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ALY (POD) AL YIE AL (SOD) (1 SRAL A (CAT) IEPE . S5 R W 7E A0 R AR AL BT, BEG R /K (38 n , 846 E 78
M b HB R R S i R AR T 41.7% F139.2%; AR POD 151 . SOD T #EHI CAT i M 52 Je 8 hin 5 B AR B 4 . 764 [R] it ek
R AR AL A LG AR R (2 mg kg D FRAL PR SEAEE A AL R R Z N T 28.8% , 5 i (20 mg - kg D FRAL BT, )
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Effects of phosphorus on cadmium accumulation and antioxidant enzyme activities of alfalfa

DENG Suifeng, LIAO Yumeng, ZHANG Hao, ZU Yanqun~

(College of Resources and Environment, Yunnan Agricultural University, Kunming 650201, China)

Abstract: To explore the effects of phosphorus application on cadmium accumulation and antioxidant enzyme activity of alfalfa, pot
experiments were conducted to assess the effect of phosphorus on biomass, cadmium content, subcellular distribution, malondialdehyde
(MDA) content, and the activities of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) under cadmium stress. The
results showed that alfalfa biomass and activities of POD, SOD, and CAT first increased and then decreased with increasing phosphorus
application levels under the same cadmium treatment concentration. The content of cadmium in the shoots and roots decreased by 41.7%
and 39.2% at most. Under the same phosphorus application level, the biomass of alfalfa increased by 28.8% at most in the 2 mg -« kg™
cadmium treatment, whereas it was decreased by 9% at most in the 20 mg- kg™ cadmium treatment. MDA content and CAT activity were
significantly increased, while POD and SOD activities increased first and then decreased with increasing cadmium treatment contents. The
content of cadmium in subcellular fractions was in the following order: cell wall>cytoplasm>mitochondria>chloroplast, which decreased
significantly with the increase of phosphorus application contents, the highest percentage of cadmium in cell wall was 64%. Taken together,
the results indicate that the tolerance of alfalfa to cadmium is promoted, and the toxic effect of cadmium on alfalfa is alleviated through
phosphorus application.

Keywords : alfalfa; phosphorus; cadmium; antioxidant enzyme
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AR IR EE RIS P P S R R B
J&R 15 e - S ) 7 B R Bk 22 g O T, R
5 e T AR 38 16.1%, T8 (Cd) V5 YL ) L #
K GERPESR , HAE V5 G 4 3 v i 25047 AR A8 3k 3]
7.0%7, B, TS de A H 2R 5 R TR A B S
X o B H 15 (Medicago sativa L.) 8 FRAE “ PH 2
FLREE ML BERL R B T s A 3
SRR R B IR E Y SR AE BE R A AR
TP R B R [ R R B
TSP, HL 58 A8 B A 0T SR T 52 30t A5 ARURR 14 i
PO SR AR R T S WA AR T A AL
BETE 10~15 mg - kg™ Z IR, i FH W 3R A F) T4 i ¢
FEE G R BRI B HRT, A G SR H A8 TS
R 22X R R T 5 A4 SO, DA B 4 S o Ho b5
R EF RN B AR R IS T 7R 6 R R e A A
TG Y L A SR AE B A RSN AR XS B =
H HEA X E S R WA R 22 5 H A 548
ZW L EAER L A KT ESRS S EROu Rk
Z ) 58 H AR A IGE

B 3B AT (AR ) e — AR AR A A A
TR FR P 8 25 5 200 b B T M AR R AR, T S AR
b, BEARAE R A AR 2805 7, SRR AR AR G fR it 4R
Rfie , P BURARAEZE" 1, T LA 2 D0 B e 3
T I ARUTE A Y S ROk 2 A A ) 32 B Y
TN AR SRR R 30 25 B 2R AR A A
i AEARSR S AEARO A BSR4 B e A T
SEPEAT O3 M AR IEA RN B KT X AR 8 R S B 1
A9 AR K T RO 5 R AR AR R, LU ) B e R X 55 A
B AE AR AR, AR TS g SRR SRS A TR M
Z%,

1 MREFE

1.1 R ER S5kt 4 1l

I T R RO R 22437 (25°14 30" N, 102°
56'27" E) MR Z1 891 m, FXIR A 14.9 °C, AERE &
1 000.5 mm, FE7K LA 5—9 H 3, 4 H B8 2 327.5 h, 4
KR 1 856.4 mm, MXFIRIE 76% . 15 11 k1l 5
CUAE AR Y PRAL 2= N pH {H 6.81, A T i
0.75 g-kg ' WS 0.67 g- kg M H 1601 g-
kg ™!, ST A B 82.81 mg - kg WAL B 5 i 188.96
mg-kg ™, TR S 56.75 mg-kg A ML R 30.12
g kg SR 0.38 mg-kg s

IGAEY) A B 15 (Medicago sativa L.) , i Fi 44

1% WHART]

HHH 5,
1.2 R

WEE 6 AN (P,05) &b B K SE, 4351 0,40, 80,
160,240,300 mg - kg™, >R F 85 £ 85 AT (P,0s=12% ) Fic
il s 34N FRAAb PR B A, 4300 0.2.20 mg kg™, LA CdClL, -
2H,0 e il o 4L 18 AN Ab AN b #E S AT, 390
. BEHLHES

B KT JE L 2 mm i o F5EEBEIE D CACL, -
2H0 MR PRI IR A I A -3, 5 -3 7 IR
¥15), JRZE (100 mg-kg™) F K,S04(100 mg-kg ) EH
FEAE — R PRt A 138 IR PSS o KRS R Y ek
ABBRIAE L 5455 ke, FHZ B FRKIAAY 35K
oy K A K (60% 247) , AT 14 d., 8k
RN ST AR 0 2846 B A5 R, T 10% Ha00 9 TR
TH 7 30 min, SR )5 /it (2808 /K S & vl 3 44
Tl 1OKL, AL ETE B4 K3 10 em B, B2 R 14 5
B FEAE I E R UK . A 45 d(RIFEIR) 5 ReAf o
1.3 $EWRMEF &

AN R - 2 I8 T PR AR O Bk R E Y A
BCHE b H R PRANER A, 3 e E ORI R, PR ZE
TR ZKIB DB, VeV T B RE e 127 B2 4R4% B T 105 C
e ,0.5 h 5,75 CT 42 72 h, 77 it 2 48 08 5 PR
JiE, LA A= P4t

FERRAR S BRI SE  FREL0.5 gid 0.25 mm i (1 T4
HPIRE i, F HNOs—HC10, (42 1) AR & R 18 325 114 1
(A1 2R A 2% Hanon220s ) A0 38, 5% FH 25 mL & i E
2%, AW e 43 6 % B 3 (Varian SpectrumAA220)
D R ) 5 1

Ui %) NI 48 L 4 A OO 1 g, LA 10 mL Tl
¥ ST SO ) 250 mmol - L EEHE L 50
mmol - L™ Tris—HCI(pH 7.4) .1 mmol - L™ —fi R B¢ AR5
(C4H1005S,) , BB BB b I, R FH 22 3 0 AR
AE 600 r-min”' T &0 10 min 15 %) 40} BEYTHE , 1 000
remin” &0 15 min 5 3 M-SR TLEE, 10 000 1 -
min~' T &0 20 min 15 B R AR TTNE, F 2B R &
YA BT 2 43 (5 VR AR SR ) IR O R RT3
el

FEL T V0 10 1) 4% PRI 7 4121 0.5 ¢, A 2.5
mL PBS (IR 2% vh ) WHES 3K J5 , #E /A 2.5 mL PBS
JR57,4 °CF 10 000 r-min™ B5.0> 15 min, F 35 ED K
FELER o R TR P T B 000

A L W B AL i (SOD) 7 M SR &L 15 DU s
(NBT) A il k00 22 5 1 A P i (POD ) i 1>k I A
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BRI 5E 5 2 58 A S (CAT) 16 PR FH 22 AN
PR EDT, N S B (MDA) SR B RR O 1 2R s
Wz,
[6.45 (Ass2 — Agno) — 0.56A450] X Vi X Vi
Vo x W x 1000

A Cupa N MDA 55, umol - g7, LU T3 5 Auso
Asn Ao 735120 450 532 600 nm % KR A5 (026
FEAR 5 Vi R ROW AR, mLs Vi g 32 BBOR B AR R, mLs
Vo R 5 AR, mL; WONAE M 4 26 TR,
1.4 HiRAE 55T 4R AE

K H Excel 2016 B4 % B 48 251790 26 19 43 Hr o
FI FH SPSS 20 A4, R A1 8T & M 22 i (New complex
range method ) X} B P E1 T 22 55 B & 0 #r , P<0.05 3
INESFBE

FE R b L SRR (- A1) 0 AR R
T SRR A R A SRR R R M T SRR
(e 7)) O AR AR MR R AR i S R R TR A
IR, Fid RECHAE R IR 5 S AR
T R H A

2 HER55H

2.1 BiEMNEME TEREREMENT N

FEAR R AR AL BE S 5T, B RE ACT- 5, A= 9
R I SRS D i, 7E 240 mg- ke BEK
SR AW AR (B D) o AR ARG K T bl
BEAL PR R R, A RS R > . o2
mg- kg f+160 mg- ke WAL I T, SEALEH TG A Yk
S KA 13.54 g 4" BRI R Ir 250 W20, B A 58
HAERIXEAE B 1S A A e S s
22 BMEXMEE TEREET R IARESEN
=AU

FEAH R AL B & T, BB AT A3 n , 45
20 e 1 e S B S JE G i R A AR AR [R] A
KT i Ak 3 5 A 3G, 45 I 200 i o
FHOM(E 1) o A0 E A M 7 740 M4 0 o A AR 22
S, B R A0 RE > A1 R > ok > S A, HE e g
I A i e g, o B 19 50%0~64% , U Sk 40 i
JiT, o5 Y 18%~29% , fie /D I I A4 FLAR 1 i
A5 R 190~8% o
23 BRIMEIME TEEERREEMRRENZ M

FEAR TR R AL B N B G AAE ZK - 1 38 n L b 1
B kT T A o S AR, R R B S B S
A FERA RIS T, Bl At B s 3 i, b F 35

CMD/\:

14 B Hif:ns Aa O PpPo P40
B T - N  @Zrso Erieo
127 Ab BaBa B P240 [ P300
~ L BbSSBH CafZ] BbAc
ke Dhc_brb§=Cb DRNEN  Co
T ZN= Z D=1
e 8T IN= 7 7
== AN 7 7
21| | NE z z
7/ —] 7/ 7/
52 4| NS 2 z
AN 7 7
2 | ARE Z 7
ZN= 7 7
: =
0 2 20

#4571t Cd content/(mg-kg™)

AN KE R R AR R A T, AN [RGB KK 0] 506 B 78 A ik
S (P<0.05) s Aal/NG FREFRARIF TERE KT, A [l 4k B i)
BTG A )i 22 5 35 (P<0.05) o *FR AL BIXTSEAE A5 AR 15
il 52 3 (P<0.05) , R i3 (P<0.01) ,ns F/RJE 12 3 52
(P>0.05), T,

Different capital letters indicate that there are significant differences
between biomass of alfalfa with different phosphorus application levels
under the same Cd treatments(P<0.05). Different lowercase letters
indicate that there are significant differences between biomass of alfalfa
with different Cd treatments under the same phosphorus application level
(P<0.05). *indicates that the treatment has a significant impact on the
biomass of alfalfa( P<0.05) , ** indicates that the treatment has a very
significant impact(P<0.01) ,and ns indicates that the treatment has no

significant impact(P>0.05).The same below.

Bl BENARSERME TEREBEEYMENRI
Figure 1 Effects of phosphorus on alfalfa biomass under different

contents of cadmium

b 4 1 i A BB Y B N, HOH R R
T WMBREYA T EA(E2) . 7520 mg-kg!
FRALIR RS REET , is R B AR R A F
B KA, 7399104 0.35 F165.06 g« pot ™.
2.4 BEERIMEME TLEEE MDA EEMRANLE
R R

FEAH R4 AL PR 5 1, Bl 7K ST A 38 i, MDA
R SRS IR (E 2) . FEARZ B
Jla s, 5 AR AL FEAH L H , 40 .80,160 mg- kg™ BAb
IR MDA & 5050 FFET 40.7% .48.7%.75.9% ,240
300 mg- kg BEALF T MDA & 435 ETF T 59.3%.
102.5%;7E 2 mg-kg " FAALEE T, 5 A it Ab BEAH HL 54
40,80, 160 mg - kg B 4b FEF MDA & 5535 TR T
35.7%.54.8% .72.7%,240.300 mg-kg ' BiAb B MDA
S ETET 27.3% . 48.0%; 7F 20 mg - kg 5 AL B
T, SRR A BAH FE 45, 40,80 ,160 mg-kg  BEALFE T
MDA £ 553 5 R BT 15.5% .42.3% .60.2%, 240,300
mg- ke BEALEE T MDA & 5430 BT T 4.8%.18.8%.
FEAH [FIRE R /KT Bif 5 A 355 S 19 i, MDA 5 &
W ESE N . WU R Ty 2250 B R W, Wl A EAE IR 2

WWW.Qes.019.CN




m@g 2178

VRETR Rt Y FEF 108

Rl BEXTESERPETEREETH THAMFESERS RN

Table 1 Effects of phosphorus on subcellular cadmium content and distribution percentage in alfalfa leaves under

different contents of cadmium

GaR  BaR 4 U BE Cell wall A1M 5T Cytoplasm ZEhi 14 Chondriosome 4% {4 Chloroplast e
€ contientl]. [P @t i G i ZANES g G i GANLE S Total/
(mg-kg") (mg-kg™) Content/ Distribution Content/ Distribution Content/ Distribution Content/ Distribution (| gke™)
(mg-kg')  percentage/% (mg-kg')  percentage/%  (mg-kg") percentage/% (mg-kg') percentage/%
0 0 0.834+0.010A¢ 61 0.269+0.010A¢ 20 0.238+0.020A¢ 17 0.034+0.004Ac 2 1.375+0.040Ac
40 0.780+0.060ABc 62 0.240+0.010AB¢ 19 0.207+0.010Bc 17 0.028+0.004B¢ 2 1.254+0.060Bc
80 0.720+0.050B¢ 63 0.223+0.010Bc 19 0.178+0.010Cc 16 0.025+0.003BCc 2 1.146+0.060CDc
160 0.618+0.010Cc 64 0.172+0.030Cc 18 0.160+0.010Cc 17 0.013+0.001D¢ 1 0.964+0.030Ec
240 0.715+0.050B¢ 63 0.221+0.010Bc 19 0.177+0.020Cc 16 0.021+0.002Cc 2 1.134+0.020Dc
300 0.764+0.050ABc 62 0.257+0.020Ac 21 0.180+0.010Cc 15 0.022+0.003Cc 2 1.223+0.020Cc
2 0 2.871+0.050Ab 56 1.412+0.120Ab 27 0.455+0.010Ab 9 0.407+0.006Ab 8 5.145+0.090Ab
40 2.750+0.050Bh 57 1.222+0.020Bh 26 0.415+0.010Bh 9 0.384+0.013Bh 8 4.771+0.080Bh
80 2.621+0.030Ch 58 1.153+0.070Bh 26 0.394+0.010Ch 9 0.332+0.026Ch 7 4.499+0.080Ch
160 2.325+0.030Db 61 0.902+0.080Ch 24 0.302+0.010Fb 8 0.269+0.006Db 7 3.796+0.070Db
240 2.625+0.060Ch 59 1.204+0.010Bb 27 0.333+0.010Eb 7 0.316+0.008Ch 7 4.479+0.070Ch
300 2.706+0.060BCh 58 1.278+0.030Bh 27 0.361+0.010Db 8 0.322+0.003Ch 7 4.667+0.090Bh
20 0 11.463+0.110Aa 50 6.637+0.340Aa 29 2.980+0.040Aa 13 1.748+0.110Aa 8 22.828+0.480Aa
40 10.730+0.630ABa 51 5.682+0.030Ba 27 2.865+0.080Aa 14 1.673+0.013Aa 8 20.950+0.700Ba
80 10.027+0.710Ba 51 5.503+0.060Ba 28 2.713+0.040Ba 13 1.552+0.008Ba 8 19.795+0.750BCa
160 8.833+0.730Ca 53 4.617+0.180Ca 27 2.287+0.070Da 13 1.247+0.043Da 7 16.984+0.960Da
240 9.983+0.050Ba 52 5.421+0.340Ba 28 2.444+0.070Ca 13 1.350+0.013Ca 7 19.198+0.350Ca
300 10.523+0.910ABa 51 5.821+0.520Ba 29 2.558+0.100Ca 13 1.426+0.036Ca 7 20.328+0.370BCa

T AR RS 2R AR R A AL B, AN [] G B /A F- 1) P 200 A 397 e 22 5 f8 25 (P<0.05) s ANTR)/ING B AR IR K- T, A ) i Ak FH2 ) I

AR 22 S 3 (P<0.05) . T IAl,

Note: Different capital letters indicate that there are significant differences between subcellular cadmium contents with different phosphorus application

levels under the same Cd treatments (P<0.05). Different lowercase letters indicate that there are significant differences between subcellular cadmium
contents with different Cd treatments under the same phosphorus application level (P<0.05). The same below.

TE B 15 MDA 55 i AF7ERR i 25 52 )
TEAA IR & i T, BEE B A B9 3500, POD i %
PER I JE G B a3 (B 3) o R 32 24
Jolp 38 B, 55 A it i A R AH L #K L, 40,80, 160,240,300
mg - kg™ B AL B R POD 3 7k 43 ) 38 0 T 22.2%
58.3% . 121.7% .55.5% .22.2% ; 17 2 mg-kg'@%ﬂ‘fﬂ?,
55 R e A FEAH L%, 40 .80, 160,240 mg- kg AL R
T POD i 35 4 43 5 M T 23.9% . 64.5% . 134.2% .
37.4%, 300 mg - kg™ B 40 F T POD Jf§ i 1k B AR T
14.5%; 7£ 20 mg - kg™ FRALPET |, 5 2 it il Ak BEAH L
45,40.80.,160,240 mg- kg™ Wi &b B R POD il 1% P 43
BB T 23.4% .69.0% . 124.2% .49.5% , 300 mg - kg™
WAL I POD [l 1 14 FEAIR T 32.2% . 7E 0~240 mg-
ke WK B4R 2 5 A 30, POD il i 4 S m
Jei FEAK 5300 mg - ke WK T, BlEEE & = 9340, POD
it 0 1 B R . 2 mg - kg FRALBE R it 160 mg -
kg BT, POD P 1 35 2 5 K{H 17.33 pmol - g™'o XYL
PR 2250 A 3R W, Wi 4 28 B AR TIOR8 46 B 7 POD

1% WHART]

il 175 A AR S 25 s ]

FEAH RV 2 B T, Bt s /K OF- 4 38, SOD g
PER I SE G B a3 (B 4) o AR 2 214
Jolr 38 B, 5 A it B A B AH HL K, 40,80, 160,240,300
mg - kg™ B Ab BN SOD il 16 PR 4 B ¥E T 22.7% .
52.2%.73.6% .47.2% .6.9%; 7E. 2 mg - kg™ SAAL LT
5 R Tt B b BRAH HL 85, 40,80, 160,240,300 mg - kg™
4k R SOD il & M 43 B O T 64.6% . 70.0% .
106.6% .57.4% .9.2%; 1E 20 mg - kg FAALF R, 5K i
AL FEAH HL 45, 40,80, 160,240 mg- kg™ #i AL FE R SOD
it Pk 43 N 3 T 38.3% . 44.5% . 62.5% .35.7%, 300
mg- kg BRI R SOD M iE MEFEAR T 3.3%. FEAH i
WK, Bt 5 i A0, SOD i 4 2e 18 il s B
ko 2 mg-kg ' HAALFET it 160 mg- kg™ BERT, SOD i
T 1R 3K 3 e KA 231.84 wmol - g0 XL 27 22 43
W], WA A HAE HIXT S8 4E H 15 SOD BT 1k A7 7 1
R

FEAH RV 2 B, Bl bt s /K O i 38, CATT i



HEBEAL, 5 B XS0 6 0 BRI PE RO B

2179

R2 BENARSERMETEREERSENRNENZM

Table 2 Effects of phosphorus on Cd content and accumulation of alfalfa under different contents of cadmium

[y e % Cd content/(mg-kg™) 35 2 #h ZFE Cd accumulation/(pg-pot™)
Cd content/ P content/ Hi -3 Hb R 3 Coefficient of Ho 13 Hi R
(mg-kg™) (mg-kg™) Aboveground Underground transshipment Aboveground Underground
0 0 0.68+0.01Ac¢ 8.62+0.10Ac 0.06 6.18+0.16Ac 13.01+0.19B¢
40 0.62+0.01Bc 7.84+0.07Bc 0.07 5.86+0.14Ac 12.99+0.27B¢
80 0.58+0.02Cc 7.27+0.01Cc 0.08 6.23+0.20Ac¢ 12.79+0.09B¢
160 0.49+0.01Dc¢ 6.82+0.07Dc¢ 0.07 6.10+0.41Ac 14.92+0.21Ac
240 0.43+0.01Ec 6.06+0.03Ec¢ 0.07 5.19+0.15Bc¢ 11.40+0.08Cc
300 0.41+0.01Ec 5.34+0.08Fc 0.06 4.33+0.10Cc 9.50+0.08Dc¢
2 0 1.32+0.04Ab 12.99+0.13Ab 0.13 12.72+0.51BCh 22.60+0.19Bb
40 1.19+0.03Bb 11.99+0.02Bb 0.17 12.21+0.78CDb 21.73+0.28Ch
80 1.09+0.03Ch 11.00+0.08Ch 0.15 13.51+0.34Bb 20.87+0.41Db
160 0.98+0.01Db 10.29+0.04Db 0.19 15.01+0.46Ab 24.67+0.56Ab
240 0.85+0.03Eb 8.86+0.07Eb 0.11 11.35+0.42Db 17.18+0.37Eb
300 0.77+0.01Fb 7.90+0.07Fb 0.13 8.02+0.28Eb 14.89+0.02Fb
20 0 7.38+0.17Aa 21.22+0.16Aa 0.35 65.06+2.76Aa 35.29+0.16BCa
40 6.94+0.04Ba 20.91+0.06Ba 0.33 64.49+2.17Aa 35.96+0.31Ba
80 6.40+0.11Ca 19.98+0.06Ca 0.32 64.39+2.21Aa 34.90+0.40Ca
160 5.78+0.03Da 18.96+0.17Da 0.30 63.01+1.78Aa 38.86+0.91Aa
240 5.25+0.03Ea 18.05+£0.04Ea 0.29 59.11+0.94Ba 32.54+0.35Da
300 5.00+0.05Fa 16.95+£0.09Fa 0.29 49.34+0.96Ca 28.65+0.30Ea
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Figure 2 Effects of phosphorus on MDA content of alfalfa under

different contents of cadmium
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Figure 3 Effects of phosphorus on POD activity of alfalfa under

different contents of cadmium
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Figure 4 Effects of phosphorus on SOD activity of alfalfa under

different contents of cadmium
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Figure 5 Effects of phosphorus on CAT activity of alfalfa under

different contents of cadmium
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