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Abstract  12 

The bacterial and archaeal communities of two biogas producing plants (P1 and P2), 13 

associated with a 999 kW cogeneration unit, both located in North Italy, were analyzed at start 14 

up and fully operating phases, by means of various molecular approaches: i) Automated 15 

Ribosomal Intergenic Spacer Analysis; ii) cloning and sequencing of PCR amplicons of archaeal 16 

genes 16Srrna and mcrA; iii) 16S rDNA high throughput next generation sequencing. P1 and P2 17 

use the same technology and both were fed with cattle manure and corn silage. During the study 18 

of P1 also the post digestor (fed with pig manure) was analyzed. The aim of this research was to 19 

characterize the bacterial and archaeal community in two very similar plants to profile the core 20 

microbiome. The results of this analysis highlighted that the two plants (producing comparable 21 

quantities of volatile fatty acids, biogas, and energy) differed in anerobic microbiota (Bacteria 22 

and Archaea). Notably the methanogenic community of P1 was dominated by the strict 23 

acetoclastic Methanosaeta (Methanothrix) (up to 23.05%) and the unculturable Candidatus 24 

Methanofastidiosum (up to 32.70%), while P2 was dominated by the acetoclastic, but more 25 

substrate-versatile, Methanosarcina archaeal genus (49.19%). The data demonstrated that the 26 

performances of plants with identical design, in similar operating conditions, yielding 27 

comparable amount of biogas (average of 8662 m3 /day and 7916 m3/day respectively for P1 and 28 

P2), VFA (1643 mg/L and 1634 mg/L) and energy recovery (23.90-24 MWh/d) depends on the 29 

stabilization of an effective and functionally optimized methanogenic community rather than on 30 

the species composition  31 

 32 
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 34 

Statement of Novelty  35 

Even though many papers have been published about utilization of organic waste for biogas 36 

production, the relationships between microbial communities operating in different plants and 37 

efficiency of biogas production, is a still opened question. In this work, we have found that 38 

bacterial and archaeal species are different also in plants located in the same geographical area, 39 

fed with the same substrate (cow manure and corn silage) and operating at the same conditions. 40 

However, these differences do not affect the efficiency of biogas production. Interestingly, our 41 

results evidenced the role of not well characterized species (i.e. Candidatus methanofastidiosum) 42 

in the process, suggesting that other pathways than those so far identified, are involved in biogas 43 

production.  44 

  45 

 46 

Key words: microbial communities; biodigesters; cattle manure; molecular analysis  47 

 48 

Introduction  49 

In the last years, the biogas production, starting from organic wastes, has been considerably 50 

increased to reduce the consumption of fossil fuels and the environmental impact of methane 51 

emissions from zoogenic fluids [1]. The biogas produced by anaerobic digestion from such 52 

renewable sources is transformed in fuels that can be used for energy production and transport.  53 

Despite the high operating costs of these plants and the necessity of significant financial 54 

incentives, the anaerobic digestion (AD) is a well-established technology and remains a 55 

fundamental energy source in the emerging market for renewable energy. This is the reason why, 56 

in the circular economy perspective, it is considered a key technology on the path to 57 

independence from fossil fuels [2,3]. Italy is one of the leading countries in the biogas production 58 

where agricultural, landfill, sewage and manure substrates are converted into biogas using AD 59 

and into electricity and heat as illustrated by Benato and Macor in 2019 [4].  60 

As many commercial AD facilities suffer from several problems like long start up times or 61 

system instability, the optimization of the process is an important deal. The attention, in this 62 

regard, had formerly been focused on the evaluation of substrates and the implementation of 63 

plants characteristics, but it was soon hypothesized that the efficiency of the plants was more 64 

likely dictated by the composition and activity of the microbial communities from the incoming 65 

substrates [5]. 66 
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The overall process of biogas production is due to the complex, synergistic, interaction among 67 

four functional guilds performing the different reactions (hydrolysis, acidogenesis, acetogenesis, 68 

methanogenesis). Early in the process, microbial enzymes hydrolyse polysaccharides, proteins 69 

and fats into sugars, amino acids and fatty acids. These compounds are then converted into 70 

volatile fatty acids (VFAs) and alcohols that are further converted into acetic acid, CO2 and 71 

hydrogen (Fig.1). Methanogenic microorganisms belonging to the Archaea domain carry out the 72 

final step, the production of methane [6, 7]. Acetoclastic and hydrogenotrophic methanogens, 73 

transforming acetic acid, CO2 and hydrogen into methane are particularly sensitive to process 74 

conditions, like temperature, pH, redox and inhibitors like sulfidrilic acid produced through the 75 

reduction of sulphates [8, 9, 10]. The methanogenic Archaea, mostly represented in biodigesters, 76 

belong to Methanomicrobiales, Methanosarcinales and Methanococcales orders [11,12]. The 77 

process of biogas formation has been thoroughly dissected, however a little number of 78 

prokaryotes involved in anaerobic digestion have been so far isolated because many microbial 79 

species are not culturable and little is known about their dynamics and interactions. Methods 80 

based on DNA analysis demonstrated to be the best way to study AD [13, 14, 15]. The gene 81 

encoding ribosomal 16S RNA in Bacteria and Archaea is the most used target sequence for many 82 

molecular techniques, together with intergenic spacer (IGS) between the small (16S) and large 83 

(23S) rRNA genes in the rrna operon. In addition, methanogens can be identified by targeting 84 

the gene mcrA, encoding ɑ-subunit of methyl-coenzyme M reductase (MCR), the key enzyme 85 

involved in final steps of methanogenesis. Unlike other enzymes involved in methanogenic 86 

metabolism, MCR is highly specific for methanogens [16, 17]. 87 

The molecular techniques used for microbiome analysis include ARISA (Automated 88 

Ribosomal Intergenic Spacer Analysis) analyzing IGS, clone library sequencing and NGS (Next 89 

Generation Sequencing). ARISA, based on the different length of ribosomal intergenic spacers, 90 

is a molecular technique for characterizing non-cultivable microbial communities directly from 91 

environmental DNA (the whole DNA extracted from samples). It has been widely applied for a 92 

rapid analysis of biodiversity in large samples, but suffers the limitation of not allowing the 93 

recognition, at a taxonomic level, of the species present in the sample [18]. The sequencing of 94 

16Srrna or mcrA genes clone libraries offers a rather precise identification of microorganism but 95 

it does not cover the whole microbiome diversity. 16S rDNA NGS is much more exhaustive 96 

about the microbiome diversity but is less precise in the identification of microorganisms at 97 

species level. 98 

In this study, in order to describe the microbiome evolution in two full-scale biodigesters, 99 

managed in the same way, in the different steps of their operation, an integrated approach was 100 
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followed consisting in i) ARISA analysis, to generally characterize the bacterial diversity among 101 

all the samples collected; ii) amplification, cloning and sequencing of archaeal 16Srrna and 102 

mcrA genes in one sample for each digester; iii) 16S profiling with the NGS approach to describe 103 

the relative abundance of phyla/genera of Bacteria and Archaea. The anaerobic biodigesters 104 

described (P1 and P2) are operating in two sites in Lombardia (Italy) separated by 200 km 105 

distance. Both plants were fed with cattle sewage and corn silages as substrates and operated in 106 

mesophilic regimen. P1 was followed from the startup phase up to the phase of full operation 107 

(included), while P2 was analyzed when already operative at full capacity. As for P1, a sample 108 

of the post-digester was included in the analyses. 109 

Although several studies have studied and compared microbial communities of laboratory-scale 110 

biodigesters or full-scale digesters [5, 12, 14, 15, 19] the novelty of this study is the use of a 111 

simplified system in which two full-scale digesters, with identical technical characteristics, 112 

conducted in the same way and both fed with cattle sewage and corn biomass, derived from the 113 

respective local farms, in different seasons, were compared. It was interesting to discover that 114 

the two plants performed in very similar way despite a different phylogenetic composition of the 115 

bacterial and archaeal communities. The important finding is that an effective microbial 116 

succession developed, starting from the inoculum, and reached in both cases an optimized 117 

(although different) equilibrium of functions.  118 

 119 

Materials and methods 120 

 121 

Plant characteristics and management, sample collection and DNA extraction  122 

 123 

The biodigesters location was the Po Valley: P1 N 44° 57’ 55.30” E 10° 27’ 57.63”; P2 N 45° 124 

10’ 15.52”, E 8° 38’ 45.01” (DMS). Both plants, were CSTR (Continuos Stirred Tank Reactor) 125 

reactors with 7200 m3 reaction volume and hydraulic retention time of 120 days. Operational 126 

parameters were monitored with online instruments: for the gas composition analysis an Awite 127 

series 7 analyzer (Await Bioenergia S.r.l Bolzano, Italy) was used; the Ultrasonic flow measuring 128 

system was Prosonic Flow 200 (Endress+Hauser Instruments International AG, Switzerland); a 129 

PT100 sensor was used to measure temperature and the portable pH 3110 (WTW-Xylem 130 

Analytics-Germany) for measuring pH.  Chemical analyses were done by external laboratories 131 

(Accredia certificated) following the standard procedures: Water & Life Lab 132 

https://www.waterlifelab.it/ and Studio Alfa-https://www.studioalfa.it/.  133 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.waterlifelab.it/
https://www.studioalfa.it/


 

 

5 

Plant P1 was monitored since the start-up phase in the autumn-winter. Four phases were 134 

identified (Fig.2): I) 03 Oct-03 Nov; II) 04 Nov-5 Dec; III) 6 -18 Dec; IV) 19-31 Dec. In the 135 

phase I) the plant was loaded with a total of 1120 t of bovine sewages. In addition, an inoculum 136 

of 540 t of a substrate coming from a similar plant, already operative, was added on 28-29 Oct 137 

to speed up the anaerobic digestion. In the phase II) the manure amount added to biodigester was 138 

reduced and dispensed more regularly, although not daily (from 11.60 t /day up to 84.20 t day-1). 139 

From 6 Dec the average daily amount of sewage added was 20.24 t. 140 

The corn biomass was regularly loaded into biodigester from 7 Nov, starting with 1 t , then 141 

gradually increasing until 15 Dec when 44.50 t were loaded. The daily load of plant biomass was 142 

then regulated around 39-40 t/day. In addition, in the phase III) a vertical axis mixer was used to 143 

integrate two smaller submerged mixers. Finally, in the phase IV), the primary digester was 144 

integrated with a supporting post digester where pig manure was added. The whole process was 145 

daily monitored for temperature, pH, VFAs, biogas production and energy cogeneration. 146 

The P2 biodigester was started on 15 Mar, and became fully operative by 13 Apr. Since then, 147 

the average load of cattle sewage was 37.84 t/day with corn silage varying from 19.90 to 49.20 148 

t/day. The collection of samples started 8 May. 149 

Five aliquots of digestate were collected in both plants, at each specific point and stored at -150 

20 °C until DNA extraction. In Table 1 are reported the data concerning VFA production (mg/L), 151 

T (°C), pH, Alkalinity (mg/L), ratio VFA/Alk, Ammonia nitrogen concentration (mg/Kg), the 152 

amount of corn silage (t /day) and manure (t/day) added to the biodigesters, biogas production 153 

(m3/day), energy production (MWh/day) and are highlighted the samples used for microbial 154 

analysis. 155 

All the samples were analyzed with ARISA (see afterwards) and only some representative 156 

samples were selected for clone libraries construction and 16S rDNA NGS profiling (Table 1). 157 

Samples were centrifuged at 14000 x g for 10 min, supernatant was discarded and DNA was 158 

extracted from the pellets with FastDNA SPIN Kit for soil and FasPrep®Instrument (MP 159 

Biomedicals, Santa Ana, CA). DNA samples were checked with electrophoresis on agarose gel 160 

0.9%.  161 

 162 

PCR conditions  163 

 164 

All PCR were conducted with primers pairs listed in Table 2, in a mix of 25 µl containing 5 165 

µl of 1:1000 diluted DNA, 1X PCR Buffer, 200 µM dNTPs, 100nM primers and 0.8 U µl-1 of 166 

Taq. A thermal cycler TECHNE TC-512 (Bibby Scientific Ltd, Staffordshire, UK) was used as 167 
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follows: hotstart 94 °C for 3 min, 35 cycles of denaturation (94 °C for 45 sec), annealing (58 °C 168 

for 1 min) and extension (72 °C for 2 min) followed by a final extension (72 °C for 7 min). 169 

The primer ReubR, for the amplification of bacterial the ITSReub, was 5’-6 FAM labelled to 170 

detect amplicons through capillary electrophoresis. 171 

 172 

ARISA (Automated Ribosomal Intergenic Spacer Analysis) 173 

 174 

Amplicons obtained from primers ITSF/ITSReub (Table 2) were purified with Wizard®SV 175 

Gel and PCR Clean-Up System (Promega, Madison WI, US). An aliquot of 4 µl of purified DNA 176 

was mixed with 9 µl of Hi-DiTM formammide (Applied Biosystems, Foster City, CA, US) and 1 177 

µl of GeneScan-2500 ROXTM Size Standard (Applied Biosystems). After denaturation at 95 °C 178 

for 3 min and fast cooling, DNA was injected in an ABI Prism 310 (Applied Biosystems, CA, 179 

US) capillary filled with POP-4™ Performance Optimized Polymer for electrophoresis. ARISA 180 

electropherograms were analyzed using the GeneScan 3.1 software program and elaborated with 181 

Microsoft Excel. The raw data were processed excluding the peaks whose heights and areas, 182 

proportional to the intensity of the fluorescence, were less than 1% of the sum of the same. Then 183 

the peaks were grouped according to differences of 4 bp for the fragments up to 700 bp and 5 bp 184 

for those up to a length of 1000 bp [20, 21]. For each sample the presence (1) or absence (0) of 185 

a certain peak was determined obtaining a matrix utilised for calculation of Jaccard similarity 186 

coefficient and construction of dendrograms using the programme DendroUPGMA, available at 187 

the site http://genomes.urv.cat/UPGMA.  188 

 189 

Amplification and cloning of 16Srrna and mcrA (methyl coenzyme M reductase A) genes 190 

from the archaeal community 191 

 192 

The DNA extracted from selected biodigesters samples (see Table 1) was diluted 1:100 and 193 

amplified with the primers, specific for Archaea, reported in Table 2 (69F and ARC934R for 194 

archaeal 16S rRNA gene and the pair mcrAF/mcrAR for methyl coenzyme M reductase A gene 195 

for methanogenic Archaea). The amplicons obtained were purified by GFX PCR and a Gel Band 196 

Purification Kit (GE Healthcare UK Limited –HP7 9NA, UK), ligated into pGEM®-T Easy 197 

vector System I (Promega) and transformed into the strain JM109 of Escherichia coli. The 198 

recombinant colonies were subjected to colony PCR with primers SP6/T7 (Table 2) to check the 199 

presence of inserts. 200 

 201 
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ARDRA (Amplified Ribosomal DNA Restriction Analysis) and sequencing 202 

 203 

In order to select, for sequencing, the recombinant plasmids containing fragment of 16Srrna 204 

and mcrA genes from different Archaea, the ARDRA analysis was performed respectively on 205 

100 and 50 clones for each clone library. Restriction analysis of the cloned inserts was conducted 206 

with the enzyme HaeIII for 16Srrn, and with enzymes RsaI and AluI for mcrA. 5 µl of amplified 207 

DNA was digested with 5 U of each enzyme and 1X of the respective buffer at 37 °C for 4 hr.  208 

The restriction fragments were loaded on 2.5% NuSieve ® low melting agarose gel (Lonza 209 

Group Ltd, Basel, Switzerland) on TBE buffer 0.5% (45 mM Tris borate, 1 mM EDTA pH 8.0) 210 

and subjected to electrophoresis at 60 V for 4 hr. Images were acquired with Biorad Gel Doc 211 

2000 and the software Quantity One (Bio-Rad, Hercules, CA, US).  212 

One representative clone for the most represented ARDRA profiles was selected for the partial 213 

sequencing of 16Srrna gene and mcrA at BMR Genomics srl in Padova (Italy). The obtained 214 

sequences were then compared with those stored in the GenBank database at the NCBI (National 215 

Center for Biotechnology Information) by using the BLAST (Basic Local Alignment Search 216 

Tool) program (http://www.ncbi.nlm.nih.gov/blast). The sequences were deposited in GenBank 217 

(https://www.ncbi.nlm.nih.gov/genbank/) and their accession number are reported in Table 3 218 

 219 

Biodigesters microbiome profiling by 16S rRNA gene amplification and NGS sequencing 220 

 221 

The bacterial and archaeal community profiles of the samples were generated by NGS 222 

technologies at the Genprobio S.r.l. Laboratory. Partial 16S rRNA gene sequences of duplicate 223 

samples were obtained from the extracted DNA by Polymerase Chain Reaction (PCR), using the 224 

primer pair Probio_Uni and Probio_Rev, targeting the V3 region of the 16S rRNA gene sequence 225 

[22] for bacterial community and the primers pair ArchV56 [23] for archaeal community. 226 

Amplifications were carried out using a Verity Thermocycler (Applied Biosystems) and PCR 227 

products were purified by the magnetic purification step involving the Agencourt AMPure XP 228 

DNA purification beads (Beckman Coulter Genomics GmbH, Bernried, Germany) in order to 229 

remove primer dimers. Sequencing was performed using an Illumina MiSeq sequencer with 230 

MiSeq Reagent Kit v3 chemicals. The fastq files were processed using a custom script based on 231 

the QIIME software suite [24]. Paired-end read pairs were assembled to reconstruct the complete 232 

amplicons. 233 

To calculate downstream diversity measures, operational taxonomic units (OTUs) were 234 

defined at 100% sequence homology using DADA2 [25] OTUs not encompassing at least two 235 
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sequences of the same sample were removed. All reads were classified to the lowest possible 236 

taxonomic rank using QIIME2 and a reference dataset from the SILVA database v132 [26]. The 237 

biodiversity of the samples (alpha-diversity) was calculated with Chao1 and Shannon indices. 238 

The 16S rDNA reads were sent to GenBank to obtain their under-accession numbers. They are 239 

available as bioproject PRJNA534196.  240 

 241 

Results 242 

 243 

Performance of the reactors 244 

 245 

In the plant P1, the biogas production started during phase II, after the addition of corn silage 246 

and of an inoculum coming from a similar, fully operating, plant (Fig.2). In the primary digester, 247 

the biogas production increased from 4329 m3/day in 24 Nov up to 10.919 m3/day in 22 Dec, 248 

with an average daily production of 7916 m3. During the entire process, the pH was around 7.4-249 

7.5, optimal values for substrate degradation and methanogenic activity and the temperature was 250 

maintained between 42.2 °C and 44.2°C (average 42.8°C). The concentration of volatile fatty 251 

acids (VFA) was, on average, 1643 mg/L (Table 1). At the end of December, 2 month and 20 252 

days from startup, P1 was supported with a secondary biodigester that operated in the same 253 

condition of pH and temperature, but was fed with pig slurry instead of cattle slurry. The VFA 254 

concentration detected in the secondary biodigester, in 29 Dec, was lower than in primary 255 

digester (1152 mg/L). This can be explained by the dilution effect or considering that cows and 256 

pigs have different diets and the dry matter content of pigs zootechnical effluent varies from 3 to 257 

6% (versus 8%-15% of cows), and has a faster biological degradability due to the lower amount 258 

of fiber.  259 

While the P1 digester was followed and sampled from the start-up phases up to the 260 

stabilization phase, the sampling in P2 biodigester was done when the production of biogas had 261 

already stabilized. 262 

In P2 the biogas production started at 24 Apr and reached 8662 m3/day by 22 May with an 263 

average value of 7796 m3/day (comparable with P1 biodigester). The concentration of VFA was 264 

highly comparable to that of P1, with an average value of 1634 mg/L, and also the pH values 265 

were similar, while the average temperature was higher (44.2°C). In both plant the daily energy 266 

production was comparable in the full operational phase a sreported in Table 1 (23.90-24 MWh/ 267 

day). 268 
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 269 

Bacterial community analysis by ARISA 270 

 271 

The Automated rRNA Intergenic Spacer Analysis (ARISA) is a molecular method for 272 

analyzing bacterial community diversity without the bias imposed by culture-based approaches. 273 

With the DNA extracted from all the samples reported in Table 1 in P1 and P2 biodigesters, 274 

ARISA profiles were obtained and compared by using a pairwise similarity coefficient, the 275 

Jaccard index. The dendrogram resulting from analysis with the programme DendroUPGMA 276 

showed that bacterial microbiome of P1 and P2 clustered in two distinct groups and, for each 277 

plant, samples were similarly grouped (Fig.3). In P1 digester one cluster encompassed samples 278 

CM2 and CM3, collected when the VFA production was almost stabilized, but the biogas 279 

production was still low; in the second cluster the communities of CM4, CM5, CM6 and CM7, 280 

collected in the phase of temperature and biogas production stabilization, were more similar and 281 

separated from CM8 when the biogas production decreased and, as expected, from CMP (the 282 

post digester). In P2, similarly, the samples clustered in two main groups one encompassing VL1 283 

to VL6 the other encompassing VL8, VL10 and VL12, characterized by a lower VFA production 284 

and higher temperatures. ARISA does not allow description of the community in terms of 285 

bacterial genera or species, therefore, to have more detailed information, the bacterial community 286 

profiling by NGS of 16S rDNA was performed.  287 

 288 

Bacterial community 16S profiling by NGS 289 

 290 

The bacterial community profile by NGS of 16S rDNA was determined on duplicate samples 291 

CM3, CM8 and CMP (for P1) and VL5 (for P2). MiSeq runs produced an average of 75566 292 

sequences for the samples collected in P1 and 83931 from that collected in P2. The rarefaction 293 

curves obtained with Chao 1 and Shannon indices (a measure used to estimate the alpha diversity 294 

in samples and evaluate whether sequencing efforts allowed to capture all the microbial diversity) 295 

highlighted the lowest index of diversity in VL5. In Fig.4 (panel a) are shown only results with 296 

Shannon index. As expected, the most represented phyla in both P1 and P2 biodigesters are the 297 

Firmicutes, with similar percentages in all samples (from 62.64% to 74.54%), followed by 298 

Bacteroidetes (14.55% to 19.43%) and Cloacimonetes (from 1.57% to 8.72%) (Fig.5). 299 

The most represented class is that of Clostridia (between 50.50 and 61.98%), that includes the 300 

uncultured group MBA03 (10.79% to 21.27%), the genus Sedimentibacter (7.93% to 13.94%), 301 

and Clostridium sensu stricto, present at 12.29% in CM3 and in lower percentages (< 2%) in the 302 
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other samples (Fig.6). The main differences between the plants P1 and P2 concern the presence 303 

of Clostridium sensu strictu, very low in VL5 (1,16%), Hydrogenispora, (8.93% in P2 vs < 1.5% 304 

in all samples of P1), uncultured bacterium of Lentimicrobiaceae family (9.47% in P2 vs <2% 305 

in all samples of P1), Proteiniphilum (5.29% in P2 vs<1.5% in all samples of P1) and a bacterium 306 

belonging to the Bacteroidales family UCG-001 (3.10-3.58% in P1 samples vs < 0.28% in P2). 307 

In the plant P1 is remarkable the presence of the family W27, (class Cloacimonetes) that 308 

increases from 1.15% of CM3 to 7.39% in CMP and is absent in the plant P2 (Fig.6). 309 

 310 

Archaeal community analysis by cloning and sequencing of 16S rRNA genes and mcrA 311 

genes 312 

 313 

The first approach for archaeal community characterization was carried out trough classical 314 

molecular methods, namely the cloning and sequencing of amplified target genes. The sequences 315 

encoding partial 16S rRNA (about 870 bp) and part of the gene encoding methyl CoM reductase 316 

alpha subunit (mcrA) gene (about 500 bp) were amplified from the DNA extracted from samples 317 

CM8 (in P1) and VL10 (in P2) and cloned into the vector pGEM®-T Easy. The cloned fragment 318 

(100 clones/gene library) were analyzed by ARDRA and generated eight reproducible profiles 319 

(A-E for P1 and F-I for P2) (Table 3). Sequence analysis of the phylotype A, representing 36% 320 

of the analyzed clones, showed 98.20% similarity with Methanotrix soehngenii (Methanosaeta) 321 

an acetoclastic archaeum. Other methanogenic species belonging to genus Methanoculleus 322 

(hydrogenotrophic and similar to Methanobacterium) as well as uncultured bacterial species 323 

were identified in P1 (Table 3) while in P2 the dominant archaeal genera were the acetoclastic, 324 

but more versatile, Methanosarcina (98.80% similarity with the specie thermophila) and 325 

Methanoculleus. Within these samples, several Clostridiales and other uncultured bacteria were 326 

found. This may be due to the utilization of degenerate primers amplifying also bacterial 327 

sequences very abundant in biodigesters. 328 

 329 

Archaeal community 16S profiling by NGS 330 

 331 

The MiSeq runs produced an average of 10912 sequences for the samples collected in P1 and 332 

11184 from those collected in P2. Rarefaction curves obtained with Chao1 and Shannon 333 

biodiversity indices highlighted, as for bacteria, the lowest index of diversity in sample VL5 (P2) 334 

and the highest in sample CM3 (P1). In Fig.4 (panel b) are shown only the rarefaction curves 335 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

11 

obtained with Shannon index, but identical results were obtained with Chao1 biodiversity index 336 

(data not shown).  337 

The most represented genera in both plants, are Methanobacterium, Methanosarcina, 338 

Methanosaeta, Candidatus Methanofastidiosum, Candidatus Methanoplasma, 339 

Methanobrevibacter, uncultured microorganisms of Bathyarchaeia class, and Methanoculleus 340 

(Fig.7). Methanobacterium is present in both plants, at percentages variable between 14.37 – 341 

22.87% in P1, and 31% in P2. 342 

P2 has a prevalence of Methanosarcina (49.19%), which is present, in P1, in the samples CM3 343 

and CMP (8.38% and 4.62% respectively), and in very low amount in CM8 (0.73%). This was 344 

highlighted also with the approach of cloning and sequencing the 16SrrnA and mcrA genes, 345 

previously described. P1 has a significant abundance of Methanosaeta in all samples (20%), 346 

almost absent in P2 (< 0.05%). P1 is also characterized by the presence of Ca. 347 

Methanofastidiosum, that increases from 10.30% in sample CM3 to 24.70% in CMP and 32.70% 348 

in CM8; while it is almost absent in P2 (0.44%). Samples CM3 and CMP of P1 contains 349 

Methanobrevibacter (10.80% and 6.42%, respectively), a genus strongly reduced in samples 350 

CM8 (1.45%) and VL5 (0.39%) of P2. Bathyarchaeia are present in samples of both plants, but 351 

in variable percentages: 19.98% in CM3, 5.44% in CM8, 2.22% in CMP and 8.88% in VL5. 352 

Methanoculleus is rather abundant in sample CM8 (4.87%) while is less than 2.5% in the other 353 

samples. CMP is characterized by Ca. Methanoplasma (10.05%), absent in P2 sample and very 354 

low (< 2%) in CM3 and CM8. The sample CMP is characterized by the presence of Ca. 355 

Methanoplasma (10.05%) absent P2 sample, and very low (< 2%) in CM3 and CM8.  356 

 357 

Discussion 358 

This work highlighted that two full-scale, structurally identical, biogas producing plants (P1 359 

and P2), located in two different sites in North Italy, associated with a 999 kW cogeneration unit, 360 

both fed with bovine manure and corn silage, and analyzed in two different seasons, highly differ 361 

in the archaeal microbiome and, even at less extent, in bacterial microbiome, but do not differ in 362 

biogas and energy productivity.  363 

 364 

Bacterial biodiversity 365 

 366 

The Automated Ribosomal Intergenic Spacer Analysis (ARISA), a molecular method for 367 

analyzing bacterial community diversity without the bias imposed by the cultivation steps, 368 
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showed that bacteria of P1 and P2 cluster in two distinct groups which are consistent with the 369 

operational phases (Fig.3). 370 

The deeper analysis with NGS 16S profiling showed that bacterial populations of all samples 371 

are dominated by the phylum Firmicutes followed by Bacteroidetes. The members of these phyla 372 

have a wide metabolic capacity, including degradation of lignocellulose of corn silage and 373 

residual of bovine digestion [27]. Firmicutes are often present in fermentative plants, and in some 374 

cases, they are the most abundant bacteria [28, 29, 30]. Indeed, they possess the ability to 375 

metabolize a large variety of molecules into acetate and butyrate, VFA intermediate, and 376 

therefore they play an important role in the hydrolysis of primary substrates in anaerobic 377 

digesters. P1 was characterized by an increase in the CM8 and CMP samples of the phylum 378 

Cloacimonetes, very low in P2. Some authors suggest that members of this phylum are involved 379 

in lignocellulose degradation and play a role in the syntrophic oxidation of propionate [30, 31]. 380 

The genome reconstruction of two candidates of Cloacimonetes, Candidatus Cloacimonas 381 

acidaminovorans [32] and Candidatus Syntrophosphaera thermopropionivorans [33] indicate 382 

that they possess the genes of the methylmalonylCoA pathway responsible of the oxidation of 383 

propionate. The oxidation of propionate and other short-chain fatty acids is a key step for 384 

methanogenesis to occur, as it produces acetate and H2 utilizable by both acetoclastic and 385 

hydrogenotrophic methanogens.  386 

 387 

Archaeal biodiversity 388 

 389 

Either cloning and sequencing of archaeal target genes and NGS archaeal 16S profiling 390 

pointed out that biodigesters P1 and P2 are characterized by the presence of Methanobacterium 391 

(14.37 to 22.87% in samples from P1 and 31% in P2). Methanosaeta is abundant in P1 (up to 392 

23.05%), while Methanosarcina is the predominant genus in P2 (49.19%), in which 393 

Methanosaeta is almost absent. This means that, although P1 and P2 have a similar trend in 394 

biogas and VFA production and operate in the same conditions of pH and temperature, they must 395 

have a substantial difference in the metabolic fermentative pathways. Methanosarcina and 396 

Methanosaeta are both acetoclastic methanogens, but operate, respectively, at high and low 397 

concentration of acetate [34]. Moreover, differently from members of Methanosaeta genus, that 398 

are strictly acetoclastic, most Methanosarcina are mixotrophic, they utilize not only acetate, but 399 

also hydrogen derived from acetate oxidation conducted by anaerobic bacteria (in general 400 

Clostridia) and are able to produce methane even from methanol and methylamines. Archaea 401 

belongiong to Methanosarcina genus, in addition, are able themselves of conducting acetate 402 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

13 

oxidation, bypassing the bacterial action [35]. Differently from Methanosarcina, Methanosaeta 403 

are rather sensitive to VFA and ammonia but in this work VFA concentration does not 404 

significantly differ in P1 and P2 and ammonium concentration, even thought is different in P1 405 

and P2, never exceeds 2000 mgL-1. Therefore, the difference may be related to environmental 406 

condition of manure storage, considering that P1 started in autumn-winter, while P2 operates in 407 

spring-summer. Powell et al. (2008) observed that ammonia production and emission were 408 

significantly higher in spring than in fall-winter, not only because the temperature increases the 409 

evaporation, but also because the excreted N in urine is higher and urease activity is stimulated, 410 

producing ammonia [36, 37]. In this case the concentration of ammonium was lower in the 411 

spring/summer biodigester (P2) were Methanosarcina was the most abundant methanogen.  412 

Karakashev et al. [35] suggest that, in the absence of Methanosaeta, the hydrogenotrophic 413 

methanogenic pathway dominated, also in presence of Methanosarcina that shifted their 414 

metabolism from acetoclastic to hydrogenotrophic methanogenesis. The same authors showed 415 

that acetate oxidation is reduced in presence of Methanosaeta. The P1 microbiome has an 416 

evolution characterized by a decrease of Methanosarcina (from 8.38 of CM3 to 0.73 of CM8) 417 

and by a parallel increase of Candidatus Methanofastidiosum, (formerly called WSA2 group) 418 

while Methanosaeta remains substantially unchanged. The genome analysis of Ca. 419 

Methanofastidiosum conducted by Nobu et al.[38] revealed that this group has the peculiar 420 

capacity of producing methane through methylated thiol reduction. Moreover, members of this 421 

group may utilize acetate (as well as malonate or propionate) with CO2 as carbon source. It is 422 

possible that, in this way, they maintain low the acetate concentration favoring the growth of 423 

Methanosaeta.  Our data showed a certain competition between Methanosarcina and 424 

Methanosaeta, but also between Methanosarcina and Ca. Methanofastidiosum. In general, 425 

Methanosarcina prevails over Methanosaeta because of the greater tolerance to NH4
+, acetate 426 

and the metabolic versatility; but it is possible that Ca. Methanofastidiosum prevails on 427 

Methanosarcina, favoring the development of Methanosaeta. The group of WAS2 was detected 428 

in different environments, like freshwater and marine sediments, contaminated groundwater and 429 

sludge biodigester [38, 39]. Recently this genus has been detected also in municipal sludge 430 

biodigester [40] and in bioreactors fed with pig manure [41] but, being uncultivable 431 

microorganism, their metabolic features were deduced only by genome analysis. However, a 432 

possible competition of WAS2 with Methanosarcinales for acetate has been hypothesized by 433 

Rivière et al. [5]. 434 

Methanobrevibacter is a typical microorganism of rumen and manure, operating a 435 

hydrogenotrophic metabolism [42]. It is present in the initial phases of biodigester activity, with 436 
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fresh manure inoculum, but it is strongly reduced in the advanced phases, where it is replaced by 437 

Methanosaeta. It is almost absent in VL5 where Methanosarcina predominates. A shifting of 438 

Methanobrevibacter to Methanosarcina has been observed in another research by Ciotola et al. 439 

[43]. However, the global percentage of hydrogenotrophic Archaea remains substantially 440 

unchanged, in CM3 and CM8, as the reduction of Methanobrevibacter is compensated by an 441 

increase of Methanobacterium and Methanoculleus. The percentage of hydrogenotrophic 442 

(around 30%) is similar also in CMP and VL5, however, in VL5 Methanobacterium is the 443 

prevalent hydrogenotrophic microorganism. The presence of acetoclastic Archaea is constant in 444 

all samples, being the increase of Methanosaeta compensated by the decrease of 445 

Methanosarcina. 446 

In the ARISA analysis of bacterial community, the post digester of P1 (CMP) clusters 447 

separately from the samples CM4,5,6,7, as expected since it was fed with pig manure and had 448 

lower VFA concentration. Nevertheless, it seems to be closer to CM8 and this can be explained 449 

with the massive inoculum from the primary digester to the secondary digester. The lowering of 450 

VFA concentration can be the result of dilution, and the similarity of microbial communities can 451 

be ascribed to the inoculum.  The NGS analysis of archaeal community indicated a similar trend, 452 

with less differences between CM8 and CMP were a predominance of Candidatus 453 

Methanofastidiosum, Methanosaeta and about 30% of hydrogenotrophic Archaea were detected. 454 

Is rather surprising the increase of Methanosarcina to 4.62% in comparison to 0.72 % of CM8, 455 

and a slight reduction of Methanosaeta. These results are somewhat in contrast with data reported 456 

in the literature, but according to the observation that low concentrations of VFA favor the 457 

development of Methanosaeta and not of Methanosarcina [44]. The slight reduction of 458 

Candidatus Methanofastidiosum, seems to confirm its competition with Methanosarcina. 459 

Another peculiarity of CMP is the presence of Candidatus Methananoplasma, a group of 460 

obligated hydrogen-dependent methylotrophs, but being Candidatus Methanoplasma termitium 461 

the only deeply characterised species of this group [45] it is difficult to infer its role in CMP and 462 

in methanogenesis in general. 463 

 464 

Conclusions  465 

 466 

In this study an integrated molecular approach was applied to analyze and compare the 467 

bacterial and archaeal communities of two full-scale Anaerobic Digestors (7200 m3 reaction 468 

volume). The two plants, identical in structure, are used for production of biogas and energy from 469 
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corn silage and bovine manure and are located in Po Valley at 200 km distance. The plants are 470 

managed from the same company, in a comparable way. The molecular analyses were conducted 471 

from the phase of start-up to the phase of full operation in autumn-winter for P1, while P2 was 472 

analyzed when already in full activity during the spring. 473 

It was possible to observe that, in the plant P1, there was, along four phases, a progressive 474 

stabilization of the biogas production, that reached values comparable to that of P2. This was 475 

accompanied by a reduction of biodiversity of bacterial and archaeal communities, thus reflecting 476 

a competition and selection of microbial populations and microbial functions. Although the plant 477 

technology, the operating characteristic, the biogas and energy production were comparable in 478 

both plants, the microbiome, in particular Archaea, resulted to be notably different. This may be 479 

linked to the different seasons in which the plants were monitored and the samples collected, but 480 

also highlights that biogas production efficiency does not necessarily depends on the 481 

phylogenetic structure of microbial community acting in AD, but rather on their optimal synergic 482 

activity. Indeed, despite the differences observed, the percentage of hydrogenotrophic 483 

methanogens remained substantially unchanged in the two plants, suggesting that this pathway 484 

is necessary. Was also interesting to observe the relevant presence of Candidatus 485 

Methanofastidiosum, an unculturable Archaeum found in extreme environment and, more 486 

recently, in some biodigesters, probably involved in methanogenesis through methylated thiol 487 

reduction. This underlines that different pathways are relevant in methane production, other than 488 

acetoclastic and hydrogenotrophic.  489 

From the data obtained, it is possible to conclude that, in the two biogas plants, two different 490 

effective microbial succession developed independently, starting from the inoculum and reached, 491 

in both cases, an optimized (although different) equilibrium of the community, ensuring the 492 

necessary metabolic functions. Although the phylogenetic composition of the two communities 493 

showed important differences it appears that these microbial communities carry out similar 494 

functional processes, regardless of differences in their structure (functional similarity). 495 

Langer et al (2015) already reached these conclusions describing the functional redundancy 496 

and structural changes of microbial communities in four lab-scale (12 L), continuously stirred 497 

tank reactors. The diverse microbial communities optimized their metabolism in a way that 498 

ensured efficient biogas production [44]. With the present study, conducted in full scale 499 

dimension, the same conclusion can be drawn. 500 
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 513 

Legend to the figures 514 

 515 

Fig.1 The key stages of anaerobic digestion process, schematically represented. 516 

Fig.2 Synoptic diagram of the start-up phases of P1.  517 

Fig.3 UPGMA dendrogram of P1 and P2 obtained from ARISA profiles.  518 

Fig.4 Rarefaction curves derived by Shannon diversity index of Bacteria (a) and Archaea (b) 519 

of samples CM3, CM8, CMP and VL5 calculated on the basis of 16S rDNA NGS taxonomy 520 

profiling.  521 

Fig.5 Relative abundance of bacterial phyla in the samples CM3, CM8, CMP and VL5 522 

calculated through 16S rDNA NGS taxonomy profiling (average of duplicated biological 523 

samples). 524 

Fig.6 Relative abundance of bacterial genera (> 1%) in the samples CM3, CM8, CMP and 525 

VL5 calculated through 16S rDNA NGS taxonomy profiling (average of duplicated biological 526 

samples). 527 

Fig.7 Relative abundance of archaeal genera (> 1%) in the samples CM3, CM8, CMP and 528 

VL5 calculated through 16S rDNA NGS taxonomy profiling (average of duplicated biological 529 

samples). 530 
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Table 1. Samples collected in the biodigesters P1 (CM2 to CMP) and P2 (VL1 to VL12), respective operating conditions, VFA, biogas and 

energy production. Samples CM3, CM8, CMP and VL5 (in bold characters) were used for NGS analysis and CM8* and VL10 (bold italic) 

for cloning and sequencing of archaeal sequences. n.r. Not reported.  

 

 

 

 Feeding Production 

Sample Sampling site 
Time of 
collection 

VFA 
(mgL-1) 

T °C pH 

 
Alkalinity 
(mgL-1) 

Ratio 
VFA/Alk 

Ammonia 
nitrogen 
concentration 
(mg Kg-1) 

Corn silage  
(t day-1) 

Manure (t  
day-1) 

Biogas (m3 
day-1) 

Energy 
(MWh 
day-1) 

CM2 Primary digester 17 Nov 1784 42.2 7.51 15840 0.11  8.90 54.80 2486 0 

CM3 Primary digester 24 Nov 1689 42.5 7.46 14325 0.12 1875 21.70 0 4329 0 

CM4 Primary digester 01 Dec 1677 43.1 7.46 13699 0.12  33.80 0 6703 0.7 

CM5 Primary digester 08 Dec 1766 43.3 7.47 13598 0.13  41.40 0 8259 17.70 

CM6 Primary digester 15 Dec 1834 43.1 7.48 13334 0.14 1951 44.50 20.20 9140 24 

CM7 Primary digester 22 Dec 1463 44.2 7.44 12663 0.12  40.70 16.90 10919 24 

CM8 Primary digester 26 Dec 1804 42.5 7.49 12464 0.14  39.10 17.80 8031 24 

CM8* Primary digester 26 Dec 1804 42.5 7.49 12464 0.14  39.10 17.80 8031 24 

CMP Post digester  29 dec 1152 41.5 7.67 14145 0.13  n.r. n.r. n.r.  

             

VL1 Primary digester  08 May 1790 40.9 7.33 10968 0.16 1100 39.70 0 7920 22 

VL2 Primary digester 15 May 1783 42.2 7.43 9855 0.18  41.00 0 8180 23.90 

VL3 Primary digester 22 May  1379 42.5 7.35 9423 0.15  41.80 24.90 8662 23.20 

VL4 Primary digester 29 May 1751 41.7 7.45 8499 0.21  32.20 49.20  6737 23.90 

VL5 Primary digester 5 June 1844 42.8 7.51 8974 0.21 1315 36.70 19.90  7637 23 

VL6 Primary digester 12 June 1776 44.3 7.50 8835 0.20  37.30 20.30  8159 23.90 

VL8 Primary digester 19 June 1367 46.9 7.50 8711 0.16  36.00 27.00 7538 23.90 

VL10 Primary digester 26 June 1434 47.9 7.51 9021 0.16  36.00 27.00 7690 24 

VL12 Primary digester 03 July 1403 47.7 7.53 9504 0.15 1320 39.90 27.10 7642 24 
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Table 2. Primers utilised in this study. “Y”, “R” “M” and “W” mean degenerate bases.  

 

Primer  Sequence  
Ta 

(°C) 
Ref.   

ITSF 

ITSReub 

5’-GTCGTAACAAGGTAGCCGTA-3’ 

5’-GCCAAGGCATCCACC-3’ 
58  [47] 

 

69F 

ARC934R 

5’-YGAYTAAGCCATGCRAGT-3’ 

5’-TGCTCCCCCGCCAATTCCT-3’ 
47 [48] 

 

SP6 

T7 

5’-TATTTAGGTGACACTATAG-3’ 

5’-TAATACGACTCACTATAGGG-3’ 
50  

 

mcrAF 

mcrAR 

5’-GGTGGTGTMGGATTCACARTATGCW-3’ 

5’-TTCATTGCRTAGTTWGGRTAGTT-3’ 
55 [16] 
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Table 3. ARDRA profiles detected after restriction analysis of amplicons derived from rRNA 16S of Archaea, their relative abundance in 

the analysed clones and similarity with bacteria species established with BLAST analysis.  

 

Profiles P1 (Accession 

number)  

Relative 

abundance in 

P1 

Similar microorganism (Accession 

number) 

Sequence 

similarity  

Functional 

group 

16S A (CM8) (MW381770) 36% Methanothrix soehngenii (NR_104707.1) 98.20% Acetoclastic 

16S B (CM8) (MW381771) 17% Methanoculleus bourgensis (NR_114489.1) 98.07% Hydrogenotrophic 

16S C (CM8) 6% Uncultured bacterium (FJ205838.1) 73%  

16S D (CM8)  8% Uncultured bacterium (JX102010.1)  96.85%  

16S E (CM8) (MW381772) 6% Methanoculleus bourgensis (AB065298.1) 98.68% Hydrogenotrophic  

16S mix (CM8)  27% Unidentified miscellaneus clones   

16S F (VL10) (MW381773) 32% Methanosarcina thermophila (NR_044725.1) 98.8% Acetoclastic 

16S G (VL10) (MW381774) 25% 
Methanoculleus hydrogenitrophicus (NR 

116881.1) 
99.52% Hydrogenotrophic 

16S I (VL10) (MW381775) 10% Hydrogenispora ethanolica (NR_125455.1) 90.22%  

16S mix (VL10) 33% Unidentified miscellaneus clones   

 

Profiles P1 (Accession number) Similar microorganism (Accession number)   Sequence similarity Functional group  

Mcr1 (CM8) (MW390769) Uncultured methanogenic archeon (JQ686784.1) 98.92%  

Mcr2 (CM8) (MW390770) Uncultured methanogenic archeon (JQ686770.1) 99%  

Mcr3 (CM8) (MW390771) Uncultured methanogenic archeon (AB615638.1) 99.15%  

Mcr4 (CM8) (MW390772) Uncultured Methanobacterium sp (KJ487752.1) 98% Hydrogenotrophic 

Profiles P2 (Accession number) Similar microorganism (Accession number)   Sequence similarity Functional group  

Mcr5 (VL10) (MW390773) Methanoculleus bourgensis (LT549891.1) 98,76% Hydrogenotrophic 

Mcr6 (VL10) (MW390774) Methanosarcina flavescens (CP032683.1) 97.54% Acetoclastic 

Mcr7 (VL10) (MW390775) Uncultured methanogenic archeon (EF628139.1) 99%  

Mcr8 (VL10) (MW390776) Methanosarcina thermophila (AB353225.1) 98.30% Acetoclastic 
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