TR A SR IR Aug. 20, 2019, 46(8): 2020-2037
Microbiology China DOI: 10.13344/j.microbiol.china.190330

tongbao@im.ac.cn
http://journals.im.ac.cn/wswxtbcn

Eit Sk

A= T s+ IO Nl = BT I IS

S RANEKALIEEIERE S RMEEEMRITRE
EWE KK REZY REE

1 IR R 2 S TR AR E e WA s T4 T 510006

2 MRS TR RA S ECRE) TR Rl 519000

3 IR K2R 2AE IR KV 410128

W E: MAEANRILHEESARG T Z A, 2 RAIEKLEETIE E KPR, & HF RAE DA
R DR RZ —, BAMEL T RIEER LT EGER. KRR 4 AR EELZWT RMAEYD
BESHEM., AR, SRR LESREKER, R LY B EZ Y EE, ERmiTET
B A W e TR 55 A AU BRI 69 R 2 FatE AR, B BB T 4560 B 3 IR AL 0 K 4t
BAY), VABRKA MM FHARBATER T RAEMBEZMZE. I, REEFASPEA, DRSS A
H A KA A M T RRHLIE 4G IAR, HALE B HUE KA 3 T 7,

EGEIR: S RHAEK, TR, AW S AN, MAENER, mAEMEFHER

Research progresses of activated sludge microbial communities in
fluorine-containing organic wastewater treatment processes
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Abstract: With wide applications of organic fluorides in various fields, fluoride-containing organic
wastewater treatment is facing great challenges. Activated sludge technologies are one of core methods for
such a wastewater treatment, in which microorganisms play an essential role. This review is focused on the
diversity, composition, structure and function of activated sludge microbial communities in the process of
fluorinated organic wastewater treatment and their relationships with wastewater types, activated sludge
characteristics, treatment efficiency, degradation pathways and mechanisms of organic fluoride compounds
by functional microorganisms in fluoride-containing organic wastewater. We also discuss perspectives for
addressing key questions related to the assembly and metabolic interaction of activated sludge microbial
communities by isolating key functional microorganisms and/or by microbiome technologies, aiming to
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improve our knowledge about mechanisms for microbial degradation of organic fluoride compounds and

optimize fluorinated organic wastewater processes.

Keywords: Fluorine-containing organic wastewater, Activated sludge, Microbial community diversity,

Microbial degradation, Microbiome technology
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k.75 (Oxidation ditch, OD, 17.5%)>R4&/BE /T4
(A0, —1.49%). Lewis 22287 AFFFs fiY 3%
1843 6:2 PAPs (Polyfluoroalkyl phosphates)7E i 4
V5 Ve B A W A A RE DL R B AR W B TR B AR AR
b, KBTER: IR R Ge A G P15 U8 AR A Al
(FTOH-degrading Pseudomonas)E.A W =507 A )
HAVRE ). TESCEREA T 30d )5, AR T AL =)
52 FTOH . PFHpA [CFs(CF,)sCOOH] I PFPeA
[CF3(CF,);COOH] ., J3U45 1 A5 W [ A 285 R B 6 1k 15
Ve A W) Z AR AN T BE A B N R, (DB B
i Nitrospira sp. 1 Prosthecobacter dejongeii ([ fi#
e 9 2 A L) P RE TR O B R A T R AR AL
PPERE. SR, Ll EBE2 5 T FTOHs
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A FECOSTY DR I T U e e A it TR R
BE B INEgE T PAPs AWIEALECR ., A,
Zhang 2P 98 & PE Dokdonella spp. . Thauera spp. .
Albidovulum spp. Fil Caldanaerovirga spp. & 6:2
Fluorotelomer alcohol (FTOH)# fif B At 24 7 1k 5
FTOH i n, S defeik ZHEEREAR,
Wasthy K AW AR AL, O HEVR S5 1 2h 282 A
FEEIRSN S, AL, 6:2 FTOH FRfRH . i 2y A
(Dokdonella . Thauera , Albidovulum F Caldanaerovirga)
5 Z 3 Jo¢ FE TR BUR 1 (Incertaesedis . Opitutus Fl
Bacillariophyta) R A E TRER R Geh, X FRH 6:2
FTOH [ R G U E WiV B A= 52 b e a
)-8 7] -4i (Rock-scissors-paper) I HAEAL I P

4 PAEYE BRI EIFRAY R
BEFPLH

g1 B RN 4K 8 TR A0 AR ) B A% T (Organic
fluoride-degrading bacteria), fiffF 57 FR& At g 45 F1 A 6
BU . BEfR A DD RESE R, AT R TR EOR
i 58 A MLIRE AR RIS B2 0 Tl A P R A s Ak ) g
PEALACHE . 47T, O SCERIR AL T 2 Fh A e e
TRt A s o A 5 A BN s WA AILSRUAE & 0 R IR
Wi o 25 K Ak T K508 . V5538 W
HOAE DAL B A+ AR AR Hh o B S T 2
1 R PLFRRE R A (R 2), BRI AR U A
(Bradyrhizobium) . 23R )& (Rhodococcus) . WiFAE
J&(Thermus) . R ¥ & (Pseudomonas) . 53K Ff i
J& (Mycobacterium) . X% TR J& (Gordonia)5s . F
rh DI 245 R 7K 3 P T 08 v A 5 D v A e 4 R A
IH R (Thermus sp.), 16 pH 4 6.5 i EEFE 70°C B,
AMART LA EBREE 70% RNV, ae LRI
AR BRSO B A A A T S 24 AR
BRI, BRI HIEE] 63%. 70% ., 74%" ),
Pseudomonas knackmussii B13 BE LA X} 5 78 F g
(4-Fluorobenzoate) A ME— I - %o HLafe A FRefi 2
Ralstonia sp.BEMSZ T S BEXTIRUAR (1 250 mg/L),
FER(15 g/L)¥REE, 78 pH N 6.5, IRJE N 30°C

I, 5 R A R U5 Ralstonia sp.id RE L
%t 34 i (Fluoroanilines)VE R IR 4, LAIEAR 1
U5 2ok LU Pseudomonas aeruginosa Hi4
7E pH Ky 3.0-10.0. IRJEZ N 35°C I A] P45 R 47
i Perfluorooctanesulfonate (PFOS)KMFEE ST, 51k
it 67% . X ULHIE PTG VR b AT 2R AL
MIRERR T, HEABU A PLREEREE ), X
TR NLE K AL PR A F AR .

AT HE DS v B i i L S A1 HPLC-MS/
GC-MS-MS Zr#r U Ik, s Z R R n A
ML IR fiff i 42 A OGBS K o Microbacterium sp. il
Labrys portucalensis F11 ZERHPITELF IR T A
WETREEHTAE R, — Mt il etk . L
Sk BB AIRVEER A S AR B 2
AR Y, L3 by B BE B8 A Ak X R A R TR
(4-Fluorocinnamic acid)f¥) Arthrobacter sp. strain G1
F1 Ralstonia sp. strain H1, FFAHBf T 12 8 B Jeim
if B LR SE BT 6:2 FHIHNE(6:2 FTOH,
F(CF,)sCH,CH,OH)/ >l AFFF H b 508, T
A P BE AR A 2 BB BE S . Kim 25P01%
I Pseudomonas oleovorans Fl P. butanovora Rgi i
Wi 4k 6:2 FTOH (K 1) &2 1774 x:2 il
x:2 FIHEE(FTOH) A1 42 9 C R (PFHXA) B 42 . iR
(PFOA); 142 11 774 x:3 acid (C,Faxs; CH,CH,CO,H) |
x:3 Uacid (F(CF,)CHCHCOOH)F14:% ] FZ(PFBA)
5%, PFHXA (x=n—1, n=6 or 8), HIT3ZZ|EIA | i
PSR FIIR R ST s, AR 1 A Sk T . S
BIHEGE K BL P. fluorescens DSM 8341 i1l F ikt i
fif{(Fluoroacetate-dehalogenase), RETEMRAE 11 HifliiZ:
6:2 FTOH H—A~ C J5iF, 4 A 5:2 Uacid F14:3 acid””,
M1 T PFASs fl &bk, 8 A bk B 4 i
(Alkane monooxygenase Fll Butane monooxygenase)fE
HEYEALA PR ALY R R R AR . R,
Kot Jes BRI AR TS A S R A TR e 7 ELA B AL RE T Y
— R IR AT . AL, Gordonia sp. NB4-1Y iK1
PR (Nitrilotriacetate A1 Monooxygenases)id BENF
TR R R B ),
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F(CF,),CH,CH,OH
(6:2 FTOH)
v

| F(CF,),CH,CHO |
I (6:2 FTAL) [

I F(CF,).CH,CH,CO0-
: 5:3 acid)
F(CF,).CHLCOO— (5:3 aci
(6:2 FTCA) .
v “HF :
F(CF,).CF=CHCOO- : F(CF,).CH=CHCOO—
(6:2 FTUCA) X:3 pathway (IT) (5:3 Uacid)
— -F
_ +H,0 D
st F(CF,).CH,CH(OH)COO—
g ) (0-OH 5:3 acid)
g f —co,
S | F(CF,);CH,CHO |
= | _ (5:2aldehyde) |
&
+0
N F(CF,),CH,COO—
(5:2 acid)
F(CF,),C(O)CH,
(5:2 ketone) —HF
: F(CF,),CF=CHCOO-
v (5:2 Uacid)
F(CF,).CHOHCH, i I
¢5:2sf1TH) | - ______¥yY__ __y¥__ _____
; ; | F(CF,),CH=CHCOO- | | F(CF,),C(O)CH, |
Al ep F(CF,).COO— | _(3Uacid) | I (42ketone) |
C 2 (PFHxA) |
D v F(CF,),CILCH,COO— | | F(CF,),CH(OH)CH, |
_OCF, F(CF,),CO0- (4:3 acid) I (42 sFTOH) |
2 (PFPep) | W —m——— ==
F(CF,),CO0- F(CF,),CO0-
(PFBA) (PFPeA)

Bl 1 (RERBENECERIEMEIEE 6:2 FTOH g)i& 2"

Figure1 6:2 FTOH degradation pathways by alkane-degrading and fluoroacetate-degrading bacteria

1971

W OE LR A B.C Il D 4 P EMEH %ﬁ@ﬁﬁ(A:Pseudomonas oleovorans ; B : Pseudomonas butanovora; C: Mycobacterium
vaccae JOB5; D: Pseudomonas fluorescens DSM 8341). ASEIFEAIIEMEFANSEHTHEA . B, C Al DWpiE; M 5:3 Uacid FFIRHY
TG AR Pseudomonas fluorescens DSM 8341 15 5 REEAE H 4L A 2 HE I A A 4.

Note: The pathways shared by all four bacteria (A, B, C and D) are presented in blue arrows (A. Pseudomonas oleovorans; B. Pseudomonas

butanovora; C. Mycobacterium vaccae JOBS; D. Pseudomonas fluorescens DSM 8341). Pathways in different bacteria are marked by their
labels (A, B, C and D). The downstream pathways from 5:3 Uacid are largely performed by P. fluorescens DSM 8341. Compounds in boxes

with dotted line are only predicted.

FLRTE R A LIRS G A = 5Tk
Horp e 20 1) B i A — s - TRtk 51
A R GIA B L ERE . B RO
fifp e ph 28 SR QIR | FEWR R PRI S AL A sl
AVER= T o -5 SN Y N 1 3 F N i )
(B3R PAS0 AN LI R W EL R TR B AR (53R P450
REMEAL 5 ST RGP LB, T EL T REAY A i

PR IR B K — i 2 — DR U R AR
Bl 2 B AN BAERIP BAE Phanerochaete
chrysosporium 23 FEH AL TR . HLAb,

Phanerochaete sanguineus it BEE 15 FEFLALFITE N
(R LB 2,3, RNV LB GRS 1 ). SFs
U A 7K 1 (SF s-substituted aminophenols) A] LA H:
A N-C R AL B 0 5 55 4 (Streptomyces griseus)
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HO

N
0 !
~H,0

| —-Co,

€2, R=C,H, m/z 314
N2, R=C,H, m/z 302

CIP, R=C,H,
NOR, R=C,H,

(ii)

R k/NH
C1, R=C,H, m/z 314
N1, R=C,H, m/z 302

—CH, l

(iif)

Cytochrome P450
enzyme

X /ﬁ 0O o0
R K/ NH HO |
C4, R=C,H, m/z 288 N NI
N4, R=C,H, m/z 276 ! K/NH
€3, R=C,H, m/z 288
N3, R=C,H, m/= 276
l ~C,HN
0O 0
N NH,
R

& 2

€5, R=C,H, m/z 245
N5, R=C,H, m/z 233

AL E(CIP)FIE R E(NOR)FE Phanerochaete chrysosporium 4i3E 35 i y5E L& 21

Figure 2 The transformation pathway for ciprofloxacin (CIP) and norfloxacin (NOR) by Phanerochaete chrysosporium™™!

FAb R N-C BSR4, KA AFFF 15
P ZEf I - 3P 1Y 6 MR GRIE Fusarium sp.,
Penicillium sp.fl Aspergillus sp.)FELEETFE T RS
1t 6:2 FTOH!"*",

T WD 5 3 3 4T B — A Ry 2R K e T B
FAE A I LR A . TS TS e Bl
aip 8 TP AR IO AN, T TR {2 55 56 (Enzy matic
reactions), A B FERGTRBIRRE Y AL LA K
RIS . A A IR BRI K A7 B MERR A TS Y i

Ve BN R ULIOA . Krah ZE7EREERRAR 20 Fhids
YeZjShEt, AR LAY AR IA R TR K
2 BRI 5 Thaueraaromatica V. 4-55 FF
AREH 4-FORH RN I, FEAE— S5 T ATP
(1) C-F S e 2L ot 2k, s
el 3 BRI, ESE TR ARIA IS (BZCoA
reductase, BCR)MMEALT , 4-% K H BEILHTE A
(4-F-BzCoA) it 38U b A H e SE 4 A (BzCoA),

IR S50 A I8 5 N 25 (Birch reduction-like),
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O SCoA 2 ATP 2 ADP
2¢ 2 Pi
H

(6] SCoA
H
F pHH
/ |
X ~q
H

3 BEREBT AN ATP B9 1 2K R E 45611 R EE(BzCoA reductase, BCR)EI{ER , SEIN 4-F-BzCoA &7t 4>
Figure 3 Possible mechanism for the conversion of 4-F-BzCoA by ATP-dependent class I BCR (BzCoA reductase)!"?!

TE: — MU S L], EAETRET ATP B TR BN — A7 A B8 TR BT T B3R, - 4-F-dienoyl-CoA
M A(C-3 1378 pKa (G130 A) R E AT, ITE E1cB BRI A T FR RN R b, AR b AN Al f 0RO R P07 A

TBREH Y.

Note: It is suggested a Birch-like mechanism involving two single ATP-dependent electron transfer steps and one protonation step, yielding
an anionic state. During 4-F-BzCoA conversion, the pKa protein, an assumed 4-F-dienoyl-CoA intermediate (C-3 position) is significantly
decreased, resulting in the essentially irreversible fluoride release in an E1cB-type elimination driven by re-aromatization.

JEHfiE BCR A 4-3805 2 TR fift i) R ik Bl A G
A SR, FERFSY 2-FK R ER AL
HIEF, Tiedt ZMSYAS T Thaueraaromatica i,
) —55i84%: 2-F R RYR IR A S50
WS e, AR Y 2-F 2R F R AE BCRAEH T IF3F,
1111 J 82 P I e 2 P s T A A KB K e T
HEAL AT o & BRI T L4 A 7K -G iR T 1
o (7 -FREERI RS A2, AT RE R —Fh A AR B il
PR AL . A AR A PR & A ALY
TR HUS T ke, SRIMBEARAIL G AR iR e Y
AT TS HET, ARG Y4 Bk
B B WU RE T R HIL SR A0 1) o A8 R i i A I
AL
5 RYE

TEHIS R MAE YRS Z e . S5t RS Red e
T RO PSR T st ket [RIet, %k
FHIE . S B A A5 S T st TR e )
eV A e M A B ZER Sl 7, DA sZ i =1

AEo (R, XSEIRGEIN T IRSh il Mg 4t A2 1k
AR ZSHLT HANTEAE s RIS, VP2 0Ro00 e T At
FeRR G H IR XA HUIRAL I B, TAH 5G4 K A
AR DA A T o — R 2T ek
W2 2 R B0 R R e AR 0 A 2 5 e A 2R
NS NI IS RN R ERIN - ST R ERILY
PR A PRSI FIZhRE . T, SR YUK
IR AL B AR R I A TS DR M AL A R ST ST 2R
FBAERADLs (& 4)-

(1) FEATIEAETS TR e Y v 2R S A
SRGIREFFEMER R

T8 R 5 e R AN [ folo A W T i e A T e R4
v RS E i A AN FVE T o AR BEAS [R5 90T AL
PR TE TS Pe A Y Z AR PN LS AN
MR GERI AR VERE . s HIERENA . 7%
el REAHMENABHAZSFAFEAR, LI
PETS R IR AR, st Z et 5 A B
BORMEE TR R, i = R A LR
A Pt v SR e
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Application
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Activated sludge
microbial enrichment of

community defluorinated

microbes
@err§ f
> e /

(D Single microorgnism analysis

« Deflurinatedgene/enzymes/pathways
* Engineered strain

* Synthetic biology

3 Construction of deflurinated
microbial community

©)
Dehalog
NOB @ AO%
o @®
Filament_ou@

b.actegs

Inffluent

Microbiome
technologies

ogens

+ Synthetic microbial ecology
+ Lab-scale testing

() Activated sludge microbial community analysis
« Diversity, composition and function

+ Interaction between microbes

+ Biodoversity-function-stability relationships

Pathoge®

g
=23
=
=
a
=1
=3

* Optimization

Prediction of ecosystem functioning (defluorination efficiency)

4 FIRFEMSRMEMARANESSRANEKLEZREEE

Figure 4 A concept scheme for activated sludge microbiome technologies to improve fluoride-containing wastewater process

performance

(2) RGEWIFIE LTI A B I EAE M
2% KA

TET5 Y WIREAR T T, K s Y e e
M ZRE ARSI — 7, BER A (R
FEDLL, RACHH) T REDAT 5 AL S W R A i
Yy R INREIEI | AR ARG R, IR
R VTS VR A Vo are v ELAE M 2% K FLAL il S 4tk 1T
Bdgs —J5ia, sATANLT R Brasiy | A
P B AE AR FERPET 512, T R GRS
PTG I E MIREIS I Sh 224k, 2 RIEI SC B i
A=A AL A S (8] EXSEREE AN, B IS A e
TR v B B I 45 B AL, I S R ol
PIRIDIREREIN , D) w4 o s R AN

(3) BRI AR5 A P AL B S B
RERAE W48 s HEL ]

I T A AR AL AL O G BE D RE R W, 4k
T PR DG HE R 205 BB H 2 m iy A 1 3
i, bR gl Eadlee . RS
R, RIS B L B,
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