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Abstract: The proteomics analysis could contribute to better understand about metabolic pathways in
anaerobic digestion community because it still as a “black-box” process. This study aimed to analyze
the proteins of the anaerobic co-digestion performed in reactors containing residues from the first
and second generation ethanol production. Metaproteomics analysis was carried out for three types
of samples: anaerobic sludge without substrate (SI), semi-continuous stirred reactor (s-CSTR) with
co-digestion of filter cake, vinasse, and deacetylation liquor (R-CoAD) and s-CSTR with co-digestion
of these aforementioned residues adding Fe3O4 nanoparticles (R-NP). The R-CoAD reactor achieved
234 NmLCH4 gVS−1 and 65% of CH4 in the biogas, while the R-NP reactor reached 2800 NmLCH4

gVS−1 and 80% of CH4. The main proteins found were enolase, xylose isomerase, pyruvate phosphate
dikinase, with different proportion in each sample, indicating some change in pathways. However,
according to those identified proteins, the main metabolic routes involved in the co-digestion was
the syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis, with the CH4

production occurring preferentially via CO2 reduction. These findings contributed to unravel the
anaerobic co-digestion at a micromolecular level, and may select a more appropriate inoculum for
biogas production according to that residue, reducing reaction time and increasing productivity.

Keywords: proteins; sugarcane residues; group metabolism; deacetylation liquor; metabolic pathway;
biogas production

1. Introduction

Biogas production through anaerobic digestion (AD) and energy recovery from
methane (CH4) are some of the ways that have been studied to generate renewable energy
and reduce greenhouse gas (GHG) emissions [1]. The literature shows that the use of differ-
ent wastes can be used as substrates for AD, such as restaurant food waste, agro-industrial
waste, animal manure, lignocellulosic waste, and domestic sewage [2–4]. Among several
agro-industry residues, the use of by-products from ethanol production, such as vinasse,
stands out in biogas production. The vinasse is a residue with a high amount of organic
matter and provides a way for integrating ethanol plants in biorefinery concepts, as it
converts waste into energy [5,6].
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First-generation (1G) ethanol production distilleries generate residues, in addition
to vinasse, such as filter cake and sugarcane straw, which also have the huge potential
to produce methane (CH4) within anaerobic digestion [7]. This fact makes sugarcane
plants become biorefineries, since, in addition to producing ethanol as a biofuel, they can
produce other types of bioenergy through the use of their residues. An additional strategy
to produce biogas is from the residues of second-generation ethanol (2G) production from
lignocellulosic residues, such as sugarcane straw [1]. To produce 2G ethanol, several
pretreatments are applied to lignocellulosic materials, and Brenelli et al. [8] demonstrated
the efficiency of acetic group removal through the alkaline pretreatment of sugarcane
straw to produce 2G ethanol. From this process, a residue rich in acetate emerged, called
deacetylation liquor, that had a high biochemical methane potential (BMP) [7]. In the work
of Volpi et al. [7], in-depth investigation comparing the mono-digestion of vinasse 1G,
mono-digestion of filter cake, and the addition of 2G ethanol residue were performed, and
the results clearly showed that the deacetylation liquor increased the production of CH4
when placed in co-digestion with the filter cake and vinasse.

To promote the integration of 1G2G ethanol biorefineries, we previously demonstrated
that the anaerobic co-digestion of vinasse and filter cake, both from the production of 1G
ethanol and the deacetylation liquor (2G ethanol) in a continuous reactor, allows for the
recovery of 234 NmLCH4 gVS−1 [9]. In addition, by converting the biogas produced into
electricity, an installed capacity of 58 MW can be obtained for a 1G2G ethanol plant, and if
this biogas is purified using biomethane, the entire truck fleet of the largest ethanol plant in
Brazil can be supplied during the harvest period [10]. The co-digestion was important for
the balance of nutrients in the process, mainly as the C:N ratio of the residues used and
phosphorus (P) contents. For anaerobic digestion, the recommended C:N ratio can range
from 10 to 40 [11]. The vinasse used in the tests had a C:N ratio, ranging from 28:1–40:1,
fitting within the requirements for AD; however, the deacetylation liquor had a C:N ratio
of 90:1–137:1, quite exceeding the condition considered ideal for AD [9]. On the other hand,
the filter cake had a C:N ratio close to 18:1 [7], well below the recommended, reinforcing
the importance of co-digestion and evidencing that the use of these three residues was
beneficial to the process of obtaining CH4. The P content for vinasse and the deacetylation
liquor was 9 mg L−1 and 2 mg L−1, respectively, both being at low concentrations, and
thus, not interfering with the accumulation of this nutrient and consequent nutritional
imbalance in the process. In order to optimize biogas production, our research group carried
out another operation in a continuous reactor for the co-digestion of the same residues
(vinasse 1G, filter cake, and deacetylation liquor 2G), adding Fe3O4 nanoparticles (NP). The
literature has shown the good performance of reactors, introducing micronutrients using
NP [12–14]. The choice of Fe3O4 NP was due to the stimulating properties that iron ions
(Fe) have on methanogenic archaea. Fe is a micronutrient that stimulates the formation
of cytochromes and ferredoxins, important for cellular energy metabolism, especially of
archaea. The hydrolysis and acidification phase of AD is also benefited by Fe as a growth
factor, since Fe supplementation can accelerate these steps [12,13]. The results obtained
from this reactor operation showed a 91% increase in CH4 production, compared to the
previous operation, and also allowed for an increase in the organic load rate (OLR), which
consequently allowed for an increase in the volume of waste to be treated, improving AD
in general [15].

Despite all the operational discussions of the co-digestion of residues from ethanol
production for CH4 recuperation, biochemical aspects of the process need to be better
understood. The AD process is quite complex from a microbiological point of view. The
bacterial consortium responsible for the metabolism of waste to the final product comprises
several species of bacteria and archaea, and they may prefer different metabolic routes,
depending on the experimental conditions and the substrates used, as there are numerous
metabolic routes within the process [16]. We have demonstrated that, in the microbial
consortium of co-digestion of vinasse, filter cake, and deacetylation liquor, in both reactor
operations (with and without NP), the predominant archaea group was Methanoculleus.
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This methanogenic group is characterized by the metabolic route syntrophic acetate oxi-
dation (SAO), coupled with hydrogenotrophic methanogenesis [9], which indicates this
metabolic route was possibly the main one to produce CH4 from these residues. How-
ever, just by identifying the existing microorganisms, it is difficult to distinguish which
possible route is being preferred in the process according to the experimental conditions.
Little is known about the functional activities of the various abundant groups of anaerobic
sludges from AD bioreactors [16]. Therefore, it is important to gain insights into the bio-
chemistry of the bioprocess to ensure a better performance and optimization of sugarcane
residue co-digestion.

The literature is quite scarce regarding the proteomics analysis of anaerobic reactors
that use sugarcane residues, mainly 2G ethanol residues. Even less information is found
on the proteomics analysis of the residue’s anaerobic co-digestion from the sugar-energy
industry. According to studies, the metaproteomics approach was successfully used to
examine the expression of essential microbial functions in a variety of environments, such
as enhanced biological phosphorus removal reactors, activated sludge, and local mine acid
drainage, as well as beneath local soil and seascapes [17].

Therefore, the objective of the present work was to carry out a metaproteomic analysis
of samples from anaerobic reactors that contained residues from 1G ethanol production
and 2G ethanol production in co-digestion for biogas production. Metaproteomic analyses
were performed for three types of samples: the first type is the anaerobic sludge alone,
before adding substrate, that is, the seed inoculum; the second type is from a reactor with
the co-digestion of filter cake, vinasse, and deacetylation liquor; and the last sample type
is from another reactor with the same previous co-digestion condition adding Fe3O4 NP.
The goal was to analyze whether there would be changes in the abundance of the proteins
between the different sample types and if there could be a change or preference in the
metabolic routes detected in these complex microorganism communities.

2. Materials and Methods
2.1. Residues and Inoculum

Vinasse, filter cake, and deacetylation liquid were the residues utilized in the reactor
operation as substrate. Vinasse and filter cake from the manufacturing of 1G ethanol were
obtained from the Iracema sugarcane plant in Iracemápolis, São Paulo state, Brazil. The
liquor came from the pretreatment of straw at the National Bio-renewables Laboratory
(LNBR) from the Brazilian Center for Research in Energy and Materials (CNPEM).

The microbial consortium, used as inoculum in the process, was obtained from a
mesophilic reactor (35 ◦C) BIOPAC®ICX—Paques—also from the same Iracema sugarcane
plant in Iracemápolis, SP.

Table 1 shows the main characteristics of the substrates (used in both reactors), in
relation to their composition of volatile fatty acids (VFA), volatile solids, total solids, car-
bon, nitrogen, and chemical oxygen demand. The elemental composition was performed
for the filter cake characterization in the Elementary Carbon, Nitrogen, Hydrogen, and
Sulfur Analyzer equipment (brand: Elementar; model: Vario MACRO Cube—Hanau,
Germany), and 1.88% of N, 31.07% of C, 6.56% of H, and 0.3% of S were obtained, all in
terms of TS.

2.2. Operation of the Semi-Continuous Stirred Reactor (s-CSTR)

Proteomics analysis was performed on three different samples: one sample was the
seed inoculum, that is, before the inoculum was inserted into the reactor, called sample
SI, and two samples from two different semi-continuously stirred reactors. The sample
from the first reactor is called the R-CoAD sample, which comprised the co-digestion of
vinasse, filter cake, and deacetylation liquor. The sample from the second reactor is called
the sample R-NP, which consists of the same co-digestion as the first reactor, but with the
addition of Fe3O4NP. The NP concentration in s-CSTR was 5 mg L−1.
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Table 1. Main characteristics of the substrates used in the two reactor operations.

Characterization a Vinasse b Deacetylation Liquor b Filter Cake b

COD (g L−1) 17.02 ± 0.45 10.44 ± 0.01 -
Volatile Solids (g mL−1) 0.09 ± 0.00 0.00 ± 0.00 0.21 ± 0.00

Total Solids (g mL−1) 0.01± 0.00 0.01 ± 0.00 0.31 ± 0.00
Total Carbon (mg L−1) 126,588± 0.02 16,652 ± 0.33 -

Nitrogen (mg L−1) 302.50 ± 0.15 121.20 ± 0.28 -
Acetate (g mL−1) 0 1063 -
Glucose (g mL−1) 738.30 726.50 -

-: not carried out. a: Results were taken from Volpi et al. [9] and b Mean of three replicates.

The sample R-CoAD was obtained from the reactor operation described in our previ-
ous work [9], and the sample R-NP was obtained from the reactor operation, as described
in our previous work [9,15]. The two s-CSTR were operated under 55 ◦C, with a total
of 5 L and 4 L—working volume and the co-digestion of the residues were added in the
proportion of volatile solids (VS): 70% vs. of vinasse, 20% vs. of filter cake, and 10% vs. of
deacetylation liquor. These proportions were added according to the waste availability in
the sugarcane industry, with the vinasse being considered the main substrate (most volumi-
nous waste) and filter cake and deacetylation liquor being considered the co-substrates. The
two reactors had an OLR increase over time. Increasing OLR were applied, and samples
for proteomic analysis were taken on the largest OLR when the production of CH4 was
stabilized, which was 4.80 gVS L−1d−1 for the R-CoAD reactor and 5.5 gVS L−1d−1 for
the R-NP reactor. The reactor without NP (sample R-CoAD) operated with ORLs ranging
from 1.50 gVS L−1 day−1 to 5.23 gVS L−1 day−1, and the reactor with NP (sample R-NP)
operated with ORLs from 2 gVS L−1 day−1 to 9 gVS L−1 day−1. The pH of the two reactors
remained around 7 after the stabilization of methanogenesis. Considering the entire reactor
operation, the oxidation-reduction potential (ORP) of the reactor without NP (R-CoAD
sample) ranged from −800 mV to −100 mV, while the ORP of the reactor with NP (R-NP
sample) had a smaller variation, from −600 mV to −300 mV. Regarding alkalinity, both
reactors varied the intermediate/partial alkalinity between 1 and 0.3 in the methanogenesis
phase; however, the reactor with NP reached this stability in a shorter time (60 days) than
the reactor without NP (90 days). Considering the OLR of 4.80 gVS L−1d−1 (largest OLR
when the production of CH4 was stabilized) applied to the reactor without NP (R-CoAD
sample), the main volatile fatty acids (VFA) concentrations found were: 1499.92 mg L−1

of lactic acid, 504.54 mg L−1 of acetic acid, 280 mg L−1 of propionic acid, 103 mg L−1 of
isobutyric acid, and 214 mg L−1 of butyric acid. For the operation with NP (R-NP sample),
the main VFA concentrations found at the ORL of 5.23 gVS L−1 day−1 were 480.81 mg L−1

of acetic acid and 2058.01 mg L−1 of propionic acid, and at the end of the operation, all VFA
concentrations in both reactors were reduced. The use of nanoparticles structured greater
stability for the reactor operation as a whole, when compared to the reactor that did not
have NP, in addition to increasing CH4 production (91%). Parameters such as alkalinity,
pH, and ORP maintained greater stability with smaller variations from the use of NP.
Figure 1 exemplifies how the samples from the microbial consortium were obtained to
perform the metaproteomic analyses. Table 2 summarizes some indicators of the pro-
cess during the stable operation of the two reactors [9,15]. More details about opera-
tion parameters have already been published and are available in Volpi et al. [9] and
Volpi et al. [15].
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Figure 1. s-CSTR operation scheme and obtaining samples for proteomics analysis.

Table 2. Summary of operating results of the two reactors used for sample removal for
proteomics analysis.

R-CoAD Reactor R-NP Reactor

Organic Matter Removal (%) 83 71
CH4 production (NmLCH4 gVS−1) 234 2800
Organic Load Rate (gVS L−1 day−1) 4.16 5.23
Predominant Archaea Methanogenic Methanoculleus. Methanoculleus.

2.3. Metaproteomic Analysis
2.3.1. Protein Extraction and Digestion

Proteins were extracted from the sludge, based on the metagenome of samples, follow-
ing the protocol of Hurkman and Tanaka [18] in technical triplicate with a few modifications.
Aliquots (100 µL) from each sample were lyophilized in the Modulyod FR-Drying Digital
Unit lyophilizer (Thermo Fisher, Waltham, MA, USA). Following lyophilization, samples
were homogenized at 4 ◦C for 30 min in 1 mL of extraction buffer, which contained the
following ingredients: 0.5 M TrisHCl, pH 7.5; 0.1 M KCl; 0.05 M EDTA; 0.7 M sucrose; 2%
v/v 2-mercaptoethanol; 2 mM PMSF; and 1% w/v polyvinylpyrrolidone. The samples were
then given the equivalent volume of the buffer (10 mM TrisHCl, pH 8.0) and saturated
phenol. The phases were separated by centrifugation (10,000× g, 30 min, 4 ◦C), following
30 min of shaking. After being recovered, the phenolic phase was extracted using the equiv-
alent volume of extraction buffer. By adding 1 mL of 0.1 M ammonium acetate in methanol
and incubating for 1h at −20 ◦C, followed by centrifugation (16,000× g, 30 min, 4 ◦C),
proteins were precipitated from the phenolic phase. The pellet was centrifuged (16,000× g,
30 min, 4 ◦C) after being washed four times with ammonium acetate in methanol and once
with 1mL of 100% cold acetone. In 400 L of TCT buffer (7 M urea, 2 M thiourea, 10 mM
DTT, and 0.1 percent (v/v) Triton X-100), the resultant pellet was dried and then dissolved.
Amicon® Ultra-0.5 mL 3K-NMWL filter systems were used to desalinate protein extracts
(Millipore, Burlington, MA, USA).

The Bradford assay [19] was used to measure the protein concentration, and
SDS-PAGE electrophoresis was used to confirm it [20]. Ten micrograms of protein sam-
ple were treated with 2.5 L of RapiGest SF (0.2%) at 80 ◦C for 15 min, 2.5 L of 100 mM
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dithiothreitol (GE Healthcare, Chicago, IL, USA) at 60 ◦C for 30 min, and 2.5 L of 300 mM
iodoacetamide (GE Healthcare) at room temperature for 30 min in the dark. A 1:100 (w/w)
enzyme to protein ratio of trypsin (sequencing grade modified trypsin, Promega, Madison,
WI, USA) was used to enzymatically digest the samples. The digested mixture was then
mixed with 10 L of 5% (v:v) trifluoroacetic acid. After being incubated at 37 ◦C for 90 min,
the digested samples hydrolyzed the RapiGest. The RapiGest was then hydrolyzed by
the digested samples after being incubated at 37 ◦C for 90 min. According to the maker
(Millipore) of the ZipTip Reversed-Phase ZipTip C18, the mixture of peptides was desalted
after digestion [21]. The lyophilized desalted peptide sample to be analysed was added to
0.1 percent formic acid LC-MS H2O solution to obtain the final concentration of 200 ng/L,
and the final volume of 50 L was obtained.

2.3.2. Two-Dimensional LC-MS/MS Analysis

The LC-MS was performed on a NanoElute (Bruker Daltonik) system coupled on-
line to a hybrid TIMS-quadrupole TOF mass spectrometer (timsTOF Pro) (2) (Bruker
Daltoniks, Bremen, Germany) via a nano-electrospray ion source captive spray (Bruker
Daltoniks, Germany). For the gradient run (22 min. total run), approximately 200 ng of
peptides were separated on a Bruker TEN column 10 cm × 75 µm ID, 1.9 µm C18 reversed-
phase column (Bruker) at a flow rate of 500 nL min−1 in an oven compartment heated to
50 ◦C. To analyze samples from whole-proteome digests, we used a gradient starting with
a linear increase from 2% B to 35% B over 18 min, followed by a further linear increase to
95% B in 2 min, which was held constant for 2 min. The column was equilibrated using 4
volumes of solvent A. In data-dependent PASEF mode [22], the mass spectrometer was run
with 1 survey TIMS-MS and 4 PASEF MS/MS scans per acquisition cycle. The dual TIMS
analyzer was used to evaluate the ion mobility range from 1/K0 = 1.3 to 0.85 vs. cm−2,
with identical ramp and accumulation times of 100 ms each. By swiftly switching the
quadrupole position in time with the elution of precursors from the TIMS device, suitable
precursor ions for MS/MS analysis were separated in a window of 2 Th for m/z 700 and
3 Th for m/z > 700. As ion mobility increased, the collision energy gradually decreased,
going from 27 eV for 1/K0 = 0.85 vs. cm−2 to 45 eV for 1/K0 = 1.3 vs. cm−2. We employed
a polygon filter mask to filter out singly charged precursor ions using the m/z and ion
mobility information. We then used “dynamic exclusion” to prevent re-sequencing of
precursors that achieved a “target value” of 20,000 a.u. The ion mobility dimension was
calibrated linearly using three ions from the Agilent ESI LC/MS tuning mix (m/z, 1/K0:
622.0289, 0.9848 vs. cm−2; 922.0097, 1.1895 vs. cm−2; and 1221.9906, 1.3820 vs. cm−2).
The mass spectrometry was performed at the Max Feffer Laboratory of Plant Genetics
Department of Genetics Esalq/Usp.

2.3.3. Processing Parameters and Database Search

All MS/MS samples were processed using PEAKS Studio Version 10.6 (Bioinformatics
Solutions Inc., Waterloo, ON, USA) software. Mass spectra were searched, compared
to the UniProtKB/SwissProt database (date the database was downloaded: 16 January
2021), using the following search parameters. Carbamidomethylation of cysteine was used
as fixed amino acid modification, with oxidation of methionine and acetylation (Protein
N-term) as variable modifications. Trypsin was selected as the proteolytic enzyme, with a
maximum of two potential missed cleavages. Peptide and fragment ion tolerances were set
to 20 ppm and 0.05 Da, respectively. The maximum false-positive discovery rate (FDR) in
scaffold was set up to 1% at protein and peptide levels, with one unique peptide criterion
to report protein identification. All the protein’s correct responses were identified with
a confidence of >95%. Protein quantification was performed using signal intensity (area
under the curve, AUC).

The predicted protein identifications were obtained with the embedded ion accounting
algorithm of PEAKS software, searching the database for NCBI non-redundant database. The
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mass spectrometry proteomics data were deposited in the ProteomeXchange consortium
via the PRIDE partner repository with the dataset identifier PXD029938.

2.3.4. Data Analysis

For metaproteomics data analysis, a list of potential contaminant proteins that were
not from microorganisms, including plant and animal proteins, were removed from our
main data set of identified proteins. One protein from each protein group was included in
the data set. For quantitative analysis, the intensities were transformed to log base two and
filtered to have at least two valid values in each group. More than two non-valid values
for the same protein identified were assigned as zero. Differentially abundant proteins be-
tween biological samples were examined by two-tailed Student’s t-test, and those proteins
that had values lower than 0.5% of significance were considered differentially expressed.
To calculate the relative abundance, the intensities of the protein peaks were summed
for the same replicate, and the percentage of each protein was obtained concerning the
total identified.

The annotation of the identified proteins was performed with the updated Gene
Ontology analysis of frequency of GO terms in ID/mapping module from UniProt and
database of the Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.kegg.jp/
kegg/) accessed on 15 July 2021. The version of KEGG used for annotation was number
5 of KEGG Mapper (2), accessed on 20 August 2021. KEGG was mainly used to trace
the metabolic routes of the samples. Protein sequences were submitted to BlastKOALA
(https://www.kegg.jp/blastkoala/) accessed on 25 July 2021 in the KEGG for functional
annotation [23].

To analyze the correlation between samples in the protein expression, a heatmap
was created with R version 4.1.2 (http://www.r-project.org) accessed on 14 June 2021
using the heatmap function, a heat map 2 function in R’s ‘gplot’ package (version 3.0.1).
The proteins were classified based on the Pearson correlation coefficients, as a similarity
measure in protein expression and Euclidean hierarchical clustering method. Figure S1 in
Supplementary Materials (SM) shows the Pearson correlation graphic.

3. Results

In general, a total of 439 proteins were found, which included 319 proteins for the
SI sample, 293 proteins for the R-CoAD sample, and 299 proteins for the R-NP sample.
From this data, contaminating proteins and proteins from other organisms were excluded,
but considering proteins of the same suggested function attributed to different microbial
species. Tables S1–S3 in the SM show the identified proteins that were differentially
abundant among the samples. These tables also contain the NCBI-Uniprot identifier for
each protein.

Figure 2 shows the relative abundance of the proteins found in each of the samples.
Figure 3 shows the relative abundance of proteins of the main microorganism genus.

The relationship between the protein abundance and the possible microorganism that
synthesized it resulted from the LC-MS analysis, as the database in which the cross was
performed (NCBI non-redundant database) also had these data on the microbial community.
The three samples have already been carried out and were published in studies on reactor
operation [9,15]. Table S4 brings the results of all identified microorganism genus, with the
respective relative abundance of identified proteins. The R-NP and R-CoAD samples also
had proteins that were produced by methanogenic archaea and also by groups of bacteria
that are important for AD, such as Thermoanaerobacter, Thermobifida, Thermomicrobium,
Thermosipho, Thermotoga, Syntrophomonas, Ruminiclostridium, and Pseudomonas.

http://www.kegg.jp/kegg/
http://www.kegg.jp/kegg/
https://www.kegg.jp/blastkoala/
http://www.r-project.org
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using BlastKOALA and are comparatively shown as a bar chart. (C) Molecular functions of samples,
according to UniProtKB ontology (GO) gene classification.
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Figure 5. General proposed map of the metabolic pathways for 3 samples. SI: seed inoculum, R-NP:
Nanoparticle’s reactor, R-CoAD: Co-digestion reactor. The red enzymes were detected in process.
The white background is the metabolic maps for all samples, the light orange background maps are
found for the sample R-NP and R-CoAD, and the map with a gray background is found in sample SI.

Figure 4A shows the heatmap of the results obtained from clustering the protein
groups of the three samples with the three repetitions performed. This graph shows that
the samples were clustered into two groups, one in purple and the other two in red. As it is
not possible to read the IDs of the proteins in Figure 4A and Figure S2 in the SM, a larger
figure with the ID of each of the proteins can be found.

Figure 5 shows the metabolic route that was proposed for the three samples together,
according to the identification of proteins. To propose this route, KEGG’s specific metabolic
routes (http://www.kegg.jp/kegg/1) accessed on 25 July 2021 were followed.

4. Discussion
4.1. Identified Proteins

The samples R-NP and R-CoAD were the ones with the highest numbers of differen-
tially abundant proteins, as these samples were collected from different reactors. However,
this does not mean that they have followed different metabolic routes for CH4 production,
but that the addition of Fe3O4 NP in the reactor may have influenced a higher or lower
abundance of a certain protein, as NP acts as an archaea growth stimulant and acts as a
protein cofactor [24,25] improving the AD process.

http://www.kegg.jp/kegg/1
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It can be observed that sample SI has a greater diversification of proteins than the other
samples, as was identified in Figure 2. This could be due to the fact that this sample came
from an external reactor—Iracemapólis plant (as described in the methodology)—and not
from the reactors that were operated for the present study, presenting greater operational
variability and being able to generate greater diversity of proteins, compared to samples
R-CoAD and R-NP. However, it is worth pointing out that this inoculum (SI sample) was
introduced in the start operation reactors, where the R-CoAD and R-NP samples came from.
This could lead to differences in the abundance of the proteins, once there were changes in
the initial metabolic routes, until the given moment of sampling. The same observation
was seem by Volpi et al. [9] on the identification of the microbial community in the samples
of SI and R-CoAD. The sample from the reactor operation showed a greater diversification
of microorganisms, in relation to the seed inoculum sample, indicating that the substrates
and conditions of the reactor directed to the co-digestion process selected new bacteria
from the microbial community in a way that some members of the community increased
their relative abundance, while others decreased.

The main proteins found in sample R-CoAD were classified in the following func-
tional classes: (~10%) 60 kDa chaperonin, (~24%) enolase, (~0.72%) xylose isomerase,
(~4%) argininosuccinate lyase, (~38%) ornithine carbamoyltransferase. For sample,
R-NP, the main proteins identified, belonged to the functional classes: (~22%) chap-
erone protein DnaK, (~30%) enolase, (~13%) xylose Isomerase, and (~3.4%) pyruvate
phosphate dikinase.

In both samples, the presence of the enolase enzyme was highly represented, and
carbohydrate appeared to be the main initial carbon source. This enzyme was asso-
ciated with glucose metabolism, and as the reactors were treating substrates with a
high cellulose content, this may explain their high relative abundance. When degraded,
cellulose can follow both the glycolysis metabolic pathway and the pentose phosphate
pathway [16]. The pyruvate phosphate dikinase enzyme could work at the end of the
glycolytic pathway, metabolizing phosphoenolpyruvate into pyruvate [16]. In addition
to enolase, another enzyme associated with cellulose metabolism is xylose isomerase,
indicating that the metabolic route of xylulose can also be involved in the cellulose
catabolism that takes place under AD. The enzyme xylose isomerase appeared in greater
abundance in the R-NP sample than in the R-CoAD sample (13% vs. 0.7%). The presence
of Fe3O4 NPs may have stimulated acidogenic and fermentative bacteria [26], causing
them to express greater amounts of enzymes responsible for breaking down carbohy-
drates, such as xylose isomerase.

The presence of proteins such as chaperones and chaperonins are usually related to
stress responses, due to environmental conditions and survival challenges in extreme or
changing conditions, and are not directly related to the metabolic pathways involved in the
AD of polysaccharides and biogas production. However, these proteins may be common in
anaerobic reactor sample analyses, as reported by Lam et al. [27], and may be important to
ensure the proper cellular response and protein folding under AD [28]. The samples from
reactors present different types of chaperones, the main ones being 60 kDa chaperonine and
DnaK chaperones. As they have practically the same function, it is possible to indicate that
the microorganisms were experiencing some level of stress within the bioreactors at the
time of sampling, as it is a complex process, with different microorganisms and different
metabolites being generated and consumed. However, the literature shows that GroEL
chaperonins can be overexpressed in the presence of acetic acid [28], and an abundance of
this protein could be interpreted as a response to environmental stress exposure [29]. The
presence of different fermentative products in the R-CoAD sample, such as VFA (acetic acid,
latic acid, propionic acid), may have led to a greater presence of this type of chaperonin,
concerning the R-NP sample (10% vs. 2%). This expression of different types of chaperones
is likely to be related to the different VFA found in the samples.

Among the main proteins related to the metabolic process of CH4 production within
anaerobic digestion, methyl coenzyme-M reductase is a key enzyme at the end of CH4
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production [16]. This enzyme was found in the three samples, (~0.5% in sample SI, ~1.6%
in sample R-NP, and 0.2% in sample R-CoAD), indicating that the CH4 production route
was probably active in the sludge.

The acetate kinase enzyme was also found (~1.5%) in sample R-NP and (~0.5%) in
sample R-CoAD. This enzyme is responsible for converting acetyl phosphate into acetate
(and vice versa) within the metabolic pathway to produce CH4. The acetate is the main
precursor of CH4 production [30] and the presence of this protein, which is widespread in
bacteria fermentation consortiums, suggesting that complex organic matter is degraded to
acetate, as well in these AD conditions, to produce CH4.

Acetyl-coenzyme A synthetase, acyl-CoA dehydrogenase, as related to the aceto-
clastic pathway in CH4 production, were also identified in the three samples. The SI
sample showed the highest number of these proteins (e.g., ~7% acetyl-CoA decarbony-
lase/synthase) in the presence of archaea Methanosarcina and Methanothrix, possibly
indicating that the acetoclastic route was predominant in the inoculum before being
inserted into the reactor. The fact that these enzymes were not found in greater amounts
in the R-CoAD and R-NP samples did not indicate that the acetoclastic route was not
present inside the reactor, but perhaps that, as the CH4 production was already sta-
ble, only proteins related to the final steps of methanogenesis, as was the case with
methyl-CoM reductase, were detected.

4.2. Relationship of Proteins and the Microbial Community

Our proteomics results revealed a high number of proteins identified and an-
notated to the microorganisms of the Thermotoga genus, which is characteristic of
thermophilic processes [9]. The abundance of these proteins was higher in the samples
from the two reactors, which operated at 55 ◦C, than in the SI sample that comes from
a mesophilic reactor.

These same samples showed proteins that are abundant in the acetogenic and hydrol-
ysis phases of the organisms from genus Clostridium and Thermoanaerobacter, which are part
of the first stages of AD and are important for driving the entire metabolic process [31].
Proteins from the bacteria of the genus Bacteroidetes were also detected in the samples,
which are characteristic of the hydrolysis and acidogenesis phases of anaerobic digestion,
mainly in reactors with the presence of straw and Fe3O4 NP, as was the case of the R-NP
sample [32]. Microorganisms of the genus Lactobacillus for example, whose proteins were
identified in samples R-NP and R-CoAD, are responsible for converting pyruvate into
lactic acid, which can then be converted to acetate [27]. Species of the genus Clostridium are
involved in the degradation of pyruvate to butyrate [27], and this butyrate was possibly
converted to acetate. All these microorganisms from the early stages of AD are important
for preparing substrates that will be reduced to CH4, such as acetate and CO, which will be
used by the methanogenic archaea species.

Another factor that draws attention is that most of the proteins synthesized by
methanogenic archaea (Figure 3) had a greater abundance in the SI sample, indicating
that this sample, even being from the inoculum at the beginning of the studied process,
already had activity in the methanogenic pathway. This inoculum, coming from a
reactor for treating vinasse and producing biogas and having been in operation for
some years, suggests that its methanogenesis was better stabilized than the reactors
that operated in this study. However, the difference in the substrate and operating
conditions confirm the possibility of changes in metabolic pathways in SI sample to
R-CoAD and R-NP sample.

It is noteworthy that all samples have proteins from methanogenic archaea an-
notated in the acetoclastic pathway, such as Methanosarcin, as well as from the hy-
drogenotrophic pathway, such as Methanoculleus. We previously identified the main
archaea genus found in the samples of AD as Methanoculleus in the co-digestion of
vinasse, filter cake, and deacetylation liquor, indicating that the probable metabolic
route with these substrates would be a syntrophic acetate oxidation (SAO) process
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coupled with hydrogenotrophic methanogenesis [9]. The fact that the two reactors
under AD have the presence of enzymes from both the acetoclastic metanogenesis
route (e.g., ~0.5% and ~1% of acetate kinase, for R-CoAD and R-NP, respectively) and
the hydrogenotrophic methanogenesis route (e.g., ~0.16% and ~0.94% of acetyl CoA
descarbonylase/synthase for R-CoAD and R-NP, respectively) confirms the possibility
that SAO was coupled to the hydrogenotrophic route and may be the most likely within
the waste co-digestion of the ethanol production industry.

4.3. Protein Functional Analysis

In the first cluster on Figure 4, it can be seen, in general, that the R-CoAD samples
and the R-NP sample have similar patterns of protein abundance, while in the second
cluster, most proteins that were present in the SI sample were not in the other two samples.
To assess the biological function of the set of proteins of the two clusters identified, we
performed an analysis using Blastkoala, which is shown in Figure 4B.

Cluster 1, which has the proteins from the R-CoAD and R-NP samples with high
abundance (Figure 4B), had an intense carbohydrate metabolism activity, in addition to
amino acid metabolism. Cluster 2 had the highest abundance of proteins in the SI sample,
and the greatest functions of the detected proteins were the metabolism of other amino
acids, the energy metabolism, and the cellular process. In general, these protein functions,
even though none are directly related to the CH4 route, were already shown to have
different metabolic pathways, and the R-CoAD and R-NP samples were classified under
the same functions. It is worth remembering that these samples come from the anaerobic
co-digestion operation of the same residues, with stabilized CH4 production.

According to the functions represented in the BlastKOALA (Figure 4B), there was a
higher abundance of proteins that act in the first AD phases, which are the hydrolysis and
acidogenic phases, for all samples. Even samples R-NP and R-CoAD were removed from
the reactor in the methanogenesis phase. This can be confirmed in Figure 4C, which shows
the frequency of each of the enzymes identified in the samples, according to the analysis of
the gene ontology (GO) of UniProtKB, in relation to the molecular function of these proteins.
In all samples, the active carbohydrate and protein metabolism enzymes that were detected,
such as hydrolase, lyase, peptidase, and some other auxiliary enzymes [33], were part of
the hydrolysis steps. Moreover, these enzymes are more frequent in SI samples than in the
other two from methanogenesis. These enzymes are important in the fatty acid biosynthesis
process, which is an essential step for biogas production [34]. What probably occurred is
that smaller amounts of proteins related to methanogenesis were identified, which were
not detected in the analysis carried out in the blastkoala because of low quantification.
Even with this difficulty, proteins related to the CH4 metabolic route could be detected, as
described in section above.

4.4. Metabolic Pathway

According to Figure 5, the main differences between the three samples occurred in
the early stages of AD, such as hydrolysis and acetogenesis, which is a process where
macromolecules, such as cellulose, lignin, and xylose, are degraded into volatile fatty
acids by different types of microorganisms. These acids enter the acetogenesis and
methanogenesis phase.

It is likely that methanogenesis was not different for the three samples, because the
same residues were used as substrates, with the same compositional characteristics [7].

At the beginning of the metabolic route, the xylose, pentose, and glycolysis pathways
probably occurred in the three samples as the presence of the Xylose isomerase enzyme
(EC: 5.3.1.5) was detected. Then, the proteins phosphoglycerate kinase (EC: 2.7.2.3) enolase
(EC: 4.2.1.11) and pyruvate phosphate dikinase (EC: 2.7.9.1) were detected, which were all
involved in the glycolysis pathway, probably for the pyruvate synthesis.

Based on this, there were some differences in the SI sample routes with the R-CoAD
and R-NP samples. The R-CoAD and R-NP samples showed several proteins related to
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the metabolism of amino acids, such as arginine succinate lyase and ornithine carbometyl-
transferase. The presence of these proteins allowed the route of the biosynthesis of amino
acids, arginine biosynthesis, and citrate cycle (shown in pink in the map in Figure 5) to be
explored. However, these routes are not extremely important for producing CH4, as they
are part of the initial stages of the process.

In the SI sample, acetyl-CoA may have followed an acetoclastic methanogenic metabolic
route, as the acetyl-coenzyme A synthase protein (EC: 6.2.1.1) was detected. In the R-CoA
and R-NP sample, the acetoclastic pathway can also be identified as the acetate kinase
protein (EC: 2.7.2.1) was detected in greater proportions in both samples. In general, all
samples followed this route of acetyl-CoA generation, from metabolites such as the acetate,
glucose, citrate cycle, and fatty acid metabolism pathways.

In the end, it is likely that acetate could be converted to CO, and later to CO2, by the
protein acetyl-CoA decarbonylase/synthase complex subunit alpha (EC: 1.2.7.4) inside of
the acetyl-CoA pathway (M00422-methane metabolic route-KEGG) [27]. This protein is
part of the ACDS complex that catalyzes the reversible cleavage of acetyl-CoA, allowing
for autotrophic growth from CO2. This CO2 could then be used by the hydrogenotrophic
methanogens, as reported by Lametal [27], following the degradation processes until the
formation of CH4 as the methyl-CoM enzyme was detected.

In this study, proteins that are part of the metabolic pathway of the acetoclastic
methanogenic (M00357 methane metabolic route KEGG) and proteins that participate in
the hydrogenotrophic pathway (M00567 methane metabolic route KEGG) were identified
in all samples. This is a common situation for bioreactors that are fed with glucose, as
reported by Lam et al. [27]. CH4 production from both CO2 and acetate correlated with
the observation of a temporally increasing ratio (2.1–3.3 times) of hydrogenotrophic to
acetoclastic methanogenic activity.

The initial proposal of previous studies carried out by our research group (9) reported
that the predominant metabolic route in the process would be the SAO coupled to hy-
drogenotrophic methanogenesis (SAO-HM), since, by the identified proteins, the acetate
can be oxidized and converted into CO2, and this, together with the hydrogen, would
form CH4 (Figure 5). As this reaction generates H2 and is thermodynamically unfavorable
(reaction 1), the hydrogenotrophic methanogenic archeae consumed the present H2 and
generated CH4 (reaction 2) [30]. Therefore, as proteins from the two methanogenic routes
and microorganisms classified as participants in the SAO-HM were identified [9], the two
reactions may be coupled, and it was probably the predominant one in co-digestion with
residues from ethanol production 1G2G.

Syntrophic acetate oxidizing reaction

CH3COOH + 2H2O→ 2CO2 + 4H2 ∆G◦ = +104.6 KJ (Reaction 1)

Hydrogenotrophic methanogenesis

4H2 + CO2 → CH4 + 2H2O ∆G◦ = −135.0 KJ (Reaction 2)

5. Conclusions

In conclusion, a change in the metabolic route within the anaerobic co-digestion re-
actor with residues from the production of 1G2G ethanol was observed, compared to the
metabolic route of the microbial community before being inserted into the reactor. The
predominant metabolic route for co-AD from residues of ethanol production was the syn-
trophic acetate oxidation (SAO) process coupled with hydrogenotrophic methanogenesis,
with the production of CH4 occurring preferentially via CO2 reduction. These results show
the characterization of the proteins present in the process, evidencing that the use of NP can
promote an increase in the abundance of proteins, as was the case of xylose isomerase and
improved CH4 production. This work highlights group metabolism and how this approach
is important for understanding metabolic pathways within anaerobic digestion, but for
future studies, is still necessary to apply of different techniques and analyses to deepen
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the knowledge. In addition, this study shows how basic science is an important step for
supporting an efficient large-scale operation and providing information for a sugarcane
plant or other industries develop a more selected inoculum with specific bacteria that are
able to produce those necessary proteins, thus saving time and increasing productivity.
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correlation values. Figure S2. Hierarchical clustering analysis of the abundance profiles of the
identified 139 proteins with ID of protein. Table S1. Proteins that were differentially abundant
between samples SI and R-NP. Table S2. Proteins that were differentially abundant between
samples SI and R-CoAD. Table S3. Proteins that were differentially abundant between samples
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