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Physiological response and antioxidant system characteristics of maize (Zea mays L.) seedlings under
cadmium and arsenic stress

SONG Lin, LIU Mengyu, ZHOU Hang, ZENG Peng, LIAO Bohan, GU Jiaofeng”

(College of Environmental Science and Engineering, Central South University of Forestry and Technology, Changsha 410004, China)
Abstract: To investigate the physiological traits, heavy metal accumulation, and antioxidant system characteristics of maize seedlings
under cadmium (Cd) and arsenic (As) stress, hydroponic experiments were conducted, and cultivar DJ26 with low Cd accumulation
characteristics was used. The results showed that under single As stress, plant fresh weight and leaf total chlorophyll concentration of maize
decreased by 76.0% and 52.8%, respectively. The growth traits of maize under single Cd and combined stress with low concentrations of Cd
and As showed small differences and certain tolerance. Cd content in all parts of maize increased as Cd concentration increased in the
solution; furthermore, root Cd content increased by 14.1% — 103.5% after adding As to the solution, with stem and leaf Cd content
decreasing by 28.9%—72.6%. Compared with single As stress, adding Cd to the solution increased stem and leaf As content by 170.1%—
198.8%. Therefore, As promoted Cd accumulation in the root and reduced Cd transport to the aboveground part under combined stress,

whereas Cd promoted As transport to the aboveground part. Maize has strong antioxidant regulation ability under combined stress. The
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activities of superoxide dismutase (SOD) and peroxidase (POD) in maize root under compound stress showed a trend of first increasing and

then decreasing with the increase in Cd concentration in the solution. In contrast, catalase (CAT) and ascorbate peroxidase (APX)

activities were significantly higher than those under single Cd stress. CAT and APX activities increased by 366.0% —1 409.8% and
1 372.7%—4 366.7%, respectively, in the leaf and 27.4%~702.2% and 230.0%—1 004.0%, respectively, in the root. Malondialdehyde(MDA )

content increased in the maize leaves and decreased in the roots under combined stress. The leaves were significantly affected by Cd and

As. This study demonstrated that DJ26 seedlings have a certain tolerance to single Cd or combined stress at low concentrations of Cd and

As; the roots showed strong accumulation capacity and limited translocation capacity for Cd and As, expressing the potential for safe

production in farmlands under strict control for single Cd pollution or combined Cd and As pollution.

Keywords : maize; cadmium; arsenic; stress; physiological characteristics; antioxidant system
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H4 R Cd R4 R As H O RATIE S F iR
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S WSO, IR I 12 b B, BRI 1 R,
HUAEMAMNE Cd . As (9 40 FRAE 2y % BE(CKD | B4
AAFR 3R ER . R AE 3 d E— OB IR X R
A Cd 1 As %W, [A B A 0.1 mol « L™ % NaOH 5%, 0.1
mol - L™ i HCLE WA 1575 IR W pH 7E 6.0~6.5 Z [H] .
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Table 1 Treatment of different experimental concentration

o Ab P

e Concentration/(mg-L™)

Stress setting Treatment cd As
if e CK 0 0
CdJihia Cd1 5 0
Cd2 25 0

Cd3 50 0

Cd4 100 0

Cds 200 0

Cd M As A ia CdOAs 0 20
Cdl1As 5 20

Cd2As 25 20

Cd3As 50 20

Cd4As 100 20

Cd5As 200 20

1.3 HmRESHH

TEANIE Cd  As AL TR 5 d J5 , I oK 4 Rk
i ARG OFS B2 0.1 em) |, 43 Z5 I FIAR R BORE , 3843k
sl PR 5T S T R AR IR VKA (80 C) i A7 F
WA= FEAE A5 , BB 20 HE i F B R K OB ARk e i T s
TFHEH 105 CF &7 ,75~80 C FHET, Fiit 15 E Ja AR
J R MR BRI

TR R S ORI : (1 1)
=AY, g4 ] UL 43066 B 1 (UV2700, Shimadzu, H
A)TEPE K 645 nm 1663 nm AW AE . K4 &0
£i7 SOD . POD , CAT , APX I ¥ DL K MDA % & ff F i
& (Rt A TR T ) 4307, i G A 54K
T2 A00T -1 32 e L A084-3~1 436G B 1 L A007 -
1-1 $HPR B (A123-1-1 43606 % L A003—-1 TBA
oo WA 1h 7 Hp 7oA 42 BEGRR) & i Ul B B TR
fi FH 22 AP T DL 43 500 BE TR FE I 4 550,420,405 .
290 nm F1 532 nm &b P 52, 3K ) & 0 M A BOR K
96.0%~105.0%,

TR & BRAE Cd I As 1Y 3 SR FH T K v
fi#t (GB/T 5009.15—2014 .GB/T 5009.11—2014) , }Z 2
W Cd o 0 H R 5 AR R O e ik A
(ICP-6300, Themo Fisher, 3¢ [# ) & , As 7 & fifi Ff i

P 1%) WHARTY

F Ao R (AFS-8220, db 5T 7 K, =) U
FE o A b 0 B L R v DA W) A3 s E W) B (GBW -
10010) #E47 57 fE F5 ], [a] I A80as 113056, Cd A As 7Y
[ 53514 98.0%~101.0% F197.0%~100.0% .
14 HiEsIT 550

K Excel 2016 F1 SPSS 21.0 4t 343 #1 54 , Ori-
gin 8.0 I KK , 45 K N V- Y E +FR HE 22 (n=3) .
TR Ak 3 [1) 22 5 SR FH ST AEAS TR 36 B PR 3R 2240
Hr (One—way ANOVA ) Duncan 15 #4755 (P<0.05) ,
IR ] Pearson 22 803 1 51040 8] AH G 56 £ (P<0.05
P<0.01) ., E KL Cd, As & % & %L (Bioconcentra-
tion factor, BCF) . H & [1] ZE I 1) Cd. As 5 i5 R K
(Transfer factor, TF) Fll & K 45007 5 4 J@ B =Y

=R (BCF) =tE kP H 4 )8 % &t (mg- kg ™)/
KR hE A S 5 (ng-kg ™)

¥ 12 ZRA(TF) =Hf bk 25 rp 51 4 & 1% 1 (mg -
kg AEARAR R E SR (mg-kg™)

HaE AR (mg K=K ESESE
(mg-kg ") < TP (- B %107

2 HRE5RMH
2.1 SRMHEMEX EX Y EERKERIMEZEZSENW

A1

W 2 %, IR 6 45 A0 TR K 0 b v AR K
51K 25.0~46.5 cm F129.0~53.7 cm , 25 FIHL 2 & 5
I 3.3~21.0 g+ BRI 2.1~8.7 g+ £k 5 CKAH
k., CdOAs Ab B 5 25 (P<0.05) F#AR T Fk i K AR
FA Mo o v N ZE I T R Cd RN As &2 45 a6 Ak 3
WA T 250 5 B, CdOAs~Cd5As Ab LR 25 (P<0.05)
FEAR T 19.4%~81.6% . % HoIA]— Cd ¥ B 1 B — il
A A W aa, As B A (i 73 25 0 ff 5 = R R
Cd1As~Cd5As Zb 3 25 7 5 (KT Cd1~Cd5 40 B,
FEAIK T 30.0%~66.7%. %¢ E43Hral %1, DJ26 LK 4l
FEANILA AR b R B X Cd TR 32 1 g i
As 9555 (CAOAs b3 ) |, H vk B 52 4 i 38 (Cd4As
1 CASAs AbHE) A S i As B3 AOHa

SYMTIE R R S AT A (R 1), 5 CK A,
Cd Wi T G 2 3 7 1 Bl 38 Y B (5~200 mg - L)
(38 KT A, IR R 13.2%~109.4% , i Cd3~Cd5
RbFRAS CK 225 18 25 (P<0.05) ; CAd Fl As B & il R &
KA B2 2 T R R %, CdOAs~CdSAs b BE
TFET 5.7%~64.2%(P<0.05) . Xf [ [l — Cd ¥
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Table 2 The physiological characteristics of maize seedlings

under different treatments

g H%TE-'? MK ARG 2R T
Treatment Plant height/ Root length/  Root fresh  Stem and leaf fresh
cm cm weight/(g-#£™")  weight/(g ™)
CK  40.0+6.0Aab 46.0+2.0Aab 4.5+1.2BCc 18.0+£3.2Aa
Cdl1 34.0+1.7A  44.0+9.5A 4.0£0.1C 14.1£1.4A
Cd2 39.0+9.0A  40.3+8.3A 4.3x1.1C 18.7+8.4A
Cd3  42.0+10.0A 48.5+55A  6.7+1.3AB 16.9+8.7A
Cd4 37.5+2.5A  41.3+7.3A 6.7+2.0AB 17.4+6.1A
Cds 37.0£1.0A  49.1+1.6A 7.9+0.4A 21.0+1.4A
CdOAs  25.0+4.0c  29.0+1.0c¢ 2.1+0.4d 3.3+0.8e
CdlAs  33.7+#23b  433+3.5b  2.6+0.3cd* 4.7+1.2¢e*
Cd2As  33.0+2.0b  41.7£2.1b 4.2+l1.1c 7.9+0.4cd
Cd3As  38.0£6.6b  53.7+2.9a 4.5+0.3c* 6.4+1.2de
Cd4As  46.5+1.5a* 53.0x11.3a 6.6+2.0b 10.0+1.8¢
Cd5As  46.5+2.5a* 47.8+3.5ab 8.7t1.4a 14.5+1.9b*

1 [ GAS R RS - bE 378 CK AL — Cd B8 Ak 34 0] 2% 55 1 2%
(P<0.05) , [AFIA [l /NG 7 B2 7R CK A Cd-As B4 b3 Ak 211 1] 22 S5
123 (P<0.05) , * 3R [ — Cd W BEF i — Cd Bl 4 FiLS Cd-As B4
I Ab A 22 57 2 (P<0.05) . T [l

Note: Different capital letters in the same column indicate significant
differences (P<0.05) between CK and single Cd stress treatments,
different lowercase letters in the same column indicate significant
differences (P<0.05) between CK and Cd—As composite stress treatments ,
and * indicates significant differences (P<0.05) between single Cd stress
treatments and Cd—As composite stress treatments at the same Cd

concentration. The same below.

B — 30 RN A iR 3E L B2 A WA Cd3As~Cd5As 4b
PR RN g R a8 F (P<0.05) Ik F R —
Cd3~Cd5 4 , FEAIK T 73.0%~76.3%. LA, Cd
N As A W8 2R 28 28 AR E , SE AR ) 1IE %
JEAAER
2.2 REEMEX X4 B S EBARM S EX I

W 2 fr, Cd e . Cd Al As &2 A A £ K4
B ZE AR 2R Cd B B A RE RS 55 W Cd R (5~200
mg- L) I RIMNE R, A& AR R Cd S EH KT
Zit . sl 5 cdl %n Cd1As # H , Cd2~Cd5 F0
Cd2As~Cd5As ZE M Cd & & 4 5 38 K T 17.6%~
163.4% 1 45.4%~583.5% , 4 Z Cd & £ 43 ) 3K T
191.6%~619.7% #11 129.3%~218.5%., % H[d]— Cd ¥
B B — i 38 AN A WA, B A W8 Cd1As~Cd4As
AEFRZEI Cd 5 2 (P<0.05) Ik T #— Cd1~Cd4 kb
P BEAR T 28.9%~72.6% ;1R & Cd 75 2 I & 4 2 B
A A KT B — i, Hop Cd1As Cd2As 4 BRI 3
(P<0.05) & T8 — Cd1.Cd2 4b B, 5 K T 60.1%-~
103.5%. 2 Lol Bl Cd e iR BE 3, oK ah i

T KA B Cd 75 Cd concentration

755
161
= A
=7 A
S 121
¥ ‘}—I—
£ L
5 08 BC
4T S
%% ab
T\}é% 0.4-|_x—‘ mm H
= o
mitlll

S >
FOEIFL &P @v b\» Qy @v&w &
AL HE Treatment

AEIRE FEER IR CKRILER— Cd firin 2B ] 25 5 2.2 (P<0.05) , AN [
INE TR CK AT Cd—As B A Il Ab IR 22 52 188 (P<0.05) , *FR
[l — Cd ¥R BT Cd JPpiB A BUA Cd—As 524 i ALk 30 11 22 5 2 3%
(P<0.05). Tl
Different capital letters indicate significant differences (P<0.05) between
CK and single Cd stress treatments, different lowercase letters indicate
significant differences(P<0.05) between CK and Cd—As composite stress
treatments, and * indicates significant differences(P<0.05) between
single Cd stress treatments and Cd—As composite stress treatments at the
same Cd concentration. The same below.

Bl AEKRELETERGHZAMEZRRE
Figure 1 Chlorophyll concentration of maize seedlings under

different treatments

ALY Cd & B R  As B B (EF5 AR R
WA Cd HE— 238, 125 Cd 2 2 ARG .

Wil 3 s, Cd F As &4 ke T Rl 3R b Cd
HePE (5~200 mg- L) BBE R, BRI 250 As 7 52
LA R B A B 3, AR R As & S AL B[] JC (2
#2255 CAOAs A FEAH HE , Cd1As~Cd3As Kb PR 25
M As 7 2 % (P<0.05) 3 K T 170.1%~198.8%, ifii
Cd4As F1 Cd5As AbFREC 2. 2 A8 Ak

2501 [ 21 Stems and leaves A

~ 200 O H2Z Root
2 150t 5B a
£ wor p B N
P AA0 e
£ 0 el
= = ]
s 5000F D
g &
'g 10 000 C
= 15000} BB Ly b il

20000 - A a

IR ZIC RN S I RS A
¢ ¢ ¢ R Q,Q/ R 2
Kb Treatment

B2 ARRELEEKSEEMBLCIER
Figure 2 Cd concentration of maize seedlings under

different treatments
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80 L 220t Stems and leaves
O R % Root a
60 g

40t
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be

201 |—x—|
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- HHH R
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S

TR FRAL As i

As concentration of maize seedlings/

400 [ a

a
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Kb Treatment

E3 AERELEERGEZSTMULASEE
Figure 3 As concentration of maize seedlings under

different treatments

e 3 FR, EORLIHNT Cd Al As 1) BRF R 2
AR B> A . Cd BRE L Cd FAs 2 A ha
T E KL AT Cd BRI R As BR R b
B FR W CA YR BE (5~200 mg- L) S T K, T 22
- As SRR R SEHE KGN o, CdoAs
A3 K ZEM As RBUE AR, Cd4As Kb P A 5 , 2
Cd Wi e B (3G K2 ilE ok As B (B — &
B(EL(Cd 100 mg- L), ERARKZH| G X As 19 B
2.3 REEME T E K4 E SE A BRI

WE4(A) FitR , B oK #5580 SOD 16 PETE Cd
JRE TR TG B 35 25 5 E Cd Fl As B A A R, Bk 37
T Cd ¥ (5~200 mg - L) 38K, 1 F- SOD §if 1438
K AR FR SOD JEPEFEAR . X Ho ] — Cd ¥ BE 1Y B —

AR A A, A A Cd2As F CA3As 40 BRI
SOD ¥ P i K T B — Cd2 #l Cd3 kb B, AR T
23.0%~28.2%, M Cd5As &b B ] i 2% (P<0.05) & F
Cd5 Ab P, 8K T 34.4% ;K2 3 SOD i& M 5 Z M R,
Z A WA Cd1As~Cd3As 4b FEAR 2 SOD 5 7 i 3 (P<
0.05) 1 K T 52.4%~60.0%, 1fij Cd5As kb BRI i 2 (P<
0.05)F&AK 1 39.4% . £ Al Al KW Cd il As 245
JBipi8 (Cd1As~Cd3As Zb B ) 23 i 2 B AR F oK 4 i i
SOD 1 M , {B 3% 58 AR 2 SOD % 1 , /&5 vk i &2 & il
(CA5As ZbH) T IIAHIZ o

WE 4(B) FioR, 2403 B KR A POD 6 Pk
o i % 2= 5, iR POD I& P 7E Cd BB 51 Cd Fil As &2
A Wria N B SR Cd R FE (5~200 mg - L) 3G K
B KRG AR R H . X IR — Cd kB A o —
[ 38 A A a8, 525 WA Cd4As  Cd5As Zb FRAR
POD i 1 i 2 (P<0.05) Ik T H— Cd4 .Cd5 b FE, AL
T 30.4%~33.3%. %5 b, Cd Wi % £ oKk 5 AR &
POD 15 P JC i 2 52, 2 4 8 X it POD i PG
SEMR  (H e B A A Tl (Cd4As . CdSAs Ab P ) 2 fH AR
ZPOD G TE F R

WE4(C)FE 4(D) s, KL &EFBAL CAT
FTAPX TG PETE Cd B — 3B Fl Cd  As A THA R 3%
R, 5 CK AL, CdOAs~Cd5As A B H F CAT
I APX 75 ME i 2 (P<0.05) 5 K T 14.3~20.7 £ il
26.0~76.0 1% , H: & CAT Hl APX 1% 7 i 2 (P<0.05) 14
KT 1.5~4.4F5H11.0~4.0 f% ; 538 Cd 1 As &2 5 Jihia
KB, Bt 5% 57 W Cd e P (5~200 mg - L7) 38K, 1 B

3 FAIKELBEERGDEHEILCI A ERE

Table 3 Accumulation of Cd and As of maize seedlings under different treatments

fb 3 22 Cd R ' M Cd %f”% 2 As R _ AR As ?ﬁ”%
Treatment Stem and leaf Cd accumulation/ Root Cd accumulation/ Stem and leaf As accumulation/ Root As accumulation/
(mg- &™) (mg-#£") (mg- &) (mg-FE™)

CK — — —

Cd1 0.072+0.004B 3.028+0.570C — —

Cd2 0.085+0.024B 8.684+1.303B — —

Cd3 0.079+0.014B 13.628+0.772A — —

Cd4 0.079+0.008B 14.541+4.376A — —

Cd5 0.141+0.029A 15.843+0.682A — —
CdOAs — 0.007+0.001¢ 0.091+0.032¢
Cd1As 0.009+0.002b* 1.285+0.169¢* 0.023+0.005h 0.082+0.004¢
Cd2As 0.027+0.004b* 3.720+0.539bc* 0.017+0.002h 0.120+0.027¢
Cd3As 0.025+0.003b* 5.692+0.933b* 0.043+0.001a 0.152+0.034bc
Cd4As 0.079+0.025h 9.544+2.748a 0.049+0.012a 0.238+0.075ab
Cd5As 0.292+0.092a 9.694+1.682a* 0.015+0.001be 0.294+0.117a
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Figure 4 Activity of antioxidant enzymes of maize seedlings under different treatments
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Figure 5 MDA concentration in different parts of maize seedlings
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Figure 6 Correlation coefficients between cadmium and arsenic concentration in various parts of maize and resistance physiological traits
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Table 4 Bioaccumulation factor and transfer factor of Cd and As under different treatments

AL P Treatment BCF =0 BCF iz TF gz ca BCF i s« BCF ez TF ez
CK — — — — — —
Cd1 13.38+0.81A 480.62+88.07A 0.028A — — —
Cd2 3.15+032B 280.29+44.60B 0.012B — — —
Cd3 1.61+0.40C 257.65+15.49B 0.006C — — —
Cd4 0.93+0.11C 132.35+5.24C 0.007BC — — —
Cd5 0.88+0.20C 86.47+8.57C 0.010BC — — —

CdOAs — — — 0.79+0.10bc 16.48+2.22a 0.049¢
Cd1As 3.67+0.51a* 978.28+141.81a* 0.004b* 2.36+0.54a 15.67+0.97a 0.151a
Cd2As 1.08+0.03b* 448.68+77.94b* 0.002b* 2.14+1.24a 17.80+1.24a 0.119ab
Cd3As 0.53+0.07¢* 311.63+48.81b 0.002b* 2.24+0.03a 20.80+4.57a 0.111ab
Cd4As 0.47+0.12¢* 151.03+17.55¢ 0.003b* 1.48+0.41ab 18.85+2.10a 0.080bc
Cd5As 0.63+0.07¢* 66.51+9.35¢* 0.010a 0.34+0.06¢ 19.33+4.53a 0.018¢
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