
ENVIRONMENTAL BIOTECHNOLOGY

Start-up and bacterial community compositions of partial
nitrification in moving bed biofilm reactor

Tao Liu1
& Yan-jun Mao1 & Yan-ping Shi1 & Xie Quan1

Received: 16 September 2016 /Revised: 7 November 2016 /Accepted: 9 November 2016 /Published online: 30 November 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract Partial nitrification (PN) has been considered as one
of the promising processes for pretreatment of ammonium-
rich wastewater. In this study, a kind of novel carriers with
enhanced hydrophilicity and electrophilicity was implement-
ed in a moving bed biofilm reactor (MBBR) to start up PN
process. Results indicated that biofilm formation rate was
higher on modified carriers. In comparison with the reactor
filled with traditional carriers (start-up period of 21 days), it
took only 14 days to start up PN successfully with ammonia
removal efficiency and nitrite accumulation rate of 90 and
91%, respectively, in the reactor filled with modified carriers.
Evident changes of spatial distributions and community struc-
tures had been detected during the start-up. Free-floating cells
existed in planktonic sludge, while these microorganisms
trended to form flocs in the biofilm. High-throughput pyrose-
quencing results indicated thatNitrosomonaswas the predom-
inant ammonia-oxidizing bacterium (AOB) in the PN system,
while Comamonas might also play a vital role for nitrogen
oxidation. Additionally, some other bacteria such as
Ferruginibacter, Ottowia, Saprospiraceae, and Rhizobacter
were selected to establish stable footholds. This study would

be potentially significant for better understanding the micro-
bial features and developing efficient strategies accordingly
for MBBR-based PN operation.
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Introduction

Conventional nitrification/denitrification nitrogen removal
process has been extensively adopted in the past decades;
however, it has inevitable disadvantages in treating high am-
monium but low chemical oxygen demand (COD) wastewater
considering that it needs external aeration and carbon source
supply. In consequence, some novel technologies such as
short-cut nitrification-anammox (Strous et al. 1997) or short-
cut nitrification-denitrification process (Yoo et al. 1999) have
been developed and implemented as more sustainable alterna-
tives to treat low C/N liquors. In these processes, the pretreat-
ment of partial nitrification (PN) is required to accumulate
sufficient nitrite and avoid nitrate formation (Chu et al.
2015). Up to now, some feasible strategies have been intro-
duced to start up PN process via the accurate control of tem-
perature, free ammonium (FA), free nitrite acid (FNA), dis-
solved oxygen (DO) concentration, or sludge retention time
(SRT) based on the different growth habits between ammonia-
oxidizing bacterium (AOB) and nitrite-oxidizing bacterium
(NOB) (Blackburne et al. 2008; Zeng et al. 2013). Most pre-
vious studies on PN start-up were carried out in activated
sludge systems. Although PN can be established in these sys-
tems, it seems to take a long period to accumulate AOB
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(Gabarro et al. 2013). To overcome the deficiency of activated
sludge systems, fixed biofilm system is generally a candidate
because the long biomass retention time in biofilm guarantees
the slow growth of AOB and the separate control of hydraulic
retention time (HRT) and SRT is essential to achieve high-rate
PN (Zhang et al. 2015). However, compared with activated
sludge, fixed biofilm system presents lower volume loading
and needs backwash at regular time intervals, leading to an
increase of infrastructure and operating cost accordingly.

Moving bed biofilm reactor (MBBR), known as a prom-
ising process that combines the advantages of activated
sludge and fixed biofilm (Zekker et al. 2012), is determined
to be effective for AOB enrichment and further to achieve
rapid start-up and high-rate ammonia oxidation of PN. In
MBBR process, the property of carriers contributes to steady
operation and nitrogen removal effect of the system.
Currently, most commercial MBBR carriers are made of
plastics with similar density to water like polyethylene, poly-
propylene, high-density polyethylene (HDPE), etc.
However, the hydrophilicity and electrophilicity of these ma-
terials are relatively weak, which is unfavorable for pollutant
transferring or electronegative biofilm formation (Chen et al.
2012). On the other hand, considering that nitrifying bacteria
are not able to form strong biofilm due to their poor EPS
production (Tsuneda et al. 2001), they can potentially trigger
detachment events. Consequently, some novel carriers have
been developed by physical/chemical surface modification
to enhance biomass adhesion capacity and combat the draw-
backs previously mentioned (Hibiya et al. 2000; Lackner
et al. 2009). Nevertheless, the more improved hydrophilicity
is still desired in order to improve hydrosoluble pollutant
transferring within biofilms so as to accelerate the pollutant
removal rates.

Up to now, few studies have focused on the dual improve-
ment of both hydrophilicity and electrophilicity of carriers. In
this study, we propose that AOB growth rate will be acceler-
ated on an appropriate modified surface of a novel supporting
material. Even though there are a variety of approaches for
surface modification, we introduce a relatively facile approach
to develop a novel type of carriers to start up the PN process in
this study. These modified carriers were made of HDPE with a
small proportion of polyquaternium-10 (PQAS-10) and Fe2O3

to enhance the hydrophilicity and electrophilicity, which arise
from the superior water solubility and adsorption capacity of
PQAS-10 and the positive electricity of Fe2O3. The nitrogen
removal performance during the start-up of PN was analyzed
in comparison with the other reactor filled with traditional
carriers. Moreover, functional bacterial spatial distribution
and microbial community structure shifts were also evaluated.
This study is expected to inspire us on MBBR-based PN pro-
cess operation and further promote the novel carrier imple-
mentation in industrial wastewater or domestic sewage treat-
ment in the long term.

Materials and methods

Preparation of traditional/modified carriers

The modified carriers were made of HDPE together with a
small proportion of PQAS-10 (2 wt%) and Fe2O3 (2 wt%).
The detailed protocol was as follows: PQAS-10 and Fe2O3

powders were dispersed in HDPE granules by mechanical
mixing using a cylindrical blender (100 rpm for 5 min).
Afterwards, the mixture was extruded by a single screw ex-
truder (the ratio of length to diameter was 25:1) at a screw
speed of 20 rpm. The barrel zone temperature of the four
stages (feed stage, melt stage, harmonizing stage, and reaction
stage) was 125, 135, 145, and 120 °C, respectively. The pro-
tocol for producing traditional carriers (made of only HDPE)
was same as those modified carriers.

The carriers had a cylindrical shape (diameter of 10 mm,
height of 10 mm) with a cross-shaped grid inside and Bfins^
on the exterior. The length, diameter, specific surface area, and
density of the cylinders were 10 mm, 10 mm, 600 m2/m3, and
0.98 kg/L, respectively. To evaluate the hydrophilicity and
electrophilicity of the newly developed carriers, two essential
surface features of the carriers (surface zeta potential at pH
value of 7.0 and contact angles of droplet placed on dried
layers) were measured triply by using a SurPASS electroki-
netic analyzer and a contact angle microscope, respectively.

Experimental setup and PN start-up

Two lab-scale moving bed biofilm reactors (MBBRs) made of
polymethyl methacrylate were used in this study with outer
diameter, inner diameter, height, and total volume of 20, 15,
and 35 cm and 6.18 L, respectively. The reactors had double
jacket for temperature control with the inflow and air pumped
from the bottom and output from the upper outlet. Carriers
were added in the reactors with the filling degree of 25%. In
the experimental reactor (R1 in abbreviation), novel carriers
were utilized; nevertheless, carriers made of only HDPE were
used in the control reactor (R2 in abbreviation).

To start up the PN process, the sludge that is obtained from
sludge refluxed liquid in a municipal sewage treatment plant
was inoculated originally to the reactors (mixed liquid
suspended solid (MLSS) was 4500 mg/L, and wet sludge
inoculation dosage was 1.5 L). Tap water, (NH4)2SO4,
and NaHCO3 were added to the domestic sewage to form
low C/N wastewater with the detail contents of COD
30–53 mg/L, NH4

+-N 183–220 mg/L, NO2
−-N 0–1.1 mg/L,

NO3
−-N 0–3.5 mg/L, and pH value 7.0–7.5. To promote the

growth of AOB and eliminate the metabolism of NOB, con-
stant temperature of 28 °C and relatively lowDO concentration
of 0.8–1.0 mg/L were maintained during the start-up (phase I).
When nitrite accumulation rate (NAR) rose above 80%, AOB
was supposed to be sufficient in the system and DO rose up to
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around 1.5 mg/L accordingly to realize stable operation (phase
II). The two reactors were operated parallel with two cycles
every day (aeration 11 h, sedimentation and drainage 1 h).

Chemical analysis of water quality

The concentrations of COD, NH4
+-N, NO2

−-N, and NO3
−-N

in influent and effluent were measured daily according to the
standard methods by ultraviolet and visible spectrophotome-
ters (V550, JASCO, Japan) (APHA 1995). DO was measured
by using an oxygen meter (Model 55/12, YSI, USA), while
the pH value was detected by a pH meter (PB-10, Sartorius,
Germany). Ammonia removal efficiency (ARE), nitrogen re-
moval efficiency (NRE), and NAR were calculated according
to the following three equations to evaluate the reactors’ per-
formance.

ARE ¼ NHþ
4 ‐N

� �
inf :‐ NHþ

4 ‐N
� �

eff :
� �

= NHþ
4 ‐N

� �
inf :

� �

� 100% ð1Þ
NRE ¼ TN½ �inf :− TN½ �eff :ð Þ= TN½ �inf :ð Þ � 100% ð2Þ
NAR ¼ NO−

2−N
� �

eff :
� �

= NO−
2−N eff :þ� ½NO−

3−N
� �

eff :
� �

� 100% ð3Þ

Measurement of biomass on carriers during start-up

Total solid substances (TSS) on the two types of carriers dur-
ing start-up were measured by removing the complete bio-
mass from the carriers and taking the weight after drying at
105 °C. In order to have another indicative measurement of
the biomass concentration, total polysaccharide and protein
contents of biomass attached to the carriers were also deter-
mined. Polysaccharide determination was performed accord-
ing to the sulfuric acid-anthrone method, while total protein
concentration was determined by Lowry’s method (Bassin
et al. 2012).

Fluorescence in situ hybridization

The spatial distribution of AOB and NOB was examined by
fluorescence in situ hybridization (FISH). Biomass samples of
planktonic sludge and fixed biofilm were obtained randomly
at stable phase (on day 60) from modified carrier-based R1
(Mod_planktonic and Mod_biofilm in abbreviation) and un-
modified carrier-based R2 (Unm_planktonic and Unm-
biofilm in abbreviation). The biomass in inoculated conven-
tional active sludge (AS in abbreviation) was also detected.
The biomass was dispersed to small clusters by ultrasonication
for 10 min and fixed in a 4% (v/v) paraformaldehyde solution
for 4 h. Afterwards, the samples were resuspended in a iso-
metric mixture of phosphate-buffered saline (PBS) and 100%

ethanol (1:1, v/v). Hybridization was carried out according to
the previous report on a confocal scanning laser microscope
(Leica TCS-SP2, Japan) (Amann et al. 1990). The oligonucle-
otide probe used in this experiment targeting AOB was
NSO190 (5′-CGATCCCCTGCTTTTCTCC-3′) labeled with
HEX dye, while the probe targeting NOB was NIT3 (5′-
CCTGTGCTCCATGCTCCG-3′) labeled with Cy3 dye. The
probes were prepared by a commercial service (TaKaRa,
Japan).

DNA extraction, PCR, and high-throughput
pyrosequencing data analysis

Biomass samples were obtained randomly at stable phase
(on day 60), and DNA was extracted on the basis of the
methods described previously (Liu et al. 2012). Primers
for high-throughput pyrosequencing were Nobar-341F
(5′-CCTACGGGNGGCWGCAG-3′) and Nobar-805R
(5′-GACTACHVGGGTATCTAATCC-3′) targeting the
V3–V4 region of bacterial 16S rRNA. The PCR protocol
was as follows: 94 °C for 3 min; 5 cycles of 94 °C for
30 s, 45 °C for 20 s, and 65 °C for 30 s; 20 cycles of
94 °C for 30 s, 55 °C for 20 s, and 72 °C for 30 s; and
72 °C for 5 min. The PCR products were detected by
1.5% (w/v) agarose gel electrophoresis to confirm the
product size and purified with the TIANgel Midi
Purification Kit according to the manufacturer’s instruc-
tions. Finally, the high-throughput pyrosequencing was
carried out on the Miseq Illumina by a commercial service
(Sangon, China). Raw sequence data had been deposited
to the NCBI Sequence Read Archive with accession no.
SRR4302014.

For high-throughput pyrosequencing analysis, short-
and low-complexity fragments were removed and
paired-end reads were joined primarily by FLASH
(http://sourceforge.net/projects/flashpage/). Afterwards,
non-target sequences were removed and chimeras were
detected by chimeras.uchime. The remained high-quality
sequences were clustered and incorporated into opera-
tional taxonomic units (OTUs) by CD-HIT at the 97%
sequence similarity threshold by using UCLUST
(http://www.drive5.com/uclust/downloads1_1_579.html).
Alpha-diversity (including richness, Shannon index, ACE
index, Chao 1 index, Coverage and Simpson) was proc-
essed by using Mothur (http://www.mothur.org/) to
evaluate the species variety in one sample. The
software of Ribosomal Database Project (RDP)
Classifier was performed for hierarchical clustering anal-
ysis with a confidence cutoff of 0.8 by Naïve Bayesian
assignment arithmetic based on Bergey’s taxonomy that
involved three levels of phylum, order, and genus,
respectively.
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Results

Novel carrier surface properties

The surface zeta potential of traditional HDPE carrier was
−38.6 ± 0.8 mV (pH 7.0), indicating that this type of carrier
was negatively charged. On the contrary, the modified carrier
released a remarkable positive charge with the surface zeta
potential of 11.7 ± 1.1 mV (pH 7.0), which was expected to
greatly improve the electrophilicity and further to accelerate
biofilm formation. Besides, the water contact angles of un-
modified and modified carriers were 92.1 ± 2.7° and
57.5 ± 3.5°, respectively, implying the better hydrophilic fea-
ture of modified carrier.

Reactors’ performance during start-up

The performance of the two reactors filled with different
carriers during the experiment is shown in Fig. 1. Distinct

nitrification could be observed within the first few days
after inoculation, which implied that both AOB and NOB
existed in the seeding sludge. In the experimental reactor
(R1), little nitrite (<10 mg/L) could be detected in the
effluent while high nitrate generated during the first few
days because of the immediate consumption of nitrite by
NOB, whereas ARE kept over 60% and NAR stayed at
low level. However, the effluent nitrite kept increasing
while nitrate decreased gradually in the following days.
To be specific, nitrite accumulated dramatically from day
7 to day 13 and NAR increased rapidly from 4 up to 62%.
From day 14 to day 60 (phase II), R1 was operated in a
steady way with the average effluent nitrite, effluent ni-
trate, ARE, and NAR of 131 and 14 mg/L and 90 and
91%, respectively, indicating the successful start-up of
PN. The variation tendency of N-compounds in control
reactor (R2) was similar to that in R1, while it took a
longer period (21 days) to start up the PN process. From
day 21 to day 60 (phase II), N-compounds in the effluent

Fig. 1 Variations of N-components and nitrogen removal performance in R1 (a, b) and R2 (c, d)
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were stable with average ARE and NAR of 87 and 88%,
respectively. The effluent nitrite in the two reactors could
be further oxidized into nitrogen gas by either subsequent
denitrification or anammox process.

Dynamics of biomass concentrations on carriers

The amount of biomass (TSS) on the two types of carriers is
shown in Fig. 2a. For the modified carrier, a shorter period
was required to establish a stable biomass on the support ma-
terial and the amount of biomass was more than that on un-
modified material. This advantage was mainly attributed to
the improvement of the surface feature. Moreover, the con-
centrations of polysaccharide and protein followed a similar
trend with TSS (Fig. 2b). These two parameters on the mod-
ified carrier were higher than those on traditional supporter,
implying a higher biofilm formation rate on the modified car-
rier. When the contents reached a stable level, they slightly
increased with the operation.

Spatial distribution of ammonia-oxidizing bacteria
and nitrite-oxidizing bacteria

It was known that the nitrogen removal performance had a
very close relationship with the functional bacterial features;
therefore, the N-removal bacterial distributions were detected
by FISH (Fig. 3). Here, the samples of planktonic sludge and
fixed biofilm were obtained from modified carrier-based R1
(Mod_planktonic and Mod_biofilm) and unmodified carrier-
based R2 (Unm_planktonic and Unm-biofilm) on day 60 to
evaluate whether differences of spatial distribution existed in
planktonic sludge and fixed biofilm in the two MBBR sys-
tems. Since seeding sludge was derived from a conventional
nitrification–denitrification wastewater treatment plant
(WWTP), results indicated that almost the same amount of
AOB and NOB existed in the seeding sludge (Fig. S1).
However, the distribution of N-removal bacteria shifted re-
markably and AOB was predominant when PN started up
successfully (Fig. 3).

Microbial community structure and biodiversity
at the reactors

The microbial community compositions in planktonic sludge
and biofilm usually released differently in MBBR process
according to a previous study (Biswas and Turner 2012).
Consequently, the community structure and biodiversity of
AS, Mod_biofilm, Mod_planktonic, Unm_biofilm, and
Unm_planktonic had been evaluated by utilizing the
Illumina high-throughput sequencing (HTS) technique. HTS
results indicated that at least 31,907 effective sequences were
obtained from each sample with an average length of 421 base
pair after removing low-quality sequences and chimeras
(Table 1). These effective sequences were normalized, and
over 2000 (ranged from 2053 to 2673) OTUs were obtained
(Table 1). To evaluate the relationship among the samples, the
percentages of the shared OTUs and their corresponding se-
quences had been analyzed (Table S1), which indicated a rel-
atively high proportion of shared OTUs (38.75%) among at
least two of the five samples. Nevertheless, further analysis
showed that only 255 of 6843 OTUs were shared by all sam-
ples (Table S1), whereas these OTUs accounted for 61.36% of
the total sequences.

Alpha-diversity was used to evaluate the species variety.
In this study, the Shannon indexes (H) were in the range of
5.06–5.52 (higher H value meant higher α-diversity), cor-
responding to the range of OTUs, Simpson values, and
Chao 1 values (Table 1). The rarefaction curves of the
sequencing results are shown in Fig. 4a. With the sequenc-
ing number increased, the curve of observed OTUs showed
initial steep phase, then increased mildly, and finally be-
came relatively flat.
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Bacterial community analysis at high taxonomic levels

The major phyla in R1 and R2 were quite distinct from those
in seed sludge (Fig. 5). It was displayed that the most abundant
phylum was Proteobacteria in the samples except
Mod_biofilm; nevertheless, bacterial diversity in the reactor
shifted notably during the operation: Bacteroidetes increased
sharply from 4.99 to over 32.17%, while Planctomycetes de-
creased from 20.4 to less than 2.54% in the two reactors.
Besides, other phyla that were widespread in sewage treat-
ment systems (Manefield et al. 2005) also held low propor-
tions in these two reactors such as Gemmatimonadetes (0.66–
1.32%), Acidobacteria (0.85–1.09%), Verrucomicrobia
(0.71–2.30%), Chlamydiae (0.59–0.87%), Nitrospirae
(0.11–1.62%), and Firmicutes (0.19–0.38%).

The identification and relative abundance of the bacterial
communities at the order level are shown in Fig. 6 and Table 2.
It was illustrated that the dominant orders in phyla
Proteobacteria and Bacteroidetes presented an obvious shift
from the seeding sludge to the biomass in the two reactors.
Specifically, Sphingobacteriales and Burkholderiales belong-
ing to phyla Bacteroidetes and Proteobacteria, respectively,
enriched efficiently during the start-up, corresponding to the
abundance of 31.12–48.75 and 13.22–37.29%, respectively
(the abundance was 3.50 and 7.68%, respectively, in seeding
sludge) (Fig. 6 and Table 2). Besides, within the phylum
Planctomycetes, the abundance of Planctomycetales de-
creased remarkably from 20.39 to less than 2.52% during
the start-up. Moreover, the population of the four orders
(Sphingomonadales, Rhodospirillales, Clostridiales, and

a b

c d

Fig. 3 FISH images of Mod_
planktonic (a), Mod_biofilm (b),
Unm_planktonic (c), and Unm-
biofilm (d) (green: AOB; red:
NOB; magnification ×200)
(Color figure online)

Table 1 Richness and α-
diversity of the five samples Sample_ID Seq_num OTU_num Shannon index Chao 1 index Simpson Coverage (%)

Conventional 40180 2558 5.523 4827.26 0.0176 96.9

Mod_biofilm 31907 2673 5.435 5314.38 0.0182 95.6

Mod_planktonic 40619 2053 5.056 3448.09 0.0239 97.3

Unm_biofilm 39779 2519 5.180 4516.74 0.0230 96.8

Unm_planktonic 36810 2518 5.257 4800.03 0.0222 96.5
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Verrucomicrobiales) declined considerably as well.
Nitrospirales that belonged to the phylum of Nitrospirae re-
duced in planktonic sludge but increased in biofilm.

Analysis of the sequences at the genus level offered deep
insights of the microbial community structure (Fig. 7). To be
specific, two main genera were identified as predominance in

the inoculums (Planctomyces and Candidatus), whereas al-
most all of them were eliminated during the start-up. On the
contrary, a wide range of bacteria genera developed rapidly
like Ferruginibacter, Ottowia, unclassified Saprospiraceae,
Rhizobacter, Comamonas, Nitrosomonas, Dokdonella, un-
classified Chitinophagaceae, Filimonas, etc.

Proteobacteria
Bacteroidetes
Planctomycetes
Unclassified
Candidate
Gemmatimonadetes
Acidobacteria
Verrucomicrobia
Chlamydiae
Chloroflexi
Nitrospirae
Firmicutes
Deinococcus-Thermus

Fig. 5 The taxonomic identities
of sequences at the phylum level
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Fig. 4 Rarefaction curves of the sequencing results (a) and cluster analysis based on the Bray-Curtis similarity index (b)
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Discussion

The successful start-up of PN verified the effective elimina-
tion of Nitrospira-related NOB and accumulation of

Nitrosomonas-related AOB in the systems. It was reported
that NOB could be inhibited in oxygen-limited condition at-
tributed to the different oxygen saturation coefficients (Ks) of
AOB and NOB (De Clippeleir et al. 2011). In this study, DO

Sphingobacteriales
Burkholderiales
Rhodocyclales
Planctomycetales
Xanthomonadales
Nitrosomonadales
Unknown
Rhizobiales
Sphingomonadales
Rhodospirillales
Clostridiales
Verrucomicrobiales
Micrococcales
Rhodobacterales
Gemmatimonadales
Caulobacterales
Myxococcales
Acidimicrobiales
Nitrospirales
Flavobacteriales
Subgroup
Bdellovibrionales
Pseudomonadales
Chlamydiales
Anaerolineales
Opitutales
Unclassified
Frankiales
Selenomonadales
Chromatiales
Propionibacteriales
Bacillales
Lactobacillales
Caldiineales
Bacteroidales
Holophagales
legionellales
Desulfobacterales
Cytophagales
Sphaerobacterales
Enterobacteriales
Methylococcales
Desulfovibrionales
Streptomycetales
Neisseriales
Oceanospirillales
Erysipelotrichales
Syntrophobacterales
Chthoniobacterales
Desulfarculales
other

Fig. 6 The taxonomic identities
of sequences at the order level

Table 2 Percentages of the major orders in each samples (%)

Order Conventional Unm_planktonic Mod_planktonic Unm_biofilm Mod_biofilm

Sphingobacteriales 3.50 40.55 31.12 32.44 48.75

Burkholderiales 7.68 29.24 37.29 33.29 13.22

Nitrosomonadales 0.93 1.65 1.65 4.74 8.13

Planctomycetales 20.39 2.52 1.01 1.52 2.43

Sphingomonadales 7.51 0.24 0.40 0.42 0.28

Rhodospirillales 6.55 0.86 0.41 0.34 0.31

Clostridiales 6.24 0.03 0.06 0.01 0.08

Verrucomicrobiales 4.64 0.29 0.18 0.14 0.26

Rhodocyclales 8.09 4.19 9.61 4.12 4.23

Nitrospirales 0.49 0.20 0.11 1.62 0.87

Rhizobiales 1.75 2.28 1.58 3.74 3.36

Micrococcales 2.91 0.72 0.65 0.66 0.50

Xanthomonadales 1.45 4.94 5.53 5.53 3.81

Myxococcales 0.50 1.65 0.41 0.62 1.14

Unknown 2.95 1.61 2.07 2.76 3.41
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was kept at 0.8–1.0 mg/L, which was considered as one of the
key factors to suppress NOB. Besides, AOB and NOB
displayed distinct tolerances to free ammonium (FA):
0.6 mg/L of FA was sufficient to inhibit the bioactivity of
NOB, while this concentration was over 5 mg/L for AOB
(Alleman 1984). It was reasonable that the FA concentration
of around 1.75 mg/L in these two reactors should be ideal to
inhibit NOB’s growth but have little restrain on AOB. R1 had
a much shorter start-up period with higher ARE and NAR
than R2, indicating that the modified carriers with improved
electrophilicity and hydrophilicity had distinct advantages of
accelerating the PN start-up period and promoting PN perfor-
mance. The dynamics of biomass concentrations on carriers
(Fig. 2) also certified this advantage. It was evident in Fig. 1
that TN could be removed to some extent in both R1 and R2
throughout the operation period (NRE averaged 13.8 and
13.9%, respectively), implying the existence of denitrifying
bacteria. It seemed that the aerobic systems in this study did
not benefit for denitrifying bacterial metabolism; however,
some anoxic/anaerobic microenvironment might be created
inside the biofilm on carriers to protect these anaerobic micro-
organisms (Wang et al. 2006).

FISH images displayed in Fig. 3 that AOB was predomi-
nant, which was consistent with previous reports in similar
systems to benefit the PN process (Calderon et al. 2012;
Zhang et al. 2015). Nevertheless, NOB was minority but not
thoroughly washed out. It was also worth mentioning that the
distribution features released differently between planktonic
sludge and fixed biofilm. Most N-removal bacteria exhibited
free-floating cells in planktonic sludge (Fig. 3a, c), while these
microorganisms trended to form small flocs in the biofilm
(Fig. 3b, d). Besides, the N-removal bacterial distribution

was almost the same in R1 and R2 except that the flocs in
R1 were more compact than those in R2.

Percentages of the shared OTUs indicated a relatively low
coherence of community, which proved the significant com-
munity differences among the five samples (Table S1). The
biodiversity and richness of the samples in this study were
similar to other municipal wastewater treatment systems
(Ibarbalz et al. 2013; Zhu et al. 2013). Nevertheless, high
biodiversity was identified in the seeding sludge, while
Mod_planktonic showed the lowest α-diversity. Such selec-
tion was probably driven by the operation strategies and avail-
ability of substrate in the influent (Park et al. 2010).
Noticeably, the richness and α-diversity were different be-
tween planktonic sludge and biofilm in R1, while they were
approximate in R2 (Table 1), which might be attributed to
different properties of carrier materials.

The rarefaction curves (Fig. 4a) indicated that the obtained
sequencing data volume seemed reasonable to cover enough
species. However, the rarefaction curves did not seem to reach
the plateau, suggesting that there were still several minor pro-
portions of OTUs unidentified. The Coverage values of the
five samples also agreed with this phenomenon (in the range
of 95.6–97.3%, Table 1). In addition, as shown in Fig. 4b,
cluster analysis indicated a great difference of microbial com-
munity composition among seeding sludge, R1 and R2, and
these taxonomic variances might result in diverse nitrogen
removal performances.

The taxonomic identities of sequences at the phylum level
showed that Proteobacteria was the most abundant phylum,
which was in accordance with previous results in various mu-
nicipalWWTPs (Ibarbalz et al. 2013;Wang et al. 2012; Zhang
et al. 2012). Besides, Nitrospirae was a common nitrite-
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Fig. 7 The taxonomic identities
of sequences at the genus level
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oxidizing phylum with a proportion of 0.49% in conventional
sludge. With the reactor operation, Nitrospirae in planktonic
sludge reduced to 0.11 and 0.20%, but it increased to 1.62 and
0.87% in biofilm, respectively, in R1 and R2. Interestingly, the
carriers seemed to provide favorable conditions for
Nitrospirae colonization; however, the PN process still runs
stably without high nitrate generation, which might be attrib-
uted to inhibition of Nitrospirae activity according to the high
FA concentration and oxygen-limited condition in the system.

The identification and relative abundance of bacterial
communities at the order level (Fig. 5 and Table 2) illustrated
that the dominant orders of Sphingobacteriales and
Burkholderiales presented an obvious shift from the seeding
sludge to the biomass in the two reactors. Previous studies
indicated that Sphingobacteriales and Burkholderiales
were common in various nitrogen removal systems, often
known as heterotrophic denitrifiers in PN-SBR systems
(Gabarro et al. 2012; Tian et al. 2015). In addition, some
Burkholderiales was responsible for organic matter degrada-
tion in biofilm-colonized biofilters (Niemi et al. 2009).
Moreover, recent research indicated that some heterotrophic
bacteria like Comamonas with the order of Burkholderiales
also had the function of oxidizing ammonia into nitrite (Chen
and Ni 2011; Zhang et al. 2012). In this study, a certain
amount of Comamonas had been found in R1 and R2
(Fig. 7). Therefore, the PN process might be attributed to
the synergistic action of heterotrophic and autotrophic
AOBs. Notably, Burkholderiales was a neighbor of
Nitrosomonadales in the Ribosomal Database, and in many
cases, some Nitrosomonadales sequences might be wrongly
assigned by the RDP Classifier into the order of
Burkholderiales and consequently lead to an overestimation
of the abundance of Burkholderiales in the samples (Ye et al.
2011). The abundance of Planctomycetales decreased remark-
ably during the start-up. Planctomycetes were previously
recognized as important members of activated sludge
microbial communities but generally minority in PN systems
(Juretschko et al. 2002), which was consistent with the results
here. Nitrosomonadales, known as the predominant AOB in
most sewage treatment plants (You et al. 2003), accounted for
a small proportion in seeding sludge (0.93%). However, its
abundance increased sharply when PN operated in stable
phase (Table 2). It could be observed that the population of
Nitrosomonadaleswas larger in biofilm than that in plankton-
ic sludge (Table 2), implying a preference of AOB to inhabit
in biofilm rather than sludge. Moreover, the proportion of
Nitrosomonadales in Mod_biofilm was much higher than that
in Unm_biofilm (**P < 0.01, two-tailed independent sample t
test), which might lead to better PN performance in R1.
Therefore, it could be concluded the modified carriers in R1
were indeed much beneficial for AOB’s growth as compared
with those unmodified carriers in R2. Here, we had to say that
the unexpected low richness of Nitrosomonadales in the

reactors seemed to be contradictory with high PN efficiency
in the reactors. Nevertheless, similar results had also been
found in relevant systems (Liang et al. 2015; Ye et al. 2011).

Analysis of the sequences at the genus level illustrated that
these genera compositions were quite similar with those ob-
tained in a granular sludge-based PN reactor (Liang et al.
2015). Among these genera, Nitrosomonas was identified as
functional genus for PN in the reactors. As mentioned before,
Comamonas was regarded as a heterotrophic nitrifier as well
as a promising denitrifier under various aeration conditions
(Chen and Ni 2011; Zhang et al. 2012). The percentage of
Comamonas was low (<1%) in the seeding sludge, but it in-
creased obviously in the reactors (Fig. 7), which might play
important roles together withNitrosomonas in the PN process.
Ferruginibacter, known as a type of heterotrophic freshwater
bacterium, was abundant in the reactors (Fig. 7). Previous
studies verified that the population of Ferruginibacter in-
creased when the temperature rose (Kim et al. 2014) and some
species were capable of hydrolyzing organic matter (Lim et al.
2009). Considering that the reactors operated under constant
temperature of 28 °C and some organic substance coexisted in
the effluent, they provide appropriate environment for
Ferruginibacter inhabitation. Besides, Saprospiraceae and
Ottowia also accounted for high proportions in PN systems.
Previous studies revealed that some Saprospiraceae had the
ability to degrade organic matters (Liang et al. 2015), while
some species of Ottowia could reduce nitrate and nitrite in
sewage treatment systems (Geng et al. 2014).
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