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Abstract: To study if Solanum nigrum hairy roots can be used for phytoremediation of Cd contamination, we investigated the
effects of cadmium (Cd) alone, and in combination with different concentrations of CaCl,, on growth, activities of superoxide

dismutase (SOD) and peroxidase (POD) and Cd absorption by hairy roots of S. nigrum L. var pauciflorum. The results showed that
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Cd concentrations of lower than 50 pmol/L enhanced the growth of hairy roots, while higher than 100 umol/L inhibited growth and
decreased the number of branched roots, also causing the root tips to become brown and shorter in length. In comparison with a
control, the soluble protein content, the activities of SOD and POD in hairy roots cultures showed a trend of first increased and then
gradually decreased, while the malondialdehyde (MDA) content significantly increased, when increasing the Cd concentrations. Cd
concentration of 100 pmol/L or 300 umol/L in combination with 10-30 mmol/L CaCl, resulted in a decreased content of soluble
protein and MDA in the hairy roots, but an enhanced SOD activity. The increased POD activities were observed when cultured in
100 pmol/L Cd and 10-30 mmol/L CaCl, but decreased when cultured in 300 umol/L Cd and 10-30 mmol/L CaCl,. Atomic
Absorption Spectrometry determination showed that the Cd absorbed and adsorbed by the hairy roots increased along with the
increase of Cd concentration. The exogenous addition of 10-30 mmol/L CaCl, could reduce the toxicity of Cd. This was achieved on

one hand by reducing the absorption of Cd, on the other hand by decreasing the lipid peroxidation through regulating the activities of

antioxidant enzymes SOD and POD in the hairy roots.
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Fig. 1 Effect of Cd alone and in combination with 10-30 mmol/L CaCl, on the growth and morphology of S. nigrum L. var
pauciflorum hairy roots. A—H: Hairy roots cultured in medium with 100 umol/L or 300 pmol/L Cd and in combination with
10—30 mmol/L CaCl, for 15 days. (A) 0. umol/L Cd. (B) 100 umol/L Cd. (C) 100 pmol/L Cd +10 mmol/L CaCl,. (D) 100 pmol/L
Cd+20 mmol/L CaCl,. (E) 100 umol/L Cd+30 mmol/L CaCls. (F) 300 pmol/L Cd. (G) 300 umol/L Cd+10 mmol/L CaCl,. (H)

300 pumol/L Cd+30 mmol/L CaCl,.
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Fig. 2 Effect of Cd concentrations on soluble protein content
in hairy roots of S. nigrum L. var pauciflorum.
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Fig. 3 Effect of 100 pmol/L Cd in combination with
10—30 mmol/L Ca on the soluble protein content in hairy roots
of S. nigrum var pauciflorum.
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Fig. 4 Effect of Cd 300 pumol/L in combination with
10—30 mmol/L Ca on the soluble protein content in hairy roots
of S. nigrum L. var pauciflorum.
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Fig. 5 Effect of Cd concentrations on POD activities in hairy
roots of S. nigrum L. var pauciflorum.
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Fig. 6 Effect of 100 pmol/L Cd in combination with
10-30 mmol/L CaCl, on POD activities in hairy roots of S.
nigrum L. var pauciflorum.
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Fig. 7 Effect of 300 pmol/L Cd in combination with
10-30 mmol/L CaCl, on POD activities in hairy roots of S.
nigrum L. var pauciflorum.
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Fig. 8 Effect of Cd concentration on SOD activities in hairy
roots of S. nigrum L. var pauciflorum.

——+ 100 pmol/L Cd
—% 100 pmol/L Cd+10 mmol/LCa

30 — 100 pmol/L Cd+20 mmol/L Ca
—&— 100 pmol/L Cd+30 mmol/L Ca
_ ot 1L
g I
260 ]
o -
& @% e E %
w0 50 |- L T4 T
£ ] .< L
2 40 TI
2 < il L
Q
<
a 20 L/1
S % P N
10 §
0 I = = = | 1= EE RS =]
3 6 9 12 15
Culture time (d)

9 100 pmol/L Cd 5 10~30 mmol/L Ca A& 33 #@ Bk D
T ZEE KR SOD FE RIS N

Fig. 9 Effect of 100 pmol/L Cd in combination with
10—-30 mmol/L CaCl, on SOD activities in hairy roots of S.
nigrum L. var pauciflorum.

— 300 pmol/L Cd

(=]

140 -
—3— 300 pmol/L Cd+10 mmol/L Ca

_120F —I— 300 pmol/L Cd+20 mmol/L Ca
£ —&— 300 pmol/L Cd+30 mmol/L Ca
S 100 =
& =
50 = _
£ 80 =
2 =
2 60 B
= =
3 40 g %
a =
3 =

20 =

12 15

Culture time (d)

10 300 umol/L Cd 5 10~30 mmol/L Ca 48 & 3 E IR
Bk L TE A SOD SEMERIF I

Fig. 10 Effect of 300 pmol/L Cd in combination with
10—30 mmol/L Ca on SOD activities in hairy roots of S. nigrum
L. var pauciflorum.

e, 8 KA A6 e 25 BARARXT Cd e HA— & A
ZREST, MAME TS N — 2 W B2 1Y Ca AT i 45 = BAR
ML) SOD T, R al 22 i fE 48 Cd X4 k>
1 25 BRI A B P sl 5
25 EEBCARES CatBEXBIKVEEEE
KR MDA &2/ M

JEEAE 1 S AL 77 ) MDA 75 2 2 40 Jf B A7 15 F
HEZEERZ — W 11 0], Jeiets ik e e
ZEEARMIE AR E 50 pmol/L Cd, I & 7E e JE
100 pmol/L Cd Fi1 300 umol/L Cd F155%, H MDA
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BRI FEIIXT I ORI cd bR &R,
PAFE 300 pmol/L Cd H1#%5 5% 9 d BJEIRIR MDA & i
B, 20 AT I MDA SR 2.73 £, X R,
FHEJE Cd X8 kA6 e 55 B RAR A 1 i 3 il 28 7
AR R AR I A R A G

12 F1E 13 S Cd e 100 pmol/L F1300 pmol/L
510, 20, 30 mmol/L Ca 4 & %48 k> 1E Je %5 B AR
R MDA 7 520 i 45 5 . DAL 12 &l 13 WL,
TeI 2 SHALER N 100 umol/L Cd R &7 300 pmol/L
Cd B2 a9 BARARAH B , 100 pmol/L 5 300 pmol/L Cd
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Fig. 11 Effect of Cd concentration on the MDA content in
hairy roots of S. nigrum L. var pauciflorum.
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Fig. 12 Effect of 100 pmol/L Cd in combination with
10—30 mmol/L CaCl, on the MDA content in hairy roots of
S. nigrum L.var pauciflorum.
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Fig. 13  Effect of 300 umol/L Cd in combination with
10—-30 mmol/L Ca on the MDA content in hairy roots of S.
nigrum L. var pauciflorum.

1 10~30 mmol/L Ca 4141537 48 kD 46 T 25 Bk
HE MDA 75t Lo A Inxd W v BE Cd 35 5% 19 B ARAR
KA, Al 0L, MBI 10~30 mmol/L Ca 1] [ E
ARIR MDA ik, XA RERM, SME Ca ] RE#E T
WAV At L B B o AL fE PR FE TN B 4 J . Cd X B AR AR
A A T B 5 7 AR R UV T B R0
26 EEEBCARES Ca™BAESWBI VLT
ERRRU Ca™ BN

K 14 fE 15 JE4 R Cd> M 10~30 mmol/L
Ca™ ZE A X8 kA A6 T 25 BRI Cd™ 1y 7 45
Feo NEL 14 F0E 15 AT UL, Y B ARARAE S 100 pmol/L
1300 pmol/L Cd™ ¥ h 55350, BARMRA{LAE
EFFEIL R R 4R Cd, i H., REW I E 4
J& Cd*; JEH, BRI BCR Y 4R Cdt
B BRI CAP MR R TR IR N s 55 3R 10 d )
EOIRME TS R B Cd> 0] s HE . Cd Y
76.45% 1 65.64% . Ti-S5X B ({LEN 100 wmol/L
5 300 pmol/L Cd*' ¥R BARMR) MLk, MR
£ 100 pmol/L &, 300 umol/L Cd**Hl 10~30 mmol/L
Ca A G RIS P T IR, MRk Ca™
S E X R, (AR k2D A T 55 T RAR R A RN
BEAY Cd™ i 4 L FLAR R AT BRER L, G e
TR Cd> Fr i, 0 B RAR 2 1 W B A
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Fig. 14 Effect of 100 pmol/L Cd*" in combination with
10-30 mmol/L Ca*" on absorption of Cd in hairy roots of
S. nigrum L. var pauciflorum.
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Fig. 15 Effect of 300 pumol/L Cd*‘in combination with
10-30 mmol/L Ca®" on absorption of Cd in hairy roots of
S. nigrum L. var pauciflorum.

Cd™ Frim, HBEHEREFRIL Ca® W (143 Jin i 1% i
R . X R W], AR LA i i) W s A B o <5
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A U IR EE (0.1 mg/L) Cd AT HE/NE

3¢ Brassica chinensis L. MIfRAY A , 1M =5 mg/L Cd
M AT A /N L SEAR AR AL, AR Bk, MHR SR
AU MR A7 Cd 3 FE I RGN K AR, ki
RO MRS Solanum nigrum L. J2IEAE R P Cd
AR s A HTRRI, AR Cd (<25 pmol/L)
AW RS g AR, EREA —E e
PEAEF s MW E Cd (> 50 pmol/L) U1 i 2
RN X 24 R 21 R e 28 Solanum alatum Moench
M, 50 pmol/L Cd WrBALIE 6 d AT HA A K
PRI R E BRI, A XA 6 Cd MHEYE
AN BB IHR ST A 7K 55 D B B AR i i
KAFE Cd X5 BAEMRAE K 520 5 D DL OC Cd X
2 355 35 ) A8 47 2H 2R R AR AR K B e Y R S A
53 #iif . Fornazier % & B, {IKHEEE (0.01~0.1 mmol/L)
CdCl, e BAR M H RE Saccharum officinarum L. £
BrgH U A &, (YR (0.5~1 mmol/L) CdCl,
S ZUIN | A A2 AR P X 5 AR SR 1 4 R
AN—F AW LI, Cd<50 umol/L JL-F-AFE it
kDA EBAIRR AR, ERLRERAEH AR, B
EHEE Cd (=100 pmol/L) T FF 440 ) B IRAR f A=
K, HEREASMEEN TR, AR MARR
IR, WA [N, 2R BERY, 5
JeZE IR AR L, 48 kD A8 Je 25 BRI B BT
) Cd i 3ZHE 1. RN, TEWARS: F5 e N BARARET
Cd<10 mg/L fgfe#F BN EMRMAERK, IR IR ;
1Ml Cd= 15 mg/L A il 8 RERARA A, AR
SN, BRI KA AR, R A,
YEZ IR, X Fh 22 57 R B Cd XHE Y BRI A K 5
PATNE Y N O B Y AR TN ERZ S =K 7/ 50
BAIRR LA 5
CA TR RN, Cd XHEY A #F AT e i
it A= AR 9 B PR B POD AT SOD 354 K2 25 1 ot
B AR B B RS g KA SR,
A Cd REfe A &R B B, (E e 5 Cd I
Xt R 5B R B SR A A U TR [ i
Cd*" V5YF, JKAEE Alternanthera philoxeroides L.
M SOD Ml L S (CAT) i TE2 BT
H) A5 Ak, (HIE POD I MR AT 5 M 2 1 7 B DU 2 LA
SRR AL AP IRFEMREE Cd B3R
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BARME AT VMR 1 5 B KRB A A 5 3R ] A2 4K T 3%
Wi FFE, fHI SOD A1 POD 36 V1) % i T35 22, 4%
MAEE W E Cd B30, 3% Brassica napus L. cv
Drakkar fi & i 5T # (L i SOD Fl CAT 3% M 2R
K%, i EN B ¥ 3% Brassica juncea L. FHAR TP HIPTE AL
PG P DU PR i S B L P A AR R BRI AR S
ZERA T — EASLR Y, AR Cd Higt
(45 Ik /D A8 Je. 28 BARMR Al s R 2R & & F1 SOD i
PES ST R PRI, T POD & AT A Cd
e R AR 5, P, 100 pmol/L Cd B SR B ARMR
POD {14 B 3 1% 5 5[] 1) SEE - T 228 T vy, T s ik
FE 300 umol/L Cd 15 3%} POD 1% M I 328 7 FEAKK
SR, 7E 1 3Z Brassica campestris L. ssp. chinensis (L.)
Makino /K35 & B, (IR Cd 1 mg/L X HRAK
TC L AN B2 HOINAE AR K POD 1645 T =
WP 10 mg/L Cd Wi ZREALAER 7~ SOD, CAT
J: POD FHHER; WAk, %% 0.6 mmol/L Cd #5537
WK EE TS 2E Phragmite ausralis L. B, E4hT SOD
1 POD 45477 S8 A Tt 175 A DU 5 AT e B 5% 5 Ik Y 35 o
ROV, i X e 5 AR SRS R R 300 wmol/L Cd £ 5%
BRI SR R, AHRERY, 758
B Y EETFE Alyssum maritimum L. W, S Cd
HI AR SOD 1 P, X £, Cd XHE
Yt S A O B i T M Y 52 e AR B AT RE 5 R Y
Cd W B2 . MY AL L K B AR B A KA A A G

AKX Cd (RS A RN B AL A A DR
B ] 10~50 pmol/L Cd 5535 ENEETIF K Brassica
Juncea FIIHNZE B. napus B, 10~50 pmol/L Cd 8 A
TS AE ) A0 %) B o i S A K- RS, T B RE TSR
UML) MDA & i AR AZEPY iR Bk Prunus
dulcis L. $E7E 0~150 umol/L Cd /KE;f &3, T
WIRARA N, vk Cd AT aE i H = AR T Ak
TR R R P A SRR Y AR AR SE B rh, AN i
J& Cd 5537194 kD A€ e 25 BARIR MDA &5 3 L [F]
X R S R R, R Cd TR T R AR 20 e R B
A, AT, WAHGERY], 78 Cd ZLBRRYHIE b
Daucus carota L. FEAR X EAIRAR IFA BT
R 3 AR, 3 8 SR ARSI I6 M 45 AR B 5 il
P22 S B = AR B Cd XA 4 20 e S i i AR AR 1Y
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L Pt T RE PR B T B Cd e AR D R 2 R BoIR AR
RGN 5

Ca MY ERKEBEULTHILE, —HE
B, 78 Ca® fFAEMIZRIETT, Cd™ ry Mo il i st
55000 i A CdP R Ca® Ab B R KRR R B, Ca®
REWH/D LA ZTH R Cd X Fh 136 1 Rgh i AR K i B
PERPA, (EIX e 50 40 2 DA SE ke A kL, /b 0l
A5 Ca> il Cd &5 A% BAIRARA K B A B 1 &
HWe Cd M EAE B FERGE o ZEASZI , 48k
6T TARAR A A BE M 57 35 b i e Rz i Cd,
Wi, B A B Cd* S R R R ed®
W FE i HAMNE A 10~30 mmol/L Ca™
Jai . BRARI ORI B Y Cd® 5 B R A s
Ca” ] B AN ARARKT Cd> RS R, A ia
R, SO Cd HFRAALE, SN 10~30 mmol/L
Ca” Y fiE i i B TR Ui b BARMRAT Cd>
W, BRI Cd B fe, i EL AT R AR B IR AR vl A B
F iR MDA i, e BT uE SOD Wk, B
MR ILRE NG o ALK, TR R s 4 8 Cd
SHHAERK M REE, Bl PR, AR Cd
Wl i 2 pmol/L #4/1%] 0.6 mmol/L i}, P4 Y
SOD. CAT #l POD Z540 S M0l 7% 1 it & [ AR, mifin
A 10 mmol/L Ca* MIF[4i#] MDA [7=4:, FHli%
CA> Wl 2 54 i F SOD 1 CAT i PERY ISR , A
T4 e P X Cd Wbt T IX 5 AR 5250 (1 45 S AH
o X ULHHAME Ca® ] KL M i Cd> Wit 5 i 1Y)
g 3k 4 A R0 SR 2 440 BT SR DR B O P 1
1, NI Cd 80 B RAR A K 4 il ok a3 7= 2E
TP R RO

AW FRM, SNR Ca 1EBEMNA T B4R AT
fiE5 Ca*"-CaM MIfE B Ca fEfa e 40 M 45 #4 Jy 1hi
RERMERA XD, fE0F5E Cd Xt N Raphanus
sativus L. T & A A Kt &30, Ca® ] 4
Wikl Cd xR A KA Cd WU im i Cd* AR
Y5 Ca®'3i4r CaM MZEA NI ATHIH] Ca®'-
CaM-{RME i W 2 — R 76 1k, X REH Cd XA
W & 7 3 R Cd> X Ca®"-CaM BSR4 $E A
FAP M FEA S A 25 5 v, SMEAEZS 10~30 mmol/L
Ca™'Ja, MBIk AL e 28 TARARBOR W Bt Cd® %
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OO IR AR, ELBEE R R Ca® R
ST AR 5 {5 S A A Y S i Cd R BRI BE AR
IFHb IR A . XRBAME AR Ca® I RRESE
S EIRAR XS Ca> W SCRI RS 5 1732 75 3% ]
fE Cd-Ca f5¥iid e, SME Ca 215 vl AEJ2 il i
Ca-CaM YIS 1Ml A HEARE T s i e 77 2 i 1o 4
FrAMIN Ca AOMRAR KP4 4 H A B T 7
F 4 Cd #F A 5l Ca>'-CaM 1T HE
KMt — LWL

AL LR R, Ik AE T 3 BRI A
RS E )R Cd T2 RETT; MSMNEIA Ca AIH5HT
Cd X TR R AR 235 %, 98 BRIRRT Cd
AT, R4 Je A TR R SR AR 2R 48 ik A AE T 25 B
ARARFFAE AR 2 H G 8 Cd 5 YR PR R TR )
152 B T AH DG BT T AR SRl At T n] R .
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