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a b s t r a c t

Aerobic granules lose stability during storage. The goal of this work was to highlight the main cause of
stability loss for stored granules as intracellular protein hydrolysis. The quantity of extracellular proteins
was noted to be significantly lower during granule storage, and protease enzyme activities were corre-
spondingly higher in the cores of stored granules. The proteolytic bacteria, which secrete highly active
protease enzymes, were for the first time isolated and characterized by analyzing 16S rDNA sequences.
The proteolytic bacteria belonged to the genera Pseudomonas, Raoultella, Acinetobacter, Pandoraea, Klebsi-
ella, Bacillus and uncultured bacterium, and were grouped into Proteobacteria, Enterobacteria and Firmi-
cutes. The PB1 (Pseudomonas aeruginosa) strain, which exhibited very high proteolytic activity during the
skim milk agar test, was located at the core regime with active protease enzymes, and was close to the
obligate anaerobic strain Bacteroides sp. Hence, the extracellular proteins in stored granules were pro-
posed to be hydrolyzed by enzymes secreted by proteolytic bacteria with the hydrolyzed products ulti-
mately being used by nearby anaerobic strains. This process gradually digests the protein core, and
eventually consumes the entire granule.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Aerobic sludge granulation is a novel wastewater treatment
technology that decontaminates high-strength wastewater at an
acceptable rate (Beun et al., 1999; Peng et al., 1999). The aerobic
granules produced have a dense and strong structure, good settlea-
bility, high biomass retention, and high tolerance to medium tox-
icity (Tay et al., 2001a; Su and Yu, 2005). Aerobic granules have
been cultivated in a sequential biological reactor (Tay et al.,
2001b; Liu and Tay, 2008; Yang et al., 2004; Wang et al., 2007).
Unfortunately when stored under idle conditions, aerobic granules
lose stability and activity (Zhang et al., 2005). Liu and Tay (2008)
revealed that short starvation time yielded unstable granules.

Tay et al. (2002a) determined that after four months of storage
at 4 �C in nutritional solution, initial metabolic activity of glucose-
fed and acetate-fed granules was reduced by 60% and 90%, respec-
tively. Liu et al. (2004a) indicated that after eight weeks of storage
at 4 �C in tap water and in a physiological solution, granule sizes
decreased by 33.6% and 22.4%, respectively. Zhu and Wilderer
(2003) showed that glucose-fed aerobic granules did not signifi-
cantly change in size, color, or settleability after storage for seven
weeks at room temperature. Liu et al. (2005) recovered the micro-
bial activity of aerobic granules stored for four months after two
days in a pilot-scale aerobic granular sludge reactor. Zeng et al.
ll rights reserved.

: +886 2 23623040.
(2007) determined that their phthalic acid-degrading aerobic gran-
ules, after storage at 4 �C for eight weeks, had fully restored organic
carbon removal efficiency and adenosine triphosphate content.
Wang et al. (2006) observed that aerobic granules deprived of car-
bon, nitrogen, and phosphorus exhibited reduced extracellular
polymeric substances (EPSs) content, low microbial activity, and
poor settleability. Adav et al. (2007a,b) assessed the stability and
activity of phenol-fed, aerobic granules following 90 and 180 days
of storage in six different media at room temperature, 4 �C and
�20 �C. Granules lost stability and activity after prolonged storage
under anaerobic conditions. Particularly, granules reactivated
when stored at �20 �C for up to 180 days, except for those stored
in Milli-Q water, and had 82–99% of the phenol degradation capac-
ity of fresh granules. Zhu (2004) determined that granules re-
mained stable even after storage for two years in tap water at an
ambient temperature (16–26 �C). This is not easily attained in
practice as cell hydrolysis of granules always occurs at room
temperature.

Aerobic granules are enriched with proteins compared with
conventional activated sludge flocs that are not (Liu et al., 2004b;
Adav et al., 2007a,b. Extracellular enzymes can hydrolyze proteins
and carbohydrates in sludge flocs (Frolund et al., 1995; Nielsen et
al., 1996; Cadoret et al., 2002; Yu et al., 2008). Moreover, starvation
can cause cells to degrade secreted EPS into food (Patel and Gerson,
1974; Boyd and Chakrabarty, 1994; Zhang et al., 1999; Ruijssena-
ars et al., 2000; Zhang and Bishop, 2003). Wang et al. (2007) noted
that aerobic granules can degrade roughly 50% of secreted EPS
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when no other carbon source was available. Zhang et al. (2007)
determined that extracellular protein is involved in maintaining
aerobic granule stability. Adav et al. (2007a) noted that large vac-
uoles existed in stored granules prior to breakdown. These authors
and Tay et al. (2002b) identified the obligate anaerobic strain Bac-
teroides sp. and anaerobic metabolites (acetate and NH3–N) in
stored granules and, hence, hypothesized that anaerobic degrada-
tion of proteins in granule core was likely correlated with stability
loss of stored granules. Yu and co-workers (Ni and Yu, 2008; Ni et
al., 2008) noted based on mathematical model that denitrifiers
could present in the aerobic granules. However, neither enzymes
nor strains were isolated from aerobic granules corresponding to
the hypothesized ‘‘internal core hydrolysis” concept to the granule
integrity.

This present work explored the principle mechanisms corre-
sponding to loss of granule stability during storage. The organisms
and their respective proteolytic activities of the proteases therein
were for the first time identified. These findings confirmed the
‘‘internal core hydrolysis” hypothesis for stability loss of stored
granules.
2. Methods

2.1. Granule samples

Aerobic granules were cultivated with the procedures described
by Adav et al. (2007b). Stable granules formed in three weeks. The
cultivated, mature granules (named original granules) were
washed with pure water and then stored at 8 �C for 60 days in re-
agent bottles containing synthetic wastewater with compositions
the same as those used by Adav et al. (2007a,b) combined with
250 mg l�1 phenol and 400 mg l�1 peptone. Prior to and following
storage, granules were sampled and extracted for EPS and the asso-
ciated proteolytic enzymes. Some of the stored granules were uti-
lized for strain isolation, and fluorescence in situ hybridization
(FISH) tests.
2.2. EPS extraction and characterization

The EPSs from the original and stored granules were extracted
following procedures utilized by Adav and Lee (2008). Briefly, the
original granules (100 g, wet weight) were washed with Milli-Q
water and then centrifuged at 5000g for 15 min to recover the
supernatant. The EPS in collected supernatant were named loosely
bound EPSs (LB-EPSs). The residue was re-suspended to the origi-
nal volume using a saline solution (0.05% w/w NaCl) and extracted
using the seven extraction methods described in Adav and Lee
(2008). The extraction method used formaldehyde + NaOH as a
chemical reagent, and applied ultrasound to enhance EPS extrac-
tion before or after extraction. The extracted fraction in the super-
natant was the tightly bound EPS (TB-EPS), and the residual phase
was pellets. That is, the quantities of TB-EPS and pellets were a
product of adopted extraction methods. The extent of EPS contam-
ination by intracellular materials was analyzed by measuring asso-
ciated DNA content. For alkaline-treated samples, the extent of EPS
contamination by cell lysis was estimated by measuring the quan-
tity of 2-keto-3-deoxyoctonate (KDO) (Karkhanis et al., 1978). In all
tests, the DNA and KDO contents in extracted EPS were low, sug-
gesting minimal contamination by intracellular materials.

The amount of protein in extracted EPS was determined using
the modified Lowry method (Frolund et al., 1995) with bovine ser-
um albumin as the standard. The carbohydrate content in ex-
tracted EPS was measured using the Anthrone method with
glucose as the standard. The DNA content was measured using
the diphenylamine colorimetric technique (Sun et al., 1999) using
fish DNA as the standard. Other sludge parameters, including total
solids (TSs), volatile suspended solids (VSSs) and sludge volume in-
dex (SVI) were analyzed following standard methods (APHA,
1998).

2.3. Enzyme assay

Casein solution (0.65%, 5 ml) prepared in 50 mM potassium
phosphate buffer was equilibrated at 37 �C. The enzyme reaction
was initiated by adding 1 ml of each enzyme solution into the sam-
ple solution, and a blank test without enzyme solution incubated
for 10 min at 37 �C while shaken. The reaction was stopped by add-
ing 5 ml 110 mM trichloroacetic acid (TCA). After the reaction
stopped, 1 ml enzyme solution was added to the blank. Sample
and blank solutions were filtered, and the filtrates were used for
colorimetric tests to determine protein activity using the Lowry
method (1951).

2.4. EPS staining and fluorescence in situ hybridization (FISH)

The collected stored granules were maintained fully hydrated
during staining and FISH. Staining was conducted by adding calco-
fluor white (fluorescent brightener 28, Sigma, USA) solution
(300 mg l�1, 100 ll) to sampled granules for 30 min. The stained
granules were washed twice with phosphate-buffered saline (pH
7.2) to remove excess stain. The granules were then prepared for
FISH by fixing for 3 h in 4% paraformaldehyde. The fixed granules
were embedded for cryosectioning in embedded medium (Shan-
don Cryomatrix, Pittsburgh, PA, USA). Embedded samples were
frozen at �20 �C. The 40-lm sections were then cut on a cryomi-
crotome and mounted onto gelatin-coated (0.1% gelatin and
0.01% chromium potassium sulfate) microscopic slides. The
embedded compound was removed by washing with Milli-Q water
and then hybridized for investigating the anaerobic strain Bacteroi-
des sp. using hybridization buffer (0.9 M NaCl, 20 mM tris–HCl at
pH 7.4, 0.01% sodium dodecyl sulfate) containing 5 ng ll�1 of Bac-
to1080 probe (50-GCA CTT AAG CCG ACA CCT-30) (Tay et al., 2002b)
labeled at the 50-end with fluorescein phosphoramidite (FAM dye)
for 2 h at 48 �C, and the hybridization solution contained 50% form-
amide. Parallel tests were conducted with granules hybridized
with the same hybridization buffer as that mentioned above con-
taining 5 ng ll�1 of each ACA probe, complementary to a sequence
helix 23a of Acinetobacter calcoaceticus (ATC CTC TCC CAT ACT CTA)
(Wagner et al., 1994), and probe Pa03 Pseudomonas aeruginosa
(GGA TCT TTG AAG TGA) (Keum et al., 2006). The stained and
hybridized samples were examined by confocal laser scanning
microscopy (CLSM) (Leica TCS SP5, Confocal Spectral Microscope
Imaging System GmbH, Germany).

2.5. Strain isolation and identification

The stored phenol-fed granules were washed with Milli-Q
water, and 1.0 g (wet weight) granules were placed aseptically in
sterilized tubes, broken using a sterile glass rod and serially diluted
with sterilized water to 106–109 fold; 1 ml of each 106–109 dilution
was plated into a plate with skimmed milk agar with the following
composition: pancreatic digest of casein, 5 g l�1; yeast extract,
2.5 g l�1; glucose, 1 g l�1; skim milk, 10 g l�1; agar, 12 g l�1; and,
phenol, 0.25 g l�1. The plates were incubated at 37 �C in an incuba-
tor. Morphologically distinguished visible colonies showing halo
zones were selected, picked up by sterile toothpicks and inserted
onto other skim milk agar plates. Colonies were purified by several
cycles of replating onto skim milk agar medium, and halo zones
generated by colonies were determined. The DNA was extracted
as described previously (Adav et al., 2007b) and the roughly full-
length 16S rDNA gene was amplified by PCR with forward primer
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F27 (50-AGA GTT TGA TCM TGG CTC AG-30) and reverse primer
R1492R (50-TAC CTT GTT ACG ACT T-30). The PCR products were
purified using a PCR purification kit (Gene-SpinTM, Protech Technol-
ogy Enterprise, Ltd., Taiwan). The 16S rDNA gene sequence of the
isolates was determined by using an ABI model 3730 DNA sequen-
cer. The 16S rDNA sequences of the isolates were compared with
16S rDNA sequences obtained via BLAST searches of the national
center for biotechnology information (NCBI) database (http://
www.nvbi.nlm.nih.gov). Multiple sequence alignments were per-
formed using Clustal W version 1.8 and phylogenetic trees were
constructed using the neighbor-joining method.

3. Results

3.1. EPS contents and protease enzyme activities

Fig. 1 lists the quantities of EPS extracted using ultrasound-
formamide-NaOH. The proteins extracted from granules were
greater in quantity than carbohydrates. The protein content in seed
sludge was 110 ± 32 mg g�1 VSS, and increased to 457 ± 54 mg g�1

VSS for granules cultivated for 35 or 50 days. Following storage for
60 days, protein content in the stored granules decreased to
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Table 1
Protease activities in fractions extracted using different methodsa units in lmol min�1 g�

Methodsb Original granule

LB-EPS TB-EPS Pellet

Control 0.45 ± 0.02 2.5 ± 0.5 6.6 ± 0.5
Ultrasound 6.9 ± 1.1 12.3 ± 1.3
EDTA 5.3 ± 0.5 9.5 ± 2.3
Formaldehyde 6.0 ± 2.0 14.3 ± 1.6
Formaldehyde + NaOH 3.2 ± 0.3 7.1 ± 3.0
Ultrasound + formaldehyde + NaOH 3.5 ± 1.1 9.8 ± 9.6
Foarmaldehyde + NaOH + ultrasound 5.2 ± 2.4 5.9 ± 7.9
Formamide 8.7 ± 1.8 17.3 ± 5.3
Ultrasound + formamide + NaOH 5.2 ± 2.2 7.6 ± 4.6
Formamide + NaOH + ultrasound 2.9 ± 0.2 9.8 ± 7.0

a EPS extracted following methods in Adav et al. (2007a).
b *p < 0.05, **p < 0.01 vs. corresponding total values of mature granule (Tukey–Krame
288 ± 21 mg g�1 VSS (Fig. 1). The quantities of DNA and KDO in
all extracted samples were <0.3 and 0.15 mg g�1 VSS, respectively,
suggesting that the cell lysis effect was minimal during EPS extrac-
tion tests.

Table 1 lists the activities of protease enzymes in different
fractions extracted from the original and stored granules using
the nine extraction methods described (Adav et al., 2007a,b). Dif-
ferent extraction methods yield very different protease activities
for a given fraction of granules, which is attributable to the fact
that different extraction methods extract part of the EPS in gran-
ules. Enzyme activities in LB-EPS, TB-EPS and pellets were 0.45,
2.5–8.7 and 5.9–17.3 lmol min�1 g�1 VSS, for original granules,
and 0.48, 1.7–9.2 and 5.2–21.1 lmol min�1 g�1 VSS, for stored
granules, respectively. Protease activity was bound generally with
TB-EPS and pellets of the aerobic granules. This observation
correlates with findings by Yu et al. (2008) for wastewater sludge
flocs.

3.2. Proteolytic activity of isolates

In total, 27 isolates were screened and selected from stored
granules using skim milk agar. A clear halo was produced around
le
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e on EPS contents in aerobic granules.

1 VSS

Stored granule

Total LB-EPS TB-EPS Pellet Total

9.5 ± 5.3 0.48 ± 0.01 1.7 ± 0.3 5.2 ± 0.3 7.5 ± 3.3
18.6 ± 4.2 7.2 ± 0.9 14.8 ± 1.1 22.6 ± 4.2*
15.2 ± 3.3 3.1 ± 0.3 8.5 ± 1.9 12.2 ± 3.3
22.6 ± 7.9 6.8 ± 1.3 16.2 ± 0.9 24.1 ± 7.9
11.7 ± 3.8 2.2 ± 0.5 8.1 ± 2.2 11.7 ± 2.8
13.9 ± 4.3 3.7 ± 0.8 9.9 ± 2.6 14.5 ± 3.3
11.5 ± 4.1 6.2 ± 1.7 6.2 ± 2.9 12.5 ± 3.1
26.4 ± 4.8 9.2 ± 1.1 21.1 ± 4.3 30.4 ± 4.8**
12.2 ± 3.3 6.2 ± 1.8 7.9 ± 2.4 14.2 ± 3.3
12.9 ± 4.3 3.2 ± 0.7 9.9 ± 7.0 13.9 ± 4.3

r multiple comparisons test).
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the proteolytic colony (image not shown). A parameter, relative
halo size, was determined as follows:

Relative halo size ¼ Dhalo � Dcolony

Dcolony
� 100 ð1Þ

where Dhalo is the diameter of the halo formed around the colony
(mm), and Dcolony is the colony diameter (mm). As relative halo size
increases, the proteolytic activity yielded by colony unit volume in-
creases. Fig. 2 presents the proteolytic activities of isolates in terms
of the relative halo size obtained in skim milk agar. Isolates PB1,
PB11 and PB28 had significantly higher (p < 0.01, ANOVA) proteo-
lytic activities than the other isolates.
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Table 2
Taxonomic affiliations of the proteolytic isolates from stored granule and closely related m

Isolate
name

16S rDNA base pairs
used for identity

GenBank accession
number

Closely related microbial s

PB1 1163 EU360101 P. aeruginosa strain 8
PB2 1149 EU360102 P. grimontii strain B5
PB4 1144 EU360103 Uncultured gamma proteo
PB6 1156 EU360104 Pseudomonas sp. BWDY-24
PB7 1137 EU360105 P. fragi
PB8 1125 EU360106 Pseudomonas syringae pv. c
PB11 1278 EU360107 P. aeruginosa PA7
PB13 1332 EU360108 Uncultured bacterium clon
PB14 1392 EU360109 Uncultured bacterium clon
PB15 1365 EU360110 Raoultella planticola strain
PB16 1408 EU360111 A. calcoaceticus strain TS2H
PB17 1413 EU360112 P. agglomerans strain MY1
PB20 1179 EU360113 Acinetobacter genomo sp. 3
PB21 1374 EU360114 Uncultured bacterium clon
PB22 1203 EU360115 Pandoraea sp. S14
PB24 1411 EU360116 Klebsiella pneumoniae
PB25 1407 EU360117 Pseudomonas sp. HF4-5
PB26 1174 EU360118 P. aurantiaca strain B23
PB27 1276 EU360119 Lysinibacillus sphaericus sta
PB28 1247 EU360120 B. sphaericus
PB29 1411 EU360121 Enterobacteriaceae bacteriu
PB30 1297 EU360122 Bacillus cereus strain Z7
PB31 1401 EU360123 Klebsiella sp. A18-1
PB32 1200 EU360124 Acinetobacter sp. MUB1
PB33 1185 EU360125 P. mediterranea G-229-
PB34 1374 EU360126 Uncultured bacterium clon
PB35 1181 EU360127 Acinetobacter baumannii st
3.3. Phylogenetic analysis of 16S rDNA sequences of isolates

The 27 screened isolates were utilized for subsequent 16S rDNA
sequencing and phylogenetic analysis (Table 2). Phylogenetic anal-
ysis of 16S rDNA sequences demonstrates that the isolates were
members of three principal groups: Proteobacteria, Enterobacteri-
aceae and Firmicute. The most abundant isolates were Proteobac-
teria (70%), particularly of the Pseudomonas genus. Nineteen
isolates were associated with different genera in the lineage of
gammaproteobacteriaceae, namely, P. aeruginosa, Pseudomonas gri-
montii, Pseudomonas fragi, Pseudomonas aurantiaca and Pseudomo-
nas mediterranea with 97–99% sequence similarity. Three isolates
olates

B22
PB24

PB25
PB26

PB27
PB28

PB29
PB30

PB31
PB32

PB33
PB34

PB35

olates in terms of halo zones.

icrobial strain

train Ref. strain
accession No

Identity
(%)

Taxonomic affiliation

EF362637 97 Gammaproteobacteria
EU169177 97 Gammaproteobacteria

bacterium clone S-H52 AY622270 97 Gammaproteobacteria
DQ219370 97 Gammaproteobacteria
AY195842 98 Gammaproteobacteria

oryli strain NCPPB 4273 AJ889841 98 Gammaproteobacteria
CP000744 99 Gammaproteobacteria

e P1D1 EF511972 99 Gammaproteobacteria
e P1D1-553 EF511914 100 Gammaproteobacteria
Rs-2 EF551363 99 Enterobacteriaceae

EF151807 99 Gammaproteobacteria
AJ506794 99 Enterobacteriaceae

strain Ab297 EF672506 95 Gammaproteobacteria
e P5D23-430 EF511828 95 Gammaproteobacteria

AY741155 95 Enterobacteriaceae
CP000647 99 Enterobacteriaceae
DQ288110 100 Gammaproteobacteria
EU169169 97 Gammaproteobacteria

in NBRC 3525 AB363739 99 Firmicutes
AB271742 97 Firmicutes

m NR58 DQ520801 99 Enterobacteriaceae
EU236738 99 Firmicutes
AB244431 99 Enterobacteriaceae
AY273199 95 Gammaproteobacteria
EF673038 97 Gammaproteobacteria

e P1D1-562 EF511995 99 Gammaproteobacteria
rain KSC_tot4-a DQ870679 95 Gammaproteobacteria
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Fig. 3. Phylogenetic trees for the partial bacterial 16S rDNA sequences obtained from protease producing isolates. The phylogenetic tree was constructed based on the
neighbor-joining method with bootstrapping. The scale bar corresponds to 10 nucleotide substitutions per 100 nucleotide positions. The bootstrap value that was greater
than 50% was shown at each node.
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were members of Firmicute and five were associated with
Enterobacteriaceae.

Isolates PB1, PB11, PB13, PB14 and PB25 formed subclusters
supported by 99% bootstrap confidence values, whereas isolates
PB7, PB8, PB4, PB6, PB26 and PB2 formed separate subclusters in
Proteobacteria with a bootstrap confidence limit of 71–99% (Fig.
3). Isolates PB35, PB32, and PB20 belonged to the genus Acinetobac-
ter. Isolate PB17 was associated with Pantoea agglomerans with a
61% bootstrap confidence index and Enterobacter asburiae (95%,
bootstrap) was under the Entrobacteriaceae.
4. Discussion

4.1. Protein hydrolysis and protease enzyme activities

Total protein contents in stored granules (Fig. 1) were signifi-
cantly lower than those in original granules (p < 0.001, ANOVA).
Conversely, polysaccharide contents in original granules were
close to those in stored granules (60 days). That is, granule storage
significantly reduced protein content, and had no significant effect
on polysaccharide content.

The total activities of protease follow formamide > formalde-
hyde > ultrasoinication > EDTA > ultrasound-formaldehyde-NaOH >
formamide-NaOH-ultrasound > ultrasound-foamamide-NaOH > form-
aldehyde-NaOH > formaldehyde-NaOH-ultrasound > control. En-
zymes extracted by ultrasound and formamide from stored gran-
ules had higher protease enzyme compared with corresponding
total enzyme content in original granules. The high protease activ-
ities of original granules correspond to hydrolysis of the 400 mg l�1

peptone in replenished influent wastewater. Conversely, the high
protease activity of stored granules likely corresponds to hydrolysis
of extracellular proteins as the amount of proteins in storage med-
ium was limited. This experimental observation correlates with the
reduction in protein contents for granules following storage (Fig. 1).

4.2. Proteolytic bacteria in stored granules

Isolates PB1 (P. aeruginosa strain 8), PB11 (P. aeruginosa PA7) and
PB28 (Bacillus sphaericus) had significantly high proteolytic activity
during the skim milk agar test. Furthermore, FISH-CLSM imaging
indicated that proteolytic bacteria were distributed over the core
regime of stored granules (image not shown). In other words, the
proteolytic bacteria were present in stored granules, and were lo-
cated at the core regime of high protease activities.

The FISH-CLSM image of the obligate anaerobic strain Bacteroi-
des sp. was shown to primarily locate 200–300 lm beneath the
granule surface. That is, the proteolytic strain P. aeruginosa was pri-
marily located close to the anaerobic Bacteroides sp.

Hence, this study for the first time isolates and identifies prote-
olytic bacteria from stored aerobic granules, and demonstrates the
close relationship between spatial distributions of proteolytic bac-
teria and the activity of protease enzymes. Additionally, this work
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demonstrates that the identified proteolytic strain was located
close to the obligate anaerobic strain Bacteroides sp. inside the
granule. Hence, this study supports the hypothesis of Adav et al.
(2007a) that anaerobic degradation of extracellular proteins in
granule cores corresponds to stability loss of stored granules.
Extracellular proteins were hydrolyzed by enzymes secreted by
proteolytic bacteria, such as P. aeruginosa, and the hydrolyzed
products were utilized by nearby anaerobic strains. This ‘‘partner-
ship” gradually digests the granules from the inside out, eventually
resulting in granule breakdown. With the likely inhibition effects
of phenol on proteolytic bacteria, Adav et al. (2007a) successfully
stored their granules in phenol-containing medium for over 180
days without severe loss of structural stability.

5. Conclusion

The mechanisms corresponding to loss of granule stability dur-
ing storage were studied. During 60 days storage, the extracellular
proteins were noted significantly decreased 457 ± 54 mg g�1 VSS to
288 ± 21 mg g�1. Meanwhile, the enzyme activities in LB-EPS, TB-
EPS and pellets were high: 0.45, 2.5–8.7 and 5.9–17.3 lmol min
�1 g�1 VSS for original granules, and 0.48, 1.7–9.2 and 5.2–
21.1 lmol min�1 g�1 VSS for stored granules. The proteolytic bac-
teria that respond to protein hydrolysis inside stored granules
were isolated and identified for the first time. Particularly, the pro-
teolytic PB1 (P. aeruginosa) strain was distributed at the core re-
gime, close to the obligate anaerobic strain Bacteroides sp. This
work hypothesized that the protease enzyme secreted by proteo-
lytic bacteria hydrolyzed the extracellular proteins in the stored
granules, which was then the used by the nearby anaerobic strains.
The protein core gradually deteriorated by this combined process.
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