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Remediation, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101,
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Abstract: A hydroponic experiment was conducted to explore the differences in growth status and Cd accumulation characteristics of
two Brassica napus L. cultivars (QY-1 and SYH) under different concentrations of cadmium ( Cd) stress (0, 2, and 5 mg-L™"). The
Cd subcellular compartmentalization and antioxidant enzyme activities were determined to elucidate the intrinsic mechanism of the
differences in the Cd accumulation capacity between the two cultivars of Brassica napus L. Furthermore, field trials were conducted to
further verify the differences in phytoremediation of the two cultivars. Results show that neither of the cultivars exhibited obvious growth
inhibition under Cd stress. Under the 2 mg+L ™" Cd condition, there were no significant differences in shoot Cd concentrations between
the two cultivars. Under 5 mg-L™"' Cd condition, however, the Cd concentrations in both shoot and root of SYH were significantly
higher than that of QY-1, which increased by 32.05% and 99. 57%, respectively. In addition, the bioconcentration factor ( BCF) of
the root in SYH is significantly higher than that of QY-1. The subcellular Cd distribution in leaves of the two cultivars of Brassica napus
L. showed that, with an increase of Cd stress, Cd concentrations of heat stable protein ( HSP) and metal-rich granule ( MRG)
fractions in leaves significantly increased by 143.69% and 118.91% for QY-1, and by 63.34% and 118.91% for SYH. Thus, the
segregation of Cd in HSP and MRG, which was reported to be biological detoxified metal fractions (BDM) , might play an important

role in the detoxification of Brassica napus L. at a subcellular level under Cd stress. Moreover, the distribution of Cd in the cellular

WFE HEA: 2019-06-23; 11T HHEA: 2019-09-23
HEWHE: BHKXHEAN &R HE (2018YFC1802604, 2018YFD0O800601 ) ; [H K H 4& Bl 2% 3 £ W H (41771509, 41771510, 41907125,
41201312, 41271478) ; A& 15 YA H 1B 74 £ AR A B B 7R 13 H (BERE AA172040474)
EEE A Ti%%(1996~) B A, EEWFFE T 1 3 G R TS e i 582, E-mail ;. bianjlwj@ 163. com
w WEVEH , E-mail ; yangajx@ 126. com



24 MRS PR [ 6R AT

£ HE = Al AR P HIL 971

debris fraction might be another important factor contributing to the differences in Cd accumulation of the two Brassica napus L.

cultivars, which was 4. 41 times higher in SYH than in QY-1 under Cd stress. The results of the antioxidant enzyme activities of two

Brassica napus L. cultivars showed that, under the 5 mg-L™" Cd condition, the antioxidant enzyme system may represent an important

detoxification mechanism for QY-1 to cope with stress induced by high concentrations of Cd, while SYH is more effective in reducing

the toxicity of Cd by separation of Cd into BDM fractions. The results of the field trial confirmed that the Cd concentrations in the

above- and underground parts of SYH were 2. 34 and 1. 43 times higher than in QY-1, respectively. Therefore, SYH possess a higher

Cd phytoextraction capacity than QY-1, and might be a good candidate for the remediation of moderate and mildly Cd-contaminated

farmland.
Key words : Brassica napus L. ;
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Origin pro 2018' mﬁE

2 HRSH v

1) Bk st e L~
2,110 Cd R0 X sE A M i ril Z

T 1 1 BRI S I L2 ) € T3 A B
BELRFE R, R 1 3 AREE Cd ARFR Bl e b
R AIAR A A ) 1 DL R T S FC T AEL AR
A, S XTREAR LG, Cd B8 TR A SR S R
MR ER A AE R A AZ 2 B A P L 2 A G 0 Y
B A Cd AR BVRFE 23508 2 mg-L™'F1'S mg-L™
fb, SYH Hii b &A= o AR T I 2 4 i (P <

0.05) , /3 BIH2E T 18. 84% H1 26. 01%, iX F W] SYH
b X Cd W3 AR A — R W AME- R T BLEL, S
RIS B ST | BRI A K R A SR — B, T
QY-1 My A9 A 3 A8 fk. SYH b R
Y b Cd Ve FERG N2 TRk, L HAE Cd ARk
JER'S mg- LIkl EB AR Y i G R, At B Ak
PEFEAR T 47.63% (P <0.05), 1 QY-1 7EF> Cd
SEFE b R AR B A R AR k. HLE R AT R
7= SYH R AXTE 48 Cd IWIRE 7135 , AR B
A TR I Cd IR QY-1 (£ 2) , M THRRD
AR FEPA Cd AR EE T, QY-1 F1 SYH #b |
HEAT 5 5 T PERE R (TT) , SYH Hb b #5145 %
(T B R 5T QY-1, A4 Cd #E T 20 02 QY-1
() 1. 28 A1 1. 37 fi%. &5 LRl A1, AP e85 ) 7e 4
WRHE Cd B3t T IEFR A K& T, Horh SYH AHE QY -1
HRABREMRSCE 5tk 1Y Cd, S 7E 9 e it
HRFR A A B2 B 4T {35 LA A 72 1
Wy T E{P"E Cd i3 niﬁf@%ﬁﬁﬁ@%ﬁz%
S J
2.1.2 cdﬂﬂuﬁﬂﬁlfb% £k Cd %ldz %
gt AT % 7
2 oo Fﬁ% Cd Umrmi*m wm:'ff’
ST I 3 M SRR 6 Cd S SR e
Cd Ab PR R 2 mg-L " Al 5 mg-L "B, QY-1 1 [

SR Cd B AT MR AL PR T 13,47 F133. 12

5 SYH #2557 16. 63 F156. 11 £%;QY-1 M1 F ¥ Cd
SR BT FRZH 11 208. 79 F1 284. 81 1%, SYH 4>

2 152. 89 F11265. 39 1. PR T Cd &
P T 3, 2 F5 me-L™' Cd #BE TR, QY-1
RS Cd &4 B F ARG 12,74 F1 7. 37 £%,
SYH 235142 20. 52 F1 11. 01 5. ASBFFE 32 b b 35
FHLFH Cd S RAYZERS Guo &' K& T
WF 5% /N 5t KX Cd o 38 1) 25 Rt 3 — 8. &

£1 CdimExEHHEE M EMTEERR 2w

Table 1  Effect of Cd stress on biomass and tolerance index of two of Brassica napus L. cultivars

i

Y/ g plant 7!

i P45 %X T/ %

A/ mg-1.7!

3B Hi R 3B Hb R
0 0.20 +0. 01 Aa 0.09 +0. 01Ba
Z&h 15 (QY-1) 2 0. 18 £0.01Ba 0. 10 £0. 02Aa 93.12 112. 16
5 0.18 +0.01Ba 0.10 £0. 02Aa 91.91 109. 06
0 0.18 +0. 01Bb 0.11 0. 01Aa
=H#(SYH) 2 0.21 +£0.01Aa 0.11 +0. 02Aab 118. 84 98. 41
5 0.22 +0.01Aa 0.08 +0. 02Ab 126. 01 69. 61
mh A 10. 793 ** 0. 584
KUK B 7 253 W Qb 3.322 2.111
R x b PR 14. 874 ™ 2.976

1) T A PR R85 A TR R S B 2 il i ) 22 5 S35 (P < 0. 05) s ARV FRERIR fh AR TR] Cd ARBRA 22 57 35 (P <0.05) 5 * Rom P <

0.05, * = F/R P<0.01, = % = /)N P<0.001, FI[F
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Table 2 Cd concentrations in shoots and roots of two of Brassica napus L. cultivars
o Ab P Cd &H/mg-kg ™! W) B R BCF) %id 7R
/mg-L~! H 3 H T i 13 B TF/ %
0 6.5+0.2 Ac 5.7+1.0 Be
Z&ih 15 (QY-1) 2 93.9£23.3 Ab 1196.4 +193.1 Bb 47.0 598.2 7.9
5 221.4 +44.0 Aa 1632.0 +83.3 Ba 44.3 326.4 13.6
0 5.1+0.4 Be 12.1+1.5 Ac
= H#(SYH) 2 90.3 +35.2 Ab 1853.0 +121.2 Ab 45.2 926.5 4.9
5 292.4 +47.8 Aa 3216.6 £196.7 Aa 58.5 643.3 9.1
sl 2.172 155.231 "
XUH 2 T5 2203 Hr L 97.534 ™ 549. 454 =
A x AbEE 2.697 57.996

2 mg-L~" Cd AT, B B Cd Sk
T 25 Bl Cd W ae i B2 A 3 n, 4 5 o s I
W Cd FRESFI LMWK S mg-L™" Cd Pria
T,SYH Sh b E3# cd SHEEZEM 1 S5
32. 1% . 5 i EFAH L, PR b A S R Cd 5
R W E W ER, 34 Cd AL FE (042 Al
5mg-L7") SYH # N Cd &Y BEEF QY-1,
SYAE QY-1 1 242, 1.55 1 1. 97 fif. Fser] i
PR SExT Cd i’aﬁﬁ B ) ;%%fﬂlﬁﬁjj # sm 4%1’1'
%i\ﬁbﬁﬁm /7 &,

Eé@i%ﬁ‘%%é&mcm %uﬂ%:_%:@%ﬁz(w)
S I T 4 5 4 A ) 5 Y T R o
%ézﬂ%ﬂ Bk SYH 1ﬂziil$ QY-1 5 SYH Hy F #5 BCE
%mmmm@&rMﬁmITvtﬂéumL@m*
r“jjz‘.mg -L7"F1S mg-L™'HF,QY-1 Hi &8 BCF 43
A1k 47.0 1 44. 3, 22 HRWI i M F %6 BCF 4331
4 598. 2 1 326. 4,375 i T b S {FLRE v B2 3 fin b
- EBFNHL AT BCF AR I8N . SYH Ml 5
A~ #RH BCF B Cd e A8 fk s $5F QY -1 FAL.
FEARIA] Cd ARIZAE T, W FRh S M B 38 BCF 25 5%
AR H SYH 1R BCF i &5 F QY-1,7E Cd Ab B
W N2 mg- L' 5 mg-L"~ VBt 43 ) 2 QY-1 1]
1.55 1 1. 97 £%. X PRI S5 12 ZE(TF) #FkE Cd
R BB AN TR I, 35X 5 Zhang 25U FE KRG S AT
XTERR Cd i e 25 R — 2. 28 LT, PiAh s
LERUSEAEZ Cd a8 1) TR 00 Cd 7 #
F M R AR Cd EEME. 1 SYH HAT 3 & 14
Y 48 A8, HOARR E AT SR ) Ccd Mk R AR
e 1.
2.1.3 R[EEERE SN Rh Cd 40 i 4 A
# 5

IV 240 X o A 2 A kot B 4 S i A AL
il , 4 JE Cd HEAFEWIR NS, 76 40 i rh 5O A Y
WAL 3 254, v R B R [ (1 A= 2 e

o %,U\ﬁﬁm‘% Cd 1 EMER, WL, i

PRI, 308 3t FF 9 0 3 0 R o O [ S 40 i 20 43 9 Cd
e A B T B BIR TR Cd 5 4 A8 7 I 35 i b ok
Cd AT R AL

TEWAS Cd AbFR¥RE T | Cd 5%*%&@%/&9
St b Y 4 AR AL . AERE EE*HQEIH@-EME’
o 1 QY 1 ORI SYH MR i 3 Wﬁ% Cd
A i AR.95.319% ~ 97. 0% ; b % (ldﬁL
HEYR (B0, QY -1 ASYH i o 2 a%%ﬁﬁ
GHIFLY SV Eééﬂfn\tﬁﬂﬁ Ca ik 2y i (P 1) .
S SR 4 E AR DT R
PELTE YL 0 e Pl Y AR B A B
T A u&/\)ﬁﬁﬁﬁa’% a5 cd ﬁ/ﬁif%’é‘rA
X R I 44 fif
257 n] Fon b A W) % B 4 53 ( biological detoxified
metal , BDM ) ; 411 Jfd & 41 535 AR F1 43 3 40 e
T3 N LA 4 T 25 b A I ) B 4 SR A L B %k 200 e i
A EL A EE B e (Y T, F T 7 A I 4 i 2 45
Pt 4 S 3 T A UK DRI T SRR Sy 4 i R
2H4% (metal sensitive factions, MSF) 2", W fir & £ 74
N Cd £ BDM H & & B {2 & T MSF, 7E 2
mg-L V& Cd 4¥ R, QY-1 F1 SYH i BDM
Cd & &4l J& MSF H11% 15.59 F113.54 %, 7 5
mg-L-'VREE Cd kb3R5l & 24. 37 1 28. 46 1
(F2). XFEI Cd XIEEL R & £ PR e
BAA PRI E B 2 —, X 5
220 38 3 RO Cd & AR AE S0 1 H 35 Cd 40
S I8 45 SR — 3

AN ST K BRI P A SEAE A R AR Cd A
WEES TES5 mg-L7'Cd WE T SYH 40 JE 4
A BERY Cd = T QY-1, 8 1 341.20% . 41 g
TR T 2H 4 =5 Ay 40 6 R 40 S 9% 40 , T 4 i e
I Cd FE A D) 40 i PN A 5F — 3 BB, IR T K
IR RS S (VAN N1 O N g malla ol [ DA
P20 Ah AT AT R B SYH M bR F
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100 e — MFJH SOD Al CAT 5 PE IR 32 2 Cd Ab B J5E 1Y
i IR R, QY-1 M POD #EHE (LA FW ) 7E Cd ¥
‘e SU S 3 = — — N —
2 A e JE2 mg-l” F420.86 U-g' ,7F Cd HHE 5 mg-T."!
# o
2wl . ARERE FHE2.37 Ueg™', BERRE T 175. 58% (P <0.05).
3 5 QY-1 A 72, SYH ifrfr POD i PRl Cd 4k 2
S wr e G IS 3 B TS T RER &S, 2 mg-L™' Cd
E VTR SYH i1 POD YRHER S mgeL ™" Cd VI 1)
B 20} . .
1.26 f5[ &1 3(b) 1. MiAH[R] Cd KBV PE T, PFh e 4
) A POD I PEAFAE B MR 2257 (P <0..001).
0 2
500
ot @  Aa CJav-1
0.2 15 #% Cd ¥JE (mg-L.7"), T *"f VZJSYH A,
B1 FHEEN K& TAREASH Cd &8 400 | Aa l A Aa
Fig. 1 Cd concentrations in each subcellular component - / /
of leaves of two Brassica napus L. cultivars 5" 300 |
2 2
HHEEAAEY (K1), XKW SYH Hb &) gt S sl
Cd HA R RAY A" gt— 22Ul SYH R A H K
Ity Cd {5 V. Y 100 | /
160
MSF B o
140k BDM :
£ = [T Aa
__%” 120 % 25 M:_@*u T ."-,'
S PR R e I &
¥ /‘ T20F (b 1
g 0 Bb
Z sof . 2 /
g % ' E L5 ATh 7
Z 60f / 2
o) L -
‘E 40 + / ﬁ!f 1.0+ B'[h / Bb
z 1 T
0r % % 05
0 \—722 77|
0 2 5 0 2 5
Qv-1 ‘ SYH ng
NSF F 4 4 R HURAL A (AN + R ) s
BDM 7%y P 85 053 (e G S OB + B B ) oq | BTPER 43
2 FHHEME RS BHBAS (MSF) | £WHRE | @ I Aa Aa
434 (BDM) Hh Cd & 8 T " l | 1
Fig. 2 Cd concentrations in metal-sensitive components ( MSF) ;._: 031 | Ba
and biodetoxification components (BDM) in leaves :’E
of two of Brassica napus L. cultivars 5 02 1 A.|_b / /
2.1.4  Cd PR xRy A A B PE AR o L] ] %
R S LR T 9 BT AR i 7 /
15 P4 (reactive oxygen species, ROS) B K =4z, 0 / .

AV [y S U= R kv i N B o ey A
IR, Y IR F A KR T, AR NP E
RGWFEA B FIE R RN 2 0 A A 2t
(-0, )P e, 7552 5] Cd Bra iR R e dk
BN M IEF 2 Cd & S B R A P 3 4
SN S R IR R ik S N B i U S Sl B TE
R E 3 JEARTE] Cd ARBE R B FREE SOD . CAT
1 POD 3R AS AL, B KT AT UL, PR R AR BE T Il =%

0 2 5
Cd/mgL™!

SOD., POD Fll CAT 535 Ay H B AL IS AL B ok 8 AL A i A i 4
PG AR R E FRERR f ) 22 57 .35 (P <0..05) s AR/
HERRIR AR Cd AL BERY 2 57 .35 (P <0.05) 5 = R
P<0.05, % % 3/R P<0.01, % * = 3K’ P<0.001
B3 mHm3EH F SOD, POD 1 CAT &tk F
Fig. 3 Activity levels of SOD, POD, and CAT in leaves

of two of Brassica napus L. cultivars
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7E2 mg-L™" Cd ¥RJER,SYH itrh POD I 7 i 3 5
FQY-1,J& QY-1 1 2.33 f%;5 mg-L™" Cd WJE T
SYH M1 POD #EEAL N QY-1 19 =432 —. B 7]
WA Cd B R SYH AR INAFFER 2 QY -1 BEAZKL
FIREXS Cd i8R BT AL BE LA, TTBE Cd Whid ik 22
AP SRR Cd & 3, SYH Bt Ll R 48
ATREC AN LIRS Cd W, (H ISR F AR I 73
RN, PTG — B3 SYH RN Cd B EZ @ #EHLHE
FEPUEIL AR GE, e 32 0 i W40 X B AEHs Cd IX.
BRTET AR AL R i F AR .
2.2 HEZEM TSR Cd B AERE

Hil&l 4 T, BB 250 F B QY-1 B3840
Pl S b A28 B P Cd & i3 B AR,
K55 HRAMEAE A5 BT 5 R SRR AR R R AR
Baoy A e —20 lRY  SYH 3 | iy ZEAIARSH
Cd & B W E T QY-1, 70l J& QY-1 #Y 2.68,
1.99 . 1.46 Fil 1.43 . FH It 7701, 46 K i B 4 1
TLSYH H QY- fi 2 b U g At 1y Cd, HLA 1 5 £
Cd JLIURA RBURE S Moo, A DA B T Wi e
S 13 HAl 4R (2 BRI C R B
FEP B Sk 5 R C ¥ s Y e
MR (3 3). KB T, TE A CAVR (1557
2,65 me-kg/[") HIpH(S. 14 ~7.9) B, w41
S b Rk 19 A e R A e %

(So'ldnuil;z‘ nigram L. )'>Z81H 1 %5 (QY-1) %V\i?%_-_;.f" !

i(S ‘ §p2btabile) > = H ¥ (SYH) > fﬁﬁq%%ﬂg
alfrediié >PER SR (S, plumbizincicola) 3 1 I3 Cd

T hE PR AR R R (S, alfredii) > TR 5K
(S. plumbizincicola) > /\F 5K (S. spectabile) > J¢
2% ( Solanum nigrum L. ) > = H#(SYH) >Zl 1 5
(QY-1). M\ 6 FitEY b 3 Cd & AR, 2 A
MR BAL TR 3 b4 FEHERN Cd B &M
Yy, (B SE A Wy A R T AR R R R 5 AR R R A
T, TRVSE , A5 1 =5 o b Sy 23 35, AT ) T 44
Sy iy R Ui R E e IO ERT B R
o BEIL B AN 5 Wl SR AT DL ol i, A
—EMZETE R B e B 25 A]. ot
Fh,SYH A9 AR T QY-1, {H 304 3 & W ib 1
8 Cd & & A, SYH By Cd $2 10 d W] 8 T
QY-1,72 QY-1 #y 1. 91 . UL [F] % 44+ F ,SYH A
AR AL BE 2 BR B A Cd.

50 | L Qv
SYH
2
Z 0t é%
20 %/

A\

i

o3 i - e
4 MMERIHIM EAMMRM CdE

Fig. 4 Cadmium concentrations of shoots and roots

of two Brassica napus L. cultivars

R3 WHBEXSEMEERENX Cd 5HIENENEELRLE

Table 3 Comparison of phytoremediation effects of two Brassica napus L. cultivars and other

Cd hyperaccumulator plants grown in Cd-contaminated soils

+E cd S

G275 s M A8 Cd R Cd et

() B AR /mg-kg ! pH /kg+hm =2 /mg-kg ! /g-hm 2 ok
JNERK(S. spectabile) 2.22 7.7 2517 13.11 33.00 [29]
KGR (S. alfredii) 1.55 5.14 2098 162.6 341.13 [28]
PRI 5 K (S, plumbizincicola) 2.65 7.9 1147 23.40 26. 84 [30]
JeF(S. nigrum) 1.91 6.26 17284 9.72 168 [31]
Zih 15 (QY-1) 2.22 7.7 2894.7 2.26 6.53 AT

= H#(SYH) 2.22 7.7 2359.6 5.28 12. 46 AW

3 KL (MRG ) 20 53 H , 332 PR ¥ S 7 248 L 7K SF- 1 7

ABIF 5 38 2 K 85 A (] e gk, — H B0 SR
(SYH) ZEMRPEFE . o L A 38 Cd & & DA &R
WEERB YR TEM 5 QY-1) , A&
Cd Tif P A FERE 7. LR, 3K IS Vi S d PR ZE X Cd
(P FD A B AL A — o 22 5 Hon v
Cd ¥4 3 B PR 78 %88 25 1 (HSP) il 8w 4R

FEMF LR, FEK R SR E Cd BHE TS SYH itrb
Cd 7EA0 AR B 4531 & 5k QY-1 1Y 4. 41 %, H itk
AIHT, Cd 7 20 MR TS 2H 23 v 19 0 A o 3 30 TR
Cd e N PRI SR Cd & /e ) 22 5 1 EH ZEHLH.
AN, FE KB Cd a2 T ,SYH it POD I 4 Al
M) 1o 3 3376 785 F QY -1, HLA B I T Ak A Cd
Joiri B B . AE KR IR 454~ , SYH A Ml B35 Cd
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