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Abstract

The aim of this study is to evaluate the effect of different thermal pretreatments of the inoculum on the diversity of the
microbial community producing hydrogen from sugarcane vinasse. High-throughput sequencing of the 16S and 18S rRNA
genes was performed. The reactor samples were also selected for the isolation of strict anaerobes. Decreased microbial
diversity was observed with increasing pretreatment temperatures, with Firmicutes predominating: 90% to 97%. The highest
abundance of Staphylococcus (7.9%) was found in pretreatment at 120 °C / 20 min at pH 6. The fungal analysis revealed a
high prevalence of Candida (47%), Agaricomycetes, Pezizomycotina and Aspergillus in assays with higher H, production
(90° C/ 10 min at pH 6). Three species of Clostridium were isolated: C. bifermentans, C. saccharoperbutylacetonicum and
C. saccharobutylicum. The isolates were tested separately and in co-cultures for the production of hydrogen. Hydrogen-
producing capacity by co-culture of Clostridium species was increased by 18%. Knowing microorganisms and understanding
the interaction between eukaryotes and prokaryotes is essential to obtain strategies for biotransformation of vinasse for the

production of bioenergy.
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Introduction

Hydrogen is a clean and renewable energy source that can
be produced via anaerobic digestion during the treatment
of several agro-industrial residues. Vinasse is a by-product
derived from the production of ethanol generated in pro-
portions of 12 to 15 L per liter of ethanol produced, with
values of chemical oxygen demand (COD) reaching 100 g
L~!, which requires finding suitable treatments before the
disposal [1, 2]. Thus, the use of vinasse in anaerobic diges-
tion for the production of hydrogen may be an ecologically
correct alternative use of this residue.

The biological production of hydrogen can be performed
by pure cultures or microbial consortia from inocula from
various sources such as, anaerobic digestion sludge, sewage
wastewater, soil samples among others [3]. In these environ-
mental samples, microorganisms (prokaryotes and eukary-
otes) are evolutionarily associated, acting on biodegradation
and the production of several compounds. The variability
of these microorganisms can be used as a source of inocula
in various industrial processes, such as bioremediation, fer-
mented foods, anaerobic waste treatment and biofuel pro-
duction [4].
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Several hydrogen-producing microorganisms are present
in these environmental samples. Predominantly, strictly
anaerobic belonging to the genus Clostridium and, faculta-
tive anaerobic microorganisms belonging to the Enterobac-
teriaceae family and other Proteobacteria, as well as several
species of the genus Bacillus are reported in mesophilic con-
ditions [4-6]. Eukaryotes (fungi) are also present and play
an important role in environmental inocula. These groups of
microorganisms can have different fermentative metabolic
pathways and compete during the fermentation process.
Hydrogen consumption can be linked to two microbiologi-
cal processes, such as hydrogenotrophic methanogenesis and
homoacetogenesis that use hydrogen and carbon dioxide to
produce methane and acetic acid, which can cause instabil-
ity in hydrogen production [7]. Thus, hydrogen production
requires pretreatment of the inoculum to suppress the activ-
ity of hydrogen consuming bacteria.

The methods of thermal pretreatment of the inoculum
have been widely described in the literature [8—10] for the
elimination of bacteria that do not form spores, since hydro-
gen-producing bacteria can form protective spores and sur-
vive high pressure, such as the genus Clostridium. The ther-
mal pretreatment conditions described in the literature range
from 65° C to 121° C with a time of exposure between 20
min and 24 h [8, 11]. Studies describe [12, 13] an increase
in hydrogen production using heat pretreatment of the inocu-
lum compared to other pretreatments (aeration, chloroform,
acid and base) [14]. However, the effect of thermal pretreat-
ment on the composition of the hydrogen-producing micro-
bial community is not yet well known.

The complex composition of the microbial community of
hydrogen-producing reactors has been studied by scanning
electron microscopy methods, to visualize the structure of
the inoculum and, molecular tools through PCR followed by
denaturing gradient gel electrophoresis (PCR-DGGE), real-
time PCR (q-PCR), T-RFLP, fluorescence in situ hybridiza-
tion (FISH), cloning and Sanger sequencing, among oth-
ers [15]. Currently, high-throughput sequencing has been
used to characterize microbial consortia of biotechnological
interest, such as hydrogen and methane producers [16]. This
method is an alternative since they have high reliability in
identifying the composition of microbial communities [17].

Yang and Wang [18] evaluated the composition of the
microbial community of fermentative processes for hydro-
gen production, carried out with inocula subjected to various
pretreatment methods (heat shock, acid, base, aeration and
gamma radiation) and observed that abundance of Clostrid-
ium and Enterococcus showed a considerable variation in the
different pretreatments. Etchebehere et al. [17] evaluated the
microbial community present in 20 reactors used for hydro-
gen production in four different countries and described
remarkably unequal communities with a high predominance
of phylum Firmicutes in most samples. In the samples with a

high yield of hydrogen, the genera Clostridium, Kosmotoga,
and Enterobacter were detected. However, in samples with
low hydrogen production, Lactobacillus and microorganisms
of the family Veillonelaceae were found. Knowledge of the
microbiota that makes up the fermentation is the key to boost
the process and increase the yield of hydrogen production
as well as its stability.

Thus, this study aims to evaluate the effect on microbial
communities after three methods of thermal pretreatment of
the inoculum in the process of hydrogen-producing reactors
from sugarcane vinasse. The isolation of strictly anaerobic
microorganisms was also performed and tested for the pro-
duction of hydrogen in pure culture or co-cultures.

Material and Methods
Samples

Samples were taken from batch reactors for hydrogen pro-
duction from sugarcane vinasse using granular sludge from
the vegetable oil industry effluent as inoculum, after differ-
ent heat treatments, from a previous study [19]. This granu-
lar sludge inoculum was chosen because it represents an
efficient anaerobic COD removal process. Samples of the
initial inoculum before pretreatments and the final fermen-
tation stage were taken and stored at 4 °C for subsequent
isolation in culture or were stored at — 20 °C for subsequent
DNA extraction. The assays were performed using undiluted
vinasse without adding nutrients or another carbon source.
The COD concentration of vinasse was 20.84 g/L and the
initial pH was set to 5, 6 or 7 according to Standard Methods
[20].

The identification of the microbial community producing
hydrogen from batch reactors is a complementary work to
the study by Magrini et al. [19] as shown in the flowchart in
Fig. 1. Samples were taken from each of the tests pretreat-
ment with better hydrogen yield (HY) (Figure S1, Table S1,
Supplementary material), specifically: Sample 1 (S1) taken
from the test with thermal pretreatment of the inoculum of
90 °C/ 10 min at pH 6 (4.75 mmol H, / g COD); Sample 2
(S2)—105 °C/ 120 min at pH 5 (4.50 mmol H, / g COD);
Sample 3 (S3)—121 °C /20 min at pH 6 (4.47 mmol H, /
g COD) [19].

Isolation and Identification of Microorganisms

The microorganisms from the samples of the final fermen-
tation stage of samples S1, S2 and S3 were isolated. For
the isolation of the strict anaerobic, serial dilutions (1:10)
were carried out in PYG culture medium g/ L (glucose 10,
meat extract 5, yeast extract 5, peptone 5) supplemented
with 13% agar (HiMedia) under anaerobic conditions. The
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Fig. 1 Flowchart of the experimental process. The orange figures are the tests that were carried out in this study as a complement to the previous

study by Magrini et al. [19] (figures in gray) (Color figure online)

isolation was performed with the Roll tube technique, as
described by Castell6 et al. [21]. Isolates were character-
ized according to the method described by Eder et al. [22],
using universal primers for the partial ribosomal 16S rRNA
gene: 16S-F 5’-CCTGGCTCAGGACGAACGCTGG-3’ and
16S-R 5’-CTGCGCTCGCTTTACGCCAAT-3’ [23]. The
sequences obtained were deposited in NCBI GenBank with
accession numbers MK027301; MK027302; MK027303.

High Throughput Sequencing of 16S and 18S rRNA
Genes

The total DNA of initial inoculum and the samples S1, S2
and S3 were extracted with the PowerSoil DNeasy Kit (QIA-
GEN) according to the manufacturer’s protocol.

The extracted DNA was amplified by PCR with the
primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and
806R (5’-GGACTACVSGGGTCTCAT-3’) that amplify
the V4 region of the 16S rRNA ribosomal gene [24]. For
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characterization of eukaryotes (including fungi), frag-
ments of the 18S ribosomal gene were amplified using
the primers Fw (5’-ATTAGGGTTCGATTCCGGAGAGG-
3’) and Rv (5’-CTGGAATTACCGCGGSTGCTG-3),
described by Nolte et al. [25]. The amplified fragments
were visualized on 1% agarose gel (Figure S2).

PCR products were submitted to high throughput DNA
sequencing on the Ion PGM System (Thermo Fisher)
following the manufacturer’s instructions. The libraries
construction was performed with the Ion Plus Fragment
Library kit for short amplicons (<350pb), from 100 ng
of the amplification product. For the quantification and
equalization of the libraries, the Ion Library Equalizer kit
was used according to the manufacturer’s instructions. An
adapter containing unique sequences (IonXpress Barcode
kit) was added to each sample so that these could be iden-
tified and sequenced in one sequencing. All procedures
were performed according to the manufacturer’s protocol.
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For the PCR reaction emulsion and enrichment steps, the
Hi-Q ion PGM View OT2 kit was used with the One Touch
System Ion 2. For sequencing, an Ion chip 316 was used
with the Ion PGM Hi-Q View Sequencing Kit according
to the manufacturer’s instructions. Fragments of the 16S
and 18S ribosomal genes generated by the sequencing were
submitted to quality control using the PRINSEQ program
[26]. The replicate sequences were identified, sorted and fil-
tered to exclude singletons using the USEARCH v8.0.1623
program [27]. The clusters of sequences were assembled
using UCLUST algorithm on 97% minimum identity. Chi-
meras were removed using the RDP reference database [28].
The taxonomic attribution was obtained using QIIME v1.9
at 97% of similarity with GreenGenes 13.8 database [29,
30] for 16S and 18S rRNA fragments, respectively. The
sequences were deposited at the National Center Biotech-
nology Information (NCBI) in BioProject PRINA471891.

Microscopy

Images by scanning electron microscopy were obtained in
equipment FEI Inspect F50 in secondary electron mode
(SE) available at Microscopy and Microanalysis Laboratory
Center (LabCEMM) PUCRS. Samples were fixed with 2.5%
glutaraldehyde, washed with 0.2 M phosphate buffer, post-
fixed with 2% osmium tetroxide, dehydrated with acetone
and HMDS, and then coated with Au—Pd sputtering.

Production of Hydrogen by Isolates

The microorganisms were initially grown and incubated on
an orbital shaker at 37 °C until the exponential phase. The
amount of inoculum used was based on the absorbance of
the cultures at 600 nm, adjusted to 1 O.D. (optical density).
The co-cultures were constructed with an equal number
of cells of each isolate microorganism according to Eder
et al. [22]. The assay was performed in 60 mL glass vials
containing 30 mL of vinasse undiluted at pH 6.0. The bot-
tles were kept under agitation (Ethik Technology) at 140
rpm at 37 °C and in the absence of light. To guarantee the
anaerobiosis conditions, nitrogen gas (N,) was injected for
10 min. All assays were performed in triplicate. The volume
of hydrogen was determined by applying the ideal gas equa-
tion (PV =nRT), where P is the local atmospheric pressure
(0.918 atm), V is the volume of H, (liters), n is the number
of moles of H,, R is the universal ideal gas constant (0.082
atm L/K.mol), and T is the temperature in the tests (K).

Chemical Analysis
The hydrogen concentration was measured by gas chroma-

tography (Dani Master — Automatic Sample AS Chroma-
tographer) equipped with a thermic conductivity detector

(TCD) and chromatographic column CarboxenTM 1006
PLOT Capillary Column (30 m x 0.53 mm). Ultra-pure
nitrogen gas was used as the carrier gas at 6 mL min~! flow.
The injector temperature was 100 °C, the detector tempera-
ture was 230 °C and the column temperature was 40 °C. For
the preparation of the calibration curve, volumes of 10, 25,
50, 100, 150, 200 and 250 pL of pure hydrogen gas were
injected.

Additional Statistical Analysis

Statistical analyses of Shannon and Simpson alpha diversity
(observed OTU abundances) and Chaol (species richness)
were performed using the Past3 software [31]. To evalu-
ate the connections between microbial community (8 most
abundant genera or OTU) and chemical parameters (sub-
strate consumption (% SC), COD removal (%), hydrogen
yield (HY), final pH and volatile fatty acids (mg/L), the
Canonical Correspondence Analysis (ACC) was also per-
formed with the Past3 software.

Results and Discussion
Bacterial Community Analysis

More than 55 000 16S ribosomal gene fragment sequences
were obtained for each sample analyzed. The analysis of
the microbial community showed a considerable variation
between the initial inoculum and samples after the thermal
treatments followed the fermentation (Fig. 2). In the initial
sample, a total of 25 phyla were identified, with a predomi-
nance of Proteobacteria (31.2%), Bacteroidetes (30.5%) and
15.7% of the operational taxonomic unit (OTU) Bacteria
ACI1. These results are similar to those found by Si et al.
[32], where it was observed a high microbial diversity in
this type of sample.

In the samples after fermentation, the predominance was
of the Firmicutes phylum with 90.6% (S1), 95.2% (S2) and
97.2% (S3). It was observed that with the increase in temper-
ature in the pretreatments, the predominance of Firmicutes
increased, decreasing the microbial diversity in these inocu-
lums (Fig. 2). The predominance of the phyla Firmicutes
was also observed by other authors in reactors of hydrogen
production. Etchebehere et al. [17] observed the prevalence
of this phylum in 25 of the 29 samples of different biore-
actors operated in Brazil, Chile, Mexico, and Uruguay. Si
et al. [32], comparing the hydrogen production of granular
inoculum in two types of reactors, found 99% of Firmicutes
in the UASB (upflow anaerobic reactor) and 91% in the PBR
reactor (fixed bed reactor).

In the initial inoculum, 13 genera and 11 OTUs were
identified, showing a considerable microbial diversity in the
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Fig.2 Taxonomic profile of
the microbial communities
classified at the phylum level
according to the analysis of

the 16S ribosomal gene of the
initial inoculum and in different
batch reactor tests: S1, S2 and
S3 (Color figure online)

Initial

crude granular inoculum (Fig. 3). By comparing the initial
inoculum and the samples (S1, S2 and S3), it is possible to
observe a variation of the microbial diversity before and
after the pretreatments. The microorganisms present at the
beginning of the fermentation (Fig. 3) are fundamental to the
process since some genera such as Syntrophomonas, Bacil-
lus, Mycoplana and Chryseobacterium act in the hydrolysis
process of the organic matter transforming it into simpler
compounds for bacterial assimilation [33-35].

In the samples S1, S2 and S3, there is a reduction of
microbial diversity and a high predominance of the genus
Clostridium and an OTU belonging to Clostridiaceae family,
with relative abundances comprising 90% for each pretreat-
ment (Fig. 3). It indicates that the three thermal pretreat-
ments favor hydrogen-producing spore-forming microorgan-
isms. Clostridium is a bacterium described as a producer
of hydrogen due to its high growth rate, high yields in the
process and the capacity to use several carbon sources as a
substrate [36]. Different Clostridium species have already
been used in fermentative trials for the production of hydro-
gen, such as Clostridium beijerinckii, Clostridium butyrene,
Clostridium tyrobutyricum, Clostridium acetobutylicum and
Clostridium saccharoperbutylacetonicum [37].

However, some Clostridium species also act as homoace-
togenic bacteria, consume hydrogen to produce acetic acid
[7], or even produce lactate and propionate by lowering
hydrogen yield [38]. A significant abundance of the genus
Clostridium was detected in the higher hydrogen pro-
duction (S1) assay (Fig. S1), but the 16S ribosomal gene
sequences obtained in the high-performance sequencing are
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about 250-300 nucleotides, which did not allow to classify
sequences at the species level (Fig. 3).

In S3, the greatest abundance of the genus Staphylococ-
cus (7.9%) (Fig. 3 and Table 1) was obtained, which besides
acting on the oxygen consumption, also produces extracel-
lular polymeric substances (EPS), which act to form the
structures [39] playing a vital role in the integrity of the
granules. Possibly the high temperature and the pressure of
this pretreatment favored the aggregation of Staphylococcus
species and consequently the production of EPS, which con-
ferred resistance and stability of the granules in this assay.

Other genera such as Bacillus, Syntrophomonas, Geobac-
ter, Syntrophus, Sulfurimonas were also detected mainly in
S1 and the initial inoculum (Fig. 3 and Table 1) and uniden-
tified in S2 and S3. These genera have an essential role in
the microbial consortium, either in the substrate hydrolysis
or the degradation of volatile fatty acids or even in the case
of Sulfurimonas, they act in the sulfur oxidation in sulfate
[33, 34, 40].

In addition to the microorganisms mentioned above, other
genera were also found in relative abundance smaller than
1% of the total sequences for S1, S2, and S3, but higher in
the initial inoculum (Table 1). Stenotrophomonas from the
Proteobacteria phylum, act in the process of acetogenesis
[41]. Arcobacter, Mycoplana, Chryseobacterium, and Fla-
vobacterium assist in substrate hydrolysis, degradation of
amino acids and complex organic compound [35, 42-44] are
strict halotolerant and thiosulfate-reducing anaerobes [45].
However, Fusibacter genus is a strict anaerobe halotolerant
and, reduces thiosulfate [45].
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Fig.3 Relative abundance pro-
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files of the predominant genera
of the microbial communities
classified according to the
analysis of the 16S ribosomal
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in different tests: S1, S2 and S3
(Color figure online)
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To measure the microbial diversity, the Shannon (H’),
Simpson (D) and Chao 1 indices were applied, indicating
similar diversity (71) for the microorganisms from the S2
and S3 samples, with a decrease in diversity in relation to
S1 (100) and compared to the initial inoculum (Table 2).
The canonical correspondence analysis (CCA) (Fig. 4)
shows that there is a correlation between hydrogen produc-
tion (S1) with the order Bacteroidales and SHA-114 OTUs.
The hydrogen production (S1) was also correlated with the
high initial acetic acid concentration (400 mg/L) (Figure
S4, Supplementary material) and abundances of Geobacter.
Currently, this genus has been widely described in anaerobic
digestion of waste due to its ability to transfer extracellular
electrons [46]. About 40% of the Geobacteraceae family
can use hydrogen as an electron donor [47]. Further, Geo-
bacter is capable of oxidizing acetate, which might explain
the decrease of acetic acid during the assays S1 (400 to 80
mg/L). This genus is efficient in generating electric current
and producing bioelectrochemical hydrogen through micro-
bial electrolysis cells (MECs), improving hydrogen yield
(HY) [48], which may be promising in the future work to
improve efficiency in the production of hydrogen from sug-
arcane vinasse.

T
%\

] ]
v &

The fermentation process in S3 is related to the great
abundance of Staphylococcus, which act in the production
of EPS favoring the anaerobic environment due to the main-
tenance of the granule and, may also be involved in the pro-
duction of hydrogen, as described in previous works [23].
S3 is also related to the presence of isovaleric acid that can
be oxidized to form hydrogen, acetic acid, and propionic
acid, which demonstrated a higher amount in this pretreat-
ment while S2 is correlated to the production of valeric and
isobutyric acids (Fig. S4), Clostridium and a OTU belonging
to the Clostridiaceae family are related to the three assays.

Identification of Microorganisms and Hydrogen
Production by the Isolates

Six strains of strictly anaerobic microorganisms from the
assay S1, four strains from the S2 and S3 assays were iso-
lated. Out of these isolates, three species were identified:
Clostridium bifermentans isolated from S1, C. saccharoper-
butylacetonicum isolated from S1, S2 and S3 samples and C.
saccharobutylicum from S2 and S3 (Table 3). Only Clostrid-
ium species were isolated due to the Roll tube method used
[49] to be exclusive for the selection of strict spore-forming
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Table 1 OTUs detected in different batch reactor tests

Phylum Class Order Family Genus Function in fermenta-  References
tion

Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Acidogenesis [17]

Bacteroidetes Bacteroidia Bacteroidales _ _ Hydrolysis / acidogen-  [31]
esis

ACl1 SHA-114 _ _ _ Unknown function -

Firmicutes Clostridia Clostridiales Syntrophomonadaceae Syntrophomonas  Hydrolysis/propionate  [32]
and butyrate degrada-
tion

Firmicutes Bacilli Bacillales Bacillaceae Bacillus Hydrolysis [33]

Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus Formation of extra- [38]
cellular polymeric
substance (EPS)

Proteobacteria Deltaproteobacteria ~ Syntrophobacterales Syntrophorhabdaceae — Oxidation of short- [13]
chain fatty acids

Proteobacteria Deltaproteobacteria ~ Syntrophobacterales Syntrophaceae _ Acetogenesis [31]

Proteobacteria Deltaproteobacteria Desulfuromonadales Geobacteraceae Geobacter Acetate oxidation [47]

Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas Acetogenesis [40]

Proteobacteria Deltaproteobacteria ~ Syntrophobacterales Syntrophaceae Syntrophus Propionate and butyrate [31]
reducer

FCPU426 _ _ _ _ Unknown function —

Proteobacteria Epsilonproteobacteria Campylobacterales =~ Campylobacteraceae  Arcobacter Acidogenesis / deg- [41]
radation of organic
compounds

Proteobacteria Epsilonproteobacteria Campylobacterales  Helicobacteraceae Sulfurimonas Sulfur oxidation [39]

Proteobacteria Alphaproteobacteria ~ Caulobacterales Caulobacteraceae Mycoplana Degradation of aro- [42]
matic compounds

Bacteroidetes  Flavobacteriia Flavobacteriales Weeksellaceae Chryseobacterium Hydrolysis [34]

Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Flavobacterium Degradation of [43]
complex organic
compound

Firmicutes Clostridia Clostridiales Acidaminobacteraceae Fusibacter Thiosulfate reducers [44]
and halotolerants

Hyd24-12 _ _ _ Unknown function -

Table 2 Microbial diversity indexes (Chao 1, Shannon and Simpson)
of the initial inoculum and in different batch reactor tests

Assays Alpha diversity index
Chao 1 Shannon (H”) Simpson (S)
Initial 128 3.143 0.8983
S1 100 1.192 0.5889
S2 71 1.003 0.5485
S3 71 1.099 0.5864

anaerobic microorganisms and possibly the cultivation and
anaerobiosis conditions favored the selection of these spe-
cies. It was not possible to isolate other anaerobic species
present in these samples (Fig. 3).

The species of C. bifermentans and C. saccharoperbuty-
lacetonicum are already reported as producers of biohydro-
gen [50-52]. C. saccharobutylicum is cited in the literature
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as a producer of butanol and 1,3-propanediol [53, 54].
Clostridium species are very versatile because they can uti-
lize a variety of carbohydrate sources, including cellulosic,
hemicellulosic and starch materials [55, 56].

To test the interaction between these microorganisms,
they were evaluated for the production of hydrogen alone
and associated with co-cultures. Table 3 shows the H,
production results of selected isolates. C. bifermentans
alone was the best producer of hydrogen in vinasse (435
mL H,). When associated with co-culture C. bifermentans
and C. saccharoperbutylacetonicum, hydrogen production
increased by 18% (530 mL H,). It corroborated with other
studies describing the potential of C. bifermentans in the
production of hydrogen from vinasse [57], glucose [58] or
wastewater sludge [59]. The other Clostridium species had
a low hydrogen production, with no statistically significant
differences in both, alone and in co-cultures, using vinasse
as substrate (Table 3).
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Fig.4 Canonical correlation
analysis (CCA) associating the
most abundant bacterial genera
(or respective OTUs) and
chemical parameters in different
tests in batch reactors (Color
figure online)
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Table 3 Hydrogen production and identification of the microorganisms isolated in the different samples

Sample Similarity N° de access Microorganism H, production (mL)
S1 98% NR 113,323.1 Clostridium bifermentans 435+5""
S1/S2/S3 98% NR 102,516.1 C. saccharoperbutylacetonicum 172 +£10¢
S2/S3 100% NR 122,061.1 C. saccharobutylicum 161 +15°¢
Co-culture - - C. saccharoperbutylacetonicum + C.bifermentans 530+ 8*

- - C. saccharoperbutylacetonicum+ C. saccharobutylicum 35+14

- - Clostridium bifermentans + C. saccharobutylicum 43+34

- - C. bifermentans + C. saccharobutylicum+ C.saccharoperbu- 67 + 569

tylacetonicum

*The values presented are mean of triplicate, the standard deviation of the triplicates is also shown

Mean followed by the same letter do not differ significantly using Tukey’s test, P <0.05

However, the hydrogen production by isolates obtained
(Table 3) was smaller than that of microbial consortia
(Table S1). The bioassay S1 obtained a hydrogen produc-
tion 48% higher (821 mLH,) than the isolate C. bifermen-
tans (435 mL H,) and 35% higher than the co-culture C.
bifermentans and C. saccharoperbutylacetonicum (530
mL H,). A similar result was also observed with the fac-
ultative anaerobic microorganisms Enterobacter muelleri,
Enterobacter tabaci and Bacillus subtilis with a hydrogen
production lower than the microbial consortium [19]. These
results show that even though the consortium is dominated
by Clostridium species (Fig. 3), microbial diversity and
interaction with other facultative anaerobic microorganisms
play a vital role in hydrogen production.

Obtaining isolated microorganisms is very important,
as they can be used to study the causes of the instability
of hydrogen production and the physiological capacity of
microorganisms alone for certain substrates or residues.

[4]. Isolates can be used for artificial construction or bio-
augmentation of microbial consortia to increase hydrogen
production and produce compounds of biotechnological
interest in fermentation processes.

Analysis of the Fungal Community

Both the sludge and vinasse used in reactors for hydrogen
production are environmental samples with complex micro-
biota, so in addition to the bacterial community described
above, the fungal community was also evaluated in the
fermentation trials. The fungi were evaluated in the initial
inoculum and S1 sample, assay with higher hydrogen yield
(4.75 mmol H, / g COD) (Table 4). The unicellular fungus
Candida was found in great abundance in the initial inocu-
lum (24%) and increased 50% to the fermentation process
(47%). Possibly the considerable increase of Candida can
be due to the composition of the vinasse used as a substrate,
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Table 4 Percentage of OTUs of predominant fungi detected in the initial inoculum and S1 assay

Phylum Subphylum Class Subclass Order Family Genus Relative abun-
dance (%)
Initial Final
Ascomycota  Pezizomycotina  — - - - - 74 4.6
Ascomycota  Pezizomycotina ~ Dothideomycetes — - - - 69 19
Ascomycota  Pezizomycotina  Eurotiomycetes  Eurotiomycetidae 4.7 3.1
Ascomycota  Pezizomycotina ~ Eurotiomycetes  Eurotiomycetidae Eurotiales Trichocomaceae Aspergillus 4.5 4.0
Ascomycota  Saccharomyco- Saccharomycetes — Saccharomyc- Candida 24.6 472
tina etales
Basal_fungi Mucoromycotina — - - - - 04 15
Basal_fungi Mucoromycotina Mucor 03 1.2
Basidiomycota Agaricomycotina Agaricomycetes — - - - 47 52
Ascomycota  Saccharomyco- Saccharomycetes Saccharomyc- Incertae_Sedis  Yarrowia 04 0.3
tina etales

which favored the growth of this microorganism, being a
product of the sugar and alcohol industry. However, the pres-
ence of Candida in the microbial community may be an
inhibiting factor in the production of biohydrogen during
acidogenesis due to the production of antimicrobial com-
pounds (usually proteins or low molecular weight glyco-
proteins < 20 kDa) [60]. In future works, efficient methods
of pretreatment in the control of the yeast population in the
tests of hydrogen production can be evaluated.

In the sample after fermentation (S1), they were also
found in significant proportions class Agaricomycetes (5.2%)
and Pezizomycotina subphylum (4.6%), which are common
fungi in activated sludge [61]. They play an essential role
in the fermentation process since they synthesize enzymes
that digest polysaccharides [62], aiding the hydrolysis of the
substrate, facilitating the absorption of hydrolytic bacteria
into hydrogen and volatile fatty acids.

The filamentous fungus Aspergillus remained constant
from start to end of fermentation (~4%). Some species of
Aspergillus are sources of enzymes such as pectinases, pro-
teases, and amyloglucosidases, which may aid in the hydrol-
ysis process, forming a hydrolyzate rich in nutrients and
facilitating the production of hydrogen [63].

There was an increase in the abundance of subphylum
Mucoromycotina in the final sample (Table 4). This group of
filamentous fungi participates in biodegradation under aero-
bic and anaerobic conditions and has carbohydrase activity,
facilitating the biodegradation of complex compounds [64,
65] and are capable of growing on substrates such as vinasse
[66].

The presence of fungi in the fermentation process is due
to the fact that they are more resistant than bacteria, due to
their persistence characteristics in environments with a large
amount of organic matter [61]. However, Hernandez et al.
[67] noted that the loss of greater diversity was to fungi than
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to bacteria after heat treatment of the inoculum (105 °C for
24 h) and, bacterial communities recover more readily than
fungal communities.

Some works suggest the bio-augmentation of activated
sludge with fungi capable of degrading pollutants, mainly
phenols or fungi specialized in degrading lignocellulosic
substrates, capable of converting polysaccharides into sim-
ple sugars that can be subsequently fermented, improving
the efficiency for subsequent hydrogen production [61, 68].
This hydrolysis process requires the synergistic action of
pools of enzymes that in many cases, only mixed cultures
composed of fungi and bacteria can produce [67].

Microbial Morphology in the Different Assays

In the scanning electron microscopy (SEM) images of the
initial inoculum (a) before the pretreatments, an agglomerate
of several microorganisms forming the granular structure of
the sludge is observed at a resolution of 10 000 X (Fig. 5a).

The samples after the thermal treatments S1 (Fig. 5b) and
S2 (Fig. 5c) were very similar morphologically, with the
predominance of bacilli-like structures, possibly bacteria of
the genus Clostridium, which was found in high abundance
in the sequencing analysis. While in the S3 sample (Fig. 5d),
the inoculum presents itself with a higher amount of bacilli
and cocci, possibly Staphylococcus, that produce EPS and
for this reason, the inoculum is more compacted than in the
other pre-treatments.

In this study, the S1 sample which had the best perfor-
mance in hydrogen production, indicating that under these
conditions the strict anaerobic microorganisms (Clostrid-
ium) responsible for the efficiency of hydrogen production
were favored, as well as the facultative anaerobic microor-
ganisms (bacteria and fungi), which are extremely important
in the maintenance of anaerobic and substrate hydrolysis.
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Fig.5 MEV images of the
initial inoculum 10 000X (a),
S120 000X (b), S2 20 000X (c)
and S3 20 000X (d)

det HV mag o spC
ETD 20.00 kV 20 000 x 4.

Not only composition and microbial diversity are impor-
tant, but also the abundance and interaction between the
different microorganisms that drive the process. Also, we
observed that Clostridium alone or associated with other
species of this genus (Table 3) do not present the same per-
formance as when related to other facultative microorgan-
isms as observed in the microbial consortium [19], which
indicates once again that the interaction with other microor-
ganisms is fundamental for the fermentation success.

The production of hydrogen via microbial consortium is
already described as a complex process, and this is increased
when associated with agro-industrial residues, such as sugar-
cane vinasse. Besides the bacterial diversity of the inoculum
and the substrate, we have the presence of fungi, which are
also part of this microecosystems and play a key role in
microbial ecology, assisting in the process of degradation
and hydrolysis of vinasse used as substrate.

Conclusion

The thermal pretreatments and the initial pH values of the
samples showed an influence on the composition of the
microbial community and consequently on the fermentative
metabolism of the reactors.

H

det HV  mag
ETD 20.00 kV/ 20 Ot

det HV mag spot v‘.’LT
ETD 20.00 kV 20 000 x 4.0 9.5 mm

With the increase in temperature of the pretreatments,
there was also an increase in the predominance of the Fir-
micutes phyla, with 90.6% (S1), 95.2% (S2) and 97.2% (S3)
and consequently decreased microbial diversity.

In S1 sample, where there was a higher production of
hydrogen, there was a great abundance of the genus Clostrid-
ium and the presence of Bacillus, Syntrophomonas, Geobac-
ter, Arcobacter, Stenotrophomonas, besides the correlation
with Bacteroidales. In addition to the fungi Agaricomycetes,
Pezizomycotina, and Aspergillus described as necessary in
the hydrolytic process of vinasse.

Clostridium bifermentans alone and the combination of
the co-cultures C. bifermentans and C. saccharoperbutylace-
tonicum performed well in the production of hydrogen (435
and 529 mL, respectively), but a poor performance com-
pared to assays with consortia microbial (821 mL H,). These
results show that microbial diversity and the interaction with
microorganisms (prokaryotes and eukaryotes) play a crucial
role in the production of hydrogen.

The results obtained in this work show the influence of
the pretreatments of inocula on the microbiota diversity in
the vinasse bioconversion for the production of hydrogen.
These results provide new insights to understand how differ-
ent pretreatments can affect the functionality and interaction
between the different organisms present in an ecosystem.
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