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Abstract: Arsenic (As) pollution in paddy fields is a global environmental problem. As content in rice exceeds the safe limit,
which may pose a threat to animal and human health. Therefore, the problem of As contamination in paddy fields urgently needs
to be solved. Microorganisms play an important role both in mediating As metabolism and cycle of plant-soil-microbial systems.
Thus, understanding the effects of microorganisms on the biochemical cycle of As in soil-rice system can provide a theoretical
basis for the effective control of As pollution in paddy fields. In this paper, the effects of arsenite-oxidizing bacteria,
arsenite-reducing bacteria and arsenite-methylating bacteria on As oxidation, reduction and methylation processes were reviewed.
Meanwhile, the processes were summarized by which microorganisms indirectly affected the environmental biochemical cycle of
iron and sulfur, thereby influencing the occurrence of As in the paddy-rice system and its transformation and migration. Finally,
the related research progresses of microbial remediation technology of As contaminated soil were generalized, and the prospects
of future research direction were put forward.
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Table 1 Different arsenic-tolerant microorganisms
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Alkalilimnicola ehrlichii strain [16]
MLHE-1"¢!,

Pseudomonas taiwanensis

Ecotothiorhodospira sp.

Paracoccus sp. Sy,
[19]

GW4P4,
Bacillus flexus ASO-6 21,

Thiomonas arsenivorans strain b6** |
Azoarcus strain DAO127,
Paracoccus niistensis SY*"!,

T.arsenivorans®® . Thermus 3As?) .
Rhizobium strain NT-26°%

Desulfosporosinus sp. Strain Y5

Agrobacterium tumefaciens  Shewanella putrefaciens CN-32%51 ) Pergillus sp., Penicillium sp.

Bacillus selenatarsenatis SF-12°3%
Hydrogenophaga sp. str. NT-143"1
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(171 [18]

Ostreococcus tauri

[22]
B

Geobacter sp.OR-17?"1 | Cyanidioschyzon sp.
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11 REYX e EIERITA

Xt BAT I I BE R B E 00 S PR — b S
Fr BTSSR A ), AT LATETC SRR S F B R ER A
R IR, DISFA LY, s waE T IR ER S
DROT A AL E N BTS2 AR S A SR
Heaid Jgt, Of R rh AR A Re a4 A S A AR Y
I3 — TR AR RAE Y, MERERRR B mE, EATTAT
DAKE e e B 20 S DA B B 1 A RE AL A P
AEIAETE, AR A B A KA g 50,

S SRR JF A PR (V) BB AL, ok
PRZ WA AL o AR GA s Fe b, =2 A
AR P A R 1 (ARR)Z: 5 1) A7 22
C. arsenatis™ | Bacillus selenitireducens'™ . Shewanella
strain ANA-3URUE Y EF THR 0T, R I T 454
R S SRR R WA S P, B T PR A
J: — AR KOS (ArrA) Fl LA [4Fe-4S 1R % 0
SO/ INTE e (AreB) ) 33 I I 38 J5 i 3 A7 A T4
JLAM R A0 R LB v, BT DA R PR 2 B b An 2k 4

http://soils.issas.ac.cn



892 +

e %53 %

e . B AL R IR Al L2y, TR BB AE A
W2 o TR A oL A, K285 5 S A A i il o B
R A . AR R, B(V)S ArrA 34T
S5 I A (DIF R F T, AreB PR il 153
75 ¢ RIAM (0 R (cyte2) ", Malasarn 5%} #E 22 [
FIPER ANA-3 fiifih ArcA (PRSP arrd 47T
VBRI, FE—HAE T arrd SRR R R
s B S AT R ER TR W AR N IR FH s AR s D
(VR aSEprak, (RS BiES S R0 R,
H A2,

TEB 3 A G A Py %o e ) i g L R R - B (V )il
B ER S R (pit 1 pstUE AL PY, HE(V)
A A (T, 3 2k 2 R e (T HE S 4 A4 o
FEIXA AR o F BT B A SR ArsC FIAMER S
55, Silver Z" 55 2 % K BAFT B 4385 1 ArsC il
HEAT 3T, S RAEN A S 2 v i 75 A S A3 e T
R (GSH) 55 i Bt £ 1 — 43 4038 &1 1 (Grx) iy e 1 it
o Bp(VHIEALIME N 547 F ArsC N-A i 21 B2
Ry FLE S, HbJETE GSH o Grx #24A4LAY HLFif R
SR, SRIGFIAH ArsA B KRR ATP $241L7E
i, [V ERENE L ArsB T A AR £R 55 12 R HE
AN , T S — 85 e &R ¢, ¥ ik 2B A Ah
DA AT H B E Y arsC EETZAAET
WA IREWAE T, T arrd FEAAAEFIREME
Yirb o FERAKSET, KRR TR arsC FEH
TEFEFEMEZFENE EIET ard FEH, RUFERFHA
BRG, arsC HEHTERZ M0 ALY R 178 E
B A,

1.2 HEYHMEELTA

fLRE FI 77 B S Tb S A W BB A S-S IR 460 2%
PR, R (T 4 Ak B 7 M A RN B Bl M A 2 A
(V)o ENTATLAZEL O, 8 NO, /A HL 3244, #f
AR (TFE Sk AR SRR (T, R X A R
FEARIBEE T CO, M AN A A K0, AR
K, XPARE A IR A ) ) AR A e B AR G g i i
PRI T BUAS T — 2 1 AR o Zhang 51 U5 Y e
Hrsrgshom ik ne A A AL AEY
Paracoccus niistensis SY, HiIFEHF T &, aiod
FER G TR AR S A (9RES, aiod FEDRR BRI AH
ZE R (D EALRE IR , U aiod FERTER A
S AL B o5 P B . Ado RO\ A5
TG RILEE AioA F/NIEEE AioB VAl iR S AL Bt 1Y
5 aioAlaioB .cyte2 MEHB AR LY G I H (chIE)
A%, Wang ZEPYGE R, AioE W REME N —Fhgr il

AR (I AL 52 (R 5 NADH #9744 56, X
AR A EE A, HAmiSEEN aioE i T
aioBA SFALREGSE R AT IEN arsRI-arsCl-arsC2-
acr3-1 BT, (IS A R ™ A i v AT gl i
AioE 15364y AioA/B FiEEE4 cytc2. Zargar ZPUIA
Alkalilimnicola ehrlichii strain MLHE-1 W43 B545.3] T
—PHT A ALEE ArxA, HIFER arxd GaRSmi Ak, AXAE
RS T ik NF 16S rRNA LR FN arod FEHEY
RERBHATIIN, SRR, arsd Hiik LR
arrd ARKEFEEM:, W HA RGBSR, ey
MLHE-1 1 arxA TEASMA] 396 AR R L S AL AN RIRER
I AR

eI AU A A D R AR R A AR (), (B
ke A 7= B A AL AR AN R 02, BN BE AL
Ayl AR R AR R A, R TR 2 A L B B A e
AP kIR, A Alcaligenes sp. strain RS -
19, Thermus 3As. Thermus HR13P® | S35 1k
A 3 2k R FH A JR oL ) e S L e, e 240 ] R
ORI, R A ) [l 3, w3 oy 2
X TR BE A — AP AR R IR I AR, R AL
TR A= 0 P A A T R 5 ) ) A S A T — 2 Y i
JBB ST A. faecalis NCIB8687 1 Hydrogenophaga
NT - 14 KB, PP HhE A5 A PS54 )
f: AoxB Fl AoxA. AoxB fEA— KA JEH
[3Fe-4 S5 .0 R EH g 2 1 2L [FIAG LAY, 1T
AoxA &1 Rieske-[2Fe-2S1EF i — /NI Baf7 B
WM, XFiEE DMSO iR EE KGR —b, H
EENF aoxA Al aoxB 5411,

FRAf S AL TR AR IR B A1, J SR AP id A — 2
Ivi) Fisf e 46l SR AL AR R SR A B2 E . U Zhang 260
LER/ N R DIl LAl | Ry v S e A R Y
Pseudomonas sp. HN-2, EfITEGAFZM FREZE3 h
WK 92% myff(TEALa(V); MAERERMT,
HAT LR (V)ik JE s () o Thermus HR13 A LA
ROt (DAL A (V) , KREYZARA PP A A 100
f; IEARBRZ BT, ERaER LR FIRI(V)
RN, ARV ) Thermus HR13 [RIREEAG & LA
i JE A Ty E )
1.3 RAEMXEERELITA

et HH A 2 i F AL R — R UE N S R 72
RAETEAE YW Z T - b — SR A Y e g
TEVR A G i TP A RO il , (8 BT | AMPR . LA
N AL TR AT TR BB AR, AT DR v s i —
ASHEIEA], A R BAR A A LR, RO =

http://soils.issas.ac.cn



%5

BURRAE U YA T P A A IS ot 893

SIS, S ) ok A HE R ) = R L
(TMAO). ARUESM, FErEAR, FEPERNIUF
e W R R (DMA(CTT ))> — Y 3L 5 i iR
(MMA(TI)> (> i (V)> " H E I (DMA(V))>
— IR (MMA(V ))>=HZERI(TMAO)®®, {4
Py % E A7 B R AR 0 7 ) £ 28 DMA( V) Al
TMAO, MR TCHUMR, J5# HEA R, il
PR BN, A STHRE, MR R KRREAL,
BCAR e P 1 T R 005 7 2550t R AR = 398 0 7K 4 v i
M. AR, G4 KA4 2.1x107 kg B H
FRAEWVER N b5 & B R RZPT . arsM 3
PRI i DA BRCAE 0 65 7 3 85 ok 1 4 o e FR Ak )
FEPRBS oK Rk v B R AR A (ks B Y 10% ~
90% ., /K FEHR B - 39 AR AR B 39 e R Ak A 17 3
5 PR arsM SER R B SR IEAHOG, DEEE LA
K arsM PR KSF-55 R HOIEYR 2 P, arsM 35 DR 1 K Fe
TG AR AT A TG L A
A e R A IR Y BR arsM FERIAT L
XA T H SRS, FERT AT 24, Verma %17
53 ST LR AR AR B R (AMF) T, 23 B 5 0E 1 AT
DB JE4E K MMA . DMA Fli 445 % TMAO
BHT R PR R FH JE AL R ML ) WaarsM Fll RiMT-11 .
PRI, 2B A 4 B A VR R R 2 f o AR Y
P 2 A Wi Ae , oA R sh i A Ak T BERE IR K
Fei— - HEK Z2 G0 i 18 A A S
1.4 MEY NSRBI RSN
TEARSMETS, DIEPFEIF 2 MR EIY, &
TR E ALY A AL R 0 ke )
X EL A SR AR S A T, RERE B 2 b g B - 398 mh Ui 1Y
fifi, DR AR AT RS B8 ) B P Bennett 251V
FERBL, AHEERCID), ()X af EA BT 5 Y W2 B g
I3, g b R I ) Ik B A 2 TR A
KR, R W I8 S A T LA S e 4 A e
IKAEAR BRI bk (T )/ 7 Ll 388 376 ey T ] 6] 4 458
R (T /A ) EE 1023 32 B2 IR R KRB AR PR (438 <
L LURENS [ AR AR I T AR 1) WA 4, ) AR s P 358 TR T3 A
A, AT DA R A A (TSR AR Ak (TIT ), A B it (T
AR (V) EA BRI AR 1 k() , ZEKFEARBRTE
B — 2 LA G AR N T A RO Ak A aE it e
b & B GAER, FEah () Fnah (VI e
By, X A KRR 8 — A BEER IR, B
oK FEXS AW, AR, kR Tk (B T
23 fuff [ 5 A AR R, 1 I % 2B 4 m] )
o B, gRANKFEE, KR KRG T AY

AT A o R AR

TEHRNOL R, ROy A i — S 1 Y it
o EYR R W sORs i i) B B R B 1
+ PR Y AL AT R (FeOB) RE RS K 4 (T ) Ak
AR, FERRE L3, (DAL EEAREE 3
FCEY), AT E BR AT | s A B A AL AR
SEURSIRIE JF T, FEIR AR D, k(1) R EAMREEE
FRMESEALE (AN R. ferrooxidans SW2 . R. palustris
strain TIE-1 % ) Flfilf &5 & b & 2 & Ak B (n
Thiobacillus denitrificans . T. denitrificans . Acidovorax
sp. strain 2AN SE)HEATER(I )AL, B LR A W R4
Fem] S RPEGTTE AR (DRSS St R
P E S A o 2 T T BB IR R A A H 7 2 AR Bk
WL BR(DVERTRUR, TEOLRER) &M T EF TR
o RIS AR A B A AR (DAY AR 27
AP T T, WIBERR, FEREE NO, B
Wk, NOJIRJEAL NO. NO, fI N,, Ha—FiE I n] L
e B Ty B 0 B AR AR T A A 7= O A
B AR AR, BRI AL T B SRS S Bk
AALHE (U0 Gallionella spp., Mariprofundus spp. strains
SRREAT, HATRARVEAE i 73244, k(D11
BRI, A AR (DRI A K T U RE & 5 IMTTE
F AT, BIBEEAEY R EAL RN &4, TR
FERAT Y, TSRO Y 50(V)
AERCIDEAARBR AR, AR E R T AT
KA LK RGP R R R RS, LA B
JE AR R AL L P ORI AR R i i O

AR HL, W2 AFTERR Y IE SR TE (FeRB), 7T LA
e () JEL (I, iy IR T S L2
Fi1E% FeRB. FeRB JEERFILIL AR EE S T1 . 78
Rt FEr, FeRB BEHCR T, AL BAE N7
SER, KRR IE SR (1) o BRIBE R (D Y IE 5
SERRE R R, A E TR R AR R I
A FeRB X gk (M #EAT 5 AL id 5 HA AN [F] i AL
il : OE L : FeRB 1] LA 40 MaSME B H S L
g T RE I AN R G, SRR ALY B
sk, BRI, QBEESHRIEM: FeRB @i
SRS, g gk (D)%Y i g, ki
PEHEZR D)L ; O FZFRIEAIEM: FeRB FI I
R IEHE BT, ISR, SRR (DT
TAEL, EIEER(ID; @R BIFEH: XFRIKR T,
B FeRB SN EI M EE, FIHEAT o T i B 4%
B, A O BRI A = A 1, SR (T
MR ETY I 1),

http://soils.issas.ac.cn



894 +

e %53 %

1.5 HEYN SHmBIFTE AN

f AT A 22 B(S) M Al A W ol A 4 SR A SR A
HISEIR o B A S A SR AT LA - RN e™ 4 v [ 45
HRFRE L, o n] DAE e rh A e . aik A A TR
A S, Y R P A LR TR SN —120 mV
FEAEE] —180 mV i, SO °T LA JE s S, Sty
VA B A R R AR AL BAT AR KA 2 ) o R k1A i
P (SRB) A LAEE SOF iR S AL S, &k (M)A Vynf
DABE S IR JE, Az (TN AA (T ), M A [ AH g
B, AR TR A A RET L H IR v

(/BREEIR H=0.22 . 7778 SR BB R AT, S* AT L)
S () & A 4 A B A % w Ak #h 4) Ji— —
H;As0,S,. H3;AsOS;. H3;AsO;S £ As,S;, Bl Hfa
FEMGALDT Y, EHEE, S5%RDHER,
BB AL (ED FeS 8¢ FeS )N —IRUIEY), Z )5, fill
CTI Y D) AT 538 A B8 — YR 3 0 et R B e Ak 3
PR E , TR R FeAsS, A &5 RE Ik A
(RS TRFIAT 25, SRB W] Lk 284k B ) R 255
REAPRA ™ 0 (R 45 B, DT 8 1 — R 0™ %o i )
Bt EE 1A 1)

FeAsO,
EEBD As > Fe
e
Fe' 1)
- P> ASS+
4 TR
&
Fe]
3+
As 2 - §*
Fe
>// Fez .
H;As0;S. FeS AS™ FeOB
H;AsOS; . FeS / -
2
H;AsO;S. As,S; FeAsS

1 TEALIER. BRI
Fig. 1 Effects of Fe and S on As conversion in paddy soil

2 WITRHRENEE

A 16 S A R A ) B A SR R L T
AL FIE J A FH A [ A1 B 4 Ja ViR RN B P 1) — 0T 4%
AU A e B A KRS Y s A AR T2 A
BIUNFEAFpTE K AL B R Ge b, A0 PR K5 7K 1 B i e
FLHEBEMMERTY, A E SR AL EE e
TR TR R E e e = U E e KRR AR S R
i, WTLGET IR SRR AL, SRR ACRE X Y
VIR, MK RG2S YL RE 0 o 6 RS FH b Rl i
BT DA KRG 1 AR 30T LR T IR AR 1 54
i, AR KR AR A A 517 Debnath
1 Bhadury!* ARSI P43 1Y S B AU BE, T LA
R R (I AL A (V) I AT RIORE R Y R R
[P E RN AR, el KRR X A AT, AT A XS 7K
FEMEEME . AL, SRR . BRI AN G B AR UL
WEA LR RS RGSE I, D CHLAR L Ak o A HLA
MMA(TD) # %7, X 2 55 SOl J R A B Rl A AR
EL T (Glomus mosseae) % HAGH M FL S I 52 A 57 %
W, 22 TR AR T RE A I S e SR R b L

XTI L B DAHIL T S 1) b A iz e 4 e A
A T A BT R bR AR, A R
H R ER AR YA R, X5 AR LR AR T S v
(T i R AV K R A IR A oA DG, 8 B AT AR FH TR AR
BT I KRG Y 75 YL KU . Meng 45 BN4E S5 R
FEANG— b 20 TR e FH S I S R w75 28] Ay e I
PR] K e ) T 50 R0 L S 38 AT A I 2] MM Fi
DMA( V), Hip A (45 PR ) et LR IR B A= AU 7K
FEREIN T 10 4%, 7 AT 3@ S R TR Iy i fliAm A
AR BRI R H TS g - AE s
SRR LR,

AW EH NN, R TR TE A FET R L
YNBSS A YRS o AT AP ml se 25 1k
AR IRA o Pl LA ) 1 AR SR KR 338 v 73 15 455
HA B ERORN A MOKRER R4 2
e M EE  Pergillus sp. . T 8% B Penicillium sp.,
X ELAT RO A 0 R, BAT BRI R AR i
BT,

AR PRt A E A S A 52 BT — s i FH 5
{H B R AR SEPRR H A e D o R R T AR

http://soils.issas.ac.cn



%5

BURRAE U YA T P A A IS ot 895

EVE, Ao MBE R IE R AT 3. BRTA e
Wi S B ARAT R PR T S 36 2 95 M [R) SE 36 B Be

3 HFrS5RE

(pey/bes- A0k R LGRS AN LR
EEUKS Ty, AR T S A A R A A T R T
LK (I ) 54 R 0 AR A Rk AR A AR (V)
Uy A AR A8 S i T T L BRI A 7 2 A2 Y
AT b SN B N AMIFFE R . BRI E R EOR H A
AT )RS MRV B B, 3 T 2 s Xt A )
SR BER A 10 P BT LA AP R0 B 2 1 [ 45 2R R S 4
ZEARRBET R A S . o, S AT DU E R L
ANTT I TS -

Dt 3 AR H s, E i 3aT LR s
FRALEE D E B R R B AL R DR S A BOR , SEBLER
SR AL S BE DRGA AN , SN T A PR R e Y
FEREARI . A B AW b mT LA o 2 £ B DR
SO R 5 A 2 2 T R A A A A — A T
WP | AW AL AE YR A B D X R 2
FHOT 12 0T LA B R Al 7 AR DR 21 2 i, DA 21
LA ST B £ i 38 5 ) LA K B3 v 5 A 0 114
B3,

DR | YL K A3 =3 Z AR A AR
PR, KRS B TR, e SR I 2 R 5%
R FATER MU WU RENS (K Rk L b 5 ek R AIR 3
AR, BETEZEUFOLT , (USRI
R AR RROFF R 15 R 1K ) ] B RSP 7 H s mT
AR Y5 FAD B R A A 45 &, QiP5 /KA
LA (7 ) B SRAEL T AR | KA R (T
SR WNBEAL . BEAL) . N 2SR s A
WEME S RORME ST, i B K RDFPRLRIALCR , LAME
KA RPARL IR B 2 42 P B FRR v o AR 01 2 9E 6 N FH Bk
LA o [ e A AR IS A5 55 TR SR, LR W)
B AR S D RERUE RN BOR S, TR R IE 2
PR L3 YRR, BETTSCEB S 2 At

3) (el O A JLAF AT FE AL, T LIS AFF 527
PTG RS YA B S AT , B AT A S TR o i
TR RN S B I K Ak B R AR, ks
FARAPHEOR AR, s B HAR Yt

HITAER , TE RN Z /R BRI A e, FIH
T R R A BRI AR E M R G, PR T4
P T B I E AT TR LE M R N AR A B B30 A B o7
i Y N IS E S A bR  7E HR BT rh T LR
FHESE [F) L 2R 75 B H ARG B /K RS A ) A= 7 i 40 Jir 22

AL E MUV T S G|V 20N C S BT v i 2w
XAFRL R SRR Tk IR R A A T IR, TR KRR A I
AR XL A AL A2, D B A St A i 22
StE A it e (A P JE A

S 30k

[1] Herath I, Vithanage M, Bundschuh J, et al. Natural arsenic
in global groundwaters: Distribution and geochemical
triggers for mobilization[J]. Current Pollution Reports,
2016, 2(1): 68-89.

[2] Majzlan J, Drahota P, Filippi M. Parageneses and crystal
chemistry of arsenic minerals[J]. Reviews in Mineralogy
and Geochemistry, 2014, 79(1): 17-184.

[3] Xue S G, ShiL Z, Wu C, et al. Cadmium, lead, and arsenic
contamination in paddy soils of a mining area and their
exposure effects on human HEPG2 and keratinocyte
cell-lines[J]. Environmental Research, 2017, 156: 23-30.

[4] ATSDR 2019 Substance Priority List: https://www.atsdr.
cdc.gov/spl/index.html.

[5] Zhang Y, Xu B, Guo Z F, et al. Human health risk
assessment of groundwater arsenic contamination in
Jinghui  irrigation  district,  China[J].
Environmental Management, 2019, 237: 163-169.

[6] LiG, Sun G X, Williams P N, et al. Inorganic arsenic in

Journal  of

Chinese food and its cancer risk[J]. Environment
International, 2011, 37(7): 1219-1225.

[71 SuY H, McGrath S P, Zhao F J. Rice is more efficient in
arsenite uptake and translocation than wheat and barley[J].
Plant and Soil, 2010, 328(1/2): 27-34.

[8] Zheng R L, Sun G X, Zhu Y G. Effects of microbial
processes on the fate of arsenic in paddy soil[J]. Chinese
Science Bulletin, 2013, 58(2): 186—193.

[91 Tang Z, Kang Y Y, Wang P T, et al. Phytotoxicity and
detoxification mechanism differ among inorganic and
methylated arsenic species in Arabidopsis thaliana[l].
Plant and Soil, 2016, 401(1/2): 243-257.

[10] EXH, ERE, RER, % EGRHRELEBE
REFFIEE]. A2 549 T2, 2019, 36(2): 1-7,11.

[11] Kumarathilaka P, Seneweera S, Meharg A, et al. Arsenic
accumulation in rice (Oryza sativa L.) is influenced by
environment and genetic factors[J]. Science of the Total
Environment, 2018, 642: 485-496.

[12] Gu J F, Zhou H, Tang H L, et al. Cadmium and arsenic
accumulation during the rice growth period under in situ
remediation[J]. Ecotoxicology and Environmental Safety,
2019, 171: 451-459.

[13] E4&%, Phaksl], 3R, % TED IS LAY
AR [I]. HERS2RIE, 2011, 39(1): 32-36.

[14] Revesz E, Fortin D, Paktunc D. Reductive dissolution of
arsenical ferrihydrite by bacteria[J]. Applied Geochemistry,
2016, 66: 129-139.

http://soils.issas.ac.cn



896 + 1 5% 53 %

[15] Qiao J T, Li X M, Li F B. Roles of different active [29] Yamamura S, lke M, Fujita M. Dissimilatory arsenate
metal-reducing  bacteria in arsenic release from reduction by a facultative anaerobe, Bacillus sp. strain
arsenic-contaminated paddy soil amended with biochar[J]. SF-1[J]. Journal of Bioscience and Bioengineering, 2003,
Journal of Hazardous Materials, 2018, 344: 958-967. 96(5): 454-460.

[16] Kulp T R, Hoeft S E, Asao M, et al. Arsenic(Ill) fuels [30] Fujita M, lke M, Nishimoto S, et al. Isolation and
anoxygenic photosynthesis in hot spring biofilms from characterization of a novel selenate-reducing bacterium,
Mono Lake, California[J]. Science, 2008, 321(5891): 967 Bacillus sp. SF-1[J]. Journal of Fermentation and
970. Bioengineering, 1997, 83(6): 517-522.

[17] Pérez-Jiménez J R, DeFraia C, Young L Y. Arsenate [31] vanden Hoven R N, Santini J] M. Arsenite oxidation by the
respiratory reductase gene (4rrA) for Desulfosporosinus sp. heterotroph Hydrogenophaga sp. str. NT-14: The arsenite
strain  YS[J]. Biochemical and Biophysical Research oxidase and its physiological electron acceptor[J].
Communications, 2005, 338(2): 825-829. Biochimica et Biophysica Acta (BBA) - Bioenergetics,

[18] Zhang S'Y, Sun G X, Yin X X, et al. Biomethylation and 2004, 1656(2/3): 148-155.
volatilization of arsenic by the marine microalgae [32] Saltikov C W, Cifuentes A, Venkateswaran K, et al. The
Ostreococcus tauri[J]. Chemosphere, 2013, 93(1): 4753 ars detoxification system is advantageous but not required

[19] ZWI2% VERNA, TRAKR. — PRBE LI T 5 % ], for as( V) resl?iration .by the genetically ‘tractable
R2 52 TR, 2018, 35(9): 45-48,68. Shev.vanella spe(.:les .stram ANA-3[J]. Applied and

[20] Zhang J, Zhou W X, Liu B B, et al. Anaerobic arsenite Environmental Microbiology, 2903’ 6905): 2800_280?'

C . . e . [33] Osborne T H, McArthur J] M, Sikdar P K, et al. Isolation of
oxidation by an autotrophic arsenite-oxidizing bacterium o ; )
X . . . an arsenate-respiring bacterium from a redox front in an
from an arsenic-contaminated paddy soil[J]. Environmental . . .
. arsenic-polluted aquifer in west Bengal, Bengal basin[J].
Science & Technology, 2013, 49(10): 5956-5964. Environmental Science & Technology, 2015, 49(7):
. . . 2y, >

[21] Ohtsuka T, Yamaguchi N, Makino T, et al. Arsenic 41934199

dissolution from Japanese paddy soil by a dissimilatory . . . .
[34] Qin J, Rosen B P, Zhang Y, et al. Arsenic detoxification
arsenate-reducing bacterium Geobacter sp. OR-1[J]. . . . . . .

) . and evolution of trimethylarsine gas by a microbial arsenite
Environmental - Science & Technology, 2013, 47(12): S-adenosylmethionine methyltransferase[J]. Proceedings of
6263-6271. the National Academy of Sciences of the United States of

[22] Saunders J A, Lee M K, Dhakal P, et al. Bioremediation of America, 2006, 103(7): 2075-2080.
arsenic-contaminated groundwater by sequestration of [35] Duquesne K, Lieutaud A, Ratouchniak J, et al. Arsenite
arsenic in biogenic pyrite[J]. Applied Geochemistry, 2018, oxidation by a chemoautotrophic moderately acidophilic
96:233-243. Thiomonas sp.: From the strain isolation to the gene

[23] Battaglia-Brunet F, Joulian C, Garrido F, et al. Oxidation study[J]. Environmental Microbiology, 2007: 228-237.
of arsenite by Thiomonas strains and characterization of [36] Santini J M, vanden Hoven R N. Molybdenum-containing
Thiomonas  arsenivorans = sp. nov[J]. ~Antonie Van arsenite oxidase of the chemolithoautotrophic arsenite
Leeuwenhoek, 2006, 89(1): 99-108. oxidizer NT-26[J]. Journal of Bacteriology, 2004, 186(6):

[24] Wang Q, Han Y S, Shi K X, et al. An oxidoreductase AioE 1614-1619.
is responsible for bacterial arsenite oxidation and [37] Qin J, Lehr C R, Yuan C, et al. Biotransformation of
resistance[J]. Scientific Reports, 2017, 7: 41536. arsenic by a Yellowstone thermoacidophilic eukaryotic

[25] Kocar B D, Herbel M J, Tufano K J, et al. Contrasting alga[J]. PNAS, 2009, 106(13): 5213-5217.
effects of dissimilatory iron(Ill) and arsenic(V') reduction [38] Valenzuela C, Campos V L, Yaiiez J, et al. Isolation of
on arsenic retention and transport[J]. Environmental arsenite-oxidizing bacteria from arsenic-enriched sediments
Science & Technology, 2006, 40(21): 6715-6721. from camarones river, northern Chile[J]. Bulletin of

[26] Segura F R, Paulelli A C C, Braga G U L, et al. Promising Environmental Contamination and Toxicology, 2009, 82(5):
filamentous native fungi isolated from paddy soils for 593-596.
arsenic mitigation in rice grains cultivated under flooded [39] Huber R, Sacher M, Vollmann A, et al. Respiration of
conditions[J].  Journal ~of Environmental ~Chemical arsenate and selenate by hyperthermophilic Archaea[J].
Engineering, 2018, 6(4): 3926-3932. Systematic and Applied Microbiology, 2000, 23(3):

[27] Rhine E D, Phelps C D, Young L Y. Anaerobic arsenite 305-314.
oxidation by novel denitrifying isolates[J]. Environmental [40] Huang K, Chen C, Zhang J, et al. Efficient arsenic
Microbiology, 2006, 8(5): 899-908. methylation and volatilization mediated by a novel

[28] Das S, Jean J S, Chou M L, et al. Arsenite-oxidizing bacterium from an arsenic-contaminated paddy soil[J].
bacteria exhibiting plant growth promoting traits isolated Environmental Science & Technology, 2016, 50(12):
from the rhizosphere of Oryza sativa L.: Implications for 6389-6396.
mitigation of arsenic contamination in paddies[J]. Journal [41] Qiao J T, Li X M, Hu M, et al. Transcriptional activity of

of Hazardous Materials, 2016, 302: 10-18.

arsenic-reducing bacteria and genes regulated by lactate

http://soils.issas.ac.cn



%5

B

TR s e e A St

897

[42]

[43]

(44]

(45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

and biochar during arsenic transformation in flooded paddy
soil[J]. Environmental Science & Technology, 2018, 52(1):
61-70.

Macy J M, Nunan K, Hagen K D, et al. Chrysiogenes
arsenatis gen. nov., sp. NOvV., a New arsenate-respiring
bacterium isolated from gold mine wastewater[J].
International Journal of Systematic Bacteriology, 1996,
46(4): 1153-1157.

Afkar E, Lisak J, Saltikov C, et al. The respiratory arsenate
reductase from Bacillus selenitireducens strain MLS10[J].
FEMS Microbiology Letters, 2003, 226(1): 107-112.
Malasarn D, Saltikov C W, Campbell K M, et al. 4rr4 is a
reliable marker for As(V) respiration[J]. Science, 2004,
306(5695): 455.

Kumari N, Jagadevan S. Genetic identification of arsenate
reductase and arsenite oxidase in redox transformations
carried out by arsenic metabolising prokaryotes— A
comprehensive 2016, 163:
400-412.

Kruger M C, Bertin P N, Heipieper H J, et al. Bacterial
metabolism of environmental arsenic—mechanisms and

review[J]. Chemosphere,

biotechnological applications[J]. Applied Microbiology and
Biotechnology, 2013, 97(9): 3827-3841.

Dang Y, Walker D J F, Vautour K E, et al. Arsenic
detoxification by Geobacter species[J]. Applied and
Environmental 2017, 83(4): e02689—
€02616.

Silver S, Le T. Phung, Genes and Enzymes Involved in

Microbiology,

Bacterial Oxidation and Reduction of Inorganic Arsenic.
Applied & Environmental Microbiology, 2005: 599-608.
Jia Y, Huang H, Chen Z, et al. Arsenic uptake by rice is
influenced by microbe-mediated arsenic redox changes in
the rhizosphere[J]. Environmental Science & Technology,
2014, 48(2): 1001-1007.

Oremland R S, Stolz J F. The ecology of arsenic[J].
Science, 2003, 300(5621): 939-944.

Zargar K, Hoeft S, Oremland R, et al. Identification of a
novel arsenite oxidase gene, arxA, in the haloalkaliphilic,
arsenite-oxidizing bacterium Alkalilimnicola  ehrlichii
strain MLHE-1[J]. Journal of Bacteriology, 2010, 192(14):
3755-3762.

Oremland R S, Hoeft S E, Santini J M, et al. Anaerobic
oxidation of arsenite in mono lake water and by a
facultative, strain
MLHE-1[J]. Applied and Environmental Microbiology,
2002, 68(10): 4795-4802.

Wi, RACE. MAYRMGEILE AR I S
FEBE2EAR, 2009, 4(6): 761-769.

Zhang Z N, Yin N Y, Cai X L, et al. Arsenic redox

transformation by Pseudomonas sp. HN-2 isolated from

arsenite-oxidizing chemoautotroph,

arsenic-contaminated soil in Hunan, China[J]. Journal of
Environmental Sciences, 2016, 47: 165-173.

Gihring T M, Banfield J F. Arsenite oxidation and arsenate
respiration by a new Thermus isolate[J]. FEMS
Microbiology Letters, 2001, 204(2): 335-340.

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Wang P P, Sun G X, Jia Y, et al. A review on completing
arsenic biogeochemical cycle: Microbial volatilization of
arsines in environment[J]. Journal of Environmental
Sciences, 2014, 26(2): 371-381.

Srivastava P K, Vaish A, Dwivedi S, et al. Biological
removal of arsenic pollution by soil fungi[J]. Science of the
Total Environment, 2011, 409(12): 2430-2442.

Jia Y, Huang H, Zhong M, et al. Microbial arsenic
methylation in soil and rice rhizosphere[J]. Environmental
Science & Technology, 2013, 47(7): 3141-3148.

Verma S, Verma P K, Meher A K, et al. A novel fungal
arsenic methyltransferase, WaarsM reduces grain arsenic
accumulation in transgenic rice (Oryza sativa L.)[J].
Journal of Hazardous Materials, 2018, 344: 626—634.
Kumarathilaka P, Seneweera S, Meharg A, et al. Arsenic
speciation dynamics in paddy rice soil-water environment:
Sources, physico-chemical, and biological factors - A
review[J]. Water Research, 2018, 140: 403—414.

Bennett W W, Teasdale P R, Panther J G, et al
Investigating arsenic speciation and mobilization in
sediments with DGT and DET: A mesocosm evaluation of
oxic-anoxic transitions[J]. Environmental Science &
Technology, 2012, 46(7): 3981-3989.

Yamaguchi N, Ohkura T, Takahashi Y, et al. Arsenic
distribution and speciation near rice roots influenced by
iron plaques and redox conditions of the soil matrix[J].
Environmental Science & Technology, 2014, 48(3):
1549-1556.

Mei X Q, Ye Z H, Wong M H. The relationship of root
porosity and radial oxygen loss on arsenic tolerance and
uptake in rice grains and straw[J]. Environmental Pollution,
2009, 157(8/9): 2550-2557.

LinJ Y, Hu S W, Liu T X, et al. Coupled kinetics model
for microbially mediated arsenic reduction and adsorption/
desorption on iron oxides: Role of arsenic desorption
induced by microbes[J]. Environmental Science &
Technology, 2019, 53(15): 8892-8902.

Melton E D, Swanner E D, Behrens S, et al. The interplay
of microbially mediated and abiotic reactions in the
biogeochemical Fe cycle[J]. Nature Reviews Microbiology,
2014, 12(12): 797-808.

Smith R L, Kent D B, Repert D A, et al. Anoxic nitrate
reduction coupled with iron oxidation and attenuation of
dissolved arsenic and phosphate in a sand and gravel
aquifer[J]. Geochimica et Cosmochimica Acta, 2017, 196:
102-120.

Tong H, Liu C S, Hao L K, et al. Biological Fe(Il) and
As( I ) oxidation immobilizes arsenic in micro-oxic
environments[J]. Geochimica et Cosmochimica Acta, 2019,
265: 96-108.

Yu H Y, Ding X D, Li F B, et al. The availabilities of
arsenic and cadmium in rice paddy fields from a mining
area: The role of soil extractable and plant silicon[J].
Environmental Pollution, 2016, 215: 258-265.

http://soils.issas.ac.cn



898 + i % 53 %
[69] Wang M, Tang Z, Chen X P, et al. Water management [78] Debnath M, Bhadury P. Adaptive responses and arsenic
impacts the soil microbial communities and total arsenic transformation potential of diazotrophic Cyanobacteria
and methylated arsenicals in rice grains[J]. Environmental isolated from rice fields of arsenic affected Bengal Delta
Pollution, 2019, 247: 736-744. Plain. Journal of Applied Phycology, 2016, 28(5):

(700 E2, XURE, 23541, BUEY—0 i S i 27779702,

FALEHLHIBE S RE(T). Mo BRFHF R, 2016, 31(4): [79] Yin X X, Chen J, Qin J, et al. Biotransformation and
347-356. ) ) volatilization =~ of arsenic by three photosynthetic

L i il s Wt s cent, ot s nw nd eyanchacteral}, Plan Physilogy, 2011, 1560) 16311635
what needs to bey known[J]. Environmc;nt International, [80] XI=#2, Jﬁiﬁ?ﬁr’ AT, 5. jﬁﬁ%ﬁ%*ﬁ%ﬁ[ﬁ(@omus
2018, 115: 370-386. mosseae“)X‘J‘q:fﬁWqﬁlﬁqfl]](j:ﬁ%mﬁ}?‘uiﬁﬂﬁﬁgwﬂﬁ[J]. +

[72] Luo T, Ye L, Ding C, et al. Reduction of adsorbed As(V) SHIER, 2012, 7(2): 195-200.
on nano-TiO, by sulfate-reducing bacteria[J]. Science of [81] Meng X Y, Qin J, Wang L H, et al Arsenic
the Total Environment, 2017, 598: 839—846. biotransformation and volatilization in transgenic rice[J].

[73] Fan L J, Zhao F H, Liu J, et al. The As behavior of natural New Phytologist, 2011, 191(1): 49-56.
arsenical-containing colloidal ferric oxyhydroxide reacted [82] Soares Guimardes L H, Segura F R, Tonani L, et al.
with sulfate reducing bacteria[J]. Chemical Engineering Arsenic volatilization by Aspergillus sp. and Penicillium sp.
Journal, 2018, 332: 183-191. isolated from rice rhizosphere as a promising eco-safe tool

[74] BIRX, 246, TWH, %. GRS E 5 09 0% b for arsenic mitigation[J]. Journal of Environmental
SRR L], PRI, 2019, 40(1): 430-436. Management, 2019, 237: 170-179.

[75] Jia Y, Huang H, Sun G X, et al. Pathways and relative [83] Zhao Y, SuJ Q, Ye J, et al. AsChip: A high-throughput
contributions to arsenic volatilization from rice plants and gPCR chip for comprehensive profiling of genes linked to
paddy soil[J]. Environmental Science & Technology, 2012, microbial cycling of arsenic[J]. Environmental Science &
46(15): 8090-8096. Technology, 2019, 53(2): 798-807.

[76] Banerjee A, Jhariya M K, Yadav D K, et al. Micro- [84] Huang S Y, Zhuo C, Du X Y, et al. Remediation of
remediation of metals: A new frontier in Bioremediation- arsenic-contaminated paddy soil by intercropping aquatic
Handbook of Environmental Materials Management, 2018: . .

1-36. vegetables and rice[J]. International Journal of

[77]1 Awasthi S, Chauhan R, Dwivedi S, et al. A consortium of Phytoremediation, 2021: 1-9.

[85] Wang S R, Li Q W, Stubbings W A, et al. The effect of

alga (Chlorella vulgaris) and bacterium (Pseudomonas
putida) for amelioration of arsenic toxicity in rice: A
promising and feasible approach[J]. Environmental and
Experimental Botany, 2018, 150: 115-126.

Fenton reaction using H,O, and water control on the
distribution and accumulation of As speciation within the
soil-rice system[J]. Chemosphere, 2021, 274: 129633.

http://soils.issas.ac.cn



