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Screening of heavy metal-resistant bacteria from the soil of
road forest belt in Urumgqi of China and testing of the heavy
metal-removing ability

HUANG Yongjie'?, BAI Xiaoyu', ZHU Yanlei '

1 College of Life Sciences, Xinjiang Normal University, Urumqi 830054, Xinjiang, China
2 Xinjiang Key Laboratory of Special Species Conservation and Regulatory Biology, Key Laboratory of Plant Stress
Biology in Arid Land, Urumqi 830054, Xinjiang, China

Abstract: [Background] Heavy metal pollution of roads becomes more and more serious, and
it is urgent to find efficient microbial resources for environmental remediation. [Objective] To
screen heavy metal-resistant strains from the soil of road forest belt in Urumgqi of China and test
the heavy metal-removing ability. [Methods] Four media containing five heavy metal ions (Pb,
Cd, Zn, Cu, and Ni) were used to screen the resistance strains which were then identified based
on morphological characteristics and 16S rRNA gene. The removal of heavy metal ions by the
strains was tested by inductively coupled plasma optical emission spectrometer (ICP-OES).
[Results] Among the four media, TSA was the optimal one for the screening of strains. A total
of 16 resistance strains were screened out: 4 Pb-resistant strains (tolerant concentration:
3 000 mg/L), 4 Cd-resistant strains (tolerant concentration: 800 mg/L), 4 Zn-resistant strains
(tolerant concentration: 600 mg/L), 3 Cu-resistant strains (tolerant concentration: 300 mg/L),
and 1 Ni-resistant strain (tolerant concentration: 400 mg/L). Among the 16 strains, the majority
were Bacillus. The removal rate of 700 mg/L Pb*" by strain Pb6 stood at 92.48%, and the
removal rates by strains Pbll, 3 and 9 hit 27.70%, 40.37%, and 58.88%, separately. The
removal rate of 200 mg/L Cd*" by strain Cd4 was the highest (63.84%), and the removal rates
by other Cd-resistant strains were about 30%—40%. The removal rates of 200 mg/L Zn*" by
strains Znl and Zn4 were 65.34% and 60.87%, respectively, while those by strains Zn5 and Zn6
registered 15.78% and 12.60%, separately. The removal rates of 300 mg/L Cu®" by the three
Cu-resistant strains were low (<3%). The removal rate of 200 mg/L Ni*" by strain Ni2 was
4.31%. The strains (except for Cul and Cu3) mainly removed the heavy metals by adsorption,
supplemented by absorption. After UV irradiation of strains Pb6, Cd4, and Zn1 for 30 s and
continuous subculture, the removal rates of the corresponding heavy metals by three stable
strains were 91.11%, 65.10%, and 66.48%, respectively. [Conclusion] Three strains with high
tolerance to and removal rate of heavy metals were screened out: Bacillus sp. Pbo,
Pseudomonas sp. Cd4, Bacillus sp. Znl, which can be used as candidate strains for the
remediation and treatment of soil or water polluted by heavy metals.

Keywords: Hetan expressway; soil bacteria; heavy metal-resistant strains; removal ability;
inductively coupled plasma optical emission spectrometer
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Bt 3 [l 58 3 d ol i PR R B, AR
SCHERR « ATLAMBE A58 R A2 A b S5 o 3 gt -
BEHEERIOTRME, Ea 1 E IR TS R
B, IR U AT B AR
ARFFHAL TR INLkZ3E, RN, e
T, R TR E 2 kb XORNRR P Fifi % 1 <8
XA, 34 28 T R TT A PRk A i 3 Bl 5l
At hn, ST A EIE R, iz
P RN WO ARG BRSO, Tl =
AT, SRR RS RS, T
faF T A ST R, JEE, B8 A5
3 (Cd) . #5(Pb) . £E(Zn) ., Hi(Cu)FIER(NI)
P28 e i SER 4.5, 3.6, 2.3, 1.9
1.0 £, JFHAAESCEHEXIENHEER S
AR 2 B R S B RS XA
S ARHT - 398 T 4 R SO B 0 B ok e (L
HEZEGEESENPb, Zn 55, ZE FAlAl, B
P T IEZ ARG H R E, 2B
ST RS e 1 EE KA R R —

Hii, FIAAYBEE LIRS R R
BRAR B AT Rk R RS . A 2 AT R R
(Bacillus) . 1B M5 )& (Pseudomonas) . 15 FF &
J& (Arthrobacter) . W ¥F 14 J& (Enterobacter) Fl i
BRI B (Micrococcus) A E ", N EAAREH
4 JE W AT IR SR e ) T H & R 15 YL i
e, Hr, B (Bacillus megaterium)
FAL L ZE MO 3 (Bacillus subtilis)" T 2% Pb
M Cd; T HIRFME (Pseudomonas syringae)'™
T CutB S ; — b il AL IR AR IR 37 T K B
Cr. Cu Ml Ni"™; FEF 405 K& =A™= 2 i a0
KR AT EEREEN, mkal i, %
W) Z A T G B R A T LS,
i e HAT i 52 M Y 28 MR T8 52 2 v
J& 15 G TR+ o b L

5 B8 RS T PR R % B T e A XY
FTIE, REF RN 47%H e, B4

30 AR EWEAT, IR FEIE R R
B, R RAH™ E A B AR g
G R B RO, H A S I o PR s Y - 45
4@ 15 gL 1 7 IR RN B &2 THT AT 5T G UL 4
1= IS s A N D QLS R <7 NSy o ER IRV AS T 919/
WO ORL, SR 4RGSR IE(TSA.
R2A. & K—5 . FREEAMKREIRIE)TE 5 f
H4JEPb. Cd. Zn, Cu. Ni)& Wl F 740
PE R S 4w L BRae 1 aumtay, DAk
4 8 V5 Yk R el 4 48 A7 SR AL r A e R
W A IR I S SR T Y iR 42

1 HRE5r%E

1.1 #8
1.1.1 H&m

T 2020 4F 4 J e 5 AR S i Tl e b e it
LK BT AR R AR, SRS B 1A I
D% 2.0 m, HIFR T HERIAE 5 AR A
e SR A, R H SR EE R E 0-20 cm
TR, B S ERESERIRSE, AR
— i L REVE AR, AR AT 5 1A,
WEISEER e, 4 °C /A, T MBI 22 .
1.1.2 EHFHE

TSA B3R 32 WA SCHR[18]HC ] ; R2A R FR%E
ZMOSCHR[191BCH 5 2 N 82 11 R (nutrient agar,
NA)RE S5 H 2 BB SCHR[20]BL 5 5 X — 5 (Gauze’s
No.1 agar, GA)}5 ## 32 B SCRR 21 TR -

1.1.3  FERXFMNIE

b 2% 5 50 34 S [ 4 A 4l PbCl, |
CdCl,-2H,0 . NiCL+6H,0 . CuSO4-5H,0 i
ZnSO4-H,O, Jbnt i E B AEH ARG R THE
ANa], HRERE 25 0.22 um G BE R g A
F; DNA $#2BG55F1 PCR iX#], AT A9 T
()R A RA A

TEIR IR, Bl SRR A A IR ]
TR AR B 240, i R R AR il A BR A A
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HLUKAX, Jbais—AWRHA R A\l 5 PCR X,
NAAEY RGN BIERE ST R eE
{¥(inductively coupled plasma optical emission
spectrometer, ICP-OES), FdmifH= FLAYH AR
ABRAF
1.2 &
121 TEMESEEMMIBSHEK

FREUHT 8 L FF 10 g, MAZA 90 mL G
RKHEE R, 245§ E 3 min, HU L
AT K#EAT 1072, 107, 107 BRI ke, I
il 300 mg/L Pb*",20 mg/L Cd*".200 mg/L Zn*",
200 mg/L Cu®". 200 mg/L Ni*'4k 5 Fhigw, If
F3X 5 BTSSR 4 B RS 3R I
JIT A5 EE 4 B T R 3R L R 20 B, DIR
USR5 J 1Y) 4 FhdE IR AR 0 IR, 3k 24 Tk
FRHE, WEC 107> AR TR R 100 pL 23510 A
B FiREE SR, 28 °C fHIR IR 3-7 do MR
SRS, LIy 1480 CFU /R . AR R
U S E AT R B ARAT AL T2
122 HEHRNESBHMZM

WZH 2 uL PR (ODgoo M 1.0)53HI7E TSA [ A
B3tz A 600, 900, 1500, 3000, 6000 mg/L
Pb>*; 200, 400, 600, 800, 1000 mg/L Cd*;
250, 300, 350, 400, 450 mg/L Cu**; 300. 400,
500. 600, 700 mg/L Zn*"; 250 300, 350, 400,
450 mg/L Ni*", 28 °C fHiRE5 3% 3-5 d WA K
R0 DA FAE B B T 2 4 ) it 2 4 o
123 D EHRERE

W Ui 8 KA ) T 4 J R AR R 2 F TSA
REEFREE 1,28 °C H5 3% T 3-5 d TE AR
WELRITE /N Bt . AR . RIS L
&, HEXTHM TR L R, IERRRIE S K
P 55 1 . Ko Btk BRI, T
28 °C. 120 r/min §E¥F 5354 %, R CTAB-
Frmh PR EUE W DNA, SRHEMSIY 27F
(5'-AGAGTTTGATCMTGGCTCAG-3")#il 1492R

(5'-GGTTACCTTGTTACGACTT-3")%f & $& B iy
DNA #f7 PCR 74 . PCR JZ W {A& £ : 10xbuffer
(% 2.5 mg Mg®") 2.5 uL, 1F S [ 5 4(10 pmol/L)
% 0.5 uL, DNA #i# 1 uL, dNTPs (5 mmol/L)
0.5 uL, DNA 48 (5 U/uL) 0.5 uL, /il ddH,0
#hJE 25 pLoPCR N 54 : 94 °C 5 min; 94 °C
30s, 55.5°C30s, 72°C 1 min, ¥ 30 ¥K;
72 °C 10 min, ¥ PCR ¥ 347k 24 TEY) T
PR ATBRA FlEFT 16S rRNA FERIF
124 DEHNEEENERIAE
PRI -4 1 AL 1 PT T 4R 40 B R PR R
F TSA Wik FE 5, 28 °C. 120 r/min §5 37
17 h J&, #% 1% FHE R F5 700 mg/L Pb> |
200 mg/L Cd*". 200 mg/L Zn*". 300 mg/L Cu*".
200 mg/L Ni*" [y TSA W IARREFe e rp, LIR
FIVE R XT R, AEAbFRE AT 3 1K, 28 °C, 120 r/min
R IEZE 72 h 5 6 000 t/min .0 15 min, 3%
SCHR[23 17 1543 e VS (10 mL) . PRI
(10 mL) & BARTTVE . WARTTIE A 1 mL ¥
FHERZE 2 h KRB 2N, EAZE 10mL,
R IR . SR ICP-OES 43 1 5 b5 W
R EmRP N ESR S E, AKX
(D=3 Bt AR AT T4 R B T 1 R BRR
W o 3 AT AL
WG B K )E (mg /L) -
I TR (mg /L)
WG B TR (mg/L)
PRI BT (mg /L) x
PRSI (mL)
WA TR (mg /L) x
WA AR (mL)
TH AR T IRE (mg /L)
TH AR AF (mL)
WA B TR (mg /L) x
VIR AR F(mL)
1.2.5 D EHRENBEHAE
20 °C HhE RAE I TR AT IS L, W

LR (%) =

100 (1)

W B3 (%) = x100 (2)

R (%) =

x100 (3)
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B 5 mL X EH E W (ODgoo M 1.0)F K B 15 57
Mmrp, ¥51IR A 5 1 FH S AT 047 28 40 B G i
¥, ETEAMT TR 30 W, il HEE 2R
30 em, ¥ AGTETEISY 30, 60, 90s, TEAEHE
SR, WRHER 200 pL 28 AME S B BRI A T
TEAEE T TSA BkE IR, 28 °C 18
TR 3 d, EEAEURESR 3 W IR E UG Bk
BOPAR A AT TR 75 2 TSA AR RE SR 56 it
ik, TE AL TR TR 1% P i i 2 T O T A
BRI ESEE )T, 28°C, 120 r/min #&
YikEFE 72 h 5 6 000 r/min 250> 15 min, W &
PR E 4 B A 2 BRAE O, DARSR ST B o X BE
1.3 HIELESHH

DL ESCIRAb P B 3 Wk, AR LI
+SD %n, K SPSS 20.0 Hf4% B #1 T i
FE s SR 16S rRNA JE[R i+ NCBI
o BLAST J7ikib47 Fb X, 96 BORR B Fc v 4 TR
WP sIME RS % 74, H MEGA 5.0 #F 4
PEERG L BN, R 16S rRNA
X348 2 NCBI H i GenBank &5,

2 ZEREHM
21 TEFFESRAMSSHEESS
=

S 4 B FE 2 6 T SO T

T, SR 1, 4 R IRZ4L(CK)H R2A #5
F2 LT T5 B0 i (1.62x107 CFU/g), 5 HAth 3 #h
HBFHEEES; GA FI NA BHFIERERZ; TSA
55 97 H T VE B 1K (7.67x10° CFU/g)

M4 PRI RINESEE A, Wik
B 5 ) BEORA e 38 I8 2508 . WS Cd L Zn, Cu,
Ni B FJ5, TSA ¥ h g da B TH
i 3 FpIEFERL, MR Po B 15 GA B3R 5L 14
PR (7.33%10° CFU/e) R 5 . A 4h, 1E4 Pb,
Zn, Cu MY NA #5552, & Zn, Cu. Ni ) GA
FEFRELA R2A B IEWEAK . I, TSA Kk
FETVE N 4 Jm B 1 00 T B 4 R 3 1 B
FRILAAL,
22 TEMESESBHRAMIME

M TSA EiFRHErpifdk i 16 BREA B i
ZPER PR (R 2). Hdr, Hibk Pb6. Pb9. Pbll
XF Po* BFLME K 1 500 mg/L, i B Bk Pb3 Xf Pb*
it Z M fe s, HAirkik 3 000 mg/L; Hikk Cd4.
Cd6 1 Cd8 Xf Cd*' bkl 400 mg/L, i
Cd5 IHPEE A 800 mg/L; Wbk Znl | Zn4 . Zn5
M Zn6 XF Zn* WA AP 20k, Hpirkdyik
600 mg/L; BEkk Cul. Cu3 Fl Cul3 % Cu® Btk
i% 300 mg/L; kK Ni2 XF NiZ" A4t 400 mg/L.,
23 TEMEEREEMKEE

PUE &8 W B TE KN —, DIRIE R &,

£1 THHESBAEHES T

Table 1  Statistics of quantity distribution of the heavy metal-resistant bacteria from soil (x10° CFU/g)
Type of medium CK Pb Cd Zn Cu Ni

TSA 76.67+7.36Ca 38.00+13.06Bb 3.06+£0.05Ac  9.60+0.91Ac 1.51+£0.18Ac  5.40+1.42Ac
GA 116.00+7.79Ba 73.33£17.15Ab 0.11£0.04Cc  0.00+0.00Bc  0.00+£0.00Bc  0.00+0.00Bc
NA 119.67+16.36Ba 0.00+0.00Bb 1.22+0.20Bb  0.00+0.00Bb  0.00+0.00Bb  0.9+0.14Bb
R2A 162.00+9.20Aa 13.67+5.73Bb 0.11£0.01Cb  0.00+0.00Bb  0.00+0.00Bb  0.00+0.00Bb

AFRIRE FHER 4 FEIREER] CFU 2253 8.3 (P<0.05); A F/NE FRERACRENIN(CK) BN 5 I 48 88 15 [7]— 5
FRIL[H) CFU 2257 8 3 (P<0.05)
Different capital letters indicates significant differences in the number of CFUs among the 4 mediums (P<0.05); Different
lowercase letters indicates significant differences in CFUs between the same medium without (CK) or with the addition
of 5 heavy metal ions (P<0.05).
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Table 2 Tolerance of the soil isolates against
heavy metal

Cd4 1 Cd6 MBAMER , HAB MR GE 3).
BB R 16S rRNA JEH (&35 I
7 4)5 GenBank "y 41 4T [R] P54 43 B (R 4)

Strains No. Tolerant concentration (mg/L)

Pb3 3 000 G R ARG L FM (B 1R B B ik iy

EES i zgg 16 BRIE T 10 MR 25 A0 I m , i 4 RS0

Pbll 1500 LEHFT B (Bacillus pumilus) & FRA T, AHAPE

Cd4 400 N 99%—-100%; HAx 6 HRor5I5 B ZF AL i

Cd5 800 e e

Cd6 400 (Bacillus huizhouensis) . Ta] ¥ 25 f T 1 (Bacillus

Cd8 400 simplex) . iz 8l ZF 5 (Bacillus mobilis) . W&

;nl Zgg SR B (Bacillus cereus) . i ¥ 25 SRR B A1 BT
1

7n5 600 EZE AT I (Bacillus aryabhattai) A3, AR

Zn6 600 ¥ 99%; ZJEE M HT Pb. Cd. Zn Hl Cu 4

Cul 300 e X . R

- 200 o2 BRIE T RULIAR 55 5L

Cul3 300 B (Pseudomonas fluorescens) fl Pseudomonas

Ni2 400

B aMEnEL, WG085, K
JelE . BUHLIR I H R PAEDT Pb, Cd HHE,
P Zn. Cu. Ni BIPREKERERZHORBE . R
MBS T4 BR Zn5 SMERR IR S AR .
PUEAT G 2, 22 R A5 R R A Btk

seleniipraecipitans fHiT, AR 99%, %
JR BT Cd 4T . HAr 4 BRE T FF 18
J& . T ZEAEAT B B (Terribacillus) . 213K &
(Rhodococcus) M ZLFF 1 J& (Lactobacillus), 5
FRE BRAR A RIS 98%-99% , X 4 #k43 31K
2 BRBL Pb B . 1 ARSI Zn B 1 BB NI BA .

®3 ITENEESRERIESERE

Table 3 Morphological characteristics of the heavy metal-resistant isolates from soil

Strains No. Colony characteristics Bacterial shape  Staining results

Pb3 Larger, round, dark yellow, smooth and moist, neat Short rod G*
Pb6 Large, round, dark white, raised, smooth and moist, neat Long rod G*
Pb9 Small, round, white, smooth and moist, neat Short rod G*
Pbll Small dots, round, translucent, smooth and moist, neat Long rod G*
Cd4 Small, round, yellow, raised, smooth and moist, neat Short rod G
Cd5 Larger, irregularly textured, white, rough and drier, wavy Short rod G
Cdo6 Medium, round, gray translucent, raised, smooth and wetter, neat Short rod G
Cd8 Medium, round textured, milky white, rough and drier, wavy Long rod G*
Znl Medium, round, gray, rough and drier, irregular Short rod G*
Zn4 Medium, flat, light yellow, rough and drier, wavy Short rod G*
Zn5 Small dots, round, yellowish, raised, smooth and moist, neat Globular G*
Zn6 Medium, round, off-white, rough and drier, wavy Short rod G
Cul Small, round, off-white, raised, rough and drier, irregular Short rod G*
Cu3 Large, round, white, raised, rough and drier, neat Short rod G*
Cul3 Small, round, white, rough and drier, neat Short rod G*
Ni2 Smaller, round, dark brown, rough and dry, neat, firmly bonded Long rod G*
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Table 4 Sequence homology analysis of 16S rRNA gene of the heavy metal-resistant isolates from soil
Strains No. Most similar strains (accession No.) Alignment length Similarity (%) Accession number
Pb3 Bacillus huizhouensis WIB41 (KU877639) 1 446/1 447 99 OM341399
Pb6 Bacillus simplex EGI89 (MN704415) 1 444/1 446 99 OM341400
Pb9 Arthrobacter scleromae KNUC9004 (JF505938) 1 409/1 433 98 OM341401
Pbll Terribacillus goriensis km2 (JF411250) 1 454/1 457 99 OM341618
Cd4 Pseudomonas seleniipraecipitans PA100 (KT710798) 1 432/1 439 99 OM341620
Cds Bacillus pumilus CTSP16 (EU855197) 1476/1 483 99 OM341621
Cdé6 Pseudomonas fluorescens LBUM770 (MG461480) 1 433/1 436 99 OM341622
Cd8 Bacillus pumilus ZLynn800-22 (KY316438) 1 464/1 464 100 OM341623
Znl Bacillus mobilis YBG10 (MW405816) 1431/1 438 99 OM421645
Zn4 Bacillus cereus LXJ76 (MN746191) 1 444/1 446 99 OM346710
Zn5 Rhodococcus agglutinans CFH S0262 (NR136860) 1 428/1 448 98 OM346708
Zn6 Bacillus pumilus SR67 ( KY203657) 1478/1 483 99 OM346704
Cul Bacillus subtilis H184 (JX515570) 1 445/1 446 99 OM346693
Cu3 Bacillus aryabhattai BSW22 (MK182805) 1 443/1 446 99 OM346694
Cul3 Bacillus pumilus EE106-P1 (MN581175) 1 479/1 483 99 OM346695
Ni2 Lactobacillus paracasei 8779 (MT464404) 1471/1 474 99 OM346696

MBI RGE K B RAIRH, 16 BRIT B AR
REUET 3 A3, w3 RERE,
55 1 JHENEBER [ ] (Firmicutes), 1% 27T
WE . LHZEAT R LA R s, St 12 8k,
dE T BRI 75%; 55 2 RN @ T
(Actinobacteria), 1+E 1 T 1 J& MIZLEK & , It
2 Bk 55 3 BHERARTE R ] (Proteobacteria), 11
RN, A 2 BR(E 1) el W, HiE
B AMART A WA 3 A, HREEA
ERZ, FEAEPLEERER T P ZF AT EE
Ul B2 e 20 TR A 1A AT T R R )
oA e
24 TEMESREEMRMESREEREES

i Fl ICP-OES I %E 1 73 B MR AR 1A B 5 ik
PREERIE R SRS T ERIEN . Wk 5
/N, PLPb, Cd. Zn WHXTHEEIEA 60%L
M 2BRECK, HiA Bacillus sp. Pb6 X} 700 mg/L
PO> YL BR R IL 92.48%, HHABL Pb Ekk
Pb3., Pb9. Pbll (40.37%. 58.88%. 27.70%)+tHLL
HREZESR; Pseudomonas sp. Cd4 Xf 200 mg/L

CA* I EBRHN 63.84%, BEm TRk Cd5.
Cd6 . Cd8 A LR (40.78%. 36.03%. 33.28%);
Bacillus sp. Znl F1 Bacillus sp. Zn4 X%} 200 mg/L
Zn* I E R R B K 65.34%F1 60.87%, B35 5
TFHEHE Zn5 (15.78%)F1 Zn6 (12.60%). HT Cu Fi
P Ni AR R BRECR AR, EAK Cul ., Cu3,
Cul3 X} 300 mg/L Cu™ M EBRRTE 3% LT
(1.62%. 2.19%. 0.56%); Btk Ni2 X} 200 mg/L
Ni* I EBRFEN 4.31%.. HLEKT, $T Pb.
Cd. Zn FHFR(ZnS5 . Zn6 BRINA %5 = 18 W BiE R A
W%, 10 B 33K 6 P Ak ) B 4 J LA R 1)
ZREJIFNEBREE T . A, MABRREXT 48 1)
W B AR CE SLE , R 2B R (Cul . Cu3 BR
ARt H 4 1 R B R B R TR
25 EBEHThHEESRERTNEEREMN
A FREE

X RIS 4 PREA B ZBRFE AP Pb.
Cd. Zn AR TER ARG, & PUTE R STt
[ 8 30 s BF & 3SR AP R TR A K R AT, 7RI
8] Ntk Pb6. Cd4 il Znl Xf 700 mg/L Pb*",

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



976 (DG ES Gk Microbiol. China

200 mg/L Cd* I 200 mg/L Zn* () ZEBR 3  Znd X} 200 mg/L Zn* 12 B3R (15.27%) F Fff
(91.11%. 65.10%. 66.48%). WZ[ft#(76.99% . Z(15.10%) 5 XF BEAH H AR 2 35 FRAR(E 2D), 15
60.01% . 65.48%) FlIZ i 4 (18.62% . 5.09% . PHE#k Pb6. Cd4. Znl 7EEBRE4AEE 15
1.00%) 5xF AL i & 2R (H 2A 20Kk HARSHEEEN.

Bacillus sp. Cd5 (OM341621)
Bacillus sp. Zn6 (OM346704)
Bacillus pumilus SR67 (KY203657)
0 Bacillus pumilus Z1ynn800-22 (KY316438)
Bacillus pumilus CTSP16 (EU855197)
Bacillus sp. Cul3 (OM346695)
Bacillus sp. Cd8 (OM341623)
Bacillus pumilus EE106-P1 (MN581175)
| 100 Bacillus sp. Cul (OM346693)
Bacillus subtilis H184 (JX515570)
100 Terribacillus sp. Pbl1 (OM341618)
Terribacillus goriensis km2 (JF411250)
741 Bacillussp. Znl (OM421645)
100 | Bacillus mobilis YBG10 (MW405816)
Bacillus sp. Zn4 (OM346710)
86! Bacillus cereus LXJ76 (MN746191)
100 Bacillus sp. Cu3 (OM346694)
100 | Bacillus aryabhattai B8W22 (MK 182805)

100 Bacillus simplex EGI89 (MN704415)
4“ Bacillus sp. Pb6 (OM341400)
74

10

100

100

Bacillus sp. Pb3 (OM341399)

92 71" Bacillus huizhouensis WIB41 (KU877639)

100 Lactobacillus sp. Ni2 (OM346696)

L Lactobacillus paracasei 8779 (MT464404)

100 r Arthrobacter sp. Pb9 (OM341401)
100 Arthrobacter scleromae KNUC9004 (JF505938)
100 r Rhodococcus sp. Zn5 (OM346708)
Rhodococcus agglutinans CFH 80262 (NR136860)
99| Pseudomonas sp. Cd4 (OM341620)
Pseudomonas seleniipraecipitans PA100 (KT710798)
i()| Pseudomonas sp. Cd6 (OM341622)

Pseudomonas fluorescens LBUM770 (MG461480)
Chitinophaga ginsengihumi SR18 (NR134000)

100

0.03
1 TRRESEEMRNARGLESN AR ERGL FH bootstrap KK B E N 1 000
W oSl BB AAR A2 E (R R >T0% I BE) s BEAEAR RFR 0.05 TR E e ; 55 Fr=
FORXT NI 16S RNA JE [ FH1 ) GenBank %57 5
Figure 1 Phylogenetic analysis of the heavy metal-resistant isolates from soil. The phylogenetic tree was
constructed by using the neighbor-joining method; The number of bootstrap tests was set to 1 000, and

bootstrap values are shown in branching points (display values>70%); Bar, 0.05 nucleotide substitution;
GenBank accession number of 16S rRNA gene sequences are given in parentheses.
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Table 5 Removal ability of different heavy metals by the isolates from soil

Strains Removal rate Adsorption rate  Absorptivity Strains Removal rate Adsorption rate  Absorptivity
(%) (%) (%) (%) (%) (%)

Pb3 40.37£1.13Ac  40.26+1.34Ab 0.11+0.01Bb Znl 65.34+0.63Aa  64.02+0.79Aa 1.32+0.16Ba

Pb6 92.48+0.50Aa  65.41£9.90Ba 27.07+£10.40Ca Zn4 60.87+5.17Aa  59.63+4.75Aa 1.24+0.45Ba

Pb9 58.88+4.06Ab  56.46+3.18Aa 2.42+0.87Bb Zn5 15.78+4.76Ab  15.53+4.73Ab 0.25+0.07Bb

Pbll  27.70+0.05Ad  27.47+4.92Ab 0.23+0.10Bb Zn6 12.60+£1.67Ab  12.12+1.71Ab 0.48+0.04Bb

Cd4 63.84+4.93Aa  58.22+5.06Aa 5.624+2.25Ba Cul 1.624+2.06Aa 1.61+2.05Aa 0.01+0.00Aa

Cds 40.78+2.95Ab  36.53+1.96Aa 4.25+3.10Ba Cu3 2.19+1.56Aa 2.17+1.55Aa 0.02+0.00Aa

Cdé6 36.03+3.89Ab  34.17+3.73Aa 1.86+0.40Ba Cul3  0.56+0.05Aa 0.56+0.00Aa 0.00+0.00Ba

Cds8 33.28+3.63Ab  31.27+4.60Ab 2.01+1.16Ca Ni2 4.31+1.43A 4.30+1.43A 0.01+0.00B

ARG FRER R BT R BT R AN SR 7 22 53 B35 (P<0.05) s ARG 7 BER s AR R 5 J8 R AN [l i bk 18] 25

Io% 238 (TR o 238 TR A 3R ) 25 57t B 2 (P<<0.05)

Different capital letters indicate significant difference between the removal rate, adsorption rate and absorptivity of each strain
(P<0.05); Different lowercase letters indicates significant difference in removal rate (adsorption rate or absorptivity) among

different strains under the same heavy metal (P<0.05).
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Figure 2 Removal ability of heavy metals by isolates under ultraviolet irradiation. A: Strain Pb3. B: Strain
Cd4. C: Strain Znl. D: Strain Zn4. *: P<0.05; **: P<0.01.
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A W8 52 H R O T EE 4 T A TR A9 7
K EBRBE I — R AR R, o A4
Z ik E NA . LBPYAI R2A BigRdk,
WA+ B BT A AP
LR PV R 5L . ARFSOR T 4 FhRE 3R
ST E S B EARTE, KB R2A. NA,
GA ¥R BAE M A 4 )8 B +(Cd. Zn. Cu. Ni)
Ja TV ECE AR, LA TSA Ry SE Al ks R 4t
AT 4 TR 07 228 B A < 10 TR V% 80t A
K%, XnEES TSA HRE & AR fI K 284
FUIRA G, XA F T X8 IR 5T
ZIA B R 5220, L TSA Bk b E 4
J& W38 R BT TR A0 R B IR 2

AT, X0 4 )8 400 B A58 b UZE AT
B ERZ , BT 2 E 4R AR Z
PEBOSN AR ST 40 B 16 BRI 32 P DL 2R AT
HEsR &%, HX Pb, Cd. Zn, Cu i
ZAEr 5135 3 000, 800, 600 1 300 mg/L Y
MFELEEPEFRITEE, WFF Bacillus sp.
Pb3 . Bacillus sp. Cd5. Bacillus sp. Znl Hi
Bacillus sp. Cul 5§, & T CHGE Y HAD & 1Y
K M, A EER . wE M KRR
(Klebsiella)™ | $1 B IKF & (Rahnella)> FI= .
i T & (Aeromonas)®™ . 1% )& T AR L 75 L 2L 3iE v
W PR 5 R VR D LS B o K g IR0 B
Mif k. TR . T ERARAERE T, IR AR
AT B A SRS AP PR A, A3 AR
EAELS B [ AR BT X L [R] s i 52 22 Fl i
4 I8 7 T AT A SR IE LY, BT LA SO ok ) L
A TR T 2 AP B ZE A TR AT A A o PR B T
)BT 1 S W R A R R I

R ZF AT 0 2 A B i sz b, BT
J& R MEXT E 48 Cd Btk R iiER %,

AT ST 2 2 MR i 52 PR 4T Cd TRk 23 931)
A Pseudomonas sp. Cd4 1 Pseudomonas sp. Cd6,
AT A2 400 mg/L Cd™,  HjARIEAHEAE ik tH 1
LRAR A TR (Pseudomonas aeruginosa) LCd1 F15
HEER AWV s il i) Pseudomonas sp. XZC1 ffif 5z
PEAH] o HHE A A Ca? Mihia L3
AR Ee B HLiit Cd fE ) 5 Hi Cd JeHAT ¢, JF
EBZE B A ks Y, R R Y 2 R
TP EE T T 42 JE Cd V5 Y & i Cd AL
R IR HE T . IeAh, TR & I —RRFLAT @
JEE PR, XTHE4JE Ni (Y152 4E el ik 400 mg/L,
17T SCHR e 18 LA 187w 32 22 52 7k (Hg) . Cd . it
(As)EHL R, HIA SRS I Lactobacillus
sp. Ni2 4 B EH 48 Ni &= #4007 1) B
B
TEEBBIGYMBEEITm, bR T X EkE
i 52 PEA s SR AN, I T IR T B AR 4
(M 2BRAE ST . ASBESEIREE tH—HkXS Pb* g &
4RI B bk 4 Bacillus sp. Pb6, %} 700 mg/L Pb**
ZBRF L 92.48%, WFFTHRIE N L3
B Y Bacillus sp. G-1 %F 200 mg/L Pb> ) 225
ik 91.32% s [ E AL Y H A ZF AR
(Bacillus licheniformis)Xf 100 mg/L Pb> {25
HIK 96.49% . FHELT F , bR Pb6 7 i ik i
Pb>"(700 mg/L) F HL AR & HILBRHR, XnlfEs
FA R b R I AR AN P o S A R
S BRET P TERRAN, A SCHRAR IO Cd F Rk
Pseudomonas sp. Cd4 % 200 mg/L Cd*" 45 4 i Y
LBRA(63.84%) 0 B I 53 B 1028 B
i T (Pseudomonas pseudoalcaligenes) Xt
100 mg/L Cd*' M ZLBRHEN 37.4%, FKIHMESFD
T W) Pseudomonas aeruginosa ZXH23 X
50 mg/L Cd* () EBRFN 33.7%. Witk Cd4 7E5
B CA> Wk R HAT MR i B R, Ar i
SR KEETREY A RE RN Cd HA
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B RBREE M LR . AN, Bacillus sp.
Znl F1 Bacillus sp. Zn4 %f 200 mg/L Zn*" 1) £ R
#(65.34% . 60.87%)MIXT . ELL RS SS
SRR b, A S — 2P g 5 A R O
e th 3 MRASE PEBUF IR AR , 7031 9 Bacillus sp.
Pb6. Pseudomonas sp. Cd4 F Bacillus sp. Znl,
EAEZ S KA PRI 1 Le G AU AT Al PR 355
EEARERFO1.11%. 65.10%. 66.48%),
A DR 8 4 R 15 Y 3 FUK AR 52 00 0 35
Pk

L5 RTR, AR TSA B w50 18 i%
AR LT R BT AR R T , RS A
4 I 2 BRAE 7 I 2 R 28 S B SC 00, AR AT — kX
Pb £ 15 2 BR 2 A 52 E PR PR Bacillus sp. Pb6,
PA K 2 BRXF Cd Al Zn A 88 R PR AR AR E PR
¥k, 433l Pseudomonas sp. Cd4 Fll Bacillus sp.
Znl . OB Ry 4 & 15 e I BUKIR I AR B i
SRR AL R AR . O T AR = R
DR A Wy BT IE S T IR 5 G iR B, A3
T LEFUKIR I R SR MRS ETS
PoKMEE T, LLPb 536, R ALY
b B2 AR VO i 3 ) — Bk = ALBT Pb B Bk
Bacillus sp. Pb6 & fin 2 J¥ 4t =X 4= ¥ s by £
(sequencing batch reactor)rf 71, iz & B[]
WK B TIE . HEKSE D BR SR AL S
i S MG U (G UE W R A R LA ) o 2=
BRACR , dEmia a5 e P91 5 B4R Pob 1Y
SAHER N PO* ULUE , S A I U Ak
HEER T LR PR E I 5 W&
SEGY M, L Zo 5906, P Zn
WPk Bacillus sp. Znl 5 HAREIE A C R H
AEE 4R Zn MUSALAR Y, QniliAs . ORI AT T
FERD, WERA B R, i kXY
AT A A MR R, e R A A I B X
HEEE S, D B BR AR P ik F)

| ERAR. 5P EBEMIL, H
FRE Y HOARAE 5 G i 5 YK R B 3 B AT
IBAT A . AEPRORYF . B T RIG R A,
EALAFAE AN 25 BRI TS | 25 BRARZ FRBE R AL
REER R, B s a8, R HAEYE S H
b7 iR IR A A B 4 4 A J T 1)
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