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Abstract Batch experiment at COD/NO; -N ratio of
8.0 was conducted to investigate the initial performance
of the simultaneous denitrification and methanogenesis
(SDM) process and corresponding granular sludge
(SDMGS). The results showed a high level of inhibition
of methanogenesis activity with nitrate addition, and the
particle size, settling performance, and morphologies of
the SDMGS were also different from conventional
methanogenesis granular sludge. The structure and suc-
cession of bacterial communities of the granular sludge
during the initial stage of the SDM process were deter-
mined using the high-throughput sequencing method.
Sequence analysis indicated that diversity of bacterial
communities was significantly decreased due to nitrate
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addition. Proteobacteria, Bacteroidetes, Firmicutes, and
Spirochaetes were identified to be the dominant bacte-
rial communities (96.06%) of the SDMGS samples, and
microbes associated with anaerobic fermentation were
reorganized. Alpha-, Beta- and Gamma-proteobacteria,
and Bacteroides might be the sources of denitrificans.
Lastly, species associated with animal and human infec-
tions, such as Enterobacteriaceae, Bacteroides, and oth-
er common human enteric pathogens, were found to be
recovered during the initial stage. Short-term assessment
of bacterial communities of the SDMGS would
strengthen understandings of the effects of nitrate con-
tamination in water bodies and provide vital guidance
for operation of nitrate-containing wastewater treatment.

Keywords Anaerobic digestion - Denitrification -
Gamma-proteobacteria - Next-generation sequencing -
Nitrate

1 Introduction

Increasing nitrate concentration in soil, lakes, surface
water bodies, and groundwater due to intensive agricul-
tural and industrial activities has been reported in many
parts of the world (Chen et al. 2007; Qu and Fan 2010;
Liu et al. 2013; Wolinska et al. 2016). Huge amounts of
nitrate in water bodies without proper treatment would
cause serious environmental problems and further
threaten human and animal health (Su et al. 2013).
Simultaneous denitrification and methanogenesis
(SDM) process, which coupled the nitrate reduction
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and anaerobic digestion together into a bioreactor, has
received considerable attention recently and been shown
to be a promising technology for the treatment of high-
strength carbon- and nitrate-containing wastewater
(Chen et al. 2009; Sun et al. 2015) due to advantages
of simplifying the operating procedures, supplementing
the substrates (organic carbon), reducing cost and space,
and partly recovering energy in the form of methane
(Andalib et al. 2011; Show et al. 2013).

Integration of denitrification into the conventional
anaerobic methanogenesis process makes significant
influence on the whole microbial communities and fur-
ther affects the characteristics of the sludge and perfor-
mance of the reactor (Hendriksen and Ahring 1996b;
Tugtas and Pavlostathis 2007). The distribution and
location of the denitrificans and methanogens on the
sludge were reported through microscopic observation
in an immobilized mixed culture (Lin and Chen 1995),
and the growth of the denitrificans and facultative an-
aerobes on the peripheral surface of the sludge was
thought to account for the reorganization of microbial
communities during the SDM process (Karim and
Gupta 2003; Wang et al. 2014). Despite that the bacterial
communities of the SDM process within a long-term
period were examined using the 16S rDNA clone librar-
ies method (Sun et al. 2008), detailed investigations into
the succession and structure of bacterial communities
during the initial stage of the SDM process, being con-
nected with the evolution of bacterial communities and
the corresponding granular sludge (SDMGS) due to
exposure to high levels of nitrate, have not generally
been reported. Moreover, there is lack of sufficient gene
sequence information to reveal the comprehensive bac-
terial communities and functional microorganisms in the
SDM process.

High-throughput sequencing (HTS) analysis, based
on different hyper-variable regions of 16S rDNA/RNA
gene, brings comprehensive insights into the whole
microbial communities in terms of taxonomy and diver-
sity, especially for those rare but functionally important
species from environmental samples (Logares et al.
2012). Nowadays, the HTS method has been widely
applied to evaluate microbial communities of wastewa-
ter treatment plants and has become a powerful tool for
environmental microbiology research (Zhang et al.
2012; Liao etal. 2013). Owing to much greater coverage
and far more informative DNA sequences generated
from HTS analysis, information regarding species,
abundance, and physiology involved in the SDM
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process can be elucidated more accurately and
comprehensively.

Influent chemical oxygen demand (COD)/NO, -N
ratio is one of the most critical parameters for the real-
ization of the SDM process and succession of the func-
tional microbes (Akunna et al. 1993; Chen et al. 2009).
Suitable COD/NO, —N ratios with different carbon
sources for the SDM process have been well discussed
in literatures (Akunna et al. 1992; Del Pozo and Diez
2003; Ruiz et al. 2006), and with glucose as the carbon
source, a COD/NOj -N ratio around 8.0 could be treat-
ed as the minimum threshold for the SDM process from
the aforementioned reports and used in the experiment.

Therefore, the main objectives of the present work
were to: (1) assess the reactor’s performance of the SDM
process at a COD/NO; -N ratio of 8.0 and the corre-
sponding granular sludge (SDMGS); (2) investigate the
structure and succession of bacterial communities of the
SDMGS at the initial stage using the HTS method and
conduct a comparative analysis of the different bacterial
communities between the SDMGS and methanogenesis
granular sludge (MGS); and (3) identify sources of
possible denitrificans and other functional bacterial
communities. The results will provide a better under-
standing of the succession of different bacterial commu-
nities with nitrate addition and the effects of nitrate
contamination on the water bodies, as well as being
helpful for the better treatment of high level of nitrate-
containing wastewater.

2 Materials and Methods
2.1 Batch reactors, Culture Medium, and Seed Sludge

Series of identical serum bottles with a volume of
250 mL were used as the batch bioreactors. The culture
medium contained the following constituents: C¢H;,0g,
4.0 g/L; NH4CI, 0.42 g/L; KH,POy4, 0.2 g/L;
MgS0,4-6H,0, 0.4 g/L; CaCl,, 0.15 g/L; and L-cysteine,
0.1 g/L. Trace element solution was prepared and the
culture medium was stored at 4 °C before use. Sludge
was collected from a local full-scale, mesophilic, anaer-
obic internal circulation bioreactor and then cultured
with synthetic wastewater at a COD/N/P ratio of 200—
300:5:1 for months before being used as the inoculum.
After removing the large debris from sludge with a 3.0-
mm sieve, the volatile suspended solids (VSS) and
the volatile-to-total suspended solids (VSS/TSS) ratio
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of the granular sludge used as the inoculum for batch
experiments were 50.5+3.2 g/ and 0.81, respectively.

To prepare the batch experiments, 20.0 g (measured
on a wet weight) of inoculum sludge, 150.0 mL culture
medium, and 1.0 mL trace elements solution were re-
spectively added into serum bottles and numbered. The
COD/NOj; -N ratio of mixtures was adjusted to 8.0 with
sodium nitrate (NaNO3); the control group was prepared
without nitrate. The initial pH value of mixtures was
about 7.4 £0.5, with adjustment of sodium bicarbonate
(NaHCO5). Mixtures and bioreactors were then flushed
with 99.995% argon gas for 10 min, closed with butyl
rubber stoppers, and sealed with aluminum caps imme-
diately. An anaerobic glove box filled with argon gas
was utilized to ensure the absence of oxygen during the
entire preparation period. The cultivation was per-
formed in a reciprocating shaker water bath (SW22,
Julabo, Germany) at a constant temperature of 35+
0.2 °C. Continuous experiments lasting 15 days were
carried out to obtain the sludge samples for further
analysis, and the culture medium was replaced every
2 days with the help of an anaerobic glove box filled
with argon gas (>99.995%). All the batch experiments
were performed in triplicate.

2.2 Sampling and Analytical Methods

Liquid samples were collected with sampling syringes
and centrifuged at 10,000xg for 10 min at 4 °C (3—18k,
Sigma, Germany), then used for chemical analysis. COD,
NH,*-N, VSS, and TSS were determined according to
standard methods (APHA 1998). The concentrations of
NO; -N and NO, -N were measured using an ion chro-
matography (ICS-90, Dionex, USA) equipped with an
IonPac AS14 column (4 x 250 mm) with a carbonate/
bicarbonate eluent (3.5 mmol/L Na,CO5 and 1.0 mmol/L
NaHCO; at 1.0 mL/min). The pH and oxidation reduc-
tion potential (ORP) values of the liquid samples were
examined using a pH meter (PHS-25, LeiCi, China).
The composition of volatile fatty acids (VFAs) in the
experiment was examined with a gas chromatograph
(A90, Echrom Inc., China) equipped with a capillary
column (DB-FFAP, 30 m x 0.32 mm x 0.5 um) and a
flame ionization detector. The nitrogen carrier gas flow
rate was 5.0 mL/min. The total volume of the biogas
produced was recorded with a gas flow meter, and the
composition was determined using the same gas chro-
matograph equipped with a thermal conductivity detec-
tor and a stainless steel column (3 mm, 2-m length)

packed with TDX-01 (60—80 mesh). The injector, oven,
and detector temperatures were 150, 100, and 250 °C,
respectively. High-purity argon was used as the carrier
gas at a flow rate of 30.0 mL/min.

2.3 Granular Sludge Characterization

SDMGS and MGS (control group) samples were col-
lected at the end of continuous experiments. Main ap-
pearance features of SDMGS and MGS were gained
through visual observation and photographed with a
digital camera. The particle size of the granular sludge
was then determined in triplicate from digital photos
using the Image-Pro Plus software (version 6.0, Media
Cybernetics, USA). The settling velocity of the sludge
was evaluated through recording the average time taken
for an individual granule to fall from a certain heightin a
measuring cylinder filled with tap water. Morphology
details of the sludge granules were recognized with a
scanning electron microscope (EVO LS10, Carl Zeiss,
Germany) after fixation, dehydration of gradient ethanol
series, and gold coating.

2.4 DNA Extraction and High-Throughput Sequencing

Total DNA was extracted from sludge with a FX Soil
DNA MiniPuri Kit (Felix Biotechnology, USA), refer-
ring to the manufacturer’s instructions. The quality of
extracted DNA was checked with 1.0% (w/v) agarose
gel electrophoresis and visualized under ultraviolet light
after staining with Goldview I® (nucleotide dye). The
extracted DNA was then stored at —20 °C and used for
HTS analysis.

HTS analysis was performed on an I[llumina MiSeq
platform. Primers 515F (5'-GTGCCAGCMGCCGCGGT
AA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-
3" were used to amplify the V4 region of the bacterial 16S
rDNA gene. Unique barcodes were utilized to assign
sequences to different samples. PCR amplification was
performed in a final volume of 50 uL reaction mixtures
containing 0.4 uM forward and reverse primers, 1 pL
template DNA, 250 nM dNTP, and 1x FastPfu Buffer
using a GeneAmp 9700 (Applied Biosystems, USA). The
PCR program consisted of an initial denaturation step at
95 °C for 3 min, 25 cycles of denaturation at 95 °C for
30 s, then annealing at 55 °C for 30 s and extension at
72 °C for 30 s, finished with a final extension at 72 °C for
5 min. Sequencing was performed at BGI Tech Co. Ltd.,
China.

@ Springer



121 Page4 of 12

Water Air Soil Pollut (2017) 228: 121

2.5 Data Processing and Bioinformatics Analysis

For the bioinformatics analysis, the raw sequence reads
were firstly assigned to different samples based on the
nucleotide barcodes. After denoising, filtering out the
chimeras, and removing archaeal sequences, effective
tags were clustered into different operational taxonomic
units (OTUs) at a 0.03 limit using the MOTHUR soft-
ware (http://www.mothur.org/). Rarefaction curves,
Chaol richness estimator, and Shannon diversity index
were also obtained based on cluster information.
Sequences were compared to entries in the SILVA
database (version SSU111; http://www.arb-silva.de),
with a set confidence threshold of 80%, and
phylogenetically assigned to taxonomic classification
from phylum to the genus level using an RDP
classifier at a 0.03 distance. Comparative visualization
of the differences in bacterial communities between the
SDMGS and MGS samples was performed using the
MEGAN (version 5.9.0) software (http://ab.inf.uni-
tuebingen.de/), and a treemap based on the output
from the RDP classifier was constructed for the
SDMGS samples using the Treemap program (version
4.1.1; http://www.cs.umd.edu/hcil/treemap/).

3 Results and Discussion
3.1 Performances of the Batch Experiments

Performances of batch experiments with nitrate addition
at a COD/NO; -N ratio of 8.0 were investigated; the
control group was performed without additional nitrate.
Variations of pH and ORP values are presented in
Fig. la. Both the pH and ORP values were increased
and showed to be higher than the control group at the
same time due to denitrification occurring simultaneous-
ly with nitrate addition. At the first 10 h, the pH values
ofthe two groups were decreased to the lowest, 7.26 and
7.06, respectively, which could be owing to the acidic
fermentation of glucose. The ORP values were kept
around —300 mV during the entire experimental period
with nitrate addition and rose to the highest of about
—285 mV at 4 h, which could have inhibited the activ-
ities of the methanogenesis process since the growth of
methanogens was reported to be inhibited at ORP values
above =330 mV. About 91.2% of nitrate was removed in
the first 24 h, and nitrite was accumulated and rose to
about 10.6 mg/L (NO, -N) at the beginning (Fig. 1b),
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and no nitrite could be detected at the end of the exper-
iment. During the experimental period, ammonia was
not found to be accumulated, and a lower concentration
of ammonia was detected at the end, which might be due
to utilization for the synthesis of microbes as a nitrogen
source (Fig. 1c). The methane production of the two
groups is presented in Fig. 1d; a total of 19.5 mL meth-
ane was produced under the COD/NO; -N ratio of 8.0,
which was significantly lower than that of the control
group (with a production of 140.3 mL in total). The
results showed a high level of inhibition effect of
methanogenesis activity with nitrate addition at the
COD/NOj; -N ratio of 8.0. Combined with the removal
performance of nitrate, the SDM process seems to be
observed at the COD/NOj5 -N ratio of 8.0.

Continuous experiments lasting 15 days were carried
out as aforementioned to obtain the SDMGS and MGS
(control group) samples for analysis. The culture medi-
um was replaced every 2 days with the help of an
anaerobic glove box. Variations of individual VFA con-
centration, in terms of acetate and propionate, are shown
in Fig. 2a. Acetate was found to be the main component
of the total VFAs, and only a little propionate (less than
the control group) was detected in the culture of the
SDM process, which could be owing to the metabolism
of denitrificans since propionate and butyrate were like-
ly to be preferably metabolized by denitrificans
(Hendriksen and Ahring 1996a). The consumption rate
of acetate was increased under the SDM process from
12 to 24 h, which could be associated with the recovery
of methanogenesis activities. The composition of the
biogas produced is shown in Fig. 2b, and the contents
of nitrogen and carbon dioxide were increased from
2.01 to 12.22% and from 30.39 to 43.41%, respectively,
due to the metabolism of denitrificans and facultative
anaerobes. The percentage of methane in the total biogas
under the SDM reduced to almost 34.8% in comparison
to the control group, which might be resulted from
inhibition and competition of the carbon source. A small
amount of hydrogen (0.29%) was found under the SDM
process, which could be due to shift of population or
activities of the hydrogenotrophic microbes with nitrate
addition

3.2 Characteristics of the SDMGS and MGS Samples
The characteristics of the SDMGS and MGS samples

collected from the experiment are presented in Table 1.
The MGS samples from the control group presented
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Table 1 Characteristics and particle size distribution of the
SDMGS and MGS samples

SDMGS MGS (control
group)
Characteristics
Appearance Fluffy, buoyant,  Dense, settleable,
flocculent flocculent
Color White-brown Dark black
Size (mm) 14+05 1.8+£0.25
Settling velocity (m/h)  52.7+3.2 84.2+6.1
VSS/TSS 0.85+0.02 0.81+£0.03
Size distribution
<0.3 mm 40+1.1% 3.0+0.9%
0.3-0.5 mm 220+1.2% 17+2.3%
0.5-1.0 mm 372+3.0% 28+3.1%
1.0-2.0 mm 31.0+2.7% 47.0+52%
2.0-3.0 mm 53+0.2% 4.7+0.8%
>3.0 mm 0.5+0.1% 03+0.1%

and the settling velocity of the SMDGS was decreased
to 52.7+3.2 m/h. The average particle sizes of the
SDMGS and MGS samples were calculated using the
Image-Pro Plus software. Most of the SDMGS samples
were found with small sizes of less than 1.0 mm. Mean-
while, floating and flocculent sludge granules were also
observed. Large numbers of rod-shaped and spherical
bacteria were observed on the surface of SDMGS sam-
ples (Fig. 3e, f), and it was found to be rougher than the
surface of the MGS samples (Fig. 3b, ¢), which could be
resulted from the excessive growth of denitrificans and
fermentative bacteria on the peripheral surface of the
sludge granules under the SDM process at the COD/
NOj3 -N ratio of 8.0.

3.3 Biodiversity of Bacterial Communities
of the Granular Sludge

With the help of the HTS method, large quantities of
DNA sequences were generated from two granular
sludges. After denoising, filtering out the chimeras,
and removing archaeal sequences, a total of 106,875
effective bacterial sequences were obtained from the
SDMGS and MGS samples. Rarefaction analysis was
performed, and curves at different cutoff levels of 0.01,
0.03, 0.05, and 0.07 are shown in Fig. 4. The curves at
the cutoff level of 0.03 of two sludge samples were
found to gradually tend to be a plateau to the right,
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hinting that enough sequencing datasets were obtained
to provide useful information about the structure, diver-
sity, and succession of the bacterial communities of two
sludge samples. Effective bacterial sequences were
assigned to different OTUs at 97% similarity for subse-
quent analysis. A total of 878 and 1555 OTUs were
identified at the 3% cutoff level from the SDMGS and
MGS samples, respectively. Based on the OTU infor-
mation, Chaol, Simpson, and Shannon diversity index-
es of the bacterial communities of two sludge samples
were calculated and provided in Table 2. Lower Shan-
non diversity index values (SDMGS =2.616, MGS
(control) =4.131) were observed, and together with the
lower OTU number and Chaol richness estimator of the
SDMGS samples, the results indicated that denitrifica-
tion happened simultaneously under the anaerobic
methanogenesis condition, which made a significant
inhibitory effect on the structure and diversity of the
bacterial communities of sludge during the initial stage.

3.4 Structure and Succession of Bacterial Communities
of the Granular Sludge

In total, 56,087 effective sequences were detected from
the SDMGS samples, which were 10.43% higher than
the MGS samples (50,788 sequences, control group).
All the effective bacterial sequences from the two
sludges were assigned to different taxon levels (from
genus to phylum) using the RDP classifier at 51%
threshold, and taxonomic analysis was conducted and
visualized using the MEGAN software (Fig. S1).
Except for the unclassified bacterial sequences (852
sequences), Proteobacteria, Bacteroidetes, Firmicutes,
Spirochaetes, Thermotogae, and Chloroflexi were iden-
tified to be the dominant known phyla in the SDMGS
samples, accounting for about 63.00, 21.79, 9.73, 1.54,
1.39, and 0.59%, respectively (shown in Fig. 5). A shift
in the bacterial structure (from Bacteroidetes-,
Firmicutes-, and Proteobacteria-dominated (MGS, con-
trol group) to Proteobacteria- and Bacteroidetes-domi-
nated) was observed over the short-term experimental
period (Fig. 5). To investigate the structure of the differ-
ent taxon levels and the functions of different bacterial
communities, the identified phyla of the SDMGS sam-
ples were studied as follows. Three dominant phyla
(Proteobacteria, Bacteroidetes, and Firmicutes), ac-
counting for almost 94.5% of the total bacterial se-
quences of the SDMGS, were discussed separately.
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Fig. 3 Morphology and surface
details of the SDMGS and MGS
samples. a—c Images of the MGS
samples collected from the
control group. d—f Images of the
SDMGS samples with nitrate
addition. Sizes of the actual
sludge granule samples were
compared to a 1 dime coin (RMB,
a diameter of 19.00 mm) in (a)

and (d)
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Fig. 4 Rarefaction curves of the SDMGS and MGS (control group) samples at cutoff levels of 1, 3, 5, and 7%, respectively
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Table 2 Number of effective tags, OTUs, and Chaol, Simpson
and Shannon diversity indexes of bacterial communities of the
SDMGS and MGS samples at the 97% level

SDMGS MGS (control group)
Effective tag number 56,087 50,788
OTUs* 878 1555
Chaol 1743 3442
Simpson 0.221 0.043
Shannon diversity index 2.616 4.131

#Operational taxonomic units calculated using the MOTHUR
software at the 3% distance limit

Others, including Spirochaetes, Thermotogae, and other
minor groups, were studied as a bacterial group.

3.4.1 Proteobacteria

Proteobacteria was the largest bacterial phylum detected
from the SDMGS samples, with a content of 63.00% of
the total effective bacterial sequences. All the five clas-
ses (Gamma, Epsilon, Delta, Alpha, and Beta) within
the phylum Proteobacteria were identified from the
SDMGS samples (shown in Fig. S2) and studied as
follows.

Gamma-proteobacteria class separately represented
roughly 81.23% of the total proteobacterial sequences.
Enterobacteriaceae (28,178 sequences) was detected to
be the most dominant taxonomic family of Gamma-
proteobacteria from the SDMGS, accounting for about
50.24% of the total effective bacterial sequences
(Fig. S2), but those sequences failed to be classified to
any known genus. Most microbes from the family En-
terobacteriaceae are reported to be rod-shaped and fac-
ultative anaerobes and participants of the biological
denitrification process (partly, reduction of nitrate to
nitrite). Moreover, the abundant growth of the family
Enterobacteriaceae during the short-term period indicat-
ed a high recovery of the enteric bacteria, including
common human enteric pathogens due to nitrate addi-
tion under the anaerobic methanogenesis condition.
Acinetobacter, a part of the acid-producing communities
of anaerobic digesters, was identified as the dominant
genus within the Pseudomonadales order (239 se-
quences) of the SDMGS. Pseudomonadaceae (93 se-
quences), including type genus Pseudomonas, which is
capable of high denitrification potential, was also ob-
served from the SDMGS samples as a small bacterial
group in the initial stage.

The numbers of Delta- and Epsilon-proteobacteria
classes (4488 sequences, 12.70%) of the SDMGS were
found to be decreased in comparison with the MGS

E

Bacewids 10790

Eosi
[P I campyot
Carpy

Fig. 5 Treemap visualization of the identified taxa (genus) of all
the effective bacterial sequences from the SDMGS samples shown
in their hierarchical order with the squarified method using the
Treemap software (version 4.1.1). All taxa with sequence numbers
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greater than 10 were shown in the treemap. The size of each block
is proportional to the number of sequences assigned to that taxon,
and each block is labeled referring to its RDP classification and
sequence number
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samples (7833 sequences, 77.09%). Most of the Delta-
proteobacteria class was reported to be detected from the
sediment and anaerobic digesters and contained most of
the known sulfate- and sulfur-reducing bacteria. Low
sulfate concentration and the single carbon source of the
culture medium during the entire experimental period,
which led to shifting of the metabolic types and compe-
titions among different bacterial communities, could be
responsible for the decrease of the Delta-proteobacteria
class. Arcobacter, the dominant genus within the
Epsilon-proteobacteria class, was also found from the
SDMGS and MGS. Members of the Arcobacter genus
are mainly isolated from kinds of environmental waters
and associated with animal and human infections. Emer-
gence of the Arcobacter could be correlated to the
carbon source, scale, and period of the experiment since
it can be effectively removed through anaerobic treat-
ment (Collado et al. 2010).

The numbers of Alpha- and Beta-proteobacteria clas-
ses were increased a little in the SDMGS samples since
their populations are associated with the level of nutrient
contamination of the surroundings as they thrive in the
soil, wastewater, and lakes with abundant organic matter
and nitrogen levels. Denitrificans were composed of
several facultative or strict anaerobes, and most are from
the Alpha-, Beta-, and Gamma-proteobacteria classes,
such as the genera Paracoccus (Alpha-proteobacteria),
Brachymonas (Beta-proteobacteria), and Pseudomonas
(Gamma-proteobacteria). The rapid growth of the
Proteobacteria phylum from the SDMGS samples dur-
ing the initial stage with nitrate addition might be asso-
ciated with the degradation of nitrate and the SDM
process.

3.4.2 Bacterioidetes

Bacterioidetes was the second largest identified phylum
of the SDMGS samples, with 12,224 sequences
assigned. Most (approximately 89.66%) of the
Bacteroidetes sequences were assigned to the classes
Bacteroidia (10,730 sequences, 87.78%) and
Flavobacteria (230 sequences, 1.88%); the remaining
1259 sequences (10.30%) failed to be classified to any
known class (shown in Fig. S3). Bacteroides (9381
sequences), Parabacteroides (1066 sequences), and
Paludibacter (122 sequences) were the dominant genera
detected from class Bacteroidia of the SDMGS samples.

Bacteroides, a genus of obligate anaerobic and rod-
shaped bacteria, has been detected as one of the

dominant bacterial communities from anaerobic di-
gesters and reported to contribute to the hydrolysis and
fermentation of organic matter. Bacteroides
graminisolvens (7769 sequences, 82.82%), type species
of the genus Bacteroides, was identified from the
SDMGS samples, which could be related to the fermen-
tation of glucose as the product of acetate and propio-
nate (Nishiyama et al. 2009). The number of the genus
Bacteroides from the SDMGS samples was much
higher than from the MGS samples (3360 sequences),
and various species of Bacteroides are commonly asso-
ciated with kinds of human and animal infections.
Moreover, Bacteroidia and Flavobacteria were also
identified to be the dominant bacterial communities
from the long-term period research (Sun et al. 2008),
indicating that the growth of Bacteroides could be due to
the shift of environmental conditions for nitrate addition
and connected with the SDM process. Paludibacter
propionicigenes (122 sequences), type species of the
genus Paludibacter, which is a mesophilic anaerobe that
produced propionate and acetate as its fermentation
products (Ueki et al. 2006), was also observed and
found to be slightly decreased in comparison with the
MGS samples.

3.4.3 Firmicutes

Firmicutes, accounting for 9.73% of the total effective
bacterial sequences with a content of 5456 sequences,
was the third largest identified phylum of the SDMGS
samples. Approximately 69.50% of the sequences within
the phylum Firmicutes were classified to the class Clos-
tridia (shown in Fig. S4). Clostridium sensu stricto (1552
sequences) was the main taxonomic genus within the
class Clostridia. The Oscillibacter genus (1173 se-
quences), within the family Ruminococcaceae (1496 se-
quences) of the SDMGS samples, was found to be much
higher than that of the MGS samples (60 sequences).
Previous studies suggested that Ruminococcaceae might
be related to the biological hydrogen production process
(Huws et al. 2011), and the growth of the family
Ruminococcaceae could be accounted for the hydrogen
produced during the SDM process. The Acetobacterium
genus (313 sequences), within the family Eubacteriaceae
(316 sequences), was also found from the SDMGS sam-
ples. Most of the Acetobacterium are homo-acetogens,
which solely produced the acetic acid as a by-product of
the anaerobic metabolism of glucose.

@ Springer
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Negativicutes (1247 sequences) was identified to be
the second taxonomic class of the phylum Firmicutes in
the SDMGS samples. Acidaminococcaceae (849 se-
quences) and Veillonellaceae (396 sequences) were
two principal taxonomic families within the order
Selenomonadales (the only order of Negativicutes).
The population of the class Negativicutes was sharply
reduced in comparison with the MGS samples, especial-
ly the Acidaminococcaceae family, which might be due
to the competition and succession of bacterial commu-
nities with nitrate addition.

A total of 365 sequences were classified to the class
Bacilli (365 sequences) from the SDMGS samples,
which was higher than that from the MGS samples (16
sequences). Within the class Bacilli, Lactobacillales and
Carnobacteriaceac were the main taxonomic order and
family of the SDMGS samples, respectively. Members
of the Carnobacteriaceae family are facultative anaero-
bic bacteria, and the metabolic end products of carbo-
hydrate are lactic and acetic acids. The emerging growth
of the family Carnobacteriaceae during the SDM pro-
cess might be due to the change of the fermentation type
as variations of environmental factors (pH, ORP, and
others) with nitrate addition.

3.4.4 Spirochaetes, Thermotogae, and Other Minor
Classified Groups

Spirochaetes, Thermotogae, and other minor phyla, in-
cluding the Chloroflexi, Actinobacteria, and
Acidobacteria phyla, were studied as an entire group
(shown in Fig. S5). Treponema (842 sequences) and
Spirochaeta (18 sequences) were the main genera of
the Spirochaetes phylum detected from the SDMGS
samples. Phylum Spirochaetes consists of lots of patho-
genic bacteria. Some species of the Treponema and
Spirochaeta genera are correlated to the degradation of
cellulose, with hydrogen, carbon dioxide, acetate, and
lactate as the end products of fermentation
(Pohlschroeder et al. 1994). During the short-term ex-
perimental period, the number of the Treponema genus
ofthe SDMGS samples was higher than that of the MGS
samples (172 sequences), and the Spirochaeta genus
was found to be decreased at the same time, indicating
that the Treponema genus might be more adapted to
nitrate or the SDM process than the Spirochaeta genus.
Anaerolineaceae (302 sequences) was the main family
of the phylum Chloroflexi detected from the SDMGS
samples; the total sequence number of the
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Anaerolineaceae family was lower than that from the
MGS samples (2064 sequences). Phylum Chloroflexi
has been reported to be mainly distributed in the outer-
most layer of the granules and correlated to the granu-
lation and bulking of anaerobic granular sludge
(Yamada et al. 2005). The notable reduction of the
population of the Chloroflexi phylum might be associ-
ated with changes in the physical structure of sludge
granules under the SDM process and the competition
among different bacterial communities since the
Chloroflexi phylum mainly contributes to the biodegra-
dation of carbohydrates.

Other minor groups, including the Acidobacteria (65
sequences) and Verrucomicrobia (39 sequences) phyla
and the genera Elusimicrobium (40 sequences) and
Victivallis (21 sequences), were also observed from the
SDMGS samples. Little content of the emerging
Elusimicrobium and Victivallis genera was identified
from the SDMGS samples. Elusimicrobium, a
mesophilic and obligately anaerobic bacteria, was re-
ported to grow heterotrophically on sugars and convert
glucose to acetate, ethanol, hydrogen, and alanine as end
products (Herlemann et al. 2009). Victivallis, a strictly
anaerobic bacterium and first isolated from human feces
samples, could convert glucose to acetate, ethanol, and
hydrogen. Both genera might have contributed to the
fermentation process during the SDM process.

3.5 Possible Sources of Denitrificans during the SDM
Process

Biological denitrification needs the participation of sev-
eral facultative or strict anaerobes. Pseudomonas,
Achromobacter, and Bacillus are known as some of
the bacteria with high denitrifying capabilities, and most
denitrificans are mainly from the Alpha-, Beta-, and
Gamma-proteobacteria classes of the Proteobacteria
phylum. During the short-term experimental period,
the numbers of Gamma-, Alpha-, and Beta-
proteobacteria classes were sharply increased in the
SDMGS samples, which might be associated with de-
nitrification and the SDM process. Known denitrificans,
Pseudomonadaceae, including the type genus Pseudo-
monas, were identified from the SDMGS samples as a
small bacterial group. The Enterobacteriaceae family,
which accomplished only the first step (reduction of
nitrate to nitrite) of denitrification, was also noted as
one of the dominant bacteria using the HTS method.
Bacteroides, a genus of obligate anaerobic and rod-
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shaped bacteria, has also been detected as a dominant
group from the SDMGS samples, which might partici-
pate in the fermentation and denitrification process.
Some unknown bacterial groups contributing to the
denitrification process within the SDM still need to be
further investigated.

4 Conclusion

Performances of the batch experiments at a COD/NOz -N
ratio of 8.0, including the removal of contaminates and
production and component of biogas, were shown to be
significantly influenced by nitrate addition. Proteobacteria,
Bacteroidetes, Firmicutes, and Spirochactes phyla were
detected to be the dominant bacterial communities of the
SDMGS during the initial stage of the SDM process. The
structure and diversity of the fermentation microbes were
reorganized due to the addition of nitrate, and Alpha-,
Beta-, and Gamma-proteobacteria and Bacteroides could
be the sources of possible denitrificans. A dramatic flourish
of species associated with animal and human infections,
such as Enterobacteriaceae, Bacteroides, and Arcobacter,
was noted to be recovered, hinting nitrate contamination,
which should be properly treated especially in the initial
stage under the anaerobic condition of water bodies.

Acknowledgements This work was financially supported by the
National Natural Science Foundation of China (No. 31570568), the
State Key Laboratory of Pulp and Paper Engineering in China (No.
201535), and Guangdong High-level Talent Project (No.
201339). The authors are thankful to the editors and all the anony-
mous reviewers for their insightful comments and suggestions.

References

Akunna, J. C., Bizeau, C., & Moletta, R. (1992). Denitrification in
anaerobic digesters: possibilities and influence of wastewater
COD/N-NOX ratio. Environmental Technology, 13, 825—
836. doi:10.1080/09593339209385217.

Akunna, J. C., Bizeau, C., & Moletta, R. (1993). Nitrate and nitrite
reductions with anaerobic sludge using various carbon
sources: glucose, glycerol, acetic acid, lactic acid and meth-
anol. Water Research, 27, 1303—-1312. doi:10.1016/0043-
1354(93)90217-6.

Andalib, M., Nakhla, G., Mclntee, E., & Zhu, J. (2011).
Simultaneous denitrification and methanogenesis (SDM):
review of two decades of research. Desalination, 279, 1—
14. doi:10.1016/j.desal.2011.06.018.

APHA. (1998). Standard methods for the examination of water
and wastewater (20th ed.). Washington: American Public
Health Association.

Chen, J., Taniguchi, M., Liu, G., Miyaoka, K., Onodera, S.-i.,
Tokunaga, T., & Fukushima, Y. (2007). Nitrate pollution of
groundwater in the Yellow River delta, China. Hydrogeology
Journal, 15, 1605-1614. doi:10.1007/s10040-007-0196-7.

Chen, S., Sun, D., & Chung, J.-S. (2009). Simultaneous
methanogenesis and denitrification of aniline wastewater by
using anaerobic—aerobic biofilm system with recirculation.
Journal of Hazardous Materials, 169, 575-580. doi:10.1016
/j.jhazmat.2009.03.132.

Collado, L., et al. (2010). Occurrence and diversity of Arcobacter
spp. along the Llobregat River catchment, at sewage effluents
and in a drinking water treatment plant. Water Research, 44,
3696-3702. doi:10.1016/j.watres.2010.04.002.

Del Pozo, R., & Diez, V. (2003). Organic matter removal in com-
bined anaerobic—aerobic fixed-film bioreactors. Water
Research, 37, 3561-3568. doi:10.1016/s0043-1354(03
)00273-2.

Hendriksen, H. V., & Ahring, B. K. (1996a). Combined removal of
nitrate and carbon in granular sludge: substrate competition
and activities. Antonie Van Leeuwenhoek, 69, 33-39.
doi:10.1007/bf00641609.

Hendriksen, H. V., & Ahring, B. K. (1996b). Integrated removal of
nitrate and carbon in an upflow anaerobic sludge blanket
(UASB) reactor: operating performance. Water Research,
30, 1451-1458. doi:10.1016/0043-1354(96)00041-3.

Herlemann, D. P., et al. (2009). Genomic analysis of
“Elusimicrobium minutum”, the first cultivated representa-
tive of the phylum “Elusimicrobia” (formerly termite group
1). Applied and Environmental Microbiology, 75, 2841—
2849. doi:10.1128/AEM.02698-08.

Huws, S. A, etal. (2011). As yet uncultured bacteria phylogenet-
ically classified as Prevotella, Lachnospiraceae incertae sedis
and unclassified Bacteroidales, Clostridiales and
Ruminococcaceae may play a predominant role in ruminal
biohydrogenation. Environmental Microbiology, 13, 1500—
1512. doi:10.1111/7.1462-2920.2011.02452 x.

Karim, K., & Gupta, S. K. (2003). Continuous biotransformation
and removal of nitrophenols under denitrifying conditions.
Water Research, 37, 2953-2959. doi:10.1016/S0043-1354
(03)00073-3.

Liao, R., Shen, K., Li, A. M., Shi, P, Li, Y., Shi, Q., & Wang, Z.
(2013). High-nitrate wastewater treatment in an expanded
granular sludge bed reactor and microbial diversity using
454 pyrosequencing analysis. Bioresource Technology, 134,
190-197. doi:10.1016/j.biortech.2012.12.057.

Lin, Y.-F., & Chen, K.-C. (1995). Denitrification and methanogenesis
in a co-immobilized mixed culture system. Water Research, 29,
35-43. doi:10.1016/0043-1354(94)00144-v.

Liu, X,, et al. (2013). Enhanced nitrogen deposition over China.
Nature, 494, 459-462. doi:10.1038/nature11917.

Logares, R., Haverkamp, T. H., Kumar, S., Lanzen, A.,
Nederbragt, A. J., Quince, C., & Kauserud, H. (2012).
Environmental microbiology through the lens of high-
throughput DNA sequencing: synopsis of current platforms
and bioinformatics approaches. Journal of Microbiological
Methods, 91, 106-113. doi:10.1016/j.mimet.2012.07.017.

Nishiyama, T., Ueki, A., Kaku, N., Watanabe, K., & Ueki, K.
(2009). Bacteroides graminisolvens sp. nov., a xylanolytic
anaerobe isolated from a methanogenic reactor treating cattle
waste. International Journal of Systematic and Evolutionary
Microbiology, 59, 1901-1907. doi:10.1099/ijs.0.008268-0.

@ Springer


http://dx.doi.org/10.1080/09593339209385217
http://dx.doi.org/10.1016/0043-1354(93)90217-6
http://dx.doi.org/10.1016/0043-1354(93)90217-6
http://dx.doi.org/10.1016/j.desal.2011.06.018
http://dx.doi.org/10.1007/s10040-007-0196-7
http://dx.doi.org/10.1016/j.jhazmat.2009.03.132
http://dx.doi.org/10.1016/j.jhazmat.2009.03.132
http://dx.doi.org/10.1016/j.watres.2010.04.002
http://dx.doi.org/10.1016/s0043-1354(03)00273-2
http://dx.doi.org/10.1016/s0043-1354(03)00273-2
http://dx.doi.org/10.1007/bf00641609
http://dx.doi.org/10.1016/0043-1354(96)00041-3
http://dx.doi.org/10.1128/AEM.02698-08
http://dx.doi.org/10.1111/j.1462-2920.2011.02452.x
http://dx.doi.org/10.1016/S0043-1354(03)00073-3
http://dx.doi.org/10.1016/S0043-1354(03)00073-3
http://dx.doi.org/10.1016/j.biortech.2012.12.057
http://dx.doi.org/10.1016/0043-1354(94)00144-v
http://dx.doi.org/10.1038/nature11917
http://dx.doi.org/10.1016/j.mimet.2012.07.017
http://dx.doi.org/10.1099/ijs.0.008268-0

121 Page 12 of 12

Water Air Soil Pollut (2017) 228: 121

Pohlschroeder, M., Leschine, S. B., & Canale-Parola, E. (1994).
Spirochaeta caldaria sp. nov., a thermophilic bacterium that
enhances cellulose degradation by Clostridium
thermocellum. Archives of Microbiology, 161, 17-24.
doi:10.1007/b£00248889.

Qu, J., & Fan, M. (2010). The current state of water quality and
technology development for water pollution control in China.
Critical Reviews in Environmental Science and Technology,
40, 519-560. doi:10.1080/10643380802451953.

Ruiz, G., Jeison, D., & Chamy, R. (2006). Development of
denitrifying and methanogenic activities in USB reactors
for the treatment of wastewater: effect of COD/N ratio.
Process Biochemistry, 41, 1338—1342. doi:10.1016/j.
procbio.2006.01.007.

Show, K. Y., Lee, D. J., & Pan, X. (2013). Simultaneous biological
removal of nitrogen-sulfur-carbon: recent advances and chal-
lenges. Biotechnology Advances, 31, 409—420. doi:10.1016
/j.biotechadv.2012.12.006.

Su, X., Wang, H., & Zhang, Y. (2013). Health risk assessment of
nitrate contamination in groundwater: a case study of an
agricultural area in Northeast China. Water Resources
Management, 27, 3025-3034. doi:10.1007/s11269-013-
0330-3.

Sun, H., Peng, Y., & Shi, X. (2015). Advanced treatment of landfill
leachate using anaerobic-aerobic process: organic removal by
simultaneous denitritation and methanogenesis and nitrogen
removal via nitrite. Bioresource Technology, 177, 337-345.
doi:10.1016/j.biortech.2014.10.152.

Sun, Y., Zuo, J., Chen, L., & Wang, Y. (2008). Eubacteria and
Archaea community of simultaneous methanogenesis and de-
nitrification granular sludge. Journal of Environmental
Sciences, 20, 626-631. doi:10.1016/S1001-0742(08)62104-X.

@ Springer

Tugtas, A. E., & Pavlostathis, S. G. (2007). Inhibitory effects of
nitrogen oxides on a mixed methanogenic culture.
Biotechnology and Bioengineering, 96, 444-455. doi:10.1002
/bit.21105.

Ueki, A., Akasaka, H., Suzuki, D., & Ueki, K. (2006).
Paludibacter propionicigenes gen. nov., sp. nov., a novel
strictly anaerobic, Gram-negative, propionate-producing bac-
terium isolated from plant residue in irrigated rice-field soil in
Japan. International Journal of Systematic and Evolutionary
Microbiology, 56, 39-44. doi:10.1099/ijs.0.63896-0.

Wang, F., Jin, X., Yang, S., Liu, Y., & Chen, X. (2014). A control
strategy for promoting the stability of denitrifying granular
sludge in upflow sludge blankets. Environmental Technology,
35, 52-59. doi:10.1080/09593330.2013.808250.

Wolinska, A., Szafranek-Nakonieczna, A., Banach, A., Blaszczyk,
M., & Stepniewska, Z. (2016). The impact of agricultural soil
usage on activity and abundance of ammonifying bacteria in
selected soils from Poland. Springerplus, 5, 565. doi:10.1186
/s40064-016-2264-8.

Yamada, T., Sekiguchi, Y., Imachi, H., Kamagata, Y., Ohashi, A.,
& Harada, H. (2005). Diversity, localization, and physiolog-
ical properties of filamentous microbes belonging to
Chloroflexi subphylum I in mesophilic and thermophilic
methanogenic sludge granules. Applied and Environmental
Microbiology, 71, 7493-7503. doi:10.1128
/AEM.71.11.7493-7503.2005.

Zhang, T., Shao, M. F., & Ye, L. (2012). 454 pyrosequencing
reveals bacterial diversity of activated sludge from 14 sewage
treatment plants. The ISME Journal, 6, 1137-1147.
doi:10.1038/isme;j.2011.188.


http://dx.doi.org/10.1007/bf00248889
http://dx.doi.org/10.1080/10643380802451953
http://dx.doi.org/10.1016/j.procbio.2006.01.007
http://dx.doi.org/10.1016/j.procbio.2006.01.007
http://dx.doi.org/10.1016/j.biotechadv.2012.12.006
http://dx.doi.org/10.1016/j.biotechadv.2012.12.006
http://dx.doi.org/10.1007/s11269-013-0330-3
http://dx.doi.org/10.1007/s11269-013-0330-3
http://dx.doi.org/10.1016/j.biortech.2014.10.152
http://dx.doi.org/10.1016/S1001-0742(08)62104-X
http://dx.doi.org/10.1002/bit.21105
http://dx.doi.org/10.1002/bit.21105
http://dx.doi.org/10.1099/ijs.0.63896-0
http://dx.doi.org/10.1080/09593330.2013.808250
http://dx.doi.org/10.1186/s40064-016-2264-8
http://dx.doi.org/10.1186/s40064-016-2264-8
http://dx.doi.org/10.1128/AEM.71.11.7493-7503.2005
http://dx.doi.org/10.1128/AEM.71.11.7493-7503.2005
http://dx.doi.org/10.1038/ismej.2011.188

	Structure...
	Abstract
	Introduction
	Materials and Methods
	Batch reactors, Culture Medium, and Seed Sludge
	Sampling and Analytical Methods
	Granular Sludge Characterization
	DNA Extraction and High-Throughput Sequencing
	Data Processing and Bioinformatics Analysis

	Results and Discussion
	Performances of the Batch Experiments
	Characteristics of the SDMGS and MGS Samples
	Biodiversity of Bacterial Communities of the Granular Sludge
	Structure and Succession of Bacterial Communities of the Granular Sludge
	Proteobacteria
	Bacterioidetes
	Firmicutes
	Spirochaetes, Thermotogae, and Other Minor Classified Groups

	Possible Sources of Denitrificans during the SDM Process

	Conclusion
	References


