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Environmental from tropical climate countries as sediments in standing waters are com-
plex habitats which are able to provide favorable living conditions for manifold microbial
species. The aim of this study was to evaluate the diversity of the anaerobic bacteria
present in the sediment of the reservoir and its application in biological production of
hydrogen gas. The anaerobic batch reactors showed a xylose consumption of 63.5% at 72 h
of operation with yield of H, production of 0.3 (mol Hy/mol xylose) at 37 °C, pH 5.5. Mo-
lecular biology techniques used for genomic DNA extraction, cloning, sequencing and
phylogenetic analyses of the sediment sampling revealed clones similar to the phyla Pro-
teobacteria, Chloroflexi, Firmicutes, Deferribacteres, Fusobacteria, Cyanobacteria and uncultured
bacteria. The analysis of DGGE revealed changes in microbial populations from the sedi-
ment and the anaerobic consortia of bacteria from the reactors fed with xylose. Anaerobic
bacteria coming from the sediment, mainly rods forming endospores from Phylum Firmi-
cutes were favored by the experimental conditions imposed and they were probably
involved in the biologic process of the H, production.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

The search for biotechnology to obtain hydrogen production
from industrial effluents can be advantageous as energy

alternative. The hydrogen gas generated in the wastewater
treatment by biological processes can be used as an alterna-
tive energy source and development of commercial processes
to obtain hydrogen production, exploring the ability of mi-
croorganisms with modern biotechnology practices [1,2]. In
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this way, the knowledge about the hydrogen-producing mi-
croorganisms is fundamental to the development of alterna-
tive and cleaner sources of energy production.

Reservoirs and freshwater lakes are natural environments
with conditions for the survival of a wide variety of microor-
ganisms, such as aerobic and anaerobic bacteria. Sediments
are the major component of a freshwater ecosystem with
many complex interactions with the water body. Microorgan-
isms living in the sediment likely play a key role in the trans-
formation of organic matter in the cycle of nutrients and are
influenced by, as well as having an influence on, the chemical
composition of the surrounding environment [3]. These mi-
croorganisms may consume different carbon sources like
sugars, which can be used for hydrogen production as well.

Various inoculum sources (natural soil, anaerobic diges-
tion sludge, wastewater treating plants, domestic landfill, and
others) have been tested and their biological hydrogen pro-
duction efficiencies were confirmed. However, these inocula
are predominantly obtained from countries with a temperate
climate. There are only a few studies with hydrogen produc-
tion using inoculum from tropical countries, such as Brazil [4]
where the media temperatures are around 25 °C and they are
ideal for the growth bacterial. In addition, there are some
studies with pure cultures that were isolated from sediments
but in high concentrations of substrates. Khamtib et al. (2012)
[5], obtained H, bio-production with Thermoanaerobacterium
thermosaccharolyticum KKU19 isolated from hot spring sedi-
ment with xylose (10 g/L), initial pH of 6.50, at 60 °C. Junghare
et al. (2012) [6] isolated Clostridium butyricum TM-9A from an
estuarine sediment and it was capable on H, bio-production
with glucose (10 g/L) at 37 °C and initial pH of 8.0. There are
no studies with mixture cultures from tropical climates. In
this sense, the investigation of consortia of hydrogen pro-
ducing bacteria from the sediments is necessary for the
improvement application of these environmental samples for
H, bio-production.

Biological processes are catalyzed by microorganisms in
aqueous environments at ambient temperature [7]. These
processes are usually carried out by different anaerobic bac-
teria. The characteristics of these microorganisms differ from
each other with respect to environmental conditions and the
metabolic process for the substrate consumption. The type of
microbial culture, composition of the substrate, media
composition and temperature are also important parameters
affecting the hydrogen bio-production. Moreover, reactor
configuration and heavy metals concentrations may be
affecting the bio-hydrogen production [8].

Different microorganisms participate in the biological
hydrogen generation systems like green algae, cyanobacteria
(or blue-green algae), photosynthetic bacteria and fermenta-
tive bacteria [2]. The Phylum Firmicutes, mainly Bacillus sp. and
Clostridium sp. are very effective for hydrogen generation [4].
The bacteria belonging to the genus Clostridium are obligate
anaerobes and spore forming organisms. Clostridia and Bacilli
classes produce hydrogen gas during the exponential growth
phase in batch growth. The dominant culture of these bacteria
can be easily obtained by heat treatment of biological sludge
[9]. The spores formed at high temperatures can be activated
when required environmental conditions are provided for
hydrogen gas production [10].

Fermentative hydrogen production from hexose, glucose
and sucrose is well studied [11—-15]. In contrast, fermentative
hydrogen production of xylose (i.e., pentose) is less studied
[14,16,17]. Several authors [16,18,19] have obtained high yields
of biological hydrogen production from xylose, though such
testing have been performed with high concentrations
(10—20 g xylose/L) with additions of nutrient rich media (yeast
extract, peptone, among others).

Many anaerobic organisms can produce hydrogen from
carbohydrate containing organic wastes such as glucose, su-
crose and xylose [4]. Several compounds such as glucose, hexose
isomers and polymers as starch or cellulose, give different
hydrogen yields per mole of organic substrate, depending on the
fermentative pathway and on the end products formed. Diverse
wastewater from agriculture, wood processing and the paper
industry may contain xylose [14,16]. Waste containing simple
compounds such as sugar is readily degradable, requiring low
hydraulicretention time, whereas complex wastes, for example,
chlorinated organic compounds, are slowly degradable and
need longer hydraulic retention time for their metabolism [8].

Xylose is a common and abundant sugar obtained from the
hydrolysis of lignocellulosic materials, in particular hemi-
celluloses [20]. The major components of lignocellulosic hy-
drolysate include hexose (glucose) and pentose (xylose and
trace amount of arabinose) [19]. The lignin cellulosic materials
may contain 35-45% of xylose in their composition [14].
Glucose and sucrose are excellent substrates for fermentative
hydrogen production and they have been well studied using
pure cultures and consortia of anaerobic bacteria as hydrogen
producers. However, the information about anaerobic bacte-
ria for the conversion of xylose to hydrogen is limited [21].

The equations (1) and (2) show the xylose degradation and
generation of hydrogen to form two end products [4]: (1)
consumption of xylose and generation of acetic acid and (2)
butyric acid:

CsH100s + 3H,0 — CH;COOH + 3CO, + 6H, )

CsH100s + 2H,0 — %CH5CH,CH,COOH + 3CO, + 5H, 2)

Moreover, in Brazil there is a wide variety of industrial ef-
fluents containing xylose like the paper industry and lignin
cellulosic materials, at concentrations close to 2 g/L. Microbial
fermentation of xylose derived from such wastes is quite
promising for combining alternative energy production and
waste reduction.

In this sense, the aim of this study was to investigate the
microbial consortium composition from the environmental
samples such as sediment from a reservoir and its application
in the biological hydrogen production from sugars such as
xylose at concentrations close to the industrial effluents.

Materials and methods
Environmental sample

The environmental sample was the sediment taken from
Itupararanga Reservoir located in Sao Paulo State,
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southeastern Brazil (23°36 42 S and 47°23 48 W). The storage
capacity of the reservoir is 286 million m? and the mean
theoretical residence time varies between 4 and 13 months,
depending on the distribution and the intensity of rainfall.
The water from the reservoir is used for the generation of
hydroelectricity (discharge of approximately 16 m?®s and
installed capacity of 55 mW) to supply drinking water (2.2 m%/s
for 800,000 people), and for irrigation (0.13 m?/s). Agriculture
and native vegetation are the predominant land uses in the
watershed, representing 42% and 25%, respectively, of the
total area of the watershed [22]. The physical, chemical and
biological parameters of the sampling site have been showed
in Table 1.

Obtaining microbial consortium and growth conditions

The sediment sample was used as inoculum previously puri-
fied by means of serial dilutions for H, generation (10>, 1077,
107%) and then heat treated (90 °C—10 min) [23]. The pre-
treated inoculum (20% v/v) and the cellular purification was
performed using culture medium [24] containing the nutrient

Table 1 — Physical-chemical analysis from the sampling
site (Itupararanga Reservoir).

Parameter

Weather Sunny
Environmental temperature 29.5°C
Water temperature 24.9°C
Collecting sediment (m) 11
Visibility (Secchi Disk) (m) 1.4
Turbidity <10
Water (%)

PH (in site) 7.72
pH (laboratory) 6.96
DO 2.1
BOD 297
COD 11.9
N—NH; 5.0
TN 25

SO, <dl
So— <dl
TP 126.1
chlorophyll 21.1
TS 2.0
FTS 1.6
VTS 0.5
Sediment

TP 0.2
TOM 1.9
TN 336.0
TS 240.6
FTS 200.8
VTS 39.8

Temperature (T, °C), pH, dissolved oxygen (DO, mg/L), total solid
(TS, mg/L), fix total solid (FTS, mg/L), volatile total solid (VTS, mg/L),
biochemistry oxigen demand (BOD, mg O,/L), chemistry oxigen
demand (COD, mg/L), chlorophyll (ug/L), total nitrogen (TN, mg/L),
ammonia nitrogen (N—NH;, mg/L), total organic matter (TOM, %),
sulfate (SO4, mg/L), sulphide (S,—, mg/L), turbidity (NTU — nephe-
lometric turbidity units), total phosphorus (TP, pg/g).

& Water-sediment interface dl: detection limit.

solutions A, B, C and D, glucose (2 g/L), urea (40 mg/L), peptone
(1 g/L) and 1 mL of vitamin solution [25], as described in Table
1. The vitamin solution was composed of p-aminobenzoic acid
(40 mg/L) and biotin (10 mg/L).

Flasks were then submitted to Argon atmosphere (99.99%)
for 10 min and incubated at 37 °C during 48 h, without agita-
tion. After that, under aseptic conditions, the purified inoc-
ulum (40%) was submitted to successive washes and
centrifuged under refrigeration at 8500 rpm and 3 °C for
10 min. The supernatant was discarded and the pellet was
suspended in the culture medium (solutions A, B, C and D,
peptone (1.0 g/L), urea (40.0 mg/L), 1.0 mL of vitamin solutions
[25] and xylose (2.0 g/L)). The pH was adjusted to 5.5 to inhibit
the H, consumers by the addition of hydrochloric acid or so-
dium hydroxide.

Operation of the batch reactors

The inoculum comprised 20% of the total reaction volume
(0.2 L) and it was previously purified in serial dilutions with
xylose (2 g/L). The pH was adjusted to 5.5 with hydrochloric
acid or sodium hydroxide.

The culture medium was filtered through a 0.22 pm
membrane in a filtration system that was sterilized in an
autoclave (121 °C, 20 min). The reactors had 4 L of reaction
volume and 1 L of headspace. They were submitted to Argon
atmosphere (99.99%) for 20 min after the distribution of the
solutions (Table 2). The anaerobic batch reactors fed with
xylose were made in duplicate and they were operated for
102 h.

After that they were then capped with butyl rubber stop-
pers, wrapped and kept at 37 °C, without agitation.

Chemical and chromatographic analyses

The hydrogen content in the biogas was determined by gas
chromatography (GC) in a Shimadzu GC 2010, equipped with a
Carboxen 1010 PLOT (30 m x 0.53 mm) column, with thermal
conductivity detector and Argon as the carrier gas. The tem-
peratures of the injector and detector were 220 °C and 230 °C,

Table 2 — Synthetic substrate composition of the

anaerobic batch reactors fed xylose.

Composition Anaerobic batch
reactors
Xylose (g) 80g
Urea (g) 0.08 g
Peptone (g) 10g
Vitamins solution (L) 0.004 L
A Nutrient (g/L): NiSO4-6H,0 (0.5); 0.008 L
FeS0,.7H,0 (2.5); FeCls-6H,0 (0.25);
CoCl,-2H,0 (0.04)
B Nutrient (g/L): CaCl,-6H,0 (2.06) 0.008 L.
C Nutrient (g/L): SeO, (0.144) 0.008 L
D Nutrient (g/L): KH,PO, (5.36); 0.008 L
K,HPO, (1.30); Na,HPO4H,0 (2.76)
Purification inoculum (mL) 0.8L
Headspace (L): Ar (100%) 10L

Ultra pure water (L) 40L
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respectively. The temperature of the column was from 130 °C
to 135 °C (5.5 min), at 46 °C/min.

Volatile fatty acid and alcohol concentrations were deter-
mined by GC using a Shimadzu GC 2010, equipped with a
flame ionization detector and a headspace auto sampler
COMBI-PAL (AOC 5000) and an HP-INNOWAX column
(30 m x 0.25 mm x 0.25 um of film thickness) [26].

The xylose concentration was determined by a colori-
metric method [27,28]. The volatile suspended solid concen-
trations (VSS) and pH values were measured as described in
APHA (2005) [29].

Cellular growth analysis

Cellular growth was monitored by optical density at 600 nm
(ODeoo) [15]. The cellular mass was expressed as volatile sus-
pended solids (VSS g/L) and was calculated by equation (3):

VSS = 0.7436*ABSeq + 0.0146 3)
Experimental data fitting

The experimental data were fitted to the mean values ob-
tained from the duplicates of the reactors using Microcal
Origin® 5.0 software. The maximum specific activities of
hydrogen gas production were obtained by non-linear
sigmoidal adjustment of the Boltzman function. The
maximum xylose consumption velocity was verified by the
major angular coefficient generated from the screened lines
between the points representing the experimental xylose
concentrations in relation to time.

Hydrogen-producing bacteria count (MPN)

Most probable number (MPN) of hydrogen producing bacteria
was done in quintuplicate dilutions at the end of the anaerobic
batch reactors operation. The measurements were done 10
days after incubation, by gas chromatography (hydrogen gas
presence/absence), previously described and analyzed ac-
cording to Standard Probability Table [29].

Microscopic analyses

Morphological characteristics of the microorganisms were
monitored by phase contrast microscopy using an Olympus
BX60-FLA with software Image Pro-Plus.

16S rRNA sequencing and phylogenetic analysis

The Molecular Biology analyses were made in the sediment
sample before the operation of the batch anaerobic reactors.
Nucleic acid extractions were performed following the pro-
cedure with a direct method with glass beads and a mixture of
phenol: chloroform: buffer (1:1:1 v/v) addition [30]. A segment
of the 16S rRNA gene fragments was amplified by PCR using
eubacterial primers 27F (50-AGA GTT TGA TCM TGG CTC AG-
30) and 1110R (50-GGG TTG CGC TCG TTG-30) [31]. For the
Polymerase Chain Reaction (PCR) it was used 0.5 mL of each
primer, 5 mL of dNTPs (Invitrogen), 0.5 mL of Taq DNA poly-
merase (Invitrogen), 5 mL of 10 x PCR buffer, 1.5 mL of MgCl,

(50 mM) and approximately 100 ng of genomic DNA. The PCR
was 35 cycles as follows: initial denaturation to 94 °C for 2 min,
10 cycles of denaturation at 94 °C for 1 min, annealing at 69 °C
for 3.0 min, extension at 72 °C for 3.0 min, final extension at
94 °C for 10 min, and cooled at 4 °C. The PCR products were
purified using a kit, Ultraclean PCR Clean-up (MoBio Labora-
tories, Inc), according to the manufacturer's instructions.

Samples of PCR products were cloned into the plasmid
vector pGEM (Promega Easy Vector System I) according to the
manufacturer's specifications. The clones were randomly
selected and amplified by PCR. Nucleotide sequencing was
performed on an automated ABI 310 PRISM sequencer (Dye
terminator Cycle Sequencing Kit, Applied Biosystems, USA) in
accordance with the manufacturer's instructions using an
M13 forward primer (50-GTA AAA CGA CGG CCA G-30) [32].

The nucleotide sequences were processed and they were
aligned with the Seqman program (Lasergene DNAstar pack-
age) for the removal of signals from the vector and low quality
bases. The sequences aligned were compared with the 16S
rRNA sequences of organisms represented in the Genbank
database (http://www.ncbi.nlm.nih.gov) and Ribosomal
Database Project (http://rdp.cme.msu.edu/) for a phylogenetic
identity analysis.

Phylogenetic analyses of the sequences were performed
using the Molecular Evolutionary Genetic Analysis 3.1 (MEGA
3.1) software [33]. Evolutionary distances were based on the
Kimura model [34] and tree reconstruction, on the neighbor-
joining method with bootstrap values calculated from 500
replicate runs, using the routines included in the MEGA
software.

DGGE (denaturing gradient gel electrophoresis) analyses

The analysis of the microbial community were carried
through the amplification of 16S rRNA fragments by poly-
merase chain reaction (PCR) and denaturing gradient gel
electrophoresis (DGGE) from the samples: (1) Itupararanga
Reservoir Sediment, (2) purified cellular by serial dilutions
(107°,1077,107°), (3) anaerobic batch reactors fed with xylose,
and (4) hydrogen-producing bacteria count (MPN). The
amplification of 16S rRNA fragments was performed using
PCR with set primers for Bacteria Domain: 968F (5'-AACGC-
GAAGAACCTTAC-3), along with the GC clamp (5'-CGC CCG
CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGGG-3')
and 1392 R (5-GGC GGT GTG TAC AACG-3') [35].

The amplification program of PCR was 35 cycles as follows:
initial denaturation to 94 °C for 7 min, denaturation 94 °C for
0.45 min, annealing 55 °C for 0.45 min, extension 72 °C for
1.0 min, final extension 94 °C for 10 min, and cooled for 4 °C.
The amplified fragments were separated on polyacrylamide
gel at DGGE containing linear gradient varying from 40% to
60% of denaturant. After electrophoresis, the gel was cored
with etidium bromide for 20 min. The device used for reading
the banding patterns obtained in DGGE was TMIII Eagle Eye
(Stratagene) under exposure to UV at 254 nm, coupled to the
computer and software Eagle Sight.

The evaluation of the DGGE band patterns was done by
considering the intensity, presence or absence. The distance
between bands of different tests (channels) was measured by
BioNumerics software. The similarities were displayed
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graphically as a dendogram with similarity coefficient calcu-
lated by Pearson correlation.

Results and discussion
Operation of the batch reactors

The maximum biomass growth was observed after 66 h of
operation (0.13 ABS). The maximum H, generation occurred
after 74 h of operation (2200.5 umol/L), according to Fig. 1.

The hydrogen yield observed at 54 h operation was 0.3 mol
Hy/mol xylose (Table 3). Selembo et al. (2009) [36] obtained
lower hydrogen yield than in this work (0.28 mol-H,/mol-
glycerol) with anaerobic reactors fed with glycerol (3.0 g/L), pH
6.2, at 30 °C and inoculum obtained from an environmental
sample (Tomato soil — Penn State University greenhouse).
Zhao et al. (2010) [37] obtained hydrogen yield close to this
work (0.33 mol Hy/mol xylose) in anaerobic reactors fed with
xylose (4.5 g/L), pH 6.5, at 70 °C, peptone (0.5 g/L), FeSO4 (70 mg/
L) with inoculum obtained from a reactor operated for H,
production [at 70 °C, fed with xylose (2 g/L), peptone (1 g/L) and
yeast extract (0.5 g/L)]. Subudhi et al. (2013) [19] obtained
higher hydrogen bio-production (18 mmol Hy/L) than this
work (2.2 mmol Hy/L) with Enterobacter cloacae DT-1 isolated
from crude oil contaminated soil. However, the authors (op.
cit.) made the tests with pure cultures and rich nutrient me-
dium [peptone (2 g/L), yeast extract (2 g/L)] and higher con-
centrations of xylose (10 g/L).

There was no methane production in anaerobic reactors,
confirming the efficiency of the heat treatment of the inoc-
ulum and the imposition of initial pH 5.5. The combination of
these two factors caused the inhibition of bacteria H,-
consuming and methanogenic archaea. Xylose was not totally
consumed during the operation of the anaerobic reactors. The
xylose concentration at 58 h of operation was 1.27 g/L, i.e.,
36.5% of their initial concentration was consumed. After 72 h
of operation it was detected 0.91 g/L of xylose, i.e., 63.5% of the
initial concentration were consumed. Several anaerobic bac-
teria for hydrogen production easily consummate sugars such

1800
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Fig. 1 — Gumulative H, production profile in anaerobic
batch reactors fed with xylose (2 g/L).

Table 3 — Results of the studied conditions.

Parameters

Xylose consumption (%) 65
VSS (g/L) 1.5
ABS (600 nm) 0.13
pH (experiment end) 4.1
Operation time (h) 102

Intermediary products (mg/L)

Acetic acid 97.5
Ethanol 39.2
Isobutyric acid 66.0
Iso-butanol 21.5
n-Butanol 225
Maximum generation H, (umol Hy/L) 2200.5
Period (h) 78

Maximum specific xylose consumption (umol xylose/L-h) 190
Period (h) 50

Maximum H, specific production rate (nmol H,/g VSS-h)  16.0

Period (h) 54
Hydrogen yield (%) 5

mol Hy/mol xylose 0.3
Period (h) 78

as glucose and sucrose. Only few pure cultures can effectively
utilize xylose for hydrogen production [19]. Probably the
anaerobic consortia obtained in this study had inefficient
microorganisms to make fermentation from xylose to
hydrogen. Similar results of low consumption of xylose, as the
present study, was verified by Lin et al. (2006) [16], with ach-
ieve only 68% of xylose removal after 120 h of operation using
inoculum from domestic sewage at pH 7.0 and 35 °C in
anaerobic batch reactors operated with 18.75 g xylose/L.

The final value of pH for the experiment was 4.1 (Table 3).
The decrease in pH was due to the production of volatile fatty
acids, which depletes the buffering capacity of the medium
resulting in low final pH [38].

The products generated were hydrogen gas, ethanol, n-
butanol, acetic and isobutyric acids (Table 3). The maximum
theoretical hydrogen production provides acetic acid as an
end product of fermentation [39]. In practice, however, the
high production of hydrogen is associated with a mixture of
fermentation products such as acetic and butyric acid, while
low hydrogen production is associated with the formation of
propionic acid and less alcohols and lactic acid [40]. In the
present study it was observed the generation of acetic acid.
We did not detect generation of propionic acid, i.e., the
metabolic pathway for the generation of H, was favored in the
anaerobic reactors. In a previous study [4] we observed butyric
acid (310.7 mg/L) and acetic acid (856.8 mg/L) generation
associated with hydrogen bio-production (2106.8 pmol H,/
g-VSS-h) in an anaerobic reactor fed with xylose (1.8 g/L) and
inoculated with granular sludge from an UASB reactor treating
swine wastewater. In this study the hydrogen bio-production
(2200 pmol H,/g-VSS-h) were close to that obtained by the
authors (op. cit.). Therefore, the sediment of the reservoir is a
promising inoculum for the biological generation of hydrogen.
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Microbiologic analyses

The MPN of hydrogen producing bacteria at the end of the
operation of the reactors revealed 4.3 x 10° MPN/mL
(3.3 x 10° cells/g TVS). Castell6 et al. (2009) [18] obtained values
higher than in this study (>24 x 10" MNP/mL and
9.0 x 10™ MNP/mL in 69 and 129 days, respectively) with an
inoculum from an UASB reactor fed with cheese whey (67.0
COD g/1) at 30 °C, pH 5.0. However, the authors (op. cit.) made
the tests with rich nutrient medium [tryptone (5 g/L), yeast
extract (5 g/L) and beef extract (5 g/L)] and higher concentra-
tions of substrate [glucose (10 g/L)].

The predominant morphology was Gram positive rods
and rods with endospores. This may be related to the con-
ditions imposed, i.e., pH and heat treatment of the inoculum.
This evidence may suggest the selection of endospore-
forming bacteria. The heat treatment was necessary to
inhibit microorganisms that consume hydrogen gas and,
therefore, are undesirable for the hydrogen producing pro-
cess. Nevertheless, they are present in lake sediments, en-
vironments where the reduced levels of oxygen favor the
persistence of such populations. Moreover, the microorgan-
isms are sensitive to acidic pH [40] because they grow
favorably at pH 6.0 to 8.0.

Oh et al. (2003) [41] used heat treatment of the inoculum
and obtained high percentages of hydrogen (57%—72%) at 30 h
of operation in batch reactors fed with glucose (3.0 COD g/L).
Chen et al. (2005) [42] worked with heat treated inoculum from
hydrogen producing reactors (CSTR, fixed bed, fluidized bed
and sludge pellets) in batch anaerobic reactors fed with su-
crose (5—30 g COD/L) and basal medium, yeast extract (1 g/L),
PH 6.5, at 37 °C. Microscopic examination revealed the pres-
ence of rods and rods with endospores. Fang et al. (2006) [43]
observed rods in anaerobic batch reactors with heat treated
inoculum from a local municipal wastewater treatment plant
fed with the wastewater treatment of rice (5.5 g carbohydrate/
L) and yeast extract (50 mg/L).

Molecular biology analyses

The sediment sampling showed the presence of fifty-six
clones and they were identified as belonging to the phyla
Proteobacteria, Firmicutes, Chloroflexi, Actinobacteria, Cyanobac-
teria, Fusobacteria, Deferribacteres and uncultured bacteria.
These results confirmed the high bacterial diversity in reser-
voir sediment samples. Im et al. (2012) [44] obtained lower
diversity than the present study. The authors (op. cit)
observed that the bacterial community structure of inoculum
from food waste and sewage sludge was mainly comprised of
Proteobacteria (50%), Bacteroidetes (25%) and other phyla whose
abundances are less than 4%, including Firmicutes (3.7%).
Forty per cent of the clones were identified as belonging to
the phylum Proteobacteria. They showed similarities to bacte-
ria from saline sediments [45,46], sediment reservoirs [47],
which live under conditions aerobic [48], anaerobic [49] and
facultative anaerobic [50] free-living, responsible for nitrogen
fixation in roots of submerged plants [51]. In addition, several
authors have reported a presence of the Phylum Proteobacteria
on molecular analyses from anaerobic reactors operated to
hydrogen bio-production [4,52—54]. These bacteria identified

were probably involved in the fermentation process from the
sediment.

Nineteen per cent of the clones obtained were belonging to
the Phylum Chloroflexi. It consists of Gram-negative, faculta-
tive anaerobic [49], filamentous, green non-sulfur, which ob-
tains energy through photosynthesis. They can grow on
nutritive media containing sugars (glucose, mannose, xylose)
and pyruvate. During the operation of the batch anaerobic
reactors we observed the generation of acetate from xylose.
May be the species of bacteria belonging to the Phylum
Chloroflexi were involved in the biologic process of acetate
fermentation. Furthermore, these clones showed similarities
to bacteria acetate consuming [55].

Twenty one per cent of the clones obtained belong to the
Phylum Firmicutes and they showed similarities to those found
in anaerobic environments, mainly in depths of lakes and
reservoirs [56], in samples of sediment landfill [57], soil [58],
rice fields [59] and in samples from soil with agricultural ac-
tivities [60]. They are Gram-negative and Gram-positive bac-
teria, endospore-forming, mainly belonging to the classes
Bacilli and Clostridia. These bacteria have versatile metabolism
[15] and they can be found in marine sediments of lakes and
reservoirs, as it was observed in this study. Junghare et al.
(2012) [6] isolated C. butyricum TM-9A — mesophilic alkaline
tolerant fermentative bacteria from estuarine sediment sam-
ples. The authors (op. cit.) confirmed the bio-hydrogen pro-
duction with xylose (10 g/L), pH 8.0, at 37 °C in batch anaerobic
reactors with the isolates. Khamtib et al. (2012) [5] observed
hydrogen bio-production with Thermoanaerobacterium thermo-
saccharolyticum KKU19, a thermophilic hydrogen producing
bacteria isolated from hot spring sediments from Thailand.
According to the authors (op. cit.) xylose (10 g/L) was the
preferred carbon source while peptone (2 g/L) was the
preferred organic nitrogen source. Wirth et al. (2012) [61]
studied the anaerobic digestion in continuously stirred tank
reactors fed with maize silage (68% TS) added to pig manure
slurry by metagenomic analysis of biogas-producing micro-
bial communities. According to the authors (op. cit.) members
of the phylum Firmicutes played the most important role in the
fermentation process of the organic matter decomposition. In
the present study it was found predominantly rods, rods with
endospores and Gram-positive during the heat treatment for
H, bio-production and the operation of the anaerobic reactors,
in which it was added glucose and xylose, the carbon sources
preferred by these bacteria for fermentation. They are present
in sediments, have the ability to ferment xylose and produce
H,, ethanol, acetic and butyric acids [17], as it was observed in
this study. Probably the Gram-positive and endospore micro-
organisms observed during the heat treatment and the oper-
ation of the anaerobic reactors belong to the Phylum
Firmicutes, coming from the sample of sediment and they were
involved in the fermentation process of generation of H,.

The other phyla (Actinobacteria, Cyanobacteria, Deferri-
bacteres and Fusobacteria) and uncultured bacteria were
detected in the sediment, but in smaller percentages (values
less than five per cent). The phylum Actinobacteria is composed
of filamentous bacteria, Gram-positive, facultative anaerobic
and they have the capacity of producing bio-hydrogen [61].
Members of the phylum Actinobacteria are found in natural
environmental [61] such as sediment. The phylum
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Cyanobacteria including cocci, rods, filaments and fix nitrogen
are commonly found in sediments [62] and wetland sediment
[63]. In the sediment of this work it was verified the presence
of roots and decomposing plant material originated from the
forest around the reservoir. The phyla Fusobacteria and Defer-
ribacteres are composed of anaerobic bacteria commonly
found in aquatic environments, especially sediments. The
environmental conditions of the sediment, the reduced con-
centrations of oxygen and the available organic matter prob-
ably favored the maintenance of such populations. In
environmental samples like sediments is commonly observed
the predominance of sequences related to uncultured bacteria
[64], as described above. Therefore, it was expected to obtain
similar sequences to these bacteria.

The roles of Gram-negative microorganisms identified in
the present study (Proteobacteria, Chloroflexi, Actinobacteria,
Cyanobacteria, Fusobacteria and Deferribacteres Phyla) focus on
promoting a strict anaerobic environment and by breaking
down complex substrates in the sediment reservoir to sur-
vive the Gram-Positive bacteria such as Firmicutes Phyla. The
hydrogen production may involve a bacterial community of
functional members [65] such as it was observed in this
study.

Three consensus phylogenetic trees were constructed with
primers for the Bacteria domain from the cloning and
sequencing of the sample sediment used in the anaerobic
reactors fed with xylose for the production of hydrogen gas.
The coefficients of similarity observed between the clones and
the NCBI database ranged from 95 to 99% and indicated the
presence of phylogenetically-related species, based on the
evaluation of partial sequences of the 16S rRNA (Figs. 2—4).

Clone 31

Clone 22

70

Clones 80 93 88 38 40

Uncultured Bacteria (FJ755776.1)
 Clones 24 100 98 1 52 69

99 Uncultured Bacteria (GQ487820.1)
Clones 21 116
100 Uncultured Bacteria (EF667563.1)

97 Syntrophobacter pfennigii (NR_026232.1)
Geobacter sp. (AF019932.1)
Clone 106

Clones 102 104
637Uncultured Bacteria (GU208383.1)

Uncultured Bacteria (EF667560.1)

Fig. 5 shows the Dendrogram analysis of DGGE band pat-
terns. There were differences among bands profile of the
samples. The similarity index ranged between 38% and 98%
among the samples. The Itupararanga Reservoir sediment
(sample 1) showed 38% similarity with the other samples (2, 3
and 4). The purified sample (sample 2) showed 68% similarity
with the anaerobic reactors fed with xylose (sample 3) and the
Hydrogen-producing bacteria count (sample 4). Samples from
the anaerobic reactors fed xylose (sample 3) and the
Hydrogen-producing bacteria count (sample 4) showed 98%
similarity. Two bands (“a” and “b”) are predominant in sam-
ples 3and 4. Itis possible that these bands represent microbial
populations which were favored by the operating conditions
imposed and they were probably involved in the H,
generation.

Zhao et al. (2010) [37] operated anaerobic reactors fed with
xylose (2—5 g/L), peptone (5 g/L) and yeast extract (1 g/L), pH 5.5
for hydrogen production and observed changes in the bands
profile suggesting of the microbial selection, as observed the
present study. The similarity index ranged from 58% to 87%
between the inoculum and tests performed.

Table 4 shows a comparison of the present study with
previous studies regarding to the hydrogen yield and the
configuration of the reactors as well as the pH, temperature,
source of carbon and genetic affiliation of the bacteria
involved in the biologic process. In the present study the yield
of the production of H, observed was nearly to those of batch
reactors operated under thermopbhilic conditions [37]. Lin et al.
(2008) [66] and Lo et al. (2008) [67] operated batch reactors fed
with xylose and they observed higher H, yield than in this
study (0.7 mol xylose/mol H,). However, the authors (op. cit.)

59 Proteobacteria (EU043551.1|)

Clone 114
Betaproteobacteria

38 Uncultured Bacteria (HM346726.1)

Clone 47
[1

99 Uncultured Bacteria (FN807543.1)

Deltaproteobacteria

i
0.1

Methanosarcina sp.

Fig. 2 — Consensus phylogenetic tree of the Phylum Proteobacteria based on the sequences clones of the sediment sample
with primers for the Bacteria Domain. The bootstrap values indicate the repetition percentages (500 replicate runs).
GenBank accession numbers are listed after the names of the species.
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—
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Fig. 3 — Consensus phylogenetic tree of the Phyla Actinobacteria, Chloroflexi, Deferribacteres, Fusobacteria and uncultured
Bacteria based on the sequences of clones from the sediment sample with primers for the Bacteria Domain. The bootstrap
values indicate the repetition percentages (500 replicate runs). GenBank accession numbers are listed after the names of the

species.

Uncultured Bacteria (HQ614807.1)

BE

‘8
21

Clone 94

Clones 5 8 1316 87 101

Clostridium oceanicum (FR749925.1)

4{31

Uncultured Bacteria (CU921590.1)
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—
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Fig. 4 — Consensus phylogenetic tree of the Phylum Firmicutes based on the sequences of clones from the sediment sample
with primers for the Bacteria Domain. The bootstrap values indicate the repetition percentages (500 replicate runs).
GenBank accession numbers are listed after the names of the species.

worked with higher concentrations of xylose (18.75 and 20.0 g/
L, respectively). Furthermore, the phylogenetic analyses
identified the predominance of bacteria belonging to the
phylum Firmicutes as the main responsible for the hydrogen
bio-production [4,37,65,66|. These evidences indicate that the
phylum Firmicutes was probably involved in the biological
processes of generating hydrogen in the conditions studied.
The experimental results as the generation of acetic acid and
butyric acid showed that the microorganisms arising from the
sediment had metabolic function similar to the bacterial species
that generate H,. The inoculum coming from the reservoir
sediment heat-treated and further enriched, showed ability to
generate hydrogen from xylose under the conditions studied.
This fact revealed that the bacterial diversity present in the
environmental sample contributed to the metabolic processes

LI L |
—
—— B x
Fig. 5 — UPGMA Dendogram based on Similarity Coefficient
using the Pearson Correlation from the DGGE Analysis
with Set Primer Bacteria Domain (968FGC — 1392R): (1)
Itupararanga Sediment Reservoir, (2) Sample of Purified
Cells by Serial Dilutions (10~5, 107, 10*°), (3) Anaerobic

Batch Reactors Fed Xylose, and (4) Hydrogen-producing
Bacteria Count (MPN).

|2 |b

40

- N W
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Table 4 — Comparative study on the hydrogen fermentative production in anaerobic batch reactors fed with xylose.

Xylose PH temperature Inoculum H,/C source (mol/mol) Phylum Reference
1.8 g/L 5.5 UASB reactor 0.6 Proteobacteria [4]
37°C Firmicutes
4.5 g/L 6.5 H,-producing bioreactor 0.3 Firmicutes [37]
70°C
18.75 g/L 7.1 sewage treatment plant 0.7 Firmicutes [66]
35°C
20.0 g/L 7.5 C. butyricum CGS5 0.7 Firmicutes [67]
37 °C
2.0 g/L 5.5 90 °C 10’ 0.3 Firmicutes This study
37°C Sediment reservoir

involved in the degradation of xylose and H, generation [11],
as well as the inoculum of sludge from treatment plants
sewage [16], sludge from water treatment plants [23,66], acti-
vated sludge systems [68], manure [11], pure cultures from
sediments [5,6,21], among others.

Therefore, in this work, with reactors fed with xylose,
peptone and initial pH 5.5 it was obtained Gram positive rods
and endospore formers, which probably were involved in the
generation of H,.

Conclusions

The environmental sample such as the sediment from a
reservoir presented high bacterial diversity. The microorgan-
isms from the sampling site were identified as belonging to
the phyla Proteobacteria, Firmicutes, Chloroflexi, Actinobacteria,
Cyanobacteria, Fusobacteria, Deferribacteres and uncultured
bacteria.

There was no methane production in anaerobic reactors,
confirming the efficiency of the heat treatment of the inoc-
ulum and the imposition of initial pH 5.5. The combination of
these two factors caused the inhibition of bacteria H,-
consuming and methanogenic archaea.

The H, production was directly proportional to the mixture
of the end products generated, which were mainly ethanol, n-
butanol, acetic, isobutyric and butyric acids.

The sediment of the reservoir was an effective inoculum to
enrich anaerobic microbial community capable of generating
hydrogen through xylose consumption. The biological pro-
duction of hydrogen gas was due to the microorganism con-
sortia from the sediment reservoir and they were present in
the studied conditions.

The concentrations of xylose used did not inhibit microbial
growth and hydrogen production. This study enables future
tests with environmental samples and wastewater with
xylose applied to hydrogen bio production.
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