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Abstract: Soil phthalic acid esters (PAEs) pollu-

tion is a threat to the ecological environment and the safety

of agricultural products. In order to realize the bioremedi-



M BT A R N A B R 2 FRUAT RO 40— Y R R A AU R A e P B AU AR 204

107

ation of PAEs contaminated soil and clarify the influence mechanism of co-metabolic matrix on the degradation of PAEs by
microorganisms, endophytic bacteria capable of degrading PAEs were screened from PAEs contaminated garlic. The strains
were identified by physiological and biochemical characteristics and 16S rRNA gene sequencing, and the co-metabolic deg-
radation characteristics of six PAEs by endophytes were studied. The co-metabolic degradation conditions were optimized,
and the degradation metabolic pathway of PAEs by endophytes under co-metabolic condition was preliminarily explored.The
results showed that three endophytic bacteria DGB-1, DGB-3 and DGB-8 capable of degrading PAEs were screened from
garlic, and they were identified as Bacillus megaterium. Although three strains of bacteria demonstrated the ability to utilize
six different types of PAEs as carbon sources for growth, their capacity for PAEs degradation was limited. After a three—day
treatment, degradation rates ranged from 0. 89% to 10.40%. After adding D-cellobiose as co-metabolism substrate, the
degradation rates of six PAEs by the three strains were significantly improved. Among them, DGB-1 and DGB-3 strains
could completely degrade 20 mg/L dibutyl phthalate (DBP) and butyl benzyl phthalate (BBP) after three days of treat-
ment. Using DGB-1 as test strain, it was found that the addition amount of Tween 80, carbon source type, carbon source
concentration and inoculation dose had significant effects on the degradation rates of six PAEs. The optimal degradation con-
ditions were as follows: the addition amount of Tween 80 was 0. 025% , the carbon source was D-cellobiose, the concentra-
tion was 10 mmol/L, and 0D, value of bacterial solution was 0. 2. Under the optimal degradation conditions, when the in-
itial concentrations of six PAEs were 50 mg/L, the degradation half-lives of dimethyl phthalate (DMP) , diethyl phthalate
(DEP), DBP, BBP, di-(2-ethylhexyl) phthalate ( DEHP) and di-n-octyl phthalate ( DnOP) in inorganic salt medium
were 9.01 d, 2.27 d, 2.13d, 1.99d, 7.84 d and 6. 72 d, respectively. The strain DGB-1 did not carry a plasmid, and
its PAEs degradation genes were located on the chromosome. DGB-1 could complete the first step degradation of DBP,
DEHP and DnOP through hydrolysis, but the hydrolysis reactions were weak. The degradation of six PAEs by the strain
DGB-1 required the participation of the respiratory chain system on the cell membrane. The enhanced redox reaction could
significantly promote the degradation of six PAEs by the strain DGB-1. This study provides a theoretical basis for further use
of endophytic bacteria for bioremediation of PAEs contaminated soil.
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6 ' PAE ( DMP . DEP . DBP ., BBP . DEHP il
DnOP ) {5 ARMER : FIR-F-FRHX 6 A PAE 45 1.0 g,
RS L NERHE 2% 100 ml, Bt & % 6 F PAE
Jo R B 35 10 000 mg/ LAYFRHETR

AT IE O e W A A6 5t U8 B A BB A BRA A

a4l NG W) H 1S E Merck 2 &) ; Bl 4% W A F 24
R G BRA ) R BRI B nER R e Ak T
A5 2. 4- A E 2R (DNP) I FH 36 E Sigma-
Aldrich A F]
.13 245K TLHLEEEFE (MSM).
MgSO, - 7H,0 0.40 g. K,HPO, 0.20 g, (NH,),S0,
0.20 g, CaSO, 0.08 g fHMICEFIK | ml, LB+
KEZEZE 1L, pH H N7.2+0.2,121 CHIEE
K H 20 min £, MEICRBE RS % Ma &1
() 7 VR BC ]

R2A H5 57 5L JBAE H IR 0.25 o R /K fifk i 2 1
0.50 g BEREIZ N 0. 50 ¢ AIVEPETER 0. 50 ¢ BEIR S
TR 0.30 g BREREE 0. 10 g TNERERSM 0. 30 g K
5 0.25 ¢ %I 0. 50 ¢, BB F/KEXRZE 1 LT
pH i }7.2+0. 2,

LB AR 23 . A N3 5.0 g FREEE 10.0 g
NaCl 10.0 g, X F/KEAE 1 L, 1 pH H A
7.0£0.2,121 C /& R AR KE 20 min 75, A
AR IE IR AR SR B o B 15 ¢, KA
JaH

20 mmol/L PBS %% ¥ . NaH,PO, - 2H,0
0.592 8 g Na,HPO, - 12H,0 5.799 6 g, H4li/KE %
=1L, pHENT. 4,

1.2 PAE MMEMIBHE GU5EE

1.2.1 Wheyn B imik s e i Kows (Alli-
umstivum L.) fhFo R BR SREE B 1L 90848 Ol B
“BEEn R, %I KA T PAE 544 &
KRS, PAE V5 4 0 5 41 B4 80 mg/kg, T K
G REN = NN L B 7 NG A Gl
B, FARKIEVEG , 5% ks & W ik ik AT
AR R EE TR . F IS B BT DR B S KRR
ZEMAER BT A2 ~3 em /D, B4 BERE BT 10 ml
KR A ERREES A WS I 1 ml JCTR KRR 2 5K
T 1 4R A i B RS B, A T e R R AR AL 700



M BT A R N A B R 2 FRUAT RO 40— Y R R A AU R A e P B AU AR 204 109

t/minfff B 5 min, HUWFEER 100 wl %% A 100 ml {9
LB #3511, 30 °C (180 o/mintE KR % 3555 12 h,
5000 r/min.0> 5 min WAL K, MSM 596 3 Ik,
PR R TR T MSM B5 32, B 100 pl B &Y
SJURAT T MSM AR K 77 3 i G 92 365 6 Rl i i
WeBEH R 20 mg/LAY PAE, 30 C4F FHi3: 48 h
J5  PRERCBAR Y5 75 DL PAE JgBRUE ) MSM [ 44 1% 73
BRI HERE MR AT oy B 2lifh, HEERAE S
W e, PRt BE LU PAE b B R A K A I R, A
20% H it 71 -80 °C {8

1.2.2 A% BN AEREEZ LB B3R
WP ,30 CA&M FEFE 24 h, FAFE IR, FIH
S SR O B s

AR EERIE ENEREM TETHER
LT R R N 50 mg/LIY LB 55323, 30 °C 180
o/ minfEREEFE 24 h, AN A KB,

WA BIE L BE AR AR LB Br 353 R4k,
BT 30 CHEIRIE A PR 24 h, FFRVE I IR
J& , WA SR OB A R/ B,

LA NAERTE LB B 32+ 30 °C 180
r/minfR % 175 35 12 h, B0 W H K, 20 mmol/L )
PBS ZZ G VR AR 3 UK, BRIK 10 min, 38 G2
BB WAL MR IE S RHIE . 285, M iR
IMALARBGTEL 2. 5% WL IR R =il TR
#9512 h,8 000 t/min & .L> 5 mln,ﬁi(%a(@q&%%ﬁg,
FHPRE A TR BE RN, B e FH 100% 5 H5 1230 3 1Kk,
FEUR 30 min, FIFHAE B G Aol B 1 — 25 LR B
TS FAE

YTE 16S rRNA FE K 5 Z et R E R
HAWAFRTEN,, ¥R HEBE 16S tRNA JF A1
NCBI #1347 BLAST 4347, 5 GenBank %4l P i)
B P AET R EME b, R MEGAT7.0 3K 4%
B 3% 572 ( Neighbour Joining) i REL K B .
1.3 BEHREKMENNE

H4 07 28 1 ) TR R BRI V& 45 AT 50 ml LB
Walks: F b 7F 30 °C 180 r/min F R %5555 30
h, FRASAD T8, K B (0 LB 55 35 380 15 b1 W 241
BRI, B 600 nm AEWOGIE (0D ) 4 1.0, K Fif
T 1ml 4250 T 100 ml LB K535 560 &565 2 h il
FE 1R OD o8, ZELEMZE 30 h, LL 0D HALFR,
i ] R A AL AR, 2 TR AR A R R £

1.4 FE#X PAE YFEMRIRIE
14,1 RS MR I DL 0k A0 3 vk b At
PR, DL D-2F 2 o AR KL PAE S AR
Yy, T S ARG B i il 00, O 8 75 3 1Y TR Bk O3
SR T LB AR TR 5 FR RIS IR 14 h, B0
WK 4, MSM T % =3 . HX 197. 6 m] MSM ¥ &
BRI 10% nt 35 80 ( BHIE ) 2 ml™™ |
10 mg/mlf) 6 Fff PAE R A FRHEW 0. 4 ml, f H 7
PRSI IR EL 20 ml 2324 TR 1R o R 3
Tl B VRORE i B0 BB ZEL ( CK) | K T Y B 1 T ok
TR MSM 55 5520, 48 55 32 WA IR OD g, M
0. 1,774 T B AU b, 3 B D-£F 4 — i Al
AN D-£F 4 Z 8% P9 A Ab B, o BE W B2 R 10
mmol/L, 3 EE4EJE i % &5 T 180 1/min 30°C
FEIRTPIG R 3 d, BURERZ I MSM 85 57 3 PAE Jit
R RRALHE 3 IRER
1.4.2  ERFHEM AL EREREEE T 50
B A R HOME 0 B R I e AR i S5 -tk
W, LAk 80 & 0. 1% .10 mmol/LiY D-£F
dk M B IR AR 0D, 0. 1 MW A MG, T & nt:
15 80 TR (0. 006% 0. 012% 0. 025% .0. 050%
0. 100% ) , BciEASE (D-# %40 | DS 0%  D-2T 4
TR RERE RN ZZ ZEME) VR VS N AL (1 mmol/L. 5
mmol/L 10 mmol/L 20 mmol/LH1 50 mmol/L) , 4fl
B & (0D, A 0.05.0.10,0.20,0.30.0.40
F10.50) X B kA= K K PAE [ i B0 R 2 5 i 3R
By MU SE B A R 80 FR N fe AR IR AP 2K
AERRIE A N AR R R D BRI
HAR G 52 % 05 vk 1,41, DL 2 B AL 3
XTHR AU 3 IREE

PSR T i — 29T T BRI R X AN [R) £
W PAE(1 mg/L.5 mg/L .10 mg/L .20 mg/LFl 50
mg/L) FEfEREST . AHlfE1d2d3d5dA7d
ORI 72 R % 42 (0D ) I MSM 55 JR ' PAE
FREA I JFTTIE PAE BRARSR AL

C,—C,
PAE F&fHE( %)= ——x100% (1)
0
C,=Cye™ (2)
t,,,=In(2/k) (3)

K. C, N WIh PAE T8 EE (mg/L) ;C, N ¢
] A PAE JE W BE (mg/L) 5k A 5 i 30 58 1 %
(d_] ) ;tl/zy‘jﬂﬁ%ﬂ;ﬂ(d) o



110 o9 &b 2 W

2023 4F 45 39 B 1

1.5 PAE BREREAKRGHRE S
1.5.1 %m0 ks DNA 6942 B W07 0 3R 15 1Y) B Bk
DGB-1 #4:T LB WA 575,30 °C, 180 1/mind
7% 14 h, B2 ml E# , B 3E AxyPrep ik DNA /)i
TR GRS 100 mg/ml A9 45 TR i
10 pl, B AR B 2 AN H A Al 528 fA T8 T Ak
W34 AR NS A TR o B8 wl JBokz, i
A 2 pl 5% Loading buffer, %27, 7E 1. 0% Bt fg Bkt
Ji& AT HL KA, H R SR 130 V., ek B S
ARG HATIEL , 5 Marker FCACHA E R /DN,
1.5.2  JeRALBEZ T 6 AF PAE 9 FEME i PN Rl
W45 < T 10% F 1t 80 0. 4 ml 43 FIANA 159. 6 ml
MSM Fl R2A 35 3% & v, 19 2 ok & 80 & & K
0.025% 1 MSM 1% 5% 3 Fl R2A K374, ¥ DGB-1
FERPTF 200 ml /9 LB 77,30 °C 180 v/mink% 3 14 h,
BLDWOR AR, MSM 35 32 WG 1 3 3, 40 ) B T
20 ml R2A 1 MSM % 3% 5 rfv | 8 4 1R 7 b o, i
FRWIUR OD g, M 0.1, BCE NN B +4 B +PAE |18
+HE+PAE 4 N AOEE AL BE D-2F 2 W EE N 10
mmol/L, fll PAE 403 6 Fh PAE &b B 5 & 1k & 41 0
20 mg/L, 30°C .180 r/minfE PRIk K 77 3 d, B0
SRR 20 mmol/L PBS Wt 3 K, B T-20 C vk
FEVRUR 2 h 5, O TR T K B R o AR I AR
ZUF1 20 mmol/ LAY PBS 22wl E A TS | Wt i (KL
) e A 5 ml 25 s JF 1] PBS 22 il e 4505
BTk R AR

PAE {RAME AR . B 1. 98 ml HLEHG , 55 A 10
ml BEIEIRAE T, B0 20 wl 1 000mg/LE 6 Fff PAE
PRl (W0 0 G IE ) , f PAE 28 )5t & ¥k & o4 10
mg/L, HE WK FER TG, BT 37 CHFEAE TR
N4 h e, R I 2 ml IE & R R E PAE,
A A5 (GC) MR T PAE &5,
1.5.3 DNP(2,4-=#§ A KB ) Mn™ F= Ni** 2} 6 #
PAE Mg e % m B 10%M:5E 80 0.4 ml 10 g/LF)
6 fill PAE R4 0. 32 ml fil A 159. 28 ml i EHLE:
RS 15 kIR 80 & &L 0. 025% \PAE & & 20
mg/LIYTCHLER ¥ S 5. ¥ Ik DGB-1 #£F70 T LB
FEFEdE 30 °C 180 r/min FHESE 14 h, IR E.OF |
TG RAS A, MSM 35 97 2505 Uk 3 Wk, ¥ v Js
PR AR E BT LR TCHLER SR SR 5L b DR AN e 5 i
SR IR B EE 0D, M 0.2, R E 2 HiRE, 5 1
I E 4 DA AL 3, 53 51 AS IS il DNP

(—¥E-DNP) AHIEEI DNP (-4 +DNP ) A
DNP ( +4#—DNP ) FABE Al DNP (+#%+DNP) . H:
H1 DNP &€ FE M 0.5 mmol/L, D-£F 4k — B2 uk i
10 mmol/L; 26 2 41X & 5 AR AL FE, 43531 K
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mmol/L Ni*") | D-£F 4 —“HFAHE 10 mmol/L, LA
AN IR TR T A S5 AR K T A B K A B R 25
X R 3 WS IR IR SR 3 d R HURE
MAE 0D, AEH MSM K32 5119 PAE, 3R GC
BIE PAE &6,

1.6 & PAE f2EUR 44

MSM 35 F: 3L PAE 4250, 2% Li % I HEE
TRt BT A S EL 2 ml MSM 5 553 B A
10 ml BEEEAS b G50 2 ml 1B ke, 24 EiRiR &
%2 000 r/min W HE 2 WK, BEIK 5 min, 7 2 HL 2
min, &0 5 min J5 L ZA U, RIS @Y
58T 6 B PAE i,

K GC LA HTRE b PAE 75 2 (A A3k T
YEZ AR 6 3% 8 SH-Rix-5 (30.00 mx 0. 25
mm,0. 25 pm) ; BN = 2 A, SR i Al
AR RS E 2SR, AR & 1. 21 ml/min, 43R H
2.0, #EFEEE 1.0 wl, EFE TR 280 °C . HEARTHE
PR WAV 120 °C 4845 1 min, A 20 °C/mini#
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DGB-8 5 ik 2 BRI ES O R ARG, T 5 E K
ZEHFF I EGI278 M E % K R W i, DGB-1,
DGB-3 1 DGB-8 5[]#AEF|H] DMP .DEP DBP DE-
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Fig.1 The morphological characteristics of DGB-1, DGB-3
and DGB-8

71 DGB-1 (OM232108)
74| DGB-3 (OM232109)

DGB-8 (OM232110)

69'Bacillus megaterium strain EGI278 (MN704496)

Bacillus megaterium strain YJB3 (KU291378)
Bacillus aryabhattai strain BSW22 (NR 118442.1)
69 Bacillus aryabhattai strain BSW22 (NR 115953.1)
'‘Bacillus zanthoxyli strain 1433 (NR 164882.1)

‘Bacillus subtilis subsp. spizizenii strain NBRC 101239 (NR 112686.1)
100 wBacillus mojavensis strain ifo 15718 (NR 118290.1)

Bacillus halotolerans strain LMG 22477 (NR 115931.1)

3
0.005 ‘Bacillus halotolerans strain CECT 5687 (NR 115930.1)

B 2 & DGB-1,DGB-3 #1 DGB-8 M1 R4t & 4 1
Fig.2 Phylogenetic tree of DGB-1, DGB-3 and DGB-8
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h 5 3 RIERAE KRR T EM 25 (K 3), &
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WE 4 Frs, AIBER RO 402 3 d )5, i
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Fig.3 The growth curve of DGB-1, DGB-3 and DGB-8
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fik 343438 100% ;1 DMP . DEP .DEHP #1 DnOP (7]
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Fig.5 Effects of different initial conditions on degradation of six PAEs by DGB-1
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] DMP; 71 DEP; @ DBP; N BBP; ® DEHP; [[] DnOP
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Fig.6 Biodegradation of six PAEs by strain DGB-1 under dif-

ferent initial concentrations of PAEs

F1 67 PAE £ MSM B #EH KRB NZFRUEGSH
Table 1 Fitting parameters of degradation Kinetic equations of six

PAE:s in inorganic salt medium

PA]? r}nﬁ fﬁfﬁ PAE 25%! K18 R? é‘(j’)
5 DMP 0.089 1 0.97 7.78
DEP 0.298 7 0.91 2.32

DBP 1.043 3 0.99 0.66

BBP 0.765 4 1.00 0.91

DEHP 0.643 5 0.99 1.08

DnOP 1.028 9 1.00 0.67

50 DMP 0.076 9 0.99 9.01
DEP 0.305 5 0.94 2.27

DBP 0.325 7 0.96 2.13

BBP 0.348 1 0.98 1.99

DEHP 0.088 4 0.97 7.84

DnOP 0.103 1 0.95 6.72

DMP .DEP .DBP .BBP .DEHP ,DnOP VL&l 4 ¥,

2.5 THE# DGB-1 1 PAE [#f#i& 2

AEIXT PAE (PAH S5 A7 1115 YL ) i e fi o 22
MR e At T ) 2 ) 35 PR T A5 T
PRI ZH Bl ks Y AR R PAE B R f-t ] R 2 T
BRI YL o A 1 PR AL R/ R 25 21 . SR, TR PR
DGB-1 J& A 4547 FUkL ki LR 24 2 6 & PAE
R LR i NI 2
2.5.1 BEHFE DNA IR LA FORL IR R 25 4
FFEE W34 Sxt B $EICT Bk DGB-1 /9 JBTRL DNA
WK 7 Fos , bk W34 FELEBURL, JE R 7 BER /N 2
kb, 156 B R4 IO V8 F 9 24 FCBIPE B, R,
TRANH #R DGB-1 Bk DNA K8 JC 4545 | Ui I
Bk DGB-1 ANHEHF A [ PAE JE K B Ok, BIF98 45
R, TR DGB-1 1Y PAE [ fiff 3 K A T 1% 1A 1)
Jeafk L,

M MFRifE DNA X1,
B 7 HERH DNA B3R ASHE SR B ik B
Fig.7 Agarose gel electrophoresis of bacterial plasmid DNA
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PAEZEH]

{V8.1% ~12. 8% ( Kl 8A 11 8B) , Ui HH i ¥k DGB-1 X
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FrHEIE 5 A1 ) 25 IR G VAN B & DEHP i fb T
PECE 8A) , M ZEE FRHE IR 3 R2A $5 3% 41 1R il £ 1)
HBGW 2 A DEHP #4676 4 (& 8B) , Ui BH B4 #%
DGB-1 [ fi it 5 R (%) J 2 1 Al B s 2, KT,
TE PAE FI D-2F 4 — Wi () JL [R5 5 1, B 2K oA ik
DGB-1 FHLEE 7 % DEHP F DnOP 4 — 5& K [ it g
71,15 DEHP F1 DnOP 1Y [ fi R AL N 8.58% #i
7.78% , Vi B FE #k DGB-1 %t DEHP F1 DnOP ) 7K fif
YRS

161 5

PAE &t (mg/L)

PAEZEH!
O H#DGB-1; @ BHkDGB-1+D-£F2 —fifi; @ T DGB-1+PAE; H I DGB-1+D-£F 4 #+PAE

A MSM 1SR HE 557 B 40 MO 4 AOHLRGAE s B R2A B 5R3E 1 3% (9 40 Ml ) 4 A9 HLE ¥, DMP  DEP . DBP BBP \DEHP . DnOP ULIZ] 4 %, A [H]
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Fig.8 Degradation of PAEs by intracellular enzyme extracts of DGB-1
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PAE #9 % a1 Lk 70 B 3R B, OB 25 240 F 1R BR
DGB-1 %I DBP [FEf#3E 1] 35 100% ([ 4A) (HE PR
DGB-1 4 itg PN BEHLEZ 6 DBP A8 7K A 4055 (&
8) , MM B % DGB-1 i A7 7E HA Y DBP [ A AR i
WA, B, i — 2D 5T T R B R S (A AR DR
it 22 ) X E bk DGB-1 F#fit PAE HY52H

DNP 75 Ay fife R I 00 T LA S 40 687 400 Ji JE b= )
SAALBERR L AR DI 4] 40 B (0 P AR L
KI9A fiiw, 5 CK AH b, IOBEAS in DNP AR 3T
DMP .DEP .DBP .BBP .DEHP F DnOP [ [ fift 38 3
B4 41.10% . 81.26% . 100. 00% .97. 67% . 41. 25%
F179. 419% , ik DNP AbEEZ4H 6 F PAE AYREfRR
g 9 A 24.81% ., 51.20% . 60.00% . 48.80% .
30.37% .61. 47% , LL A il DNP AR 334 B 25K
K%, UiHH DNP Sl T 6 B PAE (1% 0% , [RIFEA AN
BHE, T DNP A 2 (%) B g 22 08K F AN il DNP b3
BEAR, IBEAS I DNP Ab B 4H 5 A fin DNP Ab B 4]

B 0D, 73514 0. 766 F10. 761 , 7] DNP %} 12tk
DGB-1 A K2 A B 25 . Ui W & #k DGB-1 2 fifg
I PFIAE RS S5 T 6 F PAE REREAISTE

Mn** Il Ni* J& Fad 4 8 5 7, 2 nl AR 4
R, "I SR Y (PAE) & A= B F A8 e fE A, AT i
HERYI B AR B Y & 9B i oC TR,
WA Mo F1 N E R E T B AR DGB-1 X 6 Ff
PAE HYFEA% , HLBEA Mn™ FNi** W EEHE I PAE [
RGNS 515 BH 40 RS AR TR A D I Ay 3
s ] ek PAE RS

3 45 i

M5 i 6 4R 15 3tk PAE [ % 7 DGB-1,
DGB-3 Hl DGB-8, % 7E 73 B 11 29 B R ZF fUAT 18 ( Ba-
cillus megaterium) , HK 3 BRI BELL 6 Ff PAE Mk
JEAE BX) 6 Fh PAE BREFRRE 130055, B2emT
BEMEIE 3 BRI X PAE Y JAC I B A, ¥
Wi A S A= KR BT, B Ak DGB - 1 I DGB -3 % DBP
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Fig.9 Effects of 2,4-dinitrophenol (DNP), Mn>* and Ni?* on the degradation of six PAEs by strain DGB-1
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