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Results and discussion
Shift of microbial community at alpha diversity
Over 2×107 qualified sequences with a mean length of 256 bps were produced. More than 90% OTUs detected overlapped between electrostimulation and control after 30 days and 83.42% OTUs were overlapped after 100 days. The specified OTUs (only keep the OTU with more than half of the total samples) were summarized (Table S1). The alpha diversity of HA was relatively higher than that of eHA on day 30 (Fig. S3). More importantly, the microbial community richness was significantly decreased under electrostimulation after 100 days, based on the Shannon index value (P = 0.021). These results suggested clear electroselection of functional microbes in the eHA system.
Shift of microbial community at phylum and class level
At the phylum level, fifteen bacteria phyla with over 1% relative abundance were identified (Fig. S4 a). Most of them belonged to Proteobacteria (the relative abundance of 43% and 46.9% within HA group and eHA group after 30 days, 30.71% and 32.02% within HA group and eHA group after 100 days) and Bacteroidetes (27.32% and 25.81% within HA group and eHA group after 30 days, 18.48% and 18.86% within HA group and eHA group after 100 days). The relative proportion of Chloroflexi, Patescibacteria, Elusimicrobia were increased with time course, while Actinobacteria decreased. A total of 21 classes were classified, and the relative abundance of the classes was not significantly distinct between the different groups (Fig. S4 b). The abundance of Gammaproteobacteria, Bacteroidia and Actinobacteria decreased, and Saccharimonadia, Anaerolineae, Deltaproteobacteria and Elusimisrobia increased with time course.  
Variation of microbial interaction at module level
In pMENs examined here, a module was considered to be a unit of OTUs with the similar ecology niches (Zhou et al. 2011). OTUs belonging to a module have good connections with others, but have fewer links with OTUs belonging to other modules. Distinct individual modules were exhibited for pMENs under control and electrostimulation (Fig. S6). The relationships between phylogenetic dependence and ecological dependence was related to individual groups and environmental conditions. On the day 30, 8 modules with ≥ 5 nodes were obtained for the HA-1 network, the eHA network had 9 modules with ≥ 5 nodes. For the HA-1 group, most of the members of Proteobacteria hold more interactions and were found in two submodules (M1 and M3), which was consisted with a larger modularity value for HA-1 compared with eHA-1. On the day 100, most of the nodes belonging to Chlorolfexi were found in the same submodule (M5) for the HA-2 group, while these nodes belonging to the phylum were dispersed into different submodules (M1, M2, M3 and M4) for the eHA-2 group. Furthermore, the correlations between module-based eigengenes and environmental factors can be used to analyze the modules’ response to bioreactors performance (Deng et al. 2012). The coefficients (r value) and significances (P value) were displayed (Fig. S7). Submodules 1 and 3 mainly consisted of Proteobacteria were positively correlated with VFA production and negatively with cathode potential for the HA group, while the opposite relationship between submodule 4 consisted of Proteobacteria and the same environmental factors appeared for the eHA group on the day 30. Similarly, nodes belonging to Chloroflexi was clustered in submodule 5 for the HA group and it positively correlated with cathode potential, while the nodes belonging to Chloroflexi were dispersed in submodules 1, 3 and 4 and these modules negatively correlated with cathode potential. These results indicated microbes from the same phylum differently responded to bioreactor performance with electrostimulation and the microbial interactions were less preserved at the module level.
Identification of the keystone
The topological roles of the identified OTUs in the network are presented as a Z-P plot (Fig. S8). These nodes could be classified into four categories: peripheral nodes, connectors, module hubs and network hubs based on within-module connectivity (Zi) and among-module connectivity (Pi). The majority (97.51% of the OTUs for HA-1 and 98.96% for eHA-1) of the nodes were peripherals (these nodes have only a few links and almost to the species within their modules), 74.63% and 76.5% even had no links at all OTUside their modules (i.e., Pi=0) for HA-1 and eHA-1, respectively. 2.49% of the OTUs for HA-1 and 1.04% for eHA-1 were connectors (these nodes are highly linked to several modules). A similar Z-P plot distribution appeared at the 100th d and 95.24% for of the OTUs of eHA-2 and all of the OTUs for HA-2 were peripherals. The nodes belonging to module hubs (they are highly connected to many species in their own modules) were from electrostimulation group. There were no network hubs (they act as both module hubs and connectors) for all constructed pMENs. Furthermore, keystone populations were identified based on network topology and module membership (Deng et al. 2012, Zhou et al. 2011). It is different from dominant taxa identified based on their relative abundance, which targets different members in the community (Banerjee et al. 2019). There were no common microbial groups between dominant taxa and keystone taxa. The keystone taxa of the HA and eHA were also different and more electroactive bacteria and decolorizing bacteria were identified in planktonic sludge microbial communities upon electrostimulation (Table S2). The above results indicated that electrostimulation greatly changed the key microbial populations and interactions.
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Figure. S1 The schematic diagram of the eHA and HA.
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Figure. S2 Effect of electrostimulation on azo dye degradation efficiency. PPD concentration and recovery efficiency on day 30 (a), on day 100 (b), and the concentration of volatile fatty acids (VFAs) (c). The comparison of AYR degradation rate (d) and PPD formation rate (e) between day 30 and day 100 under different operational modes (** denotes Student’s t-test, P < 0.01).
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Figure. S3 Alpha diversity indices including Shannon, Simpson, ACE (abundance-based coverage estimator) and Chao of sludge microbial community under electrostimulation and control.

Table. S1 The name of specialized OTUs (keep only the OTUs more than half of the total samples) of HA and eHA microbial communities. Blue filled grids represent specific functions.

	
	OTU ID
	Genus
	Relative abundance
 (%)
	Anaerobic fermentation
	Azo dye degradation
	Extracellular electron transfer

	HA-1
	OTU 2179
	norank_f__Saccharimonadaceae
	0.0013 ± 0.0013
	
	
	

	
	OTU 3718
	Syntrophomonas
	0.0017 ± 0.0021
	
	
	

	
	OTU 99
	norank_f__0319-6G20
	0.0018 ± 0.0019
	
	
	

	
	OTU 497
	norank_o__WD260
	0.0013 ± 0.0013
	
	
	

	
	OTU 525
	Massilia
	0.0013 ± 0.0021
	
	
	

	
	OTU 3165
	Phaeodactylibacter
	0.0018 ± 0.0016
	
	
	

	
	OTU 1820
	OM27_clade
	0.0013 ± 0.0014
	
	
	

	
	OTU 3125
	Epulopiscium
	0.0013 ± 0.0013
	
	
	

	
	OTU 914
	norank_o__Chitinophagales
	0.0011 ± 0.0011
	
	
	

	eHA-1
	OTU 3699
	norank_f__Hydrogenophilaceae
	0.0184 ± 0.0198 
	
	
	

	
	OTU 2353
	norank_c__MVP-15
	0.0079 ± 0.0085 
	
	
	

	
	OTU 156
	unclassified_f__Methanobacteriaceae
	0.0495 ± 0.0346 
	
	
	

	
	OTU 2736
	norank_o__RBG-13-54-9
	0.0027 ± 0.0040 
	
	
	

	
	OTU 1473
	Ruminococcaceae_UCG-014
	0.0295 ± 0.0533  
	
	
	

	
	OTU 3590
	unclassified_f__Ruminococcaceae
	0.0177 ± 0.0087 
	
	
	

	
	OTU 2003
	unclassified_k__norank_d__Bacteria
	0.0121 ± 0.0109 
	
	
	

	
	OTU 3437
	norank_f__Anaerolineaceae
	0.0015 ± 0.0013 
	
	
	

	
	OTU 2238
	norank_f__Isosphaeraceae
	0.0011 ± 0.0012 
	
	
	

	
	OTU 2746
	Tyzzerella
	0.0046 ± 0.0045 
	
	
	

	
	OTU 210
	Pir2_lineage
	0.0019 ± 0.0024 
	
	
	

	
	OTU 1431
	unclassified_k__norank_d__Bacteria
	0.0032 ± 0.0027 
	
	
	

	
	OTU 216
	Methanospirillum
	0.0016 ± 0.0013
	
	
	

	HA-2
	OTU 2216
	norank_f__Saccharimonadaceae
	0.0041 ± 0.0055 
	
	
	

	
	OTU 13
	Iamia
	0.0014 ± 0.0013  
	
	
	

	
	OTU 2360
	norank_o__RBG-13-54-9
	0.0020 ± 0.0019 
	
	
	

	
	OTU 3657
	norank_f__Ika33
	0.0054 ± 0.0038 
	
	
	

	
	OTU 1346
	Acetobacteroides
	0.0027 ± 0.0031 
	
	
	

	
	OTU 777
	norank_p__Omnitrophicaeota
	0.0010 ± 0.0010 
	
	
	

	
	OTU 2591
	Leptolinea
	0.0019 ± 0.0026 
	
	
	

	
	OTU 2318
	Tissierella
	0.0018 ± 0.0013 
	
	
	

	
	OTU 1135
	Desulfuromonas
	0.0017 ± 0.0014 
	
	
	

	
	OTU 1200
	norank_o__SBR1031
	0.0014 ± 0.0014
	
	
	

	eHA-2
	OTU 3461
	norank_c__OM190
	0.0013 ± 0.0010 
	
	
	

	
	OTU 3756
	Syntrophorhabdus
	0.0067 ± 0.0065 
	
	
	

	
	OTU 1057
	norank_o__Campylobacterales
	0.0030 ± 0.0026 
	
	
	

	
	OTU 2130
	unclassified_c__Elusimicrobia
	0.0023 ± 0.0016 
	
	
	

	
	OTU 2164
	unclassified_f__Pirellulaceae
	0.0014 ± 0.0016 
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Figure. S4 Microbial community composition analysis at phylum (a) and class (b) level (from inside to outside are HA-1, eHA-1, HA-2, and eHA-2).
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Figure. S5 Spearman correlation heatmap of the most abundant genera (top 50 in relative abundance) and major explanatory variables. Correlation coefficients ranged from negative to positive and are indicated by color intensity, changing from dark blue to red, respectively, as illustrated in the key. (* denotes P < 0.05, ** denotes P < 0.01, and *** denotes P < 0.001).
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Figure. S6 Overall network graph with module structure by the fast greedy modularity optimization method. (a) HA-1, (b) eHA-1, (c) HA-2, and (d) eHA-2. Each node signifies an OTU, which could correspond to a microbial population. Colors of the nodes indicate different major phyla. A blue edge indicates a positive interaction between two individual nodes, while a red edge indicates a negative interaction.
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Figure. S7 The correlations between module eigengenes and explanatory variables in the pMENs. (a) HA-1, (b) eHA-1, (c) HA-2, and (d) eHA-2. The color of each plot indicates the correlation between corresponding module eigengene and environmental trait. Red color means highly positive correlation and green color means highly negative correlation. The numbers in each plot are the correlation coefficient (r) and significance (P) in parentheses.

Table. S2 Identification of keystone populations based on network topology. Blue filled grids represent specific functions.
	
	OTU ID
	Genus
	Relative abundance (%)
	Annotation
	Azo dye degradation
	Extracellular electron transfer
	Anaerobic fermentation

	HA-1
	OTU 1659
	Rhodobacter
	0.24 ± 0.055
	max degree
	
	
	

	
	OTU 2534
	Candidatus_Microthix
	2.03 ± 2.30
	max betweenness, max stress centrality, connectors
	
	
	

	
	OTU 1073
	Unclassified_f_Burkholderiaceae
	0.79 ± 0.30
	max eigenvector centrality
	
	
	

	
	OTU 1525
	Norank_f_Gemmatimonadaceae
	0.11 ± 0.045
	connectors
	
	
	

	
	OTU 2329
	Fodinicola
	0.14 ± 0.059
	connectors
	
	
	

	
	OTU 2933
	Luteimonas
	0.073 ± 0.027
	connectors
	
	
	

	
	OTU 2502
	norank_f_Saprospiraceae
	0.87 ± 0.22
	connectors
	
	
	

	
	OTU 2576
	norank_f_Saprospiraceae
	1.80 ± 0.44
	connectors
	
	
	

	eHA-1
	OTU 2427
	Lautropia
	0.15 ± 0.059
	max degree
	
	
	

	
	OTU 1237
	Hirschia
	0.18 ± 0.063
	max betweenness
	
	
	

	
	OTU 1659
	Rhodobacter
	0.20 ± 0.055
	max stress centraity
	
	
	

	
	OTU 2075
	Ideonella
	0.14 ± 0.083
	max eigenvector centrality, connectors
	
	
	

	
	OTU 2425
	unclassified_f_Rhizobiaceae
	0.11 ± 0.022
	connectors
	
	
	

	HA-2
	OTU 2245
	norank_f_Anaerolineaceae
	1.34 ± 0.50
	max degree, 
max eigenvector centrality
	
	
	

	
	OTU 2653
	norank_f_Bacteroidetes_vadinHA17
	0.62 ± 0.21
	max degree
	
	
	

	
	OTU 1115
	norank_f_Anaerolineaceae
	0.28 ± 0.10
	max degree
	
	
	

	
	OTU 53
	Leptolinea
	0.13 ± 0.064
	max degree, 
max eigenvector centrality
	
	
	

	
	OTU 2119
	Leptolinea
	0.96 ± 0.045
	max betweenness, max stress centrality
	
	
	

	eHA-2
	OTU 1165
	Longilinea
	2.34 ± 0.75
	max degree, module hubs
	
	
	

	
	OTU 2485
	Sulfuricurvum
	0.36 ± 0.40
	max degree
	
	
	

	
	OTU 2924
	Desulfovibrio
	0.093 ± 0.15
	max degree, 
max eigenvector centrality
	
	
	

	
	OTU 29
	Pseudomonas
	1.44 ± 0.57
	max betweenness
	
	
	

	
	OTU 2190
	unclassified_o_Saccharimonadales
	0.13 ± 0.12
	max stress centrality
	
	
	

	
	OTU 65
	Anaerolinea
	0.25 ± 0.13
	Module hubs
	
	
	

	
	OTU 3625
	norank_f_Anaerolineaceae
	0.69 ± 0.45
	Module hubs
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Figure. S8 Z-P plot showing the distribution of OTUs based on their topological roles. Each symbol represents an OTU under eHA or HA. The topological role of each OTU was determined according to the scatter plot of within-module connectivity (Zi) and among-module connectivity (Pi). The module hubs and connectors are labeled with OTU numbers.
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Figure. S9 Effect of electrostimulation on functional gene structure of planktonic sludge microbial community. (a) Principal co-ordinates analysis (PCoA) of metagenomic sequences, and (b) Redundancy analyis (RDA) of metagenomic sequence data and explanatory variables.


Table. S3 Relative abundance and dominated ecological processes of each bin
	Bin
	relative abundance (%)
	HA-1
	eHA-1
	HA-2
	eHA-2

	Bin65
	21.24155
	HoS
	DR
	HoS
	HoS

	Bin23
	11.32382
	HoS
	HoS
	HoS
	HoS

	Bin64
	5.813766
	HoS
	HoS
	DL
	HoS

	Bin57
	5.658536
	HD
	HD
	DR
	DR

	Bin63
	4.439318
	DR
	DR
	DR
	DR

	Bin20
	3.897225
	DR
	DR
	HoS
	HoS

	Bin7
	3.802817
	HoS
	HoS
	DR
	DR

	Bin53
	3.679077
	DR
	DR
	DR
	DR

	Bin34
	3.383092
	DR
	DR
	DR
	DR

	Bin32
	2.670109
	DR
	DR
	HoS
	HoS

	Bin22
	2.568066
	DR
	DR
	HD
	HD

	Bin14
	2.51778
	DR
	DR
	DL
	HD

	Bin33
	2.380911
	HoS
	HoS
	HoS
	HoS

	Bin58
	2.279812
	HD
	HD
	HoS
	HoS

	Bin21
	2.231562
	HoS
	HoS
	HD
	HD

	Bin19
	2.030679
	DR
	DR
	HD
	HD

	Bin66
	1.88996
	DR
	DR
	DR
	HoS

	Bin28
	1.584211
	DR
	DR
	HD
	HD

	Bin12
	1.531366
	HD
	HD
	HoS
	HoS

	Bin56
	1.134059
	HoS
	HoS
	DR
	HoS

	Bin37
	0.995228
	DR
	DR
	HoS
	HoS

	Bin27
	0.906368
	HoS
	HoS
	HoS
	HoS

	Bin39
	0.777612
	DR
	DR
	HD
	HD

	Bin46
	0.654502
	DR
	DR
	HD
	HD

	Bin68
	0.543183
	DR
	DR
	HoS
	HoS

	Bin9
	0.506963
	DR
	DR
	DR
	DR

	Bin43
	0.500881
	DR
	DR
	DR
	DR

	Bin40
	0.49686
	DR
	DL
	DR
	HoS

	Bin35
	0.466925
	DR
	DR
	DR
	DR

	Bin36
	0.459544
	DL
	DR
	HeS
	HD

	Bin69
	0.442661
	DL
	DL
	HoS
	HoS

	Bin41
	0.429876
	DR
	DL
	DL
	DR

	Bin24
	0.420234
	DR
	DR
	DR
	DR

	Bin25
	0.36758
	DL
	DR
	HD
	HD

	Bin29
	0.346232
	DR
	DR
	HD
	DR

	Bin1
	0.342624
	HoS
	HoS
	HoS
	HoS

	Bin42
	0.341404
	DR
	DR
	DR
	HD

	Bin44
	0.34129
	DR
	DR
	HoS
	HoS

	Bin45
	0.334347
	DR
	DR
	HD
	HD

	Bin13
	0.333422
	DR
	DR
	DR
	HD

	Bin17
	0.324303
	DR
	DR
	HoS
	HD

	Bin26
	0.30449
	DR
	DR
	HD
	HD

	Bin51
	0.302235
	HoS
	HoS
	DR
	HD

	Bin6
	0.263295
	HD
	HD
	HoS
	HoS

	Bin31
	0.250825
	DR
	DR
	DL
	DR

	Bin38
	0.243923
	HoS
	HoS
	HD
	HD

	Bin10
	0.233548
	HoS
	HoS
	DR
	HD

	Bin30
	0.230013
	DR
	DR
	DR
	HoS

	Bin18
	0.168518
	DR
	DR
	HoS
	HD

	Bin55
	0.166402
	DR
	HoS
	HD
	HD

	Bin8
	0.164422
	DL
	DR
	HD
	HD

	Bin16
	0.156344
	DR
	DR
	DR
	DR

	Bin48
	0.148762
	HoS
	HoS
	HD
	HoS

	Bin49
	0.1304
	DR
	DR
	DR
	HD

	Bin62
	0.099056
	DR
	HoS
	HD
	HD

	Bin59
	0.09485
	DR
	DR
	HoS
	DR

	Bin5
	0.091825
	DR
	DL
	DL
	DR

	Bin11
	0.086442
	DR
	DR
	HoS
	HoS

	Bin52
	0.07658
	DR
	DR
	HD
	DR

	Bin50
	0.068305
	DR
	DR
	DR
	DR

	Bin61
	0.054116
	DR
	DL
	DR
	HD

	Bin2
	0.047397
	HoS
	DL
	HD
	HD

	Bin3
	0.043844
	DL
	DL
	HD
	HD

	Bin4
	0.041674
	DR
	DL
	DR
	DR

	Bin54
	0.032849
	DR
	DL
	DR
	DR

	Bin15
	0.030511
	DL
	DR
	HD
	HD

	Bin60
	0.028919
	HoS
	HoS
	HD
	HD

	Bin67
	0.028782
	DR
	DR
	HoS
	HoS

	Bin47
	0.021917
	DR
	DR
	HD
	HD




Table. S4 The taxonomy information of dominant bins (relative abundance > 1%)
	Bin
	Phylum
	Class
	Order
	Family
	Genus
	Species

	Bin56
	Spirochaetes
	Spirochaetia
	Spirochaetales
	Spirochaetaceae
	norank_
f_Spirochaetaceae
	uncultured_prokaryote_
g__norank_f__Spirochaetaceae

	Bin12
	Proteobacteria
	Deltaproteobacteria
	Desulfovibrionales
	Desulfovibrionaceae
	Desulfovibrio
	unclassified_g__Desulfovibrio

	Bin28
	Actinobacteria
	Actinobacteria
	Microtrichales
	Microtrichaceae
	Candidatus_Microthrix
	uncultured_bacterium_
g__Candidatus_Microthrix

	Bin66
	Proteobacteria
	Gammaproteobacteria
	Pseudomonadales
	Pseudomonadaceae
	Pseudomonas
	Pseudomonas_azotoformans

	Bin19
	Bacteroidetes
	Bacteroidia
	Sphingobacteriales
	AKYH767
	norank_f_AKYH767
	uncultured_Bacteroidetes_bacteriu_
g__norank_f__AKYH767

	Bin21
	Bacteroidetes
	Bacteroidia
	Chitinophagales
	Chitinophagaceae
	Terrimonas
	unclassified_g__Terrimonas

	Bin58
	Patescibacteria
	Saccharimonadia
	Saccharimonadales
	norank_Saccharimonadales
	norank_
o_Saccharimonadales
	uncultured_bacterium_
g__norank_o__Saccharimonadales

	Bin33
	Chloroflexi
	Anaerolineae
	Anaerolineales
	Anaerolineaceae
	Norank_
f_Anaerolineaceae
	unclassified_g__norank_
f__Anaerolineaceae

	Bin14
	Proteobacteria
	Alphaproteobacteria
	Rhizobiales
	Pleomorphomonadaceae
	Norank_
f_Pleomorphomonadaceae
	unclassified_g__norank_
f__Pleomorphomonadaceae

	Bin22
	Bacteroidetes
	Bacteroidia
	Chitinophagales
	Saprospiraceae
	Norank_f_Saprospiraceae
	uncultured_Haliscomenobacter_sp._
g__norank

	Bin32
	Chloroflexi
	Anaerolineae
	Anaerolineales
	Anaerolineaceae
	Longilinea
	unclassified_g__Longilinea

	Bin34
	Chloroflexi
	Anaerolineae
	Endomicrobiales
	Endomicrobiaceae
	Candidatus_Endomicrobium
	unclassified_
g_Candidatus_Endomicrobium

	Bin53
	Firmicutes
	Bacilli
	Lactobacillales
	Carnobacteriaceae
	Trichococcus
	metagenome_g__Trichococcus

	Bin7
	Proteobacteria
	Deltaproteobacteria
	Desulfobacterales
	Desulfobulbaceae
	Desulfobulbus
	unclassified_g__Desulfobulbus

	Bin20
	Bacteroidetes
	Bacteroidia
	Sphingobacteriales
	Lentimicrobiaceae
	Norank_
f_Lentimicrobiaceae
	wastewater_metagenome_
g__norank_f__Lentimicrobiaceae

	Bin63
	Euryarchaeota
	Methanomicrobia
	Methanosarcinales
	Methanosaetaceae
	Methanosaeta
	uncultured_Methanosarcinales_
archaeon_g__Methanosaeta

	Bin57
	Patescibacteria
	Saccharimonadia
	Saccharimonadales
	norank_Saccharimonadales
	Norank_
o_Saccharimonadales
	metagenome_g__norank_
o__Saccharimonadales

	Bin64
	Proteobacteria
	Gammaproteobacteria
	Betaproteobacteriales
	Rhodocyclaceae
	Dechloromonas
	uncultured_bacterium_
g__Dechloromonas

	Bin23
	Bacteroidetes
	Bacteroidia
	Bacteroidales
	Bacteroidetes_vadinHA17
	Norank_
f_Bacteroidetes_vadinHA17
	uncultured_bacterium_
g__norank_f__Bacteroidetes_vadinHA17

	Bin65
	Proteobacteria
	Gammaproteobacteria
	Pseudomonadales
	Moraxellaceae
	Acinetobacter
	unclassified_g__Acinetobacter
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