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BE. [ HAY ) M8 5415 Shewanella oneidensis MR-4 TEZH I AMA TR 5 2™ Vi w ¥ Ae . A2k
Sy RSN SR AR, DRI A R A B A A MA S A B A GR . [ 53 ] 782 30 mmol/L
FLRR A AL FHEA, 10 mmol/L KA SAL B T2 4, [HCO3 1 30 mmol/L, [PO,*1k 5 mmol/L %%
FF, 30 °C fHIE FIRERFR, I ra i E KM sMA S b Cgs, @ WRERIN & S VAR R Y pH
AW Fe(l)W ;SR BOEH Stk (Raman) . 14 /L T B 3485 (SEM) . &5 T & i85 (TEM) Al
X - AT (X RD) S5 7 0 AN [ I 1] 55 B8 A 7= W) A 7204 o [ 4558 ] MR-4 7E38 58 Fe(LN R b, 41
fpes A, R MR-4 1) Fe(l1)iR I AZLRR S Ak A BRE G, MW Tai A= 1, FEAEdn oS
TP XEAFEB BT = gs G a2, OV 782y 8 d B, JoETE-3945 MK A A bk
TR H AL R A K RS B REAR R SRR s 29 16 d i, FROREAAR R FR TR IR kR SR AR 24 20 d
Ja, JLFFEA T AL R 4k s s ik ok ke, [ 4518 ] aR 41 Shewanella oneidensis MR-4
M HMF R A FE 22 IRBE S 4, 24 LFLRR AN K G S oy BIE S B AR 32 4, R X R 1
[POSI[HCOS (L6, /KA BABRICHE L NIRRT, fon KRN IERRT . ABFE 2w R SE
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BRIA JE A 2 — 2SRRI LA Fe(I11) A HL 3214
PRI AR, )z o0 A TR AR U 45 A
Savp, JE A AR Fe(I1)if 5L, TEZH
LA R L Fe(I)(0 22 8k 0 . W EK A ) Bk
Fe(I)/Fe(lIN) & 4y (CAn @G &k ), Ho i =00 -
4Fe(111)+CH,0+H,0—4Fe(11)+CO,+4H™® | 43k
WFFE R I, S AR T (U0 5 R A R R ) 25 3 £
TER — i A o AAHE L, AT AR 3k b B
PR E 2 —o B, 8RR A B AT 58 % 4 1A
WA I 2 58T R W AE Y R = 0638 . $8R
b3k 09 A= i 1) R A AR AR AR A fL B B
s S AN, B T A B A AT LUK K
f Cr(V1). Se(IV)/Se(VI). Te(VINFTI UV 4R
B 15 Y W 43 50 34 K RIS Cr(1)
Se(0). Tc(IV)FT U(IV), FR X e s E 4 &1
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P R BN HEFRA . AR R T
ZRIME ) B IRIRR 4h R Y Bk
I D200 TR R LUK 55 28 S ) R EA R IR B A
Fe(I)s# & Fe(l)B™ 1), CHOER AR, 228
B B ARG i A AR R AN
T RREARE F 1 RERHLI T T R B2 AR
FEE . HETR 22800 R 2k ARG
PERE I A T 5 T 0 b R TR e b, AL I
AT ISR R IR A UZ E M Fe(l)
T, WRIRZHY ANEEA S, 2551
BR b — sl A R b A AR AR
SR IA I A TR R AT 30 5 Ry Sk N i R B
BRGNS R A LA
s Y it A Ak g 119

BRIC RN AE 1987 A EEBMEEK Lovley
ERIREN, BB RN, R IEANR )2
AT AN, AR A I S IR AR R )
FAOG, TS A S A R i 20 TR 4 T T AT T
J& (Geobacteraceae) Fll 7 FL [G 17 J& (Shewanella) ,
FEWRA . TR R, AR LR AN [
P B AR AR I Fe(II) I 76 4H i S175
I GRS Fe(1)B 10 AR5 ABKIA 540
Shewanella oneidensis MR-4 A #1£}, LA 30 mmol/L
FLERGN M H LA, 10 mmol/L /KA AL L T
ZAA, ZE[HCO™] & 30 mmol/L, [PO4* 14 5 mmol/L,
30 °C fHili TSR , T4 A K ML /75 &
WAL, WA ANTE Shewanella oneidensis
MR-4 T4 SN T8 AR W) 9™ A | Ak ~# i
Gy FIE S A # A e B AL, IR BRAE S 4 T
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Shewanella oneidensis MR-4 2 fift 45 4 T =]
KB M K27 (University of Tiibingen) Kappler Andreas
¥z, MR-4JEF L CIHMEF R, K242 um, HEE
25 0.7 um, MR-4 F 1991 44318 H g, BfiF
W R BAER S Fe(ID RS Mn(lIL, IV)EHI1E
S A it HL B2 AR A 2 — T

W AE T80 °C KAt MR-4 [HFMEF 2
ATCC-1768 1573122 AT A 30 mmol/L #L
FREAAE S H LA, SR BRI R AR A L
Tk, HEREN 5%, 30 °ClHEIRAMET, R4
R TR

BEFR Sy Kbl 4 i an (1 L) kiR ek
6.85 g (i i T2 Hi A PR i 28 18K b, I8 pH
% 6.5), Wolfe's 4i/:RIEA M 10.0 mL, Wolfe's
W FIR A W 100 mL, NaHCO; 250 g,
NaH,PO, - H,00.60 g, NH,Cl 0.25g, KCl 0.10g,
fii ] NaOH ¥ 47 pH = 6.5-7.0, Hih, Wolfe's
W BIRA (L L) : NTA Trisodium Salt (Free acid)
1.50 g, MgS0,3.00 g, MnSO,-H,0 0.50 g, NaCl
1.00g, FeSO, 7H,0 0.10 g, CaCl,-2H,0 0.10 g,
CoCl,-6H,0 0.10 g, ZnCl, 0.13 g, CuSO4-5H,0
0.01 g, AIK(SO,),-12H,00.01 g, HsBO;0.01 g,
NaMo00,-2H,0 0.09 g; Wolfe's 4i4E IR AW (L L):
AW 0.002 g, 72K 0.005 g, 4E4: % B12 0.0001 g,
X IR H R 0.005 g, fii=FiR(a-) 0.005 g, MR
0.005g, k% 0.005g, %% 0.005g, RNl
IS 0.01g, MR 0.002g, JEFEHS%EZE 100 mL
UM (P MO (BE 0 50 mL), FHRER ZE % BHm

M, naedtas, SRS il 28 B R AR
pEAERGRURE), JTeEZE R NJCO,
(VIV, 80/20), B4 7K, MMIEBIRAREE,
W E2E75 K4 (121 °C, 1.01x10° Pa, 20 min)/5
S SR AL T IR AR R A T [Coy KA T-E&
i, Nao/Ha (VIV, 95/5)158 A Tl A e 3 I I
1.2 KEEALK(Ferrinydrite)iil s

W4k SE 56 I FH G2 TE -39 45 T 0K A A AL R A
W PIEYI (T2 K) . il R0 e 1 mol/L
SEANIE R ATERINZE 1 mol/L FeCls-6H,0 %
W, ISR, B pH A8k, HE
pH 53| 7-8, ZJG4r&LfiitE2y 30 min, %K pH
TRFFARAE, B AR MK IR 56 1K, &M,
1.3 MR-4 4iffiA KMy L

14 100 mL 275 AL B FR 1 MR-4 20 18 28 0 B BR
A ZEIBKBE4(6000 r/min, 5min, 4°C) 3k, Jf
WeAiE) 10 mL, FJCRES#EEE 1 mL G
MR-4 2025 (b 55 2 b | B 4G R0 4 I A )
GEFRWE) N 13.27 pg/mbL. 4L IEFREERC )T 18
2 ATCC-1768 53 AL s MR k), Bl
JA 10 mmol/L 7K &4 464 F1 30 mmol/L FLER A ;
FeRhJE, 30 °CHIRAAMT, IREMDEH IR,
IR E A O R O EER A ) F 3 A F
TES e
14 pHWE

TEN A S A, g B — B ] 3 S i B
4 mL, ARRMERFHARTR pH. AW
Fe(l)i B i 284k, BUREIRI BRI &R O (WIEEFI 4N
). 2. 4. 6, 8, 10, 12, 14, 16, 20d, H 2mL
FEA T pH I S5 EC 2 mL #5848 13000 r/min,
5 min &0, H EFHTAEME Fe(l)dk BRI &,
DEA TAY R, HART 0L 1.5 fil 1.6,
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15 Fe(ll)¥RENE

KRR AT Fe(l) BTk EA L Ferrozine
J5 R R R Fe(I1) B T+ Ferrozine
RFNGE ST B — R @240, @it e et
D4R 562 nm Ab AT ARL, P38 o A v i &
RO, RIATAS B0 b bRy Fe(l) B TR IE . A
S v IO S T AR RIS B AT Fe(ll) ik
B, BART LS BOCHR[14].
1.6 AyENE

BT Y5 MR-4 IR A EL R A0 T4
P T, I, AR SR I A 1 o
Ve BE SR M S G SRR R R MR-4 41 it 9 A 1A
Mo HARTTE: R ¥ 2mL 4 13000 r/min. 5min &
L BORE AL L 2 300 pl 0.1 mol/L NaOH &,
90 °CHlF & 15 min; Y & J5 AOAE i 23.0,(8000 r/min,
20 min)Ji , ffi Fl BCA 357 & (Thermo Fisher Scientific
ONTE], R I RO A B R
1.7 SEM # TEM Mz

WAL SE g, TEDRAEAE XA [ 35 5% 5 ] e
ET YL PR ER MK 3 E i, BEEY
BT, BULBEGTIOK Y . XTFaEE
BR(SEM)ArHT, ¥ LRFE IR R L, FEIREA
FEN T, 8545, FIFH Nova NanoSEM 450 %! SEM
MR PIE S KOTR A, WSS 5-15 KV,
XF Tt H BE(TEM) SR AT, B E IR RE T Ak S
JBE B AR N T A ] JEM-2100HR 2 TEM
XL At JE S NES R A 7534 (I F 2k 200 KV), ot
J G 8 1y IX 35, 2 URE E 17 3 DX H A0 5 T
(SAED)4#T, MTARAH ™ P a . sy Fl b A
e AT EPSH
1.8 XRD #1 Raman 43#7

15 SEM Fil TEM HIREAHZERL, 7EDR SR ot

actamicro@im.ac.cn

AL B SR RS ER (A ) 22 B SR 2R K VT 3 IR
JG . BASBETE. YT XRD 4T, B EZS BT
T 5 HRE S F DIMAX-2400 5 X SR 17 513k
o307, Hfh Cufll Ko f85F, BTN 80 mA,
HLE 40 KV, SRAETEH 3-70°, K§JE 1.2°/min, A
W]k 6 so X T Raman 4347, i+ Jr%[A SEM,
Z J5 FIH LabRam HR800 %Yt 4 i i 2
T ASOX B ) 25 K RO B A AT A0 AT ORI
532 nm, SEHiER 600 grimm, WrEsECRREECH 50 i,
AR RNl 1.5 um,
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21 MR-AFHIRPREFRER pH. HEEYERE
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P FEE T AR SO AR R H ) pH 22 AN B
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RR P AEY R IR R K, K 1-C FiR,
FORTER LB MR-4 Aiffatledi K. PhpEE
KRR AR AL, O IR R Fe(l1) &
We s A2 T B 284k, anf&l 1-D fow, 7 0-10d
B, B Fe(l)He B3GR AHRXT 202, ILEHE i 4)
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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(ll)

concentration (D) during MR-4 biomineralization.

B, 48R Fe(l)id Jg R ARSI, [FIRK A
AR FE FRAR, ASJE LUK S5 Y Fe(l)
FEVSEAL AT RN, PR B v o B 4k sk
Y g%, 12-20 d BRI Fe(Il)ik BE I RREREAIR,
A REHE R KR BRI WP Fe(1) S5 WP Y
B 7 SRR L TTVE I S Fe(1D) ) .
2.2 WAL YAEATE AL
XN AL R XRD 43 A & W
(K 2), USRI XRD 1E3A B B ARG, 78
20 Sy 25°1 34°HHE B 2 455 HLSE i, R
B IR R OB - 5545 ) 2 2K A bk

MW TE 8 d i, TE 20 455 35°, 57°4k, 41
S B LAS Sk 55 LS 00 A S g, X 0 g Ak
(PDF#19-0629)1] (311) F1(440) 5 & , WIS )7
R EHSRTIEN. 16 d i, BR THREER AR
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JNWEE S 43 X6 N R A % (020) F (—350) A 1T, 45
ARILES RN AR R P 2 D RS A, 20 d
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Figure 2. XRD spectra of biomineralization products during MR-4 biomineralization. a: 0d; b: 8 d; ¢: 16 d; d: 20 d.

SEM WZERBI (B 3), SOV EYIK &8 bk
AHMPEA . MR T2 16 d B, AR
UYIERL; 20 d B, WYKL 4RRAIH Rk
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PRI BEREIE 0T, PR BT AT W EEH O,
Fe Fll POCZE 4%, WK 3-P-3-U, 454 XRD 2534,
M2 ) 0 i T [Fes(POs)2-8H,0] o [HASHEE
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KB, 755 W BHE SO R PIK & B AR 5RO 2%
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KA BALEKAE Raman % & 1 BRRAE D% B 275
710 e Ak (K 4-c). BRSO EFTH) 8-16 d I,
B T KA AL B A FRAE 4 , Raman 1% &I 7E 310 cm™
1670 cmit4b, BT 2 MFENE, FRRREEET
AFTE. 20d I, WA 1Y Raman FefiE I ifE—2
ISR, e KGR S AR ARG R
FIE—E1 0N . A, Raman A 2 W20 A7
7E. Raman 73 #7455 XRD 458 —3.

TEM F1 SAED 7 #rk M, [ W IRk &4k
BRI RE A TR, AT IE-55 45 it K G4
Rk (E 5-A, B). XTI 8 d MIF k=915 &
B, GKRGRL ) R A B 5 KGR A BRI P
R AE . =P TEM WLEETT Al 0L B I A9 ks HE
5, SAED K& /R 1T MR AT 3R, M
A F B350 g 900 i I : (220) . (311) ., (400) .
(511)F1(440)(&l 5-C-F)., X} 20 d [ hJa# tbr=4
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R R (F 5-G. H), 5 SEM F1 XRD 43
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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-l: 20 d, bladed and fibrous morphology of vivianite; J-L and M—O: microbial trace and the MR-4
cellson vivianite; P-R and S-U: EDS analyse of fibrous and bladed morphol ogies of vivianite, respectively.
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Figure 4. Raman spectra of biomineralization
products during MR-4 biomineralization. a magnetite
standard raman spectra; b: vivianite standard raman
spectra; ¢: 0d; d: 8d; e 12d; f: 16 d; g, h: 20 d.

3 it

AR T Bk 54 1A Shewanella
oneidensis MR-4 7E45 E SLI 451 T, LASS4S A
IKGEACE T ROV R, FEANMLAME S B K
PR Yy FE o WS R R SOV AR R AR )
I Fe(I)Hk FEAZ AL . k7 P Y AR A GOUL 45 1
SERMIEMZEG 2 HT R B, MR-4 758 50 Fe(l11) 193
FErf, PEREE AN AR, KA AR Seit:
e AN K RCT BRGSOk R gk
5 AR K & AL BRI Bk %, 31X ] BE
JERA NI MR-4 4l ik F@E 0 4, Fe(lln)
S S AR A0, Fe(ll) B0 B AR X gt
B KE AR & A T2 O AR SRR
B ] TA) SE S T MR-4 20 M35 7385, Fe(II)id i
M, KER Fe()BEIER T, 5 PO~
RN, R O RST i 2R 4Rk st otk

5. MR-AHT L Z3EHRAENEF H=YEYES B FREMEERGAERX B FITHEE
Figure 5. 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 [HCOs7] 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(ID)] 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 finaly.
[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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