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FFENRYPFRURLEEARLREERE Cr(VDIFR
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(CREBETTIERERE S E SR, RKERHH RS W SIRE240E, KA 300457)

BE: ARFKLEREALE Cr(V R E 4B 7T MG TR — AN RH @ KRIAKF IR
W AR R RS R B ARSI R, SWRE R M E IR SRR AT €48 Cr(VDIE R FE N F
. BB FALEKE R A RIS R R, AT RSk AR TR BT AR, B AR LAE
B EREER, BHRIKE BR Fe(I)RE 45 % 85.08 +5.85 mg/L #= 32.55 +4.78 mg/L. & -F %4k
RS A BE RN B R EIAE, AATEBRF R BAK S BTF 2R, RASB A S A M Shannon
FH >R 4.615 A= 4.158, 4T B 40 % (Shannon 454K 3.735). FALE R Fe(IlI)3E /RN A F, mE AP A
RSB B & Clostridium, BT H B Clostridiales, AR B AL L Fe(ll)E R T BB H. B
FACEKE B AT Cr(VD)Z R EH A R E R RN, AFHEBRKA VTR, @E A Fe(llDREH
1 120 mg/L B FAt 4k R E &, H BiL R Cr(VD)A 100%. SRSk A & F 24K, Fe(IINKRE 1 680 mg/L
B, FACERE R Cr(VDEE 5 (72%), AR 445, AR LR A —F L AMEY LR ELE Cr(VI)

TR R AR

KRR BEARRY, FKERME; ABAR; Fe(IDiL/R; Cr(VI)ik &
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I Fe(IIDIA J5 A Fe(IDHIRUZEY) BART. SALEkIR
JE A SR AR St v — P+ 43 5 B 0 A Bk 2
e, AR Fe(IDad R, S ARA%A 5 41 B AN
IR RO R M AL, WRERE R I — S
SEITREMMBILA . HEY) S A AA 5 e i i
Z 5L JEAEIR, B Gk A kA e A
Fe(I) LA 4= 905 b J5 U (VI), A S HEE B K
L i BE A 0 8 U (VD FE AL A S/ U
(IV), o 4 JE als g AL B R AN RE S 7
R Fe(IIDRIBPKEE As(IDAATE K As(V), HEHEK
As(IIDFENE, EAL W As(V)EETER /N, WA I8 i
YR AN Si I F WY, SR R
Geobacter sulfurreducens FeWs/ T H LK (MeHg)I)
FEH, HegCly IR IR BE R 500 nmol/L B, 1B ik AT
Z13k15 MeHg ¥ A 177 nmol/L. 7] WL, G494
FHFE LR AR A Em s g, REA
Y B AT — A 7 24 5 5 1) €
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JE A= 9y A 8 A A, o B A AU, i S
PR BRAE RN A R 4 8 Cr(VDE g T 2491k
AT R 7R H AR R JF 25N, T BEAEAE
Cr(VD)if 7= W) M 2 22 TR A1, 30K 52 i 21 855 v ¢
F Cr(VD)If R R AR B Bt Rk, T Ak
A AT TR (%) B R A A B S AR A SRR B, X T
il ALK DR 20 R A SR 4R Cr(VI A AT 2 5¢
EE L WU R LR Ik ) IR R R B Ik ki
JRAE Y A, MUERIE AN Fe(IDS S
W AR AR Y R B UUR A
PR Fd R L A m s, A EEE XA
SCLA i e A AR OB, R AU 4R S AR A e A
B, AT S AaR SR i R O B 4 S8 Cr(VD e
JERCR . BIE N A A R H A Fe(IIDif i
1R B E 4 15 Y AR A S IR 4R
1 mR5rE
1.1 RABENEERS

T PEVTRRIRE ok B T i (BB T TR . DTAR
FE S HEAT IR U LG %, BRI A (g/L): A4
W5 20.00, JFEEE )M 4.00, MgCl, 0.10, NaCl 4.00, L-
L& 2 0.50, K,HPO, 1.50, pH {H 7.00 + 0.50, FREIT
FRIREAS 10.00 g T 150 mL IiL i, fA 100 mL &
FERFRFEA 1.0 mL A T4 Fe(OH) KK, & i
P22 CHk[16]. FEAR 10 min, FRIE L A I
AIEFRIAEE, e KIRA YT 120 r/min, 30°CHE R 7
72 h, EEREFLRER 3K,
1.2 BAAERGHT

B R, REGA BN 4] DNAL R85
¥ 515F: GTGCCAGCMGCCGCGGTAA F1 806R:
GGACTACHVGGGTWTCTAAT Xf 40 & #F 47 16S
rRNA V4 [X PCR " $ . by 5544 98 CFAE 1 2 min,
98°C M 108, 55°CiE k 458, 72°CHEH 1 min, 25 M
R, 72°CH A GEM 10 min, PCR P24 BEA T B, kR I /s
XFH B DNA &l #EA7 =Py mliie . it FH e PR il ) &
(TruSeq® DNA PCR-Free Sample Preparation Kit)if
1T DNA SCPERY R, SR Qubit AT Q-PCR X SC i
FE R, A, HiSeq2500 PE250 #E47 FAHLINF .
JLF Tlumina HiSeq MJ7F- 5, R4 T 14 16S X%
FE A, R BUA 3 ) P (Paired-End) J5 ¥, M #E/N A
B SCE AT MUK v e, 3@ 4 %) Reads $F4%3dUE,
OTUs(Operational Taxonomic Units)ZZE, #EATHFh

) H@ART/CLE

WM FERE T D L REURE A Y (5 B R
FA FRA R 588 o
1.3 AT R MR 5HT

Fe(I11) 33l DA o] 35 P (PP 2 BR R FUR AT i R A
T A R Fe(OH); ) N2 & £ 557356 [RIf% 12 h X
FE, ME WARA K B ODgoo S FRIK Fe(IDHRBE, 22
Tl R FEAE AN Fe(IDIE A Z5F T 4L K A Fe(1ID)
S D 5 ) A R 2
14 Cr(VD# £ R

W BWIA Cr(VDHJE: 0, 10, 20, 30, 40, 50 mg/L .
B EAR TN LT TR Cr(VIHREE R 1S T2,
AR AN A K 5 ODeoo, 8 0T 75 5 S KSR MR 4%
Cr(VDHJE, 70 B Cr(VI)He B0 B bk 40 M A= K A9 52
Wi, BE B AN R W I Fe(IIN#HEJE: 0, 280, 560, 1120, 1680,
2240 mg/L, 43502 S EE S 20 mg/L B Ak
H, I E BRI A K ODggo, G FRIAE N, Fe(I)
WE e Cr(VDIRJFZ, 73BT Fe(IID)if JF 14 B % Cr(VI)
YRR AT
1.5 M7 %

R 66 H(752PC, GG R 2 5l
FEREFRAE 600 nm WURME, HERAEMMAER. B
PR o e AR R 2 S 2 G250 et ik,
A8 T Fe (T Jo 38 2k 0 5 1% 35 9 7= A Fe(IT) IR &
Fon o SR ASIEM IR BRI  Fedl), 115
Fe(INW 2, BHARDIRZ % SCHR[17] R 280k Bt —
JHE 3 66 BE - 5 15 8 Cr(VDe N, A0 0% B
1.0 mL 8537 W&, #5003 000 g, 5 min), [ i5# 0.5 mL,
5 1.0 mL DPC B EaFEE, MAEMKERE S mL,
B 10 min, W€ RN EAE K 540 nm AR (A,
AP HER 2T S TR Cr(VDIR B . Cr(VI)
W JF R B AR A 2 38 R =(Ci—Ch)/Cix 100%,
Hdr i fRFEWIE Cr(VDHEE (mg/L), Cf fRFRLK IR
Cr(VD)i £ (mg/L).

2 ZR5%#
2.1 HEEFALERE R AT

TEE TV Fe(TI) (R 6 R 26 ) I AS FT 54 Fe(TIT)
(FAAE) AL LI 4544, 8T Fe(LIDIE 2 T# #f 5
feERIB IR m, UL 1, RIE Fe(LIDJEZS X 40
PR S A0 A S P o A S e SR R AE, TR A TR LAY
TR K B T2 AR, FE ik R BRU7 4 Fe(IDWRE R
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85.08 + 5.85 mg/L; MRHEFI A AP N T 2R,
HZHH Fe(INWJE Ky 32.55+4.78 mg/L, ML Al W,
B RS R IEYE Fe(INDVE N B T2 1K 47 F 4k
BRIA AT R . X AT B TN A 2 IR AR R Y
HL TG b B AL AN TF), T30 AL iR R A 7R 2
SO S AR A T AN B R 25 5 R 1) P 52 AR R 45
B Fe(lI)F AT EYE Fe(Ill), HUET A Fe(IID)
Ak, 1 Fe(IDA ALY 2 R, AFTES
Fe(IIN)VE N HL T2 4, 5% M X 53 16 42 340 T 44 R
AR BE L FR ) X ORI R B KR A9 (141, 7E 60 h
FRRBF e, 55 R A et Fe(IDHR B 53X
FOH B FEWOh B Fe(IDMREE, ZWHRLL Fe(Ill) N
HL - 2 A S A ks J o A b A=A

100

—e— PRI
—o— ALK

80 |

60 |

40t

FRW B FRFe(I)H EE/(mg/L)

20+

5

6 12 24 36 48 60
BEFRI /R

K1 2R S RS b Fe (NI J5UE BT 520

Fig. 1 Effect of different electron acceptors on Fe(III)-

reducing characterization of the mixed culture

2.2 RAEAALBRIN

ANTE L 32 KT, s 2 0 0 A TR R 2,
WL 2 AETCENIN Fe(IN=S H X B4, A 21 78 291
AT, 77 268 N JEF 53 262 FhAHEE, TEJBACE E, B
3 MMEIIE S AR ZEAFLAT )R Sporolactobacillus,
KIFEHAT B Paenibacillus, ¥ J& Clostridium
sensu_stricto 12, FAXFEE 37K 36.7%, 16.3%F
14.7%; TEFFBIREE N T2 KBy e 21, A I )
75837 4N11, 71 871 AN JE AN 12 627 FRANTE, 1 3 Mk
PIB MR E R Clostridium_sensu_stricto 12, #f
fAFLFTHE & Sporolactobacillus, *{8FT &8 Bacillus,
FAXT = BE A3 510 25.4%, 23.1%H01 22.6%; 78S ALk
T2 IR SR, K] 75 006 41T, 73 526 4>
JE N 50 444 FhAHTA, A 3 MILFVE 530 AT R

Sporolactobacillus, ¥ J& Clostridium sensu_stricto

'M@AWME

1, B®JE Clostridium_sensu_stricto 12, FHX=E B4y
Wk 24.8%, 15.4%F1 13.9%, 7E LA Fe(11D) Hy HL T2 {4
M R IR R, SACEGR JFUR A 0 R 5 5 A A
W& Clostridium, % WRJERE H Clostridiales, 2%
JEHi 1] Firmicutes, Wang XJ 252058 % B, #4214 fiE
e R A Z R i P2 AR T A A K . TE T IR PTG
TR i T Z IR AT, R 2R U &
(shannon f8%L 4.615); 7ELLA AL N T2 KT,
TR W REZ FEVESE R shannon $8 5UM X PR, M
4158, X RSB F L RS, IRA R A AR
T ZRF IR R T A K M ROR T 5 . X T AR
MR A W RE VAT S AL BRAR JEE, R H A AN I T K
5 R FH AT s R R A T A A K
2.3 AREHTRABALERAAFAR
231 HEBEAK

BB AE Cr(VD#EE: 0, 10, 20, 30, 40, 50 mg/L,
SEMT Cr(VDXT AR R, LI 3. ek i
Cr(VI)(0~10 mg/L)AMFTT, & E 5 F5R0IEE wE R
JIBERS IE 3 A4 . Cr(VDIKEEN 10 mg/L I, EHEAN
% E ODgoo oM 0.23 £0.02, BHFEH & 19.22 +
1.85 mg/L, X Cr(VDIRJFEZRIEE] 29%. Bl Cr(VI)
WRERATN, %8s Cr(VDWE (20~30 mg/L)&/FF, IR
A RN A R F B B A . 24 Cr(VI)20 mg/L
B, RN A K 22 B E D], Cr(VDIRJFR LA
18%. BRETE 30 mg/L Cr(VI)IFEA(EE (A4 K, (I
SEHRAE TR BV KB Cr(VDR BE TR 32 J5 24
Cr(VD)i5#| 20 mg/L I, BERRANMA: 132 3™ E i i,
30 mg/L Cr(VI)S B (hA KPP, Cr(VIH R
F 5 mmol/L, XV Y 5E o a8 s b A= K B i
MHIP, AT, Cr(VDE N —Fh &8T5 5y, &
AR K, X R e A B E I AR R
232 WBEARSH

[ 2 Cr(VI)HREE Ry 20 mg/L, 43598 i & AS A e,
T ZIERWRE R R D, ST ESE Cr(VI)X 4B
BRI A RZ R, LI 4. 3 de ) o0 a4t AR T,
ANE Fe(IDAYZS (X IRZL, RIS EE 8 40F FIR&
BRI RE D0 S4B U R A s, 28 0 R v 2 A L AT B
J& Sporolactobacillus(36.7%)MZSZEfAFT #)E Paeni-
bacillus(16.3%)FE FFEH R, 43518 1.9%F 1.2%,
1717 L At B 8 B ARG Rt W R R . s 4
h, IRAWEE ZREE Clostridium_sensu_stricto_6
AT FRERR , I8F 22.2%.
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Fig. 2 Bacterial community compositions, at genus levels, of the mixed cultures under different electron acceptors (A) without
adding Fe(Ill); (B) adding citric acid iron; (C) adding iron hydroxide

HIUE AT UL, Cr(VD RIS s> TR G AR 2881, DL Fe() WAL T2 R BE IR R, T 2T R
PR, WREZHME PR, RSB 2 BB R EEIYN B 32K, Cr(VD R IR 352
& Cr(VDERFRIEE T, HF Co(VDM AR EERNY, WAL, SRR A0 T4 A2/ Fe(1l)
AP BN, SeRE)1859 % Bacillus R ZHT  DUAEAY 0, RUE —F b2 E AP Cr(VDiE 5k
PSEFRE SRR Clostridium PR, MUAZ X EE  Cr(D) . M3 H: 3Fe’+HCrO,+8H,0=3Fe(OH);+
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Cr(OH);+5H"™. LIS Cr(VI)R 40 aE 2 350m ) B,
Cr(VD R ES IEAT BH S 2h0AR S AR Jir 40 A P R 2

' H@ART/CLE

SRR A R A I 4w Cr(VDEL & B -1 )
AAE IR, SR E Cr(VDIE R YRS

35 406 4 40
Cr(VI)i& 5%
30 — —e— 0Dy, 4 05
—— RO '
4 30
25 F
/ 4 o4 ~
S >
fﬂi 20 5
= 7 1035422
9 7 0354203
=15 o %
S w
4 02 el
10 |
410
s L / 7 T 4 o1
0 1 // % 00 . 0
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Cr(VD¥I4f ¥ /(mg/L)

Bl 3 Cr(VI)Hk B R AT A K S Cr(VID)IR JF R 5
Fig. 3 Effects of Cr(VI) concentration on Cr(VI) reduction and cell growth by the mixed culture

20
HAXS - BE/%

K4 IR WRETE R K EAER EERARf
Fig. 4 Variation of relative abundance by the mixed culture
at genus levels

24 FALERTRHMFA Cr(VDEREFEH
EAL]

Fe(11T) ¥ i X 57 fb 2k 10 T 1 Bk 400 i A 4 B T
Cr(VDIsZm UL 5, [ Cr(VIHEE 20 mg/L. %5
ORI Fe(IID) AL A= K F6 65 ODgoo THHA
0.10 + 0.01, Al A: e & 8 85 v 52 3 i F 1
SACEGA JF A R R Cr(VIRER B & A IR 2 s i
MR EE ., WEN 1120 mg/L i, SEALERE R 40
FL R Cr(VDEERIL 100%, AR 5.6 5. IR
SEALBRA B ZARE, FEE Fe(ID)WRBELFEIN, R
AR T4 TR 20 B AR K SR R Cr(VDRCR Bl 2R
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Pl kvl 3 3 fin 22 L S s IR . Fe(LIDVR
1680 mg/L B}, PEREANMEA K SR Cr(VD % iy
151, ODgop= 0.44 + 0.02(J& H 2K 7R ) S ik TR 72%.

Ak it SRR BRVR B, S AR kA AN TR 4 i AR K
FARJF Cr(VIRCR I WA B Z 355, ODggp = 0.35 =+
0.03 (E WK B SOR R 67%. X 7] fEJ& i T ik
B Fe(110) AT B8 X TR i 40 i 3 1 = A= BH AR EE 42, B X
S A AR K R AR R RO AR P ] L, Rk gk IR
JRAN TR IR Cr(VDRCR S AL 5t # R B
Fe(I1) 8 i T 5 A6 2k i J5 o A2 I 1F 4 i T 551 5% 1
Cr(VDiAk, I BEARGA IR Cr(VD)IFRERER Cr(VDXT

20 it A K R A R A A

2 FrtEm

—— PP

o Ll AV A

100} k=R
S got
g 60f

S

5 401
20¢
0

0 280 560 1120 1680 2240
WIRFe(I1 e JE/(mg/L)
Bl 5 Fe(I)H EEXS S AL kit JE A0 i Ji Cr(VYSE I
Fig. 5 Effects of Fe(Ill) concentration on Cr(VI) reduction
by Fe(III)-reducing bacteria
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3 i

RA TS 4TI EUIRY, WEEeR A RDE
A Fe(IDWENH FZIEHT RAGERR R . DLl Fy
BERR RS AT M S A Ao F 32 kB, SR Fe(lD)
ez 73514 85.08 + 5.85 mg/L Fil 32.55 + 4.78 mg/L. {E
PR IR RN R E AL 2 ARG R R R b, AT
PO 35 2 U A — B, XA E 25, I
WIHIE Clostridium, J& TH2H H Clostridiales, 751
W RS 5 Fe(IID)id 5 FEALHE . TCIR N Fe(11D)
W, BRETE S ARV Cr(VIe B 55 55 414 F 40 i
AR EIAARIRERAL, FeAlE Cr(VDRE &
T 20 mg/L Bf, E4JE Cr(VI)XT B REL0 M A K A3 )
YEF B2 . BIRFEMEE Fe(ID), BREA LR
J RR AR TR Cr(VI) o AP TR R L 324K, Fe(111)
B 1120 mg/L B, SEAR BRI SR B A i Cr(VIEEE
ik 100%. BEAFFFH SR 321K, Fe(IDHk
J& 1680 mg/L, )5 Cr(VIRURELF, EXIRLA 4 %,
FI AL P 1) S A Adads Bl R (R A R H 4 Cr(VD),
SRR ff e 4 8 Cr(VI)T5 Y B2 5 5.
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Abstract: Indirect Cr(VI) reduction by dissimilar Fe(Ill)-reducing bacteria are considered an important process for
the protection of Cr(VI)-polluted environments. This study aimed to investigate the characteristics of microbial
Cr(VI) reduction by dissimilar Fe(Ill)-reducing bacteria from marine sediment. Characteristic of Fe(III) reduction
by mixed bacteria using different electron acceptors was determined. The differences in Fe (III)-reducing activity of
the mixed culture using ferric citrate and ferric hydroxide as electron acceptors indicated that the Fe(II) concentra-
tions of the culture were 85.08 = 5.85 mg/L and 32.55 + 4.78 mg/L, respectively. The effect of electron acceptors on
the microbial community of the mixed culture indicated that bacterial diversity, with Shannon indeces of 4.615 and
4.158 in the mixed culture with added Fe(IIl), was higher than that of the control with a Shannon index of 3.735
without added Fe(III). Sequencing data analysis showed that the dominant populations were Clostridium in the
mixed culture under Fe(Ill)-reducing conditions. The Cr(VI) reduction ratios in the mixed culture were determined
in both the presence and absence of Fe(Ill). Results showed that the highest ratio of Cr(VI) reduction was almost
100% at ferric citrate concentrations of 1120 mg/L. When the ferric hydroxide concentration was 1680 mg/L, Cr(VI)
reduction was achieved at 72% under Fe(Ill) reducing conditions, which increased Cr(VI) reduction by a factor of
four compared with that of the control group with no adding of Fe(IIl). The reduction of Cr(VI) was clearly stimu-
lated by Fe(III) reduction with the addition of Fe (III) as an electron acceptor. These results indicated that dissimilar
Fe(IlI)-reducing bacteria could improve the rate of Cr(VI) reduction, which could, in turn, provide evidence for the

application of microorganism to the treatment of heavy metal Cr(VI) pollution.
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