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Uptake, accumulation, translocation and transformation of
organophosphate esters (OPEs) in plants: A review
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(1. College of Marine and Environmental Sciences, Tianjin University of Science & Technology, Tianjin, 300457, China;
2. Ministry of Education Key Laboratory of Pollution Processes and Environmental Criteria, Nankai University,

Tianjin, 300350, China)

Abstract The fate and environmental behavior of organophosphate esters (OPEs) have gained more
attention because OPEs was detected frequently in variety of environmental media and have potential
adverse effects on ecosystem and humans. Plants as the main part in terrestrial food chain is one of
the most important sinks for pollutants in environment. The understanding of uptake, accumulation,
translocation and transformation of OPEs in plants is critical to evaluate their ecological risk and
manage their use scientifically. The uptake, accumulation and translocation of OPEs in plants and
transformation pathways summarized based on recent researches in this paper. The prospective

researches in the future was also proposed. OPEs absorbed by roots mainly through passive diffusion,
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which influenced by the octanol-water partition coefficient (K, ). OPEs with lg K, values ranging
from 3.5 to 9.5 could be absorbed more easily by root. OPEs with Ig K, < 3 could translocate more
easily in the plant xylem and phloem. The physicochemical properties of OPEs, plant physiological
characteristics and environmental factors could influence the uptake, accumulation and translocation
of OPEs in plants. Hydrolysis was the primary transformation pathway of OPEs in plants. Acid
phosphatase was the key enzyme involved in the hydrolysis of OPEs, and cytochrome P450 and
glutathione S-transferase also effectively promoted the transformation of OPEs in plants.

Keywords organophosphate esters, plants, uptake, accumulation, translocation,

transformation.
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Table 1 Physicochemical properties of OPEs

%5 CAS TR B4 KRR lg K, Sy/(mg-L™") V/mm Hg I3 FHth
Classification Chinese name Name and abbreviation o (25 C) (25 °C) Structure
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0
512-56-1  WER=FHlE Trimethyl phosphate(TMP) —0.65 5x10° 0.415 /O\I'VO\
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(0]
78-40-0 iR = Es  Triethyl phosphate(TEP) 0.80 5x10° 0.165 0.9 o
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. S, 1V, f1 US EPA EPI Suite™ (2018, version 4.11, USA) JH443 5.

Note: S,,, Water solubility; ¥,, Vapor pressure; The data are compiled from US EPA EPISuite™ (2018, version 4.11, USA).
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Fig.1 Fate (A) and root uptake pathway (B) of OPEs in plant
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# (octanol-water partition coefficient, K,,,) 2 55 K, S EILAEALY) 1 W ICRFAE 22 e k. 58 R 1,
FE W) AR 2 4T OPEs Y W I 2 22 5 0 5 1 1g K, 22 Wik 25 I AH OC (P < 0.05) P2, & B i 7K P 5% (1) OPEs
(Ig Koy = 3.5—9.5) 3B /KPETR A OPEs(1g K, = 1—3 ) 7E M) AR 2 4 W i 338 5 B e =34,

O ———————
i S BT pUR ]
H PR A fash Transmembrane transport !
: High Extracellular process of OPEs :
: concentration o ® ) :
1 1
1 @ 1
| c | MY i
] | ( 4 A d :
i & - |
|

1

! RIRIE 1 éﬂmﬂlllill i
I ntracellular .
: Low H B3 # HEEA . ﬁi}.ﬁiﬁﬁ . :
| concentration Simple ~ Channel protein Carrier protein 1
: diffusion !
S S e e s e e st e v 2

(B) \ ~ — /

2R Cell membrane

2l JBE Cell wall

HEN T E

Accumulation

) metabolism

HIF R D
Phasc]lll
metabolism

J
E O\ 2 I B [
Adeuit cel

Tulation, intGel lgyall
Yf“

& 2 OPEs 7ERE YA PN 14 5 B2 fan AN fb ol 72
rfie? »RIR OPEs 7EAH Y (% TAH R I3 R4 & BL.

“?” shows that phase III metabolisms of OPEs in plants has not been discovered.

Fig.2 Membrane transport and transformation processes of OPEs in plants
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GG A 22 A AR 23 S A AR AR 2R X OPEs (WIS, 458 b 09 HILTS Y Wy it 2 DA - S 5007 v fige
TEFLBR K Th 3 i A RE R ) BT W i, 338G BIL BT 2 33 rh o ML) A o S8 W B R 22—, L il A AL T
YITE 3R R G0 b AW R RN R R, - 3 R BIL B Y 25 5% 2552 OPEs 78 38 v (1) 43
At , T ECAE HAEAR ) th BB RRIEC L B9 e I, TRV A VA LBk B v A I A b AR KA ),
HE Z X OPEs 1Y W Wi e 7 WA b 58 T A= K TR 2L e v A A 9 70 e Ah, 7652 35 4 Ja s e 4 v, 4
pH (HBRE A F| FHEMEANR S ELESE SN EZARSELE, FER YR R 2. 4 MR
BB, AR EAE YR R X OPEs By > 3%,

1.2 HHYAR R X OPEs (L &

ALY G YR AR R WOt A A B 25, — 3843 25 K Pk 5k A ) S 2 B 78 I8 W 0E A TN 2 )2, B
JEHEANLEE AL, SRR AR ZE 0t TSR AE TR A ) B AR T A AL A (A BT L B BT
FZ2 W85 ) W B 1 I AR AR AR R L R AR R 19 & 4E KT~ (oot concentration factors, RCFs) 327~ A #l
TS YR AR TR B R R BB J1. WY K K, OPEs i RCFs 51 1g K, 5 B3 IFAH (P < 0.05) 0143173234733,
Bilan, 4 OPEs 7EAH IR ik ] & 4 V- #r i, sk PEsR 1 TEHP(Ig K, = 9.49) i) RCF {H1E A [FAEY) b
Yoy e 2. BRI, Wit 7 B N [RDRE G, ZEAR AR 2 b g £ 0% 50 £ OPEs it of L B 5. Ao & B, 3 ME
T EEHB B (Suaeda sals (L.) Pall.) 1 ft OPEs, Ul TCEP 1 TCPP, ¥ & 153 T 1.38—16.5ng g
T & (dry weight, dw), i OPEs & 4& & & 1Y 52.3%, i ke 3 F1 75 3£ BUIC i OPEs HL 1) X 45 39.4% Fil
21.6%". T e 3 A 05 BL U OPEs, 4648 OPEs TEAE M v X L & A= A Wy AkB> 40. 98 & 3, At
OPEs 7EME F 1Y 1g RCF Fifi U5 0 (1 3G i 3 hn . an/hz22 %t 3 A OPEs WS S 5 A 3R, /N2 AR
ZX%F TDCPP( % 6 58 7 ) i) 1gRCF {4 2.18, %} TCPP Fl TCEP(¥ &4 3 &R T )Y 1g RCF {H 4y
WIoh 1.97 F11.82.

155 W 52 F OPEs 43k B 4% B AL 3 (open-chain, OC) A1 3 IR Bt 1€ 3 (electron-ring, ER) P 2%, ER-
OPEs 1 & L 125 F % FLAE - 58 h A= A 350 A RS 1 e 45 s AR, Wl 25k 141 by O L sl BAIR g o 3i
AL, XRS5 R T LUVE R B T HE AR i & H T2, (X Fh 25 44 1) OPEs 5 4 47 AR 2% 17 H faf AH ELAE
A 3 SR AR 2 T P T RO DRI M AR AR 3 ER-OPEs 2 f AH T4 15, (5 AR &6 34 OPEs 1Y 64%—89%, ifii
M I 3% ER-OPEs(250—4300 ng-g™) Fll OC-OPEs( 240—4900 ng-g™") i) & & L & AH T, X b ik 95 28
OPEs ) RCF % ¥, ER-OPEs 1) RCFs {H(0.36—3.2) ¥ F OC-OPEs ) RCFs(0.042—0.26), i}i.#] ER-
OPEs W25 by ¢ H W AR ER M W 7. > OPEs #F AMR &R 5, A RIAH Y A B PE RO A W] S 30T OPEs TR 2 1%
BLAIARTA]. XF H OPEs 78 4 R 4 iR RAE L, K BU/INAZ MR R A BE W 5 e Fe MK 2 OPEs 7E i A L R
AP A YIS, 35 K MR 1 TCEP(Ig Koy, = 1.63) T B2/ 4i T 40 M & b, 1 5 /K 1 53 1)
TPhP(Ig Ko, = 4.7) W] 5= 22 53 L A 200 S RE R T 75 55 v B A M v B0, BB BR AR 105 1, AFL4 b i 20
B3 25 50 OPEs TEAE ) Hh ()RR 22 4t M BE v (1) Z2 05 ] LURI D% 5& OPEs 45 &, Il /b AR AR ) v i 5
B, T HE OPEs(UN TPhP) 76 AE 1) 20 B rh i B JR 4R LL T 20 I 25 v %) FR 2 0 T e B, TRk, A
Y2 e L2 B K M OPEs TEAR RN ) —HELZ . ALY B B AR KAF LR 2552 OPEs YR &, A
Yxt OPEs MR R e ) 23 Bl HA B s i, 3138 50 U A AE 9 (ClnsK R A0 52K ) X OPEs AR R i
e (U3, R ) T A A S N AT R LA SR AR T B A

+ 3 OPEs 7E ¥ MR & B9 AL i 5 £ 1 845 MLk (total organic carbon, TOC) 75 & %% U] #H ¢
OPEs 7EAH MR & ) RCF 5 158 TOC % & 5 A OGP~ Joi & 2% K P OPEs( 4l TCEP il TCPP) ik
JEBL7K % OPEs( 4 TDCPP, EHDPP F1 TPhP 45 ) ZEAH ) i 1) RCF #5448 rf TOC & 5 3 i i B A% 2,
X2 H TRl OPEs S /K M 34 i, H 5 4498 TOC W55 Al T o, 3 5 o 39 Wi B, 1 i 3 80 /K 1
S 1) OPEs X LA - 378 r fige W 17 3% R HC 2 4y m] 0 PR ),

2 OPEs ZEH Y 3833 # (Translocation of OPEs in plants)

OPEs TEAH ¥ 23 & A 55 HAdAT HIL AR [R] 60 4% S ik A, BIV3E 3 A S5 #50 F1 00 K ¥ i 78 28 HoAth 4H
Hn 4748 7T, OPEs AR Bl #% 22 b |- FR0> 4% 5 —Jr T, OPEs 8 1) K 8 A A= AT 3|1z
g0 >, 25 rh 2 ) B2 4% 32 1Y) OPEs fie 2R SR TEAE W) i AR &R A SR S vh > O1([&] 1A). OPEs 7R A 4L

| >o
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2RI B R L PG, WL EGA FE T AMAR (R B2 4R i b 43 [ ) RN 445 4H 4 2 ) S i /K Bt o 1 1, X
P T &M 2 A28 R LA ) 40 J o 20 0ok 8 /0 — AN IR SR F J2 A BB HE A R 5 49 B2 &6 (161 1B). OPEs #
FEYIHR RS, 28 R B3R AR iz ik F 2 b 38 OPEs A9 R IR — il 1g K, = 1—3 B9
B RAL A Y E R S YL, e AR T ) L AE RS e S s 7, X% OPEs [RIFEIE F, 5 /K Pk 5ok
f) OPEs( 4l TCEP, TCPP, TnBP, TBOEP %5 ) {E Wi AR WML 25 5 Wt 2 1 Ui 2468 A JB o i 2 = 0>,
It4h, TCEP Al TCPP %53 7K OPEs # & B H: 5 (U ) kG i 5], 3% I Hoth nT DL 28490 Jz 33z a2 43
RS2 56 [) REIE B 3 /K M5 19 OPEs (4 TCPP H1 TBOEP 45 ) fJ 3 15t #7) Bz 3 & AE i 50> 52,

H i KB 5E & 3K, OPEs ZEAH Y i i AR T84S Rk 01 5 g K M A OG0 34 54 kg vh iy RS
Z %4 (translocation factor, TF) FAE Ak 22 W) i 76 A B30 (3RS BE 1, TF J2 A2~ B Fe A8 W b b 350 1 e 78
55 7 AR v R A BL, HC SO K 3R W Ak 2 ) SR 2 A 0 A JER S ) AT ) M L R e B RE T R
OPEs (1 1g K, 15 TF {f 5 & f A e (P < 0.005) 1432451 B 32 /K 4 OPEs i /K 1 OPEs A H 5
(4 1) Ml | BT AL g 3045545 Bt TCEP 1 TnBP 2535 /K PR3 1Y OPEs 7 A Bt 3 (19 XF F HE ) 01 9 L 5T
Ko R EAER Y 35 10 1g K.y, > 4.5 ) OPEs(4ll TPhP, TCrP 45 ) 2 W fFAEAR % 2 |, 85 2 )2 4n i
BEZZ N KNG A4 A, SRS R 32 5 5 B g 38 LU RS 50, [RIRE, OPEs £ 1) iz 35 13T #% g g Fifi 1
Ig K, BYFEAR 50 1g K., < 3 B TCPP, TCEP F1/0H& TBOEP AJ DL i ) fiz 3 1E A 02, 1M 1g Ky, >
4.5 1) TPhP 1l TEHP H XE I 23 7] K 3 DA 4 b= 35083 iy [ A 020,

OPEs TEAHYI R P 12 A5 38 52 A 40 A BRARPE 2 . 2% S A P BN A 2 257K OPEs [ L ig§i iy £ 250
J1 6N H AW G 25 e R, AR R b OPEs (7] |- 355 A9 328 i 3 SR . 2% /K P 35 (9 OPEs(
TCPP %) Ho b 1 W S0 HE R 505 R ) 1) 25 1 e 52 B 38 IE AH DG (P < 0.05) B2, 3¢ BH 2% i iy o i 1) A
Yy Cndi 2 NS5 ) A LT 28 B g 0 55 AR P (AN A= 5245 ) 8 5043 LK 35055 7K OPEs MR Iz i 22 1l |
#B. —LEEi K 4 OPEs 411 TPhP F1 TEHP W fe# /b 2 b L3 73, —J7 2 R TAR P py gL I i R &
B e, sy (N4 N (Raphanus sativus L.) "% FUEH & RO SE) iR IRl Gk = B ECHT ), ffif9 /D
Bi/k OPEs ] DLiE A HRERY, K BHHE Y, I TEHP 7685 I P i TF {EAH b T HABA 2 15 209,
T3 —J7 T, AR BT oA 2R Y, XS BT REA B T Bi7K OPEs MR [l ith [ #4% iz,

3  OPEs ZEEY %54k (Transformation of OPEs in plants)

OPEs & #{UESE AT LATE S A1 o FLN 0 B4y e A= e Ak, TEAE ) rh L AS (3 S0 20, BiF 90 AL
Yy 0 A 2R FNAM I A% AR A% IR 17 51 (cDNA) 5 3l I B ARARL, X SR A 1L TS e 4t 5 A AR (LY
FHE RSB AR, PRtk, BRSPSt e A E A, FEAE P V5 A B AT LT e 1 o 22
Gy SN B AEAE Y A — e nT LAo3 o 3 BB, B T AHACEE . ARACE A ARACEE. T AHAR
ML AT KA | AR I A R, R | RIS R B AT | A BILYS Yy v A A s i T AHAR
LA LG R S AR NN, AL AERE . A H IR (glutathione, GSH) | ZUJERR | i R 55 5 141 45
B HEEG W) SR KR 5 O TTAR A 32 28020 AR ™ P il i 5% 0 28 1 0z 22 e vh =i 5 o
PR HHE ATEAE YRR PR, s M BE R R4 R L R TR SRS [ 70 40 e b, AT R
HAEE, R PR i Ho A 1 AR B (R RN, B RS KW, OPEs mT DL it T AHAR A I AHAR
I TEAE AR R A e A>3 (5] 2B).

IK it SR AR B 2 5 OPEs TEAE ) T ARACHE 1) S 225 Ak i # (18] 3), Hovh OPEs 7EAEY
IK S IO IO A R T A AR AR v ) T SR AR AR S e R, R TRl U OPEs 76 24 h Y
PRGHUK A Ry X I Y T B S AR D — R4 W R R — D K i BRI (R 3) . FE OPEs HY 7K fiff 52 1
W, PR MWL B (acid phosphatase, ACP) & {k OPEs 7K fiff it G El: ). U HIE AR AN PREE Bleml (1) 4518
T AE 7 A R AN AR R B Y ACP 3 AT M) A4 P 5028 68 VAW OPEs /K AgC. 534k, B T AN )
BUHE OPEs 59455 38 A L R 456 07 B TA], 2338 i OPEs /K fiff i 8 1Y 22 5 il ik K i S0 45
4% BE Y7 R BIE (density functional theory, DFT) i+ 54E B, 5 55 3& OPEs 1/t 3k OPEs A kb, &AL b 3
OPEs (41l TDCPP) 7EAB YA PN BN H K fifp, LK fifp 3o A f p 135952,
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AR, A4k N J2: OPEs 7EAH %) H & B4 Ak i 42 (& 3), 40 i {4 2 P450 [ (cytochrome P450,
CYP450) 8 iz Z2 B A= )6 By A B L B2, FEAR HEAR ) A2 K & B RSP A ) e 32 100 355 W ae Jy TR T
BLVEH . OPEs WA i AL il F2 h, CYP450 1) 3= 22 4E A& % b OPEs H i alk Jii A= il L4k 7= 7,
H JR SR AL P 3 T RE Rk — 2D A AR R BEAL 7 ). 3@ 5 OPEs 5/NAZ CYPT1C6v1 (53X 42
L UESE/NAZ ) CYP450 Fiff A AL AR S0 OPEs %4k i) 3 2L B0 A8 Ak s ok 2 v, JE 524X OPEs (4
TBOEP, TPhP, TiBP Hl EHDPP 55 ) 5 75 ) 7 4 ¥ 1 o9 i AR Fn &% k. 5 (A8 OPEs A 1L, I & X
OPEs 5 CYP71C6v1 HY45-4 feds WHE B, HLBf OPEs 9 Ig K, 3 K, 5 CYP71C6v] 454 BE J1 85w Y,
F WG 7K P38 () OPEs W25 55 5 CYP71C6v] 1Y 25 B X 45 IF RN TG PE AL s 45 6, i — 20k ] T R &A%
OPEs ¥ %5 7 ¥ CYP450 # AL A, 11 AE B8 22 T ARACI ™= 915 L A 580 & B, BR T 7K A B i R
IR, Je 5k OPEs(4n TBOEP ) i A] 741 4 Hh & A= B doe 564k S i B, S48 OPEs i 4 ik S ] £ 41 4 4
A R A 3 I SR R, L A ) A D 3] ),

5 N5 sh W R AL, OPEs 7EAE Y MR vht vl & A= T ARAR S 2, {22, OPEs A H R IEAS[R], H:
I AHSS & P P AA B KR 22 5 (& 3) . F e & 3, AR OPEs 5/ 2 44 bk 1 K S-#% # i} ( glutathione S-
transferases, GSTs) H1 /1 TaGST4-4 11 Fi 45 & GE 5 9m P, 20 GSTs & T 44N i B ik &% OPEs 444k
W EZL, KL GSH 456 A 7= Y25 OPEs fEAH Y %) F 22 1 ARACH = 45 L iR & OPEs W 5
HABAED /N T 256, LTS AR RS G877 Y . M m BRI IR 45 G 87 . IR G877 . F It
RIREE BT E L Z LG

HEAFNZ, — Bk, ARG RAE Y TR A 0. BaT, Ay h e 2 L8 T — ke itz
A, MATRE 3 B0 45 A B R ANE TS e i AT B R i . A DF R R B Y ABC Fis E AT DA
5 GSH 45 & W) 25 ¥y iz g o A\ e b A 22 5 MRP( multidrug resistance associated protein) 25 [ (— Ff
ABC 2 1) g GSH 454 1 DNP 2544 ML iz fi 2 00t 7). H, 47 ¢ OPEs 1 ARG 72 i A
A, T it — ot

4 %555 (Conclusions and prospects)

FAiT, B NS X BB A Bi-AE 4 OPEs (WO 22 | 1288 S AT o0 A58 b Ak T2 25 B B,
HAETRIBFFE AT A3 2 LU 3 fi4518: (1) OPEs I B AE YA ZR MW, I 28 A S5 5 A ) B AR T A 0 A4 N A7
iT#%; (2) OPEs FRALMEFT (1g Ko 47 T4 5 ) . AW A2 BRAF R (AR 7 . 2 1 5 &5 12 FN 28 IS A P i 32
S5 ) FIRGE Z5 A (KRG SR B AR B A7 ) B 1) 52 00 55 ) 2 52 i A 400 AR 3 X OPEs W e . AR R AT 7%
M EZHE; (3) OPEs L& TEHIYI IR N (ACP, CYP450, GST 45 ) ML T & A K it . Ak . i SR B 45
B AL, e L OPEs N HARS = W) S EAE W IR N AR 2 B H AT S8 A an T [n) 275 2R A B :
(1) KEMFF K OPEs AUAR R WIS F2, 17 OPEs 38 i it Fr WS A2 o N 25 200, DR I AT A B2 5%
AR EAEYE BT OPEs M il e (AL A BUZ A5 ) FIPLEE; (2) H i & & 31 OPEs /Y AR
T, KA 2 ZEHESE OPEs K H A% A6 7 W A AR AR5l 52 v 1) 2 o A T e 28 8 4R 37 BT (O 5 40 i
BE) s (3) AR FREE S RS . pHL A LB i | B SR AR 2 S M A 1) A K 8 AR B Ak, 3 1T 52 )
TS5 Gy AR, SR AL AL, PRI AT ST AN [ BREE 254 T OPEs TEAEY) rh AT M A e, #5457 B T
X i B2 PRI AR OPEs BYPRREAT S B AHERT BB . DA ) Wi . % 2R 2 7 9 J-Ks OPEs i MR EE 1L
BV, S OPEs IUAEYE I $EAEHIS S5 HOR SR
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