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W OE: RISV TR EEX T R TG YR BT R RRIIBE AR . 13 pH. ARGEE . ARSI
AEIRER AR . S5 R BN 38 pH RERT ARG FH i ARG 0 T R R, A G ER AU BC  e BE B) RN FH 3 i i
BN, 7E 360 g/m’ BALFE T, PO KM B AR 70.9 mg/kg, BAMEHIGIE(38.3 me/kg) i 85.1%, #HE HHE4 Bk
RN 19.4%, ZXTHR(10.5%) 1.85 %, HEmmAb® 150 d J5, 133 Thiomonas 1 Rhodanobacter 2l AHXT =F 1 i & 5 T g6 a1 45
FDT HEAL R, AIRIOZE SRR, b - Bt N e R A A (AT 8 2 AR T e R AR A Rk, nTE Ry S A AESC
DIRERAEY), WA A B AR
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Sulfur Assisted Cadmium Phytoextraction by Sedum Plumbizincicola and Its Effect on

Microbial Community in Neutral Paddy Soil

WU Guangmei' 2, WANG Qingling', HU Pengjie', YANG Yuying', DONG Bei', ZHANG Xumei®, SHEN Wenzhong?,

WU Longhua' ", LUO Yongming'

(1 Key Laboratory of Soil Environment and Pollution Remediation, National Engineering Laboratory of Soil Pollution Control
and Remediation Technologies, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China; 2 University of
Chinese Academy of Sciences, Beijing 100049, China; 3 Taicang Agricultural Technology Extension Center, Taicang, Jiangsu
215400, China)

Abstract: A field plot experiments was conducted to investigate the effects of sulfur(S) application on cadmium(Cd)
phytoextraction by Sedum plumbizincicola, soil properties and microbial community in neutral paddy soil. The results showed
that soil pH decreased while available Cd and available S increased with time and S dosages. The treatment of S at 360 g/m’
obtained Cd concentration of 70.9 mg/kg in shoots, which was enhanced by 85.1% compared to the control group (38.3 mg/kg).
The removal rate of total Cd from surface soil was 19.4%, which was 1.85 times as high as that of the control group (10.5%). The
relative abundance of Thiomonas and Rhodanobacter in soil treated with 360 g/m® S at 150 day were significantly higher than
those of natural and control groups. This study shows that adding appropriate amount of S to neutral soil can not only
significantly improve Cd bioavailability in soil, but also enhance the efficiencies of phytoremediation by regulating the functional
microorganisms related to S metabolism.

Key words: Sulfur; Cadmium; Sedum plumbizincicola; Phytoremediation; Microorganisms
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plumbizincicola) J&: 76 W T - Y EE 0 X & BRI — Fh 5
AR B, X e A AR R A W R T .
PR S5 R XL - 558 P R Y 25 R SR 0 3 s T P
PEAHEC s SR R A R A DS Rk,
fur g a rh B - e R R A R B ST 1
S v R 4 R A IR B S R Y E R AR

SR YE R BRI ARV DL R 255
it , Forb Abae s A 5 R 1) 75 e g A ik 2E ik
AL B L E 4 R B sh A sET S ANtk
2Aa R I 5 R %) T Y IAURS: A B xof 4 3 Ak e o
HASFI s M BRI T FLSEPR o AR, BT R TETS
Yo+ T 4 SR S AL L R A Y R A )
TE T WZ RNz E A AR, RN
TEIBRE 7, TEAF AR T A LR R £, Bl
H, FARHE pH, 38004565 00 4= A skl
A W T AR M e AR A e AR K
NI B B i AR — A DGR AE AR, B SRR )
BET5 1) 22 FE M R 25 K 0 S R85 25 A i A2 ke R R

L, AR WA AR LA AR TR Ik, ASEFSY
L L TR0 8 5 e P PEA TH 8, O J T ) IXC 3K
5, TR AR BRI e SR R e 2
RORBYFENE , IARTERAC I LR P A= 288000,
Fh PR S S A B e e SR AR B AR

1 HREH%®

1.1 ikt EnEY

PR A3 VA AR AR AR T A 0 Rk
L0~ 15 em RZ BHEXCT . o6, HoaHTEN,
o T HRABEME R (R HRYIE , e rks%
(BT ) M A A Tl A ph B T
H A T H BN £, pH 6.85, Syt 44l
e 1.33 mg/kg, il GB15618—2018 it
P, kY s Sk, SRR FE Y, T
ER B ot IR T A K =R R, K
4 I EEER NS KRB RIFLHEBER
2 H[E

F1 X HIEMEAMR

Table 1 Physicochemical properties of tested soils

pH  &f(mgkg) HPLF(g/ke) BfFER(mgke) HRWi(mgke) HWakHI(mg/ke) HRBi(mgke) Himeke) Fikidi(gke)

6.85 1.33 543 127 71.1

156 35.1 0.02 114

1.2 HERE

M RIS TE RIS ek i 7. etz o,
180, 360, 720 g/m’ PUABRAE AL B, AEARBREE S 3 K,
FEHLHES] . B IX 3 m?(K 2 m. 9% 1.5 m), /pIX
[B]FF 40 cm 55 . 20 em IRAGZKIE o HEECHRAE R 23 Hr 4t
TR O w1 21 o £ = o W W GO 1 e b L 1T
SRIG Z UGB 5HF2 £ RS . T 20184F 1 A
| HEBRRAEW 5 R4, 7. BREEXN 15 cm. FEAE
Jit FH A E 15-15-15 AR A AR 600 kg/hm?®, J5 IR
IBAEREE, ZefaEad AN THkBR. R8T 2018 4F 5
H 30 HYIR
1.3 H#FmEAESNE

T BERE S ST AE AR SR R FE S Y 0. 40, 90,
150 d REE, 7£ 150 d BRI RAE 1 AN 4 B
Jitih - ENS) . AN e B /N AR TE L 5
N0~ 15cm #2133, REWS), THHERTEHE,
WA RFJE I 10 HAI 100 HJE Jefi, e 34k
PR B At s BB T-80°CUKAIRAE, T T3
A= B BORN i d S PP o3 i . RIEARURSR I pH 7
10.01 mol/L CaCL#Z i Lt R 1 = 10 Y LK LR 4R,
A R 0.008 mol/L Ca(H,PO,), H,0 i fi

Fek 1010 £ HRERY, BB sesm e
ok A S R W0k 4 O Ot B 3t (Varian
SpectrAA220Z)M % , - SEAT R & 1R H 4 0O
it (Metash Spectr UV-5800)I5E .

G2IS-PN AN CINERIE & F -
JK¥EH, 105 CAF 30 min, 70 CHLT 48 h, FRE,
e, HNOs-HO,(IRFL 12 1)iHfk, SR KIAERT
WK oG T (Varian SpectrAA220FS)IN 5 by |38
o M BT P EGR Y DRt IR T E S pn i
ST . GBWI10048)HHAT R H . Sty
JoT I 2 235 SR TE A B L
1.4 TEMEYNF

e RS 90 d At AN it 5 A B 360 g/m” Ab 3
48, 150 d BFAYA R A 4R T AE(NS) . ANt Ak
P+ SRR 360 g/m? KbFH 4 SFEHEF TR0 AE Ml i AR
P& E.ZN.A.® soil 5] £(Omega Bio-tek, Norcross,
GA, U.S)ULHIH 17 4 DNA Hili52, DNA He i Fiaf
FEF FH NanoDrop2000 #4741, FIH 1% IEhetise
JBE L kK DNA $2 U5 i 5 4] 515F (5'-GTGCCAGC
MGCCGCGG-3")Hl 907R (5'-CCGTCAATTCMTTTR
AGTTT-3")5 1%} V4 i X 1T PCR 3, § 3478
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JEH: 95 CHIZASE 3 min, 27 MEFRO5 °C 484 30,
55 C Bk 30s, 72 'C ZEfH455), fJa 72 CHEfH
10 min(PCR {¥: ABI GeneAmp® 9700 %), 4 {4k %
720 pl, 4 ul 5xFastPfu ZZ0&, 2 ul 2.5 mmol/L
dNTPs, 0.8 ul 1EJZ [7] 54 (% 5 pmol/L), 0.4 ul FastPfu
KA, 0.2 pl BSACFIMEE); 10 ng DNA b,
ddH,O #ME 2 20 pl. BAFEM 3 NEE, K F—F
i PCR PEWNRA TG 2% B e e Rl PCR 7=
Y, $RJ5 44k, FIH Nlumina 23w B9 Miseq PE300 F-
AT (2 AW E AR IR AR

JE LG FE R 8 ] Trimmomatic X e 31 #E4T 5t
PR, SR 50 bp BUTT I, A0SRET 10 P A2
HALT 20, WA OAmsei &M LG A 7o, 2
JEFERRFEEERKEMRT 50 bp MIFH. SR
FLASH #AF AT DR . PFERT overlap Z 0] I KA
BER K 0.2, KIEFART 10 bp, R ITIEPHERF5 ;
HRAE P31 B Wi v Y barcode F1 5 | M6 7 53540 2 5
A, 1 EIEREEE . (7] UPARSE %} (version
7.1 http://driveS.com/uparse/) , HR4E 97% FAAHALLEE XF
JPFNETT OTU B2, IFAERAN S h LBR 75
FR-E1K K| F RDP classifier (http://rdp.cme.msu.edu/)
XS P AN AT RN A 2R, LR Silva $dE
(SSU128), BEE HXTFIE R 70%., i id T H3E 44~ b i
T BUE 12T & P80 |5 BT ZERE i BT 51 Lo B, 75
F 4 TR B AT A B B 2 I SRR L 1) 20
. H Mothur THHUE PIRE I 9 Z2 BEPE RN BE AR AL
(Chao, Ace, InvSimpson #§%{, Shannon #§%0)F14%

ANRE S PR S5 A8 22 8] 1Y) EGAEE o 3 ek = AR bRl 43
Hr(PCoA), F|H Bray-Curtis [ 25 %5 B4 [#) B A i (1] 4%
TRTEVR Y 22 52 o
1.5 #HEFZITHW

ARICA AR 3 KEZNPIE + bRz,
RIS TS50 % 1 Excel 2016 F1 SPSS 19.0 #4647
SYHT, AS[EIAD S E] 22 SR BT R A LSD kit T2
Feoks, @EMKFE N P<0.05,

2 HBREHSH

A EFHAEX L1 pH, BRSRINFAI M
ME 1A WJLUE Y, fERE #1710 0 ~ 150 d, BR
X FEAL iR 0 g/m®)Fb, -HE pH ¥R A 57 5 A
A B] AR S AN T % 76 150 d B, S0 BRALBEAR EE
180, 360, 720 g/m” BilfAbHE Y 11 pH SR AK T
1.85. 2.11 F112.89 /N¥Afii, Hififiab B 39 pH 7 F 1%
FXTIRE 1A). Bk, w5 s AE e
RS T8 pH, 1 pH (YRR -5 Bk 7] 2 it
A 56, A6 B o M AR A b HH(720 g/m®) -+
1% pH R LITE 150 d WM 6.85 F&AEF 3.69, e KR
KF) 3.16 N FEIRIRIEATAY 0 ~ 40 d, 3 pH
TLFEE 6.40 ~ 6.85, T FRIREEWG /1N, 33X 55 HH OG5 Hip
30 d P -3 pH W R FEARAILE AR, 2R h
ARIGIIHT 30 d BLAHFEY, BIMNREM, MED
MR, A DABRAS S % . 76 0~ 90 d T i
fitfi b # + 3 pH YL B 5.53 ~ 6.85, A&k AEFIRM
RS A0 £ S K A KL

21

—=—(0g/m’ —— 180 gm’ —4—360g/m’ —— 720g/m’
(A) el ® Lor (o
— 05} 0.8
3 09 g +
o g4l B)
g 04 = 06T
i 0.3t &
& ISEE
B 02} =
S e
< 0.1+ 0.2
0.0 ’
- - - ) : - - - ; 0.0
0 40 80 120 160 0 40 80 120 160
TR E] (d)
1 AEFRAETIEEHRAT K

Fig. 1 Changes of soil properties under different S treatments

5%t BRAR AR LY, A A B A A U R AE 0 ~
90 d % A7 .24k (F 1B), 1H7E 90 ~ 150 d i+ 3584
S5 B B AL P (R R FH B2 ) B 3 . 7F 150 d
I, JAR 180, 360, 720 g/m? ZbBH, 3G RSE&

3513k 0.19, 0.31, 0.53 mg/kg, ¥EFE T,
miehf +3% pH JLEE 3.69 ~ 4.73, BEMLTXE
(6.58), TIEAMUGR SRS T pH MR E A,

HHAWMF AR, R & AR 90 ~ 150 d
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BF 8 25 4 R, A R TR S R M X e ) I i
ME,

BRASAE A SR P A T B b AR SRR AR
B AR SR K 1C TRLE L, AR S
gt i 25 A o T FR R P i () G T i . ARG
40 d B, BALAE A B 3T OB B R RO R 2 R
A FH R R (720 g/m?)Ab B e S50 & IR
40 d #1150 d BH43 503k 0.31 g/kg F10.74 g/kg, 35
SEXTRRAY 7.0 A5 A0 15.0 A% o T A it b 2 -+ 1 A%
THTE 90 ~ 150 d 5 s, H BFHEER, &
W B At S Ak AR AT e A T L AR T B R, i th 5 4
pH 7EIX—BF BN N RRIRBE R — GG . 5 1
A FH A58 385 B 14 7K 43 e B 4% R B8 A A W i A=
KB, e TR S b . T UL, B T
JFRE ) AR B A ZE , 3498 pH 3B HT N %, A3
BRI AR 5 WS T T
2.2 ANEFRSEIET S RAEKTNH_E AR R

oA

PER§ERAE 3 pH 4.5 ~ 8.5 (75 Bl N RE R
KO (H2Y 3% pH admiy, R A WA AR,
SRR SRR AR, Y 3% pH IR, SRR
PER AR TR R KA K. % 2 Bl E
IR, ASACHR A PR R BT G A A
(ER=Sun=aiiE TR TP Uss B 2 N =N i
i, MRS SR BB 0% . TEAE 5 R IOGR
i, 360 g/m” fififiAb B+ A R & 1R 0.31 me/ke,
PR K T R R 653 g/m®, Hb LS Cd A
Wi, N 709 mgkg, EXME(38.3 mg/kg)ll 1.85
£, [RIPAE 5 2805 B 125 (19.4%) , S %R (10.5%) Y 1.85
£ 5 1M1 720 g/m’ kAL P -+ A 3R S iR 0.53 me/kg,
PER SR BT N 530 g/m?, M B3 Cd
oA 51.4 mg/kgo X 16 A I RS 0 B AR A 7 R
SN S Kl 3 A A AR K
ARE,, HA A AR AL B RE 25 Ak LA
SRBERCRRIMER, i m B AR SR A T AR s
FEARPED S R E A%
2.3 TRREX T IEMAE BRI
2.3.1  fRAEYIREE S R Z R S BT EN I
Wik B R HCR R B AL FEL(360 g/m”), it iR Ab
HI(0 g/m®) K SRS 5 L EONS) A Tk M b
Fed. PCoA ZMHT2 SRR B, WS IBLAH b -5 X} ik
P - S W REVRAEIR TR 90 d IPERAETE i, H2Y
IRIGHT A ) 150 d B, B Ak B X B Ak B 1980
EYREE M B 5 (E 2) ZREME BT A AL 25

F2 ARBLEMET ERERKFBREUAR TIEEE
PReEA
Table 2 Biomass and Cd accumulation by S. plumbizincicola shoots
and soil Cd removal rates under different S treatments

BiALEE M EE YRR M EEmAE R AGRE
(g/m?’) (g/m?’) (mg/kg) (%)
0 662+83a 383+4.5¢ 105+ 0.5 ¢
180 727+155a  49.7+£93bc  147+1.0b
360 653+74a 709+6.8a 194+38a
720 530+ 582 514+2.6b 114+ 1.8 be

e FFNEER G A /NG FRER R AR 25 5355 P<0.05
WEAKT, TERRE. 1 Cd EBR#E= MXC)/(C:X10°), M
PR K BT YA (g/m?); G AP R R M B
(mg/kg); Cy ARV IKHHZE 13 Cd 172394 mg), MiReR
(1.33 mg/kg) X HHEELRE (15 cm) X 51 (1.2 g/em®) X THFL(10000 cm?),

o NS
0.15F & 4 0 g/m-90d

< 0.10pat + 360 g/m*90 d
% 005} * e 0 g/m*150d
S | B + 360 gm>150d
< 0.00p---- e
S ¢ *
©-0.05} %,

~0.10} &

L]

I ] 1 1 L 1 L L
0.1 00 01 02 03 04 05 06
PCOA (45.89%)

B2 BHLETIRPHEMEEE 97% KTLEH
OTUs £F Bray-Curtis ZEE%E[EH) PCoA 47

Fig.2 Bacterial 16S rRNA communities under different S

treatments using PCoA based on Bray-Curtis distance matrix

e, MR BAREIENS)M L, AR FES
FEFE %L Chao Fil Ace S ZFE M InvSimpson F1 Shannon
TR, FEGEALEE 90 d BTGB AR L (HATA AL R
150 d J&, B E R 20 R B R R
(P<0.05)( 3). X 48 B G 15 W] A7 sk 46 IR TR] B X ok
HEYIRETR G50 B Z2 FE RS B K, 33 AT g 2 R R Bl
i A A B A RE G, I Y B A A SRR A
Ok, FrRlE I pH, T REHMAEYAK
B pH B R 22 PY, JF EAE A FE st s A K
DLt B ARt I o T] R S G , 4-398 pH ST 1 [
ANIE E I A Y 2B T, A e
YIRETE 25 S Z e RS o 534h, T by
AP E SRR A B R, 5 5t
WA DG A P s B AR K, T sa 4 ie ) 25 B¢
AT ) R R VR UK, 3K A e R SRR A P s 0
TUUEE WA i o B 1 3 IO PR R

2.3.2 THCEVIRETE AL SRR AR A B o b i
Tt — A R A BT, e RE LA Y A A 280
i3 pHP ., - 38 P B A A SR S 2B P A4
BT BRI AE SRR A S P2 B 3 nTLUE
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H, 150 d BiREALHE(360 g/m®)+ AR TE ]
(Proteocbacteria) lbAE 45 (46%), [FIRFTEASIE T H
o 2 ZFhERA A G 4P (R 4). Hoh i S L iE
J& (Sulfurifustis sp.)J& T V&R ALK GLAT I/ H
(Acidiferrobacterales). A i 5% & W IZ #7184 K F v
AT LU A PR SRR AR A G R R AR 15 i 1, O HOH e
iﬁﬁfﬁﬁﬁ424sc1ﬁzﬁﬁi%pHﬁ68

8.2, Mk, HARBRAR AT HARME T 72 R,
@E 150 d I AU pH AT BEIN R 11w & A i Ak
K, TS B AL B 3 Sulfurifustis sp 8% H %

ST I B HAh, BRSH R & (Thiomonas sp.)
JE ] LLBE GRS AT AC R B SR A R B R LA SR A i 1
T ETTHUE FRAE R MEY, JF B HZOR 458 pH
J2.7~68, HEH35~50 C, {Higfk+1% pH K 4
ZEAPON SO AL R TE 150 d Bifif b HE (360 g/m?)
TR S R DS T AR L IE(NS) AT B A 2
e, S BUEMAED 1107 £58 107 5. X TR ER
P BR AR AL R 13 pH g 4.47, HTCEYHRME T —

SRERTE R 78 2 AR KRBT . [RIRE R R R S 800]
FALBRARBRIRER MR I HAE 3 pH b 2 5% T

R3 AEESFOBHMEDEE D H1EIRE

Table 3 Richness and diversities of 16s rRNA gene sequences at different time under different S treatments

] (d) TRAL B (g/m?) Chao Ace InvSimpson 484X Shannon 5 %%
NS 3835+117a 3854+73a 320+ 51 a 6.84+0.07 a
150 0 3891+104a 3921+51a 277 £ 54 a 6.80+0.08 a
360 3330+320b 3373+285b 86 +£103b 574+0.79b
90 0 3873+ 1482 3868+ 151a 273+48a 6.80+0.14 2
360 3885+ 146a 3931+181a 277+ 19 a 6.88£0.05a
I Proteobacteria
M Chloroflexi
NS l I I M Acidobacteria
Actinobacteria
M Nitrospirae
J Firmicutes
. ] llg,lactermdetes
2 anctomycetes
oemso o || I o ...
M Gemmatimonadetes
b I Latescibacteria
Ignavibacteriae
B Chlorobi
] B Armatimonadetes
. "\l“/ectomlcrobu})
5 errucomicrobia
oswrsoo | I = {5
RBG-1__Zixibacteria_
] SBR1093
- Elusmlcrobla
minicenantes
60 gn'-150d III [ — = o
Flbrobacteres
1 - G
0.2 ()4 0.8 1.0 = %/Ilgroggnomates
eferribacteres
A Eﬁ$fh I others
3 BB TIEPAREIIENEEMLE
Fig. 3 Bacterial communities at phylum level under different S treatments
*4 ESWMUBRMENHAEESROUT, %)
Table 4 Differences in sulfur oxidizing bacteria between different S treatments
] (d) HiAL B (g/m?) Sulfurifustis Thiomonas Rhodanobacter
NS 1.617 £0.695 a 0.003 £ 0.003 b 0.120+0.020 b
150 0 0.971 +0.206 a 0.031+0.025b 0.423+£0.309 b
360 0.743+£0.311 a 3321+1.120a 18.435+6.760 a
90 0 1.174£0.777 a nd 0.138 £ 0.010 b
360 1.219+0.546 a nd 0.196 = 0.048 b

TE: nd FoRARKH
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WAELE K (192 PHEAT B (Rhodanobacter sp.)P>?1H4
AR RS, BDHERAE 150 d Grfsibs 15
T 2 = T IO AL B, S AR - HERT IR AL
PR 153 A5 44 % X PRI TR S niE
T AL, BEMR T 3% pH, 25 1 IR A
YA, SRR AR TR S R SR A M
[, BRAE AL B A X PR R A PR 4R A4 1 7 e Y
e AE BT SR, AR T RS S DL
ESERUH, e RS AR A AN AT DU i O -
HEARPERT, i A T R S A AR DGR Zh
REfAEY, $ewm HIEERE YA RE, ISR AAT P
P Jm

3 ZEig

it P A A P A T G - pHLL BN () A= )
AR, SR ST R R AE R AR . A A
A 6 4 360 g/m’, AT 5 K M R A iRy 70.9
mg/kg, #ZELEREEBERTR 19.4%, EXTR
(10.5%)1Y 1.85 1% . Bfisiib 3k + 3 A= P44t 79
TR PEFR ) 78 2 1Y A KRBT, Bl A AL J5 11 (150 d),
S5#ACI A C R ZIBEAN S Thiomonas 1 Rhodano-
bacter i W E =T HARFIX IR - 48, RIS E6
B VAS I 4 v vk - SRR T AT R U 2 AR Y
A R
5% Uk -
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