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W OE: AomBRMERCRAKRE 8 — Rk AR B YN12. X ILB AR AE R A B AR ARE PR DL 16S
DNA FHI M 85 AE B, %A S T SR g WR i AT 1 (Acidithiobacillus caldus). FE4:EfitEszie L8, YNI2
WG 3CdSO,-8H,0 R sk, HLEmpith CA™ N2 ik 4.8 ¢/L. 7ELIERE E, AREiLTt 3CdS0,-8H,0
WeRE, HA 2 CAZM 2k T ik 31.5 g /L(FH 24 T 3CdSO,-8H,0 210 g/L). 1Fi%fm# CEM 2k T, Zidiks: 3
FRIAIE MM AR, YNT2 BRI A A BRI A A T 1 2 R 1 B U (R A2

SRR HEVERRERAT I YNI2 Btk PP i sk
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Identification and cadmium (II') resistance of strain YN12,
Acidithiobacillus caldus

DING lJian-nan, ZHU Ruo-lin, KANG Jian, ZHANG Cheng-gui, WU Xue-ling, QIU Guan-zhou

(School of Resources Processing and Bioengineering, Central South University, Changsha 410083, China)

Abstract: A moderately thermophilic sulfur-oxidizing strain, YN12, was isolated from an acidic hot spring sample
collected in Yunnan Province, southeastern China. Morphological, physiological and 16S rDNA sequence data suggest
that YN12 belongs to the species, Acidithiobacillus caldus. YN12 exhibits a very high degree of resistance to cadmium
(1), with an original maximum tolerated concentration (MTC) of 4.8 g/L and an ultimate MTC of 31.5 g/L after adapted
by a gradually increased concentration of 3CdSO,8H,0. Continuously cultured in the medium containing 210 g

3CdSO48H,0/L (equal to 31.5 g/L of Cd*") for three generations, the strain is capable of restoring its growth and sulfur

oxidation activity to an approximately normal level.
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Mz Bl B ) SRS RRVE SRR —3 2 4y, Horp
—RAAE 45 °C, I TR e 4R, J) A tRA7AE 4 C,
M IesEs 0. FERMMRIEBMEH], ORAFIN (A AN
4 do KR W )t B (Atomic absorption
spectrometry, AAS)7F T /KFALE R o IZIRVEHIR
IKRE 0 T ERF I IR 1.
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Table 1 Main properties of acidic hot spring sample at 80 C

pH P Al Zn Mg Ca K

52 0.03 0.08 0.05 266 2431 5.44

S Mo Mn Si Cu Fe Na

16.22  0.02 032 3621 0.02 0.08 41.2

3 mL 45 C N RAFIKFE IR 47 mL =4
REFRILM) = A, FORIRIEEE pH {5 2.5, #R)5n
NKETHER(S), T 45 °C. #3180 r/min | ¥%3% 15
7% 5~7 d, BRI pH EA4L, £F pH {EHFFH] 1.0 2
A, IR AT, pH ERREER] 1.0
FAT, AT SRR IR, Wik E 4 3 k. 3
WM FAIAT R RE 2 8. B R R MR DU
FEARE A (/L) (NHy),S04 (3.0). Na,SO,10H,0
(3.2). KCI(0.1). K,HPO,(0.05). MgSO,7H,0 (0.5).
Ca(NOs),(0.01), 55 0.02%(w/v)EERHEEI(YE). 1%
WREDSTHMMEICE, METSEMNME T 0T
(mg/L): FeCly'6H,0 (11.0). CuSO45H,0 (0.5). HBO;
(2.0)~ MnSO4H,0 (2.0). Na,MoO,2H,0 (0.8). CoCl,:
6H,0 (0.6). ZnSO47H,0 (0.9). Na,SeO, (0.1). A
ERERFRIEA YE SR R s KRR KR, T TG R
REUERR A, SR MK RVAIE KR 3 K.

B 3 R BRI YNRATAE L Ty 5 A IR A
[FUEEE YA pH fEHA 2.5 1 0.7%(w/v) 3R
B Eo B AR R LI R R PR B AR R S°
R 1.5 g KoOeSo/LOLIEBRE) o A ERA I 1) FARCE T
45 CTRHFR 7d Ja, PRBURRVEEAN S FidE R
FEAHIE], pH 2.5 AR TRk, IR HFR 5~7d, AR
Je PR A [ AR IR 060 B, W B0 25 3 IR, I
JEAFBISERT R YN12 Wbk ZBEHRLE 4 C R A7 T
WA SRR TR, st BRI A uMAr, BUF

PR R SOPSI VR

12 HHEE
1.2.1  16SrRNA LK /3 Hr

# YN12 WRRES SRR R IR, iR K
IRBFG T AR, HIJCw e PEIEARId vk 2 Ik, BREiR,
I 100 mL W, SOWREEEAINE, Y55 pH 1.8 14
N FEAT IR R RN pH E K 8.0 1) TE 235> 5l
VR 2 U, SR G BT 200 uL TE 20 o 8/ EZ-10
Spin Column Genomic DNA Minipreps Kit (Bio Basic
Inc)iX )6, Z U WLl DNA. il 63f(5°-
CAGGCCTAACACATGCAAGTC-3")/1387r (5’-GGG-
CGGWGTGTACAAGGC-3")51¥1%}, ¥ 1 YN12 Hikk
) 16S rDNA J¥%, PCR 4% 25 pL, fuf: 2.5 uL
10XPCR ZZ1Pi 2.5 pL (25 mmol) MgCl,+ 1 pL (10
mmol) dNTP mix (Fermentas). 1 uL 63f 5|4 F1AH [F] 44
A 1387r 5147, 1 uL (5 units) Taq i (Fermentas). 1
uL #H DNA BLR 15 pl KR ALK o 5 AR R BRAR
B DNA A [RAARRAR K B XUE KA AL, Hoe S
AR MIA . PCR BTN 94 CHILHZME 5
min, 33 MEH, FEANMEREHS 94 ‘CAME 45, 55°C
Bk 455, 72 °C NIEM 90 s, GG, f)afE 72 C
NIE{H 10 min. PCR )18 ] E.Z.N.A® Gel Extraction
Kit (Omega Bio-Tek, Inc.)Zib i &@alifh, 2tk 511
PCR 7=#JH] pBS-T PCR Products Clone Kit (Tiangen
Biotech Co., Ltd., Beijing) v B G ro b e b . HAk
J7i5 5 B 4 22 IR TR o B 5 o T Y%
A6 = S A BARA R TEAE A\, 54T 16S rDNA
.

f#/] Clustal X (1.8) 1 MEGA3 #ff#Jg 16S
DNA RLERKEW, LI YNTC-1 kLS AT 3
RIS R R
122 WHRIEAFRHE

AR TReE I YN12 10T J0 B e M ng 4t
g, WCEREANN, B pH (AN 2.5 2o 40 MR IR Ut
vk 2 UG ORI, R 2R , AR
B LS, T 0 W 1 T R TR 2 A i o 2 2 Bt
LB S AT I B AT
123 FEARA AR

B YNI2 AR AR IR R, 2300 8T 30,
35, 40, 45. 50. 55 F1 60 ‘CIRiE FRFE, ik pH
{425, H97100h J5, R BEBEEL, 4i8060%
JE, PP AR . KBRS E f5, #4670
W BERIRR ,  ARZELARIRE 7 AT 525, H 2R 32
+1°C.
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DA ESR [RIRE R T R, ARG IR 23 ) 4 55 77
FEAA pH M4 1.0 1.5, 2.0. 2.5, 3.0. 3.5, 4.0 Al
4.5, F YNI2 Wk BOEEE FEE 100 h 5, HE
IR FIRE () 77 8 S AR RR B

FYN12 w0, W4, FH pH {Eh 2.0
Fe AT (R BRUEV: 2 I, LI IR R S Rl A 43 9] LA
S°(5 /L)« Nay$,05(10 g/L, i #ERR B) K206S4(1.5 g/Ls
i JERRTE) . FeSO,7H,O (5 /L, T uERRTE) « &AM
(2 g/L). YE(0.2 g/L). H%HE(1 g/L). S°(5 g/Ly+&EA
(1 g/L) S°(5 g/L)+YE(0.2 g/L)AIT S°(5 g/L)+#i%i k(1
g/L) A BB T AR 738, 7 YN12 BAKRIN I
AR pH (. B IREAEE 180 t/min K, REGH;
7% 100 h, HHEPERE, 456 6%, KlwERmE
K, BRI TR AL .

2 EHkBIEHE

21 CA*"BREVETZIRE

SO RTSEHS YN12 BRI (EATIA S° Bi gk,
THRAEAERKEM(E 2) MiE, £F pH {EFEE] 1.0 1,
MIBRHECH, Sl NEE 24 h 5, £ RHEEE 47
L AH IR B FR 5 1) = A b 23 il e fl 3 LS A6 IR BV
XL = AR P A AN RIR IR 23 B 28 3CdSO, 8H0. S
Yo AEAH R pH {E(2.5) AHIFIHRHE I E (180 r/min) LA S B4
PRI OGN AT JLCE 10 MIREE, W—4H,
H AP AdE 0 g 3CdSO48H,0/L RN HE . 43 S A% S5
JTEBAE UV 2300 730606 i (Techcomp) |, T
440 nm &b, W5E 4R O6# & (Optical Density, OD){H ,
MAFA SRR LE OD {H 0.020~.025; 55 HL 3 il
PRVRROE A0 B v, DA 5 2 ) T35 G A M 25 A
2.1X10°/mL. BF2H S50 A K. S ik 7 v s 330
JE L0 BV pH AL, 4 pH (%2 1.0 I, SE4G
5k, SR E Z A e SEI Y pH (E, RS
W THE 3 h RIS ER RIS, G =
CSy, W] REmd? T B P oo &, 7 R E i
4 OD fH. HNEIEIHP DR, S0d MR
Jo, RAIMER VB E B 50, /E Olympus CX31
S D TR R SO AN . 4 OD {H Lk
fi OD {744 55 0.005 e i AN ECT- 341k 3 2.5 X 10
mL I, SEEG ) Cd” VR E S % B AR Cd* i e
Y] UE T 52 W J¥ (Original maximum  tolerated

concentration, OMTC),

2.2 Cd*#Hiyidk

K CE YL YN12 Btk X Cd™ AR
Vi pibt, T Cd® hE R I T LUl R cd
YRN8 m, AR ) ih Cd™
i 52 (4.8 g/LykeD, X YN12 #4720 Cd*
WEEMIHTEEIINA . Bk I 75 rh o B0 5E B OD A
W pH, MUEEESHETHI Cd™ IR BT IZ A A
KAEALITE TR 520 . 3CdSO,-8H0 ¥ % 1) HARE T
RNy 32 g/L—64 g/L—~96 g/L—120 g/L— 144 g/L—
173 g/L—210 g/L. HFAKRELBA N 3CdSO, 8H,0
XTI, S AFRAN R 3 Wk, BT RIS i)
G 52 9 P S BAR F] o AR R AT e SR AT — 2% Cd™
WEE R IR WA, JFHEBEKUES: 2 I, REH
FEN SR s R ROMERY, AT O0 RS IR AR 7
MIBEANM, AREE 5705 SRR s A A ], X IR
SR SEYG A e R AR 58 A0 IR OD AH. i B ORI
pH Wl J7 1 5 e i W A6 T 52 R B S 06 AR [ o AT S Y
W, AHZE 24 h, OD {E A B HOAN R A AR AR Jy S5
Kk Akt BRI OD EF1E AR £ 1% Cd™ ik
R A IR

SR BT BUHEAT . SR BUR iR IR PR D
FTF CA> IR FEIIE SR B, H I e 4 Cd™'
WRET YN12 B REIA R 1B K, BAAIAR)i%
TR FE BT BN ) 35 B BUE C YL B bR A K
PEWFSER BE, I B 0 e 4 Ca™ IR EYIML I 28
—fQYNI12 Wbk, ZREElt ™ ikE PRz 2 I, 15
NP4 EE AR AR, WS¢ YN12 TR AE K
RS BARIREAN pH &7 & B A A 1S
MR A=A

3 RS

31 E#HMHMINBESYEE

PRV IKFEEAT T 3 ICE RS, X
53 KE WA TIESE 3 IR, A B Al
TR YN12 Bk

YN12 BRAR A 22 G 8 S W B, 62 At
AT LB B iz o IR R RAEIR, KNl 0.5~0.6
umX 1.3~1.4 pum, 5 [E4ETA85E I R RS 20 R
BIRRLLEL, YN12 40 B (e R /N 0.4~0.6
umX 1.4~1.8 um), FEMIE 1 FI5k 2.

K2 T YNI2 BFEM F B ARE S A H AR
OREE . ZBE PRI AR E A 28~57 C (IRl B
45 C), 4K pH {H N 0.5~5.5(ki& pH 1M 2.5). fiE
FIH S°. S,05" 18,05 HHATILAE AFRA K, Ahgidk
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Table 2 Main properties of strain YN12
h
Growt Chemo- Chemo- Chemo- Optimal YE
Cell Gram temperature  Growth pH . . . . Energy
. . . autotrophic  organotrophic  mixotrophic content/
morphology strain (Optimal  (Optimal pH) source 3
growth growth growth (mg'L )
temperature)
57 ¢ _ 0 2-
Rod B 28 507 C 0.5-5.5 3 i S%, 82023— , 300
457C) 2.5) S406

1 YNI2 BRI BB
Fig.1 SEM image of strain YN22 (X 10 000)

Tk gRA K ZELL SO N IR IRl T LAk
ITRAE ALK, XL, |EFR. YE Mt
PR T DU HE AR AR K, BefE YE KB 300 mg/L.
Bl 2 B AR REJRI T YN12 BERE 1A KA L,
LR REAEML Fe™', SOONBEIRIN AR KAy, ERER
] L 2 (e LA K

%I NCBI ) BLAST(blastn)F£ ¥ %} YN12 B £k
/) 16S rDNA J7%1 7 5 GenBank HISSE[H 16S
tDNA JFHAT IR TE LG, &I YNI12 BT 16S
rDNA J7%15 GenBank 1 A7 1) - g R % A A1 A1 K

2.5X10°
I Cultured with 0.02%
yeast extract
=0 2.0X109F 1 Cultured without
— yeast extract
E
< L3X109+
2
B
E LOXI09F
=
3 5x108F

0
FeSO47H,0 S0
(5gL)  (5glL)

NHQSEO_‘;
(10 g/L)

K703,
(15 g/L)

2 AFIREIEP IO YN12 B A K 1520
Fig.2 Effect of energy source on growth of YN12

(Acidithiobacill caldus) 16SrDNA J& 31k AL IE#AE
99%LLk b B 3 B A fH ] 3.1 fiAS MEGA /41
AT 16S IDNA PP RGER B, IR U] 5 YN12
WK B SRR TR AT AR E MR DSM. 8584 M L
[vi] b T bk SR AE ) — 4L, Ak Bk g IR B AT IR (A
ferrooxidans) B AR A1 &AL IR R PRI AT B4 (A. thiooxidans)
FRTAA DU 23 S0 SRAE 53 AP AL

YNI12 BERRIA 5 SR SRR R AR B AR, B
J% 16S rDNA J¥31 53 By 45 35 55 CLARE 1 3 g TR
FERE AR BB F o0 gs AR YN12 BRI )8
TR G AT 1A .

32 HEHBEIn
32.1 WIh Cd* iR 32k E

YNI12 BFEN) 3CdSO48H,0 I e W) LA 52 vk JiE
A 32 /L, PR CAPIRIEIAS] 4.8 g/, R TIRIE
(1) 4~32 fis e AR AR S ), R AR HT
CA*"1EfE . I 4 T LLE H0.5~2.0 g/L [#1 3CdSO,-8H,0
WREXT YN12 WM AEKEAHERW, MY
3CdSO48H,0 WL INF 4 g/L I, YNI12 B IR
6 P A LU [ HA B R BRI 2 T 25.1%, X RIS
ISR . 7 3CdSO,-8H,0 WM INF] 8.0 g/L
B, JF4a R YN12 AR K e AR AE A, B A
3CdSO,-8H,O IR BEMIHE I, % YN12 A=K 14 E A
HE—2D sk, %16 g/L i, OD {H EL X I B T 22.2%.
FEUFERE BB 3CdSO,-8H,0 WS HHE R 100%, iAF]
32.0 g/L W, PE40IHLCANREIE R H5H, I 1) OD {H
H i gh OD {E 51 0.005, % B £ th U 2.5 X 10°/mL,
A WS v TR A ME (2.1 X 10° /mL), X E WL O 2
YN12 X} 3CdSO,-8H,0 1 i dfifit 52 4 i
322 CdHurEyitk

Bl 5 B AN CA R R, YNI2 BRI
EIX BN 15K OD H A LTI ] B Cd™ MR 1)
BT, OD ¥ T B, MR HEFE & (0 g/L
3CdSO48H,0) () 0.536 [4#| & CI* K E (210 g/L
3CdS0O,-8H,0) N 0.313, L 64 g/L %] 96 g/L 3CdSO,
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Lepto spirillum ferrooxidans strain WJ7

1 000

667 I: YNI2
Acidithiobacillus caldus strain YNOG6

1 000

974

889

caldus strain DSM8584
caldus strain p5-10
caldus strain YNO41

994

897

—

thiooxidans strain ATCC19377
thiooxidans strain ONASSE

A.
A.
A.
A. albertensis strain DSM 14366
A.
A.
A. thiooxidans strain WJS a

997

B3 LT 16SrRNA S FAII R G K H M
Fig.3 Phylogenetic tree based on 16S rRNA gene sequences of strain YN12 and related species

A. thiooxidans strain OGCS3

917 A. ferrooxidans strain ATCC23270
988 —|:

A. ferrooxidans strain ¢
A. ferrooxidans strain QXS-1

Optical density/A

0 05

Fig.4 Effect of 3CdSO4-8H,0 on growth of strain YN12

1.0 2.0 4.0 8.0
3CdSO,*8H,0/(g L)

Bl 4 3CdSO,8H,0 Xt YNI12 Bk K 50

16 32

0.551
< 0.50F
2
Z 0451
3
g 040
&
0.35F
— . i
030k 3CdSO4*8H,0 concentration 210 g/l
100 150 200 250 300
Time/h

B 5 A 3CdSO,8H,0 MEXT YNI12 Bk A K 5
Fig.5 Effect of various 3CdSO48H,0 concentrations on

growth of strain YN12

A. ferrooxidans strain DSM9465

8H,O ZIflff) OD fH FR&mEEEA: [N, B Cd™
WEEPER, IARIHIN. CA™ W E 5k OD {H K BT 7 i
B W, 3CdSO48H,0 MIKE N 0 g/L i, ik
£ 0.536 [¥15 Kk OD fE AL 77 100 h, 1fii*% 3CdSO,-8H,0
h 210 g/L W2 I, T52E 288 h A REIA B 5 K
OD fH 0.313,

2 Fe W Cd* (210 g/L 3CdSO,48H,0) YL 1)
YNI12 WA CA™ IR P AR, AR
RS EA(E 6). AMEEK OD HHIIE—1R
(210 g/L 3CdSO48H,0- 1) 0.313 & 29I A%
(210 g/L 3CdSO,-8H,0-11)f 0.4, Fdkimnfe =2tk
4210 g/L 3CdSO48H,O-1IN) 0.46, 1y Hik 5 5
RIS BE TR IR [F] 41 £ 288 h(YIE—AL) 4% 31 240 h(3lIHL
AR 192 WL =AR). M pH {E AR 4 B R
Bt IR AR R, KRBT T Cd™ %o HEURE i (]
7), Ut B BB R S8 RE AR IE 0 R . YNI2 IR
K pHAH A 2.5, 7E Ac base-S® 55773 p 2 K,
B S° %ML, SO AW BB, pH EPUE N, i
ICH pH E S HI40 M i) IE H A A AR, IS 3
ME%w. gi5- 6 fE 7, wLUGRWES], FraE
VR 5 KA B )t LAE pH BN 1.0 I3, BE# pH
HE L R, WIREEABIFAIC. SN, By
X IRBET pH (E N FRIRR RO, FRRm R, B
DABMR LT Bt it AR, I — AR pH
H FBEm AN, A, 2 S0 45 SR N BRI BE T A
b/ ARTA L] 23

YNI12 Bk Cd itk a5, R&EYIMLIT)
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Ln
T
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T

o
(S
T

Optical density/A
=
(8]

=— 0 g/L 3CdSO,"8H,0

e— 210 g/ 3CdSO4-8H,0- |

4—210 g/L 3CdSO, SI{«O Il
~—2|(1;,L1Cc|9048H 0-11I

0 1

50 100 150 200 250 300
Time/h
6 IR CA™WRIE FIESALARI YNI12 BbRAE K gk

Fig.6 Growth curves of strain YN12 continuously grown at

=
T

final Cd*" concentration

= —0 g/L 3CdSO,8H,0
*— 210 g/L 3CdSO,8H,0- |
1—2101_ L3Cd§04 8H,0- 11
+—210g/ L 3CdSO, 8H50-I11

2.59

20F

=
L% ]
T

0 50 100 150 200 250

Time/h
SRR YNI12 B pH H 13

300 350

7 IR CENKRIE T E
e
Fig.7 pH evolution in cultures of strain YN12 continuously

grown at final Cd** concentration

BT C™ R85 = WG T 32 Ik FE IR 31 4.8 ¢/1(32.0 g/L
3CdSO,-8H,0), ANWiHETF CA* W (K YIML sz dk—25
T, YNI2 BRI CA™ A2 i 5 AT DA ik 5 L
1) 31.5 g/L(H124F 210 g/L 3CdSO,-8H,0), HAt Ccd*
B dze e i e R AR R AR T, YNT2
J& H AT FTRIE 15T Cd™ B 1 5 1R Ak o

{Ef 2 CA M2 E(31.5 gL) . W YIMLE )
szi%ﬁﬁﬁ@%ﬁﬁ%,a%ﬂTﬁnfﬁ
CEWRIE R, SFliEs —ACHE MR, HAKH
Fﬁm%%ﬁﬁwﬁﬂT&%mVE,ﬁ%@@wﬁ
e kv

HHEIZ, YNI2 KU TIFA SRR IR (R
1), fHXF Cd* HI BAT itk b, Hoxt cd™ iiduek
PUE{ES VRN MeAh, ZRAE & famAey i Ty

T PR P AT S AR A AR AR o AR SO K A2 LA
L,ﬁszleCfﬁiﬂiwﬂ\¥£% Pl
il PARAZ AR & S s N L7 Tt 2 i 1T
T8, LAWLD I I Cd® WA N T 77 -

4 ZEig

1) 6K H 2 b R R K FEREAT 3 G &
£, SRIGXRTEE 3 K SEIEAT R AR oY &, 3RS
FEWE PR A AL TR B VR 4R TR F TR 2 2
AT BAEREFRI YNI12 WAR, ZR RS A S
£@$%ﬂﬁﬂ1@ﬂWA%W$J%m,E%%§

TR E TR ITAT 1 o

2) {43 Hr4l 3CdSO,-8H,0 FFARZ CA Yk
YNI12 BFRREAT 4G Cd™ i 32 ik se it e, 1
CA* e i WI UG 2k 51k 4.8 g CA*/L(HI4 T 32 g/L
3CdSO,8H,0). AWHETF CA* W& (K14 Sz it gk — 20
R, YNI12 BT Cd™ e ol LU G40 A
5, HXE Cd™ [y dm 241 52 9 B T8 B LIV 31.5 g/L(H
24°F- 210 g/L 3CdSO,-8H,0).

3) 1£31.5 g/L M CA* M 2K E R, % YNI2
BRI T EGALA, RIVZRAEZ CEWRE T, 4l
g ARG N A K, AR K R A TS Y
REMF BB Ar IR, UL A 304 cd™ i
PERIWE 7

4) YNI2 BRI T HA SRR ISR, (HX)
CA' HAAG Wk mt Pk, 3 Cd PrtkpLE RN
9. RN, ZBEAE & faimAt n Loy ot B By
N RS, AEHARRAIR T
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