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Abstract: Polybrominated diphenyl ethers (PBDEs) are widely used brominated flame-retardants in a variety of commercial
products especially in the electronics and household industries. However, they are bioaccumulative, biotoxic and persistent,
making them a globally distributed organic chemical toxin nowadays. Thus, it is extremely important to degrade PBDEs. This
paper illustrates the research progress of metabolic pathways of PBDEs under both aerobic and anaerobic conditions, and also
combines with in situ degradation studies to infer the degradation potential of archaea. The characteristics and comprehensive
factors of various degradation pathways are analyzed. In addition, future researches on biodegradation mechanism of PBDEs,

the design and application of PBDEs degradation system are discussed.
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Fig. 1 Structural formula for BDE-209.
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Fig. 2 Part of anaerobic degradation pathway of PBDEs by bacteria initiated by BDE-20
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%1 #B4% PBDEs F&#RIFE B E bk
Table 1 Part of aerobic degrading strains for PBDEs

Incubation time  Percentage of PBDEs

PBDEs ) degradation (%) Bacteria strain Isolation source Reference
BDE 209 30 55.15 Stenotrophomonas sp.  Soil from E-waste Recycling Area, [57]
strain WZN-1 Tianjin, China
BDE 209 7 52.20 E. casseliflavus Soil from E-waste Recycling Area, [54]
Guangdong Province, China
BDE 209 12 31.80 Staphylococcus River Sediment from North of [47]
haemolyticus LY1 China
BDE 209 12 42.50 Bacillus pumilus LY2  River Sediment from North of China [47]
BDE 209 6 65.10 Rhodococcus sp. Soil from Electronic Waste [58]
Dismantling Plant in Zhejiang
Province, China
BDE 207 33 75.00 Acetobacterium sp. AG Riverside Soil from Wisconsin, USA [38]
BDE 47 7 49.96 Pseudomonas putida  River sediment from Electronic [59]
TZ-1 Waste Recycling Area river in
Zhejiang Province, China
BDE 47 2 97.94 Pseudomonas stutzeri  Soil from Flame Retardant [61]

Manufacturing Plant in Shandong
Province, China

iR B R AT A I B A AT,
ST T LR 4R IO VA R AR T 7, G felt el A1
P Pseudomonas aeruginosa i)k i HE: B i3E
7 BDE-209 I/ , £ 5 h PY{H ] &1 92.77%*°),
HAT, FEHEACE RO IR AT, il 55 AH 5
WA TR, B, IRABRI e A
FREARHLE Z B R , 258 PBDES i34 ¥k
R EE T 2 — AR TR RC
7385 F A X BDE-209 HAT S W AP RE ) - 48U 1A
B (W4 3k Rhodococcus ruber . %8[G
Gordonia paraffinvorans %), Zi&Mrib.
A A B o LR W2 55 T B S R 20 ot
F¢ 1 IR R KT BDE-209 f4 B A HL 1 F10) R SE R 7
RIRES, ALY RE B LR R L 2
] O AH G FR
3.3 WHEX T PBDEs Ry g8

BT R A R SAERRIR . ARG, oL
SRS A ARG SR, X T TS YRR Y
SOEE WY A RS, IFE DO
fiZ85E (FISH) F116S rRNA i i 25 7 2tk 7

http://journals.im.ac.cn/cjbcn

M. WRTE TR R E A, — 2 A
fL 2T Nitrososphaera , 24 %4k ity & Nitrosopumilus ,
FH o £ B B Methanomethylovorans 45, 7EERA
FRHE R #5304 PBDEs (144 My ke AR v e Y 1
o 7 il 1k 42 5 Nitrososphaera #1 4 4& 1k 1 T
Nitrosopumilus 7] B /& /15 BDE-99 AE: ¥ B A 1) ¢
b T SRR

130 e ¢ o N i e o = = S| e e
AE AN E A VRS 250 . PR, 7
PBDEs W M A TE LT, HAFRH B ez
T [ X P 40 T 20 1 A BN 2209

4 MAWE

WA 1E PBDES MR AR b 7S H AR 5 Y 1
FHWERE, A3 EEh PBDES RYUKE, #43E,
e AEPERE R B, SR AN AR AR RR Y
TSR A PR, R — T A R
M BRI A G IR, EPR EEA9KH
T (nZVI) HPRAREA T H R K BRI
AR G SR AT ST . nZVI AT LA PR A4 TR



e SIS REFEROMEMIERIEIRRHE 2129

B A R RN BB 3 A 3E W A A2 45, (B F nzVI
A A, SOLR R AR e R E
Z e EmBME O, PBDES AT HOGAR, BRI L8
AN AR P AR TR 1 R, AR AR s
DKL AR R 58 SRR 45 IR A R — A b P 2 TR
IR ik 1) 28 5 A B T vk o TR W R AR RN TR
fif s e A R BAREA FEIRAE
PRI, PRI E P DAEAT s — AR s A
SRIGFEARRCR . (FJE, i FHFE M, W
A TR A AR K 22 TRLER R Tk 19 A 4 e fge A P Bl AR
SIZTCIL, B X R AN B A R R A
FEE AL T REFE BT . B, H AT
A e R B A BE 1 1) D) BE TR AR 54 T 7 1247 & PBDES
AR R AE RO 2 —, IR R M w
VEIEAS , ML A BT A AL A,
PBDEs £k ¥ i 1) Ve AE ML I S A1 1) DL At b5k
A HIEN G, W] S i IR R TR R R
RBERE, 5HABREA RIS, AkimE R — &
REAL R AT Y b PR 5

5 Zh5RZ

PBDEs (75 Y i [l) " | FEMEXER K | R,
fifp e PR AR 2 T PRI IE Z 20
i 3R h PBDES 15 3¢ (Al 4% @ik 75 3 HT
JEHE— B BIBETE T A

Fi—, WIS, T H AT L
A e 3 ) TR X e A AL LR 6 TR 308 2 T
WFFEATTRA, X TR IRIBCR kS HAh PBDES
O YR 1 i i A B 5 - TR TR T R i o e )
DX R MTRHS 50, o Wt i aod 75 v D REJE LA A B
FEANGG UE S I ) S I3 =, B e A vh A5 R A4 2
REMLHI LA ELTE 28, SR NSRS KAt 00 A= 0 BL ]
AT B A RE T O AN B AN T AT, AT AR IR )
PR 3 it S G [ o 5 e P2 TR R il = 1 T ) PR
G, DI AR M Hh R A SR A

% : 010-64807509

%, DI ETKE , X PBDES &l 2
ARG AL A T I R)Z IR TR I A T R AR
DU, 7 328 B R 20K %) A i T bl o IR T AR I
ALK R AR, LUEY S YN GS A S 2R A
PRI EE PSR, R U A S R B R R 4
W22 i PBDEs F&fif i) — A RT-BL .

Zi I, B# PBDEs 7EM R AR AL R, 5
SR =R PBDES FEf# 1k, M PBDEs fF
FRREDG , XA AR H 25 7™ E A PR ) % G
B, HAk, X PBDES Az MR i TR AR FE AL
AEf# e PBDES FT it iU PR EE 15 %, IR RE A #8/R T
A IR R LA A LTS e AT R Rl BTz
HEAFE L

REFERENCES

[1] Lee LK, Ding C, Yang KL, et al. Complete
debromination of tetra-and penta-brominated diphenyl
ethers by a coculture consisting of Dehalococcoides
and Desulfovibrio species. Environ Sci Technol, 2011,
45(19): 8475-8482.

[2] Boon JP, Lewis WE, Tjoen-A-Choy MR, et al. Levels
of polybrominated diphenyl ether (PBDE) flame
retardants in animals representing different trophic
levels of the North Sea food web. Environ Sci Technol,
2002, 36(19): 4025-4032.

[3] Domingo JL. Polybrominated diphenyl ethers in food
and human dietary exposure: a review of the recent
scientific literature. Food Chem Toxicol, 2012, 50(2):
238-249.

[4] Stubbings WA, Harrad S. Extent and mechanisms of
brominated flame retardant emissions from waste soft
furnishings and fabrics: a critical review. Environ Int,
2014, 71: 164-175.

[5] La Guardia MJ, Hale RC, Harvey E. Detailed
polybrominated diphenyl ether (PBDE) congener
composition of the widely used penta-, octa-, and
deca-PBDE  technical flame-retardant  mixtures.
Environ Sci Technol, 2006, 40(20): 6247-6254.

[6] Ganci AP, Vane CH, Abdallah MAE, et al. Legacy
PBDEs and NBFRs in sediments of the tidal River

. cjb@im.ac.cn



2130 ISSN 1000-3061 CN 11-1998/Q E:# 1.#22%4k ChinJ Biotech

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Thames using liquid chromatography coupled to a high
resolution accurate mass Orbitrap mass spectrometer.
Sci Total Environ, 2019, 658: 1355-1366.

Gentes ML, Mazerolle MJ, Giroux JF, et al. Tracking
the sources of polybrominated diphenyl ethers in birds:
Foraging in waste management facilities results in
higher DecaBDE exposure in males. Environ Res, 2015,
138: 361-371.

Zhu CF. Bioaccumulation and biomagnification of
typical POPs in the Arctic and e-waste recycling
regions[D]. Beijing: University of Chinese Academy of
Sciences, 2015 (in Chinese).

SR, AR b DR R Iy 3R AR A B 7R POPs A=)
BRULKSUN[D]. dbat: HEBR K, 2015.
Zhao CH, Yan M, Zhong H, et al. Biodegradation of
polybrominated diphenyl ethers and strategies for
acceleration: A review. Int Biodeterior Biodegrad, 2018,
129: 23-32.

Yu G Bu QW, Cao GZ, et al. Brominated flame
(BFRs): A
contamination in China. Chemosphere, 2016, 150:
479-490.

Hao D, Yi RH, Wu Y. Pollution characteristics and
exposure risk assessment of polybrominated diphenyl

retardants review on environmental

ethers in different types agricultural soils in Guiyu area.
J Agric Environ Sci, 2015, 34(5): 882-890 (in Chinese).
R, ARanE, R, . St DOREIZE RO 4
8 22 WU R Tk 1) 15 YRR AR R B IEAG . RO SRR
27244, 2015, 34(5): 882-890.

Agarwal V, Blanton JM, Podell S, et al. Metagenomic
discovery  of diphenyl
biosynthesis by marine sponges. Nat Chem Biol, 2017,
13(5): 537-543.

Yu Y, Yin H, Peng H, et al. Biodegradation of
decabromodiphenyl ether (BDE-209) using a novel

polybrominated ether

microbial consortium GY1: Cells viability, pathway,
toxicity assessment, and microbial function prediction.
Sci Total Environ, 2019, 668: 958-965.

Malmvarn A, Zebiihr Y, Kautsky L, et al. Hydroxylated
and methoxylated polybrominated diphenyl ethers and
polybrominated dibenzo-p-dioxins in red alga and
cyanobacteria living in the Baltic Sea. Chemosphere,
2008, 72(6): 910-916.

Trinh MM, Tsai CL, Chang MB. Characterization of
polybrominated diphenyl ethers (PBDES) in various

http://journals.im.ac.cn/cjbcn

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

aqueous samples in Taiwan. Sci Total Environ, 2019,
649: 388-395.

Ye D. The repair of polybrominated diphenyl ether
contaminated soil by surfactant[D]. Zhenjiang: Jiangsu
University, 2015 (in Chinese).

M PE. T T T R X 22 R R I S g g 18 5 AT
¢ [D]. YL VLR K2, 2015.

Han WL, Zheng XY. Toxicity of decabromodiphenyl
ether and its degradation products to plankton. J Enviro
Sci, 2018, 38(2): 821-828 (in Chinese).

WS, FR/ANHE. IR ORIk R R A 7 X I U5
YR EEPE. BRI A2, 2018, 38(2): 821-828.
Chen LG, Yu K, Huang CJ, et al. Prenatal transfer of
polybrominated diphenyl ethers (PBDESs) results in

developmental neurotoxicity in zebrafish larvae.
Environ Sci Technol, 2012, 46(17): 9727-9734.
Usenko CY, Hopkins DC, Trumble SJ, et al.

Hydroxylated PBDEs induce developmental arrest in
zebrafish. Toxicol Appl Pharmacol, 2012, 262(1):
43-51.

Darnerud PO. Toxic effects of brominated flame
retardants in man and in wildlife. Environ Int, 2003,
29(6): 841-853.

Iszatt N, Janssen S, Lenters V, et al. Environmental
toxicants in breast milk of Norwegian mothers and gut
bacteria composition and metabolites in their infants at
1 month. Microbiome, 2019, 7: 34.

Cowell WJ, Margolis A, Rauh VA, et al. Associations
between prenatal and childhood PBDE exposure and
early adolescent visual, verbal and working memory.
Environ Int, 2018, 118: 9-16.

Kim S, Park J, Kim HJ, et al. Association between
persistent organic pollutants and thyroid
hormone levels in serum among the pregnant women of
Korea. Environ Int, 2013, 59: 442-448.

several

Reverte I, Domingo JL, Colomina MT.
Neurodevelopmental effects of decabromodiphenyl
ether (BDE-209) in APOE transgenic mice.

Neurotoxicol Teratol, 2014, 46: 10-17.
Li Y. Gut-liver
environmental chemicals polybrominated diphenyl
ethers (PBDESs)[D]. Seattle: University of Washington,
2017.

Longo V, Longo A, Di Sano C, et al. In vitro exposure
(PBDE-47)

axis on biotransformation of

to 2,2',4,4'-tetrabromodiphenyl  ether



e SIS REFEROMEMIERIEIRRHE 2131

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

s

impairs innate inflammatory response. Chemosphere,
2019, 219: 845-854.

Zhou J, Jiang WJ, Ding J, et al. Effect of Tween 80 and
B-cyclodextrin on degradation of decabromodiphenyl
ether (BDE-209) by white rot fungi. Chemosphere,
2007, 70(2): 172-177.

Xu GY, Wang J. Biodegradation of decabromodiphenyl
ether (BDE-209) by white-rot fungus Phlebia lindtneri.
Chemosphere, 2014, 110: 70-77.

Huang CC, Zeng YH, Luo XJ, et al. In situ microbial
degradation of PBDEs in sediments from an e-waste
site as revealed by positive matrix factorization and
compound-specific stable carbon isotope analysis.
Environ Sci Technol, 2019, 53(4): 1928-1936.

Chen J, Wang PF, Wang C, et al. Spatial distribution
and diversity of organohalide-respiring bacteria and
their relationships with polybrominated diphenyl ether
concentration in Taihu Lake sediments. Environ Pollut,
2018, 232: 200-211.

Robrock KR, Korytar P, Alvarez-Cohen L. Pathways
for the debromination  of
polybrominated diphenyl ethers. Environ Sci Technol,
2008, 42(8): 2845-2852.

Chang YT, Lo T, Chou HL,
biodegradation of

anaerobic microbial

Anaerobic
decabromodiphenyl

et al.
ether

(BDE-209)-contaminated sediment by organic compost.

Int Biodeterior Biodegradt, 2016, 113: 228-237.
Huang HW, Chang BV, Lee CC.
debromination of decabromodiphenyl
anaerobic microbes from river sediment. Int
Biodeterior Biodegrad, 2014, 87: 60-65.

Orihel DM, Bisbicos T, Darling CTR, et al. Probing the
the retardant
decabromodiphenyl ether in sediments of a boreal lake.
Environ Toxicol Chem, 2016, 35(3): 573-583.

Gerecke AC, Hartmann PC, Heeb NV, et al. Anaerobic
degradation of decabromodiphenyl ether. Environ Sci
Technol, 2005, 39(4): 1078-1083.

He JZ, Robrock KR, Alvarez-Cohen L. Microbial
reductive debromination of polybrominated diphenyl
ethers (PBDEs). Environ Sci Technol, 2006, 40(14):
4429-4434,

LK, He JZ. Reductive debromination of
polybrominated diphenyl ethers by anaerobic bacteria

Reductive
ether by

debromination of flame

Lee

from soils and sediments. Appl Environ Microbiol,

010-64807509

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

2010, 76(3): 794-802.

Ding C, Chow WL, He JZ. Isolation of Acetobacterium
sp. strain AG, which reductively debrominates octa-and
pentabrominated diphenyl ether technical mixtures.
Appl Environ Microbiol, 2013, 79(4): 1110-1117.

Zhu HW, Wang Y, Tam NFY. Microcosm study on fate
of polybrominated diphenyl (PBDEs) in
contaminated mangrove sediment. J Hazard Mater,
2014, 265: 61-68.

Yan YL, Ma MS, Liu X, et al. Vertical distribution of
archaeal

ethers

communities associated with anaerobic
degradation of pentabromodiphenyl ether (BDE-99) in
river-based groundwater recharge with reclaimed water.
Environ Sci Pollut Res, 2018, 25(6): 5154-5163.

Qiu MD, Chen XJ, Deng DY, et al. Effects of electron
donors on anaerobic microbial
polybrominated diphenyl ethers
Biodegradation, 2012, 23(3): 351-361.
Tokarz 11l JA, Ahn MY, Leng J, et al. Reductive
debromination of polybrominated diphenyl ethers in
anaerobic sediment and a biomimetic system. Environ
Sci Technol, 2008, 42(4): 1157-1164.

Song MK, Luo CL, Li FB, et al. Anaerobic degradation

debromination of
(PBDES).

of  Polychlorinated  Biphenyls  (PCBs)  and
Polychlorinated Biphenyls Ethers (PBDEs), and
microbial community dynamics of electronic

waste-contaminated soil. Sci Total Environ, 2015, 502:
426-433.

Lv YC, Li LH, Chen YC, et al. Effects of glucose and
biphenyl on aerobic cometabolism of polybrominated
diphenyl ethers by Pseudomonas putida: Kinetics and
degradation mechanism. Int Biodeterior Biodegrad,
2016, 108: 76-84.

Huang HL, Zhang Sz, Christie P, et al. Behavior of
decabromodiphenyl ether (BDE-209) in the soil-plant
system: Uptake, translocation, and metabolism in
plants and dissipation in soil. Environ Sci Technol,
2009, 44(2): 663-667.

Monteiro AAMG, Boaventura RAR, Rodrigues AE.
Phenol biodegradation by Pseudomonas putida DSM
548 in a batch reactor. Biochem Eng J, 2000, 6(1):
45-49.

Wang LQ, Li Y, Zhang WL, et al. Isolation and
characterization  of novel

two psychrotrophic

decabromodiphenyl ether-degrading bacteria from river

. cjb@im.ac.cn



2132 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

(48]

[49]

[50]

[51]

[52]

(53]

(54]

[55]

[56]

sediments. Environ Sci Pollut Res, 2016, 23(11):
10371-10381.

Bressler DC, Fedorak PM. Bacterial metabolism of
fluorene,  dibenzofuran, dibenzothiophene,
carbazole. Can J Microbiol, 2000, 46(5): 397-409.
Schmidt S, Wittich RM, Erdmann D, et al.
Biodegradation  of  diphenyl

and

ether  and its
monohalogenated derivatives by Sphingomonas sp. strain
SS3. Appl Environ Microbiol, 1992, 58(9): 2744-2750.
Kim YM, Nam IH, Murugesan K, et al. Biodegradation
of diphenyl ether and transformation of selected
brominated congeners by Sphingomonas sp. PH-07.
Appl Microbiol Biotechnol, 2007, 77(1): 187-194.
Meerts 1A, Letcher RJ, Hoving S, et al. In vitro
estrogenicity of polybrominated diphenyl ethers,
hydroxylated PDBEs, and polybrominated bisphenol A
compounds. Environ Health Perspect, 2001, 109(4):
399-407.

Zhang SW, Xia XH, Xia N, et al. Identification and
biodegradation efficiency of a newly isolated 2,2',4,4'-
tetrabromodiphenyl ether (BDE-47) aerobic degrading
bacterial strain. Int Biodeterior Biodegrad, 2013, 76:
24-31.

Stiborova H, Vrkoslavova J, Lovecka P, et al. Aerobic
biodegradation of selected polybrominated diphenyl
ethers (PBDEs) in wastewater
Chemosphere, 2015, 118: 315-321.
Tang SY, Yin H, Chen SN, et al. Aerobic degradation
of BDE-209 by Enterococcus casseliflavus: Isolation,
identification and cell changes during degradation
process. J Hazard Mater, 2016, 308: 335-342.

Yang CW, Huang HW, Chao WL, et al. Bacterial
communities associated with aerobic degradation of
polybrominated diphenyl ethers from river sediments.
Environ Sci Pollut Res, 2015, 22(5): 3810-3819.

Shi GY, Yin H, Ye JS, et al. Aerobic biotransformation
of  decabromodiphenyl (PBDE-209) by

sewage sludge.

ether

http://journals.im.ac.cn/cjbcn

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Pseudomonas aeruginosa. Chemosphere, 2013, 93(8):
1487-1493.

Wu ZN, Xie MM, Li Y, et al. Biodegradation of
decabromodiphenyl ether (BDE 209) by a newly
isolated bacterium from an e-waste recycling area.
AMB Expr, 2018, 8: 27.

Liu LL, Zhang YC, Liu RH,
debromination of BDE-209 by Rhodococcus sp.

et al. Aerobic
coupled with zerovalent iron/activated carbon. Environ
Sci Pollut Res, 2016, 23(4): 3925-3933.

Xin J, Liu X, Liu W, et al. Aerobic transformation of
BDE-47 by a Pseudomonas putida sp. strain TZ-1
isolated from PBDEs-contaminated sediment. Bull
Environ Contaminat Toxicol, 2014, 93(4): 483-488.
Liu Y, Gong AJ, Qiu LN, et al. Biodegradation of
decabromodiphenyl ether (BDE-209) by crude enzyme
extract from Pseudomonas aeruginosa. Int J Environ
Res Public Health, 2015, 12(9): 11829-11847.

Yan YL, Ma MS, Liu X, et al. Effect of biochar on
anaerobic degradation of pentabromodiphenyl ether
(BDE-99) by archaea during natural groundwater
recharge with treated municipal wastewater. Int
Biodeterior Biodegrad, 2017, 124: 119-127.

Wang LQ, Li Y, Niu LH, et al. Response of ammonia
oxidizing archaea and bacteria to decabromodiphenyl
ether and copper contamination in river sediments.
Chemosphere, 2018, 191: 858-867.

Dong HR, Li L, Lu Y, et al. Integration of nanoscale
zero-valent iron and functional anaerobic bacteria for
groundwater remediation: a review. Environ Int, 2019,
124: 265-277.

Chen F, Yang Q, Wang SN, et al. Graphene oxide and
carbon nitride nanosheets co-modified silver chromate
nanoparticles with enhanced visible-light photoactivity
and anti-photocorrosion properties towards multiple
refractory pollutants degradation. Appl Catal B: Environ,
2017, 209: 493-505.

(AR5 M TT)



