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ber were the acetoclastic  Methanosaeta  and the hy-
drogenothrophic  Methanoculleus  and  Methanospirillum . 
Similar bacterial and archaeal groups that dominated in the 
middle of the digestion chamber were found in the waste 
that left the digester. Predicted functions associated with 
degradation of xenobiotic compounds were significantly 
different between the sampling locations. The microbial 
community found in an anaerobic digestion reactor loaded 
with pig manure contained microorganisms with biochemi-
cal capacities related to the 4 phases of methane production. 

 © 2017 S. Karger AG, Basel 

 Introduction 

 Farms dedicated to pork production have adopted an-
aerobic digestion of pig waste not only as a way to reduce 
the generated waste but mainly to produce biogas, i.e.  
 methane (CH 4 ) [Thygesen et al., 2014]. Biogas produc-
tion from animal waste is widely used in Denmark, 
France, Germany, Italy, the UK, and Spain. In Latin 
America, e.g., Mexico, the use of anaerobic digestion of 
animal waste and biogas production has only become 
substantial in recent years. One of the advantages of the 
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 Abstract 

 Biogas production from animal waste is an economically vi-
able way to reduce environmental pollution and produce 
valuable products, i.e . , methane and a nutrient-rich organic 
waste product. An anaerobic digestion reactor for biogas 
production from pig waste was sampled at the entrance, 
middle (digestion chamber), and exit of a digester, while the 
bacterial and archaeal community structure was studied by 
16S rRNA gene metagenomics. The number of bacterial op-
erational taxonomic units (OTU)-97% was 3–7 times larger 
than that of archaeal ones. Bacteria and Archaea found in 
feces of animals (e.g., Clostridiaceae, Lachnospiraceae, Ru-
minococcaceae,  Methanosarcina ,  Methanolobus ,  Methano-
saeta , and  Methanospirillum ) dominated the entrance of the 
digester. The digestion chamber was dominated by anaero-
bic sugar-fermenting OP9 bacteria and the syntrophic bac-
teria  Candidatus  Cloacamonas (Waste Water of Evry 1; 
WWE1). The methanogens dominant in the digestion cham-
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produced biogas is that it has a wide range of applications, 
especially in the energy sector. For instance, biogas can be 
used in a hob or stove, in an internal combustion engine, 
for lighting, in heaters or in grain driers. Lorenz et al. 
[2013], for instance, stated that biogas could provide 5% 
of the total energy needed in the German paper industry 
and up to 71.2% in the brewery industry. Additionally, 
the organic product that remains after anaerobic diges-
tion can easily be applied to soil, as it is nutrient rich 
[Nkoa, 2014].

  The organic material in animal waste is mostly easily 
decomposable, so a lot of microorganisms thrive in it. The 
microorganisms in animal waste are mostly anaerobic 
and thus ideally suited to decompose the organic mate-
rial in an anaerobic digester and produce CH 4 , i.e., biogas 
[Moset et al., 2014]. Anaerobic digestion consists of syn-
ergistic and sequential processes done by bacterial and 
archaeal groups. The sequential metabolic steps are hy-
drolysis, acidogenesis, acetogenesis, and methanogenesis. 
Bacteria first degrade the complex and high-molecular-
weight organic compounds until generation of hydrogen 
and acetate, which are then used by archaeal microorgan-
isms to produce CH 4  and CO 2  [Moset et al., 2014; Zinder 
and Koch, 1984]. Bacterial groups produce acetate by ox-
idation of fermentation products of formate or hydrogen-
producing bacteria [Hattori et al., 2000]. Methane is pro-
duced by a specialized group of Archaea, i.e., methano-
gens [Xia et al., 2014]. Methane is produced mainly from 
acetate by acetoclastic or from H 2 /CO 2  by hydrogenotro-
phic methanogenic Archaea. A coordinated and well-ad-
justed interaction between the microbial groups involved 
in each of the biochemical processes is crucial for the ef-
ficiency of biogas production in anaerobic reactors. Sev-
eral factors, e.g., temperature, pH, and organic material 
composition, affect biogas production during anaerobic 
digestion [Karakashev et al., 2006], and fluctuations in 
these variables can imbalance the synergistic processes.

  It is of great practical interest to identify the microor-
ganisms, i.e. Archaea and Bacteria, involved in the differ-
ent phases of anaerobic digestion, to assess the impact 
they have on CH 4  production and to relate their meta-
bolic capacity to the physicochemical characteristics of 
the system so that biogas production can be optimized 
further. Therefore, an anaerobic digestion reactor sam-
pled at 2 locations (the digester reactor and at the exit of 
the digester or sedimentation pond) was characterized 
and extracted for DNA. The mixing fossa or the entrance 
to the digester was also sampled and characterized as it 
determined the quality of the slurry before it was added 
to the reactor. The archaeal and bacterial community 

structure was investigated by metagenomics of the V1-V3 
hypervariable regions of the 16S rRNA gene and corre-
lated with the physicochemical characteristics of the sys-
tem. A functional profile (metagenome) was developed to 
relate the microbial taxonomic composition with poten-
tial metabolic functions.

  Results and Discussion 

 Characteristics of the Organic Pig Waste in the 
Anaerobic Digestion Reactor 
 The number of total coliforms decreased in the follow-

ing order: mixing fossa (>1,100 × 10 3  colony-forming 
units [CFU]) > digester reactor (93 × 10 3  CFU) > sedi-
mentation pond (2.3 × 10 3  CFU), while fecal coliforms 
decreased in the following order: digester reactor (150 × 
10 3  CFU) > mixing fossa (110 × 10 3  CFU) > sedimenta-
tion pond (23 × 10 3  CFU). The reduction in coliform bac-
teria in the digester reactor was expected as digestion un-
der thermophilic conditions or with termophilic pre-
treatments has been proven to reduce the pathogen 
bacteria and intestinal parasites found in animal waste 
[El-Mashad et al., 2004].

  The water content in the mixing fossa was 95.8%, and 
it was 85.2% in the digester reactor and 95.0% in the sed-
imentation pond. The organic C and chemical oxygen de-
mand were significantly higher in the mixing fossa than 
in the digester reactor and the sedimentation pond, while 
the pH followed an opposite pattern and increased ( p  ≤   
0.05;  Table  1 ). The concentration of NO 2  –  was signifi-
cantly higher in the digester reactor than in the mixing 
fossa and the sedimentation pond ( p  ≤   0.05). Electrolytic 
conductivity (EC), inorganic C, total N and the concen-
tration of NH 4  +  and NO 3  –  were not significantly different 
among the 3 locations. Chemical equilibrium is very im-
portant in the biogas production process, which will af-
fect CH 4  yields and biogas quality. pH increases in the 
digester reactor and the sedimentation pond might be 
correlated with inorganic C and organic C as pH is sig-
nificantly affected by carbon dioxide (CO 2 ), volatile fatty 
acids, and alkalinity [Sun et al., 2016]. Alkalinity is an in-
dicator of the buffering capacity of the anaerobic reactor, 
which is characteristic when livestock waste, such as 
swine manure (rich in NH 4  +  and nitrogen compounds), 
is used [Manyi-Loh et al., 2013]. An elevated NH 3 /NH 4  +  
concentration is also related to the buffering capacity that 
allows operation of the digester with higher concentra-
tions of volatile fatty acids [Walker et al., 2011]. However, 
the NH 3  concentration in our anaerobic digestion reactor 
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remained constant, although it generally increases. Some 
NH 3  might get lost through volatilization, as the pH in the 
anaerobic reactor is alkaline [Strik et al., 2006].

  Alpha Microbial Diversity in the Reactor 
 Overall 12,604 bacterial and 13,839 archaeal nonchi-

meric, good-quality sequences were retrieved from the 
reactor, representing 896 bacterial operational taxonom-
ic units (OTU)-97% and 148 archaeal OTU-97%. Rarefi-
cation curves showed that the bacterial and archaeal com-
munities were sampled sufficiently (online suppl. Fig. S1; 
see www.karger.com/doi/10.1159/000479108 for all on-
line suppl. material) and the sampling complied with 
Good’s coverage ranging from 97 to 100%. In general, the 
largest bacterial diversity and bacterial species richness 
were found in the mixing fossa, followed by the sedimen-
tation pond, and the lowest were detected in the digestion 
chamber. Archaeal diversity and species richness, how-
ever, were similar for the different points sampled in the 
reactor. Diversity and species richness were higher for 
bacteria than for Archaea. The number of bacterial OTU-
97% was 3–7 times larger than that for Archaea. Kim et 
al. [2015] found that the number of bacterial 16S RNA 
gene copies based on qPCR was 10-fold higher than that 
of Archaea in anaerobic digesters treating different or-
ganic wastes, while Lee et al. [2016] reported a 100-fold 
higher number in a full-scale thermophilic anaerobic di-
gester. The highest bacterial and archaeal diversity in 
terms of heterogeneity was found in the mixing fossa and 
the lowest in the digester chamber. It is likely that the di-
versity in the digestion reactor decreased as particular mi-
crobial guilds were favored by the digestion conditions.

  Microbial Community in the Mixing Fossa: Entrance 
to the Digester 
 In the mixing fossa, where the pig waste is collected 

before being transferred to the digestion reactor, Fir-

micutes (61.1 ± 3.3%) were the dominant bacterial phy-
lum, followed by Proteobacteria (21.1 ± 1.3%) and Bacte-
roidetes (14.8% ± 2.5), while the relative abundance of 14 
phyla was <1% ( Fig.  1 ). Phylotypes belonging to Clos-
tridia class (38.2 ± 4.6%) dominated Firmicutes, Gamma-
proteobacteria (18.9 ± 0.5%) dominated Proteobacteria, 
and Bacteroidia (14.5 ± 2.8%) dominated Bacteroidetes. 
Bacterial orders, and especially Bacteroidales and Pseu-
domonadales, were dominated by a limited number of 
genera. Bacteroidales (14.5 ± 1.5%) were dominated by 
the genus  Prevotella  (10.6 ± 2.7%), and half of the phylo-
types belonging to Pseudomonadales (14.3 ± 1.9%) be-
longed to the genus  Acinetobacter  (7.2 ± 2.4%). As could 
be expected, the bacterial community in the mixing fossa 
resembled bacteria found in animal feces. Many phylo-
types belonging to Firmicutes possess enzymes that fer-
ment plant cell wall components [Ziemer, 2013], and 
members of the Ruminococcaceae are known to produce 
short-chain fatty acids, which might promote gut health 
[Bearson et al., 2013]. Two bacterial families, i.e., Pre-
votellaceae (Bacteroidales) and Moraxellaceae (Pseudo-
monadales), had a high relative abundance in the mixing 
fossa. Prevotellaceae is one of the most prevalent families 
in the swine gastrointestinal tract [Bearson et al., 2013], 
and strains belonging to Moraxellaceae are commensals 
or cause opportunistic infections [Pettersson et al., 1998]. 
As such, their high relative abundance in organic waste is 
easily understood. Strains of the genus  Prevotella  have 
been found in animal (pig, dog, and cat) and human feces 
[Haugland et al., 2010]. Strains belonging to the genus 
 Acinetobacter  are opportunistic human and animal 
pathogens [Hong et al., 2013].

  Most of the sequences retrieved from the digester be-
longed to Euryarchaeota (99.8 ± 0.1%) (mostly Methano-
microbia; 99.0 ± 1.3%), while the rest belonged to Crenar-
chaeota (0.2 ± 0.1%) and Thermoplasmata (0.3 ± 0.1%) 
(online suppl. Table S2). Only 0.03% of the retrieved se-

 Table 1.  Characteristics of samples taken at 3 locations in an anaerobic digester of pig waste on 3 consecutive occasions with approxi-
mately 50 days in between

Sampling
location

pH EC, dS∙m–1 Tot-C, mg∙L–1 Ino-C, mg∙L–1 Total N, mg∙L–1 COD, mg∙L–1 NH4
+, mg∙L–1 NO2

–, mg∙L–1 NO3
–, mg∙L–1

Mixing fossa 7.0 ± 0.01b 13.3 ± 0.78a 2,464.6 ± 10.87a 542.1 ± 152.57a 725.8 ± 129.23a 52,281.93 ± 4875.50a 142a 0.41 ± 0.07b 0.36 ± 0.03a

Digester 7.5 ± 0.35a,b 14.0 ± 0.96a 1,561.8 ± 279.14b 641.3± 148.93a 648.3 ± 77.10a 31,189.48 ± 3581.69b 163a 0.80 ± 0.01a 0.36 ± 0.07a

Lagoon 8.2 ± 0.39a 14.7 ± 0.70a 1,208.7 ± 224.20b 641.48 ± 182.11a 758.03 ± 49.26a 10,417.90 ± 4194.69c 153a 0.35 ± 0.06b 0.35 ± 0.12a

MSD 0.9 2.5 635 1583 280 13,040 77 0.17 0.25
F value 7.92 1.57 19.62 1.09 0.76 48.51 0.35 39.17 0.01
p value 0.021 0.283 0.002 0.394 0.508 <0.001 0.719 <0.001 0.990

 EC, electrolytic conductivity; Tot-C, total carbon; Ino-C, inorganic carbon; COD, chemical oxygen demand; MSD, minimum significant difference (p < 0.05). 
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  Fig. 1.  Schematic representation of the an-
aerobic digester indicating the 3 sampling 
points, i.e., the mixing fossa (entrance), the 
digestion chamber (middle), and the sedi-
mentation pond (exit), and the most abun-
dant bacterial and archaeal groups at each 
of these sampling points. 
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quences could not be assigned to an archaeal group.  Meth-
anospirillum  and  Methanosaeta  dominated the archaeal 
community in the mixing fossa .  The archaeal community 
in the mixing fossa was different from that reported for 
swine feces as  Methanobrevibacter  spp. is normally domi-
nant [Ufnar et al., 2007]. Some phylotypes were affiliated 
with Crenarchaeota and Thermoplasmata. Thermoplas-
mata belong to the Euryarchaeota and have been detected 
in bovine rumen. Their methanogenic lifestyle was con-
firmed as they have distinct methyl-coenzyme M reduc-
tase genes [Poulsen et al., 2013]. The methanogenesis 
pathways of the dominant Archaea at the entrance of the 
reactor were acetoclastic ( Methanosarcina ,  Methanolo-
bus , and  Methanosaeta ) and hydrogenothrophic ( Metha-
nospirillum  and Methanospirilaceae). Different organic 
sources can be used for methane production. The micro-
bial community found in the reactor fed with pig manure 
in this study contained microorganisms with biochemical 
capacities involved in the 4 phases of methane production.

  Microbial Community in the Digestion Chamber 
 In the anaerobic digester reactor, the bacterial popula-

tion was dominated by Waste Water of Evry 1 (WWE1) 
(28.6 ± 1.9%), followed by Bacteroidetes (23.6 ± 3.0%), 
Firmicutes (20.1 ± 4.1%), and OP9 (13.8 ± 4.2%) ( Fig. 1 ). 
Phylotypes belonging to Cloacamonae (28.6 ± 1.9%) 
dominated WWE1, and Bacteroidia (23.6 ± 3.0%) domi-
nated Bacteroidetes, Clostridia (19.1 ± 3.0%) dominated 
Firmicutes, and JS1 (13.8 ± 4.2%) dominated OP9. A dif-
ferent bacterial community was selected in the digester 
chamber compared to the mixing fossa. The relative 
abundance of the 2 dominant phyla in the mixing fossa 
decreased sharply. Lactobacillales (18.4 ± 3.8%) and Pseu-
domonadales (14.3 ± 1.9%), so dominant in the mixing 
fossa, were nearly absent from the digestion chamber. 
The relative abundance of Clostridiales was halved as 
phylotypes belonging to the families Lachnospiraceae 
(6.1 ± 1.3%), Ruminococcaceae (8.1 ± 0.8%), and Veil-
lonellaceae (3.9 ± 1.2%) nearly disappeared (< 1%) from 
the digester chamber. Lachnospiraceae, Ruminococcace-
ae, and Veillonellaceae are symbiotic gut bacteria, so once 
they leave this specific environment their relative abun-
dance declines as the composition of the organic mate-
rial and conditions change [Gevers et al., 2014].

  Although the relative abundance of Bacteroidales in-
creased from 14.5 ± 2.8% in the mixing fossa to 23.6 ± 
3.0% in the digestion chamber, there was a clear change 
in the phylotypes that dominated this order. The relative 
abundance of the genus  Prevotella  dropped from to 10.6 
± 2.7 to 0.2 ± 0.4%, but 21.4 ± 2.7% of the phylotypes be-

longing to Bacteroidales remained unclassified in the di-
gester chamber. The OP9 and WWE1 phyla were domi-
nated by 1 bacterial group. OP9 was dominated exclu-
sively by BA021 (13.8 ± 4.2%) and WWE1 by the genus 
 Candidatus  Cloacamonas (28.6 ± 1.9%) (online suppl. 
Fig. S2). Most species belonging to these 2 phyla have not 
been cultivated yet, but they were most likely involved in 
the anaerobic degradation of organic material.  Candida-
tus  Cloacamonas probably participated in the fermenta-
tion and acidogenesis process. This genus has been found 
in anaerobic digesters [Chouari et al., 2005]. Pelletier et 
al. [2008], after an in silico proteome analysis, stated that 
“ Candidatus  Cloacamonas acidaminovorans” might de-
rive most of its carbon and energy from the fermentation 
of amino acids and is probably a syntrophic bacterium. 
Additionally, Limam et al. [2014], using stable isotope 
probing, stated that members of WWE1 participate in the 
extracellular cellulose hydrolysis process and/or in the 
uptake of fermentation products. OP9 has been found in 
thermal bioreactors and digesters, petroleum reservoirs, 
and geothermal springs and most likely participate in ac-
idogenesis [Dodsworth et al., 2013]. Through metabolic 
reconstruction from the core genome obtained from sin-
gle-cell and metagenomic sequencing, Dodsworth et al. 
[2013] stated that this yet uncultured bacterial lineage 
(i.e., OP9) had “an anaerobic lifestyle based on sugar fer-
mentation by Embden-Meyerhof glycolysis with produc-
tion of hydrogen, acetate and ethanol.”

  Of the methanogens that entered the reactor from the 
pig manure, the acetoclastic  Methanosaeta  and the hy-
drogenothrophic  Methanoculleus  and  Methanospirillum 
 were favored in the digestion chamber. Acetoclastic 
methanogens accounted for 42% of the Archaea in the 
digestion chamber, while hydrogenotrophic methano-
gens for 52%. Sundberg et al. [2013] studied 21 full-scale 
biogas digesters with different types of wastes and gener-
alized that digesters with sewage sludge contained main-
ly acetoclastic methanogens, while hydrogenotrophic 
methanogens were found mainly when other wastes were 
used. Kim et al. [2015] studied batch digesters treating 
different organic sources, e.g., sewage sludge, food waste, 
and septage, and found a similar proportion of Methano-
sarcinales (acetoclastic) and Methanomicrobiales (hy-
drogenotrophic) in digesters with sewage sludge. In this 
work an almost equal proportion of acetoclastic and hy-
drogenotrophic methanogenic Archaea was found, indi-
cating that methane production was probably achieved 
almost equally through both pathways. Different factors, 
however, affect methane production through the aceto-
clastic and hydrogenotrophic pathways. First, the rela-
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tive abundance of the different methanogens is impor-
tant. Karakashev et al. [2006] observed that when Meth-
anosaetaceae were absent the dominant methanogenic 
pathway was hydrogenotrophic.  Methanosaeta  was de-
tected so the 2 pathways probably contributed to CH 4  
production. Second, the composition of the organic ma-
terial affects the relative importance of the 2 pathways. 
When the organic material consist mostly of polysaccha-
rides, theoretical models predict that acetoclastic metha-
nogenesis accounts for > 67% of the CH 4  production and 
hydrogenotrophic methanogenesis accounts for <33% 
[Conrad, 1999].

  Microbial Community in the Sedimentation Pond: 
Exit of the Digester 
 The bacterial community in the sedimentation pond 

was dominated by bacterial groups that were also abun-
dant in the digestion chamber, e.g., BA021 (10.9 ± 4.2%), 
 Candidatus  Cloacamonas (19.3 ± 0.9%), and unclassified 
Bacteroidales (13.2 ± 4.6%). Although the relative abun-
dance of Clostridiales (34.8 ± 3.1%) was similar in the 
digester and in the mixing fossa (38.2 ± 3.1%), the bacte-
rial groups that dominated them were distinct. The rela-
tive abundance of Clostridiaceae was >2 times higher in 
the sedimentation pond (28.0 ± 5.5%) than in the anaero-

bic digester (12.1 ± 2.5%). Clostridiaceae were dominated 
by phylotypes belonging to the genera  Clostridium  and 
 Proteiniclasticum . The archaeal groups in the sedimenta-
tion pond were similar to those found in the digestion 
chamber and no significant difference was found in their 
phylogenetic composition and taxonomic structure 
( Fig. 2 ,  3 ).

  Changes in the Microbial Community Structure along 
the Sampling Points 
 Taxonomic distribution ( Fig.  2 ) and phylogenetic 

composition ( Fig. 3 ) information revealed that the bacte-
rial and especially the archaeal communities remained 
rather stable in the anaerobic reactor, even when repli-
cates were taken with 50 days in between, while varia-
tions were larger in the mixing fossa. These analyses also 
confirm that bacterial and archaeal communities were 
different between the sampling points. Considering the 
different bacteria phyla the mixing fossa, for instance, 
was characterized by a negative PC1 (a high relative 
abundance of Actinobacteria, Firmicutes, Fusobacteria, 
and Proteobacteria), while the digester reactor was char-
acterized by a positive PC1 (a high relative abundance of 
Armatimonadetes, Bacteroidetes, Chloroflexi, OP9, Syn-
ergistetes, and WWE1) ( Fig. 2 a). The archaeal commu-
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  Fig. 2.  Principal component analysis considering the relative abundance of the different bacterial phyla ( a ) and 
archaeal genera ( b ) found in the mixing fossa, the digestion chamber, and the sedimentation pond. 
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nity structure in the mixing fossa was clearly different 
from those of the anaerobic digester reactor and the sed-
imentation pond ( Fig. 2 b). At the OTU-97% level and 
considering the phylogenetic affiliation, the bacterial 
communities were separated clearly and they were sig-
nificantly different ( p  = 0.003,  Fig.  3 a). The bacterial 
community of the mixing fossa differed mostly from that 
in the digester, while the bacterial community of the sed-
imentation pond was in between that of the mixing fossa 
and the digester. The archaeal communities showed the 
same tendency ( Fig. 3 b). However, the archaeal commu-
nities in the digester and in the sedimentation pond re-
mained close.

  As mentioned before, anaerobic digestion is a delicate 
and equilibrated interaction of different guilds of micro-
organisms. The success of biogas production depends on 
the maintenance of this equilibrium. In this study, we ob-
served that resilient microbial populations might main-
tain this balance. Werner et al. [2011] observed in 9 dif-
ferent types of methanogenic bioreactors stable bacterial 
communities in terms of taxonomic profiles and phylo-
genetic structure that were resilient to disturbances. They 
suggested that resilience, rather than dynamic competi-
tion, played an important role in maintaining the neces-
sary syntrophic populations.

  Effect of the Physicochemical Parameters on the 
Microbial Communities Composition 
 The canonical correlation analysis (CCA) of the bacte-

rial communities separated the mixing fossa from the di-
gester and the sedimentation pond ( Fig.  4 a). The large 
organic carbon content in the mixing fossa was positively 
correlated with Actinobacteria, Firmicutes (mostly Lac-
tobacillales, Bacilli), and Proteobacteria (mostly Pseudo-
monadales, Gammaproteobacteria).

  The composition of the archaeal communities was bet-
ter explained by the physicochemical parameters of the 
sampling points ( Fig. 4 b). The sedimentation pond was 
separated clearly from the anaerobic digester reactor 
while the mixing fossa was found in between. The sedi-
mentation pond was characterized by a higher pH than 
those of the mixing fossa and the anaerobic digester. One 
sample from the sedimentation pond had a higher rela-
tive abundance for  Methanolinea  and  Methanoculleus , 
i.e., a high negative CCA1, compared to the samples from 
the sedimentation pond and the anaerobic digester, and 
the second sample had a higher relative abundance of 
 Methanospirillum , i.e., a high positive CCA1.
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  KEGG Ortholog Function Prediction 
 A metagenome prediction was made considering the 

bacterial and archaeal communities. The most abundant 
metabolic functions in the anaerobic reactor were related 
to central metabolisms and organic matter degradation 
( Fig. 5 a). Metagenomic analysis of a production scale bio-
gas plant fed with renewable primary products found a 
significant amount of genes involved in sugar and amino 
acid metabolism [Schlüter et al., 2008]. Stolze et al. [2015] 
found that key functions for organic material decomposi-
tion and methane synthesis of biogas reactors under wet 
and dry fermentation were very similar. Surprisingly, dif-
ferent metabolic functions associated with degradation of 
xenobiotic compounds, i.e., chloroalkane and chloro-
alkene, ethylbenzene, and fluorobenzoate, were signifi-
cantly different between the mixing fossa and the anaero-
bic digester ( Fig. 5 b). It has been suggested that aromatic 
compounds are intermediate degradation products of or-
ganic material to CH 4  [Grbic-Galic, 1986; Kotsyurbenko 
et al., 2004]. Kotsyurbenko et al. [2004] hypothesized that 
they may be released from lignin, humic acids, or aro-
matic amino acids. Degradation of aromatic compounds 
might result in substantial production of H 2 , which even-
tually increases the relative contribution of hydrogeno-

trophic methanogenesis. Here, though it was derived 
from predicted observations, we found the same phe-
nomenon.

  Conclusions 

 The number of bacterial OTU-97% was 3–7 times larg-
er than that of the archaeal ones. The waste that entered 
the digester was dominated mostly by bacteria found in 
the feces of pigs, e.g., Clostridiaceae, Lachnospiraceae, 
Veillonellaceae, and Ruminococcaceae. The methanogen-
esic pathways of the dominant Archaea at the entrance of 
the reactor were acetoclastic ( Methanosarcina ,  Methano-
lobus , and  Methanosaeta ) and hydrogenothrophic ( Meth-
anospirillum  and Methanospirillaceae). The anaerobic di-
gester was dominated by bacteria with an anaerobic life-
style based on sugar fermentation (OP9) or syntrophic 
bacteria, such as  Candidatus  Cloacamonas. They derive 
most of their carbon and energy from the fermentation of 
amino acids and also participate in the extracellular cel-
lulose hydrolysis process and/or in the uptake of fermen-
tation products. The methanogens selected in the diges-
tion chamber were the acetoclastic  Methanosaeta  and the 
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hydrogenothrophic  Methanoculleus  and  Methanospiril-
lum . Acetoclastic methanogens accounted for 42% of the 
phylotypes retrieved, while hydrogenotrophic methano-
gens accounted for 52%. The waste that left the digester 
was dominated by bacterial and archaeal groups similar to 
those that dominated in the digestion chamber. Functions 
associated with degradation of xenobiotic compounds, 
i.e., chloroalkane and chloroalkene, ethylbenzene, and 
fluorobenzoate, were different significantly between the 
mixing fossa and the anaerobic digester.

  Experimental Procedures 

 Anaerobic Digestion Lagoon Type System and Sampling 
 Swine wastewater was sampled from an anaerobic digestion re-

actor (lagoon type) installed in a pig farm (Granja Porcicola Topoy-
anes (State of Puebla, Mexico) (online suppl. Fig. S3). The pig farm 
is located in Huejotzingo (2,230 m above sea level, 19° 07′ N 98° 22′ 
W), 85 km southeast of Mexico City. The climate is temperate, with 
dry winters (Cwb), a mean annual temperature of 10   °   C, and a pre-
cipitation of 600 mm. The anaerobic digestion reactor used for bio-
gas production was located beside the stables at a farm with a total 
pig population of 7,000 animals. The mean biogas yield of the an-
aerobic digestion reactor was 409.22 m 3 /day (range 318.6–543.9 
m 3 /day), with 67% CH 4 , 32% CO 2 , 0.3% O 2 , and 1,732 ppm of H 2 S. 
Biogas yields were measured with a portable gas analyzer (Biogas 
5000; Geotech, UK). The collection of biogas was continuous. The 
produced gas left the anaerobic digestion reactor through flexible 
neoprene tubing connected to a flow meter and filters of zeolite and 
active carbon, where water and H 2 S is removed from the gas. Biogas 
free of H 2 S is directly injected to the generator.

  The anaerobic digestion reactor was sampled at 3 different lo-
cations, i.e., the mixing fossa, the anaerobic digester, and the exit 
of the digester (considered the sedimentation pond) and replicate 
samples were taken with 50 days in between and the archaeal and 
bacterial communities, and chemical properties characterized.

  The mixing fossa, though not strictly part of the anaerobic re-
actor, was considered important to study as it determined the qual-
ity of the slurry before it was added to the reactor. The animal waste 
(mostly feces) derived from the pig units was mixed with water in 
a relation of 1:   6–1:   10. The mixing fossa was covered and agitated, 
but not continuously. The feces were passed through a canal and 
accumulated in the fossa. The slurry was retained for approximate-
ly 50 days.

  The feces mixed with water (influent) were pumped from the 
mixing fossa to the digester reactor, which is a covered lagoon of 
2,700 m 3  (online suppl. Fig. S3). The rectangular pond with slopes 
of 60° and an average depth of 6 m was covered with a 1.5-mm-
thick high-density polyethylene. The content in the covered la-
goon was mixed with a centrifugal chopper-agitator pump. An-
aerobic digestion took place in the covered lagoon for approxi-
mately 55 days. The average biogas production was 322.25 m 3 /day 
at sampling. The temperature in the anaerobic reactor ranged from 
35 to 55   °   C and the processes are thus mesophilic-thermophilic. 
The temperature in the anaerobic reactor when the samples were 
taken, i.e., during the mesophilic part of the process, was 35   °   C. The 
covered lagoon was sampled in the middle by means of an extrac-

tion pump fitted with a 4-m tube. Samples were taken at a depth 
of between 2 and 3 m. A third location was sampled from the exit 
tube of the digester reactor, i.e., from the first sedimentation pond.

  A 1-l waste sample was taken at the 3 different locations. Each 
sample was added to a 1,500-mL glass bottle. The samples were put 
on dry ice and taken to the laboratory for chemical characteriza-
tion and extraction of DNA. The pH and electrolytic conductivity 
(EC) were determined at the different sampling points using a 
multiparametric probe (556 MPS; YSI, USA).

  Chemical and Microbiological Characterization 
 Nitrite (NO 2  – ), nitrate (NO 3  – ), and ammonium (NH 4  + ) in the 

samples were quantified colorimetrically on a San Plus segmented 
flow analyzer (SKALAR; Breda, The Netherlands). The chemical 
oxygen demand was determined according to the American Public 
Health Association [1998], whereas total C and inorganic C were 
measured using a total carbon analyzer (Shimadzu-V CSN  module; 
Shimadzu, USA). Total N was determined by the Kjeldahl method. 
Total and fecal coliforms and  Salmonella  were determined using a 
serial dilution on a selective medium technique and the colonies 
were identified by form and color [Appendix G in United States 
Environmental Protection Agency, 1999].

  DNA Extraction and PCR Amplification of 16S rRNA Genes 
 A 50-ml aliquot of each sample was centrifuged at 8,000 rpm 

for 15 min to recover and concentrate the suspended microbial 
cells. The pellet obtained was extracted for DNA as described pre-
viously [Navarro-Noya et al., 2013b].

  The V1–V3 region (about 550 bp) of   the   archaeal and bacterial 
16S rRNA gene was amplified and pyrosequenced subsequently. 
The DNA samples were amplified using the set of archaeal primers 
25F 5 ′ -CYG GTT GAT CCT GCC RG-3 ′  [Dojka et al., 1998] and 
A571R 5 ′ -GCT ACG GNY SCT TTA RGC-3 ′  [Baker et al., 2003] 
and bacterial primers 8-F (5 ′ -AGA GTT TGA TCI TGG CTC A-3 ′ ) 
and 556-R (5 ′ -TGC CAG IAG CIG CGG TAA-3 ′ ) [Navarro-Noya 
et al., 2013a]. Each ribosomal primer set was flanked by a 454 adapt-
er sequence and a 10-bp barcode between the 454 adapter and the 
forward primer for sample identification of the mixed amplicon 
libraries. The PCR protocol was followed as previously described 
by Navarro-Noya et al. [2013b]. The product of 5 reactions of each 
metagenomic DNA sample was pooled to minimize the PCR bias 
so that one single library was formed. All pyrosequencing libraries 
were purified using a DNA Clean & Concentrator purification kit 
as recommended by the manufacturer (Zimo Research, Irvine, CA, 
USA) and quantified using a PicoGreen  ®   dsDNA assay (Invitro-
gen, Carlsbad, USA) and a NanoDrop TM  3300 Fluroespectrometer 
(Thermo Scientific). Sequencing was done by Macrogen Inc. (DNA 
Sequencing Service, Seoul, Korea) using a Roche 454 GS-FLX Tita-
nium System pyrosequencer (Roche, Mannheim, Germany).

  Processing of the Sequences 
 The QIIME version 1.8.0 software pipeline was used to analyze 

the pyrosequencing data [Caporaso et al., 2010b]. Poor quality 
reads, i.e., quality scores <25, containing homopolymers >6, length 
<200 nt, and containing errors in primers and barcodes, were elim-
inated. OTU were clustered at a 97% similarity level with the 
UCLUST algorithm. Chimeras were detected and removed using 
Chimera Slayer. Sequence alignments were done against the 
Greengenes core set with PyNAST using representative sequences 
of each OTU and filtered at a threshold of 75% [Caporaso et al., 
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2010a]. Taxonomic assignations were done with the RDP-naive 
Bayesian at 80% confidence.

  Metagenome Prediction 
 The metagenome analysis was done with PICRUSt version 

1.0.0 [Langille et al. 2013]. First, an OTU table clustered at 95% 
similarity was generated using the closed-reference strategy within 
QIIME, and Greengenes reference database version 13.5 was used 
to assign taxonomic groups [McDonald et al., 2012]. The OTU 
tables with the bacterial and archaeal data were merged and nor-
malized to correct the number of multiple 16S rRNA gene copies 
using Greengenes reference database version 13.5. Finally, the 
KEGG Orthologs functions of the metagenome were predicted us-
ing an ancestral state reconstruction algorithm.

  Statistical Analysis 
 Statistical analysis was done with the relative abundance of the 

different bacterial and archaeal groups and the taxonomy distribu-
tion of OTU matrices using R software version 2.15.1 (http://
www.r-project.org/). Significant differences in the relative abun-
dance of the archaeal and bacterial groups as a result of location in 
the digester (mixing the fossa or the entrance to the digester, in the 
middle of the digester reactor and at the exit of the digester or the 
sedimentation pond) were determined via analysis of variance 
(ANOVA) and based on the least significant difference using the 
general linear model procedure (PROC GLM) [SAS Institute, 
1989]. PCA was used to compare the relative abundance of the dif-
ferent archaeal and bacterial groups of the different locations in the 
digester using PROC FACTOR [SAS Institute, 1989]. UniFrac dis-
tance matrices, which incorporate phylogenetic correction, were 
generated to compare the microbial communities at the OTU-97% 
level. A canonical correlation analysis was used to study the rela-

tionship between the abundance of the different archaeal and bac-
terial groups and the swine waste characteristics. CCA was done 
using PROC CANCORR of the SAS statistical package [SAS Insti-
tute, 1989]. ANOVA and post hoc analysis of the predicted KEGG 
ortholog functions were done in STAMP v2.1.3 [Parks et al., 2014].

  Data Archiving 
 Raw sequences were submitted as a sequence read archive to 

the NCBI under BioProject accession number PRJNA329007.
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