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Abstract: The eutrophication of water body is the key concern of the current water environment
protection work. Enhanced biological phosphorus removal (EBPR) has become an important method
for ecological restoration of eutrophic water bodies due to its high efficiency, low consumption and
no secondary pollution. In recent years, the research on phosphate accumulating organisms (PAOS)
in EBPR system and its application in sewage treatment process have become more and more
extensive. In this paper, the research progress of PAOs in EBPR system is reviewed, and several PAOs
that play an important role in EBPR system are analyzed. Then, the phosphorus removal mechanism
of EBPR was described from three aspects: enzymatic reaction, biochemical process and EBPR
participated by extracellular polymeric substance (EPS). Finally, based on the existing problems of
EBPR, the research direction of EBPR in the future is prospected in order to provide reference for
improving the phosphorus removal mechanism of PAOs and EBPR process.

1. Introduction

There is a large amount of phosphorus in urban sewage. The discharge of phosphorus-containing
sewage will cause eutrophication of water body, destroy ecological balance, cause water pollution,
and lead to water shortage and waste of phosphorus resources. The eutrophication of water body will
also lead to the reduction of dissolved oxygen in the water, which will lead to the proliferation of
cyanobacteria, green algae and other algae in the water. These algae will produce algal toxins, which
will lead to the death of a large number of animals and plants in the water. Direct drinking of livestock
and poultry will cause poisoning and disease, which will threaten human health. In order to solve the
contradiction between the increasing shortage of phosphate rock resources and the deterioration of
water quality caused by the high phosphorus content in the water body, the removal and recovery of
phosphorus from urban sewage has become an effective means of resource utilization. The
phosphorus recovered from wastewater can meet 15-20% of the future phosphorus demand [1].

Chemical precipitation method and biological phosphorus removal method (especially enhanced
biological phosphorus removal, EBPR) are usually used for phosphorus removal in urban sewage.
The biological phosphorus removal method uses the characteristics of anaerobic phosphorus release
and aerobic excessive phosphorus absorption of the functional microorganisms in the sludge of the
phosphorus removal system to remove phosphorus from the sewage. The sewage will first pass
through the anaerobic zone, and the functional microorganisms in the system will release phosphorus
in the sewage under anaerobic conditions, and then the sewage will enter the aerobic zone. The
functional microorganisms in the activated sludge can over-absorb phosphorus in the external sewage
under aerobic conditions, Phosphorus-rich sludge produced in the aerobic zone will be discharged as
surplus sludge of the system, and the phosphorus in the sewage will be finally removed [2]. Biological
phosphorus removal method has high efficiency in treating low phosphorus concentration wastewater,
and it is difficult to treat sludge without chemical precipitation method. Phosphorus-rich sludge can
be recovered after treatment, so it is widely used in actual sewage treatment plants [3].

2. Research progress of phosphorus accumulating organisms (PAOs) in EBPR system
The EBPR system can stably remove phosphorus from sewage, which mainly depends on the
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integrity of microbial function and structure in the EBPR system. There are a large number of
microorganisms in the EBPR system, and functional microorganisms have always been the focus of
research, where y-proteobacteria is the first microorganism found to have phosphorus removal
function. In the 1870s, Fuhs et al. [4] obtained an Acinetobacter with phosphorus removal ability for
the first time by using the pure culture method. Therefore, it was generally believed that the
microorganism with phosphorus removal function was Acinetobacter. However, in later studies, it
was found that the purified single Acinetobacter did not conform to the typical biological metabolism
model proposed by Mino, so it was determined that Acinetobacter was not the main functional
microorganism in the EBPR system.

In the study of Brodish and Joyner [5], it was found that Aeromonas can hydrolyze xylose and
urea very well, and has the ability to remove phosphorus. In addition, Aeromonas can also use nitrate
as an electron acceptor to carry out biological phosphorus removal process, so it is considered that
Aeromonas is a functional microorganism in the EBPR system. In 1985, Suresh et al. [6] found
polyphosphates stored in the cells of Pseudomonas, and the content of polyphosphates accounted for
31% of the cell dry weight, so they believed that Pseudomonas also had the ability to remove
phosphorus.

With the development of molecular biology, some researchers found that in the EBPR system the
abundance of microorganisms such as p-proteobacteria and Actinobacteria was higher than that of
Acinetobacter. Bond et al. [7] found through FISH and 16s RNA technology, Rho-docyclacae in the
[S-proteobacteria is the main functional microorganism in EBPR system. Hesselmann et al. first
named it "Candidatus Accumulactor photosphatis”, which is wusually abbreviated as
"Ca.Accumulibacter .

In 1994, it was found that the microorganisms at the gate level indicated by HGC probe had the
characteristics of phosphorus accumulation. In 2000, Maszenan et al. [8] discovered two strains of
PAOs that were not under Actinobacteria through 16 SrRNA gene sequencing, and named them
Tetrasphaera. In 2003, Eschenhagen et al. [9] first detected two kinds of Tetrasphaera in two urban
sewage treatment plants in Germany, and found that the proportion of Tetrasphaera in activated
sludge was much higher than that of Ca.Accumulibacter. The proportion of Tetrasphaera and
Ca.Accumulibacter was 10% and 3%-5% respectively. In 2005, Kong et al. [10] detected
Tetrasphaera in the activated sludge of the sewage treatment plant in Denmark. The abundance of
Tetrasphaera was 2-3 times that of the traditional PAOs Ca.Accumulibacter. Through experiments, it
was proved that Tetrasphaera has phosphorus removal ability, and it was officially confirmed that it
is a new PAOs. In 2011, Nguyen et al. [11] tested and studied the abundance of Tetrasphaera in a
large number of actual sewage treatment plants, and further confirmed the phosphorus release and
absorption capacity of Tetrasphaera. It was not until 2019 that the phosphorus removal contribution
of Tetrasphaera was confirmed. Fernando et al. [12] analyzed and studied Tetrasphaera using Raman
spectroscopy technology, and proved for the first time that Tetrasphaera has the same phosphorus
removal contribution as Ca.Accumulibacter.

3. Research progress in mechanism of EBPR
3.1 Enzymatic process

Whether under aerobic or anoxic conditions, the process of microbial phosphorus accumulation is
to absorb the phosphate in the environment and then store it in the cell in the form of poly-P. The
above process is catalyzed by Polyphosphate kinase (PPK) [13]. PPK is the necessary enzyme for
microbial phosphorus accumulation. Therefore, some researchers believe that all PAOs contain PPK
[14], which is encoded by ppk gene [15]. Although PPK is widely found in bacteria, it is rarely found
in fungi and archaea. After being catalyzed by PPK, the phosphate group at the end of ATP and the
inorganic phosphate in the environment can be reversibly transferred to the long-chain poly-P to form
a linear or cyclic polymer of orthophosphate with a length of 1000 or more. The reaction formula is
as follows:
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PPK
ATP +nPO,%

ADP + (pOIy'P)n+1

It can be seen from the above reactions that the process of microbial phosphorus removal is closely
related to the process of material metabolism and energy metabolism.

3.2 Biochemical process

Due to the synergy of nitrogen and phosphorus removal in many biological enhanced phosphorus
removal processes, this paper takes the biochemical process of simultaneous nitrogen and phosphorus
removal as an example to illustrate its phosphorus removal mechanism.

Under anaerobic conditions, the poly-P in the cells of PAOs is hydrolyzed, and the inorganic
phosphate (PO4*-P) produced will be released into water. At the same time, PAOs can absorb easily
degradable low molecular fatty acids (volatile fatty acids, VFAS), such as acetic acid, propionic acid,
n-butyric acid, valeric acid and isovaleric acid, into the body by using the ATP produced by poly-P
hydrolysis and the reducing power provided by glycogen decomposition NADH>, which is activated
to generate Acetyl-CoA (AcCoA), and finally stored in the body in the form of PHA, which is the
anaerobic phosphorus release process of PAOs. It is worth noting that PHA are biodegradable carbon
polymers, mainly including poly-pB-hydroxybutyrate (PHB) and polyhydroxyvalerate (PHV), which
can not only serve as the carbon source for biochemical reactions under aerobic conditions to provide
ATP for cell growth and metabolic activities, but also can be directly decomposed as energy under
anoxic conditions to form proton driving force and provide electrons for electron transmission chain
[16]. Under anoxic conditions, PAOs utilize NO3™-N/NO2-N to be an electron acceptor. The PHA
stored in the cell during anaerobic phosphorus release is decomposed into AcCoA. AcCoA can enter
the tricarboxylic acid cycle. The generated electrons are transferred by electrons to generate ATP to
supply energy for their own growth and life activities. Moreover, the released H* forms a proton
driving force, and excessive absorption of extracellular PO4*-P. PO,*-P is stored in the cell in the
form of poly-P, and NO3-N/NO2"-N is reduced to gaseous nitrogen after receiving electrons, where
simultaneous nitrogen and phosphorus removal is realized [17]. Under aerobic conditions, PAOs can
use Oz as the electron acceptor to generate CO, from the PHA stored in the anaerobic phosphorus
release stage of the cell through a series of oxidation reactions, and produce more ATP than under
anoxic conditions, which are respectively used for microbial growth, glycogen synthesis and
excessive uptake of PO4*-P in the environment is stored in the cell in the form of poly-P. At the same
time, the denitrification process can also use PHA as carbon source, which will provide energy and
electrons for the of reduction NO3z-N/NO"-N to gaseous nitrogen [18]. To sum up, the nitrogen and
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Figure 1 Mechanistic diagram of nitrogen and phosphorus removal by DPAOs (A: anaerobic B:
anoxic C: aerobic).
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3.3 Role of Extracellular polymeric substances (EPS) in EBPR system

Extracellular polymeric substances (EPS) is an important component of biological flocs, mainly
derived from microbial secretion, cell lysis and organic substances in wastewater [19,20]. Its structure
concept diagram is shown in Figure 2. A large number of studies have shown that EPS in EBPR
activated sludge contains a large amount of phosphorus, and its role in EBPR cannot be ignored. It is
necessary to re-examine the existing biological phosphorus removal theory [21].

Figure 2 Conceptual model of EPS

More and more evidences show that EPS plays an important role in maintaining the stability of
EBPR system. Generally speaking, EPS may promote the removal of P in EBPR process in the
following ways. First, EPS, as a "bridge" connecting bacterial cells and the main liquid phase, can
protect PAOs from the pollution of toxic substances (such as heavy metals). It is well known that high
concentrations of heavy metal ion, such as Cu?* and Ni%*, will inhibit the metabolism of PAOs [22].
EPS can intercept these toxic chemicals to ensure the physiological activity of PAOs. Mu et al. [23]
reported that the negatively charged residues in EPS can bind Zn?*, and the chelating property of EPS
can reduce the toxicity of Zn* to internal microorganisms. Therefore, when there are toxic substances
in the EBPR system, the microbial cells in the sludge flocs will tend to produce more EPS to protect
themselves from the adverse environment [24].

Secondly, during the operation cycle of EBPR system, ACP sediment will gradually form in EPS
[25], which will be beneficial to phosphorus removal. It is worth noting that the formation of inert
phosphate precipitation in EPS will affect the metabolic process of PAOs, because a large amount of
"inert" phosphate precipitation accumulated in EPS will hinder the migration and transformation of
PO4* in the anaerobic/aerobic process. Zhang et al. [26] pointed out that when the concentration of
Ca?" in influent water is too high, a large amount of HAP precipitation will be synthesized in EPS,
and the metabolic pathway of PAOs may change from polyphosphate (PAM) metabolism to glycogen
metabolism (GAM). However, some studies have shown that although the synthesis of "inert"
phosphate in EPS can inhibit the EBPR process, it can still achieve stable and effective removal of P,
which is due to the high content of EPS can significantly promote P adsorption/precipitation [27].

In other words, phosphorus removal by EBPR system includes microbial metabolism phosphorus
removal and EPS induced precipitation phosphorus removal. If a large amount of phosphorus can be
accumulated in EPS, even if more GAOs proliferate than PAOs, phosphorus removal will not be
weakened. The above research will be more conducive to the management of EBPR process. More
importantly, the formed HAP precipitation is very stable and can be easily dehydrated and used as an
available fertilizer [28], which further increases the attraction of EPS induced phosphorus
precipitation. Therefore, in the actual EBPR operation, it is necessary to balance the effects of
biological factors and chemical factors [29].
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4. Conclusion

EBPR has become an important biotechnology with high efficiency, low consumption, energy
conservation and emission reduction in the application of repairing eutrophic water. Clarifying the
phosphorus removal mechanism of PAOs can not only promote the understanding of the interaction
between different metabolic pathways, but also help improve the existing phosphorus removal
process, which is of great significance for the bioremediation of eutrophic water and the treatment of
another phosphorus-containing wastewater. Based on previous research reports, this paper
systematically analyzed the research progress and phosphorus removal mechanism of PAOs,
especially the role of EPS in EBPR. However, there are still many areas that have not yet been
clarified. In the future, research can be carried out from the following aspects.

(1) The research on PAOs mainly focuses on the phosphorus metabolism process at the
biochemical level, and the key genes and enzymes that regulate the phosphorus metabolism process
of PAOs have not yet been identified. Therefore, the phosphorus removal mechanism of PAOs can be
more comprehensively understood through the collaborative analysis of genomics, transcriptome,
proteome and metabolome.

(2) The response mechanism of the influencing factors in the EBPR process has not been clarified.
Some key regulatory factors can be studied by combining reaction kinetics, spectral scanning analysis
and other technical methods to build the response model of the influencing factors.

(3) The efficiency of phosphorus removal can be improved by constructing genetically engineered
bacteria with high phosphorus removal efficiency. Its significant advantage is that it can regulate the
phosphorus metabolism process of microorganisms through gene recombination or gene editing and
other technical means. However, the construction of genetic engineering PAOs for efficient
phosphorus removal also depends on the excavation of efficient functional genes of wild strains.
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