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170 r/min. K MSN ¥i7R%E, BL7 U : (NHy),SO,
3.0 g/L, Na,SO, 1.41 g/L, KC10.1 g/L, K,HPO, 0.05
g/L, MgSO4s7H,0 5.0 g/L, Ca(NOs), 0.1 g/L,
FeCl;6H,0 1.1X 107 g/L, CuS0,5.0X 107 g/L, HBO;
2.0X10* g/L, MnSO,H,0 8.0X10” g/L, CoCl-H,0
6.0X10°g/L, ZnSO47H,0 9.0X 107> g/L, {4 FI A FR 14
4% pH 2.0,

1.2 ERRBIT AR

ARSI ATV AR ENACH], As(V ¥
W LA T (AS,O5) BT i o
1.2.1 i) e S5

Xt L. ferriphilum HHEE As(ID)PHERERE: 0
g/L, 1.0g/L, 20g/L, 3.0g/L, 40g/L, 50g/L; ¥
B As(V)IKERE: 0g/L, 20g/L, 40g/L, 6.0gL,
8.0 g/L, 9.0 g/L; WG EAFNEI N 8X 10" mL™", FHKE
12 h BURE—IK, i F R0 WS 200 T R P AR A A T
Ty S B SR BRT FR) EL AR E
122 WML

BIvR LB A RETR, 4% 8 X107 cell/mL frj2Fh
EEMEE AsIDEL As( V)R FREE T YIME, 2
o P AR S AR AR, B TR As(TTD) 1 /L,
As(V) 2 g/L HIVREERR EEIBIG AT T — 5L
1.2.3 RN HIR SR

VI B 5 5 0 BT o 1) A R B R IR R
R, EMEN4X10"mL", IEHKIRT S35
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AR ) 58 R ARAE AE KO R R TR R A R VR . pHL R
SR S LA (AR AETO) DUE S AR A IR O A e JR R
BB TR R S R AL (ICP-OES) 43 5l I 58 15 7 2k
BRI TR AR A DL B (SEM, £ H
FEI 2 R RALYIMHT 5 20 B0 M0 7EH -
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Yk SE R, e HUAR i 2H 7 25 FE B K R 9L B AN
JE R TR AT B — 5 I AL 20 AT o
1.3.1  BERE & AR &

PLLL AN 1M (Nicolet Nexus 670, USA). %
6 5 B (1 [ 3R R /A W] DM2500). BCA 25 (4 kG il
TR AR Ry 00 2 90 A T 5 R DS AN 2 o A
g3,
132 YMLETIG L. ferriphilum T2 YR AR 7T

DA )y FLAS R 5% T Ak 1A T S 40 R T R 1) AR
1k AR HR ST C-K 3 X SRR S i 45 # e it

Vi I 25 i St 2 1) o AT R R N A T S 40 B2 T 2 1 o
2 WEI) S AT AR,
1.3.3  DFT i AR B TER P02 1 14 R Bt

O AR, SAE R FER M T Yk H
Jei, A FTY - S AR B R AN,
I A A A 4 3 TR P B 2 A 0 S ) B AT
i DFT BAUTHE, SR 50 7 YN B B 12 T fe
A5 4k

TR DB MR, SSRGS,
BT E.=340 eV, K AN 2X2X 1, FH g
HAR B 7S 50 i 2 [ AR BB, R A GGA-PBE
Hg ok L sk AL AT UITH, #3(100)1H ,
WE 15ANAETRE, BERHETZE, WgRnE,
BN 2X2X 1 R ARSI AR AL, AR
Fl Gamma sil'; e ESARAE N 2.0 X 107 eV/atom,
JE T USRSy 0.2 pm,  JR-T-1AI4E I Sy U 8ok e
9 0.8 eV/nm, AR AN USSR AEN 0.2 GPa:  HTE
ARSI H 2.0X 107 eV/atom. BT 4K H
H A 7%

2 HRSIE

2.1 AMBSLIEFIYILSRIRLE R

L. ferriphilum BEAEAN A FEAG FE () As(IID AT As(V)
THAEKELE 1@ ). MEFRTLE ],
KREYMH L. ferriphilum TR 32E) 2.0 g/L As(IID) !
4.0 gL As(V)RJHMIE ] o WTLLE W, L. ferriphilum 1
MR RE J1 AN R, ARSI, LU ER &
MEN R, BrLL, X L. ferviphilum B347YI40 2
T E R

ZYMksLE )5, BRIFEE 7.0 g/L As(II)K A
11.0 g/L As(V)IRIE M R AAF 1 L. ferriphilum W, BT
15 BRI A R 35 T DI AT B AR, BT A )
TAEBAE R, ERmEWE 1R, MNEK
Bk AT UG, REYIMKI L. ferriphilum HEAE 7.0 g/L
As(IIT) A1 11.0 g/l As(V)IKFE FIEARAGEAE; YL
J& L. ferriphilum BAE 7.0 g/L As(IDZ&HE R, EKER
SE IR, HARMIREZ N 2X10° mL™", T7E 11.0 g/L
As(V) 26 T A K 2 8 I I A0 Rk BE T Ok B 4
3X10°mL™", XRMAYMLSG L. ferriphilum B T fE
FIRK$EE; MYMLREAE 8.0 g/L AsIDAT 12.0 g/L
AV ZMHT, K28 T™EMMHE, KH
L. ferriphilum &1 32 fe )1 C 4L 2] TR, Kl
B A IR BELEHTIAA i T B, 1XmT Re R YL Tk
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Fig. 1 Evolution of cell concentration of L. ferriphilum under
stress of As (III) (a) and As (V) (b) with different
concentrations and growth curves (c) of L. ferriphilum before

and after acclimation

2.2 As(IIDFN As(V)YIMLE R H SR LR
SFEE
221 REATNIERAE
T IR o AR P R 4 R FE . pHL
ORP, 4857 R 5 1k A0 A 5 203 4 B 2(a)~(e)
fim. BB 2 /&, AsIDYIMLE L. ferriphilum 12

AR N, AT REAR A As(LIT) Ik B PR Bt 1)
R b, SEUER P IR E RN pH Jatt &
JE BRI, EAE JE AR, X T AN AR
RS NS, AR A R RE, X TR TR
W pH 2L B Fe(IID) R VTIE S 51BN, BB T
A IR BEAE e Tt fE i T AR, HUE /N
TR HRE IR, WTRLE R, Bk BT R E
TEAR KT JEIA R . 2840 b B Hp 0 v BAR B
YL iR R Sk b T IR Y, eI
T 538 N A AL, YIMLIA ] TR E . 12
128 R BN BRI A A T BRI IR B AR . = A0
T AR . AR DI R B Pk
222 WIESIER

R B G b T Ll A T AN iR 46 B IR L R SR R ) R
71, HRAER HINAR R EAE 4 b, 2 HL 7.0 g/L As(IIT)
Yk S5 1 L. ferriphilum B85 JF U6 T H ARSI 72
A E AT RS, EIUEE A R E T E
X, AR AnE 3 iR

M 3 LA, 36 h 25, Yk B X
(O e FE TR, JE PR FEREOR, X 1 B I B A e
TR AR P 10E LSRG B R, R T
g, HEGWIHIES T Y b, RETE IR H
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Bl 4 Fm o & i FE RS BE YIE S B8 1 2040 ik
K. et b 203, 8 2921 em ™ F 2853 cm!
AbJEE B IR B0, 1650 em' b2 B G AL S
C=0 [IHFAEIE, 1560 cm ™' &b F Tk ke A AIE I, 1452
em ' AL EBRIRSIE . BB 4@ AL R
B P e S A FEE P I T pR SRR g, LU
(58 B IS, X ULIAIML S L. ferriphilum B
FIEU/D, WA RE T C=0 BRI, FHE 4L
EAA PR, XA YN I SRR e R (R R IA
HPkD FTEG 1402 em ™ AR IR B C—H 1R BNIE,
850 cm " A2 BE S SE AT IR 0%, 660 em ! AR (T)
e i i T M (A (R B sl e, T oy B U I 5 ek P
XN, BRI, SREERE R, UE B 4
e . RESRAUNR R OR = 3G s Y4k S
L. ferriphilum T 480 cm ' kb C—C K5 AL IR 5%
FEXT R, R IRk 5 B R e 2 i sl i s 3R
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B, YIAEERE EE AR, TR 2 RIA Y
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Fig. 3 SEM images of arsenopyrite slag leached by origin L.

Serriphilum ((al)—(a4)), 7 g/L As(Ill) acclimated L. ferriphilum

28 um 5 @ ((b1)—(b4)) and stile control ((c1), (c2))
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N AT EEMER As(V )RR ZEREY, o AR 11
AT R, DR, SERGETEE 7.0 g/L As(IDIILH)
L. ferriphilum W& HEATYICHLSI IR TE, REHUS 5471

45

2.4 7 g/L As(AI)YILIS L. ferriphilum EHELFER

FHEETL
241 BEANGR AR A

i BCA JRANEAL 5t Y ik =9Ik B 5 R
AR PERME OIS &, A2 EPS IR AR A Xt
M, SEIGas R 5~6 Fin. MBS iLLEH: BIR
BB, GG TR ARRE SN 2 1 BT B BRI
K5 6IEE 6)45 B —5, H5IA MW T 45 KA
—0, R EERAE A RRE RN G R T
1 B 2 e 0 R D TR 52
242 7 g/L AsS(IIMLHTIG L. ferriphilum 32 18 7 7

R 7

Y B T ) AT B A A AR R IR
B WE 7 fioR.

Bl 7(a) Bt s A I B 5 D546 B 10 3l L A AR A0 1
o B pH 3N, EMERmMFAERIES, K&K
DM T R R AR A, SR T IE LA IR D,
GOBATH N, AL R B, S A N AR RS OB B fE
PR gE . AR, XL E 8 H e 5 41
P THT A P AT 20T I BT 5 L A D A 5 P AR
7E pH 1.5 BT, XA 82 B 94k 18 3R TH o7 FR 5 B 2
FiaEMZ 5N, XUHYMLE R RS RET
B YIAGTE FLAL T RS, R B I R 2R T By (1)
T D, SR R, X AR IR A AR T e
T MBS FEM 1, nTReEAF T HAERIRE 1
AAE

B 7(0) T N A B AN SR A6 T LA R e 43 B 2
EPS JEfik 1) K i1 XANES i, EHTORMGR1, FHE
g A(288.3 eV)RIA T RIS A EIE 1s T3 prilid
(FEAR IR IS, SR B(292 eV FHT) £ Bk T
o*ce M, XANES B & e T AR /N5 41 B 3 T
BEANE E ) & EAAE IEAHOGC R 1T C o KA
RERECY, B RE /155, A& 2Bk EPS ML AR
AT K 14 XANES 3 2 B (1) 52 B4 EPS A HLA A%
(5 B, %R T EPS B9 = AR 46T K i1 XANES
FEONRE R A NARGEE . AEFRTT A, e
YR A VSRR 58, ULAHYIMLE EPS
ERERMEARNSENZ; ERERYIM R LB
EPS AT A VRS, B IEREEAHILT, R
A HIT B AR AN 2R 19 5 A6 EPS RN Jo2 2 1] v /0 AR e
B157s YK bR EPS RUJGH A Ve, Uil
L. ferriphilum WZAYIMLIG, BESEAIE H 517046 H1 55
S)4y A AE EPS Al it 2% (8] A8 g B 43 A 7E EPS |,
ULBH EPS FRERAE LMY 2, &4 ik e
FENHEERR.

K 7(c)iian N 7 o/L AsAIDYIML )5 L. ferriphilum
fifl L 71 XANES %4, %tk L i XANES i ] DU
SETCRIIN AP XL R T LR R, YR
THI P 32 B DL As(TID AT ARAZAE, X Ut B I TR 1)
FEEEALAE AT RE LA F MR R N P, AT RE N
Y P A e S IR IR B E R T As(ITD AN As(V),
S AR RAEGH LRI -

2.5 DFT IHERRTIMLEET YR ORI

FIF Materials Studio X fFH CASTEP HFLER[K) 5
— PR S SR R AT RS, A R 1 AR A
4 0.5428 nm, F52IAE 0.5417 nm R3S, HAEZ

—_ ASI) 0 gL .
—AsID3 gL -
s gL "
— AT gk

(b) 1452cm”!

— As(V) 0 g/L
— As(V) 3 gL
As(V) 7 g/L
—— AS(V) 1T gL

1200em”!

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wave numbers/cm™!

Wave numbers/cm™

B4 As(IIDAT As(V)5r A IMCIT L. ferriphilum B I ARG HE
Fig. 4 FTIR spectra of L. ferriphilum acclimated by As(II) (a) and As(V) (b)
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Fig. 5 Polysaccharide content of L. ferriphilum before and after acclimation by As(IIl) (a) and protein content of L. ferriphilum

before and after domestication by As(III) (b)

BEl6 AFRKCEFM ISR ARTOER A

Fig. 6 Fluorescence staining of glycoprotein by different treatments: (a) L. ferriphilum; (b) L. ferriphilum without EPS;
(c) AS(Ill)-acclimated L. ferriphilum; (d) As(Ill)-acclimated L. ferriphilum without EPS

0.2%M1R%E, R RS LS HUE /& 1.

17 T FFD S 36 75 R 0 A B 1 W 28 R B 1 o 4
%, B2 R4 I R (—OH), PALR IR
25 95, B R CASTEP A5 (1) 55 — 1 J5 34 k4T
FREAE TR (100) [0 _F MR BHTHE, BR FUFR ZE 0T R PR
W PR D RE ST R, ARAL S FR SRR T Fe 8L S 1)
W Bt 77 a8 i

251 WERERTHE

IRIEA I Eai=Esurtacerr-onEsurtaceEr-on X1 B 7(a),
(b) F PR PRI B 7 SR B R EAT U5, 433 R—OH
7t Fe WA ) Eoq N—3.63 eV, R—OH 7£ S It
B B 9-3.57 eV, Uil ISR E R a R
(1), B4R RI—OH %55 (E s Bn Rk, FH1E
BRIR T RN ER S
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2.5.2 A& B A A L B (PDOS) 0 B

Rt TR S A ER o A B o3 AT A R . b
KB, BB Ui lFRAE e 5 Sk (100) i _E 1A
R TR BUAWEFCR M, AR, RSt
SO AT REPERL R, TR 1 o A R E SR 0, TR
R—OH f£ Fe Al S _E f kIR B 7 (UL B 8) 15 fia) F
TR IE -

ARSI vk — 20 6 R BB (100) T i ) 70 2

>
£
s
5
o]
a
=
N -30f
—40k L.f(As(IIl) acclimated)
2 4 6 8 10
pH
(b) A, B
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- L.fwithout EPS
]
*é_ As(IIT) acclimated L.f
)
4
= L.fwithout EPS
8
£ Lf
5
4
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Energy/eV
(©)
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=
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]
4
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8
=
g
S .
Z As(I1l) acclimated L.f
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Energy/eV

B 7 As(IIDINMbHTE L. ferriphilum B EIHEAL, AsIIDYIL
)G L. ferriphilum BHRIY) K 34 XANES % B LR 9L R i L
1) XANES % ]

Fig. 7 Zeta-potential of L. ferriphilum before and after
acclimation by As(Ill) (a), C-K-edge XANES of L. ferriphilum
before and after acclimation by As(Ill) (b) and As-L-edge
XANES of L. ferriphilum acclimated by As(I1I) (c)

% FEE(PDOS)IEAT /0, S5 WE 9 fim. Hrr, Ee
RETKMRES . MBI 9 TTLLES], WIS, O2p %L
E5 S 2p PUETE-10~0 eV A5, T 0~5 eV AbfIE
B8, Uil O—S MAFEREIEM: [, O 2p #li
5j Fe 3d #UIETE-8~0 eV XL E, 0~5 eV b4 5SS,

w1 O ATSEIHTEE R
Table 1 Parts of Mulliken population analysis

Bond Length/nm Population
O—Fe 0.2405 0.18
0—S 0.2836 0.12

Ld td O Fe
C ~ &
CEFRVEC. Qe
8 R—OH MFHAE Fe M1 S LRk
Fig. 8 Adsorbing stratus of R—OH on Fe (a) and S (b)
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Fig. 9 PDOS patterns of R—OH adsorbing S (a) and (b)
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EAFETE O—Fe BUEAE DY, ixsgh R R H LUk
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Domestication of Leptospirillum ferriphilum
arsenic-tolerant ability and mechanism of domestication

ZHENG Xing-fu', NIE Zhen-yuan', XIA Jin-lan', LIU Li-zhu', YANG Hong-ying®

(1. Key Laboratory of Biometallurgy of Ministry of Education of China,
School of Resources Processing and Bioengineering, Central South University, Changsha 410083, China;
2. School of Metallurgy, Northeastern Univwrsity, Shenyang 110819, China)

Abstract: In order to obtain high arsenic-tolerant ability of Leptospirillum ferriphilum, continuous transfer domestication
was adopted, and the acclimation mechanism was studied. The results show that, after domestication, the tolerant abilities
to As(Ill) and As(V) of L. ferriphilum increase to 7.0 g/L and 11.0 g/L, respectively. The leaching effect of the bacteria
acclimated by As(V) is significantly higher than that by As(Ill) in the leaching of arsenopyrite. After being acclimated,
the contents of polysaccharide and protein of cells significantly increase, while the negative charge on the surface of cells
significantly decreases, so as to adapt to the high arsenic environment. The in-situ C-K-edge XANES results show a
change in the distribution of polysaccharide and protein. The DFT calculation shows that the adapted bacterial cells are
easier to be adsorbed on the mineral surface.

Key words: arsenic; arsenopyrite; pyrite; domestication
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