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276600; 3. A3 T A ML AR A R, 1R 5F T 2735005 4. ABIR T R AP E b, IR BT 273518)

FE: AR RAAM AT I (Salix integra) 2 K AR B AR BKIZ G Hw, mW AR LR T45 L LEEL0H
Ko KRR ARG & A XA, RAKRZRXE, LT FRKE ’fmﬂfil\.(o 10, 20, 30. 40mgL™) FALApes &
K. AREATVE, A Frt h RAABER, ARMTHGBOKIEEHE, 2R, RATLARBOMEHE, R
KB EREFT TRLER, AR HEERSG, 243 RIK; HERARMBRAN GO M, 28 % 2 HMEHRE
WM TE,; Sastie Rk aAMBR LA —ThFFER, TERSBRRAXIFE LA (P<0.05), MRz AK
0 R I ARG I, KRE 10mg L ) At TRMARASKELS M THREN TR F LI (P<0.05), HKRAE
(A0mg L) 4amhia FTAMIRA LM TR AL KIGIRA L ETH (P<0.05); 4aMibif FrmikiBet B f = Awa
FMETEH LA 5L EMNERBERE LI, REH ST KA TS S H KT REEEMR (P<0.05), H7H 2R
SR E LI MBI, FE T, RMAARBG SR ST E4E, L@ad Rk i M ERABER
RAALGMA SR AME, BRARGORETEIELEN.
LR AL b RAMA; RARH; FEAL BEAK; BRER
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Physiological characteristics and Cd absorption and transportation
in Salix integra under Cd stress

YIN Zerun', LUO Baoli’, LUO Feng’, DAI Fengbin®, ZHUGE Yuping', LOU Yanhong',
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Linyi 276600, Shandong, China; 3. Zoucheng Agricultural and Rural Bureau, Ji’ning 273500, Shandong, China;
4. Zoucheng Improved Seed Breeding Center, Ji'ning 273518, Shandong, China)
Abstract: To evaluate the potential for Cd-polluted soil remediation by Salix integra under Cd stress, plant growth,
physiological characteristics, Cd absorption, and transportation characteristics were observed. S. integra seedlings were

employed as experiment materials; plant growth, root configuration, physiological responses of roots and leaves, and Cd
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absorption and transportation were investigated under different Cd stress concentrations (0, 10, 20, 30, 40 mg~L71) using
hydroponic equipment. The results showed that S. infegra has good Cd tolerance, and the absorbed Cd is mainly concentrated
in the shoot, and is highest in leaves and lowest in the stem. The transport coefficient increases while the enrichment
coefficient gradually decreases with the increase in Cd concentration. Cd stress had a stimulating effect on root architecture,
and the number of nodes and root tips increased significantly (P < 0.05). In addition, a low level of Cd (10 mg~L71) stress
enhanced the biomass and total root length, and a high level of Cd (40 mg~L7]) stress decreased root biomass. At the same
time, the superoxide anion activity unit and CAT activity in roots and leaves were induced by Cd stress, but GSH content and
GR activity were significantly decreased with increasing Cd concentration (P < 0.05). In conclusion, S. integra has good
tolerance and enrichment characteristics for Cd stress, and has high Cd pollution remediation potential by promoting root

growth and activating the antioxidant enzyme system.

Keywords: Salix integra; cadmium stress; root system configuration; antioxidant enzymatic; bioconcentration factor;

translocation factor; cadmium accumulation
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] - 338 5 GuR Ol R A A ik, R E 58 A7 B9 AR R
Bk 7% R KL BRI EESE
uE, W A EREEEERLNIEDHENE
W N AR RS, [ 20 14D 50 AR AC H A R AR
PRl R £ B oK T S B KR e R R S G fE 5
f S K™ R IRE 2018 £ 8 H 1 H
S i £ 5% 7 - 49 BR 5% R B AR M (GB 15618-2018),
4 [ 43% F) % B 39 40 U o s o KU
R E, 5 Y L3R E 2 afE JE .

Y& E & — MR R R R AR5 g 145
BE RS T s A ENEE R E
SENEEEEY S BEAER &S RN &EED
A . MIJE (Salix) Y M T4075 3 T IEEDE R
() — K mEa P Ko, /RH (Salix integra)
SN 23 5 B B LR, B E SRR 5 B A
KV S A, EIRE T 3RS, B EENA
WAE . 2470 A BF 50 R B ARSI 48 B e B A — e i 52
M B 48 A — s il se Y. R, RS ks
A AR B4R TS G 1 AR W i A S T SE R
% BE M FR B, O AT AR A1 3 4 KR, (ER D Rt
i o 38 1) AR B N DL N R ) R R R s R A A
Rt — DR AL . [FIB, ACMIAE B — Pk 5 8 R 4T
e S R, FOAR 2 A RS B B 3 1 2 e 4T ik =
EINERNBIIR 2, R# T XA s & 4875 gy 3%

AT PERI IR o AL, AR AT 5T 38 2o K 5 47 AC 10 1)
73 TR FCR X AC MR AR A TR 1 5 i % R A B i
WU, B A A MR 5 00 RSO 3z R 1 DL D9 A
FERR TS e IR AB B X B B B R A itk

1 MRS 5%

1.1 RIEmR

LA AN R R KE I, BH R T AR AR
R 2E B R wl o BY BRI 19 T 3 B¢ 2% (17 em), 25 $5LT0
BB ZF (2 cm), 146 T #A 1/2 Hoagland & 77 117K
LR, R EKH 3~5 KA E MR R, %
KB — BUR A B AT I
1.2 RIGEIT

RIET 2018 4 H — 5 A LR AR K2R =
22 +4°C)HEAT . RAKE R, KB —FW
AN 23R8 N 1L I BERLR o (B AN 5B RH P R2
N TARACHI ), I 1/2 Hoagland & 7 ¥ 3 5 AH B
WP CACL, (4 #r 400 %5 A 6 b, 35 AT 48 b e i
% . DL FJ 1/2 Hoagland & 3% ¥ 1 X 8 40 B4 N
CK, 5 A HE 43 5138 A Cign Cogn Cao FT Cyr K B 4R
Y BE 43 i1 4 104 205 30 1 40 mg L. AN AL HE 4 K
A, BEALHES . AbF 14 d 5, KRR, SE AR
Z 98T 20 mmol-L™' EDTA Na ¥ 30 min, Fi ]
WA KB UL PR B G I B R R R, bE)5
X b HEAT A
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1.3 MEERSHE
131 AKIERR

43 590 T Ab T 4 AT RN Ab B A5 RS SR R AE W)
&= (F-H), JF i H AN 4B K IHE K (relative growth rate,
RGR)"".,

InM; —In M,

——

s My kb BERTAC A T E, My oAb B S A AT
H, d NALBEE R (14 d).

Ab LTRSS, AR I RS ER AR
R, ME R &R AL S BRI e A 3 4 A A RE
s FeARAE M E T 105 °C 47 30 min, 80 C Mt &
H 5, 15 20FE T,

132 MR

AR R AR & 1451 Epson V700 [ B 35 8
L EN T em R0 £ B T KR R 780 8O, 0%
B A5 FH BB AR AR R B O LB i R S A X,
R E R, ¥ B 1% 5 N\ Win RHIZO R &9 #T &
G AT o BRI RE S HE IR R B K E P
B E AR RFL SRR o T 4B B A T AR
RIRHL 73 XH0).

1.3.3 AR

S w07 VE, HERRREX 0.5 g (R
ZR)YE TWA LR, HBETE G, A
5.0 mL % R 2% vh il (pH 7.0) ¥ B Bl B L& H, 4 C
B5.0 10 min, YSCAE B WO TAC A FIAR & 7 AR
10768 S B B8 13 71 B B H K (glutathione, GSH)
&8 S AL AUl (catalase, CAT) ¥ M #10l 5€ ; S
% Halliwell A1 Foyer' " 1) 77 ¥ 9 52 45 ok H k38 i g
(glutathione reductase, GR) 7§ 14 .

1.3.4 Wiz

B0t TR 5 BERE L 0.25 mm 07, 2 B FR BURE 5
(MRFER01g M. EREMZESNFRI02g) BT
A B R, 72 AR P 490 'C R KAk 50 min. K5 K
3 B #F RE, In N 15 mL JE A B (HCIO, : HNO, /&
BN 1:4), REZHEEPHEZRRE €52
50 mL 25 & A, DR 7 W UG 43 o O B T S R
HEWRE, THSSEREE, U TARXITHE

RGR =

I 2 % % B R M (translocation factor, TF)™",

% 4 Z 3 (bioconcentration factor, BCF)™":
FBRR = AR E 4R 1R /AL AT E R

TR x 100%;
EERY = R E ERIR TR P IR E
R R0 = b bR R R SRR IR

1.4 HEHH

B f #0535 9 4 W S0 ¥ 4E, 1 Excel
2010 3E 47 i B A0 K s ab BE . SR A SPSS B4 17.0 8
i Probit [7] 15 73 B 71 5 1Cs CE 41 B2, k4T
07 2250 it (2 E L8 J7 ¥4 Duncan), HCEEAS [A] b £
(B 7E P <0.05 (1) 55 2 MK

2 HR50Mr

2.1 RAEXREHE KERAWENER
211 HR M E X AT A AR K R R

B ol 38 AT AN TR AR O AR K TR R R PRI (P <
0.05), H.#0i 4E F Bl iy 3 94 B 388 hn g 388 K (B 1), R
B R 55 1y 8.88%~59.21%, 1H Cyo 15 Cyo A0 HE 8] L 2
R (P> 0.05); 20 M 45t A A0S i ag 1) 2 0 )
WA 25 mgeL . 7E K B AR M E T (Cagn Cag)s
HAE KBRS 2 4], (B4 Re A7 W H IR FF — 2 1 AH
St AE K % [15.85~ 17.61 mg-(g-d) '], 7 WA AT WD %t 4
Jolp 38 B A 5 0 (1) i 52 12 o

a
- b
5 Ba
&0 32 °
2 1
jﬁg 24
el |
-1;:‘5 d
=
on
(]
z 8t
g
g
0 1 1
CK Cy Cy Cy Cuo
KPR Treatment

1 FAEIA BB BT EKE
Figure 1 Relative growth rate of Salix integra following
different treatments

CK & X FH 1/2 Hoagland & F= W I X HE AL # s Clon Coon Cio F
Cao FREHTWRE S 99 100 200 30 140 mgL ' (UL TR . AR/
Gy R ROR A R B U B AR TR R 2 7 2 (P < 0.05); T

CK indicates the control treatment with 1/2 Hoagland nutrient solution;
Ci9, Cyg, Cs0, and Cy indicate cadmium treatment at concentrations of 10,
20, 30, and 40 mg~L71, respectively. Dfferent lowercase letters indicate a
significant difference between different cadmium concentration treatments
at the 0.05 level; this is applicable for the following tables and figures as

well.
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S5 R A TR KRR AT AR B R 1 L AR R RS i 1903

AC AN 5 35007 A= ) B A A [ 4R Tk B2 Jolh 3 T i 32 5%
M AN 6] (R 1) 22 A0 2558 J AR W) & 16 AN R0 4R 0Kk B Ak
R B N (P <0.05), Cign Coon Cy A0 HE ] 2 57 A
BE (P>0.05), H¥JKTF Cy (P<0.05); M A&
TE Cyo MO HE R IE 3 T % (P <0.05), Cyon Cyp ALFH . 25
KT Cypn Cag (P <0.05), Cyo Al Cyp A HE Z 1], Cy Al
Cyo Ao 3 2 0] 22 7 B AR 3 (P> 0.05); IR R4
&S CK A, INAE Cy AR 235 T FF 43.23%
(P <0.05). AT WL, FC A0 $th b 308 6 48 il 360 16 300 1) 6
SRR, T AR 2R 0 6% 8 R A R ) i 52 A
212 ACHIAR R A KR

X BB AL BT AT AR AR I ELNAR 5, T 6
BTS00 AR A8 A R T v T O A (] 2). R
BN AT IR R A K FE 1) 52 e R IR AR ARE i 4 1)
B, Cpo B8 CK 2 3 2 7 8.85% (P < 0.05); Cypn Ca9 5
CK # 5 A 82 (P> 0.05), 1 Cqo % CK & % T [%
21.45% (P < 0.05), H.&% &b B 1] it 9 B 2 i &R B K
FE 3 TR (P <0.05) (K 3). % CK, 4% ia i 2 [#
KT RARIR P ELMER (P<0.05), HF
i s P o Ak 3R P 2 iR A S I 3B . Cpn Cy AL EE
PR ERZEEZE KT Cyn Cy (P<0.05), H Cp 5 Cyn

5 cm

x1 FELERHESIBLUEYE
Table 1 Biomass of different parts of Salix integra
following different treatments

g
g m EEE gy 7
Treatment Stem P Leaf blade Root
of stem

CK 1.87+0.11a 1.25+0.07a 3.58 £0.23a 1.92+0.21ab
Cio 1.41+0.13b 0.94 + 0.08b 3.19 + 0.27ab 2.34 = 0.17a
Cy 1.35+0.18b 0.91 £ 0.12b 2.96 £ 0.16b 1.93 + 0.14ab
Cso 1.27 £ 0.08b 0.85 +0.05b 2.31 +£0.11c  1.46 +0.18bc
Cyo 1.08 £ 0.06¢c 0.72 +£0.03¢c 2.19+0.12c 1.09 +£0.07c

Cy0 5 Cyo LFR A3 TE B3 22 7 (P > 0.05); AR R AR
BE 4 Ak B BE B8 N T R B AR (P < 0.05); Cyon
Coo MR R R A KT Cs0n Cyo (P<0.05), H
Cio~ Cop M ZE R AR EZE (P> 0.05), 1H Cyo ML E IR R
TR Z KT Cyo (P <0.05). K, A2 M) 7£ 45 i
1B R R B, R R R P E AR
AR T B, R R B K FEERIR BT 2 B
e, (HRR ol 189 B 4k 230 0 S, AR R B KR R
BEAI

5 cm

B2 AREILEBFEHIRARFIHE

Figure 2 Root system scan of Salix integra following different treatments
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Figure 3 Root total length, average diameter, volume, and superficial area of Salix integra following different treatments

B CK AR, 4 40 BE RSN 73 T2 4E 250 4 X H3)
T3 7 5 (P> 0.05); EH AN Cy BB EHE
22.06% (P < 0.05), H R4 HE CK LR E %7
(P > 0.05); M Z& 97 U HORT AR 9 B AE 75 48 Ak 2R 8
CK 4 & 2 1 i (P < 0.05), 3 I 0 J& 76 43.57%~

51.98% F 17.52%~28.73% (3 2). 4 & 4E 51 %45
Ab 3 [E], AL Cyo B8 Cso 2 N FE T 29.84% (P < 0.05),
H AR M8 Ab HE (R 38 BB 35 22 7 (P> 0.05); AL AR
FOEBAL T RUE A EON 4y U AE AR
AbFER] 22 F AN R (P> 0.05).

®2 TEILBREHIRRIGE IR

Table 2 Root configuration index of Salix integra following different treatments

b ¥ I YL SEE P A RAREL 7 XK
Treatment Fractal dimension Linking number Number of nodes Number of root tips Number of bifurcations

CK 1.76 £ 0.33ab 9407 +1781b 5602 +474b 1650 +92b 5444 +379a

Cyo 1.54 £ 0.34ab 10 362 + 627ab 8 133 + 694a 2028 +128a 5527+ 783a

Cyo 1.47 £ 0.41ab 10 496 + 398ab 8514 +429a 2124 +117a 5550 + 800a

Csg 1.91+041a 10 833 + 857ab 8 183 +220a 2 005 + 150a 5584 +329a

Cyo 1.34 +0.16b 11482 +1 134a 8 043 + 634a 1939+158a 5305+717a

2.2 fRAEXTIE i EALERE M AV SZ I

5 CK AL, A Cyo AEER R AT M F 72 25 i SE B
B FIE )AL E R (P> 0.05), bR AT
AC AN AR 2 A0 Fr ) 7= AR 8 A B B 0 ) SR R
Tt 24.12%~55.12% (P < 0.05), HACHIHE 2 A1 Fr
Hp e A R AR B B I T BT 3 I R A R AR R

KA G007, FEAE Cyo A0 FE T 3k B 5 7 /K
(Bl 4). %5 P e kb 28 25 42 % 7 A2 WA 9 ) CAT
B 1 (P < 0.05), #2 R AN Fop 3 5 ETH T 7.60%~
26.90% 5 41.95%~ 135.29%, {HH A 1 CAT F i 1
I 4 b BE R BESE S bR R BE, AE Cy A0 BR R B
s H Cion Cyon Cyo AL ER ] 22 55 A 2 (P> 0.05), 1M
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Figure 4 Superoxide anion promoter, CAT, GSH, GR of Salix integra following different treatments

R CAT B % 1 C o Gy 40 FH 2 2 /N T Cypn Cyo
AEEE (P <0.05), 1H Cyy 5 Cyon Cy9 5 Cyp 4 F 7] 2 5
BIANE 2 (P> 0.05); Cygn Cyo M Cyg B CK Kb FE 5 25
AR T A FIAR R 1 GSH & & (P < 0.05), 1H Cy0 5
CK 4b# ] 2 7 A8 2 (P> 0.05); 45 A4b P 2 2 PR AKX
TACAIAR R A i GR B S 1 35.59%~ 58.25% (P <
0.05), M A1 GR Bl 1 C o Cop AL FE B 3 KT Cypn
Cyo X H (P < 0.05), 1H Cjp 5 Cypn C39 5 Cy Ao ]
2t BN B 2 (P> 0.05), 1R R GR B M 75 & 5 &b
FEIA], fN Cgo 32 /N T Cyo AL HE, T & 26.94% (P <
0.05), H A% Ab 3 8] ¥ T &3 2 5% (P> 0.05).
2.3 fCHIXT SR AN IR UES T

AC G X5 4 P W A 2 38 AR 1P e HC R 4 s 135
ST 1 B BRI, [ R U B ) AS T 3 o, A A
My b LR R E IR E RS EE LI (P <
0.05), % ™47 e Ab B R RS M b AR IR BE 3 R T
100 mg-kg (7 3). £ Cpo AFRIIERR L& (27.35%),
Coor C3p Ml Cy AT L BRFR B ZE/NT C (P <0.05),
B Cypn C39 T Cyo 1] 22 7 A B 2 (11.27%~ 14.97%)

(P> 0.05), HAc M Ui i 48 3= 2 AR Jovh, 3L
IR FR ZER A, AR (B 5)e Copn Cspn Cyo &b
R AC AN 72 RHE 2 KT Cyp (P < 0.05), 1H Cypn
Cson Cyo AL HR H] 2 55 A2 (P> 0.05). Ak, IEHIE
B2 2R B0 A A 3L R R G 0 Y 35 R BR (P < 0.05), R
A e A 5 P 4 Pl A Ak B IR 3 MR 2R 1 3 B8 1 is
F, (ERCAIN I B 4R RE 77 2= 52 3 v R B 4 o 3 R B A1)
3 ik

FEMI A BN 57 AR IR AR R R IE AEK R
W Ty B SRy AL B AR VR TS G R
71. OB 5T 32 B3 I 1A 5 18 TR RS A AE P = 1
AR A, DL 2 AE AT B TR 1, T AR B AR A R 1)
R BE (148 o A 3R AT A AR ) B R AR AL, O Gt
3 A7 45t P 30 X AT A0 R 2 30 61 9 BE N 25 mge L
HE— 25 BE B AC A 9 3 R i S2 P . [, RO AT
WA — T4 2 I RV, B R R R A
(14 AT 3 I WA R SR AR X, ATk BB R AR TS J 1 H
(B2, g T HE B T R R AT IR R A P 4 B
BEACH A R 25 ZER L B AR DY 4 EAT AR IR
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Table 3 Cd concentration in plants, absorption and transportation characteristics of Salix integra following different treatments

e T AR S H AR HERY R
Treatment Underground Cd Aboveground Cd Bioconcentration Translocation
concentration/(mg-kg 1) concentration/(mg-kg 1) factor factor
Cio 266.26 +27.99d 295.1 +21.40d 28.63+£2.22a 1.11 £0.08b
Cy 300.11 £ 10.82¢ 371.2+15.59¢ 17.67 + 0.59b 1.24 +£0.07a
Csg 409.25 +21.79b 494.5+29.61b 15.77+0.71c 1.21+0.11a
Cyo 47530+ 13.40a 599.4 + 19.45a 14.33 +0.36d 1.26 £0.07a

N - Stem [ 23R Y Epidermis of stem [ #R & Root [ M-} Leaf blade

F 3 Removal rate
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Figure 5 Distribution of Cd in plants and removal rate of Cd in Salix integra following different treatments
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