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[bookmark: _Toc221133976][bookmark: _Toc12562][bookmark: _Toc8876][bookmark: _Toc121490163][bookmark: _Toc162010331]Abstract
Jinshan Lian (2025). “Rhizosphere microbial mechanisms of soil organic carbon mineralization under different N fertilizer treatments in greenhouse vegetable systems” (PhD Dissertation in English)
Gembloux, Belgium, Gembloux Agro-Bio Tech, University of Liege.
149 pages, 28 figures, 5 tables.

Summary:
Excessive nitrogen (N) input has become a defining feature of high-intensity agricultural systems, particularly in greenhouse vegetable production (GVP). Over decades of application, nitrogen fertilizers not only modify soil nutrient pools but also reshape the intricate interactions within the rhizosphere, where plant roots, microbial communities, and soil organic matter (SOM) dynamics converge to regulate soil organic carbon (SOC) turnover. Despite significant progress in understanding impacts of nitrogen fertilization on soil biogeochemistry, the mechanisms by which N fertilization influences SOC cycling through rhizosphere-mediated biological pathways remains insufficiently understood. This thesis integrates findings from two complementary studies conducted in a 15-year GVP system to clarify how nitrogen regulates plant–soil–microbe interactions and alters key processes underpinning soil carbon dynamics. In this study, paired rhizosphere and bulk soil samples were collected from a 15-year greenhouse tomato production system under four chemical N fertilizer treatments: 0 (N0), 102 (N1), 327 (N2), and 552 (N3) kg N ha–1 yr–1, in addition to uniform manure and straw amendment at 123 kg N ha−1 yr−1.
1. Root exudation regulates microbial resource limitation and carbon use efficiency 
The first study focused on the role of root exudation rates in modulating microbial nutrient acquisition under different N fertilization regimes. Long-term nitrogen fertilization significantly reduced both root C and N exudation rates across all N treatments. Compared with the unfertilized control (N0 treatment), root C exudation rates decreased by 34–57%, and root N exudation rates by 24–43% under fertilizer application (N1–N3 treatments), with the most pronounced suppression under medium N input (N2 treatment). These reductions had cascading effects on microbial nutrient limitations: as root exudate inputs declined, microbial C, N, and P limitations intensified, reflecting stronger competition for resources in the rhizosphere. Importantly, microbial carbon use efficiency (CUE)—a measure of how effectively microbes convert organic C into biomass—was negatively correlated with microbial resource limitation. In other words, limited availability of root-derived labile C led microbes to invest more in nutrient acquisition (e.g., enzyme production), thereby reducing their metabolic efficiency. Random Forest (RF) analysis identified root C and N exudation rates as key predictors of microbial resource limitation and CUE. Structural equation model (SEM) analysis further revealed that soil NH₄⁺ content directly influenced root exudation rates under long-term N fertilization, which in turn shaped microbial resource dynamics. Notably, increased root exudation rates were associated with intensified microbial nutrient limitations, ultimately reducing CUE and soil C sequestration. Overall, these findings highlight root exudation not merely as a carbon source but as a central mediator of microbial strategies and soil carbon retention capacity in plant–soil systems
2. Root-mediated priming effect counteracts nitrogen-suppressed SOC decomposition
The second study examined the priming effect (PE)—a phenomenon where fresh carbon inputs stimulate or suppress the decomposition of native soil organic matter (SOM)—under long-term N fertilizer application. By using 13C-labeled glucose and analyzing PLFA biomarkers, we traced carbon incorporation and microbial community responses in paired rhizosphere and bulk soil samples. The results revealed that nitrogen fertilizer application consistently suppressed the PE, with values declining from +2% in unfertilized control (N0 treatment) to −10% under fertilizer application (N1–N3 treatments) in both rhizosphere and bulk soils. This suppression was closely associated with increases in dissolved organic nitrogen (DON), glucose-derived microbial biomass carbon (13MBC), and microbial CUE, which together reduced microbial reliance on native SOC as an energy source. Notably, rhizosphere soils showed weaker negative PE values than bulk soils, reflecting lower DON concentrations and higher microbial abundance and activity, suggesting that root-mediated processes partially counteracted the suppressive effect of N fertilization. These findings underscore that elevated N fertilization input enhances microbial C assimilation and reduce the need for SOC decomposition; rhizosphere processes sustain SOC turnover by stimulating microbial biomass and activity.
Synthesis and Implications 
This research provides an integrated perspective on how long-term nitrogen (N) fertilization reshapes plant–soil–microbe interactions and regulates soil carbon (C) cycling in intensive greenhouse vegetable systems. Nitrogen fertilization influences SOC dynamics not only through nutrient availability and chemical stabilization, but also via biologically mediated processes that alter root exudation, microbial resource limitations, priming effects, and community functioning. Root exudation emerges as a central regulator in this network, acting both as a source of labile C for microbial nutrient acquisition and as a modulator of rhizosphere processes. While increased N input enhances microbial C assimilation and constrains SOC decomposition, rhizosphere processes sustain microbial activity and C turnover, thereby balancing soil C stabilization and loss. These findings underscore the dual role of nitrogen in simultaneously constraining and sustaining SOC dynamics, and highlight the rhizosphere as a key regulatory interface where root traits, microbial metabolism, and biogeochemical processes converge. 
Key words: Plant–soil–microbe interactions, Nitrogen fertilization, Soil organic matter (SOM), Soil organic carbon (SOC), Rhizosphere processes, Root exudation, Microbial resource limitation, Microbial carbon use efficiency (CUE), Priming effect (PE), Greenhouse vegetable production (GVP).


[bookmark: _Toc221133977]Résumé
Jinshan Lian (2025). “Mécanismes microbiens rhizosphériques de la minéralisation du carbone organique du sol sous différentes doses d’engrais azotés dans les systèmes maraîchers sous serre”(thèse de doctorat en anglais).
Gembloux, Belgium, Gembloux Agro-Bio Tech, University of Liege.
149 pages, 28 figures, 5 tableaux.

Résumé :
Un apport excessif d’azote (N) est devenu une caractéristique définissant les systèmes agricoles à haute intensité, en particulier dans la production maraîchère sous serre (GVP). Au cours de décennies d’application, les engrais azotés ne modifient pas seulement les réservoirs de nutriments du sol, mais ils reconfigurent également les interactions complexes dans la rhizosphère, où les racines des plantes, les communautés microbiennes et la dynamique de la matière organique du sol (MOS) convergent pour réguler le turnover du carbone organique du sol (COS). Malgré des avancées significatives dans la compréhension des impacts de la fertilisation azotée sur la biogéochimie des sols, les mécanismes par lesquels la fertilisation azotée influence le cycle du COS à travers des voies biologiques médiées par la rhizosphère restent insuffisamment compris. Cette thèse intègre les résultats de trois études complémentaires menées dans un système de GVP de 15 ans afin de clarifier comment l’azote régule les interactions plante–sol–microbe et modifie les processus clés qui sous-tendent la dynamique du carbone du sol. Dans cette étude, des échantillons appariés de rhizosphère et de sol nu ont été collectés dans un système de production de tomate sous serre de 15 ans, soumis à quatre traitements d’engrais azotés chimiques : 0 (N0), 102 (N1), 327 (N2) et 552 (N3) kg N ha–1 an–1, en plus d’un apport uniforme de fumier et de paille à 123 kg N ha−1 an−1.
1. L’exsudation racinaire régule la limitation des ressources microbiennes et l’efficacité d’utilisation du carbone
La première étude s’est concentrée sur le rôle des taux d’exsudation racinaire dans la modulation de l’acquisition des nutriments par les microbes sous différents régimes de fertilisation azotée. La fertilisation azotée à long terme a significativement réduit à la fois les taux d’exsudation de C et de N racinaires dans tous les traitements azotés. Par rapport au témoin non fertilisé (traitement N0), les taux d’exsudation de C racinaire ont diminué de 34–57 %, et les taux d’exsudation de N racinaire de 24–43 % sous application d’engrais (traitements N1–N3), avec la suppression la plus prononcée sous apport azoté moyen (traitement N2). Ces réductions ont eu des effets en cascade sur les limitations nutritives microbiennes : à mesure que les apports d’exsudats racinaires diminuaient, les limitations microbiennes en C, N et P s’intensifiaient, reflétant une compétition plus forte pour les ressources dans la rhizosphère. De manière importante, l’efficacité d’utilisation du carbone microbien (CUE) — une mesure de la façon dont les microbes convertissent efficacement le C organique en biomasse — était négativement corrélée avec la limitation des ressources microbiennes. En d’autres termes, la disponibilité limitée en C labile d’origine racinaire poussait les microbes à investir davantage dans l’acquisition de nutriments (par exemple, la production d’enzymes), réduisant ainsi leur efficacité métabolique. L’analyse par Random Forest (RF) a identifié les taux d’exsudation de C et de N racinaires comme prédicteurs clés de la limitation des ressources microbiennes et de la CUE. L’analyse par modèle d’équations structurelles (SEM) a en outre révélé que la teneur en NH₄⁺ du sol influençait directement les taux d’exsudation racinaire sous fertilisation azotée à long terme, ce qui façonnait à son tour la dynamique des ressources microbiennes. Notamment, l’augmentation des taux d’exsudation racinaire était associée à une intensification des limitations nutritives microbiennes, réduisant finalement la CUE et la séquestration du C dans le sol. Dans l’ensemble, ces résultats soulignent que l’exsudation racinaire n’est pas seulement une source de carbone mais un médiateur central des stratégies microbiennes et de la capacité de rétention du carbone du sol dans les systèmes plante–sol.
2. L’effet de priming médié par les racines contrecarre la décomposition du COS supprimée par l’azote
La deuxième étude a examiné l’effet de priming (PE) — un phénomène où des apports de carbone frais stimulent ou suppriment la décomposition de la matière organique du sol (MOS) — sous application d’engrais azotés à long terme. En utilisant du glucose marqué au 13C et en analysant des biomarqueurs PLFA, nous avons tracé l’incorporation du carbone et les réponses des communautés microbiennes dans des échantillons appariés de rhizosphère et de sol nu. Les résultats ont révélé que l’application d’engrais azotés supprimait systématiquement le PE, avec des valeurs diminuant de +2 % dans le témoin non fertilisé (traitement N0) à −10 % sous application d’engrais (traitements N1–N3) dans les sols de rhizosphère et de sol nu. Cette suppression était étroitement associée à des augmentations de l’azote organique dissous (DON), du carbone microbien dérivé du glucose (13MBC) et de la CUE microbienne, qui ensemble réduisaient la dépendance des microbes au COS natif comme source d’énergie. Notamment, les sols de rhizosphère montraient des valeurs de PE négatives plus faibles que les sols nus, reflétant des concentrations plus faibles de DON et une plus grande abondance et activité microbienne, suggérant que les processus médiés par les racines contrecarraient partiellement l’effet suppressif de la fertilisation azotée. Ces résultats soulignent que, tandis qu’un apport élevé en engrais azotés améliore l’assimilation du C microbien et réduit le besoin de décomposition du COS, les processus de rhizosphère soutiennent le turnover du COS en stimulant la biomasse et l’activité microbiennes.

Synthèse et implications
Cette recherche fournit une perspective intégrée sur la façon dont la fertilisation azotée (N) à long terme reconfigure les interactions plante–sol–microorganismes et régule le cycle du carbone (C) dans les systèmes maraîchers sous serre intensifs. La fertilisation azotée influence la dynamique du carbone organique du sol (SOC) non seulement par la disponibilité des nutriments et la stabilisation chimique, mais aussi à travers des processus biologiquement médiés qui modifient l’exsudation racinaire, les limitations en ressources microbiennes, les effets de priming et le fonctionnement des communautés microbiennes. L’exsudation racinaire apparaît comme un régulateur central de ce réseau, agissant à la fois comme une source de C labile pour l’acquisition de nutriments par les microbes et comme un modulateur des processus de la rhizosphère. Alors qu’un apport accru d’azote stimule l’assimilation microbienne du C et limite la décomposition du SOC, les processus de la rhizosphère maintiennent l’activité microbienne et le turnover du C, équilibrant ainsi la stabilisation et la perte du carbone du sol. Ces résultats soulignent le double rôle de l’azote, qui contraint tout en soutenant la dynamique du SOC, et mettent en évidence la rhizosphère comme une interface régulatrice clé où convergent traits racinaires, métabolisme microbien et processus biogéochimiques.

Mots-clés : Interactions plante–sol–microbe, Fertilisation azotée, Matière organique du sol (MOS), Carbone organique du sol (COS), Processus de la rhizosphère, Exsudation racinaire, Limitation des ressources microbiennes, Efficacité d’utilisation du carbone microbien (CUE), Effet de priming, Production maraîchère sous serre (GVP).
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1. [bookmark: _Toc162010337][bookmark: _Hlk209424917][bookmark: _Toc221133980] Context 
[bookmark: _Hlk209428671]Soil organic matter (SOM) comprises a complex mixture of plant residues, microbial metabolites, and humified substances that regulate the nutrient and energy fluxes of terrestrial ecosystems (Lehmann & Kleber, 2015; Jackson et al., 2017). Within this pool, soil organic carbon (SOC) represents the carbon fraction of SOM and serves as a primary indicator of soil fertility, carbon storage, and sustainability (Fageria, 2012; Bossio et al., 2020; Frank & Augustynczik, 2024). SOC turnover in the rhizosphere emerges from microbially mediated carbon partitioning between catabolism (CO2 mineralization) and assimilation into microbial biomass (Kuzyakov & Blagodatskaya, 2015; Malik et al., 2020). This partitioning determines both climate‐relevant CO2 fluxes and the retention of carbon in soils via biomass formation and downstream stabilization. In intensive agricultural systems, aligning SOC turnover with sustained productivity is therefore a central challenge (Geisseler & Scow, 2014; de Vries et al., 2020). 
Greenhouse vegetable production (GVP) is characterized by continuous cultivation and high nutrient inputs (Ju et al., 2009; Wang et al., 2024b; Li et al., 2025). Under different chemical N fertilizer treatments sustained over years, soil nutrient pools and microbial economics, which refer to the metabolic strategies and trade-offs that microorganisms employ to allocate limited resources among growth, maintenance, and extracellular enzyme production, are reshaped, leading to uncertain consequences for native SOC turnover (Manzoni et al., 2012; Mooshammer et al., 2014; Sinsabaugh et al., 2016). Greater N availability can reduce “N-mining” and suppress native SOC mineralization (manifesting as negative priming), yet may also modify root-derived inputs and microbial metabolism in ways that accelerate turnover. These competing pathways concentrate in the rhizosphere, where root C and N exudation fuels microbial activity and extracellular enzyme production, reshaping microbial resource limitations (C, N, P) and CUE and, in turn, altering the direction and magnitude of priming effects (PE) (Canarini et al., 2019; Kuzyakov & Razavi, 2019; Sinsabaugh & Follstad Shah, 2012).
Despite rapid advances, the mechanistic links among N-driven changes in root exudation, resource limitation and enzyme allocation, CUE, and the resulting native SOC mineralization vs assimilation remain insufficiently resolved in long-term GVP (Malik et al., 2020; Xu et al., 2024). Moreover, how these responses differ between soil compartments (rhizosphere vs bulk) under different N fertilizer treatments is still unclear. Addressing these gaps is essential for developing fertilization strategies that maintain crop yields while enhancing SOC retention and microbial functioning.
[bookmark: OLE_LINK4]This research systematically investigates how different chemical N fertilizer treatments reshape root inputs, microbial resource allocation, and carbon partitioning to regulate native SOC turnover in a long-term greenhouse vegetable production system. A 15-year, production-scale greenhouse tomato experiment with contrasting N application rates provided the in situ experimental setting for all measurements and incubations. The work is organized around two interrelated themes:
First, the effects of long-term chemical N fertilization on root exudation rates (both carbon and nitrogen exudates) were quantified. Subsequent analyses focused on how variations in root exudation influenced microbial resource limitations and microbial carbon use efficiency (CUE), highlighting the direct and indirect pathways by which nitrogen inputs affect microbial processes.
Second, the study assessed SOM-derived SOC priming effects in paired niches (rhizosphere and bulk soil) under different chemical N fertilization treatments.  Using 13C-glucose labeling on paired soil niches (rhizosphere vs bulk soils) across the different chemical N treatments, we partition carbon flows into CO2 efflux (mineralization) and microbial assimilation (e.g., 13MBC, 13PLFA), determine the direction and magnitude of priming effects, and identify proximal drivers—including DON, microbial biomass/activity, and enzyme patterns—that govern variation in native SOC turnover.
Across both themes, we integrate root physiology, soil biogeochemistry, and microbial ecology with multivariate and causal modeling to quantify direct and indirect pathways. Together, these investigations build a mechanistic framework linking N-induced shifts in root exudation and microbial resource allocation to microbial CUE and onward to carbon partitioning, priming behavior, and native SOC turnover and stabilization in GVP. 

2. [bookmark: _Toc221133981]Structure of the Thesis
The thesis is structured into six main chapters as follows:
· Chapter 1: General Introduction – This introductory chapter outlines the research background and provides an overview of the thesis structure. It sets the context for the study, explaining its significance and research gaps.
· Chapter 2: Literature Review – This chapter presents a detailed review of the existing literature on nitrogen fertilization, root exudation, microbial resource limitations, and microbial community dynamics in agricultural soils. It highlights key findings, identifies gaps in knowledge, and lays the groundwork for the experimental chapters. This chapter ends with the presentation of the general and specific research objectives of the thesis.
· Chapter 3: Impact of Nitrogen Fertilization on Root Exudation and Microbial Resource Limitations – This chapter investigates the effects of nitrogen fertilization on root exudation rates and microbial resource limitations. It presents experimental data on how varying nitrogen inputs affect root exudation and microbial resource acquisition.
· Chapter 4: Rhizosphere–Nitrogen Interactions Modulate Priming of Native SOC under different N fertilizer treatments – Using a 13C-glucose labeling experiment on paired soil compartments (rhizosphere vs bulk) across different chemical N fertilizer treatments, this chapter quantifies the direction and magnitude of priming, partitions carbon between mineralization (CO2 efflux) and assimilation (¹³MBC and CUE), and demonstrates that rhizosphere processes weaken nitrogen-induced negative priming. Variability in priming is explained by DON, microbial biomass/activity (PLFAs, 13MBC), and enzyme patterns, evidencing N fertilization and rhizosphere interaction controlling SOC turnover. 
· Chapter 5: General Discussion –This chapter synthesizes the experimental findings presented in Chapters 3 and 4, placing them in a broader ecological and agricultural context. It discusses the mechanisms through which nitrogen fertilization regulates plant–soil–microbe interactions and evaluates the implications for soil health and sustainable management.
· Chapter6: Conclusion and Perspectives – The final chapter summarizes the main conclusions of the thesis, highlights its scientific contributions, and outlines perspectives for future research and management strategies in greenhouse vegetable production systems.
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1. [bookmark: _Toc221133983][bookmark: _Hlk214026846][bookmark: _Hlk196818460]Introduction
The intensification of global nitrogen (N) inputs, primarily through increasing applications of synthetic fertilizers, has profoundly altered terrestrial biogeochemical cycles, with cascading effects on soil organic matter (SOM) turnover and soil organic carbon (SOC) storage and ecosystem stability (Galloway et al., 2008; Fowler et al., 2013; Jian et al., 2016). Agricultural ecosystems, particularly greenhouse-based vegetable production (GVP), are hotspots of N accumulation because of excessive fertilizer application and low nutrient recovery efficiency, which also contributes to nitrate and nitrite contamination of water resources (Ju et al., 2009; Wang et al., 2024c, e; Li et al., 2025b). Such imbalanced N inputs disrupt plant–soil–microbe interactions, modify SOM decomposition pathways, and alter C–N coupling, ultimately shaping SOC turnover and stability in intensively managed soils.
Traditionally, soil carbon cycling has been interpreted through a physicochemical lens that emphasizes decomposition kinetics, stabilization mechanisms, and environmental drivers. However, emerging research underscores the pivotal role of biological regulation in controlling SOC dynamics (Schmidt et al., 2011; Kuzyakov and Blagodatskaya, 2015). Interactions among plants, microbes, and soils constitute the biotic core of terrestrial C cycling, where the rhizosphere serves as a regulatory hotspot linking root-derived C inputs, microbial nutrient acquisition, and carbon use efficiency (CUE), which is defined as the proportion of assimilated carbon allocated to biomass production rather than respiration. (Sokol & Bradford, 2019; Canarini et al., 2019; Malik et al., 2020). Through these processes, plants and microbes jointly determine the balance between SOC mineralization and stabilization, forming a mechanistic bridge between biological activity and soil carbon persistence.
[bookmark: _Hlk214026874]Chemical N fertilization (i.e., the application of mineral N fertilizers such as urea, ammonium sulfate, and nitrate-based compounds commonly used in greenhouse vegetable production systems) disrupts this biological equilibrium by simultaneously altering plant traits, root carbon inputs, and microbial metabolic strategies (Reich, 2014; Kuzyakov & Razavi, 2019; Canarini et al., 2019). Excess N input alleviates microbial N limitation, reduces extracellular enzyme investment, and weakens positive priming effects (PE), yet may also favor fast-growing r-strategists with lower stabilization potential, thereby accelerating SOC depletion (Manzoni et al., 2012; Mooshammer et al., 2012; Sinsabaugh et al., 2016; Sokol & Bradford, 2019). Within the rhizosphere, however, enhanced root exudation and microbial turnover can counterbalance this suppression, generating context-dependent shifts between positive and negative priming effects and variable CUE responses across soil compartments (Schmidt et al., 2011; Malik et al., 2020; Wen et al., 2025; Ma et al., 2025). These complex interactions underscore that SOC dynamics under chemical N fertilization emerge from integrated root–microbe–soil feedbacks rather than isolated nutrient or decomposition processes.
In GVP, intensive N fertilization and continuous cultivation intensify these biological and biochemical feedbacks, leading to rapid SOC turnover and pronounced spatial heterogeneity between rhizosphere and bulk soils. Understanding how chemical N fertilization modifies rhizosphere processes and microbial carbon metabolism is therefore essential for predicting carbon persistence and developing sustainable nutrient management strategies in GVP soils (Ju et al., 2009; Wang et al., 2024d; Li et al., 2025b).
This review integrates recent advances in understanding how chemical N fertilization regulates soil organic carbon (SOC) dynamics, with a particular focus on the roles of rhizosphere processes and microbial metabolism in greenhouse agricultural systems. It synthesizes multi-level evidence—from root-derived carbon inputs and microbial nutrient acquisition to variations in carbon use efficiency (CUE), priming effects (PE/RPE), and SOC stabilization—to elucidate how chemical N fertilization reshapes the coupled plant–microbe–soil feedbacks that govern SOC turnover. By linking biological regulation with biogeochemical outcomes, this review establishes a process-based conceptual framework for interpreting SOC dynamics under N fertilization and provides new theoretical insights for enhancing carbon sustainability in intensively managed greenhouse vegetable production systems.
[bookmark: _Toc221133984]2. Global expansion of greenhouse vegetable production and characteristics of nitrogen input 
Globally, greenhouse or tunnel-based year-round vegetable cultivation has rapidly expanded and has become a representative form of intensive agricultural production. According to Roble (2019), the global area under greenhouse vegetable cultivation reached approximately 5.6 million hectares in 2018, of which China accounted for 4.67 million hectares (NBSC, 2019). In 2021, China’s vegetable production and consumption reached 775 and 740 million tons, respectively, representing more than half of the global total vegetable production (NBSC, 2022; FAO, 2022). As the world’s largest vegetable producer, China contributes about 50% of global vegetable output (FAO, 2024). Compared with open-field cultivation, greenhouse vegetable production (GVP) is characterized by high productivity, annual supply, and stable economic returns. Over the past 17 years, vegetable yields in China have increased sharply (NBSC, 2023), partly due to governmental policy and financial support (Fig. 2-1). Currently, greenhouse vegetables account for approximately 30% of China’s total vegetable production, and this proportion is projected to rise to 40% by 2030 (MAC, 2023). On a global scale, China represents 60% of all agricultural greenhouse facilities (Tong et al., 2024), with over 80% dedicated to vegetable production (MAC, [image: ]2023).

[bookmark: bbib0041][bookmark: bbib0042][bookmark: bbib0062]Fig. 2-1. Development of greenhouse vegetable production (GVP) in China. (a) Changes in planting area of greenhouse vegetables from 2006 to 2023. (b)Shares of greenhouse and open-field vegetable production in 2022. Data from the NBSC (2008, 2023) and Wang et al. (2020). Cited from (Li et al., 2025b)

[bookmark: _Hlk214042037]Driven by population growth and improved living standards, dietary shifts have continued to increase global vegetable demand. Between 2000 and 2022, global vegetable production nearly doubled, with cabbage (Brassica oleracea, 73 Mt), cucumber (Cucumis sativus, 95 Mt), onion (Allium cepa, 111 Mt), and tomato (Solanum lycopersicum, 186 Mt) being the major crops, followed by eggplant (Solanum melongena, 59 Mt) (FAO, 2022). To meet rising demand, the cultivated area for vegetables has expanded, and farmers have increasingly adopted intensive rotation and heavy chemical N fertilizer application to achieve higher yields (Ti et al., 2015; Norse & Ju, 2015; Tang et al., 2023). Ideally, GVP should be managed under optimized water and nutrient conditions; however, in practice—especially within unheated “solar greenhouse” systems characterized by simple structure and limited climate control (Lv et al., 2020)—chemical N fertilizer overapplication is widespread and has become a chronic issue in Chinese greenhouse systems. In temperate Europe, farmers typically cultivate two vegetable crops per year and apply 400–600 kg N ha–1 yr–1 (Granados et al., 2013; Zikeli et al., 2017; Rodríguez et al., 2020), whereas in China, the average chemical N fertilizer rate often exceeds 1500 kg N ha–1 yr–1 (Yang et al., 2016), exceeding crop N demand by 4–7 times. Such excessive N fertilizer input has resulted in severe environmental and soil problems, including greenhouse gas emissions, nitrate and organic N leaching through irrigation (Lv et al., 2020), and soil degradation associated with acidification, salinization, and the accumulation of heavy metals and pesticides (Lv et al., 2020; Zhao et al., 2021b).
While modern agriculture has successfully enhanced crop productivity to meet global food demands, it has also incurred substantial environmental costs, including soil degradation, water pollution, greenhouse gas emissions, and biodiversity loss. Consequently, transitioning from conventional to sustainable agricultural practices has become a global priority (Fischer et al., 2025) and is crucial for achieving the United Nations Sustainable Development Goals (SDGs) (Chowdhuri & Pal, 2025; Yin et al., 2025). Sustainable agriculture aims to balance productivity, environmental health, and economic viability by producing safe, high-quality food while maintaining soil and ecosystem resilience. With recent technological advancements, GVP systems have increasingly adopted smart farming, fractional N application, fertigation, and organic substitution strategies to minimize the risk of chemical N fertilizer overuse. These practices enable precise control of the spatiotemporal distribution of nutrient supply, thereby improving N uptake efficiency, reducing losses, enhancing yield stability, and maintaining soil health. In China, rising fertilizer prices and stricter environmental regulations have further accelerated the adoption of drip irrigation, integrated water–fertilizer management, precision N application, and deep N placement (Zhou et al., 2023; Wang et al., 2024c; Han et al., 2025; Yu et al., 2025). For instance, under typical Chinese GVP conditions, drip irrigation can reduce N leaching by 84.6% and increase N use efficiency (NUE) by 147.3% (Han Le et al., 2025). Even when the rate of chemical N fertilizer was reduced by 50%, N losses decreased by 25–35%, while the product-specific N and C footprints and net returns improved significantly (Ding et al., 2023). Furthermore, the partial substitution of chemical N fertilizer with organic fertilizer (e.g., livestock manure) has proven effective in mitigating N2O and NH3 emissions due to the slow mineralization of organic N (Geisseler et al., 2021). Numerous studies have demonstrated that mixed or organic fertilizer applications not only reduce gaseous N losses (Zhou et al., 2019; Geng et al., 2021) but also substantially affect SOC dynamics. Organic substitution promotes SOC stabilization and mitigates soil degradation and climate impacts, with SOC content increasing proportionally to the level of organic replacement (0–20–50–100%), and 50% organic substitution achieving the highest SOC gain and the lowest carbon footprint (Xu et al., 2024a).
Nitrogen (N) is a key limiting nutrient for crop production. Under intensive cultivation, vegetable crops require higher N input than cereals, and yield and quality are tightly linked to N availability (Bai et al., 2022; Li et al., 2022). To sustain China’s food supply, approximately 25.9 million tons of chemical N fertilizer were used in 2020 (FAO, 2022), making the country the largest consumer of N fertilizer globally. Driven by chemical fertilizer use and fossil fuel combustion, atmospheric N deposition to terrestrial ecosystems has increased by 3–5 times over the past century (Galloway et al., 2008) and is projected to rise by another 2.5-fold in the 21st century (Wang et al., 2018). The consequent increase in soil N availability alters ecosystem sustainability and functioning. In Chinese GVP systems, N loss and greenhouse gas emissions were estimated at 86 kg N ha–1 season–1 and 139 Tg CO2-eq, respectively (Wang et al., 2021b; Zhang et al., 2021), with N-related processes contributing up to 80% of total emissions (Zhang et al., 2021).
Excessive N input not only exacerbates environmental pollution through reactive nitrogen (Nr) loss but also poses human health risks due to nitrate accumulation in vegetables (Zhang et al., 2018). Vegetables account for more than 80% of dietary nitrate intake and elevated nitrate consumption has been linked to increased risks of gastric cancer and methemoglobinemia (Bahadoran et al., 2016). From a physiological perspective, N is an essential constituent of proteins, nucleic acids, chlorophyll, and secondary metabolites, but excessive N fertilization often leads to high nitrate concentrations in vegetables (Salehzadeh et al., 2020). For example, Sun et al. (2017) reported nitrate concentrations ranging from 184.49 to 2888.09 mg kg–1 fresh weight (FW) in vegetables cultivated under high N fertilization (>2000 kg N ha–1), posing significant health risks. In practice, low NUE remains a major issue in GVP. Global 15N-based assessments show that NUE in vegetable systems ranges from 9% to 67%, with an average of only 23–34% (Jalpa & Mylavarapu, 2024), implying substantial N losses (Qasim et al., 2022). Over 70% of applied chemical N fertilizer typically remains unaccounted for after harvest, increasing the risks of nitrate leaching and N2O emissions. Moreover, vegetable production requires greater water input than field crops, with irrigation ranging from 300–500 mm yr–1 in Central Europe (Rodríguez et al., 2020) to over 600 mm yr–1 in China (Qasim et al., 2021; Zhao et al., 2021b), resulting in severe hydrological and gaseous N losses (Lv et al., 2019). Globally, when the mean N input is approximately 1300 kg N ha–1, the average annual leaching load reaches 297 ± 22 kg N ha–1 (Qasim et al., 2021). In China, N leaching ranges from 98 to 863 kg N ha–1 yr–1 as N fertilizer input increases from 560 to 2200 kg N ha–1 yr–1 (Wang et al., 2018; Zhao et al., 2021b). Even under high-efficiency management such as drip irrigation and mulching, crop recovery of applied N seldom exceeds 30–50% (Jalpa & Mylavarapu, 2023). 
This long-term high N input and low utilization efficiency not only intensify N losses through hydrological and gaseous pathways but also disrupt the coupling among soil–plant–microbial processes, thereby altering the overall nutrient balance within agricultural ecosystems. Consequently, sustained chemical N fertilization (i.e., the application of mineral nitrogen fertilizers such as urea, ammonium sulfate, and nitrate-based compounds) fundamentally modifies the linkages between SOM decomposition and assimilation, ultimately influencing the turnover and stabilization of SOC—the core determinant of soil fertility and carbon sequestration capacity in GVP systems. This interconnection between nitrogen inputs and SOC dynamics provides a conceptual bridge to the following discussion on the definitions and roles of SOM and SOC within GVP soils.
[bookmark: _Toc221133985]3. From chemical N fertilization to SOC dynamics: coupling mechanisms from soil organic matter decomposition to rhizosphere priming effects 
Soil organic matter (SOM) is the complex assemblage of plant residues, microbial metabolites, and humified substances in soils, constituting the core of nutrient cycling and energy flow in terrestrial ecosystems. Soil organic carbon (SOC) is the carbon fraction of SOM and a key indicator for assessing soil carbon stocks, fertility, and sustainability (Fageria, 2012; Lehmann & Kleber, 2015; Jackson et al., 2017). Agricultural soils are an important reservoir within the global organic carbon pool, acting both as a carbon sink and a potential source (Bossio et al., 2020; Frank & Augustynczik, 2024). Consequently, enhancing SOC sequestration is considered a critical pathway to improve soil quality, ensure food security, and advance agricultural carbon neutrality (Ma et al., 2023b).
In GVP systems, long-term intensive N fertilization has profoundly influenced soil biological and chemical properties. Excessive N input commonly induces soil acidification (pH decline), structural degradation, and reduced microbial diversity, thereby weakening SOC stabilization and microbial carbon assimilation. Although N fertilization is essential for crop growth under intensive management, only ~50% of crop N uptake in the application year is derived from chemical N fertilizer, with the remainder supplied mainly by N mineralized from SOM (Yan et al., 2020). When N loading exceeds crop demand, the coupling between soil C and N cycles becomes disrupted, promoting further N loss via leaching and denitrification (Wang & Li, 2019). At the same time, the extent to which plants regulate the mineralization of organic N remains insufficiently understood (Moreau et al., 2019), although reliance on organic N sources has been shown to reduce dependence on chemical inputs and mitigate environmental risks (Drinkwater et al., 2017).
From a C–N coupling perspective, substituting chemical N fertilizer with organic fertilizer is a key strategy to enhance SOC sequestration and system resilience: it directly increases soil C stocks via external C inputs and indirectly strengthens SOC accrual by boosting net primary productivity (NPP) and microbial metabolic activity (Tang et al., 2023; Wang et al., 2024d; Xu et al., 2024b). Under a long-term high-N background, integrating N reduction with organic substitution thus becomes not only a practical requirement for improving N use efficiency (NUE) but also a sound basis for restoring SOC stability, rebalancing SOM–SOC dynamics, and achieving carbon sustainability in greenhouse systems.
At the mechanistic level, these changes in N availability and organic inputs regulate SOC dynamics primarily through rhizosphere processes. Root exudation and rhizodeposition supply labile carbon that fuels microbial metabolism, while microbial enzyme production, substrate use efficiency, and carbon use efficiency (CUE) jointly determine whether added N and C inputs enhance or suppress SOC mineralization. Under chemical N fertilization, these root–microbe interactions give rise to variable priming effects (PE) and rhizosphere priming effects (RPE), which together control SOC turnover and stabilization in GVP soils.
[bookmark: _Toc221133986]3.1 Root exudates and rhizodeposition: the primary carbon source driving rhizosphere processes
The rhizosphere represents the key interface where plants absorb water and nutrients, deposit root-derived carbon, and interact intensively with soil microorganisms. It is considered one of the most dynamic zones of biogeochemical activity in terrestrial ecosystems. Plants allocate 20–40% of photosynthetically fixed carbon belowground, much of which enters the soil via rhizodeposition (Nguyen, 2003; Pausch & Kuzyakov, 2018; Kuzyakov & Domanski, 2000)—a process encompassing root exudation, sloughed cells, and decaying fine roots (Preece & Peñuelas, 2016; Sokol & Bradford, 2019). Rhizodeposits serve as the primary carbon source for soil microorganisms and initiate critical microbial transformations of SOM decomposition, and ultimately regulating the rate and direction of SOC dynamics. 
Within this unique microenvironment, plant roots continuously release a variety of organic compounds that function both as metabolic substrates for rhizosphere microorganisms and as key precursors of SOC formation (Canarini et al., 2019). Although global soils store approximately 1500 Pg of carbon to a depth of 1 m (Batjes, 2014; Begill et al., 2023), this pool remains far from saturation, and even the concept of “carbon saturation” itself has been questioned (Matus, 2021). These findings suggest that plant-mediated belowground carbon inputs play a crucial role in expanding soil carbon sequestration potential. Plants release carbon into the rhizosphere through multiple rhizodeposition pathways (Kuzyakov & Domanski, 2000; Jones et al., 2004): (i) passive diffusion of soluble compounds such as sugars, organic acids, and amino acids; (ii) active secretion of polymeric substances such as mucilage; (iii) sloughing of root hairs and epidermal cells; (iv) death and decomposition of fine roots; and (v) cellular lysis and emission of gaseous compounds (e.g., CO2 from root respiration and ethylene). Among these processes, root exudates represent the most active and functionally important component of rhizodeposition. They are generally defined as the total organic compounds released by living roots into the surrounding soil, forming a complex and heterogeneous chemical mixture. Based on molecular weight, they can be broadly divided into high- and low-molecular-weight fractions. High-molecular-weight compounds primarily include mucilage and extracellular enzymes, with mucilage being rich in polysaccharides and uronic acids, whereas low-molecular-weight compounds comprise organic acids, sugars, phenolics, and amino acids, including non-protein amino acids and siderophores (Vives-Peris et al., 2020). Chemically, root exudates include carbohydrates, amino acids, organic and phenolic acids, fatty acids, sterols, proteins, and plant growth regulators (Table 2-1).










Table 2-1 Compounds secreted by plant roots. Cited from Vives-Peris (et al., 2020)
	Component
	Substance

	Amino acids
	α-Alanine, β-alanine, γ-aminobutyric, α-aminoadipic, arginine, asparagine, aspartic, citrulline, cystathionine, cysteine, cystine, deoxymugineic, 3-epihydroxymugineic, glutamine, glutamic, glycine, histidine, homoserine, isoleucine, leucine, lysine, methionine, mugineic, ornithine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, valine

	Sugars
	Arabinose, fructose, galactose, glucose, maltose, mannose, mucilages of various compositions, oligosaccharides, raffinose, rhamnose, ribose, sucrose, xylose, deoxyribose

	Organic acids
	Acetic, aconitic, ascorbic, aldonic, benzoic, butyric, caffeic, citric, p-coumaric, erythronic, ferulic, formic, fumaric, glutaric, glycolic, lactic, glyoxilic, malic, malonic, oxalacetic, oxalic, p-hydroxybenzoic, piscidic, propionic, pyruvic, succinic, syringic, tartaric, tetronic, valeric, vanillic

	Fatty acids
	Linoleic, linolenic, oleic, palmitic, stearic

	Sterols
	Campesterol, cholesterol, sitosterol, stigmasterol

	Growth factors and vitamins
	p-Amino benzoic acid, biotin, choline, inositol, N-methyl nicotinic acid, niacin, pathothenic, pantothenate, pyridoxine riboflavin, strigolactones, thiamine

	Enzymes
	Amylase, invertase, peroxidase, phenolase, acid/alkaline phosphatase, polygalacturonase, protease

	Flavonoids
	Chalcone, coumarine, flavones, flavonols, flavanones, flavonones, isoflavones

	Nucleotides/purines
	Adenine, guanine, uridine/cytidine

	Others
	Al-induced polypeptides, alcohols, alkyl sulphides, auxins, camalexin, dihydroquinone, ethanol, glucosides, glucosinolates, glycinebetaine, hydrocyanic acid, inorganic ions and gaseous molecules (e.g. CO2, H2, H+, OH−, HCO3), isothiocyanates, unidentified ninhydrin positive compounds, unidentifiable soluble proteins, reducing compounds, scopoletin, sorgoleone, strigolactones



[image: ]Root exudates are a central driver of SOC formation and transformation, as they regulate microbial activity and mediate the turnover of organic matter in the rhizosphere. However, an increased input of root-derived carbon does not necessarily enhance SOC sequestration, since certain exudates can accelerate SOC mineralization through positive rhizosphere priming effects. The stabilization of root-derived carbon depends on several interrelated mechanisms, including root morphological traits (Bardgett et al., 2014), the biochemical composition and persistence of rhizodeposits (Keiluweit et al., 2015; Oburger & Jones, 2018), and microbial transformation of root-derived substrates into stable organic compounds that are further protected through organo–mineral associations and aggregate formation (Lavallee et al., 2020). The recently proposed concept of rhizosphere engineering (Fig. 2-2; Wang & Kuzyakov, 2024) provides a promising framework for intentionally manipulating these plant–soil–microbe interactions to optimize carbon cycling and enhance SOC sequestration. This approach integrates targeted management of plant traits, soil properties, and microbial communities to achieve specific goals such as increased soil carbon storage. It supports the objectives of the “4 per 1000” initiative (Rumpel et al., 2018), targeting a 0.4% annual increase in soil carbon stocks within the upper 30–40 cm to mitigate climate change and sustain ecosystem functions.
Fig 2-2. Scales (from field, through plant and roots, and down to root tips and hairs), approaches (agronomic, physical, chemical, biological, and genomic methods), and main aims [increasing the input, stabilization, microbial utilization, and recycling of soil carbon (C) and decreasing C destabilization and decomposition] of rhizosphere engineering for soil C sequestration. Upward and downward arrows: rhizosphere engineering aims to increase or decrease the rate of the corresponding process. Arrow size: relative amount of C input (green) or CO2 output (yellow) in soil. Cited from Wang & Kuzyakov (2024)
[bookmark: _Hlk213788087]Nitrogen (N) is a pivotal macronutrient that regulates plant growth, photosynthesis, amino acid synthesis, and overall productivity. Under N-enriched conditions, plants often exhibit enhanced aboveground biomass and altered biomass partitioning, typically reflected in reduced root-to-shoot ratios due to a relative decline in belowground resource acquisition demands (Wen et al., 2025). These allocation shifts have profound consequences for rhizosphere processes, as root biomass and architecture determine the spatial extent and intensity of root–soil–microbe interactions (de Vries et al., 2020; Araujo et al., 2025; Delamare et al., 2025). Excessive N availability suppresses root foraging and fine-root proliferation, thereby limiting soil exploration and influencing root exudation dynamics (Araujo et al., 2025; Delamare et al., 2025). In particular, reductions in lateral root density and specific root length are commonly observed across cropping systems under high N supply (Wen et al., 2025). Such morphological modifications indicate that N fertilization not only enhances total plant productivity but also reshapes the functional interface between roots and soil microbial communities (de Vries et al., 2020; Sandhu et al., 2025). Moreover, N-driven alterations in plant resource economics—from conservative to acquisitive growth strategies—can increase short-term nutrient uptake capacity at the cost of long-term carbon investments in belowground structures (Reich, 2014; Araujo et al., 2025; Delamare et al., 2025; Wen et al., 2025). This decoupling of root growth and nutrient uptake efficiency under excessive N input profoundly affects the quality and quantity of rhizodeposits that serve as the main substrates for microbial metabolism. Root exudation acts as a key mechanism by which plants regulate nutrient fluxes and shape rhizosphere microbial communities (Kuzyakov & Razavi, 2019; Canarini et al., 2019). Chemical N fertilization significantly alters both the rate and chemical composition of root exudates. Elevated N availability typically reduces total exudation flux due to lower C allocation to roots, though these responses vary with plant species, developmental stage, and N form (Jiang et al., 2025; Wang et al., 2025a; Yan et al., 2025). Chemically, high N inputs often decrease low-molecular-weight organic acids and increase amino acids and amines, reflecting modified plant metabolism and N overflow (Zhao et al., 2021a). These compositional changes restructure microbial communities by favoring fast-growing, copiotrophic organisms and altering the balance between C- and N-limited microbial populations (Bahram et al., 2020; Song et al., 2025). Notably, the stoichiometric quality of root exudates—particularly their C:N:P ratios—determines microbial carbon use efficiency (CUE) and enzyme investment strategies (Mooshammer et al., 2012; Manzoni et al., 2012; Sinsabaugh et al., 2016). Consequently, under N-enriched conditions, the decline in exudate diversity and reduction in phenolic or secondary metabolites can dampen microbial functional diversity and weaken plant–microbe mutualistic interactions (Wen et al., 2025; Sandhu et al., 2025).
[bookmark: _Hlk213788267]The effects of chemical N fertilization on root exudation are highly variable across time and space. Temporally, root exudation and trait plasticity vary with plant developmental stages, typically peaking during vegetative growth and declining as plants reach reproductive maturity (Chaparro et al., 2014). Under high N availability, these temporal patterns become more constrained as accelerated plant growth and reduced belowground C allocation shorten both the duration and magnitude of peak exudation (Wen et al., 2025). Spatially, N supply strongly influences root architecture and the spatial distribution of labile carbon inputs, amplifying contrasts between rhizosphere and bulk soils (Canarini et al., 2019; Kuzyakov & Razavi, 2019). Localized nutrient hotspots—particularly ammonium-rich zones—can stimulate root proliferation and exudate release in a patchy manner, generating microsites of intense microbial activity and nutrient cycling (Delamare et al., 2025; Tong et al., 2025; Wen et al., 2025). In high-input greenhouse systems, where nutrient and water inputs are precisely controlled, such spatiotemporal heterogeneity is even more pronounced, influencing microbial colonization, competition, and resource partitioning. Understanding these patterns is critical for predicting how root-mediated carbon fluxes respond to anthropogenic N inputs and how such responses propagate through rhizosphere processes to affect SOC dynamics and soil carbon stabilization in intensively managed agroecosystems.
[bookmark: _Toc221133987]3.2 The priming effect (PE) and rhizosphere priming effect (RPE): microbial mechanisms linking root exudation to SOC turnover 
The priming effect (PE) refers to an acceleration or retardation of native SOM decomposition following the input of fresh organic carbon (C) into soil (Kuzyakov et al., 2000). In the presence of living roots, PE induced by root-derived C inputs is termed the RPE (Kuzyakov & Xu, 2013; Wang & Tang, 2018; Chen et al., 2019; Moreau et al., 2019; Yue et al., 2019). PE and its rhizosphere counterpart RPE are widely recognized as core processes linking exogenous C inputs to SOC turnover. Three major mechanisms have been synthesized: (1) stoichiometric decomposition, whereby native SOM decomposition is maximized when fresh C and nutrients meet microbial metabolic demands; (2) N mining, whereby microbes synthesize extracellular enzymes to “mine” organic N from SOM under C-rich, N-poor conditions (Craine et al., 2007; Fontaine et al., 2011); and (3) preferential substrate utilization, whereby microbes preferentially consume labile inputs rather than more stable SOM, potentially dampening PE (Fig. 2-3, Dijkstra et al., 2013; Favaro et al., 2025). Unlike bulk-soil PE, the RPE is additionally modulated by root activity; its magnitude and direction depend on plant phenology and physiology as well as soil nutrient status and environmental conditions (Cheng & Kuzyakov, 2005; Zhu et al., 2014; Pausch & Kuzyakov, 2018; Lu et al., 2019).
[image: ]Fig. 2-3 Conceptual diagram representing mechanisms driving the priming effect (PE) and the rhizosphere priming effect (RPE). Cited from（Favaro et al.，2025）

In GVP systems, rapid crop growth and high N demand not only alter soil N availability but also shift the intensity and sign of the RPE (Vargas et al., 2020), thereby affecting SOC turnover and stabilization. While approximately 20–40% of photosynthetically fixed carbon is allocated belowground through root biomass, respiration, and rhizodeposition (Nguyen, 2003; Pausch & Kuzyakov, 2018), about 15–20% of total photosynthate is released as labile C inputs—root exudates, sloughed cells, and metabolic residues—that directly fuel microbial metabolism (Haichar et al., 2014; Jones et al., 2009; Pausch & Kuzyakov, 2018). The rhizosphere acts not only as a conduit of C input but also as a regulatory node where the balance between stabilization and loss is actively mediated by plant–microbe feedbacks (Harby et al., 2021). These readily available substrates energize typically C-limited soil microbes (Soong et al., 2020), stimulate microbial activity and abundance (Philippot et al., 2013; Gunina & Kuzyakov, 2015), and trigger short-term fluctuations in SOM turnover. 
The RPE is commonly quantified by contrasting CO2 release from SOM between planted and unplanted soils (Kuzyakov, 2010). As a pivotal rhizosphere process, the RPE can elevate SOC decomposition up to fourfold relative to root-free soil or reduce it to ~50% (with maximum stimulation up to 380%; Cheng et al., 2014; Huo et al., 2017), demonstrating a strong, bidirectional control over SOC dynamics and the global C cycle. Chemical N fertilizer is a key external regulator of PE/RPE (Zheng et al., 2024), steering SOM decomposition via shifts in microbial community composition, respiratory metabolism, enzyme activity, and biomass.
Table 2-2. The proposed mechanisms of the priming effect (PE) and its response to N addition. Cited from (Zheng et al., 2024)
	Mechanisms†:
	Description
	Direction of PE#
	N effect on PE§

	Trigger effect (Apparent PE)
	Low C addition activates microbes without growth, increasing the maintenance requirement. Nitrogen addition could further stimulate these microbes to mine C from SOM.
	+
	↑

	
	
	
	

	Pool substitution (Apparent PE)
	Fresh C addition stimulates microbial turnover and metabolite renewal, with the release of CO2 derived from microbial biomass.
	+
	NA

	Change in C-use efficiency (CUE) (Apparent PE)
	The addition of C substrates results in microbial disposal of surplus C through respiration rather than conversion to biomass and decreases CUE, leading to higher respiration of SOM for a positive PE. Extra N input increases CUE and thus lowers PE.
	+
	↓

	
	
	
	

	N mining
	The addition of C-rich substrates leads to N limitation, driving some K-strategists to synthesize extracellular enzymes to mine N from SOM. Nitrogen addition thus lowers the PE.
	+
	↓

	
	
	
	

	Microbial activation/co-metabolism
	Fresh C input activates dormant microbes; these activated microbes release enzymes to co-metabolize labile or structurally similar SOM compounds.
	+
	×

	Stoichiometric decomposition
	Nitrogen addition along with C substrate stoichiometrically meets microbial demands and induces maximal microbial activity and growth for a maximal PE.
	+
	↑

	
	
	
	

	Preferential substrate utilization
	Microbes preferentially feed on additional C and N resources over recalcitrant SOM.
	–
	↓

	Grazing by protozoa
	Bacteria are grazed by protozoa, weakening their role in generating the PE.
	–
	NA

	N limitation
	Severe N deficiency constrains microbial activities and hence PE; N addition thus stimulates the PE by removing N limitation.
	×
	↑

	Mineral-dissociation theory
	Microbes release organic molecules which dissociate minerals-organic compounds, exposing the protected SOM to microbes for degradation.
	+
	NA

	
	
	
	


SOM, soil organic matter.  
†: the PE is not limited to these theories. For example, the application of fresh C substrates may increase the dissolved organic C (DOC) rapidly in the soil, which in turn dilutes the DOC derived from SOM in soil solution and thus likely decreases the PE.
#: +, - and × represent the positive, negative and nil PE, respectively.
§: ↑, ↓, and × represent the positive, negative, and neutral effect of N addition on the PE, respectively. NA means no studies available.



Given the tight linkage between soil C and N decomposition, RPE is also expected to influence soil N cycling: under general C limitation, microbes may use root-derived C to fuel SOM decomposition and obtain additional N (Kuzyakov et al., 2000;). Where root-derived inputs exhibit wide C:N and roots act as a N sink, much of this additional N may initially be immobilized in microbial biomass (Geisseler et al., 2014), later becoming available through protozoan grazing or viral shunting (Mason-Jones e t al., 2018). Accordingly, one may expect (a) an increase in gross N mineralization and (b) partial plant access to mineralized N via microbial grazing and viral pathways. As a root-influenced microenvironment and a hotspot of microbial activity, the rhizosphere governs C inputs and mineralization and strongly shapes N cycling and bioavailability (Pathan et al., 2020). Elucidating how chemical N fertilizer modulates the RPE is therefore essential for understanding plant–microbe–soil C–N coupling and its feedbacks to global N management.
[bookmark: _Toc221133988]3.3 Ecoenzymatic Stoichiometry Theory (EEST): microbial resource limitation under chemical N fertilization
To quantitatively describe microbial investment patterns in energy and nutrient acquisition, the Ecoenzymatic Stoichiometry Theory (EEST) provides a robust conceptual framework. Within this framework, extracellular enzyme activities associated with carbon-, nitrogen-, and phosphorus-acquiring enzymes are used to calculate vector length and vector angle, which diagnose microbial resource limitation in soil ecosystems (Sinsabaugh & Follstad Shah, 2012; Cui et al., 2021). A larger vector length indicates stronger microbial carbon (C) limitation, whereas vector angles < 45° or > 45° indicate nitrogen (N) and phosphorus (P) limitations, respectively (Sinsabaugh et al., 2013; Cui et al., 2021).
Under long-term chemical N fertilization, the ecoenzymatic stoichiometric structure of soils is significantly altered (Chen et al., 2023). Excessive N input generally alleviates microbial N limitation but intensifies C and/or P limitations by disrupting the balance between nutrient demand and substrate availability (Sinsabaugh et al., 2009; Wang et al., 2021a). Meanwhile, N-induced soil acidification alters microbial abundance, community composition, and enzyme production capacity (Li et al., 2023; Schwalb et al., 2023), thereby modifying microbial nutrient acquisition strategies. Such shifts in ecoenzymatic ratios reflect not only changes in soil chemistry but also deeper adjustments in microbial resource-use efficiency and metabolic trade-offs.
Root-derived carbon inputs act as a key regulator of microbial resource limitation by altering substrate stoichiometry and energy availability in the rhizosphere. Root exudates contain diverse dissolved organic compounds that serve as both carbon sources and signaling molecules for soil microbes (Li et al., 2021; Sun et al., 2021). Through rhizodeposition, plants locally transform the rhizosphere from a nutrient-poor to a nutrient-rich hotspot, supplying labile carbon that supports microbial activity and alters enzyme expression patterns. Long-term N fertilization indirectly mediates this process by decreasing root exudation and changing its composition—reducing low-molecular-weight organic acids while increasing amino acids and amines (Phillips et al., 2011; Bi et al., 2022). These changes impose selective pressures on microbial populations, favoring r-strategists (fast-growing, copiotrophic bacteria) over K-strategists (fungi and Gram-positive bacteria) (Lareen et al., 2016; Fu et al., 2023; Li et al., 2025c). Consequently, microbial communities under high N input show enhanced r/K ratios and enzyme activities biased toward rapid nutrient acquisition rather than long-term stabilization.
From a mechanistic perspective, chemical N fertilization affects microbial resource limitation through its dual regulation of plant–microbe interactions: (i) directly, by altering soil N availability and pH; and (ii) indirectly, by modifying root-derived carbon fluxes and the stoichiometry of available substrates (Morales et al., 2023). These intertwined pathways redefine microbial resource allocation within the EEST framework, shifting enzyme stoichiometry and metabolic strategies across rhizosphere niches.
Ultimately, changes in microbial nutrient limitation and enzyme stoichiometry influence the priming effect (PE) and rhizosphere priming effect (RPE)—core processes linking microbial metabolism to SOC dynamics (Kuzyakov et al., 2000; Fontaine et al., 2011; Malik et al., 2020). Favaro et al. (2025) proposed mechanisms that link microbial carbon (C) and nitrogen (N) limitations to the priming effect (PE) and rhizosphere priming effect (RPE), while also considering the potential effects of microbial stress (Fig. 2-4).When microbial C limitation dominates, root-derived carbon inputs stimulate enzyme production and SOM decomposition (positive PE/RPE); conversely, alleviation of nutrient limitation can suppress enzyme synthesis and enhance SOC stabilization. Thus, EEST provides a quantitative bridge connecting nutrient stoichiometry, microbial metabolism, and the direction of soil carbon fluxes under long-term chemical N fertilization. 
The patterns of microbial nutrient limitation revealed by the Ecoenzymatic Stoichiometry Theory (EEST) provide the mechanistic foundation for understanding how microorganisms allocate metabolic resources to sustain nutrient acquisition under chemical N fertilization. However, the manifestation of these limitations in soil carbon dynamics depends on the way microbes respond through extracellular enzyme production. In this context, enzyme investment represents a direct physiological strategy by which microbial communities adjust their metabolic allocation to overcome C, N, or P constraints. These enzyme-mediated responses not only determine the rates of SOM decomposition and nutrient turnover but also influence the balance between microbial carbon assimilation and respiration, thereby linking resource limitation to SOC dynamics.
[image: ]Fig. 2-4. Theoretical framework illustrating how microbial carbon (C) and nitrogen (N) limitations regulate the effects of N addition on the priming effect (PE) and rhizosphere priming effect (RPE). The framework depicts potential mechanisms under conditions without N addition (a, c) and with N addition (b, d). SCENARIO A–D represent different mechanisms where microbial C or N limitation leads to positive or negative N effects on PE or RPE. Mechanisms in parentheses indicate conditional pathways. Cited from (Favaro et al.，2025)

[bookmark: _Toc221133989]3.4 Enzyme investment: microbial responses to nutrient limitation 
From a microbial process perspective, soil microorganisms regulate the decomposition of soil organic matter (SOM) through the secretion of extracellular enzymes, which represent the central biochemical link in the biogeochemical cycling of carbon (C), nitrogen (N), and phosphorus (P) (Tapia-Torres et al., 2015). Within the EEST framework, nutrient limitations revealed by enzyme stoichiometry drive corresponding adjustments in microbial enzyme production—an energetic trade-off that determines the rate of SOM decomposition and the direction of SOC dynamics.
Under the N mining and microbial activation hypotheses, excessive N inputs often redirect microbial metabolism toward the assimilation of readily available inorganic N, thereby reducing dependence on SOM as a nutrient source. This shift typically suppresses oxidative enzyme production and inhibits “microbial N mining” through SOM degradation (Craine et al., 2007; Jian et al., 2016). High N availability also reduces the synthesis of N-acquiring enzymes (e.g., protease, chitinase) while enhancing those involved in C and P acquisition, reflecting a reallocation of metabolic resources. However, root activity can partially offset these suppressive effects by continuously supplying labile carbon to the rhizosphere and creating transient hotspots of microbial competition and activation (Kuzyakov & Blagodatskaya, 2015).
These root-driven metabolic pulses stimulate microbial respiration, turnover, and nutrient immobilization, particularly during the early and middle stages of plant growth (Pausch et al., 2024; Ma et al., 2025). Spatial compartmentalization further amplifies this effect: due to higher secretion rates, microbial abundance, and functional activity, rhizosphere soils exhibit stronger microbial biomass responses and faster carbon turnover than bulk soils (Canarini et al., 2019). Rhizodeposits act as the primary inducers of the rhizosphere priming effect (RPE) by providing energy-rich substrates and chemical cues that activate microbial gene expression, enzyme production, and biomass proliferation (Dijkstra et al., 2013; Zhalnina et al., 2018). Multi-omics analyses have revealed that rhizosphere microbes upregulate genes related to C degradation, nutrient transporters, and biofilm formation in response to root exudates (Zhao et al., 2021a). This microbial “metabolic activation” promotes rapid substrate utilization and short-term nutrient turnover but can also enhance the decomposition of previously stabilized SOM.
In N-poor soils, microorganisms invest substantial metabolic energy in enzyme synthesis to access complex organic substrates (Dijkstra et al., 2013). According to the microbial resource economics framework, enzyme production increases under nutrient limitation and declines when resources are abundant, consistent with the resource allocation theory (Allison and Vitousek, 2005; Carrara et al., 2018). Chemical N fertilization generally suppresses priming effects by alleviating microbial N limitation and reducing the need to decompose SOM for nutrient acquisition. Rhizosphere processes, however, can counteract this suppression by enhancing metabolic competition, enzyme secretion, and microbial turnover (Pausch et al., 2024; Kuzyakov & Blagodatskaya, 2015). Recent 13C-labeled experiments demonstrate that, even under high-N conditions, rhizosphere soils maintain a weak but detectable positive PE, whereas bulk soils often exhibit negative PE, indicating inhibited SOM mineralization (Tong et al., 2025; Wen et al., 2025).
Extracellular enzymes catalyze SOM decomposition in all of these mechanisms. Microbial enzyme production thus represents a trade-off between resource acquisition and energy conservation that directly influences microbial carbon use efficiency (CUE) (Manzoni et al., 2012). Consequently, extracellular enzyme activity serves as an early indicator of PE/RPE intensity, closely linked to microbial life-history strategies, substrate availability, and nitrogen supply. Under long-term chemical N fertilization, the balance between enzyme investment and resource limitation determines whether microbial metabolism promotes SOC stabilization or enhances SOC mineralization.
[bookmark: _Toc221133990]3.5 Microbial carbon use efficiency (CUE) and SOC dynamics
Microbial carbon use efficiency (CUE) is defined as the fraction of assimilated carbon (C) allocated to biomass production relative to respiratory C loss, representing the efficiency with which microbes convert assimilated C into biomass rather than respiring it as CO2. Microbial biomass C turnover time—the residence time of C within microbial biomass—determines how quickly C is transformed into soil organic carbon (SOC) (Sinsabaugh et al., 2016). High CUE reflects greater microbial growth yield and higher SOC sequestration potential, whereas low CUE indicates increased respiratory C loss (Manzoni et al., 2012; Sinsabaugh et al., 2013).
Thermodynamic constraints limit the theoretical maximum CUE to less than 0.8. Empirical estimates of soil CUE vary widely (0.10–0.60; Manzoni et al., 2012), and microbial residues can contribute more than 50% of extractable soil organic matter in some soils. Understanding the partitioning of assimilated C between microbial growth and respiration is therefore fundamental for predicting SOM turnover and SOC stability in a changing climate.
Microbial CUE is strongly co-regulated by nutrient stoichiometry, enzyme investment, and environmental conditions. Under the EEST framework, nutrient limitations—particularly nitrogen (N) or phosphorus (P)—force microbes to invest more energy in extracellular enzyme production to acquire limiting resources. This metabolic redirection transfers more assimilated C toward nutrient acquisition rather than biomass production, lowering CUE (Manzoni et al., 2012; Sinsabaugh et al., 2013). Conversely, balanced nutrient availability reduces enzyme investment pressure, promotes efficient growth, and enhances microbial CUE (Sinsabaugh et al., 2016).
Under chemical N fertilization, soil C:N ratios decline and microbial N limitation is alleviated, which can temporarily increase microbial growth efficiency and raise CUE (Finn et al., 2015). However, chronic N enrichment restructures microbial communities from K strategists (oligotrophic, slow-growing taxa with high CUE and preference for complex C) toward r strategists (copiotrophic, fast-growing, low-CUE organisms that favor labile C substrates) (Luo et al., 2020; Xing et al., 2022; Wang et al., 2024a). This shift elevates maintenance respiration and reduces the relative allocation of C to biomass, thereby decreasing overall CUE. Moreover, long-term N input may suppress ligninolytic enzyme production, reducing the decomposition of complex organic matter and potentially increasing the accumulation of recalcitrant C (Jian et al., 2016). Collectively, these findings highlight the dual regulation of microbial resource limitation and metabolic efficiency (CUE) by N inputs (Abay et al., 2024; Bi et al., 2022; Cui et al., 2022).
Root-derived carbon further mediates CUE through rhizosphere processes. Root exudates supply easily accessible C substrates that can transiently increase microbial growth efficiency and nutrient uptake, thus enhancing CUE (Preece & Peñuelas, 2016; Li et al., 2025a). However, under high N supply, chemical N fertilization alters root C allocation and exudate composition—typically decreasing total C flux but enriching N-bearing compounds (Zhao et al., 2021a; Wen et al., 2025). This shifts microbial metabolism toward rapid substrate utilization and higher turnover rates, reducing microbial carbon retention time and lowering CUE. In this context, nitrogen indirectly mediates microbial metabolic strategies through its regulation of root exudation and enzyme investment, reinforcing the tight coupling between nutrient stoichiometry, rhizosphere processes, and microbial efficiency. At the system level, CUE integrates the downstream effects of microbial resource limitation and enzyme investment, forming a key control point for priming effects (PE/RPE) and SOC dynamics. High CUE conditions favor microbial biomass accumulation and necromass stabilization, promoting long-term SOC sequestration, whereas low CUE amplifies CO2 efflux through enhanced respiration and mineralization (Manzoni et al., 2012; Malik et al., 2020).
In greenhouse vegetable production (GVP) systems, long-term chemical N fertilization alters microbial abundance, community structure, and assimilation efficiency, thereby shifting the direction and magnitude of SOC priming (Geisseler & Scow, 2014; Dai et al., 2018; Jia et al., 2020). Empirical evidence from Chinese GVP soils shows that microbial abundance and CUE are critical traits controlling PE responses and SOC stability (Xu et al., 2022, 2024a, b). This indicates that N not only modifies SOM decomposition rates but also reshapes microbial energy allocation mechanisms that govern SOC stabilization. Agricultural management strategies promoting balanced nutrient inputs—through integrated nutrient management and organic amendments—can sustain microbial communities with higher CUE and more efficient nutrient cycling (de Vries et al., 2020; Wang et al., 2024d). Enhancing the release of labile root-derived compounds can further increase microbial CUE, supporting SOC storage and crop productivity (Preece & Peñuelas, 2016; Li et al., 2025a).
Collectively, microbial resource limitation (EEST), enzyme investment, and CUE form a continuous mechanistic cascade linking nutrient stoichiometry to SOC outcomes. Long-term chemical N fertilization modifies each step of this cascade—altering microbial resource limitation, reshaping enzyme allocation, and reprogramming carbon use efficiency—thereby dictating whether rhizosphere processes promote SOC stabilization or accelerate its loss through priming effects.
[bookmark: _Toc221133991]3.6 Coupled Nitrogen–Phosphorus Interactions in Rhizosphere Processes
Phosphorus (P) is an essential nutrient for both plants and microorganisms, playing fundamental roles in energy transfer, nucleic acid synthesis, membrane structure, and signal transduction. Compared with nitrogen (N), the supply of P in terrestrial ecosystems is more limited, and its bioavailability is strongly constrained by geochemical forms and soil environmental conditions (Wu et al., 2022b). In soils, P mainly exists as dihydrogen phosphate (H2PO₄⁻), hydrogen phosphate (HPO₄²⁻), and phosphate (PO₄³⁻) ions, which readily combine with various cations—such as K⁺, H⁺, Al³⁺, NH₄⁺, Fe²⁺/Fe³⁺, and Ca²⁺—to form insoluble mineral complexes (Hinsinger, 2001; Islam et al., 2024). Soil pH exerts a dominant influence on P speciation: under acidic conditions, P tends to form stable Fe and Al phosphates (e.g., strengite and variscite), whereas in alkaline soils it predominantly associates with Ca²⁺ to form calcium phosphates such as brushite (Penn & Camberato, 2019). Although total soil P can range from 100 to 3000 mg kg–1, between 20% and 80% occurs in organic forms (Neal et al., 2017), and the proportion that is soluble and available to plants and microbes is typically less than 0.1% (Harrison, 1987; Han et al., 2021). Given the strong fixation of phosphate in soils and the depletion of global phosphate reserves, efficient management of soil P cycling has become increasingly critical for sustaining agricultural productivity.
Plants acquire P primarily through root interception, mass flow, and diffusion. Root interception contributes less than 1% of total uptake, as roots explore only about 25% of the topsoil volume (Barber, 1984). Mass flow, driven by plant transpiration, typically accounts for 2–3%, whereas more than 95% of plant-available P is acquired through diffusion, whereby phosphate ions move along concentration gradients toward the root surface (Kovar & Claassen, 2005). However, the concentration of soluble P in soil solutions is generally very low (10–8–10–4 M; 0.00031–3.1 mg kg–1), far below crop demand (Johnston et al., 2014). Consequently, the rhizosphere represents a critical interface governing P bioavailability and cycling. Under P-deficient conditions, plants employ various physiological strategies to actively modify the rhizosphere environment and enhance P availability. Roots acidify the surrounding soil, release protons, organic acids (such as citrate and malate), and phosphatases to solubilize inorganic phosphates and mineralize organic P (Tshewang et al., 2022). Plants also increase the allocation of photosynthetically fixed carbon to roots, supporting both root growth and rhizodeposition (Canarini et al., 2019; Wen et al., 2019). This “carbon-for-phosphorus (C-for-P) trade-off” reflects a fundamental adaptive strategy in nutrient-limited environments (Dijkstra et al., 2009), whereby carbon investments enhance nutrient acquisition while simultaneously supplying energy substrates to microorganisms, thereby stimulating P regeneration and cycling. Under long-term N fertilization, plants tend to experience stronger P limitation relative to N limitation (Li et al., 2023; Luo et al., 2022), and N input substantially alters P acquisition efficiency and regulatory pathways. Excessive N supply often reduces soil available P, triggering compensatory root exudation that enhances P mobilization (Luo et al., 2022; Jiang et al., 2025). To maintain N:P stoichiometric balance, plants release more organic acids, protons, and phosphatases to access otherwise unavailable P pools (Chai & Schachtman, 2022; Ma et al., 2023a; Fan et al., 2025;). This N-induced P limitation is frequently accompanied by morphological adjustments, such as increased root length and surface area, which improve P uptake efficiency (Luo et al., 2022; Wang et al., 2025b). Root exudates rich in carboxylates and soluble organic compounds not only modify the chemical conditions of the rhizosphere but also provide substrates and energy for microbes, stimulating metabolic activity and enzyme production that further accelerate organic P decomposition (Maseko & Dakora, 2019; Meier et al., 2020). Collectively, these processes reflect biogeochemical feedback between N and P, while N fertilization enhances plant growth and carbon fixation, excessive N can reduce plant P content through dilution effects, forcing plants to invest more carbon in P mobilization. Such altered carbon allocation modifies both the quantity and quality of rhizodeposits, thereby influencing nutrient uptake, microbial metabolism, and SOC turnover.
Soil microorganisms play a dual role in P cycling. They secrete hydrolytic enzymes (e.g., acid and alkaline phosphatases, phytases) to mineralize organic P and employ phosphate-solubilizing microorganisms (PSM) to dissolve mineral-bound phosphates (Alori et al., 2017; Wu et al., 2021; Li et al., 2021c). PSM—including bacteria, actinomycetes, and fungi—are considered key biological regulators of soil P bioavailability (Wu et al., 2022b). Their functions operate through two major pathways: (i) direct dissolution of inorganic phosphates, providing immediate P for plant uptake, and (ii) indirect, long-term P supply via microbial biomass turnover and residue decomposition (Fig. 2-5) 
[image: ]Fig. 2-5 Overview of the two conceptual pathways for phosphate-solubilizing microorganism(s) (PSM). Scenario A represents the ideal PSM contribution to plant P Nutrition in which excess P is solubilized in soil to meet plant needs considering adequate nutrient supply (i.e. carbon and nitrogen). Scenario B illustrates PSM solubilizing P to sustain their own need and serve the system over the long term by releasing P from their biomass turnover Cited from Raymond et al., (2021); Bilyera & Loginova (2023) 
This direct solubilization–indirect remineralization” dual-pathway mechanism highlights microorganisms as both activators and stabilizers in the P cycle. Nitrogen addition influences microbially mediated P processes through multiple pathways. It alters microbial community composition and metabolic traits (Treseder, 2008), thereby affecting the abundance and activity of PSM. Ammonium-based fertilizers often acidify soils, suppressing certain microbial populations, whereas nitrate-based N has comparatively weaker effects (Shang et al., 2023). Moreover, N-induced shifts in the C/N ratio can modify microbial P demand and metabolic strategies: under P limitation, microbes enhance endogenous P solubilization and biomass remineralization to meet their nutritional needs (Raymond et al., 2021). Root-derived organic acids also serve as microbial substrates, further promoting P mineralization and mobilization (Honvault et al., 2021). Microbial residues represent an additional, often overlooked, P source; upon microbial death and cell lysis, particularly under viral or environmental stress, organic P compounds are released and become available to plants (Bilyera & Loginova, 2023). Thus, microbial communities in N-enriched soils not only mediate P availability but also coordinate with SOC accumulation and decomposition. Dijkstra et al. (2013) proposed a diagram illustrating how soil nitrogen and phosphorus availability influence the rhizosphere priming effect (Fig 2-6).

[image: ]Fig 2-6. Diagram illustrating how the availability of nitrogen and phosphorus in the soil can influence rhizosphere priming effect. When nitrogen availability is low, microbes utilize rhizodeposition to mine for nitrogen locked in organic matter thereby increasing rhizosphere priming and release of nitrogen (through oxidation of SOM) and phosphorus mostly through hydrolysis of P-esters in SOM, (A)When phosphorus availability is low, rhizodeposition is utilized to mobilize phosphorus from inorganic and organic sources (through dissolution/desorption and hydrolysis, respectively) thereby increasing the release of phosphorus without affecting rhizosphere priming effect (B).

The rhizosphere functions as a dynamic interface integrating plant, microbial, and soil processes. Root exudates regulate microbial community structure and activity, while microbial metabolism reciprocally influences plant phosphorus acquisition., carbon flow, and SOC stabilization (Kuypers et al., 2018; Zheng et al., 2025). Long-term N enrichment amplifies plant growth and carbon inputs, alters rhizodeposit composition, and modulates microbial metabolic potential, collectively reshaping C–N–P interactions at the root–soil interface. Through these coupled processes, N fertilization modifies plant carbon allocation and microbial P cycling, enhancing P mobilization and altering the pathways of SOC turnover and stabilization. Overall, nitrogen enrichment affects not only nutrient supply but also the functional coupling among plant–microbe interactions and phosphorus cycling. Understanding this rhizosphere-based N–P–C coupling mechanism is crucial for elucidating the biogeochemical basis of SOC stabilization under long-term N input and for developing sustainable nutrient management strategies in intensive agroecosystems.
In summary, nitrogen–phosphorus (N–P) coupling in rhizosphere processes provides the biochemical foundation for understanding how nutrient interactions regulate soil carbon stability. Integrating the preceding mechanisms of microbial resource limitation, enzyme investment, and carbon use efficiency (CUE), it becomes clear that nutrient stoichiometry governs the balance between microbial assimilation and respiration, ultimately shaping the direction of SOC dynamics. Nitrogen inputs relieve N limitation but often intensify P limitation, prompting plants to reallocate carbon toward root exudation and phosphatase production, while simultaneously altering microbial enzyme stoichiometry and metabolic efficiency. Phosphorus availability, in turn, constrains microbial growth and modifies CUE through its influence on enzyme investment and nutrient acquisition costs. These coupled N–P effects not only determine nutrient bioavailability but also regulate the magnitude of the priming effect (PE/RPE) and the partitioning of carbon between mineralization and stabilization. Together, they highlight a unified framework in which nutrient stoichiometry, microbial metabolism, and rhizosphere feedback are mechanistically linked, providing a comprehensive perspective on SOC stabilization under long-term chemical N fertilization and nutrient enrichment in intensive agroecosystems.
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[bookmark: _Toc221133992]4. Conclusions and Perspectives on Nitrogen-Mediated Soil Carbon Dynamics
[bookmark: _Toc221133993]4.1 Integrated synthesis: chemical N fertilization and SOC dynamics in greenhouse vegetable systems
Chemical nitrogen (N) fertilization fundamentally restructures soil organic carbon (SOC) dynamics in greenhouse vegetable production (GVP) systems by reconfiguring the biotic cascade from root-derived C inputs to microbial nutrient acquisition, carbon use efficiency (CUE), and ultimately SOC turnover. Excessive N input alleviates microbial N limitation, decreases extracellular enzyme investment, and weakens positive priming effects (PE). However, it can also select for fast-growing r-strategists with low C stabilization efficiency, ultimately accelerating SOC depletion (Manzoni et al., 2012; Mooshammer et al., 2012; Kuzyakov & Blagodatskaya, 2015; Sinsabaugh et al., 2016; Sokol & Bradford, 2019).
As a dominant driver of soil biogeochemical processes, chemical N fertilization alters plant functional traits and biomass allocation, modifies the quantity and chemical composition of root exudates, and consequently regulates microbial substrate supply and metabolic strategies (Kuzyakov & Razavi, 2019; Canarini et al., 2019; Zhalnina et al., 2018; Zhao et al., 2021a). Microbial communities respond by reallocating enzyme production, shifting substrate preferences, and adjusting carbon use efficiency (CUE), which together control the partitioning of assimilated carbon between mineralization (CO2 efflux) and biomass formation. These physiological adjustments ultimately determine the direction and magnitude of the priming effect (PE) and rhizosphere priming effect (RPE) (Schmidt et al., 2011; Sinsabaugh et al., 2016; Malik et al., 2020).
The rhizosphere serves as a regulatory hotspot where plant carbon inputs, microbial interactions, and nutrient cycling (Sokol & Bradford, 2019; Zhalnina et al., 2018). Under chemical N fertilization, rhizosphere processes can either buffer N-induced reductions in carbon retention through enhanced microbial turnover and cooperative interactions, or amplify SOC loss through intensified respiration and positive priming when labile C availability is high (Pausch et al., 2024; Tong et al., 2025; Wen et al., 2025). Such context dependence—arising from spatial heterogeneity between rhizosphere and bulk soils, variations in substrate supply, and shifts in C–N–P stoichiometric balance—explains the coexistence of positive and negative priming effects, as well as the variable microbial CUE responses observed across N gradients and plant developmental stages (Schmidt et al., 2011; Canarini et al., 2019; Malik et al., 2020; Ma et al., 2025; Wen et al., 2025; Haq et al., 2025).
Despite substantial progress, key uncertainties remain under long-term greenhouse conditions. Previous studies have demonstrated that chemical N fertilization regulates SOC dynamics mainly by altering root-derived carbon inputs, microbial nutrient limitation, and carbon use efficiency (CUE), which jointly determine soil C turnover. However, several critical gaps persist in our mechanistic understanding: (i) the quantitative relationships among root exudation, microbial resource allocation, and CUE remain poorly constrained, particularly concerning how variations in root-derived C inputs influence microbial nutrient acquisition and SOC decomposition; (ii) although rhizosphere processes have been increasingly recognized as central to soil biogeochemical cycling, their roles in mediating N-induced priming effects (PE) and rhizosphere priming effects (RPE) are still insufficiently understood, and the extent to which root-derived substrates and microbial activities buffer or amplify the suppression of SOC decomposition under sustained N fertilization remains unclear, especially across contrasting soil niches (rhizosphere vs. bulk soil) (iii) few studies have simultaneously examined root exudation dynamics, microbial nutrient limitation, and CUE under long-term greenhouse vegetable production (GVP), which limits our ability to predict how chronic chemical N inputs reshape microbial carbon processing and the persistence of SOC. These knowledge gaps underpin the conceptual framework summarized in Fig. 2–7 and motivate the subsequent research chapters that aim to elucidate how rhizosphere processes regulate SOC dynamics through root-mediated microbial responses and altered priming mechanisms.

[image: ]Fig. 2-7. Conceptual framework showing how nitrogen input influences root exudation, microbial activity, and soil carbon dynamics, with modulation by plant stage, soil compartment, and C–N–P stoichiometry.
[bookmark: _Toc221133994]4.2 Future research priorities and management perspectives 
Methodologically, the synthesis points to several priorities. First, designs should explicitly separate soil compartments and resolve spatial–temporal heterogeneity in root influence; stable-isotope tracers (e.g., 13C) are essential to partition mineralization vs. assimilation and to quantify priming in situ (Tong et al., 2025; Pausch et al., 2024; Wen et al., 2025). Second, CUE estimation needs harmonization across growth–respiration and ecoenzymatic approaches, ideally coupling CUE with concurrent measurements of extracellular enzyme activities and ecoenzymatic stoichiometry to diagnose resource limitation regimes (Manzoni et al., 2012; Sinsabaugh et al., 2016; Mooshammer et al., 2012). Third, multi-omics (exudomics, metatranscriptomics, metabolomics) and causal/multivariate modeling (e.g., SEM, Random Forest) should be integrated to disentangle direct from indirect pathways linking N availability, plant traits, microbial function, and SOC outcomes (Zhou et al., 2016; Zhao et al., 2021a; de Vries et al., 2018; Malik et al., 2020). Finally, long-term, production-scale experiments—including greenhouse systems characterized by high inputs and strong rhizosphere effects—are indispensable for capturing cumulative N exposure and persistent biological legacies that short trials miss.
From a management standpoint, co-optimizing nitrogen supply with carbon inputs in space and time is pivotal. Aligning N rate, timing, and form with plant phenology and rhizodeposition can steer carbon partitioning toward assimilation and downstream stabilization without sacrificing nutrient availability. Practices that are compartment-aware—leveraging root-zone processes while minimizing unintended bulk-soil responses—offer a tractable route to enhance SOC retention and reduce uncertainty in priming outcomes in high-input agroecosystems (Canarini et al., 2019; Kuypers et al., 2018; de Vries et al., 2020). Looking ahead, progress will hinge on (i) identifying thresholds and nonlinearities along N gradients; (ii) building trait-based, predictive models that couple root exudate chemistry, microbial CUE, and community assembly to ecosystem-scale C budgets; (iii) standardizing priming metrics, CUE methods, and soil-compartment definitions to enable synthesis; and (iv) linking functional shifts (e.g., down-regulation of oxidative enzymes, reconfiguration of N cycling genes) to ecosystem consequences including SOC stabilization and greenhouse-gas fluxes (Jian et al., 2016; Kuypers et al., 2018; Louca et al., 2018; Xing et al., 2022; Wang et al., 2024d). Because intensively managed systems concentrate N inputs and allow finer control over spatial heterogeneity, they are strategically positioned for hypothesis-driven tests of this framework and for translating mechanism into management, thereby strengthening the broader research agenda on nitrogen enrichment and soil carbon cycling (Fowler et al., 2013; de Vries et al., 2020; Galloway et al., 2008).
[bookmark: _Toc221133995]5. Research Objective 
The preceding literature review highlighted several knowledge gaps regarding how chemical N fertilization influences soil organic carbon (SOC) dynamics through plant–microbe interactions. In particular, the mechanisms linking root-derived carbon inputs, microbial carbon use efficiency (CUE), and SOC stabilization remain insufficiently understood. Addressing these uncertainties requires a process-level understanding of how long-term N fertilization reshapes rhizosphere carbon flow and microbial metabolism, thereby regulating SOC turnover and priming effects (PE/RPE), particularly in greenhouse vegetable production (GVP) systems. Therefore, this thesis aims to elucidate the mechanisms by which chemical N fertilization affects SOC dynamics through plant–microbe interactions, with a particular focus on microbial metabolic processes and rhizosphere carbon fluxes. The specific objectives are as follows: 
(i) To elucidate the rhizosphere microbial mechanisms regulating SOC turnover under different N fertilizer treatments in a long-term GVP system, with emphasis on how N-driven shifts in root-derived C inputs, microbial resource limitations, and carbon use efficiency (CUE) reconfigure carbon partitioning (mineralization vs. assimilation) and priming across soil compartments (rhizosphere vs. bulk soil).
(ii) To quantify how different N fertilizer treatments modify root C and N exudation rates, and to determine whether the associated changes in microbial resource limitations (C, N, P), extracellular enzyme activities and ecoenzymatic stoichiometry (EES), as well as microbial biomass and activity in the rhizosphere, result in shifts in microbial carbon use efficiency (CUE) and carbon partitioning between mineralization and assimilation.
(iii) To resolve the interactions between N fertilization and rhizosphere processes in regulating priming effects across soil compartments using ¹³C-labeled glucose as a proxy for root-derived labile C inputs, applied to paired rhizosphere and bulk soils under different N fertilizer treatments; to partition carbon flows into CO₂ efflux (mineralization) and microbial assimilation (e.g., MBC, CUE); to quantify the direction and magnitude of priming effects; and to identify proximal controls (e.g., soil N availability, microbial biomass and activity from PLFAs and MBC, and enzyme patterns), thereby disentangling the contributions of N fertilization, soil niches/ compartments(rhizosphere vs. bulk soil), and their interactions to changes in native SOC turnover and stabilization.
Together, these investigations establish a mechanistic framework in which long-term chemical N fertilization reconfigures root-derived C fluxes, alters microbial resource limitations, enzyme allocation, and CUE, and consequently modifies carbon partitioning (mineralization vs. assimilation) and the direction and magnitude of priming effects across soil compartments. Ultimately, these processes determine the fate of native SOC and its stabilization pathways in intensive greenhouse vegetable systems. 
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[bookmark: _Toc162010366][bookmark: _Toc221133996]Chapter Ⅲ Nitrogen fertilization affected microbial carbon use efficiency and microbial resource limitations via root exudates




Adapted from the publication: 
Lian, J., Li, G., Zhang, J., Massart, S., 2024. Nitrogen fertilization affected microbial carbon use efficiency and microbial resource limitations via root exudates. Science of The Total Environment 950, 174933. https://doi.org/10.1016/j.scitotenv.2024.174933 
Only minor adaptations were made to formatting and structure to fit the thesis layout. The data, analyses, and conclusions remain unchanged from the published version.
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Abstract:
[bookmark: OLE_LINK10][bookmark: OLE_LINK24][bookmark: OLE_LINK31][bookmark: OLE_LINK52][bookmark: OLE_LINK80][bookmark: OLE_LINK58][bookmark: _Hlk159486306][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK57][bookmark: OLE_LINK22][bookmark: OLE_LINK27][bookmark: OLE_LINK59][bookmark: OLE_LINK26]Root exudation and its mediated nutrient cycling process driven by nitrogen (N) fertilizer can stimulate the plant availability of various soil nutrients, which is essential for microbial nutrient acquisition. However, the response of soil microbial resource limitations to long-term N fertilizer application rates in greenhouse vegetable systems has rarely been investigated. Therefore, we selected a 15-year greenhouse vegetable system, and investigated how N fertilizer application amount impacts on root carbon and nitrogen exudation rates, microbial resource limitations and microbial carbon use efficiency (CUEST). Four N treatments were determined: high (N3), medium (N2), low (N1), and a control without N fertilization (N0). Compared to the control (N0), the results showed that the root C exudation rates decreased significantly by 42.9%, 57.3% and 33.6%, and the root N exudation rates decreased significantly by 29.7%, 42.6%, and 24.1% under N1, N2, and N3 treatments, respectively. Interactions between fertilizer and plant roots altered microbial C, N, P limitations and CUEST; Microbial C and N/P limitations were positively correlated with root C and N exudation rates, negatively correlated with microbial CUEST. Random Forest analysis revealed that the root C and N exudation rates were key factors for soil microbial resource limitations and microbial CUEST. Through the structural equation model (SEM) analysis, soil NH4+ content had significant direct effects on the root exudation rates after long-term N fertilizer application. An increase in root exudation rates led to enhanced microbial resource limitations in the rhizosphere soils, potentially due to increased competition. This enhancement may reduce microbial carbon use efficiency (CUE), that is, microbial C turnover, thereby reducing soil C sequestration. Overall, this study highlights the critical role of root exudation rates in microbial resource limitations and CUE changes in plant-soil systems, and further improves our understanding of plant-microbial interactions. 
[bookmark: _Hlk161075981]Keywords: Root C and N exudation rates, Nitrogen fertilizer, Ecoenzymatic stoichiometry, Resource limitations, Microbial carbon use efficiency, Greenhouse vegetable production


[bookmark: _Toc221133997]1. Introduction
[bookmark: _Hlk214043739][bookmark: OLE_LINK85][bookmark: OLE_LINK28][bookmark: _Hlk161925203]Greenhouse vegetable production (GVP) can potentially increase farmers’ income by high yield and year-round vegetable supply (Hu et al., 2017; Yang et al., 2016). However, overfertilization is frequent in the GVP. The optimal N input for leafy and fruiting vegetables is approximately 245.6 and 236.5 kg N ha−1 season−1, respectively, within a range of 180–299 kg N ha–1 season–1 in Chia (Tian et al., 2025). In contrast, globally, an average of 1,252 kg N ha−1 year−1 is applied in GVP (Qasim et al., 2021), and N use efficiency (NUE) is less than 20% (Ren et al., 2010; Ti et al., 2015). Excess N accumulates in soil, which not only leads to environmental pollution, but also changes microbial metabolism, and ultimately affects soil nutrient cycles (Chen et al., 2014; Ramirez et al., 2012). 
[bookmark: OLE_LINK62][bookmark: OLE_LINK17][bookmark: OLE_LINK23][bookmark: _Hlk172121933][bookmark: _Hlk172211199][bookmark: _Hlk213435152]Soil microbes regulate soil organic matter (SOM) decomposition by secreting extracellular enzymes, which are essential in the soil carbon (C), nitrogen (N) and phosphorus (P) biogeochemical cycles (Tapia-Torres et al., 2015). In turn, soil resource availability can influence microbial resource acquisition strategies and further regulate soil extracellular enzyme stoichiometry (Chen et al., 2023; Zhang et al., 2020). Soil enzyme stoichiometry reflects microbial energy and nutrient requirements and allows the evaluation of microbial resource limitations (Abay et al., 2024; Bi et al., 2022; Cui et al., 2022). Over the past two decades, numerous global or regional studies have adopted the ecoenzymatic stoichiometry theory (EEST) to assess these limitations. Within the EEST framework, "vector length" and "vector angle" are calculated to identify nutrient limitations patterns in soil ecosystems (Sinsabaugh and Shah, 2012; Cui et al., 2021). A larger vector length indicates greater microbial carbon (C) limitation, whereas vector angles < 45° or > 45° indicate nitrogen (N) and phosphorus (P) limitations, respectively (Moorhead et al., 2013). Therefore, comparing the relative nutrient requirements and acquisition strategies and the drivers of resource limitations through EEST in soil microbial community will provide a deeper understanding of long-term N fertilizer applications and their impact on soil microbial metabolic characteristics in greenhouse vegetable production system.
[bookmark: OLE_LINK25][bookmark: OLE_LINK33][bookmark: OLE_LINK79]Microbial resource limitations represent expressions of microbial metabolic strategies, which are regulated by multiple factors, among which N fertilization plays an essential role (Cui et al., 2021; Li et al., 2023; Zheng et al., 2020). Soil mineral N impacts plant-microbial nutrients competition through altering plant growth and root exudation and, consequently, regulates microbial resource limitations (Hodge et al., 2001; Morales et al., 2023; Yang et al., 2023). Root exudates, including a variety of dissolved compounds, provide nutrients, including C, for microbial growth, and shapes plant-microbe interactions (Li et al., 2021; Sun et al., 2021). Long-term application of nitrogen fertilizer leads to a preferential use of nitrogen by soil microbes, altering the nutrient balance in the soil, and subsequently affecting the composition of root exudates (Phillips et al., 2011a). Moreover, root exudates exert a selection pressure on microbial community composition, and thus change microbial physiological metabolic strategies (Bi et al., 2022; Lareen et al., 2016). In addition, long-term nitrogen fertilizer application directly changes soil microbial abundance and community composition by decreasing soil pH (Chen et al., 2023; Li et al., 2023; Schwalb et al., 2023). Therefore, the balance between microbial nutrients requirements and actual composition in soil nutrient supply might be impacted (Sinsabaugh et al., 2009; Wang et al., 2021a). However, the lack of research on the effects of N fertilizer application on root exudation rates and microbial resources limitations hinder our understanding of the mechanisms of microbial metabolism in response to N fertilizer application in greenhouse vegetable systems.
Another important parameter for accessing microbial metabolism is the carbon use efficiency (CUE), referring to microbial utilization of available C (Wu et al., 2022a). In general, high CUE means more energy is allocated to biomass and less to respiration (Hagerty et al., 2018). Microbial CUEST, based on stoichiometry theory, provides a better link between enzyme activity, microbial biomass and soil nutrient resources (Cui et al., 2021; Ju et al., 2023; Sinsabaugh and Follstad Shah, 2012; Song et al., 2022). Thus, revealing the relationship between microbial resource limitations and CUEST may benefit our understanding for microbial physiological metabolism response to long-term nitrogen fertilizer application under greenhouse vegetable systems. 
[bookmark: OLE_LINK60][bookmark: OLE_LINK15]In this study, we collected samples from rhizosphere, bulk soil, and root exudates from tomato seedlings (15 days after tomato transplanting) to investigate how root exudation rates affected microbial metabolism under different N fertilizer application rates. We examined microbial resource limitations using an ecological enzyme vector model (Moorhead et al., 2016) and CUEST (Sinsabaugh et al., 2016). Here, we proposed three hypotheses: (1) The rates of root C and N exudation decrease with increasing N fertilizer application rates; (2) The resource limitations are alleviated by nitrogen (N) fertilizer application, similarly, lower root exudation rates are associated with reduced microbial resource limitations); (3) The microbial CUEST increases with the higher N fertilizer application rates.
[bookmark: _Toc221133998][bookmark: OLE_LINK86]2. Materials and methods
[bookmark: _Toc221133999]2.1 Experiment site and soil sampling
The greenhouse experiment was conducted from 2008 with cucumber and tomato rotation at Xinji Experimental Station, Hebei, China (115°17'53"E, 37°47'55"N). The area belongs to semi-humid continental monsoon climate with an average annual temperature of 11.5°C and annual precipitation of 540 mm. Soil type is a loamy soil. The initial soil physicochemical properties were measured in 2008 and were as follows: pH 8.1 (water-soil ratio 2.5:1, 25℃), soil organic carbon (SOC) content of 5.0 g kg−1, Olsen-P (AP) content of 82.9 mg kg−1, available potassium (AK) content of 60.0 mg kg−1, nitrate nitrogen (NO3−) content of 5.5 mg kg−1 and ammonium nitrogen (NH4+) content was 19.4 mg kg−1. Electrical conductivity (EC) at a water-soil ratio of 5:1 at 25℃ was 307.4 μS cm−1. The soil bulk density was around 1.35 g cm-3 and the field water holding capacity was 25%. The greenhouse is 40 m long and 7.5 m wide, covered with polyethylene film. The experiment was a completely randomized block design, with a plot size of 10.8 m2 (1.8 m wide × 6 m long) and three replicates for each treatment.
[bookmark: _Hlk219730136]Four N fertilizer application rates were selected for tomato: 0, 102, 327, and 552 kg N ha−1 per year, applied in the form of urea. The phosphorus (P2O5) application remained constant at 0 kg ha−1, while potassium (K2O) was applied at a rate of 210.6 kg ha−1 per year for all treatments. Urea and potassium (K2O) fertilizers were applied in three equal splits during the growing season: pre-planting (as a base fertilizer), mid-growth (approximately 30–40 days after transplanting), and pre-flowering (approximately 60–80 days after transplanting). For the N1, N2, and N3 treatments, urea was applied at rates of 34, 109, and 184 kg N ha−1 per application, respectively, corresponding to one-third of the total annual N input. Potassium fertilizer was also split equally among the three applications, at 70.2 kg K₂O ha−1 per application. Additionally, chicken manure was applied at a rate of 1560 kg ha−1 per year, providing 23 kg N ha−1, 51 kg P2O5 ha−1, and 36 kg K2O ha−1 (on a dry weight basis). Wheat straw was applied at a rate of 14,599 kg ha–1 per year, containing 100 kg N ha–1, 24 kg P2O5 ha−1, and 203 kg K2O ha−1 (on a dry weight basis). Chicken manure, and wheat straw, were incorporated once as a base fertilizer. As a result, the total N input for each treatment was 123, 225, 450, and 675 kg N ha−1 yr−1, respectively. 
On September 8, 2022, 15 days after transplantation of tomato seedlings (4–5 leaf stage), soil samples were collected from 0–20 cm layer. Rhizosphere soil samples within each plot were collected using the shaking method, following established protocols (Edwards et al., 2015; Li et al., 2020). In brief, the soil in the root zone (0–20 cm depth) was excavated, and the soil that was loosely bound to the roots was removed by shaking. The remaining soil, which was tightly adhered to the roots, was collected and defined as rhizosphere soil. Non-rhizosphere (bulk) soil samples were obtained from an adjacent open area without vegetation, also at a depth of 0–20 cm.
Three samples were collected from each plot and mixed to form a composite sample. Sub-samples of rhizosphere and bulk soil for the analysis of enzyme and microbial biomass were stored at 4℃. The remaining samples was air-dried for determination of soil physical and chemical properties. 
[bookmark: _Toc221134000]2.2 Soil properties
[bookmark: OLE_LINK64][bookmark: OLE_LINK3][bookmark: OLE_LINK7]Air-dried soil samples were sieved through a 2.0 mm sieve. Soil pH was determined using a glass combination electrode with a soil/water ratio of 1:2.5. Soil organic matter (SOM) was determined using the potassium dichromate oxidation method (Walkley and Black, 1934). Total N (TN), Olsen phosphorus (Olsen-P), and available potassium (AK) were measured using Kjeldahl digestion method (Bremner and Mulvaney, 1983), Olsen P method (Olsen and Sommers, 1983) and flame photometry (Jackson, 1973), respectively. Ammonium and nitrate (NH4+–N and NO3−–N) concentrations were measured using a continuous flow analyzer after sample extraction with 2 M KCl (Kachurina et al., 2000). Microbial biomass C (MBC) and N (MBN) were determined using chloroform fumigation method (Brookes et al., 1985; Wu et al., 1990). The C and N contents of the extracts were measured using a TOC/TN analyzer (Multi N/C 3100, Analytik Jena, Germany). The calculation of MBC and MBN involved assessing the difference in total extractable C and N content between fumigated and non-fumigated soil samples, which was then divided by a correction factor of 0.45 for MBC and 0.54 for MBN (Brookes et al., 1985; Wu et al., 1990).
[bookmark: _Toc221134001][bookmark: OLE_LINK88]2.3 Sampling root exudates
We collected root exudates in situ following the method described by Phillips et al., (2008) with a slight adjustment. Briefly, intact tomato root systems were carefully washed and placed in a 100 ml centrifuge tube filled with 80 mL C-free nutrient solution (composition (μM) 200 MgCl2, 100 KCl, 600 CaCl2 and 5 H3BO3; Liu et al., 2016). Four tomato seedlings were selected in each plot. The 100 ml tubes were then covered with aluminum foil to protect the contents from UV light and maintained for 24h in situ. Then the roots were flushed twice with ultrapure water before they were removed. Following this, the liquids in the 100 ml tubes were filtered using a 0.45 μM membrane. The filtered liquids from the four tubes were combined and the total volume was adjusted to 500 mL with sterile distilled water. This combined sample was then analyzed by the TOC analyzer (Multi N/C 2100; Analytic Jena, Jena, Germany). After the measurement of root exudates, each plant was carefully separated into shoot and root parts, which were placed in separate paper bags and oven-dried at 110℃ for 30 min and then at 60℃ for 24 h to determine their respective dry masses. 
[bookmark: _Toc221134002][bookmark: OLE_LINK90]2.4 Enzymatic activities analyses 
[bookmark: _Hlk132275560][bookmark: OLE_LINK89][bookmark: OLE_LINK37][bookmark: OLE_LINK19][bookmark: OLE_LINK36][bookmark: OLE_LINK29]Extracellular enzyme activities (EEAs), which participate in carbon (C) (β-1,4-glucosidase, BG), nitrogen (N) (L-leucine aminopeptidase and β-1,4-N-acetylglucosaminidase, LAP and NAG) and phosphorus (P) (alkaline phosphatase) cycles, were measured using fluorometric techniques (Marx et al., 2001; Saiya-Cork et al., 2002). The substrate used in this experiment was a 200 μM solution of BG, NAG, AP, and LAP. The buffer solution used was a 50 mM acetate buffer (pH 7.0). The reference standard for BG, NAG, and AP analyses was 10 μM 4-Methylumbelliferone (MUB), and 10 μM 7-Amino-4-methyl coumarin (AMC) was used as reference standard solution for LAP analysis. Buffer, substrate and reference standards solution were added to a black polystyrene 96-wells microplates plate in strict accordance with the method described by DeForest (2009). First, 250 μL buffer, 200 μL buffer plus 50 μL standard solution, and 200μL buffer plus 50 μL substrate solution were added into the first three columns of the 96-wells microplates as blank controls, reference standards and negative controls, respectively. Subsequently, 1 g fresh soil was added to 100 mL of 50 mM acetate buffer (pH7.0) homogenized with a magnetic stirrer and then 200 μL continuously stirred soil suspension was added to the 96-wells microplates with 50 μL substrate solution, 50 μL buffer or 50 μL standard solution for sample, blank, and quench standard, respectively. The eight wells of each column corresponded to eight replicates. The microplates were incubated in the dark at 25 ℃ for 4 h, and then the reaction was stopped by adding 10 μL of 1.0 M NaOH to each well. Fluorescence was measured using a microplate reader with λ365 nm excitation and λ450 nm emission (Synergy H1M, BioTek Instruments, VT, USA). The enzymatic activity was expressed as nanomoles of substrate released per hour per gram of dry soil (nmol g−1 h−1). 
[bookmark: _Toc221134003]2.5 Ecoenzymatic stoichiometry and CUE estimation
[bookmark: _Hlk169506064]Microbial resource/nutrient limitations were quantified by calculating the vector length and vector angle based on the stoichiometry of extracellular activity (Cui et al., 2021; Moorhead et al., 2016, 2013). A larger value for vector length indicates greater carbon (C) limitation for microbes, and vector angle for < 45° or > 45° indicate nitrogen (N) or phosphorus (P) limitations, respectively (Moorhead et al., 2013). Microbial P limitation increases with an increase in vector angle, whereas microbial N limitation increases with a decrease in vector angle. Vector length and vector angle were calculated as follows：


[bookmark: OLE_LINK63]

where β-1,4-glucosidase (BG) is involved in the carbon cycle, L-leucine aminopeptidase (LAP) and β-1,4-N-acetylglucosaminidase (NAG) are involved in the nitrogen (N) cycle, and alkaline phosphatase (AP) is involved in the phosphorus (P) cycle. x and y represent the relative activities of C- versus N-acquiring enzymes and C- versus P-acquiring enzymes, respectively.
Microbial carbon use efficiency (CUE) derived from stoichiometry theory (CUEST) was calculated using the following equations (Schimel et al., 2022; Sinsabaugh et al., 2016; Sinsabaugh and Follstad Shah, 2012). CUEST is a fundamentally different way of viewing resource use efficiency than classical CUE estimates. Rather, it reflects the capability of microbes to modify the disparity between the composition of microbial biomass and the basic composition of the available resources by the allocation of enzymatic activities rather than resource use efficiency, which classical CUE estimates.


where CUEMAX is set at 0.6 (Sinsabaugh et al., 2016). The value of half-saturation constant KC:N is 0.5. SC:N is a scalar ratio that reflects the capability of the microbes to modify the disparity between the composition of microbial biomass and the basic composition of the available resource by the allocation of enzymatic activities. BC:N is the elemental C:N ratio of microbial biomass. LC:N was estimated as SOC/TN. EEAC:N was calculated as BG/(NAG + LAP). 
[bookmark: _Toc221134004]2.6 Data analysis 
[bookmark: OLE_LINK41][bookmark: OLE_LINK39]A two-way ANOVA was used to assess the effects of plants root, N fertilization application, and their interaction on soil extracellular enzymatic activities, soil properties, microbial biomass, microbial resource limitations, and microbial CUEST (Gomez and Gomez, 1984). Duncan’s significance test was used to determine the differences in soil properties, root exudation rates, enzyme activities, and microbial biomass and resource metabolism among the different N treatments (Duncan, 1955). The significance of rhizosphere and bulk was conducted using paired-samples T-test. All analysis were carried out by SPSS 16.0 (SPSS Inc., Chicago, USA). 
Linear regression was used to determine the relationship between vector length, vector angle, and CUEST and root C and N exudation rates. A Pearson correlation heatmap was generated to examine the relationships between different variable. Both linear regression and the Pearson correlation heatmap were created using Origin software (OriginLab Corporation, Northampton, MA, USA).
[bookmark: OLE_LINK38]The main factors (i.e., plant, soil properties, and N fertilizer) for vector length, vector angle, and CUEST were identified by random forest (RF) analysis using the "randomForest" package in R software (v4.3.2, R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/) (Breiman, 2001). The significance of RF models and factors was tested using the "rfPermute" and "rfUtilities" packages, respectively (Archer, 2016; Murphy, 2018). 
Structural equation model (SEM) was used to evaluate how N fertilizer affected microbial resource limitations and CUEST. The selected variables were significant predictors identified by RF analysis. Structural equation modeling (SEM) was performed using Amos 21.0 software package (Smallwaters Corporation, Chicago, IL, USA). The best-fit model was obtained using a chi-square test (χ2), low χ2 /df (< 2), P values (0.05 < P <1), high goodness-of-fit index (GFI > 0.9), low root mean square errors of approximation (RMSEA < 0.05), and low Akaike Information Criteria (AIC) (Hu and Bentler, 1999). 
[bookmark: _Toc221134005]3. Results
[bookmark: _Toc221134006][bookmark: _Hlk131429497][bookmark: OLE_LINK42]3.1 Impacts of different N fertilizer application rates on tomato dry biomass and root exudation 
[bookmark: _Hlk132275624][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK43]Tomato biomass (dry weight) was significantly reduced only under N3 treatment at seedling stage, compared with N0 treatment (Fig. 3-1A, P < 0.05). Root C exudation rates reduced by 42.9%, 57.3% and 33.6% under N1, N2, and N3 treatments, respectively (Fig. 3-1B and C). Root N exudation rates decreased by 29.7%, 42.6% and 24.1%, respectively, compared with N0 treatment. Both root C and N exudation rates were the highest in the N0 treatment, followed by N1 and N3 treatments, which were not significantly different from each other, and lowest in the N2 treatment (P < 0.05). 

[image: ]Fig. 3-1 Tomato dry weight (A) and root carbon and nitrogen exudation rates (B and C) under four nitrogen amount treatments. Tomato dry weight refers to the shoot biomass of plants, while root C and N exudation rates were calculated based on root dry weight. Different letters indicate significant differences (P < 0.05) among treatments. The error bars indicate the standard errors (n=3). Fertilizer treatments: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1).

[bookmark: _Toc221134007][bookmark: _Hlk132275504][bookmark: OLE_LINK9]3.2 Soil extracellular enzymatic activities, soil properties and microbial biomass 
[bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: _Hlk131342173]The C, N and P-acquiring enzyme activities i.e., BG, LAP+NAG, and AP, were significantly affected by plant roots (Fig. 3-2). Compared with bulk soils, C-acquiring enzyme activity in rhizosphere soils significantly increased by 108.7% and 254.9% under N0 and N1 treatments while decreased by 40.0% and 31.1% under N2 and N3 treatments (Fig. 3-2A, P < 0.05); P-acquiring enzyme activity enhanced by 1.3–2.3 times among different N treatments (Fig. 3-2B, P < 0.05); N-acquiring enzyme activity decreased by 22.5%–52.1% among different N treatments (Fig. 3-2C, P < 0.001). 
[bookmark: _Hlk169534179][bookmark: _Hlk169534204][bookmark: _Hlk169534194][bookmark: _Hlk209358934][bookmark: OLE_LINK48]In rhizosphere soils, compared with the N0 treatment, C-acquiring enzyme activity decreased with the increase of N fertilizer application rates by 44.0%, 72.9% and 82.1% under N1, N2 and N3 treatments, respectively (P < 0.05); N-acquiring enzyme activities increased by 33.0% only under the N1 treatment (P < 0.05), which was 1.2–1.3 times higher than under other treatments, with no significant differences among N2, N3, and N0 treatments (P > 0.05). P-acquiring enzyme activity was enhanced by 22.6% and 58.4% under N2 and N3 treatments (P < 0.05), while there was no significant difference under N1 treatment (P > 0.05). In bulk soils, the lowest C and P acquiring enzyme were under N1 treatment, while the lowest N- acquiring enzyme activity was under N3 treatment.
[bookmark: OLE_LINK49]The highest nitrogen input (N3) significantly decreased rhizosphere pH by 0.26–0.27 units compared with N0 and N1 treatments (P < 0.05), while no significant pH change was observed in bulk soils. When comparing soil compartments, the rhizosphere showed a significantly lower pH than bulk soil only under N3 treatment, with a decrease of 0.14 units. Compared with bulk soils, total phosphorus (TP) significantly increased by an average of 22.7% in rhizosphere soils across all treatments (Fig. S3-1, P < 0.05). However, available nutrients, i.e., Olsen-P, AK and NH4+ all significantly decreased by 21.1%, 20.7%, and 16.0%, respectively (P < 0.05). Compared with bulk soils, the concentrations of NH₄⁺ and NO₃⁻ in the rhizosphere were significantly lower under N0 and N1 treatments (Fig. S3-1, P < 0.01), while no significant differences were observed under N2 and N3 treatments (P > 0.05). In the rhizosphere soils, the highest NH₄⁺ and NO₃⁻ contents in were found in the N2 treatment, where NH₄⁺ was 13–36% higher than in other treatments (P <0.05), and NO₃⁻ concentrations were 5.8 and 3.7 times greater than those in N0 and N1 treatments (P <0.05), respectively. In bulk soil, NH₄⁺ concentrations did not differ significantly among treatments, whereas NO₃⁻ was highest under N2, higher than other treatments by 30–262% (P <0.05). N2 treatment increased rhizosphere SOM compared with bulk soils (ΔSOM) (Fig. S3-2). However, other treatments (N0, N1 and N3 treatments) reduced rhizosphere SOM. 
Microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) reduced by 17.3% and 19.6%, respectively, in rhizosphere soils compared to bulk soils (Fig. S3, P < 0.01). In the bulk soils, the MBC in the N3 treatment was significantly higher than in the N0 and N2 treatments (P < 0.05), with no significant difference compared to N1 treatment (P > 0.05). However, in the rhizosphere soils, there were no significant differences among the four fertilizer treatments (P > 0.05). 

[image: ]Fig. 3-2 Extracellular enzymatic activities (EEAs) in rhizosphere (red color) and bulk (black color) soils under four nitrogen fertilizer treatments. Different letters indicate significant differences (P < 0.05) among treatments. The error bars indicate the standard errors (n=3). Results of two-way ANOVA and T-test are presented (*P < 0.05, **P < 0.01, ***P < 0.001). Fertilizer treatments: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). BG, β-1,4-glucosidase (A); NAG, β-1,4-N-acetylglucosaminidase (B); LAP, L-leucine aminopeptidase (B); AP, alkaline phosphatase (C).

[bookmark: _Toc221134008][bookmark: OLE_LINK91]3.3 Microbial resource limitations
[bookmark: OLE_LINK93][bookmark: OLE_LINK2]The vector length and angle of enzymatic stoichiometry were calculated to quantify the relative microbial C and N/P limitations (Fig. 3-3). Vector angle under N0, N1 and N3 treatments was above the 1:1 line, suggesting P limitation for microbes in rhizosphere soils. While vector angle under N2 treatment in rhizosphere soils and all data points in bulk soils were below the 1:1 line, suggesting N limitation for microbes (Fig. 3-3A). For rhizosphere soils, vector length significantly decreased with larger N fertilizer application rates, which means microbial C limitation increased with N fertilizer application rates. 
[bookmark: OLE_LINK92][bookmark: _Hlk131341789][bookmark: _Hlk169870104]Compared with the bulk soils, the vector length representing microbial C limitation significantly increased for N0 and N1 treatments, while significantly decreased for N2 and N3 treatments in rhizosphere soils (Fig. 3-3B, P < 0.01 and P < 0.05, respectively). Meanwhile the vector angle representing microbial N and P limitations significantly increased for all treatments (Fig. 3-3C, P < 0.001). 
[bookmark: _Hlk169623902][bookmark: _Hlk172023067]In rhizosphere soils, the vector angle of N0, N2 and N3 treatments were significantly higher than the N1 treatment due to the low N-acquiring enzyme activities and high P-acquiring enzyme activity which combined with >45° vector angles, suggesting P limit to microbial metabolism (Fig. 3-3C, P < 0.05). In bulk soils, N1 treatment had the lowest vector length with the lowest C-acquiring enzyme activity, indicating the lowest microbial C limitation (P < 0.05). The vector angles of all treatments were less than 45°, indicating those treatments had N limitation.
[bookmark: _Hlk131432977][bookmark: OLE_LINK73]Pearson correlation analysis showed that vector length was significantly positively correlated with root C and N exudation rates (P < 0.05, Fig. S3-4). Furthermore, linear regression analysis also indicated a positive correlation among vector length with root C and N exudation rates (P < 0.05, Fig. 3-4A and B).
[image: ]Fig. 3-3 The exoenzymatic vector model quantifies microbial resource limitation in rhizosphere and bulk soils under four treatments. Relationships between ln (BG)/ln (LAP+NAG) versus ln (BG)/ln (AP) (A). Vector length represents microbial C limitation (B) and vector angle represents microbial N or P nutrient limitation (C). BG, β-1,4-glucosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, L-leucine aminopeptidase; AP, alkaline phosphatase. Different letters indicate significant differences (P < 0.05) among treatments. The error bars indicate the standard errors (n=3). Results of two-way ANOVA and T-test are presented (*P < 0.05, **P < 0.01, ***P < 0.001). Fertilizer treatments: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). 
[bookmark: _Hlk213139477][image: ]Fig. 3-4 Linear relationships between vector length, vector angle and root carbon and nitrogen exudation rates. Vector length represents microbial C limitation and vector angle represents microbial N or P nutrient limitation. Root C and N exudation rates were expressed as mg kg−1 h−1. Fertilizer treatments: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1).

[bookmark: _Toc221134009]3.4 Soil microbial CUEST
The assessment of stoichiometric CUEST was significantly different between bulk and rhizosphere soils (Fig. 3-5, P < 0.001). Compared with bulk soils, the average CUEST significantly decreased by 8.4% in rhizosphere soils. In rhizosphere soils, the CUEST significantly increased with N fertilizer application rates by 28.8%, 29.5% and 36.2%, respectively, under N1, N2 and N3 treatments, compared with N0 treatment. In bulk soils, the CUEST significantly increased under N1 and N3 treatments by 4.7%, compared with N0 and N2 treatments (Fig. 3-5A, P < 0.05). 
There was a negative correlation between CUEST and vector length (Fig. 3-5B, P < 0.01), vector angle (Fig. 3-5C, P < 0.05), as well as root C and N exudation rates (Fig. 3-5D and E, P < 0.01).
[image: ]Fig. 3-5 Microbial carbon use efficiency of rhizosphere and bulk soils under four N treatments (A) and its linear relationship with vector analysis (B and C) and root exudation rates (D and E). Different letters indicate significant differences (P < 0.05) among four N treatments.  The error bars indicate the standard errors (n=3). Results of two-way ANOVA and T-test are presented (*P < 0.05, **P < 0.01, ***P < 0.001). Fertilizer treatments: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1).
[bookmark: _Toc221134010][bookmark: _Hlk53939538][bookmark: _nebEE67717D_8FE3_4E55_8F0E_6A7D0E44ED2E][bookmark: OLE_LINK12]3.5 Drivers of root exudation rates, microbial resource limitations and microbial CUEST
SOM, NO3−, NH4+, N fertilizer and DON were the key drivers for root C and N exudation rates according to RF analysis (Fig. S3-5). SOM was the most important factor for both (7.7 and 8.5, P < 0.01). For root C exudation rates, the relative importance of NH4+, NO3− and N fertilizer were 7.1, 6.7 and 6.0, respectively (Fig. S3-5A, P < 0.01). For root N exudation rates, the relative importance of N fertilizer, NH4+ and NO3− were 7.5, 6.9 and 6.4 respectively (Fig. S3-5B, P < 0.01). The importance of DON for both was 4.5 and 4.1 (P < 0.05).
[bookmark: _Hlk169861343]Root N exudation rates, root C exudation rates, and N fertilizer were the key drivers for vector length, vector angle and CUEST according to RF analysis (Fig. 3-6). For vector length, NO3− was the most important factor (14.7, P < 0.01) followed by TP and N fertilizer application rates (Fig. 3-6A). For vector angle, root N exudation rates, soil location (rhizosphere or bulk soil), root C exudation rates and N fertilizer were the most important factors with relative importance of 9.1, 8.6, 8.6 and 6.6, respectively (P < 0.01). In addition, AP (5.5, P < 0.05) was also a significant factor for the vector angle (Fig. 3-6B). For CUEST, vector length was the most important factor (8.2, P < 0.01); Root C and N exudation rates were also extremely important (7.6 and 6.8, P < 0.01), as well as NO3− (7.5, P < 0.05); NH4+, SOM and N fertilizer were significantly important for CUEST with relative importance of 7.2, 6.6 and 3.6, respectively (Fig. 3-6C, P < 0.05).
N fertilizer application decreased the root exudation rates by providing more NH4+ in the soil (-0.83, P < 0.001), with an explanation of 64% (Fig. 3-7). While reduction of root exudation rates directly affected vector angle, which means microbial N/P limitations (-0.76, P < 0.01). In addition, N fertilizer application rates had a negative effect on vector length by providing more NO3−, (-0.65, P < 0.01). Structural equation modeling explained 59% and 72% of the variation in vector length and vector angle. The direct negative effect of vector length on microbial CUEST was greater than that of root exudation rates. Moreover, microbial C limitation had the greater direct negative impact on microbial CUEST (-0.59, P < 0.001), followed by root exudation rates (-0.40, P < 0.05). The model explains 71% of the variation in microbial CUEST.


[image: ]Fig. 3-6 The importance for vector length, vector angle and microbial carbon use efficiency (CUE) characterized by random forest analysis. The estimation of the importance of predictors was based on the percentage increases in mean squared error (MSE). Variables with higher MSE% values were identified as more importance. Significance is indicated by P < 0.01** and P < 0.05*. CER and NER denote the rates of root carbon and nitrogen exudation, respectively.
χ2/df=0.19, P=0.83, AIC=50.38, GFI = 1.00, RMSEA=0.000,Number of observable variables=12, Samples size=24

Fig. 3-7 Structural equation model (SEM) showing how nitrogen fertilizer affected microbial resource limitation and carbon use efficiency via root exudation. RCER represents the root carbon exudation rate. Because root C and N exudation rates were highly correlated (Pearson correlation coefficient R² = 0.99), RCER was used as a representative indicator of root exudation activity. NH4+ and NO3− refer to ammonium and nitrate content in the soil. Microbial CUEST represents microbial carbon use efficiency from stoichiometry theory. Solid and dashed arrows indicate significant and insignificant pathways, respectively (* P < 0.05, ** P < 0.01, *** P < 0.001). Black and red lines represent positive and negative relationships, respectively. Numbers along the arrows indicate standardized path coefficients. R2 represents the proportion of variance.
[bookmark: _Toc221134011]4. Discussion
[bookmark: _Toc221134012][bookmark: OLE_LINK53][bookmark: _Hlk171435586]4.1 Effects of N fertilizer application on root C and N exudation rates
[bookmark: _Hlk161757511][bookmark: _Hlk170426671][bookmark: OLE_LINK66]Variation of belowground C allocation is a physiological adjustment for plants to maintain nutrient acquisition in contrasting environments (Dijkstra et al., 2009; Phillips et al., 2012). Previous studies have reported that the optimal nitrogen input for greenhouse vegetable production generally ranges between 180 and 299 kg N ha–1 season–1 (Tian et al., 2025), with reported optimal levels for greenhouse tomato varying from 93–128 kg N ha–1 (Wang et al., 2025d) to approximately 240–290 kg N ha–1 (Niu et al., 2024; Ren et al., 2022). The nitrogen levels used in this study (0, 102, 327, and 552 kg N ha–1) therefore encompass a gradient from deficiency to potential oversupply, allowing the assessment of how nitrogen availability modifies belowground carbon allocation. In this long-term experiment, root exudation rates of C and N were significantly reduced under N treatments (N1, N2 and N3 treatments) compared to N0 treatment (Fig. 3-1). Because plants have more available nitrogen (NH4+ and NO3−) for their growth after N fertilizer application, they do not need extra root exudates for nutrient acquisition (Fig. S3-1). These results are in line with Dijkstra et al., (2009) and Phillips et al., (2011, 2009), who found that plants invest more photosynthates belowground in N-limited environments and release more enzymes from the root system into the rhizosphere to acquire nutrients for plant growth (Preece and Peñuelas, 2016; Song et al., 2022). On the other hand, we hypothesize that changes in resource availability have altered the composition and amount of root exudates in greenhouse, such as sugars and organic acids, as well as the relative proportion of organic compounds containing N, such as amino acids and proteins. Furthermore, the amount of root exudates is also influenced by the nutritional status of the plant (Vives-Peris et al., 2020). For example, root exudates decreased under higher N fertilizer application rates (Fig.1), which might due to nutrient imbalance of the plant (Dorais et al., 2000). Meanwhile, high nitrogen remaining in the soil was another reason for the decrease of root C and N exudation rates (Fig. S3-4 and Fig. 3-7). In GVP, low N use efficiency (NUE) due to oversupply, low N absorption capacity from sparse root systems, and the short growing cycles of vegetables increase nitrogen leftover (Ren et al., 2010; Ti et al., 2015), which indirectly affected root exudation rates (Fig. S3-4). 
[bookmark: OLE_LINK76][bookmark: OLE_LINK50][bookmark: _Hlk170426693][bookmark: OLE_LINK18][bookmark: OLE_LINK32][bookmark: _Hlk161074259][bookmark: OLE_LINK51]Plants allocate approximately half of the photosynthesized C belowground into the soil as rhizodeposition where it is incorporated into soil microbial biomass and organic matter (Lynch and Whipps, 1990; Pausch and Kuzyakov, 2018; Schenck zu Schweinsberg-Mickan et al., 2012). Root exudates are part of the rhizodeposition process, which is the major source of soil organic carbon released by roots  (Nguyen, 2009). Increased belowground C and N allocation may promote the preferential utilization of root exudates by rhizosphere microbes, leading to increase SOM content due to surplus C being allocated to microbial growth (Jones et al., 2009; Pausch and Kuzyakov, 2018). However, our study found that higher rates of root exudation increased SOM decomposition (ΔSOM, rhizosphere-bulk soil) (Fig. S3-2). Although root exudation rates were the lowest under the N2 treatment, soil SOM content increased in rhizosphere soil compared with bulk soils, while the other treatments reduced SOM content (N0, N1 and N3 treatments) (Fig. S3-1). The increase in SOM content under the N2 treatment is consistent with findings in the literature, suggesting appropriate nitrogen levels promote organic matter accumulation (Dorais et al., 2000; Cotrufo et al., 2013; Panchal et al., 2022). While in soils with low N availability (such as the N0 treatment), root C exudation from photosynthate is utilized by microbes to generate extracellular enzymes, stimulating microbial N mining from the SOM, which reduce SOM accumulation (Asmar et al., 1994; Bengtson et al., 2012; Dijkstra et al., 2013). However, the highest rates of N fertilizer application (N3) still reduced SOM content, which means that plants and microbes may be affected by limitation of other nutrients, such as available P (Cui et al., 2024). In response, plants will increase root exudation rates leaching more phosphorus-soluble organic compounds into the soil (Canarini et al., 2019; Shen et al., 2018), stimulating microbes to mineralize P from SOM through improved phosphatase activity (Dijkstra et al., 2013; Spohn et al., 2013; Spohn and Kuzyakov, 2013). Thus, excessive N inputs might not benefit the accumulation of root-derived carbon (C) exudates into the soil (Kuzyakov and Xu, 2013; Lynch et al., 2023; Norton and Firestone, 1996). 
[bookmark: _Toc221134013][bookmark: _Hlk171435596][bookmark: _Hlk172212211]4.2 Effects of rhizosphere and N fertilizer application on microbial carbon, nitrogen and phosphorous limitations
[bookmark: _Hlk170426384][bookmark: OLE_LINK54][bookmark: _Hlk170292861][bookmark: _Hlk133607366][bookmark: OLE_LINK67]Both N fertilizer application and sampling location (rhizosphere and bulk soil) had significant effects on vector length and vector angle of the ecoenzymatic stoichiometry (P < 0.001, Fig. 3-3), suggesting that microbial C and N/P limitations were regulated by both N fertilization and plant root activity. Random forest analysis further confirmed that N fertilizer, root C and N exudation rates had a significant effect on both microbial C and N/P limitations (P < 0.05, Fig. 3-6). In rhizosphere soils, microbial C limitation significantly decreases with the increase of N fertilizer application rates (N0 > N1 > N2 > N3, Fig. 3-3B). This result was in line with our hypothesis. On the one hand, with the increase of N fertilizer application rates, the N supply in the rhizosphere environment becomes more adequate, and rhizosphere microorganisms no longer need to rely on the decomposition of SOM to obtain nitrogen. On the other hand, the production of root exudates alleviates the need for soil carbon by rhizosphere microorganisms.
[bookmark: OLE_LINK71][bookmark: OLE_LINK72]We also found that vector length was significantly correlated with the rise of root C and N exudation rates (Fig. 3-4), indicating that higher root exudation rates actually increased microbial C limitation. The reason may be due to competition between plants and soil microorganisms. Although rhizosphere deposition can alleviate C-limitation by providing additional organic carbon sources, the growth of plant root system limited the C acquisition of rhizosphere microorganisms (Cui et al., 2018). Furthermore, higher root exudation also creates a greater demand for microbial enzymes to process them, thereby intensifying microbial C limitation. Additionally, plants and microbes have similar nutrient requirements, leading to strong competition in a rhizosphere resource-limited environment (Kuzyakov and Xu, 2013). In other words, competition for root nutrients can reduce soil nutrient availability and hinder microbial access to nutrients. As a result, microbial nutrient limitations are associated with greater nutrient competition between microbes and plants (Cui et al., 2022; Inselsbacher et al., 2010). According to economic theories of microbial metabolism, enzyme production generally increases under nutrient limitations and decreases under conditions of excess in soils, that is, the resource allocation theory (Allison and Vitousek, 2005; Carrara et al., 2018). Therefore, under low nitrogen application rates (N0 and N1 treatments), roots exudate more organic matter to acquire available nutrients from the soil rather than for microbial utilization (i.e., increased root exudates), limiting the nutrients available for microbes which, in return, tend to secrete more carbon-related enzymes to decompose soil organic carbon for nutrient acquisition (Cui et al., 2022; Inselsbacher et al., 2010). In contrast, under nitrogen-sufficient conditions (N2 and N3 treatments), rhizosphere microbes do not need to rely on decomposing recalcitrant SOM for nitrogen acquisition but rather preferentially utilize easily decomposable root exudates (Kuzyakov et al., 2000; Kuzyakov and Cheng, 2004). This leads to a decrease in soil microbial C limitation, i.e., a reduction in the release of β-glucosidase enzyme activity (Fig. 3-2A and Fig.3B). In turn, microbial nutrient limitations may also inhibit the production of new substances in plants and the subsequent input of new C (Cui et al., 2020). 
[bookmark: OLE_LINK74][bookmark: OLE_LINK65][bookmark: OLE_LINK75]The vector angles for soil enzymatic stoichiometry in rhizosphere for all treatments were higher than in bulk soils (Fig. 3-3), suggesting that plants alter microbial N/P limitations. In the rhizosphere, the vector angles of N0, N1 and N3 treatments were greater than 50°, indicating that plant P uptake caused microbial P limitation under these three conditions. Therefore, microbes produced more P acquiring extracellular enzymes for their growth. This result was comparable with Deng et al., (2019). Plant can solubilize inorganic P (e.g., calcium phosphates) by acidifying soil pH, releasing protons, citrate, malate and other root exudates, and could mineralize organic P into available P for microbes. However, Olsen-P contents in the soil ranged from 26.74 mg kg−1 in the rhizosphere soils to 45.54 mg kg−1 in the bulk soils among the four treatments (Fig.S1). Therefore, plants can directly uptake available phosphorus in soil, rather than obtain inorganic phosphorus or organic phosphorus in soil through root exudates (Zhang et al., 2023). Our results showed that microbial P limitation was more affected by root system (vs. bulk soil) than by N fertilizer (Fig. 3-6 and Fig. 3-7). Although N fertilizer can alter nutrient supply in the soil, root activities (such as the release of root exudates) have a more significant impact on microbial phosphorus acquisition. In bulk soils, the microbe is N limited rather than P limited because there are no plants competing with microbes for phosphorus and microbial uptake of phosphorus is lower (Bell et al., 2010). On the other hand, microbes tended to decrease their acquisition of the most limiting P to maintain stoichiometric homeostasis (Cui et al., 2020). 
[bookmark: _Toc221134014][bookmark: OLE_LINK70][bookmark: _Hlk171435606]4.3 Effects of rhizosphere and N fertilizer application on microbial CUEST
Microbial carbon use efficiency (CUEST) in the greenhouse soils ranged from 0.35 to 0.59 (Fig. 3-5), higher than the mean microbial CUE of 0.26 observed from a broad range of ecosystems (Sinsabaugh et al., 2016). Nitrogen fertilizer increased microbial CUEST, especially in the rhizosphere (Fig. 3-5), by reducing respiration and promoting microbial growth (Li et al., 2021; Wang et al., 2023; Yuan et al., 2019), which is in line with previous studies (Poeplau et al., 2019; Spohn et al., 2016). On the one hand, microorganisms may consume less adenosine triphosphate (ATP) for the metabolism associated with N acquisition in N enriched soils; therefore, the excess C was allocated to growth, leading to the increase of microbial CUE (Manzoni et al., 2012). On the other hand, it has been confirmed that N fertilizer addition can alter decomposer community composition to acquire more labile substrates. In this process, soil microbial metabolism focuses towards phosphorus acquisition and soil N becomes a key element that promotes the production of microbial enzymes, especially those involved in phosphorus acquisition, such as acid phosphatase. This shift can reduce the amount of energy that microbes need to allocate into producing enzymes such as acid phosphatase to get nutrients, allowing more energy (or carbon) to be allocated to growth rather than maintenance or nutrient acquisition. Thus, this can lead to an increase in microbial CUE, as more carbon is being used efficiently for biomass production rather than being consumed in metabolic processes associated with nutrient stress or access (Allison and Vitousek, 2005; Liu and Zhang, 2019). 
[bookmark: OLE_LINK21][bookmark: bbib58][bookmark: OLE_LINK78][bookmark: OLE_LINK30][bookmark: OLE_LINK77]However, strong nutrient competition between roots and microbes in the rhizosphere decreased CUEST. Our result finds that the average microbial CUEST in the rhizosphere was lower than that in the bulk soils (Fig. 3-5). And plants were more important for microbial CUEST than fertilization (Fig. 3-6). There are two main reasons for this fierce competition. First, N uptake by roots can produce a strong depletion zone in rhizosphere (Kuzyakov and Razavi, 2019; Kuzyakov and Xu, 2013), leading to low N availability. Microbes and roots in rhizosphere compete for N and other nutrients (Fusseder and Kraus, 1986; Tinker and Nye, 2000). Such strong competition is confirmed by higher N uptake rates at lower N concentrations (Tinker and Nye, 2000). At this time, the limitations of rhizosphere microbial resources increases (Fig. 3-3) and microbial growth decreases (Fig. S3-3), thus reducing microbial CUEST. Our correlation analysis and structural equation models confirmed this (Fig. S3-4 and Fig. 3-7). Second, roots release a large amount of exudates, most of which are labile soluble molecules that can be easily taken up and utilized by soil microbes. Therefore, the abundance and activity of microbes are much higher in the rhizosphere than in the bulk soil (Kuzyakov and Blagodatskaya, 2015), resulting in increased demand for available nutrients (Available N and P) and stronger competition for nutrients with roots. Microbial growth results in N mineralization from SOM, meaning that the microbes allocate more energy to nutrient acquisition rather than growth, reducing rhizosphere soil microbial CUEST. Meanwhile, microbes stimulated the priming effect, which is not conducive to soil C retention (Kuzyakov and Xu, 2013). This phenomenon is more pronounced under low nitrogen conditions, with the greatest reduction in SOM (Fig. S3-1) and microbial CUEST (Fig. 3-5) in the rhizosphere soil compared with bulk soil under the N0 treatment.
[bookmark: _Hlk160802548]Interestingly, we observed that the higher the root C and N exudation rates, the lower the microbial CUEST (Fig. 3-5). While increased belowground C and N allocation may promote the preferential utilization of root exudates by rhizosphere microbes, leading to decrease soil organic matter (SOM) content and microbial CUE due to surplus C being allocated to microbial growth (Jones et al., 2009; Pausch and Kuzyakov, 2018). Our study also found that higher rates of root exudation decreased organic matter content (Fig. S3-3). Higher root exudation rates led to increased organic matter decomposition, further lowering CUEST due to enhanced nutrient competition and microbial energy allocation to nutrient acquisition. Various studies have shown that the increase in root exudates can be caused by high nitrogen input (Baptist et al., 2015; Henry et al., 2007; Neumann et al., 2014) or by low nitrogen availability (Chowdhury et al., 2014; Kuzyakov and Domanski, 2000), or not be influenced by nitrogen levels (Johansson, 1992). It is noteworthy that the increase in root exudation rates in our study was caused by a decrease in fertilizer application. Our results also found that root C and N exudation rates were more influential on CUEST than N availability and SOM (Fig. 3-6). It can be evident that changes in microbial CUE were caused by changes in root exudates induced by nitrogen fertilizers. It has been shown that labile substrates (such as root exudates) tend to induce higher microbial CUE and cause more efficient accumulation of MAOM through microbial transformation (Cotrufo et al., 2015; Sokol and Bradford, 2019). 
[bookmark: OLE_LINK94]Vector length was the main controlling factor for microbial CUEST (Fig. 3-6), indicating that microbial metabolism can control microbial CUE (Geyer et al., 2019; Ju et al., 2023; Mooshammer et al., 2014). Moreover, the pattern of microbial CUEST was opposite to that of microbial C and P limitations (Fig. 3-5, Fig. 3-7). This pattern was particularly evident in the rhizosphere. An increase in root exudates from plant can provide energy to microbes and stimulate the priming effect, in turn enhancing the microbial conversion of C (Blagodatskaya and Kuzyakov, 2008; Shahzad et al., 2015). In conclusion, when soil N is limited, root exudates more organic matter to obtain N, which enhance the competition between plant and microbes, thus the microbes release more C-related acquiring extracellular enzymes that is increase C limitation (Fig. 3-4), thus making the microbes increased the utilization of soil carbon i.e. a decrease in SOM content which is also decrease microbial CUEST (Fig. 3-5). Low CUEST, in turn, suggests that microbes decompose more C through respiration than growth, and that SOM decomposes more C from sources used for synthetic biomass (its own growth), to the detriment of carbon stability (Manzoni, 2017). 
[bookmark: _Toc221134015]5. Conclusions 
[bookmark: _Hlk134306189][bookmark: _Hlk159516605][bookmark: OLE_LINK40][bookmark: OLE_LINK81]The impact of N fertilizer application on microbial C, N/P limitations and CUEST are largely driven by the effect of N fertilizer on root exudation rates. Plants compete with microbes for nutrients by increasing the rates of root exudation, thereby increasing microbial nutrient limitations. At the same time, roots release labile soluble molecules that are utilized by microbes to promote microbial extracellular enzyme production, which stimulates the decomposition of SOM. Consequently, more energy is allocated by microbes to resource acquisition rather than to growth, thus decreasing the CUEST. These findings suggest that plant-mediated alterations in subterranean carbon allocation, induced by nitrogen fertilization, modulate microbial metabolic limitations in the rhizosphere soils. These findings significantly advance our fundamental understanding of the potential significance of the rhizosphere in the global carbon balance and plant-microbiome interactions aiming to enhance soil protection and sustainable intensive agriculture production in the future.


[bookmark: _Toc221134016]Supplementary Information
Table S3-1. The regression weights and standardized regression weights of each pathway in structural equation model (SEM).
Fig. S3-1. Soil properties in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). The lowercase letters above the columns indicate the data in different treatments are significantly different at the level of P＜0.05 (n=3). Results of two-way ANOVA are presented (*P < 0.05, **P < 0.01, ***P < 0.001).
Fig. S3-2. Change of soil organic matter in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1).
Fig. S3-3. Microbial biomass in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). The lowercase letters above the columns indicate the data in different treatments are significantly different at the level of P＜0.05 (n=3). Results of two-way ANOVA and T-test are presented (*P < 0.05, **P < 0.01, ***P < 0.001).
Fig. S3-4. The correlation heatmaps between microbial resource limitation, CUE, root C and N exudation rates, soil properties, and microbial biomass. Root exudation rates included Root C and N exudation rates; Soil properties included pH, soil organic matter (SOM), total nitrogen (TN), total phosphate (TP), Olsen-P and available potassium (AK); microbial biomass carbon (MBC) and nitrogen (MBN). Vector length and vector angle represent microbial resource limitation; CUE represents microbial carbon use efficiency from stoichiometry theory (CUEST). CER represents root C exudation rates; NER represents root N exudation rates; DON represents dissolved organic nitrogen; DOC represents dissolved organic carbon. 
Fig. S3-5 The importance (percentage of increase in mean square error) for root C and N exudation rates by random forest analysis. The estimation of the importance of predictors was based on the percentage increases in mean squared error (MSE). Variables with higher MSE% values were identified as more importance. Significance is indicated by P < 0.01** and P < 0.05*. 


Table S3-1. The regression weights and standardized regression weights of each pathway in structural equation model (SEM).
	Pathway 
	Regression Weights
	Standardized Regression Weights

	
	Estimate
	Standard error
	Critical ratio
	P
	Estimate

	RCER ← NH4+
	-22.82 
	3.90 
	-5.85 
	***
	-0.83 

	RCER ← NO3−
	0.05 
	0.10 
	0.46 
	0.64 
	0.07 

	Vector length ← RCER
	0.00 
	0.00 
	1.11 
	0.27 
	0.25 

	Vector angle ← RCER
	0.11 
	0.03 
	4.09 
	***
	0.76 

	Vector length ← NH4+
	0.00 
	0.04 
	-0.03 
	0.98 
	-0.01 

	Vector angle ← NH4+
	-0.67 
	0.80 
	-0.84 
	0.40 
	-0.17 

	Vector length ← NO3−
	0.00 
	0.00 
	-4.32 
	***
	-0.65 

	Vector angle ← NO3−
	0.05 
	0.01 
	3.71 
	***
	0.47 

	Microbial CUEST ← Vector length
	-0.13 
	0.03 
	-4.51 
	***
	-0.59 

	Microbial CUEST ← Vector angle
	0.00 
	0.00 
	0.09 
	0.93 
	0.02 

	Microbial CUEST ← RCER
	0.00 
	0.00 
	-2.14 
	*
	-0.40 




[bookmark: _Hlk214107607][bookmark: OLE_LINK20][image: ]Fig. S3-1. Soil properties in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). The letters above the columns indicate the data in different treatments are significantly different at the level of P＜0.05 (n=3). Uppercase letters represent rhizosphere soils, while lowercase letters represent bulk soils. Results of two-way ANOVA are presented (*P < 0.05, **P < 0.01, ***P < 0.001).  


[image: ]Fig. S3-2. Change of soil organic matter in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1).




[image: ]Fig. S3-3. Microbial biomass in rhizosphere and bulk soils under four N treatments. Fertilizer regimes: N0 (0 kg N ha−1), N1 (102 kg N ha−1), N2 (327 kg N ha−1), N3 (552 kg N ha−1). The lowercase letters above the columns indicate the data in different treatments are significantly different at the level of P＜0.05 (n=3). Results of two-way ANOVA and T-test are presented (*P < 0.05, **P < 0.01, ***P < 0.001). 
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[image: ]Fig. S3-4. The correlation heatmaps between microbial resource limitation, CUE, root C and N exudation rates, soil properties, and microbial biomass. Root exudation rates included Root C and N exudation rates; Soil properties included pH, soil organic matter (SOM), total nitrogen (TN), total phosphate (TP), Olsen-P and available potassium (AK); microbial biomass carbon (MBC) and nitrogen (MBN). Vector length and vector angle represent microbial resource limitation; CUE represents microbial carbon use efficiency from stoichiometry theory (CUEST). CER represents root C exudation rates; NER represents root N exudation rates; DON represents dissolved organic nitrogen; DOC represents dissolved organic carbon. 


[image: ]Fig. S3-5. The importance (percentage of increase in mean square error) for root C and N exudation rates by random forest analysis. The estimation of the importance of predictors was based on the percentage increases in mean squared error (MSE). Variables with higher MSE% values were identified as more importance. Significance is indicated by P< 0.01** and P< 0.05*.
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[bookmark: _Toc221134017]Chapter Ⅳ Root processes counteract the suppression of nitrogen-induced priming effects by enhancing microbial activity and catabolism in greenhouse vegetable production systems



Adapted from the publication: 
Lian, J., Massart, S., Li, G., Zhang, J., 2025. Root processes counteract the suppression of nitrogen-induced priming effects by enhancing microbial activity and catabolism. Soil and Tillage Research 255, 106802. https://doi.org/10.1016/j.still.2025.106802. 
Only minor adaptations were made to formatting and structure to fit the thesis layout. The data, analyses, and conclusions remain unchanged from the published version.
Abstract:
Nitrogen (N) fertilization regulates soil organic carbon (SOC) decomposition by altering the priming effect (PE) and root activities, affecting subsequently soil carbon sequestration and crop productivity. However, the effects of long-term N fertilization on the direction and magnitude of SOC and underlying mechanisms priming in the rhizosphere compared with bulk soils remain unclear. In this study, paired rhizosphere and bulk soil samples were collected from a 15-year greenhouse tomato production system under four chemical N fertilizer treatments: 0 (N0), 102 (N1), 327 (N2), and 552 (N3) kg N ha–1 yr–1, in addition to uniform manure and straw amendment at 123 kg N ha−1 yr−1. These samples were incubated for 49 days with or without the addition of 13C-labeled glucose, and the incorporation of glucose-derived 13C into CO2 and phospholipid fatty acids (PLFAs) was monitored to elucidate the mechanisms underlying the PE. The results showed a significant interaction between N fertilization and soil niche. The relative PE was significantly higher under the N0 treatment (1.82% to 2.02%) compared with the strongly negative values observed under N1–N3 treatments (−0.81% to −10.18%) in both rhizosphere and bulk soils, indicating that increased N availability suppressed SOC decomposition. However, rhizosphere soils exhibited significantly weaker negative PE (−2.66%) than bulk soils (−4.36%), primarily due to lower dissolved organic nitrogen (DON) levels and higher microbial abundance and activity, suggesting that rhizosphere processes partially counteracted the suppressive effect of N fertilization. A reduction in relative PE correlated with increases in dissolved organic nitrogen (DON), glucose-derived microbial biomass carbon (13MBC), and microbial carbon use efficiency (CUE). Overall, long-term N fertilization suppressed SOC priming by enhancing soil N availability and microbial C assimilation capacity. However, root-mediated microbial legacy effects in the rhizosphere counteracted this suppression, highlighting the importance of N–soil niche interactions in regulating SOC turnover. These findings offer novel insights into soil carbon cycling dynamics and have implications for targeted soil carbon sequestration strategies in intensive greenhouse agriculture.
Keywords: Nitrogen fertilization, Priming effect, Rhizosphere processes, Microbial carbon use efficiency, 13C-labeling, Greenhouse vegetable production 


[bookmark: _Toc221134018]1. Introduction
Nitrogen fertilizer is essential in crop production in agricultural ecosystems. However, long-term and intensive N fertilization, along with agricultural practices, significantly alters soil properties, including soil organic carbon (SOC) dynamics(Schmidt et al., 2011). Numerous studies have shown that long-term N inputs substantially modify the physicochemical and biological characteristics of soil in greenhouse vegetable production (GVP) systems (Kianpoor Kalkhajeh et al., 2021; Wang et al., 2024e; Zhang et al., 2023). These alterations likely influence SOC decomposition through complex interactions (Liang et al., 2019). Therefore, elucidating the mechanisms underlying SOC turnover under long-term N fertilizer application is crucial for accurately assessing the impact of N fertilization management on soil carbon sequestration potential and sustainability in the GVP system.
Nitrogen (N) fertilization is essential in crop production in agricultural ecosystems. However, long-term and intensive N fertilization, along with other agricultural practices, significantly alters soil properties, including soil organic carbon (SOC) dynamics (Schmidt et al., 2011; Xu et al., 2022). Numerous studies have shown that long-term N input substantially modifies the physicochemical and biological characteristics of soil in greenhouse vegetable production (GVP) systems (Kianpoor Kalkhajeh et al., 2021; Wang et al., 2024d, e; Zhang et al., 2023). These alterations likely influence SOC decomposition through complex interactions (Liang et al., 2019). Therefore, elucidating the mechanisms underlying SOC turnover under long-term N fertilizer application is crucial for accurately assessing the impact of N management on soil carbon sequestration potential and sustainability in GVP systems.
The content of SOC largely depends on the balance between inputs from external organic resources and outputs from microbial decomposition. However, newly added organic carbon could either stimulate or inhibit the microbial decomposition of native SOC—a phenomenon known as the positive or negative priming effect (PE), which can vary from −50% to +380% across different ecosystems (Kuzyakov et al., 2000; Shahbaz et al., 2017). Researchers have extensively investigated the key drivers of this variability, including substrate availability as well as soil physicochemical and microbial properties (Li et al., 2023; Zhou et al., 2022). Numerous studies have reported that both the direction and intensity of PE are associated with soil nutrient accessibility (Feng and Zhu, 2021; Feng et al., 2021; Zhang et al., 2024). For example, soil N availability directly affects the PE by altering microbial nutrient acquisition strategies (Qin et al., 2024), and indirectly by modifying soil physicochemical properties (Aye et al., 2018; Lenka et al., 2019). 
Despite extensive research using both field and laboratory experiments, the response of the PE to N availability remains inconsistent and sometimes contradictory, with some studies reporting an increase (Meyer et al., 2018; Zheng et al., 2022), others a decrease (Ma et al., 2024; Su and Shangguan, 2023) and some finding no significant change (Fang et al., 2018). To explain these contrasting findings, two contradictory theories have been proposed. The first, the stoichiometric decomposition theory, suggests that microbial decomposition of native SOC reaches its maximum rate when the supply of soil substrates (carbon or nutrients) meets microbial metabolic demands (Rocci et al., 2024). The second, the microbial N mining theory, hypothesizes that PE is lower in N-rich soils than in N-deficient soils, because microbes in nutrient-rich environments have less need to decompose recalcitrant SOC for N acquisition (Craine et al., 2007). These inconsistent PE responses highlight the need for further research to clarify their complex relationship with soil N availability.
The effects of N fertilization on the priming effect (PE) are largely mediated by changes in soil microbial community composition and function, including shifts in carbon use efficiency and nutrient acquisition strategies (Domeignoz-Horta et al., 2020). Specific microbial taxa contribute to this process by producing extracellular enzymes that degrade complex organic matter into assimilable forms (Wu et al., 2022a). Long-term chemical N fertilization fundamentally alters microbial metabolic processes and assimilation efficiency by modifying microbial activity and community composition, which in turn impacts SOC priming dynamics (Geisseler and Scow, 2014; Dai et al., 2018; Jia et al., 2020). Xu et al. (2022 and 2024) further highlighted that in Chinese vegetable soils, the priming effect is primarily driven by microbial traits, including microbial richness and carbon use efficiency, which directly modulate SOC stability. This finding underscores the pivotal role of microbial community characteristics in determining the magnitude and direction of PE in response to N fertilization.
Microbial carbon use efficiency (CUE) is defined as the proportion of assimilated carbon allocated to biomass production relative to that used through respiration, serving as an essential proxy (Sinsabaugh et al., 2013). According to the stoichiometric homeostasis theory, microbial CUE decreases under N-deficient conditions because more carbon is diverted toward N acquisition (Manzoni et al., 2012). Conversely, increased N inputs from N fertilizer application lower the soil carbon-to-nitrogen ratio (C:N), enhancing microbial growth and CUE while simultaneously reducing the PE (Finn et al., 2015). On the other hand, N-rich soils may suppress microbial CUE by favoring fast-growing microbes that exhibit higher energy demands (Luo et al., 2020). However, the mechanistic understanding of how long-term N fertilization regulates microbial CUE and influences SOC priming intensity remains incomplete, warranting further investigation.
The rhizosphere—a distinct soil volume influenced by root-mediated processes—plays a crucial role in controlling SOC turnover and nutrient cycling (Kuzyakov and Blagodatskaya, 2015). Characterized by unique physical, chemical and biological processes, the rhizosphere exhibits greater nutrient availability and elevated microbial activity compared with bulk soils (Kuzyakov and Xu, 2013; Liu et al., 2022; Wang and Kuzyakov, 2024). Rhizodeposition, which accounts for approximately 10–50% of the carbon assimilated by plants through photosynthesis, plays a crucial role in shaping soil carbon dynamics and influencing carbon sequestration and climate feedbacks (Zang et al., 2017; Pausch and Kuzyakov, 2018). Generally, studies have reported that rhizosphere soils accelerate SOC decomposition via the PE, largely driven by microbial responses to C inputs such as root exudates, which stimulate microbial activity and soil enzyme production (Chen et al., 2021). In contrast, high microbial abundance and activity in rhizosphere soils are favorable for SOC sequestration through microbial assimilation and turnover of root-derived C inputs (Wang et al., 2024a; Villarino et al., 2025). However, the effects of long-term N fertilization on SOC priming in response to exogenous C inputs in the rhizosphere relative to bulk soils in the GVP agroecosystem remain unclear.
In this context, the long-term study assessing the effects of chemical N fertilization on yield and SOC sequestration in the GVP system (Lian et al., 2024) provides a valuable framework for further exploring SOC priming dynamics. Therefore, the objectives of this study were to (i) investigate the effects of long-term N fertilization on SOC priming in both rhizosphere and bulk soils in GVP system, and (ii) elucidate the underlying mechanisms and driving factors for SOC priming. We hypothesized that (i) long-term N fertilization would decrease the PE due to increased soil N availability; (ii) the rhizosphere soils would exhibit a more pronounced PE compared with bulk soils, primarily attributed to enhanced microbial abundance and activity; (iii) the effect of N fertilization on PE may differ between rhizosphere and bulk soils due to their contrasting microbial and biochemical environments.
[bookmark: _Toc221134019]2. Materials and methods
[bookmark: _Toc221134020]2.1 Soil sampling and glucose preparation
[bookmark: _Hlk202166284][bookmark: _Hlk199839821]The experiment was conducted based on a long-term field trial established in a greenhouse vegetable production system located in Hebei, China (115°17'53"E, 37°47'55"N) starting in 2008, with an annual rotation of cucumbers and tomatoes. The study area has a semi-humid continental monsoon climate, characterized by an average annual temperature of 11.5°C and annual precipitation of 540 mm. The soil type is classified as a Fluvo-aquic soil with a loamy texture. The initial physicochemical properties of the soil were as follows: pH 8.1 (soil-water ratio 1:2.5, 25 ℃), soil organic carbon (SOC) content of 5.0 g kg−1, total nitrogen (TN) content of 1.55 g kg−1, total phosphorus (TP) content of 1.0 g kg−1, total potassium (TK) content of 15.2 g kg−1,  Olsen-P (AP) content of 82.9 mg kg−1, available potassium (AK) content of 60.0 mg kg−1, nitrate nitrogen (NO3−) content of 5.5 mg kg−1 and ammonium nitrogen (NH4+) content of 19.4 mg kg−1. Electrical conductivity (EC) was 307.4 μS cm−1 at a water-soil ratio of 5:1 at 25℃. The soil bulk density was 1.35 g cm−3. The experiment was carried out with a randomized block design with four treatments and three replicates per treatment. Each plot measured 10.8 m2 (1.8 m width × 6.0 m length).
[bookmark: _Hlk213146297][bookmark: _Hlk202031382][bookmark: _Hlk202031402][bookmark: OLE_LINK1]Four N fertilizer application rates were selected for tomato cultivation: no chemical nitrogen (N0), 102 kg chemical N ha−1 yr−1(N1), 327 kg chemical N ha−1 yr−1(N2), and 552 kg chemical N ha−1 yr−1(N3), all applied as urea. The phosphorus (P2O5) application remained constant at 0 kg ha−1 yr−1, while potassium (K2O) was applied at a rate of 210.6 kg ha−1 yr−1 for all treatments. Urea and potassium (K2O) fertilizers were applied in three equal splits during the growing season: pre-planting (as a base fertilizer), mid-growth (approximately 30–40 days after transplanting), and pre-flowering (approximately 60–80 days after transplanting). For the N1, N2, and N3 treatments, urea was applied at rates of 34, 109, and 184 kg N ha−1 per application, respectively, corresponding to one-third of the total annual N input. Potassium fertilizer was also split equally among the three applications, at 70.2 kg K₂O ha−1 per application. Additionally, chicken manure was applied annually at a rate of 1560 kg ha−1 (on a dry weight basis), containing 23 kg N ha−1, 51 kg P2O5 ha−1, and 36 kg K2O ha−1. Wheat straw also was applied annually at a rate of 14,599 kg ha−1 (dry weight basis), containing 100 kg N ha−1, 24 kg P2O5 ha−1, and 203 kg K2O ha−1. Chicken manure, and wheat straw, were incorporated once as a base fertilizer. As a result, the total N input for each treatment was 123, 225, 450, and 675 kg N ha−1 yr−1, respectively.  
[bookmark: OLE_LINK16][bookmark: _Hlk202164663][bookmark: _Hlk202031633][bookmark: _Hlk202031592][bookmark: _Hlk202031652]On January 20, 2023, 150 days after the transplanting of tomato seedlings (pulling period), soil samples were collected from 0–20 cm layer. Rhizosphere soil samples were collected by gently shaking the roots to remove loosely adhered soil. The soil tightly adhered to roots was defined as rhizosphere soil (Edwards et al., 2015; Li et al., 2020). Bulk (non-rhizosphere) soils were sampled from adjacent unplanted areas within the same treatment plots, at the same depth as the rhizosphere soil, to ensure consistency across treatments (Fig. S4-1). Three subsamples were collected from each plot and thoroughly mixed to form one composite sample per plot. All soil samples were transported to the laboratory, sieved (<2 mm), and divided into air-dried parts. Subsamples of rhizosphere and bulk soils were stored at 4 ℃ for the analysis of enzyme activity, microbial biomass, and the glucose addition experiment. The remaining samples were air-dried for the determination of soil physical and chemical properties. 
[bookmark: _Hlk200028489]We selected glucose because it is a major component of root exudates and can be rapidly utilized by most microbes (Gunina and Kuzyakov, 2015). The 13C-glucose used corresponded to a 20:1 mixture of 12C-glucose and 13C-glucose (99% atom), and its isotopic abundance was 5409‰ (Gunina and Kuzyakov, 2015).  
[bookmark: _Toc221134021]2.2 Incubation experiment 
[bookmark: _Hlk200484323][bookmark: _Hlk202165783][bookmark: _Hlk202034053][bookmark: _Hlk202034063][bookmark: _Hlk202034075][bookmark: _Hlk202034084][bookmark: _Hlk202034094][bookmark: _Hlk202034112][bookmark: _Hlk202034125][bookmark: _Hlk202034172]The soil samples stored at 4°C were pre-incubated for one week at 25 ℃ and 60% water-holding capacity (WHC) to activate microbial activity. Following pre-incubation, soil samples were amended with 13C-glucose at 2% of the initial SOC content for each treatment (Table S4-1). Glucose was used to simulate labile C input as it is a major component of root exudates and products of litter decomposition (Gunina and Kuzyakov, 2015). This application rate was selected based on previous studies, which showed that the added carbon amounted to 53–100% of the initial microbial biomass carbon (Whitaker et al., 2014). This proportion was sufficient to stimulate microbial activity and respiration without significantly promoting microbial growth (Blagodatskaya and Kuzyakov, 2008). The treated soil samples (equivalent to 50 g oven-dried soil) were then transferred to 250 mL air-tight Mason jars and incubated at 25 ℃ and 60% WHC for 49 days. Four soil-free Mason jars were included as blanks to account for background CO2 emissions. During the incubation period, soil moisture was maintained at 60% WHC by periodically adding sterile deionized water. CO2 gas samples were collected using a 20 mL syringe on days 1, 3, 5, 7, 14, 23, 34, and 49 of incubation. At each sampling time, the jars were ventilated with CO2-free air for 20 minutes. CO2 concentration and its 13C isotopic signature were measured using a 6890N gas chromatograph (Agilent Technologies, Palo Alto, CA) and an isotope ratio mass spectrometer (IRMS) coupled with a Gas Bench (Thermo Finnigan, San Jose, CA).
The CO2 emitted from the glucose-amended treatments was separated into SOC-derived and glucose-derived components using a two-pool isotopic mixing model: 
       （1）
               （2）
[bookmark: _Hlk202034198][bookmark: _Hlk202034228][bookmark: _Hlk202034367][bookmark: _Hlk202034354]where CO2 Glu-derived, CO2 SOC-derived, and CO2 total refer to the glucose-derived CO2-C, SOC-derived CO2-C, and total CO2-C emitted from glucose-amended soils, respectively. 13CO2 Glu, 13CO2 control, and 13CO2 total represent the 13C (‰) values of the CO2 evolved from pure glucose, glucose-unamended soil, and the corresponding glucose-amended soil respectively.
The priming effect (PE) was calculated as follows:
      （3）
      （4）
where amended CO2 SOC-derived and unamended CO2 SOC-derived represent the cumulative CO2 emissions (mg C kg−1 soil) derived from SOC in the glucose-amended and corresponding glucose-unamended treatments, respectively.
[bookmark: _Toc221134022]2.3 Soil properties analysis 
[bookmark: _Hlk219730270][bookmark: _Hlk204849104][bookmark: _Hlk219730349]Soil pH was measured using a pH meter with a soil to water ratio of 1:2.5 (w/v). Soil organic carbon (SOC) content was determined using the potassium dichromate oxidation method (Walkley and Black, 1934). Total nitrogen (TN) was determined by the Kjeldahl digestion method (Bremner and Mulvaney, 1983). Olsen phosphorus (Olsen-P) and available potassium (AK) were measured using Olsen method (Olsen and Sommers, 1983) and flame photometry (Jackson, 2005), respectively. Soil ammonium-nitrogen (NH4+–N) and nitrate-nitrogen (NO3––N) were extracted with 2 M KCl and measured by a continuous flow analyser (Kachurina et al., 2000) (Autoanalyzer 3, Bran and Luebbe, Germany). Mineral nitrogen (MN) content was calculated as the sum of NH4+–N and NO3––N.
[bookmark: _Hlk202034518][bookmark: _Hlk202034477][bookmark: _Hlk202034576][bookmark: _Hlk202034590][bookmark: _Hlk202034596][bookmark: _Hlk202034611]Microbial biomass carbon (MBC) was determined using chloroform fumigation-extraction method (Wu et al., 1990). Briefly, 10.0 g of soil sample was fumigated using a desiccator with ethanol-free chloroform (CHCl3) and 2 M NaOH for 24 h in the dark at 25°C, while corresponding 10.0 g soil sample was placed in another desiccator without CHCl3 under the same condition. All soil samples were immediately extracted with 0.05 M K2SO4 for 30 minutes at 180 rpm. Total organic carbon (TOC) in the K2SO4 extracts was analyzed using a total organic carbon analyzer (Multi C/N 3100, Germany). The difference in organic C concentrations between fumigated and non-fumigated extracts was calculated as MBC using a conversion factor (KEC = 0.45). The extracts from non-fumigated samples were also used to measure dissolved organic carbon (DOC) and dissolved organic nitrogen (DON). The remaining K2SO4 extracts were freeze-dried to determine the δ13C values of MBC using an isotope ratio mass spectrometer.
The δ13C value of MBC (δ13MBC) was calculated using the following equation:
                          (5)
where δ13Cfumi and δ13Cunfumi represent the δ13C values of the extracts from the fumigated and corresponding non-fumigated soils, respectively, and Cfumi and Cunfumi represent the DOC contents (mg C kg−1 soil) of the extracts from the fumigated and non-fumigated soils, respectively. 
The amount of glucose-derived MBC (13MBC) in the glucose-amended soils was calculated as follows:
         (6)
[bookmark: _Hlk202034695]where MBCtotal is the content of MBC in the glucose-amended soil, and 13CMBC and δ13CUN MBC are the δ13C values of MBC from the glucose-amended and corresponding glucose-unamended soils, respectively. 13Cglu is the actual δ13C value of the glucose substrate.
[bookmark: _Hlk199862915][bookmark: _Hlk199862930]The microbial carbon use efficiency (CUE) was calculated as the ratio of glucose-derived MBC to total glucose-C uptake (sum of glucose-derived MBC and glucose-derived CO2).
                      (7)
[bookmark: _Toc221134023]2.4 Phospholipid fatty acid and enzyme activity analysis
[bookmark: _Hlk209369692]At the end of incubation (49 day), soil samples were collected for phospholipid fatty acid (PLFA) and enzyme activity analysis. The PLFAs were measured for determining microbial community composition (Hicks et al., 2019). Briefly, 3.0-g of freeze-dried soil sample was added into 20-mL extraction reagent (chloroform: methanol: citric acid = 1:2:0.8 v/v/v) to obtain the total lipids of microbes, and then separated by a 3-mL silica gel column to obtain phospholipid fatty acids (PLFAs), which were subjected to alkaline methylation. The PLFAs concentrations were determined using the PLFA module of the MIDI Sherlock Microbial Identification System platform of an Agilent 6890N gas chromatograph (Palo Alto, CA, USA) with Agilent 19091B-102 (25 m × 200 μm × 0.33 μm) column. The internal standard of methyl nonadecanoate (19:0) was used to quantify the phospholipid concentrations. The 13C concentration of each PLFA was analyzed using a Trace GC Ultra gas chromatograph (GC) with a combustion column attached via GC Combustion III to a Delta V Advantage isotope ratio mass spectrometer (Varian Associates Inc., Walnut Creek, CA, USA). The following PLFAs were used as biomarkers for different microbial groups: nonspecific bacteria, gram-positive bacteria (G+), gram-negative bacteria (G–), and fungi (F), as previously described by Yang et al. (Yang et al., 2022). The specific fatty acid markers for these groups have been established in previous studies.
The activities of C-acquiring enzyme (β-1,4-glucosidase, BG; cellobiohydrolase; CBH) and N-acquiring enzyme (leucine aminopeptidase, LAP; β-N-acetylglucosamini-dase, NAG) were measured with fluorometric techniques (German et al., 2011). Briefly, 1.0 g soil (fresh weight) transferred into a 100 mL sodium acetate buffer (pH7.0), and shaken for 1–2 min. Subsequently, 200 µL aliquots of soil suspension were transferred into 96-well black microplate containing 50μL of substrate, buffer, or standard solutions, and incubated for 4 hours at a constant temperature of 25℃. The activity of the above-mentioned enzymes activities was determined using a multifunctional microplate reader (Synergy H1M, BioTek Instruments, Inc., Winooski, VT, USA) at excitation and emission wavelength of 365 nm and 450 nm, respectively.
[bookmark: _Toc221134024]2.5 Data analysis 
The normality of the data was tested using the Shapiro-Wilk test (P > 0.05) with IBM SPSS Statistics 21.0 (SPSS Inc., Chicago, IL, USA). Two-way ANOVA followed by Duncan’s significance test was performed to evaluate the effects of rhizosphere, N fertilizer, and their interaction on (i) soil properties, i.e., SOC, TN, DOC, DON, DOC:DON ratio; (ii) microbial properties, i.e., MBC, PLFAs; (iii) microbial assimilation capacity, i.e., the proportion of glucose-derived C incorporation into MBC and PLFAs, microbial CUE; (iv) enzyme activities, i.e., LAP, NAG, CBH, BG; and (v) cumulative CO2 emission, PE and relative PE. Due to the strong collinearity among different factors, partial correlations analyses were carried out to assess the relationship between the relative PE and various factors. The relative importance and significance (P < 0.05) of the factors influencing the relative PE was evaluated using the Random Forest model in the R statistical software v.4.3.2 with "randomForest" and "rfPermute" package. Partial least squares path model (PLS-PM) was further conducted to determine the specific effect pathways of relative PE using the R statistical software v.4.3.2 with "plspm" package. 
[bookmark: _Toc221134025]3. Results
[bookmark: _Toc221134026]3.1 CO2 emission and priming effect
[bookmark: _Hlk202035741][bookmark: _Hlk202035790][bookmark: OLE_LINK11][bookmark: _Hlk202035863][bookmark: _Hlk202035844]CO2 emission and PE were strongly influenced by fertilization, soil niches (bulk vs. rhizosphere soil), and their interaction (Fig. 4-1). In the absence of glucose, CO2 emissions in the bulk soils from N2 and N3 treatments significantly decreased by 5%–7% compared with N1 treatment (P < 0.05; Eq. (1) and (2)), whereas no significant differences were observed among N fertilizer treatments in the rhizosphere soils (Fig. 4-1a). When glucose was added, SOC-derived CO2 emission significantly decreased in both bulk and rhizosphere soils under N fertilization (N1, N2 and N3 treatments) compared with N0 treatment, with primed CO₂ decreasing by 3.1–3.6 times in bulk soils and 1.4–6.0 times in rhizosphere soils (Fig. 4-1b; Eq. (3)). The relative intensity of PE varied considerably across N fertilizer treatments, with significantly higher values in the N0 treatment compared with N fertilizer treatments in both bulk and rhizosphere soils (Fig. 4-1c; Eq. (4)). The lowest PE intensity occurred in the N2 treatment (–10%) in the bulk soils, although no significantly differences were found among the N fertilizer treatments in the rhizosphere soils (Fig. 4-1c). On average across all N fertilizer treatments, rhizosphere soils exhibited lower PE and relative PE (–8.6 mg kg−1 soil and –2.7%, respectively) than bulk soils (–12.5 mg kg−1 soil and –4.4%, respectively; Fig. 4-1 bc). 


[image: ]Fig. 4-1 Cumulative CO2 emission (a), primed CO2 (b) and relative priming effect (c) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application rates over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1). Different lowercase letters indicate significant differences among different N fertilizer application rates at P < 0.05. Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05.

[bookmark: _Toc221134027]3.2 Changes in soil properties
Long-term N fertilizer application significantly altered soil physical and chemical properties (Table 4-1; Fig. 4-2). Compared with N0 treatment, soil pH decreased by 0.07 and 0.34 under N3 treatment in bulk and rhizosphere soils, respectively (P < 0.05). SOC content increased by 8.6–11.6% and 20.0–35.1% under N2 and N3 treatments compared with N0 treatment in bulk and rhizosphere soils, respectively (P < 0.05). In the rhizosphere soils, TN content increased by 15.3–24.3% under N2 and N3 treatments compared with N0 treatment (P < 0.05).
[bookmark: _Hlk202038070][image: ]Long-term N fertilizer application also significantly promoted N availability, as indicated by increased DON content and decreased DOC:DON ratio (Fig. 4-2; P < 0.05). Specifically, DON content increased by 1.0–1.5 times in bulk soils and by 1.7–5.3 times in rhizosphere soils under the N2 and N3 treatments compared with N0 treatment (P < 0.05). Additionally, the DOC:DON ratio decreased by 6.4–60.1% in bulk soils and by 45.6–83.0% in rhizosphere soils under the N1–N3 treatments relative to N0 treatment (P < 0.05). Across all treatments, DON content was significantly higher in bulk soils (16.7–42.0 mg kg–1) than in rhizosphere soils (4.4–27.9 mg kg–1; P < 0.05). In contrast the N3 treatment significantly increased DOC content by 5.5%–8.5% compared with the N0, N1 and N2 treatments in rhizosphere soils, whereas no significant changes were observed in bulk soils. 
Fig. 4-2 Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05. Dissolved organic carbon content (DOC; a), Dissolved organic nitrogen content (DON; b) and dissolved organic carbon to dissolved organic nitrogen ratio (DOC to DON ratio; c) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1). Different lowercase letters indicate significant differences among different N fertilizer application rates at P < 0.05. Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05.
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Table. 4-1 Soil physic-chemical properties after 15-year N fertilizer application

	　
	Bulk soils
	Rhizosphere soils

	　
	N0
	N1
	N2
	N3
	N0
	N1
	N2
	N3

	pH
	7.87±0.03b
	7.95±0.03a
	7.84±0.03bc
	7.81±0.02c
	8.12±0.02a
	7.99±0.04b
	7.99±0.07b
	7.79±0.02c

	SOC (g kg−1)
	7.99±0.50b
	8.04±0.42b
	8.92±0.30a
	8.68±0.51ab
	6.99±0.58b
	8.07±1.25ab
	9.44±0.24a
	8.39±0.90ab

	TN (g kg−1)
	1.21±0.10a
	1.31±0.09a
	1.32±0.04a
	1.40±0.14a
	1.11±0.10b
	1.22±0.08ab
	1.28±0.08a
	1.38±0.06a

	C:N ratio
	6.60±0.24a
	6.15±0.25a
	6.75±0.09a
	6.23±0.64a
	6.31±0.24b
	6.56±0.57ab
	7.39±0.65a
	6.08±0.45b

	MN 
(mg kg−1)
	25.28±2.41c
	21.31±1.31c
	35.46±1.71b
	98.50±10.06a
	21.79±2.87c
	26.64±1.26c
	51.84±4.84b
	57.67±0.29a


SOC: soil organic carbon; TN: total nitrogen; C:N ratio: SOC to TN ratio; DOC: dissolved organic carbon; MN: mineral nitrogen (the sum of NH4+–N and NO3––N);
N0: no fertilizer; N1: 102 kg N ha−1; N2: 327 kg N ha−1; N3: 552 kg N ha−1.


[bookmark: _Toc221134028]3.3 Changes in soil microbial properties
Microbial PLFAs varied across N fertilizer treatments, with significantly higher levels in N3 treatment, followed by the N2 and N1 treatments, and lowest in N0 treatment in the rhizosphere soils (Fig. S4-2). The proportion of glucose-derived C incorporated into PLFAs was significantly affected by fertilization, rhizosphere effect, and their interaction (Fig. 4-3). On average, microbial assimilation capacity, including 13PLFA, 13Bacteria, 13Fungal, 13G–, and 13G+ were significantly higher in rhizosphere soils than in bulk soils (Fig. 4-3a). Specifically, rhizosphere soils exhibited increase in 13PLFA by 34.0%, 13bacteria by 35.4% and 13fungi by 22.5% compared with bulk soils across N fertilizer treatment, respectively (P < 0.05).
In bulk soils, microbial assimilation capacity significantly increased under N1 and N2 treatments compared with N0 treatment (Fig. 4-3a). Specifically, 13PLFA, 13Bacteria, 13G–, and 13Fungal increased by 50.1%, 52.1%, 70.4%, and 40.4% under N1 treatment, and by 65.0%, 66.4%, 113.3%, and 54.2% under N2 treatment, respectively. Similarly, 13G+ increased by 37.3% under N1 treatment and 24.2% under N2 treatment. In contrast, microbial assimilation capacity under N3 treatment showed no significant difference except for 13G+, which reduced by 21.2% (Fig. 4-3a; P < 0.05).
[bookmark: _Hlk202038304][bookmark: _Hlk202038312]Long-term N fertilizer application significantly increased glucose-derived MBC (13MBC) by 3.3–7.0 times and CUE by 1.0–1.5 times compared with N0 treatment in bulk soils (Fig. 4-3bc; P < 0.05; Eq. (5-7)). In rhizosphere soils, 13MBC increased by 36.3% under N3 treatment compared with N0 treatment. On average, 13MBC decreased by 31.8% and CUE increased by 10.9% in bulk soils compared with rhizosphere soils (Fig. 4-3bc; P < 0.05; Eq. (5-7)).
[image: ]Fig. 4-3 Soil microbial assimilation capacity (a), 13C-glucose-derived microbial biomass carbon (13Glu-derived MBC; b) and microbial carbon use efficiency (CUE; c) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1). Reflects the utilization of added glucose, represented by 13Fungi (13C-labeled fungi), 13Bacteria (13C-labeled bacteria), 13G+ (13C-labeled gram-positive bacteria), 13G− (13C-labeled gram-negative bacteria). Different lowercase letters indicate significant differences among different N fertilizer application rates at P < 0.05. Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05.

[bookmark: _Toc221134029]3.4 Factors controlling priming effect
[bookmark: _Hlk202038579]Partial correlation analysis showed that the relative PE was negatively correlated with DON, CUE, 13MBC, and BG, while it was positively correlated with MBC (Fig. 4-4). Random forest analysis indicated that soil N availability, microbial community, microbial assimilation capacity and enzyme activity explained of 22%, 23%, 22% and 34% of the total variance in relative PE, respectively (Fig. 4-5). The key variables regulating relative PE were BG (15%), DOC:DON ratio (11%), CUE (11%) and DON (10%) (Fig. 4-5). Furthermore, linear regression analysis also demonstrated relative PE was significantly increased with the DOC:DON ratio (R2=0.32, P < 0.01; Fig. 4-5b), whereas significantly decreased with CUE (R2=0.51, P < 0.001; Fig. 4-5d) and BG activity (R2=0.41, P < 0.001; Fig. 4-5e). 
[bookmark: _Hlk202038618]The PLS-PM analysis further confirmed the results, revealing that soil N availability indirectly regulated relative PE through microbial community, microbial assimilation capacity and enzyme activity (Fig. 4-6a). Together, these factors collectively explained 89% of the variance in the relative PE. The microbial community (path coefficient = +0.50), microbial assimilation capacity (path coefficient = –0.54) and enzyme activity (path coefficient = –0.66) showed strong direct effects on relative PE.


[image: ]Fig. 4-4 Partial correlation analysis of the relative priming effect (RPE) and key soil and microbial properties. The heatmap shows the independent relationships between RPE and soil nitrogen availability (Navail), microbial properties (Mic.), soil extracellular enzyme activity (EEA), and microbial assimilation capacity (Mcapa). Nitrogen availability (Navail): Includes DC:N (the ratio of dissolved organic carbon to dissolved organic nitrogen), SC:N (the ratio of soil organic carbon to total nitrogen), DON (dissolved organic nitrogen), and TN (total nitrogen). Microbial properties (Mic): Comprises PLFA (phospholipid fatty acids), MBC (microbial biomass carbon), G+ (gram-positive bacteria), G− (gram-negative bacteria), B (bacteria), F (fungi), and F/B (the fungi-to-bacteria ratio). Extracellular enzyme activity (EEA): Includes BG (β-1,4-glucosidase), CBH (cellobiohydrolase), LAP (leucine aminopeptidase), and NAG (β-N-acetylglucosaminidase), representing enzymes involved in carbon and nitrogen acquisition. Microbial assimilation capacity (Mcapa): Reflects the utilization of added glucose, represented by 13F (13C-labeled fungi), 13B (13C-labeled bacteria), 13G+ (13C-labeled gram-positive bacteria), 13G− (13C-labeled gram-negative bacteria), 13F/B (the ratio of 13C-labeled fungi to bacteria), 13MBC (13C-labeled microbial biomass carbon), and CUE (carbon use efficiency). The heatmap shows correlation strength, with red indicating positive and green negative correlations. Significance levels are indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.
[image: ]Fig. 4-5 The importance for soil relative priming effect (PE, a) and its linear relationship with DON:DOC, G+, CUE and BG (b, c, d and e). The relative importance by random forest analysis. The estimation of the importance of predictors was based on the percentage increases in mean squared error (MSE). Variables with higher MSE% values were identified as more importance. Nitrogen availability (Navail): Includes DC:N (the ratio of dissolved organic carbon to dissolved organic nitrogen), SC:N (the ratio of soil organic carbon to total nitrogen), DON (dissolved organic nitrogen), and TN (total nitrogen). Microbial properties (Mic): Comprises PLFA (phospholipid fatty acids), MBC (microbial biomass carbon), G+ (gram-positive bacteria), G− (gram-negative bacteria), B (bacteria), F (fungi), and F/B (the fungi-to-bacteria ratio). Extracellular enzyme activity (EEA): Includes BG (β-1,4-glucosidase), CBH (cellobiohydrolase), LAP (leucine aminopeptidase), and NAG (β-N-acetylglucosaminidase), representing enzymes involved in carbon and nitrogen acquisition. Microbial assimilation capacity (Mcapa): Reflects the utilization of added glucose, represented by 13F (13C-labeled fungi), 13B (13C-labeled bacteria), 13G+ (13C-labeled gram-positive bacteria), 13G− (13C-labeled gram-negative bacteria), 13F/B (the ratio of 13C-labeled fungi to bacteria), 13MBC (13C-labeled microbial biomass carbon), and CUE (carbon use efficiency). Significance levels are indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.


[image: ]Fig. 4-6 A Partial least squares path modeling (PLS-PM) showing how nitrogen fertilizer direct and indirect effects affected relative priming effect via microbial community structure and microbial function (microbial assimilation capacity and enzyme activity). Larger path coefficients were shown as wider arrows, while black and red lines indicate positive and negative effects, solid and dotted lines indicate significant and insignificant effects, respectively. Path coefficients were calculated after 1000 bootstraps and significance is indicated by an asterisk (*P < 0.05, **P < 0.01, and ***P < 0.001.). The GoF value was 0.62. (b) Standardized direct and indirect effects on relative priming effect derived from the PLS-PM.
[bookmark: _Toc221134030]4 Discussion
[bookmark: _Hlk202038739][bookmark: _Toc221134031]4.1 Priming effect was controlled by N fertilizer application 
[bookmark: _Hlk201778161][bookmark: _Hlk201777995][bookmark: _Hlk201694882][bookmark: _Hlk201778375]The PE was strongly modulated by long-term nitrogen (N) fertilization (Fig. 4-1). In this study, we employed 13C-labeled glucose as a tracer to distinguish exogenous carbon (simulated root exudates) and native SOC mineralization. Our result showed that long-term N fertilizer application (N1, N2, and N3 treatments) induced significant negative PE and relative PE (PE < 0) in soil niches (rhizosphere vs. bulk soil), whereas the N0 treatment showed most pronounced positive PE (PE > 0) in both soil niches (Fig. 4-1b, c). These contrasting responses can be explained by two complementary mechanisms. Under the N0 condition, the addition of labile carbon likely triggered microbial N mining from SOC, consistent with the nitrogen mining hypothesis (Craine et al., 2007; Fontaine et al., 2011). In N0 treatment, microbes experience N limitation, resulting certain K-strategist microbes are stimulated to produce extracellular enzymes to mine nitrogen from soil organic matter (SOM), leading to enhanced SOC mineralization and a positive PE. (Craine et al., 2007; Fontaine et al., 2011; Lyu et al., 2019). In contrast, under nitrogen-fertilized conditions (N1–N3) the observed negative PE aligns with the preferential substrate utilization hypothesis, which proposes that microbes preferentially assimilate added labile carbon (e.g., glucose) instead of decomposing native SOC (Kuzyakov, 2010; Cheng et al., 2014; Bei et al., 2022). Additionally, nitrogen addition increases soil N availability, reducing microbial demand for N acquisition from SOC (Li et al., 2023; Yang et al., 2024), further suppressing SOC mineralization. Together, these mechanisms explain the shift in PE direction from positive under N deficiency to negative under N enrichment. These mechanisms are supported by microbial community structure data (Fig. 4-3a) and DON dynamics (Fig. 4-2). Compared with N0 treatment, the N1 and N2 treatments significantly enhanced microbial assimilation of exogenous 13C-glucose, as indicated by increased 13PLFA, 13Bacteria, 13Fungi, 13G– and 13G+ (Fig. 4-3a). At the same time, DON content increased and the DOC:DON ratio decreased under long-term N application (Fig. 4-2), indicating improved N availability. This shift in resource availability stimulated microbial growth and increased CUE (Fig. 4-3c), leading to greater incorporation of exogenous carbon into biomass (13MBC; Fig. 4-3b) and reduced SOC mineralization. Consistently, negative correlations between relative PE and both 13MBC and CUE (Fig. 4-4) support previous findings that increased microbial mobilization of glucose-derived C can lead to stronger negative PE (Su and Shangguan, 2023). Overall, these findings confirm that long-term N fertilizer application enhances soil carbon stability by reducing PE through suppressing SOC mineralization (Kuzyakov, 2010; Nottingham et al., 2015; Hicks et al., 2019; Chen et al., 2021; Feng et al., 2021).
[bookmark: _Hlk201776018][bookmark: _Hlk201778598][bookmark: _Hlk201772118][bookmark: _Hlk204802813][bookmark: _Hlk201776109][bookmark: _Hlk204942967][bookmark: _Hlk204856739]Despite all N treatments suppressing PE, their effects varied by dose. In bulk soil, the strongest negative PE was observed under N2, followed by N3 and N1 (Fig. 4-1b, c). Under N1, limited nitrogen availability likely constrained microbial metabolism, resulting in lower 13MBC (Fig. 4-3b) and higher CO₂ emissions (Fig. 4-3b, Fig. 4-1a). This led to a significant decline in CUE (Fig. 4-3c), suggesting that microbes were less efficient in assimilating added glucose, resulting in the weakest suppression of PE among the N treatments. In contrast, the N2 treatment improved microbial nutrient balance by increasing DON and lowering the DOC:DON ratio (Fig. 4-2b), thereby enhancing microbial growth and carbon assimilation rather than respiration (Manzoni et al., 2012; Michel et al., 2023). The microbial community shifted toward bacterial groups (e.g., 13G+, 13G–) that efficiently utilized labile carbon. Consequently, more glucose-derived carbon was incorporated into microbial biomass (13MBC, 13PLFA; Fig. 4-3b), CUE increased (Fig. 4-3c), and SOC mineralization was more strongly suppressed, resulting in the strongest negative PE, these findings align with the view that labile carbon sources promote microbial anabolism over catabolism (Fontaine et al., 2003, 2011; Chen et al., 2019). However, despite even higher DON levels under N3 treatment (Fig. 4-2b), the negative PE was weaker than under N2, likely due to impaired microbial carbon assimilation capacity. Microbial CUE significantly declined compared to N2 treatment (Fig. 4-3c) and 13G+ also decreased (Fig. 4-3a), indicating reduced microbial anabolic activity. These changes suggest that excess N may have impaired microbial function and shifted the community toward fast-growing, copiotrophic r-strategists (e.g., 13G–) (Zhang et al., 2023; Wang et al., 2024a). Such microbes tend to inefficiently assimilate carbon, potentially allocating more C toward non-growth-related processes, thereby weakening the microbial capacity to suppress SOC mineralization and reducing the negative PE effect (Blagodatskaya & Kuzyakov, 2008; Averill & Waring, 2018). In addition, the significant decline in rhizosphere pH under N3 treatment (Table 4-1) compared with N0 treatment may also have contributed to this negative PE. As shown in the correlation heatmap (Fig. S4-4), pH was strongly negatively correlated with enzyme activities (BG, NAG, LAP), suggesting that acidification could alter microbial enzymatic function. However, pH showed limited associations with microbial traits, being positively correlated only with 13G⁺ abundance. Although pH is the environmental variables most closely associated with soil microbial community composition and metabolism (Crocker et al., 2024; Lee et al., 2025), its overall effect on microbial carbon assimilation appeared to be minor in our system.
Radom forest and Partial least squares path modeling (PLS-PM, Fig. 4-5 and Fig. 4-6) further supported these mechanisms, indicating that 13MBC, CUE, and enzyme activity were the main drivers of PE, rather than native soil-derived microbial communities. Notably, increased enzyme activities (Fig. S4-3) under N treatments facilitated more efficient glucose utilization rather than enhancing SOC decomposition. These findings suggest that long-term N fertilization suppresses PE by improving N availability and promoting microbial traits that promote the assimilation of labile carbon, thus protecting native SOC.
[bookmark: _Toc221134032]4.2 The priming effect in the rhizosphere soils
[bookmark: _Hlk201063951]Interestingly, although N fertilization consistently induced negative PE across all N treatments, the degree of PE suppression was significantly weaker in rhizosphere soils compared with bulk soils (Fig. 4-1b, c). This finding indicates that the effect of N fertilization on SOC mineralization is modulated by soil niches (rhizosphere or bulk soil). Specifically, PE intensity varied significantly among N1–N3 treatments in bulk soils but remained relatively unchanged in the rhizosphere soils (Fig. 4-1c), suggesting that the rhizosphere environment buffers microbial responses to increasing N availability. This buffering capacity may be explained as the stimulatory effect of microbial activity by the unique biochemical environment of the rhizosphere (Kuzyakov et al., 2000). Our data showed significantly higher microbial biomass (as indicated by PLFAs) and greater assimilation of exogenous (13PLFA) in rhizosphere soils compared with bulk soils (Fig. 4-3a, b). Although N fertilization suppressed PE, the continuous release of root exudates likely stimulated microbial activity in the rhizosphere, partially counteract the suppressive effect of N fertilization on SOC mineralization (Cheng et al., 2014; Finzi et al., 2015).
[bookmark: _Hlk214043953]Additionally, the significantly reduced CUE observed in rhizosphere soils suggests that microbial communities allocate a greater proportion of carbon toward respiration rather than growth, possibly to meet the heightened metabolic demands driven by intense nutrient competition with plant roots (Fontaine et al., 2011). Although our experiment was conducted without living plants, the rhizosphere soils may retain functional imprints of prior plant–microbe interactions. During incubation, the absence of continuous root exudate inputs may have gradually altered microbial activity and community structure compared with in situ conditions, where microorganisms are constantly exposed to fresh root-derived carbon. Without new exudates, microbial communities likely relied on existing organic substrates and residual rhizodeposits, resulting in metabolic shifts toward decomposition of more recalcitrant soil organic matter. Nevertheless, the rhizosphere soils appeared to preserve legacy effects of former root–microbe interactions. This is reflected in the distinct microbial community composition (Fig. 4-S2) and higher incorporation of glucose-derived C (Fig. 4-3a, b), suggesting that microbial community remains adapted to root-derived carbon. Such legacy effects, although not directly measured, may help explain the relatively stable PE in the rhizosphere under increased soil N availability. The use of 13C-labeled glucose in this study served as a simplified model of rhizodeposition, allowing us to examine microbial responses to labile carbon under varying N inputs. However, in natural systems, long-term N fertilization can alter root exudation patterns (Canarini et al., 2019), which may further influence microbial community composition and PE response. Therefore, the observed divergence in PE between rhizosphere and bulk soils likely reflects both microbial physiological regulation and plant-mediated legacy effects.
Bulk soils exhibited a significantly stronger negative PE (−12.5 mg kg–1 soil) compared with rhizosphere soils (−8.6 mg kg–1 soil; P < 0.05, Fig. 4-1). This phenomenon is likely attributable to a significant reduction of N availability in rhizosphere soils relative to bulk soils (Yin et al., 2021), as evidenced by the negative correlation between soil N availability and relative PE intensity (Fig. 4-6). In addition, rhizosphere microbial communities experience enhanced N limitation due to substantial deposition of root-exuded carbon, which intensifies microbial demand for N resources (Lian et al., 2024). Moreover, continuous N uptake by plant leads to lower DON content and a higher DOC: DON ratio in rhizosphere soil (Fig. 4-2). The supplementation of liable carbon trough glucose addition further stimulates microbial growth and activity by activating dormant microbial taxa, as indicated by the significant increase in PLFAs contents (Fig. S4-2). The greater microbial abundance and activity in the rhizosphere soils increases the demand for energy and nutrients to support growth and metabolism (He et al., 2023; Qin et al., 2024), which in turn enhances PE. These findings collectively support our second and third hypotheses, emphasizing that (i) rhizosphere soils exhibit stronger PE than bulk soils due to higher microbial activity and N limitation, and (ii) the interaction between N fertilization and soil niches plays a critical role in modulating the magnitude and direction of PE.
[bookmark: _Hlk200981441][bookmark: _Hlk202166100][bookmark: _Hlk201590477]Collectively, these findings indicate that rhizosphere soils exhibit a lower capacity than bulk soils to mitigate glucose-induced SOC priming and promote SOC sequestration in GVP systems. However, it is important to recognize the limitations of using glucose as a sole proxy representative of root exudates. While glucose addition offers a controlled approach to trace microbial C utilization, natural root exudates are chemically diverse, comprising a mixture of sugars, organic acids, amino acids, and secondary metabolites (Badri and Vivanco, 2009; Chaparro et al., 2013). These compounds interact with microbial communities in more complex ways than glucose alone, potentially modulating PE through multiple microbial pathways (Fu et al., 2025). Therefore, the weaker negative priming effect observed in rhizosphere soils may not only reflect microbial responses to glucose, but also be shaped by the broader biochemical landscape of the rhizosphere. This limitation should be considered when extrapolating our findings to field-scale rhizosphere C cycling. Moreover, our findings underscore the importance of the interaction between long-term N fertilization and soil niche, as the strength and direction of priming effects varied across rhizosphere and bulk soils under different N regimes. Such interactions should be emphasized when designing fertilization strategies aimed at enhancing SOC stability in cropping systems.
[bookmark: _Toc221134033]5 Conclusion
[bookmark: _Hlk201681074][bookmark: _Hlk202164403][bookmark: _Hlk202165203][bookmark: _Hlk201687322]Our findings demonstrate that under consistent organic inputs, long-term chemical N fertilization, soil niches (rhizosphere vs. bulk soil), and their interaction collectively regulate SOC turnover by altering the direction and magnitude of glucose-induced PE. Across all chemical N treatments (N1–N3), negative PE was observed, indicating that increased N availability suppresses native SOC mineralization, primarily through shifts in microbial community composition and metabolic strategies, including enhanced carbon assimilation (CUE ,13MBC) and enzyme activity (BG, CBH, NAG). However, rhizosphere soils consistently exhibited weaker negative PE than bulk soils, suggesting that the rhizosphere partially counteracts the suppression of PE induced by N fertilization. This response is driven by microbial legacy effects and nutrient dynamics—particularly reduced DON levels from prior plant uptake, which sustain microbial activity and promote continued SOC decomposition. Despite higher 13C incorporation into microbial biomass (e.g.,13C-PLFA, 13MBC) in the rhizosphere, elevated CO₂ emissions and lower CUE suggest that microbes preferentially respired glucose rather than investing it into biomass, thereby weakening negative PE and limiting SOC protection. These findings underscore a clear interaction between N fertilization and soil niche, highlighting that the rhizosphere’s distinct biochemical and microbial characteristics can override fertilization effects. Therefore, effective N management should consider not only the amount of N applied, but also plant-mediated spatial heterogeneity to optimize SOC stability in greenhouse vegetable systems.


[bookmark: _Toc221134034]Supplementary Information
Table S4-1. Soil organic carbon (SOC) content and corresponding glucose-C addition rate in each soil sample.
Fig. S4-1 Field sampling illustration. In each plot, Rhizosphere soil is collected from the root zone of tomato plants. Bulk soil is sampled from the root-free area between planting rows, approximately 20 cm away from the root zone. 
[bookmark: _Hlk199341291]Fig. S4-2 Microbial community structure (a) and microbial biomass carbon (MBC; b) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1).
Fig. S4-3 The activities of C-acquiring enzyme (a, b) and N-acquiring enzyme (c, d) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1).






Table S4-1. Soil organic carbon (SOC) content and corresponding glucose-C addition rate in each soil sample.
	Location
	Treatment
	SOC (g/kg)
	2% SOC (g C/kg soil)
	Glucose-C added (mg C/kg)

	Bulk soils
	N0
	8.26
	0.17
	165.11

	
	N0
	8.29
	0.17
	165.78

	
	N0
	7.41
	0.15
	148.18

	
	N1
	7.57
	0.15
	151.43

	
	N1
	8.19
	0.16
	163.79

	
	N1
	8.36
	0.17
	167.18

	
	N2
	8.71
	0.17
	174.23

	
	N2
	9.26
	0.19
	185.17

	
	N2
	8.78
	0.18
	175.53

	
	N3
	9.15
	0.18
	183.01

	
	N3
	8.14
	0.16
	162.73

	
	N3
	8.76
	0.18
	175.11

	Rhizosphere soils
	N0
	6.33
	0.13
	126.67

	
	N0
	7.41
	0.15
	148.19

	
	N0
	7.23
	0.14
	144.57

	
	N1
	7.11
	0.14
	142.13

	
	N1
	9.49
	0.19
	189.75

	
	N1
	7.62
	0.15
	152.40

	
	N2
	9.46
	0.19
	189.17

	
	N2
	9.19
	0.18
	183.83

	
	N2
	9.66
	0.19
	193.30

	
	N3
	7.39
	0.15
	147.75

	
	N3
	9.14
	0.18
	182.82

	
	N3
	8.65
	0.17
	173.02


SOC: soil organic carbon; 2% SOC: calculated 2% of SOC (g C/kg soil); Glucose-C: amount of glucose added per kg of dry soil to achieve the target C input, based on a glucose carbon content of 40%. All values are based on 1000 g of dry soil per sample.


[image: ]
[bookmark: _Hlk199855047]Fig. S4-1 Field sampling illustration. In each plot, Rhizosphere soil is collected from the root zone of tomato plants. Bulk soil is sampled from the root-free area between planting rows, approximately 20 cm away from the root zone. 


[image: ]Fig. S4-2 Microbial community structure (a) and microbial biomass carbon (MBC; b) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1). Different lowercase letters indicate significant differences among different N fertilizer application rates at P < 0.05. Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05.


[image: ]Fig. S4-3 The activities of C-acquiring enzyme (a, b) and N-acquiring enzyme (c, d) under the bulk and rhizosphere soils subjected to different nitrogen fertilization application over the 49-day incubation. Chemical N fertilizer treatments: N0 (0 kg chemical N ha−1), N1 (102 kg chemical N ha−1), N2 (327 kg chemical N ha−1), N3 (552 kg chemical N ha−1). Different lowercase letters indicate significant differences among different N fertilizer application rates at P < 0.05. Different uppercase letters indicate significant differences between bulk and rhizosphere soils at P < 0.05.


[bookmark: _Hlk204851660][image: ]Fig. S4-4. The correlation heatmaps among the relative priming effect (RPE), soil properties and microbial properties. Root exudation rates included Root C and N exudation rates; Soil properties included pH, soil organic carbon (SOC), total nitrogen (TN), SC:N (the ratio of soil organic carbon to total nitrogen), Olsen phosphorus (Olsen-P), DOC (dissolved organic carbon), DON (dissolved organic nitrogen), DC:N (the ratio of dissolved organic carbon to dissolved organic nitrogen). Reflects the utilization of added glucose, represented by 13F (13C-labeled fungi), 13B (13C-labeled bacteria), 13G+ (13C-labeled gram-positive bacteria), 13G− (13C-labeled gram-negative bacteria), 13F/B (the ratio of 13C-labeled fungi to bacteria), 13MBC (13C-labeled microbial biomass carbon), and CUE (carbon use efficiency). Comprises PLFA (phospholipid fatty acids), MBC (microbial biomass carbon), G+ (gram-positive bacteria), G− (gram-negative bacteria), B (bacteria), F (fungi), and F/B (the fungi-to-bacteria ratio). Extracellular enzyme activity (EEA): Includes BG (β-1,4-glucosidase), CBH (cellobiohydrolase), LAP (leucine aminopeptidase), and NAG (β-N-acetylglucosaminidase), representing enzymes involved in carbon and nitrogen acquisition. Microbial assimilation capacity (Mcapa): The heatmap shows correlation strength, with red indicating positive and green negative correlations. Significance levels are indicated by *P < 0.05. 
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[bookmark: _Toc221134035] Chapter Ⅴ General discussion


[bookmark: _Hlk209371096]

[bookmark: _Hlk210042964]Our research systematically elucidates how, in greenhouse vegetable production (GVP) systems, chemical nitrogen (N) fertilization and rhizosphere processes jointly regulate soil carbon (C) cycling and microbial functioning. Overall, soil organic matter (SOM) and its soil organic carbon (SOC) fraction are dynamically governed by the coupling among plant carbon inputs, nutrient availability, and microbial metabolic strategies (Manzoni et al., 2012; Kuzyakov, 2010). (Manzoni et al., 2012; Kuzyakov, 2010). Importantly, N fertilization does not control SOM or SOC stability directly. Instead, variation in chemical N fertilizer application rates alters the quantity of root exudation, which subsequently reconfigures microbial C/N/P limitations and metabolic allocation. These shifts are reflected in changes in microbial carbon use efficiency (CUE) and the priming effect (PE) of native SOC, ultimately determining whether SOC is preserved or lost. Accordingly, plant-mediated belowground C allocation and microbial metabolic strategies are the principal levers through which fertilization regimes and rhizosphere environments shape SOC stability in GVP systems.
[bookmark: _Toc221134036]1 Nitrogen regulation of rhizosphere processes: from stoichiometry to microbial limitation
In the present study, although yield data were not directly collected during the experimental year, previous multi-year records under comparable greenhouse conditions indicated that moderate nitrogen (N) reduction did not result in yield loss. This stability can be attributed to the continuous application of organic fertilizers, which supplied sufficient N and other nutrients to sustain plant growth (Chen et al., 2018; Liu et al., 2020; Xu et al., 2024). These findings suggest that organic inputs can buffer the potential negative effects of reduced N input on productivity (Geisseler & Scow, 2014; de Vries et al., 2020). From an agronomic and economic perspective, moderate N reduction represents an important trade-off strategy: it maintains yield performance while reducing fertilizer costs and minimizing environmental risks such as nitrate leaching and N2O emissions. Over-fertilization, although sometimes perceived as economically beneficial in the short term, often leads to diminishing returns because crop N uptake efficiency saturates at high input levels, and the excess N contributes more to environmental loss than to yield gain (Ju et al., 2009; Zhang et al., 2021). Therefore, optimizing N input can simultaneously enhance economic profitability and environmental sustainability. On this basis, the current experiment was designed under the premise that yield remains stable under reduced-N treatments, allowing for a deeper investigation of rhizosphere-level mechanisms supporting this stability. Specifically, we examined how changes in root traits, rhizosphere microbial activity, and nutrient transformation processes contribute to maintaining nutrient uptake and yield potential under limited N conditions (Pausch et al., 2024; Wen et al., 2025). This mechanistic understanding provides both ecological and economic insights for developing low-input, high-efficiency fertilization strategies that sustain productivity and reduce environmental costs in greenhouse vegetable systems.
[bookmark: _Hlk214044992]Plants actively shape the rhizosphere through the release of root exudates—mixtures of sugars, amino acids, organic acids, and secondary metabolites that act as chemical mediators between plants, microbes, and soil (Canarini et al., 2019; Kuzyakov & Razavi, 2019). Root exudation serves several ecological functions: it mobilizes nutrients through chelation and pH modification (Hodge et al., 2001; Chai & Schachtman, 2022), provides energy sources that sustain microbial activity (Kuzyakov & Blagodatskaya, 2015), and facilitates the recruitment of beneficial microbial taxa that assist in nutrient acquisition and stress alleviation (Zhalnina et al., 2018; Zhao et al., 2021). In this context, microbial processes cannot be understood independently of plant control. Therefore, in this section we discuss how nitrogen fertilization modifies plant exudation patterns and, consequently, microbial resource limitation within the coupled plant–soil–microbe system.
Long-term N fertilizer application (N1: 102, N2: 327, N3: 552 kg N ha−1 yr−1 treatments) significantly reduced root C and N exudation rates compared with without N fertilizer (Fig. 3-1), indicating that when NH4+/NO3– are sufficient, plants rely less on “exudation-for-nutrients” (Dijkstra et al., 2009; Phillips et al., 2009, 2011; Fig. S3-1). Under excessive N fertilizer application (N3 treatment), however, crops tend toward stoichiometric imbalance—notably P limitation—which alters both the composition (organic acids, amino acids, etc.) and the amount of exudates (Dorais et al., 2000; Vives-Peris et al., 2020), elevates P-solubilizing signals and microbial phosphatase activity, and thereby indirectly promotes SOM decomposition (Spohn et al., 2013; Dijkstra et al., 2013; Canarini et al., 2019; Shen et al., 2018). In GVP, low NUE–induced N surplus (Ren et al., 2010; Ti et al., 2015), further feeds back on root exudation dynamics (Fig. 3-7; Fig. S3-4).
Ecoenzymatic stoichiometry captured this root–microbe coupling through vector length (intensity of resource limitation) and vector angle (direction of microbial N vs. P limitation): N fertilization and sampling location (rhizosphere vs. bulk) exerted significant main effects on both metrics (P < 0.001; Fig. 3-3), and random-forest analysis identified N input and root C/N exudation rates as key predictors of microbial C and N/P limitations (P < 0.05; Fig. 3-6). In the rhizosphere, microbial C limitation decreased with increasing N input (N0 > N1 > N2 > N3; Fig. 3-3B), consistent with the expectation that N addition reduces reliance on SOM-derived N while favoring use of labile nutrition, root-derived substrates (Kuzyakov et al., 2000; Kuzyakov & Cheng, 2004). Yet the positive correlation between vector length and root C/N exudation (Fig. 3-4) highlights an apparent “paradox”: exudates can relieve C scarcity as readily available C, but under intensified plant–microbe competition for limiting nutrients (especially P) they also drive greater enzyme investment, reinforcing the signal of C limitation (Allison & Vitousek, 2005; Carrara et al., 2018; Cui et al., 2018, 2022; Inselsbacher et al., 2010). Regarding P, rhizosphere vector angles exceeded those of bulk soils across treatments (Fig. 3-3), where angles < 45° generally indicate microbial N limitation and angles > 45° indicate microbial P limitation (Moorhead et al., 2013). Specifically, angles > 50° under N0, N1, and N3 indicate pronounced microbial P limitation due to plant uptake of available P (Fig. S3-1; Deng et al., 2019; Zhang et al., 2023); by contrast, bulk soils tended toward microbial N limitation (Bell et al., 2010). Microbial nutrient “limitation” signals reported here are inferred from ecoenzymatic stoichiometry and should be interpreted as relative imbalances emerging at the microscale, not as evidence of bulk-soil scarcity. Vector analysis of C-, N- and P-acquiring enzymes provides a robust proxy for the intensity (vector length) and direction (vector angle) of microbial resource demand ((Moorhead et al., 2013; Cui et al., 2018, 2022;), yet it remains an indirect indicator of nutrient status in the absence of direct measurements. Accordingly, references to P demand reflect stoichiometric shifts under high N supply and plant P uptake, rather than demonstrated P deficiency (Luo et al., 2022). This plant–microbe competition perspective is consistent with the theoretical basis and global patterns reported for ecoenzymatic stoichiometry.
Microbial phosphorus acquisition involves a suite of biological and biochemical pathways that sustain P cycling in soil ecosystems. The primary mechanism is enzymatic mineralization of organic P by acid and alkaline phosphatases, which release inorganic phosphate from esters and phosphomonoesters (Alori et al., 2017; Wu et al., 2021; Li et al., 2021c). In addition, many rhizosphere microorganisms—particularly Pseudomonas, Bacillus, and arbuscular mycorrhizal fungi—enhance P bioavailability through organic-acid secretion (e.g., citrate, oxalate) and ligand exchange reactions that dissolve calcium-, iron-, and aluminum-bound phosphates (Tshewang et al., 2022). Under nitrogen enrichment, increased plant and microbial demand for P stimulates phosphatase production and upregulates high-affinity phosphate transport systems, facilitating rapid turnover of labile P pools (Luo et al., 2022; Wang et al., 2025c). These strategies collectively underpin the resilience of P cycling under fertilization, but they also indicate that microbial P acquisition represents dynamic feedback to nutrient stoichiometry and root-exudate chemistry rather than a simple response to bulk-soil P availability. These stoichiometric shifts translated directly to organic-matter dynamics: rhizosphere SOM increased under N2 treatment, whereas N0, N1, and N3 treatments exhibited rhizosphere SOM declines (Fig. S3-1; ΔSOM in Fig. S3-2). This pattern aligns with the view that moderate N promotes SOM accumulation (Dorais et al., 2000; Cotrufo et al., 2013; Panchal et al., 2022) while low N enhances N-mining-driven SOM decomposition (Asmar et al., 1994; Bengtson et al., 2012; Dijkstra et al., 2013).
[bookmark: _Hlk214045472]Although the soil phosphorus concentration indicates that the system is not P-poor, functional evidence suggests that microbial communities may still experience relative phosphorus limitation under high nitrogen supply. According to the measured soil properties (Fig. S3-1), total phosphorus (TP) ranged from 1.52 to 2.42 g kg–1 and available phosphorus (AP, Olsen-P) from 26.74 to 45.54 mg kg–1, confirming that the soil maintained a generally high P status. However, long-term N enrichment can shift nutrient stoichiometry and intensify competition for labile P between plants and microbes. Such relative P limitation arises not from absolute scarcity but from stoichiometric imbalance and competitive nutrient partitioning within the rhizosphere (Vitousek et al., 2010; Peñuelas et al., 2013). Excessive N input enhances plant P uptake and microbial phosphatase investment, generating transient P stress at the microscale (Zhang et al., 2023; Deng et al., 2024). Moreover, a substantial fraction of soil P in greenhouse systems occurs in organic or Ca/Fe-bound forms, limiting bioavailability despite high total P (Shen et al., 2018; Heuck et al., 2015). Accordingly, the observed increase in phosphatase activity and ecoenzymatic vector angles > 45° under high-N treatments likely reflects a functional P demand driven by nutrient imbalance rather than true P deficiency. This interpretation aligns with previous reports that microbial P acquisition is highly sensitive to N-induced changes in C:N:P stoichiometry and root exudation chemistry (Turner et al., 2002; Spohn, 2015). To further verify this mechanism, future research should integrate enzyme-based indicators with P fractionation (inorganic vs. organic pools), phosphatase kinetics, and rhizosphere pH or acidification profiling, thereby quantifying both the direction and intensity of microbial P stress (Sinsabaugh et al., 2016; Moorhead et al., 2013; Zhang et al., 2024; Deng et al., 2025).
[bookmark: _Toc221134037]2 Coupling CUE and PE: metabolic allocation as the valve of SOC fate
Chapters 3 and 4 close the loop at the metabolic level: CUE and PE are two facets of the same C-allocation problem. Chapter 3 shows that greenhouse soils exhibited CUE values of 0.35–0.59—higher than the cross-ecosystem mean of 0.26 (Sinsabaugh et al., 2016); N addition generally increased CUE, but intense root–microbe competition made rhizosphere CUE lower than bulk (Fig. 3-5). Chapter 4, using 13C-glucose tracing, demonstrates that long-term N fertilizer application (N1–N3 treatments) induced negative PE in both compartments/niches, whereas N0 treatment produced positive PE (Fig. 4-1b, c). Moreover, relative PE was negatively correlated with 13MBC and CUE (Fig. 4-4), indicating that when exogenous or root-derived labile C is assimilated into microbial biomass rather than triggering oxidation of native SOC, that is SOC mineralization is suppressed (Kuzyakov, 2010; Cheng et al., 2014; Su & Shangguan, 2023).
[bookmark: _Hlk213949508]Critically, this suppression exhibits a dose-dependent optimum: in bulk soils, N2 produced the strongest negative PE, followed by N3 and N1 (Fig. 4-1b, c). N2 coincided with the highest CUE (Fig. 4-3c; Manzoni et al., 2012; Michel et al., 2023) and strongest 13C assimilation (13PLFA, 13MBC; Fig. 4-3a, b), indicating that fresh C was preferentially routed to biomass production rather than fueling SOC mineralization (Fontaine et al., 2003, 2011; Chen et al., 2019). In addition to the metabolic coupling of CUE and PE, the resulting carbon fluxes contribute to distinct stabilization pathways that determine the long-term fate of soil organic carbon. Microbial assimilation of labile C into biomass and necromass leads to the formation of mineral-associated organic matter (MAOM) through sorption onto clay minerals and oxides (Cotrufo et al., 2013; Lehmann & Kleber, 2015). The production of extracellular polysaccharides and microbial residues further promotes aggregate formation, physically protecting organic matter from enzymatic attack (Flemming et al., 2025). In parallel, selective decomposition and chemical condensation increase the molecular recalcitrance of residual organic C (Schmidt et al., 2011). These pathways are reinforced under moderate N input, when high microbial CUE and negative PE favor anabolism over respiration, increasing the proportion of C retained in microbial products rather than lost as CO2.
The stabilization potential also depends on microbial community composition. Copiotrophic Proteobacteria and Actinobacteria generally increase under elevated N availability, enhancing transformation of labile substrates into microbial residues that contribute to SOM formation (Li et al., 2025c). In contrast, oligotrophic Acidobacteria often decline as nutrient supply rises, reducing oxidative enzyme potential and shifting C use toward anabolic pathways (Li et al., 2025c). Fungal groups such as Ascomycota exhibit strong enzymatic versatility and hyphal contributions to aggregation and long-term C retention (de Goede et al., 2025). Thus, the interaction between microbial functional guilds and nitrogen-driven metabolic allocation underlies the observed link between CUE, PE, and carbon stabilization in greenhouse vegetable soils. Under N1, limited N supply maintained microbial dependence on SOC, yielding the weakest suppression; under N3, functional groups were constrained (decline in 13G⁺; Fig. 4-3a) and acidification effects (correlations with BG, NAG, LAP; see Fig. S3/S5) reduced C assimilation capacity, weakening negative PE (Treseder, 2008). PLS-PM further indicated that 13MBC, CUE, and enzyme activities—rather than “native community” per se—primarily governed the stronger negative PE under long-term N addition (Fig. 4-5a; pathway in Fig. 4-6).Spatially, Chapters 3 and 4 converge: N addition suppressed PE in both compartments, but the suppression was smaller in the rhizosphere than in bulk soils (−8.6 vs. −12.5 mg kg–1, P < 0.05; Fig. 4-1). This arises because continuous root exudation sustains higher microbial biomass and activity (PLFA, 13PLFA; Fig. 4-3a,b; Fig. S4-1) and, together with plant uptake, maintains lower DON and higher DOC:DON (Fig. 4-2), thereby sustaining greater energetic and nutrient demands and a baseline level of PE (Kuzyakov et al., 2000; Cheng et al., 2014; Finzi et al., 2015; Yin et al., 2021; He et al., 2023; Qin et al., 2024; Lian et al., 2024). This also explains why rhizosphere CUE < bulk CUE in Chapter 3 (Fig. 3-5): strong competition and high metabolic overhead depress anabolic efficiency.
Chapter 3 shows that with increasing N fertilization input, rhizosphere C limitation is alleviated (Fig. 3-3B), implying that exudation relieves C scarcity; yet vector length increases with root exudation rates (Fig. 3-4), suggesting that high exudation intensifies the “limitation signal.” These are not contradictory. Under sufficient N (especially N2 treatment) and some relief of P stress, exudation functions primarily as available C for assimilation, reducing indicators of C limitation. Under low N or P-limited conditions (N0 and N3 treatments) with strong root–microbe competition, exudation acts as a competition signal and metabolic burden, driving higher enzyme investment (e.g., β-glucosidase; Fig. 3-2A; Fig. 3B), manifested as longer vectors and lower CUE, and promoting SOM decomposition via N- or P-mining pathways (Asmar et al., 1994; Bengtson et al., 2012; Allison & Vitousek, 2005; Blagodatskaya & Kuzyakov, 2008; Shahzad et al., 2015). Thus, the relationship among exudation–limitation–allocation is jointly modulated by N/P stoichiometry and niche competition, consistent with the coherent responses of SOM (Fig. S3-1, Fig.S3-2) and PE (Fig. 4-1, Fig.4-4).
[bookmark: _Toc221134038]3 Mechanistic synthesis and implications for sustainable soil carbon management 
From nutrient inputs to SOC dynamics, N fertilization modulates plant nutrient status and the magnitude of root exudation. The resulting resource shifts alter microbial C, N and P limitations (captured by ecoenzymatic stoichiometry; Fig. 3-3, 4-4), which control the partitioning of C between growth and respiration (CUE) and the sign/strength of priming effect (PE; Fig. 3-5; Fig. 4-1, Fig.4-4, Fig.4-5). Together, these steps determine SOM/SOC accumulation or mineralization. 
[bookmark: _Hlk214047414][bookmark: _Hlk214045210][bookmark: _Hlk214046895][bookmark: _Hlk212041710]From this framework, we identify several mechanistic implications for N fertilization and rhizosphere processes: (i) An optimal N fertilization rate (near N1 treatment) should coincide with lower root exudation rates, intermediate vectors length with vectors angle of enzymatic stoichiometry, higher CUE, and a stronger negative PE; (ii) Under microbial P limitation or stronger acidification (conditions approximating N3 treatment), even with higher DON, CUE will decline due to constraints on microbial functional groups (e.g., reduced 13G⁺; Fig. 4-3a) and higher metabolic costs, thereby weakening the negative PE; (iii) Within the rhizosphere soils, even under sufficient N fertilization, continuous exudation and intense plant–microbe competition will maintain lower CUE and a weaker suppression of PE (Fig. 3-5; Fig. 4-1, Fig. 4-3, Fig. 4-4). Collectively, these processes determine SOC stability and nutrient cycling outcomes in GVP soils. This integrative framework highlights that fertilization effects on soil C cycling are not solely determined by nutrient supply but are mediated through plant–microbe interactions in the rhizosphere and shaped by plant developmental trajectories. Recognizing these interconnected pathways provides a mechanistic basis for designing fertilization strategies that optimize nitrogen inputs, maintain balanced nutrient stoichiometry, and enhance microbial carbon use efficiency (CUE). Such practices can increase soil organic carbon (SOC) retention, reduce nitrogen losses and greenhouse gas emissions, and sustain microbial functionality and soil fertility over time. Therefore, the mechanisms identified in this study offer both ecological and agronomic pathways to improve soil health and resource efficiency, thereby supporting sustainable agricultural production in high-input greenhouse systems.
[bookmark: _Hlk212043632][bookmark: _Hlk214045674][bookmark: _Hlk214047004]Although this study was conducted in a long-term greenhouse tomato system, the mechanistic insights obtained could be applicable to other cropping systems. The coupling between nitrogen inputs, root exudation, and microbial metabolic allocation represents a general framework that governs soil carbon dynamics across environments (Kuzyakov & Xu, 2013; Canarini et al., 2019). Yet, crop-specific traits can modulate the quantitative expression of these mechanisms. Evidence from temperate grasslands, century-old maize–soybean systems, and subtropical mixed forests shows that the relative availability of soil N to incoming C regulates microbial growth, priming intensity, and the balance between microbial assimilation and SOC protection (Zhang et al., 2024). In barley systems, increased N availability can induce microbial C limitation, stimulating extracellular enzyme production and SOM decomposition, whereas enhanced root exudation may alleviate microbial C demand and suppress SOM–N mineralization under high-N conditions (Daly & Hernandez-Ramirez, 2020). In rice paddies, long-term N fertilization increases root exudation rates as a plant strategy to optimize carbon allocation under nutrient imbalance, thereby reshaping microbial processes and soil carbon stabilization pathways (Jiang et al., 2024). Moreover, N-induced increases in plant C inputs can elevate particulate organic carbon while decreasing mineral-associated organic carbon, indicating crop-specific SOC formation trajectories (Sun et al., 2023). Root exudates can further liberate protected SOM through microbial decomposition or physicochemical mobilization processes, such as coordination, complexation, and dissolution (Lei et al., 2022). These findings indicate that although root functional traits, exudate chemistry, and plant nutrient strategies may lead to crop-specific differences in priming intensity, microbial CUE, and SOC stabilization, the overarching pathway, whereby nitrogen inputs mediate root exudation and thereby regulate microbial metabolic allocation and the protection or turnover of SOC, remains broadly conserved across cropping systems. Comparative studies under standardized conditions will therefore be essential to delineate the universality of this framework and identify crop-specific deviations. In diverse agricultural ecosystems, moderate nitrogen supply is likewise expected to enhance microbial carbon use efficiency (CUE) and promote soil carbon retention through stronger microbial assimilation and mineral association of organic matter (Tao et al., 2023; Wang et al., 2024; Liu et al., 2025). In contrast, coarse-textured or nutrient-poor soils may exhibit weaker stabilization because of limited microbial retention and aggregation capacity. Thus, while the specific thresholds of nitrogen input may vary among systems, the underlying principle—balancing nutrient availability with microbial efficiency to sustain soil carbon storage—remains broadly valid across crops and soil types (Tao et al., 2023; Liu et al., 2025). Consistent with this interpretation, the soil used in this experiment can be characterized as nutrient-rich, reflecting fifteen years of combined organic and inorganic fertilization. According to the measured properties (Table 4-1). The SOC content (7.99 ± 0.50 g kg–1) and total nitrogen (1.21 ± 0.10 g kg–1) fall within the medium-to-high range typical of intensively managed vegetable systems, while the relatively low C:N ratio (6.6 ± 0.24) indicates long-term nitrogen accumulation and rapid mineralization. Together with a near-neutral to slightly alkaline pH (7.87 ± 0.03), these features confirm that the soil has a high baseline fertility, consistent with fifteen years of combined organic and inorganic fertilization. Under such nutrient-enriched conditions, microbial resource limitation is largely relative, driven by stoichiometric imbalance rather than absolute nutrient scarcity (Cui et al., 2024). Consequently, the strong negative priming and high microbial carbon use efficiency (CUE) observed under moderate N input reflect optimized metabolic allocation in a nutrient-sufficient context (Tao et al., 2023; Wang et al., 2024; Liu et al., 2025). By contrast, in nutrient-poor or less-fertilized soils, microbial processes often exhibit stronger C and N limitation, higher enzyme investment, and lower carbon retention efficiency (Manzoni et al., 2012; Chen et al., 2025). Hence, although the mechanisms identified here are broadly applicable, the magnitude of these responses should be interpreted with caution when extrapolated to soils with differing fertility or management histories. 
In GVP systems, multiple management practices often act synergistically, and relying on a single approach is unlikely to sustainably raise soil organic carbon (SOC) stocks. Therefore, beyond the conventional application of organic amendments, proper irrigation and drainage management must be considered to prevent SOC losses caused by inappropriate moisture regimes and to optimize carbon–nitrogen turnover (Niu et al., 2024; Han et al., 2025). Moreover, increasing evidence indicates that the use of biofertilizers and inoculation with beneficial microorganisms—such as arbuscular mycorrhizal fungi (AMF) and decomposer microbial consortia—can promote humus formation and carbon stabilization, thereby enhancing carbon conversion efficiency and SOC accumulation (Salvioli di Fossalunga and Bonfante, 2023; Wu et al., 2024). The integration of organic amendments with cover crops, reduced or no-tillage practices, and biochar applications has been shown to significantly boost SOC accumulation while improving soil structure, increasing microbial diversity, and enhancing nutrient cycling efficiency (Yang et al., 2024; Hu et al., 2024; Bragazza et al., 2025; Feng et al., 2025; Wang et al., 2025c; Zhang et al., 2025). Looking forward, future research should explore the long-term dynamic effects of combined interventions on SOC and their broader impacts on greenhouse gas emissions, thus enabling greenhouse agricultural ecosystems to achieve high yield, strong carbon sequestration, and sustainable development objectives.
[bookmark: _Toc221134039][bookmark: _Hlk215238287]4 Limitations of the present study 
This study provides important insights into how chemical nitrogen fertilization regulates rhizosphere processes and SOC dynamics; however, several limitations need to be clearly acknowledged.
First, at the system level, vegetable production is strongly driven by yield maximization, and the use of chemical N fertilizers is widely regarded as a key strategy to secure high productivity. Our results showed that vegetable yields could be maintained under zero-N conditions, yet synthetic N inputs more effectively promoted SOC stabilization. This reveals a structural trade-off in intensive GVP systems: short-term yield demands versus long-term SOC sequestration goals. Future management strategies must therefore optimize N fertilization practices to enhance SOC storage without compromising crop yields.
Second, at the process level (Chapter III), measurements of root exudation were conducted only at the seedling stage and quantified only the release rates of C and N, without characterizing the chemical composition of the exudates. However, the species and abundance of root exudates vary substantially with plant developmental stage, nutrient supply, and environmental stress, which strongly influence microbial metabolic pathways, CUE, and priming intensity. Moreover, microbial CUE was inferred from extracellular enzyme stoichiometry, a method that remains theoretically controversial. Previous studies have shown that enzyme stoichiometry is not a reliable indicator of microbial nutrient limitation (Mori, 2025), and thus interpretations based solely on enzyme ratios should be made cautiously.
Third, from the perspective of soil nutrient stoichiometry, high N inputs markedly increased the soil N:P ratio. Although available phosphorus (Olsen-P) remained relatively high (26.74–45.54 mg kg–1, Fig. S3-1), the rhizosphere still exhibited clear microbial P limitation. This is unsurprising, as plant-available P typically accounts for less than 4% of total soil P, leaving a large pool of “legacy P” inaccessible to microorganisms. Enhancing the bioavailability of this legacy P pool is therefore essential—not only to alleviate microbial P limitation but also to stimulate the microbial carbon pump and increase microbial CUE (Luo et al., 2023). Improved P availability would additionally reduce the dependence on chemical fertilizers and thus lower the carbon emissions associated with fertilizer production, which is both energy- and carbon-intensive (Yang et al., 2024).
Fourth, the incubation experiments used in Chapter IV have inherent methodological limitations. The absence of living roots means that microorganisms could not continuously obtain fresh rhizosphere carbon inputs, potentially causing microbial activity, substrate preferences, and community composition to deviate from in situ rhizosphere conditions. Although rhizosphere soils retained some “legacy effects” of plant–microbe interactions (Hannula et al., 2024), the progressive depletion of labile carbon likely shifted microbial metabolism toward reliance on more recalcitrant SOM substrates (Kuzyakov, 2010). In addition, the use of glucose as a proxy for root exudates in the 13C tracing experiment can capture short-term carbon assimilation but cannot represent the chemical diversity of real exudates. Future research should adopt whole-plant 13C labeling to trace carbon fluxes under conditions that more closely reflect natural rhizosphere environments.
Fifth, from a theoretical perspective, soil microorganisms are the primary drivers of carbon stabilization: they transform labile substrates into relatively stable microbial-derived SOC, including microbial metabolites and necromass (Zhu et al., 2020). The microbial carbon pump (MCP) framework suggests that SOC accumulation depends not only on carbon inputs but also on the efficiency with which microorganisms process and transform carbon within metabolic networks. In this study, 13C measurements were limited to PLFA, reflecting only short-term microbial assimilation and not the end-products of MCP—microbial metabolites and necromass—that contribute to long-term SOC stabilization. Future studies should employ amino-sugar markers, metabolomics, and mineral-associated 13C measurements to determine whether enhanced microbial assimilation under high N actually translates into persistent SOC pools. Moreover, PLFA-based microbial profiling reveals only microbial biomass structure and cannot resolve functional pathways related to carbon assimilation, extracellular enzyme regulation, or microbial turnover. Integrating metagenomics, transcriptomics, and 13C-SIP approaches will be essential to mechanistically identify the key microbial taxa and functional genes driving niche-specific priming effects. Finally, the distinct “legacy effects” observed in the rhizosphere suggest the potential existence of a root-associated carbon pump, whose mechanisms—including the roles of exudation, microbial interactions, and microsite conditions in necromass accumulation—deserve further investigation.
In summary, although this study provides important evidence for how chemical nitrogen inputs shape rhizosphere processes and SOC dynamics, the interpretations of microbial CUE, priming responses, and SOM turnover should be understood within the boundaries of the experimental design. Future research combining long-term isotopic labeling, in situ rhizosphere monitoring, exudate compositional analysis, and multi-omics integration will be essential to refine our understanding of SOM turnover, microbial metabolism, and SOC stabilization mechanisms and to improve the applicability of these findings to the management of intensive GVP systems.
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[bookmark: _Toc221134041]1. Conclusion
Soil organic carbon (SOC) is a fundamental component of terrestrial C storage, playing a central role in global climate regulation and ecosystem productivity. In agricultural ecosystems, microbially mediated SOC turnover is tightly regulated by plant inputs, nutrient availability, and microbial traits such as carbon use efficiency (CUE) and priming effects (PE). CUE reflects the efficiency with which microbes channel consumed C substrates into biomass, whereas PE describes the stimulation or suppression of SOC decomposition induced by exogenous C inputs. Together, these two metrics provide important mechanistic insights into whether soils act as C sinks or sources under environmental change.
Nitrogen (N) fertilization is a common practice to improve crop yield, but its long-term ecological effects on SOC cycling remain controversial. Excessive N inputs may suppress microbial decomposition or alter C allocation patterns, while N limitation may enhance root exudation and intensify nutrient competition, thereby stimulating microbial activity (Fang et al., 2018). Thus, understanding how N fertilization interacts with rhizosphere processes to regulate microbial C metabolism and SOC stability is essential for the development of sustainable fertilization strategies.
Relying on a 15-years trial in greenhouse vegetable production system, this dissertation demonstrates that N fertilization profoundly influences soil C cycling by altering root-derived C inputs and microbial metabolic strategies. Integrating the findings, a mechanistic framework can be established in which N fertilization regulates root exudation, microbial CUE, and PE, which collectively determine SOC stability. 
N availability strongly shapes plant root exudation patterns and belowground C allocation. Under low N supply, the reduced availability of soil NH₄⁺ and NO₃⁻ induces plants to increase the release of root exudates—including organic acids, sugars, amino acids, and secondary metabolites—to mobilize limiting nutrients, especially phosphorus (P). Although these exudates provide critical substrates for microbes, they also intensify plant–microbe competition for P. Microbial communities under P limitation invest more C into the synthesis of extracellular enzymes (e.g., β-glucosidase, cellulase), which enhances C acquisition but reduces CUE, as more C is respired rather than incorporated into biomass. Structural equation modeling further revealed the pathway “low N → higher root exudation → intensified microbial P limitation → lower CUE” (R² = 0.70), underscoring how plant nutrient acquisition strategies indirectly undermine SOM stabilization through altered microbial metabolism.
CUE and PE jointly characterize microbial responses to C and nutrient availability under different fertilization regimes. Our findings show that both rhizosphere and bulk soils exhibited similar trends: N deficiency (N0) induced positive PE, whereas fertilized soils (N1–N3) exhibited negative PE, suggesting that N inputs suppress SOC mineralization. The strength of negative PE was more pronounced in rhizosphere soils, indicating that rhizosphere processes amplify fertilization effects on SOC stabilization. Mechanistically, N0 reduced microbial CUE, with more C allocated to respiration, and triggered N-mining strategies that enhanced SOC decomposition. In contrast, moderate fertilization (N2) significantly increased CUE, as microbes preferentially assimilated easily decomposable root-derived C, resulting in negative PE and suppressed SOC losses. Excessive N (N3) again lowered CUE and weakened negative PE, likely due to nutrient imbalances, microbial shifts toward r-strategists, and soil acidification.
Collectively, these results highlight that N fertilization influences SOC stability indirectly through rhizosphere-mediated processes. On the one hand, N supply regulates the quantity and composition of root exudates, which reshape microbial nutrient limitation patterns. On the other hand, microbial allocation of C between respiration and growth is governed by CUE and PE. High CUE combined with negative PE promotes SOC stabilization, whereas low CUE and positive PE enhance SOC mineralization. Thus, SOC stability is not determined by N inputs alone but rather by the coupled metabolic interactions among plants, roots, and microbes in the rhizosphere. 
Our study demonstrates that long-term chemical N fertilization affects SOC not through a single pathway but via a complex linking root exudation, microbial metabolism, and soil C pools. Under low N, enhanced root exudation alleviates plant nutrient stress but triggers “carbon mining,” whereby microbes increase enzyme activity to acquire limiting nutrients at the expense of CUE, leading to greater respiration and SOC losses. Under moderate N, microbes achieve higher CUE and negative PE, directing more C into biomass and enhancing SOC stabilization. Excessive N, however, reduces microbial efficiency, weakens negative PE, and diminishes SOC sequestration capacity. Together, these findings indicate that both N deficiency and oversupply destabilize SOC, whereas moderate N application optimizes the balance between crop productivity and long-term SOC conservation. This underscores the importance of precision fertilization and suggests that integrated strategies combining organic amendments with moderate chemical N inputs may best sustain both crop yields and soil C sequestration.
[bookmark: _Toc221134042][bookmark: _Hlk210122094]2 Future Perspectives
This study highlights the pivotal role of nitrogen (N) fertilization and root exudation in shaping microbial metabolism and regulating soil organic carbon (SOC) dynamics in greenhouse vegetable production systems. While the findings provide new mechanistic insights, several knowledge gaps and research opportunities remain to be addressed in future work.
First, long-term field validation is urgently needed. Current findings are based mainly on controlled greenhouse experiments, which may not fully capture the heterogeneity and complexity of natural field conditions. Future studies should investigate whether the observed relationships among N fertilization, root exudation, microbial carbon use efficiency (CUE), and priming effects (PE) are consistent across different soils, climates, and cropping systems (Kuzyakov and Domanski, 2000; Kuzyakov, 2002; Stuart Chapin III et al., 2009). Such field-based validations would strengthen the ecological relevance of rhizosphere processes and their contribution to global C cycling. 
Second, future work should focus on the chemical diversity of root exudates. Plant roots exude a broad spectrum of sugars, organic acids, amino acids, and secondary metabolites that act as both nutrients and signaling molecules for microbial communities (Coskun et al., 2017; Staley et al., 2017; Zhalnina et al., 2018; Guyonnet et al., 2018; Balyan and Pandey, 2024). The quantity and composition of these exudates are increasingly recognized as key functional traits influencing plant nutrient-use strategies and ecosystem processes (Ågren and Weih, 2020). Recent studies have shown that sugars globally induce stronger priming effects compared with lipids, while lipid compounds enrich Bacillus populations and associated metabolic genes (Yan et al., 2023; Fu et al., 2025). Advanced metabolomics and isotopic tracing approaches could disentangle how diverse exudate compounds shape microbial nutrient acquisition strategies and SOC stabilization.
Third, multi-element stoichiometry beyond C and N must be integrated. Our study revealed strong microbial P limitation, but other nutrients such as potassium (K) and micronutrients may also modulate microbial metabolism and plant–microbe interactions (Hessen et al., 2004; Ågren and Weih, 2020). Long-term K fertilization trials suggest that reducing microbial redundancy enhances microbial adaptability and minimizes energy loss, thereby improving C and N sequestration efficiency (Liu et al., 2025). Incorporating multi-element perspectives will enable a more holistic understanding of nutrient coupling and SOC stability.
Fourth, microbial community assembly and functional genes warrant more attention. While this study emphasized microbial traits such as CUE and PE, the genetic and metabolic drivers underpinning these processes remain insufficiently understood. Recent frameworks highlight the importance of trait-based microbial strategies and anabolism in controlling soil C storage (Liang et al., 2017; Malik et al., 2020; Cui et al., 2024). Future studies should employ omics-based approaches, including metagenomics, metatranscriptomics, and metabolomics, to reveal how shifts in microbial community composition and turnover regulate PE and SOC dynamics (Huo et al., 2017; Yan et al., 2023).
Finally, Sustainable fertilization strategies must be developed to reconcile high crop productivity with long-term soil health. Evidence from greenhouse vegetable systems indicates that continuous application of organic fertilizers can provide sufficient nutrients to support plant growth, even in the absence of chemical fertilizers. However, the stability of soil organic carbon (SOC) still requires moderate mineral N inputs, as both insufficient and excessive N destabilize microbial metabolism and soil carbon dynamics. Moderate N levels can maintain yields while optimizing microbial efficiency and enhancing SOC sequestration. Moreover, rhizosphere processes play a critical role in SOC dynamics: even under adequate N supply, continuous root exudation and strong plant–microbe competition may reduce microbial carbon use efficiency (CUE) and weaken priming suppression, further emphasizing the need for restrained N application. Integrated management approaches combining organic amendments, long-term manure inputs, and precision N fertilization therefore offer practical pathways to improve microbial CUE and promote SOC stabilization (Sun et al., 2025; Wang et al., 2024b). In practice, however, growers often apply nitrogen far beyond crop requirements in pursuit of higher yields. This tendency conflicts with the mechanistic evidence supporting moderate fertilization as the most effective strategy for SOC preservation. Thus, effective knowledge transfer to agricultural practice requires active involvement from stakeholders, particularly agricultural advisory services, to guide growers toward balanced fertilization strategies and discourage unnecessary N inputs. Bridging these mechanistic insights with real-world decision-making provides a scientifically grounded foundation for sustainable fertilization practices in greenhouse agriculture. 
In summary, future research should adopt integrative, multi-scale approaches that link plant physiology, root–microbe interactions, and soil biogeochemical processes. Such efforts will not only deepen our mechanistic understanding of SOC stabilization but also guide sustainable soil management under intensifying agricultural demands (Kuzyakov, 2002; Stuart Chapin III et al., 2009).
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