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A B S T R A C T   

In this work, the response of aerobic granular sludge (AGS) to organic loading rate (OLR) shock was investigated 
from proteomic level for the first time. Results showed that OLR shock destabilized AGS system in terms of sludge 
properties, nutrient removal and microbial community, while they reached a new stability eventually. The AGS 
system exhibited larger-size granules (4 mm), higher biomass retention (6.9 g/L), enhanced nitrogen removal 
(97%-99%) and abundant Candidatus_Competibacter (30.7%) under OLR shock. Proteomic analysis demonstrated 
that AGS system responded to OLR shock by activating protection mechanism through up-regulating numerous 
metabolic pathways related to amino acid synthesis, aminoacyl-tRNA biosynthesis and gluconeogenesis. With the 
extension of OLR-shocking tests, AGS up-regulated metabolic pathways associated with glycogen synthesis and 
denitrification, which were mainly contributed by Candidatus_Competibacter based on species annotation analysis. 
This study offers an in-depth mechanistic insight into response of AGS to OLR shock and relevant regulation 
mechanisms, which will provide fundamental information and important implications for practically relevant 
cases.   

1. Introduction 

Aerobic granules are microbial aggregates with compact structure, 
higher biomass retention, excellent settleability and reduced footprints 
compared with conventional activated sludge [1,2]. These unique ad-
vantages make aerobic granular sludge (AGS) an advanced technology 
for biological wastewater treatment, and in the past few decades, the 
effectiveness of AGS has been demonstrated for treating a broad range of 
wastewater [3–6]. 

Organic loading rate (OLR) constitutes one of the key factors that 
exert influence on the formation and stability of AGS. In brief, low OLR 
usually results in the formation of small and compact granules and 
longer period for starting up the AGS system [7–9]. On the other hand, 
high OLR accelerates granulation of activated sludge and facilitates 
formation of granules with larger size, while less compact structure and 
poor stability of granules may be a concern [10–13]. A large number of 
studies focused on the boundary conditions of OLR for aerobic granu-
lation and stability, showing the available OLR of 0.15–15 kg COD m− 3 

d− 1for successful granulation. For example, Chen et al. [8] successfully 

cultivated aerobic granular sludge with strong settleability and excellent 
nutrient removal under 0.15 kg COD m− 3 d− 1. Long et al. [11] investi-
gated the OLR tolerance of AGS in a cyclic aerobic granular reactor 
(CAGR) by increasing influent COD concentration, and results showed 
that AGS could withstand OLR up to 15 kg COD m− 3 d− 1. The adaption 
in a wide range of OLRs and high tolerance to OLRs triggered AGS 
system adapt unfavorable conditions. 

AGS system is known to present much greater resistance to OLR 
shock than activated sludge. However, most of studies mainly focused 
on macro-scale studies on OLR tolerance of AGS system, and little is 
known about the way how AGS system responded to OLR shock and how 
granular sludge regulated the mechanisms for resistance to OLR shock. 
From the viewpoint of engineered application, OLR may vary over a 
wide range for both domestic and industrial wastewater [14,15], and 
thus a particular importance needs to be emphasized to investigate the 
response and regulation of AGS system to OLR turbulence. This will be 
useful to further optimize the operational conditions of AGS system 
during practical application process. 

Metaproteomics have been used successfully for identification of 
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proteins in environmental samples on a quantitative basis, recording a 
remarkable applications directed toward biological wastewater treat-
ment. By performing metaproteomics analysis, it was possible to identify 
the main proteins and elucidate relevant functions in enhanced biolog-
ical phosphorus removal (EBPR) system [16]. Another example is re-
ported by Azizan et al. [17] who interpreted the molecular mechanisms 
of poor ammonium removal in wastewater treatment system. However, 
to the best of our knowledge, it remains unclear for proteomic infor-
mation in AGS system under OLR shock conditions. Protein expression is 
of particular importance because it offers a direct mechanistic reflection 
of microbial activities in ecosystems [18]. Performing proteomic anal-
ysis is expected to provide an in-depth proteomic-level insight into the 
underlying response and regulation mechanisms of AGS system when 
experiencing OLR shock. 

The objectives of this study are to (i) investigate the response of AGS 
system to OLR shock in terms of physicochemical properties, nutrient 
removal and microbial community, (ii) analyze the protein expression of 
AGS system under OLR shock using label-free quantitative technique, 
(iii) elucidate the molecular response and regulation mechanisms under 
OLR shock. This study is expected to provide an in-depth insight into the 
response of AGS system to OLR shock from proteomic level, while of-
fering fundamental information for the optimization of AGS technology 
in further engineering applications. 

2. Materials and methods 

2.1. Reactor operation 

A sequencing batch reactor (SBR, 5 cm in diameter and 60 cm in 
height with a working volume of 1.2 L) was used in this work. The 
reactor was operated at 4-h operation cycle, comprising feeding (20 
min), non aeration (40 min), aeration (170 min), settling (5 min) and 
decanting (5 min). The hydraulic retention time was 8 h. Air with a flow 
rate of 1.5 L/min was introduced from the bottom of reactor with fine 
bubble. The effluent was discharged from the middle of the reactor, 
resulting in a volumetric exchange ratio of 50%. The reactor was oper-
ated under OLR of 1.8 kg COD m− 3 d− 1 during 1–80 days and 3.6 kg COD 
m− 3 d− 1 during 81–160 days. To fulfill the objectives of this work, 
comparative analyses among different phases were opted (Table S1). 
The comparative analyses between phase I and phase II was to evaluate 
the response of AGS system to OLR shock. Comparison of phase II and 
phase III allowed to study the operation characteristics and stability of 
AGS system with the extension of OLR shock. 

2.2. Inoculum and feeding 

Stable granules developed at OLR of 1.8 kg COD m− 3 d− 1 were 
selected as inoculum in this work, whose culture strategy was described 
in previous study [19]. The granules for inoculum have maintained 
stable for more than 2 months with average particle size of 2 mm and 
SVI10 of 38 mL/g. Synthetic media fed to AGS system consisting of 60 
mg/L ammonia nitrogen (NH4

+-N), 10 mg/L total phosphorus (TP), 20 
mg/L Mg2+, 20 mg/L Fe2+, 20 mg/L Ca2+ and 1 mL/L microelements. 
The detailed composition of trace element solution is listed in Table S2. 
Carbon source was provided by CH3COONa, which increased from 600 
mg COD/L to 1200 mg COD/L, corresponding to a OLR of 1.8 kg COD 
m− 3 d− 1 and 3.6 kg COD m− 3 d− 1, respectively. 

2.3. Microbial community analysis 

The sludge samples for microbial community analysis were collected 
at phase I (denoted as S11), phase II (S22) and phase III (S33) during 
aeration mixing stage. The bacterial DNA from all the samples was 
extracted using E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, U. 
S.). 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGAC-
TACHVGGGTWTCTAAT-3′) were used as primers to amplify the V3-V4 

hypervariable region of the 16S rRNA gene by thermocycler PCR system 
(GeneAmp 9700, ABI, USA). Sequencing of PCR products was performed 
on an Illumina MiSeq platform (Illumina, San Diego, USA). 

2.4. Protein analysis using label-free quantitative technique 

The sludge samples for proteomic analysis were collected at phase I, 
phase II and phase III during aeration mixing stage. Three biological 
replicates were used for each sludge sample. Proteins from the sludge 
samples were identified and analyzed using label-free quantitative 
technique proteomics. In brief, the procedures of label-free quantitative 
proteomics included protein extraction, protein quantification using 
Pierce™ BCA Protein Assay Kit, sodium dodecyl sulfate (SDS) - poly-
acrylamide gel electrophoresis (PAGE), reduction/alkylation, protease 
digestion by trypsin, peptides quantification and LC-MS/MS analysis. 
The details were described in the Supporting Information (Text S1). 

2.5. Other analytical methods 

COD, NH4
+-N, nitrite nitrogen (NO2

− -N), nitrate nitrogen (NO3
− -N), 

total nitrogen (TN) concentrations of effluent and influent samples, as 
well as the mixed liquor suspended solids (MLSS), sludge volume index 
(SVI) of sludge samples were measured according to the standard 
methods [20]. Sludge retention time (SRT, day) and observed biomass 
yield (Yobs, gCODx/gCODrem) were calculated according to previous 
studies (Text S2) [21–24]. The SRT in this study was approximately 20 
± 2 days. Particle size distribution and sludge mean size were measured 
using sieving methods [25]. Excellular protein and polysaccharides were 
extracted according to previous study [26]. Excellular protein and 
polysaccharides were quantified by Lowery method [27] and phe-
nol–sulfuric acid method [28], respectively. 

3. Results and discussion 

3.1. Response of granular sludge to OLR shock 

Fig. 1 shows the variation of sludge properties during the whole 
phase of operation. The AGS system under 1.8 kg COD m− 3 d− 1 (phase I, 
day 0–80) exhibited stable sludge properties with MLSS of 4.5 g/L, 
particle size of 2 mm and SVI10 of 37 mL/g (Fig. 1). To investigate the 
response of AGS system to OLR shock, OLR was increased from 1.8 kg 
COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1 on day 80. As a result, the sludge 
properties underwent significant change on day 80–100, followed by 
gradually reaching a new stability on day 101–160 under OLR shock 
(Fig. 1). In order to elucidate this response process clearly, we discussed 
the data by separating the two phases for OLR of 3.6 kg COD m− 3 d− 1 to 
phase II (day 80–100; variable phase) and phase III (day 101–160; stable 
phase). Furthermore, in order to ensure the significant change of AGS 
system with respect to OLR variation was the responses of AGS to OLR 
shock, rather than it was caused by the increase of running time, a 
control reactor with OLR of 1.8 kg COD m− 3 d− 1 was performed during 
the whole operational process. Stable AGS with an average particle size 
of 2 mm and biomass concentration of 4.5 g/L during 160-day operation 
further confirmed the response process of AGS system to OLR shock 
(Fig. S1). As shown in Fig. 1, both MLSS and SVI10 sharply increased 
(phase II) and then gradually stabilized at 6.5–6.9 g/L and 44–45 mL/g 
(phase III) under 3.6 kg COD m− 3 d− 1, which were higher than 4.2–4.5 
g/L and 36–38 mL/g under 1.8 kg COD m− 3 d− 1, respectively. When 
OLR was increased from 1.8 kg COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1, the 
observed biomass yield (Yobs) value was increased from 0.14 gCODx/ 
gCODrem (phase I) to 0.22 gCODx/gCODrem (Phase II) (Fig. S2). Liu and 
Tay [21] reported that the Yobs obtained in AGS system was increased 
from 0.063 gVSS/gCOD to 0.137 gVSS/gCOD when OLR increased from 
1.5 kg COD m− 3 d− 1 to 3 kg COD m− 3 d− 1. Higher Yobs means more 
excessive sludge production, most likely due to incomplete anaerobic 
internal storage of substrates under high OLR leading to overgrowth of 
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fast-growing microorganisms [29]. With the extension of operational 
time, Yobs was decreased to 0.17 gCODx/gCODrem at phase III (Fig. S2). 
Decreased biomass yield per CODrem under 3.6 kg COD m− 3 d− 1 should 
result from the enriched polymer-storage microorganisms. This was 
consistent with previous studies where polymer-storage microorganisms 
such as glycogen accumulating organisms could convert substrates to 
polymers under anaerobic condition and grow on the stored polymers at 
a lower growth rate during aerobic period [29,30]. Average particle size 
decreased slightly first and then increased rapidly (phase II), stabilizing 
at approximately 4 mm eventually (phase III), the value being much 
higher than 2 mm under 1.8 kg COD m− 3 d− 1 (Fig. 1). Particle size 
distribution analysis demonstrated that the proportion of 4–6 mm 
granules increased to 50–60%, and the proportion of granules with 1–2 
mm decreased to 9–12% under OLR shock (Fig. S3). These results 
indicated that AGS system under OLR shock exhibited high biomass 
concentration, large-sized granules and poor sludge settleability (day 
80–160). Besides that, OLR shock stimulated a transient accumulation of 
flocculent sludge in AGS system. As shown in Fig. 1e-i, no visible flocs 
was observed during day 0–80 (Fig. 1e, f), while obvious flocs appeared 
on the upper layer of sludge bed during 80–100 days (Fig. 1g). After-
wards (day 101–160), they gradually disappeared and negligible floc-
culent sludge was observed on the upper layer of sludge bed (Fig. 1h, i). 
The short-lived flocs could also be confirmed and proved by the results 

of particle size distribution (Fig. S3). Clearly, the proportions of flocs 
(<200 μm) was stabilized at 3–6% under 1.8 kg COD m− 3 d− 1 (day 
0–80), while it sharply increased to 15% (day 90) and then gradually 
recovered to approxiamtely 3% under 3.6 kg COD m− 3 d− 1 (Fig. S3). The 
changes of sludge properties may be attributed to the high food/mi-
croorganisms (F/M) ratio (Fig. 1d). Sudden increase of OLR from 1.8 kg 
COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1 resulted in a 2-fold increase in F/M 
value from 0.4 to 0.8 on day 80. High F/M was reported to increase 
sludge hydrophilicity, and thereby poor sludge settleability [31]. 
Furthermore, high F/M promoted rapid growth of microorganisms, 
which was not conducive to cell aggregation and facilitated the pro-
duction of flocs [31,32]. Similarly, Hamza et al. [33] reported that rapid 
bacterial growth would out-compete biomass aggregation, resulting in 
the presence of flocs in AGS system. In this study, the flocs gradually 
disappeared along with reactor operation based on the results of sludge 
morphology and particle size distribution (Fig. 1h-i, Fig. 3S). The most 
likely reasons for the disappearance of flocs might be that (i) some flocs 
attached onto the surface of granules and poor settling flocs was washed 
out under short settling time (5 min) along with the operation [34–36]; 
(ii) the increased biomass concentration under high F/M ratio in turn 
decreased F/M ratio (Fig. 1d), slowing down the rate of microbial 
growth and thus contributing to the disappearance of flocs [32,33]; (iii) 
most COD was stored anaerobically by polymer-storage microorganims, 

Fig. 1. Sludge properties (a-d) and morphology (e, f: phase I, g: phase II, h, i: phase III) during 160-day operation.  
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resulting in little available COD during aerobic period for fast-growing 
microorganism growth [29]. 

3.2. Nutrient removal by AGS under OLR shock 

COD removal efficiency was shown to be stabilized at 92–94% dur-
ing phase I (OLR of 1.8 kg COD m− 3 d− 1, Fig. 2a). Increasing OLR from 
1.8 kg COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1 led to a decrease in COD 
removal efficiency to 77% (phase II, Fig. 2a). The instant increase in 
influent COD offered excessive substrate than the biomass can be 
consumed, and thus the surplus substrate was observed in the effluent 
[37]. At phase III, COD removal efficiency was stabilized and recovered 
to higher than 90%. These results implied that OLR shock disturbed the 
stability of COD removal, while it was recovered to the initial level of 
90% with good stability along with the operation. Cyclic test of AGS 
performance at phase III suggested that majority of influent COD was 
removed during the first 60-min non-aeration period, accounting for 
COD concentration lower than 50 mg/L from the 80th min to the end of 
aeration period (Fig. S4a). In other words, the microorganisms at phase 
III were likely to sustain at starvation stage during aeration period. In 
comparison, higher effluent COD concentration (270 mg/L) at phase II 
suggested sufficient carbon source available for growth of microorgan-
isms during the whole operational cycle. It was known that the feeding 
substrates were utilized for microbial growth and stored as intracellular 
polymers under anaerobic condition [30,38]. Thus, high biomass con-
centration at phase III resulted in greater capability for COD removal 
under anaerobic period compared with phase II, which should be 
responsible for high COD removal during non-aeration period (Fig. S4a). 

As shown in Fig. 2b, TN removal efficiency was stabilized at 
52.5–71.9% during pahse I. When the OLR was increased from 1.8 kg 
COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1, effluent NO3

− -N concentration was 
found to drop from 25.4 mg/L to 10.8 mg/L, corresponding to an in-
crease in TN removal efficiency from approximately 56% to 80% at 
phase II (Fig. 2b). This result was not surprising as OLR shock along with 
excessive exogenous carbon source promoted nitrogen removal at phase 
II in AGS system (Fig. 2a). At phase III, TN removal was further 
improved to the efficiency of 97%-99% on day 145 until the end of 
operation, and the NO3

− -N and NO2
− -N concentration were<0.5 mg/L 

(Fig. 2b). This indicated excellent denitrification performance of AGS 
system. This confirmed that the OLR shock disturbed the stability of 
nitrogen removal, while extending OLR shock could stabilize higher 
nitrogen removal. The enhanced TN removal and lower effluent NO3

− -N 
and NO2

− -N concentration at phase III than phase II should be attributed 
to larger-sized particles at phase III (Fig. 1). Compared with small par-
ticle size and floc presence at phase II, the larger-sized granules and full 
granulation at phase III created more anoxic space for growth of anerobe 
and facultative aerobe, which facilitated growth of functional microor-
ganisms relevant to nitrogen removal [11,26]. NH4

+-N removal effi-
ciency reached a level being close to 100% during the whole phase of 

operation (data not shown). Cyclic tests at phase III indicated that the 
NH4

+-N was mainly removed during 60–120 min aeration period 
(Fig. S4b). Moreover, slight decrease of NH4

+-N concentration during 
0–60 min was observed (Fig. S4b). The slight decrease of ammonia ni-
trogen concentration was likely due to microbial assimilation. Under 
sufficient carbon source condition, microbes would consume ammonia 
nitrogen to convert into cellular substances [39]. NO3

− -N concentration 
was maintained between 0.8 mg/L and 1.9 mg/L throughout the cyclic 
test with slight accumulation of NO2

− -N at 120 min (5.1 mg/L), followed 
by gradual decline to 0.2 mg/L at the end of test. This phenomenon 
might have connections with lower reduction rate of NO2

− -N than the 
reduction rate of NO3

− -N [40]. 

3.3. Analysis of microbial community under OLR shock 

Microbial community was analyzed to investigate the response of 
AGS to OLR shock. PCoA analysis illustrated that the microbial com-
munity in AGS system changed significantly under OLR shock, which 
could also be confirmed by the stable microbial community in control 
reactor with OLR of 1.8 kg COD m− 3 d− 1 throughout the whole phase 
(Fig. S5). Microbial community composition at phylum suggested that 
Proteobacteria, Bacteroidota and Chloroflexi were the dominant phyla in 
all the samples collected from three phases of operation, accounting for 
72.4%, 15.3% and 3.26% in S11 (phase I), 41.9%, 45.5% and 3.76% in 
S22 (phase II) and 66.1%, 20.5% and 7.32% in S33 (phase III), respec-
tively (Fig. 3a). When the OLR was increased from 1.8 kg COD m− 3 d− 1 

to 3.6 kg COD m− 3 d− 1, there was an observation of sharp decline in 
Proteobacteria abundance from 72.4% to 41.9%, an increase in Bacter-
oidota abundance from 15.3% to 45.5% and Chloroflexi abundance from 
3.26% to 3.76%. This indicated that the OLR shock facilitated the 
growth and enrichment of phyla Bacteroidota and Chloroflexi, driving the 
shift of most abundant bacteria from phyla Proteobacteria at phase I to 
Bacteroidota at phase II (Fig. 3a). With the extension of operational time, 
phyla Proteobacteria abundance was increased to the level becoming the 
most abundant one again. That is, the OLR shock could cause the shift of 
the most abundant phyla, but the shift could be recovered to the initial 
state along with the operation. In spite of this, the relative abundance of 
phyla Proteobacteria at phase III (66.1%) remained lower than that of 
phase I (72.4%), whereas the relative abundance of phyla Bacteroidota at 
phase III (20.5%) was higher than that of phase I (15.3%, Fig. 3a). Be-
sides that, the relative abundance of phyla Chloroflexi at phase III was 
7.32%, representing a value being 2.25 times higher than that of phase I 
(3.26%, Fig. 3a). 

Fig. 3b reveals the composition of bacterial community under three 
phases at genus level. The dominant genera were Paracoccus (25.6%), 
norank_f__Rhodobacteraceae (21.5%) and Microscillaceae OLB12 (10.6%) 
in S11, norank_f__Saprospiraceae (13.1%), Microscillaceae OLB12 
(11.9%), Flavobacterium (9.89%) and Thauera (6.10%) in S22, Candi-
datus_Competibacter (30.7%) and Flavobacterium (10.6%) in S33. When 

Fig. 2. Profiles of COD (a) and nitrogen (NO3
− -N, NO2

− -N, TN) (b) during the whole operation.  
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the OLR was increased from 1.8 kg COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1, 
the relative abundance of Microscillaceae OLB12 remained relatively 
stable of approximately 11%, while that of norank_f__Saprospiraceae, 
Flavobacterium and Thauera was increased from 1.29%, 0.392% and 
0.505% to 13.1%, 9.89% and 6.10%, respectively (Fig. 3b-c). This 
suggested the OLR shock to be beneficial for growth and enrichment of 
norank_f__Saprospiraceae, Flavobacterium and Thauera. Combined with 
the result of floc appearance at phase II (Fig. 1f), it was reasonable to 
infer that the flocs stimulated by OLR shock were mainly composed of 
norank_f__Saprospiraceae, Flavobacterium and Thauera. At phase III, the 
relative abundance of norank_f__Saprospiraceae was decreased signifi-
cantly from 13.1% to 1.00%, and that of Thauera was decreased from 
6.10% to 3.28% (Fig. 3c). On the contrary, the Flavobacterium abun-
dance altered slightly, i. e. valued 10% by the end of operation (Fig. 3b- 
c). These results indicated that most norank_f__Saprospiraceae was 
washed out, while Flavobacterium and part of Thauera were retained in 
the reactor. The decrease in norank_f__Saprospiraceae and Thauera was 
likely due to washout of poor-settling flocs under short settling time. In 
addition, the relative abundance of Candidatus_Competibacter was 
increased sharply to 30.7%, which became the most dominant genera 
under OLR shock. The Candidatus_Competibacter was known as slow- 
growing carbon-storing organisms capable of converting readily 
degradable substrates to intracellular storage polymers under anaerobic 
condition [30,41]. Thus, the abundant Candidatus_Competibacter should 
be responsible for the high COD removal in non-aeration period under 
OLR shock (Fig. S4a). During the aeration period at phase III where 
microorganisms were in starvation (Fig. S4a), the abundant Candida-
tus_Competibacter was capable of consuming storage polymers for sup-
porting growth with nitrate/nitrite serving as electron acceptor, which 
was consistent with the enhanced nitrogen removal at phase III (Fig. 2, 
S4b). In addition, the abundance of some denitrifying bacteria such as 
Thauera decreased at phase III compared with phase II (Fig. 3), this 
result further suggested that the sharp increased Candidatus_Competi-
bacter played important roles in the enhanced nitrogen removal at phase 
III (Figs. 2 and 3). Compared with phase I, OLR shock increased the 
influent COD concentration and supplied more carbon source at non- 
aeration phase. Higher COD concentration means higher driving force 
for transportation of substrate from bulk liquid to granule interior. Both 

two factors created a favorable condition for growth and enrichment of 
Candidatus_Competibacter [30,42]. 

3.4. Response mechanism of AGS to OLR shock from protein level 

We studied and confirmed that AGS made responses to resist OLR 
stress and eventually reached a new stability along with the operation. 
In order to underline the way AGS responded to OLR shock and AGS 
regulated the mechanisms for resisting OLR shock at protein level, label- 
free quantitative technique was used to analyze the differently expressed 
proteins (DEPs) and corresponding metabolic pathways among different 
phases. In this study, the differences of proteomic information in AGS 
system before (day 0–80) and after (day 80–160) OLR shock was 
discussed. 

3.4.1. Protein expression of AGS to OLR shock 
In this study, differentially expressed proteins (DEPs) in “S22 vs S11” 

and “S33 vs S22” groups were analyzed. The DEPs were selected based 
on p < 0.05, down-regulation FC < 0.5 and up-regulation FC > 2. Gene 
Ontology (GO) is a description of gene function based on a compre-
hensive database [43,44]. According to GO annotation, genes and gene 
products can be classified into molecular function (MF), cellular 
component (CC), and biological process (BP) [45,46]. As shown in 
Fig. 4, the DEPs in “S22 vs S11” and “S33 vs S22” groups were annotated 
according to Gene Ontology (GO), providing an overview of the DEPs 
based on their functions. 

Molecular function analysis revealed that most of DEPs were related 
to catalytic activity and binding activity in both “S22 vs S11” and “S33 
vs S22” groups (Fig. 4a). Since catalytic activity is associated with en-
zymes involved in biochemical reactions, a large amount of DEPs 
responsible for catalytic activity indicated significant change of cell 
activity induced by OLR shock [47]. Furthermore, analysis for sub-
groups of catalytic activity revealed transferase activity, oxidoreductase 
activity and hydrolase activity to be the main catalytic activity in both 
“S22 vs S11” and “S33 vs S22” groups (Fig. S6a-b). For “S22 vs S11” 
group, more up-regulated proteins were observed in relation to trans-
ferase activity and oxidoreductase activity than down-regulated pro-
teins, while fewer up-regulated proteins associated with hydrolase 

Fig. 3. Bacterial community composition of S11, S22 and S33 at phylum (a) and genus level (b), the variations of norank_f_saprospiraceae, flavobacterium and thauera 
at different phases (c). 
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activity than down-regulated proteins (Fig. 4b). In comparison, the up- 
regulated proteins relevant to transferase activity and hydrolase activity 
were more than down-regulated proteins, while fewer up-regulated 
proteins associated with oxidoreductase activity than down-regulated 
proteins in “S33 vs S22” group (Fig. 4b). These results demonstrated 
that the expression of transferase activity proteins was always enhanced 
during the whole phase of operation. This suggested an essential role of 
transferase activity proteins in AGS system under OLR shock. Besides 
that, the expression of oxidoreductase activity and hydrolase activity 
proteins behaved differently between “S22 vs S11” and “S33 vs S22” 
groups (Fig. 4b). At phase II, sudden increase in COD concentration led 
to excessive exogenous substrates fed into reactor, and thus up-regulated 
oxidation–reduction reactions. At phase III, microorganisms contained 
within granules experienced starvation under low exogenous carbon 
source (Fig. S4a). As a result, they were forced to hydrolyze macromo-
lecular substances to obtain sufficient carbon and energy source avail-
able for cell growth [48], and thus up-regulated the expression of 
proteins associated with hydrolase activity. 

In addition, high fraction of DEPs relevant to binding activity in both 
“S22 vs S11” and “S33 vs S22” groups implied a significant change of 
binding activity proteins in AGS system under OLR shock (Fig. 4a). The 
function of binding is associated with the selective binding interaction 
between relevant molecules [47]. Analysis for subgroups of binding 
activity showed the nucleoside phosphate, nucleotide, cation, anion, 
nucleic acid, ribonucleotide and ATP binding to be the dominant bind-
ing functions of DEPs in “S22 vs S11” and “S33 vs S22” groups (Fig. S6c- 
d). In “S22 vs S11” gourp, OLR shock presented inhibition on the 

expression of binding proteins mentioned above except for the proteins 
with cation binding function. On the contrary, most binding proteins 
except for cation binding proteins were enhanced in “S33 vs S22” group 
(Fig. 4b). Considering more abundant cation binding proteins in sus-
pended sludge rather than biofilm [47], this may provide the most likely 
explanation to higher amount of cation binding proteins in “S22 vs S11” 
group with the presence of flocs at phase II. On the other hand, cell 
aggregation was adversely impacted by declined cell hydrophobicity 
due to the presence of amino groups in anion-binding proteins [43,49]. 
The down-regulation of anion binding proteins in “S22 vs S11” group 
implied the improvement of microbial aggregation to withstand OLR 
shock in AGS system. Nevertheless, the SVI10 at phase II was higher than 
that of phase I, probably due to the presence of flocs at phase II (Fig. 1f). 
The increase of OLR from 1.8 kg COD m− 3 d− 1 to 3.6 kg COD m− 3 d− 1 

resulted in a sudden and sharp increase of F/M and thus fast biomass 
growth. The high microbial growth rate could exceed the aggregation 
capacity of microorganisms and resulted in floc appearance (Fig. 1f) 
[33]. Thus, the presence of poorsettling flocs in reactor increased the 
SVI10 at phase II. Furthermore, with the extension of operational time, 
improved expression of anion binding protein suggested negative impact 
of long-term OLR shock on sludge aggregation. This appeared to be in 
good agreement with previous studies where high OLR facilitated sludge 
aggregation and rapid aerobic granulation while the resulting granules 
were loosely structured and unstable with the extension of operational 
time [12,13]. 

With regard to cell component and biological process, a large num-
ber of DEPs in both “S22 vs S11” and “S33 vs S22” groups located in cell 

Fig. 4. The classification of DEPs in “S22 vs 
S11” and “S33 vs S22” groups based on Gene 
Ontology (GO) secondary level (a), compar-
ison of the up- and down-regulated proteins 
associated with catalytic activity and binding 
in “S22 vs S11” and “S33 vs S22” groups (b). 
Note: the red color means up-regulated 
(down-regulated) proteins were more than 
down-regulated (up-regulated) proteins, and 
green color means up-regulated (down- 
regulated) proteins were fewer than down- 
regulated (up-regulated) proteins.   
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part and participated in metabolic and cellular processes (Fig. 4a). Be-
sides that, the amount of up-regulated proteins were more than down- 
regulated proteins in both “S22 vs S11” and “S33 vs S22” groups 
(Fig. S7), implying that OLR shock promoted the expression of proteins 
located in cell part and involved in metabolic and cellular process. 

3.4.2. Metabolic pathway of AGS to OLR shock 
To gain further insights into the response mechanisms of AGS to OLR 

shock from protein level, the analysis and discussion of metabolic 
pathways were necessary. In this study, the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment of up-regulated proteins 
identified in “S22 vs S11” and “S33 vs S22” groups was analyzed. Fig. 5 
shows the overview of KEGG pathway significantly enriched in “S22 vs 
S11” and “S33 vs S22” groups (p < 0.05). Clearly visible is that the OLR 
shock exhibited a significant impact on the metabolic pathways. Fig. 5a- 
b illustrated 35 pathways enriched in “S22 vs S11” group and 24 path-
ways in “S33 vs S22” group, respectively. Among these enriched path-
ways, 10 pathways were found to be shared by “S22 vs S11” and “S33 vs 
S22” groups, whereas 25 pathways were unique in “S22 vs S11” group 
and 14 unique pathways in “S33 vs S22” group (Fig. 5c). This suggested 
10 shared pathways to be up-regulated during the whole operation. The 
10 shared pathways might have contribution as essential pathways for 
facilitating AGS system to resist OLR shock and recover stability. As 
shown in Fig. 5d, 10 shared pathways were identified to consist of 
carbon metabolism (ko01200), biosynthesis of amino acids (ko01230), 
cirtate cycle (TCA cycle, ko00020), propanoate metabolism (ko00640), 
glycolysis/gluconeogenesis (ko00010), quorum sensing (ko02024), 

alanine, aspartate and glutamate metabolism (ko00250), arginine 
biosynthesis (ko00220), degradation of aromatic compounds (ko01220) 
and biofilm formation-pseudomonas aeruginosa (ko02025). 

Primary metabolic pathways, i. e. biosynthesis of amino acids, car-
bon metabolism, glyconegenesis, and TCA cycle, were up-regulated in 
both “S22 vs S11” and “S33 vs S22” groups, suggesting OLR shock to 
activate TCA cycle and stimulate amino acids and glucose synthesis 
through central carbon metaoblism. In “S22 vs S11” group, numerous 
pathways associated with amino acid metabolism were up-regulated, 
which included valine, leucine and isoleucine biosynthesis (ko00290), 
lysine biosynthesis (ko003000), phenylalanine, tyrosine and tryptophan 
biosynthesis (ko00400), arginine biosynthesis (ko00220), alanine, 
aspartate and glutamate metabolism (ko00250), cysteine and methio-
nine metabolism (ko00270), glycine, serine and threonine metabolism 
(ko00260), phenylalanine metabolism (ko00360), tryptophan meta-
bolism (ko00380), histidine metabolism (ko00340), lysine degradation 
(ko00310) (Fig. 6a). Details of these pathways showed that 18 kinds of 
amino acid synthesis pathways were up-regulated in “S22 vs S11” group, 
including cysteine (cys), methionine (met), glycine (gly), threonine 
(thr), alanine (ala), aspartate (asp), asparagine (asn), glutamate (glu), 
glutamine (gln), valine (val), isoleucine (ile), leucine (leu), arginine 
(arg), tryptophan (trp), phenylalanine (phe), tyrosine (tyr), lysine (lys), 
histidine (his) (Fig. 6c). Based on these results, the AGS system was 
likely to up-regulate amino acid synthesis pathways in response to OLR 
shock, which might help AGS system to resist the OLR stress. Most of 
amino acids except val, lys and arg were considered indispensable for 
extracellular protein (PN) [50,51]. Combined with the significantly up- 

Fig. 5. KEGG pathway analyses of the up-regulated proteins in “S22 vs S11” and “S33 vs S22” groups.  
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regulated aminoacyl-tRNA biosynthesis pathway in “S22 vs S11” group 
(Fig. 6a), PN synthesis could be activated at phase II. This result is 
consistent with the enhanced PN production under OLR shock (Fig. S8). 
Similar results were obtained by Paulo. et al [52], who found most of the 
bacteria within granules were excellular polymeric substance producers 
during higher OLR period. A function frequently attributed to extra-
cellular polymeric substances was their protective effect in microor-
ganisms against stressful environments [52–55]. Thus, AGS system was 
able to synthesize more amino acids closely related to excellular poly-
meric substances to protect it from turbulent influent COD concentration 
and OLR shock. By contrast, only 2 pathways (ko00250, ko00220) 
related to amino acid metabolism and corresponding 3 kinds of amino 
acid (glu, gln, arg) synthesis were up-regulated in “S33 vs S22” group, a 
value being much fewer than 11 pathways in “S22 vs S11” group 
(Fig. 6). These results suggested that the AGS system could activate a 
protection mechanism through upregulating a large number of amino 

acid synthesis pathways in response to influent COD turbulence. 
Furthermore, gluconeogenesis pathway was up-regulated in both “S22 
vs S11” and “S33 vs S22”, in which uridine diphosphate glucose (UDP- 
glucose) synthesis was up-regulated (Fig. 6). It is known that the basic 
pathway of polysaccharides (PS) synthesis played a determinstic role in 
the PS content in excellular polymeric substances [51]. The up-regulated 
UDP-glucose in “S22 vs S11” group was consistent with the activated 
excellular polymeric substances protection mechanism in response to 
OLR shock. In “S33 vs S22” group, glycogen synthesis pathway was 
remarkably up-regulated (Fig. 6). To further analyze the enzyme 
involved in glycogen synthesis process in “S33 vs S22” group, species 
annotation analysis of the up-regulated proteins related to glycogen 
synthesis according to NR database was carried out (Table S3). Results 
showed that most of the up-regulated proteins during glycogen synthesis 
process (13/19) in “S33 vs S22” group were originated from Candida-
tus_Competibacter (Table S3). Additionally, the nitrogen metabolism in 

Fig. 6. The KEGG pathways significantly enriched only in “S22 vs S11” (a) and “S33 vs S22” (b) groups (p < 0.05), the network of amino acid synthesis, glycogen 
synthesis and denitrification pathways (c). 
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“S33 vs S22” group was up-regulated (Fig. 6b). As shown in Fig. 6c, the 
expression of narGHI, nirS and nosZ was remarkably up-regulated. It was 
known that NarGHI, nirS and nosZ were key enzymes involved in deni-
trification. The up-regulation of narGHI, nirS and nosZ was in line with 
the enhanced nitrogen removal at phase III (Fig. 2b). In addtion, species 
annotation suggested that most of the enzymes (4/6) involved in deni-
trification were originated from Candidatus_Competibacter (Table S4). 
The Candidatus_Competibacter was reported to consume intracellular 
storage polymer substrates for carbon source in famine phase, resulting 
in synthesis of glycogen through gluconeogenesis pathway and gener-
ating electron equivalents [30,56]. Although OLR shock caused exces-
sive substrates at phase II, the soluble acetate was almost removed 
during the first 60-min non-aeration period at phase III, and this allowed 
a low substrate concentration in aeration stage (Fig. S4a). As a result, 
microorganisms within granules were unlikely to gain enough nutrient 
and energy sources from bulk liquid, and thus alternatively consumed 
intracellular substrates for survival. The large-sized particles created 
anoxic zone for microorganisms within granules (Fig. 1). In anoxic 
micro-environment, nitrate/nitrite could be utilized as electron acceptor 
for the intracellular carbon oxidation within Candidatus_Competibacter, 
resulting in up-regulated denitrification process in “S33 vs S22” group. 

4. Conclusions 

OLR shock disturbed the stability of AGS system in terms of sludge 
properties, nutrient removal and microbial community, while they 
reached a new stability eventually along with the operation. From 
proteomic level, AGS system responded OLR shock by up-regulating 
numerous metabolic pathways in relevance to amino acid synthesis, 
aminoacyl-tRNA biosynthesis and gluconeogenesis. With the extension 
of operational time, AGS system up-regulated metabolic pathways 
associated with glycogen synthesis pathway and denitrification, which 
was attributed to Candidatus_Competibacter based on species annotation 
analysis. 
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