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Abstract: Organophosphate esters (OPEs) flame retardants/plasticizers have potential adverse effects on
human health and are widely detected in various environmental media. To effectively control the pollution
of OPEs, green and efficient biodegradation methods have become the research hotspot. The purpose of
this paper is to elucidate the biodegradation process and mechanism of OPEs, mainly focusing on the
biodegradation pathways and intermediate products of TBP and TPHP. In general, hydrolysis,
hydroxylation, and methoxylation are the major biodegradation pathways of OPEs. Cytochrome P450
plays a key role in the process of degradation. Most of the degradation bacteria can mineralize OPEs into
inorganic phosphates and other small molecular compounds which are harmless to the environment.

Keywords: organophosphate esters, biodegradation, degradation pathway, degradation mechanism

Foundation items: National Natural Science Foundation of China (41807384); China Postdoctoral Science Foundation
(2018M630304); Natural Science Foundation of Liaoning Province (20170520384)
*Corresponding author: E-mail: luoqingyt@126.com
Received: 26-07-2020; Accepted: 17-12-2020; Published online: 26-02-2021
BEWE: HEARPAEEA(41807384); H 1 L5 R 5401 H (2018M630304) ;1L 74 H SAFR 27 5k 4 F i il
H(20170520384)
*BIE1E&: E-mail: luoqingyt@126.com
i HER: 2020-07-26; == HER: 2020-12-17; MKE&LX B 2021-02-26



2854 (DGR ESTE(

Microbiol. China

T AE AR AL BELAPR ) 22 R 458 v vy A ) AR Rk
P 3 00~ AR 28 1 i 0 LAl P 52 3074 ) FR
I, 5 A MLBE R I (Organophosphate  Esters
OPEs) BE A5 25 AR AL BELA TR T2 1 1 4% A7l
Z o BRIEZ AN, W BUREEA R M B g i A
[i], OPEs it FHAE AL I FIH A0, HOR
FH# S HOREE  OPEs Y, A SCiRE
B4 KA 3 A SRR R ORI A TE—
W B A MUBRIR R 59, I Ho= R4 A BL
AR i S 1 e JEE /KOt T AR B ), 2
HIRYBRESE R, AR PG T 20 B T AN [a] 4 3 1
9 13 OPEs (175 44K -, 13 Fl OPEs 1£ 14
rh RIS, T ELRE A YRR R T H AT A B
FERYERT N TR AT, IX B OPEs 1) 12
AEAE TR BH T (0 e FR 55 p ),

OPEs ib I HA AWtk i 2 21560, KRB
TEMZ Ve | S EE . A T, XA
A AT VAR RS AT WY T 3L R 20T
B 13 Ff OPEs ARSI, P i — A5
SfiE(Ethylhexyl Diphenyl Phosphate, EHDPP)F) XU
FRH(Risk Quotient, RQ)M 0.075 i1 0.1, [RINF, W
% = T T (Tributyl Phosphate, TBP)FIf§R = (1,3-—
FNFL)ER[ Tri(1,3-Dichloropropyl)Phosphate , TDCPP]
[ RQ ARG HAM MR E 4w T 0.1, BRitt
VISMT 5 ARSI RQ S KIEELAIKF T 0.70, X
BLZE LA T OPEs MBS KU v 4wl

BEAh, A PR ZH ik oy A 1 R BH BT 4
OPEs Mt FE XU , 44 13 Fl OPEs 43Ry Ui 1 A
B 2 B, IF B2 5138 1 BuE KUK (Carcinogenic
Risk, CR)FIfES 2 %(Hazard Quotient, HQ)XE it
fiii& OPEs X AE AFLERYRZM, MIRLR T
7k OPEs i AREMS X A At LA, (2
FEAE AT K E, % OPEs FH MR &AW
P im0, HOO A AR T A 1t BR85S 4k o A
ke, PRIHARTE anfe) 5 BRINE Y OPEs HAT I H:
HEAYE L.

EfiT, IRy OPEs & 20l i 4 A Ak
e fife R0 A T i 2 Al =X

St A AR — i g A AR AR e A
PRb Y5 YL AL FAATS SR 52 3] — e R A PR
110 52 H 16 1 R L 7 S BO G RER TR LB
FEAERE O AEARCR A AT 22 g K AT0RE (]I
PRIXESS , [ GRE MR AR PR 43 OPEs ik /b (4,141
ANHE B AW RE T AN 2 1 T L BROGHEfHL
RN, WA T 7R AR % OPEs HIMFSE,
SRR XS TBP B mT LUIAE] 80%LA |, HX
LI 7 3 AR v ) e ] 7 ) R SO A 28, ME LA —
B AL A W R A RS A, R R A
T HEfS NS OPEs F&fift R/ Ny FH 5, W A2k
WG, TR A SR ELE N IR L, T —
BRI R OCHE RS, A= YR fR 2 3105 1%
PUAERS.
1 YRR STt R

MATC AR T ZFEY AR, SRS OPEs
() A= W) K f 9 E 4R TP AE TBP FIBEIR — KR
(Triphenyl Phosphate, TPHP)iX 2 fifb&4y, HiAth
&Y B A A AT D

UTAERXT TBP BRI Y T 5,
HJZHHT OPEs Wi 5i15 i 2 ) —Fl . Thomas
ZEUOTAE 1997 4 15 YR IA TBP BT AR A ME— A e
PSR W 1l o L T e ) I ik 1T LA AN AR
Pk, TERATERE L 8 AR Z 5, &8k
e [4fi# TBP [#FE 7] . Nancharaiah 2517 F 44 B
J& (Sphingobium sp.)[#ff TBP & Bi H 45 15 1) R AL
#[0.25 umol/(mL-h)]. Ahire 2k i 22 AN B
A 15 DNERIE S A TBP i/ NMEFRIEH KR
4 (ODgp>0.5) , [ HE— 20 UESE T P B B X6 A AL
8 1) [ A e 1 LA B3t % Ak 5 W T (Providencia sp.)
RE W 17 S B it TBP . il & 52 & 111 18 (Klebsiella
pneumoniae sp.)TE ] % B FBE IR £E 5 5 2K
1 50T BB A% LA —Fh I [R) AQ 38 19 5 2% TBP i 47
WAL, (BEAREFRIH TBP ARy 3 2 fyfc i
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U, XF TBP (935 s T 32 W B 0t 17.0 g/L,
Xt ] =4 DBP 3 B R fh i a2 v U0 4
b iy XoF 481 2 P TR PR A K TBP 1 [ i -
o 20,

Yang 5P UTF o [ A —AN B P IR A7 B
T HH AN [E] N RE G DL TPHP I HLRETEALK
pH YU IRl Y T BN B RE GYY, X T 22 B 7 114
PSS BURT TPHP FEff 7 W) 64703 B, RSk 52
R Z AR R R R, BORFERRE R 92.2%
(30 °C); R & B =V FE 1 TPHP 0] B2 il il 119
TEPE B VR AR, dEAthr X T R IR RBCR I IO
mi . T EL PRI Y L TPHP VERRIE A RE IR 1 v Rk %
it TR A S 2R 0 KT 8 (Brevibacillus brevis), 145 H
FEfRCr SR R LURIRR pH AR X,
{EREARF N 92.1% (e E = 2 g/L, WFE 30 °C, pH
1B 7.0)5 T2 P04 1 Mk B 1) TPHP e A3 AR A
{HZIAF] 50 mg/L IR AT LU EE S 40 25
PRI AT SE 0 T [, [al i WA BA R pH
bt % Rt RE T T SRR, R B. brevis TE[%
fi# TPHP F1 7 SACHHA L B rh ] BB 200 T A HLIR
X R Z 5 53 HT TPHP IR AR = 3t T — 1 .
F 1A T HETC A R TBP Fl TPHP [ 4 .

LA ORE  WHEYIMESR OPEs ISR L&) 12

*1 CHMBHNBREEIFRER

TR, & 58t A W R O AE 18 B 2R T
WAL, BRI OPEs A3 B KN FH AT,
WEE . pH. 15 B0 W FE I 5% i B AR 80 1
YLRIZ, Z% OPEs [ A 7E 30 °C. pH H 7.0 1Y
AN B RATFIIREAERE 15 ek B B i A
R FPAS [ BT DAAEAERR 25 57 o 70 S B i FH Hh 45 5%
i PR 28 e M i, X B A T BR ] OPESs R fift 147
I A A A

2 BB KR

OPEs "] LAiiidt 2 MW Beiy e Ab e, AR
A B SRR LB R S s R e AR i T
Nancharaiah 2! E 4S8 WS B0 AIFSE T TBP
WA T REBR AR A (] 4, SRS T TBP YK
i 7= ——JCHLBE R AL S 3 ;. TBP Mfilzk
W R A3t FE AT 20K S AN A7 2 B BE, KA B B
SEBERRER A T 10— AR, B T BRI
()RR R A3, T S A AL A S Lt e
SePEHR AR AI#ERR . T G (Dibutyl Phosphate, DBP)
F1 % 2 5. T s (Monobutyl Phosphate, MBP)AJTE
W, TRIBAEE S B R A2, TBP BI/Kf# =91k
TEEAT P A YA, T TBP A YA A ]
PRBAIR . T TR A0 43 i

Table 1  Existing OPEs degrading bacteria

AHUBEEREE R W Wik fige 3 WEfgndal 22830k

OPEs Bacteria Concentration Degradation rate (%) Time (d) References

TPHP GYY BEHE 3.0 umol/L 92.20 5 [21]
Roseobacter strain YS-57 0.5 mg/L 99.00 3 [23]
Sphingomonas sp. strain TDK1 = 100.00 = [24]
Sphingobium sp. strain TCM 1 - 100.00 - [24]
Brevibacillus brevis 3.0 pmol/L 92.10 5 [25]
Sphingopyxis sp. YC-JH3 50.0 mg/L 96.20 7 [26]
Rhodococcus sp. YC-JH2 50.0 mg/L 37.36 7 [26]

TBP Sphingobium sp. RSMS = 80.00 = [20]
Roseobacter sp. YS-57 = 100.00 14 [23]

TE: = SChARUIw ]

Note: —: Not mentioned in the text
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Liu 2250y TBP 0] LUREAL K TEHLRERR
ih, f8H TBP R MW 2 /7Y : DBP M
MBP, il LFr T 5AMEE, TBP v] L%kl DBP
FUETEE, DBP #F—H4b, K& TRMEES ™
A MBP FIE TRE, g —A T SL0006E W 2405 A2l
{07~ o A i S O VA S VR N i I vl i
(Compound Specific Isotope Analysis, CSIA): R +5
H T P-O BERTREJE M TBP 5743 DBP 11,
BLEE T T IR R BR R A I 240 AL Rangu 25P°)
WA BERFERFL, A TBP B 1L JE B AR R
WA S0, Horp =R . R AR A A
F TBP. ik [E{& DBP #1 MBP, Feiili 1)
TEERBERREE . TBP HIREAR AR INE 1 FiR .

TPHP 3 1 il I8 e 54 1 7K e A FH 76 Ak R i 1R
—K[i5(Diphenyl Phosphate, DPHP), Tfii DPHP g
ot — R SRR K 2 BRS04 Y
A=A g AR/ RN B PROR SRR IR sl R S Ak
DPHP fE R4 . X Al 682 th T IR (8 1) i
T TG PR B TS S P B ST R
TPHP ()R fif il 72 = 245 T /KA /E A 24k
YRR, AWK i AR SR ] TPHP 15 565
kM B35 TPHP A1 DPHP, DPHP 784 Wb 48 i
(IVER T AR A PR I 2 — 28§ (OH-DPHP), J& it
— WAk N B R A 2K iR (Phenylphosphoric Acid ,
PHP); DPHP il OH-DPHP 7] LAk — 43 77 1k
X %€ — H R (Terephthalic Acid) . 1,2-%f % —
(1,2-Dihydroxybenzene)fil & SR>, 74k TPHP
R i 1) B AR AL I AR T Yang %[2115/‘]5%% R

WA, HAE =4 DPHP Fl PHP Sl i B R £h
FNIR IR Z (8] (0 TR ST S LY, AR i ol v
TPHP il i /K fif ik 42 5% 4 47 %) DPHP Fl PHP,
TPHP i85 A4l A2 W s 5k TPHP, 16 1Ak
R MERIAE T OH-TPHP ] gk — 54k — 53k
2R JL R PR IR (Diphenyl Cresyl Phosphate); 34,
Wi R AR AL I N DPHP 440 g — oK
i fig (Diphenyl Methyl Phosphate).

HHI>EH , OPEs YA YIRS b T B Fh 1A ]
LR ™ A 04 v ] = P AN SR AR TR] (R 2 2 8000]
DIEEAR Ry JoHUBE IR SR , H H O A By A2 A 6 /K i ads
7. BREALER P SRR R S RAE
L AEYIREAR G 0 F L E YA, OPEs K&
Hh ] P TR 3K A 2o R R A 2 T 72 Ry S AR
SR 40 B, TR TR B ) T LA DL PR T e 25 %
AR TCALBEIR SR, MIMSEEL T OPEs M# 1k

3 EEMIEA

T A SCHR R W E B0 H T A/ B B 7
R BORLHE AT 1R BB /K fff Wl 6 2, SR 2k
SECH B B R AR 1225 Kulkarni 2517
WE5Er TBP ey B R B 14 & 14 . TBP
FIR) T AP A P 7 22 8 AT i v B A B S T AR 2 R 40
AT T T L i LA Z20 X T A e B 1 % 1Y 175
YER

il 2 K P450 M (Cytochrome P450, CYP450)
R Rk IMLLR 1 Z IR AL, Iz oA T
HTE . B S SEEYIRN . AP R

n-butanol
H 0 -CH 0 0] o
N ) I I I
O - P\ Of f - 7 P\ -~ P N - P ~
(') HO (:') o ( HO (') OH (_ H O/ \ OH
Hydrolysis ‘? Hydrolysis 7 Hydrolysis OH
CH; CH;, CH,
TBP DBP MBP Inorganic phosphate

El 1 TBP BEfERKZ
Figure 1 Degradation pathway of TBP
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PIMLIN Y PASO BEFESLA K . A2 . I 5D
S Z P LTS Y P 0 B Aot R b B SR AR
B2 £ % P450 2535 OPEs (4=
Yikfh, 122 5 %) OPEs HI/KA R, 1Y
Fif# OPEs (13 F2 vl 5 A S22 FE . il n
TEIFE B K E IR A AR, b CYP450 7E
TPHP [4f#% % DPHP F1 PHP i f e F A . il
1 Wei S50 REREREAE TPHP (%0 50 2 HUFF 14
(Brevibacillus brevis)/KZ A Pb #iiil CYP450
R, WEERIEEE Pb (AW AL ZR H TPHP
(R A R R BEZ T R, B — 2P R e o -
PCR i R(RT-qPCR)/H Pb 75 53 [H A K A
MM#5 T P XF TPHP [ AIIHI1ER S CYP 2R
IRLEEE S

Berne 25U HAASE H—Fh P450 4%
CYP201A2 (i) 7E7H B LT B CGA009V S fit
TBP [ FE i SCEVE T, Lo i &5 TR 3¢ I [ i
TBP T S5 . 0 ST R T e e W e — A 1 R
PR RN 28 BT IR , 00 e — 5 BEEAT L DR B 1Y)
fitf, AT R ANELIE R P4S0 FITHIAE
FH ., K CYP4A50 $I57] CO BBk FEme BT 278 N2 1%
FRELSARIY R, MUEYIRERE TBP BIRE S5 IB%
KT 90%FN 38%. 75— J7 I A BT AFH L (RE AL
I P450 ARG HM)IS TBP [ REAR A4 &
T 21%. BT 7 A R E 1) CYP450,
H AW rpa042] JEH G5 CYP201A2, 7E7C
MARBII R, TR E R rpa042] KIFFR
T P S 3 B AT (R ) 7E B RS2 3R 43y, I
I [ RE S AN AE AL CYP201A2 Ji B i Pk 58
/S

TN, B2 E IWNERE Sphingomonas sp. TDK1
Fl Sphingobium sp. TCM1 Hi4lifb i 2 A~WR — g
fiff Sm-PTE 1 Sb-PTE, ‘E{I1fEl% &40 TPHP /K
fi#t}y DPHP, %I TBP A — & HiE L,

4 B4
S5 T 2 B D PR 38117 89 R T 2 2 R

OPEs (175 Y /K A R 204, X OPEs 4=
VIR o N 2 g4 - H AR, R H ATt OPEs (1)
RS R FALE ST S F TBP Hl TPHP
X 2 Fhi5 gy, XHHA OPEs 15 i pkse A+
Bz, AL E R TBP il TPHP A= ¥)Mfi it
FErp BRI =Y 2 20T, 4358 DBP.,
MBP #il DPHP, PHP, Bl 1A R8s 12 b
SR, KR FRIA RGN EERE,
AL IR AR B AR B SRR A 6 Sk bl ad
M VER , Z 5 i i 2ol A WU IR FR 0 1L Ry
TCHLBEBR LR, CYP450 #EECRALR], W InHm i)
i B A R B R T e, X 3R W LA 2R W e 2o
g EREEMIMEN, Fit7EHM OPEs Mk
YIRSt o, T RMLSE 1E CYP450 TEREA R
TP AE A
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