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Abstract: [Objective] Although Shewanella oneidensis MR-1 is a typical electroactive model
bacterium, its biofilm morphology remains to be systematically studied. This work aims to improve the
understanding of biofilm morphology of S. oneidensis MR-1, thus providing basic data to support its
role as a model strain. [Methods] Culture conditions such as medium type, buffer concentration,
vitamins, trace elements, inorganic salts, electron shuttles, donors, and acceptors were taken as the
variables to be studied. The biofilm was cultured under potentiostatic conditions and examined by
scanning electron microscopy. [Results] The cells were mostly straight and short in low-concentration
(30 mmol/L and 100 mmol/L) buffer solutions while became curled and elongated in high-concentration
(200 mmol/L and 300 mmol/L) buffer solutions. The shortage of vitamins, trace elements, and
inorganic salts made the biofilm become compact and attach closely to the electrode. The addition of an
electron shuttle substantially thickened the biofilm, while a lack of an electron acceptor led to serious
cell lysis within one day. In addition, a cable-like structure as long as 100 um was observed in the
biofilm, which indicated a long-distance electron transfer survival strategy of S. oneidensis MR-1.
[Conclusion] Changing the medium type, buffer concentration, electron shuttles, donors, and acceptors
can regulate the biofilm and cell morphology of S. oneidensis MR-1.

Keywords: Shewanella oneidensis MR-1; biofilm; morphology; electron shuttle; scanning electron
microscope
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T A 8 1O FH T o

e PRI 2 PRI R TS YRR B o )
J& Shewanella oneidensis MR-1"""fl Geobacter
metallireducens GS-15"8, H:h | S oneidensis
MR-1 BT HARPE DR AR 35 R 45T B TEIE
WEVE . DU R A3 A Tz SRR, TR AT
2D R — R ), S. oneidensis
MR-1 Wy HL AL BB AL . FOSh AL ae s . 2k
A AP A O A AN R HGE , (EX AR
Py R S 2 RO TE A0 A A8 AR o A /b o R R A
A B RSO 4 T BRI R R, HOR
FI T B HAE B AR IR v 2 5 B s IR A RO BL
s AERHISE R, A Y BOIE 30 H 28 fe
T 422 B ) 5 e A ) H Ak 2 RO R SR PR RE
PRI FE 0] A EE S. oneidensis MR-1 B, F1&
1 8 DL R A Rk b S AR R iR TR
e PR

S. oneidensis MR-1 JE LAY AT, AR,
K2y 2 pmo (HAIRXF AN RN 228, &
FIESIEA R — AN . Flan, 78 Xu 5/
WEgEH, WELR| Y S. oneidensis MR-1 4 it 2 B
HARE BN A B ARERRE, B Liv BB,
20 M A AR B T i T Y TR A A A A el
RE 5 UAE W I A AF B O, Y MG TP A e A
BEW BRI B, WTEE A Cr(VDRY PR EE rh 2
%, S. oneidensis MR-1 ZHTH K2y 2 pm 28K
ik 10-15 pm"Y; FIFREE AL B (A4
HDXE S. oneidensis MR-1 #4755, L3
T 10-40 um ERAHERK LMY mfe
Okamoto F1 Wu {5 FF 141 73 A [F] A 35 53 v
S. oneidensis MR-1 %42 P 0] 53 1) 52 B0 S 3808
SEMPIFE A RARERY, BRI s
UL IZ A B SIS [, T Al 8 AT A
TSR S AL AT 3E— 20 e A Hol Ak 22 5 v,
ZAAAC TR AN, R A2 T A A O

HLUR A H 11 pA/em® $E5 E 64 pA/em®, JFSE
T Z TR mEmEENED, HEEH
HI, FFWA MR RGEHIAN S. oneidensis MR-1
TESACR R, DU L85 5% 45 1 iy ele AR
wfer sz LA P B RIR A, HATSR R AT, 1R
AR TAFE RS

R, AKSCHEEL S. oneidensis MR-1 A= ¥ K
YERBEFEXS G, DASEFRIIEA | G ik iz |
gerR . MEITTER . T BRIk, B
THMA . RIS TR R E A, H
TASELEERKIALIR WM B S, oneidensis
MR-1 AYBEIES AR )2, FRAi e 151
FOE S AR Ak i AT e i (8] o ARG 592 AT 3 — 20 P i
S. oneidensis MR-1 A=W BE R AR BRI, S 24
HAE A TS P i A P P B 0 i SRk B
IR A e B LTS PR AR R SR AR S AR

1 #RE5xF*
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S. oneidensis MR-1 Wy F 1 EERAE VI FI R
T (MCCC), T LB 557 5L il it e i
F iR, EERHEHUGRIA H Oxoid 28], HL TR
T & F 2 (flavin mononucleotide, FMN)IE H
TCI 2~ ), 2-JE R fi# R (anthraquinone-2-sulfonic
acid, AQS)Ig H Aldrich /A, T M B i
Bl T AR R R A IR A |, FLRANW A -
22 R RHA BR A W), Ho b2l 1y
W B AR 2ERR T
1.2 S¥BiFRRAREE

A vl Al A A FR AR AL AN LA DG
HIR, (1) FIRMAEYTEBW . B S. oneidensis
MR-1 #7702 LB WAAEE SR, 18 30 °C FEIRH
LA 180 r/min A T4 AR, 14 h IFEUH
B, RWEG . B 3 IR, RIS AE LB
B FRIE BRI (2) NI AE 100 mL
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VUMM, AR E S FR M, BB, ODgoo=1.0
FIRH W (3) WA 40 min, B AR ALK
(2 emx2 c)fE R TAEHAR, BR 22 B e AR A Ry 4l
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B, EHEEBEAAL, 7ESMIN0.441 V vshRIER
i, 1% (standard hydrogen electrode, SHE)Z14 T
PEATE B AV B 5%
1.3 EBERERAFEE

ARBEFEERT T A 6] 35 352 25 1 % A= P BT 53
sz, HARKE SR AT o FEARRIIE IR AR
FIsEgerp, [T 2 AR IR, H—R
Wu Zl AR 3R EPT ) H o 25) Okamoto
e R B R, AR ST A 42 v ol IR
W-1,4- . Z R (PIPES) M JE % W5 H Y 4-52 2
LR W 2 B 2 (HEPES)* 2, 55383 vhiiin 1
50 pmol/L ) FMN, HAKEL 5 WL bk & 4 s i
R TAE . HARSLI WA ETE Wu 800 A 8%
FRMSEA F A — A B, LTS R R R 2 b
W (PBS)Hk BE AU AL 3L | 75410 50 pmol/L AQS 4k
BORE NIRRT R L T
IRbEE . RBRITAE AR e E . Tl
PR B RSN | T B T L 2 BR R T 32 1R Y
AP DR Fe R LR AN T A Y b R A
1.4 S¥ESR

AT W K ) 3 Hi B F 2 B (scanning
electron microscope, SEM)3L 5 41 {d F K442\ ]
M 7% 5EL(ProX, Phenom), A:=#JkE Y HAK
BB E IR (1) [ - PR s fb 2 SO s
FABY JIBIH 0.5 cmx0.5 cm BAn A, $45E
2mL 2.5% M RS T, B 3 hy (2) YR
FHl 100 mmol/L B2 2% bl (pH 7.0)127E 4 1K,
FEUR 20 min; (3) WK : Bl G 4T L EERREE K
SR 30%. 50%. 70%. 90%FY Z i Ik 1= 1L
HLM , FEIK 15 min, FREEHRARS SRS ET0K 2
EEr, IR 3 U, AR 15 ming E, AT
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R 3 WK, BHK 15 min; (4) %1 Fda
—UMABRCT BEEA TR VR, JF B TR TR AY
RHEATR T 5 (5) Wi BT HRRORE a4
(6) ML AH ST A A I AR B & 2
RN E RN R 98k BT R 25 H E B ¢
Y6 B %% (Scope A1, Carl Zeiss), A=) JEkE i {d
FHAE % B U Bk #E 47 %% 8, (L13152 LIVE/DEAD
BacLight Bacterial Viability Kit ,
probes), FifiJ5#EfT ¢ YEMES, H 4 kIt
R, SR 00 E T o AR W SR R R R IO
PEAT RE R, R EIE AR P IR A ik AT AR T
50 mL B4, A 10 mL ¥R 0.2 mol/L
(') NaOH, 100 °C /K% 30 min®', Bfi)5
IR S BT R RAT A E 0 WA T e iR
(C503041-1000 Modified Bradford Protein Assay
Kit, Sangon Biotech) i, Frf5E s45RLRI4
YIS & i

2 X553

21 TR SR A MR TR A B
H T S. oneidensis MR-1 5 FEi 3%, FE1%H
SR IE B AT, S ST A B
FrHEME A ANE], ABRE IR A5 AR AT 52 i A= 4y
B, HETHMAERE. B, 24 HARE,
£145 Okamoto fl Nakamura 2%, HZWwFs5Hy
i 1 T 30 mmol/L HEPES 1E} 2 M, IH1E
AMICHLER Rl B, 5IAT 0.5 g/L Ml
PREBURAE A 8 SRk A7 AR R 322525 i A 1]
BN F & B S. oneidensis MR-1 £ Geobacter 1%
FRHEP WA IEE A, BRI A R0 R
S. oneidensis MR-1 T AR T 5 Z IR 155+
3L, HAR K 200 mmol/L BEFRZE il 5 pH, ¥
INTEALER 2 R SRR T R TR R0
Kl 1A-B & FR A5 72 5600 T A Y OE 3,
EARUCEM I REIE W A, HPIR R AT

Molecular
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) A= W RETE S A7 i 2 22 5% . #F Okamoto %511
KR 50F F (medium A), HL R THTAY A P IR 5
IR HE B O A ) SBCROIR 2N i ] S 4 A LA
B BSIHEA B AS AT BN R 1 3 3R AR
T (medium B), 4L/, S HERRK,
2 L 5 AR ) AP SRR TSR . AT UL, RE SR AR
AR 3 SR A Y R SRR AE . T RS R
FESEK, BEIZL, Lin Z40%F ERRpEs
FEAMI R R E AT ANEC T, R R MR
W SR HOE A R K . #£ Lin S5 BT
FHRM, RN 30 mmol/L &2
200 mmol/L i}, S. oneidensis MR-1 4= ¥ B 1 i
KL BE M 165 pA/em® #2TH % 327 pA/em?,
ol A 0 ) P ol R S i TR RO R AR ST
R FRELR PBS ZZ iR 30 mmol/L & A T+
% 300 mmol/L, ok BANMIE ™A T i A
b, AR EE S5 N A A o RV (BT 1C
D), T i BE AL AR Sy B MR (B 1E #1 F), 5
WA, A=W B AR ) e 3G T K2 — 1%
(K 1G), Ud BIZZ i X A= P B A K g i d 2
1 G WP B AR R OB R T A Bl B E AR AR )
JEE, HAEHHL I N 30 mmol/L () 176 pA/em? 42
&% 300 mmol/L Y 443 pA/em® (Kl S1), Bk
F e R S5 BRAR RN BRI, 22 8] B4 H 73 B o
Pt 7E Okamoto SFRYEFRIEH, S vk JE &
AR S B T 2R B Ak PO, (A
P BN 75 B 0 22 vy iy PIPES, 53Rk
PIPES ¥ J& 725 Ak 5% A 40 BR300 1 e 728 52 e AN 4
PBS Wl (& S2), BLHALEW RIS 45 5 3
FRFA AT 53,
FREBEWE, BN G AT AR A
1 B A T A 0 TS DB A AR B A S BRIk . R
Py REE 85 40 1) 2 AR AR AT TT R A 25 B PN A% Jo 3 3
WAL R T, dEmEEAEY RN, B

AT e A A
E 200 mmol/L F 309 mmol/L

J\”\ R < '

Total protein/pg

30 100 200 300
¢(PBS)/(mmol/L)

1 AREHIEFENEYIRE R0

Figure 1 Impact of culture medium on biofilm
morphology. A: a medium similar to that in
Okamoto’s study was used. B: the medium in our
group’s previous study was used. Biofilms in C—F
were cultured in the medium of our group’s in a
previous study, while the PBS in C was 30 mmol/L,
in D was 100 mmol/L, in E was 200 mmol/L and in
F was 300 mmol/L. G: quantification of biofilm
total protein.
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HEERAMAEY N ERRESTRZIEY—
Mo AL, HMERAER—ERFMET,

H A AN [ A7 1 A 0 ST 30 A, P RE A7 AE S 5 22
5o B 2 2 FH Okamoto 18 1Y 55 35 b 1755
Filt, S. oneidensis MR-1 7 [F)—H % _FAS[E] 7
HIES . ZEAE T, EVEERIES K 2A
Fios, S — R IE Y BUE R ek b, Ab
JE A Y N B A R AR AR R — H AR 1Y
AFEINE, HEILS. oneidensis MR-1 7N Z 4l
L RENS DL ZARAFAE (K] 2B), KB 1 100 pm,
ML 2C AT UL, 4 j0 55 40 i = (8] 7 e AR %, — 3K
S1 e A AN LA A, —ER A R AR BN
KL T E A . XARESTEEN ik
1041 18 B H 45 40 147 (cable bacteria) A — 5E AHAM
ZAb, AHHL AR A0 P 32 I 3 i ] o s [A) A K
SLRVEATHL AL, A HR LR
W HE S CAMRIERY, Geobacter
ALE AR AT W S W Z G s, Tk
199 % A e R == TRBH M TR AT IR B L A 2540
H B EY, SO B A AR,
AT RILEF AT AL, S, oneidensis MR-1 EE T
FARE, TEFE B MR BIEm i B, KR

KA ©HA A WK JO% I 2 i 1% 58 1Y BE
71, GG — BB XFIESAEAE AL AR
BEFL, &R B 5 A Y I Pl Ak 1) 2 R o
A, WHL AR T 4E 5 R 30 r AR A 4 Y 2 AN [
&, ARESV RN AR T, (HEAK)E
WANTEMT . T FLIRIA AR Y IR C AR R 2 4l
TEB PR Y S. oneidensis MR-1 A=
PR SRR TR RI R LR an i, HAEY)
I E, A 3 o R AR T 5.8 A5, AR HAT K
3 HOCPE B PR 5 R TH 0Pk i AR, R
B THA KK LR S, oneidensis MR-1 4
BB, HK RS 100 pm B LR B T
MR D W FETTRYI T, KER A HL BE Ak
Y THSHEAR, B EEEEK, Tie
AR SmAY RN, BEZmMITRYRIZD
AT RN S, oneidensis MR-1 A= ¥ i
T HRR AR 20 L ) A K 2 BAR A i St i B
R R it — 2009 . MHELT S. oneidensis
MR-1 38 B 2508 07 2, TS R B i
B AT AL R s B . P, TER R
H¥gEh S, oneidensis MR-1 5%k . #i/E R} &
MWAFTERAAT R ? (HISHE— PR

2 BIRARMEMERES

Figure 2 The biofilm morphology at different positions of the electrode. A: the first position where the
inner-layer cells closely attached on the electrode but outer-layer cells loosely distributed. B: the second
position where the inner-layer cells closely attached on the electrode but outer layer-cells connected end to

end. C: magnification of the cable-like structure.
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23 HBEFFRIK, #45E. METENE
EERE

B ZE R IR =M AN P b &
V5%, Wi, RS E T FERIEXT
S. oneidensis MR-1 *E W) EIE S0 0 52 i (K] 3) 0 45
REW, BRZIMEFRIK AT, Wik
B AR AR # (1 3A-C), & 3A B A
12 44008, HAM S h e . TSRS
MBI R SRR IR AQS FEAERT, Az WS AE B A
Fe i n] KA A K (] 3D-F) Mgk — 058 & B,
FELUE TR T, SERIR I S B e
TEE 3G-L 1, {8 i 200 mmol/L PBS+30 mmol/L
FLRREAME MG IR, AN IMEM AR . o
JCRUKTCHLER, WIRICHMNE e, HAY
JE L AEA K (F 3G-1), MAMEE N 50 pmol/L
1) AQS Wi f5 A= M IR 1 A (8] 3J-L). E9
e A R R, R & AT
T AT FERERF LA 3M Fil N), JKH
T BN 47-60 £5 (] S3). X ihd B ZE AR AR XS
A I ) B A A T R AR, IR IE
TR A IR W TR AR T
S. oneidensis MR-1 [ B 7 B, 4% 36 1 L G gk
IR P 32 AR AN TR LIRS A A A

0 umol/L AQS

!
500 pm  [ASEES

R BRI, £BR S. oneidensis MR-1
ST BRI AR, A WY H A i
I 70%4H; ik S. oneidensis MR-1 [A#%
BRI W AR TN (Bfe HEIN), O R R
75% 15 MAMEES N 50 pmol/L ZEAR AT, i
FAL S R EE T 15-36 1%, A By BRI
IR, M R 90%, 454 AT
T 3G-THY KB, AEBVEFRAAE T S. oneidensis
MR-1 A= Y)Y A A A w5 RO ZE R A, JE DATIESE
FERITFEZ T S. oneidensis MR-1 BB SLFERE
A 5T B 25 R — L 0 UE T g AR X A
S. oneidensis MR-1 "L PIIE L0 B2, T
SR UART Jy (e b 3E 2o e IR 0 Oy AT &
B, X T S R AR AT AR R AR A R
TERR AP A Sy PRk RORBE | 48 e s g B[] )
HAT B

RS LRI, TEE A SN ZER AR
AbFRHF(E 3D A T), LR MUAEM R S
JUR BB R SO T AR RIR A . SR Bk
T A5 A ) BT by W e A= (1R 30), M Ak
ST 2, HIEAS Kl 3D AL Y A ) JE
Ze R . MPOCEE R BN, R F7 ) it
FUT O RIS A G (B 3F Al L), EARIA

50 pmol/L AQS o Protein
S - W RIS ; =
e = 1000 M
i g 5
BT 7 ° L I
=) 500
E
b 050
=11}
= N
21 000
]
g 500t
500 pm e
Cm— ]
= 0 50
S

3 BEFREURBRLELEER. MEREKE. TNENNEMEERES

Figure 3 Biofilms with and without electron shuttles, vitamins, trace elements and inorganic salts. No
exogenous electron shuttles were added in A—C and G-I, but AQS (50 umol/L) was added in D-F and J-L.
Vitamin, trace elements and inorganic salts were used in the medium of A—F, but no such nutrients were used
in G-L. M and N are the quantification results of biofilm total protein.
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/N, S. oneidensis MR-1 1E '8 JR 6t = W 15
WA R RESE TR, X ] BRI P EOR R A
VIR IE 30 & A AR A I . [RTEE, B At
T-RFR AP Re S B E N B,
MLER S AR EE R, ik, AW Ir IAETUE
TR TR R KA K, Al e 2% 1Y i
Al HARE T —E W IR A MY %4
R/ RYEA R | WadocR .« OPLER S5 KXt
T A Wy BT A0 ™ A SRR S e A [T ESE, B T
FRICER MR m] LUVE SRy o 455 A W I 35 1) — b
TB, Ay RZgerh, s sk 4E %
KW RAIA TG, BEPEYE R & 0 RE 5l 3% f i AR
Py
24 BFHAEMZAMTEESHRZ
TEAY AL FER N B H, S. oneidensis
MR-1 B HF AR Z 02 A DB IR , izl RN |
FHBR A . A2 WA, T H AR U] 38 2 W 32 K Y
. CABREY, T2 UZ R4
T, RS2 R R AR AR A T (5 iR
/NT 0.08%), S. oneidensis MR-1 120l JE 50
SRAEAE, HARMAME I SN EN, T R as ok
£k R (nanowire) 25 #4171 B 5 Y BIF 5T E 52,
S. oneidensis MR-1 ZKZ 4514 T 4238 T It
i 4R 8 ) 949 K % (nanotube) ™, 1M B & X5 T
Geobacter TH )R ML BRIGK FLW, TR, A
W — PRI T LR 5 52 R 58 A e X
S. oneidensis MR-1 A=W BEIE A 52, X1 )
HH A oy S A2 T A DT 0 00 A AR SRR
REFRWNAM A K 4A B, TR
TR ERAE, FHWTH e, SR BN, B
T2 AR I AT 06 SRR, 24 hZ £
BIHEY C e 8y 4 A (B 4B), 26E
B A R BN, AV BESA%, IEE D
(K1 4D F1 E), iX Ui W Z KB 51K T S. oneidensis
MR-1 BIFE T 7E H I H A sz BRTTE s g K
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FLMPTE R, EF N NZIIK RLAIE 2
S. oneidensis MR-1 [ 4} F-$& HL - 32 A (1) — Fh 3K
LS EARF I A B, L S22
T T ARG A A 15 R X Al ] S HE A ) 5 e
AT REXT 20 M B8 1T AN AT IR PR ), kR
2 VA 118 240 L RS S e PT 2 A 0 A2 W S5
T B X SR, R i L 2 R A BRSBTS
X5 AR A ST 9T 1 e v R RS A — 2L
AR LR 5E — B 9K A5 2 20 I 2R 1 7 4y ot
116 (B45 DNA, &HH . BEFRYiL SN Ezh
118, AHIZWEFEIN A, Bacillus subtilis NTs 4 i3
JEE 1] A S i1 T JE B K R T e B 1 %t AL
i, IR RS AR AL T A T AR
E TR E, S. oneidensis MR-1 1E
HL 32 PR Bl SR S5 1T A0 B S ) o 7™ A ) S A1
A A 2 20 i 5 e A SR R i

MK 4C A PGk A Z 5 1Y
TEAARIL, 55 37 A AR & W AR 0
REFRFE, Ak2iREsR 24 h, 5 R AR ATk
AL B TR AR (K 4C) . AR SR H
TZIRR AR, R R R A X AR, Hd
[BI4ZULEH T S. oneidensis MR-1 X 3 358 ) 4K
PLRE A BR . POLE Rt on Hag iy, i
WD (K 4F) 1AL, MAEYIRRE e S ml i,
WA R AR, SR A 24 h Z)E
AEYIEREC/D T RA AR 4G), XATRERH T
H B P T 77 A T A IV R 4R

EREIT~E LS. oneidensis MR-1 "N TH
Rt ) A YAk AR R, R BB I
TR, A 250 A Wy s AN AT 3 44
MR8 LIAEBF S AT AL, (E W BE T i 46 B
P T BTG B 3L ks A A A
, UARIREE | bid H R AR YD L
FAFEAG Sl KRR FIEIET:, 468 R bt
HRRLG . MPET %R, B2 Rk S35

X ik —
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Figure 4 The biofilm morphology under the condition of lacking electron donor or electron acceptor. A and
D: both electron donors and acceptors are sufficient. B and E: lacking electron acceptor. C and F: lacking
electron donor. G: the quantification of biofilm total protein, in which the culture condition A is the condition
both electron donors and acceptors are sufficient, B is lack of electron acceptor and C is lack of electron donor.
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