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Cadmium accumulation and phytotoxicity in an aquatic fern, Salvinia natans
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Abstract; Higher aquatic plants are known to accumulation and bioconcentrate heavy metals, while works dealing with fern
are still very scarce. In this study, cadmium (Cd) accumulation and its influence on mineral nutrients, photosynthetic
pigments and Fv/Fm, enzymatic and non-enzymatic antioxidants, protein content and ultrastructure of Salvinia natans
(Linn. ) All. plants exposed to 2.5,5,7.5 mg/L and 10 mg/L Cd for 7d were analyzed. It was found that, with the rise of
the Cd concentration in culture medium, (1) Cd content increased in a concentration dependent manner. (2) Cd resulted
in serious imbalance of nutrient elements, and promoted the adsorption of Ca and prohibited the adsorption of P, K and Na
significantly. (3) Chlorophyll content and chlorophyll fluorescence Fv/Fm showed a decreasing trend. (4) Cd treatment
led to the disorder of content/activity of antioxidant systems. A significant reduction in SOD activity was observed in Cd
treated S. natans, in contrast, an increase was also noted in POD and CAT activity, levels of GSH, AsA and Car followed
by a decline. MDA content increased evidently with augment of Cd concentration indicating the occurrence of oxidative

stress. (5) Soluble protein content was found to be decreased at all the Cd concentration. (6) TEM observation revealed
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that Cd impaired the organelle ultrastructure obviously, such as swelling and disorganization of chloroplasts, decrease of
cristae quantity and vacuolization of mitochondria, disaggregation of nucleolus, breakage of nuclear envelope, disappearance
of karyoplasms, and appearance of crystal. Results suggest that S. natans was able to accumulate Cd, the correlation of
dose-effect was significant between the toxicity and concentration, and Cd caused oxidative damage as evidenced by
increased lipid peroxidation and decreased chlorophyll and protein contents. Cd pollution destroyed the physiological and
ultrastructural foundation essential for normal growth and metabolism of plants. SOD could be served as a molecular
biomarker of oxidative pressure imposed by Cd pollutant and a sensitive eco-toxicological indicator to evaluate Cd pollution
on water environment, its 50% effective concentration ( EC,,) for 7 d of exposure was 2. 41 mg/L; the maximum

permissible concentration (MPC) was 0.241 mg/L.

Key Words: Salvinia natans; Cd; bioconcentration; nutrient elements; oxidative stress; ultrastructure; phytotoxicity

UTAES , 7K A M 1 K B W I 35 K AL R BRI P VR T B 253 MY Y . B3 [ Salvinia
natans (Linn. ) All ]2 1 A ARIRAL BN K PEBRSHE Y , AR KA BE IR, 35 Kb B —E MM E . TFR s
BB RMIH 3T He Cu Ni Fll As #RG BT B RRACR  FF B AR RE R ES R IF M A
X E4JE Cd WBFRAB TS .

B TR R FIK ST, Cd B SR B 7K ARTS 3o, B X K A AR i AR 38 AR S AR AL S5 7 T
W B A B > BT BREA BT R AR B D . ST, AR ST SR 132 MR M S S 32 1Rk R, A 4
BRI EE Cd i JE AR SEXT Cd I R & B SR 708 ARG K W REFRITER AIE
PER 1 LA B 20 M R S 5 A 5 0 T 9 2R Ak, DA A X 4R 75 G 1 AR S B B A BE R AR HE A 25 T 8
1 #RERZE
1.1 YK

BRI SE R SERL 1 AR RSE R KBRIAEY) , T A TR . £ TF/KHE 38 58 B AE K, P
EEWMREHS et . 22885, o, P 3 R B, 2 MEE K , B4t ;1 MR M, T
TP RBAR, B AR T, MRER B RO KSR, 5B TR R IR R KT .
BR8N 3 —BUMAERAE D SE B b L o
1.2 SEmiEit

L RAREF 8 00 Bt A% 0,2.5,5,7.5 mg/L 1 10 mg/L CdClL-2. 5H,0 ( AR) (LA Cd** it) () 10%
Hoagland B FWH , J5 ¥ £ FBIBAELE T Forma 3744 B3R5 LR EAMISY 12h:12 h (L:D) , JBRE IR By 25
CHI8 C,HEHRIRPE 70 wm s ™', UG 3 IREE , B2 d Tl 1 IREEFHRW. 3535 7 REUATIOEE 3 ~6
R ASL A I R4 T A 3 A AL TS A T R N S P B SR
1.3 L5k

Cd FEFRouR & B E : M 56 B Rk M ZE K FE /0B U, #5 ] Smmol/L (¥ EDTA 4 C & ¥ 30 min,
BT IEFREO. 8¢ M F, LA Sml fiEERA 0. Sml m&ER , = IR EEAE 160 CLEG M, FriEELE, FHmA
0.7ml bR , A SV %, € 25 2 10ml, AR 0 A i Bl & 8 3 IR R+ & St B (X (ICP-AES) (€ H
Leeman A #] ) EAEMIRE 2 Ko

MR R FEEA S DR EENE  FREL 0. 4g i F, F 80% WA R VKB W , B30, I 43 )6t B3t ( Thermo
GEN ESYS 10) i 5% 470nm,647nm 1 663nm W it{ , 3% Lichtenthaler' /A 038,

M R VO E SRR T (PEA , Hansatech® ,U. N. ) i %€ : ¥ & 658 h Fe ROBIRE) 50% |, I
18 R B[] 2 20min , 185 [E] 5s, M HE R T 317, 20ER 6 Ik, A ZTO0(Fr) 5K KIOE(Fm) EL
18 Fo/Fm FREA BRI RN
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G A SR BRI A2 - B 0. 5 B fef i - T BFEAH , A 0. 05mol/L (B BRZE i (pHT. 8) , IKIA BF
JE,10 000 r/min, 4°C 850> 20min , BUH:_F3EWIIE BHE MR AT B F S & . 218 Stewert I Bewley ™ 148
AT R % Pk (NBT) B30 < B 8 AL ( SOD ) 35 1 , LA NBT Yefbif i 50% Jg— 1 EHE s fr, %
R RIAREE WE T EYEE (POD) &M, LA%E min A470 54K 0.01 N | AMEHEANL, R FISARRER B
SE T ECERE (CAT) &M o % D s G-250 el E A E A S8, 4 i B & A (BSA) Jis
WEH,

GSH 71 AsA & &5 B 0. 5g M H, 7l 5ml 5% TCA yKIGHFEE , 10 000g 4°C 5.0 20min , B 15 , 437
DTNB 1 I IE 76 412nm Fl 525nm KT I S , IR IEARVEHIZR 8 GSH Al AsA &7,

B (MDA) & 52 : B 0. Sg I}, it Sml 0. 1% TCA 7K¥RBFEE, 10 000g B5.0> 10min, - ¥
MDA £ 4R #f& Dhindsa I Matowe' ™! f 87 fC EL H 28R (TBA) R AR H .

1.4 BRMLE I

557 K 8: 00 WA BEFREL H BUR RIFBALM H,2. 5% IR —BEF 1% SRR ,4°C WE [ % 2h, RER R FIBK,
Epon 812 43 , LKB #BWM] - HLYI K-, JEHE 9 T0nm, Y] i ZATEEBR S -BEBR WAl W EE 4 ()5 , T Hitachi 600-
A-2 B ( HAH AR TSI,

1.5 it

SLIRiHE ) Origin A1 Windows XP 2R 4% 4 Excel #0200 Hrb BRANHI &, SCUb 4% SR 3 IKE S 13
B + AR ZE TR, R VB E SIS A YR BEAE B E M (MR R BN R) ,P <0.05 Jy B &
3%,P<0.01 MR BERE . FIRARWE BT Z07, RFRFHERGHEFEZREE (P <0.05),
TR KT BE FAXB IR ™ B 5 B AT

2 HREH
2.1 Cd 7ERMSERN TR 900 e s

ph L 1T, B SR R WG K, B s K
% Cd T B 2 LT REL B, BEs | ‘
AR SE R I Cd A R 15 A0 B B 5K B4R 2 00| ]
BEIEMHRX(R=0.9910,P <0.01), e é b

RN E R R Rl S5 [ B
TR RS, BRSO R AR E R S swo|
TER R G RE R IRW (SR ) AR H “ .
2 T, MU SERE Cd B B 4 R B L SE TR I T H
HyRa3 348 5 me/L YR BE T 1k BIA (8 89, T i ol L L L L LI 1]
WD 85 (7. Sme/L) 76 (10 mg/L) , BEHA vk e Y Concentrtion (mg/L)

FEA TR SEXT Cd R, X 5HIKRE Cd FE5IE N

AT R BT S BB T I A B

2.2 Cd XA BRI E SR IT R R R PR ) 9 7 K AL 30 2 52 K - .3 (P <0. 05), F R
R 1A LA N, FEEFRE D Cd RIS K B Different letters indicate significantly different values at 7 d (P <

RN FRITRZ B MR, 7T 3 25: (1) 0.05), the same below

BERIXT Ca MR, GiT5rHr 5 Cd W E XS 5%

IEAHK (R, =0.8894,P <0.05) ; (2)fKIRE T Zn . Fe il Mn & & L J, BEWE WA B F &, HE & TIES

Bo Gt M IEM R, (BRIEB] B EKE; (3) R BEMH X P,K Hl Na BIRIL, FoR T ES Cd IREEE

FH B A AR R B8] Ry = —0.9461,P <0.01;R, = —0.9378,P <0.01;Ry, = 0.9 270,P <

0.01,
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2.3 CdXHMEMRER S ERZN 100
MRS EEMEYCARE AR M EEIEIR —T Ly

wE 3 i, Cd G, M EH SRS EEHEE 80 i

P, M Cd¥KREEN 2.5 mg/L B, M-SR & ERE X R

86.17% , M K 10 mg/L b3 ¥k BE W 2 33— 25 %

XTHRI 71.67% o [T R, GRS ES Cd K

BEMR A B W2 fAHE (R = -0.9467,P <0.01),

2.4 Cd xR SEM-SR R IOLH 0
PEAE G YESR AR K Fo/Fm FUAE BT DAAR G- H 2 B

HMokZHanEE" , SHEESENEL—3,

FEE BRI Cd YR B R3S, R SE S ROt Fo/ 25 5.0 75 100

Fm Ho{E QLW T W (B 4) o % Cd YREE N 2.5 mg/LL FRAE Concentration (me/L)

Bf, 4K Fo/Fm HEAXEEXT BB/ T 5. 60% |, 1 24 B2 MR Cd B R

Fig.2 The bioconcentration factor of Cd in S. natans

|

GEEY 4
Bioconcentration factor

S
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®1 CdZEMWRMHEEFRTRREHIZIE

Table 1 Effects of Cd stress on nutrient element contents in S. ratans (mean +SD)

BHILE Cd ¥€JE concentrations (mg/L)
Nutrients (pg/g) 0 2.5 5 7.5 10

Ca 716.28* £13.32  796.05* £10.95  1065.77°+18.76  957.13%+19.12  1121.52¢ +20.74

Zn 2.50* +0.05 3.12> +0.06 6.73° £0.09 4.854£0.10 4.74% £0.08

Fe 24.86* £0.49 29.35> £0.56 51.59¢ +1.03 36.57% 0. 67 52.73¢ +1.04

Mn 17.17% £0. 30 25.64% £0.52 44.52¢ £0.74 24.89% £0.47 39.239 £0.78
531.07* +12.36  519.53> £10.79 453.81° +£9.03 347.69¢ £6.42 372.83¢ +7.26

K 2327.11* £46.08  1935.47° +37.83  1341.84¢ +24.28  858.35%+19.71  1031.07° £16.68

Na 506.33% £9. 12 414.19" +8.28 308.99¢ +6. 16 195.57% +5.97 245.18¢ £3.93

[F— 1T FHAE R REFRBE(P<0.05); F[E Treatments with no common letters in a row are significantly different (P <0.05), the

same below
1.05
y=-0.1303x +0.9832
0.6 ~ R*=0.8764
»=-0.0307x + 0.4885 090 - a b
) _
sl a R2=0.8963 -
— — 0.75
= b
%D . c
Na? 3 C
i = 0.4 T = d g 060 ¢
41 £ T S _l__ c
s | =
ﬂz% 8 03 € s L
iz -
S % o2
s 030 |-
<=
O
0.1 = 0.15 |-
0 0 25 5.0 75 10.0 0
¥ J& Concentration (mg/L) 0 25 30 73 10.0
& Concentration (mg/L)
B3 Cd Xt SEm 4 3 S R i - .,
” B4  Cd XM 3EM-S R 20 m

Fig.3  Effects of Cd hlorophyll content in S. nat
'8 e o on ciioroplyT content m 5. natans Fig.4 Effects of Cd on Fv/Fm in S. natans
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FEK R 10 me/L IIHEEE Fo/Fm H (N S RIS T 55.049% o ST, 1HEZ Fo/Fm WAES
Cd e I B B FUAE (R = —0.9362,P <0.01).,
2.5 CdMHMHEHRALRIEMEM

SOD .POD F1 CAT S AEMI kN B SL EAL RA RO BRIt 2 AT LU, BR3P 3 3
HUALEINT Cd A B SRR, o, SOD — B F R %, 2. 5 me/L Y BE R (O 1k B XS B (B0 T
39.26% i 10 mg/L YN T 88.96% . Giit4HH7 57 M0 5 4 J VA J 1) i B4 B35 A 36 (R =
~0.9652,P <0.01), POD Fil CAT & #BS27E 2. 5 me/L B 5 BN, 5 51 Hoxd MRS A1 T 13. 94% Fo
22.73, FLIEHE Cd ¥ HE B K TR W WRA , 10 me/L B BRSP4 451 X OB T 68. 479% 71 59.09% , 2
1145 Cd AbFEAE BE 1143 Bk BB BE A BE A (Rpgp = —0.9 257, P <0.01 3Ry = ~0.8397,P <0.05).,

R2 CdBEERMEREUREHFM
Table 2 Effects of Cd stress on antioxidant systems in S. nafans (mean = SD)
Cd ¥ & Concentrations (mg/L)

i H Item

0 2.5 5 7.5 10
AR SOD  303.25*£6.05  184.19> +4.68  109.77°+2.59  57.67¢£1.13  33.49¢=0.97
Enzyme activity (U/g) POD 8.70* £0.19 9.91> +0.26 5.79¢ +0.13 3.95¢ £0.07 2.74¢ £0.04
CAT  871.95*£17.32  1070.12" 21.52 911.59% +18.23 594.51°¢ £10.47 356.71d +7.418
BUE Y A GSH 8.48* +0.16  11.32"+0.28  10.49°%0.29  10.4 8¢ +0.20 8.99¢ £0. 18
Antioxidants content( mg/g) AsA 3.58% £0.08 4.80> £0.12 5.14¢ +0.18 5.18¢ 0. 11 3.899 +0.08

Car 0.088% £0.001  0.094"> +0.002  0.087* +0.002  0.085% £0.002  0.067° +0.001

GSH . AsA I Car RAEMENIMH AR EF /DT RIPIB. B3R 2 ATLE D, S LB ET K
ASH il AsA FB# TIEH /K, 2 GSH £ 2.5 mg/L B Bk, UX M AN T 33.47% , 25 W Z#
W, B RUE 10 mg/L BT LR RZ 5.91% o AsA & B7E Cd WRBE/NT 7.5 mg/L IS BHIE S, H7E 7.5 mg/L
TIRE R, XIS T 44.51% ,10 mg/L i LRI IRZ 8.45% o SPIE AR, Car 58 H7E2. 5 mg/L Wil
EEXTIRSRR T 7. 39% , 3 R v BE IR A T3 FR4E, 10 mg/L i EUXT RRR R T 24.07% o St oW R AT
BENERSK, Car AR, (HEEA BE B EKF

2.6 Cd XHEH3E MDA 5B 90 d
PR e S B 2 WU AR 4, MDA &5 B2 ¥ L0901+ 24575 |
FISIFE [ LT B A S E ™ jE S TR "r
i, b Cd WeBEROHE TS BRISENT Joh MDA S EIB E 5 | F
T AEBIEH KM 1.95 ~2.98 £, SOtAHEME £ .
F2ZERE B EIEMRE(R =0.8657,P<0.05), § 45 |
2.7 Cd XA HSE AT R z .
REWE Cd ABE Mt Tt el S OO
—E TR 6) . WERE, PRI K, 5IE%K Sl
SEAHEL,2. 5 me/L R EERT B & B8 /D T 34.57% , 1 10
/L. Vi BE 0 1 25 B WU 2 2B A0 T 72.95% , St L LT T O
SMHTRE TV A Cd YR A SR B 0 Concentration (meL)
FHFZ(R=-0.9667,P<0.01), BS Cd RHIE MDA A BB
2.8 Cd XBRm AR LB B A R Fig.5 Effect of Cd on MDA content in S. natans

SRR ZORL AR T4 A SR AR A M R R A
HINEER) 3 MMAEAr . FEIERARKAT , ARl LB B KARETE  REAR BT (B 7-1) s Zb0A
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SR, U5 . (J 7-1) s SRR R BB, e =3 00,
B, SRFARA (B 7-5) . TR RWKEER Cd ¥ _ H Y Y
WS A AR R R B, b 20

WIS 2.5 mg/L i IFSRKISIK U DB (B 7-2), & 2 b

7.5 mg/L MG, KB A BHEMEHE T  Hs 0 ] .

(F7-3) LORIAR R RAOR, LA CA W R 22 |

H PR FEROR] (1 7-2) , B I B 20k (1 7-3, = a

I 7-4) A4 RS OB R SN ) TR AR B (  7- ol -
4) o SR B e T VB A IR Al A H
HORAS TN R BRI % , FRE A Bk L
SR B (P 7-6) o 3 WL 40 LR 0 2 2 74 HHE Concentrtions (me/L.)

W, E ZRACREH (B 7-4)
FI6  Cd MR T 1 B

Fig.6 Effect of Cd on soluble protein content in S. natans

B 7 Cd A3 -0 A S5 1 B 5 )
Fig.7 Effects of Cd on ultrastructure of leaf cells in S. natans
1o 3 B2 ML R SRS 1, TR SRR RIZORIAR 8 0005 2: 2. Smg/L Cd AL BRIKHH-AHE, 78 MH4RIRIZRK x 17 0005 3: 7. Smg/L Cd AEB K-
Y, m M AR A IR R 22 WAL X 12 0005 4 7. Smg/L Cd ALBRIK M-I, RSB 2SO AL TN ZHUIRZEH (7K HTR) x 20 0005 52 X
SR A0 R RS A, 7R AR % 150005 62 7. Smg/L Cd AbBRIK -4, 705 20 A A R 28 L A BT SR R A ey B (k) x 12000 1

Ultrastructure of control leaf cells, showing chloroplast and mitochondrion x 8 000; 2: Leaf cells treated with 2. 5Smg/L Cd, showing swelling

chloroplast x 17 000; 3 Leaf cells treated with 7. Smg/L Cd, showing disorganization of chloroplast and vacuolization of mitochondria x12000; 4.
Leaf cells treated with 7. 5mg/L Cd, showing vacuolization of mitochondria and appearance of multicycle-like membrane (arrow) x20 000; 5:
Showing nucleus in normal leaf cells x 15000; 6: Leaf cells treated with 7. Smg/L Cd, showing breakage of nuclear envelope, disappearance of

karyoplasms, and appearance of crystal (arrow) x 12000
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3 it

BrFE B, AR MR Rl & SEGEY A B AT 40 2 A A B g A 0 Hoh A s S
YIRS IR I Z A Ko 1R NEYIE ¥ R KU E TR, % Cd TEM 35 A rh BB N ZBWIE £, %)
B RE T DEA TR AR R G LA SRS 2 0 M 5 AR IR A2 B, Xt R Cd XA SE 1 B 1
HH4 R WAL R

PELT BRI RN R E SR XY i — MR FERI ™ . Cd LB RT R 3 1 B
TR E BRI BERAERXT Ca AL B EMHIXT PK M Na (£ 1) . HHTENTITLANESR
T 41 T M A Ao A WA ) 38 2 3 S A 72 4B rh A R T8 P 40 ML B PR VL 4B IE 0 OS5 I R Th Rk, 32
I E AR () B EREN TS — W, AR N Ca YIE &2 59 MR P IS RARIE RITH,
PAL LB o St R R R K™ . TIRZERCIELE SR (Cd ) M Xt K 4 Y I 3 E R Ca
TEA B R IR 5 BN A —E X R MR 3EXT P A0 K Wi PRI R i T Cd BB 55 Tk A&
Y A BRI, AT S EOR B 2 4T B 0] 1 sh Rk i e B R B . T 40 P E B R R RE AR
SNSRI 55 4 ) A 35005t 3 PR A M3 A R AR I Th R P B ek (1B 7-3, 181 7-4)

FEER B Z AR NK Y I IE R SRR, AREBIR M G & B Mg ™ e 4 A
WA BEZ KA 4 A2 TE P T 2 AR e A R % Cd Ab TG BRI 3 26 08 1 1 B A0 ™ B 4B AR R
H5HGEERBBW NS, X2 H THEEA B SR miEERn ™ . mtSZEIRE6E, 2
AR R ORRER Ik A% AL e AR R B R . M GRS BEILEE
SR IFBOLAIERBMSE N EEFREZ—, RN, SRR IOERNI R SO T EYE & 1R SR
PR T RS SR A A PS IR KOBAL 23R (Fo/Fm) B IAE R PS 11 ¥ 7E Ak 35 ik i 1
B, BRI 0 RS 32 38 B AR BE S ) ZE R S T %S B B T M, R WA ThRE 9 R B P 0 & B
&2 . BEE Cd KLBEYREE A8 A0 , ML S GBI Fo/Fm FLE AT MR BEIE S 1, X UERAREM 30 1 PS
1 S5 AT REZ ) T AR RIFR B OB S SR , T A T -G RE R L o fhr b . sl T REE Syt
BRI RE A T AR AR IR S BT SR 5 il B Cd BEER T BRI SE HEAT 96 A R B ZE A LR , Cd X BRI SE G A
JEI20 L BRI PR IR /R F BV R T

KEHFFTRY P48 (10 Cd) 25 5 Ry TR R vt A A k= A AL 7, T AR 0 A 2L P e S AL
E VR E AR & B AR O A A BT B AR , BATTAT AFE S LA 52 B S8 A0 B R BE 9 A s o
W, AR, Cd KRG MR SEM A BB E AL R G b SOD I 32 B A ) 1 F B A B s 2B i —
SEVRIEJE , POD 351 GSH 1 Car F & ( < 2.5 mg/L) LA K% CAT iEHEFN AsA &8 ( < 5 mg/L) ERIF I/ H,
EFIER KT XBEKE Cd AbFEUR B M, MM 38 32 ) AL R ) R B A T, LT AL Ah B 0 R 48 i R 7t
JI#E5 . MDA SRMBENM HEGESEMEAS BN EER/OHIEN Cd T XM 3 REHHE "
S R S AR 5 S M SE LA % A0 ROADE DG R 25 A0 S 35 4 5 e A D S0 T B R a4 P 353 405 F e R
AP 2EAAEAE (1B 7-3, 1B 7-4, 1 7-6) o KRR HTEE SRR, PTEMBI R G, KR X SEST Cd %
FERVERIARR , LA R EAY R I FTR T A LB, E AR F KK N : GSH (0.6 029) > AsA (0.6
021) > Car (0.6013) > POD (0.6010) > SOD (0.5759) > CAT (0.5106),

L5 E TR, Cd E UG BRI 3 1 A28 5 1 R o 40 P B R A RS 5 S B b A B A A 0 3 B B Ak
F, SHCH PP AR A e SRR SS MB  BH BAD R A TR R R GRS S SRRk
SRS, X B RAE TR RIS S AR 6] B T 32 e BRI 25 5 BT LA ) = K 20 MO 2 v 45 40 4% 't B
BASLH R . &R BBEEAR AR (& 8) 7 SOD Xt Cd kil 5 i iUk , % Mohan %% ()3t
BITEE, HRE AR B (ECyy) 9 2. 41mg/L, 5 K AR VR MR B (MPC) 29 0. 241 mg/ L, T B3 15 T Hh T K 3R 85 B
EARME VIK (0. 01mg/L) , i BRI SEXT /K M 9 Cd B — 52 BT 324
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——(0 ——25mg/L ——50mg/L —===75mg/L —-e- 10.0 mg/L
"]y H Soluble protein
4R 2% FviFm PR MR AsA
& MDA AMEH K GSH
i-4¢2 Chlorophyll KR N2 Car
HE SR CAT AL 5L SOD

AL POD

8 Cd X325 H B AR SE A ) 7 3% B A7
Fig. 8 Star-diagrams summarizing and correlating normalized values of physiological parameters measured in this study after treatment with increasing
concentrations of Cd (2.5 ~10 mg/L) in S. natans
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