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ABSTRACT The mechanisms by which specific anaerobic microorganisms remain firmly
attached to lignocellulosic material, allowing them to efficiently decompose organic
matter, have yet to be elucidated. To circumvent this issue, microbiomes collected from
anaerobic digesters treating pig manure and meadow grass were fractionated to sepa-
rate the planktonic microbes from those adhered to lignocellulosic substrate. Assembly
of shotgun reads, followed by a binning process, recovered 151 population genomes, 80
out of which were completely new and were not previously deposited in any database.
Genome coverage allowed the identification of microbial spatial distribution in the engi-
neered ecosystem. Moreover, a composite bioinformatic analysis using multiple data-
bases for functional annotation revealed that uncultured members of the Bacteroidetes
and Firmicutes follow diverse metabolic strategies for polysaccharide degradation. The
structure of cellulosome in Firmicutes species can differ depending on the number and
functional roles of carbohydrate-binding modules. In contrast, members of the Bacte-
roidetes are able to adhere to and degrade lignocellulose due to the presence of multi-
ple carbohydrate-binding family 6 modules in beta-xylosidase and endoglucanase pro-
teins or S-layer homology modules in unknown proteins. This study combines the
concept of variability in spatial distribution with genome-centric metagenomics, allowing
a functional and taxonomical exploration of the biogas microbiome.

IMPORTANCE This work contributes new knowledge about lignocellulose degrada-
tion in engineered ecosystems. Specifically, the combination of the spatial distribu-
tion of uncultured microbes with genome-centric metagenomics provides novel in-
sights into the metabolic properties of planktonic and firmly attached to plant
biomass bacteria. Moreover, the knowledge obtained in this study enabled us to un-
derstand the diverse metabolic strategies for polysaccharide degradation in different
species of Bacteroidetes and Clostridiales. Even though structural elements of cellulo-
some were restricted to Clostridiales species, our study identified a putative mecha-
nism in Bacteroidetes species for biomass decomposition, which is based on a gene
cluster responsible for cellulose degradation, disaccharide cleavage to glucose, and
transport to cytoplasm.

KEYWORDS archaea, anaerobic digestion, lignocellulose, metagenomics, methane,
microbial ecology, uncultured microbes, metabolism

The mechanisms of several microbial processes remain unclear due to the fact that
only a small fraction of microorganisms that exists in nature can be cultivated (1).

Especially in complex microcosms, such as the one responsible for anaerobic digestion
of organic matter, understanding of the microbial dynamicity is additionally hampered
by the presence of syntrophic interactions between members of the community. In past
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years, different molecular techniques, ranging from 16S rRNA gene sequencing to
metagenomics, were proposed to overcome these obstacles and to explore the func-
tional principles of the unculturable microbial majority.

In comparison to 16S rRNA gene-based studies, metagenomic investigations using
shotgun sequencing became more attractive and were applied to anaerobic digestion
systems to obtain relevant insights into the metabolic properties of the whole micro-
biome (2). However, the reads generated by high-throughput sequencing are short,
error prone, and contain limited signal for homology searches; thus, shotgun assem-
blies rendered the obtained results more reliable (3, 4). Moreover, all of these gene-
centric metagenomic studies consist of inventories of individual annotated genes (5)
and do not classify the genes to single population genomes (PG). Recent advances in
bioinformatics and the introduction of automated strategies for binning process, such
as Clustering cONtigs with COverage and ComposiTion (CONCOCT), GroopM, or Meta-
BAT (6–8), shift the perspective of metagenomics from gene-centric to genome-centric.
Quite recently, this novel approach was applied to the anaerobic digestion microbiome,
leading to the extraction of hundreds of PGs, which were assigned to the four steps of
the process, i.e., hydrolysis, acidogenesis, acetogenesis, and methanogenesis (9–11).
Genome-centric metagenomics have the undoubted benefit of revealing the functional
properties of individual genomes, leading to a more detailed comprehension of the
microbial interactions occurring in the microbiome (12). Additionally, the identification
of the sequenced genomes can be combined with metatranscriptomic data, which
provides further information regarding the metabolic basis for adaptation of particular
phylotypes (5) and allows the monitoring of gene expression changes at the single-
species level (13).

The microbiomes associated with the conversion of lignocellulose-derived sugars
into biofuels and bioproducts are gaining particular attention in the wake of climate
change. Lignocellulosic particles are typically present in biogas digesters, as they can be
a source of influent feedstock (e.g., grass, maize etc.) or constitute a large fraction of
other feeding residues (e.g., fibers in manure). It is well known that the hydrolysis step
of the anaerobic lignocellulose digestion process is mainly facilitated by some anaer-
obic bacteria that are able to produce a multienzyme complex, called cellulosome, and
by aerobic bacteria and fungi that typically produce free, noncomplexed individual
enzymes (14, 15). Moreover, the recalcitrant nature of the lignocellulosic substrate
renders the hydrolysis process as a rate-limiting step in the anaerobic digestion food
chain (16). Therefore, a more detailed knowledge of the firmly attached species and
their interactions with the planktonic microbiome is essential for the development of
strategies that will accelerate the hydrolysis rate. In turn, the overall efficiency of
biotechnological processes (e.g., production of biofuels and bio-based platform chem-
icals) will be significantly improved.

Previous studies targeting the identification of the microbial species firmly attached
to the plant material were based only on 16S rRNA gene-based terminal restriction
fragment length polymorphism (17) or fluorescent in situ hybridization (FISH; 18).
Recently, metagenomic binning analysis and metatranscriptomics were performed to
identify species involved in cellulose degradation (10, 19). Nevertheless, these high-
throughput sequencing methods did not identify the spatial distribution of the micro-
bial species. Moreover, detailed genomic analyses of polysaccharide binding and
degradation pathways were focused on few microbial species, with Clostridium ther-
mocellum recognized as the most interesting model (20). However, limited information
is available for uncultured species of the phylum Bacteroidetes (21), which are known to
play a relevant role in proficient plant biomass-degrading ecosystems and in anaerobic
digestion sludge (19, 22). The importance of Bacteroidetes species in the thermophilic
cellulose methanation process was previously underlined (19), and therefore the se-
quencing of these genomes is extremely important to shed light on their metabolic
potential.

In the present study, a genome-centric approach was applied to elucidate the
spatial distribution of lignocellulose degradation mechanisms in anaerobic digestion
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process. This was done because it was hypothesized that the localization of microor-
ganisms should be mainly determined by their functional roles, and thus the microbes
that are firmly attached to the plant material should be responsible for the degradation
of lignocellulosic biomass. Samples obtained from biogas reactors (i.e., firmly attached
to grass particles and planktonic phases from codigestion systems and independent
manure samples from monodigestion systems) were subjected to high-throughput
shotgun sequencing (Illumina). A subsequent de novo assembly and binning process
led to the extraction of 151 population genomes. Bioinformatics functional analysis
performed on the recovered draft genomes allowed a detailed characterization of the
functional structure of the microbiome, and, more importantly, clarified the strategies
followed by different species to bind to the solid fraction of plant material and to
perform polysaccharide hydrolysis.

RESULTS

A targeted fractionation strategy was performed to analyze the spatial localization
of the microbiome involved in lignocellulose degradation in biogas reactors. More
specifically, nine samples were collected (i.e., three biological replicates per each
treatment), representing the microbial consortia residing in the liquid grass fraction
(LG), or firmly attached to grass biomass (FG), or in an anaerobic system treating pig
manure without lignocellulose (PM). Both reactors were operating at stable conditions
during the sampling and were able to efficiently produce methane at more than 84%
of the theoretical potential (Supplemental File S1).

Approximately 120 million paired-end reads were coassembled to obtain a reliable
representation of the genomes present in the microbial communities. This process
resulted in the generation of 483,935 scaffolds ranging in size from 500 to 371,582 bp
(N50, 2,426 bp; total length, 775,466,133 bp). Gene prediction performed on the
scaffolds led to the identification of 1,102,319 protein-encoding sequences whose
functions were investigated using five software packages based on different databases
(i.e., Kyoto Encyclopedia of Genes and Genomes [KEGG], Clusters of Orthologous
Groups [COG], DataBase for automated Carbohydrate-active enzyme ANnotation [db-
CAN], SEED, Pfam). The combination of diverse annotation strategies provided a
detailed overview of the functional properties of the metagenome.

The applied binning process allowed the extraction of 151 PGs from the assem-
bly (Fig. 1) with an estimated completeness ranging between �11% and 100%
(average 73%) (Fig. 1 and Supplemental Data Set S1). The superlative outcome of
the assembly and binning processes was evidenced by the 120 PGs and the 94 PGs
having an estimated completeness of more than 50% and 70%, respectively.
Moreover, 45 PGs fulfilled the stringent criteria for defining “high-quality draft”
genomes (i.e., �90% complete with less than 5% contamination) according to
recently published standard metrics (23). PGs with less than 50% completeness
were only used to define the taxonomy and to check species abundance in the
three different fractions. Thus, the functional characteristics derived from their gene
content are not included in the Discussion.

The taxonomic structure of the biogas microbiome was dominated by members
of the Firmicutes (101 PGs), followed by the Bacteroidetes (11 PGs), Gammaproteo-
bacteria (8 PGs), Synergistia (7 PGs), and some other less frequently found phyla (Fig.
1 and Supplemental Data Set S1). Archaea were represented by 5 PGs; four of these
belonging to Methanomicrobia and one to Methanobacteria (Fig. 1). All of the
extracted PGs were present in the three fractions (i.e., FG, LG, and PM) in different
coverage levels, except for one methanogen (Euryarchaeota sp. DTU008) that was
absent from FG samples.

Analysis of PG coverage in the 9 examined samples revealed that most of the
reconstructed genomes (n � 64) were enriched more than 2-fold in samples collected
from the liquid fraction (LG), while only 25 species were found to increase more than
2-fold in the samples collected from the grass biomass (FG) (Fig. 1 and 2). The
remaining 62 PGs did not present any significant change in any of these two fractions
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(Fig. 2). Some fundamental functions, such as methanogenesis, are preferentially
restricted to the liquid fraction, as verified by Methanomicrobiales species (Eu01_BG,
Eu02_BG, and Eu05_BG) that were identified only in the planktonic microbiome (Fig. 1
and 3). Other archaeal species belonging to the orders Methanobacteriales (Eu03_BG)
and Methanosarcinales (Eu06_BG) have an “intermediate behavior,” as they were iden-
tified both in FG and in the LG fractions. Relative abundance of bacteria and archaea in
the two fractions was verified using real-time PCR with universal primers (27F/1492R
and 109F/1492R). Results obtained revealed a 2.1-fold enrichment of bacteria in the

FIG 1 Characteristics of the recovered PGs. The columns designate extended PG names, short identifiers (IDs), pie graphs representing the completeness of the
PGs, pie graphs representing their contamination level, and a color code indicating PGs that were firmly attached to the grass (green), planktonic (light blue),
and those that were similarly enriched in both fractions (gray).
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firmly attached to grass fraction and a 4.8-fold enrichment of archaea in the liquid
fraction.

A comparison between the gene contents of firmly attached to grass PGs and the
planktonic PGs were the initial stepping stone to identifying the functional differences
among these two groups. COG analysis showed that the number of genes in 9 clusters
of orthologous groups of proteins was significantly different between the two microbial
groups (Supplemental Data Set S1). Specifically, the firmly attached to grass PGs were
more enriched in categories G (carbohydrate transport and metabolism), T (signal
transduction mechanisms), and N (cell motility), while the planktonic PGs were more
enriched in category C (energy production and conversion). The presence of numerous
genes belonging to the planktonic PGs in COG category C (energy production and
conversion) is related to their ability to use intermediate metabolites derived from plant
polysaccharide degradation, such as volatile fatty acids, for energy production.

A deeper insight into the diverse metabolic properties of the firmly attached to grass
and the planktonic PGs can be obtained from the SEED subsystem (second level
annotation), which provides a more specific functional assignment of the proteins
(Supplemental Data Set S1). This analysis confirmed that the firmly attached to grass
PGs encode more proteins related to motility and chemotaxis, and additionally revealed
an enrichment in adhesion and biofilm formation functional categories. The potential
involvement of PGs in biofilm formation was also supported by the presence in these
PGs of a higher number of proteins associated with the RNA polymerase sigma-54
factor gene rpoN, which is a pleiotropic transcription factor involved in regulation of

FIG 2 Abundance of the 151 PGs is represented as a heat map. Three replicates were collected from the microbial communities that were firmly attached to
the grass (FG), residing in the liquid phase of the reactor (LG), or populating the reactor treating exclusively pig manure (PG). For better visualization of the
outcomes, the heat map was split into three sections based on the hierarchical clustering of the extracted PGs. Correspondence between colors and coverage
profile is illustrated with a scale (i.e., decreasing coverage is ranked from red to black) depicted above the heat maps.
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genes related to carbohydrate metabolism, motility, and biofilm formation (24). More-
over, the ability of the firmly attached to grass PGs to perform carbohydrate degrada-
tion and metabolism is proven by the presence of numerous genes involved in
disaccharide and oligosaccharide and/or monosaccharide utilization and by the pres-
ence of glycoside hydrolases. The planktonic PGs encode, on average, a higher number
of proteins involved in transport and utilization of simple carbon compounds derived

FIG 3 Comparative taxonomic analysis of the PGs. The PGs were grouped as firmly attached to the grass
(green), planktonic (blue), and those that were similarly enriched in both fractions (gray). For each taxon,
the proportions of PGs belonging to the three groups are represented. The PGs are classified at the
phylum level (top), at the family level (middle), and at the order level (bottom).
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from the degradation of complex plant polysaccharides, such as organic acids and
tricarboxylate transporters. Moreover, they contain higher numbers of proteins in-
volved in “one-carbon metabolism”, “cofactors, vitamins, prosthetic groups, pigments”,
and “coenzyme F420” (groups defined by the SEED system), demonstrating a closer
involvement during the process of methanogenesis.

The results from the dbCAN database (Supplemental Data Set S1) showed that the
detected glycoside hydrolase included known carbohydrate-active enzymes, which
were classified into five categories, namely, cellulases, endohemicellulases, debranch-
ing enzymes, oligosaccharide-degrading enzymes, and other glycoside hydrolases. The
PGs having the highest numbers of glycoside hydrolase domains for each category are
illustrated in Fig. 4. The analysis demonstrated that the firmly attached to grass PGs
(particularly Clostridia sp. DTU196, Clostridiaceae sp. DTU079, and Clostridiales sp.
DTU092) have more cellulases, while PGs in the liquid fraction (particularly Bacteroidetes
sp. DTU149, Dysgonomonas sp. DTU359 and Clostridiales sp. DTU078) have more
debranching enzymes.

Among the nearly complete population genomes, Clostridiaceae sp. DTU079, Bac-
teroidetes sp. DTU139, and Clostridia sp. DTU196 exhibited the highest enrichment in
the FG samples (Supplemental Data Set S1). More specifically, the coverage profile of
these PGs was found to be significantly increased in the FG samples compared to those
of the LG samples by 14-fold (P � 0.001), 19-fold (P � 0.0003), and 25-fold (P � 0.003),
respectively. Analysis of the carbohydrate binding modules among the reconstructed
PGs evidenced that only the Firmicutes genomes of Clostridiaceae sp. DTU079 and
Clostridia sp. DTU196 contain numerous cohesin and dockerin domains. The cohesin-
dockerin pairs constitute fundamental elements of cellulosome, which in turn can

FIG 4 Number of carbohydrate-active domains in PGs. PGs with higher numbers of glycoside hydrolases (GH) domains and with estimated completeness higher
than 50% were analyzed. Domains belonging to the GH were grouped into four classes based on their role in carbohydrate degradation, and the remaining
GH are described as “other GH.” PGs were colored depending on their spatial location, as follows: green, firmly attached; blue, liquid fraction; and gray,
intermediate behavior.
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efficiently degrade plant polysaccharides (e.g., cellulose). The cellulosome structure of
Clostridiaceae sp. DTU079 contains 12 cohesin and 61 dockerin domains (distributed on
6 and 36 proteins, respectively) and is much more complex in comparison to Clostridia
sp. DTU196, which contains 12 cohesin and 26 dockerin domains (on 7 and 17 proteins,
respectively) (Fig. 5; Supplemental Data Set S1). COG annotation of the Clostridiaceae
sp. DTU079 cellulosome revealed that many of its enzymatic activities are represented
by beta-xylosidases and endoglucanases, while the Clostridia sp. DTU196 cellulosome
contains mainly beta-xylosidases. The evaluation of the genomic localization of genes
encoding cellulosome components demonstrated that they are comprised in defined
polysaccharide utilization loci. In Clostridia sp. DTU196, there are seven main regions,
localized on scaffolds 13, 48, 286, 790, 944, 1201, and 1476, while in Clostridiaceae sp.
DTU079, there are nine main regions on scaffolds 531, 956, 1421, 4817, 4977, 7006,
8003, 8935, and 9186. Moreover, some other genes encoding subunits of the cellulo-
some are scattered along the genome.

In contrast, the genes involved in the mechanism of polysaccharide utilization in
Bacteroidetes sp. DTU139 are clustered in six specific regions (i.e., on scaffolds 3625,
9343, 18620, 21571, 22665, and 22746). The most interesting polysaccharide utilization
loci was found on scaffold 18620, and it is composed of 8 genes, encoding, respectively,
an outer membrane receptor protein (18620_3), a signal transduction histidine kinase
(18620_4), two proteins of unknown function (18620_5, 18620_6), a cellobiose phos-
phorylase (18620_7), and a disaccharide transporter (18620_8) (Fig. 5a). The unknown
protein 18620_5 contains a SusD (starch-binding protein) domain, while 18620_6
contains a glycosyl hydrolase family 9 domain.

DISCUSSION

The high completeness level of the recovered PGs allowed a detailed determination
of the metabolic potential of the microbial population. The taxonomic assignment of

FIG 5 Polysaccharide utilization locus (PUL) organization and cellulosomes of Fi04_BG and Fi53_BG. (a) Gene organization of a relevant PUL in Ba06_BG. Genes
are colored according to their COG functions. (b) Proteins encoded by the genes putatively involved in cellulose degradation are assigned to their cellular
localization, and their putative role is reported according to the functional annotation and the model proposed by Martens and colleagues (35). (c and d)
Schematic representation of the cellulosome complex identified in Fi04 and Fi53. The putative functional role is reported according to their annotation.
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the microbial members showed that the dominant phyla of the microbiome were in
accordance with those in previous studies (2, 9, 25). It should be underlined that 80 out
of the 151 recovered PGs were newly identified, while the rest of the PGs (i.e., 71 PGs,
47% of the total community) were the same species found in previous metagenomic
binning studies (see Fig. S1 in the supplemental material) (26, 27). This result clearly
demonstrates that the engineered anaerobic digestion microcosm is far from eluci-
dated, and further investigations are necessary to identify the numerous species that
currently remain unknown at genome level. The newly identified PGs represented 53%
of the planktonic microbiome and 40% of the community that was firmly attached to
grass biomass. The relatively higher portion of newly identified PGs in the planktonic
microbiome can be attributed to the utilization of pig manure as a cosubstrate. As
extensively described in Supplemental File S1, the diverse chemical composition of pig
manure (mainly due to high ammonia concentration) compared to that of cattle
manure affected both the bacterial and archaeal community profile. The distinctively
different microbial communities of biogas reactors treating cattle manure or pig
manure are evidenced by plotting the coverage profiles of their metagenomes as a heat
map (Supplemental File S1). It has been previously reported that environmental
variables, such as the physicochemical conditions of the feedstock, govern microbial
community structure and its linkage with process efficiency in anaerobic digesters (28).

The enrichment of specific microbes in the firmly attached to grass biomass could
classify them as putatively responsible for lignocellulose degradation. More specifically,
these microbes could bind to grass particles and fibers that are present in the reactor,
and consequently, the proximity of the microorganisms with the substrate could
facilitate the plant cell wall deconstruction process. It was shown that only a minor
fraction of the microbiome (i.e., less than 16% of the microbial species) specialized in
polysaccharide degradation, while all the remaining planktonic species were involved
in different steps of the anaerobic digestion food chain.

All of the firmly attached to grass PGs belong to the Firmicutes and Bacteroidetes/
Chlorobi phyla (Fig. 3), confirming previous findings based on 16S rRNA clone library
analysis (17). The identification of a large number of Firmicutes species was expected,
since it is one of the dominant phyla in proficient plant biomass-degrading ecosystems
like the rumen (22). At a lower taxonomic level, these PGs were assigned to the orders
Clostridiales and Thermoanaerobacteriales. In constrast, the identification of species
belonging to the phylum Bacteroidetes in the firmly attached to grass sample is
intriguing because uncultured species assigned to this taxonomic group have been
recently identified in the rumen and also in other cellulose-degrading microbial com-
munities (19, 21). Additionally, the numerical predominance of uncultured Bacteroidetes
species in lignocellulose-degrading environments suggests a relevant contribution of
these microbes to polysaccharide degradation (22, 29, 30).

The genomic properties of the extracted PGs were investigated to determine the
rationale behind their spatial localization, emphasizing the microbes having a putative
role in lignocellulose decomposition. The results from COG analysis showed that the
firmly attached PGs were more enriched in functional categories T (signal transduction
mechanisms) and N (cell motility). Despite the fact that COG functional categories are
very general, this result indicates that once grass particles are introduced into the
anaerobic system, specific microbial species are able to perceive this signal, move
toward the plant material, and ultimately attach firmly onto it so as to efficiently
metabolize and internalize carbohydrates. Previous studies demonstrated that che-
motaxis and motility are widely diffused properties in lignocellulose-degrading sys-
tems; different polysaccharides, such as cellobiose, cellotriose, D-glucose, xylobiose, and
D-xylose, can serve as chemoattractants for cellulolytic bacteria that migrate toward
plant materials and decompose organic substances (31, 32). Moreover, the outcomes
from the dbCAN database demonstrated that the PGs that were firmly attached to the
grass particles had more genes encoding cellulases, while the planktonic PGs had more
debranching enzymes. This finding suggests a cooperative function between the two
microbial clusters. The exoglucanases of PGs present in the liquid fraction or in
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Eubacteriaceae species (which were similarly enriched in liquid and grass fractions),
such as Eubacteriaceae sp. DTU376, could prevent a potential accumulation of tetrasa-
ccharides and cellobiose. In other cases, the accumulation of these compounds can in
turn inhibit the cellulase activity of the firmly attached microbial species. In a previously
studied thermophilic cellulose methanation consortium, a similar cooperative mecha-
nism was found to be performed by Spirochaetales or Thermotogales species with
Clostridiales species (19).

An interesting finding was related to the mechanisms that are followed by the
different microbial species to bind and degrade lignocellulose. As reported in the
Results, numerous cohesin-dockerin pairs were found in Clostridiaceae sp. DTU079 and
Clostridia sp. DTU196. Cohesin modules function as the main building blocks of
cellulosomal scaffoldin, while dockerin modules anchor the catalytic enzymes to the
scaffoldin or can be present in the C termini of the same proteins (29, 33). The high
efficiency of cellulosome in binding the bacterial cell to the plant polysaccharides
explains why the PGs possessing this feature are highly enriched in the fraction that
was firmly attached to the plant biomass.

In contrast, the mechanism of polysaccharide utilization in Bacteroidetes sp. DTU139
is completely different from that present in Clostridiales species. An initial distinct
change is related to the absence of cohesin and dockerin domains in Bacteroidetes
species. The enzymes catalyzing the conversion of cellulose in uncultured Bacteroidetes
species are not arranged in a cellulosome (21), despite a previously reported cellulo-
somal scaffoldin gene in Bacteroides cellulosolvens (34). Considering the model of the
starch utilization system (Sus) of Bacteroides thetaiotamicron (35), we can depict a
polysaccharide utilization locus, where the cellulose is degraded to cellobiose by the
glycosyl hydrolase family 9-containing enzymes, transported to the periplasmic space
by the disaccharide transporter, cleaved to glucose by the cellobiose phosphorylase,
and finally transported to the cytoplasm (Fig. 5b). It can be reasonably assumed that the
outer membrane receptor protein and the outer membrane sensor are involved in the
regulation of the other genes present in this locus.

This model extends the role of Bacteroidetes species in polysaccharide degradation
beyond grass-degrading environments, such as the rumen, suggesting a more general
involvement in anaerobic digestion systems. Our findings further show that important
multifunctional enzymes, such as the cellulosome, can be remarkably different in species
both due to the number and due to the roles of the subunits involved. In the present study,
metagenomic binning integrated with bioinformatics strategies for gene annotation rep-
resents an important tool to identify and investigate microbial species participating in
polysaccharide degradation. This approach proves to be particularly useful to explore the
unculturable species present in the anaerobic digestion microbial community, which are
impossible to investigate by classical genomic approaches. An accurate genome annota-
tion elucidated the diverse metabolic strategies that are followed by specific microbial
species to bind to and degrade plant material, providing to other community members the
subproducts for methane production. Moreover, the genome sequencing and functional
annotation of 25 PGs representing the microbial fraction firmly attached to the plant
material is a fundamental step toward the comprehension of the mechanism for polysac-
charide utilization in biogas reactors. In particular, the three draft genome sequences of
anaerobic digesters that were adherent to the grass are themselves perfect candidates for
further biotechnological applications in cellulose degradation, such as production of plat-
form chemicals (e.g., 3-hydroxypropionic acid, xylitol, etc.) or sustainable alternative biofuels
(e.g., biobutanol, aviation fuels, etc.).

MATERIALS AND METHODS
Biogas reactor configuration, DNA extraction, and metagenome sequencing. Samples were

collected during the steady-state periods (i.e., stable biogas production with a daily variation of lower
than 10% for at least 10 days) of two biogas reactors, as previously described (36). The first reactor was
codigesting pig manure together with ensiled meadow grass, while the second reactor was treating only
pig manure (monodigestion process). Three replicate samples were collected from each reactor; genomic
DNA extraction and sequencing were performed independently for each replicate to allow statistical
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evaluation of the population genome abundance in the different fractions. For the samples collected
from the codigesting reactor, approximately 3 g of grass were separated from the liquid fraction. Plant
fibers present in the liquid fraction (i.e., sample denoted “LG”) were removed by driving the sample
through a 40-�m nylon cell strainer filter and by centrifugation at 500 � g for 15 min. After this step,
microbial cells were recovered with a centrifugation at 10,000 � g for 20 min at 4°C. The grass obtained
after the separation of the liquid material was processed in order to recover the firmly attached microbes
(i.e., sample denoted “FG”), as previously described (37). The grass was washed with basal anaerobic (BA)
medium (38) to remove loosely attached microbial cells. After this step, the firmly attached microbes
were stripped off by incubating the grass at 4°C in anaerobic conditions with BA medium containing
0.15% Tween 80 and, subsequently, by homogenizing the grass with a VDI-12 homogenizer (2 � 2 min
bursts; VWR, Radnor, PA). The fragmented plant material remaining after homogenization was removed
with a mild centrifugation step (500 � g for 15 min), and adherent cells remaining in the supernatant
were recovered by centrifugation at 10,000 � g for 20 min at 4°C. Samples collected from the reactor
performing the monodigestion (i.e., sample denoted “PM”) were processed similarly to the liquid fraction
collected from the codigestion process.

Genomic DNA from each sample was extracted using the PowerSoil DNA isolation kit protocol (Mo
Bio Laboratories, Carlsbad, CA). The quality and concentration of extracted DNA were determined using
NanoDrop (Thermo Fisher Scientific, Waltham, MA) and a Qubit fluorometer (Life Technologies, Carlsbad,
CA), respectively. Integrity of the genomic DNA was evaluated with agarose gel electrophoresis. The
sequencing was performed using the Nextera DNA library preparation kit (Illumina, San Diego, CA).
Libraries were paired-end sequenced (2 � 150 bp) by a NextSeq 500 sequencer (Illumina, San Diego, CA)
using the mid-output kit.

De novo metagenome assembly and binning process. De novo assembly was performed with CLC
Genomics workbench software v 5.1 (CLC bio, Aarhus, Denmark), using CLC’s de novo assembly algorithm
(kmer, 63; bubble size, 60; and minimum scaffold length, 500 bp). The binning process used to extract
the population genomes from the assembly was previously reported by Campanaro et al. (26). Specific
modifications and detailed parameters followed in the current study are provided in Supplemental File
S1. It was previously demonstrated (39) that in the binning methods based on coabundance clustering,
the specificity of the genome extraction process suddenly reaches the maximum level when more than
15 different samples are used. For this reason, additional samples from previous metagenomic studies
were included in the analysis (12, 26, 27). The additional samples were only used to assist the alignment
of the scaffolds and to increase the total number of coverage conditions examined. The completeness
and the genome contamination of each PG were determined by considering the total number of
essential genes and the number of duplicated genes in all the examined trials.

Taxonomic assignment of the population genomes. Taxonomic assignment of the PGs was
performed with PhyloPhlAn software, using 400 broadly conserved proteins to extract phylogenetic
signal (40). For 17 PGs whose assignment was at low or incomplete confidence with PhyloPhlAn, the
result was verified and/or corrected using the Phylopythia classifier (41).

Identification of the PGs common between different metagenomic assemblies was performed by
comparing the genomic sequences of the recovered PGs of the present study with those identified in
previous metagenomic binning analyses related to biogas reactors and with the 60,585 genomes
deposited in the NCBI Microbial Genome Resources database (accessed March 2016). The comparison
was based on the calculation of the average nucleotide identity (ANI) value (42) of the protein-encoding
nucleotide sequences, as previously described (27). Initially, a database with the nucleotide sequences of
the PGs belonging to previous binning processes was obtained (26, 27). Similarity search was performed
using BLASTn with all nucleotide sequences of the genes identified for each PG, using 1 � 10�5 as the
minimum threshold. A script developed in-house, “ANI_calculator_CS.pl” (https://biogasmicrobiome
.com/), determined the number of sequences in the BLASTN output having a match in the database and
the ANI value for each PG. As previously defined, two genomes were considered to belong to the same
species if at least 50% of the genes found a match and if the ANI was higher than 95% (42). Scaffolds
encoding the 16S rRNA genes were identified using sequence similarity search of the Greengenes
database, as previously proposed (43). Taxonomic assignment of the identified 16S rRNA genes was
determined using RDP Classifier (44) with the confidence threshold set at 0.8.

Quantitative PCR. The real-time PCRs (RT-PCRs) were performed with the CFX96 real-time system
(Bio-Rad, Hercules, CA). The PCR was performed using the iTaq SYBR green supermix (Bio-Rad, Hercules,
CA) using the following conditions: preheating, 5 min at 95°C; and cycling, 40 cycles of 15 s at 95°C, 15
s at 50°C, and 60 s at 72°C. Due to the relevant size of amplicons obtained in the RT-PCR, the duration
of the extension step was carefully optimized and the absence of nonspecific products was verified by
checking the dissociation curve. Results were expressed in terms of fold difference between the two
fractions examined (firmly attached to grass and liquid) as determined by the difference in the threshold
cycle (CT). Universal primers used for RT-PCR were 27F and 1492R for bacteria and 109F and 1492R for
archaea.

Functional and statistical analysis. Gene finding was performed in the assembled scaffolds using
Prodigal software set to metagenomic mode (45). All of the proteins predicted from the assembly were
annotated using the reverse position-specific BLAST algorithm (RPSBLAST of NCBI BLAST�) using different
databases, depending on annotation; for Clusters of Orthologous Groups of proteins (COG) the “COG only”
RPSBLAST database was used (46), while for conserved protein domain prediction (Pfam) the Pfam RPSBLAST
database was employed (47). BLAST results were filtered by E values lower than 1 � 10�5 and, additionally,
only the best match was considered for COG. KEGG annotation was performed with the software GhostKOALA
(48). Annotation of carbohydrate-active enzymes was performed using the software dbCAN (49). Functional
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annotation was considered only for the PGs having an estimated completeness higher than 50%, as the high
number of missing genes in incomplete PGs would affect the evaluation of the results. For KEGG, COG, and
dbCAN annotation, the results obtained for all of the predicted proteins were separated and assigned to the
single PGs using in-house developed Perl scripts. After the assignment process, the number of proteins
belonging to each COG category (two-tailed t test, P value � 0.05), KEGG pathway, and carbohydrate-active
module were calculated for each PG. The classification of the glycosyl hydrolases in different functional
categories, such as cellulases, endohemicellulases, debranching enzymes, oligosaccharide-degrading en-
zymes, and other glycosyl hydrolases was obtained from Hollister and colleagues (50). The scaffolds of each
PG were uploaded to the Rapid Annotations using Subsystems Technology (RAST) server and automatically
reannotated using SEED and the RAST gene caller (51). Annotation results were downloaded, and the number
of genes present in each first and second level SEED category was determined using in-house developed Perl
scripts. A random sampling process was repeated 1,000 times with a Perl script implementing the Perl “rand()”
function (52) to determine if the PGs are enriched in specific functional categories. The same numbers of
proteins encoded in each PG were randomly collected from the entire assembly and assigned to each
functional category. Finally, the fraction of random samples in which the number of genes assigned to a
specific functional category was equal to or greater than N (where N is the number of genes assigned to the
same functional category in the PG) was determined. The enrichment in a specific functional category was
considered significant when the fraction was lower than the significance level (� � 0.05).

Spatial assignment of the population genomes. The classification of the PGs as firmly attached to
grass, planktonic, and with similar enrichment in both fractions (i.e., grass and liquid) was obtained by
comparing the coverage of the PGs in the replicate samples, FG, and LG. Those enriched more than 2-fold
in FG were considered firmly attached, those enriched more than 2-fold in the liquid fraction were
considered planktonic, and the remaining PGs were assigned to the group with intermediate behavior.
Consistency of the results among the three replicates was determined using a two-tailed t test and by
selecting PGs with a P value lower than 0.05.

Accession number(s). Sequencing data described here can be found at the Sequence Read Archive
under the identifier SRP074882 (BioProject accession number PRJNA319008).
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