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Abstract
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK518][bookmark: OLE_LINK13][bookmark: OLE_LINK1217][bookmark: OLE_LINK1218][bookmark: OLE_LINK1432][bookmark: OLE_LINK1433][bookmark: OLE_LINK1546][bookmark: OLE_LINK1593][bookmark: OLE_LINK1594][bookmark: OLE_LINK1601][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK220][bookmark: OLE_LINK221][bookmark: OLE_LINK1434][bookmark: OLE_LINK115][bookmark: OLE_LINK116][bookmark: OLE_LINK14][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK709][bookmark: OLE_LINK710][bookmark: OLE_LINK711][bookmark: OLE_LINK1219][bookmark: OLE_LINK1220][bookmark: OLE_LINK1435][bookmark: OLE_LINK1436][bookmark: OLE_LINK117][bookmark: OLE_LINK118][bookmark: OLE_LINK1650][bookmark: OLE_LINK1651][bookmark: OLE_LINK712][bookmark: OLE_LINK713][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK1176][bookmark: OLE_LINK1177][bookmark: OLE_LINK1437][bookmark: OLE_LINK1438][bookmark: OLE_LINK1652][bookmark: OLE_LINK1653][bookmark: OLE_LINK1320][bookmark: OLE_LINK1321][bookmark: OLE_LINK1408][bookmark: OLE_LINK1409][bookmark: OLE_LINK29][bookmark: OLE_LINK54][bookmark: OLE_LINK1439][bookmark: OLE_LINK127][bookmark: OLE_LINK149][bookmark: OLE_LINK1178][bookmark: OLE_LINK1179][bookmark: OLE_LINK1440][bookmark: OLE_LINK1441][bookmark: OLE_LINK1154][bookmark: OLE_LINK1155][bookmark: OLE_LINK57][bookmark: OLE_LINK60][bookmark: OLE_LINK75][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK80][bookmark: OLE_LINK1180][bookmark: OLE_LINK1442][bookmark: OLE_LINK1443][bookmark: OLE_LINK1444][bookmark: OLE_LINK76][bookmark: OLE_LINK79][bookmark: OLE_LINK1406][bookmark: OLE_LINK1407][bookmark: OLE_LINK1156][bookmark: OLE_LINK1157]A self-stabilizing microbial community lays the foundation of the efficient biochemical reactions of the anaerobic digestion (AD) process. Despite extensive profiling of microbial community dynamics under varying operating parameters that have been documented, the effects of food waste (FW) to feeding sewage sludge (FSS) ratios on the microbial assembly, functional traits, and syntrophic interspecies interactions in thermophilic microbial consortia remain poorly understood. Here, we investigated the long-term impacts of the FW: FSS ratio on the thermophilic AD microbiome using genome-centric metagenomics. Both the short reads (SRs) assembly, and the iterative hybrid assembly (IHA) of SRs and nanopore long reads (LRs) were used to reconstruct metagenome-assembled genomes (MAGs) and identified four microbial clusters, which demonstrated different dynamics patterns in response to varying FW:FSS ratios. Cluster C1-C3 were comprised of full functional members with genetic potentials in fulfilling empirical AD biochemical reactions, wherein, syntrophic decarboxylating acetogens could interact with methanogens, and some microbes could be energized by the electron bifurcation mechanism to drive thermodynamics unfavorable reactions. We found the co-existence of both acetogenic and hydrogenotrophic methanogens in the AD microbiome, and they altered their trophic groups to scavenge the methanogenic substrates in ensuring the methane generation in digesters with different FW:FSS ratios. Another interesting observation was that two phylogenetically close Thermotogota species showed a possible strong competition on carbon source inferred by the nearly complete genetic overlap of their relevant pathways.

1. Introduction
[bookmark: OLE_LINK150][bookmark: OLE_LINK160][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK92][bookmark: OLE_LINK969][bookmark: OLE_LINK1234][bookmark: OLE_LINK1235][bookmark: OLE_LINK1309][bookmark: OLE_LINK1310][bookmark: OLE_LINK1221][bookmark: OLE_LINK171][bookmark: OLE_LINK172][bookmark: OLE_LINK93][bookmark: OLE_LINK1419][bookmark: OLE_LINK1222][bookmark: OLE_LINK1227][bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK173][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK714][bookmark: OLE_LINK715][bookmark: OLE_LINK716][bookmark: OLE_LINK1228][bookmark: OLE_LINK1229][bookmark: OLE_LINK643][bookmark: OLE_LINK737][bookmark: OLE_LINK1181][bookmark: OLE_LINK1182][bookmark: OLE_LINK1447][bookmark: OLE_LINK639][bookmark: OLE_LINK738][bookmark: OLE_LINK804][bookmark: OLE_LINK1225][bookmark: OLE_LINK1226][bookmark: OLE_LINK805][bookmark: OLE_LINK811][bookmark: OLE_LINK1223][bookmark: OLE_LINK1224][bookmark: OLE_LINK1232][bookmark: OLE_LINK1230][bookmark: OLE_LINK1231][bookmark: OLE_LINK719][bookmark: OLE_LINK720][bookmark: OLE_LINK119][bookmark: OLE_LINK124][bookmark: OLE_LINK1448][bookmark: OLE_LINK887][bookmark: OLE_LINK812][bookmark: OLE_LINK886][bookmark: OLE_LINK230][bookmark: OLE_LINK231]Microbially driven anaerobic digestion (AD) process is widely applied around the world in treating high-strength wastewater, sewage sludge, food waste (FW), animal manures, etc., to stabilize volatile solid waste, and to recover energy through biogas generation (Angelidaki et al., 1999; Ju et al., 2017; Wang et al., 2014; Wang et al., 2017). The AD of sludge is commonly integrated in a sewage treatment work, but it is usually featured of high cost of operation, sub-optimized of energy recovery efficiency, and excess space of the AD facilities (Weiland, 2010). Anaerobic co-digestion (AcoD), a process exploiting the microbial metabolic features in co-substrate of the feedstock, attracted more attention because of its significant improvement in the balanced supply of nutrients, preventing potential inhibitory effect caused by toxic compound(s), and boosting in biogas production and large increase of solid waste reduction (Bolzonella et al., 2006; Mata-Alvarez et al., 2014; Mata-Alvarez et al., 2000). However, the inappropriate selection/combination of co-substrates, varied co-substrate physiochemical characteristics may greatly influence the performance of the co-digestion system (Siddique & Wahid, 2018). Additionally, the operating parameters, e.g., organic loading rates (OLRs), solid retention time (SRT) shall be carefully adjusted to ensure the stability of the AcoD process if feedstocks change (Xie et al., 2016). Wherein, the comprehensive investigation on the effects of feedstock composition (i.e., FW: FSS ratio) on the thermophilic AD process is of great engineering and research significance, because it determines the process stabilization, nutrient balance, and synergistic effects among microbes (Fitamo et al., 2016; Fitamo et al., 2017; Siddique & Wahid, 2018). 
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[bookmark: OLE_LINK236][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK1460][bookmark: OLE_LINK1461][bookmark: OLE_LINK733][bookmark: OLE_LINK734][bookmark: OLE_LINK265][bookmark: OLE_LINK266][bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK245][bookmark: OLE_LINK264][bookmark: OLE_LINK1198][bookmark: OLE_LINK1462][bookmark: OLE_LINK240][bookmark: OLE_LINK241][bookmark: OLE_LINK725][bookmark: OLE_LINK726][bookmark: OLE_LINK286][bookmark: OLE_LINK297][bookmark: OLE_LINK326][bookmark: OLE_LINK1397][bookmark: OLE_LINK267][bookmark: OLE_LINK268][bookmark: OLE_LINK327][bookmark: OLE_LINK1463][bookmark: OLE_LINK1199][bookmark: OLE_LINK1200][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK328][bookmark: OLE_LINK735][bookmark: OLE_LINK736][bookmark: OLE_LINK1464][bookmark: OLE_LINK256][bookmark: OLE_LINK257]To fill the research gaps mentioned above, five digesters were operated at thermophilic temperature (~55°C) for 228 days and metagenomic sequencing was employed to elucidate the dynamics and functional traits of microbial consortia derived from digesters with varying FW: FSS ratios. We adopted the iterative hybrid assembly (IHA) of long reads (LRs) and short reads (SRs) as the supplementary assembly strategy with the conventional SRs assembly method to retrieve high-quality metagenome-assembled genomes (MAGs). Results showed the large variations of thermophilic microbial consortia and the niche differentiation represented by the dynamics of the core microbiome in digesters with different FW: FSS ratios. Besides, the genome-centric metagenomics revealed the interspecies interactions (e.g., cooperation and competition), syntrophic metabolism, energy conservation strategies in response to varying FW: FSS ratios. 


2 Materials and Methods
2.1 Thermophilic digester operation
[bookmark: OLE_LINK1420][bookmark: OLE_LINK1421][bookmark: OLE_LINK1465][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK892][bookmark: OLE_LINK893][bookmark: OLE_LINK953][bookmark: OLE_LINK954][bookmark: OLE_LINK338][bookmark: OLE_LINK339][bookmark: OLE_LINK1422][bookmark: OLE_LINK1423][bookmark: OLE_LINK1241][bookmark: OLE_LINK1242]The seed sludge preparation was detailed documented in SI 1. The FW used in this study was synthesized according to the Hong Kong food consumption pattern in Hong Kong (GovHK, 2016) and the method was detailed documented by Wang et al. (2017). The carbohydrates, proteins, and lipids contents were 78%, 16%, and 6%, respectively, of which is the typical FW composition in the urban area (Carucci et al., 2005; Redondas et al., 2012). The feeding sewage sludge (FSS) was the mixture of primary sludge and thickened secondary activated sludge with the ratio of 4.5:1 (v:v), regarding the actual operating practice in Tai Po Sewage Treatment Work (Hong Kong, China). The volatile solid (VS)/ total solid (TS) ratios of FW and FSS were 98.5% and 79.0%, respectively. The FW and FSS were mixed by different TS ratios, namely, 0:100 (in R1), 20:80 (in R2), 50:50 (in R3), 80:20 (in R4), and 100:0 (in R5) and to be digested at the solid retention time (SRT) of 20 days in 55 ˚C thermophilic digesters. The corresponding OLRs were 1.65, 1.67, 1.70, 1.92, and 2.05 g VS/L/d, respectively. All five digesters were operated in the semi-continuous mode with the working volume of 800 mL, the discharging and feeding interval of digesters was 3 days, the methods of chemical analyses in this study was documented in SI 1. 

2.2 DNA extraction, sequencing, assembly, and binning
[bookmark: OLE_LINK1424][bookmark: OLE_LINK1425][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK358][bookmark: OLE_LINK359][bookmark: OLE_LINK1322][bookmark: OLE_LINK1323][bookmark: OLE_LINK1160][bookmark: OLE_LINK1161]There were 28 samples were chosen for DNA extraction using FastDNA SPIN Kit for Soil (MP Biomedicals), and the Illumina sequencing service was provided by Novogene Company Limited (Beijing, China). Twenty-eight samples (including 27 digested sludge from digesters and 1 seed sludge) were for 16S rRNA gene amplicon sequencing with universal primer set (515F/806R) targeting V4 region (Caporaso et al., 2011), wherein, 19 samples for metagenomic sequencing (NovaSeq PE150). The sampling information was shown in Figure S1 and 16S rRNA amplicon analysis was documented in SI 2. The method of preparing the genomic DNA for the third generation nanopore sequencing and the reconstruction of MAGs through IHA and SRs de novo assembly approaches were detailed described in SI 3 and SI 4.

[bookmark: OLE_LINK77][bookmark: OLE_LINK78]2.3 Functional annotation of MAGs
[bookmark: OLE_LINK582][bookmark: OLE_LINK583]The taxon of the retrieved MAGs was assigned using the GTDB-Tk (v1.2.0, reference data version R04-RS89) (Parks et al., 2020). After open reading frames (ORFs) of the MAGs were predicted using Prodigal (v2.6.3), the HMMER (v.3.2.1) (Finn et al., 2011) was applied to search against the dbCAN (v9) (Yin et al., 2012) to pinpoint CAZy modules of MAGs, and the CAZy annotation result for each MAG was summarized by a pipeline (Wang et al., 2020b). 

[bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK1398][bookmark: OLE_LINK1399][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK1469]A full reconstruction of the metabolic potential for each MAG was based on the metabolic pathway annotated by GhostKOALA online platform (Kanehisa et al., 2016), and further confirmed on the KEGG mapper (Kanehisa & Sato, 2020). For each MAG, a specific pathway shall be considered present if ≥ 75% of genes of a metabolic pathway were encoded in that MAG (Vanwonterghem et al., 2016). Additionally, its genetic capacity for participating in a particular biochemical reaction was classified into four levels based on the metabolic redundancy measured by the number of genes (i.e., genes of the different steps in a given metabolic pathway), namely level I (1 count), level II (2-5 counts), level III (6-10 counts), and level IV (≥11 counts). A higher level suggested a stronger genetic potential in carrying out a certain biochemical reaction.

[bookmark: OLE_LINK528][bookmark: OLE_LINK529]2.4 Network analysis of microbial ecological niches
[bookmark: OLE_LINK420][bookmark: OLE_LINK433]Co-occurrence network analysis was used to resolve microbial ecological niches in thermophilic digesters with varying FW: FSS ratios. Specifically, spearman correlation analysis with Benjamini-Hochberg correction on the p-value was computed on the profile of microbes’ relative abundance in different digesters using R script published by Ju et al. (2014). The MAGs with the relative abundance of ≥ 0.1% in at least one sample were applied and the correlation matrix with cutoffs of p-value of < 0.05, and coefficient of > 0.6 was then imported into Cytoscape (v. 3.7.2) for cluster picking using Markov CLustering Algorithm in clusterMaker plugin (Morris et al., 2011) with the inflation value of 1.8.


3 Results
3.1 Performance of thermophilic digesters  
[bookmark: OLE_LINK1247][bookmark: OLE_LINK1248][bookmark: OLE_LINK1162][bookmark: OLE_LINK1163][bookmark: OLE_LINK1324][bookmark: OLE_LINK1325][bookmark: OLE_LINK1249][bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK1250][bookmark: OLE_LINK1251][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK1252][bookmark: OLE_LINK1253][bookmark: OLE_LINK512][bookmark: OLE_LINK513][bookmark: OLE_LINK543][bookmark: OLE_LINK544][bookmark: OLE_LINK545][bookmark: OLE_LINK342][bookmark: OLE_LINK739][bookmark: OLE_LINK740][bookmark: OLE_LINK1326][bookmark: OLE_LINK1327][bookmark: OLE_LINK343][bookmark: OLE_LINK356][bookmark: OLE_LINK1414][bookmark: OLE_LINK1415][bookmark: OLE_LINK1431][bookmark: OLE_LINK1466][bookmark: OLE_LINK1030][bookmark: OLE_LINK1079][bookmark: OLE_LINK1080][bookmark: OLE_LINK1254][bookmark: OLE_LINK1255][bookmark: OLE_LINK357][bookmark: OLE_LINK367][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK514][bookmark: OLE_LINK515][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK434][bookmark: OLE_LINK435][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK1081][bookmark: OLE_LINK370][bookmark: OLE_LINK376][bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK377][bookmark: OLE_LINK378][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK381][bookmark: OLE_LINK382][bookmark: OLE_LINK526][bookmark: OLE_LINK527][bookmark: OLE_LINK524][bookmark: OLE_LINK525]We observed that thermophilic digesters, R1 to R4, functioned well throughout the whole operating period, and digesters with higher FW: FSS ratios, corresponding with higher OLRs in the feedstocks, had considerably increments of volatile solid reduction ratio (VSR (%)) and methane production rate (MPR (mLCH4/L/d)) (Figure 1a and Figure S2). Specially, VSR (%) increased from 40.8% in the mono-digester of FSS to 70.0% in the co-digester with FW: FSS ratio of 80:20, denoting the higher volatile solid stabilization efficiency in the co-digestion process. Besides, MPRs of co-digesters were from 418.6 mLCH4/L/d in R2 to 605.2 mLCH4/L/d in R4 with 12.1%, 32.7%, 62.1%, and 80.2% increments compared with that in the mono-digester of FSS of 373.3 mLCH4/L/d. And, we observed that the measured methane yield demonstrated a decreasing trend with FW: FSS ratios in co-digesters, i.e., lower methane yield was detected in the digesters with higher FW:FSS ratios (with p-value < 0.05 of pairwise Wilcox test), from 553.4 mLCH4/g-VSdestroyed in R2 to 454.4 mLCH4/g-VSdestroyed in R4. Though, the mono-digester of FW (R5) yielded both the highest VSR (%) of 79.2% and MPR of 672.8 mLCH4/L/d in the well-performed period, it was less stable for long-term operation. Two acidified phases (Phase I: Day 63-75, and Phase II: Day 132-168) were observed in R5, as indicated by the rapid TOC accumulation and decreased methane yield (Figure 1b and c). In these two acidified phases, the measured methane yield dramatically decreased from ~400 to ~200 mL-CH4/g-VSdestroyed, and the TOC concentrations quickly accumulated up to ~5000 mg/L. Though the pH in R5 was continuously controlled by dosing NaHCO3 powder (~0.3g/g dry weight FW) to ensure it was within the methanogenic favorable range of 6.8-7.6 during the whole digestion process, the acidification was still inevitable. To tackle this issue, bioaugmentation was carried out to cease the performance deterioration by transferring the digested digestate slurry from the other four digesters (20 mL per digester) to R5. As a result, the performance of R5 was gradually recovered, demonstrating that the original microbes, especially methanogens in R5 could not function well in long-term mono-digestion of FW, and supplement of active microbial consortia was a practical action for tackling the unstable long-term operation of mono-digestion of FW.

3.2 Assembly patterns at the community level
[bookmark: OLE_LINK1470][bookmark: OLE_LINK1471][bookmark: OLE_LINK1480][bookmark: OLE_LINK1082][bookmark: OLE_LINK1110][bookmark: OLE_LINK1111][bookmark: OLE_LINK1112][bookmark: OLE_LINK1117][bookmark: OLE_LINK1118][bookmark: OLE_LINK1549][bookmark: OLE_LINK1550][bookmark: OLE_LINK1472][bookmark: OLE_LINK1473][bookmark: OLE_LINK1474][bookmark: OLE_LINK1475][bookmark: OLE_LINK1476][bookmark: OLE_LINK1479][bookmark: OLE_LINK1328][bookmark: OLE_LINK1477][bookmark: OLE_LINK1478][bookmark: OLE_LINK1481][bookmark: OLE_LINK1551][bookmark: OLE_LINK1552][bookmark: OLE_LINK1119][bookmark: OLE_LINK1120][bookmark: OLE_LINK1115][bookmark: OLE_LINK1116][bookmark: OLE_LINK1113][bookmark: OLE_LINK1114][bookmark: OLE_LINK1482][bookmark: OLE_LINK1483][bookmark: OLE_LINK1484][bookmark: OLE_LINK1485]Results of 16S rRNA gene amplicon analysis was used to decipher community compositions from digesters with different FW:FSS ratios, because it was featured of high coverage and sensitivity. We found that both alpha and beta diversities demonstrated large variations within and between digesters, so did to the relative abundance of dominant phyla and genera from FW:FSS ratio-differentiated thermophilic digesters (SI 5, Figure S3 and Figure S4). 

[bookmark: OLE_LINK1121][bookmark: OLE_LINK1122][bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK450][bookmark: OLE_LINK451][bookmark: OLE_LINK452][bookmark: OLE_LINK453][bookmark: OLE_LINK454][bookmark: OLE_LINK455][bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK282][bookmark: OLE_LINK283][bookmark: OLE_LINK385][bookmark: OLE_LINK386][bookmark: OLE_LINK120][bookmark: OLE_LINK121][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK89][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK516][bookmark: OLE_LINK517][bookmark: OLE_LINK741][bookmark: OLE_LINK742][bookmark: OLE_LINK391][bookmark: OLE_LINK1284][bookmark: OLE_LINK1285][bookmark: OLE_LINK1339][bookmark: OLE_LINK1340][bookmark: OLE_LINK1164][bookmark: OLE_LINK1165][bookmark: OLE_LINK250][bookmark: OLE_LINK251][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK1341][bookmark: OLE_LINK1342][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK1395][bookmark: OLE_LINK1396]There were 383 dereplicated MAGs was reconstructed using both IHA and short reads de novo assembly approaches (SI 6 and Figure S5), accounting for 62.4%, 69.7%, 73.6%, 80.8%, and 80.3% of the total DNA reads from digesters with FW: FSS ratios from 0:100 to 100:0, respectively. Hence, these MAGs were able to provide a comprehensive representation of the microbial communities from thermophilic digesters. Regarding the microbial community composition profile, we observed that i) the relative abundance of dominant top 10 phyla varied largely in digesters with varying FW: FSS ratios (Figure S6); ii) five Thermotogota MAGs took up 36.4 ± 18.5% of total reads, while 91 Firmicutes and 97 Proteobacteria populations only accounted for 6.7 ± 1.7% and 4.0 ± 3.3% relative abundance, respectively; and iii) the novel (referring to the taxon of a given MAG cannot be classified at the genus level) but predominant populations were quite limited in the thermophilic microbiome (Figure S7). Additionally, the relative of predominate phyla were not evenly distributed in FW:FSS ratio-differentiated samples, e.g., the values of Thermotogota (5.0-52.3%), Synergistota (3.8-13.3%), and Euryarchaeota (0.0-1.6%) showed an increasing trend with FW: FSS ratios increase. On contrary, populations of Actinobacteriota (13.0-0.6%), Coprothemobacterota (12.6-3.2%), Firmicutes (9.5-5.9%), and Proteobacteria (9.4-1.2%) showed a decreasing trend. In this study, 225 of 383 MAGs could be annotated at genus level, retrieving 71.0 ± 14.8% of the microbial communities, only 80 MAGs could be annotated at species level but they accounted for 44.9±10.6% in digesters operated with varying FW: FSS ratios (Figure S7). 
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[bookmark: OLE_LINK486][bookmark: OLE_LINK487][bookmark: OLE_LINK1212][bookmark: OLE_LINK792][bookmark: OLE_LINK793][bookmark: OLE_LINK1305][bookmark: OLE_LINK1306][bookmark: OLE_LINK564][bookmark: OLE_LINK565][bookmark: OLE_LINK566][bookmark: OLE_LINK567][bookmark: OLE_LINK568][bookmark: OLE_LINK488][bookmark: OLE_LINK1213][bookmark: OLE_LINK1214][bookmark: OLE_LINK571][bookmark: OLE_LINK572][bookmark: OLE_LINK489][bookmark: OLE_LINK490][bookmark: OLE_LINK569][bookmark: OLE_LINK570][bookmark: OLE_LINK794][bookmark: OLE_LINK795][bookmark: OLE_LINK796][bookmark: OLE_LINK797][bookmark: OLE_LINK1489][bookmark: OLE_LINK1307][bookmark: OLE_LINK1308]The clear shifting of core microbes and co-occurrence patterns of microbial clusters revealed that FW: FSS ratios induced the ecological niche differentiation of the thermophilic microbiome. To further explore the interspecies interaction within and across microbial clusters, MAGs were classified into functional guilds in fulfilling AD steps and results showed that clusters C1-C3 harbored the populations capable to proceed complete AD biochemical reactions from carbohydrates hydrolysis, sugar fermentation, and methane production (Figure 2a, and b). But populations of C4 demonstrated limited metabolic traits, specializing their functions in carbohydrates hydrolysis and acetate generation.
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[bookmark: OLE_LINK819][bookmark: OLE_LINK820][bookmark: OLE_LINK821][bookmark: OLE_LINK654][bookmark: OLE_LINK655][bookmark: OLE_LINK656][bookmark: OLE_LINK822][bookmark: OLE_LINK823][bookmark: OLE_LINK824][bookmark: OLE_LINK825][bookmark: OLE_LINK657][bookmark: OLE_LINK658][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK659][bookmark: OLE_LINK660][bookmark: OLE_LINK1349][bookmark: OLE_LINK1350][bookmark: OLE_LINK826][bookmark: OLE_LINK827]Both SBO and SPO would generate acetate as the end-product, which could be fed to acetate-consuming microorganisms, such as acetoclastic methanogens and syntrophic acetate oxidizing bacteria. Clusters C1-C3 harbored microbes with genetic potentials to carry out syntrophic acetate oxidation (SAO). In detail, the reductive acetyl-CoA pathway of the conventional SAO process (Mosbæk et al., 2016), were detected in one Armatimonadota and 6 Firmicutes bacteria’s genomes (e.g., Firmic_53 and Firmic_89 of C1, Firmic_58 and Firmic_59 of C2, and Firmic_25 of C3, etc.). Additionally, the novel SAO pathway was detected in 74 microbes’ MAGs (e.g., Firmic_82, Proteo_30, and Proteo_33 of C1, Synerg_1 and Synerg_2 of C2, Firmic_25 of C3, etc.), mediated by the glycine cleavage system and tetrahydrofolate pathway for acetate oxidation (Nobu et al., 2015). According to the experimental data, there was no butyrate, propionate, and acetate accumulation in the digesters with FW:FSS ratios ranged from 0:100 to 80:20, and these VFAs were also detected in low levels in well-functioned period of R5 (Table S3).

[bookmark: OLE_LINK663][bookmark: OLE_LINK664][bookmark: OLE_LINK828][bookmark: OLE_LINK829][bookmark: OLE_LINK830][bookmark: OLE_LINK1351][bookmark: OLE_LINK1330][bookmark: OLE_LINK344][bookmark: OLE_LINK345][bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK350][bookmark: OLE_LINK351][bookmark: OLE_LINK373][bookmark: OLE_LINK831][bookmark: OLE_LINK832][bookmark: OLE_LINK833][bookmark: OLE_LINK834][bookmark: OLE_LINK1203][bookmark: OLE_LINK1204][bookmark: OLE_LINK1495][bookmark: OLE_LINK665][bookmark: OLE_LINK666][bookmark: OLE_LINK667][bookmark: OLE_LINK875][bookmark: OLE_LINK876][bookmark: OLE_LINK963][bookmark: OLE_LINK835][bookmark: OLE_LINK836][bookmark: OLE_LINK982][bookmark: OLE_LINK983]Energy acquisition in the syntrophic consortia plays a crucial, and the electron bifurcation (EB) is one of key energy source, especially, it could drive thermodynamically unfavorable redox reactions especially for microbes that grow on low-energy substrates (Müller et al., 2018). Additionally, the electron-bifurcating complexes are reported to participate in varying biochemical reactions, such as butyrate metabolism, methanogenesis, acetogenesis, lactate oxidation, and so on (Buckel & Thauer, 2018). Thus, we genomically explore the genetic potentials of the thermophilic microbes to proceed with metabolic reactions employing this energy-conserving strategy. Results demonstrated that electron-bifurcating gene complexes were widely detected in the thermophilic microbial consortia, especially in populations with the genetic potentials for acetate-related metabolisms (Figure 4). In total, 7 electron-bifurcating gene clusters were identified, i.e., Bcd-EtfAB, NfnAB, LctD-LctCB, FixCX-FixAB, MvhADG-HdrABC, MetFV-HdrABC-MvhD, and FdhAB-HdrABC.

[bookmark: OLE_LINK837][bookmark: OLE_LINK838][bookmark: OLE_LINK964][bookmark: OLE_LINK965][bookmark: OLE_LINK966][bookmark: OLE_LINK346][bookmark: OLE_LINK347][bookmark: OLE_LINK348][bookmark: OLE_LINK349][bookmark: OLE_LINK363][bookmark: OLE_LINK364][bookmark: OLE_LINK352][bookmark: OLE_LINK353][bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK1131][bookmark: OLE_LINK1132][bookmark: OLE_LINK967][bookmark: OLE_LINK968][bookmark: OLE_LINK980][bookmark: OLE_LINK984][bookmark: OLE_LINK1205][bookmark: OLE_LINK1206][bookmark: OLE_LINK468][bookmark: OLE_LINK469][bookmark: OLE_LINK981][bookmark: OLE_LINK1498][bookmark: OLE_LINK1499][bookmark: OLE_LINK985][bookmark: OLE_LINK986][bookmark: OLE_LINK354][bookmark: OLE_LINK355][bookmark: OLE_LINK1496][bookmark: OLE_LINK1497][bookmark: OLE_LINK389][bookmark: OLE_LINK390][bookmark: OLE_LINK987][bookmark: OLE_LINK988][bookmark: OLE_LINK989][bookmark: OLE_LINK990][bookmark: OLE_LINK991][bookmark: OLE_LINK992][bookmark: OLE_LINK993][bookmark: OLE_LINK361][bookmark: OLE_LINK362][bookmark: OLE_LINK996][bookmark: OLE_LINK997][bookmark: OLE_LINK994][bookmark: OLE_LINK995][bookmark: OLE_LINK1500][bookmark: OLE_LINK1501][bookmark: OLE_LINK1502][bookmark: OLE_LINK365][bookmark: OLE_LINK366][bookmark: OLE_LINK1563][bookmark: OLE_LINK1564][bookmark: OLE_LINK55][bookmark: OLE_LINK56]First of all, electron-bifurcating gene complexes generally co-occurred with the energy-converting Fd: NAD+ reductase complex (Rnf) (Sieber et al., 2012), which was detected in 126 microbes’ genomes. The butyryl-CoA dehydrogenase complex (Bcd-EtfAB), co-existing with Rnf, catalyzing the crotonyl-CoA reduction to butyryl-CoA (Seedorf et al., 2008), was found in 33 MAGs, wherein, 24 MAGs had genetic potentials to participate in butyrate metabolism. Besides, genes encoding the electron-bifurcating transhydrogenase (NfnAB) complex, regulating the redox pools of Ferredoxin (Fd), NAD(H), and NADP(H) by shuffling electrons between NAD(P)H and Fd (Wang et al., 2010), was found in 10 Firmicutes and 1 Thermotogota populations’ MAGs. Another carboxylation metabolism-related gene complex, electron-bifurcating lactate dehydrogenase (LctBCD) was detected in 22 MAGs from 5 phyla. This module coupled the endergonic reduction of NAD+ with lactate to the exergonic reduction of NAD+ with Fdred for lactate oxidization to pyruvate (Weghoff et al., 2015). Besides, the combination of electron-confurcating hydrogenase (ECHyd) with Rnf or heterodisulfide-reductase-associated ion-translocating Fd: NADH oxidoreductase (Hdr-Ifo) was the indicator for syntrophic capacity (Nobu et al., 2014; Nobu et al., 2015), and the combinations were found in Thermot_1’s genome. Additionally, 30 microbes affiliating to four phyla (i.e., Firmicutes (10), Proteobacteria (8) Actinobacteriota (6), and Chloroflexota (6)) harbored the NAD-specific ubiquinol reductase (FixCX-FixAB), a membrane-bound enzyme complex coupling the exergonic reduction of ubiquinone with endergonic reduction of flavodoxin semiquinone (Ledbetter et al., 2017).

3.5 Metabolism of methanogens 
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[bookmark: OLE_LINK1004][bookmark: OLE_LINK1005][bookmark: OLE_LINK1135][bookmark: OLE_LINK1136][bookmark: OLE_LINK1377][bookmark: OLE_LINK1378][bookmark: OLE_LINK1508][bookmark: OLE_LINK1509][bookmark: OLE_LINK1006][bookmark: OLE_LINK1007][bookmark: OLE_LINK1137][bookmark: OLE_LINK1138][bookmark: OLE_LINK1379][bookmark: OLE_LINK1011][bookmark: OLE_LINK1012][bookmark: OLE_LINK1008][bookmark: OLE_LINK1009][bookmark: OLE_LINK1010][bookmark: OLE_LINK873][bookmark: OLE_LINK874][bookmark: OLE_LINK957][bookmark: OLE_LINK958][bookmark: OLE_LINK1015][bookmark: OLE_LINK1016][bookmark: OLE_LINK1013][bookmark: OLE_LINK1014][bookmark: OLE_LINK879][bookmark: OLE_LINK880][bookmark: OLE_LINK1019][bookmark: OLE_LINK1020][bookmark: OLE_LINK403][bookmark: OLE_LINK404][bookmark: OLE_LINK1028][bookmark: OLE_LINK1029][bookmark: OLE_LINK174][bookmark: OLE_LINK175]Hydrogenotrophic methanogens, usually initiate the process by reducing CO2 to form formyl-MFR and this reaction could be energized by two mechanisms, one is from energy-converting hydrogenase coupling a chemiosmotic-driven electron input, and the other is from EB (Thauer et al., 2008). Haloba_3 might be one methanogen genetically capable to adopt two energy conserving strategy in thermophilic microbial consortia. For the first chemiosmotic-driven energy strategy Haloba_3 could obtain electrons through F420-reducing hydrogenase (Frh), and E. coli hydrogenase-3-type hydrogenase (Ech), then, would transfer electrons to Fd to initiate CO2 reduction. The EB seemed to be more mainstream energy-conserving strategy in hydrogenotrophic methanogens because the gene complexes were detected in most methanogens’ MAGs. In detail, the H2-dependent reduction of CoM-S-S-CoB in hydrogenotrophic methanogens is catalyzed by a [NiFe]-hydrogenase-heterodisulfide reductase (MvhADG-HdrABC) complex, coupling with the endergonic reduction of Fdox in the step of reducing CO2 to for formyl-MFR (Lie et al., 2012). This complex was not only detected in Haloba_3’s genome, but also in other 6 methanogens’ MAGs. Another electron-bifurcating system consisted of formate dehydrogenase (FdhAB) and HdrABC was detected in 2 Euryarchaeota and 3 Halobacterota populations, demonstrating that they could live on formate (Wood et al., 2003). Additionally, thermophilic methanogens used different H2 uptake hydrogenases, such as Eha and Ehb for Euryar_1 and Euryar_2, and Ech for 4 Halobacterota populations.

3.6 Competition-induced niche differentiation of Thermotogota populations
[bookmark: OLE_LINK888][bookmark: OLE_LINK889][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK139][bookmark: OLE_LINK142][bookmark: OLE_LINK462][bookmark: OLE_LINK463][bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK83][bookmark: OLE_LINK1031][bookmark: OLE_LINK1032][bookmark: OLE_LINK200][bookmark: OLE_LINK201][bookmark: OLE_LINK1033][bookmark: OLE_LINK1034][bookmark: OLE_LINK890][bookmark: OLE_LINK891][bookmark: OLE_LINK202][bookmark: OLE_LINK203][bookmark: OLE_LINK88][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK408][bookmark: OLE_LINK409][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK410][bookmark: OLE_LINK411][bookmark: OLE_LINK412][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK1035][bookmark: OLE_LINK1036][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK104][bookmark: OLE_LINK128][bookmark: OLE_LINK1037][bookmark: OLE_LINK1038][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK133][bookmark: OLE_LINK138][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK1039][bookmark: OLE_LINK1040][bookmark: OLE_LINK148][bookmark: OLE_LINK151][bookmark: OLE_LINK894][bookmark: OLE_LINK895]The relative abundance of 3 Thermotogota microbes (i.e., Thermot_1, Thermot_2, and Thermot_4) was only 3.1% in the mono-digester of FSS, but the values dramatically increased to 37.3, 46.7, 39.1, and 51.9% in digesters with FW: FSS ratios ranged from 20:80 to 100:0. This implied that Thermotogota populations could gain proliferation advantages in thermophilic AD environments, especially when FW was added to the feedstock. Nevertheless, they behaved differently, e.g., Thermot_2 was the abundant microbe in digesters with FW: FSS ratios of 20:80 to 50:50, but, Thermot_4 predominated in the digesters with FW: FSS ratio of 80:20 and 100:0. Additionally, the increase of Thermot_4 was concomitant to the decline of Thermot_2, suggesting that these two microbes might have a competitive relationship (Figure S10). To verify this hypothesis, we reconstructed their metabolic pathways to find whether they share similar substrates spectrum. Results showed that Thermot_2 and Thermot_4 shared highly similar carbon sources, including starch, oligosaccharides, cellulose, and cellobiose. In addition to being carbohydrates hydrolyzers, they were both acetogens. In detail, Thermot_2 had the genetic capability to transport glucose, mannose, maltose through ABC transporter, following by glycolysis, to conduct pyruvate oxidation, and to generate acetate as end-product under catalyzing of Pta and AckA genes (Figure 3a). 

[bookmark: OLE_LINK1041][bookmark: OLE_LINK1042][bookmark: OLE_LINK1043][bookmark: OLE_LINK1044][bookmark: OLE_LINK499][bookmark: OLE_LINK500][bookmark: OLE_LINK1207][bookmark: OLE_LINK1208][bookmark: OLE_LINK1209][bookmark: OLE_LINK1210][bookmark: OLE_LINK1211][bookmark: OLE_LINK214][bookmark: OLE_LINK215]As for Thermot_4, it could transport ribose/D-Xylose, galactose oligomer/maltooligosaccharide, lactose/L-arabinose, glycerol 3-phosphate, and conduct intracellular pyruvate oxidization. Intriguingly, this population had a bacterial chemotaxis pathway, i.e., the histidine-aspartate phosphoryl (HAP) system, which was also found in Thermotoga maritima (Wadhams & Armitage, 2004). The changes in kinase (CheA) activity will quickly talk to the flagella motors through phosphorylation of the response regulator (CheY), then, it would employ CheC and CheX as dephosphatase to extinguish the signal provide by CheY-P. This may be one of the reasons why it quickly gained competitive supremacy in the digesters with higher FW: FSS ratios because it could sense and respond to external chemical signals quickly.

4. Discussion 
[bookmark: OLE_LINK896][bookmark: OLE_LINK897][bookmark: OLE_LINK1045][bookmark: OLE_LINK1046][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK165][bookmark: OLE_LINK166][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK154][bookmark: OLE_LINK155][bookmark: OLE_LINK164][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK1315][bookmark: OLE_LINK1316][bookmark: OLE_LINK898][bookmark: OLE_LINK899][bookmark: OLE_LINK1047][bookmark: OLE_LINK1381][bookmark: OLE_LINK167][bookmark: OLE_LINK168][bookmark: OLE_LINK1052][bookmark: OLE_LINK1053][bookmark: OLE_LINK1104][bookmark: OLE_LINK1048][bookmark: OLE_LINK1049][bookmark: OLE_LINK169][bookmark: OLE_LINK295][bookmark: OLE_LINK296][bookmark: OLE_LINK320][bookmark: OLE_LINK321][bookmark: OLE_LINK1380][bookmark: OLE_LINK1410][bookmark: OLE_LINK900][bookmark: OLE_LINK901][bookmark: OLE_LINK1411][bookmark: OLE_LINK1426][bookmark: OLE_LINK1050][bookmark: OLE_LINK1051][bookmark: OLE_LINK1026][bookmark: OLE_LINK1027][bookmark: OLE_LINK902][bookmark: OLE_LINK903][bookmark: OLE_LINK228][bookmark: OLE_LINK229][bookmark: OLE_LINK322][bookmark: OLE_LINK323]The FW: FSS ratio, a crucial operational parameter, plays an important role in determining OLRs and nutrient balance, which mattered not only overall performance, but also long-term operational stability (Fitamo et al., 2017; Mata-Alvarez et al., 2000). Thermophilic co-digesters of FW and FSS (with higher OLRs) yielded better overall performance than that of the mono-digester of FSS regarding the improved efficiencies of waste stabilization and energy recovery. The co-digester with the FW: FSS ratio of 80:20 yielded 70.3% and 62.2% increment regarding VSR% and MPR compared with the mono-digester of FSS. Previous studies documented that the FW: FSS ratio 40:60 (VS based) achieved VSR of 41.6% and methane yield of 0.2 mLCH4/g-VS (Kim et al., 2011), co-digester with a ratio of 25:75 (volume ratio) attained a 38% increment in methane yield compared with mono-digestion of sewage sludge (Cabbai et al., 2013). In the present study, we employed long-term operational data broadened the optimal FW: FSS ratios of thermophilic co-digestion in the range of 20:80 to 80:20 (TS based). Though in the well-functioned period, the mono-digester of FW had the highest VSR (%) and methane production rate among 5 AD digesters, it was of less engineering feasibility regarding its poor operational stability because of observed two phases of severe acidification. Qiang et al. (2013) also reported the VFAs accumulation in long-term FW mono-digestion process and extra trace metals were needed to be periodically dosed into the reactor for ensuring methanogens’ activity to make the process stable. 

[bookmark: OLE_LINK324][bookmark: OLE_LINK325][bookmark: OLE_LINK609][bookmark: OLE_LINK1054][bookmark: OLE_LINK1055][bookmark: OLE_LINK1384][bookmark: OLE_LINK1385][bookmark: OLE_LINK1386][bookmark: OLE_LINK1382][bookmark: OLE_LINK1383][bookmark: OLE_LINK1427][bookmark: OLE_LINK1428][bookmark: OLE_LINK904][bookmark: OLE_LINK905][bookmark: OLE_LINK610][bookmark: OLE_LINK611][bookmark: OLE_LINK906][bookmark: OLE_LINK1391][bookmark: OLE_LINK1392][bookmark: OLE_LINK1429][bookmark: OLE_LINK1389][bookmark: OLE_LINK1390][bookmark: OLE_LINK614][bookmark: OLE_LINK615][bookmark: OLE_LINK612][bookmark: OLE_LINK613][bookmark: OLE_LINK907][bookmark: OLE_LINK908][bookmark: OLE_LINK616][bookmark: OLE_LINK617][bookmark: OLE_LINK909][bookmark: OLE_LINK910][bookmark: OLE_LINK618][bookmark: OLE_LINK619]Large variations of microbial community compositions and diversity metrics from digesters with varying FW: FSS ratios were unveiled using 16S rRNA gene analysis, which was consistent with observations from Mei et al. (2017) that operating conditions had significant impacts on shaping the AD microbiome. And Fitamo et al. (2017) profiled a clear shift of microbial communities from mono-digester to co-digester. Despite varied microbial assembly patterns, Thermotogota populations appeared in the final communities as the most abundant members in thermophilic digesters, especially in ones with higher FW:FSS ratios. The dominance of Thermotogota had also been found in digesters fed with FW (Wang et al., 2020a), and they could function in steps of hydrolysis and acetogenesis with thermo-stable enzymes (Schut & Adams, 2009; Van Ooteghem et al., 2002; Vanwonterghem et al., 2016). 

[bookmark: OLE_LINK620][bookmark: OLE_LINK621][bookmark: OLE_LINK622][bookmark: OLE_LINK625][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK911][bookmark: OLE_LINK1056][bookmark: OLE_LINK1430][bookmark: OLE_LINK1519][bookmark: OLE_LINK446][bookmark: OLE_LINK447][bookmark: OLE_LINK623][bookmark: OLE_LINK624][bookmark: OLE_LINK912][bookmark: OLE_LINK1057][bookmark: OLE_LINK466][bookmark: OLE_LINK467][bookmark: OLE_LINK503][bookmark: OLE_LINK504][bookmark: OLE_LINK505][bookmark: OLE_LINK913][bookmark: OLE_LINK914][bookmark: OLE_LINK533][bookmark: OLE_LINK534][bookmark: OLE_LINK523][bookmark: OLE_LINK532][bookmark: OLE_LINK1520][bookmark: OLE_LINK1058][bookmark: OLE_LINK1059][bookmark: OLE_LINK1527][bookmark: OLE_LINK915][bookmark: OLE_LINK916]The distinct microbial clusters shaped by varied FW: FSS ratios suggested that the AD microbiome incorporated fastidious microorganisms proliferating in certain ecological niches (Zhu et al., 2019). A complete and self-stabilizing microbial community with their syntrophy managed was the premise of the efficient conversion from complex organic matters to CH4 (Rittmann et al., 2008). In the present study, full members of hydrolyzers, acid-producing bacteria, syntrophic bacteria involving in SBO, SPO, and SAO, and methanogens were incorporated in clusters C1, C2, and C3. Additionally, we also observed the co-occurrence patterns of different microbial clusters in co-digesters (C1 & C4, and C2 & C3), and this would be one of the reasons why co-digestion bettered the performance over the mono-digestion of FSS/FW. 

[bookmark: OLE_LINK626][bookmark: OLE_LINK627][bookmark: OLE_LINK917][bookmark: OLE_LINK1060][bookmark: OLE_LINK1061][bookmark: OLE_LINK1528][bookmark: OLE_LINK1529][bookmark: OLE_LINK65][bookmark: OLE_LINK585][bookmark: OLE_LINK590][bookmark: OLE_LINK535][bookmark: OLE_LINK581][bookmark: OLE_LINK584][bookmark: OLE_LINK628][bookmark: OLE_LINK629][bookmark: OLE_LINK918][bookmark: OLE_LINK588][bookmark: OLE_LINK589][bookmark: OLE_LINK1139][bookmark: OLE_LINK1140][bookmark: OLE_LINK1141][bookmark: OLE_LINK586][bookmark: OLE_LINK587][bookmark: OLE_LINK919][bookmark: OLE_LINK920][bookmark: OLE_LINK921][bookmark: OLE_LINK922][bookmark: OLE_LINK591][bookmark: OLE_LINK592][bookmark: OLE_LINK923][bookmark: OLE_LINK924][bookmark: OLE_LINK927][bookmark: OLE_LINK928][bookmark: OLE_LINK1142][bookmark: OLE_LINK1143][bookmark: OLE_LINK1575][bookmark: OLE_LINK1576][bookmark: OLE_LINK929][bookmark: OLE_LINK930][bookmark: OLE_LINK632][bookmark: OLE_LINK633][bookmark: OLE_LINK595][bookmark: OLE_LINK596][bookmark: OLE_LINK931][bookmark: OLE_LINK932][bookmark: OLE_LINK1062][bookmark: OLE_LINK1144][bookmark: OLE_LINK1145][bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK599][bookmark: OLE_LINK600][bookmark: OLE_LINK1063][bookmark: OLE_LINK1064][bookmark: OLE_LINK634][bookmark: OLE_LINK635][bookmark: OLE_LINK933][bookmark: OLE_LINK636][bookmark: OLE_LINK637][bookmark: OLE_LINK934][bookmark: OLE_LINK935][bookmark: OLE_LINK936][bookmark: OLE_LINK937][bookmark: OLE_LINK1530][bookmark: OLE_LINK1531][bookmark: OLE_LINK1579]VFAs degraders played a crucial role in AD microbial consortia scavenging the intermediates generated in the fermentation stage (Zhu et al., 2019). However, in this study, these short-chain VFAs-consuming microbes were of low relative abundance. For example, propionate consumers, such as Proteo_30, Proteo_34, and Bacter_22, only accounted for ≤ 0.5% relative abundance in all digesters, and syntrophic butyrate oxidizers, Firmic_82 had the highest relative abundance of 1.7% in the mono-digester of FSS, and Firmic_89 was only of ≤ 0.1% relative abundance in all digesters. At the same time, the low concentrations of butyrate and propionate were detected in quite low level when digesters well-performed (Table S3). These findings suggested that these two short-chain VFAs were not actively involved in the thermophilic AD process of treating FW and FSS. Consistent with observations from a previous study that lactate, butyrate, and formate were not involved in glucose degradation and propionate degraders were not abundant members in the whole communities (Ito et al., 2012). Additionally, we noticed that the relative abundance of these acetogens showed an increasing trend with FW:FSS ratios from 31.1%, 53.2%, 63.1%, 58.5%, to 68.8% in digesters with FW: FSS ratios ranged from 0:100 to 100:0, respectively. Though quite a lot of microbes contributed to acetate-formation, acetate was detected in the range of 10.5 to 88.2 mg/L in digesters, denoting the high turnover rate of acetate. There were two reasons to explain the high acetate-consuming rate: 1) SAO populations worked efficiently in the interconversion of methanogenic substrates, from acetate to CO2/H2, and actively syntrophic interacted with hydrogenotrophic methanogens (Lü et al., 2014; Wang et al., 2020a), and 2) acetoclastic methanogens functioned well in timely consuming acetate to generate CH4 (Zhu et al., 2020). Thus, the most predominant organics wastes degradation pathway in this study was through complex carbohydrates hydrolysis, glucose fermentation through Embden-Meyerhof-Parnas (EMP) pathway, and pyruvate oxidation with acetate, H2, and CO2 generation and producing CH4 as the end-product despite the varying FW:FSS ratios.

[bookmark: OLE_LINK938][bookmark: OLE_LINK939][bookmark: OLE_LINK1065][bookmark: OLE_LINK1066][bookmark: OLE_LINK1150][bookmark: OLE_LINK1151][bookmark: OLE_LINK605][bookmark: OLE_LINK606][bookmark: OLE_LINK668][bookmark: OLE_LINK1067][bookmark: OLE_LINK1068][bookmark: OLE_LINK640][bookmark: OLE_LINK641][bookmark: OLE_LINK642][bookmark: OLE_LINK940][bookmark: OLE_LINK941][bookmark: OLE_LINK607][bookmark: OLE_LINK608][bookmark: OLE_LINK671][bookmark: OLE_LINK672][bookmark: OLE_LINK669][bookmark: OLE_LINK670][bookmark: OLE_LINK942][bookmark: OLE_LINK1069][bookmark: OLE_LINK943][bookmark: OLE_LINK944][bookmark: OLE_LINK1070][bookmark: OLE_LINK1071][bookmark: OLE_LINK1077][bookmark: OLE_LINK1078][bookmark: OLE_LINK945][bookmark: OLE_LINK946][bookmark: OLE_LINK673][bookmark: OLE_LINK674][bookmark: OLE_LINK1072]We observed that methanogens altered their dominant trophic groups to scavenge methanogenic substrates generated from bacterial partners (Zhu et al., 2019). The major combination of Haloba_2 and Haloba_3 in digesters with FW: FSS ratios ranged from 0:100 to 80:20 was changed to the group consisted of Haloba_2, Euryar_1, and Euryar_2 in the mono-digester of FW. And we also found that acetoclastic and hydrogenotrophic methanogens were co-existed, ensured CH4 production regardless of the fluctuation of intermediates, e.g., acetate, CO2/H2 in digesters with varying FW: FSS ratios (Hori et al., 2006). Additionally, two energy-conserving strategies were observed in the methanogenic community, namely, 1) chemiosmotic gradient represented by Haloba_3, and 2) electron bifurcation, such as Haloba_2 and Euryar_1. Therefore, the equilibrium of methanogenic populations with varied metabolic traits could be manipulated by their trophic specialization and energy-conserving strategies (Gilmore et al., 2017; Zhu et al., 2019). 
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[bookmark: OLE_LINK947][bookmark: OLE_LINK948][bookmark: OLE_LINK1073][bookmark: OLE_LINK679][bookmark: OLE_LINK680][bookmark: OLE_LINK677][bookmark: OLE_LINK678][bookmark: OLE_LINK949][bookmark: OLE_LINK950][bookmark: OLE_LINK1074][bookmark: OLE_LINK951][bookmark: OLE_LINK952][bookmark: OLE_LINK1075][bookmark: OLE_LINK1076][bookmark: OLE_LINK1095][bookmark: OLE_LINK1096][bookmark: OLE_LINK675][bookmark: OLE_LINK676][bookmark: OLE_LINK1097][bookmark: OLE_LINK1098][bookmark: OLE_LINK1099][bookmark: OLE_LINK1100][bookmark: OLE_LINK1101][bookmark: OLE_LINK1083][bookmark: OLE_LINK1084][bookmark: OLE_LINK955][bookmark: OLE_LINK956]AD was featured of limited energy margins and the key to achieve the endergonic electron transfer is to use high energy electron carriers such as Fd (Sieber et al., 2012). The Fd could receive electrons from two sources: one is from the substrate oxidation related redox reactions with general electron carriers, i.e., NAD(P)+, and the other is from electron carriers catalyzed by electron-confurcating/bifurcating enzymes, such as Rnf and NfnAB (Hao et al., 2020; Kuhns et al., 2020; Zhu et al., 2019). We observed that many MAGs possessed gene clusters for EB involved the redox of Fd, and they accounted for quite high relative abundance in the acetate-metabolized populations. For example, 32.9% of members harbored Rnf genes, wherein, 21 of 33 Bcd-EtfAB complex-harboring MAGs, 17 of 30 FixCX-FixAB complex-possessed populations, 13 of 22 LctD-LctCB complex-containing microbes were acetogens. Besides, multiple electron-bifurcating gene clusters (e.g., MvhADG-HdrABC, FdhAB-HdrABC, MetFV-HdrABC-MvhD, etc.) were detected in most archaeal microorganisms.
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5. Conclusion
[bookmark: OLE_LINK1102][bookmark: OLE_LINK1103][bookmark: OLE_LINK700][bookmark: OLE_LINK701][bookmark: OLE_LINK1148][bookmark: OLE_LINK1149][bookmark: OLE_LINK1654][bookmark: OLE_LINK1655][bookmark: OLE_LINK1658][bookmark: OLE_LINK1539][bookmark: OLE_LINK1540][bookmark: OLE_LINK1532][bookmark: OLE_LINK1536][bookmark: OLE_LINK698][bookmark: OLE_LINK699][bookmark: OLE_LINK973][bookmark: OLE_LINK974][bookmark: OLE_LINK1656][bookmark: OLE_LINK1657][bookmark: OLE_LINK702][bookmark: OLE_LINK703][bookmark: OLE_LINK692][bookmark: OLE_LINK693][bookmark: OLE_LINK704][bookmark: OLE_LINK705][bookmark: OLE_LINK1525][bookmark: OLE_LINK1526][bookmark: OLE_LINK1400][bookmark: OLE_LINK1401][bookmark: OLE_LINK1541][bookmark: OLE_LINK1544][bookmark: OLE_LINK1545][bookmark: OLE_LINK975][bookmark: OLE_LINK976][bookmark: OLE_LINK694][bookmark: OLE_LINK695][bookmark: OLE_LINK706][bookmark: OLE_LINK707][bookmark: OLE_LINK977][bookmark: OLE_LINK978][bookmark: OLE_LINK1402][bookmark: OLE_LINK1403][bookmark: OLE_LINK696][bookmark: OLE_LINK697][bookmark: OLE_LINK708]In the present study, profiling of thermophilic microbial consortia was conducted in high resolution and over a long period using high-throughput sequencing technologies. For example, 16S rRNA gene amplicon analysis was adopted to reveal the large variations of AD microbiome from thermophilic digesters with different FW: FSS ratios, and we reconstructed MAGs employing two assembly approaches (i.e., IHA and SRs de novo assembly) to explore the microbial interactions of functional microbes in the AD process. The dominant pathway in the thermophilic AD digesters was through complex carbohydrates hydrolysis, glucose fermentation through EMP pathway, and pyruvate oxidation, generating acetate, H2, CO2 with CH4 as the end-product. The ecological niche partitioning was observed by the identification of 4 microbial clusters, and they assembled in varied co-occurrence patterns in response to varying FW: FSS ratios. Wherein, 3 out of 4 clusters had full members in fulfilling all sequential 4-step empirical AD processes, as well as acetogens to scavenge short-chain VFAs and maintained mutualistic interactions with archaeal partners. Gene clusters for EB mechanism was detected in many carboxylated acetogens’ and also in hydrogenotrophic methanogens’ genomes. The co-occurrence of acetoclastic and hybridogenetic methanogens ensured the CH4 generation and methanogenic communities would alter their dominant trophic groups to scavenge methanogenic substrates in the thermophilic digesters. 


Acknowledgement
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK510][bookmark: OLE_LINK511][bookmark: OLE_LINK521][bookmark: OLE_LINK522][bookmark: OLE_LINK530][bookmark: OLE_LINK531]This work was supported by the Theme-based Research of Hong Kong (T21-705-20-N) and Environment and Conservation Fund (ECF 56/2016). Dr. Chunxiao Wang, Dr. Yulin Wang, and Dr. Lei Liu appreciate the University of Hong Kong for the postdoctoral fellowships. Miss Dou Wang would like to thank The University of Hong Kong for the postgraduate scholarship. Technical assistance from Ms. Vicky Fung is greatly appreciated.


Reference:
Angelidaki, I., Ellegaard, L., Ahring, B.K. 1999. A comprehensive model of anaerobic bioconversion of complex substrates to biogas. Biotechnol. Bioeng., 63(3), 363-372.
Bolzonella, D., Battistoni, P., Susini, C., Cecchi, F. 2006. Anaerobic codigestion of waste activated sludge and OFMSW: the experiences of Viareggio and Treviso plants (Italy). Water Sci. Technol., 53(8), 203-211.
Buckel, W., Thauer, R.K. 2018. Flavin-based electron bifurcation, ferredoxin, flavodoxin, and anaerobic respiration with protons (Ech) or NAD+ (Rnf) as electron acceptors: A historical review. Front. Microbiol., 9, 401.
Cabbai, V., Ballico, M., Aneggi, E., Goi, D. 2013. BMP tests of source selected OFMSW to evaluate anaerobic codigestion with sewage sludge. Waste Manage., 33(7), 1626-1632.
Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., Turnbaugh, P.J., Fierer, N., Knight, R. 2011. Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Nat. Acad. Sci. U.S.A., 108(Supplement 1), 4516-4522.
Carucci, G., Carrasco, F., Trifoni, K., Majone, M. and Beccari, M. 2005. Anaerobic digestion of food industry wastes: effect of codigestion on methane yield. J. Environ. Eng. 131(7), 1037-1045.
Finn, R.D., Clements, J., Eddy, S.R. 2011. HMMER web server: interactive sequence similarity searching. Nucleic Acids Res., 39(suppl_2), W29-W37.
Fitamo, T., Boldrin, A., Boe, K., Angelidaki, I., Scheutz, C. 2016. Co-digestion of food and garden waste with mixed sludge from wastewater treatment in continuously stirred tank reactors. Bioresour. Technol., 206, 245-254.
Fitamo, T., Treu, L., Boldrin, A., Sartori, C., Angelidaki, I., Scheutz, C.J.W.r. 2017. Microbial population dynamics in urban organic waste anaerobic co-digestion with mixed sludge during a change in feedstock composition and different hydraulic retention times. Water Res., 118, 261-271.
Gilmore, S.P., Henske, J.K., Sexton, J.A., Solomon, K.V., Seppälä, S., Yoo, J.I., Huyett, L.M., Pressman, A., Cogan, J.Z., Kivenson, V. 2017. Genomic analysis of methanogenic archaea reveals a shift towards energy conservation. BMC Genom., 18(1), 1-14.
GovHK, Agriculture, Fisheries & Conservation Department (2016) Hong Kong: The Facts Agriculture and Fisheries. https://www.gov.hk/en/about/abouthk/factsheets/docs/agriculture.pdf. Accessed 20 July 2020.
Gralka, M., Szabo, R., Stocker, R., Cordero, O.X. 2020. Trophic Interactions and the Drivers of Microbial Community Assembly. Curr. Biol., 30(19), R1176-R1188.
Granato, E.T., Meiller-Legrand, T.A., Foster, K.R. 2019. The evolution and ecology of bacterial warfare. Curr. Biol., 29(11), R521-R537.
Hao, L., Michaelsen, T.Y., Singleton, C.M., Dottorini, G., Kirkegaard, R.H., Albertsen, M., Nielsen, P.H., Dueholm, M.S. 2020. Novel syntrophic bacteria in full-scale anaerobic digesters revealed by genome-centric metatranscriptomics. ISME J, 14(4), 906-918.
Hori, T., Haruta, S., Ueno, Y., Ishii, M., Igarashi, Y. 2006. Dynamic transition of a methanogenic population in response to the concentration of volatile fatty acids in a thermophilic anaerobic digester. Appl. Environ. Microbiol., 72(2), 1623-1630.
Ito, T., Yoshiguchi, K., Ariesyady, H.D., Okabe, S. 2012. Identification and quantification of key microbial trophic groups of methanogenic glucose degradation in an anaerobic digester sludge. Bioresour. Technol., 123, 599-607.
[bookmark: OLE_LINK1547][bookmark: OLE_LINK1548]Jain, C., Rodriguez-R, L.M., Phillippy, A.M., Konstantinidis, K.T., Aluru, S. 2018. High throughput ANI analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat. Commun., 9(1), 1-8.
[bookmark: OLE_LINK1553][bookmark: OLE_LINK1554]Ju, F., Lau, F., Zhang, T. 2017. Linking microbial community, environmental variables, and methanogenesis in anaerobic biogas digesters of chemically enhanced primary treatment sludge. Environ. Sci. Technol., 51(7), 3982-3992.
[bookmark: OLE_LINK1555][bookmark: OLE_LINK1556]Ju, F., Xia, Y., Guo, F., Wang, Z., Zhang, T. 2014. Taxonomic relatedness shapes bacterial assembly in activated sludge of globally distributed wastewater treatment plants. Environ. Microbiol., 16(8), 2421-2432.
Kanehisa, M., Sato, Y. 2020. KEGG Mapper for inferring cellular functions from protein sequences. Protein Sci., 29(1), 28-35.
Kanehisa, M., Sato, Y., Morishima, K. 2016. BlastKOALA and GhostKOALA: KEGG tools for functional characterization of genome and metagenome sequences. J. Mol. Biol., 428(4), 726-731.
Kim, H.-W., Nam, J.-Y., Shin, H.-S. 2011. A comparison study on the high-rate co-digestion of sewage sludge and food waste using a temperature-phased anaerobic sequencing batch reactor system. Bioresour. Technol., 102(15), 7272-7279.
Kim, M., Ahn, Y.-H., Speece, R.J.W.r. 2002. Comparative process stability and efficiency of anaerobic digestion; mesophilic vs. thermophilic. Water Res., 36(17), 4369-4385.
Kuhns, M., Trifunović, D., Huber, H., Müller, V. 2020. The Rnf complex is a Na+ coupled respiratory enzyme in a fermenting bacterium, Thermotoga maritima. Commun. Biol., 3(1), 1-10.
Labatut, R.A., Angenent, L.T., Scott, N.R.J.W.r. 2014. Conventional mesophilic vs. thermophilic anaerobic digestion: a trade-off between performance and stability? Water Res., 53, 249-258.
[bookmark: OLE_LINK1565][bookmark: OLE_LINK1566]Ledbetter, R.N., Garcia Costas, A.M., Lubner, C.E., Mulder, D.W., Tokmina-Lukaszewska, M., Artz, J.H., Patterson, A., Magnuson, T.S., Jay, Z.J., Duan, H.D. 2017. The electron bifurcating FixABCX protein complex from Azotobacter vinelandii: generation of low-potential reducing equivalents for nitrogenase catalysis. Biochemistry, 56(32), 4177-4190.
Lie, T.J., Costa, K.C., Lupa, B., Korpole, S., Whitman, W.B., Leigh, J.A. 2012. Essential anaplerotic role for the energy-converting hydrogenase Eha in hydrogenotrophic methanogenesis. Proc. Natl. Acad. Sci. U.S.A., 109(38), 15473-15478.
[bookmark: OLE_LINK1567][bookmark: OLE_LINK1568]Liu, L., Wang, Y., Che, Y., Chen, Y., Xia, Y., Luo, R., Cheng, S.H., Zheng, C., Zhang, T. 2020. High-quality bacterial genomes of a partial-nitritation/anammox system by an iterative hybrid assembly method. Microbiome, 8(1), 1-17.
Lü, F., Bize, A., Guillot, A., Monnet, V., Madigou, C., Chapleur, O., Mazéas, L., He, P., Bouchez, T. 2014. Metaproteomics of cellulose methanisation under thermophilic conditions reveals a surprisingly high proteolytic activity. ISME J, 8(1), 88-102.
[bookmark: OLE_LINK1569][bookmark: OLE_LINK1570]Mata-Alvarez, J., Dosta, J., Romero-Güiza, M., Fonoll, X., Peces, M., Astals, S. 2014. A critical review on anaerobic co-digestion achievements between 2010 and 2013. Renew. Sustain. Energy Rev., 36, 412-427.
Mata-Alvarez, J., Macé, S., Llabres, P. 2000. Anaerobic digestion of organic solid wastes. An overview of research achievements and perspectives. Bioresour. Technol., 74(1), 3-16.
[bookmark: OLE_LINK1542][bookmark: OLE_LINK1543]Mei, R., Nobu, M.K., Narihiro, T., Kuroda, K., Sierra, J.M., Wu, Z., Ye, L., Lee, P.K., Lee, P.-H., Van Lier, J.B. 2017. Operation-driven heterogeneity and overlooked feed-associated populations in global anaerobic digester microbiome. Water Res., 124, 77-84.
Mock, J., Wang, S., Huang, H., Kahnt, J., Thauer, R.K. 2014. Evidence for a hexaheteromeric methylenetetrahydrofolate reductase in Moorella thermoacetica. J. Bacteriol., 196(18), 3303-3314.
[bookmark: OLE_LINK1573][bookmark: OLE_LINK1574]Morris, J.H., Apeltsin, L., Newman, A.M., Baumbach, J., Wittkop, T., Su, G., Bader, G.D., Ferrin, T.E. 2011. clusterMaker: a multi-algorithm clustering plugin for Cytoscape. BMC Bioinform., 12(1), 436.
Mosbæk, F., Kjeldal, H., Mulat, D.G., Albertsen, M., Ward, A.J., Feilberg, A., Nielsen, J.L. 2016. Identification of syntrophic acetate-oxidizing bacteria in anaerobic digesters by combined protein-based stable isotope probing and metagenomics. ISME J, 10(10), 2405-2418.
[bookmark: OLE_LINK1581][bookmark: OLE_LINK1582]Müller, V., Chowdhury, N.P., Basen, M. 2018. Electron bifurcation: a long-hidden energy-coupling mechanism. Annu. Rev. Microbiol., 72, 331-353.
Nielfa, A., Cano, R., Fdz-Polanco, M. 2015. Theoretical methane production generated by the co-digestion of organic fraction municipal solid waste and biological sludge. Biotechnol. Rep., 5, 14-21.
[bookmark: OLE_LINK1557][bookmark: OLE_LINK1558]Nobu, M.K., Narihiro, T., Hideyuki, T., Qiu, Y.L., Sekiguchi, Y., Woyke, T., Goodwin, L., Davenport, K.W., Kamagata, Y., Liu, W.T. 2014. The genome of S yntrophorhabdus aromaticivorans strain UI provides new insights for syntrophic aromatic compound metabolism and electron flow. Environ. Microbiol., 17(12), 4861-4872.
Nobu, M.K., Narihiro, T., Rinke, C., Kamagata, Y., Tringe, S.G., Woyke, T., Liu, W.-T. 2015. Microbial dark matter ecogenomics reveals complex synergistic networks in a methanogenic bioreactor. ISME J, 9(8), 1710-1722.
[bookmark: OLE_LINK1577][bookmark: OLE_LINK1578]Parks, D.H., Chuvochina, M., Chaumeil, P.-A., Rinke, C., Mussig, A.J., Hugenholtz, P. 2020. A complete domain-to-species taxonomy for Bacteria and Archaea. Nat. Biotechnol., 1-8.
Qiang, H., Niu, Q., Chi, Y., Li, Y. 2013. Trace metals requirements for continuous thermophilic methane fermentation of high-solid food waste. Chemical Engineering Journal, 222, 330-336.
Rittmann, B.E., Krajmalnik-Brown, R., Halden, R.U. 2008. Pre-genomic, genomic and post-genomic study of microbial communities involved in bioenergy. Nat. Rev. Microbiol., 6(8), 604-612.
Redondas, V., Gómez, X., García, S., Pevida, C., Rubiera, F., Morán, A. and Pis, J.J. 2012. Hydrogen production from food wastes and gas post-treatment by CO2 adsorption. Waste Manage. 
Schut, G.J., Adams, M.W. 2009. The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production. J. Bacteriol., 191(13), 4451-4457.
Seedorf, H., Fricke, W.F., Veith, B., Brüggemann, H., Liesegang, H., Strittmatter, A., Miethke, M., Buckel, W., Hinderberger, J., Li, F. 2008. The genome of Clostridium kluyveri, a strict anaerobe with unique metabolic features. Proc. Natl. Acad. Sci. U.S.A., 105(6), 2128-2133.
Siddique, M.N.I., Wahid, Z.A. 2018. Achievements and perspectives of anaerobic co-digestion: A review. J. Clean. Prod., 194, 359-371.
Sieber, J.R., Le, H.M., McInerney, M.J. 2014. The importance of hydrogen and formate transfer for syntrophic fatty, aromatic and alicyclic metabolism. Environ. Microbiol., 16(1), 177-188.
Sieber, J.R., McInerney, M.J., Gunsalus, R.P. 2012. Genomic insights into syntrophy: the paradigm for anaerobic metabolic cooperation. Annu. Rev. Microbiol., 66, 429-452.
Thauer, R.K., Kaster, A.-K., Seedorf, H., Buckel, W., Hedderich, R. 2008. Methanogenic archaea: ecologically relevant differences in energy conservation. Nat. Rev. Microbiol., 6(8), 579-591.
[bookmark: OLE_LINK1591][bookmark: OLE_LINK1592]Van Ooteghem, S.A., Beer, S.K., Yue, P.C. 2002. Hydrogen production by the thermophilic bacterium Thermotoga neapolitana. Appl. Biochem. Biotechnol., 98(1-9), 177-189.
Vanwonterghem, I., Jensen, P.D., Rabaey, K., Tyson, G.W. 2016. Genome‐centric resolution of microbial diversity, metabolism and interactions in anaerobic digestion. Environ. Microbiol., 18(9), 3144-3158.
Wadhams, G.H., Armitage, J.P. 2004. Making sense of it all: bacterial chemotaxis. Nat. Rev. Mol. Cell Biol., 5(12), 1024-1037.
Wang, C., Wang, Y., Wang, Y., Cheung, K.-k., Ju, F., Xia, Y., Zhang, T. 2020a. Genome-centric microbiome analysis reveals solid retention time (SRT)-shaped species interactions and niche differentiation in food waste and sludge co-digesters. Water Res., 115858.
Wang, S., Huang, H., Moll, J., Thauer, R.K. 2010. NADP+ reduction with reduced ferredoxin and NADP+ reduction with NADH are coupled via an electron-bifurcating enzyme complex in Clostridium kluyveri. J. Bacteriol. 192, 5115-5123.
[bookmark: OLE_LINK1595][bookmark: OLE_LINK1596]Wang, X., Lu, X., Li, F., Yang, G. 2014. Effects of temperature and carbon-nitrogen (C/N) ratio on the performance of anaerobic co-digestion of dairy manure, chicken manure and rice straw: focusing on ammonia inhibition. PloS one, 9(5).
[bookmark: OLE_LINK1597][bookmark: OLE_LINK1598]Wang, Y., Li, L., Xia, Y., Ju, F., Zhang, T. 2020b. Genome-centric portrait of the microbes’ cellulolytic competency. bioRxiv.
[bookmark: OLE_LINK1599][bookmark: OLE_LINK1600]Wang, Y., Wang, C., Wang, Y., Xia, Y., Chen, G., Zhang, T. 2017. Investigation on the anaerobic co-digestion of food waste with sewage sludge. Appl. Microbiol. Biotechnol., 101(20), 7755-7766.
[bookmark: OLE_LINK1537][bookmark: OLE_LINK1538]Weiland, P. 2010. Biogas production: current state and perspectives. Appl. Microbiol. Biotechnol., 85(4), 849-860.
Weghoff, M.C., Bertsch, J., Müller, V. 2015. A novel mode of lactate metabolism in strictly anaerobic bacteria. Environ. Microbiol., 17(3), 670-677.
Weiss, A.S., Burrichter, A.G., Raj, A.C.D., von Strempel, A., Meng, C., Kleigrewe, K., Muench, P.C., Roessler, L., Huber, C., Eisenreich, W. 2021. Exploring the interaction network of a synthetic gut bacterial community. bioRxiv.
Wood, G.E., Haydock, A.K., Leigh, J.A. 2003. Function and regulation of the formate dehydrogenase genes of the methanogenic archaeon Methanococcus maripaludis. J. Bacteriol., 185(8), 2548-2554.
Xie, S., Hai, F.I., Zhan, X., Guo, W., Ngo, H.H., Price, W.E., Nghiem, L.D. 2016. Anaerobic co-digestion: A critical review of mathematical modelling for performance optimization. Bioresour. Technol., 222, 498-512.
Yin, Y., Mao, X., Yang, J., Chen, X., Mao, F., Xu, Y. 2012. dbCAN: a web resource for automated carbohydrate-active enzyme annotation. Nucleic Acids Res., 40(W1), W445-W451.
[bookmark: OLE_LINK1533][bookmark: OLE_LINK1534][bookmark: OLE_LINK1535]Zhang, Y., Banks, C.J., Heaven, S. 2012. Co-digestion of source segregated domestic food waste to improve process stability. Bioresour. Technol., 114, 168-178.
Zhu, X., Campanaro, S., Treu, L., Kougias, P.G., Angelidaki, I. 2019. Novel ecological insights and functional roles during anaerobic digestion of saccharides unveiled by genome-centric metagenomics. Water Res., 151, 271-279.
Zhu, X., Campanaro, S., Treu, L., Seshadri, R., Ivanova, N., Kougias, P.G., Kyrpides, N., Angelidaki, I. 2020. Metabolic dependencies govern microbial syntrophies during methanogenesis in an anaerobic digestion ecosystem. Microbiome, 8(1), 1-14.

Figure captions:
[bookmark: OLE_LINK1638][bookmark: OLE_LINK1639][bookmark: OLE_LINK1586][bookmark: OLE_LINK1289][bookmark: OLE_LINK1290][bookmark: OLE_LINK1636][bookmark: OLE_LINK1637]Figure 1 Overall performance of FW:FSS ratio-differentiated digesters, volatile solid reduction (VSR) ratio (%) (a), methane yield (mL CH4/g-VSdestroyed) (b), and total organic carbon concentration (mg/L) (c). 
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