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Abstract: As a global environmental issue, arsenic pollution has attracted great attentions. Inorganic
arsenic compounds can be removed from soil and aqueous system through the co-precipitation by
complexing with iron hydroxide. Therefore, Fe(I)-oxidizing bacteria have been expected to depollute the
arsenic compounds from environment coupling with the microbial iron oxidation. To date, an increasing
number of studies have reported that Fe(Il)-oxidizing bacteria were used in the bioremediation of
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environmental arsenic pollution. The Fe(Il)-oxidizing bacteria used for the arsenic removal must have an
arsenic tolerance in order to function in the arsenic-containing environment. Whether the microorganisms
have arsenic tolerance always depends on its genetic basis. Besides, different bacterial strains have
different physiological characteristics and are suitable for remediation of different arsenic-contaminated
environments. By summarizing the arsenic tolerance genes of eight representative Fe(Il)-oxidizing
bacteria, this paper represents their arsenic tolerance mechanism, research overview and application
prospect, in an attempt to provide a reference for the technological innovation of applying Fe(Il)-oxidizing

bacteria to arsenic removal.

Keywords: Fe(Il)-oxidizing bacteria, Arsenic pollution, Arsenic tolerance gene, Co-precipitation, Cytoplasmic

arsenic reduction, ars gene
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arsRDABC &1 arsRBC FEALTIHRD, 4 i Ffiids
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Figure 1 Bacterial arsenic metabolic pathway""!
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R1 ars TR EEREINGETR
Table 1 ars anti-arsenic gene and its functional annotation

LR A R LK R 25
Gene name  Gene-encoded protein
ars4 AR E: WS ATP i
Arsenical pump-driving ATPase
arsB B s
Arsenic efflux pump protein
arsC TR AR i it
Arsenate reductase
arsD ks SR SES
Arsenical resistance operon transacting repressor
arsH A
Arsenical resistance protein
arsR SR BHIEY)
Transcriptional repressor
acr3 oM & A

Arsenite efflux transporter

o As(ID) MY BE 11 . AQPs IE Al W Wit fiE 4 HE
As(IID), AHWZ A J2 AINHE D —F 1t o e 38 466 3
i B8 R AR T AL, Ak 2
WARAFTE =AM HE R GE, A LA Bp R R
Gio TEBATEAHT, ML AsAIDfETE, Hte e
HEALH As(IDAMIE I 8 P fEsek E i B4R
E, RZE AsUIDBALA As(V), Frilitfe
TR R EE . A, AA R Bk T A R AL
il Ly 100,

As(V) #E A2 L BT 5 B AL 5 R 5
As(Ill), CHIA 3 Phsr b sl R %, 56
1 AR )57 50 &I Escherichia coli 1) R773
kL ) ars BEATFH . 5 2 SR BLT Staphylococcus
aureus [ p1258 JETkL I, % FEDR g At (A ) i 5
BRI, AABHRAE arsC . 534K
Tt Saccharomyces cerevisiae, fi44°H Acr2p,
5 R773 ArsC Z4{Bl, Acr2p HATAATEHERL A K
W 2 BR Bk A, JF i H S O R A e IR
(glutaredoxin and glutathione)?f: ik J55I27, 4
(A g 2 TR A, LA Glutaredoxin ik Jit
SN BHL TR, LU E. coli R773 JEki ) ArsCe
Z % (glutaredoxin-coupled ArsCs) K 1t & ; DU
Thioredoxin A& Ji 52 i 1 B F KR LS. aureus

pI258 Ji ki I A9 ArsCy Z J% (thioredoxin-coupled
ArsCs) WRELPH,

As(I) M HES BRI A s i 22, K2
AL TN ArsB SRR H . ArsB J2H
429 MERIEHBRIEE R, TERZE ars Y T
FAEAEZ I BAT 3 NIEE arsRBC 89071
ANER T ArsB BUBEH As(iD™ . BEhnAY 2 N 3EH
arsD F arsA T WITE E. coli H R773 kL ars BT
B, i H., — BRIk arsRDABC T LR Y4
Jf b H33k arsRBC HYZRMLRT TR i ik gsmbl,
ArsA 7 TAME A BT, th 583 MERILA AL, 2
ATPase ZXRA—51, h AL F1 A2 WIERIMHAL,
I 25 ANFRALAY R T Y. AsA
As(IID) 5 3 AP B2 BR 5 HEE VAL s 45 5 i p A8
FEERY . ArsA I ArsB T LUJE %, ArsA/ArsB B4
Y, ZEIE RO AR ATP 3K S0 1) A
BRth 2%, AT K RIESE As(DSMIERE . 7E4n
PR AN AT SRR e rh - ArsD Fil ArsA 227 ]
BFHVER . AIAE A ArsD (120 PEREEAL R, wTLA
ZIRIRA)ZIAY ars BT RUSSBHIE Y, [FIEHER
As(IIDFEBEEE, ¥ As(IEZiB4 ArsA FHEsREA]
(AN R ArsA FOEARTEPE®, ArsD 52640 @Ay
BT, 5 AsIIDES G5 FHEEE4 ArsAB R
HMHE,

H—Y ArsB ToRH As(ID¥iz HEH (B
Acr3)TEANH . . HE A ZBP .,
JUFEAERAEYIEA arsB 5L acr3 JEH, FF535)
Hitth ArsB Ml Acr3 HE [, EANHERREEMAY PR &
HOREAHZERY, Acr3 3B L BART (bile/arsenite/
riboflavin transporter)# 1) — AP, MG RS K
HF25, Acr3 Al LI MK : Acr3(1) Al
Acr3()P, TR KB As(V)IMHER 1R
Pseudomonas aeruginosa DK2 Y@K ars FE\F
1) arsg Fl gapdh FEH, S PAFE R [R] B R A B
A AsS(VBLE, DT As(VTEAIIEARIFLZRS,
arsJ F gapdh FEHR S Ars] FH il -3-
Wi I =N (GAPDH) 7 5L TCHL As(V)E61b A
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HL As(V)FIG HL As(V)IFMHES44

ArsR 25 JE 3 XIS G IF T ars R F 1Y
R E Yy, AR S g TCHLR IR ) R
T ars YT HABRE R 1955 2 28 As(I) 5
ArsR 4554518 ArsR IIS5E 1S R HE R 478
b, LSRR S Bh - 25, NI Fe i At
ars FE T I, ArsD HA F3H9 As(T X
BB TIRE, H5 ArsR WA RS, A
PIBINRISERN DTS ars T3 8hF X3 B4R [R17 05 45
£ ArsR Fll ArsD #IA R 5 G se 45l ars BT
FRIHER R TR IR R Ik

3 GENAEPNTRMEE N

THEE Wi 52 02 R R A D AL 25 T8 B . ]
A BB W A R PR EE h B PR RN TC B )
TR FES S s S | AR s AR Y
S22 M E AR o Bk AR B 0T DLAUAE Fe(Il) Ry
Fe(II), 1M &4 B S b A e e 391 k(0
SR DR ELAT 5 v 1 L 3R TR R R 2 R 0y i
AR 1) WO R AR, S X A T e I
AL A B T TE S5 A FH AT LA 2 b 3k 3] P ALl
P BHASIELE A 1 H A9 HATRI 1 A AR
AR TR AT L) FH BRI A R A B T e A v 1)
fift, JUHGE B AL BRI EE RS e A
KA (biomining) F1AE #)1& & (bioremediation) {3 T

A EAR — A8 53 3. BT A 201 i 2k 48
P TLEY G AR P a5 JuB 5 (R 2).
3.1 FEERMHRENERTEMEE WY

Hui, ke tbmZ T iewiae, W
F R TR R RV o AR RN
— BRI REAR HAMRRERE . RT5 0. &
BORB P = N INERA A i 4 Mk Ak T
B, Huif eG4 FEEREH . i 8.
4. HEES R RE

W IR A AL YLK B AT 8 (Acidothiobacillus
ferrooxidans) &5 — A~ WNER T AT /K v & BRI BE
AALS MU YAk, R AR RZNEY
A", ORI IR AN, A SRR
Tl AR . R PR . Hy RIS RE R
FHEAERM, I F7E pH<4.0 B, Fe(IN7EA A&
TR IR R 218, TEVE R R LA
TEAIET, B bR R AR A, iR 4.
ferrooxidans 12 WA GRS 1 A H 0 S8 A0 T T AN
ABE Ty, O 95 R i S B AR T 4y B i
AT ENM A. ferrooxidans TEAE NSI209 #E4 Tl
e, Xt As(IDIYIEZE APILRTI 4 g/L $25 5
6 g/L, X As(V)RITit 32k MIIALETTY 8 o/L $2&m%5)
12 g/L. H—FRIEMRESE AL 4. ferrivorans J&fkb¥
H IR = QR PR A v, P HA A b v £ i

R2 SHMUEAUEMNSERES
Table 2 Classification and characteristics of eight strains of iron-oxide bacteria
BRESL R 73 RS B oz 275 3k
Classification Strain Phylum/Class Arsenic removal application References
Anaerobic and Pseudogulbenkiania sp. 2002 Betaproteobacteria As-nitrate cocontaminated groundwater [16]
nitrate-dependent Acidovorax sp. BoFeN1 Betaproteobacteria Arsenic-contaminated rice paddy soil [47]
Anaerobic phototrophic  Rhodomicrobium vannielii ~ Alphaproteobacteria  Presence in high arsenic groundwater [48]

ATCC 17100 from Hetao Plain of Inner Mongolia

Rhodobacter sp. SW2 Alphaproteobacteria  As-nitrate cocontaminated groundwater [47]
Acidophilic Acidithiobacillus Acidithiobacillia Highly concentrated arsenic mine tailings  [14]

ferrooxidans KCTC 4515

Acidithiobacillus ferrivorans Acidithiobacillia Pyrite colonization and leaching [49]

SS3

Leptospirillum ferrooxidans  Nitrospirae Bioleaching of arsenopyrite (FeAsS) [19]

C2-3 and enargite (CuzAsSs)
Microaerobic Sideroxydans lithotrophicus  Betaproteobacteria Presence in Bangladesh Arsenic Aquifers  [50]
neutrophilic ES-1
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S JE (IR . Bl BE NG I N2 T L Tl
KOBARIEY) . E K s rh LR ELAL S Y B RE
11T PR 4% 470 LA T R £ R R ek SR A T T 4k
BEE Y, HAET, Leptospirillum ferriphilum Fl A.
ferrooxidans C.E T AL bR I,

32 REASEUEATHSREE

TEPAA AT, Fe(ID) KRR 10 ALY . —
SeZE WAL A IR ER AR Ak . BRI, TEIRR
AT, BREAL TR B AN B ) ) B A AL
A ™ DA A ik S A T T RO RE i1k
Fe(IDMPEA AL, # CO, BT R, K
SAURH R R MRS % S AL AT REARE B A R ERIE J5URT Fe(ID)
AR,

RENEBEIE Rhodobacter sp. SW2 .
Rhodomicrobium vannielii %5 HA7 1 25 5E WA 1 PR 58
PR ST, R AE 5 7K 2 R H S 4 2
TPU. Rhodobacter sp. SW2 BEiFERATERI R ER Mk BF
flXF 500 pmol/L (37.5 mg/L)}, RNExHH G2
SFRYIRER FOEIEME Fe(ID)SAALANER 110, iZ4n
BRI S I 55 B 235 1) Fe(LID) W) ARMERY Fe(IIiA i
A E, HibiE Fe()EALdl b I T [E 2
VHTKMIARS, HEATUHTHEBEY,

Pseudogulbenkiania sp. 2002 . Acidovorax sp.

BoFeN1 fENPRAAMREMI R AL, [R5
o T PR AR R Eh PR L T — AL B 52 i R A
T Ak y5 et R OK B AT AT k. Xiu S5V HIST
B, Fe(Il)"I 8 Pseudogulbenkiania sp. 2002 45505,
b, FLEIRMEERT, HEER AsIDE As(V)HE
2 H A il i AR SRS o DR AU 1R A
RIS E AR KR th o0 A 0z, WSS R A
B FHAAAL Fe(Il), [ KRS H AR md, gk
VIO TI RN
4 ars REEGRENE 457

BRAAL T T o s s e R R e
2], ASCHEEEC A TG e il ) gk A
iR, XA EHa O AR RN LB . (R

S WF TR vh T L T R AL T Sk
BMITIEBOR b, AR DA PR BRL S 0 LA i 1L
Tl FEAT ST o AR DA DR 2 T AF 5 A T 1 L
B, O R A X TS G B2 B R AU AR B SR 4
ARBEE LR, FATHERR A A RIZEBYARY 8 ik ek
PR FHRRE R | RO A A . R R AL
AR, Hd 5 ¥k Pseudogulbenkiania sp.
2002 . Acidovorax sp. BoFeN1 . Rhodobacter sp.
SW2. A. ferrooxidans F L. ferrooxidans B F 3 HA
s gL R BRIEAT, oy 3 MR AERTS YL i il &
B, nlge A —EmPiERE1(3E 2). 5 R. vannielii
e JEEARVBL ) 200 BT A PN 52 by YT 25 Dt e A 1 K v
WEE, HEA asm FN™ . S, lithotrophicus
ES-1 e L S it K R 2 & P,
TAFREAIL ] ars RO\ TTESE 2 FRBAPE R AFH 1
W P ERAT o3 AT, JF B 2 RS [ 1 B TR g HE
X, REIWH R arsRDABC Fl arsRBC™ 4.
ferrooxidans
BoFeN1. A. ferrivorans SS3 . Pseudogulbenkiania
sp. 2002, R. vannielii. Rhodobacter sp. SW2. S.
lithotrophicus ES-1 WL R G 225, Mk
SRR, 8, 5. 9, 5, 10, 8, 44~ 8Hkkk
SAAACR TR AR T L A 2 1 LA 8] 2 B, A.
ferrooxidans. L. ferrooxidans. A. ferrivorans SS3 .
Rhodobacter sp. SW2 FARPUAN LI HEIE DR FIHL AN 5%
SRR ER S, B T XU EEA BT
B I A /15, X 8 BRBT R arsC 2N, W
DX 8 BREK A TR T L T by 200 L B Dt
—J8% arsRDABC 1 arsRBC #F A —A-E IR 7
M, WIS AL ferrooxidans HATREIR
FERAY, I ars BEPR 5% SRy a1 AH SR ISR 1
arsRCHl arsBHZA K, ArsB. Acr3 J2 M sHEAH G
EE, WEH arsB # acr3 JE b, 11 ArsA
(Gt I arsA)FN ArsB (G 3E N arsB)R G H1RT K
FmEAMIESCEY ) B Pseudogulbenkiania sp. 2002 4
7 BRIEAREATRSMIEFRSCE H . HeP Rhodobacter
sp. SW2. R.vannielii, S. lithotrophicus #4ME&E

L. ferrooxidans . Acidovorax sp.
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Figure 2 Arsenic tolerance gene cluster comparison analysis of eight iron-oxidizing bacteria

. WFE (GenBank 1EM15): Pseudogulbenkiania sp. 2002 (NZ_ACIS01000000); Acidovorax sp. BoFeN1 (QOZT01000000);
Rhodomicrobium vannielii (NC_014664); Rhodobacter sp. SW2 (ACYY01000000); Acidithiobacillus ferrooxidans (NC 011761);
Acidithiobacillus ferrivorans SS3 (NC_015942); Leptospirillum ferrooxidans (NC_017094); Sideroxydans lithotrophicus ES-1 (NC_013959).

Note: Strain (GenBank accession number): Pseudogulbenkiania sp. 2002 (NZ_ACIS01000000); Acidovorax sp. BoFeN1 (QOZT01000000);
Rhodomicrobium vannielii (NC _014664); Rhodobacter sp. SW2 (ACYYO01000000); Acidithiobacillus ferrooxidans (NC _011761);
Acidithiobacillus ferrivorans SS3 (NC_015942); Leptospirillum ferrooxidans (NC_017094); Sideroxydans lithotrophicus ES-1 (NC_013959).
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Alkalilimnicola ehrlichii MLHE-1 " %2 H4 87 1) iR A
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