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Structure and stability of aerobic granular sludge during operation in
wastewater treatment
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Abstract Over the past two decades, aerobic granular sludge (AeGS) technology has been extensively studied
and widely used in biological wastewater treatment. To date, many studies have been carried out globally in relation
to AeGS formation mechanisms, parameter optimization, functional microbial analysis, and secretion enhancement
of extracellular polymeric substances (EPS); indeed, remarkable achievements have been made in elucidating
the mechanism of granulation and in particular, the acceleration of the granulation process. AeGS is known to
be rapidly cultivated within 30 days, based on the previously described four-step theory and three hypotheses of
AeGS formation process. However, an effective solution to AeGS instability during long-term operation does not
exist, which greatly impedes its engineering applications. As such, this review focuses on AeGS instability and
its related factors. The key factors influencing the structural stability of AeGS are summarized, including mass
transfer resistance, structure and functions of dominant microorganisms, EPS secretion, and composition and
cohesion of granules. The corresponding strategies to provide potential solutions to AeGS instability during long-
term operation include particle size control; the optimization of functional microbial community structure, through
the enrichment of slow-growing microbes and the inhibition of filamentous bacteria and anaerobic bacteria in the
core; the regulation of EPS characteristics and quorum sensing; and the enhancement of particle core intensity
by adding metal ions and nucleating agents, and inoculating granular sludge or EPS. Future research should use
in situ techniques, advanced molecular biology tools, and new biochemical and biophysical approaches working
in tandem, to explore the causes and mechanisms of granular instability, ultimately providing guidance for the
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maintenance of AeGS structural stability in the long term.

Keywords aerobic granular sludge (AeGS); structure stability; influence factor; control strategy
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Fig. 1 The morphology of typical structure instability of aerobic granular sludge.
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Table 1 Summary of researches on the structure instability of aerobic granular sludge
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Instability types of ong ETEM CRERREE R 53 47 SH3CH
. peration condition Instability characteristics Cause Reference
aerobic granular sludge
& TR PE S 2.4 L SBR; {14 h, Ml 202207 B EBURRAL G OK, BORLIR . DUREPEREYY  BORDRLAR B I 7RG [18]
Changes of mass min; F WA 5#2.0 cm/s; HEKBRIELLZ FEAE. Shife< 1 mmpg@RiAtL, Kifg>4 mm )5, PR o 88m,
transfer properties 125 N, OLR (LICODi) A6 kg m™ [0k 4 /& H199.22%% 5589.51%, SVIHI134.90 F# AR A= 43 i
d’ F+%66.02 mL/g. kifzi#id4.0 mm/gfgiA, PI#% When the granular size
2.4 L SBR; 4 h cycles; aeration time: v i exceeded the critical size,
202-207 min; superficial gas velocity: 2.0 With the increase of granular size, granular the internal mass transfer
cm/s; influent carbon resource mainly  strength, surface hydrophobicity and SVI resistance increased
contained acetate, OLR (counted as decreased; compared with the granules with  and the biological activity
COD): 6 kgm=d" size <1 mm, the strength of granules with size decreased
>4 mm decreased from 99.22% to 89.51%,
and SVl increased from 34.90 to 66.02 mL/g. A
large number of dead cells appeared in the core
when the granular size exceeded 4.0 mm
22 R T R R B 1.2L SBR: 16 h, JLHBES317-352 247131 dBURLA A, 166 di5 e LI LR B oK & IRk IS S 8RB [20]
Excessive growth of ~ min; £ H1.8 cm/s; HEKRRIELL L 958, 25 3T, FRAEM1. mmPpEE0.2  JEAEK
filamentous bacteria 432, COD 500 mg/L, C/N’y10:1  mm, V578 SVIFE %200 mL/g Low substrate
1.2 L SBR; 6 h cycles; aeration time: The granules disintegrated after 131 d concentration led to
317-352 min; superficial gas velocity: 1.8 operation, and many filamentous bacteria were excessive growth of
cm/s; influent carbon resource mainly ~ found on the surface of sludge after 166 d filamentous bacteria
contained ethanol, COD = 500 mg/L; C/ operation, flocs sludge dominated the reactor,
N =10:1 the average granular size decreased from 1.5 to
0.2 mm, and the SVI reached 200 mL/g
3L SBR; A3 h, JLrIE 169 min: Al FaE BRI AUBAE40% 5 TIET10d, Bl BRAKERIER SR [22]
MU EE40%; HEKBRIFCAC RN E,  RRTEHBL LRS54, 24 dfE 0k 45 M sy R T AR K
OLR (ACODit) 1.6 kgm?d’, C/NA &, A48 (LAVSSit) H5/%£3.5g/L The decrease of dissolved
8:3 Filamentous structure appeared on the surface oxygen concentration
3 L SBR; 3 h cycles; aeration time: 169  of the granules after 10 d operation at 40% led to overgrowth of
min; oxygen saturation: 40%; influent  oxygen saturation. After 24 d, the granules filamentous bacteria
carbon resource mainly contained disintegrated with hollowcore, the biomass
acetate; OLR (counted as COD): 1.6 kg concentration decreased from 5 to 3.5 g VSS/L
m*d”; C/N =8:3
IR AL K 4L SBR; A4 h, HIE<220 min; 121730 dNTECFHAIRIAR ! mmi kL, 85 dfF BT AL R, PRACE A4 [18]
Anaerobic core FW1i#2.0 cm/s; HRT =8 h; Wif%l  BURLCT-BIRAEHE 2216 mm, JURETERE AL, WO K3 B K i
hydrolysis W5 mg/L; OLR (LICODi) N6kg & fifik The overgrowth of
m3d” Granular formed with an average size of 1 anaerobic bacteria
4 L SBR; 4 h cycles; aeration time: mm within 30 d operation. After 85 days, the caused by mass transfer
220 min; superficial gas velocity: 2.0 average granular size increased to 16 mm, limitation led to hydrolysis
cm/s; HRT = 8 h; dissolved oxygen along with deterioration of the settleability, and of the core
concentration: 5 mg/L; OLR (counted as the granules finally disintegrated
COD): 6 kg m*d”
5L SBR; 318 h, JLtHR 315 min;  BURIALBRAE EIHTE, NFSAETESUERIBR ],  ASURLAL RGN I8 1 4 5 K [8]
HRT = 13.3 h; SRT = 15-20 h; i fi# 5 A/ UE ZIRFEAE IR B BURT1 hou50 um, £ B339, IR s
3.0-3.5mg/L; #ACHEEK K, OLR  BRSE5 RIS 5400 pm, Bk A #2Z W &2 BIBEAN0M 25352, T80k i PR
(LLCODit) 427 kgm?*d’ The pores and channels of the granules were  The pores and channels of
5L SBR; 8 h cycles; aeration time: 15 min; blocked, oxygen transfer was limited in the granules were blocked by
HRT =13.3 h; SRT = 15-20 h; dissolved interior, the oxygen penetration depth was 50  suspended solids, colloidal
oxygen concentration: 3.0-3.5mg/L; um in the first hour of aeration and 400 pm substances and grease
influent was slaughter wastewater; OLR  at the end of aeration, and dead cells were in wastewater, resulting in
(counted as COD): 2.7 kg m*d” observed in the inner core mass transfer limitation
EPS/rit S5 A 0.9 L SBR; JAHI6 h, JLrhBE 320 min; g MUk &2 B-VE M B /K i), MLAh 24 (PS)  EPSH YERr 45 M Lo [23]
Changes of EPS HEKBRIE A N & 162.00%%£24.1 mg/g VSS, WURLME LR, JE¥IB-Z HEBL K i
secretion and 0.9 L SBR; 6 h cycles; aeration time: 10-80 pmi H The B-polysaccharides
composition 320 min; influent carbon resource The content of extracellular polysaccharide (PS) responsible for structural
mainly contained phenol decreased from 62.0 to 24.1 mg/g VSS after and mechanical strength
B-amylase hydrolysis, the granules break into  of EPS was hydrolyzed
10-80 pm fragments
14 LRI Ry s EI2.4 h, Jid L3t /K CINEL F 4R AR, ORI BE 58 2 TR EPSHI M 2 W Al 2 R [24]

<120 min; & W 1.2 cm/s; 3K
CODKJZ 400 mg/L, CINA4, 271 1

1.1 L airlift reactor; 2.4 h cycles; aeration
time: 120 min; superficial gas velocity:
1.2 cm/s; influent COD concentration:

400 mg/L; C/N=4; 2; 1

KNFIGTIEPERE A, EPSH AL, PR &=, F5 TRk
#1889 mmf# 42250 mm, SVIHI37# 479 mLlg, 45k kA

PSS & T F£63%. thsbh, Bkt fidfb T GEE F- 5 The decrease of PS and
AR, fHALIERE N FE, EPSHIER 2R & &Ik />,  tyrosine in EPS led to
When the C/N ratio of influent water decreased the instability of granular
from 4 to 1, the physical strength, granular size structure

and settleability of granular sludge deteriorated.

The average size decreased from 889 mm

to 250 mm, the SVI increased from 37 to 79

mL/g, and the PS content decreased by 63%.

Moreover, the abundance of nitrifying functional

bacteria and nitrification rate decreased, the

contents of tyrosine reduced
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4£3%1 Table 1 (continued)
ARG SEagit] N . . ' .
HBLELS <R BT A KRt b 547 Bk
Y typ Operation condition Instability characteristics Cause Reference

aerobic granular sludge

EPS/y il 541 ek4:  3.5L SBR; M3 h, HAHE {160 min; 38 dF[125d, fiusheE (PN) & B H13138 % EPSit &0, 1428k [25]
Changes of EPS HRT =6 h; SRT =30d: XM#2.4 324 g/gVSS, iz1740 djF BURL IR, 248d LK, 34 RAE P 75
secretion and cm/s; BEKRRIFLL TR #:0E, OLR (BL HHEURLAL 3640 40% The excessive secretion
composition CODit) 43.6 kgm™>d", C/NJ10:1 From 38 d to 125 d, the content of of EPS blocked the pores

3.5 L SBR; 3 h cycles; aeration extracellular protein (PN) increased from 131 of granules and increased

time: 160 min; HRT =6 h; SRT =30  to 324 g/g VSS. The granules disintegrated  the mass transfer

d; superficial gas velocity: 2.4 cm/ after 40 d operation, the granulation rate was resistance

s; influent carbon resource mainly only 40% at 248 d

contained acetate, OLR (counted as

COD): 3.6 kg m*d"; C/N = 10:1
N IVAT K 1L SBR; JA#12d, AR HART0%;  Fa Wb 2% B AL B AL 31 /5, PN S H13.6 MEAL AR PR ARHE (R BT [26]
Quorum sensing HEARKBRIE LA 25 )y, CODIREE %273 mg/g MLSS, PSS & H115.0 (4%9.7 1, EPST A4 &
regulation 500 mg/L, COD/N/P>4100:5:1 mg/g MLSS, PN/PSH0.91F4#{£%0.76, Fikisn & FFE. ki

1L SBR; 12 h cycles; volumetric JE RO A= P Bt 8 D B A Acylase decreased

exchange ratio of 70%; influent carbon After treated with porcine kidney acylase, the quorum sensing activity,

resource mainly contained glucose; content of PN and PS decreased from 13.6  the content of key

influent COD concentration: 500 mg/L; to 7.3 mg/g MLSS, 15.0 to 9.7 mg/g MLSS, components in EPS

COD/N/P =100:5:1 rescpectively. PN/PS decreased from 0.91 decreased and lost

to 0.76, the granular strength and microbial ~ balance
adhesion potential decreased

UKL N BRI T A 100 L SBR: 13 h, HHIE<114 min; 1217190 dji, A RVSS/TSSHZ0.7/44:0.55, LHLBE BRI IZS ER  [27]
Reduction of core HRT = 5.4 h; ISR 96-8 mg/L; ki P& & H132.614%46.2 g/kg, Fiki AkEh 2, S 8Bk 20 AR T
intensity /K CODK J& 4400 mg/L, C/NA10:1  TEHLiE & W] AT The excessive

100 L SBR; 3 h cycles; aeration time:
114 min; HRT = 5.4 h; dissolved
oxygen concentration: 6-8 mg/L;

The VSS/TSS progressively decreased from
0.7 to 0.55, P content in granules increased
from 32.6 to 46.2 g/kg, inorganic phosphate

accumulation of
inorganic phosphate in
the core of granules led

influent COD concentration: 400 mg/L; accumulated in the core of granules after 190 to the instability

C/N =10:1

d operation

WA IE R 4K AR BEL LIFLiuf e LI, AeGSHED
BB IR R AR AE R AR 5 0.5 mm R b, 33— FR A E
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TR IR 1 2 BRSO N 3E— 25 & il AE ) i
PECL AR R R W 3 S e, R 4G 0 B3 40 B 4345 7E Uk
G, T AE 4T A T P X %Y, Tay %5k BRI 2N F0.6
mm 1) AeGSHE A b 41 AL A4 Ji, T 75 K BTk 4 950.8-0.9 mm
TR ML W22 FIFR BT i AR YD AE 40 i i PR AR IX PO SR A 0 i
AR B B0 A AR S T 3 I R (1) 5 S N AR E T F Ok
ORI R D1 AT, IR AT RE S R AR A, FHBURAZ O B AR
FET TR BRI 25 s o K A K e AR AR SR 35 Y8 PO 435 iR E . Bt
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S8 A0 TR, ) ORE (10 o B A K kT R R S e T
Sl TRt B

VP2 2 H A B R SR E A GS RS It Bl AT TR 9T,
ZhangZda i, RiA2/NT-1 mmif ks B A e I I 1 A A0 K 1
BT R ERY. TohZ5i\ N3 T A3 k% fe, Bk Bt i ki 4%
MNFA mm. SR, 4E RN Ae GS R~ I 25 1 i fig
¥ LA HBEIBITHERER S TR, 18 &K 1-3 mm
RN KB SBRIZAT I e A ki 4% v FE ™. Wang 2% th 37 # Kk
PP 1E1-3 mmbLZEFE R G0 e

KT, REF S 1 T-AeGSEURL R~F I 4, DL Sz
TUIORL 5 I8 25 M A e . LiuSE 3t B /N Ut B 3k () A, il
T8 3 3 2 S N A T R I TR R AT e b, 2 Ae GS KL

Aoy, SEILIOR R e M K 1A 45 R Zhu S A 2
ANTRI iz B 3k £ A HE Ve LA S0l 45 1 2 AR FLBURL 5 Ve I SRT,
NG P JBURL 26 14 $1180%, P kLA FasE 1E2.3 mm BT 7E
SRTANAR FRITHIL T, M 25 i 8 7 S HE TS0 B AL L,
5 A3 | UL VR A R (R B R A 2 R 0 AR . B TR
FEIZAT S5, thn] LU I 06 B0 B AR 1 I BUR K /). Wang
A6 18 S A 3 34 L S I ABURL 1 3 ). 1R R 4 Zhou S AE
I8 5% T BEIR SR 9, DABR DR AR K T-2.5 mm B0 ) A=
J RSN T 68. 3% R RIURL R A% 1% 1] /£ 700-1 900 pmi
PN, SRR (¥ 45 F R R Y. Long %Il ik N oo 42 7
S JSigs T RSTEH i 2-3 mmi kL L], & G e e v ] 2 4
ﬂ[AO].

Verawaty 55 K B 45 K/ AS R ¥ R0 5 2% #8171 % 600-
800 umHLAR -, it th AR A AT R BUR R 7T g 7 A1
T FORLAR B AL, A SRR R R I FORLAR BT, %
AeGS A G Fa e 18 4T AT BB . o 4 fl) T Fae I ] ] LA
TR I NG 8. ORI, 1A% 2 rh DR A28 3t 3 I T 1 57
REARI, SR P4 R0 R I R ) 7 VAT e S BUEM R RITRUR
A DLSE I 75 Y B B A K SRT I 77 15 AR 475 S B2 88 H (1 AR 4
B, 0T ORBORL A 25 B, 32 AR 0 B <P B AT 5 U8
0 258 5 Ak HE TR, AR AT DA 3o 2503 K 7 5 2 B s B P A
LUEELTOEIESS AR (INEIE TR AUN -6 58 S K7 WA L X SR
WISy, AR B A 1 T eh R (i K e R
J3. AT AT R E A SR HORIE 1 AR A R e AR A R
TR Ve ] (A RORE AN . BTU1))fE AeGS [ Mt
OB I WO LR RSB, RENEON R N AR R SR B RE I RE &,
T 6 75 U TR0 HE e ik 2212, B A iRk 3 J0 B U 0 38 2
BUBRET U] 73, #8A B T B00RLIE RS 85 S8 A AR 58 S5 1. £ BURLAF
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TESLBRITIE LR, A0 BY 1) 22 52 i JORL 98 KT 3 7
T A 2850 A SR L B P RE AN R 5 3 R 7. Tay %5 $2 i Ik
AeGSIHH/NEAEAMLT 1.2 cm/s P, Chen& 13 143
THAS#E 4 7 40.84 1.6 2.4F13.2 cm/sifISBR % M &, RINFE
TR 2.4 H13.2 em/sHURL I B 25 28 31 K 3 Fee v 10
RSB Y i, BE N AeGSINEE BT IRt &
& B B T 5% A

2.2 MBEEBIE

eSS R AL, AeGSIKZr B4 TRt T B £kt
ISR, FIT 2RO E K S5E i, ARG
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221 BEREKHMEMESE R FR, AR 45
5 AR R YA, HP i, RK#iw (PAOs) |
RBE B (GAOS) 5 AL MU A 5018 R Al R W5 AR W R P 485 4 2L
BAAEF© 0 E AeGSH, AR K T R AR Y (1 & SR AT
P RORL RO 0 T B, (L3 28GRl A 47 41 i =R 1T ) 57 H A 7K
B, TR BB KT B UKL P A A R A R
AIRMT O AR S 8 A K R B A P R T R £ M B AR, T
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PIFT T 44550 dbA E R G kae .
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GAOsHZERK™ 1 il MK S % A LR 15
F5 B (bR A, AT S BBk T e 5 M AT 4 s ik
Bk K RE B, BH T PAOs. GAOSTE M Fir Bt J& 4 B i
Al g R L BE BB TE (PHA) o B8 R 25 py i U, 400 ] 2 At
TR AN LOR B E Y 3 B AR KBS0 LiuZs filde Kreuk 2%
I8 I R CIN L E AR K, B w4 T A K 18
()T A 4 T, A 45 1ol ) SR 7 EL EE . SV R I 7 /K 1
MRBLH S R P 7. Zhang %6 38 # it 4 4 1 S5 K CIN
tt. P/ICODLL. OLRAHES &, HeThEE 77 B S8 sl A K Ak
Y AeGS % A ALAE FH B T8 R S5 B FEZ, HAeGS
JUSH A8 Ak 51k JURE P R s S R AR AR AL, 2 s el AR ) B v
5 R B 25 1) A0 Af S A SRS A S 1. de Kreuk %3 i 2E K
PR a3t R E] {2 3 PAOS FIGAOSAE K, SIS il 4k 58 3 4

(DPAOs) FlI Tt th W (DGAOS) & Bk #% 0o & 4, B
B FC R 45 #5508 e e . WanfliSperandiofEDO A2 mg/L
BF, B2 A R R B A R #h A S 1 S22 N S i A AR
L, 3 7R B R e MY, Wang 2 i #2 m it K NH,-N
W, 1EAeGSH EAE T K EMILANE, BANRAfagiE &K
%283 d PO AW A MK T BT D A SR A K
RN AR AV T8 GBI A K A, REERE
AR R X DO B RIK J18 V) 15 3Kk, A F T = 2L Ha g 5
2% HL ke R, T o 5 2R C/NYPEL . CODRFE. i
WY MU . DO B2 26 st
2.2.2 KEEKIEF B, ORE (BRER BAR
e R T AR AR, HAets s —r e, e
TRIRYIRFE T SR s b AR 2R, HAE AeGSER I 1 it B A
K75 5 5 S5m0k 45 # AnT A vE AE RSB AL, HRG, 7E/&DO.

R OLRE I K H & & 1% AW B iR I I 2% AT, #F I T
LR B A K R BORL SR FE R B R L °% . Figueroa®%:
HIWE AR R, KpH. IKDOM LR i3t 221K B (51 an Chloroflexi,
SphaerotilusH Thiothrix) K, 53 AeGSLE A FaE . it
bk, 22 4R # Janthinobacterium#l Auxenochlorellalf)id /& K
S5 AeGSHE ik, Chitinophagalf) JU T 5 B 4 M il 14 ] 5 R4
il Auxenochlorella: &, Pk 2 7598 BRIk, Martins:xf £«
R AR A S5 Wb 34T T 4H IR, 5t mr s it
LR R B R AR SIR B R AUT A o B S5 6T
V5 PRI 1A A, 3 28 5 V2[R R F T Ae GSH £ R B 1 A K %
1% LiuRTLiuth 52 H 7 i) 2o0R ik B AR 1 S, g 4%
HISRT (< 10 d)  {FIUE AL AUR 57 78 2« 51 P T gk el A 5
WEFRAENT AN, 28 A KRR B0 B A BT ) 2R
K.

2.2.3 AZREEINE K SUREL 1 5 53 B 1) 25 5 o 33
AeGSW X IR A B A K, X FE B A=W 7= A R 1R 1 o T 7= 1)
FRE S B AR A A% pH, 3 15 J0KE 41 578 A0 B 42 5L 5 ol i o 1 o),
Adav 4§ i 52 BURL 4 1% 4310 1) 85 E K fi# 1 Pseudomonas.
Raoultella. Acinetobacter. Pandoraea. Klebsiella%: 5 5
o B R e A S B A AR N IR B O BE S A R
i PR B G 1, AT I PR RE L 3R AN 5 B R R (i
THPR A B WAL 2D SEseBl. sbAb, bk R~ B a4
WA BEPR (BTN ZRTY) » a] i KRR B e A A% 0 IR S
HORIAFIFEZ @ BT, R SRR mYRm. 52
N 8 T VAN AR P A B AT TR AL, B T AN A
LEWDAE AeGSHR I 7] 434 e H 7E Ae GSTE i Al AR e R 31
YIRg, HORFn 2 B,

2.3 RshZ R (EPS) &R &

Mu MR &) (EPS) SR A M AE R 8 RS 45 1 T il 1)
BHHIRSTFEEREGY, WHEHZE, JOM. FHER. %K.
Jfi~ eDNAZEAL B (F2) 2259500 fE A i, EPSAM 42 4t
I AR 11 45 R B T, AR T AR A SR A RN 8 B R S 21 G B AR
FH . TN BE T Bh A0 B HOAE PR B AR 25 A5 7E w15 4L T, EPSIE
AIENE SRR RN AN BT R . AeGSTE N — TR IR TE
SR, AR T A B PRI B K PE . 2URERE 1. B /K RE
FTEEPE R AT, IR KL B2 BIEPSH S, St Fiki
EPSHIHREE 8T S R P 72 A B T 5230 Ae GSI 45 M A2 52

Hl, W5 i 2 MEPSAH /3 N sb&E (PN R4t £
b5 (PS) . fENEPSH 3 Z A5, PNFIPSE A K it 1y HL AL
FE R R B A, W KRS JEE b B2 i s 8 B AR 1R 1 000, E e T
PNAIPSTE AeGS4S #4 K H I TTRR W A 1k Bl LR, F AT sed
H, 2024 FrAeGSHUI R e PRI G H R R AdavaE i,
£h B~ 22 W 2H B P I 450K A0 2 S5 MR N EE L AR a-Z B A
0 /B L A, 3 R KR B- 22 i I UL % R A e
Lin% F1Seviourds % 58 i F &5 M HEEPS, 2 5l K G #h

(ALE) FfGranulan, ## £ B 4350 20, aT4E i3t i B
B~ B SR LB P 00T SR, B I NPNE AeGS
A% 0 2 B 5 45 40 79, McSwain WL 5 51 Ae GS Hh 4 g A1l
LWL AT IE BRI AN, TR O S AR R A R R, &
PN EURL BEAE R OLRZF T~ (LLCOD1t, #5539 kg m™
d™ 4EFE216 dRLE M ke TE Y. Zhang®5 i TAeGSTE A
KA FEHEPSA AR 1L, RILBURALIL FE R 5 EPNS &
BB, R EF E E AHA ER TED GER K P R g R A
1%, T FkE 64 A A4 U U1 B PN b AP S 16 7). B8 2 W 98 15
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Fig. 2 Types and structures of extracellular polymer substances
in biofilm.

SE T HUANE AR Z BE SERIVE R, P LR 7 AeGS Bl RLAL
FlfasE i b AR 25 2 o0 F BRI *%, Wik 412 v PN/PSEL
AN A PN/PSLY (1 5345 A il B0k A e Y, IR R0 7t
I, PN/PSHL7E2.3-4.515, AeGSEE b fasE, s ekt
'ﬁ[;#% [58, 65-67].

EPSHI P A N AL P HRAR 0 50 5 O B 2 A7 S s
2 BBk KRRV B AT S RO AN IR 25 R B A R . ik
A PR R 2 L SRR . CINLLEE, ik & RS
ARFPNEEAIEM. &Y S5HMAEDLE (FIMI) f£—5E10
B I R #EEPS 7 4, X &l FEPS 5 i Em A K
M, FHSRYAAER L. FEEZEapH. & MDO
3E JE A 2 S EPS & &, 18 % 7 B{KDOK T T M 22 5
EPSHL 4y & |G, 1217 S5 nm/K 18IY) 11, s e vikE
R A]  FE 30 1 A A — LR R B S B, R R B AR
S UE 2 IEPS, BT Bk 5 e 45 ik e *°. AeGSHPSH
B o M /R R T B, o SR TR A B AR B
i HEVE Y. McSwain® & Hi i BT V) 26 15 K, AXAE DT 4 e 1) 4
KL S B2 PR B T AeGS, R PN B B TR 0. DR
B F A5 minbs, G RT3 A8 B PRI & SEREPSH 40 2%, itk
A, R B AL A BB 5 B8 AR EPS | I U A K, (H
it B EPS 5 £ 5 HURLFL KRN 18 1 26 0 B, WL i
AL BR 55 46 1F B0 35 A R TR E M 2E K 2% 1 S B EPS AR
GRS

T AEEPSHIAC M g 12 K H BAR Rl K&
4, HREPSK M/ Mk R ThAg AT HLE 7E 403 0T 7T, B2
AR AR B, R R ZRR T EAR. ZHEH
ORI % 5. ik, IR R B A W EPS Ly B H Shig IR A5 16
B, TR E B SEPSIK % A UL K EPSAS A4 2 [l A
A FE o ER AR OR Y U 45 M e HoA
2.4 B R R T

REAA RN (QS) A& M55 40 T 5 10 41 g 18] 38 TR AL 1,
AL R AT AR G TR 45 & #7255 7 T
HAT 5 AR 57O B A i e B B B A B QS
S0y TR BE LLBTE R e SE I M R 0K, T AR BE AR AT (K

) U HEG, B ARG ST, WN-F
R[IRNER (AHLS) « HiFS9 T-2 (Al-2) 2%, B 2524 KH
P QS i 1 ML RS 5 4 7 S5 A TR AR (E] R
T, 7 2 At 22 Pk o 4 22 B B e i v 2 A e L R
FKW, TS e YR RS (MBR) | BURLTS Je 5 A
15 KA FE 2 G5 v 3 A7 AE AR R B R T, QS i i
WA RE TR £5 MR B W EPS & AN 23 i, ELR R B N 41 f 26
BEPE S Y5 PR B K DR A A5 ORI 5 A A5 4k 1,

R R 22 ) UE 3 2R B, AR JER R 5 Ae G ST TE 1k T4 1)
R UM G, Tan5 76 JURL I i idt F2 HAS I 30 455 52 AHLIR
JE BT 10045, @i ACA IR n4Fh 4 JEAHLs (30C12-HSL,
30C8-HSL, 30C6-HSLAAIR 1 C6-HSL) Rl it i3 £k i5
JEPSHIPNE & B35 38 0, 3 & PN/PSLEL 55 a2 B0k A i —
O LIS R B, 1E RN %8 IS B4 W AN In30C6-HSL AN
C6-HSLAE W5 1 3k W AW 3 v B K3 %, C10-HSL. C12-
HSLA130C6-HSLAE Jy 5% 5 AHLI % AeGSTE it FEH I TB-
EPS&E 4. SunZ5 & BLAE A B OLRA M T, AeGSikZRHAI-2
B R KIESE N, il R K4 TEPSH =4

R B ENIEQSE 54 TEAeGS ARG h IEM, —i&
E5 0 TR AR 0 B s R A . WEAL R B, AHLs-
Tk ik B R TG 1) A 7E 2> [ 73 AHLS 5V, 5 S04 i B 35 7 IS
EPS/> b 324101, kL 25 4 38 Ak 20 LU AN IR 78 0 75 2 1 4 2
1 KYE 9 QSHIHI 7], & I AHLS PN & 52 BEAC, 1iF W)
AHLsA- 3 QS A i A FTPNE &£ DL S 5 Ae GS T Rl F2
IHE[GQ]'

BT AN AT A SRR ZE TG, — iR
PBE B AR U A R T T P SRR L S Ae G SRR s M 1 52 i ML
Jiang FLiui ik #5041k 2 f@ A5 15 77 36 0F TATPAIQS I AH ¢
P, R BLATPI M ™ 5 5201 T AI-2 A AHLS 4 Bk, 38 R
FITEPSA: 7= [ g ik /b, Sk 45 Mt fa e . Zhang®%
KL, MATPE W T, EPSF & 2R, £ TAHLsHIQS
3 3o 98 58 A R AT PG B B R AR 3 SR e s 17,

AL, QSR T 4 T 1A R I Ae GSTE & Al
B0 R AR e M AR I8 1R, Bk, {5 S0 TAIQS
AR % WA 8 B 1k 2t PR AN IR N7 70, A B e AR, W B
R RN NP~ AR A5 52 T I A, (H TR 25 FE ARV 41 B4 11
SEAERI DL R y5 JR i R A T Zhang R TR & uF
ALAT U SEE, M EAE EAHLSAE P2 g 0 R iR AR SR B
WOk IRQS TS, A &5 BV BE R 1. Bk e # i AeGS P,

{40 ff 27 2
Low cell density

1 24 0 2
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TQSEENT
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QSfE 57 T34k BFenT-ZhE e
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Fig. 3 Schematic diagram of signaling molecules-based quorum
sensing.
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AU %

WA R, BH RN ESRTANG dif, HH TEHES
AHLSFIEPSAE = F 25 1 Dy ee il A4, AHLsILH 2 & C8 il
BEMAHLS, AEIEEPNZ A2 24 MWk Al AR I}, C8-HSL.
30HC8-HSLAI30OHC12-HSL i 8 /b, EPSE & AIPN/
PS L AR [A] ] FEAIK.

THAFIE B, SEPRT5 KA BE 2 48 A i 34 85 3 i &2 4%,
AN SRR RN, 5 BB IS MR ek, 3
U AR R K I AHLABSBE . AHLEL 3 B . AHL
S T R B B S AT SR Al A3 4R st B YL L
2 I\ AeGSH 4N B9 H 87 Kk 5 AHLAR - 1 F, Forh obkmy f= 4
AHL, H A B NAHLEE K # P, i 95 4 FQSE 54
Tk B R R S R T5-2004% . BT IRG KR
R A A AN A AR R S A AR R A, R R
AeGSHH 5155 40 7 [ A < ME A B #f. bR b, 3T FASIH
ZIFTFQSIE5 5 T MR R B A B R HLL . B2 50 A
DA K A 5% 5 DR 2% 05 18 T O FPLER T AR /b o A4 R
NN KM AS 5 o FRAT IR 7T, R SR N A% S
H. AeGSE AR KM ME, A B AeGSSE MFa e 55
B .

2.5 Bk Az INERL

251 AMEREF WA R, 5 KA LR IR 4
JE BRSO AE A, S B PR E EIRE N EE TR
AR 4 20 B 80 B AR R M SR R AT 1 Y. Jiang 2% R BL100 mg/L
Ca®"nJ &k 3 45 J5 UKL A T s 18], T2 K (1 AeGS B A 1 = T
BT B Ra e LS T BRCa® bh, Mg®™ (10 mg/L) it
i O B Pt A (R 3k AR FD Y. HaoZ HF 58 T AN IR 42 J@ B8 -5 i
AW AR R, R BLE B Ca” . Mg® . K RER
I AeGSH I RUE IR I E 1, TR EEICU™ ., Fe?'\ Zn®" %t
TIE TS U I Ae GSH A £ It 25 3o R LA AN TR S 0

ZWPAE 7 Ca®. Mg®, Fe*'. Fe* 4k 3 Biif it LA T 3F
fERZ 5 AEMRERNAR EL: (D RIFEDLVORL, 4
J& BT RE S R RN A R SRR A, PR AT R R BE A 22, AT
R EMREMIED, () ERE T SEPSHES
B g A1 45 A TR R R T, inCa® ] DAAZ BEEP S H ) i 5 R
AR BT 20, TR T A I KRR IR, AT R R A A A B
A F T 7000 L 2F Zhang & F) P AIE A A R i ek
COfifizkCa®, it T Ca®* SALEH HKa-ik BRI (GG 1Y
gLy, A A ORI K R T B BE A BB (3D &R
BT 55 KR S AR R, I1CO, . OH 5 8BS 1 B i
FERRUTGE , 7T 78 MREY G A K N AR, Pk
WRZ AR BB IRAS « TRIR 85 R ER G, B B DR R 1
gt R sR ES; AeGSHE I 1E vk B 4 2h¥5 K b 4 F Fase 1k
VA DR T R P R K Ak Tl R R A AR AR LT AR
R i) I B A% A FEMQC O5 Ak i 5 1R R AeGS O J¥E , 1 A FE
M AT TS 25 ol A A R A i 2

A A, PR A DT 250 R 45 W e e
PEPEAE U IR B A R N ST AN o S BB R, YRR
PR RT3 0, 5 T e B08h 5 AMAE Y 2535 . Isanta
RO, A AeGS K A Fa 5 M DA UL A% 0o B 3 (R RE 72 W K
) R Em=Z s ghah, w5k HPO,Y . AR, LIk H
WURZ BT B AERNGEE, TS 548 R8T 4 6m R IRH
ARk
2.5.2 AINARAZF FE T UKL 5 Y8 T 1R ) SR AZ AR U, AN
TR W R IR TR AR N B, IR A &S (PAC) L

A RETEWR S A R TE PR R S, ] IE I B8 5 JBURL 45 A4
G 0 41 B AR U2 32E Ae GS I BIURIAL % Liu% K500 mg/
LIJPACH N EISBRH, 7 dJF P43 2Pk 42 8 3.2 mmIf
AeGS, Hikiys e EPS/> bt i . YA MERE 7. 7F S B0 4%
HROITON A A RS R 2 B EPS A A, TR IS Ve B A BT
(R P R 500 1 A 400 2 o R R R (O B A A . R 4
ZhouZE 4598 T A A R4 GACKT Ae GSTE B [ 520, & I RL A%
50.2 mmitIGAC B A 5 i M y5 e AL B 3, v A e ik
T2 SR B RN T R PR A 255 R A 77 ).

2.5.3 FEMBRISIRHEPS Hul, T 5 7=AeGSHIEMY)
FEATEHETG I AeGS. REMFTGE (AnGS) 5. KRR
RS e, HA AR, MRS AT AR, BRI
AeGSITE AR % ML TIE RIS VR, Hfh BURLIS Ve e rE
—EFEJE E 4 S S 8 B ORI IR T, 3 DR N R T U8 A 16
B A R, N A SR AL AR A T B A5 1 2k, Muda
S ANGSTE N TR 5 e B 75 AeGS, M1 W AnGSHii k4
BRI, Bt 5 BT Ae GS I TE B HE 4 T 6 mk U0 R 24 B
TEEAe G S I 0 B 78 24 S A= 4 B 36 I AZ o A AE K 1) S 33
SR g Ab, K I 1 R TS U i 5 1 RE KA R 1 IR
K STARUI B T, ATAE S P 2 3T R URLA B L2 R R
SEO LiuZoKs R AT U8 AR T0 G 32 3R S g% 78 45 5 Bk
FasE VERI RIS, BRAR T BT B REAIS = B B fhis e
Ab, XuZe K F s P15 e R JE B EPSYE N 2 7 1% 77 AeGS, 15
IR B AT R shIn (R 5 A3 B8 K2 S, NAeGSH
PR T AT AS R 4 R AR A 1 R i OO,

3 FMGFEBALTREMREMRNE
ESE S

AeGSHIAET“IBITR-R N ENLSHME LITE. Kk
NI4T 7 3, anabkb s A AL e T — L A
URERT 1] BIYD 46 1F . RRAL. ZMIAE 75, RMUSm
AeGSHIR MR, BPkife, A& JUE A EEERE, /EH T
PRSI A ) () 45 R S AR o 1. e Ah, IO REA R T IR R R

(DO. pHA. &) « Boki e, AbHE X % %t AeGSHaE Mt
EEENER AR
31 RRESHE

J N7 2% 76 20 5 ) A PN ST VAR U A R T AR ) 5R AR
AN REAeGSH S 1 UASB 3 3 i i R B, 10 H A
AeGSIH: F# MIBATHRIR EBEE T T AL NAeGS X M #%

(AGSBR) 1, JFHt 2R & e Mg (SBR) J 7 #it XA g x
N#s (SBAR) 2 AGSBRH A WL, 781X AL e B 4%
o, TR 2R B AR 2 U I N i 2R 7 AR AR 2 A
RN R ERR MR E KI8T ), R T AR A G K
/NZRTH I EE AR AN SR . 0 S N 28 s AR B (HID) RE S T
REK IR EIE, I Rk 1859171, A B TS 8
R A T P,

i ) 7] B 3 S5 S 2 Ak TR R G TR, F 40 BT O R ) i
LT AeGSIZAT. &S AeGSx My (CFAGR) it
HEZERAM. B4R WE R G MR 8% & F R 2%
A 51O AR [R5 R 07 Gk ML) A R 3 . CFAGRTATZ) LA T4
RO () AR BRI RON S ANE ST 1
W BRIy Ve BRI D RE , 1% 82 58 2R A = WAy (CSTR)
PN B T R X B Ve HE R, oIS YR R D g, 3R BLd ik
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AR M HRTHEAeGSIMIE AR E s (2) = AR/ AL,
FIH ZH BB W) 05, 2 HAT £ CFAGRIE
. HAIEE 2 TE R PG A I 1 e 5 Ae GSIT T B B A1k
IKABEY . BRI, S8 AT P BB ZL, HE Ve L] i A< B
Ty, b = AR B B R s (3D b g B A R H 9 R 3t
TTE VR IERE, WA ERAANBURIR R Ngs . X8R Vs
e B RR B, AETESERRIBAT I I 5 1% 28 HL BV E BN BN,
NEFHEUBA R (4) JF2r B . AeGSIHIEURLIR 45 #y LA K K
12 T S B 05T LU 00 A0 ZE S R A% (MBR) H
M5 s, AeGSAEYIIR I M 2% (AGMBR) FIHIX—1t 4, K H
JEAAARE B AR AT Ve KD . Juang S8 B B (IR IR £k
W TR IR AeGSTEEFI =EMBRJG 3 dPy RV J: 245 ey R e 1
TR 5 v TR TR R R I RS 7R U Ae GSHE#5 /1 AGMBR
e Eiz17216 d "7 SRiM, AGMBRI B Z WLk 2411, &
S SRR B AR e Ah, I A v A B B Ad 49
AGMBRH {5 B E I 8] (SRT) R, BT =5k
MM, ZATT TR I B AE & BB R T R 2 B R SRR
PE. HET, CiE g e K B RE B g A, ma—
IV A S0 R g e 7 S I A B T T A I A e i
JE AL S Ae G S I S s AT B 3 T 1] Bl s B 3
A T B SR AN G, P 3 7E Ae GSIURLAL ML 3T A AR e Tk
B, RS R N AR ZE S, TTEAGSBRKR
V7 R R Aty AT AR TR B i ASR AL R AT R AT MR
3.2 MBHEE

S 4 1 A R A AR M A KO R IR R R
AFEDO. pHAE JE.
3.21 DORE AeGSJE i 1 DO FE i Hl R i b, AN
0.7-1.0 mg/L#2-7 mg/L¥fit St Bl AeGSHy 85 31" 0 4R 1M,
TRDOM A Il T 22 R B8 (10 3k F3E 2B A A0 IR 48U BT (035 1 5 2
o kA s MR P A i s ' %% Mosqera-CorralZ8 3858 1
AR DOM JE XTAeGS I b 4% M RE FI K s . fEm DO
B IE1T150 djE, ¥k Nds AR E 22 40%, {(Li24710 d
R %% 1) 220K 1 A ok R T 2R K, B IS S 3000 B AR, de
Kreukfllvan Loosdrechttfl f5H THIL 4518, A ERT
40%I Bk 25 A, AR ER RS, N TR BE BB AT I AR
(R B BE R, T B0 0 B SR D IR SR (R 1, — e R e S T
FREACEIRE T 313522 AeGSIFfR v 7 %. 3£ T SBRiz
178 A B B A AR BRI M 3 1 1 22 7, Liufi Tay
PR TE YUY BRI IR S (GRTHAUE N 0.55 em/s) RE4HH
AeGSHase tE". it 5 i A MR A B R s T, AR
IS, BERS I AA R IBAT I DO [ 2120% “9. H
RiTs AR B AT 4E REAeGSIE 1T HIE/INDOIK S, B 2445 & R o
e AR R ORI L FE SR A A ML e R A B
T SE ST e
3.2.2 pH pH = B I 503 20 i 5% THT HL AT 5 1 Ae G SHE 1)
WEYI TSR, ST e Rl B B B e 5 AR Y. B
TR, BRVEZ&MEA R T HE K, BAR A pHAE M E R E
R JE AeGSHIZZ ARG A K BRI Yang2s 4 pH N 4
OB, J ) K5 77 H DL I 18 A 48 B 9 AR A B P Ae GS. 54
T R AT B, 0 OB B BE TR, (B 45 MR PR, 5 % Bk
AR R B Al pHIE 2 B UKL I B A W A I A
TE A B A AE O IR S R TR R I R e, pH B E
AR K 23 1) 5 S0 2 2 i ST T A R 3, AT A £ A Ak
20 B 1 v 1 52 B Jiang T 5t T AeGS R G T pHAR (LI

Wi Jo7 ARG B L, 43 SR 7% B R R 4% 1 R 2 R e v R B T AR
Fe LA MR TR 1, LR e 2 1 R AR T BORTE IR, IR
RCERAEBR M 21 e, T DRk PR 5% X Ae GS A2 1 A
T 5 0 U120, E — s L A AR pHAE, AR % 573 PAOSTR
FGAOsH: K, MM fiE A bk i R ", fE AeGSIafT it 72
K pHEE I (E7.0-8.0, DASRIE 0RL A 5% 28 0 BE 1 O
WIhAEY. ARYR S PR O, AT DA IE U R AR A B 2
M pHXTAeGSH i A= Mk AT i 4%, LAERRIRLIN R e 1217
323 BE  SpHIL, IR XU P R RUEY A
AR A K R B AR, G (8 'C) FEMMAeGS
TERAFN, £ HAEBE 2R B3, S8UEMER K. &
Gi ka2 Ak A PGB B IR BE R BRI A, AEART5 O
Z{FEIETY GAOsHIPAOSZ [l 32 4+ th B g T-15 5. 72 58
% (20-30 'C) F, GAOsAK & -1k T PAOs, i3 £ 4 %
ik R 2 BRI 2, K 22 O TR RN A i % il 7 20-25
CH AT, LMREFEAeGSHIfasE 1 7% 54 F5. de Kreuk5 £
IR T (8-20 C) W7t TAeGSITE K. Ko ML id F2.
AR T B3R B R A BN A RS E , MIE20 CHEJE 3 & N
B, FRED R YHIE AT IR B A S i R et T2 R, B &R
SR8 ) NTE B i T R, s AT I AR i R AR, TR
i 3 1 5 DOV ok e Bk P .

3.3 MAXK

LR 3017 A W AR 45 W R T U, R

BABE e v, TR Lk oot 35 1 R o o8 B AT R R 52 RE 035k, R b,
B EY R EMEPSE R M AR WS 2 (ORI M B b,
AT ERAMATAEFEYWRNEE. ET s, oA
AeGST.Z 15 /K ARF AR Nz, FEAHE =K EH
JRIKS EHHEEVTUE K. FEERIE K ELGK.

3.31 EREAHEKNLIE  AeGSHA Bm AL
TRE R, HA RS2 T R T A ML /K B b il i B A1 72,
AeGSH &2 i KA WA (OLR, LACODi) Hi522.5 kg
m d" U AR, K ML G S TR s B N A ) R e
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