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Quorum sensing-based fouling control in membrane bioreactors:
mechanisms, strategies, and microbial ecological responses

XIONG Fuzhong, WEN Donghui”

College of Environmental Sciences and Engineering, Peking University, Beijing 100871, China

Abstract: Membrane fouling is an unavoidable and challenging issue in the engineering application
of membrane bioreactors (MBRs), significantly limiting the economic and environmental benefits
of this technology. The fouling formation processes in MBRs involve a range of physical, chemical,
and biological mechanisms. They are influenced by multifaceted factors such as membrane
properties, mixed liquor characteristics, operating parameters, and influent quality. A major
contributor to MBR fouling is biofilm formation, primarily driven by microbial coordinate
behaviors. Due to the key role of quorum sensing (QS) in regulating biofilm formation, quorum
quenching (QQ), a strategy that disrupts normal QS pathways, offers a novel approach to inhibit
biofouling at its source. The implementation of QQ-based control involves the selection of highly
active QQ compounds, enzymes, and bacteria. These agents are applied through various
immobilization techniques, such as incorporation into sodium alginate, polymer composites, and
silica or chemical modification of the membrane material surface. These approaches have
demonstrated significant success in delaying fouling processes in lab-scale MBRs, which could
extend the membrane fouling cycle by up to 10 times and maintain QQ activity for over 160 d.
Additionally, QQ strategies can alter the relative abundance of bacterial taxa associated with fouling
formation, community diversity, and interspecies interaction patterns, thereby leading to the shift of
microbial community structures within MBRs. To promote the practical application of QQ
strategies, future work should focus on accurately identifying the role of QS in membrane fouling
under complex conditions, understanding the microecological responses to QQ, and developing
high-performance QQ immobilization media that can withstand various adverse factors.

Keywords: membrane fouling; quorum sensing; quorum quenching; immobilization media;
microbial community

JIE A= 4 IV % (membrane bioreactor, MBR) /)N, s34 B H b LB =2, &0t 30 AY4E
TP B B BOR GRS Ve WAt 2 MUK, MBR LA E &7 2R 2875 R K AL
MEEG TGRSR T2, X FiEg B TRPIRET ZMHAPY W45
FIEPEISRIEAL L T2, MBR HA Sl K| 538 Tk EK, BIEWEE . XEREM R Tolk
T (1) =R BMEY, SRR K, Wb T K E4UEK . ERYL K Rl
[#] (sludge retention time, SRT)FI/K J 15 &4 Bsf ] 2 K 200 HRRE UL E] MBR T2 SZER
(hydraulic retention time, HRT)AJ 43 &5, A AT 2006 4, HESE—BE KA MBR {5 /KA (4
R AEY, BATE LY L BRAEE; FRAE ST 1x10° mY/d)yfEdL st B = X T
(2) BB scRs, MAOKE RAF B, 8 2010 45, FREKAE MBR RS M) S FERE T 53]
KGR EM; Q) REEMES, HHmEA  1x10°m’/d; 2017 455F] 1x10” m’/d; 2020 4,
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F [E KA MBR A R 58 S BUE 1 300 B8,
REFRBE S HEE 1.7x107 m¥d, HA 4y 75%H T
WG KA B, A 4 R 3k T Y K AL HELEL Y
9%, Bt eI WL, P& E MBR T2 89477
IR AR RO K s, AR R4 TG TR K
ARERTT AR AR B S K MBR E R T A FH)
e ST

K& MBR TZ2ZHEA LREHEHENHT
2, B TR S A AR e s — Ak R
] Bl — i 5 Y (membrane fouling), A5 4L
FETERIEIEIN T MBR RGAEisfr M4ged iy
REVR BT IRIEFE, HEMEH T MBR T.ZEMZ&
TEVE RS A b o R 2 R IR R B I
i, MBR TR SEER o — R F A BRI 22 1
F T Y i #, (HIRERE AR R L il
wr, 78 MBR 4750 50T R FH 5 A A o] vT %
i WSS Rk 0 T P 5 e, AR I T P A 1 2%
FHE BB T A B 35%-50%; BA PR E
KA MBR RS WRERTHAE & B s 1T AR Y
40%—60% , HorhAH Y — &84 & H TR
R BRI P 0 7E 2R T Ve K B
FIBRIH TR SR TG s, (HIFR e MR -
PO TS Yo T B, I ELAb 2438 Dk AR 2 4 J g
AT i . SR R G N A T T T R
WG R, BTG R 2 MBR T2 0]
FRek & R AR 2Tz N R S R, A
R SR, BLP ., B AR)y
£33 TP

AR, AR B B AR JBE N B4 (quorum
sensing, QS)H¢ilF W 7E MBR {75 L it #8 rp
KAE T HEAERH . ARl b, R ok
REL VBT 0 4% J8% 07 2550 I 199 8 44 J8% N 148 K (quorum
quenching, QQ) % W& il Ay — F AT A U Sk 4 il
MBR BTG Qi E R &R, Z R 2 %
. R ENANE A XTSRS B gkt
EH LA C R KRB, JFHXT QQ WA QQ
N HIE R RS, WD KdE QQ Xt
MBR T A Wy T5 B 5200 o il BT E 9 B4 o 3

B, FERE QQ WIRIEEAWY T . Hr AN
Ti AW & BUEEYIRESE DT 5T A WTR A,
AR ZPURT I BT T N 2 AT B 4 IR G Y R R A
Wik ALRGLE T A QQ Mg MBR
75 G B BT ST I, AL I R 1) RE AR
HOBARRPRE . BORERFE ST MBR R SE
ARV BOSEE , LU R 5T Qe B EoR Al
HOE R K AR AR 2%

1 MBREFEAHEIE L £
EXA

1.1 BRI AALHI RS R E &

MBR 75 GL 248 K 4 18 G W B
R (£ 935 Tl 2E 0 A B L S i e e ) L IRAR
B AN ECCHLER S, T A
b Z TR A7 7R 45 2 AH B AR FHT AR J5E 3% 1o i 5
DU, BOTEE AL BT, IR AL AR A /N Bl
fLIEZE, MM S BURA IR RE TR . /Kl
HEE AR BEL T 35, e 2 ¢ 1L A 38 B (membrane
flux) . % [l 5 IR H 22 (transmembrane pressure,
TMP)Z2 T+ i 41T MBR 55 B2 I8 i
— R FRE 1A B, HIE UL A5 B
% JE (pore clogging) . ‘E ¥ K JE i} (biofilm
formation). JEJF)ZIE il (cake layer formation) .
e 22 Wk (concentration polarization) 4§ &2 44
Ui

FES L 4 78 I 2 2 RIS B I Y S W B
B, BV e r LA DU S W UTRR L e
FERSEAL R, BT U i e Aok E AR LA
23 M W R I T AL 5 Y B R AT Y IR
LRI e, 19 Yo W4 il O e IR R T
R — R BEREETE Y)Y (soluble microbial
product, SMP)FIJ 4~ G ¥ (extracellular
polymeric substance, EPS)% A1 S ™ Y&
AR BT AR AR I, AR TR ) R R Y
WG, Y EREZIE R, XY A
W 3 BT B 8T IR DEEUS s Bl U U Z R
JEREIN . FLBRARANWT T R, R 43 X S Y
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JRy 38 8 e O I L8 & (critical flux)Hf, TMP
S BBRER S BT, DA PRk B S Y JE
ML, Z 5 WA TIE Ve iR A fE Ik &2 13
=L AN, TEE R T, RO TFYEM
2] 25 JURE 40 J5 AN W e i SRR, Rl I T 1Y
VR o TR AW R IR R B, AR
2 LIRS, DA — 21 fin B i g B 02,

MBR JE75 QL2 e 2 H R A R0
ANFEEE . AR A L 25 A R AR TR
B, WE B s, BEARHREIE (A B . &
Ty . SEELKPE . B AE) . IR AR
TEGE e B . 5 e 2Rk Ki%E . SMP, EPS. 1%
HEYFETE . AYIEIE R E) . RREITSH
(HRT. SRT. #fEfiX. BERESE) . K
KRHIER AL . 15T, $hE . &k 47
TEVS YW )5 4 A7 T Y2 Fh R R 11022
R0 MBR V5 Y TR A, X0 S BB sl Bl
Xf S G B A R AR AR o TR . K DA
K, BEISYIRLIEIREE TR . MRl . Rk
W2 28 R ST AT B S, BFSE RNER
N B — 7 TR A TR A [F) PR 28 5% 575 YL T B 1)
SRR B FMLA], 55— 7 T M3 S 52 1 R 38

A
A
@ Sludge floc #% EPS

= SMP e Colloidal particle

H & 2 HR A R ) TS e o T B AR g
1.2 RSRMEERE

75 e S IR A RS B K A AL A )
WO E—E S A EAE IR E 241, AR
P AR OE AR R FE o AR R PRSI
AR S AT DORE R 35 B g3 O i) b i B (R Ik
1998 . Aris Qe (RWIVETS ) MA AT 79
eI ANETS Y )B4 AT 5 e 2 4 3 oy 2
Ve T BLANHUAAR | o 1 B <l B b gk 25 it
ALLRBRAGTT R, — P4 5 3 i 5 )5 1) 8
JZ 5 A ALiys G2 45 My B U AN RE A R BR
1M B AL S AR I UE A e R BRI S, — i
Je 4 TR 3R 1D 0008 DR J2= R0 L N B R A O
AN TR S 45 G S 47 R FAT ] 26 B 1) 3 ok T B
AR TC vk 22 B Bt [ 95 g, G 4 4 A A
14 felt FH A7 i

RIS YRR R LR i] ORI TS S
SERTENTE I . A BT R RIA TS Y = R,

(1) JoHLTsHY, 479 P CHLER 55 9 Bfe
Ve R v R R R BT (AN pHL, i RE S R kR T
KA A IR AR A R, AT R IE SUDUR
TR R ALY, AR B BRDTER

B

Membrane material
Chemical modification

Microbial community
Biofilm formation

Pore size MLSS
Roughness Floc size
&; Topography pattern Viscosity
] Surface charge SMP
2 Wettability EPS
a
QL
g Factors
g affecting
g \ MBR
é’ "\'i fouling
= \ :
Flux pH
HRT Salinity
SRT C/N ratio
Operating mode F/M ratio
Pore narrowing Pore clogging  Cake layer formation ~ Aeration rate Organic loading rate
= L : Temperature Toxicity
Stage 1 Stage 2 Stage 3 Reactor configuration Specific pollutants

1 MBR ESREEAIEA)SEMERB)TEE
Schematic diagram of the formation processes (A) and key influencing factors (B) of membrane

Figure 1
fouling in MBRs.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



=
He
/R

il

AR | TR ARSI RLNE ) MBR ST ez i IR PR L SR AR B Al A A v 2915

Ca’*. Mg*". Fe&’". AP, SO/ . POs . COs™ .
OH 45 2 i 5 e rf i UL A JTEHLER B 17, TeHL
BT 5AEIYIE A E AP Ui o2 Tl
HY R E EOR IR, BN, Ca® rER
b 32 BRI R TC LR DUTE , I 7 A I vk
FEAE I HE T2 S A IS TEE A K
TG e RITIR . 0 A Ak 2E R A T v
ZBRTCHLE Y i e BT 7 o

(2) AHLIGYs, TR MEA P B E iR
(SRR . & BmRMMAEY=AnEH . £
W A5 ) 1 F 3 T & A W B R o SR K AR D
15 K i A AR T R A P, AR Ok
JERT L RERA LY . N T & A LY i
A P AC = A B SMPPY, 7E MBR &%,
SMP X} 575 YL B il & B EAE ], HT LB
8 8 BE 4 N R A 5E IS 2 (gel layer); A AF5R
AR SMP I3 A HLIE e 5 B AR B TS YL iy
26%-52%"", A A I W R HEAMY EPS
& SMP AFZRIE, SMP Fi 5 EPS
L, AR . M. IREYF, SMP.EPS
)2 AL AR 55 TS Y B s D AR 23,
BEAl, o RS ALY A e R W A s A
Yy B 3% (biopolymer clusters, BPC)J& 75
PR TIRRE , R RAE A 1-8 um ) BPC

Microbial regulating mechanisms
Environmental factors

1 2 3
FIUG R ATRERE R
Initial Irreversible Microcolony
attachment attachment formation

2 BREMRERENEYERREETEE

J S HU™ IS Y A S R R P

(3) E W75 L (biofouling), FEAEMEY
R AE BER B SR AT AR K B0, JF Had oy
Wh EPS # A p it . i, ElEARE K
SHELERI R A AT G R R R
AR A Y S B0 RO A 2 MBR R
GE B B 4, OB CZIANTE S A R
A EAER . Wk 2 s, B REE A
VIR R IE B B — e vl Loy 5 BB, B4
I B4 4 6 6 (initial attachment), 43 EPS 5
AL AT ¥ 2 (irreversible attachment) . ff [ V%
JE i (microcolony formation)., A=k F4) i A
414k (maturation and differentiation) A Az & 1k A4l
M i) 1% Bl (aging and cell dispersal)®™, f#4:4)
TE A B R T B 25 TR U Y R — R AR
T PO T Z9V A7 11 51w ) 1 R
[ B4 32 B AL 4G A 2 (AR B . pHLL BB
I B8 A ) P ) 2 TR 2R R e O

A REEMAEDRN MBR R, IR
PEREZ T A T YRR B R L X YL BT
Hk 2, WA s SAPEE . Tl
HREMRATE—RIEE S G, Wik,
far BRI AR s P K LR 2 MBR TS
Yo S IF 5 403870 o A5 R g 12

4 5

[0 54 Sk B A A Y s
Maturation and Aging and
differentiation cell dispersal

Figure 2 Schematic diagram of biofilm formation on membrane surfaces.
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2 FEFAARRMR N W MBR &
5 R | R
2.1 FHARBRNMNAERSEEKRS
EA

A P e RSB R} 2 1 LA A= W BSOE =X R 25
KIFZ I S8 UFZ &1 . MBR TS5 YL iy &
SIS A, TSR FH A B T A A R v O A fig
RIS LB ik e B A . B, BT AR
A ARl TR AT DU K | RH
R RS, AR TRESE IR, K
AL BRI RFLE MBR BSETE Je 45

A IR A TR AR A W R T HE R e 2 AR
IR T A EEE, A& R i —Fh A
TG 2B B YEA 5 7 K, A T AL TR
WERASATE, AR IR — 4 5 5 ) /N Y
HEERG, LMz B ISR AVEA e
AeFRAH DL BB v S5 A RN D g . ST A R,
VE RS HLEI Y QS 7EAE W I i IE 1t 2
WO T SR AR AE A, SR TR
AR SR T B A TR A B — o e, Hml A
o3 WAL 27 A 5 73 T (signaling molecules)
JELRE Z R8BI — B {E, X EEF 55 AR E
T HL 240 T 400 B 1) 52 AR 2 R RN &6 G, i
Ja 2 TS EPS & BUAF D) REAH G Y 2 R 5 S il
ik, EeLAR IR Y = S5 Y RN D g
ﬁ,ﬂ:[46-47]0

QS 4 3 % e O B 1Y) Ak 2 W o S Al
S WA A s WIS, Wk
M H 15 S W) (autoinducer, Al), H i & gk
HPUNES R 22000 58 L2
FH 5 2% [ B BT 4 2% 41 5 B2 7 (Pseudomonas
aeruginosa) s A il o3 W 1) N-k 5L /& 22 & TR N
fig (N-acyl-homoserine lactone, AHL)ZS {55/
T, GEEH 1 AR 2R PRI R R 5L
AL (4=18 A~ ) Y T 2 0] B A8 e, o B B O
autoinducer-1 (AI-1), H Ai & 7 & ¥ &[]
(Proteobacteria)ft¥) 100 2™ b i 114 41 B g A8

FSON B P A R S R
FERKE Y B, # PR N autoinducer peptide
(AIP)OV sy Ik i A0 2 — ik 5 00 72 - ok g 47 4=
YIF LAY autoinducer-2 (AI-2)27E 3 >2 [C B 14
BRI BAPE R T AR — 2R G S, ATHT
PR AN s Es MAh, AR SR
FRHEMES T+, WEXKBBRARHE
(Escherichia coli) &I & AL RME 50+
autoinducer-3 (AI-3)% | 7£ P. aeruginosa b & 3t
B LA 2- B HE-3- 52 RE -4 (1H)- M 25 R Ay 1 26 g ngs
W5 i {5 5 43 -F (Pseudomonas  quinolone signal,
PQS)! . 7E L W O T R E LAY FR R AS 1
FAE 7 IR ¥4 B A 7 HECPE 17 5 I (diffusible
signal factor, DSF)ZS {5 543 T4

HAT, 755050 = AR S PR AL 1Y) MBR
RGN ek 2 285 5 0 F ey, Bl
i, T - B I (A VROR €33 - = i DO
FFBTIE WA €033 - B i AR d 3 55 ) A A )
1% JRR PRI [ 32 %2 24 %8 5, (5, /N T T (Chromobacterium
violaceum CV026)FI4R ¥ 4 1 I (Agrobacterium
tumefaciens NTL4)]55 77, AT A il 21 AN W] i &
MR AN 3 SAIBUIER) AHL K15 500 1
(C4-HSL, C6-HSL, C7-HSL, C8-HSL, C10-HSL,
C12-HSL, C14-HSL, 30C6-HSL, 30CS8-HSL,
30C10-HSL, 30C12-HSL, 30C14-HSL)>81

AN MBR RS £ 51 AHL B AVFAE 245,
e YO — % 7E 1-500 ng/L, Jf H A KR
A AHL FP2SRIE & TRIFTE R
H) AHLUSL A, A AR5 00 F 3 T A 4E
IR B (Mibrio harveyi) BB170 15 4= W& & i 1)
Kl 77 7E MBR RS KR Al-2 K550
T, IR AR ™ R R e kA ) i 3 T
w0 RN, ARG AE MBR R 40 B
ME| AR5 50T, BRI 2 3 H 4
M B, RE] MBR H15 AIP. DSF. PQS
RS T ARG Rl ORI FE PR 2O S BE R 5 25
REW, ETPAFEFES T QS MENLHITE
MBR [i575 Y I i fE v B4 T S BAE .
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B QQ AR, Hlin, AHLKFES N TEEA
3 KA R HAtS. LuxI Al LuxM, HHr LuxI
DL S- R4 H B & B2 (S-adenosyl-L-methionine,
SAM) Fl it 2 % /& 2 M (acylated acyl carrier
protein, acyl-ACP) N THIAY 4T AHL & 1%,

IR

Low den51ty

ﬁ?ﬁ%ﬁ%/ﬁ?

AHLS degradation/inactivation

QS signals FRE

Receptor

REZER -

NGS5+ & Wi =
Inbibiting AHLs production lnterfering the bindi

SAM Fl acyl-ACP 455 &4 UEE 1 25 ,SAM
HZIEXT acyl-ACP 1 1 S FRFERIEAT A% I
i & A N-BiAk )2 v (N-acylation), Ffif5 SAM
H B & A NS Ak SO0 (lactonization), AT A i
AHL 7=, —sefb S s isdge . T
BE-S-IR R ER . &FREhREASS L
AT EE AL, AT EX; AHL & it 72
) L AT RO, sk, SAM J& H AL R
NP R LA, BEES SRR, &
LR A e B A (LS 5w e (1 Ak ) A SR £
Afﬁ,mwAmNE%%%h%&i%Am
AR Fd S SAM. acyl-ACP 45 HgAHA
LA PI1ERN QS Az, W2 [ml i+ 4t 40 i
() Z2 R SRR, DTS2 il A 4 1E A=
K, ﬁﬁﬁ%%ﬁfﬁ T A TE M A
MBR R &G HfiH .
() KGR G T+, Walff QS &%

=
High density

MBRIE 5 %
MBR biofouling

&

AR I

Biofilm formation

3 YA RN IR R A S R R R R BRRG BY 3 M5 OR

Figure 3 Bacterial quorum sensing pathways and the three ways to conduct quorum quenching strategies.
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REYFERS, BOA KR T QS JAF i i
e ELHA R0 3 i R 3 A 4 TR AN
ARSI, PR AT DA e/ N 6T 240 i R AR R AR
HIIRERYSZ MR . FREE T AETE R — SE A T AT DL
B 53 WA B A AF 5 4 1 R D BE O G (ED QQ
fitf), X LE QQ it b i A S N AT (i A% 54 -4
B A AR IR O S, X AN T B B
QQ I, QQ KM QQ MEkIE T AHM¥e I, H
A RTEARRES, BT Z M QQ N
3) THfES T 5ZEnmgs, WM
— S 5G5S0 F ARG, g
MHZE AT F2mER, BERRGS S
T HZIREAMES AR, WML QQ &k
fildn, Wk (furanone) S HATTA 15 AHL 4544
FHAL, WL HSE g &2 R Em, AT
o QS MPKIFAMHILE YT B WENR TR £E SR 5
W AR, 22 B I R i A A A AN T AT
(Delisia pulchra) . Hi%g . BIHESE LK FL0R AN ih 25
J (Aspergillus) S &8 o] 7= A 1Z 28 A G 41, 1k
Ai, KU AL W I R (brominated  furanones) il
D-H b (D-ribose) 55 & 5 AL-2 285 54> T 45 HIAH
IR, WTLSEgH e S A2 ZREN
i, MNmmdl QS RE L AEYBIE M, Jf H
Nl Y TR R 2 A s A S (e ]
WHEFRN QS Mk, HuCEAEY . B,
Al . PRI AR B T A S N

3 BHRRNL B XK#E % MBR BT
Je oy L K e
31 BEAERBRNEZERGEMHMRNHEIES
A
3.1 BHARRIERAED

E MBR &4 4 45 20 W QQik &Y £
ERSES TP EANLS
Yo N, 5 AHL 2R{55 50T 45M AL agmk
W R FLA A, XA B AR DN, RIE S
HT MBR {53l Aok H 2(5H)-mk
AR A QQ AL & #y A 45 1Hill X 4 MBR 5 4L

I BE R 6 mg/L B Al i il 5 YL 5] 3] 4E K
100%, XF Z 48 4b B RE 1% A 52 M H w] 14 i
By Ayl Ik AR S I, 2(5H)- Wk g R R
T34 AHL MR A Z 40, @ n DR QQ
BEAY A AL, MTIHSE QQ BCRUY . 7E MBR #
g S AL2 K550 TR AL G Y D-#%
FE(100 pmol/L), W | EPS F1 SMP (1)~
A, PRI HE S BTG Yead R R R R U
A B [ (vanillin) 2 5 — AR LA AT T4 QS R 4E
LAY, 7E MBR RGN 160 mg/L (LA
CiHMA i, Al SZEX IS G 1A S i,
L3 3o 5 R 2R 4 T AR A P B 2 R S T AR
TRIFIG IR B Ak, A R
SETEREMRLRTH , TRl ELAE T IR
AW H BRSO, BERA T HA R
FFRFZLE ], A] R4S b B B B 245 5% s £
FR) T e s o A SR O S R 3 S B Ry A
K, RKRETFEAWPLEMASACHE . R
2. s EA | XIS PETS VSR Y IE D he
S/ E R QQ AW .
3.1.2  BEARERENES

QQ ity AT 38 A8 4 A s 7 % At sl AR A5 5 A
T450, FEMEH QQ AR .. T QQRE £ 2k
AIAEY A s, WnlidE st A Y TR A
77 UARAEXT AT R XA A A ) 5
RN, RIS FH T MBR BT Yl . B,
WFE F e MV Y QQ Mg 2R X AHL 2£
{55 T B RE R, AR B iy i 3 AT DA 43 B —
KIS, B, (1) HMBEERE(lactonase), 1F
T AHL Ztrh s 2 ZmR N ERIE, k4t
KA BN, AH N B 7 4 o N - 1 22 (1R
(N-acyl-homoserine, AHS); (2) M35t
(acylase), i AHL 4544 rpi% 42 5 22 2R N R 36
R gt 50 ) T P R T LR AR ) Ry v
Z R N s (homoserine lactone, HSL)FIAR 1 iR
(fatty acid); (3) E ALl )R (oxidoreductase), il
I A SR AR SR RN B AHL 4548 &A=
A, TR LAHR AN M. SR
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HO i 1
PR it noi )J\/\ - W WS
Lactonasc ] gsdA aidC
AHs
O
{ti 0 T %%ﬁ%e<;i R i
H )'K/\M Acylase NH, pvdO  qsdB
AHLs Fatty acid
R=0, H, OH
et Rk S g
M=CH, CH,(CH,),,etc. d M CYPI0241  CYPI0245
Ox1d0reductase

Hvdmx) -HS

4 BHEBRNEZERNEERN N-MESLIBRNEEEBLEEMCRNERMNER
N-FEEE = 22 2 FR TR ; AHS: N-BREEm 22 &4 ;

AHLs:
ANl

AR EE
HSL: S#2% M MER; Hydroxy-HS: #3E-m#2

Figure 4 N-acyl-homoserine lactone-degrading enzymes synthesized by quorum quenching bacteria and
their catalytic reaction pathways and common synthetic genes. AHLs: N-acyl-homoserine lactones; AHS:
N-acyl-homoserine; HSL: Homoserine lactone; Hydroxy-HS: Hydroxy-homoserine.

HAIRIMR 2 QQ XTI [ A i3 K (& 4):
Ij\]@a@ﬁﬁ’]é‘)ﬁ%lﬁ%i‘@ﬁ[ﬂE(Bacﬂlus)l?l’]
aii A KLU SFF % & (Microbacterium) i aiiM
U8 9% i & (Rhizobium) 8 gqsdR1 56 1171,
213K 1 J& (Rhodococcus) 1Y gsdA JE KRB L J% 45
T )& (Chryseobacterium) it aidC 5k A 8145
Ik 35 % 7% Wl 1 B RS AT B OR B ICOR s
(Ralstonia)ft aiiD K2, 11 fIi 4 J& (Anabaena)
1 aiiC FEFE™, {52 5 s (Pseudomonas) i)
pvdQ FEHY DL A AN H A gsdB FE AP
S WA R B S A E R, FEATE
Bacillus & I (2.3 P450 B4 CYP102A1
M CYP102ASP* % ik QQ Hith, WEsLH:#2
M TS el b N e 22, B A I 2 5% 7
fit [#6] 7E AE MAE AT RE R I, AT ST RS e i)
FEGZEN ) EERLAE RS ORI v, 2R AN N
418 5T W 1 (Variovorax paradoxus) . Ralstonia
spp.. P. aeruginosa F#8 A LIA B, Horp A
P. aeruginosa H/3 B 152 PvdQ EERIZ5HE
Bl oE R FAROH Tk I B g ) B AL A 7 —

fi NS B L il B R (Aspergillus) 25 A W) 1 kL h
PEHLH] P2, Fﬁﬁiaﬁﬁﬁﬂfﬁ%o {2 QQ T
) S o J07 FH A T ek 245 700 BOAS 36 v« AR S A A 5
AR Sy BTG SO K AL R i#lfﬂi&, 15
AR R
3.1.3 BHARRKRORRE

QQ T I LIFFZEH A L QQ il 2 [ firk 210 i
JAFBRAE S, M BHW AL 4E R ) QS 4
P, RASZINT EPS 77 AR AR W IR LAY
. B, METEH QQ kEWH QQ
fiti, % QQ H AT MBR JIE 15 Y th H A 4342,
AIRRSE . AR A E /S, ke
ﬁiﬁﬁﬁﬁ?ﬂﬁ HAl, 76 MBR JE{5 yesdfilth

RN QQ Wk, KA & MGG

i&%#ﬂ A IR oy B AN ai Aok, A At
FLH TR FBRAF N ES QQ itk, filln, Ik
P (Rhodococcus sp.) BH4 ., 7K (Enterococcus
sp.) HEMM-1. Zf{FF 1 (Bacillus sp.) SDC-U1
L LLA RN EREE, XTZR AHL 15553148
A K& i fE 1 50900 B i B (Pseudomonas
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sp.) 1A1., fR/RKHFH (Delftiasp.) JL5, T K
[ 575 [CTE (E. coli)-pET-PvdQ %5 AT D)4 B ik
REER W AR AHL 550 707 REhir
i (Acinetobacter sp.) DKY-1 A D) i3 & 845 i
— PR B A /N UG PR RS AT-2 2545
5o FHIREME , 12 % &8 (Pantoea sp.) PL-1 {1 &
A A2 REmIIE! N LA L, QQ HfE
A ESER PR Z MR, EEERY
&, METEA QS ThREMAN ., MU/EWRE
) QQ W AR QQ TIRETH AT HE
R ™ BT QQ E RN A 1. £ 1
ST HATHRSE RS YR LT MBR TS
Pyl n) QQ TE bR M HLFEANFE
3.2 BHARRNEREEMMFTA
FEARBLE A QQ WEHMIRZ )5, %
Ve AE R AE MBR R 48 R B BARTE K
FOF BB, H QQ WH W) B [ & T ¢k
AR S5 RN, — AT S B R T A A
T e AR o SR I AL AR I R R E T
> QQ IEHW MR s A QQ TE MY
RNZZGEH HAMAAFHEN T, kv

QQ FA LML R AT MV il 8 . 78 5 AL o A5 1 1%
W AR EA R (b2 R
SEPE s BN AR T R AL & 4
3.2.1 ETEEBRMMEZEL

15 R 4P (sodium alginate, SA)5 55 T i#
o AW SN T I LA 2 ) 2% 235 ) 1) 5 J tR:
HAEY R AN E R, By REr
QQ WAL S SAEWIR S, FIMAZRI A LS
woh, al s A QQ W R BEI AR, XA
HARHA — & LR F R e Pk, HoT4Eds
QQ W MWEME. #ldn, # QQ F#k Rhodococcus
sp. BH4 [# 2 T SA JE % QQ /hek, 7] LAfifi MBR
IR B T TMP BRIE T FH B s Ta] (B 75 G J] 39)
FER 10 M50 ML, FRG PR AHL W E A
EPS A s R W E RN, QQ /Nekil o ¥y #iAE
FH (BPHLAR v ) J5E A4 4} 26 18T B9 08 0 J2) Fl A= W 7
FHRPF% A% AHL BB QS)Ay XL E LA, 58
LT X TS Y i A R

FIFH SA 1ERFE IR, PN L
A QQ WML Fln, 5 QQ /hek
HH, BAKLSH QQ IR K H T 4r i)

*1 EIAT MBR [R5 RITHI B R RE
Table I Quorum quenching bacteria used for MBR fouling control
FERIEN K B RRRE Pl HARE 501 QQ fiff JefiiE  SCHk
Quorum Strain Source Target signal molecule QQ enzyme Reference
quenching characteristic and its location
bacteria
Rhodococcus sp. Gram positive  Activated sludge C6-HSL, C8-HSL, Lactonase, [80,93]
BH4 from a real MBR, C10-HSL, C12-HSL, intracellular

Korea 30C6-HSL, 30C8-HSL,

30C10-HSL, 30C12-HSL

Pseudomonassp.  Gram negative  Activated sludge C6-HSL, C8-HSL, Acylase, [97]
1A1 from a lab-scale C10-HSL, C12-HSL, extracellular

MBR, Korea 30C12-HSL
Bacillus Gram positive  Activated sludge C8-HSL, C10-HSL, Lactonase [103]
methyl otrophicus from a real sewage C12-HSL, C14-HSL,
WY treatment plant, 30C6-HSL, 30C8-HSL,

China 30C12-HSL
Enterococcussp.  Gram positive  Activated sludge C4-HSL, C6-HSL, Lactonase, [94]
HEMM-1 from a real MBR, C8-HSL, 30C6-HSL, extracellular

Korea

30C12-HSL

(1548)
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(B 1)
RN VA K T TR R AR AR B3 H s {551 QQ filf K oz #: 3Rk
Quorum quenching Strain Source Target signal molecule QQ enzyme and its ~ Reference
bacteria characteristic location
Lactobacillus sp. Gram positive  Activated sludge  C6-HSL Enzyme unknown [104]
SBR0O4MA from a real
sewage treatment
plant, Greek
Microbacteriumsp.  Gram Activated sludge ~ C6-HSL Enzyme unknown, [105-106]
HSY-2 positive, from a real intracellular
facultative sewage treatment
anaerobic plant, Korea
Bacillus sp. Gram Activated sludge ~ C6-HSL, C8-HSL, Lactonase, [95-96]
SDC-Ul1 positive, from areal MBR  C10-HSL, C12-HSL, intracellular
facultative treating industrial 30C6-HSL, 30C8-HSL,
anaerobic wastewater, 30C10-HSL,
Korea 30C12-HSL
Brucella sp. ZJ1 Gram Activated C6-HSL Enzyme unknown [107]
negative sludge, China
Delftia sp. JL5 Gram Activated sludge ~ C8-HSL Acylase, [98]
negative from a real MBR, intracellular
China
Sentrophomonas Gram Activated sludge  C6-HSL, C8-HSL Enzyme unknown, [108]
sp. Y6 negative and soil, China extracellular
Listeria grayi Gram positive  Activated sludge =~ C4-HSL, C6-HSL, Enzyme unknown, [109]
HEMM-2 from a real MBR, C8-HSL, 30C6-HSL, extracellular
Korea 30C12-HSL
Lysinibacillus sp. Gram positive  Soil, China C6-HSL, C8-HSL Lactonase AilY [110]
A4
Bacillus Gram positive  Activated sludge ~ C8-HSL Lactonase, [111]
thuringiensis from a real MBR, intracellular
LZX01 China
Escherichia Gram Recombinant C4-HSL, C8-HSL, Acylase PvdQ, [99]
coli-pET-PvdQ negative bacteria C12-HSL, 30C12-HSL extracellular
Pseudomonas Gram Recombinant C6-HSL, C8-HSL, Acylase AiiO [112]
putida negative bacteria C12-HSL, 30C6-HSL
KT2440-pBBR-aiiO
Acinetobacter sp. Gram Activated sludge = The precursor molecule A hydrophilic [100]
DKY-1 negative from a real MBR,  for the synthesis of AI-2:  bioactive substance
Korea 4,5-dihydroxy-2,3-penta  (non-enzyme) with
nedione (DPD) a molecular weight
of less than 400 Da,
extracellular
Pantoea sp. PL-1 Gram Activated sludge ~ DPD A small molecular [101]
negative, from a real weight hydrophilic
facultative sewage treatment bioactive substance,
anaerobic plant, Korea intracellular and

extracellular
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QQ IH A I, X MBR Ji5 4 AT
BRI GIROR ;. SOEF A QQ FiXE 541
REMRATEAE K AR AR s R R i AR N &R, Rtk , 7E
[ 7 AH R QQ WIMATHE T, HA T & bR
FRAEMAR B =Y QQ &, 1ksk, QQ
25 EAEN D QQ A AT A [ R T A A
LA REIR ) = 4E 451, BRI I QQ /K
SHAFRA) QQ Tk R B 5 1) FE S L A i e

322 ETEEMRNZEEMEEX

LB ZFE GBI THRER ) £ )2
g54, AIERTE QQ [ b B n £ A P Re AN AL
HIME . SA BERM ELAE MBR 211 2P bl 5
2 RMK T E A FLR b I AE 415 5 1 B 4
BRI, NI, 7E SA BEEfbid e AK
il 55 4 B4R 3R £ 0 B (polyvinyl alcohol,
PVA). i (polysulfone, PSF)Z5IE ) SA-PVA .
SA-PSF S AR T l 5 ] A K ARG PR
(powdered activated carbon, PAC)JE i, SA-PAC &
B AR T HE— 2 B T Ak R A R
ML RE RS EYE . 78 SA BERM BTG AR
AAEYRIBAER Y B, "Rl QQ &
MTETE. Flhn, A0 S5 AHL 2589 2581 v-
T N iE (gamma caprolactone, GCL)AE kA= 4|
P AE SA-PVA /NEREG L, FFH QQ B
FATENRIANZ, W% OZERER GCL 7]
gz s 2 QQ WryTEE, M fRiEH K
W& QQ HIRE MM TS Yedas thl R Y,

1% -5¢ (core-shell) X2 435 ¥4 14 35 11 o] 2%
AL O QQ [E (LA M B R RE .
un, O 25 223 K (electrospinning) il £ —
2 F 1 5 L)% (polyvinylidene fluoride, PVDF)
Hhae, PR A QQ WY SA-PVA /NRUETE
AT NER, SRR RAFHLMGER B QQ &
FEAKZ T, FTRIEEER QQ I P Ay 4 HE it
[ FEA% QQ B A A=, WA QQ M
) SA-PVA i it ZE 7638 1 3D FT ENE A £ 1Y
R 2L 5at, WAIEEA -7
JZEER) QQ BRI, X Fh e e T i 4

FHUR S Yo ERE FERARS B, T S0%4A
FRIBETRINAE, QQ IETEMT 4y 160 d EI'71, i
BT e 7 R 3 7E 3 QQ H Y SA /)
BRFm, P SA/RNEBEH & —ZHE
2 HZF N 4% 45 44 (semi-interpenetrating network,
SIPN) IR AF AP5E, I Jaks SA NEREL B TESP T
WHRIE B =4k QQ [ k% -7e2hty, WikMm T
R A BT e il R, I W T T e Ak
ARAR AR B AL R B AN A 24

ZA AR R R, BARR
W B PERE Lt R A e A AR A R . A F
F0F QQ MWLM T A bt m, PR
F SA-PVA ML Z H, TE AL QQ [ fb i -7edh
¥, TR MEEE T E AR R BT SR, I nT 3k
5T 0 B BV e s SO U 55 A B AR R
MR QQ B M AL REN K5 R A o T LR
il & QQ Wbl & a ki b, BE ISR
TR MBR TG 4k #2, FEMEH 40 d 5173
RE4ERE 90% LA LAY QQ &1k, R L SA %
52 A4 A6k B A i R A5 SR 120
323 ETHEBEMNEZEWR

QQ B A L 1 PAT 1 22325 IR R} o ol B QQ
B Ak QQ AL, thJE—FhA =iy by
o PR RRAT R FLAR /N T B I SF, AT R
RIF QQ F HBETE B A L P &6 AL K A AR
Sk, BERY . AT LRS54 T4
Wy I AT LA ER L gk R il
QQ i BH4 [fl5E T PVDF thas ef4e s, wf
fifi MBR 575 e A UTHE K 69.6% "5 ¥ BH4 [
TR TR PVDF AL, oA i s
YeFRHIEK: 26.9%", A HF 5T B H — Rk
HE X A0 1 5 AL 4548, iZ 45/ TR PVDF 13
FLUBHE, TAE N RRFRER AR, K QQ B
FEX FAAE S A, AT AR IE L 5 AN R 17 1
WY A 7E MBRIZTTREFEH, 4% QQ AR
ME S HUMREFE S AR, I TMP 3Kl %
TR 65%, QQAMEE T /K 1 sh 1 QQ IfiE i)
AR S T s Yt 28, H e fe K iz
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T A R QQ IETE!™.
3.24 BRMERESGEEE

¥ QQ W MY GE F 2 QQ BEAT QQ kA&
W) 8T A RL R R s RE MR iR )=, 2
g s A QQ [ fhakng . Flun, BEiLf:
Rl R B e FE R BLER TH 1T QQ T
et . A5 S B A I 5 e REER AP
R A, P R R B SR A R £ T SR
e R ug i &, S5 I R S 28 5 5 A
AR 5 SEI0 e X i 28 2 A8 A 114 4 0 i ]
KT 4R QQ B G 1, BEAH I EPS /=
AR Y B, O 3 SRR RS et AR,
B BE L FE AL WAl o R . DR . SRS R ST
SERTERAKEE L, P IR TR
MRE — 2R Z BN PVDF RARL L, BZE
EL R U JE AR AR 2R )y | TR R Y S5 3 AT ] A
FEMEE G VAR 7 A 19 544 ) ]
S B0 AR YR BT SR K, AR IESR R
i 3 318 S 56 v AT ol S e JEL DT AE K 60%% . A
UM, 7F 1050 U A R 2 O e Y 5 I e 5 A ke
b, 3 A S5 A 2k
RGN ) —FhEEXT PQS PR B 1Y QQ Ik &
PR BN R R, Bl & 2 Fh QQ &
T BRE L 2 RE B B ] EPS 7 A Al il i s
PP HALK) QQ b AW INF vt | kRS
ok B 2 T FBER L F 1T, 2 T S R T e
&&%[76’130]0

&2 BET ERME T P 4 25 QQ
EE RN, W 2 aTLLAE W, A EE
IEX R QQ W TEY B L% MBR JEi5 4L &
— PP RS, IF H [ E AL QQ AR FHEE )T
2o B RKa QQ iy 73 B i Ak Fogr B [ i 1k
WM F &, QQ FRME I FHAR 55 7Y B 7K 3 [l A
A8 T S5 7K 2 A T 3 S B i Y Ak R
K25 AR TR RRAE 75 e 10 Tl gk PO 12004 | 7 o5
) MBR T. 225 N IF50 MBR 4 JE 2| IR A
MBR! 321 iy g 5L S 4 N I
XTF QQ & AR B R AfiAk, Ak
A 5% B AT A S W TR AL RS 1k

FeRMAR AL BERE LA S QQ 1 PR ZE+7 IR ]
5 X A PPN I R A 24, IFAE D REA
JEAS 2 6] 18 e P-4

4 AR BL K SR 3T MBR 5
EYE RN

QQ TRME B L FH— A 25 1 25 5 M A
() TE AR R AR R R, XSS e &
B ACRE 2 I AR /N, IS 23 52 i) MBR R 48
(IR 21T, HEAMIREM, EKL R Y
i QS A%RRY kAR 2 S T M G A A R A
VERIREER . BT R AL LA SRS Bl ) 24ad AR
B IR B MR B S AN T REMEIRT A
NiHL, QQ KM AYHI A& T4 MBR R4
WIRA HED SRR QS-QQ sh& T4
P, I, 2GR IS AT MBR RS A
TR V& 25 K RN I B8 AR5 o
4.1 E-F Rhodococcus sp. BH4 BY QQ
REEIT MBR {4 48 5% HO 20

Rhodococcus sp. BH4 2 H il 75 F1 5 FH
Z—t QQ W, WM L IE T M5
eyl R AN AL, SR ORBEE T A2
AR A S H R R, 5T g i
SRHEIHXT MBR UEWIRER R, AR R
PR ¥k BH4 (5 E T SA-PVA /NER) B & 2k 2r T
MBR 7 5t P A P AE 95 1) 2L o8 45 A R 8 3ok
s % QQ RSN 1 fi & I & (Thiothrix) )
FE, WR22RE AT QS IR EPS A A4y
W, AR B A RETE BCRE T, A R
TGP EE ST E Y, [ MBR RS0 E R
Fho 2 (LI B bR BH4, AT R B 7 75 e ik
H W RETE TR AR IR Thiothrix fE 1, [l 3%
i QQ WM HE = T RGN HUE M REE I 2 FE1
sy s,

SR, AR A—RALEE . 7Rk
AR QQ TRIGFIRL 3N HmE ) MBR R40
Hi, Wtk BH4 (€T SA-PVA WiH, HfhE
200 mg/L) B 2Rt ] F#AIK Thiothrix i 388, {HH:
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Table 2 Quorum quenching immobilization strategies for MBR fouling control
Iéi] 7 1 5K W fi] 2 AL X AR [ISERCECE 3 € SN OTO R cliE £ S W 1N
Immobilization = Immobilization Characteristic of QQ media Fouling control st (] Reference
strategy media design performance Duration of QQ
activity
TV R BN QQ beads Sodium alginate (SA) gel Compared to the After 30 d, QQ [113-114]
) [ 72 1 beads, with defined mechanical MBR without QQ activity
Immobilization properties and stability, application, the increases by 3%
based on subjected to the dual function fouling cycle is
sodium alginate of QQ activity and mechanical  extended by 7 to
scouring 10 times
QQ cylinders Cylinders with elongated Compared to the >20d [115]
structures, offering a larger MBR using QQ
specific surface area, enhanced  beads, the fouling
mechanical scouring, and cycle is extended
stronger QQ activity by 60%
QQ hollow Hollow cylindrical structure, Compared to the >40d [116]
cylinders offering a larger specific MBR using QQ
surface area and enhanced beads, the fouling
mass transfer capability cycle is extended
by 130%
QQ sheets Square-shaped sheet structure Compared to the >24d [117]
provides better contact and MBR using QQ
mechanical scouring effect on beads, the fouling
the inner membrane fibers of cycle is extended
bundled hollow fiber by 80%
membrane modules
HTFEE#ME  SA-PVAbeads Incorporating the polymer Compared to the Both QQ [119]
GIEARY Y At material polyvinyl alcohol MBR without QQ  activity and
[i] % 1k (PVA) into SA gel beads to application, the mechanical
Immobilization enhance mechanical properties  fouling cycle is strength can be
based on and stability extended by maintained for
composite 5 times over 100 d
materials and SA-PSF beads  Encapsulating SA gel beads Compared to the >45d [118]
multilayer with a layer of polysulfone anaerobic MBR
structures (PSF) to enhance mechanical without QQ
properties and stability application, the
fouling cycle is
extended by
7.5 times
SA-PAC beads Incorporating powdered Compared to the >45d [120]

activated carbon (PAC) into
SA gel beads to enhance
mechanical properties and

stability

MBR without QQ
application, the
fouling cycle is
extended by

4.5 times
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el 7 1 5 W Il 72 A B X BARHHIE BTG R RBOR QQ iEMELE  SCHk
Immobilization ~ Immobilization Characteristic of QQ media Fouling control FFhf [a] Reference
strategy media design performance Duration of
QQ
activity
Bio-stimulated Incorporating gamma Compared to the  >39d [121]
core-shell QQ beads caprolactone (GCL, a MBR without
structural analog of AHLSs) in QQ application,
the core of SA gel beads as a the fouling cycle
bio-stimulant, with QQ is extended by
bacteria distributed in the 46.7%
outer layer to enhance QQ
activity
Electrospun fiber Encapsulating a certain Compared to the  After 16d, [122]
coated hydrogel QQ number of SA-PVA beads MBR without 95% of QQ
beads (QQ-ECHB) containing QQ bacteria within ~ QQ application, activity is
a PVDF shell to form a the fouling cycle  maintained
three-dimensional core-shell is extended by
structure, enhancing 4 times
mechanical properties and
stability
Mobile porous Encapsulating a certain Compared to the  >160 d [123]
hard-shell QQ balls number of SA-PVA sheets MBR using QQ
containing QQ bacteria within  sheets, the
a polylactic acid (PLA) fiber fouling cycle is
shell to form a extended by 36%
three-dimensional core-shell
structure
Semi-interpenetrating  Encapsulating a certain Compared to the  After 100 [124]
network number of SA-chitosan beads MBR without d, 79% of
hydrogels-based QQ containing QQ bacteria within ~ QQ application, QQ
microcapsules an SA-polyacrylamide shell to  the fouling cycle  activity is
form a three-dimensional is extended by maintained
core-shell structure 2.3 to 2.8 times
SA-Silica beads Adsorbing QQ bacteria onto Compared to the  After 30d, [125]
the surface of silica material, MBR without more than
then embedding them into SA  QQ application, 80% of QQ
gel beads to form a core-shell the fouling cycle  activity is
structure is extended by maintained
3 times
FETFHBER QQ vessels Encapsulating QQ bacteria Compared to the >80 d [93]
I#i %€ 1t within PVDF hollow fiber MBR without
Immobilization membranes, sealing both ends  QQ application,
based on to form membrane vessels the fouling cycle
semi-permeable is significantly
membrane extended
materials
(FE)
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I#i] 7€ A I#i 7E A TE X AR JBES e ASOR QQ THME4E SCHik
Immobilization = Immobilization media Characteristics of QQ Fouling control FF it [ Reference
strategy design media performance Duration of
QQ activity
QQ bags Encapsulating QQ bacteria ~ Compared to the >14d [128]
within PVDF membrane MBR without QQ
sheets, sealing the edges to  application, the
form a “dumpling”-shaped  fouling cycle is
membrane bag extended by
26.9%
QQ rotary microbial Encapsulating QQ bacteria ~ Compared to the >30d [129]
carrier frame within PVDF membrane MBR without QQ
sheets, sealing the edges application, the
with a polycarbonate fouling cycle is
frame, and connecting to a  extended by 65%
stirring device to form a
rotary frame structure
MBI EmT QQ Immobilizing acylases on ~ Compared to the After 200d,  [90]
BSR4l enzyme-immobilized carbon nanotubes first, pristine 66% of QQ
Modification of membrane then loading them onto membrane, the activity is
membrane PVDF membrane material ~ fouling cycle is maintained
materials extended by 60%
QQ Immobilizing methyl Compared to the >4d [91]

compound-immobilized

membrane

anthranilate onto
polyamide membrane
material through covalent
binding and crosslinking

pristine membrane,
the fouling cycle
is extended by
18% to 22%

X R PR 5 20 K 1 ) AN T . Rk

o, kR BH4 (E% T SA-PVA /NER)7E MBR

BH4 ([l %€ T PVDF Jiie) 0 i 2% T MBR &
TG RANEVHZ T UEW RIS M EZ RN, RE
TASFERRA QQ LIREM 4N & AN g £T 4 i
J& (Cytophaga) . £14ii & (Rhodobacter) . 54T 5 &
(Flavobacterium) . 4 BT [ J& (Chryseobacterium)
SR FEEHE TR, X0 E8& H TAMNRER
Pk BH4 WP fERIT 3G MRS HEA QS
TR A 40 TR ) 2 B HE O ] i A Ak i #, il ner
¥ B Bl (Rhodocyclaceae) ) =F B 32 #4461
M\ZE B T4 B (Comamonadaceae) % FIME #F, X
Al REAE B T S0 R TR Y QS 17540 147
12 528

AR, QQ KM HE 5 HA N 28 A i
A 4x X% MBRGAE W BEVR 7 A B S, A

RYCR M SRT XA YIRS A B B
M s fHCRAHC SRT B, HE T T 8RR )
G (Kofleria flava) ) =F B, 1P 4 B 7] & 3%
R f A2 ) K0 (AT 4 ) I ] 3 b LA B
e 1 AR =, AR A W RS B ) 3L I
Wi & B (Thiothrix eikelboomii) i =F B 1 52 31| B
A, ST T R A IR e s AR
UEAh, SR QQ IRMGIA B S T RGN M
WIRETE B ZREPERT

BT A S TEARRL, QQ K
R UE I AT LLEAE MBR RS P i W RETE 1
AR AR LR . A 055 AR ) & E fk
JE(SA-PVA Wi F . PVDF [ 30 FIA [l 45
F(0-135 mg/L)AY TR Mk BH4 ¥ BE59L, &
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L QQ TR & X MBR F Ge i 2k WV 1) Z2 R I
2 A AR VA BA S s ), T R A R 2R (it K 2k
RUFN R Gz AT ) A s o AR (2 35 (HIEF 4
T B P 45 20 BT B 45 SR S, QQ SRS AE 2 T
O J2 50 A P U v R )RR B (9 286 v )
B W Y, ik BH4 ([&1E T PVDF
P HOXT MBR R 40 N IR W0 RE T 19 2 1
A S ES M A B B e, (H AR T BR A &
(Sphaerotilus), % (%47 [ J& (Janthinobacterium) |
REAFF I E (Tahibacter) . #iA< 544/ (Neochlamydia) |
TR R & (Acidovorax) LA AN BT (Acinetobacter)
L5EYRIERL . EPS 43 . 40 S AL SE A O
TR F R T PSR A 45 R R
Tt RH QQ Kk, BiFisRMIEDHZE
B R B RV ) AR 1 2 1 1 F (deterministic
processes) T, {H QQ KM 2 i & UF =AYk
A=Yy Ry EORE B T T
4.2 EHfh QQ KAEXT MBR LB %
SRl

Br 1wtk BH4, FHIHAR QQ WY KB
X7 MBR fUEWRERS ™ AR R AR B2 . A
A QQ i Delftia sp. JLS ([# % T SA-PVA /NEK)
= MBR AR5 Y, X BTE 5 e A e
SN, H I 2B MO T R DR 2 T U Y
%, FRRR RIS T T 4 LIR 5 ] (Nitrospirota)
TEDE DR AR R s 12 B AL IR TR
J& (Nitrospira) & — A= K 0 RE 2218 1) 58 2 2 A
B, I QQ g n i Al T ik A K &g
TR ZE SR DEZ H 2 s A E 42 QQ HiAi
[ (Brucella sp.) ZJ1 (FE T SA-PVA /NER)
W) F4ME T MBR OEIFIS BRI RS Y
AW ETE R Thiothrix, AT 5 Ye 15 5] 2%
fie!', ¥ 2Bk QQ FE[FH A 4 FF B (Enterobacter
cloacae) QQ13 . f# #F & (Microbacterium sp.)
QQ1 F Pseudomonas sp. QQ3 £5) e il i1 & #i
FE (852 T SA-PAC /NER), ton] D) & 25 oie An
MBR £ 40 N2 2215 R T DF 2 A 74 1 4%
UL e ah KRN TR 4 QQ M R

Jfi 2 (P. putida) KT2440-pBBR-aiiO F 242 Fh |
Wtk AR R o, AR M A QS ThAERY
T AN, I 0 A W B A R A W A AR
PE UL,

Rifi % QQ T Mg 41 & i FH 2 IR MBR 1, Bf
Gt A AT L3R Bl DR 48U S A A A % 5 4 1
Ar o FEIRA MBR H1) H QQ B Microbacterium
spp. ([ F SA-PSF /NEK), 1] &l B2 57
FEYHZ TR A & 4544, Nitrospira, BEK
P J& (Trichococcus) . [R %84 I+ £ (Anaerolineaceae)
SEYIR I RN % QQ RIS B RN T
BIF G RAE R U R IE I 2R, HonT
R J5 A 2 P AR BV 2 B U TR R
i, QQ A W (M & T SA-silica /NERFI
SA-PVDF A8 3 A] i 2 M8 IR 4 MBR 1 542
W BTV B AH O 1) B A D AR T 25 48, DT 4% s
B (HAE QQ KIS T, HARE
FE LSRR S B E L , X T RE
S TG Y O IR R T bR B IR R S G ST
KILEETF SA-PVA /RIS QQ 1R A BIHEXT IR
4. MBR R T5 R U MR VE S i 35 /N
{EL T S 35 AR AT S A Ak 2 T 40 s A= 0 OB o S e e
B Er F N,

ZE LT, QQ TR g X MBR il 2E W BV (1)
SRR M. BE, QQ RG] I E K —
b 5 15895 YL BRSO s A B Fp R R, (HE
ELRBLH 3 R W7 . LUK, QQ 2R W X AN [/ MBR
Z2 G0 T 0 B A O R 6 A RN 22 RE M B R A
RRZES, XETE 5 IR MU U2 A P v% 1y
WA —E, A, QQ HME XS MBR 4= ¥
E V% 4 b AH B AR O 2 R 55 104 252R  #R
e, XEE IR 451821 QS/QQ 7E ¥
WA RE T ERE SRR, XA EES
QS WHFEHLFIA B ZFEMA K, —JriH, QS
AR A5 5 FRIEIR 2, RRIYHF A T
FIHARFE S0, 1 QQ s X ARl {5 %
S FRE BRI . 55 —5H, QS Frifs
BRI Ui 3 TR A s RN Rk AR 2B, X AE Y
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Z2 b A= PRI A T D R EL A IR AS RIS
L, RRFEIEPRNH QQ Mg, Ty Z4f
HAR MBR R GRS, RHETUN R 5t
T QS IR, HEMIE N QQ X ST
F1 R BIFEE ST A ) A A SRR % iy o
P, D2 BRI TS Qe 5519 MBR i
/RS Y WU S Y (S /IR RSV PN
TAWITE .

5 SHh5RZ

Ji5 4 & MBR .20 & R HIN o fE b s
LAFTE . REF SO SCHE B, MBR REH
BB YS J T ML R 2, R AR Z, Hi
Bl R Y B S B A YT Y Ttk B R
QQ TR Mg i PHWT sk T4 A i QS I im
H, 0T LA SO AR O I . AN 5 G
SR TR S, TSI IS e sl . o
LA, Wt s B e — &R 51 QQ M.
QQ HEF QQ k&Y, WITAIFF K& ARIER K
[ A6 N FH SR WS, FEAS RIS R K AN T 5 450
MBR 55 2R G0 B T 2 535 i IS e 4 i sk
e, BT W BRSNS 0 R RS

SR, HETHET QS M QQ [ MBR fiii5 4t
FEHIWTTY , AFAE— 2L 50 A [a) @. (1) 7ESCRR
MBR 1.7 R Ge il 9 & 24 5 A (CIMIRIR . &k
m . BREAEGRYINEE)T, QS X
15 G kA R R i 2R BTk AN AE FHAIL I 1 A A5 3
WIRA AT, BN QQ SR M B ARG 5
(2) QQ KHEX} MBR A= Wy Hk 74 45 DI RE )
K5 ) B 2T HILE v A B B, O HLEL A
TR M—E L5, T B0 LIRS 8 32 T 4 15
MBR R G MK BIRE ®3G281T; (3) MR
AR RS QQ M EZ R4 XT AHL Ml AI-2 X
FAGS 4 FRIREMER , 11 QS PRI Fr At ity
HES 0 FAEE W HARRE S 57
ZME 1] BE 2 T2 QQ RIS IR AN (4) W5
TE R 145 2 e fb SR A B AR B R, #E TS
P B I . KRN Z AR WS PRIE K AL HL R 48

W 2R A M Rt B R B S B E LUK, B
B QQ WM HUBLAL N AT A — 250

Bt Ak i), ARRAN T BEAE LT LA
AT R R ARG T - (1) 3 e v 0 B 3 A 40
FAYFEFE, 2miRA QS FEARF &M
1Y BGE R E RS, S QQ IR
HEN SR LR TR 5 (2) (RBh RN | R 5%
B4, EAA., RIBAHAEZA 2 HARFEL, §
AT QQ FEME X MBR {34 #y i |) T AEAR R |
FEVE AL . OC R oA ) T Rl % A5 1 52
M, {4F MBR 2GR E SMEETT; 3) R
WEZEXIARZER QS fF54FM QQ W . QQ
5, AR E AL QQ WikE, FIHAY)
TR A= ETF BRI SUEA . T K
B QQ IHMEM I ; (4) WFABITMAE
K L QQ 7 A 2 45 s ) B g o7 ) 5 s i1 2 Ak
BBE, T80 RS BR N FH 37 5 B 45 RO FI R
RSB B PECR QQ TR PEMIE M, B}
A QQ AR I 5 Al R ¥ Yl s il e i A HL S
HIE L QQ-Y bR A S mg , LAPE T HGE I
(5) X TR EE A EAR QQ SRmg, Nk AL
ARG o A R A A ) B VT AN S5 5 vk AT 4 T
KRR A TEAL |, S A 2 R fb o7 FH # 4 mp
(RS

1E& T = ¥
FE: D . Bl S 3R

BOEG . PATIABE, 5 3CE; AR R
g ROERIR, T

1B # A 25k RATE 7 W

VR 75 W 4 JCAT AT i) BE 23 R M AR SCHIT Al
TAERE AT R £ 8 AR
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