NS RSIMRS IR0

XRiPIZiis http. //www.aed.org.cn

N

Bf 42 /NTERIFT A A ASA-GSHYEZA XY - 338Cd  Pfiipie fyme B2
XM, AR, SKOLRE, EEA, MR

1AL
XUME, ZERAR, SKOGHE, 45, BP A/ NER TF IR N AsA-CSHAG PR X £3ECA . PhFRA M REJ]. A0l B8 I8 5 IR 8244z, 2021, 38(4):
558-569.

TEZR R View online: https://doi.org/10.13254/j.jare.2020.0404

L] RO BR A A R

Articles you may be interested in

WPCHE X BT 428 Cd . PhIAR LR IR0

T, S

LMV BRG] 2019, 36(6): 783-791  https://doi.org/10.13254/j.jare.2019.0129
BT RD IS FORLAR NS 52 AT Y AN A RS B 2

A E, w07, 5k

N FIR G EETFA. 2019, 36(2): 192-197  hitps://doi.org/10.13254/j.jare.2018.0121

AN B R Xk SR R v e e ) R

X, RSO, VE K, BUEEIM, 52 50, xR, a2, IR
LV BFR S H]. 2019, 36(5): 664-672  https://doi.org/10.13254/j.jare.2018.0129

A A HUIE RN A P 7= 3 CARIPhIS Yefes FH 413848 4 15T

TRk, Do, WO, 5, 1R R 77, i i, T1E 1
AN RS EREE2AAR. 2015(1): 16-21 hitps://doi.org/10.13254/.jare.2014.0198

RRADR TR 5 50 52 0 0 S K 4 e A BIDIR B ) 52 )

MREEH, 2, W07, 250, STH I, A
AV TR S IEE ], 2018, 35(6): 575-582  https://doi.org/10.13254/j.jare.2018.0031

KEMEANS, FIFELZ G


http://www.aed.org.cn/nyzyyhjxb/ch/index.aspx
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2020.0404
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2019.0129
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2018.0121
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2018.0129
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2014.0198
http://www.aed.org.cn/nyzyyhjxb/ch/reader/view_abstract.aspx?doi=10.13254/j.jare.2018.0031

K& RS IFEFH 2021, 38(4): 558-569 Journal of Agricultural Resources and Environment

XUME, AR, SOLRE, 4. BFAE/NEFI TR N AsA-GSH R ER XS 138 Cd \ Ph WM 38 (R M 15z (J]. kB35 BRI 24, 2021, 38(4):
558-569.

LIU Mei, LI Zu-ran, ZHANG Guang—qun, et al. Response of ascorbate—glutathione cycle in wild Arabis alpina L. to soil Cd and Pb stress
[J]. Journal of Agricultural Resources and Environment, 2021, 38(4): 558-569.

B A /NEF TR A AsA-GSH {EER
XF 118 Cd . Pb Biri8 B4 Mla iz
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(1. =R R F IR SIE220E, B 650201; 2. = Bl K2 bk 2527 e, R 650201)

TF iR OSID

W OE IR S R A TR R B AL e B AMR A 1 R I T R E A S AR X A R X B A/ NE R T
(Arabis alpina L. var. parviflora Franch) & PR HTIR IfiL B2 - 75 e H K (Ascorbate—glutathione , AsA—GSH) ffE ¥ %} 38 Cd . Pb B 361 /8 10 1/
GEREH IR X NI =22 ZASRAE R 3 Cd Ph & R AR 2E 5, B0 DORAE R LY Cd P & B3 5 T/ NS PR =2
ZRFE R, [ I 3R X/NE R IR AR SR AR AR B FIRR R 28 o 3t DXORAE B A /NME RS IT B I 8 (Malondialdehyde,
MDA) JEHE AR (H,0,) FUIRMLEL (Ascorbic acid, AsA) RIS JEHIZ B H Ik (Reduced glutathione, GSH) &4 B 35 = T/NSEE, /NERS
FEMAN T IR AR 1 A AL P 1 (Ascorbate peroxidase , APX) R4t H K& B il ( Glutathione S—transferase , GST) 1% ¥4 fifi -3 Cd . Pb
B A 0 T T R R O XY AR /N TR B T AR R 1 A B H KA [ (Glutathione reductase, GR) F1 43 e H Kk i 404k )
(Glutathione peroxidase , GPX){f 1 LT /NG FE, L5 ENA , 78 138 Cd Phi5 Y4500 T, B9 2B/ NMERI T 314 ) AsA-GSH AE IR
R ELY) BTTFAE RE T, HYSR XS Cd Pb (TR 1

K Cd; Phy/NMERIIT s AsA-GSHfIE 31
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Response of ascorbate—glutathione cycle in wild Arabis alpina L. to soil Cd and Pb stress

LIU Mei', LI Zu-ran®, ZHANG Guang—qun', WANG Ji-xiu', ZU Yan—qun"

(1. College of Resources and Environment, Yunnan Agricultural University, Kunming 650201, China; 2. College of Horticulture and
Landscape, Yunnan Agricultural University , Kunming 650201, China)

Abstract: A field investigation was conducted to explore the response of ascorbate—glutathione (AsA—GSH) cycle in wild Arabis alpina 1.
var. parviflora Franch to soil Cd and Pb stress in three sampling sites in the Huize Pb—Zn mine area, Yunnan Province, China. The results
showed that there were differences in the soil Pb and Cd contents in the three sites. The contents of Cd and Pb in the soil of Chihong site
(CHQ) were significantly higher than those in the soil of Xiaomaping site (XMP) and Sanduoduo site (SDD). The root length, root surface
area, root volume, and plant height of A. alpina were the highest in CHQ. The malondialdehyde (MDA ), hydrogen peroxide (H.0,), AsA,
and reduced GSH contents of wild A. alpina in CHQ were significantly higher than those in XMP. Ascorbate peroxidase (APX) and
glutathione S—transferase (GST) activities in the roots and leaves increased significantly with increase in soil Cd and Pb contents; The
glutathione reductase (GR) and glutathione peroxidase (GPX) activities of wild A. alpina roots in CHQ were significantly lower those in
XMP. In summary, wild A. alpina can maintain a strong antioxidant capacity through the AsA—GSH cycle and enhance its tolerance to Cd
and Pb stress in Cd and Pb polluted soil.

Keywords : cadmium; lead; Arabis alpina L. var. parviflora Franch; AsA—GSH cycle
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5 (Cd) A (Pb) 248 ¥ 19 JF b 5 i i T R,
Cd . Pb i 2 52 W A ) 2B G, 3046 RNA B9 & i K
AH OB M , AR 7™ A R TS R S A R i, S 2R
FLIR B R R 5 i, e 45 SO L 45 A iR, 7
— E M 4 JR W I BN A R LUR 3l A B R A
BEDL L FE 0 A0 e Ao S A AT SR A b ) 4
HRAE P30, T AR 0 45 M 3 7 A AR M AR SR R A
4 Jm AT PR R A P BT OR I R - 4 DG IR
(Ascorbate—glutathione , AsA—GSH ) {5 ¥f . GSH X1} %5
A BETE SAEAE A BAE ] AR DT 2 AR e b R HE R
KAE B, A B4 42 J& B IR ML R (Ascorbic acid,
AsA) TEHTIR M2 3 A AL P 1 (Ascorbate peroxidase,
APX) AR TR 5 Ha00 S AE 7K, DA T IR Bk 52 386 455
38 BT AR R SRR T D PR e B S TR
1L & (Monodehydroascorbate , MDHA ) 1P Jii S 4T IR IfiL
T2 34 I Tt (Monodehydroascorbate reductase, MDHAR)
SEAE R I s AR N AsA L, S 5 AsA JKFE B IR TR
A &P IR L R iE )t B (Dehydroascorbate reductase,
DHAR) ] F i J5t 5 25 e T Bk (Reduced glutathione,
GSH) 1y w4l 44 a] % 5 & Bt 3K 1f B8 (Dehydro-
ascorbate, DHA) & J§5i 2 AsA, T 4% e T K ik it il
(Glutathione reductase , GR ) ¥ 58 AL YA Bt H KA AL A%
GSH, fie it AsA A= , BT 78 B3 BR Ho0, 55 1 1 4
FFHAE AsA T GSH By 2. GSH 245 bt H ik 4
AW (Glutathione peroxidase , GPX) 14 e T K% it
fif} (Glutathione S—transferase , GST) 2531 E AL IEY) ,
GPX Lk GSH W IR WAL Ha0, 2 B 28 401k 1 0 AR 3t
AL, GST i 5 GSH 45 A B BRIN U™ A 1
BREEHRY, GPX M GST S SHYx & 4R i %5
fifFERY L AR H AT OC T Y AsA-GSH R IR 7E A
[) 3 53 58 R B LR E A B 2 RGE , INE & R
Wk 38 N 2 Ml (Salix matsudana Koidz) 4 1, 4x 22 35
(Pogonatherum crinitum )" F Y B9 AsA-GSH G 34
B PR R A2 Ak 4T Cd P 5 e 48R B AR /N
FATT AN PUIR L RR 43 D T BRIR ERAEHRAT Cd  Pb 8
H R R AR B AR AR T 5 ik LA

INAETFE I (Arabis alpina L. var. parviflora Franch)
SR A L EEMY), TR Ot E AR
AP, FERNT B SRR X, K
WIF R ™ X K% J 3 38 v Cd Ph {5 G [a) 8 H 4510
W NAE T IO 4 R T A2 M IS HLA B Y
IS AL M. AR m A ST X
Cd . Pb 54 - WFFET S5, =S ] 3 XA B AR /)
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AERETT g AR B I AR 2T /N R T R R
APX .GR .MDHAR .DHAR #7514 £ AsA .GSH [ &5 &
Ak, IR AR 451 T Cd L Ph A XF /N E R TR AR Y
AsA-GSH T ¥ 1 5200, 2R 2R /N AE B 5738 W Cd  Pb i
BB AP, S/ INAE e I T 4 R i g AT FERAF
e BRI

| MRS

1.1 RAEFHHEER

KA R T = i T P L (250487 ~27°
04'N,103°34'~103°42"E) , V14744 2 183 m, M%)
24389 m, LA HIAR Ol 32, G ZR R . i
YRR NSRRI AL T8 =6 8l 2
HEMAFE 2 — . RS0 : Ot X (CHQ) :
103.71°E,26.63°N, 4k 2 494 m, v T F 10 111 450 27
WX ;@=%£2(SDD):103.62°E,26.47°N, 1k 2 254
m, (i FEH I = 2 28 @/NSHE(XMP) : 103.71°E,
26.63°N, WK 2 471 m {0 FH WG I/ SEE, =4S
SRAE S PR L 1
1.2 HmEE

2019410 H , PR 17~24 C, iELL KGR
ST BIFE = A X BEE = A RAE A AR
Bl ML MR A 42 BCEY A /NAE RS T AR AR 15 0k /NE
FFER AP ANHGE = S (12 4F) |, SRS 3 B AR
PRAEI R RN B, (0] SO0 28 A5 FH o i P 6 7 A
A /NE R ITAE AR, R B SRR 2 RE M ZEAR SRy 1
R BR R T R E S E W E  /IMERIT
Ve, PRI [ R T A 1040, B L 0.1 g,
W AR T80 CokA , FH T BRI A2 .
1.3 FEFRE
1.3.1 L BERACHb M T

Z: B 1 B3 Ab 3 A ) CB = R0 il o Jr
P D= § W ) W O o = W o 0 N o N (= W <
RO U
1.3.2 tEMRA KRR

Yeig /NERSIT , R ] Epson Perfection V700 494
IXHEATAR 2 14, 7 A F WinRHIZO-Pro 2013 (Re-
gent Instruments Inc.) 73 B BCAF XF AR 3 2 8017 7
B, A3 /NAE RS T B SR L BAR SR TR PR R
HAE ARRBURARIE . FEAL L E S #k BRI 2
PREr . 105 CA# 30 min, 70 CHET ZH i (M |
MR PR BE R, #5 .
1.3.3 EIEFRERE Cd . Pb &5 &0
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F1 =M TIEBYERRESECI.PhEE

Table 1 Soil physical and chemical properties in the three sampling sites

15 H Ttems B 5 X CHQ =£%SDD JNILEEXMP

427 Total phosphorus/(g-kg™) 3.03+0.81b 3.62+0.85h 5.43+0.32a
4281 Total potassium/(g-kg™) 2.75+0.33¢ 7.18+1.02a 4.88+0.93h
2% Total nitrogen/(g-kg™) 0.27+0.02a 0.21+0.01b 0.22+0.01b

A3 %% Available phosphorus/(mg-kg™) 21.45+4.67a 23.56+3.23a 15.90+2.04b

HACE Available potassium/( mg kg™ )
Wi % Alkali-hydrolyzable nitrogen/(mg-kg™)
AL Organic matter/( g kg™ )

Cd &+ Cd content /(mg' kg™)

Pb & 4t Pb content/(mg-kg™)

281.69+66.57¢

128.33+26.72a

94.22+19.40b

pH 6.39+0.12b
106.54+11.31a

7 512.75+1 066.54a

1516.43+335.19a
63.58+19.10b

742.10+101.29b
137.08+12.8a

164.85+15.81a 57.98+11.31c¢
6.62+0.13a 6.39+0.08b
72.73+16.05b 52.91+11.37c

6 584.33+328.75b 6218.33+645.98b

I A AR/ NG PR 22 57 B35 (P<0.05) . Tl

Note : Different lowercase letters in a line indicate significant differences (P<0.05 ). The same below.

(1) £33 Cd.Pb &t AR g 1 & T 50 mL —ff
SR, A KR, ISR 3 mL, B R AR N
e Z 0 (140~160 °C) |, FEFR A 2 AL P B A B 52
Ja  BURN R, WEREINA R AR 5 mL, gk S A A
a2 K ERTR BUR 2 A0, oK B8 3] 50 mL 75 &
B RS . FH AR A B e 2

(2)FE Bk Cd . Pb & 12« FR TR 5348 AR A 4 0.1
g, BT WMEE, A 3 mL 48R (A2 4) A1 2 mL XYL
AR (R al) , FHEFS S 160 Chn# 4 b, BUh %
W, A K 8 25 2 50 mLo R KO R T W i
J6 I BE I E -

AR B =HE Pk Cd P % & (mg - kg )/ -3 Cd |
Pb it (mg-kg™")

iz ZB=A R F3 Cd Pb & (mg - kg™ )/
B T3 Cd . Pb & (mg-kg™)

1.3.4 AsA-GSH 1§ ¥ A OC W . H1 A AL 9 51 2 MDA |
HL0, 75 il 5

FRICHR 0.1 ¢, I BY JJ BY WA BIRER , Jin A 42
OB, KIS T OFES BUST 3R . F g V8 VR B O L
(HC-3018R = A 7R B DML, LR PR P R AU RS
A BRA D PV URES O B IR AN

HR 470 6 (I B 950 A% B0 A BB AT PR
A UL B AR AT E o 3 B A B IR LR (AsA) : FE
534 nm P IC R 1 h JF WOGME o i R A BE TR
(GSH) : 7£ 412 nm M & W6 (H . 79 [ (MDA) : 7£
532 nm F1 600 nm 4b 32 HOW B . 4 AL & (H0,)
FE 415 nm Ab 2B SEAE o B IR i R 1 AR 1
(APX) : 7 290 nm Fb 8, 3 5% 30 s 1 5 min 30 s WO

— 560 —

o BB BTIR M FR A SR (MDHAR) : 76 340 nm b
o, i85 10 s 15 min 10 s ORI . A BUIR IfiLAR I8
J i (DHAR) : 7£ 265 nm H 8, 1255 10 s A3 min 10 s
W EAR . 23 D6 H BRI B (GR) : 7 412 nm FL 8, iC
5% 30 s F1 10 min OB . A5 D H BIRFL B (GST) - 78
340 nm L&, 0 3 3 s F1 10 min OG(E . A BeH ikt
FEAL WG (GSX) :AE 412 nm Fo A, K 5% 1 min RYGIE .
1.4 BIESIT ST

SIS BUHE K FH Microsoft Excel 8R4 7541 4 i Al 2E
FH, >R SPSS 19.0 F4%5 F s i A7 B I R 5 22 504
(One-way ANOVA) F122 5 B Z MK K (0=0.05) , Ori-
gin B2 B L B SR B B T 3 A A £ bR
MEZEFIR

2 HRE5HH

21 =N HIEBEYERRESECI.PhEE

AN X A PR AL i X 4R Cd Pb i
fETEWI R 2R (R D Hrh 2l S &k 280K
N /NESPES = 22 2258 77 X5 8 5 AR IR =
22> /NS PP X5 4 R B MR A B 2 X > /)N
P> =2 2 30 & KK =2 2> X >/
B HUBUR 0 & RO = 2 2> /N ST X
ol i 2R B AR R R /NS STl 2L X > = 2 2 A L
JoT ) BRI R = 22 22> % X >/INE B 5 pH A K/
WK = 2 Z2 >0 7 X >/NE B 3 7% X 311 Cd
PbEEBERG T/ NS =22,
22 EPMRBEXBFENNBAKRSRREES

AR X BF A NE R IT R RR = R RIEBAE

http://www.aed.org.cn
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HEF(F2), “ZZ M7 X/NERIT R ERK
MR WA TN (P<0.05) . Hi, 5N
FEA LG, =2 28t 7% X B A= /N R T SRR 43 5113
£ 107.32%.93.68%, /5 M 2R TH1 AL 43 1) 3 K 52.11%
45.77% % DX BF A= /NAE R AT AR B I 25 K T/
LM =22 43 HIE K 61.90% f1112.50%., —£%
AR /INAE R T R R 4 1 /N B BRI DX, A L)
T BB % XAk = 4 ) BT 77.36% .49.05% ., = A
TR0 XA B A /N B T I AR R AR AR B2 =
AEE(P>0.05,72),
23 ENMRBRFENMEFEKRCIPhEERE
FRHFAE

SN X AR /NG T B R R Cd
SRR R 22 5 (P<0.05, % 3) . BFA/NEFT T
PR AT R Cd it b v SR O R Bt 2 X >
—ZZ>/NE B, U X /NE R ST L R Cd 5 Ry
S =22 Z2H/ N B 1 25 T 5 46.85% F1199.72% , 1
B T 54.44% 1 140.63% ., B 27 X8 AR /NAE
AT AR S A R 35 Ph 5 B 2 TN SRR
=22 ME/NGEM =2 % 3% X Ph &
145 My 87.83% F1 291.04%, Hi F #F P 5 5 44 5
360.76% F1547.47% 307 X /NS EE =22 =AMk
KX CdEERBUEIRT 1, P EERBYNT 1, =
ZZ M X CAFER RO T 1, /NS Ph 54 R
BRTF1(F£3),

24 =MREXEFE/NMEFEITER MDA FIH0. & 2

AR DT A /N A R R AR AR R I R
MDA il H,0, F A EH 2 2% (K1), Cd.PbH R
1B e 4 5t 2 DX B A /N A B T AR H ) MDA 55 4t i
Em T =22 R/NEE, Hdr it MDA 5 5533
T+ 74.06% . 32.17%, HE#B #9 MDA % 1 43 il b F+
72.12%.99.73% ., —ZZF/NE R /INER I A
FFREB Y MDA 7 5 22 5 A8 B3 (P>0.05, K1 1A) . Cd.
Pb 5 SCEARA) /NS PP A /N R SRR R A HoO, B i i
EART o5 XA =2 2, /NS FEEF AR /NIRRT
H,0, & & b 3t 72 X = £ 2 5 51 T % 54.73% .
66.77% , HL %) Ho0, % 1531 T R 30.00%.24.32%, =2
22 % DX B A /AR R AR R () Ha0, 7 25 57
ANEEP>0.05,K1B),
2.5 =R X BF £/ ETFHE AR AsA-GSH &3R4
IMENHRENESEREENE

AR XA /NE R TR N AsA 1 5 i
FMRAR YA I X > =2 LZ>/NGPE, = Z 2 F/NG
FE/NAEREIT M 0 AsA 5 i L 3t 2% DX 23] 2 T B
54.55% F1 79.43% , #F 43 ) B E N [ 44.86% F
94.39% (&1 2A) . Cd.Pb ¥ StAE AR /NE PERF A= /N AE
R ST I FIAR (9 GSH 75 2 i 3 1 T 9t 722 X /NS B
o /N E B AL NG R ST I GSH B 3 b3t 7% X
F/NTL B350 4 25 T [ 28.08% .35.98% , AR 1) GSH 7
TR R % 66.67% .61.90% , = 2 2 Flbh 7% [X B

®2 ZMRBEREFENMEBITOKRSRREES
Table 2 Plant height and root morphology of wild A. alpina in three sampling sites

SRR
Total root length/

TR EN eI
. . Total root surface area/
Sampling sites o

SRR BAR

Average root diameter/

HRARFR R
Root volume/ HRREK

; Root tips number

B
Plant height/

cm mm cm’ cm
I 77 X CHQ 122.21+£10.42a 11.72+1.02a 0.66+0.15a 0.34+0.09a 706.29+150.33a 13.72+1.50b
—2%£%SDD 130.84+33.03a 12.23+2.01a 0.37+0.20a 0.16+0.09b 864.18+145.05a 20.45+2.66a
INELEEXMP 63.10+11.41b 8.04+1.22b 0.54+0.12a 0.21+0.10b 685.40+223.01a 11.53+1.25b
RSN FRER R 25 57 1 3 (P<0.05) . R,
Note: Different lowercase letters in a column indicate significant differences (P<0.05). The same below.
3 = MR X EFE/NEREITEN Cd . Ph & B R RIRHFE
Table 3 Cd and Pb contents and accumulation characteristics of wild A. alpina in three sampling sites
o L Ll HERK R
A 5L Cd/(mg-kg™) Pb/(mg-kg™) Enrichment factor Translocation factor
Sampling sites
H_F 3B Shoot Hb ¥ Root h_F 3R Shoot R Root Cd Pb Cd Pb
I 72 X CHQ 141.53+24.56a 114.90+19.28a 1281.35+110.87a 2 602.50+637.11a 2.41 0.52 1.23 0.49
— %% SDD 96.38+4.57h 74.40+1.54b 327.68+53.04¢ 401.95+48.68b 2.35 0.11 1.30 0.82
/NS BEXMP 47.22+5.39¢ 47.75+4.99¢ 682.18+116.27h 564.83+113.82h 1.80 0.20 0.99 1.21
http://www.aed.org.cn — 561 —
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a

12 (A) 401 (B) I
1of b L
o i a ~30r ‘[ J
= 8 A7) = i
ot b 2 G |
=) L = =) -
= ° Z b !
= | &z b = 0 b
=) Z S | 1 .
DI 2 U - RN
2 | :;; ; B ;;; }a/a
. Z Z oL % Z
I Leaf 2 Root it Leaf #R Root
HRAL Parts HRAL Parts
4 %2 X CHQ 0O =£Z£SsbDd 7 /N EEXMP
[] —FB LA ] NG SRR X 2 0] 22 53 1. %5 (P<0.05) . I+
Different lowercase letters in the same part indicate significant difference among sampling sites (P<0.05). The same below
B =X XE AN EREITEK MDA L0, 38
Figure 1 The contents of MDA and H,0, in wild A. alpina plants in three sampling sites
251 (A) 2 2.0r (B)
i I [ a &
201 l 16F I .
~ T o l b
w0 15F Zap I
% b a L
5 T T :Es_ oz
=107 I 1 = 08¢ ZZ
< L . b 0N L co2 a
¢ T & co2 T a
05t I - 0.4F Z T,
. ZZ . s ZZ
o 7z : o == ZZ
I Leaf 2 Root M Leaf R Root
HRAL Parts FRA Parts
O3 721X CHQ 0 =££sDbD /NEBEXMP

B2 =M XEFE/NEBEITEKASA CSHEE
Figure 2 Contents of AsA and GSH in wild A. alpina plants in three sampling sites

A /NIERE ST AR ER AT H 9 GSH 7 2 28 7 R B 3 (P>
0.05). BFA/NMER T A A GSH & i 3 & AR,
UEBH I X Cd  Pb if i P 5% (& 2B) .

W 3 R, Cd  Ph T s fB 5 A 9t 2 X B AR /A
ST FIAR B APX 15 B3 T =2 Z A/ NS PR (P<
0.05) . FHrr, B 7 X WP AR /NAE G IF i B 79 APX 3
= 2 2 /N 555y B2 I 135.48% .
87.18% ; AL APX i M 431 Tt 77.78% .29.73% (&l
3A) o IS X HFAE /NIRRT H B GRIE PR &
FHUF . Horp MR GR G % i 1 2 /N B, N
Th PP K X Az /N AT i ST R AR AR GR G 4 AH H —
2 Z2 R0 % X 530 8 2 - 122.11% F146.53% , LW
Cd . Pb Jifp 38 X /NMEFE IF AL GRIG M B AR
R EEARERXT Cd Ph BB Ho B 5% (K1 3B) .

AN DB A /N AR R ST AR I R FIAR S MD-

— 562 —

HAR{GME2E 7 B3, WA /NMERI T FE AR TH i MDHAR
T P B SR B S5 IR IR ICA/N S S K> =2 %2,
HEFHB Y MDHAR W& MEAK IR RN = 2 Z>/NE PE> 0
T DK /N PP ET A NG R ST R MDHAR I 1 1 3 &
T 0 5 X = £ 22 (P<0.05) , 4y 9 58 3% | FF 97.24%
M1200% . —ZZ/NERITHFE MDHAR 36 P 8.3 =
T /N T B A8 22 X (P<0.05) , 43 9 F T 32.84% FiI
118.37% (Il 4A) o i = A5 X A= /N A6 T S R 3
() DHAR 767G 8 3% 22 57 (P>0.05) , /N PR G [X B
A/NERE ST I R DHAR 6 Mo, 23 i T o s X
il = % £ (P<0.05) , 5 5l I F+ 94.16% . 81.42% ( &
4B),

Cd ., Pb 8 5 = 1 3t 22 DX 5 A= /N AR R 7 I FDAR
() GST G B & ™ T =2 2 F/NGPE(P<0.05) , B %
X B A NEF I A GST I PEAI /NSRRI = %2 £
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39 B 3.6 45 R 2.0 15 AR ER B B 3.5 451 6.9
T o INELERA = 22 24 X B AR /INAE BT I e RIARES
() GST 1 7 2 5 A 8 3% (P>0.05, & SA) o 1 =ik
B X P AR /NAE RS TF I A A GPX TG PG i 3 2 57 (P>

0.05) o /NELEEM X BT A= /N I ST A AR AR BB GPX I 1
R T X (P<0.05) . S/NGEEMLEL, =22/
Ui 72 X A= /NAE B TF AR GPX 6 M40 51 F% 20.47 %
H135.90% (& 5B) .
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Figure 3 APX and GR activities of wild A. alpina plants in three sampling sites
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2.6 HHXMES

HI 2% 4 AT P AR/ INME R DT I AR HRAAF +39
AL pH AR R IEADC, SR S 3 Cd o i i
SE GRS PR B S A om0 AR
KB A 2 S A OG5 pH A ML S B I A
o5 MR FBURIARAR K S 4l A A il i S
BE A M 5 13 Cd SR SR B A, 51
HEPh Fr i B IEAE . IR SEXIMER T A K
A —E W, NERE I AE = AR X HAT TS

B A NMER ST ARTE S 5 58 AsA-GSH IE PR 1A
KT (32 5) R, /NERIIT AR K -3 B AR
HRARFUS IF B GSH 4 {2 3 IEAH O, 5 MDHAR S 4% &
A IE ; /ANE R T I EAR R AL 5 0 A AsA (GST
S B A G, 5 MDA APX & 5 3 TR 56 5 /NAE
MIT R E 5 1t B GSH . HL0, S &8 3 T fl 56, 5
MDHAR 4% 3 3 IEAH O s /NE R ST A bR AR = 5 i
MDA \GST S @ 3 IEAH G . /IMERIT IR AR
T PR B AR ARAECRIbE = S A kT
i GR i GPX TG i & AH S

BF H NPE R IT T A 5 M AsA—GSH i ER [ AH 2%

PEA BT (R 6) R, /MERIT SRK CERER S
i Z MDA S0 5 35 IEAH G, 55 GR A2 B 2 AAH ¢
NFERE T B AR R TR AR R E S MR R GSH &2 3%
FHOE AR AR 5 AR GSH 22 8 3% IE A G iR &R
H,0, 5 BRI S 2 7R G, 5 P AR AR AR A4
LI I 00 R DG, S AR R A B 3 T AH G s R AR PR =
5% MDHAR S8 0 2 A OC , 55 GST 24 2 3 1F
FHOG PR AR 2 RRAE AR &5 5 4R 2 DHAR .GPX G i
HACHE . KU RFHEZ AR R AsA-GSHEFR
FH OGBS0 T RIS 1 1) S

YA /NAE BT I3 AsA—GSH fEFR 5 Cd . Pb & 1=
(R AH S o AT (32 7) 26 B, M AR /INAE R T A Cd 75 1
55 AsA & GST {6 PR AR 2 38 B AR O ; P A= /e e
R B Ph 75 i 5 MDA 75 8 Fl GST 36 7 52 0% i 3 1
FHOG, 5 APX & 18 3 IR AHOC; 13 Cd & &2 5 A /)
TEFE IF I 9 APX GST 1 P 1t 38 IEAH G ; 8 Ph %
5 B A /NAE T A9 MDA &5 2 F1 GST . GPX i 1
I A

P A= /NAE B IF ML AsA-GSH fE#F 5 Cd . Pb & 12
FRRE SR AT (3R 8) 2 BH , Y AR /INAE R T AR A Cd 75 i

F4 TEERESTENEBEFRSHEXEI T

Table 4 Correlation analysis of soil physical-chemical properties and morphology of wild A. alpina

. . ey A 2L % Cd € Ph
- R N S LI wpm et LR
abr . . Alkali— . O L
Total Total Total Available Available pH Organic R K
Index R R . hydrolyzable Soil Cd Soil Ph
phosphorus potassium  nitrogen  phosphorus potassium . matter
nitrogen content content
SAREK -0.600 -0.583 -0.547 -0.572 -0.606 -0.975%*  0.830%*  (0.971** -0.767* -0.266
Total root length
SRR TR 0.716* 0.730%* 0.742°% 0.733%* 0.714%* -0.262 0.297 -0.057 -0.642 -0.682*
Total root surface area
FEMRER -0.752%* -0.745% -0.648 -0.735% -0.741* -0.865%*  0.686*  0.928%** -0.587 -0.065
Average root diameter
HLAFH Root volume -0.578 -0.561 -0.480 -0.559 -0.571 -0.967**  0.826%*  0.941%* 0.830%* -0.185
HRAREL Root tips number — 0.735% 0.722% 0.660 0.716* 0.731°%* 0.883**  —0.773*% -0.958%* 0.297 0.113
Fk 5 Plant height -0.419 -0.424 -0.462 -0.454 -0.415 0.582 -0.688*  -0.272 0.855%* 0.771%
R A 005 KF 1 B, = JoRAE00LKY 1 B3I, .
Note: * indicates a significant correlation at the 0.05 level ,and ** indicates a significant correlation at the 0.01 level. The same below.
®5 FEMEBFTHESHE AsA-GSHIEIREIHE K E S
Table 5 Correlation analysis between the morphology of wild A. alpina and the ascorbate—glutathione cycle in leaves
FEH5 Index AsA MDA GSH H,0, DHAR GR MDHAR GPX APX GST
SR Total root length 0.199 -0.555 0.733*%  0.861**  -0.664 -0.011 -0.866** -0.616 -0.324 -0.102
SR T FH Total root surface area —0.941%%  —-0.699%  -0.304 -0.236 0.624 -0.444 0.424 -0.341  -0.796* -0.959%*
SEIIH AR Average root diameter  0.436 -0.376 0.793*%  0.924**  -0.792% 0219 -0.893**  -0.539 -0.143 0.148
AT Root volume 0.190 -0.585 0.773*%  0.830**  -0.607 0.065  -0.843**¢  -0.57 -0.393 -0.098
AL Root tips number -0.411 0.415  -0.852%* -0.933**  0.777* -0.182  0.927%** 0.579 0.212 -0.123
## Plant height 0.694*  0.952%* 0.059 -0.145 -0.292 0.065 0.044 0.511 0.758*  0.895%*
— 564 — http://www.aed.org.cn
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F6 FEMEBFHESIRE AsA-GSHIEIREI B X E S

Table 6 Correlation analysis between morphology of wild A. alpina and ascorbate—glutathione cycle in root

57 Index AsA MDA GSH H.0, DHAR GR  MDHAR  GPX APX GST
SR Total root length 0.341 0.9327%#%* 0.531 -0.859*%*  -0.441 -0.874** 0.608 -0.301 -0.621 -0.320
SR Total root surface area  —0.892%* 0.228 -0.699* -0.137 -0.164 0.190 0.739* 0.632 -0.676*  —0.945%*
IR B A% Average root diameter  0.491 0.808** 0.749%* —-0.687* -0.423  -0.822%* 0.340 -0.438 -0.363 -0.064
HUAF Root volume 0.288 0.927%* 0.554 -0.765* -0.567 -0.770* 0.563 -0.268 -0.557 -0.321
HR3EL Root tips number -0.506  -0.851** —-0.734* 0.693* 0.420 0.810%* -0.399 0.378 0.430 0.093
FE Plant height 0.640 -0.513 0.454 0.321 0.378 0.120 -0.832%*  -0.628 0.776* 0.914%*
F7 BFEMNEEITIH AsA-GSH B 5 Cd . Ph & M XM
Table 7 Correlation between AsA—GSH cycle and contents of Cd and Pb in wild A. alpina leaves and soil
I P P I 2 Dl A
Ijt:ji L0, DHAR CR MDHAR — GPX APX oSt Lejg:ll iint Lejlf;k}: (i)jti—ent Siﬁéi[(i: ioitit S::il%lf};oitit
AsA 0.505 -0.822** 0.493 -0.614 0.106  0.720* 0.921%%* 0.94 1% 0.660 0.446 0.590
MDA -0.313 -0.128 -0.023  0.231 0.667*  0.755*  0.774* 0.511 0.853%* 0.859%* 0.717*
GSH 0.726% -0.674* -0.038 -0.817** -0.385 -0.202  0.337 0.561 -0.061 -0.387 0.225
H>0. -0.870** 0.299 -0.881** -0.704* -0.040  0.191 0.463 -0.264 -0.449 -0.214
DHAR -0.307 0.874** 0.367 -0.411 -0.606 -0.770* -0.152 0.046 -0.184
GR -0.256  -0.097  0.361 0.308 0.411 0.311 0.241 0.032
MDHAR 0429  -0.069 -0.350 -0.614 0.099 0.384 -0.066
GPX 0.422 0.355 0.183 0.565 0.562 0.673*
APX 0.791%* 0.636 0.759%* 0.797%* 0.534
GST 0.911%#%* 0.8527%#%* 0.677* 0.796*
I Cd 4 0.605 0.370 0.668*
Leaf Cd content
- Pb 0.920%%* 0.771%

Leaf Pb content

RS BHENEEFRAAsA-GSHIERR S Cd .PhEEWHE XS LT

Table 8 Correlation analysis of relative enzyme activities in AsA—GSH cycle and Cd and Pb contents of wild A. alpina roots

o P P 9] A .
I:}rlljd*::( H:0, DHAR OR OPX APX GST Rﬂt%gj ?()::_ent Rot%gllz :)r;m;ent Si)ti?i((l:((itoztit Siﬁ%lf}()‘,oitil
AsA -0.275 0.093 -0.577  -0.796* 0.352 0.755% 0.887%* 0.556 0.327 0.496
MDA -0.803** -0.452  -0.715% -0.228  -0.678*  -0.463 0.010 -0.596 —0.809%* -0.317
GSH -0.344 —-0.157 -0.610  -0.790* 0.210 0.559 0.885%* 0.325 0.047 0.457
H-0, 0.204 0.879%* 0.390 0.669* 0.354 -0.039 0.543 0.668* 0.232
DHAR 0.139 0.013 0.111 0.257 -0.115 0.298 0.519 -0.233
GR 0.561 0.414 0.020 -0.386 0.322 0.453 0.136

MDHAR 0.382 -0.921%* —0.877%** -0.543 -0.931%%* —-0.908** -0.691*
GPX -0.365  -0.607 -0.713% -0.444 -0.267 -0.626
APX 0.853%* 0.542 0.900%* 0.881%* 0.779*
GST 0.820%* 0.930%* 0.831%#* 0.748*

i Cd % 5t 0.605 0.370 0.668*

Root Cd content

HEPb it 0.920%* 0.771%

Root Pb content
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55 AsA (GSH &5 Al GST G ML A 2 25 IE ARG, 5 GPX
TP L W 2 A7URR OG5 MR A /INAE R T AR Y Ph 5 2 5 MD-
HAR APX GST i 4 S A 0 3 AH 2 ; 358 Cd 75 1t 5 17
A /NERI ST AR MDA & 5 \MDHAR T P4 S 4 1 3 11
A, 5 APX (GST {5 P S AR 0 35 TEAH G ; 3 Ph 5%
SRR /NERI TR APX  GST Ik 52 i EAH G .

3 itig

HE R SEAR ) R PR Jo0 15 - 55 46 1) = 2 5T,
ORI E SR CP A YRS e R RTEE
AL LU S AR 28 6 0 % 38 DR L . A A ]
AT MU AR A AR R MR AR R AR AR DA [
Jip B PRIE o AWFFE IR, B AR /N R T AR K b X
Cd & i} 52.91~106.54 mg-kg ™', Pb % H -~ 6 218.33~
7512.75 mg-kg ™, HAR K HUAR Mhm S5 R 5
Cd B i AETEAR DG , IR w7 i B4, S
SR H/NEESE RS A R — B 1 AN ISR Y
IR AT B2 /N6 R T 3 ) MO AR R TR A 5 4 S H A
& SRy AR B K B BE VR 0t (OK (TR0 46 ), AT 45
HRZR A BT BE A RS , E TS I Cd (Ph JPhif AR AR
PRFRSE 5 L b B AL pH A HLBUHEAT 35 A K
P X SR TS5 AL, BT R M, T LAY
IR R A i, B SRAE ) A A B N RE D, AR A
XF Cd . Pb 45 8 43 J& 1 WU e e i A HL s O i
VB TR TR AR AR A K AR Cd 114 R
L5 [ 5 BB 71 3G 58" pH 5 - 3E%F Cd L Ph 1) W B 12 A7
TEBE VIR R,

MDA JE A1 4 32 38 15 1 36 e g & A e SR Ak i 3
B, MDA 5 £ 78 Ak AT A £ 396 55 i A8 XA 4 1
PR AT 45 SR W, WE A /NAE R IT i MDA &
5 Cd & S 2 IR OG, SR AR /AL R
IFM A B 32 205 F AR S 4 Cd A R,
T DX WP A /INAE R T MDA % it ey, BB - 48 Cd 7 i
R, R/ INAE R AT R 3R e 3 R RO, X 5 A
FEEE T2 —F

AsA Fll GSH /& B H JETH BR 22 G0 1Y 1 S E il A bt
AALPI T, A R T 4R N S AR - . Anjum
ST I A AN P AsA S —ERREEULE T
YIS TE . ANRIE T, AsA F i 5B AE/NER TR
L Cd 5 5 A B IR AR O, X T RE = T /ME
FA ST VR P38 o 1S I AsA 19 B it ST Cd s, ZE /)
MRITIE R A K. SRS W A, s Y &2
B (Pogonatherum crinitum ) FE 2 AsA 75 i Y80 55
— 566 —

T PhiAEEF AELE T UM R AR R EEA TR
HLUIE R 2% o 3% (Brassica napus L) RPN AsA 7%
SEBE N = T ICR Cd BB, AP P A
() AsA F1 GSH, A] i RECHR AP PLIsi BERE )T o 3005
JHIN 3 TR AR T B GSH I AsA A B S KA 5 455 4
KBIES, AR, =2 Z M7 X B AN E
MO GSH &t & & F/AAS M it Ehm F=2£
A5 7% X 43 Cd  Ph & 55 L FE I #E Cd P e
T H 574 K GSH DI s P vk . X 5 Ak Bt
R T 4 22 B3 S ORI PN B R Y GSH 75 1t 1 iR AT
RIOPUAALRE /7, H4EH: DHAR (85 11756 1 M2 A 5
PR 25 A —E

HEEFE Y AEEREN EEREY R
KR TE PR, 1 LA B 1 T RE ZE AL AE A A W] E AT
Bt AL FR e b R HUAE o AR AL HE . AsA-GSH T
WAEHRTEM A TR A EEER, e
(Pogonatherum crinitum)", 5= Ml (Salix matsudana
Koidz)" 4747 ( Dianthus chinensis )84 , Al 38 14 AsA—
GSH & R e 8 AP INE . AsA-GSH i P& 12 an
K16 fiT7R , AsA-GSH fE ¥ H GR .GSH . AsA ,APX .MD-
HAR .DHAR SH0 &b Pra LB d . FHod APX,
MDHAR .DHAR . GR 1 & AsA-GSH 1§ ¥ F= H 2,
A H PMETEBR Ho0,, H-8 AsA F1 GSH A, APX &
20 P oA RO R HLOL BT b . — , fiEfk AsA-GSH
TEAREE— 2L R, AR R B AR /N R ST Y
APX &P S AR Ph i B8 Cd 7 a2 B 2 1E
FHOG , 9t 22 DX P A /N R T APX TGI8 2 8 T 5 A
ASKFE S, R E R Cd Ph [Phid ] LG SE /NE R I
APX (W36 . X/ Z AP R RIESE & IUE 4 (2 fil
APX IE PSR AR W0 15 AR 75 58, 40 Cd ik T 5
WL APX I M BT, i3 APX TP i AR SR, A%
WFFEH  /NER I HL E 38 APX S Pk T4 R 38, nl e
T/ INMER T Cd iz i % 20 S, i APX
TR, DARRARIAL A 40 S it ) Bk

AsA 38 3 JE i A2 5 i AL S 4 fK S MDHA ,
MDHAR .DHAR #] LA AsA f R, AT {8 AsA 78
TP AP LR B IR RS o i 5 AsA i
— BRI e R, AR A A R, B AR /N R T
DHAR {45 +3 Cd . Pb % &8 00 B M G, e R
PR AT B 2 300 58 38 T 2 50 20 1 - i B2 b DHAR
A, B A= /N AE R T AL BB MDHAR 75 PF 5 1+ 58
Cd . Pb 7 5t g 2% T A5G, Cd (P [kt 250 il 5 A= /)N
FERIJT B MDHAR 6 1 , AT A 24 {2 iF MDHA 5 DHA
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—" means that the ascorbate—glutathione cycle related enzymes ,antioxidants, MDA and H.O: contents of wild floret Arabidopsis leaves

are increasing, decreasing, first decreasing then increasing, and unchanged. “$7“}”“="“A" 1 eans that the ascorbate—glutathione cycle related enzymes,

antioxidants, MDA and H,0, contents of wild floret Arabidopsis roots are increasing, decreasing,first increasing then decreasing, and unchanged
B 6 AsA-GSH fEER" >
Figure 6 AsA—GSH cycle!**™"
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