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8 E R Hungate IREVREHE  NIRIEE S RPK DI T 1 AREERRME Iy 515 51 8 )7 NAU-16. 2 TE 35
221 16S rDNA LK T 51 43 B % 52 S JIL 6% 149 I 78 66 4 D1 AP Desulfurella amilsii. WF 58 T L AEAS [R]RLEE (20—
60 °C ) .pH(1.0—7.0) il ( LR IR FLER 00 .9 =1 TR EAR ) 4504 F 09 2B RReb: , Rl Jp it =UR
ORI R T IZ M R A Y N BRI Zo™ [ Cu™ Ni** YR BRECR. 25 R | Fikk NAU-16 Fad A4 K
RN 35—45 °C, AT 7E pH {8 3.0—7.0 W B WA K, REFI T £ R | 7 4 MR o vl RO R sk IR [R] I
Desulfurella amilsii NAU-16 43 B 4= Y65 S0 500 B AT A5 AU PR B Zn™ | Cu™ (NP B35 R A2 W) W IR IR V. X T4
f pH 3.0—4.0 IR, ALHE 12 d,7Zn™ [ Cu™ Y BRFRIK 99% LA I, Ni* 1925 BREE 909%—99% . b ik 5% 25
R 4 IR K AR W b PR AL T — Rl R AR
KER YL, FATERE, /SR %E, Ik pH, EaREK.

Isolation and identification of a sulfur-reducing bacterium and its role
in treatment of heavy metal-loaded acidic wastewater

WANG Liyun FANG Di™" ZHOU Lixiang

(College of Resources and Environmental Seiences, Nanjing Agricultural University, Nanjing, 210095, China)

Abstract; Strain NAU-16-was isolated from heavy metal-loaded acidic wastewater by the method of
Hungate operation. Ac¢ording to- its morphology and 16S rDNA gene sequencing, this strain was
identified to be Desulfurella amilsii. lts growth property and sulfur reduction ability at different
temperatures (20—60. °C") , initial pH (1.0—7.0) and electron donors ( acetate, propionate,
lactate, glucose, glycerol, pyruvate) were investigated. The role of this strain in removing heavy
metals in acid wastewater containing Zn>*, Cu’", Ni’* were evaluated in sequencing batch. The
results showed that strain NAU-16 growed at optimum temperatures from 35 °C to 45 °C and a broad
pH range from 3.0 to 7.0. It was able to couple the oxidation of acetate and glucose to the reduction
of elemental sulfur. Furthermore, this isolate-mediated biological sulfur reduction strain NAU-16
showed efficient removal of Zn**, Cu®*, Ni**. Up to 99% Zn’*, Cu** and up to 90%—99% Ni**
were removed after 12 days, with initial pH 3.0 and 4.0 treatment. Strain NAU-16 could be a good
candidate to cope with low pH and high metal concentration wastewater.
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pH , heavy metal-loaded wastewater.

SIEILFR A RAER, BN T, a8 5 o 4 TR 2 W w4 A5 Tl T Bl 45 77 AR R A Y
Wk 4 Ja K AR pH {E (pH<5.0) HUE & @R B M E 48 3 7 (Zn™ [ Cu™ PO &R AL+ 5
FH mg- L) SR MK I R RAAE " ARFUTTE W B | AR | S8 S TR R T 4 Ik K Ak
P A 3k A7 AP G IB AT A AR A AV B 2 B R BN 58 4 A IR, 7R TR S B v E Mk L
AT

20 40 90 AR, A= Wik B di bl AT 122380 F T vk 4 K AR B SRS T A IR
17 S A AR A P (R R AR R £h A JFU B Sulfate reducing bacteria, SRB) PAAT MUK ( U0 £ 5 H i FL
TR ) by P B (4 DR SR JEL SO, 7 AR B A, 44 J52 7K v s fidp 285 T 4 ) e Ak R B HE VS (R B AR ) ( CuS
ZnS PbS W EERUE B K, 1077 —107) M LA KBRS OB AR =X 1 F 2548k 1% ki
HA A SRS | 5 4 R BRI HL 4 s DT /NS O 0T 52 51 [ N AN 9 38 92 i T

Sulfate-reducing bacteria

2CH,0+S07 HS™+2HCO; +H* (1)
Me** +HS™——MeS(s) +H* (2)
K, CH,0 EA PRI, Me™ J& MM E 48 & F.

MEA PIBFE SEER T , BRI AR P B ad J i ) TR I A ARSI - 1 i 4 P /K B8 R TR A
A BB B el AR, T B A M AR Z A WL (A | ORI B A e v 1 G A
FEARIE , 72 A W i 30 AL o A o A7 R B B T (S°) 3 ALY i AR — BB T A T 1 1) B D B O
( Desulfurella) . GilRTHE ( Desulfurispira) JRBLINE IR ( Desulfurivibrio ) WAk /3 B HIE " MK FHiRER
WJE (SO =S 2 8 MMM ) , i B T i I A7 Bt 25 LR T, R | GG T s oy T 5 2 ) - Rk A
(BiE) SCAHTE Y 174 (S'—>S™ LT 2 AT, NGRS TK 3) |, K Ab 3 A R R AR SR 1, B T

i BB 3R D 14 B P SR A, T DG T IR 4 R PR /K A BB BIF S 43/ L.

Sulfur-reducing bacteria

S+1/4CH,COOH+1/2H,0 H,S+1/2C0, (3)
K, CH,0 BA PRI,
AR SR 16 43 B W TR (A B PR SRR , A0 AT A K AR R SRR TP T8 Zn®  Cu™ NS
T PR R AR P | & 7E Sk TR T G I /K 1 A i A PR A — oo O ik

1 #ES 3 (Materials and methods)

1.1 A
AHIF 5 R R T4 s P /K Ry 2 5 4 10 V5 e 8 ok ik A 0 W0 12 O B Ak S 7 A 1 TR W R R TR
(pH 2.0) "™ Z K E TS B Zo™ Co™ NS EERE T, SE250 65.54 .12 mg-L7.
1.2 FERRIE BT R 10 43 B S0

TR R R A LR B 3R 5L BMM Na, HPO 12 H,0 1.06,NH,Cl 0.6, NaCl 0.3, MgCl,- 6H,0 0.2,
CaCl;2H,0 0.11, ik 0.8, Zi2 0.3, 50 mg- L' (pH 4.0).

PRFP Y 4 553 88  BU5 lR AW R 10 mL L AT 100 mL (1 BM B535 360 R 46U, 30 C
FE IR 2 A KE MRS 77 A B R IR 4% 10 mL % 100 mL H76FY BM 5555 AR 15 57
ZMF R ARSI BRI AR N E 4—5 WK BT RS A0 15 92 008 S R, BUAS [R) A0 R
FYEEFRWLT Hungate 7R, 8T 30 CHEFRA TR ERE IR 10 d, 2R 1500 B Wbk NAU-16.

TEA 2 S o B AL R PR EA T 85 22 [Q Y 8, OF FB 59 F 7 S S B WL TR AT 28 AR BE (IR AR IR
AR S T B AR TR A R

Oy T Wy oF M E . A0 M DNA SR AxyPrep 40 T 3t A ZH ) B R & 4R B B R
27F ( AGAGTTTGATCMTGGCTCAG) Hl 1492R ( TACGGYTACCTTGTTACGACTT ). S I 2 J¥ K 95 C
5 min;95 °C 30 5,55 CiRk 30 5,72 CHEM 90 s, 3 24 WHEH,72 CIEMH 10 min. PCR )T H L ifE 355
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AR A BR 2N w) AT XL 1 00 000 45 SR8 5 GenBank BT [RI TR Fe 48, B MEGAS. 1 R0 4
16S rRNAI R G K& B W
1.3 ZrESTRPRINAE KR

TR BRI - W 193 B T MR B BT T (R 8 3.0 % 10° cells»mL™") T 50 mL BM }5 323k rp 58 AR
[i) () 1% FE IR (20,25 .30 .35 .40 .45 .50 .55 .60 °C) ,3 44756, JRE B R % 10 d SR H 3L 4
S EE T BRI S BV 5 AN [ T B 2% 1 T AR B8 MR B, ISR FH IR B OD o THE BRI AR 1

pH AYFEIR % BM 15375 pH (EIEY5 4 1.0—7.0 BRI pH, 433115 50 mL A[R] pH AR5 373 2%
A 1%53 B R BBER (FB5RE 3.0 x 10° cells-mL™") ,3 41FATIR I, R4 30 C#E453% 10 d. SR H 1
W ERER T B A4 4 pH 2504 N OBRES 15 iR AE

BRIEZE YA SEIA B 1% 70 B MR AU B (BB 3.0 x 10% cells-mL™") #F0 T 50 mL BM 555535 6
FRFRHE P ARRIE ( LR ) 43 B 45 R TR v B2 (R DR B FLIR i 20 B TN — B TR IR | %5 %% 73 B8 TR R X AN
[ JEC 0 1 R FEPIR B0 335 55 25 A1 R o Ty i [ I
1.4 WERRER A S5 B 5 e A4 9 1 12 R V1 b B

B BT A D Ak B T 4 T e A W R R TR AR IS E 250 mL (14 IR A8 Hh 58 R B 5N [l )
f pH YR T 42 IR IR K 1 A ) A BRASCR AR I8 14 B T #0468 pH H 2.0.3.0 4.0 4.3 41402, 7F 100 mL
IR R IR 1% 5 BSRRR IR, BT 30 °C 100 r-min™ 8 AR S00EEAR 7 55 55 3056 vh [A]
AR E T NEERNRZS PO RRIE SR AR T R 3 d BURE  FH 0.45 pum DESK B RS W, B B AR R
JGi% (ICP, Angilent 720) Ml5E (% K Zn® [ Cu® NP>k B2 AR A0 BT S IR K i i 46 @ s o i Y
A TR E 4 Jm R

2 ZEHL 59718 (Results and discussion)

2.1 HHREE

Iy B Hdk NAU-16 7 Hungate Y45 30 CHEFR 10 d J5 B RLE 1 B 6 [RIE % BDIR 09 15 7%
BV A% 0.3—0.4 cm, RAFH i 57 6. G K35 32 R] )5, 9% o0 228 A8 R K8 €, B A6 L
52, B BR NAU-16 &% FQ Y (0 2 B M, B AR (02— 38 G Ha 5% 0 /s 92 1 R O 2 PR T A R/
(0.3—0.5) pmx (1.8—2.0) wnr, K A HEE. Z M AR R S T W), 70 8 bk 5 0o |8
( Desulfurella) 1) F 2 SRR =8k

1 BB NAU-16 BBEEIERS (a) , BAETE 2 [RG A T (b, x100) , FLZESTHEEE TEM (¢, x40000)
Fig.1 Morphological photographs of strain NAU-16 colonies (a), microscope (b,x100) and TEM (¢, x40000)

BB T Bk NAU-16 19 16S tRNA PR JF 4% 5 % 5% NCBI [ 3, i} BLAST 5 GenBank H' Y
16S rRNAJE K 8 4 7 [RIVR FL 3¢, & BRI bR ik -5 Bt 181 J@ ( Desulfurella amilsi) [RJJREPE 3K 99% . 43 55 18 #
NAU-16 1 16S rRNA 1F GenBank H& S RES 58 MH121321. F 2 AHPUF S & N IZHRIN R SR T
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HEAER (B 2) G5B IERRE S 50 F AW 5 0E | S8 08 77 BS TR NAU-16 J& T 08T B rh i i ffk 48 o b
( Desulfurella amilsii) .

Desulfurella multipotens, DSM 841 sT (Y16943)

48

99 Desulfurella propionica, DSM 10410T (Y16942)

[ |
0.020 69
Desulfurella acetivorans, A63T (CP007051)
100 Desulfurella kamchatkensis, DSM 10409T (Y16941)
NAU-16
100

99 Desulfurella amilsii, TR1T (LN624414)

55 L Hippeamaritime, DSM 10411T (CP002606)

Desulfohalobium utahense (DQ067421.1)
100

Desulfovibrio longus, DSM 67397 (AY359867)

Desulfuromonas thiophila, DSM 89871 (Y11560)

Nitrobacter winogradskyi, Nb-255T (CP000115)

2 SrESHIFR NAU-16 19 16S rRNA REEK W
Fig.2 Phylogenetic analysis of strain NAU-16 based on 16S rRNA

2.2 rEEMRA AR

48 bk NAU-16 7R IR A0 26 P02 KRS580 S 0 3 7. 5 40
PRTE 25—60 C AL TaiZ (1l B2 T #RBE R 409 A4 1, fieddi i R IKTRL S 35—45 °C 5 MR T 20 CHiE T
60 °C I, FE 7 0 . 5 G0 5 T A 4 o 0 B
J& Desulfuromonas (37 °C) JREIRNEE Desulfovibrio (37°C) Fil2E & Sulfurospirillum (37 °C )M 3K
AT T 7 AR R LSS B R B 07 £ 55 S DB L >65 °C ) MO B8 A
B, W AT # & Desulfurobacterium (70 °C) 7' FEANFRIREE 200 F 872 B2 sh B BUA 54 Y
ISl AT K32 SR 20 SO 60", s JL T Ko MR BB AL R T A8 T R0 2, 740
WK NAU-16 A=W HEEU I 55 CH 60 CB A Z R S 7742 (150—350 mg- L") 7 AEX — G 1Y i
PRI AT B S SR TR 2 B B AR R AR E T L v iR, RE T e R R DRk Mg i 2 b
LI RETE A R A M, BRI IR BT ( Shewanella ) %5 4 AL RS A7 s ARG FRE .

= B F ik B Sulfide concentration V77 A4y & Biomass

G R o

§250— % 2 % . é

§200 } + % “6% ‘§150 % } f _6%

£ 150} ' — U i 1,7 210 143

5 100 7 ?/% % : v %/ g

% 50 ¥ %%%V" P g s0r e, 7 / ], =
015 20 25 5 60 65 %%%%

3 IR (a) A pH(b) X B ERE NAU-16 A9 AE KA B F 7 A (52 )

Fig.3 [Inflence of temperature (a) and pH (b) on the biomass and sulfide concentrations of strain NAU-16

£ pH 1.0—7.0 504 N 4r BB A& NAU-16 [ AE K Q& 3b i7s. i &l 3b AT UL 7 pH 1.0—2.0 F#K
PRI ZRAE N KA MR B A BOA A K T 25 1 1 W 2 726 s AHER I, pH. 3.0 253 B Bk NAU-16 K
AR I SR S B BT D R ) AR A TR P A T R B AR S (150 mg- L) 524 pH A
THE 7.0 B BRACYI I 7 B AR AN K A0 A A P42 . © A 09 SCHR AR GE rb i 23 25 S 1 50 B i
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BRI AAE B pH G R 3 50% , LA RR Tk pH & A K (pH 6.0—7.0) M XS /R T 4
BT R NAU-16 B Al 3E TS 7K pH (BTG, B Y2 [ S

Sr B R NAU-16 XA [R5 0 R HTBCRAS S AR R B 4 W0, CR R LT = N R e A
il NAU-16 FIH], A4S TR | FLIR W L-F- A Be i A H] . [/l £ R AN 2 W 1L BEAE i NAU-16
P LB S A A IR i S N 7 A T 5 . A [) L B T 3 i TR S A P - A g R L A 2
5, B 9B 56 8 ( Desulfuromonas ) , Wi B 1 J& ( Desulfurella ) #BHE Al FH £ 12, H b 1% )& A FC (K 8
( Shewanella ) REF FHFLER. — i 5 , Bk AR 85 U8 A0 Al 26 22 30 |1 B A G 2552 ), R Rl 4 4
WAERR IR A A — R 10 22 Sk

= GBIk Sulfide concentration
i % A4 Biomass

= (=) x®
(=] (=] (=]
.
[
Biomass/(cells-mL ")

%]
=]

Sulfide concentration/(mg-L™")

(=}

L. A
2B WER IR WA N=R R
Acetate Propionate Lactate  Glucose Glycerol Pyruvate
Electrol donors

4 RIRIBRBR 4R BB NAU-16 (024 0t RGBS o A B

Fig.4 Influence of carbon sources on the biomass and'sulfide concentrations of strain NAU-16

2.3 DGR AT I TR XS e A ) IR R ) Ak B Ak S

5 BoR TAFEIRILG pH AE R T5 e A= P I R A A 0 B o 38 D Ak 1l At o o 4 VR B 1 A ke
H11& S T I, Bl 25 B BRI R A R T, AR P 3 RREE S SR S T (Zn™ (Cu™ Ni*°) VR I RE BRI B
K PIhG pH AT, 3 FhEE 42 I8 25 Bk A A R D Xt TR pH 2.0 AL, FE RN AT EAE 3 d DL
Jei R ER R Zn® Cu® NPTV I BRI, (ELIE S, 3 R R 4 J R AR R AR U I T 2 A i R A 4 A
pH Z5ETR 85 55 A A 3 S 32 310 1 90 o 000 ] 6 S 0T K b 3 R 4 e ik R AR R
PR Ay 2 o 1) B BB 30 D5 B VR Al B IS, UOUE TR 0 B 42 S TR G pH 3.0 FUAREE 7RSS 12 d, R
KR Zn™  Cu™ B EBRRIGR99% LA I Ni** 2554 90%. %F T pH 4.0 AYALFE |3 Fh i 4 8 1Y L R 1y
5 99% A - 7E BTG ey, 5 AR 10 25 R DA B 3 o OB PRI R AR R A S A R B T4 AL B
BCITHE B 7 XA S TR P i) S RS 50 5 6 SO0 00, A 2 T 190 ol 2 0 200 i S EL 43 0 g 6k 7K T 4 J 8
4T R B B e, T 2808 AT 1 22 A0 9 W, R 22 0000 A 2P S5 30 DI B (B 955 A IR 38 i 7R ) o) o 4 JB
R T A2 TR S b R B, 43 B Ak NAU-16 A] Tif 52 200 mg - L' Zn*" (100 mg- L™ Ni**
50 mg-L™" Cu®™!"™,

A o 52 7 A R HR B TS 4 7 e R S i T 1 A B B RSP T T T R A
BT BRI LR pH 3.0 FI pH 4.0 AL BN A BB 0T 19 5 AL R 208 25%—30% , PRI it B0 5T 1) K %5
PEBAR, FERTIA JFUAd e v 32 SR EE T 0 v R 3 ) 2 B AL W o A7 S Ml 2R B S o 72 0 5k
AT AT LLEAT A . A ZERRAR Rt AR b 56 6 d B AR 2R v BB IR AR Y B S T R
K 50%,9 d ZJ5 KEB/TE SR BT O R0, R R it it SRR B, rT o SARE o
HEAT EE 52 R . — S 53 S 1 2 R N, WIS A B I 3 D 7 2 (R B A ) 8 I /KR R BR 4R | i R
20 T I 7K AN R4 i ) ) A P 5 32X, — 5 T ) LA 3l A S /K AR A pHL e B0 50 B 8 A4 K g 4m
53— 7 T REARYE AN R 5 4 Ja 14 K ASIR), A3 E R e 428 D0 K o o i 4 2 Sl 1 e b
i 4 S R K A TR s, A 40 4 i W U A [ A
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7n** concentrations/(mg-L™1)

-0- AN 4%M Without inoculum
-O-pH 2.0
A pH 3.0
O pH 4.0

Ni?* concentrations/(mg-L™")

B 5 G SE Y E R s A Y INR R T E A JE (a7 Zn® b, Cu® . NiT°) VR EELL
Fig.5 Variations of metal concentrations (&, Zn**;sbs'Cu® , c. Ni*") during the process of

biological sulfur reduction in ‘heavy metal-loaded acidic wastewater

3 4512 ( Conclusion)

ASBIFSE DR 1 B 46 R /K R 81— R B TR M (4 BB I Ji BT R NAU-16. 28 MJE 5271 16S rRNA
FFAN A 2 5 0 i i o U P B R 2 B Rl Desulfurella: amilsii. Desulfurella amilsii NAU-16 RE7E pH 3.0—
7.0 BSEH pH JE A A, Bdd il 35—45 °C BRI 1R ARy r AL B 5.

TELBRBNINE 0.3 goL ™" IRE 30 CHYRMT , Desulfurella amilsii NAU-16 YAz ) B 55 18 Ji7 S vy Al
ARAE PR Zn™ (Cu™ (Ni* YRR P 4 J8 K X TG pH 3.0—4.0 YK, 12d, Cu® Zn* B R ARIA
99% L) -, Ni*" ) £ BRHE 90%—99%.

£ % Lk ( Reference )

[ 1] SANCHEZ A1, STAMS A JM, WEIJMA J, et al. A case in support of implementing innovative bio-processes in the metal mining industry
[J]. FEMS Microbiology Letters, 2016, 363(11): 1-4.

[2] REW,Z 0, 20508 B UL Bk B i 7= R K05 R BT o [ ] R 127, 2014,33(3) ; 447-451.
WU HM, LIX, LIJ W, et al. Acid generation behavior of pyrite tailing and characteristic of pollutant release during simulated weathering
process| J].Environmental Chemistry, 2014, 33(3) : 447-451(in Chinese).

[ 3] ROJO A, HANSEN H K. Electrodialytic remediation of copper mine tailings with sinusoidal electric field [ J]. Journal of Applied
Electrochemistry, 2010,40(6) : 1095-1100.

[ 4] CASTILLO J, PEREZLOPEZ R, CARABALLO M A, et al. Biologically-induced precipitation of sphaleriteewurtzite nanoparticles by
sulfate-reducing bacteria; implicationsfor acid mine drainage treatment[ J]. Science of the Total Environment, 2012, 423(15) ; 176-184.

[ 5] DENG D, WEIDHAAS J L, LIN L S. Kinetics and microbial ecology of batch sulfidogenic bioreactors for co-treatment of municipal
wastewater and acid mine drainage[ J]. Journal of Hazardous Materials, 2016, 305: 200-208.

[ 6] KEFENIK K, MSAGATIT A M, MAMBA B B. Acid mine drainage: Prevention, treatment options, and resource recovery: A review[]].



376

7 A 14

pS

38 &

[7]

[8]

(9]
[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]
[21]

[22]

Journal of Cleaner Production, 2017, 151, 475-493.
SANCHEZ A 1, SANZ J L, MARTIJN F M, et al. Sulfate reduction at low pH to remediate acid mine drainage[ J]. Journal of Hazardous
Materials, 2014, 269. 98-109.

ZHANG M, WANG H. Preparation of immobilized sulfate reducing bacteria ( SRB) granules for effective bioremediation of acid mine
drainage and bacterial community analysis[ J]. Minerals Engineering, 2016, 92. 63-71.
MILETTO M. Sulfate-reducing Prokaryotes in River Floodplains[ D]. Utrecht; Utrecht University, 2007.
ZHANG M, WANG H. Organic wastes as carbon sources to promote sulfate reducing bacterial activity for biological remediation of acid mine
drainage[ J]. Minerals Engineering, 2014, 69 81-90.
FLORENTINO A P, BRIENZA C, ALFONS J M, et al. Desulfurella amilsii sp. nov., a novel acidotolerant sulfur-respiring bacterium
isolated from acidic river sediments[ J]. International Journal of Systematic and Evolutionary Microbiology, 2016, 66(3) ; 1249-1253.
SOROKIN D Y, MUYZER G. Desulfurispira natronophila gen. nov. sp. nov.:; An obligately anaerobic dissimilatory sulfur-reducing
bacterium from soda lakes[ J]. Extremophiles, 2010, 14(4) ; 349-355.
RS K B A I T Y R R R B A R e i SR KA B P PRI [ D . MRt M Al RAE, 2017.
ZHANG P F. Influence factors of biological sulfur reduction and its application in treatment of acidic wastewater[-D ]. Nanjing: Nanjing
Agricultural University(in Chinese) .
FLORENTINO A P, WEIJMA J, ALFONS J M, et al. Sulfur Reduction in Acid Rock Drainage Environments[ J]. Environmental Science
& Technology, 2015, 49(19) :11746-11755.
RAINEY F, HOLLEN B. Bergey's Manual of Systematics of Archaea and Bacteria[ M |.Hoboken ; John Wiley & Sons, Ltd, 2015.
PFENNIG N, BIEBL H. Desulfuromonas acetoxidansgen. nov. and sp. nov., a new anaerobic; sulfur-reducing, acetate oxidizing bacterium
[J]. Archives of Microbiology, 1976, 110; 3-12.

HEDDERICH R, KLIMMEK O, KROGER Ac, et al. Anaerobic respiration with elemental sulfur and with disulfides [ R ]. FEMS
Microbiology Reviews, 1998, 22(5) . 353-381.
2z [ s S ,§$ﬂ9 s SRR AR A AQDS KRR AT Shewanella putrefaciens CN32 WAL= W 1 8 ) [J1] b ER Y EL 2
##%,2011, 54(10) : 2631-2638.
LI B, WU F W, LI J H, et al. Effects of temperature on biomineralization of iron reducing bacteria Shewanella putrefaciens CN32[ J].
Chinese Journal of Geophysics, 2011,54(10) ; 2631-2638(in_Chinese) .
FAUQUE G D, BARTON L L. Chapter 1-hemoproteins in dissimilatory sulfate- and sulfur-reducing prokaryotes[ J]. Advances in Microbial
Physiology, 2012, 60: 1-90.
FLORENTINO A P WEIJMA J, ALFONS J M, et al. Biotechnology of Extremophiles[ M ].Berlin: Springer, 2016. 141-175.

FANG D, ZHANG R C, ZHOU L X, et al. A ¢ombination of bioleaching and bioprecipitation for deep removal of contaminating metals from
dredged sediment[ J]. Journal of Hazardous Materials 2011, 192(1) ; 226-233.

SUN R R, ZHANG L, ZHANG Z F, et al. Realizing high-rate sulfur reduction under sulfate-rich conditions in abiological sulfide

production system to treat metal-laden wastewater deficient in organic matter| J]. Water Research, 2018, 131 239-245.





