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P S5 ISR AN () s T8] BORE P S A 3 A il
-2 45 -50°C ,pH H 1.0 - 1.5,

B G SR AR SR 5 A R R R R A R S R Ak
PR T, AR FR I 7 ¢/L Gelrite i€ ( Sigma 2
Al) o ST ERIRENE R SRR NN (/L) R
FR 10,25 3, iRk Ry 1,NaCl 5, 48 24E RIBR B W
I mL,pH 7.2 - 7.4,37°C ¥ 3%, [& 4K 55 3% 5
15 g/ LIRS o

1. 3 HEEEXE

1.3.1 5 DNA (R4 5. S & #E i 5L DNA 48 i H
W8 Laurent J7 k'™ BESHTE 4°C kAT i B T, 88
ORI BRI S . FRELL g MR G
1 .0. 6 g B I ER (B A% 465-600 wm , Sigma 2\ ) ) |, 3§
D B ML, 28l 4 L DO VE L R R R RS B A B
DNA, LU Ay 68 5 A= < 1 40 T ik AL (KT 4 DNA $%2 IR
Marmur 3" BRI, P Fe ™ S RE IR AL K #4211 bk E
it 0.22 pm (74 98 BE Al 8 SCHE B, T DNA $2 3G
7 & (Tiangen ) $& BUEE K 2H DNA

L1.2 S5 5R 38 R [R] 09 15 9% 3k 1647 61 b 69 23
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Table 1 Composition of media and cultural conditions for autotrophic and heterotrophical microorganism
Component/ ( g/L) StA® sich MS9b° 9K Liqg (II)° FeTSB'
(NH,),S0, 0.4 0.4 0.1 3.0 0.2 1.3
K, HPO, 0.2 0.2 0.04 0.5 0.28
KH, PO, 3
KCl 0.1 0.1 0.1
CaCl, -2H,0 0.16 0.07
MgSO, -7H, 0 0.5 0.5 0.25 0.5 0.5 0.28
K,S,04 0.15
FeSO,-7H,0 13.9 0. 01 16.5 44.2
Trace element solution® ( mL) 1
S 5 10
Yeast Extract 0.2 0.25
Tryptone 1
pH 1.8 2.5 1.9 1.8 3.5 2.5
TemperatureC 45 30 30 30 45 65
Reference Norris P R [0 Murray N G 171 Romero J'®! Kelly D P! Hallberg K B!'® Johnson D B!
* For ferrous-oxidizing microbe," For sulfur-oxidizing microbe,® For Leptospirillum sp. ," For Acidithiobacillus ferrooxidans,* For Acidithiobacillus

caldus," For Sulfolobus. sp

& Trace element solution (g/L) :MnCl, - 4H,0 8 ,NaB,0, - H,0 4.5,ZnSO, - 7H,0 0.22,CaCl, - 2H,0 0.05,Na,MoO, - 2H,0 0.03,VoSO, -

2H, 0 0.03,CoS0, 0.01

1.3.2 16S rRNA L34 . 5 #4405 16S rRNA 3L
BBl 4k A el ™ BPf. 5'-AGAGTTTGAT
CCTGGCTCAG-3" fl BPr: 5'-ACGGCTACCTTGTTA
CGACT-3", PCR [ K % (50 pL) H:10 x buffer
5 wL, 25 mmol/L MgCl, 4 pL, 10 mmol/L dNTPs
1 pL,25 umol/L B[ ¥4 1 wL,BSA 0.5 uL,ddH,0
37 pL,Taqg DNA B4 0.4 pl, PCR W 514 H
94°C 4 min;95°C 40 s,48°C 40 s,72°C 1 min,30 4}
PEH;72°C 10 min, ¥ 31474 & 16S rDNA (514K

B " Ar20F; 5'-TTCCGGTTGATCCYGCCRG-
3'f1 A958R :5'-YCCGGCGTTGAMTCCAATT-3', J%
MAKZ S58B40 16S tRNA (1414 2 A 7], |2 I 5%
PEREAHA ], 3B KR EE A 55°C , JE B[] Sy 45 s
1.3.3  SCPER & PCR 938 77 W) &8 4 2k (4
PCR = W) ai fb ik 71 &) J5, 5 T-vecter ( T-easy,
Promega /A ) % 45 I 56 46 3 K #F 1 IM109 | 5
AR 1 B 35 B R T R, B P AR BE LB E 50
ASBAPE FERE , o3 BIAE LB WA 15 55 b 15 9%, 4 0T
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W AE e R R S SRR (£ 1), T 30C K&
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walifh, DL Fe’ " N AE IR B R, 7R 15 95 L 008
CUAE A, B B BT A [ 1A 95 IR A 43 B, 30°C
T 45CH I T d Z2 47, P K B (0 B g vk, PR IBL
T A T MR B 9 i 4 B i, MU g
HEFKES B
1.5 S" Fe SLRT 2 HIR

i B 48 Ak T bR Fe® T Ak B RR 2 B4 A Lig
(I0) oSt A WSS F2 3, I A K I 1 09 A9 i
By CERT AR 0 BB ), LU N ik
S B, 30°C #E K B 57, 45 24h I E W W R SO%T
Fe’ ' Cu’ " BIMRJE
1.6 JEFH*

Fe’ " f SR AR IE 2 ki ' . SOT™ Wk i 1Y
WsE R Pb - EDTA k" (R4 % 2002) .
Cu’ ™ i JiE 14 00 2 SR I WUEF R 22 ik — i ( BCO) 4%
ek,

2 #X

2.1 FREEPREMEFNAR

AT YRR 1 2 /Y EcoRI [ U 35 &, K2 4%
2 A R 34 FiAS [R) (9 28 Y T B SR PR —
fiti U] 2% R —Fp, BREL 10 - 20 AN (R 43 AL Y
WY& HEAT 16S rRNA J RN J , P At 2 1) ) 4] 43
Pradi R (3R 2) YR W] 4 A S N A SR A o vh il 328
WMAEY R T AW Leptospirillum , Sulfobacillus ,
Acidithiobacillus , Spingomonas J& & 7 i Ferroplasma
JB 5, 54 8 I Al 16S rRNA 5 PR AH L1 1 1 [l 7E
98 ~99. 9% 5 4 18 1E WAk B B 200 5T % -
93% ( Leptospirillum) ,0 —20% ( Sulfobacillus) ,5% -
21% ( Acidithiobacillus) }, 0 —=21% ( Spingomonas) , Ifi]
W R —  E RN 100% TR B0 A 2 W AE BT
Ve RN g e R AE SRR, BRI
Leptospirillum It (&5 Fo 9 35, v] e 2R B TA
135 Fe &4k s 0 AP i TR AT T Acidithiobacillus Fl
Sulfobacillus TEZ IR 5 H L 5 G 8RB e, 7 55
I i TR A HE A AR B AL G 0 Y AL 5 A SO
frh & A Rl Ferroplasma f£ 75, AR 5
Rawlings 55 AXT i g il 12 0 4K & T #F 9 43 B 46 1 —
B, I W Sphingomonas echinoides 1F 12 W & &
AR FH e 1 1 — 2B WF 5T

R2 EYRTRNBEPREVIMHEREE

Table 2 The varieties and abundance of microorganism in the bioleaching reactors

Leptospirillum sp. Sulfobacillus sp.

Actdithiobacillus sp.

Spingomonas sp. Total number

Zﬂ:.ﬂple clones/abundance clones/abundance clones/abundance clones/abundance of clones
first® second first® second first® second first® second first® second

1# 15/88% 9/69% 1/6% 1/7.7% 1/6% 2/15% 0 1/7.7% 17 13

2# 15/75% 8/57% 1/5% 0 1/5% 3/21% 3/15% 3/21% 20 14

4# 13/93% 9/82% 0 0 1/7% 2/18% 0 0 14 11

5# 8/80% 6/60% 1/10% 2/20% 1/10% 2/20% 0 0 10 10

abundance = ( Clones/Total number of clones) % ;* Reference! ')

2.2 EMOBEFREEER

S TEAN [ 3 R L M AN TR 55 35 45 T s A
OYES L AEREFRIREE 30°C, LAR T S Ry AR IR M 55 5% 4%
PR 2r 45 3] T B Ak SM-1, SM-2, 3 Wi Bk 1 7 [ 4
AR b S W T L U R O AR, 2 TR
R, REFIH S",K,S,0,,Na,S, Na,S,0, N fi I A
K EARREFI Fe'  MAREWE K . 42 168 rRNA JE[
J¥ 9153 Bt B BLAST HLXT, 45 R KRB |k SM-1 5 A
caldus WIAHITE R 99. 8% ,SM-2 5 A. thiooxidans [
FALTE S 99. 9%

TR IR IR N 30°C, L) Fe® " Sy A TR A 3% 3% 4 1
TorEARE] T E AR TSB-2-6, Lf AL, X 9 R T8 78 [ 14
i R AR, E IR AN, T is g,

TSB-2-6 JJ FFAR B, GEAIHI S°, Fe’ " R AL T4 4 ik
WA . LE AL IR s 8 eI B, GE A Fe’ ™ RIER
et A Ae IR A K ASRE R S” A ALY S e R A
£ 2168 rRNA KL J5 41 53 4 Jo BLAST b X, 45
HFEHF Rk TSB-2-6 5 A. ferrooxidans )5 L 1 N
99.6% ,Lf A1 5 L. ferriphilum BAHMRITE N 99.9%

FERE SRR K 45°C LA Fe' " R RER I 2155 T
PR St A-5-4 3% B 7 [ A Al b T I 0 4G o FL B
.4 -5 dEHhCE RS G B LA A 5
YA E, ANds h, FER, AR ZE . RERI
S" Fe’ " FUBRALT ¥ Fy R W5 2L K, A BE R B 2
Dy ME—REIRAE A, E I RRRE AT AR O AR K T e
AR, 24 16S rRNA B[ ¥ 51 43 #7 S BLAST [t
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Xt g5 R LR St. A-54 5 S. thermosulfidooxidans
AIARAAIPE S 99. 6% 4 T bR B 25 A= 30 12 A= by

essure

PEULIE (1) FIZ(3) o

Bl EEEFRRGERNES(STERE)
Fig. 1 Scanning electron micrograph of the strains. A:SM-1 (10000 x ) ;B:SM-2 (8000 x );C.St. A-5-4 (10000 x ) ;D.Lf Al (8000 x );E.
TSB-2-6 (10000 x ).
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Table 3 The physiology and biochemistry character of the strains

. Gram Energy Organic Optimal . 16S rRNA gene
Strain . Spore . Optimal pH A
stain utility carbon temperature sequences similarity

$7.K,5,0,,

SM-1 - - - 30 -40C 2.5-3.0 A. caldus 99. 8%
Na,S,Na, S, 0,
s”,K,S,0q,

SM-2 - - 25 -37C 2.0-4.0 A. thiooxidans 99. 9%
Na,S,Na, S, 04
s’ ,K;8,0¢,Na, S,

TSB-2-6 - - ) - 30 -35C 2.0-2.5 A. ferrooxidans 99. 6%
Na,S,0,,Fe** /MS

Lf Al - - Fe** | MS - 40 -45C 2.0-2.5 L. ferriphilum 99. 9%
s’ ,K;8,0¢,Na, S,

St. A-54 + + - 40 -55C 2.0-2.5 S. thermosulfidooxidans 99. 6 %

Na,S,0,,Fe** ,MS

MS : metal sulfide minerals

Xof B BT Ao 3 2 5 % 45 SR B SN e R il DA T A
ST a R AT DL I, i Y 20 B 8 R 7 R AR e
AT H IR A BT AR AE 09 A R A W s i B T AR AR
e 5 R AT A A A 3 e DS 3 A AR I A A —
m R OXME, N 4y B S B ) AL ferrooxidans F1 o A.
thiooxidans , 76 H g 43 #1 vh 3 R & B, BRI L 45 45 R 4oL
SI TR GERY RS IR 07 T T AR B A L
HoE D REU A Y A B 5

2.3 EHX Fe'' RART WHIE L 8E LI

AR AR IR K B, B bR SM-1,SM-2 AT LR A S°
AR IR, IO BERI T Fe® " MBI A K o 181 2 g
IR R AR SM-1 SM-2 Ak W FERT 3 d B R
02, 5 4 d AL R R (DL B R AR v BT )
435139 0. 01 mol/L/d 0. 012 mol/L/d.

HiBk TSB2-6 1 Lf Al %1k Fe’* Y BE Jy &% 5
(LAE W Fe’ " e B3t ) , 181 3 4 SR %0,
TE IR 408 T B Bk TSB-2-6 &k Fe’ " iy K [ Lf
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M ZNHIY
Al FHHR, 43510 37.2 mg/L/h 36.7 mg/L/h, 5ol 5 SN S—
oter o Control 40 - \A
—A— SM-1 - o
0.14 | A SM-2 < A —o— 9% Control
E 30 L —A—9%LfAl
3 0121 £ —A—9%TSB-2-6
Té ?\ 20
N L
X 010f e
5 : '
Z oost 10 /\A\
o
0.06 - 0r A——A—A
) ) ) ) ) ) 0 20 40 60 80 100 120
0.04
0 2 4 6 8 10 t/h
t/d
B3 Btk TSB-2-6 71 Lf Al &4t Fe’ " I8t S
B2 E# SM-17f1 SM-2 S TEZRmHEEH Fig. 3 The ability of Fe* oxidation of strain TSB-2-6 and Lf
Fig. 2 The ability of sulfur oxidation of strain SM-1 and SM-2. Al (30°C,pH2.0).
PR TSB-2-6 I LE Al XF 208k 8° GRG0 Bk WikS 7 (4 4 A 38R 23 5 24 100,195 .83 mg/L/d, Lf

W N B SN R A AL R LA 4, 7R Al Aigg AL B8k, T LLE AL SR 0 s,
ZAF T R bR TSB-2-6 48 AL 1) 1 B L LE A1 R, AL R4y N 165 F1 92 mg/L/d, 10 K P %F ¥ 4b
S AL R DLV BOH P AT R B (R Fe’T AN P A 4 1) SR Ak 3 5 53 51 Oy 820 mg/L/d (TSB-2-6)
Fe’ " )@k Cu® ¥ BFit, TSB-2-6 % 4ku , k0 K #1580 mg/L/d (Lf A1),
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B 4 THE# TSB-2-6 5 Lf Al 7£ 30°C,pH2.0 R A RT AR EL
The oxidation of strain TSB-2-6 and Lf Al to different ore (30°C ,pH2.0). A :Pyrite;B:Gold concentrate ;C;Pyrite concentrate ;D ;chalcopyrite.
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3 itk

A= MR AT ST i 2 (AR ) o 2 R X B A
56 R o3 1R W) 24 T Bl I i BN A AR AR
Br R4 W 9 16S vRNA K DY SCPE , 0 LA 45 4 1 M
R WR AR Z B AR W RE TS N ST 3 B 4
Al LU Y W58 i 06 1R 0 S IO g v BR AT 40 1A T
J& W Leptospirillum , Sulfobacillus, Acidithiobacillus,
Spingomonas , t, 74 iy & Ferroplasma % Fl ; 5 5 1k
i S AL Fe (D) 9 H IR RS, A D RER 109 5+
FEE AN S echioides % o W\ 45 B 7E X R #% 43
fi £ B, Al BL Ok AR R N oA 1R AR R R
(45 -50°C ,pH 2.0), H 45 I8 15 B Leptospirillum ,
Sulfobacillus 5 Acidithiobacillus caldus 7EF 55 b 5 41
POZBERAMR R T AEYIR Y RO A% P U
TSN , ol A D 73 B 15 R 21 PR A48 2

R SRBOR SR AR AT PRI P A W R R R AL
H — T B % 5 00 78 % S5 A0 AR XE RS 1 A W] AR B 5l
H AR EREE T RUE W B9 2 B E AN RE 0 B 45 2R AT AE
Z W BB, MRS 16S tRNA SCPE 73 4521, 70 il ik
PR X AN [7) TR ol 1) 5 7 ik B B 95 S AR R AT TR R )
REEFR AR R T T5% (AR 15 37 BRI 2 A 4
T[] A5 21 P AR Al 15 5% B R AG I U A 240 T SM-
2 (A. thiooxidans) F1 TSB2-6 (A. ferrooxidans) ,{H
S5 B 7 3R B Spingomonas N iy B Ferroplasma,
H e AT DL FUA AR B IR BOR VR R B R R L
TF-BUMAS &, A A R T 5 3745 2 3 2 A9 A R
ST M TSR ER BT R AR TR A MR T A A

Xt S, Fe’ " BG4 1 AL 45 R 5T o
SR KR SM-1 Al SM-2 B Ak id T Y A
(RE T, Pl A F T, B BR TSB-2-6 X8k (1) iy 44k
RE WS E T I PR LE AL, XE Ny Lf AL & T
Leptospirillum T J& , & P B Vg T8, Hodme AR K M 4
IR EE SN 40 —45°C |1 TSB-2-6 5 A. ferrooxidans #H
L, iR B, Hem A K R AR O 30 -35C
WET AR, 2 ISR K F 40°C, /NTF 60°C B, 4 i
W2 5E & J& ( Leptospirillum. sp) fA) L. ferriphilum S5 {E 12
A7 A R G B D T R 58 EE /N T 40°C I v
TR A, ferrooxidans %5 5 L3,

SM-1,SM-2,TSB-2-6,Lf Al,St. A-5-4 ZEFH kY
B AR 2R SR 2 b 4 ol AR 0 R TR A 6
RIMCRR A R TiE— 205, Bk, T4
Toft ol A 00 1) A BT AR R AT R T R B i A 2R
& A R R D 4R e AR R TR
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Abstract: [ Objective ] In order to study the microbial diversity and the characteristics of cultivable microorganisms in
bioleaching reactors. [ Methods ] Both conventional culture technique and analysis of a 16S rRNA sequence library were
used. The pure cultures were isolated by enriching the samples under different cultural conditions. The morphology
characters, physiology and biochemistry characters, genetic characters and oxidation efficiency to different minerals of
cultured isolates were analyzed. [ Results] The microbial community in bioleaching reactors identified through the gene
clone libraries were closely related to bacteria including Leptospirillum sp. , Sulfobacillus sp. , Acidithiobacillus sp. ,
Spingomonas sp. and Archaea including Sulfolobus sp. , Ferroplasma sp. Five strains were isolated after enriching and
culturing, which were corresponding to Acidithiooxidians caldus, Acidithiooxidians thiooxidans, Acidithiooxidans
Serrooxidans , Leptospirillum ferriphilum and Sulfobacillus thermosulfidooxidans. These isolates could oxidize sulfur or Fe’”
and different sulfide ores. [ Conclusion] The bioleaching reactors were dominated by a small number of microbial species
that were commonly found at thermoacidophilic environments.

Keywords: bioleaching; Acidithiobacillus caldus; Sulfolobus sp. ; culture-independent method
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