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W OE ORI RS (Cd) YR WhE SHEH LT 8 (Plagiomnium acutum ) M-4344 . Cd B9E 405075 B i e AR R 8200 , I8 T 4
A CAMRBERRE (0.1.5.10 mg- L) , SRR BRI 5 X My ) S A7 A 3 . 25 SRR < Bl Cd Wi v B 35 n , 4 M40 49 m KC , vt
S A R A 4 BRI [ 5 A0 2 A R BE LB N T . Cd 7 AN ZH 23 HP R0 43 A o - AN 0BE S A1 25 > T IR 380 o BE Cd e 4
i, AL g A Cd SRR G 5 B Cd T30 3 B (R B0 N0 AT SR P AT B B R R (0: ) BT A IR SRR JE T AL A
(HL0:) 1A B it MRESE BT 397 10 mg - L BB B 5 KAE, S50 REAR EG, =38 4 BRI T 7.9% F113.7% 5 5 Z %6 B, PLap i i@t A fk
WG CAPX) & M A4 e T A BB (GR) 16 M 2 52 25 10, 55 6] HRAH L, 7 RIS 4 20 5 15 0 T 947% F11430% .810% 11 765%
712% F1 1125% ; 85 A BT IR IR % 12 15 Cd A7 A8 R 80 56 3R, 0 LR I8 SR RS0 K 1M R (ASA) , 15 %8 HEAE LU 43 3B i T 42.7%
72.7% M 89.2% . £ Tk, ik ASEIAR N B Cd AT g8 i Dol R0 (i APX B PEJGIE 5 S 16 PR 0™ A 5 TR i B -3 e 11 Ik ig
A28 PR A T M PR AT A PR S A P ST R AL

SCHRIA : 10 )T EE S 40 (Cd) 5 S PRI 405 5 Cd U0 53 5 0 1 A A it

FE 5K S :Q942.5 XEAARERD: A XERE:1672-2043(2020)03-0504-07 doi:10.11654/jaes.2019-1067

Effects of cadmium stress on chloroplast damage and reactive oxygen metabolism of Plagiomnium acutum

LI Zhao—yang'*, XTAO Jun—wen',ZUO Shen—jun',CAO Zi—teng', LI Yuan—xin', TIAN Xiang-rong'?

(1.College of Biology and Environmental Science, Jishou University, Jishou 416000, China; 2. Key Laboratory of Plant Resources Conserva-
tion and Utilization(Jishou University ), College of Hunan Province, Jishou 416000, China)

Abstract: As pioneer species, mosses are {requently used to indicate atmospheric heavy metal pollution owing to their typical physiological
characteristics. However, their mechanism of cadmium (Cd) adaptation is unclear. In this study, submerged culture experiments at different
Cd concentrations (0, 1, 5, and 10 mg-L™") were employed to investigate the impact of Cd stress on chloroplasts and reactive oxygen metab-
olism in the leaves of Plagiomnium acutum. The results showed: Increasing the Cd concentration increased chloroplast damage, including
chloroplast shrinkage and vacuolization. The contents of Cd in different locations in the leaves of P. acutum were distributed in the follow-
ing order: cell wall > organelle > soluble fraction. The percentage of Cd in the organelles increased as the Cd concentration increased. With
an increased Cd concentration, O+ initially decreased and then increased, but H.0 continuously increased. Compared with the controls,
the Oz+ and H.0; both increased to the maximum values of 7.9% and 13.7%, respectively, when 10 mg+ L' of Cd was used. Cd stress obvi-
ously stimulated ascorbate peroxidase (APX) and glutathione reductase (GR) activities. Compared with the controls, the APX increased
947%, 810%, and 712%, while the GR increased 430%, 765%, and 1125%, respectively, at Cd concentrations of 1, 5, and 10 mg- L™
There was a dose—effect relationship between the ascorbic acid content and Cd concentration tested, especially regarding reduced ascorbic
acid, which increased by 42.7%, 72.7%, and 89.2% compared with the controls, respectively, at Cd concentrations of 1, 5, and 10 mg- L™
In summary, Cd cause chloroplast damage, lead to denatured and inactivated APX, and abruptly induced the production of reactive oxygen
species(ROS). Therefore, the Halliwell-Asada pathway can be the main ROS scavenging mechanism of P. acutum.

Keywords : Plagiomnium acutum; cadmium; chloroplast damage; cadmium subcellular distribution; reactive oxygen metabolism

WiE B HA:2019-09-26 3R HH1:2020-02-07

VEZ R 5P (1969—) , &, i Ra vl S, i, o g St U, = 2 NSl 0 A BRI A ) Ak 24198 . E-mail : 1igz0000@126.com
BE&TE : EK ARR 2SI H (31660119)

Project supported : The National Natural Science Foundation of China(31660119)



U4 Cd M ARLAT GEN S A 5 505

e H#E " E 4B LR (Cd Hg . Pb.Cr As) Z
BB TS5 e, FeK R IR R EEAR K T8
PEHAR SR o 32 T4 b A 7= HE TS A B it IE 25 A 2515
s, Cd B 4B oh B E A& 1 385 e i) W E 4
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W R B EXT Cd Fl Ph#A R RE T, JF7E 2 h i
SRREXS 4 B WA 1 SN, 55 7 SRS UL ¥ L
B AR CA(1 mg- L) Wil N B A0 Fe B0 5 A i
PE, 753 Cd Ph AR A AT e kT ERER Tk
PRI P (14368 BRI ORIV R T SRS
4 A 1 R AR, S A SCAR SR LAV HYL
LT EEAAT AR WFFE HAEAR IR LY Cdpa T 2%
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Mral) EFTAab B BN AL P 3 A . IR IR R IR

B IR AT ARG A A 5 R 2.0 g I &
A 150 mLL _F 3R Cd ¥R B AL BRI R RS 9R 7 d
J& KRB | S R SliACK: FLpk i, T TR 4lK nhisk
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1.3 MExEN g2

B IR TOUR [R)B A7 (4 i 1, R il ek 5 1 Je >R
o2 B UEE (Leica DM2000) F 8 A5 85 R W2 - 41 Jifg
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PEHEF TSR
1.4 WHASHE

V20 i 20 4343 BS 2 B Weigel ' Iz Rathore 25"
DI ekt . BRI A TR 5 B ST D Tk
TRWEES 519K, 51O 4B % A 10 mL (g 5.0 I
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WEEA A IR A BT IR MR (ASA) , A5 B HTIA ML iR
(ASC), #RJ5 Mk 25 ASA 152 DHA B & ; 45 .41
MLZH 431 Cd 7 5 22 SCHk[23 ] I A T o
1.6 HES T S5IEE

K SPSS 17.0 X i 14647 b AN 22 S . 2V
Br, FH WPSHEE.

2 HRESW

2.1 Cd B 333 it 81 AT 2E 40 A RO 3R (7

& LA 6 BE L A /NS 5, 2 ifLBE 31
FRUG T , SR ARG SRR S 5] 404 T AL L TS
B (8 1a) . 2438525 1 mg- L™ Cd W38 I, 15 b f AT
B S B AR, AN NS — TR AR RN
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IR/ INEERR I FT B A0 (B 1h) . 2 Cd ik
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Figure 1 The damage of cells in Plagiomnium acutum under

Cd stress

SEAASTE A I RE A S5 AR AR B SN o, iR —
i /N R I R A A A s YAk e (B 1d)
RHEDRC &2 8 TR ENGE.
22 CAdfEimith EATEE W AR A 5 I 7

Sk T 7 T b R KT A R A5 0 R R b T
CATEEEIR YA /AR 1 L o H1 3% 1 AT, Bifi Cd Whaf vk
JEE BRI, Y b BT A 45 I A0 2 43 R Y Cd B R
WEYEIN, 5B Cd F R AR B AR B ROV R .
KA A3 Cd HREE 4 A 4 10 1 1) T 28 1) 40 JELBE (K1)
W, Cd TR IR Y 58.4%~76.5% ; 4R il fs (F2) Wi &%
T, 345 R 19.29%~27.3% , 40 i 5 (F3) o
Fe g AN 4.3%~16.5% . BE# Cd Phid ik 38,
F2 R F3 H i) Cd & fE g Wi in , F1H 5 Cd 43 Eb i)
WL, 76.5% AR 2 58.4% , F2 F1 F3 F iy Cd 43 c e
00 4 25 b F2 A i 0 BE ) e 19.29% 3 i )
27.3%, F3 " {1 43 L L 51 0] MK 4.3% 20k Tt = #
16.5% , K& 10 mg- L™ Cd 4b H I B AT 111 9% , 475 0 ik
14.3% , 7% B 1 b 4 KT &% 240 i BE 2 Cd 19 2l
Bt ARBE A Cd RN, 40 i BEBH B4 Cd (19 RE 1 18 %)
TN, Cd A AL, I = 2205 B T2 s I o
2.3 CdBMEXT Rt EATEE 0.- F1 H.O, B 2 M F

Ry T k20 ) Y 200 L2 A 4 1) D L X Cd ke
RIS AE A B3 (05 FTHL0,) () EEUE B R T
TR, SERANE 2 R . BRI S BRI A 020 B
PR Bl Cd Vi B2 (35 I 2 B0 SE R s TR R 3, 2 ed ik
FEART 5 mg- LB, &R P17 O: - REE H BUBE Cd ik
FEYE I REAR A LS, HEAE S mg - L7 B 38 B AL
Fe X BEZH sk 2D T 15.8%, SR T 24 Cd ¥k B 44 i 31 10

F1 ARKE CAAMIEEM BT AL CARE(ng- L)
Table 1 Contents of Cd in subcellular fractions of Plagiomnium

acutum under Cd treatments (mean+SE ,n=3) (png-L™")

20 {141 43 Subcellular component B
m§d£ iR 2 i 75 L Total -
Cell wall Organelle Cytoplasm  concentration
0 ND ND ND ND
1 10.6£0.22¢ 2.67x0.11c ~ 0.59+£0.02¢  13.9+0.35¢
5 33.9+4.31b 11.9+0.78b  9.03x0.86b  54.8+5.95b
10 46.9+3.02a 21.9+2.42a  11.5£0.40a  80.3+5.83a

3 :ND FRARAMF Cdo AF/NG FEEFIRAFMREE Cd AL FHAE
0.05 /RFAFAE R 25 5%

Note: ND indicates no Cd was detected. Different lowercase letters
indicate that there is a significant difference between different Cd
concentrations.

mg- L7 B, BE VR P 1R O+ SURUR B T 808 L HU X AL
BN 7.9%.
i & 2 T DU, Ha0. 75 2 Bl Cd a6 i 3 34 Jin
i FE A RATAE 1 mg - 17 I H205 B RF X
BE A2 CA MR BE 5 mg- L3803 10 mg - LI, & {4
H,0, &5 17351 F XS BESEIN T 3.4% F113.7%
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Figure 2 Effects of Cd stress on Oz* and H,0, contents in

Plagiomnium acutum
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Figure 3 Effects of Cd stress on APX and GR activities in

Plagiomnium acutum

2.6 Cd BB T &35 hRE B4 X Mo 1
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K3XF . KW A 25 F8An )M LK R B .
0>+ 197 A= 5 BT F8 A5 A DG PR 0 AS (2 3, {0 HL0, 5
HH 5 W AN ZH 4 Cd 75 5 K GRIG PR 5 1B A
X% (P<0.01) , 5 ASC F1 ASA & 4t & 2 1F #H 56 (P<
0.05). APX{EEY GRIGME (ASC Fl ASA % il i 2
IEAH 26 (P<0.01) , 5 DHA % & I 3% 1FAH 5 (P<0.05) ,
554 4 M 41 53 Cd 5 & 4 S 2 1A DG (P<0.01) .
GRIGEVERR T 5 APX I 4 A HL0, 1% 5 4 (2 25 15 A4H 56
AN (P<0.01) 385 ASC . ASA Fl DHA 5 & DA K 4% 41
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Figure 4 Effects of Cd stress on ascorbic acid pool in

Plagiomnium acutum
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Table 2 The correlation analysis between all indicators under Cd stress
ASA/DHA APX ASC ASA DHA 0>+ H-0, Cdr Cdr Cdrs

APX 0.312

ASC 0.311 0.741%%*

ASA 0.703%#* 0.655%* 0.886%*

DHA -0.375 0.560%* 0.751%%* 0.361

03+ -0.258 -0.358 0.142 0.013 0.268

H:0, 0.122 -0.067 0.562%* 0.528%* 0.379 0.479

Cdr 0.325 -0.978** 0.920%* 0.8547#%* 0.636%* 0.149 0.757%*%*

Cdr 0.264 -0.974%* 0.895%* 0.812%%* 0.646%* 0.330 0.8247#%* 0.980%**

Cdis 0.328 -0.963%* 0.8427%#%* 0.807%* 0.546* 0.130 0.805%%* 0.983%* 0.966%**

GR 0.300 0.651%* 0.970%* 0.866%** 0.720%* 0.157 0.665%* 0.979%* 0.960%* 0.930%*

TE##RRTE0 .01 AR OO B R FARK . *FIRTE 0.05 K OO _E B F ARG

Notes : ** indicates significant correlation at the 0.01 level(bilateral ). * indicates significant correlation at the 0.05 level(bilateral ).

Cd (a1 SR, [ B A A 3 v 3 3 1 48 Cd 7E 20 i 45
A3 H R 3 A RAE B Cd a0, a5 Cd U AL )
AL TP R A ) Cd 22500 AN LR T i1 32 27, ARAF S
RIN, Cd E D H A KT BEAR P 14 53 A7 e 35k 40 i B > 4
JL > AN (£ 2) , Cd T2 EBE SRR A 4N i BE |
Rl 5 PR KE Cd VR BE 380, 4 B2 P Cd 5 L3, DA
19.2% T+ 2 27.3%, S5t DARF2 N EE A —2 H
WFFTN R G iA fe 5 B CA 4N &% , Anise St
BTN Cd f A B 140%™, AwFsed, it
SRR BE A 2 A 53 A Cd B s 3G s o, 156
WA P A SRR PT B2 B Cd 1Y 23
Z— g Cd BEPE Y A FAA A

Cd ZIEEA IR A 4R, IRVR T HF A 240 i
Jei BT LA R P9 AR B4 5 40 ASA B GSH 254, -4k
2 A M e AR A 1 B R =2 0, SR A
SRR Z IR A SRS B ) NADPH 1L, /2
HE O3+ A H0. 9T B2, AHIESY & B, B AR N 19 O -
Ot B Cd Ve B RS I St ISR S TR Ho0, 1 2 T
Bl C.d e J3 3 g S 2 38 (1R 2) i 4 SR 5 e A )
PIZE A — 3. MCPE TR, 02 " A 5 T A
FE BRI AH SRR A B3, (2 HL0, & 1 205 4% .40 il
24y Cd % 5 S GRS AR 23 1E A 2C (P<0.01) o Fh
6 ] ZEPIIA hy ik Bl B 42 A R B 3 2 10 05 - ANBE B
DRI B 17T J5T Ak B Ry B TE R 1Y OH H R SR 3.
A SCHEDN AT BE SRR FE T Cd )4 20 B 25 N P R AL il
RGN A 3 KR 9 5 0 v AE B S RO T
Xif B AR ST AR A T BE A APX ORI GR 9 1t BT
PAAE—E R b SRk Bis , R WKV B Cd i

T R T A I AR S R A A LA
FRYE , P REXHIRVR I Cd A B8 1 T A2 RE

Smeets FPHA N PLIR MR — 2 BT RRAE 2 Cd
Joip 3T 3 0. 5% 1k 1) B8 4% . APX ORI GR J& 1%
16 2 v E B2 1) S A I RS, APX R B AF1E T IR,
JUHE 0 S A el Bl A AL T AR IR B — 2P
i, PR HaO0 55 A0 B HaO 0 ASBFSE Y, APXIEPE S
PR I P AR SR AE DG, 215 ASC R ASA B i 3 IE
K (P<0.01), 5 DHA &35 1EAH 56 (P<0.05) , i B it
SARZ G Cd e AN SRR N {52 555 53 1) APX
AR IE o GR MIZAE FR A B il , = 2207 T 2ok 4
WP, L NADPH 2 HL I A fi2 fiff GSSG i J5 A GSH.
AT GRIEMES 05+ FAHISE, 215 H0, 7 &
DL T 4% 40 B 41 4y Cd % 2 3 0 B 3 OF A o6 (P<
0.01), 115 ASC . ASA F1 DHA & 4% 2 & 1E A 56 (P<
0.01), 355 APX T A% S22 1EAH ¢ (P<0.01) , 6 HH
20 L 2H 43 T Cd 5 R HLO, 5 39 ) K - 4R
Z e GR G PEXG fin iy 32 22 b D, v A g 2T P IR
B

ASA JEAR NI BRTE SR B T 2 — , Ho0, 7]
DL 5 ASA & BN, ASC L ASA Fl1 DHA 14 5 3 Fh
V20 L 20 43 H Y Cd 7 s ik 25 1E A 56 (P<0.01) , 3
i ASC il ASA £ 5 H,0, % & i 3 1E 41 5% (P<0.05) ,
X5 P AR A — B, I Gh A A T — 2
HERA T Cd B P2 AR 1) Ho0, T SRR L8R — 21
TG FRA A 2 (Halliwell-Asada 342 58 i, 1% 5 54 8
ZLAEP IR 45 R A — 3. ISR Halliwell-Asada i
12 AT A2 0 T PR KT A PN T2 A TG M ST BRI



ZEIA 26 Ol Xeh DT SIS A 453 15 37 S 3 509

4 it

(1) 0 b B0 T 28 1) At i e 2 BN EE 4 )| Cd 9 &=
BT, E AN N B Cd ) 5 2 BB A A L,
HOAT 8 RAERT A, S0l DA 35 B 1 5
) APX AR PRI TE , 5 [ A NI P R A 2R 6L

() BE Cd Joipats T 4 i 0 6T 8 ) 306 1k S A
ARl TR A Y , Halliwell- Asada 3842 0] BE 20 Hb H)
KT GER N 2 BTG PEE S BRALE , APX F GR 7E it it
T BT P [R50

(3 Hh F) T 8 IR IR Cd A BRI T 22 RE ) o

S 3k

[1] 5RHE, 5k & sRBIM, 55 RFE 2 bR RISl 71 2 Rk
[J]. N A 2441, 2018, 29(1) :278-284.

GUO Jing—yi, ZHANG Man, ZHANG Xi-zhou, et al. Characterization
of cadmium uptake kinetics in cadmium pollution—safe rice material[J].
Chinese Journal of Applied Ecology, 2018,29(1):278-284.

[2] Meers E, Van SS, Adriaensen K, et al. The use of bio—energy crops
(Zea mays) for ‘phytoattenuation”’ of heavy metals on moderately con-
taminated soils: A field experiment[J]. Chemosphere, 2010, 78(1) : 35—
41.

[3] Jiang W S, Liu D H, Xu P. Cd-induced system of defence in the garlic
root meristematic cells[]]. Biologia Plantarum, 2009, 53(2) :369-372.

(4176 1, BB, PR, S5 S E Y AR AE RO AN A3 A
ST AR, 2013, 48(4) :381-388.

DONG Meng, ZHAO Yun-lin, KU Wen—zhen, et al. Cadmium accumu-
lation and subcellular distribution in different organs of Artemisia selen-
gensis|]]. Bulletin of Botany, 2013, 48(4):381-388.

[5] Dalcorso G, Farinati S, Furini A. Regulatory networks of cadmium
stress in plants[J]. Plant Signaling & Behavior, 2010, 5(6) :663-667.

[6] Lai H Y. Subcellular distribution and chemical forms of cadmium in
Impatiens walleriana in relation to its phytoextraction potential[J]. Che-
mosphere, 2015, 138:370-376.

(71 XVAE, B A, B A5 RO R0 R 0 P AU T 4 s R
FUHBRELT]. 22441, 2016, 43(5) :927-934.

LIU Can—yu, XIA Jie, HAN Min, et al. Time and does effects of cadmi-
um on active oxygen metabolism in ginger leaves|J|. Acta Horticulturae
Sinica, 2016, 43(5) :927-934.

(8] WL, 8L B3, sRIGE-, 45 . & G AW I S 1 Y o ik
JELI. s R4 (AR ), 2000, 24(5) £ 64-68.

FANG Yan-ming, WEI Yong, ZHANG Xiao—ping, et al. Advance in
bry—monotoring of atmosperic heavy metal pollution[J]. Journal of Nan-
Jjing Forestry University, 2000, 24(5) : 64-68.

(9] REFR, B, w55 . B SRR PR IR AL A f i )i R oy
RFEHEREL) ] BEHZEAS7], 2001, 12(6) :943-946.

WU Yu-huan, HUANG Guo—hong, GAO Qian, et al. Research ad-
vance in response and adaptation of bryophytes to environmental

change[J]. Chinese Journal of Applied Ecology, 2001, 12(6) :943-946.

[10] B0, FHETT, Jy 4, 45 . Ph.Cd V5 Yl af Xt P B 8 1 25 4
SZ L] PEALAAD 4R, 2003, 23(12) :2066-2071.

WEI Hai-ying, YIN Zeng—fang, FANG Yan—ming, et al. Effects of
Pb, Cd pollution on ultrastructure of Thuidium cymbifolium|J]. Acta
Botanica Boreali-Occidentalia Sinica, 2003, 23(12) :2066-2071.

[L1] 30U, TP, 2255, 45 . fiia N 3 RhEE A B A AL B
PEARAGRY FEEHITELT]. PHAEAE )iz, 2008, 28(9) : 1765-1771.
GONG Shuang—jiao, MA Tao—wu, JIANG Ye—fang, et al. Antioxidant
enzyme activities induced by cadmium stress in three species mosses
[J]. Acta Botanica Boreali—Occidentalia Sinica, 2008, 28 (9) : 1765—
1771.

[12] Z=WBH, BE - %, %% R, 45 {RHU LT &% (Plagiomnium acutum) (¥
W75 A ATL 0T i Bl 3 4 7. Al BRI 22 4, 2012, 31(9)
1665-1671.

LI Zhao —yang, CHEN Ling, WU Hao, et al. Response of defense
mechanisms in Plagiomnium acutum under Cd stress[J]. Journal of
Agro—Environment Science, 2012, 31(9) : 1665-1671.

[13] 320U, ThRgE, 2= 55, 46 fRIla T =R EE AR 1o an i s &

Bt GRS AR )). BT AE 2241, 2010, 21(10) :2671-
2676.
GONG Shuang—jiao, MA Tao-wu, LI Jing, et al. Leaf cell damage and
changes in photosynthetic pigment contents of three moss species un-
der cadmium stress|J|. Chinese Journal of Applied Ecology, 2010, 21
(10):2671-2676.

[14] HazE, % 5,4 35, % . Cd.Pb & &l i AT 4E (Pla-

giomnium acutum) T 43 JE ﬁ%*ﬂ?ﬁ@&*ﬁ’fﬂjﬁggﬁuﬁ&z[ﬂ QN
BiRl2E 4, 2015, 34(5) : 844-851.
TIAN Xiang-rong, WU Hao, LI Jing, et al. Heavy metal accumulation
and antioxidative system response of Plagiomnium acutum under com-
bined cadmium and lead stresses|J]. Journal of Agro—Environment Sci-
ence, 2015, 34(5) :844-851.

[15] Carginale V, Sorbo S, Capasso C, et al. Accumulation, localisation,
and toxic effects of cadmium in the liverwort Lunularia cruciatal]].
Protoplasma, 2004, 223(1) :53-61.

[16] BRifFHE, Jr 4W, FHE4T5 . Ph Cd B— B S5 15 Y X 75 I i 2
A HRREPE ISR )T TGRS, 2003, 23(1) :69-72.

WEI Hai-ying, FANG Yan-ming, YIN Zeng—fang, et al. Effects of
Pb, Cd single and joint pollution on some physiological characters of
Hypnum revolutum|]J]. Guihaia, 2003, 23(1) :69-72.

[17] Weigel J H, Jager ] H. Subcellular distribution and chemical form of
cadmium in bean plants[J]. Plant Physiology, 1980, 65(3) :480-482.

[18] Rathore V S, Bajaj Y P S, Wittwer S H. Subcellular localization of
zinc and calcium in bean (Phaseolus vulgaris 1.) tissues[J]. Plant
Physiology, 1972,49(2) :207-211.

[19] Elstner E F, Heupel A. Inhibition of nitrite formation from hydroxyl-
ammoniumchloride: A simple assay for superoxide dismutase[J]. Ana-
Iytical Biochemistry, 1976, 70(2) :616-620.

[20] Patterson B D, Macrae E A, Ferguson I B. Estimation of hydrogen per-
oxide in plant extracts using titanium ( IV )[J]. Analytical Biochemistry,
1984, 139(2) :487-492.

[21] HEZAE, S KRR IV ki S AR i A0 2 12101, V4 K2



510

URIEIRCX ity F3965 38

R CARFREND, 1999, 21(4) :324-327.

HUANG Ai-ying, WU Zhen-ling. Determination of glutathione perox-
idase in rice seedlings|J]. Journal of Southwest Agricultural Universi-
ty, 1999, 21(4) :324-327.

[22] I BLEBE FEERE Y A BEF A, TR A P 2 L A
P R SRR M. bR B R, 1999:314.

Shanghai Institute of Plant Physiology, Chinese Academy of Sciences
& Shanghai Plant Physiology Society. A guide to modern plant physi-
ology experiments|M]. Beijing: Science Press, 1999:314.

[23] Z=WIRE, B ¥, SRR, 55 JRHb KT 4 (Plagiomnium acutum) Xt
Ph [i138 (4 A= P05 e B[], Aol PREERR 23, 2012, 31(2)
292-298.

LI Zhao-yang, CHEN Ling, MA Tao-wu, et al. Biomarker responses
of Plagiomnium acutum to lead stress[J]. Journal of Agro— Environ-
ment Science, 2012, 31(2):292-298.

[24] F 5O, T PR, AR 4 . AT EORAH A 4R 3R ik S A g
AT R RENALT ). IR, 2010, 25(3) : 118-123.

YU Ke-li, MENG Qing—min, ZOU Jin—hua. Effects of Cd** on seed-
ling growth, chlorophyll contents and ultrastructures in maize[]]. Acta
Agriculturae Boreali-Sinica, 2010, 25(3) : 118-123.

[25] Chen G, Liu Y, Wang R, et al. Cadmium adsorption by willow root:
The role of cell walls and their subfractions[J]|. Environmental Science
and Pollution Research International, 2013, 20(8) :5665-5672.

[26] JISEAR, ttl A, S e e, S5 AR AR g 50 R 2 PN 19 40 A KAk
SIS RS 223R, 2008, 19(11) :2515-2520.

ZHOU Shou-biao, XU Li-sheng, WU Long—hua, et al. Subcellular
distribution and chemical forms of Cd and Zn in Sedum jinianum|J].
Chinese Journal of Applied Ecology, 2008, 19(11):2515-2520.

[27] Uraguchi S, Kiyono M, Sakamoto T, et al. Contributions of apoplasmic
cadmium accumulation, antioxidative enzymes and induction of phyto-
chelatins in cadmium tolerance of the cadmium—accumulating culti-
var of black oat (Avena strigosa Schreb.)[J]. Planta, 2009, 230(2) :
267-276.

(28] b 17K, BiRaa 4%, AR . SR e S P T 20 0 40 A M A7 A AL~ B
A TR, 2009, 29(7) : 110-115.

YANG Wei-dong, CHEN Yi-tai, QU Ming—hua. Subcellular distribu-
tion and chemical forms of cadmium in Salix matsudanal]]. Acta Bo-
tanica Boreali—Occidentalia Sinica, 2009, 29(7) :110-115.

[29] Mendoza—Cozatl D, Devars S, Loza—Tavera H, et al. Cadmium accu-
mulation in the chloroplast of Euglena gracilis[J]. Physiologia Planta-
rum, 2002, 115(2) :276-283.

[30] BK 24, i mte, B N, 4% . HLO, WAL K i i b ie kLRS- A

T M 4 B 4 A I IV 200 L 57 43 AT [0, P B A 4% 3, 2019, 39
(5):791-800.
GENG Xing—min, XIAO Li—yan, ZHAO Hui, et al. Subcellular local-
ization of ROS—scavenging system in Rhododendron leaves under heat
stress and H»0, pretreatment[]]. Acta Botanica Boreali— Occidentalia
Sinica, 2019, 39(5) : 791-800.

[31] Sharma S S, Dietz K J. The relationship between metal toxicity and
cellular redox imbalance[J]. Trends in Plant Science, 2009, 14 (1) :
43-50.

[32] Gallego S M, Pena L. B, Barcia R A, et al. Unravelling cadmium toxici-
ty and tolerance in plants: Insight into regulatory mechanisms[J]. Envi-
ronmental & Experimental Botany, 2012, 83:33-46.

[33] g 2N, BRIRES, sk X\ 2%, A5 VBRI B i M AR I R X1

W38 FR I SN[, AR AR B, 2013, 49(1) :57-62.
PANG Jie, HAO Li-zhen, ZHANG Feng-lan, et al. The response of
active oxygen species and ascorbic acid in Pugionium cornutum (1..)
Gaertn. leaves to drought stress[J]. Plant Physiology Journal, 2013, 49
(1):57-62.

[34] SN, ARBLZE, Ty . FART G M AU M 0L T B RS

ST, hE AR, 2004, 37(12):2012-2015.
SUN Guang—wen, ZHU Zhu-jun, FANG Xue-zhi. Effects of different
cadmium levels on active oxygen metabolism and H>0,-scavenging
system in Brassica campestris L. ssp. chinensis|J]. Scientia Agricultura
Sinica, 2004, 37(12) :2012-2015.

[35] Smeets K, Ruytinx J, Semane B, et al. Cadmium-induced transcrip-
tional and enzymatic alterations related to oxidative stress|J|. Environ-
mental and Experimental Botany, 2008, 63(1/2/3) : 1-8.

[36] T K, BRERE, Aptda, A5 . IR A X A I A s A ) S 200
PUAALEHE VR R[] ) YR, 2014, 34(5) : 686-693.

YU Fei, CHEN Yin—ping, YANG Zong—juan, et al. Effects of low tem-
perature stress on antioxidant enzymes activities in the subcellular of
two Sabina species|J]. Guihaia, 2014, 34(5) : 686-693.

[37] Buchanan B B, Grussem W, Jones R L. Biochemistry and molecular
biology of plants[M]. American Society of Plant Biologist, 2000: 1367.

[38] FEBLL, ATAHH . AN [RI B2 Fa 0 1 4 AR Mt A R GE RS2 IR [T,

MRIETUR 7 H AR 271, 2005, 22(3) :363-365.
WU Xu—hong, FU Ben-li. Effects of different concentrations of cadmi-
um on growth and antioxidant system in Medicago sativa L. cv[]].
Journal of Natural Science of Heilongjiang University, 2005, 22(3) :
363-365.



