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Effects of phosphorus and oxygation on photosynthetic characteristics, cadmium absorption, and distribution
in rice

ZHANG Wenping', GUAN Xiao', ZHONG Cheng', YI Yu?, XIAO Weihua', YI Dali', YANG Liangjiu', WU Genyi*

(1. College of Hydraulic & Civil Engineering, Hunan Agricultural University, Changsha 410128, China; 2. Water Conservancy
Engineering Administration of Hunan Province, Changsha 410007, China; 3.College of Resources and Environment, Hunan Agricultural
University, Changsha 410128, China)

Abstract: This study aimed to investigate the the response characteristics of cadmium (Cd) absorption and leaf photosynthetic
characteristics under the interaction of oxygation and phosphorus application and to clarify the effect of oxygation and phosphorus
application. In this study, a pot experiment was conducted using a hybrid rice C liangyou 608 as test material. Four P (P,Os) application
levels, namely P, (no P), P,(0.18 g-kg™), P5(0.36 g-kg™), and P,(0.54 g-kg) and two irrigation methods consisting of non—oxygation
irrigation (NI) method and oxygation irrigation (OI) method were designed. The dynamic change characteristics of leaf photosynthetic
characteristics at different growth stage of rice and Cd migration and translocation regularity at maturity growth stage of rice were
systematically studied. The relationship between Cd absorption and leaf photosynthetic characteristics was determined to reveal the

mechanism of Cd content reduction in rice grains (Grain-ci) under oxygation and P at maturity growth stage. The results showed that,
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compared with P; treatment, P application promoted the absorption and translocation of Cd in rice roots and straw at maturity stage with NI

or Ol. In addition, translocation factors from straw to grain and Cd distribution percentage in rice grains under Ol was lower than that under
NI, and Cd distribution percentage in rice straw under Ol was higher than that under NI. Grain_cs of OIP; was the lowest (0.13 mg-kg™).
Most of the Cd was concentrated in the roots(33.95%) and straw (46.18% ), and only 19.87% of Cd was distributed in grains. Heading and
filling stages were the key stages that affect Cd absorption at maturity stage. Oxygation method promoted the increase of photosynthetic
capacity at the filling stage, promoted the transfer of Cd from root to straw, and reduced the transfer of Cd from straw to grain, redistributing
Cd in rice. Our study implies that oxygation can adjust rice inner sensitivity to promote Cd redistribution in rice organs, and it provides a
reference for promoting theoretical innovation and technical integration of regulating Cd absorption and translocation in rice in the hilly
areas of south China.

Keywords: leaf photosynthetic characteristics; cadmium absorption; phosphorus application; oxygation; the interaction of oxygation and

phosphorus application; rice
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150 d, M e 45 . i H R S5 P4t Rk B L0 e,
T TR RS A, RIEAR T R AR B R AR R
s bl S b K R, B R KT TR L2 0.5 mm
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Table 1 The major chemical characteristics of the experimental soil
2R s B Bl 2 AR AL i AHL HIE
Total N/ Total P/ Total K/ Alkali-hydro N/ Available P/ Available K/ Total Cd/ Organic matter/ II'I al
(g-kg™) (g-kg™) (g-kg™") (mg-kg™") (mg-kg™") (mg-kg™) (mg-kg™) (g-kg™) pH vatue
1.86 8.04 12.73 165.24 30.68 125.73 0.60 24.69 6.42
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3% F Microsoft Excel 2007 A1 SPSS 22.0 #1750 i
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ST SRR P E

2 HRESW

2.1 MEBEFNIE S X KTEM F S &4 R

MR 2~ R 4 TR, oot A 5 &, IR E 27k
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R2 KEREFHEALGEZRAEFZE5H (mmol-m~?+s™")
Table 2 Different analysis of net photosynthesis rate of rice

(mmol-m™-s™")

VRETR Rt Y £ 4155 9

R3 KBELEFPSASEREFESH (mmol-m™-s™)

Table 3 Different analysis of stomatal conductance of

rice(mmol-m72+s™)

S W e AR
Treatment Jointing stage Heading stage Filling stage
NIP, 0.51+0.06aAB 0.42+0.03¢B 0.36+<0.01dB
NIP, 0.30+0.07¢B 0.27+0.08bcB 0.47+0.04bcdA
NIP; 0.35:0.03bcCD  0.22+ 0.02bcE  0.43+0.02¢dBC
NIP, 037+0.10bcC 040+ 0.02aC  0.700.10aA
o1P, 0.45:0.08abAB  0.35:0.05hcB  0.61+0.18abA
o1P, 033+0.05hecB  0.300.07bcB  0.49+0.03bedA
o1P; 0.50+0.08aAB  0.29+0.03abDE  0.54+0.07beA
O1P. 0.39+0.05abeC 0.3120.01aC  0.53+ 0.07beB
F-value O ns ns *
P - o o
OxP - o o
R4 KBEEFPEBEZREFZSH (mmol-m™-s™")
Table 4 Different analysis of transpiration rate of rice(mmol-m+s™)
paT] ] i AR
Treatment Jointing stage Heading stage Filling stage
NIP, 11.07+0.28aA 9.05+0.25aBC 8.12+0.04¢CD
NIP, 8.67+0.92cA 6.71+1.32cdeB 9.21+0.32bA
NIP; 9.21+0.40bcB 5.87+0.53deD 9.37+0.28abB
NIP, 9.22+1.30bcAB  8.21+0.27abBC 10.34+0.68aA
o1pP, 10.62+0.86abA 7.56+0.83bcD 9.81+1.20abAB
0O1P, 9.54+0.86bcA 6.82+0.77cdeB 9.58+0.11abA
O1IPs 11.40+0.58aA 7.11£0.64bedC 10.05+0.42abB
OIP, 9.51£0.32bcA 5.72+0.14eD 7.41£0.15¢C
F-value O * ns ns
P ns * ns
OxP ns ok -

5T e i W
Treatment Jointing stage Heading stage Filling stage
NIP, 24.37+0.97abB 28.27+1.22aA 20.73+0.30bC
NIP, 20.46+2.42bcAB 17.13+2.11dB 20.38+2.35hAB
NIP; 22.25+1.25bcB 19.12+1.61cdC  20.22+0.46bBC
NIP, 23.17+1.95bcA 22.57+2.71bA 21.52+0.87abA
O1IP, 23.78+2.16bBC  22.74+1.04bBC  24.06+3.36aBC
O1IP, 22.09+1.14bcA  19.87+1.85bcdAB  20.92+0.99bA
O1IP; 26.83+1.70aA 22.17+2.17beB  20.78+1.57bBC
O1IP, 23.46+0.68bcA 22.34+1.06bcA 24.26+0.99aA
F-value O * ns *
P s s o
OxP ns ns ns

TE « NI ARHE B, O1 g3 0 BE s Py Po Py Py 23 S A B O
0.18.0.36.0.54 g- kg™ s B A VB b5 22 (n=3) , AN [/NE 0k
/RS AL BEE]LE 0.05 7KV 22 53 1. 35, AR RS “F R ROR IR 140 B 0] 7
0.05 /K- 22 5 .35 s #+FR1E 0.01 KF22 59 .35, +3RRAE 0.05 /K F- 2
SRE s FoRERARE. TR,

Note: NI is non—oxygation, and Ol is oxygation; P\, P,, P; and P; were
different P application levels, which were 0,0.18,0.36 g-kg ™ and 0.54 ¢+
kg™, respectively. The data are represented with mean + standard deviation
(n=3) , different lowercase letters indicate significant difference at 0.05
level in the same column, and different capital letters indicate significant
difference at 0.05 level in the same row. ** means significant difference at
0.01 level, * means significant difference at 0.05 level, ns means no
insignificant difference. The same below.

1% WHART]
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it ol T BOKFE A T R P Gs TR HESR
Gs Tr3ffin. FHF 2~ 4 vl A1, A&, KRR TS
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R i B 1T K A NIP,~NIP, A B 3% 5 3 Al 45 P
AONIP, b BRI 2 F% IR 4.93%~16.02% . 20.18%~
39.41%, Gs B % [% 1K 28.46%~42.09% . 4.74%~
46.56% , it i T K A 1T W b R AN () Ak L i)
Pn . Gs 7R 25 25 55 (P<0.01) o [R] A Jih B ol 7K A
LA Tr 35 AL 9.24%~35.09% , HEH I Gs Tr 3%
K40 21.14%~95.18% . 13.40%~27.28% , /K K& E 3¢ 1
P T Fif it B 12 484 Jo11 4 J31) 522 S BRARR S 185 T 328 538
AR TS 27K 43 EhiA , 3 BOKAE Gs [Tr TR,
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T P E AT A B EAE R BUKFS £
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VSR P B it B e 9 2 S AR S B i iy g, v
SRS it e (5 VB ) Gs B4R 10.5490~20.09%

22 MEBEAIB A KFER AR E MRS EMER
B3 d: DA
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31.82% L FHrhL . Fh B 1~ & 3 AT 1, ASHE 4R, i
T30 3 (2 T KR e RS FE S 1 K L 5 % 53 i K e
TGS A B B W A L . BB AN SR i
B A TF s 38 111 25.63%~78.41%; it i i 4 0.18 g+

kg™ B, 2K R B AR O i A I (0.25 mg kg ')
A FRA 4 B R T EE AR U A AR (39.59% ) > Fi
FF 3K (30.68%) > ¥f-Hi (23.63%) > DCB(6.10%) . Jiti
AT 7K e S AR AN (] A 8L ) 45350 57 i 7 ot (R e
JEEAN) B TF 7 A S 2 52 1)

T A A AR PR AR 30 1) 65 AT 2 AR A [T
P T K5 RS FEEB )k PRL 5 A% | (2 (7K AT 2538
PR AL . RN A IE FAE LT K FE TFsunc A
B A AL I 31.329%~45.65% 5 /K Fei i AT 6 SR AR e
Fe ] 2 B M O1 (33.68%~46.18%) > NI (22.54%~
36.44%) , FfRi 4R R4 IE b 51 ZR B A O1(15.43%~
27.99% ) <NI(22.82%~31.82%) . 3 % %} K A i 3
A HBOL AR S 1 (BRERER I BEAD ) 1 TF 7 A= 13 25 520

S ELAEAE AR 1 KR AR PR AR 2R ) AR R A 1
(R, B 1 AR R S A0 ) F L I B B g T L A2
6T 7K R 25 50 57 B 5 £ I B 4% 5 AT B 1) B 40 T
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Figure 1 Dynamic changes of Cd content in each part at maturity stage
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Table 5 Descriptive statistics of hierarchical cluster analysis

BRI ARG e/ IME W RAE ¥fH i 22
Clustering type Descriptive statistics Minimal value Maximum value Mean value Standard deviation
= R S HA 4/ (mg kg ™) 0.44 0.61 0.53 0.12
MR & it/ (mg - kg ™) 1.70 4.02 2.86 1.64
FEFFE &/ (mg kg ™) 0.77 1.42 1.09 0.46
AR & it/ (mg kg ™) 0.13 0.29 0.21 0.11
TFue-r 3.80 6.54 5.17 1.93
TFRons 1.75 1.99 1.87 0.17
TFsuancc 0.43 0.62 0.52 0.13
DCBei/% 3.59 7.06 5.32 2.45
ROOTc/% 22.86 26.90 24.88 2.86
STRAW /% 45.57 46.18 45.87 0.43
GRAIN/% 19.87 27.99 23.93 5.74
AHNGNFRIRE) 2
AN A IR I B it/ (mg kg ™) 0.40 0.54 0.47 0.07
MR & it/ (mg kg ™) 2.31 8.15 4.50 2.53
FiFFE o i/ (mg kg ™) 0.63 1.57 1.10 0.41
FER R e/ (mg kg ™) 0.25 0.39 0.30 0.06
TFycur 5.82 15.69 9.29 4.48
TFroors 0.80 1.11 0.96 0.13
TFsuan-c 0.61 1.05 0.77 0.20
DCBu/% 2.54 6.10 4.48 1.54
ROOTc/% 30.43 39.59 36.55 4.30
STRAW c/% 30.68 36.44 33.93 2.79
GRAIN/% 21.88 31.82 25.04 458
AR NG FRIRE) 4
AR BRI RS 7 1/ (mg - kg ™) 0.44 0.52 0.48 0.06
HL R & it/ (mg - kg ™) 6.06 7.34 6.70 0.91
FiFFa o/ (mg kg ™) 1.22 1.45 1.33 0.16
R A/ (mg kg ™) 0.25 0.54 0.39 0.20
TFoen-r 11.67 16.78 14.22 3.61
TFhont-s 0.47 0.73 0.60 0.18
TFsuan-c 0.49 1.12 0.80 0.45
DCBei/% 2.91 4.18 3.54 0.90
ROOTc/% 47.98 48.04 48.01 0.04
STRAW /% 22.54 33.68 28.11 7.88
GRAIN/% 15.43 25.24 20.34 6.94
ARNGNFRIRE) 2

T AR N (FIZRA) J3 0 g 6 5 AN AR A R R S P i 2 ikt

Note: Valid N(list status) is the number of categories of satisfied , dissatisfied and very dissatisfied cluster types respectively.

KB AR (R 6) R BRI RESR R ZO0gRIE 5 B2 y=0.648-0.526ux; ; 175 FT 4 75

AR FSCASPI AR G 0 00 OB AL a8 ) S 40 it
AR G (T B ARG, BE S 3 P Gs 86 0014 ) I
IR HE T 7K AR R ARG 1) S AT B A4 B AR (R AR MAOK
A T VA0 0 5 i S R ARG, SR B A SR, B
JR A O B 5 Rl B0 Gs T £ 8 3 7R OC (P<0.05) ,

SHEHR I Gs B B & 1A OC (P<0.01) , 2 e 4 1 vl
177 T2 N y=—0.405-4.044x5+0.372x0 ; TFios 15 HE 3
1] Pn 5 5 IE A OE (P<0.05) , 2 02k 1k B 7 #E
y=-2.976+0.185x7,

S B ELAE TR SR P B BGn, AT AR RS 4R R

WWW.Qes.019.CN




m@g 1882

MR I AR AR SRR G AS | (1 ph AR AR S 1) A5
R, RN G AT, R e B 1 1 R Tr 22
25 7R OC (P<0.05) , 15 3 3 0 Tr 52 0 I 2 1 AH G
(P<0.01) , Z etk a1 3 J5 F2 4 y=0.988-0.053x0 5 2
T4 7 A TFoesn 5 VE K T P 22 10 25 10 AH OC (P<
0.05) , Z Ju &M 01 H J7 #8243 51 h y=22.677-0.772x7
¥=69.084-65.278x5—1.69x7; TFrous 5 37 ] P 54 5k
FIEA K (P<0.01) , Z 02k [l H 5 72 8 y=—1.496+
0.197x:—0.17 1o 38 5238 5 K AEHE SR WD A R (3R

VRETR Rt Y £ 4155 9
2) A] BE R MR 7K R SRR SR RS 5 B 10 S B

3 g

3.1 MEBEFIERXTKTEN A A FH AR

M 5B R R A RS T J5 ) R B
L ZRER S I AKNE R g m A E e & 1
U R VAN S it ) 17 S Wik
i K R O G B PR ALk A L W R OK AL S B
18, B KA A0 o HE A9 R AL 8 5 R A A R
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Table 6 Correlation coefficient of Cd absorption index and TFs at mature stage and rice leaf photosynthetic characteristics

Bzt i B HOLAE R LS 2 R
Index Treatment Growth stage Pn Gs Tr
BRI AR NI T -0.231 -0.261 -0.123
i it A -0.523 -0.681% -0.621%

HES I -0.135 -0.496 -0.238
EATw: 1Tl Sy y=0.648-0.526x5( R?=0.900, df=1,P<0.05)
ol E R ] 0.208 0.074 -0.114
R 0.060 -0.250 -0.663*
HES I 0.114 -0.163 -0.759%
Ey =3t Eyy s y=0.988-0.053x:( R*=0.577 ,df=1,P<0.01)
R T 2 i NI EL g -0.065 -0.03 0.026
s -0.120 -0.571 -0.522
I -0.387 -0.571 -0.317
Z IR L —
o1 LR 0.209 -0.032 0.129
A -0.501 -0.556 -0.166
I -0.633* -0.274 0.214
Z IR R T y=22.677-0.772x,( R>=0.401, df=1,P<0.05)
FEFFHER NI P 0.152 0.260 0.310
B A 0.136 -0.421 -0.325
I -0.206 -0.772%% -0.551
Z e M) T y=-0.405-4.044x4+0.372x0( R*=0.747 , df=2 , P<0.01)
W)} LG 0.382 0.077 0.062
A -0.026 -0.479 -0.422
HES I -0.319 -0.301 -0.233
LT [ 7R —
FERLER & NI A 0.067 -0.049 0.019
i -0.213 -0.560 -0.536
HES I -0.331 -0.317 -0.055
EST-2ddmlEpiy —
ol LR 0.508 0.240 0.240
R -0.086 -0.274 -0.142
HESIH -0.451 -0.213 -0.054
ESTv-2cdmlEpiy =

TE:df WA,
Note: df is the degree of freedom.
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Continued table 6 Correlation coefficient of Cd absorption index and TFs at mature stage and rice leaf photosynthetic characteristics

£zt b AEH HOLAE R ST ZE I
Index Treatment Growth stage Pn Gs Tr
TFocer NI W 0.025 0.094 0.112
s 0.077 -0.386 -0.344
HES I -0.387 -0.516 -0.331
ESTv-2cdmlEpiy —
o1 PATHA 0.102 -0.122 0.083
Bl -0.51 ~0.494 -0.037
WS -0.678* -0.316 0.348
Ea -3t Eyiy s y=69.084-65.278x5—1.69x,( R>=0.702 , df=1, P<0.01)
TFhors NI P 0.056 0.080 -0.015
i A4 0.367 0.529 0.491
I 0.643% 0.433 0.244
Ea-adatil Ry y=—2.976+0.185x,(R>=0.414 ,df=1, P<0.05)
ol BT -0.232 -0.031 -0.237
i 0.529 0.114 -0.373
R 0.836% 0.449 -0.446
2 LR 11 Uy A y=—1.496+0.197x,-0.171x,( R*=0.822 ,df=2, P<0.01)
TFsiun-c NI T 0.114 -0.196 -0.122
A -0.329 -0.235 -0.277
A -0.248 0.288 0.401
Z T E M 7R —
ol LG 0.429 0.197 0.079
A 0.056 0.189 -0.040
HES I -0.184 -0.220 -0.350
ESTv-2 el Epiy —

AR 3T R 2 5 M 7K R S R R LA 4 L 7 K
o BERIENEIR BEIRF N E A S
486 A VEHTE N B Z B AE Y fig i AQ 0 A £ i
o 3 it ol T 4 R K REOE A RE T, B A oK A
AR T A A s Rl il it 2t 0 SO AR AR 1
FESR AE PRI 4 BE T BE 8 080/0N , P T b2 2R
TrE TR A Y BB KRR AR
HESI P Gs AN Tr FRAG, BELAS T /KRR TR & & FIAi4E
Ak, S BORE R 7 S0 E A7 A0, REUR T 4 SR R
7, AW EE SRR, i T BOKFE A F H P
Gs T B, FESRI Gs Te3f i, 14l B A 0] S 0t st
WEERE I FHESR N Gs BEAR . R A ST, it
B o8 41 400 R ID) P [AEG 4.93%~16.02% . 20.18%~
39.41%, Gs [& 1k 28.46%~42.09% . 4.74%~46.56% , Tr
A 16.71%~21.67% . 9.24%~35.09% , HE 3 M Gs . Tr
AN 21.14%~95.18% . 13.40%~27.28% ; 3 S 1}, it
fifi b B Y] P, Gs Al T BEAIE 1.77%~12.62% . 11.45%~
17.11% ., 5.94%~24.36%, % K W Gs [ X 10.49%~

20.13%. 15178 7K A PR DX e ALl 7P A A 48 (7
S 2 30.68 mg - kg )PV ] BE S BOR B UK Y
1 DG A BE T REAC;  HEAR PR 1 BE R b K A
AT REAR , 7T BE-S BN AU SR ] Gs (T 35
MR R B YE A ER N REE AR Z — KR
G RESIFRAE S Gs ISR ZR S JE I A P 4l
HAERREARHE S Gs, v] RE S5 /KRR E SR AR 2R 240
i S 25 i KR DO O

K oS R KRR A R Y 5y — A
2. 5 /KU AH B 1] BRVE BE BE 45 = /K % Gs 11
Tr, A R T i A7 506 V8 FHEY; T 0E AT AR K A
P, 52 2K ARG P Gs K T 8 7K T8 I A1 ] B
TBECOT T i AU MR AR B ol 39 LA o ) o R U
JE N ks A I ARUE 3R A Y, R R
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W, B IR AR T B SRR, B AS R AR,
WA S A, il L SRR R AR TE 70%~100%,
TRFECAAE R, 98 2R 0 52 7K e BRAME 00
M F A RE S 14558, KA Pn . Gs X Tr Z7EIR T - 1R
H AR/ IMEL, 3517 - If A A SR K B AR 2 7 AR A
2 (ABA) 75 AR J5t 7 i AL ik, 3L G T, Gs
K, BELIE] COL S 3Z BH, i 7 G BB JT BRI AR
GEGE R W, 1 AU SR ) P 38N i 9 1 <0.36
g kg B 3G AL IR K ARSI P Gs (Tr ¥ & T A
HE AL T I K AR TR SR B R A R R e g
JEit EALVERT,, S B S R & A, A
T XA R UKR EEA TR AR I TR
HERERE.
3.2 MR EEFFEXTKTER AR S EIE 0
R A R S B R M R A SRR A, X
IR AR SR AR S R G A AN FISE >, X T
PP A T U - S5 AR o) T AR R 22 S g A
WEWE 7 ST TR 7 R AROK R 0 B 3 I B R i At
5 PRI SRR KRE b i S22 il 7 e i W S e A A
H 7 ¥ 22— 5 B R AR R 4 AR 22 0 B 24t , (1
ao it e 2 1 K IE I TR B AR 8 0 Al s 22 R I
ISR AR A A T i 48 ) A5 AN [] 9B Tk =) 7K e
W A ) 2 S J 2 AR RO AR R T i 2 RN T 52>
TR A SHFELUWE K, Tt i Ty = 2o R K
Tt ZE X 50 IR S S5 R R S5 i) K R AR T i A R e
PN, ARG IR, TR A S ®, Y
X 7K RS A B RS AE B A e 8RR R iR 2
£E vh T M RO S FF 3B (68.18%~84.57%) , 15.43%~
31.82% &t TRFAL , Jita 5 T AR 4 7K R 22 B i DA
FEER I FFRL I e B (18 2) o RIN A ANKG ST, il At
I FE I TF sy BN 25.63%~78.41% ; 1 5 B}, Jiti
WA K R AR A R FE A AP RLAR 5 1 TFoesn s TFsic
g BB 137.10%~380.14% . 58.41%~104.01% .
90.76%~191.88%.71.95%~341.30%.13.16%~42.89% .
JER RIS 4 Rtk — R U] A AP RS LT
AU KRR A AR R R 1 i R (0.13 mg - kg!)
Ry AT 7K e AU R A M P e A A R TR ASE
Z2HI ST R SR RO R s K AR AR
% SRR RN FR ZE TR [ R R A A B DG SR I
B BT R FE AT 1K 65%~T5%"), Xof 7K R 5% Bt Ak 7 300 R BB
4 it W o (RO A R R R AR L CdP ik A A
i fE S AT B SR R Fe™  Zn” 55 AN PR E - R
R AR S5 1L, B ) 2 3R B i MG A VE T, 3
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