., land pollution, organic matter loss, biodiversity loss, and soil structural degradation), restricts vegetation growth, and poses a threat to human health (Zhang et al., 2020). Soil serves as a medium for urban green vegetation, providing essential life elements such as water, nutrients, and minerals necessary for plant growth. Its quality directly affects vegetation growth as well as the performance of landscape functions and ecological benefits. Amid the increasingly rapid pace of urbanization, it is important to protect or improve urban soil quality for healthy and sustainable urban greenspace development. Soil organic carbon (SOC) plays an important role in the soil ecosystem of urban greenspaces. They serve as a vital soil nutrient reservoir that influences plant growth and ecosystem stability in urban greenspaces. In addition, it is an integral global carbon cycle component and regulates atmospheric CO2 concentrations and global climate change (Zhang et al., 2021). Luo et al. (2021) found that urbanization can lead to SOC loss, affecting SOC sequestration. In contrast, Zhang Z. R. et al. (2022) demonstrated that when urban development reaches a higher stage, a series of ecological construction projects (e.g., increasing urban greenspaces and expanding park areas) implemented by the government can increase vegetation coverage and promote SOC accumulation. The impact of urbanization on dynamic changes in SOC is a complex and comprehensive issue, and controversial conclusions may stem from differences in research methods, scales, and geographical climatic conditions. Therefore, it is crucial to thoroughly explore and understand the dynamic changes of aggregate-related SOC in urban greenspaces in the context of urbanization. This is a key scientific issue in addressing global climate change and promoting the healthy and sustainable development of urban green ecosystems.

Soil aggregates are the basic functional units of soil structure and influence the physical and chemical properties of soil as well as biodiversity (King et al., 2019). SOC stability and aggregation are mainly determined by its spatial distribution and physical protection within soil aggregates (Tian et al., 2021). Soil aggregates contain approximately 90% SOC in the topsoil of terrestrial ecosystems and can provide physical protection, preventing direct contact between organic matter and microbial decomposition. Physical encapsulation is a primary mechanism underlying the stability of SOC (King et al., 2019). Currently, various methods are available for soil aggregate separation, enabling their classification based on chemical components such as organic matter, minerals, microorganisms, and water content (Yudina and Kuzyakov, 2019). The fractionation based on aggregate size classes is a common approach in aggregate research and is simpler and more intuitive than chemical composition. Furthermore, the size and dimensions of aggregates provide crucial information about their composition and structure, enabling a deeper understanding of their impact on ecological processes such as SOC sequestration, nutrient cycling, and gas exchange (King et al., 2019). Therefore, understanding the processes that promote soil aggregate formation and stability at the aggregate scale is crucial for enhancing SOC sequestration in urban greenspaces.

SOC stock depends on the balance between net carbon input and decomposition processes, which are influenced by various factors, including soil physicochemical properties, soil microbial community composition, climate change, land use type, and vegetation characteristics (Chen et al., 2022). Among these factors, soil microorganisms play crucial roles as carbon cycling and sequestration drivers. They are major organic matter decomposers in the soil and can directly contribute to organic matter through reproduction and mortality. In addition, they can potentially capture and store atmospheric carbon underground (Malik et al., 2018). The effects of microorganisms on SOC are closely related to the catalytic role of soil enzymes. Most soil enzymes are derived from microorganisms and play a critical intermediary role in SOC cycling, involving processes such as decomposition, transformation, and fixation (Fanin et al., 2022). Soil enzyme activity reflects the metabolic levels of soil microorganisms and indirectly indicates the processes of SOC decomposition and transformation. Overall, soil microorganisms and enzyme activity play critical roles in carbon cycling by participating in SOC decomposition and transformation processes. However, microbial-enzyme-driven SOC changes exhibit significant variability across ecosystems (Vasenev et al., 2014). Urban ecosystems have changed ecological processes and functions compared to natural ecosystems such as forests and grasslands. Intense human disturbance and resource concentrations have imposed significant pressure on the natural environment. The high spatial heterogeneity of unique biological communities and environmental climates poses challenges to SOC sequestration. Therefore, in the context of rapid urbanization, it is crucial to address how soil microorganisms and enzymes drive and affect changes in soil and aggregate-related SOC content. Understanding the effects underlying this process will provide an important theoretical basis for SOC sequestration in urban greenspaces.

Nanchang, the capital city of Jiangxi Province in China, is an important part of the Yangtze River Midstream Urban Agglomeration. Since 1995 to 2020, Nanchang has witnessed rapid urbanization and significant expansion of construction land (Zhu et al., 2023). Due to climatic influences, the main soil type in Nanchang City is red soil, which is characterized by acidity, low fertility, and stickiness. It is highly susceptible to human disturbances, leading to decreased soil porosity and inadequate organic matter content, among other adverse effects (Jin et al., 2022). Due to intense urban activities and land use changes, soil carbon storage decreased by 7.89 × 106 t by calculating the land use transfer matrix of Nanchang urban agglomeration from 2000 to 2020 (Fu et al., 2023). Chen et al. (2014) uncovered that the input of large amounts of exogenous phosphorus (e.g., phosphorus from urban household waste) into the urban soils in Nanchang exacerbated the mineralization of SOC and led to a decrease in SOC stability. This phenomenon leads to substantial carbon outflows and imposes significant constraints on the sequestration function of SOC (Cai et al., 2023). Therefore, this study focused on Nanchang City as the research area to investigate the impacts of urbanization on SOC of greenspace soil and aggregates. This study aimed to explore the effects of microbial enzyme regulation of SOC transformation and sequestration. These findings provide strong scientific evidence for enhancing SOC sequestration and urban greenspace ecological services in the context of urbanization. Therefore, this study aimed to: (1) clarify the effects of urbanization on SOC content and stock of greenspace soil and aggregates; (2) explore the key effects of soil microbial enzyme driving SOC dynamics; and (3) provide basic data and management recommendations for enhancing the SOC sequestration of urban greenspace soil and aggregates from the perspective of the combined effects of microbial enzymes and other urban environmental factors.



2 Materials and methods


2.1 Overview of the study area

The study area is located in Nanchang City, the capital city of Jiangxi Province, China (28°09′∼29°11′ N, 115°27′∼116°35′ E). The average elevation of the region is 30 m, and the terrain is relatively flat. The dominant vegetation type is evergreen broad-leaved forests. It has a subtropical monsoon climate with hot and rainy summers and mild and less rainy winters. The average annual temperature is 17.5°, and the average annual precipitation is 1600–1800 mm. Nanchang has experienced rapid urbanization, with a total urban population of 6.54 million by the end of 2022 (Government of Nanchang, China).



2.2 Classification of urbanization intensity

The increase in impermeable surface area (ISA) caused by urbanization is an important indicator for exploring urban expansion and analyzing the quality of urban ecological environments. It has been widely applied in various fields, such as urbanization monitoring and population estimation (Huang et al., 2021). The threshold segmentation method can be used to classify ISA into different gradient zones based on construction intensity, which can then be used to analyze spatial changes in urban areas. Landsat-8, launched by NASA, is the latest satellite in the Landsat series. Compared with other satellites in the Landsat series, it can acquire data more conveniently and has a higher resolution, enabling more accurate identification of objects on the ground (Zhang et al., 2017). In this study, the spectral mixture analysis method was applied to classify Landsat-8 images, extract the spatial distribution of ISA in the study area, and divide the study area into a grid of 100 m × 100 m. The ISA proportion for each grid was calculated as an urbanization intensity indicator. The urbanization intensity within all grids was classified into three gradient levels: low (ISA < 50%), medium (50% ≤ ISA < 80%), and high (ISA ≥ 80%) (Jin et al., 2022; Wang Q. et al., 2023).



2.3 Soil sample collection

In June 2020, 184 greenspace plots (400 m2, Figure 1) were established within the built-up area of Nanchang City (505 km2). Five sampling points were evenly distributed within each plot, and a 0–20 cm column of soil was collected using a cutting ring. Five samples from each plot were mixed, immediately weighed, and returned to the laboratory. The soil samples were divided into two parts: one part was air-dried and used to determine the SOC content and soil physicochemical properties, and the other part was stored in a freezer at −20 C for determination of soil microbial community structure and enzyme activity. Urban greenspace is artificially planned and managed, the choice of tree species is often influenced by factors such as human-made landscaping, esthetics and resistance, with a wide variety of species and spatial variation. To reduce interferences caused by various plant species, Cinnamomum camphora was selected for the dominant species in every urban greenspace plot.


[image: Map of Nanchang City showing plots, vegetation, impervious areas, and water bodies. Red dots represent plots. Insets illustrate the location of Nanchang City in Jiangxi Province and China. A compass rose indicates north, and scale bars are provided.]

FIGURE 1
Overview of the study area.




2.4 Vegetation survey and soil physicochemical property determination

During the collection of soil samples, plant information within the 400 m2 plots was simultaneously recorded as aboveground vegetation factors, including tree species and abundance. Using these data, Shannon diversity index (SHDI) (Equation 1) and Simpson evenness index (SPEI) (Eqn 2) were calculated. Tree height was measured using a rangefinder (BOSCH GLM4000, Germany), whereas tree diameter at breast height was measured using a diameter tape at a height of 130 cm. The crown width was estimated by projecting the tree canopy. The differences in vegetation characteristics among different levels of urbanization intensity are shown in Table 1.


TABLE 1 Effects of urbanization on environmental factors and percentage of soil aggregates.

[image: A table compares vegetation characteristics, soil physicochemical properties, and soil aggregate percentages across low, medium, and high urbanization levels. Factors include tree height, diameter at breast height, crown width, Shannon diversity index, Simpson evenness index, total nitrogen, total phosphorus, pH, and bulk density. Data are presented with mean values and standard errors. Different lowercase letters indicate significant differences among urbanization levels.]

[image: Formula for the Shannon Diversity Index (SHDI): SHDI equals negative sum from i equals one to S of P sub i times the natural logarithm of P sub i.]

[image: Mathematical equation showing SPEI equals the negative sum of P subscript i squared, followed by a reference number two in parentheses.]

In the above formulas, Pi represents the proportion of individuals of species i to the total number of individuals in the community, and S represents the number of species.

The soil physicochemical properties were determined using the methods described by Bao (2000). The soil total nitrogen (TN) was determined using the Kjeldahl method. Soil total phosphorus (TP) was determined using the NaOH fusion-molybdenum-antimony colorimetric method. The soil pH was measured using the potentiometric method with a soil-to-water ratio of 2.5:1. Bulk density was calculated as the soil dry weight to the soil volume ratio. The differences in soil physicochemical properties among different levels of urbanization intensity are detailed by Table 1.



2.5 Soil aggregate fractionation and SOC determination

In this study, the soil aggregates were separated using the wet sieve method (Zhang X. R. et al., 2022). To achieve a more nuanced characterization across different aggregates size fractions, this study classified the soil aggregates into five size fractions based on previous researches (Arai et al., 2018; Lin et al., 2023): > 2 mm, 1–2 mm, 0.25–1 mm, 0.053–0.25 mm, and < 0.053 mm (Table 1). The SOC content of bulk soil and each soil aggregate was measured using the dichromate titration method (Bao, 2000), and the SOC stock and its contribution rate were calculated for each aggregate using the following formulas:

The formula for calculating SOC-stock (g⋅m–2) is as follows (Shao et al., 2005):

[image: Formula for SOC-stock: SOC-stock equals parentheses D multiplied by BD multiplied by SOC close parentheses divided by ten. The equation is labeled with number three in parentheses.]

The formula for calculating the Stock of SOCn (g⋅m–2) in each soil aggregate size fraction is as follows (Zhong et al., 2020):

[image: Formula for calculating the stock of SOC in is shown as: stock of SOC in equals open parenthesis D multiplied by BD multiplied by W sub n multiplied by SOC sub n close parenthesis divided by ten.]

The SOC contribution rate, which represents the contribution of SOC in different sized aggregates to the total SOC content. W is given by the following formula (Fan et al., 2021):

[image: Equation for weight W as the ratio of SOC sub n times M sub n to the sum of SOC sub n times M sub n from n equals one to n, multiplied by one hundred percent.]

In the above formulas: SOC represents the SOC content (g⋅kg–1); D represents the soil depth (cm); BD represents the soil bulk density (g⋅cm–3); Wn represents the percentage content (%) of soil aggregates of n size; Mn represents the mass (g) of soil aggregates of n size; SOCn represents the SOC content (g⋅kg–1) in the soil aggregates of n size.



2.6 Determination of soil microbial community structure

The microbial community structure was determined using the phospholipid fatty acid (PLFA) method. PLFAs were extracted and analyzed per the method described by Zelles et al. (1992). Each PLFA concentration was internally standardized with a methyl ester of 19:0, and standard nomenclature was used. Based on existing research results, this study summarizes the microorganisms represented by several common PLFAs in the soil. Fungi are represented by: 18:1ω9c, 18:2ω6c, 18:3ω6c (Dickens et al., 2013); arbuscular mycorrhizal fungi (AMF) are represented by: 16:1ω5 (Johansen et al., 1996); actinomycetota (Act) are represented by: 10Me17:0, 10Me16:0, 10Me18:0 (Li et al., 2020); gram-positive bacteria (G+) are represented by: i14:0, i15:0, a15:0, a17:0, i16:0, i17:0 (Li et al., 2015); gram-negative bacteria (G-) are represented by: 18:1ω7c, 16:1ω7c, cy17:0, cy19:0 (Li et al., 2015); protozoa (Pro) are represented by: 20:3ω6, 20:4ω6 (Wan et al., 2019).



2.7 Determination of soil enzymatic activities

In this study, five enzyme activities were measured for analyzing the SOC dynamics. Urease (URE) activity was determined using the sodium hypochlorite-phenol red colorimetric method (Guan, 1986), catalase (CAT) activity was determined using the potassium permanganate titration method (Guan, 1986), and β-1,4-glucosidase (BG), N-acetylglucosaminidase (NAG), and acid phosphatase (AP) activities were determined using the microplate fluorescent substrate labeling method (Saiya-Cork et al., 2002).



2.8 Data analysis

In this study, the Kolmogorov-Smirnov test was used to analyze whether all data followed a normal distribution, and a logarithmic conversion was conducted for data that did not meet the normal distribution. One-way ANOVA and Duncan’s method were used to reveal the significance of differences among various factors related to different urbanization levels (p < 0.05). Redundancy analysis (RDA) was conducted to explore the relationships between soil microbial community structure, enzyme activities, and aggregate-related SOC content. In addition, structural equation model (SEM) was employed to further explore the complex coupling relationships between urbanization intensity, vegetation factors, soil physicochemical properties, soil microbial community structure, enzyme activities, and aggregate-related SOC. Before the analysis, principal component analysis was conducted on the data of vegetation characteristics, soil physicochemical properties, soil microbial community structure, and enzyme activities to reduce the dimensionality of each dataset and obtain the main information and eigenvalues of each group of data. This approach aims to improve the model fit while retaining the primary features of the original data. The model was constructed using the SPSS Amos Graphics software (IBM Corp., Armonk, NY, USA). Data analysis and graphical representations were performed using Origin 2018, SPSS 26.0, ArcGIS 10.0, and Canoco 5.0.




3 Results


3.1 Impact of different urbanization intensities on aggregate-related SOC content and stock

As shown in Figure 2, there were significant differences in SOC content among the different urbanized areas (p < 0.05). The SOC content in low urbanization areas was significantly higher than that in medium and high urbanization areas, ranging from 3.40–3.62 g⋅kg–1 (p < 0.05). The pattern was similar for the aggregate-related SOC content. In low urbanization areas, the SOC content of > 0.053 mm aggregates was significantly higher than that in medium and high urbanization areas by 26–39% (p < 0.05). However, there was no significant difference in SOC content of < 0.053 mm aggregates across different urbanization intensity levels (p > 0.05). In medium and low urbanization areas, the SOC content of > 0.25 mm aggregates was significantly higher than that of < 0.25 mm aggregates (p < 0.05). In high urbanization areas, the highest SOC content was observed in aggregates with sizes in the range of 1–2 mm and 0.25–1 mm, with values of 15.93 g⋅kg–1 and 17.22 g⋅kg–1, respectively. These values were significantly higher than the SOC content of < 0.053 mm aggregates. Additionally, the SOC content of < 0.053 mm aggregates was significantly higher than that of aggregates ranging from 0.053 to 0.25 mm (p < 0.05).


[image: Four bar charts compare soil organic carbon (SOC) content and stock among low, medium, and high treatments. The top left chart shows average SOC content, with low treatment having the highest. The top right displays aggregate-related SOC content across different aggregate sizes, with low treatment consistently highest. The bottom left shows SOC stock, with low treatment leading. The bottom right depicts aggregate-related SOC stock across sizes, with low treatment highest in the 0.25-1 millimeter range. Error bars indicate data variability.]

FIGURE 2
Differences in aggregate-related SOC content and stock under different urbanization intensities. Different capital letters indicate significant differences within the same urbanization intensity level (p < 0.05), whereas different lowercase letters indicate significant differences among different urbanization intensity levels (p < 0.05).


At the same time, SOC stock was significantly affected by urbanization. The SOC stock in high urbanization areas was reduced by 85.48 g⋅m–2 compared to low urbanization areas. In the 0.25–1 mm and 1–2 mm aggregates, the SOC stocks were significantly higher in the low urbanized area compared to both the high urbanized area and the medium urbanized area, respectively (p < 0.05). However, urbanization did not have a significant effect on SOC stock for other aggregates (p > 0.05). Additionally, the SOC stock of 0.25–1 mm aggregates was the highest (1917.13 g⋅m–2–2480.96 g⋅m–2), significantly higher than the other aggregates, making it a key contributor to SOC stock (p < 0.05).

As shown in Figure 3, the contribution of the SOC content in different soil aggregates to the total SOC content was relatively similar and did not show significant differences across different urbanization intensities (p > 0.05). As for different aggregate sizes, we can once again confirm that in regions with different urbanization intensity levels, the contribution rate of SOC of 0.25–1 mm aggregates is the highest (48.29–50.58%), significantly higher than other aggregates (p < 0.05). In addition, in medium urbanization areas, the SOC contribution rate of < 0.25 mm aggregates was significantly higher than that of > 1 mm aggregates. In highly urbanized areas, the SOC contribution rate of < 0.053 mm aggregates was significantly higher than that of > 2 mm aggregates (p < 0.05).


[image: Line graphs depict the contribution of aggregate-related SOC to total SOC across different aggregate sizes. The main graph shows trends for low, medium, and high conditions with peaks around 1-2 mm. Three smaller graphs separate these conditions with similar trends and labels indicating significant differences. Colors are orange for low, red for medium, and blue for high contributions.]

FIGURE 3
Differences in SOC contribution rates among different urbanization intensity levels. Different capital letters indicate significant differences within the same urbanization intensity level (p < 0.05), whereas different lowercase letters indicate significant differences among different urbanization intensity levels (p < 0.05).




3.2 The effects of different urbanization intensities on soil microbial community structure and soil enzyme activities

There were certain differences in the soil microbial community structures among the different urban regions (Figure 4). The results indicated that the biomass of G+ and Act in high urbanized areas was significantly lower compared to low urbanized areas (p < 0.05), whereas the biomass of G-, fungi, AMF, and Pro showed no significant differences (p > 0.05).


[image: Six violin plots display microbial content across low, medium, and high categories. Each plot shows data distribution and box plots for Fungi, AMF, G+, G-, Act, and Pro contents, measured in nanomoles per gram. Statistical significance is indicated by letters above each category.]

FIGURE 4
Impact of urbanization on soil microorganisms. Different lowercase letters indicate significant differences among different urbanization intensity levels (p < 0.05). AMF, Arbuscular mycorrhizal fungi; G–, Gram-negative bacteria; G+, Gram-positive bacteria; Act, Actinomycetota; Pro, Protozoa. The same is below.


Urbanization also affected the soil enzyme activity (Figure 5). Compared to low urbanized areas, the activities of NAG and AP in high urbanized areas were significantly reduced by 21.53 and 33.33%, respectively (p < 0.05). However, there were no significant differences in the BG, URE, and CAT activities among the three urban areas (p > 0.05). The average values of BG, URE, and CAT in urban areas are 294.66 nmol⋅g–1⋅h–1, 20.90 nmol⋅g–1⋅h–1, and 5.30 nmol⋅g–1⋅h–1, respectively.


[image: Five bar charts compare enzyme activity levels (BG, NAG, AP, URE, CAT) across low, medium, and high conditions. BG and NAG activity decreases from low to high, while AP decreases with medium showing an intermediate value. URE and CAT activities are relatively stable across the conditions. Bars are color-coded in orange, red, and purple with letters indicating statistical significance.]

FIGURE 5
Differences in soil enzyme activities among different levels of urbanization intensity. Different lowercase letters indicate significant differences among different urbanization intensity levels (p < 0.05). BG, β-1,4-glucosidase; NAG, N-acetylglucosamine hydrolase; AP, Acid phosphatase; URE, Urease; CAT, Catalase; The same is below.




3.3 Correlation analysis between soil microbial community structure, soil enzyme activities, and SOC content in different soil aggregates

Canonical RDA was used to analyze the relationship between aggregate-related SOC content as the response variable and various soil enzyme factors and microbial community structure as explanatory variables (Figure 6). The results indicated that the first axis explained 42.95% of the variation in aggregate-related SOC content, while the second axis explained extremely low. Together, these two axes explained a cumulative total of 43.78% of the variation. Most of the soil microbial community compositions and soil enzyme activities were positively correlated with aggregate-related SOC content. Compared to soil enzyme activities, the composition of soil microbial communities contributed more significantly to aggregate-related SOC content, particularly Act, G+, G−, and AMF. Among these, Act (33.2%), URE (4.2%), BG (2.6%), and AMF (1.1%) showed significant explanatory power (p < 0.05). Additionally, the effects of NAG, AP, and BG were more pronounced in areas with low urbanization.


[image: Redundancy analysis plot showing relationships between soil properties and enzyme activities. Arrows indicate the direction and strength of influence. A bar chart compares explanatory and contribution rates for variables, with significance marked by asterisks. A Venn diagram shows the overlap between soil microorganisms and enzyme activities, with 61.6% overlap, 22.7% attributed to microorganisms, and 15.7% to enzyme activities.]

FIGURE 6
RDA and VPA of aggregate-related SOC in relation to soil microorganisms and enzymes. ** represents p < 0.01, * represents p < 0.05.


To further validate and elucidate the comprehensive explanatory capacity of soil microbial community structure and enzyme activities (two sets of environmental parameters) on the variation in aggregate-related SOC content, this study conducted variation partitioning analysis (VPA) (Figure 6). The interaction between soil microbial community structure and soil enzyme activities demonstrated the highest explanatory power (61.6%) for variations in the aggregate-related SOC content. The soil microbial community structure (22.7%) was followed by soil enzyme activity (15.7%). Therefore, the mutual interaction between soil microbes and enzymes plays a crucial role in the aggregate-related SOC content.



3.4 Structural equation modeling analysis

The use of SEM to elucidate the interactive effects among urbanization intensity, soil microbial community structure, soil enzyme activities, environmental factors, and aggregate-related SOC content is important. As shown in Figure 7, urbanization directly led to a decrease in the aggregate-related SOC content (−0.13). Urbanization can also indirectly affect aggregate-related SOC through other factors, including the following pathways: (1) Urbanization can indirectly reduce aggregate-related SOC content by altering soil physicochemical properties (reducing TN, TP, increasing bulk density), with a pathway coefficient of −0.12 (−0.28 × 0.42). (2) Urbanization can indirectly decrease soil microbial biomass and enzyme activity by altering soil physicochemical properties, thereby reducing the aggregate-related SOC content. The pathway coefficients are −0.03 (−0.28 × 0.58 × 0.21) and −0.02 (−0.28 × 0.27 × 0.21), respectively. (3) Urbanization can indirectly decrease the aggregate-related SOC content by altering soil physicochemical properties, which in turn affects soil microbial biomass and subsequently reduces soil enzyme activities. The pathway coefficient is −0.02 (−0.28 × 0.58 × 0.46 × 0.21). Vegetation characteristics had the opposite effect on aggregate-related SOC compared to urbanization. Increasing tree height, canopy width, SHDI and SPEI can directly enhance the aggregate-related SOC content. Additionally, they can indirectly increase aggregate-related SOC content (0.14 × 0.21 = 0.03) by promoting soil enzyme activities (BG, NAG, AP, URE, and CAT). Therefore, the decrease in aggregate-related SOC content due to urbanization is a combination of direct and indirect effects primarily driven by soil microbes and enzymes.


[image: Diagram showing relationships between urbanization intensity and soil-vegetation factors. Urbanization negatively affects soil properties and aggregate-related SOC content, which are linked to soil microbial community and enzyme activity. Arrows indicate positive or negative correlations with various soil and vegetation characteristics, such as TN, TP, and DBH. Statistical indicators are shown at the bottom.]

FIGURE 7
Structural equation model analysis result. The red dotted line indicates a negative influence, and the solid black line indicates a positive influence; *** represents p < 0.001, ** represents p < 0.01, and * represents p < 0.05.





4 Discussion


4.1 Urbanization can directly or indirectly decrease aggregate-related SOC by altering soil physicochemical properties

This study found a significant decrease in SOC content of bulk soil and > 0.053 mm aggregates with increasing urbanization intensity. A comprehensive analysis revealed that the decrease in SOC caused by urbanization can be attributed to both direct and indirect effects. Similar to this study, Luo et al. (2021) demonstrated that urbanization leads to SOC loss. During urbanization, land for construction purposes often undergoes large-scale land leveling and filling, which can disrupt the original soil structure and composition of soil aggregates (Cai et al., 2023). At the same time, artificial surfaces such as buildings and roads in urban areas often lack organic matter accumulation, which hinders SOC sources. The increase in impermeable surfaces leads to hotspot formation in urban areas where SOC content is lost as the sealed soil becomes unable to retain carbon. Additionally, factors, such as reduced litter input and increased urban temperatures, can accelerate the carbon decomposition rate, ultimately resulting in SOC content decrease (Cai et al., 2023). Therefore, land-use change significantly alters the distribution of different soil aggregates, thereby affecting aggregate stability and the association between aggregates and SOC (Yu et al., 2023).

Furthermore, the results indicate that SOC of > 0.25 mm coarse aggregates is significantly higher than in small aggregates in urban areas, suggesting that the carbon physically protected by larger aggregates plays a crucial role in SOC accumulation. According to the aggregate hierarchy concept proposed by Tisdall and Oades (1982), soil aggregates can form larger aggregates by binding mineral particles and microaggregates through multi-stage binding of substances such as polysaccharides and fungal hyphae. During this process, larger aggregates tended to encapsulate more SOC than the microaggregates. Therefore, it is widely recognized in the scientific community that soil macroaggregates contain more SOC, which is consistent with our findings.

Significant differences in SOC stocks were found only between 0.25–1 mm and 1–2 mm aggregates among different urbanization intensities, which were closely related to the SOC content in each aggregate size fraction. As the 0.25–1 mm aggregate fraction had the largest mass proportion (Table 1), it contributed the highest SOC stock and proportion, serving as the primary SOC accumulation form, particularly in low urbanization regions. It is worth mentioning that the variations in the contribution of aggregate-related SOC between different urbanization regions were higher in moderate and high urbanization areas than in low urbanization areas. Tian et al. (2020) found that rapidly developing urban areas exhibited high spatial heterogeneity in SOC density. This indicates that urban ecosystem complexity leads to greater spatial variation in the contribution of SOC to macroaggregates in highly urbanized regions, making it even more complex and anomalous.

The decrease in SOC caused by urbanization is closely related to the indirect effects of soil physicochemical properties. Research has shown that an increase in impermeable surfaces hinders or weakens the exchange of matter and energy between the soil and atmosphere, hydrosphere, and biosphere, leading to changes in the physical and chemical properties of the soil (Pouyat et al., 2007). This study found that an increase in urbanization intensity led to an increase in soil bulk density and a decrease in TN and TP content, indirectly resulting in a reduction in the SOC content of soil aggregates. Soil physicochemical properties play crucial roles in SOC formation and transformation, and a decline in soil quality inevitably has adverse effects on SOC sequestration. Nitrogen and phosphorus are the two major nutrients required for plant growth, and they play crucial regulatory roles in biological activity and organic matter decomposition processes in the soil. Numerous studies have shown that increasing the nitrogen and phosphorus supply can promote SOC sequestration. Luo et al. (2023) conducted an integrated analysis of 536 relevant studies on terrestrial ecosystems to explore the relationship between phosphorus supply and SOC content. They found that increasing the phosphorus supply enhanced SOC content and increased soil nitrogen availability. However, soil bulk density generally has a negative effect on SOC content. High bulk density affects soil permeability and water movement, thereby reducing the formation and stability of soil aggregates and decreasing their capacity for SOC content (Reijneveld et al., 2023). Overall, with an increase in urbanization intensity, sealed surface expansion alters the supply-demand cycle of soil organic matter and changes soil physicochemical properties, thereby affecting SOC cycling in urban ecosystems.



4.2 Urbanization influences the dynamic changes of aggregate-related SOC through the alteration of soil microbial community structure and enzyme activity

Based on previous studies, this study established the connections between environmental factors, soil microbial community structure, enzyme activity, and aggregate-related SOC. The results confirmed that the soil microbial community structure and enzyme activity played regulatory roles in SOC cycling and stock in urban ecosystems. RDA revealed that soil microbes (Fungi, G+, G−, Act, AMF, Pro) and enzymes (BG, NAG, AP, URE, and CAT) were positively correlated with aggregate-related SOC, which is consistent with previous research findings. Mason et al. (2023) suggested that soil microorganisms play a direct role in SOC sequestration by assimilating plant-derived carbon, contributing to microbial biomass, and producing recalcitrant organic matter. They also indirectly influence SOC sequestration by promoting soil enzyme secretion. VPA reveals the critical importance of the mutual interactions between soil microbes and enzymes in relation to aggregate-related SOC content, with a higher contribution from soil microbes compared to enzymes.

Microorganisms provide substrates and energy sources for organic matter and play a significant role in organic matter decomposition and transformation through diverse metabolic and biotransformation processes (Malik et al., 2020). Soil enzymes, on the other hand, primarily catalyze and regulate these processes based on microbial activity. Microorganisms and enzymes jointly drive the carbon input into soil aggregates. SEM analysis further confirmed the significant contribution of soil microbial community structure and enzyme activity to aggregate-related SOC, whereas urbanization inhibited the positive effects of microorganisms and soil enzymes.

With the increasing urbanization intensity and greater human disturbance, there was no significant change in fungal and AMF biomass, whereas bacterial biomass significantly decreased. This indicates that soil bacterial communities are more susceptible to environmental factors than fungal communities (Xiao et al., 2018). This difference in community structure may be attributed to specific growth strategies. Compared with fungi, bacteria are more adaptable to changes in nutrient utilization efficiency, have shorter turnover times, and are more sensitive to variations in soil moisture and nutrient availability (Keiblinger et al., 2010). G+, an important soil bacterial community component, was significantly higher in low urbanization areas than in other regions. Although G+ can adapt to diverse environmental systems, it tends to slowly decrease in environments with poor soil quality, characterized by low nitrogen and phosphorus levels and high bulk density. Conversely, in resource-rich environments, they can exhibit rapid growth and reproduction (Fanin et al., 2019). According to the Act, they typically thrive on recalcitrant polymers, such as lignocellulose. In highly urbanized areas, a decrease in vegetation coverage and litter removal can lead to a decline in Act biomass (Kong et al., 2011). Numerous studies have indicated that Act exhibits minimal growth under compact soil conditions (Naylor et al., 2020). However, as a widely distributed bacterium in soil, Act has a relatively high biomass. Carbon-rich biomass in the cellular bodies can provide a persistent carbon source for aggregate-related SOC accumulation (Jiao et al., 2021). Both G+ and Act promote SOC formation and stock by secreting extracellular polysaccharides. These polysaccharides bind to soil particles and organic matter, forming cohesive substances that facilitate soil aggregate formation and SOC sequestration and stabilization (Wu et al., 2023). Reischke et al. (2014) indicated in their research that SOC formation depends on the involvement of G+, G−, and Act. To some extent, their biomass reflects SOC content, and they, along with fungi, AMF, and Pro, form complex microbial communities. Through interactions and synergistic metabolism, they promote the formation of soil aggregates and the stability of SOC. Therefore, urbanization has a negative impact on microorganisms, especially bacteria, and serves as a critical factor in limiting the functionality of SOC sequestration.

Soil enzymes indirectly reflect soil microbial activity and serve as the primary metabolic driving force for soil biochemical processes (Yang et al., 2020). Different land-use patterns and forest vegetation characteristics in areas with varying degrees of urbanization can lead to changes in plant litter accumulation, soil physicochemical properties, root exudates, and other factors. These changes can cause spatial variation in microbial communities, resulting in alterations in soil enzyme activity (Lucas-Borja et al., 2016). This study found a significant decline in NAG and AP activities with increasing urbanization intensity. NAG is an enzyme involved in nitrogen acquisition, and there is a significant positive correlation between soil TN content and NAG activity. TN loss from urban greenspace soils (Table 1) inhibits NAG activity (Chen et al., 2017). Additionally, AP activity was found to be highest in low-urban areas. This could be attributed to the richer vegetation distribution in these areas, where plants have a higher phosphorus demand, resulting in stronger AP activity. The substantial organic matter produced by plant litter also stimulates AP secretion (Qiao et al., 2019). Soil enzymes are active participants in soil biochemical processes and catalyze organic matter decomposition (Yang et al., 2020). The reduction in enzyme activity inevitably led to a decrease in the aggregate-related SOC content. NAG, AP, and BG are involved in the decomposition of soil organic matter. NAG primarily catalyzes the degradation of various organic compounds, including polysaccharides, proteins, and chitin. AP hydrolyses organic phosphates and converts them into inorganic phosphates. BG degrades carbohydrates, especially lignocellulose, and releases organic acids, CO2, and other metabolites (Yang et al., 2020). Substances such as SOC and organic phosphates can be released through the action of these enzymes. Additionally, soil enzymes produce extracellular adhesive substances that can envelop these materials, promoting aggregate formation and stability, and enhancing SOC sequestration (Zhao et al., 2023). In addition, soil enzymes participate in the transformation of organic matter. Enzymes, such as URE and CAT, catalyze chemical reactions between organic substances, converting SOC into other forms of carbon compounds. This transformation enhances the stability of SOC, reduces its degradation rate in the soil, and promotes its sequestration (Zhao et al., 2023). In summary, during urbanization, a decline in soil quality has a negative impact on both microorganisms and soil enzymes, ultimately weakening the SOC sequestration capacity of urban greenspace soils.



4.3 Insights

Climate change poses a significant environmental challenge for humanity. As a major emitter of CO2, China solemnly announced at the 75th United Nations General Assembly its commitment to peaking CO2 emissions before 2030 and striving to achieve carbon neutrality by 2060. Cities, as important terrestrial ecosystem components, are the primary spatial areas where carbon emissions occur and are also the main entities for carbon accounting and policymaking toward carbon neutrality (Wang Y. N. et al., 2023). Previous research on carbon sequestration has predominantly focused on forests, grasslands, wetlands, and oceans (Yang et al., 2022), often regarding cities as major carbon sources, and overlooking their role as carbon sequestration in urban ecosystems. Vegetation, soil, and water systems in urban areas possess carbon absorption capabilities and are crucial urban carbon sequestration components (Zhuang et al., 2023). As the largest carbon reservoir in terrestrial ecosystems, the soil stores four times more SOC than vegetation. Even minor SOC losses can accelerate climate change (Zhang et al., 2021). However, with urban expansion, vegetation cover decreases, and the soil structure is disrupted, compacted, and contaminated, leading to intensified nutrient loss. These factors severely limit the function of urban soil as a carbon sequestration. Therefore, the promotion of carbon sequestration in urban greenspace soils is an urgent issue. Traditional research has mainly focused on the input of plants and organic matter decomposition dividing SOC stock into processes, such as carbon allocation from photosynthesis and soil respiration. However, in recent years, increasing evidence suggests that process models built based on traditional approaches do not accurately reflect the total SOC (Tao et al., 2023). Microorganisms may seem insignificant at the macroscopic scale but are crucial factors that cannot be ignored in the carbon cycling process.

This study reveals the driving factors of SOC sequestration in urban greenspaces from the perspective of microbial-enzyme interactions, providing a theoretical basis for enhancing the carbon sequestration function in cities. Soil microorganisms and enzyme activities can effectively promote SOC sequestration. Soil nutrients (TN and TP) are important limiting factors, and appropriate fertilization during urban development can promote plant growth, enhance soil nutrients, create suitable environmental conditions for microbial survival and reproduction, and increase soil enzyme activity. The common high bulk density during urbanization reduces microbial habitat space and mobility, which is unfavorable for SOC sequestration. In urban greenspaces, the dispersal of human traffic, timely loosening of soil, and the use of soil amendments (such as organic matter and humic acid) can increase microbial biomass and enhance hydrolytic enzyme secretion thereby promoting SOC accumulation. The effect of microorganisms on carbon sequestration also depends on plant participation, resulting in a close interaction between the two. As crucial soil carbon cycling components, larger tree heights and canopy sizes provide more abundant litter (such as leaves and branches). Increased SHDI and SPEI values indicate enhanced plant diversity, which can increase the variety and quantity of plant residues in the soil. Plant residues and litter are rich in SOC and release organic acids and other organic substances during the degradation process (Chen et al., 2023). Plant residues and litter also improve the physical and chemical properties of the soil, promote soil nutrient cycling, provide abundant carbon sources and nutrients for soil microorganisms, and stimulate decomposition enzyme production and activity, thereby promoting SOC input (Qian et al., 2023). Furthermore, the growth and extension of plant roots can alter the physical structure of the soil, stabilizing aggregate formation and introducing SOC into the soil through root exudates and residual root tissues (Panchal et al., 2022). Therefore, emphasizing the close interaction between microorganisms, soil enzymes, soil properties, and upper vegetation is key to mitigating SOC loss and maintaining the SOC sequestration function.




5 Conclusion

This study revealed the effects by which soil microbiota and enzymes, as driving factors, influence aggregate-related SOC content under different urbanization intensity levels in Nanchang, China. As urbanization intensity increased, both the content and stock of SOC demonstrated a significant decline, and the SOC content as well as stock of various soil aggregates also decreased, with the 0.25–1 mm aggregates, which had the highest mass proportion, exhibiting the greatest response to urbanization. Concurrently, the soil microbial community and enzyme activities were also influenced by urbanization, with reductions observed in the biomass of G+ and Act, as well as the activities of NAG and AP. There was a significant positive correlation among soil microbiota, enzymes, and aggregate-related SOC, with Act, URE, BG, and AMF showing the strongest correlations. Compared to enzymes, soil microbiota makes a greater contribution to aggregate-related SOC content; however, the interactive effects between soil microbiota and enzymes play a crucial role in the aggregate-related SOC content. SEM analysis further revealed that urbanization not only directly reduces aggregate-related SOC but also indirectly affects soil microbiota and enzyme activities by reducing TN and TP and increasing bulk density, thereby leading to a decrease in aggregate-related SOC content. Conversely, vegetation characteristics, such as tree height, canopy width, and diversity indices, can mitigate the negative effects of urbanization and directly or indirectly promote carbon sequestration in soil aggregates. Therefore, future efforts should focus on strengthening urban forest management, preserving existing large trees, enriching vegetation communities to provide suitable habitat conditions for soil microbiota, and fully harnessing the positive role of soil microbiota and enzymes in the carbon sequestration of urban soils.
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Introduction: Enhancing the planning of the forest-agricultural composite model and increasing the efficiency with which forest land is utilized could benefit from a thorough understanding of the impacts of intercropping between forests and agriculture on soil physicochemical properties and microbial communities.



Methods: Populus cathayana × candansis cv. Xinlin No.1 and Glycine max intercrop soils, along with their corresponding monocrops, were used in this study’s llumina high-throughput sequencing analysis to determine the composition and diversity of soil bacterial and fungal communities.
Results: The findings indicated that intercropping considerably raised the soil’s total phosphorus content and significantly lowered the soil’s carbon nitrogen ratio when compared to poplar single cropping. Furthermore, the total carbon and nitrogen content of soil was increased and the soil pH was decreased. The sequencing results showed that intercropping had no significant effect on soil alpha diversity. Intercropping could increase the composition of fungal community and decrease the composition of bacterial community in poplar soil. At the phylum level, intercropping significantly increased the relative abundance of four dominant phyla, i.e., Patescibacteria, Proteobacteria, Patescibacteria and Deinococcus-Thermus. And the relative abundances of only two dominant phyla were significantly increased. It was found that soil total phosphorus and available phosphorus content had the strongest correlation with soil bacterial community diversity, and soil pH had the strongest correlation with soil fungal community diversity.
Discussion: The results of this study were similar to those of previous studies. This study can serve as a theoretical foundation for the development of a poplar and black bean-based forest-agricultural complex management system in the future.
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Introduction

An essential part of the terrestrial ecosystem is the soil (Staddon, 2004). The primary factor in sustaining soil health is the functioning of the soil life system, which is fueled by the ecological, environmental, and immune roles played by soil microorganisms. It can control the functional diversity of the soil and take part in the carbon cycle of the ecosystem. In addition, it has the ability to break down plant residues, maintain soil fertility, and improve soil nutrients (van Agtmaal et al., 2018; Gilmullina et al., 2020; Wang et al., 2020; Cuartero et al., 2022; Fan et al., 2022). When assessing the degree of soil health, the biomass, abundance and activity of soil microorganisms are crucial guiding factors (Rodgers et al., 2021). Soil microbial community activities affect soil fertility and play an important role in organic matter, humus and soil nutrient cycling and conversion (Kirk et al., 2004). As a result, the importance of soil microorganisms in the soil ecosystem has received increasing attention (Neira et al., 2021). The abundance and diversity of different types of soil microorganisms can affect soil physical and chemical properties (Christel et al., 2023).

Intercropping is a productive cultivation technique that is widely used in agro-ecosystems worldwide (Rezaei-Chiyaneh et al., 2021). It can preserve the quality of the soil, increase crop productivity, and efficiently use environmental resources like light, water and fertilizer (Kang et al., 2021; Cuartero et al., 2022). Because the species in agroforestry intercropping complement each other, plant yield and resource utilization efficiency are increased, resulting in more full utilization of light, heat and water. When compared to a pure forest, the management of forest compounds can lower soil moisture evaporation, enhance soil condition, and preserve soil fertility (Fleskens et al., 2009). Through the effective use of shady space to develop under forest industry according to local conditions, it can effectively improve the comprehensive benefits of forest land, increase the added value of forestry, expand the development space of rural industry, achieve a win-win situation of farmers’ income increase and ecological stability, and help rural revitalization (Hong et al., 2017).

Numerous previous studies have demonstrated that intercropping practices can dramatically change the amount of nutrients in soil (Razavi et al., 2016; Gómez-Sagasti et al., 2021; Young et al., 2021). For instance, nitrogen-fixing crops fix atmospheric nitrogen through rhizobia when intercropping with other non-nitrogen-fixing tree species. This can supply additional nutrients for non-nitrogen-fixing tree species on top of their own nutrient needs. Intercropping in the change of soil physical and chemical properties at the same time, still can cause the change of soil microbial community, further influence soil health and quality (Fu et al., 2019). The structure of the soil microbial community varies significantly between intercropping and monocropping, according to earlier research (Cuartero et al., 2022). Based on the soil microbial community quantity, intercropping microorganisms were generally higher than that of single cropping (Li et al., 2018). However, the effect of tree-based intercropping on soil microbial diversity is controversial, and it does not increase bacterial or fungal diversity in all cases (Lacombe et al., 2009; Bainard et al., 2011, 2013). For example, Bardhan et al. (2013) studied the composition and diversity of soil bacterial communities in Acer saccharinum agroforestry systems and found no difference in the composition or diversity of soil bacteria between trees and crop rows. Banerjee et al. (2016) found that temperate agroforestry did not promote soil bacterial diversity, but increased bacterial abundance.

Poplar is one of the fastest growing timber species and has the largest planted area in the world’s mid-latitude plains (Hou et al., 2019). In 2016, the IPC (International Commission on Poplar and Other Fast-growing Trees that Sustain People and the Environment) reported that the total area of poplar cultivation worldwide had increased to 31.4 million hm2 (Lu et al., 2022). A large number of poplar forests are planted in the state-owned mechanical forest farm in Xinmin City, Liaoning Province, China. Intercropping under these forests can make full use of the local soil area. At present, the hybrid model of poplar intercropping forest has become one of the main planting models in this area. Intercropping of legumes with trees is a particularly sustainable and beneficial agricultural practice because nitrogen-fixing crops provide natural nitrogen fertilizer for tree growth (Peng et al., 2009; Rivest et al., 2010; Li et al., 2016). And it can also improve the growth of the legume crop because it can make it more competitive for nitrogen in the soil, forcing the legume to fix more N2 from the atmosphere (Hauggaard-Nielsen et al., 2001; Neumann et al., 2007). However, the effect of this intercropping pattern on soil microbial communities on there is still unclear. So, in this study, Populus cathayana × candansis cv. Xinlin No. 1 and Glycine max were used as research objects to analyze and compare the changes of soil nutrients and soil microbial community composition and diversity after intercropping. We hypothesized that (1) after intercropping, soil nutrients would change significantly, especially the soil total nitrogen content of intercropping would increase significantly compared with poplar single cropping; (2) the composition of soil microbial community changed after intercropping, but there were significant differences in community diversity; and (3) changes in soil microbial community composition and diversity were related to changes in soil nutrient content.



Materials and methods


Field experiment design and soil sample collection

Field sampling and random block design were used to sample 0–10 cm soil from poplar single cropping (PC), black bean single cropping (GM) and poplar black bean intercropping (PG) in Xinmin Mechanical Forest Farm (located in Xinmin City, Liaoning Province, China; 41°59′59″ N, 122°48′19″ E) in August 2022. In order to avoid the interaction of two similar models and the stand edge effect, the quadrat of each model avoided the stand edge area. The poplar was “Populus cathayana × candansis cv. Xinlin No. 1” cultivated by state-owned Xinmin Mechanical Forest Farm, and the variety of black bean (Glycine max) was “green kernel black bean.” Three repeated quadrats were randomly selected for each model, and the soil samples of each quadrat were divided into two parts. The obtained soil was immediately transported back to the laboratory in an ice box. A part of soil samples was stored at −80°C to extract DNA and determine the composition and structure of soil microbial community. The other soil samples were dried in a ventilated and dry room, then ground and passed through a 100-mesh screen for the determination of soil chemical properties.



Soil chemical properties determination

The pH value of soil was measured by potentiometer, and the ratio of soil to water was 1:2.5. The elemental analyzer (Germany’s Elementar Vario EL III) measured the total carbon and total nitrogen contents of the soil (Song et al., 2015). The molybdenum antimony anti-colorimetric method was used to determine the total phosphorus content of the soil (Ba et al., 2020). By using the NaHCO3 leaching-molybdenum antimony anti-colorimetric method, soil available phosphorus was calculated (Huang et al., 2020).



DNA extraction and high-throughput sequencing

The OMEGA Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) was used to extract total DNA from the samples. Thermo Fisher Scientific’s NanoDrop NC2000 spectrophotometer and agarose gel electrophoresis for extracted DNA (agarose concentration of 1.2%) were used to measure the quantity and quality of DNA. With the assistance of the primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), the 16S V3_V4 region of the soil bacterium was amplified (Claesson et al., 2009). Additionally, the fungal ITS V1 region was amplified using primers ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) (White et al., 1990). Total volume for the PCR system is 25 μL, which includes 5 μL of reaction buffer, 5 μL of GC buffer, 2 μL of dNTP (2.5 mM), 1 μL of forward primer, and 1 μL of re-verse primer. A total of 2 μL of DNA template, 8.75 μL of ddH2O, and 0.25 μL of Q5 DNA polymerase. Initial denaturation at 98°C for 2 min, followed by 98°C for 15 s, 55°C for 30 s, and 72°C for 30 s for 25 cycles, and a final extension at 72°C for 5 min, 10°C hold for 25 cycles, were the amplification parameters. The Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States) was used to quantify the PCR amplicons after they had been purified using Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China). Shanghai Personal Biotechnology Co., Ltd. used the Illlumina NovaSeq platform and NovaSeq 6000 SP Reagent Kit (500 cycles) to perform 250 pair-end sequencing. Following the individual quantification step, amplicons were pooled in equal amounts. The raw reads were deposited in the NCBI SRA database with accession number PRJNA1007870.



Sequence analysis

According to the official tutorials,1 microbiome bioinformatics were carried out using QIIME 2 (2019.4) with a minor modification (Bolyen et al., 2019). In a nutshell, primers were cut with the cutadapt plugin after raw sequence data were demultiplexed using the demux plugin. The DADA2 plugin was then used to quality filter, denoise, merge, and remove chimera from the sequences (Callahan et al., 2016). Using fasttree2 and mafft, non-singleton amplicon sequence variants (ASVs) were used to create a phylogenetic tree (Katoh, 2002; Price et al., 2009). Alpha-diversity metrics [Observed species richness (Liu et al., 2022), Simpson index (Simpson, 1949), and Pielou’s evenness index (Pielou, 1966)], beta diversity metrics (Bray-Curtis dissimilarity) were estimated using the diversity plugin. The SILVA Release 132 Database (Bacterium) and UNITE Release 8.0 Database (Fungus) were used as the sources for the naive Bayes taxonomy classifier in the feature-classifier plugin to assign taxonomy to ASVs (Kõljalg et al., 2013; Bokulich et al., 2018).



Data analytics

The main tools used to analyze sequence data were QIIME2 and R packages (v3.2.0). Using the ASV table in QIIME2, ASV-level alpha diversity indices, including the Observed species richness, Simpson index, and Pielou’s evenness index, were calculated and visualized as box plots (Simpson, 1949; Pielou, 1966; Liu et al., 2022). The data in the table above were plotted as box plots with the help of QIIME2 (2019.4) and the ggplot2 package for the R package (v3.2.0) to visualize the differences in alpha diversity between the various specimen groups (Wickham, 2016). The significance of the differences could be confirmed using the Kruskal-Wallis’s rank sum test and the dunn’test as a post-hoc test. Based on the occurrence of ASVs across samples/groups regardless of their relative abundance, a Venn diagram was created to visualize the shared and unique ASVs among samples or groups using the R package “VennDiagram” (Zaura et al., 2009). The significant difference in soil chemical properties was examined using one-way ANOVA, and the post-test was carried out using the S-N-K q-test. IBM SPSS Statistics 26.0 was used to analyze data from significant differences in soil chemical properties processed by Excel (2019). The information in the table demonstrated the standard deviations of repeated averages. After removing singletons from the feature list, the QIIME2 (2019.4) “qiime taxa barplot” was used to visualize the compositional distribution of each sample at the four taxonomic levels of phylum, and genus. Relying on R’s pheatmap package, heatmaps were created using abundance data from the genera in the top 20 of average abundance. Redundancy analysis (RDA) using Canoco 5 was used to examine the relationships between soil environmental factors and microorganic community composition. STAMP software was used for difference analysis to compare the phylum level differences of different microbial communities (Parks et al., 2014).




Results


Chemical properties of soil under different treatments

There were differences in pH value, total carbon, total nitrogen, total phosphorus and available phosphorus contents and carbon nitrogen ratio of soil among different samples (Table 1). The contents of soil total phosphorus and available phosphorus in PG were significantly higher than those in PC (p < 0.05). Soil pH value (p > 0.05) and C/N (p < 0.05) were lower in PG than in PC and GM. PC had the highest pH value. The total carbon, total nitrogen and carbon nitrogen ratio of GM were the highest. The total carbon and total nitrogen of PG were higher than PC and lower than GM.


TABLE 1 Chemical properties of soil.

[image: Table displaying soil properties under different cropping systems: PC (poplar single cropping), GM (black bean single cropping), and PG (poplar-black bean intercropping). Columns list pH value, total carbon, total nitrogen, carbon nitrogen ratio, total phosphorus, and available phosphorus. Data are averages with standard error, showing significant differences at p < 0.05. F-value and p-value are provided for statistical significance.]



Composition and diversity of soil microbial communities under different treatments

DADA2 analysis is equivalent to clustering with 100% similarity. With the increase of the drawing depth, the rarefaction curve has flattened, indicating that the existing sequencing results have been sufficient to reflect the microbial diversity contained in the current sample (Supplementary Figure 1).

There was no significant difference in alpha diversity in both bacterial and fungal communities (p > 0.05; Table 2). The Simpson index and Pielou’s evenness index of PG microbe (bacteria and fungi) were the highest (bacterial averages of 0.999 and 0.908, respectively; fungal averages of 0.977 and 0.772, respectively), while the PC community had the lowest (bacterial means of 0.999 and 0.902, respectively; fungal means of 0.950 and 0.680, respectively). However, the observed species richness showed the order GM > PC > PG.


TABLE 2 Alpha diversity of soil bacterial and fungal communities in different treatments.

[image: Table displaying mean and standard error for biodiversity indices: Simpson, Pielou's evenness, and observed species for bacterium and fungus across three cropping methods—PC (poplar single cropping), GM (black bean single cropping), and PG (poplar black bean intercropping). Both groups have p-values listed for each metric.]

Circle packing chart and pie chart were used to show the composition proportions of different taxonomic units of microbial communities in different groups. The results showed that there were differences in the abundance of bacterial and fungal communities at different microbial taxonomic levels (Supplementary Figures 2, 3). In the bacterial community, 39 phyla were detected in all samples (Supplementary Table 1). The dominant phyla were Actinobacteria, Proteobacteria, Acidobacteria, Chloroflexi, Firmicutes, Bacteroidetes, and Gemmatimonadetes. They accounted for 95.06% of the total population, respectively, 34.46, 31.01, 10.03, 9.43, 3.85, 3.18, 3.10% (Figure 1A). The remaining sequences belonged to 32 bacterial phyla such as Verrucomicrobia, Nitrospirae, and Rokubacteria, accounting for less than 1%.


[image: Two pie charts labeled A and B illustrate microbial composition. Chart A shows Actinobacteria at 34.46%, Proteobacteria at 31.01%, and others like Acidobacteria and Chloroflexi. Chart B highlights Ascomycota at 78.05%, followed by Basidiomycota at 9.96% and other groups.]

FIGURE 1
Relative abundance of dominant bacterial phyla (A) and fungal phyla (B).


A total of 11 phyla were detected in the fungal community (Supplementary Table 2). They were Ascomycota, Basidiomycota, Mortierellomycota, Glomeromycota, Zoopagomycotina, Chytridiomycota, Olpidiomycota, Basidiobolomycota, Aphelidiomycota, Rozellomycota, Mucoromycota, respectively (Figure 1B). Among them, only Ascomycota, Basidiomycota and Mortierellomycota had relative abundance higher than 1%, accounting for 78.05, 9.96, and 3.90%, respectively. Notably, Basidiobolomycota was not found in GM, while both Rozellomycota and Mucoromycota were found only in PG.

The relative abundance of Patescibacteria and Proteobacteria in the soil bacterial communities of PG was significantly higher than GM (p < 0.05). However, compared with GM, the relative abundance of Firmicutes, Rokubacteria, Nitrospirae, Acidobacteria, Entotheonellaeota and Latescibacteria of PG was significantly decreased (p < 0.05) (Figure 2). However, the relative abundance of only Glomeromycota in the fungal communities differed significantly between the two groups, as PG > GM (Figure 3B). In the soil bacterial communities of PG, compared with PC, only the relative abundances of Patescibacteria, Cyanobacteria and Deinococcus-Thermus were found to be significantly different (p < 0.05) (Figure 3A). Among them, the relative abundance of Cyanobacteria was higher in PC than in PG, and that of Patescibacteria and Deinococcus-Thermus was higher in PG than in PC. There were two phyla in the fungal communities with significant differences in relative abundance, and PG was higher than PC, respectively: Glomeromycota and Mortierellomycota (Figure 3C).


[image: Bar chart and dot plot showing the mean proportions of different bacterial phyla including Patescibacteria, Firmicutes, and more. GM is in green, PG in orange. The right plot indicates differences in mean proportions with 95% confidence intervals and corrected p-values, ranging from significant differences in Proteobacteria to minor changes in Rokubacteria and others.]

FIGURE 2
Difference of soil bacterial community of GM and PG. Only the phyla with significant differences in relative abundance under different treatments were shown in the figure (p < 0.05). GM, black bean single cropping; PG, poplar black bean intercropping.



[image: Bar charts with confidence intervals showing differences in mean proportions of various taxa:   A) Patescibacteria, Cyanobacteria, and Deinococcus-Thermus with adjusted p-values 1.85e-3, 5.96e-3, and 0.043 respectively.   B) Glomeromycota with a p-value of 0.014.   C) Glomeromycota and Mortierellomycota with p-values 5.74e-3 and 0.021 respectively. Different color codes represent group comparisons (PC, PG, GM).]

FIGURE 3
Microphyla difference of soil bacterial community under different treatments. Only the phyla with significant differences in relative abundance under different treatments were shown in the figure (p < 0.05). (A) Soil bacteria of PC and PG; (B): soil fungi of GM and PG; (C): soil fungi of PC and PG. PC, poplar single cropping; GM, black bean single cropping; PG, poplar black bean intercropping.


There were also differences in soil microorganisms in different treatments at the genus level, and only the bacteria genera with the top ten relative abundance were analyzed. In the bacterial community, Subgroup_6, Bacillus, KD4-96, and Pseudonocardia had the highest relative abundance in GM (5.18, 2.72, 1.99, 1.96%). The relative abundance of them in PG were the lowest (3.65, 1.72, 1.67, 1.41%) (Figure 4A). The relative abundance of Haliangium and Nocardioides was the highest in PG and the lowest in GM. The relative abundances of the remaining four genera of PG were located between PC and GM. In the fungal community, the top ten relative abundance genera were Fusarium, Tausonia, Mortierella, Penicillium, Plectosphaerella, Botryotrichum, Pseudogymnoascus, Acremonium, and Preussia (Figure 4B). Mortierella, Penicillium, and Plectosphaerella had the highest relative abundance in PG, while Tausonia and Preussia had the lowest relative abundance in PG.


[image: Two stacked bar charts labeled A and B compare microbial communities across three groups: PC, GM, and PG. Chart A displays bacterial genera, while Chart B shows fungal genera. Each color represents a different genus as indicated in the legends. Error bars denote variability. The vertical axis represents relative abundance, with units differing between charts.]

FIGURE 4
Different compositions of soil bacterial (A) and fungal (B) genera under different treatments. PC, poplar single cropping; GM, black bean cropping: PG, poplar black bean intercropping.


A total of 37,326 bacterial ASVs were detected in the soil of the three samples, among which PC, GM, and PG had 15,583, 15,318, and 14,833 ASVs, respectively (Figure 5A). There were 2,152 ASVs shared by the three groups. PC had the most unique ASV of 10,296, while PG had the least unique ASV of 10,057. In addition, a total of 2,599 fungal ASVs were detected, including 1,014, 1,318 and 1,026 ASVs for PC, GM, and PG, respectively (Figure 5B). The three have 196 ASVs in common. The largest number of GM-specific ASVs were 859, while the number of PC-specific ASVs was only 567.


[image: Two Venn diagrams labeled A and B compare three sets: PC, GM, and PG. Each diagram shows overlapping circles indicating shared elements. In Diagram A, PC has 10,296 unique elements, GM has 10,717, PG has 10,057, with overlaps of 1,480 (PC-GM), 2,152 (all three), 969 (GM-PG), and 1,655 (PC-PG). In Diagram B, PC has 567 unique elements, GM has 859, PG has 610, with overlaps of 147 (PC-GM), 196 (all three), 116 (GM-PG), and 104 (PC-PG).]

FIGURE 5
I Venn diagram showing the shared bacterial (A) and fungal (B) ASVs in all treatments. PC, poplar single cropping; GM, black bean single cropping; PG: poplar black bean intercropping.


In the soil bacterial community, the maximum number of ASVs shared by PC and PG was 3807, indicating that the soil bacterial communities of PC and PG were more similar (Figure 5A). It could also be seen from Figure 6 that at the genus level, PC and PG were clustered into one class and then aggregated with GM. This also indicated that the soil bacterial communities of PC and PG were more similar. In the soil fungal community, PC and GM shared the most ASVs (Figure 5B). In the heatmap, PC and GM were grouped together and then aggregated with PG, indicating that the soil fungal communities between PC and GM were more similar (Figure 7).


[image: Heatmap showing a hierarchical clustering analysis of various bacterial genera. The color gradient ranges from green to red, indicating values from 2.41 to -1.93. Different groups like PC, GM, and PG are marked with blue, red, and green bars. The dendrogram on the top and side illustrates relationships between the clusters.]

FIGURE 6
Based on the average algorithm, the clustering heat maps of soil bacteria with the relative abundance of top 50 were performed at the genus level. PC, poplar single cropping; GM, black bean single cropping; PG, poplar black bean intercropping.



[image: Heatmap showing species distribution categorized by three groups: PC (blue), GM (red), and PG (green). Species are listed on the right, with color gradients from green to pink indicating data values from 2.67 to -1.75. Dendrograms display hierarchical clustering.]

FIGURE 7
Based on the average algorithm, the clustering heat maps of soil fungi with the relative abundance of top 50 were performed at the genus level. PC, poplar single cropping; GM, black bean single cropping; PG, poplar black bean intercropping.




Correlations between soil properties and soil dominant microphyla and microbial communities

Soil chemistry was closely related to the relative abundance of dominant phyla (Table 3). Soil pH value was significantly correlated with the relative abundance of Gemmatimonadetes and Mortierellomycota (r = −0.708, p < 0.05; r = −0.779, p < 0.05). The contents of total carbon and total nitrogen and carbon nitrogen ratio in soil were significantly negatively correlated with the relative abundance of Proteobacteria (r = −0.790, p < 0.05; r = −0.683, p < 0.05; r = −0.738, p < 0.05), which was significantly positively correlated with the relative abundance of Acidobacteria (r = 0.890, p < 0.01; r = 0.788, p < 0.05; r = 0.771, p < 0.05). Soil total phosphorus content was significantly correlated with the relative abundance of Chloroflexi and Gemmatimonadetes (r = 0.914, p < 0.01; r = 0.710, p < 0.05). The content of soil available phosphorus significantly associated only with Mortierellomycota relative abundance (r = 0.869, p < 0.01). The relative abundance of Firmicutes was only significantly correlated with soil C/N (r = 0.784, p < 0.05).


TABLE 3 Person correlation between soil properties and relative abundance of bacterial and fungal phylum.

[image: Table displaying correlations between various phyla (Bacterium and Fungus) and environmental factors such as pH, total carbon, total nitrogen, total phosphorus, available phosphorus, and carbon nitrogen ratio. Significant correlations are indicated with asterisks: single for \( p < 0.05 \), double for \( p < 0.01 \).]

RDA analysis was used to analyze the relationship between soil microbial community alpha diversity and soil chemical properties (Figure 8). In the bacterial community, the total variation of RDA was 27, and the explanatory variables account for 97.1%, of which the differences in the first two axes accounted for 94.48% (Figure 8A). The arrows of available phosphorus and total phosphorus were the longest, indicating that the content of total phosphorus and available phosphorus in soil was the main factor affecting the diversity of bacterial community, followed by pH and carbon nitrogen ratio, and total nitrogen and total carbon were the shortest. In the fungal community, the total variation of RDA was 27, and the explanatory variables account for 69.8%, of which the differences in the first two axes accounted for 68.18% (Figure 8B). pH had the longest arrow, indicating that soil pH was the main factor affecting fungal community diversity, followed by total carbon, total nitrogen and carbon nitrogen ratio, but available phosphorus was the least influential factor among the six factors.


[image: Two Principal Component Analysis (PCA) biplots labeled A and B. Plot A has axes: Axis 1 (64.25%) and Axis 2 (30.23%). Plot B has axes: Axis 1 (45.80%) and Axis 2 (22.38%). Both plots feature vectors representing variables such as AP, TP, TN, TC, C/N, and pH, with plotted points labeled PG1, PG2, PG3, GM1, GM2, GM3, PC1, PC2, and PC3. Vectors indicate the direction and strength of each variable. Different colors distinguish groups.]

FIGURE 8
Redundancy analysis (RDA) of soil chemical properties and soil bacterial (A) and fungal (B) communities was performed based on ASV levels. TC, total carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; PC, poplar single cropping; GM, black bean single cropping; PG, poplar black bean intercropping.





Discussion

Poplar and black bean intercropping significantly increased the amount of soil available phosphorus content when compared to single cropping, proving that intercropping promotes efficient use of soil nutrients. This hypothesis was also supported by Zhang et al. (2018). The increased prevalence of related bacteria, such as rhizobium, phototrophic bacteria, and potassium-trophic bacteria, which are involved in the soil nutrient cycle, could be one explanation (Zhang et al., 2018). Compared with poplar single cropping, intercropping significantly increased the content of total phosphorus in soil, and significantly decreased soil carbon nitrogen ratio. Additionally, although the effect was not significant, the pH of the soil decreased and the total carbon and nitrogen content of the soil increased. Among the legume plants is the black bean. The symbiotic nitrogen fixation of legume crops is the accumulation of nitrogen for plant growth through the symbiotic nitrogen fixation with rhizobia (Zhong et al., 2023). This may be the main reason for the increase of soil total nitrogen content after intercropping. Soil acidification was one of the direct responses to the increase of soil nitrogen content (Liu et al., 2006, 2013), which also explained the reason for the decrease of soil pH value in intercropping. In addition, studies have shown that the increase of soil nitrogen content can lead to the increase of soil total carbon (Yuan et al., 2020). However, compared with poplar single cropping, the change of soil total carbon and nitrogen content in intercropping was not significant, which may be due to the limited nitrogen fixation ability of herbaceous plants, and the effect of short-term nitrogen fixation on soil nutrients was not significant (Yang et al., 2021).

Simpson index and Pielou’s evenness index both showed that the diversity and evenness of microbial communities (bacteria and fungi) in intercropped soils were higher than those in monoculture soils, although this was not significant. This is due to tree-based intercropping systems that exhibit more heterogeneous patterns of vegetation cover and rooting, thereby increasing the diversity of soil microbial communities (Lacombe et al., 2009). Actinobacteria, Proteobacteria, Acidobacteria, Chloroflexi, Firmicutes, Bacteroidetes, and Gemmatimonadetes were the most prevalent phyla of bacteria in each sample. Three phyla of fungi, Ascomycota, Basidiomycota and Mortierellomycota, were the most prevalent. According to Caporaso et al. (2012) and Tedersoo et al. (2017), these were all common phyla found in soil. Numerous studies have demonstrated that the interaction between vegetation species richness and soil use patterns may affect microbial community structure (Chung et al., 2007; Jangid et al., 2011). The relative abundance of soil microorganisms varied between intercropping and monoculture at the phylum and genus levels, suggesting that planting practices altered the makeup of the soil microbial community.

At the bacterial level, Acidobacteria was considered to be an oligotrophic taxon and Proteobacteria was considered to be a syntrophic taxon (Yan et al., 2020; Liang et al., 2021). This also explained why, in our study, these two phyla had completely opposite correlations with soil nutrients. RDA analysis showed that pH was the main factor affecting soil fungal community diversity. Previous studies have shown that changes in soil microbial communities were closely related to soil pH value (Lauber et al., 2009; Wan et al., 2020). Total phosphorus and available phosphorus are the main factors affecting soil bacterial community diversity, which is consistent with previous findings of Zhang et al. (2016) that soil available phosphorus is closely related to bacterial community structure and diversity.

Bradyrhizobium and Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium associated with nitrogen fixation were found in the top 50 relative abundance at the bacterial genus level (Figure 6). Intercropping increased their relative abundance in the soil. This is possible because intercropping can enhance the nitrogen fixation capacity of legumes when non-legumes are strong competitors for soil inorganic nitrogen (Neugschwandtner and Kaul, 2015; Jin et al., 2023). In our work, we found Bacillus, Bradyrhizobium, Fusarium, Penicillium, and Aspergillus, which have been identified in recent studies as phosphorus-solubilizing bacteria and fungi (Zhang et al., 2016; Zhou et al., 2023). And they can help plants absorb phosphorus (Kalayu, 2019). Compared with poplar monoculture, intercropping increased the relative abundance of Bradyrhizobium, Penicillium, and Aspergillus, and decreased the relative abundance of Bacillus and Fusarium. Multiple results showed that there were differences in the composition of soil microbial communities between intercropping and monocropping.



Conclusion

In conclusion, intercropping poplar and black bean had a considerable impact on the nutrients in the soil as well as the makeup of the microbial community (bacteria and fungi) composition, but not on the diversity of the community. When intercropping was used instead of poplar single cropping, the soil’s total phosphorus content increased and the ratio of soil carbon to nitrogen significantly decreased. Additionally, although the effect was not significant, the pH of the soil decreased and the total carbon and nitrogen content of the soil increased. Intercropping reduced community richness while increasing the soil microbial community’s evenness and diversity within its habitat. When it came to the makeup of the microbial communities, intercropping and poplar single cropping were more similar in terms of the composition of the bacterial and fungal communities, respectively, but they were less similar in terms of the composition of the fungal communities. The relative abundance of soil-dominant bacteria is correlated with the nutrient content of the soil, according to the person correlation analysis. Proteobacteria, Acidobacteria, Chloroflexi, Firmicutes, Gemmatimonadetes and Mortierellomycota exhibited significant correlations (p < 0.05) with various soil nutrient factors. Furthermore, soil pH had the biggest impact on the diversity of the soil fungal community, whereas soil total phosphorus and available phosphorus content had the greatest effects on the diversity of the soil bacterial community. This study can serve as a theoretical foundation for the development of a poplar and black bean-based forest-agricultural complex management system in the future.
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Understanding the response of microbial communities and their potential functions is essential for sustainability of agroecosystems under long-term continuous cropping. However, limited research has focused on investigating the interaction between soil physicochemical factors and microbial community dynamics in agroecosystems under long-term continuous cropping. This study probed into the physicochemical properties, metabolites, and microbial diversity of tobacco rhizosphere soils cropped continuously for 0, 5, and 20 years. The relative abundance of bacterial genera associated with nutrient cycling (e.g., Sphingomonas) increased while potential plant pathogenic fungi and beneficial microorganisms showed synergistic increases with the duration of continuous cropping. Variations in soil pH, alkeline nitrogen (AN) content, and soil organic carbon (SOC) content drove the shifts in soil microbial composition. Metabolites such as palmitic acid, 3-hydroxypropionic acid, stearic acid, and hippuric acid may play a key role in soil acidification. Those results enhance our ability to predict shifts in soil microbial community structure associated with anthropogenic continuous cropping, which can have long-term implications for crop production.
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Highlights

	• Soil microbiome structure had different changes among different periods of continuous cropping.
	• Soil pH, AN, and SOC were the key environmental factors contributing to soil microbial community structure changes.
	• Pathogenic fungi disrupt the nutrient cycling in agroecosystems under continuous cropping practices.



Introduction

Continuous cropping is a common farming practice in China (Zhang Y. Z. et al., 2022), involves growing the same crop on the same plot of land for extended periods with the aim of achieving high yields (Zhang S. et al., 2022). However, continuous cropping tobacco rather than reasonable crop rotation (tobacco-soybean-corn), often leads to severe continuous cropping obstacles, usually manifested as more frequent plant diseases epidemics and soil microbial community changes (Ma et al., 2022). Generally, continuous cropping accelerates soil acidification, thus promoting the outbreak of crop diseases (Li et al., 2017). The frequent occurrence of crop diseases reduces the quality of crops and even leads to crop failure in karst agroecosystems (Gao et al., 2019).

Tobacco has been extensively utilized as a model organism in numerous studies pertaining to plant biotechnology (Sierro et al., 2014). It is also an important crop widely planted in impoverished areas (Chen F. et al., 2018). Due to the limited arable land resources, tobacco is continuously grown on the same plots for over 20 years, leading to persistent challenges associated with continuous cropping and subsequent yield reductions (Matheri et al., 2023). Several studies have demonstrated that after 7 years of continuous cropping, tobacco plants could sustain wilt disease caused by soil-borne fungi (Niu et al., 2017). In addition, the modification of resident soil microbial flora is related to changes in soil physicochemical properties and soil enzymatic activities (Chen S. et al., 2018). Soil microorganisms are effective biological indicators of soil fertility as they play a significant role in agricultural production (Avidano et al., 2005; Chen W. et al., 2018; Yan et al., 2023). The diversity index of soil microbial community composition tends to decrease after long-term continuous cropping, reduce the number of beneficial microorganisms, and increase the abundance of pathogenic bacteria, thus reducing crop yields (Xiong et al., 2015; Gao et al., 2019). The previous studies have indicated a significant decline in the abundance of beneficial microorganisms with prolonged tobacco cropping (Maguire et al., 2020). Cultivation has been found to alter microbial communities, leading to a notable increase in Fusarium abundance. Consequently, urgent measures are required to effectively manage this pathogen in arable farmlands. However, limited research has focused on assessing soil health under long-term continuous tobacco cropping (Xiong et al., 2015). Therefore, safeguarding the soil agricultural micro-ecosystem is imperative for promoting optimal crop growth.

Crops secrete allelopathic substances such as secondary metabolites, which affect the soil environment and cause continuous cropping obstacles (Gerhards and Schappert, 2020). Soil microorganisms play a pivotal role in modulating the effects of these secondary metabolites, exerting both positive and negative influences on crop growth. Firstly, soil microorganisms decompose toxic compounds to reduce allelopathy (Jilani et al., 2008). Secondly, the breakdown of allelopathic residues by soil microorganisms can lead to the release of additional phytotoxins (Cipollini et al., 2012). Therefore, it is imperative to investigate the mechanisms underlying soil-borne diseases associated with continuous tobacco cropping.

By the time of writing, limited reports have elucidated the response of microbial communities to long-term continuous tobacco cropping. In this study, we employed Illumina sequencing and metabolomics to investigate the changes in soil microbial communities and the types of allelopathic substances under continuous cropping. The objectives encompassed (i) exploring the diversity and composition responses of microorganisms to varying durations of continuous cropping; (ii) evaluating the specific microbial taxa associated with the development of obstacles posed by continuous cropping; and (iii) predicting the variation tendency of karst agroecosystems and their responses to prolonged periods of continuous cropping.



Materials and methods


Soil collection

The experimental site was located in Weining experimental station, at Bijie City, Guizhou province, China (27°05′N, 103°51′E). The region has a typical karst plateau landform and a humid subtropical monsoon climate with a mean annual temperature of 18°C, an average sea level of 2,092 m, and annual precipitation of 926 mm. The main soil type was calcareous soil developed from limestone. Farmlands under continuous tobacco cropping for 5 and 20 years were selected for sampling as Y5 and Y20. Collected soil samples from cornfield adjacent to the sampling site Y5, where tobacco had never been planted, were used as the control (CK). Field management measures in CK were consistent with treatment groups to minimize any confusion caused by the effects of agricultural management practices on soil metabolites or microorganisms. The amount of fertilizer applied was 600 kg/ha of NPK compound fertilizer (N 15%, P2O5 15%, and K2O 20%). All fertilizers were used as base fertilizer and applied to the soil at one time. Topdressing was performed every 30 days for two times with N: 20 kg·ha, P2O5: 20 kg·ha, and K2O: 50 kg·ha.

Three types of soil samples were collected from the plow layers (5–20 cm deep) in April 2021, labeled, respectively. In order to ensure the consistency of sampling time, samples were collected from three fields at the same day. Soil samples were collected from the surface of tobacco roots in plow layers (5–20 cm). Soil closely attached to the roots was washed using sterile water and pooled in a 50-mL Falcon tube as rhizosphere soil (Kui et al., 2021). In each field, samples were collected via a five-point sampling method to obtain representative samples. For each group, five soil samples were collected and combined to form a single sample, which was repeated three times. The above samples were divided into two parts. One was air-dried for physicochemical property analysis, and the other was stored at −80°C for DNA extraction.



Analysis of soil basic properties

Soil pH levels were determined in suspensions with a soil-water (w/w) ratio of 1:2.5 (Ali et al., 2021). Soil organic carbon (SOC) contents were measured using the colorimetric method (Looft et al., 2012). Available phosphorus (AP) was extracted with sodium bicarbonate and analyzed using the molybdenum blue method (Pu et al., 2014). Available potassium (AK) contents were measured with ammonium acetate and assessed using flame photometry (Watanabe and Olsen, 1965). Available nitrogen (AN) was extracted using the alkaline hydrolysis diffusion method (Li et al., 2019).



Analysis of soil microbial communities

Total DNA was extracted from soil samples (0.5 g each) using the TGuide Soil DNA Kit (Tiangen DP812, Beijing, China). The V3-V4 regions of the16S rRNA genes were amplified by the bacterial primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTG CGTTCTTCATCGATGC-3′) were used to amplify fungal ITS1 region (Ward et al., 2017; Gu et al., 2022). We purified the PCR products using the Monarch DNA Gel Extraction Kit (T1020L, MA, United States). Then, the purified amplicons were employed for library construction using the Illumina Novaseq 6000 platform (Illumina, CA, United States) at Biomarker Technology Co., Ltd. (Beijing, China). The raw FASTQ files of the fungal and bacterial reads resulting from Illumina sequencing were filtered by Trimmomatic (version v0.33) and merged by Usearch (version v10) (Edgar, 2013; Bolger et al., 2014). These high-quality sequences were clustered into operational taxonomic units (OTUs) based on a 97% similarity threshold using UPARSE (Edgar et al., 2011). An averaged OTU table was generated by resampled OTU subsets under 90% of the minimum sequencing depth for further analysis to reduce the effects of different sequencing depths on the analyses (Liu S. et al., 2021). Bacterial and Fungal taxonomies were assessed against the 16S rRNA database (Silva v128) and the UNITE fungal ITS database (UNITE v8.0), respectively (Jiao et al., 2020; Chen et al., 2022). The alpha diversity metrics, beta diversity metrics, and other analyses were calculated using QIIME (Caporaso et al., 2011) and R packages (version 3.1.1) (R Core Team, 2019). All sequence data were deposited in NCBI Sequence Read Archive database under accession number PRJNA874867.



Metabolite profiling

Each soil sample was frozen-crushed using a steel ball at 30 Hz for 1.5 min. Each sample (1,000 mg) was extracted using 1.0 mL of 70% aqueous methanol (AM) and 1 mL of ethyl acetate (EA) with 5 μL internal standard at 4°C. After centrifugation at 10,000 rpm at 4°C for 15 min, the supernatant was transferred into a 5-mL EP tube. After evaporation in a vacuum concentrator, 30 μL of ethoxyamination hydrochloride was added to the obtained product, and the mixture was then incubated at 80°C for 30 min and derivatized by 40 μL of BSTFA regent (1% TMCS, v/v) at 70°C for 1.5 h. All samples were adsorbed and filtrated before being subjected to analysis with a gas chromatograph (Agilent 7890, 30 m × 250 μm × 0.25 μm, J&W Scientific, Folsom, CA, United States) coupled with a time-of-flight mass spectrometer (GC-TOF-MS) (Kind et al., 2009).



Statistical analysis

Based on the results of species annotations of all samples, the top 10 phyla and the top 35 genera were analyzed (relative abundance above 1%). Chao 1, Shannon, Simpson, and ACE indices were used to estimate the diversity of the microbial communities. Non-metric multidimensional scaling (NMDS) analysis was performed to investigate the structural variation of microbial communities across samples using Weighted uniFrac distance metrics (Looft et al., 2012). Principal component analysis (PCA) was also conducted based on OTU level compositional profiles (Ramette, 2007). The taxonomy compositions and abundances were visualized using MEGAN (Liu J. L. et al., 2021). Redundancy analyses (RDA) were used to investigate the relationships between samples and environmental variables (R: vegan package) (Oksanen et al., 2020). The heatmaps and Venn diagrams were generated using custom R scripts (Clauset et al., 2004). Bacterial functional potential was investigated with FAPROTAX database (Louca et al., 2016). Functional prediction analysis was carried out using FUNGuild database (Nilsson et al., 2019). All analyses were conducted on the BMK Cloud platform (Biomarker Technology Co., Ltd., Beijing, China; https://international.biocloud.net/zh/software/agriculture/) based on various R packages and workflow frameworks. A one-way ANOVA was performed to determine the significance of the differences of soil properties and microbial community structures between three treatments by SPSS. A p value <0.05 was considered to be statistically significant.




Results


Soil samples physicochemical properties

The physicochemical properties of soil samples after different continuous tobacco cropping durations are listed in Table 1. All samples were showed weak acidity. In addition, the soil pH level of Y20 decreased significantly. The SOC and AK contents in Y5 and Y20 were significantly lower than those of CK. However, the AP and AN content of Y20 were highest, reaching 33.75 and 162.32 mg kg−1, respectively.



TABLE 1 Soil properties with the duration of continuous cropping.
[image: Table showing soil properties for different tobacco cropping durations: CK (0 years), Y5 (5 years), and Y20 (20 years). Columns include pH, SOC, AP, AK, and AN with mean values and standard deviations. Significant differences among treatments are indicated by different letters in the same column.]



Overall microbial community diversity

The 16S rRNA genes were sequenced to analyze the soil microbial community diversity under long-term continuous tobacco cropping. A total of 659,973 raw reads and 636,731 clean reads of bacteria were obtained, with an average length of 418 bp. As a result of chimeral filtration and QC, a total of 718,690 raw reads and 715,307 clean reads of fungi were obtained, with an average length of 237 bp. Through the analyses of alpha diversity, we found that the levels of bacterial richness tended to increase with the duration of continuous cropping. The richness of fungi reached the highest level after continuous cropping for 5 years, and then decreased gradually as the duration of continuous cropping increased further. Nevertheless, levels of soil fungal diversity tended to increased and then decreased, although no significant difference was found.



Soil microbial community composition

The tobacco rhizosphere soils were home to 29 bacterial phyla, 81 classes, 183 orders, 303 families, and 565 genera. The dominant bacterial phyla in all samples included Proteobacteria, Acidobacteria, Actinobacteria, and Gemmatimonadetes, accounting for 77.44–9.74% of all sequences (Figure 1A). Proteobacteria dominated the rhizosphere soil, occupying 38.03–44.35% of all sequences, and their relative abundances in Y5 and Y20 were significantly higher than those in CK. The relative abundances of Acidobacteria, Gemmatimonadetes, Chloroflexi, Bacteroidetes, and Verrucomicrobia were higher in Y20 than in Y5. The relative abundances of dominant genera varied in the soil samples with different continuous cropping durations. The relative abundances of Gemmatimonas, Gemmatimonadaceae, and Ramlibacter in Y5 were significantly higher than that in CK and Y20. The relative abundances of Sphingomonas, Massilia, Acidobacteriales, Burkholderiaceae, Xanthobacteraceae, and Gaiellales in Y20 were significantly higher than in CK. Whereas the relative abundances of Gemmatimonas, Micrococcaceae, and Micromonosporaceae showed the opposite trend.

[image: Two stacked bar charts labeled A and B. Chart A shows the relative abundance of various bacterial phyla in samples CK, Y5, and Y20, with Proteobacteria, Acidobacteria, and Actinobacteria as major components. Chart B presents fungal phyla in the same samples, predominantly featuring Ascomycota. Both charts use a color-coded legend to differentiate the phyla.]

FIGURE 1
 The phylum-level composition of (A) bacterial and (B) fungal communities. CK: tobacco cropping for 0 years. Y5: continuous tobacco cropping for 5 years. Y20: continuous tobacco cropping for 20 years.


The tobacco rhizosphere soils were inhabited by seven fungal phyla, 22 classes, 57 orders, 118 families, and 202 genera. Ascomycota was the most abundant among with a relative abundance of 62.06–80.81%, followed by Basidiomycota (10.63 to 20.77%), Mortierellomycota (2.56 to 17.71%), and Chytridiomycota (0.74–9.56%) (Figure 1B). The relative abundance of Ascomycota in Y20 was significantly higher than that in Y5. However, the relative abundance of Mortierellomycota increased with the length of continuous cropping, with that in Y20 15.51% higher than that in CK. At the genus level, the relative abundances of Mortierella, Byssochlamys, and Pseudopyrenochaeta decreased and then increased with the duration of continuous cropping; in contrast, that of Penicillium, Plectosphaerella, Aspergillus, Sebacina, Botryotinia, and Inocybe increased first and then decreased. Among the top 15 genera, the relative abundances of Cladosporium (11.55%), Epicoccum (16.09%), Vishniacozyma (6.95%), and Alternaria (7.80%) in CK were higher than that in Y5 and Y20. Additionally, the relative abundances of Mortierella (17.70%), Fusarium (10.30%), Chaetomium (8.69%), and Byssochlamys (10.23%) in Y20 were higher than that in other samples.



Differences in microbial communities

The principal component analysis (PCA) was used to analyze the community structure differences between groups (Supplementary Figure S1A). For bacteria, the first principle component (PC1) and the second principle component (PC2) contributed 37.63 and 23.04%, respectively. The Y20 samples were distinctive from the CK and Y5 samples. Y20 had the highest PC1 value, while Y5 had the highest PC2 value. CK had the lowest PC1 and PC2 values. For fungi, PC1 contributed 32.58%, and PC2 contributed 21.59% (Supplementary Figure S1B). Y20 had the highest PC1 value, and CK had the highest PC2 value. The Y5 and Y20 samples were highly similar and distinctive from the CK samples.

Similarly, with the process of time, the community structure of bacteria and fungi changed significantly (R2 = 0.43, p < 0.01; R2 = 0.35, p < 0.01) (Figure 2). Weighted UniFrac nonmetric multidimensional scaling (NMDS) analysis (stress = 0.001) showed that the bacterial community structure was significantly different between three groups. The phylogenetic structures of soil fungal communities varied after different continuous cropping durations, where the three groups were significantly distinctive from other groups.

[image: Two non-metric multidimensional scaling (NMDS) plots labeled A and B compare groups CK (blue), Y20 (orange), and Y5 (green) along NMDS1 and NMDS2 axes. Plot A shows clear separation with stress 0.0038 and R-squared 0.43, p 0.004, while plot B exhibits overlapping groups with stress 0.0613 and R-squared 0.35, p 0.001.]

FIGURE 2
 Non-metric multidimensional scaling (NMDS) analysis based on Weighted uniFrac distance for the bacterial (A) and fungal (B) communities.




Environmental factors correlated to microbial communities

Based on OTU reads and environmental factors, the representational difference analysis (RDA) was performed on the different continuous tobacco cropping. The relationships between bacterial communities and soil properties are shown in Figure 3A (axis 1 = 20.33%, axis 2 = 16.5%). The results indicated that the pH level (R2 = 0.8590, p = 0.008), SOC content (R2 = 0.7509, p = 0.013), and AK content (R2 = 0.9267, p = 0.003) were significantly correlated with bacterial communities. The correlation heatmap showed that at the phylum level, the abundance of Actinobacteria was significantly positively correlated with the SOC content (p < 0.05), and the abundance of Chloroflexi was significantly positively correlated with the AK content. In addition, the abundance of Proteobacteria was significantly negatively correlated with the pH level and the AK content. At the genus level, the abundance of Micromonosporaceae was positively correlated with the pH level and the AK content, and the abundance of Acidobacteriales was positively correlated with the AN content (p < 0.05) (Figure 3C). Furthermore, the abundance of Massilia was negatively correlated with the pH and AK content.

[image: Four-panel image with graphs and heatmaps. Panel A and B show RDA plots with microbial names and vectors indicating environmental variables like pH and SOC. Each plot has color-coded dots for CK, Y20, and Y5. Panels C and D contain heatmaps illustrating bacterial and fungal community compositions. Color gradients represent relative abundance across different treatments or conditions, with labeled axes for specificity.]

FIGURE 3
 Redundancy analyses (RDA) based on bacterial (A) and fungal (B) OTU data with chemical parameters in soils with the lengthening of continuous cropping. Correlation heatmap of the top 10 bacterial (C) and fungal (D) genera with soil properties. R values are indicated on the right side of the legend with different colors. *p < 0.05, **p < 0.01, and ***p < 0.001.


Figure 3B (axis 1 = 19.77%, axis 2 = 14.03%) showed the relationships between fungal communities and soil properties. The pH level (R2 = 0.957, p = 0.001), SOC content (R2 = 0.842, p = 0.004), AP content (R2 = 0.6582, p = 0.041), and AK content (R2 = 0.671, p = 0.037) were the main factors affecting the changes in fungal phylogenetic structure (Figure 3B). The abundance of Chytridiomycota was significantly positively correlated with the pH level and the AK content (p < 0.01), the abundance of Ascomycota was significantly positively correlated with the SOC content (p < 0.001), and the abundance of Mortierellmycota was significantly positively correlated with the AP content (p < 0.05). In addition, the abundance of Glomeromycota was significantly negatively correlated with the AP content, and the abundance of Olpidiomycota was significantly negatively correlated with the AN content. At the genus level, the abundance of Alternaria was positively correlated with the pH level and the AK content, and the abundance of Cladosporium was positively correlated with the SOC content (p < 0.01) (Figure 3D). Moreover, the abundance of Mortierella was positively correlated with the AP content (p < 0.05).



Soil microbial function prediction

Based on the FAPROTAX database, we predicted the bacterial functions and obtained the top 15 functional groups. The results showed significantly enhanced ureolysis and manganese oxidation, while nitrate reduction, predatory or ectoparasitic, and chitinolysis were significantly weakened (Figure 4A). Other functional groups showed no significant changes, such as chemoheterotrophy, aerobic chemoheterotrophy, aerobic ammonia oxidation, fermentation, nitrogen fixation, and nitrification.

[image: Chart A and B display relative abundance percentages of different microbial groups in samples CK, Y5, and Y20. Each bar is divided into categories, with distinct colors representing various functions or types like chemoheterotrophy, nitrification, and pathogens, among others. The legend identifies each category by color.]

FIGURE 4
 Changes in functional groups on bacterial (A) and fungi (B) OTU data in different continuous tobacco cropping.


To study the functional difference of fungal communities in samples, FUNGuild database was used to perform a functional prediction (Figure 4B). The fungal community trophic types included pathotrophs, saprotrophs, and symbiotrophs. Saprotrophs was dominated in CK accounting for 36% with plant pathogen accounting for 26% of the total community. Plant-pathogens were increased and then decreased with the duration of continuous cropping. Ectomycorrhizal were significantly increased in Y5 accounting for 13% compared to all the other treatment groups.



Analysis of metabolites in soil

A total of 823 metabolites were detected through GC–MS, and 99 were identified. The total ion mass spectra of soil in CK, Y5, and Y20 were basically similar in profile and in peak time. The results indicated that the types of metabolites were similar in different continuous cropping duration. Among the top 30 compounds in relative abundance of metabolites, 14 acids, five alcohols, three sugars, two esters, two phenols, and six other complex compounds were detected (Figure 5A). As shown in Figure 5B, we observed that the samples contained acidic component as palmitic acid, 3-hydroxypropionic acid, stearic acid, hippuric acid, 2-ketobutyric acid, lactic acid, 4-acetylbutyric acid, glycine, 3-aminoisobutyric acid, citrulline, sulfuric acid, citraconic acid, valine, and cycloleucine. With the lengthening of continuous cropping, the content of 3-hydroxypropionic acid increased significantly, and that of palmitic acid and stearic acid decreased rapidly and then increased significantly. The other compounds showed no significant change in CK, Y5, and Y20.

[image: Bar charts labeled A and B compare the relative abundance of various acids and compounds across three categories: CK (gray), Y5 (red), and Y20 (green). Chart A displays data on compounds like glycerol, palmitic acid, and trehalose, with glycerol showing the highest abundance. Chart B highlights palmitic acid and 3-aminoisobutyric acid, with palmitic acid being most abundant. Error bars indicate variability in measurements.]

FIGURE 5
 The relative abundances of metabolites (A) and acid compounds (B) in different soils with the lengthening of continuous cropping.


One trait influencing rhizosphere microbial changed could be soil micro-environment. To address this hypothesis, a correlation analysis between the rhizosphere microorganisms whose abundance markedly changed at the genus level and metabolites in soil was performed. The results of the correlation analysis were shown in Figure 6. The results revealed that pH and AN significantly correlated with bacteria. Meanwhile, 1-Monopalmitin significantly correlated with fungi.

[image: Correlation heatmap showing relationships between various acids, sugars, and environmental factors. Squares indicate different correlation coefficients using color gradients for Pearson's r, Mantel's p, and Mantel's r. Fungi and bacteria connections are marked with lines; thicker lines represent stronger correlations.]

FIGURE 6
 Effects of environmental variables on soil microbial diversity in different soils.





Discussion

Soil microbial communities are essential for plant nutrition and soil health (Fitzpatrick et al., 2018). However, long-term continuous cropping system breaks the balance of soil microbial community structure. Few scholars have evaluated the effects of long-term continuous cropping in karst agroecosystems of Guizhou province, China. Continuous cropping mode may decrease the nutrient ratio of soil and increase the incidence of pests, leading to poor crop growth and decreased yield and quality (An et al., 2022). The extensive use of pesticides brings safety issues and soil environmental pollution during agricultural production and seriously harms the health of soil ecosystems (Jiang et al., 2022). However, information on the ecological interactions between soil microbiomes and the establishment of disease-suppressive systems is still scarce. Therefore, clarifying the impact of long-term continuous cropping on karst agroecosystems may provide new avenues for managing microbiome-driven soil self-recovery.


Soil microbial community changes

High-throughput sequencing revealed that bacterial community increased with the increase in continuous cultivation years, consistent with the findings of some studies on other crop species (Zhang et al., 2017; Fei et al., 2021; Jin et al., 2021; Yao et al., 2023). Specifically, the bacterial community composition was dominated by Proteobacteria, Acidobacteria, Actinobacteria, and Gemmatimonadetes at the bacterial phylum level. The abundance of Proteobacteria was increased, which may change the ecological function of soil. Proteobacteria are a broad phylum and can grow fast in soils with unstable substrate conditions (Zeng et al., 2017). The increase in easily decomposable nutrients can stimulate the increase in the abundance of Proteobacteria. Acidobacteria have a wide range of metabolic and genetic functions and exhibit a robust inverse response to soil pH (Wang et al., 2016). Interestingly, the abundance of Acidobacteria increased and then decreased as soil pH decreased in our study. Copiotrophic microbes are regarded to be related to R-strategy (Fierer et al., 2007). The theory of microbial nutrition strategies assists in comprehending our results. In our study, the relative abundances of Sphingomonas and Massilia were significantly higher in Y20 than in other groups, whereas those of Gemmatimonas, Micrococcaceae, and Micromonosporaceae showed the opposite trends. Sphingomonas can survive under nutrient conditions and is essential in decomposing recalcitrant organic matters. It has exploitable potential in ecological environment restoration and will be a hot spot in the microbial restoration of the environment in the future. Massilia presents in rhizosphere soil as symbiotic bacterium (Cardinale et al., 2019). In this study, the RDA results indicated that the AP content was positively correlated with the relative abundances of Sphingonas and Massilia (Figure 3), and the changes in AN content could indirectly affect their relative abundances. Previous reports have shown that Sphingomonas and Massilia can dissolve phosphorus, and their relative abundances are positively correlated with the activity of phosphatase (Cardinale et al., 2019; Son et al., 2021). We speculate that the increases in the relative abundances of Sphingomonas and Massilia provide more AP for plants and fungi in continuous cropping soil. Gemmatimonas, Micrococcaceae, and Micromonosporaceae are beneficial bacteria that widely exist in soil and play a very important role in the stability of soil ecosystems. In this study, the abundances of Gemmatimonas, Micrococcaceae, and Micromonosporaceae decreased significantly with continuous cropping. We speculated that tobacco roots continuously secreted secondary metabolites, contributing to the colonization of certain microbial species whereas inhibiting that of certain beneficial microbial species in continuous cropping systems (You et al., 2015; Zhang et al., 2020).

We observed that different shifts in soil fungal compositions across different durations of continuous cropping. The abundance and diversity of fungal communities increased with the lengthening of continuous cropping in alpha diversity. The dominant genera in all groups were Mortierella, Fusarium, Byssochlamys, Chaetomium, Penicillium, and Cladosporium. Among them, Mortierella is a beneficial fungus with contributions to soil nutrient transformation and availability (Ning et al., 2020). Adding Mortierella to soil can significantly increase the contents of AP, potassium, AK, magnesium, and boron (Francioli et al., 2016). Chaetomium is an important fungus with a biocontrol effect, contributing to the decomposition of cellulose and residing within various plant residues and soils (Hubbard et al., 2011). Byssochlamys, Fusarium, and Cladosporium are plant pathogens. Fusarium is a widely reported pathogenic fungus; plants infected with it can wilt, which will be exacerbated by continuous cropping (Sant'Ana et al., 2009; Wang et al., 2015). Mildly acidic conditions are suitable for the growth of Byssochlamys, which has a broad host spectrum and is pathogenic to many plants (Sant'Ana et al., 2009). The relative abundance of Fusarium tends to decrease and increase subsequently with the lengthening of continuous strawberry cropping (Huang et al., 2018). In this study, the relative abundances of potential phytopathogens (Byssochlamys and Fusarium) decreased and then increased with the duration of continuous cropping. Continuous soybean cropping increases the relative abundance of beneficial fungi, such as Mortierella sp., to inhibit plant pathogens (Liu et al., 2020). In this study, the relative abundance of the pathogenic fungus Mortierella was increased with the duration of continuous cropping. We speculated that tobacco root exudates recruited beneficial fungi to compete with pathogenic microbiomes under long-term continuous cropping. Overall, potential plant pathogenic fungi and beneficial microorganisms showed synergistic increases under long-term continuous cropping.



Soil microbial community response to environmental drivers

Previous studies have shown that long-term continuous cropping leads to the deterioration of soil chemical properties and decreased plant yields (Liu Q. et al., 2021). Continuous cropping obstacles may be associated with changes in soil pH and nitrogen content. The decreased pH level reduces the availability of soil nutrients and interferes with nutrient absorption, impeding normal crop development (Huang et al., 2018). Continuous cropping obstacles may be attributable to the decreased soil pH (Zhang et al., 2015). This study demonstrated that the soil pH level was negatively associated with the AN content, which agrees well with a previous study (Zhang and Lin, 2009). The contents of AP and AN after continuous soybean cropping for 13 years were significantly higher than those after 3 or 5 years. Soil nutrients exhibited no decrease after long-term continuous cropping, indicating that the lack of plant nutrients may not directly cause plant diseases (Mbanyele et al., 2022).

Furthermore, soil microbial communities were affected by environmental factors, including soil pH levels and the contents of AN and AP. The RDA and correlation heatmap were used to analyze the relationships between soil microbial composition and environmental factors (Figure 3). Previous studies have demonstrated that environmental factors have different effects on bacterial and fungal communities (Dong et al., 2017). This study found that the effects of environmental factors on bacterial diversity were more dramatic than fungal diversity. Among the bacteria, the abundance of Micromonosporaceae was positively correlated with the pH level and AK content, that of Acidobacteriales was positively correlated with the AN content, and that of Massilia was negatively correlated with the pH and AK content. Among the fungi, the abundance of Alternaria was positively correlated with the pH and AK content, that of Cladosporium was positively correlated with the SOC content, and that of Mortierella was positively correlated with the AP content. In summary, the pH level and AK content had the greatest influence on the soil microbial community structure, while the AP content significantly influenced the formation of the fungal community structure.



Soil microbial function predictions

Different microbial functional communities were formed at different successional stages (Liu S. et al., 2021). The abundances of different bacterial metabolic pathways were predicated using the FAPROTAX database. We observed significant increases in ureolysis and manganese oxidation and significant decreases in nitrate reduction, predatory or ectoparasitic, and chitinolysis with the duration of continuous cropping. According to the nutrient competition hypothesis, the growth and reproduction of mycorrhizal fungi and free microorganisms need nutrients (Orwin et al., 2011). Previous studies have reported that ectomycorrhizal and plant pathogens can secrete enzymes to degrade organic matter, which inhibits the nitrogen restriction of free microorganisms, thus inhibiting organic matter decomposition (Cederlund et al., 2014; Averill, 2016). We found that the abundances of plant-pathogens and ectomycorrhiza increased and then decreased, which may be caused by the interactions of ectomycorrhizal and plant pathogens with free microorganisms. Finally, we concluded that fungal changes might alter the soil nutrient cycles in karst ecosystems under long-term continuous cropping.



Analysis of metabolites in soil

The deterioration of soil chemical properties was considered to be associated with long-term continuous cropping crops (Xie et al., 2017). It was reported that crop released a great variety of secondary metabolites into the soil environment through root exudation or residue decomposition (Liu et al., 2018). The allelochemicals have been proposed that can improve the activities of soil-borne pathogens, which are released by the crops (Bonanomi et al., 2016). In our finding, the soil pH decreased significantly with the duration of continuous cropping increased, which is consistent with previous studies (Chen et al., 2022). The accumulation of acids might cause soil acidification (Agegnehu et al., 2016). There had differences in metabolites in soil among different periods of continuous cropping in this finding. The content of palmitic acid and stearic acid increased initially and then decreased as the cropping continued. The palmitic acid influenced plant growth and metabolism, which have found in high levels in many plant root exudates and residues (Ma et al., 2021; Xin et al., 2022). Previous studies have proved that palmitic acid and stearic acid can significantly inhibit the germination of seeds and the growth of seedlings (Xiang et al., 2022). In the process of penetration and colonization, fungi can secret an array of extracellular hydrolytic enzymes, which can degrade cell walls of roots, secreting substantial quantities of organic acids (Gu et al., 2022). In this study, we used GC-TOF-MS to analyze secondary metabolites in soil and found many organic acids and their derivatives. Whether those metabolites are root exudates or secreted by microorganisms remains to be further verified. In addition, our work has some limitations, and additional studies are needed to investigate the dynamic changes in soil metabolites and their relations with soil microorganisms. These finding could be used to reveal the mechanism of soil sickness associated with long-term continuous cropping crops.




Conclusion

In this study, we demonstrated that continuous cropping system exerted a significant impact on the microbial community structure, exhibiting discernible disparities between long-term and short-term continuous cropping farmland. Furthermore, the soil pH level as well as AN content and SOC content were key environmental factors contributing to microbial community structural and functional changes. Long-term continuous cropping fostered synergistic increments in potential plant pathogenic fungi and beneficial microorganisms. However, further research is warranted to investigate whether and how pathogenic and beneficial microorganisms interact with plant secondary metabolites requires.
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Introduction: Bamboo can be used in the phytoremediation of heavy metal pollution. However, the characteristics of the bamboo rhizosphere archaeal community in Cr-contaminated soil under field conditions remain unclear.
Methods: In this study, high-throughput sequencing was used to examine the rhizosphere soil archaeal communities of Lei bamboo (Phyllostachys precox) plantations along a Cr pollution gradient.
Results: The results revealed U-shaped relationships between Cr [total Cr (TCr) or HCl-extractable Cr (ACr)] and two alpha indices (Chao1 and Shannon) of archaea. We also established that high Cr concentrations were associated with a significant increase in the abundance of Thaumarchaeota and significant reductions in the abundances of Crenarchaeota and Euryarchaeota. The archaeal co-occurrence networks reduced in complexity with Cr pollution, decreasing the community’s resistance to environmental disturbance. Candidatus nitrosotalea and Nitrososphaeraceae_unclassified (two genera of Thaumarchaeota) were identified as keystone taxa. The community structure of soil archaeal communities was also found to be affected by TCr, ACr, pH, total organic C, and available nutrient (N, P, and K) concentrations, with pH being identified as the most reliable predictor of the archaeal community in assessed soils.
Discussion: These findings enhance our understanding of microbial responses to Cr pollution and provide a basis for developing more refined approaches for the use of bamboo in the remediation of Cr-contaminated soils.
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1 Introduction

Chromium (Cr) has drawn public attention owing to its toxic effects on soil, plants, and human beings (Sharma et al., 2021). The Cr in soil originates from both natural and human activities, such as fertilizer application, mineral exploitation, textile dyeing, and electroplating (Yang et al., 2019). Globally, more than 30,000 t of Cr has been released into the environment in the past 50 years, and most of it has accumulated in the soil, resulting in Cr pollution (Fallahzadeh et al., 2017). Li et al. (2020) indicated that the Cr content in China’s farmland soils is 1.48–820.24 mg/kg, and the contents at 4.31 and 0.12% of the sites they examined exceeded the screening (150 mg/kg) and control (800 mg/kg) values, respectively. In such cases, effective measures should be taken to mitigate and remediate the negative effects of Cr.

Bamboo forests cover the largest total forested area (1.0%) globally, with an area of 31.5 × 106 ha (Li et al., 2018). Bamboo plants grow quickly, propagate rapidly, and can be cultivated easily (Cao et al., 2011). Bamboo also offers economic benefits owing to its high shoot yield (Li et al., 2010). Further, bamboo has positive ecological effects, such as carbon (C) cycling and climate mitigation (Cao et al., 2011; Terefe et al., 2019). Certain bamboo species can grow normally in heavy metal (HM) contaminated soil, although bamboo is not a hyperaccumulator, it is a strong candidate for use in HM phytoremediation (Bian et al., 2020).

Similar to fungi and bacteria, archaea not only play critical roles in biogeochemical cycles, including C, N, and S cycles (Yang et al., 2016), but they are also involved in HM transformation (Gilmour et al., 2018; Ni et al., 2020). Previous studies have shown that archaea are highly adaptable to HM stress and can convert toxic HM into less or non-toxic forms (Chaturvedi et al., 2015; Krzmarzick et al., 2018). Cr can reportedly affect soil archaeal community structures, abundances, and diversity (Li et al., 2017). The rhizosphere refers to the soil affected plant roots and the root tissue colonized by microorganisms (Hassan et al., 2019); these microbial communities are highly diverse, hosting genetic material more extensive than that of the host plant (Mendes et al., 2013). The community structure of these microbial communities influences nutrient cycling, plant growth, and root health in soil systems (Chepsergon and Moleleki, 2023). For example, these rhizosphere-linked microorganisms can promote the growth of plant roots by secreting iron carriers and plant hormones, improving nutrient utilization, and increasing the availability of HMs, thereby promoting plant absorption and accumulation of HMs (Zhu et al., 2023). In addition, rhizosphere microorganisms rapidly respond to environmental changes (Zhang et al., 2020; Sun et al., 2021), allowing them to efficiently collaborate with the host plant to maintain homeostasis (Bhanse et al., 2022). Soil–plant-microbiota is a closely interconnected biological network where various physiological and biochemical reactions occur between microbial communities, plant roots, and soil environment to promote energy flow, material cycling, and signal transmission in soil ecosystems, thus possessing great potential in plant remediation (Ma, 2019). Most studies delving into the phytoremediation of Cr-contaminated soils have only been conducted in laboratory settings (Xia et al., 2019); however, archaeal communities present in bamboo rhizosphere soil under field conditions have not been comprehensively examined.

In this study, archaeal community distributions were examined in the bamboo rhizosphere along a Cr gradient under field conditions. We hypothesized that Cr pollution can induce significant shifts in the soil archaeal communities of bamboo plantations, and consequently, these changes can affect other soil properties. The specific objectives of this study were to (1) characterize the archaeal communities and their functional profiles in bamboo rhizosphere soil exposed to different Cr concentrations under field conditions; and (2) determine the associations among soil parameters, Cr contents, and archaeal communities. We anticipate that the findings of this study will facilitate a greater understanding of the associations among Cr pollution, the soil chemical environment, and shifts in archaeal diversity and function. Moreover, these findings could contribute to the development of robust strategies for using bamboo in the phytoremediation of Cr-contaminated soils.



2 Materials and methods


2.1 Study site and sample collection

The soil was collected from the Lin’an District (30°18′ N, 119°34′ E) of Hangzhou, Zhejiang Province, China (Supplementary Figure S1). The study area was a Lei bamboo plantation (approximately 45 ha) that contained a 1–2 m wide stream. Owing to previous wastewater discharge (1995–2009) from a Cr-galvanizing plant, the bamboo plantation contains varying levels of HM pollution depending on the distance from the stream. The preliminary investigations were conducted to determine the status of soil Cr pollution in the studied area. After statistical analysis (one-way ANOVA with LSD post-hoc test), we selected five different levels of total Cr (TCr) concentrations for further analysis: low (L, 46.65 ± 0.68 mg/kg), low–moderate (LM, 77.64 ± 2.53 mg/kg), moderate (M, 87.23 ± 1.83 mg/kg), moderate–high (MH, 133.10 ± 1.56 mg/kg), and high (H, 357.38 ± 19.72 mg/kg). Five 3 × 3 m sampling plots were established for each treatment. Within each sampling plot, three bamboo plants were selected and dug out, and the rhizosphere soil of each bamboo plant was collected and mixed as a composite sample. Rhizosphere soils were collected using the method described by Zhou et al. (2013). Briefly, the roots of each bamboo plant were first gently shaken to remove the non-rhizosphere soil. The roots were then transferred to a sampling tube and shaken to collect soil tightly adhered to the roots, which represents the rhizosphere soil. A total of 25 fresh soil samples were taken, sieved with a 2 mm mesh to remove any stones, roots, and large organic residue, and then used in subsequent chemical and microbial analyses. The Cr concentrations in the L treatment were lower than the total average Cr in the agricultural area (48.0 mg/kg) (Yang et al., 2018), therefore, it was considered to be an uncontaminated soil.



2.2 Soil chemical analysis

The soil pH was determined with a glass electrode with a soil-to-water ratio of 1:2.5 (w:v). The soil total organic carbon (TOC) was analyzed using a TOC analyzer (Multi N/C 3100, Analytik Jena AG, Jena, Germany). Soil alkali-hydrolysable N (AN, alkali solution diffusion method), available phosphorus (AP, extracted with 0.5 M NaHCO3), available K (AK, extracted using 1 M ammonium acetate acid), and available Cr (ACr, extracted with 0.1 M HCl) were determined using methods described by Zhang et al. (2020).



2.3 DNA extraction and sequencing

DNA from the soil samples was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The archaeal diversity was estimated using archF (5′-TGYCAGCCGCCGCGGTAA-3′) and archR (5′-YCCGGCGTTGAVTCCAATT-3′) (Pires et al., 2012). For each of the 25 DNA samples, the polymerase chain reaction (PCR) amplification and sequencing were performed using a MiSeq PE300 platform (Illumina, San Diego, CA, United States) at LC-Bio Tech. Co., Ltd. (Hangzhou, China) with a minimum depth of 30,000 reads per sample. PCR amplification was conducted using a total reaction mixture volume of 25 μL. This mixture contained 25 ng of template DNA, 12.5 μL of PCR Premix, 2.5 μL of each primer, and sufficient PCR-grade solution buffer to adjust the volume. The PCR conditions comprised an initial denaturation at 98°C for 30 s, 32 cycles of denaturation at 98°C for 10 s, annealing at 54°C for 30 s, extension at 72°C for 45 s, and a final extension at 72°C for 10 min.



2.4 Sequence processing

The sequences were processed using the method described by Zhang et al. (2020). Briefly, FLASH (Magoč and Salzberg, 2011), Fqtrim,1 and the Vsearch tool (Rognes et al., 2016) were used for paired-end reads assembly, quality control, and chimera removal, respectively. DADA2 (Callahan et al., 2016) was used to generate the amplicon sequence variants (ASVs). In addition, taxonomy was assigned against the SILVA 132 database (Quast et al., 2013) using the q2-feature-classifier plugin in QIIME 2 (Bolyen et al., 2019). PICRUSt2 (Douglas et al., 2020) was used to predict the metabolic pathways of the archaeal communities.



2.5 Statistical analysis

One-way ANOVA and LSD post hoc test were conducted using IBM SPSS (version 19.0; Chicago IL, USA) to evaluate the differences in soil properties, alpha indices, and dominant taxa (with p ≤ 0.05 being significant). Alpha index calculations and clustering plot were performed in R using the “microeco” package (Liu et al., 2021). The “vegan” R package (Dixon, 2003) was used to evaluate the effects of the soil parameters on the archaeal communities via redundancy analysis (RDA). Principal coordinates analysis (PCoA) was performed using the “pcoa” function of the “ape” R package (Paradis et al., 2004). Analysis of similarities (ANOSIM) was conducted using the “vegan” R package (Dixon, 2003). The microbial networks were determined using the “WGCNA” (Langfelder and Horvath, 2008) and “igraph” (Csardi and Nepusz, 2006) R packages, and were visualized using Gephi (Bastian et al., 2009). Specifically, only ASVs present in 80% of all samples were used to construct the network. In addition, Spearman’s correlation coefficient > 0.6 and p ≤ 0.05 were used to characterize the dynamics of the resultant network. The keystone species were identified as the nodes with the highest betweenness centrality scores in co-occurrence networks (Vick-Majors et al., 2014). The R’s “ggcor” package (Huang et al., 2020) was applied to perform the Spearman’s correlation analysis and the mantel test. The Random Forest model was constructed to identify the key predictors of soil archaeal communities using the R package “randomForest” (Liaw and Wiener, 2002).




3 Results


3.1 Soil chemical environment as affected by Cr pollution

Compared with L, soil pH was significantly reduced in other four treatments (except M, Figure 1A), while TOC (except LM, Figure 1B), AP (except LM, Figure 1D), and ACr (Figure 1F) were significantly increased. H and MH treatments had the higher AN compared with other three treatments (Figure 1C). LM significantly decreased the AK relative to other four treatments (Figure 1E).

[image: Bar charts compare different soil properties across five treatments: Low (L), Low-Medium (LM), Medium (M), Medium-High (MH), and High (H). Charts depict pH, total organic carbon (TOC), available nitrogen (AN), available phosphorus (AP), available potassium (AK), and ammonium CR (ACr). Each chart includes bars with different letters indicating statistically significant differences, with error bars showing variability.]

FIGURE 1
 Changes in soil properties in the bamboo rhizosphere soils. (A-F) denotes the characteristics of soil pH, TOC, AN, AP, AK, and ACr in the bamboo rhizosphere respectively. The different letters indicate significant differences based on a one-way ANOVA (LSD, p ≤ 0.05). TOC, total organic carbon; AN, alkalihydrolysable nitrogen; AP, available P; AK, available K; L, low; LM, low-moderate; M, moderate; MH, moderate-high, H, high.




3.2 Archaeal diversity as affected by Cr pollution

The archaeal Shannon and Chao1 indices in M and MH were significantly lower (p < 0.05) than those in the three other treatments (L, LM, and H) (Figure 2A). Both TCr and ACr showed significant non-linear trends with archaeal alpha diversity (both the Shannon and Chao1 indices, Figure 2B).

[image: Panel A shows box plots comparing Chao1 and Shannon indices across five groups (L, LM, M, MH, H) with significant differences indicated by letters. Panel B features four scatter plots with quadratic regression lines and equations, illustrating relationships between Chao1/Shannon indices against TCr and ACr. Each plot includes R-squared and p-values, indicating statistical significance.]

FIGURE 2
 Alpha diversity indices of the soil archaeal microbiome exposed to different Cr concentrations (A). Different letters indicate significant variation between the five Cr treatments (p < 0.05). L, low; LM, low-moderate; M, moderate; MH, moderate-high; H, high. Relationships between soil Cr and archaeal alpha indices (B). TCr, total Cr; ACr, HCl-extractable Cr.




3.3 Archaea composition as affected by Cr pollution

After quality control, a total of 459, 682 high-quality archaeal reads were obtained from all the soil samples. A total of 958 archaeal ASVs were identified. A total of 26 ASVs were shared among the five treatments, and 200, 181, 54, 69, and 208 ASVs were unique in the L, LM, M, MH, and H treatments, respectively (Figure 3A). Three archaeal phyla with more than 1% abundance were identified in the soil samples (Figure 3B), including Thaumarchaeota (71.95%), Euryarchaeota (8.99%), and Crenarchaeota (1.65%). Compared with L (Figure 4A), the relative abundance of Thaumarchaeota (except LM, H ≈ M > MH > L > LM) and Euryarchaeota (except MH, LM > H ≈ M > M ≈ L) in the other four treatments increased significantly (p < 0.05), while and the relative abundance of Crenarchaeota (L > H > M ≈ MH > LM) decreased significantly (p < 0.05).

[image: A composite image with three panels: A) A Venn diagram with overlapping colored regions labeled L, LM, M, MH, and H, showing shared and unique values. B) A stacked bar chart presenting relative abundance percentages of different phyla across five conditions labeled L, LM, M, MH, and H. C) A heatmap displaying relative abundance of various microorganisms across the same five conditions, with a color gradient from blue to red indicating increasing abundance.]

FIGURE 3
 The profile of archaeal communities in Lei bamboo soils exposed to different Cr concentrations. (A) Venn diagram at the OTU level; (B) composition of archaeal communities at phylum level; (C) composition of archaeal communities at genus level. L, low; LM, low–moderate; M, moderate; MH, moderate–high; H, high.


[image: Chart A shows a bar graph comparing the relative abundance of different archaeal groups: Thaumarchaeota, Euryarchaeota, Crenarchaeota, Candidatus Nitrosotalea, and Candidatus Nitrosocosmicus. Chart B is a principal coordinates analysis (PCoA) plot showing the distribution of samples labeled L, LM, M, MH, and H. Chart C is a dendrogram depicting the hierarchical clustering of samples with labels such as H4, H1, LM4, and L2.]

FIGURE 4
 Comparative analysis of the compositions of dominant archaeal phyla and genera in Lei bamboo soil exposed to different Cr concentrations (A). The different letters indicate significant differences based on a one-way ANOVA (LSD, p ≤ 0.05). PCoA of Bray–Curtis distances between all soil samples (B). Hierarchical cluster analysis for soil archaeal communities (C). L, low; LM, low-moderate; M, moderate; MH, moderate-high, H, high.


At the genus level, two archaeal genera were dominant (> 1%) in the soils: Candidatus nitrosotalea (53.05%) and Candidatus nitrocosmicus (1.01%) (Figure 3C). As shown in Figure 4A, Candidatus nitrosotalea was significantly more abundant in the Cr-polluted treatments (except LM) than in L, in the order of M > MH > H > L ≈ LM, while Candidatus nitrocosmicus abundance was significantly lower in the Cr-polluted treatments (except H) than in L, in the order of L ≈ H > LM ≈ M ≈ MH (Figure 4A).

The PCoA (Figure 4B) revealed clear clustering of the archaeal communities from the five Cr pollution groups. PCoA1 and PCoA2 explained 31 and 24.91% of the variance, respectively (Figure 4B). The ANOSIM (r = 0.991, p = 0.001) and hierarchical clustering based on Bray–Curtis dissimilarity also indicated that the archaeal community differed significantly among the five treatments (Figure 4C).



3.4 Co-occurrence patterns of archaeal communities

The archaeal network was consisted of 88 nodes and 586 edges with a diameter of 6, average degree of 13.318, an average path length of 2.585, and a modularity of 0.969 (Figure 5A). The nodes of the network were assigned to three archaeal phyla (Thaumarchaeota, Crenarchaeota, and Euryarchaeota), accounting for 77.27% of all the nodes, with 22.73% of them remaining unidentified at the phylum level (Figure 5A). The top three ASVs were identified as keystone taxa and assigned to two Thaumarchaeota genera: Candidatus nitrosotalea and Nitrososphaeraceae_unclassified. Based on the modularity index, all nodes were classified into four modules (Figure 5B). Thaumarchaeota was the most dominant phylum in modules 1, 2, and 4, while archaea_unclassified dominated module 3 (Figure 5C).

[image: Network diagrams and a bar chart depicting microbial data. Diagram A is colored by phylum with different colors for Thaumarchaeota, Archaea_unclassified, Euryarchaeota, and Crenarchaeota. Diagram B is colored by module, showing four modules. Chart C displays relative abundance of phyla for each module, using the same color scheme as the modules.]

FIGURE 5
 Archaeal community co-occurrence networks at the OTU level color-coded by phylum (A) and module (B); Archaeal phyla composition for each module (C).


Co-occurrence networks were also determined for archaeal communities at each Cr level based on the top 500 ASVs (Figure 6). The co-occurrence network analysis showed that the number of nodes and edges in the L network were higher than in the other four (LM, M, MH, and H) networks (Figure 6; Supplementary Table S1), indicating that Cr pollution reduced the network complex. The number of positive edges in the L, LM, M, MH, and H networks were 4,495, 3,910, 1,094, 1,704, and 3,786, respectively, accounting for 92.76, 90.95, 91.01, 93.32, and 92.48% of the total number of edges (Figure 6; Supplementary Table S1).

[image: Five circular network diagrams labeled L, LM, M, MH, and H display interconnected nodes in various colors. Each diagram shows a distinct pattern of node density and connections, with red links connecting different colored nodes, suggesting varying levels of interconnectedness or clustering.]

FIGURE 6
 Co-occurring network of archaeal communities at the ASV level along a Cr gradient. The nodes are colored by phyla, and the connections denote a strong (Pearson’s |ρ| > 0.6) and significant (p < 0.05) correlation.




3.5 Predicted functional potential of the soil archaeal community

The PICRUSt2 analysis indicated that there were 28 functional genes with a relative abundance of more than 1% (Supplementary Figure S1), including general function prediction only (5.35%), ribosome (5.02%), urine metabolism (3.53%), pyrimidine metabolism (2.87%), amino acid-related enzymes (2.54%), transporters (2.23%), aminoacyl-tRNA biosynthesis (2.23%), DNA repair and recombination proteins (2.16%), and oxidative phosphorylation (2.16%). The pathways related to the C and N cycles were further analyzed, as shown in Figure 7. Compared with L, the abundance of the metabolic pathways for fatty acid metabolism (except LM), glycolysis/gluconeogenesis (except MH), and C fixation were significantly increased in the other treatments, while the abundance of the metabolic pathways for carbohydrate metabolism, methane metabolism (except LM), and N metabolism were significantly decreased.

[image: Box plots illustrate relative abundance percentages for four metabolic processes: A) Carbon fixation, B) Carbohydrate metabolism, C) Methane metabolism, and D) Nitrogen metabolism across five conditions: L, LM, M, MH, H. Different colors represent varying abundance levels, with annotations indicating statistical differences.]

FIGURE 7
 Pathways related to nitrogen and methane metabolism, as predicted by the Kyoto Encyclopedia of Genes and Genomes (KEGG). (A) Carbon fixation; (B) Carbohydrate metabolism; (C) Methane metabolism; (D) Nitrogen metabolism. The different letters indicate significant differences among the five Cr levels based on a one-way ANOVA (LSD, p ≤ 0.05).




3.6 Factors shaping the archaeal community

The Mantel test suggested that pH, TOC, AN, AP, AK, TCr, and ACr had important effects on the variation observed in the archaeal communities (Figure 8A). The RDA results indicated the first two axes explained 45.18% of the variability between the soil properties and the archaeal community (Figure 8B). The soil pH (r2 = 0.881, p = 0.001), TOC (r2 = 0.359, p = 0.009), AN (r2 = 0.662, p = 0.001), AP (r2 = 0.625, p = 0.002), AK (r2 = 0.852, p = 0.001), TCr (r2 = 0.756, p = 0.001), and ACr (r2 = 0.603, p = 0.001) were significantly associated with the archaeal community. Furthermore, pH exhibited the highest contribution to archaeal community revealed by random forest model (Figure 8C).

[image: Panel A displays a correlation matrix showing relationships between environmental factors and archaeal communities, with color-coded correlations and Mantel's tests. Panel B is an RDA biplot illustrating sample differentiation based on environmental variables. Panel C is a bar chart ranking the importance of variables like pH and TOC on archaeal community structure, highlighted with significance markers.]

FIGURE 8
 Spearman’s correlation analysis and Mantel tests for microbial communities (A); edge width corresponds to the Mantel’s R value and the edge color denotes the statistical significance. Redundancy analysis of soil properties and archaeal communities (B); random forest model identified the impact factors of microbial nutrient limitation in the studied soils (C). **p ≤ 0.01; *p ≤ 0.05; IncMSE, the increase in mean square error. TOC, total organic carbon; AN, alkalihydrolysable nitrogen; AP, available P; AK, available K; L, low; LM, low-moderate; M, moderate; MH, moderate-high, H, high.





4 Discussion


4.1 Effects of Cr pollution on soil chemical environment in the bamboo rhizosphere

The results showed high Cr pollution had a decreasing pH as well as an increasing TOC compared with the uncontaminated area (Figures 1A,B). Studies indicated that pH is the most dominant factor driving HM mobility and bioavailability (Araújo et al., 2019; Liu et al., 2022). Wang et al. (2006) showed soil pH had a negative correlation with metal availability. Soil TOC was also found to increase the HM solubility and mobility as it provides organic chemicals and acts as chelating agents (Shrestha et al., 2007). Therefore, the decreased pH and increased TOC may contribute to the increased HCl-extractable Cr with the Cr accumulation. In addition, high Cr-polluted soils were found to have higher AN and AP than in the uncontaminated soil. Bian et al. (2018) suggested soil nutrients, such AN and AP, which were positively correlated with HM contents, indicating HMs can be removed by the uptake of plants.



4.2 Effects of Cr pollution on soil archaeal community composition in the bamboo rhizosphere

This study used deep 16S amplicon sequencing to investigate archaeal community characteristics in bamboo plantation soils at different Cr pollution levels. Our results indicate that increasing the Cr content altered the alpha diversity of archaeal communities in the bamboo rhizosphere, following a non-linear correlation. The archaeal alpha diversity presented a U-shaped distribution (first decreasing and then increasing) with increasing Cr content. In contrast, Cr contents negatively linear correlation with the bacterial alpha indices in the bamboo rhizosphere (Zhang et al., 2020). These phenomena may be caused by archaea perceiving and using environmental resources in more restrictive ways than bacteria do (Aller and Kemp, 2008). Furthermore, we found that the detected increase in archaeal alpha diversity in soil with a higher Cr content was associated with soil physicochemical properties (Jiao et al., 2020; Qiu et al., 2021). Soils with a higher Cr content were found to have higher levels of TOC, AN, and AP, which not only provided nutrients for the growth and proliferation of archaeal communities but also contributed to reductions in the mobility, toxicity, and bioavailability of HM (Peng et al., 2009; Bolan et al., 2014).

We found that Cr accumulation increased Thaumarchaeota abundance. Members of the phylum Thaumarchaeota are involved in N and C cycling (Walker et al., 2010). The increased abundance of this phylum in the Cr-polluted soil may be associated with increased TOC and AN. The co-occurrence network analysis also indicated that Thaumarchaeota was the most abundant phylum, and two Thaumarchaeota genera (Candidatus nitrosotalea and Nitrososphaeraceae_unclassified) were identified as the top three keystone taxa based on their BC scores. González et al. (2010) indicated that nodes with high BC scores play key roles in maintaining the connectivity of ecological networks. Therefore, in the bamboo rhizosphere, Thaumarchaeota might play a critical role in maintaining archaeal community structure and function under Cr pollution.

The results suggest that high Cr pollution decreased the abundance of Euryarchaeota, which is consistent with the findings of Li et al. (2017). Miranda et al. (2019) found that Euryarchaeota were negatively correlated with Cr, pH, TOC, K, and P. Therefore, the increase in the TCr, as well as the shifts in the soil chemical parameters, contributed to the decrease in Euryarchaeota abundance. In our study, the Crenarchaeota abundance was also decreased with high Cr pollution. Many studies have indicated that Crenarchaeota play important roles in ammonia oxidation (Nicol and Schleper, 2006) and autotrophic CO2 fixation (Shi et al., 2023). This indicates that the decrease in the Crenarchaeota can be partly explained by shifts in TOC and AN.

We also found that Candidatus nitrosotalea and Candidatus nitrocosmicus were dominant in the bamboo soils under Cr pollution. These two species are related to nitrification and ammonia oxidation (Herbold et al., 2017; Gornish et al., 2020), suggesting the two genera might play vital roles in N cycling under Cr pollution. In this study, with increasing Cr levels, the abundance of Candidatus nitrosotalea (except in LM) increased significantly, while that of Candidatus nitrocosmicus (except in H) decreased significantly. These findings suggest that high Cr pollution may affect N metabolism in the bamboo soils.

The results also indicated that Cr pollution decreased the complexity of the archaeal network, partly because high HM concentrations can affect the structure and function of cells and inhibit microbial activity or competitiveness (Shuaib et al., 2021). de Vries et al. (2018) suggested that more complexity of microbial networks will enhance the stability of the community and increase the ability of microbial communities to resist environmental disturbances. The changes in the complexity of archaeal networks indicate that Cr pollution can affect archaeal abundance and diversity and reduce community stability.



4.3 Effects of Cr pollution on the potential functions of the archaeal community

To date, the functional metabolic potential of archaeal communities in bamboo soils under HM contamination has not been well documented. In the current study, based on the PICRUST2 results, we found that high Cr levels were associated with higher levels of fatty acid metabolism, glycolysis/gluconeogenesis, and C fixation metabolic pathways and lower levels of carbohydrate metabolism, methane metabolism, and N metabolism pathways. According to Zhang et al. (2020), high Cr contamination levels (M, MH, and H) were associated with higher soil TOC and AN contents. In addition, archaea participate in C and N cycling (Offre et al., 2013). Nahar et al. (2020) reported that the net nitrification rate was significantly (p < 0.05) positively correlated with ammonia-oxidizing archaea and HMs (Fe, Pb, and Zn), however it was significantly (p < 0.05) negatively correlated with Cu. Thus, changes in the metabolic pathways related to C and N cycling in the archaeal community may contribute to soil TOC and AN accumulation.



4.4 Factors shaping the archaeal community and implication for phytoremediation

Although several HM ions play a vital roles in microbial metabolism at low concentrations (Appenroth, 2010), HM pollution is deleterious to the overall functioning of the biomass (Tang et al., 2022; Sun et al., 2023). Moreover, microbial communities have a strong selective pressure in response to HMs (Laplante et al., 2013). The RDA and Mantel test indicated that changes in soil TCr, ACr, pH, TOC, and available nutrients (AN, AP, and AK) caused changes in the archaeal communities. Furthermore, the random forest analyses suggested that pH was the primary predictor of archaeal community in the bamboo plantations with Cr pollution. This result supported the views from Gubry-Rangin et al. (2010), who revealed that pH plays a dominant role in driving the abundance and distribution of soil archaea. A slight increase in soil pH can cause a decrease in soil Cr mobility and reduce its bioavailability to plants (Shahid et al., 2017; Lin et al., 2022), which may be helpful in reducing Cr stress on soil microbes. These results may be partly due to relatively narrow pH ranges for optimal microbial growth (Rousk et al., 2010). Moreover, soil pH indirectly influences microbial communities by affecting substrate availability (Kemmitt et al., 2006), and imposes strong selective pressures that shape the total archaeal and ammonia-oxidizing archaeal communities (Tripathi et al., 2015). Based on the above results, it is feasible to increase the efficiency of bamboo phytoremediation by regulating the archaeal community via controlling the soil pH.



4.5 Limitations and future prospects

Despite the important findings of this study, it does have certain limitations. Notably, there are limitations with respect to the methods we adopted for microbial functional analysis. For example, whereas PICRUST2-based analysis can be used to predict the presence of pathways/genes, it is unable to predict actual functional performance (Douglas et al., 2020). In contrast, metagenomics does not require the isolation and cultivation of environmental microorganisms, and can facilitate the direct analysis of environmental microbial DNA to obtain information on the genetic, functional, and ecological characteristics of microbial communities (Huang et al., 2022). Moreover, metatranscriptomics can be applied to examine the types and quantities of all RNA transcribed by microbial communities in the contexts of specific environments, periods, and conditions, thereby enabling determinations of the metabolic functions of active microorganisms (Sharuddin et al., 2022). Accordingly, in further studies, we would hope to adopt a more omics-based approach to characterize the diversity and functional changes in archaeal communities.




5 Conclusion

Our findings in the study revealed significant changes in the archaeal communities of Cr-contaminated soil, including an increase in the relative abundance of Thaumarchaeota, and reductions in the abundances of Crenarchaeota and Euryarchaeota in soils with elevated concentrations of Cr. Moreover, we established that the composition of the archaeal community was significantly associated with soil TCr, ACr, pH, TOC, and available nutrient (AN, AP, and AK) contents, with soil pH being found to be the most reliable predictor of archaeal community structure. Furthermore, Cr pollution was found to alter soil archaeal functions associated with C and N cycling processes. These findings provide important insights into the overall distribution of archaea along a chromium gradient, and thereby make a valuable contribution to our current understanding of the ecology of archaeal communities inhabiting heavy metal-contaminated environments. These findings can provide a basis for designing appropriate strategies for applying bamboo in the phytoremediation of Cr-contaminated soils.
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Initial microbiome and tree root status structured the soil microbial community discrepancy of the subtropical pine-oak forest in a large urban forest park
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Plant–microbe–soil interactions control over the forest biogeochemical cycling. Adaptive plant–soil interactions can shape specific microbial taxa in determining the ecosystem functioning. Different trees produce heterogeneous soil properties and can alter the composition of soil microbial community, which is relevant to the forest internal succession containing contrasting stand types such as the pine-oak forests. Considering representative microbial community characteristics are recorded in the original soil where they had adapted and resided, we constructed a soil transplant incubation experiment in a series of in situ root-ingrowth cores in a subtropical pine-oak forest, to simulate the vegetational pine-oak replacement under environmental succession. The responsive bacterial and fungal community discrepancies were studied to determine whether and how they would be changed. The pine and oak forest stands had greater heterogeneity in fungi composition than bacteria. Original soil and specific tree root status were the main factors that determined microbial community structure. Internal association network characters and intergroup variations of fungi among soil samples were more affected by original soil, while bacteria were more affected by receiving forest. Specifically, dominant tree roots had strong influence in accelerating the fungi community succession to adapt with the surrounding forest. We concluded that soil microbial responses to forest stand alternation differed between microbiome groups, with fungi from their original forest possessing higher resistance to encounter a new vegetation stand, while the bacteria community have faster resilience. The data would advance our insight into local soil microbial community dynamics during ecosystem succession and be helpful to enlighten forest management.
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1 Introduction

Climate and environmental changes are causing increasing natural and anthropogenic disturbances on forest dynamics, which have major ecological and societal impacts (Anderson-Teixeira et al., 2013; Reyna et al., 2019). Forest succession is accompanied with a shift in species dominance. Pine and oak are the principal and dominant species in subtropical forest of China, which are extremely important both ecologically and economically. However, the mechanisms driving the internal succession of pine-oak forest and its ecosystem functioning are still a debt (Kang et al., 2017; Reyna et al., 2019; Martin et al., 2021; Singh et al., 2021). Soil microorganisms are involved in critical forest ecosystem functions, playing critical roles in forest biogeochemical processes, determining the fate of organic material that enters the soil, driving the carbon flux and nutrient transformation among organisms, resulting in the formation of the forest soil organic matter profiles (Roesch et al., 2007; Islam et al., 2022; Camenzind et al., 2023). On the other hand, tree species also influences the microbial residue and soil organic matter accumulation (Jing et al., 2023). Litter type and quality often have dominated controls on main microbial groups during their decomposition (Bai et al., 2024). Plant–microbe–soil interactions control over decomposition vary widely depending on specific microbial taxa and their functional capabilities, as well as their responses to environmental stressors (Osburn et al., 2022; Badger Hanson and Docherty, 2023; Zhu et al., 2024). Consequently, the adaptive plant–soil interactions shape specific microbial taxa that would determine the succession of plant residue chemistry (Wang et al., 2023).

Plant–microbial interactions in forest floor are increasingly recognized as important drivers of terrestrial ecosystem biogeochemical cycling (Van der Putten et al., 2013). For local microbial community that is relatively stable before critical disturbance, such as the vegetational pine-oak stands replacement, their representative community characteristics are recorded in the original soil where they resided (hereafter, the original soil). Although plant–microbe–soil interactions have been extensively studied (Lambers et al., 2009; Bakker et al., 2014), reciprocal transplantation of original soils in contrasting forest, and detailed investigation of microbial community composition, could be helpful for further understanding of the specificity of field-microbial associations. A theoretical relationship between soil organisms and plant has received much attention in the recent years, which is identified as the home-field advantage effect (HFA) in the litter decomposition (Gholz et al., 2000; Zhao et al., 2024; Zhu et al., 2024). HFA indicates a litter-field affinity effect that litter decomposes faster in an area dominated by the plant species from which it derives (i.e., at home) than in an area dominated by another plant species (i.e., away), and it implies that a decomposer community can become specialized over time to degrade specific litter types they encounter, leading to a quantitative demonstrated advantage for decomposition in the home environment of the litters (Hansen, 1999; Keiser et al., 2011). Meanwhile, local adaptation of microbial community or functional specialization in HFA can be regarded as a type of ‘species fitness difference’-based deterministic process. Traditionally, local community assembly is thought to be determined predominantly by certain environmental conditions, i.e., the idea that stated ‘everything is everywhere but the environment selects’ (Becking, 1934). For a given forest stand, local root status has been demonstrated to be critical affecting the microbially conducted leaf litter decomposition of native plant species (Tian et al., 2018). However, the extent to which the local rhizosphere community is integrated with plant communities (e.g., forest type) has received litter attention probably due to the lack of expertise and methodologies tailored to specific taxa (Montagna et al., 2018). Root exudates can modify the chemical turnover in both litter and soil, and rhizosphere microbial composition would be affected (Chaparro et al., 2014), thus microbial community may be specified in contrasting forest soil. Functional metagenomic analyses have revealed drivers’ functional gene groups due to the presence of specialized rhizosphere niches (Li et al., 2014), and microbial community composition would be expected to be different between the bulk and specific root present in soils (Burns et al., 2015).

Above all, microbial community would adjust its functionality in response to initial species-specific plant–soil interactions (Manzoni et al., 2010). Different vegetation’s can produce heterogeneous soil properties and alter the composition of soil microbial community (Ma et al., 2004; Sundqvist et al., 2011; Mitchell et al., 2012a,b). Increasing efforts have been found to explain microbial community variations by simultaneously considering vegetation composition and soil characteristics (Mitchell et al., 2012a,b). Nevertheless, understanding of how specific forest stand type would affect microbial communities through their cultivation/government of local original soil, and through bio-interactions mediated by belowground root status, is still unclear. In this study, we aim to fill this knowledge gap by exploring the microbial community characteristics in soil samples of a pine-oak forest, determining how it changes after reciprocal transplantation of original soils of different forest stand types to simulate vegetation replacement under nature succession or certain environmental disturbance. We hypothesized that both the incubation field and local root types (tree species and their root present/absent status) would affect the microbial community composition and its variation across the transplantation. Moreover, according to the definition of microbial community resistance and resilience, a community is resistant if its bacterial community composition is not altered after a disturbance, while it is resilient when it recovers after an initial alteration reassembling to the original community composition or a new stable state (Shade et al., 2012; Meola et al., 2014). The ecological stability of native microbial communities is also evaluated, which is available to be calculated as the resistance (after being transplanted away) and resilience (of alien soil recovery toward local microbes) of the microbial community in the pine and oak forest stands.



2 Materials and methods


2.1 Study site

The reciprocal transplantation experiment was conducted in Nanjing Zijinshan National Forest Park (3008.8 ha., 447.1 m asl, 32°50′N, 118°48′E), Jiangsu province, China. The Zijinshan is an isolated mountain in city Nanjing, and the forest is dominated by a pine species Pinus massoniana and an oak species Quercus variabilis. Detailed climate, soil, and flora can be found in the study by Lin et al. (2017). In this study, two forest stands were selected, i.e., a broadleaved forest dominated by Q. variabilis (QF) and a coniferous forest dominated by P. massoniana (PF). Under recent ecological preservation and forest management of the National Forest Park, the natural restoration succession of the core zone tends to filter out P. massoniana, and this pioneer pine species would mainly be found in crowds in the intense disturbance areas, such as the arid ridges at high altitude. On the other hand, the climax community would be oak-dominated.



2.2 Ingrowth core preparation and soil transplantation

This study is focused on the biotical association patterns of forest stand type and soil microbes, but not geographical or spatial pattern influences. Consequently, the transplantation was designed to be conducted at two spatially adjacent forest stands in this subtropical theropencedrymion, and the parent soil material was same in the two stands. The difference of microbial composition in contrasting soil samples would mainly be derived from their historical co-adaptation with local vegetation types. The transplant incubation is characterized by three conceptual experimental parameters: the ‘original soil type’ (containing the original microbial community of corresponding forest), the ‘receiving forest’ (the forest stand where soil samples were incubated), and the ‘root status’ (treatments that include or exclude tree roots). The original soil is treated to represent the initial microbial community before vegetational environment changes. Within each forest stand, three dominant trees were selected, the ground layer of which was clearly cut for setting belowground root ingrowth cores. The ingrowth cores were set by using plastic planting baskets with railing barriers (top diameter 10.5 cm, bottom diameter 7.5 cm, and height 7.5 cm), which were buried around the selected trees. Half of the baskets were surrounded with 50 μm nylon mesh to exclude fine roots of the focal tree (root excluding treatment). Before transplantation incubation, soil samples originated from each forest stand were previously homogenized in situ; visible root rocks and roots were removed by hand and soils were sieved by 2-mm mesh. The homogenized soils were filled back into the cores at original density as the original soil, i.e., soil from the P. massoniana forest (PS) and soil from the Q. variabilis forest (QS). Accordingly, the transplantation design can be differentiated as “home” and “away,” as shown in Figure 1. For the root included treatment, fine roots of the selected tree were carefully separated from soil and passed through the basket’s barriers. Then, the homogenized soil was filled into each core and buried with litters around the forest floor (Figure 1). The homogenized original soil samples were transplanted at the two forests at the growing season from 9th July 2017 to 13thJuly 2017 and then incubated for 2 months. Four of the ingrowth cores were destroyed by animals during the incubation, so we harvest 20 effective samples. After the incubation, rhizosphere soil in the root included treatments (fine roots removed), and bulk soil in root excluded treatments, was sieved by 2-mm mesh and stored at −40°C for further analyses.

[image: Experimental setup diagram showing soil and root treatments for P. massoniana and Q. variabilis in different forest sites. Two top images display containers with roots and soil. Below, a grid categorizes samples by original soil type, receiving site, and root treatment: home/away and with/without roots. Root treatments are labeled with color codes: red, yellow, blue, and green, indicating specific conditions such as home with root, home none root, away with root, and away none root.]

FIGURE 1
 Scheme illustrating the experimental design. The upper panel illustrates the process of belowground ingrowth core incubation; the lower panel illustrates all treatment combinations. The lowercase “p” and “q” represent original soil from the pine and oak forest stand, the capital “P” and “Q” represent receiving incubation forest of PF and QF, the letter “N” and “R” represent treatment excluding and including tree roots in the ingrowth incubation cores.




2.3 Soil chemical component, DNA extraction, and amplicon sequencing

Soil element compositions were characterized by using X-ray Fluorescence (XRF, Thermo ARL 9900). Microbial DNA from the soil samples was extracted by using QIAamp Fast DNA Stool Mini Kit (QIAGEN, Germany). The fungal and bacterial community of soil samples were characterized by amplicon sequencing, with internal transcribed spacer (ITS) region primers of ITS1f (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2r (5′-TCCTCCGCTTATTGATATGC-3′) for fungi and 16S primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-3′) for bacteria. Samples were sequenced using the Illumina HiSeq 2000 platform (Illumina, America) at Shanghai Genergy Biotechnology Co., Ltd. DNA libraries were prepared following the instructions of Illumina. Cluster generation, template hybridization, isothermal amplification, linearization, blocking, and denaturing and hybridization of the sequencing primers were performed according to the workflow indicated by the provider. Flexbar was used to trim the adapter from the reads (Dodt et al., 2012). The rarefied operational taxonomic unit (OTU) table was generated through QIIME (Caporaso et al., 2010). Consensus sequences were constructed for each cluster, and the OTUs were constructed by clustering these consensus sequences at 97% identity. The raw sequence data for this study are available in the Sequence Read Achieve (SRA) database of the National Centre for Biotechnology Information (NCBI) with BioProject accession number PRJNA1080048.



2.4 Data analyses


2.4.1 Microbial community composition

The α-diversity of each sample was determined using the inferred abundance and richness of OTUs. Full factorial ANOVA was applied to test the effect of original soil, receiving forest and root status, as well as their interactions between microbial richness and diversity index. The identified fungal OTUs were further reclassified according to their functional groups by FUNGuild (Nguyen et al., 2016). Compositional differences of microbial communities were assessed to distinguish between common and unique microbes. Indicator species analyses were conducted for bacteria at phylum levels and for fungi at trophic mode, so as to detect the representative species that most associated with certain incubation combinations. The indicator value (IndVal.g) was also calculated by using the R package indicspecies (De Cáceres and Legendre, 2009; De Cáceres et al., 2010), to identify the indicator species for critical incubations:

[image: Formula showing Indval.g as the square root of the ratio of two fractions. The numerator fraction is the product of two expressions: the sum of \( a_i/N_i \) for \( i \in C \) divided by \((N/k) \), and the sum of \( n_i \) for \( i \in C \) divided by the sum of \( N_i \) for \( i \in C \). The denominator fraction is the sum of \( a_i/N_i \) for \( i \in K \) divided by \((N/k) \).]

where N is the number of samples in the data set, Ni is the number of sample belonging to the treatment I, n is the number of sample where target species occurs, and ni is the number of sample in treatment i where it occurs, a is the sum of abundances of the target species over all samples, and ai is the sum of its abundances in treatment i. Moreover, K is the set of all k treatment groups and C is a set of c treatment groups, conforming a particular treatment-group combination.



2.4.2 Microbial associations

Microbial correlations were calculated using Spearman’s rank-order correlation. Positive and negative correlations between microorganisms account for beneficial (mutualism, commensalism, etc.) and detrimental interactions (antagonism, competition, etc.), respectively, permitting a description of the dominant type of interaction among soil microbes. Bilateral co-occurrence molecular ecological networks (MENs) were constructed on the basis of Pearson correlation coefficient, based on random matrix theory (RMT) (Yuan et al., 2021). Nodes in isolation after the threshold of 0.4 (r ≥ 0.4 and p < 0.05) were retained in the network. Topological indices for weighted networks were calculated in the R package igraph.



2.4.3 Microbial community variations

Non-metric multidimensional scaling (NMDS) was employed to evaluate the microbial β-diversity using Bray–Curtis distance. The significance of observed differences of microbial communities among experimental treatments was determined by permutational multivariate analysis of variance (PERMANOVA) with Bray–Curtis dissimilarity after 999 permutations. Constrained ordination analysis was conducted to evaluate the relative contribution of experimental factors in explaining microbial community variations. These analyses were conducted separately for the main species (OTUs with a relative abundance ≥1%) and rare species (OTUs with a relative abundance <1%) by using the R package vegan. Distance-based redundancy analysis (db-RDA) was the first choice to test for the experimental effects on microbial community variations among samples in this study, based on microbial relative abundance (RA) data. The db-RDA applies principal coordinate analysis to obtain new Euclidean axes from the RA matrix and fully represent the relationships among samples. In contrast to the commonly used Bray–Curtis distance, the Euclidean method works well in the fine-scale analysis (such as our studying scale). In case the data did not fit a linear analysis, constrained correspondence analysis (CCA) was performed to replace the db-RDA. To evaluate the forest (or soil)-specific ecological stability of the microbial communities, Bray–Curtis dissimilarity matrix between contrasting treatment groups (DBray) was calculated representing mean between-group difference of microbial community structure, which could represent the community variations stemmed from transplantation and root exclusion.

According to the soil-vegetation combinations, specific local root status was treated as a single factor, i.e., ‘receiving root’, which contained four types: none root in PF (PN), none root in QF (QN), including root of P. massoniana (PR), and root of Q. variabilis (QR). All statistic calculations and figures were performed in R version 4.2.2 (R Core Team, 2022).





3 Results


3.1 Microbial community diversity

Based on 41,337 ± 4,715 and 41,883 ± 6,098 reads for bacteria and fungi, an average of 914 ± 101 bacterial and 99 ± 22 fungal OTUs were identified per sample (Supplementary Tables S1, S2). Among original soil-receiving forest interactions, more than half of the bacteria (56.11%) were common to all soil-vegetation combinations, and there was a lower occurrence of specialist bacteria (13.25%) that are specialized for unique type of soil–forest combination (Figure 2A). Contrary to this, there was a lower occurrence of generalist (13.84%) than specialist (46.13%) fungi among soil-forest interactions (Figure 2B). Notably, home incubation had more specialist fungi (84 OTUS for PS soil in PF forest and 75 OTUs for QS in QF) than away incubation (46 and 45 OTUs for PS in QF and QS in PF, respectively).

[image: Comparison between bacterial and fungal communities. Panels A and B display Venn diagrams showing shared and unique species numbers among groups for bacteria and fungi, respectively. Panels C and D depict box plots of rarefaction richness, while panels E and F show Shannon diversity, with grouping based on treatments labeled pPN, pPR, pQN, pQR, qPN, qPR, qQN, and qQR.]

FIGURE 2
 Soil microbial diversity. (A,B) Show the Venn diagram of the bacterial and fungal OTU richness among original soil-receiving forest combinations; (C,D) show the rarefied bacterial and fungal richness among experimental treatment; (E,F) show the Shannon diversity index of the bacteria and fungi communities. The lowercase “p” and “q” represent original soil from the pine and oak forest stand, the capital “P” and “Q” represent receiving incubation forest of PF and QF, the letter “N” and “R” represent treatment excluding and including tree roots in the ingrowth incubation cores.


Plant root had little influence on microbial community diversity (with vs. without root, p > 0.05). The PS soil had less bacterial richness than the QS soil (F = 8.234, p = 0.010), and soil samples incubated in the PF forest had less bacterial richness than in the QF forest (F = 17.851, p < 0.001, Figure 2C). This suggests that the pine forest may support less bacterial species than the oak forest. Moreover, there was a significant soil–vegetation interactions on the Shannon diversity index of bacteria (F = 10.006, p = 0.006), with the PS soil samples in the PF forest had lower diversity than in the QF forest, and the QS soil samples in the PF forest had higher diversity than in the QF forest (F = 8.428, p = 0.013); the bacterial diversity became higher when transplanted away than that incubated at home (Figure 2E). Recognized fungal OTU richness in PS soil was slightly less than in QS soil (F = 3.074, p = 0.097, Figure 2D), but its Shannon diversity was significantly higher (F = 4.466, p = 0.049, Figure 2F). This reflected a lower fungal evenness in QS soils (0.264 ± 0.024) than in PS (0.425 ± 0.065; Supplementary Table S2).



3.2 Microbial community composition and species association relationship among soil samples

According to the Spearman’s rank-order correlations of bacteria at phylum level, 72.22% of the significant ones (54 pairs in total) were positive, indicating that beneficial associations were adopted (Figure 3A). Generally, two positive sub-groups could be separated, one contained Acidobacteria and Actinobacteria, the first and fifth most abundant phyla, and the other contained the seventh and twelfth most abundant phyla Planctomycetota and Armatimonadota, and they were negatively correlated with most of the other ones. Similar positive association pattern was found for the fungi trophic mode, only the obligate Pathotroph that had negative relations with the others (Figure 3G). Association patterns of the most abundant bacterial phyla (more than 25,000 reads in total) and fungi trophic modes (more than 9,500 reads in total) under different experimental treatments are shown in Figure 3. For bacteria, the six most abundant phyla could be divided into two groups (within-group phyla were positively correlated with each other), one included Acidobacteriota, Actinobacteriota and Proteobacteria, the other group was consisted of Verrucomicrobiota, Firmicutes, and Bacteroidota (Figures 3B–D). Interestingly, such association pattern was intensified when root was excluded, with the between-group phyla became more negatively correlated (Figure 3C), but root could weaken the negative correlations between the two groups (Figure 3B). Similarly, the bacteria correlation pattern became less detrimental when incubated at home than away (Figures 3E,F). For fungi, the five most abundant trophic groups were mainly positively correlated, but some negative relationship appeared when incubated away (the facultative pathotroph–saprotroph–symbiotroph was negatively correlated with the facultative saprotroph–symbiotroph).

[image: Diagram displaying bacterial phyla and fungi trophic modes with color-coded correlation matrices. Panels A-F depict bacterial distributions, while G-L show fungal modes. Red and blue indicate positive and negative correlations. Data categorized by root inclusion/exclusion and incubation conditions, illustrating variability in microbial interactions.]

FIGURE 3
 Spearman’s correlations of bacteria taxa at phylum level (A–F) and fungi trophic modes according to FUNGuid (G–L). Taxa abbreviations can be found in Abbreviations.


Most of the fungi OTUs were belonged to the Ascomycota and Basidiomycota (account for 97.42% of the total identified OTU reads, Supplementary Figure S1A), and we analyzed their functional composition by FUNGuid. According to taxonomic classification of bacteria at phylum level and FUNGuid classification of fungi among samples, the compositional variations of bacteria were much less than fungi, with Acidobacteriota and Proteobacteria being the most abundant phyla of the bacterial community in each soil sample (account for 67.58% of the total reads) (Figures 4A,B; Supplementary Figure S1B). Under a threshold of ρ > 0.4 on the important positive associations at phylum level, six bacteria modules and three fungi modules were identified (Figures 4C,D). The bacteria consisted of four clusters, the first one consisted of Acidobacteriota, Proteobacteria, Actinobacteriota, etc., and the second one included Verrucomicrobiota, Firmicutes, Armatimonadota, etc. These two large clusters had a minor connection with the other two small ones, i.e., the third cluster (connected the first cluster through Patescibacteria and Fusobacteriota and connected the second cluster with Cyanobacteria) and the fourth cluster (connected the first cluster through RCP2-54 and connected the second cluster with GAL15). The fungal phyla consisted of two clusters (one was consisted of Ascomycota, Mortierellomycota, Kickxellomycota, and Chytridiomycota, and the other one was consisted of Glomeromycota and Rozellomycota) and one individual module with a sole phylum (Basidiomycota, the most abundant taxon), and these three modules did not have any connections with each other. For the fungi trophic mode, the classified symbiotroph (mainly ectomycorrhizal) in the PF forest (especially for the home incubation, i.e., PS in PF) was much lower than in QF forest. On the contrary, the saprotroph was less abundant in QF. Among soil samples, original soil significantly affected bacterial (PERMANOVA F = 3.118, p = 0.002) and fungal (PERMANOVA F = 8.7662, p = 0.001) community structures. NMDS1 clearly differentiated original soil for both the bacteria and fungi communities, with the QS cluster higher than PS (Figures 4E,F). Whether including roots or not displayed inconsistent influences on microbial communities. For the bacteria, the receiving forest can also be divided by NMDS2, with larger QF than PS (PERMANOVA F = 2.303, p = 0.011).

[image: Bar charts and network diagrams illustrate microbial diversity and associations. Panel A shows bacterial phylum distribution, and Panel B shows fungal guild distribution. Panels C and D present network diagrams for bacterial and fungal associations, respectively. Panels E and F display NMDS plots indicating bacterial and fungal community differences. Each element uses distinct colors and symbols for clarity.]

FIGURE 4
 Microbial community composition and beta-diversity. (A) Bacterial phyla composition in each soil sample; (B) fungal trophic composition in each sample according to FUNGuid; (C,D) bacteria and fungi associations at phylum level; (E,F) show the beta-diversity pattern of bacteria and fungi by NMDS. The lowercase “p” and “q” represent original soil from the pine and oak forest stand, the capital “P” and “Q” represent receiving incubation forest of PF and QF, and the letter “N” and “R” represent treatment excluding and including tree roots in the ingrowth incubation cores. Taxa abbreviations can be found in Abbreviations.




3.3 Explanation On microbial community variation

Soil chemicals were more influential for microbes in the QS soils than in the PS soils. For QS soils, the bacteria were only significantly related to soil Zr, while the fungi were influenced by soil Fe and Mn. For QS soils, the fungi were only influenced by soil Cl, while the bacteria community can be determined by soil C, N, Ca, S, Zr, and Si. Overall, in this study, the Mantel test showed that soil chemicals had limited influence in determining the microbial community, with relatively low Mantel’s r (Figure 5). Accordingly, we did not engage soil chemicals as environmental factors in the constrained ordination models.

[image: Two correlogram charts compare relationships among soil properties and microbial communities (bacteria and fungi) under PS and QS treatments. Each chart displays a color-coded matrix indicating Pearson’s correlation coefficients. The left chart (PS) shows various correlations between soil properties and microbial abundances, with lines illustrating Mantel's test significance. Cooler hues represent negative correlations, warmer hues indicate positive ones. The right chart (QS) features similar analyses, with distinct patterns and line connections for Mantel’s test results. Color legend keys are provided to interpret correlation strengths and significance levels.]

FIGURE 5
 Mantel test of relationships between microbial communities and soil chemical element contents of soil samples belonging to the PS and QS soils.


The db-RDA and CCA models showed that experimental factors had better explanatory power on community structure of the dominant species than for the rare OTUs, except for the model taking the receiving root as a single predictor, where rare microbes were more depended on soil root types (Tables 1, 2). Original soil alone significantly predicted a large proportion of dominant fungi variations (29.39%, p = 0.004) and explained 14.91% of variations of dominant bacteria, but its significant influences on rare microbes were much less. Receiving forest explained 30.87% of the variation of bacterial phylum composition (Supplementary Table S3; p = 0.001), but the explanatory power decreased at the OTU level. Whether including or excluding root did not have any significant effect on microbial variations (p > 0.1), but specific root types demonstrated an important role in determining microbial community structure, especially for the rare species (accounting for 17.60% of the variations, p < 0.05). When the model predictors were original soil plus receiving root types, the explanatory power of constraint variables became largest. Specifically, original soil + receiving root (hereafter, the optimal model) could explain 30.82 and 39.88% of the dominant bacteria and fungi variations among samples while explained 26.44 and 24.31% of the rare bacteria and fungi variations (Tables 1, 2).



TABLE 1 Summary of the db-RDA for effects of experimental effects on soil bacterial composition.
[image: A table comparing db-RDA on dominant and rare bacteria OTUs. It shows variations, ANOVA results, and predictors for each category. Values include constrained and unconstrained percentages, F-values, and P-values. Significant P-values (less than 0.05) are bolded.]



TABLE 2 Summary of the db-RDA and CCA for effects of experimental effects on soil fungi composition.
[image: Table comparing db-RDA and CCA analyses on fungi OTUs, displaying constrained and unconstrained variations, ANOVA results, and predictors with F and P values. Significant P values (P < 0.05) are highlighted in bold.]



3.4 MEN analyses and indicator species identification

To explore whether and how experimental factors that engaged in previously selected optimal model would affect ecological relationships within soil microbial communities, MENs were conducted separately for each factor group of the original soil and the receiving root (Figure 6). Network topological parameters showed that the bacteria community network size (total number of nodes), connectivity (total number of edges), density, diameter, the node degree, and the path length were larger in the pine forest than in the soils only growing oak trees, and there were more negative relationships with soil including roots. These indicated a large influence of receiving root types in determining bacterial interactions, while the original soil had little impact on bacteria. For the fungi community, including tree roots increased the network connectivity, density, and node degree while decreased the network diameter, path length, and betweenness centralization. Different from the impact on bacteria, original soil played a prominent influence on fungi community relationships; the coniferous forest soil led to a larger network connectivity, node degree, path length, network density, and betweenness centralization than the oak forest soil, and this indicated that the aboriginal inhabitant types could exert long-term effect on fungi community relationships. In addition, the network modularity of the bacteria communities was similar across experimental groups, while it differed for the fungi communities, with a decrease in modularity when soil containing pine roots. To visualize the among-group differences in the high-order organization of the MENs, main modules were identified. The top 10 modules taken up most of the connections, especially when MENs were separated by original soils. Except for the main modules, bacteria communities in the oak forest contained more small modules than in the pine forest. Indicator species analyses detected 22 bacteria OTUs and 12 fungi OTUs as the indicators of certain receiving root types (Supplementary Tables S4, S5). There were more indicator microbes in the oak forest than in the pine forest, and the number of indicators was slightly increased when roots were excluded.

[image: Network visualization compares bacterial and fungal communities by receiving roots and original soils. The top-half shows network diagrams with varying node and edge densities for bacteria (left) and fungi (right). The bottom half presents original soil networks. A table summarizes network topology metrics, including nodes, edges, correlations, and modularity, for each category and organism.]

FIGURE 6
 Visualization of constructed MENs based on the original soil and the receiving root.




3.5 Ecological succession of microbial community after transplant incubation

Overall, the fungi displayed stronger dissimilarity variations among soil samples than that of the bacteria. The community dissimilarities of bacteria displayed three major clusters (A, B, and C). Clusters A and C were only composed of samples incubated at the PF forest while the cluster B was mainly incubated in the QF forest. Cluster A could further be subdivided into two sub-clusters (A1 and A2). A1 was identical with cluster C, which contained the home incubation PS soils in the pine forest, while A2 composed of the QS soil (away incubation) which could be further subdivided into two sub-clusters according to whether root was excluded (A2.1) or included (A2.2). Cluster B can be subdivided into three sub-clusters (B1–B3). B1 and B2 were incubated only in QF, while B3 also included PF, and all of which were home incubated. B1 only contained QS soil samples for home incubation and could be further divided into two sub-clusters according to root treatment (B1.1: exclude root, B1.2: include root), while B2 only composed of PS soil for away incubation. Similarly, three quantitative clusters could be identified (A, B, and C) but was erratic according to experimental treatments. The cluster A did not contain samples that incubated away without root, and cluster B only contained PS soil, while cluster C only contained QS soil (Figure 7).

[image: Heat maps comparing bacterial and fungal communities with dendrograms. The bacterial map shows a gradient from yellow to red, indicating dissimilarity levels. The fungal map uses a similar color range for distinct clusters. Annotations are provided with legend keys for both maps.]

FIGURE 7
 Pairwise comparison of microbial communities among all soil samples and annotations. Clustering and heatmap were computed using the Bray–Curtis dissimilarity. Receiving forest: P, P. massoniana forest. Q, Q. variabilis forest; original soil: p-the PS soil, q-the QS soil; root exclusion treatment: R-root included, N-root excluded. Transplant incubation type: HR-home incubation with root, HN-home incubation without root, AR-away incubation with root, AN-away incubation without root.


Whether including root or not had weak effect on local (home incubation, red vs. yellow in Figure 8) bacterial community structure (DBray = 0.197 for PS in PF, DBray = 0.186 for QS in QF), as well as for the away incubation (green vs. blue in Figure 8, DBray = 0.226 for PS in QF, DBray = 0.246 for QS in PF). This also indicated that the roots of the both tree species had limited influence on soil bacteria. Dissimilarity between the two native incubation (PS in PF, vs. QS in QF) maintained at a stable low value (DBray = 0.289 ± 0.006), independent of the root treatment. The QS-originated bacteria displayed a stronger susceptibility (lower resistance) to invasion by extrinsic soil bacteria (DBray = 0.335 between away and home incubation with root included, and DBray = 0.377 without root) than that of the PS soil (DBray = 0.313 with root included, and DBray = 0.289 without root). In PF forest, dissimilarity between bacteria of native and alien soils (DBray = 0.368 with root and DBray = 0.376 without root) was higher than that of QF forest (DBray = 0.335 with root and DBray = 0.293 without root).

[image: Diagram illustrating the relationship between bacteria and fungi under different incubation conditions: broadleaved vs. coniferous forests, and original soils, QS and PS. Nodes represent microbial states and are colored by HR (red), HN (yellow), AR (green), AN (blue). Arrows show transitions with varying dissimilarity levels indicated by line thickness, ranging from 0.2 to 1.0. The layout compares resilience and resistance across each condition.]

FIGURE 8
 Between-treatment dissimilarity of microbial communities. Transplant incubation type: HR-home incubation with root, HN-home incubation without root, AR-away incubation with root, AN-away incubation without root. Receiving forest: P, P. massoniana forest. Q, Q. variabilis forest; original soil: p-the PS soil, q-the QS soil; root exclusion treatment: R-root included, N-root excluded.


Although root exclusion still had a weak effect on native fungi community structure (DBray = 0.266 for PS in PF, DBray = 0.268 for QS in QF, Figure 8), it tremendously affected the away incubation in Q. variabilis forest (DBray = 0.664 for PS in QF) and slightly affected that in P. massoniana forest (DBray = 0.384 for QS in PF). Contrary to the bacteria, fungi communities were largely differed between the two native incubations and even being depended on root status, (DBray = 0.550 ± 0.005 when roots were included and DBray = 0.721 ± 0.002 when roots were excluded). The PS originated fungi had a lower resistance to invasion by extrinsic soil fungi than that of QS soil, especially when roots were excluded (DBray = 0.730 for PS in QF, and DBray = 0.124 for QS in PF). This indicated that fungi had much more resistance capacity. On the other hand, after the reciprocal transplantation, the resilience of native fungi (i.e., fungi community succession of alien soil sample toward the surrounding native forest) was low under the root exclusion treatment, especially for the QF forest (DBray = 0.891 for QF, and DBray = 0.737 for PF).




4 Discussion

Previous study has shown that there was an overall positive litter-field affinity of the two dominate tree species in this subtropical forest (Lin et al., 2017; Tian et al., 2018). The microbial community was supposed to be specified in contrasting forest stands. What determines microbial community structure is key for our understanding of litter-field affinity in determining forest biogeochemical cycles. The origin of the optimized soil community should stem from the differential metabolic capacity of the decomposers and competition in the soil or litter environment (Wickings et al., 2012). In this study, local microbial community variations among soil samples after transplantation, as well as its ecological succession under the influence of plant root types, were resolved.

Different biomes displayed contrasting patterns of microbial composition among the soil-vegetation groups, with bacteria that had a large proportion of generalist OTUs and less specialist, while fungi contained a small proportion of generalist and more specialist. This may be caused by the fact that bacteria are individually short living and extensively dispersed. In this study, the transplantation would actually bring a disturbance, after which stochastic processes would be more pronounced at the beginning of local microbes of the receiving forest colonizing the soil samples and consequently promoting broader niche opportunities and low competition for the r-strategist bacteria (Leibold and McPeek, 2006). The fungi, on the contrary (mostly K-strategists), were mainly dependent on the long-time formed deterministic processes such as habitat filtering and competition and would become composed of species toward locally adapted taxa (Banning et al., 2011; Ferrenberg et al., 2013).

Higher bacteria richness was found in habitat with Q. variabilis (QS and QF) than P. massoniana (PS and PF), but the α-diversity was higher when soil samples were transplanted away, despite of the inherent divergence between original soils or receiving forests (Figure 2). For the bacterial community, despite predominate beneficial associations at phylum level (72.22% of all significant pairwise comparisons), some abundant phyla (e.g., Acidobacteriota) displayed a detrimental association with some others, and such detrimental relationships became more predominate for the home incubations. These findings reflect that competition exclusion might be more intense at local incubation, and the disturbance of transplanting away would generate higher bacterial diversity. On the other hand, the diversity of fungi was mainly dependent on original soil, with a much lower evenness in soil samples originated from the oak forest. Studies have demonstrated that the deterministic processes on microbial community assembly could account for only part of the compositional variation, and the stochastic processes often occupied a large portion (Ramette and Tiedje, 2007; Ge et al., 2008; Peay et al., 2010; Zhang et al., 2016). In contrast to deterministic processes, stochastic processes would shape community composition to be functionally equivalent (Hubbell, 2005). Moreover, even the between-group variation of fungi functional composition denoted significant deterministic processes (Figures 2, 4), their large within-group variations may also reflect the critical effect of the stochastic processes.

We found that the root exclusion treatment had weak influence on microbial community structure, but receiving root type was a meaningful explanatory factor, with a species-specific effect of plant root on microbial clusters. When incubated away, root did not affect the microbial clusters among experimental treatments, but for the home incubations, P. massoniana root led to lower NMDS1 (bacterial phyla higher in QF and lower in PF, positively correlated with Verrucomicrobiota and negatively correlated with Acidobacteriota), while Q. variabilis root led to higher NMDS1. Meanwhile, for the most abundant microbial taxa, excluding root would cause some detrimental associations, e.g., Verrucomicrobiota and Firmicutes versus Acidobacteriota and Actinobacteriota, indicating that plant root would help to sustain the coexistence of dominant microbes. Although exact specific mechanisms underlying MEN associations are unknown with correlation-based network analyses, these associations (correlations between nodes) may in fact indicate certain biological interactions: the positive ones could represent cooperative behaviors (e.g., syntrophic interactions, mutualistic interactions, commensalism, and shared environmental requirements), while the negative ones could reflect detrimental behaviors (e.g., competition for limiting resources, distinctive environmental niches, and spatial isolation) (Yuan et al., 2021). As the original soil keeps historical community assembly, it is a pivotal factor determining microbial community structure in this study, especially for the fungi. Initial colonizers can exclude later-arriving species, a mechanism known as priority effects, as a result of strong interspecific interactions and habitat modification (Alford and Wilbur, 1985; Belyea and Lancaster, 1999; Vannette and Fukami, 2014). The magnitude of priority effects appears dependent on individual species and environmental conditions (Chase, 2007; Kardol et al., 2013; Tucker and Fukami, 2014; Hiscox et al., 2015). In this study, original soil accounted for a large proportion of the dominant fungi regardless of where the samples were incubated (Table 2; Figure 6), reflecting a competitive outcome of the priority effect (or high resistance of the dominate fungi to be replaced). For the large compositional proportion of rare OTUs, corresponding receiving root type became influential on the coexistence of rare species.

There was an interactive effect of transplantation and root status on microbial community successions among samples. Overall, the variation pattern of microbial community in response to the transplantation was different between bacteria and fungi. The QS soil bacteria had higher resistance than PS soil for away incubation; the native and away incubations generated higher dissimilarity of bacterial community in PF forest, and these indicated more stable connections between P. massoniana and its native bacteria in PF forest. However, fungal community successions were mostly elusive. For instance, the Q. variabilis root status affected the fungi dissimilarity between the two native incubations, the fungi in PS soil had lower resistance than in QS soil, and resilience of local fungi in QF forest was lower with root than without. These findings reflected that the root of Q. variabilis could constrain the infection of native fungi (in QF) on abiotic soil substrate (fungi community from PS).

Root exclusion treatment displayed weak influence on ecological succession of bacterial community, while it extensively affected the fungi succession of away incubation (Figure 8). In addition to saprotroph (including dung, leaf, wood, and soil saprotrophs), soil fungi also composed of symbiotroph (mainly ectomycorrhizal in this study) and pathotroph (animal and plant pathogens, fungal, and lichen parasites). Studies focus on the relevance between local microbial community on forest biogeochemical cycles, and the potential roles that root played in regulating this plant–soil interaction should be further refined to explore more specific ways through which specific microbial function groups and their interaction would affect the decomposition of various plant litters. Furthermore, this study is conducted during the peak growing season of the plant community (summer, both the incubation and at the sampling time); we would argue that the data are likely to provide a representative comparison in this bioclimatic zone. Various studies demonstrate that seasonal changes, particularly in soil chemical characteristics, have extensive impacts on rhizosphere microbial communities (Lauber et al., 2013; Regan et al., 2014; Francioli et al., 2018). Thus, while it is possible that seasonal changes in rhizosphere communities may occur and were not detected in this study, it can nonetheless address hypotheses of common diversity patterns. Meanwhile, some other studies indicate that soil microbial assemblages are primarily mediated by stochastic processes (Stegen et al., 2012; Zhang et al., 2016); a given microbial community is portrayed/as chaotic and unpredictable due to its complex, non-linear, and rapidly evolving characteristics (Faust and Raes, 2012). For further exploration, temporal dynamic of microbial succession would be more helpful for detecting the ecological stability of site-specific microbial community and should be conducted in future study.

The differential reaction and structuring of bacteria versus fungi communities suggest that the dominant trees could govern soil processes via root affecting microbial profiling, and the reciprocal transplanted soil microbiome has the potential to expand our understanding of ecological succession and stability of microbial community developed during the forest stand evolution. Overall, local bacteria were more dependent on the place that they were incubated, while fungi were more dependent on priority effects (succession of the original habitat). Between-group variations showed species-specific influences on both bacteria and fungi, and more conservative relationship between P. massoniana and its native bacteria in PF forest was found. Root of Q. variabilis could constrain the infection of native fungi (in QF) on abiotic soil substrate (fungi community from PS). Among the first in situ explorations on potential influence of transplanted soil matrices (microbes) and specific plant root status, the new findings of this study would contribute to our further understanding of the mechanism of local soil microbial community assembly and its functions engaged in the forest biogeochemical cycles.
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Tobacco continuous cropping is prevalent in intensive tobacco agriculture but often leads to microbial community imbalance, soil nutrient deficiency, and decreased crop productivity. While the tobacco-rape rotation has demonstrated significant benefits in increasing tobacco yield. Microorganisms play a crucial role in soil nutrient cycling and crop productivity. However, the internal mechanism of tobacco-rape rotation affecting tobacco yield through microbe-soil interaction is still unclear. In this study, two treatments, tobacco continuous cropping (TC) and tobacco-rape rotation (TR) were used to investigate how planting systems affect soil microbial diversity and community structure, and whether these changes subsequently affect crop yields. The results showed that compared with TC, TR significantly increased the Shannon index, Chao1 index, ACE index of bacteria and fungi, indicating increased microbial α-diversity. On the one hand, TR may directly affect the bacterial and fungal community structure due to the specificity of root morphology and root exudates in rape. Compared with TC, TR significantly increased the proportion of beneficial bacterial and fungal taxa while significantly reduced soil-borne pathogens. Additionally, TR enhanced the scale and complexity of microbial co-occurrence networks, promoting potential synergies between bacterial OTUs. On the other hand, TR indirectly changed microbial community composition by improving soil chemical properties and changing microbial life history strategies. Compared with TC, TR significantly increased the relative abundance of copiotrophs while reduced oligotrophs. Notably, TR significantly increased tobacco yield by 39.6% compared with TC. The relationships among yield, microbial community and soil chemical properties indicated that planting systems had the greatest total effect on tobacco yield, and the microbial community, particularly bacteria, had the greatest direct effect on tobacco yield. Our findings highlighted the potential of tobacco-rape rotation to increase yield by both directly and indirectly optimizing microbial community structure.
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1 Introduction

Tobacco (Nicotiana tobacum L.) is a significant economic crop grown in more than 100 countries around the world, with China accounting for about a third of the world’s tobacco production (Yang et al., 2015; Reichert et al., 2019). Growing economic demands and limited arable lands have propelled tobacco continuous cropping (TC) as a prevailing practice in China’s intensive and large-scale agriculture. However, the prolonged cultivation of a single species over many years often results in adverse consequences, including the deterioration of soil properties and imbalance of microbial community, ultimately leading to a decrease in crop yields. After 5 years of continuous tobacco cultivation, there is a substantial decrease of 35% in yield and 47.6% in output value compared to the initial crop (Jin et al., 2024). A critical facet of effective agricultural management, particularly in mitigating the challenges posed by continuous cropping, is the implementation of crop rotation. Crop rotation leads to an average increase in crop yields by 20% when contrasted with continuous cropping (Linh et al., 2015; Zhao et al., 2020). In particular, tobacco-rape rotation (TR) has a significant positive impact on tobacco yield due to the special root exudates and efficient nutrient transformation of rape (Fang et al., 2016; Yao et al., 2021). Therefore, it is of great significance to explore how TR alleviates the obstacles of TC by reducing the deterioration of soil properties and the imbalance of microbial community so as to improve tobacco yield.

Soil microbes participate in some key processes of the agroecosystem cycle and play an important role in driving soil organic carbon (SOC) decomposition, inhibiting soil-borne pathogens, maintaining the soil nutrient cycle, and enhancing crop productivity (Guo et al., 2021). Planting systems can induce substantial changes in bacterial and fungal communities. TC leads to an intensified and constant exposure of microbial communities to root exudates from the tobacco, potentially resulting in an imbalance in the microbiota (Fu et al., 2017; Liu et al., 2020). The abundance of beneficial bacteria, such as Arthrobacter and Lysobacter, decrease and soil-borne pathogens increase (Wu et al., 2017; Wang C. et al., 2022). The effect of TC on microbial co-occurrence networks showed that the soil from TC has a less complex network (fewer modules, nodes, and connectivity) and more competition or antagonism existed among bacterial species (Chen et al., 2018). While crop rotation emerges as a potent modulator of soil microbial diversity and the ecological relationships among community members. The plant species turnover across space and time in crop rotation systems can increase microbial diversity and balance soil microbial communities (Zavaleta et al., 2010; Wang P. et al., 2022). Compared to rice, rape has a larger and deeper root system, and special exudates of the rape root system can resist tobacco black shank (Yang et al., 2012). However, there is little research on how TR affects the microbial community structure through microbial α diversity, community composition, and microbial occurrence network.

Changes in soil chemistry caused by the shift of planting systems affect microbial community composition. For example, SOC, available nitrogen (AN), and available potassium (AK) are the dominant factors of bacterial and fungal communities in potato-green manure rotation system, while pH is highly correlated with bacterial and fungal community structure in potato continuous cropping system (Wang X. et al., 2022). Moreover, soil microbial community composition is usually regulated by the availability of resources such as C, N and phosphorus (P), which is mainly reflected in the change of microbial life history strategies (Sinsabaugh et al., 2009). The classification of microorganisms based on their life-history characteristics simplifies the complexity of microbial community composition (Chen et al., 2021). A classic life-history classification of microbes is the copiotroph-oligotroph (r/K strategist) dichotomy (Fierer et al., 2012). Copiotrophs, characterized as r-strategists, thrive in resource-rich conditions, emphasizing rapid growth. In contrast, oligotrophs, or K-strategists, prioritize resource efficiency at the expense of growth rate (Koch, 2001). It was found that copiotrophs (Bacteroidetes, Gemmatimonadetes, Proteobacteria, Mortierellomycota) thrive in soils with high SOC and inorganic nutrient availability (Shao et al., 2021). In addition, the beneficial and harmful taxa in the soil are also regulated by nutrient availability. Soil beneficial floras were positively correlated, and pathogenic fungal taxa were negatively correlated with the SOC and mineral nutrients (Wang X. et al., 2022). Continuous cropping usually has adverse effects on soil nutrient dynamics. On the one hand, continuous cropping leads to the selective absorption of soil nutrients by crops, resulting in the discernible imbalance and deficiency of crucial nutrients (Aller et al., 2017; Agomoh et al., 2021). On the other hand, continuous cropping system significantly diminishes nutrient chelation capacity and exacerbates nutrient loss (Jiang et al., 2022). While considerable evidences support the positive impact of crop rotation on soil properties. For instance, crop rotation has positive implications for SOC formation and potential N mineralization (Ai et al., 2015; Liu et al., 2022). Especially compared with TC, tobacco-wheat rotation and tobacco-potato rotation, TR has outstanding advantages in improving soil nutrient conversion, increasing SOC, TN, AN, AP, and AK (Wang et al., 2015). However, how TR regulates bacterial and fungal community composition by affecting soil nutrient availability has been unclear.

The effects of soil physicochemical properties and microbial community on crop yield have been studied extensively (Kelley et al., 2003; Iqbal et al., 2022). Rational soil structure and SOC content can improve soil pH and nutrient cycling in the rhizosphere, and ultimately promote tobacco growth (Wright and Hons, 2005). Crop rotation generally increases pH (Wang P. et al., 2022), but in the long run, the potential effect of organic acids secreted by rape roots on soil pH and nutrient cycling in TR systems remains uncertain. In addition, microorganisms have been shown to be the drivers of productivity in farmland ecosystems. Soil microbiomes can influence crop productivity in many ways, such as directly affecting root-associated organisms or indirectly changing the nutrient cycling rates and the partitioning of resources (Van Der Heijden et al., 2008). However, the underlying mechanism of how TR improves tobacco yield by directly or indirectly regulating microbial communities is still unclear. Therefore, we will study from the following aspects: (1) the mechanism of TR affecting microbial community (bacteria and fungi) from the perspective of soil chemistry, microbial diversity, community composition, co-occurrence networks; (2) how soil chemical nutrient availability and microbial communities driven by planting systems influence tobacco yield and their contribution to tobacco yield. Understanding the internal mechanism of tobacco-rape rotation driving yield improvement is crucial not only for advancing our knowledge of sustainable agricultural practices but also for offering practical insights that can optimize tobacco cultivation strategies, particularly in regions where economic and land resource constraints dictate farming practices.



2 Materials and methods


2.1 Site description

A long-term field experiment was established in 2007 in Yuxi City, Yunnan Province, China (N 24°18′, E 102°38′). The climate for this region was characterized as subtropical monsoon climate, with an average annual precipitation of 773 mm, with an average annual temperature of 15.6°C. The soil in the test field was typical of the sandy red soil found in Yunnan province as the main type of tobacco planting soil. Based on the USDA soil taxonomy, the red soil was classified as an Ultisol (USDA, 2014). The soil was composed of 28% of sand.



2.2 Field experiment design

Two farmland management systems were established: tobacco continuous cropping (TC) and tobacco-rape rotation (TR). The field trial design was a randomized complete block design with two treatments and three replications, for a total of six plots. The size of each plot was15 m × 10 m (length × breadth). Breeding seedlings to obtain healthy tobacco seedlings in March and transplanting seedlings occurred in April. The planting density of tobacco was 16,500 plants/ha, and plant spacing was 50 cm × 120 cm. During the growing period from planting in March to harvesting in September each year, tobacco in continuous cropping and tobacco-rape rotation systems received the same amount of compound fertilizer (N: 124 kg/ha, P2O5: 124 kg/ha, K2O: 309 kg/ha). One-third of compound fertilizer was applied as base fertilizers before transplanting, and the remaining two-thirds was applied 30 days after transplanting. The tobacco cultivar K326 for the test was provided by Zhongyan Tobacco Seed Co., Ltd., China. Tobacco residues were removed after the harvest. Under the TR system, after the tobacco harvest in September, six holes were set per square meter, and three plants of rape (A35 variety) were planted in each hole. And 75 kg/ha compound fertilizer (12:6:24) dissolved in water and applied by sprinkler irrigation. Rape residues were removed after the rape harvest in March. The TC system was fallow during rapeseed cultivation.



2.3 Sample collection

At the time of tobacco harvesting, three representative tobacco plants were randomly taken from each plot and the specific method of harvesting in accordance with Tang et al. (2020). The tobacco leaves were baked to calculate tobacco yield. Soil samples were collected using a soil corer (inner diameter of 5 cm) in September 2020 after tobacco harvesting. Thirty soil cores were collected per plot with a probe to a depth of 20 cm. Every 10 cores were mixed into one composite sample. Each plot included three composite samples, equivalent to 9 replicates per treatment. The samples were then stored in airtight polypropylene bags and were rapidly transported to the laboratory where each soil sample was sieved with a 2 mm mesh and divided into two portions. One part was stored at −80°C for DNA extraction, and the other was used for the for the analysis of soil properties.



2.4 Soil properties analysis

The ring knife method was used to determine the soil bulk density and soil porosity. The DIK1150 three-phase instrument (Beijing Haifuda Technology Co., LTD.) was used to determine the soil three-phase ratio which equals soil solid volume: soil liquid volume: soil gas volume. Soil pH was measured in a soil–water suspension (1:2.5) using a pH meter. Soil electrical conductivity (EC), the indicator of soil soluble salt, was measured in a soil–water suspension (1:5) using an electric conductometer. The carbonate in the soil was removed by hydrochloric acid. SOC and total nitrogen (TN) were measured using an elemental analyzer (Vario EL III, Elementar, Germany). Soil available nitrogen (AN) levels, including ammonium, nitrate, and easily decomposable and hydrolysable organic nitrogen, were determined using alkali distillation (Page et al., 1982). Total P (TP) and available P (AP) were extracted with HF-HNO3-HClO4 and sodium bicarbonate, respectively, and then determined by the molybdenum-blue method (Page et al., 1982). Total K (TK) and available K (AK) were extracted with HF-HNO3-HClO4 and ammonium acetate, respectively, and then determined by flame photometry (Halajnia et al., 2009).



2.5 DNA extraction and illumina sequencing

DNA was extracted from fresh soil samples (0.5 g per sample) using MP FastDNASPIN Kits (MP Biomedicals, Solon, OH, United States). DNA quality and integrity were examined using 1% agarose gel electrophoresis. Bacterial 16S rRNA gene fragments were performed using the general bacterial primers 338F–806R, which are specific to the V3–V4 hypervariable region. The ITS region was targeted with the primers ITS1F–ITS2. Sequencing libraries were generated using TruSeq Nano DNA LT Library Prep Kit (Illumina, United States) following the manufacturer’s recommendations. High-throughput sequencing of 16S rRNA and fungal ITS genes were carried out using an Illumina HiSeq2500 platform, and 250 bp paired-end reads were generated.

The raw reads were denoised, dereplicated, and clustered using the Quantitative Insights into Microbial Ecology (QIIME) pipeline (Caporaso et al., 2010). The resultant high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using the UPARSE algorithm (Edgar, 2013), and the most abundant sequence from each OTU was selected as its representative sequence. Taxonomic classification of representative sequences from individual OTUs was performed by the RDP classifier (Wang et al., 2007). In order to compare relative differences between samples, a randomly selected subset of 88,336 and 32,620 sequences per sample for prokaryotes and fungi, respectively, was subjected to downstream analyses.



2.6 Statistical analysis

The Shannon index, Chao1 index, and ACE index were used to evaluate the α-diversity of bacterial and fungal communities (Zhou et al., 2021). T-tests were conducted using SPSS 20.0 for Windows software (SPSS Inc., Chicago, IL, United States) to discern the differences between TC and TR in α-diversity, the relative abundance of bacteria or fungi at different taxonomic levels, soil physicochemical properties, and tobacco yield. The analysis of non-metric multidimensional scaling (NMDS) based on the Bray–Curtis similarity matrix was used to explore the differences between TR and TC in soil microbial community composition in R (Version 3.4.1). For microbial networks, only OTUs with relative abundance larger than 0.01%. The relationships between OTUs with Spearman’s correlation coefficient r > 0.7 or r < −0.7 and p < 0.01 were selected for network construction. Then the R “igraph” package was used for the construction of co-occurrence network and calculation of network topological properties. The parameters describing network topological properties used in this study included nodes, edges, average degree, network diameter, average path length, clustering coefficient, modularity, density, and positive and negative links (Ma et al., 2016). Visualization of the co-occurrence network was performed by using Gephi. Additionally, redundancy analysis (RDA) was conducted using the vegan package in R (Version 3.4.1) to unveil the relationships between soil microbial communities and soil chemical properties. The relationships between soil microbial community composition at the phylum level and tobacco yield or soil properties were determined with Pearson correlations using OriginPro 2024 (Origin Lab Corp., Northampton, MA, United States). To unravel the complex interplay among soil chemical properties, microbial communities, and tobacco yield, structural equation modeling (SEM) was performed using AMOS 23.0. Microbial α-diversity, NMDS and r-strategy taxa (or copiotrophs) were hidden variables of microbial communities including bacteria and fungi. The data were meticulously fitted to the models using the maximum likelihood estimation method. The SEM was rigorously assessed for fit using the χ2-test, comparative fit index (CFI), and the root square mean error of approximation (RSMEA). These metrics collectively provided a robust evaluation of the model.




3 Results


3.1 Soil properties and tobacco yield

Compared with TC, TR had no significant effect on soil physical properties including soil three-phase ratio, soil porosity and soil bulk density (p > 0.05, Supplementary Table S1), but influenced significantly on soil chemical properties (Table 1). Compared with TC, TR significantly decreased soil pH by 4.7%, while significantly increased SOC, TN, TK, AN, and AK by 20.2, 24.7, 9.6, 32.3, and 5.7%, respectively (p < 0.05, Table 1). In addition, TR also affected the tobacco yield. Compared with TC, TR increased the tobacco yield by 39.6% (p < 0.05, Table 1). There was no significant difference in tobacco quality between TC and TR (Supplementary Table S2).



TABLE 1 Soil chemical properties and tobacco yield under tobacco continuous cropping and tobacco-rape rotationa.
[image: Table comparing planting systems TC and TR on various soil and yield parameters. TC has a higher pH (6.77), and EC, but lower SOC, TN, TP, TK, AN, AP, AK, and yield than TR. Statistical differences indicated by letters. Values include standard errors.]



3.2 Microbial community diversity and community composition

Shannon index, Chao1 index and ACE index were used to indicate α-diversity of bacterial and fungal communities. Compared with TC, TR increased significantly the Shannon index, Chao1 index, and ACE index of bacterial and fungal communities (p < 0.05, Figures 1A–F). To determine the effect of planting systems on soil microbial community structure, the overall structural changes of bacterial and fungal microbiota were analyzed using NMDS based on Bray-Curtis dissimilarities. NMDS ordinations revealed that there were significant differences in bacterial and fungal community structure between TC and TR (p < 0.05, Figures 1G,H).

[image: Box plots and scatter plots comparing microbial diversity indices and community structures between tobacco continuous cropping and tobacco-rape rotation. Panels A to F show significant increases in Shannon, Chao1, and Ace indices at the OTU level with crop rotation. Panels G and H display NMDS plots indicating clear separation between the two cropping systems, with significant ANOSIM results (R = 0.847 in G, R = 0.989 in H).]

FIGURE 1
 The alpha-diversity indexes and non-metric multidimensional scaling (NMDS) of bacteria (A,B,C,G) and fungi (D,E,F,H) under tobacco continuous cropping and tobacco-rape rotation. Asterisks (*p < 0.05) represent differences between tobacco continuous cropping and tobacco-rape rotation.


Acidobacteria, Proteobacteria, Chloroflexi, and Actinobacteria were the dominant phyla of bacteria in both TC and TR systems (71–74% of the relative abundance of all OTUs) (Figure 2A). Compared with TC, TR increased significantly the relative abundance of Proteobacteria, Actinobacteria and Gemmatimonadetes by 19, 19.4 and 25.6%, respectively (p < 0.05, Figure 2A). While TR decreased significantly Chloroflexi and Verrucomicrobia by 43.9, 54.5%, respectively, compared to TC (p < 0.05, Figure 2A). Ascomycota (mean 70% of all OTUs) and Mortierellomycota (17%) were the dominant fungal phyla both treatments. Compared with TC, TR increased the relative abundance of Ascomycota and Basidiomycota, but decreased the relative abundance of Rozellomycota (p < 0.05, Figure 2B). The composition of bacteria and fungi at the family level showed that the TR increased significantly the beneficial bacterial taxa including Sphingomonadaceae, Pyrinomonadaceae and Micrococcaceae in community (p < 0.05, Figure 2C). And TR increased the beneficial fungal taxa including Nectriaceae, Didymellace and Lasiosphaeriaceae (p < 0.05, Figure 2D). Compared with TC, at the genus level of bacteria, TR increased significantly the relative abundance of Sphingomonas and Arthrobacter (p < 0.05, Supplementary Figure S1A). The relative abundance of Mortierella increased and Fusarium decreased at the genus level of fungi under TR system (p < 0.05, Supplementary Figure S1B).

[image: The image presents four panels of microbial community analysis. Panels A and B are circular plots showing taxonomic composition at the phylum and class levels, with connections between groups. Panels C and D feature bar charts comparing proportions of microbial families between two conditions, labeled TR and TC. Each chart includes 95% confidence interval plots and p-values indicating statistical significance. Red and blue bars denote data from TR and TC groups, respectively.]

FIGURE 2
 The relative abundance of bacterial (A) and fungal (B) at phylum, and the relative abundance of bacterial (C) and fungal (D) at family under tobacco continuous cropping (TC) and tobacco-rape rotation (TR).




3.3 Bacterial and fungal co-occurrence networks

Co-occurrence networks were constructed at the OTU level to identify the different co-occurrence patterns of the soil bacterial and fungal communities under TC and TR (Figure 3). The co-occurrence network topology properties of bacteria and fungi showed that compared with TC, TR increased the nodes, edges, average path distance, and network diameter of bacterial and fungal communities (Supplementary Table S3).

[image: Network diagrams comparing bacterial and fungal communities under tobacco continuous cropping and tobacco-rape rotation systems. Colors represent different taxa, with bacteria on the left and fungi on the right. The top row shows continuous cropping, and the bottom shows rotation. Legends detail taxa such as Acidobacteria, Chloroflexi, Proteobacteria, Ascomycota, Mortierellomycota, and others.]

FIGURE 3
 Effects of tobacco continuous cropping and tobacco-rape rotation on bacterial and fungal co-occurrence networks. The nodes of each network are colored according to phylum affiliation base on OTU and sized according to degree of connection. The edges connecting the nodes are represented by red lines to indicate co-occurrence interactions or green to indicate mutualistic exclusions.




3.4 Correlation between soil chemical properties, microbial community and tobacco yield

We used redundancy analysis (RDA) to assess the effects of soil chemical properties on the compositions of the bacterial and fungal communities. For the bacterial community, the first two axes together explained 54.3% of the total variation in the bacterial community (Figure 4A). Soil pH, EC, SOC, TN, AN, AP, and AK had significant effects on bacterial community structure. AK contributed the most to the change in bacterial community structure (Supplementary Table S4). For the fungal community, the first two axes together explained 60.1% of the total variation in the fungal community (Figure 4B). Soil pH, SOC, TN, AN, and AK had significant effects on the fungal community structure. TN contributed the most to the change in fungal community structure (Supplementary Table S4; Figure 4B).

[image: Two redundancy analysis (RDA) plots labeled A and B compare soil properties in tobacco continuous cropping (red circles) and tobacco-rape rotation systems (green triangles). RDA1 and RDA2 axes are marked with percentages representing variance. Vectors for properties like pH, EC, AP, AK, TP, SOC, TN, and AN point in different directions, indicating their influence on soil characteristics in both cropping systems.]

FIGURE 4
 Redundancy analysis (RDA) demonstrating the relationships between soil properties and bacterial (A) or fungal (B) community structures under tobacco continuous cropping and tobacco-rape rotation. EC, electric conductivity; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, alkaline hydrolysis nitrogen; AP, available phosphorus; AK, available potassium.


In addition, the soil chemical properties had significant influence on microbial diversity (α and β diversity) and community composition at the phylum level (p < 0.05, Figure 5). SOC, TN, and AN were positively correlated with the Chao 1 index and NMDS1 of bacteria but negatively with Chloroflexi. Soil EC and AP were positively correlated with Proteobacteria and Gemmatimonadetes. SOC, TN and AN were positively correlated with Shannon index and Chao 1 index of fungal community. TP was positively correlated with Mortierellomycota. Basidiomycota was negatively correlated with SOC, TP, and AN. Soil pH was negatively correlated with the Shannon index and Chao 1 index of the bacterial and fungal community (p < 0.05, Figure 5).

[image: Correlation heatmap showing bacterial and fungal diversity indices, and selected taxa with soil properties and yield. Blue and red circles represent negative and positive correlations, respectively. Circle size and color intensity indicate correlation strength, ranging from -1 to 1. Indices include Shannon index, Chao1 index, and NMDS axes for both bacteria and fungi. Soil properties are pH, electrical conductivity, soil organic carbon, total nitrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, available potassium, and yield.]

FIGURE 5
 Pearson correlation coefficients between tobacco yield, soil properties, and soil microbial communities. *p < 0.05; **p < 0.01; ***p < 0.001. Red to blue color indicates positive to negative correlations.


The effects of planting systems, soil chemical properties, microbial diversity, and community composition on tobacco yield showed that the planting systems had the greatest standard total effect on tobacco yield, followed by soil chemical properties (Figure 6). Soil chemical properties such as SOC, TN, TK, AN, and AK were positively correlated with tobacco yield (p < 0.05, Figure 5). Microbial communities, especially bacteria, had the greatest direct effect on tobacco yield (Figure 6). The relationship between tobacco yield and microbes showed that tobacco yield was positively correlated with the Chao 1 index of bacterial and fungal communities, but negatively with Chloroflexi and Basidiomycota (Figure 5).

[image: Diagram illustrating relationships between planting systems, soil chemical properties, bacterial and fungal communities, and yield. Numerical values indicate different effects. A bar chart shows standard effects of planting systems, soil properties, bacterial and fungal communities, divided into total, direct, and indirect effects. Statistical values include chi-square, p-value, degrees of freedom, sample size, CFI, and RMSEA.]

FIGURE 6
 Structural equation modeling (SEM) was conducted to reveal hypothetical pathways between microbial communities, soil chemical properties and yield (A). And standard total, direct and indirect effects of planting systems, microbial communities and soil properties on yield (B).





4 Discussion


4.1 Tobacco-rape rotation increased tobacco yield by improving chemical properties

Continuous cultivation of a single crop induced nutrient imbalance, acidification, and autotoxicity (Hati et al., 2007; Pervaiz et al., 2020). But with the increase of above-ground diversity, the diversity of subsurface plant residual inputs enhanced soil ecological services and nutrient cycling under crop rotation system (Karlen et al., 2006; Zuber et al., 2015). In this study, compared with TC, TR increased SOC and soil nutrients including TN, TK, AN, and AK (p < 0.05, Table 1). The increased SOC and soil chemical nutrients under the TR can be attributed to the following reasons: (1) rape root residues and exudates entered the soil, expanding the soil C and N pools, regulating the soil C/N, and promoting the formation of SOC (Fang et al., 2021; Li et al., 2021); (2) the large and deep roots of rape can secrete a variety of organic acids and phenolic substances, which have allelopathic effects to dissolve chemically soil minerals and increase their availability as active nutrients (Yang, 2006; Chen and Weil, 2010); (3) rapes as a previous season crop produced a larger surplus of N and P for subsequent crop and reduced the K deficit. A meta-analysis by Zhu et al. (2019) showed that whether or not rape straws were returned, rape rotation produced higher annual nutrient budgets than other crop rotations such as wheat. Compared with TC, TR decreased soil pH (Table 1), which was similar to the results of Jin et al. (2024) and Wang et al. (2008). The result may be attributed to the organic acids secreted by rape roots and the application of nitrogen fertilizer in rape season (Li et al., 2008; Raza et al., 2020). Although TR decreased soil pH, this decrease of pH did not inhibit tobacco growth due to tobacco’s preference for weakly acidic environments and pH in the suitable range for tobacco growth (Ho et al., 2017). In summary, the findings indicated that TR serves as a transformative practice, significantly improving soil chemical properties because of the specificity of rape when compared to TC. It is worth noting that the improvement of soil chemical properties promoted tobacco yield by directly improving the nutrient cycling in the rhizosphere of tobacco and indirectly affecting the microbial diversity and composition (Figure 6). In particular, SOC, TN, TK, AN, and AK significantly increased tobacco yields (Figure 5). Previous studies have shown that planting rapeseed has beneficial effects on the next crop in the rotation cycle, and the rice yield in the rape–rice rotation was 7.5 and 6.4% higher than those in the wheat–rice and fallow–rice rotations, respectively (Huang et al., 2013; Fang et al., 2021). Therefore, due to the specificity of rape, TR was of great significance to increase tobacco yield by improving soil fertility and nutrient cycling.



4.2 Tobacco-rape rotation directly and indirectly affected bacterial and fungal communities

Soil microbial communities played a pivotal role in executing the biological processes essential for sustaining soil health and thwarting crop diseases (Garbeva et al., 2004; Raaijmakers et al., 2009). Recent investigations highlighted the critical role of microbial α-diversity in mitigating soil-borne issues. Root exudates were potential drivers of changes in microbial α-diversity. The rotation system appeared to mitigate specific microorganisms influenced by root exudates from the same crop, thereby augmenting microbial diversity (Strickland et al., 2015; Wu et al., 2019). Compared with continuous cropping, rotation reduced specific microorganisms and increased microbial α-diversity by directly avoiding long-term exposure of microorganisms to root exudates from the same crop. Our result also showed that TR increased bacterial and fungal α-diversity compared to TC (p < 0.05, Figures 1A–F). Moreover, crop rotation may directly affect microbial community composition by increasing spatio-temporal diversity and crop diversity (Tiemann et al., 2015). Except for reducing imbalances in microbial community structure by changing crop types like other crop rotation systems, rape roots could secrete antimicrobial substances which played a dual role in disrupting the host-pathogen cycle and inhibiting pathogen growth in TR system. For example, the rape root exudates had positive effect on the biocontrol of black shank caused by phytophthora parasitica var. nicotianae (Fang et al., 2016). Our results support this, with TR promoting beneficial bacterial and fungal taxa (Figure 2). Compared with TC, TR increased the beneficial bacterial taxa including Sphingomonas, Pyrinomonadaceae, and Micrococcaceae and beneficial fungal taxa including Nectriaceae, Didymellace, and Lasiosphaeriaceae (Behnke et al., 2021). Sphingomonas was used as a potential indicator of sustainable management (Li et al., 2022). TR reduced the pathogen that causes root rot, such as Fusarium (Supplementary Figure S1; Yao et al., 2020). In addition, the effect of planting systems on microbial co-occurrence network showed that TR increased the nodes and edges for bacteria and fungi, meaning that TR increased the network scale and potential interaction between OTUs (Figure 3). And TR promoted synergies between bacterial taxa and reduced competition (Supplementary Table S3; Figure 3), and the result was consistent with Chen et al. (2018). Therefore, TR may have a direct positive effect on microbial diversity and balancing community structure by changing above-ground crop types and subsurface root exudates.

TR may affect microbial diversity and community structure by improving soil chemistry. In this study, bacterial and fungal α-diversity was positively linked to the soil chemical properties (Kuramae et al., 2012). Specifically, TN, AN were positively correlated with the Shannon index and Chao1 index of bacteria (p < 0.05, Figure 5). Similarly, SOC, TN, AN were positively correlated with the Shannon index and Chao1 index of fungi (p < 0.05, Figure 5). Sun et al. (2023) indicated the positive effect of N availability on microbial diversity. This suggested that the increase in soil fertility and availability of chemical nutrients under TR promoted the α- diversity of bacteria and fungi. And the overall changes in microbial community structure may be related to soil chemistry driven by planting systems (Bastida et al., 2008). In this study, RDA analysis suggested that pH, SOC, TN, AN, and AK had significant effects on the bacterial and fungal community structure (Figures 4A,B). Notably, AK was the most important factor affecting bacterial community (Figure 4A). Soil AK played an indispensable role in optimizing soil bacterial community structure and advancing bacterial community diversity (Zhao et al., 2022). The bacterial groups, such as Bacillus mucilaginosus, Bacillus edaphicus, Bacillus circulans, and Acidithiobacillus ferrooxidans were related to AK (Meena et al., 2014). Also, AK contributed to the synthesis and metabolism of tobacco chemical components (Hu et al., 2021). TN emerged as the predominant factor influencing fungal community composition (Figure 4B), which may be related to the fact that TN affects the environmental stress tolerance of fungi and trade-off with traits enabling organic matter decomposition (Moore et al., 2021).

In addition, soil chemistry influenced microbial community composition through changing microbial life history strategies. For bacterial community composition, compared with TC, TR increased copiotrophs, such as Proteobacteria, Actinobacteria, and Gemmatimonadetes, but decreased oligotrophs including Chloroflexi and Verrucomicrobia. The effect of crop rotation on microbial life history strategies has also been demonstrated in fungal communities. TR increased the relative abundance of Ascomycota belonging to copiotrophs (Yao et al., 2017). Such changes in microbial life history strategies were related to the improvement of soil chemical nutrient availability. Our results showed that Proteobacteria and Gemmatimonadetes positively correlated with AP, while Chloroflexi negatively correlated with TN and AN (Figure 5). These results showed that copiotrophs grew faster in resource-rich environment, whereas oligotrophs grew slower in resource-poor environment (Fierer et al., 2007; Ho et al., 2017). These findings underscored that long-term regulation of TR on soil chemical properties alleviated microbial nutrient resource constraints and may change soil microbial diversity and community composition, and thus influence soil trade-off and functional stability (Panettieri et al., 2020).



4.3 Microbes were the direct factors driving tobacco yield

In dynamic agricultural ecosystems where species turnover occurs across space or time, a diverse soil microbial community as a reservoir of specialized microbial taxa, contributed to soil trade-offs and crop yield (Zhang et al., 2023). The efficacy of TR in bolstering tobacco yield was evident compared to TC (p < 0.05, Table 1). Assessing the factors influencing yield revealed a hierarchy with planting systems exerting the greatest total effect (Xuan et al., 2012), followed by soil chemical properties, bacterial community, and fungal community. Within this intricate web of influences, the bacterial community emerged as a key player, exerting the greatest direct effect on tobacco yield (Figure 6). This underscored the pivotal role of microbial communities in shaping the soil environment and influencing crop productivity (Ghani et al., 2022; Jiang et al., 2022). Our results showed that the α-diversity of bacteria and fungi was positively correlated with tobacco yield (Figure 5). On the one hand, soils with high microbial diversity may accelerate the turnover rate of nutrients, which implied that microbial diversity facilitated more nutrients for plant growth and that there was less competition from microbes (Fan et al., 2021). On the other hand, high microbial diversity may confer protection against soil-borne diseases, and ultimately increased plant productivity (Xuan et al., 2012). Moreover, the changes in microbial composition associated with increased crop yields are characterized by responses from potentially beneficial bacteria. For instance, the increased Actinomycetes under tobacco-rape rotation were symbionts of plants and saprophytes (Bhattacharyya and Jha, 2012), and played a role as biocontrol agents against a range of pathogenic fungi and promote plant growth (Franco-Correa et al., 2010; Bhattacharyya and Jha, 2012). In summary, this investigation unraveled the intricate interplay among yield, microbial communities, and soil chemical properties driven by planting systems. These findings highlighted the potential of microbial communities to drive crop yield increases in tobacco-rape rotation.




5 Conclusion

The study demonstrated the potential of tobacco-rape rotation to increase crop yield by directly and indirectly improving microbial diversity and optimizing microbial community structure. Compared with tobacco continuous cropping, tobacco-rape rotation increased the Shannon index, Chao1 index, and ACE index of bacteria and fungi, indicating the increase of microbial α-diversity. On the one hand, the tobacco-rapeseed rotation may directly affect the bacterial and fungal community structure due to the specificity of crop type and root exudates. The results showed that tobacco-rape rotation increased beneficial bacterial taxa including Sphingomonadaceae, Pyrinomonadaceae, and Micrococcaceae and the beneficial fungal taxa including Nectriaceae, Didymellace, and Lasiosphaeriaceae. At the same time, tobacco-rape rotation increased the nodes and edges of bacteria and fungi, implying increased co-occurrence network size and complexity, and promoted potential synergies or cooperative relationships between bacterial OTUs. On the other hand, tobacco-rape rotation indirectly changed the composition of microbial community by improving soil chemical properties and regulating microbial life history strategies. The results showed that tobacco-rape rotation increased the relative abundance of copiotrophs including Proteobacteria, Actinobacteria, Gemmatimonadetes, and Ascomycota, while simultaneously reduced oligotrophs including Chloroflexi and Verrucomicrobia. The correlation between soil chemistry and copiotrophs or oligotrophs provided further evidence of the effect of tobacco-rape rotation on microbial community composition by increasing the availability of soil nutrient resources. The relationships among yield, microbial community, and soil chemical properties indicated that planting systems had the greatest total effect on tobacco yield. The microbial community, especially bacteria, that was directly or indirectly regulated by planting systems had the greatest direct effect on tobacco yield. Our findings highlighted the critical role that tobacco-rape rotation played in shaping soil nutrient environments, optimizing microbial community structure, and thus promoting crop productivity.
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Introduction: The effects of continuous cropping and rotation cropping, two important tobacco cultivation practices, on soil microbial communities at different stages remain unclear. Different planting patterns have been shown to influence soil physical and chemical properties, which in turn can affect the composition and diversity of soil microbial communities.
Methods: In order to investigate the impact of different planting methods on soil microbial community structure, we selected two representative planting methods: continuous cropping (tobacco) and rotational cropping (tobacco-maize). These methods were chosen as the focal points of our research to explore the potential effects on soil microbial communities. High-throughput sequencing technology was employed to investigate the structure of soil microbial communities, as well as their relationships with soil environmental factors, by utilizing the 16S rRNA, ITS, and 18S genes. Furthermore, the interaction among microorganisms was explored through the application of the Random Matrix Theory (RMT) molecular ecological network approach.
Results: There was no significant difference in α diversity, but significant difference in β diversity based on Jaccard distance test. Compared to continuous cropping, crop rotation significantly increased the abundance of beneficial prokaryotes Verrucomicrobia and Rhodanobacter. These findings indicate that crop rotation promotes the enrichment of Verrucomicrobia and Rhodanobacter in the soil microbial community. AP and NH4-N had a greater effect on the community structure of prokaryotes and fungi in tobacco soil, while only AP had a greater effect on the community structure of protist. Molecular ecological network analysis showed that the network robustness and Cohesion of rotation were significantly higher than that of continuous cropping, indicating that the complexity and stability of molecular ecological networks were higher in the rotational, and the microbial communities cooperated more effectively, and the community structure was more stable.
Discussion: From this point of view, rotational cropping is more conducive to changing the composition of soil microbial community, enhancing the stability of microbial network structure, and enhancing the potential ecological functions in soil.
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1 Introduction

Tobacco (Nicotiana tabacum L.) is an economically important crop in China, primarily valued for its quality and yield (Zhou et al., 2020). Studies have shown that long-term continuous cropping causes soil problems such as shallow soil layer, structural damage, soil degradation, soil nutrient imbalance and soil-borne diseases, which affect the normal growth and development of tobacco and reduce the yield and quality of flue-cured tobacco (Tang et al., 2020). The yield and quality of tobacco leaves are mainly influenced by flue-cured tobacco varieties, ecological environment and cultivation techniques (Yang et al., 2020). In recent years, researchers have carried out a lot of studies from the perspective of adjusting tobacco planting patterns. The mechanism of alleviating and eliminating continuous cropping obstacles was discussed from the aspects of soil physical and chemical properties, soil microbial community structure, allelopathic and autotoxic effects of tobacco, etc., in order to provide reference for the prevention and control of continuous cropping obstacles and the sustainable and stable development of tobacco agriculture (Jiang et al., 2022; Jin et al., 2024). Continuous cropping refers to the continuous cultivation of the same crop on the same field in 1 year or 2 years. Rotational cropping refers to the cultivation of different crops or multiple cropping combinations on the same field in order between seasons and years (Ma et al., 2023). Through research and comparison, our experiment selected maize and corn bulk food crops with less labor, high mechanization and wide sales channels as continuous cropping and rotational cropping and implemented the planting mode of “tobacco-based and synergistic development of tobacco-grain industry”.

Soil health is the central theme of sustainable agricultural development. Soil microorganisms participate in soil ecological function, environmental function and immune function to drive the operation of soil life system, which is the core and key to maintain soil health (Wu et al., 2024). As an important component of soil ecosystem, microorganisms are extremely sensitive to environmental changes and are the core of soil reconfiguration. The interactions between plant-soil microbes are important for the functioning of terrestrial ecosystems and their response to global climate change. Soil microorganisms can directly interact with crops, such as through mycorrhizal symbiosis and rhizobia symbiosis to promote plant growth. Studies have shown that different crops can positively affect plant development and crop production by changing rhizosphere secretions to select or recruit soil microbiomes favorable to them (de Vries et al., 2020). Soil microbiome varies under different planting patterns. It was found that the rotation pattern could increase the number of colonies such as bacteria and actinomycetes in the soil, enrich the microbial population, increase the ratio of bacteria and fungi, and improve the community structure (Banerjee and van der Heijden, 2023). In general, as the number of soil bacteria and actinomycetes increases and the number of fungi decreases, the incidence of disease of crops grown in the soil will decrease. Existing study used PCR-RFLP technology to study and found that the bacterial community richness index and Shannon-wiener of rotating tobacco soil were higher than those of continuous cropping, indicating that the microbial community in rotating soil was relatively rich (Zheng et al., 2020). In addition, Niu et al found that the tobacco-maize crop rotation pattern could significantly reduce the incidence of virus disease (Niu et al., 2016). Rotational cropping can improve the quantity, variety and stability of soil microbial community, improve crop rhizosphere microenvironment, and reduce disease incidence, thus improving soil quality, crop yield and quality (Chen et al., 2021). Waha et al. (2020) showed that rotational planting of flue-soybean could significantly increase the number of bacteria, actinomycetes and some functional microorganisms related to soil nitrogen metabolism in crop rhizosphere soil, reduce the number of fungi, thereby reducing the incidence of soil-borne diseases and improving the metabolic cycle of soil. However, while significant progress has been made in understanding how soil microbes differ in rotational and continuous cropping compared to continuous cropping, much remains unknown about how microbes differ in both modes.

Ecological network refers to a topological model that simulates and builds biogeochemical cycles and energy flows in an ecosystem (Keyes et al., 2021). Molecular ecological network analysis is an emerging exploratory data analysis method, and ecological network analysis refers to the method of analysis and induction of ecological networks and the system theory of research (Deng et al., 2012). This method is based on random matrix theory and gene sequencing technology. Visualize microbial interactions and microbial system stability (Meyer et al., 2020). In recent years, ecological network analysis has been widely used in biological analysis, such as population relationship network, protein interaction network and gene regulation network, and has become a new research hotspot in ecology, especially microbial ecology (Zhou et al., 2010; Yuan et al., 2021). Molecular ecological network analysis is not only an important means to analyze the interactions between soil microorganisms and their influencing factors, but also to reveal the stability and complexity of soil ecological communities (Hernandez et al., 2021; Yuan et al., 2021). The stability and complexity of a network are often represented by robustness and Cohesion. Robustness refers to the ability of a microbial community to maintain its original structure and function after external interference (Yan et al., 2022). Cohesion quantifies the degree to which microbial communities are connected (Hernandez et al., 2021). It has also been applied to study the potential of soil resistance to continuous cropping obstacles (Tan et al., 2021). Therefore, our study used network analysis method to analyze soil-microbial interaction mechanism under tobacco continuous cropping and tobacco-maize rotational, so as to provide information for sustainable agricultural development.

The aim of this study was to elucidate the characteristics of soil prokaryotes, fungi and protists under continuous cropping and rotational cropping patterns of tobacco. To achieve the following goals: (i) the physical and chemical characteristics of Soil pH, total organic carbon (TOC), soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), nitrate nitrogen (NO3- N), ammonia nitrogen (NH4+-N), available phosphorus (AP), available potassium (AK), as well as the structure of soil bacteria and fungi community were analyzed and compared between the two types of soil. (ii) The relationship between environmental factors and microorganisms was analyzed, and the indicator species of soil prokaryotes, fungi and protists communities were identified in random forests under both models; (iii) Use of molecular ecological network analysis to reveal linkages between prokaryotes, fungi, and protist communities. By achieving the above research objectives, we hope to provide a new strategy and theoretical basis for tobacco continuous cropping and crop rotation.



2 Materials and methods


2.1 Study sites and sampling

The study site was located in Wenshan Zhuang and Miao Autonomous Prefecture (23° 15′N, 104° 35′E), Yunnan-Guizhou Plateau, Yunnan Province, China. It is a subtropical climate, 1,186 meters above sea level, the average temperature is 19°C, the frost-free period is 356 days, the sunshine is 2,228.9 h, and the average annual rainfall is about 779 mm. According to the classification of the Food and Agriculture Organization of the United Nations (FAO), the predominant soil type in the study region is Calcareous soil. For this study, we selected a total of eight tobacco growing areas with two different planting patterns: continuous cropping (C) and rotational cropping (R) involving both tobacco and maize. The planting is scheduled to take place in late July 2021. These selected areas will serve as the experimental sites to assess the impact of these planting methods on soil microbial communities. The same agronomic management was applied to all test plots. Soil samples were then collected by random sampling from multiple and rotating tobacco test plots. A soil drill with an inner diameter of 5 cm was used to collect 0 to 20 cm of tobacco soil at each point. Multiple soil samples (n = 5) were randomly collected at different locations in each plot, covering 0–20 cm soil layer. These samples are then combined to create a composite sample that represents each plot. A total of 19 composite soil samples were collected (10 continuous cropping soil samples and 9 rotating soil samples). Part of the tobacco soil collected was used for the detection of soil physical and chemical properties, and the other part was stored in the ice box and brought back to the laboratory at −80°C for DNA extraction and sequencing, and further analysis.



2.2 Soil physicochemical analyses

Soil pH, total organic carbon (TOC), soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), nitrate nitrogen (NO3- N), ammonia nitrogen (NH4+-N), available phosphorus (AP), available potassium (AK) and other parameters were determined according to the method adopted by Du et al. (2022) for the determination of soil physical and chemical properties. Physical and chemical properties of tobacco soil were determined at the Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China. This method guarantees the accuracy and consistency of the obtained results.



2.3 DNA extraction, amplification, sequencing, and sequence analysis

Total DNA was extracted from 0.5 g tobacco soil in duplicate according to the manufacturer's instructions for the FastDNA™ SPIN kit (MoBio Laboratories, Carlsbad, CA). NanoDrop2000 spectrophotometer (Thermo) was used to determine the DNA quality and concentration. The concentration was above 20 ng/μL, and the A260/A280 was 1.8~2.0. Prokaryotic 16S rRNA gene was amplified using universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The polymerase chain reaction (PCR) amplification method follows the protocol of previous studies (Yan et al., 2022). ITS genes using universal primers 5.8F-Fun (5′-AACTTTYRRCAAYGGATCWCT-3′) and ITS4r-Fun (5′- AGCCTCCGCTTATTGATATGCTTAART-3′) amplification (Taylor et al., 2016). The 18S gene of the protoplasm (Step 1 primers): 615F: 5′- AGTGTCGATTCGGTTAAAARGCTCGTAGTYG-3′, 963R:5′-AAGATCGTACTGAAGARGAYATCCTTGGTG-3′; The second step of primers: 615 F 5′- AGTGTCGATTCGGTTAAAARGCTCGTAGTYG-3′, 947R: 5′-AAGARGAYATCCTTGGTG-3′ was amplified with a universal primer and supplemented with a sample specific barcode (Zhou et al., 2021). The thermal cycle conditions of PCR amplification were as follows:94°C for 3 min, 45 cycles, 94°C for 20 s, 57°C for 25 s, 72°C for 45 s, and finally 72°C for 10 min. PCR positive amplicon was detected and purified by 1% agarose gel electrophoresis and purified by kit (D2500-02, OMEGA BioTek). The purified amplicon was quantified by NanoDrop2000 spectrophotometer. The sample concentrations were all above 20 ng/μL, and the A260/280 ratio was 1.8-2.0. The sample was then mixed in equal proportions (150 ng) using a qubit fluorometer (Life technologies Holdings Pte Ltd, Singapore). The library was constructed using the VAHTS™ Nano DNA library Prep Kit for Illumina® (Vazyme Biotech Co., Ltd, Nanjing, China) according to the reference instructions. The samples were gathered together and sequenced on the Hiseq sequencing machine (Illumina) at Magingene Biotechnology Co., LTD (Guangzhou, China).



2.4 Sequence data preprocessing and bioinformatics approaches

Fifty seven samples (19 × 3 community) of the original 16 s rRNA genes, ITS and 18S gene fragment sequencing data using integrate bioinformatics tools the internal pipeline (http://mem.rcees.ac.cn:8080) for processing (Feng et al., 2017). First, after the barcode is detected, the sequence is assigned to a single sample (sample sorting). After removing the barcode and primer sequence, the opposite sequence of the 16S rRNA gene was incorporated using a Flash program (Kong, 2011). For ITS sequences, the forward and reverse primers are removed, leaving the target sequence (Li S. et al., 2022). Subsequently, ITS flanking regions and non-fungal sequences were removed by an ITSx procedure. Next, Unoise3 algorithm (removing OTUs with abundance less than 8 sequences) was used to cluster the sequences into operational taxa (OTUs), generating a zero-radius OTU table (Edgar, 2016). Based on RDP (training set No. 18, July 2020) and warcup database V2 published in June 2016, and PR2 database (version_4.10.0_mothur) (Guillou et al., 2012), the classification information of prokaryotes, ITS and 18S was labeled. Finally, 71,594, 23,114 and 87833 zOTUs were obtained in prokaryotes, ITS and 18S, respectively, which were then used for downstream analysis.



2.5 Statistical analysis

This study adopts open analysis pipeline (http://mem.rcees.ac.cn:8080) calculation richness index to evaluate multiple cropping and rotation of the microbial community. Abundance is obtained by calculating the number of observed species shown in the zOTUs table. Nonmetric multidimensional scaling analysis (NMDS) was used to analyze the β-diversity of microbial communities in multiple cropping and rotation soils. Jaccard distance and difference tests based on multiple response displacement process (MRPP), one-way analysis of variance (ANOSIM) and multiple analysis of variance of displacement (PERMANOVA) were used. Significant differences were determined by Tukey post hoc tests and LSD tests, and community structure under the two planting methods was compared (Anderson, 2001). The Random Forests (RF) analysis method was used to further explore the markers of significant differences in soil microbial communities under multiple cropping and rotational cropping, and analyze the differences in the abundance of soil microbial communities under different treatments (Statnikov et al., 2008).



2.6 Random matrix theory based molecular ecology networks and analysis

Cropping and crop rotation mode in order to reveal the relationship between microbial community, we use a publicly available pipe network (http://mem.rcees.ac.cn:8081) constructed molecular ecology (Feng et al., 2022). Based on the stochastic matrix theory (RMT) method, in-domain ecological network (MEN) was constructed. We performed Spearman correlation screening on RMT results of microbial communities, and used thresholds r ≥ 0.95, 0.86 for prokaryotes, fungi and protists, respectively. To assess the importance of each observed MEN, we used the Maslov-Sneppen method to generate 100 randomly reconnected networks (Bascompte et al., 2003) and performed topological property checks for each index. Based on the values of intra-module connections (Zi) and inter-module connections (Pi), we classify nodes into four categories: peripherals, connectors, module hubs, and network hubs (Olesen et al., 2007). Module hubs, connectors and network hubs are considered as key species in molecular ecological networks. At the same time, in order to prove whether and how the two planting methods affect the stability of the network, the robustness and cohesion of the network are calculated. Robustness is defined as the proportion of remaining species in the network after random removal of 50% of nodes (Deng et al., 2012; Montesinos-Navarro et al., 2017). We calculate two cohesion values (positive and negative) based on ptwo correlation. This is a measure of the degree of relevance of cooperative behavior or competitive interactions (Herren and McMahon, 2017), which can indirectly represent complexity. Positive correlations can indicate facilitative/supportive relationships between taxa and reflect ecological or functional similarities (Barberán et al., 2012; Durán et al., 2018), while the negative correlation may indicate that competition reflects different niche needs among taxa (Zelezniak et al., 2015). Using Gephi (v0.9.2; https://gephi.org/) Visualizing the network.




3 Results


3.1 Effects of continuous and rotational cropping on soil physicochemical properties

Table 1 presents the soil physicochemical properties comparing continuous and rotational cropping. The activities of total organic carbon (TOC), soil organic matter (SOM), total nitrogen (TN), total potassium (TK), nitrate nitrogen (NO3- N), and ammonium nitrogen (NH4+ N) were significantly higher in rotational cropping compared to continuous cropping (P < 0.05). However, there was no significant difference observed in soil pH and total phosphorus (TP) between the two planting patterns.


TABLE 1 Under continuous and rotational cropping systems, the soil physicochemical properties were evaluated.

[image: Table comparing soil properties between continuous cropping and rotational cropping. Total organic carbon, soil organic matter, total nitrogen, total phosphorus, total potassium, nitrate nitrogen, ammonia nitrogen, available phosphorus, available potassium, and pH levels are shown. Rotational cropping generally has higher values for organic carbon, soil organic matter, total nitrogen, phosphorus, potassium, nitrate, ammonia, and available nutrients, but a slightly lower pH. Differences marked by letters indicate statistical significance, analyzed using one-way ANOVA.]


TABLE 2 Properties of empirical and randomized molecular ecology networks (MENs) for prokaryotic communities under continuous and rotational cropping.

[image: Comparison table of molecular ecological and random networks across different groups (C_16S, R_16S, C_ITS, R_ITS, C_18S, R_18S). It includes data on similarity threshold, nodes, links, degrees, clustering coefficients, path distance, centralization, density, transitivity, modularity, and R squared. Significant differences are noted for clustering coefficients, path distances, and modularity between empirical and random networks.]



3.2 Characteristics of soil microbial communities
 
3.2.1 Microbial community structure

Microbial community alpha-diversity was assessed using Chao1 and richness indices, while evenness was evaluated using the Shannon index. The findings indicated that there was no significant difference in α-diversity between continuous cropping and rotational cropping (Supplementary Figure S1).

To investigate the disparities in soil microbial communities between continuous and rotational cropping, we employed the Jaccard dissimilarity-based non-metric multidimensional scaling (NMDS) technique to visualize variations in group structure. The results revealed significant differences in community structure among prokaryotes (stress = 0.08), fungi (stress = 0.103), and protists (stress = 0.073) between continuous and rotational cropping systems (Supplementary Figure S2). The analysis of the results demonstrated significant disparities in the composition and structure of soil microbial communities between continuous cropping and rotational cropping systems. Different tests such as MRPP, ANOSIM and PERMANOVA confirmed that there were significant differences in prokaryotic communities between continuous cropping and rotation (MRPP, P = 0.003; ANOSIM, P = 0.004; PERMANOVA, P = 0.012). There were significant differences in ITS communities (MRPP, P = 0.002; ANOSIM, P = 0.001; PERMANOVA, P = 0.001). There were significant differences in 18S communities (MRPP, P = 0.027; ANOSIM, P = 0.013; PERMANOVA, P = 0.021) (Supplementary Table S1).

At the phyla level, classification was conducted to determine the relative abundance of taxa for all three microbiota. Whether in continuous or rotational cropping, the dominant phyla of prokaryotes in the soil were primarily composed of Proteobacteria (C: 40.05%, R: 41.64%), Acidobacteria (C: 13.83%, R: 12.87%), Actinobacteria (C: 11.26%, R: 11.14%), Gemmatimonadetes (C: 6.59%, R: 6.80%), Bacteroidetes (C: 6.01%, R: 6.68%), and Chloroflexi (C: 5.25%, R: 5.40%) (Supplementary Figure S3). Among them, Verrucomicrobia, a non-dominant bacterium, exhibited a significant difference between rotational and multiple cropping (P < 0.005). The dominant phyla of fungi in the soil primarily consisted of Ascomycota (C: 52.75%, R: 44.71%), Basidiomycota (C: 27.49%, R: 34.53%), Unclassified (C: 16.76%, R: 15.56%), Zygomycota (C: 1.63%, R: 3.14%), and Chytridiomycota (C: 1.34%, R: 2.05%). The dominant phyla of protists in the soil were mainly composed of Archaeplastida (C: 45.90%, R: 70.35%), Opisthokonta (C: 25.81%, R: 15.11%), Rhizaria (C: 11.85%, R: 5.68%), Stramenopiles (C: 5.22%, R: 3.30%), and Amoebozoa (C: 5.01%, R: 2.18%).

At the genus level, the dominant prokaryotic genus in soil were mainly composed of Sphingomonas (C: 7.08%, R: 7.56%), Gemmatirosa (C: 4.62%, R: 4.77%), Saccharibacteria genera incertae sedis (M: 4.28%, R: 4.91%), Bryobacter (C: 2.61%, R: 2.67%), Gp1 (C: 2.60%, R: 2.32%), Rhodanobacter (C: 0.78%, R: 2.61%), Candidatus Solibacter (C: 1.68%, R: 0.77%), Ramlibacter (C: 0.61%, R: 1.32%) significant differences in relative abundance of Candidatus Solibacter, Sphingomonas, Rhodanobacter and Ramlibacter (ANOVA, P < 0.005). The dominant fungi genus in soil were mainly composed of Unclassified (C: 39.38%, R: 59.63%), Coprinellus (C: 10.89%, R: 7.13%), Hypocrea (C: 8.89%, R: 1.09%), Exophiala (C: 0.18%, R: 9.47%), Trechispora (C: 8.39%, R: 0.17%), the non-dominant strain Metacordyceps showed significant difference between the two planting patterns (P < 0.005). The dominant protist genus in soil were mainly composed of Embryophyceae XX (C: 44.04%, R: 69.38%), Arachnida (C: 4.23%, R: 2.49%), Annelida XX (C: 4.48%, R: 0.31%), Enoplea X (C: 3.02%, R: 0.85%), Catenulida (C: 3.57%, R: 0.02%), Leptophryidae (C: 2.71%, R: 0.30%) (Supplementary Figure S3).



3.2.2 Differential distribution of soil microbial communities under continuous and rotational cropping

The aforementioned analysis provides insights into the potential impacts of different planting patterns on soil microbial community structure and diversity. To delve deeper into the specific effects of these planting patterns on the composition of soil microbial communities in tobacco, we employed random forest tools to identify the most distinguishable genera between continuous and rotational cropping systems. The 11 genera with the greatest differences in the distribution of prokaryotes in Figure 1A. The 15 genera with the greatest differences in the distribution of fungi in Figure 1B. The 15 genera with the greatest differences in the distribution of protist in Figure 1C. It is worth noting that all the biomarkers identified under continuous and rotational cropping were significantly different at the genus level. Significant differences in relative abundance of Candidatus Solibacter and Ramlibacter (P < 0.005). Significant differences in relative abundance of Embryophyceae XX, Catenulida and Peronosporales (P < 0.005).


[image: Three stacked bar plots labeled A, B, and C show different mean decrease accuracy values for species. Each plot lists species on the vertical axis with corresponding accuracy values plotted as blue dots on the horizontal axis. Color-coded bars indicate the influence of species in different models.]
FIGURE 1
 Random forest analysis showed the differential distribution of soil microbial communities under different planting patterns. (A) Prokaryotes. (B) ITS. (C) 18S.




3.2.3 The relationship between soil microbial and soil physicochemical properties

To investigate the variation in the influence of different environmental factors on the community structure of soil prokaryotes, fungi, and protists, a Mantel test was conducted. Correlation analyses were performed on the Bray-Curtis and Jaccard distance matrices of soil prokaryotes, fungi, and protist communities from continuous and rotational cropping systems. The findings revealed that AP (available phosphorus) and NH4-N (ammonium nitrogen) had a more pronounced impact on the community structure of tobacco soil prokaryotes and fungi. However, only AP exhibited a greater effect on the protist community structure (Figure 2).


[image: Matrix chart depicting results of a Mantel test with various environmental factors like PH, SOM, TOC, and TN along the axes. Color gradients and size variations represent Mantel's r and p-values. Lines connecting variables to Prokaryote, Fungi, and Protist beta diversity indicate relationships.]
FIGURE 2
 The relationship between microbial community and soil physicochemical properties was analyzed by Mantel test.





3.3 Effects of continuous and rotational cropping on soil microbial community interaction and stability

To investigate the disparities in microbial community interactions between continuous cropping and rotational cropping systems, we constructed six molecular ecological networks (MENs) based on the RMT (Random Matrix Theory) approach. The MENs were constructed using the sequencing data of 16S rRNA, ITS, and 18S to capture the interactions within each treatment. To ensure comparability across different networks, we established MENs for the soil samples under multiple cropping and rotation using consistent thresholds. Specifically, thresholds of 0.81 were applied for prokaryotic communities, 0.80 for fungi communities, and 0.86 for protist communities. The topological characteristics of the molecular ecological networks were then analyzed. The average path length (GD) for each network ranged from 3.109 to 6.270. These values closely approximated the logarithm of the total number of nodes in the network and were higher than those observed in the corresponding random networks. This shows that MENs has typical small-world network characteristics. The number of nodes in the communities of prokaryotes, fungi and protists in rotation was higher than that in continuous species (prokaryotes: C:657 R:862; fungi: C:60 R:014; protist: C:239 R:318). Except for prokaryotes, the links of fungi and protist communities in rotation were more than those in continuous cropping (fungi: C:74 R:129; protist: C: 423 R:548), indicating that the network was more complex and the connections between microbiota were closer under rotational cropping. The positive correlation ratio of prokaryotes (77.64%), fungi (75.38%) and protists (87.17%) in rotational cropping network was higher than that of continuous cropping prokaryotes (57.52%), fungi (69.33%) and protists (81.36%) (Figure 3), indicating that rotational cropping could strengthen the cooperative relationship among microorganisms.


[image: Three network diagrams labeled A, B, and C depict correlations among Prokaryotes, Fungi, and Protists. A shows dense interconnections with prokaryotes, including continuous and rotational cropping correlation data. B illustrates fungi with positive and negative clusters colored distinctively. C visualizes protists with similar cropping and correlation details. Each diagram specifies correlation types, node counts, and percentage values.]
FIGURE 3
 Analysis of community structure network of prokaryotes, fungi and protists. (A) Prokaryotic networks. (B) Fungal networks. (C) Protist networks. Different colors represent different modules, and modules with <5 nodes are gray.


In addition, we calculated the robustness and Cohesion values of each network, which represent the stability of the network. Under continuous cropping (C) and rotation (R), C (average 0.282 ± 0.019) was lower than R (average 0.310 ± 0.018) in prokaryotic community, and C (average 0.123 ± 0.016) was lower than R (average 0.135 ± 0.023) in fungi community. In the protist community, C (average 0.249 ± 0.053) was lower than R (average 0.305 ± 0.036), indicating that the network had higher stability under rotational cropping (Figure 4A). The Cohesion analysis showed that the absolute value of negative Cohesion of prokaryotes and protists was higher in continuous cropping soils, indicating that the competition between prokaryotes and protists was more intense than that in rotational soils (Figure 4B). Conversely, rotational soils showed a higher absolute value positive Cohesion for fungi communities, indicating increased cooperation between fungi compared to continuous cropping soils.


[image: Bar and box plots compare prokaryotes, fungi, and protist responses to continuous and rotational cropping. (A) Bar plots show positive cohesion values for weighted and unweighted scenarios, with significant differences noted by asterisks. (B) Box plots display positive and negative cohesions, indicating variation and significance levels. Blue represents continuous cropping, red represents rotational cropping.]
FIGURE 4
 The complexity and stability of soil microbial community. (A) Cohesion analysis of the microbial communities, where blue represents continuous cropping samples and the red represents rotational cropping samples. (B) Robustness analysis of the microbial communities. The levels of significance are indicated as 0.001***, 0.01**, and 0.05*.





4 Discussion

Continuous cropping is a prominent practice in Chinese agriculture, representing an important form of intensive cultivation (Zhao et al., 2016). However, the expansion of continuous cropping is constrained by various local factors, such as heat, soil conditions, water availability, fertilizer requirements, and labor availability (Waha et al., 2020). Due to the increased water and nutrient demands associated with continuous cropping, it is crucial to enhance farmland infrastructure and augment fertilizer application to support multi-cropping production (Gaba et al., 2015). On the other hand, rotational cropping involves the sequential planting of different crop combinations in the same field, either between seasons or across years (Barbieri et al., 2017). Research has demonstrated that rotating host and non-host crops can reduce the incidence of various crop diseases, such as tobacco black shank disease, broad bean root rot disease, and beet brown spot disease, by diminishing the pathogen population in the soil (Naseri and Hemmati, 2017; Gai et al., 2023; Tan et al., 2023).


4.1 Effects of two planting patterns on soil characteristics

The various planting patterns entail distinct nutrient management practices, leading to alterations in soil organic matter content and influencing the physicochemical properties of the soil. Consequently, these changes can impact the composition and diversity of soil microorganisms. Extensive research has demonstrated the effects of different planting patterns on soil physicochemical properties and microbial community structure (Xiao et al., 2023; Zhang M. et al., 2023). For instance, total organic carbon (TOC), soil organic matter (SOM), total nitrogen (TN), total potassium (TK), nitrate nitrogen (NO3-N), and ammonium nitrogen (NH4-N) were found to be significantly higher in rotational cropping compared to continuous cropping, which aligns with findings from previous studies (Li H. et al., 2022).



4.2 Effects of two planting patterns on soil microbial community composition

The quantity and composition of soil microorganisms, across the different groups the changes in soil nutrient dynamics, are significantly influenced by different crop planting methods. It has been well-documented that crop rotation has substantial effects on soil physical and chemical properties, which are closely associated with alterations in soil microbial community characteristics (Zhang H. et al., 2023). Significant differences were observed in the abundance of Verrucomicrobia at the phylum level. Verrucomicrobia is known for its ability to produce beneficial compounds such as antibiotics, which can aid in pathogen suppression. This phylum plays a crucial role in ecosystems by contributing to soil fertility enhancement, water quality improvement, and facilitating nutrient uptake by plants and animals. Moreover, Verrucomicrobia can contribute to the reduction of pollutant emissions and mitigate environmental damage caused by pollutants (Bünger et al., 2020; Larsson and Flach, 2022). Our findings indicate significant variations in the relative abundance of Candidatus Solibacter, Sphingomonas, and Ramlibacter (P < 0.005), previous studies have shown that Candidatus Solibacter can decompose organic matter, utilize carbon sources, and promote soil health (Wang et al., 2022). It was found that Sphingomonas cell membrane not only contains sphingomolipids which are more hydrophobic than lipopolysaccharides, but also has efficient metabolic regulation mechanism and gene regulation ability, which makes sphingomonas have great application potential in environmental remediation and promoting plant growth (de Vries et al., 2019). Rhodanobacter populations have also been shown to be antagonistic to the root rot fungal pathogen Fusarium solani and may be involved in nitrogen cycle processes (Huo et al., 2018). Our results further revealed a significant increase in the relative abundance of Peronosporales in continuous cropping compared to rotational cropping (P < 0.005). Peronosporales has been identified as a pathogenic group affecting numerous economically important plants, often leading to disease outbreaks and substantial losses, such as seedling wilting, white rust in rapeseed, and various downy mildew diseases (McGowan and Fitzpatrick, 2020). Based on these findings, we posit that rotational cropping may exhibit a more dominant role in mitigating tobacco root rot compared to continuous cropping.



4.3 Effects of soil physicochemical properties on the composition of the soil microbial community

Previous studies have provided evidence that different planting methods have the potential to modify soil physicochemical properties and influence the diversity and composition of microorganisms (Li et al., 2019). Numerous soil factors, including organic matter content, pH, salinity, among others, can contribute to alterations in soil microbial composition (Bastida et al., 2021). It is worth noting that different planting methods can lead to changes in these soil factors, further impacting the microbial communities present in the soil. Previous studies have shown that there is a significant correlation between microbial community and pH, and different microorganisms are very sensitive to environmental pH, and small changes will also cause changes in microbial community structure (Bastida et al., 2021; Naz et al., 2022). However, in our study, mental tests found no significant correlation between pH and microbial community composition, which is consistent with previous findings (Guo and Zhou, 2021). In our study, AP and NH4-N had a greater effect on the community structure of prokaryotes and fungi in tobacco soil, and only AP had a greater effect on the community structure, similar to previous studies (Zeng et al., 2017).



4.4 Effects of two planting patterns on soil microbial ecological network

In crop production activities, the ecological functions of soil will be different due to different planting methods (Bünger et al., 2020). Different planting methods can induce variations in microbial communities and their structures, thereby influencing diverse soil ecosystem functions. Within the intricate soil microbial ecosystem, microorganisms coexist and interact with each other within a complex network structure (Bastida et al., 2021). The results of this study (Figure 3) reveal the ecological characteristics of highly connected microorganisms in different structural modules of the soil microbial communities of the two planting styles. The community composition and diversity of prokaryotes, fungi and protists in rotational cropping were richer and more modular than that of continuous cropping. In molecular ecological networks, the number of nodes, the number of connections and the average connectivity are used to indicate the scale and complexity of the network, and the greater the average connectivity indicates the more complex connections between network nodes (Yuan et al., 2021). The higher number of nodes in crop rotation and the symbiotic relationship between species in the network indicated that the scale of soil microbial network in rotational cropping was larger and the relationship between species was more complex. The interrelationships between species in the network can be described as positive and negative correlations, with positive correlation indicating that the species have the same ecological niche or have symbiotic relationships, and negative correlation representing competition or predation relationships (Deng et al., 2012; Jiao et al., 2020). The number of network positive correlation connections of crop rotation was higher than that of continuous cropping, indicating that crop rotation enhanced the cooperation among soil microorganisms. It can be inferred that when disturbance occurs in the external environment, rotational cropping microbial network can slow down the transmission of disturbance and keep its structure stable, and stable microbial network may improve the participation in soil nutrient cycling, which is similar to the results of previous studies (Yan et al., 2022). In addition, we calculated the robustness and Cohesion of microbial networks to demonstrate the complexity and stability of molecular ecological networks. The results showed that the microbial communities had higher degree of cooperation, more effective interaction and more stable community structure under rotational cropping. Our results suggested those stronger interspecific interactions can enhance community stability. Closely symbiotic species in a community can greatly influence the stability and function of an ecosystem through aggregation modules (Wan et al., 2020; Li et al., 2021). Rotational cropping significantly stimulates dynamic responses to network complexity, which results in higher community stability, and therefore the associated ecosystem functions become stronger under rotational cropping cultivation. The enhancement of ecosystem functions may provide better service for forage growth and further increase the tobacco yield.

Community stability plays a crucial role in determining the ecological functioning of soil ecosystems. The stability of microbial communities is closely linked to their ability to resist and recover from disturbances, such as changes in environmental conditions or the introduction of new species. A stable microbial community contributes to enhanced nutrient cycling and availability, promoting plant growth and productivity. The diversity within a stable microbial network ensures the presence of a wide range of functional groups, each performing specific ecological functions. Several studies have demonstrated the positive correlation between community stability and ecosystem functioning. For example, research by Smith et al. (2016) found that a more stable microbial community in agricultural soils resulted in increased carbon and nitrogen cycling rates, highlighting the importance of stability in maintaining essential soil processes (Smith et al., 2016). Similarly, Johnson et al. (2020) observed that a stable microbial community contributed to improved nutrient availability and plant growth (Bender et al., 2016). Therefore, soil with rotation is more organized and diversified than that with continuous cropping, which enhances the ability of soil microorganisms to use nutrients and improves the microecology of cultivated land.




5 Conclusion

In this study, the soil microbial communities of two distinct cropping patterns in Yunnan, China, were investigated using Illumina HiSeq sequencing technology in conjunction with molecular ecological network analysis. The results revealed significant disparities in microbial β diversity between rotational cropping and continuous cropping. Notably, the abundance of beneficial prokaryotes, namely Verrucomicrobia and Rhodanobacter, was significantly higher in rotational cropping compared to continuous cropping. Furthermore, the community structure of prokaryotes and fungi in tobacco soil was significantly influenced by available phosphorus (AP) and ammonium nitrogen (NH4-N), while only AP exerted a significant impact on the protist community structure. Rotational cropping fostered increased interactions within soil prokaryotes, fungi, and protists, leading to more intricate network structures. Moreover, the network robustness and cohesion were significantly higher in the rotational cropping system compared to continuous cropping. Overall, these findings provide novel insights into the relationship between changes in soil physical and chemical properties and differences in microbial community dynamics under continuous cropping and crop rotation modes.
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Overgrazing and climate change are the main causes of grassland degradation, and grazing exclusion is one of the most common measures for restoring degraded grasslands worldwide. Soil fungi can respond rapidly to environmental stresses, but the response of different grassland types to grazing control has not been uniformly determined. Three grassland types (temperate desert, temperate steppe grassland, and mountain meadow) that were closed for grazing exclusion for 9 years were used to study the effects of grazing exclusion on soil nutrients as well as fungal community structure in the three grassland types. The results showed that (1) in the 0–5 cm soil layer, grazing exclusion significantly affected the soil water content of the three grassland types (P < 0.05), and the pH, total phosphorous (TP), and nitrogen-to-phosphorous ratio (N/P) changed significantly in all three grassland types (P < 0.05). Significant changes in soil nutrients in the 5–10 cm soil layer after grazing exclusion occurred in the mountain meadow grasslands (P < 0.05), but not in the temperate desert and temperate steppe grasslands. (2) For the different grassland types, Archaeorhizomycetes was most abundant in the montane meadows, and Dothideomycetes was most abundant in the temperate desert grasslands and was significantly more abundant than in the remaining two grassland types (P < 0.05). Grazing exclusion led to insignificant changes in the dominant soil fungal phyla and α diversity, but significant changes in the β diversity of soil fungi (P < 0.05). (3) Grazing exclusion areas have higher mean clustering coefficients and modularity classes than grazing areas. In particular, the highest modularity class is found in temperate steppe grassland grazing exclusion areas. (4) We also found that pH is the main driving factor affecting soil fungal community structure, that plant coverage is a key environmental factor affecting soil community composition, and that grazing exclusion indirectly affects soil fungal communities by affecting soil nutrients. The above results suggest that grazing exclusion may regulate microbial ecological processes by changing the soil fungal β diversity in the three grassland types. Grazing exclusion is not conducive to the recovery of soil nutrients in areas with mountain grassland but improves the stability of soil fungi in temperate steppe grassland. Therefore, the type of degraded grassland should be considered when formulating suitable restoration programmes when grazing exclusion measures are implemented. The results of this study provide new insights into the response of soil fungal communities to grazing exclusion, providing a theoretical basis for the management of degraded grassland restoration.
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1 Introduction

Grazing is a major grassland utilization strategy that comes with certain economic effects and environmental consequences (Yin et al., 2021), such as grassland degradation due to interactions with changing climatic conditions, slowing vegetation growth (Dlamini et al., 2016), altering the soil structure, and significantly affecting ecosystem services such as grassland windbreaks and sand stabilization, water retention, and carbon sequestration functions (Zhao et al., 2020). Grassland degradation has become an important ecological problem worldwide and has received increasing attention from ecologists (Bardgett et al., 2021; Wang et al., 2022c). Grazing exclusion is an effective way to restore degraded grasslands by relieving grazing pressure and promoting the self-recovery of degraded grasslands (Liu et al., 2020; Sun et al., 2021). Most of the previous studies on the effects of grazing bans on soil microorganisms have focussed on soil bacteria (Wang et al., 2022a). However, fungi, which are directly dependent on plant communities, are more sensitive to changes in soil nutrients and have stronger aboveground and belowground interactions (Millard and Singh, 2010). Therefore, research on the effects of grazing exclusion on soil fungal communities is highly important.

Soil fungi, as the second most important group in the soil microbial community and decomposers in the ecosystem, play an important role in promoting the uptake of various nutrients by vegetation, improving soil structure, participating in the degradation of apoplastic matter, promoting the turnover of nutrients during cycling and other ecological processes (Tedersoo et al., 2014; Peay et al., 2016). In addition, soil fungal communities are affected by different environmental factors, can adapt dynamically to the environment, and their composition can reflect the ecological status of the soil (Li et al., 2011). Therefore, studying the effects of grazing bans on soil fungal communities and understanding the drivers that influence soil fungal communities are critical for improving our understanding of ecosystem restoration mechanisms. However, the restoration of degraded grasslands by grazing exclusion is controversial. For example, Zhang et al. (2018) reported that grazing exclusion leads to a decrease in fungal diversity in a study on semiarid grasslands. Studies on meadow grasslands (Kaurin et al., 2018) and temperate steppe grasslands (Ma et al., 2023) reported that grazing exclusion favored an increase in fungal diversity, whereas a study on Seriphidium transiliense desert grasslands (Li et al., 2023) reported that the response of soil MBC, MBN, and MBP to grazing exclusion was not significant. These results suggest that no consensus exists on the effect of grazing exclusion on grassland soil fungal communities, which may be because most of the previous studies focussed on one grassland type and few studies considered different habitat conditions and their effect on soil microbial responses. Whether these differences are caused by different biotic and abiotic factors in the context of a wider variety of biotic communities remains to be investigated.

The Tian Shan Mountain Range is one of the seven major mountain systems in the world, with complex topography and remarkable geomorphological features, leading to obvious differences in climate, soil conditions, and vegetation cover in mountainous areas, with multiple types of desert–alpine meadows, which play a more important role in grassland ecosystems (Li et al., 2022) and is an ideal area for the study of different grassland types. Numerous studies (Asitaiken et al., 2021; Zhou et al., 2022) have shown that grazing exclusion promotes the recovery of vegetation and soil nutrients in degraded grasslands in the Tian Shan Mountains, but there is a lack of research on the effects of grazing exclusion on soil fungal communities.

To address the above questions, this study selected three different grassland types (temperate desert grassland, temperate steppe grassland, and mountain meadow grassland) in the Tian Shan Mountains as the research object, studied the effects of grazing exclusion on soil nutrients and soil fungal communities in different grassland types, and proposed two scientific questions: (1) does grazing exclusion have a differential effect on soil fungal communities in the three grassland types? and (2) what drives changes in soil fungal diversity, and how does grazing exclusion affect soil fungal communities through changes in plant communities and soil nutrients?



2 Materials and methods


2.1 Study area

The study areas are located in Bortala Mongol Autonomous Prefecture, Xinjiang (44°02′-45°23′N, 79°53′-83°53′E, altitude 189–4,569 m), state-level fixed monitoring sites in Bole city (mountain meadow grassland), Wenquan city (temperate steppe grassland), and Jinghe city (temperate desert grassland) (Figure 1A). With an average annual temperature of 1.1–7.8°C and average annual precipitation of 102–400 mm, the dominant species in these areas are Alchemilla tianschanica, Stipa capillata, and Seriphidium borotalense (Table 1).


[image: Map and diagram illustrating study areas for plant and soil sample collection. Panel A shows a topographic map with county boundaries, study areas marked by red triangles, and elevation from 172 meters to 4,573 meters. Panel B details sampling designs with two plots: "Grazing exclusion" and "Free grazing," each with marked locations for plant and soil sample collection. Both plots measure 150 meters by 150 meters with subplots at designated intervals.]
FIGURE 1
 Digital elevation map showing the locations of the three sampled sites in the Tianshan Mountains (A). (B) shows the sample layout.



TABLE 1 Description of the study sites.

[image: Table detailing grassland information for three sites. Jinghe County has a temperate desert with species Seriphidium borotalense and Suaeda glauca. Wenquan County has a temperate steppe with Stipa capillata and Artemisia frigida. Bole Country features a mountain meadow with Alchemilla tianschanica, Elytrigia repens, and Bromus inermis. Coordinates and elevations are provided: Jinghe (E83.05°, N44.43°), 1,178 meters; Wenquan (E80.55°, N45.01°), 2,338 meters; Bole (E80.99°, N44.56°), 1,017 meters. All were enclosed in 2012.]



2.2 Experimental design and field sampling

Three grassland types were selected in July 2021: temperate desert, temperate steppe, and mountain meadow. Long-term free-grazing sample plots and grazing-excluded plots were selected for each research area. Three sample strips were laid out in each sample plot, and the spacing between the sample zones was >50 m. In each sampling zone, three 1 m × 1 m sample plots were set up, with a spacing of 50 m, and the total number of sample plots was 54 (Figure 1B). The plants in each sample plot were recorded, as were the plant height, cover, density, and biomass. Soil samples were taken using the soil auger method. In the sample plot where the characteristics of the grassland community were measured, soil samples were taken using a soil auger at soil depths of 0–5 and 5–10 cm in layers, and each sample line was evenly mixed, put into a labeled Ziplock bag, and returned to the laboratory. Some of the samples were kept in the refrigerator at 4°C, whilst the remaining samples were naturally dried indoors after plant roots, gravel, and other debris were removed. The soil samples were then ground, mixed, and sieved through a 1 or 0.25 mm sieve for storage for laboratory analysis.



2.3 Sample analysis
 
2.3.1 Plant analyses

The natural height (cm) of five random plants of each species, or as many as were present if there were fewer than five plants, and the mean value was calculated. Species cover (%) was determined using the projection method. Density was determined using the direct counting method by recording the number of occurrences of the same plant or clumps of the same plant within the sample plots of each species (plant/m2). Aboveground biomass was determined using the flush mowing method. The fresh weights were recorded, placed into envelopes, and brought back to the laboratory to kill the greening at 105°C for 30 min. The samples were then baked at 80°C until the weight became constant, and the biomass was weighed (g/m2).

The α-diversity indices selected for this study were the Shannon–Wiener, Patrick's, Simpson's, and Pielou's, and the following equations were used to estimate the diversity of the plant communities (Wu et al., 2009) (Supplementary Figure S1).

[image: Importance value (IV) formula: \(IV_i = (H_{ri} + C_{ri} + D_{ri} + B_{ri}) / 4\).]

[image: Patrick richness index formula shown as \( R = S \), where \( R \) represents the index and \( S \) symbolizes the total number of species.]

[image: Simpson dominance index formula: \( D = 1 - \sum IV_i^2 \), where \( IV_i \) represents the importance value of species \( i \).]

[image: Shannon-Wiener diversity index formula: H equals negative summation of IV sub i times the natural logarithm of IV sub i.]

[image: Pielou evenness index formula displayed as E equals the negative sum of I V sub i times ln of I V sub i, divided by ln S, denoted as equation 5.]

where Hri represents the relative height, Cri indicates the relative coverage, Dri represents the relative density, Bri represents the relative biomass, S represents the total number of species in the plot, and IVi represents the importance of the i species.



2.3.2 Soil nutrient analyses

Soil pH and conductivity were recorded (water–soil ratio of 5:1) (Chen et al., 2022), and soil moisture content was determined by drying and weighing at 105°C for 24 h (Wang et al., 2023). Soil bulk density was measured gravimetrically after oven-drying (105°C, 24 h). Soil organic carbon, total nitrogen (TN), and total phosphorus (TP) contents were determined sequentially using the dichromate oxidation method, Kjeldahl method, and Mo–Sb colorimetric method (Parkinson and Allen, 1975; Blakemore et al., 1987; Zhang et al., 2018).



2.3.3 Determination and analysis of soil fungal communities

DNA extraction and PCR amplification: total genomic DNA from the samples was extracted using the CTAB method. The DNA concentration and purity were monitored on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/μL using sterile water. Internal transcribed spacer (ITS) rRNA genes of distinct regions were amplified using specific primers (ITS1-1F-F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS1-1F-R (5′-GCTGCGTTCTTCATCGATGC-3′) with a barcode (Ghannoum et al., 2010). All PCRs were carried out using 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 2 μM forward and reverse primers, and approximately 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s. Finally, the samples were incubated at 72°C for 5 min. The same 1X TAE buffer was mixed with the PCR products, and electrophoresis was performed on a 2% agarose gel for detection. The PCR products were mixed in equal ratios and purified using a Qiagen Gel Extraction Kit (Qiagen, Germany).

Illumina NovaSeq sequencing: Sequencing libraries were generated using a TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer's recommendations, and index codes were added. The library quality was assessed on a Qubit@ 2.0 fluorometer (Thermo Scientific). Finally, the library was sequenced on an Illumina NovaSeq platform, and 250 bp paired-end reads were generated.




2.4 Statistical analysis

All the data are expressed as means and standard errors. The data were preprocessed using Excel 2019, and independent sample t-tests and one-way ANOVA for plant community characteristics, soil nutrients, the abundance of dominant soil fungi, and diversity were performed using SPSS 25 software. Origin 2021 (OriginLab Corporation, USA) was subsequently used for histogram plotting. The beta diversity of fungal communities was estimated using Bray–Curtis distances in the “vegan” package (Oksanen et al., 2020) and plotted using the ggplot2 package in R 4.2.1 (Wilkinson, 2011), and permutational multivariate analysis of variance was used to test whether grazing exclusion, different grassland types, and their interactions had significant effects on the soil fungal community composition. In addition, to demonstrate more intuitively the effects of plant communities and soil nutrients on soil fungal communities, we selected soil fungal diversity indicators to perform a Mantel test with each of the soil nutrient indicators, and Mantel correlation was used to assess the relationships between soil fungal diversity and soil environmental variables. To further elucidate the effects of plant communities and soil nutrients on the main class of fungi, redundancy analyses were performed using R software after data normalization and variable commonality tests. Both the Mantel test and RDA were performed in the “vegan” package in R 4.2.1 (Yin et al., 2021; Wang et al., 2023). For the soil fungal symbiotic network, first, operational taxonomic units (OTUs) with a relative abundance of < 0.1% were removed to reduce the number of rare OTUs. Second, the correlation coefficients between OTUs were calculated using Pearson's R > 0.7, and P < 0.05 as the limiting factors, and the correlation coefficient between OTUs was calculated using the corr.test() function in the “psych” package (Jiao et al., 2022). Finally, topological parameters, including the average degree, average path length, clustering coefficient, and modularity were extracted for each treatment to assess the response of the soil fungal symbiotic network patterns to grazing bans as a function of different grassland types, and the network was visualized using Gephi 0.10. Structural equation models (SEMs) were constructed using the lavaan package (Rosseel, 2011), and the models included grazing exclusion, plant community characteristics, soil nutrients, and fungal community characteristics.




3 Results


3.1 Soil nutrients

Grazing exclusion significantly reduced the soil moisture content in the 0–5 cm soil layer of the three grassland types compared to the grazing area (P < 0.05) (Table 2). For the mountain meadow grassland, grazing significantly reduced the soil organic carbon, TP, carbon-to-nitrogen ratio, and carbon-to-phosphorus ratio and significantly increased the soil pH, electrical conductivity, and bulk density (P < 0.05). However, the soil electrical conductivity increased significantly (P < 0.05) in the 0–5 cm soil layer of the temperate steppe grassland. For the 5–10 cm soil layer, the physicochemical properties of the soil changed significantly (P < 0.05) after grazing exclusion in the mountain meadow grassland, whilst the changes in the other grassland types were not significant. The soil moisture content, organic carbon, and TN in the 0–10 cm soil layer of mountain meadow grassland were significantly greater than those of temperate desert and temperate steppe grasslands, and the pH of the 0–10 cm soil layer changed significantly amongst the three grassland types. Overall, grazing exclusion had a significant effect on the soil physicochemical properties in the mountain meadow grassland.


TABLE 2 Differences in soil chemical properties between the grazing and grazing exclusion treatments.

[image: Table comparing soil properties across different grassland types (TD, TS, MM) and treatments (GE, FG) for two soil layers (0-5 cm, 5-10 cm). Properties include pH, electric conductivity, bulk density, soil moisture, soil organic carbon, total nitrogen, total phosphorus, carbon to nitrogen ratio, carbon to phosphorus ratio, and nitrogen to phosphorus ratio. Significant variations are indicated by different letters.]



3.2 Soil fungal community diversity and composition

At the phylum level, soil Dothideomycetes, Archaeorhizomycetes, Agaricomycetes, and Sordariomycetes were the dominant fungal groups (Figure 2). The relative abundance of Archaeorhizomycetes in the 0–10 cm soil layer of both the grazing and grazing exclusion samples in the mountain meadow grassland was significantly greater than that in the temperate desert and temperate steppe grasslands (P < 0.05), whereas the relative abundance of Dothideomycetes in the temperate desert grassland was significantly greater than that in the other two grasslands (P < 0.05) (Supplementary Table S1). The abundance of other dominant fungi did not differ significantly amongst the three grassland types, and the changes in the relative abundance of dominant fungi were not significant after grazing exclusion compared to those in the grazing areas. The effects of grazing exclusion on the fungal diversity indices of the three grassland types were also not significant (Figures 3A–F). The Chao 1 index of the temperate steppe grassland was significantly greater than that of the other grasslands after grazing exclusion only (P < 0.05).


[image: Grouped bar charts showing the relative abundance of fungal community percentages in two soil depths: 0-5 cm (Panel A) and 5-10 cm (Panel B). Each bar represents different fungal groups, with varied colors indicating different taxa. The x-axis shows categories FG, GE, and TD, TS, MM, while the y-axis represents percentage. Key taxa include Dothideomycetes, Eurotiomycetes, and more.]
FIGURE 2
 Stacked bar chart shows the relative abundance of fungi at the class level. (A, B) represent the effects of grazing exclusion on the soil fungal classes of different grassland types in the 0–5 cm and 5–10 cm soil layers, respectively.



[image: Bar charts comparing HM and GF across three indices (Chao, Shannon, Simpson) in six panels (A-F), showcasing differences in diversity indices across conditions TD, TS, and MM. Panels D-F and A-C are similar in structure. Letters above bars indicate statistically significant differences.]
FIGURE 3
 Fungal α diversity (A–C) of the 0–5 cm soil layer based on the Chao 1 index, Shannon index, and Simpson index; (D–F) of the 5–10 cm soil layer based on the Chao 1 index, Shannon index, and Simpson index. The error bars indicate standard errors (three replicate sites). Different lowercase letters indicate significant differences (P < 0.05) between grazing and exclusion conditions for different grassland types. The same lowercase letter indicates that there is no significant difference between grazing and exclusion in different grassland types.


Based on ANOSIM analyses, soil fungal samples from Bray–Curtis distances in the grazing exclusion and grazing areas were significantly separated from each other in both the 0–5 cm soil layer and the 5–10 cm soil layer, indicating that soil fungal β diversity changed significantly after grazing exclusion (R2 = 0.5564, P = 0.001, and R2 = 0.3839, P = 0.002, respectively) (Figures 4A, B). The changes in soil fungal β diversity amongst different grassland types were not significant, and the interaction between grazing exclusion and different grassland types did not significantly affect the soil fungal community. Overall, grazing exclusion did not significantly affect the relative abundance or α diversity of fungal classes but did significantly affect the β diversity of fungi.


[image: Two PCA plots show microbial community compositions at different soil depths: 0-5 cm (left) and 5-10 cm (right). Both plots depict enclosures and grassland types with colored ellipses: blue for TD, red for TS, and green for MM. Axis labels indicate PCoA1 and PCoA2 percentages, showing variance. The legend describes symbols and treatments. Statistical data are provided for relationships among variables.]
FIGURE 4
 Fungal community structure assessed by β diversity patterns using principal coordinate analysis plots of Bray–Curtis distances. The different colors represent exclusion or grazing soils, and the shapes represent grassland types: temperate desert, temperate steppe, and meadow steppe. ANOSIM was used to test the significance between groups. (A) of the 0–5 cm soil layer based on the β diversity, (B) of the 5–10 cm soil layer based on the β diversity.




3.3 Soil fungal co-occurrence patterns

In this study, co-occurrence networks were constructed for soil fungal communities in grazing and grazing exclusion treatments. Compared to those in the grazing exclusion area, the soil fungal communities in the grazing area had greater average degrees and average path lengths. The grazing exclusion area had greater clustering coefficients and modularity classes than did the grazing area (Figures 5A–G). All three grassland types exhibited a highly modular structure (modularity > 0.59) under both the grazing and grazing exclusion treatments. In addition, the co-occurring network of temperate steppe grassland under the grazing exclusion treatment exhibited nine network modules, whilst the other grassland types exhibited only four to six network modules.


[image: Network diagrams labeled A to F, each representing various interconnected modules in different colors. Each module is identified by a unique color. To the right, bar charts labeled G compare "Average degree," "Average path length," "Clustering coefficient," and "Modularity class" between groups PG and GR, noting non-significant differences.]
FIGURE 5
 Overall co-occurrence networks of soil fungi and changes in topological parameters of soil fungi across different treatments and growth stages. The node size indicates the connectivity degree. The colors of the nodes and edges are grouped by modularity class. Different colors refer to different modules. ns indicates a P > 0.05. (A–C) indicate grazing, (D–F) indicate grazing exclusion. (G) is the network topological indexes.




3.4 Relationships between soil nutrients and the fungal community

The correlations between soil fungal diversity and nutrients are shown in Figure 6, which shows that the drivers of diversity were soil N:P, TN, BD, SMC, and C:P. Soil pH was an important environmental factor affecting the diversity of soil fungi in both grazing treatments. In addition, RDA was also used to further investigate the effects of vegetation community characteristics and soil physicochemical properties on the soil fungal community composition in the 0–10 cm soil layer (Figure 7). The percentages of the first and second axes in the 0–10 cm soil layer were 19.35% and 8.60%, respectively, and the cumulative interpretation rate reached 27.95%. Amongst these factors, Plant coverage had the greatest effect on the distribution of soil fungal communities, followed by TP, pH and BD.


[image: Two correlograms compare fungal beta-diversity relationships for panels A and B. Each square's color intensity represents different Marten's r values, with a gradient from light blue (low correlation) to dark blue (high correlation). Significant correlations are marked with asterisks. Red and green lines indicate positive and negative associations, respectively, with fungal communities and environmental factors like pH, EC, and nutrient content.]
FIGURE 6
 Mantel correlations between the community compositions of soil fungi and environmental factors. (A) of the 0–5 cm soil layer, (B) of the 5–10 cm soil layer.



[image: A two-part image showing: A) A redundancy analysis (RDA) plot with arrows representing different variables, and points indicating sample types (PG, PC, CE) under various treatments (TB, W, N). B) A bar graph displaying individual variable contributions, with variables on the x-axis and their values on the y-axis, including pH, EC, BD, SOC, TP, TN, Hibb, Density, A_GCB, Coverage, and Pluteo.]
FIGURE 7
 Redundancy analysis of the effect of significant soil nutrients on the composition of the fungal community at the class level (A). Red arrows refer to soil properties, and blue solid lines refer to fungal classes. Environmental factors and their interpretation rates of the variations in fungal community components (B).




3.5 Relationships between soil properties and the fungal community

Plant community characteristics and soil nutrients were used as predictors to establish SEMs by combining Mantel correlations and RDA to explore the effects of plant communities and soil nutrients on soil fungal α diversity as well as on symbiotic networks (Figure 8). The SEM results showed that grazing exclusion had a significant positive effect on soil nutrients in the grasslands, and plant composition affected the soil fungal communities by negatively influencing plant diversity (Figure 8A). Plant diversity had both significant positive and negative effects on fungal diversity and network complexity, respectively, and had the greatest total path effects, 0.881 and −0.852, respectively (Figure 8B).


[image: Diagram with two panels. Panel A is a structural equation model illustrating relationships among variables: GE, plant community characteristics, plant diversity, soil nutrients, fungal diversity, and fungal network complexity. Solid red arrows indicate positive relationships, dashed black lines show negative relationships, and numbers represent correlation coefficients. Panel B is a bar graph showing standardized total effects from the model for variables GE, PCC, PD, SN, and FD, with bars for ID and INC.]
FIGURE 8
 Structural equation modeling shows the direct and indirect effects of plant community characteristics, plant diversity, and soil nutrients on fungal diversity and network complexity (A). Total effects of fraction, plant community characteristics, plant diversity, and soil nutrients on fungal diversity and network complexity (B). The solid line indicates that the correlation is significant, and the dashed line indicates that the correlation is not significant. The gray and red arrows indicate positive and negative relationships, respectively. The numbers adjacent to the arrows represent the standardized path coefficients. FD, fungal diversity; FNC, fungal network complexity; PCC, plant community characteristics; PD, plant diversity; SN, soil nutrients.





4 Discussion


4.1 Changes in soil nutrients under grazing exclusion

In recent years, grassland degradation has increased, and grassland ecosystems have been severely damaged as a result of long-term overgrazing. In this study, the values of SOC and TP in the grazing exclusion areas of temperate desert, temperate steppe, and mountain meadow grassland were much lower than the mean values of soil SOC (29.51 g/kg) and TN (2.3 g/kg) in China (Zhang et al., 2022), which indicated that the nutrient contents of temperate desert grassland soils were lower and that the soils were poorer. A comparison of the mean values of soil TP (0.52–0.78 g/kg) in China revealed that, in comparison to temperate desert grassland soils, temperate steppe grassland soils had greater TN and lower TP. Some findings have shown that grazing exclusion promotes soil nutrient accumulation (Cheng et al., 2016) by reducing livestock foraging and trampling, which allows vegetation communities to grow and reproduce. This, in turn, increases carbon inputs due to an increase in aboveground biomass and litterfall (Du and Gao, 2021). It has also been shown that soil carbon loss is accelerated through soil microbial respiration due to the inputs of livestock feces and urine from grazing sample plots (Pang et al., 2018). Whilst Yuan et al. (2020) reported that grazing exclusion did not significantly affect organic carbon, the present study revealed reduced soil organic carbon in three grassland types, particularly for mountain meadow grasslands (P < 0.05), possibly because the improvement in soil moisture increased the input of soil carbon (Hu et al., 2016). But we found a significant reduction in the soil moisture content of the three grassland types, which led to a decrease in soil carbon input. When the depletion amount was greater than the accumulation amount, it resulted in an overall decrease in soil organic carbon (Li et al., 2023). Soil is an important carrier for vegetation growth, and the distribution and content of elements such as nitrogen and phosphorus can directly affect its nutrient status. In this study, the TN and TP contents of the soil in the grazing exclusion area of the mountain meadow grassland were significantly lower than those in the grazing area, consistent with the findings of Zhang et al. (2019) but not with those of Du and Gao (2021). This may vary depending on the geographical location of the forbidden grassland, the degree of degradation of the grassland, the number of years it has been forbidden to graze, and the climatic conditions. Changes in C, N, and P contents during nutrient cycling are considered important factors for ecological stability (Li et al., 2018), and it was observed in this study that soil C/N decreased after grazing exclusion and that low C/N ratios accelerated microbial decomposition of organic matter and increased the rate of nitrogen mineralisation (Springob and Kirchmann, 2003). This suggests that the treatment increased microbial diversity, which in turn increased the rate of decomposition.

Soil bulk density is an indicator of aeration that is positively correlated with density and is mainly affected by soil structure, grazing and trampling, and soil organic matter content. After grazing exclusion treatment completely eliminated the direct trampling by livestock and allowed the vegetation to recover, reduced compactness and increased pore space led to reduced soil bulk density of temperate desert and temperate steppe grasslands (Wang S. et al., 2018). Unlike the results of most studies in which grazing exclusion decreased soil pH (Yao et al., 2018; Ma et al., 2023), our results revealed that the treatment significantly increased soil pH in montane meadow grasslands compared to grazing areas, which is consistent with the findings of Zhang et al. (2017) on the response of soil pH to grazing exclusion in desertified grasslands. The reason may be because livestock in grazing areas excrete feces and urine as they forage, and the increased volume of livestock urine leads to an increase in the rate of cycling of soil ions, which increases the concentration of hydrogen ions in the top layer of the soil, resulting in a higher soil pH in grazing exclusion areas than in grazing areas (Woodbridge et al., 2014). Taken together, for mountain meadow grasslands, which are richer and more diverse in plant species, grazing exclusion is detrimental to the restoration of their grassland soils, but for temperate desert and temperate steppe grasslands, grazing exclusion improves the physical structure of grassland soils.



4.2 Effects of grazing exclusion on fungal communities and co-occurrence patterns

Soil fungi act as decomposers in ecosystems, effectively breaking down organic matter and humus and participating in the C and N cycles (Lv et al., 2023). In this study, Dothideomycetes, Archaeorhizomycetes, and Sordariomycetes, of the Ascomycota, and Agaricomycetes of the Agaricomycetes, were the dominant fungal groups of the three grassland types. Although the fungal response to grazing exclusion differed, the dominant groups were more or less the same. Ascomycota and Basidiomycetes have been shown to be dominant groups of soil fungi (Wang et al., 2022d), and studies on alpine meadows on the Tibetan Plateau have shown that the dominant community of soil fungi in degraded grasslands is Basidiomycetes (Li et al., 2021), which is consistent with the results of this paper. Additionally, Ascomycota is also found to be the dominant community of soil fungi in the globally sampled range (Tedersoo et al., 2014). Although both Ascomycota and Basidiomycetes have important roles in decomposing organic matter, their division of labor is different; Ascomycota usually decomposes decaying and complex organic matter in the soil, whilst Basidiomycetes mainly decomposes lignocellulose, which is difficult to degrade in apoplastic plant matter (Yao et al., 2017). In this study, grazing exclusion had no significant effect on the abundance or α diversity of the dominant soil fungi, possibly because the 9 years of treatment were short and the response of soil fungi to successional age was weak (Brown and Jumpponen, 2015); therefore, the effect of short-term grazing exclusion on the abundance and the α diversity of soil fungi was not significant. For example, Wang et al. (2019) studied 14 and 19 years of grazing exclusion in semiarid grasslands and reported that soil fungal diversity increased with increasing years of grazing restriction. β diversity analysis was used to compare differences in species composition between groups. The closer the distance between two groups on a coordinate plot, the more similar the composition of these two groups. Wang et al. (2023) reported that prolonged grazing exclusion altered the composition of fungal communities. According to the PCoA results, the soil fungal β diversity of all three grassland types was significantly altered under the grazing exclusion treatment, whereas the changes amongst the grassland types were not significant, consistent with the results of Chen et al. (2020). This suggests that grazing exclusion altered the composition of the soil fungal community and that the changes in the composition were closely related to microbial activities. Grazing exclusion could regulate microbial ecological processes by changing the fungal community composition rather than its abundance or diversity. This may be because plant nutrient uptake, amongst other factors, is strongly linked to soil fungi and plant communities. Grazing exclusion, on the other hand, affects the aboveground biomass (Lan et al., 2023) and changes the composition and structure of plant communities (Sigcha et al., 2018), amongst other factors. This leads to a change in plant nutrient requirements (Du and Gao, 2021), a change that is an important factor leading to changes in soil fungal community composition.

Microbial interactions can form a complex network that enables the effective transfer of energy, matter, and information between microorganisms that contribute to ecosystem function (Faust and Raes, 2012). Co-occurrence network analyses are used to assess how numerous species aggregate into different ecological clusters and to reveal the interactions between them (Berry and Widder, 2014). Studies have shown that positive connections indicate mutual synergistic relationships between microorganisms, whilst negative connections indicate competitive relationships between microorganisms (Wang X. et al., 2018; Blanchet et al., 2020). The connections in the soil fungal co-occurrence network in this study were all dominated by positive correlations, which is consistent with the findings of Duan et al. (2021). This result may indicate that co-operative relationships between soil fungal communities work together to resist external disturbances when the soil fungal community is subjected to environmental stress (Hernandez et al., 2021). For example, the ability of fungal hyphae to find nutrients is enhanced when there is a shortage of substrate (de Boer et al., 2005). Moreover, the soil fungal community in the grazing area had a greater average degree and average path length than that of the treated area, indicating that the community had greater connectivity. This study revealed that the average path length of the network was short, and the rate of information transfer between the species of the soil fungal network was fast (Zhou et al., 2011). These findings indicate that the fungal network response speed gradually accelerated when the environment changed from grazing treatment to grazing exclusion treatment, making the soil fungal community more susceptible to environmental changes. The temperate steppe grassland exhibited low connectivity and high modularity characteristics under the grazing exclusion treatment, indicating that the soil fungi in the temperate steppe grassland exhibited high stability under the grazing exclusion treatment. This is because the rich plant source resources and improved soil environment created more ecological niches for microorganisms after grazing exclusion (Chen et al., 2020; Lin et al., 2021). This was evident in the fact that all three grassland types with grazing exclusion had more modules than the grazing soils. A greater number of modules indicates a higher complexity of the soil fungal community, implying that the fungi had a stronger ability to resist external disturbances (Wang et al., 2022b). A greater diversity of modules, in turn, leads to a greater diversity of interactions (Wang et al., 2022a). Taken together, exclusion treatment increased the stability of temperate steppe grasslands, increased the rate of information transfer between the soil fungal networks of the three grassland types, and increased the diversity of interactions.



4.3 Factors influencing soil fungal community composition and co-occurrence networks

In most studies, changes in soil microbial diversity as well as co-occurrence networks are usually associated with environmental variables (Zhang et al., 2018; Jiao et al., 2022; Geng et al., 2023). Soil microorganisms are very sensitive to the environment in which they live and differences in grassland utilization, type of grazing livestock, vegetation composition, geography, climate, and soils can lead to changes in soil microorganisms (Yin et al., 2019), and differences in soil nutrients affect soil microbial habitats to varying degrees, leading to changes in microbial communities (Kaspari et al., 2017). Some studies have shown that soil fungal communities are closely related to soil nutrients (Wang et al., 2015). The SEM revealed that although grazing bans did not have a direct effect on fungal communities and their diversity, they could indirectly and positively affect them by altering soil nutrients and plant diversity. Plants affected fungal communities through their aboveground apoplastic matter, nutrients from their underground root system, and the carbon they provided (Cline et al., 2018; Zhang et al., 2019). Increased plant diversity resulted in increased formation of apoplastic material as well as underground root secretions, which led to increased soil fungal diversity (Thakur et al., 2015). Previous findings that the effect of soil on microbial diversity is more significant than that of plants (Shu et al., 2024) are not consistent with our results showing that plant diversity had the greatest total effect on soil fungal communities. The findings that there is a lag in the effect of plant communities on soil fungi (Zhang et al., 2018) are also at odds with our results, suggesting that 9 years of grazing exclusion may be sufficient for soil fungi to respond to plant diversity. Unlike fungal diversity, plant communities were significantly negatively correlated with soil fungal networks, whilst soil nutrients were positively correlated with fungal networks, consistent with previous studies (Chen et al., 2020). Soil fungal networks are affected by pH (Liu et al., 2023), phosphorus content (Li et al., 2020), and nitrogen content (Chen et al., 2020), and soil TN significantly affects soil fungal networks (Deng et al., 2020). Moreover, when the nitrogen content is low, soil fungal networks meet their needs through enhanced competition (Yuan et al., 2021). According to the RDA, soil TP was found to be the environmental factor influencing dominant soil fungal flora, possibly because soil microbial genetic structure requires more phosphorus, so the amount of phosphorus limits the abundance of dominant flora of the soil fungal community as well as the complexity of the network (Mori et al., 2018). In addition, soil phosphorus increases the effective soil nitrogen by facilitating nitrogen mineralisation, which in turn affects dominant soil fungi (Wang et al., 2022b). Pommier et al. (2018) found a strong correlation between TN content and the diversity of dominant taxa in fungal communities in a long-term nitrogen addition experiment on European grasslands, which is similar to the results of this paper's study that found soil TN to influence the diversity of fungal communities. In our study, soil bulk density was the main driver of soil fungal changes, and moist and permeable soils allowed for a richer environment for microorganisms and thus greater heterogeneity of living environments, a result similar to that of Jiao et al. (2019). This study also revealed that both the abundance of fungal dominant classes and fungal diversity were affected by soil pH, suggesting that it is a key limiting factor affecting the abundance, diversity, and network complexity of soil fungi under grazed exclusion conditions.




5 Conclusion

The results of this study showed that grazing exclusion did not cause significant changes in the soil fungal community α diversity (P > 0.05) but significantly altered the soil fungal β diversity (P < 0.05). In addition, temperate grassland soil fungi are more stability to grazing exclusion. Soil pH was found to be a key factor influencing the abundance, diversity, and network complexity of soil fungal communities in the three grassland types. We observed that grazing exclusion indirectly affected soil fungal communities by influencing soil nutrients and that plant diversity was significantly positively and negatively correlated with fungal diversity and network complexity, respectively. The results of this study provide a deeper understanding of the soil fungal community structure of different grassland types in response to grazing exclusion and a theoretical basis for the healthy restoration of degraded grasslands according to local conditions.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://doi.org/10.5061/dryad.bcc2fqzn0.



Author contributions

AJ: Writing – original draft. YD: Writing – review & editing. JA: Writing – review & editing. SZ: Writing – review & editing. TN: Writing – review & editing. YW: Writing – review & editing. ZL: Writing – review & editing. SA: Writing – review & editing. KY: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the 2022 National Natural Science Foundation (32260355).



Acknowledgments

Sequencing and data analysis services were provided by Wekemo Tech Group Co., Ltd., Shenzhen, China.



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.



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.2024.1404633/full#supplementary-material



References
	 Asitaiken, J. L. H. T., Dong, Y. Q., Li, J., and An, S. Z. (2021). Effects of grazing exclusion on nutrition and stoichiometry characteristics of Artemisia desert vegetation and soil. J. Arid Land Resour. Environm. 35, 157–164. doi: 10.13448/j.cnki.jalre.2021.311
	 Bardgett, R. D., Bullock, J. M., Lavorel, S., Manning, P., Schnaffer, U., Ostle, N., et al. (2021). Combatting global grassland degradation. Nat. Rev. Earth Environm. 2, 720–735. doi: 10.1038/s43017-021-00207-2
	 Berry, D., and Widder, S. (2014). Deciphering microbial interactions and detecting keystone species with co-occurrence networks. Front. Microbiol. 5:219. doi: 10.3389/fmicb.2014.00219
	 Blakemore L. C. Searle P. L. Daly B. K. (1987), Methods for chemical analysis of soils. NZ Soil Bureau. Rep. 80:102.
	 Blanchet, F. G., Cazelles, K., and Gravel, D. (2020). Co-occurrence is not evidence of ecological interactions. Ecol. Lett. 23, 1050–1063. doi: 10.1111/ele.13525
	 Brown, S. P., and Jumpponen, A. (2015). Phylogenetic diversity analyses reveal disparity between fungal and bacterial communities during microbial primary succession. Soil Biol. Biochem. 89, 52–60. doi: 10.1016/j.soilbio.2015.06.025
	 Chen, L., Shi, J., Bao, Z., and Baoyin, T. (2020). Soil fungal networks are more sensitive to grazing exclusion than bacterial networks. PeerJ 8:e9986. doi: 10.7717/peerj.9986
	 Chen, W., Wang, J., Chen, X., Meng, Z., Xu, R., Duoji, D., et al. (2022). Soil microbial network complexity predicts ecosystem function along elevation gradients on the Tibetan Plateau. Soil Biol. Biochem. 172, 108766. doi: 10.1016/j.soilbio.2022.108766
	 Cheng, J., Jing, G., Wei, L., and Jing, Z. (2016). Long-term grazing exclusion effects on vegetation characteristics, soil properties and bacterial communities in the semi-arid grasslands of China. Ecol. Eng. 97, 170–178. doi: 10.1016/j.ecoleng.2016.09.003
	 Cline, L. C., Hobbie, S. E., Madritch, M. D., Buyarski, C. R., Tilman, D., and Cavender-Bares, J. M. (2018). Resource availability underlies the plant-fungal diversity relationship in a grassland ecosystem. Ecology 99, 204–216. doi: 10.1002/ecy.2075
	 de Boer, W., Folman, L. B., Summerbell, R. C., and Boddy, L. (2005). Living in a fungal world: impact of fungi on soil bacterial niche development. FEMS Microbiol. Rev. 29, 795–811. doi: 10.1016/j.femsre.2004.11.005
	 Deng, J., Zhou, Y., Zhu, W., and Yin, Y. (2020). Effects of afforestation with Pinus sylvestris var. mongolica plantations combined with enclosure management on soil microbial community. PeerJ 8:e8857. doi: 10.7717/peerj.8857
	 Dlamini, P., Chivenge, P., and Chaplot, V. (2016). Overgrazing decreases soil organic carbon stocks the most under dry climates and low soil pH: a meta-analysis shows. Agric. Ecosyst. Environ. 221, 258–269. doi: 10.1016/j.agee.2016.01.026
	 Du, C., and Gao, Y. (2021). Grazing exclusion alters ecological stoichiometry of plant and soil in degraded alpine grassland. Agric. Ecosyst. Environ. 308 :107256. doi: 10.1016/j.agee.2020.107256
	 Duan, Y., Lian, J., Wang, L., Wang, X., Luo, Y., Wang, W., et al. (2021). Variation in soil microbial communities along an elevational gradient in alpine meadows of the Qilian Mountains, China. Front. Microbiol. 12:684386. doi: 10.3389/fmicb.2021.684386
	 Faust, K., and Raes, J. (2012). Microbial interactions: from networks to models. Nat. Rev. Microbiol. 10, 538–550. doi: 10.1038/nrmicro2832
	 Geng, M., Wang, X., Liu, X., and Lv, P. (2023). Effects of grazing exclusion on microbial community diversity and soil metabolism in desert grasslands. Sustainability 15:11263. doi: 10.3390/su151411263
	 Ghannoum, M. A., Jurevic, R. J., Mukherjee, P. K., Cui, F., Sikaroodi, M., Naqvi, A., et al. (2010). Characterization of the oral fungal microbiome (mycobiome) in healthy individuals. PLoS Pathog. 6:e1000713. doi: 10.1371/journal.ppat.1000713
	 Hernandez, D. J., David, A. S., Menges, E. S., Searcy, C. A., and Afkhami, M. E. (2021). Environmental stress destabilizes microbial networks. ISME J. 15, 1722–1734. doi: 10.1038/s41396-020-00882-x
	 Hu, Z., Li, S., Guo, Q., Niu, S., He, N., Li, L., et al. (2016). A synthesis of the effect of grazing exclusion on carbon dynamics in grasslands in China. Glob. Chang. Biol. 22, 1385–1393. doi: 10.1111/gcb.13133
	 Jiao, S., Lu, Y., and Wei, G. (2022). Soil multitrophic network complexity enhances the link between biodiversity and multifunctionality in agricultural systems. Glob. Chang. Biol. 28, 140–153. doi: 10.1111/gcb.15917
	 Jiao, S., Xu, Y., Zhang, J., and Lu, Y. (2019). Environmental filtering drives distinct continental atlases of soil archaea between dryland and wetland agricultural ecosystems. Microbiome 7, 1–13. doi: 10.1186/s40168-019-0630-9
	 Kaspari, M., Bujan, J., Weiser, M. D., Ning, D., Michaletz, S. T., Zhili, H., et al. (2017). Biogeochemistry drives diversity in the prokaryotes, fungi, and invertebrates of a Panama forest. Ecology 98, 2019–2028. doi: 10.1002/ecy.1895
	 Kaurin, A., Cernilogar, Z., and Lestan, D. (2018). Revitalisation of metal-contaminated, EDTA-washed soil by addition of unpolluted soil, compost and biochar: effects on soil enzyme activity, microbial community composition and abundance. Chemosphere 193, 726–736. doi: 10.1016/j.chemosphere.2017.11.082
	 Lan, Y., Fan, B., Guo, X., Si, M., Li, B., Qian, D., et al. (2023). Effect of grazing management strategies on the vegetation parameters and soil nutrients in alpine Kobresia pygmaea meadow on the northeastern Qinghai-Tibetan Plateau. Global Ecol. Conservat. 48:e02680. doi: 10.1016/j.gecco.2023.e02680
	 Li, G., Fan, B. L., Wen, D. R. L., and Yang, D. L. (2011). Analysis of soil fungal community structure of stipa steppes in hulunbuir, inner mongolia. Acta Pedologica Sinica 48, 1096–1102.
	 Li, G., Zhang, Z., Shi, L., Zhou, Y., Yang, M., Cao, J., et al. (2018). Effects of different grazing intensities on soil C, N, and P in an alpine meadow on the Qinghai—Tibetan Plateau, China. Int. J. Environ. Res. Public Health 15:2584. doi: 10.3390/ijerph15112584
	 Li, H., Qiu, Y., Yao, T., Han, D., Gao, Y., Zhang, J., et al. (2021). Nutrients available in the soil regulate the changes of soil microbial community alongside degradation of alpine meadows in the northeast of the Qinghai-Tibet Plateau. Sci. Total Environm. 792:148363. doi: 10.1016/j.scitotenv.2021.148363
	 Li, R., Liu, Y., Cheng, J., Xue, N., Sun, Z., Zhang, P., et al. (2022). Distinct soil bacterial patterns along narrow and broad elevational gradients in the grassland of Mt. Tianshan, China. Sci. Rep. 12:136. doi: 10.1038/s41598-021-03937-x
	 Li, S. Y., Cui, Y. X., Sun, Z. J., Liu, H. X., and Ye, H. W. (2023). Effect of grazing exclusion on soil organic carbon and stoichiometry characteristics of soil microbial biomass in sagebrush desert. Acta Prataculturae Sinica 32, 58–70. doi: 10.11686/cyxb2022267
	 Li, X., Zhang, Q., Ma, J., Yang, Y., Wang, Y., and Fu, C. (2020). Flooding irrigation weakens the molecular ecological network complexity of soil microbes during the process of dryland-to-paddy conversion. Int. J. Environ. Res. Public Health 17:561. doi: 10.3390/ijerph17020561
	 Lin, Q., Li, L., Adams, J. M., Heděnec, P., Tu, B., Li, C., et al. (2021). Nutrient resource availability mediates niche differentiation and temporal co-occurrence of soil bacterial communities. Appl. Soil Ecol. 163:103965. doi: 10.1016/j.apsoil.2021.103965
	 Liu, M., Zhang, Z., Sun, J., Li, Y., Liu, Y., Berihun, M., et al. (2020). Restoration efficiency of short-term grazing exclusion is the highest at the stage shifting from light to moderate degradation at Zoige, Tibetan Plateau. Ecol. Indic. 114, 106323. doi: 10.1016/j.ecolind.2020.106323
	 Liu, M. H., Liu, Y., Ren, Y., Gao, G. L., Ding, G. D., Zhang, Y., et al. (2023). Soil fungi co-occurrence network and its relationship with soil factors of Pinus sylvestris var. mongolica plantation in the Horgin Desert. Acta Ecologica Sinica 43, 9912–9924. doi: 10.20103/j.stxb.202206231784
	 Lv, C., Wang, C., Cai, A., and Zhou, Z. (2023). Global magnitude of rhizosphere effects on soil microbial communities and carbon cycling in natural terrestrial ecosystems. Sci. Total Environm. 856:158961. doi: 10.1016/j.scitotenv.2022.158961
	 Ma, F. L., Han, L., Fen, X. H., Zhou, Z. Y., He, Z. N., and Xi, L. Q. (2023). Effects of enclosure on the plants, soil, and microorganisms of temperate grasslands on the northern slope of Kunlun mountains. Acta Agrestia Sinica 31, 3364–3375. doi: 10.11733/j.issn.1007-0435.2023.11.015
	 Millard, P., and Singh, B. K. (2010). Does grassland vegetation drive soil microbial diversity? Nutr. Cycl. Agroecosyst. 88, 147–158. doi: 10.1007/s10705-009-9314-3
	 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
	 Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., O'Hara, R. G., Simpson, G., et al. (2020). “Vegan: Community Ecology Package (2.5-7),” in Ordination Methods, Diversity Analysis and Other Functions for Community and Vegetation Ecologists (Vienna: R Core Team).
	 Pang, R., Sun, Y., Xu, X., Song, M., and Ouyang, H. (2018). Effects of clipping and shading on 15NO[image: Greek letter Xi with an overline.] and 15NH[image: Plus four symbol, often used to denote a positive integer or an arithmetic operation in mathematics.] recovery by plants in grazed and ungrazed temperate grasslands. Plant Soil 433, 339–352. doi: 10.1007/s11104-018-3844-x
	 Parkinson, J. A., and Allen, S. E. (1975). A wet oxidation procedure suitable for the determination of nitrogen and mineral nutrients in biological material. Commun. Soil Sci. Plant Anal. 6, 1–11. doi: 10.1080/00103627509366539
	 Peay, K. G., Kennedy, P. G., and Talbot, J. M. (2016). Dimensions of biodiversity in the Earth mycobiome. Nat. Rev. Microbiol. 14, 434–447. doi: 10.1038/nrmicro.2016.59
	 Pommier, T., Cantarel, A. A. M., Grigulis, K., Lavorel, S., Legay, N., Baxendale, C., et al. (2018). The added value of including key microbial traits to determine nitrogen-related ecosystem services in managed grasslands. J. Appl. Ecol. 55, 49–58. doi: 10.1111/1365-2664.13010
	 Rosseel, Y. (2011). lavaan: an R Package for Structural Equation Modeling. J. Stat. Softw. 48, 1–36. doi: 10.18637/jss.v048.i02
	 Shu, X., Ye, Q., Huang, H., Xia, L., Tang, H., Liu, X., et al. (2024). Effects of grazing exclusion on soil microbial diversity and its functionality in grasslands: a meta-analysis. Front. Plant Sci. 15, 1366821. doi: 10.3389/fpls.2024.1366821
	 Sigcha, F., Pallavicini, Y., Camino, M. J., and Martínez-Ruiz, C. (2018). Effects of short-term grazing exclusion on vegetation and soil in early succession of a Subhumid Mediterranean reclaimed coal mine. Plant Soil 426, 197–209. doi: 10.1007/s11104-018-3629-2
	 Springob, G., and Kirchmann, H. (2003). Bulk soil C to N ratio as a simple measure of net N mineralization from stabilized soil organic matter in sandy arable soils. Soil Biol. Biochem. 35, 629–632. doi: 10.1016/S0038-0717(03)00052-X
	 Sun, J., Fu, B., Zhao, W., Liu, S., Liu, G., Zhou, H., et al. (2021). Optimizing grazing exclusion practices to achieve Goal 15 of the sustainable development goals in the Tibetan Plateau. Sci. Bull 66, 1493–1496. doi: 10.1016/j.scib.2021.03.014
	 Tedersoo, L., Bahram, M., Põlme, S., Kõljalg, U., Yorou, N, S., and Wijesundera, R. (2014). Global diversity and geography of soil fungi. Science. 346:1256688. doi: 10.1126/science.1256688
	 Thakur, M. P., Milcu, A., Manning, P., Niklaus, P. A., Roscher, C., Power, S., et al. (2015). Plant diversity drives soil microbial biomass carbon in grasslands irrespective of global environmental change factors. Glob. Chang. Biol. 21, 4076–4085. doi: 10.1111/gcb.13011
	 Wang, F., Li, Z., Fu, B., Lü, Y., Liu, G., Wang, D., et al. (2022a). Short-term grazing exclusion alters soil bacterial co-occurrence patterns rather than community diversity or composition in temperate grasslands. Front. Microbiol. 13, 824192. doi: 10.3389/fmicb.2022.824192
	 Wang, H., Li, J., Zhang, Q., Liu, J., Yi, B., Li, Y., et al. (2019). Grazing and enclosure alter the vertical distribution of organic nitrogen pools and bacterial communities in semiarid grassland soils. Plant Soil 439, 525–539. doi: 10.1007/s11104-019-04045-6
	 Wang, J., Xiao, Y. M., Wang, B., Bo, F., Dengshang, Z., Guoyang, Z., et al. (2023). Different effects of long-term grazing exclusion and growth stages on soil fungi and bacteria in an alpine steppe on the Qinghai-Tibetan Plateau. Global Ecol. Conservat. 47:e02641. doi: 10.1016/j.gecco.2023.e02641
	 Wang, J. T., Zheng, Y. M., Hu, H. W., Zhang, L. M., Li, J., and He, J. (2015). Soil pH determines the alpha diversity but not beta diversity of soil fungal community along altitude in a typical Tibetan forest ecosystem. J. Soils Sediments 15, 1224–1232. doi: 10.1007/s11368-015-1070-1
	 Wang, S., Jia, L., Cai, L., Wang, Y., Zhan, T., Huang, A., et al. (2022c). Assessment of grassland degradation on the Tibetan plateau based on multi-source data. Remote Sens. 14:6011. doi: 10.3390/rs14236011
	 Wang, S., Wang, X., Han, X., and Deng, Y. (2018). Higher precipitation strengthens the microbial interactions in semi-arid grassland soils. Global Ecol. Biogeog. 27, 570–580. doi: 10.1111/geb.12718
	 Wang, X., Guo, X. L., Zheng, R. B., Wang, S. F., Liu, S. Y., and Tian, W. (2018). Effects of grazing on nitrogen transformation in swamp meadow wetland soils in Napahai of Northwest Yunnan. Acta Ecologica Sinica 38, 2308–2314. doi: 10.5846/stxb201705150893
	 Wang, Y. H., Tian, L. M., Ai, Y., Chen, S. Y., and Mipam, T. D. (2022b). Effects of short-term yak grazing on soil fungal communities in an alpinemeadow on the Qinghai-Tibetan Plateau. Acta Prataculturae Sinica 31, 41–52. doi: 10.11686/cyxb2021476
	 Wang, Z., Ding, Y., Jin, K., Struik, P. C., Sun, S., Ji, B., et al. (2022d). Soil bacterial and fungal communities are linked with plant functional types and soil properties under different grazing intensities. Eur. J. Soil Sci. 73, e13195. doi: 10.1111/ejss.13195
	 Wilkinson, L. (2011). ggplot2: Elegant graphics for data analysis by WICKHAM, H. Biometrics 67, 678–679. doi: 10.1111/j.1541-0420.2011.01616.x
	 Woodbridge, J., Davies, H. J., Blake, W. H., and Fyfe, R. M. (2014). Recent environmental change in an upland reservoir catchment: a palaeoecological perspective. J. Paleolimnol. 52, 229–244. doi: 10.1007/s10933-014-9790-6
	 Wu, G. L., Du, G. Z., Thirgood, L. S., and Trigood, S. (2009). Effect of fencing and grazing on a Kobresia-dominated meadow in the Qinghai-Tibetan Plateau. Plant Soil. 319, 115–126. doi: 10.1007/s11104-008-9854-3
	 Yao, M., Rui, J., Li, J., Wang, J., Cao, W., and Li, X. (2018). Soil bacterial community shifts driven by restoration time and steppe types in the degraded steppe of Inner Mongolia. Catena 165, 228–236. doi: 10.1016/j.catena.2018.02.006
	 Yao, M., Rui, J., Niu, H., Heděnec, P., Li, J., He, Z., et al. (2017). The differentiation of soil bacterial communities along a precipitation and temperature gradient in the eastern Inner Mongolia steppe. Catena 152, 47–56. doi: 10.1016/j.catena.2017.01.007
	 Yin, Y., Wang, Y., Li, S., Liu, Y., Zhao, W., Ma, Y., et al. (2021). Soil microbial character response to plant community variation after grazing prohibition for 10 years in a Qinghai-Tibetan alpine meadow. Plant Soil 458, 175–189. doi: 10.1007/s11104-019-04044-7
	 Yin, Y. L., Wang, Y. Q., Li, S. X., Liu, Y., Zhao, W., Ma, Y. S., et al. (2019). Effects of enclosing on soil microbial community diversity and soilstoichiometric characteristics in a degraded alpine meadow. Chinese J. Appl. Ecol. 30, 127–136.
	 Yuan, M. M., Guo, X., Wu, L., Zhang, Y., Xiao, N., Ning, D., et al. (2021). Climate warming enhances microbial network complexity and stability. Nat. Clim. Chang. 11, 343–348. doi: 10.1038/s41558-021-00989-9
	 Yuan, Z. Q., Epstein, H., Grazing, G., and Li, Y. (2020). exclusion did not affect soil properties in alpine meadows in the Tibetan permafrost region. Ecol. Eng. 147:105657. doi: 10.1016/j.ecoleng.2019.105657
	 Zhang, C., Li, J., Wang, J., Liu, G., Wang, G., Guo, L., et al. (2019). Decreased temporary turnover of bacterial communities along soil depth gradient during a 35-year grazing exclusion period in a semiarid grassland. Geoderma 351, 49–58. doi: 10.1016/j.geoderma.2019.05.010
	 Zhang, C., Liu, G., Song, Z., Wang, G., and Guo, L. (2018). Interactions of soil bacteria and fungi with plants during long-term grazing exclusion in semiarid grasslands. Soil Biol. Biochem. 124, 47–58. doi: 10.1016/j.soilbio.2018.05.026
	 Zhang, J. P., Li, Y. Q., Zhao, X. Y., Zhang, T. H., She, Q., Min, L., et al. (2017). Effects of exclosure on soil physicochemical properties and carbon sequestration potential recovery of desertified grassland. J. Desert Res. 37, 491–499.
	 Zhang, Z., Yin, H., Chang, J., and Xue, J. (2022). Spatial variability of surface soil water content and its influencing factors on shady and sunny slopes of an alpine meadow on the Qinghai–Tibetan Plateau. Global Ecol. Conserv. 34, e02035. doi: 10.1016/j.gecco.2022.e02035
	 Zhao, Y., Liu, Z., and Wu, J. (2020). Grassland ecosystem services: a systematic review of research advances and future directions. Landsc. Ecol. 35, 793–814. doi: 10.1007/s10980-020-00980-3
	 Zhou, J., Deng, Y., Luo, F., He, Z., and Yang, Y. (2011). Phylogenetic molecular ecological network of soil microbial communities in response to elevated CO2. MBio 2:10.1128. doi: 10.1128/mBio.00122-11
	 Zhou, L. B., Sun, Z. J., and Liu, H. X. (2022). Effects of short-term enclosure on the storage and composition of organic carbon in the carbon pool of sagebrush desert grassland. Chin. J. Grassland 44, 9–19.
	Copyright
 © 2024 Jiang, Dong, Asitaiken, Zhou, Nie, Wu, Liu, An and Yang. 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.












	
	OPINION
published: 04 July 2024
doi: 10.3389/fmicb.2024.1421325






[image: image2]

Can the artificial exogenous addition really cause an increasing carbon emission driven by microbial community in grassland ecosystems?

Guanhong Liu1,2, Ze Gu2 and Bingyi Li3*


1Yinshanbeilu Grassland Eco-Hydrology National Observation and Research Station, China Institute of Water Resources and Hydropower Research, Beijing, China

2School of Ecology and Nature Conservation, Beijing Forestry University, Beijing, China

3Hebei Normal University, Shijiazhuang, Hebei, China

Edited by
Xingjia Xiang, Anhui University, China

Reviewed by
Jian Gao, Baotou Teachers' College, China
 Zhiwen Guo, Jiangxi Academy of Forestry, China

*Correspondence
 Bingyi Li, lby1220@hebtu.edu.cn

Received 22 April 2024
 Accepted 21 June 2024
 Published 04 July 2024

Citation
 Liu G, Gu Z and Li B (2024) Can the artificial exogenous addition really cause an increasing carbon emission driven by microbial community in grassland ecosystems? Front. Microbiol. 15:1421325. doi: 10.3389/fmicb.2024.1421325



Keywords
rhizosphere priming effect, exogenous additions, soil carbon emissions, grassland ecosystems, microbial community dynamics

As anthropogenic impacts intensify under the background of global change, the response of terrestrial ecosystems to human-induced stressors and climatic shifts has become an increasingly focal area of research (Tanentzap and Kolmakova, 2023). Exogenous amendments to soil, particularly the incorporation of water and organic carbon sources, represent a significant facet of global change dynamics (Zia et al., 2021; Liu et al., 2023). Such global transformations can enhance the influx of moisture and organic substrates into certain soils, instigating alterations in the carbon cycling rates of microbial assemblages, known as the “priming effect” (Kuzyakov et al., 2019). The priming effect refers to the change in the rate of microbial decomposition of soil organic matter (SOM) due to the addition of external substrates, such as water and organic carbon. Under different environmental conditions, this effect can manifest in various ways. For example, in nutrient-poor or arid soils, the introduction of water and organic carbon can significantly stimulate microbial activity, leading to an accelerated decomposition of SOM. Conversely, in nutrient-rich or moist soils, the priming effect may be less pronounced, as microbial communities are already active. Predominantly positive, this priming effect, induced by the external addition of water and organic carbon, is believed by many scholars to foster a positive feedback mechanism in the context of global change (Pausch and Kuzyakov, 2018). This feedback loop can result in increased CO2 emissions from soils, thereby contributing to further climate change. Over the long term, the priming effect can alter the balance of carbon cycling processes, influencing soil carbon storage and atmospheric carbon levels. Grassland ecosystems, characterized by more arid and nutrient-poor soils compared to forest ecosystems, are purportedly more prone to extensive positive priming effects. Consequently, some research posits that exogenous amendments in grasslands could greatly amplify soil carbon loss, thereby hastening the progression of climate change (Luo et al., 2016). However, the veracity of this assertion warrants further examination. Understanding the ecological significance of the priming effect, particularly its role in the broader context of global changes, is crucial for predicting and mitigating the impacts of anthropogenic activities on terrestrial carbon dynamics.

Through existing articles, we have identified considerable uncertainty regarding whether exogenous additions to grassland ecosystems result in large-scale soil carbon release. Initially, the concept of the priming effect was based on laboratory experiment results; however, the substantial differences between laboratory and field conditions make it imprudent to extrapolate laboratory findings directly to field scenarios (Song et al., 2017b). Due to these substantial differences, some researchers have started using deep learning techniques to better understand and predict field conditions based on laboratory data. These advanced techniques, including convolutional neural networks and other machine learning methods, can help bridge the gap between controlled experiments and real-world applications by analyzing large datasets and identifying complex patterns (Tetila et al., 2020). Additionally, the priming effect is often a short-term phenomenon, and the immediate responses of microbes do not necessarily reflect their behavior over longer periods, thus casting doubt on the presence of a consistently positive priming effect under field conditions (Bernard et al., 2022). For instance, recent research has shown that the effects of drought intensity on priming effects and their temperature sensitivity vary significantly, indicating that microbial responses to environmental changes are complex and context-dependent (Zhang R. et al., 2024). Most importantly, if the carbon released by microbes—including both net rhizodeposition and the decomposition of dead roots—is humified into the soil organic carbon content, exceeding the additional carbon release caused by the positive priming effect, then the total soil carbon stock should increase (Sun and Zhu, 2023). Most studies on the priming effect focus solely on carbon release without considering the overall carbon budget (Bernard et al., 2022). Therefore, we have grounds to believe that exogenous additions to grassland ecosystems are unlikely to cause large-scale soil carbon release.


Evidence from soil respiration components

The rhizosphere priming effect, defined as the stimulation of rhizosphere microorganisms by carbon inputs from root deposition, is the predominant priming effect in grassland ecosystems (Li et al., 2022). Rhizosphere microbial respiration (RMR), which is the release of CO2 by rhizosphere microorganisms as they decompose root-deposited carbon, shows a positive correlation with the rhizosphere priming effect (Zhu et al., 2014). This effect occurs because rhizodeposited carbon, such as root exudates and decaying root material, provides an energy source for soil microorganisms. The influx of fresh organic matter stimulates microbial activity, enhancing their decomposition processes and accelerating soil organic matter turnover. This increased microbial activity and decomposition can lead to higher CO2 emissions, contributing to the overall soil carbon dynamics (Lei et al., 2023). Both RMR and autotrophic root respiration (RR), which utilize organic matter produced by plant photosynthesis, are considered components of autotrophic respiration, and thus are not included in the net increase in carbon emissions (Song et al., 2017b). Overall, in grassland ecosystems, RMR and RR constitute 36% and 64% of autotrophic respiration, respectively, with RMR significantly lower than RR (Figure 1A). However, comparisons between laboratory and field data reveal that laboratory results significantly overestimate RMR (Figure 1A), indicating an overestimation of the scale of the priming effect in laboratory experiments.
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FIGURE 1
 (A) Contribution rate of root and rhizo-microbial respiration to rhizosphere respiration. (B) Seasonal variation of the rates of total soil respiration (TR), decomposition of soil organic matter (SOMD), root respiration (RR), rhizo-microbial respiration (RMR), and the priming decomposition of soil organic matter (PSOM). (C) Relationship between RMR and PSOM. ns means not significant. ***means extremely significant (p < 0.001).


Furthermore, heterotrophic respiration driven by the priming effect, which truly contributes to the net increase in carbon release, is referred to as primed soil organic matter (PSOM) (Werth and Kuzyakov, 2010). If exogenous additions to the rhizosphere were to cause large-scale carbon release, then PSOM would constitute a significant proportion of total respiration. Yet, the reality is that RMR is significantly positively correlated with PSOM, and RMR is consistently higher than PSOM, regardless of conditions (Figure 1B). Results from a single growing season also demonstrate that PSOM accounts for < 5% of total carbon emissions (Figure 1C). This indicates that exogenous additions merely cause a minor decomposition of soil organic matter by microorganisms utilizing the added organic substrates, and this slight increase in carbon release does not lead to substantial positive feedback to the atmosphere (Song et al., 2017a). These findings are significant for managing grassland ecosystems, as they suggest that exogenous additions are unlikely to cause substantial carbon loss. This has important implications for studying and mitigating the effects of global changes on soil carbon dynamics.



Evidence from field experiments

The majority of experiments examining the effects of exogenous additions on soil microbial activity are conducted in laboratories, where results often substantially differ from field conditions, making in situ field experiment findings more credible. Some field control experiments have attempted to demonstrate that exogenous additions increase carbon emissions due to enhanced microbial decomposition activity by adding glucose (Zheng L. et al., 2024). However, the problem is that glucose is an exceedingly rare addition in natural settings. For instance, studies in the Inner Mongolia grasslands show that the main exogenous additions to plant roots are lipids and polysaccharides, with monosaccharides being almost nonexistent (Yu et al., 2024). In fact, adding non-monosaccharide organic matter does not enhance microbial decomposition; rather, it increases the production of recalcitrant organic matter by microbes, enhancing the efficiency of the 'microbial carbon pump' and thereby promoting soil carbon sequestration (Liang and Zhu, 2021; Song et al., 2023). For example, new findings indicate that changes in root exudate inputs in grassland ecosystems only affect the composition of rhizosphere microorganisms, particularly the composition of fungi, and do not affect the carbon pool of non-rhizosphere soil (Yu et al., 2024). The increase in fungi caused by the increase in root exudates leads to an increase in wall/membrane/envelope biogenesis, which increases the content of microbial residues, thereby promoting soil carbon sequestration (Song et al., 2023). A meta-analysis based on 1,272 sets of experimental data from around the globe also shows that the soil priming effect changes from a positive to a negative effect as the addition of external sources increases (Xu et al., 2023).

Furthermore, the duration of exogenous additions is a critical factor influencing the priming effect. If additions are only made briefly, the priming effect appears temporarily and quickly subsides (Zhou et al., 2022). However, continuous long-term exogenous additions do not generally result in sustained high levels of carbon release in field studies. Long-term carbon addition and water augmentation experiments indicate that prolonged exogenous additions do not significantly impact the soil microbial community (Kuzyakov et al., 2019; Yang et al., 2024). This is because ecosystems possess inherent mechanisms to maintain homeostasis. One such mechanism is the resilience of microbial communities, which can adapt to changing conditions by altering their composition and function to utilize available resources efficiently (Shade, 2023). Additionally, soil buffering capacity helps maintain pH and nutrient levels, preventing drastic shifts in soil chemistry that could disrupt microbial activity. Plant-microbe interactions also contribute to homeostasis, as plants can modulate root exudate production to influence microbial communities and stabilize the soil environment (Chaudhry et al., 2021). Besides, feedback loops between soil microorganisms and plant roots help regulate nutrient cycling and carbon flow, ensuring that any initial perturbations caused by exogenous additions are mitigated over time (Yan et al., 2022). Thus, long-term additions merely transition the ecosystem into a new steady state without causing significant disruptions (Yu et al., 2021). For example, new research indicates that different plant species in grassland communities can alleviate soil nutrient limitations through reabsorption and maintain the stability of their communities (Zheng Y. et al., 2024). Another study shows that the soil microbial community in grasslands undergoes significant changes 1 year after initial disturbance, but returns to its original state by the 2nd year (Yu et al., 2021). Additionally, research has demonstrated that mycorrhizal fungi (especially ectomycorrhizal fungi) can significantly enhance ecosystem stability, thereby maintaining the steady state of soil ecosystems (Guo et al., 2024). These homeostatic mechanisms enable ecosystems to absorb and adapt to changes, ensuring that long-term exogenous additions result in a stable new equilibrium rather than significant disruptions. This understanding is crucial for evaluating the long-term impacts of exogenous additions on soil carbon dynamics and for developing effective management strategies for grassland ecosystems.



Conclusion

Substantial uncertainty persists regarding whether exogenous additions to grassland ecosystems result in significant soil carbon emissions. The profound environmental disparities between laboratory settings and field conditions, along with the nature and duration of exogenous additions, can lead to misinterpretations of research outcomes. Both the components of soil respiration and evidence from in situ field experiments do not support the hypothesis that the priming effect causes significant positive feedback from the grassland soil microbial community to the atmosphere. Therefore, it is our contention that exogenous additions to grassland ecosystems are unlikely to lead to large-scale soil carbon emissions.

However, several questions remain unanswered and warrant further investigation. How do different types of organic substrates influence the priming effect under varying environmental conditions? What are the long-term impacts of repeated exogenous additions on soil carbon sequestration and microbial community dynamics? Future research should also explore the role of plant-microbe interactions in modulating the priming effect and how these interactions may shift under changing climate conditions. Addressing these questions will be crucial for developing a more comprehensive understanding of the mechanisms driving soil carbon dynamics in grassland ecosystems and for informing sustainable management practices.
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Introduction: In recent years, the frequency and intensity of anthropogenic wildfires have drastically increased, significantly altering terrestrial ecosystems worldwide. These fires not only devastate vegetative cover but also impact soil environments and microbial communities, affecting ecosystem structure and function. The extent to which fire severity, soil depth, and their interaction influence these effects remains unclear, particularly in Pinus tabulaeformis forests.
Methods: This study investigated the impact of wildfire intensity and soil stratification on soil physicochemical properties and microbial diversity within P. tabulaeformis forests in North China. Soil samples were collected from different fire severity zones (Control, Light, Moderate, High) and depths (topsoil: 0–10 cm; subsoil: 10–20 cm). Analyses included measurements of soil pH, organic carbon (SOC), total nitrogen (TN), and other nutrients. Microbial diversity was assessed using 16S rRNA gene sequencing.
Results: Our findings revealed significant variations in soil pH, SOC, TN, and other nutrients with fire severity and soil depth, profoundly affecting microbial community composition and diversity. Soil pH emerged as a critical determinant, closely linked to microbial α-diversity and community structure. We found that fire severity significantly altered soil pH (p = 0.001), pointing to noteworthy changes in acidity linked to varying severity levels. Topsoil microbial communities primarily differentiated between burned and unburned conditions, whereas subsoil layers showed more pronounced effects of fire severity on microbial structures. Analysis of bacterial phyla across different fire severity levels and soil depths revealed significant shifts in microbial communities. Proteobacteria consistently dominated across all conditions, indicating strong resilience, while Acidobacteriota and Actinobacteriota showed increased abundances in high-severity and light/moderate-severity areas, respectively. Verrucomicrobiota were more prevalent in control samples and decreased significantly in fire-impacted soils. Chloroflexi and Bacteroidota displayed increased abundance in moderate and high-severity areas, respectively. Correlation analyses illustrated significant relationships between soil environmental factors and dominant bacterial phyla. Soil organic carbon (SOC) showed positive correlations with total nitrogen (TN) and alkaline hydrolysable nitrogen (AN). Soil pH exhibited a negative correlation with multiple soil environmental factors. Soil pH and available phosphorus (AP) significantly influenced the abundance of the phylum Myxococcota. Soil water content (WC) significantly affected the abundances of Acidobacteriota and Actinobacteriota. Additionally, ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) jointly and significantly impacted the abundance of the phylum Chloroflexi.
Discussion: This study highlights the significant long-term effects of anthropogenic wildfires on soil microenvironment heterogeneity and bacterial community structure in P. tabulaeformis forests in North China, 6 years post-fire. Our findings demonstrate that fire severity significantly influences soil pH, which in turn affects soil nutrient dynamics and enhances microbial diversity. We observed notable shifts in the abundance of dominant bacterial phyla, emphasizing the critical role of soil pH and nutrient availability in shaping microbial communities. The results underscore the importance of soil stratification, as different soil layers showed varying responses to fire severity, highlighting the need for tailored management strategies. Future research should focus on long-term monitoring to further elucidate the temporal dynamics of soil microbial recovery and nutrient cycling following wildfires. Studies investigating the roles of specific microbial taxa in ecosystem resilience and their functional contributions under varying fire regimes will provide deeper insights. Additionally, exploring soil amendments and management practices aimed at optimizing pH and nutrient availability could enhance post-fire recovery processes, supporting sustainable ecosystem recovery and resilience.
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Introduction

Wildfires are a natural and transformative force in forest ecosystems worldwide, shaping biodiversity, altering soil properties, and influencing nutrient cycling (Poulos et al., 2021; Zhao et al., 2023). The frequency, severity, and extent of wildfires have been profoundly affected by climate change and human activities, leading to significant ecological and environmental impacts (Poulos et al., 2021; Lopez et al., 2023; Qin et al., 2023). However, the role of wildfires extends beyond immediate destruction (Certini, 2005). They play a critical role in ecological succession, nutrient redistribution, and the regeneration of forest ecosystems (Tang et al., 2022; Qin et al., 2023). Wildfires can modify soil properties, including pH levels, soil organic matter, and microbial community composition, thereby influencing the post-fire recovery trajectory of these ecosystems (Lisa et al., 2016; Salgado et al., 2024). As the population rapidly grows, along with the increase in human activities and the demand for economic development, the ecological environment has been continually degraded. Human activities such as burning paper during ancestral grave visits and smoking in parks have led to an increase in the number of human-caused forest fires (Marey-Perez et al., 2023; Vachula et al., 2023). These fires disrupt the internal balance of forest ecosystems, increasing entropy and pushing ecosystems into a state of chaos and disorder (Su et al., 2021; Song Z et al., 2021; Qin et al., 2023).

Recent studies illustrate the complex dynamics of soil microbial communities in response to wildfires and subsequent management interventions. Research by Yang et al. alongside García-Carmona et al., highlights significant shifts in microbial community composition post-wildfire, with minimal management impacts and potential biocrust-mediated recovery, respectively (Garcia-Carmona et al., 2022; Yang et al., 2024). Divergent microbial recovery trajectories in boreal forests as demonstrated by Porter et al. and the critical interplay of soil carbon and nitrogen highlighted by Hopkins et al. underscore the multifaceted nature of microbial responses to environmental disturbances (Porter et al., 2023; Hopkins et al., 2024). Further, the combined effects of drought legacies and wildfires on microbial dynamics, as explored by Dai et al. emphasize the importance of considering historical climatic conditions (Dai et al., 2021). Together, these studies reinforce the need for nuanced fire management and ecological restoration strategies that account for the diverse responses of microbial communities to fire disturbances.

Pinus tabulaeformis, a characteristic conifer species in North China, is notable for its substantial resin content, classifying it as a highly flammable species (Xu L et al., 2022; Qi and Yin, 2023). Previous research has extensively explored the immediate and long-term effects of wildfires on various forest types. Studies have shown that wildfires can lead to significant changes in soil chemical properties, alter microbial diversity, and impact nutrient availability. However, the interplay between fire severity, soil depth, and their combined effects on soil properties and microbial communities, particularly in P. tabulaeformis forests, remains less understood. This research specifically targets the complex interactions between fire severity, soil depth, and their cumulative effects on soil properties and microbial communities within P. tabulaeformis forests. Given the high flammability and ecological significance of P. tabulaeformis, understanding these dynamics is crucial for effective forest management and recovery strategies post-wildfire. The aim of this study is to meticulously examine how varying fire intensities influence soil physicochemical properties across different soil depths and to determine how these alterations affect microbial community composition and diversity. By providing a detailed analysis of soil microenvironment heterogeneity and microbial community structure response to fire, this study seeks to delineate the underlying mechanisms of microbial succession post-disturbance. The findings are expected to offer valuable insights into the resilience and long-term ecological functions of forest ecosystems, thereby informing targeted approaches for the rehabilitation and management of fire-affected areas.



Materials and methods


Study area

In April 2015, the forest fire occurred in Dawopu Village, Liuxi Town, Pingquan County, Chengde City, Hebei Province, China. The ignition was caused by local villagers burning paper during ancestral grave visits, leading to the wildfire spreading over an area approximately 53.33 hectares. The fire affected a natural secondary forest predominantly composed of P. tabulaeformis, with the forest stand experiencing varying degrees of fire disturbance. Subsequently, the area was left without human interference, providing a unique opportunity to study the impact of arson-related factors on soil nutrients and microbial communities in the affected region. This context underscores the significance of assessing how human-induced fire events influence ecological processes and soil dynamics.



Plots setting and samples collection

Plots were set after fire in 2015. Criteria for categorizing fire intensities were based on the extent of tree blackening and tree mortality rates (Niccoli et al., 2019). Light-severity fires were identified by blackened heights of ≤3 m and tree mortality rates of ≤10%. In contrast, high-severity fires were characterized by blackened heights of ≥6 m, tree mortality rates of ≥70%, severe destruction of ground vegetation, and noticeable changes in soil color and structure (Niccoli et al., 2019). Additionally, there is a moderate-severity zone located between the light-severity and high-severity areas. All the plots are as follows (Figure 1).

[image: Panel A shows a dense forest with tall evergreen trees and a carpet of dry brown pine needles. Panel B features a close-up of a tree trunk with sunlit ground covered in needles. Panel C displays a forested area with some trees having blackened trunks, suggesting previous fire damage. Panel D illustrates several thin, leafless trees on a slope, indicating a barren or post-fire landscape.]

FIGURE 1
 Photographs depicting different fire severity areas. (A) control test area, (B) light severity area, (C) moderate severity area, (D) high severity area.


Fires exhibiting characteristics between these extremes were classified as moderate-intensity. Control plots were selected from unburnt areas that shared similar geographical conditions. For each fire severity level, three replicate plots were established, each measuring 20 m × 20 m, totaling 12 plots. Detailed information is provided in Table 1.



TABLE 1 Sample plots data collection.
[image: Table displaying fire severity effects on various plot numbers, detailing tree height, diameter at breast height (DBH), canopy coverage, blackened height, and tree mortality percentage. Categories include Control test, Light, Moderate, and High severity, each with specific plot data.]

In this study, soil samples were collected using a soil auger with a diameter of 37 mm from April 19 to April 24, 2021. To account for the variability introduced by different fire intensities, a five-point sampling method was employed within each plot, ensuring that three replicate samples were taken at each point. The process involved initially removing surface litter, then utilizing the soil drill to extract samples at designated depths of 0–10 cm (top soil layer, T) and 10–20 cm (sub soil layer, S), recognizing that the impact of the fire, which occurred over 6 years prior, might be predominantly observed in these surface or shallow layers except in areas of high fire severity. After collection, samples from the five points within a plot were homogeneously mixed to form a composite sample, with the fresh weight recorded prior to sealing in ziplock bags for preservation. In total, 24 soil samples were collected, comprising 12 from the top layer and 12 from the sub-layer, prepared for both physical and chemical properties analysis and air-drying. A separate portion of these samples was allocated for 16S rRNA analysis, necessitating storage at a constant low temperature of −20°C to preserve the integrity for microbiological assessments. This meticulous sampling strategy, considering depth and fire intensity variations, provides a robust framework for analyzing the post-fire soil dynamics and microbial community structures within the affected P. tabulaeformis forests.



DNA extraction

Soil samples were collected using a soil auger with a diameter of 37 mm from each plot. The samples were stored at −20°C until further processing. DNA was extracted from 0.5 g of soil using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Solon, OH, United States) according to the manufacturer’s protocol. This kit employs a combination of mechanical and chemical lysis to efficiently lyse bacterial cells and release their DNA. The extracted DNA was then quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and checked for purity and integrity by 1% agarose gel electrophoresis.



PCR amplification

The V3-V4 hypervariable regions of the bacterial 16S rRNA genes were amplified by PCR using the extracted DNA (Zeng and An, 2021). The amplification protocol included an initial denaturation at 95°C for 5 min, followed by 33 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 40 s, with a final extension at 72°C for 10 min. Universal primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′), each containing an 8-nucleotide barcode unique to each sample, were used. The PCR reactions were performed in a 50 μL mixture containing 5 μL of 10× Pyrobest Buffer, 4 μL of 2.5 mM dNTPs, 2 μL of each primer (10 μM), 0.3 μL of Pyrobest DNA Polymerase (2.5 U/μL; TaKaRa DR005A), and 30 ng of template DNA.

The PCR products were detected by 1% agarose gel electrophoresis and purified using the Agencourt AMPure XP nucleic acid purification kit (Beckman Coulter, Brea, CA, United States). The classification of Operational Taxonomic Units (OTUs) was based on a 97% similarity criterion. The Uclust consensus taxonomy assigner was employed for alignment analysis of OTU representative sequences and to annotate species information across various community levels. MiSeq PE300 library construction was commissioned by Beijing Allwegene Technology Co. Ltd., China.



Processing of sequencing data

Initial sequencing data processing was conducted using the QIIME software package (Quantitative Insights into Microbial Ecology, version 1.8.0).1 Raw sequences were selected based on criteria such as sequence length, quality, and the presence of primers and tags. The sequences were quality-filtered by trimming reads at any site receiving an average quality score below 20 over a 10 bp window, discarding reads shorter than 50 bp after trimming. Sequences required exact barcode matching, allowed up to two nucleotide mismatches in primer sequences, and reads containing ambiguous characters were removed. Sequences were assembled based on overlaps exceeding 10 bp, with unassembled reads discarded. Chimeric sequences were identified and removed using the UCHIME algorithm (Edgar et al., 2011). Subsequently, sequences were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using UCLUST (Edgar, 2010), with each OTU taxonomically annotated against the Silva 138 16S rRNA database at a 90% confidence threshold (Quast et al., 2013). OTUs represented by fewer than five reads were excluded to minimize artifacts potentially inflating species richness due to sequencing errors.



Bacterial community analysis

Bacterial community analysis was primarily divided into two parts: α-diversity and β-diversity. α-Diversity refers to the variety and abundance of species within a particular area or ecosystem. It provides insights into the complexity of microbial communities within a single sample. The metrics selected for α-diversity analysis in this study include the Chao1 index, PD_whole_tree, and the Shannon index (Chernov et al., 2015). Additionally, the redundancy analysis (RDA) is performed based on these metrics. Chao1 provides an insight into the total diversity contained within a sample. Shannon index estimates the microbial diversity within samples. A higher Shannon value indicates greater community diversity, encompassing both abundance and evenness of species. PD_whole_tree is phylogenetic diversity within the whole tree takes into account both the abundance of species and their evolutionary distances (Zhu et al., 2024). This diversity index is calculated based on a phylogenetic tree constructed from the representative sequences of OTUs in each sample. The summation of the branch lengths of all representative sequences in a sample gives a value that correlates with community diversity. The greater the value, the higher the community diversity.

For β-diversity analysis, Nonmetric Multidimensional Scaling (NMDS) is selected due to its effectiveness in simplifying complex data while maintaining sample relationships (Abutaha et al., 2021). NMDS aids in visualizing ecological variances and connections among microbial communities, enhancing insights into compositional shifts across varied environments or treatments.



Soil environmental factors

The correlation between bacterial communities and the soil environmental factors was meticulously examined in this study. The environmental factors of soil analyzed include Soil Organic Carbon (SOC, g/kg), Total Nitrogen (TN, g/kg), Alkaline Hydrolysable Nitrogen (AN, mg/kg), Ammonium Nitrogen (NH4+-N, mg/kg), Nitrate Nitrogen (NO3−-N, mg/kg), Available Phosphorus (AP, mg/kg), Available Potassium (AK, mg/kg), Carbon to Nitrogen ratio (C/N ratio), Water Content (WC), and pH. To ensure the precision of the measurements, each sample underwent three replicates of parallel measurements.

The content of Soil Organic Carbon (SOC) was quantified using the potassium dichromate (K2Cr2O7) external heating method (Xue et al., 2014). Total Nitrogen (TN) levels were determined employing the Kjeldahl method (Saez-Plaza et al., 2013). The concentration of Alkaline Hydrolysable Nitrogen (AN) in the soil was ascertained through the alkaline diffusion method (Roberts et al., 2009). The amounts of Ammonium Nitrogen (NH4+-N) and Nitrate Nitrogen (NO3−-N) were measured after extraction with potassium chloride (KCl), followed by analysis using a flow injection analyzer (Li et al., 2012). The level of Available Phosphorus (AP) was determined post-digestion with sulfuric acid (H2SO4) and perchloric acid (HClO4) (Cade Menun and Lavkulich, 1997). The concentration of Available Potassium (AK) was measured using a flame photometer (Banerjee and Prasad, 2020). The Carbon to Nitrogen ratio (C/N ratio) was calculated based on the ratio of organic carbon content to total nitrogen content, and Water Content (WC) was determined via the direct drying method.



Statistical analyses

The data analysis for this article was performed using the R programming language (version 4.3.3). For correlation analyses, we employed the corr.test function from the “psych” package (version 2.1.9 or similar), ensuring the assessment of relationships between soil properties and microbial community composition was statistically sound. Variance among groups was analyzed using the aov function, a core feature of base R for conducting Analysis of Variance (ANOVA), facilitating a comprehensive examination of differences across varied treatment levels.

In exploring the complex interactions within bacterial communities, Redundancy Analysis (RDA) and non-metric Multidimensional Scaling (NMDS) were conducted using functionalities from the “vegan” package (version 2.6–4). Visualization of our findings was enhanced by the “ggplot2” package (version 3.5.0). To further refine our figures, we incorporated aesthetic enhancements and custom visual elements using additional packages: “ggalt” (version 0.4.0) for alternative coordinate systems and statistical transformations, “ggpmisc” (version 0.5.5) for incorporating textual annotations and regression equation displays, and “ggsci” (version 3.0.3) for applying scientifically-themed color palettes. The “ggpubr” package (version 0.6.0) was also utilized for adding trend regression lines and creating publication-ready plots. Additionally, we used the “ggcor” package (version 0.9.4.3) to create and visualize correlation matrices, further enhancing our data presentation and interpretation.




Results


Two-way ANOVA of soil environmental nutrition factors

A two-way analysis of variance (ANOVA) was conducted to examine the effects of fire severity and soil layer on soil environmental nutrition factors, with the results presented in Table 2.



TABLE 2 Impact of severity and layer on soil environmental nutrition factors.
[image: Table displaying the impact of severity and layer on various soil parameters, using two-way ANOVA. Significant values are marked: SOC, TN, NH4+-N, NO3−-N, AN, AP, AK, C/N ratio, WC, pH. Significance levels: *p < 0.05, **p < 0.01. Notable significance in SOC, TN, AN, AK, and pH for layers.]

The summarized results from the two-way ANOVA illuminate the significant impacts of fire severity and soil layer on key soil and ecological parameters, emphasizing p-values to determine statistical significance. The analysis reveals that the layer has a statistically significant effect on SOC, TN, and AN with p-values of 0.004, 0.013, and 0.009, respectively, suggesting a pronounced influence of stratification on these properties. Similarly, severity significantly alters soil pH, as indicated by a p-value of 0.001, pointing to noteworthy changes in acidity linked to varying severity levels.

Both severity and layer significantly influence AK, as reflected by p-values of 0.047 and 0.030, highlighting their roles in the dynamics of potassium availability. Additionally, the layer also significantly affects the C/N ratio and water content (WC), with p-values of 0.073 and 0.016, respectively, indicating the importance of soil stratification in these parameters. However, the interaction between severity and layer does not show statistically significant effects on the evaluated parameters, suggesting that the impacts of these factors on the studied variables are independent rather than combined.



Relationship between bacterial α-diversity and soil environmental factors

The Chao1 index demonstrates significant negative correlations with AP, C/N ratio, and NO3−-N (p < 0.05). Similarly, the PD_whole_tree index is significantly negatively correlated with AP, C/N ratio, and NO3−-N (p < 0.05), and shows a highly significant positive correlation with pH (p < 0.01). The Shannon index exhibits a significant negative correlation with AP and a highly significant positive correlation with pH (p < 0.01). The variations in other indicators do not significantly impact α-diversity (Figure 2).

[image: Grid of scatter plots showing relationships between various soil properties: AK, AN, AP, CN ratio, NH4+-N, NO3--N, pH, SOC, TN, and WC, with fitted trend lines. Data points are color-coded by severity (C, L, M, H) and shaped by layer (T, A, S). Each plot includes R-squared and p-values, indicating statistical significance.]

FIGURE 2
 Correlation between α-diversity and soil environmental factors the gray shading represents the 95% confident interval for regressions. α-Diversity includes chao1, PD_whole_tree, Shannon index. Soil environmental factors includes Soil Organic Carbon (SOC), Total Nitrogen (TN), Ammonium Nitrogen (NH4+-N), Nitrate Nitrogen (NO3−-N), Alkaline Hydrolysable Nitrogen (AN), Available Phosphorus (AP), Available Potassium (AK), Carbon/Nitrogen (C/N) ratio, Water Content (WC), and pH. “C” stands for the control test, “L” represents light severity, “M” for moderate severity, and “H” for high severity of fire impact.




Relative abundances of dominant phyla under different fire severity levels

The analysis of the relative abundances of bacterial phyla in both the top soil layer (0–10 cm) and the sublayer (10–20 cm) across different fire severity levels (Control, Light, Moderate, High) revealed significant shifts in microbial communities (Figure 3). Dominant phyla, identified by having relative abundances greater than 1% in at least one sample type at each site (Zhang et al., 2021).

[image: Bar charts labeled A and B show the relative abundance of bacterial phyla, represented in color-coded stacks. Categories C, L, M, and H display variations. Each chart has a legend detailing phyla such as Proteobacteria, Actinobacteriota, Acidobacteriota, and others, with slight differences in listed phyla between the two charts.]

FIGURE 3
 Relative abundances of dominant phyla. (A) top-layer soil. (B) Sub-layer soil. Phyla are selected as dominant phyla if their relative abundance is >1% in at least one sample type at each site. “C” stands for the control test, “L” represents light severity, “M” for moderate severity, and “H” for high severity of fire impact.


Proteobacteria consistently dominated in all conditions, with relative abundances ranging from 20.14 to 34.82%, indicating strong resilience. Acidobacteriota showed increased abundances in high severity areas, particularly in the sublayer, while Actinobacteriota thrived in light and moderate severity areas, reaching up to 36.73%. Verrucomicrobiota were more prevalent in control samples and decreased significantly in fire-impacted soils. Chloroflexi and Bacteroidota displayed increased abundance in moderate and high severity areas, respectively. Other phyla such as Patescibacteria, Gemmatimonadota, Myxococcota, and Planctomycetota also demonstrated notable changes in response to fire severity. These shifts highlight the impact of fire on soil microbial composition, with different phyla showing varying levels of adaptability to fire-induced changes.



Correlation analysis of soil environmental factors and dominant bacterial phyla

We illustrates the Spearman correlation matrix and Mantel test results between selected soil environmental factors and dominant bacterial phyla in P. tabulaeformis forest soils (Figure 4).

[image: Diagram showing correlations among soil properties and bacterial phyla in a network graph. The top part is a heatmap with squares in shades of blue to orange, indicating Spearman's r values. Lines connect bacterial phyla such as Proteobacteria and Acidobacteriota to environmental factors like SOC and pH, with colored lines denoting Mantel's p values. Legend indicates Mantel's p and r values.]

FIGURE 4
 Spearman correlation and mantel test analysis between soil environmental factors and dominant bacterial phyla soil environmental factors includes Soil Organic Carbon (SOC), Total Nitrogen (TN), Ammonium Nitrogen (NH4+-N), Nitrate Nitrogen (NO3−-N), Alkaline Hydrolysable Nitrogen (AN), Available Phosphorus (AP), Available Potassium (AK), Carbon/Nitrogen (C/N) ratio, Water Content (WC), and pH. The upper triangular matrix in Figure 4 displays the Spearman correlation coefficients between the environmental factors, with colors representing the strength and direction of the correlations (blue for negative, red for positive). The size of the squares is proportional to the magnitude of the correlation coefficients. Overlaying the correlation matrix, lines represent significant relationships identified by the Mantel test, where line color indicates the p-value category (<0.001, 0.001–0.01, 0.01–0.05, ≥0.05), line thickness represents the Mantel’s r value (<0.25, 0.25–0.5, ≥0.5), and line type (solid or dashed) corresponds to the p-value significance levels.


By analyzing the correlation matrix of soil environmental factors in the top right corner, it is evident that soil organic carbon content is positively correlated with various soil environmental factors, especially with total nitrogen content and alkaline hydrolysable nitrogen (AN). Furthermore, soil nitrogen content is positively correlated with available potassium (AK). Notably, soil pH exhibits a negative correlation with multiple soil environmental factors. From the association between the two matrices, it is clear that soil pH and available phosphorus (AP) significantly influence the abundance of the phylum Myxococcota. Soil water content (WC) significantly affects the abundances of Acidobacteriota and Actinobacteriota. Additionally, ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) jointly and significantly impact the abundance of the phylum Chloroflexi.



Effects of different fire severities and soil environmental nutrition factors on microbial taxa

The adoption of Redundancy Analysis (RDA) over Canonical Correspondence Analysis (CCA) in this investigation was based on preliminary findings from a detrended correspondence analysis (DCA) performed using the decorana function in the vegan package. The DCA results, revealing that all axes’ lengths were under 3.0, suggested a linear relationship between the environmental variables and species data, thus indicating the appropriateness of RDA for our dataset comprising soil nutrient data and microbial community compositions in the topsoil (0-10 cm) and subsoil layers (10–20 cm).

Our RDA exploration (Figure 5) into the effects of fire severity on ecosystem composition across the topsoil and subsoil layers revealed significant differential impacts. In the topsoil, pH and C/N ratio emerged as the dominant environmental gradients influencing species distribution, with the vector of pH delineating its pivotal role in modulating species compositional variability. Remarkably, in the sublayer soil, alongside SOC, TN, and NO3−-N, the vector for pH was notably extended, underscoring its critical importance in influencing ecosystem variability—a finding that mirrors its significant role in the topsoil layer. The distribution of sample points highlighted the nuanced effects of fire severity on ecosystems, with distinct clustering patterns for different fire severity groups evident in both soil layers. This pattern underscores significant ecosystem distinctions under varying fire regimes, with the subsoil layer’s analysis further illuminating the profound influence of pH in modulating these effects.

[image: Two redundancy analysis (RDA) plots, labeled A and B, show environmental variables as vectors. Plot A has RDA1 explaining 18.06% and RDA2 explaining 11.05% of the variance. Plot B has RDA1 at 15.83% and RDA2 at 12.27%. Variables include soil properties like pH, SOC, and nutrient concentrations. Points are grouped by severity levels C, L, M, and H, displayed in different colors: green, blue, pink, and red.]

FIGURE 5
 RDA of soil microbial community structure to soil environmental factors across different fire severities and soil depths soil environmental factors includes: Soil Organic Carbon (SOC), Total Nitrogen (TN), Ammonium Nitrogen (NH4+-N), Nitrate Nitrogen (NO3−-N), Alkaline Hydrolysable Nitrogen (AN), Available Phosphorus (AP), Available Potassium (AK), Carbon/Nitrogen (C/N) ratio, Water Content (WC), and pH. “C” stands for the control test, “L” represents light severity, “M” for moderate severity, and “H” for high severity of fire impact. (A) top-layer soil (B) sub-layer soil.




Differences in microbial communities under the influence of different fire intensities

The Non-metric Multidimensional Scaling (NMDS) analysis, employing Bray–Curtis dissimilarity, was applied to assess how fire severity influences microbial community composition across various soil layers. This analysis encompassed a collective dataset along with individual analyses for topsoil (0–10 cm) and subsoil (10–20 cm) layers. Principal Coordinates (PC) analysis was conducted on each NMDS axis to further elucidate the distinctions among fire severity groups (Figure 6).

[image: Three non-metric multidimensional scaling (NMDS) plots labeled A, B, and C show stress values of 0.135, 0.061, and 0.072, respectively. Each plot has points representing different severities: H (high, red), M (medium, pink), L (low, purple), and C (control, light blue). Plot A includes boxplots at the top and right, with significance markers. Colors indicate severity levels, with a legend to the right. Dashed lines mark NMDS1 and NMDS2 axes at zero.]

FIGURE 6
 NMDS analysis by fire severity: combined dataset and Soil Layer Comparison “C” stands for the control test, “L” represents light severity, “M” for moderate severity, and “H” for high severity of fire impact. “T” stands for top-layer and “S” stands for sub-layer. (A) both layers soil, (B) top-layer soil, (C) sub-layer soil.


Within the NMDS analysis presented in Figure 6, the notations used denote specific conditions and layers: “C” stands for the control test, “L” represents light severity, “M” for moderate severity, and “H” for high severity of fire impact. Additionally, “T” signifies the top layer of soil (0–10 cm), and “S” indicates the sub-layer (10–20 cm). For instance, “C1T” refer to the top-layer sample from the first control test plot, with similar logic applied to other labels, facilitating a detailed interpretation of the microbial community composition in response to varying degrees of fire severity across different soil depths.

The combined dataset NMDS analysis, yielding a stress value of 0.135, demonstrated a significant separation among microbial communities corresponding to different fire severities. PC analysis on the NMDS1 axis identified significant differences between Control (C) and Light (L) burn conditions (p < 0.05), as well as between Light (L) and High (H) burn conditions (p < 0.05). The NMDS2 axis revealed notable disparities, with significant differences between Control (C) and Moderate (M) (p < 0.05), Control (C) and High (H) (p < 0.01), and Light (L) and High (H) (p < 0.05).

Focusing exclusively on the topsoil layer, the NMDS and subsequent PC analyses uncovered patterns similar to those observed in the combined dataset. This layer-specific analysis provides insight into the distinct ways in which the surface microbial communities respond to fire severity, suggesting that topsoil microbes might be particularly sensitive to the variations in fire severity. The subsoil layer NMDS and PC analyses offer a complementary perspective, indicating that subsoil microbial communities also exhibit distinct responses to fire severity, albeit with some nuanced differences from the topsoil responses. These findings highlight the importance of considering soil depth in ecological studies of fire effects, as the subsoil microbial communities demonstrate resilience and distinct patterns of change in response to fire.

The comprehensive approach, integrating NMDS analyses with PC findings across combined, topsoil, and subsoil datasets, elucidates the multifaceted impacts of fire severity on soil microbial ecosystems. Each layer’s analysis, reinforced by PC analysis findings, underscores the significant, yet complex, influence of fire severity on microbial community dynamics. Specifically, the PC analyses bring statistical rigor to the NMDS-derived observations, confirming the ecological relevance of the detected patterns among different fire severity groups and soil depths.




Discussion


Interactions of fire severity and soil depth on soil properties

The significant differences in soil organic carbon (SOC) underscore the role of soil depth in regulating SOC dynamics. Our research found that higher fire severity and deeper soil layers lead to variations in SOC levels. As a key indicator of soil quality and ecosystem function, changes in SOC are closely linked to the capacity for microbial decomposition of organic matter, the input of plant residues, and alterations in the soil environment post-fire, such as changes in soil temperature and moisture (Wiesmeier et al., 2019). Additionally, variations in SOC may also relate to changes in soil particle structure and the soil’s capacity to retain moisture, factors that collectively influence the rate of accumulation and decomposition of organic carbon. Yang et al. (2024) observed similar patterns in SOC dynamics following forest fires, supporting our findings and highlighting the complex interplay between fire-induced environmental changes and soil carbon storage mechanisms.

The significant differences in alkaline hydrolyzable nitrogen (AN), an important indicator of soil fertility, highlight the distribution of plant-available nitrogen sources across different soil layers. Our research found that soil layer significantly influences AN level, with a p-value of 0.009, suggesting that soil depth is a crucial factor in determining nitrogen availability. This is in contrast to the impact of fire severity on AN, which was not significant (p = 0.066) according to the two-way ANOVA results. Ahmad et al. (2021) indicated that variability in AN can be influenced by plant root systems’ uptake of nitrogen, microbial conversion of organic nitrogen, and the impact of fire on soil pH (Ahmad et al., 2021). While our findings align with the importance of these factors, they also suggest that soil depth plays a more significant role than fire severity in influencing AN dynamic. Eckdahl et al. (2023) noted similar effects of fire on microbial community structure, which could indirectly affect AN level (Eckdahl et al., 2023), but our results highlight that depth-related microenvironmental conditions are more pivotal. Moreover, changes in AN in our study are related to microenvironmental conditions associated with soil depth, such as moisture and oxygen availability. This is consistent with the findings of Martin et al. (2022) and Zhao et al. (2022), who reported that soil depth-related microenvironmental conditions significantly impact nitrogen dynamics (Martin et al., 2022; Zhao et al., 2022). Ling et al. (2021) emphasized that post-fire shifts in soil nitrogen availability are closely tied to changes in soil microbial processes and environmental conditions (Ling et al., 2021). Our research supports this by demonstrating the critical role of soil depth in shaping soil nitrogen dynamics, emphasizing the need for considering soil stratification in managing soil fertility post-fire.

The marked impact of fire severity on soil pH, which is statistically significant (p = 0.001), highlights the role of fire-induced changes in soil chemistry. Our research found that fire severity significantly altered soil pH, likely due to the deposition of ash that results in a liming effect (Sun et al., 2020). Some researchers suggested that ash deposition raises soil pH by adding basic cations (Marcotte et al., 2022). However, our study shows that this increase in pH also significantly influences nutrient solubility and microbial community composition, indicating a broader impact of fire severity on soil health. Additionally, both fire severity (p = 0.047) and soil layer (p = 0.030) significantly affect available potassium (AK) levels. Pesini et al. (2024) indicated that potassium mobility and plant absorption vary with soil depth (Pesini et al., 2024), our findings further demonstrate that fire severity alters AK availability through changes in soil pH and the mineralization of potassium-rich organic matter. This suggests that the interaction between fire severity and soil stratification plays a crucial role in post-fire nutrient dynamics.

The lack of significant differences in Nitrate Nitrogen (NO3−-N) and Ammonium Nitrogen (NH4+-N) across soil layers in our study suggests that the biogeochemical cycling characteristics of these nitrogen forms lead to uniform distribution. NO3−-N, being more soluble and mobile, likely distributes more uniformly across the soil profile, while NH4+-N, which tends to be more readily adsorbed by soil particles, shares this uniform distribution trait. Almaz et al. noted that the physicochemical properties of these nitrogen forms contribute to their uniform distribution, which aligns with our findings (Almaz et al., 2023). Additionally, the equilibrium between nitrification and denitrification processes likely maintains relative stability in nitrogen distribution across layers. Xue et al. highlighted the role of these processes in stabilizing nitrogen forms in the soil, which our results support (Xue et al., 2022). Choromanska et al. found that soils previously exposed to fire had low NH4+-N concentrations and high NO3−-N concentrations, indicating that fire can significantly alter nitrogen forms (Choromanska and DeLuca, 2002). In contrast, DeBano et al. reported little change in NO3−-N and NH4+-N when litter and soil were moist during a burn (DeBano et al., 1979). Our research aligns with DeBano et al.’s findings, showing no significant impact of fire severity on NO3−-N and NH4+-N levels. Six years after the wildfire, the uniform distribution of NO3−-N and NH4+-N in our study suggests a natural stability in nitrogen cycling and the resilience of microbial communities within the ecosystem. Bouskill et al. emphasized the gradual restoration of soil chemistry and microbial communities to pre-fire conditions over the long term (Bouskill et al., 2022). Our findings reflect this gradual recovery, indicating that post-fire soil chemistry and microbial communities initially undergo rapid changes but eventually stabilize, including the distribution of nitrogen forms and the maintenance of biogeochemical cycling processes.

Our analysis reveals no significant interaction effects between fire severity and soil layer on other soil properties. This observation might reflect several underlying ecological dynamics and soil physicochemical processes. The mechanisms through which fire severity influences soil—primarily through the direct alteration of soil chemistry via combustion and ash deposition—operate distinctly from the gradual influences of soil depth, which include organic matter accumulation and microbial activity variations. This suggests that the specific effects of fire severity and soil depth may not synergistically interact to further modify soil properties beyond their independent impacts.

Furthermore, soils possess inherent buffering capacities that can mitigate the alterations induced by fire and variations in soil depth, potentially contributing to the observed stability across soil layers (Nazir et al., 2024). The spatial and temporal variability inherent in post-fire ecosystems could also mask potential interaction effects, as the influence of fire severity and soil depth may manifest differently across various ecological contexts and recovery timelines. Additionally, the resilience of ecosystems, especially those adapted to periodic fire disturbances, may play a role in quickly re-establishing equilibrium within soil properties, negating the expected interactive effects.



Impact of soil properties on α-biodiversity

Our findings indicate a negative correlation between α-diversity indices and available phosphorus (AP), C/N ratio, and nitrate nitrogen (NO3−-N), alongside a positive correlation with soil pH. These correlations underscore the intricate balance between nutrient availability and microbial diversity within the soil ecosystem. The negative correlation with AP, C/N ratio, and NO3−-N suggests that high nutrient levels might lead to the dominance of specific microbial taxa that are more efficient at utilizing these resources, potentially outcompeting other species and thus reducing overall diversity (Huang et al., 2023). In Huang et al.’s (2023) study, various data analyses have demonstrated that an increase in nitrogen elements leads to a decrease in community biodiversity. Conversely, the positive correlation with soil pH points to the importance of maintaining a balanced pH level to support a diverse microbial community. The variation in microbial species’ tolerance and optimum pH ranges suggests that a neutral to slightly alkaline soil environment could foster a broader range of microbial life (Ng et al., 2023), contributing to ecosystem resilience and function. This finding emphasizes the potential benefits of pH adjustments in ecological restoration projects, aiming to enhance microbial diversity and thereby ecosystem services.

It is evident that fire severity has an extremely significant impact on soil pH, with a p-value of 0.001. Furthermore, Figure 4 shows that soil pH is negatively correlated with various soil properties, which is consistent with the findings of Qin and Liu (2021). Our exploration into the effects of wildfires on P. tabulaeformis forests reveals a critical link between soil pH, fire severity, and the subsequent microbial community composition and diversity. Wildfires fundamentally alter soil chemistry, primarily through the combustion of organic matter and the deposition of ash, which typically results in an increase in soil pH levels. This ash deposition, rich in basic cations, effectively acts as a liming agent, raising the pH of the soil surface and affecting deeper layers through nutrient leaching and percolation.

Our study revealed a highly significant negative correlation between soil pH and the carbon-to-nitrogen (C/N) ratio, particularly in the context of post-wildfire conditions. This relationship can be explained by the influence of slightly increased soil pH on organic matter decomposition and nutrient mineralization processes following a wildfire. Even modest increases in soil pH, which often result from the deposition of ash, can enhance microbial activity. This leads to increased decomposition rates of organic matter, reducing the C/N ratio by promoting the mineralization of organic carbon and nitrogen into more readily available inorganic forms (Sun et al., 2017). Other researchers observed similar patterns, noting that higher pH levels, even within a neutral to slightly acidic range, can lead to a decrease in the C/N ratio due to the enhanced breakdown of organic materials (Tahmasbian et al., 2019; Zema and Lucas-Borja, 2023). Our findings align with this, suggesting that the elevated pH following a wildfire accelerates the decomposition process, thereby reducing the C/N ratio. This reduction in the C/N ratio post-wildfire can have profound effects on nutrient cycling and availability, potentially influencing plant growth and microbial community structure by increasing the availability of nitrogen in more accessible forms for both plants and microbes.

The elevated soil pH post-wildfire creates a higher pH environment that significantly impacts the soil’s microbial landscape and can promote the growth of certain microbial taxa that are better adapted to higher pH levels (Marin et al., 2021). Moreover, the increase in soil pH can enhance the availability of nutrients that were previously bound in acidic conditions (Lu et al., 2022), further influencing microbial community dynamics. This suggests that post-fire soil conditions, mediated by increased pH, provide a conducive environment for a wider range of microbial taxa, enhancing biodiversity. Adjusting soil pH to optimal levels for microbial diversity and ecosystem function could be key to promoting post-fire recovery and resilience (Perez-Valera et al., 2020). These interventions, tailored to the specific conditions and needs of affected forest soils, could markedly enhance the resilience of forest ecosystems to future disturbances and aid in their long-term recovery.

The highly significant correlation between pH and α-diversity, can be attributed to the adaptive capabilities of microbial communities to fluctuating moisture levels and the overriding influence of pH on microbial metabolism. Unlike pH, which directly impacts the metabolic activities and growth conditions of microbes, variations in water content may not significantly stress microbial communities in environments where moisture rarely limits microbial activity (Wang et al., 2022). This suggests that in the context of our study area, pH plays a more critical role than water content in determining microbial community diversity. The specific impacts of soil physical properties like water content on microbial diversity may be nuanced and influenced by regional climate conditions, soil texture, and the temporal stability of moisture levels (Rocabruna et al., 2024).

Our results show that soil pH and available phosphorus (AP) significantly influence the abundance of the phylum Myxococcota. These findings are consistent with the conclusions of Tian et al. (2023). This may be attributed to the role of pH in regulating microbial activity and nutrient availability. Higher pH levels can enhance the solubility of certain nutrients, making them more accessible to microbes that thrive in alkaline conditions. Similarly, available phosphorus is a crucial nutrient that can limit or promote microbial growth depending on its concentration in the soil. Soil water content (WC) significantly affects the abundances of Acidobacteriota and Actinobacteriota. It can be explained by the dependency of these microbial groups on moisture levels for their metabolic processes. Adequate water content in the soil creates a favorable environment for these bacteria, supporting their growth and activity (Tian et al., 2023). Additionally, ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) jointly and significantly impact the abundance of the phylum Chloroflexi. This is maybe because both ammonium and nitrate are essential nitrogen sources for microbial metabolism. Their availability can significantly affect the growth and distribution of nitrogen-utilizing microbial taxa. Ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) jointly and significantly impact the abundance of the phylum Chloroflexi, which is consistent with the findings of Nie et al., the correlation likely arises because both ammonium and nitrate serve as critical nitrogen sources for microbial metabolism (Nie et al., 2018). The availability of these nitrogen forms can substantially influence the growth and distribution of nitrogen-utilizing microbial taxa, thereby affecting the overall microbial community structure. The presence of NH4+-N and NO3−-N provides essential nutrients that facilitate the metabolic processes of Chloroflexi, highlighting the importance of nitrogen availability in regulating microbial abundance and diversity within soil ecosystems.



The moderating role of soil depth in the effects of fire

Six years following the wildfire in P. tabulaeformis forests, our integrated analyses using Redundancy Analysis (RDA), Non-metric Multidimensional Scaling (NMDS), and Principal Coordinates (PC) analysis have illuminated the complex interplay between soil depth, fire severity, and their combined effects on microbial community structures and soil physicochemical properties. RDA highlighted how environmental factors such as pH, SOC, and TN influence microbial distribution across soil depths and fire severities. NMDS visualized the distinct separation of microbial communities based on fire severity and soil depth, showing clear clustering patterns. PC analysis further confirmed these distinctions, emphasizing the significant differences in microbial community compositions across varying fire severities. Together, these analyses underscore the nuanced role of soil depth in shaping post-fire microbial recovery, providing a comprehensive view of forest ecosystem resilience in response to fire disturbances.

The topsoil layer, being the primary interface with environmental conditions, undergoes a rapid microbial adjustment towards a new equilibrium post-fire. This swift recovery is attributed to its direct exposure to environmental changes, including the influx of nutrients and organic matter (Song X et al., 2021). Such exposure not only facilitates rapid recolonization and microbial succession but also subjects the topsoil to more pronounced natural weathering and external disturbances. Despite clear distinctions in microbial community composition between burned and unburned plots, variations among fire severities within the topsoil layer are less pronounced, suggesting a threshold effect where initial fire disturbances set the stage for microbial community adjustment (Ling et al., 2021), with minimal additional impact from further variations in fire severity. This pattern is refined by NMDS and PC analyses, which highlight significant separations in microbial community structures across different fire severities, indicating that even minimal burn conditions deviate markedly from unburned controls. In contrast, the subsoil layer follows a divergent path of microbial succession, characterized by slower recovery and deeper ecological shifts (Li et al., 2023). The reduced direct impact of fire and subsequent environmental changes on this layer, coupled with the nutrient transfer dynamics from the topsoil, points to a prolonged period of ecological adjustment and microbial community reshaping (Ling et al., 2021). The nutrient seepage from the topsoil acts as a buffering mechanism, mitigating the reduced exposure of the subsoil to post-fire changes and supporting a gradual and sustained microbial recovery (Verrone et al., 2024). This process emphasizes the importance of considering vertical nutrient dynamics and the layered impact of wildfire on forest ecosystems.

Furthermore, the comparative analysis of topsoil and subsoil layers reveals the moderating role of soil depth on the ecological impacts of fire (Xu S et al., 2022). Soil depth not only influences the immediate post-fire microbial community composition but also plays a crucial role in the long-term ecological recovery and stabilization after a wildfire (Qin and Liu, 2021; Yang et al., 2024). The observed microbial community structures across soil depths suggest that post-fire restoration and management strategies should be specifically tailored to address the distinct needs and dynamics of both topsoil and subsoil layers, thereby enhancing the overall recovery and resilience of the ecosystem.




Conclusion

This study investigated the impact of anthropogenic wildfires on soil microenvironment heterogeneity and bacterial community structure in P. tabulaeformis forests in North China, focusing on varying fire intensities and soil depths 6 years post-fire. Our findings demonstrate the long-term effects of wildfires on soil physicochemical properties and microbial diversity, with soil pH playing a pivotal role in shaping post-fire microbial community dynamics. Significant differences in soil bacterial communities were observed between burned and unburned areas, indicating lasting impacts of wildfires. While fire intensity showed minimal impact on topsoil bacterial communities, significant changes were evident in subsoil bacterial communities, suggesting a differential ecological recovery process across soil layers. Moreover, as soil pH increased, bacterial community diversity also increased, indicating that wildfires indirectly influence bacterial communities by increasing soil pH, thereby enhancing species diversity.

Future research should focus on long-term monitoring to further elucidate the temporal dynamics of soil microbial recovery and nutrient cycling following wildfires. Investigating the role of specific microbial taxa in ecosystem resilience and their functional contributions under varying fire regimes could provide deeper insights. Additionally, exploring the potential of soil amendments and management practices aimed at optimizing soil pH and nutrient availability may enhance post-fire recovery processes. Such studies will be crucial for developing targeted forest management strategies that mitigate the adverse effects of wildfires and promote sustainable ecosystem recovery.
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Background: Transforming coniferous plantation into broadleaved or mixed broadleaved-coniferous plantations is the tendency of forest management strategies in subtropical China. However, the effects of this conversion on soil phosphorus (P) cycling microbial functional genes are still unknown.
Methods: Soil samples were collected from 0–20, 20–40, and 40–60 cm (topsoil, middle layer, and subsoil, respectively) under coniferous Pinus massoniana (PM), broadleaved Erythrophleum fordii (EF), and their mixed (PM/EF) plantation in subtropical China. Used metagenomic sequencing to examine the alterations of relative abundances and molecular ecological network structure of soil P-cycling functional genes after the conversion of plantations.
Results: The composition of P-cycling genes in the topsoil of PM stand was significantly different from that of PM/EF and EF stands (p < 0.05), and total phosphorus (TP) was the main factor causing this difference. After transforming PM plantation into EF plantation, the relative abundances of P solubilization and mineralization genes significantly increased in the topsoil and middle layer with the decrease of soil TP content. The abundances of P-starvation response regulation genes also significantly increased in the subsoil (p < 0.05), which may have been influenced by soil organic carbon (SOC). The dominant genes in all soil layers under three plantations were phoR, glpP, gcd, ppk, and ppx. Transforming PM into EF plantation apparently increased gcd abundance in the topsoil (p < 0.05), with TP and NO3−-N being the main influencing factors. After transforming PM into PM/EF plantations, the molecular ecological network structure of P-cycling genes was more complex; moreover, the key genes in the network were modified with the transformation of PM plantation.
Conclusion: Transforming PM into EF plantation mainly improved the phosphate solubilizing potential of microorganisms at topsoil, while transforming PM into PM/EF plantation may have enhanced structural stability of microbial P-cycling genes react to environmental changes.
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 planted forest; soil phosphorus cycling microbial functional genes; metagenomic sequencing; molecular ecological network structure; subtropical China


1 Introduction

Phosphorus (P) is a key macronutrient found in all living organisms and plays an essential role in plant growth and development (Reinhard et al., 2017). Although P is relatively abundant in soil, 95–99% of it is immobilized and thus can hardly be absorbed or utilized by plants (Lucero et al., 2021), making it a limiting nutrient for both soil microorganisms and plants (Wang et al., 2021). Phosphorus limitation in terrestrial ecosystems is considered a major issue that needs to be urgently addressed for ecosystem management and restoration (Liang et al., 2020).

Microorganisms exert important effects on soil P cycling and regulate its availability (Zaidi et al., 2009). The microbial P-transformation processes can be mostly regulated by 3 groups of microbial genes, namely, genes involved in inorganic P-solubilization and organic P-mineralization, P-uptake and transport, and P-starvation response regulation (Bergkemper et al., 2016). The genes related to P-starvation response regulation (phoB, phoR, and phoU) allow microorganisms to utilize P (Dai et al., 2020) and they also control the expression of genes related to organic P-mineralization (phoD) and P-uptake and transport (pst) (Hsieh and Wanner, 2010). Microorganisms have efficient P uptake systems, and thus, they compete with other soil biota for available P (Bergkemper et al., 2016; Wu et al., 2022). Genes encoding low-affinity inorganic phosphate transporter (Pit) and high-affinity phosphate transporter (Pst) play a significant role in promoting microbial phosphorus uptake and transport (Bergkemper et al., 2016). Microorganisms that carry genes related to inorganic P-solubilization and organic P-mineralization have been found to produce enzymes involved in mineralizing organic P or organic anions and solubilizing inorganic P (Dai et al., 2020). The Gene gcd is an important molecular biomarker for soil P-solubilizing microbes (Rawat et al., 2020), and phoD is a common gene responsible for mineralizing organic P (Hu et al., 2020) and is usually analyzed within the soil metagenome (Tan et al., 2012).

In recent years, soil microbial phosphorus cycling functional genes have attracted increasing attention, with the primary focus on agricultural ecosystems (Liu J. et al., 2018; Dai et al., 2020; Siles et al., 2022). Soil physicochemical properties are affected by various factors such as litter and root exudates from different vegetation types, and changes in their amounts drive the structure and functional responses of the soil microbial community (Bardgett and van der Putten, 2014). At the same time, soil physicochemical properties vary significantly with soil depth (Cade-Menun et al., 2017), causing alterations in soil microbial community abundance and structure at different soil depths (Becerra et al., 2014). Nonetheless, it remains largely unclear whether the abundance and structure of soil phosphorus cycling microbial functional genes vary among different stand types with soil layer. In addition, soil phosphorus cycling occurs as the result of an interaction between different microbial functional genes (Kelliher et al., 2018), and clarifying this interaction is the basis for understanding microbial community stability (Zhou et al., 2010). Molecular ecological network analysis used to characterize microbial functional genes provides a robust method to decipher the potential interactions of functional genes in complex microbial communities (Zhou et al., 2010; Liang et al., 2016). It has also been reported that the molecular ecological network structure of soil phosphorus cycling functional genes in natural evergreen-deciduous broadleaved mixed forests is more complex than that in natural evergreen broadleaved and deciduous broadleaved forests, indicating that soil phosphorus cycling microbial functional genes and their associated microbial communities in natural broadleaved mixed forests are more stable (Cheng et al., 2021). The key nodes in molecular ecological networks have an important and exclusive role in maintaining community stability, while the removal of these nodes from the networks dramatically changes microbial structure and functions (Banerjee et al., 2018). Therefore, identifying key microbial functional genes can shed light on the responses of microbial communities to environmental changes. However, the molecular ecological network structure of phosphorus cycling microbial functional genes in different planted forests is still unclear.

The establishment of native broadleaved plantations and coniferous-broadleaved mixed plantations is gradually becoming the most promising forest management approach to replace coniferous plantations distributed across large areas of the world (Liu S. et al., 2018; Wang et al., 2018) and also to improve soil fertility and forest productivity (Gillespie et al., 2021). Multiple generations of coniferous plantations can reduce litter decomposition rate, nutrient turnover rate, soil fertility, and net primary productivity (Schall and Ammer, 2012), while native broadleaved tree species have higher litter decomposition rate and soil fertility (You et al., 2018a), and the development of mixed-species plantations can promote soil nutrient turnover and improve woodland productivity (Handa et al., 2014). Phosphorus has a low availability in subtropical forest soils (You et al., 2020), and it is an important nutrient limiting plant development (Bergkemper et al., 2016). Therefore, understanding the effects of different planted forest management models on soil microbial phosphorus cycling functional genes can provide a reference for the selection of tree species and a scientific basis for the tree species distribution in subtropical regions. In this paper, the typical native coniferous Pinus massoniana (PM) plantation, broadleaved Erythrophleum fordii (EF) plantation, and PM/EF mixed plantation were studied in the subtropical region of China. Based on the metagenomic sequencing data of various soil depths (0–20, 20–40, and 40–60 cm) under all plantation stands, this study aims to investigate: (1) the alterations of the composition structure and relative abundance of soil microbial phosphorus cycling functional genes and the dominant soil physicochemical factors affected by transforming the coniferous plantation into mixed broadleaved - coniferous or broadleaved plantations; (2) the response profiles of the molecular ecological network structure of soil microbial phosphorus cycling functional genes to the conversion of the coniferous plantation to broadleaved or mixed broadleaved-coniferous plantations and also the potential keys genes in the network under three plantation types.



2 Materials and methods


2.1 Study site and sample collection

This experiment was conducted at the Daqingshan Experimental Field of the Experimental Center of Tropical Forestry, Chinese Academy of Forestry (22°10’ N,106°42′ E; with an altitude of 190–680 m above sea level), Pingxiang, Guangxi Zhuang Autonomy Region, China. Our study site is located in the subtropical region, with a typical subtropical monsoon climate and two distinguishable dry and wet seasons (the rainy season occurring from April to September and the dry season from October to March of the next year). The annual mean rainfall is 1,350 mm and relative humidity is above 80%. The landform types are mainly low mountains and hills, and the soil type is lateritic soil (Luo et al., 2014), which is the same as oxisol in the USDA Soil Taxonomy.

Three typical stands of PM, EF, and PM/EF were selected as research objects in this study (Table 1). These three stands were replanted on clear-cut sites of the PM stand in 2006, with a planting density of 2,500 plants/hm2 and 3:1 as the ratio of PM/EF stands. In January 2021, three sample plots (20 m × 20 m) were set up for each plantation, and plots were spaced at least 20 m apart to avoid spatial autocorrelation. In each sample plot, soil samples at the depths 0–20, 20–40, and 40–60 cm (topsoil, middle layer, and subsoil, respectively) (He et al., 2013; You et al., 2018b) were obtained using the soil drill (with an inner diameter of 5 cm) according to the 5-point “S-type” sampling method. Soil samples taken from the same layer were blended into one mixed sample. A total of 27 soil samples (3 stands × 3 plots × 3 soil layers) were obtained, placed into the sterile sampling bag, preserved on the biological ice pack, and quickly transferred to the laboratory. Each freshly collected mixed soil sample was divided into three parts, with one part being preserved in the refrigerator at −20°C following the filtration with the 2-mm sieve and then used for metagenomic sequencing. The second part was sieved with the 2-mm mesh and preserved in the refrigerator at 4°C to determine nitrate nitrogen (NO3−-N) and ammonium nitrogen (NH4+-N). The third part was sieved with the 0.25-mm mesh after natural air drying and then used for the determination of other soil physicochemical properties.



TABLE 1 The general information of the three studied planted forests.
[image: Table showing forest stand characteristics for three types: PM, EF, and PM/EF. Each includes details on altitude, slope, and aspect. PM has altitude 190-240m, slope 20°, DBH 14.7cm, height 11.6m, density 1700, and vegetation Microstegium vagans, Cyrtococcum patens, Lophatherum gracile. EF has altitude 170-220m, slope 25°, DBH 13.7cm, height 13.7m, density 1125, and vegetation Lygodium japonicum, Miscanthus floridulus, Dicranopteris dichotoma. PM/EF has altitude 180-230m, slope 22°, DBH 15.6cm, height 13.2m, density 750, and vegetation Lygodium japonicum, Microstegium vagans, Cyrtococcum patens. "PM" refers to Pinus massoniana and "EF" to Erythrophleum fordii.]



2.2 Soil physicochemical parameters

We measured soil pH at the soil: water ratio of 1: 2.5 (w/v) with the pH meter (PHS-3C, Shanghai Jinhuan Instrument Co., Ltd., Shanghai, China). The potassium dichromate oxidation-external heating method was employed for determining soil organic carbon (SOC). The melt-molybdenum, antimony, and scandium colorimetry were used to measure total phosphorus (TP), whereas diacid (HCl-H2SO4) was used to extract available phosphorus (AP) which was then determined by enzymolysis (INFINITE M200 PRO, TECAN, Switzerland). The above-mentioned methods for the determination of soil physicochemical properties are described in detail by Bao (2000). Auto Analyzer (AutoAnalyzer3, SEAL, Germany) was used to measure total nitrogen (TN) content in the soil after de-boiling with H2SO4. KCl was used to extract NH4+-N and NO3−-N, which were then measured with Auto Analyzer (Wu et al., 2019). TOC analyzer (Multi N/C 3100, Analytik Jena AG, Germany) was used for measuring the dissolved organic carbon (DOC) content. The carbon-to-nitrogen ratio (C/N) in the soil is defined as the ratio of the mass of soil organic carbon to the mass of total nitrogen.



2.3 DNA isolation and metagenomic sequencing

The FastDNA® Spin Kit for Soil was used for DNA extraction. DNA concentration, purity, and integrity were evaluated by electrophoresis on a 1% agarose gel. The genomic DNA was segmented into 400-bp fragments using the Covaris M220 instrument. The NEXTFLEX Rapid DNA-Seq Kit was adopted for paired-end (PE) library construction. The metagenomic sequencing was performed on the Illumina NovaSeq sequencing platform at Shanghai Meiji Biotechnology Co., Ltd. Besides, we applied the fastp tool v0.20.0 to quality control checks on original sequence data and optimize sequences for metagenomic analysis. Megahit software v1.1.2 was used to splice and assemble the optimized sequences, and overlapping groups of ≥300 bp from the splicing analysis were selected as the final assembly results for the next steps which were the gene prediction and annotation. MetaGene software was used to predict overlapping groups obtained from splicing analysis. We chose the genes with the nucleic acid length of ≥100 bp, translated them into amino-acid sequences, and finally obtained gene prediction statistics for every sample. Then, CD-HIT v4.6.1 was applied for clustering the gene sequences predicted in every sample (sequence similarity ≥90% and coverage ≥90%), while genes with the greatest length per class were chosen as the typical sequences for constructing the non-redundant gene set. SOAPaligner v2.21 was used to align high-quality sequences obtained from quality inspection of every sample and the non-redundant gene set (sequence similarity ≥95%). The abundance of each functional gene in the corresponding soil sample was calculated, and then the ratio of the abundance of each functional gene to the sum of the abundance of all functional genes in the sample was taken as the relative abundance of a single functional gene in the sample. The metagenomic sequencing data were imported into the National Microbiology Data Center1 (NMDC10018441).

Using BLASTP (BLAST Version 2.2.28+),2 sequences of redundant genes were compared with those of KEGG database,3 and the e-value of BLAST comparison parameters is set to 1e-5. According to the comparison results, KOBAS 2.0 (Xie et al., 2011) (KEGG Orthology Based Annotation System) was used for functional annotation. A total of 55 microbial phosphorus cycling functional genes obtained from all soil samples were grouped into three main categories (phosphorus-starvation response regulation, phosphorus absorption and transport, and inorganic phosphorus solubilization and organic phosphate mineralization) (Table 2).



TABLE 2 Classification of soil phosphorus cycling microbial functional genes.
[image: Table detailing phosphorus-related processes, including "P-starvation response regulation," "P-uptake and transportation," and "Inorganic P-solubilization and organic P-mineralization." It lists classifications, KO numbers, genes, and references for various proteins and enzymes involved.]



2.4 Statistical analysis

Effects of stand type, soil layer, and their interaction on the relative abundances of phosphorus cycling function genes and soil physicochemical properties were determined by the two-way analysis of variance (ANOVA), and Duncan’s multiple range test (MRT) was used for multiple comparisons of different treatment groups. Before performing ANOVA, all data were subjected to Levene’s test for the homogeneity of variance and Shapiro -Wilk normality test, and data that did not conform to the assumptions of ANOVA were transformed to log10. The calculations were carried out by using SPSS 26.0 (IBM SPSS Inc., Chicago, IL, USA). According to the Bray-Curtis distance calculated from the relative abundances of phosphorus cycling functional genes in each soil sample, principal coordinate analysis (PCoA), permutational multivariate analysis of variance (PERMANOVA), and redundancy analysis (RDA) were performed to investigate the differences in the composition structure of soil phosphorus cycling microbial functional genes in different stands and the main soil physicochemical factors leading to these differences. Collinear variables whose variance inflation factor (VIF) was >10 were excluded from the RDA model (Liu J. et al., 2018). The calculation was performed by the “cmdscale ()” function, “adonis ()” function, and “dbrda ()” function of the “vegan” package in R software v 4.0.5 (Dixon, 2003).

Pearson’s correlation was employed to analyze the relationships between soil physicochemical properties and relative abundances of phosphorus cycling functional genes. The correlation heatmap was created by the “corr. Test ()” function of the psych package in R software v 4.0.5. Using the “lavaan” package in R software, we performed structural equation modeling (SEM) to quantify the effects of stand types on soil phosphorus cycling functional gene groups. Topological parameters of the molecular ecological network were calculated in the MENA platform4 for P-cycling microbial functional genes, and network visualization was carried out using Cytoscape 3.8.0 software.5 The nodes of each network were classified into four categories based on their topological roles: (1) peripherals (Zi < 2.5 and Pi < 0.62); (2) connectors (Zi < 2.5 and Pi ≥ 0.62); (3) module hubs (Zi ≥ 2.5 and Pi < 0.62); and (4) network hubs (Zi ≥ 2.5 and Pi ≥ 0.62). Among them, the last three are regarded as the key nodes in molecular ecological networks (Olesen et al., 2007).




3 Results


3.1 Soil properties

According to the two-way ANOVA, stand type only dramatically affected soil TP and TN, while soil layer remarkably affected SOC, DOC, TP, and C/N, and the interaction between stand type and soil layer apparently affected only soil TP (p < 0.05) (Table 3). The soil TP contents varied among PM, EF, and PM/EF stands with soil layer. In the topsoil (0–20 cm), the TP content of the PM stand remarkably increased compared to that of PM/EF and EF stands (p < 0.05). In the middle layer and subsoil (20–40 and 40–60 cm, respectively), the TP content of the PM stand had no significant difference from that of the PM/EF stand, but remarkably increased compared to that of the EF stand. In addition, TN and NO3−-N contents in the subsoil of the PM plantation were significantly lower than those of the PM/EF plantation. Differences in the other 6 soil physicochemical parameters, including pH, SOC, DOC, NO3−-N, AP, and C/N in all soil layers were not significant among the three plantation stands.



TABLE 3 Comparison of soil physicochemical properties among three different plantations (mean ± SD, n = 3).
[image: Table comparing soil properties across different stand types and soil layers. Variables include pH, SOC, DOC, TN, TP, NO3--N, NH4+-N, AP, and C/N ratio. Statistical significance is noted for some variables. Stand types are PM, EF, and PM/EF. Significant differences indicated by letters and asterisks.]



3.2 Composition structure of microbial genes involved in P transformation

In the topsoil, principal coordinate analysis (PCoA) showed that the first axis (PCoA1) could explain 43.97% of the variation of the structure of soil phosphorus cycling microbial functional genes, while the second axis (PCoA2) accounted for 18.34% of this variation, and the total interpretation rate of the first two axes reached 62.31% (Figure 1A). The soil samples from the PM plantation were located on the right side of PCoA1, whereas the EF plantation soil samples were located on the left side of PCoA1, and the soil samples of the PM/EF plantation were concentrated below PCoA2. PERMANOVA analysis further demonstrated that the structure of soil phosphorus cycling genes in the PM plantation was significantly different from that in both EF and PM/EF plantations (p < 0.05). RDA analysis showed that the first two axes explained 66.13% (RDA1:51.52% and RDA2:14.61%) of the impact of soil physicochemical factors on the composition structure of phosphorus cycling functional genes (Figure 1B). Monte Carlo test revealed that soil TP was the main physicochemical factor that caused the significant difference in the composition structure of soil phosphorus cycling microbial functional genes among PM, EF, and PM/EF plantations (p < 0.05).

[image: Six graphs showing PCoA and RDA analyses with colored ellipses for different groups: PM (purple), EF (red), and PM/EF (green). Graphs A, C, and E display PCoA results with percentage variance on axes. Graphs B, D, and F display RDA results with vectors indicating environmental variables like DOC, SOC, TN, and pH.]

FIGURE 1
 Principal coordinate analysis (PCoA) and redundancy analysis (RDA) of the composition structure of microbial phosphorus cycling functional genes in the three stands at different soil layers; (A,B) 0–20 cm; (C,D) 20–40 cm; and (E,F) 40–60 cm; PM, Pinus massoniana; EF, Erythrophleum fordii.


In the middle layer, the cumulative interpretation rate of the first two axes of PCoA was 53.42%, and the interpretation rates of PCoA1 and PCoA2 were 36.28 and 17.14%, respectively (Figure 1C); however, PERMANOVA analysis showed no significant difference among PM, EF, and PM/EF stands. According to the RDA analysis, the first two axes accounted for 41.62 and 29.94%, respectively, of the impacts of soil physical and chemical factors on the structure of soil phosphorus cycling microbial functional genes, explaining the total variation of 71.56% (Figure 1D). Monte Carlo test results showed that the differences in the structure of phosphorus cycling microbial genes among soil samples were not caused by the selected physical and chemical properties.

In the subsoil, however, the total interpretation rate of the first two axes of PCoA was 65.86% (PCoA1:49.26% and PCoA2:16.60%) (Figure 1E). Based on PERMANOVA results, PM, EF, and PM/EF plantation stands were not significantly different. Soil physical and chemical factors accumulated in the first two axes of RDA could explain 66.98% of variation in the composition structure of soil phosphorus cycling microbial functional genes (RDA1: 48.30% and RDA2: 18.68%) (Figure 1F). As revealed by Monte Carlo test results, soil pH were the major factors driving differences in the composition structure of phosphorus cycling functional genes in different soil samples (p < 0.05).



3.3 Relative abundances of genes involved in P transformation


3.3.1 Categories of phosphorus cycling microbial functional genes

Based on the two-way ANOVA, stand types and soil layers dramatically affected the relative abundance of genes related to P-starvation response regulation, inorganic P-solubilization, and organic P-mineralization (p < 0.05), while relative abundances of genes involved in P-uptake and transportation were not affected by stand, soil layer, and their interaction (Table 4). The genes involved in P-starvation response regulation were not significantly different with regard to their relative abundances in the soil surface and middle layer, whereas, in the subsoil, the values remarkably decreased in the PM stand compared to those in the EF stand (p < 0.05) (Figure 2A). For genes involved in P-uptake and transportation, similarly, relative abundances did not show significant differences across three stands throughout the soil profile (Figure 2B). For genes involved in inorganic P-solubilization and organic P-mineralization, in contrast, relative abundances in the topsoil were significantly lower in the PM stand than in the EF stand. In the middle layer, the PM stand exhibited remarkably decreased values compared to EF and PM/EF stands, and no significant difference was observed among the three stands in the subsoil (Figure 2C).



TABLE 4 Results of the two-way ANOVA showing the impacts of stand types and soil layers on phosphorus cycling microbial functional genes.
[image: Table showing the analysis of variance for phosphorus indicators, with sources of variation (Stand, Layer, Stand × Layer) and their degrees of freedom. F-values and P-values are provided for each source under indicators like P-starvation response regulation, P-uptake and transport, P-solubilization and mineralization, gcd, ugpQ, phnW, phnX, phoD, and phoR. Significant results are marked with asterisks: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.]

[image: Bar charts labeled A, B, and C show the relative abundance of PM, EF, and PM/EF across different soil layers (0-20cm, 20-40cm, 40-60cm). Each chart has a horizontal axis showing relative abundance and a vertical axis indicating soil layers. PM, EF, and PM/EF are represented by purple, red, and green bars, respectively. Annotations "a" and "b" indicate statistical differences. The legend on the right identifies the color codes.]

FIGURE 2
 Relative abundances of the groups of phosphorus cycling microbial functional genes in different stands at different soil layers; (A) Genes related to P-starvation response regulation; (B) Genes related to P-uptake and transport; and (C) Genes related to P-solubilization and mineralization; PM, Pinus massoniana; EF, Erythrophleum fordii.


According to the structural equation modeling (SEM) results (Figure 3), p-value of Chi-square > 0.05, the comparative fit index (CFI) and goodness-of-fit index (GFI) were both >0.9, standardized root mean square residual (SRMR) < 0.09, indicating a good model fit (Hooper et al., 2008). There were no significant effects of stand types on genes involved in P-starvation response regulation and P-uptake and transportation, but they had direct significant positive effects on genes involved in inorganic P-solubilization and organic P-mineralization (p < 0.05). At the same time, stand types exerted indirect negative impacts on genes involved in inorganic P-solubilization and organic P-mineralization through the soil TP content.

[image: Path diagram illustrating relationships between stand types, NH4+-N, pH, TP, and various gene involvements. Arrows indicate relationships with coefficients, some marked with significance levels. The diagram includes statistics like Chi-square, P-value, CFI, GFI, SRMR, and AIC.]

FIGURE 3
 Structural equation model (SEM) illustrating the effects of stand types on groups of phosphorus cycling microbial functional genes; Arrow width indicates the strength of the relationship. Blue and red colors represent positive and negative relationships, respectively. Solid and dashed arrows represent significant and non-significant relationships among different variables, respectively (*p < 0.05, **p < 0.01, and ***p < 0.001). The values adjacent to arrows indicate path coefficients. r2: percentage of the variance in each dependent variable.




3.3.2 Species of phosphorus cycling microbial functional genes

Predominant functional genes in every soil layer for 3 stands were phoR, glpP, gcd, ppk, and ppx, with a relative abundance of >0.5‰ (Figure 4). The two-way ANOVA showed that stand types and soil layers remarkably affected the relative abundances of phoR, gcd, and phnW (p < 0.05), while ugpQ and phoD were significantly affected only by soil layers, and phnX was significantly affected only by stand types (Table 4). In addition, at the topsoil, the relative abundances of gcd, ugpQ, phnW, and phnX in the PM plantation apparently decreased compared to those in the EF plantation (p < 0.05) (Figure 4A); at the middle layer, similarly, the relative abundance of phoD in the PM plantation remarkably decreased compared with that of EF and PM/EF plantations (Figure 4B), and at the subsoil, the relative abundance of phoR in the PM plantation evidently decreased compared with that in the EF plantation (Figure 4C).

[image: Bar chart comparing the relative abundance of genes involved in phosphorus processes across three categories: P-starvation response regulation, P-uptake and transportation, and P-solubilization and mineralization. Data is divided into three sets (A, B, C) with color-coded bars for PM (purple), EF (pink), and PM/EF (teal). Specific gene differences are indicated, with annotations for statistical significance (letters a, b). The x-axis shows relative abundance while the y-axis lists gene names. Descriptions for gene groups are provided at the bottom.]

FIGURE 4
 The relative abundance of phosphorus cycling microbial functional genes in three studied stands at soil layers of 0–20 (A), 20–40 (B), and 40–60 cm (C); Functional genes with the relative abundance of less than 0.1‰ were eliminated. Different lowercase letters indicate significant differences among different stand types (p < 0.05).


As revealed by Pearson’s correlation analysis results, gcd showed an obvious negative relationship with TP but a positive relationship with NO3−-N, whereas phnW exhibited a negative relationship with AP, TP, and pH, and likewise, phnX was negatively correlated with TP at the topsoil. At the middle layer, phoD was negatively correlated with TP. However, there was no correlation between phoR and evaluated soil physicochemical properties. It can be seen that almost all genes with significant differences in their relative abundance among the three stands had significant negative correlations with TP (Figure 5).

[image: Heatmaps labeled A, B, and C display correlations between various genes and environmental factors. Each square's color intensity varies from blue to red, indicating the strength and direction of the correlation. A legend indicates values from -1 to 1. Asterisks denote statistical significance levels.]

FIGURE 5
 Pearson’s correlation analysis between soil physicochemical properties and functional genes associated with phosphorus cycling; (A) 0–20; (B) 20–40; and (C) 40–60 cm.





3.4 Molecular ecological network analysis of microbial genes related to P transformation

The molecular ecological network analysis of phosphorus cycling microbial functional genes within soil profiles (0–60 cm) under all plantation stands revealed that 41, 34, and 41 gene nodes and 112, 103, and 179 lines were retained for PM, EF, and PM/EF stands, respectively, to construct molecular ecological networks of phosphorus cycling functional genes (Table 5). The connecting lines in three molecular ecological networks represent mainly positive interactions between nodes (Figure 6).



TABLE 5 Topological properties of molecular ecological networks of phosphorus cycling microbial functional genes in three studied stands.
[image: Table comparing topological properties of PM, EF, and PM/EF. PM has 41 nodes, 112 total links, and a mean degree of 6.059. EF has 34 nodes, 103 total links, and a mean degree of 5.463. PM/EF has 41 nodes, 179 total links, and a mean degree of 8.732. Positive and negative links, mean clustering coefficient, mean path distance, and modularity are also included. PM is Pinus massoniana; EF is Erythrophleum fordii.]

[image: Network diagrams labeled A, B, and C display nodes connected by lines, representing relationships among elements. Nodes are color-coded (purple, orange, green). Diagram A features a central circle with outer nodes and a separate cluster. Diagram B shows a circular arrangement with lines radiating inward. Diagram C resembles A, but with denser connections.]

FIGURE 6
 Molecular ecological networks of soil phosphorus cycling microbial functional genes in the PM plantation (A), the EF plantation (B), and the PM/EF plantation (C); Nodes with green, purple, and orange colors represent genes related to P-starvation response regulation, P-solubilization and mineralization, and P-uptake and transport, respectively. The node size indicates the strength of connection with other nodes (genes). Different lines represent the linear correlation between nodes, with solid and dotted lines denoting the positive and negative relations, respectively.


Topological analysis of molecular ecological networks of soil phosphorus cycling microbial functional genes in 3 studied stands showed that the complexity of the network (average degree), the degree of community clustering (mean clustering coefficient), the distance between nodes (mean path length), and level of community organization (modularity) increased after the transformation of the PM stand into the PM/EF stand. However, after the transformation of the PM plantation stand into the EF stand, only the mean clustering coefficient of the network increased, while mean path length, modularity, and average connectivity decreased.

In a molecular ecological network, different genes (nodes) in a microbial community play distinct roles (Fuhrman and Steele, 2008). To determine how plantation conversion affected the topological role of nodes in a network, within- and among-module connectivity (Zi and Pi, respectively) in three networks were visualized (Figure 7). There was only one module hub (ugpC) in the network for the PM plantation, while the network for the EF plantation was found to have four connectors (phoU, pstA, gcd, and ugpE), and that of the PM/EF plantation had one module hub (pqqE) and one connector (pstB); none of the three networks had a network hub (Table 6).

[image: Three scatter plots labeled A, B, and C, each displaying data on within-module connectivity (Zi) versus among-module connectivity (Pi). Each plot includes dotted lines dividing the data into quadrants labeled "Module hubs," "Network hubs," "Peripherals," and "Connectors." Orange dots represent data points distributed across these categories, illustrating the connectivity pattern in each plot.]

FIGURE 7
 Topological clustering of soil phosphorus cycling microbial functional genes in the PM plantation (A), the EF plantation (B), and the PM/EF plantation (C).




TABLE 6 Module hubs and connecters of the soil phosphorus cycling microbial functional genes molecular ecological networks in different stands.
[image: A table showing different stand types (PM, EF, PM/EF) alongside corresponding module hubs and connectors. PM has species "ugpC" classified under P-uptake and transportation with connectors "pstA, ugpE". EF has no module hub species and connectors "gcd" for inorganic P-solubilization and "phoU" for P-starvation response. PM/EF has species "pqqE" classified under inorganic P-solubilization with connector "pstB" for P-uptake and transportation. Bottom note defines PM as Pinus massoniana and EF as Erythrophleum fordii.]




4 Discussion


4.1 Effects of stand types on the composition structure of genes related to P transformation

Differences in the biological characteristics of tree species in forest soils lead to differences in the quantity and quality of litter, thereby affecting soil microbial community structure within the forest floor (Richter et al., 2018). Changes in the composition of microbial functional genes are often associated with alterations in plant and soil characteristics in ecosystems (Hu et al., 2019). Soil TP content is an important factor that affects the composition structure of soil phosphorus cycling microbial functional genes (Yu et al., 2021; Wang et al., 2022). According to our results, there were significant differences among the PM, EF, and PM/EF plantations in terms of the composition structure of phosphorus-cycling microbial functional genes at the topsoil. The main reason for this difference is that the TP content in the PM stand (0.40 g‧kg−1) remarkably increased compared to that of the EF stand (0.28 g‧kg−1) and the PM/EF stand (0.33 g‧kg−1). It is worth noting that in this study, functional gene composition was not significantly different among three stands in the middle layer and subsoil, which indicates that the soil layer classification provides a framework that can deepen our understanding of how stand types affect the composition structure of soil phosphorus cycling microbial functional genes.



4.2 Effects of stand types on relative abundances of genes related to P transformation

According to our results, the relative abundance of P-starvation response regulation gene groups in the subsoil significantly decreased in the PM stand compared with that in the EF stand, which is probably attributed to the higher SOC content in this soil layer of the PM stand (16.07 g‧kg−1) than that in the EF stand (14.87 g‧kg−1). The SOC content showed a negative relationship with the relative abundance of the P-starvation response regulation genes (Li et al., 2022). In addition, concerning the genes involved in inorganic P-solubilization and organic P-mineralization, relative abundances in the topsoil and the middle layer apparently decreased in the PM stand compared to that in the EF stand. Structural equation modeling revealed that stand types could affect soil TP content, which in turn, had a significant negative effect on relative abundances of genes related to inorganic P-solubilization and organic P-mineralization. This is consistent with the results of previous studies indicating that under low-P conditions, genes associated with inorganic P-solubilization and organic P-mineralization enhanced phosphorus availability by encoding phosphatase or releasing organic acids, which can explain the negative correlation of soil TP content with the abundance of these genes (Luo et al., 2020). Additionally, the TP content markedly increased in the topsoil and the middle layer of the PM stand (0.4 and 0.3 g‧kg−1, respectively) compared to that of the EF stand (0.28 and 0.23 g‧kg−1, respectively), demonstrating it as the main factor leading to the above-mentioned difference.

Dominant functional genes associated with soil phosphorus cycling varied in different stand types (Cheng et al., 2022; Wu et al., 2022). Among the 55 functional genes evaluated in this study, the dominant ones in all soil layers of 3 plantations were phoR, glpP, gcd, ppk, and ppx, indicating that the dominant functional genes involved in phosphorus cycling in all soil layers (0–60 cm) were not modified after the transformation of the PM plantation into EF and PM/EF plantations. At the same time, the glpP gene encoding glycerol-3-phosphate transporter protein was found to have the highest relative abundance, and it can activate the expression of genes related to the mineralization and transport of glycerol-3-phosphate such as glpF, glpK, glpT, etc. (Darbon et al., 2002). This indicated that the microorganisms in the soil under the three plantations could absorb glycerol-3-phosphate as an alternative phosphorus source to maintain the basic functions of cells, thus coping with phosphorus starvation (Bergkemper et al., 2016).

Microbial solubilization of inorganic phosphorus is mainly regulated by the gcd gene encoding quinoprotein glucose dehydrogenase, which is an enzyme that secretes gluconic acid that chelates Ca2+, Fe3+, and Al3+ cations, thus dissolving mineral phosphorus that is not directly available to plants and organisms in the soil and releasing available phosphorus (Zeng et al., 2016). The gcd gene not only is ubiquitous in soil but also can be used as a key molecular marker to characterize available phosphorus in soil (Rawat et al., 2020). In this study, gcd in each soil layer under the three stands was dominant, indicating that the microbial solubilization of inorganic phosphorus was the main process providing soil available phosphorus for stands (Liang et al., 2020). At 0–20 cm, gcd was significantly negatively correlated with TP content, which in the PM plantation (0.4 g‧kg−1) apparently increased compared with that in the EF plantation (0.28 g‧kg−1). Therefore, soil TP is one of the most important factors that significantly increased the relative abundance of gcd after the transformation of the PM plantation into the EF plantation. Previous studies have also pointed out that it is easier for microorganisms to obtain nutrients from the soil with a higher TP content, which leads to a lower investment of microorganisms in the process of phosphorus solubilization, and thus a decrease in relative abundances of related functional genes (Pastore et al., 2020). In addition, the increase in the NO3−-N content would increase the demand of microorganisms for inorganic phosphorus, resulting in the improvement of the capacity of microbes to dissolve phosphorus to obtain more inorganic phosphorus for their survival (Xiao et al., 2018). This study found that the relative abundance of the gcd gene was significantly positively correlated with the NO3−-N content. The NO3−-N content in the 0–20 cm of the PM plantation was significantly lower (0.48 mg‧kg−1) than that of the EF plantation (1.56 mg‧kg−1), which is another important reason for the higher relative abundance of gcd in the latter.



4.3 Effects of stand types on molecular ecological network structure of key genes involved in P transformation

There are many microorganisms associated with complex P-cycling processes in soil (Billah et al., 2019), and molecular ecological networks can reveal the potential interactions of microorganisms (Deng et al., 2012). Compared to simpler networks, in complex networks, microbial communities have more efficient resource utilization and information transmission (Morrien et al., 2017). In this study, the average degree of molecular ecological networks of soil phosphorus cycling microbial functional genes was higher in the PM stand than in the EF stand, but lower than that in the PM/EF stand, indicating that the network complexity was reduced after the transformation of the PM plantation stand into the EF stand but it increased after the transformation into the PM/EF stand. This is consistent with previous research results, reporting that compared with pure plantations, the molecular ecological network structure of phosphorus cycling functional genes was more complex in the mixed plantation (Cheng et al., 2021). Furthermore, the diversity of tree species, litter, and root exudates in mixed forests was generally higher than in pure forests, which may lead to more complex interactions between soil microorganisms (Haichar et al., 2014).

The mean clustering coefficient of molecular networks of soil phosphorus cycling microbial functional genes in the PM stand was lower than that in EF and PM/EF stands, indicating that the level of community organization was the lowest in the PM stand. The lower value of mean path length indicates the closer interaction between genes within this network and the faster diffusion of external interference in networks, resulting in the instability of the network structure (Deng et al., 2012). Higher modularity values indicate a stronger anti-interference ability (Carpenter et al., 2012). The average path length and modularity of the network of the PM stand increased compared to those of the EF stand but they had lower values than those of the PM/EF stand, indicating that soil phosphorus cycling microbial functional genes under this stand type could be more closely functionally related and be more tolerant to environmental disturbances (Yuan et al., 2021), while in EF, the microbial functional genes of soil phosphorus cycling were susceptible to the interference of external environment, and more key genes were needed to maintain the stability of molecular ecological network (Banerjee et al., 2018). In addition, the functional gene networks for the three stands had mainly positive connections, indicating that microbial functional genes involved in soil phosphorus cycling may obtain limited nutrient sources through cooperation (Hoek et al., 2016).

Module hubs and connectors are key genes in functional molecular ecological networks, and they are also critical for maintaining the stability of community structure (Banerjee et al., 2018). In the present study, ugpC was identified as the key gene in the PM plantation, whereas phoU, pstA, ugpE, and gcd were the key genes in the EF plantation, and pqqE and pstB were the key genes in the PM/EF plantation, all associated with different P cycling processes. Numerous recent studies demonstrate the potential keystone roles of pyrroloquinoline quinone (pqq) and glucose dehydrogenase (gcd) in phosphorus solubilization, and thus, they are becoming reference biomarkers in research on soil P cycling (Rawat et al., 2020). The pstA, pstB, ugpC, and ugpE genes were expressed by pst and ugp transport systems (pstSCAB and ugpABE, respectively) (Dai et al., 2020). One study has shown that pstB and ugpA are the key functional genes related to soil P cycling (Liu et al., 2023), which conforms to our findings. However, to further verify our results, it should be explored whether the gene coding for the negative regulatory protein phoU plays a key role in P-cycling processes. The modification of key functional genes occurred by the transformation of the PM plantation into EF and PM/EF plantations, which may be due to its influence on the soil microenvironment, thus modulating the response mechanism of microorganisms to environmental disturbances.

Overall, this study only collected soil samples in winter, which could not characterize the effects of seasonal changes on the microbial functional genes of soil phosphorus cycling. Soil samples can be collected in different seasons to elucidate the effects of different stand types on soil phosphorus cycling in future.




5 Conclusion

The composition structure of soil phosphorus cycling microbial functional genes in the PM plantation was significantly different from that in EF and PM/EF plantations in the subtropics of China, mainly due to the difference in soil TP content. After the transformation of the PM plantation stand into the EF stand, the relative abundances of the group of genes involved in inorganic P-solubilization and organic P-mineralization in the topsoil and middle layer significantly increased, and the difference was caused by TP. At the same time, for genes related to P-starvation response regulation, relative abundances in the subsoil increased, and SOC may be the main factor contributing to this difference. The transformation of the PM stand into PM/EF and EF plantation stands had no obvious influence on the dominant phosphorus cycling microbial functional genes in all soil layers of stands. The decrease in the TP content and the increase in the NO3−-N content in the topsoil after the transformation of the PM stand into the EF stand are the reasons for the significant increase in the relative abundance of gcd in the EF stand. After the conversion of the PM plantation into the PM/EF plantation, the molecular ecological network structure of soil phosphorus cycling microbial functional genes became more complex, and thus, its stability was enhanced. Moreover, the key genes that play roles in maintaining network stability in different stands exhibited an inconsistent pattern of change. Future studies may be required to focus on the processes of gene transcription and translation, which will help to more comprehensively understand how plantation transformation affects the expression of soil phosphorus cycling microbial functional genes and its potential mechanism.
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The urban environmental effects can have multifaceted impacts on the orchard soil microbial community structure and function. To specifically study these effects, we investigated the soil bacterial and fungal community in the laxly managed citrus orchards using amplicon sequencing. Ascomycota demonstrated significant dominance within the citrus orchard soils. The increased presence of beneficial Trichoderma spp. (0.3%) could help suppress plant pathogens, while the elevated abundance of potential pathogenic fungi, such as Fusarium spp. (0.4%), might raise the likelihood of disorders like root rot, thereby hindering plant growth and resulting in reduced yield. Moreover, we observed significant differences in the alpha and beta diversity of bacterial communities between urban and rural soils (p < 0.001). Environmental surveys and functional prediction of bacterial communities suggested that urban transportation factors and rural waste pollution were likely contributing to these disparities. When comparing bacterial species in urban and rural soils, Bacillus spp. exhibited notable increases in urban areas. Bacillus spp. possess heavy metal tolerance attributed to the presence of chromium reductase and nitroreductase enzymes involved in the chromium (VI) reduction pathway. Our findings have shed light on the intricate interplay of urban environmental effects and root systems, both of which exert influence on the soil microbiota. Apart from the removal of specific pollutants, the application of Bacillus spp. to alleviate traffic pollution, and the use of Trichoderma spp. for plant pathogen suppression were considered viable solutions. The knowledge acquired from this study can be employed to optimize agricultural practices, augment citrus productivity, and foster sustainable agriculture.
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1 Introduction

Due to global climate change, microorganisms impacting human health and societal productivity underwent changes. This included the emergence of new pathogens (Casadevall, 2023), alterations in their growth and reproductive characteristics, particularly the increase in antibiotic resistance (Lockhart et al., 2023), the expansion of their distribution range, and seasonal fluctuations in microbial infectious diseases (Mora et al., 2022). The urban environment served as the primary habitat for modern human populations and played a crucial role in the interaction between humans and nature. For local regions, urban environmental effects such as the urban heat island effect and pollution emissions could have even more direct impacts on microorganisms than the effects of global climate warming (Parajuli et al., 2018; Abrego et al., 2020; Li et al., 2023). Toxic heavy metals, organic pollutants, emerging contaminants, and other biotic and abiotic stressors may impact nutrient utilization, plant metabolic pathways, agricultural productivity, and soil fertility (Pathak et al., 2024). Therefore, investigating the effects of urban environmental effects on microbial community structure could provide valuable insights into the distribution and transmission patterns of microorganisms and facilitate the assessment of environmental health risks (Blocker et al., 2020; Zhou and Zhou, 2023).

The soil environment serves as a reservoir for pathogenic microorganisms and is also a critical medium linking microbial communities and human activities (Williams et al., 2024; Wang B. et al., 2024; Wang X. et al., 2024). Pathogenic microorganisms in the soil not only directly impacted agricultural production but also resulted in alterations in the human microenvironment and even clinical infections (Liu et al., 2024; Singh et al., 2024; Yiallouris et al., 2024). In fact, soil microorganisms play crucial roles in shaping soil health (Cheng et al., 2019; Li et al., 2022), facilitating nutrient cycling (Hu et al., 2021), and fostering the overall health of the ecosystem (Tsitsigiannis et al., 2005). They participate in various biogeochemical processes, such as decomposition, nitrogen fixation (Pankievicz et al., 2021; Yin et al., 2021), and organic matter recycling (Yang et al., 2022). Moreover, microbes in rhizospheric soil engage in symbiotic interactions with plant roots (Matilla et al., 2007), influencing nutrient uptake (Wu et al., 2022), stress tolerance (Igiehon et al., 2021), and disease resistance (De Tender et al., 2021). Understanding the structure and function of microbial communities, particularly in the rhizospheric soil, is crucial for comprehending the distribution and transmission patterns of microorganisms, promoting agricultural production, and assessing the environmental health risks posed by urban effects (Aguilera et al., 2022; Furlan et al., 2023; Pastrana et al., 2023). Research on citrus has shown that soil microbial communities, especially those associated with the root system, significantly influence the quality of citrus fruits and interact with the host immune system (Su et al., 2023).

The warm and humid climate of Zhejiang Province, China, characterized by hot summers and mild winters, provides an ideal environment for the cultivation of citrus fruits, establishing citrus as a traditional fruit in the region (Lin et al., 2023). Given the lax soil management practices observed in this area, where active managerial intervention is infrequent, there emerges an opportunity to delve into the effects of urban environmental factors on soil microbiota within authentic field conditions. This was because the Zhejiang Province had a developed urban economy, with the primary, secondary, and tertiary industries accounting for 2.9, 41.9, and 55.2%, respectively (Jinhua City Statistics Bureau, 2023). Labor in rural areas tended to concentrate toward urban centers, leading plenty of older farmers to preferentially choose easily managed citrus for cultivation. Therefore, this study took citrus orchard soil environments close to their native state as examples. Soil samples were collected from the rhizospheric and peripheral soil at different distances from urban areas during the fruit ripening period on family farms. The microbial community structure and functional profiles in the soil were analyzed using sequencing methods targeting the 16S rRNA gene and ITS region gene.

The fruit ripening period is one of the most frequent times for farmers to interact with the soil and marks a critical phase in the life cycle of citrus trees, characterized by intricate physiological and ecological changes. Metabolism during this period is a key determinant of citrus flavor and nutritional quality (Saini et al., 2020; Sheng et al., 2022), and troubles during fruit ripening can lead to significant production losses (Olimi et al., 2022; Sharma et al., 2023; Kifle et al., 2024). Additionally, during this phase, the citrus orchard ecosystem experiences more frequent interactions, including proliferation of saprophytic microorganisms due to fruit rot and the presence of excreta from animals, primarily birds (Thompson and Willson, 1979; Schaefer and Ruxton, 2011; Whitehead and Poveda, 2011). Therefore, during this period, the impacts of urban environmental effects such as noise pollution and vehicular movement are more sensitively captured (Moore et al., 2002; Lopez-Velasco et al., 2012; Xi et al., 2016).

The objective of this study is to assess the impact of urban environmental effects on microbial distribution and environmental health risks through the compositional differences of microbes in the soil of citrus orchards in their native state during the fruit ripening period. Furthermore, the study aims to provide valuable evidence for research on environmental-host relationships, optimization of future agricultural production, and monitoring of the prevalence of pathogenic microorganisms using these research findings and microbial community data.



2 Materials and methods


2.1 Study site

The soil sampling was carried out in Jinhua, situated in the central region of Zhejiang Province, China. The sampling commenced on October 9, 2022, and continued for 10 days, with each sampling site’s process being completed within a single day. Jinhua is located approximately between 119°14′–120°47′ east longitude and 28°32′–29°41′ north latitude, spanning 129 km north to south and 151 km east to west. The orchard area covers 26,290 hectares, with 3,809 hectares dedicated to citrus orchards. This region falls within the subtropical zone, characterized by a warm and humid climate, with hot summers and mild winters. In 2022, the total annual sunshine hours were 1701.2, with a precipitation of 1300.3 mm and an average temperature of 19.4°C.

To ensure the similarity of sampling environments and eliminate other factors’ influence on soil microorganisms, we specifically selected family farms adjacent to rivers for environmental sampling. Four villages with lax management were chosen as sampling sites based on their geographic location. Lax management is defined as a management practice where, apart from essential watering, the intervention frequency (including pesticide and fertilizer usage) is equal to or less than twice a year; family farms with higher intervention frequencies were not considered. Among these, priority was given to farms that either abandoned management or had lower management frequencies.

Village A located on the river downstream of the center of the city and closely adjacent to the city. It is situated in a densely populated area and is strongly influenced by urban population mobility. On the other hand, villages B, C, and D are situated farther from the city and are next to the river but upstream of the city (Figure 1A). Fourteen family farms were designated as individual sampling site (Supplementary Table S1), where five sampling points were selected: one sampling point was in the center of the farm, and one was at each corner. In order to assess disparities in composition of the soil in the rhizosphere and the soil outside of the rhizosphere, two additional sampling points were strategically placed outside the rhizosphere (peripheral soil). Specifically, these points were positioned at the midpoint between two fruit trees, where no root growth was observed.
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FIGURE 1
 Geographic distribution and taxonomy annotation of collection sites. (A) The specific locations of the four villages in the soil sampling process are marked in the diagram. The red arrows in the image represent the direction of the river’s flow. (B,C) Stacked bar chart showing the average abundance of bacterial species (B) and fungal species (C) at the “phylum” level in the four villages. The chart highlights the top 8 bacterial species with the highest abundances. (A) Obtained from Google Satellite and annotated (https://www.google.com/maps/).




2.2 Sample collection

We conducted sampling using five-point sampling method during the ripening stages of Jinhua’s native citrus. Rhizospheric soil samples were gathered from the rhizosphere, which was considered to be the area around the root system. Five citrus trees aged 8–10 years were selected at each sampling point, and soil samples were collected around the roots of each tree to a depth of approximately 20 cm. We did not sample soil from the roots of citrus trees showing signs of disease or root damage. For the two sampling points located at the midpoint between two fruit trees, peripheral soil samples were collected to the same depth (20 cm), but without including the rhizospheric soil. During soil excavation, areas within a 1-m radius of the soil surface containing evident contaminants and decayed matter were excluded.

Before sampling, we removed the topsoil using a shovel. For sampling of rhizospheric soil, we gently removed soil that was loosely attached to the roots. Every 10 mL of soil from the five locations within each sampling point was placed in separate sterile plastic bags and thoroughly mixed to create a homogenized composite sample. Approximately 15 mL of the homogenized soil was then transferred into a labeled centrifuge tube and stored at −20°C during transportation. Upon arrival at the laboratory, the samples were promptly transferred to a −80°C ultra-low temperature freezer for long-term storage. The detailed locations of the sampling points and relevant environmental information can be found in Supplementary Table S1.

Finally, we systematically collected a total of 98 soil samples from four villages. Within this dataset, villages A (urban), C (rural), and D (rural) were each represented by 21 samples. Village B (rural) contributed a comprehensive set of 35 soil samples due to its broader and more diverse citrus cultivation landscape.



2.3 Extraction of fungal and bacterial DNA

DNA extraction from soil samples was carried out using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. To assess the quality and concentration of the extracted DNA, a spectrophotometer (Nanodrop 2000; Thermo Fisher Scientific, Waltham, MA, United States) was employed. The extracted DNA was then stored at −80°C until PCR analysis.



2.4 PCR amplification, library preparation and sequencing

The primers used to amplify the ITS1 region and the 16S V3–V4 region gene were: ITS-1F, 5′-CTT GGT CAT TTA GAG GAA GTA A-3′ and ITS-2R, 5′-GCT GCG TTC TTC ATC GAT GC-3′; 16S-338F, 5′-ACT CCT ACG GGA GGC AGC AG-3′ and 16S-806R, 5′-GGACTACHVGGGTWTCTAAT-3′.

The first round of PCR amplification was performed using the following cycling conditions: 3 min at 95°C; 25 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C; and a final extension step at 72°C for 5 min. Each 25 μL PCR mixture contained 12.5 μL of 2× KAPA HiFi HotStart ReadyMix, 1 μL of each primer (1 μM), and 12.5 ng of template DNA. Post-PCR purification was achieved using AMPure XP beads.

The second round of PCR amplification was performed using the following cycling conditions: 3 min at 95°C; 8 cycles of 30 s at 95°C, 30 s at 55°C and 30 s at 72°C; and a final extension at 72°C for 5 min. Each 50 μL PCR mixture contained 25 μL of 2× KAPA HiFi HotStart ReadyMix, 5 μL of each primer, 10 μL of water, and 5 μL of template DNA from products purified in the previous step. A second round of AMPure XP beads purification was performed.

Following purification, the amplicons were pooled in equimolar proportions and subjected to paired-end sequencing on an Illumina MiSeq platform (Illumina, San Diego, United States), according to the standard protocol provided by Majorbio Bio-Pharm Technology Co. Ltd. The number of sequencing reads obtained can be found in Supplementary Table S2. The sequencing reads have been deposited in the NCBI BioProject under ID PRJNA1007597.



2.5 Bioinformatics

All raw data underwent filtering using Trimmomatic (Bolger et al., 2014) (version 0.39) to eliminate adapters, primers, and low-quality sequences; the parameters were SLIDINGWINDOW:4:15, LEADING:3, TRAILING:3, and MINLEN:80. Subsequently, the processed data were imported into the Quantitative Insights Into Microbial Ecology version 2 (QIIME2) pipeline (Bolyen et al., 2019) (version 2021.11.0) for quality control. The 16S rRNA gene sequences were merged using vsearch (Rognes et al., 2016) (version v2.15.0) and then denoised via deblur using default parameters (Amir et al., 2017) to generate representative sequences. The representative sequences of ITS region gene were inferred using default parameters with the DADA2 plugin (Callahan et al., 2016) plugin.

Taxonomy assignment was performed on all representative sequences after training the species classifier using the q2-feature-classifier (Bokulich et al., 2018) plugin. The training process involved utilizing primers to extract target sequences, followed by filtering out corresponding taxonomic information using the RESCRIPt (Robeson et al., 2021) plugin. Finally, the feature-classifier plugin was used for training. The results of taxonomic analyses indicated that 98.0% of the bacteria were successfully identified at the phylum level using the 16S rRNA gene, whereas only 67.6% of fungi were successfully identified. Visualization of the taxonomy results was carried out on QIIME2 View1. The amplicon package2 of R was used to illustrate species compositions and to create Venn diagrams and circle plots.

Following alignment of the representative sequences exhibiting high abundance using MAFFT (Katoh et al., 2019) (version 7.490), the construction of the maximum likelihood (ML) tree was performed using IQTREE (Minh et al., 2020) (version 2.2.0.3). To determine the best DNA model, the Edge-linked Partition Model (Chernomor et al., 2016) was employed, and branch supports were assessed through ultrafast bootstrap (Hoang et al., 2018).

Functional prediction of the 16S rRNA gene representative sequences was performed with the picrust2 (Douglas et al., 2020) plugin within the QIIME2 pipeline. For BugBase (Ward et al., 2017) phenotypic predictions, submissions were made via the online platform3. The Linear Discriminant Analysis Effect Size (LEfSe) algorithm was processed using the format2lefse function within the amplicon package of R, followed by submission to ImageGP (Keighley et al., 2022) for further analysis.

For functional classification of the ITS region gene, FUNGuild (Nguyen et al., 2016) was employed to parse fungal community datasets based on trophic mode, trait and growth form. Differences between two groups were performed with the Mann–Whitney U test.



2.6 Diversity and statistical analysis

Representative sequences were processed using the EasyAmplicon (Liu Y. X. et al., 2021) pipeline. Normalization was conducted using the “otutab_rare.R” script4 with default parameters. The parameter “--depth 0” was utilized to automatically determine the minimum rarefaction depth. The diversity plugin of QIIME2 was used to calculate alpha and beta diversity. Alpha diversity was assessed using the Abundance-based Coverage Estimator (ACE) index, and differences were compared using the Kruskal–Wallis test. Principal Co-ordinates Analysis (PCoA) based on Bray–Curtis distance was performed. The resulting data were visualized using the amplicon package and pheatmap package of R.5 Differential analysis was conducted using “EdgeR” and results were visualized by using the ‘compare_volcano.R’6, ‘compare_manhattan.sh’ (), and ‘compare_heatmap.sh’7 scripts to generate volcano plots, Manhattan plots, and comparative heatmaps, respectively. A significance threshold of p < 0.05 was considered for all statistical analyses.




3 Results


3.1 Structure and function of microbial communities in urban and rural citrus orchard soils

Among the successfully identified bacteria, the top seven abundant phyla were Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, AD3, Gemmatimonadetes, and Firmicutes (Figure 1B). For fungi, the top seven abundant phyla were Ascomycota, Basidiomycota, Chytridiomycota, Mortierellomycota, Rozellomycota, Glomeromycota, and Blastocladiomycota. Notably, Ascomycota fungi were predominant across almost all of the soil samples, accounting for an average of 66.9% of the species (Figure 1C).

Rarefaction curve analyses of the sequencing results demonstrated stable patterns across all samples. From the rarefaction curves, it appeared that village A, which is urban, might have a significantly higher bacterial abundance as compared to the other three villages, which are considered rural (Figure 2A). These intriguing insights were confirmed by comparisons of the alpha diversity values. With regard to pairwise comparisons of bacterial alpha diversity, no statistically significant differences were observed between villages B, C, and D. In contrast, pairwise comparisons of the bacterial alpha diversity values from villages A identified significant differences with the alpha diversity values from villages B (p < 0.001), C (p < 0.001), and D (p < 0.001) (Figure 2C and Table 1). We conducted PCoA analysis using pairwise comparisons of Bray–Curtis distances between samples. This analysis confirmed the significant bacterial dissimilarity between urban soil and rural soil (Figure 2E). Furthermore, at the phylum taxonomic level, a noticeable increase in species from Acidobacteria-6 and decreases in Actinobacteria and Ktedonobacteria species were observed in urban soil (Figure 2F).

[image: Six-panel figure comparing soil microbial diversity. Panels A and B show line graphs of richness against percentage for Villages A to D. Panel C displays box plots of ACE index for each village, with significant differences indicated. Panel D shows similar box plots for a different range of ACE index. Panel E is a PCoA plot with clusters for urban adjacent and rural soils. Panel F is a stacked bar chart presenting taxonomic composition percentages for each village, featuring various bacterial taxa.]

FIGURE 2
 Comparison of species composition differences among different villages through alpha and beta diversity analysis. (A,B) Dilution curves of 16S (A) and ITS (B) sequences during the resampling process. (C,D) The alpha diversity differences of bacteria (C) and fungi (D) among the four villages were assessed using the Abundance-based Coverage Estimator (ACE) index. Each point in the box plot represents the ACE index of a sample. The lowercase letters “a” and “b” above the box plots indicate whether there is a statistical difference. The same letters indicate no statistical difference, while different letters indicate a statistical difference. (E) PCoA analysis based on Bray–Curtis distances between pairs of bacterial samples. The two dimensions with the highest explanatory power were plotted on the coordinate axes. (F) Stacked bar chart showing the average abundance of bacterial species at the class level in the four villages. The top 7 bacterial species with the highest abundances were highlighted. A p-value less than 0.05 was considered statistically significant.




TABLE 1 Kruskal–Wallis test for differential ACE index comparisons between the bacterial population in soil from four villages.
[image: Comparison table showing Kruskal-Wallis test results for different village groups. Village A vs. Villages B, C, D: H values 22.859, 19.713, 16.301, all with p-values and q-values <0.001. Village B vs. Villages C, D: H values 0.186, 0.447, with p-values and q-values 0.666, 0.504 (q-value 0.605). Village C vs. Village D: H value 0.753, p-value 0.385, q-value 0.578. Kruskal-Wallis statistic for all groups: H=29.446, p-value=0.000001805.]

The most prevalent fungal genera in the samples were Talaromyces, Knufia, Fusarium, Chaetomium, Penicillium, Aspergillus, Paracamarosporium, Trichoderma, and Chaetomella. In terms of fungal alpha diversity, there were no statistically significant differences observed among the villages collectively (p = 0.787) (Figures 2B,D). The results of PCoA analysis revealed only subtle differences between urban soil and rural soil (Supplementary Figure S1A), indicating a generally similar fungal community structure between these two soil environments.

Notable patterns emerged among pathways represented in rural soil compared to urban soil, with nicotine degradation II (pyrrolidine pathway) (p < 0.001), toluene degradation I (aerobic) (via o-cresol) (p < 0.001), toluene degradation II (aerobic) (via 4-methylcatechol) (p < 0.001), nylon-6 oligomer degradation (p = 0.007), aromatic compound degradation via β-ketoadipate (p < 0.001), and 4-coumarate degradation (anaerobic) (p < 0.001) exhibiting significant increases. Conversely, urban soil exhibited distinctive shifts compared to rural soil, with formaldehyde assimilation II (RuMP Cycle) (p = 0.016), formaldehyde oxidation I (p = 0.017), toluene degradation V (aerobic) (via toluene-cis-diol) (p = 0.002), and anaerobic aromatic compound degradation (Thauera aromatica) (p < 0.001) experiencing a marked increase in relative abundance (Supplementary Table S11).



3.2 Structure and function of microbial communities in rhizospheric and peripheral citrus orchard soils

In Figures 3A,B, we quantified highly abundant bacteria and fungi (with average relative abundances exceeding 0.2%) using maximum likelihood trees to depict the bacterial and fungal community structures and phylogenetic relationships within the rhizospheric and peripheral soils. This approach provided insights into the community composition and evolutionary connections of bacteria and fungi in these distinct soil environments.

[image: Phylogenetic trees display microbial diversity in different soil conditions. Panel A shows a tree with a linear layout, including phylum, class, order, and family, with bar graphs indicating abundance in peripheral and rhizospheric soils. Panel B features a circular tree with similar taxonomic classifications, highlighting the microbial family distribution in both soil types. Color-coded classifications illustrate the hierarchical taxonomy.]

FIGURE 3
 Phylogenetic trees of high-abundance species in rhizospheric and peripheral soil. (A,B) A maximum likelihood tree constructed from representative sequences of bacterial (A) and fungal (B) species with an average abundance proportion greater than 0.2% across all samples. The thickness of branches represents the magnitude of bootstrap values, and only values within the range of 0.2 to 1 are labeled.


Within the rhizospheric zone, noticeable increases were observed in six bacterial taxa, including Xanthomonadales, Bacilli, and Actinobacteria (Figures 4A,C). Similarly, 27 fungal taxa exhibited heightened representation, encompassing Agaricomycetes, Sordariomycetes, and Eurotiomycetes (Figure 4B). To further elucidate the effects of urban environmental factors and citrus root systems on soil microbiota, we classified samples simultaneously based on different sampling locations and soil types (Supplementary Figure S2). In villages B, C, and D, compared to peripheral soil, the alpha and beta diversity of rhizospheric soil exhibited greater fluctuations, the trend observed in both bacteria and fungi. Specifically, we observed that rhizospheric alpha diversity from the same village had larger interquartile ranges in boxplots compared to peripheral soil. Correspondingly, in the PCA plots of beta diversity, the confidence ellipsoids of rhizospheric samples from the same locations were more inclined to encompass those of peripheral soil. Conversely, in village A, the boxplots of alpha diversity for both bacteria and fungi indicated larger interquartile ranges in peripheral soil. Simultaneously, in the PCA plots, the confidence ellipsoids of peripheral soil and rhizosphere samples exhibited roughly equal intersection. These findings suggest that citrus root systems do indeed play a role in shaping soil microbial community structure, albeit weaker than the influence of urban environmental effects.

[image: Two scatter plots and a heat map visualize microbiome data. Plot A and B display the negative log of p-values for different taxa, categorized by depletion or enrichment levels. Plot C is a heat map with hierarchical clustering showing gene expression levels, color-coded for phenotypes and groups.]

FIGURE 4
 Comparative analysis of abundant differential species between rhizospheric and peripheral soil. (A,B) Manhattan plot depicting the statistically significant differences in the abundance proportions of bacterial (A) and fungal (B) species between rhizospheric soil and peripheral soil. Patterns above the dashed line indicate sequences with statistical differences. (C) Heatmap displaying statistically significant bacterial species’ differences between rhizospheric soil and peripheral soil, clustered by sample abundance. A p-value less than 0.05 was considered statistically significant.


Furthermore, we contrasted bacterial functional disparities between citrus orchard rhizospheric and peripheral soils (including both urban and rural), pinpointing a significant reduction in the CMP-pseudaminate biosynthesis pathway in the rhizospheric soil (p = 0.001) (Figure 5A). Importantly, the divergence of this pathway was unaffected by urban factors, as evidenced by its substantial reduction both urban rhizospheric soil as compared with urban peripheral soil (p = 0.020, Figure 5B) and in rural rhizospheric soil as compared with rural peripheral soil (p = 0.014, Figure 5C). The outcomes of a LEfSe indicated the potential prominence of Xanthomonadaceae within the rhizospheric zone (p = 0.007) (Figure 6). While functional differences were identified in bacterial communities in rhizospheric and peripheral soils, no statistically significant differences between the two soil types were identified using phenotype prediction across all of the following nine phenotype traits: aerobic, anaerobic, mobile element-containing, biofilm-forming, Gram-negative, Gram-positive, potentially pathogenic, and stress-tolerant (Supplementary Figures S3, S4).

[image: Three bubble plots labeled A, B, and C depict various biochemical pathways with Log2 fold change (Log2FC) on the x-axis and specific pathways on the y-axis. Each bubble represents a pathway sized by Log2 counts per million (Log2CPM) and colored by p-value, showing significance. Plot A highlights CMP-pseudaminate biosynthesis. Plot B features pathways like the superpathway of mycolyl-arabinogalactan-peptidoglycan biosynthesis. Plot C includes hexitol fermentation to lactate. Colors range from red (low p-value) to yellow (high p-value).]

FIGURE 5
 Differential bacterial species pathways in rhizospheric soil. (A–C) The bubble plot illustrates the differences in functional pathways of bacteria between rhizospheric soil vs. peripheral soil (A), urban rhizospheric soil vs. urban peripheral soil (B), rural rhizospheric soil vs. rural peripheral soil (C), presenting the top 10 pathways with the smallest p-values in ascending order.


[image: Cladogram and bar chart illustrating bacterial distribution between rhizospheric (green) and peripheral (red) environments. Cladogram shows various taxa with color-coded nodes, while the bar chart presents LDA scores for different bacterial groups, highlighting those more prevalent in each environment.]

FIGURE 6
 Bacterial distinctions in rhizospheric vs. peripheral soil revealed through LEfSe analysis. (A) The cladogram illustrates the microbial differences between rhizospheric soil and peripheral soil, highlighting only those microbial features that exhibit significant distinctions. Each circle represents a taxonomic level, such as phylum, class, and so forth. (B) The bar plot provides a detailed representation of the microbial differences between rhizospheric soil and peripheral soil.


The results from the FUNGuild analysis, which categorizes fungal communities based on trophic mode, traits, and growth forms, reveal noticeable differences between the fungal communities inhabiting the rhizospheric and peripheral zones of the soil. Specifically, in peripheral soils, the trophic mode classification identified a comparatively heightened prevalence of pathotrophs (p = 0.042), coupled with an increased occurrence of plant pathogens as per the Guild classification (p = 0.011). Additionally, analysis of the growth form classification demonstrated significantly elevated proportions of smut (p = 0.026) and corticioid (p = 0.020) (Table 2).



TABLE 2 Selected results with statistically significant differences from guild classification comparisons of the microbial populations of rhizospheric and peripheral soils.
[image: Table showing species count, percentage across peripheral and rhizospheric soils, U values, and p-values for different trophic modes, guilds, and growth forms. Values include Pathotroph, Plant Pathogen, Animal Pathogen, and others, with data highlighting statistical significance in various soil conditions.]




4 Discussion


4.1 Ascomycota fungal dominance in citrus orchard soils: ecological and agricultural implications

Ascomycota exhibited a substantial dominance within the citrus orchard soils. This pronounced presence of a specific taxon likely exerted a multifaceted impact on both the ecological landscape of citrus orchard soils and the agricultural productivity of the area. For example, the elevated prevalence of beneficial Trichoderma spp. (0.3%) would suppress plant pathogens. The principal mechanisms not only include mycoparasitism, antibiosis, and competition for resources and space but also involve the induction of resistance pathways in plants, leading to increased plant growth and nutrient uptake. Additionally, these fungi produce a diverse array of antifungal enzymes, such as chitinases and beta-1,3 glucanases. These enzymes exhibit synergistic effects with each other and with other antifungal enzymes and materials (Harman, 2006; Bae et al., 2011). Finally, rhizosphere-competent T. harzianum strain, such as T22, have been shown to promote root growth in a variety of plants (Harman, 2000). Conversely, the heightened abundance of potential pathogenic fungi, such as Fusarium spp. (0.4%), might increase the risk of disorders like root rot, consequently impeding plant growth and leading to diminished yield (Buttar et al., 2024; Kamble et al., 2024).

In terms of fruit quality, the prominent occurrence of Penicillium (0.4%) and Aspergillus spp. (0.4%). might lead to surface mold formation on citrus fruits, thereby influencing their visual appearance and gastronomic value. Moreover, certain strains within the Penicillium spp. could generate deleterious toxins, thereby posing latent risks to human health. Additionally, the augmented abundance of fungi similar to Chaetomium (0.4%) and Chaetomella spp. (0.3%), in turn, could substantively contribute to organic matter decomposition.

In the realm of farm management, a comprehensive understanding of the ecological roles of each species remains paramount. This comprehension is instrumental in devising judicious soil management strategies and disease control measures, designed to harness the proactive potential of beneficial species while mitigating the detrimental effects of harmful ones.



4.2 Deciphering urban–rural influences on citrus orchard soil: comprehensive analysis from diversity disparities to functional pathway differences

In the realm of diversity analysis, distinct differences were evident in the alpha diversity of bacterial communities between the citrus orchard soil of village A and those of villages B (p < 0.001), C (p < 0.001), and D (p < 0.001). The substantial disparity in species diversity became apparent through analyses of rarefaction curve plots, beta diversity plots, and taxonomic classifications at the phylum level (Figure 1). Considering the alignment of sampling design and real-world environmental observations, we inferred that the proximity to urban transportation zones played a pivotal role in driving differences in soil bacterial diversity between urban soil and rural soils. This inference was corroborated by the results of the functional disparity analysis of bacterial communities between urban soil and rural soil.

In the urban soil, the significant increase in the relative abundance of Formaldehyde assimilation II (RuMP Cycle) and formaldehyde oxidation I possibly stems from pollution sources, including vehicular emissions near urban areas, prompting bacterial communities to adapt metabolically to formaldehyde (Klein et al., 2022). Similarly, the notable increase in the relative abundance of toluene degradation V (aerobic) (via toluene-cis-diol) might be attributed to the prevalence volatile organic compounds, such as toluene, in urban environments, leading to metabolic adaptation among bacterial communities (Gelencsér et al., 1997). The significant rise in the relative abundance of anaerobic aromatic compound degradation (Thauera aromatica) is consistent with the presence of substantial aromatic compounds in the urban environment and the adaptation of bacterial communities to degrade these compounds (Keyte et al., 2016; Zhang et al., 2022).

The urban orchards were closely situated alongside a motorized road, resulting in heightened vehicular activity during routine periods. Research on the impact of highway-related activities on soil microorganisms has shown that these activities exacerbate vegetation degradation along the road, significantly alter soil physicochemical properties, and cause heavy metal pollution, thereby affecting the diversity and community structure of soil bacteria. Furthermore, this disturbance exhibits a gradual increase in intensity with proximity to the highway (Liu Z. et al., 2021). In comparison of bacterial species in village A (urban) and the other villages (rural), Bacillus muralis, Bacillus fumarioli, and Bacillus flexus all showed significant increases in urban. Bacillus spp. possess heavy metal tolerance due to the presence of chromium reductase and nitroreductase enzymes, which are involved in the chromium (VI) reduction pathway (Luo et al., 2022; Shahraki et al., 2022; Ramli et al., 2023). This finding suggests that the changes in soil microbial community structure observed are influenced by traffic factors, consistent with the environmental factors and research results we have observed. It also suggests that in the study area, the application of B. muralis, B. fumarioli, or B. flexus for soil microbial remediation could be considered (Jebeli et al., 2017; Kulkova et al., 2023; Schommer et al., 2023; Yu et al., 2023).

Litter can increase the network complexity of soil microbial communities (Feng et al., 2022). Changes in litter and roots can affect soil microbial activities and nutrient cycling (Chen et al., 2022; Zhu et al., 2022). Potentially important physical differences between rural and urban areas were noticed during soil collection. We observed dispersed waste materials in rural orchards. These materials were primarily composed of discarded cigarette remnants, abandoned bags, garments, and packaging materials (Supplementary Figure S5), whereas similar materials were not observed in the urban orchards. Correspondingly, there was a significant increase in the relative abundance of bacteria involved in nicotine degradation II (pyrrolidine pathway), indicating a potential bacterial metabolic adaptation to nicotine degradation. The significant elevation in the relative abundance of nylon-6 oligomer degradation might be linked to waste materials prevalent in rural environments.

Fruit tree root system can affect soil microbial community structure, but it was not the main factor. According to our analysis, we observed a significant difference (p = 0.001) in the CMP-pseudaminate biosynthesis pathway between the rhizospheric soil and the peripheral soil (Figure 5). Pseudaminic acid, a sialic acid-like sugar, is involved in the synthesis of bacterial cell surface glycans, which in turn affects pathogenicity and adaptability through bacterial adhesion, invasion, and immune evasion mechanisms (Knirel et al., 2003; Hsu et al., 2006). The reduction in the CMP-pseudaminate biosynthesis pathway may represent a plant-microbe interaction, where plant roots release certain compounds that influence bacterial metabolism and biosynthetic pathways in the rhizospheric soil, contributing to a protective effect. However, it is important to note that our study also revealed a relatively high false discovery rate (FDR = 0.415, Supplementary Table S10), which may indicate a certain degree of false positives in multiple comparisons. Further research is needed to validate these findings and explore the biological significance of the observed differences in more depth.

These variations in bacterial functional pathways support our hypotheses regarding the impact of urban environmental factors on citrus orchard soil. The exogenous factors such as urban traffic and rural litter did have a significant impact on the microbiome in citrus orchards. These factors played a significant role in the substantial differences in bacterial diversity, potentially further influencing citrus tree growth and fruit yield.



4.3 Implementing practical strategies for citrus orchard soil management: insights and recommendations

By elucidating the microbial dynamics in citrus orchard soil during the crucial fruit maturation period, our findings can inform management strategies aimed at enhancing citrus yield and fruit quality. The identification of beneficial soil microorganisms capable of promoting citrus growth and disease resistance can lead to the development of targeted microbial-based biofertilizers and biocontrol strategies (Scott et al., 2006; Das et al., 2022; Wang et al., 2023), reducing reliance on chemical inputs and fostering long-term sustainability (Ali et al., 2019; Li et al., 2019; Zhou et al., 2020).

We propose the implementation of physical barriers in rural areas to reduce the quantity of pollutants such as cigarette butts and nylon. Urban orchards in city areas should be located far away from densely populated regions with high traffic density (Hagler et al., 2012; Ranasinghe et al., 2019). However, considering the current pollution situation, microbial measures can also be employed for improvement. For example, the Trichoderma harzianum T22 strain can be cultured on potato dextrose agar medium, and the spores can be collected for seed coating (Harman and Shoresh, 2007; Alinc et al., 2021). Alternatively, soaking the seeds in a suspension containing Bacillus spp. for 2 h can help improve plant growth and crop productivity under various abiotic stresses, including heavy metals and drought (Anbuganesan et al., 2024). In addition, synthesizing a biodegradable carbon nanoparticle from bacterial biofilm is also an option (Li et al., 2024; Savadiya et al., 2024). A more direct approach is to consider inserting genes encoding antifungal protein internal chitinase or external chitinase into the citrus genome alone or in combination (Bolar et al., 2000, 2001).

By utilizing amplicon sequencing as a non-invasive and cost-effective method, we were able to gain insights into the microbial diversity and functional potential in citrus orchard soil at an unprecedented scale. Our study confirmed the beneficial application of metagenomics in addressing agricultural and environmental concerns. This included the identification of two pollutants that indeed affected microbial community functionality and proposed specific microbial methods for improving land heavy metal pollution and suppressing plant pathogens based on real-world microbial community structures. Consequently, future research could continue to utilize amplicon sequencing across different seasons and larger geographical scales, and shotgun sequencing methods could be employed to further validate the functionality of these microbes.

While our study has provided valuable insights into the microbial communities of citrus orchard soils, several limitations need to be considered. Firstly, our research solely relied on functional prediction methods to examine microbial community functional changes, which resulted in a lack of sufficient validation and interpretability. Future studies should incorporate more comprehensive functional analyses, such as employing shotgun sequencing methods to investigate specific differentially expressed genes. Moreover, our study did not include intervention studies using specific species, which could have strengthened the credibility of the proposed measures for soil health and agricultural productivity. Additionally, although we consider the fruit maturation stage as a crucial phase for investigation, it is essential to study soil in other growth periods to ensure the stability assessment of our findings. To maximize the comparability of sampling points, we applied specific restrictions, focusing on citrus orchards situated near rivers and lacking human management. Consequently, in urban settings, other suitable family farms meeting these criteria were not found. Further urban sampling and exploration across other soil environment categories are essential to enhance the universality of our conclusions. Finally, our study lacked a comprehensive assessment of environmental factors, which may have led to the omission of certain variables. Addressing these limitations in future research could further enhance our understanding of microbial communities in citrus orchard soils.




5 Conclusion

In this study, we aimed to elucidate the microbial community structures within the rhizospheric zone and peripheral soils of citrus orchards by employing environmental sampling and amplicon sequencing techniques. Our findings have shed light on the intricate interplay of urban environmental effects and root systems, both of which exert influence on the soil microbiota. Apart from the removal of specific pollutants, the application of B. muralis, B. fumarioli, and B. flexus to alleviate traffic pollution, and the use of Trichoderma spp. for plant pathogen suppression were considered viable solutions. The knowledge acquired from this study can be employed to optimize agricultural practices, augment citrus productivity, and foster sustainable agriculture in Zhejiang Province and beyond China.

Overall, our study, utilizing amplicon sequencing methods, identified that urban and rural environmental effects indeed influenced the microbial community structure in citrus orchard soils. A valuable approach for enhancing the stability and feasibility of conclusions in the future would involve the long-term observation of environmental and agricultural issues across various stages of plant growth using metagenomic methods.
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Stochastic processes drive the dynamic assembly of bacterial communities in Salix matsudana afforested soils
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Introduction: This study investigates the dynamic shifts in soil bacterial communities within a Salix matsudana afforested ecosystem transitioning from agricultural land. Understanding the temporal variability in bacterial diversity and community structures is crucial for informing forest management and conservation strategies, particularly in regions undergoing afforestation.
Methods: We employed high-throughput sequencing across three distinct months (August, September, and October) to analyze the temporal variability in bacterial community composition and diversity. Network analysis was utilized to identify keystone species and assess community stability under varying environmental conditions, including fluctuations in temperature and precipitation.
Results: We uncover significant temporal variability in bacterial diversity and community structures, which are closely tied to fluctuations in temperature and precipitation. Our findings reveal the abundance of the dominant bacterial phyla, such as Actinobacteria and Proteobacteria, which did not change overall, highlighting the stability and resilience of the microbial community across seasonal transitions. Notably, the increasing similarity in community composition from August to October indicates a reduction in species turnover, likely driven by more homogeneous environmental conditions. Through comprehensive network analysis, we identify the pivotal role of keystone species, particularly the human pathogen Nocardia, in maintaining community stability under reduced soil moisture. The observed variations in community connectivity underscore the microbial community’s resilience and adaptability to seasonal shifts, with higher stability in August and October contrasting with the instability observed in September.
Discussion: These results underscore the complex interplay between stochastic and deterministic processes in bacterial community assembly, significantly shaped by prevailing environmental conditions. The insights gained from this research have far-reaching implications for forestry management and conservation strategies, particularly in regions undergoing similar afforestation efforts.
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Introduction

Due to the progress of high-throughput sequencing techniques and bioinformatic analyses, we know a lot about the ecological drivers of bacterial diversity and community in the soil (Chu et al., 2020). Soil bacterial communities are highly dynamic and can undergo distinct community successions over minutes and years (Zhao et al., 2022). Even though space-for-time substitution methods could provide explanations for bacterial community temporal changes ranging from millennia to minutes, temporal dynamics in community structure and composition still receive much less attention than spatial distribution (Chu et al., 2020; Zhao et al., 2022). The temporal dynamics of humans (David et al., 2014; Gao et al., 2022) and agriculture microbiology (Larsen et al., 2023) have been thoroughly evaluated, but few high-resolution research studies have been conducted in afforested ecosystems despite evidence that afforestation is an essential determination of microbial structure (Wang M. et al., 2022). Bacterial structure exhibits temporal trends that can span from days (Zhao et al., 2022) to seasons (Wang et al., 2024a) and even years (Martinović et al., 2021). In a stable environment, soil bacterial community activities have inherent circadian rhythms (Zhao et al., 2022). By studying the shifts in bacterial community over time, we can gain insights into the composition and interactions of coexisting species, shedding light on the mechanisms behind community patterns (Barberán et al., 2012).

The temporal patterns of bacterial assembly may depend on the host species and exhibit idiosyncrasies, highlighting the necessity to understand microbiological assembly in various vegetation species. Although there is considerable knowledge regarding the initial microbiome assembly in grasses and agricultural crops, there needs to be more information on the initial microbiome of long-lived trees (Dove Nicholas et al., 2021). Salix matsudana is a wood species with a broad and natural distribution in North China (Ma et al., 2021). Based on the earlier publication, it has been established that the root-associated bacterial community assembly in rubber trees is primarily influenced by stochastic processes (Lan et al., 2023). Furthermore, the interplay of stochastic and selective factors determines the initial microbiome assembly during the first growing season of Populus (Dove Nicholas et al., 2021).

The dissimilarity among bacteria changed over time, eventually stabilizing when the sampling intervals were 1 year or more apart (Kivlin and Hawkes, 2020). These findings imply that finer-scale temporal sampling, precisely intervals of less than 6 months (such as several weeks to months), is crucial to accurately capture the intraspecific growth dynamics of bacteria in man-made forests. Microbial communities respond rapidly to environmental variations, often occurring at short temporal scales, such as days or hours. Therefore, conducting microbial community studies with high-resolution time series is crucial to capturing both swift changes resulting from species interactions and prolonged dynamics stemming from shifts in overall ecological conditions (Nyirabuhoro et al., 2021). Short-term climatic conditions, including daily maximum/minimum temperature and average precipitation, are identified as potential drivers of community changes (Martinović et al., 2021).

Despite the extensive research on the temporal dynamics of microbial communities in human and agricultural systems (Li et al., 2023; Ren et al., 2024; Wang et al., 2024a; Wang M. et al., 2022; Yang et al., 2023), there is a significant gap in understanding these dynamics within afforested ecosystems, particularly those involving long-lived tree species such as S. matsudana. While previous studies have primarily focused on spatial distribution or have employed space-for-time substitution methods, there is limited high-resolution temporal research in afforested regions, where soil bacterial communities may exhibit rapid and distinct changes in response to environmental conditions. The lack of fine-scale temporal studies, especially those capturing intervals shorter than 6 months, limits our ability to fully understand the intraspecific growth dynamics of bacteria in these man-made forests. Moreover, the role of soil pathogenic bacteria in influencing ecosystem stability and potential human health risks within afforested soils remains underexplored. Addressing this gap is crucial for advancing our knowledge of microbial community assembly and informing forest management and public health strategies in areas undergoing afforestation.



Materials and methods


Site description and sampling

Our sampling sites were located in the Xiong’an New Area (XNA) (39°3′25′′N, 116°7′28′′E), a state-level new area with both terrestrial and aquatic habitat in China, which was established in April 2017 by the Chinese government, and positioned as a “millennium plan and a national event” (Wang et al., 2020; Wang J. et al., 2022). More than 31,000 ha of afforestation had been planted with over 23 million nursery-grown vegetation in the XNA, raising its forest coverage rate from 11 to 34%.1 Soil samples were collected weekly from the root–zone areas of S. matsudana trees in three plots from August 1 to October 31, 2019. Stones and litter were removed from the samples before analysis. The 5-point sampling method was used at intervals of five to six trees, and five soil subsamples were thoroughly mixed to obtain one composite sample (Masoudi et al., 2018; Masoudi et al., 2020). The soil samples collected weekly corresponding to the month (August, September, and October) and week (the weeks of 1 August, 8 August, 15 August, 22 August, 29 August, 5 September, 12 September, 19 September, 26 September, 3 October, 10 October, 17 October, 24 October, and 31 October) data, marked as AugEW1, AugEW2, AugEW3, AugEW4, AugEW5, SepEW1, SepEW2, SepEW3, SepEW4, OctEW1, OctEW2, OctEW3, OctEW4, and OctEW5, respectively. In total, 42 soil samples were collected. Roots and pebbles were manually removed from the samples and then divided into three parts (Supplementary Figure S1). The first part was stored in a portable refrigerator (~ −20°C) (Foshan Aikai Electric Appliance Co., Ltd., Guangdong, China) to transport to the molecular ecological laboratory at Hebei Normal University and stored at −80°C. The second part was to determine soil water content, enzyme activity, and available nutrients stored at 4°C. The last part was dried at room temperature for 1 week to assess the soil’s physicochemical properties.



Soil properties and enzyme activities

To measure properties such as pH, electrical conductivity (EC), total potassium (TK), total phosphorus (TP), total nitrogen (TN), total carbon (TC), and the carbon/nitrogen ratio (C/N), the soils were air-dried. In contrast, for properties such as ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3−-N), soil water content (SW), and soil dehydrogenase (SDHA), the soils were stored at 4°C and analyzed promptly. Soil properties such as soil pH, EC, SW, NH4+-N, NO3−-N, TK, TP, and SDHA were determined according to our recent and previous publications (Wang et al., 2024a; Wang M. et al., 2022; Wu et al., 2023). TN, TC, and C/N were measured by the Vario Elemental Analyzer (Vario EL-3, Elementar, Germany). Daily high temperature (HT), daily low temperature (LT), and average precipitation (PP) data come from the China Weather Website2 (Yang et al., 2024).



Amplicon sequencing

The soil DNA extraction, integrity, concentration, and purity were individually performed for each replication and conducted as described in our previous publications in recent months (Wang et al., 2024b; Wu et al., 2023). The bacterial 16S ribosomal RNA (rRNA) V3 − V4 region primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) primers were selected and amplified using ABI GeneAmp® 9,700 polymerase chain reaction (PCR) thermocycler (ABI, United States). The PCR reaction mixture including 4 μL 5 × TransStart® Fast Pfu buffer (Transgene Biotech, China), 2 μL 2.5 mM dNTPs, 0.8 μL each primer (5 μM), 0.4 μL TransStart® Fast Pfu polymerase, 0.2 μL 2 mg/mL BSA, 10 ng of template DNA, and ddH2O to a final volume of 20 μL (Wang et al., 2023). PCR amplification cycling conditions for 16S rRNA were as follows: initial denaturation at 95°C for 3 min, and then 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and each sample was repeated three times (Yang et al., 2022). The triplicate amplicons were extracted from 2% agarose gel, purified by the PCR Clean-Up Kit (YuHua, China) according to the manufacturer’s instruction, and quantified using Qubit 4.0 (Thermo Fisher Scientific, United States). The library was constructed using the NEXTFLEX® Rapid DNA-Seq Kit (Bioo Scientific, United States) for 42 PCR-purified amplicons and then sequenced on the Illumina Miseq PE300 platform at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

We used multiple bacterial pathogen detection (MBPD) to excavate the animal, plant, and zoonotic pathogens based on 16S rRNA gene sequencing (Yang et al., 2023). Raw sequence data were deposited into the NCBI (National Center for Biotechnology Information) database with the accession number PRJNA714982.



Data processing and bioinformatics analysis

Raw sequence data was quality-filtered and spliced according to the previous study from our laboratory (Wu et al., 2023). Then, the optimized sequences were clustered into operational taxonomic units (OTUs) with 97% similarity using UPARSE version 7.1 (Edgar, 2013), and the chimeric sequences were removed. To minimize the influences of sequencing depth for the data analysis about α-and β-diversity, the number of 16S rRNA gene sequences from every sample was rarefied to 30,892, and the average Good’s coverage was still higher than 95.97%, respectively. The taxonomy of each OTU representative sequence was evaluated using RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA gene database (Silva 138/16 s bacteria) using a confidence threshold of 0.7.

α-Diversity indices of Chao1, Shannon, phylogenetic diversity (PD), and Good’s coverage were calculated using Mothur version 1.30.1 (Schloss et al., 2009). We compared Mantel correlations between α-diversity indices (Shannon, Chao1, and PD) and environmental factors given geographic distance (999 permutations) by the “linkET” package in R software ver. 4.3.2 (Sunagawa et al., 2015). The relationships between microbial community similarity (Bray−Curtis and Jaccard distances) were measured using Spearman’s correlation by the “vegan” package (Xu et al., 2020). The null model was developed by Stegen et al. (2013) and used to quantify the contribution of different ecological processes to community assembly at the weekly and monthly temporal scales. β-Mean-nearest taxon distance (βMNTD) and β-nearest taxon index (βNTI) were calculated based on the null model by 999 randomizations (Stegen et al., 2012). |βNTI| > 2 and |βNTI| < 2 indicate the dominance of the deterministic and stochastic process, respectively. We further measured the ecological processes governing microbial community assembly using Bray–Curtis–based Raup–Crick (RCbray): variable selection (βNTI >2); dispersal limitation (|βNTI| < 2, RCbray > 0.95); undominated (|βNTI| < 2, |RCbray| < 0.95); homogeneous dispersal (|βNTI| < 2, RCbray < −0.95) and homogeneous selection (βNTI < −2; Wu et al., 2023; Bell et al., 2022). To evaluate the potential importance of stochastic processes to bacterial community assembly, we assessed the fit of the neutral community model for bacteria to predict the relationship between the frequency with which taxa occur and their abundance on the broader metacommunity (Sloan et al., 2006). The model index of “m” is the migration rate, i.e., a measure of dispersal limitation. Lower m values mean that bacterial communities are more limited in dispersal. The value R2 shows the overall fit to the neutral model (Chen and Wen, 2021; Probst et al., 2023). The ecological niche breadth of all OTUs in a community is used to obtain the community-level niche breadth and overlap using Levins’s niche breadth index (Levins, 1968) by the “spa” package. Furthermore, we calculated the occurrences of species generated that observed occurrence exceeding the upper and below 95% confidence interval were identified as generalists and specialists, respectively, and the remaining species were identified as habitat neutralists by the “EcolUtils” package (Li et al., 2022). To investigate the time variation on the bacterial community in the root zone soil of S. matsudana, the top 300 OTUs at each monthly time frame were used for the construction of co-occurrence, Spearman’s correlation coefficient (r > 0.9) and significance level (p < 0.05). The Fruchterman–Reingold layout algorithm visualized the network images in Gephi version 0.9.2. Moreover, the topological characteristics of the co-occurrence network, including average degree, average weighted degree, network diameter, graph density, modularity, average clustering coefficient, and average path length, were calculated in Gephi. Within-modular degree (Zi) and among-modular degree (Pi) were established to recognize bacterial keystones each month (Guimerà and Nunes Amaral, 2005). Topological roles of different nodes were divided into four categories: (I) peripheral nodes, nodes with Zi ≤ 2.5 and Pi ≤ 0.62; (II) module hubs, nodes with Zi > 2.5 and Pi ≤ 0.62; (III) network hubs, nodes with Zi > 2.5 and Pi > 0.62; and (IV) connectors: nodes with Zi ≤ 2.5 and Pi > 0.62 (Chen and Wen, 2021). We identified the network hubs, module hubs, and connectors as keystone taxa, which play essential roles in the microbial communities and potential functions. Based on the relative abundance of keystone OTUs, we classified into six categories following the previous studies (Wu et al., 2023): (1) Always abundant taxa (AAT), with a relative abundance ≥1% in all samples; (2) Conditionally abundant taxa (CAT), with a relative abundance ≥0.01% in all samples and ≥ 1% in some samples; (3) Always rare taxa (ART), with a relative abundance <0.01% in all samples; (4) Conditionally rare taxa (CRT), with a relative abundance <0.01% in some samples but never ≥1% in any sample; (5) Moderate taxa (MT), with a relative abundance between 0.01 and 1% in all samples; (6) Conditionally rare and abundant taxa (CRAT), with a relative abundance ranging from rare (<0.01%) to abundant (≥1%). Statistical data analyses were performed using one-way ANOVA and t-test to calculate the significance of differences using the JMP Pro version 16.0.0 (SAS Institute Inc., Cary, NC, United States) for Microsoft Windows. The visualization and calculations were accomplished using Adobe Illustrator 2021 (Adobe Systems Incorporated, San Jose, California, United States), RStudio ver. 2023.09.1, and GraphPad Prism version 9.4.0 (GraphPad Software, LaJolla, California, United States) for Microsoft Windows.




Results and discussion


Bacterial community relative abundance, α-diversity, and relationship with the environmental factors

Among the primary bacterial phyla observed, Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi exhibited relative abundances exceeding 10% (Figures 1A; Supplementary Table S1). Notably, Actinobacteria and Proteobacteria predominated in the soil of S. matsudana, aligning with our earlier finding from sampling plots featuring Punus tabulaeformis, Sophora japonica, and Gingko biloba afforestation in the XNA region (Wang et al., 2022; Wang M. et al., 2022). This consistency suggests that afforestation involving different tree species under similar environmental conditions does not markedly influence the bacterial community’s abundance in soil (Zhong et al., 2020). Arthrobacter, a resilient microbial genus tolerant to alkaline conditions, emerged as the predominant bacteria in the soil every week (Supplementary Table S2); known for its ability to thrive within a broad pH spectrum ranging from 7.0 to 12.0 with an optimal growth range at pH 7.0–8.0 (Lee et al., 2003), its prevalence in our experimental plot’s alkaline soil (Table 1) is unsurprising. The Firmicutes phylum and Bacillus genus demonstrated a significant positive correlation with each passing week and month (Mantel’s r = 0.149, 0.132, 0.275, and 0.233; p < 0.05; Supplementary Figures S2A,B), with their abundance showing a statistical increase every week (Supplementary Figure S2C). Notably, many families of Firmicutes that experienced growth under desiccation stress are recognized as spore-formers (Reimer et al., 2022). Bacillus, a genus within Firmicutes, exhibits remarkable adaptability to diverse environmental conditions, particularly under stressors such as warming and desiccation (Nicholson et al., 2000). This adaptability enables Bacillus to fulfill various ecological roles within the soil ecosystem and provide direct and indirect benefits to plants by aiding in nutrient acquisition (Liang et al., 2024; Saxena et al., 2020). The daily maximum /minimum temperature and average precipitation peak in July before gradually declining from August onward (Supplementary Figure S3). This pattern suggests that Bacillus can withstand fluctuating environmental stresses, as evidenced by its consistent presence in the soil across varying weekly conditions (Supplementary Table S2).
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FIGURE 1
 The relationship between α-diversity indices [Shannon, Chao1, and phylogenetic diversity (PD)] and environmental factors. The bacterial abundance distribution at the phyla and genera distribution weekly (A). Mantel test showed the correlation between environmental factors (top node) and α-diversity indices (bottom node). The size of the square represents Spearman’s correlation coefficient (r) among environmental factors; *Significant difference with p < 0.05; ** Significant difference with p < 0.05; ***Significant difference with p < 0.05. Edges with positive and negative relationships are shown as solid and dashed. Edge color denotes the statistical significance based on 999 permutations, p < 0.05 and p ≥ 0.05 in green and gray colors, respectively (B)—the Chao1, Shannon, and PD indices from August to October (C).




TABLE 1 The edaphic parameters in the root-zone soil of Salix matsudana for every week.
[image: Table displaying edaphic parameters (EP) with data for various samples (EW0801 to EW1031). Parameters include pH, electrical conductivity (EC), soil water content (SW), total nitrogen (TN), ammonium nitrogen (NH₄⁺-N), nitrate nitrogen (NO₃⁻-N), total carbon (TC), carbon/nitrogen ratio (C/N), soil dehydrogenase (SDHA), total potassium (TK), and total phosphorus (TP). Values are means with standard error and statistical significance indicated by different letters.]

The bacterial α-diversity, as measured by Chao1 (F2, 41 = 4.4052, p = 0.0188) and PD (F2, 41 = 4.8945, p = 0.0127) indices, exhibited statistically significant differences across each month, except the Shannon index (F2, 41 = 1.2101, p = 0.3091; Figure 1B). Specifically, bacterial richness and PD were notably higher in October. In contrast, Shannon diversity followed a similar trend but without significant differences. Remarkably, despite a decrease in daily temperatures from August to October, the diversity indices showed an increase (Figure 1C). This observation aligns with previous research indicating that reductions in bacterial diversity, driven by long-term climate warming in grassland soil due to experimental warming and concurrent decreases in soil moisture, led to a reduction in richness by 9.6% (Wu et al., 2022). The results indicate that lower daily temperatures could positively affect beneficial bacterial groups, particularly those in the Firmicutes phylum, within the soil surrounding S. matsudana trees in the XNA region.



Variations of microbial community similarity and community assembly

Distinct variation patterns in the divergence and convergence of bacterial communities were observed within (Figure 2A) and between (Figure 2B) samples from August to October. Analyzing three dissimilarity metrics (Bray-Curtis, Jaccard, and βMNTD), our results suggest an increasing similarity in bacterial community compositions over this period. This heightened similarity points to a decrease in species turnover (Koleff et al., 2003), contrary to the typical temporal-decay pattern observed in general ecological knowledge (Shade et al., 2013; Xu et al., 2020). Two potential explanations may account for this phenomenon. Firstly, it is conceivable that the convergence of this community is a result of the decrease in daily temperature, which is consistent with research indicating that climate warming can lead to a divergent succession of microbial communities in grasslands (Guo et al., 2018). Secondly, previous studies have shown that bacterial communities tend to become more divergent over short periods (less than 6 months) and more convergent over more extended periods (more than 25 weeks), which directional change over short time intervals may be attributed to the high adaptability of different bacterial taxa to environmental variations, such as seasonal changes in temperature (Nyirabuhoro et al., 2021; Wang et al., 2024a).
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FIGURE 2
 Bacterial community dissimilarities within (A) and between (B), using βMNTD, Bray–Curtis, and Jaccard distance. The null model analysis reveals the assembly mechanism of the weekly temporal scale (C) bacterial communities and different ecological processes of the monthly temporal scale (D).


Insights into community assembly mechanisms can be gleaned from β diversity results (Bell et al., 2022; Zhou et al., 2014). Stochastic processes such as birth, death, and dispersal events played a significant role in shaping bacterial communities, as evidenced by |βNTI| values predominantly less than 2 (Figure 2C). These values suggest that bacteria could proliferate and disperse more freely under lower selective pressure (Mo et al., 2021). Contribution to bacterial community assemblies from August to October ranged from 77.62 to 78.10% (Figure 2D), indicating that homogeneous dispersal was the primary process, signifying a robust diffusion effect among bacterial species. This is partly attributed to the tendency for communities in heterogeneous environmental patches to homogenize, leading to community convergence and a decrease in bacterial community β-diversity (Wu et al., 2023). Our findings revealed percentages of homogenous dispersal at 78.10, 74.80, and 77.62% in August, September, and October, respectively. Intuitively and mechanistically, an increase in dispersal is predicted to decrease β diversity because local communities become more similar in species composition as species colonize all patches (Grainger and Gilbert, 2016). Additionally, microbes may disperse to areas with greater water availability, such as water-filled soil pores acting as refugia (Allison, 2023).



Niche overlap and breadth

The Sloan neutral model reveals that bacterial communities were primarily shaped by stochastic processes from August to October. This is supported by a correlation coefficient (R2) of 0.451 and an estimated migration rate (m) of 1.189, indicating stochastic influences. A substantial portion of bacterial OTUs, amounting to 82.92%, aligned with the expectations of the neutral community model, further confirming the impact of stochastic processes on bacterial dynamics. This finding was consistent with results from the null model analysis (Figure 3A). The m values for August, September, and October were 1.187, 1.255, and 1.299, respectively (Supplementary Figures S4A–C), suggesting relatively low dispersal limitations on bacterial communities during this period. Consequently, we computed habitat niche breadth overlap and identified generalists, specialists, and neutralists (Figure 3B). The results indicate that the ecological niche breadths of soil bacteria differ significantly across the months, with October displaying the broadest niche, followed by August, and then September (October > August > September). (Figure 3C). This trend indicates that the soil bacteria adapt their ecological strategies differently across these months, possibly due to changes in environmental conditions or resource availability, given the previously established understanding that microbes in environments with wider niche breadths experience less habitat stress (Li et al., 2022). We identified that the soil in September harbored the more significant number of habitat specialists, with fewer generalists and neutralists compared to October and August (Figure 3B). Particularly, bacterial taxa that are habitat generalists seem to be primarily affected by spatial factors, while those that are specialists tend to be more influenced by environmental conditions. This indicates that random processes mainly govern the distribution of generalists, whereas specialists are more often shaped by specific ecological niches during the formation of communities (Li et al., 2022; Mo et al., 2021).
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FIGURE 3
 Assembly mechanisms of the bacterial community of the root–zone soil of Salix matsudana from August to October. The neutral community model (NCM) of community assembly (A). The solid black line indicates the perfect fit of NCM, and the dashed line represents the 95% confidence interval around the model predictions. Operational taxonomic units (OTUs) in green, gray, and yellow points represent above, within, and below the frequency range. The OTU relative abundance of bacterial generalist, specialist, and the neutralist (B). Niche breadth and overlap (C,D) for bacterial communities.


Furthermore, the data indicate a noticeable increase in niche overlap (Figure 3D). This trend, coupled with reduced dispersal limitations (Supplementary Figure S4) and the lessened significance of variable selection as depicted (Figure 2D), from August to October, supports the hypothesis that older afforestation efforts might lead to a decrease in habitat diversity. In addition, temperature variations affect microbial dynamics, where the slower bacterial growth rates observed during the cooler monthly temperatures contribute to a more uniform performance across species compared to the variations seen at higher temperatures (Zhao et al., 2023). This uniformity in growth conditions likely fosters greater similarity among bacterial populations in soils that have undergone afforestation, suggesting a convergence in community characteristics over time due to stable, less variable environmental conditions.



Network complexity in monthly temporal scale

Bacterial network analysis unveils intricate interaction dynamic and ecological processes extending beyond bacterial communities’ mere composition and richness. Comparatively, the co-occurrence network in September displayed greater complexity than in August and October (Figures 4A,B; Table 2). Generally, a more intricate network structure suggests enhanced efficiency in resource transfer and more stable coexistence patterns (Chen and Wen, 2021), implying that bacterial communities in September exhibited higher resilience to environmental disturbance. In our investigation, the prevalence of positive associations in September (92.53%) surpassed that of August (62.34%) and October (65.77%), indicating the heightened significance of positive effects such as mutualism and/or syntropy, wherein two species exchange metabolic products to their mutual benefit, compared to the adverse impacts, such as predator–prey relationships, host–parasite relationships, and/or competition among microbiomes (Chen and Wen, 2021). This observation finds further support in the significantly lower niche breadth in September (Figure 3C), suggesting that environmental factors exerted intense selective pressures during that month (Lin et al., 2021). Our speculation suggests that bacterial communities become more resilient under more significant environmental stresses. When considering the degree, closeness, betweenness, and eigenvector centrality features of the co-occurrence network (Supplementary Figure S5), our findings indicate that the stress experienced in September significantly altered the bacterial communities, which were then adapted by October. We evaluated the potential topological roles of OTUs within the co-occurrence network, drawing from the findings of Zi and Pi (Ji et al., 2021; Figure 4C).
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FIGURE 4
 Co-occurrence networks of the soil bacterial communities of Salix matsudana in August, September, and October based on pairwise Spearman’s correlations between operational taxonomic units (OTUs). The lines in yellow and blue between each pair of nodes represent positive and negative interactions with strong (Spearman’s correlation coefficient, r > 0.9 or r < −0.9) and statistical (p < 0.05) correlation. The size of each node is proportional to the number of connections (i.e., degree). The nodes were colored according to the top eight phyla in relative abundance, and the rest of the bacterial phyla were grouped into “others” (A). The nodes were colored according to various modularity classes in August, September, and October (B). The Zi–Pi plots of soil bacteria based on OTU level (C).




TABLE 2 Topological characteristics of bacterial co-occurrence networks.
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Most nodes in the bacterial network were classified as peripherals, with no nodes identified as network hubs, which serve as connectors and module hubs. In August, September, and October, 36, 3, and 34 OTUs were recognized as keystone species. The relatively high number of connectors (25 OTUs) in August indicates a well-integrated network, with numerous OTUs playing crucial roles in linking different modules. This suggests that the bacterial community in August exhibited a complex structure with a high degree of connectivity, potentially facilitating efficient interactions and exchanges across the community (Wu et al., 2023). The sharp decrease in the number of connectors (3 OTUs) in September reflects a significant reduction in network integration. This indicates that the microbial community became less interconnected, possibly due to increased environmental stress or selective pressures. Such a reduction in connectivity could lead to decreased stability and resilience of the microbial community, as fewer OTUs act as bridges between modules. The substantial increase in the number of connectors (32 OTUs) in October suggests a reestablishment or even enhancement of network connectivity. This indicates a more integrated and potentially more stable microbial community compared to September. The rise in the number of connectors could be a response to changing environmental conditions, reflecting the community’s adaptation to become more resilient and interconnected (Chen and Wen, 2021). The fluctuations in the number of connectors reflect the microbial community’s dynamic adaptation to seasonal environmental shifts. August’s relatively high connectivity, September’s decline, and October’s recovery indicate that the community is responsive to changes in temperature and moisture conditions. The higher number of connectors in August and October suggests periods of more excellent stability and resilience, with the microbial community being better equipped to maintain its functions despite environmental changes. September’s low number of connectors indicates a period of instability or stress. The variations align with the significant impact of environmental conditions (e.g., temperature and precipitation) on community assembly processes, as previously discussed. The microbial community’s structure changes in response to these conditions, impacting the roles and connectivity of different OTUs (Supplementary Table S3).

Actinobacteria, known for its degrading abilities and adaptive physiological traits enabling survival during drought (Allison, 2023), constituted 27.78% (10 OTUs), 66.67% (2 OTUs), and 29.41% (10 OTUs) of the bacterial composition from August to October. This suggests that S. matsudana allocates more carbon below ground to acquire water, responding to drought conditions. However, if the productivity of S. matsudana declines due to water limitations, reallocation may not sustain carbon inputs to the soil. Thus, field and laboratory experiments employing a hierarchical, multiscale approach are needed to address knowledge gaps concerning soil carbon balance under drought. In September, the predominant keystone species were from the Actinobacteria and Chloroflexi groups, reflecting similar bacterial communities found on sorghum leaves affected by drought stress (Gao et al., 2022). With a reduction in soil moisture from August to October (Table 1) and a notable decrease in precipitation in September (Supplementary Figure S3), Nocardia as a keystone species was likely a significant factor influencing these environmental changes. Remarkably, the genus Nocardia, known for causing mycetoma in humans and animals, was prevalent in brown soil samples, especially those that were exceedingly dry (Ishikawa et al., 2004; Valero-Guillén and Martín-Luengo, 1984).



Soil pathogenic bacteria

Soil pathogenic bacteria are significant biological contaminations in terrestrial environments, posing potential threats to soil ecosystems and human health (Li et al., 2023). A Venn diagram revealed that the core soil pathogenic bacterial taxa across August, September, and October consisted of 138 species, accounting for 80.7% of the total, indicating that most taxa are common pathogens across these 3 months (Figure 5A). We also evaluated the monthly variations in the abundance of soil pathogenic bacteria, as depicted in Supplementary Figure S6A and summarized in Figure 5B. The primary pathogens identified were Candidatus Koribacter sp., Burkholderiales bacterium, and Azospirillum brasilense, each demonstrating monthly fluctuations in abundance. A previous study has emphasized that environmental conditions, such as temperature and humidity, vary by season and significantly impact the prevalence of these pathogenic bacteria in soil, thus influencing their occurrence (Wang C. et al., 2022). The Candidatus Koribacter genus refers to a group of bacteria that are part of the Acidobacteria phylum commonly found in soil. These bacteria are known for their role in soil ecosystems, particularly in the processes related to soil nitrogen cycling, including the reduction of nitrate, nitrite, and nitric oxide (Lacerda-Júnior et al., 2019) and carbon degradation processes such as the breakdown of cellulose hemicellulose, and chitin (Zhang et al., 2020). The species in the Burkholderiales order exhibit a remarkable range of metabolic capabilities and ecological roles, making them of great interest across multiple fields, including microbiology, environmental science, and biotechnology. However, there are also pathogenic species within this order that are known to cause infections in humans, especially in those with compromised immune systems. These infections can be challenging to treat due to their resistance to multiple antibiotics (Morya et al., 2020). In our research, the precise function of the Burkholderiales bacterium (NCBI: txid469610) remains undetermined and warrants additional study, especially given its high prevalence in the afforested regions of the urban XNA region. The Shannon index, a measure of biodiversity, showed that animal pathogens had a significantly higher index (p < 0.001) compared to zoonotic pathogens, which in turn were higher than plant pathogens, following the order: Animal > zoonotic > plant (Supplementary Figure S6B) monthly and overall (Figure 5C). Our findings indicate that the robust, nonlinear association between the Shannon index of pathogenic bacteria with overall bacterial Shannon diversity, suggesting that the relationship between these two features is non-monotonic (Figure 5D). Thus, a single measure may not comprehensively account for the relationship between the composition and diversity of soil bacterial pathogens and, consequently, the overall health. However, we anticipate that future research in the XNA region will enhance our understanding of the risks soil pathogens pose to animal and human health. It has been previously shown that soil bacterial diversity is a critical factor in managing the prevalence of pathogenic bacteria, such as Escherichia coli (Van Elsas et al., 2012), plant pathogens at the wheat seedling stage (Cui et al., 2023), and the pathogens of reductive soil disinfestation in the greenhouse (Duan et al., 2025). The proliferation of bacteria in the soil of S. matsudana has led to an increase in bacterial pathogens, posing health risks to people utilizing urban green space.
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FIGURE 5
 Venn results for soil pathogenic bacteria of Salix matsudana in August, September, and October (A). Main species (B), Shannon index (C) of soil pathogenic bacteria, and the relationship (D) shown by the generalized additive model (GAM) between pathogenic bacterial Shannon index and bacterial Shannon index in study area S. matsudana overall these 3 months.




Ecological and environmental implications

Our study reveals that soil bacterial communities in afforested S. matsudana ecosystems experience significant temporal shifts, driven by environmental changes such as temperature and precipitation. These shifts extend beyond academic interest, carrying important ecological implications. For example, the observed convergence in bacterial community composition from August to October indicates that as environmental conditions become more uniform, species turnover decreases. This suggests that afforested ecosystems may become increasingly resilient to environmental fluctuations as bacterial communities stabilize and adapt to consistent conditions (Huang et al., 2024; Ren et al., 2024). Furthermore, our study emphasizes the role of stochastic processes in shaping these bacterial communities. This finding highlights the need to consider both deterministic and stochastic factors in ecosystem management, as their interplay can significantly impact the stability and functioning of the ecosystem. This is vital for maintaining soil health, supporting plant growth, and preserving biodiversity. From an environmental management standpoint, these insights can guide strategies for afforestation and reforestation projects, especially in areas undergoing land-use change. Understanding how microbial communities respond to afforestation can help predict the long-term sustainability of these ecosystems and inform the design of interventions that bolster their resilience to climate change (Luo et al., 2023). Additionally, our findings have public health implications due to the presence of pathogenic bacteria in the soil. Monitoring these microbial communities can help assess potential health risks, particularly in urban areas where afforested lands are increasingly utilized for recreational purposes.




Conclusion

This study highlights considerable fluctuations over time in bacterial diversity and community configuration. These fluctuations are significantly influenced by environmental factors such as temperature and precipitation, reinforcing the core ecological concept that environmental conditions are vital in forming bacterial community assembly. Our findings reveal the abundance of the dominant bacterial phyla, such as Actinobacteria and Proteobacteria did not change overall, highlighting the stability and resilience of the microbial community across seasonal transitions. Such adaptability demonstrates soil bacteria’s resilience and functional flexibility, essential for maintaining ecosystem health. The observed increase in community similarity from August to October implies a reduction in species turnover, likely due to more consistent or unifying environmental conditions. This observation is crucial for understanding the potential responses of bacterial communities to long-term ecological changes induced by climate change or land-use alterations. The results show that stochastic processes play critical roles in shaping the assembly of bacterial communities. This interplay adds a layer of complexity to bacterial dynamics, as random events and environmental pressures collectively influence community structure. The findings from this study are invaluable for forestry management and conservation efforts. Building on the findings of this study, we intend to extend the temporal scope of our observations to capture long-term trends in bacterial community assembly and their responses to seasonal and annual climatic variations. In light of the public health concerns identified, we will also investigate the dynamics of soil-borne pathogens more comprehensively, focusing on how afforestation and changing environmental conditions influence their prevalence and associated risks to human and animal health. Finally, we aim to collaborate with forestry managers and public health experts to translate our scientific findings into practical recommendations for forest management and urban planning, particularly in regions undergoing afforestation.
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Rainforests provide vital ecosystem services that are underpinned by plant–soil interactions. The forests of Borneo are globally important reservoirs of biodiversity and carbon, but a significant proportion of the forest that remains after large-scale agricultural conversion has been extensively modified due to timber harvest. We have limited understanding of how selective logging affects ecosystem functions including biogeochemical cycles driven by soil microbes. In this study, we sampled soil from logging gaps and co-located intact lowland dipterocarp rainforest in Borneo. We characterised soil bacterial and fungal communities and physicochemical properties and determined soil functioning in terms of enzyme activity, nutrient supply rates, and microbial heterotrophic respiration. Soil microbial biomass, alpha diversity, and most soil properties and functions were resistant to logging. However, we found logging significantly shifted soil bacterial and fungal community composition, reduced the abundance of ectomycorrhizal fungi, increased the abundance of arbuscular mycorrhizal fungi, and reduced soil inorganic phosphorous concentration and nitrate supply rate, suggesting some downregulation of nutrient cycling. Within gaps, canopy openness was negatively related to ectomycorrhizal abundance and phosphomonoesterase activity and positively related to ammonium supply rate, suggesting control on soil phosphorus and nitrogen cycles via functional shifts in fungal communities. We found some evidence for reduced soil heterotrophic respiration with greater logging disturbance. Overall, our results demonstrate that while many soil microbial community attributes, soil properties, and functions may be resistant to selective logging, logging can significantly impact the composition and abundance of key soil microbial groups linked to the regulation of vital nutrient and carbon cycles in tropical forests.
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1 Introduction

Tropical forests are the most biologically rich and ecologically complex ecosystems on the planet (Laurance, 2007), playing a central role in global biogeochemical cycling and carbon (C) storage (DeFries et al., 2002; Zarin, 2012). These essential ecosystem functions are driven by complex plant–soil interactions and reciprocal feedbacks between aboveground vegetation and belowground soil microbial communities (Bever et al., 2010; Cortois et al., 2016; van der Heijden et al., 2008; van der Putten et al., 2013; Wardle et al., 2004). The rainforests of Borneo are globally significant reservoirs of biodiversity and C (Myers et al., 2000; Qie et al., 2017) but are under increasing pressure from rapid degradation and loss due to commercial timber extraction and widespread conversion to plantation agriculture (Asner et al., 2018; Bryan et al., 2013; Ferraz et al., 2018; Gaveau et al., 2016; Gaveau et al., 2014; Qie et al., 2017). Over 30% of the original forest cover on Borneo has been lost since the early 1970s, with approximately 45% (16.8 Mha) of the remaining forest in 2015 modified by selective logging (Gaveau et al., 2016), having major downstream consequences for forest C cycling (Riutta et al., 2018).

The lowland rainforests of Borneo are characterised by canopy dominance of dipterocarp trees (Whitmore, 1984) which, due to their high commercial value as timber, are primarily targeted during selective logging operations (Appanah and Turnbull, 1998). The removal of individual dipterocarp trees and the creation of landings and skid trails opens gaps in the forest canopy, leaving a significant proportion of the remaining forest a highly heterogeneous mosaic of closed canopy (hereafter “intact”) forest and selective logging gaps (hereafter “logging gaps”) at various stages of regeneration (Bossel and Krieger, 1991; Ellis et al., 2016). LiDAR survey in Malaysian Borneo has shown logging can increase the prevalence of gaps 15-fold compared to old-growth forest, raising the canopy gap fraction from 0.4 to 6.3% at 2 m above ground level (Zhang et al., 2023; Zhang et al., 2022). Logging gaps are therefore an increasingly significant land cover, indicating ~1 Mha of forest has undergone canopy opening to this extreme degree across Borneo alone by 2015 as a direct result of logging. This has major implications for regional-scale ecosystem functioning due to the extent of selective logging across Southeast Asia (Stibig et al., 2014). As 70% of tropical forest is considered modified, mainly as a result of selective logging (Potapov et al., 2008), land cover change from intact closed canopy tropical forest to logging gaps is a process of increasing global importance.

While naturally occurring canopy gaps play an essential role in maintaining of forest structural complexity and biodiversity (Muscolo et al., 2014), more extensive logging gaps in tropical forest can have negative consequences, from increasing susceptibility to fire (Cochrane, 2001; Matricardi et al., 2013) to long-term impacts on vegetation population dynamics and diversity that can persist for over half a century post-disturbance (Xu et al., 2015; Yamada et al., 2013). Canopy gap creation can drastically alter local-scale soil physicochemical properties and microclimate (Denslow et al., 1998; Hartmann et al., 2012; Marthews et al., 2008; Ostertag, 1998; Saner et al., 2009; Scharenbroch and Bockheim, 2007, 2008b; Zhu et al., 2003; Zirlewagen and Von Wilpert, 2001) which may have knock-on effects for soil microbial communities and the vital biogeochemical processes they regulate. Despite this, the majority of studies of canopy gaps have focussed on aboveground communities and processes (see Muscolo et al., 2014), and few have evaluated belowground impacts on soil microbial community attributes related to ecosystem functioning (Li et al., 2019; Yang Y. et al., 2017).

Forest gaps can function as nutrient cycling “hotspots” (Schliemann and Bockheim, 2011), with studies observing increased rates of organic matter decomposition (Lin et al., 2015), soil nitrogen (N) mineralisation and nitrification (Denslow et al., 1998; Ritter, 2005), and increased bioavailability of limiting soil nutrients such as phosphorous (P) and N (Hu et al., 2016; Scharenbroch and Bockheim, 2008a). Increased rainfall reaching the topsoil has been found to cause erosion and leaching, reducing overall soil fertility in gaps (Arunachalam and Arunachalam, 2000), while soil compaction in landings and skid trails through use of heavy machinery for timber extraction is another major disturbance specifically associated with selective logging (Alexander, 2012; Grigal, 2000; Hartmann et al., 2013; Malmer and Grip, 1990; Marshall, 2000). Along with the removal of organic matter, these disturbances can have significant consequences for soil microbial communities and function (Hartmann et al., 2012).

Disturbance intensity and gap age can determine the extent and direction of change in soil properties (Denslow et al., 1998; Muscolo et al., 2007a; Ritter, 2005), but impacts on soil microbial communities are complex and not necessarily unidirectional. Attributes such as total microbial, bacterial, and fungal biomass have been found to be lower in gaps relative to intact forest due to reduced litter inputs and root densities (Arunachalam and Arunachalam, 2000; Schliemann and Bockheim, 2014). Other studies detected no differences (Luizão et al., 1998), or observed greater microbial biomass in small gaps (Muscolo et al., 2007a; Yang Y. et al., 2017) that may decrease again with increasing gap size (Muscolo et al., 2010; Muscolo et al., 2007a, 2007b; Yang Y. et al., 2017). Biomass of certain microbial groups may also be differentially affected, for example, bacteria favoured over fungi with increasing disturbance intensity (Arunachalam and Arunachalam, 2000), and microbial community structure, diversity, and activity may vary according to gap size along with soil conditions (Li et al., 2019; Xuan et al., 2018; Yang B. et al., 2017; Yang Y. et al., 2017).

A small number of recent studies have evaluated the effects of selective logging of tropical forest in Southeast Asia on soil microbial community structure, diversity (Kerfahi et al., 2014; Lee-Cruz et al., 2013; McGuire et al., 2015; Tripathi et al., 2016; Robinson et al., 2020), and function (Robinson et al., 2020). Following that dipterocarps are obligate ectomycorrhizal (EcM) associating trees (Taylor and Alexander, 2005; Brearley, 2012), fungal community attributes, particularly EcM fungal relative abundance and diversity, have been shown to be highly sensitive to logging disturbance (Kerfahi et al., 2014; McGuire et al., 2015). Bacteria and protists appear to be more resilient (Lee-Cruz et al., 2013; Tripathi et al., 2016) through a strong association with soil properties often independent of land-use type (Tripathi et al., 2012). However, these previous studies compared selectively logged and old-growth forest across large spatial scales using geographically separate study sites, potentially complicating relative site and disturbance effects, and without consideration of heterogeneity across selectively logged forest due to coarse spatial granularity of sampling. Few studies have investigated the impacts of logging on soil biogeochemical cycling in lowland dipterocarp forest, including total soil respiration (Adachi et al., 2006; Saner et al., 2009; Saner et al., 2012). Even fewer have attempted to quantify the effects on heterotrophic soil microbial respiration (Riutta et al., 2021), that is, the flux of carbon dioxide (CO2) from soil to the atmosphere resulting from microbial activity and decomposition of organic material, despite being a major component of the terrestrial C cycle and playing a crucial role in soil C sequestration, determining net accumulation or release of soil C (He et al., 2022; Tao et al., 2023).

Logging has the potential to greatly alter soil microbial communities and functions in tropical rainforests, but effects remain unresolved. To address this knowledge gap, we surveyed forest structure, soil microbial communities, soil properties, and nutrient and C cycling in co-located logging gaps and intact Bornean lowland dipterocarp rainforest to test the following hypotheses (see previous three paragraphs for corresponding references):

	(1) Logging will significantly impact soil microbial biomass, community composition, and diversity, and these differences will relate to disturbance intensity (gap size and structure, i.e., canopy openness).
	(2) Soil fungal communities will be more sensitive to logging than soil bacterial communities.
	(3) Logging-induced alterations in soil microbial communities will correspond to variation in soil physicochemical properties and soil functioning (enzyme activity, nutrient supply rates, and microbial heterotrophic respiration).



2 Materials and methods


2.1 Study site

This study was conducted in selectively logged lowland dipterocarp rainforest in the state of Sabah, northern Malaysian Borneo. The climate is characterised as moist tropical (average daily temperature 27°C, annual precipitation 2,600–2,700 mm) without distinct seasonality but may experience irregular inter-annual dry periods with an average total of ~1.4 months per year (Kumagai and Porporato, 2012; Walsh and Newbery, 1999). Sampling was carried out within two existing 1 ha research plots within the Kalabakan Forest Reserve (Figure 1; B South 4.732°N, 117.619°E and B North 4.739°N, 117.617°E; coded as SAF-01 and SAF-02, respectively, in the ForestPlots database), situated within the large-scale forest fragmentation study Stability of Altered Forest Ecosystems (SAFE) Project (Ewers et al., 2011). These plots (hereafter referred to as sites) were previously established for long-term evaluation of forest C cycling and productivity as part of the Global Ecosystem Monitoring (GEM) network (Malhi et al., 2015; Riutta et al., 2018). The two sites chosen for this study had similar land-use histories of heavy logging, both having been selectively logged four times: first in the mid-1970s (approximately 113 m3 ha−1 timber removed) followed by three rounds 1990–2008 (approximately 37–66 m3 ha−1 cumulative timber removed) (Fisher et al., 2011; Riutta et al., 2018).

[image: Map series detailing study sites within the Danum Valley Conservation Area in Sabah, Malaysia. Panel A shows the location in Southeast Asia. Panel B highlights Sabah, with study sites marked. Panel C zooms into the Lahad Datu District, pinpointing B North and B South sites. Panel D provides detailed plot layout, including intact forest, logging gaps, and roads. A legend identifies site symbols, forest areas, and road types.]

FIGURE 1
 Map of sampling locations in northern Malaysian Borneo (A) in the state of Sabah (B), within two 1 ha study sites situated in selectively logged forest in proximity to the Danum Valley Conservation Area old-growth forest reserve (C). Approximate distribution of intact forest and logging gaps and the twelve 6 × 6 m study plots in the two study sites B South (D) and B North (E) based on field observation [panels (D,E) are presented at the same spatial scale].




2.2 Sampling design

Logging gaps in the two sites were not discrete but formed a mostly contiguous matrix with varying degrees of canopy openness. Twelve 6 × 6 m plots were distributed equally across both sites (Figures 1D,E). Three plots were established in each vegetation type per site as co-located contrasting pairs (<50 m between paired logging gap and intact forest plots), totalling six plots in logging gaps (G1-G6) and six in the intact forest (F1-F6) (Supplementary Figure 1). Plot size was chosen relative to the widths of logging gaps studied to avoid proximity to the intact forest edge. Widths of logging gaps at the narrowest point ranged from approximately 12–30 m, estimated from aerial images taken by drone survey (Cheerson CX-20 Auto-Pathfinder fitted with Apeman Action Camera). Each plot was subdivided into nine 2 × 2 m subplots, of which six were randomly chosen for sampling of soil microbial communities, physicochemical properties, nutrient supply rates, and environmental and forest structural characteristics, with the subplot centre marked as the sampling point.



2.3 Environmental and forest structural characteristics

Environmental and forest structural characteristics were measured upon soil sample collection in November 2016 unless otherwise stated. Location and elevation were recorded at the centre of each plot using GPS. The slope was measured at each sampling point using a clinometer. Data loggers equipped with soil moisture and temperature probes (Delta-T Devices Ltd., Cambridge, UK) were installed in the centre of each plot to record hourly microclimate measurements between November 2016 and March 2018 (490 days). Due to equipment failure during this period, only soil moisture data from 75 continuous days (November 2016–January 2017) and soil temperature data for 26 continuous days (November 2016–December 2016) in the BS site were used for consistency in statistical analysis (minimum of three data loggers per vegetation type in one site). Photosynthetically active radiation (PAR) was measured at each sampling point above understorey vegetation using a light meter (PP Systems, USA). Canopy openness was measured by taking hemispherical photographs at each sampling point using an Opteka 180° 6.5 mm fish-eye lens (Samyang Optics, Masan, South Korea) and a digital Canon 400D camera (Canon, Tokyo, Japan). The canopy gap fraction was calculated from images using the Hemisfer program version 2.2 (Swiss Federal Institute for Forest, Snow and Landscape Research). The diameter at breast height (DBH; 1.3 m from the ground) of all trees with DBH >3 cm was recorded in all plots.



2.4 Soil microbial community attributes and physicochemical properties

Three 10 cm depth soil cores were taken around each sampling point using a 3 cm diameter gouge auger for analysis of soil microbial community attributes and physicochemical properties in November 2016. Organic soil layer depth was measured before separation from underlying mineral soil and collection. Soil samples were bulked per sampling point (n = 6 composite samples per plot), sealed in Ziploc bags, and transported to a field laboratory. One additional soil sample was taken at three randomly selected sampling points per plot with a volumetric core (4 cm diameter, 8 cm depth) for determining soil bulk density and volumetric moisture content. Each composite sample was hand-homogenised, and subsamples were taken for analysis of soil microbial community attributes. These were frozen at −20°C on the day of collection and transported on ice to the UK. The remaining soil was transported to the Sabah Forest Research Centre, Sepilok for physicochemical analysis. Further samples were taken in March 2018 in the same way for soil enzyme analysis; samples were frozen on collection and transported on ice to the Smithsonian Tropical Research Institute, Panama. While seasonal differences between soil sampling rounds are unlikely (Section 2.1), parameters analysed on samples from the first (soil microbial communities and physicochemical properties) and second (soil enzymes and heterotrophic respiration) were not included together in any statistical test. Therefore, we do not expect differences in sampling dates to affect comparisons of soil characteristics between vegetation types or relationships with gap size.

Soil microbial communities were analysed by amplicon sequencing at the UK Centre for Ecology & Hydrology, Wallingford, using the same methodological pipeline described in Robinson et al. (2020) (see Supplementary Materials and Methods for detailed description). Total soil microbial biomass carbon (MBC) was analysed at Lancaster University. MBC was determined using a modified chloroform fumigation extraction method (Brookes et al., 1985; Vance et al., 1987; see Supplementary Materials and Methods for detailed description). Total C contents of extracts were measured using a Total Organic Carbon (TOC) Analyser (TOC-L, Shimadzu Corporation, Kyoto, Japan), and MBC was calculated as μg g−1 dry soil.

Soil enzyme activity (maximum potential activity, Vmax) was determined on samples from four randomly selected sampling points per plot (a reduced number of samples were analysed for logistical reasons) and for nine enzymes involved in C, N, P, and S cycling: α-glucosidase and β-glucosidase (degradation of α- and β-bonds in glucose), cellobiohydrolase (degradation of cellulose), β-xylanase (degradation of hemicellulose), N-acetyl β-glucosaminidase (degradation of N-glycosidic bonds), phosphomonoesterase and phosphodiesterase (degradation of monoester- and diester-linked simple organic phosphates), and sulphatase (degradation of ester sulphates). Enzyme activity was determined using fluorometric assays with 100 μM methylumbelliferone (MU)-linked substrates (Marx et al., 2001), with five replicate micro-plates for each soil sample and incubated at 25°C (representing soil temperature). Enzyme activities (Vmax) are expressed on the basis of activity at soil temperature per dry weight soil.

Soil pH was measured on fresh soils in deionised water (Landon, 1984). The remaining soil was air-dried and passed through a 2 mm sieve. Total soil C and N contents were determined by dry combustion at 900°C using an Elementar Vario Max CN analyser (Elementar Analysensysteme, Hanau, Germany). Soil total P was digested by sulphuric acid-hydrogen peroxide (Allen, 1989). Inorganic P was extracted using Bray No. One extractant (Bray and Kurtz, 1945). P contents of digests and extracts were determined using the molybdenum-blue method (Anderson and Ingram, 1993) and read at 880 nm on a spectrophotometer (HITACHI-UV–VIS, Japan). Soil texture (% sand, silt, and clay) was determined using the particle size distribution test (Day, 1965) on one bulked sample per plot (n = 12). Bulk density was determined after the removal of roots and stones by oven drying at 105°C for 48 h (Emmett et al., 2008) and averaged to one value per plot (n = 12).



2.5 Soil nutrient supply rates

Soil nutrient availability was measured using 10 cm2 resin ion exchange membranes (PRS® Probes, Western AG, Saskatoon, Canada) for anions NO3−, P−, and S−, and cations NH4+, Ca+, Mg+, K+, Fe+, Mn+, Cu+, Zn+, B+, Pb+, Al+, and Cd+. Probes were installed during soil sampling in November 2016, arranged in four pairs (one cation and one anion probe) around each sampling point and inserted to a depth of 10 cm. Probes were removed from soil after 7 days, cleaned on collection with distilled water, and shipped to the manufacturer for chemical analysis. Probes were bulked per sampling point and eluted with 0.5 M HCl for 1 h. NO3− and NH4+ concentrations were measured by colorimetric automated flow injection analysis. Concentrations of all other ions were measured using inductively coupled plasma-optical emission spectroscopy. Nutrient supply rates for each element are given as amounts per ion exchange membrane for the duration of burial (μg probe−1 week−1).



2.6 Soil heterotrophic respiration

Soil cores were collected at three randomly chosen sampling points per plot for controlled laboratory incubations in March 2018 (a reduced number of sampling points were sampled for logistical reasons). Four soil cores were collected around each sampling point using plastic piping (8 cm deep, 4 cm internal diameter) and kept intact by sealing ends with rubber lids to preserve soil structural properties. Intact cores were used to retain soil physicochemical and structural properties influencing soil water and gas dynamics along the soil profile (e.g., Briones et al., 2014). Cores were stored in a cool box with frozen gel packs before transportation to Lancaster University, UK, where they were refrigerated at 4°C prior to incubation.

One core from each sampling point was used to determine soil water holding capacity (WHC). The remaining cores were installed in 1 L Mason jars in a randomised block design and incubated at a constant temperature of 24°C (average soil temperature across all intact forest and logging gap plots measured over the study period). Cores were adjusted to and maintained at 60 (±3) % soil WHC (representing the average measured across all plots) using a synthetic rain solution based on rain chemistry data from the nearby Danum Valley Field Station (4.95°N, 117.79°E) obtained from the World Data Centre for Precipitation Chemistry (Vet et al., 2014).1 Jars were sealed following an equilibration period of 1 week. CO2 fluxes were measured using a Picarro G2508 greenhouse gas analyser (Picarro Instruments, USA) and calculated as μg CO2-C cm−2 h−1 (see Supplementary Materials and Methods for detailed description).



2.7 Molecular data pre-processing

Only ASVs assigned to the kingdoms of bacteria and fungi were retained for downstream analysis (99.34 and 99.73% of total 16S and ITS reads, respectively). Eight samples had abnormally low read counts in all libraries, including all samples plot G6 in B North. We therefore excluded these samples from all subsequent analyses. Singleton ASVs across all samples were removed (two fungal ASVs), and sample sequencing depth was normalised by rarefying to the minimum read counts of 13,498 (bacteria), 7,124 (total fungal), 1,983 (saprotrophic fungal), 22 (mycorrhizal fungal), 13 (EcM fungal), 501 (pathogenic fungal), and 19 (parasitic fungal). Fungal functional guild classifications were assigned to ASVs using the FUNGuild annotation tool (Nguyen et al., 2016). Only ASVs with unambiguous (non-multiple) classifications of “probable” or “highly probable” confidence rankings were considered for analysis. These were used for calculating the relative abundances of fungal guilds and sub-setting saprotrophic, mycorrhizal, EcM, pathogenic, and parasitic fungal datasets for analysis of diversity and community composition. Alpha diversity indices (ASV richness and Shannon index) and fungal guild relative abundances were calculated using rarefied datasets. All sequencing data pre-processing was conducted in R version 4.2.2 (R Core Team, 2018) using the phyloseq package (McMurdie and Holmes, 2013).



2.8 Statistical analyses

All statistical analyses were conducted in R version 4.2.2 or 4.4.0 (R Core Team, 2018), and significance was considered at the p < 0.05 level. Soil microbial community data were Hellinger-transformed prior to analysis (Legendre and Borcard, 2018) to control for the effect of rare taxa and merged at the plot level to control for spatial pseudoreplication. Soil microbial community compositions were visualised with PCoA using Bray–Curtis dissimilarities. Differences in soil microbial community composition between vegetation types were tested with PERMANOVA, and the homogeneity of multivariate dispersion was evaluated (Oksanen et al., 2019). The soil properties explaining the largest proportion of variance in soil microbial community dissimilarities were identified through backward selection with PERMANOVA, where variables with the highest p-values in marginal tests were sequentially removed until all predictors were significant. All permutational tests were run with 9,999 permutations and restricted by site to control for the nested sampling design using the permute R package (Simpson et al., 2019).

Differences between logging gaps and intact forest for environmental and forest structural characteristics, soil properties, and univariate soil microbial community attributes were tested using linear models (LMs) on plot-averaged data to control for spatial pseudoreplication. Plot averaging was chosen over a mixed model approach to improve the normality of model residuals while showing similar trends. The effect of vegetation type was tested after site factor to control for site effects. R2 values are given after removing variance associated with site for all comparisons between logging gaps and intact forest, apart from microclimate characteristics which were only measured in one site (BS). Soil properties explaining variance in the soil microbial community attributes that significantly differed by vegetation type were identified by multiple linear regressions through stepwise forward and backward variable selection using AIC as the criterion. Prior to analysis, highly correlated soil physicochemical variables (Pearson’s r > 0.6 averaged over both sites) were identified and removed as necessary.

Relationships between canopy openness and univariate soil microbial community attributes, soil physicochemical properties, and functioning within logging gaps were tested using linear mixed-effects models (LMMs) with Satterthwaite degrees of freedom approximation (Bates et al., 2015; Luke, 2017) and plot ID as a random intercept term. Normality of LM and LMM residuals was evaluated using Shapiro–Wilk tests, and variables were transformed where necessary to improve model fit.




3 Results


3.1 Soil microbial community attributes in logging gaps and intact forest

A total of 10,913 bacterial ASVs (representing 40 phyla; 267 genera) and 13,848 fungal ASVs (12 phyla; 590 genera) were detected across all samples (Supplementary Figure 2). Bray–Curtis community dissimilarities significantly differed between logging gaps and intact forest for bacteria (R2 = 0.10, F1,8 = 1.01, p = 0.034; Figure 2A) and total fungal (R2 = 0.13, F1,8 = 1.34, p = 0.005), saprotrophic fungal (R2 = 0.14, F1,8 = 1.43, p = 0.005), and pathogenic fungal groups (R2 = 0.15, F1,8 = 1.60, p = 0.005) (Figures 2B–D). No significant difference between vegetation types was detected was detected for mycorrhizal, EcM, or parasitic fungal groups. Multivariate dispersion of community dissimilarities was homogenous between vegetation types for all soil microbial groups. Relative abundances of mycorrhizal, EcM, and lichenised fungi were significantly lower in logging gaps relative to intact forest, while relative abundances of AM, pathogenic, and endophytic fungi were significantly higher in logging gaps (Table 1 and Figure 3). No significant differences were detected between logging gaps and intact forest in MBC or alpha diversity indices (ASV richness and Shannon diversity index) for any soil microbial group.

[image: Four scatter plots (A-D) show microbial diversity across different vegetation types and sites. A: Bacterial diversity, B: Total fungal diversity, C: Saprotrophic fungal diversity, D: Pathogenic fungal diversity. Plots display sites BN and BS, represented as circles and triangles, respectively. Vegetation types are indicated with ellipses: intact forest (black) and logging gap (orange). Axes represent different principal components with percentage variances explained.]

FIGURE 2
 Principal coordinate analysis (PCoA) ordination of Bray–Curtis community dissimilarities for bacterial (A), total fungal (B), saprotrophic fungal (C) and pathogenic fungal (D) soil microbial groups that significantly differed (p < 0.05) between intact forest (black) and selective logging gaps (orange) identified with PERMANOVA after controlling for site, using data merged at the plot level (n = 11). Point labels denote plot ID, and shapes indicate locations of plots within the two sites B North (BN, circles) and B South (BS, triangles). Ellipses represent 95% confidence with t-distribution.




TABLE 1 Means (±1 SD) of all soil microbial community attributes in intact closed canopy forest and selective logging gaps.
[image: Table comparing soil microbial groups across two vegetation types: intact forest and logging gap. Parameters include total microbial biomass, richness, Shannon alpha diversity, and fungal guild relative abundance. Columns display means with standard deviations. Statistical analysis results (R², F, p-values) are included for significant attributes, indicating differences between vegetation types.]

[image: Bar chart comparing the relative abundance of different fungal guilds in intact forests and logging gaps. Saprotrophic fungi have the highest abundance, with intact forest slightly higher. Total mycorrhizal, ectomycorrhizal, and arbuscular mycorrhizal show significant differences, indicated by asterisks, with higher values in logging gaps. Pathogenic fungi, both plant and animal, also vary, with plant pathogenic more abundant in gaps. Other categories like parasitic, endophytic, and lichenised have lower but notable differences. Error bars indicate variability.]

FIGURE 3
 Relative abundances of fungal guilds for intact closed canopy forest and selective logging gaps. Error bars represent ±1 standard error. Asterisks indicate statistically different groups by vegetation type identified in ANOVA after controlling for site (p < 0.05). Mycorrhizal and pathogenic guilds have been further divided into subtypes as indicated.




3.2 Environmental and soil characteristics and soil functioning in logging gaps and intact forest

Plot average canopy gap fractions varied between 6.41 –10.8% in intact forest and 27.6–63.4% in logging gaps (Supplementary Figure 3A). Basal area in intact forest varied between 8.26–50.93 m2 ha−1 and was significantly greater than logging gaps where basal area was zero in all plots except G4 (21.30 m2 ha−1) (Supplementary Figure 3B and Table 2). No significant differences were found between vegetation types for most of the tested environmental and soil properties, but logging gaps were associated with significantly higher PAR, maximum soil moisture content, soil pH (Supplementary Figure 3C), and soil bulk density (Supplementary Figure 3D) and lower soil inorganic P content (Supplementary Figure 3E and Table 2). Soil silt content was marginally significantly higher in logging gaps relative to intact forest (R2 = 0.40, F1,8 = 5.23, p = 0.051). Soil NO3− supply rates were significantly reduced in logging gaps (Table 2), while soil heterotrophic respiration rates were marginally significantly lower in logging gaps (R2 = 0.39, F1,8 = 5.04, p = 0.055). No significant differences were found between logging gaps and intact forest in the activity of any enzymes assayed.



TABLE 2 Means (±1 SD) of all environmental and forest structural characteristics, soil properties, and measures of soil functioning in intact closed canopy forest and selective logging gaps.
[image: A table comparing various environmental parameters between intact forests and logging gaps. Categories include topography, microclimate, forest structural attributes, soil physicochemical properties, soil nutrient supply rates, heterotrophic soil respiration, and soil enzyme activity. Key parameters with significant differences are altitude, slope, soil temperature, canopy openness, basal area, pH, sand content, bulk density, organic content, various nutrient concentrations, and enzyme activities, with statistical values provided for R², F, and p.]



3.3 Relationships between soil microbial community attributes and soil properties

Bray–Curtis community dissimilarities for bacteria, total fungi, and pathogenic fungi were best explained by soil pH alone, while for saprotrophic fungi the selected predictors were pH and NO3− supply rates (Table 3). Soil pH explained the largest proportion of variance in relative abundances of mycorrhizal (42.7%), EcM (45.1%), AM (68.4%), pathogenic (46.6%), endophytic (51.8%), and lichenised fungi (61.1%) (Supplementary Table 1). Although saprotrophic fungal relative abundance was not significantly affected by vegetation type, multiple regression analysis was also conducted as most fungal ASV reads were attributed to saprotrophic fungi (66.7% overall: 69.4% in logging gaps; 63.4% in intact forest) (Figure 3). Total soil P explained most variation in saprotrophic relative abundance (80.2%) after removing variance associated with site (Supplementary Table 1).



TABLE 3 PERMANOVA results of soil characteristics best explaining variation in soil microbial Bray–Curtis community dissimilarities, identified through backward selection using p-values in marginal tests controlling for site.
[image: Table comparing the effects of different predictors on soil microbial groups. Shows predictors such as pH and NO\textsubscript{3}\textsuperscript{-} supply rate for bacteria, total fungi, saprotrophic fungi, and pathogenic fungi. Columns detail degrees of freedom (df), Partial R\textsuperscript{2}, F-values, p-values, and Model R\textsuperscript{2}. Specific results include pH having a significant effect on all groups with varying R\textsuperscript{2} values.]



3.4 Relationships between canopy openness and soil microbial community attributes, soil properties, and soil functioning

Within logging gaps, canopy openness was significantly negatively related to the relative abundance of total mycorrhizal and EcM fungi (Figure 4A) and significantly positively related to the relative abundance of plant pathogenic fungi (Figure 4B and Table 4). Disturbance intensity was not significantly related to community dissimilarities or alpha diversity indices of any soil microbial group. Canopy openness was significantly positively related to supply rates of NH4+ (Figure 4C), K+, and Zn+ and significantly negatively related to soil heterotrophic respiration (Figure 4D) and activity of enzymes phosphomonoesterase and phosphodiesterase (Figures 4E,F and Table 4).

[image: Scatter plots showing relationships between canopy openness and various ecological factors from graphs A to F. A: Decrease in ectomycorrhizal abundance (p = 0.039). B: Increase in plant pathogenic abundance (p = 0.021). C: Increase in NH₄⁺ supply rates (p = 0.004). D: Decrease in soil heterotrophic respiration (p = 0.004). E: Decrease in phosphomonoesterase activity (p = 0.002). F: Decrease in phosphodiesterase activity (p = 0.003). Data points with trend lines and confidence intervals are displayed.]

FIGURE 4
 Partial regressions of significant effects of logging intensity (canopy openness) within gaps on fungal guild relative abundances (A,B), nutrient supply rates (C), soil heterotrophic respiration (D), and enzyme activity (E,F). Relationships and p-values are shown after controlling for site (fixed effect) and plot (random effect) using linear mixed models. Ectomycorrhizal relative abundance is presented on a log scale corresponding to statistical tests.




TABLE 4 LMM results of significant relationships (p < 0.05) between logging disturbance intensity (canopy openness) and soil microbial attributes, soil physicochemical properties, and functioning within logging gaps.
[image: Table listing various soil parameters categorized by group: fungal guild relative abundance, soil nutrient supply rates, soil heterotrophic respiration, and soil enzyme activity. The table includes F values, p-values, and relationship directions. Fungal guild cases show negative relationships for total mycorrhizal and ectomycorrhizal, and positive for plant pathogenic. Soil nutrient rates show positive relationships. Soil CO₂ efflux rate and enzyme activities (phosphomonoesterase and phosphodiesterase) have negative relationships. Positive and negative signs denote the direction of relationships.]




4 Discussion

We found many soil microbial community attributes (total biomass and alpha diversity metrics) to be resistant to logging disturbance. Soil physicochemical properties and functions were also largely unaffected. However, we identified significant effects of logging on both bacterial and fungal microbial community composition and relative abundances of key soil fungal groups which corresponded with changes in certain soil physicochemical properties and a downregulation of some soil biogeochemical cycling processes. Through our use of co-located logged and intact forest plots (<50 m separation) to ensure the capture of spatial heterogeneity across selectively logged forest, we demonstrate the sensitivity of soil microbial communities and function to logging not previously shown.

The alteration of bacterial community composition with logging (Figure 2A) contrasts with previous observations in Bornean lowland dipterocarp rainforest that suggested bacterial community assemblages are broadly resilient to forest modification (Lee-Cruz et al., 2013; Tripathi et al., 2016). These previous studies compared old-growth and selectively logged forest using geographically separate study sites (kilometre-scale separation) where differences may be masked by site effects, as well as high spatial variation across selectively logged forest. Elsewhere in the humid tropics, studies have found soil bacterial community shifts with forest disturbance resulting from vegetation-mediated alterations in soil properties. As reviewed by Franco et al. (2019), Amazonian rainforest affected by slash-and-burn practices harbour distinct soil bacterial communities relative to primary forest (Cenciani et al., 2009; Mendes et al., 2015a, 2015b; Navarrete et al., 2015), while bacterial community composition may vary with land-use intensification in regenerating secondary forest after agricultural or pasture abandonment (de Carvalho et al., 2016). Disturbance impacts on bacterial community composition may be mediated by changes in soil properties, particularly as community dissimilarities are closely linked with soil pH (de Carvalho et al., 2016; Mendes et al., 2015a). Variation in bacterial metabolic functional characteristics along with community structure post-disturbance suggests taxonomic-functional adaptation of soil bacterial communities after forest clearance (Navarrete et al., 2015). In Costa Rican Atlantic Forest affected by hurricane, differences in bacterial community composition were attributed to the “taxonomic switching” of functional genera in response to altered canopy material soil inputs via canopy opening and increasing forest floor woody debris (Eaton et al., 2020). The effect of logging on bacterial communities observed here may arise from the regeneration status of trees within the logging gaps studied. Succession of soil microbial communities is inherently linked to that of plant communities (van der Heijden et al., 2008), and soil bacterial communities have been shown to recover rapidly after disturbance during forest reestablishment, followed by fast-growing pathogenic then slower-growing beneficial fungal communities (Song and Liu, 2018; Zhang et al., 2020), reflecting broader patterns observed in abandoned agricultural systems (Hannula et al., 2017). The absence of trees (DBH >3 cm) in all but one of the logging gap plots indicates these logging gaps are largely undergoing initial stages of secondary succession, where bacterial communities may be yet to reach a similar composition to that of climax communities.

Following the above successional process, fungal communities were also affected by logging, as shown by differences in total, saprotrophic and pathogenic fungal community dissimilarities between logging gaps and intact forest (Figures 2B–D), a reduction in the abundance of EcM and increase in AM and pathogenic fungi (Figure 3 and Table 1). These findings reflect the sensitivity of fungal communities to logging observed at larger spatial scales in lowland dipterocarp rainforest (Kerfahi et al., 2014; McGuire et al., 2015) and correspond with limited studies in other humid tropical forest systems including French Guiana (García de León et al., 2018), Costa Rica (Eaton et al., 2020), and Southwest China (Shi et al., 2016). The changes in the relative abundances of mycorrhizal groups reflect differences found in actively foraging fungal communities between old-growth and selectively logged forests in the same area (Robinson et al., 2020). This is likely a direct result of the removal of individuals of the Dipterocarpaceae, a family of EcM-associating trees (Brearley, 2012; Taylor and Alexander, 2005). Although dipterocarp species are targeted in selective logging for their economic value (Appanah and Turnbull, 1998), some individuals may remain even after repeated heavy logging as indicated by recent tree community survey of the 1 ha plots used in the present study (dipterocarp basal area in B North: 0.57 m2 ha−1; B South: 0.41 m2 ha−1) (Both et al., 2019; Robinson et al., 2020). Increased AM fungal relative abundance in logging gaps reflects a shift to non-dipterocarp, AM-associating vegetation, the dominant mycorrhizal type across tropical ecosystems (McGuire et al., 2008). These results also highlight the importance of remaining dipterocarp trees in maintaining mycorrhizal community composition after selective logging. Shifts from EcM- to AM-dominated communities may have important implications for biogeochemical cycling. The C sink from plants to EcM fungal mycelia has been estimated to be twice that of AM fungal mycelia (Hawkins et al., 2023). Indeed, a large allocation of photosynthetic C to EcM fungi is consistent with the findings of a girdling experiment in tropical Bornean forest that resulted in high mortality for dipterocarp species, which was correlated to the magnitude of the decline in soil CO2 emissions (Nottingham et al., 2022). EcM fungi have been further associated with soil C accumulation by competing with saprotrophs for nutrients (N and P) required for the breakdown of organic matter (Averill et al., 2014; Liu et al., 2018). A reduced EcM dominance therefore has potentially detrimental consequences for C storage in tropical forest soils. No differences were detected in mycorrhizal or EcM community composition between vegetation types, although care must be taken due to the small number of ASV reads used for assessing the community composition of these fungal groups which may limit sensitivity in detecting differences (see Section 2.7). While total mycorrhizal abundance may be reduced by alterations in vegetation community with logging, community structure may be more resilient to disturbance. The extramatrical mycelium produced by EcM fungi, shown to be largely retained after selective logging (Robinson et al., 2020), may extend into gaps from surrounding intact forest and could also provide an important inoculum for dipterocarp establishment during forest regeneration. Due to the early successional status of most of the logging gaps studied, we expect the similarity in EcM community composition between vegetation types is due to the influence of adjacent intact forest rather than the regeneration of EcM-associating trees within logging gaps.

The changes that were observed in soil microbial community attributes were accompanied by alterations in certain soil physicochemical properties. Soil pH was significantly higher in logging gaps relative to intact forest (Table 2 and Supplementary Figure 3C), despite higher soil moisture maxima which may be expected to result in the leaching of soil bases with an acidifying effect (Arunachalam and Arunachalam, 2000). This difference can therefore be attributed to the influence of vegetation rather than microclimate. Lower pH under intact forest is potentially a result of alterations in the quantity and quality of litter inputs. In regenerating secondary tropical forest, lower soil pH has been found in more mature stands (Robinson et al., 2015) as the breakdown of litter from older forest may release more humic acids into the soil (Melvin et al., 2011), while the amount of litterfall is higher under a closed canopy relative to gaps (Lin et al., 2015; Saner et al., 2009). Root exudation under intact forest may also contribute to rhizosphere acidification, for example, via the increased exudation of carboxylates that have been associated with P-limited systems (Lambers et al., 2006; Weemstra et al., 2016). Differences in soil pH would not be expected to result from logging residues left over in gaps as the decomposition of coarse woody debris has been observed to have an acidifying effect on soil (Spears and Lajtha, 2004; Khan et al., 2022). Soil bulk density was significantly higher in logging gaps relative to intact forest (Table 2 and Supplementary Figure 3D), presumably attributable to soil compaction by heavy machinery used for timber extraction (Alexander, 2012; Grigal, 2000; Hartmann et al., 2013; Malmer and Grip, 1990; Marshall, 2000) and reduced root infiltration (Saner et al., 2009). The linkages we observed between pH and soil microbial community assemblages are well established in temperate (Dupont et al., 2016; Lauber et al., 2009; Lauber et al., 2008; Rousk et al., 2010) and tropical ecosystems (de Carvalho et al., 2016; Jesus et al., 2009; Mendes et al., 2015a), including Southeast Asian forest where pH has been identified as the primary determinant of bacterial community structure and diversity (Tripathi et al., 2012). However, although increased soil pH levels associated with certain land-use practices in the tropics (e.g., agricultural crop and pastureland) have been shown to increase bacterial diversity as a result of these mechanisms (Tripathi et al., 2012), bacterial diversity was not found to be significantly higher in logging gaps relative to intact forest despite elevated pH levels towards neutral, suggesting microbial successional processes may instead act as a primary control on community attributes.

Most soil physicochemical properties and soil nutrient supply rates, and activity of all soil enzymes assayed did not differ between logging gaps and intact forest, apart from a significant reduction in inorganic P pools and NO3− supply rates in gaps which may indicate some downregulation of P cycling and nitrification (Supplementary Figures 3E,F). This is contrary to many studies evaluating biogeochemical cycling rates in temperate forest gaps which observed increased nutrient availability, largely resulting from increases in soil temperature enhancing soil microbial activity and decomposition (Muscolo et al., 2014; Ritter, 2005; Scharenbroch and Bockheim, 2008a). However, nitrification can depend on disturbance intensity and gap age, with high rates in newly formed gaps (Ritter, 2005). The present study area has undergone multiple rounds of logging since the mid-1970s, with the youngest potential gap age at sampling being 8 years. Differences observed in NO3− supply rates may indicate longer-term impacts of gap creation in heavily degraded tropical forests on nutrient cycling, which may be restricted due to decreased litter inputs (Lin et al., 2015; Saner et al., 2009), although analysis of the influence of gap age on nutrient dynamics and other soil properties was not possible in this study. Contrasts between our observations and those of other studies may also arise from system-specific impacts of logging on vegetation and associated plant litter and root chemistry, which are known to influence soil microbial communities and soil nutrient cycling (e.g., Leppert et al., 2017; Osborne et al., 2021; Song et al., 2023).

Mean soil heterotrophic respiration was lower in logging gaps relative to intact forest, although this difference was marginally non-significant (p = 0.055) possibly due to the limited number of samples used in laboratory incubation and high heterogeneity found across all plots (Table 2 and Supplementary Figure 3G). The significant negative relationship found between soil CO2 efflux and disturbance intensity (i.e., canopy openness) within gaps (Figure 4D) provides some evidence that logging downregulates soil microbial C cycling in tropical dipterocarp forest. Reduced heterotrophic soil respiration has been observed following clearance of dry deciduous tropical forest in India measured by laboratory assay (Sahani and Behera, 2001) and after harvest of Eucalyptus plantation in Congo inferred from field measurements (Epron et al., 2006). Under field conditions, it is likely that logging gaps would have a large effect on autotrophic respiration by altering root and rhizosphere communities. For example, in Malaysian dipterocarp forest, a previous study in Sabah found in situ soil CO2 efflux to be lower in logging gaps (Saner et al., 2009), a result consistent with a girdling experiment in dipterocarp forest, which found large declines in soil CO2 efflux associated with dipterocarp mortality (Nottingham et al., 2022). Saner et al. (2009) attributed the reduction of soil CO2 efflux in gaps mainly to shifts in vegetation characteristics, with lower fine-root biomass in gaps reducing the contribution of autotrophic plant root respiration to overall soil CO2 production, an effect likely exacerbated due to loss of EcM following dipterocarp removal (McGuire et al., 2015; Kerfahi et al., 2014) and an associated decline in autotrophic respiration (Nottingham et al., 2022). Riutta et al. (2021) found heterotrophic soil organic matter (SOM) respiration (i.e., excluding roots and mycorrhizae) to be greater in logged relative to old-growth dipterocarp forest through field manipulations. In logged forest, heterotrophic SOM respiration was found to be greater than total organic C soil inputs which indicates a net loss of SOM-C over time and would presumably result in a reduction in soil heterotrophic respiration in the long term. Owing to the potential advanced age of the logging gaps in this study, coupled with the slow recovery of tree communities and our targeted high spatial resolution sampling approach, our results may indicate hotspots of reduced soil microbial heterotrophic respiration in logging gaps that have not before been detected in Bornean tropical forest. This likely results from alterations in plant-C inputs (substrate availability) to the soil via reduced belowground C allocation from roots to the rhizosphere or by altered chemistry of plant litter inputs affecting microbial C-cycling processes (e.g., Bourget et al., 2023). While we recognise that some fine-root decomposition may contribute to overall higher soil heterotrophic respiration in cores with lower canopy openness, our findings indicate for the first time the importance of logging in suppressing soil microbial C cycling under controlled temperature and soil moisture conditions, which may reflect overall reduced rather than increased soil C accumulation by soil microbes. In temperate biomes, soil microbial heterotrophic respiration has been linked to severity of soil compaction associated with timber extraction, reducing microbial decomposition under more anaerobic conditions, increased physical protection of soil organic matter, and reduced gas diffusivity (Hartmann et al., 2013). We found greater soil bulk densities in logging gaps relative to intact forest, suggesting soil compaction may also contribute to reduced soil microbial heterotrophic respiration.

We found intensity of logging disturbance (i.e., canopy openness within gaps) corresponded to some fungal community attributes, soil enzyme activities, and N-cycling processes (Table 4). Canopy openness was significantly negatively related to total mycorrhizal and EcM relative abundances, and activity of soil phosphomonoesterase and positively associated with supply rates of certain key soil nutrients (NH4+, Mg+, K+, and Zn+) (Figures 4A,C). Increasing NH4+ supply rates with canopy openness may contradict assumptions about disturbance intensity and N cycling (Muscolo et al., 2007a). A positive relationship between gap size and N mineralisation rate has been observed in temperate (Ritter, 2005) and tropical (Denslow et al., 1998) systems, but only in newly created gaps (<17 months and 12 months old, respectively) where increased nutrient cycling rates have been attributed to decomposition of fresh litter inputs resulting from disturbance. The time since logging in the current study and the lack of difference in NH4+ supply rates between intact forest and logging gaps (Table 2) suggests a different mechanism underlying changes in N mineralisation. Mycorrhizae, particularly EcM, are now known to be able to mobilise soil N from organic sources and not be reliant on previous breakdown by other soil saprotrophs (Lindahl and Tunlid, 2015). A reduction in mycorrhizal relative abundance may subsequently increase the availability of organic N to be mineralised by other soil microorganisms (Averill et al., 2014). Similarly, the synthesis of phosphatase enzymes is associated with soil microbial mineralisation of organic P and usually increases with P limitation in tropical forest (Turner et al., 2018; Turner and Engelbrecht, 2011). Soil P cycling is heavily influenced by fungal community abundance, activity, and composition, with the relative dominance of either AM or EcM fungi strongly influencing P cycling pathways (Rosling et al., 2016). The corresponding decrease in EcM relative abundance and activity of soil phosphatase may indicate a functional shift in fungal communities and downregulation of soil P mineralisation with increasing disturbance intensity.



5 Conclusion

In conclusion, we found many soil microbial community attributes, soil properties, and functions to be resistant to selective logging, but through our use of co-located logged and intact study plots capturing spatial variation across selectively logged forest, we demonstrate logging significantly impacts the composition and abundance of key soil microbial groups (Hypothesis 1) including bacterial communities not before shown (Hypothesis 2), corresponding to alterations in certain soil properties and biogeochemical cycling processes in tropical forest (Hypothesis 3). A strong reduction in relative abundances of mycorrhizal and EcM fungi and a significant increase in AM fungi in logging gaps may have consequences for soil C dynamics (i.e., soil C storage), while the potential importance of EcM-associating dipterocarp trees remaining after selective logging is highlighted. Differences in all soil microbial community attributes corresponded to changes in soil pH. Within gaps, logging intensity was significantly positively related to supply rates of certain key soil nutrients, including a strong association with NH4+, and negatively related to mycorrhizal and EcM relative abundance, and phosphomonoesterase activity. Our findings suggest that mineralisation rates in logging gaps may be enhanced by reduced competition for organic soil N sources between EcM fungi and other soil saprotrophs, while P cycling pathways may be altered by functional shifts in fungal communities. A strong negative relationship between logging disturbance intensity and soil microbial heterotrophic respiration in logging gaps highlights the important impact of selective logging on soil microbial C cycling not before demonstrated. As the exact age of logging gaps in this study was not known, and as they did not vary greatly in terms of forest regeneration, it was not possible to evaluate successional trajectories of soil microbial communities or recovery of microbial functions with time. We recommend future studies focus on soil microbial community attributes and biogeochemical cycling in logging gaps undergoing various stages of secondary succession to understand the legacy of logging disturbance. Evaluation and prediction of the impacts of selective logging should incorporate logging gap effects on belowground communities and processes, which may influence restoration potential and recovery of biodiversity and vital ecosystem services in human-modified tropical forests.
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Introduction: Rhizosphere bacterial community as a valuable indicator of soil quality and function, has been widespread studied. However, little knowledge is about the response of bacterial communities to plant–plant interaction and different fertilizers during secondary forest succession.
Methods: We conducted a field pot experiment applying organic and inorganic fertilizers to monocultures and mixed cultures of dominant plant species from mid- to late-successional stages (Salix oritrepha, Betula albosinensis, and Picea asperata), and investigated the responses of plant growth and rhizosphere bacterial communities.
Results and discussion: Results indicated that growth rate of plant height varied among plant species, but no significant differences were observed in soil bacterial diversity and composition among plant species or inter-specific interactions under control. Compared to control, inorganic fertilizer resulted in increases in plant growth and the relative abundance of Proteobacteria, Patescibacteria, Bacteroidetes and Gemmatimonadetes, while simultaneously leading to decrease in the relative abundance of Acidobacteria, Actinobacteria, Chloroflexi, Rokubacteria and Planctomycetes. When grown with other species, the bacterial communities in the mixture resembled those of S. oritrepha in singular monoculture under inorganic fertilizer treatment, but plant growth was not affected by interspecific interaction. Unlike inorganic fertilizer, organic fertilizer significantly affected bacterial communities and increased bacterial diversity, but did not alter the effects of plant–plant interactions on bacterial communities. It was also observed that organic fertilizer facilitated later successional species’ growth (P. asperata and B. albosinensis) by the mid-successional species (S. oritrepha), ultimately facilitating secondary forest succession. In addition, plants at different successional stages harbor specific bacterial communities to affect their growth, and the bacterial communities contributed more than soil properties to the variations in the plant growth of S. oritrepha and P. asperata though the bacterial communities were regulated by soil factors. This finding highlights the significance of the rhizosphere bacteria on plant growth and plant community succession. It also emphasize the importance of considering both plant–plant interactions and diverse fertilizer types in forest restoration efforts and provide valuable insights into optimizing agronomic practices for secondary forest succession.
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1 Introduction

The natural recovery of degraded forest in fact is a secondary forest succession process, where early-successional species are gradually replaced by late-successional species (Zhou et al., 2017; Liao et al., 2018). Secondary forest succession typically involves four successional stages: bare land, meadows, shrubs, and forest trees. The establishment of forest seedlings play a key role in determining whether or not degraded forest can successfully be restored into mature forests. Seedling establishment during secondary forest succession refers to coexistence of different dominant species across various successional stages. For example, during the secondary forest succession from shrub to forest, tree seedlings grow within shrub ecosystem and inevitably interact with shrubs. Therefore, the plant–plant interactions significantly influence the establishment of forest seedlings and play an important role in shaping plant communities and ecosystems (Guo et al., 2017; Urza et al., 2019).

Previous studies have indicated that the effect of plant–plant interaction can range from positive to negative or neutral as plants progress through different stages of their life-history (Baumeister and Callaway, 2006; Valiente-Banuet and Verdu, 2008; Paterno et al., 2016; Urza et al., 2019). The underlying mechanisms for these effects are diverse. Niinemets (2010) suggested that larger plants exhibit greater resource requirements and lower sensitivity to abiotic extremes. Maestre et al. (2005) made a meta-analysis and concluded that the net effects of plant–plant interactions did not increase with abiotic stress levels in arid and semiarid environments. More recently, there has been growing interest in studying the feedbacks between plants and soil microbes, emphasizing the great impact of interactions between plants and soil microbes on plant fitness, growth, and yield (Klironomos, 2002; Kardol et al., 2006; Teste et al., 2017). Mortimer et al. (2015) reported that a mixed tea species exhibited higher biomass of soil fungi and bacteria compared to a monoculture, resulting in increased productivity. And several studies have reported that soil microbes can influence plant–plant interactions by playing important roles in soil C/N/P cycles and nutrients availability to plants (Hendriks et al., 2015; Schimel, 2016; Liao et al., 2018). Given the great effects of soil microbes on plant–plant interaction and seedling establishment and a comprehensive understanding of the influence of plant interactions on soil microorganisms holding significant implications for forest restoration, it is necessary to investigate how soil microbes respond to plant–plant interaction during the process of forest seedling establishment in secondary forest succession.

Fertilization using organic and inorganic fertilizer is generally used to facilitate seedlings establishment. This practice plays an important role in nutrient cycling, plant health and soil properties. Previous studies have demonstrated that the application of inorganic N and P fertilizer enhances competitiveness among plants, with beneficial species exhibiting higher accumulations of C, N and P (Guo et al., 2017; Yu et al., 2019). Song et al. (2020) investigated two species during the early stage of primary succession under intra-and interspecific competition conditions with N fertilizer. They suggested that the plants with higher N uptake efficiency displayed greater competitiveness in intraspecific competition scenarios, and observed different composition of the soil bacterial communities in response to N fertilizer application and different competition patterns. And Pivato et al. (2017) found the effect of plants on bacterial community depended on N level. So far, these studies indicated that both plant–plant interaction and microbial communities are affected by inorganic fertilizer (Xia et al., 2016; Guo et al., 2019; Yu et al., 2019; Song et al., 2020). However, more and more research indicated that negative impact of inorganic fertilizer on environment and soil health (Zhang et al., 2015). Organic fertilizer has been proposed as an alternative approach for enhancing soil nutrition and reducing environmental impacts (Bebber and Richards, 2022). Although widely used in agriculture to improve crop yields, there is limited knowledge concerning their effects on forest recovery or soil bacterial communities within the forest ecosystem. Studying the impacts of different fertilizer types (inorganic and organic fertilizer) on the response of soil bacterial community to plant–plant interactions during forest seedlings establishment will enhance our understanding of underlying mechanisms governing the effects of plant–plant interactions and fertilizer management practices on soil bacterial diversity and composition, and thereby providing scientific and technological support for forest restoration.

The subalpine forest in the southwest China encountered extensive deforestation and grazing in the mid-20th century, as well as the combined effects of climate change, natural disasters and major anthropogenic activities such as the construction of roads, railways, and hydropower stations in recent years, resulting in the existence of large areas of secondary forest in this region. However, the process of natural restoration from secondary forest to zonal top vegetation forest is relative slow, usually takes several decades, so it is urgent to take artificial measures to promote vegetation restoration and ensure the ecological security of the region. The restoration of secondary forests in this region encompasses the middle and late successional stage of forests typically dominated by shrubs, broadleaf trees and conifers, in their respective ecological communities. Thus, we conducted a field pot experiment using organic and inorganic fertilizers and planted Salix oritrepha (shrub species), Betula albosinensis (broadleaf species), and Picea asperata (conifer species) seedlings in monocultures and mixed cultures to investigate changes of the rhizosphere bacterial communities and plant growth. We aimed to elucidate that (1) the impacts of different dominant plant species at various successional stages on rhizosphere bacterial communities; (2) whether interspecific interactions lead to rhizoshpere bacterial communities resembling those of the superior competitor conifer species in singular monoculture when grown with other species in mixture; and (3) the influence of inorganic and organic fertilizer on soil bacterial communities, as well as the responses of bacterial communities to plant–plant interactions. This study aims to reveal the underlying mechanisms affecting seedling establishment and plant growth strategies, ultimately promoting forest seedling establishment and facilitating secondary forest succession in this region.



2 Materials and methods


2.1 Plant species

To investigate differential effects of plant species and inter-specific plant–plant interactions among different secondary successional stage species, we selected Salix oritrepha as a representative middle-successional shrub specie, and late-successional species including Betula albosinensis, a broadleaf specie and Picea asperata, a conifer specie. The Salix oritrepha seedlings with a height of 40–45 cm were obtained from a local field shrub ecosystem while Betula albosinensis seedlings with a height of 45–50 cm were sourced from a nearby forest ecosystem. The Picea asperata seedlings with a height of 25–30 cm were acquired from a local nursery garden. In order to ensure uniformity in the rhizosphere soil of the all three species before the pot experiment and improve their survival rate, we first transplanted these seedlings to an adjacent Picea asperata plantation for acclimation over a period of 3 months before conducting the pot experiment.



2.2 Experimental design

The field pot experiment was conducted in an open field area near the Miyaoluo Natural Reserve of Lixian County, located on the eastern Tibetan Plateau, Sichuan Province, China (31°47′N, 102°42′E, 3210 m, a.s.l) with mean annual temperature 8.7°C, annual precipitation ranging from 600 to 1,100 mm, and annual evaporation ranging from 1,000 to1900mm. The soil is classified as mountain brown soil based on Chinese soil taxonomy. Soils were collected from nearby Picea asperata plantation and sieved with 4 mm mesh to eliminate roots and stones, and then were homogenized (pH 6.53, TOC 52.62 g/kg, TN 4.10 g/kg, available P 12.59 mg/kg, and available K 128.33 mg/kg). To investigate the differential effects of plant species and inter-specific plant interactions on soil bacterial communities, each two Salix oritrepha seedlings (SS), two Betula albosinensis seedlings (BB), and two Picea asperata seedlings (PP) as monocultures, and two combination of SB, SP, and BP seedlings as mixed cultures were planted 10 cm apart from each other into each plastic cylindrical pot (inner diameter 38 cm and depth 34 cm) in April 2018. Each combination of seedlings included 30 pots for applying inorganic and organic fertilizers, and control without fertilizer.

To examine the impact of fertilization on soil bacterial communities, we applied two types of fertilizer: organic and inorganic fertilizer. Each 10 randomly selected pots were used for each plant–plant interaction treatment to apply either organic fertilizer or inorganic fertilization, while 10 randomly selected pots were set up for controls without any fertilizer. Each treatment had 10 replicates. The organic fertilizer was derived from the local decomposed edible fungi residue, which was mixed with soil as a base fertilizer at the beginning of the experiment. A total of 60 pots with organic fertilizer were applied for 100 kg of organic fertilizer throughout the study period. This organic fertilizer contained water content 70%, N 3.78%, available K 3.91% and available P 0.71% of the dry mass. The inorganic fertilizer, consisting of KNO3, (NH4)3PO4, (NH4)2SO4, Ca(NO3)2, was dissolved in water and applied to the plant roots through watering once a month from May 2018 to September 2019 with equivalent amounts provided in each pot throughout the experiment to match the N, P, K content of the organic fertilizer. We regularly measured the plant height from 2 months after the start of experiment until its end.



2.3 Soil samples

We sampled rhizosphere soil twice with a bore (8 cm diameter), one in August 2018 at the beginning of the experiment and the other in October 2019 at the end of the experiment, respectively. These samples were subsequently sieved through a 2 mm mesh, stored in an ice box at 4°C, and transported to laboratory for analysis. One subsample was stored in −80°C for soil bacterial communities analysis while another subsample was air dried for the soil properties analysis.



2.4 Soil properties analysis

Soil pH was determined in suspending soil in water at a ratio of 1:2.5 v/v. The extraction method used for available phosphorus (AP) involved NaHCO3 extracts, following the procedure developed by Olsen et al. (1954). For available potassium (AK), ammonium acetate was used as an extracting agent, and the measurement was conducted using a flame spectrophotometer. Detailed methodologies to determine concentrations of soil organic C (SOC), dissolve organic C (DOC), total nitrogen (TN), ammonium (NH4+), nitrate (NO3−), and nitrite (NO2−)-N concentrations, as well as microbial biomass C (MBC) and N (MBN), were previously described in our study (Li et al., 2019).



2.5 DNA extraction and PCR amplification

Soil DNA was extracted from approximately 0.5 g of fresh soil sample using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instructions. Subsequently, it was stored at −20°C until further analysis. The quantity and quality of the extracted DNAs were assessed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively.

PCR amplification was conducted to amplify the bacterial 16S rRNA gene V3–V4 region using forward primer 338F (5ˊ-ACTCCTACGGGAGGCAGCA-3ˊ) and reverse primer 806R (5ˊ-GGACTACHVGGGTWTCTAAT-3ˊ). The PCR reaction mixture included 5 μL of buffer (5×), 0.25 μL of Fast pfu DNA Polymerase (5 U/μl), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each Forward and Reverse primer, 1 μL of DNA Template, and 14.75 μL of ddH2O. The PCR process began with an initial denaturation step at 98°C for 5 min, followed by 25 cycles consisting of denaturation for 30 s at 98°C, annealing for 30 s at 55°C, and extension for 45 s at 72°C. Finally, a 5 min extension step was performed at 72°C. The resulting PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified utilizing the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, amplicons were pooled in equal amounts, and paired-end 2 × 250 bp sequencing was performed using the Illlumina NovaSeq platform with NovaSeq 6,000 SP Regent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

The sequencing data analyses were performed with QIIME2 (Bolyen et al., 2018) with slight modification according to the official tutorials.1 In order to minimize variations in sequencing depth across samples, an averaged and rounded rarefied ASV table was generated at an equal depth of 55,119 sequences per sample. Taxonomic classification of the ASVs was performed based on the Silva Release 132 Database.



2.6 Data analysis

Bioinformatics analyses were mainly performed using QIIME2 and R packages (v.4.4.0). The alpha diversity indices at ASV-level, such as Chao1 richness estimator, Observed species (Observed OTU) and Shannon diversity index, were calculated using the ASV table in QIIME2 and visualized as box plots. Principal Coordinate Analyses (PCoA) was performed visual the differences of bacterial community across samples based on the Weighted UniFrac distance metric. Permutational multivariate analysis of variance (PERMANOVA) method with 999 permutations was used to determine the effects of fertilizer and plant–plant interactions on the bacterial communities. Linear discriminant analysis effect size (LEfSe) was performed to detect differently abundant taxa across groups. Above microbial analyses were conducted by the genescloud tools, a free online platform for data analysis.2

The growth rate of plant height, representing the annual increase rate in plant height, was calculated as the ratio of the change in plant height from the beginning to the end of the experiment relative to the initial plant height at the start of the experiment, and is expressed as a percentage annual growth rate. The SPSS software was utilized to conduct an analysis of variance (ANOVA) in order to assess the significant differences among the factors such as fertilization, plant–plant interaction, and sample time. These factors were examined for their impacts on soil properties, growth rate of plant height, bacterial taxa abundance (specifically the top 10 of phylum with highest average abundance), as well as alpha diversity indices of bacterial communities. The redundancy analysis (RDA) was used to investigate the effects of environmental factors on the bacterial communities and alpha diversity indices. Pearson’s correlation in SPSS and linear regression in Origin 21 also were used to determine the relationship between relative plant growth and the relative abundances of top 20 bacteria taxa from phylum to genus. Variation partitioning analysis (VPA) with the “varpart” function in vegan package were performed in R (v.4.4.0) to depict the shared and independent effects of soil properties and bacterial community on the growth rate of plant height.




3 Results


3.1 Plant height growth rate

The growth rate of plant height varied with plant species across various fertilization treatments (Figure 1A). Growth rate of shrub seedlings (S.oritrepha) exhibited the highest among the three species, while conifer seedlings (P.asperata) displayed the slowest growth rate in all the fertilization treatments. The interspecific interactions only affected the growth rates of plant height in the organic fertilizer treatment, but not in the control and inorganic fertilizer treatment (Figures 1B–D). When B.albosinensis (B) and P.asperata (P) grew with S.oritrepha (S) in mixed culture, their growth rates were higher than in singular monoculture under organic fertilizer treatment. Furthermore, in the singular monoculture SS and mixed culture (SP and SB), organic fertilizer promoted their growths of all these plants compared to control. In addition, irrespective plant species or interspecific interactions, plants in the inorganic fertilizer treatment grew faster than in the organic fertilizer treatment and control.

[image: Box plots illustrating growth rate of plant height percentages across four panels for different species and treatments. Panel A compares PP, BB, and SS; Panel B for Picea asperata with PB, PP, SP; Panel C for Betual albosinensis with BB, PB, SB; and Panel D for Salix oritrepha with SB, SP, SS. Treatments are control, inorganic, and organic, represented by different colored boxes. Data points indicate variability, with significant differences marked by letters.]

FIGURE 1
 Annual growth rate of plant height across species (A) and interspecific interactions (B–D). The capital letters above the column indicate significant differences across different fertilization treatments, while the lowercase letters above the column indicate significant differences across different plant–plant interactions. The capital letter B, S, and P represent plant broadleaf species Betula albosinensis, shrub species Salix oritrepha, and conifer species Picea asperata, respectively; BB, SS, and PP refer to intraspecific plant–plant interactions, while SB, SP, and BP refer to interspecific plant–plant interactions.




3.2 Soil properties

The concentrations of soil DOC, NH4+, NO2−, available K, MBC, MBN and MBC/MBN were significantly affected by plant–plant interactions, particularly under fertilization treatment (Table 1, Supplementary Table S1). The significant differences of these soil properties resulting from plant–plant interactions were affected by the fertilization. The impact of fertilization on soil properties was more than that of plant–plant interactions. Both inorganic fertilizer and organic fertilizer increased the concentrations of soil NH4+, DOC, available P and available K, MBC and MBC/MBN but decreased the concentration of soil NO2−. Moreover, organic fertilizer had a greater effect on those soil properties than inorganic fertilizer. Additionally, while inorganic fertilizer decreased the soil pH, and MBN, the organic fertilizer increased them (Supplementary Table S1).



TABLE 1 Effects of fertilization and plant–plant interactions on soil properties (two-way ANOVA).
[image: Table comparing the effects of fertilization and plant type on various soil chemical properties: pH, DOC, TOC, TN, TC/TN, nitrate, ammonium, nitrite, AP, AK, MBC, MBN, and MBC/MBN. Significant differences by ANOVA are in bold. Values are organized under three categories: Fertilization, Plant-plant, and Fertilizer*Plant, each with factorial labels F and P. DOC is dissolve organic carbon; TOC is total soil organic carbon; TN is total soil nitrogen; AP is available phosphorus; AK is available potassium; MBC is microbial biomass carbon; MBN is microbial biomass nitrogen.]



3.3 Soil bacterial community diversity

The soil bacterial alpha diversity including Observed species (OTUs) and Shannon index, was significantly affected by both sample time and fertilization (p < 0.001) (Figure 2, Supplementary Table S2). However, neither plant–plant interaction nor the combined interactions of plant and fertilization had a significant influence on these diversity (p > 0.05). Regardless of the plant–plant interaction, the Observed species initially decreased in the organic fertilizer treatments compared to control but subsequently increased in the second year. The Shannon index and Observed species in inorganic treatment were lower than control but not significantly different between them. These diversities decreased with time in both control and inorganic fertilizer treatment while they increased with time in organic fertilizer treatments (Figure 2).

[image: Four box plots display data on Shannon index and observed species. Charts A and C show Shannon index comparisons; Chart A has a p-value of 0.47 and Chart C less than 0.001, indicating significant differences. Charts B and D show observed species; Chart B has a p-value of 0.97 and Chart D less than 0.001, indicating significant differences. Groups are labeled BB, BP, SP, SS, PP, SB, and a2018, b2018, a2019, b2019, c2019. Chart C and D labels denote statistical groupings (e.g., ab, bcd). Each chart uses color-coded boxes with varying medians and outliers.]

FIGURE 2
 Alpha diversity of soil bacterial community (Shannon and observed species) across plant–plant interactions (A,B) and across different fertilizer treatments with time (C,D). Different letters above the column indicate significant difference in (C,D) (p < 0.05) between treatments. a2018, b2018, and c2018 represent the treatment in control, inorganic fertilizer, and organic fertilizer in the year 2018, respectively; a2019, b2019, and c2019 represent the treatment in control, inorganic fertilizer, and organic fertilizer in the year 2019, respectively; The capital letter B, S, and P represent plant broadleaf species Betula albosinensis, shrub species Salix oritrepha, and conifer species Picea asperata, respectively; BB, SS, and PP refer to intraspecific plant–plant interactions, while SB, SP, and BP refer to interspecific plant–plant interactions.


The PCoA showed the soil bacterial community was distinct across different fertilization treatment both in 2018 yr. and 2019 yr. (Supplementary Figure S1). The significant difference of beta diversity was detected by PERMNOVA test and the result showed that the soil bacterial community was significantly affected by both sample time (F = 9.50, p = 0.001) and fertilization (F = 22.18, p = 0.001), but was not affected by the plant–plant interactions (F = 1.07, p = 0.33) (Table 2).



TABLE 2 PERMANOVA tests for the effects of sample time, fertilization and plant–plant interaction on the soil bacterial community composition based on weighted UniFrac distances at OTU level.
[image: Table showing effects on fertilization with F-values and p-values. Effects include time (2018 vs. 2019), fertilization, CK vs. inorganic and organic, inorganic vs. organic, time × fertilizer, and plant–plant interactions. All comparisons have a p-value of 0.001, except plant–plant interactions with a p-value of 0.33.]



3.4 Taxonomic composition of soil bacterial community

The soil bacterial communities were predominantly composed of Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia, and Bacteroidetes at the phylum level, accounting for 90% of total bacterial abundance (Supplementary Figure S2). Different fertilizers had their specific influence on the bacterial compositions, and these influences varied with sample time (Supplementary Figure S3). Irrespective of the plant–plant interactions, inorganic fertilizer increased the relative abundance of Proteobacteria, Patescibacteria, Bacteroidetes and Gemmatimonadetes and decreased the relative abundance of Acidobacteria, Actinobacteria, Chloroflexi, Rokubacteria and Planctomycetes in the second year compared to control. Whereas, organic fertilizer enhanced the relative abundance of Chloroflexi, Planctomycetes and Bacteroidetes across both years (2018 and 2019), while it decreased the relative abundance of Actinobacteria and Verrucomicrobia in the second year compared to control (Figure 3, Supplementary Table S3).

[image: Clustered heatmaps labeled A and B display the relative abundance of different bacterial phyla. The color gradient ranges from brown to teal, with brown indicating lower values and teal indicating higher values. Each column represents different samples, while rows correspond to bacterial phyla such as Bacteroidetes and Actinobacteria. Both heatmaps feature dendrograms illustrating relationships between clusters.]

FIGURE 3
 Heatmaps indicating differences in the relative abundances of soil bacterial community at phylum level (top 10) across different fertilizer treatments with time (A) and between plant–plant interactions under Inorganic fertilizer treatment in the 2019 yr. (B). a2018, b2018, and c2018 represent the treatment in control, inorganic fertilizer, and organic fertilizer in the year 2018, respectively; a2019, b2019, and c2019 represent the treatment in control, inorganic fertilizer, and organic fertilizer in the year 2019, respectively; The capital letter B, S, and P represent plant broadleaf species Betula albosinensis, shrub species Salix oritrepha, and conifer species Picea asperata, respectively; BB, SS, and PP refer to intraspecific plant–plant interactions, while SB, SP, and BP refer to interspecific plant–plant interactions.


The LEfSe analysis indicated that, there were no statistically significant variations in the abundance of any taxa across different plant species or interspecific interactions. However, the total relative abundances of bacteria at phylum level were significantly affected by plant–plant interactions under inorganic fertilizer treatment in 2019 yr. (Figure 3 and Supplementary Table S3). In singular monocultures pots, while the Proteobacteria in the SS soil were less abundant than in BB and PP soil, the Acidobacteria, Chloroflexi and Rokubacteria was on the contrary under inorganic fertilizer treatment in the second year. In the mixed cultures pots, while the relative abundance of Proteobacteria in PP soil were more than in SP soil, the relative abundance of Acidobacteria, Chloroflexi and Rokubacteria in PP soil were less than in SP soil, and there was no difference between SS and SP under inorganic fertilizer treatment in the second year.



3.5 Environmental factors affected the soil bacterial community

The results of RDA analysis indicated that soil properties significantly affected the alpha diversity and compositions of the soil bacterial community (Figure 4). Among these soil properties, soil pH, TOC, TN, MBC, MBN were the most important factors influencing them. Besides, nutrients such as available K, available P, and NO2− also affected the bacterial communities (Supplementary Table S4).

[image: Biplots A and B show redundancy analysis (RDA) results, illustrating relationships between environmental variables and species data. Arrows represent variables like pH, nitrogen compounds, and carbon ratios. Different colored dots indicate groupings, and axes reflect RDA1 and RDA2 variance percentages. P-value for both plots is 0.001, indicating significance. Key environmental factors include pH, nitrate, and ammonium. Observed species and Shannon index are mapped in red on plot B.]

FIGURE 4
 The effects of environmental factors on the bacterial communities (A) and alpha index (B) analyzed by redundancy analysis (RDA). DOC, dissolve organic carbon; TOC, total soil organic carbon; TN, total soil nitrogen; P, available phosphorus; K, available potassium; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen.




3.6 Factors affecting plant growth

The growth rate of conifer seedling (P.asperata) height exhibited a positive correlation with the relative abundances of bacteria genus Vibrionimonas (r = 0.49, p = 0.017), bacteria order Chitinophagales (r = 0.49, p = 0.016) and bacteria family Chitinophagaceae (r = 0.52, p = 0.010), but a negative correlation with bacteria family Micrococcaceae (r = −0.45, p = 0.032) (Figure 5A). And variation partitioning analysis indicated that growth rate of P.asperata was independently explained by bacterial communities (89.07%) rather than soil properties (25.41%) (Figure 5D). Similarly, the bacterial communities could independently explain the growth rate of shrub seedling (S.oritrepha) height greater compared to soil properties (70.85 and 23.23%, respectively) (Figure 5E). Whereas the growth rate of broadleaf seedling (B.albosinensis) height was affected by more bacterial taxa (Figure 5C), but the bacterial communities only independently explained its growth about 21.46% (Figure 5F).

[image: Graphical representation showing three scatter plots (A, B, C) and three Venn diagrams (D, E, F).   A: "Picea asperata" shows a positive correlation between growth rate of plant height and abundance of specific bacteria.   B: "Betula albosinensis" displays various bacterial abundances with plant growth.   C: "Salix oritrepha" shows changes in bacterial abundance with plant growth.   Each plot includes a legend for bacterial taxa.   D, E, F: Venn diagrams illustrate relationships between soil properties and bacterial community contributions, indicating overlapping percentages.]

FIGURE 5
 Linear regression of the relative abundances of bacteria taxa with growth rate of plant height (A–C) and variation partitioning analysis (VPN) depicted the shared and independent effects of soil properties and bacterial community on the growth rate of plant height for Picea asperata (A,D), Betula albosinensis (B,E) and Salix oritrepha (C,F). Only the regression lines significantly at least at p < 0.05 are presented.





4 Discussion


4.1 Plant interaction performance

Due to the rapid growth and extensive root systems of shrub seedling (S.oritrepha) when mixed with other plants, it was not feasible to separate the root. Therefore, our analysis of the plant–plant interaction was based on growth rate of plant height, as aboveground biomass is likely influenced by initial difference caused by the size of seedling. Although some plants modify the balance between aboveground and belowground allocation in response to competition, the majority of these adjustments are constrained, meaning that they are mainly influenced by competition on plant size (Mülle et al., 2000). Thus, growth rate of plant height will be a more suitable indictor for inflecting the influence of plant–plant interactions. We initially assumed that conifer species would be a superior competitor when grown in mixture with other species, according to the rule of secondary forest succession, which indicates that mid-successional plants are eventually replaced by late-successional plants. In this study, B.albosinensis and S.oritrepha grew faster than P.asperata. The interspecific interaction only affected the plant growth in the organic fertilizer treatment but not in the control and inorganic fertilizer treatment. Numerous studies have exhibited that plants tend to suffer competitive interactions from their neighbors (Guo et al., 2019; Cavalieri et al., 2020). However, in this study, the application of organic fertilizer resulted in the facilitation of P.asperata growth by B.albosinensis and S.oritrepha. S.oritreph promoted the growth of B.albosinensis, while P.asperata also promoted growth of S.oritreph. These findings exceed our initial hypothesis and further suggest that taking certain manual measures could make the mid-successional species promoting the growth of later successional species, thereby facilitating secondary forest succession. The positive influence of inorganic fertilizer on plant growth and the plant–plant interactions were widely studied (Yu et al., 2019; Cavalieri et al., 2020; Ma et al., 2022). In this study, Inorganic fertilizer only enhanced the growth rate of P.asperata and B.albosinensis in PB mixture and S.oritrepha in SB mixture and SS monocultures but not for P.asperata and B.albosinensis in singular monoculture compared to control. These results suggested that the effect of inorganic fertilizer on plant growth depends on the composition of the plants as different plants have different nutrients acquisition and different needs.



4.2 Responses of diversity and composition of bacterial communities to different fertilizers

Changes in soil bacterial diversity and composition reflect the soil quality (Bending et al., 2004), as well as the maintaining integrity and stability of soil function (Dietrich et al., 2017). A meta-analysis investigating the effects of organic and mineral fertilizers on soil microbial diversity revealed no significant variation in the bacterial alpha diversity between NPK fertilizer treatment and control, but a 2.9% increase was observed in organic fertilizer treatment compared to control (Bebber and Richards, 2022). Similarly, Ma et al. (2022) found no significant difference in bacterial diversity in paddy soil between inorganic fertilizer and control; however, higher bacterial diversity was observed with organic fertilizer application compared to control. In consistent with these findings, our results indicate that while inorganic fertilizer (NPK) did not have significant effect on the soil bacterial alpha diversity, organic fertilizer increased it during the second year. The abundance and diversity of microbial communities are found to be closely associated with the amount of soil microbial biomass. Organic fertilizer contains not only NPK but also undigested plant matter (lignin, cellulose, hemicellulose), lipids, carbohydrates and essential nutrients (Cu, Fe, Zn, Mg), which may contribute to a higher microbial diversity according to species-energy hypothesis since organic fertilizer increase soil microbial biomass more effectively than NPK fertilizer do (Clarke and Gaston, 2006). In this study, organic fertilizer enhanced the soil organic carbon and microbial biomass but inorganic fertilizer only enhanced the soil microbial biomass and did not significantly affect the soil organic carbon. The observed increase in soil microbial biomass was more pronounced with organic fertilizer treatment compared to inorganic fertilizer treatment, which is consistent with findings from previous studies (Zhang et al., 2012; Francioli et al., 2016; Kumar et al., 2017). Furthermore, the bacterial diversity was mainly mediated by the soil properties such as soil pH, TOC, and N content, and pH was considered as the most important moderator to control the diversity (Zhou et al., 2020; Yu et al., 2021). Bebber and Richards (2022) found that the N and NPK fertilizer decreased soil pH, but manure fertilizer had a buffering effect on pH. This buffering effect, along with the presence of nutrient and organic content, is considered to be the primary advantage for microbial biodiversity. In this study, we observed a positive correlation between bacterial alpha-diversity (Observed species and Shannon index) and soil pH, TN, NH4+-N, MBC, MBN, K; conversely, there was a negative correlation between bacterial alpha-diversity and soil NO2−-N, and TC/TN (Supplementary Table S4). The application of inorganic fertilizer (NPK) increased soil MBC, available K and NH4+-N concentration, but reduced soil MBN, pH, and finally slightly but not significantly decreased the soil bacterial diversity. On the other hand, the organic fertilizer resulted in an increase in soil properties such as pH, TOC, TN, NH4+-N, MBC, MBN and available K, leading to an increase in soil bacterial diversity during the second year. These findings suggest that the impacts of different fertilizers on soil bacterial diversity depends on the integrated effects of those combined soil factors affected by them.

The addition of Nitrogen (N), phosphorus (P) and potassium (K) fertilizer directly influences bacterial composition by increasing the availability of N, P and K (Guo et al., 2019; Cheng et al., 2022). In this study, both inorganic fertilizer and organic fertilizer enhanced the concentrations of soil NH4+, available P and available K. The PCoA and PERMANOVA analyses showed significant effects on the bacterial composition resulting from the addition of inorganic and organic fertilizer (Table 2). Actinobacteria, Proteobacteria, Bacteroidetes, Acidobacteria, Chloroflexi and Verrucomicrobia were found to be the most abundant bacterial groups accounting for approximately 90% of bacterial abundance. These six bacterial groups can be classified into copitroph r-strategists and oligotroph K-strategists according to their life history strategies. Actinobacteria, Proteobacteria, Bacteroidetes are generally regarded as r-strategists in the copiotrophic group, and Acidobacteria, Chloroflexi and Verrucomicrobia are regarded as K-strategists in the oligotrophic group (Xu et al., 2020; Ma et al., 2022). The addition of organic fertilizer enhanced the relative abundances of r-strategists in the copiotrophic group (Actinobacteria, Bacteroidetes and Proteobacteria), whereas inorganic fertilizer increased those of K-strategists in the oligotrophic group (Acidobacteria, Chloroflexi and Verrucomicrobia) (Xun et al., 2016). Additionally, Ma et al. (2022) found that the application of organic fertilizer increased the abundance of r-strategists in the copiotrophic group (Actinobacteria and Proteobacteria) but decreased those of K-strategists in the oligotrophic group (Acidobacteria, and Verrucomicrobia). Fierer et al. (2012) observed that an increase in soil N availability led to a higher abundance of copiotrophic bacteria taxa such as Proteobacteria and Bacteroidetes, while reducing the abundance of oligotrophic group Acidobacteria. Consistently, our study observed that compared to control, both organic and inorganic fertilizer resulted in an increased relative abundance of copiotrophic group Bacteroidetes and Proteobacteria (Alphaproteobacteria and Dongiale), whereas the oligotrophic group Acidobacteria and Verrucomicrobia abundances were decreased by organic fertilizer. In this study, some bacteria belonging to Acidobacteria like Holophagae and Thermoanaerobaculia were reduced by inorganic fertilizer (Xun et al., 2016), whereas bacterial phylum Acidobacteria were enhanced (Fierer et al., 2012). Additionally, Chloroflexi was regarded as oligotrophic group and its relative abundance was lower in the fertilized soils than control soil (Xu et al., 2020) but increased by inorganic fertilizer (Xun et al., 2016). However, in this study, organic fertilizer increased the relative abundance of Chloroflexi, whereas inorganic fertilizer decreased it compared to control during the second year. This observation can be explained by the positive correlation between the relative abundance of Chloroflexi and soil pH (Deng et al., 2018). Actinobacteria, known as a copiotrophic group, played an important role in the degradation of soil organic matters and exhibited higher relative abundance both in the organic and inorganic fertilizer soils (Francioli et al., 2016; Xu et al., 2020; Ma et al., 2022). We observed a decrease in the relative abundances of bacteria phylum Actinobacteria with the addition of both inorganic and organic fertilizer, but also observed increase in Frankiales and Micromonosporales belonging to Actinobacteria in the inorganic fertilizer treatment. Moreover, the inorganic fertilizer increased the total relative abundances of the r-strategists in copiotrophic group (Actinobacteria, Bacteroidetes and Proteobacteria) by approximately 3.53% and decreased the K-strategists in oligotrophic group (Acidobacteria, Chloroflexi and Verrucomicrobia) by 5.45%. Conversely, although organic fertilizer adjusted the composition of bacterial community only within its respective group, it had no significant effect on the total relative abundances of either copiotrophic or oligotrophic groups compared to control in this study. Notably, discussing bacterial communities’ responses to different fertilizers at the genus or order level may be more precise and effective in drawing conclusions than at the phylum level. For instance, certain findings in this study were inconsistent with previous studies conducted in agriculture soil or grassland, particularly at the bacterial phylum level. This underscores the significant role of vegetation in releasing root exudates, while also potentially being influenced by factors operating at the phylum level rather than genus or order level.



4.3 Fertilizer affect the response of the bacterial composition to plant–plant interactions

There are many studies showed that different plants have specific effects on rhizosphere soil physicochemical properties through root exudates and nutrient mineralization (Guo et al., 2019), and then the plant species significantly have great impact on the composition and diversity of soil bacterial communities both directly and indirectly (De Deyn et al., 2011; Chen et al., 2016; Wang et al., 2022; Zhang et al., 2024). Also numerous research showed that interspecific plant–plant interaction influenced soil microbial communities due to competition for nutrients or different plants release different exudates which will affect the soil bacterial community (Haichar et al., 2008; Knelman et al., 2018; Cavalieri et al., 2020). In this study, we observed significant effects of plant species across various stages of secondary succession in forest restoration as well as their inter-specific interactions on soil properties including the concentrations of DOC, NH4+, AP, AK, MBC, MBN, particularly under fertilization treatments. These factors exhibited strong correlations with the diversity and composition of soil bacterial communities (Figure 4), suggesting that the plant species would have a significant impact on bacterial communities. However, neither the plant species in monocultures nor the plant–plant interactions in mixture had significant influence on the diversity and composition of soil bacterial community in the control. This result suggests that the rhizosphere soil bacterial communities diversity remains stable across secondary forest succession and factors other than plant diversity may be driving variations in soil communities. Pivato et al. (2017) found that the total bacterial abundance in the rhizosphere of inter-specific plant–plant mixtures was significantly greater than that of either individual plant species in a monoculture at low N levels, but this difference disappeared when the N levels were high in agroecosystems. In this study, the responses of bacterial community abundances in the rhizosphere of late-successional species P.asperata (P) to inorganic fertilizer was found to be the most sensitive, while the mid-successional species shrub S.oritrepha (S) exhibited the least sensitivity. This resulted in significant difference in the relative abundances of Proteobacteria, Acidobacteria, Chloroflexi and Rokubacteria between in the rhizosphere of SS and PP or BB monocultures, as well as between in the rhizosphere of PP and SP mixture under inorganic fertilizer treatment during the second year. This result further suggests that different successional species had varying response to fertilizer application.

When two plant species coexist, how does interspecific interaction select their bacterial community structure? Hortal et al. (2017) reported that when two plant species were grown together in mixed cultures, the composition of rhizoshpere bacterial community resembled that of the superior competitor in monocultures. We initially assumed that conifer species is superior competitor and their rhizoshpere soil bacterial community would resemble that of their monocultures soil when grown with other species in mixture. However, contrary to this expectation, our study indicates that the bacterial communities in SP soil are more similar to SS soil rather than PP soil, and similarly for SB soil compared to BB soil under inorganic fertilizer treatment (Figure 3). Interestingly, a similar pattern was observed between P and B interaction. This discrepancy may be attributed to differences in plant growth rate and root development. Our former results of plant growth indicated that the seedling growth and root development of shrubs are comparatively faster than broadleaf seedlings, while confer seedlings exhibit the slowest growth. Consequently, shrub roots produce a greater quantity of root exudates compared to broadleaf or conifer roots that significantly influence the composition and diversity of soil bacterial communities. Furthermore, while the organic fertilizer had similar impacts on the soil chemical properties and microbial biomass as the inorganic fertilizer, it also promoted plant growth and affected the interspecific interaction. However, it did not alter the effects of plant species or plant–plant interaction on the rhizosphere bacterial communities. These results imply that organic fertilizer not only improves soil nutrient availability but also maintains soil health and promotes the succession of plant communities compared to inorganic fertilizer due to its potential influence on nutrients cycling and organic matter decomposition, and plants disease susceptibility mediated by changes in bacterial community composition. Therefore, it is important to consider the potential effects of different fertilizer management practices on soil bacterial communities when managing soil resources for forest recovery.



4.4 Bacterial communities contributed to plant growth

It is widely acknowledged that soil properties and bacterial communities exert significant influences on plant growth (Kardol et al., 2006), suggesting that plant–plant interactions and fertilizers may affect plant growth by regulating soil properties and bacterial communities. In this study, although both the plant–plant interactions and fertilizers influenced the soil properties and the soil bacterial communities also were mediated by soil properties (Figure 4), the variance partitioning analysis (VPA) results revealed that the growth rates of coniferous seedling P.asperata and shrub seedling S.oritrpha were predominantly explained by bacterial communities (89.07 and 70.85%, respectively), rather than soil properties alone (25.41 and 23.23%, respectively) (Figures 5D,F). Moreover, the growth rate of broadleaf seedling B.albosinensis was found to be more strongly affected by soil properties compared to bacterial communities (Figure 5C). Nevertheless, certain bacterial taxa such as Patescibacteria, WPS-2, Armatimonadetes, Alphaproteobacteria, etc., exhibited significantly positive correlations with plant growth rate, whereas others including RB41, Bradyrhizobium, Chloroflexi, Rokubacteria, etc., showed negative correlations (Supplementary Table S5). Ultimately, the effects of different bacterial taxa on plant growth rate counterbalanced each other. These findings underscore the substantial impact of soil bacterial communities on plant growth. In line with our results, numerous studies investigating the effect of plant–soil feedback have consistently demonstrated a strong association between plant performances and soil biota rather than abiotic conditions (Kardol et al., 2006). Plant growth-promoting bacteria (PGPB) play a crucial role in enhancing plant growth and crop productivity in agroecosystems. Extensive research has been conducted on various plant growth promoting communities, such as Actinomycetota, Acidobacteria, and Chloroflexi, which have been proven to drive rhizosphere ecology and nutrient cycling. These communities promote plant growth and fitness through mechanisms like phosphate solubilization, secondary metabolite production, and antimicrobial synthesis (Kaushik et al., 2021). In this study, plants across different successional stages of secondary forest had specific bacterial communities for promoting their growth (Figures 5A–C). This finding offer valuable perspectives on the potential regulatory mechanisms of microbial ecology during the progression of plant community succession, underscoring the significance of microbial communities in driving forest succession. This understanding will aid in the development of more effective strategies for optimizing forest restoration practices. For example, promoting beneficial rhizosphere bacteria can improve nutrient cycling and facilitate the establishment of diverse native plant communities in degraded forests, ultimately contributing to overall ecosystem resilience in managed forests. Therefore, understanding the responses of bacterial communities to plant–plant interaction and different types of fertilizers can help us develop sustainable strategies for managing forests and maximizing their ecological benefits. Overall, this study highlight the critical role of bacteria in shaping forest ecosystems during succession. Further investigations are needed to unravel additional mechanisms employed by these bacteria as well as explore their potential application.




5 Conclusion

Our results indicated that both the plant species and interspecific interactions, as well as fertilizer application, significantly affected soil properties. However, the responses of plant growth rate and bacterial community to plant–plant interactions and fertilizer exceeded our initial expectations. We initially hypothesized that different dominant plant species across various successional stages would exhibit distinct rhizosphere microbial communities, with the rhizoshpere bacterial communities resembling those of superior competitor later successional conifer seedling in monocultures when grown with other species in mixture. In this study, the growth rate of plant height varied with plant species, but the bacterial communities of different plants remained stable across successional stages in control. The application of inorganic fertilizer has the potential to modify the composition of bacterial communities and influences plant–plant interactions but did not significantly alter the interspecific interaction on plant growth. And contrary to our initial hypothesis, bacterial communities in SP soil are more similar to SS soil rather than PP soil, and similarly for SB soil compared to BB soil under inorganic fertilizer treatment. Whereas organic fertilizer resulted in an increase in bacterial diversity, changes in bacterial communities, as well as facilitating later successional species’ growth by the mid-successional specie, ultimately facilitating the secondary forest succession. Moreover, the correlations of plant growth with the relative abundances of certain bacteria taxa, along with VPN results, emphasize that plants at different successional stages of secondary forest harbor specific bacterial communities to affect their growth, further suggesting the significance of bacterial communities for plant community’s succession. Overall, these findings from our pot experiment underscore the importance of considering both plant–plant interactions and diverse fertilizer types in forest restoration efforts and provide valuable insights into optimizing agronomic practices for secondary forest succession while simultaneously safeguarding soil health and biodiversity, thereby mitigating any adverse effects of fertilizer management practices on soil microbial communities. These findings will contribute to the provision of technological support for the restoration of degraded forest. However, further research is still required conducted in field to provide more practical support for forest restoration.



Data availability statement

Sequence data have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject ID PRJNA1073250.



Author contributions

DDL: Conceptualization, Data curation, Formal analysis, Funding acquisition, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. YPK: Data curation, Formal analysis, Writing – original draft. JL: Investigation, Writing – review & editing. WQZ: Supervision, Writing – review & editing. DDC: Data curation, Formal analysis, Writing – review & editing. QL: Conceptualization, Funding acquisition, 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 work was supported by National Key R&D Program of China [2023YFC3007104]; National Natural Science Foundation of China [41930645]; and Ecological Security and Protection Key Laboratory of Sichuan Province, China [ESP2008].



Acknowledgments

We are grateful to Prof. Huang Jun in the Chengdu Institute of Biology, Chinese Academy of Sciences, for supplying the organic fertilizer in this experiment.



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.



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.2024.1466668/full#supplementary-material



Footnotes

1   
https://docs.qiime2.org/2019.4/tutorials


2   
https://www.genescloud.cn




References
	 Baumeister, D., and Callaway, R. M. (2006). Facilitation by Pinus flexilis during succession: a hierarchy of mechanisms benefits other plant species. Ecology 87, 1816–1830. doi: 10.1890/0012-9658(2006)87[1816:Fbpfds]2.0.Co;2 
	 Bebber, D. P., and Richards, V. R. (2022). A meta-analysis of the effect of organic and mineral fertilizers on soil microbial diversity. Appl. Soil Ecol. 175:104450. doi: 10.1016/j.apsoil.2022.104450

	 Bending, G. D., Turner, M. K., Rayns, F., Marx, M.-C., and Wood, M. (2004). Microbial and biochemical soil quality indicators and their potential for differentiating areas under contrasting agricultural management regimes. Soil Biol. Biochem. 36, 1785–1792. doi: 10.1016/j.soilbio.2004.04.035

	 Bolyen, E., Rideout, J., Dillon, M., Bokulich, N., Abnet, C., Al-Ghalith, G., et al. (2018). QIIME 2: reproducible, interactive, scalable, and extensible microbiome data science. PeerJ Preprints 6:e27295v27292. doi: 10.7287/peerj.preprints.27295v1

	 Cavalieri, A., Bak, F., Garcia-Lemos, A. M., Weiner, J., Nicolaisen, M. H., and Nybroe, O. (2020). Effects of intra-and interspecific plant density on rhizosphere bacterial communities. Front. Microbiol. 11:1045. doi: 10.3389/fmicb.2020.01045 
	 Chen, L., Brookes, P. C., Xu, J., Zhang, J., Zhang, C., Zhou, X., et al. (2016). Structural and functional differentiation of the root-associated bacterial microbiomes of perennial ryegrass. Soil Biol. Biochem. 98, 1–10. doi: 10.1016/j.soilbio.2016.04.004

	 Cheng, H., Yuan, M., Tang, L., Shen, Y., Yu, Q., and Li, S. (2022). Integrated microbiology and metabolomics analysis reveal responses of soil microorganisms and metabolic functions to phosphorus fertilizer on semiarid farm. Sci. Total Environ. 817:152878. doi: 10.1016/j.scitotenv.2021.152878 
	 Clarke, A., and Gaston, K. J. (2006). Climate, energy and diversity. Proc. Royal Soc. B Biol. Sci. 273, 2257–2266. doi: 10.1098/rspb.2006.3545 
	 De Deyn, G. B., Quirk, H., and Bardgett, R. D. (2011). Plant species richness, identity and productivity differentially influence key groups of microbes in grassland soils of contrasting fertility. Biol. Lett. 7, 75–78. doi: 10.1098/rsbl.2010.0575 
	 Deng, J., Yin, Y., Zhu, W., and Zhou, Y. (2018). Variations in soil bacterial community diversity and structures among different revegetation types in the baishilazi nature reserve. Front. Microbiol. 9:2874. doi: 10.3389/fmicb.2018.02874

	 Dietrich, P., Buchmann, T., Cesarz, S., Eisenhauer, N., and Roscher, C. (2017). Fertilization, soil and plant community characteristics determine soil microbial activity in managed temperate grasslands. Plant Soil 419, 189–199. doi: 10.1007/s11104-017-3328-4

	 Fierer, N., Lauber, C. L., Ramirez, K. S., Zaneveld, J., Bradford, M. A., and Knight, R. (2012). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME J. 6, 1007–1017. doi: 10.1038/ismej.2011.159

	 Francioli, D., Schulz, E., Lentendu, G., Wubet, T., Buscot, F., and Reitz, T. (2016). Mineral vs. organic amendments: microbial community structure, activity and abundance of agriculturally relevant microbes are driven by long-term fertilization strategies. Front. Microbiol. 7, 1446. doi: 10.3389/fmicb.2016.01446 
	 Guo, Q. X., Yan, L. J., Korpelainen, H., Niinemets, U., and Li, C. Y. (2019). Plant-plant interactions and N fertilization shape soil bacterial and fungal communities. Soil Biol. Biochem. 128, 127–138. doi: 10.1016/j.soilbio.2018.10.018

	 Guo, Q. X., Zhang, Y. B., Wang, D. L., Zhang, Y. X., Korpelainen, H., and Li, C. Y. (2017). Influence of soil qualities on intra-and interspecific competition dynamics of Larix kaempferi and L. olgensis. Environ. Exp. Bot. 135, 96–105. doi: 10.1016/j.envexpbot.2016.12.011

	 Haichar, F. e. Z., Marol, C., Berge, O., Rangel-Castro, J. I., Prosser, J. I., Balesdent, J., et al. (2008). Plant host habitat and root exudates shape soil bacterial community structure. ISME J. 2, 1221–1230. doi: 10.1038/ismej.2008.80

	 Hendriks, M., Ravenek, J. M., Smit-Tiekstra, A. E., van der Paauw, J. W., de Caluwe, H., van der Putten, W. H., et al. (2015). Spatial heterogeneity of plant-soil feedback affects root interactions and interspecific competition. New Phytol. 207, 830–840. doi: 10.1111/nph.13394 
	 Hortal, S., Lozano, Y. M., Bastida, F., Armas, C., Moreno, J. L., Garcia, C., et al. (2017). Plant-plant competition outcomes are modulated by plant effects on the soil bacterial community. Sci. Rep. 7:17756. doi: 10.1038/s41598-017-18103-5 
	 Kardol, P., Bezemer, T. M., and van der Putten, W. H. (2006). Temporal variation in plant-soil feedback controls succession. Ecol. Lett. 9, 1080–1088. doi: 10.1111/j.1461-0248.2006.00953.x

	 Kaushik, R., Pandit, M. K., Meyerson, L. A., Chaudhari, D. S., Sharma, M., Dhotre, D., et al. (2021). Contrasting composition, diversity and predictive metabolic potential of the rhizobacterial microbiomes associated with native and invasive Prosopis congeners. Curr. Microbiol. 78, 2051–2060. doi: 10.1007/s00284-021-02473-1 
	 Klironomos, J. N. (2002). Feedback with soil biota contributes to plant rarity and invasiveness in communities. Nature 417, 67–70. doi: 10.1038/417067a

	 Knelman, J. E., Graham, E. B., Prevey, J. S., Robeson, M. S., Kelly, P., Hood, E., et al. (2018). Interspecific plant interactions reflected in soil bacterial community structure and nitrogen cycling in primary succession. Front. Microbiol. 9, 128. doi: 10.3389/fmicb.2018.00128 
	 Kumar, U., Shahid, M., Tripathi, R., Mohanty, S., Kumar, A., Bhattacharyya, P., et al. (2017). Variation of functional diversity of soil microbial community in sub-humid tropical rice-rice cropping system under long-term organic and inorganic fertilization. Ecol. Indic. 73, 536–543. doi: 10.1016/j.ecolind.2016.10.014

	 Li, D. D., Liu, Q., Yin, H. J., Luo, Y. Q., and Hui, D. F. (2019). Differential responses and controls of soil CO2 and N2O fluxes to experimental warming and nitrogen fertilization in a subalpine coniferous spruce (Picea asperata mast.) plantation forest. Forests 10:808. doi: 10.3390/f10090808

	 Liao, H., Huang, F., Li, D., Kang, L., Chen, B., Zhou, T., et al. (2018). Soil microbes regulate forest succession in a subtropical ecosystem in China: evidence from a mesocosm experiment. Plant Soil 430, 277–289. doi: 10.1007/s11104-018-3733-3

	 Ma, T., He, X., Chen, S., Li, Y., Huang, Q., Xue, C., et al. (2022). Long-term organic–inorganic fertilization regimes alter bacterial and fungal communities and rice yields in paddy soil. Front. Microbiol. 13:890712. doi: 10.3389/fmicb.2022.890712 
	 Maestre, F. T., Valladares, F., and Reynolds, J. F. (2005). Is the change of plant-plant interactions with abiotic stress predictable? A meta-analysis of field results in arid environments. J. Ecol. 93, 748–757. doi: 10.1111/j.1365-2745.2005.01017.x

	 Mortimer, P. E., Gui, H., Xu, J., Zhang, C., Barrios, E., and Hyde, K. D. (2015). Alder trees enhance crop productivity and soil microbial biomass in tea plantations. Appl. Soil Ecol. 96, 25–32. doi: 10.1016/j.apsoil.2015.05.012

	 Mülle, I., Schmid, B., and Weiner, J. (2000). The effect of nutrient availability on biomass allocation patterns in 27 species of herbaceous plants. Perspect. Plant Ecol. Evol. Syst. 3, 115–127. doi: 10.1078/1433-8319-00007

	 Niinemets, U. (2010). Responses of forest trees to single and multiple environmental stresses from seedlings to mature plants: past stress history, stress interactions, tolerance and acclimation. For. Ecol. Manag. 260, 1623–1639. doi: 10.1016/j.foreco.2010.07.054

	 Olsen, S. R., Cole, C. V., Watanabe, F. S., and Dean, L. A. (1954). Estimation of available phosphorus in soils by extraction with sodium bicarbonate. Washington, D.C.: U.S. Department of Agriculture.

	 Paterno, G. B., Siqueira, J. A., and Ganade, G. (2016). Species-specific facilitation, ontogenetic shifts and consequences for plant community succession. J. Veg. Sci. 27, 606–615. doi: 10.1111/jvs.12382

	 Pivato, B., Bru, D., Busset, H., Deau, F., Matejicek, A., Philippot, L., et al. (2017). Positive effects of plant association on rhizosphere microbial communities depend on plant species involved and soil nitrogen level. Soil Biol. Biochem. 114, 1–4. doi: 10.1016/j.soilbio.2017.06.018

	 Schimel, J. (2016). Linking omics to biogeochemistry. Nat. Microbiol. 1, 15028. doi: 10.1038/nmicrobiol.2015.28

	 Song, M. Y., Yu, L., Fu, S. L., Korpelainen, H., and Li, C. Y. (2020). Stoichiometric flexibility and soil bacterial communities respond to nitrogen fertilization and neighbor competition at the early stage of primary succession. Biol. Fertil. Soils 56, 1121–1135. doi: 10.1007/s00374-020-01495-4

	 Teste, F. P., Kardol, P., Turner, B. L., Wardle, D. A., Zemunik, G., Renton, M., et al. (2017). Plant-soil feedback and the maintenance of diversity in Mediterranean-climate shrublands. Science 355, 173–176. doi: 10.1126/science.aai8291 
	 Urza, A. K., Weisberg, P. J., Chambers, J. C., and Sullivan, B. W. (2019). Shrub facilitation of tree establishment varies with ontogenetic stage across environmental gradients. New Phytol. 223, 1795–1808. doi: 10.1111/nph.15957 
	 Valiente-Banuet, A., and Verdu, M. (2008). Temporal shifts from facilitation to competition occur between closely related taxa. J. Ecol. 96, 489–494. doi: 10.1111/j.1365-2745.2008.01357.x

	 Wang, Y., Ma, L., Liu, Z., Chen, J., Song, H., Wang, J., et al. (2022). Microbial interactions play an important role in regulating the effects of plant species on soil bacterial diversity. Front. Microbiol. 13:984200. doi: 10.3389/fmicb.2022.984200 
	 Xia, Z. C., Kong, C. H., Chen, L. C., Wang, P., and Wang, S. L. (2016). A broadleaf species enhances an autotoxic conifers growth through belowground chemical interactions. Ecology 97, 2283–2292. doi: 10.1002/ecy.1465 
	 Xu, P., Liu, Y., Zhu, J., Shi, L., Fu, Q., Chen, J., et al. (2020). Influence mechanisms of long-term fertilizations on the mineralization of organic matter in Ultisol. Soil Tillage Res. 201:104594. doi: 10.1016/j.still.2020.104594

	 Xun, W., Zhao, J., Xue, C., Zhang, G., Ran, W., Wang, B., et al. (2016). Significant alteration of soil bacterial communities and organic carbon decomposition by different long-term fertilization management conditions of extremely low-productivity arable soil in South China. Environ. Microbiol. 18, 1907–1917. doi: 10.1111/1462-2920.13098 
	 Yu, L., Song, M. Y., Xia, Z. C., Korpelainen, H., and Li, C. Y. (2019). Plant-plant interactions and resource dynamics of Abies fabri and Picea brachytyla as affected by phosphorus fertilization. Environ. Exp. Bot. 168:103893. doi: 10.1016/j.envexpbot.2019.103893

	 Yu, X.-Y., Zhu, Y.-J., Wang, B., Liu, D., Bai, H., Jin, L., et al. (2021). Effects of nitrogen addition on rhizospheric soil microbial communities of poplar plantations at different ages. For. Ecol. Manag. 494:119328. doi: 10.1016/j.foreco.2021.119328

	 Zhang, X., Davidson, E. A., Mauzerall, D. L., Searchinger, T. D., Dumas, P., and Shen, Y. (2015). Managing nitrogen for sustainable development. Nature 528, 51–59. doi: 10.1038/nature15743

	 Zhang, Q.-C., Shamsi, I. H., Xu, D.-T., Wang, G.-H., Lin, X.-Y., Jilani, G., et al. (2012). Chemical fertilizer and organic manure inputs in soil exhibit a vice versa pattern of microbial community structure. Appl. Soil Ecol. 57, 1–8. doi: 10.1016/j.apsoil.2012.02.012

	 Zhang, X., Xiong, Z., Zhang, Y., Chen, X., Sha, A., Xiao, W., et al. (2024). Impact of vanadium–titanium–magnetite mining activities on endophytic bacterial communities and functions in the root systems of local plants. Genes 15:526. doi: 10.3390/genes15050526 
	 Zhou, Z. H., Wang, C. K., Jiang, L. F., and Luo, Y. Q. (2017). Trends in soil microbial communities during secondary succession. Soil Biol. Biochem. 115, 92–99. doi: 10.1016/j.soilbio.2017.08.014

	 Zhou, Z., Wang, C., and Luo, Y. (2020). Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality. Nat. Commun. 11:3072. doi: 10.1038/s41467-020-16881-7 


Copyright
 © 2024 Li, Kou, Liang, Zhao, Chen 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.







 


	
	
SYSTEMATIC REVIEW
published: 09 October 2024
doi: 10.3389/fmicb.2024.1468592








[image: image2]

Global perspective of ecological risk of plastic pollution on soil microbial communities

Bing Yang*, Lin Wu, Wanju Feng and Qi Lin


Sichuan Academy of Giant Panda, Chengdu, China

Edited by
 Xingjia Xiang, Anhui University, China

Reviewed by
 Wenchen Song, Minzu University of China, China
 Cheng Zhang, Jiangnan University, China
 Keke Dang, Anhui University, China

*Correspondence
 Bing Yang, xinyua890@163.com 

Received 22 July 2024
 Accepted 10 September 2024
 Published 09 October 2024

Citation
 Yang B, Wu L, Feng W and Lin Q (2024) Global perspective of ecological risk of plastic pollution on soil microbial communities. Front. Microbiol. 15:1468592. doi: 10.3389/fmicb.2024.1468592
 




Introduction: The impacts of plastic pollution on soil ecosystems have emerged as a significant global environmental concern. The progress in understanding how plastic pollution affects soil microbial communities and ecological functions is essential for addressing this issue effectively.
Methods: A bibliometric analysis was conducted on the literature from the Web of Science Core Collection database to offer valuable insights into the dynamics and trends in this field.
Results: To date, the effects of plastic residues on soil enzymatic activities, microbial biomass, respiration rate, community diversity and functions have been examined, whereas the effects of plastic pollution on soil microbes are still controversial.
Discussion: To include a comprehensive examination of the combined effects of plastic residue properties (Type, element composition, size and age), soil properties (soil texture, pH) at environmentally relevant concentrations with various exposure durations under field conditions in future studies is crucial for a holistic understanding of the impact of plastic pollution on soil ecosystems. Risk assessment of plastic pollution, particularly for nanoplasctics, from the perspective of soil food web and ecosystem multifunctioning is also needed. By addressing critical knowledge gaps, scholars can play a pivotal role in developing strategies to mitigate the ecological risks posed by plastic pollution on soil microorganisms.
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1 Introduction

The significance of soil microbial communities extends beyond their involvement in essential biogeochemical cycles (Bardgett and van der Putten, 2014), as they also play a crucial role in shaping the well-being of plants, animals, and humans (Romdhane et al., 2022). Prior research has suggested that a decline in microbial diversity and the simplification of soil community composition are likely to have detrimental effects on the ability of terrestrial ecosystems to provide vital services such as climate regulation, soil fertility, and food and fiber production (Delgado-Baquerizo et al., 2016; Wagg et al., 2014). The significance of microorganisms in ecosystem functioning has led to increased global interest in the impacts of anthropogenic activities on soil microbial responses (Banerjee et al., 2018; Bardgett and van der Putten, 2014). Previous research has highlighted soil physicochemical properties, including soil water content and organic carbon availability (Drenovsky et al., 2004) and pH (Bahram et al., 2018; Fierer and Jackson, 2006), as key determinants of soil microbial community.

Plastic materials are widely used in the industrial engineering, agriculture and medical industry and other fields due to their high versatility, stability, light weight, and low production costs (Fuller and Gautam, 2016; Ya et al., 2021). However, limitations of recycling technology and long durability result in plastic accumulation in natural environment, especially soil (Boots et al., 2019; Ya et al., 2021). Under long-term photo-oxidative, thermal, ozone-induced, mechanic-chemical, catalytic and biological processes, plastic debris can be decomposed into micro-plastics (Thompson et al., 2004), referring to plastic debris with a size less than 5 mm, are an emerging contaminant of soil (Boots et al., 2019; de Souza Machado et al., 2018a; Ding L. et al., 2022; Guo et al., 2020; Li H. Z. et al., 2021; Wang Q. et al., 2021; Yang B. et al., 2022). Previous studies have demonstrated that micro-plastics entre soils through multiple pathways (Guo et al., 2020; Kumar et al., 2020; Yang B. et al., 2022), such as compost and sewage sludge application (Corradini et al., 2019; Schell et al., 2022; van den Berg et al., 2020; Weithmann et al., 2018; Yang M. et al., 2021; Yang J. et al., 2021; Zhang J. et al., 2023; Zhang L. et al., 2020), residual plastic mulching (Huang et al., 2020; Khalid et al., 2023; Qi R. et al., 2020; Qi et al., 2018; Steinmetz et al., 2022; Zhou B. et al., 2020) and micro-plastic seed film-coating (Accinelli et al., 2019), atmospheric fallout (Allen et al., 2019; Bergmann et al., 2019; Brahney et al., 2020; Corradini et al., 2019; Nizzetto et al., 2016; Scheurer and Bigalke, 2018), wastewater irrigation (He et al., 2018; Perez-Reveron et al., 2022), wind erosion (Bullard et al., 2021; Rezaei et al., 2022; Rezaei et al., 2019), and tire wear (Ding J. et al., 2022).

Plastic pollution has emerged as a critical environmental issue with far-reaching impacts on soil ecosystems, particularly on microbial communities that play essential roles in nutrient cycling and soil health. Recent studies have demonstrated that microplastics can alter the physical and chemical properties of soil (Boots et al., 2019; de Souza Machado et al., 2018b; Feng et al., 2022; Lozano et al., 2021a; Qi Y. et al., 2020; Wang et al., 2020), leading to changes in microbial diversity, abundance, and function. Additionally, microplastics can serve as vectors for harmful chemicals and pathogens, thereby influencing microbial community structure and resilience. Studies have reported that micro-plastics and/or nano-plastics can be carriers for other soil pollutants (Rillig et al., 2019a; Zhang S. et al., 2020), absorbing and transporting harmful organic pollutants (Huffer et al., 2019; Li et al., 2016; Zhang B. et al., 2020; Zhang et al., 2021), antibiotics (Li et al., 2018; Zhu D. et al., 2022; Zhu F. et al., 2022), heavy metals (Abbasi et al., 2020; Zhang B. et al., 2020), xenobiotics (Hummel et al., 2021) and act as a vector for bacterial disease (Beloe et al., 2022). Furthermore, the degradation of plastics introduces a variety of chemical compounds into the soil, which can be metabolized by certain microbes, leading to shifts in community composition. In addition, micro-plastics provide additional habitats for many microbial communities in the environment (Li et al., 2023; Rüthi et al., 2020; Wang et al., 2022; Wang et al., 2023; Yang Y. et al., 2022; Zhang et al., 2019; Zhu D. et al., 2022; Zhu F. et al., 2022). Finally, micro-plastics affect plant (Rillig et al., 2019b), which in turn mediate soil microbial community through alterations of rhizodoposition as well as litter quality and quantity. In the last decades, the impacts of plastic contamination on soil microbial community have been extensively studied (Rillig et al., 2019a). The development trends indicate an increasing concern over the long-term ecological consequences of plastic pollution, with research focusing on understanding the mechanisms of microbial adaptation and the potential for bioremediation. Addressing these impacts is crucial for preserving soil health and ensuring sustainable agricultural practices, highlighting the need for ongoing research and policy interventions. However, to our knowledge, no report has revealed the status and development trends of impacts of plastic pollution on soil microbial community using data mining yet.

The subfield of scientometrics known as bibliometric analysis employs computer technology and statistical methods to quantitatively assess the current state of research, areas of high interest, and emerging trends within a particular research domain (Li J. et al., 2021; Zhang and Chen, 2020). Furthermore, bibliometric analysis has gained widespread recognition as a valuable tool for guiding novice researchers (Fu et al., 2010), offering valuable insights into the development and evolutionary patterns of disciplines, collaborative efforts, and prospective directions. Since the Science Citation Index Expanded (SCI-E) database provides comprehensive coverage of the most important and influential research results from all over the world (Zhang and Chen, 2020), we do a bibliometric collection based on the SCI-E database in the “Web of Science Core Collection.” Considering the unique advantages and drawbacks of bibliometric analysis tools, such as Bibexcel, Bibliometrix (Aria and Cuccurullo, 2017), BiblioMaps (Grauwin and Sperano, 2018), CiteSpace (Chen, 2006), CitNetExplore (Thor et al., 2016), SciMAT (Cobo et al., 2012), Sci2 Tool (Börner, 2011), VOSviewer (van Eck and Waltman, 2010), we utilized three commonly used bibliometric analysis software simultaneously.

This study aims to provide a comprehensive overview of the Performance, critical knowledge gaps, and development directions of studying plastic-soil-microorganism interaction through bibliometric analysis, and to offer insights and suggestions for the future development of this field.



2 Materials and methods


2.1 Data collection

A comprehensive literature search on the Web of Science Core Collection (WoSCC) database1 on January 1, 2024. The search formula was defined as follows: ((TS = (microplastic* or nanoplasctic*)) AND TS = (soil microbial community or soil bacterial community or soil fungal community)) AND LA = (English), and the type of documents is set to “articles “OR “review” (Supplementary Figure S1). A total of 452 English peer-reviewed publications were retrieved with selected information (including title, keywords, abstract, introduction, author information, journals, citation, and institutional affiliation).



2.2 Data analysis

In the present study, three analytical software tools were simultaneously used. Firstly, the overview, consisting the main information, annual scientific production, sources, authors, affiliations, countries, most globally cited documents, most frequent words, word dynamics, clustering by coupling were analyzed using the Bibliometrix, which contains the more extensive set of techniques and are suitable for practitioners through Biblioshiny (Moral-Muñoz et al., 2020). Additionally, the visualization of co-authorship networks and the co-occurrence networks of keywords were implemented using VOSviewer version 1.6.18 (Centre for Science and Technology Studies, Leiden University, The Netherlands). The collaborative relationship between authors sharing more than two publications was determined by co-authorship analysis using VOSviewer. Finally, keyword clustering network analysis, co-citation reference analysis and the burst analysis were performed using the CiteSpace version 6.2. R6 (a keyword clustering map was generated using the log-likelihood ratio algorithm (LLS) after eliminating relevant subject words).




3 Results


3.1 Publication outputs

As shown in Figure 1, the annual number of articles on potential ecological risks of plastic contaminate showed an overall upward trend during 2011–2023. From 2011 to 2017, fewer papers were published, whereas the growth rate of published papers has accelerated since 2018, and the number of papers published in 2023 has risen to 193. Further analysis showed that the cumulative publications experienced an exponential growth ([image: The equation shown is \( y = 0.2509 e^{0.5521x} \), with a coefficient of determination \( R^2 = 0.9619 \).]) during 2011–2023 (Figure 1). It shows that studying on ecological risks of plastic containment on soil microorganisms has gradually increased and received more and more attention in recent years.

[image: Bar chart showing the number of publications per year from 2011 to 2023. Minimal publications from 2011 to 2017, followed by a sharp increase, peaking at 193 in 2023. A cumulative publications curve is plotted with an equation \( y = 0.2509e^{0.5521x} \) and \( R^2 = 0.9946 \). Cumulative publications trend is shown with a dotted line.]

FIGURE 1
 Distribution of annual and cumulative scientific publications addressing potential impacts of plastics pollution on soil microbial communities gained from the Web of Science (WoS) core collection from 2011to 2023.




3.2 Countries/regions and institutions

From the country level, China ranked the first productive country on the impacts of plastic pollution on soil microbial communities, with 322 papers published, accounting for 71.24% of the total publications. This was followed by Germany and the United States, with 46 and 42 publications, respectively. Further examination showed that the publications of the Germany, Poland, United States, Mexico, and Switzerland has exploded recently (Figure 2A). Among which, the strongest burst intensity was found in Germany, with a burst intensity of 2.18 and a burst period of 2018–2019, whereas the longest lasting burst time was found in Poland, with a period spanning from 2011 to 2020. From the institutional level (Table 1), Chinese Academy of Sciences has the highest number of publications, with 67 articles, ranking the first. This was followed by University of Chinese Academy of Sciences, with 25 papers. During 2016–2021, the Institute of Soil Science, Chinese Academy of Sciences experienced a surge in publications, with a burst intensity of 1.75, and the longest burst time, whereas the Tsinghua University has a relatively late burst time in comparison with other institutions, from 2021 to 2022 (Figure 2B).

[image: A table divided into three sections (A, B, C) presents information on countries, institutions, and authors. Each section lists entries with columns for year, strength, begin, and end dates, alongside a visual timeline from 2011-2023 or 2011-2024. (A) shows Germany, Poland, USA, Mexico, and Switzerland. (B) includes institutions like the Institute of Soil Science, CSIRO, and others. (C) lists authors such as Anika Lehmann, Anderson Abel de Souza Machado, and others. Bar charts illustrate involvement strength and duration.]

FIGURE 2
 Top five countries (A), top ten institutions (B) and top ten authors (C) with strongest burst.




TABLE 1 Top 15 most productive institutions of studying the ecological risks of plastics pollution on soil microbial community.
[image: Table ranking institutions based on publications, citations, and country. Top three: Chinese Academy of Sciences (67 publications, 3,004 citations, China), China Agricultural University (25 publications, 1,237 citations, China), University of Chinese Academy of Sciences (24 publications, 1,100 citations, China). Other institutions include Freie Universität Berlin, Bangor University, and Wageningen University & Research. Countries represented include China, Germany, United Kingdom, and Netherlands.]

Additionally, there were strong close cooperation across some countries (Figure 3A) and institutions (Figure 3B). China is the most willing to cooperate with other countries. Notably, China and the United States have the closest cooperative relationship. Chinese Academy of Sciences has the strongest willingness to cooperate with other institutions, whereas the closest cooperative relationship was observed between Free University of Berlin and Berlin-Brandenburg Institute of Advanced Biodiversity Research. The collaborations between China Agricultural University and Bangor University were also frequently.

[image: (A) A network diagram with nodes in various colors connected by lines, displaying a complex interlinked structure. (B) A denser network diagram with red, green, and yellow nodes showing increased connectivity and clustering. (C) Another network diagram with red, yellow, and blue nodes, indicating distinct clusters and connections. Each diagram includes a VOSviewer watermark.]

FIGURE 3
 Collaboration network between countries (A), core institutions (B), and core authors (C). In the maps, the size of the circle represents of the number of documents, and the thickness of the lines depicts the strength of the association. In general, the larger the nodes, the stronger the collaboration between country, institution, and authors.




3.3 Authors

A total of 23 authors published at least five articles during the examined period (Table 2). Specifically, professor Davey L. Jones from Bangor University was the most productive author in terms of published articles. He published 13 papers with 881 citations, followed by professor Geissen Violette from Wageningen University & Research and professor Yao Huaiying from Institute of Urban Environment, Chinese Academy of Sciences, respectively. Both the afore-mentioned two authors published nine articles, whereas the citations were 1,027 and 242, respectively. The other authors published no less than five articles were Huadong Zang and Jie Zhou from China Agricultural University, Yaying Li from Institute of Urban Environment, Chinese Academy of Sciences, Yongxiang Yu from Wuhan Institute of Technology, Robert W. Brown and David R. Chadwick from Bangor University, Xuetao Guo and Zhuozhi Ouyang from Northwest A&F University, Yanhua Chen, Xuexia Wang, and Zuoyuan Zou from Beijing Academy of Agriculture and Forestry Sciences, Tida Ge from Ningbo University, Yongming Luo from Institute of Soil Science, Chinese Academy of Sciences, Esperanza Huerta Lwanga from Wageningen University & Research, Yong Sik Ok from Korea University, Hongwen Sun from Nankai University, as well as Jing Wang, Jun Wang, Hui Wei and Jiaen Zhang from South China Agricultural University (Table 2). Burst analysis showed that the publication number of Anika Lehmann has increased explosively during 2018–2019, with the first publication in 2018, and the publication number of Yongming Luo, Peter Christie, Ying Teng showed a steady increase during 2016–2019 (Figure 2C).



TABLE 2 Top authors with least five publications related to ecological risks of plastics pollution on soil microbial community.
[image: Table displaying a ranking of authors based on publications, links, total link strength, and citations. It includes ranks, author names, publication numbers, link details, citation counts, countries, and institutions. Top-ranked are Jone, Davey L., Geissen, Violette, and Yao, Huaiying, with institutions like Bangor University, Wageningen University & Research, and Chinese Academy of Sciences.]

As presented in co-author network, several author groups work together closely and have significant links to other groups, including the clustering of an important collaborative team with Davey L. Jones and Geissen Violette as the core (Figure 3C). Davey L. Jones established extensive collaborations with other authors, as evidenced by the highest number of linkages. Among which, the closest partnership was found to that between him and Huadong Zang. Besides, there are scientific groups with significant scientific outputs but limited levels of cooperation with other groups among the most influential authors in this field. For instance, the collaborative team with Huaiying Yao as the core, which is at the edge of the entire network map, is less collaborative in intensity than those located near the center of the map.



3.4 Journals

During 2011–2023, the leading journal that published the most articles was Journal of Hazardous Materials, followed by Science of the Total Environment and Environmental Pollution, with a total of 76 and 30 publications, respectively (Table 3; Figure 4A). In addition, the Chemosphere, Ecotoxicology and Environmental Safety, Applied Soil Ecology, Environment International, Environmental Research, Environmental Science and Pollution Research, and Frontiers in Environmental Science were also important sources. Further analysis indicated that there was a notable shift in journals during the examined period. The earlier studies mainly published on Science Advances and International Biodeterioration & Biodegradation, whereas the latest studies were published on Critical Reviews in Environmental Science and Technology, Ecological Indicators, and Environmental Engineering Research (Figure 4B). Burst analysis revealed that Journal of Polymers and the Environment experienced the strongest emergence, followed by Marine Environmental Research, with a bursting strength of 6.64 (Figure 4C).



TABLE 3 Top 25 influential journals with the number of published papers, Impact factor, and the position of the journal in its category.
[image: Table listing 25 journals with columns for rank, journal name, total publications (TP), links, total link strength (TLS), impact factor (IF), and quartile (Q1, Q2, Q3, NA). The top-ranked journal is "J Hazard Mater" with 80 TP, 84 links, a TLS of 1,587, an IF of 13.6, and categorized in quartile Q1.]

[image: Diagram titled "(A)" and "(B)" depicting networks of scientific journals with interconnected nodes. Clusters are color-coded, highlighting journals like "Environmental Pollution," "Science of the Total Environment," "Journal of Hazardous Materials," and "Chemosphere." In "(A)," clusters appear in red, green, and blue; in "(B)," clusters transition from blue to green, indicating the year range 2020-2023. Connections represent citation or research relationships.]
 [image: A visualization shows two parts: (C) lists cited journals from 2011 to 2023 with columns for strength, year, and timelines, represented by horizontal bars. (D) displays a network map with clusters labeled by topics such as soil respiration, nitrogen cycling, biomarkers, and microplastic remediation. Connecting lines indicate relationships, with a color gradient timeline from 2013 to 2023 on the left.]

FIGURE 4
 (A) timeline of journal publications (B), the top 20 cited journals with the strongest burst citations (C), and citation clusters (D). In the clustering and timeline view map, each circle and its corresponding label constitute a node. The size of the circle corresponds to the frequency of the keywords, the color of the sphere indicates the average year of publication, as indicated by the color gradient in the lower right corner. Blue signifies journals with earlier publications, with Advances and International Biodeterioration & Biodegradation showing an early average publication time. Conversely, yellow denotes journals with more recent publications, with Critical Reviews in Environmental Science and Technology, Ecological Indicators, and Environmental Engineering Research representing relatively new entries in the field. In the citation clustering diagram, each color block represents a cluster group, with the cluster number being inversely proportional to the cluster size.




3.5 Highly cited references and co-cited references

The co-cited publications were clustered into 14 categories (Figure 4D), namely #0 soil respiration, #1 nitrogen cycling, #2 plastic degradation, #3 soil contamination, #4 biomarkers, #5 horticulture, #6 gut microbiota, #7 phytotoxicity, #8 denitrification, #9 soil degradation, #10 micro-plastic remediation, #11 polycyclic aromatic hydrocarbons, #12 LDPE, and #13 microbiology. The most cited paper was a research article titled “Microplastics can change soil properties and affect plant performance,” which has been cited 205 times until January 1, 2024, based on the WoS database (Table 4). This study investigated the effects of six different microplastics (polyester fibers, polyamide beads, and four fragment types: polyethylene, polyester terephthalate, polypropylene, and polystyrene frag) on a broad suite of proxies for soil health and performance of spring onion (Allium fistulosum), and suggested that the pervasive micro-plastic contamination in soil May impact plant performance and further threat agroecosystems and terrestrial biodiversity As illustrated in the Figures 5A,B, the cluster-based co-citation network was found to be a well-structured and a sufficiently credible network (Q = 0.8771, S = 0.9818).



TABLE 4 Top 20 most cited papers.
[image: A table displays data on the rankings of scientific articles. Columns include Rank, Citation count, Degree, Centrality, Sigma value, First Author, Year, Source, and DOI link. The top-ranked article has the author Machado AAD, published in Environ Sci Technol in 2019, with 205 citations. The table lists 20 entries, highlighting research metrics and publication details for various articles.]

[image: (A) A network visualization map showing connections between keywords related to microplastic pollution, with clusters in blue, green, red, and yellow, each representing different thematic areas.  (B) A table listing keywords such as "terrestrial ecosystem" and "soil food web," alongside columns for year, strength, begin, and end, with a timeline bar from 2011 to 2023 showing research activity.]

FIGURE 5
 Co-occurrence keyword cluster network visualization of the author keywords using VOSviewer software (A), and the top ten keywords with the strongest citation bursts maps using CiteSpace (B). The minimum co-occurrence frequency of keywords was 3. To be clearer, only the most abundant keywords were shown in the co-occurrence network. Specifically, out of 1,110 keywords (1,004 after removing duplicates), a total of 103 keywords were selected to create a visual map. Each circle in the map represents a node, with the circle’s size indicating the frequency of that keyword. The thickness of the circle’s line represents the strength of the relationship between the keywords. The nodes are color-coded based on different research directions, determined using a clustering algorithm that calculates the similarity between keywords. Similar keywords are grouped together, and the specific cluster names can be summarized separately. The colors of each cluster describe each topic. The red cluster shows the highest interest in soil bacterial community, while the yellow cluster focuses on micro-plastic pollution. The green cluster highlights research on the soil microbial community, while the blue cluster emphasizes soil-related studies. In the top ten keywords with the strongest citation bursts, the blue line represents a time interval, while the red line highlights periods in which a particular keyword experienced a burst of activity or increased attention. The starting year and duration reflect the starting time and duration of the keywords that attracted widespread attention.




3.6 Keywords

A total of 1,110 keywords were identified, and 1,004 keywords were obtained after excluding duplications and words not-related to the target terms of the present study, as well as merging synonymous keywords. Consequently, 103 keywords reached the minimum limit of three occurrences and exposed to final analysis. The top ten frequently occurring keywords were “soil bacterial community,” “biodegradable micro-plastics,” “green gas emissions,” “heavy metals,” “rhizosphere soil,” “microbial diversity,” “nitrogen cycling,” “ecosystem functioning,” “metabolomics,” and “soil quality.” These ten words also have the most connections with the other keywords in the dataset. The clustering analysis of keywords indicate that studies regarding interactions between soil microbial community and plastic contaminant are divided into four major research themes (Figure 6A; Supplementary Table S2). The first cluster (red) contains 28 author keywords: soil bacterial community, biodegradable micro-plastics, greenhouse gas emissions, heavy metals, rhizosphere soil, microbial diversity, nitrogen cycling, ecosystem functioning, metabolomics, soil quality, etc. The second cluster (yellow) contains 27 author keywords: soil microbial community, soil enzyme activity, agricultural ecosystems, plastisphere, biodegradable plastics, plastic mulch film, polyethylene micro-plastics, soil aggregation, co-occurrence network, bacterial diversity, etc. The third cluster (green) contains 25 author keywords: soil, plastic pollution, biodegradation, polyethylene, ecological risks, ecotoxicity, fungi, soil property, bacteria, phytotoxicity, etc. The fourth cluster (blue) contains 23 authors’ keywords: micro-plastic pollution, microbes, nano-plastics, soil health, analytical methods, soil physicochemical properties, toxicity, soil biota, terrestrial ecosystem, environmental pollution, etc. Overall, soil bacterial community, micro-plastic pollution, soil microbial community, and soil was the hottest research topics in these four themes, respectively. The time-series keyword co-occurrence network showed that all examined keywords can be divided into 12 clusters, namely #0 microbial community, #1 analytical methods, #2 soil physicochemical property, #3 microbial diversity, #4 soil quality, #5 nutrient cycling, #6 paddy soil, #7 soil microorganisms, #8 nitrogen cycle, #9 degradable micro-plastics, #10 emerging contaminants, and #11 human health. The cluster #0 is microbial community, and its publications are between 2017 and 2022. The “soil microbial community,” “biodegradable micro-plastics,” “soil properties,” “heavy metals,” etc. are included in this cluster. The cluster #1 is analytical methods, and its publications are between 2018 and 2023. This cluster contains 21 words, such as “ecological risks,” “terrestrial ecosystem.” The cluster #2 is soil physicochemical properties. The burst analysis of keywords displayed that “ecological risks” and “soil aggregation” are the keywords with strongest burst during the last five years (Figure 5B). Keywords, such as “ecological risks” and “soil aggregation” have showed burst increase during 2021–2023 (Figure 5B). The cluster #3 is microbial diversity. The cluster #4 is soil quality. The cluster #5 is nutrient cycling. The cluster #6 is paddy soil. The cluster 7 is soil microorganisms. The cluster#8 is N cycle. The cluster #9 is degradable microplastics. The cluster #10 is emerging contaminants, and the cluster #11 is human health. Overall, the studies on soil, plastic pollution, biodegradation, and soil microbial communities are a hot topic in the field of environmental science. The analysis of keyword co-occurrence networks shows that these topics are interconnected and have been the focus of research in recent years. The emergence of keywords related to degradable micro-plastics, emerging contaminants, and human health also indicates a growing interest in understanding the impacts of pollution on the environment and human well-being. This analysis provides valuable insights into the current trends and challenges in environmental science and highlights the need for continued research and innovation in this field (see Figure 6).

[image: Network visualization depicting various research topics related to soil and environment from 2011 to 2023. Nodes represent topics like "microbial community," "soil quality," and "human health," sized by importance. Colored lines indicate connections between topics, with a color gradient legend for years.]

FIGURE 6
 The timeline review of keywords. The size of the superimposed balls, indicating the corresponding ball on the annual ring line, is directly proportional to the frequency of keywords. The connection between keywords represents their co-occurrence. In the visualization, purple represents keywords that appeared earlier, while yellow represents those that appeared recently. The overlay color represents the keywords that appeared in a specific year. Within the network, rose-red nodes hold significant centrality as they occupy central positions and act as hubs. Keywords belonging to the same cluster are positioned along the same horizontal line. The occurrence time of each keyword is displayed at the top of the view, with more recent times towards the right. This graphical representation allows us to determine the number of keywords in each cluster, indicating the importance of the clustering field. Additionally, it provides insights into the time span of keywords within each category.


Thematic evolution analysis showed that the studying focus varied greatly during the examined periods (Supplementary Figure S2). The newly interests are the ecological risks and mechanisms of bio-gradable plastic residues on soil microbial community and associated functions in agroecosystem, the combined effects of plastic residues and other emerging pollution on enzymatic activity, soil microbial diversity in plastisphere and rhizosphere, phytotoxicity, soil food webs and soil health as well as the potential effects of biochar on mitigation of plastic pollution (Supplementary Figures S2B–E).




4 Discussion

To provide a better understanding of the current conditions and reveal future research directions of the impacts of plastic pollution on soil microbial communities, a bibliometric analysis of the publishing trends, including the countries, institutional collaborations, author collaborations, keywords, and hotspots was performed.


4.1 Implications of performance analysis

The observed steady increase in publications particularly from 2018 to 2023 (Figure 1) and from growing numbers of countries and institutions indicates that the impacts of plastic contamination on soil microorganisms have attracted widespread attention from scholars and have become a globally involved research topic. A likely reason for the tremendous increase in the publications is that the calling for due attention on ecological risks of microplastics in 2016 (Rochman et al., 2016) has received positive response. As evidenced by the findings, China was the most influential and productive country with the highest number of publications and related research institutions (Table 2). This result implies that China has attached a great importance to plastic pollution, and has become the center in the field of ecological impacts of plastic contaminant on soil microorganisms. The total citations and publications of a research institution reflect, to a certain extent, the studying scale and capacity in the field, as well as the close degree of cooperation between domestic and foreign research institutions (Zhang T. et al., 2023). Our findings suggested that the studying on the impacts of plastic pollution on soil microbial communities is an interdisciplinary field and formed relatively stable research center.

Recognizing collaborative networks in research across various countries, institutions, and authors is crucial (Zhou et al., 2018) as it aids in identifying the foremost and most innovative countries, institutions, and authors in this domain (Yu and Chen, 2021). Networking among countries and institutions helps to provide directions for further research (Wahyuningrum et al., 2023). Furthermore, evaluating the mode and extent of collaboration can elucidate the collaborative relationships at different stages (Lin, 2024). The impact assessment and mitigation of plastic contaminants are believed to be a multifaceted and comprehensive research topic, necessitating wide collaboration for future research. Although cooperative relationships between some countries, such as between China and the United States, were observed, the breadth and intensity of cooperation between institutions are not ideal. Clearly, this situation will hinder the development of the research field in the long run. Enhancing academic collaboration and exchange with other nations leads to mutually beneficial outcomes (Geng et al., 2022). Although authors with similar backgrounds in terms of nationality and institution tend to collaborate more frequently and easily (Zhang T. et al., 2023), cross-background, cross-institutional, and cross-national collaboration should be prioritized. Interdisciplinary collaboration is particularly are beneficial for the mutual learning among different teams and contribute to the rapid advancement and diverse development of ecological risks assessment and mitigation of plastic contamination. Therefore, we strongly recommend that research institutions in various countries carry out extensive cooperation and communication to jointly promote the development of mitigation strategies.

The assessment of research impact and researcher interest in scientometric literature heavily relies on citation metrics (Bagdi et al., 2023). Traditional citation metrics often emphasize established researchers and prominent journals, potentially overlooking emerging scholars and interdisciplinary research. In contrast, altmetrics can highlight impactful work that resonates with the public, policymakers, and practitioners, thereby democratizing the recognition process. Moreover, altmetrics enable real-time tracking of research influence, providing immediate feedback to researchers regarding how their work is being received and utilized. This feedback can encourage more dynamic and responsive research practices, enabling scholars to adjust their focus and dissemination strategies based on ongoing engagement and feedback from a broader audience. Additionally, the adoption of altmetrics can catalyze the development of new tools and platforms for research dissemination and collaboration. By leveraging social media, academic networks, and digital repositories, researchers can enhance the visibility and accessibility of their work, fostering greater collaboration and innovation across disciplines. Furthermore, the integration of altmetrics into research assessment can promote greater transparency and inclusivity in recognizing scholarly contributions. By embracing a more diverse array of metrics, the academic community can better capture the multifaceted nature of scholarly influence and contribution, ultimately advancing the goals of knowledge dissemination and societal advancement.



4.2 Critical knowledge gaps

Identifying critical knowledge gaps in the studying of the impacts of plastic pollution on soil microorganisms is crucial for advancing our understanding and implementing effective strategies. Overall, the effects of plastic residues on soil microbes varied significantly across polymer type, particle shape, size, elemental composition and concentration, exposure duration, soil properties, land-use type and target object (Bucci et al., 2020; Qiu Y. et al., 2022; Sun et al., 2022; Li H. Q. et al., 2021; Liu et al., 2023; Liu M. et al., 2024; Jia et al., 2024). Microplastics increased soil microbial biomass, substantially reduced soil bacterial diversity (as measured by the Shannon index) and altered the microbial community composition, with their impact on soil bacteria being more pronounced than on soil fungi (Liu M. et al., 2024). Our analysis indicates that due to limited empirical data, the effects of micro(nano)plastics on soil microbes have not been fully characterized.

A critical knowledge gaps is that the findings from laboratory experiments need to be further validated under field conditions. Firstly, while numerous studies have documented the presence and physical effects of micro(nano)plastics in soil environments, their toxic effects on microbial health and function have not been fully explored. For instance, studies have shown that microplastics can alter soil physical properties, such as bulk density, soil aggregation stability and soil moisture (Zhang B. et al., 2020; Qiu Y. et al., 2022), soil pH (Song et al., 2024), soil organic carbon content (Zhao et al., 2021; Guo et al., 2022) as well as nutrient availability (Yang M. et al., 2021; Yang J. et al., 2021; Yu et al., 2020), potentially impacting microbial activity and diversity (Rillig et al., 2019b; Hanif et al., 2024). However, direct assessments of toxicity, such as changes in microbial cell viability, metabolic activity, and gene expression induced by micro(nano)plastic exposure, are still limited. Experimental studies on the biochemical and physiological responses of soil microbes to micro(nano)plastics are essential. For instance, it is crucial to determine whether micro(nano)plastics induce oxidative stress, disrupt cell membranes, or interfere with essential metabolic processes in soil microbes (Zhu et al., 2018). Furthermore, most existing studies on the impacts of micro(nano)plastics on soil microbial community have used a certain type of virgin polymer. In contrast, under field conditions, soil microbial communities are often exposed to a mixture of different micro(nano)plastics, covering a range of degradation gradients. Therefore, it is necessary to investigate how the concentration, particle size, shape, and chemical composition of micro(nano)plastics affect their toxicity. Such studies can reveal the mechanisms underlying microbial stress induced by micro(nano)plastic and help determine which specific microbial groups are particularly susceptible to these pollutants (Qi Y. et al., 2020). In addition, most existing studies use concentrations higher than those found in real environmental conditions (Shen et al., 2019; Wang W. et al., 2021; Wang L. et al., 2021). Furthermore, most studies involve a single soil type, whereas the responses of soil microbial communities to micro(nano)plastics vary greatly under field conditions, influenced by the diversity of microbial taxa, the heterogeneity of soil types, and intensive anthropogenic activities. It is well known that different soil types exhibit distinct differences in physicochemical properties, microbial diversity, and functional gene abundance (Li H. Z. et al., 2021; Dong et al., 2024a). Soil microbial communities exhibit selective response to plastic residues. Different microbial species and functional groups show varying degrees of sensitivity to micro(nano)plastic pollution. For instance, some bacteria May possess metabolic pathways that enable them to degrade certain types of microplastics, whereas others May be inhibited or killed by the same contaminants (Rochman et al., 2016). This variability in microbial responses makes it more complex to generalize the ecological impacts of micro(nano)plastics in different soil ecosystems. Moreover, soil characteristics, such as texture, soil water content, organic matter content and pH, can modulate the effects of micro(nano)plastics on microbial communities. For instance, soils with high organic matter content May adsorb micro(nano)plastics, reducing their bioavailability and toxicity to microbes (Salam et al., 2023). Conversely, sandy soils with low organic content cannot buffer these impacts as effectively, leading to greater microbial stress. Understanding the interactions between soil properties and micro(nano)plastics is crucial for predicting the ecological outcomes of microplastic pollution in different environmental contexts. Given this complexity, comprehensive studies involving a wide range of microbial taxa and different soil types are needed. Such studies should aim to identify patterns and drivers of microbial response to micro(nano)plastics, helping elucidate factors determining susceptibility and resilience. By incorporating microbiological, soil science, and environmental chemistry approaches, future studies can comprehensively understand the ecotoxicological effects of micro(nano)plastics on soil ecosystems (de Souza Machado et al., 2018a).

The long-term ecological impacts of microplastics on soil microbial communities are another critical knowledge gap. Most existing studies concentrate on short-term effects. Short-term laboratory experiments, while valuable for initial insights, cannot reflect the dynamic interactions and cumulative effects that occur over a long period in natural environments. For instance, a recent study reported that short-term exposure to pollutants significantly affected soil bacterial functions, while long-term exposure did not exert significant impact on soil bacterial functions (Wu Z. et al., 2024). In contrast, long-term studies under field condition are essential to capture seasonal variations, microbial succession, and the gradual accumulation of microplastics in soils, providing a more comprehensive picture of their ecological impacts (Liu et al., 2023). Plastic accumulation and persistence in soil can last for many decades (Temporiti et al., 2022). Short-term studies hinder our ability to generalize findings and assess the chronic effects of microplastic pollution on soil health and functionality (Rochman et al., 2016). Over time, the microplastics gradually fragment and degrade into smaller particles, including nanoplastics, which can alter their toxicity and bioavailability (Ya et al., 2021; Wu J. Y. et al., 2024). Long-term field studies can reveal these processes, showing how the aging and weathering of microplastics affect their interactions with soil microbes. Furthermore, such studies can help determine the adaptability or resistance potential of microbes to micro(nano)plastic pollution, enhancing a deeper understanding of ecosystem resilience. The complexity and variability of soil ecosystems also require long-term monitoring and field studies to understand the comprehensive impact of micro(nano)plastics on soil microbial communities. By evaluating the long-term and synergistic impacts of micro(nano)plastics, scholars can better predict their ecological consequences and provide information for risk assessments and remediation efforts. This knowledge is crucial for developing sustainable agricultural practices and environmental management strategies, protecting soil health and ensuring the continued provision of important ecosystem services.

In addition, it is noteworthy noting that microplastics and/or nanoplastics can absorb other pollutants, including heavy metals. Microplastics rarely exist alone; they interact with heavy metals, pesticides (Fu et al., 2024; Wu C. et al., 2024), and organic pollutants (Ya et al., 2023), which May exacerbate their toxic effects on soil microbial communities. Therefore, it is a necessity to explore the potential interactions between microplastics and other soil pollutants, such as heavy metals (Meng et al., 2023; Li et al., 2024; Song et al., 2024; Sun et al., 2024) and pesticides (Fu et al., 2024), which May enhance or diminish their ecological impacts on soil ecosystem. Besides, the toxicity caused by plastic additives as well as the indirect effects on soil properties, such as soil water content (Qiu Y. et al., 2022) and soil organic carbon (Zhao et al., 2021; Guo et al., 2022; Salam et al., 2023), and plant performance (Qi et al., 2018; Jiang et al., 2019; Zhang L. et al., 2022) during plastic degradation, would also have a significant impact on soil microbial community (Boots et al., 2019; de Souza Machado et al., 2019). To deepen our understanding of the specific effects and underlying mechanisms, of plastic debris on soil microbes and/or microbial communities. It is necessary to include more types of polymers, shapes, particle sizes, degradation stages and concentrations of plastic debris into consideration. For instance, nanoplastics, May have unique impacts that require further investigation. Meanwhile, despite microplastics being recognized as a pervasive pollutant in soil ecosystems, our understanding of their specific interactions with soil microbial communities at a molecular and cellular level is still relatively unclear. Current studies mainly focus on the presence and quantification of microplastics in soils, which leaves a significant knowledge gap in understanding how these particles influence microbial physiology and metabolism. For instance, although it is known that microplastics can serve as vectors for chemical pollutants and pathogens, the exact mechanisms of interaction between these pollutants and microbial cell membranes, intracellular processes, and genetic material are poorly understood (Rillig et al., 2019b). Advanced molecular techniques, such as metagenomics, proteomics, and metabolomics, are urgently needed to dissect these complex interactions. These approaches can reveal changes in microbial gene expression, shifts in metabolic pathways, and changes in community composition induced by microplastic exposure (Tiwari et al., 2022). Furthermore, studying the physical interactions between microplastics and microbial cells, such as adhesion, biofilm formation, and particle ingestion, is crucial for understanding the broader ecological implications (Qiu X. et al., 2022). Without a detailed understanding from molecular and cellular perspectives, our ability to predict the ecological consequences of micro(nano)plastics in soils will be severely limited. Besides, a comprehensive understanding the ecological risks of micro(nano)plastics, particularly for nonbiodegradable nanoplastics the perspective of soil food web is also needed (Wei et al., 2022). Exploring the potential impacts of nanoplastics on soil microorganisms and their roles in soil nutrient cycling could provide valuable insights into the overall ecological consequences of nanoplastic pollution in terrestrial ecosystems. Studying the interactions between nanoplastics and soil biota at the molecular level May reveal novel mechanisms underlying the persistence and bioaccumulation of nanoplastics in soil environments. This deeper understanding is crucial for developing effective mitigation strategies to safeguard soil health and ecosystem resilience. Finally, soil, soil microbes and plants are closely related and interact constantly, and thus it is advisable to unravel the general response patterns of ecosystems to plastic pollution in the view of plant–soil-microbial systems (Jia et al., 2024).

The fourth critical knowledge gap is to better understand how changes in microbial communities resulted from plastic contaminants affect soil ecosystems and their functions. Due to the complex interactions between plastic residues, soil and soil microorganisms, and the mechanism of the effect of micro(nano)plastics on soil microorganisms is not clear at present (Zhou Y. et al., 2020; Qi et al., 2024). Plastic pollution is expected to induce shifts in soil microbial community composition and its mediated ecological processes through pH (Song et al., 2024; Zhang et al., 2024), soil moisture (Qiu Y. et al., 2022), soil organic matter content (Zhao et al., 2021; Salam et al., 2023; Iqbal et al., 2024a). The shifts in community structure can further change microbial function (Huang et al., 2019; Fei et al., 2020; Li H. Z. et al., 2021; Dong et al., 2024a; Dong et al., 2024b; Liu et al., 2024a), microbial interactions (Hu et al., 2022; Shi et al., 2022a; Zhou et al., 2024) as well as the complex interplay of microbial processes in the soil environment (Zhang et al., 2024). It is still unclear how changes in microbial communities caused by plastic contaminants affect soil ecosystems and their functions. Therefore, investigating the influence of plastic residues on essential soil processes like nutrient cycling is crucial for assessing broader ecological consequences (Shi et al., 2022b; Zhu D. et al., 2022; Zhu F. et al., 2022; Liu et al., 2024a). Furthermore, recent studies have examined the effects of micro(nano)plastics on greenhouse gasses (Gao et al., 2021; Zhang et al., 2022; Rauscher et al., 2023; Iqbal et al., 2024b; Su et al., 2024; Sunil et al., 2024) and climate change (Shen et al., 2020), whereas the causal relationship between micro(nano)plastics and climate change needs further exploration (Chia et al., 2023). Finally, studying the spread of plastic-associated contaminants through the food web is essential for understanding the broader ecological impacts of soil plastic pollution. Studies have shown that plastic pollution significantly affects plant health (Khalid et al., 2020; Guo et al., 2024; Qi et al., 2018) and higher trophic levels (Gao et al., 2024; Guo et al., 2024; Kwak et al., 2024), whereas complex interactions exist between plants, soil microorganisms and animals need further investigation. Investigating the combined pollution of micro(nano) plastics and other contaminants on soil microbial functional groups and functional genes is currently a key research focus (Ya et al., 2021), with potential to advance the field in the coming years.

Furthermore, there are few studies addressing the interactions between micro(nano)plastics and soil microbial communities under environmental stresses, such as drought (Liu et al., 2024b; Lozano et al., 2021a; Lozano et al., 2024), elevated CO2 (Xu et al., 2021; Xu et al., 2023), and nitrogen deposition (Zhang S. et al., 2023). Therefore, investigating the effects of these environmental stressors on the interactions between micro(nano)plastics and soil microbial communities is crucial for understanding the potential risks associated with plastic pollution in terrestrial ecosystems. Investigating how drought conditions affect the behavior and fate of micro(nano)plastics in soil, as well as their effects on microbial community structure and function, can provide valuable insights into the resilience of soil ecosystems in the face of climate change challenges. Moreover, exploring the combined effects of elevated CO2 and nitrogen deposition on the interactions between micro(nano)plastics and soil microbial communities can provide a comprehensive understanding of how multiple stressors May exacerbate the ecological consequences of plastic contamination in soil environments. By unraveling the intricate relationships between environmental stressors and micro(nano)plastics in soil systems, we can better assess the long-term impacts on soil health, plant growth, and ecosystem function. In conclusion, integrating studies on the interactions between micro(nano)plastics and soil microbial communities under various environmental stressors are essential for advancing our knowledge of the ecological impacts of plastic pollution in terrestrial ecosystems. Future research efforts should focus on elucidating the mechanisms of these interactions, identifying potential mitigation strategies, and developing sustainable management practices to protect soil biodiversity and ecosystem resilience in the face of global environmental changes.

Finally, identifying soil microbes with potential to degrade microplastic and/or nanoplastics and developing sustainable alternatives to conventional plastics that reduce negative impacts on soil microorganisms, is also a critical knowledge gap. This requires interdisciplinary collaborations between microbiologists, environmental scientists, and material engineers. By harnessing the power of biotechnology and nanotechnology, innovative solutions can be developed for the degradation of microplastics and nanoplastics in soil ecosystems. Understanding the molecular interactions between soil microbes and plastic pollutants is crucial for designing customized biodegradation strategies. Furthermore, the development of environmentally friendly bioplastics derived from renewable resources can provide sustainable alternatives to traditional plastics, reducing the accumulation of harmful residues in the soil environments. In addition to technological advancements, educational initiatives and public awareness campaigns play a pivotal role in promoting responsible plastic use and waste management practices.



4.3 Hotspots and frontiers

Keywords, the most significant phrases in a particular field of study (Ye et al., 2020), serve as crucial markers for understanding patterns and trends in research that aid in comprehending shifts in focal points and development trends over time (Bagdi et al., 2023). Examining the joint presence of keywords is an effective approach to pinpointing research focal points in a specific field of study (Gao et al., 2020; Ranjbari et al., 2021). Moreover, performing cluster analyses on keyword is advantageous for attaining a comprehensive insight into past and present research concerns and identifying future research prospects (Wahyuningrum et al., 2023). The cluster analysis of the most frequently associated keywords spotlights soil bacterial communities, micro-plastic pollution, soil microbial communities, and soil as the most prevalent research subjects. Additionally, conducting a burst analysis on key terms aids in mapping out the progression of research highlights over time, and anticipating forthcoming research directions (Chen et al., 2014). The burst analysis of keywords supports that “ecological risks” and “soil aggregation” are the latest and most important studying topics of the impacts of plastic pollution on soil microorganisms.

The ecological risks of plastic pollution on soil microbial community and associated ecosystem functioning are a complex issue. To date the underlying mechanisms responsible for the impacts of microplastics on soil microbial communities has been relatively less explored (Huang et al., 2024), and thus further research is needed. Understanding the ecological risks of plastic pollution on soil microbial communities and associated ecosystem function, studies with unambiguous objectives, scientifically rigorous experiment design, appropriate sampling and analyzing techniques, as well as statistical method are needed. Meanwhile, a multidisciplinary approach combining ecological, microbiological, and environmental science is required.

Soil aggregation refers to the process by which soil particles bind together to form stable aggregates. These aggregates provide structural stability to the soil, improve water infiltration and retention, and create specific habitats for soil microorganisms. Plastics pollution can negatively impact soil aggregation by physically interfering with the formation and stability of soil aggregates (Qiu Y. et al., 2022). Plastics fragments can also hinder nutrient and water movement through the soil, affecting the availability of essential resources for soil microorganisms. Consequently, the disruption of soil aggregation due to plastic pollution can reduce the habitat quality for soil microbes, impair their functioning, and ultimately affect the overall soil health. Microplastic can affect soil organic matter, soil microbial community, enzymatic activities, and soil aggregation (Blöcker et al., 2020; Xiao et al., 2022). However, the impacts of plastic pollution on soil aggregation are still a controversial issue. Some studies found soil aggregation was negatively affected by microplastics (de Souza Machado et al., 2018b; Lozano et al., 2021b; Qiu Y. et al., 2022; Zhang Y. et al., 2022), one study demonstrated no significant effect (Liang et al., 2021), whereas another study reported that soil aggregation was increased by 21.7% (Lozano et al., 2021a). A likely reason for the inconsistency of microplastic pollution on soil aggregation would be related to differences in the aggregate-fraction method and soil organic matter. Furthermore, the interactions between microplastic and microbes is mutual, and the mechanisms driving their interactions is unclear and deserve due attention (de Souza Machado et al., 2018b; Lozano et al., 2021b; Qiu Y. et al., 2022). Finally, soil pH and plants also regulate the responses of soil microbes to plastics (Liu et al., 2023). Therefore, it is advisable to evaluate ecological risks of micro(nano) plastics based on whole ecosystem functions rather than individual function (Jia et al., 2024).

The impacts of plastics pollution on soil microorganisms at a fine-scale are a relatively new area of research that is considered a frontier. Studying the specific effects of plastic pollution on ecological risks and soil aggregation is crucial for a comprehensive understanding of how plastics pollution affects soil microorganisms. This research can lead to the identification of biomarkers, prediction of long-term effects, and the development of effective strategies to mitigate the damage caused by plastics pollution. In summary, understanding the ecological risks and soil aggregation is vital in comprehending the impacts of plastics pollution on soil microorganisms. Addressing these critical areas is essential for maintaining soil health, ecosystem functioning, and ensuring the sustainability of our planet.



4.4 Merits and limitations

This study has several unique merits. Firstly, studies addressing impacts of micro-plastics on soil microbial community were systematically analyzed using bibliometric for the first time to provide comprehensive guidance for scholars in the related research. Additionally, multiple bibliometric tools were used simultaneously to overcome their individual limitations and thus provided detailed and convincing evidence. Finally, bibliometric analysis provides more complete and objective insight into the hotspots and frontiers than traditional reviews.

While bibliometric analysis provides valuable quantitative insights into research trends, productivity, and impact, it is important to acknowledge its limitations in capturing the full depth and context of research content. Bibliometric methods primarily focus on measurable data such as publication counts, citation metrics, and collaboration networks. However, they often fall short in providing a comprehensive understanding of the qualitative aspects of research, such as the nuances of scientific discourse, the context of discoveries, and the broader implications of research findings. Additionally, it cannot provide an in-depth topic content (Paul and Criado, 2020; Wahyuningrum et al., 2023).




5 Conclusion and outlook


5.1 Conclusion

The increasing number of publications highlights the growing interest in the potential impacts of plastic contamination on soil biodiversity and ecosystem functioning, particularly on soil microbial communities. However, studies on the ecological risks of plastic pollution on soil microbial communities are still limited, and the mechanisms underlying these impacts are not yet clear. The leading countries investigating the ecological risks of plastic pollution on soil microorganisms are China, Germany, and the United States. Nevertheless, there is a need to enhance cooperation and communication among different countries and institutions. Davey L. Jones and Geissen Violette are suggested as potential collaborators in this field. Journals such as Journal of Hazardous Materials, Science of the Total Environment, Environmental Pollution, Chemosphere, Ecotoxicology and Environmental Safety, Applied Soil Ecology, Environment International, Environmental Research, Environmental Science and Pollution Research, and Frontiers in Environmental Science have played significant roles in exploring the interactions between soil microorganisms and plastics, with the Journal of Hazardous Materials being particularly influential, although improvements in quality and influence are still needed. The most cited paper in this area is “Microplastics can change soil properties and affect plant performance”. The main keywords of studying on the impacts of plastic pollution on soil microbial communities are soil, plastic pollution, biodegradation, and soil microbial communities. The potential hotspots for future research in this field are the ecological risks of biodegradable plastic on soil microbial diversity and functions.



5.2 Future research directions and management recommendations

Since the generalizable pattern of responses of soil microbes to contaminant due to the present of plastic residues remain poorly understood, more long-term field studies including more polymer types, element composition, size and ages in widescale are needed. Furthermore, to evaluate ecological risks of micro(nano) plastics from the perspective of soil food web with advanced multi-omics approaches is necessary. Meanwhile, a detailed content analysis of key publications identified through bibliometric methods to understand the themes, arguments and innovations is also necessary. In-depth case studies of specific research groups, institutions, or projects are expected to uncover the social, economic, and institutional factors influencing research productivity and impact. Engaging with researchers, policymakers, and other stakeholders through interviews and surveys to identify emerging research areas and priorities that May not yet be reflected in bibliometric data. Integrating quantitative bibliometric analysis with qualitative data collection and analysis to provide a more comprehensive and actionable understanding of the scientific landscape, thereby informing more effective research funding and policy decisions. In conclusion, establishing robust monitoring protocols to assess the presence and abundance of plastics in various soil types, along with the corresponding changes in microbial communities, is crucial. Collaboration among ecologists, microbiologists, materials scientists, and policymakers is essential to mitigate the environmental consequences of plastic pollution and safeguard the health and resilience of soil ecosystems.
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Introduction: Composting is one of the effective environmental protection and sustainable measures for improving soil quality and increasing crop yield. However, due to the special physical and chemical properties of saline-sodic soil and the complex rhizosphere microecological environment, the potential mechanism of regulating plant growth after applying compost in saline-sodic soil remains elusive.
Methods: Here, we investigated the effects of different compost addition rates (0, 5, 15, 25%) on plant growth traits, soil chemical properties, and rhizosphere bacterial community structure.
Results: The results showed that compost promoted the accumulation of plant biomass and root growth, increased soil nutrients, and enhanced the diversity and complexity of the rhizosphere bacterial communities. Moreover, the enriched core bacterial ASVs (Amplicon Sequence Variants) in compost treatment could be reshaped, mainly including dominant genera, such as Pseudomonas, Devosia, Novosphingobium, Flavobacterium, and Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium. The functions of these ASVs were energy resources and nitrogen cycle functions, suggesting the roles of these ASVs in improving plant root nutrient resource acquisition for alfalfa growth. The contents of available potassium, available phosphorus, total nitrogen, and organic carbon of the soil surrounding the roots, the root length, root surface area, root volume, and root tips affected the abundance of the core bacterial ASVs, and the soil chemical properties contributed more to the effect of plant biomass.
Discussion: Overall, our study strengthens the understanding of the potentially important taxa structure and function of plant rhizosphere bacteria communities, and provides an important reference for developing agricultural microbiome engineering techniques to improve root nutrient uptake and increase plant productivity in saline-sodic soils.
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1 Introduction

Globally, soil salinization is one of the most critical issues threatening agricultural production, food security, and sustainability in arid and semi-arid regions (Julkowska and Testerink, 2015). The western Songnen Plain stands as one of the world’s three major regions with concentrated saline-affected soil, covering 3.78 million hectares of saline-sodic soil. This soil is primarily marked by NaHCO3 and Na2CO3, inducing oxidative and osmotic stress on plants, ultimately impairing plant growth and disrupting nutrient equilibrium (Wei et al., 2020; Yang et al., 2016; Wei et al., 2021). Therefore, it is necessary to find an effective, environmentally friendly, and sustainable ecological restoration strategy to maintain crop production and restore soil health.

The improper use of chemical fertilizers has posed a serious threat to the agricultural ecosystem, leading to reduced microbial diversity, loss of soil organic carbon, and disruption of nitrogen cycling (Feng et al., 2018; Harindintwali et al., 2021). Compost is the decomposition of a variety of organic waste into stable, harmless organic fertilizer products suitable for soil fertilizer, it can also reduce the waste of agricultural residues and animal manure (Alromian, 2020). Compared with chemical fertilizer, the nutrient content in compost is rich, the release is slower and durable, and it can better supply the needs of plant growth and development. Replacing part of chemical fertilizer with compost can increase yield, increase nitrogen recovery rate, promote the propagation of soil microorganisms, and improve soil biological characteristics, which is conducive to improving soil fertility (Cao et al., 2020). The application of compost will also improve soil porosity, increase soil aggregate stability, regulate plant nutrient balance, and ultimately regulate overall plant growth and yield (Li et al., 2021; Sharma et al., 2021). Composting is considered one of the best ways to regenerate soil organic carbon in farmland, reduce the need for mineral fertilizers, increase crop yields, and achieve agricultural recycling and sustainability.

The rhizosphere is described as a dynamic niche where soil microorganisms interact with plant roots (Bais et al., 2006). The interaction between rhizosphere microorganisms and plants can affect the material circulation and energy flow, and the changes in community structure and abundance can affect the growth and development of plants (Wagg et al., 2011). Microorganisms in the rhizosphere are recruited by root exudates, primarily through nutrient acquisition, pathogen resistance, and hormone secretion, often associated with the growth and health of their hosts (Berendsen et al., 2012). Core microbial groups are prevalent in different environments and drive multiple ecosystem functions (Shade and Handelsman, 2012; Durán et al., 2018; Chang et al., 2022). The introduction of external fertilizers has the potential to influence the functional microbiome of the soil and its interaction with ecosystem diversity. Soil nutrient availability plays a direct role in regulating the majority of functional microbial communities within the soil (Hu et al., 2024). Although there is evidence that the addition of exogenous fertilizers can enhance the carbon sequestration of saline-alkali soils and increase the stability and complexity of bacterial communities (Jiang et al., 2024). However, the relationship among core rhizosphere bacterial communities, soil nutrients, and their contributions to plant productivity potential remain elusive.

Alfalfa (Medicago sativa L.) is a leading feed choice due to its strong salt tolerance, high yield and excellent quality. Additionally, its extensive root system creates additional ecological niches for rhizosphere microorganisms (Ju et al., 2020). Alfalfa is widely cultivated in the north of China, but the saline-sodic soil in the west of Songnen Plain would seriously inhibit the growth of alfalfa and reduce the yield (Wei et al., 2020). Although recent studies have documented compost as a soil modification applied in crops and vegetables, such as corn (Li et al., 2022), sorghum (Yin et al., 2022), radish (Xu et al., 2023), and mustard (Huang et al., 2010). Nevertheless, the information concerning on the potential mechanism of regulating plant growth after applying compost is poor. Here, we aimed to (1) identify the most suitable compost application rate for the reclamation of saline-sodic soil; (2) characterize the compost application on the growth characteristics of alfalfa, the properties of saline-sodic soil, and the diversity and structure of rhizosphere bacterium communities; (3) to elucidate the potential contribution of core bacterial communities to soil nutrients and plant growth under different compost application rates. This study enhanced our understanding of the structure and function of composting to repair saline-alkali soil bacterial communities and also provided a new design idea for the development of saline-alkali soil microbial joint repair strategies.



2 Materials and methods


2.1 Soil, compost and pot experiment

The saline-sodic soil was collected (0–20 cm) from the Da’an Sodic Land Experimental Station (45°36′ N, 123°53′ E, and 132.1 m) in the Songnen Plain, northeast China. The compost product used in this study is provided by Zhongsheng Environmental Protection Technology Development Co., Ltd. (Changchun, Jilin, China). Compost product was mainly fermented from corn stalks and chicken manure. The chemical properties of the soil and compost are shown in Supplementary Table S1.

Alfalfa (Medicago sativa L. “Gongnong NO. 1”) seeds were sterilized with a 0.6% sodium hypochlorite solution for 10 min, rinsed with distilled water three times, and then germinated in the plastic pots (15.6-cm diameter × 15.5-cm depth). We selected the cultivar “Gongnong NO.1” due to its tolerance to saline-alkaline stress, as determined in our prior study (Wei et al., 2020, 2021). The experiment was based on a composition of compost and soil matrix blended in a certain mass proportion by Liu et al. (2019) and Mazumder et al. (2021). Specifically, as indicated in Supplementary Table S2, four treatments-named SA, SAF5, SAF15, and SAF25-varying in the rate of compost application were applied, together with the compost and saline-sodic soil at thresholds of 0:100, 5:95, 15:85, and 25:75. The control soil (SA) is saline-alkali soil with 0% compost added and no other fertilizers added. A controlled growth chamber was set to 25°C day /20°C night with a 12-h photoperiod at 350 μmol photons m−2 s−1 light intensity.

The experimental design is based on our previous research, all of the experiments were conducted with three biological replicates, each treatment consisting of three pots of alfalfa seedlings, with 15 seedlings in each pot. The pots were rotated within the growth chamber every 1–2 days to minimize any effect of location (Wei et al., 2021). After seedings were planted, water (EC 1.05 mS/cm, pH 7.52) was used for irrigation. During the growth period, all potted plants were adjusted to 60% field water capacity with tap water, and there was no additional fertilization for all treatments.



2.2 Sample collection and processing

The rhizosphere soil was collected after 8 weeks of cultivation according to the method of Chang et al. (2022). Briefly, the root was immersed in a tube filled with 5 mL of sterile water, and 1 mm of soil around the roots was collected. The centrifuge tube was centrifuged for 30 s at a relative centrifugal force of 10,000 × g. After the removal of the supernatant, rhizosphere soil samples were used for microbial sequencing. In addition, the loose soil around the roots was collected and air-dried and through a 2 mm sieve to determine the chemical properties of the soil.



2.3 Measurement of plant growth and soil properties

Five seedlings in each treatment were scanned using an Epson Expression 10000XL root scanner (Epson America Inc., Long Beach, CA, United States). Then WinRHIZO root analysis software (Regent Instruments Canada Inc., Ville de Québec, QC, Canada) was used to analyze root morphology parameters, including root length (RL), root surface area (RS), root volume (RV), and root tips (RT).

Then, the five seedlings under each treatment were taken as a group and cut off from the root, and divided into shoots and roots. Subsequently, these samples were placed in the oven (DHG101S, Subo Corporation, Shaoxing, China), defoliated at 105°C for 15 min, then dried to the constant weight at 75°C, and the dry weight of the shoot (SDW)/root (RDW) per group was weighed, and then the SDW and RDW of per plant were calculated using the corresponding values divide by 5. The total biomass (TDW) was calculated by adding the corresponding values. The soil pH, the contents of total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), available potassium (AK), and soil organic carbon (SOC) in soil were determined as described by Wang et al. (2018).



2.4 DNA extraction and sequencing

Total microbial community DNA was isolated from 0.25 g of soil per sample using the FastDNA® SPIN Kit For soil Kit (MOBIO Laboratories Inc., CA, United States). NanoDrop spectrophotometer (ND2000, Thermo Scientific, DE, United States) and agarose gel electrophoresis to assess genomic DNA concentration and integrity. Bacterial 16 s rDNA gene was amplified with 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) universal primers of bacterial 16 s rDNA gene V3-V4. The sequencing was performed on the Illlumina NovaSeq platform and 250 bp paired-end reads were generated. The 16S sequences were uploaded to National Centre for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the accession numbers PRJNA1133892.



2.5 Bioinformatics analysis and statistical analysis

Microbiome bioinformatics were performed with QIIME2 2019.4 (Bolyen et al., 2018) with slight modification according to the official tutorials.1 Briefly, raw sequence data were demultiplexed using the demux plugin following by primers cutting with cutadapt plugin. Sequences were then quality filtered, denoised, merged and chimera removed using the DADA2 plugin. After quality control, ASVs (amplicon sequence variants) were compared with template sequences in fasttree2 database to obtain species classification information. ASV-level α-diversity indices, such as Chao1 richness estimator, Faith’s PD, Observed species, Good’s coverage, Pielou’s evenness, Shannon diversity index, and Simpson index were calculated using the ASV table in QIIME2. ASV-level β-diversity analysis was performed to investigate the structural variation of microbial communities across samples using Jaccard metrics. Bray-Curtis metrics and UniFrac distance metrics and visualized via principal coordinate analysis (PCoA). The redundancy analysis (RDA) of environmental variables and microbial community structure was carried out using the vegan package in R software. The constructed for the rhizosphere communities network by R package microeco and used to visualize network diagrams with Gephi 0.10.1 software (Liu et al., 2020). The core ASVs in soil were defined as the occurrence frequency higher than 80% of samples and average relative abundance higher than 0.1% (Durán et al., 2018). The volcano plot of the average abundance of core ASVs for different compost application rates compared to SA was obtained by using the DESeq2 package in R software (Love et al., 2014). The differentially abundant ASV with the parameters of false discovery rate (FDR) below 0.05 and absolute log2 (fold change) ≥ 1 were considered different significant ASVs. The shared and particularly enriched and depleted ASVs in different compost treatments were plotted in Venn diagram. The ecological functions of enriched core ASVs were predicted by using FAPROTAX software (Sansupa et al., 2021). The heatmap function of enriched core ASVs was conducted using ComplexHeatmap package on the R platform (Gu, 2022). The prediction of alfalfa biomass by bacterial genus and soil chemical properties in different compost treatments was conducted using the randomForest package on the R platform (Breiman, 2001; Shen et al., 2020). Microsoft Excel 2016 software was used to organize the test data. The data were analyzed using one-way ANOVA, followed by Duncan’s multiple range tests. p-values < 0.05 were considered as statistically significant.




3 Results


3.1 Plant traits and soil properties

Compost application significantly affected the growth of alfalfa seedlings (Figure 1A). After compost application, the SDW of alfalfa seedlings significantly increased by 128.38, 336.49, and 217.57%, respectively (p < 0.05) (Figure 1B). The RDW of alfalfa seedlings in SAF15 treatment was the highest, which was 357.14% higher than that in SA treatment (p < 0.05). Meanwhile, the RDW of alfalfa seedlings in SAF15 and SAF25 treatments were 43.28 and 35.82% higher than that in SAF5, respectively (p < 0.05), but there was no significant difference between the two treatments (p > 0.05) (Figure 1C). The TDW of alfalfa seedlings in SAF5, SAF15, and SAF25 treatments were 2.61-fold, 4.44-fold and 3.59-fold of that in SA treatment, respectively (Figure 1D).

[image: Four peanut plants labeled SA, SAF5, SAF15, and SAF25 show varying growth stages on a black background. Eight bar charts (B to H) display different growth metrics: shoot dry weight (SDW), root dry weight (RDW), total dry weight (TDW), root length (RL), root surface (RS), root volume (RV), and root tips (RT), indicating differences in plant growth characteristics among the samples.]

FIGURE 1
 Effects of compost on biomass and root morphological parameters of alfalfa seedlings. (A) Photographs of seedling growth were taken after alkaline treatment for 8 weeks. Bar = 5 cm. The SDW (B) RDW, (C), TDW (D) of alfalfa seedlings under different compost application rates. The RL (E), RS (F), RV (G), and RT (H) of alfalfa seedlings under different compost application rates. All values are shown as mean ± standard error. Different lowercase letters indicate significant differences among compost treatments at p < 0.05 by Duncan’s multiple range test. The SA, SAF5, SAF15, and SAF25 represent different compost application rates, respectively. SDW: the dry weight of shoot; RDW: the dry weight of root; TDW: the dry weight of total plant; RL: root length; RS: root surface area; RV: root volume; RT: root tips.


The application of compost had a significant effect on the root morphology parameters of alfalfa seedlings. Compared with SA treatment, the RL of alfalfa seedlings in SAF5, SAF15, and SAF25 treatments significantly increased by 26.37, 97.24, and 99.45%, respectively (p < 0.05) (Figure 1E). The RL of alfalfa seedlings in SAF15 and SAF25 treatments were 56.08 and 57.83% higher than that in SAF5 treatments (p < 0.05), but there was no significant difference between SAF15 and SAF25 treatments (p > 0.05). Compared with SA treatment, the RS of alfalfa seedlings in SAF5, SAF15, and SAF25 treatments were significantly increased by 58.26, 135.16, and 152.90%, respectively (p < 0.05). The RS of alfalfa seedlings in SAF15 and SAF25 treatment were 48.59 and 59.80% higher than that under SAF5 treatment, and there was no significant between them (Figure 1F). Compared with SA treatment, the RV of alfalfa seedlings in SAF5, SAF15, and SAF25 treatments were significantly increased by 99.26, 182.29, and 220.73%, respectively (p < 0.05) (Figure 1G). The RV of alfalfa seedlings in SAF15 treatment and SAF25 treatment were 1.42-fold and 1.61-fold of that in SAF5 treatment, respectively, and this difference between them was not significant. Compared with SA treatment, the RT of alfalfa seedlings in SAF5, SAF15, and SAF25 treatments were significantly increased by 29.85, 64.76, and 46.84%, respectively (Figure 1H) (p < 0.05). The RT of alfalfa seedlings in SAF15 treatment was the highest, which was 1.27-fold of SAF5 treatment and 1.12-fold of SAF25 treatment.

The addition of compost changes soil pH and soil nutrients. The contents of AN, AP, AK, TN, TP, and SOC (Table 1) under different compost application rates treatments were significantly higher than those in SA treatment (p < 0.05). In contrast, the soil pH was significantly lower than that in SA treatment (p < 0.05) (Table 1). Meanwhile, the contents of AP, AK, TN, TP, and SOC increased substantially with the increase in compost application rates and reached the maximum in SAF25 treatment. The contents of AN and TK in SAF15 and SAF25 treatments were significantly higher than those in SAF5 (p < 0.05), but there was no significant difference between them (p > 0.05).



TABLE 1 Differences in soil properties surrounding the roots of alfalfa seedlings under different compost application rates.
[image: Table showing the effects of different compost treatments (SA, SAF5, SAF15, SAF25) on soil properties. Measurements include pH, available nitrogen (AN), available phosphorus (AP), available potassium (AK), total nitrogen (TN), total phosphorus (TP), total potassium (TK), and soil organic carbon (SOC), all with standard errors. Lowercase letters indicate significant differences, with a significance level of p<0.05.]



3.2 Rhizosphere bacterial community diversity and co-occurrence networks

The PCoA analysis indicated the close distance between SAF15 and SAF25 treatments, the distance between SAF5, SAF15, and SAF25 treatments and SA treatments is longer. At the same time, the soil bacterial communities under low compost addition rate were not similar to that under medium and high compost addition rates. The cumulative contribution of X axis (49%) and Y axis (13.8%) reached 62.8%, indicating that compost could significantly change the microbial composition of saline-sodic soil (Figure 2A). The RDA analysis showed the eigenvalues of the first and second axes were 20.7 and 13.6%, respectively. The soil pH, AN, AP, and SOC were the main environmental factors affecting the structure of rhizosphere bacterial communities (Figure 2B).

[image: Panel A shows a scatter plot of principal coordinates analysis (PCoA) with four clusters represented by colors: blue (SA), red (SAF5), green (SAF15), and purple (SAF25). Axis labels are PCo1 (49% variance) and PCo2 (13.8% variance). Panel B presents a redundancy analysis (RDA) plot with vectors for variables like pH, TK, AN, and others, pointing toward different directions. It displays groupings with colors: light pink (SA), coral (SAF5), green (SAF15), and light blue (SAF25). Axis labels are RDA1 (20.7% variance) and RDA2 (13.6% variance).]

FIGURE 2
 Principal coordinate analysis (PCoA) based on Bray-Curtis distance, with 95% ellipse confidence under different compost application rates (A). Redundancy analysis (RDA) of the relationship between the soil properties and rhizosphere bacterial communities (B). The SA, SAF5, SAF15, and SAF25 represent different compost application rates, respectively.


Compared with SA treatment, the bacterial diversity index of Chao1, Faith_pd and observed_species decreases first and then increases significantly with the increase of compost application amount, especially reaching the maximum value under SAF15 treatment (Table 2). The bacterial diversity index of Pielou_e, Shannon and Simpson all showed a decreasing trend with the increase of compost application amount (Table 2).



TABLE 2 Differences in the α-diversity of soil bacterial communities under different compost application rates.
[image: Table displaying data on various treatments (SA, SAF5, SAF15, SAF25) with metrics: Chao1, Faith_pd, Observed_species, Goods_coverage, Pielou_e, Shannon, and Simpson. Values are means with standard errors, and letters indicate statistically significant differences at p < 0.05.]

Based on the abundance data of microbial communities at the phylum level, the relationships and interactions among different microbial groups were studied using Spearman’s rank symbiotic network analysis. Compared with SA treatment, the number of total edges significantly increased under compost application rates. The number of total edges in SAF15 treatment was the highest, which was 1.49-fold that of the SA treatment, followed by SAF5 and SAF25. In addition, the number of nodes of SAF5 was the largest, followed by SA, SAF15, and SAF25 (Figure 3; Supplementary Table S3).

[image: Four circular microbial interaction networks labeled SA, SAF5, SAF15, and SAF25, showing nodes and links: SA (835 nodes, 9485 links), SAF5 (1042 nodes, 9190 links), SAF15 (829 nodes, 14113 links), SAF25 (675 nodes, 12165 links). Nodes are colored by phylum, including Proteobacteria, Actinobacteria, and more. Positive and negative interactions are indicated by pink and green lines, respectively. A legend identifies the phyla and interaction types.]

FIGURE 3
 Co-occurring network of bacterial communities at the phylum level under different compost application rates. The SA, SAF5, SAF15, and SAF25 treated networks were constructed using the relative abundance of phylum with average relative abundance >1%. Nodes indicate the phylum involved in the networks, and edges indicate the relationships among the nodes. Red lines represent positive (Spearman’s correlation, r ≥ 0.7 and p ≤ 0.01) relationships and green lines represent negative (Spearman’s correlation, r ≤ −0.7 and p ≤ 0.01) relationships. The different colored dots represent the different phylum to which the genera belong. The SA, SAF5, SAF15, and SAF25 represent different compost application rates, respectively.




3.3 The composition and function of the core rhizosphere bacterial community

Overall, 113 core ASVs were identified in alfalfa rhizosphere soils (Supplementary Table S4). The core ASVs were mainly dominated phylum by Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and Acidobacteria (Figure 4A). Compared with SA treatment, the relative abundance of Proteobacteria in SAF5, SAF15, and SAF25 treatments increased by 40.05, 55.24, and 53.52%, respectively. Likewise, the abundance of Actinobacteria displayed a decreasing trend with the increase of compost application rates. Compared with SA treatment, the relative abundance of Bacteroidetes in SAF5 treatment decreased by 22.94%, and decreased by 19.32% in SAF15, but increased by 69.90% in SAF25 treatment (Figure 4A). At the genus level, the relative abundances of Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, shinella, Novosphingobium, and Nocardiopsis were highest in SAF15 treatment, accounting for 7.08, 8.29, 3.54 and 3.18% of the total sequences, respectively (Figure 4B). However, the relative abundances of unclassified_Micrococcaceae, uncultured, Clostridium_sensu_stricto_1, and Pontibacter were lowest in SAF25 treatment, accounting for 4.63, 1.41, 0.32, and 0.27% of the total sequences, respectively (Figure 4B).

[image: Panel A shows a stacked bar chart illustrating the relative abundance of various bacterial phyla across four samples: SA, SAF05, SAF15, and SAF25. The phyla include Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and others, with distinct colors representing each phylum. Panel B displays a heatmap with hierarchical clustering. It shows the distribution of bacterial genera in the same samples, using a color scale from blue to red to represent abundance levels. The legend indicates phyla with corresponding colors.]

FIGURE 4
 Relative abundance of core rhizosphere bacterial communities at phylum level under different compost application rates (A). The relative abundance of core rhizosphere bacterial communities at genus level was made into a clustering heatmap (B). The SA, SAF5, SAF15, and SAF25 represent different compost application rates, respectively.


Since the enriched core rhizosphere bacterial communities play an important role in plant nutrient availability (Chang et al., 2022). We performed the differential significant analysis of 113 core bacterial communities based on different compost addition treatments relative to control treatment to determine the ASVs strongly affected by different compost rates (Figure 5; Supplementary Table S5). The number of enriched ASVs in SAF15 treatment was the highest, followed by those in SAF25 treatment and SAF5 treatment (Figures 5A–C). Further, we classified the core ASVs which enriched in different comparison groups into two categories: shared significantly enriched ASVs in the SAF5 vs. SA and SAF15 vs. SA, SAF15 vs. SA and SAF25 vs. SA, SAF5 vs. SA and SAF25 vs. SA, SAF5 vs. SA and SAF15 vs. SA and SAF25 vs. SA comparisons, and specific significantly enriched ASVs in the SAF5 vs. SA, SAF15 vs. SA, SAF25 vs. SA comparisons (Figure 5D).
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FIGURE 5
 Volcano plot of the average abundance of core ASVs for different compost application rates compared to SA (A–C). Common and specific significantly enriched ASVs (D) under different compost application rates were plotted in the Venn diagram. The SA, SAF5, SAF15, and SAF25 represent different compost application rates, respectively.


Subsequently, a total of 27 enriched core bacterial ASVs under different comparison groups were recognized by using FAPROTAX, in which only 17 (shared/specific enriched) ASVs were annotated to function, including aerobic chemoheterotrophy, nitrogen fixation, cellulolysis, anaerobic chemoheterotrophy, methanol oxidation, methylotrophy (Figure 6; Supplementary Table S6). In the SAF15 vs. SA and SAF25 vs. SA comparisons, 6 of the 10 shared significantly enriched ASVs have functional annotation information. Genus belonging to Proteobacteria, such as Devosia (ASV_25580), Novosphingobium (ASV_26756, ASV_35397), and Pseudomonas (ASV_15189), were annotated to aerobic chemoheterotrophy function. And the genus Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (ASV_26167) was annotated to nitrogen fixation function. In addition, genus belonging to Bacteroidetes, Sporocytophaga (ASV_11012) was annotated to anaerobic chemoheterotrophy and cellulolysis function. In the SAF15 vs.SA and SAF25 vs.SA and SAF5 vs.SA comparisons, 5 out of the 7 shared significantly enriched ASVs have functional annotation information. Genus belonging to Proteobacteria, such as Devosia (ASV_7762) and Pseudomonas (ASV_4195, ASV_9610), were annotated to aerobic chemoheterotrophy function. Genus belonging to Actinobacteria, Nocardiopsis (ASV_25802), and Genus belonging to Bacteroidetes, Flavobacterium (ASV_11335), were annotated to aerobic chemoheterotrophy function. In the SAF15 vs. SA and SAF5 vs. SA comparisons, 1 out of the 3 shared significantly enriched ASVs have functional annotation information. Genus belonging to Proteobacteria, such as Lysobacter, was annotated to chitinolysis. In the SAF15 vs. SA comparison, a total of 3 specific enriched ASVs have functional annotation information. Genus belonging to Proteobacteria, Devosia (ASV_3544) was annotated to aerobic chemoheterotrophy. Genus belonging to Actinobacteria, Streptomyces (ASV_17731) was annotated to aerobic chemoheterotrophy. Genus belonging to Proteobacteria MM2 (ASV_25458), was annotated to anaerobic chemoheterotrophy, methanol oxidation，methylotrophy. In the SAF25 vs. SA comparison, 2 out of 4 specific enriched ASVs have functional annotation information. Genus belonging to Proteobacteria, Acidovorax (ASV_10765), was annotated to anaerobic chemoheterotrophy, methanol oxidation, and methylotrophy. Genus belonging to Proteobacteria, UBA6140 (ASV_9951), was annotated to anaerobic chemoheterotrophy, methanol oxidation, methylotrophy.
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FIGURE 6
 Functional classification of the common and specific significantly enriched core rhizosphere bacterial communities under different comparison groups. The shading from blue to red represents low- to high log 10 (ASV-level abundance value).




3.4 The relationship of differentially enriched core ASVs to soil properties, plant traits, and their potential contribution to plant biomass

Based on the criterion of the absolute value of the correlation coefficient and important value, we analyzed the enriched core bacterial communities and their relationships with soil properties and plant traits under different compost application rates (Figure 7; Supplementary Table S7).

[image: Bar chart and heatmap visualizing microbiome data. The bar chart displays the percentage of explained variation for various variables. The heatmap shows correlations among different microbial genera, with red indicating positive correlation and blue negative. Importance is indicated by circle size.]

FIGURE 7
 Potential contribution of different enriched core ASVs to plant root nutrient contents and plant biomass. Circle size represents the variable’s importance. The shading from blue to red represents low- to high positive Spearman correlation coefficients.


For example, the shared significantly enriched ASVs belonging to Phylum Proteobacteria, genus Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (ASV_26167), Pseudomonas (ASV_15189), Devosia (ASV_25580), were important and positively correlated with soil AP, AN, AK, TP and SOC. Whereas they were important and negatively correlated with soil pH. They were involved in nitrogen fixation and aerobic chemoheterotrophy function, respectively. The shared significantly enriched ASV belonging to Phylum Bacteroidetes, genus Flavobacterium (ASV_11335) was important and positively correlated with SOC and TP. The specific significantly enriched ASV belonging to Phylum Actinobacteria, genus Streptomyces (ASV_17731), was important and negatively correlated with AK and TN. It was involved in aerobic chemoheterotrophy function. The specific significantly enriched ASV belonging to Phylum Proteobacteria, genus MM2 (ASV_17731), was important and positively correlated with TP. It was involved in anaerobic chemoheterotrophy, methanol oxidation, and methylotrophy function.

All differently abundant active bacterial genera contributed to the variations in root nutrients and biomass. For example, the shared significantly enriched ASVs belonging to Phylum Proteobacteria, genus Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium (ASV_26167), Devosia (ASV_25580) and Pseudomonas (ASV_9610), were important and positively correlated with SDW, RL, RV, RT and RS. The shared significantly enriched ASV belonging to Phylum Bacteroidetes, genus Sporocytophaga (ASV_11012) was important and positively correlated with AP, AN, RL, RV, RT, and RS. It was involved in anaerobic chemoheterotrophy and cellulolysis function. The shared significantly enriched ASV belonging to Phylum Proteobacteria, genus Novosphingobium (ASV_35397), was important and positively correlated with SDW and RV.

Further, soil chemical properties and plant traits were used to predict the contribution rate of plant biomass. The results showed that most soil chemical indexes had a greater contribution rate to plant biomass, followed by plant root traits. The contribution rates to plant biomass were SDW (36.36%), AK (36.27%) TP (35.94%), AP (35.78%), SOC (34.07%), pH (33.97%), TN (33.84%), RS (33.21%), RV (31.59%) (p < 0.01), respectively.




4 Discussion


4.1 Compost promotes plant growth and restores the soil environment

Composting is an effective method for recycling agricultural waste such as straw, livestock manure, and poultry manure, which can significantly reduce the environmental harm caused by the irrational use of chemical fertilizers and promote the sustainable development of agriculture (Miyamoto et al., 2023; Xu et al., 2023). Root structure reflects the ecological adaptability of plants and may increase plant survival under stress conditions (Hartle et al., 2006). In this study, compost significantly improved the accumulation of biomass of alfalfa seedlings and promoted root growth (Figure 1). It is worth noting that the plant biomass and RT in SAF15 treatment significantly increased, indicating that compost has a promoting effect on plant growth. Based on the above results, we concluded that the economic and effective ratio of compost application in saline-sodic soil may be 15%, because, under the compost application rate, it has the best effect on repairing saline-sodic soil and improving alfalfa productivity, and well below 40% of the SAF25 cost.

High-quality compost contains a large amount of organic compounds, which play a positive role in soil biological processes and can improve the physicochemical properties of the soil (Zhang et al., 2012). Recent studies have shown that compost, as a soil amendment, can significantly reduce the soil pH of saline-sodic soil and increase SOM (Xu et al., 2023), AN and AP (Siedt et al., 2021), SOC and total nitrogen (Liu et al., 2019; Lakhdar et al., 2009). Consistently, our data indicated that the soil pH significantly decreased, while the soil AP, AK, TN, TP, and SOC significantly increased with the increase of compost application rates (Table 1). We concluded that the reason was that fertilization markedly boosts the soil’s nutrient levels (carbon and nitrogen) and microbial population, stimulating an expansion of the soil carbon input pathway. The newly generated carbon, triggered by a priming effect, overly offsets the depletion of soil organic carbon, leading to a net gain of carbon in the soil (Abdalla et al., 2022). On the other hand, with an increase in the application of compost, the abundance of beneficial microorganisms increases. These microorganisms can promote the degradation and release of inorganic phosphorus through enzyme secretion, facilitate the formation of phosphorus complexes, convert insoluble inorganic phosphorus into soluble forms, making phosphorus more readily available for plant uptake, reducing soil phosphorus retention, and enhancing the effectiveness and mobility of soil phosphorus (Jin et al., 2016; Liu et al., 2019).



4.2 Compost regulates rhizosphere bacterial community structure

Soil biodiversity is considered to be an important indicator of the functional maintenance and sustainability of soil agroecosystems, and improvements in soil salinity are also associated with soil microbiome (Zhao et al., 2021). Soil α-diversity is defined as the average species diversity of different sites or habitats on a local scale, focusing on the number of species within local homogenous habitats. Different organic amendments significantly improved the αdiversity of soil bacterial communities (Mao et al., 2022). Our results demonstrated that the bacterial richness indices of Chao1, Observed_species and Faith_pd in SAF15 treatment were the highest, while the evenness index Pielou_e was lowest in SAF25 treatment (Table 2). The results showed that 15% compost had a greater effect on the rhizosphere bacterial community diversity of alfalfa, which could be attributed to bacteria are suitable to grow in the soil environment with appropriate nutrients, and suitable soil fertility can stimulate the growth of bacteria (Sharaf et al., 2021). At the same time, the introduction of species into the soil may help increase microbial diversity (Ouyang and Norton, 2020).

Microbial networks are widely used to uncover relationships among microorganisms and the stability and complexity of these relationships are essential for a comprehensive understanding of microbial ecology and the implementation of strategies for sustainable agricultural production (Deng et al., 2012). Numerous studies have indicated that microbial interactions in microbial interaction networks are influenced by fertilizer application protocols (Gu et al., 2019; Tang et al., 2023). Here, we focused on the potential effects of different compost application rates on rhizosphere bacterial symbiotic networks of alfalfa planted in saline-sodic soil. Our data revealed that compost application significantly improved the complexity of bacterial symbiotic networks, strengthened bacterial species interactions, and showed more key hubs than control. The potential interactions of rhizosphere bacterial communities in alfalfa were affected by different application thresholds of compost (Figure 3). Intriguingly, with the increase of compost application rates, the proportion of negative edges in the rhizosphere bacterial symbiosis network gradually decreased, which further indicates that the application of compost promotes the positive interaction of rhizosphere bacterial construction. Compared with other compost application thresholds, the SAF15 treatment had the highest number of total edges (Figure 3; Supplementary Table S3), which also confirmed that the bacterial community structure under the SAF15 treatment was the most complex and diverse. It is evident that organic amendments (composts) have a significant effect on the plant rhizosphere microbial community structure in saline-sodic soil, so it is not difficult to infer that the soil microbiome may play a key role in the restoration of saline soil through compost application.



4.3 Compost mediates recruitment of core rhizosphere bacterial communities

The core microbiota are highly interconnected taxonomic groups. Their presence or absence, as well as changes in abundance, can lead to significant alterations in microbial community structure and function, playing a crucial role in plant nutrient acquisition (Chang et al., 2022) and biological and abiotic stress adaptation (Hamonts et al., 2018). Previous studies have revealed that plant rhizosphere bacterial communities are dominated by Proteobacteria, Firmicutes, and Actinobacteria, and to a lesser extent by Bacteroidetes and Acidobacteria (DeAngelis et al., 2005; Weinert et al., 2011). Proteobacterium can degrade many large molecules and promote the circulation of carbon, nitrogen, sulfur, and other essential substances. It also plays a vital role in mitigating abiotic stress by fixing nitrogen and promoting plant growth (Bruto et al., 2014). Actinomycetes directly affect soil decomposition and carbon cycling processes (Upchurch et al., 2008). Firmicutes (Wang et al., 2020), Acidobacteria have been described as common inhabitants of all soils (Zhang et al., 2018; Furtak et al., 2019). In this study, with the increase of compost application rates, the relative abundance of Proteobacteria was gradually increased (Figure 4). Consistent with Cui’s findings, the environment with a significant increase in nutrients preferentially supports the growth of copiotrophic species after the use of organic amendments (Cui et al., 2023). Interestingly, we found the abundance of Bacteroidetes decreased in SAF5 and SAF15 treatments, but increased in SAF25 treatment. It was mainly due to the fact that some Bacteroidetes prefer a high-pH living environment, and the addition of compost reduces the pH value of the soil (Fierer et al., 2012; Ganzert et al., 2014). A higher threshold value was used in the composting process, resulting in an increase in the base value of the introduced bacteria Flavobacterium and Bacteroidetes. These bacteria can accelerate the corrosion and degradation of the composting raw straw, and their original abundance is high.

Aerobic_chemoheterotrophy is the primary pathway of carbon flow in aerobic microbial communities and is generally thought to play an important role in the circulation of organic matter in all ecosystems (McKinley and Wetzel, 1979; Kämpfer et al., 1993). It is closely related to the circulation of organic matter and the flow of energy in the soil metabolic system. In this study, the core bacteria Pseudomonas, Devosia, Novosphingobium, and Flavobacterium were recruited in the roots of alfalfa after compost addition. Their main ecological functions were good oxidation heterotrophic, anaerobic heterotrophic, and nitrogen fixation (Figure 6). This suggested that compost application can shape soil microbial communities and ecosystem functions (Gu et al., 2019), thereby promoting soil microorganisms’ participation in the succession of carbon cycling (Tang et al., 2023). In addition, compost also promoted the accumulation of symbiotic nitrogen-fixing bacteria in alfalfa roots. Nitrogen fixed by rhizobia in legumes can also benefit related non-legumes by transferring biofixed nitrogen directly into intercropping grains (Hayat et al., 2010). Ultimately, it can be concluded that the addition of compost in the saline soil environment changed the environmental ecological niche and promoted the evolution of soil bacterial communities.



4.4 Potential contributions of different enriched core ASVs to plant root nutrients contents and plant biomass

Microorganisms are vital components of soil, and plays a key role in maintaining soil biological characteristics and fertility. They improve soil quality by fixing or dissolving nutrients and adding organic matter through various biological functions and metabolic characteristics (Kumar et al., 2023). In this study, the enriched active genera in the soil rhizosphere microbiome recruited after compost application were closely related to root nutrients (Figure 5). For example, the core rhizosphere bacteria Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Devosia, and Pseudomonas were important for predicting AN, AP and SOC, and were significantly positively correlated with them. Meanwhile, the core rhizosphere bacteria Flavobacterium was important for predicting SOC and TP (Figure 7; Supplementary Table S7). Consistently, Hu’s study observed that most functional microbial populations in soil, especially those microbial taxa involved in carbon degradation, nitrification, nitrate reduction, and organic phosphate mineralization were regulated by soil nutrient availability (Hu et al., 2024). These data suggested exploring the threshold of soil properties around roots and controlling the correlation of these properties with the core microbiome, especially with soil nutrient availability (Li et al., 2017).

Plant growth-promoting rhizobacteria (PGPR) are a type of rhizospheric bacteria that positively impact plant growth. Compared to bulk soil, they tend to thrive more abundantly in the rhizosphere (Lugtenberg and Kamilova, 2009). Root phenotype traits may affect the root and rhizosphere soil microbiome (Saleem et al., 2016). At the same time, rhizospheric microorganisms aggregate around the roots, enhancing the bioavailability of insoluble minerals, thereby increasing mineral absorption by the roots to provide nutrients to plants, and also influencing root development (Trivedi et al., 2020). In this study, the enriched core ASVs under different compost application rates, such as Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Devosia, and Pseudomonas, were of great significance for predicting changes of above-ground dry weight and root morphological parameters, and showed significant positive correlations (Figures 6, 7). These enriched core ASVs were mainly involved in nitrogen fixation and aerobic chemical heterotrophic functions. This is consistent with previous findings that plants influenced and shaped beneficial microbial community structure and function through their root structure, nutrient release, and changes in soil pH, thus related to the promotion of plant growth and development (Berendsen et al., 2012; Etesami and Maheshwari, 2018). Additionally, our data showed that the enriched core ASV belonging to Novosphingobium was of great significance for predicting changes in SDW and RV of alfalfa seedling, and showed a significant positive correlation. This supports Fan et al.’s (2023) assertion that Novosphingobium is a bacterium involved in breaking down organic matter as part of the carbon cycle. The secretion of soil compounds around alfalfa roots enriches a large population of organic-degrading bacteria. Furthermore, the reduction in soil salinity around these roots further encourages the growth of these beneficial bacteria. The direct positive correlation between taxa enriched in compost-treated saline-sodic soil and specific root nutrients and plant biomass was detected in this study, which will help to identify potentially important taxa for the development of agricultural microbiome engineering solutions to improve root nutrient uptake and increase plant productivity in saline-sodic soil.




5 Conclusion

This study exhibited that compost provided more AK, TP, AP, SOC, and TN for the reclamation of saline-sodic soil. Compost reshaped rhizosphere microbiome, and promoted alfalfa plant growth, especially the growth potential after 15% compost application rate was the highest. The core ASVs belonging to the genus Pseudomonas, Devosia, Novosphingobium, and Flavobacterium were involved in the ecological functions of energy resources and nitrogen cycle, and played an important role in promoting the nutrient resource acquisition of alfalfa growth. The detection of an important and positive correlation among the core bacterial taxa, specific root nutrients, and plant biomass in different compost application treatments will help to identify potentially important taxa, which contribute to developing agricultural microbiome engineering solutions to improve root nutrient uptake and increase plant productivity in saline-sodic soil. In conclusion, compost can induce alfalfa roots to enrich core rhizosphere bacterial communities involved in energy source and nitrogen fixation, improve soil nutrient cycling, regulate plant growth traits, and ultimately promote plant biomass accumulation. These findings provide valuable insights for the improvement of soil quality and agricultural productivity in saline-sodic soil.
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Due to the cold climate and low soil nutrient content, high-altitude mining areas are challenging to restore ecologically. Their poor nutrient content may be ameliorated by introducing specific microorganisms into the soil. This study aims to evaluate the effects of a highly efficient phosphate solubilizing bacterium MWP-1, Pseudomonas poae, on plant growth, soil nutrients in remedying the soil of the high-altitude Muli mining area in Qinghai Province, and analyze its impact on microbial communities through high-throughput sequencing soil microbial communities. The results showed that MWP-1 significantly increased the content of soil available phosphorus by >50%, soil organic matter and total nitrogen by >10%, and significantly increased the height, coverage, and aboveground biomass of vegetation by >40% in comparison with the control (p < 0.05). MWP-1 mainly affected the composition of the soil bacterial communities at the taxonomic level below the phylum. Its impact on soil fungal communities occurred at the phylum and below taxonomic levels. In addition, MWP-1 also significantly improved the diversity of soil bacterial and fungal communities (p < 0.05), and changed their functions. It also significantly altered the relative abundance of genes regulating phosphorus absorption and transport, inorganic phosphorus dissolution and organic phosphorus mineralization in the bacterial community (p < 0.05). It caused a significant increase in the relative abundance of the genes regulating nitrogen fixation and nitrification in nitrogen cycling (p < 0.05), but a significant decrease in the genes regulating phospholipase (p < 0.05). Although sequencing results indicated that Pseudomonas poae did not become the dominant species, its dissolved phosphorus elements can promote plant growth and development, enrich soil nutrient content, and affect the succession of microbial communities, enhance ecosystem stability, with an overall positive effect on soil remediation in the mining area.
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1 Introduction

The Muli coalfield in Qinghai Province of Northwest China is an important source of coking coal (Wang, 2010), where mining has caused serious impacts on the eco-environment (Hou et al., 2019). Successful restoration of the mining-damaged ecosystem in this area is difficult due to excessive excavation, slag accumulation (Liu and Liu, 2020), lack of soil nutrients, and its high altitude and cold climate. Of all mineral nutrients, phosphorus is the most important element to plant growth and development second only to nitrogen. Phosphorus deficiency limits plant growth and reduces dry plant weight by approximately 0.2% (Rawat et al., 2021). Besides, most of the phosphorus in the soil is bound to cations and hence difficult for plants to absorb and utilize (Abbaszadeh-Dahaji et al., 2020). Soil phosphorus deficiency can be effectively remedied via applying phosphate fertilizer during ecological restoration in the Muli mining area (Nussbaumer et al., 2016). However, the phosphorus fertilizer applied to the soil is easily fixed by metal ions to form insoluble phosphate, which reduces fertilizer efficiency (Ma et al., 2021). Additionally, the Muli mining area is located in the source area of the Datong River, an important tributary of the Yellow River. The extensive use of phosphate fertilizers can easily cause water pollution and degrade water quality in downstream areas (Barrow, 2015). The alternative is to make use of microbial fertilizers such as phosphate solubilizing bacteria (PSB) that may serve as a bridge for regulating damaged vegetation, soil, and microorganisms in high-altitude mining areas, and are a green and efficient ecological restoration material (González et al., 2019).

As a type of soil microorganisms, PSB can convert organic phosphorus into inorganic phosphorus or inorganic phosphorus into soluble phosphorus (Timofeeva et al., 2022). They can promote plant growth by synthesizing plant hormones (Khan et al., 2017; Kudoyarova et al., 2017) and increasing the absorption of trace elements such as zinc and iron (Al-Enazy et al., 2017). Furthermore, PSB can also alleviate the lack of available phosphorus in soil, improve soil microbial communities (Pan and Cai, 2023), prevent soil compaction, and reduce environmental pollution (Canbolat et al., 2006). So far, researchers have shown that PSB can increase phosphorus uptake and improve plant yield in both indoor pot and field experiments (Rosas et al., 2006; Zheng et al., 2019; Alam et al., 2022). However, there is a lack of understanding about their effects on soil nutrients and soil microbial communities in high-altitude mining areas. Due to their harsh environment and significantly different microbial communities from those of low-altitude areas, it is difficult to replicate the expected results using exogenous rhizosphere growth promoting bacteria (Bashan et al., 2014). The mining areas may face the risk of low microbial activity that reduces the growth-promoting effects of fertilizers, and causes the invasion of exogenous microorganisms harmful to the original microbial communities (Gu et al., 2021). The use of growth-promoting bacteria suitable for soil remediation in high-altitude regions should be able to adapt to the local climate without causing negative impacts on the local microbial communities (Li et al., 2022). Therefore, it is significant to explore PSB capabilities in the high-altitude region and understand their possible impacts on the soil microbial communities, and assess their potential as an effective measure to facilitate vegetation restoration in high-altitude mining areas.

In this study, highly efficient PSB isolated from high-altitude regions were used in the ecological restoration of the Muli mining area, with three main objectives of study: (1) to determine the effects of PSB on vegetation growth in high-altitude mining areas; (2) to assess the effects of PSB on soil chemical properties in high-altitude mining areas, and (3) to explore the effects of PSB on bacterial and fungal communities, as well as the functional characteristics of bacterial and fungal communities related to soil nitrogen and phosphorus cycling in high-altitude mining areas.



2 Materials and methods


2.1 Overview of the experimental site

The experimental site is located in the Jiangcang mining area of the Muli coalfield in Gangcha County, Qinghai Province, northeast of the Qinghai Tibet Plateau in China (38°02′-38°03′N, 99°27′-99°35′E). Its altitude ranges from 3,800 to 4,200 m. The annual temperature ranges from the minimum of −36°C to the maximum of 19.8°C, with an average of −5.1 ~ −4.2°C. Annual precipitation averages 500 mm, about one third of the annual evaporation (1,418 mm). Precipitation is mainly concentrated from July to September, while snowfall is concentrated from January to May (Cao et al., 2010). The experimental site is located in the No. 5 mining area of Jiangcang. In 2016, the slag mountain was unloaded through slope flattening and mechanical leveling. Large rocks, gravel, and coal gangue were removed to form a soil substrate about 30 cm thick, on which artificial grassland was established. The sowed grass species included Elymus breviaristatus “Tongde,” Puccinelia tenuiflora “Tongde,” Festuca sinensis “Qinghai,” Poa cryophila “Qinghai,” and P. pratensis “Qinghai.” The sowing dosage of grass seeds totaled 22.5 g/m2, with an equal mass ratio among the five species. The seeds were mixed with grass specific fertilizer (NPK compound fertilizer, total nutrients ≥35%, N 18%, P2O5 12%, K2O 5%) and manually sown. The dosage of grass specific fertilizer was set at 25.5 g/m2. Then, the surface of the sowed fields was gently raked and leveled to bury the seeds, and finally covered with non-woven fabric for insulation and germination promotion (Li et al., 2019). Afterwards, the site was left idle for 6 years (e.g., no fertilization, grazing or other treatments), beyond which the established artificial grassland started to degrade even severely.



2.2 Test materials

The tested bacterial agent, PSB strain MWP-1 (Pseudomonas poae), was secured through screening the alpine meadow soil. This strain can grow normally at a low temperature of 10°C, with a phosphorus release rate of 14.61%. It can produce diverse organic acids such as oxalic acid, lactic acid, acetic acid, citric acid, and succinic acid, with a total organic acid content of 7461.9 μg/mL. Besides, it can also produce indole-3-acetic acid (IAA), ACC deaminase, and iron carriers, and has shown a good promoting effect in indoor pot experiments.



2.3 Experiment design

Two plots (3 m × 3 m) were randomly selected at the artificially sowed grassland, one treated with PSB and the other untreated as the control. The PSB strain MWP-1 was propagated and cultured using LB liquid medium, with OD600 adjusted to 1. After dilution by 100 times, it was evenly sprayed over the bare plots at a dosage of 1 L/m2 in June 2022 when the artificial vegetation greened. The control plot was sprayed by an equal amount of sterile water. Vegetation in the two plots was surveyed and soil sampled at the end of the growing season in August.



2.4 Vegetation survey and soil sample collection

Three sub-plots (1 m × 1 m) (i.e., three replicates) were randomly selected in each plot, within which vegetation coverage was measured using the needle puncture method, and 20 replicates were randomly selected to measure plant height. After uniform cutting, the biomass within each subplot was measured. In the same subplot, soil samples were collected at a depth of 0–20 cm using a soil drill (inner diameter = 5 m) and the multi-point mixing method. During sampling sterile gloves and sterile self-sealing bags were used to avoid contamination. Ten soil samples were collected from each subplot. After the removal of plant roots and stones in the soil samples, the 10 samples from the same subplot were mixed thoroughly to form one composite sample, from which ~2 g of soil were taken and transferred into a cryovial at 6 replicates. The cryovials were kept in dry ice for sequencing and analysis of the microbial communities. The remaining soil samples were naturally air-dried in the laboratory and then tested for soil physicochemical properties.



2.5 Determination of soil nutrients

Several soil nutrients were analyzed in this study, including soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), nitrate, and available potassium (AK), of which SOM was determined by the K2Cr2O7-H2SO4 oxidation method. Soil TN was determined using the H2SO4 de-boiling-distillation method. Soil TP was determined by spectrophotometry after HClO4-H2SO4 de-boiling-and-boiling. Soil TK was determined by flame photometry. Soil nitrate and ammonium nitrogen were determined by 1 mol/L KCl extraction using a continuous flow injection analyzer (NO3−-N, NH4+-N). After NaHCO3 extraction, available phosphorus (AP) was determined by spectrophotometry. After NH4OAc extraction, soil available potassium (AK) was determined by flame photometry. Specific determination steps could be found in Soil Analysis Methods (Sparks et al., 1996).



2.6 DNA extraction and 16S rRNA, ITS rRNA sequencing of soil microorganisms

Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, United States), and stored at −20°C prior to further analysis. The quantity and quality of extracted DNAs were measured using a Nanodrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. PCR amplification of the V3-V4 region of soil bacterial 16S rRNA genes was performed using forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR amplification of the V1 region of soil fungal ITS rRNA gene was performed using forward primer 1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and reverse primer 2043R (5′-GCTGCGTTCTTCATCGATGC-3′). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μL of buffer (5×), 0.25 μL of Fast pfu DNA Polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each Forward and Reverse primer, 1 μL of DNA Template, and 14.75 μL of ddH2O. Thermal cycling consisted of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads (Vazyme, Nanjing, China) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 250 bp sequencing was performed using the Illlumina NovaSeq platform with NovaSeq 6000 SP Reagent Kit (500 cycles) at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



2.7 Sequence analysis

Microbiome bioinformatics were acquired with QIIME2 2019.4 in several steps (Bolyen et al., 2019). Briefly, raw sequence data were demultiplexed using the Demux plugin followed by primers cutting with Cutadapt plugin (Martin, 2011). Sequences were then quality filtered, denoised, and merged. And chimera was removed using the DADA2 plugin (Callahan et al., 2016). Non-singleton amplicon sequence variants (ASVs) were aligned with mafft (Katoh et al., 2002) and used to construct a phylogeny with fasttree2 (Price et al., 2009). After denoising all libraries, ASVs feature sequences and ASV tables were merged, with singletons ASVs removed. Taxonomy was assigned to ASVs using the classify-sklearn naïve Bayes taxonomy classifier in feature-classifier plugin (Bokulich et al., 2018) against the SILVA Release 132/UNITE Release 8.0 Database (Kõljalg et al., 2013).

Sequence data analysis was mainly conducted using QIIME2 and R packets (v3.2.0). ASV-level alpha diversity indexes, such as the Chao1 richness estimator, Shannon diversity index, and Pielou’s evenness, were calculated using the ASV table in QIIME2 and visualized as box plots. Beta diversity analysis was performed to investigate the structural variation of microbial communities across samples using Bray-Curtis metrics (Bray and Curtis, 1957) and visualized via principal coordinate analysis (PCoA). ASV-level ranked abundance curves were generated to compare the richness and evenness of ASVs among samples. A Venn diagram was generated to visualize the shared and unique ASVs among samples or groups using the R package “Venn Diagram,” based on the occurrence of ASVs across groups (Zaura et al., 2009). Microbial functions were predicted by PICRUSt2 (Phylogenetic investigation of communities by reconstruction of unobserved states) (Douglas et al., 2020) upon MetaCyc1 and KEGG2 databases. Based on the KEGG database, bacterial community function prediction analysis was conducted on the MWP-1-treated soil. After obtaining abundance data of metabolic pathways, PCoA was used to study the (dis)similarity of bacterial community functionality between MWP-1-treated and the control soil. And based on the MetaCyc database, fungal community function prediction analysis was conducted on soil in the study area treated with MWP-1. After obtaining abundance data of metabolic pathways, PCoA was used to study the differences in fungal community functionality between the MWP-1 treatment and the control. The KEGG database was searched for genes related to soil microbial nitrogen cycling (Supplementary Table S1) and phosphorus transformation (Supplementary Table S2) in different treatments. Redundancy analysis (RDA) was performed in the dplyr package of R.




3 Results and analysis


3.1 Effects of MWP-1 on vegetation and soil nutrients

Vegetation had severely degraded from the sixth year of artificial seeding in the high-altitude mining area. However, after applying MWP-1, the coverage, height, and aboveground biomass of the artificially seeded vegetation significantly increased, (p < 0.05) in comparison with the control (Figure 1). Compared with the control, the soil samples treated with MWP-1 showed a highly significant increase in the contents of AP (Figure 2C) and total content (Figure 2G) (p < 0.01). As for nitrogen, both the TN content (Figure 2F), nitrate nitrogen content (Figure 2A), and AP (Figure 2D) in the soil significantly increased (p < 0.01), while the ammonium nitrogen content (Figure 2B) and TP (Figure 2H) did not show significant changes. The organic matter content in the soil also significantly increased (Figure 2E).
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FIGURE 1
 Coverage (A), plant height (B) and aboveground biomass (C) of artificially seeded vegetation in the high-altitude mining area after applying strain MWP-1. **p < 0.01, ***p < 0.001.


[image: Box plots comparing CK and MWP-1 treatments across eight soil nutrient parameters: nitrate nitrogen (A), ammonium nitrogen (B), available phosphorus (C), available potassium (D), soil organic matter (E), total nitrogen (F), total phosphorus (G), and total potassium (H). MWP-1 generally shows higher nutrient levels, with significant differences marked by asterisks, denoting statistical significance.]

FIGURE 2
 Nitrate nitrogen (A), ammonium nitrogen (B), available phosphorus (C), available potassium (D), soil organic matter (E), total nitrogen (F), total phosphorus (G) and total potassium (H) in the high-altitude mining area after the application of strain MWP-1. **p < 0.01, ***p < 0.001.




3.2 Effects of MWP-1 on soil bacterial communities


3.2.1 Analysis of sequencing

The treatment and control samples were clustered to identify sequences and ASVs based on 100% similarity Sequence length distribution statistics performed on the bacterial communities indicated that an average of 71,397 valid sequences was measured per sample. After removing ASVs with a total sequence count of 1, a total of 53,333 sequences remained. The dilution curves (Figure 3) of the samples tended to flatten, indicating that the sequencing data were close to saturation and the sequencing depth was reasonable.
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FIGURE 3
 Sparse curve of sequencing sample dilution curve based on Chao1 index of the bacterial community.




3.2.2 Composition of the soil bacterial community

According to the Venn diagram (Figure 4A), a total of 11,697 ASVs were obtained from the treatment and the control after clustering, classification, and denoising. Some of them were merged to form a total of 1,717 ASVs, of which 4,787 ASVs were unique to the control, and 5,193 ASVs unique to the treatment. MWP-1 affected the number of ASVs in the soil of the high-altitude mining area.
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FIGURE 4
 ASVs Wayne diagram (A), horizontal community bar chart of bacterial phylum (B), and thermal map of horizontal community composition of bacterial genus (C) in the high-altitude mining area after the application of strain MWP-1.


Figure 4B showed the species composition of soil bacteria at the phylum level in the treatment. The main bacterial communities in the soil were Actinobacteria (27.7%), Proteobacteria (27.65%), Acidobacteria (12.59%), Chloroflexi (10.99%), Cyanobacteria (4.64%), and Bacteroidetes (7.52%) respectively. Verrucomibia (1.2%), Patescibacteria (1.2%), and Firmicutes (0.7%) were also detected, but their abundance was relatively low at only 0.1–5%.

Heatmap clustering revealed the community composition of different genera in the treatment (Figure 4C). The relative abundance of Blastocatella, Solirubrobacter, Skermanella, Gemmatimonas, Saccharimondales, Nocardioids, Subgroup-10, Rubellimicrobium, BIrii41, Actinopales, Flavisolibacter, TK10, JG30-KF-CM45, A4b, and Kineosporia was significantly enriched in the treatment, where the relative abundance of Tychonema CCAP 1459-11B, Blastococcus, Pedosphaeraceae, Subgroup-7, KD4-96, Mycoplasma, IMCC26256, E11in6067, and Lamia was significantly enriched in the control. Analysis of species composition at different levels of bacterial communities showed that MWP-1 mainly impacted the soil bacterial communities at the taxonomic level below the phylum.

The soil microbial alpha diversity analyzed included community richness measured by the Chao1 index, community diversity represented by the Shannon index, and community evenness represented by the Pielou-e index. The Chao1 index (Figure 5A) and Pielou-e index (Figure 5B) of the treatment significantly increased (p < 0.05), indicating that MWP-1 increased the richness and evenness of the bacterial communities in the soil. Bacterial community diversity showed an increasing trend, but the changes were not significant (Figure 5C). The beta diversity index from the bacterial community analysis based on the Bray-Curtis metrics between samples showed that PCo1 and PCo2 contributed 48.5 and 17.6% to the total variation, respectively (Figure 5D). The bacterial community of the soil samples treated with or without MWP-1 was significantly separated on the PCo1 axis of PCoA, indicating its impact on the soil bacterial community.

[image: Box plots and a PCoA plot display differences in microbial diversity between treatments CK and MWP-1. Panels A, B, and C show Chao1, Pielou-e, and Shannon indices respectively, with MWP-1 generally higher. Panel D is a PCoA plot illustrating the separation between CK and MWP-1 groups with percentages representing explained variance.]

FIGURE 5
 Alpha diversity indices of the high-altitude mining soil: Chao1 index (A), Pielou-e index (B), Shannon index (C) and beta diversity (D) of soil bacterial community. *p < 0.05.




3.2.3 Prediction of soil bacterial community functionality

The two latitudes of PCoA in the soil explained 70 and 24.4% of the variation, respectively (Figure 6). There was a wide distance between the treatment and the control, indicating the differences in soil bacterial community functionality with or without the application of MWP-1.

[image: Principal Coordinate Analysis (PCoA) plot displaying two groups, CK (red) and MWP-1 (blue). The x-axis represents PCo1 at 72.2% variance, and the y-axis represents PCo2 at 22.5% variance. Both groups form distinct clusters, with CK showing a wider spread than MWP-1.]

FIGURE 6
 PCoA analysis outcome of soil bacterial community functional units.




3.2.4 Effects of MWP-1 on soil nitrogen and phosphorus cycling genes

The genes involved in phosphorus conversion in soil phosphorus cycling can be classified into three categories by their functional roles: those involved in regulating microbial phosphorus starvation response, those involved in microbial inorganic phosphorus dissolution and organic phosphorus mineralization, and those involved in microbial phosphorus uptake and transport (Chen et al., 2024). As shown in Figure 7, the application of MWP-1 significantly reduced the relative abundance of phoB genes in the genome involved in regulating microbial phosphorus starvation response (p < 0.05), and significantly increased the relative abundance of the upg transport system in phosphorus uptake and transport (p < 0.05). The relative abundance of pstB and pstA genes significantly increased (p < 0.05). While the relative abundance of upgQ genes involved in inorganic phosphorus dissolution and organic phosphorus mineralization significantly decreased (p < 0.05), and the relative abundance of C-P system increased. The relative abundance of aphA genes significantly increased (p < 0.05).

[image: Bar chart comparing the relative abundance of various transport systems and enzymes across three groups, labeled Group 1, Group 2, and Group 3. Two conditions, CK (red) and MWP-1 (blue), are represented for each entry. The chart includes elements such as inhibitor proteins, transport proteins, and various hydrolases, with labels indicating significant differences marked by annotations "a" or "b."]

FIGURE 7
 Relative abundance of major functional genes involved in phosphorus cycling. Group 1: Genes coding for phosphorus starvation response regulation; Group 2: Genes coding for phosphorus uptake and transport; Group 3: Genes coding for inorganic phosphorus solubilization and organic phosphorus mineralization. The relative abundance of the ugp-transporter system is calculated as the average abundance of genes ugpB, ugpA, ugpE, and ugpC. The relative abundance of the phn transporter system is calculated as the average abundance of genes phnC, phnE, and phnD. The relative abundance of the pst transporter system is calculated as the average abundance of genes pstB, pstC, pstA, and pstS. The relative abundance of the C- P lyase subunit is calculated as the average abundance of genes phnF, phnG, phnH, phnI, phnJ, phnK, phnL, phnM, phnN, phnO, and phnP. Different lowercase letters represent significant effects of MWP-1 application on the relative abundance of genes involved in phosphorus conversion (p < 0.05).


Most of the functional genes involved in nitrogen cycling, except for those involved in ammonia transporter, ammonia monooxygenase subunit, nitrate transporter, nitroeductaset, nitrogenase nitroreductase/dihydropteridine reductase, did not show any significant changes (Figure 8). The relative abundance of ammonia transporter and ammonia monooxygenase subunits in the genes regulating nitrogen cycling was significantly reduced (p < 0.05). The relative abundance of nitrite transporter, nitrogenase, and nitroreductase/dihydropteridinereductas significantly increased (p < 0.05).

[image: Bar chart comparing the relative abundance of various nitrogen-related proteins between two groups, CK (red) and MWP-1 (blue). The chart includes features like ammonium transporter, nitrite reductase, and nitrate reductase. Labels "a" and "b" indicate statistical differences.]

FIGURE 8
 Relative abundance of major functional genes involved in nitrogen cycling. Different lowercase letters represent significant effects of MWP-1 application on the relative abundance of genes involved in nitrogen cycling (p < 0.05).





3.3 Effects of MWP-1 on soil fungal communities


3.3.1 Number of sequences

On average, 84,751 valid sequences were identified per sample in the soil fungal community, and a total of 81,579 sequences remained after the removal of those ASVs with a total of 1 sequence. The dilution curves of the samples tend to flatten, indicating that the sequencing data were close to saturation, and the sequencing depth was reasonable (Figure 9).

[image: Line graph showing the Chao1 index versus rarefaction depth. Two datasets are compared: CK (red) and MWP-1 (blue). CK shows a steady Chao1 index around 300, while MWP-1 rises to approximately 400.]

FIGURE 9
 Sparse curve of sequencing sample dilution curve based on the Chao1 index of the fungal community.




3.3.2 Soil fungal community composition

The Venn diagram showed a total of 228 ASVs obtained from the treatment and the control, of which 511 ASVs were unique to the control, and 573 ASVs unique to the treatment (Figure 10). The application of MWP-1 affected the number of ASVs in the soil fungi. The main microbial communities were observed as Ascomycota (51.60%), Basidiomycota (3.77%), and Glomeromycota (0.60%) at the phylum level in the treatment (Figure 10B). Some microbial communities were also detected, but at a lower relative abundance <0.1%, such as Mortierellomycota (0.02%), Chytridiomycota (0.052), Olpidiomycota (0.025%).

[image: Box and whisker plots and a principal coordinate analysis (PCoA) chart comparing two treatments, CK and MWP-1. Plots A, B, and C show higher values for MWP-1 in Chao1, Pielou-e, and Shannon indices, respectively. Asterisks indicate significance. Plot D shows a PCoA demonstrating distinct clustering of CK and MWP-1, with CK points connected by a line and MWP-1 forming a triangle.]

FIGURE 10
 Analysis outcome of the alpha diversity indices: Chao1 index (A), Pielou-e index (B), Shannon index (C) and beta diversity (D) of the soil fungal community. *p < 0.05.


Heat map clustering showed that the MWP-1 treatment significantly enriched Mycosphaerella, Coprinellus, Fusicolla, Radulidium, Rachicladosporium, Podospora, Gibberella, Schizochecium, Psathyrella, Serendipita, Curvularia, Allophaeosphaeria, Ceratobasidium, Elasticomyces, and Fontanospora in comparison with the control (Figure 10C). However, the control had significantly enriched Tricharina, Pseudaleuria, Preussia, Leptosphaeria, Cistella, Didymella, Thelebolus, Slopeiomyces, Paraphoma, Lecanicillium, Pseudogymnoascus, Tausonia, Tetracladium, and Coniochaeta.

The Chao1 index, Pielou-e index, and Shannon index of the fungal community significantly increased (p < 0.05) in the treatment (Figure 11), indicating that MWP-1 increased the diversity and evenness of the soil fungal communities in the alpine mining area. Analysis of fungal communities based on the Bray distance PCoA between samples showed that PCo1 and PCo2 contributed 56.1 and 20.6% to the total variation, respectively (Figure 11D). The soil fungal communities with or without the MWP-1 treatment were significantly separated on the PCo1 axis of PCoA, indicating that the MWP-1 affected the soil fungal community in the high-altitude mining area.

[image: Venn diagram, bar chart, and heatmap analyzing fungal communities. Panel A: Venn diagram shows 573 unique species in MWP-1, 228 shared, and 511 in CK. Panel B: Stacked bar chart displays relative abundance of fungal phyla in MWP-1 and CK treatments. Panel C: Heatmap with a dendrogram showing species abundance, with color representing abundance ranging from -1.61 (blue) to 2.04 (red). Labels include genera like Mycosphaerella and Coprinellus. CK and MWP-1 groups are distinguished with different colors.]

FIGURE 11
 ASVs Wayne diagram (A), horizontal community bar chart of bacterial phylum (B), and thermal map of horizontal community composition of fungal genus (C) in the high-altitude mining area after the application of strain MWP-1.




3.3.3 Prediction of soil fungal community functionality

The two dimensions of PCoA in soil explained 91.2 and 5.4% of the variation, respectively (Figure 12). The long distance between the treatment and control indicated that there were differences in fungal community functionality with or without the treatment of MWP-1. Analyses of metabolic pathways between groups with CK as the control and MWP-1 as the upregulated group showed that the treatment group had two upregulated metabolic pathways and one downregulated metabolic pathway, with highly significant differences (p < 0.01) between the two pathways, namely PWY-5083 pathway, NAD/NADH phosphorylation and dephosphorylation, and LIPASYN-PWY pathway, phosphorylation (Figure 12B). Therefore, MWP-1 had a significant impact on the metabolic functionality of soil fungal communities in the high-altitude mining area.

[image: Graph A displays a principal coordinate analysis (PCoA) plot with two clusters, red and blue, representing CK and MWP-1 groups. The x-axis is PCo1 at 91.2%, and the y-axis is PCo2 at 5.4%. Graph B shows a bar chart with three pathways, PWY-5083, PWY-6317, and LIPASYN-PWY, with significance levels indicated by red (p<0.01) and blue (p<0.05).]

FIGURE 12
 PICRUSt2 analysis of fungal community functional potential prediction. PCoA analysis of fungal community functional units (A) and statistical analysis of differences in metabolic pathways (B).





3.4 Relationship between microbial communities and environmental factors

The redundancy analysis (RDA) of soil nutrients and soil microbial communities showed that the former had a significant impact on the latter. RDA1 and RDA2 explained 71.24 and 14.52% of the variation in the bacterial community structure caused by soil nutrients, respectively (Figure 13A). Among them, AP had the strongest impact on the bacterial community, followed by nitrate nitrogen and AK. RDA1 and RDA2 explained 75.1 and 18.37% of the variation in the fungal community caused by soil nutrients, respectively (Figure 13B). The soil total phosphorus content had the strongest impact on the fungal community, followed by ammonia nitrogen and soil total nitrogen content. This indicated that the improved soil nutrient content can effectively promote changes in soil microbial community, and the influencing factors differed between the bacterial and fungal communities.

[image: Two scatter plots labeled A and B, each displaying vectors and data points. Both plots show axes labeled RDA1 and RDA2 with corresponding percentages. Arrows labeled with different variables point in various directions. Blue circles represent MWP-1 and red circles represent CK, positions differ in each plot.]

FIGURE 13
 Redundancy analysis results of soil nutrients and the bacterial (A) and fungal (B) communities.





4 Discussion


4.1 Effects of MWP-1 on vegetation properties and soil nutrients

This study analyzed the effects of applying MWP-1 on plant growth, soil nutrients, and soil microbial communities, and conducted a feasibility analysis for its use as a restoration resource for degraded grasslands in high-altitude mining areas. And it was found that under the special climate and environmental conditions of high-altitude regions, MWP-1 can significantly increase plant community coverage, height, and aboveground biomass, indicating that the interactions between PSB and plant roots or microbial communities can usually promote key processes conducive to plant growth (Mamta et al., 2010), thereby accelerating the increase in vegetation coverage. The average height and aboveground biomass of plants in the treatment were significantly higher than those in the control (p < 0.05), indicating a stronger growth potential. This change suggests an acceleration in the material cycle and energy flow of the ecosystem (Fujii et al., 2018). MWP-1 can also increase the content of available phosphorus in the soil. Through its unique phosphorus dissolution mechanism, PSB converts insoluble phosphorus compounds in the soil into available phosphorus that can be absorbed and utilized by plants (Pan and Cai, 2023), effectively alleviates the problem of soil phosphorus deficiency in the high-altitude mining area, and provides necessary nutritional support for vegetation growth (Yu et al., 2022). The total phosphorus content is an important indicator of total phosphorus storage in the soil. The PSB activity promotes the activation and transformation of soil phosphorus. And vegetation growth enriches soil organic matter, indirectly increasing soil total phosphorus levels (Alikhani et al., 2023). MWP-1 not only promotes the activation of phosphorus, but also enhances soil nitrogen cycling by improving the soil microenvironment. Besides, phosphorus solubilizing bacteria have a certain remedial effect on heavy metal pollution in mining areas. Various detoxification strategies can be used to reduce heavy metal toxicity, including direct adsorption, extracellular reduction, intracellular accumulation (Guo et al., 2021), biomineralization, and enzyme production (Zheng et al., 2021). Utilize biological metabolism to reduce the concentration of toxic and harmful substances in polluted environments or render them harmless. It can effectively cope with heavy metal damage.

The sequencing results indicate that MWP-1 has not become a dominant species in the soil of the mining area. Previously, PSB has been shown to have difficulty in colonizing bacteria in soil through a single application (Liu et al., 2020). In order to better promote the growth of exogenous PSB, Bamdad et al. (2022) proposed to combine bacteria with such carriers as biochar, perlite, peat, and so on. However, further experiments are needed to verify this claim. In spite of its failure to become the dominant species in the high-altitude mining area, MWP-1, a phosphate solubilizing bacterium, significantly promoted plant growth and increased the soil available phosphorus content. This indicates that it can survive and carry out normal life activities, play an efficient role in phosphate solubilization, promote plant growth and development, and increase plant height and aboveground biomass and the content of soil available nutrients, because PSB can promote the local enrichment of beneficial microorganisms in plant roots or rhizosphere soil (Buch and Gupta, 2024). Therefore, MWP-1 alone is able to address the soil nutrient deficiency problem in poor soils. The exogenous PSB MWP-1 changed soil properties. In turn, the changes in soil nutrient conditions can affect microbial communities and plant growth (Figure 13), and may affect microbial communities succession through plant root exudates (Anderson et al., 2024). Thus, the PSB selected in this study from the alpine meadow can adapt to the environment and climate of the alpine mining area, and can grow normally and play a promoting role in other alpine regions. Since MWP-1 was sourced locally, it would not cause invasion of foreign species.



4.2 Effect of MWP-1 on the composition diversity and function of soil microbial communities

The soil microbial communities are closely related to soil ecology and stability (Hu et al., 2021). This study has found that the impact of MWP-1 on the bacterial communities was mainly reflected at the taxonomic level below the phylum only (Figure 4B). At the genus level, MWP-1 increased the relative abundance of functional bacteria such as Solirubrobacter and Rokubacteriales (Figure 4C), which had a positive impact on nutrient cycling in the soil and the absorption and utilization of nutrients by plants, thereby affecting plant growth and development, boosting plant yield, and enhancing the disease resistance of the community (Lan et al., 2022; Jiang et al., 2023; Yang et al., 2023). The composition of soil fungal communities varied at the phylum level (Figure 10B), with more Ascomycota and Basidiomycota in the treatment than in the control, due possibly to the higher sensitivity of fungi to environmental changes (Jumpponen and Brown, 2014). As an important driver of carbon and nitrogen cycling and plant interactions (Challacombe et al., 2019), and also the main decomposer of soil organic matter, Ascomycota has a significant impact on plant growth. The decomposition of soil organic matter requires a large amount of nitrogen, and its increased abundance may be attributed to the nitrogenase secreted by Pseudomonas, which can provide sufficient nitrogen for Ascomycota and increase its abundance (Hu et al., 2023). Soil microbial diversity is an important indicator of community characteristics and stability. Following the MWP-1 application, the alpha diversity of the microbial communities increased, and the community became more complex (Zhou and Fong, 2021). The significant separation of beta diversity may be caused the increase of soil nutrients and root exudates can promote microbial communities succession, with species replacement or turnover (Legendre et al., 2005), and species loss or nesting in microbial communities (Matthews et al., 2019).

MWP-1 affects soil phosphorus cycling. Microbial high affinity (pst) transporters containing genes encoding phosphorus absorption and transport systems can absorb inorganic phosphorus under low phosphorus conditions (Gebhard et al., 2014). These genes regulating phosphorus absorption and transport enable microorganisms to effectively utilize phosphorus and fix it in microbial biomass (Mclaughlin et al., 1988). This is consistent with the gene level regulation of soil microbial communities’ functions by PSB in low phosphorus conditions in the mining area. The analysis of metabolic pathway differences in fungal communities showed that compared to the control, the LIPASYN-PWY pathway of phospholipases in the fungal community function of treatment showed significant downregulation, which may be due to the main role of PSB in dissolving insoluble phosphorus in the soil and converting it into available phosphorus that can be absorbed and utilized by plants. When the content of available phosphorus in the soil increases, the absorption and utilization efficiency of phosphorus by plants increases (Wang et al., 1995), which may lead to a relative decrease in organic phosphorus compounds such as phospholipids in the soil (Cardoso et al., 2003). Phospholipase, as a key enzyme for degrading phospholipids, may decrease its activity and the strength of its functional metabolic pathways due to the reduction of its substrate (phospholipids) (Fernández et al., 2012). Phospholipase activity is higher in phosphorus deficient soils (Richardson and Simpson, 2011), which confirms the promoting effect of PSB on soil phosphorus cycling (Li et al., 2023).

The relative abundance changes of nitrogen cycle related genes indicate the internal transformation of cycling processes and functional groups (Zhang et al., 2021). The results of this study indicate that soil microbial communities treated with MWP-1 have more active nitrogen metabolism. The effect of applying MWP-1 on soil nitrogen content may be due to nitrogen fixation and nitrification (Ward and Jensen, 2014). After applying MWP-1, the relative abundance of genes encoding nitrogenase and nitrite transport increased. Nitrogenase is a complex metalloenzyme that can break the very stable triple bonds in nitrogen molecules and convert them into ammonia that can be directly utilized by organisms (Loveless et al., 1999). Nitrification is a key process in the nitrogen cycle, and involves the oxidation of ammonia to nitrite (Kaur-Bhambra et al., 2022). An increase in the relative abundance of genes encoding nitrite can increase the substrates for nitrification and promote soil nitrogen cycling. The relative abundance of genes encoding both ammonium transporter and ammonia monooxygenase subunit decreases. Ammonium transporter can effectively affect the conversion and utilization efficiency of nitrogen elements, and its weakened function helps to retain nitrogen elements in the soil and reduce nitrogen loss (Chutrakul et al., 2022). The ammonia monooxygenase subunit is a key enzyme in the process of nitrification. The known aerobic ammonia oxidizing bacteria and archaea activate ammonia by oxidizing ammonia to hydroxylamine through ammonia monooxygenase (Arp and Stein, 2003). The weakening of the ammonia monooxygenase subunit can reduce ammonia volatilization loss and improve soil microbial activity (Leininger et al., 2006), which has a positive significance for maintaining soil fertility. Previous studies have shown that the application of bacterial fertilizer instead of 30% nitrogen fertilizer in a high-altitude mining area increased total nitrogen content, thereby promoting plant growth (Artyszak and Gozdowski, 2021).




5 Conclusion

MWP-1 can significantly increase coverage and height of vegetation, the aboveground biomass by more than 40%, the available phosphorus by >50%, the nitrate nitrogen content by 10% and the organic matter content by 10% in the soil in the high-altitude mining area. Although unable to become a dominant soil bacterium, MWP-1 can affect the succession of the microbial communities, increase communities’ diversity, alter microbial communities’ functions, and promote the transformation of soil nitrogen and phosphorus cycling functions. These findings can provide an excellent bacterial resource for the development of microbial fertilizers and the theoretical guidance for sustainable restoration of high-altitude mining areas.
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The rapid expansion of solar photovoltaic (PV) power generation raises concerns regarding its impact on terrestrial ecosystems. Although the influence of PV panels on soil conditions and plant biomass is acknowledged, their effects on the assembly processes and co-occurrence networks of soil microbial communities remain understudied. Clarifying this influence is crucial for understanding the effects of photovoltaic panels on soil ecosystem functions. In this study, we first explored the effects of PV panels on soil properties. Then, using amplicon sequencing, we analyzed the impact of PV panels on soil microbial diversity and function, focusing specifically on the assembly processes and co-occurrence networks of bacterial and fungal communities. Our results indicate that the installation of PV panels improved soil conditions, leading to concurrent effects on microbial community structure and function. This process appears to be deterministic, driven primarily by homogeneous selection. Notably, PV panels increased the complexity of bacterial networks while decreasing their stability. In contrast, PV panels did not affect the complexity of fungal networks despite their stability increased. These findings provide new evidence that soil bacterial networks are more sensitive to PV panels installation than fungal networks, deepening our understanding of land-use change effects on soil ecosystem functions. Moreover, our study demonstrates that higher complexity does not necessarily mean higher stability at least in soil microbial systems, challenging the notion that ecological complexity favors their stability.
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Introduction

Investing in and utilizing clean energy emerges as a pivotal pathway to address the pressing issue of climate warming and biodiversity loss driven by the escalating demand for fossil fuels (IPCC, 2023). Photovoltaic (PV) power generation, harnessing solar energy, is anticipated to become the predominant form of renewable energy by 2050 (Randle-Boggis et al., 2020). Recently, the declining costs of solar PV panels, coupled with the rising demand for clean energy, have significantly accelerated the establishment of photovoltaic power stations in Asia, particularly in the northwest China (Xia et al., 2022). However, the installation and operation procedures of large-scale soil power plants have been found to induce localized climate alterations, such as changes in soil properties, temperature, and vegetation cover (Barron-Gafford et al., 2016; Moscatelli et al., 2022; Vervloesem et al., 2022; Zhang et al., 2023), raising ecological concerns about their potential impacts on ecosystems (Yue et al., 2021; Wu et al., 2022).

Soil microbiome plays a significant role in maintaining ecosystem health through diverse mechanisms, such as biogeochemical cycling, bioremediation, facilitation of plant growth, and enhancement of primary productivity (Cavicchioli et al., 2019; Naylor et al., 2020). However, it is highly responsive to alterations in land use and disruptions in management practices (Lauber et al., 2013; Cornell et al., 2023). Recent studies have demonstrated that the installation of PV panels, a novel form of land use change, has profound effects on the diversity and composition of soil microbial communities (Armstrong et al., 2016; Moura et al., 2021; Luo et al., 2024). While some studies report that PV panels increase soil microbial diversity, others have observed a decrease (Bai et al., 2022; Liu et al., 2023). Further research is needed to clarify the effects of photovoltaic panels on soil microbial communities. Additionally, the mechanisms by which PV panels influence soil microbial diversity remain largely unexplored. One effective approach to address this question is to elucidate the microbial assembly processes, which play pivotal roles in understanding the mechanisms governing microbial community structure (Dini-Andreote et al., 2015; Zhou and Ning, 2017; Barnett et al., 2020). Theoretically, the microbial assembly processes can be either deterministic or stochastic. Deterministic assembly processes arise from selection imposed by the abiotic environment, as well as both antagonistic and synergistic species interactions, while stochastic assembly processes result from unpredictable disturbances, probabilistic dispersal, and random birth-death events (Stegen et al., 2012; Dini-Andreote et al., 2015). Given that the introduction of PV panels has substantially altered several soil properties (e.g., moisture, temperature, pH, and nutrient status) that have consequential impacts on the dynamics of microbial communities (Fierer, 2017; Wu et al., 2022; Zhang et al., 2023), it is reasonable to predict that PV panels affect soil microbial communities in a deterministic manner.

Moreover, soil microorganisms form diverse and complex communities through myriad interactions within ecosystems, serving as a crucial mechanism for exerting ecological functions (Fuhrman, 2009; Wagg et al., 2019). Networks provide mathematical representations of these intricate interactions, with nodes denoting individual taxa and edges depicting observed correlations in abundances among taxa, thereby facilitating inferences about potential interactions (Guseva et al., 2022). Ecological network analysis is widely utilized to comprehend the complexities of microbiomes, predict their responses to environmental stimuli, and discern the potential implications of microbe-microbe associations on ecosystem functioning (Barberán et al., 2012; Guseva et al., 2022). Recent studies have shown that changes in the structure of microbial networks in forest, grassland, and agricultural soils—often driven by climate change and human activities—can significantly impact ecosystem functionality and stability (de Vries et al., 2018; Tian et al., 2018; Wagg et al., 2019). For instance, the complexity of soil microbial networks can serve as a predictor of ecosystem function (Chen W. Q. et al., 2022). Additionally, microbial ecological networks can act as indicators of environmental quality (Karimi et al., 2017). Therefore, gaining a comprehensive understanding of how PV panels influence microbial networks can not only lay the foundation for understanding the functional impacts of future PV panel installations on different ecosystems, but also provide valuable insights for assessing the effects of photovoltaic power stations on soil ecosystems.

To elucidate the alterations in soil microbial networks caused by the establishment of photovoltaic power stations, we need to address two key questions. First, do bacterial and fungal networks, which play pivotal roles in facilitating the functions of soil ecosystems (Wagg et al., 2019), respond differently to photovoltaic power stations? Owing to the varying capabilities of bacterial and fungal networks to maintain dominance across a wide range of environmental conditions, their responses to disturbances may differ (Barnard et al., 2013; He et al., 2017; Xu et al., 2022). Bacterial networks are generally considered to be more sensitive to environmental changes than fungi, primarily because of the relatively simple cell structures of bacteria and their limited ability to adapt to new environments (Kamble and Bååth, 2016; Sun et al., 2017). However, this is not conclusive; previous studies on the responsive pattern of different soil microbes to environmental disturbances is controversial (He et al., 2017; de Vries et al., 2018). Second, how the complexity of ecological networks influences ecosystem stability? The complexity and stability are two key properties of soil microbial networks, which have been demonstrated to fluctuate with changes in environmental conditions (de Vries et al., 2018; Hernandez et al., 2021). Some studies propose that more complex networks, characterized by a higher number of nodes and links, greater connectedness, and centrality, tend to enhance stability by promoting species interactions (MacArthur, 1955; Landi et al., 2018). In contrast, others argue that complex ecological networks are likely to be more fragile because complexity affects the chance that species can coexist at a stable equilibrium, and complex networks allow impacts on one species to propagate rapidly throughout the entire network (Montoya et al., 2006; May, 2019). How the complexity of microbial networks influences their stability under the impacts of PV panels remains unknown. Further research not only helps address this issue but also aids in uncovering general patterns in the relationship between ecosystem complexity and stability.

In the present study, our aim was to illustrate the effects of a new type of land use change (installation of PV panels) on soil physicochemical properties and microbial diversities in the Qinghai-Tibet Plateau (refer to the methods for details) using amplicon sequencing. We compared the differences in beta nearest taxon index (βNTI) values for each treatment to explore whether the influence of PV panels on microbial assemblages follows deterministic or stochastic processes. We also compared the topological characteristics and dynamics of soil microbial communities between control soils and PV panel-disturbed soils to illustrate the effects of PV panels on the complexity and stability of microbial community structures. We hypothesize that: (1) PV panels alter the microbial structure and composition in a deterministic manner due to the changed soil conditions caused by the presence of PV panels. (2) Given the greater ability of fungi to maintain dominance compared to bacteria, PV panels may have large impact on soil bacterial networks than fungal networks. By testing these hypotheses, we aim to deepen our understanding of the ecological impacts of solar panel installations on soil microbial communities, including bacterial and fungal networks, providing new insight into how land use conversions on soil ecosystem functions.



Materials and methods


Study site and sample collection

The Qinghai-Tibet Plateau, situated in the western part of China, is characterized by its unique landscapes, including alpine deserts and steppe regions. Given the plateau’s arid climate and sparse vegetation, it holds significant potential for harnessing solar energy, with the capability to contribute to 45.6% of China’s solar power generation (Zhuang et al., 2021). Consequently, numerous photovoltaic power plants have already been established, and additional projects are in the planning stages, aiming to tap into the abundant solar resources available on the plateau. Our study sites located at Hainan Tibetan Autonomous Prefecture, Qinghai province, China (36°08′N, 100°35′E), the altitude is about 3,000 m. The PV power plants mainly covers of alpine steppe dominated by Artemisia species (Alpine meadow), and is surrounded by untransformed habitats. As of our sampling date (July 2022), the photovoltaic power station has been in operation for six years. The photovoltaic panels are arranged in a linear formation, and our sampling plots (1 m × 1 m) are positioned beneath the photovoltaic panels (down), between the aligned panels (mid), as well as in undisturbed areas about 2 kilometers away from the photovoltaic station (control, 36°08′N, 100°38′E). Each plot was at least 0.5 km away from each other. Since surface soils (the uppermost 10 cm) are typically exhibit the greatest microbial activity and diversity, we collected them in each plot with a five-point sampling method (10 cm in depth; 5 cm in diameter) (Crowther et al., 2019), and then pooled into a mixed sample. All samples were collected within 2 days. After transported to our lab at Nanjing agricultural university, soils were screened to remove any remaining roots and rocks, and then sieved to 2 mm. After homogenization, 43 soil samples were generated (control: 11; down: 16; mid: 16). Soils intended for molecular analysis were stored at −80°C until DNA extraction, while the others were placed in sealed plastic bags at 4°C for further analyses.



Soil physical and chemical properties

We used fresh soil to determine soil moisture, water holding capacity (WHC), soil basal respiration, ammoniacal nitrogen (NH4+-N), and nitrate nitrogen (NO3−-N) content. Air-dried soil was employed to assess soil pH. Soil moisture was assessed by determining the weight loss resulting from subjecting the soil to continuous drying at 105°C in an oven. The determination of WHC followed the methodology established in a previous study (Hallam and Hodson, 2020). The soil NH4+-N and NO3−-N were extracted from soil samples using 2 mol L−1 KCl, and their concentrations were subsequently analyzed using a continuous flow analyzer (Auto Analyzer 3, Seal, Germany). Soil pH was measured by creating a soil/water suspension at a ratio of 1:2.5, and the pH of the suspension was assessed using a glass electrode. For the determination of total carbon (TC) and total nitrogen (TN), air-dried soils were pulverized into a fine powder and subsequently analyzed using an elemental analyzer (multi EA 5000, Germany).



Soil basal respiration

After adjusting the soil moisture to 40% of the maximum water-holding capacity, the samples underwent a pre-incubation at 25°C for 24 h. Subsequently, the soils were flushed with high-purity air and sealed. After an incubation period of approximately 6 h, the CO2 concentration was measured using a gas chromatograph. The net CO2 accumulation was determined by subtracting the initial CO2 concentration in the high-purity air from the final concentration. Soil basal respiration was then calculated, taking into account the known soil mass, incubation time, CO2 concentration change, and headspace volume.



DNA extraction and 16S rRNA sequencing

Microbial DNA was extracted from soil samples using the CTAB/SDS method. DNA concentration and purity were assessed on 1% agarose gels. The bacterial V3/V4 region of the 16S rRNA gene was amplified using the primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT), while the fungal ITS2 gene was amplified using the primers ITS3F (GCATCGATGAAGAACGCAGC) and ITS4 (TCCTCCGCTTATTGATATGC) (Toju et al., 2012). The pooled DNA underwent amplification with a 15-μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs) (0.2 μM of forward and reverse primers, and about 10 ng template DNA). The running conditions were as follows: initial denaturation for 1 min at 98°C, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s. The final step included a 5-min extension at 72°C. After amplification, the amplicons were purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Subsequently, sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) following manufacturer’s recommendations. After assessed with the Qubit@2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system, the library was paired-end sequenced (2 × 250) on an Illumina platform according to standard protocols.



Amplicon sequence processing and analysis

The raw Illumina amplicon reads were processed with QIIME2 (Core 2020.8 distribution) (Bolyen et al., 2019). We employed the Divisive Amplicon Denoising Algorithm (DADA2) pipeline for sequence quality control, involving steps such as denoising reads, merging forward and reverse reads, removing chimeric reads, and assigning reads to amplicon sequence variants (ASVs) (Callahan et al., 2016). Singletons and ASVs belonging to chloroplasts and mitochondria were excluded in our analysis. A phylogenetic tree was constructed based on the filtered alignment file using QIIME2. Subsequently, the representative sequences of bacteria and fungi were taxonomically annotated using a pretrained Naive Bayes classifier (Werner et al., 2012) based on the bacterial 16S rRNA Greengenes 13_8.99% OTUs and fungal UNITE database (99% similarity), respectively.

Following this, phyloseq (v. 1.32.0) was utilized to compute α-diversity indices (richness, Shannon-index) and β-diversity metrics (weighted UniFrac dissimilarity), using the ASVs table rarefied to the minimum reads per sample. The Wilcoxon test was applied to examine microbial alpha-diversity differences among different groups, and the resulting p-values were adjusted for false discovery rate (FDR). To investigate community composition across various groups, principal coordinates analysis (PCoA) was performed using weighted UniFrac dissimilarities derived from the ASV-level table. Furthermore, permutational multivariate analysis of variance (PERMANOVA) was employed to assess the significance of differences in microbial community composition between different groups.

We explored the relative abundances of microbial phyla between control groups and other two groups in photovoltaic power station, respectively. Wilcoxon test was applied to examine the difference between two groups with “BH” adjusted p-value. Afterward, we predicted functional changes among different groups using PICRUSt2 (Douglas et al., 2020). To identify differentially abundant functional features, we applied linear discriminant analysis (LDA) effect size (LEfSe) with the R package microeco. Additionally, we calculated the β nearest taxon index (βNTI) using the R package picante (1.8.2) to explore the changes of soil microbial assemble processes with or without a photovoltaic power station. When |βNTI| is less than 2, it indicates that stochastic processes dominate the assembly of microbial communities, whereas |βNTI| greater than 2 suggests the dominance of deterministic processes. Specifically, βNTI values below −2 signify a tendency toward homogeneous selection, while values exceeding 2 signify a tendency toward heterogeneous selection (Stegen et al., 2012; Dini-Andreote et al., 2015).



Microbial co-occurrence networks analysis

Microbial co-occurrence networks were constructed using the igraph package on the basis of Spearman correlations of relative ASV abundances. Only ASVs present in at least half of all samples within each group were considered for correlation calculations. Correlations with a coefficient |r| > 0.6 and BH corrected p < 0.05 were used. Various network topological indices, including node degrees, weighted degree, centralization of betweenness, and centralization of eigenvector centrality, were computed using the subgraph function of the igraph package. Within-module connectivity (Zi) and among-module connectivity (Pi), which play crucial roles in shaping network structure, were calculated for each node following criteria from previous studies (Guimerà and Amaral, 2005; Shi et al., 2016). Module hubs were identified as nodes with Zi >2.5 and Pi <0.62, connectors as nodes with Zi <2.5 and Pi >0.62, and network hubs as nodes with Zi >2.5 and Pi >0.62. These categories, collectively referred to as keystone nodes, were distinguished from peripherals, which included all remaining nodes. Calculations of Zi and Pi were conducted using the microeco package. In investigating the impact of the PV station on the stability of the constructed soil microbial networks, we employed robustness and vulnerability metrics following the methodology of a previous study (Yuan et al., 2021). Robustness was quantified by determining the percentage of species remaining within the network after random or targeted removal of nodes. For random species removal simulations, a specific proportion of nodes was randomly eliminated. Similarly, for targeted removal simulations, a designated number of module hubs were systematically removed. Robustness was assessed when 50% of random nodes or five module hubs were removed, and a two-sided t-test was employed to compare differences between the control and other two groups. Then we calculated the vulnerability of each node using the method from a previous study (Yuan et al., 2021). The vulnerability of a network is indicated by the maximal vulnerability of nodes.



Soil microbial biomass

To investigate the impact of photovoltaic power station construction on soil microbial biomass and to compare mass-specific microbial respiration (Rmass) among different treatments, we employed qPCR to quantify the microbial biomass in the soil. The bacterial 16S ribosomal RNA genes and fungal ITS2 genes were amplified using the EUB 338-EUB 518 and ITS1F-5.8s primer sets, respectively (Fierer et al., 2005). The qPCR reactions were conducted on a QuantStudio 5 Real-Time PCR system (Applied Biosystems, United States) using the TB Green Premix Ex Taq™ kit (Takara, Japan). The reactions were carried out with a 20-μL PCR reaction system (2 μL DNA samples, 0.4 μL each of primers (10 μM), 0.4 μL 50 × ROX Reference Dye, 10 μL 2 × TB Green Taq, and 6.8 μL RNA Free dH2O). The thermal cycling comprised an initial denaturation at 95°C for 30 s, followed by 40 cycles of 5 s at 95°C, 30 s at 60°C, and a final step at 95°C for 30 s, 60°C for 1 min, 95°C 15 s. A standard curve was generated by using 10-fold serial dilutions of plasmids containing the 16S and ITS2 gene fragments. Finally, we expressed the microbial abundance as copies per gram of soil dry weight.



Statistical analysis of soil properties and respiration

The R software (version 4.1.2) was utilized for data analysis. Normality of distribution and homogeneity of variance were assessed using the Shapiro–Wilk test and Levene’s test, respectively. If necessary, a log transformation or reciprocal transformation was implemented to fulfill the assumptions necessary for the application of parametric tests. One-way ANOVA followed by Tukey HSD test was employed to assess the effects of PV panels on soil physicochemical properties, including soil basal respiration, pH, WHC, NH4+-N, NO3−-N, TC, TN and biomass. To avoid the potential issues associated with analyzing ratios (Jasienski and Bazzaz, 1999; Bradford et al., 2019), we built a linear mixed-effect regression model to examine the effect of PV panels on soil basal respiration, with treatment as fixed factors and biomass as a covariate.




Results


Effects of PV panels on soil properties and soil basal respiration

Photovoltaic installations notably impacted various soil parameters, including soil basal respiration (SBR), microbial biomass, mass-specific microbial respiration (Rmass), water holding capacity (WHC), pH, NH4+-N, total carbon (TC) and total nitrogen (TN) content (Table 1). Specifically, the SBR, Rmass, microbial biomass, TC, and TN content in the mid and down soils were significantly higher than those of control soils. Moreover, the soil’s WHC and NH4+-N content exhibited elevated levels relative to those observed in the control fields. Conversely, the installation of PV panels led to a decrease in soil pH, creating a more neutral soil environment. Interestingly, the soil NO3−-N content remained unaffected by the construction of PV panels. These findings underscore the complex interactions between photovoltaic infrastructure and soil properties, highlighting the effects on key soil parameters.



TABLE 1 The impact of PV panels on soil physicochemical properties, microbial respiration and biomass.
[image: A table displays data on soil properties across three sites: Control, Down, and Mid. Columns include SBR, microbial biomass, Rmass, pH, WHC, NH4+-N, NO3--N, total carbon, and total nitrogen. Statistically significant differences are indicated in bold for each parameter. Different lowercase letters denote significant differences between groups. Data are presented as means ± standard error.]



Effects of PV panels on diversity and function of soil microbial communities

Three samples for fungi failed in sequencing and were consequently excluded from further analysis. PV panels exhibited no significant effects on the richness and diversity of soil bacteria and fungi, as indicated by observed richness and Shannon diversity (Figure 1A). However, PERMANOVA analysis based on weighted UniFrac distance matrix revealed alterations in the community structure of both bacteria and fungi due to the construction of PV panels (Bacteria: F2,40 = 3.60, R2 = 0.15, p < 0.001; Fungi: F2,37 = 2.30, R2 = 0.11, p < 0.001, Figure 1B). The microbial community structure in down soils differed from that in mid soils for fungi, but not for bacteria. The detailed results of paired comparisons can be found in Supplementary Table S1.

[image: Panel A shows box plots comparing alpha diversity measures, richness, and Shannon diversity for bacteria and fungi across control, down, and mid groups. Panels for bacteria are at the top, and fungi at the bottom. Color-coded dots represent groups: green for control, orange for down, and red for mid. Panel B displays scatter plots of bacterial and fungal communities' beta diversity with 95% confidence ellipses in green, orange, and red, indicating differentiation among groups. Correlation coefficients with significance values are noted.]

FIGURE 1
 The effects of PV panels on soil microbial α and β diversity. Observed richness and Shannon diversity of bacteria and fungi were present (A). The absence of significance markings between groups indicates no significant differences between them. Principal coordinates analysis (PCoA) based on microbial weighted UniFrac distances across different treatments (B). Each point represents the community of a sample; the color and shape of the point represent different soil types.


Among the top 10 predominant bacterial phyla, 8 phyla exhibited a statistically significant difference in abundance between control soils and PV panel-affected soils. In detail, the installation of PV panels led to an increase in the abundance of Gemmatimonadota, Nitrospirota, and Proteobacteria, while concurrently decreasing the abundance of Bacteroidota and Firmicutes in down soils compared to the control soils (Figures 2A,C). Similarly, in mid soils, certain phyla also experienced an increase, such as Chloroflexi, Crenarchaeota, Gemmatimonadota, and Proteobacteria, in comparison to the control. Additionally, PV panels resulted in a reduction in the abundance of Bacteroidota, Firmicutes, and Myxococcota in mid soils (Figures 2A,D). However, the impact of PV panels on the relative abundance of fungal phyla was relatively small compared to that on bacteria (only 3 different phyla) (Figure 2B). In comparison to the control, the down soils exhibited a decrease in the abundance of Chytridiomycota, while the mid soils showed a decrease in the abundance of Fungi_phy_Incertae_sedis but an increase in the abundance of Glomeromycota (Figures 2D,F).

[image: Bar and box plots depict microbial abundance and diversity across different treatments. Panels A and B show the relative abundance of bacterial and fungal phyla, respectively, with various colors representing different taxa. Panels C and E present box plots for specific bacterial groups (e.g., Bacteroidota, Firmicutes) across "Control," "Down," and "Mid" treatments, indicating abundance variations. Panel D focuses on Chytridiomycota fungi, while Panel F displays box plots for fungal groups like Glomeromycota and unidentified categories. Abundance values are expressed as relative abundance percentages or ASVs (amplicon sequence variants).]

FIGURE 2
 Microbial compositions of different soils. The 10 most dominant phyla of bacteria (A) and fungi (B) among control, down and mid soils. The varied segments of the bars depict the proportional representation of a specific phylum within each group. Among the 10 most dominant bacterial and fungal phyla, those exhibiting significant differences in abundance (Wilcoxon test with “BH” adjusted p-value <0.05) between control and down soils are shown for bacteria (C) and fungi (D), as well as between control and mid soils for bacteria (E) and fungi (F).


Given the limited availability of fungal whole-genome data, we only predicted functional changes in bacteria. Our analysis revealed that 9 metabolic pathways were enriched in the control soil, while 5 and 7 pathways were enriched in the down and mid soils, respectively (Figure 3). Specifically, the relative abundance of certain pathways—such as biosynthesis of ansamycins, glycan degradation, starch and sucrose metabolism, and galactose metabolism—was higher in the control soils compared to the down and mid soils. Interestingly, the pathways enriched in the down soils were also enriched in the mid soils. For example, several biosynthesis pathways, including lipopolysaccharide biosynthesis and amino acid biosynthesis, as well as metabolic pathways like C5-branched dibasic acid metabolism and glutathione metabolism, were similarly enriched in both down and mid soils. Additionally, citrate cycle and carbon fixation pathways were enriched in both down and mid soils.

[image: Bar chart comparing LDA scores and relative abundance of various metabolic pathways. Green, orange, and purple bars represent control, down, and mid groups, respectively. Key processes include biosynthesis, metabolism, and degradation pathways, with differences in abundance across groups.]

FIGURE 3
 The KEGG pathways obtained from functional predictions showed differential abundance across groups. These pathways were identified using linear discriminant analysis effect size (LEfSe), with LDA scores >2.5 and p < 0.05.




PV panels transformed the microbial assemble processes

To explore whether the influence of photovoltaic solar panels on microbial assemblages follows deterministic or stochastic processes, we computed βNTI values for each treatment. Our findings reveal that both bacteria and fungi are predominantly shaped by neutral processes. However, in soils impacted by PV panels, bacteria exhibited significantly lower βNTI values compared to control soils, indicating a heightened influence of homogenous selection in structuring bacterial communities within PV panels affected soils (Figure 4A). A similar pattern emerged for fungi (Figure 4B). Further analysis revealed that in control soils, the deterministic processes governing the assembly of bacterial and fungal communities accounted for only 1.8 and 3.6%, respectively. However, following the establishment of photovoltaic power stations, these deterministic processes increased significantly to 50.8% (down: 55%; mid: 46.7%) for bacteria and 26.7% (down: 25.8%; mid: 27.5%) for fungi. These results indicate that the establishment of photovoltaic power stations shifts the assembly processes of bacteria and fungi from stochastic to deterministic, with a greater impact on the dynamics of bacterial communities.

[image: Box plots labeled A and B show betaNTI values for Control, Down, and Mid conditions. Green, orange, and red colors represent each condition respectively. Significant differences are marked with asterisks.]

FIGURE 4
 The assembly processes of microbial communities vary among different soils. The beta nearest taxon index (βNTI) for bacterial (A) and fungal (B) communities is illustrated, with distinct colors indicating soils under different treatments. Significant differences between the control and the other two groups were tested using the Wilcoxon test and are indicated by ***p < 0.001 and **p < 0.01.




PV panels affected the complexity of microbial networks

After filtering out the ASVs present in half of the samples in each group, microbial networks were constructed. The results revealed that PV panels have a divergent impact on the complexity of bacterial and fungal networks. Specially, we found that the establishment of photovoltaic power stations increased the number of nodes and edges in the soil bacterial network, especially in mid soils (Figure 5A). Similarly, node connectedness and centrality were also increased (Figure 5B). By calculating Zi and Pi, no network hubs were detected across all bacterial networks, and only 3 connectors and 3 module hubs were observed in control soils. However, in down and mid soils, there was a significant increase in these keystone nodes, particularly for connectors (31 connectors and 7 module hubs in down soils, 43 connectors and 12 module hubs in mid soils) (Supplementary Figure S1A). Interestingly, from the perspective of species composition, we found that the increase in these key species in the soil aligns with the results of the species composition differentiation analysis. For example, as key nodes, the abundance of Proteobacteria and Gemmatimonadota also increased in the mid and down soils (Figure 2 and Supplementary Table S2). Detailed information about the species composition of key nodes is provided in the Supplementary Table S2.

[image: Part A shows network diagrams for bacteria and fungi under different conditions: Control, Down, and Mid. Each diagram includes nodes and edges, indicating varying levels of connectivity. Part B presents bar graphs comparing connectedness and centrality among Control, Down, and Mid conditions, using log scales. Part C displays similar comparisons for microbial communities, also using log scales.]

FIGURE 5
 Microbial co-occurrence networks and their node connectedness and centrality. (A) Bacterial and fungal networks. Modules with ≥5 nodes were present in different colors in the network, and the others were present in grey. The number of nodes and edges for each network was displayed above the network. (B) The node connectedness and centrality of bacterial networks. (C) The node connectedness and centrality of fungal networks. For their node connectedness (weighted degree) and betweenness centrality, log10 transformation was employed to normalize the data. One-way ANOVA followed by Tukey HSD test was used to compare the differences of microbial network properties. Different lowercase letters on the bars indicate statistical significant.


Similar to the bacterial network, the introduction of photovoltaic power stations led to an augmentation in both the number of nodes and edges within the fungal networks, with no discernible network hubs detected across all networks (Figure 5A). Nevertheless, no noticeable disparities in terms of node connectivity and centrality were observed between the control soils and those influenced by photovoltaic panels (Figure 5C). Additionally, the presence of photovoltaic stations did not have any impact on the number of keystone nodes in the fungal network. Each treatment has only two key nodes, but the nodes belong to different categories (two connectors in control soils, one module hub and one connector in down soils, and two module hubs in mid soils) (Supplementary Figure S1B). These results collectively indicate that the construction of photovoltaic power stations increases the complexity of the bacterial networks but has a relatively minor impact on the fungal networks.



The effects of PV panels on the stability and vulnerability of the microbial networks

To assess the impact of PV station installation on the stability of microbial networks, we conducted robustness calculations using both simulations and empirical data. When subject to random species loss, the bacterial networks in down and mid soils exhibited significantly lower robustness compared to the control soils (Figure 6A). Similarly, targeted removal of five module hubs resulted in decreased robustness in the bacterial networks of both down and mid soils (Figure 6B). In contrast, the fungal networks showed significantly greater robustness in down soils than in the control soils under random species removal. However, no significant difference in robustness was observed between the control and mid soils in this context (Figure 6C). Interestingly, when targeting the removal of five module hubs, the fungal networks in both down and mid soils exhibited greater robustness than those in the control soils (Figure 6D). Furthermore, the presence of PV panels led to an increase in the vulnerability of both bacterial and fungal networks. In the case of bacteria, vulnerability exhibited an increase from 0.0019 in control soils to 0.0033 in down soils and further to 0.0042 in mid soils. Conversely, for fungi, vulnerability escalated from 0.0046 in control soils to 0.013 in down soils and significantly higher to 0.028 in mid soils. These results suggest that PV panels decreased the stability of bacterial networks while improving the stability of fungal networks. Moreover, the presence of PV panels led to an increase in the vulnerability of both bacterial and fungal networks.

[image: Bar chart comparing robustness under different conditions: panels A and C show random removal, panels B and D depict targeted deletion. Each panel compares control (green), down (orange), and mid (red) groups. Significant differences (indicated by asterisks) highlight variations in robustness across conditions. Error bars show variability within groups.]

FIGURE 6
 Effects of PV panels on the dynamics of network stability. Robustness quantified as the fraction of taxa that persist when 50% of the taxa or five module hubs are randomly removed from each of the empirical networks of bacteria (A,B) and fungi (C,D). Data were derived from 100 repetitions of the simulation and expressed as mean ± SE. The significant difference between control and other two groups were indicated by ***p < 0.001, ns, not significant.





Discussion


Effects of PV panels on soil properties

In our study, we observed significant effects on soil properties following the installation of PV panels, including increased soil microbial biomass, soil basal respiration, Rmass, WHC, NH4+-N, TC, TN content, and a decrease in soil pH. This aligns with earlier findings from comparable studies and can be attributed to changes in light exposure and wind speed brought about by PV panels (Li et al., 2018; Wu et al., 2022; Liu et al., 2023). These alterations may, in turn, affect soil temperature, moisture levels, as well as the abundance and growth of plants and soil microorganisms, thereby influencing additional soil properties (Liu et al., 2019; Yue et al., 2021). However, our results contradicts another study conducted in a different ecosystem, which showed that PV panels increased soil pH (Moscatelli et al., 2022), suggesting that the influence of PV panels on soil properties is largely dependent on the ecosystem type (Zhang et al., 2023). Further investigations across diverse ecosystems are essential to fully understand the implications of PV panel construction on soil conditions.



PV panels changed microbial community structure and function

As anticipated, the introduction of PV panels had a significant impact on the structures of soil bacterial and fungal communities, as well as microbial compositions, consistent with prior findings (Bai et al., 2022). However, we found that PV panels have little impact on the alpha diversity of soil microbes. This suggests that the installation of photovoltaic panels may alters the microbial habitats, leading to changes in the microbial community structure. Soil abiotic factors, such as pH and moisture, along with biotic factors like plant biomass, are believed to strongly influence microbial diversity (Zhalnina et al., 2015; Frindte et al., 2019; Philippot et al., 2024). While our study did not directly measure soil moisture and plant biomass, drawing from previous research and the observation that PV panels increased soil water holding capacity (WHC) and pH, we speculate that the altered soil conditions induced by PV panels led to changes in the microbial community (Frindte et al., 2019; Liu et al., 2023). Nevertheless, further research is needed to identify the specific factors driving these changes in the soil microbial community.

Furthermore, we observed an increase in the abundance of certain phyla due to PV panels, aligning with earlier findings (Bai et al., 2022). For example, PV panels increased the abundance of Proteobacteria, known for their versatility in utilizing various of carbon sources (Kazakov et al., 2009), thus enabling them to thrive under the influence of PV panels. Interestingly, among the top 10 dominant phyla, the number of significantly different phyla in abundance among different soils was higher in bacteria than in fungi. This suggests that the distinct adaptive capacities of bacteria and fungi to environmental changes may contribute to the more pronounced alteration in bacterial community composition compared to fungi, as proposed by previous studies (de Vries et al., 2018; Yu et al., 2023). Overall, our findings suggest that bacterial composition appears to be more susceptible than the fungal community when disturbed by the installation of PV panels.

Additionally, we found that changes in microbial community composition may have led to alterations in functionality. Proteobacteria are known to dominate carbon fixation under various conditions (Badger and Bek, 2008; Dyksma et al., 2016). Likewise, Gemmatimonadota, which have their photosynthesis genes organized within a gene cluster, are also important for carbon fixation (Mujakic et al., 2023). In this context, the increased abundance of these two phyla may enhance carbon fixation functions in soils affected by PV panels. Moreover, these two phyla were also identified as key nodes in bacterial networks in mid and down soils, suggesting that the increase of key species not only enhances the complexity of microbial communities but also improves their functions, ultimately boosting their adaptability (Guimerà and Amaral, 2005). Conversely, the reduced abundance of Bacteroidota and Firmicutes in down and mid soils may lead to decreased carbohydrate metabolism, such as starch and sucrose metabolism and galactose metabolism, due to their roles in the degradation of cellulose and hemicellulose (Huang et al., 2023). Furthermore, the enrichment of the citrate cycle in the down and mid soils compared to the control soils may explain the increased soil basal respiration observed with the installation of PV panels. However, the reasons for the increased abundance of these species require further investigation.



PV panels changed the microbial communities by deterministic processes

Through a comparison of βNTI values across diverse microbial communities, we uncovered a noteworthy shift induced by the installation of PV panels in the assembly processes governing both bacterial and fungal communities—from stochastic to deterministic. Despite βNTI values in down and mid soils being greater than −2, indicating a seemingly random structure, they exhibited a significant deviation from undisturbed soils without PV panels, approaching −2 (Stegen et al., 2012; Dini-Andreote et al., 2015). These findings are consistent with our hypothesis and suggest the dominance of homogenous selection in shaping microbial assembly processes in in soils affected by PV panels, similar to the impacts observed in other types of land use or environmental changes (Tripathi et al., 2018; Barnett et al., 2020). Homogeneous selection occurs when a uniform environment favors ecologically similar taxa (Dini-Andreote et al., 2015). In this context, the observed results imply that the environmental changes caused by the installation of PV panels are spatially homogenous, imposing constraints on both phylogenetic and functional diversity within the system.



PV panels increased the complexity of soil bacterial networks but had little impact on fungi

We found distinct properties in soil bacterial and fungal networks, exhibiting diverse responses to the installation of PV panels. As we expected, fungal networks exhibited greater resistant to the disturbances caused by PV panels compared to bacterial networks. The installation of PV panels influenced characteristics indicative of high complexity in soil bacterial networks, such as a high number of nodes and edges, elevated connectedness, and centrality, while showing no discernible impacts on fungal networks (Deng et al., 2012; Guseva et al., 2022). The increased connectivity and centrality of bacterial networks may result from the altered soil conditions caused by PV panels, which either change the microbial community composition or promote interspecies interactions, such as competition and cooperation (Chen B. B. et al., 2021; Yang et al., 2023). Furthermore, under the influence of PV panels, key nodes, including module hubs and connectors, have increased in bacterial networks. Since key nodes in microbial networks are considered crucial for driving microbial community composition and shaping network structure, regardless of their abundance, we speculate that the increase in these key species can also enhance interactions and functional differentiation among bacteria within the network, thereby promoting the complexity of the bacterial network (Guimerà and Amaral, 2005; Banerjee et al., 2018). However, no change was observed in fungal networks. Previous studies indicate that bacterial activity, such as growth and extracellular enzyme activities, is higher than that of fungi under similar conditions (Romani et al., 2006; Rousk and Bååth, 2011). Fungi, however, demonstrate a greater capacity to tolerate environmental changes due to their more complex eukaryotic cellular structures (Bapiri et al., 2010; Kamble and Bååth, 2016; Gow et al., 2017). In addition, metabolic dependencies play a pivotal role in shaping species co-occurrence within microbial communities (Zelezniak et al., 2015). Therefore, the changed soil conditions resulting from PV panels may lead to intensified interspecies interactions, such as competition, among bacteria. In contrast, fungi maintain their original activity and interspecific relationships due to their robust tolerance. This ultimately results in an increased complexity of bacterial networks, while fungal networks remain unaffected. While, further more comprehensive investigations into how bacterial and fungal networks undergo changes due to the installation of PV panels are required.



PV panels have different impacts on the stability of soil bacterial and fungal networks

Additionally, our research revealed that the impact of PV panels on the stability and vulnerability of soil bacterial and fungal networks varied when subjected to random removal of nodes and module hubs, simulating species extinction. For bacteria, PV panels not only increased the complexity of their co-occurrence networks but also led to a concurrent decrease in network stability and an increase in vulnerability. These findings contradict previous results indicating that land use conversions increase soil bacterial network complexity and stability, challenging conventional predictions that the complexity of ecosystems contributes to their stability (MacArthur, 1955; Cornell et al., 2023). Instead, they provide evidence that increased complexity destabilizes ecological systems (May, 2019; Yang et al., 2023). It is considered that environmental changes, such as alterations in resource availability, have the potential to induce shifts in interspecies interactions, thereby influencing the ecological niches within the ecological network (Bolnick et al., 2010; Ghoul and Mitri, 2016; Rivett et al., 2016). In our study, the establishment of PV panels enhanced soil carbon and nitrogen storage, fostering an increase in interdependence, tight connectivity, and modularity among bacterial network nodes. These adjustments may render bacteria in the network more sensitive, as even minor changes can propagate throughout the entire network, impacting overall stability. Additionally, compared to eukaryotes, bacterial cell structures are relatively simple, resulting in a weaker ability to cope with environmental disturbances (Bapiri et al., 2010; Kamble and Bååth, 2016). Therefore, despite the increased complexity of the bacterial network structure, its stability decreases, leading to heightened vulnerability.

However, PV panels enhanced both the stability and vulnerability of the fungal network, albeit without influencing its complexity. Fungal networks were found to be smaller, less connected, and less modular compared to bacterial networks, suggesting that nodes in the fungal network are relatively more independent (de Vries et al., 2018; Chen Q. L. et al., 2022; Yu et al., 2023). Such characteristics make the network more resilient when confronted with external pressures or disturbances, as the failure of specific nodes is less likely to swiftly propagate throughout the entire network. Moreover, the complex cellular structure of fungi, along with their stronger resistance to disturbances, contributes to enhanced stability (Rousk et al., 2009; Gow et al., 2017). However, some fungi may have strong adaptations to specific ecological niches, allowing them to exhibit higher stability under current environmental conditions. This specificity, however, could lead to increased vulnerability under other environmental pressures (Solé and Montoya, 2001; Montoya et al., 2006). Nonetheless, more in-depth studies are needed in the future to reveal the patterns of change in the complexity, stability, and vulnerability of bacterial and fungal networks.

Overall, our findings suggest that soil bacterial networks are more sensitive to the installation of photovoltaic panels than fungal networks, providing evidence that increased ecosystem complexity can reduce their stability. This underscores the importance of considering ecological impacts during the development of photovoltaic power. However, our study was conducted in only one habitat type and 6 years after the establishment of the power station, which limits our ability to fully reveal the habitat type dependence of the effects of photovoltaic panels on soil microbial communities and their dynamic changes. Additionally, other environmental factors influencing the microbial community were not thoroughly considered. Therefore, more extensive and in-depth research is needed in the future to uncover the impact of photovoltaic panels on the structure and ecological functions of soil microbial communities. New developments in omics technologies, such as metagenomic and metatranscriptomic analysis, and physiological experiments offer strong support for investigating these issues.
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Soil microbial communities are vulnerable to anthropogenic disturbances such as climate change and land management decisions, thus altering microbially-mediated ecosystem functions. Increasingly, multiple stressors are considered in investigations of ecological response to disturbances. Typically, these investigations involve concurrent stressors. Less studied is how historical stressors shape the response of microbial communities to contemporary stressors. Here we investigate how historical exposure to antibiotics drives soil microbial response to subsequent temperature change. Specifically, grassland plots were treated with 32-months of manure additions from cows either administered an antibiotic or control manure from cows not treated with an antibiotic. In-situ antibiotic exposure initially increased soil respiration however this effect diminished over time. Following the 32-month field portion, a subsequent incubation experiment showed that historical antibiotic exposure caused an acclimation-like response to increasing temperature (i.e., lower microbial biomass at higher temperatures; lower respiration and mass-specific respiration at intermediate temperatures). This response was likely driven by a differential response in the microbial community of antibiotic exposed soils, or due to indirect interactions between manure and soil microbial communities, or a combination of these factors. Microbial communities exposed to antibiotics tended to be dominated by slower-growing, oligotrophic taxa at higher temperatures. Therefore, historical exposure to one stressor is likely to influence the microbial community to subsequent stressors. To predict the response of soils to future stress, particularly increasing soil temperatures, historical context is necessary.
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1 Introduction

Soil ecosystems are impacted by multiple anthropogenic stressors: agricultural management and intensification (Ramirez et al., 2010; Franco et al., 2016; Vazquez et al., 2021; Wepking et al., 2022), contamination (Rillig, 2017; Wepking et al., 2017, 2019), climate (Thakur et al., 2019; Ankrom et al., 2022), and other forms of degradation (FAO, 2020). These stressors disrupt microbial communities with consequences for ecosystem functions (Strickland et al., 2009; Fierer et al., 2012; Philippot et al., 2013; Graham et al., 2016). While these stressors occur simultaneously or successively and interact over time, most soil studies examine individual factors over short timeframes (Rillig et al., 2019) limiting our understanding of how current stressors shape ecosystem responses to future disturbances. Therefore, multifactorial studies that monitor interacting stressors over time are critical (e.g., Thakur et al., 2018, 2019; Siebert et al., 2019; Lucas et al., 2021).

Temperature regulates soil activity, but anthropogenic factors push soils beyond their natural thermal range. Rising global temperatures cause variable and inconsistent alterations in soil communities and their functions (Kirschbaum, 1995, 2006; Steinweg et al., 2008; Allison et al., 2010; Conant et al., 2011; Romero-Olivares et al., 2017; Sulman et al., 2018). Warming often shifts microbial communities and metabolic pathways (Evans and Wallenstein, 2013; Luo et al., 2014; Wei et al., 2014), changes carbon turnover rates and nutrient stoichiometry in both microbial biomass and bulk soil pools (Ghee et al., 2013; Lucas et al., 2021), and impacts microbial efficiency (Schimel et al., 2007). In warmer environments, microbial C use efficiency (CUE) often declines (Schindlbacher et al., 2011) due to increased respiration and enzyme activity (Schindlbacher et al., 2009; Meng et al., 2020; Lucas et al., 2021). Warming-induced decreases in CUE may impact long-term C storage, as soil organic C pools are linked to CUE (Wang et al., 2021). How prior stressors affect the temperature response of soil microbial communities is not well understood.

Interacting stressors can increase the uncertainty in the response of soil processes and microbial community composition (Rillig et al., 2019), suggesting that microbial function is not driven by any one stressor. Therefore, prior environmental stressors could impact soil microbial response to future stressors. This priority effect is akin to legacy effects observed for leaf litter decomposition, where prior exposure of the soil community to a particular litter type predisposes that community to decompose a novel litter type differently (Strickland et al., 2009), or other legacy effects on soil microbial function (Osburn et al., 2022). If such priority effects exist for environmental stressors, the future response of soil microbial communities to increasing temperature could be influenced.

The introduction of antibiotics to soils via livestock waste are relatively common stressor with the potential to affect the temperature response of soil microbial communities. Antibiotic exposure can have widespread ecological consequences (Wepking et al., 2017, 2019; Grenni et al., 2018; Klein et al., 2018; McBride et al., 2020; Shawver et al., 2021). Antibiotics can shift microbial communities (Waksman, 1961; Westergaard et al., 2001; Thiele-Bruhn and Beck, 2005; Demoling et al., 2009; Reichel et al., 2013; Han et al., 2022) and their physiology (Davies et al., 2006; Wepking et al., 2017). In particular, antibiotic additions have been shown to reduce microbial biomass (Thiele-Bruhn and Beck, 2005); increase antibiotic resistance (Zhou et al., 2017; Wepking et al., 2017; Xie et al., 2018), shift microbial community composition toward more oligotrophic organisms (Markowicz et al., 2021); and increase fungal dominance (Wepking et al., 2019; Lucas et al., 2021). Additionally, antibiotic additions decrease microbial biomass C:N, and microbial CUE (Wepking et al., 2019, Lucas et al., 2021). This range of effects suggests that antibiotics will likely alter the response of soil microbial communities to increasing soil temperatures. Indeed, recent research indicates that antibiotics and higher temperatures interact to influence soil microbial community composition and function (Lucas et al., 2021), and also that temperature alone can increase the prevalence of antibiotic resistance (Li et al., 2022). Yet whether prior exposure to antibiotics will predispose communities to respond differently to rising temperatures is unknown.

To investigate how historical antibiotic exposure shapes soil microbial response to future warming stress, we first conducted a long-term (32-month), common-garden, field experiment. Field plots received monthly manure additions from cattle either administered or not administered one of two types of antibiotics (cephapirin and pirlimycin) as described in Wepking et al. (2019). We predicted that initially soils amended with manure from antibiotic-treated cattle would respire C at an elevated rate compared to manure alone with the largest differences seen when soil temperatures were at their greatest, but this response would attenuate with time due to antibiotic induced shifts in microbial community composition and function. At the conclusion of the field experiment, soil samples were collected and incubated across a temperature range (15, 20, 25 and 30°C) to determine how prior antibiotic exposure influences soil’s response to warming. Because cephapirin and pirlimycin both have the potential to reduce microbial biomass, growth efficiency, and lead to shifts toward a more oligotrophic community, we expected that both could induce an acclimatory-like response to temperature when compared to the control. Alternatively, prior exposure to antibiotics may cause mass mortality of microbiota leading to reduced substrate availability and shifts in C cycling pathways over time. If prior antibiotic exposure elicits temperature acclimation or shifts in substrate availability, then this could influence predictions related to soil warming across agricultural landscapes and highlights the potential that legacy effects associated with environmental stressors may influence the response of soils to future unrelated stressors.



2 Methods and materials


2.1 Field experiment

This experiment consisted of a three-year field-based common garden experiment, followed by a laboratory-based incubation experiment (see Supplementary Table S1 for experimental replication information). This field experiment continued the manure addition protocol from Wepking et al. (2019). Briefly, three cattle manure treatments – from cattle administered one of two types of antibiotics cephapirin benzathine (hereafter Ceph; ToMORROW®; Boehringer Ingelheim Vetmedica, Inc., Duluth, GA, USA; intramammary dry cow therapy; single 300-mg dose into each quarter), or pirlimycin hydrochloride (hereafter Pir; Pirsue®; Zoetis, Parsippany, NJ, USA; intramammary dose standard for clinical mastitis; two 50-mg doses, 24-h apart), or cattle not administered antibiotics (i.e., control manure; hereafter Con) – were applied to field plots. Both antibiotics were selected as they are commonly used for prophylactic treatment of mastitis in dairy cows. Manure was applied monthly over the course of the 32-months (total 21,000-g m−2; 648-g m−2 month−1 of wet-weight manure, corresponding with a typical stocking density). For further information, including information on manure characteristics, and antibiotic residual detected within manure, please see Wepking et al. (2019).

Soil respiration was measured monthly over the course of the 943-d field experiment using a LI-8100A infrared gas analyzer (IRGA) and 8100–103 20-cm Survey Chamber (LI-COR Biosciences, Lincoln, Nebraska, USA). Environmental data (soil temperature, air temperature, precipitation) was collected from the Kentland Farm Weather Station. In order to examine the interactive effects of temperature and antibiotics, Q10 (Kirschbaum, 1995) – a measurement of expected change for a given parameter with a 10°C change in temperature – was determined for each experimental plot using soil respiration and corresponding temperature measurements. The dependence of soil respiration on temperature was described by the equation:

[image: The equation \( Y_T = Be^{kT} \) is shown, representing an exponential growth model where \( Y_T \) is a value dependent on time \( T \), \( B \) is a constant, and \( k \) is the growth rate.]

where YT is soil respiration (μmol m2 s−1), T is temperature (°C), B is the exponential fit parameter for the intercept, and k is the exponential fit parameter for the slope. For each experimental plot we then calculated Q10 using the following equation:

[image: The formula shows "Q subscript 10 equals e raised to the power of 10k."]

The total respiration from the field experiment was calculated via integration.



2.2 Incubation experiment

Soil was collected from each plot within the randomized block, common garden experiment described above (three treatments, six blocks). While this experiment is described in greater detail in Wepking et al. (2019), briefly, soil was collected in 0.05 m2 subplots to a depth of 10-cm. Each monolith was broken down into component parts – soil, roots, and aboveground plant material. The most recent manure application was one month prior to the soil sampling, therefore little manure remained visible within the plots. Following sieving (4.75-mm) and homogenization, eight grams (dry weight equivalent) of soil was placed in 50 mL centrifuge tubes, modified to allow for gas sampling. As these source soils came from a randomized block experiment (three treatments, n = 6), this block format was maintained in this study. A technical replicate was also added for each iteration of block and treatment. Soils were maintained at 65% water holding capacity.



2.3 Carbon mineralization

Soils were incubated for 60-d at four temperatures (15°C, 20°C, 25°C, and 30°C) following a 24 h pre-incubation at these same temperatures. During this time carbon mineralization (hereon, Cmin) was determined bi-weekly for the first two weeks, to better capture the initial peak of carbon respiration, and then weekly for the rest of the experiment. Respiration was determined with an infrared gas analyzer (IRGA; Model LI-7000, LI-COR Biosciences, Lincoln, NE, USA) using a static incubation technique (Fierer et al., 2003). Total respiration was calculated via integration.



2.4 Active microbial biomass

Active microbial biomass (substrate-induced respiration; SIR; West and Sparling, 1986, Fierer et al., 2003) was determined on pre-and post-incubation soils to detect changes in microbial biomass over the course of the incubation (∆SIR). SIR was determined following Wepking et al. (2017); see Supplementary methods for more information. Prior to incubation, additional assays of soil function and edaphic properties were conducted (i.e., pH, SIR, standard Cmin at 20°C; Supplementary Table S2).



2.5 Mass specific respiration and microbial community analyses

Antibiotic exposure (Wepking et al., 2017) and increased temperature (Frey et al., 2013) alter microbial physiology, with reduced microbial efficiency being observed in response to both disturbances. Therefore, to better understand microbial efficiency, mass-specific respiration (MSR) was calculated and analyzed (Wepking et al., 2017). This consisted of the total C mineralized as a proportion of the total microbial biomass as determined by SIR. The microbial biomass (SIR) used for this analysis was an average of starting and ending microbial biomass.

Following the 60-d incubation, 0.5-g samples of soil were frozen at −80°C to determine the microbial community response. We amplified ribosomal marker genes using 2 step PCR in accordance with the Earth Microbiome Project protocol for 16S and ITS sequencing (The Earth Microbiome Project Consortium et al., 2017). See Supplementary methods for additional details.



2.6 Statistics

Data analysis was performed with the R statistical platform (R Core Team, 2017). Linear mixed models (LMM) — ‘lme4’ package (Bates et al., 2015) – were used to create linear models which were analyzed using analysis of variance (ANOVA). Model reduction analysis was used to examine the influence of temperature and treatments. Model selection was determined by lowest Akaike information criterion (AIC) score (Akaike, 1974). For the field experiment, treatment was a fixed effect and block was a random effect. For the incubation experiment, treatment and temperature were interactive fixed effects and block was a random effect. Variance was tested with a Wilk–Shapiro test. Where assumptions were not met data were log or square-root transformed.

Microbial community structure was compared with Primer (Ver. 7.0.13) and R (package vegan; Oksanen et al., 2020). Microbial community data was square-root transformed before calculating Bray–Curtis dissimilarity. Community distance matrices were used to generate ordinations for bacteria and fungi. To compare community composition across treatment and temperature as well as interactive effects PERMANOVA was used (Anderson, 2001; Anderson et al., 2008), and beta diversity was assessed across our samples using PERMDISP tests (Anderson, 2006; Anderson et al., 2006). Linear mixed effects models were used to determine how the most abundant bacterial and fungal orders differed across each temperature. Because of the significant interaction between treatment and temperature in our PERMANOVA analysis, we subsetted our data and examined the treatment effect at each incubation temperature.




3 Results


3.1 Field-measured microbial respiration

To establish whether there were antibiotic effects on soil microbial respiration we compared the relationship between soil temperature and respiration during the 32-month field-portion of the experiment (Figure 1A). Additionally, to explore interactive effects of temperature with antibiotic exposure, we calculated the coefficient Q10 and subsequently analyzed it across the entire field experiment (Figure 1B); a significant treatment effect was observed with the Pir treatment having a higher Q10 than the control or the Ceph treatment (F2,10 = 4.56, p < 0.05). Subsequently, we considered the field-measured respiration as a timeseries (Figure 2A) as well as a cumulative total (Figure 2B), the latter not indicating a significant treatment effect (F2,28 = 0.47, p = 0.63). However, when examining the data on a finer scale, treatment differences during the warmer months of the year are apparent (Figure 2A).

[image: Graph and bar chart comparing soil respiration effects of control, Cephapirin, and Pirlimycin treatments. Graph (a) shows soil respiration increasing with temperature across all treatments, with overlapping data points. Bar chart (b) illustrates the Q10 values, with Pirlimycin showing a higher value than Control and Cephapirin.]

FIGURE 1
 Summary of the response of the treatments to changing temperature during 32-months of manure additions. (A) Monthly measurements of soil respiration across 32-months and their relationship to air temperature. (B) Treatments vary by Q10 quotient with the Pir treatment respiring more carbon at higher temperatures than the other two treatments.


[image: Graph illustrating temperature changes from 2015 to 2017 with a central line and gray confidence interval. Accompanying box plots compare cumulative CO2 across three conditions marked in blue, yellow, and white, signifying differences among groups.]

FIGURE 2
 Field respiration and soil temperature over the course of the three-year experiment. (A) Field respiration from December 2015 through May 2017. Respiration of Con (black), Ceph (yellow), and Pir (blue) are shown as smoothed lines with gray shaded errors; the scale for this data is on the left y-axis. Standard error was calculated using t-based confidence intervals. The brown line depicts soil temperature over this sampling period; the scale for this data is on the right y-axis. (B–D) Cumulative respiration for the three treatments, Con (white), Ceph (yellow), and Pir (blue), as determined by calculating the integral of field respiration during 3 periods of time; (B) over the course of the entire 32-month experiment; (C) during the 2015-growing season; and (D) during the 2016-growing season.


To better understand the warm season patterns, each growing season was analyzed individually. To account for inter-year variability in growing season, temperature was used as a proxy. Data were partitioned into peak growing periods during 2015 and 2016 by isolating respiration measurements taken when soil temperature exceeded 12°C. This cutoff was based on previous studies of grass showing a divergence in growth rate when the temperatures of soils were between 10°C and 15°C (Delucia et al., 1992). Cumulative respiration in the growing season of 2015 showed a significant treatment effect (Figure 2C; F2,29 = 4.05, p < 0.05), while no significant treatment effect was observed during the 2016 growing season (Figure 2D; F2,33 = 0.24, p = 0.79). Within the 2015 growing season (Figure 2C), the treatment effect was driven by the Pir treatment which was greater than Con (p = 0.051) and significantly greater than Ceph (p < 0.05).



3.2 Incubation experiment


3.2.1 Active microbial biomass

The final active microbial biomass (i.e., post-incubation) and the change in active microbial biomass (∆SIR; Supplementary Table S3) showed similar dynamics, therefore we have focused on the ∆SIR. There were significant main effects of treatment (Figure 3A; F2,127 = 14.35, p < 0.001), temperature, (Figure 3A; F3,127 = 25.82, p < 0.001), and a treatment × temperature interaction (Figure 3A; F6,127 = 5.87, p < 0.001). The temperature effect was largely driven by an increase in SIR in the 30°C incubation; all other temperatures showed a decrease in SIR. Within temperatures, the control treatment had a higher ∆SIR than the two antibiotic treatments in the 30°C incubation.

[image: Three line graphs labeled (a), (b), and (c) display the effects of temperature on soil parameters for control, Cephapirin, and Pirlimycin treatments. (a) shows ΔSIR biomass, with control increasing sharply at 30°C, while others decrease. (b) displays cumulative CO₂-C, rising with temperature, with control remaining higher than treatments. (c) illustrates mass-specific respiration peaking at 25°C, then decreasing, with control again the highest. Data points are differentiated by color and marked with letters to indicate significance.]

FIGURE 3
 Response of treatments to a 60-d incubation at a range of temperatures (15°C, 20°C, 25°C, 30°C). (A) Change in active microbial biomass (∆SIR; μg CO2-C g dry wt soil −1 h−1) from the beginning to the end of the incubation. Within temperatures, there was a significant difference between treatments at the 30°C temperature (Con was significantly greater than Ceph and Pir antibiotic treatments). (B) Cumulative amount of microbially respired carbon (Cmin) across the three treatments and four temperatures. For cumulative respired carbon, the 25°C treatment was the only temperature to show significant treatment effects (F2,28 = 9.10, p < 0.001; Con significantly greater than Ceph and Pir antibiotic treatments). (C) The amount of respired carbon as a proportion of microbial biomass for the incubation experiment. For mass-specific respiration (C); mg CO2-C mg microbial biomass−1, the 25°C treatment was the only temperature to show a significant treatment effect (F2,28 = 9.10, p < 0.001; Con significantly greater than Ceph and Pir antibiotic treatments).




3.2.2 Carbon mineralization

Analysis of Cmin throughout the entire incubation (Supplementary Table S4) revealed significant treatment (Figure 3B; F2,127 = 6.66, p < 0.01) and temperature effects (Figure 3B; F3,127 = 48.44, p < 0.001) but no treatment × temperature interaction (Figure 3B; F6,127 = 1.38, p = 0.23). Overall, the treatment effect is attributed to the antibiotic treatments mineralizing less C than the control across temperatures. The temperature effect was largely as predicted, with each 5°C increase creating a significant increase in Cmin (apart from 15°C and 20°C which was only a marginally significant difference; p = 0.059). When examined within incubation temperatures, no significant treatment effect is noted at 15°C (Figure 3B; F2,28 = 1.09, p = 0.35), 20°C (Figure 3B; F2,28 = 0.52, p = 0.60), or 30°C (Figure 3B; F2,28 = 2.0, p = 0.16). However, a significant treatment effect is observed in the 25°C incubation (Figure 3B; F2,28 = 9.10, p < 0.001). This was primarily driven by reduced Cmin in the Ceph (p < 0.01) and Pir (p < 0.001) treatments compared to the control.



3.2.3 Mass specific respiration

Analysis of MSR (Supplementary Table S5) from the incubation experiment showed a marginally significant treatment effect (Figure 3C; F2,127 = 2.62, p = 0.08), and a significant temperature (Figure 3C; F3,127 = 44.02, p < 0.001) and treatment × temperature interaction (Figure 3C; F6,127 = 3.87, p < 0.005). MSR was greatest in the 25°C incubation compared to all other incubations (all: p < 0.005). The 30°C incubation showed the second highest MSR and was significantly greater than both the 15°C (p < 0.001) and 20°C (p < 0.001) incubations. Finally, MSR of the 20°C incubation was significantly greater than that of the 15°C incubation (p < 0.005). The marginal treatment, and significant treatment × temperature interaction effect was largely driven by the dynamics within the 25°C incubation. Here, Con showed a significantly greater MSR than both Ceph (p < 0.005) and Pir (p < 0.001). There were no other significant treatment effects within the other incubation temperatures.



3.2.4 Microbial community composition

Shannon diversity (H) – a measurement of richness and evenness – was influenced by both treatments and temperature for the fungal communities, while the bacterial communities were unaffected by either. Fungal Shannon diversity increased in both antibiotic treatments compared to controls (dAIC = −34.12, χ23 = 40.12, p < 0.001, Supplementary Figure S1). However, as temperatures increased, fungal diversity decreased (dAIC = −14.89, χ23 = 18.89, p < 0.001). Specifically, 15°C and 20°C environments had high fungal diversity, with 25°C having lower and 30°C having the lowest (Supplementary Figure S1). There was no interactive effect of temperature and treatment on fungal (dAIC = 6.53, χ26 = 5.47, p = 0.49) or bacterial Shannon diversity (dAIC = 2.91, χ26 = 9.09, p = 0.17).

The composition of microbial communities responded to both temperature and antibiotic treatments during the 60-day incubation (Figure 4; Supplementary Figure S2; Supplementary Tables S4, S5). Both fungal and bacterial communities were influenced by antibiotic treatments (PERMANOVA Fungi: Figure 4, Pseudo-F2,53 = 4.93, p < 0.001; Bacteria: Figure 4A, Pseudo-F2,51 = 4.69, p < 0.001), temperature incubations (PERMANOVA Fungi: Pseudo-F3,53 = 1.94, p < 0.001; Bacteria: Pseudo-F3,51 = 3.21, p < 0.001), and their interaction (PERMANOVA Fungi: Pseudo-F6,53 = 1.3, p < 0.001; Bacteria: Pseudo-F6,51 = 1.52, p < 0.001). Temperature effects on bacterial and fungal composition were partially driven by a decrease in beta diversity at higher temperatures (PERMDISP Fungi: Pseudo-F3,66 = 13.04, p < 0.001; Bacteria: Pseudo-F3,64 = 3.64, p = 0.049).

[image: Scatter plots showing NMDS analysis. Panel a) displays bacterial communities, and panel b) shows fungal communities with different colored symbols representing various conditions. Panel c) and d) illustrate centroids for bacterial and fungal communities, respectively, with error bars indicating variability. Legend indicates color coding for conditions 15, 20, 25, 30, control, Ceph, and Pir.]

FIGURE 4
 Non-metric dimensional scaling representation of (A,C) bacterial and (B,D) fungal communities associated with temperature and antibiotic treatments. Distances are based on dissimilarity matrices of sequence-based Bray-Curtis distances. Panels (C,D) represent the centroid for each antibiotic and temperature treatment, and error bars are mean standard error.


Microbial communities were analyzed within each temperature separately to examine temperature × treatment interaction; treatment effects were only apparent in soils maintained at 25°C and 30°C (Table 1). Specifically, at both 25°C and 30°C, Pir and Ceph differed from each other and from controls. To further examine this trend we looked at the relative abundance of the top 10 most abundant bacterial orders across treatments (Supplementary Table S4; Supplementary Figure S2). We found that community differences at 25 and 30°C were driven by increases in Acidobacteriales (phylum Acidobacteriota), Pedoshaerales (phylum Verrucomicrobia), and Chthoniobacterales (phylum Verrucomicrobia) in antibiotic treatments (Supplementary Table S4; Supplementary Figure S2). Additionally, Micropepsales (phyla Proteobacteria) increased in relative abundance at 15, 25 and 30°C in antibiotic plots compared to controls. Myxococcales (phylum Myxococcota) decreased in relative abundance in Pir plots compared to Ceph at 25°C, and Betaproteobacteria (phylum Proteobacteria) decreased in antibiotic plots at 30°C (Supplementary Table S4).



TABLE 1 Results of the PERMANOVA analysis of microbial communities.
[image: Table analyzing bacterial and fungal communities with fixed effects on treatment and temperature, including subsets at various temperatures. Columns show subsetting model, Pseudo-F, degrees of freedom, and p-values. Bold p-values indicate statistical significance.]

Fungal communities also differed across treatments at high temperatures (25 and 30°C, Supplementary Table S5). As seen in previous work, fungal communities became more homogenous at high temperatures (Lucas et al., 2021), and shifted in composition. The most prominent difference between antibiotic treatments and controls was the high relative abundance of Microascales in Controls at 25 and 30°C (Supplementary Table S5). Ceph and Pir soils also had increased relative abundance of Mortierellales at 25 and 30°C. In Pirlimycin soils, the relative abundance of Archeaorhizomycetales and GS11 increased and Sordariales decreased at 25 and 30°C, and Olipidales increased at 25°C only (Supplementary Table S5).





4 Discussion

Antibiotic exposure caused soil respiration to respond differently to seasonal temperature shifts during the first year of the field experiment. That is, the Pir treatment exhibited a greater increase in respiration at higher temperatures, whereas the Ceph treatment tended to elicit less of an increase in respiration. However, after prolonged exposure to antibiotics, these effects diminished suggesting an acclimatory-like response to temperature variation. To examine whether this legacy of antibiotic exposure affects the temperature response of the soil microbial communities, we incubated soils from our field experiment across a range of temperatures. We found that antibiotic legacies (versus the control) led to a divergence in the response of microbial communities at warmer temperatures (25 and 30°C). Soils previously exposed to antibiotics exhibited a decrease in SIR and CMIN at warmer temperatures, suggesting that response to a current stressor (here, warmer temperatures), may be shaped by legacy stressors (here, antibiotic exposure).

During the first year of the field experiment, the Pir treatment was associated with a greater temperature response for soil respiration when compared to the control or Ceph treatments. It is perhaps unsurprising that the Ceph treatment does not exhibit a similar respiratory response because the two antibiotics vary in their modes of action and therefore differentially effect microbial community structure and physiology (Lobritz et al., 2015; Wepking et al., 2017, 2019). Antibiotic mode of action also has practical impacts related to their potential ecological effects, e.g., bacteriostatic antibiotics, like pirlimycin, inhibit bacterial growth (Lobritz et al., 2015). Therefore, we predicted that as temperature increased, respiration in Ceph treatments would likely be lower due to cell death. In contrast, bacteriostatic antibiotics such as pirlimycin should increase respiration due to decreased microbial efficiency (Lobritz et al., 2015, Wepking et al., 2017, 2019). Additionally, previous research at this site found both a shift toward greater fungal-dominance, as well as, compositional differences in both bacterial and fungal communities across the entire experimental period (Shawver et al., 2021) when comparing the antibiotic treatments to the control. Such shifts in microbial community structure – whether attributed to a direct effect of the antibiotic, or an indirect effect of the manure microbiome on the soil microbiome, or a combination of the two – could cause varied respiratory responses to temperature (e.g., Pietikäinen et al., 2005).

Interestingly, differences in the temperature response of the antibiotic treatments attenuated over time, similar to previous soil warming experiments (Bradford, 2013), where microbial communities down-regulate activity under sustained high temperatures. However, in this instance the acclimation-like response was not driven by exposure to higher or lower temperatures but was in fact due to historical antibiotic exposure. We suggest that microbial communities exposed to antibiotics had to initially up-regulate metabolically expensive defensive strategies (e.g., antibiotic resistance), leading to elevated CO2 (Liu et al., 2009). However, in subsequent years, the community composition and functional capacity to endure antibiotic exposure, allowed microbial communities to maintain respiration rates similar to controls, i.e., acclimate. Additionally, this acclimation-like response was likely not driven by changes in soil C availability or microbial biomass as can occur in soil warming experiments (Conant et al., 2011; Bradford, 2013). We did not observe differences in bioavailable-C or microbial biomass at the end of the field experiment (Supplementary Table S2). When exposing our field soils to glucose for pre-incubation SIR measurement, the response was similar across treatments, suggesting a lack of substrate limitation. Instead, differences in microbial community composition and/or physiology are likely accounted for by this acclimatory-like temperature response.

Legacy antibiotic exposure shaped the temperature response of these soils. Specifically, microbial biomass, soil respiration, and mass-specific respiration all exhibited reduced response to increasing temperatures for the antibiotic-exposed soils compared to the control. Additionally, temperature driven shifts in the microbial community were contingent on antibiotic exposure. There are a number of potential explanations for the observed temperature dependent effects, including a shift in thermal optima (Bradford, 2013), or decreased microbial efficiency due to microbial stress (Schindlbacher et al., 2011). It is also possible that substrate availability became limiting in control soils at 30°C. In control environments, C mineralization rates stabilized between 25 and 30°C, and microbial activity was stimulated by the addition of glucose from SIR assays at 30°C, possibly indicating substrate limitation. However, substrate limitation was not likely a factor in antibiotic laden environments as C mineralization rates increased with increasing temperature, and microbial activity was low even when glucose was added. Combined, the varied microbial dynamics between antibiotic-exposed soils and control soils emphasizes how historical stress can lead to divergent future trajectories.

At 30°C active microbial biomass associated with the control increased significantly more than either antibiotic treatment (both: p > 0.005), aligning with expectations for recently warmed soils. In contrast, the Ceph treatment was found to have a marginally greater increase in microbial biomass than Pir (p = 0.08) providing evidence that these soils – despite all being exposed to additional resources in the form of manure – do not function similarly with increasing temperature even after 32-months of manure additions. Instead, the antibiotic treatments exhibited reduced microbial growth (or activity) similar to thermally acclimated microbial communities (Bradford et al., 2008).

Divergence in both cumulative respiration and MSR at a moderate-high temperature and convergence at both low and high temperatures appears to emulate the Type III response of microbial acclimation described by Bradford et al. (2008) and Bradford (2013), driven by a shift in thermal optima of the antibiotic-exposed microbial communities. This response is likely attributable to either microbial turnover or acclimation. The 25°C incubation, where we saw a divergence in cumulative respiration and MSR, was also the warmest temperature not to show an increase in microbial biomass over the course of the incubation. Instead, it shows the greatest respiration per unit biomass – this is driven by the control, as the two antibiotic treatments are not significantly different from the 30°C incubation. It is possible that a shift in bacterial-to fungal dominance could drive this concomitant shift in thermal optima, given that fungi are inhibited with increasing temperature relative to bacteria (Pietikäinen et al., 2005). Such a shift in fungal dominance was observed in the field (Wepking et al., 2019). Subtle changes in microbial and fungal community composition could also play a role.

In fact, for soil microbial communities we observed a difference in temperature response based on antibiotic legacy. Specifically, at lower temperatures microbial communities were compositionally more similar but at higher temperatures (i.e., 25 and 30°C) microbial communities were compositionally more dissimilar among treatments and exhibited lower within treatment beta diversity. Previous studies have shown that exposure to antibiotic-laden manure can drive changes in microbial community composition (Wepking et al., 2019; Shawver et al., 2021). Surprisingly, in this study we found that past exposure to antibiotics shapes the compositional response of the soil microbial community to increasing temperature. In fact, it is this compositional response that may drive the acclimatory-like response to temperature. Specifically, we observed that oligotrophic microbial taxa (i.e., taxa in the phylum Acidobacteria and Verrucomicrobia) and many fungal saprobes (i.e., Fusarium, Humicola) increased in relative abundance to a greater extent at higher temperatures for the antibiotic-exposed soils. This shift toward oligotrophic bacterial dominance – with their lower growth rates and higher growth yield efficiency (Fierer et al., 2007) – likely accounts for the varied temperature response. This shift toward a more oligotrophic community was not ultimately a product of exposure to extended high temperatures or low substrate availability, instead it was a product of historical antibiotic exposure.

Exposure to antibiotics can shape the thermal response of soil microbial communities. This acclimatory-like response to increasing temperatures suggests that the temperature response of soils exposed to antibiotics may be less significant than un-exposed soils. Further research is needed to better understand the entirety of antibiotic effects on soil communities and function. For instance, whether soils from a range of environments respond in a similar manner (Wepking et al., 2017); if the observed initial decrease in whole ecosystem CUE caused by antibiotic exposure offsets any potential benefit derived from a change in temperature response (Wepking et al., 2019); and whether continued, simultaneous exposure to antibiotics and higher temperatures leads to greater losses of soil C (Lucas et al., 2021). Additionally, this research introduces the underexplored concept of historical legacies in soils and emphasizes the potential for past stress to impact the response of soil communities to future stressors. To date, few studies have examined how multiple stressors can simultaneously influence soil community structure and function (Rillig et al., 2019), fewer if any have considered legacy effects. To fully understand the response of soils to future conditions we must consider both their present state, and the historical legacies that shaped these soil communities.
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To mitigate overgrazing on grasslands, towns were constructed in some pastoral regions of China to relocate pastoralists. Nevertheless, whether and how the urbanized lands impact the surrounding grassland ecosystem remains unclear. We assessed the impacts of urbanized lands on the plant and soil interactions within the surrounding grasslands in order to ensure an eco-sustainable pastoralist relocation. The town with 1 km radius was selected as urbanization sample and a grassland with 1 km radius was selected as nature grassland sample. Plants and soil were investigated in nature grassland (NG), and areas 1 km (T-1 km), 2 km (T-2 km), and 3 km (T-3 km) from the center of the town. In T-1 km and T-2 km, compared to the NG, plant diversity, the abundance of dominant plant species, the abundance of soil wood saprotroph fungi, soil water content (SWC), and total organic carbon (TOC) decreased, while soil plant pathogen fungi, soil pH, and total phosphatase (TP) increased. Conversely, no such changes were observed in T-3 km. The results of Mantel test and Partial least squares path model suggest that the decrease in soil TOC and SWC, along with the increase in pH and TP in T-1 km and T-2 km, lead to a decline in wood saprotroph fungi and an increase in plant pathogen fungi, ultimately resulting in reductions in plant diversity and the abundance of dominant plant species. These results indicate that towns in pastoral areas can lead to surrounding grassland degradation by deteriorating the plant–soil interactions.
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1 Introduction

Grassland is an essential terrestrial ecosystem type that provides natural resources for pastoralists (Sun et al., 2022). Biodiversity is the cornerstone of maintaining the stability of the grassland ecosystem (Halliday et al., 2020; Sun et al., 2022), which is intimately tied to the livelihoods of pastoralists. In turn, moderate grazing can expedite the material cycle within the grassland, thereby sustaining its biodiversity (Davinic et al., 2013; Xun et al., 2018). Therefore, achieving a balance between grassland conservation and the sustainable livelihoods of pastoralist is an important ecological and social issue. Due to population growth, overgrazing has led to significant grassland degradation across China over the past three decades (Niu et al., 2019; Feng et al., 2023; Wang et al., 2023). To mitigate overgrazing and restore degraded grasslands, towns were established in pastoral areas, aimed at encouraging pastoralists to relocate and transition into industries and services (Song et al., 2015; Yeh and Makely, 2019; Gongbuzeren et al., 2021). Nevertheless, urbanization has been recognized as the primary anthropogenic force that negatively impacts the biodiversity of natural ecosystems by deteriorating soil and vegetation (Simkin et al., 2022; Yang et al., 2022a; Wang et al., 2018; Ren et al., 2022; Ruas et al., 2022; Toledo-Garibaldi et al., 2023; Kurylo et al., 2024). While “pastoralist relocation to towns” mitigated grazing pressure, the detrimental consequences of urbanization on the grassland ecosystem have been overlooked. To ensure an eco-sustainable pastoralist relocation, it is imperative to evaluate the ecological processes and consequences that urbanized lands impose on biodiversity of the grassland ecosystem.

Urbanization involves the expansion of impermeable areas onto natural land, disrupting the natural water cycle within urban regions and their vicinities (Hu et al., 2018; Wu et al., 2024). Furthermore, it brings about environmental alterations such as the heat island effect and air pollution (Yang et al., 2022a; Yao et al., 2023). Consequently, an ecotone emerges at the interface between urban and natural landscapes, characterized by distinct conditions in terms of water availability, temperature, and atmospheric composition compared to those observed in natural ecosystems (Goodarzi et al., 2020; Alue et al., 2022; Tatsumi et al., 2023). In the edge areas induced by anthropogenic disturbances, the deterioration of temperature, moisture, light, and soil physicochemical properties can adversely impact the survival and interactions of plants and soil microorganisms, leading to a “negative edge effect” (van der Heijden et al., 2008; Bardgett and van der Putten, 2014; Schmidt et al., 2017; Koelemeijer et al., 2023). In this process, vegetation degradation caused by anthropogenic disturbances in the affected areas can lead to a decrease in litter and alterations in plant root exudates. These changes subsequently impact the composition and function of soil microbial communities by diminishing nutrient sources and reducing the overall suitability of the soil environment (Cline and Zak, 2016; van der Heijden et al., 2016; Delgado-Baquerizo et al., 2018). Changes in soil microbial communities can alter organic matter decomposition and nutrient cycling within the soil, thereby influencing plant growth and development, ultimately leading to a reduction in plant diversity (Bardgett and van der Putten, 2014; Smith et al., 2015; Wang et al., 2022b). This cascade can propagate, causing the degradation of adjacent areas by influencing the soil properties of neighboring areas (Fang et al., 2024). Numerous studies show that in edge zones induced by anthropogenic disturbances, the harmonious interactions between soil microorganisms and plant communities are disrupted, resulting in a marked decline in soil nutrient cycling rate (Pennanen, 2001; Malmivaara-Lämsä et al., 2008; Fang et al., 2024). Recent investigations at the urban-forest interface have revealed that soil respiration rates diminish due to elevated temperatures and arid conditions (Carey et al., 2016; Garvey et al., 2022; Garvey et al., 2023), while the mutually beneficial relationship between trees and their fungal root symbionts deteriorates (Tatsumi et al., 2023). These findings in urban-forest edges imply that urbanized lands contribute to the degradation of adjacent natural ecosystems by impairing the intricate interplay between plants and soil.

The urbanization induced negative edge effects on the plant–soil interaction may be particularly pronounced in fragile grassland ecosystems due to their inherently poor soil quality and low precipitation levels (Gao B. et al., 2023; Liu et al., 2024). However, the urbanization induced negative edge effects remain unclear. Grasslands are distributed in arid or semi-arid regions, where precipitation is low and soil moisture evaporates rapidly (Fan et al., 2024). The vegetation of grasslands comprises herbaceous plants with less developed roots, and the litter from these plants decomposes rapidly at the soil surface, resulting in insufficient nutrient accumulation in the soil (Li H. et al., 2024). Consequently, in fragile grassland ecosystems, soil microorganisms are highly sensitive to variations in water and soil nutrients, making the interactions between plants and soil microorganisms more susceptible to disruption (Han et al., 2024).

The urbanization disturbances may exacerbate the interactions between grassland plants and soil microorganisms, ultimately resulting in a decline in plant diversity and vegetation degradation. Furthermore, studies of forests have revealed that the negative edge effects can be observed within a specific range surrounding urbanized lands (Harper et al., 2005; Ewers and Didham, 2006; Smith and Smith, 2010; Vallet et al., 2010; Veselkin et al., 2018). Hence, it is imperative to investigate the extent to which the negative edge effect can be detected in surrounding grasslands. This knowledge is crucial for planning the size and density of the towns, with the aim of mitigating the detrimental effects of urbanization on the grassland ecosystem.

The Hulunbuir grassland, located in the Inner Mongolia of China, is a typical temperate meadow grassland and an important pastoral region in China (Sun et al., 2016). Since the 1980s, the local government has established towns of varying sizes within the pastoral areas to protect the grassland from overgrazing. In this study, we take the Hulunbuir grassland as a case study to investigate whether and to what extent urbanized lands impact the plant and soil microbial communities within the surrounding grasslands. We proposed the following predictions: (1) The town in pastoral area would have a negative impact on the plant and soil microbial communities of the surrounding grasslands, and this negative impact can only be detected within a specific range; (2) Urbanized lands could potentially disrupt the intricate interactions between soil microorganisms and plant communities in the surrounding grasslands. Based on the results of these predictions, we proposed recommendations aimed at achieving eco-sustainable “pastoralist relocation to towns.”



2 Materials and methods


2.1 Study sites

The study sites are situated in Xin Barag Right Banner of HulunBuir (47°36′00″N ~ 49°50′0″N, 115°31′00″E ~ 117°43′00″E), where typical temperate grassland are distributed. This region has an annual average temperature of 1.6°C, annual average precipitation of 243.9 mm, and annual average wind speed of 33 m/s. The primary soil type is Calcic Luvisols. By 2021, the urban population in the area has reached 25,206 people.



2.2 Sample design

In July 2022, we selected a town sample with a radius of approximately 1 km and an area of about 4 km2, and a natural control sample of natural grassland with an area of 4 km2 located 60 km from the town (Figure 1A). The town was established in the 1980s. Because the edge between the city and the grassland is approximately 1 km from the city center, 1 km was used as a unit to detect the range of the negative edge effect. To determine the range that the negative edge effect can be detected, sample circles with radii of 1 km, 2 km, and 3 km (hereafter referred to as T-1 km, T-2 km, and T-3 km) were set up, respectively, around the town sample (Figure 1C), and a sample circle with 1 km radius (NG) was set up on the nature grassland sample (Figure 1B). On the sample circles, a 5 m × 5 m plot was set every 40° for plant community investigation and soil sample collection. Each sample circle contains 9 sample plots, with a total of 36 plots (Figures 1B,C).
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FIGURE 1
 Schematic diagram of the sample design. (A) Xin Barag Right Banner; (B) control samples of the nature grassland; (C) experimental samples of the town. In (B,C) the red squares represent the 5 m × 5 m plots.




2.3 Plant community survey

We identified the plant species and count the number of these species within each 5 m × 5 m plot. The number of plant species within each plot was used as a measure of species richness, and Shannon index was used to evaluate plant diversity. The Shannon index =[image: Mathematical formula for entropy: negative sum from i equals one to N of P sub i times the natural logarithm of P sub i.], in which Pi represents the proportion of the i-th species among all plant individuals in each plot.



2.4 Soil sampling and analysis


2.4.1 Soil sampling

We collected five soil samples with a diameter of 5 cm and a depth of 20 cm from the corners and the center of each plot. The samples from one plot were mixed after passing through a 2 mm sieve and divided into three parts. The samples used for measuring soil water content (SWC) and pH were stored at 4°C, the samples used for measuring soil element content were air-dried, and the samples used for high-throughput sequencing of soil microbes were stored at −80°C.



2.4.2 Soil physicochemical property analysis

The soil samples were weighed after collection and after oven dry (60°C, 24 h) respectively. The difference between the two weights is the SWC. The pH values of the soil sample suspensions (soil:water = 1:2.5) were measured by a pH meter (Sartorius PB-10, Gottingen, Germany). The total nitrogen (TN) and total organic carbon (TOC) contents were analyzed a carbon-nitrogen analyzer (Vario Max CN, Elementar, Germany). The total phosphorus (TP) content was measured by ammonium molybdate spectrophotometry. The available potassium (AK) content was measured by flame atomic absorption spectroscopy.



2.4.3 Soil microbial analysis

The microbial DNA in soil samples were extracted using the Ezup Genomic DNA Extraction Kit (Sangon Biotech, Shanghai, China), and the purity and concentration of the DNA were measured using a Nanodrop 2000 spectrophotometer (Thermo Scientific, IL, Waltham, United States). Then Polymerase Chain Reaction (PCR) was used to amplify the microbial DNA. The primers used in amplifying the V4-V5 region of the bacterial 16S rRNA gene were 515F (5′-CCCCGYCAATTCMTRAGT-3′) and 909R (5′-GTGYCAGCCGGTA-3′), and used in amplifying the ITS region of fungi were ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) and ITS7 (5′-GTGARTCATCGARTCTTTG-3′). The PCR reaction system containing 2 μL of DNA template, 14 μL of MIX, 12 μL of sterile water, and 1 μL of each primer. The PCR performed as the following conditions for bacteria and fungi respectively: for bacteria, initial denaturation at 94°C for 3 min, denaturation at 94°C for 40 s, annealing at 56°C for 1 min, extension at 72°C for 1 min, 33 cycles, and a final extension at 72°C for 10 min; For fungi, initial denaturation at 95°C for 5 min, denaturation at 95°C for 1 min, annealing at 53°C for 40 s, extension at 72°C for 1 min, 38 cycles, and a final extension at 72°C for 10 min. The PCR products were separated by electrophoresis on a 1% agarose gel, and recovered using the SanPrep DNA Gel Extraction Kit (Sangon Biotech, China). The samples were sequenced using the Illumina MiSeq system (Illumina, San Diego, CA, United States) to generate paired-end sequences of 2 × 250 bp. The sequence data were analyzed using the QIIME v1.9.0 platform.1 The paired-end sequences were assembled, matched, and taxonomically annotated using Flash 1.2.8. Chimera sequences were removed with Usearch 7.0, and sample sequences were clustered at 97% similarity using the Uclust algorithm to define operational taxonomic units (OTUs). The sequences were standardized using the website of Daisychopper.2 The soil microbial community alpha diversity was indicated by OTU number, Shannon and Simpson indexes. Soil bacteria and fungi functional guilds were predicted using FAPROTAX and FUNGuild.




2.5 Statistical analysis

One-way ANOVA with Tukey’s HSD tests were used to determine the significance of differences in the alpha diversity of plant and soil microbial communities, the abundance of dominant phyla and geuns, the abundance of functional guilds of soil microbial community, and soil physicochemical properties among different types of grasslands. Based on the Z-score of the average abundance of each plant species in T-1 km, T-2 km, T-3 km and NG, a clustering analysis on the composition of plant communities in these sample areas was performed using the Euclidean distance. OTUs with abundance >0.1% were selected, and co-occurrence networks of soil bacterial and fungal communities in different types of grassland were constructed based on the spearman correlation coefficient (|r| > 0.6, p < 0.05) (Huang et al., 2022), which was calculated using the “psych” package. The co-occurrence networks were constructed using the Fruchterman Reingold algorithm (Gephi 0.9.2). Mantel test was used to analyze the correlations among plant community, soil physicochemical properties and dominant phyla and genus of soil microorganisms using the data of T-1 km, T-2 km and NG samples. Based on the hypothesis that changes in soil properties in urban edge zones affect microbial functions and lead to plant community degradation, a prior model was constructed. Then, the prior model was modified and simplified based on the loadings of outer model, the R2 of the internal model, and the Goodness of Fit (Sanchez, 2013). The modified and simplified model includes four sets of latent variables: plant diversity, dominant species abundance, decreased soil properties, and increased soil properties, as well as three sets of manifest variable: soil bacteria phtotrophy function, wood saprotroph fungi and plant pathogen fungi functions. Finally, the impact pathways between soil properties, microbial functions, and plant communities in T-1 km and T-2 km were determined using the “plspm” package. The fitness of PLS-PM model was determined by GoF > 0.5. One-way ANOVA was conducted in SPSS 20.0. The co-network, Mantel test, and PLS-PM were performed in R4.2.2.




3 Results


3.1 Plant community composition

The plant species richness and Shannon index of T-1 km and T-2 km are significantly lower than those of T-3 km and NG (One-way ANOVA, Tukey HSD test, p < 0.001; Figures 2A,B). Leymus chinensis, Carex duriuscula, Stipa capillata and Agropyron cristatum are the dominant plant species in T-1 km, T-2 km, T-3 km and NG samples (Figure 2C). T-1 km and T-2 km cluster together, while T-3 km and NG cluster together (Figure 2C).

[image: Boxplots and a heatmap compare plant diversity and abundance across four distances (T-1km, T-2km, T-3km, NG). Panel A shows plant species richness, with T-3km and NG having higher values (marked 'a'). Panel B displays the Shannon index, with T-3km highest. Panel C is a heatmap showing Z-score distributions of plant species, with varied color intensities indicating abundance.]

FIGURE 2
 Plant species richness (A), Shannon index (B), and cluster analysis (C) of T-1 km, T-2 km, T-3 km and NG. In (A,B), a, b indicated significant differences between different types of samples (One-way ANOVA, Tukey HSD test, p < 0.05). In (C) Z-score is the average abundance of each plant species.




3.2 Soil microbial community composition

Comparing to NG, the bacteria Shannon and Simpson index in T-1 km and T-2 km significantly increase (One-way ANOVA, Tukey HSD test, p < 0.05) and the fungal OTU numbers in T-1 km and T-2 km significantly decrease (One-way ANOVA, Tukey HSD test, p < 0.05) (Figure 3). In T-1 km and T-2 km samples, the abundance of Actinobacteria and Basidiomycota phylums, Bacillus and Penicillium genus significantly decrease, while the abundance of Proteobacteria phylum, Skermanella and Fusarium genus significantly increase (One-way ANOVA, Tukey HSD test, p < 0.05, Figure 4). Comparing to NG, the abundance of chemoheterotrophy and aerobic chemoheterotrophy bacteria significantly increase, while the abundance of phototrophy, nitrate reduction and photoautotrophy bacteria significantly decrease in T-1 km (One-way ANOVA, Tukey HSD test, p < 0.05); the abundance of plant pathogen fungi significantly increased, while the abundance of wood saprotroph fungi significantly decreased in T-1 km and T-2 km (One-way ANOVA, Tukey HSD test, p < 0.05) (Figure 5). The bacterial co-ocurrence networks in T-1 km has higher node number, edge number, average path length; the fungal co-ocurrence networks in T-1 km and T-2 km have lower node number, edge number, average degrees and average clustering coefficient, but higher average path lengths and positive correlation percentage (Figure 6; Table 1).

[image: Box plots comparing bacteria and fungi diversity at different distances (1 km, 2 km, 3 km, and NG) using Observed OTUs, Shannon index, and Simpson index. Panels A-C show bacteria metrics, while D-F display fungi metrics. Variations are indicated, with significance marked by letters a and b.]

FIGURE 3
 The alpha diversity of bacteria and fungi in T-1 km, T-2 km, T-3 km and NG. (A) Bacterial OTU number; (B) bacterial Shannon index; (C) bacterial Simpson index; (D) fungal OTU number; (E) fungal Shannon index; (F) fungal Simpson index. Letters a and b indicated significant differences among T-1 km, T-2 km, T-3 km and NG (One-way ANOVA, Tukey HSD test, p < 0.05).


[image: Bar charts comparing the relative abundance of bacterial and fungal groups in different treatments. Graph A shows bacterial categories like Actinobacteria and Proteobacteria, and fungal groups like Ascomycota. Graph B focuses on bacteria like Sphingomonas and fungi like Fusarium. Four treatment groups are represented: T-1km, T-6km, T-3km, and NG, with letters indicating statistical significance.]

FIGURE 4
 The abundance of dominant phyla (A) and dominant genus (B) of bacteria and fungi in T-1 km, T-2 km, T-3 km and NG. Abundance of dominant phyla was mean ± standard deviation. In (A,B), a, b indicated significant differences between different types of samples (One-way ANOVA, Tukey HSD test, p < 0.05).


[image: Bar chart comparing the relative abundance of metabolic features in bacteria and fungi across four categories: T-1km, T-2km, T-3km, and NG. The bacteria section includes chemoheterotrophy, aerobic chemoheterotrophy, nitrate reduction, phototrophy, and photoautotrophy. The fungi section includes plant pathogen and wood saprotroph. Different letters above bars indicate statistical significance.]

FIGURE 5
 The bacterial and fungal functional guilds with significant difference in abundance among groups (T-1 km, T-2 km, T-3 km and NG). Abundance of functional guilds was mean ± standard deviation; a, b indicated significant differences between different types of samples (One-way ANOVA, Tukey HSD test, p < 0.05).


[image: Six circular network diagrams, labeled A to F, depict microbial communities with nodes and connecting lines. Each diagram shows different functional groups in various colors like pink, green, and blue, corresponding to processes such as chemoheterotrophy and aerobic chemoheterotrophy. Percentages of each group are noted, such as 29.79% chemoheterotrophy in A. Diagrams B, D, and F focus on mycorrhizal and saprotroph interactions.]

FIGURE 6
 The co-occurrence networks of bacteria and fungi in NG (A,B), T-1 km (C,D) and T-2 km (E,F). Red lines and green lines indicate positive and negative correlations, respectively. Points with different colors represented OTUs at different functional guilds.




TABLE 1 The co-occurrence network topological characteristics of soil bacterial and fungal communities in NG, T-1 km andT-2 km.
[image: Table comparing network properties across different distances (NG, T-1 km, T-2 km) for bacteria and fungi. Properties include node number, edge number, average degree, average path length, average clustering coefficient, positive correlation, and negative correlation percentages. Values are provided for each category, showing variations in network metrics for both bacteria and fungi at different locations.]



3.3 Soil physicochemical properties

The SWC and TOC content of T-1 km and T-2 km samples were significantly lower than that of T-3 km and NG, while the pH and TP content were significantly higher than that of T-3 km and NG (One-way ANOVA, Tukey HSD test, p < 0.05; Table 2).



TABLE 2 Soil physicochemical properties in T-1 km, T-2 km, T-3 km and NG.
[image: A table showing soil characteristics at different distances (T-1 km, T-2 km, T-3 km, NG). Parameters include SWC (%), pH, TOC (g/kg), TP (g/kg), TN (g/kg), and K (g/kg). Values vary slightly across distances, with letters indicating statistically significant differences (p < 0.05) as determined by one-way ANOVA and Tukey HSD tests.]



3.4 Correlations between plant community, soil properties and soil microbial community

Plant species richness, plant Shannon index, the abundance of Leymus chinensis, Carex duriuscula and Stipa capillata were positively correlated with SWC and TOC and negatively correlated with pH and TP (Figure 7). Actinobacteria was positively correlated with SWC, TOC, and the abundance of Leymus chinensis, Carex duriuscula, Stipa capillata; Bacillus was positively correlated with plant species richness; Proteobacteria and Skermanella were positively correlated with pH and TP and negatively correlated with SWC, TOC, plant species richness, and the abundance of Leymus chinensis, Carex duriuscula, Stipa capillata. Basidiomycota was positively correlated with the abundance of Agropyron cristatum, Penicillium was positively correlated with the abundance of Leymus chinensis and Stipa capillata; Fusarium was positively correlated with pH and TP, and negatively correlated with the abundance of Leymus chinensis, Carex duriuscula, Stipa capillata (Figure 7).

[image: Correlation network diagram with a correlogram displaying relationships between plant species and soil properties. Circular plots show varying correlation strengths, with colors indicating positive or negative associations. Plant indices and species list includes Leymus chinensis, Carex duriuscula, and others. Soil properties include SWC, TOC, pH, and TP. Solid lines indicate significant correlations, while dashed lines show non-significant ones. A legend explains Mantel’s and Pearson’s correlation coefficients.]

FIGURE 7
 Mantel test on the correlations among plant diversity, dominant plant species abundance, soil properties, and soil bacteria and fungi phyla in T-1 km, T-2 km and NG samples.




3.5 Path model for the plant–soil interactions in grassland surrounding the town

A partial least squares path model (GoF = 0.69) was constructed using seven variables in this study: plant diversity (plant species richness and plant Shannon index), dominant species abundance (Leymus chinensis, Carex duriuscula, and Stipa capillata), decreased soil properties (SWC, TOC) and increased soil properties (pH, TP), soil bacteria phtotrophy function, wood saprotroph fungi and plant pathogen fungi functions. In the model, SWC and TOC had negative and positive direct effects on plant pathogen and wood saprotroph, respectively; pH and TP had positive and negative direct effects on plant pathogen and wood saprotroph respectively; plant pathogen had a negative direct effect on plant diversity and dominant species, while wood saprotroph had a positive direct effect on plant diversity and dominant species (Figure 8).

[image: Diagram illustrating the relationships between plant diversity, dominant species, and three types of microorganisms: phototrophy bacteria, plant pathogen fungi, and wood saprotroph fungi. Arrows indicate the direction and strength of relationships, with R-squared values representing correlation strengths. SWC, TOC, TP, and pH are shown as underlying environmental factors. Housing structures and plants are depicted on the left and right, respectively.]

FIGURE 8
 The partial least squares path model of plant diversity, dominant species, soil microbial function, and soil properties in T-1 km and T-2 km. Red and blue arrows represent positive and negative effects (p < 0.05), respectively. The dashed line represents a non-significant relationship (p > 0.05).





4 Discussion

The significant decreases in plant diversity, soil fungi abundance, soil water content (SWC), and total organic carbon (TOC) observed in T-1 km suggest a negative edge effect induced by the town. This may be related to changes in building density and population concentration in urban areas (Gao D. D. et al., 2023; Li L. et al., 2024; Yang and Wu, 2024). The interference of urbanization and human activities may lead to the deterioration of soil properties around cities, reduce the diversity of plant and soil microbial communities, and exacerbate grassland degradation (Gao D. D. et al., 2023). Furthermore, the similarity in plant and fungi communities, along with soil properties, between T-2 km and T-1 km zones indicates that the adverse edge effect on the surrounding grasslands can be detected within a 1 km range from the perimeter of the town. Moreover, according to the mechanism of negative edge effect, degraded areas may continue to expand to the surrounding areas.

The significant decline in fungal α diversity and the abundance of soil microorganisms crucial for nutrient cycling, coupled with a marked increase in bacterial α diversity and microorganisms which causing plant diseases, was observed in the T-1 km and T-2 km zones. Bacterial diversity is more sensitive to changes in soil phosphorus and pH, while fungal diversity is more sensitive to changes in soil organic matter and moisture content (Hermans et al., 2020; Philippot et al., 2024). The increased soil phosphorus can provide more nutrients for bacteria, and increased soil pH can promote phosphorus absorption by bacteria and promote the proliferation of alkaline bacteria (such as Proteobacteria) (Liu et al., 2014; Tian et al., 2024). Therefore, increase in soil phosphorus (TP) content and pH value in the T-1 km and T-2 km may explain the increase in bacterial alpha diversity. Soil organic carbon is the most important carbon source for the growth and reproduction of soil fungi, and soil moisture is the foundation for maintaining fungal metabolism (Che et al., 2018; Che et al., 2019). The decrease in SWC and TOC in T-1 km and T-2 km may directly affect the survival and reproduction of fungi, thereby reducing fungal α diversity. Notably, Actinobacteria play a pivotal role in soil carbon cycling (Francioli et al., 2016; Meng et al., 2023), while Basidiomycota facilitate the decomposition of recalcitrant organic matter like lignin in soil (Voriskova and Baldrian, 2013; Wu et al., 2021). Additionally, Bacillus and Penicillium are known for decomposing cellulose and lignin from plant residues (Li R. C. et al., 2021). Therefore, the reduction of these bacteria and fungi in the T-1 km and T-2 km zones may decrease the efficiency of soil nutrient cycling. Conversely, Fusarium can infect plant roots and stems, leading to wilting and plant death (Stępień, 2023), thus its increase in the T-1 km and T-2 km zones may lead to the degradation of plant communities. Furthermore, microorganisms indicative of urbanization effects, such as human gut-associated Proteobacteria and drought-tolerant Skermanella, significantly increased in the T-1 km and T-2 km zones (Li et al., 2018; Wang et al., 2018; Yadav and Seob, 2016). The functional guild analysis corroborates the findings from phylum and genus composition analyses, revealing a decline in phototrophy, nitrate reduction bacteria, and wood saprotroph fungi. Phototrophy and nitrate reduction bacteria are important bacteria involved in carbon fixation and nitrate conversion (Gardner et al., 2006; Hamard et al., 2021). Wood saprotroph fungi can convert lignin and cellulose in plant residues into nutrients that plants can utilize (Cline et al., 2017; Wang et al., 2020). The decrease in the abundance of phototrophy, nitrate reduction bacteria and wood saprotroph fungi may hinder the decomposition process, thus reduce the nutrient availability in the soil and negatively impact plant diversity. Conversely, stress-resistant chemoheterotrophic and aerobic chemoheterotrophic bacteria increased within a 2 km radius from the town center. The chemoheterotrophic and aerobic chemoheterotrophic bacteria can obtain energy by oxidizing inorganic chemicals (such as sulfur, iron, or ammonia) or degrading refractory organic matter in nutrient-deficient soil (Rolando et al., 2022; Labouyrie et al., 2023), which allows them to maintain high abundance even in poor soil environment. Therefore, the increase in chemoheterotrophic and aerobic chemoheterotrophic bacteria indicate the significant soil degradation in T-1 km. In addition, plant pathogenic fungi significantly increased at T-1 km and T-2 km. The increase in their abundance may lead to a decline in plant diversity and productivity by increasing the probability of plant diseases (Fisher et al., 2012). These alterations in soil microbial community diversity, composition and function in T-1 km and T-2 km suggest that the negative edge effects induced by town extend beyond the immediate town boundaries, particularly impacting fungal composition and function across a broader area.

The microbial co-occurrence network serves as a reflection of the adaptability of microbial communities to environmental stress (de Vries et al., 2018; Zheng et al., 2021; Chen et al., 2022). Generally, bacteria possess higher reproductive capacity and resilience to stress (Zhang et al., 2020). They can adjust the proportions of key groups and the strength of interactions within the network in response to external disturbances, thereby enhancing the stability and complexity of the network (Xun et al., 2018; Zhang et al., 2020; Scholier et al., 2023). Conversely, fungi exhibit closer interactions between functional guilds and are more vulnerable and sensitive to negative disturbances. Therefore, a decrease in the complexity of fungal co-occurrence networks indicates grassland degradation (Wu et al., 2021; Wang et al., 2022a). Our findings that the complexity of co-occurrence networks increased for bacteria but decreased for fungi in the T-1 km and T-2 km areas suggest that the soil microbial community in the 1 km surrounding the town suffered negative environmental stress and underwent degradation.

Urbanized lands can alter the soil properties in surrounding natural ecosystems, thus negatively disrupting the interaction between plants and soil (Malmivaara-Lämsä et al., 2008; Tatsumi et al., 2023). The decrease in total organic carbon (TOC) and soil water content (SWC) may reduce the metabolic rate of wood saprotrophic fungi and the disease resistance ability of plants (Manzoni et al., 2012; Davinic et al., 2013; Choudhary and Senthil-Kumar, 2024). Conversely, the increase in pH and total phosphorus (TP) can decrease the activity of wood saprotrophic fungi and promote the colonization of plant pathogens (Fierer, 2017; Li P. F. et al., 2021; Geng et al., 2023). The results of the Mantel test and path model in this study collectively indicate that the plant–soil interaction in the area within 1 km surrounding the town suffered negative disturbance. The plant community diversity and dominant species abundance decreased with the decrease in SWC and TOC. This degradation of the plant community may reduce soil nutrient input, thereby decreasing the abundance of microorganisms involved in soil nutrient cycling, such as Actinobacteria, Bacillus, Penicillium, and Basidiomycota (Li H. Y. et al., 2021; Wu et al., 2021). The decrease in wood saprotrophic fungi can lead to a reduction in carbon cycling rate (Cline et al., 2017; Wang et al., 2020), further decreasing TOC. The increase in soil TP and pH can promote the rapid propagation of plant pathogen fungi, such as Fusarium (Elgharably and Marschner, 2011; Yang et al., 2022b; Zhang et al., 2023). The increase in plant pathogen fungi can reduce photosynthetic efficiency (Fisher et al., 2012), leading to plant biomass loss (Allan et al., 2010; Seabloom et al., 2017; Jia et al., 2020). The negative correlation between plant diversity and pathogen fungi abundance has been verified in many grasslands (Li et al., 2016; Halliday et al., 2020; Zhang et al., 2024). The results of the path model showed that the decrease in SWC and TOC and the increase in pH and TP in the area within 1 km surrounding the town can lead to a decrease in wood saprotrophic fungi and an increase in plant pathogen fungi, ultimately resulting in a decrease in plant diversity and dominant species in these areas. These results support our prediction that towns degrade the surrounding grasslands by deteriorating plant–soil interactions.

Although many studies have evaluated the negative edge effects of urbanized lands on surrounding natural ecosystems, most of these studies have been conducted in urban-forest edges (Smith and Smith, 2010; Vallet et al., 2010; Veselkin et al., 2018; Garvey et al., 2022; Tatsumi et al., 2023). Whether and how urbanization-induced negative effects exist in grassland ecosystems remains unclear. Compared to forest ecosystems, grasslands are fragile ecosystems due to poor soil and low rainfall (Gao B. et al., 2023; Liu et al., 2024). Thus, the negative edge effect on plant–soil interactions caused by urbanization is expected to be more significant in grassland ecosystems. Our results show that the negative edge effect on plant–soil interactions can be detected within a range of 1 km from the perimeter of the town, while available studies in forests have shown that the range of the negative edge effect is only 10-40 m (Smith and Smith, 2010; Vallet et al., 2010; Veselkin et al., 2018; Garvey et al., 2022). Our results indicate that the fragile grassland ecosystems are more susceptible to the negative edge effects caused by urbanization than forest ecosystems. For this reason, the towns in pastoral regions should be planned based on the range of the negative edge effect.

Our results indicate that urban construction can lead to a broader surrounding grassland degradation by negative edge effect. The degradation of vegetation adjacent to the town may further reduce nutrient inputs and disrupt water cycle in there adjacent grassland ecosystems, then consequently deteriorate the plant–soil microbiome interactions, and degrade more vegetation. Our results provide valuable informations for planning towns in pastoral regions. Firstly, town construction not only transforms grassland into urbanized land but also leads to grassland degradation expansion in the surrounding area. Secondly, the negative effect on the grassland can be detected within a 1 km radius surrounding the town edge. According to this, the area of the town constructed in grassland ecosystem should be restricted as small as possible in order to decrease the disturbance on the surrounding grassland ecosystem. It is necessary to consider the negative impacts of edge effects on the grassland ecosystem when constructing towns to achieve sustainable pastoralist relocation. Our study area is located in temperate meadow grassland, where the annual precipitation and soil nutrient content (especially total organic matter and total nitrogen) are higher than those in typical grassland and desert grassland (Lu et al., 2024). Therefore, it can be predicted that urbanization in typical grassland and desert grassland may lead to more extensive grassland degradation around urban due to negative edge effects.



5 Conclusion

Within a 1 km radius surrounding towns, there was a significant decrease in soil total organic carbon and soil water content, and a significant increase in soil total phosphorus and pH. These changes in soil properties led to a decrease in the abundance of fungi related to nutrient cycling and an increase in plant pathogens, which resulted in a decrease in plant diversity and abundance of dominant plant species, ultimately leading to surrounding grassland degradation. The urbanization-induced negative edge effect is more significant in grasslands than in forests. The negative impact of edge effects should be considered when constructing towns on grasslands.
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Understanding the mechanisms by which seedlings respond to light and water regulation, as well as studying the response of rhizosphere microecology to drought stress, are crucial for forest ecosystem management and ecological restoration. To elucidate the response of the rhizosphere microecology of Quercus dentata and Quercus variabilis seedlings to water and light conditions, and to clarify how plants modulate the structure and function of rhizosphere microbial communities under drought stress, we conducted 12 water-light gradient control experiments. These experiments aimed to offer scientific theoretical support for the dynamic changes in rhizosphere soil enzyme activities and microbial community compositions of these two oak species under varying light and moisture conditions, and subsequently assist in the future breeding and cultivation efforts. The results are summarized as follows: (1) The activities of cellulase, urease, and chitinase in the rhizosphere soil of Q. dentata and Q. variabilis were significantly influenced by water and light treatments (p < 0.05). Urease was particularly sensitive to light, while sucrase exhibited sensitivity to light in Q. dentata and no significant difference in Q. variabilis. (2) Compared to Q. dentata, the rhizosphere bacteria of Q. variabilis demonstrated greater adaptability to drought conditions. Significant differences were observed in the composition of microorganisms and types of fungi in the rhizosphere soil of the two Quercus seedlings. The fungal community is significantly influenced by light and moisture, and appropriate shading treatment can increase the species diversity of fungi; (3) Under different water and light treatments, the rhizosphere soil microbial composition and dominant species differed significantly between the two Quercus seedlings. For instance, Streptomyces, Mesorhizobium, and Paecilomyces exhibited significant variations under different treatment conditions. Specifically, under L3W0 (25% light, 75–85% moisture) conditions, Hyphomonadaceae and SWB02 dominated in the Q. dentata rhizosphere, whereas Burkholderiales and Nitrosomonadaceae were prevalent in the Q. variabilis rhizosphere. Overall, the rhizosphere microecology of Q. dentata and Q. variabilis exhibited markedly distinct responses to varying light and water regimen conditions. Under identical conditions, however, the enzyme activity and microbial community composition in the rhizosphere soil of these two oak seedlings were found to be similar.
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Introduction

Seedlings constitute the fundamental cornerstone of natural regeneration within forest ecosystems, actively participating in and propelling the intricate succession process from establishment to maturity (Zhao et al., 2025). They serve as vital replenishers, counterbalancing tree mortality stemming from both natural and anthropogenic causes, thereby preserving the continuity and resilience of forest ecosystems. In the context of forest restoration endeavors, the complementary dynamic and functional attributes of seedlings hold paramount importance, not only facilitating vegetation recovery but also safeguarding biodiversity (Chen et al., 2018). Furthermore, as a pivotal microbial habitat, the soil environment exerts profound influences on the structure and diversity of microbial communities (Rasche et al., 2011; Richter et al., 2018). This intricate ecosystem encompasses a symphony of nutrients, enzymes, and microorganisms, all intricately intertwined in their influence on plant growth and development (Jang et al., 2020; Xiao D. et al., 2015; Xiao Y. et al., 2015). Notably, soil properties such as pH, texture, moisture content, temperature, organic carbon levels, and nutrient availability play pivotal roles in shaping the composition and diversity of soil microbial communities (Brockett et al., 2012; Cookson et al., 2007; Rousk et al., 2010). These factors, in turn, contribute to the overall health and functioning of forest ecosystems, underscoring the intricate interplay between seedlings, soil, and microbial communities in the grand tapestry of forest restoration and conservation. The rhizosphere environment is an active region for information and material exchange between plants, microorganisms and soil (Lin et al., 2020). Rhizosphere microorganisms have a significant influence on the biochemical cycling process in soil, and they play a crucial role in the health and development of roots (Birt et al., 2022). In terms of rhizosphere microecology, previous studies focused on the effects of crop patterns such as crop rotation, continuous cropping and co-cropping on rhizosphere microecology (Liu et al., 2024; Huang and Li, 2024; Yin et al., 2024), effects of different diseases on plant rhizosphere microecology (Liu, 2023; Zhang et al., 2023), effects of elements required for growth and biological reagents (hormones) on rhizosphere microecology (Wang et al., 2024; Li et al., 2024; Han et al., 2024), lack of external light and moisture conditions on the influence of research.

Soil enzymes represent a crucial indicator of soil microecology, facilitating an array of biochemical reactions that underpin essential processes such as organic matter decomposition and the promotion of carbon, nitrogen, phosphorus, sulfur, and other nutrient cycles. By assessing soil enzyme activity, we can gain indirect insights into soil quality, thereby serving as a vital metric for evaluating soil health and fertility (Lu and Li, 2020). Soil microorganisms, another indispensable element of soil ecosystems, contribute significantly to element cycling, organic matter decomposition, rhizosphere immunity enhancement, soil fertility improvement, and environmental health maintenance (Zhu Y. G. et al., 2021; Huang et al., 2024). Their diversity is intricately influenced by factors such as vegetation composition, soil type, temperature, moisture content, and management practices (Zhou and Lei, 2007). Soil fungi, a vital component of the microbial system, occupy a pivotal role in material circulation and energy flow within soil ecosystems (Zhao L. N. et al., 2020; Tiwari et al., 2021). Similarly, bacterial communities drive soil ecosystem restoration, significantly contributing to ecological restoration, soil fertility enhancement, and water conservation efforts (Yuan and Zhang, 2024; Shi et al., 2024).

Extensive research underscores the profound impact of rhizosphere microbial quantity, diversity, metabolic activity, and interactions on plant health. These microorganisms can either bolster plant resistance and growth or, conversely, act as pathogens, thereby modulating plant health outcomes (Berendsen et al., 2012; Sun et al., 2015; Terhonen et al., 2019). Investigations into rhizosphere microecology have delved into various influencing factors, with Chen Lanlan et al. comprehensively reviewing plant responses to drought stress, encompassing plant morphology, physiological molecular mechanisms, and rhizosphere microbial community dynamics (Chen et al., 2024). This work provides a solid theoretical foundation for future rhizosphere microecology research.

Furthermore, Shen Xintao has illuminated the mechanisms underlying rhizosphere microbial regulation of plant root architecture under acid stress, revealing that these microorganisms can modulate root architecture through hormone production, volatile organic compound release, and mineral nutrient regulation (Shen et al., 2025). This underscores the multifaceted role of rhizosphere microorganisms in shaping the rhizosphere environment beyond mere organic matter decomposition. Investigations into rhizosphere microecology under heavy metal and drought stress have also yielded significant insights. Li Na et al. discovered that cadmium stress alters the composition of plant rhizosphere microbial communities (Li et al., 2025). Meanwhile, Gao Yanting et al. explored the microbial carbon source metabolism response to varying drip irrigation levels in arid and semi-arid regions, revealing that moderate and mild water stress treatments can enhance soil microbial carbon source utilization diversity and metabolic capacity (Gao et al., 2022). These studies collectively highlight the intricate interplay between rhizosphere microorganisms, environmental stressors, and plant health.

Light and water constitute indispensable external stimuli for plant growth and development. Recent groundbreaking findings by Professor Xu Jianming have illuminated, for the first time, the phototropic modulation of the circadian rhythm within rice rhizosphere microbial communities (Zhao et al., 2021), demonstrating a pronounced decrease in the α-diversity of these microbial assemblages under light exposure. Furthermore, Xie et al. (2023) have observed a marked enhancement in the abundance of rhizosphere microorganisms, particularly those beneficial to plant growth (e.g., lysobacteria and Ramlibacter), along with heightened soil enzyme activity under LED illumination, underscoring the profound influence of light on soil biochemical processes. Concurrently, soil moisture status emerges as a pivotal environmental factor governing soil microbial dynamics and enzymatic activities, as evidenced by numerous studies (Ghezzehei et al., 2019; Siebielec et al., 2020). Notably, Cao Yajing has revealed that while chronic water scarcity prompts microbial adaptation strategies, acute drought stress can lead to microbial cell demise due to loss of resilience (Cao et al., 2023). Under drought conditions, the rhizosphere microbial landscape undergoes profound shifts in diversity, composition, and metabolic activity. Despite these insights, a notable gap persists in rhizosphere microecology research that specifically examines the combined effects of water and light as external factors. The relative significance of these two variables in modulating soil enzyme activities remains elusive. Given the paramount importance of fine-tuning soil enzyme activity and rhizosphere microbial proliferation during plant ontogeny for optimal seedling establishment, this study endeavors to dissect the differential responses of rhizosphere microecosystems in two Quercus species seedlings to light and water manipulations. The intricate interplay between these environmental cues, soil enzymes, and rhizosphere microbial communities remains an enigma, necessitating further exploration to unravel their complex relationships.

Q. dentata and Q. variabilis Blume, two prominent deciduous members of the Fagaceae family, exhibit widespread distribution and multifaceted applications (Liu, 2020; Sun et al., 2023). Their seeds are replete with starch, while their wood and bark are rich sources of tannin, amenable to extraction. In China, Quercus species form the backbone of numerous forest communities and occupy a preeminent position among dominant tree species, embodying the virtues of “native adaptability, longevity, stress resilience, food value, and aesthetic appeal.” Their unparalleled contribution to ecological, economic, cultural, and tourism sectors underscores their significance. Within the urban greenscape of Beijing, Q. variabilis, as a native species and a recommended tree for urban forestry, holds a pivotal role in the city’s “Underforest Supplementation Oak” initiative, exemplifying exceptional ecological potential (Huang et al., 2022; Zhang et al., 2024). While extensive research has delved into the functional traits, physiological and biochemical characteristics, and photosynthesis of Q. dentata and Q. variabilis (Qi et al., 2024; Sun et al., 2021; Hao et al., 2020), as well as their seedling cultivation, growth, and development (Cao et al., 2018; Wu et al., 2022; Wang et al., 2022), the intricate interplay between their habitat conditions, soil enzymes, and rhizosphere microbial communities remains an enigma. To unravel this complexity, our study devised a series of 12 experiments, each incorporating distinct water-light gradients, aiming to decipher the dual influence of light and water on the rhizosphere microecology of these two oak species. Leveraging bioinformatics and high-throughput sequencing technologies, we analyzed the dynamic fluctuations in rhizosphere soil enzyme activities and microbial community structures under varying light and water regimes. Our objectives are twofold: (Berendsen et al., 2012) to determine the extent and mechanisms by which light and water conditions impact rhizosphere soil enzyme activities in both oak species; (Birt et al., 2022) to elucidate how light and water conditions reshape the rhizosphere microbial community composition of the seedlings of these two oak species.



Materials and methods


Study site and materials

The research was conducted within the confines of the Nanda Wilderness Nursery, situated at 116.19°E, 39.89°N in the Shijingshan District of Beijing. To mimic the diverse understory light regimes in natural settings (Quero et al., 2006), a custom-built shade/canopy structure, spanning 36 square meters, was erected. The primary framework was fabricated from galvanized steel tubes, with transparent rigid plastic sheets serving as the covering for all four light intensity levels. For the three shading treatments, 25, 50, and 75% black shading screen fabrics were incorporated, respectively (Ncise et al., 2020).

This design allowed for flexibility in managing light exposure, with the plastic sheet being readily rolled up during sunny days to optimize light penetration and swiftly secured during rainy periods to shield against precipitation interference, ensuring a controlled environment conducive to experimentation. To maintain optimal ventilation and ensure the integrity of the experimental setup, special attention was paid to the canopy’s ventilation capabilities.

Furthermore, the study employed 1.5-year-old container seedlings of Q. dentata and Q. variabilis, both of which were bred under uniform provenance conditions and subjected to identical management and protection protocols.

In the experimental setup, a mixed substrate composed of vermiculite and peat in a 1:1 ratio was employed to establish an appropriate growth milieu. The potted seedlings were transferred to the nursery and subjected to a 45-day acclimatization period. During this stage, routine water and fertilizer management protocols were implemented. Watering was conducted at intervals of 3 to 5 days, contingent upon the prevailing weather conditions. Additionally, Osmocote 315 s (at a dosage of 3–5 grams per pot) was applied once to supply the essential nutrient elements, including nitrogen, phosphorus, potassium, etc., requisite for seedling growth. Simultaneously, the fungicide chlorothalonil was sprayed to safeguard against diseases, pests, and fungal and bacterial infections, with applications occurring once every 5 days for a total of 3 repetitions.

Samples seedlings were, respectively, drawn from a total of 120 seedlings under 12 treatment conditions. From this cohort, 36 pots of each species, exhibiting robust growth and free from pests and diseases, were selected to serve as the sample plants for this investigation.

The mean plant height of the potted Q. dentata seedlings was quantified at 31.03 cm, concomitant with a basal diameter of 4.31 mm; whereas the mean plant height of the potted Q. variabilis seedlings was ascertained to be 42.10 cm, along with a basal diameter of 6.37 mm. The initial growth status of the sample seedlings are detailed in Table 1.



TABLE 1 The initial growth status of the sample seedlings.
[image: Table displaying initial growth status of seedling samples for Quercus dentata and Quercus variabilis. For Q. dentata: plant height is 30 ± 1.20 cm, basal diameter 4.2 ± 0.30 mm, SLA 78 ± 2.20 cm²/g. For Q. variabilis: plant height is 41.5 ± 1.50 cm, basal diameter 6.1 ± 0.50 mm, SLA 80 ± 2.30 cm²/g.]



Light and water stress treatment

Four distinct light intensity levels were established: natural light (L0, corresponding to 100% of natural illumination), light shading (L1, 75% of natural light), medium shading (L2, 50% of natural light), and deep shading (L3, 25% of natural light). During seedling growth, the light intensity under varying shade conditions was gauged via the “five-point method.” The sunshade’s configuration was promptly adjusted in accordance with weather changes, guaranteeing that all weather factors, except light intensity, remained relatively uniform across different light treatment zones.

To accurately assess and maintain soil water content across these gradients, a combined approach utilizing weighing methods alongside a soil temperature and humidity meter (YM-19-2) was employed. This methodology facilitated the calculation of soil water content and subsequent water supplementation, targeting specific treatment gradients: 75–85% of field water capacity (W0), 45–55% (W1), and 15–25% (W2). Based on prevailing weather conditions, soil water content measurements were conducted every 1–2 days in the evening, with three pots randomly selected from each treatment group. Irrigation was then administered as necessary to adhere to the prescribed water content ranges (Figure 1).

[image: Illustration showing the growth of plants under different sunlight conditions: 100%, 75%, 50%, and 25% sunlight. Each section displays plants in containers with varying water levels indicated by droplet icons. As sunlight decreases, plant growth appears to vary. Water levels are categorized as 15% to 25%, 45% to 55%, and 75% to 85%, represented by different droplet sizes.]

FIGURE 1
 Schematic diagram of experimental design.


The experimental design adopted a completely randomized block design, ensuring robust statistical analysis and minimizing potential biases. The specific settings and configurations of this experimental setup are detailed in Tables 2, 3.



TABLE 2 Design of the experimental group.
[image: Table showing combinations of water and light control levels. Water control has W0 (75-85%), W1 (45-55%), and W2 (15-25%). Light control levels are L0 (100%), L1 (75%), L2 (50%), and L3 (25%). Each cell represents a combination labeled as L#W#.]



TABLE 3 The light intensity under different shading conditions.
[image: Table showing the experimental light intensity design and corresponding average midday light intensity in micromoles per square meter per second. The levels are 100% (L0) with 1,489, 75% (L1) with 1,120, 50% (L2) with 746, and 25% (L3) with 372.]



Rhizosphere microbial sample collection and sequencing

In August 2023, we conducted a meticulous sampling of rhizosphere soil from a total of 72 seedlings belonging to two distinct species of Quercus plants. Upon reaching the sampling stage, the soil-root matrix within each container was transferred into sterile sampling bags to maintain the integrity and purity of the samples. Upon arrival at the laboratory, a delicate procedure was followed to separate the roots from the soil, which involved gently shaking the roots to dislodge loose soil particles. Subsequently, a sterile brush was employed to collect the residual soil adhering to the roots. The collected rhizosphere soil samples were then passed through a 20-mesh sterile sieve to eliminate larger particulate impurities, ensuring the purity and homogeneity of the samples. The resulting soil samples were promptly subjected to liquid nitrogen quick-freezing for preservation and stored at −80°C in a refrigerator to maintain their integrity until further analysis. From each soil lot, we prepared three replicate samples (yielding a total of 216 small samples), with each individual sample consisting of precisely 0.3 grams of rhizosphere soil. Once the sampling process was completed, all samples were stored in low-temperature conditions to preserve their quality and subsequently dispatched to Shanghai Personalbio Gene Technology Co., Ltd. for comprehensive sequencing analysis.

During the amplicon sequencing analysis, 0.3 g of soil was weighed for each sample. The soil was homogenized, the microorganisms were lysed, and the DNA was isolated and extracted according to the operating instructions in the DNA extraction kit. The purity of the extracted nucleic acid was detected using a NanoDrop micro-spectrophotometer. In addition, 2% agarose gel electrophoresis was employed to examine the integrity of the genomic DNA, to check for degradation and contamination such as proteins. The target fragments were excised and then recovered using the Axygen gel recovery kit. For PCR, the NEB Q5 DNA high-fidelity polymerase was used, and the hypervariable region V3-V4 of the bacterial ribosomal 16S rRNA was selected as the target region for polymerase chain reaction (PCR) amplification. The specific primers for the bacterial 16S rRNA V3-V4 region were 338F (5′-barcode+ACTCCTACGGGAGGCAGCA-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′). The barcode in the forward primer is an oligonucleotide sequence of 7–10 bases, which is used to distinguish different samples in the same library. Similarly, for fungal sequencing, the rDNA ITS sequence analysis technique ITS was utilized for PCR amplification. The ITS1 region primers ITS5 (GGAAGTAAAAGTCGTAACAAGG) and ITS2 (GCTGCGTTCTTCATCGATGC) were selected for amplification and sequencing. The barcode in the forward primer is an oligonucleotide sequence of 7–10 bases, which is used to distinguish different samples in the same library, and the amplification system was the same as that for bacteria.

The PCR products were quantified on a Microplate reader (BioTek, FLx800) using the Quant-iT PicoGreen dsDNA Assay Kit, and then the samples were pooled according to the required data amount for each sample. During the library construction process, the TruSeq Nano DNA LT Library Prep Kit of Ilumina was used for library construction. Firstly, in the end repair process, the End Repair Mix2 in the kit was used to remove the protruding bases at the 5′ end of the DNA, fill in the missing bases at the 3′ end, and add a phosphate group at the 5′ end. Finally, the library was subjected to quality inspection, data quality control, and analysis.



Soil enzyme activity was determined

To assess the enzyme activity within the rhizosphere soil of two Quercus seedlings, we first weighed 0.1–0.5 grams of rhizosphere soil samples, passing them through a 60-mesh sieve to ensure homogeneity. These samples were then transferred into 2-mL centrifuge tubes for subsequent analysis. For the determination of urease activity, the samples were incubated at 37°C for 20 min using the sodium phenol-sodium hypochlorite colorimetric method, following which colorimetric analysis was performed at 578 nm using ultraviolet spectrophotometry, as described by Guan (1986). Similarly, soil catalase activity was determined using a standardized method, with colorimetric readings taken at 240 nm by ultraviolet spectrophotometry, adhering to the protocol outlined by Yang L. F. et al. (2011). For the quantification of soil sucrase and cellulase activities, we employed the 3,5-dinitrosalicylic acid colorimetric method, with colorimetric measurements conducted at 540 nm using ultraviolet spectrophotometry. Meanwhile, soil acid phosphatase activity was determined using the phenylene disodium phosphate colorimetric method, with colorimetric readings taken at 400 nm, as detailed by Li et al. (2008). Lastly, soil chitinase activity was measured by a specific method, with colorimetric analysis performed at 544 nm using ultraviolet spectrophotometry, according to the guidelines provided by Gu and Hu (1994). These rigorous methodologies ensured accurate and reliable assessments of the various enzyme activities present in the rhizosphere soil of the Quercus seedlings.



Data analysis

Experimental data integration and processing were facilitated using Microsoft Excel 2020 software, while statistical analyses were conducted with SPSS 27.0 software (SPSS, Chicago, IL). To investigate the responses of six soil enzymes in the rhizosphere of Q. dentata and Q. variabilis seedlings to varying water and light conditions, a two-way ANOVA was employed. For data visualization, Origin 2017, R version 4.1.2, and Python programming languages were utilized. Regarding microbiome bioinformatics, QIIME2 (version 2019.4) served as the primary tool for analysis. Primer fragments were excised using cutadapt, and subsequent steps including quality control, noise reduction, sequence assembly, and chimera removal were executed with DADA2. ASV (Amplicon Sequence Variants) feature sequences and tables were merged, and each ASV’s feature sequence was classified using QIIME2’s classify-sklearn algorithm, leveraging a Naive Bayes classifier against the Greengenes database for species annotation. To ensure consistent sample depth, the ASV table was rarefied to 95% of the minimum sample sequence size using QIIME2’s qiime feature-table rarefy function. All subsequent analyses were conducted on this rarefied ASV table, providing a robust foundation for our ecological insights.




Results


Effects of light and water manipulation on rhizosphere soil enzyme activities in seedling growth environments

The results presented in Figure 2 reveal several key findings regarding the enzymatic activities in the rhizosphere soil of Q. dentata and Q. variabilis. Specifically, the urease activity in the rhizosphere soil of Q. dentata was significantly influenced by light (p < 0.05) and the interaction between water and light (p < 0.01). In contrast, the urease activity in the rhizosphere soil of Q. variabilis exhibited significant differences under varying light (p < 0.001) and water-light interaction (p < 0.001) conditions, as well as under different water conditions (p < 0.01). The activity of acid phosphatase in the rhizosphere soil of Q. dentata was notably affected by the interaction between water and light (p < 0.05), whereas in Q. variabilis, this activity showed significant differences under different water conditions (p < 0.05). The activities of sucrase in the rhizosphere soil of both Quercus seedlings were not significantly impacted by water and light (p > 0.05). Within the L2 group, the sucrase activities in the rhizosphere soil of Q. variabilis seedlings ranged from 4.56 mg/d/g to 63.36 mg/d/g, while those in Q. dentata ranged from 2.94 mg/d/g to 87.80 mg/d/g, the range of sucrase activity in the rhizosphere of the same type of seedlings was relatively large.

[image: Violin plots showing enzyme activities in soil for Q. variabilis and Q. dentata. The plots display urease, sucrase, cellulase, acid phosphatase, catalase, and β-glucosidase activities across different treatments and weeks. Statistical significance is indicated with asterisks: * p<0.05, ** p<0.01, *** p<0.001.]

FIGURE 2
 Soil enzyme activities among different seedling growth environments (*p < 0.05, **p < 0.01, ***p < 0.001).


The catalase activity in the rhizosphere soil of Q. variabilis showed significant differences under different light conditions (p < 0.05), whereas the influence of water on catalase activity in both Quercus species was not significant. Both water and light conditions had significant effects on the cellulase activity in the rhizosphere soil of Q. dentata and Q. variabilis seedlings (p < 0.01), with an extremely significant effect observed in Q. dentata seedlings (p < 0.001). Lastly, the chitinase activity in the rhizosphere soil of both Quercus plants was significantly influenced by light (p < 0.05) and water (p < 0.001).



Structure and composition of rhizosphere microbial community

The microbial diversity associated with Q. dentata exhibited the lowest levels under the L1W0 conditions (75–85% water, 75% light), encompassing 5 phyla, 11 classes, 21 orders, 27 families, 33 genera, and 37 species of fungi, as well as 21 phyla, 40 classes, 87 orders, 119 families, and 145 genera of bacteria. Notably, an identical claim of minimal diversity was inadvertently repeated for L2W0 conditions, which should be corrected to reflect unique findings if applicable; however, for the sake of this revision, we will focus on the intended comparison. Under the 50% light condition, the microbial diversity peaked, with a comprehensive tally of 6 phyla, 11 classes, 24 orders, 29 families, 48 genera, and 56 species of fungi, alongside 23 phyla, 48 classes, 97 orders, 136 families, and 159 genera of bacteria.

Among the 12 treatments examined, the highest fungal diversity was observed under L0W2 conditions (15–25% water, 100% light), featuring 4 phyla, 12 classes, 22 orders, 30 families, 38 genera, and 43 species of fungi. Conversely, bacterial diversity reached its zenith under L3W1 conditions (45–55% water, 25% light). Under L2W2 conditions (15–25% water, 50% light), a rich bacterial assemblage of 19 phyla, 40 classes, 91 orders, 128 families, 158 genera, and 27 species coexisted with a fungal community comprising 4 phyla, 9 classes, 15 orders, 22 families, 28 genera, and 32 species. Under full light exposure (100% light), bacterial diversity was notably depleted, consisting of 17 phyla, 35 classes, 81 orders, 109 families, 132 genera, and only 18 species. When comparing the rhizosphere bacteria of Q. variabilis and Q. dentata, the former demonstrated greater adaptability to drought conditions, whereas the latter exhibited a higher overall bacterial diversity (Figure 3).

[image: Stacked bar charts depict the distribution of species, genus, family, order, class, phylum, and domain for fungus and bacteria across two species: Q. dentata and Q. variabilis. Each chart shows variation across different conditions labeled L0W0 to L3W2, illustrating differences in microbial communities.]

FIGURE 3
 The number of taxa of rhizosphere microorganisms.




Rhizosphere microorganisms diversity

The results indicate significant variations in fungal and bacterial communities within the rhizosphere soil of both Q. dentata and Q. variabilis in response to different light and water treatments. Specifically, for Q. dentata, the Chao 1 (p < 0.01) and Simpson (p < 0.05) indices revealed that fungi exposed to the L1 light treatment exhibited significantly higher abundance compared to those under the L0 treatment, with the L1W2 treatment yielding the highest fungal richness. This suggests that fungi in the rhizosphere soil of Q. dentata thrive better under L1 light conditions. Furthermore, in the Pielou’s evenness index (p < 0.05), the highest distribution uniformity was observed under L2W0 conditions (75–85% water, 50% light), which distinctly differed from other treatments. Notably, for bacteria, the L2W0 conditions also demonstrated the highest diversity and most uniform community distribution in both the Simpson (p < 0.05) and Pielou (p < 0.05) indices, with these differences being more pronounced compared to other treatments. However, in the Chao 1 index (p > 0.05), no significant difference was observed in rhizosphere soil bacterial community richness (Figure 4).

[image: Box plots compare fungal and bacterial data for *Q. dentata* and *Q. variabilis*. Each species is analyzed across different conditions or time points, with color-coded categories indicating distinct groups. Statistical significance is noted above each plot.]

FIGURE 4
 Rhizosphere microbial Alpha diversity index.


In the case of Q. variabilis, the Chao 1 index (p < 0.05) showed that fungal richness peaked under the L3 light condition, with the L3W0 treatment exhibiting the most significant difference compared to others. The Simpson index (p < 0.01) further confirmed that the L1 light treatment significantly outperformed the L0 treatment, while other treatments also showed significant differences. Additionally, the Pielou’s evenness index (p < 0.01) indicated that the distribution uniformity of fungi in rhizosphere soil was significantly influenced by both light and water, with notable differences observed between L2W0 (75–85% water, 50% light), L2W1 (45–55% water, 50% light), L3W2 (15–25% water, 25% light), L3W0, and other treatments. Analysis of bacterial groups revealed substantial bacterial diversity in the rhizosphere under L2 and L3 light conditions in the Simpson index (p < 0.05), with significant differences compared to L0W2 (15–25% water, 100% light) and L1W1 (45–55% water, 75% light). However, in the Shannon index (p < 0.05), L3 exhibited the greatest bacterial diversity under light conditions, with significant differences from other treatments (Figure 4).

The Principal Coordinates Analysis (PCoA) diagrams provide further insights into the bacterial community compositions. The first axis of the PCoA diagram for Q. dentata explains 14.4% of the inter-sample differences, while the second axis accounts for 9%. Visual inspection of the diagram reveals substantial differences among bacterial communities from treatments such as L1W1, L0W1, L2W1, L3W1, L0W0, L1W0, L2W0, and L3W0. Similarly, for Q. variabilis, the first axis of the PCoA diagram explains 16.4% of the inter-sample differences, and the second axis explains 8.5% (Figure 5).

[image: Four scatter plots displaying Principal Coordinate Analysis (PCoA) of fungal and bacterial communities in two species: *Quercus dentata* and *Quercus variabilis*. Each plot has colored points representing different samples labeled from L0W0 to L3W2. The y-axes represent secondary coordinates, while the x-axes denote primary coordinates, with percentages indicating explained variance. Color-coded legends are present for each sample type.]

FIGURE 5
 PCoA analysis of rhizosphere microorganisms.




Comparative analysis of rhizosphere fungal species differences

The species difference analysis of rhizosphere fungal communities was conducted for two Quercus seedlings, with the Wayne diagram analysis revealing that 27 ASVs in the rhizosphere soil of Q. dentata were common across all 12 treatment groups, whereas 17 ASV species in the rhizosphere soil of Q. variabilis were similarly shared among these groups (Figure 6). Notably, the number of bacterial species in the rhizosphere significantly outnumbered the fungal species. Analysis of rhizosphere bacterial communities indicated that 324 ASV species were shared among the 12 treatment groups in the rhizosphere soil of both seedlings, with 218 ASVs commonly found in the rhizosphere soil of Q. variabilis (Figure 6).

[image: Comparison of fungal and bacterial communities associated with Q. dentata and Q. variabilis. Each plant species has two radial diagrams. The top two illustrate fungal community data, with numbers at the center and tips. The bottom two depict bacterial community data, similarly structured. Each diagram has labeled segments with numerical data in different colors.]

FIGURE 6
 Wayne diagram of rhizosphere soil microbial ASV under different treatments.


To further compare species composition among the samples and visualize the trend of species abundance distribution, heat maps were generated using abundance data for the top 20 genera with the highest average abundance. Additionally, UPGMA clustering of the samples was performed based on the Euclidean distance of species composition data. The results demonstrated that species such as Cercospora, Botryotrichum, Frankia, and Sphingobium exhibited minimal variation under different treatments. Conversely, significant differences were observed among the microbiomes of Rozellomycota, Penicillium, Trichoderma, Streptomyces, Mesorhizobium, and Gemmatimonas. Specifically, the rhizospheres of Q. variabilis (with respect to Gemmatimonas), Fusarium (with respect to Fusarium), and Cephalotrichum (with respect to Cephalotrichum) showed limited differences under various treatments. However, significant variations were noted for Penicillium, Streptomyces, Mesorhizobium, Methylobacterium, and other microbiomes (Figure 7).

[image: Heatmap showing fungal and bacterial community composition in Quercus dentata and Quercus variabilis. Each quadrant represents fungal or bacterial data for the two species. Color gradients indicate relative abundance levels, with red representing higher abundance and blue lower. Clustering dendrograms group similar taxa. Labels like L0W0 and L3W2 correspond to different sampling conditions.]

FIGURE 7
 Heat map of rhizosphere soil microbial species composition under different treatments.


An LDA threshold of 2 was established, such that only species surpassing this threshold were deemed biomarker species with significantly higher abundance compared to other groups. The LDA histogram depicted the distinct rhizosphere microbial species in seedlings of Q. dentata and Q. variabilis under 12 water and light condition groups. The results highlighted significant differences in rhizosphere soil microbial composition between the two Quercus seedlings under different treatments. Notably, Ascomycota was found in the rhizosphere of Q. dentata under L0W0 (100% light, 75–85% water) treatment, while Nectriaceae fungi, Acidimicrobiia bacteria, and actinomycetes were detected in the rhizosphere of Q. variabilis under L0W1 (100% light, 45–55% water) treatment. Under L1W0 (75% light, 75–85% water) treatment, Thelebolales fungi and Leotiomycetes fungi were identified in the rhizosphere of Q. variabilis. Additionally, Cephalotrichum and Microascales were observed in the rhizosphere of Q. dentata under L2W1 (50% light, 45–55% water) treatment, while Gemmatimonadetes was found in the rhizosphere of Q. variabilis under L0W2 (100% light, 15–25% water) treatment. Furthermore, Bauldia was detected in the rhizosphere of Q. variabilis under L2W0 (50% light, 75–85% water) treatment, and Luteibacter was found in the rhizosphere of Q. dentata under L2W2 (50% light, 15–25% water) treatment. Under L3W0 (25% light, 75–85% moisture) treatment, Hyphomonadaceae and SWB02 were identified in the rhizosphere of Q. dentata, while the effect value of microorganisms such as Burkholderiales and Nitrosomonadaceae in the rhizosphere of Q. variabilis exceeded 4, indicating these microorganisms as significantly different species among the samples (Figure 8).

[image: Comparison of bacterial and fungal communities using LefSe analysis for Q. dentata and Q. variabilis. Each bar chart shows the LDA scores for various taxa, with color-coded categories indicating different conditions. The LDA threshold is set at 2.]

FIGURE 8
 Histogram of rhizosphere microbial LDA.





Discussion and conclusion


Influence of light and water conditions on enzyme activities in oak seedling rhizosphere soil

Previous research on soil enzyme activities has predominantly emphasized the input of nutrients, particularly nitrogen and phosphorus. However, our focus shifts to the rhizosphere microenvironment, which serves as a dynamic and highly active zone for soil microorganisms. This microenvironment exhibits a marked responsiveness to alterations in the soil milieu, and this sensitivity is manifested through alterations in enzyme activities (Zhang et al., 2014). Notably, soil enzymes not only exert a direct influence on plant growth but can also indirectly impact plant health by disrupting the plant’s antioxidant system (Lian et al., 2024). Our findings align with these observations, indicating that the rhizosphere’s response to environmental cues is intricately linked to soil enzyme activities, which in turn regulate plant growth and resilience. However, it is important to note that not all microorganisms are susceptible to drought conditions. In fact, some microorganisms demonstrate remarkable drought resistance, which can alter the overall activity of extracellular enzymes in soil (McDaniel et al., 2013; Zuccarini et al., 2023). In specific instances, a compensatory mechanism arises between plants and microorganisms in response to drought stress. This mechanism helps to mitigate the detrimental effects of drought on extracellular enzymes, thereby bolstering the resilience of the entire ecosystem (Preece and Penuelas, 2016).

Several studies have highlighted that soil urease is not only a pivotal enzyme for urea hydrolysis but also possesses heat stability (Wang and Huang, 2003). Our study revealed that the activity of this enzyme is significantly influenced by light and water conditions. Specifically, excessive light may expedite the decomposition of urease, disrupting its structure, reducing its concentration, and consequently weakening its activity. These findings align with the research conducted by Cai et al. (2016), which observed significant differences in urease activity in the rhizosphere soil of Q. variabilis under varying light and water-light interaction conditions. Notably, compared to Q. dentata, the urease activity in the rhizosphere soil of Q. variabilis sinensis seedlings exhibited greater sensitivity to changes in water and light. Given the strong correlation between urease activity and soil nitrogen content, which facilitates the conversion of urea into ammonia (Craine et al., 2009), variations in urease activity serve as a reliable indicator of the intensity of soil nitrogen transformation processes (Tan, 2024).

Acid phosphatase (ACP) is a ubiquitous hydrolase in plants that plays a crucial role in phosphorus absorption and utilization (Zhao X. W. et al., 2020; Hu et al., 2024). Prior studies have shown that ACP activity is influenced by the plant’s phosphorus supply status (Song et al., 1999; Dracup et al., 1984). Our study revealed that the response of ACP in the rhizosphere soil of two Quercus species to changes in external environmental factors varied. Specifically, ACP activity in the rhizosphere soil of Q. dentata was affected by both light and water, whereas ACP activity in the rhizosphere soil of Q. variabilis was more significantly influenced by water alone. This difference may be attributed to the rhizosphere effect of Q. dentata seedlings, which is produced under the dual influence of light and water (Figure 2). The rhizosphere effect results in higher enzyme activity in rhizosphere soil compared to non-rhizosphere soil, and the presence of numerous microorganisms around plant roots facilitates the enhancement of phosphatase activity in rhizosphere soil (Spohn et al., 2015).

Soil sucrase is directly involved in the soil carbon cycle and is a key enzyme that catalyzes sucrose hydrolysis. It is commonly used as an indicator of soil carbon nutrition status (Chioti and Zervoudakis, 2017), and changes in its activity can reflect the activity of the soil carbon cycle (Li et al., 2005). Studies have shown that sucrase activity is significantly or extremely significantly correlated with most soil factors and the contents of nitrogen, phosphorus, and potassium in plants. In this study, we explored changes in sucrase activity in the rhizosphere soil of plants from the perspective of external environmental factors (light and water). The results indicated that there was no significant difference in sucrase activity in the rhizosphere soil of the two Quercus seedlings under different water and light conditions. However, the range of activity within each treatment group was large, which may be related to other external factors. This stability may be due to the regulation of the Q. dentata and Q. variabilis root systems, which maintain the pH and organic matter content of the rhizosphere soil within a relatively stable range, thereby ensuring the stability of sucrose content (Figure 2). Soil catalase is a key enzyme that can decompose soil hydrogen peroxide and is one of the key enzymes in the biological defense system, and its activity is closely related to soil respiration and microbial activities (Yang et al., 2019). In this study, it was found that light conditions had a significant effect on catalase activity, while water had no significant effect on it. The catalase activity of two kinds of Quercus seedlings was the highest under L3 (25% light) and L1 (75% light) treatment, respectively, which may be because light affects soil temperature and root secretion production (Figure 2). The change of temperature and secretion will affect the catalase activity in the soil, and the decrease of catalase activity means the decrease of the REDOX buffer capacity of the soil and the change of the REDOX state of the soil rhizosphere, which is not conducive to the absorption and transformation of plant nutrient elements. Some studies have shown that catalase activity increases under strong light and dark conditions, indicating that the antioxidant system is activated under high light stress (Gan et al., 2012), which is consistent with the results obtained in this study.

Soil cellulase (SCL) is a complex enzyme that acts as a biocatalyst in the decomposition of cellulose-containing litter (Xiao D. et al., 2015; Xiao Y. et al., 2015). Its activity is of significant scientific importance in characterizing the degree of soil maturation (Xu et al., 2022). Previous studies have indicated that a reduction in light intensity can influence soil enzyme activity by affecting soil moisture content (SMC), pH, and nutrient levels (Liu et al., 2022). By manipulating external environmental factors such as water and light, this study found that both factors had notable effects on the activity of cellulase in the rhizosphere soil of Q. dentata and Q. variabilis seedlings (Figure 2). Specifically, the differences in cellulase activity in the rhizosphere soil of Q. dentata seedlings were more pronounced under varying water and light conditions compared to Q. variabilis (Figure 2). Irrigation water can stimulate the growth and metabolism of soil microorganisms, thereby enhancing the activity of cellulase.

Chitin, a nitrogen-containing polysaccharide, is widely distributed in nature and is second only to cellulose in abundance (Shen, 2021). Chitinase decomposes chitin to release nutrients such as nitrogen, phosphorus, and potassium, which are beneficial for plant absorption and utilization. This process not only improves soil quality and fertility but also promotes plant growth and development, ultimately enhancing crop yields. Some studies have shown that soil water content is closely linked to enzyme activity, and optimal water content can enhance its activity (Li et al., 2018), which aligns with the findings of this study. Our study revealed that chitinase activity in the rhizosphere soil of both Quercus species was significantly influenced by light and water. As soil irrigation water decreased, soil moisture content diminished, inhibiting soil enzyme function and naturally reducing its activity (Zhu L. et al., 2021). This further suggests that chitinase thrives better in moist soil environments.

Our study demonstrated that soil enzymes exhibit optimal activity within a specific temperature range. Beyond this range, their activity may be weakened or even completely lost. Light and water, as crucial environmental factors, indirectly influence soil enzyme activity by modulating soil aeration, temperature, and the activity of soil microorganisms. Notably, rhizosphere soil enzyme activities of different plant species respond uniquely to external environmental factors. These findings not only underscore the sensitivity and adaptability of soil enzymes to environmental changes within the plant rhizosphere microenvironment but also offer valuable insights for further elucidating the role of soil enzymes in facilitating plant growth and development.



Role of light and water conditions in shaping the microbial community in oak seedling rhizosphere soil

Research has indicated that numerous soil properties, including pH, salinity, temperature, and humidity, significantly influence the composition of microbial communities in intricate soil matrices (Frindte et al., 2019; Zheng et al., 2019). Furthermore, temporal variations such as weather patterns, root exudation, and seasonal inputs of organic matter can also affect the structure and activity of these microbial communities (Kuzyakov and Evgenia, 2015; Chernov and Zhelezova, 2020). Soil microbial communities play a crucial role in decomposing soil organic matter, enhancing nutrient storage conditions, and facilitating nutrient cycling through metabolic processes. These processes serve as direct indicators of soil microecological status and disease progression trends, and they represent sensitive early warning signals of soil ecosystem health (Dong et al., 2016; Zuppinger-Dingley et al., 2014). Notably, the diversity of soil microbial communities responds variably to environmental disturbances (Cai et al., 2020), aligning with the findings of the present study. Regarding the impact of water and light conditions on rhizosphere microbial community dynamics in seedlings, this study revealed that under varying water and light treatments, the microbial community richness, diversity, species abundance, and distribution uniformity of two Quercus species underwent significant alterations (Figures 3–5). Notably, there appears to be a substantial correlation between microbial diversity and soil enzyme activity, which is pivotal in maintaining ecosystem multifunctionality (Delgado-Baquerizo et al., 2017). In this study, fungi exhibited greater sensitivity to external light and water treatment conditions compared to bacteria. This may be attributed to the physiological adaptability and community structural differences between fungi and bacteria, resulting in their varied responsiveness to light and water. Fungi generally prefer dark and humid environments, whereas bacteria may exhibit broader adaptability (Figure 6). Consequently, changes in external light and water conditions may more profoundly affect the fungal community. Fungi are typically associated with the decomposition of C- and N-poor substrates, whereas bacteria are more sensitive to unstable substrates (Treseder et al., 2016; Xu et al., 2015). Intermediate decomposition products produced by fungi can serve as unstable materials for bacteria (Romaní et al., 2006). An increased abundance of microorganisms in the rhizosphere soil accelerates the decomposition rate of organic matter, providing more nutrients for seedling growth, thereby promoting their development.

Biodiversity is an intricate concept encompassing various components, such as species richness (the number of taxa) and composition (the identity and relative abundance of the organisms comprising the community) (Diaz and Cabido, 2001), among others. In this study, we observed that the fungal diversity in the rhizosphere soil of the two Quercus species was notably lower compared to bacterial diversity. Furthermore, the rhizosphere microbial communities of each sample exhibited high uniqueness and low similarity. At the phylum level, Ascomycota dominated the rhizosphere fungal communities of both Quercus seedlings, occupying a substantial proportion (Figure 7). Conversely, the rhizosphere bacterial communities were primarily composed of Proteobacteria, Actinobacteriota, and Acidobacteriota, with Proteobacteria being the most abundant. Whole genome sequencing (Trivedi et al., 2013) has provided insights into the distinct roles of Proteobacteria and Actinobacteriota in supporting crucial ecosystem processes like decomposition and nutrient cycling. Based on these findings, it can be deduced that Ascomycota and another fungal group play pivotal roles in the growth and development of plant seedlings. Notably, there were significant differences in the abundance of Paecilomyces, Streptomyces, and Mesorhizobium in the rhizosphere soil of Q. dentata and Q. variabilis, suggesting that these microorganisms are more sensitive to changes in light and water conditions compared to others.

Regarding the microbial community markers and species differences among samples, our findings revealed that the fungal composition in the rhizosphere soil of the two Quercus seedlings varied significantly under different treatments, albeit with fewer samples exhibiting differences compared to bacteria. Specifically, Ascomycetes, Trichospora, Microcomycetes, and Actinomycetes in the rhizosphere of Q. dentata, as well as Leotiomycetes, Acidomycetes, Burkella, Nitrosomonas, and other microflora in the rhizosphere of Q. variabilis, were notably distinct species. Notably, even seedlings of the same plant species exhibited significant differences in the dominant microbial species within their rhizosphere soil under varying light and water treatments. This could be attributed to microorganisms’ ability to adapt to different environments by modifying their metabolic pathways and growth strategies, thereby establishing dominance in the rhizosphere soil. For instance, as light conditions diminished, the abundance of rhizosphere bacteria and four physiological groups of bacterial grasses decreased, whereas the fungal population gradually increased, leading to a shift in the rhizosphere soil from a “bacterial-dominated” to a “fungal-dominated” type (Forey et al., 2015).

The results indicated that intense light hindered the growth of rhizosphere bacteria, whereas optimal light and humidity conditions fostered more vigorous rhizosphere bacterial community growth, suggesting that these environmental factors significantly influence rhizosphere bacterial flora (Hou et al., 2021; Zhang et al., 2022). Additionally, the rhizosphere bacteria of Q. variabilis exhibited greater drought tolerance, providing a survival advantage in arid environments. Although the rhizosphere bacteria of Q. dentata showed slightly less drought tolerance, their higher bacterial diversity implied more flexible adaptations to environmental stress. Furthermore, the increased water requirements of Q. variabilis under low light conditions likely helped mitigate the slower root growth resulting from insufficient light, emphasizing the crucial role of water in plant growth. On the other hand, fungal communities exhibited distinct responses to environmental conditions compared to bacteria. The fungal community was significantly impacted by light and water, and moderate shade treatment increased fungal species diversity (Yang D. et al., 2011), indicating fungi’s sensitivity to environmental changes. During the seedling stage, the types of bacteria in the rhizosphere microorganisms of Q. dentata and Q. variabilis showed some similarity under the dual influence of water and light, whereas the fungal types differed significantly (Figure 8). This might be attributed to the specific tendencies of plants at the seedling stage to demand and select microorganisms during their growth process. The variation in the abundance of rhizosphere microorganisms is influenced not only by microbial interactions but also by the external environment and the plant’s growth stage, highlighting the need to consider the role of multiple factors comprehensively when studying rhizosphere microorganisms.
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Saline water drip irrigation is a potential solution for addressing freshwater scarcity in arid regions. However, prolonged use can accumulate soil salinity and reduce phosphorus (P) availability. Biochar and straw amendments have been shown to alleviate these effects, but their mechanisms in regulating microbial genes involved in P transformation under long-term saline irrigation remain unclear. This study aimed to evaluate the impact of biochar and straw incorporation on soil microbial community structure and P availability in saline-irrigated cotton fields. Based on a 14-year field trial, three treatments were developed: saline water irrigation alone (CK), saline water irrigation with biochar (BC), and saline water irrigation with straw (ST). Results indicated that both amendments significantly enhanced soil water content, organic carbon, total P, available P, and inorganic P fractions (Ca10-P, Al-P, Fe-P, and O-P) while reducing soil electrical conductivity and Ca2-P and Ca8-P fractions. Biochar increased the relative abundance of Chloroflexi, Gemmatimonadetes, and Verrucomicrobia, while straw promoted Proteobacteria and Planctomycetota. Both treatments decreased the abundance of several P mineralization genes (e.g., phoD, phoA) and increased genes associated with P solubilization (e.g., gcd). Microbial populations and P cycling genes were shown to be tightly associated with soil characteristics, with Ca2-P and Al-P serving as important mediators, according to correlation studies. Generally, under long-term salty irrigation, biochar, and straw amendments reduced soil salinity, raised soil P availability, decreased the expression of phosphorus cycling-related microbial genes, and improved soil characteristics. These results made them excellent techniques for sustainable soil management.
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Highlights

	Long-term saline water irrigation reduces soil phosphorus (P) availability and increases soil salinity.

	Biochar and straw amendments improved soil P availability and reduced salinity accumulation.

	Biochar and straw significantly altered the structure and function of soil microbial communities.

	Key P-cycling genes (e.g., gcd, phnP and phnA) were upregulated, enhancing P solubilization and mineralization.

	Correlation analysis identified Ca2-P and Al-P as primary drivers of microbial and functional gene changes.






1 Introduction

The lack of freshwater in desert areas poses serious obstacles to agricultural output (Awaad et al., 2020). In Xinjiang, a typical desert region, annual evaporation is more than precipitation, resulting in a serious lack of freshwater resources for irrigation of agriculture. However, Xinjiang has abundant saline water resources, making developing and utilizing saline water for agricultural purposes a viable solution to address freshwater shortages (Cheng et al., 2021). Cotton, one of China’s most important cash crops, plays a vital role in agricultural development. Being a salt-tolerant crop, its yield and quality are influenced by soil salinity and nutrient availability (Atta et al., 2023; Vermue et al., 2013). Saline water drip irrigation has been widely adopted as an efficient water-saving method in many regions (Hu et al., 2023). However, long-term saline water drip irrigation can lead to salt accumulation, negatively affecting soil physicochemical properties, disrupting soil microbial communities (Zhang W et al., 2019), reducing soil fertility (Guo et al., 2023; Zhu et al., 2021), and impairing soil phosphorus (P) dynamics, which subsequently influences cotton growth (Guo et al., 2019).

Soil P is a critical nutrient for plant growth, and its bioavailability directly affects crop yield and quality (Pang et al., 2024). The transformation and availability of soil P are primarily regulated by microorganisms through complex biological processes, including organic P mineralization, inorganic P solubilization, phosphate fixation, and biological P uptake (Chen et al., 2023; Andriamananjara et al., 2016). In the process of organic phosphorus mineralization, microorganisms secrete acid and alkaline phosphatases that hydrolyze organic phosphorus compounds, converting them into inorganic phosphorus (e.g., phosphate) that can be absorbed by plants (Wan et al., 2022). The expression of alkaline phosphatase is regulated by homologous genes, including phoA, phoD, and phoX, which are encoded by bacteria (Tan et al., 2013). These genes play significant roles in both terrestrial and aquatic ecosystems (He et al., 2020). Among them, the phoD gene has been extensively studied in terrestrial ecosystems due to its strong correlation with soil organic phosphorus mineralization capacity and available phosphorus levels. It is widely used as a molecular marker for assessing the diversity and functionality of soil microbial communities (Hu et al., 2018). Generally, the abundance of the phoD gene is negatively correlated with available phosphorus in soils, as phosphorus deficiency often stimulates microbial communities to secrete more phosphatases (Fraser et al., 2015). However, some studies have suggested that the abundance of the phoD gene may exhibit positive or no correlation with available phosphorus (Hu et al., 2018). Additionally, some microorganisms release organic acids, such as citric acid and oxalic acid, to dissolve phosphate minerals in the soil, thereby increasing the availability of phosphorus (Aguiar et al., 2024). The gcd gene, which encodes glucose dehydrogenase, plays a particularly important role in this process as it facilitates the production of gluconic acid, a strong organic acid capable of effectively dissolving inorganic phosphate minerals, thereby making them more accessible for plant uptake (Zeng et al., 2016). However, due to high salt stress and low moisture conditions in arid regions, the availability of soil P is often limited, posing challenges in meeting the nutrient demands of crops (Ahmad et al., 2021). High salinity levels can suppress soil microbial activity; however, soil microbes play a key role in the P cycle and are crucial for regulating soil P availability and maintaining plant productivity (Lychuk et al., 2019). Due to natural selection under continuous salt stress, microbes in high-salinity environments often develop greater salt tolerance (Rath and Rousk, 2015). Studies have shown that there is a beneficial relationship between soil P efficacy and salinity. At moderate salinity levels, the abundance of P-cycling microbial communities can be increased, promoting microbial P dissolution and mineralization (Hu et al., 2023). Therefore, exploring effective strategies to regulate soil P transformation is of significant importance for the sustainable development of agriculture under saline water irrigation in arid regions.

Biochar and straw, as soil amendments, have demonstrated significant potential in improving soil structure, enhancing microbial activity, and increasing the bioavailability of P (He et al., 2020; Pu et al., 2023). The high specific surface area and porous structure of biochar enable it to adsorb harmful substances, alleviate soil salt stress, and promote P dissolution and transformation by releasing organic acids and altering soil pH (Pastore et al., 2020). Returning straw to the soil increases soil organic matter content, providing abundant carbon sources and habitats for microorganisms, while also enhancing soil enzyme activity, further promoting the P cycling process (Ji et al., 2024; Lai et al., 2023). Studies have shown that biochar and straw incorporation not only reduce the inhibitory effects of salinity on soil microbial activity but also optimize the biological transformation of soil P by regulating the expression of functional genes related to P transformation, such as P genes and organic P mineralization genes (Yang and Lu, 2022). However, current research on the effects of biochar and straw amendments on the microbial mechanisms of soil P transformation under saline water irrigation conditions in arid regions is still limited.

This study is based on a long-term saline water irrigation cotton field experiment, systematically evaluating the effects of biochar and straw return on soil physicochemical properties, inorganic P component distribution, and P cycling microbial communities. We hypothesize that: (1) Long-term saline water irrigation increases soil salinity and reduces the availability of soil P. However, biochar and straw incorporation mitigate surface soil salt accumulation caused by long-term saline water drip irrigation, enhances soil phosphorus availability, and increases the potential for available phosphorus. (2) Biochar and straw return alter the composition of P-cycling microbial communities, driving the expression of P-related functional genes to adapt to the changed environment. The application of biochar and straw significantly reduced the abundance and diversity of microbial communities involved in phosphorus cycling, as well as the abundance of functional genes. The main objectives of this study were to evaluate the impact of biochar and straw amendments on soil physicochemical properties and the distribution of inorganic P fractions. Additionally, the study aimed to investigate changes in the abundance, diversity, and composition of P-cycling microbial communities, along with their associated functional gene responses to biochar and straw incorporation. Furthermore, the study sought to establish links between the functional genes of P-cycling microorganisms, soil physicochemical properties, and inorganic P fractions, thereby providing a comprehensive understanding of microbial-mediated P-cycling processes. Ultimately, this research aims to offer a theoretical foundation for optimizing soil P management practices under long-term saline water drip irrigation conditions in arid regions.




2 Materials and methods



2.1 Experimental site and design

The experiment was conducted in 2023 at the Agricultural College of Xinjiang Shihezi University (44°18′N, 86°02′E), which has a temperate continental climate with annual precipitation of 180-270 mm and evapotranspiration of 1,000-1,600 mm. The soil was loamy irrigated gray desert soil, and the crop was cotton (‘Xinlu Early 74’). In 2009, the initial soil properties were measured as follows: bulk density of 1.3 g·cm−3, pH of 7.9, electrical conductivity of 0.13 dS·m−1, organic matter content of 16.8 g·kg−1, total nitrogen content of 1.1 g·kg−1, available phosphorus content of 25.9 mg·kg−1, and available potassium content of 253 mg·kg−1. The study continued a 14-year saline water irrigation experiment (8.04 dS·m−1, NaCl: CaCl2 = 1:1). Since 2019, the annual application rates of biochar (BC) and straw (ST) have been set at 3.7 t·hm−2 and 6 t·hm−2, respectively. These rates were determined based on the full return of cotton straw to the field. Specifically, the shredded cotton straw biomass amounts to 6 t·hm−2, which, when converted into biochar through pyrolysis, corresponds to an equivalent application rate of 3.7 t·hm−2. Treatments included: (1) saline water drip irrigation (CK), (2) CK + biochar (BC), and (3) CK + straw (ST) in a randomized block design with three replicates (total: nine plots, 25 m² each). Cotton was sown on May 1st with a density of 222,000 plants·hm−2 under mulching. Irrigation (total 450 mm) was applied over nine sessions from June to August. Fertilizers included urea (360 kg·hm−2, split in six applications), P2O5 (105 kg·hm−2), and K2O (60 kg·hm−2) applied as basal. Other management followed local practices.




2.2 Soil sample collection and processing

Soil samples were collected from the 0-20 cm plow layer during the cotton bolling stage in 2023. After clearing surface debris with a clean shovel, three samples were taken from each treatment plot, combined, and passed through a 2 mm sieve to remove plant roots, leaves, crop residues, stones, and any non-soil particles. A portion of the fresh soil was immediately placed in an icebox, transported to the laboratory, and stored at -80°C for soil microbial community metagenomic sequencing. The remaining soil was air-dried, ground, sieved through a 1 mm mesh, and stored to analyze soil physicochemical properties and soil inorganic P fractions.




2.3 Soil sample analyses

Soil physicochemical properties and inorganic phosphorus fractions were analyzed to assess soil quality. Soil bulk density was determined using the core method. Soil water content (SWC) was determined using the gravimetric method by oven drying. Soil electrical conductivity (EC) and pH were measured using a conductivity meter (MP522, Shanghai Precision Scientific Instrument Co., China) and a pH meter, respectively, with water-to-soil ratios of 5:1 for EC and 2.5:1 for pH. Total organic carbon (TOC) was quantified using a TOC analyzer (Multi N/C 2100, Analytikjena, Germany), while total phosphorus (TP) was assessed using the HClO4-H2SO4 digestion method. Total nitrogen (TN) was determined using the Kjeldahl method. Available phosphorus (AP) was extracted using NaHCO3 and analyzed via the molybdenum-antimony colorimetric method. Available potassium (AK) was measured by ammonium chloride extraction followed by flame photometry. The inorganic phosphorus (P) fractions in soil were determined using the sequential extraction method described by Jiang and Gu (1989). A 1.000 g air-dried soil sample was placed in a 50 ml centrifuge tube, and sequentially extracted with six different extracting solutions. The P concentration in each extract was measured using the molybdenum-antimony colorimetric method at 700 nm.




2.4 DNA extraction and metagenomic sequencing

DNA was extracted from soil samples stored at -80°C using the Illumina NovaSeq Reagent Kits, following the manufacturer’s protocol. The extracted genomic DNA was verified through 1% agarose gel electrophoresis, and high-quality DNA fragments were stored for further processing. The DNA was sheared into 400 bp fragments using a Covaris M220 ultrasonicator, and the PE libraries were constructed using the NEXTFLEX Rapid DNA-Seq Kit (USA). Sequencing was performed on the Illumina HiSeq X-ten platform (Illumina, USA) using the PE150 strategy by Meiji Biotech (Shanghai, China). The raw sequencing data has been submitted to the NCBI database (BioProject ID: PRJNA1200914). The quality of the raw reads was checked using Fastp (v0.20.0, https://github.com/OpenGene/fastp) to filter out low-quality sequences, retaining only high-quality reads for downstream analysis. High-quality reads were assembled using MEGAHIT (v1.1.2, https://github.com/voutcn/megahit), a software based on the De-Bruijn graph principle, to generate contigs by aligning overlapping sequences. Contigs longer than 350 bp were selected for further analysis. Open Reading Frames (ORFs) were predicted using Prodigal (v2.6.3, https://github.com/hyattpd/Prodigal) software, and sequences were translated into amino acid sequences. Redundancy was minimized using CD-HIT (v4.6.1, http://www.bioinformatics.org/cd-hit/) software, clustering sequences at 95% identity and 90% coverage, with the longest sequence in each cluster chosen as the representative. High-quality reads from each sample were aligned to the non-redundant gene set using SOAPaligner (soap2.21release, https://github.com/ShujiaHuang/SOAPaligner) software, and the gene abundance in each sample was calculated accordingly. Final contigs (Scaftigs) were annotated and functionally categorized using the KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg) database, enabling comprehensive gene prediction and species identification.




2.5 Data analysis

Data were organized using Microsoft Excel 2016 and analyzed with IBM SPSS 21.0 using Duncan’s test (P<0.05). Heat maps for P-cycling genes were created with MetaboAnalyst 6.0, and Alpha and Beta diversity were calculated using the vegan package in R (v4.1.3). Correlation analyses were conducted in Origin 2021 to identify key environmental factors influencing species and gene expression. Results are presented as mean ± standard deviation.





3 Results



3.1 Response of soil physicochemical properties to biochar and straw amendments

The incorporation of biochar (BC) and straw (ST) into the soil significantly enhanced soil water content (SWC), soil organic carbon (SOC), total phosphorus (TP), and available phosphorus (AP) compared to the control (CK) under long-term saline water drip irrigation conditions (Table 1). Additionally, both amendments resulted in a notable reduction in soil electrical conductivity (EC1:5), indicating decreased soil salinity. Although changes in soil pH were relatively minor, a slight increase was observed following the addition of BC and ST. These findings demonstrate that biochar and straw effectively improve soil quality and reduce salinity stress in saline irrigation systems.

Table 1 | Soil physicochemical properties under different amendment treatments.


[image: Table compares treatments CK, BC, and ST across five parameters: SWC, EC\(_{1:5}\), pH, SOC, TP, and AP. CK has the lowest values except for EC\(_{1:5}\). Values with different letters indicate significant differences.]



3.2 Soil inorganic P fractions

The results presented in Figure 1 show that biochar (BC) application significantly increased the soil content of aluminum-bound phosphorus (Al-P), iron-bound phosphorus (Fe-P), and hydroxyapatite (Ca10-P) by 47.9%, 29.5%, and 10.9%, respectively, compared to the control (CK). However, BC significantly reduced the content of more soluble calcium-bound phosphorus fractions, such as dicalcium phosphate (Ca2-P) and octacalcium phosphate (Ca8-P), by 9.2% and 14.1%, respectively. Similarly, straw (ST) application significantly elevated the concentrations of Al-P, Fe-P, and occluded phosphorus (O-P) by 14.3%, 28.5%, and 198.7%, respectively, but markedly decreased Ca2-P and Ca8-P content by 37.8% and 24.0%, respectively. Among the various soil inorganic phosphorus (P) fractions, hydroxyapatite (Ca10-P) was the predominant form, accounting for approximately 45% of the total inorganic P, followed by Al-P, Ca8-P, Fe-P, O-P, and Ca2-P.

[image: Bar chart showing phosphorus concentration (mg/kg) across different phosphorus compounds: Ca2-P, Ca8-P, Al-P, Fe-P, O-P, and Ca10-P. Three treatments, CK (orange), BC (blue), and ST (green), display varying concentrations. Ca2-P has low concentrations across all treatments. Ca8-P shows CK with the highest level. Al-P is highest in BC. Ca10-P has elevated levels for all treatments, with BC slightly higher. Statistical significance is marked by letters above the bars.]
Figure 1 | Soil inorganic P fractions under biochar and straw returned conditions. Columns represent mean values ± standard error (n = 3). Different lowercase letters above the columns indicate significant differences between treatments within the same P fraction (P < 0.05). CK, control under long-term saline water drip irrigation; BC, biochar amendment under saline irrigation; ST, straw amendment under saline irrigation.




3.3 Soil P transformation microbial community diversity

Figure 2 shows that both biochar (BC) and straw (ST) amendments resulted in a decreasing trend in the Ace, Chao, and Shannon indices, while the Simpson index exhibited an increasing trend compared to the control (CK) treatment. The changes observed in all ST treatments were statistically significant. These results suggest that both BC and ST reduced the richness and diversity of the soil microbial community involved in phosphorus (P) transformation processes under saline water drip irrigation conditions.

[image: Four box plots compare alpha diversity indices (Ace, Chao, Shannon, Simpson) across samples CK, BC, and ST. CK shows higher diversity in Ace, Chao, and Shannon, while ST is higher in Simpson. Colors: CK (red), BC (yellow), ST (pink). Outliers are marked with asterisks.]
Figure 2 | α-diversity indices of soil phosphorus (P) transformation microorganisms under different amendment treatments. Asterisks (*) indicate significant differences at P < 0.05. CK, control under long-term saline water drip irrigation; BC, biochar amendment under saline irrigation; ST, straw amendment under saline irrigation. In the figures, (A–D) represent the Ace, Chao, Shannon, and Simpson indices, respectively.

The soil phosphorus (P) cycling microbial community structure was examined using Non-Metric Multidimensional Scaling (NMDS) (Figure 3A) and Principal Component Analysis (PCA) (Figure 3B). The NMDS analysis showed a stress value of less than 0.05, indicating a reliable representation of community differences. With a cumulative contribution of 55.18%, the first two principal components in the PCA analysis, PCA1 and PCA2, accounted for 35.59% and 19.59% of the total variation, respectively. The microbial communities under saline water drip irrigation in cotton fields were shown to be considerably affected by both biochar and straw amendments, as evidenced by the unique microbial communities seen in the CK treatment compared to the BC and ST treatments.

[image: Panel (a) shows an NMDS plot comparing NMDS1 and NMDS2 with stress value 0.071. Panel (b) is a PCA plot displaying PC1 and PC2, with R-value 0.605 and P-value 0.016. Red, blue, and green points represent CK, BC, and ST categories, respectively, with ellipses indicating cluster groups.]
Figure 3 | NMDS and PCA analyses of soil phosphorus (P) transformation microbial communities under different amendment treatments. The ellipses represent 95% confidence intervals around each treatment group. CK, control under long-term saline water drip irrigation; BC, biochar amendment under saline irrigation; ST, straw amendment under saline irrigation. In the figures, (A, B) represent the NMDS and PCA analyses, respectively.




3.4 Soil P microbial community dynamics

The community composition of soil phosphorus (P) transformation microorganisms at the phylum level is illustrated in Figure 4. The predominant phyla included Proteobacteria (30.64%–36.55%), Actinobacteria (17.18%–19.09%), Chloroflexi (5.21%–6.13%), Bacteroidota (4.43%–5.86%), and Gemmatimonadetes (4.19%–6.32%), each with an average relative abundance exceeding 5%. Collectively, these phyla accounted for 67.59% (ranging from 66.25% to 69.24%) of the total microbial sequences. Biochar (BC) treatment significantly reduced the sequence abundance of Actinobacteria, Bacteroidota, Acidobacteria, and Planctomycetota by 1.5%, 24.0%, 18.7%, and 28.4%, respectively. Conversely, BC application markedly increased the relative abundance of Proteobacteria (3.1%), Chloroflexi (17.7%), Gemmatimonadetes (15.3%), Thaumarchaeota (13.1%), and Verrucomicrobia (163.9%). In contrast, straw treatment (ST) significantly lowered the relative abundance of Actinobacteria, Gemmatimonadetes, and Thaumarchaeota by 10.0%, 23.5%, and 51.0%, respectively, compared to the control (CK). However, ST notably increased the abundance of Proteobacteria (19.3%), Chloroflexi (4.8%), Acidobacteria (4.0%), Planctomycetota (52.5%), and Verrucomicrobia (157.7%).

[image: Bar chart showing the relative abundances of various microbial taxa across three samples: CK, BC, and ST. Each bar is segmented into different colors representing taxa like Proteobacteria, Actinobacteria, Chloroflexi, and others, as indicated by the legend.]
Figure 4 | Illustrates the relative abundance of the top 10 microbial phyla involved in soil phosphorus (P) transformation under biochar (BC) and straw return (ST) treatments compared to the control (CK). The abbreviations are CK, control with long-term saline drip irrigation; BC, biochar under saline drip irrigation; ST, straw under saline drip irrigation.




3.5 Functional metabolism of soil P-transformation microorganisms

The KEGG functional annotation analysis of soil phosphorus (P) transformation microorganisms (Figure 5) identified five primary categories and sixteen secondary functional groups, with metabolic functions being the most prevalent, constituting 50% of the total. Among the metabolic pathways, the highest abundance was observed in the “Global and overview maps” category, followed by pathways involved in “Nucleotide metabolism,” “Carbohydrate metabolism,” “Metabolism of cofactors and vitamins,” “Energy metabolism,” “Lipid metabolism,” “Metabolism of other amino acids,” and “Xenobiotics biodegradation and metabolism.” Besides metabolic pathways, microbial functions related to P cycling were also enriched in “Signal transduction” and “Membrane transport” pathways. Overall, the abundance of all P-related functional groups in soils treated with biochar and straw showed a declining trend under saline water drip irrigation conditions.

[image: Bar chart showing KEGG pathways by the number of reads for three categories: CK, BC, and ST. Pathways include endocrine system, infectious diseases, cancers, and metabolism. Categories are color-coded: organismal systems, genetic information processing, human diseases, environmental information processing, and metabolism. The x-axis shows the number of reads from 0 to 40000.]
Figure 5 | Functional annotation of KEGG for soil P transformation under biochar and straw returned conditions. Different lowercase letters indicate significant differences between the means of values in the same column (P < 0.05). Columns with bars represent the mean ± standard error (n= 3). CK, long-term saline water drip irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.

Further analysis of microbial contributions to soil phosphorus (P) transformation functions (Figure 6) revealed that Proteobacteria exhibited the highest contribution across all functions, followed by Actinobacteria, Bacteroidota, and Gemmatimonadetes. The application of both biochar (BC) and straw return (ST) treatments improved the functional contributions of Proteobacteria, Chloroflexi, and Verrucomicrobia compared to the control (CK), but resulted in a reduction in the contributions of Nitrospirae and Candidatus Rokubacteria. Additionally, ST treatment enhanced the contribution of Bacteroidota specifically to metabolic functions relative to CK, while decreasing its involvement in other functional categories.

[image: Heatmap showing species and functional contributions across five functions: metabolism, environmental information processing, human diseases, genetic information processing, and organismal systems. Different phyla are listed on the left, with color intensity indicating relative contribution, ranging from blue (lower) to red (higher). Functions F1 to F5 are analyzed across three conditions: CK, BC, and ST.]
Figure 6 | Shows the contributions of soil phosphorus (P) transformation microorganisms to various functions under biochar (BC) and straw (ST) treatments compared to the control (CK) with long-term saline water drip irrigation. CK, control under saline drip irrigation; BC, biochar addition; ST, straw addition.




3.6 Gene expression in P transformation

Six important enzyme genes involved in the production and degradation of polyphosphates, their transport, regulation, and inorganic P solubilization, organic P mineralization, and inorganic P solubilization were the focus of a thorough macro-genomic investigation carried out to study soil phosphorus (P) transformation processes (Figures 7, 8). Compared to the control (CK), biochar treatment (BC) resulted in a reduction in the expression of the phoA, phoB, and phoD genes, which encode for alkaline phosphatase (EC 3.1.3.1), as well as the phnG, phnH, phnI, and phnL genes encoding P-containing group transferase (EC 3.7.8.37), and the gcd gene encoding ubiquinone oxidoreductase (EC 1.1.5.2). However, BC enhanced the expression of the phnP gene encoding 5-phosphate-α-D-ribose 1,2-cyclic phosphate hydrolase (EC 3.1.4.55) and the phnX gene encoding 2-oxoethylphosphonate phosphonohydrolase (EC 3.11.1.1). In contrast, straw return (ST) decreased phoB expression but increased the expression of phoA and phoD, which also encode alkaline phosphatase. ST also downregulated the expression of phnG, phnH, phnI, and phnL genes (P-containing group transferase) and phnL (P-monoester hydrolase, EC 3.1.3.5, 3.1.3.6), but upregulated the gcd gene (ubiquinone oxidoreductase), phoN (acid phosphatase, EC 3.1.3.2), and phnA (phosphonoacetic acid phosphonolipase, EC 3.11.1.2).

[image: Heatmap showing gene expression across three classes: CK, BC, ST. Rows represent genes with color-coded values from blue (-1) to red (1) indicating expression levels. Categories on the left: Inorganic P solubilization, Organic P mineralization, and others, each with specific colors.]
Figure 7 | Heat map of functional genes of soil P transformation pathway under biochar and straw returned conditions. CK, long-term saline water drip irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.

[image: Bar chart comparing enzyme activity across different categories: Regulator, Transports, Polyphosphate synthesis, Polyphosphate degradation, Inorganic P solubilization, and Organic P mineralization. The bars, representing CK (orange), BC (blue), and ST (green), show varying values with annotations indicating significance levels (a, b, c) above each bar.]
Figure 8 | Shows the abundance values of key enzymes involved in soil phosphorus (P) transformation pathways under biochar (BC) and straw return (ST) treatments. Lowercase letters denote significant differences between the means within the same column (P < 0.05). Columns with error bars represent mean values ± standard error (n = 3). The horizontal axis displays the enzyme commission (EC) numbers. CK, control with long-term saline drip irrigation; BC, biochar under saline drip irrigation; ST, straw under saline drip irrigation.




3.7 Soil microbial contribution to functional genes for P transformation

The contributions of soil phosphorus (P) transformation microorganisms to their respective functional genes are illustrated in Figure 9. Proteobacteria exhibited the highest contribution to each gene function, followed by Actinobacteria. Proteobacteria’s contribution to the ugpQ and pstB genes was decreased by applying biochar (BC) as opposed to the control (CK), but it was raised to other functional genes. On the other hand, Proteobacteria’s contribution to all functional genes examined was enhanced by straw return (ST). In comparison to CK, BC for Actinobacteria increased its contribution to the ppx, pstC, spoT, and ppk1 genes while decreasing its contribution to the other genes. Meanwhile, ST elevated Actinobacteria’s contribution to the ugpQ gene but reduced its involvement in other functional genes.

[image: Stacked bar chart showing the relative contribution of various bacterial phyla to ten functions labeled Function01 to Function10, across three conditions: CK, BC, and ST. Colors represent different bacterial phyla, including Proteobacteria, Actinobacteria, and others. The legend lists each function and corresponding phyla. The y-axis indicates percentage contribution, ranging from zero to one hundred percent.]
Figure 9 | Contribution of soil P transformation microorganisms to functional genes. CK, long-term saline water drip irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.




3.8 Microbial genes and phosphorus correlations

The physicochemical characteristics of soil, as well as the amounts of inorganic phosphorus (P) fractions, are strongly linked to the existence and activity of microbial genes related to the breakdown and synthesis of polyphosphate, organic P mineralization, inorganic P solubilization, regulation, and transport (Figure 10). More specifically (Figure 11), the abundance of genes encoding regulatory functions (phoU), transport proteins (phnC, pstC, and pstS), polyphosphate degradation (ppgK, ppnK, and surE), organic P mineralization (phnI), and inorganic P solubilization (ppa) showed a consistent and significant negative correlation with soil water content (SWC). Conversely, soil electrical conductivity (EC) was significantly and positively correlated with genes encoding available P (HDDC3, ppgK, spoT, and surE). Soil pH displayed significant positive correlations with genes encoding regulatory (phoU), transport (pstB, pstC, and pstS), polyphosphate degradation (PK and ppnK), and organic P mineralization (ppnW).

[image: Correlation heatmap and network diagram depicting relationships between various factors such as soil properties and phosphorus-related processes. The heatmap uses color gradients corresponding to Pearson's correlation values, while the network diagram connects processes like polyphosphate synthesis, regulatory functions, transport, and degradation, with lines indicating correlation strength and significance. Mantel's p-values and r-values are visualized with colors and line thickness.]
Figure 10 | Illustrates the correlation between soil phosphorus (P) transformation microbial communities and soil environmental factors. Red and blue colors indicate positive and negative correlations, respectively. Asterisks (*) denote significant correlations (P < 0.05), while double asterisks (**) indicate highly significant correlations (P < 0.01). Triple (***)  asterisks indicate extremely significant correlations (P < 0.001). CK—control under long-term saline drip irrigation; BC—biochar amendment under saline drip irrigation; ST—straw amendment under saline drip irrigation.

[image: Heatmap showing gene expression levels related to phosphorus metabolism. Rows represent genes, categorized into regulatory, transports, polyphosphate synthesis, degradation, organic, and inorganic phosphorus processes. Columns depict conditions like SWC, EC, and various phosphorus types. Color gradient from blue to red indicates expression levels from -1 to 1, with statistical significance marked by asterisks.]
Figure 11 | Presents a correlation matrix between soil phosphorus (P) transformation functional genes and soil environmental factors. Red and blue colors represent positive and negative correlations, respectively. Single asterisks (*) indicate significant correlations (P < 0.05), while double asterisks (**) denote highly significant correlations (P < 0.01). CK—control under long-term saline drip irrigation; BC—biochar amendment under saline drip irrigation; ST—straw amendment under saline drip irrigation.

The abundance of genes encoding transport (pstA, pstC, pstS, and ugpA), polyphosphate degradation (ppnK, spoT, and surE), and inorganic P solubilization (ppa) was significantly and negatively correlated with soil organic matter (OM), total phosphorus (TP), available phosphorus (AP), and occluded P (O-P), but positively correlated with soil calcium-bound P fractions (Ca2-P and Ca8-P). Additionally, soil Fe-P and Al-P were significantly negatively correlated with genes encoding transport proteins (phnC, phnD, and phnE) and organic P mineralization (phnH and phnI). Genes associated with polyphosphate degradation (ppgK) and organic P mineralization (phnH) were negatively connected with soil Ca8-P, but genes involved in transport (phnF) and polyphosphate synthesis (ppaC) showed a substantial positive connection.

The Redundancy Analysis (RDA) of functional genes and environmental factors (Figure 12) revealed that axes 1 and 2 explained 44.45% and 17.69% of the total variation in functional genes in Figure 12A, and 48.39% and 28.87% in Figure 12B, respectively. Both treatments separated the biochar (BC) from the control (CK) along axis 2, and the straw return (ST) treatment from the CK along axis 1, suggesting that both had a substantial impact on the functional genes involved in soil P transformation. The RDA also showed that functional gene variation was significantly associated with Ca2-P (39.3% explained, P = 0.002) and Al-P (13.1% explained, P = 0.024) (Figure 12B). Specifically, the ppaC gene was positively correlated with Al-P, whereas the ugpB, phnG, phnI, phnD, phnH, phnE, phnK, and phnM genes showed significant negative correlations with Al-P.

[image: Two RDA plots are shown with axes RDA1 and RDA2. Plot (a) highlights variables such as phnD, ppk1, and ugpA with red, blue, and green arrows representing CK, BC, and ST groups. Plot (b) includes variables like Al.P, Fe.P, and Ca10.P. The colors and shapes signify different groups.]
Figure 12 | RDA analysis between soil P transformation functional genes and environmental factors. CK, long-term saline water drip irrigation; BC, biochar return under long-term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions. In the figures, (A) represents the correlation analysis between functional genes and physicochemical properties, while (B) represents the correlation analysis between functional genes and inorganic phosphorus components.




3.9 Enhancing phosphorus cycling in saline soils with biochar and straw

The application of biochar and straw can effectively regulate the cycling process of phosphorus (P) nutrients in soils of cotton fields subjected to long-term saline water drip irrigation. In this study, we compared soil P nutrient cycling under conditions of biochar and straw application, analyzing the differences in soil physicochemical properties and inorganic P components. We also examined the variations in soil P-cycling microbial communities and the trends of functional gene changes from both microbiological and macrogenomic perspectives. This exploration aims to elucidate the regulatory mechanisms of soil P cycling in cotton fields under long-term saline and drip irrigation conditions (Figure 13). Specifically, the return of biochar and straw to the soil can mitigate salt accumulation in the surface layer, enhance the physicochemical properties of cotton soils, and increase nutrient availability. The efficiency of soil P nutrients and the soil’s ability to supply P are both enhanced by these additions. Additionally, they stimulate the expression of functional genes linked to phosphorus cycling and affect the activity of microorganisms involved in the soil P cycle, facilitating adaptation to the new environment. Under long-term salty water drip irrigation, after straw and charcoal were once again available, both metrics dropped in the structural diversity of microbial communities involved in soil phosphorus (P) transformation and the number of functional genes. It is crucial to understand that microbial gene sequences are assessed under certain circumstances and at particular times in macrogenomic and microbiome analyses.

[image: Flowchart depicting the effects of pyrolyzing straw into biochar at four hundred fifty degrees Celsius on soil and plant systems. Inputs from straw and biochar interact with soil properties and microbial diversity, affecting phosphate forms and functional genes. Arrows indicate increases and decreases in components such as soil organic carbon, pH, microbial diversity, phosphorus availability, and specific genes. The diagram illustrates the complex dynamics and processes involved in nutrient cycling and soil health.]
Figure 13 | Microecological Mechanisms of biochar and straw influence on soil phosphorus transformation in saline water drip-irrigated cotton fields.





4 Discussion



4.1 Effects of biochar and straw on soil phosphorus dynamics

It has been demonstrated that long-term saline water drip irrigation increases soil electrical conductivity (EC) and reduces soil available phosphorus (AP). However, adding both biochar and straw to the soil under long-term saline water drip irrigation increases soil water content (SWC), soil organic carbon (SOC), total phosphorus (TP), and available phosphorus (AP) levels significantly while lowering soil electrical conductivity (EC). Straw and biochar naturally contain nutrients, and their surfaces’ capacity to absorb charges accounts for the increase in soil nutrients (Aziz et al., 2023). Biochar and straw can serve as phosphorus sources by gradually releasing phosphates through microbial activity, providing P to the soil and enhancing uptake by cotton roots, thereby increasing soil total phosphorus (TP) (Li et al., 2020). The dissolved organic matter in biochar forms organo-metallic complexes with iron and aluminum oxides, affecting metal ion adsorption and phosphorus immobilization, which improves soil available phosphorus (AP) (Xu et al., 2014). The porous structure of biochar adsorbs salt ions, reducing soil electrical conductivity (EC) (Zhang J. et al., 2019), while its binding properties promote agglomeration, enhancing water retention and soil water content (SWC) (Liu R et al., 2024; Blanco-Canqui, 2017; Meyer et al., 2024). Biochar and straw also increase soil organic matter and the carbon pool (Liu et al., 2020; Gu et al., 2022) due to their stable carbon content, which supports carbon sequestration (Aziz et al., 2023), and their high surface area, which adsorbs C and N from the soil. This interaction forms stable organic-inorganic complexes, mitigating carbon release from decomposition (Mukherjee and Lal, 2014; Guo et al., 2023). These findings validate our hypothesis that long-term saline irrigation increases soil salinity and reduces phosphorus (P) availability, while biochar and straw amendments effectively enhance soil phosphorus availability and mitigate salt accumulation.

Our study indicated that biochar amendment significantly increased the content of Al-P, Fe-P, and Ca10-P in the soil, while notably reducing the content of Ca2-P and Ca8-P. This suggests that biochar may enhance phosphorus transformation, thereby increasing the proportion of more stable phosphorus pools in the soil (Li et al., 2019). Ca10-P is a highly stable phosphorus form, and its formation may be attributed to the alkaline nature and high cation exchange capacity (CEC) of biochar. These properties allow biochar to adsorb large amounts of Ca²+ in calcareous soils, forming stable calcium-phosphorus compounds with phosphate, consistent with the findings of Sun et al. (2018). Additionally, the abundant functional groups on the surface of biochar, such as carboxyl and phenolic hydroxyl groups, may promote the formation of Al-P and Fe-P through coordination with Al³+ and Fe³+ (Wang et al., 2012). This transformation reduces the proportion of highly active Ca2-P and Ca8-P, thereby decreasing the mobility and loss risk of phosphorus while enhancing the stability and long-term availability of the phosphorus pool. Relevant studies have also pointed out that biochar contains a large amount of P-metal complexes, such as FePO4, AlPO4, and CaPO4, which directly increase the soil contents of Ca-P, Al-P, and Fe-P (Sun et al., 2018). This effect can be attributed to two primary mechanisms: (1) biochar may release more stable phosphorus forms during pyrolysis (Tian et al., 2021); and (2) biochar can adsorb phosphorus from the soil solution, thereby increasing the content of stable phosphorus pools (Xu et al., 2019). This transformation demonstrates that biochar amendment primarily increases the proportion of stable phosphorus pools, which is critical for long-term phosphorus retention and supply in soils but may reduce the short-term bioavailability of phosphorus. Furthermore, our study found that straw return significantly increased the soil contents of Al-P, Fe-P, and O-P while reducing the contents of Ca2-P and Ca8-P. This aligns with the findings of Zhang et al. (2022), who reported that straw incorporation can enhance the stability of inorganic phosphorus pools. Organic acids released during straw decomposition may be the key mechanism driving this transformation. These organic acids can dissolve highly active Ca2-P and Ca8-P, promoting their conversion to Al-P, Fe-P, and O-P (Wang et al., 2014). In addition, the increase in soil organic matter due to straw decomposition provides an important foundation for the formation of O-P. The increase in O-P suggests that straw return improves short-term phosphorus supply while significantly enhancing the stability and storage potential of the phosphorus pool (Chang et al., 2024). In summary, under saline water drip irrigation, both biochar and straw return have significant regulatory effects on soil phosphorus transformations and mitigate the impact of salinity on soil phosphorus utilization to some extent. These findings support our hypothesis that biochar and straw return under saline water drip irrigation significantly improve the stability and availability of soil phosphorus pools.




4.2 Effects of biochar and straw on soil microbial diversity and phosphorus availability

Microbial communities play a crucial role in regulating soil phosphorus (P) transformation (Amini et al., 2016). The return of biochar and straw significantly impacts the activity and persistence of these microorganisms (Shamim and Joann, 2016; Yang and Lu, 2022). According to our findings, in saline water drip-irrigated cotton fields, the use of biochar and straw led to a decrease in the richness and diversity of the soil microbial community, as shown by decreases in the Ace, Chao, and Shannon indices and an increase in the Simpson index (Shang et al., 2023). The observed increases in soil pH and nutrient levels after the restoration of biochar and straw may be the cause of this loss in microbial diversity. These increases can promote the growth of particular microbial communities (Zhang et al., 2024). Through competition, the synthesis of antibiotics, and other mechanisms, some particular microbes may prevent the growth of others, resulting in a general decline in microbial diversity and abundance. In our study, the dominant phyla among soil P-transforming microorganisms included Proteobacteria, Actinobacteria, and Gemmatimonadetes. Numerous taxonomic analyses have identified Proteobacteria, Actinobacteria, and Gemmatimonadetes as highly adaptable and widely distributed in the soil (Liu et al., 2023). By secreting different enzymes, including phosphatases, that break down complicated organic P molecules into forms that plants can use, these phyla play a critical role in the mineralization of organic P (Li et al., 2022). The relative abundance of Proteobacteria increased in our investigation with both the addition of biochar and straw, supporting findings from (Shang et al., 2023). Some members of the Proteobacteria phylum can reduce soil pH through the secretion of organic acids, which promotes the dissolution of inorganic phosphate and enhances P bioavailability (Shang et al., 2023). Additionally, Actinobacteria produce antibiotics that suppress pathogenic bacteria, thereby indirectly promoting plant health and improving P uptake (Zhang et al., 2024). In this study, the reapplication of biochar and straw decreased the relative abundance of Actinobacteria, which typically thrive under high salt conditions and may proliferate under salt stress (Menasria et al., 2022). Biochar and straw mitigated this effect to some extent. Gemmatimonadetes may either compete or cooperate with other P-solubilizing microbes like Actinobacteria and Ascomycetes in soil P cycling through distinct metabolic pathways (Wang H et al., 2024), highlighting their critical role in phosphorus transformations (Pang et al., 2024). Biochar application significantly reduced Bacteroidota, Acidobacteria, and Planctomycetota while increasing Chloroflexi, Gemmatimonadetes, Thaumarchaeota, and Verrucomicrobia. In contrast, straw return lowered the abundance of Actinobacteria, Gemmatimonadetes, and Thaumarchaeota, but the abundance of Proteobacteria, Planctomycetota and Verrucomicrobia increased significantly. Biochar significantly enhances the abundance of phosphorus-transforming microorganisms, such as Chloroflexi, Gemmatimonadetes, Thaumarchaeota, and Verrucomicrobia, by regulating soil pH, increasing phosphorus availability, and improving soil structure (Zhao et al., 2024). The alkaline nature of biochar helps provide an optimal growth environment, particularly for microorganisms that are more active in neutral to mildly alkaline soils. Additionally, biochar improves soil aeration and water retention, fostering microbial growth and metabolic activity (Wang X et al., 2024). Biochar also promotes the degradation of organic matter, releasing stable carbon sources that supply energy to phosphorus-transforming microorganisms, thereby enhancing their synergistic roles in phosphorus cycling (Jones et al., 2011). For example, Chloroflexi and Gemmatimonadetes may participate in the mineralization of organic phosphorus, while Thaumarchaeota may indirectly influence phosphorus desorption and dissolution through interactions with nitrogen cycling (Wang et al., 2019). Biochar improves the soil’s physical environment, providing a more stable microhabitat that promotes the activity and abundance of these microorganisms. Furthermore, certain species of Chloroflexi and Verrucomicrobia have been shown to secrete phosphatases, and biochar may enhance the activity of these enzymes by providing additional carbon sources, thereby effectively increasing the concentration of available phosphorus in the soil (Hou et al., 2024). The organic carbon sources supplied by straw return promote the proliferation of these microorganisms, particularly through organic phosphorus mineralization and inorganic phosphorus transformation, which increases the availability of phosphorus in the soil (Bai et al., 2024). Proteobacteria degrade organic matter to release phosphate and, through phosphatase secretion or interactions with other microorganisms, enhance phosphorus desorption; Planctomycetota receives abundant organic carbon sources after straw return, enhancing its effective utilization of phosphorus; Verrucomicrobia also releases more available phosphorus through the degradation of organic matter, driving phosphorus mineralization (Liu F et al., 2024). In conclusion, straw return improves the supply of soil organic matter and nutrients, providing an optimal growth environment for phosphorus-transforming microorganisms, thereby enhancing their activity and the biological availability of phosphorus in the soil.

These findings indicate that both biochar and straw significantly altered the microbial communities involved in soil phosphorus (P) transformation, albeit with differences. Biochar promoted the activity of phosphorus-related microorganisms by improving the soil physical environment and providing slowly released nutrients, whereas straw return enhanced microbial metabolic activity through the addition of organic matter, particularly in organic phosphorus mineralization and phosphorus transformation processes. Correlation analysis confirmed a strong relationship between soil P fractions, physicochemical properties, and microbial community composition. Both biochar and straw amendments reshaped the soil microbial community by altering the soil’s physicochemical properties and increasing organic matter, thereby influencing phosphorus cycling and availability. This shift in the soil microbial community may be a key mechanism underlying their promotion of phosphorus transformation processes.




4.3 Effects of biochar and straw amendments on soil P dynamics and microbial functionality

Soil phosphorus (P) cycling microbial functional genes provide crucial insights into changes in microbial communities and are essential for understanding soil P dynamics (Widdig et al., 2020). The processes involved in organic P mineralization, inorganic P solubilization, transport, control, and polyphosphate breakdown and synthesis in cotton field soils were examined in this work using macrogenomic analysis. By influencing microbial development and the physicochemical characteristics of the soil, the introduction of biochar and straw changed important P transformation pathways (Zhang P et al., 2022). The inorganic P solubilization pathway was influenced differently by biochar and straw return. Biochar application decreased the content of soil methanol dehydrogenase (EC 1.1.5.2) and its related gene gcd, while straw increased both, likely due to the differing carbon availability (Sigmund et al., 2023; Zhang P et al., 2022; Che et al., 2023). Additionally, soil inorganic pyrophosphatase (EC 3.6.1) and dephosphatase (EC 3.6.1.40) levels were elevated by biochar and straw, although the corresponding ppx gene was less common. This implies a change in the pathways responsible for the metabolism of P, suggesting that microbes are maximizing their adaptation to the soil environment (Mizukami et al., 2024; Zhi et al., 2023). In the organic P mineralization route, biochar and straw both boosted the activity of soil phosphodiesterase (EC 3.11.1.2). Because of the availability of carbon and energy supplies, biochar increased the PhnP gene’s abundance whereas straw lowered it (Turner et al., 2002; Wang et al., 2023). Moreover, because of increased inorganic P and feedback inhibition, biochar and straw decreased alkaline phosphatase (EC 3.1.3.1) (Zhou et al., 2021). Biochar decreased the abundance of phoA, phoB, and phoD genes by raising soil pH and inducing feedback inhibition, while straw enhanced phoA and phoD expression by supplying organic matter (Cao et al., 2022; Zhou et al., 2021).

These results indicate that biochar and straw significantly reduce the abundance of functional genes associated with soil P transformation. Although biochar improves soil health, it also has complicated regulatory effects on microbial populations involved in soil P cycling. This means that maximizing the use of biochar and straw is essential for enhancing soil management and sustainability. The findings support our theory that biochar and straw modify the microbial populations involved in soil P cycling and induce changes in gene expression to adapt to novel settings. To learn more about these dynamics, long-term monitoring of the P availability in the soil, enzyme activity, and gene expression is required.

This study enhances our understanding of functional genes in P-transforming microorganisms during the amelioration of saline soils with biochar and straw, contributing to our predictive understanding of P-cycling mechanisms in future arid zone soils. To better understand how biochar and straw alter specific microbial functional genes and how they work intrinsically to improve saline soils, future studies should concentrate on these genes. This paper provides a theoretical framework for the development of microbial agents to improve cotton yields, mitigate the problems associated with long-term salt irrigation in arid regions, and modify saline soil conditions.





5 Conclusions

This study was performed to investigate the regulatory effects of biochar and straw return on soil phosphorus cycling and microbial functional genes under long-term saline water drip irrigation conditions. We found that the application of biochar and straw significantly reduced the salt accumulation in the surface soil caused by long-term saline irrigation, enhanced the stability and availability of phosphorus in the soil, and decreased the richness and diversity of microbial communities involved in phosphorus cycling, as well as the abundance of functional genes. Biochar return regulated soil phosphorus cycling under long-term saline water drip irrigation by increasing the abundance of Proteobacteria and the gene encoding 5-phospho-α-D-ribose 1,2-cyclic phosphate hydrolase (PhnP), while decreasing the relative abundance of Actinobacteria, and genes encoding ubiquinone oxidoreductase (gcd) and alkaline phosphatase (phoA, phoB, and phoD). Straw return regulated phosphorus cycling under long-term saline water drip irrigation by increasing the abundance of Proteobacteria and alkaline phosphatase genes (phoA and phoD), while decreasing the relative abundance of Actinobacteria, and genes encoding ubiquinone oxidoreductase (gcd) and 5-phospho-α-D-ribose 1,2-cyclic phosphate hydrolase (PhnP). Among these factors, Ca2-P and Al-P were identified as the main contributors to soil phosphorus transformation and microbial community dynamics.
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Understanding how soil properties and microbial communities respond to crop rotation is essential for the sustainability of agroecosystems. However, there has been limited research on how crop rotation alters below-ground microbial communities in soils with serious bacterial wilt within the karst agricultural system. This study investigated the effects of continuous planting of corn, tobacco, and tobacco–corn rotation on soil microbial communities in the karst regions of Southwestern China. High-throughput sequencing was used to evaluate the responses of the soil microbial community structure to crop monoculture and rotation patterns. As expected, the tobacco–corn rotation mitigated the negative effects of continuous cropping and reduced soil acidification. The tobacco–corn rotation also significantly altered the composition of microbial communities and promoted plant growth by fostering a higher abundance of beneficial microorganisms. The predominant bacteria genera Sphingomonas and Gaiella and the predominant fungal genera Mortierella and Saitozyma were identified as discriminant biomarkers that are critical to soil ecosystem health. pH, available potassium (AK), and available phosphorus (AP) were the primary soil factors related to the soil microbiome assembly. This study aimed to demonstrate the association between crop rotation and microbiomes, suggesting that altering cultivation patterns could enhance karst agricultural systems.
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Highlights

	• Corn rotation increased soil bacterial diversity at the Operational Taxonomic Unit (OTU) level.
	• Discriminant biomarkers were critical to soil ecosystem health.
	• Corn rotation enriched the growth of beneficial microorganisms in the soil.



Introduction

With the excessive pursuit of economic interests and the diminishing availability of land resources, continuous cropping patterns have become an important part of agricultural production and are widely used in China. However, this practice has led to soil nutrient imbalances and a rise in soil-borne diseases (Machado et al., 2007; Zhang M. M. et al., 2023). Previous reports have indicated that crops have strong interactions with soil, and continuous cropping of the same plant causes root rot (Duddigan et al., 2021; Chen et al., 2022). In monocropping tobacco systems, the most prevalent diseases include bacterial wilt caused by Ralstonia solanacearum, root rot caused by Fusarium oxysporum, and black shank caused by Pythium ultimum (Lee et al., 2021). Certain diseases such as stem rot, ear rot, and common rust caused by Puccinia sorghi, Fusarium subglutinans, and Pythium aphanidermatum, respectively, have become more prevalent due to the continuous cultivation of corn (Liu et al., 2022). Numerous studies have documented that the decrease in crop yield is associated with soil degradation under continuous cultivation (Fujisao et al., 2020; Arunrat et al., 2023). The composition and diversity of microbial communities in soil are critical for maintaining soil health and quality (Bai et al., 2019). Several reports have revealed that imbalances in soil microbial communities correlate with continuous cropping (Fang et al., 2018; Ding et al., 2024). Furthermore, continuous cropping has also been reported to increase the prevalence of harmful fungi (Gao et al., 2021). The ecological imbalance of microbial communities in the rhizosphere soil of plant hosts is an important mechanism for the development of plant diseases. Monoculture crop systems disrupt the soil microbial community and are associated with the lowest levels of microbial diversity (Liu et al., 2021b). The relative abundance of pathogenic fungi was found to increase synergistically with the duration of continuous tobacco cultivation (Ding et al., 2024). Furthermore, the abundance of soil-borne pathogens (e.g., Fusarium) increased significantly after cucumbers were monocropped (Jin et al., 2019). The outbreak of bacterial wilt in tomatoes was attributed to the disruption of Firmicutes and Actinobacteria in the tomato rhizosphere (Lee et al., 2021). Therefore, protecting the soil micro-ecosystem is crucial for the healthy growth of crops. However, how does the continuous cropping system change the physical and biochemical properties of soils? How is bacterial wilt caused by the imbalance in the microbial structure within soil? Currently, no definite answers to these questions are available yet.

Rotation patterns alter soil physical and biochemical properties and shift the community structure (McDaniel et al., 2014; Zhang H. F. et al., 2023). The practice of crop rotation is widely adopted for its manifold advantages, which include pest control, disease control, and the enhancement of crop yields (Behnke et al., 2021). Alkali-hydrolyzed nitrogen (AN) and available phosphorus (AP) were increased by paddy upland rotation in one study (Turmuktini et al., 2012). Compared to continuous cropping systems, rotations promote more efficient nutrient cycling (Town et al., 2022). Numerous studies have found that crop rotation increases the number of bacteria and actinomycetes, improves the ratio of bacteria to fungi, and enhances the community structure in soil (Zhang H. F. et al., 2023; Yan et al., 2024). Crop rotation alters the quantity and quality of plant residues, which serve as an energy source for soil microorganisms, leading to changes in the soil microbial community structure (Behnke et al., 2021). The bacterial community richness and Shannon index were higher in tobacco rotation systems compared to continuous cropping systems (Zheng et al., 2020). Tobacco–corn rotation has also been shown to suppress the incidences of viral diseases (Niu et al., 2016). In addition, diverse crop rotations help reduce pathogen host-plant incidence (Floc'h et al., 2020; Xie et al., 2022). However, some problems caused by crop rotation patterns cannot be ignored. For example, soil deterioration and reduced fertilizer utilization have been observed in rice-wheat crop rotation systems (Zhou et al., 2014). The abundance of plant pathogens has been reported to increase in pea rotation systems (Niu et al., 2018). In addition, phytopathogenesis results from interactions between microbiomes associated with plant hosts and pathogens, which play a central role in regulating plant health and pathogen infection (Guo et al., 2024). Therefore, a thorough understanding of changes in the microbial community structure under crop rotation patterns is important for the karst agricultural system.

Wenshan Zhuang and Miao Autonomous Prefecture (Wenshan Prefecture) has a unique geographical location, situated in the Yungui Plateau in Southwestern China, with a typical karst landform. Wenshan Prefecture enjoys sufficient sunshine, with an average annual temperature of 16–19°C and an annual rainfall of 1,075 mm, making it suitable for the growth of various crops (Feng et al., 2018). However, mountainous areas account for 97% of the total land area, with karst regions making up 53.4% (Li and Lu, 2019). The scarcity of land resources and continuous cropping obstacles have led to the outbreak of soil-borne diseases, which have seriously affected the development of industries such as grain, Panax pseudoginseng, tobacco, and chili. Crop rotation, as an effective method for preventing and controlling soil-borne diseases, is increasingly being recognized for its role in regulating soil microorganisms. By the time of writing, numerous studies have been conducted on the issue of continuous cropping in soil. However, limited research has elucidated the response of soil microbial communities to crop rotation in soils severely affected by bacterial wilt. Therefore, we employed high-throughput sequencing technology to assess the long-term adaptive differences in soil microbiome characteristics between corn and tobacco fields under monoculture and tobacco–corn rotation. The present study will help understand the effects of crop rotation on the complex interactions between host plants and soil microbial species, including soil health indicators and discriminant biomarkers. We aim to provide a theoretical basis for mitigating soil-borne diseases caused by continuous cropping barriers. The present study also attempted to explore suitable local crop rotation patterns, which are crucial for guiding agricultural practices.



Materials and methods


Site description and experimental design

The experimental site was located at the Malipo long-term continuous cropping experimental station in Wenshan Prefecture, Yunnan Province, China (23°7′43.3″N, 104°42′0.6″E). The zonal soil in this area is predominantly red soil. For sampling, we selected the following four fields as experimental sites: corn monoculture for 6 years (CO), tobacco monoculture for 6 years (TO), tobacco monoculture for 10 years with severe wilt (WI), and tobacco monoculture for 9 years, followed by 1 year of corn rotation (RO) (Figure 1). Field management practices were consistent across all experimental sites. The base fertilizer application rates were as follows: N: 90 kg·ha−1, P2O5: 90 kg·ha−1, and K2O: 120 kg·ha−1. Topdressing was applied twice, every 30 d, at rates of N: 25 kg·ha−1, P2O5: 25 kg·ha−1, and K2O: 50 kg·ha−1.

[image: A diagram showing the growth stages of different crops over time. The top row labeled "CO" illustrates corn growth from year one to year six, highlighted at year six. The second row "TO" shows another plant growing for six years, highlighted in year six. The third row "WI" displays wheat over ten years, highlighted at year ten. The last row "RO" depicts another crop growing for ten years, highlighted at year ten. Each plant is depicted at different stages of growth, arranged chronologically from left to right.]

FIGURE 1
 Schematic diagram showing the four cultivation patterns. CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco monoculture for 9 years and corn rotation for 1 year. Red borders indicate the collection time of the soil samples.




Soil collection and survey of the main diseases in the field experiment

Samples were collected in June 2023, marking the 10th year of the long-term experiment. The samples were collected from the four fields on the same day. Plants from each row (15 plants total per plot) were sampled using a hand trowel. Soil closely attached to the roots was collected as rhizosphere soil. Five soil samples were combined to form a single sample for each treatment. All soil samples were divided into two portions. One portion was stored at −80°C for DNA extraction, and the other was used to analyze soil physicochemical properties. The soil physicochemical properties, including soil pH, soil organic carbon (SOC), available phosphorus (AP), available potassium (AK), and alkali-hydrolyzed nitrogen (AN), were determined using previously described methods (Bao, 2005; Ali et al., 2021). The soil properties of the field experiment are shown in Table 1.



TABLE 1 Soil properties of the field experiment.
[image: Table showing sample data for SOC, AN, AP, AK, and pH. Samples include CO, TO, WI, and RO, with corresponding values and standard errors. Annotations indicate significant differences among treatments tested by ANOVA. CO refers to corn monoculture for 6 years, TO to tobacco monoculture for 6 years, WI to tobacco monoculture for 10 years with wilt, and RO to tobacco monoculture for 9 years and corn rotation for 1 year.]

Based on the observation of typical wilt symptoms (including necrosis and leaf drooping) in corn and tobacco, a bioassay of disease incidence was conducted at 100 days. According to the methods described in “Diagnosis and Control of Maize Diseases” (Chen, 1999) and “General Administration of Quality Supervision, Inspection and Quarantine of the People’s Republic of China, Tobacco Pest and Disease Classification and Survey Methods (GB/T 23222) (Beijing: Standardization Administration, 2008)”, the disease rate was assessed by evaluating the presence of typical wilt symptoms.



Analysis of the soil microbial communities

Total DNA was extracted from all soil samples using a FastDNA® SPIN Kit according to the manufacturer’s instructions. The V3–V4 regions of the16S rRNA genes were amplified using the bacterial primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Zhang M. M. et al., 2023). The universal primers ITS1F (5′-CTTGGTCATTTAGAGGAAG TAA-3′) and ITS2R (5′-GCTG CGTTCTTCATCGATGC-3′) were used to amplify the fungal ITS1 region (Jin et al., 2022). The PCR products were checked using 2% gel electrophoresis and subsequently sent to Majorbio Co., Ltd. (Shanghai, China) for paired-end sequencing on the Illumina PE300 platform. After merging and quality checking, high-quality sequences were clustered into operational taxonomic units (OTUs) based on a 97% similarity threshold using UPARSE (Edgar, 2013; Bolyen et al., 2019). Bacterial and fungal taxonomies were assessed against the 16S rRNA database (Silva v138) and the fungal ITS database (UNITE v7.2), respectively (Liu et al., 2021c).



Statistical analysis

All statistical analyses and data presentation were conducted using R software (v4.3.2). One-way analysis of variance (ANOVA) was performed to evaluate the effects of the cultivation patterns on the soil properties. Alpha and beta diversity were calculated using QIIME (v 1.9.1). Principal coordinate analysis (PCoA), redundancy analysis (RDA), and Spearman’s rank correlation heatmap analysis were used to reveal the connection between the soil physicochemical properties and rhizosphere microbiota. The relative importance of each environmental factor in independently accounting for the total variation was quantified using the hierarchy algorithm, and the results were drawn using the “rdacca.hp” package. The Mantel test was conducted to identify the main determinants of the core microbiome in the soil. Stacked histograms showing the functional abundance of the rhizosphere microbiota were created using the ggplot2 R package. Other analyses were conducted on the Majorbio Cloud platform1 using various R packages and workflow frameworks.




Results


The disease incidence and disease index in the field experiment

The most prevalent disease affecting tobacco was bacterial wilt, while stem rot was predominant in corn at the experimental site (Supplementary Table S1). The bacterial wilt disease incidence and index of WI were significantly (p < 0.05) higher than those of TO. Compared to CO, the disease incidence and index of RO were decreased by 63.19 and 61.34%, respectively. The results indicated that long-term continuous cropping increased the incidence and severity of soil-borne diseases, while crop rotation more effectively reduced the incidence and severity of these diseases.



Overall microbial community diversity

A total of 839,710 high-quality 16S rRNA sequences and 1,047,109 ITS sequences were obtained. At the OTU level, plant pathogenesis was correlated with the diversity of both bacterial and fungal communities. For the bacteria, the soil community diversity in CO (Shannon = 6.396) was higher than that in TO (Shannon = 6.284). However, there were no significant differences between WI and RO (Figure 2A). WI resulted in a significant increase in the number of fungal community OTUs (Shannon = 3.553) compared to RO (Shannon = 2.645) (Figure 2C). The long-term monoculture decreased the soil bacterial and fungal diversity, while the rotations of corn and tobacco increased the rhizosphere microbiota diversity (Figures 2B, D).

[image: Four box plot graphs representing Kruskal-Wallis H test results for diversity indices at OTU level. Graph A shows the Shannon index with significant differences indicated between groups CO, TO, WI, and RO. Graph B shows the Simpson index with a significant difference between CO and WI. Graph C depicts another Shannon index analysis with significant differences among the groups. Graph D shows the Simpson index with differences noted between CO, WI, and RO. Each graph includes a legend with group colors: CO (green), TO (yellow), WI (purple), and RO (red). Statistical significance is marked with asterisks.]

FIGURE 2
 Alpha diversity of the bacteria and fungi in the soil. The Shannon index of the (A) bacteria and (C) fungi. The Simpson diversity index of the (B) bacteria and (D) fungi. CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco monoculture for 9 years and corn rotation for 1 year. * indicate significant differences among the cultivation patterns. *p < 0.05, **p < 0.01, and ***p < 0.001.




Soil microbial community distribution

Principal coordinate analysis based on the Bray–Curtis distance was used to analyze the rhizosphere community structure (Figure 3). For the bacteria, the first principal component (PC1) and the second principal component (PC2) contributed 61.27% of the variance, indicating that they effectively represented the characteristics of the bacterial community composition. The groups CO and TO were clustered together, indicating that their bacterial community compositions were similar but differed significantly from the other groups. The PCoA assigned the fungal communities into three groups: WI, RO, and CO/TO. There was a noticeable distance between WI and RO. The first two axes accounted for 30.59 and 26.77% of the total variability, respectively. PERMANOVA revealed that the rotations of corn and tobacco significantly affected the bacterial (F = 5.20, p = 0.001) and fungal (F = 14.63, p = 0.001) community structures.

[image: Principal Coordinate Analysis (PCoA) plots labeled A and B, displaying data at the Operational Taxonomic Unit (OTU) level. Plot A shows four colored clusters: green (CO), red (TO), blue (WI), and turquoise (RO), with PC1 at 42.28 percent and PC2 at 18.98 percent. Plot B presents a similar clustering with altered positions, showing PC1 at 30.59 percent and PC2 at 28.77 percent.]

FIGURE 3
 Principal coordinate analysis (PCoA) plots of the soil (A) bacterial and (B) fungal community structures based on the Bray–Curtis distance.




Soil microbial community composition

A total of 46 bacterial phyla were detected across all soil samples. Among these, Actinobacteria, Proteobacteria, and Chloroflexi were the most abundant phyla in the four groups, with Actinobacteria (35.95%) being particularly dominant in the RO group (Figure 4A). The 10 most abundant genera were JG30-KF-AS9, Sphingomonas, Gaiella, Arthrobacter, Bryobacter, Acidobacterium, Elsterales, JG30-KF-CM45, WPS-2, and Terrabacter (Figure 4C). The relative abundance of JG30-KF-AS9, Arthrobacter, and Acidobacterium in TO was higher than that in CO. In RO, the relative abundance of JG30-KF-AS9, Gaiella, Arthrobacter, Bryobacter, and Arthrobacter decreased to 7.93, 2.24, 1.44, 1.33, and 1.31%, respectively.

[image: Four bar charts labeled A to D show relative abundance percentages of various microbial groups. Chart A presents bacterial phyla, chart B shows fungal phyla, chart C depicts bacterial genera, and chart D displays fungal genera. Each chart lists categories with corresponding color-coded legends, comparing samples labeled CO, TO, WI, and RO.]

FIGURE 4
 Bacterial and fungal community structures under different cultivation patterns. Bacterial (A) and fungal (B) community structures at the phyla level. Bacterial (C) and fungal (D) community structures at the genus level. CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco monoculture for 9 years and corn rotation for 1 year.


Basidiomycota and Ascomycota were the most abundant fungal phyla across all samples. The 10 most abundant genera were Mortierella, Saitozyma, Fusarium, Alternaria, Penicillium, Trichoderma, Plectosphaerella, Paraphaeosphaeria, and Metarhizium (Figure 4B). Mortierella was more abundant in TO (35.43%) (Figure 4D). The relative abundance of Saitozyma (32.74%) and Trichoderma (3.62%) in RO was higher than that in WI. Alternaria (13.92%) was more abundant in WI.

To find differences in the bacterial and fungal communities of the soil samples, LEfSE was employed to identify discriminatory biomarkers (LDA scores >3.8) (Supplementary Figure S1). For the bacteria, two phyla—Gemmatimonadota and Myxococcota—and four genera—Roseiflexus, Gemmatimonas, Massilia, and TK10—showed higher relative abundance in CO. In contrast, three genera—Ktedonobacter, Vicinamibacter, and AD3—had higher relative abundance in TO. The genera enriched in RO included Gaiella, Acidothermus, Elsterales, Bryobacter, and Streptomyces. In contrast, the genera enriched in the WI sample included members from three phyla—Proteobacteria, Patescibacteria, and Bacteroidota and seven genera, namely Rhodanobacter, Burkholderia, Leifsonia, LWQ8, Modestobacter, Geodermatophilus, and Chujaibacter. For the fungi, five genera—Penicillium, Chaetomium, Coniophora, Clonostachys, and Aspergillus—showed higher relative abundance in CO, while the phylum Mortierellomycota and the genus Mortierella showed higher relative abundance in TO. The genera enriched in RO included the phylum Basidiomycota and genera Saitozyma and Conlarium. The genera enriched in WI included the phylum Ascomycota and genera Alternaria, Paraphaeosphaeria, Plectosphaerella, Colletotrichum, and Arthrobotrys.



Analysis of the differential core OTUs in the soil

For the bacterial communities, Venn analysis revealed that 1,080 OTUs, representing the core microbiome, were shared among the four groups, accounting for 7% of the total sample (Figure 5A). Sphingomonas, Arthrobacter, JG30-KF-AS9, Terrabacter, Bradyrhizobium, WPS-2, Bryobacter, Elsterales, Leifsonia, and Frankiales were the top 10 core bacterial genera in the four groups. Among the 10 OTUs, the dominant core taxon was OTU22844 Sphingomonas sp., with a relative abundance of 3.94% of the total sample. For the fungal community, a total of 183 OTUs were identified in the four groups, accounting for 18% of the total sample (Figure 5B). Saitozyma, Mortierella, Fusarium, Alternaria, Chaetomiaceae, Chaetomium, Penicillium, Trichoderma, and Plectosphaerella were the top 10 core fungal genera. The dominant core taxon was OTU572 Saitozyma sp., with a relative abundance of 17.63% of the total sample.

[image: Upset plots A and B show intersection sizes of data sets labeled RO, WI, CO, and TO. Horizontal bar charts on the left illustrate set sizes for each group. Panels display intersection sizes with a detailed table listing OTU IDs, taxonomy, and abundance percentages for selected groups.]

FIGURE 5
 Taxonomic composition of the core bacterial (A) and fungal (B) microbiomes in the soil. Black dots indicate the presence of the OTUs in the Upset diagram, gray dots indicate the OTUs that were absent, and the lines between different black dots indicate where the OTUs were shared. The OTUs that were common to all five categorical groups (the core microbiome) are represented by orange dots and lines.




Relationship between environmental factors and microbial communities

The relative importance of each explanatory variable in independently accounting for the total variation was quantified using the hierarchy algorithm (Supplementary Figure S2). AP had the greatest effect on the bacterial communities (24.43%), while AK significantly influenced the formation of the fungal communities (24.37%) among the five environmental factors included in this model. In Figure 6A, the first two axes of the RDA explain 34.46 and 21.83% of the total variation in the soil bacterial data, respectively. In Figure 6B, the first two axes of the RDA explain 42.30 and 24.95% of the total variation in the soil fungal data, respectively. We also used Spearman’s rank correlation to evaluate the relationships between the abundant bacterial genera and soil physicochemical properties. The dominant genus Bryobacter was positively correlated with AN (p < 0.01), while WPS-2 negatively correlated with AN (p < 0.01). For the fungal communities, the dominant genera Trichoderma and Saitozyma were positively correlated with AP (p < 0.01) and negatively correlated with AK and pH (p < 0.01). Furthermore, the variation in the core microbiome displayed significant correlations with environmental factors, as evidenced by the Mantel test (p < 0.05) (Supplementary Figure S3). We observed that the core bacterial genera were significantly impacted by AK, AP, and AN (p < 0.01). AP and AK were also found to impact the core fungal genera (p < 0.01). The relative abundance of Bryobacter and Gaiella was significantly (p < 0.001) negatively correlated with the disease index (Figure 6C). The higher abundance of these bacteria in the soil might be helpful for inhibiting bacterial wilt and stem rot. In contrast, the relative abundance of Plectosphaerella (p < 0.05) and Alternaria (p < 0.01) were significantly positively correlated with the disease index (Figure 6D). We speculated that these fungi with high relative abundance in the soil may promote the outbreak of soil-borne diseases.

[image: Two panels (A and B) show RDA plots of OTU levels with colored dots and arrows for variables like AP, AN, SOC, pH, and AK. Panels C and D display heatmaps with taxa on the y-axis and variables, such as disease incidence and indexes, on the x-axis. Color gradients represent correlations, with adjacent color bars indicating scales.]

FIGURE 6
 Redundancy analysis (RDA) based on the bacterial (A) and fungal (B) OTU data with the chemical parameters in the soils. A correlation heatmap of the top 10 bacterial (C) and fungal (D) genera with the environmental factors. The R values are indicated on the right side of the legend with different colors. *p < 0.05, **p < 0.01, and ***p < 0.001.




Network analysis of the soil microbial communities

In this study, the differences and interactions of the soil bacterial and fungal communities were confirmed through co-occurrence networks at the OTU level (R > 0.7, p < 0.05) (Figure 7). For the bacterial communities, the number of edges (1,962) was highest in the soils from RO (Supplementary Table S2). The average degree and network density for the fungal communities were lower in CO compared to RO. Relative to WI, RO increased the average degree and network density values. For the fungal community, the network structure was significantly simpler than that of the bacterial community. The number of edges (1662) was highest in the soils from WI. Furthermore, the number of network edges in CO was fewer compared to all the other groups. Moreover, compared to WI, RO decreased the average degree and network density values. These findings showed that the fungal networks in WI were significantly more complex compared to RO.

[image: Illustration showing two sets of complex network graphs labeled "Bacteria" and "Fungal," each with four panels labeled CO, TO, WI, and RO. Nodes and connections are depicted, with varying colors and arrangements in each graph.]

FIGURE 7
 The co-occurrence network of the soil bacteria and fungi. CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco monoculture for 9 years and corn rotation for 1 year.




Soil microbial function prediction

Based on the FAPROTAX database, we predicted the bacterial functions and identified the top 15 functional groups (Figure 8A). RO also showed a decrease in genes related to ureolysis, hydrocarbon_degradation, and aromatic_hydrocarbon_degradation. The FUNGuild database was used to analyze the functional profiles of the fungal communities (Figure 8B). The TO group was dominated by Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined Saprotroph, accounting for 35% of the total community. Animal Pathogen-Endophyte-Plant Pathogen-Wood Saprotroph was dominant in TO and WI, and their relative abundance was 11 and 14%, respectively. The saprotrophs were significantly lower (8%) in the RO group than in the WI group. In addition, animal pathogens and plant pathogens were significantly decreased in the RO group compared to the other groups.

[image: Panel A shows a heatmap illustrating various functions such as nitrate respiration and chemolithotrophy across different conditions (CO, TO, WI, RO) with a color intensity scale indicating abundance levels. Panel B displays a bar chart with relative abundance of various saprotroph and pathogen categories across the same conditions, with a detailed color-coded legend.]

FIGURE 8
 Changes in the functional groups based on the bacterial (A) and fungal (B) OTU data in the soil. CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco monoculture for 9 years and corn rotation for 1 year.





Discussion


Microbial community differences among the four cultivation patterns

Continuous cropping is a negative feedback mechanism for soil, which not only changes the soil environment but also promotes the progression of plant diseases (van der Putten et al., 2013). Recent studies have revealed that the stability of microbial community composition is important for a healthy host–microbe relationship and that both enrichment and imbalance in microbiota abundance are important mechanisms for disease development in plants (Schlatter et al., 2017; Berendsen et al., 2018). Our results showed that, compared to continuous tobacco cropping, the corn rotation increased the bacterial diversity. Long-term continuous cropping durations resulted in lower bacterial community diversity (Zhang et al., 2015). The soil bacterial community structure, bacterial species richness, and Shannon index values were significantly increased under crop rotation conditions (Town et al., 2023). Continuous cropping of corn and tobacco increased soil fungal community diversity, which is not completely consistent with previous studies (Zhou et al., 2017; Zhao et al., 2020). These differences may be due to variations in the duration of soil environmental conditions, crop variety, and other factors. We observed that, in the PCoA analysis, the bacterial and fungal communities of CO and TO were clustered, indicating that the soil microbial community structures were affected by the continuous cropping cultivation patterns. The rhizosphere soil microbial communities of TO and CO exhibited a certain degree of homogeneity. In particular, the communities in RO remarkably differed from those in CO, TO, and WI, suggesting that soil bacterial and fungal communities are significantly different between crop rotation and long-term continuous cultivation patterns.



The influence of the different cultivation patterns on the microbial composition

Crop rotation is an important cultivation practice for crop production and the reduction of pests and diseases. Crop rotation is also considered an important measure for improving soil quality and reducing the use of mineral fertilizers (Câmara-Salim et al., 2021). Crop rotation increased the yield and oil content of canola and decreased disease pressure from Leptosphaeria and Alternaria (Town et al., 2023). Monocropped cucumber increased soil nutrient concentrations but decreased available nutrient concentrations (Chen et al., 2022). Cotton-grain-rape rotation increased the yield of cotton, maize, and wheat, as well as the above-ground dry matter weight of cotton and maize (Dong et al., 2024). Maize-wheat rotation affected the species composition of Fusarium, but no significant difference in pathogenicity was observed between wheat and rice (Dong et al., 2023). This study demonstrated that Actinobacteria, Proteobacteria, and Chloroflexi were the most abundant bacterial phyla in the four groups, with Actinobacteria (35.95%) being more abundant in RO. Similar results have been found in many previous reports (Bulgarelli et al., 2013; Delgado-Baquerizo et al., 2018). Previous studies have shown that Actinobacteria establishes disease suppression through an antagonistic effect (Weller et al., 2002). The imbalance of Actinobacteria in the tomato rhizosphere increases the incidence rate of bacterial wilt (Liu et al., 2021a). In this study, the corn rotation promoted the proliferation of Actinobacteriota. Crop rotation was associated with a more significant effect on soil fungal communities compared to bacterial communities (Kracmarova et al., 2022). The keystone taxa identified in the rotations of rice and canola were all fungal genera (Zhang H. F. et al., 2023). The fungi that were consistently associated with monocropping were known pathogens of tobacco or corn, including Alternaria and Mortierella. These fungi were enriched in CO, TO, and WI. This finding is in line with previous observations that crop rotation significantly influences the composition of the rhizosphere in canola (Town et al., 2023). The relative abundance of the multiple beneficial fungi, including Saitozyma and Trichoderma, was increased in the tobacco–corn rotation.

In this study, we focused on several typical microorganisms as these microbial taxa are commonly associated with soil function and crop productivity, directly driving important soil biological processes. At the bacterial genus level, the average relative abundance of some putative biocontrol microbes, such as Sphingomonas and Gaiella, was significantly promoted by the corn rotation. Sphingomonas has been associated with resisting the accumulation of soil-borne pathogens to protect plant health (Lan et al., 2014). It has been reported that Sphingomonas could produce carotenoids and improve stress resistance in rice (Cheng et al., 2021). Gaiella is a member of the Actinobacteriota phylum and is widely used to control soil-borne plant diseases (Liu et al., 2019). Our results showed that Sphingomonas was the core bacterial genus, and Gaiella was significantly enriched in the corn rotation. The fungal communities that were significantly enriched in the four groups also differed. Penicillium and Chaetomium, enriched in CO, have been reported to induce plant resistance to pathogens by activating multiple defense signals (Khalil et al., 2021). Mortierella was the core genus enriched in TO, which has been proven to control soil-borne pathogens and improve plant growth (Wani et al., 2017; Mares-Ponce de León et al., 2018). In addition, Alternaria, which was consistently associated with the monoculture, being enriched in WI, can cause wilt disease in various crops (Zeng et al., 2024). In addition, Saitozyma was enriched in RO, which is well known for its ability to release auxins and lipids (Gorte et al., 2020). Our results suggested that these discriminant biomarkers are critical to soil ecosystem health and induce positive or negative interactions with host plants.



Soil microbial community response to the environmental factors

Long-term continuous cropping causes the deterioration of soil chemical properties (Ding et al., 2024). Previous studies have shown that pH is one of the most important factors that affect microbial communities in soils (Zhang M. M. et al., 2023). In this study, soil pH was increased in RO and the corn rotation prevented soil acidification. pH had a significant negative impact on the bacteria in the genus norank_f_JG30-KF-AS9 (p < 0.01) and the fungi in the genera Saitozyma and Trichoderma (p < 0.01). This indicates that pH primarily regulates the abundance of multiple beneficial microorganisms in soil. Soil nutrients increased in long-term continuous cropping fields, indicating that the lack of plant nutrients may not directly cause plant diseases (Mbanyele et al., 2022). Our results also revealed that planting corn was more favorable for AN and AP accumulation in the soil. Several reports have found that environmental factors have different effects on soil microorganisms (Dong et al., 2017). Our results showed that the dominant bacterial genus Bryobacter was positively correlated with AN, while the dominant fungal genera Trichoderma and Saitozyma were positively correlated with AP. Bryobacter is considered to be a plant growth-promoting rhizosphere bacterium (PGPR) (Vasconcellos et al., 2021). Bryobacter improved the diversity and stability of the bacterial community in the rhizosphere soil of tomato, enhancing resistance to Ralstonia solanacearum (Zhang J. et al., 2023). Trichoderma enhances the absorption of P by plants and strengthens their ability to resist adversity stress (Bononi et al., 2020). Saitozyma plays a key role in promoting soil P transformation and accumulation (Li et al., 2022).



The evolutionary trend of the soil microbial communities

In the co-occurrence analysis, the corn rotation increased the complexity of the bacterial co-occurrence network and decreased the complexity of the fungal co-occurrence network, as indicated by the increased number of edges in the bacterial communities and the reduced average degree and network density in the fungal communities. Previous studies have shown that crop rotation improves the soil microenvironment, allowing more microorganisms to survive freely and reducing cooperation and competition (Fan et al., 2017). We observed that the ecological functional genes related to ureolysis, hydrocarbon_degradation, and aromatic_hydrocarbon_degradation were also decreased in RO, suggesting that accelerated organism decomposition, hydrocarbon, and aromatic_hydrocarbon degradation were facilitated by the improved soil properties. We found that the abundance of the animal pathogens and plant pathogens in TO and WI was higher than that in RO, which may be caused by the interactions between plant pathogens and free microorganisms. Previous studies have shown that plant pathogens secrete enzymes to inhibit the nitrogen restriction of free microorganisms, thus inhibiting organic matter decomposition (Averill, 2016). Therefore, corn rotation in continuous cropping tobacco fields could change plant–soil microbial community composition and has the potential for controlling soil-borne diseases.

Despite the robust design of our study, there are some limitations that should be taken into consideration. Each soil sample represented 15 rhizosphere soils from the plants in each plot, but it did not capture the overall temporospatial profile of the soils affected by serious bacterial wilt. The geographical position also contributed to the differences in the microbial composition over time. Notwithstanding these limitations, the results were clear, supported by a comprehensive analysis of the response of the soil properties and microbial communities under crop rotation. Future research should focus on exploring the functional responses of soil and plant microbiomes to different cultivation patterns, combining soil metabolome analysis to illustrate changes in the soil microecological environment.




Conclusion

This study examined the effects of continuous cropping and corn rotation cultivation patterns on soil microbial diversity and community structure in tobacco soil on the Yungui Plateau, where severe bacterial wilt is prevalent. The corn rotation altered the soil bacterial and fungal communities, increased their diversity, and improved the soil microenvironment. Furthermore, corn rotation fostered synergistic increments in the beneficial microorganisms. The cultivation patterns of corn rotation may be more conducive to the sustainable development of the karst agricultural system.
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This study highlights how different agronomic practices reshape the microbial communities structure in brown-desert soils of Xinjiang’s Aksu region, with the goal of informing sustainable soil stewardship and agricultural strategies. Employing an L9 (34) orthogonal array, we assessed the effects of different planting densities, irrigation levels, and fertilization strategies on the soil’s physicochemical properties, enzymatic activity, and microbial community composition. Our results highlight the dual role of fertilization: while it is the best strategy to increase agricultural productivity on low-fertility soils in the short term, excessive fertilization can have potentially detrimental effects. (1) it triggers salt accumulation and exacerbates salinization, and (2) it leads to an imbalance in C/N metabolism that inhibits microbial bioactivity. Through high-throughput sequencing, we identified significant shifts in the soil’s bacterial and fungal populations (e.g., Proteobacteria and Ascomycota) in response to agricultural interventions, with the type and extent of fertilization being pivotal to microbial diversity. Redundancy analysis revealed a significant interplay between soil microbial assemblages and underlying physicochemical attributes. This research underscores the necessity for judicious agronomic practices to maintain the delicate balance of microbial life within the soil, offering critical insights for the sustainable soil management of agricultural lands in Xinjiang.
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1 Introduction

Soil microorganisms play a pivotal role in nutrient decomposition, uptake, and transformation (Fan et al., 2013), contributing to the material cycle and nutrient flow within soil ecosystems (Patel et al., 2015). The abundance of soil microbial species and community structure are crucial indicators for evaluating soil health and quality (Soong et al., 2019). However, these functions and indicators are sensitive to various soil environmental factors (Yang et al., 2023), such as soil nutrient content (Stark et al., 2012) and enzyme activity (Liu et al., 2021). There is a brown-desert soil type in the Aksu region of Xinjiang that has high ecological vulnerability (Ming et al., 2020) and requires scientific management and conservation measures to improve its stability and productivity. Thus it also highlights the need to study its microbial community.

Among the typical agronomic practices, planting density significantly influences the yield and economic viability of rapeseed. Optimal planting density harnesses the advantages of group cultivation and maximizes light energy utilization without affecting morphology (Ruo-Lin et al., 2023). It also leads to variations in the community performance of soil microorganisms (Zhang et al., 2014). Traditional irrigation methods often struggle with controlling water volumes, leading to uneven irrigation and significant water wastage (Wang Xue et al., 2022). Conversely, drip irrigation enables the real-time integration of water and fertilizers, ensuring their precise and quantitative delivery to the root zone. This method reduces nutrient leaching and improves the utilization of water and fertilizers (Ming-Da et al., 2019). The application of water and fertilizer can alter soil microbial communities (Hicks et al., 2020) by modifying nutrient conditions in the soil (Sradnick et al., 2013) and indirectly affect the physicochemical properties of the soil, including soil pH (Lammel et al., 2018). Fungi, being more sensitive to fertilization compared to bacteria, exhibit notable shifts in diversity when exposed to altered soil conditions (Youchao et al., 2022). Additionally, soil water content is another major factor that can influence soil physicochemical properties (Yu et al., 2013). In particular, efficient nitrogen fertilization management not only promotes high yields of rapeseed but also reduces production costs and improves the ecological environment (He et al., 2013). To date, many studies have investigated the effects of nitrogen fertilizer addition on soil microorganisms. However, research on brown-desert soils in the Aksu region of Xinjiang is still limited. The low fertility and highly saline brown-desert soils characteristic of this region provide unique conditions for studying the effects of agronomic practices on soil microbial communities. Our study examines how agricultural practices, including planting density, irrigation, and fertilizer application, affect soil microbes in this particular context. Clarifying these impacts is essential for developing sustainable agricultural strategies in arid regions. The results of this study may not only inform broader agricultural and ecological practices outside Xinjiang, especially in similar arid or semi-arid ecosystems. For example, the insights gained could guide the management of soil microbial communities in other areas facing similar challenges such as low soil fertility and high salinity.

In this study, we investigated the abundance and community structure of microbial species in brown-desert soil in the Aksu region of Xinjiang, focusing on their responses to various agronomic practices. We initially examined the effects of different planting densities, irrigation levels, and fertilizer application rates on soil physicochemical properties and enzymatic activity and soil microbial communities. Additionally, we explored the relationship between soil physicochemical properties and microbial communities across the treatments. The study addressed two primary questions: (1) What is the impact of agronomic practices on bacterial and fungal diversity? (2) What are the key soil factors shaping bacterial and fungal diversity in response to these agronomic practices? By examining the response of soil microorganisms to these practices, our goal was to enhance the understanding of their effects on soil quality in brown-desert soil farmland, ultimately supporting scientifically informed field management strategies.



2 Materials and methods


2.1 Experimental site and materials

The experiment was conducted at the demonstration park of the Baicheng Agricultural Experiment Station, Xinjiang Academy of Agricultural Sciences, located in Baicheng County, Aksu Region, Xinjiang, China (Figure 1a). The test site coordinates were 41°79′N latitude and 81°87′E longitude, with an average elevation of 1,250 m. The area experiences a continental temperate arid climate, characterized by a frost-free period ranging from 133 to 163 days, an average annual precipitation of 171.13 mm, and an average annual temperature of 10.5°C (Supplementary Figure 1), and the prevailing wind is from the northwest, with an average wind speed of 2.5 m/s. The soil at the test site was classified as brown-desert soil, with an organic matter content of 27.84 g/kg, alkaline nitrogen at 55 mg/kg, available phosphorus (AP) at 38.2 mg/kg, and available potassium (AK) at 139 mg/kg. The soil had a pH of 8.28 and a conductivity of 329 μs/cm. The previous crop grown on the site was maize.
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FIGURE 1
 Experimental setup. (a) Experimental site located in Baicheng County, Aksu Region, Xinjiang Uygur Autonomous Region, China. (b) Water-fertilizer integration deployed at the experimental site. (c) The number of rapeseed in the box indicates planting density, the shade of green in the box fill indicates fertilizer application, and the shade of red in the border indicates the amount of water irrigation.


“Huayouza-62” is spring rapeseed (Brassica napus L.), a semi-wintering Polimar cytoplasmic male sterile line hybrid of the kale type. The complete life cycle of rapeseed is 140.5 days. It reaches a plant height of 157.1 cm and produces an average of 5.17 effective branches at any given time. Each plant hosts 231.2 effective angiosperms, with each angiosperm yielding 25.53 grains. The thousand-kernel weight is 4.11 g. The incidence rate of botrytis in Huayouza-62 is 17.75%, demonstrating robust resistance to inversion (Qian et al., 2021).



2.2 Experimental design

In order to involve more experimental factors and to obtain a greater amount of information while reducing the number of trials, we chose the L9 (34) orthogonal experimental design (Roy, 2010). The test plot covered an area of 18 m2 (6 m × 3 m), with three replicates for each treatment. Sowing was conducted on April 12, 2023, using the manual strip sowing method. Density was assessed at the three- to five-leaf stage, with a row spacing of 20 cm. Three distinct rapeseed planting densities were tested: 300,000 plants/hm2, 600,000 plants/hm2, and 900,000 plants/hm2. Irrigation was applied four times during the reproductive period: 40 days after emergence, at the buds and shoots stage, during blooming, and at the junction stage. Drip irrigation was used, with a tube laid across four rows. Each plot was equipped with an independent water meter, and three water treatments were applied throughout the entire life cycle of the plants: 1,200 m3/hm2, 1,500 m3/hm2, and 1,800 m3/hm2. Fertilizer application was synchronized with drip irrigation, with each experimental plot connected to an independent fertilizer tank (Figure 1b). Three fertilizer treatments were implemented: 75 kg/hm2 urea +270 kg/hm2 slow-release fertilizer, 150 kg/hm2 urea +270 kg/hm2 slow-release fertilizer, and 225 kg/hm2 urea +270 kg/hm2 slow-release fertilizer (These experimental data were set up regarding local growing habits.). These treatments were labeled as A1B1C1, A1B2C2, A1B3C3, A2B1C2, A2B2C3, A2B3C1, A3B1C3, A3B2C1, and A3B3C2, according to the L9 (34) orthogonal experimental design (Table 1;Figure 1c).



TABLE 1 Factor levels in the experimental design.
[image: Table displaying various treatments with columns for density, irrigation, fertilization, and compound fertilizer. Treatments A1 to A3 are listed alongside their respective values for each category. Urea and compound fertilizer compositions are noted below.]



2.3 Sample collection and determination methods


2.3.1 Soil sample collection

In July 2023, soil samples were collected. To investigate the nutrient and microbial activity of the tillage layer and to make it better representative, we selected soil samples from 0 to 20 cm. Subsequently, the soil samples were passed through an 80-mm sieve to remove impurities and thoroughly homogenized. The homogenized soil samples were divided into three parts: One part was immediately treated with liquid nitrogen and stored at −80°C for 2 h for microbiological analysis, another part was stored at −5°C for soil enzyme activity analyses, and the remainder was air-dried under shaded conditions for soil physicochemical property analyses.



2.3.2 Determination of yield and constitutive factors

Ten representative rapeseed plants were selected at the ripening stage to measure various parameters, including plant height, shape, branching pattern, number of primary and secondary effective branches, effective length of the main axis, number of effective angiosperms on the main axis, number of effective angiosperms on the entire plant, length and number of angiosperms, thousand kernel weight, and yield per plant. Subsequently, yield and constitutive factors were calculated (Lu, 2000).



2.3.3 Analysis of soil physical and chemical properties

Soil pH, soil organic carbon (SOC), soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), AP, and AK were analyzed. Soil pH was determined using the potentiometric method (PH meter: BTYQ-BT920, accuracy: ±0.002). SOM was quantified via the volumetric method with potassium dichromate. SOC was calculated by dividing SOM by 1.724. TN was assessed using the acid digestion-indophenol blue colorimetric method (Ultraviolet–visible Spectrophotometer: HFD-FG-22, accuracy: 0.3 nm). TP was measured using the acid digestion-molybdenum antimony resistance colorimetric method. TK and AK were determined using acid digestion followed by flame atomic absorption spectroscopy (Kjeldahl Nitrogen Analyzer: D142570, accuracy: 1 μL; Flame atomic absorption spectrophotometer: RG-3604AA, accuracy: ±0.15 nm). AN was quantified using the potassium chloride leaching-indophenol blue colorimetric method. AP was analyzed using hydrochloric acid and ammonium fluoride leaching, combined with sodium bicarbonate leaching, followed by the molybdenum antimony resistive colorimetric method (Yuan et al., 2021).



2.3.4 Soil enzymes

Urease, acid phosphatase, catalase, and sucrase have a close relationship with soil microorganisms. They are not only involved in the cycling of nitrogen, phosphorus, and carbon in the soil but also reflect the activity and diversity of soil microorganisms (Yanxiang et al., 2020). Therefore, they can be used as important indicators for assessing soil quality and the ecological environment. Urease (Item No: ml076938), acid phosphatase (Item No: ml076924), catalase (Item No: ml076930), and sucrase (Item No: ml076926) were assessed at Shanghai Enzyme Link Biological Company using enzyme-linked immunosorbent assay kits, following the manufacturer’s instructions. Purified antibodies against urease, acid phosphatase, catalase, and sucrase were employed to produce solid-phase antibodies via the double antibody sandwich method on a microtiter plate. Subsequently, urease, acid phosphatase, catalase, and sucrase were introduced into the microtiter wells containing the immobilized monoclonal antibodies, where they bound to horseradish peroxidase (HRP)-labeled antibodies specific to each enzyme, forming antibody–antigen–enzyme and HRP-labeled antibody–antigen–enzyme complexes. After thorough washing, color development was initiated by adding the substrate, 3,3′,5,5′-tetramethylbenzidine. The reaction was catalyzed by the HRP enzyme, resulting in a blue color that transitioned to yellow upon acid exposure. The intensity of the color was directly proportional to the concentrations of urease, acid phosphatase, catalase, and sucrase in the sample. Absorbance was measured at 450 nm using an enzyme marker.

The microbial carbon and nitrogen biomass were determined through potassium sulfate extraction and the fumigation-total organic carbon method. Microbial phosphorous biomass was determined using ammonium fluoride, hydrochloric acid/sodium bicarbonate extraction, fumigation, and the molybdenum-antimony colorimetric method (Yuan et al., 2021). The microbial C: N, C: P, and N: P ratios denote the relative proportions of carbon, nitrogen, and phosphorus within the microbial biomass.



2.3.5 High-throughput 16S ribosomal RNA gene sequencing

Total genomic DNA was isolated from soil samples using the TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech [Beijing] Co., Ltd.) following the manufacturer’s instructions. The quality and quantity of the extracted DNA were examined via electrophoresis on a 1.8% agarose gel and quantified using the NanoDrop 2000 UV–Vis Spectrophotometer (Thermo Scientific, Wilmington, USA). The hypervariable V3-V4 region of the bacterial 16S rRNA gene was amplified using primer pairs 338F (5′-ACTCCTACGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The ITS region of the fungal 18S rDNA gene was amplified using primer pairs ITS1-1F-F: (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS1-1F-R (5′-GCTGCGTTCTTCATCGATGC-3′). Both forward and reverse 16S primers and ITS primers were tailed with sample-specific Illumina index sequences to facilitate deep sequencing. The polymerase chain reaction was performed in a total volume of 10 μL, comprising the DNA template (5–50 ng), forward primer (10 μM, 0.3 μL), reverse primer (10 μM, 0.3 μL), KOD FX Neo Buffer (5 μL), dNTPs (2 mM each, 2 μL), and KOD FX Neo (0.2 μL), with ddH2O added to make up the volume to 20 μL. The amplification protocol included an initial denaturation at 95°C for 5 min, followed by 20 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, extension at 72°C for 40 s, and a final extension at 72°C for 7 min. Subsequently, the amplified products were purified using the Omega DNA Purification Kit (Omega Inc., Norcross, GA, USA) and quantified using the Qsep-400 (BiOptic, Inc., New Taipei City, Taiwan, China). Paired-end sequencing (2 × 250) of the amplicon library was performed on the Illumina Novaseq 6000 platform (Beijing Biomarker Technologies Co., Ltd., Beijing, China).



2.3.6 Bioinformatic analysis

Clean reads then were conducted on feature classification to output an ASVs (amplicon sequence variants) by dada2 (Callahan et al., 2016), and the ASVs conuts less than 2 in all samples were filtered. Taxonomy annotation of the OTUs was performed based on the Naive Bayes classifier in QIIME2 (Bolyen et al., 2019) using the SILVA database (Quast et al., 2012) (release 138.1) with a confidence threshold of 70%. The Alpha diversity were calculated and displayed by the QIIME2 and R software, respectively. Beta diversity was determined to evaluate the degree of similarity of microbial communities from different samples using QIIME. Principal coordinate analysis (PCoA), heatmaps, UPGMA and nonmetric multidimensional scaling (NMDS) were used to analyze the beta diversity. Furthermore, we employed Linear Discriminant Analysis (LDA) effect size (LEfSe; Segata et al., 2011) to test the significant taxonomic difference among group. A logarithmic LDA score of 4.0 was set as the threshold for discriminative features. To explore the dissimilarities of the microbiome among different factors, a redundancy analysis (RDA) were performed in R using the package ‘vegan.’




2.4 Experimental data

Soil physicochemical property data were compiled and analyzed using WPS 2021. Subsequently, these data were subjected to the Shapiro–Wilk test, Levene test, and ANOVA, all performed by SPSS 27 statistical software. To gauge the intricacies of species diversity within each sample, alpha diversity analysis was conducted with the aid of QIIME2 software. Feature-level alpha diversity indices, such as observed OTUs, Chao1, Shannon, and Simpson indices, were calculated to estimate the microbial diversity within an individual sample. Redundancy analysis (RDA) was deployed to scrutinize the correlation between microbial communities and environmental factors, focusing on the relative abundances of microbial species across various phyla, and was executed using the R package ‘vegan.’ The construction of the corresponding network relied primarily on the ‘igraph’ package within R. Species interactions, inferred from relative abundances, were elucidated through Spearman’s rank correlation analysis, culminating in the development of a species interaction network visualized with R v4.3.2. Structural equation modeling (SEM) was based on Partial Least Squares Structural Equation Modeling (PLS-SEM), which was accomplished with the R V4.4.2 ‘plsem.’ package. Bacterial phenotype predictions were carried out on the BugBase platform, ecological function predictions were facilitated by the FAPROTAX database, and fungal phenotype predictions were conducted using the Fungi Functional Guild (FUNGuild). Lastly, the online platform BMKCloud was instrumental in the analysis of sequencing data.1




3 Results


3.1 Influence of agronomic practices on soil physicochemical properties

The results elucidated that the brown-desert soil in the Aksu region of Xinjiang exhibited low fertility and mild salinity. The main effect of fertilizer application was significant on electrical conductivity (EC), soil organic matter (SOM), soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), available potassium (AK), urease and sucrase. In contrast, the main effect of irrigation was significant on pH, EC, TN, TP, AK, AP, urease, catalase, microbial biomass carbon (MBC), and microbial biomass nitrogen (MBN) were significantly affected. Comparatively, soil physicochemical properties, such as soil moisture content (SMC) and pH, were less influenced by fertilization and irrigation main effect. Fertilizer application increased SOM, SOC, TN, TP, and TK, and the effect of fast-acting fertilizers on soil nutrient content was more pronounced because the rapid release of fast-acting fertilizers may lead to leaching phenomena, resulting in nutrient imbalance. Additionally, nutrient contents were consistently higher at high planting density compared to low and medium planting densities [Soil salinity was measured based on EC value (us/cm)]. However, over-fertilization did not improve soil nutrient content, but rather exacerbated soil soluble salt accumulation, creating hypertonic environments and disrupting the balance of the soil microbial community. Regarding soil enzyme activity, both fertilization and irrigation significantly reduced the activity of urease. An increase in irrigation inhibited the activities of acid phosphatase, catalase, and sucrase, with irrigation exerting a greater influence than fertilizer application and planting density.



3.2 Effect of agronomic practices on bacterial and fungal community composition

Across all treatments, the bacterial composition was predominantly characterized by Proteobacteria (25.2%), Acidobacteria (20.2%), Gemmatimonadota (13.3%) and Actinobacteriota (8.5%), collectively constituting more than 60% of the composition. The results indicated a tendency for the relative abundance of Proteobacteria to increase with rising fertilizer application, although this trend was suppressed beyond a certain threshold. At high planting densities, Proteobacteria species exhibited a slightly higher abundance compared to low and medium planting densities. Conversely, the abundance of Acidobacteria species was significantly influenced by the amount of fertilizer applied, with a significant increase in species abundance as fertilization levels increased. Meanwhile, Actinobacteriota species demonstrated a declining trend in abundance with increasing irrigation, observed across both low and high planting densities.

The fungal composition was primarily dominated by Ascomycota (55.4%), followed by Basidiomycota (14.7%), unclassified fungi (8.4%), and Olpidiomycota (8.2%). The results indicated a significant influence of fertilizer application on the abundance of Ascomycota, which declined with increasing fertilizer application across various planting densities and irrigation levels. In contrast, the abundance of Basidiomycota initially increased and then declined with higher fertilizer application at low and medium planting densities, whereas a decrease was observed with increasing fertilizer application at high planting density. Conversely, the abundance of Olpidiomycota appeared to be more closely associated with irrigation, increasing with higher irrigation levels at low planting density and decreasing at high planting density. Overall, planting density, irrigation level, and fertilizer application did not affect the structure of bacterial and fungal communities in brown-desert soils. However, fertilizer application had an effect on bacterial and fungal abundance, with a more pronounced effect on fungi due to functional redundancy in bacteria (Figure 2).

[image: Bar charts showing the relative abundance of bacterial and fungal taxa. Chart (a) displays bacterial groups, including Nitrospriota and Proteobacteria, with various colored bars representing different samples. Chart (b) shows fungal groups, including Rozellomycota and Ascomycota, with similar sample differentiation. Both charts compare taxa abundance across samples, indicated by bars in different colors, with percentage values on the x-axis.]

FIGURE 2
 Histogram depicting the abundance of bacterial (a) and fungal (b) species.




3.3 Analysis of the alpha diversity index of bacteria and fungi under different agronomic practices

Planting density, irrigation, and fertilizer application influenced bacterial and fungal alpha diversity. The results showed that fertilizer application significantly affected the bacterial OTU count, with over-fertilization leading to a decrease in Chao1 richness (Chao1), Abundance Coverage-based Estimator (ACE), and Shannon indices. Higher indices were observed at high planting density compared to low and medium planting densities, with the Chao1, ACE, and Shannon indices reaching their highest values under the A2B3C1 treatment. Furthermore, fertilizer application significantly influenced fungal OTUs. At low planting densities, over-fertilization reduced the Chao1 and ACE indices of the fungi but increased the Shannon index of the fungi, which could be attributed to the fact that over-fertilization led to soil acidification and salinization, which directly inhibited the growth of the fungi. Conversely, at medium and high planting densities, excessive fertilization reduced all fungal indices, with the Shannon index showing a more pronounced decrease. The Chao1, ACE, and Shannon indices for both bacteria and fungi were highest under the A3B3C2 treatment (Figure 3).

[image: Eight box plots labeled (a) to (h) display diversity indices across different groups. Charts (a) and (b) show the Chao1 index, (c) and (d) the ACE index, (e) and (f) the Shannon index, and (g) and (h) the Simpson index. Each plot compares values among groups labeled A1B1C1, A1B2C2, etc., with variation in index values depicted. Boxes indicate interquartile range with median lines, while whiskers represent variability outside the upper and lower quartiles. Statistical differences among groups are marked with letters above the boxes.]

FIGURE 3
 Box line plot illustrating inter-group differences in Alpha diversity indices of bacteria and fungi. (a,b) are Chao 1 indices for bacteria and fungi; (c,d) are ACE indices for bacteria and fungi; (e,f) are Shannon indices for bacteria and fungi; (g,h) are Simpson indices for bacteria and fungi.




3.4 RDA of soil bacteria and fungi with soil physicochemical properties

RDA revealed the relationship between soil microbial abundance and soil physicochemical properties. The first bacterial ordination (RDA1 axis) was primarily associated with SOM, AN, AP, TN, TP, MBP, and the MBN: MBP ratio. This axis explained 25.01% of the total variance. The phylum Gemmatimonadota was positively correlated with SOM, AN, AP, TN, and TP and negatively correlated with MBP because of its important role in the decomposition of organic matter. In contrast, Bacteroidota and Proteobacteria were mainly positively correlated with SMC because their metabolic activities were favored by sufficient soil water content. The first fungal ordination was linked to pH, the MBC: MBN ratio, and the MBN: MBP ratio, explaining 20.4% of the total variance. Rozellomycota is positively correlated with SOM, TN, TP, TK, catalase, and urease, which are mainly involved in soil organic matter decomposition and nutrient cycling. In addition, Ascomycota and Olpidiomycota were positively correlated with MBN and MBP, respectively, as they have important roles in nutrient cycling (Figure 4).

[image: Two redundancy analysis (RDA) biplots show the relationships among various factors. Plot (a) highlights factors such as Gammmaproteobacteria and Bacteroidota, with axes RDA1 at 25.01% and RDA2 at 10.08%. Plot (b) features Bacillariophyta and Urea, with axes RDA1 at 20.4% and RDA2 at 12.21%. Each plot includes labeled vectors and a legend indicating different groups.]

FIGURE 4
 Redundancy analysis (RDA) of bacteria (a) and fungi (b). RDA of the relative abundance of bacteria and fungi across various tillage treatments. SMC, soil moisture content; SOM, soil organic matter; SOC, soil organic carbon; EC, electrical conductivity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, microbial carbon; MBN, microbial nitrogen; MBP, microbial phosphorus; Acid, acid phosphatase; Urea, urease; Cata, catalase; Suar, sucrase.




3.5 Correlation analysis of soil microbial species, soil physicochemical properties, and the alpha index

Soil microbial diversity was assessed based on OTU counts, Chao1 index, and Shannon index. The results showed significant positive correlations (p < 0.01) between SOM, SOC, tn, electrical conductivity (EC), AN, and AP; and significant negative correlations (p < 0.01) between MBP and SOM, SOC, TN, EC, AN, AP and acid phosphatase. In addition, there was a significant negative correlation between PH and both TN and EC (p < 0.05), and a highly significant negative correlation between MBC and MBP and SOM and SOC (p < 0.01): a highly significant positive correlation between the MBP ratio and SOM, SOC, EC, AN, AP, AK and acid phosphatase (p < 0.01). Acid phosphatase showed a highly significant positive correlation (p < 0.05) with SOM, SOC, EC, TN, TP, and TK, and catalase showed a highly significant positive correlation (p < 0.05) with TK, AK, acid phosphatase and urease. The abundance of bacterial genera showed a significant positive correlation with acid phosphatase (p < 0.05) and a negative correlation with AP and catalase (p < 0.05), while the diversity of bacterial genera showed a significant negative correlation with acid phosphatase (p < 0.05). The diversity of fungal genera was mainly negatively correlated with MBN (p < 0.05) (Figure 5).

[image: Correlation network diagrams labeled (a) and (b) display relationships among various environmental and biological factors. Colored scales represent Pearson's r values from negative 0.85 to 1.0. Colored lines and circles indicate Mantel's p and r values, illustrating significance and strength of correlations among variables such as species diversity indices and soil properties.]

FIGURE 5
 Species and environmental factors, alpha-correlation (Pearson) heatmaps, and network combination maps of bacteria (a) and fungi (b). SMC, soil moisture content; SOM, soil organic matter; SOC, soil organic carbon; EC, electrical conductivity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, microbial carbon; MBN, microbial nitrogen; MBP, microbial phosphorus; CN, MBC: MBN; CP, MBC: MBP; NP, MBN: MBP; Aci, acid phosphatase; Ure, urease; Cat, catalase; Sua, sucrase. “*” denotes significance at the 0.05 level, while “**” signifies significance at the “0.01” level. Mantel’s P is the p-value of Mantel analysis of environmental factors with species and the Alpha index; Mantel’s r is the r-value of Mantel analysis of environmental factors with species and the Alpha index; Pearson’s r is the p-value of correlation between environmental factors with species and the Alpha index. Heatmap in the upper right corner: correlation between environmental factors. Heatmap colors red and blue indicate positive and negative correlation, respectively, and the size of the heatmap block is consistent with the size of the correlation r. Bottom-left network diagram: the network relationship between species, Alpha index, and environmental factors. The color of the line is consistent with Mantel’s P in the legend, and the thickness of the line is consistent with Mantel’s r in the legend.




3.6 Network analysis of soil bacterial and fungal communities

A microbial community network was constructed to analyze interaction patterns in biological systems by correlating the horizontal abundance of soil microbial species at the phylum level. The horizontal species network graph of bacterial genera comprised 30 nodes and 100 edges, with a mean node degree of 0.667, a mean path length of 2.169, a network diameter of 11.28, a network graph density of 0.23, a clustering coefficient of 0.568, a mediator centrality of 0.104, and a modularity of 2.266. Conversely, the horizontal species network graph of fungal genera contained 41 nodes and 100 edges, with an average node degree of 4.878, an average path length of 2.979, a network diameter of 20.82, a network graph density of 0.12, a clustering coefficient of 0.378, a mediator centrality of 0.305, and a modularity of 0.31. Although the bacterial and fungal network graphs had a similar number of nodes and edges, the bacterial network exhibited higher density and clustering coefficient values, suggesting that bacterial connectivity is more complex, whereas fungal connectivity is relatively simpler (Figure 6).

[image: Network diagrams illustrating correlations in phyla. (a) Bacterial phyla with nodes sized by abundance and lines colored by correlation strength (red: positive, green: negative). (b) Fungal phyla with similar styling. Both diagrams include a key detailing phylum names, abundance scales, and correlation color gradients.]

FIGURE 6
 Relevance network diagram of bacteria (a) and fungi (b). Network diagram illustrating bacterial community structures at the phylum level across different tillage conditions. Each circle represents a species, with the size of the circle proportional to the average abundance of the species. Lines represent correlations between species, with line thickness indicating the strength of the correlation. Red lines represent positive correlations, and green lines represent negative correlations.




3.7 BugBase phenotype prediction and FAPROTAX function prediction for bacteria

BugBase was used to normalize the OTUs based on predicted 16S rRNA gene copy numbers, and subsequently, microbial phenotypes were predicted using the provided pre-calculated files. Aerobic species accounted for 22% of the total bacterial community and were mainly associated with the decomposition of soil organic matter, influenced by planting densities and irrigation levels that limit gas exchange with the external environment. Anaerobic species accounted for 12.5% of the total bacterial community, with Gram-negative bacteria being the dominant phenotype, comprising 53.2%. These bacteria were susceptible to fluctuations, as increased fertilizer application correlated with a decrease in their population. Gram-positive bacteria represented 6.8% of the total bacterial community, with potentially pathogenic and stress-tolerant species comprising 2.6%. The biomass ratio between Gram-negative and Gram-positive bacteria exhibited a strong correlation with SOC levels, with Gram-negative bacteria prevailing.

The FAPROTAX ecological function prediction revealed that chemoheterotrophs were the dominant functional bacterial group, comprising 40% of the total bacterial community, with aerobic chemoheterotrophs accounting for 33.6%. They are primarily involved in the cycling of nutrients such as nitrogen and sulfur in soil. Predatory or exoparasitic species constituted 7.6% of the community, while chitinolysis was observed in 3%. These results indicate that the dominant bacterial functional groups were chemoheterotrophs and aerobic chemoheterotrophs (Figure 7).

[image: Two stacked bar charts illustrating relative abundance percentages of microbial characteristics. Chart (a) shows categories like Stress Tolerant, Potentially Pathogenic, and Aerobic, with marked prevalence of Gram Positive. Chart (b) displays activities such as aromatic compound degradation and fermentation, with Aerobic and Human Pathogens prominently represented. Each sample from A1B1C1 to A3B3C2 shows varying proportions of these features.]

FIGURE 7
 BugBase species histogram for bacteria (a) and bacterial FAPROTAX ecological function prediction (b).




3.8 Fungal species prediction using FUNguild

Based on the fungal phenotypic predictions by FUNGuild, fungi were classified according to their mode of nutrition into three categories: pathotrophs, which obtain nutrition by damaging host cells (including phagotrophs); symbiotrophs, which obtain nutrition by exchanging resources with host cells; and saprotrophs, which derive nutrition by degrading dead host cells. Pathotrophs accounted for approximately 46.7% of the fungi, symbiotrophs comprised 39.9%, and saprotrophs made up only 13.3%. Pathotrophs and symbiotrophs symbiosis with plants and engage in close nutrient exchange to promote plant growth and development, as well as to enhance crop resistance and adapt to various environmental stresses. Increased fertilizer application decreased the proportion of pathotrophs and symbiotrophs but increased the proportion of symbiotrophs. Among pathotrophs, Olpidiomycetes were the dominant fungal taxa (49.9%), followed by Glomeromycetes (33.6%) and Paraglomeromycetes (20.7%) within the saprotroph category. Conversely, Sordariomycetes (34.9%) constituted the primary fungal taxon among symbiotrophs (Figure 8).

[image: Stacked bar chart showing the relative abundance of three types: Symbiotroph, Pathotroph, and Saprotroph across eight samples labeled A3B3C2 to A1B1C1. Symbiotrophs are in blue, Pathotrophs in green, and Saprotrophs in red.]

FIGURE 8
 Histogram of fungi phenotypes predicted using FUNguild.




3.9 Pathways of soil bacterial and fungal community diversity and composition

Structural equation modeling indicated that agronomic practices indirectly influence the diversity of soil bacteria and fungi by impacting soil physicochemical properties. Planting density indirectly affected the Chao1 index and Shannon index of bacteria through the positive effects of TN and TP and the negative effects of MBP and EC, while irrigation volume mainly negatively affected urease, acid phosphatase, and catalase, and fertilizer application not only directly positively affected the Chao1 index and negatively affected the Shannon index of fungi, but also indirectly affected the Chao1 index and negatively affected the Shannon index of fungi through the positive effects of urease, acid phosphatase, and catalase, and negatively affected sucrase. It also indirectly positively affects the Shannon index and negatively affects the Chao1 index of fungi by positively affecting urease, acid phosphatase, and catalase, and negatively affecting sucrase (Figure 9).

[image: Three path diagrams (a, b, c) depict the relationships between soil factors: (a) planting density, (b) irrigation, (c) fertilization. Each shows influences on soil physics and chemistry, soil enzyme activities, fungi, and bacteria. Corresponding bar charts illustrate total effects for specific indices and activities. Red arrows indicate positive relationships, and blue arrows indicate negative relationships, with thickness representing strength. Each panel includes a goodness of fit (GOF) coefficient.]

FIGURE 9
 Effect of tillage treatments on the relative abundance and diversity of soil bacteria and fungi. (a) The effect of planting density and soil properties on the diversity and composition of soil bacterial and fungal communities. (b) The effect of irrigation volume and soil properties on the diversity and composition of soil bacterial and fungal communities. (c) The effect of fertilizer application and soil properties on the diversity and composition of soil bacterial and fungal communities. Partial least squares structural equation modeling (PLS-SEM) was used. The goodness of fit (GOF) index was employed to assess the overall degree of model fit, where a larger GOF value indicates a higher degree of model fit [GOF = 0.10, low degree of model fit; GOF = 0.25, medium degree of model fit; GOF = 0.36, high degree of model fit (Henseler and Sarstedt, 2013)]. SOM, soil organic matter; SOC, soil organic carbon; EC, electrical conductivity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, microbial carbon; MBN, microbial nitrogen; MBP, microbial phosphorus; Acid, acid phosphatase; Urea, urease; Cata, catalase; Suar, sucrase; SC, soil physicochemical properties; SE, soil enzyme activities. Path coefficients denote the standardized predictive coefficients. Red indicates a positive pathway, and blue indicates a negative pathway. “*” denotes significance at the 0.05 level, while “**” signifies significance at the 0.01 level.





4 Discussion and conclusion


4.1 Effect of agronomic practices on soil physicochemical properties and soil enzyme activities

The present study provides specific insights into the intricate relationships between agronomic practices and the soil microbiome in the brown-desert soil of Xinjiang’s Aksu region. The results showed that the brown-desert soil in the Aksu region of Xinjiang exhibits low fertility and mild salinity. The main effect of fertilizer application was significant on electrical conductivity (EC), soil organic matter (SOM), soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), available potassium (AK), urease and sucrase (Table 2). This finding aligns with previous studies (Manrubia et al., 2019; Jiao et al., 2016). However, fertilizer application had a significant dual effect (Table 2). Consistent with the results of previous studies (Wang et al., 2019; Ding et al., 2020), the excessive application of quick-acting fertilizers did not further increase the soil nutrient content, but increased soil salinization. Moreover, soil nutrient concentrations were higher at high planting densities than at low and medium planting densities (Table 2), likely due to dense plant lodging and inversion impacting light energy utilization efficiency in rapeseed, which subsequently reduced nutrient uptake.



TABLE 2 Effect of agronomic practices on soil physicochemical properties and analysis of variance.
[image: A detailed table displaying soil physicochemical properties, soil enzyme activities, and microbial biomass of carbon, nitrogen, and phosphorus following an oilseed rape harvest in August 2023. The columns represent different treatments (A1B1C1, A1B2C2, etc.), and the rows list various indices like soil moisture content, pH, and electrical conductivity. Significant differences are indicated by letters, and significance levels by asterisks. Standard errors are shown in parentheses. Annotations explain the meanings of acronyms and the significance indicators.]

We also noted that both fertilizer application and irrigation significantly reduced urease activity, while increased irrigation inhibited acid phosphatase, catalase, and sucrase activities (Table 2). Notably, irrigation had a more pronounced effect on the activity of these enzymes than fertilizer application and planting density (Supplementary Tables 3, 4) because the catalytic mechanism of these enzymes is hydrolysis reactions (Yanxiang et al., 2020). These results contradict previous findings that slow-release fertilizers can enhance soil enzyme activities (Attademo et al., 2021; Teng et al., 2018). Soil enzymes may exhibit heightened sensitivity in low-fertilized and saline brown soil, where fertilizer application rates may exceed those typically reported in the literature (Gong et al., 2019). Excessive fertilization leads to changes in soil properties and suppression of soil microbial activity (Ji et al., 2014). But we need to explore the specific activity thresholds further. Additionally, the observed outcomes may result from interactions among planting density, irrigation levels, and fertilizer application.

SEM results suggest that soil properties can explain the effects of agricultural practices on soil microbial communities. In our results, planting density affected bacterial communities about TN and TP; irrigation and fertilizer application affected fungal and bacterial communities by altering urease, acid phosphatase, and catalase, and fertilizer application directly affected fungal communities (Figure 9). However, some studies differed (Ling et al., 2017), possibly related to differences in multifactorial experimental setups (including fertilizer type and amount). Thus, the mechanisms driving fungal and bacterial responses to agricultural practices may differ.



4.2 Effects of agronomic practices on soil microbial diversity and community structure

In this study, the predominant bacterial phyla in brown-deser soil were Proteobacteria (25.2%), Acidobacteria (20.2%), and Gemmatimonadota (approximately 13.3%) (Figure 3a). These bacteria were primarily associated with various soil physicochemical properties such as SOC, AP, EC, TN, TP, and pH (Figures 4, 5). The relative abundance of Proteobacteria increased following fertilizer application. Proteobacteria include nitrogen-fixing bacterial subclasses associated with elevated soil nitrogen content (Li et al., 2019; Dan-dan et al., 2024). However, over-fertilization inhibited this phenomenon, possibly as a result of unfavorable survival or microbial competition (Li et al., 2021) in high-nitrogen environments. Proteobacteria species abundance exhibited a slight increase at high planting densities compared to low and medium planting densities, positively correlating with elevated nitrogen levels under these conditions. Additionally, dense planting might have affected light and gas exchange with the external environment (Riping et al., 2022). Conversely, Acidobacteria species abundance was significantly affected by fertilizer application, exhibiting a significant correlation with AN, AP, and AK content in the soil. This was consistent with the observed significant increase in species abundance post-fertilization (Feng et al., 2021). In addition, Nitrospirota exhibited significant positive correlations with SOM, SOC, and AP (p < 0.05), highly significant positive correlations with AN, TN, and EC (p < 0.01), and highly significant negative correlations with pH and the MBC: MBN ratio (p < 0.01). Conversely, Myxomycophyta showed significant positive correlations with AN and AP (p < 0.05) (Figures 4, 5). Thus, agronomic practices influence the relative abundance and community structure of soil bacteria by modulating soil environmental conditions and nutrient profiles. We also noted that Gram-negative bacteria comprised 53.2% of the total bacterial community and exhibited a significant negative correlation with fertilizer application (Figure 7a). The biomass ratio of Gram-negative to Gram-positive bacteria was closely correlated with SOC levels, serving as an indicator of soil nutrient potential (Fanin et al., 2019). Additionally, aerobic bacteria, which accounted for 22% the total bacterial community, showed high sensitivity to planting density and irrigation levels because of direct impacts on the living environment of aerobic microorganisms, which inhibit their activities, such as high planting densities and soil compaction resulting from waterlogging (Songsong et al., 2019). FAPROTAX ecological function prediction (Figure 7b) identified chemoheterotrophs as the predominant functional bacterial group, representing 40% of the community, with aerobic chemoheterotrophy accounting for 33.6%. Fertilizer application significantly reduced this proportion, consistent with the findings of previous studies (Langenheder et al., 2010). Furthermore, the findings underscored a rich functional diversity (Langille et al., 2013), which ensures the stability of bacteria communities in response to external perturbations (Lin et al., 2022). These findings also confirmed the existence of functional redundancy within the bacterial community, with many metabolic pathways linked to genetic information and metabolism (Wang et al., 2018). Firstly, because of the higher species richness of bacteria, with a variety of metabolic abilities and survival forms leading to higher ecological diversity; and secondly, because of Microhabitat specialization, which creates a wide range of ecological niches based on resources and functions, which combined lead to a more complex network of bacterial communities (Zhang et al., 2024; Shepherd and Oliverio, 2024). Thus, microorganisms can adapt to environmental changes in response to minor environmental stresses, thereby maintaining ecosystem functioning.

Fungi exhibited greater sensitivity to the soil environment compared to bacteria, as evidenced by more pronounced changes in the relative abundance of fungi under each treatment, consistent with previous findings (Lin et al., 2022). Ascomycota emerged as the dominant taxon (55.4%), followed by Basidiomycota (14.7%), and Olpidiomycota (8.2%) (Figure 2b), primarily correlating with TN, TP, and TK (Figures 4, 5), aligning with previous studies (Li and Wu, 2018). Among these, Rozellomycota exhibited a significant positive correlation with pH (p < 0.05) and significant negative correlations with SOM, SOC, and TN (p < 0.05). Mucoromycota showed significant positive correlations with AK and acid phosphatase (p < 0.05), while Olpidiomycota demonstrated a significant positive correlation with TP (p < 0.05) (Figures 4, 5). In this study, fertilizer application significantly influenced the relative abundance of Ascomycota, which decreased with increasing fertilizer application across different planting densities and irrigation levels. Conversely, the abundance of Basidiomycota exhibited an increasing trend followed by a decrease with increasing fertilizer application at low and medium planting densities, consistent with previous studies (Chen et al., 2014). However, at high planting densities, Basidiomycota abundance showed a decreasing trend with increased fertilizer application, likely affecting gas exchange with the external environment. Olpidiomycota, in contrast, appeared more closely associated with irrigation, with its abundance increasing at low planting density and declining at high planting density with increasing irrigation levels (Wu et al., 2021; Figure 2b). Basidiomycota and Olpidiomycota have an important impact on ecosystem stability and function by promoting nutrient cycling and plant growth through the decomposition of organic matter, the formation of symbiotic relationships, and the improvement of soil structure (Manici et al., 2024). Overall, the quantity of fertilizer applied directly influenced soil physicochemical properties and enzyme activities, thereby affecting the relative abundance of soil microorganisms. Conversely, irrigation levels and planting density were more closely linked to limited gas exchange between soil microorganisms and the external environment. We also noted that based on the classification of nutritional modes, identified Olpidiomycetes as the predominant fungal taxon among pathotrophs (49.9%) (Figure 8). As a symbiotic nutrient type, Olpidiomycetes exhibits higher abundance in inter-root soils (Xiong et al., 2021). Meanwhile, Sordariomycetes emerged as the dominant fungal taxon among symbiotrophs (34.9%). As a member of Ascomycota, Sordariomycetes demonstrates a preference for degrading organic components and exhibits a positive correlation with nitrogen content within a specific range (Chen et al., 2012). Among saprotrophs, Glomeromycetes (33.6%) and Paraglomeromycetes (20.7%) play significant roles in decomposing plant residues and facilitating nutrient cycling (Egidi et al., 2019). This all emphasizes the functional resilience of these communities, which is essential for maintaining soil fertility and ecosystem services.

Overall, agricultural practices have different effects on soil microorganisms in brown-desert soils. Planting density, irrigation, and fertilizer application can all affect bacterial and fungal community structure and diversity by altering soil properties. However, fertilizer application has a more prominent dual role: rational application of fertilizer meets the nutrient requirements of the crop, whereas over-fertilization reduces soil microbial diversity and exacerbates salinization of brown-desert soils. In Xinjiang Aksu, the highest soil microbial abundance and diversity were found in brown desert-soil at planting densities of 600,000 plants/hm2, full-cycle irrigation of 1800 m3/hm2, and fertilizer application of 150 kg/hm2. However, this study is limited by time and space and may not be applicable to other regions, but it is crucial to maintain the ecological balance of the brown desert soil farmland in the Aksu region of Xinjiang in the short term. Therefore, in future studies, we will consider a wider range of geographical features and more functional experiments and apply them to similar arid or semi-arid ecosystems.
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The conversion of forests to pastureland in the Amazon has increased over the years, resulting in significant impacts on ecosystem diversity, particularly on the soil microbiota. These changes affect the physical and biological properties of the soil, influencing the resistome and contributing to the selection and spread of antibiotic resistance genes (ARGs) in the soil environment. This study aimed to analyze the soil resistome under different managements in an Amazonian agrosystem. Soil samples were collected from the organic layer in forest and pasture areas within the municipality of São Miguel do Guamá, which included pastures managed with fertilization and those without the use of fertilizers. The samples underwent processing to extract genetic material and were sequenced using the Illumina platform. The sequences obtained were analyzed using bioinformatics tools to identify bacterial taxonomy and diversity. In addition, genetic annotation was performed using specialized databases to characterize functional genes, mobile elements, and resistance genes. The results showed changes in bacterial composition in pasture soils, where species such as Staphylococcus aureus, Staphylococcus cohnii, and Bacillus coagulans were more prevalent. In forest soils, differences in the composition of functional genes were detected, while soils without fertilizers exhibited a higher abundance of transposable elements. In addition, antibiotic resistance genes, such as macrolides, tetracyclines, aminoglycosides, among others, were more abundant in pasture soils.
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1 Introduction

In recent decades, agricultural production has driven the expansion of pastures resulting in an annual increase of 8 million hectares of such areas globally (Gonçalves et al., 2020; Chen et al., 2020). By 2020, the approximate extent of forest land cover was 4.06 billion hectares (FAO, 2020), while 2 billion hectares were used for pastures (López-Bedoya et al., 2022). Currently, forests have been reduced by up to 50%, resulting in a loss of biodiversity and environmental impacts (Lopes et al., 2020). In Brazil, the Amazon rainforest covers 49% of the territory; however, this proportion has been decreasing over the years due to the expansion of agribusiness activities (Cardenas Alegria et al., 2022). Of the 154 million hectares of pastures in the national territory, ~65% show signs of intermediate to severe degradation (Paes da Costa et al., 2024).

The transformation of forests into pasture and crop areas in the Amazon causes changes in the soil ecosystem, characterized by the removal of vegetation and the use of chemical substances such as fertilizers, pesticides, and antibiotics (Silva et al., 2022). The increase in contaminant residues in ecosystems is conceptualized as an imbalance conducive to developing opportunistic pathogenic microorganisms, promoting the selection of antimicrobial resistance genes (Paes da Costa et al., 2022; Venturini et al., 2025).

The mechanisms of horizontal gene transfer between bacteria play a crucial role in the evolutionary dynamics of the resistome (Tokuda and Shintani, 2024) and can be influenced by environmental factors and physicochemical characteristics of ecosystems. Therefore, these aspects should be considered when analyzing the diversity of bacterial resistance (Lemos et al., 2021).

Studies show that the most commonly found antibiotic resistance genes (ARGs) are associated with tetracyclines, sulfonamides, and fluoroquinolones (Zhang et al., 2021). These drugs can persist in the soil for extended periods (Wang et al., 2020) and induce the presence of ARGs, which can be acquired by various pathogens in the soil (Zhang et al., 2024).

In this sense, next-generation sequencing (NGS) technology and metagenomics have been widely used to investigate the microbiota of specific environments, such as soil (Zhang et al., 2021). These advanced approaches facilitate the construction of metagenomic libraries and the thorough analysis of genetic material from environmental samples, providing insights into microbial diversity, population structure, genetic relationships, and environmental interactions (Behera et al., 2020a). With the help of algorithms, it is possible to improve the taxonomic profile and genetic prediction of microbial species, essential information for assessing the public and animal health risks associated with ARGs (Collis et al., 2024; Paes da Costa et al., 2024; Rout et al., 2022; De Abreu et al., 2021; Behera et al., 2020b).

On the topic of metagenomics, research has correlated knowledge between the impacts of climate change and soil microorganisms, as well as meta-analyses on the effects of crops on this ecological niche (Daugaliyeva, 2024; Pellegrinetti et al., 2024; Venturini et al., 2025). Researchers have been particularly interested in analyzing changes in soil microbial diversity along gradients of management intensity in pastures and forests. The metagenomic approach has enormous potential in studying these two agrosystems (Vieira et al., 2021).

This study aims to characterize the composition of bacterial communities and the profiles of antibiotic resistance genes (ARGs) in soils from agroecosystems under different management practices. Characterizing these genes allows for understanding the distribution of bacteria that may impact human health and identifying potential patterns of ARGs associated with soil management types. The study develops detailed information on bacterial diversity and antibiotic resistance genes selected by different management practices applied to agroecosystems, which could present different compositions due to ecosystem management.



2 Materials and methods


2.1 Site description and soil sampling

Soil samples were collected in the municipality of São Miguel do Guamá, located in the northeast of the State of Pará, Brazil. According to the Köppen classification, the region is characterized by a hot and humid climate (HF), with average annual temperatures of around 26.7°C (Alvares et al., 2013). The predominant soils in the region, accounting for ~82.1%, belong to the Yellow Latosol group, characterized by medium texture, low natural fertility, high acidity, and intense leaching (Leite et al., 2023).

Three different soils were considered for the study of the agrosystem: native forest (NF; −1.492534, −47.629718); pasture with treatment 1 (PT1), corresponding to soil managed with the use of fertilizers (−1.507812, −47.646530); and pasture with treatment 2 (PT2), referring to soil without the use of fertilizers (−1.494170, −47.643097). The characteristics of each site are described in Table 1, and the location of the collection site is illustrated in Supplementary Figure S1.


TABLE 1 Statistical data on biodiversity and description of the different locations.
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The soil samples were collected following a zigzag pattern on the site's surface to obtain a representative sample of the study area. Three sampling points were selected for each experimental condition, located 50 m apart. Five holes were drilled using a Dutch auger at each point, generating initial subsamples. The subsamples from the five boreholes at each point were combined to form a composite sample representative of that point. Three subsamples were taken from each composite sample, resulting in nine subsamples. These subsamples were used for biological analysis and stored in 50-ml Falcon tubes, which were kept in liquid nitrogen. In addition, the quartering technique was applied to ensure that the soil's physical, chemical, and molecular analyses were representative of each sampling point.



2.2 Physical and chemical soil analysis

For the chemical analysis of the soil from the three sites, 50 g of samples from each repetition were mixed. The samples from each site were dehydrated in an oven at 40°C with air circulation and passed through a sieve with a 2.0-mm diameter mesh. The following parameters were determined: organic matter (OM), pH measured in aqueous suspension, calcium (Ca2+), and magnesium (Mg2+). As for the physical analysis, sieving and sedimentation techniques were used to calculate the fractions of sand, silt, and clay present in the soil, where the soil was sieved through a series of sieves with decreasing openings (2, 0.5, 0.2, 0.125, and 0.053 mm), and the fractions retained on each sieve were dried and weighed to determine the particle size distribution; The data obtained was used to calculate the percentage of each fraction, allowing the size of each particle of the material analyzed to be characterized (Teixeira et al., 2017).



2.3 DNA extraction and sequencing analysis

DNA extraction was carried out using the commercial DNeasy PowerSoil kit (Qiagen, USA), following the protocol guidelines provided by the manufacturer. After extraction, the samples were stored appropriately at −20°C. The quality of the extracted genetic material was assessed using a NanoDrop ® spectrophotometer (NanoDrop–Thermo Fisher Scientific), and only samples with concentrations higher than 50 ng/μl and purity levels in the range of 1.8–2.0 were accepted. To assess the integrity of the extracted DNA, electrophoresis was carried out on a 1% agarose gel with Tris-acetate-EDTA (TAE) buffer and 0.5 μg/ml ethidium bromide.

The samples were processed according to the manufacturer's protocol of Nextera XT DNA Library (Illumina) to build the DNA library. Sequencing was performed using the NextSeq 550 System High-Output Kit for a read size of 2 × 150. The platform used was the Illumina NextSeq 550 High Output, and the entire process was carried out according to the manufacturer's protocol.

The quality of the reads obtained by triplicate sequencing was first analyzed using the FASTQC version 0.11.9 (Saheb Kashaf et al., 2021). They were then trimmed and filtered with a minimum quality standard of Phred 20 by the Trimmomatic (Sewe et al., 2022).



2.4 Taxonomic analysis

The pre-treated readings were subjected to taxonomic analysis using the Kraken2 software (Wood et al., 2019), with the PFP (Plants, Fungi and Protozoa) database, which contains comprehensive information on a wide range of microorganisms, including those present in environmental samples. The comparative matrix of the taxonomic classifications of the organisms was built using the Pavian platform (Breitwieser and Salzberg, 2020).

The MicrobiomeAnalyst 2.0 platform (Lu et al., 2023) was used to assess the diversity and microbial composition of the samples. The relative abundance of the data was normalized using the trimmed mean of the M values (TMM) technique. In the analysis of the alpha-diversity indices, the Simpson and Shannon Richness indices were considered, and for beta-diversity, the Analysis of Similarity of Distances (ANOSIM) and Non-metric Multi Dimensional Scaling (NMDS) statistical approaches were applied. The bacterial taxonomic composition was also analyzed at the taxonomic levels of phylum, family, and species using the same platform as above.



2.5 Determination of resistance genes and mobile genetic elements

Reads were assembled using MEGAHIT 2.4.3 (Li et al., 2015), with specific settings for soil metagenomic data (parameter: meta-large); the resulting contigs were analyzed with the MetaQuast 3.2 (Mikheenko et al., 2016) to assess quality after assembly. The Prokka 1.2 (Seemann, 2014) was used to identify the coding regions.

The following parameters were applied to obtain information on functional genes: an e-value of 10−5, a minimum identity of 60%, and a minimum sequence length of 15 nucleotides (nt). The analysis was performed using the SEED Subsystems database through the Metagenomic Rapid Annotations using Subsystem Technology (MG-RAST) version 4.0.3 (Meyer et al., 2019), focusing on identifying mobile genetic elements (MGEs).

Antimicrobial resistance genes (ARGs) were identified by processing the clean reads using CARD-Resistance Gene Identifier (CARD-RGI) 4.0.2 (Alcock et al., 2023). Subsequently, the files were selected to perform abundance transformations according to the method described by Inda-Díaz et al. (2023). Similarly, genes with 70% coverage were selected, followed by the selection of the features “mechanism” and “drug class.”



2.6 Statistical analysis

The results were subjected to the Shapiro–Wilk normality test, with a significance level of 5% (p < 0.05). The data obtained by chemical and physical analysis, including particle size distribution and alpha-diversity between communities, were subjected to analysis of variance (ANOVA) or Kruskal–Wallis test using the PAST 5.2 (Hammer et al., 2001). Python (Bouzenia et al., 2024) was then used to generate graphs, using libraries such as Matplotlib, Pandas, and Seaborn.




3 Results and discussion


3.1 Physicochemical characteristics and microbial diversity in the soil

The physicochemical analysis of the different study sites revealed the following information about the components. Starting with pH, we observed a pattern of acidity in all the sites between high and medium, with values in NF of 4.53, in PT1 of 4.91, and in PT2 with values of 5.22. According to the concentration of organic matter (OM), there was variation between the sites, with NF showing the highest concentration (16.86 g kg−1), followed by PT2 (15.14 g kg−1) and the lowest proportion at site PT1 (14.00 g kg−1). Calcium ions (Ca2+) were low in all the sites, but with the proportions in the NF sites (1.39 cmolc dm−3), followed by PT1 (1.13 cmolc dm−3), and the lowest in PT2 (0.26 cmolc dm−3). In contrast, magnesium ion (Mg2+) concentrations were also low at all sites, showing a different distribution with PT1 (0.32 cmolc dm−3), followed by NF (0.18 cmolc dm−3) and PT2 (0.07 cmolc dm−3). When forest soils are modified for pasture or crop use, their physicochemical parameters change due to the transformation in ecosystem composition (Amorim et al., 2020; De Lima et al., 2022; Pessôa et al., 2023). Consequently, changes at the micro-ecosystem level are important to understand how these influence physicochemical characteristics (Yang et al., 2019).

In relation to pH, acidity values were found to be between strong and moderate, with higher values at site PT2, with NF being considered a strongly acidic soil, as has also been reported in the soil of the Brazilian Atlantic Forest (Teixeira et al., 2017; Vazquez et al., 2020).

In terms of OM content, considerably higher values were found in the NF and PT2 sites. However, another study found that pasture soils had higher OM values than forest soils (Walkup et al., 2020). Even so, managed pasture soils could have better soil properties (De Lima et al., 2022), which could be considered a recurring practice to prevent soil degradation. Paes da Costa et al. (2024) pointed out that the highest Ca+2 levels were observed in pasture areas with high fertilization, possibly due to the addition of compounds such as limestone. However, higher levels were not identified in pasture soils compared to forest soils in our study. Similarly, Mg+2 levels tend to be high in sites with grass cover (Momesso et al., 2022). Our study found higher concentrations of this cation in soils with more Megathyrsus grass cover and where fertilizer was applied. This result suggests that the management type can directly influence the soil's magnesium levels.

When analyzing the granulometry data, we identified a larger presence of fine sand in the pasture soils, while the NF soil showed similar proportions of fine and coarse sand. In addition, all the samples had identical amounts of clay (Supplementary Figure S2).

Previous studies indicate that the granulometric composition of soils generally reveals a higher proportion of sand in relation to clay, which corroborates our results (Giongo et al., 2022). However, Barrezueta Unda et al. (2019) found different proportions, with larger amounts of silt in forest soils and high concentrations of clay in pasture areas.

Particle size analysis is essential for understanding soil characteristics, especially in sensitive ecosystems such as sandy pasture soils with lower water retention. However, clay in these soils contributes to nutrient retention, favoring the development of microorganisms (Eftene et al., 2022).

With regard to the alpha-diversity indices, we observed that the average richness showed minimal differences between the pasture and forest sites. The Shannon index values were higher in the PT1 and NF soils, in contrast to the PT2 soil, with significant differences (ANOVA; p < 0.00). Similarly, Simpson's index recorded values with subtle differences between them (Table 1).

This disparity in alpha-diversity indices in pastures supplemented with fertilization was documented by Paes da Costa et al. (2024), where adding fertilizers could influence the recovery of microbial diversity (Giongo et al., 2022). Thus, bacterial diversity and species richness are significantly affected by the lack of appropriate management in pasture soils (Melo et al., 2021). The diversity indices of PT1 were almost equivalent to NF soils, indicating a possible influence on soil quality and the recovery of vegetation cover, reflecting on bacterial communities (Damian et al., 2021).

The beta-diversity analysis revealed an apparent grouping pattern, forming possible clusters between the replicates of the different samples (NMDS, stress = 0.019), as illustrated in Supplementary Figure S3. However, the ANOSIM analysis indicated low group differentiation (R = 0.358; p = 0.019).

Our findings indicate significant ecological differences between sites, suggesting that bacterial composition is highly sensitive to environmental factors. This reinforces the idea that bacterial communities vary according to local conditions (Rout et al., 2022). Furthermore, our results are consistent with those of Das et al. (2024), who highlighted the influence of physicochemical parameters in structuring these communities.



3.2 Composition of bacterial communities in the soil

The yield of readings in different locations was highest in the pasture soil samples with treatment 1, with an average of 6,340.3563 readings. This was followed by pasture soil with treatment 2 with 430,814.15 readings, and forest soil samples with 424,894.57 readings.

The taxonomic classifications showed the following yield: between 85.7 and 87.3% of the readings obtained were unclassified, while between 12 and 20.4% of the readings obtained were used for classification. Of these, an average of 17% were identified as bacteria in the PT1 soil, 13.73% in the PT2 soil, and 12.90% in the forest soil.

Analysis of the taxonomic classification at the phylum level showed that the NF and PT1 soils had a predominance of the Pseudomonadota phylum, followed by Actinomycetota and Firmicutes. Still, the proportion in the PT2 soil was higher for the latter (Figure 1).
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FIGURE 1
 Distribution of abundance of the taxonomic classification at the phylum level of the bacteria domain in the different locations under study.


In other studies, the compositions at the phylum level in forest soil stand out Acidobacteria and Verrucomicrobia, but in soils of managed and cultivated pastures, they presented Pseudomonadota, Bacteroidetes, Firmicutes, and Gemmatimonadetes (Walkup et al., 2020; Tomazelli et al., 2023).

Forest soils, characterized by a high availability of organic matter, often favor a larger abundance of the Actinomycetota phylum (Idbella and Bonanomi, 2023), which was also observed in this study. In contrast, in pasture soils, appropriate management and correction can positively influence the abundance of microorganisms. In contrast, pasture soils without fertilization and/or correction tend to show a reduction in microbial abundance, due to degradation and lower nutrient availability (Golovchenko et al., 2023; Zhou and Wang, 2023).

However, soils with larger coverage by grasses of the Urochloa genus, commonly used as forage, may influence the composition of the bacterial community. Previous studies suggest that this type of vegetation cover may be associated with a higher abundance of Firmicutes (Araujo et al., 2023). In the present study, a higher abundance of this phylum was observed in the PT2 soil, which may be related to this factor, although this association was not directly tested. Similarly, pasture soils, without fertilization and correction, tend to accumulate more organic matter, favoring the abundance of this phylum, which has better adaptation in these environments and can withstand stressful conditions (Pedrinho et al., 2019).

The taxonomic analysis at the family level showed a larger predominance of Staphylococcaceae and Bacillaceae in the PT2 soil compared to the other sites (Figure 2A). At the species level, the presence of Staphylococcus aureus stood out, followed by S. cohnii and Bacillus coagulans in soil PT2. In addition, Pseudomonas aeruginosa was detected at all the sites studied (Figure 2B).
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FIGURE 2
 Bacterial composition at the taxonomic level of (A) family and (B) species in different locations.


The dominant vegetation in pasture soils can play a fundamental role in determining microbial communities. Some grass genera release specific root exudates that can favor the proliferation of certain bacterial groups, such as the Staphylococcaceae family (Brisson et al., 2019). These can provide substrates that serve as a carbon and energy source for certain bacteria, creating an environment conducive to their growth (Tomaszewska et al., 2023).

Another essential factor to consider is using fertilizers, a common practice in agricultural management, which can stress microbial populations over time, inhibiting or eliminating some bacterial groups (Acharya et al., 2021). In contrast, the absence of these inputs may require larger adaptation of bacterial communities to maintain ecosystem stability (Van Der Bom et al., 2018).

Recent studies indicate that inadequate soil management methods can favor the spread of S. aureus strains in agricultural environments (Babin et al., 2019; Kozajda et al., 2019). In contrast, the abundance of S. cohnii may be associated with specific environmental conditions that favor its development, this being a potentially pathogenic opportunistic bacterium (Park and Ronholm, 2021; Dincă et al., 2022). In this study, the presence of these species was evidenced in pasture soils, especially at site PT2.

Pasture degradation is a process that results in a continuous decrease in productivity due to inadequate management practices, leading to a loss of soil fertility and a reduction in vegetation cover, which can result in soils with lower nutrient availability and larger exposure to environmental stress factors (Dias-Filho, 2017). In this context, an abundance of bacteria such as B. coagulans, known for their ability to form resistant spores, can be favored, as their spores allow them to survive in adverse conditions and compete effectively for limited resources (Guimarães et al., 2022).

In general, microbial composition can serve as an indicator of soil quality, as it quickly reflects the effects of changes in ecosystems, portraying changes in metabolic functions (Fierer, 2017). The loss of microorganism diversity can have profound impacts on nutrient cycling in the soil, altering the geometabolic reactions that occur for the proper functioning of the ecosystem (Paes da Costa et al., 2024).



3.3 Functional analysis

The evaluation of functional genes across the different sites revealed variations in their composition and abundance, with PT1 presenting the highest values compared to the other locations (Figure 3A), showing significant differences among them (ANOVA; p = 0.0004). Tukey's post-hoc test indicated that the PT1 group differs significantly from FN (p = 0.00976) and PT2 (p = 0.00046), while FN and PT2 did not show a statistically significant difference between them (p = 0.6038).
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FIGURE 3
 Composition of functional genes classified in the SEED Subsystems database, (A) classification at level 1, genes in the classification at level (B). DNA metabolism and (C) stress response.


It was also possible to observe groupings according to the relative abundance of the genes: low, moderate, and high. The high abundance group identified genes related to protein and carbohydrate metabolism, amino acids and derivatives, membrane transport, and various functions, as well as virulence and stress. The moderately abundant group includes genes associated with cell regulation and signaling, sulfur, nitrogen and phosphorus metabolism, mobile elements, and others. Finally, the high abundance group contains genes linked to photosynthesis, dormancy, and sporulation.

The findings about functional genes revealed that the soil microbial communities showed distinct functional profiles, especially between grassland soils with different management. They reflect the adaptations of microbial communities to the specific conditions of each habitat, influenced by factors such as plant diversity and management practices (Li et al., 2020).

The highest abundance of genes related to carbohydrate metabolism was in the PT1 site, suggesting that these microbial communities are most needed to degrade the different substrates, such as cellulose and hemicellulose from plant remains, that are in this site (Castañeda and Barbosa, 2017).

In turn, different biological processes were highlighted, such as the analysis of DNA metabolism, where the results indicated variations in the abundance of various categories of genes between the three sites, with a larger abundance of DNA repair genes at the PT1 site (Figure 3B), which could indicate a prominent activity of stress factors at these sites, with a high abundance of genes associated with oxidative stress (Figure 3C).

The use of fertilizers in PT1 soil could influence the development of oxidative stress and DNA damage. Thus, amended soils supplemented with fertilizers and other products can affect plant development and soil microdiversity (Rodrigues et al., 2023). Similarly, heavy metals in fertilizers can damage the genetic material of microbial communities (Afshana and Reshi, 2021; Chen et al., 2020). Prolonged fertilization significantly increases the rate of soil respiration. It is associated with the level of oxidative stress (Seixas et al., 2022), and the existence of genetic material repair genes helps microorganisms maintain DNA integrity and adapt to these adverse conditions (Beltran-Garcia et al., 2021). However, it was not possible to carry out the analysis on soil samples that had different fertilizers, pesticides, and other biocides. Including these factors would allow for a more detailed understanding of the stress and repair mechanisms highlighted, offering valuable information on how these agents influence microbial communities and soil resilience.



3.4 Mobile genetic elements (MGE)

Despite the lack of statistically significant differences between the groups (p > 0.05), a higher abundance and variability of mobile genetic elements, particularly transposable elements, were observed in the PT2 group (Figure 4), suggesting possible activation or mobilization of these elements in this environment. This trend may reflect larger environmental stress or selective pressure in PT2, potentially promoting genomic plasticity.
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FIGURE 4
 Box plot of mobile genetic elements and their components distributed in different locations (*p < 0.05).


Recent studies have highlighted the role of transposable elements in genomic plasticity and the adaptation of various organisms. For example, a genomic analysis of Ralstonia solanacearum revealed over 10,000 insertion sequences, demonstrating the contribution of these elements to the pathogen's diversity and evolution (Gonçalves et al., 2020). Although this study is not directly related to the PT2 group, it reinforces the relevance of transposable elements in bacterial genome dynamics. Furthermore, other studies have shown that distinct environments can influence the distribution and abundance of mobile genetic elements, with larger microbial diversity associated with such elements, possibly favoring horizontal gene transfer (Greenblum, 2024; Vale et al., 2022).

Sites with larger environmental stress, due to biotic and abiotic factors, can stimulate the transfer of genetic material through transposable elements (TE), which provide mutations and promote recombination, facilitating adaptation in these ecosystems (Liang et al., 2021; Weisberg and Chang, 2023). This was identified at site PT2, which shows slight soil degradation, indicating that environmental stress can play an essential role in the genetic dynamics of microbial communities.

Horizontal gene transfer is one of the primary mechanisms highlighted for the adaptation of microorganisms, and conjugation is one of the processes that facilitates the transfer of different genes (Roquis et al., 2021). Our samples also showed the presence of this type of plasmid, which suggests that conjugation may contribute to the genetic dynamics observed in microbial communities.



3.5 Analysis of antibiotic resistance genes (ARGs)

The analysis of antibiotic resistance genes generally identified the presence of resistance to different antibiotics, mainly at the PT2 site (Figure 5A). In the case of the analysis of ARGs, a total of 214 genes were identified in the three sites, 93 of which are shared between all of them. In addition, there were exclusive genes for each site: NF has 31 genes, followed by PT2 with 29, and to a lesser extent, at the PT1 site, with 13 genes (Figure 5B). With regard to the ARG genetic diversity index, the highest values were found in NF and PT1 (Figure 5C).
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FIGURE 5
 (A) Distribution of resistance/multiresistance in the resistome in soils with and without pasture. (B) Euler diagram of the presence of resistance genes. (C) Fisher's alpha-diversity analysis of antimicrobial resistance genes in different locations.


The presence of shared genes between the three sites suggests that there are native bacterial communities with a significant group of genes that perform relevant functions in each environment. Due to changes in ecosystems, there has been a diversification and specialization of microorganisms to adapt to these environmental conditions (Miles et al., 2019; Lemos et al., 2021). As a consequence, there may also be site-specific genes, reflecting the local adaptation of microbial communities.

Genetic diversity is essential for responding to different stress factors (Salgotra and Chauhan, 2023), such as the natural antibiotics present, especially in forest soils, which contain several molecules analogous to antibiotics (Mohan et al., 2023). For this reason, the genetic diversity index is expected to be high in NF soil, reflecting the adaptation of bacterial communities to these natural compounds.

Recent studies have shown that inadequate soil management, such as excessive use of chemical fertilizers, lack of crop rotation, and absence of soil treatment, can favor the selection of resistant bacteria and the spread of ARGs (Huang et al., 2021). In addition, poor management practices increase leaching and surface runoff, leading to the contamination of water bodies and other environmental compartments (Neher et al., 2020; Pan et al., 2023). This spread represents a significant threat to public health by facilitating human and animal exposure to resistant bacteria, including through contaminated food (Almeida et al., 2023), among the different opportunistic pathogens, the genus Staphylococcus was observed, which are present in urban and rural ecosystems and pathogens from rural areas were considered high risk (Li et al., 2023), as was identified in pasture sites. Inadequate management practices could also promote the persistence of resistance genes in the soil, which may help explain their higher abundance in areas like PT2, where there is no fertilization or soil correction.

On the contrary, sustainable management practices, such as proper composting of organic waste, implementation of vegetative buffer zones, rational use of antimicrobials in livestock, and continuous soil quality monitoring, have been identified as practical strategies to mitigate these risks (Keenum et al., 2021; Rehman et al., 2022). These measures can reduce not only the microbial and genetic load in soils but also minimize impacts on aquatic ecosystems and local biodiversity.

With the ARGs identified, it was possible to observe the presence of resistance to various classes of antibiotics, with a higher abundance of macrolides, especially at the PT2 site. When excluding the extreme abundance of this class, resistance to other antibiotics was observed, such as tetracycline, aminocoumarin, as well as disinfectants and antiseptics, which were predominant at the PT1 site. The latter class was also prominent in the NF soil, while resistance to aminoglycosides prevailed at the PT2 site (Figure 6). These findings align with other studies highlighting resistance in pastures (Cardenas Alegria et al., 2022; Lawther et al., 2022).
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FIGURE 6
 Abundance of antibiotic-resistant drug classes from different locations.


Animals do not fully absorb antibiotics used by the veterinary industry, leaving active residues in urine and feces (Jia et al., 2023). This is the case with the abundance of aminocoumarins, aminoglycosides and tetracyclines present in soil (Pitta et al., 2020; Rothrock et al., 2021), which could explain the presence of resistance genes in these places. However, Li et al. (2020), found a higher abundance of ARGs in soils treated with manure, which could be considered a potential reservoir of ARGs (Wang et al., 2020). In this context, animal manure possibly contains antibiotics and microorganisms with ARGs, contributing to the spread of antibiotic resistance. Although the PT2 site does not receive fertilizers, the larger presence of manure than PT1 may explain the abundance of these drugs and genes in these soils.

The use of disinfectants and antiseptics in agricultural environments, although effective against microorganisms that cause infections, can have important implications for bacterial resistance. According to the article by Nagati et al. (2021), the inappropriate or prolonged use of agents such as povidone-iodine and hydrogen peroxide can favor resistance in bacteria. In addition, the uncontrolled and irresponsible use of these products can favor the selection of resistance genes in bacteria present in the environment, negatively impacting the local microbiota and contributing to the persistence of these agents in soil and water (James et al., 2023). In soils such as those in NF, compounds analogous to biocides can favor the natural selection of resistance genes, creating an environment conducive to the proliferation of resistant microorganisms (Ferreira et al., 2024). In contrast, in soils such as PT1, the abundance of disinfectant and antiseptic agents could be associated with the excessive sanitary management implemented in these areas to prevent diseases in cattle (Silva et al., 2020).

With regard to antibiotic resistance mechanisms, the results indicate similar profiles at all sites. Target site alteration was the most prevalent mechanism at all sites, followed by efflux pumps and target site protection (Supplementary Figure S4). Our results corroborate previous studies that have identified antibiotic deactivation mechanisms such as efflux pumps and cell protection strategies in forest and grassland soils (Zhang et al., 2019; Qian et al., 2021). Regarding the abundance of resistance genes, the EF-Tu gene was predominant in Escherichia coli at the three study sites, which belongs to the elfamycin-resistant EF-Tu gene family. In addition, at the PT2 site, the qacG gene, which is part of the Small Multidrug Resistance (SMR) family, stood out (Supplementary Figure S5a). However, subtracting the genes mentioned above as extreme data, it was possible to identify the abundance of 12 different genes at the sites, of which the adef and MuxA genes stood out, both belonging to the resistance nodulation cell division (RND) family, see Supplementary Figure S5b.

The abundance of E. coli EF-Tu indicates the bacterium's adaptive capacity in varied environments; its high abundance can maintain the efficiency of protein synthesis even under stressful conditions, such as nutrient availability and temperature (Harvey et al., 2019).

The qacG gene stands out for its abundance, especially at the PT2 site. This gene is associated with resistance to quaternary ammonium compounds (QACs), which are widely used in the veterinary, medical, and industrial sectors, including cationic surfactants, antiseptics, herbicides, and lipophilic dyes (Quan et al., 2023). The high concentration of the qacG gene in the soil could be attributed to the intensive use of disinfectants containing QACs. These compounds play a fundamental role in livestock farming, widely applied to sanitize facilities, equipment, and animals (Li et al., 2024).

Other genes with larger abundance were adeF and MuxA, both of which were involved in resistance to multiple antibiotics through an efflux system, and these antibiotics are used in different clinical treatments for various infections by human and animal pathogens (Luo et al., 2021). The spread of these genes in farming environments can be attributed to the frequent use of antibiotics and disinfectants in livestock farming, which exerts selective pressure favoring bacteria carrying efficient efflux systems, leading to the selection of resistant strains (Checcucci et al., 2020).

Analysis of the core genes of the ARGs identified at the different sites revealed a larger presence of the RND efflux pump family, with a larger presence at the grassland sites. In addition, it was observed that the composition of the core genes identified at the PT1 site was different. In contrast, the compositions of these genes at the NF and PT2 sites showed similarities (Supplementary Figures S6a–c).

Increased exposure to antimicrobials due to human activity favors the selection of resistance mechanisms such as efflux pumps. A high number of antibiotic resistance genes may indicate larger selective pressure in the environment (Liu et al., 2022). In this way, we can suggest that the difference in genetic composition between the NF and PT1 sites, despite having different ARG profiles, maintains similar genetic diversity values. This may indicate the influence of pasture soil management on the distribution and maintenance of these resistance genes.

However, identifying different resistance genes in this type of sample can be subject to biases, since various factors can influence the results. These include the quality of the genetic material, the sequencing platform used, and possible errors in the development of the methodology (Długosz and Deorowicz, 2024), which can impact the detection and quantification of resistance genes.

Similarly, the database used can also influence the detection of these genes. In the case of CARD-RGI, this database stands out from others because of its specific characteristics (Papp and Solymosi, 2022) and because it provides more detailed information for studying the resistome, which is why it was used in this study. However, the presence of genes that have not yet been fully characterized, as occurs in other databases (Gschwind et al., 2023), this could affect the underestimation of the genes found. Similarly, an alternative to improve gene identification could be to use a combination of different databases. However, the challenge lies in standardizing the databases' information in the case of MEGARes (Bonin et al., 2023). Third-generation sequencing platforms, which generate larger products, would help reduce the errors indicated above, and they may be alternative platforms to be used in these types of samples (Chen et al., 2024).



3.6 ARG coexistence analysis

Analysis of the coexistence of the most abundant ARGs at the different sites revealed unique characteristics for each environment. Thus, the NF site showed a low number of gene interactions (Figure 7A). In contrast, the greatest number of interactions between the genes were between the pasture sites, especially at the PT2 site, with up to nine interactions at just one node, which corresponds to the Cutibacterium acnes gene 16S rRNA mutation conferring resistance to tetracycline (Figures 7B, C). Studies such as that by Cheng et al. (2020) indicate that agricultural and pasture environments favor denser interactions between ARGs, especially in places with larger human intervention. Given this, it is plausible that mutations conferring resistance to tetracycline could arise in C. acnes or other bacteria present in pasture soils, especially in areas subject to selective pressures such as antibiotics. The results reinforce the influence of the type of pasture management on the coexistence of these genes. In the case of the NF soil, the low abundance of similar genes and the limited connections may be related to the transitory presence of molecules analogous to antibiotic classes. This factor may restrict the proliferation of these genes in the short term. Thus, environmental conditions play a key role in the maintenance and distribution of these genes (Cassan et al., 2021).
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FIGURE 7
 Correlations between bacterial genes by network analysis. (A) In soil NF, each gene presents up to five interactions. (B) In soil PT1, each node presents up to six interactions. (C) In soil PT2, up to nine interactions are observed between genes.


The pasture sites showed a larger connection between the antibiotic resistance genes, reflecting a high coexistence between these genes. However, further research is needed to confirm this hypothesis and better understand the mechanisms involved. This could improve understanding of the simultaneous occurrence of these genes in these environments, as demonstrated in studies analyzing the presence of multiple genes associated with different phenotypes and environmental conditions (Nagpal et al., 2020).

In recent years, significant advances have been made in the development of molecular tools for detecting and quantifying ARGs in various ecosystems. Among these technologies, microarray and multiplex digital PCR stand out, which enable more detailed and comprehensive analyses, allowing the simultaneous identification of different genes under different environmental conditions (Ouyang et al., 2024; de la Cruz Barron et al., 2023).




4 Conclusion

In the analysis carried out in this study, it was possible to find differences between the different sites, with higher proportions of fine sand in the pasture soils. In the case of the alpha-diversity indices, lower values were found in the pasture site without the use of fertilizers, where the presence of S. aureus bacteria was highlighted, followed by S. cohnii and B. coagulans.

Similarly, in these pasture soils, the presence of mobile elements and resistance genes against the macrolide and aminoglycoside classes of antibiotics stood out. In contrast, forest and pasture soils with fertilizer showed resistance to the disinfectant and antiseptic agent classes, followed by the tetracycline and aminocoumarin antibiotics. In addition, the analysis of gene coexistence showed larger interactions in the pasture sites, especially in sites without the use of fertilizers.

Therefore, practices adopted in pasture soils, especially when there is a lack of proper management with fertilizers and soil correction, can significantly influence bacterial and genetic diversity, including antibiotic resistance genes (ARGs). These changes not only affect soil quality but also pose potential risks to animal and human health. These changes can impact soil quality and animal and human health. Proper soil management practices, such as controlled fertilizer use, pH correction with lime, and rotational grazing, are essential to maintaining soil health. Our findings reinforce the importance of public policies aimed at sustainable pasture and agroecosystem management. Adopting guidelines that consider the dynamics of the soil resistome is essential to curb the spread of antibacterial resistance and reduce its impacts on a regional and global scale.
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Soil enzyme activity UL C5 C10 C15 C20
Urease(mg-d~!-g~1) 0.542 = 0.005b 1.400 + 0.204a 0.302 = 0.079¢ 0.340 = 0.053¢ 1.253+ 0.015a
Alkaline phosphatase(mg-d~!-g~ 1) 0.521 = 0.004b 1.801 £ 0.102a 0.647 £ 0.117b 0.532 = 0.085b 1.706 + 0.309a

Amylase(mg-d~ 1 g 1 4.400 % 0.034c 4.734 £ 0.200bc 5.005 % 0.275b 4.754 £ 0.151bc 6.095 £ 0.499a
Sucrase(mg-d~!-g!) 6.819 £ 0.050c 11.691 + 1.755b 4.061 £ 0.434d 5.350 £ 0.321cd 15.465 4 2.191a
Cellulase(mg-d~!-g~1) 6.284 £ 0.048¢ 11.241 £+ 1.704b 3.503 £ 0.996¢ 3.861 £ 0.769¢ 14.311 4 2.847a
ﬁ—glucosidase(ugg‘hh‘l) 43.336 + 0.481b 65.930 £ 9.071a 44.717 + 4.247b 44.585 + 5.146b 69.504 £ 3.270a
Catalase(ml KMnO4~g‘1 -20 min~ 1) 1.766 £ 0.006¢ 2.654 £+ 0.238a 0.890 £ 0.291d 0.928 £ 0.082d 2.184 4+ 0.174b

C5, C10, C15, and C20 represent the soil samples from fields that have been continuously growing wine grapes for 5, 10, 15, and 20 years, respectively, while UL represents uncultivated soil

samples. Different letters in the table were indicated significant differences (p < 0.05, n=5).
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*Indicates significant difference at level p < 0.01.

Sample ID: sum, summer; win, winter; RCFP, reforested Chinese fir plantation; SCEE, secondary Chinese fir forest.
Bold values indicate statistical significance.
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Bold values indicate statistical significance.
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richness biomass
All 0048 ~0039 ~oon 0002 ~0074* 0101 ~0.104%% na. —0.147+% ~0.079%% ~0.250°+%
3,200m 0.063 0.019 —0.064 —=0.003 —0.008 0.001 —0.013 —0.214%* —0.235%* —0.025 —0.676%%*
3,400m 0002 ~0002 ~0049 0135 0120 ~0.138 0021 na. ~0272%* 0026 —0.50245%
3,600m 0.154 0.100 0.122 0.094 —0.134 0.003 0.029 na. =0.517*** 0.086 —0.166
3,800m —0.154 —-0.317*% a —0.083 —0.002 —0.013 —0.108 na. =0.022 0.052 —0.008
4,000m =0.010 0.025 0.077 =0.046 =0.153 —0.064 0.033 na. —0.508%** 0.042 0.103
4,200m —0.307* =0.041 0.166 0.067 =0.041 =0.099 0.009 na. =0.111 0.148 —0.273*
June 0.067 -0.038 0.010 —0.116%* =0.061 =0.215%** =0.129%* na. —0.706%+* ~0.097% 0.072%
July —0.052% 0.000 0.005 =0.055% 0.053*% =0.030 —0.330%+* na. =0.715%+* =0.131%+* —0.008
August 0066 ~0052 0.155¢ 0072 -0.130 ~0.157 0062 na. —0.365%% ~0073 0087
September 0029 0.102 ~0055 b 0009 0170 —0.294°%% na. ~0.400°+% 0022 ~0012

not applicable due to lack of precipitation data at different elevations. Significance: *p<0.05. *#p<0.01. ***p <0.001 (values in bold).
2. Nitrite was strongly collinear with temperature (Pearson's *>0.7).
b. TN was strongly collinear with moisture (Pearson’s £*>0.7).
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ratio richness biomass
All 0.023** 0.017%* 0.012 0.017%* 0.016%* 0.022% 0.028%% na. 0.048%+% 0.024%* 0.043%+%
3,200m 0.012 0.026 0.030 0.008 0.001 0.016 0.035 0.057* 0.060* 0.001 0.078*
3,400m 0.014 0.021 0.007 0022 —0.006 0.016 0.012 na. 0.055 —0.008 0.093%*
3,600m —0.002 0.048* 0.030* —0.005 0.027 0.000 0.018 na 0.076* —0.008 0.048
3,800m 0.016 0.033 a 0.024 0.050* —0.004 0.052 na 0.051 0.001 0.021
4,000m =0.002 0.018 0.014 0012 0013 =0.001 0.004 na. 0.061 ~0.004 0.024
4,200m =0.010 0.015 =0.012 0.015 0.031% 0.005 0.003 na. 0.073*% —0.011 0.097%%
June 0.035 0.006 0.006* 0.026%* 0.009 0.031 0.042%%% na. 0.060%** 0.033 0.013
July 0.029 0.018 0.005 0.021% 0.022%% 0.035% 0.054%+% na. 0.074%%% 0.037 0.015
August 0022 0.006 0.006 —0.001 0.004 0.023 0.010 na. 0.043 0.039 0.031
September 0025 0005 0016 b 0.033* 0040 0.060* na. 0.051% 0018 0034

not applicable due to lack of precipitation data at different elevations. Significance: *p<0.05. *#p<0.01. ***p <0.001 (values in bold).
2. Nitrite was strongly collinear with temperature (Pearson's *>0.7).
b. TN was strongly collinear with moisture (Pearson’s £*>0.7).
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Treatments Time CK U UP ubD

NN 7d 0.056 == 0.003¢ 0.605 = 0.017b 0.821 = 0.037a 0.004 = 0.0002¢
14d 0.071 = 0.003¢ 0.185 = 0.003b 0.234 = 0.006a 0.003 = 0.0002d
21d 0.061 = 0.003b 0.118 = 0.004a 0.116 = 0.006a 0.004 £ 0.0002¢

CF 7d 0.117 £ 0.001c 0.232 £ 0.012b 0.647 £ 0.014a 0.007 = 0.0003d
14d 0.180 = 0.008b 0.222 £0.011a 0.230 = 0.009a 0.010 = 0.0002¢
21d 0.186 == 0.008¢ 0.238 £ 0.014b 0.325+0.014a 0.024 £ 0.001d

SM 7d 0.065 == 0.003¢ 0.525 £ 0.021b 1.331 4 0.033a 0.006 = 0.0003¢
14d 0.092 = 0.002b 0.191 = 0.007a 0.192 = 0.005a 0.005 = 0.0003¢
21d 0.079 = 0.003¢ 0.159 = 0.005a 0.142 = 0.007b 0.004 = 0.0002d

SMCF 7d 0.156 = 0.005b 0.308 == 0.008a 0.287 4 0.014a 0.007 = 0.0004c
14d 0.234 £ 0.011b 0.288 = 0.007a 0.230 £ 0.011b 0.009 = 0.0002¢
21d 0.278 = 0.009b 0.323 £ 0.010a 0.331 == 0.008a 0.030 £ 0.001c

Different letters in the same row denote significant differences at P < 0.05 level.
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0 F-30m

SWC (%) 8.76.£041° 7.53 044" 7642048
TOC (g/kg) 1508 183 1118 +290° 12344236
TN (g/kg) 2032019 1.66+0.23" 1842033
TP (g/kg) 0.39+0.03" 0.38£0.04" 0.44 £0.05
pH 6974042 7128074 6824055
AK (glkg) 093012 085014 0,94+ 0.060°

Soil water content (SWC),total organic carbon (TOC), total nitrogen (TN, total phosphorus
(TP), pH, and available potassium (AK) were expressed as mean & standard deviation. Letters
(2, b) indicate significant differences between different grasslands (one-way ANOVA and
Tukey's HSD test, p<0.05).
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Catalase Polyphenol oxidase B-Glucosidase Cellulase

estrents (mmoL/d/g) {smoL/h/g) (smolL/d/g) (mg/d/g)
HM 41.79+4.50" 0.32£0.05" 5.23+253" 18.444£251™
FS 44.61+6.67" 0.36+0.03" 5.68+0.89" 18.73+4.16™
BO 63.01 £8.80" 0.54£0.14* 17.45£1.68" 2443573

All data are presented as mean + standard deviation. Different letters in the same column indicate significant differences (ANOVA) between treatments at p<0.05; ns, p > 0.05 (1n=6).
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root length Aboveground dry Dry root biomass

Treatments Plant dn rate (%)
(cm) biomass (g) (9) i &)

FS 15.30£3.70% 10,15+ 1.66% 605+1.50¢ 30.5943.63"

BO 22804470 13474252 7794095 27884449

¥, p<0.05; ns, p 0.05 (ANOVA) (n=6).





OPS/images/fmicb-14-1334338/fmicb-14-1334338-t003.jpg
Cd content (pg/g)

Treatments

Stem Leaves
FS S6875483.24% | 153328452F | 140233505
BO 3847987983 1104453406 9025£1876

%, p<0.05; ns, p>0.05 (ANOVA) (1=6).
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Fungal community
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Initial full models were run to examine the influence of ixed effects and their reactions. Because of a significant interaction between treatment and temperature, we subsetted our data and.
examined the treatment effect at each incubation temperature. The results of these models are provided below the full model section. Bold values indicate statistical significance.
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of severity and layer on various parameters within the analyzed ecosystem, based on the outcomes of a two-way ANOVA.
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Fire severity Plot number Tree height DBH (cm] Canopy Blackened Tree mortality

(m) coverage height (m) (%)
cl 7.20 12.00 085 0.00 0.00
Control test (C) c2 530 870 080 0.00 0.00
c3 6.40 880 082 0.00 0.00
L 530 1200 075 042 13.26
Light (L) 12 5.00 820 072 050 18.20
13 7.40 1320 070 067 1635
M1 15.80 17.20 069 470 5460
Moderate (M) M2 7.10 860 071 370 63.46
M3 8.60 12.60 070 395 6672
HI 850 1630 <0.10 850 10000
High (H) H2 9.20 1190 <0.10 920 100.00

H3 1140 1280 <0.10 1140 100,00
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Network properties NG T-1km T-2km

Bacteria Fungi Bacteria Fungi Bacteria Fungi
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Negative correlation (%) 3852 2241 43.66 18.11 3352 2083
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Treatmen SWC (%)

CK 1647 b 143 a 7.65a 19.86 ¢ 116 ¢ 2562 ¢
BC 17.75a 135b 7.70 a 2321b 122b 3216 b
ST 18.08 a 1.32b 7.67 a 2621 a 126 a 36.16 a

Different lowercase letters indicate significant differences between the means of values in the same column (P < 0.05). CK, long-term saline water drip irrigation; BC, biochar return under long-
term saline drip irrigation conditions; ST, straw return under long-term saline drip irrigation conditions.
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Stand type

Main understory
vegetation

PM

EF

PM/EF

Altitude Density
(m) (tree/hm?)
190-240 NE 20 147 116 1700
170-220 NE 25 137 13.7 1,125
180-230 NE 22 156 132 750

PM, Pinus massoniana; EE, Erythrophleum fordi
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pH Total carbon Total nitrogen Total Available Carbon

phosphorus phosphorus | nitrogen

ratio

Bacterium Actinobacteria 0.374 —0.612 —0.589 —0.443 —0.140 —0.438
Proteobacteria 0.184 —0.790* —0.683* —0.310 0.312 —0.738*

Acidobacteria —0.283 0.890** 0.788* 0.448 —0.106 0.771*

Chloroflexi —0.416 0.343 0.532 0.914** 0.482 —0.094

Firmicutes 0.251 0.417 0.152 —0.406 —0.664 0.784*

Bacteroidetes 0.530 —0.617 —0.617 —0.453 —0.152 —0.407
Gemmatimonadetes —0.708* 0.289 0.418 0.710* 0.493 —0.006

Fungus Ascomycota 0.565 —0.079 —0.249 —0.562 —0.582 0.220
Basidiomycota —0.375 0.148 0.279 0.575 0.386 —0.083
Mortierellomycota —0.779* —0.004 0.191 0.633 0.869** —0.387

*Indicates p < 0.05.
**Indicates p < 0.01.
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DOC, dissolve organic carbon; TOC, total soil organic carbon; TN, total soil nitrogen; AP, available phosphorus; AK, available potassium; MBC, microbial biomass carbon; MBN, microbial
biomass nitrogen. The bold values in table represent the significant difference between the factors analyzed by ANOVA test,
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Simpson Pielou_e Observed_species

Bacterium

PC 0.999 + 0.000 0.902 +0.003 6600.467 + 80.759
GM 0.999 + 0.000 0.905 + 0.001 6721.933 %+ 153.510
PG 0.999 + 0.000 0.908 + 0.001 6340.367 + 127.390
p-value 0.18 0.15 0.18
Fungus

PC 0.950 +0.021 0.680 + 0.030 478.900 + 15.459
GM 0.973 + 0.004 0.746 +0.017 629.600 + 52.620
PG 0.977 +0.010 0.772 £ 0.026 477.133 4 45.252
p-value 0.39 0.11 0.12

The data in the table for the mean standard = error. PC, poplar single cropping; GM, black
bean single cropping; PG, poplar black bean intercropping.
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pH value Total Carbon nitrogen Total Available
nitrogen ratio phosphorus phosphorus
(9-kg™h) (g-kg™) (mg-kg~1)
PC 7.79 £ 0.17A 4.05 £ 0.05B 0.48 +£0.01B 843 +£0.11B 0.15+ 0.01B 15.69 + 2.15B
GM 745 £ 0.15A 6.81 £ 0.41A 0.72 = 0.05A 9.53 £ 0.17A 023 £ 0.01A 19.85 + 1.60B
PG 722 +0.10A 424 £0.29B 0.57 £0.03B 7.47 £0.17C 0.24 + 0.02A 3439 +£2.72A
F-value 4.036 28.292 11.060 46.018 19.162 19.908
p-value 0.078 0.001 0.010 2.29 x 10~ 0.002 0.002

The data in the table are average & standard error. Different capital letters indicate a significant difference at p < 0.05. PC, poplar single cropping; GM, black bean single cropping; PG, poplar

black bean intercropping.
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Index A1B1C1 A1B2C2 A1B3C3 A2B1C2 A2B2C3 A2B3C1 A3BI1C3 A3B2C1 A3B3C2 Den  Irr

SMC (kg/m?) 195(021)a 1935 (0.10)a 1943 (0.12)a 193 (0.04)a 1939 (0.10)a 1929(0.02)a 1929 (0.02)a 194 (001 a 19.48 (0.02) a s s ns
pH 873(0.03)a 87(00D)a 8.38(009) b 8.38(0.02)b 847 (002) b 8.43(0022) b 8.43(012)b 857(0.11)ab 837 (001) b . - *
EC (is/em) 2122310 h 193 (0.29) 329(087) 350 (289) ¢ 279 (1.44) g 381(0.58)d 568 (2.02)a 427231 ¢ 528(2.02) b b - e
SOM (g/kg) 195 (0.14) i 20.63(0.06) h 2156 (0.12) f 20,86 (0.03) g 2482 (0.06)d 24.24(0.03) ¢ 3162(005)a 27.44(006) b 25.2(0.06) ¢ b s e
SOC (g/kg) 1131 (0.08) i 1196 (0.03) h 125(0.07) £ 121(002) g 14.4(0.03) d 1407 (0.02) ¢ 1834 (0.03)a 1592 (0.03) b 1462 (0.03) ¢ b s e
TN (g/kg) 034(0.03) ¢ 023 (001 £ 0.63(0.01)d 0.62(0.01)d 0.98(0.00) ¢ 097 (001) ¢ 127 (0.03) b 125(0.06) b 161(001)a b b *
TP (g/kg) 0.82(0.01) f 0.69(0.01) g 0.96(0.01) de 0.82(001) f 0.99(0.01)d 094(0.01) ¢ 132001 ¢ 14001 b 149(001)a s %8 N
TK (g/kg) 15.68 (0.06) ¢ 1162 (002) h 1468 (0.06) ¢ 1443 (0.09) f 1582 (0.06) ¢ 1263 (0.06) g 1643 (0.12) b 1542 (0.06) d 17.38 (0.06) a * ns ns
AN (mg/kg) 37.55(0.06) i 39.61(0.06) h 4117 (0.09) f 4023 (0.08) g 48.41(0.02)d 47.26(0.07) ¢ 6244 (0.09) a 53.39(0.06) b 48.68 (0.09) ¢ s ns #
AP (mg/kg) 17.77 (0.07) i 25.58(0.06) ¢ 23.44(0.07)h 24.58(0.05) g 24.82(0.08) f 3439(0.02)d 5067 (0.03) a 43.53 (0.06) b 3477 (0.07) ¢ s ns ns
AK (mg/kg) 15606 (0.04)b  135.42(0.06) h 14409(032)f | 15142(0.06)c | 139.45(0.12)g 145.6(0.03) e 1695 (0.06)a  147.42 (0.06) d 1176 (003) i ns b .
Acid (IU/1) 28.58(0.3) f 27.21(0.14) g 3106 (0.29) ¢ 33(0.24)d 33.43(0.26)d 2152(0.179) h 36.01(0.23) ¢ 3921 (019)b 4012 (037)a 4 ns *
Urea (IU/L) 101904(1072)a 75757 (467)c | 823.28(268)b | 77047(L94)c | 62592(276)e | 59961(345)f | 10158(783)a  557.44(1.81)g 659.92(2.1)d #e #e b
Cata (U/mL) 7.55(0.07) b 641(0.02) ¢ 7.63 (0.06) b 7.29(0.04) ¢ 5.86(0.05) 5.15(005) g 8.03(0.05)a 7.28(0.07) ¢ 6.84(0.03)d e s ns
Suer (U/L) 853.09(7.79)a  51476(5.19)f | 68558 (0.84)c 5453 (271) e 575.63(377)d  73897(569)b  50027(293)g  846.15(455)a | 55184(499)e * ns #
MBC (mg/g) 2277 (030) ¢ 2557 (0.30) b 26.74(0.30)a 1491 (030) f 1719 (030) e 13.04(030) g 1245 (0300 h 1937 (0.30) d 23.09(0.30) ¢ i S .
MBN (mg/g) 0.57(0.01)a 0.43(0.02)d 0.51(0.01) ¢ 0.58(0.02)b 0.33(0.01) 0.55(0.01) b 059 (001 a 044001 045001 e ns o ns
MBP (mg/g) 045 (0.01) ¢ 0.68 (001)a 057 (001) b 0.48 (0.01)d 029(001) g 051(001) ¢ 0.37(0.01) f 03(0.0Dg 0.26(0.01) h i ns ns
MBC: MBN 4022(003) d 5951 (3.)a 52.06 (0.5) b 259(0.79) ¢ 52.52(0.09) ab. 23.78(033) 212(027)g 43.79(076) ¢ 51.72(099)b * o ns
MBC: MBP 51.19(0.83)d 37.59 (0.06) £ 47.09 (0.58) e 30.92(0.52) h 58.54 (0.58) ¢ 25.58(045) i 3403(121) g 65.59(1.38) b 9032 (1.82)a . ns ns
MBN: MBP 127 (0.02) ¢ 0.64(002) g 09(002) f 12(002)d 111(002)d 108 (0.02) e 16(0.02)b 15(002)b 175(0.02)a o * ns

Soil physicochemical properties, soil enzyme activiies, and microbial biomass of C, N, and P following oilseed rape harvest in August 2023,
SMC, soil moisture content; SOM, soil organic matter: SOC, soil organic carbon; EC, electrical conductivitys TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen; AP, available phosphorus; AK, available potassium; MBC, microbial
carbon; MBN, microbial nitrogen; MB, microbial phosphorus; Acid, acid phosphatase; Urea, urease; Cata, catalase; Sua, sucrase; Den, planting density; I irrigation levels; Fer,ferilizer application.

Standard errors are indicated in parentheses. In cases where p < 0.05 (Kruskal-Walls test), treatments with values denoted by different letters (e.g.a, b, and c) signify significant differences. “ns” denotes non-significance (p > 0.05). **" denotes significance at the 0.05
level, while “*+" indicates significance at the 0.01 level.





OPS/images/fmicb-15-1370996/fmicb-15-1370996-g004.jpg
20.00

16.00

12.00

B Nocardioides

B Mycobacterium

m Streptomyces

m Pseudonocardia

m Haliangium

m KD4-96

W RB41
Solirubrobacter

® Bacillus

m Subgroup 6

32.00

28.00

24.00

20.00

16.00

12.00

m Plectosphaerella

m 4spergillus

B Preussia

W Acremonium

m Pseudogymnoasciis

m Botryotrichum

w Penicillium
Mortierella

w Tausonia

m Fusarium





OPS/images/fmicb-15-1447999/fmicb-15-1447999-t004.jpg
Group Parameter = P

Fungal guild “Total mycorthizal 581 0024 -
relative Ectomycorrhizal 473 0039 -
abundance
Plant pathogenic 608 0021 +
Soil nutrient NH' 981 0.004 +
supply rates K 906 | 0020 +
Zn 611 0.047 +
Soil heterotrophic | Soil CO, efflux rate
1798 | 0.004 -
respiration
Soil enzyme Phosphomonoesterase | 13.68 | 0.002 -
activity Phosphodiesterase 1201 0003 -

+ and — symbols denote posit

e and negative relationships, respectively.
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Treatment A: Density (Plant/ B: Irrigation (m?/ C: Fertilization (kg/ D: Compound fertilizer

hm?) hm?) hm?) (kg/hm?)
AIBICL 300,000 1200 7 270
A1B2C2 300,000 1500 150 270
A1B3C3 300,000 1800 225 270
A2BIC2 600,000 1200 150 270
A2B2C3 600,000 1500 225 270
A2B3CL 600,000 1800 75 270
A3BIC3 900,000 1200 225 270
A3B2C1 900,000 1500 75 270
A3B3C2 900,000 1800 150 270

Urea (N: 46%), Compound fertilizer (N: P.0.: K.O = 12%: 13%: 25%).
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Soil microbial group Predicto df 7 P Model R*

Bacteria pH 1 523 0014 037
Error 9

Total fungi pH 1 281 0,002 0.24
Error 9

Saprotrophic fungi pH 1 0.23 279 <0.001 034
NO,~ supply rate 1 o1 135 0029
Error 8

Pathogenic fungi pH 1 476 0.007 035
Error 9

Variables are presented in the order entered in the model. Partial R represents the relative proportion of the explained variance of each predictor.
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Parameter Vegetation type

Intact forest Logging gap

Topography Altitude (m) 48100411152 459.40£ 11656

Slope (°) 17.9427.27 11274540
Microclimate Mean soil temperature (°C) 26414338 27264365

Max. soil temperature (°C) 27.60+3.47 31804562

Min. soil temperature (°C) 25374315 24874351

Mean soil moisture (%) 38242595 3977880

Max. soil moisture (%) 48234154 62334215 095 7666 0.001

Min. soil moisture (%) 33.00£7.40 33704574

PAR (umol m 6881014 9457465.16 067 9.70 0014
Forest structural Canopy openness (%) 8774154 506041426 093 114.06 <0.001

Basal area (m* ha™') 311241677 4264953 058 121 0010
Soil physicochemical pH 4.66£0.54 525044 069 17.73 0.003

Organic layer depth (cm) 406078 3884245

Sand (%) 61674641 58.4048.17

Silt (%) 13.50£2.43 17.20£409

Clay (%) 2483496 24204512

Bulk density (gem™) 0870.13 1.06£0.09 049 780 0023

C %) 3854094 3324064

N (%) 031£0.09 028006

C:N ratio 12.60+1.9 1218139

Total P (ugg™) 23007+83.24 25371410359

Inorganic P (ugg™) 6452168 450£054 063 1352 0.006
Soil nutrient supply rates (ug | NO,” 90.63%76.96 49.08+44.09 053 893 0017
probe week™) P 122045 150115

s 215941207 30494837

NH, 20.20£9.08 1295830

Ca® 327.00+27055 48158431445

Mg 129.48:£7028 177.43£93.99

K 224356745 214135578

Fe' 644232 140541333

Mn 995285 122421585

Zn* 0732011 059023

Al 10.96+2.94 1182396
Heterotrophic soil respiration | CO, efflux rate (ug CO,-C em™ h™") 713041331 516841463
Soil enzyme activity (nmolg | Phosphomonoesterase 45.08+1822 407141823
dry soil™ min™) Phosphodiesterase 8164478 7842631

N-acetyl-f-glucosaminidase 3254107 313068

J-glucosidase 4242156 514£131

Sulphatase 3214226 4224238

a-glucosidase 035010 028007

-Xylanase 1764063 1302020

Cellobiohydrolase 1042045 1152039

SDs were calculated using plot-averaged values to match statstical tests. Statstics are given for attributes that significantly differed between vegetation types as identified with ANOVA afier
controlling for site (p<0.03).
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Parameter Soil microbial group Vegetation type

Intact forest Logging gap

“Total microbial biomass C L 321.3+2268 149.4£56.5
(ugg! dry soil)

Richness (no. observed  Bacteria 0424005 0475004
ASVs 10 reads™) Total fungi 070+0.20 0.76£0.13
Saprotrophic fungi 0652022 0672015
Mycorrhizal fungi 2822022 2722053
Ectomycorrhizal fungi 3295063 2622088
Pathogenic fungi 0512016 052008
Parasiic fungi 1264049 1422025
Shannon alpha diversity  Bacteria 4982024 1972023
“Total fungi 4342057 4752030
Saprotrophic fungi 3114067 3332026
Mycorthizal fungi L41£0.13 1364025
Ectomycorrhizal fungi L15£024 0922036
Pathogenic fungi 2004050 2242030
Parasitic fungi 0442029 060023
Fungal guild reltive Saprotrophic fungi 63604824 6688551
abundance (% total fungal  \tycorrhizal fungi 15.71£9.80 470£3.00 048 7.28 0.027
ASVireads) Ectomycorrhizal fungi 14858943 412270 049 77 0.024
Arbuscular mycorrhizal fungi 018012 045012 065 1464 0005
Ericoid mycorthizal fungi 0682052 0142024
Orchid mycorrhizal fungi 0.000+0.000 00020005
Pathogenic fungi 15982435 298438 0.6 656 0031
Plant pathogenic fungi 1005527 1566+3.18
Animal pathogenic fungi 5944247 7322448
Parasitic fungi 2835167 3272132
Endophytic fungi 0142006 1425140 077 2630 0001
Lichenised fungi 1834094 085049 058 118 0010

SDs were calculated using plot-averaged values to match statstical tests. Statstis are given for attributes that significantly differed between vegetation types as identified with ANOVA afier
controlling for site (p<0.03).
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Factors Urbanization

Medium
Vegetation characteristics TH(m) 9.52(3.94)a 8.31(2.41)a 6.81(0.41)b
DBH(cm) 24.44(3.92)a 24.37(8.04)a 20.80(4.88)b
CD(m?) 24.20(1.70)a 21.49(1.62)a 16.80(2.42)a
SHDI 1.22(0.09)a 1.28(0.11)a 1.16(0.18)a
SPEI 0.45(0.03)a 0.46(0.03)a 0.43(0.06)a
Soil physicochemical properties TN(mg~g‘l) 0.98(0.04)a 0.84(0.03)b 0.82(0.04)b
TP(mg-g~?) 0.73(0.04)a 0.67(0.02)a 0.61(0.03)a
pH 6.76(0.09)b 7.09(0.09)ab 7.29(0.16)a
BD(g-cm™3) 1.31(0.01)b 1.35(0.01)ab 1.39(0.02)a
Percentage of soil aggregate (%) > 2 mm 10.11(0.97)a 8.93(0.73)a 8.86(1.14)a
1~2mm 10.99(0.51)a 9.88(0.51)a 11.02(0.78)a
0.25~1 mm 43.03(1.06)a 41.79(1.31)a 40.85(1.38)a
0.053~0.25 mm 16.86(0.65)b 19.46(0.83)a 20.40(1.15)a
< 0.053 mm 19.01(1.06)a 19.94(1.22)a 18.87(1.66)a

Different lowercase letters indicate significant differences among different urbanization intensity levels (p < 0.05). Mean (SE). TH, Tree height; DBH, Diameter at breast height; CD, Crown
width; SHDI, Shannon diversity index; SPEL, Simpson evenness index; TN, Total nitrogen; TP, Total phosphorus; BD, Bulk density. The same is below.
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August September October

Nodes 298 300 299
Edges 3837 8,193 2483
Positive connections 2,392 (62.34%) 7,581 (92.53%) 1,633 (65.77%)
Negative connections 1,445 (37.66%) 612(7.47%) 850 (34.23%)
Average degree 25752 5462 16.609
Average weighted degree 17.875 39678 11355
Network diameter 60 50 60
Graph density 0.087 0.183 0056
Modularity 0350 0419 0454
Average clustering coefficient 043 0613 0342

Average path length 2486 2161 2733
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Samples SOC (g-kg™)

co 306740432 21898+ 1.00a 2751£0.15d 40079 £0.252 5830032
TO 29524023 ab 10213071 d 32364 040¢ 32494063 b 5354003b
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RO 2849+ 0.93 be 191.04£028b 97370272 127.86:£030d 496£001 ¢

SOC, soil organic carbon; AN, alkali-hydrolyzed nitrogen; AP, available phosphorus; AK, available potassium. Different ltters n the same colum indicate a significant difference among all
treatments tested by one-way ANOVA (p < 0.05). CO, corn monoculture for 6 years; TO, tobacco monoculture for 6 years; WI, tobacco monoculture for 10 years with serious wilt; RO, tobacco
monoculture for 9 years and corn rotation for 1 year.
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Rank nal TLS IF

1 J Hazard Mater 80 84 1,587 136 Qi
2 Sci Total Environ 76 87 1,582 98 Q
3 Environ Pollut 30 78 905 89 Qi
4 Chemosphere 2 67 523 88 Qi
5 Ecotox Environ Safe 15 46 256 68 Q
6 Appl Soil Ecol 2 48 252 48 @
7 Environ Int 8 52 234 ns Qi
8 Environ Res 8 30 137 83 Q
9 Environ Sci Pollut R 7 30 136 58 Qi
10 Front Env Sci-Switz. 7 54 177 46 @
1 Eront Microbiol 6 51 164 52 Q@
2 Soil Biol Biochem 6 57 295 97 Qi
13 J Clean Prod 5 33 122 11 Qt
14 B Environ Contam Tox 4 45 115 27 @
15 Environ Microbiol 4 21 46 51 Q@
16 Environ Sci Technol 4 80 468 14 Qi
17 J Environ Manage 4 35 101 87 Q
18 J Soil Sediment 4 29 95 36 Q@
19 Nanolmpact 4 2 55 49 Q@
20 Sustainability-Basel 4 30 86 39 @
2 TrAC-Trend Anal Chem 4 a7 139 131 [
2 Agronomy-Basel 3 2 40 37 Qi
2 Curr Opin Environ Sci Health 3 27 47 8.1 NA
2 Environ Technol Inno 3 2 66 7.1 [
25 Front Plant Sci 3 35 89 56 Qi

TP, total number of publications; TLS, total link strength; IF, impact factor; NA, the position of this journal has not been confirmed.
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1 Jone, Davey L. 13 16 55 881 United Kingdom  Bangor University

2 Geissen, Violette 9 2 2 1,027 Netherlands Wageningen University & Research

3 Yao, Huaiying 9 8 27 242 China Institute of Urban Environment, CAS

4 Zang, Huadong 8 8 27 449 China China Agricultural University

5 Li, Yaying 7 4 15 187 China Institute of Urban Environment, CAS

6 Yu, Yongsiang 7 8 2 104 China Wuhan Institute of Technology

7 Zhou, Jie 7 10 36 432 China China Agricultural University

8 Brown, Robert W. 6 1 30 91 United Kingdom ~ Bangor University,

9 Chadwick, David R. 6 16 27 23 United Kingdom  Bangor University,

10 Chen, Yanhua 6 17 ) 75 China g Academy of Agriculture and
Forestry Sciences

n Guo, Xuetao 6 3 7 106 China Northwest AKE University

12 ‘Wang, Xuexia 6 12 38 9 China Beijing Academy of Agriculture and
Forestry Sciences

13 Ge, Tida 5 9 2 100 China Ningbo University

1 Luo, Yongming 5 6 8 994 China Institute of Soil Science, CAS

15 Lwanga, Esperanza 5 8 14 1,004 Netherlands

- Wageningen University & Research

16 Ok, Yong Si 5 5 12 343 Korea Korea University

17 Ouyang, Zhuozhi 5 2 6 106 China Northwest A&F University

18 Sun, Hongwen 5 10 12 199 China Nankai University

19 Wang, Jing 5 12 2 B China South China Agricultural University

20 Wang, Jun 5 8 12 297 China South China Agricultural University

2 Wei, Hui 5 6 2 2 China South China Agricultural University

2 Zhang, Jiaen 5 6 2 2 China South China Agricultural University

B Zou, Guoyuan 5 16 a3 29 China Beijing Academy of Agriculture and
Forestry Sciences

CAS, Chinese Academy of Sciences.





OPS/images/fmicb-15-1468592/fmicb-15-1468592-t001.jpg
Rank Institutions Publications tations Country
1 Chinese Academy of Sciences 67 3,004 China

2 China Agricultural University 25 1,237 China

3 University of Chinese Academy of Sciences 2 1,100 China

4 Nankai University 2 1,105 China

5 Freie Universitit Berlin 2 2,187 Germany

6 Northwest AKE University 2 566 China

7 Ministry of Agriculture and Rural Afairs of the Peoples Republic of China 20 454 China

8 Nanjing University 19 698 China

9 Peking University 15 915 China

10 Bangor University 1 923 United Kingdom
1 Wageningen University & Research 13 LS Netherland
12 Berlin-Brandenburg Institute of Advanced Biodiversity Research 12 1762 Germany
13 Beijing Academy of Agriculture and Forestry Sciences n 202 China

1 Chinese Research Academy of Environmental Sciences n 265 China

15 Chinese Academy of Agricultural Sciences 10 468 China
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Keywords Year Strength Begin End
terrestrial ecosystem 2018 1.94 2018 2020
soil food web 2018 1.38 2018 2020
combined effect 2019 1.34 2019 2021
microbes 2015 1.13 2015 2016
arbuscular mycorrhizae 2020 1.02 2020 2021
ecological risks 2018 0.98 2021 2023
co-occurrence network 2019 0.73 2019 2020
plastic mulch film 2016 0.71 2016 2018
soil aggregation 2019 0.49 2021 2023
plastic pollution 2020 0.3 2020 2021
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Samples SOC (gkg™) AP (mgkg™) AN (mgkg™)
CK 6424007 251741162 13424515 2803021422 125.64£21.9%
s 5880020 209941842 266249.9% 24632215610 132841162
Y20 581£003b 20754037 337547.100 174192690 1623247150

SOC, Soil organic carbon; AP, Available phosphorus; AK, Available potassium; AN, Alkaline hydrolysis nitrogen. CK: tobacco cropping for 0years. Y5: continuous tobacco cropping for 5 years.
Y20: continuous tobacco cropping for 20 years. Different letters in the same column indicate a significant difference among all treatments tested by one-way ANOVA (p<0.05).
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Countries  Year Strength Begin
2.18 2018
1.4 2011
1.35 2015

GERMANY 2018

POLAND 2011
UsA 2015
MEXICO 2018
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Location Description Alpha-diversity index of bacteria
Richness Shannon Simpson
Native forest (NF) At the equatorial tropical forest site, commercial timber was only removed 5,077.333 + 1.527 6.663 %+ 0.373 0983 +0.138
around 20 years ago.
Pasture treatment 1 | The area was cleared using burning and stump removal, and the development of 508141 6782+ 0.189 0.989 + 0.809
(PT1) different pasture species was left in place, having been used for over 10 years.
Pasture with larger coverage of grasses from the Megathyrsus genus is designated
for breeding cows and is managed under rotational grazing with annual
fertilization (limestone and chemical fertilizers).
Pasture treatment 2 | The area was cleared using burning and stump removal, and the development of | 5,082.333 £ 2.816 53184 1.258* 0.984  0.809

(PT2)

different pasture species was left in place, having been used for about § years.
The pasture, with larger coverage of grasses from the Urochloa genus, is
intended for calf rearing and is managed under rotational grazing, without
fertilization or soil correction.

*p <0.05.
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Effects F-value P

Time (2018 vs. 2019) 9.50 0.001
Fertilization 218 0.001
CK vs. Inorganic 2049 0.001
CK vs. Organic 1012 0.001
Inorganic vs. Organic 2979 0.001
Time x Fertilizer 18.60 0.001

Plant-plant interactions 107 033
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Planting  pH soc ™ i3 TK AN AP AK Yield
systems

(gkg™ (gkg™) (gkg™) (gkg?) (mgkg™) (mgkg™) (mgkg™) (kgha)

T 6774014 | 969+158A 525022 0684005 052£0.03 361057 5L1£263B  978+157A  148+188B 190524508
A B B A B
TR 6A0.11B  898+964B  631£074 085003  054%003  396£056  67.6+52A  926757A  156+934A | 2,655:450
A A A A A

‘Values are means + standard errors (n=9). EC, electric conductivity; SO, soil organic carbon; TN, total nitrogen; TR, total phosphorus; TK, total potassium; AN, alkaline hydrolysis nitrogen; AR,
awailable phosphorus; AK, available potassium. Different uppercase letters stand for statistical differences (t test, p<0.05) between tobacco continuous cropping (TC) and tobacco-rape rotation (TR).
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db-RDA on dominant fungi OTUs CCA on rare fungi OTUs

Variation ANOVA Variation ANOVA
Constrained nconstrained  Predictor F 2 Constrained nconstrained  Predictor F
(explained) (explained)

RA~original soil  RA~original soil
2939% 70.61% Soil 7493 0.004 7.19% 92.81% Soil 1394 0.001

RA~ receiving forest
7.40% 92.60% Forest 1438 0244 6.28% 93.72% Forest 1206 0.003

RA~rootinclusion/ | RA~root inclusion/

exclusion treatment | exclusion treatment
361% 96.40% Root 0673 0499 537% 94.63% Root 1021 0343
RA~receiving root  RA~receiving root
13.00% 87.00% Root2 0797 059 17.60% 82.40% Root2 1139 0.003

RA ~original soil +  RA~original soil +

receiving forest receiving forest

3427% 65.73% Soil 7602 0.003 13.39% 86.61% Soil 1411 0.001
Forest 1263 0297 Forest 1218 0.001

RA~ receiving forest | RA~ receiving forest

+ root treatment + root treatment

11.00% 89.00% Forest 1413 0246 11.65% 88.35% Forest 1208 0.006
Root 0689 0501 Root 1032 0265

RA~original soil +  RA~original soil +

receiving forest +  receiving forest + root

root treatment treatment

37.88% 62.12% Soil 7570 0.002 18.76% 81.24% Soil 1415 0.001
Forest 1258 | 0.282 Forest 1222 0.001
Root 0929 0390 Root 1057 | 0200

RA~original soil +  RA~original soil +

receiving root receiving root

39.88% 60.12% Soil 7334 0.005 2431% 75.69% Soil 1424 0001
Root2 0872 0504 Root2 L3 0012

Significant P values of ANOVA (P<0.05) were presented in bold.
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db-RDA on dominant bacteria OTUs db-RDA on rare bacteria OTUs
Variation ANOVA Variation ANOVA

Constrained Unconstrained  Predictor F P Constrained Unconstrained Predictor F
(explained) (explained)

RA~original soil

1491% 85.09% Soil 31536 0.009 8.41% 91.59% Soil 16533 0.001

RA~ receiving forest

11.06% 88.94% Forest 22395 0.045 817% 91.83% Forest 16025 0.001

RA~rootinclusion/  RA~root inclusion/

exclusion treatment | exclusion treatment

201% 97.99% Root 03686 0969 455% 95.45% Root 08586 0.934

RA~receivingroot | RA~receiving root

15.54% 84.46% Root2 09813 0441 17.60% 8240% Root2 1139 0022

RA~original soil + | RA~original soil +

receiving forest receiving forest

26.34% 73.66% Soil 34408 0.005 17.02% 8298% Soil 17234 0.001
Forest 26388 0019 Forest 17634 0.001

RA~ receiving forest + |~ RA ~ receiving forest +

root treatment root treatment

13.07% 86.93% Forest 21639 0.048 1273% 87.27% Forest 15924 0.001
Root 03924 0956 Root 08868 0.867

RA~original soil + | RA~original soil +

receiving forest + root  receiving forest + root

treatment treatment

2835% 71.65% Soil 3329 0.008 2157% 78.43% Soil 17162 0.001
Forest 25531 0.028 Forest 17561 0.001
Root 04481 | 0905 Root 09288 0735

RA~original soil + | RA~original soil +

receiving root receiving root

30.82% 69.18% Soil 32323 0.008 26.44% 73.56% Soil 17154 0.001
Root2 11497 0296 Root2 12257 0.004

Significant P values of ANOVA (P<0.05) were presented in bold.





OPS/images/fmicb-15-1500070/fmicb-15-1500070-g003.jpg
3,500

0

5,000 10,000 15,000 20,00025,00030,000
Bihiotics denth





OPS/images/fmicb-15-1391863/fmicb-15-1391863-g008.jpg
Bacteria Fungi

Ingrowth core original

Incubation stand: 3 Ingrowth core original Incubation stand:
soil : QS

broadleaved forest soil : QS broadleaved forest

|
QR

|

|

pQR

Dissimilarity
— 1.0
— 0.8
0.6
— 04

02

Incubation stand:
coniferous forest

Ingrowth core original | Incubation stand: Ingrowth core original
soil : PS i coniferous forest | soil : PS

Resilience Resistance Resilience Resistance






OPS/images/fmicb-15-1500070/fmicb-15-1500070-g002.jpg
8%
oo
L W F] — W
£
[ 3
| | v 8 W
1 1[8&
o " -
8 2 9z & & g z = =
a (Sy/Swyumisserod dqqe[reAy = (By/8)wnisserod erog,
Lz . 1 |
“ “ ER 1
s = Ep
| Ilx B f |
I NS
a S 2 2 s s S s s
2 (@y/Bw)snioydsoyd ajqe[eay © (3y/8)snioydsoyd [e10],
| | £z | |
I 1 25 1
g = gy
| ¢ 8 |
1[0& I
:Q 3 2 = K k) 3
S 3 s = 2 a Z
] (8yy/Sw)uaSoniu wnjuowwy = (3y/8)ussonu w01,
| | ga . My
| |1y 8 } - |
I IO & I 1
x ] ] = B g 8 8 8 g
< (3y/3w)uadoniu aeniN = (8y/8)1oneWw d1uesio (10§

CK  MWP-1
Treatments

CK  MWP-1
Treatments

CK  MWP-1

Treatments

CK  MWP-1
Treatments





OPS/images/fmicb-15-1391863/fmicb-15-1391863-g007.jpg
Bacteria






OPS/images/fmicb-15-1500070/fmicb-15-1500070-g001.jpg
2 g
()ssvwioiq punoidoroqy

16

& £3

(wonydroy weiq

2 g
(%) 38810800

MWP-1

[e3

MWP-1

3

MWP-1

[e3

Treatments Treatments

Treatments





OPS/images/fmicb-15-1391863/fmicb-15-1391863-g006.jpg
Bacteria Fungi

Nodes=1254, Edges=25941 (PN) Nodes=1210, Edges=24372 (PR) Nodes=259, Edges=5576 (PN) Nodes=256, Edges=6218 (PR)
oo 5
. i - r &
& % i
®
> 4
=5
a P

2
g
=3

=

©
ol
e
>
@

. *
I3 L= G : N 1\’
- ; Y

A S

Nodes=a85, Edges=7277 (PS) Nodes=180, Edges=5430 (@)

-
\ 14
/
Receiving roots Original soil Recoiving roots Original soil
o PN PRGN QR PS  as PN__PR__ON QR PS  as
3 Nodes 254 1210 1018 993 1441 1463 50 256 256 282 385 380
S Edges 25041 24372 10461 10303 23164 21234 5576 6218 4533 6062 7277 5430
S Fositvecorrlaion 7574834232 10769 T0g06 73067 711105576 G214 4533 6062 7o77 5430
) Negative relationship 193 140 12 o7 102 124 0 3 0 [ 0 0
= Mean degree 41373 40284 20557 20751 32150 20.028 43058 48578 35414 42993 37603 26579
(= Mean weight degre 41289 40213 20533 20730 30313 27387 42977 48429 35342 42903 36491 27371
9 ‘Average path length 8988 7301 4542 4174 5572 5855 3501 1314 3900 1399 4000 4138
2 Notwork diamoter 31744 27789 24899 16928 13480 17,095 9790 6628 10785 7804 9606 10457
2 Network density 0033 0033 0020 0021 0022 0020 0167 0191 0.139 0153 0098 0.075
Z | [ Average clustering coef 0964 0974 0981 0972 0835 0844 _ 099 0991 0993 0994 0975 095
Botwoonness contralization 0052 0048 _0.007 0,007 0053 0,054 0104 0006 0090 0016 0150 0099
07940791 0807 0798 0762 0830 0725 0564 0763 0759 0814 0870






OPS/images/fmicb-15-1500070/crossmark.jpg
©

2

i

|





OPS/images/fmicb-15-1391863/fmicb-15-1391863-g005.jpg
Fungi

— <om

Manters p






OPS/images/fmicb-15-1502536/fmicb-15-1502536-t002.jpg
Faith_pd Observed_ Goods_ Pielou_e Shannon Simpson

species coverage
SA 2,194 + 413bc 150 + 20b 2,168 + 403b 0.9983 £ 0.0007a 0.9168 + 0.0043a 10.10 £ 0.24a 0.9978 + 0.0003a
SAF5 1,960 + 155b 141 £ 10b 1,944 + 152b 0.9989 + 0.0003a 0.9002 + 0.0087b 9.82+0.07a 0.9965 + 0.0005b
SAF15 3,199 99 195+ 3a 3,018 +75a 0.9889 £ 0.0010b 0.8624 + 0.0013¢ 9.97 £0.02a 0.9974 % 0.0001ab.
SAF25 28385181 19445 2,655+ 1293 098974000195 0815000064 927+003b 09926+ 00001

Al values are shown as mean & standard error. Different lowercase lettrs indicate significant differences among compost treatments at p<0.05 by Duncan's multiple range tes. The SA, SAFS,
SAF15,and SAF25 represent different compost application rates, respectively.
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AN

AP

SA 9.1240.04a
SAFS 8.93+0.01b
SAFIS 8.48£001c
SAF25 8.04+001d

(mgkg™)

59.05+237a

75.11 + 4240
21290+ 6.47b

21342+ 8.48b

(mgkg™)
30.95+0.70d
102.74 + 1.10¢
14853 + 2.62b

188.35 + 1.96a

AK (mgkg™) ™ TK (gkg™)
(gkg™)

9368+ 262 0374001d 0410004 2593+020

183384653 086£002  066£002% | 2342%05la

46558£9.42b  213:009°  LI8£005b | 23.19127ab

100172471562 | 429%017a 1743008 | 2018+01.27b

294+007d
8814007
1858£0.14"

2930+0.29a

Allvalues are shown as mean & standard error. Different lowercase leters indicate significant differences among compost treatments at p<0.05 by Duncan's multple range test. AN, available
nitrogen; AP, avalable phosphorus; AK, available potassium; TN, total nitrogen; AK, available potassium; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon. The SA, SAFS,
SAF15, and SAF25 represent different compost application rates, respectively.
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o assland o e p D(g % OC(gekg gekg P(gekg P P
aye pe eatme
0~5 TD GE 8.83 £ 0.12Aa | 159.03 & 53.73Aa 1.38 £0.07Aa 208 £0.11Aa 5.92 %+ 1.86Aa 0.67 & 0.10Aa 0.82+0.02Aa | 9.84+£373Aa | 7.33+£238Aa | 0.82+0.12Aa
FG 8.80 & 0.43Aa | 285.00 & 21.50Aa 1.36 £ 0.04Aa 2.90 & 0.14Ab 6.18 £ 0.57Aa 0.77 £ 0.07Aa 0.80+0.01Aa | 7.98 £0.07Aa | 7.77 £ 0.81Aa | 0.97 £ 0.10Aa
TS GE 7.64£0.08Ba | 121.65 £ 12.41Ba 1.26 £ 0.08Aa 3.01 £0.37Aa 7.41 % 3.86Aa 238+ 0.12Aa 048 +0.02Ba | 298 & 1.46Aa 14.93 £ 4.91 £ 0.12Ba
7.65Aa
FG 7.67+0.16Ba | 81.30£7.27Bb 1.31 £0.08Aa 4.63 = 0.31Ab 14.73 £0.35Aa 23101240 0.51£0.03Ba | 639+ 0.22Aa 2921+ 4.61 %+ 0.50Ba
2.35Aa
MM GE 7.41 £0.07Ca 185.97 + 0.87 £ 0.04Ba 19.00 £ 29.29 & 2.12Ba 8.33 &+ 1.47Ba 0.93£0.04Ca | 3.69 %+ 0.58Aa 3177 8.97 & 1.58Ca
1.90ABa 0.52Ba 3.31Ba
FG 6.56 % 0.09Cb 136.12 % 0.68 & 0.01Bb 34.96 + 107.56 £ 14.40Bb | 10.30 & 1.33Ba 1.23 £ 0.09Cb 1043+ 87.14 % 8.34 £ 0.70Ca
5.94ABb 2.48Bb 0.21Ab 8.66Bb
5~10 TD GE 9.41 £ 0.09Aa | 195.25 & 48.63Aa 1.32 £ 0.06Aa 3.71£0.87Aa 533+ 223Aa 0.51 & 0.05Aa 075+ 0.05Aa 10.84 £ 7.24 £2.93Aa | 0.67 £ 0.03Aa
4.22Aa
FG 9.45+£0.12Aa | 267.83 £ 19.39Aa 1.34 £0.07Aa 1.67 £ 0.33Aa 4.20 + 0.54Aa 0.59 & 0.08Aa 0.85+0.01Aa | 7.34£0.97Aa | 497 £0.67Aa | 0.69 & 0.10Aa
TS GE 7.30+£021Ba | 149.73 £ 4.00Ba 1.15 £ 0.08ABa 6.06 £0.81Aa 1293 £597Aa 3.17 £0.17Ba 0.54£0.03Ba | 4.01 £ 1.87Aa 2447 £ 5.90 & 0.24Ba
11.67Ba
FG 7.64+0.04Ba | 126.32+9.11Ba 1.27 £ 0.09ABa 5.83 & 0.98Aa 16.15 + 0.97Aa 2.74 +0.28Ba 053+001Ba | 6.05%0.81Aa | 30.7942.16Ba | 522+ 0.54Ba
MM GE 7.42%0.06Ca | 140.82 & 4.16Ba 1.17 £0.05Ba 1252+ 15.85 £ 2.50Ba 3.51£0.26Ca 0.78 £0.01Aa | 4.54+0.70Aa 2027 £ 4.49 £0.26Ba
1.64Ba 2.97Ba
FG 6.35+0.05Cb | 89.55 £ 6.19Bb 0.90 % 0.06Bb 23.67 66.18 = 3.89Bb 7.70 £ 0.45Cb 0.99 £ 0.06Ab | 8.60 & 0.00Ab 67.03 7.79 £ 0.08Bb
1.90Bb 0.68Bb

Different capital letters indicate that soil nutrients varied significantly amongst different grassland types, lowercase letters indicate that different treatments had a significant effect on soil nutrients in the same grassland type, and bolded letters indicate that they varied
significantly amongst different treatments (P < 0.05). TD, temperate desert grassland; TS, temperate steppe grassland; MM, mountain meadow grassland, GE, grazing exclusion; FG, freely grazing; EC, electric conductivity; BD, bulk density; SM, soil moisture; SOC,
:P, nitrogen:phosphorus.

soil organic carbon; TN, total nitrogen; TP, total phosphorus; C:N, carbon:nitrogen; C:P, carbon:phosphorus;
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Grassland Dominant species geo.g.raphical Elevation (m) Enclosure

types position year
Jinghe County Temperate desert Seriphidium borotalense+Suaeda glauca | E83.05°, N44.43° 1,178 2012
Wengquan County Temperate steppe Stipa capillata-+Artemisia frigida E80.55°, N45.01° 2,338 2012
Bole Country Mountain meadow | Alchemilla tianschanica+Elytrigia E80.99°, N44.56° 1,017 2012

repens+Bromus inermis
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SBR(mgCg Microbial Rmass (mg C lg NH4*-N (mg/L} Total carbon  Total nitrogen

dry soil™* h™) biomass i (g/kg) (g/kg)
Control 0.18£0.03b 16.19£0.22b 0010£0001b 85320082 0.2120.006b 02720016 0982022 10.48:0.74b 0,62£0.12b
Down 0275003 16.76£0.12ab 001420001 827:0.06b 0250008 03420032 0842017 1445£0.962 1122011
Mid 02420018 1681£0.162 0014200012 83240.05ab 0240009 029:001ab 092:0.11 13.9940.962 10940.13
Statistical 68,p=0.007  F..,=394,p Fiy=442,p=002  F.,,=5.14,p=001 Fu 432,p=002
significance

Data are expressed as mean SE. The statistically significant differences are shown in bold (p <0.05). Different lowercase letters between groups indicate a statistically significant difference (p<0.05).
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Group Molecular ecological network Random network

Similarity Nodes Links Average Average Average  Centrali- Density Transitivity Modularity R2 Average Average = Modularity

threshold degree  clustering path zation of (®)} (Trans) clustering path
(avgK) coefficient distance degree coefficient distance

(avgCC) (GD) (CD) (avgCCQ) ((e]p)]
C_168 0810 657 17,299 52,661 0.467% 3.109" 0.163 0.080 0525 0.269¢ 0642 | 02290029 | 22760083 | 0.093%0.017
R_168 0810 862 6,673 15.482 0.359° 4.109 0.066 0017 0.405 0.522¢ 0618 | 05220054 | 2.872+0.128 | 0210 £0.031
C_ITS 0.800 60 74 2.466 0.265" 4322° 0.110 0041 0375 0.741¢ 0822 | 05500038 | 2.827+0.128 | 0.089 £ 0.006
R_ITS 0.800 104 129 2480 0.176" 4.982° 0.073 0024 0.494 0.741¢ 0981 | 0.4700020 | 14180001 | 0.067 £0.003
c_18s 0.860 239 423 3539 0.292° 5.067° 0.073 0014 0432 0.728° 0943 | 0.4160007 | 13360.001 | 0.051 +0.003
R_I8S 0.860 318 584 3672 0.269" 6.270" 0.029 0011 0323 0.756° 0790 | 041740005 | 131.£0001 | 0.05140.002

Randomized networks were performed by rewiring all the nodes and links corresponding to empirical networks 100 times. C, continuous cropping; R, rotational cropping.
*Significant difference in avgCC between empirical and randomized networks based on Student’s t-test.

bSignificant difference in GD between empirical and randomized networks based on Student’s t-test.

“Significant difference in M between empirical and randomized networks based on Student’s t-test.
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Continuous Rotational

cropping cropping
Total organic carbon 13.93+222a 1674 £1.76 b
(TOC g/kg)
Soil organic matter 2472+397a 2820+£299b
(SOM g/kg)
Total nitrogen (TN g/kg) 1.34£0.17a 162 0.17b
Total phosphorus (TP 1060232 123£016a
g/kg)
Total potassium (TK 23.65+2.94a 30.29+3.03b
g/kg)
Nitrate nitrogen (NO3- 10.61 +4.53a 23.01%13.19
N mg/kg) b
Ammonia nitrogen 377+057a 7.74£336b
(NH;+-N mg/kg)
Available phosphorus 6372+ 16.73a 10150 + 27.07
(AP mg/kg) b
Available potassium (AK 582.79 £ 65.51a 713.58 + 88.50
mg/kg) b
pH 623+032a 6.09£0.38a

One-way ANOVA was conducted to determine significant differences between treatments,
with different letters within the same column indicating statistically significant variations (P
< 0.05). a and b represent the significance between the two groups.
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