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ABSTRACT
Considering the scarcity of data in the literature regarding phylogenetic and metabolic
composition of different inocula, especially those from thermophilic conditions, this research
aimed at characterizing the microbial community and preferable metabolic pathways of an
UASB reactor sludge applied to the thermophilic treatment (55°C) of sugarcane vinasse, by
means of shotgun metagenomics. After its metabolic potential was depicted, it was possible to
observe several genes encoding enzymes that are of great importance to anaerobic digestion
processes with different wastes as substrate, especially regarding the biodegradation of
carbohydrates and ligninolytic compounds, glycerolypids, volatile fatty acids and alcohols
metabolism and biogas (H2 and CH4) production. The genera identified in higher relative
abundances for Bacteria domain were Sulfirimonas (37.52 ± 1.8%), possibly related to the sludge
endogenic activity due to its strong relation with a peptidoglycan lyase enzymes family,
followed by Fluviicola (5.01 ± 1.0%), Defluviitoga (4.36 ± 0.2%), Coprothermobacter (4.32 ± 0.5%),
Fervidobacterium (2.93 ± 0.3%), Marinospirillum (2.75 ± 0.2%), Pseudomonas (2.14 ± 0.2%) and
Flavobacterium (1.78 ± 0.1%), mostly related with carbohydrates fermentations and/or H2

production. For Archaea domain, Methanosarcina (0.61 ± 0.1%), Methanothermobacter (0.38 ±
0.0%), Methanoculleus (0.30 ± 0.1%), Thermococcus (0.03 ± 0.0%), Methanolobus (0.02 ± 1.8%),
Methanobacterium (0.013 ± 0.0%), Aciduliprofundum and Pyrococcus (0.01 ± 0.0%) were the most
dominant ones, being Methanosarcina the most related with methanogenesis. It was concluded
that the robust inoculum description performed in this study may subside future
biotechnological researches by using similar inocula (UASB sludges), focusing on the
obtainment of value-added by-products by means of anaerobic digestion, such as volatile fatty
acids, alcohols and biogas (H2 and CH4), by using several types of waste as substrate.
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1. Introduction

Anaerobic Digestion (AD) is a widely known process by
which it is possible to obtain several value-added com-
pounds, due to the metabolic activity of several microor-
ganisms, each of them highly specialized in hydrolysis,
acidogenesis and acetogenesis or methanogenesis
steps [1,2]. One of the main AD advantages, is the
wide range of possible substrates, such as solid wastes

and wastewater, which makes this process a two-way
street, where it is possible to reuse these wastes to
obtain energy in a environmental-friendly way [3,4].

Among the several parameters affecting the AD pro-
cesses, such as reactor configuration, nutritional and
physicochemical characteristics, type of substrate and
hydraulic detention time, it is worth highlighting the
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importance of the microbial source used as inoculum [5–
7]. According to Sierocinski et al. [8], due to coevolution
between the species in a microbial community, gener-
ally one species can prevail as the most dominant one,
being predicted to be the one using the resources avail-
able in the system in a most efficiently way, even when
grown in isolation. Since the dominance of some
microbial communities can drive to metabolic shifts,
leading to the formation of not desired metabolites,
the selection of the inoculum should be carefully con-
sidered before the reactor start-up, in order to avoid
these pathways and favour the ones in which the
desired compound is more efficiently produced [6,9].

Despite the remarkable importance of the inoculum
source to ensure process efficiency, most of the current
AD research is focused only on the physicochemical par-
ameters, analyzing the microbial community involved in
it only after the reactor operation, or even not analyzing it
at all. When the microbial community is analyzed, it is
usually carried out by using a target DNA sequence,
such as the 16S rRNA metabarcoding, which regardless
of being a great method to phylogenetically describe
the communities, does not enable the inference of the
gene encoding enzymes that are involved in the meta-
bolic pathways [10,11]. The previous characterization of
the inoculum by metagenomic analyzes, such as
shotgun method, may enable its enrichment [12,13], in
order to favour specific organisms, as well as facilitate
the selection of the most appropriate microorganisms
sources and reactor parameters to favour the desired
process [14]. It is also worth tomention that thermophilic
bio-reactors applied to biogas production are less
explored and characterized then mesophilic ones,
especially regarding its microbial composition [15].

Zhu et al. [13] reported that the enrichment of
sewage sludge in carboxymethylcellulose to be used
as inoculum in anaerobic digestion using cellulose as
substrate increased about 69.81% the CH4 production,
where Ruminiclostridium was the most abundant
genus. Candry et al. [12] evaluated several inocula (3
anaerobic digesters, 2 animal faeces and 1 caproic acid
producing environment) in order to select the most
efficient chain elongating communities, using ethanol
and acetic acid as substrates (pH 7.0 and 5.5, respect-
ively). These authors concluded that, since the inoculum
origin determines the pH along the process, it conse-
quently affects caproic acid production (caproic acid =
6.4 g L−1 at pH 7.0 and 2.3 at pH 5.5), being Clostridium
kluyveri the most related to the chain elongation.
These results emphasizes the need for careful inoculum
selection during bioprocess development, even when
different by-products are desired, such as H2, CH4 and/
or organic compounds.

The sludge from the same reactor used in this
research (UASB reactor applied to vinasse thermophilic
treatment) has been widely applied over the years as
microbial source in continuous and batch reactors with
different substrates. Among these, it was worth to
mention sugarcane vinasse [16–21], sugarcane juice
[22], sugarcane molasses [7], cheese whey [23], glucose
[24,25], glycerol [26,27], cellulosic hydrolyzate [28] and
sucrose-based synthetic wastewater [29].

Considering the scarcity of data in the scientific litera-
ture regarding the phylogenetic composition and func-
tional potential of this type of inoculum, the present
research aimed at characterizing its microbial commu-
nity and preferable metabolic pathways, focusing on
its use in anaerobic digestion processes. By means of
metagenomic shotgun approach, the granulated
sludge from full-scale UASB thermophilic reactor
applied to sugarcane vinasse treatment was studied
regarding the pathways related to carbohydrates, ligni-
nolytic compounds, glycerolypids, volatile fatty acids
and alcohols, resistance and degradation of potential
inhibitors (limonene, furfural, phenols) and biogas
(hydrogen and methane) production. In this sense, this
study is a robust description of the UASB sludge micro-
biome, which may guide future biotechnological
researches in this field.

2. Material and methods

2.1. Full-scale UASB thermophilic reactor applied
to sugarcane vinasse treatment

The UASB reactor was operated at São Martinho sugar-
cane mill (http://www.saomartinho.ind.br/), the largest
Brazilian organization of sugarcane power, located at
Pradópolis, São Paulo, Brazil, constructed in 1990s. The
main objective of this plant is to produce biogas for sub-
sequent use in the generation of thermal energy for
drying yeast from vinasse, one of the major residues
generated in the alcohol industry [30]. It is the only
vinasse treatment plant mentioned in the literature
[31], being this large amount of vinasse (about 1.5 ×
1011 L/year) produced by the ethanol industry. Sludge
pH, total solids (TS) and total volatile solids (TVS) concen-
trations were about 7.06, 16.2 and 41.3 g L−1, respect-
ively [16,32].

2.2. Granulated sludge collection and storage

The sludge was collected during sugarcane harvest,
directly from a full-scale UASB reactor (75 m3) at Usina
São Martinho (Pradópolis, São Paulo, Brazil) [31], oper-
ated at 55°C applied to the treatment of sugarcane
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vinasse. The material was collected at a single point in a
valve at the base of the UASB’s tank. After collection, the
sludge was immediately stored in plastic containers
(30 L) at 4°C, for up to 12 months. Before its use, the
sludge underwent trituration using a household
blender for 0.5 min for granule disruption. The sludge
had a pH of 7.1, and comprised 36.7 gTS L−1 and
20.4 gTVS L−1, 65 mg L−1 of acetic acid, 39 mg L−1 of
lactic acid [14].

2.3. Microbial community and functional
characterization

2.3.1. Sampling and DNA extraction
Before DNA extraction, three samples of approximately
50 mL of the sludge previously collected and stored
were washed in 10 mL of PBS buffer (NaCl 8%, KCl
0.2%, Na2HPO4 1.44%, KH2PO4 0.24%) [33] and stored
at 4°C for approximately 12 h. The extraction kit
FastDNA SPIN Kit for Soil (MP Biomedicals™) was used
to perform the DNA extractions of biological replicates,
according to the manufacturer’s guide. A Nanodrop
2000 Spectrophotometers (ThermoFisher Scientific)
was used to analyze the genetic material extracted
regarding its concentration (ng/µL) and purity
(260 nm/280 nm ratio).

2.3.2. Sequencing and data processing
Library preparation and metagenomic sequencing were
performed in triplicates on a Illumina HiSeq 4000 plat-
form PE150 (2 × 150 bp), using the NEBNext Ultra II
DNA Library Prep kit for NEB #E7645, by GenOne Bio-
technologies (Rio de Janeiro, Brazil). Raw sequences
were submitted to the National Center for Biotechnol-
ogy Information (NCBI) SRA database under accession
numbers SRX7704207 to SRX7704209 (BioProject
PRJNA605706).

Quality control steps were performed using FastQC
and MultiQC tools. Reads and bases with poor quality,
with length ≤50 and ontaining PolyG and PolyX tails at
the 3′ ends were discarded with the preprocessing tool
Fastp (v. 0.20.0) [34]. A co-assembly approach was
applied using metaSPAdes (v.3.14.0) [35] on the
trimmed reads, selecting contigs ≥1000 bp. Finally, the
Quality Assessment Tool for Genome Assemblies
(QUAST) was applied for the assembly quality control,
computing metrics on contig size and GC percent,
according to Gurevich [36].

2.3.3. Microbial community diversity, structure and
composition
Gene prediction was done with Prodigal tool (v. 2.6.3)
[37], while Bowtie2 was applied for mapping the

reads back to the contigs (https://doi.org/10.1038/
nmeth.1923). Taxonomic annotation of the detected
genes was performed with the tool Kaiju [38] against
sequences available in NCBI nr database, being the
annotation was performed with a 1E-5 cut-off for E-
value and a minimum identity of 60%. Phyloseq
package using R basic functions (https://www.R-
project.org/) was used for composition visualization.

Metagenome-Assembled Genome (MAG) were
reconstructed with Maxbin and MetaBAT2 tool [39],
to obtain individual genomes from complex microbial
communities, enabling us to accurately predict some
of the species involved in the consortium. The
CheckM software [40] was used to estimate the com-
pleteness, contamination and strain heterogeneity of
each MAG, and genomes recovered with contami-
nation <10% and completeness >50% were considered
as medium-quality genomes, whereas genomes with
contamination <5% and completeness >90% were con-
sidered as high-quality genomes [41], being only the
medium and high-quality genomes considered in this
study.

2.4. Functional analysis and metabolic mapping

The platforms GhostKOALA against the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG), KEGG Orthology
(KO) database [42] and dbCAN [43] against the Carbo-
hydrate-Active Enzymes (CAZymes) (http://www.cazy.
org/) defined according to protein homology (HMMER
server) were used for functional and metabolic annota-
tion. graphical visualizations were obtained with
ggplot2 [44] package, and R basic functions. The main
steps followed for the microbial and functional charac-
terization of the granulated sludge from full-scale
UASB thermophilic reactor applied to sugarcane
vinasse treatment are summarized in the pipeline pre-
sented in Figure A.1.

3. Results and discussion

3.1. Sequencing statistics

After sequencing and read trimming, the total number
of 150 pb read-pairs obtained for the three samples of
UASB sludge (Sample 1–3) were 17,290,172, 12,5267,54
and 19,814,318, respectively. About 70% of the total
reads could be mapped, using the bowtie tool, high-
lighting an assembly of sufficient quality. After coassem-
bly 78,123 contigs were obtained, being 478 contigs
greater than 50,000 bp, and the largest contig was
932,907 bp (Table A.1).
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3.2. Microbial community of UASB reactor
microbiome

In Table A.2, it is possible to visualize the diversity
indexes obtained for the UASB sludge biomass
samples calculated at the species level. 10,202 taxa
were observed for these sequences. The Shannon-
Wiener diversity index (H′) indicated was 6.0 for these
samples, while the Simpson index calculated, commonly
used to indicate dominance, was 1.0. Through the analy-
sis of rarefaction curves (Figure A.2), it was observed that
the curves reached a plateau, that is, the sequencing
depth was sufficient to detect the high majority of the
richness of the microbial community in these samples.

After analyzing the microbial community associated
with the dataset obtained from the UASB sludge
biomass, it was observed 3 different domains (Archaea,
Bacteria, Eukaryota) and Viruses, 163 phyla, 466 orders,

423 classes, 848 families and 2581 genera (Figure 1).
Also, it could be noticed that there was low variation
between the biological replicates (Sample 1–3), showing
that the data has great reproducibility. The phyla observed
in higher relative abundance to the Bacteria Domain were
Proteobacteria (40.51 ± 2.3%), Bacteroidetes (21.44 ± 3.3),
Firmicutes, (9.76 ± 1.1), Thermotogae (8.04 ± 0.6), Syner-
gistetes (1.42 ± 0.1%), Tenericutes (1.38 ± 0.1%) and
Nitrospirae (1.27 ± 0.1%).

Among the most abundant Bacteria genera, it was
observed greater relative abundance of Sulfirimonas
(37.52 ± 1.8%), Fluviicola (5.01 ± 1.0%), Defluviitoga (4.36
± 0.2%), Coprothermobacter (4.32 ± 0.5%), Fervidobacter-
ium (2.93 ± 0.3%), Marinospirillum (2.75 ± 0.2%), Pseudo-
monas (2.14 ± 0.2%) and Flavobacterium (1.78 ± 0.1%).
Euryarchaeota (1.59 ± 0.3%) was the most dominant
Archaea phylum observed, being the others (Crenarch-
aeota, Candidatus Woesearchaeota, Ca. Thorarchaeota,

Figure 1. Relative abundance of the 10 most abundant Bacteria phyla (A) and genera (B) and Archaea phyla (C) and genera (D) in the
granulated sludge from full-scale UASB thermophilic reactor applied to sugarcane vinasse treatment (biological replicates, Samples 1–
3). NA = not annotated. The relative abundances were calculated considering the total number of preprocessed reads in the samples.
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Ca. Korarchaeota, Ca. Heimdallarchaeota, Ca. Bathyarch-
aeota and Thaumarchaeota) observed in relative abun-
dances ≤0.05%. The genera observed in higher relative
abundances were Methanosarcina (0.61 ± 0.1%), Metha-
nothermobacter (0.38 ± 0.0%), Methanoculleus (0.30 ±
0.1%), Thermococcus (0.03 ± 0.0%), Methanolobus (0.02 ±
1.8%), Methanobacterium (0.013 ± 0.0%), Aciduliprofun-
dum and Pyrococcus (0.01 ± 0.0%).

After the reconstruction of single with medium or
high-quality genomes from complex microbial commu-
nities, it was possible to accurately predict 21 high-
quality bins, from the total of 59 bins (Table A.3). Some
of the most abundant species predicted and involved
in this consortium were the Bacteria Defluviitoga tuni-
siensis, Desulfuromonas acetexigens, Lysobacter concretio-
nis, Thermodesulfovibrio thiophilus and the Archaea
Methanoculleus thermophiles.

Defluviitoga tunisiensis, a commonly isolated strain in
anaerobic reactors, is a chemo-organotrophic, non-spor-
ulating, rod-shaped bacteria, besides being a thermo-
philic (37–65°C – optimum 55°C), anaerobic and
slightly halophilic (optimum NaCl 0.5%) species, redu-
cing thiosulphate and elemental sulphur to H2S. This
species is able to use a wide range of electron
donnors, such as arabinose, cellobiose, fructose, galac-
tose, glucose, lactose, maltose, mannose, raffinose,
ribose, sucrose, xylose, microcrystalline cellulose, xylan
and yeast extract, being acetate, H2 and CO2 as the
main by-products after glucose fermentation [45]. Its
intrinsic characteristics show the great potential of this
species in several biorefinary processes, especially by
using wastes with high salt concentrations. By means
of genome reconstruction, it was possible to confirm
the presence of several KO related to this species in
the sludge analyzed, such as the ones involved in Gly-
colysis, Pentose phosphate pathway, Citrate cycle, Fruc-
tose and mannose metabolism, among others.

In the same way, the bioaugmentation of Desulfuro-
monas acetexigens, an anaerobic Gram-negative
sulphur-reducing bacterium, which exclusively uses
acetate as energy and carbon source, was considered
in recent researches as very promising to maximize
resource recovery from wastes, favouring maximum
recovery of energy as H2 [46]. After genome reconstruc-
tion, it was possible to confirm the presence of K00640
(cysE) and K00641 (metX) genes in relation with this
species, being both related to Sulphur metabolism,
with serine O-acetyltransferase and homoserine O-acet-
yltransferase/O-succinyltransferase activity, respectivelly.

Lysobacter concretionis strains were first isolated from
UASB granules treating wastewater from brewery [47],
however, besides its metabolic potential by degrading
several types of substrate (acetate, glycogen,

hydroxybutirate and proline), there are still few studies
regarding its characterization and potential use in bior-
efinery processes. By means of genome reconstruction,
it was possible to confirm that this species is related to
several genes encoding enzymes of biotechnological
interest, such as the ones involved in fructose and
mannose metabolism (K00754; K00846; K01623 and
K03841) and fatty acids metabolism (K00128; K00626;
K01782; K05297 and K06445).

Thermodesulfovibrio thiophilus is also an anaerobic,
thermophilic (55–60°C), sulphate-reducing bacteria,
which can be isolated from thermophilic methanogenic
sludges, using mostly H2, formate, pyruvate and lactate
as electron donors, being excellent syntrophic organ-
isms in methanogenic systems, since they can regulate
the H2 pressure, or alternatively, use lactate instead
when co-inoculated with hydrogenotrophic methano-
gens, such as Methanothermobacter [48].

The species Ruminiclostridium [Clostridium] cellulosi, is
widely studied in order to degrade several types of lig-
nocellulolytic substrates, especially reducing cellulose
crystallinity, thanks to its multi-protein cellulolytic
complex, the cellulosome [49]. As reported by Tsavke-
lova et al. [50], the absence of Ruminiclostridium cellulosi
in a consortium applied to waste paper degradation
under thermophilic conditions (55°C) dramatically
reduced their total cellulolytic activity, since it is a
known active hydrolytic of lignocellulose at elevated
temperatures. Its major end products are H2, CO2,
ethanol and acetic acid. Paraclostridium bifermentans,
as other bacteria from Paraclostridium genus, are one
of the main contributors to H2 production in anaerobic
reactors [51]. Rabelo et al. [52] isolated a Paraclostridium
strain (CR4) from sugarcane bagasses, monitoring its cel-
lulase gene expression, obtaining 162.4 mL of H2 from
glucose via acetic acid pathway (2.9 g L−1), besides
78.4 mL of H2 from cellulose, mainly via butyric acid
pathway (2.9 g L−1). Other cellulolytic species that
could be inferred, Bacteroidales bacterium, is usually
found in rumen, as reported by Zhang et al. [53],
where the inoculation of straw with cow rumen consor-
tium dominated by this genus reached 81% of biodegra-
dation at pH 6.5, concomitantly producing
178.16 mL L−1 of H2. It is worth mentioning that the cel-
lulolytic genera mentioned (Clostridium, Ruminiclostri-
dium, Paraclostridium and Bacteroidales) were observed
in low relative abundances (≤1.0%) in the present
study; however, could be favoured depending on the
operational conditions applied, as reported by
Camargo et al. [14].

There is only a few information about the species
Acholeplasma laidlawii, Weissella cibaria, Marinospirillum
minutulum and Flavobacterium ummariense regarding
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their possible contributions to anaerobic digestions pro-
cesses. According to Xiong et al. [54], Acholeplasma lai-
dlawii is able to ferment several carbohydrates to
acetate, lactate and alcohols under alkalyne pH (∼8.5),
when fermenting food waste in a Leach Bed Reactor.

3.3. Functional characterization of UASB reactor
microbiome

Most of the annotated sequences are related to Metab-
olism KEGG category (12.15%), being about 78.90% not
annotated in any KEGG category. The difficulty of
increasing the amount of genes annotated is known as
one of the limitations of the method used (shotgun
metagenomics), since the higher percentages of non-
annotated genes may lead to underestimations of the
microbial community as well as its functional potential.

The main pathways (Figure 2) observed in Metab-
olism category were the metabolism of carbohydrates
(5.64%), nucleotides (0.66%), amino acids (1.87%),
glycan biosynthesis (1.29%), vitamins and cofactors
(1.84%), terpenoids and polyketides (0.40%), secondary
metabolites (0.39%), among others (0.012%) (Figure 3).
The Genetic Information Processing, Environmental
Information Processing, Cellular Processes, Organismal
Systems and Human Diseases categories were not con-
sidered in this study. These results are in accordance
with the results described by Delforno et al. [55],
where the authors reported about 35% of the same
KEGG category in UASB reactors applied to laundry
wastewater containing LAS as standard compound,
which can be indicative of high metabolic potential.

Among the main carbohydrate metabolism path-
ways, the most abundant one, glycolysis and gluconeo-
genesis (0.50%), citric acid cycle (0.55%), pentose
phosphate (0.52%), galactose (0.32%), starch and
sucrose (0.42%), amino sugar and nucleotide sugar
(0.45%), pyruvate (0.83%), glyoxylate and dicarboxylate
(0.70%), butanoate (0.45%), among others (0.91%),
stand out. The most abundant genera were Sulfirimonas
(11.04%), Defluviitoga (8.02%), Coprothermobacter
(6.77%), Fervidobacterium (4.09%), Fluviicola (3.72%),
Pseudomonas (2.93%), Marinospirillum (2.67%) and Acet-
omicrobium (1.99%). Also, Defluviitoga was the most
abundant genus in the galactose, starch and sucrose
and pentose phosphate pathways.

Despite the variety of substrates studied with this
inoculum, it can be seen in Table 1 that there are few
researches where the microbial community involved in
the process was evaluated. Among the studies where
this characterization was carried out via metabarcoding
(RNAr 16S), [76] observed the genera Thermoanaerobac-
terium and Thermohydrogenium in greater relative

abundance in batch reactors operated with glucose as
substrate, under thermophilic conditions (55°C) and pH
7.0. In the present study, it was observed relative abun-
dances ≤0.01% for the mentioned genera. It is worth
mentioning that the aforementioned authors submitted
the inoculum to a thermal pre-treatment, in order to
eliminate the potentially H2-consuming organisms and
inhibit the CH4 production, achieving 13.3 mmol H2 L

−1

in the process.
The H2 concentrations obtained by [76] were similar

to the ones obtained by Camargo et al. [56], where the
authors achieved 13.31 mmol H2 L

−1 in batch reactors
operated under mesophilic conditions and using citrus
peel waste as substrate. However, despite the use of
similar inoculum, the genera observed by [76] were
not observed by Camargo et al. [56] in relative abun-
dance ≥0.01%, probably due to the mesophilic con-
ditions used by these authors (37°C). Similarly, Santos
et al. [21] observed a greater relative abundance of Ther-
moanaerobacterium and Clostridium in an anaerobic
fluidized bed reactor (AFBR) operated at 55°C, fed with
sugarcane vinasse, obtaining 30.7 mmol H2 L

−1, being
these genera observed in relative abundances ≤0.01%
in the present study.

Rodrigues et al. [26] applied heat pre-treatment in
order to inhibit methanogenic organisms and other H2-
consumers in the inoculum, and observed greater relative
abundance of the Enterobacter genus (≤0.01% in the
present study) in batch reactors operated at 37°C, pH 5.5
and fed with glycerol as the sole carbon source. As
observed through the inoculum functional characteriz-
ation, there are several genes involved in the glycerolipids
degradation, produced by the microorganisms present in
the granular sludge from the UASB reactor applied in the
treatment of sugarcane vinasse, the most abundant being
the oxidoreductase K00128 (0.049%), aldehyde dehydro-
genase (NAD+). Vilela et al. [7] observed dominance of
the genera Thermoanaerobacterium, Clostridium, Lactoba-
cillus and Pseudomonas in a thermophilic UASB reactor
(55°C) fed with sugarcane molasses, obtaining
45.7 mmol H2 L

−1. Regarding methane production,
Barros et al. [16] obtained 67.2 mmol CH4 L

−1 in UASB
thermophilic reactors (54–56°C) fed with sugarcane
vinasse, where themain organisms observed wereMetha-
nosarcinales, Thermotogae and Methanobacteriales. The
previous adaptation of this inoculum to the potential
inhibitors present in sugarcane vinasse, and the wide
variety of specific genes for degradation of carbohydrates
present in the inoculum,makes it ideal for this type of sub-
strate, which explains the greater amount of research
using vinasse as the main substrate.

Both the CAZymes and the KO related with carbo-
hydrates and/or lignocellulosis degradation were

6 F. P. CAMARGO ET AL.



evaluated (Figure 4). Several Carbohydrate-Active
Enzymes from the classes Auxiliary Activities (AA) or Gly-
coside Hydrolysis (GH) could be identified, being the
families AA3 (0.042%) and GH23 (0.103%) the most
abundant ones. Since CAZymes are defined by protein
homology [43], it is worth to emphasize that distinct
enzymes with distinct activities could be represented
by the same CAZy.

The glucose-methanol-choline (GMC) oxidoreductase
family AA3 is related with several activities, such as cel-
lobiose dehydrogenase, glucose 1-oxidase, aryl alcohol
oxidase, alcohol oxidase and pyranose oxidase. This
family was mainly related with the bacterial genera

Aureimonas (30.09%), Pseudomonas (28.94%) and Bur-
kholderia (28.75%).

It is important to state that even if the Auxiliary Activi-
ties (AA) group may not be directly related to carbo-
hydrates degradation, it is considered a ligninolytic
group, since it acts in a synergistic manner, comprising
redox enzymes which catalyses reactions together with
them [57]. For instance, the lignocellulosic biomass is
composed of cellulose fibrils embedded by a lignin
matrix [58].

Li et al. [59] stated that the lignin depolimerization
is related with several AA enzymes, such as ligninoly-
tic peroxidases and laccases, however, this mecanism

Figure 2. Metabolic potential of the granulated sludge from full-scale UASB thermophilic reactor applied to sugarcane vinasse treat-
ment, focusing on the potential substrates (red) and value-added metabolites (blue). The genes encoding enzymes involved in each
reaction are showed in square brackets as EC numbers.

ENVIRONMENTAL TECHNOLOGY 7



is more clarified in aerobic organisms (e.g. fungi),
being still unclear in anaerobic bacteria. In this
study, a bacterial genus described by Akita et al.
[60] as lignolytic, Burkholderia, could be related with

AA3 (cellobiose dehydrogenase) family. Moreover,
Melo-Nascimento et al. [57] linked this genus to
the production of extracellular cellobiose dehydro-
genase enzymes.

Figure 3. Proportions of the most abundant pathways (A) in the granulated sludge from full-scale UASB thermophilic reactor applied
to sugarcane vinasse treatment and for carbohydrate metabolism category (B), with the contributions of the 10 most abundant
genera. The proportions were calculated considering the means of the total number of preprocessed reads in the biological triplicates.
NA = not annotated.

Table 1. Researches carried out over the years using the anaerobic sludge from the same UASB reactor applied to vinasse thermophilic
treatment as inoculum, applied to different substrates, in batch and continuous reactors, besides the main organisms identified in
each of them. (–) data not shown.

Substrate By-product
Sludge pre-
treatment

t
(°C) pH Reactor Main organism Reference

sugarcane stillage 5.57 L CH4.g
COD−1

– 55 AFBR – Ramos and
Silva [19]

cellulosic
hydrolysate

115.7 mL H2 h.L
−1 heat 55 AFBR – Lopes et al.

[28]
glycerol 15.14 moL H2 mol−1

glycerol
heat 37 5.5 Batch Enterobacter Rodrigues et al.

[26]
sugarcane juice 501 mL H2 h

−1 L−1 heat 55 3.9-4.6 AFBR – Ferreira et al.
[22]

citrus peel waste 13.31 mmol.L−1 – 37 7.0 Batch Clostridium, Ruminiclostridium Camargo et al.
[56]

sugar cane molasse 2041mL H2 d
−1 L−1 – 55 – USBR Thermoanaerobacterium, Clostridium,

Lactobacillus, Pseudomonas
Vilela et al. [7]

glucose 1.73 mol-EtOH/mol-
glucose

– 55 7.0 Batch Caloramator, Fervidobacterium,
Thermoanaerobacterium, Ethanoligenens

Silva et al. [25]

sugarcane vinasse
and cheese whey

1.01 mmol H2.g COD−1 heat 55 4.26-
4.95

AFBR – Ramos and
Silva [23]

sucrose-based
synthetic
wastewater

194.9 mL H2.h
−1 L−1 heat 55 – AFBR – Ferreira et al.

[29]

sugarcane vinasse 4505 mLCH4 L
−1 d−1 – 55 7.0 ASTBR – Fuess et al. [18]

sugarcane vinasse 3 L CH4 L
−1 d−1 – 55 6.59-7.70 UASB Methanosarcinales, Thermotogae

Methanobacteriales,
Barros et al.
[16]

acidified sugarcane
vinasse

306
NmLCH4.gCODremoved

– 55 6.8-7.2 UASB – Ferraz-Júnior
et al. [17]

glycerol 28.49 mmol H2 L
−1 heat 37 5.5 Batch – Rodrigues et al.

[27]
glucose 13.3 mmolH2.L

−1 heat 55 7.0 Batch Thermoanaerobacterium,
Thermohydrogenium

[76]

sugarcane stillage
and glucose

30.7 mmol H2 h
−1 L−1 – 55 – AFBR Thermoanaerobacterium, Clostridium Santos et al.

[21]
sugarcane vinasse 0.80 L H2 h

−1 L−1 heat 55 – AFBR – Santos et al.
[20]

Note: Anaerobic Fluidized-Bed Reactor (AFBR); Anaerobic Structured-Bed Reactor (ASTBR); Anaerobic Upflow Structured Bed Reactor (USBR); Upflow Anaerobic
Sludge Blanket (UASB).
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Among the other AA families identified in lower pro-
portions, it is possible to highlight the AA4 (0.013%), AA6
(0.009%) and AA7 (0.007%), mainly related with the
genera Thermodesulfovibrio (15.66%), Defluviitoga
(22.73%) and Marinospirillum (28.0%), respectively. AA4
is a vanillyl-alcohol oxidase, which is involved in the con-
version of several phenolic compounds, while the AA6
family is related with the 1,4-benzoquinone reductase
activity, an intracellular enzyme also related with the

biodegradation of aromatic compounds. The family
AA7 is a glucooligosaccharide chitooligosaccharide
oxidase.

Besides the CAZymes, a KO related with lignin-like
compounds degradation could be observed, the
K00428 (0.043%), a cytochrome c peroxidase. This KO
was mainly related with the Leptospira (20.56%), Sulfuri-
monas (40.12%) and Brumimicrobium (19.52%) genera.
However, even though peroxidases may be associated

Figure 4. Proportions of the Carbohydrate-Active Enzymes (CAZymes) from the classes Auxiliary Activities (AA) or Glycoside Hydrolysis
(GH) (A), the proportions of the most abundant KO related with cellulose and/or hemicellulosis (B) and lignin degradation (C), with the
10 most abundant genera associated to them in the granulated sludge from full-scale UASB thermophilic reactor applied to sugarcane
vinasse treatment. The proportions were calculated considering the total number of processed reads in the biological triplicates. NA =
not annotated. The genes encoding enzymes involved in each reaction are showed in square brackets as EC numbers.
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with lignolytic activity, their activity may be related to
other metabolic pathways, such as in the protection
against oxygen molecules in strictly aerobic organisms
[61], being not possible to state that such mentioned
genera are lignolytic only due to the presence of this
enzyme. Being that, it is worth mentioning that Brumimi-
crobium [62] and Leptospira [63] were already described
in the literature as potentially related to lignin
degradation.

Regarding the enzymes involved in carbohydrate
degradation, the GH23 family was by far the most abun-
dant one (0.103%), being associated with the activities of
peptidoglycan lytic transglycosylase and chitinase,
mostly in bacterial cell wall degradation. Probably its
higher proportions occurred due to the sludge origins,
since it was collected from a well-established industrial
UASB reactor, where the endogenic activity in the
biomass may be high. This family could be associated
with several bacterial genera, being themain ones Sulfur-
imonas (17.82%), Pseumodomas (15.83%) andMarinospir-
illum (11.41%). Other CAZymes related to the GH family
could be observed in lower proportions, such as GH51
(0.015%), GH5 (0.014%) and GH53 (0.003%), related
especially with the presence of the bacteria Defluviitoga
(28.75, 47.83 and 100%, respectively). It is worthmention-
ing that the K01179, the endoglucanase referring to these
GH, was confirmed in association with the Defluviitoga
tunisiensis species after genome reconstruction.

The GH51 family has several activities, such as endoglu-
canase, endo-β-1,4-xylanase, β-xylosidase, α-L-arabinofur-
anosidase and lichenase/endo-β-1,3-1,4-glucanase. On
the other hand, the family GH53 is related only with the
endo-β-1,4-galactanase activity. TheGH5 is a family of exo-
cellulaseswith awide rangeof activities, beingworthmen-
tioning the endo-β-1,4-glucanase/cellulase, endo-β-1,4-
xylanase, β-glucosidase, β-mannosidase and cellulose β-
1,4-cellobiosidase activities. Besides that, this family
includes the KO related with carbohydrates degradation
observed in the highest proportions, the K05349
(0.053%), a β-glucosidase active in the Starch and
sucrose metabolism and cellulose degradation pathway,
converting the cellobiose to D-glucose and cellodextrin,
the first intermediate of cellulose biodegradation, to cello-
biose. This KO was mostly related to Defluviitoga (35.28%)
genus, especially with D. tunisiensis species, as could be
confirmed by genome reconstruction.

The second KO observed in higher proportions was
the K01192 (0.029%), a β-mannosidase also belonging
to the GH5 family and related especially to the Defluvii-
toga (23.79%) genus. However, the Clostridiales order
is still the most related with this activity in the literature,
since these organisms are capable to break the crystal-
line cellulose structure by expressing an extracellular

enzymatic complex (cellulosomes) or non-cellulosomal
free CAZymes, degrading [64]. Villa and Veiga-Crespo
[65] reported the genus Sulfurimonas as β-1,3 – endoglu-
canase producer, being this genus also observed in the
present study (40.12%) as one of the most abundant
Bacteria genera.

The K01179 was observed in proportions of 0.017%.
This enzyme is an endoglucanase (GH5 family) active
in the Starch and sucrose metabolism and cellulose
degradation pathway, converting the cellulose to its
first intermediate, the cellodextrin, and also the cello-
dextrin to cellobiose. Other KO observed in lower pro-
portions and mostly related with Defluviitoga genus
were the β-glucosidase K05350 (0.012%), the endo-1,4-
β-xylanase K01181 (0.008%) active in xylose degradation
pathway, the chitinase K01183 (0.007%) and the α-L-ara-
binofuranosidase K01209 (0.011%), being this last one in
association with the species D. tunisiensis.

About 11 KO related with the glycerolipids degra-
dation pathway could be observed in the UASB sludge
biomass (Figure 5). The most abundant one was the
oxidoreductase K00128 (0.049%), aldehyde dehydrogen-
ase (NAD+). This enzyme has a wide specificity, and can
catalyze the reduction of the NAD+ to NADH using an
aldehyde and a molecule of H2O, concomitantly gener-
ating a carboxylate and H+ in this reaction. In this case,
the D-glyceraldehyde is then converted to D-glycerate,
in one of the steps of the glycerol degradation before
glycolysis. In this way, besides the glycerolipids metab-
olism, this enzyme is also related to the Glycolysis/Gluco-
neogenesis, Fatty Acids Degradation, Limonene and
pinene degradation and Pyruvate metabolisms, Aminoa-
cids metabolism, among others, which can justify its
high proportions in this biomass. In this study, this KO
could be mostly related to the bacterial genera Oxobac-
ter (20.4%), Lutibacter (18.4%), Polaribacter (16.3%) and
Spirosoma (4.1%).

The transferase K11529 (0.012%) glycerate 2-kinase
was the second most abundant KO related with glycero-
lipids degradation pathway, being Defluviitoga (27.5%),
Fervidobacterium (22.5%) and Acetomicrobium (6.7%)
the main genera related with it. Besides the glycerolipids
metabolism, this KO is also related, among others, with
Pentose phosphate pathway, Carbon and Methane
metabolism. This enzyme catalyzes the convertion of
D-glycerate to 2-Phospho-D-Glycerate, the final step of
glycerol degradation before glycolysis, and needs an
ATP molecule for this purpose.

In similar proportions (0.011%) theK13979 alcohol dehy-
drogenase (NADP+)was observed,with thegenus Pedobac-
ter (72.7%) being the most related one. This enzyme is one
of the enzymes that can convert glycerol to D-glyceralde-
hyde, since it reduces a NADP+ molecule to NADPH by
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oxidyzing a primary alcohol, generating an aldehyde and
H+ in this process. Being that it is possible to infer that the
glycerol degradation before glycolysis can occur using the
studied UASB sludge as inoculum, especially thanks to the
K13979, K00128 and K11529, respectively, as described in
the simplified Equations (1)–(3).

Glycerol + NADP+ � D− glyceraldehyde+ NADPH

+ H+ (1)

D− glyceraldehyde+ NAD+ + H2O

� D− glycerate+ NADH+ H+ (2)

D− glycerate+ ATP � 2− phospho− D

− glycerate+ ADP (3)

Other KOs observed in lower proportions in this
pathway were K00865 (0.009%), K05878 (0.003%)
and K05879 (0.002%), being the first one also
related to the reaction described in Equation (3),
and the other ones both related with the activity
phosphoenolpyruvate-glycerone phosphotransferase
subunit DhaK and DhaL, respectively. In this alterna-
tive path, glycerol can be converted to glycerone
and glyceronephosphate before being degradated in
the glycolysis or glycerophospholipid metabolism,
also generating a pyruvate molecule in this process
by using a molecule of phosphoenolpyruvate. It is
worth highlighting the high relation of Coprothermo-
bacter with the K00865 (55.6%), and of Acetomicro-
bium with both of the other ones (25.3 and 21.0%,
respectively).

Figure 5. Proportions of the KO related with glycerolypids degradation (A) and organic compounds (VFA and/or alcohol) production
(B) in the granulated sludge from full-scale UASB thermophilic reactor applied to sugarcane vinasse treatment, with the 10 most abun-
dant associated genera. The proportions were calculated considering the total number of processed reads in biological triplicates. NA
= not annotated. The genes encoding enzymes involved in each reaction are showed in square brackets as EC numbers.
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The KOs related with enzymes that have an impor-
tant role in organic acids or alcohols production were
filtered and analyzed based on the KEGG pathways.
Most of these KO are present in the Glycolysis/Gluco-
neogenesis, Fatty acid degradation, Benzoate, Propano-
ate and Butanoate metabolism and degradation,
Carbon metabolism, Pyruvate metabolism, starch and
sucrose metabolism, among others. The one observed
in higher proportions was the K00626 (0.091%), an
acetyl-CoA C-acetyltransferase, mainly related with the
genus Endozoicomonas (18.0%) and Marinospirillum
(5.1%). The higher proportions of this enzyme can be
justified by its wide function, converting two molecules
of Acetyl-CoA to a free CoA and Acetoacetyl-CoA,
being found in eukaryotes, prokaryotes and viruses.
In anaerobic digestion processes, it is worth mention-
ing its importance in the last step of both Hexanoyl-
CoA, Glutaryl-CoA and Butyryl-CoA conversion into
Acetyl-CoA in the Fatty acids degradation and
Benzoyl-CoA in de Benzoate degradation pathway.
The Acetyl-CoA is a key intermediate in the production
of Acetic, Butyric, Propionic, Lactic, among other acids
and organic compounds produced during the acido-
genesis and acetogenesis in the anaerobic digestion
and dark fermentation.

The K01897 (0.081%), a long-chain acyl-CoA synthe-
tase, could be related to several genera, such as Croci-
nitomix (14.1%), Hylemonella (12.0%), Sulfurimonas
(10.5%), Marinobacter (6.1%), Marinospirillum (2.4%)
and Pseudomonas (1.6%). It acts in the fatty acids bio-
synthesis from Acetyl-CoA in a wide range of long-
chain saturated and unsaturated fatty acids, binding
them to a CoA molecule, generating a diphosphate
and a long-chain fatty acyl-CoA, requiring an ATP mol-
ecule in the process. In the same way, it can also acts
in the Hexadecanoate degradation in the Fatty acids
degradation pathway. The K06445 (0.0057%), acts in
the same pathways mentioned, as an acyl-CoA
dehydrogenase.

The K00128 was already discussed in relation to the
Glycerolypids degradation pathway, being involved in
the conversion of an aldehyde to a carboxylate and H+

molecules (Equation (2)). This KO was observed in pro-
portions of 0.049% and was mostly related to Oxobacter
(20.4%) and Lutibacter (18.4%) genera.

Regarding other KOs observed in lower proportions
and related with organic compounds and/or
alcohols production in anaerobic reactors, it is worth
mentioning the K13954, K13953, K04072 (alcohol dehy-
drogenase), involved in the interconversion of acet-
aldehyde to ethanol, by means of the NAD+

reduction to NADH, with concomitant production of
H+ (Equation (4)) and/or acetaldehyde to Acetyl-CoA

(Equation (5)).

Ethanol + NAD+ ↔ acetaldehyde+ NADH+ H+ (4)

Acetaldehyde+ CoA+ NAD+

� AcetylCoA+ NADH+ H+ (5)

It is known that both H2 and CH4 productions are strictly
relatedwith theorganic intermediatesproducedduring the
process. The H2 production occurs in previous steps than
methanogenesis, during anaerobic digestion, during the
acidogenesis or acetogenesis, concomitantly with the pro-
duction of someorganic acids, beingworth to highlight the
acetic acid and butyric acid, being produced 4molecules of
H2 in the first case and 2molecules of H2 in the second case
(Equations (6) and (7)). HBucannotbeuseddirectly as a sub-
strate for methanogenesis; therefore, it should be con-
verted to HAc (Equation (8)) [66,67].

C6H12O6 + 6H2O � 2CO2 + 2CH3COOH+ 4H2 (6)

C6H12O6 + 6H2O � 2CO2 + CH3CH2CH2COOH

+ 2H2 (7)

CH3COOH+ 2CH3CH(OH)COOH

� H2 + 3
2
CH3(CH2)2 + COOH+ 2CO2 + H2O (8)

The CH4 production occurs at the last step thanks to
methanogenic archaea, through hydrogenotrophic
(Equation (9)), acetoclastic (Equation (10)) ormethylotrophic
methanogenesis, aftermethanol conversion tomethyl-CoM
(Equation (11)), being directly or indirectly dependent of the
byproducts generated in the previous steps [68].

4H2 + CO2 � CH4 + 2H2O2 (9)

CH3COOH � CH4 + CO2 (10)

[methylCo(III)methanol specific corrinoid protein]

+ CoM

� methylCoM

+methyl[Co(I)methanol specific corrinoid protein]

(11)

Based on the Figure 6-A, it is possible to notice that
several KO related to H2 production could be observed in
the studied samples, being K00123, K00169, K00170 and
K03737 the most abundant ones, in proportions of 0.031,
0.026, 0.022 and 0.021%, respectively. The K00123 is a
formate dehydrogenase (major subunit) which can be
found in the glyoxylate and dicarboxylate, methane and
carbon metabolisms, and was mainly related to the bac-
terial genera Sulfurimonas (23%), Acetomicrobium (18.7%)
and Alkalilimnicola (15.2%). Together with hydrogen dehy-
drogenase, this enzyme forms a system previously known
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as formatehydrogenlyase,which catalyzes the reductionof
NAD+ with formate to NADH, CO2 and H+.

The second and third most abundant KO were
K00169 and K00170, the pyruvate synthase/ pyruvate
ferredoxin oxidoreductase (alpha subunit and beta
subunit, respectively), being mostly related to Sulfurimo-
nas (33.3%), Corprothermobacter (14.7) and Defluviitoga
(13.6%). These enzymes are important to several path-
ways, such as Glycolysis/Gluconeogenesis, Pyruvate, Pro-
panoate, Butanoate and Methane metabolisms, among
others, which can explain their higher proportions in
comparison to other KO observed. It is an important
enzyme both to methanogenesis and H2 production,

since the reaction catalyzed by this enzyme generates
a key molecule to these pathways, the Acetyl-CoA
from pyruvate, generating H+ along the reaction
(Equation (12)). In the same way, the pyruvate-ferre-
doxin/flavodoxin oxidoreductase K03737, related
mainly with Acetomicrobium (13.3%), can be related
with the same reaction, and this enzyme can be with
the activity of pyruvate-Acetyl-CoA interconversion [69].

Pyruvate+ CoA+ ferredoxin(oxidized)

↔ AcetylCoA+ CO2 + ferredoxin(reduced)

+ 2H+ (12)

Figure 6. Proportions of the KO related with H2 (A) and CH4 (B) production in the granulated sludge from full-scale UASB thermophilic
reactor applied to sugarcane vinasse treatment, with the 10 most abundant associated genera. The proportions were calculated con-
sidering the total number of processed reads in biological triplicates. NA = not annotated. The genes encoding enzymes involved in
each reaction are showed in square brackets as EC numbers.
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The enzymes related with H2 production and
observed in lower proportions were K00172 (0.011%),
K03778 (0.007%), K00016 (0.006%), K04072 (0.005%),
K00171 (0.004%) and K00198 (0.002%). Among the
other KO, the K00172 (0.011%) and K00171 (0.004%)
are also related with the same functions described
above regarding pyruvate synthase (Equation (12)).
Also, it is worth to mention the K03778 (0.007%) and
K00016 (0.006%), both related to lactate dehydrogenase
(D and L-lactate, respectively), being the K00016 was
mainly related to Defluviitoga genus (50.7%). In this
study, after genome reconstruction, it was possible to
confirm that the species Defluviitoga tunisiensis was
related with K00169 (porA), K001700 (porB), K00171
(porD), K00172 (porG), besides K00016 (LDH).

In the Pyruvate metabolism, the mentioned enzymes
can generate a pyruvate and an H+ molecule by redu-
cing NAD+ to NADH with lactate, as described in the
Equation (13). These enzymes are active in glycolysis/
gluconeogenesis pathways and usual in all living
being, and besides being active in lactate and alcohols
synthesis, it can also perform the reverse route, which
enables the hydrogen production by the conversion of
lactic acid into pyruvic acid after reduction of NAD+,
that can be converted into H2, CO2 and butyric acid [9].

Lactate+ NAD+ ↔ Pyruvate+ NADH+ H+ (13)

The K04072 is an acetaldehyde dehydrogenase/
alcohol dehydrogenase involved in several pathways,
such as Glycolysis/Gluconeogenesis, Fatty acid degra-
dation, Pyruvate metabolism, Butanoate metabolism,
Degradation of aromatic compounds, among others. In
this study, the K04072 could be related to the genus
Acholeplasma (45.9%). This enzyme can be involved in
the meta-cleavage pathway for the degradation of
phenols, methylphenols and catechols, and catalyzed
the reaction described in Equations (14) and/or (15)
and (16).

Primaryalcohol + NAD+ ↔ an Aldehyde+ NADH

+ H+ (14)

Secondaryalcohol + NAD+

↔ a Ketone+ NADH+ H+ (15)

Acetaldehyde+ CoA+ NAD+

↔ AcetylCoA+ NADH+ H+ (16)

Finally, the K00198 is an anaerobic carbon-monoxide
dehydrogenase catalytic subunit directly related to
methanogenesis and carbon metabolism. This enzyme
catalyses the reversible reduction of CO2 to CO in prokar-
yotes, according to Equation (17), being the oxidation of

CO to CO2 catalyzed by methanogenic archaea or purple
sulphur bacteria, and the reduction of CO2 to CO cata-
lyzed by acetogenic and sulphate-reducing microbes,
which can be incorporated into Acetyl-CoA by other
enzymes activity.

CO+ H2O+ 2ferredoxin(oxidized)

↔ CO2 + 2ferredoxin(reduced)+ 2H+ (17)

Figure 6-B summarized the KO related with Methane
metabolism, in the methanogenesis pathway, which
were filtered according to Macedo et al. [70]. The
K01895 is an acetyl-CoA synthetase and was the most
abundant KO observed in the UASB biomass samples
related with this pathway (0.0049%). The main
Archaea genera related with this KO were Methanother-
mobacter (33.2%), Methanoculleus (31.6%) and Metha-
nosarcina (9.0%). The species Methanoculleus
thermophiles could be identified after genome recon-
struction, where the presence of the gene K01895
(acs) was confirmed. Besides the Methane metabolism,
this enzyme can be related with others, such as Gly-
colysis/Gluconeogenesis, Pyruvate metabolism, Glyoxy-
late and dicarboxylate metabolism, Propanoate
metabolism, among others, which can explain its
higher proportions. It is involved in the interconversion
of Acetyl-CoA and Acetate (Equation (18)), which can
be directly used as substrate in the acetoclastic metha-
nogenesis (Equation (10)).

ATP+ Acetate+ CoA ↔ AMP+ Diphosphate

+ AcetylCoA (18)

The K03388 was the second most abundant KO
related with methanogenesis (0.0034%). It is a hetero-
disulfide reductase (subunit A2), which can be found
in most methanogenic organisms and catalyzes the
regeneration of the Coenzyme B and Coenzyme M het-
erodisulfide (Equation (19)), using two molecules of fer-
redoxin (oxidized, [4Fe-4S] cluster). In Methanosarcina,
it can also catalyze the reactions involving the coen-
zyme F420:CoB-CoM heterodisulfide and ferredoxin
reductase (reduced, [4Fe-4S] cluster) (Equation (20)).
Also, this enzyme can be found in formate-oxidizing
CO2-reducing methanogenic archaea, such as Methano-
coccus, reducing both ferredoxin and CoB-CoM hetero-
disulfide to formate (Equation (21)) [15]. Being that, it is
possible to state that this enzyme is involved in the
three types of methanogenesis: acetoclastic, hydroge-
notrophic and methylotrophic. In this study, the
genera Methanosarcina (29.6%), Methanothermobacter
(20.9%) and Methanoculleus (20.7%) were related to
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this KO.

2Fd(oxidized)+ CoB+ CoM

↔ 2Fd(reduced)+ CoMSSCoB+ 2H+ (19)

2CoF420(ox.)+ 2Fd(red.)+ CoB+ CoM+ 2H+

↔ 2CoF420+ 2Fd(red.)+ CoMSSCoB (20)

2CO2 + 2Fd(reduced)+ CoB+ CoM+ 2H+

↔ 2formate+ Fd(oxidized)+ CoMSSCoB (21)

The K00201 was observed in proportions of 0.0027%
and was related with the generaMethanoculleus (42.2%),
Methanothermobacter (25%) and Methanosarcina
(22.9%), being the two last ones already widely
described in association with this enzyme [71,72]. It is
a formylmethanofuran dehydrogenase (subunit B),
involved strictly in the Methane metabolism since it is
involved in methanogenesis from CO2 as well as the oxi-
dation of coenzyme M to CO2 (Equation (22)).

Formylmethanophuran+ H2O+ 2Fd(ox.)

↔ 2CO2 +methanofuran+ 2Fd(red.)+ 2H+ (22)

Regarding the other KO observed in lower pro-
portions (≤0.001%), most of them were related with
the genera Methanothermobacter and Methanosarcina.
It is worth to mention that K14081, K14080 and
K04480 were exclusively related to the genus Methano-
sarcina in the present study. The two first enzymes are
part of the complex [methyl-Co (III) methanol-specific
corrinoid protein]: coenzyme M methyltransferase, and
it is involved in methanogenesis from methanol. In the
same way, the K04480 is also involved only in methano-
genesis from methanol, being this KO a methanol-5-
hydroxybenzimidazolylcobamide Co-methyltransferase,
which catalyses the transfer of methyl groups from
methanol to a methanol-specific corrinoid protein.

The K14128 and K14126 were both related only with
the genus Methanothermobacter, since the enzyme
F420-non-reducing hydrogenase small and large sub-
units are related only with hydrogenotrophyc methano-
genesis (Equation (19)). Besides that, the methyl-
coenzyme M reductase gamma subunit (K00402) is a
transferase which catalysis the last methanogenesis
step, where the biological methane production occurs.
Among the genera commonly related with the K00402,
were Methanosarcina and Methanothermobacter [73–
75]. The K00193 can be associated with the synthesis
of methyl-Co (III) Fe-S corrinoid protein (CH3-CO
(III)FeSP), using the Co(I) corrinoid Fe-S protein and
acetyl-CoA. After this conversion, the enzymes acetyl-
CoA decarbonylase/synthase (K00194 and K00197) act
in the conversion of the CH3-CO(III)FeSP to Co(I)

corrinoid Fe-S protein and 5-methyl tetrahydro sarcina
pterin (5-Methyl-H4SPT).

Finally, the K00577, related to the tetrahydrometha-
nopterin S-methyltransferase subunit A (mtrA) and part
of themultienzymatic complex archaeonMethanobacter-
ium thermoautotrophicum, is also involved in the CH4

production from CO2 and H2 (Equation (9)), by means
of Methyl-CoM biosynthesis. However, the genusMetha-
nobacteriumwas observed only in very low relative abun-
dances in the studied samples (0.013 ± 0.0%).

The degradation pathways of several AD inhibitors
were also considered. Only two KO related with the
Limonene and pinene degradation pathway could be
observed (Figure A.3), being the K00128 (0.049%) and
K14731 (0.001%), the first one related only to (−)-S-limo-
nene and the second one being related, in addition, to
(+)-(R)-limonene degradation. The K00128, an aldehyde
dehydrogenase (NAD+), is an enzyme with wide specifi-
city, being related to several metabolic pathways, such
as Glycolysis/Gluconeogenesis, Fatty acid degradation,
Glycerolipid, Pyruvate and Aminoacids metabolisms,
among others, catalyzing the conversion of an aldehyde
to a carboxylate, as described before in the Equation (2).
In the Limonene degradation pathway, it converts the
perillyl aldehyde to perillyc acid.

On the other hand the K14731, monoterpene epsilon-
lactone hydrolase, is more specific to the aromatic com-
pounds degradations, being found only in Limonene
and pinene degradation, Degradation of aromatic com-
pounds and Caprolactam degradation pathways, cata-
lyzing two different reactions in the first one, both
related to the ring opening of epsilon-lactones which
are formed during degradation of dihydrocarveol.
Since the enzymes found to be related to limonene
degradation were observed in very low proportions,
are not specific to this pathway and specially since
other needed enzymes that should be involved in this
pathway were not observed in the UASB sludge
biomass, it can be inferred that this sludge may not be
a very adequate inoculum to be used in the process
with high concentrations of this compound.

In Figure A.3, it is possible to notice that several KOs
related to benzoate and phenols degradation, in the
Xenobiotics/Benzoate degradation and metabolism
pathway, however, it is possible to highlight four of
them with proportions higher than 0.002% in the
studies samples. The K00632 (0.021%), an acetyl-CoA
acyltransferase, was the main KO observed in this
pathway, being also related with other metabolic path-
ways, such as Fatty acid degradation and metabolism,
Ethylbenzene degradation, among others. In the conver-
sion path of benzoate/phenol to succinyl-CoA, the
K00632 is involved in one of the last steps, the conversion
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of 3-Oxoadipyl-CoA to succinyl-CoA. Bruminicrobium
(41.0%), Halomonas (30.0%),Marinospirillum (6.7%), Lyso-
bacter (3.3%) and Flavobacterium (2.4%) were related to
this KO. It is worth highlighting that the K00632 was
not observed in association with Lysobacter concretionis
after the genome reconstruction, enabling to infer that
possibly other species of this genus could be associated
with this gene in the present study.

The lyase K01666 (0.008%), a 4-hydroxy 2-oxovalerate
aldolase, was mostly related to the genus Burkholderia
(87.5%), and it is involved in the last steps of benzo-
ate/phenol degradation, in the convertion of (S)-4-
hydroxy-2-oxopentanoate to acetaldehyde and pyru-
vate, requiring Mn2

+ for its maximal activity. Burkholderia
xenovorans is a known species that produces this
enzyme. Besides their low proportions, the other KO
related to enzymes needed in benzoate and phenols
degradation were observed in the UASB sludge
biomass, being worth mentioning the K05784, K05549,
defined as activities benzoate/toluate 1,2-dioxygenase
reductase component and benzoate/toluate 1,2-dioxy-
genase subunit alpha, respectively, being the enzymes
responsible for the convertion of benzoate to the first
intermediate of its complete convertion to its subpro-
ducts, the (1R,6S)-1,6-dihydroxycyclohexa-2,4-diene-1-
carboxylate and NAD+, requiring for that a molecule of
NADH, H+ and O2. That means, these enzymes require
aerobic environments to work properly, and are
related especially with the genus Pseudomonas, a facul-
tative anaerobic genus, which can explain its presence in
the studied samples.

Finally, three KOs related with furfural degradation
were observed in the UASB sludge biomass (Figure
A.3), K16877 (0.0006%), K16876 (0.0004%) and K16880
(HmfE) (0.0003%), being the two first ones mostly
related with the Herbaspirillum (100%) genus and the
last one related with Bradyrhizobium (100%). These
enzymes catalyze the conversion of the 2-Furoate, the
first intermediate of the furfural degradation, to 2-Oxo-
glutarate. The conversion of furfural to 2-Furoate is
firstly catalyzed by the enzyme 5-(hydroxymethyl) fur-
fural/furfural oxidase, being then converted to 2-
Furoyl-CoA by the enzyme 2-furoate-CoA ligase
(K16876). The 2-Furoyl-CoA is then converted to 5-
Hydroxy-2-furoyl-CoA by the enzyme 2-furoyl-CoA dehy-
drogenase (K16879), which is finally converted to 2-Oxo-
glutaryl-CoA and then to 2-Oxoglutarate by the enzyme
2-oxoglutaroyl-CoA hydrolase (K16880).

4. Conclusion

The metabolic potential of a granulated sludge from a
full-scale UASB thermophilic reactor applied to sugarcane

vinasse treatment was depicted. It was possible to
observe several genes encoding enzymes that are of
great importance to AD processes using different types
of wastes as substrate, especially regarding carbohydrates
and ligninolytic compounds biodegradation, glyceroly-
pids pathway, VFA and alcohols metabolism, resistance
and degradation of potential inhibitors (limonene, fur-
fural, phenols) and biogas (H2 and CH4) production.

Among the most abundant genera, it is worth high-
lighting that Sulfurimonas great relative abundance is
probably related to the GH23 family, mostly associated
with bacterial cell wall degradation, being possible to
assume that it occurred due to the sludge endogenic
activity, since it was collected from a well-established
industrial UASB, where this activity in the biomass may
be high. In addition, Methanosacina was the most abun-
dant archaea, enabling to infer that it had great contri-
bution to the methanogenesis, both acetoclastic and
hydrogenotrophic, since this genus was related to the
presence of genes encoding acetyl-CoA synthetase and
several dehydrogenases, such as formylmethanofuran
dehydrogenase, since it is involved in methanogenesis
from CO2 as well as the oxidation of coenzyme M to CO2.

However, when analyzing different research studies
using the same inoculum as microbial source, it was
observed that the relative abundances of the dominant
genera varied according to the physicochemical par-
ameters and/or substrate used, as well as the reactor
efficiency. Besides that, the most abundant genera
observed by means of 16S rRNA sequencing are not
always related to the dominant metabolism in the
reactor. In this way, it is worth highlighting the impor-
tance of the KO and genera observed in smaller pro-
portions and involved in the target pathway, in order
to better comprehend the reactor dynamics. The
results reported here may expectedly subside future
research work in anaerobic digestion worldwide, using
both the same or similar inocula, since the robust
description of the UASB sludge microbiome could
guide the experimental set-up, in order to favour
specific organisms and metabolic pathways, improving
the value-added metabolites obtainment.
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