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PR h S RSN FEERICR, 2Bk b
IR SRR Z —, WEHER A
shiy . MR R AT oe R A, fEAR
WEih, A TSR S S A YRR
e, A AL RS 0 EALIE ROV R A )
HoBRAL 2GR R LUK 3 1 — 5, ki
if Fe(I1) YA AbE Fe(H) 4 i i i 3R A5 RE A, it
FLAMa K 5 —Jrim, BRANE N T 2k A Ak ek
PA R ] B R 2 5 B AR A Fel)”
PR . EAE . FALFUINE, JFEESY bk
R AEZFOCR YR E R IR

BRIE A TR R — IS RERE DL Fe(I11) A HL 324K
S R AW L Ca 7/ I P s o PN = W3 | =B
sivh, i A A ORI Fe(lIif )5, 7E4T
WA I B Fe(l)(A0 28 2k 07 . W ER AT ) Bk
Fe(I1)/Fe(I1) 5 41 (40 & 4% w7) , 3 e i =00 -
AFe(IL1)+CH,O+H,0—4Fe(l1)+CO+4H" | i 473k
W R B, SeACERIE S5 (AR Ry I 0 ) S 353 A7
TER — A P ARAHE L, AT AR Sk b R
WL 2 — o B, Bk 4t 58X 42 A
PR S 58T R AR DR . $8R
bR AR i 4 R S AR AR RO AR A AL A =
B X BeAh , B D 2 T A I T LA K
B Cr(VI1). Se(IV)/Se(VI). Te(VINFI U(VDZ4: )R
B IS e W 4 A I UK B EARAR Y Cr(1)
Se(0). Te(IV)FI U(IV), FFi X sE A E &+
B B P d A T e R R R T, Kt
18 4 @ 15 e R AR W B S b A T I i
T, fn, miiE Sy EY i A ik,
A T 240 TR 3 R BB 20 L A KRR R T LAk
KNG A, AR Ry — o B G 1 9 K
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FwTEE,

WEFE R, Sl 5 T 240 i oS S i 7
KEG AP FLEZ TR R, UMy
PR SR BN FEFRAE . AR
ZARMHRE ] BRI R4 SR O gk
R D2 AT LUK 55 485 dh I R AL I ol B A
Fe(IN5i# % Fe(I)0 W), CHGERARESE . 228k
B WS ARG B A GRS AN R S
T RRERRE Fd FERHLHIE R T R R 2 A
R A=A = NP0 "SR I ik 7R A | B v d I
YR A T 5 0 A BRI ST AL, LI I
AR . 22U FNE R AU A Fe(Il)
Y, WRREZST ANEEL S, EES 5
Bk E—sii B n 2 e i e,
BRI D 24 DR K AR A A 0 it Ry 22 R AR R B
BRGNS, W) R A SR A LY
s Ye i A Ak RE 19,

PO ANHTE 1987 i EEFHK Lovley
ERHGEY, HAETRBI R, SRR
OIAT TR AANGE , HAE R A I S R A )
AHOG, P2 P T 2 A A D A R 20 T LA R
J& (Geobacteraceae) Fl 7y IL [X I+ J& (Shewanella) ,
TEWA . RO R, AR AR AN [
A HLAE A H AR T Fe(11) I 76 248 i A1 75
I BB 50 Fe(I) P AR ARRIA 4
Shewanella oneidensis MR-4 41}, L 30 mmol/L
FLEREN A A, 10 mmol/L /K& S T
ZA&, 7E[HCO™ ]2l 30 mmol/L, [PO4*]/ 5 mmol/L ,
30 °C fHil FIRASESR , T A A K AL o hgs &
WALSEES, W EGARANE Shewanella oneidensis
MR-4 754l SMF5 T8 BUER A P 90 0 AH | Ak~ nl
I3 FITE S AR A R S AR A, DA PRERIE i 20 TR
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Shewanella oneidensis MR-4 [ il 4 7 [
P& AR K2 (University of Tibingen) Kappler Andreas
iz, MR-4 ZF L RBAMATE, K24 2um, HE
25 0.7 um. MR-4 F 1991 454358 H Mg, JEdp i
B BRERI RS Fe(lIDLL A Mn(lL, V)1
AL Z AR A g = — P

KR AE T80 °C vkHfith MR-4 TEFhEFN 2
ATCC-1768 577 3P4 JzRl i fin A 30 mmol/L 3L,
FRAEMVE R FbA, IR SRR AR R R A S
TR, HERE A 5%, 30 °CHHIRAME T, KRR
R TR

BRSO Bkl a8 R (1 L) ARk
6.85 g (i A il T H i i A Wk i 28 18K b, I pH
% 6.5), Wolfe's 4i4= KRG 10.0 mL, Wolfe's
W IR 4 W% 100 mL, NaHCO; 250 g,
NaH.PO, - H,00.60 g, NH,Cl 0.25g, KCl 0.10g,
fdi ] NaOH ¥ % 15 pH £ 6.5-7.0, Hi1, Wolfe's
W IR-A (1 L) : NTA Trisodium Salt (Free acid)
1.50 g, MgSO,3.00g, MnSO,-H,0 0.50 g, NaCl
1.00 g, FeSO, 7H,0 0.10 g, CaCl,-2H,0 0.10g,
CoCl,-6H,0 0.10 g, ZnCl, 0.13 g, CuSO4-5H,0
0.01 g, AIK(SO,),-12H,0 0.01 g, HsBO;0.01 g,
NaM00,-2H,0 0.09 g; Wolfe's 4E4E ZIRA W (1 L):
HH)% 0.002 g, 721 0.005 g, 44 % B120.0001 g,
XL R 0.005 g, Hi¥HR(a-) 0.005 g, MR
0.0059g, Hilli# 0.005¢g, #Z# % 0.005g, LRIl
ZE% 0.01g, MR 0.002g, #7505 2 100 mL
UM BT MO (B 50 mL), FHRER ZE% B

M, naashes, RS g il 2B R AR
ARG REURE), STCIEA R N/CO,
(VIV, 80/20), H4 7k, HMNIERREHEE,
P E FEZE75 KM (121 °C, 1.01x10° Pa, 20 min)/5
MR T IR R A P [Coy KA T-E&
R, NofHo (VIV, 95/5)] 78 Ji B R A 5 2 A 75
1.2 KEEAEK(Ferrinydrite)iil s

Wb S 56 1] FH TG A2 TE - 59 45 dh K A AL kA
N PIEYI (R T2 1K) Hil #0500« Jet 1 moliL
AR IE R AT B INZE 1 mol/L FeCls-6H,0 &
W, IR, IR pH ARk, HE
pH k% 7-8, ZJF4kZedi+E2y 30 min, %K pH
PRFEARAE, TG BRI RK TR 56 Ik, & .
1.3 MR-4 diffiA: KAy L

4 100 mL 815 b BE 55 1 MR-4 20 1 28 TC IR R
A 7&K PR 4(6000 r/min, 5min, 4°C) 3k, I
WediF) 10 mL, FTCHRESE T 1 mL IR
MR-4 41l 25 Ak B SR He b, )G 4t i A= 1) =
(EA BT )R 13.27 pg/mL., 5L EFRILIL T8
[l ATCC-1768 1557 3 PAuhr i iR Ak) , AT
B 10 mmol/L 7K 48464 30 mmol/L FLERSH ;
HeRha, 30 °ClHMR AN T, IR IR . IR
R B — S U IR O R R ) 1 3 A
(e e
14 pHWE

A LT R, AR — B ] A 2
4 mL, RRREIEFRIAZRSH pH, AYaf
Fe(l)ik B i 284k, BUFEMIBRIR &R O (MIEEFD 4
). 2. 4, 6, 8, 10, 12, 14, 16, 20d. Ht2mL
R T pH Ml 55 HC 2 mL A 5548 13000 r/min,
5 min &0, H EFHHTANEE Fe(l) ik B,
DU TAY R, BAARJE W 1.5 i 1.6,
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1.5 Fe(ll) B &

Bk R Fe(l)B 7k EEAs ki) Ferrozine
D5 IR AR A2 HF L Fe(ll) 15 Ferrozine
RANGE SR —FE gAY, e
WA 562 nm AW OGAE, P i An v i 2k
REIE, BIVAIAS BB P SE bR Fe(l) B Pl . A
S v I S T AR R P B AT Fe(Il) iR
B, B AS IOk [14].

16 AYENE

BT 15 MR-4 4R A LLE R T4
LU TR, R, ARSI SR N
W BRI B IR TR R e MR-4 41 2 K15
Mo BART R # 2 mL £ 13000 r/min, 5min &
U BORE R % 300 pl 0.1 mol/L NaOH &,
90 °CUHFF & 15 min; F5% & J5 A i 15.02(8000 r/min,
20 min)/ , fifiF} BCA 157l & (Thermo Fisher Scientific
ONFEL, AR )R R R
1.7 SEM 1 TEM W%&

W AESEI r, E DR AR P XA ] 35 5% B )i
R MR AR 3 R, HER
HTE, BULBERTIOK OB . W FHE
Bi(SEM)AH T, ¥ LaRRES T BB A L, ERA
FN T, 95405 , A Nova NanoSEM 450 %! SEM
WYL Kotz oA, Mg A 5-15 KV,
Xt 37 LA (TEM) BT, K R it il 28 i S5
b ZEDERE N TS, A1) JEM-2100HR % TEM
X FEIES NS A A T o T (s Ha H 2 200 KV), X
SO g X3, B R AT 1B X A R
(SAED)/r#r, MIMARAF =PI . oo Findh 4
L5 R
1.8 XRD #1 Raman 43#t

5 SEM 1 TEM HlREAHZEAL, FEDR A
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NI R SR B AR A P 22 B R IR K Ve 3 IR
J5, BRI XF XRD 4081, #HEAS BT
TR HORE 5 ] DIMAX-2400 B X ST SH
43T, Bt Cudl Ko fE5F, BTN H 80 mA,
HLE 40 KV, SRAETEH 3-70°, K1 1.2°/min, A}
28 6 s X}F Raman 734, HilFE kR SEM,
ZJAH F LabRam HR800 Rt A B i 85
T ASOR 47 W) 285 K 0 S0 AT o0 A, ORI
532 nm, JtAlA 600 grimm, PrESERAEECH 50 13,
RADEBE R/ 1.5 um,

2 SR

21 MR-47ERPEFRER pH, AREYE
F[Fe(l ] 254k

FEMAK G FALERAE A o 2K )5 , ROk
R B L e, ET i B2 0 ik
11, BB R, m&AE, HRMeEAe
DUVE(E] 1-A)o TS FE, OBAR R pH 4]
WA RS, 18 7.2-7.6 Z A1) zh(E 1-B).
XA BE SWI AR B SRR R A B R VR 1 HCO5 R
R S TR, AU AR 2 R A [ A
UG N, 0 CO,(VIV, 80I20)IR A SR AT, —3
(LR AR AR SRR R P pH A AN

B R AR K, 2 R A K R R 5%
KRR A R R R K%, E 1-C FiR,
FORTER LS MR-4 At K, PEBER
KRR p A A, RVAR R P Fe(l)EF
We s & A T B A8, anlEl 1-D Fos, 7 0-10d
I, VR Fe()Vk B R AR 2205, i TR 14
K RSFRESA, TREFR /R R JFIE BUY Fe(Il) AT fE
B 5 FIIGE KA A RRER, i EE P
LR . AE 10-12d H, ¥R Fe(l )ik B pud
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Figure 1. The culture of MR-4 cell (A), time lapse changes of solution pH (B), protein concentration (C) and Fe(l1)

concentration (D) during MR-4 biomineralization.

Hahn, HEs Fe(l)id J5 R Ak Sl e, [FRf K&
SRR IR FE AR, AN LUKE R S5 AE Y Fe(l)
FESEAL AT RN, LR E W o Bl A kS
Big%, 12-20 d BHAW T Fe(I)Hk B I RELE IR,
A REHE /R KA BN W T i Fe(11) 5 5 H
FH 5 B A LD TE TR 1L & Fe(1)W ) o
2.2 FALYI YRR SRR

Xt LI AU AR I ) XRD 43 Bt 2% B
(B 2), RIJEYIR XRD {5 B AT e, 76
20 N#y 25°F1 34°[FIT HEE 2 455 HoSE g, FEH
B LA TCRE -39 45 Fh i) 2 Bk & Ak

MW TR 8d I, fE 20 457 35°, 57°4k, 4y
i B TUAS G55 LS8 00 A3 S 0, X N kT
(PDF#19-0629)11) (311) F1(440) &4 11 , 2B it e vy
KR PAREST TR, 16 d B, BT REERE BIAT
PGS, 78 20 2520 13°H11 43°4k, HYEE 2 A~RBEH)
AN, Ay SR W R AT ) (020) FiT (-350) fh IHT , 48
NI SOVAR R e 2 R A, 20 d
J& AT ) XRD i 5 bR i 5 2k (PDF#30-0662)
XRD % BT S W FE AW 6, JH: 32 AT S e JT Xof g
F AR WL 2 Fios, FRoR A2 B0 i
R
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Figure2. XRD spectraof biomineralization products during MR-4 biomineraization. a: 0 d; b: 8d; ¢: 16 d; d: 20 d.

SEM WLEERWI (18] 3), R IR MI K& AL gk
ABIEZS . SN 16 d i, A AR
YL 20 d B, 7 YIKRZ ELF4RRFI: ok
MU, K/NZ1k 30-50 um. X465 Ygkf 7
HRB B REIE 0T, PR BT AT W EEH O,
Fe fll PR 4L, WA 3-P-3-U, 454 XRD 254,
HEDIZ A ) 5 R0 [Fes(POs)2-8H:0] . {H AR
MR, OV R P AR R BE R R E RN, Sl
KRG, 7550 W BHE SR A 7K A S AR AR SO 2
MIERE™ b, FEORNRENE Mg SEM UL 2] . H
TXFWCER BB A7 U it e A A T 200 A 1 5 R g
IKAEEE, PITED A7 W1 SEM WLEL 25 SR ihiscfy
WL F e R A A5 F , (BRI YR vl LUR
I B 558 %) 240 BRI AR 30 LA R B A 6 B 0 2% 1T 1 35
M Zmaf, il 3-3-3-O.

2.3 FAL Y X SR SR AL

KA Raman fll TEM ZEWORREE 404 178~
APPSR AR EFAE . TR 4 iR, ROVJEE
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YK G BALAE Raman 3% BRHE I B 2078
710 cm ™ Ak (] 4-¢). Bl BN A 75 8-16 d E,
B T KA S AL B A FRIE Y , Raman 1% I 72 310 cm™
670 et ik, ML T 2 AMERENE, FRRREERE
MAEAE. 20d B, REERW 11 Raman FRMEIE E—
I, HE R K G AR T R RN B AR R
AOE— 10N . At , Raman Al 2 W20 B 47
£, Raman 73455 XRD 455 —3,

TEM #1 SAED 73 #frk B, RBEPIKE AL
B R AE R TR, I TE-59 45 KA
L8R (K] 5-A, B). X 8 d M b=t &
B, DORGIRL ) 3R 5 H 5 K G A Bk I P
e R A P TEM WS al UL A & A A% HE
5, SAED K& IR T MAREER AT ER, A
PN B A3 6 o G ER AT d TR - (220) . (311). (400) .
(511)F1(440)(E 5-C-F). X} 20 d [z hJa# k=4
() TEM i1 SAED 43#r & W], dbE o™ 1b 7= ATOK
LA F(E 5-G. H), 5 SEM F1 XRD 4>
P R—2
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3. MR-AF{LIRZPRERET LM EFR2RIEE G
Figure 3. SEM images of biomineralization products of during MR-4 biomineralization. A: 0 d; B: 8 d; C: 12 d;
D-F: 16 d; G: 20 d, bladed and fibrous morphology of vivianite; J-L and M—O: microbial trace and the MR-4
cells on vivianite; P-R and S-U: EDS analyse of fibrous and bladed morphologies of vivianite, respectively.
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Figure 4. Raman spectra of biomineralization
products during MR-4 biomineralization. a2 magnetite
standard raman spectra; b: vivianite standard raman
spectra; ¢: 0d; d: 8d; e 12d; f: 16 d; g, h: 20 d.

(A)

(B)

3 it

AT AW IE TR IR 41 1R Shewanella
oneidensis MR-4 TE45 € 5L 00 2541 T, LASSZS S Y
IKEEAER T SOV R, RSN 0 A TE L
PR YRR, XPEAS R R  SOWAK R AR )
1 Fe(I)He B2 AR AL . 04k W1 W ) AH ROV 25 7
ERHIE I ZEA TR, MR-4 7EIR 5 Fe(111)H1d
e, fRREE AN A, KA SR Sorif
e AN K RS I RERAT, 3K BEG K RS I R
5 EHCR K G E AR I I SO, X T AR
SRRV PIE MR-4 4 Ab F ik v 8, Fe(lll)
W JEUE P AR X 18, Fe(Il )RRk B AR X 4518
B S KE AR A A E G A SO A UG RR A
B B[R] 2 MR-4 21 BT 7355, Fe(l )ik 5
HEEINR, KEM Fe()BRBEIERT ., 5 PO
RO, R A UROK RO 2R 4R B IR
W,

5. MR-4# L2 P AR EF L A=Ha0iESH B F R MIEEIKFIERX B 7175 BiL
Figure5. TEM images and SAED spectra of biomineralization products of during MR-4 biomineralization. A, B:
0 d, ferrihydrite; C—F: 8 d, nanosized crystallized magnetite; G, H: 20 d, vivianite.
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Abstract: [Objective] To explore the mineralogical, chemical and microscopic properties of extracellular vivianite
formation induced by iron-reducing bacteria Shewanella oneidensis MR-4. [Methods] MR-4 cells grown with
30 mmol/L of lactate and 10 mmol/L of amorphous ferrihydrite, which were used as electron donor and electron
acceptor, respectively. The medium was buffered with 30 mmol/L [HCO5] and 5 mmol/L [PO,*], and the culture
was incubated at 30 °C. The headspace of serum bottle flushed with N,/CO, (V/V, 80/20). The pH, biomass and
[Fe(l)] of the culture were measured by sampling at different time points. Meanwhile, the combination of X-ray
diffraction, scanning electron microscope, laser Raman and transmission electron microscope approaches were
applied to characterize the mineralogical, chemical and morphological properties of products produced within the
culture. [Results] MR-4 could couple the reduction of Fe(l11) with the oxidation of lactate for their cell growth and
mineral transformation of Ferrihydrite. Specifically, ferrihydrite was initialy transformed to nanometer-sized
magnetite particles and majorly to micrometer-sized vivianite with bladed and fibrous morphologies finally.
[Conclusion] The biomineralization process and products by MR-4 were strongly affected by environmental
conditions such as the types and concentration of anions. In this case with relatively high [PO,>] within the culture,
ferrihydrite was initially converted to nanometer-sized magnetite, and was transformed into vivianite dominantly at
the end of the culture. The result of this paper provides a new insight for comprehensive understanding of the
microbial induced biomineralization of iron-reducing bacteria and its role in the iron element biogeochemical cycle.

Keywords: iron-reducing bacteria, biomineralization, magnetite, vivianite, electron microscopy, laser Raman,
X-ray diffraction
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