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Abstract

This work describes the variations in nitrogen (N) and phosphorus (P) removal performances and bacterial population dynamics
in response to different influent C/N and C/P ratios in a novel BNR-IC process combining biological nutrients removal (BNR)
with induced crystallization (IC). A good nutrients removal performance was achieved at 7.8 of C/N ratio and 23.3 of C/P ratio,
where P and TN removal efficiencies were 94.0+2.4% and 90.5+4.3%, respectively. Moreover, significant changes of microbial
community structure were found with the variations of influent C/N and C/P ratios. Increasing influent C/N and C/P ratios
favored the development of DPAO, thus enhancing the TN and P removal efficiencies and causing a decrease in microbial
community biodiversity. However, excessive P load in the influent strongly influenced the P removal performance when C/N
ratio was maintained at appropriate levels. PCR-DGGE showed that microbial populations in sampled sludge were classified into
five different phylum or class (4lpha-, Beta-, and Gammaproteobacteria, as well as Firmicutes, Actinobacteria).
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1. Introduction

Although nitrogen (N) and phosphorus (P) are
essential nutrients for the growth of biomass, excess
discharges of N and P into water bodies could lead to
a threat to aquatic ecosystems, especially potential
contributions to eutrophication, occurring often in
three lakes of China (i.e. Taihu Lake, Chaohu Lake
and Dianchi Lake). According to the Liebig’s law, P
is the key limitation factor for prevention
eutrophication compared with N. A concentration of
0.1 mg P/L in surface waters has been specified as an
indicator of possible current or future algal blooms
(Young et al., 1999). An important process for P

removal from domestic wastewater is generally
regarded as an effective strategy to prevent
eutrophication (Bashiri et al., 2017; Young et al.,
1999). Therefore, legislations on P concentration in
the effluent from wastewater treatment plants
(WWTP) are incrementally becoming stricter
worldwide. For example, permit limit of P
concentration in the effluent from WWTP was 0.1
mg/L or lower in Europe and North American (Boltz
et al., 2012), less than 0.2 mg P/L in South Korea
(Choi et al., 2012), and likewise, not more than 0.5
mg P/L required by Chinese government.

To meet the requirements mentioned above,
enhanced biological phosphorus removal (EBPR) has
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been adopted in lab- or full- scale reactors to remove
P from wastewater (Coma et al., 2012; Saba et al.,
2017, Slater et al., 2010; Tobajas et al., 2014; Shi et
al., 2012; Zhou et al., 2010). During this system, P
removal is achieved mainly by polyphosphate
accumulating organisms (PAO), presenting anaerobic
P release and aerobic excessive P uptake. However, a
competition for carbon  sources  between
denitrification and anaerobic P release conducted by
their respective microorganisms (such as denitrifying
bacteria and PAO) exists in the conventional EBPR
system (Wang et al., 2012). Moreover, available
carbon source in the real domestic wastewater (so-
called low C/N ratio) are often insufficient for N and
P removal, which has become a challenge for
nutrients removal effectively in WWTP (Ryu et al.,
2008). To supplement the lack of carbon source,
injection of additional external carbon source such as
sodium acetate, methanol and glucose into influent
was generally performed (Podedworna and
Zubrowska-Sudot, 2012), thus probably leading to a
significant increase in the operational costs.

As an alternative to conventional EBPR
processes running in the anaerobic/aerobic modes for
P removal, recently denitrifying simultaneous N and
P removal process has been proposed (Acevedo et
al., 2012; Giinther et al., 2011; Pijuan et al., 2008;
Shi et al., 2012; Tsuneda et al., 2006). During this
process, denitrifying polyphosphate accumulating
organisms (DPAOQO) are capable of using nitrate rather
than oxygen as an electron acceptor for denitrifying
simultaneous N and P removal in anoxic conditions,
compared with PAO, which can save aeration (30%),
minimize sludge production (50%) and reduce the
demand for carbon sources (50%) (Jiang et al., 2010).
More important, DPAO offers an appropriate
measure to treat domestic wastewater with a low C/N
ratio. Numerous operational factors (such as pH,
carbon source types, temperature and influent
nutrients  composition) affecting the DPAO
performance have been researched (Kim et al., 2006;
Panswad et al., 2003; Wang et al., 2012). In contrast,
the nutrients ratios in the influent, i.e. ratios of C/N
and C/P, have a strongly influence on the nutrient
removal efficiencies in EBPR system (Wang et al.,
2009). Based on the DPAO theory (Guisasola et al.,
2009), the ratios of C/N and C/P in the influent have
a profound impact on the amounts of synthesized
PHB anaerobically, in turn, which determines greatly
the N and P removal capacities in sequential anoxic
condition. In fact, nutrients ratios of influent affect
directly the abundance of particular functional
microorganisms (DPAO) during the operational
process. However, there is no information available
on the shift of the microbial community structure in
respond to different influent C/N and C/P ratios in
EBPR system.

In this context, a novel BNR-IC process
proposed in our previous research was operated over
180 days with feeding different nutrient loads in this
study to investigate how ratios of C/N and C/P in the
influent could affect denitrifying simultaneous N and

P removal performance coupled with microbial
community structure. This result obtained here,
combining chemical analysis with microbial analysis,
may serve as a new suggestion for application of
DPAO to treatment real domestic wastewater,
especially for low C/N ratio sewage.

2. Material and methods
2.1. BNR-IC process and operation

The BNR-IC process designed in our previous
research (Zou et al., 2013) consisted of biological
nutrients removal (BNR) system (adopting
denitrifying simultaneous N and P removal) and
induced crystallization column (IC) for recovery P,
which has been applied for a parent (No.
201110431802.4) in China. The main advantages of
the BNR-IC process are lower oxygen and carbon
sources requirement, minimal production of excess
sludge and recovery of P in wastewater. In our
previous research, DPAO was successfully enriched
in the BNR-IC system during the 55 days cultivation
process, where the seed sludge was collected from an
aerobic basin of the Chengdong Municipal
Wastewater Treatment Plant, Nanjing, China with
AA-aerobic (A?0) configuration and it presented, to
some extent, a good aerobic phosphorus uptake
capacity.

2.2. Experimental design

The tests with different C/N and C/P ratios in
the influent (basic composition shown in Table 1),
given as Runs 1-6, were divided into two operational
stages (Table 2). During stage one, the concentrations
of P and N in the influent were maintained constant,
but the carbon source dosage was increased gradually
to enhance the C/N and C/P ratios.

During the other stage, influent COD as well
as N loading did not changed while P concentration
in the influent was gradually decreased to change the
C/P ratio. Variations of P and N concentrations in the
effluent with time were monitored during the
experimental period. Sludge samples were collected
as well at the end of each Run to investigate the shift
in microbial community structure.

2.3. Chemical analysis

Liquid samples from effluent were filtered
through a 0.45 pm microporous membrane filter
firstly. Chemical oxygen demand (COD) and mixed
liquor suspended solid (MLSS) were determined
according to the standard methods for the
examination of water and wastewater (APHA, 2005).
POs*-P and total nitrogen (TN) were analyzed by
segmented flow analysis (AutoAnalyzer3, SEAL,
UK). Dissolved oxygen (DO), pH and Oxidation-
reduction potential (ORP) were measured by a DO
meter analyzer (YSI D0O200, USA) and a pH and
ORP meter analyzer (YSI pH100, USA).
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Table 1. Composition of wastewater used for experiment

Composition of feeds Concentration, g/L Composition of nutrient solution Concentration, g/L
CH3COONa 0.322 FeCls * 6H20 1.50
KH2PO4 0.044 H3BO;3 0.15
(NH4)2S04 0.047 CuSOs4 * SH20 0.03
CaCl 0.005 KI 0.18
MgSOs4 « 7TH20 0.050 MnCl; * 4H.0 0.12
Nutrient solution 0.30 mL/L Na>:MoOs * 2H20 0.06
ZnSO4 = TH20 0.12
CoClz * 6H20 0.15
EDTA 10.00

Table 2. Variations of C/N and C/P ratios in the influent

CcOD TN POS-P Removal efficiencies %

Run o/l ol /L COD/N | cop/p > UL o
1(1-30days) 150.0 56.0 15.0 2.7 10.0 37.4+16.3 50.4+9.9
2(31-60days) 250.0 56.0 15.0 4.5 16.7 76.1+£4.8 65.6+£6.8
3(61-90days) 350.0 56.0 15.0 6.3 233 94.0+2.4 90.5+4.3
4(91-120days) 350.0 56.0 20.0 6.3 17.5 76.5+£3.5 84.7+1.2
5(121days-150days) 350.0 56.0 10.0 6.3 35.0 92.7+3.8 84.1+1.3
6(151-180days) 350.0 56.0 5.0 6.3 70.0 93.7+3.7 83.1+0.4

2.4. Microbial analysis

At the end of each Run (as described above),
100 mL activated sludge was sampled to analyze the
bacterial community by polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-DGGE)
according to the following rules.

2.4.1. Samples pretreatment

Activated sludge samples were homogenized
with 3 mm diameter glass beads for 30 min, and then
centrifuged at 5000 g for 5 min. Treated samples
were stored at -20°C until further analysis after
washed three times with 0.1 M PB (phosphate
buffer), pH 7.2.

2.4.2. DNA extraction and PCR amplification

Total community DNA in 300 mg of sludge
sample was extracted using a commercial FastDNA
SPIN Kit for Soil (MP-Bio, USA) according to the
manufacture’s instruction, and stored at -20°C. About
10 ng of DNA was used as a template for PCR
amplification with universal primers (341F, 5’-
CCTACGGGAGGCAGCAG-3> and 534R, 5’-
ATTACCGCGGCTGCTGG-3") (Liu et al., 2012),
targeting the conserved regions of 16S rRNA genes
in the variable V3 region of 16S rDNA. The PCR
amplification was performed in a PCR thermal cycler
dice (Takara, Japan), as previously reported (Li et al.,
2012).

2.4.3. DGGE analysis and sequencing of PCR
fragments

Dcode TM system (Bio-Rad, USA) was used
for DGGE according to the previously described

method (Li et al., 2012). The main DGGE bands in
different lanes were excised for cloning and then
sequenced, which were performed by a Biotech Co.,
Ltd., Shanghai, China. These sequencing results
obtained here were compared with the closest known
relatives using the BLAST program from the
National Center for Biotechnology Information
(NCBI) database. Phylogenetic tree was carried out
using the neighbour-joining method (Tortoli, 2012)
with MEGA version 5.0 software, employing 1000
bootstrap resampling and similarities in DGGE
profiles were also calculated via Dice coefficient
with MEGA.

3. Results and discussion

3.1. Effects of influent C/N and C/P ratios on the
nutrient removals

With the different operational strategies
(Table 2), the BNR-IC was continuously operated
over 180 days, divided into two stages (i.e. Run 1-
Run 3 and Run 4-Run 6) and 30 days in each Run,
where the side-stream ratio was maintained with a
constant value of 35% based on the results of
previous research, in which the removal efficiencies
of N and P were not influenced by the IC column.
The concentrations of PO4*-P and TN in the effluent
fluctuated, and were averaged and are shown in
Table 2 and Fig. 1. During the stage one, with an
increase in the influent organic loading (consistently,
the C/N and C/P ratios increased as well), the
removal efficiencies of P and TN increased
significantly, ranging from 37.4+£16.3% to 94.0+2.4%
and 50.4£9.9% to 90.5+4.3%, respectively. During
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the second stage, the influent P concentration ranged
from 20 mg/L to 5 mg/L, leading to C/P ratio
increased gradually while C/N ratio was constant.
There was a significant difference in removal
efficiency between P and TN in Run 4-Run 6. The P
removal efficiency increased gradually, varying from
76.5+3.5% to 93.7+3.7% while that of TN was rather
stable with values constantly in the range 84.7+1.2-
83.140.4%. Despite the competition for carbon
source existing in nutrient removal, both P and TN
removal efficiencies reached a maximum, as in Run
3, where the C/N and C/P ratios were 6.3 and 23.3,
respectively.

Clearly, the relatively lower amount of
available organic loading, i.e. low C/P and C/N
ratios, negatively affected the removal performances
of phosphorus and nitrogen, as displayed in Run 1
and Run 2. For EBPR system, insufficient carbon
source in the influent can deteriorate the function of
anaerobic P release and anoxic P uptake (Carvalho et
al., 2007), leading to a decrease in the amount of
PHB responsible for denitrifying N and P removal
simultaneously. Wang et al. (2012) also clearly
demonstrated that the influent C/N and C/P ratios
affected the PHB synthesized in the anaerobic period.
In Run 3, good P and N removal performances,
reaching maximum values throughout the whole
experimental processes arranged in this study, were
both achieved compared with Run 1 and Run 2 when
the influent COD concentration was 350 mg/L. This
suggests that relatively high C/N and C/P ratios can
effectively promote DPAO activity in EBPR process.
Moreover, the removal efficiencies of P and TN in
the present study were higher than that obtained in
other studies, even when a higher influent C/P ratio
of 54.2-56.2 was used in anaerobic/anoxic/aerobic
(A/A/O), Oxidation ditch and sequencing batch
reactor (SBR) processes (Pei et al., 2008; Peng et al.,
2008; Zeng et al., 2003). One reason of this
advantage may be that DPAO is capable of utilizing
intracellular carbon source of PHB to reduce nitrate
and accumulating P stored as Poly-p in the cell
simultaneously. During this process, 50 % carbon
source for conventional denitrification used can be
saved (Jiang et al., 2010). As a result, EBPR system
running in the mode of anaerobic-anoxic may be
more suitable for treatment of low C/N ratio
wastewater compared with conventional wastewater
treatment processes.

When the influent’s COD and TN loads were
stable at 350 mg/L and 56 mg/L respectively and
load of P in the influent was decreased from 20 mg/L
to 5 mg/L, the P removal efficiency greatly varied
from 76.5+3.5% to 93.7+3.7% while that of TN
slightly changed, as Run 4-Run 6, indicating that a
relative stable TN removal performance can be
obtained when maintaining an appropriate C/N ratio
in the influent (for example, C/N ratio of 6.3 was
used in this study), regardless of influent C/P ratio.
This may have occurred because low C/P ratio
deteriorates DPAO activity but promotes denitrifying
microorganism functioning, which can maintain

stable nitrogen removal efficiency in EBPR system.
However, DPAO seemed to thrive better than
denitrifying bacteria as the C/P ratio increased
quickly with the decreasing in P loading in the
influent, as given in Run 5 and Run 6. These findings
indicate that the dominant microorganism, such as
DPAO or denitrifying bacteria, in the EBPR system
may have changed along with decreasing the P load,
as described in section 3.2.

Additionally, the difference of TN removal
efficiency between Run 3 and Run 4-6 may result
from the change of microbial community structure,
as described in PCR-DGGE analysis. In Run 3, the
maximum N and P removal efficiencies were
obtained, suggesting that the optimum C/N and C/P
ratios were presented in the influent for DPAO
activities, i.e., denitrifying simultaneous N and P
removal. Compared with Run 3, although the C/N
ratio was constant in Run 4-6, the TN removal
efficiency slightly decreased, probably due to the fact
that change of C/P ratio didn’t support the growth of
DPAO but may support the denitrifying
microorganisms and the carbon resources was
inadequate for denitrifying nitrogen removal, thus
probably leading to a decrease in TN removal
efficiency.

3.2. Effect of influent C/N and C/P ratios on
microbial community structure

The different denitrifying N and P removal
performance observed in Run 1-Run 6 (Table 2)
could be due to the variations in the dominant
microorganism when given with different influent
C/N and C/P ratios, as discussed in section 3.1.
Alternatively, it could be explained by the
development of different microbe in the BNR-IC
system. For this, The shift of microbial community
structure during the experimental period was
investigated by using PCR-DGGE analysis of 16Sr
RNA genes (Fig. 2 (left)); lanes comparison and Dice
coefficients on the DGGE patterns are shown in Fig.3
(right) and Table 3, respectively; the sequencing and
BLAST searching results of the DGGE bands are
present in Table 4 and phylogenetic affiliation of the
16S rDNA of DEEG bands was conducted by using
software of MEGA version 5.1 as well, as illustrated
in Fig. 3. In total, 18 DGGE bands of highest species
richness (band 1-band18), as shown in Fig. 3 (left),
were visually detected at the different influent C/N
and C/P ratios operational period for 180 days,
showing the diversity of microbial ecologies in the
sampled sludge. Increasing the organic load in the
influent (stage one) from 150 mg/L to 350 mg/L
caused noticeable shift in the bacterial community
structure, where a sharply decreasing number of
bands was observed in the lanes of DGGE, indicating
a decreasing microbial diversity.

Conversely, in stage two, an increase in the
number of bands was displayed with the decreasing
influent P load from 20 mg/L to 5 mg/L, suggesting
the increasing microbial diversity.
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Fig. 1. Phosphorus and total nitrogen concentrations in the effluent and removal efficiency during tests

Similarly, comparison ~ of  microbial
community structure among Run 1-Run 6, performed
by quantity one software of version 4.6.2 (Bio-Rad,
USA), also demonstrated the change of microbial
diversity, as illustrated in Fig. 2 (right). Differences
of bands distribution and intensities in six lanes may
result from the different influent C/N and C/P ratios
provided in this study, since different carbon,
nitrogen and phosphorus loads in the influent may be
contribution to the development of different
dominant microorganism to be extent in EBPR
system (Chuang et al., 2011). Moreover, microbial
community similarities in six lanes were analyzed via
Dice coefficients (all less than 70%), as shown in
Table 3, suggesting that a large bacterial community
changes occurred when given different influent C/N
and C/P ratios as well, where the Dice coefficient of
42.0% between Lane 1 and Lane 6 was minimum,
resulting from the change in the influent conditions,
which is agreement with the discussion mentioned
above. The total 18 bands, as depicted in Fig. 2 (left),
were excised from the DGGE gel and conducted for
cloning and sequencing.

The affiliations of the 16Sr DNA sequences
(Table 4) were investigated by comparison against
the International GenBank database
(www.ncbi.nlm.nih.gov) and phylogenetic tree (Fig.
3) was performed to obtain a better understanding of
variations in the microbial community structure
dependent of operational conditions.

At a generally glance, the microbial
populations correspond to 18 bands were classified
into five different phylum or class, including Alpha-,
Beta-, and Gammaproteobacteria, as well as
Firmicutes, Actinobacteria, as shown in Table 4 and
Fig. 3. Six brightness bands (band 2, 6, 9, 11, 14 and
16) were commonly present in all lanes, which
related to Azonexus.spp, Thiothrix.spp,
Acidovorax.spp, Acinetobacter.spp, Rhodocyclus.spp,
Agrobacterium.spp, respectively; four bands (band 1,
3, 5 and 10, related to Variovorax.spp,
Microlunatus.spp, Hydrogenophaga.spp and
Tetrasphaera.spp respectively) were present in all
lanes expect for land 1; and the rest were only found
in land 1.
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Table 3. Dice coefficients comparing the similarities of DGGE fingerprints

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6
Lane 1 100.0 47.8 54.9 63.0 57.0 42.0
Lane 2 47.8 100.0 51.9 57.6 67.1 58.0
Lane 3 54.9 51.9 100.0 65.8 63.0 44.0
Lane 4 63.0 57.6 65.8 100.0 65.4 49.6
Lane 5 57.0 67.1 63.0 65.4 100.0 65.3
Lane 6 42.0 58.0 44.0 49.6 65.3 100.0
Table 4. NCBI BLAST search results of sequences from DGGE bands
Band Closest match Similarity % Phylum/Class
1 Variovorax.spp 100 Betaproteobacteria
2 Azonexus.spp 95 Betaproteobacteria
3 Microlunatus.spp 100 Actinobacteria
4 Agrobacterium.spp 98 Alphaproteobacteria
5 Hydrogenophaga.spp 99 Betaproteobacteria
6 Thiothrix.spp 89 Gammaproteobacteria
7 Methylocaldum.spp 100 Gammaproteobacteria
8 Desulfitibacter.spp 87 Firmicutes
9 Acidovorax.spp 92 Betaproteobacteria
10 Tetrasphaera.spp 100 Actinobacteria
11 Acinetobacter.spp 98 Gammaproteobacteria
12 Methylococcus.spp 99 Gammaproteobacteria
13 Rhabdochromatium.spp 100 Gammaproteobacteria
14 Rhodocyclus.spp 94 Betaproteobacteria
15 Trichococcus.spp 99 Firmicutes
16 Agrobacterium.spp 96 Alphaproteobacteria
17 Rhabdochromatium.spp 100 Gammaproteobacteria
18 Halochromatium.spp 99 Gammaproteobacteria

3.3. Relationship between nutrients removal and shift
in microbial community structure when varying
influent C/N or C/P ratio

Analyses of both chemical and PCR-DGGE,
as described in section 3.1 and 3.2, showed that
influent C/N and C/P ratios influenced not only the N
and P removal performance but also microbial
community structure in the BNR-IC system. This
seems to have a correlation between nutrient removal
efficiencies and change of microbial populations with
the operational period (Fig. 2).

Increasing influent C/N and C/P ratios (as Run
1-Run 3,) promoted the N and P removal in the BNR-
IC system (Table 2 and Fig. 1), while, bacterial
diversity of activated sludge decreased, as shown in
Fig. 3, probably supporting a higher DPAO
accumulation. Comparing six lanes, some group of
bacterial belonging to GAO or heterotrophic bacteria
instead of DPAO were found in land 1, but
disappeared in other lanes, including
Agrobacterium.spp (band 4), Methylocaldum.spp
(band 7),  Desulfitibacter.spp (band 8),
Methylococcus.spp (band 12),
Rhabdochromatium.spp (band 13), Trichococcus.spp
(band 15), Rhabdochromatium.spp (band 17) and
Halochromatium.spp (band 18). However, four group
of bacterial responsible for N or P removal were
present in all lanes expect for land 1.
Hydrogenophaga.spp (band 5) and Tetrasphaera.spp
(band 10) can reduce nitrate and utilize PHB
simultaneously (Karkman et al., 2011), displaying the
characterization of DPAO.

A

]

Run3

Runl

Run2

Run3 Run4 Runé

Runl Run2 Run3 Run4d Run5 Run6

Fig. 2. DGGE fingerprint of 16Sr DNA fragments (left)
and lanes comparison (right) generated from six batch tests
(Runl-Run6) given different influent C/N

and C/P ratios
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Fig. 3. Phylogenetic tree, carried out in the software of MEGA version 5.1, of 16StDNA excised from DGGE showing the
phylogenetic affiliations between strains obtained in activated sludge studied here and their closest relatives derived from

Similarly, Variovorax.spp (band 1) and
Microlunatus.spp (band 3) are also capable for
denitrifying phosphorus removal (Jackson et al.,
2012. Moreover, 8 bands were present in all lanes,
some of which have been demonstrated as DPAO,
such as Acinetobacter.spp (band 11) and
Rhodocyclus.spp (band 14), dominantly existing in
various EBPR systems (Muszynski et al., 2013;
Zengin et al.,, 2011). Overall, PCR-DGGE and
chemical analysis showed increasing C/N and C/P
ratios in the influent may be contribution to the
higher DPAO accumulation, thus enhancing the N
and P removal performances and decreasing the
microbial diversity in EBPR system.

From Fig. 1 and Fig. 2, ratio of C/P appears to
be a more significant factor affecting the P removal
when given an appropriate C/N ratio in the influent.
It is particularly noted that TN removal efficiency
was stable about 84%, even through P removal
efficiency greatly fluctuated with the increase in C/P
ratios (Run 4-Run 6), which was probably due to the
unfavorable change in the development of DPAO and
good promotion of the denitrifying bacteria growth.

GenBank

Moreover, the bacterial composition of sludge
collected in Run 4 was more diverse than that in Run
3, also indicating that excessive P may have a
negative effect on the DPAO activity in EBPR
system.

3. Conclusions

Influent C/N and C/P ratios greatly influenced
N and P removal and microbial community structure
due to considerable variations in the dominant
microorganisms in the BNR-IC system. Increasing
C/N and C/P ratios favored N and P removal and
decreased microbial community  biodiversity.
However, excessive phosphorus load in the influent
may deteriorate  phosphorus removal when
maintaining an appropriate C/N ratio.

Microbial populations in whole experimental
period were classified into five different phylum or
class and the determination of phylogenetic tree
indicated that microorganisms related to DPAO
mostly  belonging to  the  phylum  of
Betaproteobacteria.
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