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ABSTRACT

In this study, four different assessment methaadec TUnit (TU), Additive Index (Al), Mixture Toxigilndex (MTI)
and Similarity Parameteri}, were used to evaluate the joint toxic effedtedvy metal hybrid systems fGuCd”,
zZr?t, PE*, CP*, C&*, Ni** and Sf*) on photobacterium phosphoreum in three groups—E@kture (Mix-R1),
EC50 mixture (Mix-R2) and the equimolar ratio mietuMix-R3)—planned by the fixed ratio method. An
orthogonal experiment was designed to evaluatesanelen out the heavy metals that have signifiaafiuénce on
joint toxicity of the hybrid system. The resuldidated that joint toxicities of the EC30 mixedteys (Mix-R1) and
the EC50 mixed-system (Mix-R2) were analogous #fetetl from the equimolar-mixed system (Mix-R8) @int
toxic effects were not consistent in the same neystém by the four evaluation methods. The joiitity of both
the EC30 mixed system and the EC50 mixed systelomatd by the four evaluation methods (TU, Al, MAd
Similarity Parametert) exhibited partly additive effect and antagonisffe@ and partly additive effect and
antagonism effect separately. In the equimolar thegstem, only the antagonism effect was shownoithegonal
experiment demonstrated that the joint toxic efédahe hybrid system was not dependent on a smeklal. This
study confirmed that varying the ratios of the mnigthas an impact on the results of the evaluation.

Keywords: heavy metals, joint toxicity evaluation, photobaicten phosphoreum, mixed-system, orthogonal
experiment

INTRODUCTION

Heavy metals pollution, being widely distributedygonmentally persistent and conducive to bioacgiation, has
become increasingly serious in recent years [TRi{is, study of the toxicity of heavy metals isicét in ecological
environmental protection. However, heavy metalgh@ environment do not exist singly, but usuallypesr as
mixtures [3]. Therefore, joint toxicity, which claaterizes the hazards associated with heavy nmatais succinctly,
is of increasing significance in the study of heawstals toxicity assessment. There are many eftectiethods for
evaluating joint toxicity of combined heavy metatspecially the following four methods: Toxic UritU),
Additive Index (Al), Mixture Toxicity Index (MTI) ad Similarity Parametef,J. These methods were often used,
and have produced significant achievements in ptsviuse and show much potential for further stughy][
However, there are few examples available to gfesirtow whether one method could produce differestilts than
another in the same assessment, and the toxicityixtfires of 4 or more heavy metal components atewell
documented at present.

Luminescent bacteria are used in heavy metal tiyxiests as a biological indicator. The rate ofng®in luminous
intensity and the toxicant concentration have admdependence. Additionally, this method is vedifas being
rapid, sensitive, convenient and low cost [8].

The aim of this study is to study the joint toxiteet of component systems with more heavy metasdifferent
evaluation methods. In this paper, 8 heavy metalsiged as the research object, photobacteriunppbosum (T3)
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is used as the biological indicator, and the naalirleast squares fitting technique is used tolsimthe dose effect
relationship and observe the toxicity of heavy metature changes. The toxic unit (TU), additivedax (Al),
mixture toxicity index (MTI) and Similarity ParanggtmethodsX) are applied to provide a qualitative analysis of
joint toxic effect of the heavy metal hybrid systerfurthermore, an orthogonal experiment is desigoesvaluate
and screen out the heavy metals that have signifinluence on the joint toxicity of the hybridstgm.

EXPERIMENTAL SECTION

Apparatus and Chemicals

A biological toxicity test instrument (DXY-2, Nang Soil Research Institute of the Chinese Acadefrfyceences)
and a cyclotron oscillator (HY-5, Jintan Provinéangisu Ronghua Instrument Manufacturing Co Ltd)engsed for
toxicity testing in this study. Photobacterium phlesreum lyophilized powder (Nanjing Soil Reseanastitute of
the Chinese Academy of Sciences) was used as @glual indicator. We choose 8 heavy metals as Hyfystem
components, including Cu(N®-3H0, Cd(NQ),-4H0, Zn(NG),-6H,0, Pb(NQ), Cr(NGs)s 9H0,

Ni(NO3),- 6H,0, Co(NQ),-6H,0, and Sr(N@).,, all of which were obtained as analytically pueagents.

Photobacterium Toxicity Test

The acute toxicity of tested compounds on luminesbacteria was determined using methods in acoosdaith
published sources [9]. The photobacterium phospimré/ophilized powder must be revived first, addedthe
reviving solution of 2%NacCl, and then oscillatead fomin on the cyclotron oscillator (HY-5). Befottee toxicity
test, the light unit of photobacterium phosphoreexposed to controls should be determined betwe@®-1800)
mV by power shifting, and new lyophilized powdershbe revived again.

First, eight heavy metal nitrates were preparedtetst stock solutions as water extracts of sedimente

concentration gradients of three hybrid systemseveeparately prepared according to concentrationise table,
with a background liquid of sediment water extractd a blank sediment water extract as controlakiquot of 2

ml of 3% NacCl solution was added to each test smiutThere were two parallels of each concentragjradient,

and each parallel contained 3 parallel samples3andntrol samples. Upon instillation of 1@ bacteria liquid,

relative light intensity was determined by the biital toxicity test instrument after 15 min [9]CEO and the 95%
confidence interval of three groups of single heaetal ions in the mixed system were calculated.

Mixture Experimental Design

The fixed ratio experimental method [10] was usedjdint toxicity evaluation in this study, witheheight heavy
metals. The basic principle of this method is thattotal concentration of a mixture is constastignging, and the
ratio of each pair of substances is fixed. Thregenhisystems of this experiment were designed basethe
responses of the concentrations of single compoimgeevious studies [11] (Table 1). The first asatond mixed
systems were designed according to the concemiradittos of 30% and 50%, respectively, and thedthiybrid
system is based on the single mixture componerggutmolar concentration ratios (the experimentalcentration
gradient is shown in Tables 2, 3, and 4). In thég/vthe three hybrid systems are defined as: EGROR1), EC50
(Mix-R2), and the equimolar mixture (Mix-R3). Acaling to the experimental results, to select a comaton
gradient suitable for luminescent bacteria, theeeination of the joint toxicity of the hybrid sgsh was made
according to acute toxicity tests.

Table 1 Single toxicities of 8 heavy metals on Phaitacterium Phosphoreum (x16 pmol/L)

Heavy metals| EC20 EC30 EC40 EC50 EC60 EC70 EC90
cu* [0.0026] | [0.0061] [0.0118] [0.0208]| [0.0348]| [0.06] | [0.1903]
cd* [0.0006] | [0.0017] [0.0038] [0.0074]| [0.0135]| [0.08] | [0.1003]
zZn?* [0.0032] | [0.0043] [0.0055] [0.0067]| [0.0081]| [0.97] | [0.0150]
P2 [0.0004] | [0.0012] [0.0026] [0.0049]| [0.0089]| [0.6a] | [0.0638]
cré [0.0757] | [0.1075] [0.1405] [0.1765]| [0.2174]| [0.86] | [0.4327]
co?* [0.0017] | [0.0095] [0.0347] [0.1044] | [0.2859]| [0.686] | [7.9528]
Ni2* [0.1094] | [0.3552] [0.8752] [1.8828]| [3.7937]| [7.82] | [38.3350]
sP* [31.9920] | [61.7460]| [127.5800] [166.7000] [212.880| [270.4200] | [477.3018]

Table 2 Concentration ratios of 8 heavy metals intte mixed system EC30 (Mix-R1) (x1Dpmol/L)

Heavy metal 1 2 3 4 5 6 7 8 9 10 11
cu* [0.0305] | [0.0610]| [0.3050] [0.9150] [1.8300 [259] [3.6600] [4.5750] [5.4900] [6.1000] [8.5400]
Cd** [0.0085] | [0.0170]| [0.0850] [0.2550] [0.5100 [05® [1.0200] [1.2750] [1.5300] [1.7000] [2.3800]
zn?* [0.0215] | [0.0430]| [0.2150] [0.6450] [1.2900 [153 [2.5800] [3.2250] [3.8700] [4.3000] [6.0200]
PR?* [0.0060] | [0.0120]| [0.0600] [0.1800] [0.3600 [OGa [0 7200] [0.9000] [1.0800] [1.2000] [1.6800]
cr* [0.0005] | [0.0011]| [0.0054] [0.0161] [0.0323 [o®4 [0.0645] [0.0806] [0.0968] [0.1070] [0.1500]
(ol [0.0475] | [0.0950]| [0.4750] [1.4250] [2.8500 [420] [5.7000] [7.1250] [8.5500] [9.5000]| [13.3000]
Ni# [0.0018] | [0.0036]| [0.0178 [0.0533] [0.1066 [0.19 | [0.2130] [0.2664] [0.3200] [0.3550] [0.4970]
st [0.4656] | [0.9313]| [4.6565]] [13.9795 [27.9389] [9084] | [55.9000]| [69.8473] [83.8167| [93.1297]  [1800]
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Table 3 Concentration ratios of 8 heavy metals intte mixed system EC50 (Mix-R2) (x1Dumol/L)

Heavy metal 1 2 3 4 5 6 7 8 9 10 11
cu** 0.0210] | [0.1040]| [0.2080] [1.0400 [3.1200 [6.2] [8.3200] [10.4000] [12.5000] [14.5600 [18.7200
Cd** 0.0070] | [0.0370]| [0.0740] [0.3700 [1.1100 [2a2 [2.9600] [3.7000] [4.4400] [5.1800] [6.6600]

]

[ [ ]

[ [ ]

[ 0. .0670]| [0.3350] [1.0050]  [200] | [2.6800] | [3.3500] |  [4.0200] [4.6900] [6.0300]
PI2* [0.0050] | [0.0240]| [0.0490] [0.2450] [0.7350]  [1@0] | [1.9600] | [2.4500] | [2.9400] [3.4300] [4.4100]

[ [ | [0.0088 [0.0265] [0.0§3 | [0.0706] | [0.0883] | [0.1060] [0.1235] [0.1589]

[ [ 1| [5.2200] [15.660G] [3200] | [41.8000]| [52.2000] [62.6000]  [73.0800]  [980]

[ [ | [0.0941] [0.2824]  [04® | [0.7530] | [0.9410] |  [1.1290] [1.3180] [1.6950]

[ [ 1| [8.3340] [25.0000] [8a00] | [66.7000] [83.4000] [100.0000] [116.700

¢16000]

Table 4 Concentrations of 8 heavy metals mixed irhe same molar ratio (Mix-R3) (x16 pmol/L)

Heavy metal 1 2 3 4 5 6 7 8 9 10
M [0.1000] [0.5000] [1.0000] [3.0000] [6.0000] [9@® [12.0000] [15.0000] [18.0000] [20.0000]

Orthogonal Experimental Design

The orthogonal experiment was designed in termth@®quivalent-toxicity concentration ratio methasi L, (3°).
The effective concentrations of EC10, EC20 and E@38 concentrations that produce the effects 86,120% and
30%, respectively) were selected as three levetsgift heavy metals. Detailed design formulae isted in Table
5.

Table 5 Orthogonal experimental design formulae ofixtures of heavy metals in terms of the equivalentoxicity concentration ratio method

Groups| Cd&" [ cd | zn* | PP" | CFf* | Co [ Ni¥ SP*

1 EC10 EC10 EC10 EC1 EC1D EC10 ECL0 EC10

EC10| EC10| EC10 EC1 EC20 EC20 ECR0 EC20
3 EC10 EC10 EC10 EC1 EC3D EC30 ECBO0 EC30
4 EC10| EC20| EC20 EC2 EC10 EC10 ECL10 EC20
5 EC10 EC20 EC20 EC2 EC2D EC20 EC20 EC30
6 EC10| EC20| EC20 EC2 EC30 EC30 ECB0 EC10
7 EC10 EC30 EC30 EC3 EC1D EC10 ECL0 EC30
8 EC10| EC30| EC30 EC3 EC20 EC20 ECR0 EC10
9 EC10 EC30 EC30 EC3 EC3D EC30 ECBO0 EC20
10 EC20| EC10| EC20 EC3 EC10 EC20 ECBO EC10
11 EC20| EC10] EC20 EC3 EC20 EC30 ECLO EC20
12 EC20 EC10 EC2Q EC3 EC30 EC10 ECRO EC30
13 EC20| EC20| EC30 EC1 EC10 EC20 ECBO EC20
14 EC20 EC20 EC30 EC1 EC20 EC30 ECL0 EC30
15 EC20| EC20| EC30 EC1 EC30 EC10 ECRO EC10
16 EC20 EC30 EC1Q EC2 EC10 EC20 ECBO0 EC30
17 EC20| EC30] EC10 EC2 EC20 EC30 ECLO EC10
18 EC20 EC30 EC1Q EC2 EC30 EC10 ECRO EC20
19 EC30| EC10| EC30 EC2 EC10 EC30 ECRO EC10
20 EC30 EC10 EC30Q EC2 EC20 EC10 ECBO0 EC20
21 EC30| EC10] EC30 EC2 EC30 EC20 ECLO EC30
22 EC30 EC20 EC1Q EC3 EC10 EC30 ECRO EC20
23 EC30| EC20| EC10 EC3 EC20 EC10 ECBO EC30
24 EC30| EC20| EC10 EC3 EC30 EC20 ECLO0O EC10
25 EC30 EC30 EC30 EC2 EC10 EC30 ECRO EC30
26 EC30| EC30] EC30 EC2 EC20 EC10 ECBO EC10
27 EC30 EC30 EC30Q EC2 EC30 EC20 ECL0 EC20

Joint Toxicity Evaluation

In this study, we used toxic unit (TU), additivelax method (Al), mixture toxicity index (MTI) antig similarity
parameter method\) (Table 6) to evaluate the combined toxic effeatsthe three different groups of hybrid
systems and to discriminate combined effects otuns.

Table 6 Type of joint toxicity action and evaluatia index

Evaluation methodology formula scope Type of action
M=STU=2C/IC M=1 Additive effect
= i~ i 50,1 B
Toxic Unit [12] Mo=M/TUimax ’\f\ll><M10 ﬁ;;z?’ggtsl? effect
(TU) Ci is the concentration of component | in a mixedesys

h . o M=M,q Independent effect
ICs, is the EGopvalue of component | for a single action Me>M>1 | Partial additive effect

L M=1, Al=M-1; M<1, Al=1/M-1 Al=0 Additive effect
adlgiltlve index [13] M>1, Al=1-M Al<0 Antagonism
The meaning of M is as above Al>0 Aynergistic effect
Miso | Additive effect
Mixture toxicity index [14] | MTI=(logM-logM)/logMg MTI=0 Antagonism
(MTI) The meaning of M and pare as above Independent effect
O<MTI<1 Partial additive effect Aynergistic effect
MTI>1
r=0 Independent effect
Similarity parameter [15] | £(TU)¥=1 0<<1 Antagonism
) The TU is as above =1 Additive effect

1 Aynergistic effect
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RESULTS AND DISCUSSION

Dose Effect Curve of a Mixed System

According to the test results of the toxic effemtsluminous bacteria in the three hybrid systenghteheavy metal
mixture experimental dose-effect curves were pibttsing Origin 8.0. The principle of the optimatifig selection
model was used to fit the experimental data, tfinigining the optimal dose-effect curve (DRC) [18-The results
show that the DoseResp function, the BiDoseResgtifum and the Hill function are good descriptions o
dose-effect of the three groups of the mixed sysiEme dose-effect diagram of the poison was wouketdduring
the process.

DoseResp
. y=A+(A- A)/(1r10) "
BiDoseResp
y=A+(A- Al)[ 9/(1+1d'°gx°1'x)“)+(1— @/( 1+ 1@"9’02‘*“)} 6
Hill
Y=V, x X/( K+ X) 3)

Where A2 and Al denote the upper and lower dosetedurves, respectively; P is the slope of theesuxO is the
point of tangency abscissa value; and H1 and H2hareut-off point heights.

Three hybrid system dose effect parameters, theeletion coefficient R as reported in Table 7, ahd EC50
values with 95% confidence intervals of all singlemponents in the mixed system were shown in T&blEhe
results show that the correlation coefficient valoke the dose effect fitting with the experimentedtal is
approximately 0.99; thus, the quality of the fitésnarkable.

Table 7 Fitted model and correlation coefficient (R for the dose-response function of the three mixegystems to Photobacterium Phosphoreum

Mixture Model A As Vima k R
Mix-R1 DoseResp 6.7429 97.874 - 0.997
Mix-R2 | BiDoseResp| 28009, 100.58 - - 0.994
Mix-R3 Hill - - 91.487 | 9.93x10 | 0.980

Table 8 Effect concentrations and the 95% confidereintervals of the three mixed systems

Mixed Components Mix-R1 [ Mix-R2 \ Mix-R3
EC50 and the 95% confidence intervaimpl/L]

[ 2.96(2.89, 3.03) 4.81(2.26, 7.35) 1.15(0.93, 1.44)
Ccd* 0.83(0.80, 0.85) 1.71(0.81, 2.62) 1.15(0.93, 1.44)
zn?t 2.08(2.03, 2.13) 1.55(0.73, 2.37) 1.15(0.93, 1.44)
PR 0. 58(0.56, 0.60) 1.13(0.53, 1.73) 1.15(0.93,1.44
crt 52.17(50.89, 53.44) 40.85(19.22, 62.38 1.15(019%4)
co* 4.61(4.50, 4.73) 24.16(11.37, 36.90) 1.15(0.984)1.
Ni%* 172.38(168.15, 176.59)  435.75(205.02, 665.46) (0.23, 1.44)
St 45.196(44.089, 46.303)  38.581(18.152, 58.918)  (0.93, 1.44)

Joint Toxicity of Mixed Systems
The toxic unit, additive index method, mixture ik index and similarity parameter method were li@gpto
evaluate the combined toxicity of three groupsydfrid systems, and the results are listed in Table

Table 9 Assessment of joint toxicity to mixed heavynetal systems

Hybrid system Toxic unit method Additive index methog Mixture foity index Similarity parameter method
M Mo Type of action Al Type of action  MTI  Type of aatio A Type of action
Mix-R1 1.38 | 4.46| Partial additive -0.39  Antagonism| 0.78 | Partial additive 0.83 Antagonism
Mix-R2 1.93 | 7.99| Partial additive -0.98 Antagonism| 0.68 | Partial additive 0.68 Antagonism
Mix-R3 0.64 | 2.71| Synergy 0.58 Synergy 1.46  Synergy 1.31 Synergy

From Table 9, we can find that, in each group dirltysystems, the evaluation results by four typiesvaluation
methods were not exactly the same. Three groupgtofd systems were evaluated. The result showettwo sets
of hybrid systems (Mix-R1, Mix-R2) of equal toxigitatio had the same combined effects, and thdgrdi from
the equal mole ratio mixed system (Mix-R3).

Equal toxicity ratio mixed systems (Mix-R1, Mix-R2)etermined by the toxic unit and mixture toxicitydex
methods were found to have a partial additive &fteat the mixed system determined by the additidex method
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and the Similarity parameter method (Mix-R1, MixJR&sulted in antagonism. The equal mole ratio igybystem
(Mix-R3) was different from the previous two, anghiited synergy in three toxicity evaluation pate This
phenomenon may be due to the substantial toxidfferdnce among the toxicants (shown in Table 1fte’A
equimolar ratio mixing, Cd, Zr**, P and Cd" play the main part in the toxic effect, wherea$'ldnd St* hardly
exerted toxic effects or have an enhanced effethenoxicity of other ions because of their smséks. Morley [18]
found that an equal concentrations mixture of Za @d showed a synergistic effect with low conceidre and an
antagonistic effect with high concentrations; Wathizeng [19] found that high toxicity intensities@r** and zi3*
have an additive effect; Wu Shuhang [20] found B&f and Cd" exerted an additive effect; eight metals in an
equimolar mixture had a more complex mode of activch that the mixture toxicity demonstrated enkarent.
Heavy metals of different toxicities would exhilidrious mechanisms of toxicity within a mixture,iethwill cause
the poison to inhibit or enhance the toxicity, amétal concentrations and organisms will affect theicity
performance.

Significance of Analysis of Heavy Metals to Joint dxicity

From Table 10, the results of the orthogonal expenit show that Ni, C&®* and CF* are highly significant to joint
toxic effects of heavy metal mixtures. Plhas a relatively significant influence comparedhvihe other 4 heavy
metals. In the single toxicity experiments of 8\nemetals, PB and C3" exhibit higher toxic effects than Niand
Cr**, revealing that the joint toxic effect of mixturdees not depend only on a single factor. Additigaly toxic
substance into certain mixtures may have littleagoin joint toxicity of a hybrid system, and vigersa.

Table 10 Variance analysis of orthogonal experimerfor joint toxic effects of 8 heavy metals

Heavy metal| sum of squares mean square F value ifisignce
cuw 0.0137 0.0068 3.18
Cd** 0.0064 0.0032 1.50
zn?* 0.0012 0.0006 0.27
PE?* 0.0005 0.0106 4.91 *
cr* 0.0211 0.0389 18.08 *x
co* 0.1388 0.0694 32.24 *x
Ni%* 0.0417 0.0208 9.68 **
st 0.0042 0.0021 0.92
CONCLUSION

Joint toxicities of 8 heavy metal ions were detewi, and the effects of hybrid systems were asgédgstoxic unit,
additive index method, and mixture toxicity indexdasimilarity parameters. The results show thatabebined
effects of judging a mixture by four different ewation methods are sometimes inconsistent. Congpahie four
toxicity evaluations, results of toxic unit (TU) aamixture toxicity index (MTI) showed uniformity,nd additive
index (Al) and the similarity parameter meth@jl §howed consistent evaluation results.

The experiments show that the joint toxicity effeof the eight heavy metal ions with equal toxigiéyios were
consistent. The joint toxic effects of equimolatioanixtures were synergistic and different frone #iqual toxicity
ratio mixtures, demonstrating that the heavy metabposition has a certain influence on the joitioac

Orthogonal experiments showed that the joint tefiect of heavy metals in a hybrid system was methded on a
certain element. Rather, it was highly influencgdte interactions of the components of the system.
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