
RESEARCH ARTICLE

A novel approach to enhance biological nutrient removal
using a culture supernatant from Micrococcus luteus containing
resuscitation-promoting factor (Rpf) in SBR process
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Abstract A culture supernatant from Micrococcus luteus
containing resuscitation-promoting factor (SRpf) was used
to enhance the biological nutrient removal of potentially
functional bacteria. The obtained results suggest that SRpf
accelerated the start-up process and significantly en-
hanced the biological nutrient removal in sequencing
batch reactor (SBR). PO4

3−-P removal efficiency in-
creased by over 12 % and total nitrogen removal efficien-
cy increased by over 8 % in treatment reactor acclimated
by SRpf compared with those without SRpf addition. The
Illumina high-throughput sequencing analysis showed that
SRpf played an essential role in shifts in the composition
and diversity of bacterial community. The phyla of
Proteobacteria and Actinobacteria, which were closely
related to biological nutrient removal, were greatly abun-
dant after SRpf addition. This study demonstrates that
SRpf acclimation or addition might hold great potential
as an efficient and cost-effective alternative for wastewa-
ter treatment plants (WWTPs) to meet more stringent
operation conditions and legislations.

Keywords Micrococcus luteus . Resuscitation-promoting
factor .Biological nutrient removal . Illuminahigh-throughput
sequencinganalysis .Bacterial community . Sequencingbatch
reactor

Introduction

In recent years, phosphorus and nitrogen are nutrients of pri-
mary concern about surface water eutrophication. Since most
wastewater treatment plants (WWTPs) are facing increasingly
stringent effluent limitations, removing nutrients from waste-
water is becoming a more and more acute problem (Wang et al.
2015; Winkler et al. 2011). Therefore, there is an urgent need
for technique solutions to enhance nutrient removal.
Conventional activated sludge systems are widespread in
Chinese WWTPs, which will face enormous challenges for
modifying treatment systems due to the limitation of land and
capital, creating an acute demand for more cost-efficient and
less land-occupied technology (Chen et al. 2015). Activated
sludge is the essential functional element of biological waste-
water treatment. It is well known that prokaryotic microorgan-
isms in activated sludge catalyze the most important transfor-
mations in WWTPs (Juretschko et al. 2002), and the efficient
and stable operation of activated sludge process relies upon
bacterial communities. Thus, improving the biological activity
of functional bacterial communities in activated sludge could
be a promising way to enhance nutrient removal.

Several studies showed that traditional model functional or-
ganisms composed only a small fraction of total bacteria cells in
the activated sludge (Van Loosdrecht et al. 1997; Wagner et al.
1994). This bias arised mainly because of the low fraction of
culturable organisms present in the sludge (Wagner et al. 1994;
Wagner and Loy 2002). Most bacteria of the biosphere that
cannot be cultivated, referred to as the Bviable but non-
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culturable^ (VBNC) or uncultured bacteria with their typically
low levels of metabolic activity, can also play an important role
in the function of the natural environment (Epstein 2013; Su
et al. 2013a). It was reported that only 1–15 % of bacteria in
activated sludge were culturable (Amann et al. 1995). In other
words, a large portion of the functional microbial communities,
including bacteria responsible for nitrogen removal or catalyzing
phosphorus removal, might fail to grow on routinely employed
media with their typically low levels of metabolic activity
(Su et al. 2013a). As the biodiversity of microbial communities
in activated sludge were revealed at astonishing speed with 16S
rRNA sequences-based culture-independent methods and mod-
ern cultivation procedures, a great amount of VBNC or uncul-
tured but key potential nutrient removal bacteria were discov-
ered during the past decades (Fujitani et al. 2014; Kong et al.
2005; Wan et al. 2014), such as Rhodocyclus-related bacteria
(also known as Candidatus Accumulibacter), Acinetobacter,
Microlunatus sp., Tetrasphaera-related species, Lampropedia
sp., Malikia sp., and several gram-positive Actinobacteria for
phosphorus removal and Nitrosomonas, Dechloromonas sp.,
Thauera sp., Proteobacterium, Hyphomicrobium, Azoarcu,
and Nitrospira for nitrification or denitrification process. Since
abundant VBNC or uncultured bacteria are potential bacterial
resource, how to stimulate and resuscitate VBNC or uncultured
bacteria in activated sludge might be of great significance in
domestic wastewater treatment process.

The discovery of a bacterial cytokine called the
resuscitation-promoting factor (Rpf), which is secreted by
Micrococcus luteus, was a very exciting development in resus-
citating and promoting VBNC or uncultured bacteria
(Kaprelyants and Kell 1993; Mukamolova et al. 1998). To this
time, there are some possible Rpf action mechanisms which
had been reported. Some studies indicated that the mechanism
about Rpf resuscitating VBNC bacteria or uncultured bacteria
is that the Rpfs are peptidoglycan hydrolases, which are in-
volved in the complex process of cell wall digestion in order
to allow cell division to occur (Hett and Rubin 2008; Kana and
Mizrahi 2010; Wyckoff et al. 2012). Moreover, Reissbrodt
et al. (2002) indicated that Rpf was a heat-stable Bautoinducer
of growth,^ and it was secreted by a variety of gram-positive
and gram-negative bacterial species (Senoh et al. 2012). In
addition, Mukamolova et al. (2006) demonstrated that Rpf pos-
sessed muralytic activity that was probably responsible for its
observed influence, which would have major implications for
the resuscitation process. However, the mechanism of Rpf ac-
tivity, both in resuscitating VBNC bacteria and in stimulating
growth when bacteria are in a state of low activity under ad-
verse environmental conditions, remains to be uncovered. Up
to date, it is realized that Rpf can stimulate a large number of
gram-positive bacteria, including the phylum Actinobacteria,
such as the genera Mycobacterium , Rhodococcus ,
Arthrobacter, Leifsonia, and Kitasatospora (Nikitushkin et al.
2011). Ding and Yokota (2010) discovered that Rpf also

stimulated the growth of some other gram-negative organisms,
like several Proteobacteria. Although it remains to be uncov-
ered about the mechanism of Rpf activity in either resuscitating
VBNC or uncultured bacteria or stimulating growth when bac-
teria are in a state of low activity, several studies have been
done with Rpf exploring the potential environmental functions
of VBNC or uncultured bacteria (Su et al. 2013a, b). In addi-
tion, a previous study showed that neither pure Rpf protein
from M. luteus culture supernatant nor recombinant Rpf could
maintain its activity for over 1 week at 4 °C (Su et al. 2013b).
What is more, several other functionally equivalent proteins
were found in supernatant from M. luteus (Mukamolova et al.
2006). Therefore, it is more cost-effective and advantageous to
resuscitate and stimulate VBNC or uncultured bacteria using
the culture supernatant from M. luteus containing Rpf, also
referred to as SRpf, than that using purified Rpf protein.

In this study, the nutrient removal efficiencies of three dif-
ferent sequencing batch reactors (SBRs; control reactor R1
with inactivated SRpf addition, treatment reactor R2 with
SRpf addition, and blank reactor R3 without SRpf) were com-
pared and the bacteria community compositions in these
sludge samples were assessed. It was reported that 10–15 %
(v v−1) was the effective dosage of SRpf when it was applied
to promote biphenyl-capability of bacterial community from
PCB-contaminated soil (Su et al. 2013b). However, since
SRpf itself contained highly concentrated organic matter and
nutrients (COD 2000–5000 mg L−1, TN 457–766 mg L−1,
PO4

3−-P 150–166 mg L−1), it would cause serious distur-
bances of influent if such amount of SRpf dosage was applied,
which might inhibit removal efficiency and interfere experi-
mental results. Therefore, we proposed to introduce a small
amount of SRpf to nutrient removal process by acclimating
part of the condensed activated sludge periodically.

Our goal was to determine whether SRpf could be a poten-
tial effective additive for wastewater treatment and character-
ize the bacterial community composition which is responsible
for enhancing nutrient removal efficiency. We hypothesized
that SRpf enhanced the biological phosphorus and nitrogen
removal capability of potential bacteria in activated sludge,
which may open up a new avenue for wastewater treatment
to meet more stringent operation conditions and legislations in
a more cost-effective and less land-occupied way. This is, to
our knowledge, the first study to resuscitation and stimulation
of the potential phosphorus and nitrogen removal bacterial
community in activated sludge by using SRpf.

Materials and methods

M. luteus Rpf (SRpf)

M. luteus (AJ409096.1) was inoculated on a rotary shaker
(30 °C, 160 rpm) for 36 h in lactate minimal medium
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(LMM), which was described by the previous study
(Kaprelyants and Kell 1992). SRpf was obtained according
to the methodology described by the previous study (Su
et al. 2013b), then the SRpf was stored at −20 °C for further
experiment.

Lab-scale sequencing batch reactors

Activated sludge collected from the secondary sedimentation
tank in Qi Ge domestic wastewater treatment plant
(Hangzhou, China) was used as inoculum for SBRs. The in-
oculums were completely mixed and equally divided into
three portions before the reactors were seeded. The sludge
was elutriated and filtered with distilled water in order to re-
move both inorganic and organic components and suspended
solids. The mixed liquor suspended solids (MLSS) in every
SBR was maintained at 4.5–5.5 g L−1.

Three parallel SBRs (2.5 L working volume each) were
used in this work, which comprised 3-L glass cylindrical con-
tainers, an aerator, a peristaltic pump, three intake pumps, and
three electric stirrers. Every bioreactor had an 8-h cycle with
the following sequence: 10 min of feed of 1.25 L influent
synthetic wastewater, 50 min of anaerobic phase, 3.5 h of
aerobic phase, 2.5 h of anoxic phase, 35 min of sedimentation,
and 25 min for extraction of 1.25 L of supernatant. Dissolved
oxygen (DO) was controlled between 3.5 and 5mg L−1 during
the aerobic phase. The sludge retention time (SRT) was kept at
20 days by periodic wasting sludge mixed liquor at the end of
anoxic stage. The primary components of synthetic wastewa-
ter used in the test are shown in Table 1. The wastewater had a
chemical oxygen demand (COD) of about 620 mg L−1, am-
monia nitrogen (NH4

+-N) of 48 mg L−1, total nitrogen (TN) of
54 mg L−1, total phosphorous (TP) of 16 mg L−1, and pH of
6.9–7.3. The SBRs were operated under constant temperature
of 25±0.5 °C.

Acclimation of activated sludge using SRpf

SRpf was fed into R2, also known as the treatment reactor,
from the beginning of start-up phase: during the sedimentation
phase in every cycle, certain amount (120 mL) of the con-
densed sludge was removed from R2 for acclimation using
SRpf (10 %, v v−1), then same amount of sludge which has
already been removed and acclimated for 1 h in a rotary shaker
(25 °C, 150 rpm) was returned to the reactor before the next
cycle started. The inactivated SRpf (sterilized at 121 °C for
15 min) was added to the sludge removed from R1 (control

reactor), and synthetic wastewater which contains the same
COD and nutrient concentrations as that SRpf has was added
to the sludge removed from R3 (blank reactor), then same
amount of sludge after same treatment in rotary shaker were
returned to R1 and R3, respectively. The COD, NH4

+-N,
NO3

−-N, NO2
−-N, and PO4

3−-P concentrations in the influent
and effluent, MLSS, and sludge volume index (SVI) of R1,
R2, and R3 were monitored every 2 days.

Chemical analysis

COD, BOD, NH4
+-N, TN, and TP in the influent and effluent

were regularly measured to monitor the performance and sta-
bility of the SBRs, according to the APHA standard methods
(APHA 2005).

Dissolved oxygen (DO) and temperature weremeasured by
a DO sensor (Mettler Toledo, Switzerland), and pH levels
were measured by a pH monitor (Mettler Toledo,
Switzerland).

Specific oxygen uptake rate (SOUR) was measured in trip-
licate using batch extent respirometric assays described else-
where (Hu et al. 2002; Wang et al. 2015). Briefly, biomass
aliquots (150 mL) were collected from each reactor. The assay
was performed at final pH of 7.0±0.05 in replicate 290-mL
water-jacketed glass vessels, maintained at 25 °C. Biomass
suspensions were aerated with pure oxygen before substrate
(acetate, NH4

+-N, or NO2
−-N) was injected. Initial concentra-

tion of 100 mg L−1 COD, 5 mg L−1 NH4
+-N, and 10 mg L−1

NO2
−-N were determined to yield substrate-independent spe-

cific oxygen uptake rates. A decrease in the DO level due to
substrate oxidation was measured by a DOmonitor (YSImod-
el 5100, USA). SOUR were calculated using the equation
SOUR (mg O2/g MLSS min)=−G/X (Zhang and Zhao
2013), where G is the slope of the linear of the DO decline
curve in milligrams per liter per minute, and X is the MLSS of
biomass suspensions in grams per liter.

Microbiological analysis

DNA extraction

Twelve activated sludge samples were collected from R1 (R1-
1, R1-2, R1-3, and R1-4), R2 (R2-1, R2-2, R2-3, and R2-4),
and R3 (R3-1, R3-2, R3-3, and R3-4) on four dates shown
(Fig. 1) according to different stages in the long-term opera-
tion. Each sample was condensed and dispended into a 50-mL

Table 1 Characteristics of synthetic wastewater (mg L−1)

Glucose Acetic acid Peptone (NH4)2SO4 KH2PO4 NaHCO3 MgSO4 CaCl2·2H2O FeSO4·7H2O

1000 200 40 650 200 1000 5 7 2
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tube. The supernatant was decanted, and the samples were
stored at −20 °C prior to analysis.

The activated sludge samples were washed three times by
centrifugation using sterile high-purity water for 5 min at 10,
000×g. DNA extraction was then performed using a Fast
DNA SPIN Kit for Soil (Bio101 Inc., USA), according to
the manufacturer’s protocol. The DNA extracts were stored
at −20 °C for further analysis.

Illumina high-throughput sequencing

To determine the diversity and composition of the bacterial
communities in those 12 activated sludge samples, 16S rRNA
gene sequencing was performed according to the protocol
described by Caporaso et al. (2010). About 500 ng of DNA
of each sample was mixed and sent to a commercial company
(Guheinfo, Hangzhou, China) for IlluminaMiSeq sequencing.
PCR amplifications were conducted with the 319F/806R
primer set that amplifies the V3–V4 region of the 16S rRNA
gene. The primer set selected yielded relatively accurate phy-
logenetic and taxonomic information because of the few
biases. Sequencing was conducted on an IlluminaMiSeq plat-
form. All raw reads have been deposited into the NCBI
Sequence Read Archive (Accession Number SRR1948176).

According to the unique barcode of each sample, sequenc-
ing reads were assigned to each sample. Sequences were an-
alyzed with the Quantitative Insights Into Microbial Ecology
(QIIME) software package, in addition to custom Perl scripts
to analyze alpha and beta diversity (Wang et al. 2007).
Sequences were assigned to operational taxonomic units
(OTUs) at 97 % similarity.

Statistical analysis

Data Processing System (DPS) software (version 11.0) was
used for data analysis. Data represented the means and stan-
dard deviations (SD). The least significant difference (LSD)
test was used to determine the statistical significance of the
SRpf acclimation effects. The level of statistical significance
was set at a p<0.05 for all statistical analyses.

Chao1 metric estimates the species richness, the observed
species metric is simply the count of unique OTUs found in
the sample, and the Shannon index was calculated to assess
bacterial diversity.

Results and discussion

Effects of SRpf on long-term performance of R1, R2,
and R3

The objectives of the continuous operation were to test wheth-
er R2 process could enhance the nutrient removal more than
R1 and R3 could in the long-term.

Figure 2 shows the continuous operating results of nutrient
removal in R1, R2, and R3. During the start-up phase, the

Fig. 1 Research timeline showing time points for all sampling
investigations in this study. Twelve activated sludge samples were
collected from R1 (R1-1, R1-2, R1-3, and R1-4), R2 (R2-1, R2-2, R2-

3, and R2-4), and R3 (R3-1, R3-2, R3-3, and R3-4) on four dates (DNA 1,
DNA 2, DNA 3, and DNA 4) according to different stages in the long-
term operation

Fig. 2 Variation of effluent concentrations and removal rate of PO4
3−-P

(a) and total nitrogen (b) in long-term operation of R1, R2, and R3
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effluent qualities of three SBRs were very close in the first
3 days, then R2 gradually performed better than R1 and R3.
The effluent PO4

3−-P concentration in R2 was the only one
reduced to less than 3 mg L−1 after 1-week operation among
those three SBRs, and it reduced to 0.72 mg L−1 after another
week, while PO4

3−-P concentrations in R1 and R3 were 2.78
and 2.92 mg L−1 at the same time. Similarly, effluent TN
concentration in R2 was below 7 mg L−1 after 1-week accli-
mation and kept decreasing until 15 days, while effluent TN
concentrations in R1 and R3 were 7.36 and 8.23 mg L−1, re-
spectively, after 1-week operation and could not obtain signif-
icant lower effluent since 10 days. Those indicated that SRpf
accelerated the SBR start-up process, which was probably due
to the stimulating ability of SRpf towards VBNC or uncul-
tured bacteria cells under adverse conditions, such as influent
loads shock. Steady states of all three SBRs were reached after
15-day operation. The average effluent PO4

3−-P concentration
in R1 and R3 were 2.69±0.27 and 2.20±0.35 mg L−1, respec-
tively, and effluent TN concentrations of R1 and R3 was be-
tween 7.0 and 7.7 mg L−1. The average TN removal efficiency
of R1 and R3 were 69.94±1.13 and 67.32±1.43 %, respec-
tively, and the average PO4

3−-P removal rate were 85.88±2.24
and 82.75±1.72 %, respectively. The reactors did not show
significant difference in the effluent TN and PO4

3−-P between
R1 and R3. Compared to R3, the fragile advantage of R1 in
nutrient removal is possibly attributed to the various compo-
nents in inactivated SRpf, such as polysaccharide and trace
element, which could affect the functional bacteria in activat-
ed sludge. Meanwhile, effluent PO4

3−-P and TN of R2 were
0.67±0.27 and 5.63±0.32 mg L−1 with the removal efficiency
as 95.71±1.71 and 76.03±1.38 %, respectively, indicating
that PO4

3−-P removal efficiency increased by over 12 %,
and TN removal efficiency increased by over 8 % in treatment
reactor under the same operating conditions compared with
those of control or blank reactor.

To further verify the impact of SRpf on the bioreactor,
SRpf addition in the reactor was stopped for 90 days. It
was worth noting that removal efficiency of both PO4

3−-P
and TN in R2 were gradually decreased. After 10 days, the
effluent PO4

3−-P and TN even showed no significant dif-
ference between R2 and R3, and they maintained this level
for a week (Fig. 2). Then, at the 107th day, we restarted
adding SRpf. Interestingly, the removal efficiency of R2
almost regained its previous level just after 1 week of
SRpf acclimation. Therefore, SRpf did play an essential
part in facilitating the nutrient removal during long-term
operation. Moreover, it was indicated that the promoting
effects could last for 10 days even without SRpf constantly
addition, and it could quickly regain previous high level of
nutrient removal after restarting SRpf acclimation.
Therefore, SRpf might be regarded as a promising way to
not only enhance removal capability but also improve the
activity of activated sludge from deterioration.

Effects of SRpf on a typical cycle of R1, R2, and R3

Phosphorus removal

Each of the three phosphorous (P) cycling was consistent with
current EBPR theory (Smolders et al. 1994), and comparative-
ly better P removal was achieved in R2 (Fig. 3a; Table 2).
During anaerobic phase, the amount of P release in R2 was
11.32mg L−1, while the amount of P release in R1 and R3was
only 6.74 and 7.20 mg L−1, respectively. The P release rate
was 3.72 mg gVSS−1 h−1, while P release rate in R1 and R3
were only 2.23 and 2.35 mg gVSS−1 h−1, respectively. Thus,
SRpf significantly enhance (p<0.05) the P release in anaero-
bic phase. According to previous studies, the P release rate
could reach to 5–30 mg gVSS−1 h−1 (Monti et al. 2007).
Although even R2 did not reach that level, it did show dom-
inance in P release. Correspondingly, the biomass in R2 as-
similated significantly more phosphorus than (p<0.05) that in
R1 and R3. The amount of P uptake in R2 was 23.21 mg L−1.
Meanwhile, the amount of P uptake in R1 and R3 were only
18.36 and 17.95 mg L−1, which were significantly less
(p<0.05) than that in R2. In terms of the anoxic phase, P

Fig. 3 Variations of phosphorous (a) and nitrogen (b) during one typical
cycle of R1, R2, and R3. The data reported are the averages and their
standard deviations in triplicate tests
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uptake was also observed in all three SBRs. Previous study
demonstrated that secondary P release could be avoided dur-
ing the post anoxic phase as long as nitrate/nitrite remained
available (Carvalho et al. 2007; Winkler et al. 2011), which
was consistent with the herein results in our study. Notably,
the biomass of R2 had the most P uptake amount
(9.77 mg gVSS−1 h−1) among those three SBRs in the equal
times, suggesting that SRpf might accelerate the process of
denitrifying phosphorus removal by promoting specific func-
tional bacteria.

Nitrogen removal

Figure 3b shows the typical profiles of different nitrogen spe-
cies (NH4

+-N, NO3
−-N, and NO2

−-N) in three reactors at a
steady state. All three SBRs showed typical nitrogen removal
via nitrification and denitrification during the aerobic and an-
oxic phases, respectively. Table 3 summarizes the process per-
formances in aerobic phase of R1, R2, and R3. Nitrification, the
two-step process by which ammonia is oxidized to nitrate via
nitrite, plays a key role in the biological removal of nitrogen in
aerobic phase in wastewater treatment systems. The process
involves two groups of obligately chemolithotrophic bacteria.
Ammonia-oxidizing bacteria (AOB) first oxidize ammonia to
nitrite, and nitrite was then oxidized by nitrite-oxidizing bacte-
ria (NOB) (Fudala-Ksiazek et al. 2014; Limpiyakorn et al.
2005). Ammonia oxidation process, driven by AOB, is a rate-
limiting step of nitrogen removal because of their slow growth
rate, their high sensitivity to many environmental factors, and
their inability to outcompete heterotrophs (Wagner et al. 1995).
As shown in Table 3, 91.8 and 90.1 % of NH4

+-N were trans-
formed at the end of the aerobic phase in R1 and R3,

respectively, while 94.2 % of NH4
+-N was transformed in R2.

The specific nitrification rate in R2 was found to be
1.09 mg gVSS−1 h−1, which is significantly higher (p<0.05)
than that in R1 as 0.74 mg gVSS−1 h−1 and that in R3 as
0.85 mg gVSS−1 h−1. During the aerobic phase, most ammonia
in all three SBRs were oxidized into N-oxides (nitrate and ni-
trite). In comparison with that of R1 and R3, significantly larger
(p<0.05) production of nitrate occurred in R2 from the begin-
ning to the end of aerobic phase. The nitrite concentration in
three SBRs increased at first and decreased after 2 h aeration,
and this phenomenon has been reported by Winkler et al.
(2011). The explanation for the variation of nitrite during aero-
bic phase, involving many aspects, such as aeration rate, am-
monia concentration, and competition of related bacteria spe-
cies, is very complicated and remains unclear according to cur-
rent research (Nielsen et al. 2010). Noticeably, R2 produced the
most amount of nitrite in the first 2 h but ended up with the least
amount of nitrite. Those results indicate that R2, acclimated by
SRpf, enhanced NH4

+-N removal and oxidation efficiency.
Obviously, carbon source in three SBRs had already been

completely consumed before the end of the aerobic phase
(Fig. 3a). Meanwhile, N-oxides in all SBRs were observed
to be still gradually decreased during the anoxic phase, dem-
onstrating that post-denitrification, using intracellular glyco-
gen as potential electron donor, occurred in all three reactors,
and this is consistent with similar studies (Coats et al. 2011;
Vocks et al. 2005). Recognizing that the denitrification rate
(DNR) in R2 was significantly better (p<0.05) than that in
R1 and R3 (Table 4) thus indicates that SRpf probably in-
duced better utilization of intracellular glycogen and other
positive biochemical reactions of functional bacteria that
could drive denitrification.

Table 3 Nitrification rates in aerobic phase in one typical cycle of R1, R2, and R3. The data reported are the averages and their standard deviations in
triplicate tests

Reactor NH4
+-N remove

amount/(mg L−1)
NO2

−-N production/(mg L−1) NO3
−-N production/(mg L−1) NOx

−-N production/(mg L−1) Nitrification
rate/(mg gVSS−1 h−1)

R1 21.57±0.06 0.06±0.01 10.43±0.14 10.49±0.15 0.74±0.05

R2 21.72±0.04 0.02±0.01 15.47±0.16 15.49±0.17 1.09±0.07

R3 21.58±0.07 0.06±0.01 12.14±0.13 12.20±0.14 0.85±0.04

Table 2 The kinetics of phosphorus of R1, R2, and R3 in one typical cycle. The data reported are the averages and their standard deviations in triplicate
tests

Reactors MLVSS/(mg L−1) Anaerobic phase Aerobic phase P uptake rate during anoxic
phase/(mg gVSS−1 h−1)

P release/(mg L−1) P release rate/(mg gVSS−1 h−1) P uptake/(mg L−1) P uptake
rate/(mg gVSS−1 h−1)

R1 4028±195 6.74±0.12 2.23±0.04 18.36±0.07 1.30±0.02 (1.24±0.01)×10−2

R2 4062±178 11.32±0.10 3.72±0.03 23.21±0.11 1.63±0.04 (9.77±0.02)×10−2

R3 4078±181 7.20±0.15 2.35±0.05 17.95±0.07 1.25±0.03 (0.41±0.01)×10−2
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Effects of SRpf on SOUR

As oxygen is required to remove both nutrients and carbon
source, SOUR represents an important process in wastewater
treatment. SOUR is influenced by MLSS concentration,
mixing characteristics, substrate availability, nutrient avail-
ability, and toxin presence during an activated sludge process.
Thus, SOUR reflects strength of microbial metabolism and
hydraulic loading effects on substrate utilization rate (Zhang
and Zhao 2013).

The slope of linear of DO decline curve of three-substrate
(acetate, ammonia, and nitrite) oxidation process in the bio-
mass from R1, R2, and R3 were calculated to demonstrate
SOUR. The specific oxygen uptake rate of ammonia oxidation
was calculated from the difference between the measured spe-
cific oxidation rate with ammonium as substrate (also known
as the specific oxygen uptake rate of autotrophic bacteria,
SOURA) and the measured specific oxidation rate with nitrite
as substrate nitrite oxidation rate (SOURNO2): SOURNH4=
SOURA−SOURNO2.

Figure 4 further depicts the difference in SOUR of activat-
ed sludge from R1, R2, and R3. The average SOURCOD, also
considered as the specific oxygen uptake rate of heterotrophic
bacteria, were 0.38±0.02 mg O2/(g MLSS min), 0.66±

0.04 mg O2/(g MLSS min), and 0.33±0.02 mg O2/(g
MLSS min) from the activated sludge in R1, R2, and R3,
respectively. Through statistical analysis, we could tell that
SOURCOD of R2 was significantly more (p<0.05) than that
of R1 and R3, indicating that SRpf significantly enhanced the
metabolism for organic matter removal. Moreover, significant
enhancements (p< 0.05) were also observed in the
ammoxidation process [0.19±0.02 mg O2/(g MLSS min) for
R1, 0.26±0.02 mg O2/(g MLSS min) for R2, and 0.16±
0.01 mg O2/(g MLSS min) for R3] and nitrite oxidation pro-
cess [0.13±0.01 mg O2/(g MLSS min) for R1, 0.18±0.01 mg
O2/(g MLSS min) for R2, and 0.10±0.01 mg O2/(g
MLSS min) for R3] from the activated sludge acclimated by
SRpf (Fig. 4). These results suggest that SRpf successfully
enhanced the strength of microbial metabolism on substrate
utilization in activated sludge, which to some extent, ex-
plained the promotion of the better efficiency on COD and
nutrient removal in R2.

Shifts in the bacterial community structure

The key to reveal the effects of SRpf addition on nutrient
removal ability is to identify the main bacteria involved in
the process and to elucidate how their activities may be
enhanced.

As shown in Table 5, after filtering the low-quality reads,
there were 19,536–48,684 effective reads for 12 activated
sludge samples. Operational taxonomic units (OTUs) were
adopted to estimate bacterial species richness among those
samples at a distance level of 3 %. The average OTUs of
the samples in R2 under SRpf acclimation was 1192; howev-
er, the average OTUs of the samples in R1 and R3 were 918
and 808, respectively. Notably, the OTUs of the sample in R2
after stopping SRpf addition was only 968 and went back to
1167 after reusing SRpf. It is clear that SRpf acclimation
significantly increase the amount of OTUs in activated
sludge. With SRpf addition, the samples (R2-1, R2-3, and
R2-4) showed the highest Shannon diversity, and the samples
without SRpf or inactivated SRpf addition showed the lowest
Shannon diversity, and the promotion effect of SRpf (averag-
ing 6.47) was significantly better (p<0.05) than inactivated
SRpf (averaging 5.77). Overall, the order of bacterial

Fig. 4 Comparison of the bioactivities of different oxidation process in
activated sludge of R1, R2, and R3 with acetate, ammonia, and nitrite as
substrate. The data reported are the averages and their error bars indicate
one standard deviation in triplicate tests

Table 4 Denitrification rates in anoxic phase in one typical cycle of R1, R2, and R3. The data reported are the averages and their standard deviations in
triplicate tests

Reactor Effluent concentrations/(mg L−1) T/(°C) DNR/(mg gVSS−1 h−1) NH4
+-N removal rate/(%) TN removal rate/(%)

NH4
+-N NO2

−-N NO3
−-N DNR20

R1 1.91±0.04 0.18±0.02 4.74±0.06 24.3 0.42±0.01 91.81±0.45 70.93±1.04

R2 1.35±0.05 0.06±0.01 4.10±0.05 24.4 0.85±0.02 94.15±0.31 76.12±1.20

R3 2.06±0.05 0.14±0.02 5.28±0.05 24.4 0.49±0.01 91.30±0.28 68.35±1.26
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diversity in long-term operation with SRpf was R2>R1>R3.
SRpf acclimation obviously caused a boost in the bacteria
diversity in activated sludge.

The distributions of sequences at the phyla level and class
level in Proteobacteria for each sample are shown in Fig. 5.
Proteobacteriawas the predominant phylum in all those sam-
ples constituting 33.9–56.3 % of total effective bacteria se-
quences. The abundance of Proteobacteria in samples from

R2-1 (56.3 %), R2-3 (50.8 %), and R2-4 (54.6 %) were higher
(p<0.05) than that in either R1 (R1-1 38.0 %, R1-3 44.3 %,
R1-4 43.4 %), or R3 (R3-1 33.9 %, R3-3 42.1 %, R3-4
37.7 %). And the order of average abundance for
Proteobacteria in operation with SRpf was R2>R1>R3.
Notably, there was no significant difference among the abun-
dance of Proteobacteria in R1-2 (40.0 %), R2-2 (39.8 %), and
R3-2 (41.1 %), which were collected from R2 during opera-
tion without SRpf. The abundance of Proteobacteria in R2,
corresponding to effluent quality change, decreased from 56.3
to 39.8 % within 10 days since SRpf was no longer added,
then increased to 54.6% after reusing SRpf for 2 weeks. It was
obvious that long-term acclimation of SRpf have increased the
abundance of Proteobacteria. With respect to the
Actinobacteria phylum, which was the subdominant group
(20.6–30.1 %), the order of average abundance under SRpf
acclimation was also R2 (29.0%)>R1 (23.8%)>R3 (22.8%).
Compared with the control reactor with inactivated SRpf and
the blank reactor, R2 had a higher abundance of
Proteobacteria and Actinobacteria, which could be attributed
to the function of some proteins in SRpf (Su et al. 2013b). It
was reported that Rpf protein from M. luteus promoted the
resuscitation and growth of high G+C gram-positive organ-
isms, and several other proteins in SRpf also had the same
muralytic activity as Rpf protein (Su et al. 2014). Those pri-
mary bacteria in R2 contained a good deal of polyphosphate
accumulating organisms (PAOs), nitrifiers, and denitrifiers

Fig. 5 Abundances of different phyla and classes in Proteobacteria in the 12 activated sludge samples from R1, R2, and R3 in different stages in the
long-term operation

Table 5 Comparison of bacterial diversity estimation of 12 activated
sludge samples at 3 % dissimilarity from R1, R2, and R3

Samples Reads OTUs Chao 1 richness
estimation

Shannon
diversity

R1-1 43448 933 1967 5.16

R2-1 35270 1072 1999 6.21

R3-1 29902 877 1910 5.04

R1-2 31229 941 2098 5.51

R2-2 45818 968 2208 5.65

R3-2 41303 818 1937 5.22

R1-3 48684 924 2020 6.27

R2-3 19792 1167 2173 6.57

R3-3 19536 809 1777 5.74

R1-4 28202 896 1789 5.88

R2-4 21155 1136 1933 6.62

R3-4 28577 737 1620 5.65
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(Accumulibacter, Nitrosomonas , Dechloromonas ,
Pseudomonas, Bacillus, etc.).

Within Proteobacteria, β-Proteobacteria was the most
dominant class in all the activated sludge samples, and the
abundance of α-Proteobacteria and γ-Proteobacteria
composed the second and third largest proportion, respec-
tively. However, the abundance of β-Proteobacteria
(averaging 42.9 %) and γ-Proteobacteria (averaging
4.5 %) in the sludge samples of R2 is significantly higher

(p< 0.05) than that in R1 (averaging 33.3 % for
β-Proteobacteria, averaging 2.3 % for γ-Proteobacteria)
and R3 (averaging 29.0 % for β-Proteobacteria, averag-
ing 2.2 % for γ-Proteobacteria) under SRpf acclimation,
while no significant difference was observed in terms of
the abundance of γ-Proteobacteria among those samples.
δ-Proteobacteria (0.9–2.0 %) and ε-Proteobacteria
(0–0.3 %) composed a very low proportion in 12 activated
sludge samples. In conclusion, SRpf increased the

Fig. 6 Heatmap analysis of the 66 dominant bacterial genera in the 12 activated sludge samples from R1, R2, and R3 in different stages in the long-term
operation
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abundance of β-Proteobacteria and γ-Proteobacteria and
finally induced the increase of the abundance of
Proteobacteria in R2.

To further explore the changes in bacterial community with
SRpf addition, the sequence assignment results at the genus
level in all samples were investigated using heat map. The top
15 most abundant genera in each sample were selected (a total
of 66 genera for all 12 samples), and their abundances were
compared with those in other samples (Fig. 6).

SRpf influenced the abundance of nitrifying bacteria,
denitrifying bacteria, and PAOs. In the activated sludge sam-
ples of R2, Nitrosomonas and Nitrospira were two typical
genera of AOB and NOB, which were mainly responsible
for the oxidation of ammonia to nitrate. The average abun-
dance of Nitrosomonas accounted for 0.08 % of total biomass
in R2 under SRpf acclimation. In contrast, the abundance of
Nitrosomonas in sludge samples in R1 and R3 were negligibly
small (0–0.01 %). The average abundance of Nitrospira
(0.30 %) in the activated sludge of R1 using inactivated
SRpf was similar to that in R3 (0.25 %), which were both
significantly less (p<0.05) than that in R2 (0.62 %).
Obviously, SRpf increase the abundance of Nitrospira and
Nitrosomonas, and it might explain the promotion of the am-
monia oxidation process in the presence of SRpf. In addition,
the abundance ofDechloromonas and Pseudomonaswere ob-
served to be increased in the activated sludge samples of R2,
and all these genera could drive denitrification process, which
might be the main reason for its better denitrifying capability.
In fact, species in the genus Pseudomonaswere observed to be
denitrifying phosphate-accumulating organisms (DNPAOs),
which were known to perform both denitrification processes
and polyphosphate accumulation (Jørgensen and Pauli 1995).
With regard to carrying out wastewater phosphorus removal,
Acinetobacter and Pseudomonas were the main genera in ac-
tivated sludge. The results indicate that the average abundance
of Acinetobacter and Pseudomonas in R2, acclimated by
SRpf, accounted for 1.37% of total biomass, which was much
more than that in R1 (0.55 %) and R3 (0.12 %). Moreover, the
abundance Candidatus Accumulibacter and Rhodocyclus,
which were two functional but uncultured genera previously
discovered in EBPR, were also observed to be much more
than those in R1 and R3. In conclusion, SRpf resuscitated
and promoted several functional bacteria communities in ac-
tivated sludge, and this might be the main reason for the better
capability of nutrient removal of R2.

Conclusions

The obtained results suggest that SRpf played a key role in
significantly accelerating the start-up process, enhancing the
biological nutrient removal in SBR and in shifts in the com-
position and diversity of bacterial community. SRpf could also

improve the activity of activated sludge from deterioration.
The phyla of Proteobacteria and Actinobacteria, which in-
creased significantly after SRpf addition, were mainly respon-
sible for the enhanced nutrient removal capability. We can
speculate that SRpf or Rpf addition might be a promising
and cost-effective alternative for WWTP to meet more strin-
gent operation conditions and legislations. Further studies are
needed to investigate the effects of SRpf on highly concen-
trated nutrients of wastewater and to estimate the optimal dos-
age of SRpf addition for activated sludge system.
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