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Effects of plant growth—promoting rhizobacteria on the copper enrichment ability of Sinosenecio oldhamianus
and physicochemical properties of soil

SHEN Tian', WANG Qiong—yao®, CUI Yong-liang’, YAN Min', LI Yu—xin', TU Wei-guo’, ZHANG Fang', WANG Juan', YU Xiu-mei"
(1.College of Resources, Sichuan Agricultural University, Chengdu 611130, China; 2. Natural Resources Research Institute of Sichuan
Province, Chengdu 610041, China)

Abstract: The aim of this study is to evaluate the effect of plant growth—promoting rhizobacteria (PGPR) on the absorption of Cu from soil
by Sinosenecio oldhamianus. Specifically, the growth, nutrition, and Cu content of Sinosenecio oldhamianus grown in soils with different Cu
contents and the changes in the soil physicochemical properties were determined after adding a PGPR mixture in a pot experiment. The re-
sults showed that the growth of Sinosenecio oldhamianus slowed with the increase in the soil Cu concentration, thereby indicating that the
high concentration of Cu significantly inhibited the growth of Sinosenecio oldhamianus. The Cu was mainly enriched in the roots of Sinosene-
cio oldhamianus, and only approximately 18% of Cu was transferred to the aboveground part. The inoculation of the PGPR mixture in-

creased the plant height, root length, contents of N, P, and K, and amount of Cu enriched in the roots of Sinosenecio oldhamianus in soils
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contaminated with different concentrations of Cu. In particular, when the soil Cu concentration was 600 mg - kg™, PGPR increased the

height and root length of Sinosenecio oldhamianus by 10.03 cm and 7.10 c¢m, respectively. The Cu content in the Sinosenecio oldhamianus

roots increased by 14.01% in soil contaminated with 800 mg- kg™ of Cu. PGPR also increased the soil urease, protease, invertase, and phos-

phatase activities by 80.28%, 217.11%, 43.26%, and 61.89%, respectively. The results suggest that multi—function PGPR can improve the

Cu resistance and Cu enrichment ability of Sinosenecio oldhamianus in Cu—contaminated soil and improve soil quality. Thus, PGPR can be

considered as a means to promote the remediation of Cu—contaminated soil using Sinosenecio oldhamianus.

Keywords : combined remediation; copper—contaminated soil; Sinosenecio oldhamianus; plant growth—promoting rhizobacteria
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B ARAEY 29 400 ZF1, T JLHE (Sinosenecio oldhami-
anus) 72 ) LA J& AR AR BEAS ), HAT A= i I IR |
o T ARSI BRI, BB E
G Ja 5 e AR e HA AR RCR R  E RS
JeREALF, SR A SFECOE T K B, LA i T AR
FRR IR, A DIFERT X - 3BT U8 A7 10 [R] e g AR
Y Cu, IR R B3 B, A RUB 52 Cu i gt
+HE. kT HE— 05T PGPR &5 0] DASE AL il LR
&5 Cu iy e 5 AN i JT Ji 2 DI fE PGPR iR
B B =3 LRI S8 S AN 6] Cu 25 - 338 A4 R A
PRI, 4347 2 Y)fig PGPRIE A& B D i LR A= 4 |
AR Cu BB N L3RBT 52 ), PEA 2 D R PGPR
R G A TEH LA E 4R R b Cu B SRR VE T, S itk
— 0 LR -PGPRIK & R AUE &2 Cu {5 s 134

PR o
1 MBR5FE

1.1 iREH

TR A R s AR e £ DL 12 B TR A
J F4 - M R AR 6 AL R FE A CuS0, - SHL0, &
B BARA)E I HES ke, TR UEHE A KERE 40 d
JEARAFRN, F Ak AL B pH=7.2 A AL B
22.23 g-kg ! WS 13.55% AR & 34.77 mg-
kg A 0.67% K fF A i 401.45 mg kg 42
B 1.26% GE R 1 B 905.00 mg - kg i LIR 4N
T WK [ VT AR 5T 3% PGPR IR & B 70 B kK DY
JNA K 2F B IR BE , H— A H B WDGJI-11(Gen-
Bank 3 5115 : KJ733990) . — #% i #f 1 WDN-5(Gen-
Bank J¥ 415 : KJ733968) . — ¥4 14T 7 MGJ11(Gen-
Bank J¥ 4145 : KX929163) iR A5 4L i , B S T 45 U 52 56
B5UFE = AR PR Z AR P2 AR S B R o
1.2 R &
1.2.1 BARTEfL I RETG UE

KA RE R TR (G RHE 3.0 g R 10.0
g;NaCl:5.0 g; B0fl5 : 20 g; 7K : 1000 mL; pH :7.4~7.6) 7
TR Bk o 2R FH Salkowski 25 %2 B A4 7 15| e £, & (in-
doleacetic acid, IAA) HE S, 3% F ik iz 6 % 78 1 0 72
RLAR 1) ff B 68 01, SR FH TR A 32 000 TR R 1 fi ol
b2 e 1 =0 B et 7 N D B g M TR R S = R 13
JERT TR R A PR WA SR A ) 4%
1.2.2 ZAk g

YT T Ak . HEEL CuSO. - SHLO 1E A i
2, B 6 AR EEZKAF- 43512 0,200,400 ,600 . 800
1000, 1200 mg- kg™, 4~ 7K 4351 % 7. 4% il PGPR {1
4 1 ] (PGPR) FIAS TSI PGPR 1A 1 7] (CK) 2 4t
B 20 B A B 43 i BB R 2 TR R S 1 B i TR R R
50 mL(£9 10" cfu-mL") RGBS ERERE] 2 L, R
WA UR , AT A E Sk . HERR



574

URIEIRCX ity F3965 38

PR 7 P 1 i R L7 SR A3 B ), CK 4t FH 4 B A
TR R A TR IR RS R L 150 mL AR B 2 L
MR H B ESIRER . THEER25 COLM12h-d"
() RS IR 2 15 5% 34 T 5 SR AR AR i R0 - S
fn B TR I R 4 R S R AR I
1.2.3 W55

T LR AR FOIR LI 2 < SR SRR PIRE b U e B
TV b A RO B — PR LAR ARk =5 A S A
s AL RE i BB A2 < 105 CAA T 2 h i 80 CHt
T B ARSI R AE o FEPIAE SR HaSOu—HL0. 11 7
T W) A EUR e bk R AL
BT R A OB AT I A
TEPE BN 2 < SR AE AR 45, A ARIKT, BB AR S
fEo HIEAHLTTR % R AR 25 3 . pHECR FH
PEIEIN A |4 R LG Rk | 2 iR A R 7 — 4
BEBTHE 3 A B OR ) NaOH - JCHE 6B 1 Bl fi /UK
FHB Y BOE A 30K 0.5 mol - L™ NaHCO5 12 42—
FRBRBT LT (AR R A 1 mol - L7 P NHLOAC 2
P — KB EE VLR I s - SRS B e R
S BT - B S - S P ORISR R B L ik
FEVEBE R 3, 5- A3 K 8 b a7k 3 80 S i
SR AR A =y b IR I R FH B R R ANk
T & 4 O I - A RE IR R (Vino, : Vineio, =4 :
1) f# J5 1CP-OES AL A2 4 )8 & i, DL FAx
HEESRERIESH.
1.3 ZHEALIE

AR 15 R FH Excel 2010, SPSS 22.0 #4743
Hrab#

80.0 r
g
5 600 . Ji_ PR
=
= a a b b e a
= a
540.0 b
=
e
% 200
0

0 200 400 600 800 1000 1200
43 Cu % Copper content in soil/mg kg™

O cK

2 HRE5HMH

2.1 PGPR WY& & i& M 56 E FA T Cu 3K

XF =R I TR AR TE PR BGUE , 7677 TAA BB 7 A
o3RS 3 d A S AP MG L S B WDGI-11 3%
% T WDN =5 7 TAA 1) & 43 51 iy 83.05.44.13,38.50
mg-mL™, AN, RETE WDGI-11 8535 6 dJ5 70 ™
A A AR S Ty 31.32 g mL, I 1A WDN-5 8%
I 7 dJ5 73 Wby A A RO O 64.89 wg-mL' o

X =Rk R AT Cu 3R B R TR PR E TR S ik
BG4 N ARG o AR EE & Cu G R BE R 52 3 d A
DU B R AF TR L, 8 FLAF TR MG L f 89 B WDGJ -
11 % 0 7 WDN -5 X4 5 4 J& Cu 19 d5c /0 410 ) ok B2
(Minimal inhibit concentration, MIC) 43 51| S 100,200
200 mg - kg™, fiz /N EHE e E (Minimum lethal concen-
tration, MLC )43 5124 1350, 1300, 1400 mg-kg ™.
22 HILIREHREREMISIRREE S E4S1E

FH & 1 AT HITE Cu 038 T R 3 Cu & & E
JUMRAR Rk B R B S BT i R i ka3, HL AT LA
HH b O 22 1) it i PGPR TR A5 B 791 () Ak K 38 U
AN PGPR R A T A A AE M , A PGPR IR A T4 71 1Y
FERE Eb CK 2 AR MR AR 538 85 7.45 em IR
2.72 emo 543 Cu &N 0 mg- kg AL BRAR EL ,
AMEFET B AR S8 LA X R oy CafE R
YR AT ICRZ —, e dER I i A (R A 1E
FHAE 13 Cu &5 600 mg- kg "Ik B e dd: . i tn]
AL, LA T 4 58 Cu HA 8w 1 it 52 7, PGPRIR
A B AT DU SE A 9 A K I 3 58 XS 3% Cu

a a
a
) a a
b a
a
a b
800

0 200 400 600 1000 1200
434 Cu % i Copper content in soil/mg-kg™'

16.0

H
[\8]
(=)
=

o
(=)
T
o

H Root lenght/cm

by

o =}
T

%:

=

O PGPR

CK AN PGPRAEER Al /NG 5 REFR 2253 ¥ (P<0.05) . I
The different lowercase letters between CK and PGPR mean significant difference (P<0.05). The same below

1 REIAERITE LR E KR

Figure 1 Plant growth condition of Sinosenecio oldhamianus of different treatments
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P A2 1

% 1AL, S5OR A PGPR JRAA B 77 9 Ak 3R
EE L A PGPR TR A5 T 751 Ak UL A R 4535 40l B
T, HRHER A B 4 & (P<0.05) , {H PGPR 4
FE AR MR 43 L i AAE 1248 Cu & 50 0~600 mg -
kg B B AR L MR T A A B R Cu
70,200,600 mg - kg™ B} 2 & (P<0.05) i F CK 41 .
A LA ROR L A B IR0 R & A L
Cu 77 50 600 mg - ke ' B ik 2 e Ry fH . 7E L3 Cu %
KT 800 mg- kg I, PGPR IR 4 T 77 A 2 £F 1 T A
L, 7E 3 Cu & 8K F 800 mg- kg AU B EE MM T,
T P FIRE ) () A K 3852 30 T — s R EE BRI T LA
PGPR IR A X 9 4 1 A e RV FH A TR ALK o

T2 T, P A BER T LAR X Cu 19 & 46 i
bt 43 Cu BB THR S B K X Cu 1Y & 4
TER EEEPERR, A2 18% R 2 H R4,

Ho b3R5 22 AN i, 2R B PGPR &5 A9 I A XA 4
RS I 0 A 39 Cu A AR KB AE 1R, X Hb 13853 5%
WA R . CK 24 R 36 43 Cu & 576 133 Cu & 5 200~
1200 mg - kg #P A K KX H], € 7E 60 mg - kg™ /7
Ao TR A B A AL R MR R4 Cu F Y T
CK 4, 7E 13 Cu & 50 800 mg- kg™ FRIIHE R JLAR
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TRAFE A AARA /AR A KA e UEVE T, LA
P AR H R 4 W it 8 Cu I RE T A AR KR &
0~800 mg - kg™ 75 Bl N 38 Cu & mol i , fE 2E 1
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Table 1 The nitrogen, phosphorus and potassium content of Sinosenecio oldhamianus of different treatments

. WLWPEER  ATHARAR  BLBARAR  ATBARAW  MLRARER  RFESRER
T Cu = Nitrogen of the Nitrogen of the Phosphorus of the Phosphorus of the Potassium of the Potassium of the
Coppi; Uomfnj " aboveground part/% underground part/% aboveground part/% underground part/% aboveground part/% underground part/%
soil/mg-

B CK PGPR CK PGPR CK PGPR CK PGPR CK PGPR CK PGPR

0 0.21+0.01a 0.17+0.02b 0.11+0.01b 0.21+0.01a 0.51+0.02b 0.60+0.02a 0.24+0.00a 0.26+0.01a 8.63+0.03b 16.15+0.16a 9.82+0.23a 9.92+0.11a

200 0.25+0.02a 0.16+0.01b 0.1540.02b 0.23+0.02a 0.40+0.01b 0.48+0.02a 0.28+0.00a 0.31+0.00a 13.34+0.11a 15.93+0.18a 11.86+0.19b 15.14+0.11a

400 0.21+0.01a 0.19+0.01a 0.17+0.01a 0.19+0.01a 0.31+0.03b 0.41+0.01a 0.23+0.02b 0.29+0.02a 6.58+0.16h 13.54+0.25a 7.27+0.28b 9.26+0.33a

600 0.19£0.01b 0.25+0.01a 0.14+0.01b 0.23+0.01a 0.56+0.02b 0.60+0.02a 0.19+0.02h 0.30+£0.01a 12.91+0.16a 13.46+0.16a 9.13+0.06b 11.78+0.21a

800 0.24£0.01a 0.17+0.01b 0.18+0.02a 0.18+0.0la 0.40+0.03b 0.43£0.0l1a 0.22+0.03b 0.28+0.02a 12.5020.11b 14.37+0.19a 10.66+0.30a 11.75+0.45a

1000 0.20£0.02a 0.15+0.02b 0.19£0.00a 0.18+0.00a 0.37+0.02a 0.39£0.00a 0.26£0.01b 0.34+0.02a 13.1720.17h 15.03+0.13a 9.60+0.30b 15.08+0.11a

1200 0.23+0.01a 0.15+0.01b 0.20£0.03a 0.21+0.02a 0.23+0.01a 0.25+0.03a 0.29+0.01a 0.31+0.02a 15.70£0.06b 16.55+0.18a 12.48+0.17h 15.36+0.18a

T+ J BT AR IERE s CK A PGPRAMTRRIAR/ING TR R R 22 57 .35 (P<0.05) o R,
Note: Data behind parentheses are standard deviations; and different lowercase letters between CK and PGPR means significant difference (P<0.05).
The same below.

1001 ~ 2500
: :
g b & j‘ a
s 80r a = E 2000
g & a ]I_ i g { a
12T, a a4
==~ 60r a <. 1500 a
LEE b cEy
R:E L0 R
B EZT 40f bl ¥ 2 E 10007 a
HE& = & a a bl | bl | D
EE 2 =E b
g 20 & ot 50.0
g b "I 2
© 2 a a
0 o 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
133 Cu % & Copper content in soil/mg-kg™ 13 Cu % & Copper content in soil/mg-kg™
O ck O prcPr

2 FEAEHEILRCUESRE

Figure 2 Copper accumulation of Sinosenecio oldhamianus of different treatments
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Figure 3 Copper concentration factor of Sinosenecio oldhamianus

of different treatments
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Table 2 Soil nitrogen content of different treatments

R 76 Cu &5 0,600,800, 1000 mg-kg™ Y
A A7 AL 2 i 2 (P<0.05) 7 - [ v B AS i 5+
AYALFR , HLAERE A 10 T 82 v 52 RS0 I e
XSG HEP A AR AR AT — i AR

P % 2 AT, Jiti i PGPR IR & 18 751 (0 139 4 0 il
i R R i TR AR A A B, H IR
T 7E 3 Cu % 54 0,200,400, 1200 mg - kg™ [ s &
3% (P<0.05) = T X R A, + BEm i 1 & i 7F 4
Cu 74 200,400,600 1200 mg- kg™ I} 155 i 2 (P<
0.05) , 7 -3 Cu 1% 14 800, 1000 mg- kg™ A% , Jifi
T PGPRIRA P Y 38 4 20 B 2 & i s T At
04 Ak B AH R 58 31 I8 3 K OF (P<0.05) o ] L PGPR
RAWRMIMA —E B RS T 52 R MG
R, B 885 5 Co b B M IRIE R 48/ER

MR 3R, BT 13 Cu % 0 mg- kg ' FYALHE,
FLA A T it PGPRVE G 147 77 b # 1A 2 A
R B T CK 4L, HAE 3% Cu % 5 5 200 mg -
kg™ 4 B 3k 3] B 2 (P<0.05) . 16+ Cu &l 0
mg- kg (AL E it i PGPR TR T 70 Ak PR ) 4l 5
IR E KT (P<0.05) CK 41, {H 2 S50 (14 75 il 3

40.0r [JCK [ PGPR
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Figure 4 Organic matter content of different treatments
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Table 3 Soil phosphorus content of different treatments

A5 Cu it LE TN% B AN/mg - kg b Cu B AR TP% A0 AP/mg- kg

Copper content Copper content

insoil/mg-kg'  CK PGPR CK PGPR insoil/mg-kg’  CK PGPR CK PGPR
0 1.01:0.03b 1.16+0.01a  320.25+3.46a 346.85+3.36a 0 112040520 7.10+0.30h 25.34+0.69b 35.33+0.83a
200 1.01:0.01b 1.18+0.03a 347.90+2.97h 398.65+9.40a 200 6.93+0.87b 11.05£0.98a 21.67+1.19b 27.45+1.01a
400 1.06:0.00b 1.230.05a 277.20+7.83h 389.55+4.25a 400 8.87+0.26a 10.620.38a 18.93+0.12a 20.46:0.5%
600 1.020.01a  1.12:0.03a 343.00+7.92h 455.35:6.43a 600 9.03:0.28a  9.93+0.31a 21.70+1.10a 23.52:1.04a
800 0.96:0.02a 1.130.03a 354.056.23a 393.75:5.24a 800 8.8040.50a  9.45:0.63a 22.50+2.45a 26.36:1.50a
1000 1.07+0.07a 1.12+0.04a 357.35:9.40a 373.10+7.92a 1000 10.66:0.44a 9.05:0.27a 24.51:0.65a 21242148
1200 1.00+0.00b 1.16+0.05a 369.25+2.47h 388.15+2.47a 1200 9.30:0.14a  832:0.25a 27.70:0.52a 29.61:0.95a
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Table 4 Soil potassium content of different treatments
+HECutr i L TKI%
Copper content

in soil/mg-kg’  CK PGPR CK PGPR

FHACH AK/mg-kg™!

0 1.29+0.02a 0.96+0.07b 899.50+21.92a 916.00+2.83a
200 1.20+0.04a 0.91+0.03b 651.00+16.67b 1 140.50+11.62a
400 0.84+0.02b 1.26+0.05a 783.00+16.67b 933.00+19.20a
600 0.96+0.03b 1.22+0.07a 914.50+£12.02a 952.50+3.54a
800 1.08+0.01b 1.26+0.06a 872.50+17.48a 881.00+14.04a
1000 0.96+0.00a 1.19+0.09a 944.50+11.92a 961.00+12.23a
1200 1.02+0.01a 1.11+0.00a 899.50+2.12a  932.00+8.49a
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Figure 5 Soil enzyme activities of different treatments
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