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B E:[% %]+ :28 K8k (decabromodiphenyl ether, BDE-209)& i H & S~ % & i A PR F| 2 —,
ABFAMFBLESAEAENKRTRT PEAE. [B 6] 5B 5 A 24 BDE-209 49
A ST AT R AR AR, AR A BDE-209 &9 ik A 4 gL, [ %1 vA BDE-209 %
R—BOR, BILEE. HBALA, AEMTIRT Rk BDE-209 F A M E . KA FH 2R
&, & (high-performance liquid chromatography, HPLC) #= & A8 & # - fi # B A X (liquid
chromatography-mass spectrometry, LC-MS)4 #1420 BDE-209 #9:RE Ao p 18] = 4. [4 %] 545
3| —#k BDE-209 4F &[4 f# tn i) F, 2% 2 403 ) & A F5 KE RAB LA (Pseudomonas nitroreducens).
#£30 C. pH 7.0, #AFEH 10% (HhAR040). FHBEREA 250 mg/L 69L&t T, 4
¥4 K% 10 mg/L 49 BDE-209 #) Mg 5 7T 4 76.2%. KR4 Cd*" (<5 mg/L)A % BDE-209 #94%
AYEmAARAER AR FE Y%, WgRE Cd* (215 mg/L)% BDE-209 4 % A& 4 [ A= ) 4k
A KN F A& R EFem, BDE-209 %t 4m et & @ 357K M (cell surface hydrophobicity, CSH)E-A — & 49 %
"9, BDE-209 #9f A MIEMFAE L 2 @ 4E508 . AR, —RKEam Z A mFda, (4418
#R F 2t BDE-209 S A {469 & fF 48 77, AP0 45 R T BDE-209 494 84k £ 4 I #2 A BDE-209 77 %
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Isolation, identification, degradation characteristics and
mechanisms of decabromodiphenyl ether degrading bacteria
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Abstract: [Background] Decabromodiphenyl ether (BDE-209) is one of the most widely used
brominated flame retardants, which has caused serious harm to ecological environment and
organisms due to its persistent toxicity. [Objective] To obtain an aerobic bacterium that could
effectively degrade BDE-209 and to study its degradation characteristics and mechanisms.
[Methods] The aerobic degrading bacterium was isolated from activated sludge by enrichment,
isolation and purification using BDE-209 as the sole carbon source. The concentration of
BDE-209 and the intermediate products were analyzed by high-performance liquid
chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS), respectively.
[Results] A BDE-209 aerobic degrading strain F was screened and preliminarily identified as
Pseudomonas nitroreducens. Under the optimal degradation conditions of 30 °C, pH 7.0, 10%
inoculum volume and 250 mg/L glucose, the degradation efficiency reached 76.2% for 10 mg/L
(initial concentration) BDE-209. Obvious effects of low Cd*" concentrations (<5 mg/L) on
BDE-209 biodegradation and the growth of P. nitroreducens were not observed, while the
effects of high Cd”*" concentrations (>15 mg/L) were significant. In addition, BDE-209 affected
cell surface hydrophobicity to some degree. The biodegradation mechanisms of BDE-209
mainly included debromination, hydroxylation, cleavage of diphenyl ether bonds and ring
opening. [Conclusion] Strain F showed good biodegradation ability for BDE-209. The research
results facilitated the aerobic microbial degradation of BDE-209 and the bioremediation of
BDE-209 polluted environment.

Keywords: decabromodiphenyl ether; strain F; microbial degradation; cell surface hydrophobicity;
degradation mechanism

+ JR BX 2K [ (decabromodiphenyl ether,
BDE-209)fF 24 H #ij FH &t % K 4 J8 A BH 44 57
(brominated flame retardants, BFRs), #{) {2
V3SR TN =670 % N e W e 4
drl ORI S iR b B AR 2 5 5 80X 7 i
F1 BDE-209 B 2R EE f, fERS. K, &
B, IR R a2 BEZLEIREA B I
B HAAZER A, BRI, AR AR A LTS YL,
BDE-209 K HMEREARE . Btk Fiph 2 2,

Xof AR AR IR I A A s I 7 S H 25 2 #
FAMC HE, FERAR . BB
A¥s BDE-209 MIAEEH B HA 2R L,
B 2 A% P Y BDE-209 ] LA i 2 4k
WIES S fb AT m AR E S A
Wyl A OV T g R bR . SHM O oM EL, R
W ARAE R — P sk . IR R AA B H AR
BN & —FP AR AT A 18 S SR AFoE e,
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BDE-209""" Gerecke 5" & 3, BDE-209 1£JK
A RN 238 d AR T 50%,
I H e 25 Ak Ry B B R A IRV QI R ik [ &
Y. S5IREMAYIEFALL, BDE-209 7] LI#E
UFEU A R N TR A, KRS
B T RS ) HAS 5y 7= A ks et SR
H #i 7T T BDE-209 458 B At 19 33 A 9 9 0TS
TR, B, WEAAEFSE R E A
BRI MR . TRk, SCF BDE-209 A ¥kE
RIS K Z 8 T 188 VIR SR BN R
Hif¥) BDE-209 PSR, (H] HF 7K AH
Hi BDE-209 448 B A 1 S A W R IR AT v A
B, b, 38Y)7% 2 AIREE 48 o 2 4L
(4 E R SRR, 9 BDE-209 15 YL 3R (1 4= 9
&5 BRI AR S HE

A WL G A P R e R Z R IR R
FISEI, AAMIERIR . IS4 . AP S
s, Hdp, EEEAEIIL N EE, KNS
PERT RE SR A M R A K R, bR A
BT Yy 04 A ) R R Y A Wy W Ak
1w, fEREZ%E BDE-209 B R, Cu. Cd. Pb
2P S a R [ R R B A B p Y Ho,
BRI A U 5 T 7= A I 37 0 R R il A
e 75 e 2 — , &R EEH 5 BDE-209 L4
REBMERERSEZ Y Wik, #F5% cd
BDE-209 it 4= YIRE R RZ M, X F I J 2 1Rk
k- R R AT Y T A R L

A F 5T NG PR TS TR P o B — Bk
BDE-209 H.A3 R IF R fEARE 1 (IS4 1, Ff8
i B AR A B AR RN Bl AN RR JR A e B, DA
T #2510 RS T R e BT, B OR
BDE-209 11134 4 B g e vk S L R A L3, [
X Cd? e B %k BDE-209 1 A ) R e F1 240 1
AR B M TRIER LA R TRAR BRI 555 e
INER () 18 2 AR

1 HRE5r%E

1.1 #8
1.1.1 H&m

BRI . A BT /NSRS K AR BT (1)
TG PR U Hh 0 B A S8 5 e T K o
1.1.2 EHxFE

WAE SR SR IR I LB Wk 773,

FRE SRR LB B hniig 20.00 g/L.

JEHLEL 1 7 3 (minimal salt medium, MSM)
(g/L): KH,PO4 2.65, Na,HPO, 12H,0 4.26,
MgS04-7H,0 0.20, CaCl, 0.02, NaCl 0.50,
NH,C10.50, ik 2 mL, H4A pH.

i R % W (g/L) : CuSO4-5H,0 0.03,
FeSO,4-7H,0 2.10,MnSO,4-H,0 0.06, ZnCl, 0.07,
CoC1,°6H,0 0.19,

15 12 £k 2% vh i (phosphate buffered saline,
PBS) (g/L): KH,PO, 0.24, Na,HPO, 1.44, NaCl
8.00, KC10.20, pH 7.40.

1.1.3  FERTMNE

BDE-209 (ZliJ#>99%) . %M. K. g
meih, B TR A w] s SRR R . BIR,
%[H Sigma /A#]; KH,PO,. Na,HPO, 12H,0 .
MgS0O,47H,O. CaCl,, NaCl, NH4Cl, NaOH,
CuS04-5H,0 . FeSO4-7H,0 . MnSO,-H,0 . ZnCl,
CoCl1,"6H,0. KCI, [EZj4E Ak 504 R
Al A BE L IEC BRI A KR , Tedia A ]
CA'FREEI, EHRA OB,

HL TR 4l KSR 28K, b
MEFRIRALAR A R A A =l R R e Ol
TEIRLIR 7 B R e F 58 000 O e i, B gEMRR
T E PR A DA RA ] SO RS, 25
R A RA A
1.2 &

1.2.1 BDE-209 PEfEEHI 5 B4k
B 100 mL 36 PE 75 e 30 min J5 , S mL
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FUEWw N AR 50 mL LB WRAKRE IR R
150 mL #EFE M, #£ 30 C . 150 r/min &4 F
3% 72 hg, B2.5 mL B FEMOM#]5 5 mg/L
BDE-209 ] MSM Hifif 14k 35 7%, SRR A
KRR 20 mL, 4 72 h TR —K FiREEE, I
B IR 5 b BDE-209 RO I v i, Hink
FERBEBEE N 5. 10, 20, 30, 40, 50, 60 mg/L.

Bk S 1 ARG 1 mL,
RACK R R % 10 5B VERE BE R R, HX
0.1 mL fiBG RIS A T 60 mg/L
BDE-209 (& {& LB %3 [, 3 F 30 ClHkR
AR, RRESRE B RMBAR RS, Pk H A
BIESFHEM AT, RAZ B ok 2
etk 5-7 K, FEXSARIE 0 SR 1T G
5o R TR A R IR TR 50 mL
BN Y, £ 30 'C . 150 r/min
M TEERSE 24 h, B 2 mL WWERT
BDE-209 #JHA#¢ M 10 mg/L () MSM HiEf 158
SEES . B SR 120 h S FH S AORAH (A% (high
performance liquid chromatography, HPLC){ll &
R R4 BDE-209 W, TR ADIFEMR,
DA A A0 40 PR e e e A R R A I T AR, R AR
TAY) TARCEE) AR A R A dl #1754
1.2.2 EERIHIE

W R R R T34 50 mL LB AR 73
) 250 mL #EEMH, £ 30 C . 150 r/min 551F
THEFE 24 h J5 LA 8 000 r/min &0 5 min, FH2
VEW, RIS TR PBS MrUERAAR 2 Uk, AR TE A,
F PBS HE &K ODgoo 4 0.5 I EW, HT)E
S ()T A 0 o i S 3
1.2.3 BDE-209 PE#R <RI 1L

K =R 2 HAKF Los (579 1E 38 530 1 5
BDE-209 [ il A IR 55 Ak . IEACI R ik
a2 1 iR, # BDE-209 ¥ T — B L AR T
il B FE S 10 000 mg/L 1Bk, B 20 pL Eik

* 1 EXRERT

Table 1 Design of the orthogonal experiments
KR pH e

Level  Temperature (°C) Inoculum (%)
1 20 5.00 1

2 25 6.00 5

3 30 7.00 10

4 35 8.00 15

5 40 9.00 20

EWOMEIE KE R MSM 2R E & R
W, (HFREMARAR R EARFN 20 mL, BDE-209 (1)
IR M 10 mg/Lo Fe 3R 1 Hp il i itk
TTREAR LTS, LAE AH R B BDE-209 {H AR H:Fp
i) MSM R 25 I B, FEA# 120 h J5 BRI &
BDE-209 MR, TR AYREMFE R, R
P 1 A2 50 1 45 S 45 ¢ BDE-209 1) S A B i
M.
1.2.4 FESMIRRSE MG T BDE-209 FEARSIIE
1t BDE-209 ¥J 45 % 10 mg/L # MSM
H o BIIATERERY . HIAGHE . R AT R A
il JLAE AR R P VRl 250 mg/L, DL
BDE-209 {HAAMinaRE Y MSM 1E R %} B A7
AR W) R RS2 0 o B A% 120 h 5 BBORE DU &
BDE-209 HIRIATHE , 11 BDE-209 (45 ¥ %
fifR, IR A B R AR K 22 Bl ANk IR Y
Fhi2s,
1.2.5 F[E Cd™KE T BDE-209 P&fELI8
¥ CIFRUEVERNE] % 10 mg/L BDE-209
) MSM Hr, - DU 8 A Sl , #2582 mL
R, BEMRR R BARBR 20 mL. BEMA R
T A BV BE Sl 250 mg/L, 7E kBRSO N
CA™ #4354 BN 5.15.30.,60 F1 100 mg/L;
FEARH BEJE BN Cd™ W EE 4 i B R 0.05 .
0.10, 0.30, 0.50. 1.00, 2.00, 3.00. 4.00 #I
5.00 mg/L, 7 30 ‘C. 150 r/min 551 F #E17R%
sy, AR Cd* &7 BDE-209 () MSM
VERXH IR [ESA# 120 h i BUREN %€ BDE-209 (1)
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Pl 4xHe B, 1158 BDE-209 B4 W& fR 3, Il
E 600 nm ALK FR BTGB
1.2.6 2B 3R EER 7K 4B E

K FH 4 T 25 B B &40 G 0 09 15 D 4
Jitd & T i /K 7 (cell surface hydrophobicity,
CSH)!"™ ., g 1% 77 uk A — BE A ) S (IR R F
4 °C. 8 000 r/min Z5F T E.L» 5 min, WA
PBS k% 2 kFFF 4 C. 8000 r/min F5F T &
O 5min, RJGH PBS EE WM ODgo N T
0.53-0.54 Z [A] (Y R - B 8 mL _F iR i B K
SARIIMA L, 2. 4, 6. 8, 10, 12 mL —H%,
E T YR 2 min, §E 10 min £40)=,
W4 T J2KFEFAE 600 nm 401 5E KOG, LA
e IR R HE . SR UAM RN
ZX PRI, CSH R EAR N

CSH:ﬂxloo%
A,

K Ao W2 ARESIWOC A, A ALY
W A
1.2.7 3B EREANE

FIRZE 2.5% I ZRERE . SBEBK . B TR
TR R R A S, AT PR A L B (high
resolution  scanning  electron
HRSEM) WL £ 41 g 2 11 T 25
1.3 D&
1.3.1 BDE-209 ;K E RN E

Wi Wt — 7 IR A 20 mL 15 3590 S50k
B —E B AIE CRe(1: AR 2 R, B P
FHICKBRBR BN /K J5 F 40 °C 120 r/min 5578
W% e 4n 2 1 mL, FVOERRIETE T N EEZE
WY EZRZE 10mL, B 1 mL £ 0.22 um JEH
U8R AT B R AR N

HPLC 300 BDE-209 ¥ FE (945145 Hy . (03
K228 C18 #1:(250 mmx4.6 mmx5 um), 7 3l
FH R Z A KARFA L 98:2, FEIE 30 C, Wik
M 1 mL/min, BEREFR A 20 L, K095 1 240 nm.,

microscope,

1.3.2 BDE-209 FERR =M 547

¥ H WM A3 - B iE BEOH AY (liquid
chromatography-mass spectrometry, LC-MS) £
I S 5 s TR 7/ I T Y G /S P N = ¥
A Hypersil Gold C18 #£(150 mmx*2.1 mmx3 pm),
TENAHR S KRR L 98:2, ¥ i FH it 38 43 31
930 CAI 1 mL/min, HERE SRR I I K 53 51
920 uL M 240 nm. BEEEVEBIFETF A . 5% A
(0—0.8 min), 5%—50% A (0.8—5 min), 50%—90%
A (5-7 min), 90% A (7-9 min), 90%—5% A
(9-10 min), 5% A (10—13 min), B FIELETH
% 55 F, 25 (electrospray ionization, ESI) T T/,
o M, U PR far T AR I A%
(charge injection detector, CID)H, [/ 50 V.,

A S T E 3 AT, O EAE
NIRAEE IR o ASCEE Z M B GE it 22 7R
SPSS 26.0 #4708, #F P<0.05 W N FF1ER
FVEZESE o XA SCAH G 2 30 J0Hie 1 20 B 45 2R 1Y
H P<0.05, RUAFLERENEES.

2 BRS04

2.1 BDE-209 BAfEEMFIESEE

ke alidl, DTS TS U O e AT B
15 #XF BDE-209 HA7 — & M A# B 1 4 1A, 43
MARIC A A—O. 767 10 mg/L BDE-209 ) MSM
kSR 120 h 5, RPN BDE-209 ([ g%
WK1 FrR . HAE F X BDE-209 FIR# 7 BE
T, BEREN 57.1%, WIE 2A B, Hi%
BAAM, HAEA RN 2-3mm, RIEHAEH,
FWDEH . 76 BB T SR BI% 40 18 2 AT
R (E 2B).

W HbE F B9 16S rRNA EHJFHIRAZE
GenBank (&350 KC625329. )HEATHLXT, 4%
=, WKk F 5L R R SR B (Pseudomonas
nitroreducens)FAVERE, 5 99.93%. HET
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S O o o O
=
—
—
B,
—

Degradation efficiency (%)

S O

ABCDEFGHI JKLMNDO
Strains

1 HIERY 15 #k4RE X BDE-209 AIREREZE
Figure 1 Degradation efficiency of BDE-209 by
15 screened bacteria.

Pk F (9 16S tRNA FEHFHM M RSk B
WK 3 s,
22 imE. pH. EMEX BDE-209 &£4]
B fi2 HO 52 M

TR | pH RN i #4025 M SR P R A 1
HEERNEK, NIREEE F % BDE-209 15/
M, RAT ZHE AR IELRE . £ 2
fIZE R LM, 3 AN EXT BDE-209 L ¥R i
Ry . pH>#EM &>, Hrp pH X
BDE-209 A= ¥R fif 04 52 i e K. BDE-209 4 #x
A YRR 2 R pH 7.0, $EFPE 10%,
T 30 C.

2.3 SMINERIERXT BDE-209 f34 4 AR 8 220
2.3.1 SMINERIEFHE AR

FERTIR AL A TG T I EERY | A 40
W AR AN 4 FPAMINBRIEXT bk F R
BDE-209 (#5200, Z5 RN 4A Fis o TEFMINR
TRV BE AR AE AR IE T, I BRA RN W 04 i A
¥t T BDE-209 WA YRR, 5% REAH EE
B BIHR R T 13.0%F0 19.1%, iR FIFT
R AN ENIN T T R At o 38 2 ok U B A A K A AR
L RIL(E 4B), HEHX TR F AR
FH EC TR X B MR F A9 A= KA SR R o B 2 25
B R AR e 1 R B A A L, N SRR AR
“h BDE-209 {4 1) B fiff 1 i 3k M e
232 HEBERENZN

43 ) i) I AR 2R HR i AN [ P 2 R
ff AR AR R R BE 4303 R 50,100, 250, 500
1 000 mg/L, LAZE54 Mk B2 %5 BDE-209 4=
VIR I S0, S0 LU i 46 25 0 o ot B, A
BB OL AR T AT R A S0, 25 R &l 4C e
TR o R BE AT (<250 mg/L)RF i EL A i
HEVE T, T e W B 1Y) 4 8 (2500 mg/L) H X
BDE-209 MR ffA 5 Wl fE R . Y8 2 b
WA 250 mg/L B MR A s, N 76.2%.

2 HEHRFHESERR

A AERIEE. B: HHE T RREIRE

Figure 2 Morphological observation of strain F. A: Growth morphology. B: Scanning electron microscope

image.
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—95|:Psedu0monas citronellolis (NR 026533.1)
56 Pseduomonas delhiensis (NR 043731.1)

67 L Pseduomonas knackmussii (NR 121733.1)

76 Pseduomonas panipatensis (NR 044209.1)
99 — F (KC625329.1)

9% Pseduomonas multiresinivorans (NR 119225.1)
98 LPsea’uomonas nitritireducens (NR 133020.1)

Pseduomonas jinjuensis (NR 114197.1)

W‘—’—
98

Pseduomonas aeruginosa (NR 117678.1)

96
—‘— Pseduomonas otitidis (NR 043289.1)

Pseduomonas alcaligenes (NR 113646.1)
Pseduomonas oleovorans (NR 113617.1)

0.005

3 BEHFET 16S rRNA EEFINRZ LB R

Pseduomonas songnenensis (NR 148295.1)

&5 )7 5 A R BR R GenBank B 555 AR

0.005 fRFRIF M 2E1E ;s 73 308 BB 7RI 1000 YR 2]k Y JLAK

Figure 3 Phylogenetic tree based on 16S rRNA gene sequences of strain F. The serial number in brackets is
the GenBank accession No. of the strain, and the value of 0.005 represents the sequence deviation value. The
number at the node means the percentage of occurrence in 1 000 boot-strapped trees.

#z2 EXRELER

Table 2 The results of orthogonal experiments

Level HE pH e
Temperature (°C) Inoculum (%)

A 1HEH 2093 1476 9.93

Level 1 mean

K- 2 Y{E 25.25 29.33  20.58

Level 2 mean

K3 33.59 4135 36.23

Level 3 mean

KF 43 3221 37.96 35.53

Level 4 mean

IK3F 5 {E 26.26 14.85 35.84

Level 5 mean

W22 Range  12.66 26.59 26.30

2.4 CA*KEEXT BDE-209 #4154 AR i 200
WiE SA s, BDE-209 (44 fw R
Rk F AR KBRS Cd™ e B (16 m 52 P
Je KGN R 2 CdP VR S mg/L
BDE-209 WAEWREfR 52 2] T B2 fE 2EE
MR ik 74.4%, S5XTIEAH AR T
3.2%, A K A B f KR SR R R B I Cd”
(>15 mg/L)NXF BDE-209 (4= Y15 dA 5210
MEIER . P EbRErbEh Cd® ik BRI,

WEARSC N ST W AE 5 mg/L DL Cd> %
BDE-209 {4 YRl M BRAR A K 52 . DA
SB AT LLEH, RWEER Cd™ (<5 mg/L)Xt
BDE-209 A=W FEfR AR PR F A9 A4 9™ A= B
TR
2.5 BDE-209 #l#&KE X E A CSH 20
e YRRt AR, CSH 2tk E A HLis Y
Wy i 15 4 R 5 380 A48 L 2% T A A 4 L PN S ok
MR EENEZ—, WK 6A /R, CSH fEA
[Fi] BDE-209 ) hf Vi B2 T ¥4 52 B S K5 18l
B FE R a3, IRAE 72 h ik B e E H CSH 3
TRHF1E 66.5%—74.7%, 1BFE 72 h Z 5 #Fk F 1Y
CSH Fifi 25 I} [B] f #E #% 1% 7 FAKG, 76 120 h i CSH
R 2 28.7%-38.8%. MKl 6A HIA T LIEH, ™
e FE BDE-209 FUAIKHE E BDE-209 X} CSH 5%
Mk, LA 72 h i) CSH R, TE2331&4E 5.
10, 20 mg/L BDE-209 [ ff RS, HXT IR
AL CSH 433K T 1.3%.3.3%F1 8.2%.
& 6B B, BDE-209 7EH] 72 h N AR
WK, bl AR R AR B2, T CSH /2
FERT 72 h INIEHIE K, BEISITIR /N, Hkn]
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U, FEfRRS CSH ZIMEIMM TIEMEE. 1k f@HLH, RA LC-MS Xt =4it47 14047,
A, HE 6C HILIEH, WK FAE 720 iEAT LRI R] 7 Fp 2=y, B AR R
ARKFEM, MR AERKEWRRSFIRKR, FiRSS  (BDE-99). PUVRKANEE(BDE-47), —IRIBIRE
REW, FEREF Y CSH, K& BDE-209 ) (BDE-28). 3-J23£-2".4.4'- = IRERREE . 2,3-— 5%
A= Wy K i B8 ) — 3 22 18] LA AR I 1 AH e Fe4 4 T IEEAETRE . 2,5- T ORI A 3R -4- TR
2.6 BDE-209 £ Y1l EHES O R, LT b al =Py A & SCEik[19-20],

JIRASRHTE B F X BDE-209 (8 EWIRE 484 T BDE-209 AWREME AT REER (KL 7).

— Glucose as additional
carbon source

- Yeast powder as additional
carbon source

-/ -~ No additional carbon source

>
@)

807
70 ¢
60 r
50t
40t
30t
201
10 ¢
0

N

of BDE-209 (%)
of BDE-209 (%)

Degradation efficiency
Degradation efficiency

\

' DN

&@\
QO

\]
Q
K
Time (h) N

55 Glucose concentration (mg/L)

0.0 L

X N & QD D
4&% Qo% @00 ”&g; 0 20 40 60 80 100 120 )
Cﬁ\é Q\\ o

Additional carbon sources

4 SMEEEXTE L F R BDE-209 BIR0G  A: AMINGRIEXT BDE-209 A= WIREA#IZN. B: Bk
F AR 2k, C: #ZHk B2 X BDE-209 A= ) K A 1 52 i)
Figure 4 Effects of additional carbon sources on BDE-209 biodegradation by strain F. A: Effects of

additional carbon sources on BDE-209 biodegradation. B: Growth curves of strain F under glucose and yeast,
respectively. C: Effects of glucose concentration on BDE-209 biodegradation.

A B

= 772 Degradation efficiency = 72 Degradation efficiency

S 90 . 10.30 S 1000 1030

= " OD(OO " OD(O(

2 80 , s ’ 2 9%r " -

8| 70 + i {_\E 10.24 Q 80 - e —a—a— 40.25

2 60t 2 1 7 7 10.20
— 3 1018 e 60F -

S 50+ k s 1) g

2, ~ o S0f 1015 Q

g 40r Jo12 S 2 a0t S

5 30! 2 3ol 10.10
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Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



86 (DG ES Gk Microbiol. China

—~ 0 mg/L BDE-209
—~ 5 mg/L BDE-209
~ 10 mg/L BDE-209

g0 - — 20 mg/L BDE-209

—— 5 mg/L BDE-209
—— 10 mg/L. BDE-209
—— 20 mg/L. BDE-209

-5 mg/L BDE-209
—— 10 mg/L. BDE-209
—— 20 mg/L. BDE-209

380 127

70+ > 1.0}

60 260 |
;\350_ ’§ %0.8' /\k"'
540»{/ N S 40t 8_“‘0.6- v
7 30 N E 0.4}

20 £ 20+t

]O_ —5 02'

ob— I ol

0 20 40 60 80 100120 & 0 20 40 60 80 100 120 20 40 60 80 100 120

Time (h) Time (h) Time (h)

6 BDE-209 #]i5/KE T E#k F & BDE-209 £ ¥ #RAISM  A. BDE-209 ¥ U5 4 & X} i #k F CSH
M50, B: BDE-209 %) 4k FE X A= Wy [ A 2R (X 52 C: BDE-209 ) 4 ¢ B X T bk 2E 4 i 52

Figure 6 Effects of BDE-209 initial concentrations on strain F and the biodegradation of BDE-209. A:
Effects of BDE-209 initial concentrations on CSH of strain F. B: Effects of BDE-209 initial concentrations on

BDE-209 degradation efficiency. C: Effects of BDE-209 initial concentrations on strain growth.

B

-
Br
Br
IR AR ik
BDE-209

TR
BDE-99

3-BRIE-4-R-BE TR 2,5- RN

3-carbony1-4-bromo-1,6- 2 5-dibromophenol

adipic acid

7 BDE-209 B EHIFERIREZ

2.3- T3 FE-4 4 - T IR

Br Br Br Br Br Br Br
ST J@ro QOQ QO@
— E— —
Br Br Br Br Br gy Br Br Br
Br Br

SRR
BDE-28

PO ik
BDE-47

OH OoH Br
br COOH Br 0 OH o OH
coumosr — Y e — T
O Br Br Br Br Br

3-FEAE-2 A A TROR Rk
3-hydroxy-2'.4,4'-
tribromodipheny] ether

2.3-dihydroxy-4,4'-
dibromodipheny! ether

Figure 7 Proposed pathways of BDE-209 biodegradation by strain F.

B 5, BDE-209 Bt JE i BDE-99, #&J5 i 1 48
P AE B BDE-47, #2358 3 (Al o7 B 78 = A
BDE-28. [ifiJ5 BDE-28 &4 B HAb i, Ik
AR 3-FEFE -2 44 ZRECRREAT 2,3- 8
J-4,4'- TIOR3 S EE LA ) PR I
R TR B 1 DT R — 2P R Ay 2,5- ZIRR I DL
FFERF=H) 3-FRIL-4-TR -0 R, 1X 2L P e & n]
i ZRIRIEH 1L B CO, F1 H,0,

3 W54 #®

BDE-209 J&—2) A1 T AL
HYY, AR R BT TIE R R FOREGE A
BDE-209 MME—fiiA K, IFEAAZMHTH
RUBEA#R BDE-209, TEARMBALBEM SRR
R R BT A B 57.1%, 5 HAAFFT AR L2,
BEIRE F X BDE-209 2 Bl H 455 1Y B fidk B

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



B AR IR TR PR A 1R 10 70 28 55

e g P e g AL 87

IEACIRIRZE KB, PRBE pH . KSR E A
A X BDE-209 WG4 YR A & EE Y
M), —J7 1A, pH (B AR fb 235 | JE 200 B F5E Fi A5 11
Ak, R SRR T AR B as AT
AR R R S—rm, i Rk
IS PR AR I 0 75 P, B F XS
PWREfRRE ST TR bR pH {HAL, HeRhEd
JE=52 I BDE-209 FEff 0 — PNEEN R, HEfhE
THIRET, AR P i AR R R R il 1 B 3 2352
I, M 20 BDE-209 (R S0R , T
HARIE 3 MR mE/NMY, SR ke
R V1R Rk AR SR 2 55 Wi Bl 2 0 198 A K B I e it 1)
S35, WS40 BDE-209 A= Mfsfie ., T 445>
98 T 1 B X BDE-209 (1[5 6% , 76 30 C.
150 r/min £ F 5555 10 d J& , BDE-209 /1[5 f#
RikF] 43.0%, Tang FPVRBL, 46k ZE AT R
7£30 °C 130 r/min 55 FH53% 7 d, % BDE-209
() R R AU 44.0% . 5 [ A SE T Al HE
IR FHAT BEAR AR | B A R 3 A5 P s

SEG R IR, YICHLER SR A
S35k 50, 100, 250 mg/L iF, SxfHEAHH,
BDE-209 [WF¢ff3a W4 &, SRMETCHLER
B 5 B PRI AT AR, BDE-209 {3 5RFH
5T2% M RE M %, X — B RUIEK F X
BDE-209 mfCH If A 2 ZEA AR S,
Xof R A 1A LTS G, T LG A i A i
B 5 P9 3 SR S it A PR e R L A
6 JE XS YR BB Y, BOGE RO,
HWESE 4 MOMINBRIE (LN . HZ0E . AR
WIRIZE )X BDE-209 A= 4 A (Y 20 , & PR
T A A VA 32 110 4 20 A ) ok i 20 A I 2 R A
HVEH, Horp 250 mg/L #Z5 5% BDE-209 [
ok e PN DRI P 2B R AR VR B R . R AT
% oA TR I A A SR, AR T A g 11 4 00
SR R AR AN o SR, R A AR B L R B A

W25 IR R FH 25 5 3 A 1) R0 2 0 T /0 ) P
Sy BRR TS, I T H bR TS 4 1)
BT, PEARGEDS, I AGE BV R A AN
IR R AT BDE-209 B FIH , R BES 28
BRAE R AR R ) S R, AR
KL BDE-209. [KIIb, #5455 n] /5 A B bk
F [%f#% BDE-209 B s SR . X 5% &b b
PO B I A AR

Bk BDE-209 4, 4Rt E EREE B 75
PR R A IR W) 5 —Fh BB 5 e, A
SCHFFE T AR B Cd* % BDE-209 A= 4y [ figi Al
AR KBS, K IAE 0.05-5.00 mg/L A&
WG N, AR Cd* % BDE-209 4= ¥k%
fEFAEAE KRR E, RURHK F
SHIERW B Cd™ B — 2 Wi 32k . SRS
W, 7E 5-100 mg/L 1 = iR BE TS P9, 5 mg/L
() Cd> Al LRI E BDE-209 1A= 1 R A Fl 2
BF A, TRt TR EE 1) Cd> ml LA7E
Bl SR TN A ) R R R T AR G S I, AR A
K5 1P, Baldrian® M E L, CdRE T
FEEW AW Lac BERWEH, MmAESE T
BDE-209 Y F% fift o SR 1M 76 4% i (1) Cd>' 7K F
(15-100 mg/L) I, i+ Cd* XF Witk F A
FH, BDE-209 I A5 Wy i 32 21 2. 2 30 41 o

FEREYI RS R R D, A B R 7 240
R ) 2 BR i K M A LTS Yo 4 ek AR 1Y
H—#P2 CSH ¥t 2 BDE-209 f8 75 # W it
S| 20 1t 2% 187 I F — 20 9l R A 1) B TR R PR
U, Y CSH>70%I, 4 A Bk ks 24
CSH<70%HT, 4HH 2 RE KR . ik F R
fi% BDE-209 BJ%5 72 h B CSH ik F| & KfEH N
74.7%, HMULAT UL, BRE F BO40 MR 2 B
BiKVE 45 F) T # A% BDE-209 £ Ji 5 F i ;
M55 72 h 5 CSH Y 328 ¥ B AT PT g 2 X A 7 [
Je 3908 S e 22 T f68 A5 40 T R AT AN R 25 4

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



88 Tl A 2 AR

Microbiol. China

A RAE NI BUs K KRR, Lin 20
) FH B A B0 M 1T B4 A% BDE-209 A5 &
B, 55 72 h BYEARR CSH 53] 52.1%, Bl
CSH L5 F %y, Tang ZECPF5T R LAY )
K& (Enterococcus casseliflavus)i) CSH #x /5 1]
ik 58.2%. KL, AWFIERHEF BN ER FH
HHE R I CSH, A F]F BDE-209 # 21 il 2 i
B - B i o

1E 5-20 mg/L BDE-209 ¥ EE I, bk
F YREE G iAo W% BDE-209 Wk K &
20 mg/L, Wtk F MAERKZE T @ FE M
i, SR # F %F 20 mg/L BDE-209 fi [ i 5
TE 72 h BHSRIAEN T 70.8%, & BIIZ T kR X 48
1= B2 Y BDE-209 HA BRI 52 11 o 5 HoAt
WFFE A b, Bidk F R 45%E T BDE-209 4=
YIREFRITIR], P20 TREMRCR . BLAh, L8R
GERLEIN, TEMESRIOET 72 h N, TEAR F 5 CSH
AR YW R AE 72 h R B K, 1
R R R W K%, FRAE 72 h 5 AR LB B
BT VP%, X—MERY, MIREAHKES
PR AT BDE-209 19 A= W K4 ff g 71 HL AT 1EAH ¢
PE, A0 KA RO AS T R TR ARG S
A%, MIfi45 FF BDE-209 B 41 .

W B TR BDE-209 A= 4 [ fiff 3ot i o iy —
AFEIRET AHEFEAGI R LA R
il BDE-99, BDE-47 Il BDE-28, AT
BR2 5 K A AR AR o BbAh, FRIEAL R
2 AR5 B AL G 0 A P e it 1 D B i 22
— B8 L A5 POV AWK ZE AR B RR R
BDE-209, & ILTEREffof F2 vp 228k AR VR AN
RIS . Wang ZE11V% Bl BDE-209 7674
EREERIVER T R84 TR . BRIAL AT IAR
RN, BTN F B . AT
T =W b, R IR K F A% BDE-209 11
RS T 4 AL, ROBEER . R

TORTEERRT LRI IR, AR IR IR 3-8k -4-
-C RREFARIE . AP ERY], Wk F e
[Fi] B S B BDE-209 (143 J5 5t 15 14504k 0 i o

i Bk, AR GG TR TP A 8 — Pk
BDE-209 &3 SE M AN Fo 7EIRALAY 2540
T(H 7.0, 30 C. 10%3EF& . 250 mg/L 7%
), X 10 mg/L BDE-209 [ i % i i 7] 35
76.2%. AMINMERIEXT BDE-209 F3A: ki B
B ERW ., 5EHE Cd* X% BDE-209 4= ¥)[%
fifp AR A A A Y S R A L, (IRVR B Cd®T Y
IR . WAk F E K CSH A A F
BDE-209 # 4t Jfd 2 157 W B ifii 14— 20 9 i . otk
4h, BDE-209 TEAEW MR A T IR |
BRIl . CIOREEWT AT IR R . A
BB F X7 BDE-209 H AT B4 1 4 Wy I i
RE 1, BWF9Y 45 5l BDE-209 75 YL 3R 455 (1 4= W1
SPEHE T BRI

REFERENCES

[11 YU YY, YIN H, HUANG WT, PENG H, LU GN,
DANG Z. Cellular changes of microbial consortium GY1
during decabromodiphenyl ether (BDE-209) biodegradation
and identification of strains responsible for BDE-209
degradation in GY1[J]. Chemosphere, 2020, 249:
126205.

[2] TAHERAN M, KOMTCHOU S, LONAPPAN L, NAJI
T, BRAR SK, CLEDON M, DROGUI P. Environmental
issues of polybrominated diphenyl ethers[J]. Critical
Reviews in Environmental Science and Technology,
2017, 47(13): 1107-1142.

[3] MAKEY CM, MCCLEAN MD, BRAVERMAN LE,
PEARCE EN, SJODIN A, WEINBERG J, WEBSTER
TF. Polybrominated diphenyl ether exposure and
reproductive hormones in North American men[J].
Reproductive Toxicology, 2016, 62: 46-52.

[4] KIM EJ, KIM JH, KIM JH, BOKARE V, CHANG YS.
Predicting reductive debromination of polybrominated
diphenyl ethers by nanoscale zerovalent iron and its
implications for environmental risk assessment[J].
Science of the Total Environment, 2014, 470/471:
1553-1557.

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



B A BRI PR R 10 7> B S . BRI 1 e B L 2 89

[5] LV YC, LI LH, CHEN YC, TANG ZH, HU YY. Effects
of glucose and biphenyl on aerobic cometabolism of
polybrominated diphenyl ethers by Pseudomonas putida:
kinetics and degradation mechanism[J]. International
Biodeterioration & Biodegradation, 2016, 108: 76-84.

[6] XUE WJ, HUANG DL, ZENG GM, WAN J, ZHANG C,
XU R, CHENG M, DENG R. Nanoscale zero-valent iron
coated with rhamnolipid as an effective stabilizer for
immobilization of Cd and Pb in river sediments[J].
Journal of Hazardous Materials, 2018, 341: 381-389.

[71 SUN CY, ZHAO JC, ]I HW, MA WH, CHEN CC.
Photocatalytic debromination of preloaded
decabromodiphenyl ether on the TiO, surface in aqueous
system[J]. Chemosphere, 2012, 89(4): 420-425.

[8] NI SQ, YANG N. Cation exchange resin immobilized
bimetallic nickel-iron nanoparticles to facilitate their
application in pollutants degradation[J]. Journal of
Colloid and Interface Science, 2014, 420: 158-165.

[91 ZHOU QX, GE CH, AHMAD HA, NI SQ, LIU XL, BU
CN, WANG FL, GAO BY. Production of more toxic
hexa-brominated  diphenyl  ether  from  rapid

biotransformation of decabromodiphenyl ether in
anaerobic granular sludge[J]. International Biodeterioration
& Biodegradation, 2018, 134: 7-15.

[10] ZHAO CH, YAN M, ZHONG H, LIU ZF, SHI LS,
CHEN M, ZENG GM, SONG B, SHAO BB, FENG HP.
Biodegradation of polybrominated diphenyl ethers and
strategies for acceleration: a review[J]. International
Biodeterioration & Biodegradation, 2018, 129: 23-32.

[11] GERECKE AC, GIGER W, HARTMANN PC, HEEB
NV, KOHLER HPE, SCHMID P, ZENNEGG M,
KOHLER M. Anaerobic degradation of brominated
flame retardants in sewage sludge[J]. Chemosphere,
2006, 64(2): 311-317.

[12] STIBOROVA H, VRKOSLAVOVA J, LOVECKA P,
PULKRABOVA J, HRADKOVA P, HAJSLOVA J,
DEMNEROVA K. Aerobic biodegradation of selected
polybrominated diphenyl ethers (PBDEs) in wastewater
sewage sludge[J]. Chemosphere, 2015, 118: 315-321.

[13] CHANG YT, LO T, CHOU HL, LAIO YF, LIN CC,
CHEN HT. Anaerobic biodegradation of decabromodiphenyl
ether (BDE-209)-contaminated sediment by organic
compost[J]. International Biodeterioration &
Biodegradation, 2016, 113: 228-237.

[14] SARAN LM, PISSARRA TCT, SILVEIRA GA,
CONSTANCIO MTL, de MELO WIJ, ALVES LMC.
Land wuse metals

impact on potentially toxic

concentration on surface water and resistant

microorganisms in watersheds[J]. Ecotoxicology and
Environmental Safety, 2018, 166: 366-374.

[I5]LEUNG AOW, LUKSEMBURG WIJ, WONG AS,
WONG MH. Spatial distribution of polybrominated
diphenyl ethers and polychlorinated dibenzo-p-dioxins
and dibenzofurans in soil and combusted residue at
Guiyu, an electronic waste recycling site in southeast
China[J]. Environmental Science & Technology, 2007,
41(8): 2730-2737.

[16] SHI GY, YIN H, YE JS, PENG H, L1J, LUO CL. Effect
of cadmium ion on biodegradation of decabromodiphenyl
ether (BDE-209) by Pseudomonas aeruginosal[l].
Journal of Hazardous Materials, 2013, 263: 711-717.

(17] BREr, SFHR, T, B, IR A

10993 15 4 0 M LA PRI B T 5T 0). WK 22
2, 2010, 36(5): 521-527.
CHEN XIJ, JIN DF, DING HT, ZHAO YH. Isolation and
identification of decabromodiphenyl ethers degrading
bacteria and preliminary study of their degradation
characteristics[J]. Journal of Zhejiang University, 2010,
36(5): 521-527 (in Chinese).

(18] BRKRME, FHAe, MERHR, S2HE, sKUB, i, vE& 4
BN T Ak BRI [a] e -4 52 B T G R v A 5
TR S AR [T]. A T 2441, 2012, 63(5): 1592-1598.
CHEN SN, YIN H, YE JS, PENG H, ZHANG N, HE BY.
Change of cell surface features of Stenotrophomonas
maltophilia in treating benzo[a]pyrene-copper combined
pollution[J]. CIESC Journal, 2012, 63(5): 1592-1598 (in
Chinese).

[19] WANG LQ, L1Y, ZHANG WL, NIU LH, DU J, CAI W,
WANG J. Isolation and characterization of two novel
psychrotrophic ~ decabromodiphenyl ether-degrading
bacteria from river sediments[J]. Environmental Science
and Pollution Research International, 2016, 23(11):
10371-10381.

[20] LIU Y, GONG AJ, QIU LN, LI JR, LI FK. Effect of
copper ion and soil humic acid on biodegradation of
decabromodiphenyl ether (BDE-209) by Pseudomonas
aeruginosa[J]. MicrobiologyOpen, 2017, 6(3): e00439.

[21] QIU MD, CHEN XIJ, DENG DY, GUO J, SUN GP, MAI
BX, XU MY. Effects of electron donors on anaerobic
microbial debromination of polybrominated diphenyl
ethers (PBDEs)[J]. Biodegradation, 2012, 23(3):
351-361.

[22]1 YU YY, YIN H, PENG H, LU GN, DANG Z. Proteomic
mechanism of decabromodiphenyl ether (BDE-209)
biodegradation by Microbacterium Y2 and its potential
in remediation of BDE-209 contaminated water-sediment

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



90 Tl A 2 AR

Microbiol. China

system[J]. Journal of Hazardous Materials, 2020, 387:
121708.

[23] de OLIVEIRA CARVALHO J, ORLANDA JFF. Heat
stability and effect of pH on enzyme activity of
polyphenol oxidase in buriti (Mauritia flexuosa Linnaeus
f.) fruit extract[J]. Food Chemistry, 2017, 233: 159-163.

[24] TUR, JAUR, LHEH, mLrE. ZSTUBCREET AP

TREFFE[I]. FERLAE, 2008, 29(11): 3179-3184.
DING J, ZHOU J, JIANG WY, GAO SX. Aerobic
microbial degradation of polybrominated diphenyl
ethers[J]. Environmental Science, 2008, 29(11):
3179-3184 (in Chinese).

[25] TANG SY, BAI JQ, YIN H, YE JS, PENG H, LIU ZH,
DANG Z. Tea saponin enhanced biodegradation of
decabromodiphenyl ether by Brevibacillus brevis[J].
Chemosphere, 2014, 114: 255-261.

[26] MOGRHE, FEZE, FUR R, F8n, MER, £45. 598

(a) BB B FLAR U ™ Wy 00 3% 2 R S O 5T (0], IR B R 27,
2006, 27(12): 2531-2535.
ZANG SY, LI PJ, ZHOU QX, WANG X, LIN GF,
WANG J. Study on continued degradation of BaP and its
metabolites[J]. Environmental Science, 2006, 27(12):
2531-2535 (in Chinese).

[277MORI T, KONDO O, KAWAGISHI H, HIRAI H.
Effects of glucose concentration on ethanol fermentation
of white-rot fungus Phanerochaete sordida YK-624
under aerobic conditions[J]. Current Microbiology, 2019,
76(3): 263-269.

[28] BXARF, BXIEHE, Mk, E3. AMIBRIEX EE GHI0

Ff# BDE-209 FI52MA[1]. Bkl 585K, 2016, 39(1):

134-139.

ZHAO YP, ZHAO XX, YANG W, WANG Y. Effects of
different carbon sources on the degradation of BDE-209
by strain GH10[J]. Environmental Science & Technology,
2016, 39(1): 134-139 (in Chinese).

[29] % Al JHAE, ZRAEH], IR, 2, AR/ R
KRR T A T AR P S D RB S 0028 2 D). BREE Y
2%, 2013, 34(10): 4112-4118.
CHANG JJ, YIN H, QIN HM, YE JS, PENG H, SONG
XF. Characteristics and functional protein analysis of an
effective decabromodiphenyl ether-degrading strain[J].
Environmental Science, 2013, 34(10): 4112-4118 (in
Chinese).

[30] ZHANG Y, SHEN GQ, YU YS, ZHU HL. The hormetic

effect of cadmium on the activity of antioxidant enzymes

in the earthworm FEisenia fetida[J]. Environmental
Pollution, 2009, 157(11): 3064-3068.

[31] BALDRIAN P. Interactions of heavy metals with
white-rot fungi[J]. Enzyme and Microbial Technology,
2003, 32(1): 78-91.

[32] CHEN SN, YIN H, YE JS, PENG H, ZHANG N, HE
BY. Effect of copper(Il) on biodegradation of
benzo[a]pyrene by Stenotrophomonas maltophilia[J].
Chemosphere, 2013, 90(6): 1811-1820.

[33]LIU Y, GONG AJ, QIU LN, LI JR, LI FK.
Biodegradation of decabromodiphenyl ether (BDE-209)
by crude enzyme extract from Pseudomonas
aeruginosa[J]. International Journal of Environmental
Research and Public Health, 2015, 12(9): 11829-11847.

[34] TANG SY, YIN H, CHEN SN, PENG H, CHANG 17,
LIU ZH, DANG Z. Aerobic degradation of BDE-209 by
Enterococcus casseliflavus: isolation, identification and
cell changes during degradation process[J]. Journal of
Hazardous Materials, 2016, 308: 335-342.

(351 WRARAE. - RIBK A ik 1) e S fol A W e A e S LB AUF
5% [D]. L AR TR L2483, 2011.
CHEN YL. Studies on degradation characteristics and
mechanism of decabromodiphenyl ether by aerobic
microorganisms[D]. Shanghai: Master’s Thesis of East
China University of Science and Technology, 2011 (in
Chinese).

[36] WU ZN, XIE MM, LI Y, GAO GH, BARTLAM M,
WANG YY. Biodegradation of decabromodiphenyl ether
(BDE 209) by a newly isolated bacterium from an
e-waste recycling area[J]. AMB Express, 2018, 8(1): 27.

[371DING C, CHOW WL, HE JZ.

Acetobacterium sp. strain AG, which reductively

Isolation of

debrominates octa- and pentabrominated diphenyl ether
technical mixtures[J]. Applied and Environmental
Microbiology, 2013, 79(4): 1110-1117.

[38] MAI ZM, WANG L, LI QQ, SUN YT, ZHANG S.
Biodegradation and metabolic pathway of phenanthrene
by a newly isolated bacterium Gordonia sp.
SCSIO19801[J]. Biochemical and Biophysical Research
Communications, 2021, 585: 42-47.

[391 LU M, ZHANG ZZ, WU XJ, XU YX, SU XL, ZHANG
M, WANG JX. Biodegradation of decabromodiphenyl
ether (BDE-209) by a metal resistant strain, Bacillus
cereus JP12[J]. Bioresource Technology, 2013, 149:
8-15.

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



