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Abstract
The genera Dysgonomonas, Coprococcus, Sporomusa, Bacteroides, Sedimentibacter, Pseudo-
monas, Ruminococcus, and Clostridium predominate in compost residue, and vadimCA02,
Anaerobaculum, Tatlockia, Caloramator, and Syntrophus prevail in soil used as inoculum in
batch rectors. This mixed consortium was used as inoculum for biogas production using different
concentrations of sugarcane bagasse (SCB) (from 1.58 to 4.42 g/L) and yeast extract (YE) (from
0.58 to 3.42 g/L) according to a composite central design. The maximum ethanol production
(20.11 mg L−1) was observed using 2.0 and 3.0 g L−1 of YE and SCB, respectively (C6).
Likewise, the highest hydrogen production (0.60 mmol L−1) was observed using 3.0 and 4.0 g
L−1 of YE and SCB, respectively (C1). Methane was also observed, reaching the maximum
production (1.44 mmol L−1) using 1.0 and 4.0 g L−1 of YE and SCB, respectively (C2). The
archaeal similarity between these conditions was above 90%; however, the richness and diversity
were higher in the C2 (12 and 2.42, respectively) than in C1 (5 and 1.43, respectively) and C6 (11
and 2.29, respectively). Equally, the bacterial similarity between C1 and C6 was 60% while
richness of 24 and 17 and diversity of 3.13 and 2.81 were observed in C1 and C6, respectively.

Keywords Compost residue . Hydrothermal pretreatment . Lignocellulosic biomass . Response
surface methodology. Soil

Introduction

Sugarcane bagasse (SCB) waste is among the most produced residues in the Brazilian sugar
and alcohol industry. The inappropriate disposal of this waste can lead to environmental
problems, especially as burning is currently the main form of SCB disposal to generate
electricity [1].
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SCB is composed of approximately 50% cellulose [2], which is formed of high tensile
strength crystalline cellulose with intervening amorphous regions grouped into bundles of
microfibrils inserted in an amorphous matrix of hemicellulose and tightly bound to the lignin.
Small amounts of pectin, extractives, and ashes are also included in the SCB composition [3].
The interaction between these components makes this biomass highly resistant and recalci-
trant; therefore, the hydrolysis often becomes the rate-limiting step for its bioconversion [4].
Due to its recalcitrance, the SCB used as substrate in fermentative process requires a microbial
consortium composed of cellulolytic, acidogenic, acetogenic bacteria and methanogenic
archaea for its efficient bioconversion into high-quality biofuel.

The hydrolysis of lignocellulosic biomass has been related to different bacteria, such as
Clostridium, Cellulomonas, Bacillus, Thermomonospora, Ruminococcus, Baceriodes,
Acetovibrio, and Microbispora genera. While the acidogenesis is commonly performed by
bacteria from the genera Lactobacillus, Streptococcus, Bacillus, and Escherichia, and the
acetogenesis is associated to the genera Acetobacterium, Syntrophomonas, Clostridium,
Sporomusa, Syntrophospora, Thermosyntropha, and Eubacterium. Lastly, the genera
Methanococcus, Methanosarcina, and Methanolobus are responsible for the final step of the
anaerobic digestion [5]. Therefore, soil and compost residue are potential sources to find a
microbial community able to perform the complete anaerobic digestion of lignocellulosic
biomass.

In many studies, compost residue and soil are used as an inoculum for biogas
production [6–9]. Due to the biochemical diversity of microorganisms on soil and
composting residue, they have application on biotechnology industry such as food and
fermentation and cellulose industry [10]. Compostable domestic waste comprises,
together with vegetable compounds, varying amounts of other residues such as papers
and boards [11]. Therefore, this is a high cellulolytic-active system consisting of
cellulose-producing bacteria such as Bacillus and Pseudomonas, which have great
potential for bioconversion of lignocellulosic materials [10] and consequently hold
exceptional interest in large-scale biotechnological process [12], justifying its applica-
tion in anaerobic digestion process for sugarcane bagasse bioconversion.

However, the rigid structure of the SCB makes it very difficult to be converted into
bioenergy, once most biofuel-producing microorganisms can utilize only simple sugars, such
as glucose to grow and produce metabolites. Thus, SCB and related lignocellulosic biomass
utilization is not a trivial process and requires pretreatments and/or enzymatic hydrolysis to
release sugar monomers for fermentation.

The hydrothermal pretreatment can disrupt the recalcitrant structures, allowing an increase of
the contact surface area and improving the accessibility for enzyme attack in the hydrolysis step
[13]. Additionally, many parameters can affect the enzymatic hydrolysis of SCB and its biocon-
version into biofuels. Thus, the application of SCB in a biological process requires optimized
conditions to favor the activity of the ethanol-producing and hydrogen-producing bacteria.

Central composite design (CCD) is an experimental design widely used for response
surface methodology (RSM) to estimate the effect of independent variable in a response
[14] such as hydrogen [15], ethanol [16], and organic acids [17]. The polynomial model,
obtained from the experimental design, can be used to describe the effect of independent
variables on the response and to optimize the generation of biotechnological products [14]

The availability of nitrogen to microbial metabolisms is an important factor related to
growth and consequently degradation of recalcitrant compounds [18]. Thus, the supplemen-
tation of culture medium with nitrogen source, such as yeast extract, is fundamental to
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stimulate the microbial growth during fermentation. Many studies used yeast extract as
nutritional supplementation to microbial growth [15, 19–21]. According to Kalil and co-
workers [22], the availability and concentration of nitrogen in the culture medium are
important factors related to bacterial growth and consequently biofuel production. So, nitrogen
supplementation is required by different bacteria, mainly during the fermentation of complex
substrate as sugarcane bagasse. Soares and co-workers [15] evaluated the same yeast extract
concentration range used in this study (from 0.58 to 3.42 g L−1) and sugarcane bagasse as
substrate in thermophilic condition using an anaerobic consortium obtained from an upflow
anaerobic sludge blanket (UASB) reactor treating vinasse and reported significant effect of this
factor on hydrogen production, justifying its application in biological process for the conver-
sion of SCB into value-added chemicals.

The substrate concentration is another important parameter that affects microbial growth
and consequently the metabolite production from lignocellulosic biomass [23]. Rabelo and co-
workers [17] evaluated the SCB concentration on hydrogen and organic acid production using
a CCD, and reported 7.0 g SCB L−1 as optimum substrate concentration for hydrogen
production. These authors, as they also reported that the increase in substrate concentration
from 0.8 to 5.0 g SCB L−1 increased the succinic and butyric acid production [17], reinforce
the importance to exploit different range of substrate concentration for bioconversion of
lignocellulosic biomass into hydrogen through microbial routes.

Therefore, the aim of this study was to find optimum conditions of yeast extract and
substrate concentration to maximize ethanol and hydrogen productions using a microbial
consortium from soil and compost residue.

Material and Methods

Microorganisms and Culture Conditions

The consortium employed in this study was obtained from a mixed culture from soil and
composting residue. Composting waste and soil were collected at the University of São Paulo
in São Carlos, Brazil. For this, 100 g of each residue was sieved (2-mm mesh) and then added
in Erlenmeyer containing 900 mL of dissociation solution (0.1% sodium pyrophosphate and
0.1% Tween 80), 50 g of glass beads (5 mm), and maintained under stirring for 20 min at room
temperature. The liquid fraction corresponded to the inoculum. Each inoculum (composting
waste and soil) was acclimated separately for 48 h in 300 mL of cellulose anaerobe medium
[24] plus 1 g L−1 yeast extract and 1 g L−1 carboxymethyl cellulose Sigma-Aldrich® (St.
Louis, USA). Finally, both inoculums were mixed in a single reactor, which became the MIX
inoculum (2.55 g L−1 of volatile solids).

SCB Pretreatment

The SCB was obtained from São Martinho sugar mill (Pradópolis, SP, Brazil). The SCB
was air-dried until constant weight and subsequently pretreated using a hydrothermal
system of 100-mL capacity at 200 °C for 10 min at 16 bar [15] and severity of 3.94.
The solid phase was separated from the liquid phase by vacuum filtration; the SCB fiber
was air-dried until constant weight and stored at room temperature. The solid fraction was
used as substrate in batch reactors.
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Central Composite Design

Two independent variables, namely yeast extract concentration (X1) and SCB concentra-
tion (X2), were studied at five levels (+ 1; − 1; 0; + 1.42; − 1.42) with three repetitions at
the central point (CP) and two replicates at axial and factorial points. Based on literature
values [15], the variable ranges (central point) of yeast extract concentration and SCB
concentration were determined to be 2.0 g L−1 and 3.0 g L−1, respectively (Table 1),
resulting in a total of 11 conditions.

Batch Reactors

The experiments were performed in triplicate in a 1-L batch reactor with 500-mL
working volume consisting of culture medium [24] with pH adjusted to 6.0 [17],
inoculum (10% v/v−1) and the substrate. The reactors were supplemented with yeast
extract according to the factorial experimental design (Table 1), submitted to N2

(100%) for 10 min, sealed with a butyl rubber stopper and plastic seal, and then
incubated at mesophilic condition (37 °C) for 400 h.

Analytical Methods

The ethanol and organic acids were analyzed by high-performance liquid chromatog-
raphy (HPLC) equipped with a UV diode array detector (SPD-M10 AVP), a refraction
index detector (RID-10A), a CTO-20A oven, an LC-10 ADVP Pump, an SCL 10
AVP control, and an Aminex HPX-87H column (300 mm × 7.8 mm) (BioRad). The
mobile phase consisted of H2SO4 (0.01 N) at 0.5 mL min−1 flow rate [25]. The
hydrogen and methane contents in the biogas were determined by gas chromatography
using a GC 2010 Shimadzu system equipped with a thermal conductivity detector
(TCD) and a Carboxen 1010 PLOT column (30 m × 0.53 mm) according to Ratti and
co-workers [26].

Table 1 Composite central design of factors (in decoded levels) for hydrogen and ethanol productions

X1 X2 Ethanol (mg L−1) Hydrogen (mmol L−1)

Experimental value Predicted value Experimental value Predicted value

C1 3.00 4.00 12.25 14.21 0.60 0.59
C2 1.00 4.00 8.32 9.14 0.31 0.29
C3 3.00 2.00 11.32 11.23 0.38 0.40
C4 1.00 2.00 17.01 15.79 0.31 0.32
C5 2.00 3.00 17.37 18.49 0.46 0.47
C6 2.00 3.00 20.11 18.49 0.50 0.47
C7 2.00 3.00 18.00 18.49 0.45 0.47
C8 3.42 3.00 13.07 11.91 0.58 0.57
C9 0.58 3.00 11.11 11.52 0.28 0.29
C10 2.00 4.42 13.87 12.06 0.41 0.43
C11 2.00 1.58 13.57 14.66 0.34 0.31

X1, yeast extract concentration (g L−1 ); X2, sugarcane bagasse concentration (g L−1 )
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Kinetic Analysis

The hydrogen experimental data was adjusted to the average values obtained from triplicates
using the software package Statistica® 8.0. The data of the accumulated hydrogen production
was adjusted using the Gompertz equation, modified by Zwietering and co-workers [27] (Eq. 1).

H ¼ P � exp −exp
Rm � e

P
λ−t

�
þ 1

�� �� �
ð1Þ

where P—potential production of H2 (mmol L−1), Rm—production rate of H2 (mmol L h−1), t—
time of incubation (h), e—Euler number (2.71828), and λ—start time of H2 production (h).

PCR-DGGE Analysis

For DNA extraction, cell lysis was carried out using acid-washed glass beads (Sigma®),
followed by washing consecutively with phenol and chloroform according to Griffiths and
co-workers [28]. The polymerase chain reaction (PCR) of 16S rRNA gene of Archaea and
Bacteria was performed using the primers 1100 FGC and 1400R [29] and 968 FGC and 1401 R
[30], respectively. The DGGE was performed according to Muyzer and co-workers [31], using
the 45 and 65% denaturing gradients (100% denaturing gradient = 7 M urea and 4% v/v
deionized formamide). Pearson’s similarity coefficient was calculated using Bionumerics®
software version 3.5. The Shannon-Winer diversity and Chao-1 richness index have been
computed based on the height of the densitometric curve peaks using the Past Software.

Sequencing

The sequencing of 16S rRNA gene fragments of V3 and V4 regions of microbial communities
from the soil and composting was performed in platform MiSeq-Illumina, 2 × 250 cycles, with
the set primer 341F (5′-CCTACGGGNGGCWGCAG-3) and 785 R (5′-GAC TACHVGGG
TAT CTA ATC C-3′) [32]. The bioinformatic analyses were performed with the SeqyClean
software (http://bitbucket.org/izhba nnikov/seqyclean) using cutoff platforms lower than 24
QScore. The database used was Univec (http://www.ncbi.nlm.nih.gov/VecSc reen/UniVe c.
html). Database RDP was employed for the metagenomic analysis [33]. The pipeline used was
the QIIME platform v1.9 [34] in three steps: (1) concatenation of paired-end reads; (2)
filtering, search, and identification of OTUs; (3) rarefaction analysis, alpha diversity. The
diversity (Shannon index) was performed using the Past Software program. The raw reads
were uploaded in Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra)
under the BioProject PRJNA338740 with the accession number from SRS1629920.

Results and Discussion

Composting Microbial Consortium

The composting microbial consortium was composed mainly of the Porphyromonadaceae
(35.6%), Ruminococcaceae (10.55%), Lachnospiraceae (7.3%), Veillonellaceae (6.49%),
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Clostridiaceae (2.41%), Bacteroidaceae (1.53%), Tissierellaceae (1.38%), and
Pseudomonadaceae (1.20%) families (Fig. 1).

Anaerobic indigenous bacteria from the human and animal gastrointestinal tracts are
included in the Porphyromonadaceae family. The major end products are acetic acid, butyric
acid, isobutyric acid, isovaleric acid, lactic acid, propionic acid, phenylacetic acid, and succinic
acid [35]. In the Ruminococcaceae family, all species are obligate anaerobes which use
carbohydrates like fructose, glucose, and starch as carbon and energy sources. The bacteria
belonging to the family Clostridiaceae are generally obligate anaerobic, endospore-forming,
hydrogen, and organic acids. This family includes homoacetogenic genera which produce
acetic acids through Wood–Ljungdahl pathway [36].

All species from the Lachnospiraceae family are anaerobes which include acetogenic and
fermentative metabolisms [36]. Members of the Veillonellaceae family are gram-stain-negative
and obligate anaerobes, whose main end products are acetic and propionic acids, H2, and CO2.
Anaerobic and saccharolytic bacteria are included in the Bacteroidaceae family, which pro-
duces succinic, acetic, isobutyric, isovalérico, and lactic acids and ethanol, H2, and CO2 from
glucose. The Pseudomonadaceae family is composed of aerobic bacteria with oxygen as the
terminal electron acceptor; however, in some cases, nitrate can be used as an alternative
electron acceptor, allowing the anaerobic growth [36]. The Tissierellaceae family is related
to biogas production and participates in the anaerobic bioconversion of complex carbohydrate,
protein, and peptides into volatile fatty acids [37]. Due to the origin of this consortium
(composting residue) and the presence of many organic acids as end fermentation products,
these anaerobic bacteria probably played a key role in the bioconversion of sugarcane bagasse.
Only few genera were identified in relative abundance of more than 1% (Dysgonomonas,
Coprococcus, Sporousa, Bacteroides, Sedimentibacter, Pseudomonas, Ruminococcus, and
Clostridium) (Fig. 2).

The genera Sporomusa (4.06%) and Sedimentibacter (1.37%) can be favored in the culture
condition once both require yeast extract as a nutrient and amino acid source [38, 39]. The
genus Clostridium (1.0%) is widely reported to be related to hydrogen production from

Fig. 1 Microbial composition of the composting consortium. The genetic analysis was based on the V4 region of
the 16S rDNA gene, and classification is presented at family level
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lignocellulosic biomass in anaerobic system [20, 21, 40] and able to develop many metabolic
pathways, such as fermentative, acidogenic, homoacetogenic, and solventogenic [41].

Dysgonomonas spp., the more prevalent genus in the composting residue consortium, is a
facultative anaerobe bacteria with saccharolytic activity and able to produce acids but no gas
[42]. The elevated occurrence of this genus justifies the organic acid production in this study.

The Pseudomonas genus comprehend a strictly aerobic bacterial group found in the soil
samples; however, some species are able to use nitrogen oxides as electron acceptor allowing
its growth under anaerobic condition [43]. The genera Coprococcus and Ruminococcus are
obligate chemoorganotrophic anaerobes able to ferment cellobiose to produce mainly butyric,
acetic formic, and propionic acids [44]. In the same way, the genus Bacteroides includes
strictly anaerobic and cellulolytic species able to grow on a variety of carbohydrates to produce
acetic, propionic, and succinic acids [45], which were produced in this study.

Soil Microbial Consortium

The soil microbial consortium was composed mainly of the BS11 (52.11%), F16 (10.48%),
Synergistaceae (7.07%), Ruminococcaceae (4.61%), Syntrophaceae (2.35%), and
Clostridiaceae (1.06%) (Fig. 3). The BS11 represents uncultivated gut groups from the
Bacteroidetes family which has potential and express key genes for the carbon transformations
in the rumen [46].

The F16 family belongs to the TM17 phyla and is constituted by symbiotic ruminal
bacterial populations [47–49]. The family Synergistaceae has been related to the potential
involvement in amino acid fermentation in the termite gut [50, 51]. Strictly anaerobic bacteria
belonging to the family Syntrophaceae have either the respiratory or fermentative-type
metabolism and are H2/formate-utilizing partners in syntrophic associations [52].

Despite the elevated number of family identified in the soil consortium, only the
vadimCA02 genus was observed in relative abundance of more than 1% (7.07%). This genus
includes uncultured bacteria widely found in mesophilic reactors [53]. However, the genera

Fig. 2 Microbial composition of the composting residue consortium at genera level
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Anaerobaculum, Tatlockia, Caloramator, and Syntrophus were found in low relative abun-
dance (0.91, 0.85, 0.71, and 0.70%, respectively) (Fig. 4).

Syntrophic relation can be established between hydrogen/formate-using microorganisms
and bacteria belonging to the genus Syntrophus, which is able to syntrophically oxidize
aromatic compounds [54]. The genus Tatlockia was proposed as a division of the family
Legionellaceae [55] but other investigators have not reinforced the proposal and recommended
that a single genus called Legionella be maintained [56]. The genus Anaerobaculum can
ferment organic acids, few carbohydrates, and amino acids to produce hydrogen, and it is
commonly found in biogas reactors in association with methanogenic archaea [57]. In the same
way, Caloramator was reported in anaerobic batch reactors fed with glucose and xylose and
was able to convert C6 sugars into H2, CO2, ethanol, and acetic and formic acids, highlighting

Fig. 3 Microbial composition of the soil consortium. The genetic analysis was based on the V4 region of the 16S
rDNA gene, and classification is presented at family level

Fig. 4 Microbial composition of the soil consortium. The genetic analysis was based on the V4 region of the 16S
rDNA gene, and classification is presented at genus level
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the potential hydrogen production [58]. The main substrate consumed and metabolites pro-
duced are shown in Fig. 5.

Effect of Significant Factors on the Ethanol and Hydrogen Productions

The yeast extract concentration had linear and quadratic effects on the hydrogen and ethanol
productions, respectively. It is worth mentioning that the presence of the genera Sporomusa
and Sedimentibacter in the microbial consortium requires yeast extract for growth [38, 39]. So,
these genera probably were favored by the increase of this nitrogen source.

In the same way, the SCB concentration had linear and quadratic effects on the
hydrogen production and quadratic effect on the ethanol production. There are interactions
between both independent variables for hydrogen as well for ethanol production. Table 1
shows the matrix for CCD along with the experimental and predicted values for hydrogen
and ethanol productions. It is important to note that the significance of quadratic effects
would have been lost if the experiments were carried out using the conventional methods,
based on the “one-variable-at-a-time” approach which carries out individual factors but
not mutual factors.

The maximum ethanol production (20.11 mg/L) was obtained in the central point (2.0 and
3.0 g/L of yeast extract and sugarcane bagasse, respectively). Higher ethanol concentration
(about 500 mg/L) was reported by Silva et al. [58] using 2 g/L of yeast extract and 1 g/L of
xylose as substrate. This was probably due to the substrate type and incubation temperature,
once these authors used commercial xylose as carbon source at thermophilic condition (55 °C).
In this study, the genera Ruminococcus, Clostridium, and Caloramator, which are ethanol
producers, were identified in the microbial inoculum and can be related to the ethanol-type
fermentation.

The polynomial equation was obtained by applying multiple regression analysis on the
experimental results to describe the ethanol and hydrogen productions using the coded

Fig. 5 Hits genera involved in the acid, hydrogen, and ethanol productions from different substrates in the
microbial inoculum
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independent variables (Eqs. 2 and 3, respectively). The adequacy of the model was determined
by analysis of variance (ANOVA) as shown in Table 2.

Y ¼ 18:49−0:91� X 1−2:54� X 2
1 þ 0:12� X 2−3:35� X 2

2 þ 2:41 X 1X 2 ð2Þ

Z ¼ 0:47þ 0:04� X 1−0:05� X 2
1 þ 0:09� X 2−0:02� X 2

2 þ 0:05 X 1X 2 ð3Þ

where Y is the response ethanol (mg L−1); Z is the response hydrogen production (mmol L−1);
X1 is the yeast extract concentration; and X2 is the substrate concentration.

The values of X1, X1
2, and X2

2 were less than zero, indicating a negative effect of linear and
quadratic increase of yeast extract and quadratic increase of sugarcane bagasse on the ethanol
production. In the same way, the X1

2 and X2
2 were less than zero, also indicating the negative

effect of the quadratic increase of both independent variables on the hydrogen production.
However, the linear effect of substrate concentration on ethanol production and the linear

effect of yeast extract and substrate concentration on the hydrogen production was positive, as
the values of X1 and X2 were greater than zero, indicating the improvement of the metabolite
production as results of the linear increase of both independent variables.

95% significant level
The optimum level of the independent variables and their interaction on the ethanol and

hydrogen productions were evaluated by response surface plot (Fig. 6).
In the present study, the hydrogen production increased from 0.34 mmol L−1 using 1.58 g

L−1 of SCB to 0.60 mmol L−1 using 4.00 g L−1 of SCB and decreased to 0.41 mmol L−1 which
increased the SCB concentration to 4.42 g L−1. In the same way, Pattra and co-workers [59]
obtained the highest hydrogen production (8.03 mmol L−1) with 20 g COD L−1 of substrate
which decreased to 6.70 mmol L−1 with 40 g COD L−1 of SCB hydrolyzed, in a batch reactor
inoculated with Clostridium butyricum TISTR 1032 in mesophilic condition (37 °C) [59].
Therefore, the increase on the substrate concentration led to the increase in hydrogen produc-
tion to some extent and then had a negative effect on the generation of end metabolites. In this
study, the genera Clostridium, Anaerobaculum, and Caloramator were identified in the
microbial inoculum and can be related to the hydrogen production.

Table 2 ANOVA for the significant variables

Source SS DF MS F-value P value

Ethanol
Yeast extract (Q) 64.24 1 64.24 19.89 0.006
SCB (Q) 37.02 1 37.02 11.46 0.019
YE by SCB 23.17 1 23.17 7.17 0.044
Error 16.15 5 3.23
Total 125.41 10

Hydrogen
Yeast extract (L) 0.077 1 0.077 109.82 0.0001
SCB (L) 0.03 1 0.026 37.84 0.001
SCB (Q) 0.005 1 0.005 6.93 0.046
YE by SCB 0.012 1 0.012 17.28 0.008
Error 0.003 5 0.001
Total 0.126 10

SS, sum of squares; DF, degrees of freedom; MS, mean square; L, linear; Q, quadratic

241Applied Biochemistry and Biotechnology (2020) 190:232–251



The highest hydrogen production (0.60mmol L−1) was obtained using 3.00 g L−1 of yeast extract
and 4.00 g L−1 of SCB, but half of the hydrogen production (0.31mmol L−1) was obtainedwhen the
yeast extract concentration was reduced to 1.00 g L−1 and the SCB concentration was maintained
(4.00 g L−1). In the same way, the lowest hydrogen production (0.28 mmol L−1) was obtained when
the lower yeast extract concentration was applied (0.58 g L−1) using 3.00 g L−1 of SCB; therefore,
the yeast extract was fundamental for the building blocks of the cell and provided trace minerals
which contributed to the hydrogen production.

The increase in the hydrogen production with the increase in the yeast extract concentration was
also reported by Xu and co-workers [60]. These authors showed that the hydrogen production
increased rapidly from67.2 to 104.6mmol L−1 when 0.05 and 0.3 g L−1 of yeast powderwere added
in the culture medium, using glucose as substrate. In the present study, the hydrogen production was
lower than that reported by these authors; however, the solid fraction of the hydrothermally
pretreated SCB, which is a complex feedstock, was used in the present study, while glucose was
used as substrate by Xu and co-workers [60].

The highest ethanol production (20.11 mg L−1) was obtained using 2.0 and 3.0 g L−1 of yeast
extract and substrate concentrations, respectively. Maintinguer and co-workers [61] reported
maximum ethanol production of 41.5 mg L−1, using 1.8 g xylose L−1 by a microbial consortium
from sludge of the UASB reactor treating slaughterhouse wastewater in a batch reactor at 37 °C.

In contrast, the lowest ethanol production obtained in this studywas of 8.32mgL−1 using 1.0 and
4.0 g L−1 of yeast extract and substrate concentrations, respectively. At higher SCB concentrations
(4.00 and 4.42 g L−1), a clear reduction in ethanol production was observed (12.25; 8.32 and
13.87 mmol L−1 with 3.00, 1.00, and 2.00 g L−1 of yeast extract, respectively). Further increase of
SCB did not result in increased end products, probably due to the fact that fermenting bacteria can
have limited tolerance in relation to increased substrate concentration resulting in a reduction of
metabolite production at high substrate concentrations.

Higher ethanol production, than that observed in the present study, was reported by
Sigurbjornsdottir and Orlygsson (2012) using glucose (939.62 mg L−1), acid-treated cellulose
(1,363.37 mg L−1), acid-treated hemp stem (1,142.28 mg L−1), base-treated hemp leaf (700.11 mg
L−1), acid-treated grass (1,344.95mgL−1), acid-treated newspaper (663.26mgL−1), and base-treated
barley straw (1,096.23 mg L−1).

(a) Ethanol surface plot (b) Hydrogen surface plot

Fig. 6 Surface plot showing the interaction between yeast extract (YE) and sugarcane bagasse (SCB) concen-
tration on ethanol (a) and hydrogen (b) productions
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The higher ethanol production reported in the literature, in relation to that obtained in the present
study, was probably due to the fact these authors used the liquid fraction (hydrolyzed) from the acid
or base pretreatments of lignocellulosic biomass, in which high concentration of fermentable sugars
is released. In contrast, in the present study, the solid fraction of hydrothermal pretreatment, which is
constituted by cellulose, hemicellulose, and lignin, was used as substrate. So, the bioconversion of
the fiber fraction of SCB requires a cellulolytic enzymatic complex to hydrolyze the biomass and
provide fermentable sugars to the next step of bioconversion, while the hydrolyzed biomass and
fermentable sugars (such as glucose, cellulose, and xylose) used by these authors are readily
available to the microorganisms, resulting in the generation of higher end products.

Fermentative Pathways and Metabolites

The main organic acids produced were acetic, butyric, and propionic. In all conditions, the
main end product associated with the hydrogen production generated was acetic acid (Table 3),
in agreement with Maintinguer and co-workers [61] that obtained the maximum acetic acid
concentration (1207.6 mg L−1) using high xylose concentration (3.59 g L−1). Many genera
identified in the microbial inoculum, such as Dysgonomonas, Bacteroides, Coprococcus,
Ruminococcus, Clostridium, Caloramator, and Anaerobaculum, are able to produce acetic
acid from carbohydrates and probably have a key role in the selected metabolic pathway to
sugarcane bagasse conversion.

In the present study, the maximum acetic acid production (433.76 mg L−1) was reached
using the highest SCB concentration (4.42 g L−1) and 2.00 g L−1 of yeast extract. The acetic
acid production can led to the formation of 4 mol H2.mol glucose−1 (Eq. 4) [62].

C6H12O6 þ H2O→2CH3COOHþ 2CO2 þ 4H2 ð4Þ
High hydrogen productions are associated with a mixture of acetic and butyric acid generation
(Eq. 5).

C6H12O6→CH3 CH2ð Þ2COOHþ 2CO2 þ 2H2 ð5Þ
The ratio of acetic/butyric acid is a crucial factor for biological hydrogen production, once the
higher the acetic/butyric ratio, the better the theoretical hydrogen yields are reached [63]. In all
conditions, this ratio was higher than 1, indicating that the acetic pathway was favored over the
butyric pathway.

Table 3 Concentration of the main
organic acid (mg L−1) produced
under the different conditions

Organic acids (mg L−1)

Acetic Butyric Propionic

C1 231.95 4.40 37.14
C2 138.58 6.08 275.40
C3 235.78 27.28 372.85
C4 109.38 23.04 244.70
CP 339,47 20,69 18,41
C8 352.49 45.81 328.28
C9 401.57 94.71 433.76
C10 488.85 60.70 105.69
C11 457.60 61.80 300.29
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The acetic acid production can also be performed by autotrophic acetogenic bacteria, which
consume about 11% of the H2 yield in batch fermentations via homoacetogenesis pathway (Eq.
6) [64].

4H2 þ 2CO2→CH3COOHþ 2H2O ð6Þ
Once the homoacetogenesis pathway is performed by acetogenic bacteria which modify their
metabolism under stress condition or depletion of organic substrate, to autotrophic growth on
H2 + CO2 [64] in this study, the reverse route could be triggered due to the recalcitrance of the
sugarcane bagasse, which causes a stress situation related to the low availability of fermentable
sugars.

Homoacetogenic bacteria such as Clostridium and Sporomusa, identified in the microbial
inoculum, were widely reported [64]. The genus Sporomusa, identified in the microbial
inoculum, is able to produce acetic acid from H2 + CO2 via Wood–Lyngdahl route [65]. In
the same way, the genus Syntrophus, also identified in the microbial inoculum, is a H2-
consumer bacteria, which grow slowly in a syntrophic relationship with methanogens to
maintain a low hydrogen partial pressure and produce acetic acid [66].

The low hydrogen productions are related to acetogenesis pathways but are also associated
with the formation of propionic acid as end products [67]. In the condition C9, under which the
lower hydrogen production was obtained (0.28 mmol L−1), higher propionic acid was observed
(433.76 mg L−1). The propionic production is harmful to hydrogen production because its
formation requires the consumption of 2 moles of hydrogen [68] (Eq. 7).

C6H12O6 þ 2H2→2CH3CH2COOHþ 2H2O ð7Þ

Methane production was obtained in all conditions. The maximum methane production was
obtained in C2 (1.44 mmol L−1), while the minimummethane production (0.24 mmol L−1) was
observed in C4, demonstrating the effect of SCB concentration (2.0 and 4.0 g L−1, respec-
tively), once the yeast extract concentration in both conditions was 1.0 g L−1. The longer
starting time for methane (221.01 h) occurred in condition C4, under which the lowest
methane production was obtained. Methane can be produced mainly via hydrogenotrophic
(Eq. 8) or acetoclastic methanogenesis (Eq. 9) [69].

4H2 þ CO2→CH4 þ 2H2O ð8Þ

CH3COOH→CO2 þ CH4 ð9Þ
In this study, only 0.31 and 0.03% of the sequences were identified as methanogenic archaea in
the composting and soil, respectively, such as the genera Methanosaeta, Methanobacterium,
Methanocella, Methanoculeus, Methanolobus, and Methanomassiliicoccus. However, these
microorganisms probably had a key role in the methanogenesis pathway once methane was
produced in all experimental conditions.

PCR/DGGE Analysis

Fewer modifications were observed for the archaeal communities under the conditions applied
in this study (Fig. 7). The lower archaeal population similarity (87%) was observed between
C8 and C9, conditions with the same substrate concentration (3.0 g L−1 of SCB), but with
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lower (0.58 g L−1) and higher (3.42 g L−1) yeast extract concentrations. Probably, the archaeal
populations were affected more by the nitrogen availability than by substrate concentration
once similarity of 90% was observed between C10 and C11, conditions with lower (1.52 g
L−1) and higher (4.48 g L−1) SCB and the same yeast extract concentration (2 g L−1).

The archaeal population similarity between C2 and C8, conditions with the highest
(1.44 mmol L−1) and lowest (0.38 mmol L−1) methane production, was of 88%. The highest
methane production in C2, in relation to C8, was favored by the low hydrogen accumulation
(0.31 mmol L−1) which probably caused low hydrogen pressure, and by the low acids
production (420 mg L−1) which, perhaps, maintained stability and thus favored the methano-
genic metabolism. While in C8, the high hydrogen and acid productions (0.58 mmol L−1,
726.58 mg L−1, respectively) affected negatively the methanogenic archaeal, resulting in lower
methane production in this condition. It is important to note that in C8, there were also high
ethanol and propionic acid productions (328.28 and 13.07 mg L−1, respectively) in relation to
C2 (275.40 and 8.32 mg L−1, respectively), which demonstrates a metabolic pathway deviation
to its productions.

Fig. 7 DGGE band patterns of archaeal (a) and bacterial (b) 16S rRNA gene PCR fragments. C1—3.00 g L−1 of
yeast extract and 4.00 g L−1 of SCB; C2—1.00 g L−1 of yeast extract and 4.00 g L−1 of SCB. C3—3.00 g L−1 of
yeast extract and 2.00 g L−1 of SCB. C4—1.00 g L−1 of yeast extract and 2.00 g L−1 of SCB. CP—central
point—2.00 g L−1 of yeast extract and 3.00 g L−1 of SCB; C8—3.42 g L−1 of yeast extract and 3.00 g L−1 of SCB.
C9—0.58 g L−1 of yeast extract and 3.00 g L−1 of SCB; C10—2.00 g L−1 of yeast extract and 4.42 g L−1 of SCB;
C11—2.00 g L−1 of yeast extract and 1.58 g L−1 of SCB. Arrows indicate a dominant archaeal group
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It is important to highlight that the Methanosaeta, Methanobacterium, Methanocella,
Methanoculeus,Methanolobusmethanogenic genera were identified in the microbial inoculum
from composting and soil, and were probably selected and enriched in the anaerobic batch
reactors leading to methane production in all experimental conditions.

The higher bacterial similarity (92%) was obtained between C3 and C4, whose yeast extract
concentration varied from 1.0 to 3.0 g L−1 and the same SCB was used (2.0 g L−1). Probably,
the high similarity between these conditions was due to the selection and favoring of
microorganisms such as Anaerobaculum, Sporomusa, and Sedimentibacter, in which growth
was enhanced by the increase in the yeast extract concentration.

In contrast, lower similarity (50%) was observed between C10 and C11, conditions with
2.0 g L−1 of yeast extract and with the highest (4.42 g L−1) and lowest (1.58 g L−1) substrate
concentration, showing that the substrate concentration affected the bacterial populations. In
these conditions, similar acetic and butyric acids (488.8 and 457.6 mg acetic acid/L, 60.7 and
61.8 mg butyric acid/L, in C10 and C11, respectively) and ethanol productions (13.8 and 13.5
mg/L in C10 and C11, respectively) were observed. Considering the potential phylogenetic
and biochemical aspects of the microbial inoculum, the Clostridium and Caloramator were
favored in this condition once both are capable of fermenting complex carbohydrates and their
main fermentation products include butyric and acetic acid and ethanol.

Concerning the conditions with the highest and lowest ethanol production (20.11 and
8.32 mg L−1 in C6 and C2, respectively), the bacterial population similarity was of 70%. In
C2, low hydrogen and acetic acid productions were observed, while high concentrations of
propionic acid and methane were obtained (275.4 mg L−1 and 1.44 mmol L−1). Probably, in
this condition, the propionic-forming bacteria and methanogenic archaea were favored.
Propionic pathways is associated with the genera Bacteroides and Ruminococcus [44], where-
as the dominant genera among archaea that produces methane include Methanosaeta,
Methanobacterium, Methanocella, Methanoculeus, and Methanolobus.

On the other hand, in C6 besides the high ethanol production, high hydrogen and acetic
acid productions were obtained (0.50 mmol L−1and 329.82 mg L−1), which may have caused
an increase on the hydrogen partial pressure and a decrease on pH (5.6), leading to low
methane production (0.75 mmol L−1). So in this condition, the acidogenic and acetogenic-
producing bacteria were favored, such those belonging to the Syntrophus and Sporomusa
genera.

In the same way, in relation to the highest (0.60 mmol L−1 in C1) and lowest (0.28 mmol
L−1 in C9) hydrogen production, the bacterial population similarity was only 50% (Fig. 2). The
ethanol production in both conditions was similar (12.25 and 11.11 mg L−1, in C1 and C9,
respectively), indicating that the independent variables probably modified the hydrogen-
producing metabolism, performed by the genera Clostridium and Caloramator, to ethanol-
producing metabolism. In contrast, the low hydrogen production observed in C9 was con-
comitant with the production of high acetic and propionic acids (401.57 and 433.76 mg L−1,
respectively) indicating it probably favored homoacetogenic and propionic bacteria such as
Sporomusa, once hydrogen is consumed in both pathways to produce acetic and propionic
acids, respectively.

Similar methane production (0.94 and 0.93 mmol L−1) was observed in conditions C1 and
C9, in which both the highest and the lowest diversity and archaeal richness were obtained,
indicating dominance of a specific archaeal group in both conditions. It was clearly verified in
Fig. 7a, in which a marked band (Fig. 7a—see arrow) in the inoculum sample was selected and
favored in all conditions.
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In the same way, the lower richness (15 Chao-1 index) and bacterial diversity (2.68
Shannon index) were obtained in C9 (Table 4); the condition which presented the lowest
hydrogen (0.28 mmol L−1) and the highest propionic acid production, indicating that it
probably favored bacteria able to produce propionic acids such as Dysgonomonas [70] and
Coprococcus [44] selected from microbial inoculum.

In contrast, the higher richness (28 Chao-1 index) and bacterial diversity (3.26 Shannon index)
were obtained in C10 (Table 4); the condition which has the highest acetic acid production
(488.8 mg L−1), probably due to favoring the acidogenic, acetogenic and homoacetogenic bacteria.

Conclusion

The main goal of this study was to highlight a mixed consortium from soil and compost
residue composed of H2, acids, and ethanol-producing bacteria and methanogenic archaea as a
potential inoculum for producing biofuels and building-block chemicals simultaneously from
sugarcane bagasse. In addition, the optimization of the key factors and prediction of models for
enhancement of hydrogen and ethanol production were also reached. The highest ethanol
production (20.11 mg L−1) was obtained using 2.0 and 3.0 g L−1 of yeast extract and SCB,
respectively, while the maximum hydrogen production (0.60 mmol L−1) was obtained using
3.0 and 4.0 g L−1 of yeast extract and SCB, respectively. Therefore, the response surface
methodology was useful to optimize the production of high-quality metabolites from sugar-
cane bagasse using microbial populations from soil and compost residue as inoculum.
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C11 11 2.32 21 2.98
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