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Effect of heavy metal—-tolerant spore—forming bacteria on the cadmium and lead uptake of pepper

YANG Li, YAN Chuan-ming, HE Zhuo, SHENG Xia—fang, HE Lin—yan”

(Key Laboratory of Agricultural and Environmental Microbiology, Ministry of Agriculture, College of Life Sciences, Nanjing Agricultural U-
niversity, Nanjing 210095, China)

Abstract: In order to identify agents for reducing the accumulation of heavy metals in vegetables grown in contaminated soils, heavy metal—
tolerant spore—forming bacteria were isolated from the rhizosphere of Capsicum annuum and Lycopersicon esculentum grown on farmland
near mines in Nanjing, China, and the effects of the isolated bacteria on the growth and Cd and Pb uptake of pepper plants were assessed.
Seven heavy metal—tolerant spore—forming bacterial strains were isolated and found to possess a variety of plant growth—promoting proper—
ties, such as phosphate solubilization and the production of indole acetic acid (IAA ), siderophores, and polysaccharides. The bacteria were
identified as Bacillus megaterium, B. aryabhattai, B. velezensis, and Lysinibacillus fusiformis, based on 16S rRNA gene sequences and phy—
logenetic analysis. The bacteria reduced the concentrations of water—soluble Cd and Pb in the solution by 30%~39% and 4.3%~25.6%, re—
spectively, and strains L11, L15, and 144 (B. megaterium ) significantly promoted plant growth and reduced fruit concentrations of Cd and
Pb. Furthermore, the lowest Cd(0.07 mg+-kg™') and Pb(0.2 mg-kg™") levels were observed in the fruits of peppers inoculated with B.
megaterium 144, which significantly reduced the heavy metals by 39.1% and 81.3%, respectively. Therefore, B. megaterium 144 is a more
efficient agent for reducing the heavy metal levels of vegetables grown in contaminated soil.
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T NSl D, 3 4 e ¥ Y S I i S
LA 25 NIRRT U AR, Bk = A
A A5 DY A S G e s L AR AR 1A
DL Cd.Pb {50¢ 0 3, 3228 HLZERATUR A S
Cd .Pb B EFRE, T, B N MRTER S A %
TR G m YL i vk AR AR IBUSCN AR
15U AT FEUR B AR AP R SR
TS YL A H g R E 4 IR AR A AL CHLE
RN B2 GERT, X S A0 A SRR )
T EBEAOE AL B R K e A
W45, H ik Z it P AL S48 S R0 % -SRI, 7T B
S -3 A AR BRI B R T ER R

FEL AR B i A= 41 B4 ( Plant growth—promoting rhi—
zobacteria, PGPR )& H F A= 16 78 358 sl (i A= FAHE AR
I — AT A TN B B SR ORI T A
gt PR, FE AR PR AR AT AT LAy A 05|k £ R (In—
dole acetic acid, IAA ) 18k 2044 S50 A= W) R {E oE Al 4
A AR SR B AR BTS2k AR RE A S B
A AR IR AR R I g s 1) 2 ORISR, A 3K
B R AR R AR YD BTG PO — SEAE AR PR AR A= AN T
YHffIEE S A -COOH -NH, . -OH 5 REH], ABHH %
JA B T BCALLS G () I 20 i 3 Tl A R A8 6 F A
B BT - 398 rh i 2 4 Jeg BH o2 -, BRI B 4 JR i i 7%
FEEARI ) Park S5k BUVABEAN A Pantoea sp. CS2-B1
FN Enterobacter sp. SM1-B1 75 fi B 4y 1) [) B} e
[t 7 1T R - Wang SR MR Q2-8 FRIUH SR
A AN As B (22%~50% ) , B Bk Q213 Fl
Q311 BefE KRB =2 vl & A8 4> Cd & & (21%~
53%), FEIFFZEFERAENS 1/ 15 DTPA $2Ht
% Cd &, Chen 9% B Neorhizobium huautlense
T1-17 T PRTE 4 8 A 15 e IR b Be 08 i 5 4 i
BRRUER . RSN B FRR ST Ph Cd
it (ARSI Cd AL Ph S AT AR TR A A
B ot o H R, & T AR 02 A= 41 i 7 B 424 0 i
W o 4 J O T R E 1B S W T A T D AT g —
HTIE

B S A R AW, )RR, TE
A R R A R s Y n e,
JE TR B SR B i e A AT I s
DX 32075 e H i e R 52 Cd A Ph AR A £ A=
TR , PRI A A 200 T 0 BRARA= < AR W 463 )
Cd 1 Pb (5208 , AT HT PGPR ke BHA4 55 258 W Wi
4 PR AR SR A AR I A BL A

| HREHE

L1 RIG#r

HREPR L SBEAE . SRAE g BT B AT DX i A
(32.17°N, 118.96°E) ':F';fﬁfﬂ(Capsicum annuum ) F &
LB (Lycopersicon esculentum )R R 13

LB 55572 JREE UK 10 g, EEHEE) 5 g, NaCl
10 g, 7K 1000 mL, [EAREFRIETI N 2% 55 0lG . A A K77
L. EPE 10.0 g, (NH,),S0, 1.0 g, K,HPO, 2.0 g,MgSO, -
7TH,0 0.5 g,NaCl 0.1 g, [ EEF 0.5 g, 748 7K 1000 mL,
pH 7.2,

PEREE S HB M S ST ), WK [ T8
B AR T

At S TR X R A B 0~20 em %
J2 8 RAE AR R BRAEYER A, KT R 5 H
45 F . 1485 Cd 3.58+0.14 mg-kg™, 44 Pb 376.83+
0.76 mg kg™, ML 9.30+0.31 g-kg™,pH 6.13+0.2, F
B FRIL TR 5 R AR 36 , W 3K TARLSE AR
ST AR, 2R 1.37 g+ L7 BilF 0.79 g- L7, %
1EHf 0.84 o+ L7, A HLIT =30% ,N+P,0:+K,0=3%, %4
TR K 1 h A, 2.
1.2 fif Cd HHE Y5 B I ik

K FH 2R G0 U A1 - A SRR AE S 1 mg - L
Cd(NOs), iy LB [& {485 575 |43 8 alifb i P AL P
Cd HUPEANTT . PRICEAE 1 g, A 99 mL JCH /K
MHETE D, SEM IR - BRI 85 CHE IR /K s ok
15 min, il 50 107 (19 T3 5 OIS
9 mL AR 5 30045, W 1 mL RN 3
9 mL [ TR K LIRS ORI A TS
B 1 mg+ L™ Cd(NO; ), Y LB AR [ 3555 72 h J51EHL
P& B S 0Pl , AL PRI S R A1y Cd Btk
WERTETR , 224 s aide  RAE R
1.3 BEHREE P4 R

TR AR 7™ 22 W B8 0 D 7 SR T 2R B — B R 1219, 7 s
W 218 (TAA) € 275 Gordon!™ Mayer™ % (1) 77 1
BRAIARE JINE 27 Schwyn® iy Jr ik, i i TP E
JIE S Lin 2R 05
1.4 AMIS FEE

W& AR RN 2 LB WK B TR b B 37 0B
W1, 225 80055 NP i 4 A T Y R R A
DNA. DAZE[NZH DNA Sytsiti , R i A 514> 227
5" ~AGAGTTTGATCCTGGCTCAG -3’ 1 1492R .5’ -
TACGGCTACCTTGTTACGACTT-3" i#47 PCR ¥ .
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PCR JZ Wi {£& % (50 pL): 10xBuffer 5.0 pL, dNTPs 4.0
wL,27F Fl 1492R % 1.0 pL, F# /K 38 pL, IR A5
A DNA #iffz 0.5 wL,Taq fiff 0.5 nL, PCR 234 :94
°C,5 min 2514594 °C, 1 min 2844 ;52 “CiB k 60 s;
72 °C 2 min;30 MG ;72 CHEAH 10 min, $F 16S
rRNA SEH P31 7= 1) 1% 28 g ot 4 a2 0 RL B A B
S ElF o F BLAST 3444 iir 3145 7751 5 GenBank
LAY 16S tRNA JE R 3 51 1T HO X 43 A7 44 3 R
ST R el
1.5 BERITRR P Cd 0 Pb EBRIEA

BRI E AR R 3 mL A LB 85353840 ,30
°C.150 r-min™ #R% 15 7% 16~20 h #4751k, TR
VESAE T B R B R B 2 ODeo THM 1.0, 4% 2% 143
Tl K BTV A B B — YR A 7 mg - L (1 Cd™
[CA(NOs),] .14 mg-L™ ] Pb** [Pb(NO,) | FIFR4 & &
) LB WA R 3k e R AL B 3 AN E XTI (CK)
KA AL HE 30 °C 150 re-min~' $Z35 K55 24 h,
10 000 remin™" B5.0> 5 min B FiEW . F ICP-OES
FE Y Cd AT Ph R EE, 4R ) JeBR AR Y
TAARITE

FBR =0 B B W 4 JE B TR B - T
I DA R B R D IR ST A e
FHREX100%
1.6 BRRXT E HA SR A (R & iR 58

BRAURD 1 AR A B, 25757 MG 7E A AT e JC B
LR RS LA O T 30 CCRARS G FRAR TP 28 Pk
HERB—HWE O FREMTE NS, FFY K G 3
B R PRI A S B A 4 B T DR R o
R R R A AR, 30 °C 150 remin™ k35
K 3% 16~20 h 2 5% £ A= 4 19,6000 r+min™ B0 10
min WCHE A, FJC IS 25 88 /KW iR S 4, T
B E 2 0D A 1.0, K5 HABIRTRIR T LR R
30 min J& , AR A KB E SR E B fh, B/ OEHE
1Bk, ATC B I R 37 2 AR AL B 1 B 4 1 A ot
FE(CK), AL PR E A =Mk CE IR ZEEIREE IR, b8
KB, B PEK R — 8 MRS AR 2 F G SRR KA
PRI 7L T /K PR WK 4R T, I AR
K ke s,
1.7 BEREITERHEIRYL Cd #0 Pb Y550

R I B ARl R A R I B b, H G
AT o KT L 0 1) B 4 SR 15 YAk HH - 18 A9
R B4 1.5 kg, FERMEET 3 d BEZK O H [A14E
IKEEZ 609%™, R /INEE] MLl — B BT,

Fie 1.6 IEMEZE BB o DI REAR R, B A A
AR 30 mL(29%4% 8 & ), DA Rl Jo % 5 54k
AT RR(CK) o AR AR S B SRR o B Z Rk 1
AR, BRSO (R AR SR UK URIEAE )
AR TR B RKS; . AR E R 135 d, 403 1T 2 d
ABEIK

A )R AL RS, /N oo 47 T A PR b A RS,
+ KR AR R IR 2 S KR SR SRR
Ve, oK AR TR s BT i, T 80 “CHLAR AL T 2
T i, FR o T T o AR B AT A SR 52 T, FRER
THERIFEAL 1 g TR T AR A A T IF A [R) R AR E
A THE 0.2 g TR H AL h 17, H 5%
HNO; %E %%, 5K ICP-OES & i ff i Cd> A Ph*
i, R BRI SE AR Y Cd A Pb it B
i :mg-kg™s

TR E R R R B A AKTHE

& 5 Z %1 (Bio—concentration Factor, BCF )=
R 5 i (mg- kg™ )/ AR ST i (mg - kg ™)

8 Z 40 (Transfer Factor, TF ) =FUHU 5240 ol 4
Bt (mge kg™ )/BHR ERFAECAS & 1 (mg-kg™)
1.8 HiR4abE

Sz B 38 K% Fi Office 2007 .SPSS 19.0 Fl Ori—
gin8.5 BAFHAT /AT SRR, 22 5 W& MR AT ANO-
VA BN 20081, ARVNG FRACRZ E i 2E
ShE R (P<0.05),

2 ERE5SH

2.1 BIRRAEY A AN R L

N A X 20 AR FH BN 2% 2 SR AR B
Herh oy B a2 150 BRI ARANTE , X LA G #R XS 1
mg- L CA* A4tk dh—2D 00 bk i A= Wy 2 i 2
AR 7 RRZFALAT I, 45 o0y L11LL15 122,
124 125,144 L121. & | AJRAR X 7 SR
BECRE SIS TAA | SRR R AP 20 . IXSETE R 1)
TAA P VB R 1.64~51.02 mg- L™, ZH =& u -l
0.43~1.90 g- L', ik 122 1.24 144 F1 L121 GEMSTAF#
BERRSS , 76 NBRIP $i 3%k A &I R wiiel 4 . &
16S rRNA J& K 41 4347, L11 . L15.1.22 FI1 144 5 B.
megaterium 1) [A] R4 3K 2] 99.9% ,1.24 F1 L121 5 B.
aryabhattai F1 B. velezensis W [R5 44351k 99.9% Fil
100.0%, 1 125 5 Lysinibacillus fusiformis [ P57
H 99.6%, RELRE K FILE 1, ItHs 7 Bk 2 AT I
A5 )E T B. megaterium \B. aryabhaitai \B. velezensis
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Table 1 Plant growth—promoting characteristics and species of the isolated bacteria

Rk 3 Zhkilg- L W50k 2 R /mg - L™ BRERAAR T s [F] e
L11 BRBUARPR £ 1.56+0.07 1.74+0.00 . - B. megaterium 99.9%
L15 ELRARPR 0.43+0.03 11.67+0.58 . - B. megaterium 99.9%
122 X BB+ 0.75+0.21 24.91+0.25 o+t + B. megaterium 99.9%
124 ZACRRPR L 1.30+0.16 51.02+0.09 bt + B. aryabhattai 99.9%
L25 BB B £ 0.59+0.03 1.64+0.14 + - L. fusiformis 99.6%
144 BRAAR B 1 1.03+0.09 18.88+4.11 A + B. megaterium 99.9%
L121 BRATAR B 1 1.90+0.02 2.77+0.23 + + B. velezensis 100.0%

T O BRI SE S 630 nm BRI E (5 X IR Hoo ML 1~0 Z A1 LL 0.2 Sy IR , B0 0.2 B h—A“+7, “+ " M2 Pk AR 1 B st .
@:+:ﬁ7_:)[:c

86‘-Bacillus aryabhattai B8W22"(EF114313)
{'L24(MF418039)
61} L11(MF418036)
574 L15(MF418037)
96 | L22(MF418038)

[69/1 L44(MF418041)

 —— i “ Bacillus megaterium IAM13418"(D16273)
89 .. 1 Bacillus flexus NBRC 15715"(AB021185)
24

frenee Bacillus paraflexus RC2'(FN999943 )
Bacillus circulans ATCC 4513"(AY724690)

| Bacillus pocheonensis Gsoi 1420"(AB245377)
100 Bacillus aerius 24K"'(AJ831843)

1007 & Bacillus lichenifor CC 14580"( AE017333)

241007 Lysinibacillus tabacifolii K35 147(JQT54706)

==

L L121(MF418042)

Lysinibacillus boronitolerans T-10a'(AB199591)
~=Lysinibacillus fusiformis NBRC 15717"(AB271743)

1 L25(MF418040)

‘—— Lysinibacillus varians GY 32"(JN860068 )

E\. ................................................................................... Paenibacillus ag(”.exedens DSM 13271( AJ345020)

1 ETFE#ERS 16S RNA EFFFIHEN RS AT

Figure 1 Phylogenetic tree on the basis of partial 16S rRNA gene sequences of the isolated bacteria

N L. fusiformis ,
2.2 FRFFEARPRROXBRIER

AP 2A AT, FES 7 mg- L7 Cd* ) LB 8552 T
W24 h i 7 BRZERAF R X CAP il R BR R IE R
30.29%~36.4% , 2R A% 755 14 mg-L™ Ph*(i LB
BRI, 24 h BF 7 BRZERUFT RN Pb i) eBRE2E
R WPE L121 XF Pb By BRAmE ik 88.4%, i HiAth
6 PR ZEAUAT TR XA P21 2 BRHTLFI7E 10.9%~
25.6%, FH & 2B Al %0, fE 4 4 Cd Pb 4bFEET, 24 h it
PRREXT Cd* i 2B R Va B 32.9%~39.2%, EjH—
Cd 2 P RBRRMIE . A EEE A T kT
PO> I B 3RAE 4.3%~17.5% 2 7], 5 5—Pb &40 T
MR BREAH LIS A T % 45451 2A (2B AT 7R —
P FRAT Cd \Pb &4 A PRI B RE L121 X% Phfl 25
B3 % M 88.4% T &5 9.6% , AT REJ& B bk 1121 Xf Pb

Cd W B 7 SR AR AR 1Y), CA* A S P&
AT SR E R S R
2.3 B B HAEMAR E1ER

P L 3 AT, AT B AR X SR A 41 2 A i AT 22
St RN TR LA4 POBRANR K ik i Ak B 200 =
Ll ot R 2 43 1) i S 19 65.7% . 20.6% F1 20.5% (P<
0.05), HWK, BRI TERE L11 AYBHUR K Rk 5 A fif 2
5 CK M H B 80 T 42.4% 17.5% F 17.4% (P<
0.05);5 CK AL, $Z R0 B #k L15 21 A0 SRR+ A bk
R I T 19.0%F1 19.6%(P<0.05 ), {H&f &
WA, Bk 122 124 L121 X EmIcie Ve,
1.25 ot ORURR < et = A7 V6 FH
2.4 EHRXTERBIREF Cd 71 Ph & 28I

M2 2 AT 5 CK A, 7 RRUE T PR AR RE 2
FEARBRBCR 2 Cd & i, FEARRM Y 21.8%~
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Figure 2 Effects of the isolated bacteria on removal rate of Cd( II )
and Pb( I ) under single( A) or compound(B) treatments

39.1%( P<0.05) i #k 122 144 L121 &b 3SR 52
Cd &Ry 0.07 mg-kg™, BRI A 5L 42 E R
(GB 2762—2017) L E Y Cd PR 0.05 mg-kg™', 5%
FHAT LA WA K T 4 A T I A R B
HIRESI R/ 5 CK ML, BR 124 Ab¥ > Ah, HoAc i i
Ab BRI REAH BRUR 5L Cd #8 2BOF %, o e fh
PR 122 125 144 Lb AR 52 Cd 5688 2 550450
BF R 17.7% .27.6%F1 22.0%(P<0.05), 5 CK 4
b, 2 0E A0 PR BB 52 Cd & 4 R 2 N R
25.2%~40.6%,

5 CK M EL, B fk L1 241, H4y 6 ¥R 284
YN IRE WS PR ARBRAUR SC H Ph (3, BR(RIE
Bl R 22.99%~81.3%(P<0.05) . 1%Fh Rk L44 (FBUUR
SEr Ph SO 0.2 mgekg, FEITE 2 E SR E
(GB 2762—2017)ME ) 0.1 mg-kg™ Pb FRHE. 5 CK
AHEE  BRTARR L11 Z 80, AR AER B RR A BB 52 Ph
R 2B B A 22.2%~81.5%(P<0.05), H-52 Pb
B AEURAK 33.39%0~66.7%

FHOCHE 73T (36 3) RIABMBER L b Cd Frit 5
Cd B R, BEREW T EIEHK,Pb &5 Pb

A
a
—
b
10}
C
g d d d
)Tﬁ e
B st ﬂ
0
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05
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g 6F |
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0 AbFR
e
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a T
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S L I R L
[=3 C
=
Eﬁl.o-
i
#
0.5}
0

CK LIl LIS [22 [24 [25 [44 LI21
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Figure 3 Effects of the isolated bacteria on peppers growth

in the fertilization experiments

HRAN . BEABWEEIEASE, UL B S
Cd.Pb (HEH R BRI 5 REPFIEHMAUR 2 Cd
F1 Ph F i s R R 22—, B R AL B AIR Cd . Pb 3%
B RBONE ERE, AR TR Sk Cd
1 P,

25 BRI FEFE SE R R bE 144 5 B
MUERSZH Cd F Pb % 53 B BEALZE 0.07 mg-kg™'
0.20 mg- kg™, KR IR EE 40 3% 39.19%F1 81.3%,Cd . Ph
R RPN S S5 R B, UL B. megaterium 144
FLAT BB Wi B 4 i R v e o R

3 it
TER R E YRR FE T, Y SHEYIE R T
— N RIFPIHES RS, RE X TR A 405
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Table 2 Effects of the isolated bacterial inoculation on Cd and Pb accumulation in the fruit of the peppers

Cd Pb
o rithgke'  BBEBCOF WREEBCE  fitmgkg'  BBREKIF  EREBCF
CK 0.11£0.01a 0.017b 1.09+0.03b 0.009b 0.003
L11 0.08+0.01bc 0.016bc 0.022bc 1.74+0.04a 0.012a 0.005
L15 0.09+0.01b 0.016bc 0.74+0.02d 0.005d 0.002
L22 0.07+0.01cd 0.014cde 0.020cd 0.60+0.03e 0.004e 0.002
124 0.09+0.01b 0.020a 0.33+0.01f 0.003f 0.001
L25 0.08+0.01bcd 0.012e 0.022bc 0.84£0.03c 0.007¢ 0.002
144 0.07+0.01d 0.013de 0.20+0.01g 0.002g 0.001
L121 0.07+0.01cd 0.015bcd 0.020cd 0.58+0.01e 0.005d 0.002

T [ASAN )/ N 5 B R Ab R 22 5 i 25

3 HMRIH CA.Ph EESEBRY . EERHMHEXE
Table 3 Correction coefficients between fruit Cd content , Pb

content , transfer factor and bio—concentration factor

Cd Pb

T EBAREERH O EEREEERLK
(1) (2) (3) (4) (5) (6)

(1) 1 0.593** 0.998**  (0.341 0.392 0.264
(2) 1 0.573**  0.041 0.041 0.039

(3) 1 0334 0387 0259
(4) 1 0.983%%  (.95]%*
(5) 1 0.951%

(6) 1

T FORAE 0.01 K- (OU) | FARSE

PEHER P A R TS RARE ™, HETE S60E ) 2
PGPR T , 3= SR S8 0 45 2 F04F B & (Bacillus ) R
BB 8 (Pseudomonas ) . [& & F & (A zotobacter ) . [E A,
W2 J& (A zospirillum) J¥T 1 J& ( Enterobacter ) 3532
Xof BRI AR 0 B 50 o, Rl e 2 A T AT 2
FAFFTE /N ZEAEAT T 2R 2R AT B A T 2 AT
BIVE R S A A, PGPR MM A= fE 1 BRI 7E
REAE 7 A — SEAE )L A= W 5T, Anms| Wk 2 1R R8s R F
FORREEPL AT T MRt A R 7 A g
Wk L RR AR B, A 125 77 A= 5|0k £ R AR AR AL
D W ICHEHERE ST, PRI BB AR E AN B3 o 0 5
FBHUR PR L1 B. megaterium 144 AR BHUA W]
AR AR, s S HE RIFMILRC &R, JF6E
R SE h Cd A1 Pb i, HoA RN
e

A= W %) T A BRI iR 1Y
Wkt EE S . MEANR S W (Extracellular polymeric sub—
stances , EPS )2 Al & 75— & 515 T & 40 1R G
Yy, A gE 20 R AR W i RERD, AL

AR 4 B B A T A0, R R R T IR
BEPE: 200 TR7 , 248 L RE R O SROME RNl B R 20 B, 5
F & AR Tk e JL A5 SE A A5 A0 o 3R A A B R
fi , 55 LI A 4 B A R e R B BRI
T &8 BT 0 S, AR & B T BRZE A
FEEHER Wb 205, TERS W 24 h B AT 2BR 30%~39%
) Cd,Pb E£RHTE 4.3%~25.6% 2 |7 , il 1 24k 1 56
RIL 6 KRR TR e 2 B (TR S5 Cd Pb %
I, I ZE ST B A0 4 AR R A ) 22 A RE A R
HEEEET, BIET P A Cd EB AR S EER
B0 T E AR T AR . Park S5
WA Enterobacter sp. SHEW #y YIRS AT
DIARGE b SCHEE 4 R A 14 [ o , F2 B R A e
W, Guo ZEPIFSE & LW 41 14 Bradyrhizobi-
um sp. YL-6 $& 5 KT FE F* Fe WIS K
GARZET Cd R 144 bk E A fRuiae ) i —2
WL TR A 75 1 M ARy SO IR 05 Fof [ 4 B
MUGEERY) Fe HF2 MARE 1338 8 4 JF: i B L
BIL, AT LA R R AR A AEOBUBUR 55 8 42 & 7 = A
FAMLIREE HEIERT

A H 37 2R R FEBE A EE 4 S V5 e, WA AR B
AN Tt A T8 52 IR BEA ™ dib e A 7™ o X R TS
PRI A A P R S SR LR AT TR
R R s Y I R E S R R B R 2k
0, AV 2GR ERE & N T o BRI SO
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