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Abstract
In order to investigate the correlation between reactor performance and the microorganisms, an integrated A/O reactor was operated
for 72 days to treat diluted livestock wastewater. Chemical oxygen demand (COD) removal efficiency increased from 79% to 94%,
with total nitrogen (TN) removal efficiency from 37% to 50% (HRT 7.4 hr) when the influent COD and TN were ca. 1500 mg/L and 95
mg/L, respectively, and the outlet COD concentration was less than 100 mg/L at the end. Microbial community was monitored during
start-up period by denaturing gradient gel electrophoresis (DGGE) based on 16S rRNA gene. DGGE profiles showed that microbial
community had changed significantly during the start-up and these shifts were in accordance with the reactor performance. UPGMA
clustering analysis showed that 14 anaerobic samples fell into five main groups and so did the aerobic ones, but the grouping patterns
were different. Phylogenetic analysis indicated that microbial populations in the anaerobic compartment belonged to Firmicutes,
Proteobacteria, Chloroflexi and Bacteroidetes, while Proteobacteria, Bacteroidetes, Firmicutes, Verrucomicrobiae and Nitrospira were
present in the aerobic compartment. In the anaerobic compartment, more fermentative and acetogenic bacteria were detected during the
start-up while denitrifying bacteria faded away. Two functional populations such as Nitrospira defluvii and Dechloromonas denitrificans
were observed when nitrogen removal was high, indicating that simultaneous nitrification and denitrification occurred in the aerobic
compartment.
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Environmental biotechnology is used widely to treat
municipal, industrial and agricultural wastewater (Wagner
et al., 2002). Livestock wastewater contains high concentration of organic matter, nitrogen and phosphorus. The
serious impact caused by its pollution is concerned in many
countries. One of the beneficial and advantageous processes in manure treatment is anaerobic digestion (Sakar
et al., 2009), during which biogas can be recovered as
resource and the liquid and sludge effluent can be used
for land application. Constructed and natural wetlands are
being used for livestock wastewater treatment throughout
many parts in the USA and Canada (Knight et al., 2000).
Some researchers prefer the combined anaerobic/aerobic
(A/O) process (Su et al., 1997; Kim et al., 2008) because
of problems such as odor from the anaerobic digestion
and requirement of large land for wetland. However, higheffective and low-cost wastewater biotreatment system is
needed for economic, social and environmental benefits.
Integrated biotreatment system becomes a promising process due to its economic feasibility, lower requirement for

land and energy, and easiness for management.
The combined A/O system has proven to be able to
effectively treat domestic and industrial wastewater (van
der Zee and Villaverde, 2005), especially for the simultaneous removal of organic pollutants and nutrient (Lacalle
et al., 2001; You et al., 2003; Ahn et al., 2007). Some
antetypes of A/O system have been developed such as
locating anaerobic and aerobic zones in separate regions
(Barber and Stuckey, 2000a, 2000b) or reactors (Bernet
et al., 2000; Tai et al., 2006; An et al., 2008). However,
there is a lack of knowledge of integrated system allowing
for the co-existence of anaerobic and aerobic populations
inside the same reactor. Such system had been developed
by Fdz-Polanco et al. (1994) and Chui et al. (2001) in
which aeration was introduced at an intermediate height,
while Del and Diez (2005) explored a fixed-film reactor
with parallel anaerobic and aerobic zones. Although there
are studies on microorganism involved in the A/O system
(Sofia et al., 2004; Lu et al., 2006; Wang et al., 2009), that
of the integrated reactor remains unclear.
Microorganisms play a key role in wastewater biotreatment processes, and understanding the microbial community structure is of great importance to improve reactor
performance (Xing et al., 2005; Ren et al., 2007).
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Moreover, start-up is an important step in establishing
proper community structure in all kinds of biological
treatment processes (Liu et al., 2002). Data of reactor
performance and information of the microbes during this
period is essential for revealing the correlation between
contaminants removal and microbial community.
In this study, a proposed integrated A/O reactor was
operated to treat diluted livestock wastewater for the simultaneous removal of organic carbon and nitrogen in order to
learn more about the integrated system. Since there was
a lack of study concerning the microorganisms involved
in such processes, we investigated the microbial community structure and dynamics during the start-up period.
Polymerase chain reaction (PCR)-denaturing gradient gel
electrophoresis (DGGE) was used to monitor succession
of the microbial community, and thus predominant bands
were sequenced to reveal the microbial community composition. Specifically, UPGMA clustering analysis of the
DGGE profiles was performed to evaluate the microbial
community shifts.

1 Materials and methods
1.1 Reactor and operation
The integrated A/O reactor was consisted of an UASB
(upflow anaerobic sludge blanket) and a MBR (membrane
bioreactor), which were located from bottom to top (Fig.
1). Hollow polypropylene fiber membrane modules (pore
size of 0.1 µm, length of 0.15 m, and an effective filtration
area of 0.5 m2 ) were submerged in MBR. The influent
solution flowed into the anaerobic UASB and then the
aerobic MBR. A recycle line was installed to recycle the
solution from the aerobic compartment (nitrification) back
into the anaerobic one where denitrification was present,
with a recycle ratio of 200%. The working volume of
the anaerobic (UASB) and aerobic (MBR) compartment
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was 7.8 L and 3.5 L, respectively. The sludge inocula
for anaerobic and aerobic compartment were collected
from an anaerobic reactor treating brewery wastewater
and the return activated sludge stream at the secondary
sedimentation tank at Wenchang Wastewater Treatment
Plant (Harbin, China), respectively. All operations were
conducted at (31 ± 1)°C. The HRT of the integrated A/O
reactor was 7.4 hr (5.2 hr for anaerobic and 2.2 hr for
aerobic). Prior to use, livestock wastewater was diluted. Chemical oxygen demand (COD) and total nitrogen
(TN) were measured daily according to standard methods
(APHA, 1995).
1.2 Sampling and DNA extraction
The sludge was sampled every 6 days from the anaerobic
and aerobic compartment. For each sample, the sludge
of 100 mg (wet weight) was collected by centrifugation
(12,000 r/min for 5 min) (64R J-25, Bechman, USA),
and the cell pellets were washed twice with PBS solution
(mmol/L: NaCl 137, KCl 2.7, Na2 HPO4 10, KH2 PO4 2;
pH 7.4). Genomic DNA was extracted from the prepared
samples using Fast DNA Spin Kit (Watson, China) according to the manufacturer’s instruction. DNA extracts were
detected by 0.8% (wt./V) agarose gel electrophoresis.
1.3 PCR amplification
The bacterial universal primers of 16S rDNA
used for PCR amplification were BSF968, 50 AACGCGAAGAACCTTAC-30 (E. coli 16S rRNA
position of 968-984), which was attached to a GC clamp
(50 -CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGG
CACGGGGGG-30 ), and BSR1401, 50 -CCCCGTCAA
TTCCTTTGAGTTT-30 (E. coli 16S rRNA position of
1385-1401) (Nuebel et al., 1996). PCR reaction mixture
contained 2 µL of 10 × Ex Taq buffer (containing Mg2+ ),
0.5 µL of each primer (20 pmol/µL), 1 µL dNTP (2.5
mmol/µL), 100 ng template, 0.1 µL Ex Taq (Takara,
Japan), and sterile water up to a final volume of 20 µL.
The PCR amplification was performed in an automated
thermal cycler (GeneAmp PCR System 9700, Applied
Biosystems, USA). Touchdown PCR was conducted as
the following program: initial denaturation at 94°C for 5
min, followed by 35 cycles of denaturation at 94°C for 40
sec, annealing at temperature that decreased by 0.5°C per
cycle from 55 to 51.5°C for 40 sec, extension at 72°C for
30 sec, and a final extension at 72°C for 7 min. PCR
products were determined by 0.8% (wt./V) agarose gel
electrophoresis.
1.4 Denaturing gradient gel electrophoresis
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Fig. 1 Schematic of integrated A/O reactor. (1) feed bucket; (2)
peristaltic pump; (3) temperature sensor; (4) temperature controller; (5)
three-phage separator; (6) alkaline absorbing agent; (7) gas meter; (8)
recirculation pump; (9) unilateralism valve; (10) membrane modules; (11)
backwash controller.

DGGE was performed using the Dcode Universal Mutation Detection System (BioRad, USA) as previously
described (Ren et al., 2007; Xing et al., 2008). The
PCR-amplified 16S rDNA fragments were loaded on 6%
polyacrylamide gel with a linear gradient of denaturant
ranging from 30% to 60% (where 100% denaturant corresponding to 7 mol/L urea and 40% (V/V) formamide).
Electrophoresis was run at constant voltage of 150 V
at 60°C for 6 hr, following which the gel was stained
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with AgNO3 and then visualized by a scanner (PowerLook1000, Umax, Taiwan, China). UPGMA clustering
analysis of the DGGE profiles were performed using
MEGA 4.1.
1.5 Clone and sequencing
Predominant bands were excised from the DGGE gels
for nucleotide sequence determination. The gel of each
selected band was crushed in 50 µL of TE buffer (10
mmol/L Tris-HCl, 1 mmol/L EDTA, pH 8.0) and eluted
to recover 16S rDNA fragments. The DNA fragments
reamplified under the same condition as described above
were purified by Gel Recovery Purification Kit (Watson,
China) and cloned by the pMD19-T plasmid vector system
(TaKaRa, Japan). The DNA sequences were determined
by the chain-termination method on an ABI 3730 DNA
sequencer by a commercial service (Sangon, China). All
sequences were aligned in the GenBank database using the
BLASTN program.

2 Results and discussion
2.1 Reactor performance

The concentration and removal efficiency of TN are
shown in Fig. 3. The influent TN concentration increased
at day 48 from 95 mg/L (on average) to 120 mg/L, and the
TN concentration of the anaerobic effluent increased correspondingly, leading to a relatively constant TN removal
efficiency of the anaerobic compartment between 10%–
20%. Total TN removal efficiency showed the same trend
with that of the aerobic compartment which can be divided
into three stages: in the first 6 days TN removal efficiency
had a drop, and then it gradually recovered and increased
from 37% and 23% at day 6 to 50% and 42% at day 48,
respectively. With the increase of inlet TN concentration,
removal efficiency dropped dramatically in the following
weeks after day 48, however, in the last few days TN
removal efficiency increased slightly.
Compared with other studies, the COD removal efficiency was satisfying, while TN removal efficiency was
not as good as expected. Núnez and Martı́nez (2001)
obtained 93% of COD removal for loading rate of 0.77
kg COD/(m3 ·day) and 67% of TN removal for loading
rate of 0.084 kg N/(m3 ·day) using an UASB and activated
sludge reactor fed with slaughterhouse wastewater containing about 1820 mg/L COD and 190 mg/L total kjeldahl
nitrogen, respectively. 94% of COD removal, 72%–85%
of denitrification efficiency, and 56%–70% of TN removal
were also achieved by Jun et al. (2004) with an integrated
USB and aerobic biofiltration system fed with raw sewage
at a total HRT of 24 hr. Tai et al. (2006) reported 92%
of COD removal and 78% of TN removal at HRT of 44
hr using an Integrated UASB-Jet Loop Reactor Bioreactor
System when the inlet COD and TN was about 600 mg/L
and 60 mg/L, respectively. Different performance achieved
in various studies was probably due to the use of different
reactor types, different operating conditions, and different
substrates, however, all these studies had a successful integration of denitrification and methanogenesis in anaerobic
condition.

Concentration and removal efficiency of COD during start-up period.
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During the start-up period, performance of the integrated A/O reactor was constantly monitored. When the
influent COD concentration was 1500 mg/L, the effluent COD concentration of the anaerobic compartment
decreased from 600 to 240 mg/L, and the COD removal efficiency increased from 57% to 84% consequently (Fig. 2).
For the aerobic compartment, although the inlet and outlet
COD concentrations both showed a decrease trend, the removal efficiency raised from 44% up to 61%. Through out
the whole period, total COD removal efficiency increased
from 79% to 94% and the outlet COD concentration was
less than 100 mg/L at the end, which could be discharged
into environment directly.
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Concentration and removal efficiency of TN during start-up period.

2.2 Dynamics of microbial community

Fig. 5 UPGMA cluster analysis of DGGE profile for anaerobic compartment.

community composition was observed. However, it did not
appear to affect treatment performance indicating functional redundancy in this anaerobic compartment because a lot
of microorganism could degrade organic compounds. The
microbial community reached a relatively stable stage after
two months operation. It could be concluded that UASB
facilitated the dynamic change and long-term stability
of the microbial community which explained the high
microbial adaptability to fluctuation in such system.
Community shift during start-up was also present in
the aerobic compartment (Fig. 6). In the first 36 days,
microbial community remained almost stable. Then some
bands (O1, O2, O8, O20, O21, O23 and O25) emerged
simultaneously in sample O36d, while Bands O11, O12
and O15 existing in few quantity before began to strengthen. In contrast, Bands O3, O9 and O18 were fading away.
However, an opposite trend was shown at day 66. These
observations suggested the cooperation and competition
among these microbes. For the aerobic compartment, the
14 samples also fell into five main groups (Fig. 7). But
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Fig. 4 DGGE profile of sludge samples from anaerobic compartment at
different time during start-up period.
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A significant shift in microbial community structure
during the start-up period of the anaerobic compartment
was observed by DGGE analysis (Fig. 4). Some bands
(A13, A16, A18, A20, A21, A22 and A23) present in
the sludge inocula faded away during this period whereas
a few bands (A3, A8, A9, A11 and A15) remained.
Meanwhile, other bands (A7, A17 and A24) appeared and
even strengthened afterward. In the end, fewer bands were
detected with nearly half of them were dominant ones
(Bands A7, A8, A11, A15 and A17). These changes mainly
resulted from the operational parameters, which imposed
selective pressure on the microbial community.
The UPGMA clustering analysis showed that 14 anaerobic samples fell into five main groups (Fig. 5). In general,
the similarity between different groups decreased during
the start-up period, and this was in accordance with the
gradual increase of reactor performance. Since the community succession was not yet stable during the start-up,
some short periods of considerable change in microbial
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Fig. 6 DGGE profile of sludge samples from aerobic compartment at
different time during start-up period.

the community similarity did not depend strongly on time
and the five main groups formed two big clusters separated
between O30d and O36d. Microbial community had to
change step by step and then a significant shift could show
up at some time.
The TN removal efficiency decreased in the first few
days and after the increase of influent TN at day 48,
whereas cluster analysis showed little change of the microbial community. Visible shifts of microbial community
did not take place until after the following 6–10 days.
It was reasonable that ambient disturbance would cause
an inhibition on microbes and consequently would lead a
change of reactor performance in a short time, but the shift
of community structure required some time to be visible
because it would need more time for microbes to fade out
than to shut down their functional capability.

Table 1

Fig. 7 UPGMA cluster analysis of DGGE profile for aerobic compartment.

2.3 Structure of microbial community
Fifty predominant bands from DGGE gels of the
anaerobic and aerobic compartments were sequenced for
identification (Tables 1 and 2). In anaerobic environment,
the prevalent phylums were Firmicutes (mainly Lactobacillales and Clostridia), Proteobacteria, Chloroflexi and
Bacteroidetes. This result was similar to previous studies
of dairy wastewater (Jeffery et al., 2004) and broiler chicken litter (Lu et al., 2003), which also found that Firmicutes
was the most predominant followed by Actinobacteria,
Proteobacteria, Bacteroidetes and Chloroflexi. Moreover,
we found that Firmicutes was more abundant in samples
performing high COD removal efficiency whereas there
were more species belonging to Proteobacteria in seed

16S rRNA gene sequence of DGGE bands from anaerobic compartment

Closest sequences

GenBank number

Similarity (%)

Phylogenetic affiliation

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
A17
A18
A19
A20
A21
A22
A23
A24
A25

Clostridium sp. EBR-02E-0046
Clostridium acidisoli CK74
Leptolinea tardivitalis
Lactococcus lactis subsp. cremoris SC8
Lactococcus sp. CAU 28
Lactococcus sp. CAU 28
Lactococcus lactis Akira2
Lactococcus sp. CAU 28
Lactococcus lactis Akira2
Paenibacillus sabina T49
Anaerobic syntrophic bacterium NE23-3
Sequence failed
Clostridium thermocellum CTL-6
Veillonella sp. enrichment culture
Prevotellaceae bacterium WR041
Saltmarsh clone LCP-89
Acidaminococcaceae bacterium WK011
Pseudomonas sp. 108Z1
Thiobacter subterraneus
Dechloromonas sp. RCB
Clostridium sp. AAN14
Achromobacter denitrificans PQ-1
Saltmarsh clone LCP-67
Erysipelothrix rhusiopathiae
Bacillus sp. 60LGy-1

AB186360
AJ237756
AB109438
AM944595
EF694028
EF694028
AY348313
EF694028
AY348313
DQ338446
AB231802
–
FJ599513
EF536721
AB298732
AF286032
AB298743
EU370418
AB180657
AY032610
AB436742
EU869274
AF286036
EU188793
AB375763

93
90
88
92
99
92
94
99
90
88
94
–
87
98
98
83
93
94
94
98
86
97
93
96
89

Firmicutes
Firmicutes
Chloroflexi
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
–
–
δ-Proteobacteria
–
–
Firmicutes
Bacteroidetes
–
Firmicutes
γ-Proteobacteria
β-Proteobacteria
β-Proteobacteria
–
β-Proteobacteria
–
Firmicutes
–
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DGGE bands correspond to 1–25 bands on DGGE profile in Fig. 4.
“–”: unclassified group.
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16S rRNA gene sequence of DGGE bands from aerobic compartment

Band No.

Closest sequences

GenBank number

Similarity (%)

Phylogenetic affiliation

O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
O23
O24
O25

Tuber borchii symbiont b-17BO
Pseudomonas riboflavina
Devosia yakushimanensis
Dechloromonas denitrificans
Prosthecobacter fluviatilis
Epulopiscium sp. N.l. 2 clone 38
Rhodobacteraceae bacterium BF
Brevundimonas sp. dcm7A
Legionella pneumophila serogroup 6
Flavobacterium sp. WB2.3-68
Acinetobacter sp. JPB-1.07
Vibrio vulnificus clone 03 G05
Zoogloea sp. A5
Metal-contaminated soil clone K20-12
Methylophilus sp. u33
Stenotrophomonas sp. Fsh16
Rhodobacter sp. THWCSN29
Dechloromonas sp. LT-1
Dechloromonas sp. A34
Zoogloea sp. EMB 357
Dokdonella fugitiva A3T
Sequence failed
Candidatus Nitrospira defluvii
Hylemonella gracilis WQM2
Uncultured Chloroflexi bacterium

AF070444
D49423
AB361068
AJ318917
AB305640
AY844991
DQ628964
AF430126
AJ496383
AM934651
EU652468
EF546262
DQ342276
AF145815
EU375653
EU376971
AM888193
AY124797
EF632559
DQ413172
AJ969432
–
DQ059545
AJ565425
CU466712

90
96
88
98
98
95
97
90
84
98
99
99
92
87
94
99
91
96
98
94
97
–
99
96
98

Bacteroidetes
α-Proteobacteria
α-Proteobacteria
β-Proteobacteria
Verrucomicrobiae
Firmicutes
α-Proteobacteria
γ-Proteobacteria
–
Bacteroidetes
γ-Proteobacteria
γ-Proteobacteria
β-Proteobacteria
–
β-Proteobacteria
γ-Proteobacteria
Proteobacteria
β-Proteobacteria
β-Proteobacteria
β-Proteobacteria
γ-Proteobacteria
–
Nitrospira
β-Proteobacteria
Chloroflexi

DGGE bands correspond to 1–25 bands on DGGE profile in Fig. 5.
“–”: unclassified group.

comicrobiae and Nitrospira (Table 2). This observation
was also in general agreement with previous studies (Wagner et al., 2002; Liu et al., 2005; Snaidr et al., 2007).
As mentioned above, there was correlation between the
increase of TN removal efficiency and the emergence of
several bands (O1, O2, O8, O20, O21, O23 and O25).
Therefore, some of them would play an important role
in nitrogen removal, which was corroborated by the detection of Nitrospira defluvii (Band O23). A lower COD
concentration in the influent of the aerobic compartment
leaded to a proliferation of nitrifying bacteria because
they were autotrophic and could work better with less
organic compounds. Interestingly, it was found that Bands
O2 (Pseudomonas riboflavina) and O4 (Dechloromonas
denitrificans) were putative denitrifying bacteria, suggesting that nitrification and denitrification took place in the
same reactor simultaneously. It corresponded with the TN
removal effort of the aerobic compartment. The increase of
outlet TN concentration combining the fade out of Bands
O2 and O23 in the last few days could further approve this,
although the latter was tardier than the former as discussed
above. Other dominant species gained their advantages due
to a better adaptability to high nitrogen concentration or a
better cooperation with the functional species.

3 Conclusions
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An integrated A/O reactor fed with diluted livestock
wastewater was operated to treat both organic compound
and nitrogen. A good COD removal efficiency (94%) was
achieved while half of TN was removed. The unsatisfactory TN removal effort could be attributed to unsuccessful
denitrificaiton in the anaerobic compartment.
As shown by the DGGE profiles and UPGMA analysis,
significant shifts of microbial community took place in
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sludge. The same trend was also observed by Jeffery et
al. (2004), who reported that there were more Firmicutes
and less Proteobacteria present in separator pit than in the
following lagoon. It was the higher strength and stricter
anaerobic condition that favored the fermentative and
acetogenic bacteria belonging to Firmicutes. Such population could play an important role in organic pollutant
degradation in anaerobic condition.
As shown in Fig. 2, large amount of COD was removed
in the anaerobic compartment, thereby most of the nitrogen
removed was employed in assimilation by heterotrophic
synthesis but not through the denitrification process as
we expected. Only Bands A18 (Pseudomonas sp. 108Z1),
A20 (Dechloromonas sp. RCB) and A22 (Achromobacter
denitrificans PQ-1) were identified as putative denitrifying
bacteria, however, they were washed out in the end. Then
it was reasonable to speculate that the unsuccessful denitrificaiton in the anaerobic compartment was responsible for
the unsatisfactory TN removal efficiency of this system.
Akunna et al. (1992) reported that methane production
without denitrification occurred at COD/NOx-N > 53, denitrification and methane production at 8.86 < COD/NOx-N
< 53, and only denitrification at COD/NOx-N < 8.86. The
reason may be that the high C/N ratio of the influent could
made the denitrifying bacteria less competitive with those
organic-compound-degrading species. In order to obtain
an appropriate C/N ratio, increasing the recirculation ratio
might be an effective way to favor denitrifying bacteria, for
previous studies had shown that a higher recirculation ratio
resulted in an improved denitrification (Tai et al., 2006; An
et al., 2008).
Phylogenetic analysis of DGGE bands form the aerobic
compartment showed that 22 bands belonged to Proteobacteria including α-Proteobacteria, β-Proteobacteria
and γ-Proteobacteria, Bacteroidetes, Firmicutes, Verru-
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the integrated A/O reactor during the start-up period. Sequencing results indicated that determined sequences from
the anaerobic compartment belonged to Firmicutes, Proteobacteria, Chloroflexi and Bacteroidetes, whereas those
from the aerobic to Proteobacteria, Bacteroidetes, Firmicutes, Verrucomicrobiae and Nitrospira. Higher organic
strength and C/N ratio favored fermentative and acetogenic
bacteria while denitrifying bacteria was compressed in the
anaerobic compartment. Some functional species such as
Nitrospira defluvii and Dechloromonas denitrificans were
detected in samples with good reactor performance, which
indicated that nitrification and denitrification might be
present in the aerobic compartment simultaneously.
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