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62.40%, (2) B ENE MR K Cd FLEE N 60.14 pg - plant™, Fodh ¥ H Cd R & 5B
15.46% ~35.24% , (3) W ZFE(MDA) 2 B A& A MDA & & S R 3 IR X FRZH Y 5.25 £5, SOD
e R IR AR TR AR a AR b MIZEIE N RS R ETHERABEE, (4) EIR B
ST B TR ZR 50T B s Ao 1) S K I R AR, e /M 0,64 £ Ba5 FIA Ok B R g 25 R — FB e Y Cd 22
AR A, FLAI BT e Vi B Y Cd 300 7 6 i ] 9 EL A — o R R it e, O L 2 2R T 2% W R ) 18 3 O T R
HEZR Rk 2 Cd 85 . PSR 45 R A 15 A P18 AT BHE A T 3R K

KR, MR, M, AEARK, BBETY, LEEER

FESES, Q945 XEARIRAED . A XEHE: 1000-3142(2022)04-0628-11

Physiological and growth responses of Solanum diphyllum
seedlings to Cd stress
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WU Mengxi, ZHANG Lu, XU Qian, WANG Kailu, ZENG Yong
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Abstract; Solanum diphyllum is a kind of small shrub of Solanaceae, and little has been known about its Cd tolerance
ability in the existed researches so far. In order to investigate the physiological responses, growth responses and Cd
tolerance characteristics of S. diphyllum seedlings, we conducted a hydroponic experiment with 160 pmol + L™ Cd stress
to determine the indexes of growth (taproot, height, stem diameter, leaf number, biomass, and root to shoot ratio) ,

tolerance index (TI), Cd content, Cd accumulation characteristics, SOD activity, osmotic adjustment substances
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(MDA, free proline and soluble sugar) , and photosynthetic pigment ( Chlorophyll a, Chlorophyll b and carotenoid) in
different stress time (0, 0.5, 1, 3, 7, 19 d). The results were as follows; (1) Compared with controls, Cd had no
significant effects on the growth of S. diphyllum seedlings when stress time was 0-3 d; Obvious Cd toxicity was
aggravated with the prolonging of Cd stress time (3-19 d) ; During the period of experiment, Cd stress reduced the total
biomass of S. diphyllum seedlings by 13.28%-62.40% , root suffered the most serious biomass damage among different
plant tissues. (2)The maximum Cd accumulation of the whole plant was 60.14 pg + plant”, for root and shoot the
maximum Cd accumulation were 43.49 wg - plant” and 16.65 wg - plant” respectively, Cd accumulation of shoots
accounted for 15.46% —35.24% of the whole plant. (3) MDA content of S. diphyllum seedlings increased with the
increase of stress time, the maximum increase of MDA content in roots was 5.25 times that of control; SOD activity,
contents of free proline and soluble sugar, as well as photosynthetic pigment contents increased at the beginning and then
decreased. (4) Tolerance index (TI) showed a different tendency, it decreased with the increase of stress time, and the
minimum value of S. diphyllum seedlings during the whole period of experiment was 0.64. The above results indicate that
S. diphyllum seedlings have a certain degree of tolerance to high concentration of Cd stress (160 pwmol » L"), which
suggests that it is a potential Cd tolerance plant. The osmotic adjustment and root retention might be the main methods of

S. diphyllum seedlings to alleviated toxicity to plant growth caused by Cd. This research provides a theoretical basis for

finding suitable phytoremediation materials.
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(Wu et al., 2018) , H. A4 ( cadmium, Cd) DA & ik
7.0% 1 s Ar A6 1 3200 T G TR TS AR B (A
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Cd HA RS BETETR A S B 1R 23, Cd 1Y
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FEAE (AL et al., 2013) , 28 8Ly Cd M5 AR
Y1k € X ( Barker & Brooks, 1989) & (1) 7F & e F
Cd VG20 FIEH K (2) # B34 (st A)
1 Cd & & 100 mg - kg' DW; (3) & % &2
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Ak e 1) e 22 ( Solanum nigrum) (Xu et al.,
2012) FIZDAE 5 (S. photeinocarpum ) ( Zhang et al.
2011) ¥ EHEUEIE Cd B & A, (WP E 7R
PR B A G # . BRIEZE (S, diphyllum)
50 25 R/ A Je 25 0 W B R @ A ) (Hariri &
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VER/NER BRI e R RS A
R ENS R NESIAP) S S Sy 37 e s e
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25 2004) FIHIH) A2 (Pandey et al., 2018; F Rk
45,2019) 557 1H A B OCTE BHUR R I H 4
Cd W N 454E (Singh et al., 2019; Wu et al., 2020)
FF LA, HARGE R T 25 02 15 BoAT ] TR B 2 1Y
W7, AW 5T DL BOR T 35 il 4Ok, SR FHZK 5 1Y
J5 % WEST EE SR S X R v Cd s AR AR K
Wi 7 K HE Cd 2R, LA 3 Cd 5 4L A ie
SRR RS AT Y S B R BRI AR

1 MEE T *

1.1 iR Za#F 4

e ) el L R T PR/ I 57y A
— S ORI () Tl R AE R E R 1.0%
() NaClO ¥ 20 min LAEAT 100 74 7%, Fh 778
B A B oK E . WS i EUR e SE R r
T 2019 4F 2 H ) & TOU MG R4 i 28, LIRS
FRAAVECIAALHE 14 h, BEEALHE 10 h, 5T
KA T R S Pk K A B0 & i AR O i ik
B, HHAHF 2019 48 3 R RIEETRT .
1.2 X5 Z it

AKEF I F 2019 4F 3 H—2019 4 5 H #£ 4
JN Ay K 2 AR DX KA P #E 4T, 4% A4 1k 26 10 i)
PR G A AT % S m S kA AR 1 19 TR
FHN IR E R (29.02+8.16) C, - M XS
JE4 52.87%+10.04% , ¥t £ 4% T Hoagland
SE IR (KR ICE N PUK R FRES 945 mg - L, il
PR 607 mg - L' B &4k 115 mg - L, -EJK
TRIREE 493 mg - L' it ot R W L M 2 —
B4k 30~40 mg - L', W 2.86 mg - L', BifR 5
2.13 mg - L' BifR4¥ 0.22 mg - L, Bl 4 0.08
mg * L' 512 22 0.02 mg * L) d 85 3% 16 d, W]
3dWH—WERE, EHELERI KH—F
AR A MR UEAT Cd B ab B (Cd) . MR IERT
AL, % Cd Whia W% 160 pmol + L7 (LA
CdCl, - 2.5H,0 #EATH M) , LIARE I Cd 2Ryt B
(CK) , Wi 0 FxT FRAHF 5 3 ¥k, Cd Ak FHIY) ] £
FRKEE R N Cd Bk 30 v B2 AN 72 | FE ) Bl PIL DX 20 HE
G, 4y M AEAS TR B E] 5(0,0.5.1.,3.7 .19 d) RliAL
T BIRAE 2R XoF R 2 SR HRUAF A A R WA S o R
AW FE A 20 mmol - L' Y £ — B U 2 R — 8
(EDTA-2Na) ¥ ¥ " 20 min DL 25 B 2 1m0 W% B 9
Cd, B 5 25 8 F K s

1.3 MikERR 5 7%
1.3.1 A K IAFAGE R BN E 50 T AR
RS ] g5 78 il 41 ( Cd) Fnxd BB 4 ( CK) 45 Bt L 1
I3 KRB e SE A AR, I A AR AR Bk 2R
M5, KA AEAREE S A0 AR 25 (b B A
FFGAEIRZE ) TR 1 105 C AT ,80 CHET
FEEEIFRE

TP 25 ) T P R %L (tolerance index, TT) i1
B (Feng et al., 2018; Wu et al., 2018) :
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Ao TR BRI Cd i R 8 LH WR
WS F WL 439 2 36 41 5 %6 BE AL 0 bk e AR AR 9
o AR R A Y A
1.32Cd 4 RREEMNE KHHEKNSHST
FER PRI |3 1 mm 05 25, FREUEE & 0.200 0 ¢
BT T, SR B HCI-HNO, (v = v=5: 4) 74
Ak, 8 ff A AR IS I T R ( CEM
MARS-5) {H i, H 1ICP Il & Cd & &, Cd R
M Cd & A Y &R BT,
1.3.3 A2 A I AR 2 5 5 AE A [6] SRR A [A]
AT 28 R X BR 2 AR 1 0 R AL o R
- AR 25 B FoK vk Ja BUR A BE &, B0 R dh ok
H BEPLIEEICY 3 pR SR e S M bk, A 3 Wk, BURE
JE M OB B TR A, WA L B AL g
('superoxide dismutase,SOD ) {if P4 2% F & & DU Mg a8
JEUEESE | N ¥ ( malondialdehyde, MDA ) 7 & %
PR AR O Ll 22 1R 5 vk U, Vi 25 0 2 1 R ) it ik
TG TR I A, T VS 1 W R P U B 9 0 2,
GFE a MEE b MY N RERRHOE-N
il 2 BB 7 (S0, 2014)
1.3.4 #AHa 8 KAEAR RIS G, WU i A R
RAEYI AR T 50 50 = T 4 R R S ) Ab B S 4R
R LA R A3
1.3.5 #3422 Fab MGk A SPSS
20.0 #47, FHELR 2 J5 2253 BT (one-way ANOVA) Fil
Z 3 3 ( Duncan ) R 595 Cd a8 B ] %t 2 R e 2578
A .Cd & .Cd FLE& SOD itk MDA & & s
IR & &t IV PERE S i AR o T R
b FEAZEE RS B 22 B, H
TS REAS ¢ K5 (independent-samples ¢ Test) H 5
18 21 AN R 20 9 2 1] 22 5 2 3 PR, R A Pearson 7
HEAFAHDCHE 438 (UK ) o i 3 PR iR
P<0.05, FIFRZHRH Microsoft Excel 2019 #E47
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2.1 Cd BN ER ZEHERAE ST
EXFRAA LG, Cd Bhan T E RS ) &
R MR ZERL AN EOCZE R aE /N 1 d B i A 3
. BER A B R SE K R AR AR Bk ZE AR
EECIAAR T 0 BR (HBR bR = AR R R AR 22 R I A
BE(P>0.05) , Mt RE(TH 45 R Bos, TIE Cd
Jofp-38 B[] 38 i T 328 5 R0 AE A 19 d B R 3 A
/ME 0.64(F 1), ILAM, Cd Wil i FRR T 3R
T E AR 2R 7~19 d AR LE 1
A B R TE 19 d i i 3 AR (P<0.05) . AR,

ZERIM (Y A Yy i 5 B LA L )RR IR T 44,
75% ~ 53. 81% , 26. 94% ~ 46. 58% 1 3.37% ~
26.10% , HH AR R 2 i d /= 8, 5 Cd Bhia R A
HH J0 A 45 2 3 A ) o R AR R AR Y O L B A
2RI 2 1 AR W e AR BN YR R > 25 > 4R
(K1), WRERHRRERSITERER,0~3 d 1

30 2R PR A AR ORE LE AR AR SE L 3 ~ 19 d I ria
A RIHE LEAT B35 9 T R 3 (P<0.05) , X IR 4l

FAR et A T 3 H 22 OR 8.3 (P>0.05) . [F]
A i 20 5 % B ZH A B, Cd Blaa i 3~ 19 d AR
T FRE(P<0.05) (B 1), S5REW, mHE cd
FEAS B[] 38 B 25— AR B A ] B SR R S5 A Y
TSR

F1 CdBHEXEREZELDE TR TR A R0

Table 1  Effects of Cd stress on morphological and tolerance indexes of Solanum diphyllum seedlings
ok oh g JHfpiE s} ] Stress time (d)
Index Treatment 0 0.5 . 3 ; o
FMRK XTHEZH CK 33.80+4.51a  34.70+3.86a 35.33+1.87ab  43.92+4.04ab 58.47+20.04b  72.82+4.45h
Taproot length (cm) B4l cd 33.80+4.51a  34.92+2.53a  35.94+10.45ab 41.67+2.52bc  54.16+£2.42¢  67.37+4.92¢
MRS XFHR4 CK 27.00+2.52a  28.41£2.99ab  29.26+7.12ab  35.17+2.66b 54.96+4.77bc * 74.52+17.08¢ *
Plant height ( cm) a4l cd 27.00+2.52a  28.74%3.63a  29.71+4.93ab  34.13+5.08bc 45.27+3.77c * 61.42+6.94¢ *
E-ViiI it B4 CK 0.47+0.06a  0.48+0.12ab  0.53+0.04a  0.62+0.03ab  0.67+0.20ab  0.78+0.10b
Stem diameter ( cm) a4l cd 0.47+0.06a 0.49+0.06a  0.51£0.10ab  0.60+0.05ab  0.64+0.12ab  0.74x0.11b
A it HE 4 CK 30.33+6.03a  33.33+8.08a  37.33+10.53a  60.67+4.16ab  71.00+7.81b 107.33+22.37c¢
Leaf number ( pieces) a4 cd 30.33+6.03a  33.43£10.21ab 36.67+12.42ab 58.33x4.16ab 68.00+10.58b 73.33+16.53b
i ¥ R A 1 Wi g Cd — 1.25+0.15ab  1.24+0.29a  0.94x0.11ab  0.75+0.06b 0.64+0.04b

W RPN EIMEARIEEE (n=3) , CK HI Cd 4> AR IRFN 160 wmol - L' Cd Wil W4T A [R) 7 B 26 75 76 A [) b 31 22 ] i
FEEH(P<0.05), * Fox CK Ml Cd MY F B F (P<0.05), T,

Note: Dates are Z+s in the table (n=3). CK represents control, Cd represents treatment with 160 wmol + L Cd stress. Different letters in
the same line indicate significant differences between different treatments ( P<0.05). * indicates significant differences between CK and Cd
treatments ( P<0.05). The same below.

22CdIMEXMEBEREEZYE Cd S=EMHREEN 23.45 f5(P<0.05) (#2), Z4iREHKENCF

A

BN R T4 R, Cd hia B R R 54
B AR RN 3 59 Cd 5 B s 30 B Ja] ZE K
FHEAN(P<0.05) . ARAML EF 0 ed & ARk
B2 91k 4.04 ~61.29 mg - kg Fl 0.44 ~3.75
mg - kg (K 2), [AHF, Cd B2 Gt B 6 e ] 4iE
I N (P<0.05) , B A~ 2ok 72 o MR R Ml 1 38 A3
1) Cd B B 1 73 5] i A AR B AR Y 64.76% ~ 84.54%
1 15.46% ~35.24% , Wi 19 d B} M 2 Fiih 13
0 Cd LR 0.5 d 4 9 e & 1 29.39 5 A

TR ZE IR R
2.3 Cd BB ERZZEL B SOD & ER =M

Cd 36 fff i S g 25 ) 308 20 FN X HR 2 22 [R) 1)
MM SOD 25 53 (P<0.05) , AR A SOD ¥
TE 19 d BHIE T XTI, 5%t BRZHAH H , Cd 78 30 /i
7 d BRI TR A A SOD Witk (P<0.05) , ¥ iE
JEFIN 13.93% ~ 64.60% , 3+ H M SOD £ 0.5 d
I 5 v T B (P<0.05) 5 i A 1% SOD I T
R A, KR 3 d 5 W% & T X5 g
(P<0.05) (K 3), &5 ERH, Sk E Cd e T,
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38 B 1] Stress time (d)

A, B.C.D /i E#H R W AR 2 i EY R AR AL, CK A1 Cd 435405 BRI 160 wmol - L' Cd irifl , AW
ING FREFOR R LG N AE A R AL B ] i 3 25 7 (P<0.05) , * /R CKFI Cd [B] (925 55 1 3 (P<0.05) , T,

A, B, C and D represent biomass changes of root, stem, leaf and root/shoot ratio of Solanum diphyllum seedlings respectively. CK represents

control, Cd represents treatment with 160 wmol + L' Cd stress. Different lowercase letters indicate significant differences between different treatments

of Solanum diphyllum seedlings (P<0.05). * indicates significant differences between CK and Cd treatments (P<0.05). The same below.
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Effects of Cd stress on biomass and root/shoot ratio of Solanum diphyllum seedlings
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Table 2  Effects of Cd stress on Cd accumulation of

Solanum diphyllum seedlings

0 0.5 1 3 7
3B Stress time (d)

& st [ R Ho b3R5 TR ALK
Time Root Shoot Plant
(d) (pg - plant’)  (pg-plant’)  (pg- plant™)
0.5 1.48+0.05a 0.7120.02a 2.19+0.03a
(S
1 4.1920.11b 2.28+0.03h 6.47+0.13b
3 22.70+0.47¢ 4.1520.06¢ 26.84+0.50¢
19 7 28.35+0.31d 8.71+0.09¢ 37.06+0.25d
19 43.49:0.90c  16.65+0.51d  60.14+0.62¢

Bl 2 Cd i st e 2R oo 25 4 B Cd & 5 R
Fig. 2 Effects of Cd stress on Cd contents

of Solanum diphyllum seedlings

B B 4 AR G I 4R
Cd Hj}jﬂo

SOD ¥ 1 DA Wi

24CdIrBEMNEREZYEESERATYRHZIN
Cd AbFREE 30 20 5 %) B 40 Z 6] /R iF 133 8

WY R 2R E (P<0.05), 5XFIEAHH L, Cd

J3E f AR i) MDA & 8 8 3589 ( P<0.05) |, B4l Sk
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Fig. 3 Effects of Cd stress on SOD activities of Solanum diphyllum seedlings

26.90% ~525.62% ,H1) MDA 7 Cd 4Zb¥ 19 d B ik
PN ZEFRRME (K 4:A) Y MDA & & 1EMrE 7
d Ja 2 BRI (P<0.05) (K 4:B), S5X 8
ZHAR L, Cd 30 o o i g i 2 1R 2 o B 3 B N ( P<
0.05) . Cd Wrie T A2 5 A9 i 25 il 240 12 2 12 34 I Ry
37.49% ~ 252. 47%, W J Uife &5 Il 2 BR 1) 38 iR Sk
12.05% ~103.26% , M 7 () B I 2 iR & s e i 19
d B EARTX (8 4.C-D) . 5XSIRAM L, Cd
3 (RIS feT RT  PEA  f  SE HS I (P<0.05) AR
AR S AR 19 d B B0 30 41 R0 X R 20 A
I KA, AE 7 d B i R 22 (& 4. E-
F) . Z5REW], R e 2L 0B E Y e
T 3 R 1 B IR e 7 = v B Y Cd iR
25 CAMENEREZYEXERESENEM

BRI BT SR a 4R ZR b RIS
NEI SR ESEFERER B (HA R 25 0
Mrigsm i fmxd At ® a 2R A 0E
(P>0.05), M4 &K b AUTE 3 d B 25 3% (P<
0.05), KEA % MR 7 d B2 7FHEFE(P<
0.05), 4% a/b £ 19 d W Z F K B E(P<
0.05) (Kl 5), Z5RFW, mWkE Cd hahal 1
BRI R A AR AN
2.6 Pearson {8 X4

Pearson A3 T 2 B, B8 0L 2240 1 19 Cd
TS AP ER S EIEAX(P<0.01) , 505 EK
SR T R B3 UM G (P<0.01), {25 SOD .,
MDA | RV PERE AN 25 I 22 R i A DG PEAS 1835 (P>
0.05) (% 3), XKWL YR RSN T
X RIRIELN T Cd B RRFPE R M0 1 3008

3 T

31 Cd iMENERZEZ BN EEERKT T

Cd X HE ) 14 B 3 B T 40 b R i 30 Vi B2 A
TEBT IR0 ( Liu et al., 2020) . #5735 W] #E o 4l
Yy 52 BE Y Cd Whif & B iy A &, M &
A O PR FE T, SO AR A K 1 SRR 28 AT DU
VA A P 3 B i A2 O 0 48 AR 2 — (B B A,
2020) , AR, Cd XF B R 25 4 v Y B FEE
ARAEWNIE 3 d S5 H B, (EAURE I 22 57 8 3% ( P<
0.05) . BERIBZE L AR R A0 0 A ) AR
W RE K, 3X 5 Cd ik ad X Jg 2% (XAl R 45, 2015) Al
/N (B R AF,2020) BB IE A5 R — 2, LR
PR, AT fE 2 AR A0 M BE P B R L 2R R
(-OH) HIFR %L (-COOH) S W) i &) T Cd L o7 25
A KRB TRER Cd 106 T R8I 405
GYREFSR S W, BRI AL T (Bodovd et
al., 2012) , NI AR R 80 T 4 K 2818 | & B
HRAF P H W AZ R O, 05 Cd 3l i AR R F A Ml
Yy L3R5y, 5 SR IARRE ) B 5L (-SH) 455,
IR AR DL, Al R e B Ak b P . S5 % R4
AL, IE & ST EA M B i KR 2, T B
L mEY Y AR R . AR e N T 1 d A
gl ) EARK MR B R R A RS
Xf BEAE LA — s B B3 I HAR B 2 (P>0.05) .
XA REAT W 7 T D R — R H T B AR e 2K A R
CORIPHLEN ", AE — 0 TR B PN 1 8 A5 b A 3 R DA
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Fig. 4 Effects of Cd stress on osmotic adjustment substances of Solanum diphyllum seedlings
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Fig. 5 Effects of Cd stress on photosynthetic pigments contents of Solanum diphyllum seedlings
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R3 EREEZDYENCIRESSEYE SOD ZERTWRFAIEE S ER Pearson HX MM (n=18)

Table 3  Pearson correlation among Cd content, total biomass, SOD, osmotic adjustment

substances and total chlorophyll of Solanum diphyllum seedlings (n=18)

A ALY

MR B

Cd i By [ AR W ik 2 %k
™ . B AL N . Chlorophyll
Cd content  Total biomass MDA Soluble sugar  Free proline Tl
SOD (a+h)

Cd & 1

Cd content

BAY 0.86 s 1
Total biomass

S Ak Ak ity 0.06 -0.21 1
SOD
Nk 0.38 0.71 == -0.49 = 1
MDA

IR e -0.12 0.30 -0.79 #x 0.78 s 1
Soluble sugar
Ui B I A R -0.33 -0.18 0.44 0.20 0.02 1

Free proline

R PES ~0.82 s ~0.68 sk 0.13 -0.42 -0.06 0.43 1

Chlorophyll (a+b)
iiif 1t 2R £k -0.69 #x -0.49 = 0.19 -0.30 -0.03 0.47 0.83 s 1
TI

TE: = FORTE 0.05 K (X)) MHRMERE ; #+ FIRTE 0.01 KF(XUR) MM

Note: * indicates significant correlations at 0.05 level (double tails); #* indicates significant correlations at 0.01 level (double tails).
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0 RS IR Ao Ak R RE, B E S B4 A T
( Muradoglu et al., 2015) . N [ (MDA ) J& 4f fifd
FRRE S AL 1 = 22— H B A T L
S W B A ok SR AL R B O LB 0k — 25 o ) AR 4 4
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b AL RE g 3 B, DA T A IR T 8 R e % 40 i i 7 5
VRN R GE U S I 2R N AT U M O A ) 4
KRB )8 1 0 E 20 (R AR SF,2020) o T RS Il
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