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Abstract Phthalate esters (PAEs) are synthetic compounds used as plasticizers to improve mechanical properties of the plastic
resin, particularly its flexibility and softness. In recent years, they have attracted increasing attention owing to their extensive
use, ubiquity in the environment and endocrine-disrupting activity. Microbial degradation is the principal way for completely
mineralization of phthalates in natural environments. The degradation mechanisms and pathways of phthalates have been
consolidated by using bacteria while those using fungi have rarely been reported. This article mainly summarizes the pollution
status of phthalates, introduces the health hazard of phthalates to humans and animals, and reviews the current research
progress in the microbial degradation of phthalates, including species of phthalate-degrading bacteria, degradation pathways
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and related molecular bases, and fungal degradation of phthalates. Fig 3, Tab 6, Ref 62
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Table 1 PAEs with endocrine-disrupting activities

HSCAARK YL SLAAFR F&®
Chinese name English name Uses!*!
- _ Dimethyl phthalate LRI RIS
A 3 1=
WK IR (110 (DMP) Plastic plasticizer; anti-mosquito complex
WEHRZEE (I 1) Diethyl phthalate DRI SRR B (¥ 14 850 e v 5 '
(DEP) Plasticizer for plastic and synthetic rubber; varnish solvent

AR IR —NEE (1)
ARIKTHIER TG (D)
ABOR R R
AR T HR Ol

AR ZHR NS (1L 1)

Di-n-propyl phthalate
(DPP)

Di-n-butyl phthalate
(DBP)

Di-n-pentyl phthalate
(DDP)

Dihexyl phthalate
(DHP)

Di-n-octyl phthalate
(DOP)

YL

Plastic plasticizer

SRL ARSI N AR G YR 70) FrRbRves in) s AR 3 e
Plasticizer for plastic, synthetic rubber, and artificial leather; perfume solvent;
insect repellent

SRR 7]

Plastic plasticizer

YRLEE Y )

Plastic plasticizer

SRH AR 71

Plastic plasticizer

YERMIAAL: Ykt A bPRH

Plastic plasticizer; dope; artificial leather

RALIGRGE ISR LI IR 2T 2 R AL 7]

e NS, Butylbenzyl phthalate
SRR R TR (BBP)

S gy — ’ Di-2-ethylhexyl phthalate
A ) S
?|S4\¥EF[E&—(2-ZJJ—_EEJ—_)P3E (I) (DEHP)

I - Dicyclohexyl phthalate
A S — G
QB R IR R (DCHP)

Plasticizer for PVC, chloroethylene polymer; softener of cellulose nitrate
PR ORGSR T S A7)

Diluent for acrylic acid; plasticizer for hot-setting adhesive

L SRR IRsE g d; T [ [ SR R i s 4

I. Priority pollutants listed by the United States Environmental Protection Agency; II. Priority pollutants listed by China National Environmental Monitoring

Center

R2 —EPABSTEMERHRHSRE

Table 2 Existence and concentration of several PAEs in the environment

NITEyR S Cwroyy

U HRRMEPAES Existencﬁjiljr;l Ie?ffmnment Conc{fn%ation RefeIrE‘ﬁces
DMP T River 10 mg L 1
DBP K Well water 0.19~9.26 ug L 12
4 Foodstuffs 0.09~0.19 mg kg'! 9
BBP &% Foodstuffs 0.017~0.019 mg kg 9
IFFEIR)T Sea sediment 0.049 ug L' 13

DEP '

A% Household waste 18.2 mg kg 8
W River 1.3~2.6 mg L 14
HEEIE )R Sea sediment 0.18 pg L 13
DEHP A5, Household waste 16820.6 mg kg 8
BidliBIEW  Landfill leachate 346 pg L 15
&% Foodstuffs 0.11~0.18 mg kg 9

2 QPR HR R (gt R 15

PAEsH: 2930 ZFf, K202 Jo 035 B R, i+
K, G TAHIEN, JB SRS T, v i ., ke
B R A2 fish 2 AN RN S I . PAESY A A 3 ) 52 1) & — A4~
MMt R, SR B A IR A2 B, T ELAT e i A
e Watach=- 2w A1 I E R TIPS sl e A N O S A S B U I L S8
45 R AT,

PAEsXI AE WK 0 2tk A K, NI IRLD {8 A
800~1 600 mg kg, Amesi 4 B TE7. (HAE KFIH T, PAEs
XFEh WA B . B0E MBS AR, N, Agarwal 55T
T DEHPX AR/ BRLAY B 5 B AZ 52, & I 28 DEHPAR
PR B/ A BRI W B A S AR E 0. 19824F, 32 [H
[l R 75 2 # K1) 25 19 9256 42 45 (National Toxicology Program)fiff
UE TR A BUR/NA BRI I DEHPR] 5| A& FF98 20, tb ok, o)
W A 2% I R BB AR O T R TR i x5 R S W AT L B 45

[21]

KRB FE AR, PAEST BAYE E T M EEH,
AT AE AR e B T A S 9 20 i R GE 0. Hx 4y
W 2R B Y A L2 18 1o i 9 3 52 4K (Estrogen receptor) /514 )
N, 38 I 5 MR R SRS G, AT DNARES R R o F
(Estrogen responsive element)if fif & K (155 5%, 7215 Ml 2L
NP2 SIS e R I, MEA T3, PAESHY AL N
B TB U N RN R O I R Fi S I W 3
B RSN E IS PR SRR X sh i A A T A AL 3R R
WRELS TR U ETR PRSI, ERERE T
B AR R TR TR R A 2 A AR e

1 T PAESK A e T TE MG, — SUBRIR I 120 41,
A 455 55 [ I8 R0 v [ ) R B 0 v R 5 R AR
15 LA 129, R E ST S AR A 2R
R HRAT 10, L2 PR 5 & L2 1.
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3 AR R IR ) A= P i

PAESTE N F B | DGR A AR AR G218, Jm T HERE
fi . PRI , G2 0 B A A R S F AR PR T PAES S8 424
(AP ER Suy )
3.1 4BE ZFERER A P AR

AR, PAESHI AN H M &8 280 2 aFse, K&
7o AU i PAES Y T R 2 28 A5 28R B8 v 0 B 15 81, 4 41
M VYR IR KA B 3 T T AR (3R 3).
{HJ2, IFARITA MR AR AR R 58 28 L PAEs, #8543 bA bk H Ak
PAESHE AL UG, B8 3 — 20 e A AR R IR . ) i % el
A I PAEs P i TR R4 2 A5 10 200 T P A S5 7 HE SR 45 1 PAEs
14 Ve Ak B 07, T LA 2o S [8) B Rk 4 BIR IR] VR 56 429 {6 PAEs
(#¢4). Vega I BastideZ5: P 5¢ — > Arthrobacter sp.Fll
Sphingomonas paucimobilis P Fiv 4 17 F4) 2 ) 1 7 X 48 7% —
F iR —H1 fig (DMP) [ B BE 71, %30 Arthrobacter sp.RES N
DMP#G 46 2 482 — H1 R FL I g (MMP), (HR BB MM P —
A B AL S B ZHTR (PA), {H 2 34 T bk 20 A7 PATY [ fif ik
H1. 1% — AR Sphingomonas paucimobilishg 1 ¥ MMP#%

B NPA, JFHRESE 2 % R PA, {H )2 2K fE 58 il DMPE| MMP
AR DRIk, ) Pl s A T R A S ) TR R RE S AR e
M58 4247 {L DMP.
[ B, 20 T X PA Es 149 4R 36 i 42 10 15 21 R A B A 52 (1
1, 2). X R 2 AN R bR R, 75 PAES I 4 S I fifp i 7 v,
FEE A 2K i — SRR 46 20 9K TR U E VIR VE TR,
PAEs/K T AR A W R BT , 120 AR R —H R . 1T 48 4%
VPR ) A S 5 PR A I A R A OC B 2D R A T X 4B
AR PR 1 I AR PR AR R AR, S IR T e 4B R
TR A, SR A 0 A AL AR AR R A U -4,5-—
FRk-4,5- " HARK IR, SRIA A A 4,5- R AL AR R
FHRR , Jo 35 P 5 R 2 it )L 25 Ty 481, 7] A 2 [ B P s )
JEAEAR AR H R fR 5k 3 - 4407 S8 A 00 S AR 3, 4-— R BE AR R
TR, e J5 PR AR TE LS B e S0, S L X —
V205 A A W AT & A2 v i) T 2 o ] 4 m] G  E
57 B A2 TF IR ) AH 0L (A8 HILIR , 3 T Ak TS P 2 . B 0
R B2 i A B RO, 2 COLRIHLO. A
Pseudomonads fluorescens Fl P. putidait8 i 5 LZS 1) 3,450
AU 04 A FH TE A T B SRk D L 2% T A 3 -0 5 - O T e

3 PEFRPAESHIMEI K
Table 3 Bacterial species capable of degrading PAEs

SR AT R Rt At i) SCHk
Isolation sources Bacterial species Degradation substrates References
Pseudomonas fluorescens DBP, BBP 27,28
TR Rhodococcus ruber DMP, DMIP, DMTP 29
- Pasturella multocida DMTP 21, 30
Mangrove R X -
Sphingomonas paucimobilis DMTP 21
Klebsiella oxytoca DMTP 31
Bacillus sp. DMP 32
+-1 Rhodococcus rhodochrous DEHP 33
Soil Gordonia sp. BBP 34
Arthrobacter sp. DMP 26
WEE Viarovorax paradoxus DMIP, DMTP 35,36
Marine Sphingonmonas yanoikuyae DMTP 36
MR/ Corynebacterium sp. DEP, DPrP, DBP, BBP, DPP 37
River Acinetobacter sp. DEHP, DBP 38
Sphingomonas sp. DEP, DPrP, DBP, BBP, DPP 37,39
Comamonas acidovorans DMTP 40
. s Pseudomonas fluorescens DMP, DEP, DnBP, DIBP, DnOP, DEHP 41
A&:c ﬁjiii’;igg%ﬁjﬁ waste Rhodococcus erythropolis DMIP 42
Rhodococcus ruber DMIP 42
treatment plant
Pseudomonas fluorescens DMP, D BP 43,44
Pseudomonas aeruginasa DMP 43
Brevibacterium sp. DMP 43
R4 PEMEPAESHIE HE
Table 4 Bacterial consortia capable of degrading PAEs
IR Pl [ AR ) ik
Isolation sources Bacterial consortia Degradation substrates References
5 Soil Artl{robacter sp. and‘ 5 DMP 26
Sphingomonas paucimobilis
Pseudomonas sp.,
Aeromonas sp., DMTP 45
Arthrobacter sp. and
SR IKALER )RS U Bacillus sp.
Activated sludge from waste  Pseudomonas fluorescens,
treatment plant Pseudomonas aureofaciens and DMP 46, 47
Sphingomonas pacuimobilis
Xanthomonas maltophilia and DMP 46,47

Sphingomonas pacuimobilis




6 11 GRPLARSE : PREEIN IR T —— S8 R it 4 A= 0 e e 0T 9 T 893

_~_-COOH

L\/J\COOR
I
COOH
. ©X
COOH

~ m

COOR
O,
COOR

I

COOH coon
COOH coon
H
HO H
H OH oH
iy H oH
l |
COOH oo
COOH COOH
HO : OH
OH
OH
v N COOH - v
OH
OH
VIII

Pl PAESITIAN v ff- 4 6 g A2 —— ARBAR — HIRI 2I J5L) LSy 54
(AL SRR AL IR AR, B, 2 [P E R e fhig 20
Fig. 1 Transformation pathway of PAEs to protocatechate
by aerobic bacteria %
(A. Transformation pathway by Gram-negative bacteria *l; B. Transformation
pathway by Gram-positive bacteria )

1. ortho-phthalate ester; II. Monophthalate ester; III. Phthalic acid; IV. cis-
3,4-dihydroxy-3,4-dihydrophthalate; V. 3,4-dihydroxyphthalate; VI. cis-
4,5-dihydroxy-4,5-dihydrophthalate; VII. 4,5-dihydroxyphthalate; VIII.
Protocatechuate
TR 5 28 BT O R R AR B A S B 3R R 5 £ T A A
A =R BRIG IR T X TP, testosterone F Arthrobacter
keyseri, TATi b J5 LA 134, SRUNN 420 ) A A0 S0 I LS
Az G 2- PR AR -4 R BRI , S P I — R S A
IV 5 I B A R e T B2 AT TR IR M TT S = R IR A - 521,

MPAEsTE K& 5% 8T 1Y A= W) B ik & 42 1F 90 B /0.
Kleerebezem%5 B 5 T 7= Jot 4 Bl bRl FHE X PA Es i IR 48 B it
WA, RIE DA IEAME SN T PAESH B fif i F2. #oE e
38 1 & B 41 7 (Fermentative organisms)f PAEsH 4Ll 2 TR
H5E, SR W 2R W ¢ 7™ 4 T (Acetoclastic methanogens)
¥tk R 3 O W e B R A £, fie I 18 o U ™ R e TR
(Hydrogenotrophic methanogens)i /£ FH T i J5fi R S & 7= A=
H e

I A, AR FH TR P A TR A A AL AL A5 2 TR A
FITFSE, XSO oY B A X S 5 SRR R B R L AS
Ty 9% i P TR 25 DR A7 T e AN 28 5 . HoPArthrobacter keyseri
12BY5 Burkholderia cepacia DBO143 5 & 55 % [ BHAE 1 B M &
R R I AL AL BIF S8 A58 hy 25 140 ) A e 08 8 P R K e A

TEA. keyseri 12BHY, TIAT— 1130 kbt Uk 2 i 48 2%
TR Y 52 A A A XA FORE T E TS5 AL AL s pht
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Fig. 2 Degradation pathway of protocatechuate by aerobic bacterial®*l
(A. meta-cleavage pathway ¥-31; B. ortho-cleavage pathway*!l)
I. Protocatechuate; I1. 2-hydroxy-4-carboxymuconic semialdehyde; I11.
2-hydroxy-4-carboxymuconic semialdehyde-hemiacetal; IV. 2-pyrone-
4,6-dicarboxylate; V. 4-oxalomesaconate; VI. 4-oxalocitramalate; VII.
Oxaloacetate; VIII. Pyruvate; IX. 3-carboxy-cis, cis-muconate; X.
B-ketoadipate.

FRY\T A 48R R B JFULAS B 1 F AL s pem BT Sihid
AL 13 3] DA ) 1 R 1 2 1R ) 2 — AR i — 4k
W ptr BF GRS — DT RE R AR R, s LASES, 5l
LRI TR IR 55 35 B 1 s pehAFEIN, — AT RERIAR K —H
TR TR K I SE R 5 tmpR DN, 55 )T fif 25 il SL 1R FLrhphe #
Y\ (phtBAaAbAcAdCR) = == [ AP 7 41 18 A 25 — 1> 4B
W R I BT A XA RGN, phtdadbAcAdSE
PRI Ak il R 58 AU TR g /NI B, Bk S0k 28 1, R 44k
A TR ) S — A~ = 21 43 B BUIN Sl , 48R —H R 3,4~
XU AECE . Z A =X -3,4 - 40-3,4- 3 R 410K — HE i8R i &0 Bty
(phtB)FI3,4-— 73 KL AR 78 — W% I 4R 8 1) B 1R (phe C) 53 S T
phtAaAbAcAdFE R FE R IR, JIE L H (phR) L T HH T
JETH. WAL, pht EeG\TF1E Terrabacter sp. DBF63FR 115 3] v
Sk, %R\ T (phtA1A2BA3A4CR) 5 A. keyseri 12BH 1Y
pht BRI\ TR E AL, BT phtBIE R FIFAE ()7 B A7 BF R[], otk
Ab, Stingley®57E Mycobacterium vanbaalenii PYR-113 58 [ T—
A pht BENT (phtRAaADBAcAQ)™. SRINT, LRI\ T ICiE1E
PRIHE A 5 A% 0 7 9Y) 48 5 i T AR O A AR R AR [m]. L4 i
PR A W FE R (phe R L 55 5 538 07 1) 315 5 53 T AR 781 58 4
AL A, ZARPFEG BRI SR, BTLIM. vanbaalenii
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A. keyseri 12B
F= =Te—{ > >
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phtt pht2 pht3 pht4 pht5
B. cepacia DBO1
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P34 140 e R R PR &0 — R B A R\ T O E A )
Fig. 3 Comparison of operons containing phthalate-degrading genes
from several bacterial strains®

W 177 kb. 52 ML, Pseudomonas putida NMH102-2f 48 2% —.
PP 2% fit 32k PR (e 123435) W2 B B — R 9N 45 # 3 LA —
[7) i S (14D 520, 5 R R 118 05 88— R A A 32 R 1) I A A1 D)) e DL
Pl 3142 5. 30 b B PR ) o [ 1 ) BB 6 5 B A B 3R AT T O 4 b
T AR T AR 2R R P A i 0 AR AR AL, O ik — 2B AT
AR R T Y DGR T T LAl
3.2 BE_HERERR HE R

UM TRIAH LL , 2B 2R R g I i E LT 5 TR I ST R AR
AU, RAE X R R A IO RIE 5 A PR T TR, — T T2 R
FHEC = A i ali il R0 R AT R T 5, o — ) T2 R 4l 7%
VAME AT B T 5%

5[5 1 — AW 5% /NEHACT K R 1 40 R T IR TR 1) 40 il
[ R 5% (3R 6). Ab AT 13 4% T Fusarium oxysporum f. sp. pisiy®
B9 JLT B (Cutinase) Ml Candida cylindracea 7=/ i 1 i}
(Esterase)>fe XJ 45 243 19 41 7% — B i 1l afF 47 200 il %% i 1) EL BT
5. RIS BREGEAH LG, LT B A X €8 2R — R B 114 I fi A 24
o 1) JUT BG4 PAES/Y [ g JT 4 (B L, S sRp, i

F5 BTHEREKPHPE —PEREMERAXERREINAE

Table 5 Phthalate-degrading genes and their corresponding functions in several bacterial strains

P Genes

FLNIhAE  Gene functions

HEEGPATER Gram-positive bacteria

Arthrobacter keyseri 12B Terrabacter sp. DBF63

Mpycobacterium vanbaalenii PYR-1

phtda phtda phtda
phtAb phtAb phtAb
phtAc phtAc phtAc
phtdd phtAd phtdd
phtB phtB phtB
phtC phtC

phtR phtR phtR

Phthalate dioxygenase large subunit

Phthalate dioxygenase small subunit

Ferredoxin subunit

Ferredoxin reductase
cis-3,4-dihydro-3,4-dihydroxyphthalate
dehydrogenase

3,4-dihydroxyphthalate decarboxylase
Transcriptional regulator

HEERYITER Gram-negative bacteria

Burkholderia cepacia DBO1

Pseudomonas putida NMH102-2

ophAl pht2
ophA2 pht3
ophB pht4
ophC pht5
orfl, ophD pht3

Phthalate dioxygenase reductase

Phthalate dioxygenase
4,5-dihydro-4,5-dihydroxyphthalate dehydrogenase
4,5-dihydroxyphthalate decarboxylase

Putative phthalate transporter

PYR-1H B4R TR IR FE 1k A 3,4-— 2 3L 4078 —HITR.
P22 LB B P 2 5 e ) 405 4 F i XU 4 ik
TRA B AR T 22 G PR, PR, 4 A 5k 6 il 179 366 (9] 58
2 A[A. Burkholderia cepacia DBOVZ M 5% fie Ay 3% 19 1) 5~ I
BAPELB IR R % it 1, 15 e o A ) il N L PR 28 845 381
WA M. Changfil Zylstravs B 310 5> TDBO1H 2 5 AR
TR B JEL S B Ak o R e, ARG, e A b
B 415 2% B TR A Q3 e DRI T 2 A B — T i A A R O\, T
T TR Y S5 A1 R 8 ik A S 119 35k BRUE: 43 B 48U 3T
e S 1) HE B B3 B S BT« 43 i R oph Al (B12R W R
SABGIR TR ) . ophDC (e S B 4,5 5 FR AR R i it
BRI ) FllophA2B (G875 —FF IR Jin 42 i Ao it =X -— S48 % — W iR
TG ). 2 A5 AT A IR U R I 14 A8k T R 3 i e TR 4
53 W oph Al FlophA 243 LT F 5 X5 g 17 o, v ] ]

LR 7K e 0 8 SRR A 5 2) JUT D e A A I A e R T
T4, T 5 A A B I R Ak AN TR A I B0 R b, OF
FE A PR A0 B 40 B %) B 1 B A 3 R R 1Y PA B SP fiff 7= ) 25
PR AN [ 5 L i = P 21 A

ali 17 % TR B X AT AR P R T A i O I S A D, B
R IE 1R T 19914F, Sclerotium rolfsiin] W X 28 — W fig —H!
Fiii (DM TP)Z2 X 4 — F R 5 F i (MIMT P e Ay x 26 — I
2 (TPA), (H 2 TPAE HAR B & Wy, iF — 2D YRR i B
0 522 ML, Ganjits iR 18 Aspergillus nigern] LL5¢ 2 [ fif
DMTP, ‘& 1] ¥ DMTP#; {k i MM TP, TPAFIF LA, )i
JE L2 B g 057 FF B 58 4 B il CO, FITH, O, &J5 4% — FH 12 ik il
4D T35 P T A TR R %) TRT 22 R v A S I 28] T L 23 I X
SR B 35 1 IR TE A nigerfi 22 1R ARG T 5]

4, PardeepkumarfF 4t i 4. nigert 58 5C 28 1k
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%6 Fusarium oxysporum f. sp. pisifJLT BB (cutinase)FA Candida cylindracea BITEEE (esterase) Xt PA EsHy B b R
Table 6 Enzymatic degradation of several PAEs by two purified fungal enzymes, Fusarium oxysporum f. sp. pisi cutinase and
Candida cylindracea esterase

[ ol 3% N NP N
i e o ety W=yt itk
Substrates Enzymes & Degradation products Toxic effects of degradation products References
y rate g p g p
JUT 5 T AT IR Joek
b — - Cutinase Fast IBF Non-toxic
Qﬂlﬁgmﬁﬁg(z-é% ,{a= L S Mo S A
- ) o p— PR Tl XA AL AL R B R T 2o 56
CUE)AE (DEHP) Fily 1 R ‘E.Flgi ?Eﬁm}tm%n & Toxic hazard, causing oxidative stress and damage to
Esterase Slow IBF, unidentified compound . L .
i protein synthesis in bacterial cells
JU T 5 P RIESsU ToHF
A5 4 — i — 75 T Cutinase Fast IBF I%_on;tm;jgm LS LI )3 B Ak
— TR o s A e T LA L AT SR R 57
(DPrP) Fii 1 SR, AR TR G Toxic hazard, causing oxidative stress and damage to
Esterase Slow IBE, PrMP . L .
protein synthesis in bacterial cells
JUT 5 P B TorF
A T R T Cutinase Fast IBF I\ﬁlon-tmjiecm AL LT S Aok
: : - & A R A — s e e A BEs o) 2R PR R AR ) A B 58
(DPeP) Fiiiy 12 SR IR, A R Toxic hazard, causing oxidative stress and damage to
Esterase Slow IBF, PeMP . . .
protein synthesis in bacterial cells
JUT ity TR RR I, RfEM sl ke
S il S Cutinase Fast IBF, unidentified compound Non-toxic o \ ‘
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