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Effects of Ca/Mg ratios on growth and heavy metal uptake of three hyperaccumulators

ZHAO Tao', LIU Deng-biao"2%, ZHENG Jun-yu', JJANG Cheng-ai'**

(1.College of Natural Resources and Environment, South China Agricultural University, Guangzhou 510642, China; 2.Shenzhen Techand
Ecology & Environment Co.LTD, Shenzhen 518000, China; 3.Key Laboratory of Soil Environment and Waste Reuse in Agriculture of Guang—
dong Higher Education Institutes, Guangzhou 510642, China )

Abstract ; Enhancing biomass and heavy metal uptake of hyperaccumulators would improve soil phytoremediation efficiencies. In this study,
we investigated the effects of Ca/Mg ratios(0.2, 0.5, 1.0, 2.0, 4.0, and 6.0) on growth and metal uptake by Sedum alfredii(Zn and Cd hy—
peraccumulator ), Noccaea caerulescens (Zn, Cd and Ni hyperaccumulator) and Alyssum murale (Ni hyperaccumulator) under hydroponic
system spiked with 20 mg Zn+1."!, 18 mg Ni-L™, 10 mg Pb-L™" and 0.5 mg Cd - L. Results indicated that significant high transfer coefficient
of Ca(TF, 5.98~11.19) from roots to shoots and Ca/Mg ratio in shoots(2.45~16.74 ) were found in A. murale. The TF of Mg(1.43~3.70) was
higher than that of Ca(0.77~1.38) for N. caerulescens, while TF of Mg(1.24~1.45) was similar to that of Ca(0.88~1.66) for S. alfredii. For
N. caerulescens, the greatest growth and Zn/Cd/Ni accumulation of shoots was obtained in normal nutrient solution (Ca/Mg 2.0), but plant

growth and metal accumulation were restrained under increased Ca or Mg supply. For A. murale, the highest biomass and Ni accumulation of
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shoots was observed at the highest Ca/Mg ratio( Ca/Mg 6.0). Increasing Ca supply promoted but increasing Mg supply decreased Ni accumu—

lation in the shoots. For S. alfredii, Zn accumulation in shoots and roots increased with increasing Ca supply, and Cd concentration in roots

increased with Ca or Mg supply, but the best growth and the highest Zn and Cd concentrations in shoots were observed at the lowest Ca/Mg

ratio(Ca/Mg 0.2). Our results suggest that the effect of Ca/Mg ratio on hyperaccumulators depends on both plant and metal species.

Keywords: Ca/Mg ratio; hyperaccumulator; zinc; nickel; cadmium; lead
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Table 1 Experimental design for different calcium to magnesium ratios

Ca/Mg Lt =213l AL AR 4 SR B
0.2 2 mmol - L™ Ca(NO;),*4H,0+10 mmol - L™ MgSO,+7H,0
0.5 2 mmol - L' Ca(NO;),*4H,0+4 mmol - L™ MgSO,-7H,0 ZnS0,-7TH,0(20 mg Zn-L™)
1.0 2 mmol - L™ Ca(NO;),*4H,0+2 mmol - L™ MgSO,+7H,0 NiSO,-6H,0(18 mg Ni-L™")
2.0 2 mmol - ™! Ca(NO;),*4H,0+1 mmol - L™ MgSO,+7H,0 (CH;COO0),Pb+3H,0(10 mg Pb-1")
4.0 2 mmol - L' Ca(NO;),*4H,0+2 mmol L™ CaCl;+1 mmol-L" MgSO,+7H,0 3CdS0,+8H,0(0.5 mg Cd-L™)
6.0 2 mmol L™ Ca(NO;),*4H,0+4 mmol L™ CaCly+1 mmol-L™" MgSO,-7H,0

&2 AR Ca/Mg LeX =B EEEYEYERIH M
Table 2 Biomass of three hyperaccumulators at different calcium to magnesium ratios
CalMg I, S. dlfredii "W E/g A. muralelg =¥yl N. caerulescens 442 /g
. HFE . E R E B R

0.2 1.30+0.03a 0.58+0.04a 0.10+0.01d 0.03+0.002d 0.46+0.02b 0.16+0.01be
0.5 1.23+0.03a 0.40+0.04b 0.44+0.01b 0.10+0.005be 0.45+0.03b 0.13+0.01cd
1.0 0.83+0.01b 0.34+0.01b 0.32+0.02¢ 0.08+0.003¢ 0.47+0.05b 0.14+0.01cd
2.0 0.78+0.03b 0.35+0.01b 0.39+0.03b 0.12+0.023b 0.71+0.05a 0.23+0.02a
4.0 1.21+0.04a 0.40+0.02b 0.45+0.03b 0.09+0.011be 0.34+0.02¢ 0.09+0.005d
6.0 0.80+0.03b 0.38+0.01b 0.99+0.04a 0.27+0.014a 0.52+0.05b 0.19+0.03ab

T [P Rl 5B R 22 5 .25 (P<0.05) . TR

Note: Different letters indicate significant difference within a column at P<0.05. The same below.



B A AN BB LA P = R A A B W B 5 443
4501 a Ca/Mg
o2
36.0 o5
T 270 = )
B %, £ 4
¥ 180 b bk = 26
S be bea = L
™S i : bhypbb
2o | B (TEZER 2bbbbb 0 gpbyab
LB | | 5E R | BK [ TewR ity
S.alfredii A.murale N.caerulescens S.dlfredii A.murale N.caerulescens
Hh B M R Ho EHE R H AR R

ANTF)/ING i F RO [RI A B ) 22 5 1 2% (P<0.05) . N[

Different lowercase letters indicate significant differences between treatments( P<0.05 ). The same below

1 RE CaMg k3=
Figure 1

12.05'

a
™

8.0}

Mg g /g- kg™

i
S.alfredii
-

i 1%
B 2 RE Ca/Mg b3t =

Ca YREE HBEINTI TR, 7€ Ca/Mg b 6 B3RS e K&
i, Mg W JE AR T N.caerulescens Hi |35 Ca 512 5%
M f% BH 2 . S.alfredii. A.murale F1 N.caerulescens H
EHF Ca He VL 050 10.1~16.6.27.4~42.7 6.2~
17.4 g-kg”, RGP HZES HR/NERE 1.6,
1.6.2.8 1% ;S.alfredii F1 N.caerulescens Hb |3 Ca 7%
AT, M A.murale 31 13 Ca &8 B #H & T
# . S.alfredii . A.murale F1 N.caerulescens HRHR Ca &
B ) S 8.1~12.8.3.5~5.1.2.9~3.7 g kg™, S.dlfredii
HITFEB Ca & BB EET A.murale F1 N.caerulescens ,
J P AAR ) 0 1l B Ca 35 i S35 8 T H R, X
Ca HY¥E15 203 )35 5.4~11.2 A1 1.93~4.79, Ca/Mg
o 0.2 I 2 ] 1 s B AR Ca BOMREEMIEEIZ 5
RZHL Ca/Mg FEINBA R = FAE PR 2 5 i AR
M

SR AR A BRI R R Mg S R
FEARUR Y Mg W B2 340 A () A A 38, G 70

HRAE Ca/Mg Lo 0.2 I RIS S i, Mg Ca (Y

H

=

N.caerules

M bR

TEEEEY Ca SEMHI

Concentrations of Ca in shoots and roots of three hyperaccumulators at different calcium to magnesium ratios
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Figure 2 Concentrations of Mg in shoots and roots of three hyperaccumulators at different calcium to magnesium ratios
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Figure 3 Concentrations of Zn in shoots and roots in three hyperaccumulators at different calcium to magnesium ratios
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Figure 4 Concentrations of Cd in shoots and roots of three hyperaccumulators at different calcium to magnesium ratios
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Figure 5 Concentrations of Ni in shoots and roots of three hyperaccumulators at different calcium to magnesium ratios
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Figure 6 Concentrations of Pb in shoots and roots of three hyperaccumulators at different calcium to magnesium ratios
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Table 3 Transfer coefficients of metals in three hyperaccumulators

at different calcium to magnesium ratios

EFE CaMg tb Zn Cd Ni Pb
S.alfredii
0.2 0.63 £0.03a 1.60+0.13ab 0.40+0.10a 0.07+0.01ab
0.5 0.29+ 0.02a 1.31+0.18b 0.30+0.03ab 0.04+0.01ab
1.0 0.66+ 0.00a 1.26+0.05b  0.17+£0.01b  0.03+0.00b
2.0 0.40+ 0.20a 1.85+0.13a 0.32+0.03ab 0.08+0.03a
4.0 0.54+ 0.02a 1.07+0.00b 0.26+0.01ab 0.02+0.00b
6.0 0.47+ 0.00a 1.29+0.19b 0.26+0.02ab 0.03+0.00b
A.murale
0.2 0.19+£0.00d 0.22+0.04a 10.45+1.23ab 0.43+0.05a
0.5 0.26+0.02bc  0.26+0.01a 11.04+1.05ab 0.12+0.02bc
1.0 0.34£0.02a  0.25+0.01a 13.62+1.21a 0.05+0.00c
2.0 0.30+0.01b  0.22+0.01a 9.05+0.96bc  0.07+0.00c¢
4.0 0.25+0.00c  0.23+0.02a 8.35+0.26bc 0.11+0.00be
6.0 0.14+0.0l1e  0.17+0.05a 5.97+0.82¢  0.13+0.01b
N.caerulescens
0.2 0.14£0.00c  0.60+0.10c  3.20+0.36a  0.04+0.00c
0.5 0.25+0.02ab  0.71+0.08b 1.87+0.13bc  0.17+0.01a
1.0 0.32+0.02a  1.15+0.25a  2.13+0.01b  0.12+0.00b
2.0 0.29+0.04a 1.04+0.13ab 1.83+0.06bc 0.03+0.00¢
4.0 0.29+0.03a  1.12+0.02ab 1.34+0.14c  0.03+0.00c
6.0 0.16+0.12bc  1.27+0.05a 1.70£0.15bc  0.03+0.01c¢

mg kg, 1R R 140.4~256.1,175.8~358.6,
182.7~327.3 mg-kg™; —FE & EAHYI T A.murale A
J& Cd M E Hm Yy, ol B3 Cd & & %A L 100
mg kg™, BT HH T A & & AR SR 7E
IEH IR Ca/Mg LU HERN [, 390 Ca 5% Mg A9 fiE
S5 s eREAR R b B S T R Cd Fat, F
HEMEL S B IARN Cd St in, B B
YERIPId 19 Ca 50 Mg fLa vk 2 AR Y RIS A28 B A
[RITAFAE2E S o FEIE T BRI Ca/Mg HLO 2 I, N.
caerulescens RN Cd & B &5, H S.alfredii 1 A.
murale WHSZE Ca/Mg Hbky 0.5 F1 6 B 3RAFHIXTEE A1
Cd &,

S.alfredii, A.murale F1 N.caerulescens H I3 Ni
B 4 Bl 148.3~196.9.1 703.1~2 659.8.1
104.2~1 537.0 mg- kg™, MR 150 I & 497.7~886.4
149.8~434.6 .357.9~1 040.9 mg- kg™, AR I fHtidng =
e E Y, A . murale 1 N.caerulescens & Ni [y
AR, PR I R N RSO R AR R
e A.murdle , o552 2B K 6.1~14.48, = F Y
o B Ni 195 & 4 A.murale>N.caerulescens>S.al-
fredii, A.murale F1 N.caerulescens Hb, 3435 7E Ca/
Mg o 6 1 2 (TE 578 TR AL L) I SRAF AR X R
AONT &3, SEINE IR Mg R 2R RERS AR — 3
i b A8 Ni S S Ca RYHBLAA A2 B AL A mu-
rale b, F3 Ni FLZ |, 3 H W N.caerulescens i |
NI LR B IR Ca 5 Mg AR A0 XX b
AR FR NI B WSCdAT R8N o E R
H Ca 8, Mg Yk JEZ LI A X S.alfredii 3 |3 Ni &
A A LR SR (EE SRR R Mg Vi Y
INAE— & JE L T L) S 25 e R AR 2R % NI gL
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S.alfredii ., A.murale F1 N.caerulescens i, |3 Pb
B E VI 45k 57.0~126.3.25.1~121.7.24.7~46.5
mg kg™, HLF R &4 I 742.8~3083.1,285.9~
805.8.227.5~1 105.1 mg-kg™, AR =Rl & A4
P #ERAS 2 Ph (1 & S, Ho R 3 e Pb 5 i
KT EFB, 5 hn Mg 5% Ca (OHb4s 2 Hg n 1 A.
murale H I3 Pb 5 & , (H X T # Ph & &2 A
Wi s H9hn Mg 8 Ca BYHEZS BEIG N T S.alfredii
TES Pb i (HHCH B Ph 5 i o] AR Ak B
Mg [HLZE 2 38 N.caerulescens i |3 Pb &1,
{EHAH T &R Ph &5 i BEFRAR, HE0 Ca ROHELE XS N.
caerulescens T FRANH_EF Ph & IC R E RN,

3 g

FHOCHFFE R, SR BT Ca 5 Mg Hyfit
e/ X Cd Ni Mn \Pb %5 I E AR
WAL | 28 i X S R 4 XA ) A R PEAE L X Se T 4
JE LAY X Ca B, Mg WIS . HEAR AL AT
REA LT JLAS 720, (D[R M 1, 248 4
I, B IR A R SGE S 6 5071020205 (2) Ca il Mg
HIAAEA R FAR R AR E R B B R G, BRI T
4B XTI SR b A 005 (3) Ca*r sl Mg
BN A AR T ) I e e i BT Y Aot ARART Y (4) Car
55 Yt MRS AR A B8 A5 S BE A5 1 T AR S AR AR R
FIRAHIEM (5) Uk BE Ca B Mg XF AR R4 43
T A LR A3 AR A o, A% Ca (52
WRIFY JevE 22 T4 Mg F1 Ca/Mg LU0 5200 , %o 318 Fi
VIR 5T 22 5 & SRR T o ARR 3 3 A
Yy, 68 e AR AR R R K ) S VR R T — 2641
il e S - B b 4w () R A R, B R
R R AR AN R AZ £ B AL, Ca¥t Mgt ER
Ca/Mg Hv X i 4 A A 0 F 4 i W L 1) o il . 25 o
NGE

Wang 5518 2 A 5 mmol - L™ CaCl,
55 7 0.4.0.6 mmol - L™ Cd** il T = M 55 ( Trifolium
repens L.) i [ F8FIAR 2 AR B A aE , LT AT g2
WA TG B A AR A AN B T e A A T 3 R
Magdziak Z51% BLAEXT T 4:1 Ca/Mg [, 1:10 Ca/Mg
F 254 T A0 (Salin viminadis ) H b3 FIAR 22 F B 0T
% 1y Cd/Pb/Cu/Zn,S.vimindlis 1 2 4 P& 4> W W
(LMWOA ) () i 23 F e BE [ Ca/Mg F A0 M8 B 42 )8
BRI R, 2 LMWOA MYk 5 Ca/Mg H 22 i)
FEAET BRI S R o X & 4E S. alfredii 1 R 5B

G B, HARDY Ca Y5 Cd BIWI 38 Aoy A 2 AR L
(R, NIRRT Ca A2 E T Hosth B35 Cd By EARIREY)
A, B Ca f1£45[6.0 mmol - L™ Ca(NOy) 2% T Cd
Xt S.alfredii Hi2 Z AR A IHIE A, W0 TR R Cd
() BB I TAR &R Ca I &, fEak T2 H R 4
bjz[s,zo-zl]o

5 Cd AL, AMEE N Ca Mg B 4E Ca/Mg LEXT
TP IITE AN Zn F NI WIS B PR VE T o
AV ZEP2HE 3 SR Ca> %) S.alfredii WU X AR E Zn A5
PEHEEH . Chaney SFPHEHIIE S0 45544 T , #EK
REFEE SRS 0.128~5 mmol - L™ Ca 1 2 mmol - L
Mg, 435 31.6~1000 pwmol - L™ Ni JfpiH A.murale F1
1.0~10 wmol - L™ Ni Jpi #0035 , i B0 45 S R B Ca Ui
AT RN Ni B AN B 1, 0.8~2 mmol - L™ Ca
HELE A A.murale B A% e & W 77 &, 1 H 7€ 1000
pwmol« L™ Ni 38T, s (Ralid & Ca L2452 fHIAEY)
R PR REAR , Ca BYHELS W52 3 NI 5%
O B R MR R B A s R (Y
Wi AR B ), AE AT 2 mmol - L' Ca i 2 1E [ {2 F
YEHT, Ca FOEES TR N0 e BRIDHIAE o 55 eARARL,
Ni 195 —FhiR = EAGY) Alyssum inflatum TE{K Ca/Mg
Fe(0.11~1.5) iy A= K HE BT AT 4R AR K R4, 1 H. Ca/
Mg FLAG3E NG TIZ A% Ni e

AR ST, =R RIYITE I 5 TR Ca/Mg
Py 2Eaih b, 4 Ca F0 Mg A HEZ5 K Z2E01E L T 4B
AN N.caerulescens X E 4> J& MO A= 4, X
Ca Fil Mg %515 28053910 0.77~1.38 .1.43~3.70( i,
e 4), % Mg % ia RECE & L B Tt Mg & & 1 4b
FH(Ca/Mg H2hy 0.2)4h, Fofd Ab B 2 i) 4B 0 b 2 25 5
XU Z A A N RE R G 4E 45 Ca B Mg %%z , 1
Ca o3 Mg #Rps/0 T =Ml &40 R 1 R, AT RER
Ca 3§ Mg 5 H 4 )& 5e PRI E T A 2 4B G
A.murale #i |8 Ca/Mg Lt (2.45~16.74) FIH X} Ca 1)
8 ZH(5.98~11.19) #R Bl E 2 W Ca/Mg HL 25
(14 J6E T A [ 2 b K (D2 3), oz vy 1 o R
R, THL T EBAY Ca/Mg HOAR T HAB I Rk 40 , 156
B2 A A AR SR A LU Ca 4% Ca 5538 b 1Y
AEJTo 3 Ca Z T IIILXT Ni (B 8 (B8N Ca
FBELR 2 5 FRARHIN Mg 1% 12 2400 4 Mg X Mg
i Ca W52 ZPUEAZ MR E, 5 Mg B4
I Ni i, IR AR R T Mg (I GE
L R NP2, HUA 7R B S Y Ca {45 A 5
# Mg (2B, S.alfredii i F HRAFNHL F3F Ca Mg 5 &
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TR
Table 4 Ratios and transfer coefficients of calcium and magnesium
in three hyperaccumulators at different calcium to

magnesium ratios

B R Ho T iz R
Ca/Mg lt  Ca/Mg LY Ca/Mg Lt Ca Mg
S.alfredii
0.2 3.48 £0.13b  2.29+0.03¢ 1.25+0.11b 0.88+0.03a
0.5 3.67+ 0.11b  1.99:0.08bc  1.31+0.14b 1.41£0.74a
1.0 442+ 0.57ab 3.46+0.82abc  1.45+0.10ab 1.66+0.80a
20 459+ 028ab  4.17+0.15a 1.24+0.12b 1.22+0.06a
40  4.66+ 0.60ab 3.87+0.72ab  1.71+0.12a 1.41+0.26a
6.0 572+ 0.09a  4.43+0.30a 1.30+0.07b 1.22+0.23a
A.murale
0.2 2.45+0.07f 1.62+0.37b 5.98+0.70¢ 3.01+0.29a
0.5 5.73+0.42¢ 1.52+0.15b  7.50+0.92bc  2.53+0.58ab
1.0 7.85+0.39d 1.64+0.16b  9.79+0.44ab  2.14+0.10b
2.0 9.72+0.96¢  2.54+0.29a  9.41+0.53ab  2.53x0.31ab
4.0 12.43+0.20b  2.12+0.21ab  10.04£0.78a  1.73+0.17bc
6.0 16.74+0.67a  1.80+0.17ab  11.19+0.66a 1.29+0.09¢
N.caerulescens
0.2 2.69+0.16bc  1.84+0.06d  0.77+0.022b 1.43+0.04b
0.5 1.83+0.40c  2.63+£0.30cd  1.37+0.29a 3.47+0.45a
1.0 1.95+0.21¢  2.80+0.19bc  1.38+0.17a 3.70+0.26a
2.0 3.19+0.38b  3.62+0.4lab  1.06+0.12ab 3.39+0.15a
4.0 4.42+2.48a  3.28+0.09abc  0.90+0.04ab 2.95+0.15a
6.0 4.50+£0.08a  4.08£0.30a  0.89+0.22ab 3.29+0.20a

K Ca/Mg teA™ 825 5 F A AR, FLXT Ca F1 Mg 1)
B3E ZEUY R 1.24~1.45 .0.88~1.66, Wi FlyC 2 148
KARF A PR is REOE A B 25 (IR 4), Ui
ZFEPIXF Ca Mg (W ISCRERC AT H 4% , (R IR o 1
T Ca fy 45 238 inHo B3 A T30 Zn &2,
PR ) Mg (2551, 39 Mg Jsi/b 7 H s EARFIH T
BB Zn S L, (HIZAEY) At Mg B R15 5 K1Y Zn
FCd i, W RE S A TE 5 Mg I AR KB FAR S5 3y
Wit Mg B KBRS KT Ca K

4 Hig

(DFEEEFRW T Ca 5 Mg BEZ R8I0, —Fhvi
®HEMY) S.dlfredii. A.murale F1 N.caerulescens 1N
Ca 5 Mg 1) 7 U AH WA AN [RIFEEE RSN, A .murale T
N.caerulescens Hb_I-3B Ca 1% f47 435l K FHH T,
JEHIE A.murale FARE %028 280, B R Mg fit
PRI B E A T Nocaerulescens Hi |3 Ca 53,

HoA AR O =Pty st 3 Ca A1 Mg 25 & 128k
AR

(2)N.caerulescens 1E1EH & 5 (Ca/Mg L 2) 5%
1 BRAG B U I AR K A | 3 K Zn/Cd/NG 35 1
Hahn Ca B¢ Mg RYEZR B LEIHRIVE T o A murale 7
e Ca (LA HAF R B E Y EA NI &5, 1Y Ca
B4 B35 Ni (9 SR (HE Mg BRI T b 138 Ni %
i, 3 Mg R Ca 435 25 REARFNIG N 1 b %
Ni (. 38N Ca 5 Mg ROBEZR Y2218 S.alfredii
MR Cd i, A R 1Y Mg 5 Ca I8 434
THb EES CA S, HAAR R B Cd RS RS
A PTRAR N Ca AYALLS 233G n i b AL T~ 35
M Zn 53, B 1 Mg 4550, 18 Mg i/l 1 Ho
FERAIHL R FH Zn 5 & S.alfredii 7E /N Ca/Mg
F(0.2) F ARAG R R A W)L Al ORI Zn Fi Cd 55,

S

[1] Adki V S, Jadhav J P, Bapat V A. At the cross roads of environmental
pollutants and phytoremediation: A promising bio remedial approachlJ].
Journal of Plant Biochemistry and Biotechnology, 2014, 23(2):125-
140.

[2] Meers E, Tack F M, Van Slycken S, et al. Chemically assisted phytoex—
traction ; A review of potential soil amendments for increasing plant up—
take of heavy metals[J]. International Journal of Phytoremediation, 2008,
10(5):390-414.

[3] XU, WU, ok ik, 5. AN IR e J8E Xof = oy L R Wl
Koo 42 Jm W RE R[], AR ML FREE R 244, 2014, 33(6) : 1106-1111.
LIU Deng-biao, JIANG Cheng—ai, ZHANG Jia-hui, et al. Effects of
boron concentrations on uptake of boron and heavy metals by three hy—
peraccumulators[J]. Journal of A gro—Environment Science, 2014,33(6) :
1106-1111.

[4] X, AIR T, X ¥, 5. N RMEEBE/K X PO B SR A A K
DN 4 ) B [T]. BREERL 2241, 2015, 35(4) : 1198-1204.
LIU Deng-biao, ZHENG Jun—yu, ZHAO Tao, et al. Effect of different P
levels on the growth and heavy metal uptake for four hyperaccumulators
[J]. Acta Scientiae Circumstantiae, 2015, 35(4):1198-1204.

[5] Hepler P K. Calcium: A central regulator of plant growth and develop—
ment[J]. Plant Cell, 2005, 17(8):2142-2155.

[6] Juang K, Lee Y, Lai H, et al. Influence of magnesium on copper phyto—
toxicity to and accumulation and translocation in grapevines|J]. Ecotoxi—
cology and Environmental Safety, 2014, 104 :36-42.

[7] Wang C Q, Song H. Calcium protects Trifolium repens L. seedlings a—
gainst cadmium stress|J]. Plant Cell Reports, 2009, 28(9 ) : 1341-1349.

[8] Tian S, Lu L, Zhang J, et al. Calcium protects roots of Sedum alfredii H.
against cadmium—induced oxidative stress[J]. Chemosphere, 2011, 84
(1):63-69.

(9] VSRR, £ 5%, GBI, 5. Ca> Il KX UL I+ 40 B 30 55 5 1 2 A
PRI A1, 2014, 49(3) :262-272.



448

KA IMERF 217 M IRRECT IRE.

WANG Cong—yue, WANG Yu-tao, ZENG Wan-lin. et al. Alleviation of
Cd toxicity in Arabidopsis thaliana seedlings by exogenous Ca** or K*[J].
Chinese Bulletin of Botany, 2014, 49(3) :262-272.

[10] ¥ 42 25, (5B Ae, IR PR, 4. S5 XA PPt f ) i s R AR 2
SR BEFAE RS 4R, 2005, 16(5):971-976.

JIANG Ting—hui, ZHAN Xin-hua, XU Yang—chun, et al. Roles of cal—
clum in stress tolerance of plants and its ecological significance[J]. Chi—
nese Journal of Applied Ecology, 2005, 16(5):971-976.

LA, BRI, 55 Ea )R 5 EFRCR S HAEH MY
ii@aﬁmi 1. S EREE, 2002, 11(4):392-396.
AN Zhi-zhuang, WANG Xiao—chang, SHI Wei-ming. et al. Plant phys—
iological responses to the interactions between heavy metal and nutri—
ents[J]. Soil and Environmental Sciences, 2002, 11(4):392-396.

[12] 5K >, SRR, XMEAE, 45 550 RS A1 X S ) A A A 1
Wi 37 [J]. PHILAT YA, 2013, 33(8) : 1645-1650.

ZHANG Xi-min, SONG Qing—fa, LIU Lun—xian, et al. Responses of
growth and physiology of calcicoles and calcifuges to exogenous Ca*{[J].
Acta Botanica Boreali—Occidentalia Sinica, 2013, 33(8) : 1645-1650.

(13146 8 i, Bodsil, 5. S58E Lo Al =it | Ak al B &

SRR FENALT]. LA 4R, 2010,19(11):69-74.
LU Yao, ZHENG Bo, DUAN Zong-yan, et al. Effects of Ca/Mg regula—
tion on the flue—cured tobacco yield, chemical quality and magnesium
uptake[J]. Acta Agriculturae Boreali—Occidentalis Sinica, 2010,19
(11):69-74.

[14] Jiang C A, Wu Q T, Goudon R, et al. Biomass and metal yield of co—
cropped Alyssum murale and Lupinus albus[J]. Ausiralian Journal of
Botany, 2015, 63(2): 159-166.

[15] 4% 1 W, Je i %8, Mt b, 45, AR K (Sedum alfredii H) : —F
HIEERFR ST FlAEE R, 2002, 47(13):1003-1006.

YANG Xiao—e, LONG Xin—xian, NI Wu-zhong, et al. Sedum alfrdii: A
new zine—hyperaccumulator[J]. Chinese Science Bulletin, 2002, 47
(13):1003-1006.

(161 X137 SASHTE L REEHRM]. JEAT R At 2001
124.

LIU Shi-zhe. The modern practical soilless cultivation technique[M].
Beijing: China Agriculture Press, 2001 : 124.
[17] Mleczek M, Gasecka M, Drzewiecka K, et al. Copper phytoextraction

with willow (Salix viminalis L. ) under various Ca/Mg ratios: Part 1.
Copper accumulation and plant morphology changes|J]. Acta Physiolo—
giae Plantarum, 2013, 35(11):3251-3259.

[18] Drzewiecka K, Mleczek M, Gasecka M, et al. Copper phytoextraction
with Salix purpureaxviminalis under various Ca/Mg ratios: Part 2. Ef—
fect on organic acid, phenolics and salicylic acid contents[J]. Acta
Physiologiae Plantarum, 2014, 36(4).903-913.

[19] Magdziak Z, Kozlowska M, Kaczmarek Z, et al. Influence of Ca/Mg ratio
on phytoextraction properties of Salix viminalis : Il . Secretion of low
molecular weight organic acids to the rhizosphere[J]. Ecotoxicology and
Environmental Safety,2011,74(1):33-40.

[20] Lu L L, Tian S K, Yang X E, et al. Enhanced root—to—shoot transloca—
tion of cadmium in the hyperaccumulating ecotype of Sedum alfredii|]].
Journal of Experimental Botany, 2008, 59(11):3203-3213.

[21] Lu L L, Tian S K, Zhang M, et al. The role of Ca pathway in Cd uptake
and translocation by the hyperaccumulator Sedum dalfrediil]). Journal of
Hazardous Materials, 2010, 183(1): 22-28.

[22] BLALHI, ZEGEHF, sl N, 55 SN 257X AR 5 R A K AR 2

HsZ A [J]. 1 2R 25244k, 2008, 19(4) : 831-837.
HUANG Hua-gang, LI Ting—xuan, ZHANG Xi-zhou, et al. Effects of
exogenous Ca’* on the growth and Zn accumulation of two Sedum al—
fredii Hance ecotypes[]]. Chinese Journal of Applied Ecology, 2008, 19
(4):831-837.

[23] Chaney R L, Chen K, Li Y, et al. Effects of calcium on nickel tolerance
and accumulation in alyssum species and cabbage grown in nutrient so—
lution[J]. Plant and Soil, 2008, 311(1/2):131-140.

[24] Ghasemi R, Ghaderian S M. Responses of two populations of an Iranian
nickel-hyperaccumulating serpentine plant, A lyssum inflatum Nyar., to
substrate Ca/Mg quotient and nickel[J]. Environmental and Experi—
mental Botany, 2009, 67(1):260-268.

[25] Kazakou E, Dimitrakopoulos P G, Baker A J M, et al. Hypotheses,
mechanisms and trade —offs of tolerance and daptation to serpentine
soils: From species to ecosystem level[J]. Biology Review, 2008, 83(4 ) .
495-508.

[26] Bani A, Pavlova D, Echevarria G, et al. Nickel hyperaccumulation by
the species of Alyssum and Thlaspi(Brassicaceae ) from the ultramafic

soils of the Balkans[J]. Botanica Serbica, 2010, 34(1):3-14.



