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Figure 1.

Location of the study area and sampling site for the Jianghan plain sediments.

F 1. ZEKMHREERR PCR 3

Table 1. PCR primers used in this study

Target genes Sequences of primers(5'—3’) Reference

16S rRNA AGAGTTTGATCCTGGCTCAG (Forward) [28]
TACGGCTACCTTGTTACGACTT (Reverse)

arsC TCGCGTAATACGCTGGAGAT (Forward) [28]
ACTTTCTCGCCGTCTTCCTT (Reverse)

narG TAYGTSGGSCARGARAA (Forward) [29]
TTYTCRTACCABGTBGC (Reverse)

phsA AATGTGATCACATT (Forward) [30]

AATGTGACCGACTT (Reverse)

1.2 BPRJEE Citrobacter sp. All R JEThREL 2

PRI B3 BN i ] B 32004 J5L Citrobacter
sp. ALL Xf AR L 32 AR A R PG 00 o A i Dt
R — MR DR AR, BB TEA A AR T AEK,
HHEAYENEZ TIREARG D, h T RES
MITRER, BT A MA I FIEIESR, MM 8
FEIEF A 10.0 mmol/L FLERSH . 20.0 pL 4i4= % |
50.0 pL TR IR EW . FFAA 1.0 mmol/L SR
VA VR (ORI 5 A4 T e R O il R R R Hp 286 0K) o 4 2T
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FARIE MM B, B 37 °C #RRA AlE R,
A K EXECP R AR A, #5.0(5000 r/min,
10 min) /G AR B4 . T ISR AECK R B MM 1
FEEVEV 3 Wi, WM E— WS, 2%
SGRBE 1% R HERh - 43 AN B0 AS [F] B 3 D 1)
REBOUEAR R, (7] A 38 B AN o0 48 41 19 22 vl R
R TCR IR L IIRE, HeA R ) 3% 22 0
W, TEE0(10000xg, 10 min)RAE i, K
MR ZH ) As(V). As(lll), S,05. S, NO; .
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NO, . NH, . Fe(lll). Fe(INWy &, Hrd NOs
& e SRR R BT R R AN I NH,CL 1Y)
MM 5553k
1.3 FHERIR/BRERER XRS5 R A A ek
A

ST 9 A TR R TR X 38 i TR A 1 R
AN R R BRI i B T 4 ASE
(DRZAA BRI ; QR A AR, 7R
T B 0 H - B FLRR G s SR 200 kL B i
WA . B UUMAZLRR TR IR ER s @RA A
WORL B, TR . R FLER RN A R
) SLAUA R MR T R 1 Sl B A S
200 Hfif5, FZREFKREFHRA G TS
FREL 0.1 g RAAMAK, WS4 50.0 mL 1
MM 3535 5 R NH,CO S LS P R4 . K
W 855 9% X BOVI N 5.05(6000 g, 10 min), JF
F MM BE SR 55 2 R IR TE A, 4 A A
FUEEANEIE 50.0 mL MM RYIRLIE IR, (44500
YA TR MR B — 3K, FLIRENI R E Sk 10.0 mmol/L
RN AY M BE S 10.0 mmol/L . BRFREL AT BN
10.0 mmol/L. i Sl 4 Wi, 86 F 30 °C.
120 r/min $ERKESFR, JF T 0. 1.3, 5.7, 14 d
HEFEFRPHEER, B.0(10000xg, 5 min)Ffil
FIEWCR AT ER . . NOs . NO, . SO/, #
FREA I i
14 B YIYIAERAE

¥ 1.3 ANFEIFTALFRAE 42 d 5 I PIkE i
B0k FIEBEM R, SR G THREM. X
SR A AR S RTS8 (XRD) R A0 i i 1 2 2 )5 F
He A B9 /5 A 4k, XRD 9 %! 5 4 Scintag
X1(CuKa), HApfERE: XA8M 15 kv, &
40 mA, LN 0-70°, KM 0.01°, HifiE

JE 40 0.05 s, T4l LR (SEM) /3 BT B ) SR T E A5
754k, HRSh Hitachi SU8010., #EAEFE,
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(DX-120, Dionex, USA)KIM . SO,* i) FHs ik
Gy GGG IR BE . FLERAWR ] HPLC-PDA
IESKEI . JEBAH 10.0 mmol/L KH,PO,, pH 2.5,
HEi 30 °C, WEMEA&HFy 0-21 min Bf(AIE:, HR
Hoh 0.3 mL/min; 7£ 21-33 min BF[a] B, Homs h
0.8 mL/min; 7& 33-37 min K] B¢, i34 0.3 mL/min,
K K 206 nm, gEFER N 10 pL183
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21 —HRHRIRENE R B B E

PR A Z AL S R 15 3] 7 — bk
A B SR HE DR AR A S5 A ALL, 16S rRNA J
K54 2B, A1l 5 Citrobacter pasteurii H
A e B AR, SCKE X BRI A 44 2 Citrobacter
sp. ALl N 1 B2 T X AR A O R A SR RE
P17 AR A SR R R (] 2-A) . TP 4551
LW IZF AR ) B8 751 5 Enterobacteriaceae
R, AR 93.6%. 3945 2 M HEAL
B 2 £h 8 et il 2L X (8 2-B) z EE R P A ) Y
Citrobacter sp. MH181794 AYAHLE e, M 97%.
[+ NI Bk Citrobacter sp. A1l 9™ 4155 1 M EBLA
[F) 7 i 1R 6 3 St g BE A (I 2-C), AR Oy
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13.3%, HOk A T PSS [ 50 A B2 i Dt 7l M 58
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BERD R 0.45 mmol/L As(V)F) MM 85553k, 2%

-AFM11402.1 (Turneriella parva)
E1132792.1 (Thiothrix nivea)
AEH85269.1 (Mesorhizobium opportunistum)
058647047.1 (Enterobacteriaceae)
100L-A11-ArsC
ADR20850.1 (Marivirga tractuosa)
EHQ41737.1 (Myroides odoratus)
AAL80677.1 (Pyrococcus furiosus)

AYJ68301.1 (Salmonella enterica subsp. Enterica)
RNW25353.1 (Citrobacter werkmanii)
RNL76641.1 (Citrobacter sp. MH181794)
3—AT11-PhsA
——RFU90135.1 (Citrobacter gillenii)
RNT28489.1 (Proteus mirabilis)
AZG36313.1 (Shewanella sp. M2)

© 7§|_—KIU34382. 1 (Atlantibacter hermannii)
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—
0.2

KIJQ12975.1 (Enterobacter hormaecher)
99 ——KWU24312.1 (Burkholderia cenocepacia)
AMV11014.1 (Geobacillus thermoleovorans)
100\CP035276.1 (Citrobacter freundii sp. R17)
|A11-Nar-1
—All-Nar-2
100LCP030235.1 (Salmonella enterica sp. SA20031245)
AEB12539.1 (Marinithermus hydrothermalis DSM 14884)

7

2. Citrobacter sp. A1l By ##IE [REF(ArsC)EE (A). FLTIER R IL/REG(PhsA)EE (B). fHER T JREG(Nar) & H

(C)EFE B3 47
Figure 2.

Cloning and phylogenetic characterization of the arsenate reductase (ArsC) gene (A), thiosulfate

reductase (PhsA) gene (B), nitrate reductase (Nar) genes (C) from Citrobacter sp. A11l. The tree was constructed
using the neighbor-joining method. Numbers on the branches are bootstrap values based on 1000 replicates. Only

the bootstrap values greater than 50% are shown.
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1.2
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Figure 3.

JIE7 AN PR 0 0T B2 25 B Al 1) 3
AR IR 5
2.3 WERRMRENHERE, FREATHS
BRI R

TR JEU B B Citrobacter sp. A1l REA R ik R
ARSI R, TR ARG R AR 3K P A i WL
B DR B I 23 R Ji B A B AN AT I A i

S 6 1

S SRR AR B, SR LA 4. AE[R]
GAACEAEAET AR S B ) X IR (UL
(B) 95 -0 Control, S,0;* 55

8- +All1, S -¢-+All, S0
20 F 0’\—%’%\0/§\oﬁ 120

/
15} \§ g 115

S,0,> concentration/(mmol/L)
S?- concentration/(mmol/L)

1.0 = 110
0.0 | o/% \0 10.0
0 2 4 6
1d
(D) 180 [-#-Control, NO; - 180
A+ATLNO,  —x-+A11,NO,”
S 135 | *¥< _‘%—%—%\l 1135 5
£ o £
z I E
g w0t 90 E
3 3
= (=]
5] T~ 3
° 45t x 145 2
o) o)
z \ Z
0} 4-4/‘ * 10
0 6 12 18 24 30

t/h
REREEHR S,0:7 (B). £ Fe(111) (C). F§EEHR NO5 (D)

Arsenate- (A), thiosulfate- (B), ferric iron (C) and nitrate- (D) reducing activities using lactate as the

sole electron donor under anaerobic conditions of Citrobacter sp. All. Each test was repeated three times in
parallel, and the results were expressed as “mean standard deviation”.
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TREAVS IR ZE MM B35 56 ) IR BEAG I 21 B &2 11
MR, XS5RAGTYEWE X, EIEN—F
TOKBRR R ), SMRRE, EERAMT
F R R RE e . B 4-A L B REfIA R
F kR Citrobacter sp. A1l AE43 R e ik & 20 A Hh [E A1
AR A 20 SRy T S AS AR 5 ZE AR R TP S In A R
FR2x BRI RV I, ol 2 72 o T 3 e e Ak )
REJIZB55 s AR R IR IR, BhFIEkn
PO B B TR i 4-A ATEL, AR ALL
MFLRRA LI AERE 5 14, 21, 28 K, &
D30 5 W T R R R A ) Ry 22,02, 24.32
33.68 umol/L; SR FR FRAR S I A G R R 45 ]
VEPERBICR P T 10.90% ., 16.90%. 35.07%; Ifij
BIUAIM I T TR DO el A5 T 9 M A R R T
61.58% . 118.59% . 69.60%. fiifkEh AN AEAE A4
W o TR T2 K2 —3E 5% As(V) 38 51
R, T EL2 P 40 5 b D A Bk B oy
iR 5 0 I A RE A8 A 2530 T A s D P T 5 28 v [
AP RECEF o BRRER A A Bt S T W] A
(A) —O—Control

80 —@—A11+10.0 mmol/L lactate
—*—A11+10.0 mmol/L lactate+10.0 mmol/L NO;~

—m—A11+10.0 mmol/L lactate+10.0 mmol/L SO >
60

40 |

20 +

As concentration/(umol/L)

td

T80 A0 ) 2 A i ok L 24 v [ S A
J5 . AR RURECE . [RIRERT 4 B R Rk Y RE
A5 (K 4-B AT, FIA R R 2L R Bh 1Y) 55 5
4, TESCIRMEE 14, 21, 28 K, A E AT i Mk
354 48.43 . 50.22 Fi151.93 umol/L; Mi#~MIIA
MRER S, RIS RS &0 5 TR T
66.94%. 58.62% . 53.46%; I ABRERELAYIKZ
IYRIBEINT 9.77%. 14.52%. 34.30%. iX—%%
T R R FOB R AR X RS T A5 R T B
A ] 2 0 K R TS LA R R S M R — 3L
P X 5CAMPERERME 3. Fan ST
XPS., XAS il u-XRF W5 ik 5% - 438 Fh S 43 By i
AL SR AR A e BMERY . Bennett 256
FRYI LA Fe(I)KES As IEFTERH
EA G ZR(r=0.896, P<0.001), 7K B4R 51F 2
5| AR I Akt T T SRR AL P O BB %,
A CAHMR NG LA A B 5 F 0 g
PEAT TR, 6 10.0 g AR RS B R A
#hn# 500.0 mL AY{KZ, 400-500 r/min,

(B)

100 r —/\—Control
—4&—A11+10.0 mmol/L lactate
—@—A11+10.0 mmol/L lactate+10.0 mmol/L NO;~

75 | —@—A11+10.0 mmol/L lactate+10.0 mmol/L SO,7

50 r

25 +

Fe concentration/(umol/L)

4. FRERELFNTHER Zh XL R & Citrobacter sp. All T SR BAPM(A). $X(B)HIAM SR
Figure 4. Effects of nitrate and sulfate on the Citrobacter sp. All-catalyzed mobilization, reduction and release of
insoluble arsenic (A) and iron (B) from the sterilized mineral slurries of scorodite, under strict anaerobic condition.
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pH 1.15 (+0.05), 7 50, 70 F1 90 °C iX 3 M 5%
FF, YEH 300 min J&, A% As (R0
10, 50 #1130 umol/L; /£ 40 d J5, As BIBEKL
Al ik 100, 125 1 350 pmol/L. A= k.
0.1 9/50 mL (A& A 1 9/50 ML), il 5
A REEAEFHRYZE 28 KB 34.0 umol/L
As(11) o X 45 R e PR IA I i A Py R Tl fig i K
TR BV SE N R A A S I B A A VS i FURE
i, BB B As()EE I K T4 AR
As(V).
24 PRI, MBREMELBRAMNZL
FHERER SEEGIA R op NOS 7L AN & 5-A FF
N, NOs REPLE IR JFK NO, ™, (HIAK fig Wi 21
NH, 074 SRR O] 28 d J5, IRFRHHY
NO; A BWikEA%, EZEIWEMMY 35 d J5hE™ 4 KMk
7.11 mmol/L ZE43 19 NH, . X FEHIA I ALl
HABEPSHIAF NO, -, X AIRERP N ALL HhIEA
RIS NO; 1. BRARERSEIG AR ZR T SO/ HZE K ANTE]
5-B 7w, MAJE R ALL FEAHATRERER AL 5 RE
HUAZRHBRERER LA, AR 159 mmol/L,
DN R R W] REAE A — B 8 I3 ) T4 A I O T
FIF . YERE 42 d X B AN S a6 21 2L ER Al i )
MBI 5-C s, B4 FLRR AR &
A, KRB R T, R R A AR
JE SN 2 A FHFLER B s AR R R 1 S22
AR ZLER A A H LA 0 S & i 4y o
BRI T5 F AR 0 ZLBR AN R AR L
WL IR B 3 )L v A P 4555 22 (9.34 mmol/L) 5
T ARSI A B2 58 7 FE ) FLER 84/(7.85 mmol/L)
FA I A2 14 (5.59 mmol/L)i 22, XK ABER
ERARHE T i B R TP SRR I R L 8
JE AR

2.5 WIRJEE Citrobacter sp. A1l f/ERIF=4 XRD
vigi

XRD HIEAG I 5 24047 55 i Jss T4 i
YRZEFHAT AR, B 6-A BRI TR

(A) |, [A-NO,, A11+10.0 mmol/L lactate+NO;~ "
a -m- NH,*, A11+10.0 mmol/L lactate+NO;~ =
© I A g
g 9t & 19 £
E K u E
: . Ll
g . 5

Q
g i ; §
53¢ : 1?2
S é\A Z
Z
“ 0
Orp-N—m—n ) ) ]
0 10 20 30 40

t/d
(B) 12 [JA11+10.0 mmol/L lactate+10.0 mmol/L. SO,*, 42 days

I A11+10.0 mmol/L lactate+10.0 mmol/L SO,*, 42 days
i

SO3- concentration/(mmol/L)
N

Fate of sulfate in microcosm assays
(c -] Control
A11+10.0 mmol/L lactate, 42 days
B A 11+10.0 mmol/L lactate+10.0 mmol/L NO,~, 42 days
| B2 A11+10.0 mmol/L lactate+10.0 mmol/L SO, 42 days

==

~
—
wn

Lactate concentration/(mmol/L)

Fate of lactate in microcosm assays
B 5 (KRERPEINRMBEREATIA). FREREAT
1£(B)FAA [E] SR 56 K 7 P B F R ZLER SRV T2 1L(C)
Figure 5. Fate of nitrate (A), sulfate (B), lactate (C)
during the All-microbial reactions in the sterilized
mineral slurries of scorodite, under strict anaerobic
condition.
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(A) Control —— AI11+10.0 mmol/L lactate+SO,*
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Figure 6.

XRD patterns of the scorodite treated by the Citrobacter sp. All-cells in the presence or absence of 10.0

mmol/L nitrate and sulfate, or without bacterial treatment (blank controls). A: Comparison of XRD patterns of
scorodite under different treatment conditions and standard spectra in PDF database; B: Comparison of XRD
patterns of scorodite under different treatment conditions under characteristic peak of 020; C: Comparison of XRD
patterns of scorodite under different treatment conditions under characteristic peak of 111; D: Comparison of XRD
patterns of scorodite under different treatment conditions under characteristic peak of 200.
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Figure 7.

SEM and SEM-EDS observations of the residuals of scorodite (SEM: A, B, C, D; EDS: E, F, G, H) after

42 days of treatment by the A1l cells in the presence or absence of 10.0 mmol/L nitrate and sulfate, or without
bacterial treatment (abiotic controls). E: The control group in the presence of lactate; B, F: The treatment by the
All cells; C, G: The treatment by the A1l cells in the presence of 10.0 mmol/L sulfate; D, H: The treatment by the

Al1 cells in the presence of 10.0 mmol/L nitrate.
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Isolation and identification of a novel As-reducing bacterium
for the reductive dissolution of scorodite

Xianbin Zhu', Ziwei Liu', M.D. Uzzal Hossain', Xing Zhou', Xian-Chun Zeng"*

! School of Environmental Studies, China University of Geosciences (Wuhan), 430074, Hubei Province, China
?State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Wuhan), 430074, Hubei
Province, China

Abstract: [Objective] This study aimed to investigate the reductive dissolution of scorodite by an indigenous
As-resistant bacterium isolated from the Jianghan plain and the influences of nitrate and sulfate on the mobilization
in this microbiological process. [Methods] We used the microbial enrichment technique to isolate a facultative
anaerobic arsenate-reducing strain (A11), amplified the 16S rRNA and functional genes (arsenate-reductase gene,
thiosulfate reductase gene and nitrate reductase genes) from the bacterial cells, and analyzed arsenate-, ferric iron-,
thiosulfate-, and nitrate-reducing activities of this strain. We also examined the abilities of A1l cells to catalyze the
mobilization and release of As and Fe from scorodite under anaerobic conditions, and further explored how sulfate
and nitrate affected this microbial process. The microbial reduction and dissolution of the scorodite mineral were
verified by XRD and SEM-EDS analysis. [Results] Citrobacter sp. A1l completely reduced 0.45 mmol/L As(V),
2 mmol/L S,05*, 1 mmol/L Fe(l11) and 140 mg/L NOs™ in 4 days, 6 days, 3 days, 28 hours, respectively. In the
presence of All cells, approximately 33.68 pmol/L As(lll) and 51.93 umol/L Fe(ll) were released from the
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scorodite slurries after 28 days of anaerobic incubations. The presence of sulfate caused 41.04% and 34.30%
increases of the All-catalyzed release of As(lll) and Fe(ll) over the course of 28 days. However, the addition of
nitrate caused 35.07%, 53.46% decreases of the All-catalyzed release of As(l1l) and Fe(ll), respectively. XRD and
SEM-EDS observations for the reduced scorodite revealed that the mineral particles were altered dramatically. The
particles size of the treated scorodite was much smaller than the control one. [Conclusion] Citrobacter sp. All
strain has been identified with the ability of arsenate, thiosulfate, ferric iron and nitrate reduction, also can
efficiently catalyze the mobilization and release of As and Fe from scorodite under anaerobic conditions, and this
process enhanced when sulfate was added to the reactions. However, this process was inhibited when nitrate was
added.

Keywords: As-resistant bacteria, sulfate, nitrate, scorodite, Jianghan plain
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