Supplementary Results


Table S2. Metabolite Molecular Traits for Structural Similarity Assessment. In the formulas, C, H, O, N, S, and P represent the number of atoms of each element in the metabolite
	Traits
	Description
	Functional characteristics
	Source or calculation method

	C
Total atoms
	The number of C
Total number of atoms
	Reflects metabolite molecular size and potential complexity and energy content
	Molecular composition

	O/C
H/C
	Oxygen-to-carbon ratio
Hydrogen-to-carbon ratio
	Reflects metabolite oxidation, saturation, and potential bioavailability
	

	N/C
	Nitrogen-to-carbon ratio
	Reflects metabolite nitrogen content and its potential role in plant–microbe signaling and defense
	

	DBE
AI_mod
	Double bond equivalents
Modified aromaticity index
	Reflects metabolite chemical stability and potential microbial degradability
	1+C−H/2​+N/2​
(1+C−0.5O−S−0.5H​)/(C−0.5O−S−N​)

	KMD_CH2
	Kendrick mass defect
	Identifies homologous series of metabolites (e.g., fatty acids, sugar chains, or aromatic derivatives)
	Nominal mass−Exact mass×14.0000​ /14.01565

	MACCS
	Molecular ACCess System 
	Encodes the presence of predefined substructures, enabling metabolite structural similarity analysis
	Converted SMILES to binary MACCS fingerprints using the rcdk R package

	NOSC
	Nominal oxidation state of carbon
	Reflects carbon oxidation state and potential microbial energy yield
	(4C+H−3N−2O+5P−2S)/C+4

	ΔG_ox
	Gibbs free energy of oxidation
	Reflects the thermodynamic energy yield of metabolites and their potential microbial degradability
	ΔHf0−298.15×ΔS0



Table S3. Effects of grazing on the physicochemical properties of rhizosphere soil. Data are means ± SE (n = 6). Differences among grazing treatments were evaluated with Dunn’s non-parametric multiple-comparison test. Raw P values were adjusted by the Benjamini-Hochberg procedure; adjusted P < 0.05 was considered significant. Different letters denote significant differences among treatments (P < 0.05).
	                       
	NG               
	SLG               
	SMG             
	LLG              
	LMG          

	MC (%)    
	0.16 ± 0.01 bc   
	0.19 ± 0.01 ab   
	0.20 ± 0.00 a   
	0.16 ± 0.01 bc   
	0.14 ± 0.00 c  

	pH      
	6.99 ± 0.04 b   
	7.07 ± 0.01 ab   
	6.95 ± 0.04 b   
	6.94 ± 0.05 b   
	7.16 ± 0.02 a  

	TN (g kg-1)   
	1.92 ± 0.07 b   
	2.54 ± 0.16 a   
	2.50 ± 0.11 a   
	2.13 ± 0.09 ab   
	1.87 ± 0.04 b  

	TC (g kg-1)   
	17.02 ± 0.75 b   
	23.61 ± 1.88 a   
	23.49 ± 1.18 a   
	17.86 ± 0.70 ab   
	15.90 ± 0.14 b  

	C/N      
	8.89 ± 0.13 ab   
	9.25 ± 0.22 ab   
	9.40 ± 0.19 a   
	8.40 ± 0.07 c   
	8.48 ± 0.20 bc  

	DOC (g kg-1)  
	0.13 ± 0.01ab   
	0.17 ± 0.01 a   
	0.17 ± 0.02 a   
	0.12 ± 0.01 ab   
	0.10 ± 0.00 b  

	NH4+ (mg kg-1) 
	9.77 ± 0.47 a   
	6.74 ± 0.23 ab   
	7.85 ± 0.80 ab   
	6.15 ± 0.31 b   
	8.90 ± 1.21 ab  

	NO3- (mg kg-1) 
	10.52 ± 0.69 c  
	16.78 ± 1.20 ab   
	19.50 ± 1.50 a  
	11.77 ± 0.96 c   
	13.13 ± 1.28 bc 

	TP (mg kg-1)   
	284.37 ± 8.78 bc  
	313.01 ± 10.55 ab   
	339.10 ± 5.81 a  
	291.70 ± 5.63 abc 
	208.47 ± 4.42 c 

	AP (mg kg-1)   
	5.20 ± 0.17 ab   
	11.69 ± 1.67 a   
	3.24 ± 0.28 b   
	10.76 ± 1.16 a   
	5.37 ± 1.17 b  

	MBC (g kg-1)   
	0.38 ± 0.02 a   
	0.39 ± 0.03 a   
	0.44 ± 0.05 a   
	0.38 ± 0.03 a   
	0.36 ± 0.02 a   

	MBN (g kg-1)   
	0.03 ± 0.00 b    
	0.05 ± 0.01 a    
	0.06 ± 0.00 a   
	0.02 ± 0.00 b   
	0.03 ± 0.00 b   

	MBC/MBN    
	16 ± 2.05 a     
	8 ± 0.36 b       
	8 ± 0.69 b    
	16 ± 0.92 a    
	16 ± 2.91 a   


[bookmark: _Hlk220704610]

Table S4. Effect of grazing on enzyme activity in the rhizosphere soil.
	[bookmark: _Hlk220704617]                
	NG      
	SLG      
	SMG      
	LLG       
	LMG      

	SC (mg d-1 g-1)    
	47.15 ± 1.51 a  
	54.99 ± 3.90 a  
	60.10 ± 6.76 a  
	53.40 ± 2.96 a  
	43.01 ± 5.60 a  

	UE (ug d-1 kg-1)  
	1.01 ± 0.06 a  
	1.45 ± 0.05a    
	1.85 ± 0.04 a       
	1.62 ± 0.05 a        
	1.18 ± 0.02 a  

	CL (mg d-1 g-1)    
	104 ± 7.10 a   
	89 ± 10.66 a   
	88 ± 11.39 a  
	91 ± 5.15 a   
	108 ± 3.31 a   

	DHA (mg d-1 g-1)   
	2.83 ± 0.12 a  
	2.08 ± 0.16 b  
	2.81 ± 0.19 a   
	1.96 ± 0.16 b   
	2.80 ± 0.23 a   

	AKP (umol d-1 g-1) 
	21.92 ± 0.91 ab 
	23.41 ± 0.35 a 
	23.23 ± 0.56 a   
	20.16 ± 0.74 b   
	21.67 ± 0.50 ab   



Table S6. Permutation test results for the effects of metabolic bins and soil factors on the bacterial community based on RDA. 
	Variables          
	Df      
	Variance            
	Adjusted R2  
	F value      
	P value   

	Bin1             
	1            
	0.026               
	1.82%        
	2.218             
	0.024*            

	Bin2            
	1           
	0.048               
	3.33%          
	4.041           
	0.022*           

	Bin5           
	1            
	0.030           
	2.10%             
	2.556                  
	0.001***    

	Bin16              
	1               
	0.049                   
	3.39%               
	2.218                   
	0.001***    

	MC             
	1                
	0.070              
	4.26%                 
	4.697                   
	0.001***    

	AP              
	1              
	0.034               
	2.05%                
	2.261                
	0.011*             




Table S7. Permutation test results for the effects of metabolic bins and soil factors on the fungal community based on RDA.
	Variables  
	Df      
	Variance   
	Adjusted R2     
	F value     
	P value     

	Bin1           
	1           
	0.030            
	2.17%        
	2.597             
	0.007**          

	Bin2           
	1          
	0.054          
	3.90%          
	4.667           
	0.002**           

	Bin3          
	1              
	0.025          
	1.81%             
	2.170         
	0.023*             

	Bin5          
	1          
	0.028            
	2.01%               
	2.402            
	0.008**     

	Bin16           
	1          
	0.041          
	2.98%                 
	3.568          
	0.002**           

	Bin31           
	1           
	0.023           
	1.64%                
	1.964                 
	0.031*         

	MC          
	1              
	0.062         
	4.01%             
	4.234     
	0.001***     

	pH              
	1        
	0.025          
	1.59%               
	1.681                
	0.021*                

	TN           
	1              
	0.025             
	1.60%                 
	1.694                
	0.023*                    

	AP          
	1           
	0.029                        
	1.90%                
	2.009            
	0.009**           




Table S8. Topological properties of rhizosphere bacterial co-occurrence networks under different grazing treatments.
	                                        
	NG    
	SLG    
	SMG    
	LLG    
	LMG    

	Number of nodes            
	699    
	793    
	660    
	703     
	691           

	Total number of edges               
	5697              
	13397             
	7949            
	19605              
	5083                 

	Positive (%)                              
	54%            
	57%            
	60%             
	65%             
	56%                

	Negative (%)                  
	46%             
	43%          
	40%              
	35%              
	44%              

	Average degree                
	16.30                
	33.79                 
	24.09               
	55.78              
	14.71             

	Average path length                     
	5.33                       
	5.03               
	5.62                 
	4.29                 
	5.32                

	Average clustering coefficient                 
	0.52             
	0.56                
	0.56                 
	0.57                 
	0.47                  

	Modularity                
	0.77    
	0.64    
	0.71    
	0.62    
	0.76   




Table S9. Topological properties of rhizosphere fungal co-occurrence networks under different grazing treatments.
	                                        
	NG    
	SLG    
	SMG    
	LLG    
	LMG    

	Number of nodes            
	267    
	259    
	269    
	217     
	305           

	Total number of edges               
	1398              
	1084             
	1114            
	1625              
	1348                 

	Positive (%)                              
	58%            
	55%            
	56%             
	60%             
	53%                

	Negative (%)                  
	42%             
	45%          
	44%              
	40%              
	47%              

	Average degree                
	10.47                
	8.37                 
	8.28               
	14.98              
	8.36             

	Average path length                     
	5.97                       
	5.82               
	6.12                
	5.63                 
	5.56                

	Average clustering coefficient                 
	0.58             
	0.53                
	0.53     
	0.59                 
	0.47                  

	Modularity                
	0.72   
	0.70    
	0.75    
	0.59    
	0.71     
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Figure S1. Structural clustering and distribution of root exudate metabolites based on MACCS fingerprints. Principal Coordinate Analysis (PCoA) was performed using Jaccard distances derived from 166-bit MACCS structural fingerprints. The overall metabolite pool was clustered into 34 Bins. In each faceted panel, grey background points represent the global structural space of all detected root exudates, providing a constant reference. Colored points represent the specific metabolites assigned to the respective Bin. Dashed ellipses denote the 95% confidence intervals for the structural distribution of each Bin. The percentages on the axes indicate the proportion of structural variance explained by the first two principal coordinates.
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Fig. S2. The composition of root exudate metabolites.
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Fig. S3. Relative abundance of phyla in rhizosphere bacterial (A) and fungal (B) communities across grazing treatments.
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Fig. S4. Differential abundance of bacterial (A) and fungal (B) genus across grazing treatments analyzed by ANCOM-BC2. *P < 0.05, **P < 0.01, **P < 0.001.
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[bookmark: _Hlk219835061]Fig. S5. Mantel correlations between the homogeneous dispersal of bacterial (above) and fungal (below) communities and both the binning of root exudate metabolites based on ICAMP and rhizosphere soil properties. *P < 0.05, **P < 0.01, **P < 0.001.
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Fig. S6. Relationships between soil physicochemical properties, and microbial communities as well as root exudate metabolomics. The heatmap illustrates pairwise correlations between soil physicochemical properties based on Spearman's correlation coefficients. Edges represent the correlations of soil factors with bacterial community, fungal community composition, and root exudate metabolomics, as determined by Mantel tests. The edge width denotes the Mantel’s R statistic, and the edge color indicates the level of statistical significance (P-value). Distance matrices for bacterial and fungal communities were calculated using Bray-Curtis distance, while Euclidean distance was applied for root exudate metabolomics and soil physicochemical properties.
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Fig. S7. KEGG pathway enrichment analysis of core metabolic bins (Bins 2, 3, and 16) in root exudates under different grazing treatments. The Sankey diagram on the left illustrates the expressed metabolites associated with significantly enriched KEGG pathways (P < 0.05) in grazing treatments compared to the NG; the color coding for metabolite classifications on the left is consistent with Fig. S1. In the right bubble plot, the size of each circle corresponds to the number of metabolites enriched in the respective pathway, while the color gradient indicates the fold enrichment. Additionally, M and GIP represent the first-category pathways of "Metabolism" and "Genetic Information Processing," respectively.
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Fig. S8. Interactions networks between root exudate metabolites and rhizosphere bacteria (A) and fungi (B) under different grazing treatments. Based on each interaction network, negative binomial regression models were used to examine the relationships between metabolite degree and Gibbs free energy of oxidation (C, with bacterial interaction network; D, with fungal interaction network), as well as molecular structural complexity index (E, with bacterial interaction network; F, with fungal interaction network). only significantly correlated fit lines from separate regressions for each bin are displayed (shaded areas represent 95% confidence intervals), with the corresponding significant R2 and P values indicated in colors matching their respective bins. *P < 0.05, **P < 0.01, **P < 0.001.
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Fig. S9. Comparison of attributes among key metabolite bins. (A) Gibbs free energy of oxidation (kJ/mol). (B) Complexity index. The P-values displayed on the plots are derived from the one-way Kruskal-Wallis test. Different lowercase letters above the boxplots indicate significant pairwise differences based on post-hoc tests (P < 0.05), while identical letters indicate no significant difference.
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