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a b s t r a c t
The effects of carbon sources and calcium on the phosphorus accumulation performance of extra-
cellular polymers (EPS) were investigated. Results showed that polyphosphate (poly-P) with low 
and high molecular weight were distinguished in EPS. Total extracellular phosphorus accounted 
for 68.21%~71.05% and 26.97%~36.99% of the total phosphorus content of raw sludge in the acetic 
acid system and propionic acid system, respectively, suggesting that the ability of phosphorus 
absorption is poor in the EPS of the propionic acid system. It was found that when the influent 
Ca2+ concentration was elevated, the proportion of extracellular calcium phosphate (Ca-phosphate) 
precipitation in the two sludge systems increased remarkably. The variation tendency of Prelease/
VFAuptake and glycogendegraded/VFAuptake ratios with the influent Ca2+ concentration increasing 
suggested that polyphosphate-accumulating organisms (PAO) were able to shift their metabolic 
pathways from polyphosphate-accumulating metabolism to glycogen-accumulating metabolism at 
high influent Ca2+. The accumulation of calcium phosphate in EPS is a process that can affect the 
PAO abundance and metabolic patterns.

Keywords:  Biological phosphorus removal granular sludge; Extracellular phosphorus; Carbon 
sources; Calcium; Microbial metabolism

1. Introduction

As an efficient and low-cost technology, enhanced bio-
logical phosphorus removal (EBPR) is widely applied in 
numerous full-scale wastewater treatment plants (WWTPs) 
[1–5]. In recent years, studies have shown that extracellu-
lar polymers (EPS) have an important effect on biological 
phosphorus removal and participate in the enhancement of 
biological phosphorus removal [6–10]. However, the extent 
of the effect of EPS on biological phosphorus removal 
was still unclear. The contribution of EPS to phosphorus 
uptake and the forms of accumulated extracellular phos-
phorus vary substantially in different studies, and the 
underlying mechanism of phosphorus transformation and 
transportation in EPS remains poorly understood. [11–15]. 

Therefore, it is difficult to study the phosphorus removal 
technology and application from the perspective of EPS.

Acetate and propionate are the typical volatile fatty acids 
(VFAs) in sewage or municipal wastewater [16,17], which 
are both key carbon sources for the EBPR process. The con-
tents and species of phosphorus in EPS as well as their roles 
in biological phosphorus removal might also be influenced 
by the type of organic substrates. Therefore the changes of 
intracellular and EPS and total phosphorus contents in dif-
ferent carbon sources systems would be investigated, as 
well as the effects of carbon sources on the morphology and 
distribution of phosphorus in granular sludge to further 
clarify the role of EPS in biological phosphorus removal.

The Ca2+ concentration in municipal wastewater is usu-
ally in the range of 30~100 mg/L [18,19]. As an important 
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component of sludge, EPS can absorb a large number of 
phosphate and calcium ions, leading to the formation of 
Ca-phosphate precipitation [20,21], which has a negative 
effect on the process performance [22,23]. Calcium (Ca) 
plays a limiting role in EBPR. At high Ca2+ concentration, 
the amount of polyphosphates available as an energy source 
decreases, thereby decreasing the amount of phosphate 
released per unit of VFA taken up. By studying the phos-
phorus removal mechanism of the EBPR system under dif-
ferent Ca2+ concentrations, the possible role of EPS in the 
formation of phosphorus precipitation in granular sludge 
was discussed, since direct evidence is quite insufficient now.

This work discussed the main influential factors for the 
phosphorus accumulation properties of EPS and studied the 
new mechanism of phosphorus removal in the EBPR system 
from two perspectives of biological phosphorus removal 
and chemical precipitation phosphorus removal in EPS. 
Thus the contribution of both to phosphorus removal was 
clearly understood. On the basis of these results, the role of 
EPS was better understood in the phosphorus removal mech-
anism of EBPR systems, which makes possible an improved 
design and optimization of the EBPR process to better 
adapt to complex and changeable sewage water quality.

2. Materials and methods

2.1. Operation of the EBPR reactor

The granular sludge used was taken from two labora-
tory-scale sequencing batch reactors (SBR) with a work-
ing volume of 12 L operated stably at 10°C for more than 
6 months. SBRs were supplied with synthetic wastewater 
containing VFAs (400 mg/L as COD basis; one used acetic 
acid as carbon source (R1) and the other used propionic 
acid as carbon source (R2)), NH4Cl (20 mg/L as NH4

+–N 
basis), KH2PO4 (25 mg/L as PO4

3––P basis), and trace ele-
ment solution. The trace element solution consisted of 
the following compounds per liter: 0.1 mg ZnCl2, 0.5 mg 
MgSO4, 0.5 mg FeCl3·6H2O, 0.1 mg MnSO4·H2O, 0.1 mg KI, 
0.5 mg CaCl2, 0.1 mg H2BO4, and 0.1 mg NiCl2. The aver-
age PO4

3––P concentration in effluent of R1 and R2 in the sta-
ble period was 0.62 and 0.54 mg/L, and the average PO4

3––P 
removal rate was 97.52% and 97.84%, respectively. Both R1 
and R2 showed good phosphorus removal performance 
by anaerobic/aerobic (A/O) cycling during a stable period.

2.2. Experimental design

The content of different forms of phosphorus in 
sludge and bacterial cells was determined by an improved 
STS method [24,25]. The phosphorus in the samples can 
be divided into orthophosphate (PO4

3––P), low molecu-
lar weight polyphosphate (LMW poly-P), phospholipid 
(lipid-P), DNA phosphorus (DNA-P), high molecular 
weight polyphosphate (HMW poly-P), protein phospho-
rus, and residue phosphorus (protein + residue-P). The TP 
content in the mixed centrifugal extract was determined 
by the closed reflux digestion method [26]. The TP and 
PO4

3––P contents were determined by the Mo-Sb-Vc-method 
[27]. The content of DNA-P was calculated by multiplying 
the content of DNA by the coefficient 9.2% (phosphorus is 

the characteristic element of DNA and the content is rela-
tively constant), and the content of LMW poly-P and HMW 
poly-P was calculated by the subtraction method.

In order to investigate the effect of Ca2+ concentration 
on phosphorus content and morphological distribution 
in granular sludge, the two SBRs were both conducted in 
three stages (total of 108 d). The influent Ca2+ concentra-
tion was gradually increased from 28 mg/L (days 1–36) to 
45 mg/L (days 37–72) and 80 mg/L (days 73–108) to exam-
ine the phosphorus removal performance and sludge char-
acteristics. During the whole experimental period, other 
inlet matrix concentrations were kept constant. 

2.3. Microscopy

The morphology of sludge before and after EPS extrac-
tion [28] was examined with a high-resolution scanning 
electron microscopy (SEM) (model JEM 7800F, Japan). 
Sludge samples were fixed with 2.5% glutaraldehyde in 
0.1 M phosphate buffer saline (PBS). The samples were 
subsequently washed and dehydrated in a series of ethanol 
solutions (50%, 70%, 80%, 90%, and 100%). Dewatered 
samples were dried by the Critical Point method [29]. 
The dried sludge samples were further sputter coated 
with gold for SEM observation.

2.4. Fluorescent in situ hybridization

An estimation of the biomass fractions of the popula-
tions of interest (PAO type I, PAO type II, and GAO) was 
based on fluorescent in situ hybridization (FISH) analyses, 
following the procedure described by Winkler et al. [30]. 
The oligonucleotide probes used in FISH were: EUBMIX, 
comprising EUB338, EUB338-II, and EUB338-III [31,32] to 
target all bacteria; PAOMIX (PAO651, 462, and 846) to target 
Accumulibacter [33]; ACC-I-444 and ACC-II-444 to target 
Accumulibacter type I and II, respectively [34]; GAOMIX 
(GAOQ989 and GAOQ431) to target Competibacter 
[35,36] and Defluviicoccus vanus related GAOs were tar-
geted through probes TFO_DF218, TFO_DF618, and TFO_
DF862 for cluster I [37]; DF988 and DF1020 for cluster II 
[38]. Image J software (NIH, USA) was used for quanti-
tative analysis of micrographs. The biomass volume of 
Accumulibacter and Competibacter in relation to other 
bacteria was calculated as the area covered by the specific 
probes divided by the area covered by EUBMIX. The stan-
dard error of the mean was calculated as the standard devi-
ation divided by the square root of the number of images.

3. Results

3.1. Influence of carbon sources and Ca2+ concentration on the 
phosphorus concentration in the liquid phase

Fig. 1 shows the typical profiles of PO4
3––P in the anaer-

obic–aerobic process at the influent Ca2+ of 28, 45, and 
80 mg/L in R1 and R2. It exhibited a typical EBPR pattern, 
with the obvious release in the anaerobic phase and uptake 
in the aerobic phase. Carbon sources affected the amount 
of phosphorus release and absorption, and the amount of 
which in the acetic acid system was higher than that in the 
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propionic acid system. In both systems, with the increase 
of Ca2+ concentration, the amount of phosphorus released 
and absorbed both showed a downward trend, but the 
final phosphorus removal rate all reached about 99%. In 
addition to biological phosphorus removal, phosphate 
precipitation also made a certain contribution to phos-
phorus removal with the increase of Ca2+ concentration, 
which is mentioned in section 3.3 (effects of Ca2+ concen-
tration on phosphorus content and morphological distri-
bution in EPS). Interestingly, whether the amount and rate 
of phosphate release in the anaerobic phase or the amount 
and rate of phosphate absorption in the aerobic phase, 
they were all higher for the acetate SBR than for the pro-
pionate SBR. However, the ratios of phosphate absorption 
and release were higher for the propionate SBR than for the 
acetate SBR. It achieved effluent quality in 210 min with 
acetic acid as a carbon source and achieved effluent qual-
ity in 150 min with propionic acid as a carbon source. In 
other words, R2 did it faster. It showed that a propionate 
carbon source was more favorable toward stable EBPR per-
formance than an acetate carbon source. Furthermore, we 
can achieve treatment goals with a short cycle with pro-
pionic acid as a carbon source, the effects of higher influ-
ent flow on the cycle, and effluent quality in enhanced 
biological phosphorus removal system with propionic 
acid as carbon source will be investigated in later work.

3.2. Effects of carbon sources on phosphorus content and 
morphological distribution in EPS

Fig. 2 shows the granular sludge morphology in 
the two systems. In this study, the propionic acid sys-
tem had a higher degree of granulation, and the average 
particle size was about 768 μm. By contrast, the aver-
age particle size of the acetic acid system was small, 
which was about 568 μm. The reason may be that the 
abundance of PAOs in propionic acid system was sig-
nificantly higher than that in acetic acid system in this 

study, and more EPS would be produced to coagulate 
with other microorganisms thus forming larger particles.

Table 1 shows the polymer content in granular sludge 
during the anaerobic–aerobic process. Total polymers 
include intracellular polymers (glycogen, PHA, and poly-
phosphate) and EPS (proteins, polysaccharides, and nucleic 
acids). As seen from Table 1, the total extracellular polymer 
content in acetic acid system was about 255.5~278.9 mg/g, 
accounting for 48.76%~62.91% of the total polymer con-
tent. The total extracellular phosphorus content was 
33.36~38.30 mg/g, accounting for 68.21%~71.05% of the 
total phosphorus content of raw sludge. The total extracel-
lular polymer content in propionic acid system was about 
254.1~332.80 mg/g, accounting for 59.53%~67.59% of the 
total polymer content. The total extracellular phosphorus 
content was 8.17~11.60 mg/g, accounting for 26.97%~36.99% 
of the total phosphorus content of raw sludge. The above 
results indicated that the polymers in the two systems are 
more distributed in the extracellular. Moreover, the con-
tent of extracellular polymer in propionic acid system was 
higher than that in acetic acid system, but the content of 
total extracellular phosphorus in propionic acid system 
was lower, while the content of total intracellular phospho-
rus was higher. It is speculated that there are two possible 
reasons. First, the propionic acid system contained more 
phosphorus accumulating bacteria (PAOs) than acetic acid 
system. FISH was used to quantify the bacteria abundance, 
the results showed that the abundance of Accumulibacter 
PAO were 34% ± 6% and 65% ± 8% in R1 and R2 (as seen 
in Table 2). The abundance of GAOs in two systems were 
relatively low, which was both about 1%~2%. The abun-
dance of Accumulibacter PAO may be proportional to the 
content of intracellular phosphorus.

Second, polysaccharides play a major role in the adsorp-
tion of phosphorus by extracellular substances. When the 
production of EPS is relatively stable and the secretions 
are dominated by polysaccharides, the ability of phos-
phate adsorption is strong, which is reflected in the higher 
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Fig. 1. Variation of phosphorus concentrations in the SBRs liquid during run cycle: (a) acetic acid system and (b) propionic 
acid system.
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phosphorus removal efficiency of the system [39]. In this 
work, a low content of polysaccharides in the extracellu-
lar polymer secreted by microorganisms was found in the 
propionic acid system, which were only 64.0~71.2 mg/g 
(108.2~120.7 mg/g in acetic acid system), therefore a limited 
amount of phosphate can be adsorbed. This explains why 
the content of extracellular polymer in propionic acid sys-
tem is high but the ability of phosphorus absorption is poor.

As shown in Fig. 3, the EBPR granular sludge before 
and after EPS extraction were studied by using SEM and 
energy dispersive spectrometry (EDS). Figs. 3a and b are 
the SEM images of EBPR granule before EPS extraction in 
acetic acid and propionic acid system. The organizational 
structure of bacterial cells exhibited sphericity or spheroid-
icity shape on a microscopic level. More EPS produced 
to cover the cell surface forming a kind of higher density 
outer layer in propionic acid system compared with acetic 
acid system. Figs. 3c and d are the SEM images of EBPR 

granule after EPS extraction in acetic acid and propionic 
acid system, the structural integrity was both significantly 
disrupted into smaller pieces without appreciable destruc-
tion of bacterial cells. The P scanning with EDS after EPS 
extraction in R1 and R2 (Figs. 3e and f) shows that the 
content of total intracellular phosphorus in propionic acid 
system was higher than acetic acid system. The content of 
total extracellular phosphorus in propionic acid system was 
lower. Phosphorus atomic percentage before and after EPS 
extraction were 3.79% and 1.45% in R1, and 3.93% and 2.91% 
in R2. The extracellular phosphorus content accounted for 
61.74% and 25.95% of the total sludge phosphorus content 
in acetic acid system and propionic acid system respec-
tively by calculation. The result was largely consistent with 
the data in Table 1.

As can be seen from Tables 3 and 4 (Ca2+ = 28 mg/L), 
phosphorus forms of EPS in the two systems were mainly 
PO4

3––P, LMW poly-P, and HMW poly-P, the three kinds of 
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Fig. 2. Mature granular sludge: (a) acetic acid system and (b) propionic acid system.

Table 1
Variation of polymer and total phosphorus content in granular sludge during anaerobic-aerobic process

Sludge 
system

Intracellular polymer 
content (mg g–1)

TPcell (mg g–1) TPcell/TPsludge (%) Extracellular polymer 
content (mg g–1)

TPEPS (mg g–1) TPEPS/TPsludge (%)

R1
A1 166.81 ± 4.73 13.59 ± 0.21 28.95 ± 0.44 278.90 ± 5.7 33.36 ± 0.48 71.05 ± 1.01
A2 268.51 ± 5.28 15.78 ± 0.20 31.79 ± 0.59 255.50 ± 5.9 33.86 ± 0.40 68.21 ± 0.65
O2 156.76 ± 4.50 15.84 ± 0.19 29.26 ± 0.41 265.94 ± 4.2 38.30 ± 0.50 70.74 ± 0.60

R2
A1 159.59 ± 3.40 22.53 ± 0.24 66.01 ± 0.87 332.80 ± 6.4 11.60 ± 0.19 33.99 ± 0.47
A2 196.95 ± 5.94 22.14 ± 0.23 73.03 ± 0.72 289.70 ± 3.9 8.17 ± 0.05 26.97 ± 0.18
O2 163.58 ± 3.30 23.26 ± 0.27 68.60 ± 0.61 254.10 ± 3.0 10.65 ± 0.10 31.40 ± 0.19

A1: anaerobic initial-stage of SBR systems; A2: anaerobic end-stage of SBR systems; 
O2: aerobic end-stage of SBR systems under anaerobic-aerobic operation;
TPcell: intracellular total phosphorus content; TPEPS: extracellular total phosphorus content;
TPsludge: total phosphorus content of raw sludge.
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Fig. 3. SEM image of EBPR granule and P scanning with EDS in R1 and R2. SEM image of EBPR granule before EPS extraction 
in (a) acetic acid system, (b) propionic acid system, (c) acetic acid system, and (d) propionic acid system. P scanning with EDS 
after EPS extraction in (e) acetic acid system and (f) propionic acid system.
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phosphorus in the acetic acid system were 11.38%~15.27%, 
63.45%~82.49%, and 4.08%~21.28% of the total phospho-
rus content in EPS, respectively. While the sum of DNA-P, 
lipid-P, and protein + residue-P were only 0.93%~4.80%. The 
same three forms of phosphorus in the propionic acid sys-
tem were 4.25%~16.78%, 45.31%~63.87%, and 31.88%~41.45% 
of total phosphorus content in EPS, respectively. The sum 
of DNA-P, lipid-P, and protein + residue-P were only  
1.50%~7.80%. 

By calculation, three forms of phosphorus (PO4
3––P, 

LMW poly-P, and HMW poly-P) in the cells of the ace-
tic acid system were 57.58%~79.86%, 8.22%~28.30%, and 
10.68%~28.30% of intracellular total phosphorus content 

respectively. Three forms of phosphorus in the cells of the 
propionic acid system were 82.78%~88.37%, 8.54%~12.88%, 
and 1.47%~12.88% of intracellular total phosphorus 
content, respectively. The above results showed that the 
phosphorus in the cells was dominated by orthophos-
phate and indicated that the microbial cell in EBPR sludge 
directly release or uptake ortho-P. Poly-P content in the 
microbial cells of the two reactors was very low, implying 
poly-P should be stored in EPS rather than microbial cell of 
EBPR sludge, and the poly-P of EPS should not come from 
the lysis of the microbial cell. Thereby, the poly-P of EPS 
might be synthesized and decomposed by the extracellular 
enzyme. This matches the conclusion of Long et al. [9].

Table 2
Comparison of metabolic index and abundance of dominant bacteria in different systems

Sludge 
system

Ca2+ (mg/L) Prelease/
VFAuptake

Glycogendegraded/
VFAuptake

PAOs (%) GAOs (%) Pprecipitated/TPEPS

Acc I Acc II Competibacter Defluviicocus

R1
Ca2+ = 28 mg/L 0.93 0.45 11 ± 6 23 ± 13 1 ± 0 1 ± 0 13.33% ± 1.95%
Ca2+ = 45 mg/L 0.61 0.65 10 ± 5 16 ± 5 5 ± 3 3 ± 1 41.87% ± 4.52%
Ca2+ = 80 mg/L 0.52 1.35 13 ± 10 8 ± 5 6 ± 5 2 ± 1 52.91% ± 4.87%

R2
Ca2+ = 28 mg/L 0.72 1.88 43 ± 8 22 ± 13 1 ± 0 1 ± 0 10.52% ± 6.27%
Ca2+ = 45 mg/L 0.70 4.12 37 ± 11 15 ± 4 1 ± 0 2 ± 1 27.15% ± 5.86% 
Ca2+ = 80 mg/L 0.28 6.28 6 ± 5 12 ± 3 1 ± 0 5 ± 3 43.55% ± 8.24% 

Table 3
Variation of phosphorus morphological contents in extracellular polymers in R1

R1 PO4
3––P LMW-poly-P HMW-poly-P DNA-P Lipid-P Protein + residue-P

Ca2+ = 28 mg/L
A1 3.10 ± 0.01 19.85 ± 0.12 4.28 ± 0.02 0.74 ± 0.03 0.25 ± 0.22 0.02 ± 0.01 
A2 4.52 ± 0.02 18.78 ± 0.16 6.30 ± 0.03 1.17 ± 0.04 0.42 ± 0.11 0.11 ± 0.04 
O2 3.69 ± 0.01 22.66 ± 0.20 1.12 ± 0.01 1.17 ± 0.04 0.49 ± 0.01 0.05 ± 0.01 

Ca2+ = 45 mg/L
A1 13.17 ± 0.02 20.11 ± 0.42 0.92 ± 0.01 0.71 ± 0.01 0.22 ± 1.17 0.11 ± 0.06
A2 15.88 ± 0.20 18.91 ± 0.20 0.67 ± 0.01 1.19 ± 0.01 0.23 ± 0.57 0.25 ± 0.02
O2 14.46 ± 0.25 16.54 ± 0.17 0.71 ± 0.01 0.88 ± 0.02 0.15 ± 0.11 0.42 ± 0.14

Ca2+ = 80 mg/L
A1 17.87 ± 0.40 17.90 ± 0.16 1.16 ± 0.01 0.74 ± 0.02 0.27 ± 0.12 0.39 ± 0.04
A2 19.27 ± 0.11 11.99 ± 0.11 1.17 ± 0.01 0.60 ± 0.01 0.36 ± 0.05 0.28 ± 0.02
O2 21.86 ± 0.16 14.41 ± 0.13 0.84 ± 0.01 0.99 ± 0.01 0.53 ± 0.64 0.12 ± 0.08

Table 4
Variation of phosphorus morphological content in extracellular polymers in R2

R2 PO4
3––P LMW-poly-P HMW-poly-P DNA-P Lipid-P Protein + residue-P

Ca2+ = 28 mg/L
A1 0.72 ± 0.01 10.82 ± 0.21 5.40 ± 0.03 0.86 ± 0.04 0.31 ± 0.07 0.09 ± 0.03
A2 2.20 ± 0.03 5.94 ± 0.10 4.96 ± 0.18 0.69 ± 0.04 0.37 ± 0.08 0.08 ± 0.02
O2 1.42 ± 0.01 9.19 ± 0.22 7.51 ± 0.21 0.80 ± 0.06 0.72 ± 0.15 0.10 ± 0.03

Ca2+ = 45 mg/L
A1 2.86 ± 0.10 7.46 ± 0.12 1.78 ± 0.03 1.16 ± 0.01 0.60 ± 0.09 0.73 ± 0.11
A2 4.11 ± 0.06 6.22 ± 0.10 1.17 ± 0.02 0.88 ± 0.01 0.33 ± 0.05 0.50 ± 0.06
O2 3.99 ± 0.03 7.76 ± 0.06 2.14 ± 0.02 0.86 ± 0.02 0.23 ± 0.01 0.14 ± 0.03

Ca2+ = 80 mg/L
A1 2.73 ± 0.08 6.07 ± 0.03 0.30 ± 0.01 0.76 ± 0.01 0.22 ± 0.04 0.14 ± 0.02
A2 5.24 ± 0.12 4.07 ± 0.02 0.43 ± 0.01 0.65 ± 0.01 0.42 ± 0.08 0.20 ± 0.02
O2 4.66 ± 0.21 8.16 ± 0.10 0.25 ± 0.01 0.60 ± 0.01 0.25 ± 0.02 0.11 ± 0.01
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3.3. Effects of Ca2+ concentration on phosphorus content and 
morphological distribution in EPS

In this work, the relationship between phosphorus 
content, morphological distribution in EPS and Ca2+ con-
centration was investigated. The cold perchloric acid 
(PCA) extraction steps in the improved STS method was 
used to determine the phosphorus precipitated (ortho-
phosphate in the PCA extracts represents the chemical 

precipitated phosphorus) inside the EPS and the poly-P 
which participated in anaerobic degradation and aerobic 
synthesis (calculated from the difference between TP and 
orthophosphate) in this study.

The results showed that PO4
3––P in the EPS increased 

dramatically with increasing influent Ca2+ concentration 
in two reactors (as seen in Tables 3 and 4). The proportion 
of Ca-phosphate precipitation in the EPS of sludge was 
11.29%~15.19%, 37.35%~46.38%, and 48.04%~57.78% in the 

(e) 

(a) (b)

(c) (d)

(f)

Fig. 4. FISH micrographs during the cycle at influent calcium concentrations of (a and b) 28 mg/L, (c and d) 45 mg/L, and 
(e and f) 80 mg/L in R1. Acc I appeared as pink fluorescence, Acc II appear as green fluorescence and all bacteria appear as 
red fluorescence. Bar = 200 μm.
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acetic acid system, and was 4.24%~17.17%, 21.29%~33.33%, 
and 35.31%~51.78% in the propionic acid system. This 
revealed that more phosphorus could be removed through 
precipitation at higher influent Ca2+ concentrations. The 
decline of LMW poly-P at higher Ca2+ concentration 

might be due to extracellular calcium phosphate precip-
itation, poly-P of EPS was decomposed and remained 
in EPS in the form of PO4

3––P. As the phosphorus source 
required by microbial growth, the content of HMW poly-P 
decreased in the meanwhile.
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Fig. 5. FISH micrographs during the cycle at influent calcium concentrations of (a and b) 28 mg/L, (c and d) 45 mg/L, and 
(e and f) 80 mg/L in R2. Acc I appeared as pink fluorescence, Acc II appear as green fluorescence and all bacteria appear as 
red fluorescence. Bar = 200 μm.
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Figs. 4 and 5 show the FISH images of sludge samples 
taken from the EBPR processes operated at different Ca2+ 
concentrations. The abundance of Accumulibacter PAO 
decreased from 34% ± 6% to 21% ± 6% in R1 and 65% ± 8% 
to 18% ± 3% in R2 (as seen in Table 2). We conclude from 
the results that the calcium accumulation in granules had a 
negative effect on their bioactivity. However, Ca-phosphate 
precipitation contributed to the removal of phosphorus 
in the EBPR process. Therefore, balanced consideration of 
both the biological and chemical factors will be required 
for operation of practical EBPR processes.

3.4. Effects of carbon sources and Ca2+ concentration on 
microbial metabolism in EBPR system

Prelease/VFAuptake is an important metabolic index in 
the process of biological phosphorus removal. In general, 
Prelease/VFAuptake in PAOs enrichment system has a large 
amplitude, ranging from 0.50 to 0.87 m mol P/m mol C, 
and glycogendegradation/VFAuptake ranged from 0.31 to 
0.61 m mol C/m mol C, which identified the system was 
carrying out phosphorus accumulation metabolism (PAM). 
In GAOs enrichment system, Prelease/VFAuptake was usually 
between 0 and 0.02 m mol P/m mol C, and glycogendegradation/ 
VFAuptake was between 0.92 and 1.25 m mol C/m mol C, 
which identified the system was carrying out glyco-
gen-accumulating metabolism (GAM) [19,40]. The Prelease/
VFAuptake in R1 and R2 systems in this study were 0.93 and 
0.72 m mol P/m mol C, glycogendegradation/VFAuptake were 
0.45 and 1.88 m mol C/m mol C, respectively (as shown 
in Table 2). Thus, the metabolism mode of acetic acid sys-
tem was PAM, while the metabolism mode of propionic 
acid system was PAM-GAM. Analysis showed that the 
propionic acid system has a significantly different utiliza-
tion degree of glycogen than the acetic acid system, which 
may indicate that PAOs adopt different metabolic patterns 
for different carbon sources. 

With the increase of Ca2+ concentration, the metabolic 
mode of acetic acid system changed from PAM to PAM-
GAM, while the metabolic mode of propionic acid system 
changed from PAM-GAM to GAM. Both the system’s PAOs 
had the ability to convert its metabolic mode to GAM, and 
the PAOs of the propionic acid system showed more sig-
nificant GAM characteristics. There are two main reasons 
for the transformation of PAOs metabolism from PAM to 
GAM due to the increase of Ca2+ concentration, one is that 
Ca2+ enter the cell to synthesize Ca-polyP; the other is that 
Ca2+ form Ca-P precipitation outside the cell. It is almost 
impossible to quantify the amount of calcium entering the 
cell to synthesize Ca-polyP and forming Ca-P precipita-
tion outside the cell. In further studies, the system can be 
simplified for research, such as controlling pH to inhibit 
the formation of phosphate precipitation and studying the 
influence of Ca2+ on the metabolic mechanism of PAOs. 
Investigating the effect of phosphate precipitation on PAOs 
metabolism may be achieved by fixing Ca2+ concentration.

4. Conclusion

Orthophosphate, LMW poly-P, and HMW poly-P were 
identified in granular sludge, among which LMW poly-P and 

HMW poly-P were distinguished in EPS. Orthophosphate 
was the dominant phosphorus in microbial cells. The con-
tent of total extracellular phosphorus in the propionic acid 
system was lower than that in the acetic acid system.

The dramatic increase of PO4
3––P and the decline of 

LMW poly-P and HMW poly-P in the EPS with the increase 
of Ca2+ concentration suggested that more phosphorus 
was removed through precipitation in the two systems 
compared to the condition with lower Ca2+ concentra-
tion. Intriguingly, both the system’s PAOs had the ability 
to convert its metabolic mode to GAM, and the PAOs of 
the propionic acid system showed more significant GAM 
characteristics with the increase of Ca2+ concentration.
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