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Abstract: The aim of this work was to elucidate the microbial ecology in twelve 23 

mesophilic and thermophilic full-scale biogas plants using a genome-centric 24 

metagenomic approach. In this study both biogas plants treating manure and those 25 

treating sludge from waste water treatment plants were considered. The identification 26 

of 132 Metagenome-Assembled Genomes (MAGs) and analysis of their abundance 27 

profile in different samples allowed the identification of the most abundant core 28 

members of the anaerobic digestion microbiome. Canonical correspondence analysis 29 

was used to determine the influence of biotic and environmental factors on MAGs 30 

abundance and to investigate the methanogenic performance of the biogas plants. 31 

Prediction of the functional properties of MAGs was obtained analyzing their KEGG 32 

pathways and their carbohydrate active domains. Network analysis allowed 33 

investigation of species-species associations and shed light on syntrophic interactions 34 

between members belonging to the anaerobic digestion dark matter (phylum 35 

Fermentibacteria). By stratifying and comparing different levels of information, it 36 

was predicted that some MAGs have a crucial role in the manure-supplemented 37 

thermophilic biogas plants and it was highlighted the importance of the glycine 38 

cleavage system in complementing the “truncated” Wood-Ljungdahl pathway. 39 

Key words: Anaerobic digestion; Metagenomic binning; Abundant 40 

Metagenome-Assembled Genomes; Functional analysis 41 
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1. Introduction 43 

Biogas production from organic wastes via anaerobic digestion (AD) has been used 44 

worldwide, allowing renewable energy recovery from organic wastes. In some 45 

countries biogas production has been proposed as a basis of circular economy, 46 

allowing for bio-waste valorization in the form of biogas; it is also relevant in nutrient 47 

recycling, in the decrease of the green-house gas emissions and in the reduction of 48 

nitrogen leakage to the soil and groundwater. AD includes four sequential metabolic 49 

steps namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Sundberg 50 

et al., 2013). A number of different microorganisms are involved in the AD process, 51 

and different species have distinct roles in a collective organization, which forms an 52 

extremely specialized and complex microbiome. Therefore, microbial communities 53 

are an important resource for improved anaerobic conversion of organic wastes. In 54 

order to optimally exploit this resource it is required to understand not only which 55 

microorganisms are present, but also their metabolic potentials (Luo et al., 2016). 56 

It was previously reported that more than 99% of prokaryotes in the environment 57 

cannot be cultured in the laboratory (Tringe and Rubin, 2005), which limits our 58 

understanding of microbial physiology, genetics and community ecology. 59 

Culture-independent molecular methods based on 16S rRNA genes and on shotgun 60 

sequencing of total DNA (metagenomic sequencing) have been developed to 61 

characterize the microbial communities in biogas reactors and their metabolic 62 

potential (Luo et al., 2016; Treu et al., 2016a). Indeed, our understanding of these 63 

complex systems has been greatly improved by investigating the microbial 64 
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community compositions and their correlations with the environmental variables. 65 

Previous studies characterized the microbial community using short unassembled 66 

reads (Bassani et al., 2015; Luo et al., 2016; Schlüter et al., 2008) or metagenomic 67 

assembly (Bremges et al., 2015a; Wirth et al., 2012). However, the identification of 68 

species in the biogas community by sequencing of both 16S rRNA genes and total 69 

DNA were mainly performed with similarity search for sequences deposited in public 70 

databases (Campanaro et al., 2016). Since these reference sequences belong to species 71 

frequently isolated from natural environments unrelated to engineered AD process, 72 

they might have different functional properties even if they belong to phylogenetically 73 

related groups. Therefore, the taxonomic assignment and the functional 74 

characterization of dominant microorganisms in biogas reactors are still challenging. 75 

The genomes of individual species reconstructed from mixed cultures are named 76 

Metagenome Assembled Genomes (MAGs) and can be successfully reconstructed by 77 

binning the scaffolds obtained from metagenomic assembly. This genome-centric 78 

approach provides a powerful method to understand the phylogenetic and metabolic 79 

diversity in anaerobic digestion without relying on culture-dependent techniques. In 80 

order to reconstruct MAGs, different binning strategies were proposed (Imelfort et al., 81 

2014; Kang et al., 2015), including one specifically applied to characterize the 82 

microbial communities in lab-scale biogas reactors fed with cattle manure 83 

(Campanaro et al., 2016).Recent studies recovered MAGs present in the AD system, 84 

focusing the attention on laboratory-scale reactors fed with specific substrates (e.g. 85 

cellulose as the sole carbon and energy source) (Vanwonterghem et al., 2016), or 86 
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supplemented with lipids or H2 (Campanaro et al., 2016; Treu et al., 2016b). Other 87 

studies were focused on biogas plants, but using 16S rRNA gene-based methods or 88 

investigating only a limited number of samples with high sequencing depth (Stolze et 89 

al., 2016),(Rivière et al., 2009; Werner et al., 2011). However, detailed information 90 

about the core abundant microorganisms and their functional properties in full-scale 91 

biogas reactors is still missing. In Denmark, there are more than 40 centralized biogas 92 

plants co-digesting manure and industrial wastes as feedstock. Moreover, most of the 93 

wastewater treatment plants (WWTPs) have full-scale biogas reactors treating the 94 

primary and secondary sludge. Therefore, the aim of this study was to elucidate the 95 

microbiome of full-scale biogas reactors operating under various operational 96 

conditions, to correlate the environmental parameters applied on the reactors with 97 

microbial compositions and to propose functional roles for poorly-characterized 98 

species and for the most abundant MAGs.  99 

2. Materials and methods 100 

2.1 Sampling and DNA extraction 101 

The collected samples were obtained from Danish full-scale biogas reactors. Only 102 

biogas plants that had been running for more than two years under similar operational 103 

conditions were considered. The detailed information about operational conditions 104 

and performance of each biogas reactor is shown in Table S1. All biogas reactors had 105 

sampling points in the effluent lines close to the reactors ensuring good representative 106 

samples of the reactor biomass. The sampling valve was opened for 5 min before 107 

sample acquisition to flush the sampling valve and tube (Luo et al., 2016). “MT” and 108 
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“MM” represent the biogas reactors fed with manure and operated respectively under 109 

thermophilic and mesophilic conditions, while “SM” represents the mesophilic biogas 110 

plants fed with sludge from WWTPs. Samples MT2a and MT2b were collected from 111 

Blåhoj, and samples MT3a and MT3b were obtained from Lemvig biogas plants. Both 112 

Blåhoj and Lemvig have two biogas reactors connected in series, and thus samples 113 

were collected from both steps of the serial process. All the biogas plants in this study 114 

were operating at stable conditions at the time of sampling, which ensured the 115 

representativeness of these microbial communities. The samples for DNA extractions 116 

were collected in sterile tubes (15 mL) and frozen immediately in a cooler with dry 117 

ice. QIAamp DNA Stool Mini Kit (QIAGEN) was used to extract total genomic DNA 118 

from the pellet obtained after centrifugation (10 min at 16000xg). NanoDrop 1000 119 

(Thermofisher) was used to measure the DNA concentration and purity. 120 

2.2 Metagenomic sequencing and binning analysis 121 

The extracted DNA was sent to Beijing Genomics Institute for library preparation 122 

(101 bp paired-end strategy) and sequenced using Illumina Hiseq 2000 platform 123 

obtaining between 9.6 and 30 million paired-end sequences depending on sample. All 124 

the metagenomic datasets were uploaded to MG-RAST (Rapid Annotation using 125 

Subsystems Technology for Metagenomes) with the project ID 6474. 126 

Sequence reads with low quality or ambiguous bases were filtered with Trimmomatic 127 

(v0.33) (Bolger et al., 2014), and the pair-end sequence reads were merged with Flash 128 

(Salzberg, 2011). These high quality reads were imported to CLC Genomics 129 

workbench v. 5.1 (CLC Bio, QIAGEN, USA) and assembled using de novo assembly 130 
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algorithm (kmer 63, bubble size 60 and minimum scaffold length 500 bp). 131 

Protein-encoding genes were predicted using Prodigal (v2.6.2) in metagenome mode 132 

(Hyatt et al., 2012). Scaffolds coverage was determined by aligning to the assembly 133 

the reads of each sample with bowtie2 (v2.2.4) (Langmead and Salzberg, 2012) and 134 

calculating values with the BEDTools package (v2.17.0) (Quinlan and Hall, 2010). 135 

Metagenomic binning was performed using a strategy based on hierarchical clustering 136 

followed by canopy profile selection (Campanaro et al., 2016). Completeness, 137 

contamination and taxonomic assignment of the MAGs were determined using 138 

CheckM (Parks et al., 2015). The 16S rRNA genes were identified for each MAG 139 

with in-house developed perl script using Hidden Markov Models obtained from 140 

RNAmmer (Lagesen et al., 2007) and taxonomy was determined using RDP classifier 141 

trained on GreenGenes 13_5 (Wang et al., 2007) and on SILVA 132 (Quast et al., 142 

2013). These databases were selected considering previous comparative taxonomic 143 

investigations performed on the AD microbiome (Campanaro et al., 2018). MAGs 144 

taxonomic assignment was further validated using PhyloPhlAn (Segata et al., 2013). 145 

Average Nucleotide Identity (ANI) values were calculated as previously described 146 

(Campanaro et al., 2017) considering genomes deposited in the NCBI microbial 147 

database representative for all the microbial species. ANI was also calculated with the 148 

MAGs identified in previous binning projects (Campanaro et al., 2016; Jing et al., 149 

2017; Mosbæk et al., 2016; Ruiz-Sánchez et al., 2017; Stolze et al., 2016; Treu et al., 150 

2016b; Vanwonterghem et al., 2016). Two genomes were considered as belonging to 151 

the same species if ANI was higher than 95% and they have at least 70% of genes in 152 
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common (Varghese et al., 2015). An additional investigation was performed on four 153 

MAGs (DTU308, DTU309, DTU310, DTU320) by selecting 5278 representative 154 

genomes from NCBI microbial genomes database (details regarding selection is 155 

provided in the Supporting Information file), building a tree using PhloPhlAn (Segata 156 

et al., 2013) (126 h total CPU computation time) and performing a manual inspection 157 

supported by Dendroscope (Huson and Scornavacca, 2012). The taxonomic 158 

assignments obtained with different methods were manually compared and a name 159 

representative of the taxonomic assignment for each MAG was proposed. Abundance 160 

of the MAGs in different samples was calculated considering the coverage values and 161 

length of their scaffolds as previously described (Campanaro et al., 2017). The 162 

coverage of the MAGs in different samples was clustered based on Pearson using 163 

MeV software in order to identify behavior of MAGs in different samples (Saeed et 164 

al., 2003). This result was subsequently converted in a network representation by 165 

computing the similarity matrix using the Pearson Correlation Coefficient with the 166 

“Expression Correlation network” Plugin tool and visualizing the result with 167 

Cytoscape (v2.8.3) (Shannon et al., 2003). Protein-encoding genes for each MAG 168 

were predicted using Prodigal (v2.6.2) in normal mode and annotated using MAPLE 169 

to verify completeness of the biochemical pathways (Takami et al., 2016). Protein 170 

encoding genes were also analyzed with FOAM software(Prestat et al., 2014); 171 

subsequently the number of genes associated with each pathway and module were 172 

calculated using self-written perl scripts available in SourceForge 173 

(https://sourceforge.net/projects/perl-scripts-kegg/). MAGs were analyzed using the 174 
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RAST server (Aziz et al., 2008) and Carbohydrate Active Enzymes were identified 175 

using dbCAN (v4.0) (Yin et al., 2012). 176 

The differentiation among biogas plants was determined by calculating β-diversity 177 

with ExpressBetaDiversity (EBD) software (v1.0.7) (Parks and Beiko, 2013). 178 

Canonical correspondence analysis (CCA) was performed using the R functions 179 

implemented in VEGAN v2.4-4 (Dixon, 2009), while correspondence analysis (CA) 180 

based on Pearson calculation and Non-metric Multidimensional Scaling (NMDS) 181 

were performed with R following the procedure described by Torondel and colleagues 182 

(Torondel et al., 2016). 183 

The MAGs genome sequences are freely available at the biogasmicrobiome web site 184 

(https://biogasmicrobiome.env.dtu.dk/). 185 

3. Results and discussion 186 

3.1 Overview of the reconstructed microbiome 187 

Assembly generated 666,024 scaffolds with length > 500 bp (N50 1,776) that were 188 

binned leading to the extraction of 132 MAGs. Despite that the number of reads 189 

obtained in the present study was lower than previous projects (Campanaro et al., 190 

2016; Vanwonterghem et al., 2016), the number of MAGs recovered was higher. This 191 

result was probably due to the higher number of samples investigated (biogas plants) 192 

and also to their heterogeneous microbial composition. This diversity in the 193 

microbiome can be due to the different parameters characterizing the biogas plants, 194 

particularly in terms of temperature (“mesophilic” and “thermophilic”) and feedstock 195 

composition (“manure” or “sludge”) (Table S1). Quality evaluation results indicated 196 
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that 103 of MAGs had estimated completeness higher than 70%, while 43 of them had 197 

completeness higher than 90% (Data set S1 WS1). 198 

The degree of novelty of the genomes was assessed by calculating the Average 199 

Nucleotide Similarity level (ANI) with the MAGs extracted from previous 200 

genome-centric investigations (Data set S1 WS1) and with genomes deposited at the 201 

NCBI microbial genome resource. Fifty-seven MAGs were previously found in AD 202 

systems and eleven of these belonged to species with known genomes deposited at 203 

NCBI. In particular, eight out of the eleven genomes derived from previous binning 204 

approaches, while three genomes (Methanosaeta concilii, Methanosarcina flavescens 205 

and Defluviitoga tunisiensis) were sequenced from axenic cultures (Data set S1 WS1). 206 

Additional taxonomic investigations performed using PhyloPhlAN and the 16S rRNA 207 

gene sequences extracted from the MAGs, were not able to increase the assignment to 208 

known microbial species. The high degree of novelty of these MAGs indicates that 209 

species belonging to unexplored taxa are frequently present in AD systems. 210 

As shown in Data set S1 WS1 and in Figure 1, the vast majority of MAGs belong to 211 

the three phyla more often identified in biogas plants (Bremges et al., 2015b; Fontana 212 

et al., 2016), Firmicutes (63 MAGs), Bacteroidetes (20 MAGs) and Proteobacteria 213 

(11 MAGs). By checking the taxa found at low frequency in the present study, 214 

interesting insights on poorly investigated phyla were provided. In fact two MAGs 215 

were assigned to Verrucomicrobia, one to Spirochaetes and one to Acidobacteria. It 216 

should be noted that four MAGs were not assigned to phylum level using taxonomic 217 

informative proteins, further indicating the presence of MAGs belonging to unknown 218 
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taxa in biogas reactors. To gain more insights and additional investigation was 219 

performed running PhloPhlAn on 5278 genomes selected from NCBI database and 220 

assigning the four MAGs to Bacteria candidate phyla (Figure S1, Data set S2). More 221 

specifically, Unclassified bacterium DTU309 was tentatively assigned to Candidate 222 

Shapirobacteria division (Bacteria candidate phyla, Patescibacteria group) and 223 

Unclassified bacterium DTU320 to the candidate phylum Hyd24-12 224 

(Fermentibacteria) (both results were supported by 16S rRNA analysis). Both 225 

Unclassified bacterium DTU310 and Unclassified bacterium DTU308 were assigned 226 

to Parcubacteria group (Bacteria candidate phyla, Patescibacteria group) respectively 227 

as Candidatus Moranbacteria and Candidatus Falkowbacteria. As expected, 228 

microbial composition and abundance of different phyla were strongly dependent on 229 

the operational conditions (i.e. temperature and influent feedstock); for example all 230 

the seven MAGs assigned to Chloroflexi were identified only in the sludge reactors 231 

(Figure 1). Also the phyla identified at low frequency (Verrucomicrobia, Spirochaetes 232 

and Hyd24-12) were mainly restricted to the sludge reactors, suggesting that in this 233 

environment species belonging to poorly characterized phyla could be more frequent 234 

or, alternatively, they could be identified more easily than in the 235 

manure-supplemented reactors where they are less abundant.  236 

3.2 Microbial diversity in biogas plants 237 

The cluster analysis reported in Figure 1 evidenced that MAGs detected in 238 

manure-supplemented samples were generally not present or in low abundant in 239 

sludge-supplemented samples. As a consequence, hierarchical clustering reported on 240 
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top of Figure 1 divided the samples into three well-defined groups, those derived from 241 

Manure-supplemented Mesophilic biogas plants (MM1, MM2 and MM3), those from 242 

Manure-supplemented Thermophilic biogas plants (MT1, MT2a, MT2b, MT3a, 243 

MT3b and MT4), and those from Sludge-supplemented Mesophilic biogas plants 244 

(SM1, SM2, SM3, SM4, and SM5). NMDS further supported the classification of the 245 

samples obtained from Pearson correlation (Figure 2A). This analysis was confirmed 246 

with a calculation of β-diversity (Figure S2) and evidenced that the microbial 247 

composition similarity among MT samples is higher compared with MM and SM 248 

samples, which are more diverse. These results indicated that both temperature and 249 

feedstock play an important role in shaping the microbial community in biogas 250 

reactors, confirming the findings of previous studies (Amani et al., 2010; Sundberg et 251 

al., 2013). Additionally, the higher similarity among the MT samples suggests that 252 

high temperature poses a strong selection to the microbial community. 253 

By considering abundance of each MAG in the samples, it was possible to classify 254 

them according to the specific reactor type (i.e. MT, MM or SM) (Data set S1). The 255 

classification was performed according to the following rule: if the average coverage 256 

of one MAG in a specific reactor type (e.g. MT) was higher than 90% of the average 257 

coverage calculated across all the reactors, the MAG was assigned to that specific 258 

group (i.e. “MT”). According to this rule, 28 MAGs were classified as MT, 21 as MM 259 

and 49 as SM. The remaining microbes did not show a clear predominance in a 260 

specific type of reactor. This finding revealed that highly different microbiomes can 261 

support methanation process in biogas plants with distinct results in terms of 262 
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biogas-production rate and methane content (Table S1). Moreover, MAGs 263 

consistently abundant in each group were identified (Figure 1). Fir056_BP, Fir040_BP, 264 

Fir057_BP and Bac024_BP (three assigned to Clostridia and one to Rikenellaceae) 265 

were shared by all the MT samples. Fir056_BP (Clostridiales sp. DTU010) and 266 

Fir051_BP (Clostridia sp. DTU204) were abundant in some of MM and MT samples, 267 

which indicated that some microorganisms can well adapt to both mesophilic and 268 

thermophilic anaerobic digestion processes. However, there was only one abundant 269 

MAG shared by all the MM (Fir051_BP, Clostridia sp. DTU204) or SM (Bac008_BP, 270 

Bacteroidales sp. DTU326) samples. Previous studies demonstrated that the diversity 271 

in microbial community composition in mesophilic digestion was higher than 272 

thermophilic digestion (Bassani et al., 2015), and therefore the functional redundancy 273 

in mesophilic conditions is higher compared to the thermophilic ones. 274 

3.3 Network analysis and species-species associations 275 

The co-occurrence of MAGs in different samples can reveal possible syntrophic 276 

relations (obligate mutualistic metabolism) or the presence of other facultative 277 

mutualistic associations. These potential associations were investigated by converting 278 

the species abundance in different reactors into a network where nodes represent 279 

MAGs and edge thickness represents similarity between abundance vectors (Figure 3). 280 

MAGs having similar abundance profiles are represented by nodes from which many 281 

edges are departing (defined as “hubs”). Representing MAGs abundance with circle 282 

sizes (Figure 3) provides a clear picture of the part of the AD microbiome that was 283 

captured. The network is dominated by two “clusters” mainly representing the 284 
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thermophilic MAGs and the sludge MAGs (Figure 3). Interestingly, the cluster 285 

depicted in the right part of the figure is composed of four dominant MAGs 286 

(Fir056_BP, Fir040_BP, Bac024_BP, Eur033_BP), while the cluster to the left 287 

represents a microbial community with high evenness. As mentioned previously, 288 

Fir056_BP (Clostridiales sp. DTU010) covers a crucial role in the 289 

manure-supplemented biogas plants since the correspondence analysis indicated that 290 

it is strictly correlated with VFA. 291 

Thirteen nodes had more than twenty edges and were considered as “hubs” in the 292 

network. These “hubs” are represented by two different classes of MAGs: those 293 

identified in both MT and MM samples (Fir044_BP, Fir065_BP and Fir066_BP) and 294 

those identified in sludge (Chl027_BP, Chl029_BP, Chl030_BP, Chl032_BP and 295 

Pro104_BP). The first class of MAGs (MT/MM) is able to grow in a wide range of 296 

temperatures and to “interact” with many other species. This property is shared by 297 

different taxa. 298 

As shown in Figure 3, archaeal MAGs have few connecting edges and this suggests 299 

that they specifically interact with selected microbes. By taking into account the 300 

strength of the interactions between MAGs (represented by lines thickness), it was 301 

found that Eur033_BP (Candidatus Methanoculleus thermohydrogenotrophicum) 302 

(Kougias et al., 2017) is associated with The122_BP (which was found to be 98.8% 303 

identical to Defluviitoga tunisiensis (Dataset S1). From the investigation of D. 304 

tunisienis L3 genome it was found that H2 and CO2 are possible end-products of 305 

fermentation process (Maus et al., 2016). Since these compounds represent growth 306 
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substrates for the hydrogenothorphic methanogen, it is reasonable to explain their 307 

co-occurrence in the examined reactors. However, the ability of D. tunisiensis to grow 308 

in pure culture, suggests that the syntrophic interaction is not obligatory. Another 309 

point of particular interest is the strong connection between two MAGs present in the 310 

SM samples, Eur034_BP (Methanomicrobiales sp. DTU283) and Unc130_BP, 311 

possibly associated with the candidate division Hyd24-12 (Dataset S1). From the 312 

genome annotation and metabolic reconstruction of some recently identified MAGs 313 

belonging to this underexplored phylum, it was proposed that they are involved in 314 

acidogenesis, producing acetate and hydrogen from sugars fermentation (Kirkegaard 315 

et al., 2016). Their ability to produce these compounds is a possible explanation for 316 

their strict relation with methanogens like Eur034_BP (tentatively assigned to the 317 

Methanolinea genus based on 16S rRNA analysis). Additionally, since the high H2 318 

concentration can inhibit glycolysis and acidogenesis (Huang et al., 2015) the excess 319 

H2 removal performed by Eur034_BP can be beneficial for both partners. Interestingly, 320 

bioinformatic investigation of the pathways present in Eur034_BP, suggests its ability 321 

to produce as end product formate, which is a known substrate used by members of 322 

the Methanolinea taxa (Imachi et al., 2008). 323 

3.4 Correlation between MAGs and process parameters  324 

The connections among reactors parameters (operational and physicochemical), the 325 

methanogenic performance and the abundance of the MAGs were explored by means 326 

of Canonical Correspondence Analysis (CCA) (Figure 2 B-D) and correlation analysis 327 

(Figure S3). Due to the marked difference in the composition of the microbial 328 
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community present among the three reactor types, correlation analyses were 329 

performed independently for MT, MM and SM. 330 

The overall results obtained for MAGs belonging to the same phylum provided a 331 

general overview of the characteristics in the three different microcosms. It is worth 332 

noticing that MAGs belonging to Bacteroidetes are inversely correlated with 333 

ammonia. This finding is also supported by previous studies (Alsouleman et al., 2016), 334 

which suggested that the inverse correlation between Bacteroidetes and NH4
+ level 335 

was probably due to their inability to perform SAO, a process efficient at high NH4
+ 336 

concentrations and usually performed by Firmicutes in syntrophic cooperation with 337 

hydrogenothrophic methanogens. More specifically, inverse correlation with NH4
+ is 338 

more evident for Bac019_BP (Bacteroidetes sp. DTU134) (predominant in MM) and 339 

for Bac017_BP (Bacteroidales sp. DTU337) (predominant in SM). Moreover, 340 

correspondence analysis indicated that, particularly in MM reactors, Bacteroidetes 341 

were inversely correlated with HRT suggesting that at mesophilic conditions they 342 

grow slower than other species. Correspondence analysis indicated that Chloroflexi 343 

MAGs have a quite similar behavior to Bacteroidetes and frequently are inversely 344 

correlated with free ammonia concentration (Park et al., 2016). Regarding 345 

Actinobacteria, MAGs were found to be inversely correlated with VFA. As previously 346 

mentioned, most of the MAGs identified in the biogas plants under investigation 347 

belonged to Firmicutes. The high taxonomic and functional variability harbored in 348 

this taxonomic group, probably allows the different members of this taxon to colonize 349 

reactors with very different environmental parameters. Two MAGs of particular 350 
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interest, Fir092_BP and Fir097_BP (Pelotomaculum sp. DTU098, 351 

Syntrophomonadaceae sp. DTU295), were present in low abundance, but showed a 352 

high correlation with biogas production. Fir092_BP (Pelotomaculum sp. DTU098) is 353 

the only species widespread in all the investigated reactors. Analysis of the metabolic 354 

reaction network performed using SEED evidenced its ability to oxidize propionate, a 355 

characteristic probably supporting its syntrophic growth with methanogens as 356 

reported for Pelotomaculum thermopropionicum (Ohashi et al., 2002) (Figure 1 and 357 

Data set S1). Some MAGs were directly correlated with VFA concentration, such as 358 

Fir077_BP, Fir078_BP (Clostridiales Family XI Incertae Sedis sp. DTU351-DTU352) 359 

and Fir056_BP (Clostridiales sp. DTU010); both CCA and CA supported this finding. 360 

VFA are status indicators for process imbalances, in fact accumulation of VFA can 361 

lead to deterioration of the process. Results obtained for Fir056_BP indicated that it is 362 

extremely abundant in MT and MM. High abundance of such a species (along with its 363 

genomic characteristics, described more in detail in the next section) suggested its 364 

involvement in the degradation of such intermediate compounds, supporting its role in 365 

maintaining the process well balanced and avoiding process inhibition. The same 366 

MAG was also identified in previous binning projects focused on the adaptation of the 367 

AD microbiome in reactors exposed to high lipid concentration (Campanaro et al., 368 

2016), on the investigation of H2 addition to the reactor (Treu et al., 2016b), and on 369 

the investigation of the acetate accumulation conditions in biogas reactors (Mosbæk et 370 

al., 2016). The independent identification of this MAG in multiple analyses is also 371 

supporting its central role in manure-supplemented biogas reactors.  372 
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By inspecting the phyla represented by very few MAGs, one of the most interesting 373 

was Pro111_BP (Erysipelotrichaceae sp. DTU294); it belongs to Tenericutes and it is 374 

correlated to VFA in MM samples. Abundances of Pro111_BP and some other 375 

members of the microbiome present at low abundance correlate with important 376 

biochemical parameters (Figure 2 and S1), and this suggests that the rare members of 377 

the microbiome can cover important roles in the AD process. 378 

3.5 Functional roles of the microbial genomes in MT, MM and SM reactors 379 

The function of proteins encoded by each MAG was derived by the exploration of 380 

databases such as KEGG and CAZy (Data set S1 WS3, WS4) and by assigning 381 

proteins in the context of the KEGG metabolic pathways. The prediction of the 382 

putative functional roles of the MAGs in the microbial community was determined 383 

only for those having completeness higher than 70% (Figure 4). In Figure 4 the 384 

completeness of the biochemical pathways identified on each MAG is reported 385 

providing a functional representation of the microbiomes. As expected this analysis 386 

evidenced that the functional capabilities of the three microcosms (TM, MM and SM) 387 

are different. Regarding the “energy metabolism” related to carbon fixation, the 388 

conversion of acetyl-CoA to acetate (phosphate acetyltransferase-acetate kinase 389 

pathway) and the reductive pentose phosphate cycle (glyceraldehyde-3P to 390 

ribulose-5P), are more frequent in the species associated with MT and MM. Thus, it is 391 

demonstrated that different pathways are involved in metabolizing VFA in 392 

sludge-supplemented samples compared to manure-supplemented samples. 393 

Moreover, it is also interesting that most of the MAGs encoding a “nearly complete” 394 
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Wood-Ljungdahl (WL) pathway were assigned to manure-supplemented reactors (e.g. 395 

Fir042_BP, Fir050_BP, Fir051_BP, Fir100_BP and The126_BP). This is due to the 396 

higher ammonia concentration in MT and MM biogas plants which inhibits the 397 

acetoclastic methanogenic archaea. In particular Eur038_BP (Methanosarcina sp. 398 

DTU009) has low abundance in MM2 and MT2a, which are the reactors with the 399 

highest concentration of free ammonia (Table S1). The accumulation of acetate in the 400 

reactor is avoided by its conversion into hydrogen and carbon dioxide via the 401 

so-called syntrophic acetate oxidation (SAO) pathway. Accumulation of hydrogen 402 

and carbon dioxide was probably prevented by hydrogenotrophic archaea in order to 403 

maintain SAO energetically favorable. Interestingly, by analyzing the interaction 404 

network in Figure 3, it is evident that two of the MAGs presenting the WL pathway, 405 

namely Fir050_BP (Clostridia sp. DTU196) and Fir100_BP (Tepidanaerobacter sp. 406 

DTU063), are hubs in the network and probably work concertedly with other MAGs, 407 

but (strangely) not with methanogenic archaea. In particular, both Fir050_BP and 408 

Fir100_BP behave like Fir056_BP, which is the most abundant species in the 409 

microbiome and strongly correlated with VFA concentration. Under acetate 410 

accumulation conditions, that are probably similar to those experienced in reactors 411 

MT2a/MT2b and MT4, Fir056_BP is present at high abundance and, as previously 412 

demonstrated (Mosbæk et al., 2016), it is able to convert acetate to CO2. Due to the 413 

presence in its genome of the formyltetrahydrofolate synthetase gene (fhs), it was 414 

previously proposed that this species is a syntrophic acetate-oxidizing (SAO) 415 

bacterium (Mosbæk et al., 2016). Despite these evidences, the WL pathway of 416 
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Fir056_BP is “truncated” and some key genes such as methylenetetrahydrofolate 417 

reductase (NADPH) (metF), 5-methyltetrahydrofolate corrinoid/iron sulfur protein 418 

methyltransferase (acsE) and acetyl-CoA synthase (acsB) were missing (Figure S4, 419 

Table S2). Comparative analysis of five SAO bacteria (Clostridium ultunense 420 

DSM10521, Pseudothermotoga lettingae TMO, Syntrophaceticus schinkii, 421 

Tepidanaerobacter acetatoxydans Re1, Thermacetogenium phaeum DSM12270) 422 

evidenced that this observation is not infrequent, and a very similar composition of 423 

the WL pathway is present for example in Pseuthermotogae lettingae TMO 424 

(Zhaxybayeva et al., 2009) (Table S2). It was previously reported that, the presence of 425 

“truncated” but active WL-pathway is present in the organohalide-respiring species 426 

Dehalococcoides mccartyi (Zhuang et al., 2014). However, a remarkable difference 427 

between D. mccartyi and Fir056_BP is the absence in the former species of the 428 

formate dehydrogenase alpha subunit (fdhA) gene which converts formate to CO2 in 429 

the methyl branch of the WL pathway. The absence of acsB in Fir056_BP (as well as 430 

in C. ultunense DSM10521 and P. lettingae TMO) can be explained by the presence 431 

of the alternative glycine cleavage system (GCS) as depicted in Figure S4 (Nobu et al., 432 

2015). The conversion of acetyl-CoA to pyruvate, which can enter the GCS system, is 433 

performed by the pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) (Figure S4). As for 434 

other syntrophs, Fir056_BP relies on the combination of the Rhodobacter nitrogen 435 

fixation (Rnf) complex (Rnf; NADH:Fd oxidoreductase) to generate reduced 436 

ferredoxin, a process working in combination with H2 production through 437 

electron-confurcating hydrogenase (Nobu et al., 2015) (Table S3). 438 
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Regarding methane pathways, it was shown they are more represented in MT samples 439 

(Figure 4). This difference is mainly due to the higher average abundance of 440 

Eur033_BP (Candidatus Methanoculleus thermohydrogenotrophicum) and 441 

Eur038_BP (Methanosarcina sp. DTU009) in the MT samples in comparison to MM 442 

and SM. In SM the lower abundance is compensated by the higher level of MAGs 443 

associated with the Methanosaeta taxonomic group (Eur035_BP, 036 and 037_BP) 444 

and to the Methanomicrobiales (Eur034_BP). 445 

Finally, the presence of fatty acids in the sludge-supplemented reactors (Zhu et al., 446 

2017) supported the growth of microbial species encoding the β-oxidation pathway 447 

such as Pro103_BP, Pro104_BP, Pro_106_BP and Syn118_BP. This functional role is 448 

even more evident by checking the very high fraction of MAGs encoding the 449 

acyl-CoA synthesis pathways in SM samples in comparison to MT/MM samples. 450 

3.6 Specific activities in hydrolytic degradation of polymers 451 

A very crucial step in the AD process in manure-supplemented reactors is the 452 

degradation of complex fibers derived from residuals of animal nutrition. This process 453 

requires a complex set of enzymes working in a concerted way (Hess et al., 2011). In 454 

order to identify the MAGs more directly involved in this process, their proteins were 455 

analyzed using a specific software for automated annotation of carbohydrate-active 456 

enzymes (CAZy) (Yin et al., 2012). By classifying the proteins according to the  457 

classes defined in the CAZy database it was possible to shed light on the roles of the 458 

MAGs in polysaccharides degradation (Figure 5, Data set S1 WS4).  459 

Forty MAGs with 100 or more CAZy were identified (Figure 5) and were similarly 460 
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distributed between MT, MM and SM samples. However, these MAGs display a very 461 

different gene composition, considering the aforementioned CAZy categories (Figure 462 

5). By checking the results obtained for the most complete MAGs, it is evident that 463 

four of them have a markedly high number of CAZy domains encoded in their 464 

genomes (Fir050_BP, Bac009_BP, Bac021_BP, Ver132_BP). They differ both in 465 

terms of growth temperature and in terms of CAZy composition. Interestingly, only 466 

Fir050_BP (Clostridia sp. DTU196) belong to Clostridia, a well-known class of 467 

species with high activity in polysaccharide degradation. Regarding the other MAGs, 468 

Bac009_BP was assigned to Bacteroidales, Bac021_BP to Marinilabilia and 469 

Ver132_BP to Verrucomicrobiales. This finding suggested that the role of some phyla 470 

in carbohydrates degradation in AD system is far from being elucidated. Fir050_BP 471 

encodes the cellulosome structure and it has also a large number of glycoside 472 

hydrolases (Figure 5). Interestingly, Fir050_BP is one of the MAGs encoding the 473 

WL-pathway and it can be considered as the MAGs possessing multifunctional roles 474 

in the microbial community (Campanaro et al., 2016). The presence of these 475 

functional pathways in the same MAG is very interesting and it suggests that many 476 

steps of the AD food chain can be performed by the same microbe, able to degrade 477 

complex carbohydrates directly into the substrates used by methanogens. Fir050_BP 478 

was identified also in previous binning projects (Campanaro et al., 2016; Treu et al., 479 

2016b), suggesting the importance of multifunctional MAGs in the AD microbiome. 480 

Their presence in multiple biogas reactors assesses their relevance in the 481 

“thermophilic core AD microbiome”. The other three MAGs (Bac009_BP, 482 
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Bac021_BP, Ver132_BP) have a similar CAZy composition with many glycoside 483 

hydrolases and carbohydrate esterases. This clearly suggests their role in the 484 

hydrolytic step of the AD and their variable abundance partially reflects differences in 485 

poly/oligosaccharides in the influent feedstocks. Finally, despite in bioreactors the 486 

cellulosome is usually associated with the thermophilic members of Clostridiales 487 

(Tsapekos et al., 2017), a mesophilic Bacteroidales (Bac010_BP) had 7 dockerins and 488 

9 cohesins localized in 14 proteins. The taxonomy of this MAG was confirmed both 489 

considering the 16S rRNA gene sequence and by selected taxonomic informative 490 

proteins (PhyloPhlAn). Despite the presence of dockerins in MAGs associated with 491 

this phylum has been recently demonstrated (Bensoussan et al., 2017; Svartström et 492 

al., 2017), the simultaneous presence of dockerins and cohesins in this taxa is a 493 

completely new finding. In the present study it was shown that mesophilic AD system 494 

harbors Bacteroidetes species with remarkable novel properties in polysaccharides 495 

degradation. 496 

4. Conclusions 497 

The present study revealed the plasticity of the AD microbiome in response to 498 

different environment parameters existing in biogas plants. Investigation of the 499 

complete set of biochemical pathways in multiple samples and its connection with 500 

different layers of information (MAGs abundance profile, predicted functional 501 

pathways and environmental factors) allowed the identification of species associated 502 

to crucial operational parameters such as temperature, feedstock, VFA concentration 503 

and biogas production. This approach revealed important relationships existing 504 
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between high-abundant members of the thermophilic reactors (e.g. acetate utilizers), 505 

their metabolic pathways and biochemical data. Additionally, it promises to become a 506 

widely used strategy in the future to predict the functional role of microbes 507 

participating in anaerobic decomposition of organic matter.  508 
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Figure 1. Abundance of MAGs in the reactors under investigation and their taxonomy. 

Abundance of MAGs is represented as a heatmap and data were clustered according 

to Pearson to highlight similar abundance profiles. In the right part of the figure it is 

reported the taxonomic assignment at phylum level of MAGs (see inset at the top of 
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the figure). On top of the figure the names of the biogas plants are reported and 

colored boxes are representative of the manure-based thermophilic reactors (MT/red), 

manure-based mesophilic reactors (MM/orange) and sludge-based mesophilic reactors 

(SM/green). 
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Figure 2. Non-metric Multidimensional Scaling (NMDS) and Canonical 
Correspondence Analysis (CCA). (A) The dissimilarities in the samples matrix were 
analyzed and plotted in a low-dimensional space. MT (Thermophilic Manure 
samples), MM (Mesophilic Manure samples), SM (Mesophilic Slugde samples). In (B) 
the results obtained from CCA performed on the MAGs assigned to MT and MT/MM, 
in (C) results obtained for the MM and MT/MM and in (D) those obtained for SM. 
The MAGs identified as significantly correlated to environmental parameters using 
correlation analysis are highlighted in red, while names of the samples are reported in 
black. 
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Figure 3. Network analysis of the AD microbiome. The co-occurrence of MAGs in 

different samples is depicted as a network. MAGs are represented by circles with area 

related to the highest abundance value determined in the samples examined. Colors 

are representative of the phyla, while edges (i.e. connecting lines) thickness is 

proportional to the Pearson correlation coefficient calculated between each couple of 

MAGs. Unconnected circles are not reported in figure. 
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Figure 4. In-silico functional analysis of MAGs. The completeness level of the 

KEGG pathways identified in the MAGs is reported on top-left. The prevalence of the 

MAGs in MT/MM/SM samples is reported on the left part of the figure using colors 

(red/orange/ green). 
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Figure 5. Analysis of CAZY in MAGs. Number of CAZY domains identified in 40 selected MAGs. 

In the bottom part of the figure MAGs are highlighted considering their prevalence in MT (red), 

MM (orange) and MS (green). CAZY domains are classified according to five main categories. 
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Highlights: 

� Metagenomic binning identified core MAGs of the anaerobic digestion 

microbiome 

� CCA revealed influence of biotic and environmental factors on MAGs abundance 

� Functional properties of core MAGs were analyzed 

� Network analysis revealed the syntrophic interactions between MAGs 

 


