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Abstract
Simultaneous partial nitrification, anammox and denitrification (SNAD) process for treating
anaerobic digester liquor of swine wastewater (ADLSW) was achieved successfully in a continuousflow biofilm reactor by gradually increasing the influent ammonium (NH4+-N) concentration whilst
controlling the low dissolved oxygen (DO) concentration. After 180 days of operation, the average
removal efficiencies of NH4+-N, total nitrogen (TN) and COD were 61.59%, 55.76%, and 75.21%
respectively. Also, the average conversion efficiency (Y(
) of total effluent nitrite and nitrate
)/
production to ammonia consumption was kept at about 0.053 at the last stage (days 181-218).
Anaerolineaceae

(26.92%),

Candidatus

Brocadia

(3.96%),

Candidatus-Kuenenia

(4.69%),

Armatimonadetes-norank (4.25%) , Limnobacter （ 4.15% ） , Xanthomonadaceae (3.07%) and
Ignavibacterium (2.87%) were the dominant genera in the SNAD system for treating ADLSW. The

quantitative polymerase chain reaction (qPCR) results further confirmed that the co-existence and
enrichment of anammox bacteria, ammonium oxidizing bacteria (AOB), and denitrifying bacteria (HB) in
the bioreactor.
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Introduction
Recently, swine farming has rapidly increased due to sharply increasing demand for pork in
China (Lin et al., 2017).It was reported that about 6.0 billion tons of piggery waste are being
produced annually (Wang et al., 2012).The swine wastewater contains high concentrations of
organic matter, nitrogen, phosphorous and other environmentally harmful substrates, and it is
therefore necessary to adopt effective methods to treat it. Anaerobic digestion technology has
been widely applied in the disposal of swine wastewater (Kizito et al., 2012). However, after
anaerobic process treatment, although organic matter is much reduced, the concentration of
nitrogen remains high in anaerobic digester liquor of swine wastewater (ADLSW) (Tigini et al.,
2014; Wang et al., 2014).Thus, the conventional biological nitrification and denitrification
process has unsatisfactory nitrogen removal efficiency due to insufficient amounts of organic
carbon relative to nitrogen (Wang et al., 2018a).
In contrast to the conventional biological nitrification and denitrification process, some

novel and cost-effective biological nitrogen removal processes have been developed for treating
low carbon to nitrogen ratio (COD/TN) wastewater. Examples include a single reactor system
for high ammonium removal over nitrite (SHARON) (Van Dongen et al., 2001) , completely
autotrophic nitrogen removal over nitrite (CANON) (Sliekers et al., 2002), simultaneous partial
nitrification, anammox and denitrification (SNAD), and single-stage nitrogen removal using
partial nitritation and ANAMMOX (SNAP) (Egli et al., 2003). Among them, the SNAD process
relies on the co-existence of ammonia oxidizing bacteria (AOB), anaerobic ammonium
oxidation bacteria (AnAOB) and denitrifying bacteria (HB) in the same oxygen-limited
environment. While AOB partially convert ammonium to nitrite (reaction 1), AnAOB convert
ammonium to dinitrogen gas and nitrate using the nitrite produced by AOB as an electron
acceptor (reaction 2), and HB consume organic carbon and reduce the nitrate (reaction 3). The
major biochemical mechanisms involved in the SNAD process are as follows (Anjali et al.,
2017):
2NH4+ + 3O2→2NO2−+ 2H2O +4H+ (1)
−
−
−
NH4++1.31NO2 +0.066HCO3 + 0.13H+→0.26NO3 +1.02N2+0.066CH2O0.5N0.15 +2.03H2O (2)
2NO3− +1.25CH3COOH →2OH− +N2 + 2.5 CO2 +1.5H2O (3)
Therefore, SNAD process is suitable for treatment of ADLSW due to high levels of ammonia
and some organic matter in ADLSW. However, the growth rate of anammox organisms was
very slow, with a doubling time of >1 week (Yasuda et al., 2011). Therefore, anammox
enrichment using seed sludge taken from conventional wastewater treatment plants (WWTPs)
could take months to years (Suto et al., 2017). It has been reported that biofilm was a simple
and effective way to retain biomass in the bioreactor (Ren et al., 2014). So far, most researchers
have studied the SNAD process in sequencing batch reactors (SBRs) (Daverey et al., 2015; Wen
et al., 2016; Zheng et al., 2017). Since SBRs have intermittent water inflow and outflow, the
acceptable nitrogen loading rate in SBR is relatively low (Zheng et al., 2016). Recent research
indicated that the continuously stirred tank reactor (CSTR) with addition of suspended carriers
was suitable for nitrogen rich wastewater treatment. It not only tolerated a high loading rate,
but also the suspended carriers with a large specific area in a CSTR could help accumulate and
retain anammox bacteria (Liu et al., 2017).
According to the available literature, a few researchers have investigated the feasibility and
characteristics of nitrogen removal in a continuous-flow SNAD biofilm reactor for ADLSW
treatment (Arriagadaa et al., 2017; Meng et al., 2018). Also, the organic substrate in the
ADLSW could significantly influence the bacterial community characteristics, especially affect
the quantity and activity of anammox bacteria, but the bacterial community structures in a
SNAD process biofilm reactor for ADLSW treatment is still unclear. Thus, the objective of this
study was to investigate the feasibility of rapid startup of SNAD process treating for ADLSW
in a continuous-flow biofilm reactor by dual startup strategy of controlling low DO and gradual
increasing the influent ammonium concentration. Also, high-throughput sequencing and
quantitative PCR (qPCR) were used to analyze the bacterial community structures in the SNAD
process biofilm reactor. The results would provide a reliable theoretical basis for the fast startup
and operation of the SNAD process, and further may lead to its application to treat ADLSW in

the real life.
Materials and Methods
Experimental set up and procedure
A continuous-flow bioreactor with a total working volume of 2.0 L (10 cm in length, 10 cm
in width and 25 cm in height) (Fig.1) was used in this work. The bioreactor had an aeration
zone and settling zone, which were separated by partitioning. The volume of the aeration zone
relative to that of the settlement zone was 4:1. Dissolved oxygen (DO) and pH probes were
installed in the bioreactor for online measurements. During the start-up stage, the DO was
controlled at 0.3 ± 0.1 mg/L by adjusting the aeration rate and the pH was maintained at 7.8 ±
0.2, the temperature was kept in the range of 30 ± 1°C by using a thermostatic jacket. The
hydraulic retention time (HRT) was controlled at 1.5 ± 0.1 d. The start-up of the SNAD process
was divided into four stages according to the different average influent ammonium levels.
(Table 1).
Carriers and seed sludge
The functional suspended carrier applied in this study was a hollow cylinder made of
hydrophobic polypropylene (PP) resin. The carrier was 0.8 cmΦ×0.8cm, and the filling rate was
40% V. The inoculum sludge was a mixture of anammox and partial nitrite granular sludge
(V/V=7:3) obtained from our previous study (Lu et al., 2016). The seed sludge (300 mL) was
poured into the reactor. Its main characteristics after settlement were as follows: diameter and
sludge volume index (SVI) were approximately 0.8~2.5 mm and 37.5 mL/g respectively. The
mixed liquor suspended solids (MLSS) in the bioreactor were maintained at about 2000 ± 100
mg/L.
Influent wastewater composition
The diluted ADLSW was prepared using tap water in this study in order to facilitate the
startup of the SNAD process (the typical water quality of ADLSW is shown in Table 2). The
dilution factor is 2, 1, 0.5 and 0 in stages Ⅰ, Ⅱ, Ⅲ and Ⅳ, respectively. Also, NH4Cl was
added to the diluted ADLSW to reach a desired ammonium concentration in the influent.
Meanwhile, 1mL/L trace elements solution was added to the ADLSW. The trace elements
solution was made according to the literature (Sabumon et al., 2007) and consisted of (g/L):
H3BO4, 0.5; ZnCl2, 0.5; (NH4)6Mo7O24·4H2O, 0.5; NiCl2·6H2O, 0.5; AlCl3·6H2O, 0.5;
MnCl2·4H2O, 0.5; CoCl2·4H2O, 0.5; NaSeO·3.5H2O, 1.0; CuSO4·5H2O, 0.5.
Microbial analysis
DNA extraction, Polymerase Chain Reaction (PCR), and high-throughput sequencing
The biomass samples were collected from different positions within the bioreactor on day

1(inoculum sludge, named Seed) and day 180 (a mixture of sludge and biofilm attached to the
barriers, the mass ratio between the sludge and biofilm is about 9:1, named SNAD) in triplicates
and sent to Shanghai Majorbio Bio-Pharm Technology Co, Ltd. (Shanghai, China) for
investigating the microbial community structures. Genomic DNA from mixed liquor sludge
samples was extracted in triplicates using the E.Z.N.A.®soil DNA Kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s instructions, and measured at 260 and 280
nm wavelengths using a NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA). The V3-V4 hyper variable regions of bacterial 16S rRNA genes were
amplified with primers 338F (5′ACTCCTACGGGAGGCAGCA-3′) and 806R
(5′GGACTACHVGGGTWTCTAAT-3′) (Cao et al., 2013) by a thermocycler PCR system
(GeneAmp 9700, ABI, USA). The PCR amplification was conducted in triplicate 20 μL reaction
mixture composed of 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.4 μL of forward
primer (5 μM), 0.4 μL of reverse primers (5 μM), 0.4 μL of FastPfu polymerase, and 10 ng of
DNA template. PCR was performed under the following conditions: initial denaturation at
95 °C for 3 min, followed by 27 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, extension at 72 °C for 45 s, and a final extension at 72 °C for 10 min. The PCR products
were examined on a 2% (w/v) agarose gel and further purified using the AxyPrepDNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using
QuantiFluorTM-ST (Promega, USA) according to the manufacture’s protocol. Approximately
500 ng of purified PCR products for different sludge samples were used for Illumina MiSeq
sequencing.
Sequence analysis and phylogenetic classification
The obtained 16S rRNA gene sequences were compared with sequences in the GenBank
database using the NCBI Blast search program (http://blast.ncbi. nlm.nih.gov/Blast.cgi).
Sequencing data was then analyzed using Trimmomatic and FLASH software with the
following criteria: (1)The reads were truncated at any site receiving an average quality score <
20 over a 50 bp sliding window; (2)Primers were exactly matched allowing 2 nucleotide
mismatches, and reads containing ambiguous bases were removed; (3) Sequences whose
overlap were longer than 10 bp were merged according to their overlap sequence. Operational
taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPARSE (version 7.1
http://drive5.com/uparse) and chimeric sequences were identified and removed using UCHIME.
The taxonomy of each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm
(http:rdp.cme.msu.edu/) against the Silva (SSU123) 16S rRNA database using a confidence
threshold of 70% (Du et al., 2016).
qPCR analysis
The qPCR analysis was performed to identify the presence of AnAOB, AOB, nitrite
oxidizing bacteria (NOB) and HB. In this study, the methods of the DNA extraction and the
procedure of qPCR were done as described by (Daverey et al., 2013). The primers, reaction

system and the amplification program of qPCR are shown tables 3~5 followed the previous
literature by (Rotthauwe et al., 1997; Avrahami et al., 2003; Huang et al., 2013; Liu et al.,2016).
Analytical methods
The measurements of COD, ammonium-nitrogen, nitrite-nitrogen, nitrate-nitrogen, and total
nitrogen (TN) were done according to standard methods (APHA., 1998). DO and pH were
monitored by a DO meter (JC516-DO200, China) and pH controller (PHSJ-4A, China),
respectively. The conversion efficiency (Y(
) of total effluent nitrite and nitrate
)/
production [Eff. (NO3--N+NO2--N)] to ammonia consumption [(Inf.NH4+-N-Eff.NH4+-N)] was
calculated according to Eq. (4) (Daverey et al., 2012).
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Results and discussion
Nitrogen and COD removal performance
The concentrations of nitrogen compounds, COD in influent and effluent, and the conversion
efficiency (Y (
) of total effluent nitrite and nitrate production to ammonia
)/
consumption during the startup period of the SNAD process are shown Fig.2. The NH4+-N and
TN removal efficiencies showed significant variations with increasing influent NH4+-N
concentrations (Fig.2a and Fig.2b). In StageⅠ, the average NH4+-N and TN removal efficiency
were 89.30% and 45.09%, respectively (Fig.2b). This could be caused by the lower NH4+-N
concentration (148.24 mg/L) in influent and inoculum sludge (the mixture of anammox and
partial nitrite granular sludge) which could contribute to the NH4+-N and TN removal. However,
the NH4+-N removal efficiency had an obvious drop in Stage Ⅱ as the average influent NH4+N concentration increased to 253.55 mg/L. Thereafter, it declined to the minimum of 44.31%
removal at Stage Ⅲ . These results indicated that when the average influent NH4+-N
concentration was more than 253.55 mg/L, a high amount of free ammonia (FA) would be
generated (Xu et al., 2018), which probably could inhibit the growth of AOB and NOB. It has
been previously reported that NOB is more sensitive to FA than AOB (Wang et al., 2017). So
NOB suppression might have been achieved firstly at stage Ⅲ, which resulted in the average
ammonia nitrogen removal decrease in Stage Ⅲ . Afterwards, with acclimatization and
enrichment of the bacteria, the average ammonia and TN removal efficiencies were up to 61.57%
and 55.76% at the late Stage Ⅳ (days 181-218), respectively. Besides, according to the
previous literature (Daverey et al., 2012), the theoretical conversion efficiency
(Y(
) should be below 0.11 in the SNAD process because some HB could utilize
)/
the COD to reduce the nitrate into nitrogen gas. Fig.2c shows the value of Y(
)/
variation during the bioreactor operation period. The Y(
value fluctuated from
)/
0.3998 to 0.658 in StageⅠ, but then obviously declined to 0.053 at the late Stage Ⅳ (days
181-218). Also, the average effluent NO3--N and NO2--N concentrations were 48.40 mg/L and

17.30 mg/L in StageⅠ. But after 180 days of operation, their concentration had both declined
to less than 15 mg/L and 1.0 mg/L at stage Ⅳ (Fig.2c). Meanwhile, the COD removal
efficiency eventually reached approximate 75.21% and the effluent COD concentration
declined to below 96.68 mg/L at the late stage Ⅳ (Fig.2d). The concurrent reductions in COD
and nitrate clearly demonstrated that heterotrophic denitrification occurred in the bioreactor in
Stage Ⅳ, with consumption of the organic carbon of ADLSW using nitrate as electron acceptor.
Also, qPCR analysis (see Section qPCR analysis) showed that the gene copies of HB increased
from Stage Ⅰ to stage Ⅳ.These results indicated that the successful startup of the SNAD
process has been achieved in the late period of Stage Ⅳ, in line with previous research (Zheng
et al., 2016).
In general, compared to the previous report (Liu et al., 2017), the relatively low average
ammonia and TN removal efficiencies obtained in this study may be due to the following
reasons: Firstly, the previous study was done with synthetic wastewater which didn’t include
any organic carbon substrates in the influent. However, in the current work, ADLSW contains
high concentration of nitrogen, phosphorous and some organic carbon substrates, and the
organic carbon substrates could have inhibited the autotrophic bacteria (Zhang et al., 2013),
which then resulted in the relatively low ammonia and TN removal. Secondly, the current work
mainly focused the rapid start-up strategy and microbial community of SNAD process for
treating ADLSW. So, the process parameter optimization and the long-term operation
characteristics of SNAD process and for ADLSW treatment should be considered. For instance,
the response surface methodology should be considered to evaluate the optimal denitrification
performance of SNAD process for treating ADLSW in future. However, the average ammonia
and TN removal efficiencies obtained in this study (61.57% and 55.76%) were still higher than
the similar previous research (50% and 48%; Zhang, et al., 2012a), proving that the inoculum
granular sludge and PP resin carriers in this study was conducive to retaining the biomass in a
continuous-flow bioreactor. Regardless, the obvious TN loss phenomenon occurred in the late
Stage Ⅳ (days 181-218). Microbial community and qPCR analysis showed the presence of
AnAOB, AOB and HB in the SNAD process, demonstrating that partial nitrification, anammox
and denitrification co-existed in the continuous-flow biofilm bioreactor. The SNAD process not
only improved the nitrogen removal efficiency, but also could simultaneously remove COD
from ADLSW.
Biomass in the carrier
The biomass changes in carriers are shown in Fig.3. The colour of the carriers was initially
white due to the absence of attached biofilm on day 1. However, there was an obvious pale
brown colour indicating that biomass had been attached to the carriers on day 120. At the late
Stage Ⅳ (day 180), the colour of the biomass in the carriers became darker brown and the
pink-red biofilm thickness increased significantly. According to a previous report (Liu et al.,
2017), this suggested that a large amount of anammox bacteria has been attached to the carriers.

Microbial richness and diversity
The microbial richness and diversity of two biomass samples in biofilm reactor are shown in
Table S1. As shown in Table S1, the coverage index of two biomass samples was >0.996,
indicating that the sequencing result was sufficient to cover the microbial structure and diversity
in the bioreactor. The Shannon index had a slight decreased from 4.3623 on day 1 to 3.9964 on
day 180. However, Ace and Chao indices increased from 566.5627 and 584.122 in Seed sample
to 649.2215 and 655.4375 in the SNAD sample, respectively. According to the previous study
(Liu et al., 2015), Ace and Chao indices were used to evaluate the microbial richness, and the
Shannon index was related to microbial diversity. Thus, the results in this work indicated that
ADLSW with high concentration of nitrogen could slightly decrease the biodiversity, but
contribute to enrichment of some functional biological population. The more details were
shown in Section “Microbial community” and Section “qPCR analysis on AOB, AnAOB, HB
and NOB”.
Microbial community
The microbial community composition in the two biomass samples on phylum level are
shown in Fig. 4a. 14 phyla were detected, including Proteobacteria, Chloroflexi, Bacteroidetes,
Chlorobi, etc. The most dominant phylum in the SNAD process for treating ADLSW was
Chloroflexi, for which the relative abundance increased from 18.32% on day 1 to 30.49% on
day 180. Previous studies reported microorganisms belonging to this phylum might act as
scavengers of organic matter derived from anammox bacterial cells (Wen et al.,2016; Kindaichi
et al., 2012). The percentages of other phyla in Seed and SNAD samples were 6.94% and 13.14%
for Chlorobi, 6.94% and 13.14% for Planctomycetes, 0.54% and 4.47% for
Bacteria_unclassified, 0.74% and 4.25% for Armatimonadetes. Chlorobi was a phylum of
obligate anaerobic photoautotrophic bacteria. Most members of Chlorobi were autotrophic
bacteria or anaerobic bacteria (Hiras et al., 2016). Planctomycetes belong to AnAOB, which
could directly convert ammonium to dinitrogen gas. Armatimonadetes has been reported to
often occur in high-ammonia wastewater treatment and anammox processes (Wang et al.,
2018b). In contrast, there was a noticeable decrease in the relative abundance of species
belonging to the phylum Proteobacteria (accounting for 42.62% and 18.63% in Seed and
SNAD samples, respectively) and Firmicutes (accounting for 7.01% and 0.52% in Seed and
SNAD samples, respectively). Proteobacteria and Firmicutes were both common microbial
communities in wastewater treatment systems (Zhang et al., 2012b). In this work, their relative
abundances had a dramatic drop on day 180. This result indicated that some species in these
two phyla were gradually eliminated from the bioreactor because they couldn’t adapt to the
high-ammonium concentration of ADLSW. Meanwhile, the relative abundances of
Bacteroidetes in Seed and SNAD samples were both very high at 11.99 % and 10.59%,

respectively. This suggested that Bacteroidetes made a critical contribution to the bacterial
population throughout the startup stage of the SNAD process for treating ADLSW.
Remarkable differences at genus level are shown in Fig. 4b, which verified that long-term
operations under high ammonia condition did result in changes of bacterial communities.
Anaerolineaceae-uncultured (relative abundances of 13.34%), Pseudofulvimonas (8.67%),
PHOS-HE36-norank (5.72%), Arenimonas (4.14%), Hydrogenophaga (3.83%), Trichococcus
(3.64%), Sphingobacteriales-unclassified (1.53%) , Synergistaceae-uncultured (1.29%),
Draconibacteri-aceae-uncultured (1.22%) and Candidatus-Kuenenia（1.2%）were the main
groups in Seed sample (day 1). However, Anaerolineaceae-uncultured (26.92%), CandidatusKuenenia(4.69%), Candidatus-Brocadia(3.96%), OPB56-norank (6.86%), Bacteriaunclassified (4.74%), Armatimonadetes-norank (4.25%) and Limnobacter（4.15%）were the
dominant microbial population in SNAD sample (day 180). The relative abundance of
Anaerolineaceae-uncultured, which belongs to Chloroflexi phylum, increased from 13.34% on
day 1 to 26.92% on day 180. Also, sequence data showed that the relative abundance
of Candidatus-Kuenenia, which belongs to the Planctomycetes phylum often detected in
anammox-based processes (Wang et al., 2015), had increased from 1.2% on day 1 to 4.69% on
day 180. Also, another kind of anaerobic ammonia oxidation bacteria Candidatus-Brocadi
wasn’t detected on day 1, but its abundance was up to 3.96% on day 180. This genus belongs
to the family Ca. Brocadiaceae within the phylum Planctomycetes. The phenomenon of the
strains in a dominant position in the bioreactor was consistent with the viewpoint that
Candidatus Brocadia and Candidatus-Kuenenia prefer to grow in the swine wastewater
treatment process (Suto et al., 2017). Other species playing a role in anammox, included
Ignavibacterium and Xanthomonadaceae. Ignavibacterium belonging to the phylum of
Chlorobi, could also perform autotrophic nitrification and heterotrophic denitrification (Lin et
al., 2015). In current work, the relative abundance of Xanthomonas and Ignavibacterium were
3.07% and 2.87%, respectively, higher than in previous study (Li et al., 2015). The qPCR
analysis also showed a large number of AnAOB in the SNAD biofilm reactor (Section qPCR
analysis) one day 180, demonstrating that anammox phenomena likely occurred in the
bioreactor.
Meanwhile, the relative abundance of Nitrospira had a slight increase, from 0.1% on day 1
to 1.01% on day 180. And the sequence data also showed that the relative abundance of
Nitrosomonas (AOB) had increased from 0.2% on day 1 to 0.99% on day 180. The proportion
of AOB was lower than in previous research (Wen et al., 2016) because the organic matter of
ADLSW could reduce the bioactivity and biodiversity of AOB. One previous report showed
similar results insofar as AOB biodiversity decreased when wastewater with COD was adapted
to the CANON system (Zhang et al., 2013). Moreover, denitrifying bacteria such as
Comamonadaceae, Rhodobacter and Flavobacterium were detected in the SNAD biofilm
reactor on day 180. Some members of these genera were aerobic denitrifies, which could utilize
organic carbon as a source of energy under aerobic or facultative aerobic condition.
qPCR analysis on AOB, AnAOB, HB and NOB

The qPCR results of AOB, AnAOB, NOB (Nitrobacter, Nitrospira), and HB from two
biomass samples are shown in Fig.5. After having successfully achieved the SNAD process
(day 180), the gene copy number of AOB increased ca. 8.72 times, from 2.20×109 to 1.92×1010
gene copies/mg DNA. Meanwhile, the abundance of Anammox in seed has increased ca. 5.27
times, from 2.22×1012 gene copies/mg DNA (day 1) to 1.17×1013 copies/mg DNA (day 180).
The amounts of Nitrospira had a slight increase, from 2.38×109 gene copies/mg DNA in seed
to 8.35×109 copies/mg DNA in SNAD. It has been previously reported that Nitrospira was
clearly detectable in oxygen-limited single-stage Completely Autotrophic Nitrogen Removal
Over Nitrite (CANON) systems (Lieu et al., 2006). Meanwhile, in this work, the low
accumulated nitrite concentrations (generally < 5 mg/L NO2--N ) (Fig.2c) at the end of stage IV
might well be attributable to the abundance of Nitrospira. However, compared with the
inoculation sludge, the amounts of another kind of NOB-like bacteria (Nitrobacter) in SNAD
sample (day 180) had an obviously decreased, from 3.08×1010 gene copies/mg DNA to
9.65×109 gene copies/mg DNA. This result indicated that both growth and the activity of
Nitrobacter could be inhibited under rich ammonium levels at low DO concentration. This
result conformed to that of a previous study (Zhang et al.2017). Also, the amount of HB was
increased from 1.87×1010 gene copies/mg DNA to 4.12×1010 gene copies/mg DNA, while the
COD removal efficiency increased from 20% on day 1 to approximately 75% on day 180. The
combined results clearly showed that heterotrophic denitrification occurred at the stage Ⅳ. This
resulted in less than 15 mg/L of NO3--N in effluent (Fig.2c). Consequently, the results showed
that AnAOB, AOB, NOB and denitrifying bacteria coexisted in the bioreactor at the late Stage
Ⅳ. The AOB could convert NH4+-N to NO2–-N and the AnAOB could directly convert NH4+N to dinitrogen gas using nitrite as an electron acceptor, and produce a small amount of NO3–N as well. Meanwhile, the denitrifying bacteria converted NO3–-N into dinitrogen gas based on
COD as the electron donor, and most of the COD of ADLSW was also consumed. Besides, the
relative amount of Anammox was the largest among the total nitrogen removal functional
bacteria according to the results of qPCR and high-throughput sequencing. These results
indicated that the dominant pathway of total nitrogen removal from the SNAD system might
be anaerobic ammonia oxidation reaction catalyzed by AnAOB bacteria, and AOB bacteria and
HB also played an important role in the nitrogen removal process.
Conclusions
This study proved that the feasibility of SNAD process for treating ADLSW in a continuousflow biofilm reactor could be achieved within 180 days by gradually increasing the influent
NH4+-N concentration under low DO concentration (0.3 ± 0.1 mg/L). At the late Stage Ⅳ, the
SNAD biofilm reactor achieved good nitrogen removal performance. The NH4+-N, TN and
COD average removal efficiencies were 61.57%, 55.76% and 75.21%, respectively. Besides,
microbial community analysis showed that Chloroflexi, Chlorobi, Bacterioidetes,
Planctomycetes and Armatimonadetes were the predominant phyla. Also, the predominant
functional species were Anaerolineaceae , Candidatus Brocadia , Candidatus-Kuenenia,

Armatimonadetes-norank, Limnobacter, Xanthomonadaceae and Ignavibacterium in the
SNAD biofilm reactor. The dominant pathway of total nitrogen removal of the SNAD system
for treating ADLSW might be anaerobic ammonia oxidation reaction catalyzed by AnAOB
bacteria, AOB bacteria and HB also played an important role in the nitrogen removal process.
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Fig.1 Schematic diagram of the SNAD process for treating ADLSW (PP carriers packing ratio: 40%
V)
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Fig.2 The concentrations of nitrogen compounds (a, b), COD (d) in influent and effluent, and the values of
Eff. (NO3--N+NO2--N)/ NH4+-N (c) during the startup period of the SNAD reactor
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Fig.3 Biomass changes in the carriers (a, b and c represent day 1, day 120 and day 180, respectively)
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Fig.4. Bacterial community structures in two samples on phylum level (a), and genus level (b). The
abundance is presented in terms of a percentage of the total effective bacterial sequences in each sample.
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Fig.5 qPCR analysis on AOB, AnAOB, Nitrobacter, Nitrospira and HB respectively.

Table 1 Operation conditions in bioreactor
Average influent
concentration
Duration (d)
DO (mg/L)
(mg/L )
+
NH4 -N
COD

Phases

HRT (d)

StageⅠ

1~40

148.24

139.65

0.3 ± 0.1

1.5 ± 0.1

Stage Ⅱ

41~90

253.55

203.14

0.3 ± 0.1

1.5 ± 0.1

Stage Ⅲ

91~150

350.62

246.25

0.3 ± 0.1

1.5 ± 0.1

Stage Ⅳ

151~218

450.65

346.09

0.3 ± 0.1

1.5 ± 0.1

Table 2 Characteristics of ADLSW (mg/L, except pH)
Content COD
Range
120~380

NO2--N
1±0.2

NO3--N
5±1

TKN
150~510

TP
20~50

Table 3 Primers for the qPCR
Nucleotide sequencing(5′-3′)

Primers
AmoA-1F
AmoA-2R
NirS4F-GC

NH4+-N
140~460

GGGGTTTCTACTGGTGGT
CCCCTCKGSAAAGCCTTCTTC

nirS6R
NSR1113

CCGCCGCGCGGCGGGCGGGGCGGGGGCACGG
GGTTCRTCAAGACSCAYCCGAA
CGTTGAACTTRCCGGT
CCTGCTTTCAGTTGCTACCG

NSR1264r
FGPS872-f
FGPS1269-r
Amx368F
Amx820R
F338(GC)
R518

GTTTGCAGCGCTTTGTACCG
CTAAAACTCAAAGGAATTGA
TTTTTTGAGATTTGCTAG
TTCGCAATGCCCGAAAGG
AAAACCCCTCTACTTAGTGCCC
ACTCCTACGGGAGGCCAG
ATTACCGCGGCGCTGG

Component

Table 4 qPCR reaction system
concentration

Template DNA
Primer F(10uM)
Primer R(10uM)
SybrGreen qPCR Master Mix
Total

Target (16S rRNA)
AOB
HB
Nitrospira
AnAOB
Nitrobacter

30-50 ng/µL
10uM
10uM
2x

Table 5 The amplification program of the qPCR
Pre-denaturation
denaturation
95℃/10min
95℃/15sec
95℃/10min
95℃/15sec
95℃/10min
95℃/15sec
95℃/10min
95℃/15sec
95℃/10min
95℃/15sec

TSS
10±1

pH
7.8 ± 0.2

Target (16S rRNA)
AOB
HB

Nitrospira
Nitrobacter
AnAOB
Total bacteria

volume
1.9µL
0.8 µL
0.8 µL
16.5 µL
20 µL

annealing/40circle
58℃/1min
58℃/1min
56℃/1min
56℃/1min
50℃/1min

Table S1 Diversity index
Simple ID

Ace

Chao

Coverage

Shannon

Simpson

Seed

566.5627

584.1220

0.997288

4.3623

0..2544

SNAD

649.2215

655.4375

0.996325

3.9964

0.05082

