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M ER .

Thiobacillus(FiAT ) J& — R A FRANTH o ITAERK, Gl 0 2L Thiobacillus 3¢ HEAE W& 52 45 15
Ju + IR IR B AL AR B T OGRS, SR, A OCHE SR DG AMIE Thiobacillus Wi 5 A S X A9 & 4 i
FERIEHE, Thiobacillus % 1 HETHUA: WIHE T5 5% e LA K+ 4 i T2 285 09 52wl L1 v S LA

A=) 3k B LR 5 A B A% O Sl A W B AR AR A, 4R T R RAE S L W O S TR
YT RE R, A R A R B AE K IR, YE 41 T 550 °C Rl ek MR A ok, T
T 3%(J5 1 5300 SOtk AR ok B A TS Y IR TR, AW IR BE NS AT AR S AMNIR Thiobacillus, £ & 45 1 4
WAz, Wik, EmESE S IE 2 Thiobacillus, % F =¥ At Thiobacillus V8 ¥ + 345
A, e EYABYERA —E ATk

ARSI T Thiobacillus "= Fetk, 8 BG5S L8 Thiobacillus &4, LA™Y L EHVE
Ay DR REIARIE Bk, dles Y, {2 Thiobacillus @& 5 584k Thiobacillus %F 1 134
AR VER o ARWFSE B 1E 5 28 W e RV 0 - e A8 W e 2540 A 1 S8 B4 RR i e i, 4R
B Thiobacillus %§ 138 4 J& WAF L S/E AL, DI A dEEs J I Y B 2 It 2%

1 MRE5RE
L1 RESHSRIIROH &

BT i5 G - HEIC A b m MOl K 2 18 b 2 ®1 HELTEMR

0~20 cm 38, Aty LXK B g . i Table 1 ' Major physicochemical characteristics of
s o S . Pb-contaminated soil

KT i 2 mm e B0, BN 2 BREE & commmnEe >
fo 1 a3 SR TS e e, BE g et | R B PR et By
i%%‘fiﬁﬁﬂl%% 1 22.93 48.94 28.13 7.83 258
12 EHREEIE SW(gke!) APLBAgke) RE/eke") Pbmgke’)

kI A K ERARTE , i 20 .07 194 115 99531

B, 7R X0h B &R E 550 °C, F+
IR AR 10 °Comin'; fHIRAMF 20, RGN R R, WY SEs it HAEY % .
1.3 HIEEFEWIZIT

WIT2s 4 CK, X B4 BCOAS in o i 20 500 3% A9 e) . S 2 (IR 2 3% 0.5% A B
B ) FNSZ 56 21 (U B 43 8K 0.5% B BA 5 AR A 3% B9 AW k), BEALRE 3 A ATRE . B EEARER
500 g 14, S5AYRMBFRRIEGHS), EERTHFEF60d. 245 1K, #fil L5555
HH B 457K R 14 70% . 55 3 d DA 58749 pH A1 Eh, SEIRA5 RS, MK HIEPEIEA, a8 13
YRR AR, D A A (TN), 28k (TP) A1 A HLAR (SOC).

1.4 SHHEE

4 5 pH A Eh 43 548 pH 71 A1 Eh 3100 o SEETE 25 0 FH 0tk B BCR 3% 22 $2 B 20 1 1Y
4 1€ TN R 2P i LI BOA D A2, SOC SR 8% R 8 48 fk -3 6 L FE YA U 2, TP R A NaOH &
Fill 40 6 BT b 803k DU e O A= W ok O R S0 T 43 R B R XS 2 RE 3% 43 Hr (SEM-EDS)
(MERLINCompact, OPTON NTS LIMITED, £ [) 43#7. + 35 &E 14 F 21 41 5 #r 4L (VXERTE 70,
Germany) 7017, G 4 000~400 cm™, FEFR 4em™, HI R FRE 16 K.

T IER A YIRS R BT, B 0.5 g R34, FHE e 2244, (] E.ZN.A. DNA 5 & % ik
A=) DNA #EAT 420, SR A9 16S rRNA JE[F (1) V4 DGl 5| 49 % L P 41 DNA #EAT 9734, 94
51909 7 5] K . 515F (5-GTGCCAGCMGCCGCGG-3') il 806R: (5-GGACTACHVGGGTWTCTAAT-
3'). PCR P H/=W & alifb fie & #/ESS, A lllumina MiSeq PE250 ~F- & #E47 9 4 701 /7 .
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mE 1 iR, RS 60d)s, BCAlT
MR ] A L CK A FEAR T 7.79%, 007 A= 100 -
Yyl LB P B By . LM TR 4 B
450 °C 1 F il % B B W ok, HE 4% & 4y
) 1 LG4 AT 50 d RSy, g Tl
WS TRET 2.96%~4.85%, 1F S 4 1 BCS 41
o, BRATIE A IS N T 30.06% i 53.76%,
VR0 U T LT S O ) R T 95 ol
REAR T AR W) RE RS 4 TE BT TS AL . A B
FEY, WME Fe, SHEWR)G, T
TR Al VR ASET AN T 47.77%, S 41 A1 BCS 4
AL T CK A3 B3 T 20.07% #135.29%,
FR 250 BN T 31.69% F1 69.40%., T i 2A
JE B AT e nT IR RS AT R R ATIA S L T4
WS MERE S AR, TIPSR IR A S SAM A RPER EASCN, EI, BTG AT LUR &
WA YA R, SRR YA S AT G BRI 3N AR WA S AR Y AT AR A R AR I A T
EEVELMER . B, Az A s AR 25T B0 - eI A i PE
22 EYIRFMT T IERTRANIESER

A= ) e W RO B B 3 1T T A LR 20 ARk RIEOGTE , RAFA KR HARZY 10 pm 19 EIR

B AL WIEIEES AR S
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Fig. 1 Effects of biochar and sulfur on
distribution of Pb fractions
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Fig. 2 SEM-EDS images of BC550
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fLEE, LA A ¥ 2] B, Sk A0 (K] 2(a)~2(b)).  H1 EDS &1 (K] 2(c)y~2(d)) il I, AEW o3 i oy
il K Fl Ca S50 o EWIIR (0 2 FLAS HA RE RS O ol A W B (0O 22 9 A A (0 A MIBOR Y B 25 2 1), -4
LB &SR EL, BERE fe Bk 3 Thiobacillus S5 E YN 00 H 4R

Xt L ERCE M R E SS M EAT T o, IR BUE SRR RO 20 CR4l . S

BCS 4111y Coverage 53034 K T 0.99, X Ul FAFE A i DNA JF 90K 24 v, )7 R i,

i 12

A ZREPE T EESR o Chao 1 A1 Ace 48 BCRAE G A=Y £ )8, Shannon 45 %05 B (A W1 Z A4,

Simpson F& £ 5 B G A= Wy W) A g AR ARE . S A
F1 BCS 4H ) Chao 1. Ace #l Shannon 8§ (13 It
CK A4 Frfedk, X R0 5 iAW 2 11
AT I, CK 4/Y Simpson 8404 0.014, S Al
BCS 4 1y Simpson $ %% 43 il ¥4 il & 0.021 #1
0.029, X RN A EY )G, gt
BRI AR L7/ U

®2 TEWEMSHEMER

Table 2 Bacterial diversity indices of soils

SR Shannon Simpson Ace  Chaol Coverage
CK 4.87 0.014 576.82  575.50  0.999 067

S 4.61 0.021 576.04 56833  0.998 725
BCS 4.53 0.029 531.81 522.65 0.998 663

HIEHE W AE R AKE B A WL 3. 3 ANFEAS i AR 601 AR M BUE s, XA
XFFEERT 1% WEHATE T, /N 1% (W8 H 4 otherse CK 41 S 4 H Thiobacillus 1A XT3 B 43
R 0.02% F1 6.99%. Thiobacillus 2 A.HE 5= 4 &, il i F AL AN AR ALY AL KUY, Biife s 5 -
e + 3% Thiobacillus W) & 4 . Thiobacillus W Rt P R AW #, 1€ Thiobacillus WAER T, 3%
HR TS A BT RIS, Thiobacillus ‘& 4 1 B T WA W i V5 R RS R Y B BRI, il o 3
UUVEME F E A BB RO G v, B R AR B 3 (& D',

JEAT- A AR %

CK S BCS
SR

[ others

[ unclassified f Chitinophagaceae

[ Candidatus _Chloroploca

[ norank_f norank_o_SBR1031

I Pirellula

] Sporosarcina

[ Methylibium

B Pird_lineage

Il Pontibacter

[ unclassified f Rhizobiaceae

norank_f Caldilineaceae

I Ramlibacter

[ norank_f Anaerolineaceae

I Bacillus

B £1/in6067

B norank_f norank _o_norank_c_Actinobacteria
R norank f AKYGI1722

[ Streptomyces

[ Pseudonocardia

I Massilia
1 Gaiella
[ Skermanella
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Il Pscudomonas

[ norank_f norank_o_Planctomycetales
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I rorank_f norank_o_1013-28-CG33

[ norank_f norank_o_norank_c_KD4-96
I Sphingomonas

B Intrasporangium
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[ unclassified f Micrococcaceae

[ norank_f JG30-KF-CM45

L ]0LBI3
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0 Candidatus _Nitrocosmicus
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Fig.3 Taxonomic compositions of bacterial communities in soil at genus level
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BCS 4077, Thiobacillus WIAHXF KB T 13.33%, ST T 90.70%. A= ¥ 5% B 45 42
T BT 3 Thiobacillus W5 5 & BAE M o ARV A BRAE A 1Y LI BUEY) 5, L i AE Wi I 45
FgUsl 113k Fe, S BYLE W) IR EW5 1 S + 38D Thiobacillus AR YT 32 BE N 0.06% 34 10 2. 25.63% . %1
% fie % W BE + B8 (Y Thiobacillus I 42 i#f Hwg U, 0 A W) s 5 0 Mk 2 FLAS S, X
Thiobacillus BAG W& R£AEH . AR 6l ARE A Y i (K 2) RiOGH, BA KRS MmE5)%
EEIRFLBRSE ), RMEZEITR A K, Cads, SEMAYREWIEM . Wi, HFZEd R
Thiobacillus %5 T4 W 2 A R & 1) A A7 67 s B 00 1) 78 R 2R W I, A HF B BT BiiZ5 5+ 19 Thiobacillus 1)
wHE. WAk, Candidatus_Chloroploca /2 — i A AL 4N A", 76 CK 41 . S 411 BCS 21 AR X 4= i
5350 0.25% . 0.62% F1 1.28%. B J53 i Al A= ) o W 25 2 /&5 T 13 vh Candidatus_Chloroploca 14 #H X
FREE, FEI, HBTRAE S S LI AL R E A, AW AR BE TR E AR, T HOBR BT A A
W) iR XF Thiobacillus 1) & S A FH 8.3 .

Candidatus Nitrocosmicus /& T YE ML M H , H A A A bie HU'™, CK4 . S Ml BCS 4
Candidatus_Nitrocosmicus [ A XS 3= BE 53 5 K 3.34%, 1.00% #1 4.09%. . Pseudomonas 72 5 3% i 4k -1 48
S AH AL ", Pseudomonas X NH;-N, NO;-N FlINO;-N 2 B 0] 1k 5] 96.72% . 91.40% F1 97.14%,
CK 4 . S H BCS 4 Pseudomonas [ AIXS 3= BE 53 514 2.77%., 0.76% F1 0.39%. 33 i Ak 40 7
A AT = B B T 0 B I o o b ST A A R e IR R T s EUIE R A T B Y,
BRSO AR ) e BB A P AR AL AN B, B A0 R AR

CK @ ", Agromyces tHXF 3= B h 0.49%., S 21 F-BCS 4 1 Agromyces A % % B 43 51| 3 i &
1.39% 1 1.90%. CK 21" Skermanella WIFHXT 5 7 0.95%, S 21 A1 BCS 4+ Skermanella 1A YT 4 i
TN 1.43% F10.79%. Agromyces Fll Skermanella i M XT 3= FE Bl - 338 405 (0 U e J3 184 o v 3384 o =21,
IR S, IR AT AT S 8V WA BCS AT, $:30 Agromyces F Skermanella (¥
X EERE N

CK ', Sporosarcina X} = &~ 1.24%, S 21 H1 BCS 4" Sporosarcina i A0 %F = B2 43 5| B A
% 0.49% 1 0.61%. Sporosarcina e 75 SRR ES IR, 425 138 pH, FRAK 38 A= WA RS a2
S 2 A1 BCS 41 g vl ¥ A AT I (B 1), 5224 Sporosarcina FXT 3= BEREAI

- A W BE V& PCOA S B 25 2R WL I 4. . BCS
ATUEH, 3NMHEARMZHRET ARSI, "
X 15 oL R A= 4 okt SR B R W VR A5
S ALK o K IR Ak 35 1 A F PCoAL 1 A5 N,
PCoAl F AAdR B 73 ) 5E W B K, Al i B 69.8%
(78 S . PCoA2 Wik J7 22 73 il N 69.8% FI oal s
30.2%, APURBER TR 100%, XU, i 02 o1 0 ol 02
TR A= B ¢ VR) s T %o AR P = 398 440 B R % 45 F 1 2 PCoA1 (69.8%)

TR . 4 BHEYIEETE PCoA 4R
23 MRS TIEEEANIERNIE Fig. 4 PCoA analysis of microbial communities

1) 3% pH F1 Eh, 43 pH 284k WL 1] 5. CK ZHAL Bk AR5 K 2, pH AR RS . BC 411 pH M
7.83 M ZE 791, ¥iFEH 6 KI5, pH BWiFEIIFRFriaE . AR A S pH, REAS4E = 1+ 15
pH™, SZ I BCS A, L1 pHTE 0~9 d R FEALE , BEIUEFAW S I LG TRE, 60d/F
S ZH 1 BCS 41 i) pH 43 5l B AR 2 6.94 F1 6.64., Pb & +- 38 v ik mT %5 245 Rl AE W0 A7 35S #R 5 pH & UM
kB2 W R Erh IR AR L F AR . B AR AR Ak ) A R 2 T WG BN Y PoT R AR SE A

PCoA2 (30.2%)
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W R, PRI, pH AR IR S BRI AS Pb Y 8.0
b1 | P T 7 e = G SR i = W A 78
Thiobacillus 1 Candidatus_Chloroploca &% (I€13). 761
Thiobacillus XF B 5T i 1) %8 4k o #2 0 =X (DM, 741
b 5 2 R B 0 R ) AL, pH B 2 A C

W AT AR 3 Thiobacillus 16 +3E P 1) & 4, 3k
M4 # 7 BCS 21 B 1 48 Ak 5+ 3 pH i B
fi%, SRR AT, [, BREH
HWEA LA A SO, TR RUA TOKE) PbSO,, & 0 5 10 15 20 25 30 35 40 45 50 55 60
3 B 41 H1 BCS 41l A0S Pb A3 i (&1 1P, LR

iobacillus 5 ,_:E ?'E'_ i ﬁﬁti‘ :tfh H B
§%+1.50,41L,0 Thiobacill SOF 421" ) & Yo F A R ST 1% pH B1ER

7.0+

6.8

6.6

Fig. 5 Effect of biochar and sulfur on soil pH

+ 4 Eh E A AR B BE fy, 3 Eh 28k WL IA 6. CK 41 f% Eh £ & 1E 258~267 mV.,
BC 41 1Y Eh BT #25AK % 230 mV 5 B W FEAK, 60 d )5 FaiE 75220 mV., S 41 F1 BCS 411 Eh 7645 1 K
Iy AR ZE 180 Al 172 mV, ZJ5 Eh B it .+l if R A8 £ 8 LG A 45 & S,
+ 3¢ Eh ARG & 5 30 AR ALY B o1, (T IR SRS AR, MR AT AR N, Eh o] Sk e
T LB AL ) A BLES & A AR ] A AL AT B ™)+ 38 Eh BEAR S TH s S 30 | e 45

2 B0 TR 5 R, B R -

MBI, MR T 14 B, ST IR ol

JE 2T A D/ IR W] Y S B RO B N o B A v 300 |

%5 F Thiobacillus F1  Candidatus_Chloroploca's 270 1

Y. W BARE T Thiobacillus 1) T AR S £ ol

Thiobacillus it B, 19 4 1 {1 JHI 25 it i+ 4 Bh 7 !

s R, AR A AR YR R AL R AR, 180

4 Eh B9 SERRAR S Th i, JE SR AT 150 |

JEASET R D R AT AR AT UGS A A G 120 it

2) I FT-IROEIE /M. BCS AL+ e g

HIJE B & 58 A CK 4 4 48 21 41 O 3% 0L 1A 7, 6 WIS ETIN 1% Eh B9S2
1 626 cm™ Ab (1% W Wi 06 U4 @ T+ 18 A BIL s Y, Fig. 6 Effects of biochar and sulfur on soil Eh

+ RS 60.dJ5, BCS-60 H1 1626 cm™! Ab 1 i
WERTR , RGP, A VLS
ARG 2 TEAHOCUY, AR W i RN 1) VR IR
MR PR I, 1 T A AL A HT N 2.89%
BTN E 3.91%(1& 1), 1445 F1 875 cm™" 4k W AT i
5 J& T CO™ M K2 XF Bk A 4 Ik 3l i B3, X 1
CK 1/ BCS, + #5505 60 dJ5, BCS-60 H1ixX
2 Rb W e R, XU ] AR R R > .
grarmy R, PR AE Y R E AR T R 4000

1 A 1 1 1 J
3500 2000 1500 1000 500 0

+ % Thiobacillus(¥l 3), 1fii Thiobacillus & VX PeR/om™
CO, FICO; AR IR BB B SR AW, HAEMAR B 7 IiESCUGHAIE LTS i

AU A FH 1 Rt 338 pH FRAG, o 3 Al - 9 AR R Fig. 7 FT-IR spectra of soil during pot experiment
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AR Ar i, W R R S R T B Y POT R AR M I, S EURR VT AS P By HS (B DPTS 1150, 1090 il
660 cm™" Ab W T U6 I J& T SOZ M Wig i 24351, BCS-60 H1 SO Wi e ft 4 30 2 W A R B 9 Thiobacillus '
WA SO . SO 5 3 Po™ T8 Wi 1 PbSO,, 1 Ak 1 1 AT 48 Ak A5 A5 3 fin

3) HIEE AL, ERESEE 60d )5, 3 SOC. TN Al TP B it & 4 5 W48 3, CK 41
TN. SOC #l TP B A48 . BC 4119 TN F1 TP ¥ H CK JEA R AAS . SOC #4117 46.17%.
Vi & A B WA, WInAE Y nT LIS in 438G HLAR OO, BB B E N AT ik 4 SOC i Y
J, S 4 SOC YN T 5.50%. ZKF H i B it fe , T s A MRS I T 6.20%~14.23%"",
Thiobacillus U4 CO, 2% MBI, PR Al %S Thiobacillus &4, A% BE MR 0.02% 11 % 6.99% (& 3),
3% A BE S B -1 SOC M. 7E BCSZH, SOC 4 T 46.05%. s hn ik ALk By % RE % 45 w5 1 4%
SOC Jivit, T HEAHLBTREM e RE . 255 1 BRI - e i AR W A e, BT S8 AL 8 & = 0Y,
Ik, BC ZH A1 BCS 41 il S AL S 45 3 I3 N 1 27.34% 1 35.29%

®3 BLRET|FES

Table 3 Nutrient content of the soil

SCHGA TN/(g'kg™) SOC/(g-kg ™) TP/(g'kg™) C/N C/p
CK 1.132 19.371 1.05 17.11  18.45
BC 1.254 28315 1.15 2258  24.62

S 1.142 20.436 0.98 17.89  20.85
BCS 1.259 28.291 1.16 2247 2439

WnAEY s, BCALHI BCS 41 H TN 4353 T 10.78% F1 11.22%, 11 S il BR 5 i %o 4 198 5
R A K. BC 41 BCS 4P B 20 I In 7 9.529% 1 10.48%. =¥y o & A W, BES W I F1 2z
PEAEURIRE, RBASHE =y - HERE I Aok /D AU B R R,

3 Z5ip

1) H 5T B BE 5 15 5 1 1 135 Thiobacillus W& 48, JoRG B MAMIE Thiobacillus. A=W AR T 5
St A, [ A0 AR By R . Y Thiobacillus AR X B M 0.02% 541 2 13.33%., B FIAEY)
2 ELAT T AE W A A M Ak 20 A I A R R R s RIS R R AE

2) 6 BB RN AP e VR R, 4 R A 43 S AR A T 1) AR A SO TR AT I AR AR
DA B 1) A W A RO ) AT AR A A RN R S A . HYR A AR, RS TR R R 18 & W IRIRE, X
o TR, REBRESCR,

) WA MGG, +3E pH &AL, Eh SRR Wi, HEEAPLEIEIN T 46.17%, pH.
Eh. H LR LI Thiobacillus B WHEAE R A2 T H3E P AR &

& E
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Biochar promotes the regulation of fraction distribution of soil lead by sulfur-
induced indigenous Thiobacillus
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Abstract The promotion of exotic Thiobacillus on phytoremediation has attracted in recent years, however,
the mobilization mechanism of Thiobacillus on soil lead is still unclear. The mechanism of sulfur and biochar on
the induction of indigenous Thiobacillus and the distribution of soil lead content were studied through soil
culture experiments. The relative abundance of Thiobacillus in soil was increased from 0.02% to 6.99%, which
was inducted by sulfur in soil. The induction'was promoted by biochar. The relative abundance of Thiobacillus
was increased to 13.33% with biochar addition. With a 3% (mass fraction) of biochar and 0.5% (mass fraction)
of sulfur addition in a 60 d pot experiment, the soil pH was decreased from 7.83 to 6.64. The soil Eh was
decreased to 230 mV - directly at the beginning of experiment, and increased to 299 mV after 60 d. The soil
organic carbon was increased from 19.40 g-kg' to 28.29 gkg'. 20.13% of reducible Pb species was
transformed to acid extractable; oxidizable and residual Pb species, which was increased by 53.76%, 35.29% and
69.40%, respectively. The combined of biochar and sulfur can promote the bioavailability, and immobilize Pb in
soil at same time. This study can provide an approach for regulating the Pb bio-availability for phytoremediation
of Pb-contaminated soil

Keywords Pb-contaminated soil; Thiobacillus; biochar; form of heavy metal; bioavailability
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