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Research progress on remediation of pollutants in soil using plant—endophyte associations

ZHANG Wei—chuan, LI Jian", WANG Zhi—-yu, YANG Hang, LIU Qing—hui, LI Yan, YAN Wen—-hao

(National-Local Joint Engineering Research Center of Heavy Metals Pollutants Controller and Resource, Nanchang Hangkong University,
Nanchang 330063, China)

Abstract: Environmental pollution poses a serious threat to ecosystems and human health. In recent years, many scholars have found that
endophyte—assisted phytoremediation has a particularly significant effect on the removal of pollutants in the environment and in the
restoration of ecosystems. This article mainly describes the mechanisms and applications of endophyte—assisted phytoremediation, and
highlights several methods of endophyte inoculation and the corresponding methods used to detect the colonization of these endophytes in
the roots, stems, and leaves of host plants. The colonization dynamics of endophytes in the tissues of plants grown in contaminated soil and
the application of the endophyte—plant system to enhance the remediation of areas contaminated with organic and heavy metal pollutants
are also summarized. Furthermore, we describe the remedial mechanisms of endophyte and plant systems with respect to endophyte
regulatory growth factors, biological nitrogen fixation and phosphorus dissolution, co—metabolizing organic compounds in host plants, the
production of specific enzymes for degradation of organic compounds, the enhancement of plant resistance to heavy metals, and the
reduction in heavy metal toxicity. Finally, we emphasize the fact that although there have been many studies on endophyte—assisted
phytoremediation systems, the mechanisms underlying the interactions between hosts plants and endophytes have yet to be sufficiently
elucidated. Moreover, there has been comparatively little research on the different aspects of endophyte—assisted phytoremediation and its
application with respect to the treatment of water bodies and air pollution, which should become focuses of future research.
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Figure 1 Method of inoculating endophytes to host plants
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Table 1 The inoculation of endophytes and their host plants

[EERERY TR YTk (F2 Gt AE SRR IN 5 vk SE B B S RHIE SCHk
Host plants Endophytes Colonization method  Colonization site  Detection method Colonization dynamics References
it (Solanum Bacillus firmus AR GR2HL MRk ARFR HER AR HUAE AR AR A N AR T A ST R SR [8]
lycopersicum) EFRIGG T 5L 515 d K FIEAE
EK(Zea mays)  Beauwveria bassiana FEAR L HEB PUERRICEE SR TSR, A A s e R [9]
Uk, 28 d A FIE(E
FEM A% (Populus Bacillus sp. TEAR MR PUERPRICE: ARSI, A N T R E [10]
deltoides) e m
INFZ (Triticum Enterobacter sp. AR R R HEHS Fh BiAERENMCHE  BEEEWE LI, e Y [11]
aestivum L.) T, ELARL R 2 A A e L 2R 2
25103 (Ipomoea Enterobacter sp. AR R HLHR b PUERMICE:  BEEEWE LT, E AR Y [11]
aquatica Forssk.) o, ELAR R 2 4 A LR 2
2% (Camellia Bacillus subtilis TER L Bi55 Tk HEEB I35 INFFERFRICTE ETH AR PR, [12]
oleifera) HLE B b A > 2>
2248 (Cymbidium  B.amyloliquefaciens TR IR 2R HEHS 2538 PUERBICE @RS TE21 dik [13]
ensifolium) FIUEAE , H e 5 i S B> 25
A (Lolium Serratia sp. R R R HLHR b E/NAE-y TN TakiN TEEE TS YL IREE N, 9 26 T A [14]
perenne L.) TERTHIR N 8 28 X A3
ThEA S (Solanum  Pseudomonas putida HEAR % HR B PiERbRICE: 130 dEARENTE RN [15]
tuberosum ) D bR R Rk
7J(7FEf(0ryza sativa) Sinorhizobium TERR T H SNEIERbRICTE R 6 d)F, E R T AR ZLRR [16]
meliloti N5 10~14 d 7 HBIAHAT AL 5
21 d i AR R
17 Pseudomonas sp. HEAR TS LT BRIk T BE TR S T [17]
(Sinapis alba L..) 1610 Ak FNEAE , A 40 d
R AERFER F K
*ﬁ*Xf[(Hybrid poplar) Pseudomonas putida AR R ANERERFRICE: 5IA gfp LN G AR E e [18]
WAV, ASCAE AR R I %2 2 R B
M (Salix) Burkholderia sp. Fll VR B AN IERBRIC TS FRINRE B T 18 AR PR [19]
Pseudomonas sp.
Wit Pseudomonas putida Ak il AMBEIERARICT: X ETETE Yot B, 7E V5 e 3R bt [20]

(Pisum sativum L.)

T AR P A R R
10° G KB 10% 7 )

e B R o T RO MG IR, 4 R N AR R AR
IR RIS TR 1) I 575 5 e e B AL AL R

2 NEREEMENNEHR

2.1 EYMRNERTEENEN T E

K R 1 FAE A R AEAS R AE A R, AR TR
5 1E EAEY Z [ VR FMELL AT, I LA E AT AR
A TERE W PN 3B 04 A= A 14 2l B AN B RG , 1 6 H A
PALAE TR E i AR A P A 7 ) 2 i R i — ]
L) T B, SN AR TR TS A LN ER R
B AN A AT IA B, LR EER Gl R I i, X
HEFT R GEAER S, IEERT AR T TR A AR 9 1
BRI AR G RN A AL

HAT, X B AR A T TETE EAE YR P ) A )
ARZIk(FE D, KA Rimid e —fE Hr

http://'www.aed.org.cn

SEFARTIN Iy, FER T N TiF R TFERAEMTH
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WL PUAE 3R A B IR BEEA T [R5 o 32
AR HER UHRR AN EER  FIBERS
PUAE R AR R PTIEARIC™ . R ZEWETE PR BTAE R b5
ICEER AR PUvErRIC , B H AP B G Mk
B IRAF o HUA R AR IC A PEFTE T a1 8 R R L
A, I HRE A XA 45 SR A5 G v o0 M 5 {H 25 34T
TSR mICT R . kA2 S5 s FSTAE R
Fric 2 15 7 ¥k BA-3—-K (Bacillus amyloliquefaciens)
AAT XS FAR AR IR % 3R pAR s Pt , AT i HAE
A E SN . Glandorf 25155 3o 8 4G 361
TR RIAR P BB AT A S B R W CS358(Pseudomo-
nas putida) EEFRICTEIR o

—357—



KA FREMEFH £ 385 - F 34

Britb =z oh b A AN L AR, Heh 2Ot A
Fric (Fluorescent protein labeling)%?ﬁﬁ?ﬁ%ﬁﬁ ) —
P AL PRIARTC 1, XA 7 2 AN ) B i 9 '
Kigh & B AL A=Yy, 6 H AR A Y5 Bl a9, O
HRSZ A 2 A W) 0 T AR AR TS B 2O F ARl
ANt A Wy FL A A A B 2R ¢, O MR G AT LA AR
IC PR RENS B2 5 6 UL , AT BN 7 (6 204 38 A
W FOCE bRIC A PRI, 3 5 2 B
e A AL, HAR Z 05 800 T 968 H kL
UG BRI, A5 AR AW K ™, %t
THPARUL, SOCE FTE PR PO A 2 TR R
At 8l RIS AR YRR T R vh i 2 00F
FEE TR,

UT AR, B A ANATTR 285,556 8 11 (Green fluo-
rescent protein, GFP) 45 14 1 L) GEIN R & 2 R A,
GFP 2 fith i 3 X 2 28 180 Ry di B A I i 55 19 3
P, GFP kR IR T /K BER, gk s (a5t E M o
209G ARSI PE AL T X AR B A EA T A6 I
AT DL B AT 1 AL A R A &, HptbRid
FUAR JC s A AR 5 4 58 RE % 12 K th 2 (.5 .
20 BB AT AR I 7E 78 A AR bR 10 T AR
RS2 IR A= T 3, AT SRS B b A T s P4 AR T 1Y
BREROFSY , 5 HAWAN R IE R ICAH e BA B8 i 40
P, B bR IC WA VE 2 18] R R gk, 91 4
XF HARSE R A O B SO B, T H S I A
AP I R 2 foff 240 B 1 At R A2 25, A5 FR il
H bR 0 A W27 0 AL TRTERE 2 R R Blebn i 1 4 L S
T2 AN R ST ok A,

22 YR EFRERENS

AR TRTE 8 A0 N Y 5E B — > s ) B AT
I E] B s AR R IR WS AR P K R A
DA S B R , 445 R AR R T Sl i BB /K R AR B
T, HAh 6 d Ji MR BB E A N AR, 72 10~14 d 7K
FIFASRH L, 21 d 5 HF R T 3t B ARy i R8s, AR A
R A2 G /N A2 4y 1 AR TS 1 25983 [ B IR T (Azorhizo-
bium caulinodans ) W€ FH BN , 45 R WoR 1% el
R I A A i L AR S 2H 2 A4 e [ s R 4 6 A, i I
o] b RS i G B M AL X SR TR TN AR
WS TEE FAYI A5, & — e ErYshs
SEFH o ARG, A TR A 1A A 1 7 B T A 2
— NI R ShA SRR, AR TR TR AN R E B
T 2 B A I 8] A8 Ak AR B A58k . Bisht 451O7E 56
DB A% B A BB 2 R N 2B T8 SBER3 (Bacillus sp.) J& %t
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U FE A A TN R , 45 SRR IO A PN A TR 8 B R
et i P A S T A E S X SCRE AR T ST SR B L A
EEVG YIRS T, TIRE N AE B AR Enterobacter sp. PRAS 7E
IINFZ NS U A 2 PN B 60 B AT JE TS SR TR
A W XU M TS Y A X
ey HAT POV B [ T RE B N A TR AT DL B S 3 7
6 AN EE . BARARZHTECERA TN
A T AEAB IR A RE B0 T 0 ML (BT AT A 26
AAACERER , LA K N AR T B A A Al 7 =X, R 252
M P A= T A A AR ) 45 2H 4L TB) 19 IE A 0 B R
B — I 1] BOE B RO ) sh A R . XA RGE A
A B TE TS AR N 0 58 B s S LA ok TARK
PRI

3 NAEEBRSEMESELENNA

3. MERESEMNEE

B — R B B SR S R T Y R AR
A, TN AR RS AR B S 1A R R A R THE
HAEESRIGYEE ) . T TR I
HY) L o3 B e T N AR TR DES (Variovorax par-
adoxu) , 22 LB X BE A T 52 Cd Wk BE A 200 mg - L',
B REER I 25 N BRZHAH LG, 60 T DES B R AR T
AN T 125.0%, HAF Cd 1 & AR RE 1 H T
81%. LiZF % N A= 4l K3-2 (Enterobacter sp.) i€ JH
F IR PR B AG ROE R ) 1) A e R A 1A T
Cu YRR B4, 5 RSN N AR TR A X B AR LE , #5670
T A TR BRI Cu® BRSO DA 49% $2TH 2 95% .
Babu S AR T FA AR 73 8515 51 GSB-1 Rk (Ba-
cillus thuringiensis ) , 2 R AT L7 A A2 HEAE ) A= 4 1)
7, IR T L BRIBTEA B8 R IACR 1% GSB-118
NTE FAWIR NG Y A h 2 R & i B
i, LA Cu,As Ni,Zn Fll Pb 55 55 4 $2 USR5 A BT
B
32 MEIEANNTEIHEE

BEA BEFEE TR T S RUE RSB A
WHRER , C & & A 24 W R BEATE FAEY T R AT
AR ELAE G &, o ZF 0 R (Bacillus sp.) (R
PR B B (Pseudomonas sp.) F1AS s T 1 J& (Acineto-
bacter sp.) 55 HATREAR S0 R B EH P
QLWIBE T o R ZBONHE ) A 70 Y DY AR T AR A
AP SR A K BRI HLN AR TR IR G R 8 52
FEILH BB ST AR T Bz T N AR TR s 1B
S HIEA L3 Germaine 252 7 T —Fh 25 %
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i N A TR AR ABCPR B B VM 1441 (Pseudomonas putida)
IXFP G R AT DAAT S0 FHAEA P AR PR AR B H SN K
e EAYARIZR R F E S AR P 5 R
FERAE AR L HeR IS AR RN K 2F R R ) 25 1
AT T, OF HA R TR A9ZE . Khan
R 5T K PR B 1 )8 PD 1 (Pseudomonas putida )
F AP B AR A a] DU T AR A KR
2 TR R R R AR R R R 21 5 3E L b HE R A
PRSI B 22 BRALHRAR T T 25%~40% . FIARXL 41
N A TR 25 5 B 18 B3 (Phomopsis liquidambari) 5E 58 3]
KA, SRR AR — R ACE B IR R R, R
Mk ] DITESERR T h B AP AR I, O HAR AP R AR OL
RESG SR K At P IR R AR ROCR . X SEBIF Y R W RN B
A KA DL S REY Wi%juﬁ?&ﬁﬂﬁﬁ%ﬁi‘
AT RBERE S, EE LA PTG
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411 TR

A TR BE S AL 1 ARG G VR T L NI A i A
WpH: K . Mirzahossini 2503280 T N AE H Epichloe
coenophiala B 15 -5 (Festuca arundinacea) il & 1E %
PRV EE N O RREE R, 5 R BRI A TR 0 BRZH AR HE
FERN N A T AR R AR N 2 R A R A AR R T .
N AR TR I8 RE 8 70 10— S0 FEAH AR KOR B R AR 1T
55, il anns| g 2,8 (Indole—3-acetic acid, IAA) (4 il
NELE (Cytokinin, CTK) . 75 % % (Gibberrellin acid,
GA)FF , 3 LA A5 50 AT DATE A AR ) A K 1Y ] e
A LGRS PR T G W M R ) 1 B AR R, AT
i R LU SR AR B 2 WA T, 32 71K 23 R R, A
A2 51 AR 09 A2 4, $2 5 7 K BRI T 1 A7 TR
I,
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Figure 2 Mechanism of endophyte—assisted phytoremediation
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Il R RO TR M A T e A2 T LR
MR MAT A B AR S 1, T DA ZE SRR A E 5 2R MY T
F. tricinctum \ A. alternata , Epichlo¢ coenophiala 55 P4 =
TR BE RS 73 WA — LE R 5 B T, 3K 2l X T A T
RIS FEAT — € BRI 2 A A T SR 3
PR AT LI ERE )0 EOC R Wi, O B 18 32
TR ZR A5 3] 58 AL 1,

B LR R G S ST R 2 — 2
AR PR35 Hh T 23 i ot R LAERS JCHL A S W IE
AAEAE AL TG B H W, T 788 2 PA A T AT O S
BexfEva i B E i R 1L BB O B T S E R
o 1 RE 6% 4% AE 9 A1) B 5 o6 %, 9] 4N Piriformospora

indica # Pseudomonas sp.”' ™,

4.1.3 PSR

BROCR B AR A ] Bk i) T R A kD Bk
TLREFE R #if. BARPOTR eI Y &
R, B R Bk LA S s R B AL S B A
TE , VR FEARAR™ . BRI XS = M Bk B 7 (Fe™ )
TAEE T (Fe) BAT R BRI RS L BB
G JE B A S S, T AR R AT DL AR A
T B55 18 R i S0 4 TR B I A B A
PEAE R I s 19 48 8 JT R, Chen 5557 A JE 2% (Sola-
terobacter aerogenes) ] LA 43 MR BAAK , I A3 R AR i 4
P R R IE E 3D Cd i R Ry BE
42 NERBULEYEEESRBTEMHINE
4.2.1 BEEAHYINT E 4R bk

TEE G B MNA T, YA TR H H R S 52 2
PG Jm TG g EN AR 518 ERWAREAERT 6
FAEYIN B P — 2D B s . N AR T RERS R
THfE FAEPRT5 LR EE I I RE J7 , I s Hour 5 4t
IEE BB S ROCR . AR A N Y S TE IR
N AR K A7 1 4 (Reactive oxygen species, ROS) ,
X 7100 SR 400 4 L A AT 2l X A A B R )
SE R AE ) PN T ) T R R ) A L ) R A i AR
A5 F 0 B 2 WA W K P9 1 S A P B Ak
fiff (Superoxide dismutase, SOD) | i 44 1k & [ (Cata-
lase, CAT) i S AL W 1 (Peroxidase, POD) \HTIK IR
i F ALY (Ascorbate peroxidase , APX) (4% e H K&
J5L ( Glutathione reductase , GR) FIZ Bt H K AL D)
fif ( Glutathione peroxidase , GPX) 2541 5 (b i BE A %Lk
BRE S R AEY AL E . Hamilton 25 %2 BLAZ Al
N A T RE IS 0 s i A N B AR R 15 1 ik
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M 1E EAEYIN 4R mhi .
4.2.2 BURH R AR YA R

WA T LA AV 2R S R R A& UL E
& I8 YA BT, B Bk B A A HLRR FI R T
T PR 55, X Se W) 5T RR A% A %0 % o 4 J X s A )
FOBRA . Pan S AR T 57 K H 208 N AR O
1%:($ﬂ@4[§_]‘(Pseudomonasﬂuorescens) , 18 A S G B UE X
PR RE 8 70 WA R AR g LRI 2% Cd 5 G ity (CHF i
)3 3% (Brassica napus) J& , 5 AR ZEMHEARAE L, 15 5
FEYIXF CA™ AR RE ) 35 3 D0 R AR RE B 45
GAEY RN B E AR o AR P X G R 0 R
Ma Z5106s N A= T8 E6S (Achromobacter piechaudii) 3% Fl
B P 5 K (Sedum plumbizincicola) Z W, /& B8 H AR
PRI 27 FE A LR S rTVE MERR £ L 7T UG vy 138
W Cd Zn  Pb 1Y A n] R IV, R M4 T+ 18 A0
s S R I WICRE JT o Long S M AR Bt
Ko T 28 5A Zn fl CA Ptk N AR, I H
I PR 23 A BRI T (Pseudomonas aeruginosa) HEME /)
Wh— T G A Gy 194 & T TG 1 R, AT AR v N G
Zn WV BE RN 2R R S R 138 v B G ) Zn Y IR
L&,
43 NAEBREALENESFINTRYINE
4.3.1 AT TERTPIR N B AR5

REFANACE YN > TEE 0, N WA &
FAERT, B AR e A W) AR B e s, O HL— sk
AP IE 2R D A A SRR AT I A o {H:
WF5 BN A= TR T R 2 168 e A Lt o A e 0 Ak 9 A7
TE A LTS Qe F5E 3 T 1AT X N AR I AEAE )
PR A LA B S T P FP AT BE . Stumpe SF A A
Ysd 3 e B A FH G O AT HLIR S SR S5 A K W)
JoT, IX e J5r oy N A R AL T IR AN AR IR, OF HLAT LA
e 28 A A TR A 5 R AT BIL TS G W R i, A A )
TN L R F s R 5 - Subramanyam S8 A
AR 27 AT I IR B ) KRR AR BT R AT
A=A ), X 2L T DL N AR SRR IS
YRR i HAX S 5 5V 2 A LTS A B AR
FRZE R, 28— ST ML T G Rt 1) e ) 7 ) B
SR, BT A2 0N A TR AR BERS R AR A BILTS Y Y
TG YRR , 42 A AL I R RICR
4.3.2 AT AR R AT LTS e W ith A T30 A [ fid

PN AR T AT LA A 22 b B R S M Tl | X S il
XF A HILTS G ) 0 RS ELAT SR VR T o Ning 2570
)5 B F- 2 1 ( Phanerochaete chrysosporium) & T % AF

http://www.aed.org.cn



KEILF: NEF-BYKSEESRIERRER

20214 5A8

Y PRI b, AT LA A AR T TR 43 B A5 31 20 M (8 R P450
AR L AL G SC S I UE T AR R AR
(35 VAT DL R T JE B B OR o Corréa 5571 &
PR AE B R R B3R AL R G, AT LA T R
it A S5 2 il R 3k AR 0 T S R S T T, X LTS
YT B . Ambrose 257 WF 5T 35 W 9 A= 1 E B
FEREIAR P I AT DL A 7K A R F2 AR, XA 4 PN 1y
KGR IEAT R, B TH N AE TR AE 1 A N R e
P, I FLIA REAS 7™ A b R S Tl A A 4 P9 1) A AL
15 YL HEA T IR o 0 T AR T — S B R i 22 2R
F5 IR WU 2 7 HE N 48U L T DLTE 23805 B I R R
PN AR (S IR BT 2R, DA T 8 381 B3R A 22 285 2 (A3
Feo ARIRI IR 23755 9 A B8 25 R L P, 3 S il
AT DK XE R A 1 AL TS Y e b R R 25 ) B A )
JoT, I HIX S Ak J5 0 0 T3 mT LA YA P9 A T 1 flk
U5, FOR EAT A A 06 8, DA T B0 3 2550 e R i A AL T

g,
5 #HIRSRE

AR RIS A B AR R LR Ao m B A
R A0 R AE PRBE 75 YL 2 G2 3 1ok M 2 1Y
RUE, WG TIRZHIF R . N AR s S A A A
1Y) 2 3 L e | E SR R K S LA
] B BRI 2% PR B R RV, A [ SR FRIE Hh W FH Ik T 12
TS FEAEME £

(1) Z A A= KRBT 2 DR IS0, AR TE Tk 58
R RAEN A FR S EYBEER R D, WA AEY)
Z e A B R B TS A B HLEE . FE A 2R
WAETE FHLY R IR LA A, AR
FRB= W00 P9 AR AL BTS2

(2) 75 Ze 1y 19 o ik 308 5 o vy 22 b 9 2 T 3 [ 1
T RTOR 22 Bk 58 U X B — N AR R S A 1
S0 T 22 A A AL AR R A AR A B
A B AR A TR B4 20 A1 i AT 4

(3) it N FE IR, H AR 2 8 A Yk il
P S VR 3 2 0o A g, X s AORIK AR5
A2 AAE R AR Ty, iR s 5

PRI , X8 N AR TR A B S 15 S R i vl LA
MELF LA T TR A «

(L)X N AR R R A PN ) B LA 5 A B
Py RE T AH SRR, BIF S N AR 1 1A R SRV AR AT A B Y
JLRE TR

(2) I3 T P4 A T — R s R AR B

http://'www.aed.org.cn

IUREE 78

(3)IFJRZ TN A T S IR 5 IR R AE A AR PRI
HRH AR TR , 2R 5E 2 b AN [R] B4 P9 2B T S ke
YIRS AR AR T S PR B

S 3Lk -

[1] Ahsan M T, Najam-Ul-Haq M , Idrees M , et al. Bacterial endophytes
enhance phytostabilization in soils contaminated with uranium and lead
[J]. International Journal of Phytoremediation, 2017, 19(10): 937-946.

[2] Sturz A V, Christie B R, Nowak J. Bacterial endophytes: Potential role
in developing sustainable systems of crop production[]J]. Critical Re-
views in Plant Sciences, 2000, 19(1): 1-30.

[3] Rajkumar M, Ae N, Freitas H. Endophytic bacteria and their potential
to enhance heavy metal phytoextraction[J]. Chemosphere, 2009, 77(2):
153-160.

[4] Misaghi I J, Donndelinger C R. Endophytic bacteria in symptom—free
cotton plants[J]. Phytopathology, 1990, 80(9): 808-811.

[5] Lodewyckx C, Vangronsveld J, Porteous F, et al. Endophytic bacteria
and their potential applications[J]. Critical Reviews in Plant Sciences,
2002, 21(6): 583-606.

[6] Bell C R, Dickie G A, Harvey W L G, et al. Endophytic bacteria in
erapevine[J]]. Canadian Journal of Microbiology, 1995, 41(1): 46-53.

[7] E K, etk mfih, 5 A8 N A T R0 (= s TR SR DL L]
TR AR, 2019, 47(14): 36-39.  WANG Ji-yong, GUO Long-
mei, GAO Lin-yi, et al. Study overview on infection and colonization of
plant endophytes[J]. Jiangsu Agricultural Sciences, 2019, 47(14): 36—
39.

[8] X1V . VU 7"l DX 7 i 1A A 2 FUFT 1 5 FE ML A M Al = 2800 B F 52
[D]. VG5 FFUITE K%, 2010, LIU Tao. A study on the coloniza-
tion and promoting plant growth of tomato endophytic bactllus in Xining
area[D]. Xining: Qinghai Normal University, 2010.

[91 FF7K B, BR 58 . BRA B BT AE K AR B 14 78 B 0 AR BRI AR 1
A [J). BOH VR 2 ), 2013, 34(5): 962-966. QI Yong —xia,
CHEN Fang - xin. Colonization of Beauveria bassiana in corn rhizo-
sphere and its effect on rhizosphere microorganisms[J]. Chinese Journal
of Tropical Crops , 2013, 34(5): 962-966.

[10] Bisht S, Pandey P, Kaur G, et al. Utilization of endophytic strain Ba-
cillus sp. SBER3 for biodegradation of polyaromatic hydrocarbons
(PAH) in soil model system[J]. European Journal of Soil Biology,
2014, 60: 67-76.

[11] XUSTHE, REAT, BRE MY, 5 . DIfe N A2 AR Enterobacter sp. PRdS
SE T FEARAAE I EE 15 Qe HORBIESE ] B R R 272741, 2020, 43
(2): 274-283. LIU Wen-tao, ZHU Xue-zhu, CHEN Xue—mei, et
al. Colonization of functional endophytic Enterobacter sp. PRd5 to re-
duce pyrene contamination in crops|J]. Journal of Nanjing Agricultur-
al University, 2020, 43(2): 274-283.

[12] 68, AP, IS, & . S @POLE APRCH 28T Y13Y
TEIM AR A E T[] MolkRRE, 2017, 53(7): 111-117. JIN Qin,
ZHU Dan-xue, ZHOU Guo-ying, et al. Colonization of GFP-yagged

—361—



KA FREMEFH £ 385 - F 34

Bacillus subtilis Y13 in Camellia oleifera[]). Scientia Silvae Sinicae,
2017,53(7): 111-117.

[13] kR, BEMG, GEFNT, 55 . IR 20 B AR 08 B 2 I AT IR BA-3 7624 4E
A K AR R AR 25 B 52 1. T AR BT IR 2 3, 2019, 35
(6): 915-921.  YAO Jin—ai, HUANG Peng, HOU Xiang-yu, et al.
Colonization dynamics marine bacterium Bacillus amyloliquefaciens
BA-3 and its impact on the microbial community of cymbidium rhizo-
sphere[J]. Chinese Journal of Biological Control, 2019, 35(6): 915-
921.

[14] 223, e ik, £, 45 . B RR Serratia sp. PW 7 ASIA]5E 4 5 206
S B e TG e L R B LN AR TRRE B SE A ], Al FRIRE R 22
2, 2018, 37(12): 2755-2764. LI Shuang, ZUO Shang—wu, WANG
Wan—qing, et al. Determining the effects of Serratia sp. PW7 on py-

rene removal and the endophytic bacterial community in ryegrass (Lo-

lium multiflorum L.) via different inoculation methods[J]. Journal of

Agro—Environment Science, 2018, 37(12): 2755 -2764.

[15] Glandorf D C M, Brand I, Bakker P A H M, et al. Stability of rifampi-
cin resistance as a marker for root colonization studies of Pseudomo-
nas putida in the field[]]. Plant and Soil, 1992, 147: 135-142.

[16] 3R 08 . HRIR B ZERT ) Y I3RS 3 3 K L S A A A B 5T
A EFED]. ALt e A EREA BEd 52 28 Be RIS BT ), 2006.
CHI Feng. Migration of rhzobia in plants and proteome analysis of
their interaction[D]. Beijing: Graduate School of the Chinese Academy
of Sciences (Institute of Botany), 2006.

[17] Ptociniczak T, Chodér M, Pacwa—Ptociniczak M, et al. Metal—tolerant
endophytic bacteria associated with Silene vulgaris support the Cd
and Zn phytoextraction in non-host plants[J]. Chemosphere, 2019,
219: 250-260.

[18] Weyens N, Boulet J, Adriaensen D, et al. Contrasting colonization and
plant growth promoting capacity between wild type and a gfp—derative
of the endophyte Pseudomonas putida W619 in hybrid poplar{J]. Plant
and Soil, 2012, 356(1/2): 217-230.

[19] Weyens N, Schellingen K, Beckers B, et al. Potential of willow and its
genetically engineered associated bacteria to remediate mixed Cd and
toluene contamination[J]. Journal of Soils and Sediments, 2013, 13
(1): 176-188.

[20] Germaine K J, Liu X, Cabellos G G, et al. Bacterial endophyte—en-
hanced phytoremediation of the organochlorine herbicide 2,4=dichlo-
rophenoxyacetic acid[]]. FEMS Microbiology Ecology, 2006, 57 (2):
302-310.

[21] Lam S T, Ellis D M, Ligon J M. Genetic approaches for studying rhizo-
sphere colonization[J]. Plant and Soil, 1990, 129(1): 11-18.

[22] FMR W), LI5S0, W . £k O IOLE FE R (ofp) 7EHR 28 P A AU
5 58 e AR [ U PRI P L)), oh B R4, 2001,
15(5): 302-305.  ZHOU Jun—chu, SHI Qiao—juan, XIE Bo. Appli-
cation of green fluorescent protein gene (gfp) in the symbiosis be-
tween Mesorhizobium huakuii and Astragalus sinicus[J]. Bulletin of Na-
tional Science Foundation of China, 2001, 15(5): 302-305.

(23] FHERE, e, 2, 25 . BARURG s DR 9 28 A a0 35 o )0 0 5
PEJR[J). BEl 2524412, 2017, 44(1): 179-192.  TIAN Yu-jing, YIN

Xue-ren, LI Xian, et al. Regulation of stress responses by heat stress

—362—

transcription factors (Hsfs) in plants[J]. Acta Horticulturae Sinica,
2017,44(1): 179-192.

[24] Ehrenberg M, %' 3087, H T . S (00— R FE MK
JE). YW BE 4T, 2008, 24(6): 422-429.  Ehrenberg M, LUO
Wen-xin, XIA Ning-shao. Green fluorescent protein: Discovery, ex-
pression and development[J]. Acta Biophysica Sinica, 2008, 24 (6):
422-429.

[25] Zhao D, Xue C Y, Lin S Y. et al. Notch signaling pathway regulates
angiogenesis via endothelial cell in 3D co—culture model[J]. Journal
of Cellular Physiology, 2017, 232(6): 1548-1558.

[26] Tomblini R, Unge A, Davey M E, et al. Flow cytometrie and micros-
copie analysis of GFP-tagged Pseudomonas fluorescens bacterial]].
FEMS Microbiology Ecology, 1997, 22(1): 17-28.

[27] Cormack B P, Valdivia R H, Falkow S. FACS-optimized mutants of
the green fluorescent protein(GFP)[J]. Gene, 1996, 173(1): 33-38.

[28] Matz M V, Fradkov A F, Labas Y A, et al. Fluorescent proteins from
nonbioluminescent Anthozoa species[J]|. Nature Biotechnology, 1999,
17(10): 969-973.

[29] B e 8L, I, B2, 45 . B0 AU IR 4 (0 0 8l AR IC bR A AL
St S59 [6 URE 3 B9S2 i [J]. 5 R, 2018, 38(1): 44-49,
56.  YANG Xiao—mei, ZHOU Tong, A Yun, et al. Establishment and
nodular nitrogen fixation effect of green fluorescent protein labeled
strains of alfalfa rhizobia[J]. Grassland and Turf, 2018, 38(1): 44-49,
56.

[30] #¥ [ 5, 5K 3%, SLIEA, 5 . AW A A= 20 1 A5 e B R T 5
S A=W B ARG 47, 2007 (3): 88-92. LU Guo—bing, ZHANG
Yao, JI Xian-ling, et al. Recent advance on the approaching and
colonazition of endophytic bacterialJ]. Biotechnology Bulletin, 2007
(3): 88-92.

[31] 455, XIAEAE, FUEF . P 2208 [ UMD TR T N2 PR A e B
IR0 Z A& miRNA [ IR (1], A E F7 5 IR 4. 2014, 20
(4):930-937. LI Qiang, LIU Hua-wei, WANG Wei-ling. Coloniza-
tion of Azorhizobium caulinodans in wheat and nutrient-related miR-
NA expression[J]. Plant Nutrition and Fertilizer Science, 2014, 20(4):
930-937.

[32] J7 55 . AR B Je 55 N AR B AL SR AR 8 S i) 2 WFR D). K
Vb IR K2, 2009 WAN Yong. Application of endophytic bacteri-
um isolated from Cd hyperaccumulator Solanum Nigrum L for phytore-
mediation enhancement|[D]. Changsha: Hunan University, 2009.

[33] J7 55 . A AR A TR 7 T <6 AR A A8 A rP (9 VR TBIL I 197 FH 5[ D).
Kb W K2, 2013, WAN Yong. A study on mechanism and ap-
plication of endohytic bacteria in heavy metal phytoremediation[D].
Changsha: Hunan University, 2013.

[34] Li Y, Wang Q, Wang L, et al. Increased growth and root Cu accumlat-
ing of Sorghum sudanense by endophytic Enterobacter sp. K3-2: Im-
plications for Sorghum sudanense biomass production and phytostabi-
lization[J]. Ecotoxicology and Environmental Safety, 2016, 124: 163—
168.

[35] Babu A G, Kim J D, Oh B T. Enhancement of heavy metal phytoreme-
diation by Alnus firma with endophytic Bacillus thuringiensis GDB-1
[J]. Journal of Hazardous Materials, 2013, 250/251: 477-483.

http://www.aed.org.cn



KEILF: NEF-BYKSEESRIERRER

20214 5A8

[36] Zhang Z Z, Hou Z W, Yang C Y, et al. Degradation of n—alkanes and
polycyclic aromatic hydrocarbons in petroleum by a newly isolated
Pseudomonas aeruginosa DQS8|[J]. Bioresource Technology, 2011, 102
(5):4111-4116.

[37] Zhang X Y, Liu X Y, Wang Q, et al. Diesel degradation potential of
endophytic bacteria isolated from Scirpus triqueter|]]. International
Biodeterioration and Biodegradation, 2014, 87: 99-105.

[38] Ontafion O M, Gonzdlez P S, Agostini E. Biochemical and molecular
mechanisms involved in simultaneous phenol and Cr( VI) removal by
Acinetobacter guillouiae SFC 500-1A[J]. Environmental Science and
Pollution Research, 2015,22(17): 13014-13023.

[39] Sun K, Liu J, Jin L, et al. Utilizing pyrene—degrading endophytic bac-
teria to reduce the risk of plant pyrene contamination[J]. Plant and
Soil, 2014, 374(1/2): 251-262.

[40] Afzal M, Khan Q M, Sessitsch A. Endophytic bacteria: Prospects and
applications for the phytoremediation of organic pollutants[J]. Chemo-
sphere, 2014, 117: 232-242.

[41] Glick B R. Using soil bacteria to facilitate phytoremediation[J]. Bio-
technology Advances, 2010, 28(3): 367-374.

[42] Germaine K J, Keogh E, Ryan D, et al. Bacterial endophyte—mediated
naphthalene phytoprotection and phytoremediation[J]. FEMS Microbi-
ology Letters, 2009, 296(2): 226-234.

[43] Khan Z, Roman D, Kintz T, et al. Degradation, phytoprotection and
phytoremediation of phenanthrene by endophyte Pseudomonas putida,
PD1[J]. Environmental Science and Technology, 2014, 48 (20):
12221-12228.

[44] FHARRL. A 2R 0B R i 2 R 05 S EF ST [D]. B 58 B 1 IS o7,
2007. TIAN Lin-shuang. The study on the degradation of phenan-
threne by endophytic fungus[D]. Nanjing: Nanjing Normal University,
2007.

[45] Mirzahossini Z, Shabani L, Sabzalian M R, et al. ABC transporter and
metallothionein expression affected by Ni and Epichloe endophyte in-
fection in tall fescue[]]. Ecotoxicology and Environmental Safety,
2015, 120: 13-19.

[46] Ma Y, Oliveira R S, Nai F, et al. The hyperaccumulator Sedum plumbi-
zincicola harbors metal-resistant endophytic bacteria that improve its
phytoextraction capacity in multi-metal contaminated soil[J]. Environ-
mental Management, 2015, 156: 62-69.

[47] XU . B8 P 2E T EFOSOT X PEG W38 KRS ) i 1) 22 A 1 11
[D]. P BH: W BHIBE K 2%, 2017, LIU Qian—wen. Alleviation of en-
dophyte EFO801 from S. salsato the damage of rice seedlings under
PEG stress[D]. Shenyang:Shenyang Normal University, 2017.

[48] K EIEZ, 2R, i S, 45 27K 38 MY A= 5 (Oryza rufipogon) N A=
TR [T R B AR D). L5 PR B A )41, 2006, 12(4): 457-
460. ZHANG Guo-xia, MAO Qing, HE Zhong-yi, et al. Detection of
nitrogenase activity and phosphorus dissolving ability of endophytic
isolates from Oryz rufipogon in Lingshui[]]. Chinese Journal of Applied
and Environmental Biology, 2006, 12(4): 457-460.

[49] Khan A R, Ullah I, Waqas M, et al. Host plant growth promotion and
cadmium detoxification in Solanum nigrum, mediated by endophytic

fungil[J]. Ecotoxicology and Environmental Safety, 2017, 136: 180—

http://'www.aed.org.cn

188.

[50] Guo J, Mcculley R L, Phillips T D, et al. Fungal endophyte and tall
fescue cultivar interact to differentially affect bulk and rhizosphere
soil processes governing C and N cycling[J]. Soil Biology and Bio-
chemistry, 2016, 101: 165-174.

[51] Oelmiiller R, Sherameti I, Tripathi S, et al. Piriformospora indica, a
cultivable root endophyte with multiple biotechnological applications
[J]. Symbiosis, 2009, 49(1): 1-17.

[52] Emami S, Alikhani H A, Pourbabaee A A, et al. Consortium of endo-
phyte and rhizosphere phosphate solubilizing bacteria improves phos-
phorous use efficiency in wheat cultivars in phosphorus deficient soils
[J]. Rhizosphere, 2020, 14: 100196.

[53] Phz Bk, SR, 2 Ik . 338 PR A= A (L B0 TR A B 5 30 JRE [,
PR, 2019(7): 68-70.  SUN Yun—zhu, WU Chen—jie, LI
Jing—shu. Research progress of plant growth promoting bacteria in soil
[J]. Science and Technology of Sichuan Agriculture, 2019(7): 68-70.

[54] MR IR, A, WGARIR, S IhAEN A AL IR 2 MY B K 4
J 5 Ye - B DT HE SR ()], AR A AtaF, 2018, 30(11): 1228-1235.
GU Tian-yuan, YU Huang, ZENG Wei-min, et al. Progress on the en-
dophyte of hyperaccumulators and their beneficial role in heavy metal
phytoremediation[J]. Chinese Bulletin of Life Sciences, 2018, 30 (11):
1228-1235.

[55] Chen L, Luo S L, Xiao X B, et al. Application of plant growth—promot-
ing endophytes (PGPE) isolated from Solanum nigrum L. for phytoex-
traction of Cd—polluted soils[J]. Applied Soil Ecology, 2010, 46 (3):
383-389.

[56] Wang L, Lin H, Dong Y B, et al. Isolation of vanadium-resistance en-
dophytic bacterium PREOL from Pteris vittata in stone coal smelting
district and characterization for potential use in phytoremediation[J].
Journal of Hazardous Materials, 2018, 341: 1-9.

[57] Tiwari S, Sarangi B K, Thul S T. Identification of arsenic resistant en-
dophytic bacteria from Pteris vittata roots and characterization for ar-
senic remediation application[]]. Journal of Environmental Manage-
ment, 2016, 180: 359-365.

[58] Gao Y, Miao C Y, Xia J, et al. Effect of citric acid on phytoextraction
and antioxidative defense in Solanum nigrum L. as a hyperaccumula-
tor under Cd and Pb combined pollution[]J]. Environmental Earth Sci-
ences, 2012, 65(7): 1923-1932.

[59] Khan A R, Ullah I, Khan A L, et al. Phytostabilization and physico-
chemical responses of Korean ecotype Solanum nigrum L. to cadmium
contamination[J]. Water, Air, and Soil Pollution, 2014, 225(10): 2147.

[60] Yan Z, Zhang W, Chen J, et al. Methyl jasmonate alleviates cadmium
toxicity in Solanum nigrum by regulating metal uptake and antioxida-
tive capacity[J]. Biologia Plantarum, 2015, 59(2): 373-381.

(611 SKEAHT, W7 A, FATI, 55 RPN A AN TR 5 52 1 4 ) 35 e 13
5 T WL F 72 2 TR [0, A2 4 BR JE 42, 2018, 34 (11): 42-49.
ZHANG Meng-meng, CAO Li-dong, WANG Ren—qing, et al. Mecha-
nism of endophytic bacteria remediating heavy metal — contaminated
soil[]]. Biotechnology Bulletin, 2018, 34(11 ): 42-49.

[62] Hamilton C E, Gundel P E, Helander M, et al. Endophytic mediation

of reactive oxygen species and antioxidant activity in plants: A review

—363—



KA FREMEFH £ 385 - F 34

[J]. Fungal Diversity, 2012, 54(1 ): 1-10.

[63] Pan I, Meng Q, Luo S, et al. Enhanced Cd extraction of oilseed rape
(Brassica napus) by plant growth—promoting bacteria isolated from
Cd hyperaccumulator Sedum alfredii Hance[]]. Phytoremediat, 2017,
19(3): 281-289.

[64] Ma Y, Zhang C, Oliveira R S, et al. Bioaugmentation with endophytic
Bacterium E6S homologous to Achromobacter piechaudii enhances
metal rhizoaccumulation in host Sedum plumbizincicolal]]. Frontiers
in Plant Science, 2016, 7: 75.

[65] Long X X, Chen X M, Chen Y G, et al. Isolation and characterization
endophytic bacteria from hyperaccumulator Sedum alfredii Hance and
their potential to promote phytoextraction of zinc polluted soil[J].
World Journal of Microbiology and Biotechnology, 2011, 27 (5):
1197-1207.

[66] 18 . A HLYS Yy B2k Wy S A R A 2 HL gl D122 0P e (D). A2
TAEEE, 2010(7): 164-167, 121, SHI Cheng—chun. Review of
the biodegradation cometabolism and kinetics of the organic contami-
nant[J]. Chemical Engineering and Equipment, 2010 (7): 164-167,
121.

[67] SR, WRfst, Eh7k, 55 . P88 TS Je i 3 b s e A LTS e A
WA, A S EREAEIR, 2014, 14(6): 223227, GUO Jing-
bo, CHEN Wei, MA Fang, et al. Microbial co—metabolism of the re-
fractory organic pollutants in the environmental pollution control[J].
Journal of Safety and Environment, 2014, 14(6): 223-227.

[68] Stumpe B, Marschner B. Factors controlling the biodegradation of

—364—

178 —estradiol, estrone and 17a—ethinylestradiol in different natural
soils[J]. Chemosphere, 2009, 74(4): 556-562.

[69] Subramanyam R, Mishra I M. Biodegradation of catechol (2-hydroxy
phenol) bearing waste water in an UASB reactor[J]. Chemosphere,
2007, 69(5): 816-824.

[70] Ning D L, Wang H, Ding C, et al. Novel evidence of cytochrome
P450~catalyzed oxidation of phenanthrene in Phanerochaete chryso-
sporium under ligninolytic conditions[J]. Biodegradation, 2010, 21
(6): 889-901.

[71] Corréa R C G, Rhoden S A, Mota T R, et al. Endophytic fungi: Ex-
panding the arsenal of industrial enzyme producers|]]. Journal of In-
dustrial Microbiology and Biotechnology, 2014, 41(10): 1467-1478.

[72] Ambrose K V, Tian Z P, Wang Y F, et al. Functional characterization
of salicylate hydroxylase from the fungal endophyte Epichloé festucae
[J]. Scientific Reports, 2015, 5: 10939.

(73] XUt 2, 35K B, ki, 4 205 kTS Y IR R Y S Y
A 15 S 0F FT ok R [0]. L3, 2002, 34(5): 257-265.  LIU Shi-
liang, LUO Yong—ming, CAO Zhi—hong, et al. Progress in study on
bioremediation of PAHs—contaminated soil using soil microorganisms
combined with plant[J]. Soils, 2002, 34(5): 257-265.

[74] HIERK, DL, BB, 45 . R - E IS X BRI AT HLTS e
WiE e (O BT 7 B JRE (D], fC2 4~ 412, 2017, 44(4): 929-939. FU
Wan—qiu, XIE Xing—guang, DAI Chuan—-chao, et al. Progress in the
degradation of environmental organic pollutants by plant—microorgan-

ism combination[]]. Microbiology, 2017, 44(4):929-939.

http://www.aed.org.cn



