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The elemental sulfur (S0) recovery was evaluated in the presence of nitrate in two development
models of simultaneous desulfurization and denitrification (SDD) process. At the loading rates
of 0.9 kg S/(m3·day) for sulfide and 0.4 kg N/(m3·day) for nitrate, S0 conversion rate was 91.1% in
denitrifying sulfide removal (DSR) model which was higher than in integrated simultaneous
desulfurization and denitrification (ISDD)model (25.6%). A comprehensive analysis of functional
diversity, structure and metabolic potential of microbial communities was examined in two
models by using functional gene array (GeoChip 2.0). GeoChip data indicated that diversity
indices, community structure, and abundance of functional genes were distinct between two
models. Diversity indices (Simpson's diversity index (1/D) and Shannon–Weaver index (H′)) of all
detected genes showed that with elevated influent loading rate, the functional diversity
decreased in ISDD model but increased in DSR model. In contrast to ISDD model, the overall
abundance of dsr genes was lower in DSR model, while some functional genes targeting from
nitrate-reducing sulfide-oxidizing bacteria (NR-SOB), such asThiobacillus denitrificans, Sulfurimonas
denitrificans, and Paracoccus pantotrophus were more abundant in DSR model which were highly
associatedwith the change of S0 conversion rate obtained in twomodels. The results obtained in
this studyprovide additional insights into themicrobialmetabolicmechanisms involved in ISDD
and DSRmodels, which in turn will improve the overall performance of SDD process.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

There is an increasing concern that numerous industries generate
and release significant amount of wastewater containing high level
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o-Environmental Science
of sulfate and nitrate. Under anaerobic conditions, sulfate can be
reduced to sulfide by sulfate-reducing bacteria (SRB) which may
result in severe corrosive damage to sewer, and toxic effect on
ecosystems, and human health (Garcia-de-Lomas et al., 2007;
Rattanapan et al., 2009; Wiessner et al., 2005). In order to solve
the problems, biological SDD process system has been proposed
(Wang et al., 2005), and it seems to be a promising strategy since it is
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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environmentally friendly and cost-effective. Sulfide is expected to
be eliminated via partial oxidation to S0 by NR-SOB using nitrate as
the electron acceptor, and nitrate is expected to be reduced to
nitrogen gas by both heterotrophic denitrifiers and NR-SOB (De
Gusseme et al., 2009). Furthermore, the S0 can be reused as fertilizer
or as the raw material after separation (Celis-García et al., 2008;
Sahinkaya et al., 2011).

Wang et al. (2005) used an autotrophic bacterium Thiobacillus
denitrificans to remove sulfide and nitrate. A total of 75% sulfide
was oxidized to S0 with sulfide influent concentration of 300 mg/L.
Reyes-Avila et al. (2004) obtained nitrogen, sulfide, and COD
simultaneous removal in a continuous stirred tank reactor (CSTR)
at a loading rate of 0.2 kg N/(m3·day), 0.294 kg S/(m3·day) and
0.29 kg C/(m3·day), respectively. These experimentswell proved the
feasibility of SDD process. Recently, with the development of SDD
process, two conceptual models were proposed (Chen et al., 2008a,
2008b, 2008c, 2009): (1) DSRmodel that focuses on sulfide and nitrate
removal and the key functional species that are heterotrophic
denitrifiers and NR-SOB; and (2) ISDD model that integrates sulfate
reducing process and DSR process into one bioreactor and key
functional species that are SRB, heterotrophic denitrifiers and
NR-SOB. Chen et al. (2008a) observed the performance of ISDD
model in an expanded granular sludge bed (EGSB) reactor. Although
the removal efficiencies of sulfate and nitrate were 78%, >99%when
sulfate loading rate was 2.1 kg/(m3/day) and nitrate loading ratewas
1.7 kg/(m3/day), the conversion efficiency of S0was considerably low
(10%–40%). To date, the mechanism for low S0 conversion efficiency
of ISDD model was still unclear. Subsequently, the performance of
DSR model was evaluated in a different EGSB reactor (Chen et al.,
2009). Satisfied sulfide removal efficiency (97%), nitrate removal
efficiency (97%) and S0 conversion efficiency (>92%) were obtained.

Although ISDD and DSR models have been investigated, a
comprehensive comparison between two models is lacking. Most
importantly, a complete understandingof overall functional diversity,
metabolic mechanism of functional species and community compo-
sitions is stillmissing. This is because that themicrobial communities
were studied by conventional molecular techniques, such as single-
strand conformation polymorphism (SSCP) and denaturing gradient
gel electrophoresis (DGGE) (Chen et al., 2008a, 2008b) which are low
throughput, low resolution, hard to quantify, and provide limited
functional information (Zhou et al., 2010). A better understanding of
themicrobial processes involved in the removal of S andN is valuable
since it could help diagnose and correct general problems of ISDDand
DSR models, and therefore can improve the overall performance of
bioreactor especially in terms of S0 recovery efficiency.

GeoChip-basedmetagenomics technologyhas emerged as anovel
high throughput tool that provides more insights into structure,
composition and potential activity of microbial communities in both
artificial andnatural environments. Todate, GeoChiphasbeenwidely
used to study microbial communities in samples from various
sources, which include soil, oil fields, water, marine sediments, and
bioreactor systems (Bai et al., 2013; Liang et al., 2009; Liu et al., 2010;
VanNostrand et al., 2009;Waldron et al., 2009;Wu et al., 2008; Zhou et
al., 2008, 2012). The aim of this work was to evaluate the S0 recovery
rates and nitrate reduction efficiencies, and to reveal the metabolic
diversity, structure, abundanceofmicrobial communities in ISDDand
DSR models, which will reveal the mechanisms of low S0 conversion
rate. Continuous lab-scale experiments were conducted for the
ISDD model and two similar EGSB reactors for the DSR model. The
microbial community structures were characterized by GeoChip.
1. Materials and methods

1.1. Reactor setup and working conditions

Experiments were conducted by Plexiglas EGSB reactor modi-
fied by Chen et al. (2008a) with a height of 200 cm, a diameter of
80 mm and a working volume of 4.0 L. The thermal state of
reactor was (28 ± 1)°C. The initial granules for twomodels were
obtained from EGSB reactor (Chen et al., 2008a). As suggested by
Chen et al. (2008a), the sulfate and lactate were contained in
influent for acclimation of SRB, and then nitrate was added in
reactor for acclimation of denitrifiers. The initial sulfate-laden
synthetic wastewater was fed into ISDD model containing
1000 mg/L SO4

2− and 1000 mg/L lactate (2000 mg/L COD). The pH
was controlled by using bicarbonate with (8.0 ± 0.3). The
micronutrients were fed to wastewater as previously reported
(Chen et al., 2008a). In DSR model, EGSB reactor was started
with sulfide-laden medium with the following composition:
200 mg/L S2−, 400 mg/L NO3

−, 210 mg/L acetate, 1500 mg/L
NaHCO3, 50 mg/L K2HPO4·3H2O and 50 mg/L NH4Cl. The con-
centrations of nitrate, nitrite, sulfide, sulfate, and thiosulfate
weremeasuredusing themethods as previously reported (Chen
et al., 2008b).

The wastewater characterization was done for ISDD model
and DSR model. Each model of test contained three periods as
listed in Table 1: low loading rate period; medium loading rate
period; and high loading rate period. The S0 production was
calculated by the following equation (de Graaff et al., 2012):

S0
h i

¼ influent S½ �− SO2−
4

h i
−2� S2O

2−
3

h i
− HS−½ �:

1.2. DNA extraction, amplification, labeling and hybridization

Two sludge samples were collected from ISDD model at
operational days 25 and 75 with sample ID being labeled as I1
and I2, respectively. Three sludge samples were collected from
DSR model at operational days 17, 29 and 42 with sample ID
being labeled as D1, D2 and D3, respectively.

The sludge samples were saved in sterile plastic bags
under −20°C freezer before DNA extraction. Genomic DNA
was extracted from granular sludge by freeze-grinding meth-
od as previously described (Zhou et al., 1996). Template DNA
(100 ng) from each sample was amplified by using a modified
Templiphi kit (GE Healthcare, USA) (Wu et al., 2008). The
amplified DNA was labeled using Cy5 fluorescent dye (GE
Healthcare, USA) with random primer and the labeled DNA
was purified by QIAquick PCR purification column (Qiagen,
USA) using protocols described previously (Wu et al., 2008).
The purified DNA was dried and resuspended in 130 μL
hybridization solution (Wu et al., 2006). Hybridization process
was carried out in a Tecan HS 4800 Pro Hybridization Station
(Tecan US, USA) at 42°C for 10 hr.

1.3. Data analysis

All microarrays slides were scanned by a ScanArray 500
microarray scanner (PerkinElmer, USA) at a laser power of 95%,
photomultiplier tube (PMT) gain of 75% and analyzed with
ImaGene 6.0 (Biodiscovery, USA). Poor spots were removed
with signal-to-noise ratio (SNR) (SNR = (signal intensity −
background) / standard deviation of background) < 2.0 and
standard deviation (SD) > 2.0. Diversity of functional genes
was calculated by Simpson's reciprocal index (1/D) and
Shannon–Weaver index (H′) using R (v.2.12.0; http://www.r-
project.org/). Principal component analysis (PCA)wasperformed

http://www.r-project.org/
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Table 1 – Operational data and reactor performance of two models ISDD: integrated simultaneous desulfurization and
denitrification; DSR: denitrifying sulfide removal. Low: low loading rate period; medium: medium loading rate period; high:
high loading rate period. “–”: not added in influent wastewater.

Model Time (day) Period Influent loading rate
(kg/(m3·day))

Removal efficiency (%) ⁎ S0 conversion (%) ⁎

SO4
2−–S S2−–S NO3

−–N SO4
2− S2− NO3

−

ISDD 1–10 Low 0.30 – 0 58.2 ± 2.3 – 0 13.3 ± 2.6
11–26 Medium 0.45 – 0.20 83.2 ± 1.6 – 96.5 ± 1.5 20.0 ± 2.2
27–76 High 0.90 – 0.40 75.5 ± 1.4 – 100 25.6 ± 1.6

DSR 1–18 Low – 0.22 0.10 – 53.4 ± 2.1 100 50.0 ± 2.4
19–30 Medium – 0.45 0.20 – 97.3 ± 1.2 100 88.9 ± 1.8
31–43 High – 0.90 0.40 – 97.5 ± 1.3 100 91.1 ± 1.5

⁎ All data are presented as mean ± standard deviation. These data are calculated with the samples collected from the last five time points of
each period.
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by R software as well. Hierarchical cluster analysis was per-
formed using algorithm Cluster (http://rana.stanford.edu) and
visualized using TREEVIEW (http://rana.stanford.edu/).
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Fig. 1 – Diversity indices and detected gene number for each
sample. I1, and I2 represent the sample collected from
medium and high loading rate period of ISDD model,
respectively; D1, D2, and D3 represent the sample collected
from low, medium and high loading rate periods of DSR
model, respectively.
2. Results

2.1. Reactor performance

In ISDDmodel, the initial synthetic wastewater was introduced
into EGSB reactor at a loading of 0.3 kg S/(m3·day) for sulfate.
The sulfate removal efficiency reached approximately 58.2%. In
medial loading rate period (11–26 days), nitrate was added
at a loading of 0.2 kg N/(m3·day) to the reactor, and influent
of sulfur loading rate was increased to 0.45 kg/(m3·day). The
nitrate and sulfate removal efficiency was 96.5% and 83.2%,
respectively. Then, the loading rates were further increased
to 0.9 kg S/(m3·day) and 0.4 kg N/(m3·day) in high loading
rate period (27–76 days). The nitrate was completely removed at
this period,while sulfate removal efficiencywas slightly decreased
to 75.5%.

In DSR model, bioreactor was fed with sulfide-laden
wastewater at the initial loading rates of 0.22 kg S/(m3·day)
for sulfide and 0.1 kg N/(m3·day) of nitrate. During last two
periods, the levels of sulfur loading rate and NO3

−–N loading
rate in influent wastewater were similar with these periods
in ISDD model. However, high removal efficiency of sulfide
was maintained in DSR model at these two periods (97.3%
and 97.5%). Additionally, nitrate was completely removed in
DSR model. Most importantly, the S0 conversion rate reached
91.1% in high loading rate periodwhich wasmuch higher than
all periods in ISDD model (≤25.6%). Moreover, high concen-
tration of sulfide (>150 mg/L) was detected in effluent water at
last two periods of ISDD model, indicating that the sulfide
oxidation process might be relatively weak in this model.

2.2. Functional gene diversity in two models

The variations of microbial functional diversity were measured
by the number of detected genes and diversity indices (Fig. 1). A
total of 1581, 423, 662, 671 and 912 genes were detected in I1, I2,
D1, D2, and D3, respectively. The richness of functional genes
between each sample is: I1 > D3 > D2 > D1 > I2. Similar results
were obtained in both Simpson's diversity index (1/D) and
Shannon–Weaver index (H′). Interestingly, different trendswere
observed in twomodels with the increasing of loading rate. The
richness and diversity indices decreased sharply in ISDDmodel
(I1 → I2), while they increased in DSR model (D1 → D3). In the
last period of two models, the influent loading rates were
maintained at same level, but their species diversity was varied.
Higher species diversity was observed in DSR model (D3), while
it was lower in ISDD model (I2).

To characterize themicrobial community structures of two
models, PCA was performed based on all detected functional
genes. As shown in Fig. 2, samples collected from two
operational models were separated well. This suggests that
initial operational models have a clear effect on shaping
community structure. Furthermore, even in the same model,
the functional community structure was different in each
loading rate period, especially between medium and high
loading rate period.

2.3. Change of functional gene abundance in two models

The abundance of functional gene groups was presented in
Fig. 3. Among five samples, a total of 52 genes (narG, nirK, nirS,

http://rana.stanford.edu
http://rana.stanford.edu/
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Fig. 3 – Relative abundance of selected functional gene
categories in five samples revealed by GeoChip. The signal
intensities were the average of detected individual gene
sequences for each functional gene categories. dsrA/B:
dissimilatory sulfite reduction genes (dsrA and dsrB).
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norB and nosZ) sequences for denitrification process, 63 dsr
gene (dsrA, dsrB) sequences for sulfate-reducing process, and 7
gene (mcr, mcrA, mcrG) sequences for methane generation
process were detected. Different patterns were observed from
each functional gene category. High abundance of denitrifi-
cation genes was observed in I2 and D3 collected from high
loading rate period. The dsr genes, which serve as indicators
of SRB, have relatively higher abundance in the samples from
ISDD model and lower abundance in the samples from DSR
model. In contrast to other functional gene categories, the
abundance of methane producing genes has relatively lower
level, and only a total of 7 genes were detected across 5
samples. In addition, only a trace amount of methane gas
was detected (data not shown), indicating that the methane
production in this system is considerably weak.

2.4. Analysis of individual function gene categories and species
in two models

In order to gain further insights into functional gene categories,
dsr genes and denitrification genes were analyzed by hierarchi-
cal clustering. As shown in Fig. 4, the samples from samemodel
were clustered together, i.e., I1 and I2 (ISDD), and D1, D2, and
D3 (DSR), which probably represented the difference of SRB
community structures in two operational models. The overall
dsr genes detected were clustered into two groups: group 1
(17 genes) and group 2 (46 genes) (Fig. 4). Dramatic difference
between two models was observed in group 1. Almost all the
genes were detected and have relative high abundance in
ISDD model. On the contrary, they were low in DSR model,
and 9 of them were below detectable threshold in DSR
model, including 3 dsrA genes from Desulfobotulus sapovorans,
Desulfobulbus propionicus, andDesulfonema limicola, 1 dsrA gene
from uncultured SRB, 3 dsrB genes from Desulfatibacillum
aliphaticivorans, Desulforhopalus singaporensis, and Desulfovibrio
sp. P1B2 and 2 dsrB genes from uncultured SRB. These species
were reported as key SRB in activated sludge, and were also
detected in marine and even in saline lake (Cravo-Laureau,
2004; Klepac-Ceraj et al., 2012; Manz et al., 1998). It is likely
that some species of SRB have considerably low metabolism
activity in DSR model (Figs. 3 and 4).
PC1 (36.6%)
-1.0

PC
2 

(2
0.

5%
)

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

I1

I2

D1

D2

D3

DSR model

ISDD model

-0.5 0.0 0.5 1.0 1.5

Fig. 2 – Principal component analysis (PCA) of communities
from two models based on GeoChip data.
Moreover, as well as SRB, notable difference of denitrifiers
between twomodels was also observed in Fig. 5. Interestingly,
some probes targeting fromsome typical NR-SOBwere detected
in all samples, including T. denitrificans, Sulfurimonas denitrificans
(formerly known as Thiomicrospira denitrificans) and Paracoccus
pantotrophus. The abundance of these species in each sample
was showed in Fig. 6. The relative abundancewas higher inDSR
model samples (D1, D2, D3) and lower in ISDD model samples
(I1, I2). The highest relative abundance of these NR-SOB probes
was detected in D3 sample. This finding indicates that NR-SOB
might well acclimate and enrich step by step in DSR model.
3. Discussion

This study comprehensively assessed the performance of two
theoretical models, ISDD and DSR models, and examined the
microbial diversity and metabolic potential of functional
community to better understand the biological role of function-
al groups under different operational conditions. Although
the initial granules were obtained from same reactor, the
functional diversity and structure of microbial communities of
each sample varied. This could be attributed to the fact that the
operational model was the predominant factor in shaping
functional composition and structure of microbial communi-
ties. This phenomenon was also observed in other bioreactor
(Liu et al., 2010). While in the same operational model, loading
ratemight be themajor factor affectingmicrobial communities.
Comparing two models, it is likely that DSR model had strong
ability to enrich functional microbial diversity at high loading
rate condition, while that ability in ISDD model was relatively
poor (Fig. 1). Thisphenomenon in ISDDmodelmaybe addressed
by two explanations. First, in the last period of ISDD model, the
accumulation of sulfide (>150 mg/L) produced by SRB is toxic to
anaerobic bacteria (Lens et al., 1998). Second, both autotrophic
and heterotrophic denitrifiers in the reactor had clearly inhib-
itive effect on SRB (Chen et al., 2008a). Moreover, decreased gene



I1 I2 D1 D2 D3 
31322350(dsrB)(Desulfatibacillum aliphaticivorans)
18034329(dsrB)(Desulforhopalus singaporensis)
3236292(dsrA)(Desulfonema limicola)
3236310(dsrB)(Desulfovibrio sp. P1B2) 
15055579(dsrA)(Desulfobotulus sapovorans)
11066439(dsrA)(Desulfobulbus propionicus)
14389215(dsrB)(uncultured sulfate-reducing bacterium) 
15077478(dsrB)(Desulfofaba gelida)
TPB16340A(dsrA)(lab clone) 
40253034(dsrA)(uncultured sulfate-reducing bacterium) 
34017094(dsrA)(uncultured bacterium) 
22036124(dsrA)(uncultured bacterium) 
13249547(dsrB)(uncultured sulfate-reducing bacterium) 
FW015084B(dsrB)(lab clone) 
6778685(dsrA)(uncultured sulfate-reducer HMS-11) 
18034301(dsrA)(Desulfovibrio fructosovorans)
40253010(dsrA)(uncultured sulfate-reducing bacterium) 
14090293(dsrA)(Desulfomicrobium norvegicum)
13249515(dsrB)(uncultured sulfate-reducing bacterium) 
FW300167B(dsrB)(lab clone) 
20142110(dsrA)(uncultured bacterium) 
13561054(dsrA)(Desulfosarcina variabilis)
40313561(dsrB)(Pelotomaculum sp. MGP) 
13898427(dsrA)(uncultured phenanthrene mineralizing bacterium) 
2576394(dsrB)(Allochromatium vinosum)
FW300240A(dsrA)(lab clone) 
10716967(dsrA)(Desulfovibrio africanus)
TPB16241B(dsrB)(lab clone) 
FW003106B(dsrB)(lab clone) 
14389281(dsrB)(uncultured sulfate-reducing bacterium) 
15077472(dsrB)(Desulfovirga adipica)
14389189(dsrA)(uncultured sulfate-reducing bacterium) 
30525423(dsrB)(uncultured sulfate-reducing bacterium) 
23393894(dsrB)(Desulfotignum balticum)
18034317(dsrB)(Syntrophobacter wolinii)
FW003264B(dsrB)(lab clone) 
15080893(dsrB)(Desulfotomaculum thermoacetoxidans)
TPB16051B(dsrB)(lab clone) 
34017182(dsrB)(uncultured bacterium) 
14389221(dsrB)(uncultured sulfate-reducing bacterium) 
15076856(dsrB)(Desulfosporosinus orientis)
15077475(dsrB)(Desulfovibrio desulfuricans subsp. desulfuricans) 
902747(dsrA)(Desulfovibrio vulgaris)
25990790(dsrA)(uncultured bacterium) 
4028020(dsrA)(Desulfotomaculum thermocisternum)
40253090(dsrB)(uncultured sulfate-reducing bacterium) 
FW003077A(dsrA)(lab clone) 
FW005278B(dsrB)(lab clone) 
40253074(dsrB)(uncultured sulfate-reducing bacterium) 
14276799(dsrA)(Desulfotomaculum geothermicum)
FW003181B(dsrB)(lab clone) 
FW300181B(dsrB)(lab clone) 
40253098(dsrA)(uncultured sulfate-reducing bacterium) 
13898413(dsrA)(uncultured napthalene mineralizing bacterium) 
FW003269B(dsrB)(lab clone) 
TPB16070B(dsrB)(lab clone) 
23475395(dsrB)(Desulfovibrio desulfuricans G20) 
14389143(dsrA)(uncultured sulfate-reducing bacterium) 
20502017(dsrA)(uncultured sulfate-reducing bacterium) 
34017156(dsrA)(uncultured bacterium) 
6778709(dsrA)(uncultured sulfate-reducer HMS-4) 
34017198(dsrB)(uncultured bacterium) 
20501981(dsrA)(uncultured sulfate-reducing bacterium) 

Group 1

Group 2

Fig. 4 – Hierarchical cluster analysis of the abundance of selected probes targeting dissimilatory sulfite reduction genes (dsrA
and dsrB) across 5 samples. The figure was generated by CLUSTER and visualized with TREEVIEW. Red represents signal
intensities above background and black represents signal intensities below background. Brighter red color represents higher
signal intensities.
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abundance does not necessarily correlate to a decreased func-
tional role or vice versa.

The SRB was characterized by sulfate reduction genes
(dsrA and dsrB). Among 63 dsrA and dsrB genes detected, 26
genes were derived from uncultured organisms, 14 genes
were derived from lab clone species and 23 genes were
derived from other cultured organisms (e.g., Desulfovibrio spp.,
Desulfobulbus spp., Desulfotomaculum spp., Desulfomicrobium sp.,
Desulfosporosinus sp.) (Fig. 4). This result showed that SRB is far
more prevalent in two models than previously recognized
(Chen et al., 2008a, 2008b). Comparing two models, the SRB
was thriving in ISDD model, but declined in DSR model by
substrate availability with sulfide-ladenmedium. In contrary to
denitrification genes, the abundance of dsr genes slightly
decreased in ISDD model with increase of loading rate (Fig. 3).
It is possible that the SRB were inhibited by the high
concentration of nitrate as previously reported (Greene et al.,
2003; He et al., 2010; Hubert and Voordouw, 2007).

In recent years, there has been a significant increase in the
knowledge on NR-SOB (An et al., 2010; De Gusseme et al., 2009;
Zhang et al., 2009), which convert sulfide to element sulfur
using nitrate as an electron acceptor. However, to date limited



22796260(nirS)(uncultured bacterium wA20)
29466080(norB)(uncultured bacterium) 
24421527(nirS)(uncultured organism) 
29466092(norB)(uncultured bacterium) 
4633572(nosZ)(uncultured bacterium ProR) 
17385478(narG)(Pectobacterium sp. Lgg15.13) 
37999212(nirK)(uncultured bacterium) 
37704465(nirK)(uncultured bacterium) 
27348563(nosZ)(Bradyrhizobium japonicum USDA 110) 
17385089(narG)(Enterobacter sp. Lgg5.6) 
27355371(nirK)(Bradyrhizobium japonicum USDA 110) 
4633562(nosZ)(uncultured bacterium 696L) 
11344610(nirS)(Pseudomonas fluorescens)
26278922(narG)(uncultured bacterium) 
29466066(norB)(uncultured bacterium) 
37537992(nosZ)(Pseudomonas fluorescens)
29466036(norB)(Blastobacter denitrificans)
29466010(norB)(uncultured bacterium) 
4545090(nosZ)(Pseudomonas fluorescens)
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Fig. 5 – Hierarchical cluster analyses of functional genes involved in denitrification process.
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research has been done onmetabolic mechanism of NR-SOB in
ISDD and DSR model. In this study, genes derive from NR-SOB
microorganisms, including T. denitrificans, S. denitrificans and
P. pantotrophus, were detected in both ISDD andDSRmodels. As
previously reported, these species were widely present in oil
field, petrochemical industrywastewater and sediment (Greene
et al., 2003; Shao et al., 2010; Vaiopoulou et al., 2005; Zhang et al.,
2009), and thought to play a critical role in sulfide control. Their
abundance was changed with S0 conversion rates observed in
the two models (Table 1 and Fig. 6). This might potentially
suggest that these species are crucial to S0 recovery process. In
DSR model, the NR-SOB was very likely acclimatized and
stimulated by the increased concentration of nitrate and sulfide
in influent medium as previously reported (De Gusseme et al.,
2009; Garcia-de-Lomas et al., 2007). On the contrary, the sulfide
concentration in ISDD model was relatively low in initial
feedingwastewater andwas greatly limitedby sulfate reduction
rate, which could effectively inhibit NR-SOB during this period.
However, the heterotrophic denitrifiers become more prevalent
by overpowering autotrophic rivals. Particularly under limited
nitrate condition, the NR-SOBmight be fully inhibited due to at a
competitive disadvantage in ISDDmodel. This inferencewas also
shown in Fig. 5 in which the abundances of genes derived from
two heterotrophic denitrifiers, Blastobacter denitrificans (Hirsch
and Müller, 1985) and Pseudomonas fluorescens (Al-Aoukaty et al.,
1991), were higher in ISDDmodelwhile lower ormiss-detected in
DSR model. Thus, enrichment of NR-SOB may therefore be a
more effective method to improve S0 recovery efficiency of
ISDD model. Overall, the results of GeoChip well explained the
variations of performance achieved in two models. This will be
important for further understanding the complex interaction of
functional microbial groups which will contribute us to establish
more direct linkage betweenmicrobial communities and reactor
performance.
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4. Conclusions

This work demonstrated that the S0 conversion efficiency was
higher in DSR model (91.1%) than in ISDD model (25.6%) when
nitrogen and sulfur loading rates were 0.4 and 0.9 kg/(m3/day),
respectively. The functional diversity, structure and abun-
dance of microbial community varied a lot between ISDD and
DSR models. More importantly, functional genes targeting
from several popular NR-SOB (e.g., T. denitrificans, S. denitrificans,
P. pantotrophus) were detected across all samples. Their abun-
dance was consistent with the change of S0 conversion rates in
two models.
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