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Abstract A pilot-scale reactor treating domestic sewage
was operated to promote anaerobic digestion and denitri-
fication using endogenous electron donors. While 55 % of
organic matter was removed, nitrogen and sulfur showed a
different dynamics during the operation. Pyrosequencing
analysis clarified this behavior revealing that specific
microbial communities inhabited the anaerobic (47.05 %
of OTUs) and anoxic (31.39 % of OTUs) chambers.
Analysis of 16S rRNA gene partial sequences obtained
through pyrosequencing revealed a total of 1727 OTUs
clustered at a 3 % distance cutoff. In the anaerobic
chamber, microbial community was comprised of fer-
mentative, syntrophic and sulfate-reducing bacteria. The
majority of sequences were related to Aminobacterium and
Syntrophorhabdus. In the anoxic chamber, the majority of
sequences were related to mixotrophic and strictly auto-
trophic denitrifiers Arcobacter and Sulfuricurvum, respec-
tively, both involved in sulfur-driven denitrification. These
results show that pyrosequencing was a powerful tool to
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investigate the microbial panorama of a complex system,
providing new insights to the improvement of the system.
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Introduction

Anaerobic technology is being increasingly used for cost-
effective domestic sewage treatment in warm-climate
countries. The removal of nutrients is still an issue, though,
and the development of novel technologies and strategies is
essential for viability and expansion of treatment systems
that comprise biological nutrients removal [1, 2].

Alternatives to the so-called conventional denitrification
(i.e., using organic electron donors) must be searched for,
due to the lack of readily biodegradable organic matter in
anaerobic effluents. Interestingly, potential sources for
alternative electron donors may be found within the own
anaerobic process. Anaerobic reactors produce sulfides in
both dissolved and gaseous forms, as well as methane that,
together with the residual organics, could all be used as
sources of endogenous electron donors for denitrification
[1], reducing costs in the post-treatment of effluents pro-
duced by such reactors.

Autotrophic denitrification using reduced sulfur com-
pounds as electron donors and methane-utilizing denitrifi-
cation as well as anaerobic oxidation of ammonium have
been studied in the past years, showing the potentials of
such alternative processes for nitrogen removal of different
types of wastewater [3, 4]. System configurations designed
to take into account the occurrence of alternative denitri-
fication processes have also been recently reported [3, 4].
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It is well known that microbial communities play an
essential function in biological treatment systems. The
knowledge of structure, composition and role of microor-
ganisms associated with physicochemical monitoring tools
have provided comprehensive information with respect to
the overall performance of treatment facilities and have
helped to improve design efficiency and applicability of
anaerobic sewage treatment [4, 5]. Although a physiolog-
ical complex microbiota is known to be involved in the
anaerobic treatment of organic waste streams, such as
domestic sewage, the true nature and function of several
bacteria and Archaea populations involved in the process is
still unknown. There is also a lack of information about the
microorganisms and their role in sulfur-driven denitrifica-
tion in bioreactors treating domestic sewage.

Molecular approaches based on 16S rRNA genes, such
as fluorescent in situ hybridization (FISH), polymerase
chain reaction coupled to denaturing gel gradient elec-
trophoresis (PCR-DGGE) and clone library are able to
characterize the so-called “uncultivable community” and
thus have greatly expanded the field of microbial ecology,
including the communities involved in wastewater treat-
ment processes [5]. Nevertheless, these techniques are
sensitive to detect only the most abundant populations,
restricting the analysis of microbial communities in a
broader and complete scale. The recently developed
sequencing approaches, also called next generation or high-
throughput sequencing (e.g., 454 pyrosequencing), has
emerged as a powerful tool for analyzing complex micro-
bial communities, since it can generate more than 400,000
reads with average read length up to several hundred base
pairs and average quality of more than 99.5 % [6].

Pyrosequencing is a powerful tool to access the micro-
bial community structure of wastewater treatment biore-
actors and it has been successfully applied in wastewater
treatment systems [4, 7-9]. Nevertheless, utilization of
pyrosequencing for identification of microbial community
driven sulfur-denitrification is scarce [9] were pioneers in
the use of pyrosequencing to access the microbial com-
munity of a lab-scale bioreactors operated for sulfur-driven
denitrification.

In this study, the pyrosequencing technique was used to
obtain a deeper insight into microbial communities and
consequently a better understanding of the phenomena
occurring inside the chambers of a novel system configu-
ration treating domestic sewage. The system was designed
for anaerobic digestion, nitrification and denitrification
using endogenous electron donors such as sulfides and
methane, and so was based in complex interactions among
different microbial communities. Pyrosequencing was
employed in two different operational phases (consisting of
different recycling ratios and described below) with two
different purposes: (1) to characterize the microbial
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community in the anoxic chamber in phase I; (2) to cor-
roborate the hypothesis of denitrification occurrence in the
anaerobic chamber in phase II. In this way, the technique
was able to assess aspects of the treatment system not
easily identified by physicochemical analyses.

Materials and methods
Pilot-scale system

The pilot-scale system was built in glass fiber and consisted
of two continuous upflow reactors (RA and RB, Fig. 1),
containing immobilized biomass. The tubes and connec-
tions were made of PVC, and the system was subject to
ambient temperature, varying from 10 to 30 °C along the
year. RA had a diameter of 0.80, 4.00 m of height, an
empty-bed volume of 1.58 m?, and contained two separate
chambers, one for anaerobic digestion and one for deni-
trification. The hydraulic retention time (HRT) was kept at
8 h for both chambers. RB was an auxiliary reactor used
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Fig. 1 Pilot-scale system scheme: / RA feed pump, 2 RA lower
(anaerobic) chamber, 3 RA intermediary chamber, 4 RA upper
(anoxic) chamber, 5 biogas separation, 6 RB feed pump, 7 air
diffuser, 8 air compressor, 9 RB nitrifying (aerobic) chamber, /0

anaerobic chamber outlet sampling point, // anoxic chamber inlet
sampling point
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for nitrification, and had a diameter of 0.40 m, a height of
4.50 m and an empty-bed volume of 0.39 m®>. This second
reactor was injected with a constant airflow and subject to
different HRT (8-24 h), depending on the experimental
condition. Chambers were filled with commercial support
material consisting of polyurethane foam caged in plastic
cylinders (Biobob®, BIO PROYJ, Brazil).

The system was designed to promote anaerobic digestion,
nitrification and denitrification, and thus secondary treat-
ment and nitrogen removal were aimed. The chambers for
each process were arranged so that no intermediary tanks
were necessary, to avoid losing sulfides by volatilization or
oxidation. According to Fig. 1, influent was pumped through
the base of RA, entering the lower chamber designed for
anaerobic digestion. A part of the effluent from the lower
chamber was then pumped to RB for nitrification, and the
nitrified effluent was collected at the top of this unit and sent
back to RA by gravity, being introduced at the bottom of the
upper chamber of RA. At this point, the mixture between
both parcels of the effluent from the lower chamber—the one
that was pumped to RB and the one that remained in RA—
could be achieved, before entering the upper chamber,
designed for denitrification.

The advantage of this novel configuration is that the
only fraction of the effluent transferred between reactors is
the one subject to nitrification. The remaining part, con-
taining the sulfides and that should not be exposed to the
atmosphere or to pumping turbulence, is kept undisturbed
inside RA, and thus sulfide loss is avoided. This favors the
occurrence of autotrophic denitrification when both parcels
of the effluent—mnitrified (containing nitrates) and non-ni-
trified (containing sulfides)—are mixed together before
entering the upper chamber. Another positive characteristic
of the system is the fact that the denitrifying chamber is
located on top of the anaerobic digestion chamber, and so
the biogas produced in the lower chamber obligatorily pass
through the upper chamber. In this way, CH, and H,S
present in the biogas could be used for denitrification,
while CO, could be a source of alkalinity and inorganic
carbon for denitrifiers. As a result, the system is able to use
more efficiently the by-products of anaerobic digestion
when it comes to nitrogen removal.

Wastewater, inoculation and operation

The pilot-scale system was fed with domestic sewage col-
lected from the sewer system of the city of Sdo Carlos, Sao
Paulo, Brazil. The wastewater was pumped out of an
equalizing tank connected to the sewage municipal emissary
that was located close to the building, collecting sewage from
the neighborhood. Entrance valves were protected with
stainless steel grids to prevent solids entering the pump and
the reactor. Inoculation of the support material was

performed naturally, by feeding the system only with
wastewater, for a period of approximately 75 days. This
procedure was initially applied only to RA, for the devel-
opment of anaerobic digestion in this unit, and later full
operation was established to allow nitrifiers to grow in RB,
by sending 20 % of the total flow rate to RB. The system was
operated with a total flow rate of 55 L h™ 1, and subject to two
different experimental conditions, based on the proportion of
the total flow rate that was pumped to RB for nitrification:
20-30 % (phase I) and 40-60 % (phase II), maintained
during approximately 100 and 60 days, respectively.

COD, pH, sulfide, sulfate, ammonium, nitrite and nitrate
were measured in the inlet and outlet of both anaerobic and
anoxic chambers during operation. All physical chemical
analyses were done according to the Standard Methods for the
Examination of Water and Wastewater [10]. Sulfide was
measured by the methylene blue method. Sulfate was deter-
mined by the turbidimetric barium chloride method. COD,
ammonium, nitrite and nitrate were determined by
spectrophotometry.

Sampling, DNA extraction and pyrosequencing

Biobobs® samples were collected from the upper chamber
of RA at the end of phase I and from the top of the lower
chamber of RA at the end of phase II (Fig. 1). In phase I
pyrosequencing was used to characterize the microbial
community involved in denitrification, while in phase II
this technique was used to test the hypothesis of denitrifi-
cation occurring in the anaerobic chamber. It is important
to note that samples were taken from different chambers in
phases I and II, and thus it was not the scope of this work to
compare microbial communities in the same chamber
between different phases. Microbial biomass was removed
manually from the plastic cylinders by successive washing
in PBS-buffer (PBS: 0.13 M NaCl, 7 mM Na,HPO,, 3 mM
Na,H,PO,, pH 7.2) and subsequent centrifugation for
10 min at 6000 rpm, at 4 °C, after which the pellet (1 g)
was collected and kept at —20 °C until DNA extraction.
Genomic DNA was extracted using a phenol:chloroform
protocol adapted from Griffiths et al. [11]. Extractions were
performed by the addition of 0.5 g of glass beads
(150-212 um), 1 mL of phenol buffered with Tris (pH
8.0), 1 mL of chloroform and 1 ml of PBS buffer (PBS:
0.13 M NaCl, 7 mM Na,HPO,, 3 mM Na,H,PO,, pH 7.2).
Samples were lysed via vortex for 1 min and the aqueous
phase containing nucleic acids were separated by cen-
trifugation (6000 rpm) for 10 min at 4 °C. The aqueous
phase (0.8 mL) was then transferred to a microtube and
nucleic acids were extracted, via vortex, with an equal
volume of phenol, followed by centrifugation (10,000 rpm)
for 10 min at 4 °C. Aqueous phase (0.6 mL) was then
transferred to another microtube and nucleic acids were
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extracted, via vortex, with an equal volume of chloroform,
followed by centrifugation (10,000 rpm) for 10 min at
4 °C. Extraction with phenol-chloroform was repeated
twice. Total nucleic acids were subsequently purified using
illustra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare) following the instructions given by the
manufacturer.

Pyrosequencing was performed on both phases I and II
samples using barcoded primers that amplify the V4 hyper-
variable region of the 16S rRNA gene [12]. The primer and
barcode sequences were used as follows: forward primer F563
5'-AYTGGGYDTAAAGNG-3', reverse primer R802 5'-
TACNVGGGTATCTAATCC-3' (RDP website http://pyro.
cme.msu.edu/pyro/help.jsp), barcode for anaerobic chamber
5'-CACGCTACGT-3', and barcode for anoxic chamber 5'-
CAGTAGACGT-3'. PCR reactions and pyrosequencing were
performed in a 454 GS FLX Titanium (Roche) at the Instituto
de Agrobiotecnologia Rosario INDEAR Facility, Argentina).
PCR was performed according to the procedures described in
[13]. Pyrosequencing data from aerobic and anoxic chambers
were deposited in the NCBI Short Read Archive (SRA) under
the accession numbers SRX1336504 and SRX1336505,
respectively.

Sequences were processed on mothur 1.24.0 [14]. Chi-
meric sequences were detected by the Chimera Slayer
algorithm [15] using the Silva “Gold” aligned database as
reference. Putative chimeras and sequences shorter than
160 bp were excluded. The remaining sequences were
normalized (randomly subsampled) taking into account the
sample with the fewest number of sequences. The resulting
sequences were aligned against the SILVA 102 reference
database [16] and further clustered into operational taxo-
nomic units (OTU) at 3 % distance cutoff, which was
considered as species taxonomic level [17]. In order to
estimate the complexity of the microbial communities,
alpha diversity indices were calculated on mothur for each
sample using richness (Chaol) and diversity (Shannon)
estimators, as well as by Good’s diversity coverage.
A Venn diagram was constructed to calculate the number
of specific and shared OTU between each phase. Finally,
all sequences from both chambers (i.e., without subsam-
pling) were assigned to taxonomic level of Genera with the
Classifier tool in the Ribosomal Database Project (RDP)
release v10.18 (http://rdp.cme.msu.edu/index.jsp) using a
50 % confidence threshold [18].

Results and discussion
Physicochemical analyses

The pilot-scale system was operated for approximately
180 days, and was considered stable after a 75 day period
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(no inoculation sludge). A neutral pH (6.8-7.0) was kept
during the entire operation period. COD removal efficien-
cies ranged from 50 to 55 % in both phases. However,
nitrogen and sulfur compounds had different dynamics in
the chambers depending on the operational phase
(Table 1). After the acclimation period, nitrates were
continuously observed in the outlet of RB at concentrations
of up to 20 mg N L™".

The most evident changes between the two phases were
observed in the anaerobic chamber. In phase I, sulfide was
produced in this chamber, while in phase II no evident
production was observed. On the other hand, sulfate was
completely consumed in phase I, and not particularly
affected in phase II. A small consumption of ammonium
was observed in phase I, and a more consistent consump-
tion in phase II. Although expected in the measurements,
nitrate was not detected significantly in the sample points
of RA, and neither was nitrite in none of the phases.

Few effects were observed, though, regarding the anoxic
chamber. Most parameters remained practically unchanged
between the inlet and outlet, with the exception of sulfide,
which was consistently produced in phase II, according to
Table 1.

The results show a rather complex environment in which
several phenomena may have occurred simultaneously,
including denitrification using residual organics, sulfides or
methane. This complexity was increased by the fact that
the sampling at the outlet of the anaerobic chamber and
inlet of the anoxic chamber may not have been completely
representative. Sampling in pilot-scale systems usually

Table 1 Average parameter concentrations of inlet and outlet of the
anaerobic and anoxic chambers, during both phases of operation

Anaerobic Anoxic
Inlet Outlet  Inlet Outlet
Phase 1
Sulfide (mg S L™h 2.8 5.9 5.7 6.7
Sulfate (mg S L") 6.3 0.0 0.3 0.3
Ammonium (mg N L™ 354 286 28.1 285
Nitrate (mg N L™ - - 1.0 0.7
COD (mg O, L™") 316.7 1575 158.0 1499
N removal efficiency (%) 17.5
COD removal efficiency (%) 52.7
Phase II
Sulfide (mg S L™Y) 1.9 0.9 0.9 5.1
Sulfate (mg S L") 6.8 6.2 3.7 2.9
Ammonium (mg N L™ 32.3 19.1 20.0 19.4
Nitrate (mg N L™ - - 0.0 0.0
COD (mg O, L™ 276.1 1276 1247 1279
N removal efficiency (%) 39.9

COD removal efficiency (%)  53.7
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suffers hydrodynamic effects, and this may have been the
case for those sample points, especially because the inter-
change of effluents between RA and RB was occurring in
these regions. Therefore, the dynamics occurring in the
intermediary chamber located between anaerobic and
anoxic chambers could not be completely assessed.

Analyzing the inlet and outlet data of the entire RA
reactor, it was evident that denitrification activity was
occurring inside the reactor. Approximately 20 and 40 %
of the total inorganic nitrogen were removed in phases I
and II, respectively. This fraction corresponds roughly to
the proportion of the total flow rate that was recirculated to
RB in each phase, and thus was subject to nitrification—
denitrification processes. The physicochemical data
obtained for inlets and outlets of each chamber were not
able to explain, though, which processes were responsible
for the nitrogen removal.

The shift in the behavior of the anaerobic chamber
regarding sulfur compounds in phase II, the non-detection of
nitrates in RA (which were measured in the outlet of RB) and
the apparent lack of denitrification activity in the anoxic
chamber could be explained by the following hypotheses: (1)
denitrification activity in the pipes connecting RB to RA,
containing the flow of nitrified effluent; (2) denitrification
activity in the intermediary chamber due to suspended bio-
mass activity; (3) denitrification activity on the upper part of
the anaerobic chamber in phase II, because of unexpected
mixing in the intermediary chamber, which could explain the
presence of sulfate at the outlet of this chamber due to
autotrophic denitrification; (4) intense mixing of nitrified and
anaerobic effluent in the intermediary chamber of RA and in
the inlet of the anoxic chamber in such a way that the nitrates
in the sample points were already denitrified due to the
contact with the biomass of the chamber.

Since physicochemical analyses alone were not enough
to clarify these phenomena, auxiliary techniques were
needed for a better understanding of the microbial com-
munity acting on the controversial sampling points. In this
way, pyrosequencing technique was as a suitable tool to
increase the data pool in order to adequately evaluate the
biological processes and improve the design of the system.
Pyrosequencing analyses were applied in two situations, to
evaluate two main hypotheses: (1) samples collected from
the lower region of the anoxic chamber in phase I, to
evaluate if a denitrifying community was present in this

chamber; (2) samples collected from the upper region of
the anaerobic chamber in phase II, to evaluate if the
increase in the recirculation rate between RA and RB could
be causing nitrates to be denitrified at this region.

Pyrosequencing

Massive parallel sequencing resulted in a total of 13,665
sequences with an average read length of 286 + 13.6 bp.
From this total, the anaerobic chamber had 6288 sequences
and the anoxic chamber resulted in 7377 sequences.
Therefore, for the OTU-based analysis, the number of
sequences from the anoxic chamber was set to 6288 ran-
domly chosen sequences. Alpha diversity indices were
calculated for both chambers at a 3 % distance cutoff
(Table 2). Good’s coverage rates showed values higher
than 90 %, which is considered the minimum coverage
necessary to analyze OTU with confidence [19].

The total observed OTU in the anaerobic chamber (815
OTU) was higher when compared to the anoxic chamber
(629 OTU). Similarly, the richness (Chaol) and diversity
(Shannon) indices were higher in the anaerobic chamber.
These results indicate that the anaerobic chamber contained
a greater number of different microorganisms and also a
more evenly distributed number of phylotypes among the
OTUs. Therefore, the anoxic chamber seemed to be a more
selective environment than the anaerobic. In order to
evaluate how much of this diversity is shared between the
anaerobic and anoxic chambers, a Venn diagram was
constructed with the observed OTU (Fig. 2). The majority
of the OTU’s were specific for the anaerobic (47.05 % of
total OTU) or the anoxic chamber (31.39 %). The
remaining 21.55 % of the OTU were shared between the
two samples, which may represent populations surviving in
both chambers, for example the metabolically versatile
mixotrophic bacteria that take advantage of different
environmental conditions, or inactive/decaying cells that
entered the anoxic chamber coming from the anaerobic
chamber.

Microbial community in anoxic chamber
Pyrosequencing analysis in the anoxic chamber yielded a

total of 7377 sequences, of which 6486 were related to the
domain bacteria and 831 were unclassified bacteria.

Table 2 Alpha diversity indices calculated for the anaerobic and anoxic chambers using a distance cutoff of 3 %

Sample Number of sequences Subsampled sequences® Number of OTU Chaol Shannon Coverage (%)
Anaerobic chamber 6288 6288 815 1472 4.242 93.4
Anoxic chamber 7377 6288 629 1180 3.712 94.7

® The subsampled sequences were used for generating OTUs and Chaol, Shannon and coverage indices
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Anaerobic Anoxic
chamber chamber
256
559 373

Fig. 2 Venn diagram showing the number of shared OTU between
anaerobic and anoxic chambers as calculated for a 3 % distance cutoff

At the phylum level, sequences belonging to the Pro-
teobacteria were the most abundant, with 71 % of fre-
quency (Fig. 3). All five classes within Proteobacteria

were represented, being Epsilonproteobacteria the most
numerous, with 62 % of all bacterial sequences (Fig. 4).
Members of the class Epsilonproteobacteria are increas-
ingly recognized as predominant auto or mixotrophic
organisms globally ubiquitous in marine and terrestrial
ecosystems, being of major importance in biogeochemical
processes at oxic-anoxic interfaces, particularly those that
are sulfur-dependent [20]. These results show that the
operational and environmental conditions imposed in the
anoxic chamber of RA promoted the selection of a
microbiota related to sulfur metabolism. Within this group,
the most abundant sequences were related to Arcobacter
(Campylobacteraceae) and Sulfuricurvum (Helicobacteri-
aceae) genera (Fig. 5). Cultivable representatives of both
genera are facultative anaerobic, growing in micro-
aerophilic conditions, with the ability to oxidize sulfur
reduced compounds (sulfide, thiosulfate, elemental sulfur)
and hydrogen, while reducing oxygen or nitrate to nitrite.
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They do not use nitrite as electron acceptor, though [21,
22]. Representatives of Arcobacter and Sulfuricurvum
genera are mixotrophic and strictly autotrophic, respec-
tively. Sequences related to Arcobacter were more abun-
dant than those related to Sulfuricurvum, showing that
mixotrophic metabolism was favored in the anoxic cham-
ber. [23] reported the dominance of sequences related to
Arcobacter sp in a continuously stirred tank reactor fed
with synthetic sewage containing 100 mg/L of S™>-S and
70 mg/L of NO>-N. In a recent study using the pyrose-
quencing technique, [24] detected a great number of
sequences classified as Arcobacter in the inflow sewage of
wastewater treatment plants, and [21] isolated Arcobacter
defluvii sp. nov. from raw sewage samples. Although the
microbiota of the raw sewage was not analyzed, these

microorganisms most probably were present in the raw
domestic sewage and were selected by the operational and
environmental conditions applied to the bioreactor.
Regarding the occurrence of Sulfuricurvum, this is the first
report of sequences related to Sulfuricurvum in a domestic
sewage bioreactor. Sulfuricurvum kujiense strain YK-1
[22], the only strain cultivated so far, is strictly autotrophic
and can grow on crude oil by coupling oxidation of reduced
sulfur compounds to reduction of nitrate. The predomi-
nance of Epsilonproteobacteria with presence of sequences
related to Arcobacter and Sulfuricurvum is an important
evidence that this system configuration was adequate to
develop a microbial consortium of nitrate-reducing bacteria
able to denitrify under autotrophic and/or heterotrophic
conditions.
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The classes Gammaproteobacteria, Deltaproteobacteria
were detected in minor frequency (Fig. 4). Within the class
Gammaproteobacteria, comprising 715 sequences (9.8 %
of frequency), the family Pseudomonadaceae was domi-
nant, with all 556 sequences related to the genus Pseu-
domonas. In minor proportion (0.8 %), there was the
family Aeromonadaceae with 91 sequences, of which 62
were related to the genus Tolumonas (Fig.S) and 23
sequences to the genus Aeromonas. It is well known that
members of the genus Pseudomonas are widespread and
metabolically versatile, and are frequently detected in
environments where denitrification is achieved, including
domestic sewage treatments systems. Cultivable represen-
tatives are facultative chemolithotrophs, facultative anaer-
obes with respiratory metabolism and in anoxic or aerobic
condition can use nitrate or nitrite as electron acceptor. For
example, Pseudomonas stutzeri strains SU2 and QZ1 have
been reported to be associated with aerobic denitrification
and denitrification coupled to oxidation of sulfide, respec-
tively, in wastewater treatment systems [25, 26]. The
Aeromonadaceae family is a group of microorganisms
widespread in aquatic ecosystems. Members of this family
are chemo-organotrophs and facultative anaerobes capable
of respiratory and fermentative metabolism. Oxygen is a
universal electron acceptor and some groups can reduce
nitrate [27]. Sequences related to Aeromonas were detected
in the anoxic chamber and may have been associated with
nitrate reduction. The type genus Aeromonas was isolated
from domestic sewage treatment system and was related
with reduction of nitrate [28]. Interestingly, sequences
related to Tolumonas were more abundant than those
related to Aeromonas, even though for Tolumonas the
reduction of nitrate has not been reported. Although
sequences related to Tolumonas are not directly involved in
denitrification they may have had and indirect influence by
producing electrons donors for denitrifiers. For example,
the type strain Tolumonas auensis strain TA 4 produces
acetate, ethanol and formate as products of glucose fer-
mentation [29]. These substrates can be wused for
denitrification.

The class Deltaproteobacteria comprised 665 sequences
or 9 % of all bacteria sequences. In this class, it was
observed a dominance of sequences related to incompletely
sulfate-reducing bacteria belonging to the genus Desul-
fobulbus, with 394 sequences, followed by Desulfovibrio,
with 178 sequences (Fig. 5). Cultivable representatives,
such as Desulfobulbus propionicus and Desulfovibrio
desulfurican, besides reduction of sulfate, can also couple
reduction of nitrate or nitrite to ammonium with com-
pletely oxidation of sulfide, as well as oxidize inorganic
sulfur compounds and organic substrates incompletely to
acetate under microaerophilic conditions [30]. The
sequences related to Desulfobulbus and Desulfovibrio may
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indicate the role of these genera in carbon, sulfur and
nitrogen cycles by oxidation of sulfur under micro-
aerophilic condition as well as by reduction of nitrate
linked to sulfur oxidation and by production of acetate for
heterotrophic denitrification. The class Betaproteobacteria
comprised 2.8 % of all bacteria sequences with 206
sequences. In this class, sequences related to the genus
Janthinobacterium (Oxalobacteraceae) were dominant,
with 72 sequences (Fig.5). It is well known that
microorganisms of this genus are chemo-organotrophs with
strictly aerobic metabolism and with the ability to reduce
nitrate or nitrite to nitrogen gas. In overall, due to their
versatility, the classes and genera presented here may have
found in the anoxic chamber a suitable environment for
growth, because of the simultaneous presence of nitrates,
sulfides, sulfate, residual organic matter and residual dis-
solved oxygen.

In minor frequency, sequences related to the phylum
Verrucomicrobia were detected, comprising 209 sequences
or 2.8 % of all bacterial sequences (Fig. 3), with the
majority of sequences (145 sequences) belonging to Sub-
division3_genera_incertae_sedis (class Subdivision 3)
(Fig. 5). Verrucomicrobia is a recently described phylum
that are ubiquitous in soils, and most of isolates are free-
living organisms, mesophilic, facultative or obligate
anaerobic, saccharolytic and oligotrophic [31]. Detection
of this group has been recently reported in activated sludge
systems, anaerobic sludge digester and in a bioreactor
operated for aerobic/anoxic deammonification [8, 32, 33].
Sequences related to this group suggest their role in het-
erotrophic metabolism in the anoxic chamber as well as in
the anaerobic chamber, where sequences related to Ver-
rucomicrobia were also detected.

The phyla Acidobacteria and Synergistetes were also
detected in minor frequency. The phylum Acidobacteria
comprised 190 sequences, of which 166 belonged to the
family Holophagaceae, being represented in high number
by sequences (123 sequences) related to Holophaga, also
detected in the anaerobic chamber. The type strain Holo-
phaga foetida [34] is obligate anaerobic, homoacetogenic
and the presence of sequences related to Holophaga sug-
gests anaerobic zone in the anoxic chamber. The presence
of sequences related to this organism may indicate its role
in denitrification, by supplying nitrate reducers with
organic electron donors for heterotrophic denitrification.
The phylum Synergistetes comprised 224 sequences, being
the majority related to Aminobacterium (84 sequences),
Aminomonas (47 sequences), Synergistes (25 sequences)
and Cloacibacillus (16 sequences). These sequences were
also observed in the anaerobic chamber and all cultivable
taxa share the ability to ferment amino acids and/or pep-
tides to hydrogen and fatty volatile acids, which are con-
sumed by mixed microbial populations [35]. Sequences
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related to these genera indicate the presence of fermenta-
tive metabolism inside the anoxic chamber using organic
residuals provided by the anaerobic chamber. This fraction
of the microbial community may also have contributed for
denitrification by supplying nitrate-reducing microorgan-
isms with fermentation by-products that could be used as
electron donors.

In summary, the operational and environmental condi-
tions promoted the selection of a complex microbial
community in the anoxic chamber with microorganisms
directly and indirectly involved in sulfur-driven denitrifi-
cation as well as in heterotrophic denitrification. The
majority of sequences related to Proteobacteria within
Epsilon class such as Arcobacter and Sulfuricurvum, as
well as the detection of sequences related to Desulfobulbus
and Desulfovibrio (Deltaproteobacteria), shows that this
system configuration was capable of developing a micro-
bial community of nitrate-reducing sulfur-oxidizing bac-
teria in the anoxic chamber as well as mixotrophic and
heterotrophic denitrifiers (Pseudomonas, Aeromonas, Jan-
thinobacterium), and in minor proportion those with
homoacetogenic (Holophaga) and fermentative metabo-
lism (Tolumonas, Aeromonas and sequences related to the
phylum Synergistes).

Microbial community in anaerobic chamber

A total of 6288 sequences were analyzed for the anaerobic
chamber, of which 4834 were classified to different bac-
terial Phyla and 1442 were unclassified bacteria. Sequences
related to the phylum Synergistetes dominated in the
anaerobic chamber, with 1898 sequences or 30 % of fre-
quency (Fig. 3). In this phylum it was observed a domi-
nance of sequences related to the genera Aminobacterium
and Aminomonas, followed by Synergistes, and in lower
number Cloacibacillus (Fig. 5). Synergistetes is a candi-
date phylum recently proposed that includes anaerobic,
gram negative, rod-shaped bacteria that are ubiquitous in
humans but with few isolates so far from anaerobic treat-
ment systems and all cultivable taxa share the ability to
ferment amino acids and/or peptides to hydrogen and fatty
volatile acids which are consumed by mixed microbial
populations, such as methanogens, homoacetogenic and
sulfate-reducing bacteria [35]. As sequences related to
Synergistetes were dominant (Fig. 3) and protein compo-
nent of domestic sewage is reportedly greater than 40 %
[36], the microorganisms of this phylum most probably
played an important role in the acidogenic phase during the
anaerobic degradation of amino acids and/or peptides
presented in the sewage, under the operational and envi-
ronmental conditions applied.

The phylum Proteobacteria was the second largest
phylum comprising a total of 1169 sequences (Fig. 3). All

five classes within Proteobacteria were represented, but in
contrast with the anoxic chamber, Deltaproteobacteria was
the most numerically represented, with 881 sequences
corresponding to 14 % of all bacterial sequences (Fig. 4).
Deltaproteobacteria contains the major lineages of sulfate
reducers and also syntrophic substrate-degrading anaer-
obes, and this may explain the microbial activity in the
anaerobic chamber, which generated sulfides to be con-
sumed in the anoxic chamber. The more abundant
sequences were related to the genus Syntrophorhabdus
(333 sequences), followed by Desulfobulbus (199 sequen-
ces) and in less number by Smithella (89 sequences), De-
sulfovibrio (74 sequences), and Desulfonema (45
sequences) (Fig. 5). Syntrophorhabdus is largely repre-
sented by abundant bacteria within anaerobic ecosystems
mainly decomposing aromatic compounds. The type spe-
cies, Syntrophorhabdus aromaticivorans, isolated from an
UASB reactor treating wastewater from a manufacturing
terephthalic acid, degrades phenol and other aromatic
compounds in syntrophic association with hydrogen-scav-
enging methanogens [37]. In addition, this organism is also
able to degrade isophthalate in syntrophic association with
Desulfovibrio sp. Although phenol and other aromatic
compounds are characteristic of some industrial effluents,
they can also be present in sewage due, for example, to the
use of detergents. Aromatic compounds can also be formed
during anaerobic degradation of aromatic amines present in
sewage [38]. The high number of sequences related to
Syntrophorhabdus may indicate the role of this group in
syntrophic degradation of phenol and other aromatic
compounds possibly present in the sewage. A total of 89
sequences were related to another syntrophic bacterium
related to the genus Smithella (Fig. 5). Smithella is known
to participate in the syntrophic oxidation of propionate to
acetate for use, for example, by acetoclastic methanogens
[39]. As propionate is an important fermentation product in
the acidogenic phase of anaerobic digestion, it is not sur-
prising that sequences related to syntrophic propionate
consumer were detected. Regarding sulfate-reducing bac-
teria (SRB), high number of sequences were related to the
incompletely oxidizing Desulfobulbus and Desulfovibrio,
as well as the completely oxidizer Desulfonema (Fig. 5).
The presence of OTUs related to these genera strongly
indicates the role of them in sulfate reduction using
hydrogen and/or organic acids from fermentative metabo-
lism. In addition to sulfate, SRB have been found to use
many other electron acceptors and moreover can promote
dissimilatory reduction of nitrate to ammonium as well as
respiration under microaerophilic conditions [30].

The third largest phylum was the Firmicutes comprising
814 sequences or 12 % of all bacteria (Fig. 3). A majority
of sequences (674 sequences), nearly 11 % of the total,
were related to the class Clostridia (Fig. 4), while the class
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Bacilli was represented by only five sequences. Two major
representative genera were Clostridium sensustricto (fam-
ily Clostridiaceae) and Clostridium XI (family Pep-
tostreptococcaceae) with 45 and 34 sequences,
respectively (Fig. 5). Members of these genera are ubig-
uitous chemoorganotrophic microorganisms, important
participants of anaerobic degradation of fermentative
metabolism of organic compounds. The metabolites pro-
duced, such as H,, CO, and organic acids can be used by
other members of the anaerobic microbial community, such
homoacetogens, sulfate-reducing bacteria, denitrifiers and
methanogens. So the presence of these sequences pointed
out the occurrence of fermentative metabolism in the
anaerobic chamber, as expected.

In minor proportion (3-5 %), there were the phyla
Chloroflexi, Verrucomicrobia and Acidobacteria (Fig. 3).
Chloroflexi comprised 321 sequences, with all of them
belonging to the family Anaerolineaceae. Sequences rela-
ted to Amaerolineaceae have been found in anaerobic
environments, such as UASB reactors treating high-
strength organic wastewaters, and their presence suggest
their contribution to the degradation of carbohydrates and
other cellular components, such as amino acids [40].
Among the few cultivable strains, the most representative
genera identified in this study were sequences related to
Longilinea followed by Leptolinea, with 108 and 71
sequences, respectively (Fig. 5). Members of both genera
are obligate anaerobes, non-spore-forming, gram negative,
multicellular filamentous microorganisms that ferment
carbohydrates and peptides, and can grow in co-culture
with hydrogenotrophic methanogens [41, 42]. In the
anaerobic chamber, sequences related to these microor-
ganisms may have contributed to fermentation of carbo-
hydrates and peptides present in the sewage, releasing
metabolites used by other members of microbial
community.

The phylum Verrucomicrobia comprised 301 sequen-
ces with the majority (269 sequences) belonging to Sub-
division3_genera_incertae_sedis (class Subdivision 3), as
also observed in the anoxic chamber. The phylum Aci-
dobacteria comprised 221 sequences with the majority
(80 sequences) related to the genus Holophaga. Sequen-
ces related to this phylum have been recovered from
diverse environments including wastewater treatment
plants, and it was also observed in the anoxic chamber.
The type strain of the genus Holophaga, Holophaga foe-
tida, is obligate anaerobic, homoacetogenic bacterium
that uses, for example, pyruvate and trihydroxybenzenes
as organic sources [34]. The presence of sequences related
to Holophaga may indicate the role of this organism in
pyruvate metabolism, a common intermediate of anaero-
bic metabolism, as well as in anaerobic degradation
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of aromatic compounds that could be present in the
sewage.

In summary, the selection of sequences belonging to the
phyla Synergistetes followed by Deltaproteobacteria and
Firmicutes reveals the predominance of fermentative
metabolism of organic compounds by fermenting peptide,
amino acid and carbohydrate bacteria, mainly related to
Aminobacterium as well as Aminomonas, Synergistes,
Subdivision 3 genera incertae sedis and, in minor propor-
tion, Longilinea, Leptolinea and Clostridium, with pro-
duction of intermediate metabolites which could have been
used by other members of the anaerobic microbial com-
munity, such as Syntrophorhabdus, syntrophic propionate
consumer Smithella, syntrophic pyruvate degrader Holo-
phaga and sulfate-reducing bacteria Desulfobulbus and
Desulfovibrio.

Overall assessment of the phenomena occurring
in the system

The presence of a consistent denitrifying microbiota
involved with sulfur and mixotrophic metabolism in the
anoxic chamber in phase I, and the lack of evidence of
denitrifying community in the anaerobic chamber in phase
II are very important data to better assess the phenomena
occurring inside the system. The presence of sulfide-oxi-
dizing as well as mixotrophic denitrifiers in the anoxic
chamber showed that the system’s configuration was suc-
cessful in promoting denitrification at this region, even
though physicochemical analyses did not detect this
activity. Based on these results, it is reasonable to assume
that the hypothesis (4) presented in the “Results and dis-
cussion” section was most probably the one occurring
inside reactor RA. Unknown hydrodynamics of the system
may have caused an intense mixing in the intermediary
chamber of RA, in such a way that sampling points in this
region were subject to samples already denitrified by the
anoxic chamber. The fast consumption of nitrates by the
biomass in the anoxic chamber may also have contributed
to the phenomenon. The contact of nitrates with the
anaerobic chamber was not related to the observed deni-
trification, though. These results indicate that pyrose-
quencing is indeed a powerful tool to assess the microbial
panorama of a complex system, in order to elucidate
aspects that could not be determined otherwise, reinforcing
the importance of the coupling between physicochemical
and molecular biology techniques and providing new
insights in the improvement of the system. In this way,
pyrosequencing analyses showed that hydrodynamics of
the intermediate chamber of RA is one of the drawbacks of
the proposed system, requiring measures for better per-
formance in this regard.
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Conclusions

This study demonstrated the usefulness of the pyrose-
quencing technique to evaluate a bioreactor in which only
physicochemical results were not enough to describe the
observed phenomena. In the anoxic chamber, results
showed a microbial community directly and indirectly
involved in sulfur-driven denitrification, but due to fast use
of nitrates or hydrodynamics, denitrification was not
clearly distinguished by physicochemical analyses. In the
anaerobic chamber, pyrosequencing showed a typical
anaerobic microbial community, and so the hypothesis of
denitrification occurrence was not corroborated. These
results are important, since they elucidated aspects of a
complex pilot-scale bioreactor, contributing to its future
improvement.
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