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Abstract:With global population growth and cultivated land constraints intensifying, agricultural sustainability faces severe challenges. Root systems, critical for nutrient and water uptake, directly determine crop yield and stress resistance. This study at Shandong Qihe Cultivated Land Service Center investigated microbial/non-microbial root zone synergies. Comparing chemical agents (e.g., SDHI inhibitors), biological agents (Bacillus amyloliquefaciens), and their combination revealed 8.0% yield enhancement via biochemical synergy. Organic matter regulated soil aggregates to improve water/nutrient retention, while pH optimization alleviated aluminum toxicity and phosphorus fixation. Integrated strategies combining microbial modulation (Antagonize pathogenic bacteria occupancy for growth promotion) with improvement of non-microbial environment (organic inputs, aggregate restructuring) enhanced root system resilience, offering scientific support for green agriculture and carbon neutrality.
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1. [bookmark: _Toc15205]Research background
As the global population grows and constraints on arable land resources intensify, the sustainable development of agriculture faces significant challenges. The root system, a core organ for nutrient and water absorption in plants, directly influences crop yields and resilience. Research indicates that an imbalance in the microbial community within the root system can lead to pathogen infections and reduced nutrient absorption efficiency. Abnormal soil pH levels, such as acidification or salinization, can inhibit root enzyme activity, while insufficient organic matter can accelerate soil degradation. In line with the "2023 Central Document No.1" which emphasizes "strengthening the protection and improvement of arable land quality," optimizing the root ecosystem has become a critical pathway to ensure food security and promote the green transformation of agriculture.
Currently, China"s root ecosystem is facing multiple threats: Firstly, long-term use of a single type of fertilizer has led to a decline in the diversity of rhizosphere microorganisms, resulting in frequent soil-borne diseases. For instance, the incidence of wheat root rot has increased by over 30% due to an increase in pathogenic bacterial prevalence. Secondly, soil acidification is a significant issue (with 28% of areas having a pH value below 5.5), which leads to aluminum toxicity and phosphorus fixation, causing a 60% decrease in the elongation rate of corn roots. Thirdly, the organic matter content has been continuously declining (in some areas of the North China Plain, it is less than 1.5%), weakening the soil"s ability to retain water and nutrients. Under drought conditions, the stomatal conductance of wheat roots decreases by 55%, significantly increasing the risk of reduced yields. These issues not only threaten agricultural productivity but also contradict the goal of "improving arable land quality and ecological resilience" outlined in the "14th Five-Year Plan for National Agricultural and Rural Science and Technology Development."
The significance of studying root ecosystem lies in its ability to enhance soil physical and chemical properties by regulating microbial interactions, thereby constructing a synergistic enhancement system of "roots-soil-microorganisms." This system provides theoretical support for the sustainable development of agriculture and the achievement of carbon neutrality goals. This paper will take the Qihe Cultivation Space Service Center in Shandong Province as a case study, focusing on two aspects: adjusting the microbial environment and optimizing the non-microbial environment. It will analyze effective measures to improve the root ecosystem through experimental methods and statistical analysis, providing practical solutions.
[bookmark: _Toc31617]2. Root ecosystem : Application practice of regulating the microbial environment of roots
The microbial environment around plant roots is a dynamic micro-ecosystem composed of bacteria, fungi, actinomycetes, and other microorganisms. These microorganisms secrete metabolic products (such as enzymes and hormones) to facilitate nutrient transformation, inhibit pathogens, and enhance plant-microbe interactions [1]. In healthy environments, the microbial diversity is high, and the dominant species are well-balanced [2] (for example, in healthy cucumber roots, 8-9 types of fungi are present, with beneficial bacteria being predominant). However, diseased plants often experience a significant increase in the proportion of pathogenic fungi (such as Fusarium oxysporum [3]) (91.4%-95.1%) and an imbalance in community structure, leading to functional degradation [4].
[bookmark: _Toc32738]2.1 Current situation and problems of microbial environment
Phytosanitary disorders in the rhizosphere of farmland are characterized by a sparse microbial community in diseased plant roots, often accompanied by plant diseases. The primary causes include: continuous cropping or heavy rotation, excessive nitrogen fertilization that promotes the growth of harmful bacteria; improper sterilization that mistakenly kills beneficial bacteria; irrigation that spreads pathogens; and uncomposted farmyard manure that carries pathogenic microorganisms. The consequences of this imbalance include: a decline in the proportion of beneficial bacteria (with pathogenic bacteria becoming dominant), reduced water and fertilizer efficiency, weakened stress resistance, and ultimately, reduced yields and led to plant death.
[bookmark: _Toc23829]2.2 Biological and chemical regulation scheme
[bookmark: _Toc7466]2.2.1 Elimination
Chemical precision application is a method for rapidly eliminating harmful microorganisms. Root precision application [5] is a precision plant protection technique that excels in precise targeting, reducing the dosage [6], saving labor, and protecting environmental safety. It is a key plant protection measure in modern agriculture to achieve "prevention first" and an important means to achieve "zero growth of pesticides."
[bookmark: _Toc20945]2.2.2 Space occupation
Positioning is a method to enhance the abundance of beneficial microorganisms by supplementing exogenous beneficial bacteria. For instance, the exogenous supplementation of Bacillus bellevue not only promotes plant growth independently but also induces the significant enrichment of indigenous "helper" microorganisms, Pseudomonas stutzeri [7]. Together with the exogenous Bacillus bellevue [8], they form a stable mixed microbial biofilm and metabolic mutualism (Cross-feeding) [9] in the plant rhizosphere, expanding the ecological niche of the dual bacterial community in the plant rhizosphere. This metabolic dependency drives the long-term coexistence of the two plant probiotics, enhancing their synergistic probiotic capabilities [10].
[bookmark: _Toc8538]2.2.3 Antagonism
Antagonism is a method to supplement beneficial bacteria from external sources to counteract harmful microorganisms. For example, Bacillus amyloliquefaciens [11], which secretes bacillomycin D [12], has the dual function of acting as a weapon against soil-borne Fusarium oxysporum and signaling to regulate its own biofilm formation.
[image: ]Figure 2-1 Schematic diagram of the occupancy and antagonistic effect of Bacillus amyloliquefaciens on four pathogenic bacteria
[bookmark: _Toc17839]2.2.4 Biological Scheme Example Daibolu (active ingredient: Bacillus amyloliquefaciens) —— Study of occupancy + antagonistic effect
Position: Bacillus has a fast reproduction rate and strong colonization ability--to compete with pathogenic bacteria for space and nutrition.
Antagonism: Secretion of antimicrobial secondary metabolites to prevent and control fungal and bacterial diseases. Secretion of lysozyme leads to the rupture of pathogenic cell wall, the escape of cellular contents and cell lysis.
Taking the pepper root as an example, the study of the planting time of Daibolu in the soil was carried out. In the first 70 days, the amplitude of Daibolu was large and the average value was high. After 70 days, the content of Daibolu in the soil was relatively stable, which could achieve a good effect against harmful microorganisms.
[bookmark: _Toc19856]2.2.5 Chemical Scheme Example Klaio (active ingredient: succinate dehydrogenase inhibitor SDHI) —— Study on killing effect (taking nematode as an example)
The aerobic respiration process of nematodes begins with glycolysis in the cytoplasmic matrix, where one molecule of glucose is broken down into pyruvate, producing 2 molecules of ATP and NADH for energy storage. This step does not require oxygen and primarily serves as a precursor for subsequent reactions. Next, pyruvate enters the mitochondria (in free-living nematodes) or hydrogenosomes (in some parasitic nematodes), where it undergoes decarboxylation to form acetyl-CoA, which then enters the citric acid cycle [13]. During this process, more NADH, FADH₂, and carbon dioxide are produced, which serve as electron carriers for the next stage. Finally, electrons are transferred through complexes I to IV on the mitochondrial inner membrane, releasing energy that pumps protons across the membrane, creating a transmembrane gradient. When protons flow back, they drive the ATP synthase to operate at high speed, ultimately producing a large amount of ATP (approximately 34-36 per glucose molecule). Oxygen acts as the final electron acceptor, combining with hydrogen ions to form water, completing the energy conversion cycle.
Succinate dehydrogenase inhibitors (SDHI) [14] target the mitochondrial respiratory chain complex II (succinate dehydrogenase, SDH), thereby blocking the energy metabolism of fungi and nematodes, ultimately leading to their death. The mechanism is as follows: by inhibiting the activity of complex II at the target site, it prevents succinate from being oxidized into fumarate, thus blocking the electron flow from the electron transport chain (ETC) into coenzyme Q (coenzyme Q10). This results in the inability to form a proton gradient, the inactivation of ATP synthase, a sharp decline in ATP synthesis, and an energy crisis. Consequently, this interferes with mitochondrial function (such as in root-knot nematodes), inhibits embryo development and egg hatching, and reduces the population"s reproductive capacity [15].
[bookmark: _Toc3643]2.3 Comparison of the effect of using chemical and biological regulation schemes alone
In the field of modern agriculture and plant protection, chemical solutions and biological solutions have their own characteristics and advantages and disadvantages.
The greatest advantage of chemical solutions is their rapid response, which can quickly take effect and provide excellent short-term and preventive benefits. However, this method also has significant drawbacks: it not only harms organisms other than the target (such as natural enemies and non-target organisms) but also causes severe environmental pollution and cannot fully address all issues. More seriously, long-term use can lead to resistance in target organisms, and chemical residues are difficult to degrade, affecting plant metabolism, inhibiting root secretion, disrupting soil microbial balance, and ultimately impacting soil fertility and ecological functions.
In contrast, biological solutions are characterized by their sustainability and environmental friendliness. They control harmful populations by mimicking natural ecological processes. Although these solutions take longer to show results and are difficult to preserve, they have the advantage of not causing resistance in organisms, leaving minimal residue, and being low in toxicity, which helps to create a healthy rhizosphere ecosystem. Additionally, biological solutions can promote plant growth by stimulating root exudate production, supplementing beneficial microorganisms, inhibiting pathogen proliferation, and effectively enhancing soil fertility.
Table 2.3 Comparison analysis of chemical solutions and biological solutions
	
	Chemical solutions
	
Bio-solutions


	Efficacy advantage

	Quick action, fast-acting property and anti-effect are better

	Control the development of harmful populations, sustainable; safe, green and environmentally friendly


	Pharmacological disadvantages

	It harms natural enemies and non-targets; it causes great environmental pollution; it cannot solve all problems

	The effect is slow, the effect can not meet the requirements of farmers; it is not easy to preserve


	 resistance 

	Long-term use increases resistance

	It is difficult to develop resistance in simulated natural conditions


	 safety 

	High residue, slow degradation
-Affect plant metabolism, inhibit and affect the production of root exudate;
-Directly affecting the rhizosphere microbial population, including beneficial and harmful bacteria;
-Affect the transformation and formation of soil nutrient components, and then affect soil fertility

	It has basically no residue, low toxicity and is beneficial to the formation of rhizosphere ecological environment
-Promote plant growth and stimulate the production of root exudate;
-Supplement beneficial bacteria, recruit more beneficial bacteria, inhibit pathogenic bacteria;
-Promote the transformation of soil nutrients and improve soil fertility




[bookmark: _Toc24195]2.4 Effect of biochemical synergy experiment ​
The "biological + chemical" integrated solution (such as Daibolu 4L + Kelaiao 20ml)significantly increased cucumber yields by 8.0% (65 kg/acre, labeled as "a"; P≤0.1), while the yield of single chemical or biological treatments showed no significant difference from conventional planting methods (55-45 kg/acre, labeled as "b"; P>0.1). This improvement is attributed to the synergistic effect of the rapid pest control provided by chemical agents (like Kelaiao) and the continuous regulation of soil microecology by biological agents (Daibolu). Chemical agents quickly inhibit pathogens, while biological agents enhance crop resilience by regulating the rhizosphere microbial community. Together, they reduce disease incidence and promote plant growth.
Table 2.4 Verification of the effect of bio-chemical synergy on crop yield
	Programme type
	Dosage (name + dosage)
	Usage per mu and usage time
	Cucumber yield

	Chemical scheme
	The Klaio 4L
	Transplanting time + 14 days after transplanting
	56.9kg/ Mu

	Biological solutions
	Dai Bo Road 4L
	Transplanting time + 14 days after transplanting
	55.4kg/ Mu

	Conventional plan
	Humic acid 5kg
	Transplanting time + 14 days after transplanting
	56.3kg/ Mu

	Bio + chemical solutions
	Klei 2L + Daibolu 2L
	Transplanting time + 14 days after transplanting
	61.2kg/ Mu


[bookmark: _Toc9536]3.Root ecosystem —— Application practice of optimizing non-microbial environment
[bookmark: _Toc7929]3.1Organic matter regulation: the material basis of stable soil structure
Soil organic matter (SOM) reconstructs the soil microstructure through the "organic-mineral complex" mechanism. Recent studies show that humic acid molecules,  adsorb onto the surface of clay particles,through their phenolic hydroxyl and carboxyl groups, forming an "organic coating" that significantly enhances the bonding strength between microaggregates [16]. This physical bonding effect increases the proportion of water-stable aggregates larger than 0.25mm by 23%-45% [17]. Moreover, polysaccharides produced from the decomposition of organic matter, such as β-glucan, act as "biological glue," binding dispersed mineral particles into microaggregates through hydrogen bonding [18]. Notably, there is a significant negative correlation between the content of organic matter and the fractal dimension (D) of soil aggregates (r=-0.72, p<0.05), indicating that the input of organic matter can effectively reduce soil structural complexity [19]. Recent nanoscale studies have revealed that organic matter regulates aggregate stability through the "bilayer adsorption model" : the upper layer consists of loosely adsorbed free organic matter, which provides substrates for microbial metabolism; the lower layer consists of tightly bound humified products, forming a rigid framework. This layered structure allows aggregates to maintain dynamic equilibrium during alternating dry and wet conditions, enhancing their resistance to fragmentation by three times compared to simple mineral aggregates [20].
[bookmark: _Toc10735]3.2 Acid-base balance regulation: microgame of ion interaction
Soil pH influences the stability of aggregates through a "dual-channel effect":on the one hand H⁺/OH⁻ directly alters the charge characteristics of mineral surfaces, regulating the density of organic matter adsorption sites;on the other hand pH gradients drive the dissolution and precipitation reactions of cations such as Al³⁺ and Ca²⁺, indirectly affecting the cementation mechanism of aggregates [21]. The latest molecular dynamics simulations show that when pH is below 5.5, the hydrolysis of Al³⁺ forms polyhydroxylated aluminum (Al13), which disrupts the interlayer structure of montmorillonite, leading to the disintegration of microaggregates [22]. In an alkaline environment with pH above 7.5, the bridging effect of Ca²⁺ enhances the stability of the illite-humic acid complex, increasing the MWD value of aggregates by 28% [23].
The "ion buffer system" mediated by biochar offers an innovative solution for soils with acid-base imbalances. Studies show that the application of bamboo charcoal increases the exchangeable Ca²⁺ content in the soil by 1.2 to 2.5 times. Additionally, it captures H⁺ through its surface negative charges, raising the pH of red soil from 4.8 to 6.2 within 60 days. This dual mechanism results in a 37% increase in the proportion of aggregates larger than 0.5mm within 6 months, validating the synergistic enhancement of "physical structure repair and chemical environment optimization" [24].
[bookmark: _Toc15068]3.3 Reconstruction of agglomeration structure: ecological wisdom of multi-scale reconstruction
Breaking the limitations of traditional "aggregates grading," the latest research introduces the concept of "aggregates functional domains" : microdomains ranging from 0 to 50 μm are responsible for nutrient adsorption, medium-domains from 50 to 250 μm regulate water conductivity, and macro-domains larger than 250 μm ensure gas exchange [25]. This hierarchical structure forms a three-in-one functional network of "respiration-penetration-storage." The pore distribution index (Po) is positively correlated with aggregate stability (R²=0.89, p<0.01) [26]. Biomimetic principles have achieved breakthroughs in soil structure improvement: "nano-fiber reinforced composites" inspired by mycelium networks can increase soil compressive strength by 40% and promote the formation of aggregates larger than 1mm [27]. Field trials show that this material increases the saturated water conductivity of North China alluvial soil by 8 times, validating the feasibility of the "artificial structure guidance-natural restoration enhancement" model [28].
[bookmark: _Toc25628]4. Summary of the whole text
This paper focuses on the Qihe Cultivation Space Service Center in Shandong Province, systematically exploring strategies to optimize the management of crop rhizosphere ecosystems. The study highlights that roots, as the primary organs for nutrient absorption, are directly influenced by the interaction between their microbial communities and the non-microbial environment, which significantly impacts crop yield and stress resistance. By comparing the effects of chemical agents (such as succinate dehydrogenase inhibitors, SDHI) and biological agents (such as Bacillus amyloliquefaciens), along with their combined use, the study found that the "biological + chemical" synergy can increase cucumber yields by 8.0%, significantly outperforming single treatments. Additionally, the study reveals that organic matter regulation can enhance water and nutrient retention by restructuring soil aggregates, while optimizing pH balance can effectively mitigate aluminum toxicity and phosphorus fixation issues. The paper emphasizes that integrating microbial community regulation (such as antagonizing pathogens and promoting symbiosis) with non-microbial environmental improvement (such as organic matter input and aggregate reconstruction) can enhance the functional resilience of root ecosystems, providing a scientific basis for the green transformation of agriculture and the achievement of carbon neutrality goals.
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