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ABSTRACT Lignocellulose is one of the most abundant renewable carbon sources,
representing an alternative to petroleum for the production of fuel and chemicals.
Nonetheless, the lignocellulose saccharification process, to release sugars for down-
stream applications, is one of the most crucial factors economically challenging to
its use. The synergism required among the various carbohydrate-active enzymes
(CAZymes) for efficient lignocellulose breakdown is often not satisfactorily achieved
with an enzyme mixture from a single strain. To overcome this challenge, enrich-
ment strategies can be applied to develop microbial communities with an efficient
CAZyme arsenal, incorporating complementary and synergistic properties, to im-
prove lignocellulose deconstruction. We report a comprehensive and deep analysis
of an enriched rumen anaerobic consortium (ERAC) established on sugarcane ba-
gasse (SB). The lignocellulolytic abilities of the ERAC were confirmed by analyzing
the depolymerization of bagasse by scanning electron microscopy, enzymatic assays,
and mass spectrometry. Taxonomic analysis based on 16S rRNA sequencing eluci-
dated the community enrichment process, which was marked by a higher abun-
dance of Firmicutes and Synergistetes species. Shotgun metagenomic sequencing of
the ERAC disclosed 41 metagenome-assembled genomes (MAGs) harboring cellulo-
somes and polysaccharide utilization loci (PULs), along with a high diversity of CA-
Zymes. The amino acid sequences of the majority of the predicted CAZymes (60% of
the total) shared less than 90% identity with the sequences found in public data-
bases. Additionally, a clostridial MAG identified in this study produced proteins dur-
ing consortium development with scaffoldin domains and CAZymes appended to
dockerin modules, thus representing a novel cellulosome-producing microorganism.

IMPORTANCE The lignocellulolytic ERAC displays a unique set of plant poly-
saccharide-degrading enzymes (with multimodular characteristics), cellulosomal com-
plexes, and PULs. The MAGs described here represent an expansion of the genetic
content of rumen bacterial genomes dedicated to plant polysaccharide degradation,
therefore providing a valuable resource for the development of biocatalytic toolbox
strategies to be applied to lignocellulose-based biorefineries.

KEYWORDS anaerobic consortium, lignocellulose degradation, metagenome,
metasecretome, polysaccharide utilization loci, rumen

Lignocellulosic biomass represents the most abundant source of renewable carbon.
It is an attractive and sustainable alternative to petroleum for the production of

biofuels, chemicals, and other biomaterials (1). For example, large amounts of ligno-
cellulosic residues generated in biorefineries, such as sugarcane bagasse (SB) in bio-
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ethanol production plants, could be employed as raw material, instead of being used
in boilers as an energy supply (2–4). Lignocellulosic biomass is composed of cellulose,
hemicellulose, and lignin, which are highly organized and interlinked by a variety of
covalent bonds, forming a recalcitrant structure. Therefore, the bioconversion of ligno-
cellulosic polymers into bioproducts requires an enzymatic cocktail capable of acting
on the different bonds of the substrate (2).

In nature, biomass is efficiently degraded by microbial communities present in
different ecosystems, such as soil (5), rumen (6–8), and insect gut (9). Overall, the
microbial communities are composed of taxonomically different microorganisms capa-
ble of secreting a large array of enzymes with different substrate specificities. Among
these ecosystems, the rumen microbiome is composed of a highly diverse and complex
mixture of bacteria, archaea, fungi, and protozoa with a remarkable ability to break
down a variety of biomasses (6, 8, 10, 11). This microbiome represents a promising
reservoir of enzymes for applications in lignocellulose-based biorefineries (6, 8, 12).

The genomes of rumen microorganisms encode a broad selection of multifunctional
carbohydrate-active enzymes (CAZymes), which typically contain a catalytic domain
and one or more noncatalytic domains, which include carbohydrate-binding modules
(CBM), dockerins, and fibronectin 3-like modules (6, 7, 12, 13). In this biological system,
microbial taxa can assemble their CAZymes in multimodular enzymatic complexes. For
example, Clostridium species can organize a multifunctional enzymatic system (with
different catalytic domains) onto a scaffoldin protein, which is attached to the cell
surface (14). These multifunctional complexes found in Clostridium thermocellum and
Ruminococcus flavefaciens are termed “cellulosomes” (15).

Some Bacteroidetes bacteria possess gene clusters that depolymerize glycans, and
these are called polysaccharide utilization loci (PULs) (16, 17). The PULs are gene
clusters encoding CAZymes, surface glycan-binding proteins, oligosaccharides trans-
porters, or transcriptional regulators (17). In this system, the bacteria secrete PUL-
associated CAZymes that degrade polysaccharides into oligomers, which are trans-
ported to the periplasm by transporters encoded by susCD-like genes for complete
degradation (16, 17).

Several studies based on culture-dependent and -independent methods have un-
covered the CAZyme repertoires of rumen anaerobic species, depicting their strategies
for lignocellulosic biomass digestion (6, 8, 12, 18). Based on a culture-dependent
approach, the Hungate1000 project recently presented the CAZyme profiles of more
than 400 bacterial and archaeal genomes of microbial isolates from rumen samples
(12). Using culture-independent methods, an ultradeep metagenomic sequencing from
283 cattle samples revealed the CAZyme repertoire of 4,941 rumen uncultured ge-
nomes (RUGs) (8). Such genome-centric metagenomic approaches provide more detail
that helps provide an understanding of the phylogenetic and metabolic properties of
individual genomes, allowing one to propose novel candidate species and compre-
hension of the syntrophic interactions among members of microbial communities
(19–21). By combining metagenomic and metaproteome analyses, it is possible to
depict the key enzymes produced during consortium development under precise
conditions, rather than just identify the genetic information of the microbial commu-
nity (22). Independently of the approach applied, these studies consistently report that
the rumen microbiome remains a rich and untapped source of new CAZymes and
multienzymatic complexes (6–8, 12, 13, 23).

A powerful strategy to disclose enzymatic complexes of relevance for biorefinery-
related applications is based on enrichment strategies (23–27). The enrichment forces
shifts in the diversity of microbial communities in response to specific carbon source
(28–31). This strategy is not inoculum driven (28) and allows the enrichment of
microbial genes related to a specific metabolism (23). A recent study of microbial
consortia developed from beaver and moose rumen gut microbiota described the
resulting microbial composition, which responded differently to each one of the four
lignocellulosic carbon sources used during the enrichment processes (28).

In this study, we established an enriched rumen anaerobic consortium (ERAC),
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enriched for several weeks, using sugarcane bagasse and rumen as unique carbon and
microbial sources, respectively. To investigate whether the recalcitrance of the plant
biomass selects for promising degrading microorganisms from the rumen endowed
with diverse CAZymes and able to induce the production of natural enzymatic cocktails,
a multi-omics discovery strategy was applied. The taxonomic analysis, based on bac-
terial ribosomal gene sequencing, showed the enrichment of phylogenetic groups,
known as polysaccharides degraders, such as Firmicutes and Synergistetes. A meta-
genomic approach allowed the reconstruction of several metagenome assembly ge-
nomes (MAGs), as well as the identification of an extensive repertoire of genes
encoding CAZymes, and their protein products were confirmed by metaproteomic
analysis. The lignocellulolytic abilities of the anaerobic consortium in the deconstruc-
tion of bagasse were further confirmed by scanning electron microscopy (SEM), enzy-
matic assays, and assessment of the metabolic activity consortium by measurement of
the gases produced.

RESULTS
Lignocellulolytic evaluation of an ERAC. An enriched rumen anaerobic consor-

tium (ERAC) was established using a rumen sample as an inoculum, which was then
subjected to 25 sequential transfers into fresh medium every 5 days under anaerobic
conditions. The detection of carbon dioxide (CO2) and hydrogen (H2) by gas chroma-
tography (GC)-mass spectrometry (MS) confirmed the anaerobic metabolism of the
ERAC (see Table S1 in the supplemental material). As described in Fig. 1, the culture
medium supernatant presented the ability to break down natural polysaccharides. The
enzymatic assays were performed against nine distinct polysaccharides, with the
greatest activity being observed against xylan, lichenan, �-glucan, and rye arabinoxy-
lan, confirming that the consortium was able to produce an array of enzymes for
cellulose and hemicellulose degradation.

We examined by SEM whether the ERAC could cause modifications to sugarcane
bagasse. Several SEM images of the bagasse samples were obtained prior to and after
7 days of incubation with ERAC (Fig. 2). The sugarcane bagasse control (no incubation)

FIG 1 Biochemical assays using the enriched rumen anaerobic consortium (ERAC) metaproteome against
nine different substrates. Reducing sugars were released from reactions of the ERAC metaproteome
against xylan, lichenan, �-glucan, rye arabinoxylan, xyloglucan, rhamnogalacturonan, pectin, mannan,
and carboxymethyl cellulose sodium salt (CMC).
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showed fibers with a continuous surface (Fig. 2A and B), whereas clear visual signs of
decomposition were observed in the bagasse fibers following incubation with ERAC
(Fig. 2C and D). Collectively, these functional data confirmed the ex situ enrichment of
a rumen-derived anaerobic consortium able to break down sugarcane bagasse.

Impact of enrichment on taxonomic profile and diversity indices. The impact of
enrichment of the cow rumen-derived inoculum sample in response to sugarcane
bagasse on the microbial structure, richness, and diversity was determined and calcu-
lated based on the 16S rRNA amplicon sequences. High-throughput sequencing
yielded 322,680 and 281,340 high-quality sequences for the original cow rumen and
ERAC samples, respectively (Table S2). Clustering of these partial 16S rRNA gene
sequences resulted in 721 and 312 species-level operational taxonomic units (OTUs) for
the cow rumen and ERAC, respectively, indicating a decrease in the biodiversity within
the enriched culture. Consistent with this interpretation, richness (ACE and Chao1) and
diversity (Shannon and Simpson) indices were lower for ERAC than for cow rumen
(Table S3). Moreover, the rarefaction curves reached a plateau in both cases (Fig. S1),
suggesting that the microbial communities were entirely covered, permitting a robust
estimate of bacterial species richness and diversity.

FIG 2 Scanning electron microscopy images of the sugarcane bagasse prior to incubation (A and B) and after 7 days of incubation (C and D) with the enriched
rumen anaerobic consortium (ERAC).
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Figure 3 shows the results of the taxonomic analyses of the cow rumen and ERAC
based on representative OTU sequences. In the cow rumen, 16 phyla, 22 classes, 28
orders, 42 families, and 69 genera were detected (Fig. 3; Data Set S1). At the phylum
level, Bacteroidetes and Firmicutes were the dominant phyla, comprising 46.1% and
45.0% of the total sequences, respectively. Following this trend, Bacteroidales and
Clostridiales were the most dominant orders, with Prevotellaceae and Clostridia repre-
senting the prevalent families.

The taxonomic profile and the relative abundance of the phylogenetic groups of the
ERAC were significantly different from those of the original microbial community (cow
rumen sample), a result consistent with the richness and diversity described above. By
comparing the taxonomic profile of ERAC to that of the original ruminal sample, the
impact of microbial enrichment was detected, whereby the number of phyla decreased
from 16 to 9, and there was a considerable enrichment of Firmicutes and Synergistetes
(Fig. 3A; Data Set S1). In comparison to the original sample, the total proportion of
sequences assigned to the Firmicutes increased from 45.0% to 72.6%, whereas that of
sequences assigned to the Synergistetes increased from 0.1% to 10.4% (Fig. 3A). In
contrast, the proportion of sequences related to the Bacteroidetes decreased from
46.1% to 11.6% (Fig. 3A). Within the phylum Synergistetes, Dethiosulfovibrionaceae
represented the most enriched family, comprising more than 9% of the community
(Fig. 3A). The enrichment also led to a shift in low-rank taxons; for instance, the
Veillonellaceae and Clostridiales were enriched in the ERAC, making up 47.4% and 17.9%
of the community, respectively (Fig. 3B). In contrast, the proportion of sequences of the
Lachnospiraceae decreased from 13.0% to 1.6%. However, the proportion of sequences
of the Prevotellaceae decreased to 0.3%, whereas the proportion of sequences of the
lineage belonging to the Bacteroidetes increased to 9.3% of the community (Fig. 3B).

Metagenome sequencing and assembly. Metagenome shotgun sequencing of the
ERAC yielded 21 million high-quality paired-end reads, representing 3.1 GB of se-
quences. Using de novo assembly, 88.2% of the reads were assembled into 103,541
contigs varying in size from 200 to 978,274 bp (N50, 21,714). The gene prediction
depicted 142,703 protein-coding sequences. To gain insight into the diverse biochem-

FIG 3 Relative abundance (%) of the phylum (A) and family (B) taxons identified in the cow rumen sample and enriched rumen anaerobic consortium (ERAC).
Abundances were determined based on the 16S rRNA gene amplicon sequences. Phyla represented by less than 1% and families represented by less than 3%
of the total reads were combined in the groups named “Phyla � 1%” and “Families � 3%,” respectively.
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istry potential of the ERAC, a gene-centric metagenome analysis was carried out based
on the Clusters of Orthologous Groups (COG), KEGG, and Pfam annotations.

A total of 99,763 (69.9%) predicted genes were classified according to COG cate-
gories, 63,855 (44.7%) were identified in the KEGG database, and 95,457 (66.9%) had at
least one protein domain predicted according to the Pfam database. Although the
annotation based on COG identified more genes than the KEGG analysis, both sets of
results indicated that most of the protein-coding genes were classified in the metab-
olism category (Fig. S3 and S4). Within the metabolism category, a high proportion of
genes was associated with carbohydrate and amino acid metabolism.

Additionally, we applied a Pfam-based analysis, as described previously (26), to
investigate whether conserved domains related to lignin and aromatic degradation
were present in the ERAC metagenome data. Domains of peroxidases, laccases, cata-
lases, as well enzymes that cleave lignin linkages, such as �-aryl ether bonds, biphenyl
linkages, and hydroxyl groups (ortho cleavage), were found in the ERAC metagenomic
data (Table S4), suggesting the potential for lignin degradation.

CAZyme profile of the ERAC. To investigate the anaerobic consortium genomic
content for plant biomass breakdown, the ERAC metagenome sequences were
screened against the hidden Markov model (HMM) profile-based database dbCAN (32).
According to the CAZy database classification scheme, of the 142,703 predicted pro-
teins, 5,070, representing 3.5% of the total predicted proteins, were predicted to have
at least one carbohydrate-active function. The ERAC metagenome contains 2,158
glycoside hydrolase (GHs) modules, 695 carbohydrate-binding modules (CBMs), 17
cohesin modules, 159 dockerin modules, 1,457 glycosyltransferase (GT) modules, 858
carbohydrate esterase (CE) modules, 69 polysaccharide lyase (PL) modules, 176 auxiliary
activity (AA) modules, and 175 S-layer homology (SLH) modules. An overview of all
predicted families in the CAZy database is described in Table 1, as well as in Data Set
S2 in the supplemental material.

Analyzing in more detail the CAZyme prediction, the ERAC contained 92 distinct GH
families. Among them, we found GH families encoding cellulases, oligosaccharide-
degrading enzymes, mannases, pectinases, chitinases, �-amylases, and xylanases. The
remaining CAZyme families identified in the ERAC, such as CE, PL, and AA families (Data
Set S2), also play important roles in lignocellulose breakdown (33, 34). Among them, we
found families encoding enzymes for xylan, pectin, and alginate degradation. Further-
more, we noticed nonhydrolytic accessory CBMs, which are protein domains found
in carbohydrate-active enzymes that can potentiate the activity of the associated
catalytic domains (33). The set of predicted CBMs in the ERAC comprised 43 families,
including CBMs that bind to xylan, cellulose, starch, pullulan, and glucans (Table 1
and Data Set S2).

Overall, the ERAC is composed of microorganisms carrying a wide variety of
carbohydrate-degrading genes with the potential to produce a broad range of enzy-
matic activities to deconstruct all components of the plant cell wall. A complete
description of the families and their corresponding enzymatic activities is given in the
supplemental material.

Novel CAZymes and prediction of multimodular proteins. To confirm the novelty
of the enzymes identified in this study, the CAZyme content in the ERAC was compared
to the entries in the CAZy database (as described previously [23]). Considering the GH,
CE, PL, and AA classes, which are classes more often involved in biomass breakdown,
we found that 3,042 CAZyme sequences predicted in the ERAC (60% of the total) had
less than 90% identity to the amino acid sequences reported in the CAZy database (Fig.
4). These CAZyme sequences include cellulases, xylanases, pectate lyases, carbohydrate
esterases, etc. Interestingly, among the CAZyme classes depicted in the ERAC, the AA
family members had the lowest similarity match compared to that of the other families
in the CAZy database (Fig. 4).

CAZymes tend to be modular proteins composed of both catalytic and noncatalytic
accessory domains (e.g., CBMs, dockerin modules, or SLH modules) (35). The presence
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of noncatalytic domains appended to CAZymes indicates (i) improved enzymatic
efficiency due to a substrate proximity effect mediated by the binding domain or (ii)
that CAZymes may be organized in enzymatic complexes or free-enzyme systems. We
further investigated whether the CBM, dockerin, and SLH sequences from ERAC were
appended to catalytic CAZyme domains, forming multiple-domain proteins. Approxi-
mately 14% (711) of the GH, CE, and PL sequences in the ERAC were predicted to have
at least one additional domain, indicating that the ERAC CAZymes may be organized in
enzymatic complexes or free-enzyme systems (Tables S5 to S7 and Data Set S2).

Of the predicted CBM sequences, 53% of the sequences were appended to CA-
Zymes, forming 165 distinct types of genetic multimodular structures (Tables S1 and
S5). Thirty-seven GH, 7 CE, and 2 PL family members contained dockerin modules; in
addition, CBM families were depicted in these protein sequences. The multimodular
CAZymes identified in the ERAC were also previously related to the degradation of
starch (CBM48-GH13_9 and CBM34-GH13_2), pectinases (CBM67-GH78), acetylated
polysaccharides (CBM48-CE1), and oligosaccharides (GH43_35-CBM6) (36–38). The most
frequent multidomain protein sequences found in the ERAC were CBM48-GH13_9,
CBM67-GH78, CBM34-GH13_20, and CBM48-CE1.

Of the multimodular dockerin-containing proteins with a predicted catalytic func-
tion, the most prevalent sequences were found to be appended to peptidase domains.

TABLE 1 The most common CAZyme modules predicted in the total ERAC metagenome
and their relative abundance in ERACgs, according to their representation in the CAZy
databasea

Family

No. of CAZyme modules

Total metagenome ERACgs

Most common GH families
GH13 181 147
GH3 126 100
GH2 117 101
GH43 117 84
GH23 84 56
GH5 69 47
GH25 67 47
GH77 56 41
GH31 52 39

Most common CBM families
CBM50 187 139
CBM32 98 80
CBM48 66 53
CBM6 33 15
CBM67 29 27

Most common CE families
CE1 223 139
CE10 173 122
CE4 148 110
CE3 92 60
CE9 43 28
CE1 223 139

Most common PL families
PL12 18 13
PL22 14 14
PL1 11 7

Most common AA families
AA6 136 83
AA3 17 10

aAbbreviations: ERAC, enriched rumen anaerobic consortium; ERACgs, enriched rumen anaerobic consortium
genomes; CAZyme and CAZy, carbohydrate-active enzyme; GH, glycoside hydrolase; CBM, carbohydrate-
binding module; CE, carbohydrate esterases; PL, polysaccharide lyases; AA, auxiliary activities.
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Previous studies suggest that this modular organization may be involved in microbial
competition or may permit these enzymes to act in synergy with cellulases for carbo-
hydrate processing (39, 40). Several dockerin modules were also predicted to be
appended to the CE and/or GH families in the ERAC, indicating that these sequences are
linked to potential cellulosomes. In addition, several sequences harboring cohesin and
SLH modules were identified, providing additional evidence of microorganisms within
the ERAC able to produce cellulosomes.

The remaining CBM, dockerin, or SLH sequences appended to domains without a
predicted function were further subjected to Pfam domain annotation using the
WebMGA web server (41) to classify domains of unknown function (DUF). The analysis
of multimodular proteins comprising DUF appended to noncatalytic accessory domains
is a relevant approach for the discovery and exploitation of new CAZyme family
members (23). From the DUF screening strategy, we identified 28 DUFs appended to
nine CBM family, dockerin module, and SLH module sequences, comprising 30 different
types of domain organizations (Table S7).

Reconstructed genomes with a potential lignocellulolytic capacity. In addition
to metagenome assembly, the reconstruction of genomes directly from metagenome
data sets has become a powerful strategy to link the metabolic and functional potential
with phylogenetic information (8). The metagenome-assembled genomes (MAGs),
named enriched rumen anaerobic consortium genomes (ERACgs), were assessed in
terms of their completeness and contamination, based on the presence or absence of
sets of colocalized single-copy marker genes within a reference genome tree (42). This
resulted in 19 ERACgs that were nearly complete (�90% completeness), 19 that were
substantially complete (�70%), and 3 that were moderately complete (�50%) (Table 2).
Based on the same criteria, 4 ERACgs that displayed a low contamination level (�2%)
were maintained in the subsequent analysis. The size of the ERACgs ranged from 1.39

FIG 4 Distribution of the percent identity of the carbohydrate-active enzyme (CAZyme) sequences predicted in the enriched rumen anaerobic consortium
(ERAC) against the four classes of the CAZy database. Only the maximum percent identities for each CAZyme ERAC were considered. GH, glycoside hydrolase;
PL, polysaccharide lyases; CE, carbohydrate esterases; AA, auxiliary activities.
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and 4.51 MB, the GC content varied from 28.3 to 66.5%, and between 1,245 and 3,935
coding sequences (CDS) were predicted (Table 2).

The ERACgs were assigned to the lowest taxonomic level that could be confi-
dently determined by phylogenetic marker genes. The phylum Firmicutes, the
predominant phylogenetic group, was represented by 20 ERACgs assigned to the
Clostridia class, followed by the Bacilli (2 ERACgs) and Erysipelotrichia (1 ERACg)
classes. The second and third most abundant groups were assigned to the Bacte-
roidia (7 ERACgs) and Spirochaetia (4 ERACgs) classes. The remaining ERACgs were
assigned to the Synergistia (3 ERACgs), Deltaproteobacteria (3 ERACgs), and Alpha-
proteobacteria (1 ERACg) classes.

The ERACg genetic content related to lignocellulose hydrolysis was investigated
in detail. The ERACgs contained approximately 72% of the total predicted CAZymes
in the ERAC (Fig. 5). Clostridia and Bacteroidia ERACgs harbored the highest number
of predicted GHs (Fig. 5; Data Set S2), accounting for 56% (1,207 out of 2,158) of the
total number of GH domains encountered in the ERAC. Seven (out of 20) Clostridia
ERACgs and all Bacteroidia ERACgs harbored more than 100 CAZymes (Table 2).

TABLE 2 Genomic features of ERACgs from ERAC metagenome shotgun sequencinga

ERACg identifier

Phyla-AMPHORA classification
Completeness
(%)

Contamination
(%)

Genome
size (Mb)

Predicted no.
of genes

GC
content (%)

No. of
CAZymesbClass Predicted taxon

ERACg_2 Clostridia Butyrivibrio 96.6 0 2.65 2,421 38.2 106
ERACg_3 Clostridia Ruminiclostridium 95.3 0 2.76 2,608 49.4 63
ERACg_5 Clostridia Clostridium 89.2 0 2.29 1,970 51.2 50
ERACg_9 Clostridia Clostridium 92.6 0 3.53 3,317 57.5 186
ERACg_11 Clostridia Butyrivibrio 95.9 0 2.99 2,705 43.6 156
ERACg_12 Clostridia Oscillibacter 91.9 0 2.36 2,169 52.5 52
ERACg_13 Clostridia Oscillibacter 78.4 0 2.42 2,356 62.9 81
ERACg_15 Clostridia Clostridiales 83.8 0 2.30 2,277 55 50
ERACg_16 Clostridia Oscillibacter 92.6 0 1.97 1,904 59.5 42
ERACg_21 Clostridia Clostridium 84.5 0 2.78 2,576 56.4 99
ERACg_23 Clostridia Clostridium 81.7 2.5 3.56 3,485 31 101
ERACg_25 Clostridia Desulfitobacterium 95.3 0 2.57 2,387 39.1 49
ERACg_26 Clostridia Oscillibacter 93.2 0 2.35 2,275 60.2 61
ERACg_32 Clostridia Butyrivibrio 93.9 0 3.09 2,790 45.2 168
ERACg_42 Clostridia Ruminococcus 95.3 0 2.79 2,496 48.3 180
ERACg_45 Clostridia Alkaliphilus 91.2 0 2.31 2,292 30.5 65
ERACg_48 Clostridia Filifactor 88.5 0 1.75 1,665 47.6 55
ERACg_50 Clostridia Clostridium 91.9 0 2.59 2,624 28.3 50
ERACg_57 Clostridia Butyrivibrio 93.9 0 4.48 3,824 42.4 135
ERACg_58 Clostridia Clostridiales 91.2 0 1.57 1,409 56 12
ERACg_41 Bacilli Streptococcus 97.3 0 2.05 1,823 51.2 56
ERACg_8 Bacilli Enterococcus 96.6 0 3.11 2,772 53.9 50
ERACg_1 Erysipelotrichia Erysipelothrix 87.8 0 1.39 1,245 32.2 43
ERACg_19 Bacteroidia Prevotella 62.8 0 1.81 1,468 52.7 115
ERACg_30 Bacteroidia Porphyromonadaceae 83.1 0 2.25 1,861 49.1 164
ERACg_35 Bacteroidia Bacteroides 91.9 0 2.23 1,924 50 113
ERACg_37 Bacteroidia Bacteroides 84.5 0 3.14 2,574 46 136
ERACg_43 Bacteroidia Bacteroides 92.6 0 3.95 3,136 46.6 336
ERACg_55 Bacteroidia Prevotella 79.1 0 2.54 2,081 56 128
ERACg_56 Bacteroidia Prevotella 68.2 0 2.05 1,650 53.6 140
ERACg_14 Spirochaetia Sphaerochaeta 85.8 0 2.63 2,307 54.9 78
ERACg_31 Spirochaetia Treponema 81.8 0.7 3.13 2,774 36.5 112
ERACg_36 Spirochaetia Sphaerochaeta 81.8 1.7 2.59 2,431 50 82
ERACg_52 Spirochaetia Treponema 80.4 0 2.76 2,364 38.3 81
ERACg_4 Synergistia Aminobacterium 65.5 0 4.51 3,901 43.3 358
ERACg_38 Synergistia Aminobacterium 89.9 0 4.07 3,935 44.5 72
ERACg_49 Synergistia Aminobacterium 91.2 0 2.24 2,154 41.5 47
ERACg_18 Deltaproteobacteria Proteobacteria 76.4 1.22 2.21 2,175 57.4 41
ERACg_34 Deltaproteobacteria Desulfovibrio 85.8 0 2.69 2,260 64.7 61
ERACg_54 Deltaproteobacteria Desulfovibrio 89.2 0 3.35 3,152 66.5 99
ERAC_46 Alphaproteobacteria Rhizobium 85.8 0 2.49 2,428 60.8 43
aAbbreviations: ERACg, enriched rumen anaerobic consortium genomes; ERAC, enriched rumen anaerobic consortium.
bTotal number of carbohydrate-active enzymes (CAZymes) predicted.
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These two phylogenetic groups encoded 65 and 66 distinct GH families (Data Set
S2), respectively.

In general, Clostridia and Bacteroidia ERACgs harbored a diverse repertoire of GHs
which was capable of degrading cellulose, hemicellulose, starch, and pectin (Fig. 6).
Although the cellulases were not among the most abundant GH domains in the
ERACgs, six distinct families were depicted: GH5, GH9, GH30, GH51, GH74, and GH94.
These were predicted mainly in Clostridia and Bacteroidia ERACgs (Fig. 6; Data Set S2).
These ERACgs also showed the highest abundance of the CE, PL, and AA families (Data
Set S2).

The high diversity of CAZyme families was also observed in the remaining ERACgs
(Spirochaetia, Synergistia, and Proteobacteria). The Spirochaetia and Synergistia ERACgs
possessed 39 and 49 distinct GH families, respectively (Fig. 6; Data Set S2). Nonetheless,
the numbers of CAZymes predicted in these groups were not high. These groups
accounted for 19.4% of the total GH count predicted in the ERAC. Within this group,
only Treponema sp. ERACg_31 and Aminobacterium sp. ERACg_4 encoded more than
100 CAZymes (Table 2). Moreover, Aminobacterium sp. ERACg_4 harbored the highest
number of predicted CAZymes among ERACgs, encoding 358 CAZymes, indicating a
full capacity to fully degrade plant cell wall polysaccharides.

By comparing the enzymatic sets among the phylogenetic groups, in general,
Spirochaetia ERACgs had a potential capacity to degrade biomass similar to that of
Clostridia and Bacteroidia ERACgs (Fig. 6). The remaining Synergistia and Proteobacteria
ERACgs had an enzymatic set restricted to the degradation of starch.

Macromolecular enzymatic complexes: cellulosomes and PULs. Besides the
CAZyme profile, we also investigated the ability of the ERACgs to produce multienzyme
complexes, such as cellulosomes and PULs. These multidomain macromolecular enzy-
matic complexes are highly efficient metabolic systems that break down polysaccharide

FIG 5 (A) Distribution of the predicted carbohydrate-active enzymes (CAZymes) found in enriched rumen
anaerobic consortium genomes (ERACgs) at the class level. (B) Total CAZymes found in the rumen-
derived anaerobic microbial consortium (enriched rumen anaerobic consortium [ERAC]) metagenome
data. Red, nonbinned metagenome contigs; green, ERACgs.
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complex substrates (16, 43–45). The cellulosomes comprise a combination of dockerin-
bearing catalytic domains that bind the cohesin modules, which are part of noncatalytic
structural proteins called scaffoldins (14). Moreover, cellulosomes can be subdivided
into both simple and highly structured multidomain macromolecule structures, which
are composed of more than one scaffoldin protein (45). The PULs comprise a series of
linked genes encoding all activities necessary to bind, transport, and depolymerize a

FIG 6 Heat map displaying the distribution of the most abundant glycoside hydrolases (GH1) found in the ERACgs from ERAC. GH families were grouped
according to their action on components of the plant cell wall.
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broad type of glucan (16). The PULs are organized around tandem susCD-like pairs
encoding integral membrane proteins and extracellular lipoproteins.

Potential cellulosomes and PULs were both identified among the ERACg genes
encoding cellulosomal proteins (cohesin and dockerin modules) and SusCD-like pairs,
respectively. In addition, these protein sequences were manually curated based on
BLASTp analysis to confirm the identity of the conserved protein domains. The screen
revealed four ERACgs (ERACg_32, ERACg_42, ERACg_50, and ERACg_57) assigned to
Clostridia encoding putative scaffoldins (Table S8) and all Bacteroidia ERACgs encoding
PULs (Fig. 7; Data Set S3). Among the potential cellulosome-producing Clostridia
ERACgs, a detailed analysis indicated that the only Ruminococcus sp. ERACg_42 has
multimodular CAZymes that co-occur with dockerin, which is essential for the assembly
of the cellulosomes (45), thus representing a unique ERACg able to produce cellulo-
somes.

Regarding PUL prediction, a total of 154 PULs were identified in all ERACgs assigned
to Bacteroidia, and the number per genome varied from 3 to 50 (Fig. 7; Data Set S3).
ERACg_37 and ERACg_43, both assigned to the Bacteroides genus, contained 39 and 50
PULs, respectively, representing the ERACgs with the highest number of predicted
PULs. The remaining ERACgs harbored fewer PULs, such as Prevotella sp. ERACg_19
(10 PULs), Porphyromonadaceae ERACg_30 (27 PULs), Bacteroides sp. ERACg_35 (12
PULs), Prevotella sp. ERACg_55 (13 PULs), and Prevotella sp. ERACg_56 (3 PULs). Sixty-
nine PULs were associated with genes encoding CAZymes, peptidases, transporters,
and transcriptional regulators (e.g., hybrid two-component systems [HTCS], AraC, GntR),

FIG 7 Examples of polysaccharide utilization loci (PUL) predicted in Bacteroidia ERACgs reconstructed from the enriched rumen anaerobic consortium
metagenome. To facilitate the visualization of gene arrangements, the predicted proteins were colored according to the function of the encoded proteins: SusC,
SusD, glycoside hydrolase (GH), polysaccharide lyase (PL), carbohydrate esterase (CE), peptidase, and regulators (AraC, MaR, LacI). Genes that do not encode
PUL components or that encode hypothetical proteins are identified as non-PUL genes. All PULs predicted in Bacteroidia ERACgs are presented in Data Set S2
in the supplemental material.
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indicating the presence of complete systems capable of degrading polysaccharide and
proteins (Data Set S3). We counted 47 distinct CAZyme families associated with PULs,
implying that PULs may be able to degrade many kinds of complex lignocellulose
substrates. Among the CAZyme predictions associated with PULs, we encountered
putative cellulases (GH5 and GH9), amylases (GH13 and GH97), mixed-linkage
�-glucanases (GH16), and oligosaccharide-degrading enzymes (GH3 and GH31) (Data
Set S3). The CE families, such as CE1, CE6, CE10, and CE12, were also associated with a
tandem susCD gene pair.

An illustrative example of the PUL diversity found in the different ERACgs is shown
in Fig. 7. Some PULs are composed of enzymes targeting specific substrates or a
broader pool of substrates. For example, ERACg_46 harbors a cluster (PUL27) encoding
seven different CAZymes, of which five are oligosaccharide-degrading enzymes (GH2,
GH29, GH31, GH42, and GH97), one is cellulase (GH5), and the last one is potentially
involved in xylan degradation (GH43), whereas PUL4 from Prevotella sp. ERACg_19
encodes enzymes that degrade hemicellulose (GH16 and CE3) and oligosaccharides
(GH2 and GH3). Prevotella sp. ERACg_19 also has other clusters (PUL29) composed of
genes encoding enzymes for cellulose (GH9) and protein degradation (peptidase).

Previously, metagenome analysis of cow rumen (46) and moose rumen (6) found
PULs containing dockerin modules appended to GHs. In our study, we also found
dockerin-containing proteins in Prevotella sp. ERACg_55 and Prevotella sp. ERACg_56,
which were ERACgs affiliated with the Bacteroidia class. These dockerin-containing
genetic structures were appended to GH modules, DUFs, and CBM modules, but none
were found to be associated with PULs. Although the presence of dockerin modules in
PULs from rumen Bacteroidetes was previously reported (6, 46), the functional role of
these modules in this genetic context is not defined yet.

Metaproteome for ERAC. Metaproteome analysis is a powerful strategy to illustrate
which phylotypes are actively producing enzymes in microbial communities. The
approach proposes a direct link between biotechnologically relevant enzyme activity
and the corresponding gene encoding the enzyme (22). To experimentally reveal the
set of CAZymes found from the consortium metaproteome, as well as to confirm the
production of cellulosomes, we applied a mass spectrometry-based method. For this
purpose, the culture supernatant was taken for metaproteome analysis after 5 days of
growth in fresh medium (after 25 cycles of medium transfer).

A total of 334 proteins were detected in the ERAC metaproteome (Data Set S4).
Analysis of the taxonomic origin of the secreted proteins confirmed that 36 of the
ERACgs identified in the ERAC metagenomic data were metabolically active. Nonethe-
less, examining in detail the function and distribution of the secreted proteins, Rumi-
nococcus sp. ERACg_42 in the consortium showed the highest number of different
proteins identified in the metaproteome, representing 39.5% of the total proteins
detected (Tables 3 and 4; Tables S9 and S10). Most proteins secreted by Ruminococcus
sp. ERACg_42 were related to cellulosomal proteins, indicating the production of
cellulosomes.

Besides the identification of the cellulosomes, the metaproteome analysis also
experimentally confirmed a second enzymatic complex, a PUL from Bacteroides sp.
ERACg_43, which was also predicted from the ERAC metagenome data (Table 3).
Although the CAZymes were not detected from Bacteroides sp. ERACg_43 in this
analysis, the identification of SusCD proteins proves that this enzymatic complex is
produced by this phylotype.

Taxonomic and CAZyme analyses of Ruminococcus ERACg_42. Ruminococcus

species, which fall within the phylum Firmicutes, are found in anaerobic environments,
including the human gut (e.g., Ruminococcus champanellensis [47]), biogas (e.g., Clos-
tridium bornimense [48]), and rumen (e.g., R. flavefaciens [49]). Some Ruminococcus
isolates are described to be cellulosome-producing bacteria, thus representing impor-
tant microorganisms for biotechnological application related to biofuel production
from lignocellulosic biomass (49–51).
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Based on our taxonomic classification, ERACg_42 belongs to the Ruminococcus
genus. The classification was carried out based on two different methods, the use of
marker genes (the Phyla-AMHORA classification [48]) and alignment of k-mers (Kraken
classification [49]). Nonetheless, an additional phylogenomic analysis was performed to
avoid unequivocal taxonomic classification and to reveal genomic features common to
the Ruminococcus genus. This analysis is based on orthologous genes among the
genomes of different species indicating rearrangements, deletions, and insertions in
the chromosomes and determining the speciation process and its functional conse-
quences (52). Using draft genomes of type strains of the genus Ruminococcus, a
phylogenetic tree was reconstructed based on 304 concatenated orthologous proteins,
illustrating the evolutionary distances among Ruminococcus species (Fig. S5). Rumino-
coccus ERACg_42 is closely related to R. flavefaciens ATCC 19208. Both genomes share
1,698 orthologous genes, representing 66.6% and 53.9% of all proteins predicted for
Ruminococcus ERACg_42 and R. flavefaciens ATCC 19208, respectively (Data Set S5). The
coding sequences for cellular processes (e.g., extracellular structures, transporters, cell
division) and nucleotide and carbohydrate metabolism are within the core set of genes.

The draft genome of Ruminococcus sp. ERACg_42 encodes 72 GHs and at least 11
different loci bearing genes encoding cellulosomal structures. Among the 72 predicted
GHs in Ruminococcus sp. ERACg_42, 37 of them (50.7%) were from 17 distinct families
and harbored type I dockerin modules, and several of them were also found in

TABLE 3 Putative cellulosomal proteins and SusC/SusD families identified by LC-MS/MS from ERAC grown on sugarcane bagassea

ERACg identifier Predicted protein Modular architecture
Signal
peptideb

Total spectral
countc

Butyrivibrio sp. ERACg_32 Cellulosomal protein CBM6-CBM6-CBM6-CBM6-CBM2 Yes 14
Ruminococcus sp. ERACg_42 Putative scaffoldin 6� cohesin_I-CttA Yes 10
Ruminococcus sp. ERACg_42 Putative scaffoldin Cohesin Yes 23
Ruminococcus sp. ERACg_42 Putative scaffoldin Cohesin_III Yes 5
Ruminococcus sp. ERACg_42 Putative scaffoldin Cohesin_I-dockerin_I Yes 19
Ruminococcus sp. ERACg_42 Putative scaffoldin Dockerin_I-Cthe_2159-Cthe_2159 Yes 14
Ruminococcus sp. ERACg_42 Putative scaffoldin Dockerin_III-cohesin_III-Dockerin_I Yes 5
Ruminococcus sp. ERACg_42 Putative scaffoldin C No domain Yes 2
Ruminococcus sp. ERACg_42 Putative scaffoldin No domain Yes 49
Ruminococcus sp. ERACg_42 Cellulosomal protein Dockerin_I Yes 4
Ruminococcus sp. ERACg_42 Cellulosomal protein LRR_5-dockerin_I Yes 19
Ruminococcus sp. ERACg_42 Cellulosomal protein LRR_5-dockerin_I Yes 1
Ruminococcus sp. ERACg_42 Cellulosomal protein LRR_5-dockerin_I Yes 6
Ruminococcus sp. ERACg_42 Cellulosomal protein LRR_5-dockerin_I Yes 2
Ruminococcus sp. ERACg_42 Cellulosomal protein DUF4874-DUF4832-dockerin_I Yes 1
Ruminococcus sp. ERACg_42 Peptidase Dockerin_I-peptidase Yes 1
Ruminococcus sp. ERACg_42 Cellulosomal protein Dockerin_I Yes 6

Bacteroides sp. ERACg_43 SusD family protein No 1
Bacteroides sp. ERACg_43 Starch binding associated with

outer membrane
No 1

Bacteroides sp. ERACg_43 TonB-linked outer membrane protein,
SusC/RagA family

No 1

Bacteroides sp. ERACg_43 TonB-linked outer membrane protein,
SusC/RagA family

No 1

Bacteroides sp. ERACg_43 TonB-linked outer membrane protein,
SusC/RagA family

No 6

Bacteroides sp. ERACg_43 TonB-linked outer membrane protein,
SusC/RagA family

No 1

Bacteroides sp. ERACg_43 SusD family protein No 1
Bacteroides sp. ERACg_43 TonB-linked outer membrane protein,

SusC/RagA family
No 6

aAbbreviations: cohesin_number, cohesin type number; dockerin_number, dockerin type number; Cthe_2159 represents a novel family of cellulose-binding beta-helix
proteins from Clostridium thermocellum; LRR_5, leucine-rich repeats; PUL, polysaccharide utilization loci. Cohesin and dockerin domains are represented with the
family number according to their representation in the dbCAN database. The protein set secreted by enriched rumen anaerobic consortium (ERAC) is given in Data
Set S3 in the supplemental material.

bPrediction of signal peptides based on SignalP analysis.
cMetaproteome analysis based on spectral counting.
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combination with CBMs (Table S10). These putative cellulosomal genes encode cellu-
lases (GH5, GH9, and GH44), xylanases (GH10, GH11, GH30, and GH127), mannanases
(GH26), and arabinogalactan endo-�-1,4-galactanase (GH53). The proteins (37 GHs)
encoded by the majority of these putative cellulosomal coding sequences show amino
acid identity ranging from 34% to 82% with R. flavefaciens GHs. The proteins encoded
by these genes were found to be appended to CBM76, CBM79, and CBM80, which so
far have been found exclusively in ruminococcal species (53). We also found CEs and
PLs appended to dockerin modules.

The analysis also indicated that Ruminococcus sp. ERACg_42 is a producer of
cellulosomes. Our analyses depicted 11 scaffoldin protein sequences, 10 of which
represented putative scaffoldin proteins harboring type I or III cohesin modules (Table
S9) with amino acid identities ranging from 30% to 85% compared to the R. flavefaciens
sequences (Table S11). Three sequences encoded scaffoldins with dockerin modules,
which may allow integration with additional scaffoldins and multiple enzymes to form
the cellulosomal complex.

Besides the genomic prediction analysis, the ability of Ruminococcus ERACg_42 to
produce cellulosomes was supported by proteomic analysis. Among the proteins
secreted by Ruminococcus ERACg_42, 37 from 52 predicted cellulosomal proteins were
detected, including 8 putative scaffoldins, 1 mixed cellulase-xylanase, 1 �-lactosidase,
1 carboxylesterase, 2 pectinases, 11 cellulases, and 13 hemicellulases appended to
dockerin modules (Tables 3 and 4; Tables S9 and S10), accounting for 521 of the total
spectrum counts. Although the number of hemicellulases detected was slightly higher
than the number of cellulases detected, the total spectrum counts for cellulases was
205, whereas 111 were counted for hemicellulases (Table 4). Therefore, cellulosomes
derived from Ruminococcus ERACg_42 cells grown on sugarcane bagasse showed a
profile that was predominantly cellulolytic, followed by hemicellulolytic and pectino-
lytic. Moreover, among the cellulases predicted from the Ruminococcus sp. ERACg_42
draft genome, only endoglucanases were detected in the metaproteome.

The Ruminococcus type strains with ERACg_42 harbored 30 different GH families
involved in lignocellulosic degradation, while the closely related species R. flavefaciens
ATCC 19208 encodes 28 GH families. The Ruminococcus strain harboring ERACg_42
represents the third Ruminococcus species described to produce cellulosomes, since
only R. flavefaciens ATCC 19208 and R. champanellensis JCM 17042 are known to
produce cellulosomes (45, 49, 50).

DISCUSSION

Some previous studies have reported the enrichment of microbial consortia using
different carbon sources, inocula, and culture conditions (9, 19, 23–25, 28, 29, 31, 54).
The resulting consortia are frequently described to have observed shifts in microbial
communities in response to the carbon source used during the enrichment process.
Even though these consortia have been shown to possess lignocellulolytic capabilities,
genome-centric investigations and metaproteome analyses of these microbial commu-
nities have been barely exploited to date. Therefore, enriched microbial communities
require a more comprehensive and deeper analysis of their genetic content and protein
production capabilities, to provide novel insights into the syntrophic interaction among
the lignocellulolytic members of the consortium.

To address this knowledge gap, we combined several approaches to exploit the
lignocellulolytic capabilities of the ERAC. The consortium was established on sugarcane
bagasse using as an inoculum source the rumen sample from a fistulated cow which
was grazing on natural pastures. The first assessment of the lignocellulolytic capability
of the ERAC indicated enzymatic activities against different polysaccharides, followed
by modification on bagasse fibers, visualized by SEM. Based on these results, we
combined taxonomic profiling, metagenomics, and metaproteomics approaches to
evaluate the microbial structure and the enzymatic machinery associated with ligno-
cellulose degradation present in the ERAC.

The 16S rRNA amplicon analyses showed that the diversity was significantly lower in
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the ERAC than in the rumen inoculum sample (Fig. 3; see also Table S3 and Fig. S2 in
the supplemental material). During the enrichment process, it has been observed that
microorganisms with a metabolic function compatible with the cultivation conditions
employed are selected and become dominant (9, 25, 26, 55–57). Decreasing diversity,
for example, the consortium target for the degradation of quinoline (57), lignin (26),
phenanthrene (55), and keratins (56), as well as the reduction of heavy metal (58), was
also shown by other studies. Here, the ERAC was dominated by Firmicutes and Bacte-
roidetes, which are reported to be degraders of lignocellulosic biomass in several
anaerobic environments, such as biogas reactors (59), landfill (60), and insect gut (9).
Both phylogenetic groups are well-known to contain an extensive repertoire of CA-
Zymes and enzymatic complexes (6, 7, 13).

For a deeper exploitation of the metagenome data, gene- and genome-centric
metagenome analyses were carried out. The gene-centric analysis provided an over-
view of the entire metabolic potential of the ERAC. The resulting data identified a high
proportion of genes associated with carbohydrate and amino acid metabolism (Fig. S3
and S4). These findings are consistent with the fact that the microbial community was
enriched on lignocellulose biomass, where genes of carbohydrate metabolism should
be highly abundant. Moreover, several conserved protein domain sequences related to
lignin degradation were identified in this strictly anaerobic consortium. Although
previous studies reported lignin degradation under anaerobic conditions (61–63), the
mechanisms of decomposition are still poorly understood; thus, further analyses are
required.

Based on genome-centric metagenome analysis, we were able to reconstruct 41
enriched rumen anaerobic consortium genomes (ERACgs) belonging to five phyla. The
high level of completeness of the ERACgs allowed a detailed determination of potential
degraders in this enriched anaerobic consortium as well as whether they harbor genes
to produce enzymatic complexes. Among the ERACgs, those assigned to Firmicutes and
Bacteroidia were predominant and harbored the highest number and diversity of
CAZymes. Moreover, all Bacteroidia ERACgs and a Clostridia ERACg (ERACg_42) were
identified to be able to produce PULs and cellulosomes, respectively. Interestingly,
ERACgs encoding PULs were identified to have genes encoding cellulolytic enzymes
(from the GH5 and GH9 families). Although Prevotella species have been reported to
use several polysaccharides as sole carbon sources (64, 65), there is no experimental
evidence of cellulose depolymerization by PULs (66).

According to our phylogenetic analysis, the isolate with ERACg_42 can confidently be
assigned as a species of the Ruminococcus genus, closely related to R. flavefaciens ATCC
1920. ERACg_42 encodes a repertoire of cellulosomal proteins and enzymes appended to
dockerin modules, making the strain with this genome a potential cellulosome producer.
The Ruminococcus ERACg_42, however, possesses scaffoldin proteins with the lowest
identity to protein sequences available in the public database. We also carried out addi-
tional sequence analysis in an attempt to classify the scaffoldins according to the termi-
nology proposed by Brás et al. (67). However, as the scaffoldin sequences of Ruminococcus
sp. ERACg_42 share a low degree of identity with the corresponding homologous se-
quences of R. flavefaciens ATCC 19208 (Table S11), it was not possible to confidently classify
scaffoldins from Ruminococcus sp. ERACg_42. Further experimental investigation must be
carried out to determine their classification. Furthermore, differently from the R. flavefaciens
ATCC 19208 cellulosomes, which are mostly composed of type III dockerin- and cohesin-
containing proteins (68, 69), Ruminococcus sp. ERACg_42 encodes the majority of the
cellulosomal proteins and CAZymes appended to type I dockerin and cohesin proteins. The
type I and type II cohesin modules are frequently found in C. thermocellum and other
cellulosome-producing clostridia (44, 49, 70, 71). The unconventional arrangements of the
types of cohesin-dockerin modules, which have not been previously reported in this
phylotype, in addition to unclassified scaffoldins, might represent novel architectural and
functional aspects of cellulosomes.

In this study, Firmicutes and Bacteroidetes ERACgs were abundantly identified, and
these organisms might be the major players responsible for synergistically acting to
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degrade sugarcane bagasse in this anaerobic consortium. Indeed, metaproteome
analysis detected several cellulosomal proteins and a diverse set of CAZymes secreted
by the Ruminococcus ERACg_42, including the production of cellulosomes with struc-
tures similar to those reported previously (49, 53, 69). Components of PULs (Bacte-
roidetes), such as SusCD proteins, were also detected, suggesting that another type of
enzymatic complex is also produced.

Our multi-omics study disclosed secreted CAZymes, cellulosomes, PULs, and several
nearly complete genomes from anaerobic lignocellulolytic microbes. The ERAC harbored
the highest number of CAZymes when the number was compared to the number found in
previously characterized anaerobic consortia (23) (Table S12). Compared to three other
composting-derived consortium studies established under static conditions (19, 24, 72), the
ERAC is the second in terms of total CAZyme number (Table S12). The ERAC also presented
the second highest diversity of families in the CAZy database (Table S13) compared to that
found in similar previous studies (6, 19, 24, 72). The apple pomace-adapted compost
microbial community (72) mapped 13 additional families in the CAZy database (and two GH
other families) compared to ERAC. However, the former study (72) examined 64% more
protein-coding sequences than the present study (Table S13).

In conclusion, the integrative analysis incorporating metagenomic and metapro-
teomic approaches reported here has been shown to be a practical guide and a
powerful strategy. This discovery approach extends the number of novel CAZymes,
enzymatic complexes, and the respective microorganisms producing them, represent-
ing results beyond the current knowledge from the enrichment process. The vast and
diverse reservoir of new CAZyme sequences discovered here opens up further avenues
of opportunity, such as biochemical and structural studies of novel lignocellulolytic
enzyme candidates. In addition, the enzymatic complexes reported here are composed
of new sequences and may be applied to design artificial enzymatic complexes for
future biotechnological applications.

MATERIALS AND METHODS
Rumen-derived anaerobic consortium design. An ERAC was established using cow rumen samples

and sugarcane bagasse (SB) (see Table S14 in the supplemental material) as microbial and carbon
sources, respectively. Fresh rumen samples (approximately 20 g) were taken from a fistulated cow which
was grazing on natural pastures prior to the experimental period at the farm of the Department of
Ruminants at the Luiz de Queiroz College of Agriculture (ESALQ/USP, Piracicaba, Brazil). Subsequently,
the samples were immediately placed into a prewarmed thermos flask as a means to transport them to
the laboratory. The rumen samples were kindly provided by the Department of Ruminants at the Luiz de
Queiroz College of Agriculture (ESALQ/USP, Piracicaba, Brazil). All procedures related to animal experi-
ments were undertaken following the guidelines of the Committee on Ethics in the Use of Animals
(CEUA) of the Luiz de Queiroz College of Agriculture.

The rumen content was homogenized and mixed (1:4) with prewarmed anaerobic McDougall buffer
(39°C) (73) inside an anaerobic chamber (Whitley DG250 anaerobic workstation) under 10% H2, 5% CO2,
and 85% N2. Aliquots (2 ml) from mixed solutions were inoculated into 100-ml serum bottles containing
48 ml of growth medium supplemented with 500 mg of sterilized SB, which had previously been
wrapped in aluminum foil and sterilized by autoclaving. Then, aliquots (1 ml) of the microbial suspension
were transferred under strict anaerobic conditions to fresh medium every 5 days for 25 consecutive
passages. The growth medium was prepared as described previously (72). Briefly, the medium was
deoxygenated by gassing CO2 and dispensed anaerobically in serum bottles inside an anaerobic
chamber. The bottles were closed with a stopper, sealed, and autoclaved. Aliquots of 500 mg sterilized
SB were added to the bottles, and the bottles were then reclosed and incubated under anoxic conditions.
The biological experiments were performed in triplicate, and the bottles were incubated at 39°C under
constant conditions.

Total microbial DNA isolation. Microbial DNA was extracted from the anaerobic consortium as
described previously (74), with modifications. Briefly, an aliquot of a biological replicate from the ERAC
culture was centrifuged at 12,000 � g for 20 min at 4°C. The resulting pellet was suspended in lysis buffer
(100 mM EDTA, 50 mM NaCl, 10 mM Tris, pH 8, 1% SDS, proteinase K). The mixture was incubated at 37°C
for 1 h with shaking. To ensure cell lysis, a bead-beating step was carried out using Lysing Matrix E tubes
(MP Biomedicals), followed by incubation in a water bath at 65°C for 2 h. After centrifugation, the
supernatant was mixed with an equal volume of chloroform-isoamyl alcohol (24:1, vol/vol). The solution
was centrifuged, and the aqueous phase was transferred to a clean tube and treated with RNase A
(Qiagen, Germantown, MD, USA) for 15 min at 37°C. The DNA was precipitated with isopropanol and
resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The DNA solution was purified using
Power Clean DNA clean-up kits (Mo Bio Laboratories) for the following applications.
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Library preparation. The V4 region of the 16S rRNA gene was amplified using universal primers
(primers 515F and 806R), which cover the Bacteria and Archaea domains (75). The PCR products obtained
were purified with magnetic beads (Beckman Coulter), and the second reaction was carried out on these
products to attach multiplex identified (MID) tags between Illumina adapter sequences. The 16S rRNA
gene amplicons generated were purified and analyzed using magnetic beads and an Agilent 2100
bioanalyzer system (Agilent), respectively. The purified amplicons were quantified by Kapa Biosystems
quantitative PCR (qPCR) library quantification and pooled in equimolar concentrations. The amplicon
libraries were constructed in three biological replicates and sequenced on an Illumina MiSeq system
(2 � 150 bp), applying the paired-end protocol according to standard procedures.

For metagenomic sequencing purposes, a library was constructed, using a NEBNext Ultra II DNA
library preparation kit, by Illumina (New England Biolabs, USA), according to the manufacturer’s instruc-
tions. The prepared library was validated and quantified using the Agilent bioanalyzer 2100 system with
a 12000 DNA assay kit (Agilent) and a Kapa Biosystems next-generation sequencing library qPCR kit (Kapa
Biosystems), respectively. Sequencing was performed using an Illumina HiSeq 2500 platform and
applying the paired-end protocol (2 � 150-bp paired ends).

Sequence data processing and statistical analysis. The raw 16S rRNA amplicon sequences were
preprocessed using a Trimmomatic sequence trimmer (76) to remove the sequencing adapters, low-
quality reads (average quality score � 33), and reads with ambiguous bases. Quality-filtered reads were
merged by the fast length adjustment of short reads (FLASH) (77) with at least 40 bp of overlap. The
unassembled reads were discarded during the merge step. Subsequently, the sequences were analyzed
using the QIIME program according to established guidelines reported by Bokulich et al. (78). Briefly,
the sequences were compared against the sequences in the Greengenes reference database (79) using
the USEARCH program (usearch61 method) to detect chimeric sequences, which were removed. The
sequences were clustered into operational taxonomic units (OTUs) using the USEARCH program with a
similarity threshold of 97%. Representative sequences of each OTU were aligned by the PyNAST program
against the reference database for taxonomic classification via the UCLUST program (EDGAR platform,
2010). To reduce the spurious OTUs, low-abundance OTUs (�0.01% of the sequences) were discarded.
The microbial diversity (Shannon and Simpson metrics) and richness (ACE and Chao1 estimators) were
calculated in QIIME.

Raw shotgun sequencing data were quality filtered to remove the adapters and reads with a low
average quality score as described above. The quality-filtered reads were assembled using the MEGAHIT
(v.1.1.1) program (80) with the default settings. The resulting reads were mapped onto the assembled
contigs with the Bowtie 2 program (81) to estimate the inclusivity of the metagenome assembly. Analysis
of the alignment statistics was performed by the use of SAMtools, which converts the sequence
alignment map (SAM) into a binary alignment map (BAM) file and then sorts it. The MetaBAT program
(82) was used for the binning process in its very specific mode. Completeness results shown in Table 2
represent the BUSCO 3.0.2 output (92). The completeness and contamination were estimated based on
marker genes using the taxonomic workflow of the CheckM (v.1.0.7) program (42). For taxonomic
binning, only binned contigs with a completeness of greater than 60% and contamination of less than
10% were assigned to the taxonomic rank using the Phyla-AMPHORA (83) and Kraken (84) tools. Finally,
binned contigs were annotated using the Prokka program (85), as described previously (48). Comparative
genomic analysis was carried out within the EDGAR platform with the standard settings (52).

CAZyme, cellulosomal proteins, and PUL prediction. Searches for CAZymes, scaffolding proteins,
and susCD gene pairs were performed as previously described (7, 86). Briefly, the amino acid sequences
were compared to the sequences in the dbCAN-fam-HMMs database (32), based on hidden Markov
models (HMMs), using the HMMER software package (87). The parameters were applied as follows: hits
with E values of 1e�6 or not covering 30% of the respective HMM were removed. Predicted sequences
in the CAZy database were further compared to the sequences in a custom sequence database derived
from the CAZy database using the BLASTp program to determine the percent amino acid sequence
identity against those sequences already reported, as described previously (6, 7, 22). To identify potential
cellulosomal proteins and PUL, a model cohesin (PF00963), dockerin (PF00404), and SusD-like protein
(PF07980) and a model for TonB-dependent receptor/SusC-like proteins (TIGR04056) were downloaded
from the Pfam database (https://pfam.xfam.org) and the TIGR-fam database (http://www.tigr.org/
TIGRFAMs), respectively, to extend the dbCAN-fam-HMMs database. For PUL prediction, we manually
searched for CAZymes predicted within a range of five protein predictions upstream and downstream.
The PUL diagrams were drawn using an in-house Python script.

Liquid chromatography (LC)-MS/MS analysis for metaproteome analysis. The protein concen-
tration from the supernatant, which was obtained as described previously, was measured using the
Bio-Rad protein assay reagent (Bio-Rad Laboratories) according to the Bradford method (88). Bovine
serum albumin was used as a standard. Aliquots of 12 �g from the concentrated supernatants were
subjected in duplicate to SDS-PAGE using a 12% polyacrylamide gel at 100 V for 1.5 h. The gel was
stained by incubating with Coomassie brilliant blue G-250 solution for 3 h on a platform with gentle
shaking at room temperature. The gel lanes were cut manually into 12 slices, which were distained with
50% (vol/vol) methanol and 2.5% (vol/vol) acetic acid for 2 h and then dehydrated using acetonitrile.
Subsequently, the bands were reduced and alkylated with 10 mM dithiothreitol (DTT) and 50 mM
iodoacetamide solutions, respectively, and were then washed with ammonium bicarbonate (for 10 min)
and dehydrated and rehydrated using acetonitrile and sodium bicarbonate, respectively. The proteins
embedded in the gel slices were digested with trypsin (Promega Corp., Madison, WI, USA), dissolved in
100 mM ammonium bicarbonate solution, and incubated at 37°C overnight. The resulting peptides were
purified and desalted using self-assembled C18 stage tips. The eluted peptides were analyzed on an
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electron transfer dissociation (ETD)-enabled LTQ Velos Orbitrap mass spectrometer (Thermo Fisher
Scientific) coupled with a liquid chromatograph-tandem mass spectrometer (EASY-nLC system; Proxeon
Biosystems) through a Proxeon nanoelectrospray ion source. The peptides were separated with 2% to
90% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid at 0.6 �l/min using a PicoFrit analytical column
(20 cm by 75 �m [inside diameter]; particle size, 5 �m; New Objective, Woburn, MA) at a flow rate of
300 nl/min over 27 min. The nanoelectrospray voltage was set to 2.2 kV, and the source temperature was
275°C. The instrument method for the LTQ Velos Orbitrap mass spectrometer was set up in the
data-dependent acquisition mode. The full-scan MS spectra (m/z 300 to 1,600) were acquired in the
Orbitrap analyzer after accumulation to a target value of 1 � 106. The resolution in the Orbitrap mass
spectrometer was set to an r value of 60,000, and the 20 most intense peptide ions with charge states
of �2 were sequentially isolated to a target value of 5,000 and fragmented in the linear ion trap by
low-energy collision-induced dissociation (CID) (normalized collision energy, 35%). The signal threshold
for triggering an MS/MS event was set to 1,000 counts. Dynamic exclusion was enabled with an exclusion
size list of 500, an exclusion duration of 60 s, and a repeat count of 1. An activation false-discovery rate
(FDR; q value) of 0.25 and an activation time of 10 ms were used.

Metaproteome analysis. The raw data were converted into a peak list format (.mgf) using the
Mascot server (Matrix Science Ltd.). The resulting peaks were searched against the predicted protein
sequences from the ERAC metagenome using the Mascot server (Matrix Science). The following search
criteria were applied: carbamidomethylation as fixed modifications, oxidation of methionine as a variable
modification, one missed trypsin cleavage, and a tolerance of 10 ppm for precursor ions and 1 Da for
fragment ions. ScaffoldQ� software was applied to further analyze the data processed by the Mascot
server to validate the MS/MS-based peptide and protein identification. The following parameters were
applied: a minimum protein probability of 90%, a minimum peptide probability of 50%, and a unique
different minimum peptide of 2. The false-discovery rate (FDR) was adjusted to 1%. Protein quantification
was based on the normalized spectrum abundance, which was calculated as the number of spectral
counts identifying a protein. The presence of signal peptides and subcellular localization were manually
assessed using the signal peptide prediction program SignalP (v.4.0) (89) and the TMHMM (v.2.0) server
(90), respectively.

Enzymatic activity assays. Enzymatic activity was determined by measuring the amount of reducing
sugar released from distinct polysaccharides, including xylan, lichenan, �-glucan, rye arabinoxylan,
xyloglucan, rhamnogalacturonan, pectin, mannan and carboxymethyl cellulose sodium salt (CMC). The
polysaccharides were purchased from Sigma-Aldrich and Megazyme. All assays were performed using
the proteins at a concentration of 100 ng/�l. The enzymatic reactions were performed in a miniaturized
fashion by mixing 100 �l of concentrated supernatant, 50 �l of substrate solution (0.5%, wt/vol), and 30
�l of sodium phosphate buffer (0.1 M) at pH 5.5 and incubation at 39°C for 15 min. The reactions were
stopped by adding 100 �l of 3,5-dinitrosalicylic acid (DNS), and the mixture was then immediately boiled
for 5 min at 99°C (91). The color intensities were measured in an Infinite M200 spectrophotometer (Tecan,
Switzerland) at 540 nm. The calibration curves were constructed using glucose, xylose, and mannose as
standards. One unit of enzymatic activity corresponds to the amount of enzyme required to release
1 �mol of reducing sugar per minute. All enzymatic activity assays were carried out in biological
triplicate.

Scanning electron microscopy. The morphology of the sugarcane bagasse samples before and after
being used as a carbon source by the anaerobic consortium was examined using scanning electron
microscopy (SEM). Samples were mounted over the metal support (stub) with double-sided carbon tape,
and a thin layer of gold metal was applied using an automated sputter coater (Bal-Tec, Walluf, Germany)
for 1 min. Then, the samples were examined using an FEI Quanta 650 scanning electron microscope
(Thermo Fisher Scientific) operating with a 5-kV accelerating voltage. Several images per samples were
obtained from different areas to build up two-image databases (for no bagasse degraded and bagasse
degraded).

GC-MS. The gases produced by the anaerobic microbial consortium were determined in a gas
chromatograph (GC 2014 model; Shimadzu) equipped with a thermal conductivity detector (TCD) and a
packed column (Shincarbon ST 50/80 mesh). The injector and detector temperatures were set to 200°C.
Initially, the temperature of the GC column was 50°C for 3 min, and then it was heated stepwise (5°C/min)
until it reached 180°C. Aliquots of 0.5 ml were recovered from the headspace of the serum bottle and
injected using nitrogen as the carrier gas.

Data availability. The raw sequencing reads of the amplicon, metagenome, and metaproteome
were deposited in the GenBank and PRIDE databases under accession numbers PRJEB30762 and
PXD019219, respectively. The data sets supporting the conclusions of this article will be provided upon
request.
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