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Supplementary Figures
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Supplementary Fig. 1. Sampling effort and species abundance distributions. a Geographical distribution of 130 WWTPs where activated sludge samples were collected. b Phylum-level community compositions across WWTPs. Each column represents a WWTP. c Abundance-occupancy relationship (AOR). The mean relative abundances were calculated from the average relative abundances of each OTU in all samples. The occupancy represents the proportion of the number of samples in which the OTU was detected to all samples. The red curve indicates the sigmoid model fitting the occupancy versus logarithm of abundance for each OTU.
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Supplementary Fig. 2. Key factors affecting bacterial community richness. a Latitudinal distribution of sludge bacterial diversity, showing the linear relationship between OTU richness (sobs) and the latitude of sampling locations. b The linear relationship between OTU richness (sobs) and the annual mean air temperature of sampling locations.
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Supplementary Fig. 3. Distance-decay relationship (DDR) based on Bray-Curtis similarity. The red line represents the least-squares linear regression across 43 cities. P value (one-sided) for regression slopes were determined using matrix permutation tests.
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Supplementary Fig. 4. Distribution differences of QS species in various microbial habitats worldwide. a Violin diagram demonstrating the total abundance of putative QS OTUs. The lines in the box represent the median values of each set of data. WWTP-China represents the samples in our study. WWTP-world indicates the samples from the Global Water Microbiome Consortium (GWMC), and –China and -others denote the samples collected from China and the other countries in the GWMC dataset, respectively. b Principal coordinate analysis (PCoA) plot showing the community differences between samples from GWMC dataset and our data.
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Supplementary Fig. 5. Linear regression fitting the logarithms of clustering coefficients and the logarithms of connectivity of the co-occurrence network (R2 = 0.14, P < 0.001), indicating the hierarchical structure of the network.
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Supplementary Fig. 6. Linear relationships between variation degree (VD) of bacterial communities and the total abundance of QS-keystones (a), total abundance of top50 OTUs (b), total abundance of keystones (c), total abundance of 322 putative QS OTUs (d), OTU richness (e), putative QS OTU richness (f), network robustness (g), vulnerability (h).
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Supplementary Fig. 7. Community function prediction based on 16S rRNA gene community composition. a The ranking of KO importance using the random forest algorithm for PICRUSt2-based microbial functional prediction. ko02024 (quorum sensing) was identified as the third most significant function in cellular processes. ko04080, ko04512 and ko04514 are associated with signaling molecules and interaction in terms of environmental information processing. b Function abundances of the microbial community based on FAPROTAX predictions. Functions related to denitrification are marked in red.
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[bookmark: _Hlk130507717]Supplementary Fig. 8. Sample-species co-occurrence network. a The sample-species co-occurrence network consisting of 130 WWTPs and all OTUs. Red nodes represent WWTPs, and blue nodes are species (OTUs). The size of blue nodes is proportional to the average relative abundance of OTUs across all WWTPs. b Plot of degree and closeness centrality of each OTU. Red circles are putative QS OTUs, and blue circles denotes the other OTUs. The red dotted box highlights core OTUs with degree ≥ 117 (90% of the highest degree) and closeness centrality ≥ 0.5 (0.5% of the highest closeness centrality), including 41 putative QS OTUs. The size of circles is proportional to the average relative abundance of OTUs across all WWTPs.
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Supplementary Fig. 9. Heatmap demonstrating the Pearson’s correlation between the abundance of 41 core putative QS OTUs identified from the sample-species co-occurrence network and the removal rate of COD, TP, TN and NH3-N. The bar chart on the left indicates the relative abundance of putative QS OTUs. Color of the box is related to the correlation coefficient. Significant correlations are marked with stars. ＊indicates P < 0.05, ＊＊indicates P < 0.01 and ＊＊＊represents P < 0.001.


Supplementary Tables
Supplementary Table 1. Summary of metadata. This table is available as a supplementary dataset; Supplementary Table 1.xlsx.
Supplementary Table 2. PERMANOVA (Permutational multivariate analysis of variance) on taxonomic composition of QS microbiome among different biological process types and geographical regions. Process types were classified into six groups: AAO, AO, OD, SBR, CASS and IFAS. Geographical regions were represented by 27 administrative provinces (Supplementary Table 1).
	Group
	Sums of Sqs
	Mean Sqs
	F
	R2
	P

	Process types
	5.97
	1.19
	5.58
	0.03
	0.001

	Provinces
	78.33
	3.01
	24.33
	0.46
	0.001
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Supplementary Table 3. The abundance distribution pattern of QS species. 322 putative QS OTUs were classified into three groups (RT: rare taxa, CRT: conditionally rare taxa, CRAT: conditionally abundant or rare taxa) according to their abundance ranges across all sludge samples. The number of OTUs contained by each genus was counted based on the genus annotation of each OTU.
	RT: 147 OTUs
Genus annotation
	The number of OTUs
	CRT: 133 OTUs
Genus annotation
	The number of OTUs
	CRAT: 42 OTUs
Genus annotation
	The number of OTUs

	Legionella
	29
	Acidovorax
	14
	Acidovorax
	5

	Rhodococcus
	7
	Mesorhizobium
	12
	Mesorhizobium
	3

	Aeromonas
	5
	Aeromonas
	7
	Variovorax
	3

	Bacillus
	5
	Variovorax
	7
	Paracoccus
	3

	Mesorhizobium
	5
	Bradyrhizobium
	6
	Rhodobacter
	3

	Microbacterium
	5
	Novosphingobium
	5
	Thauera
	3

	Variovorax
	5
	Pseudomonas
	5
	Rhodococcus
	2

	Acinetobacter
	4
	Acinetobacter
	4
	Streptococcus
	2

	Brevundimonas
	4
	Brevundimonas
	4
	Thermomonas
	2

	Thermomonas
	4
	Delftia
	4
	unclassified_f_Comamonadaceae
	2

	Tsukamurella
	4
	Microbacterium
	4
	Sinorhizobium/Ensifer group
	2

	Bifidobacterium
	3
	Rhodobacter
	4
	Flavobacterium
	2

	Chryseobacterium group
	3
	Thermomonas
	4
	Microbacterium
	1

	Frateuria
	3
	Priestia
	3
	Hydrogenophaga
	1

	Lysobacter
	3
	Rhodococcus
	3
	Novosphingobium
	1

	Rhizobium/Agrobacterium group
	3
	Roseomonas
	3
	unclassified_f_Pimelobacter
	1

	Sphingobium
	3
	Sinorhizobium/Ensifer group
	3
	Burkholderia
	1

	Sphingomonas
	3
	Tsukamurella
	3
	Sphingobium
	1

	Acidovorax
	2
	Bifidobacterium
	2
	Acinetobacter
	1

	Azospirillum
	2
	Bosea
	2
	Delftia
	1

	Hydrogenophaga
	2
	Cereibacter
	2
	Frateuria
	1

	Nitrosospira
	2
	Gluconacetobacter
	2
	Bradyrhizobium
	1

	
	
	
	
	Continued Supplementary Table 3
	

	Pectobacterium
	2
	Lysobacter
	2
	
	

	Rhodobacter
	2
	Nitrosospira
	2
	
	

	Vibrio
	2
	Streptococcus
	2
	
	

	Achromobacter
	1
	Thauera
	2
	
	

	Alcaligenes
	1
	unclassified_f_Comamonadaceae
	2
	
	

	Bacteroides
	1
	unclassified_f_Pimelobacter
	2
	
	

	Bosea
	1
	Alcaligenes
	1
	
	

	Bradyrhizobium
	1
	Bacillus
	1
	
	

	Other genera
	30
	Other genera
	16
	
	






Supplementary Table 4. Global properties of the co-occurrence network shared by the entire sludge bacterial community.
	Network indexes
	Co-occurrence network

	Total nodes
	147

	Total links
	309

	R square of power-law
	0.848

	Average degree (avgK)
	4.204

	Average clustering coefficient (avgCC)
	0.172

	Average path distance (GD)
	3.761

	Geodesic efficiency (E)
	0.319

	Harmonic geodesic distance (HD)
	3.135

	Maximal degree
	19

	Nodes with max degree
	Pseudorhodobacter

	Centralization of degree (CD)
	0.103

	Maximal betweenness
	1804.398

	Nodes with max betweenness
	norank_f__Actinomycetaceae

	Centralization of betweenness (CB)
	0.158

	Maximal stress centrality
	14283

	Nodes with max stress centrality
	norank_f__Actinomycetaceae

	Centralization of stress centrality (CS)
	1.236

	Maximal eigenvector centrality
	0.304

	Nodes with max eigenvector centrality
	Pseudorhodobacter

	Centralization of eigenvector centrality (CE)
	0.256

	Link Density (LD)
	0.029

	Reciprocity
	1

	Transitivity (Trans)
	0.178

	Connectedness (Con)
	0.724

	Efficiency
	0.969





Supplementary Table 5. Comparison of global properties between empirical co-occurrence network and the corresponding 100 random networks.
	Network indexes
	Empirical network
	100 random networks 

	Average clustering coefficient (avgCC)
	0.172
	0.058 ± 0.012

	Average path distance (GD)
	3.761
	3.352 ± 0.073

	Geodesic efficiency (E)
	0.319
	0.339 ± 0.005

	Harmonic geodesic distance (HD)
	3.135
	2.951 ± 0.047

	Centralization of degree (CD)
	0.103
	0.103 ± 0.000

	Centralization of betweenness (CB)
	0.158
	0.110 ± 0.014

	Centralization of stress centrality (CS)
	1.236
	0.355 ± 0.045

	Centralization of eigenvector centrality (CE)
	0.256
	0.228 ± 0.020

	Link Density (LD)
	0.029
	0.029 ± 0.000

	Reciprocity
	1
	1.000 ± 0.000

	Transitivity (Trans)
	0.178
	0.082 ± 0.011

	Connectedness (Con)
	0.724
	0.920 ± 0.037

	Efficiency
	0.969
	0.976 ± 0.001

	Hierarchy
	0
	0.000 ± 0.000

	Lubness
	1
	1.000 ± 0.000

	Modularity(fast_greedy)
	0.577
	0.437 ± 0.008



Supplementary Table 6. Detailed attributes of 130 co-occurrence networks. This table is available as a supplementary dataset; Supplementary Table 6.xlsx.
Supplementary Table 7. Comparison of global properties between 130 co-occurrence networks and their corresponding 100 random networks. This table is available as a supplementary dataset; Supplementary Table 7.xlsx.



Supplementary Table 8. Keystones belonging to quorum sensing species in 130 co-occurrence networks. z and p represent the within-module connectivity and between-module connectivity, respectively.
	QS-keystones
	z
	p
	Genus annotation
	Abundance classification

	OTU491
	2.621
	0
	Streptococcus
	CRAT

	OTU9841
	2.768
	0
	Acidovorax
	CRT

	OTU4116
	2.648
	0
	Pseudomonas
	CRT

	OTU1988
	-1.346
	0.625
	Delftia
	RT

	OTU14374
	-1.435
	0.625
	Acidovorax
	CRAT

	OTU2772
	2.962
	0
	Aeromonas
	CRT

	OTU7215
	2.563
	0
	Novosphingobium
	CRT

	OTU10830
	-0.988
	0.722
	Sphingobium
	CRT

	OTU28033
	-1.255
	0.620
	Mesorhizobium
	CRAT

	OTU23500
	2.629
	0
	Mesorhizobium
	RT

	OTU28775
	3.124
	0.198
	Bifidobacterium
	CRT

	OTU3660
	-1.155
	0.660
	Roseomonas
	CRT

	OTU18404
	3.315
	0
	Aeromonas
	CRT

	OTU13251
	3.507
	0
	Thauera
	CRAT

	OTU3096
	2.635
	0
	Variovorax
	CRT

	OTU20768
	2.572
	0
	unclassified_f_Comamonadaceae
	CRT

	OTU27573
	2.571
	0
	Brevundimonas
	RT

	OTU1729
	3.083
	0.071
	Mesorhizobium
	CRAT

	OTU2272
	3.083
	0.071
	Delftia
	CRT

	OTU3586
	-0.351
	0.658
	Rhodobacter
	CRT

	OTU16485
	-1.092
	0.625
	unclassified_f_Weeksellaceae
	CRT

	OTU5629
	2.611
	0
	Acidovorax
	CRT

	OTU7299
	-0.989
	0.625
	Nitrosospira
	CRT

	OTU27565
	-1.228
	0.625
	Sinorhizobium/Ensifer group
	CRAT

	OTU3096
	3.056
	0
	Variovorax
	CRT

	OTU14998
	2.994
	0
	Acidovorax
	CRAT

	OTU3096
	2.576
	0
	Variovorax
	CRT

	OTU15707
	2.540
	0
	Roseomonas
	CRT

	OTU6244
	2.638
	0
	Pseudomonas
	CRT

	OTU2449
	2.546
	0
	Bifidobacterium
	CRT

	OTU7075
	2.544
	0
	Mesorhizobium
	CRT

	OTU14940
	2.926
	0
	Acinetobacter
	CRAT

	OTU8347
	-1.183
	0.625
	Shinella
	RT

	OTU20691
	-1.274
	0.640
	Variovorax
	CRT

	OTU14762
	2.686
	0
	Sphingobium
	CRAT

	OTU2118
	-1.392
	0.625
	Mesorhizobium
	CRAT

	OTU2920
	-1.074
	0.667
	Bosea
	CRT

	OTU24066
	-1.392
	0.625
	Microbacterium
	CRT



Supplementary Table 9. 41 core OTUs belonging to quorum sensing species in the sample-species co-occurrence network.
	Core OTUs
	Degree
	Closeness centrality
	Occupancy

	OTU8053
	129
	0.501 
	0.974 

	OTU27699
	121
	0.498 
	0.808 

	OTU7700
	129
	0.501 
	0.903 

	OTU14867
	129
	0.501 
	0.977 

	OTU27565
	129
	0.501 
	0.976 

	OTU7889
	129
	0.501 
	0.969 

	OTU22531
	129
	0.501 
	0.951 

	OTU10372
	126
	0.499 
	0.877 

	OTU3890
	129
	0.501 
	0.946 

	OTU28033
	129
	0.501 
	0.954 

	OTU19518
	129
	0.501 
	0.924 

	OTU4606
	129
	0.501 
	0.956 

	OTU14998
	129
	0.501 
	0.950 

	OTU1843
	129
	0.501 
	0.967 

	OTU12703
	126
	0.500 
	0.922 

	OTU27563
	129
	0.501 
	0.945 

	OTU13229
	129
	0.501 
	0.932 

	OTU7215
	129
	0.501 
	0.983 

	OTU14374
	128
	0.500 
	0.908 

	OTU2449
	129
	0.501 
	0.967 

	OTU14329
	125
	0.500 
	0.929 

	OTU4947
	129
	0.501 
	0.941 

	OTU491
	129
	0.501 
	0.971 

	OTU2590
	128
	0.497 
	0.926 

	OTU3096
	122
	0.500 
	0.809 

	OTU28775
	128
	0.498 
	0.946 

	OTU2118
	125
	0.498 
	0.868 

	OTU5603
	129
	0.501 
	0.955 

	OTU14940
	128
	0.499 
	0.860 

	OTU20768
	126
	0.500 
	0.865 

	OTU18430
	121
	0.500 
	0.805 

	OTU12763
	129
	0.501 
	0.849 

	OTU14311
	129
	0.501 
	0.895 

	OTU14463
	129
	0.501 
	0.899 

	OTU10216
	128
	0.500 
	0.886 

	OTU255
	129
	0.501 
	0.882 

	OTU9772
	126
	0.496 
	0.836 

	OTU1729
	129
	0.501 
	0.868 

	OTU25135
	127
	0.495 
	0.850 

	OTU3660
	127
	0.498 
	0.874 

	OTU4116
	129
	0.501 
	0.809 
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