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phases, respectively. The results show that microbial communities can grow with sodium lactate and increase the pH of the
solution under aerobic condition, which facilitated the dissolution of stibnite. The concentration of Sh(V) accumulated in the
solution due to the oxidation of the released Sh(IIl), with an decrease after the 12" day. The Sb(III) concentration in the
solution increased after the 9" day and was a little bit higher than that of Sbh(V) at the end of the experiments. The
incomplete oxidation of Sb(III) may result from the low relative abundances of antimony-oxidizing bacteria such as Paracoccus
and Bosea in the enriched culture. The variation of solution chemistry, particularly the Sb concentration, exerted strong
selection on microbial communities. Microbial communities were dominated by Herbaspirillum sp., with strong resistance to
metals, such as and Sb. However their relative abundances decreased after 11 days’ interaction potentially due to the
accumulation of Sb in the system. Secondary Sb(V)-bearing mineral, sodium antimonite, was detected at the end of the
experiments in the biotic systems, which matched well with the decrease of the concentration of Sh(V) in the solution. Our
results further confirm the mechanism of microbial dissolution of stibnite followed by oxidation and transformation of minerals
at the community level, which provides new insights of understanding the impact of microbial communities on the dissolution
of Sb-bearing secondary minerals, oxidation, migration and formation of antimony in natural environments.

Key words: Xikuangshan antimony deposit; tailing dam; interaction between microbe and mineral; stibnite; antimony

oxidation; microbial community succession; biogeology; geochemistry; environmental geology.

0 515
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R R ARLR 2 5 H 20 thad oK, 3R E T Ok ok i B
A RO B AR I T R RS O R T
R A KL T B A g2 R 32 2 00 86 7 D M A
A7 (He et al., 2012) . 8 WL JF R 75 s &, 7
AW E U LR Z XX 2 [ iR
B 5 AL B ORORN R, 5 B0 X K AR R
ey B 75 Yo " M AR (Fu er al., 20165 Sun et
al., 2019) , # K M 5 55 17 25 M E Ak R0 B
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4 T T i (VTR 45, 2020) B A 4R 2 v A7 A B
AT B, B ok B = B T 2 ik A L
B (Xiang ez al., 2022). HHTC &4 A8 AL 4 R
W B K, N Stibiobacter senarmontii(Lialikova,
1974) , Thiobacillus ferrooxidans (Torma and Gan-
ra, 1977) , Sinorhizobium sp. IK-A2(Hamamura ez
al., 2013) , Comamonas sp. S44 (Li et al., 2013) ,
Pseudomonas sp. DFE3(Shi et al., 2013) , Sphingopy-

xis sp. DS8(Shi et al., 2013) , Agrobacterium tume-
Jaciens 5A (Li et al., 2015) , Rhizobium sp. NT-26
(Terry et al., 2015) , Hydrogenophaga sp. IDSBO-
1, Variovorax sp. IDSBO-4 (Terry et al., 2015) ,
Bosea sp. AS-1 (Lu er al., 2018) , Parococcus sp.
XTO0.6 #1 Pseudomonas sp. SbOxS1 (Hamamura es
al., 2020) % X EHAEYKRZ)E T o LI H N . 3-
I Wy BT A, B A RS =0
MY RE ) . BR 2 A, B AT 2 i — 2 B bR AN Paro-
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b 0 B, HOCAR W BE T 454 32 pHL L EAT BIL Bk
H# (TOC, total organic carbon) | i & £k 5 #i 1L ¥
(Y B fE 45 DY 3R A9 58 21 B2 I (Xiao et al., 2016) . i
B 15 G DX 3 AR W R U W AR R AR B2 R
£ YRR AL CEh A pH (A /9 52 ma |, AR S5 D A
W M A JE Wi 1] ( Proteobacteria ) . ig #F 1 '] ( Acido-
bacteria) . 5 % B '] ( Chloroflexi) 1 T 5 ] ( Bac-
teroidetes ) A1 it £& 1 '] ( Actinobacteria) (Wang et
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¥y A, 3 200 B . LA 196 Y R B Ok S AL R
By ARAE S (XT0.4.XT0.8.XT1.2.XT1.6 5 XT2.0)
Ay BN A A 50 mmol/L = #r 86 A9 0 ) 2 85 5%
(MSM, mineral salts medium) H , & 44 3 ¥ 17,
MSM 85 7# 378 1 L T # K o &% F Na,HPO,*7H,O
7.9 g, MgSO,*7H,0 0.1 g, KH,PO,1.5 g, NH,CI
0.3 g, 4 4= Z ¥ ¥ , 10 mL (Rhine ez al., 2006) ,
R0 £ W W 5 mL (SL-10, DSMZ GmbH,
2010). F 30 °C . 150 r/min ¥ 3% £ OD,=1, ¥
I mL R0t 0.22 pm A9 38 B, 2 )5 16 i 8
78 0.66 mL 50 mmol/L Y ¥ 4% B2 49 1 I (KM -
nO,) , M 2 H 5@ 48 b . A& 49 M1 mL
50 mmol/L . #r &6 ¥ W ( X I A) fil 1 mL

50 mmol/L = i 8 % W (X 8 B) i A 0.66 mL
50 mmol/L 4 KMnO, % W . #1532 W 1 min PR FF
550 A AT 19 56, 0 IA R HE AR I R R
BEEA — W8k S Tk B8 01 . Bk 3k B 68 e 2 T % B
A B — 20 AE S T AR B AR AL TR AT R S
12 $EUARHESESTNEEERSR

i il BR 5 4k 27 1 43 15 7% 55 (CDM, chemical de-
fined medium, MgS0,0.957 g/L., NH,C1 1.00 g/L,
Na,S0,0.994 g¢/L, K,HPO,0.014 g/L, CaCl
0.010 g/L, FLER4N 7.00 g/L) , & 1 g/L A He Ji 1) %
FRHEE PO AL 200 B 5 09 8 85 (98% , A801039-
100 g, b2 SE AR AR AL BHE A BRA W) D Ry oK L B 97 3
KOG W R & R IEFRW 4r i H% 106 (v/v) #EFh 2
A 750 mL COM VR85 F B9 1 L #EE b, T
30 °C 150 rpm ELEH 32 15 d DL b W& 342
AL K 3NN N AR TRIE 1 Ak A ) B SI2 56 1) 1A
Fie W8 — 7 1 B[] () ol a2 A7 BBORE , B F )5 22 B 2 800
(9 53 BT . S50 295 RIS 43 ) 5 0 TRl A S 20 28 R X BR 20
TR R R, &% VR TR AU (ALPHA 1-2 LD,
Christ, 788 ) % T 5 , # X - 55 28 b 711 5 %
(XRD,Bruker AXS D8-Focus, [ ) #4714 4053 #7
JFF H Jade( Version 6.5, https://materialsdata.com/
prodjd.html) & £ X XRD 45 5 98 47 2F 5 550 #r .
1.3 BASHUE

(G AR =TI T A B A R W S/ | i I 'S
(HPLC-AFS, HPLC:LC-20AT, & #, H A& ;
AFS: AFS-8510, iff ot , v [ ) I a2 8¢ 5 o #2
BB L BR R LM B MR, 2 S HOK R
23 #r A (HQ30D , HACH , Loveland, USA) ]
VW pH 1Y AE AL, B R AR MR R B T €0 5 R
(1ICS-600, Thermo Fisher Scientific, & & ).
14 HAEBENSBEENF

TESS 4 d.8d 11 d A1 14 d %85 37 W o 47 BURE
$ 10 mL 55 32T 0.22 um B9 TC B BE B, FH T )G 42
41 B BE V% DNA A $2 0. DNA 42 BUR ] PowerSoil®
DNA i # & (MOBIO Laboratories, Inc. USA) #f
7 . i #% 8 2 B A DI (Nanodrop 20005 Ther-
mo Fisher, USA) K DNA A9 ¥ B A i = . A1) FH 4
Bl 51 % 515F (5°-GTGCCAGCMGCCGCGG
TAA-3") 5 806R(3"-GGACTACHVGGGTWTC-
TAAT-5") X 40 16S rRNA ) V4 X # 17 PCR 4"
B T2 2 0 B RE W BRI L VKR I 5 A% S L ¥ PCR
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lumina HiSeq 2500 - & #F 17 7 .
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49 IO s )RR R AT T A 3 s A Y Tags 4
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com/usearch/manual/chimera_formation. html) , M
M A5 21 fe 2 19 A3 2088 - {8 H Uparse #X 4 (Uparse
v7.0.1001, http://drive5. com/uparse/) (Edgar et
al., 2011; Edgar, 2013) LA 97 % #H 4Ll g A v X A
ROBCHE AT B 2R P 1 3 28 i OTUs (Opera-
tional Taxonomic Units) , [] BF 4K $& H: 50 3k b ),
fifi 126 OTUs At BB = 1 7 504 OTUs /Y
R E 5 51 .l Mothur J7 ¥ #1 SILVA (http://
www. arb - silva.de/) (Wang ez al., 2007) SSUr-
RNA %t 45 % ( Quast et al., 2012) %f OTUs f{
27 5 AT Y PP R (B E B H D 0.8~1) .

ff FH§ MUSCLE (Version 3.8.31, http://www.
drive5.com/muscle/) B A 47 P £ 15 51 L Xt , 15
BT A OTUs AR 591 1 R 58 K A K R 5 0 4 B
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Excel (Version 2019) . R % 4 (Version 4.0.1)
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FEPE B B AN [) 15 57 6 [6] (9 #F 7% NMIDS &1, 21 58 A 5

A TR A 7% 09 T4 23 Bt (RDA) i Canoco (Version
5.0, http://www.microcomputerpower.com/ ) 5% i, .
W SC AN B RE Y A0 G s R = A
SRIE R4 B R F 15 NODE (https: //www.
biosino.org/node) , & FAA 4 %5 0 : OER259752.
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TERT 12 d 18 10 %2 44.11 mg/L, Z 5 Uk F 2
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AL, 7555 13 d 3k 2 fe i fH (48.09 mg/L) , Z 5
P T B 2 43.98 mg/L (&l 1b) , 1 JC i % Bf2H TSb
TESE G 5k A8 2 FR7E 9.73~10.94 mg/L. LK 41
SO e JE7E 5 4 d 5t T & #) 1 209.6 pg/L, 2
Jei BN 0 B (B Lo, it it BB 4 Y SO, ik
BEZ S /N IE b T e Ak Ol 816.0 pg/L L IR T
S 2H v SO BY B AR 1 027.2 pg/L (K 1c) .
22 5EGTEERSEFRAEYNEERE

) ey H Pl ) o SRRV LAy R B TR A e
N o« TE AN B B & 5 0 86 57 A B4R T [a] i
HERS , 20 D e AR T I TR K By BB TR
A 4 d BN 99.98% , Z J5 % Wi A L S0 4
HHS oA T8 B A0 9 AH X T E T,
11.35% , A5 =78 & TR 40 M AR o 41 1 v 19 35 5 b r
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90 80— sy 1200
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¥ 40 E:8
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Fig. 1

and stibnite

Variation of physicochemical parameters in the solution versus time during the interaction between microbial communities
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Fig. 2 Variations of microbial composition and diversity indexes during the interaction between microbial communities and stibnite
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Table 1 Semi-quantification of mineral composition in the

solution before and after the interaction with microbial

communities
Sh,S, Sio, NaSbhO,
JE I B0 B R 97.2% 2.8%
S 2 83.8% 15.1% 1.1%
Xf B 20 96.1% 3.9%

(NaSbO,) (& 4b). & ¥y % & 1) ~F & & 7> r & 2R i
71, S 2H 5 TG RS T A A R A B R A rh S PR

Wi 5K AR P Sh,S, St P MI W (K 1).
3 i

3 5EEBTHEHEERIEPHAEHENER

YN BEE S, Herbaspirillum J& &5 35 48 X1
BB R R LU EE AR D
L 1 T 2P, R 22 B 4 R a0 As (550 mg/L) L Cu
(350 mg /L) .Zn(300 mg/L) fl Pb(200 mg/L.) 4B H
A HerE, 7T LA T8 15 4 1 58 09 A 3 (Govarthanan
etal., 2014). Herbaspirillum sp. & 0l L)Ll A 4 7=
AR R I A8 ) 19 25 K Herbaspirillum
sp. GW 103 T8 A AI LA 2o $2 v Al ) 2 1 5 1) 25 =
ok AT 4 J 0T A 10 B VL AT I 35 92 55 Zea mays L.
X Pb #1 Zn W) HE ¥ & &2 ¥ 1 (Praburaman et al.,
2017). Herbaspirillum sp. p5-19 B & & + F R L 9k
FH T2 55 8 22 0 3 i R A 0 18 &2 80k (Fang
etal., 2021). WAk, Herbaspirillum 1 J& 52 #8652 A
15 Yy DX CUn A ] b 3 7 A8 0 Ll B8 ™ ) - 48 o [
RN TR R T i OGBS R B R B vk
FAEAR G R Wi Jm X e LA Bt (Li e al.,
2022). AL Herbaspirillum 125 110 B W #: & 4 A9
F S H A7 — 5 T U R G B R B B bk
Dy HAE R TEMNYNET AT RENIKE
PR R A 78 B 2 AR %8 0 A X 3 B
TESS 8 d ik B 5y, b B 520G 1R R bR B Y vk
9 32.47 mg/L, Sb (IIT) By ¥ F£ 24 10.75 mg/L,
Z J5 WA R & B B9 T, Herbaspirillum
AR B A BT R B 0T RE G R A5 B AT BE Y T AZ
1, H 3 38 75 3 ) 50 5 ok dE — 2D ik L ik b
Herbaspirillum 3 5 3% 5 AW, 256 R b dsm 1
BMRuBFEWALKE, XWa RS EZRETE
M RPN HRMENZ —.

SCH AR A E R R 2R T, T
T 22 %) H 4 R A Bk 0 S W R R e D
W & ( Brevundimonas) WA X =5 B 78 9256 25 A -
2 781%, ZIEEE 25 F  FE AR A2
T, Lo - 5 DTS e At K A kB
B. diminuta %% Fl T 22 fif A F oo & (U0 As Al He) 1 3
P (Singh et al., 2016, 2021; Sforza et al., 2018) ;
M T HE K oy B R 1Y B. diminuta 7] LR & Cu
59 /) A4 W8 &2 A0 (Rathi and Yogalakshmi,
2021). 1M 73 25 T2 W8 1 is 4 L3R i B, diminu-
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ca, V) X 6 R0 R AT 6 B A AR v Bt | T DU i T
TE Bk T2 5% R 0 8 M BE E AT £ BR (Ali ez al., 2022).
Brevundimonas F X} - J& 78 A WF 5% 52 56 45 o8 B
Tt ] U0 WA B A R e Pk

WEBR B = M B B B B S ek AE , DL R
W BB R T R AR X A AR A T
Bk e AR AR R OKE b R AR R BT
W2 05 B A A S EUE X B A U R
FKHE I IR & (Bosea) & FUAT & (Ochrobac-
trum) AR LT (Rhodopseudomonas) AR 5l
(Pseudomonas) ./~ s ¥ 1 (Acinetobacter) 55 g 5.
JitL B J& (Sphingomonas) LA B @ 3R 1 J& ( Paracoccus)
S5 R I N B A LB AL T A W A B A E Y
2N AR b A B I — bk R R JE 1 TR AR &0
RN R G KB WX, 4 N Paracoccus sp.
XTO0.6. 1% I ¥k BE 8 75 IR S0 F0 4 460 2% 140 T 08 o3 W v
B =M Bh AT P R AL, OF HLAE A R T R
S5WEST RB e A (RS N
KA A E A K MBS R = A B R Ok
JE PR K = B A T A B A SR X R
W30 B A A A TR R VR Y s SRR R i ke
TR #E— R S T R A B R A R R
W E AR H B Rk UE B TR R
3% b B o7 9 A X R AR A LA AR Y s
U 28 8 A B 15 G B8 rh g A B L ) i AE B 0 1l
X+ 3 b 4 8 B 1 Bosea sp. AS-1 #{IE 52 H A fifi
%6 B EALBE 11 (Luer al., 2018) , HRELE H 37 Al
S IR A XM B HE AT I L OT R B R Y
= B A M 86 (Xiang ez al., 2022). 7~ 3l
FIF R 25w e A B B AL T RE (Li ez al., 2013).

bR H THEMENAK , KT
&R pH, #E M 5] ERMEB 1 IE R, ST Y
MBS R M B SR
1k B A B, I Y A B O B R s
i 5538 F M Ah (Li er al., 2015) , M\l F A% i
MAEWMEE BHERDP =MNBHESET
DL K B B6 BB X 4 B R R R BT
R BE A, 0 40 B ORE Uk 8 A0 R AT R
32 HEHENESTEM. SURXETWER
HI1ERA

BAEAE R KR R K R pH A8 4k 5 T 18 % if
M KA T B XL 3 T 22 3 R 4] Y I s R
B, BB 5: T Burkholderiaceae F) 40 TR [0] 5] 24 15 26

PP 5B6 A 5 B 48 K 3 R (Sun ez al., 2020). )8
A A AL B o AR T S BRI M A BE Y pHL, H R ax 8k
ot 4 A 20 T R B AT e L A B R AR 9 RRAE
PR T A 98 00 2L TR 1 5 % R b S 5 A AT 23 P AR
A 2 R B TR A S, (A5 S50 41 R R 1Y pH
Bifi %5 £ 3% 1 8] 7 B & E F+(Zhang ez al., 2016; Sun
et al., 2020). B T 01k 2% 10 F T M8 860 00 755 1
T T AW 6 A 7 AR B R, B B = A B
A B REVE AL R B B RS 12 d
J&i o T pH S B v B DA R e A B U
JEE A4S, 51 R U WO 86 R B (NaSbO,) /Y 28 1 F1, M i
TR T & H AN SRR 38 73 Sh(V) 2 T
BWRR, FEORBP BN S TR (0 E
B 45 A, W Wb ShOITD) 1k B2 R 31.59 mg/L, X 5
B SR W E BT 0 A S B AR O L 4l
W& Bk Paracoccus sp. XT0.6 FUEE 86 07 A9 A1 B 4E FHAH
Fb L XT0.6 1] LI DG S8 17 F1™ A v B s o O 1 =
#8658 4 A AL R O B . 5 R4 R Y40 i A 2 Y
Bosea AS-1 X WEBE 0 1Y R i S5 90 40 1, XT0.6 1E ]
OB B R R B (12.5%0) T BE S 2 8
¥ (10.7%) , AS-1 B A AR (5.820) (R 2). ik
Ab,XTO.6 FTEBEAE R BRI A WAET Y AL, A
WAL W) I A AR, 78 XT0.6 5 0 865 4 B /5 e
TR T WA Y K 86 5™ NaSb(OH) 4, 1 B 7R H
AR B WA ) ) A B TR 4 (NaSbO,). 1T AS-1
¥ M EENE , BARET YL (E2).
SRR A L, ZE BN S5 4 T (pH 8.5) B W2 4 11
S B TG, AR T AR R P TS 5 DT TE (Skeaff er
al., 2013) . A5 AN [R] T Bk LA B B BE S5 05 6 0 A ELAR
FH IR0 B 10 B 2 25 DL R A YRR 0 W Y A
A PR TR A P38 5 AR A AR B i pH AT £
HE B R R — A R ol ) B O B W TE =
i 6 11 SR AL v S A DG A T 30T AR B B P B 1Y
FHEHAREREZE . AR RN, 7Y e R
B 5 B W A R I 70 0 1 Bk 2 60 RE OG (Mul-
tani et al., 2016). N IL B X 5 Ly 5 AL B 4 5 =
BARW A R 6 M A R kLR b B R
RSB R i Sh T 78 i A= W/ 4n ol B K
25T &R & R & Sh(V)
B R A8, XA AR T Sb (I X i A= 4
B R, AR TR P Sh (V) i B AL, AT LA
W4 1 I =X 08 BR84S B Sb(V) (Bl 5) , iX
TR TIAEY/ME RS 50 X80 T
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% 2 Bosea sp. AS-1. Paracoccus sp. XT0.6 FIEESEST HEERE XS

Table 2 Parameter comparison of the interactions between stibnite with Bosea sp. AS-1, Paracoccus sp. XT0.6 and microbial

communities
RARZ PRI E RRAR W pH  EEAERAETY  WAET AR TR BRI RBERLR (%) BEUS B R LR (%)
XT0.6 9.3 = KB T (NaSb(OH);) 12.5 100
AS-1 6.8 i / 5.8 100
GEi 9.1 = IR EN (NaSbO,) 10.7 50.1

ST Y/ SSERY
Hi%pH

SEt EiEnk
IS A /A0 R R X BT W /I R R S KR A B A A 2 R 1 L A

Mechanism of the release, oxidation and re-deposition of antimony from Sh-bearing minerals and solid waste mediated by

Fig.5

microorganisms/microbial communities

P AL B ULTE B S BB SR, RORARTH T OAAT
X 20 T R T S 5 B 1 BR AL 2 08 5 IR

4 4k

AW NTE T B AR T 1 9 v KT8
LI 0 0 T R v S ORE B T 22 1) R BLAE L E O
BERIESCAN I R 12 5, Al LR SR 5 B W) v B
1) B I, I R A S ke 1 = A 6 T O3 ARk B T AR
B 0 A A AN B AT LA IR LA AR 0 9 1 O X
S N NI A R R 2 =3 (R 7 T 1 W 3
SRERE BT AR EAE O R R R R 0 6 L 2 X
PRI 7 R A T 08, 5 B0 R I VR B 2P T L B R
B B2 ) D o x B6 2 LA R R T 32 1, B DR
Flxr = A0 86 B A AL DI 68 , 40 Paroccocus , Bosea Fl
Bacillus 55 . 40 W #f 7% " Herbaspirillum %) F 5 Hi
FL 7T B 5 H B UF i H 4 Jm pUtE DL R B SR b
ABAFEENAIIRY A K. REITEBMEYZ

AR EERY
ALiER

NaSbO,/NaSbO, 31,0

SRRG /7K ERERTS
ERE
@ — [ sb(v)
IREEH )

ES sEwit

(] f) AR AR B % 86 B0 5T B8 e K BY 5 R
O TR Z 48 7 4R BT TR RS RO UK B R L A T
R 586 A B AR TR 2 1 AL 4R Bt S IE
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