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considered as a great issue in ecological risk assessment of contaminated sites. In this work, a quantitative ecologi-
cal assessment approach for combined contaminated soil in field by heavy metals was developed based on “top-
down” and “bottom-up” knowledge, which was made up of three steps, namely, “screening of effective biomark-
ers-identification of dominant pollutants-evaluation of joint effect of different exposure types/contaminants” . Final-
ly, taking an abandoned electronic planting site in Jiangsu Province as a case, the developed approach was verified
using soil microcosm of earthworm. Results of the experiment by taking the biomarkers including malondialdehyde
(MDA), metallothionein (MT), catalase (CAT), superoxide dismutase (SOD), reduced glutathione (GSH) as effect
endpoints, suggested that the bioaccumulation of main heavy metal contaminants including Cd, Cu, Zn, Ni, Pb and
Cr by earthworms ranged in an order: Cd>Cu>Zn>Ni>Pb>Cr. Principal component analysis (PCA) revealed that
GSH, CAT and MDA were screened as effective biomarkers, and heavy metals Cd and Zn were dominant contami-
nants. It was found that there was a significant multivariate linear relationship between the change of GSH and con-
centrations of total Cd and DTPA-Zn in soil. And the change of MDA could be predicted by DTPA-Cd in soil. The
change of CAT activity was predictive by the total Zn in soil and the bioaccumulated Zn in earthworm. Evaluation
of half effect dose (EC,,) based on the site-specific soil properties and heavy metal contamination characteristics re-
vealed that the sensitivity of the 3 screened effective biomarkers ranged in an order: GSH>CAT>MDA. Interactions
will occur in between different heavy metals and exposure types (e.g., between soil total Cd and DTPA-Zn corre-
sponding to GSH change), and (or) in between different exposure types of the same heavy metal (e.g., between soil
total Zn and bioaccumulated Zn corresponding to the change of CAT activity). While there is insignificant relation-
ship in the change of concentrations between those contaminant exposures. It could be concluded in our work that
the approach using multivariate statistics and made up of effective biomarker screening, dominant contaminant i-
dentification and joint effect evaluation was practicable in quantitative evaluation of ecological effect focusing on
real soil heavy metal mixture pollution in field.

Keywords: heavy metals; soil combined contamination; biomarkers; joint toxicity effect evaluation
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Dy R T Y AR, A5 A A M EGE L
BL SR T S e S SR/ G EAE I e~ Yk YN
BEPERON VAT, 5 S PR - TS GuARp b AH DGR 0i | HE
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1 ##57 % (Materials and methods)
1.1 BFFE7HAAR S  H  oR AR

AMFFE A VLI SR S B B L, i
PR = A X SR A RN T a8 AR 4R
FMAL A, 1985 AF ), A0 46 FL 9% 4 0] | MR B
A PR ) R R K A B, 2014 4E R4S T X R FEE
A IR 2, T XK B IE N IE, K 50 m, AL
2500 m*, A R T b, RIS
FHHL 4 38 75 G R 00 98 A B R 500 (H 25.1—
2019 SR XA 5, H IR T Re A, fE
YRR PR K A B A R R A 7 IR I A IR
VEHUAN ) 42 Ja V5 e AR BE 1Y 13 SRR AT(ST ~ S13)it
FHEoE .

B EFER A AR A R SRERZ IO
~20 cm), i - ERE e A H B4 P U AR e A (R
SEHEE K ISR Y AR E TR KA [ 2k
i, AR B B AR R4 S5 RS |, 23l
i 10 BAT100 HJE R H .
1.2 e Wl BE PRS00 S 5

S 1 A2 1 e 51 A A - % B 45| ( Edsenia foeti-
da), W [ RAEEAR A W RHE A FRA R, ST G
BRI 7E N TR 540 TS 35 14 d, BE 3R A0 IR iR
FQ0£1) °C IR 75% , Y6 IR 20% . Tk 57 5 BEE
AR5 200 ~300 mg & B 4F-HAT I B P71 s ]
(N ERTEN TR

AR 2N BT SC 5, SR 500
g T A —E ity L B FoR A 5K SR 35% ,
IRG WL EAIBERRR T, RIS TE B Bep ik
B1S ARMis] AR o RS 1R SR S L FLILAS /N
AL, PRAE e ] 7] TF W [ B e 2D+ HEK 25 K
RSP g5, BCE T N TR b B IR AR L
BEE NQO£1) °C IR 75% , IR A 20% , K : B

®=12 h 112 h, R4 RAERN W LR LRI E
13 MAEH(ST ~ S13), BN AL BRI E 4 NEE, 3R
14 d 5, FEHLEC 8 ~ 10 Z5iis], 28 24 h JE4CE A UL
Ve, I A A P 4 S e (T ) TG, AR SK
5 TR 1 R R 4% R I A A7 TS RIS TE 80% LA I
1.3 3R fb vk i e o 48 A e i
1.3.1 IR A

135 pH Ml R K EE 1:2.5 1R A J5 H pHS-
3C A pH (AR, A DIt 4 A L
R AR R T #E 5 |, FOC 2 43§11 Elementar Vario
EL Il (Hanau , &) B ", +1E0H B 7 2c 4 it
WG 3 BH B T ag s il e — Ak S A
B Y (HT 889—2017)" 10 5E . 4
& EABESIRIG( 1 8 MRS ITRME — 24
I = L TR IR B - HL B B 5 B AR R i i)
(HJ 804—2016)"" % 2 mm X T+ R = 248 =z
F.LFR(DTPA)IZ LI E
1.3.2 HEEREE

AR . A AR O I R
HNO,-HF-HCIO,-HCI VU & 4 fif 752, 2R ] ICP-MS
(7500A , ZHEME , 3¢ F)IE A 5 H Cd Ni, Cr 1 Pb
i, % H ICP-OES (Optima 8300, ¥4 2 /K 2k, 26
EDIERE S Zn &, BRI E 3 DS [X
HRZH 10% FES IR 3 hRuEd) i, Kb bniEd)
JEC AP ) 52 s o 380 B GSS-27 kA7 o 15 7l
RNy 83.0% ~119% ZJA]

it | £ 4 S SRR A R A I ke 1 A A
IR G IR I, UEAT 24 b kR, R BT
IR Vo R T4 48 h, i IR B 1 )5 SR 1
P i : (GB 5009.268—2016)"" 7 {3 i T4 i A
(Multiwave PRO, Anton Paar, B3l F1]) Hp 47 7F i |
K ICP-MS(7500A , Ze4E4E , 35 )il 2 # v Cd
Ni.Cr.Pb fl Zn i, RRHLFEREE 3 % X IR
20 10% FE & E R R 3 A RiEY T, FLrh bR i) 5T
145 I AR E Y % IF GBW 10051 (GSB-29)i#E47 5
R IRl 85.1% ~123% ZJa]
1.4 i) A= s 2 P oy 0 o

BUE W 5 e 3 ~4 45, FRE i, AR S
U, ¥ HERE it B o () 28 PR AR B (mL) =1 :9 9 L A7)
HA PBS ZZ Pk (pH=7.4),4 °C k¥ T i 1 41 410F
VRS TT RS KIS AP 10% dLZU 5130 AL
2 000 remin” B> 10 ~ 15 min, B0 5 B E ST, &
F-80 °CUKAHIRAT
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e 5] A s 5 A 14 P ) s T, A i R
WA SN UL THRE, B HE M BCA %, SOD
e WST-1 %, CAT 3£ H AT WO, GSH 3 H itk
% ,MDA Fl MT % FHREEX 62 5% 43 HT (ELISA 5), &
BB 1 2 5 58 3R £ (A045-3-2)  SOD I 5 38 77 &
(A001-3-2)  CAT Ml 7 i 57 £ (A007-1-1) F GSH il
AR (A006-2- 1) H B 5 AR A TREF 58,
FL B MDA BB %22 73 BT (ELISA )i 77 £5(CD92025)
FTE HL MT B S8 /0BT (ELISA )i £5(CD92144)
W H R AE YA AR
1.5 Hdlaortr

15,1 ARUEY RS i i
B SE XA W br & W i3 47 KMO (Kaiser-Meyer-

Olkin ) 46 A1 Bartlett K 56 , 1 Wt 47 38 w4343
Hr(principal component analysis, PCA) ) il 174, 9k
JE XA bR S AT 225000 B i PCA 3BT FTER
RGN FIRE 23 B A2, I 2 AR R 2 B
(analysis of similarities, ANOSIM)#s %7321 2 5 HA
giita X, &, RN BVSTEP Jr ik i A &4 2k
YbR&EW , IFx it 8 B U bR i S 5 —
Sy BEAT 1R 53 BT, 45 BT 304 Wb i -5 i sl 4
FARBLAY AR

1.5.2  ER{5iyiisl

K FH #i.9{5 X6F 1% 43 #7 (canonical correspondence a-
nalysis, CCA)Bfi & 4= W bn 35 W) A5 YL ) B2 B HR bR 2
] B AH DG FR |, SR I 5 22 I I PRl ¥ 12 (variance infla-
tion factor, VIF)X} CCA S fh TUARIE N 11 Tk
B I JEARYE CCA S50 = 15 4L
1.5.3 ¥

A 5% 2K A Microsoft Excel 2016 #7475 th %%
PEAbEE ;>R FH SPSS 24.0 Xif 4 38 B Ak P 5 A 4 1
A AT BE GE TR A X i 051 A AR A
PEAT R R & J5 2% 43 M7 (one-way analysis of variance,
ANOVA); % ] Origin 2018 %44 X} iz 5] 4= ¥y 5 75
Wi N HEAT 22 T840 M7 5 SR JH R 5 5 4T ANOSIM 434t
1 BVSTEP 43 #7; K Fl CanocoS 4k {447 VIF il
CCA 57 ; K1 SPSS 24.0 #4722 It 8195347 ; %
Origin 2018 52 AR A

2 #R 541712 (Results and discussion)
2.1 HHERRALE R A

R 1 s, 13 Ak 3R 5 8 Cd Cr . Cu,
Ni Pb #l Zn % 6 Pl 42 )& & A1 DTPA $2 S
ARSI, A5 R BRI R 93.8% ~309% Fl 114%

F1 LT EXEEBEAER.ELEZEN DTPA 2SS E

Table 1 The total and DTPA extracted heavy metal concentration and the key
physical-chemical properties of the tested soils
M P ebrife 2 225 RE(CV)/%
Parameters Mean+SD Coefficient of variation (CV)/%
Cd 474147 309
Cr 181+202 112
4 B (mg-kg™) Cu 96.9+98.9 102
Soil total heavy metal concentrations/(mg-kg™") Ni 81.0+127 156
Pb 100+94 2 938
Zn 2 537+4 062 160
Cd 0.708+2.23 315
B A . Cr 0.0874+0213 244
H 43 )8 DTPA $EHS & it /(mg - kg~
WA il me ke ™) Cu 8.80+15.1 172
DTPA-extracted heavy metal
Ni 0482+0.572 119
concentrations/(mg-kg™")
Pb 9.06+£14.6 162
Zn 111+126 114
pH 7340492 6.71
PR
. . . CEC/(cmol -kg™") 8.32+245 29.5
Physical-chemical properties
SOC/% 0.781+0.429 549

1. CEC BB FacHe it ; SOC Sy - e HLIk

Note: CEC represents cation exchange capacity; SOC represents soil organic carbon.
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~315% Z 8], Hivb -3 Cd M1 Zn 9 3 &% DTPA
RS S B ., 5 pH EH CEC 1Y 72 74
AN RS S B AR , RETE 1% LU,
2.2 WRIEA1LNE 4 R A ) BAURRIE

WG| AH AU 4 R AR Y BRI 1 R, 5
DIAERFIE4E B — 22| g ] % o [R]85 a8 il I e
TEEREFIARIR, X 6 FhE 42 )8 19724 & 4 R 5
F/NBF . Cd>Cu>Zn>Ni>Pb>Cr, H.#, Cu f
Zn (W55 R BT, X — G 5 LRI 45 1P
— 2 XN Cu Ml Zn SCEB N AEY LT ILER;
Cr Ni fll Pb (9495 8 R B2 0] 14 25 Sl i/, OF
HX3FpcEYS Cd.Cu M Zn #H HE I H B 8K, X
FERHTIX 3 MoCRE R A YA e
A, TR, dB5I%F Cd /) BCF ¥{H M 4.00 , 1M HiAth
JGE BCF #{A <1, 3 2+ 3 cd BoA Bk
IEREME , 5 pl M | W i g AR P70 B ARG
Cd (%) DTPA 4230 7.71% ~22.0% , 9] i 5 T H:
fib 5 FhoCEE 5 I HL AR 251 3 0% 38 1 BOCE $5 AR Az BBk 1
LR 2 Rl S i BRI ) Cd, 3 T AT
FLUREBALS RS A NESE e I Al
Il 2 B S T P

AN ARG R T AN SR iE e 1 fi e
SREATGYIG , B A5 Y on R 2 [l (A B AEH
REAE S 0 A= Py OSORT A, Traudt %P 7E R IR
K AP, AR Ni Cu il Cd B &5 3T, HY
Lemna minor X}3iX 3 1 5 4> J& i) W U4 A7 1 5 S AR
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BRI T4 ) 2 i/ (mg kg ™)

R AMYAL NG RA Culy Cd Z[E4F
TEETERAVEM . B, 15 G 15 B A 30N PE v
WA LTS YL ) A ) BRFRREALE
2.3 AR I

X AN Yo R B A B S R 5% T (4 051 A b
AP REE e AT B R B Oy 22 00 A A AR AR 2
7,6 e d| A ) AR A e Y 34 5 2 s R (P<
0.01), X ife W51 A= WA 25 ) 25 1 i 12 28408 R KMO
K56 1 Bartlett #556 , £5 R KB, KMO iy 0.503(>0.5)
H. Bartlett K5 5. 35 (P<0.01), ¢ B1iZ 5048 7] DL % H
PCA #1750 81, PCA FIR 145 5 (F 2(a)) %
H1,PC1 1 PC2 Yy J5 22 BTk 2 43 % o 30.1% F1
23.6% ; AN[AIRE A S A0 BT AR W b 7 i) 7w A
503 AL ER 1 A(GEFE S3.S7.S8 il 89, 5 2
ZH(G2)fu 4% S2 1 S13, %5 3 £H(G3) 4% S1.,S4.S5,
S6.S10 . S11 F11 S12, XF 402 45 R # 4T ANOSIM 43
B, BERRI] 3 AN or AL RE s 2 TR d 3 25 S (P<
0.01), TiXF3 A~ Z 0] + 1 5 4 )& S i\ DTPA 2
B B o DA S i 5] A= ) SRR B 2 TR A 5 e P A= )
RN RIS 2 i e E AT LR BT R B, A Cd
M Zn 78 Gl 1Y 3 KRR G G3 ML W EK S
(P<0.05), 5 G2 AH H o v B2 B2 A W 355 iy o Ath %)
SIETE3 N Z AT B 22 5 (K 3), HikaT LA
N TE 3 AL RE T R38R 57 T e 4l g Btk 2l e
R ZERUUF T : G3>G2>G1 ; PC1 A2 3451 ]
AR BT i s TR 100 PR 25 A a3
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vy 6.0F
g
S & 5.5t
C &
=]
g g x40 4.00
E=]
=2 s
g2
s -5 1.0 )
o4 0.701
= ‘q‘é 05 0.457
0.072 0.153 0078
0.0 Cd Cr Cu Ni Pb /n

AN EEBNEYRRE (a) FEWEEFRE(BCF) (b)

il (a)H Cd . Cr.Cu Ni fl Pb R A BYNAL R, Zn SR FH A 1 AN AR B

o = J® B 1400
o T esh ‘ . ]
2o 3 : i
0 % 5 50[ s : 1350
EfE 4 | : 1300
i Sz 40 | i -
E&tg £ 35 | ] ‘ ‘ 1250
@ £ 30 % % E i % 4200
"1 1= . . . . . B
235 ) | | s | T Hiso
£o2 i i i : : 4100
Z=E £ 101 3 3 5 3 3 1
B E | | = | 50
— : 5 = ]
Cd <« N P 7Zn 0
B 1
Fig. 1

The concentrations (a) and the bioconcentration factors (BCF) (b) of heavy metals in earthworms

Note: In Fig.(a), Cd, Cr, Cu, Ni and Pb correspond to the ordinate on the left, and Zn corresponds to the ordinate on the right.

ik BVSTEP b 474 80Uk Wibs s W i 1k | 45
0], GSH MDA Fl CAT W4 &5 HABFT A =)
FREWIR A B I, BTG T LI A

A A bR e 1 e /NS 4 T 3 A RK
A YbREYI N5 3RS 1(PCL) Y [1 I 43 B 45
(I 2(b) ~ (d)) &P, GSH 1 MDA & &t [ 25 i ] i
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PRI B9 388 ot 7 3 BRAIR (P<0.01) , Tfii CAT 335 4 bifi
A (g RRR L A 18 fin i {8 3 58 N (P<0.01).,
2.4 HEEFIHEYIUN

iE—2 R H CCA 3 AT A= W b i gy i 17 5 - 43¢
4 B DTPA $HUE & i ik 15| 5 4 )& A=
SRR ZIPA M, R VIF 3% CCA i
TR IREE P FiE AT 8%, 45 5 % W A5 DTPA-Cu
F1 DTPA-Pb (1) VIF {H>10(5% 3), UtHA M 2 IR 77 7E
B AR P<0.01), 1 3T 4R B A 5
A=) BB 6 PR 48 2 AT AE 2 R L2t
A + 38 4 )8 DTPA #28UGS & i 54 Whn ik
Yyma 1 1) CCA 43HrHh R T DTPA-Cu, CCA 43#r
SRR B, IR A R B A bR AR e 1
AR AR EPE 83509 Cu .Cd . Zn Hl Pb JTZ , TRk
FAYRIH 3.90% 54.0% 17.3% F111.8% ; 1 4
J& DTPA $2 PGS M B E B ITE N Cr .Cd 1 Zn
JCE, TTHRR 2 9K 5.40% .53.8% Fl 22.7% ; il 1]
A BAE 4 B AH G B E T E N Cd ., Cu Al Zn
TCE, TR WK 41.1% 14.6% F1282% (Kl 4),

L (a) Gl

G2

PC2(23.56%)

2+

PC1(30.13%)

2.8
26 y=-0.194x+1.81

24 [ R2:0450
P<0.01

N
[\
T
»
2]
=

20L AS10

1.8F
1.6}

MDA/(nmol-g™)

1.4+ ASI AS5

PC1 of biomarkers

xR2 AREEEFTLEENE ST ERIEE
MR E N B2 B 77 2= 5
Table 2 ANOVA of biomarker responses in
earthworms treated with different

levels of heavy metal contaminated site soil

A ih BE(df)

AWtnEY Fi BEVEP)
. Degree of o
Biomarkers F value Significance(P)
freedom (df)
RMEA
12 5.18 <0.01
Total protein
SOD 12 4.67 <0.01
GSH 12 5.05 <0.01
MDA 12 5.70 <0.01
MT 12 732 <0.01
CAT 12 981 <0.01

T : SOD F/i i A ALY AL ; GSH /R 18 JF B 23 ik H ik ; MDA 3%
AR MT rm & R BRI 1 ; CAT Form i b i,

Note: SOD represents superoxide dismutase; GSH represents reduced
glutathione; MDA represents malondialdehyde; MT represents metallo-

thionein; CAT represents catalase.

L (b
357 (hkss y=—475x+163
30+ R*=0.673
~ P<0.01
b 25}
g 20
E
= 151
W
© 10
5_
0 1 ] 1 1 1
-2 -1 0 1 2
PC1 of biomarkers
15
()] ASI2
S10
~ 10r A S5
o0 S6 AS4
S1
< S2
= 5r
<
o y=—1.15x+7.66
2—|
ol ASO R*=0.272
P<0.01
-2 -1 0 1 2

PC1 of biomarkers

B2 et a0 e BB % T AT
11 (a) PCA 454 BT 5 (b ~ d) ARUEYHTREY GSH MDA | CAT 555 — 3 840 22 6] 59 [0 17 40 Hr &% 58

Fig. 2 Multivariate analysis of biomarkers responses of earthworms

Note: (a) Principal component analysis (PCA) superimposed with cluster analysis; (b) ~ (d) Regression analysis between each

effective biomarkers GSH, MDA and CAT and the first principle factor.
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At AT W, FE 4 Cd Fl Zn NF AR Wb R B i v AR Ak

96000 @ IG1 EEG2 MEG3

:‘\g 28F a
22 _ 6800r
) z
Esh 14|
< 23
T2 Erowpsf ab
£3 .
EEF sop .
4 = = B
225 oo Labb )
A3 *TCd
2 400f .
a a @
200f / . a
a
olab b B B .
Cd Cr Cu Ni Pb 7n
340
330L ® CJGI EEG2 EEG3
a
45 ’J_‘

W T
~ -
50“5—%2 260150
E52 100t ‘b
HES 1.0
252 oo :
2 5% 4 DIPA-Cd DTPA-Cr DTPA-Ni
éﬁ & a a
= E 30
= 20

101 4 aa aa

—ab b a aa a da

(=]

DTPA-Cd DTPA-Cr DTPA-Cu DTPA-Ni

DTPA-Pb  DTPA-Zn

800 (¢) [JG1 MEG2 EEG3

Tissue-Cd Tissue-Cr Tissue-Cu Tissue-Ni

o = se0FST 1
2.5 Lwf .
e as L
E 2 g Taol a ab
S5 Mp 2 2 T
&5 E =T a b
B e g 200 20 a T
£ 15 ‘
ﬁ 5§ l60f 7a . A, ad g
Z 5= nop [ R ] 3
g g £
§ 2z = Tissue-Cd Tissue-Cr Tissue-Cu Tissue-Ni Tissue-Pb
g v / a \
= a —a 4
40 a a '
aabb |2 igpad 24a

Tissue-Pb  Tissue-Zn

B3 ARESSE(GI.G2.GI)ZEHEEESENILLR
1 (a) THEE G ;(b) DTPA REUS & 15 (o) MBI A9 REURAY LA,

Fig. 3 Comparison in heavy metal concentrations among the three divided groups (G1, G2, G3)

Note: (a) Soil total heavy metal concentrations; (b) DTPA-extracted heavy metal concentrations;

(c) Earthworm bioaccumulation of heavy metal concentrations.
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Table 3  Variance inflation factor (VIF) analysis

B

Cd Cr Cu Ni Pb Zn
Environmental factors
435 48 7 it Total heavy metals in soil 324 726 4.15 397 150 3.53
DTPA #2755 4 J5 % & DTPA-extracted heavy metals 403 1.77 508 127 497 523
e 5] T 4 A A SRR i
226 456 1.61 495 552 397
Bioaccumulated heavy metals in earthworms
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Fig. 4 CCA analysis of biomarkers responses of earthworms and the concentration of heavy metals (a),

the concentration of DTPA-extracted in soils (b), and the concentration of heavy metals in earthworms (c)
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Table 4 Regression equations between the responses of effective biomarkers and heavy metal exposures

AR S [l 77 PE REUR) p
Biomarker Regression equation Coefficient of determination (R?)
GSH GSH=7.58log(Cd)-2.89log(DTPA-Zn)+19.3 0.305 <001
MDA MDA =0.245log(DTPA-Cd)+2 .07 0251 <001
CAT CAT=-1.13log(Zn)-2 98log(Tissue-Zn)+17.2 0359 <001
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