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Effects of two flooding methods on bio—available Cd—Pb—Zn contents of contaminated paddy soil and bacteria
community in rice rhizosphere

LI Hai-long', LI Xiang—zhen'?, NIE San—an', LI Yun—yun', ZHENG Chao-yuan', WANG Guo"

(1. College of Resources and Environment, Fujian Provincial Key Laboratory of Soil Environmental Health and Regulation, Fujian Agricul-
ture and Forestry University, Fuzhou 350002, China; 2. Key Laboratory of Environmental and Applied Microbiology, Chengdu Institute of
Biology, Chinese Academy of Sciences, Chengdu 610041, China)

Abstract: In this study, to identified the respond of bacteria community in rice rhizosphere under two water regimes on the Cd-=Pb—Zn con-
taminated paddy soil. Investigating bacteria community component and diversity in rice rhizosphere under continuous flooding (CF) and in-
termittent flooding (IF) designed, by high—through sequences technology, at tillering and ripening stage of rice, respectively. From results of
this study, flooding regimes could significant impact on bio—available N, P, Cd, Pb, Zn, Ni contents in soil. At rice tillering stage, bio—avail-

able Cd, Pb, Zn, Ni contents in CF treatment were significant higher than IF treatment, while bio—available Cd, Pb, Zn contents in CF treat-
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ment were significant lower than IF treatment. In addition, bio—available N content in CF plots was significant higher than IF plots at tiller-

ing stage, but bio—available P content in IF plots was significant higher than CF plots at two growth stages. In addition, the effects of flood-
ing regime on a diversity primary performed at rice tillering stage, which due to reaction of flooding conditions and soil chemical characters.
Furthermore, through investigated the change of bacteria abundance and structure, we observed that flooding regime could impact on bacte-
ria structure significantly at two growth stages. At tillering stage, relative abundance of Enterobacteriaceae and Moraxellaceae under CF
plots are higher than IF plots, which shown strongly correlation with bio—available Zn, Ni, Pb contents, while abundance of Planococcaceae
under IF plots were higher than CF plots, which may due to bioavailable phosphorus contents. When the rice repining stage, abundance of
Geobacteraceae and Myxococcaceae under CF plots were higher than IF plots, and Geobacteraceae community shown negative correlation
with bioavailable phosphorus contents in soil. In present study, we use molecular biology Techniques to understand the linkage reaction of

bacteria community and available ions contents in paddy soil by different flooding regime, and find soil ions contents, affecting by flooding

management, would be key factor to impact on bacteria community change.

Keywords: continuous flooding; intermittent flooding; complex contaminated, growth stage, rhizosphere, bacteria community
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Table 1 physical and chemical properties of the soil

- BB 1/ % )R it/ mg kg
p - " -

bR ki A AE ] g B
5.44 48.64 44.56 6.80 2189:14.06 6.68+0.08 1699+20.26 22.88+0.67

T Ferh LT 4 S N PR AR DR =3

Noted : the values of table is means+SE , n=3.
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Table 2 Effects of flooding regime on « diversity of bacteria

. Sy A
o LK Ak LK T AcH
Shannon 154 9.44+0.10ab 8.88+0.34b 10.03+0.10a 9.96+0.17ab
Chaol #% 6 348.75+261.99a 5639.51£59.07b 6 158.09+228.37ab 6 081.66+157.68ab
OTU 5%k 3093.67+100.38ab 2 899.00+130.59h 3209.00+£67.01ab 3272.00+85.56a

T R BRI P I AR HED ; 7] — AT AN ) 55 B3R T wukey TARRBRINS 5% /KT 1922 5 .35, n=3 .

Noted : the values of table are means+SE , different letters represent the existence of significant difference at P<0.05 through tukey test,n=3.
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Figure 1 Effects of flooding regime on bacteria community structure at rice tillering and repining stage through Principal Component Analysis
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Table 3 Effects of flooding regime on bacteria community relative (%) abundance at pylum taxa level

14N E Sy e JEA

Pylum LRSI AR PERSRIYIN T
Proteobacteria 55.69+0.47a 33.28+1.64¢ 42.65+4.89b 33.76+1.62¢
Chloroflexi 8.00+1.23b 8.83+2.40b 19.08+1.26a 20.61+2.34a
Firmicutes 5.82+0.65b 18.26+5.48a 7.01+2.77b 4.05+2.24b
Acidobacteria 8.13x1.62a 6.13+0.44a 8.27+0.64a 6.88+0.18a
Crenarchaeota 4.52+0.54a 6.34+0.88a 1.66+0.99a 9.94+6.42a
Actinobacteria 4.24+0.62a 5.85+1.30a 3.39+0.34a 8.63+2.74a
Bacteroidetes 3.41+1.03a 3.74+1.03a 3.88+0.68a 3.23+0.36a
Cyanobacteria 3.45+0.10a 8.81+5.47a 2.42+0.75a 1.59+0.31a
Gemmatimonadetes 1.92+0.22ab 2.32+0.28a 1.47+0.27b 2.46+0.16a
Euryarchaeota 0.07+0.01a 0.05+0.01a 3.61+1.58a 2.42+2.33a
Planctomycetes 1.66+1.12a 0.71+0.21a 0.94+0.19a 0.90+0.10a
™7 0.37+0.19a 2.31+1.35a 0.24+0.10a 0.89+0.46a
Verrucomicrobia 0.35+0.04a 0.49+0.14a 0.44+0.08a 0.58+0.04a
Parvarchaeota 0.05+0.01a 0.05+0.03a 0.74+0.54a 0.53+0.53a
Chlorobi 0.17+0.05b 0.12+0.02b 0.67+0.18a 0.24+0.12b
Others 2.15+0.14a 2.70+0.85a 3.52+0.40a 3.28+0.44a

T R AP R N B R E DR s [ — A TSR 78 wkey SRR BRI 59% KV 1922 53 B35 n=3

Noted: The values of table are means+SE, different letters represent the existence of significant difference at P<0.05 through tukey test,n=3.
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Figure 2 Effects of flooding regime on bacteria community relative (%) abundance at class taxa level

N &R AN 3 . IR KRG 43 B2 1138 J2: A2
W1 ,TF b EE S BN T AT AP A (P<
0.05), FIERIN PAS], U 34 50 S 1Y & i
ER T B (P<0.05) , TP FUK M S HEEAT B 5
M) - A R0 S Y i

AHFFE CaClLIR R A HE 4 )8 S AR L &
SIBIA R, KB CaCl IR R T 48 &
B KR KA IR KA e . B 7Rk AR 4
BEHAA CFAH EL , TR Ab PR 3 BRI T CaCli2 3219 Cd.

Pb.Zn Ni [ & (P<0.05) . 17823, A1 CF &b P
AR EE, TF A0 #R00] 5 2238 /i1 T CaCl, 32 #2/49 Cd ,Pb Fl Zn
M5t HeAh, Bt CF AR &, B8 Cd . Pb . Zn Ni
(A RO S AR T4 BB (P<0.05) . 1T TF Zb 3L, Cd |
Pb.Zn Ni A RCHETE KRG A KA R B A 3 A i A
k.o
2.4 WEEEMTEBAMRMEXXR

LR oSS BT AR B A A B R S
AR A A AR S 43T, 45 S U0 4 BT /R, Geobacterace-



1462 YRIEIRC ity 375578
Deltaproteobacteria
lar Ay BERH B Myxococcaceae lar JEHA B Myxococcaceae
12+ @ Geobacteraceae 12+ [E Geobacteraceae
10k O Desulfovibronaceae " EDesulfovibronaceae
N B Haliangiaceae . M Haliangiaceae
% 8 B Syntrophobacteraceae 4;\2 8r W Syntrophobacteraceae
M Pol iaceae W Polyangiaceae
= 6 olyangiaceae i“i’ 6F yang
g = 4t
=
2 ok
0 0
CF-1 CF-2 CF-3 [IF-1 IF-2 1F-3 CF-1 CF-2 CF-3 [IF-1 1F-2 1F-3
. Gammaproteobacteria
SrEER M Enterobacteriaceae A M Enterobacteriaceae
B Moraxellaceae B Moraxellaceae
< 6 @ Sinobacteraceae < 6 @ Sinobacteraceae
ﬁl:b( B Xanthomonadaceae @ Il Xanthomonadaceae
#H o4 o4t
= =
= =
z EZ
2 2
. N — -
CF-1 CF-2 CF-3 [1IF-1 1F-2 IF-3 CF-1 CF-2 CF-3 1IF-1 [IF-2 1F-3
30+~ Bacilli 20
B Planococcaceae Y BER ) B Planococcaceae JiE:8i|
25+ EAlicyclobacillaceae @ Alicyclobacillaceae
< M Bacillaceae 1.5+ M Bacillaceae
{::b( 20+ WPaenibacillaceae < M Paenibacillaceae
oISt 1.0
= 1
E 1ot '
£ o5f
51
0
CF-1 CF-2 CF-3 [IF-1 IF-2 1F-3 CF-1 CF-2 CF-3 [IF-1 IF-2 1F-3
Acidobacteriia
4r . - 4r -
B Koribacteraceae BE M Koribacteraceae SN
M Acidobacteriaceae M Acidobacteriaceae
3F 3+
N I
= =
# o 2F 42t
= =
= Z
1F 1r
0 0
CF-1 CF-2 CF-3 [1IF-1 1F-2 IF-3 CF-1 CF-2 CF-3 1IF- 1F-2
Gemmatimonadetes
[ BENin5301 SYEEM [ W Elin5301 TR
B Gemmatimonadaceae B Gemmatimonadaceae
s s
i il
Woar ot
P =
= Jomed
m =
oL mm I O B e
CF-1 CF-2 CF-3 [IF-1 IF-2 1F-3 CF-1 CF-2 CF-3 [IF-1
Pl v CF /R 3 Sl /K Aok, TF F0R T A8 R BT 2R [R] — AL B = AP AT

CF means continous flooding plots; IF means intermittent flooding plots, number means three replication

B3 REKSFHTHAERFER DL BTT(%) BN FENEM

Figure 3 Bacteria community structure at family taxa level (%) under different soil moisture
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Figure 4 Effects of flooding regime on soil physical and chemical properties at rice two growth stages
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Table 4 Correlation analysis between bacteria relative abundance and soil physiochemical properties

- L HERIALE T |
pH N p S Cd Pb Zn Ni
Myxococcaceae 0.362 -0.330 -0.463 0.124 -0.328 -0.235 -0.277 -0.180
Geobacteraceae 0.377 -0.389 -0.630* 0.266 -0.425 -0.338 -0.383 -0.230
Desulfovibrionaceae 0.135 0.416 -0.381 -0.062 0.242 0.270 0.193 0.261
Enterobacteriaceae -0.825%* 0.658* -0.109 -0.458 0.870%* 0.896%* 0.925%* 0.9027%*
Moraxellaceae =0.720%* 0.790%* -0.199 -0.337 0.887%* 0.909%* 0.889%* 0.949*
Planococcaceae -0.327 -0.205 0.593* 0.116 -0.098 -0.176 -0.125 -0.242
Acidobacteriaceae 0.336 0.251 0.428 0.162 -0.060 -0.129 -0.154 -0.265
Koribacteraceae -0.076 -0.526 -0.461 0.324 -0.332 -0.245 -0.263 -0.159
Gemmatimonadaceae 0.124 -0.219 -0.900%* 0.181 -0.207 -0.068 -0.140 0.051

W FE BB I AR SR 2B, *3R P<0.05 KOE i 2+ 38R P<0.01 K |2

Noted: The values of table are correlation coefficient, the * marked means significant correlation at P<0.05; The ** marked means significant correlation

at P<0.01,n=12.

M pH 5L 3 GO SR, A ON B B
TEAHSRME

3 itig

AW FE KB, K448 PR A S BRAR o %) 55 i)
o KR BEWN oK AP+ A R A AR
(0.01 mol + L™ CaCl, {242 ) B & & F TR 28 &5 b #1 , 3
PSRBT R B, LA O & S A AL
Cd (r=-0.700,P<0.05) ,Pb(r=—0.600, P=0.051) .Zn(r=
-0.827, P<0.05) .Ni(r=—0.791, P<0.05) % &4 B i f1
AHSEAE 150 B 4= 38 00 0 36 i T DL g 254 4 s
ARCERY, X 5 HT ARG 0 45 SR — B A 4y BE
W1, KA A B A AL S R I 22 R B X
TRy S F S OC R X B4 R I E 2 F AR
Fo LM HE KRBT 4R R A 3 P b AT B A} ( Geobacte-
raceae ) fF ¥ = B o AT G R B TR Bk A 5 4 O A
W%, H 5 A7 TR R A B 22, fE g 7K | i
K AEHE R REER AR T (14 D SURS 241 B & (Anaeromyxo-
bacter) FIHLFF B BL T Ho AT B4 & (Geobacter) 1 FH X}
£ 1.86% Fl 1.46% B i /&5 T 11 58 85 4b #E 0.90% F11
0.23% , Ui B K A8 23 BE I, Wi K 1 347 78 F & nY 2k
M5 ) RE A 20 TR AR 252 R IS K A2 i Fe (D)
A WNE R FZ R R Fe( LA, S8+
e B R W 0 AR O R A R T R B L
rtiz2e2n - R Fe (1) B FREB L 58P, 5
Cd>* 45 B 15 4 - SRR B A (R i 4w B 1
FEACHE A 3B, BT A, K b B 3
& EA R BT TR A B, 3O e R A

S, Fe/Mn S8 A0 ) 340 i 375 gk i e sk 55 , 710 2 46 )&
AL UTENE R R s, FTLUE KK
Al DR BRI 43 Cd Zn \Pb NI A3 20, IX — 455 2
A RV HGEE- 220 SR a, JA1dE &I, 78
BRI, TR B IR P &
Fm T KA IR, TR A S S K 3 L -
WP AR 2 A 2850 P S A AN B S Y5 {EJ2: P ]
122 1ok AR A FH 2139 1) R T Y I i
ZEWE K AP &R E ST TR A B
X i B - R A P Y AT RE AN AN S K 2 AR
K B2 B 1R, A, 135 pH (S5 B
S EARAER — AT LR R, Ay 5 pHAE /Y
THim RE S AR 13 8 48 (W0 : Cd \Zn .Pb Ni %) (i A
B AR A IR R B3 0 P XS T pH BB
A RZUA TR, FE 2 A Cd B i A pH (R BEEAH
ORB 3K S B S A+ 3% pHAE U A —E 251 A Cd B
A RRE D AR TR R DA R A B 5T A R K 53
AT, DI E G R A S A A2 B 2 R 5
M

30 5 X 2 R 7 o Z2 K (Chaol #8 %4, Shannon
T8O OTU) 43471 & B, 27K A 43 BE M, TR HF 1) = &
MEREEZ Ko 2052 W e, BRI R & B A8 Ak
255 10 2 BRI, PIRIOK 7345 BN o 24
FRECHET o Foulquier SE55138 128 8 25 B A1 8 b 77 A 25
P R B, ASTRI K 43 S A I AN 23 I 250 ) 11 R 22
FOTU F=5 B g 42450006 T H [H] 7K 4348 BEX A
FH 240 TR 7% 205 0 R0 3= 32 52 i () F 9 R B, A [ K
Gy SRAT X M T RETRS Z AR I 25 R 2 . 1K1



2RI 4 K S EFFIRE Cd-Ph—Zn 15 e -H A U BOK R RBRABTRE 0 3 1465

ARG SR A TEAS I A R R VR o ZFEVE 22 Y
37175 b wk - L Sy ARy RS R i
EMBEARIRR ., AU HOE, LIEE SR (A
Pb Ni &) & A8 el DA & B3 an i i A
JEBTS8 3 AR A B A 25 A — B BEBTKA
O3 BEM AN TR 7 o 22 FE IR B A - S IR BT Y 22
SR K

Xt 20 TR RV 25 R R X 2 3 1) A R B, AN R
FEVE 1Y OTU 20 UAE /K i 23 BE I 52 B K 73 25 A1 52 0 22
S B, T 2 S BRI R K 20 255 OTU 25
M BHAIT . X FE IR Z vy A T8 A 2 AT I
PRETE AL, 5 TR A FRAR L, WK AL FE T, kT
I £l (Enterobacteriaceae ) #1541 i £ (Moraxellaceae )
FEXS F= B A3 R i T 4.37 450 30.7 4% , ik LE TR HE R
JEARAL S 13 A% Cd Zn \Pb Ni % it Al 13 pH A
BN Fr i YA WA OCE . Gati 7E 2017 4 & SR A4
3% K%, K 7R Bl (Enterobacteriaceae ) FE 7% & A £ f
BEa B, X Zn EE R B R BE AT 52 RR P P 4
FH 9 Hod i ZneB 2 i s s A ST R B )
BEW I K AR HF + 3 rh Zn2 R, A B T AT A
FHRE T 098 RGBT 2l , L i FOM X =F 2 1Y 2 % 4
15 M5 BB Zn A 80P R AR VR b %
HIEAR . SPLEF (Moraxellaceae) 5 W AT B RHIE 75
PRG3R AR A AR — 3, (H B RTE XSHZ R 0 4R
TRURR A B 9 34 B A R 38, T S RL B B (Moraxellaceae )
TSR & (Acinetocter sp.) WA , 7E F- WA &
BUZAEVE RS Ni, Pb, Zn B ES FREEAT i 52 PR, i
TIRAZH AL FE T Planococcaceae FEVEAHXT = B H 7K
MR T 17.77 % , 5T Planococcaceae FEVE %
DA HGE ARG K I AT R e R
SAEAHIC . BRI | 3 2 0 20 TR A v 45 ) 22 5
>k B 8 28 JE T 49 (Deltaproteobacteria ) , 1E ¥ /K IR 5% T
HoFF E F (Geobacteraceae ) FUR K I8 (Myxococcaceae )
L HE A AR BR AR A GS SE BE e w5 7.27 15 1 2.48 7,
Horb AP R W A R I R
DR, X 2 PR O TR k1 5 K B T Fe PO MBS
Yy, AR T T R R AR X Fe i) FPE , 2 17 B ARG 22 20
PR T T AR DTS R

4 it

(DKM K BE RS 2 2 [ (K H 3 % Cd, Pb, Zn
NG B &5, T TR s B HS i JE B 5, BT
WA REAS s R R AP R

(2) 7K 538 PR Rt A B AN S X AR PR 240 P RETS o 2
FE MR Y 25 52 0 T L 3 AR T A 22 S ROK 4 2%
1 1) 28 52 ) J2 i B AR 7% o Z2REVE R Bl 0 32
B A

(3) 1E 4y BE A I #T 7 B (Enterobacteriaceae ) Fl1 32
P L (Moraxellaceae) F= i AR fb 2257 + & 4 )@
A B B, Planococcaceae Ff V8 A8 8l 32 T HEA R P
()52 ) 5 TE 7K Rt 0, Hb AT TR (Geobacteraceae ) 3
FURZF| I P IA RER N

S k-

[1] Hu P, Li Z, Yuan C, et al. Effect of water management on cadmium and
arsenic accumulation by rice (Oryza sativa L.) with different metal ac-
cumulation capacities[J]. Journal of Soils and Sediments, 2013, 13(5):
916-924.

[2] Reid, Robert J, Rodda. Examination of the role of iron deficiency re-
sponse in the accumulation of Cd by rice grown in paddy soil with vari-
able irrigation regimes[J]. Plant & Soil, 2013, 371(1/2) :219-236.

[3] L AN, S, - HE L, 45 . T Y et FH K G A5 B ORI O FR S 4

S S LR RIFLERLT ). 2252740, 2007, 27(9) :3930-3939.
JI Xiong—hui, LIANG Yong-chao, LU Yan-hong, et al. The effect of
water management on the mechanism and rate of uptake and accumula-
tion of cadmium by rice growing in polluted paddy soil[]]. Acta Ecologi-
ca Sinica, 2007, 27(9) :3930-3939.

[4] Zhu Q H, Huang D Y, Liu S L, et al. Flooding—enhanced immobiliza-
tion effect of sepiolite on cadmium in paddy soil[J]. Journal of Soils &
Sediments, 2012, 12(2) : 169-177.

[5] Kogel-Knabner I, Amelung W, Cao Z, et al. Biogeochemistry of paddy
soils[J]. Geoderma, 2010, 157(1) : 1-14.

[6] Cheng Y Q, Yang L Z, Cao Z H, et al. Chronosequential changes of se-
lected pedogenic properties in paddy soils as compared with non—paddy
soils[J]. Geoderma, 2009, 151(1):31-41.

[7] Antimladenovi S, Frohne T, Kresovi M, et al. Biogeochemistry of Ni and
Pb in a periodically flooded arable soil: Fractionation and redox—in-
duced (im) mobilization[J]. Journal of Environmental Management,
2017, 186(Pt2):141.

[8] Li Z, Wu L, Zhang H, et al. Effects of soil drying and wetting—drying cy-
cles on the availability of heavy metals and their relationship to dis-
solved organic matter[J]. Journal of Soils and Sediments, 2015, 15(7) :
1510-1519.

[9] Paul E A. Soil Microbiology, Ecology, and Biochemistry|M]. New York:
Acadmic Press, 2015.

[10] EF5 00, MRAL R, BRRRRL, 55 . B4R B 0 AT et 15
RS AEPIREE B ], FRSERL 72241, 2003, 23(1) :22-27.
WANG Xiu-li, XU Jian—min, YAO Huai-ying, et al. Effects of Cu,
Zn, Cd and Pb compound contamination on soil microbial community
[J1. Journal of Environmental Sciences, 2003, 23(1) :22-27.

[LL] 27K, BUAR, TK/INF, S5 BRI TR 4 i T e X o 2R W ot
TR BAEVE S5 A6 A2 M), 4Ol SREERM =240, 2011, 30(3) : 468~



1466

YRIEIRCX iy F37E5TH

475.

LI Xiao-lin, YAN Sen, ZHANG Xiao - ping, et al. Response of mi-
crobe quantity and actinomycetes community of heavy metal contami-
nated soils in lead—zinc mine[]]. Journal of Agro—envrionment Science,
2011, 30(3) :468-475.

[12] Somenahally A C, Hollister E B, Yan W, et al. Water management im-
pacts on arsenic speciation and iron-reducing bacteria in contrasting
rice—rhizosphere compartments|J]. Environmental Science & Technolo-
gy,2011,45(19):8328.

[13] Philippot L, Raaijmakers J M, Lemanceau P, et al. Going back to the
roots : the microbial ecology of the rhizosphere[]]. Nature Reviews Mi-
crobiology, 2013, 11(11) :789-799.

[14] Li X Z, Rui J P, Mao Y ], et al. Dynamics of the bacterial community
structure in the rhizosphere of a maize cultivar[J]. Soil Biology & Bio-
chemistry, 2014, 68(2014) :392-401.

[15] Singh B K, Millard P, Whiteley A S, et al. Unravelling rhizosphere—mi-
crobial interactions : opportunities and limitations|J]. Trends in Micro-
biology, 2004, 12(8) :386-393.

[16] Edwards J, Johnson C, Santosmedellin C, et al. Structure, variation,
and assembly of the root—associated microbiomes of rice[J]. Proceed-
ings of the National Academy of Sciences of the United States of Ameri-
ca, 2015, 112(8) :911-20.

[17] Wang M Y, Chen A K, Wong M H, et al. Cadmium accumulation in
and tolerance of rice(Oryza sativa L. ) varieties with different rates of
radial oxygen loss[J]. Environmental Pollution, 2011, 159(6) : 1730~
1736.

[18] Houba V J D, Novozamsky I, Lexmond T M, et al. Applicability of
0.01 M CaCl, as a single extraction solution for the assessment of the
nutrient status of soils and other diagnostic purposes[J]. Communica-
tions in Soil Science & Plant Analysis, 1989, 21(19/20) :2281-2290.

[19] Sullivan T S, Mcbride M B, Thies J E. Soil bacterial and archaeal com-
munity composition reflects high spatial heterogeneity of pH, bioavail-
able Zn, and Cu in a metalliferous peat soil[J]. Soil Biology & Bio-
chemistry, 2013, 66(11) : 102-109.

[20] Pan Y, Bonten L. T C, Koopmans G F, et al. Solubility of trace metals
in two contaminated paddy soils exposed to alternating flooding and
drainagelJ]. Geoderma, 2016, 261 :59-69.

[21] Holmes D E, Finneran K T, O'neil R A, et al. Enrichment of members
of the family geobacteraceae associated with stimulation of dissimilato-
ry metal reduction in uranium—-contaminated aquifer sediments[J]. Ap-
plied & Environmental Microbiology, 2002, 68(5) :2300-2306.

[22] Islam F S, Gault A G, Boothman C, et al. Role of metal-reducing bac-
teria in arsenic release from Bengal delta sediments[J]. Nature, 2004,
430(6995) : 68-71.

[23] & i, Ratering S, i 7K, &5 . S I3 K 8% 37 X /K A v M A TR
D AR 2 08 7 3 A 52 ()], A= 2% 41k, 2011, 31(15) : 4251-4260.
ZHU Chao, Stefan Ratering, QU Dong et. al. Effects of short —term
flooding on Geobacteraceae app. and Anaeromyxobacter app. abun-
dance in paddy soil[J]. Acta Ecologica Sinica, 2011, 31(15) : 4251—
4260.

[24] Holmes D E, O'neil R A, Vrionis H A, et al. Subsurface clade of Geo-

bacteraceae that predominates in a diversity of Fe ( Il ) —reducing
subsurface environments[J]. Isme Journal, 2007, 1(8):663-6717.

[25] Brennan E W, Lindsay W L. The role of pyrite in controlling metal ion
activities in highly reduced soils[]]. Geochimica Et Cosmochimica Ac-
ta, 1996, 60(19) :3609-3618.

[26] Davranche M, Bollinger J C, Bril H. Effect of reductive conditions on
metal mobility from wasteland solids: An example from the Mortagne—
du—Nord site (France) [J]. Applied Geochemistry, 2003, 18 (3) : 383—
394.

[27] S5 6, P, SR, A5 AN [R)ES S5 Bl A ) o e R S v
CA¥RFZRIFEA[I]. AW FRETRL2A 2441, 2017, 36(10) : 1984-1991.
GUO Jing—xia, FENG Lian—lian, ZHANG Qi-jia, et al. Effects of lime-
stone, slaked lime and dolomite on cadmium concentration in the solu-
tion of paddy rice soils[J]. Journal of Agro—environment Science, 2017,
36(10):1984-1991.

[28] Fulda B, Voegelin A, Kretzschmar R. Redox—controlled changes in
cadmium solubility and solid—phase speciation in a paddy soil As af-
fected by reducible sulfate and copper[J]. Environmental Science &
Technology, 2013, 47(22) : 12775-12783.

[29] XM IS, LLbifE, 240, 48 K G387 B O /K R G e SR BRI B4 5

Wil B AR FPHLI). 2T A= 252241, 2010, 21(4) :908-914.
LIU Zhao-bing, JI Xiong—hui, PENG hua, et al. Effects and action
mechanisms of different water management modes on rice Cd absorp-
tion and accumulation[J]. Chinese Journal of Applied Ecology, 2010,
21(4):908-914.

[30] I Bk, W& 8 A R L 3 Eh (EXS KA Cd
R BB FRERLE, 2017, (1) :343-351.

TIAN Tao, ZENG Min, ZHOU Hang, et al. Effects of different water
managements and soil Eh on migration and accumulation of Cd in rice
[J]. Environmental Science, 2017, 38(1) :343-351.

[31] WA HE WS, MOIGE 0, X SCH, 45 . K 434 SR 00T 7K e AR DX ik ot 2l

A IEE A K 2 PREFEEAR, 2000, 23(1):93-98.
CHEN Li-na, LIU Xiao—juan, LIU Wen=ju, et al. Dynamics of As, Fe
and P concentrations in the rhizosphere of rice plants growing under
three water regimes[J]. Journal of Soil and Water Conservation, 2009,
23(1):93-98.

[32] FMEILL, 4= 61%F, RN, 55 . AN K 7348 BT B i Je 213 pli Ak i

S A M B o R AT 2 B S WAL, Al BRI R 227412, 2015,
34(11):2105-2113.
SUN Guo-hong, LI Jian-rui, XU Ying—ming, et al. Effects of water
managementon cadmium stability and nitrogen and phosphorus avail-
ability in cadmium polluted red soil after immobilization remediation
[J]. Journal of Agro—envrionment Science, 2015, 34(11):2105-2113.

[33] B B, IR, A, 55 . R RIBERRER 015 Yo L e b i A= 0 f
BAERISEMAL ] AW FREERLA A4, 2011, 30(2) :255-262.

CHEN Miao—miao, XU Ming—gang, ZHOU Shi-wei, et al. Effect of dif-
ferent phosphate on bio—availability of cadmium in contaminated soil
[J1. Journal of Agro—environment Science, 2011, 30(2) :255-262.

[34] Karaca A. Effect of organic wastes on the extractability of cadmium,
copper, nickel, and zinc in soil[J]. Geoderma, 2004, 122(2/3/4) : 297-
303.



T 45 RSP IR Cd-Ph—2Zn 153 904 B BOK R BRAN B BT 00 1467

[35] Foulquier A, Volat B, Neyra M, et al. Long—term impact of hydrologi-
cal regime on structure and functions of microbial communities in riv-
erine wetland sediments[J]. Fems Microbiology Ecology, 2013, 85(2):
211-226.

[36] i 4%, SR ICH, PRk, 45 . K245 BN A0 B JE 5 T 45

R SE R[], A ASIREE 4R, 2016, 25(9) : 1431-1438.
HOU Hai—jun, ZHANG Wen—-zhao, SHENG Jian—lin, et al. Effect of
water management on soil bacterial abundance and community in the
rice paddy field[J]. Ecology and Environmental Science, 2016, 25(9) :
1431-1438.

37155 5 . R W0 & B RIBTE R A 0 T XAR BRIFIFE 1 52
WALD]. # & - BB RS, 2014,

YANG Ju-yun. Impacte of root exudates of Carex cinerascens on iron
plaque formation and the rhizosphere under lead stress[D]. Nanchang:
Nanchang University, 2014.

[38] Bk, o MG, BEpk s, 45 . &1 X 4w 5 e X 1 e )
SIATBISEIR]. BREERL 2 SR, 2016(9) :37-44,

LU Tao-xiang, GAO Tian-peng, XUE Lin—gui, et al. Effect of heavy

metal on the distribution of microbial community in Jinchuan Mining

Areal]]. Environmental Science & Technology, 2016(9) :37-44.

[39] Gati C, Stetsenko A, Slotboom D J, et al. The structural basis of proton
driven zinc transport by ZntB[J]. Nature Communications, 2017, 8(1) :
1313.

[40] Zhang H, Hu X, Lu H. Ni( Il ) and Cu( Il ) removal from aqueous so-
lution by a heavy metal-resistance bacterium: Kinetic, isotherm and
mechanism studies[J]. Water Science & Technology, 2017, 76 (4) :
859-868.

[41] R, sl AR, ARERER, A5 IR e DX A 39 e i o 4 Jas 400 7 114 4
BB (T] FRBERE S HOR, 2013(12) :29-32.

ZHU Jing, ZHANG Zhi-dong, SONG Su—qin, et al. Diversity investi-
gation of heavy metal resistant bacteria isolated from radiation—pollut-
ed soil[J]. Environmental Science & Technology, 2013(12) :29-32.

[42] F 000 . R ER N KRR L o S P RIS I = JE R 9 205 ) A 5 )
[D]. ## - PUALAHRBHL R, 2014,

WANG Yuan—yuan. Effect of phosphate on abundance and communi-
ty structure of disimilatory iron -reducing in paddy soil[D]. Yan-

gling : Northwest A&F University, 2014.



