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Abstract

Typical contaminants heavy metals are threatening the survival and health of organisms in the
aquatic ecosystem. Therefore, toxic effects and possible mechanisms of five heavy metals, copper (Cu),
manganese (Mn), cadmium (Cd), zinc (Zn), lead (Pb), and their mixtures towards Chlorella pyrenoidosa
(C. pyrenoidosa) were investigated by the time-dependent microplate toxicity analysis (t-MTA) method.
Here, direct equilibration ray method (EquRay) and uniform design ray method (UD-Ray) were used
to design ten binary and one quinary mixture systems, respectively. Then, a return-to-zero fitting
(RTZF) method was used to analyze toxicity interaction within mixture systems. According to RTZF,
one binary and quinary heavy metal mixture systems exhibit time-dependent and component-dependent
antagonism. Antagonism in Zn-Cd mixture system increases gradually from 24 to 48 h then decreases
gradually from 48 to 96 h. Toxicity interaction within quinary mixture changes from additive action to
antagonism and to additive action again over time. The change of chlorophyll-a reduction rate under
the action of different heavy metal is slightly different. The toxicity mechanism of copper on algal cells

include destruction of cell membrane and chloroplast structure.
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Introduction

Heavy metals are typical contaminants in the
aquatic ecosystem [1-2]. According to published
reports, aquatic environment of some coastal cities
in China such as Songhua River and Jiaozhou Bay
has been polluted by heavy metals, and the heavy-
metal contents of urban sludge generally exceed the

*e-mail: ginnzy@163.com

standard concentration [3-4]. Heavy-metal pollution
is irreversible, complex, long-term, and even poses a
direct threat to human health through food chains and
food webs [5-7]. Heavy metals enter the human’s body
by eating agricultural products or aquatic products and
cause obvious potential accumulation toxicity [8]. The
damages resulted from heavy-metal pollution such as
world-shocking incidents Minamata and Itai-itai disease
in Japan are hard to estimate [9-10]. Therefore, it is of
vital importance to precisely assess the environmental
risks of heavy metals in the aquatic system.
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As we all know, the heavy metals entering the
environment will not exist in a single form but various
forms and concentrations, thus more harmful mixed
pollutants come into being [11]. Mixtures with multiple
components at the no observed effect concentration
(NOEC) or lower concentrations are also likely to cause
significant toxicity even toxicity interaction such as
synergism and antagonism to aquatic organisms [12].
Furthermore, higher toxicity towards the organisms can
be observed by extending the exposure time of pollutants
[13-14]. Therefore, study on the combined toxicity and
dynamic characterization of toxicity interaction within
mixtures is important for environmental risk assessment
of heavy metal pollutions.

In addition, choosing an appropriate evaluation
method is the key to accurately evaluate combined
toxicity. Concentration addition (CA) and independent
action (IA) are two common models to qualitatively
evaluate the toxicity interaction within mixtures
by comparing the observed concentration-response
curves (CRCs) to those predicted curves by CA or IA.
However, CA or IA cannot quantitatively assess the
toxicity interaction intensity, and will have relatively
larger prediction errors for the effects of the low
concentration levels due to the larger uncertainty [15].
Therefore, a return-to-zero fitting method is introduced
here to characterize toxicity interaction intuitively and
quantitatively.

As stated above, this study aims to assess the
potential risks of heavy metal pollution objectively and
accurately, to quantitatively characterize the combined
toxicity of heavy metals in different exposure time.
Five heavy metals commonly found in the environment
were selected as the mixture components, and
Chlorella pyrenoidosa (C. pyrenoidosa) was used as
the test organism. The direct equilibration ray method
(EquRay) and uniform design ray method (UD-
Ray) were used to design binary and quinary heavy
metal mixtures, respectively. Toxicity data of heavy
metals and their mixtures towards C. pyrenoidosa
was determined using the time-dependent microplate
toxicity analysis (t-MTA) method. Toxicity interactions
in different exposure time were analyzed by the
return-to-zero fitting (RTZF) method. The contents
of chlorophyll-a in C. pyrenoidosa were determined,
and the morphology of algal cells was observed by
an electron microscope to preliminarily investigate
the mechanism of heavy metals on C. pyrenoidosa.
The obtained results will provide a data reference for
scientific evaluation of environmental risk of heavy
metal pollutants.

Materials and Methods
Chemicals

Five heavy metals, copper sulfate pentahydrate
(CuSO,5H,0, Cu), manganese chloride tetrahedron

Table 1. Basic physical properties of five heavy metals.
Purity(%)
7758-99-8 | 249.69 >99.0

Component | Abbr.| CASRN MW @

CuSO,5H,0 | Cu

MnCL-4H,0 | Mn | 13446-34-9 | 197.90 | >99.0
ZnSO,7TH,0 | Zn
CdCL,2.5H,0 | Cd

PbCl, Pb

7446-20-0 | 287.56 >99.0

7790-78-5 228.35 >99.0

7758-95-4 | 278.11 >99.0

*MW: molecular weight.

(MnCl,-4H,0, MnCl)), zinc sulfate heptahydrate
(ZnSO,-7H,0, Zn), cadmium chloride (CdCl,2.5H,0,
Cd), and lead chloride (PbCl,, Pb) were purchased from
Shanghai Yuanye Bio-technology Co., Ltd. (Shanghai,
China). Their physi-chemical properties are given in
Table 1. The stock solutions were prepared with Milli-Q
water and stored in the dark at 4°C.

Experimental Organism and Toxicity Test

C. pyrenoidosa was purchased from Freshwater
Algal Culture Collection at the Institute of Hydrobiology
(FACHB). The manufacture of culture medium and
cultivation of C. pyrenoidosa was the same as those
reported in the literatures [16].

The growth of algae at different exposure time was
determined by t-MTA. The inhibition / was used as
the toxicity index to calculate the toxicity of five heavy
metals and their mixtures on C. pyrenoidosa.

The formula for calculating the inhibition of C.
pyrenoidosa is as follows:

Iz[l— oD JXIOO%
@)

0

M

..where OD, is the average of optical density of
C. pyrenoidosa exposed to the controls and OD is
the average of optical density exposed to the tested
chemicals.

Concentration-Response Curve Fitting

The experimental concentration-inhibition data
in different exposure times were fitted nonlinearly
by using APTox (Assessment and Prediction for the
Toxicity of chemical mixtures) software procedure.
The data was fitted to non-linear functions, namely,
Logit. The goodness of fitting was characterized by
the correlation coefficient (R’) and root mean square
error (RMSE). Considering the errors in toxicity
experiment may reduce the accuracy of experimental
data, the observed confidence interval (OCI)
was applied to characterize the accuracy of toxicity
data.
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The Logit function can be written as follows:

E=1/[1+exp(—a—ﬁxlgc)] o

..where « and f are the parameters of position and slope
of Logit, E is the effect that refers to the inhibition of
chemicals on C. pyrenoidosa and c is the concentration
of chemicals.

Mixture Design

In order to study the combined toxicity of simple
mixtures, ten groups of binary mixture systems were
designed by the EquRay method [17]. In order to
simulate the actual environment as much as possible,
a quinary mixture system was designed by the UD-
Ray method to initially study the combined toxicity
of complex mixtures [18]. The compositions and
concentration ratio p;s of each mixture ray were listed
in Table 2.

Characterization of Toxicity Interaction
Traditional CRC Comparison

Additive reference model can be used to analyze
toxicity interaction within mixtures. Considering heavy

metals with similar toxicity mechanism, CA model was
chosen as the additive reference model to analyze the
toxicity interaction within mixture rays [19-20].

CA model is as follows:

G
;Ecl,i_l

©)

..where c, is the concentration of component (i) in the
mixture whose effect is x% and EC_, is the concentration
of the ith component at the combined effect of x%. If
the observed toxicity of a mixture is consistent with the
predicted toxicity of the model, greater or less than the
predicted toxicity, the toxicity interactions are additive,
synergism or antagonism, respectively [21].

Return-to-Zero Fitting Method

In order to reduce discriminant error, toxicity
effects can be zeroed based on CRCs, so that the
effects of each concentration level are normalized to the
same scale. The method can also quantitatively assess
the intensity of toxicity interaction, and the greater
the distance from confidence intervals, the stronger
the toxicity interaction intensity. The return-to-zero
fitting (RTZF) method shows the changes of the effect
differences at different concentrations of mixtures, and

Table 2. Composition and concentration ratio (pi) of heavy metal mixture systems.

Ray P, P, Ray P, P, Ray pP, P, Ray P, P,
R1 | 8.14E-01 | 1.86E-01 | R1 | 1.28E-01 | 8.72E-01 R1 | 8.14E-01 | 1.86E-01 R1 9.09E-01 | 9.13E-02
R2 | 6.36E-01 | 3.64E-01 | R2 | 5.54E-02 | 9.45E-01 R2 | 6.36E-01 | 3.64E-01 R2 7.99E-01 | 2.01E-01
R3 | 4.67E-01 | 533E-01 | R3 | 2.85E-02 | 9.72E-01 R3 | 4.67E-01 | 5.33E-01 R3 6.66E-01 | 3.34E-01
R4 | 3.04E-01 | 6.96E-01 | R4 | 1.44E-02 | 9.86E-01 R4 | 3.04E-01 | 6.96E-01 R4 4.99E-01 | 5.01E-01
R5 | 1.49E-01 | 8.51E-01 | RS | 5.83E-03 | 9.94E-01 R5 | 1.49E-01 | 8.51E-01 RS 2.85E-01 | 7.15E-01

Ray " P, Ray P, P, Ray P, P, Ray P, P,
R1 | 9.97E-01 | 2.86E-03 | R1 | 9.97E-01 | 2.94E-03 | R1 | 9.19E-01 | 8.08E-02 R1 9.97E-01 | 2.86E-03
R2 | 9.93E-01 | 7.13E-03 | R2 | 9.93E-01 | 7.31E-03 | R2 | 8.20E-01 | 1.80E-01 R2 9.93E-01 | 7.13E-03
R3 | 9.86E-01 | 1.42E-02 | R3 | 9.86E-01 | 1.45E-02 | R3 | 6.95E-01 | 3.05E-01 R3 9.86E-01 | 1.42E-02
R4 | 9.72E-01 | 2.79E-02 | R4 | 9.71E-01 | 2.86E-02 | R4 | 5.32E-01 | 4.68E-01 R4 9.72E-01 | 2.79E-02
R5 | 9.33E-01 | 6.70E-02 | RS | 9.31E-01 | 6.86E-02 | R5 | 3.13E-01 | 6.87E-01 RS 9.33E-01 | 6.70E-02

Ray P, P, Ray P, P, Ray P, P, P, P, P,
R1 | 9.93E-01 | 6.66E-03 | R1 | 8.30E-01 | 1.70E-01 R1 1.90E-01 | 8.19E-04 | 4.30E-03 | 6.03E-03 | 7.99E-01
R2 | 9.84E-01 | 1.65E-02 | R2 | 6.61E-01 | 3.39E-01 R2 | 3.91E-01 | 9.09E-03 | 3.75E-02 | 1.77E-03 | 5.60E-01
R3 | 9.68E-01 | 3.24E-02 | R3 | 4.94E-01 | 5.06E-01 R3 | 6.56E-01 | 3.73E-02 | 2.44E-03 | 1.38E-02 | 2.91E-01
R4 | 9.37E-01 | 6.28E-02 | R4 | 3.28E-01 | 6.72E-01 R4 | 8.57E-01 | 4.36E-04 | 2.55E-02 | 3.57E-03 | 1.13E-01
R5 | 8.56E-01 | 1.44E-01 | RS | 1.63E-01 | 8.37E-01 R5 | 9.54E-01 | 4.15E-03 | 8.43E-04 | 1.70E-02 | 2.42E-02
R6 | 9.64E-01 | 1.53E-02 | 1.07E-02 | 4.95E-03 | 5.37E-03
R7 | 3.52E-01 | 1.57E-02 | 1.65E-02 | 5.83E-03 | 6.10E-01
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the effect values of horizontal line is zero. The additive
area exists between the upper and lower limits of the
confidence interval, the antagonism area is above the
upper limits of confidence interval, and the synergism
area is below the lower limits [15].

Determination of Chlorophyll-a Content
in C. pyrenoidosa

The toxic effects of heavy metals on algae are
mainly manifested in the inhibition of cell division,
growth rate, enzyme activity and photosynthesis
efficiency [22]. Chloroplast is an important organelle in
algal cells, which plays a key role in the light absorption
of photosynthesis. C. pyrenoidosa, as an efficient
photosynthetic autotroph, its chlorophyll content can be
used not only to judge the photosynthetic physiological
ability and growth of algae, but also as an important
indicator to reflect the state of algae under environmental
stress [23-24]. Chlorophyll-a is an important part of the
complex weight of light harvesting pigment, which is
more sensitive to pollutants than other photosynthetic
pigments [25]. In this study, chlorophyll-a content
was selected as the index to investigate the toxicity
effect at different exposure time and concentrations to
preliminarily explore the toxicity mechanism of heavy
metal contaminants to C pyrenoidosa. Chlorophyll-a
contents of C. pyrenoidosa at our effect concentrations
(EC,,, EC,,, EC,, and EC. ) were determined in 48 and
96 h. Analysis method of chlorophyll-a is detailed in the
references [26-28].

Scanning of Cell Morphology of C. pyrenoidosa

The morphology of algal cells was observed by
SEM, to determine the damage degree of heavy
metal pollutants more intuitively to C. pyrenoidosa
membrane. The morphological effects of heavy metal
Cu were determined in cells exposed to EC,, and EC_
and compared to the control cells in the exposure time
of 24, 48 and 96 h. The pretreatment methods of algal
cells were described in the listed references [29-30].
SEM observations were made using a JEOL JSM-7500F
scanning electron microscope, with an acceleration
voltage of 5 kV.

Results and Discussion
Toxicity Interaction within Binary Mixture

The concentration-effect data of five heavy metals
and their binary mixtures in different exposure time to
C. pyrenoidosa can be well fitted by Logit function. The
fitted location parameter (@) and shape parameter (f),
statistical parameters (correlation coefficient (R) and
root mean square error (RMSE) and negative logarithm
of median effective concentration (pEC, ) are listed in
Tables S1-11.

The EquRay method was used to design 10 binary
mixture systems of five heavy metals, the combined
toxicity in different exposure time was predicted by CA
model, and the RTZF method was used to quantitatively
characterize the toxicity interaction. By comparing
the fitted CRCs and CA curves of 10 binary mixture
systems, it was found that the toxicity interaction of Zn-
Cd mixture system exposed for more than 24 h showed
antagonism, and other mixture systems showed additive
action. The RTZF curves of representative rays in Zn-
Cd binary mixture system were shown in Fig. 1, the
remaining rays’ RTZF curves can be seen in Figs S1-10.

As shown in Fig. 1, RTZF curves locate in the
95% OCI in 12 h. These curves are partly within 95%
OCI and the rest of curves are above 95% OCI in
24 h. The toxicity interaction from 12 to 24 h changes
from additive action to partial antagonism. After
48 h, the RTZF curve is basically above the 95% OCI,
showing clear antagonism. The antagonism within the
Zn-Cd mixture system increases gradually from 24 to
48 h with RTZF value even approaches 0.4, and then
decreases gradually from 48 h to 96 h.

It is generally believed that the antagonism of heavy
metal mixtures in aquatic organisms is the result of
competitive binding mechanism of biological ligands
[31-32]. Heavy metal Cd and Zn have similar chemical
properties and have been shown to compete for
absorption in various tissues [33-35], which is consistent
with our results. Meanwhile, Liu et al [19] noted that the
mode of action of chemicals changes with concentration
and time, ie. the same mixture exhibits different
types of combined toxicity in different concentration
regions and exposure times. In this study, Zn-Cd binary
mixture had the strongest antagonism in 48 h exposure
in the medium concentration area. The reason why the
antagonism only occurred in the binary mixture of
Zn-Cd, and did not occur in other binary mixture
systems, is a question in need of further research to
clearly explain.

Toxicity Interaction within Quinary Mixture

The concentration-effect data of quinary mixture in
different exposure time to C. pyrenoidosa can be well
fitted by Logit function. The fitting results are shown in
Table S12. Since the similar change regular of combined
toxicity of seven rays in the quinary mixture system,
the RTZF curves of three representative rays in quinary
mixture system were shown in Fig. 2, other ones of the
remaining rays can be seen in Fig S11.

Fig. 2 shows that RTZF curves in the whole
concentration region are within the 95% OCI in 12 h,
and the combined toxicity appears additive action. The
RTZF curves are generally above the upper confidence
limits when exposed in 24~48 h, indicating that the
quinary mixture appears as an additive action in the
low concentration region and a strong antagonism in the
remaining region with RTZF value even approaching
0.4. Interestingly, the RTZF curves locate within
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the confidence interval in 72~96 h, and the combined
toxicity appears additive action again. Overall, toxicity
interaction within quinary heavy metal mixtures
changes from additive action to antagonism and to

The above results indicate that the type of toxicity
interaction may vary with the concentration and
exposure time of the quinary mixture system, even if
the components are the same, which further confirmed

additive action again over time.

the time-dependent
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characteristics of the combined toxicity of heavy metal
mixtures [36-37]. Yet, further studies on molecular level
are needed to thoroughly understand the underlying
mechanism of toxicity interaction, which will facilitate
further investigations on the combined toxicity of
multiple heavy metals.

Preliminary Study on the Toxicity Mechanism
of Heavy Metals and Their Mixtures

Changes of Content of Chlorophyll-a
in C. pyrenoidosa

Copper is an important component of electron
transport associated with photosynthesis and respiration
in phytoplankton [22]. Moreover, as the only binary
mixture system with antagonism, it is necessary to
preliminarily explore the mechanism of combined
toxicity of Zn and Cd through more toxicity indicators.
Therefore, heavy metals Cu, Zn, Cd and Zn-Cd
binary mixture were selected for determination of
chlorophyll-a content in this study. According to CRCs
fitting parameters, the concentrations of the chemicals
in each group were calculated when the inhibition
effects on C. pyrenoidosa were 10%, 30%, 50% and
70%, respectively. The contents of chlorophyll-a in C.
pyrenoidosa were determined in 48~96 h. Then, the
chlorophyll-a reduction rate under different exposure
time and inhibition effect was calculated. The results
were presented in Fig. 3.
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As illustrated in Fig. 3, the change of chlorophyll-a
reduction rates is slightly different under the action
of different contaminants. For the concentration with
the growth inhibition of C. pyrenoidosa 10% exposed
to Cu, the reduction rate of chlorophyll-a is close
to 10%, while the reduction rate of chlorophyll-a is
much higher than 10% when exposed to Zn and
Cd. However, C. pyrenoidosa growth inhibition and
chlorophyll-a reduction tend to be consistent when
exposed to higher concentrations of heavy metals.
Furthermore, the decrease rate of chlorophyll-a in Zn-
Cd binary mixture is lower under different exposure
concentrations. Taking 96 h exposure to Zn-Cd binary
mixture as an example, when the inhibition effects
are 10%, 30%, 50% and 70%, the reduction rates of
chlorophyll-a are 7.75%, 24.88%, 41.30% and 57.69%,
respectively.

At the lower exposure concentrations, the reduction
rate of chlorophyll-a was significantly lower than that of
Zn and Cd when exposed to Cu, which may be due to the
fact that Cu is a trace element required by chloroplasts,
and only exhibits obvious toxic effects at the higher
concentrations [23, 26]. Interestingly, the reduction rate
of chlorophyll-a in binary mixture was significantly
lower than that of growth inhibition, and the reduction
rate of chlorophyll-a was lower than that of single heavy
metal exposure, thus it can be speculated that there are
competition sites for toxic effects of heavy metals on
the chloroplast.
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Fig. 3 Changes of chlorophyll-a content in C pyrenoidosa under different inhibition effect and exposure time.
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Fig. 4 Morphology of algal cells treated with copper at different effect concentration and exposure time.

SEM Images of Algal Cells

The same type of chemicals may have similar
toxicity mechanisms to the test organisms. In addition,
copper has the strongest toxic effect on C. pyrenoidosa
among the five heavy metals, which makes it easier to
observe obvious toxicity effect (Table S1).

The morphology of algal cells for different effect
concentrations of copper in exposure time was observed
by SEM (Fig. 4). As shown in Fig. 4, the algal cells in
the blank group have complete structure and uniform
folds on the surface, but the morphology of the
algal cells changes significantly after copper sulfate
treatment. With a growth inhibition effect of 30%, a
small amount of content oozes out of the algal cells
exposed for 24 h, the algal cells adhere to each other
after 48 h, and the algal cells are seriously deformed
after 96 h, with most of the cells even lyse. Under the
concentration of 70% growth inhibition effect, the algal
cells show irregular shapes and surface folds decrease
exposed for 24 h, the algal cells ruptured and the
contents of the cells flow out after 48 h, and the algal
cells completely disintegrated after 96 h.

It is generally recognized that the toxicity
mechanism of heavy metals to algae is that the activity
of antioxidant enzymes in algal cells is reduced under
the stress of heavy metals, and the active oxygen free

genes produced in the body cannot be removed in
time, which leads to membrane lipid peroxidation, thus
destroying the membrane structure of algal cells [38].
However, some algal cell membranes were relatively
intact exposed for 96 h under 30% inhibition effect,
and almost all algal cell membranes were intact after
24 h under 70% inhibition effect. Therefore, it can be
inferred that the toxicity mechanism of copper on algal
cells not only destroys cell membrane structure, but also
destroys chloroplast structure through cell membrane.
In addition, some studies have found that copper
can directly interact with the thylakoid membrane
in the chloroplast, thereby adversely affecting the
photosynthesis of algal cells [39-40], which is consistent
with our hypothesis. Since the submicroscopic structure
of algal cells has not been observed in this paper,
the toxicity mechanism of heavy metal Cu on C.
pyrenoidosa cannot be explored through changes in the
internal structure of cells, which needs further study.

Conclusions

Concentration-effect data of 10 binary mixture
systems and one quinary mixture on C. pyrenoidosa
could be well fitted by Logit function. According
to the RTZF method, nine binary mixture systems
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exhibited additive action and one mixture system
(Zn-Cd) exhibited antagonism when the exposure time
is longer than 24 h. Toxicity interaction of quinary heavy
metal mixtures had obvious characteristics of time-
and concentration-dependence. The growth inhibition
of algal cells was not consistent with chlorophyll-a
reduction rate under different heavy metals. The
toxicity mechanism of copper on algal cells included
destruction of cell membrane structure, and destruction
of chloroplast structure through cell membrane.
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Supplementary Materials

Table S1. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the five heavy

metals.

} Parameters EC
Name Time/h 0 pEC
a B RMSE R (mol/L) ¥

12 10.81 3.23 0.057 0.8240 0 0

24 10.69 2.84 0.0745 0.9442 0 0
Cu 48 15.00 3.54 0.076 0.9790 5.79E-05 4.24
72 15.00 3.53 0.085 0.9860 5.63E-05 425
96 15.00 3.52 0.090 0.9800 5.48E-05 4.26

12 0.01 6.00 0.162 -0.121 0 0

24 1.45 1.00 0.045 0.9130 0 0
Mn 48 3.09 1.12 0.036 0.9800 1.74E-03 2.76
72 3.96 1.34 0.070 0.9490 1.11E-03 2.96
96 4.04 1.3 0.124 0.8900 7.80E-04 3.11

12 8.82 3.62 0.063 0.9640 0 0
24 3.51 1.17 0.078 0.9200 1.00E-03 3.00
Cd 48 5.20 1.44 0.083 0.9480 2.45E-04 3.61
72 5.56 1.46 0.073 0.9600 1.56E-04 3.81
96 6.89 1.77 0.055 0.9810 1.28E-04 3.89

12 5.93 247 0.049 0.9170 0 0
24 5.03 1.75 0.035 0.9810 1.34E-03 2.87
Zn 48 5.22 1.56 0.031 0.9900 4.51E-04 3.35
72 5.46 1.50 0.041 0.9860 2.29E-04 3.64
96 6.00 1.52 0.054 0.9780 1.13E-04 3.95

12 3.33 2.52 0.025 0.6140 0 0
24 4.8 1.61 0.028 0.9900 1.04E-03 2.98
Pb 48 11.22 3.47 0.064 0.9860 5.84E-04 3.23
72 15.00 4.74 0.096 0.9810 6.85E-04 3.16
96 15.00 4.81 0.106 0.9770 7.61E-04 3.12

Table S2. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Zn-Mn binary

mixture.
) Parameters EC
Ray Time/h p 5 RMSE 2 (molji) pEC,,
12 3.18 1.24 0.097 0.8553 2.73E-03 2.56
24 433 1.4 0.066 0.9538 8.08E-04 3.09
R1 48 5.43 1.52 0.041 0.9851 2.68E-04 3.57
72 5.42 1.42 0.057 0.9726 1.52E-04 3.82
96 6.08 1.56 0.062 0.9727 1.27E-04 3.90
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Table S2. Continued.

12 0.58 0.47 0.073 0.6716 5.83E-02 1.23
24 2.45 0.87 0.049 0.9464 1.53E-03 2.82
R2 48 4.21 1.21 0.042 0.9792 3.32E-04 3.48
72 4.17 1.09 0.055 0.9615 1.49E-04 3.83
96 4.49 1.14 0.063 0.9531 1.15E-04 3.94
12 1.86 1.04 0.063 0.8532 1.63E-02 1.79
24 1.73 0.79 0.064 0.8781 6.46E-03 2.19
R3 48 3.7 1.15 0.035 0.9845 6.06E-04 3.22
72 4.27 1.24 0.074 0.9441 3.60E-04 3.44
96 4.7 1.37 0.102 0.9139 3.71E-04 3.43
12 0.01 0.65 0.087 0.0880 9.65E-01 0.02
24 1.09 0.66 0.057 0.8611 2.23E-02 1.65
R4 48 3.99 1.3 0.043 0.9800 8.53E-04 3.07
72 4.68 1.41 0.085 0.9366 4.80E-04 332
96 5.29 1.6 0.114 0.9096 4.94E-04 3.31
12 0.16 0.73 0.078 0.5593 6.04E-01 0.22
24 1.54 0.81 0.062 0.8802 1.26E-02 1.90
RS 48 3.64 1.19 0.043 0.9771 8.73E-04 3.06
72 4.92 1.49 0.073 0.9553 4.99E-04 3.30
96 6.37 1.98 0.090 0.9538 6.06E-04 3.22

Table S3. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Zn-Pb binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
o s RMSE R

12 0.28 0.47 0.043 0.7510 2.54E-01 0.60
24 232 0.87 0.039 0.9470 2.15E-03 2.67

R1 48 4.30 1.32 0.094 0.8810 5.53E-04 3.26
72 14.71 4.48 0.124 0.9270 5.21E-04 3.28
96 15.00 4.60 0.092 0.9600 5.48E-04 3.26
12 1.70 0.90 0.060 0.8090 1.29E-02 1.89
24 3.81 1.32 0.044 0.9660 1.30E-03 2.89

R2 48 8.25 2.46 0.057 0.9790 4.43E-04 3.35
72 15.00 4.48 0.082 0.9810 4.49E-04 3.35
96 15.00 4.56 0.064 0.9840 5.13E-04 3.29
12 1.73 0.92 0.041 0.9050 1.32E-02 1.88
24 3.57 1.23 0.038 0.9750 1.25E-03 2.90

R3 48 7.53 2.26 0.060 0.9750 4.66E-04 333
72 15.00 4.56 0.095 0.9650 5.13E-04 3.29
96 15.00 4.62 0.072 0.9770 5.67E-04 3.25
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Table S3. Continued.
12 1.62 0.87 0.037 0.9210 1.37E-02 1.86
24 3.39 1.13 0.045 0.9660 1.00E-03 3.00
R4 48 8.84 2.60 0.083 0.9620 3.98E-04 3.40
72 15.00 4.45 0.122 0.9610 4.26E-04 3.37
96 15.00 4.49 0.112 0.9610 4.56E-04 3.34
12 2.01 0.92 0.055 0.8880 6.53E-03 2.19
24 3.95 1.29 0.052 0.9630 8.67E-04 3.06
RS 48 9.06 2.66 0.079 0.9670 3.93E-04 3.41
72 15.00 4.49 0.130 0.9550 4.56E-04 3.34
96 15.00 4.51 0.117 0.9560 4.72E-04 3.33

Table S4. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Zn-Cd binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
o p RMSE R

12 11.28 3.44 0.050 0.9150 5.26E-04 3.28
24 9.78 29 0.060 0.9183 4.24E-04 3.37

R1 48 10.23 2.95 0.028 0.9860 3.41E-04 3.47
72 8.93 2.48 0.053 0.9643 2.51E-04 3.60
96 6.37 1.70 0.072 0.9378 1.79E-04 3.75
12 14.99 4.61 0.076 09118 5.60E-04 3.25
24 12.22 3.63 0.070 0.9107 4.30E-04 3.37

R2 48 9.32 2.68 0.034 0.9875 3.33E-04 3.48
72 8.28 2.26 0.046 0.9803 2.17E-04 3.66
96 7.94 2.05 0.050 0.9794 1.34E-04 3.87
12 9.28 2.88 0.034 0.9718 5.99E-04 3.22
24 9.64 2.86 0.058 0.9450 4.26E-04 3.37

R3 48 10.66 3.02 0.042 0.9809 2.95E-04 3.53
72 9.25 2.52 0.059 0.9676 2.13E-04 3.67
96 7.15 1.85 0.071 0.9555 1.37E-04 3.86
12 15 4.60 0.041 0.9473 5.48E-04 3.26
24 10.95 3.26 0.043 0.9653 4.38E-04 3.36

R4 48 9.79 2.76 0.040 0.9894 2.84E-04 3.55
72 9.91 2.64 0.063 0.9844 1.76E-04 3.75
96 9.69 2.43 0.052 0.9893 1.03E-04 3.99
12 2.18 0.85 0.069 0.7790 2.72E-03 2.56
24 4.27 1.33 0.042 0.9554 6.16E-04 3.21

R5 48 5.63 1.58 0.043 0.9749 2.73E-04 3.56
72 6.58 1.68 0.045 0.9841 1.21E-04 3.92
96 6.9 1.63 0.030 0.9934 5.85E-05 4.23
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Table S5. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Zn-Cu binary
mixture.

Parameters
Ray Time/h EC,, pEC,,
a p RMSE R
12 6.98 2.02 0.061 0.8924 3.50E-04 3.46
24 7.49 2.02 0.065 0.9393 1.96E-04 3.71
R1 48 11.07 2.79 0.028 0.9909 1.08E-04 3.97
72 15 3.71 0.059 0.9705 9.05E-05 4.04
96 10.84 2.58 0.073 0.9609 6.29E-05 4.20
12 0.01 0.31 0.083 0.2862 9.28E-01 0.03
24 3.12 0.93 0.071 0.7855 4.42E-04 3.35
R2 48 9.6 2.34 0.044 0.9725 7.90E-05 4.10
72 14.05 3.27 0.073 0.9640 5.05E-05 4.30
96 13.95 3.15 0.064 0.9755 3.73E-05 4.43
12 8.22 2.15 0.063 0.8400 1.50E-04 3.82
24 5.41 1.53 0.044 0.8796 2.91E-04 3.54
R3 48 11.86 2.89 0.056 0.9416 7.87E-05 4.10
72 14.98 3.45 0.093 0.9342 4.55E-05 4.34
96 15 3.32 0.068 0.9703 3.03E-05 452
12 0.01 0.51 0.054 0.2733 9.56E-01 0.02
24 3.02 0.99 0.039 0.8513 8.90E-04 3.05
R4 48 10.22 242 0.042 0.9692 5.98E-05 422
72 14.74 3.24 0.123 0.9559 2.82E-05 4.55
96 14.99 3.16 0.124 0.9756 1.80E-05 4.74
12 15 3.71 0.129 0.6755 9.05E-05 4.04
24 15 3.54 0.078 0.9036 5.79E-05 4.24
RS 48 15 332 0.074 0.9916 3.03E-05 4.52
72 15 3.18 0.092 0.9683 1.92E-05 4.72
96 15 3.10 0.089 0.9684 1.45E-05 4.84

Table S6. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Mn-Cu binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
o s RMSE R
12 1.55 1.08 0.033 0.9406 3.67E-02 1.44
24 1.67 1.07 0.050 0.9128 2.75E-02 1.56
R1 48 3.24 1.31 0.068 0.9458 3.36E-03 2.47
72 39 1.10 0.057 0.9595 2.85E-04 3.55
96 4.97 1.40 0.082 0.9435 2.82E-04 3.55
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Table S6. Continued.
12 0.01 0.39 0.078 0.2782 9.43E-01 0.03
24 0.66 0.69 0.037 0.8929 1.11E-01 0.96
R2 48 3.5 1.43 0.087 0.9223 3.57E-03 2.45
72 6.25 1.89 0.086 0.9639 4.93E-04 3.31
96 7.16 2.16 0.058 0.9850 4.84E-04 3.31
12 0.01 0.87 0.084 -0.3657 9.74E-01 0.01
24 0.01 0.62 0.048 0.5419 9.64E-01 0.02
R3 48 1.56 0.83 0.042 0.9314 1.32E-02 1.88
72 3.51 1.00 0.052 0.9603 3.09E-04 3.51
96 4.67 1.35 0.047 0.9794 3.47E-04 3.46
12 0.01 0.69 0.093 -0.1068 9.67E-01 0.01
24 0.08 0.65 0.049 0.6874 7.53E-01 0.12
R4 48 2.05 0.99 0.075 0.8572 8.50E-03 2.07
72 4.12 1.17 0.060 0.9602 3.01E-04 3.52
96 53 1.50 0.051 0.9800 2.93E-04 3.53
12 0.8 0.98 0.080 0.4591 1.53E-01 0.82
24 0.86 0.89 0.073 0.5544 1.08E-01 0.97
R5 48 2.07 0.91 0.049 0.9176 5.31E-03 2.27
72 3.64 0.91 0.086 0.8830 1.00E-04 4.00
96 4.45 1.15 0.051 0.9696 1.35E-04 3.87

Table S7. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Pb-Cu binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
o s RMSE R

12 0.01 1.12 0.090 0.2759 9.80E-01 0.01
24 4.1 1.76 0.069 0.8659 4.68E-03 2.33

R1 48 3.64 1.29 0.086 0.8915 1.51E-03 2.82
72 433 1.30 0.102 0.8978 4.67E-04 3.33
96 5.38 1.45 0.108 0.9128 1.95E-04 3.71
12 0.79 0.93 0.075 0.5214 1.41E-01 0.85
24 3.57 1.43 0.045 0.9394 3.19E-03 2.

R2 48 5.04 1.64 0.100 0.9183 8.45E-04 3.07
72 6.54 1.85 0.124 0.9253 2.92E-04 3.54
96 7.8 2.02 0.101 0.9545 1.38E-04 3.86
12 0.08 0.77 0.048 0.5915 7.87E-01 0.10
24 2.46 1.04 0.056 0.8927 4.31E-03 2.37

R3 48 3.63 1.14 0.096 0.8788 6.54E-04 3.18
72 5.23 1.39 0.119 0.8919 1.73E-04 3.76
96 6.39 1.54 0.090 0.9419 7.09E-05 4.15
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Table S7. Continued.

12 0.03 0.61 0.048 0.6010 8.93E-01 0.05
24 3.16 1.14 0.066 0.8822 1.69E-03 2.77
R4 48 5.08 1.42 0.106 0.9047 2.65E-04 3.58
72 6.84 1.68 0.131 0.9071 8.48E-05 4.07
96 10.06 230 0.123 0.9446 4.23E-05 437
12 1.22 0.92 0.055 0.6111 4.72E-02 1.33
24 2.86 0.94 0.076 0.8360 9.07E-04 3.04
R5 48 4.98 1.23 0.103 0.8940 8.94E-05 4.05
72 7.2 1.55 0.122 0.9027 2.26E-05 4.65
96 10.06 2.04 0.123 0.9233 1.17E-05 4.93

Table S8. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Cd-Cu binary
mixture.

Parameters
Ray Time/h EC,, pEC,,
a p RMSE R
12 2.86 0.98 0.033 0.9446 1.21E-03 2.92
24 4.12 1.09 0.080 0.9000 1.66E-04 3.78
R1 48 5.25 1.27 0.127 0.8630 7.35E-05 4.13
72 6.86 1.55 0.129 0.8994 3.75E-05 4.43
96 8.83 1.92 0.107 0.9479 2.52E-05 4.60
12 0.98 0.70 0.052 0.5115 3.98E-02 1.40
24 291 0.85 0.054 0.9001 3.77E-04 3.42
R2 48 5.29 1.28 0.074 0.9344 7.37E-05 4.13
72 8.12 1.80 0.132 09161 3.08E-05 451
96 9.89 2.08 0.118 0.9462 1.76E-05 4.75
12 3.21 1.06 0.045 0.8363 9.37E-04 3.03
24 3.46 0.90 0.052 0.9218 1.43E-04 3.84
R3 48 5.21 1.21 0.032 0.9835 4.95E-05 431
72 6.63 1.38 0.052 0.9750 1.57E-05 4.80
96 8.18 1.67 0.045 0.9860 1.26E-05 4.90
12 0.01 0.47 0.058 0.2249 9.52E-01 0.02
24 2.76 0.75 0.064 0.8480 2.09E-04 3.68
R4 48 5.88 1.27 0.087 0.9157 2.34E-05 4.63
72 7.92 1.59 0.133 0.8995 1.04E-05 4.98
96 9.37 1.81 0.108 0.9432 6.66E-06 5.18
12 1.98 0.86 0.027 0.8236 4.99E-03 2.30
24 3.83 0.96 0.042 0.9422 1.02E-04 3.99
R5 48 5.6 1.21 0.043 0.9712 2.35E-05 4.63
72 7.48 1.45 0.089 0.9406 6.94E-06 5.16
96 9.03 1.69 0.088 0.9562 4.54E-06 5.34
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Table S9. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Mn-Cu binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
a p RMSE R

12 0.22 0.79 0.064 0.5455 5.27E-01 0.28
24 1.23 0.84 0.062 0.8217 3.43E-02 1.46

Rl 48 3.82 1.53 0.045 0.9743 3.19E-03 2.50
72 4.65 1.04 0.042 0.9833 1.46E-03 2.84
96 5.47 1.8 0.040 0.9880 9.14E-04 3.04
12 0.01 0.69 0.086 0.2640 9.67E-01 0.01
24 1.67 0.84 0.065 0.8443 1.03E-02 1.99

R2 48 4.02 1.43 0.048 0.9707 1.54E-03 2.81
72 5.75 1.79 0.070 0.9704 6.13E-04 3.21
96 7.36 2.12 0.059 0.9842 3.38E-04 3.47
12 2.06 1.04 0.051 0.8487 1.05E-02 1.98
24 2.98 1.10 0.044 0.9550 1.95E-03 271

R3 48 3.52 1.17 0.049 0.9618 9.81E-04 3.01
72 5.34 1.52 0.086 0.9483 3.07E-04 3.51
96 6.16 1.63 0.076 0.9640 1.66E-04 3.78
12 2.46 1.14 0.048 0.8327 6.95E-03 2.16
24 3.16 1.11 0.046 0.9449 1.42E-03 2.85

R4 48 3.94 1.23 0.051 0.9591 6.26E-04 3.20
72 6.24 1.66 0.094 0.9466 1.74E-04 3.76
96 6.96 1.73 0.090 0.9557 9.48E-05 4.02
12 2.9 1.25 0.041 0.8232 4.79E-03 232
24 3.42 1.06 0.054 0.9332 5.94E-04 3.23

R5 48 5.28 1.45 0.059 0.9593 2.28E-04 3.64
72 6.97 1.70 0.089 0.9519 7.94E-05 4.10
96 8.68 2.03 0.086 0.9680 5.30E-05 428

Table S10. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Pb-Cd binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
o B RMSE R

12 1.79 1.06 0.075 0.7647 2.05E-02 1.69
24 231 1.01 0.080 0.8353 5.16E-03 2.29

R1 48 3.66 1.23 0.101 0.8815 1.06E-03 2.98
72 5.13 1.52 0.141 0.8732 4.22E-04 3.38
96 5.23 1.46 0.116 0.9047 2.62E-04 3.58
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Table S10. Continued.

12 0.64 0.73 0.066 0.6594 1.33E-01 0.88
24 1.43 0.77 0.070 0.7880 1.39E-02 1.86
R2 48 3.72 1.27 0.092 0.8964 1.18E-03 2.93
72 5.04 1.51 0.111 0.9090 4.59E-04 3.34
96 5.93 1.69 0.104 0.9328 3.10E-04 3.51
12 1.06 0.79 0.087 0.6441 4.55E-02 1.34
24 1.97 0.89 0.092 0.7648 6.12E-03 221
R3 48 3.38 1.14 0.085 0.8947 1.08E-03 2.96
72 4.42 1.32 0.101 0.9049 4.48E-04 3.35
96 5.25 1.47 0.118 0.9016 2.68E-04 3.57
12 0.01 0.43 0.072 0.5022 9.48E-01 0.02
24 1.22 0.65 0.081 0.7022 1.33E-02 1.88
R4 48 3.64 1.21 0.072 0.9242 9.81E-04 3.01
72 4.86 1.43 0.100 0.9176 3.99E-04 3.40
96 7.27 2.06 0.095 0.9585 2.96E-04 3.53
12 1.46 0.86 0.055 0.8118 2.01E-02 1.70
24 2.52 0.99 0.050 0.9249 2.85E-03 2.55
RS 48 4.27 1.32 0.053 0.9674 5.82E-04 323
72 5.30 1.51 0.102 0.9201 3.09E-04 3.51
96 6.96 1.91 0.090 0.9570 2.27E-04 3.64

Table S11. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Pb-Mn binary

mixture.
Parameters
Ray Time/h EC,, pEC,,
a p RMSE R

12 1.01 0.79 0.077 0.6841 5.27E-02 1.28
24 2.74 1.16 0.076 0.8705 4.34E-03 2.36

R1 48 4.10 1.41 0.087 0.9180 1.24E-03 291
72 5.36 1.64 0.096 0.9357 5.39E-04 3.27
96 6.04 1.76 0.092 0.9489 3.70E-04 3.43
12 0.01 0.44 0.060 0.4049 9.49E-01 0.02
24 1.79 0.85 0.079 0.8138 7.84E-03 2.11

R2 48 3.75 1.31 0.100 0.8944 1.37E-03 2.86
72 5.54 1.70 0.119 0.9196 5.51E-04 3.26
96 6.70 1.96 0.118 0.9372 3.82E-04 3.42
12 0.50 0.70 0.059 0.7140 1.93E-01 0.71
24 2.13 1.05 0.060 0.8908 9.36E-03 2.03

R3 48 3.39 1.26 0.078 0.9206 2.04E-03 2.69
72 4.42 1.39 0.099 0.9199 6.61E-04 3.18
96 5.10 1.47 0.083 0.9493 3.39E-04 3.47
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Table S11. Continued.

12 0.01 0.58 0.063 0.3868 9.61E-01 0.02
24 1.31 0.86 0.070 0.8099 3.00E-02 1.52
R4 48 3.00 1.21 0.104 0.8675 3.32E-03 2.48
72 3.77 1.25 0.118 0.8777 9.64E-04 3.02
96 4.57 1.35 0.097 0.9231 4.12E-04 3.39
12 0.01 0.58 0.126 0.0907 9.61E-01 0.02
24 0.48 0.61 0.104 0.5534 1.63E-01 0.79
RS 48 2.39 1.04 0.104 0.8316 5.03E-03 2.30
72 3.49 1.18 0.093 0.9064 1.10E-03 2.96
96 4.15 1.22 0.072 0.9460 3.97E-04 3.40

Table S12. The Logit function fitting parameters and statistics, mean effect concentration and its negative logarithm for the Pb-Zn-Cd-
Cu-Mn quinary mixture.

} Parameters EC
Ray Time/h p P RMSE 2 (mol;i) pEC,,
12 1.43 1.27 0.038 0.7239 7.48E-02 1.13
24 3.49 1.69 0.024 0.9683 8.61E-03 2.07
R1 48 4.65 1.87 0.044 0.9578 3.26E-03 2.49
72 5.17 1.8 0.064 0.9498 1.34E-03 2.87
96 6.25 2.03 0.060 0.9666 8.34E-04 3.08
12 0.8 1.02 0.028 0.7696 1.64E-01 0.78
24 4.69 2.06 0.032 0.9575 5.29E-03 2.28
R2 48 6.13 2.28 0.053 0.9650 2.05E-03 2.69
72 6.65 222 0.073 0.9572 1.01E-03 3.00
96 7.74 2.43 0.061 0.9752 6.53E-04 3.19
12 1.74 1.16 0.028 0.8285 3.16E-02 1.50
24 4.62 1.91 0.024 0.9564 3.81E-03 2.42
R3 48 5.19 1.83 0.045 0.9473 1.46E-03 2.84
72 6.15 1.94 0.077 0.9219 6.76E-04 3.17
96 8.04 2.43 0.087 0.9312 4.91E-04 331
12 1.28 1.02 0.045 0.7132 5.56E-02 1.25
24 5.11 2.05 0.063 0.8931 3.22E-03 2.49
R4 48 5.99 2.05 0.069 0.9420 1.20E-03 2.92
72 7.68 2.4 0.093 0.9430 6.31E-04 3.20
96 9.31 2.82 0.085 0.9586 5.00E-04 3.30
12 8.49 3.16 0.029 0.9378 2.06E-03 2.69
24 13.63 4.67 0.035 0.9593 1.21E-03 2.92
R5 48 12.05 3.94 0.051 0.9581 8.74E-04 3.06
72 11.51 3.6 0.076 0.9413 6.35E-04 3.20
96 14.21 43 0.086 0.9478 4.96E-04 3.30
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Table S12. Continued.

12 4.07 2.00 0.057 0.6550 9.23E-03 2.04
24 7.10 2.70 0.063 0.8789 2.35E-03 2.63
R6 48 7.02 2.40 0.076 0.9304 1.19E-03 2.93
72 7.99 2.52 0.090 0.9408 6.75E-04 3.17
96 10.99 333 0.101 0.9511 5.01E-04 3.30
12 0.01 0.63 0.019 0.8373 9.64E-01 0.02
24 4.71 2.20 0.027 0.9521 7.23E-03 2.14
R7 48 5.50 2.05 0.051 0.9552 2.08E-03 2.68
72 5.73 1.89 0.073 0.9428 9.30E-04 3.03
96 7.02 2.19 0.059 0.9712 6.23E-04 3.21
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Fig. S3. Plot of RTZF curves of Zn-Cd binary mixture on C. pyrenoidosa.
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Fig. S6. Plot of RTZF curves of Pb-Cu binary mixture on C. pyrenoidosa.
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Fig. S7. Plot of RTZF curves of Cd-Cu binary mixture on C. pyrenoidosa.
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Fig. S9. Plot of RTZF curves of Pb-Cd binary mixture on C. pyrenoidosa.
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Fig. S10. Plot of RTZF curves of Pb-Mn binary mixture on C. pyrenoidosa.
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