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Abstract: This study conducted acute (48 hours) and chronic (21 days) toxicity
tests of nickel (Ni?*), copper (Cu?*) ions, and a mixture of the Ni?* - Cu?* ions on
Daphnia magna (D. magna) under M4 medium. The acute test results showed that
the toxicity of Cu? was about 15 times higher than Ni*, demonstrated by the
50% effect concentration (ECso) value of 185.2 ug.L' and 2706.97 pg.L1. In
addition, the results also illustrated that the mixture of the Cu?* — Ni?* ions was
more toxic to D. magna than a single metal with an ECso value of 175.22 ug.L-.
Acute toxicity tests showed that the metal affected the viability of D. Magna,
while the organism maturation and reproduction were affected under chronic
exposure. Chronic test results showed that the toxicity of Cu?* was higher than
that of Ni2* with ECso values of 9.06 ug.L-' and 162.12 pg.L'; noticeably, the
toxicity of the mixture of the two metals is higher than that of the single metal.
In particular, Ni** at a concentration of 100 pg.L! stimulated the maturation,
survival, and reproduction of D. magna. but at higher concentrations (> 100
rgNi.L1), Ni* would bind to Cu?* which exerted a more substantial effect on the
test organism. This study initially evaluated the toxicity of Cu? and Ni?* on
microcrustaceans D. magna, which is the premise for further studies on the
genotoxicity of heavy metals on microcrustaceans in general and D. magna in
particular to ensure the quality of the ecosystem.

Keywords: Daphnia magna, acute, chronic, mixed metal toxicity, 50% effect
concentration (ECso)

1. Introduction

Industrial, municipal, and municipal stormwater typically contains a
mixture of metals such as copper (Cu?"), nickel (Ni?*), lead (Pb?), and zinc (Zn?)
along with organic matters, all of which can be discharged directly or indirectly
into aquatic systems [1, 2]. Consequently, aquatic ecosystems are contaminated
by a mixture of chemicals, increasing worldwide concern [3]. Heavy metals such
as Cu? and Ni* are often present in low concentrations in aquatic ecosystems,
so they do not seriously affect human health. However, due to human impact,
high concentrations of heavy metals have been detected in surface waters (lakes,
lagoons, rivers and streams) [4-6] making artificial pathways the primart form
of intrusion. Despite the known effects of heavy metals on humans and mammals,
little is known regarding the modes of action of toxins in aquatic ecosystems.

In aquatic environments, metals rarely exist in isolation but rather as
mixtures. Therefore, a broader perspective on water quality regulations is needed
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better to understand the toxicity of metal mixtures to aquatic organisms. Numerous studies have demonstrated
the relationship between water quality and metal toxicity [7, 8]. Water chemical parameters generally help
organisms resist metal toxicity by forming complexes with metals or competing with metals for binding at
toxic action sites in organisms [9]. However, the interactions between metal mixtures, water physicochemical
parameters, and aquatic organisms are poorly understood. Previous reports have assessed the aquatic toxicity
of metals using a variety of aquatic organisms like fish, protozoa, nematodes, and crustaceans [10]. Due to its
sensitivity, water flea, Daphnia magna (D. magna), is a commonly used species for studying metal pollution and
metal mixtures [11]. Moreover, D. magna is more sensitive than fish and other plankton [12-14]. As a crucial
trophic level in the aquatic food chain, exposure of D. magna to heavy metals can result in harmful effects such
as impaired growth, reduced reproductive capacity, and mortality [15]. Interestingly, most studies have
concentrated on physiological characteristics such as death and reproduction, neglecting developmental
endpoints [16, 17]. Winner and Farrell [18] tested the acute and chronic toxicity of Cu on four species of
Daphnia, including D. magna, D. pulex, D. parvula, and D. ambigua. All four species had lower survival rates at
Cu concentrations > 40 pg.L-'. Additionally, Xiao and Peijnenburg [19] evaluated the toxicity risk of Cu metal
nanoparticles on D. magna, revealing that the concentration causing a 50% effect on test organisms increased
12-fold when DOC levels rose from 0 to 10 mg.L! in the exposure environment.

In parallel with acute exposure, there is a vital need for additional knowledge on the toxic effects of
metal mixtures on aquatic organisms under chronic exposure conditions. However, the toxicity of some metals
is known to be variable due to physicochemical factors in the environment, including pH, hardness, and DOC
[20]. Therefore, a metal toxicity assessment must consider pH, hardness, and DOC. Understanding the
mechanism of toxicity of metals in acute and chronic exposure, along with the effects on biological
populations, allows scientists to make a more accurate risk assessment of metals. At the same time, this
stimulates the development of more stringent water quality criteria for metal exposure. Therefore, this study
was conducted to characterize and differentiate acute and chronic effects of Cu?*, Ni?*, and bimetallic mixtures
on D. magna under laboratory conditions.

2. Materials and Methods

2.1 Test chemicals
The study used chemicals NiCl2 (Ni?*) va CuCl2.2H20 (Cu?) (Merck, Germany), stored at 5°C to
conduct the toxicity test of single metals and a mixture of Cu?* — Ni?.

2.2 Expermental organism

D. magna was isolated and cultured at the laboratory of the Institute of Environmental Science,
Engineering and Management - Industrial University of Ho Chi Minh City. Briefly, D. magna was grown in
M4 medium according to ISO 6341:2012 at about 21 + 1°C in a 16-8-hour light-dark cycle, light intensity 500 -
800 lux. Chlorella vulgaris was used as a food source, and 3 mL (concentration of 107 cells.mL') of Chlorella
vulgaris was added to each culture cup of adult D. magna three times a week. D. magna < 24 hours of birth were
separated from the adult ones daily using plastic pipettes for toxicity tests.

2.3 Acute toxicity test

Set up the test in an M4 environment according to ISO 6341:2012, including a control sample (without
chemicals added), the concentration range of Ni?* (300, 600, 1200, 2400, and 3600 ug.L') and Cu?* ( 50, 100, 150,
200, and 250 pg.L') were used to determine the 50% influence (ECso) test individual range of each metal.
Corresponding to each metal concentration, 9 D. magna were put into a beaker containing 40 mL of the medium
prepared above. Each concentration is repeated three times. The number of immobilized/dead individuals
after 48 hours of exposure was monitored and recorded.

The Ni?* concentration range that caused mortality below and above 50% of D. magna individuals was
2400 pg.L1 and 3600 ug.L, respectively. From the values just determined, the ECso interval was subdivided
into exposure concentrations of 1600, 1800, 2000, 2200, 2400, 2600, 2800, 3000, 3200, 3400, and 3600 ug.L-'. The
range of Cu?* concentrations causing mortality under and over 50% of D. magna was 150 pg.L'and 250 pg.L,
respectively. From the values just determined, the ECso interval was subdivided into an exposure
concentration range of 40, 90, 130, 180, 220, 270, 310, and 360 pg.L. The acute concentration mixture of Cu?-—
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Ni?* was determined by using the concentration range of Ni?* and choosing the ECso value of Cu?* as the fixed
concentration. The experiment temperature was maintained at 21+1 °C. The medium pH, DO, hardness, and
alkalinity were measured at the start and end of the test [21].

2.4 Chronic toxicity test

The experiment was set up and conducted similarly to that reported by Son, Chi [22], combined with
the acute toxicity results. The experiment was conducted at different concentrations of Cu?* (0, 2.5, 5, 7.5, 10,
12.5,15,17.5, and 20 pg.L"), Ni** (0, 10, 20, 40, 80, 100, 120, 160, and 200 ug.L); and the mixture of Cu?" — Ni*
were determined similarly to the acute toxicity test. Each trial batch was replicated with 9 D. magna three
times and fed with Chlorella vulgaris every day [22] for 21 days of testing [23]. The endpoint of the chronic
metal toxicity test for D. magna included survival (mortality rate), maturity (date of onset of egg-bearing), and
fertility (number of offspring produced). The experiment temperature was maintained at 21+1 °C.

2.5 Data analysis

Experimental results were presented as the mean + standard error. Sigma Plot 14.0 statistical software
(Systat Software Inc., CA, USA) was used to create graphs. ECso values were estimated through JMP Pro 16.0
software. At the same time, one-way ANOVA was used to evaluate the influence of Cu? and Ni* on the
maturation of D. magna compared with the control. All statistical analyses were based on a significance level
<0.0001.

3. Results and Discussion
3.1 Physicochemical properties of the test medium

The M4 medium quality parameters were agreed upon during acute and chronic testings: temperature
was 21 =1 °C; DO ranges from 7-8 mg.L1; pH was 8.2 + 0.2; alkalinity was 90 mgCaCOs.L'; hardness and DOC
was 240 mgCaCOs.L" and 8.9 mg.L, respectively. Similar to the present study, a pH range of 7.9 to 8.3 is
considered favorable for the growth of D. magna [14]. Rodriguez and Arbildua [24] and Renzi and Blaskovi¢
[25] also showed that high pH values, hardness, and dissolved substances can decrease the toxicity of metals
to D. magna. Therefore, water physicochemical parameters such as hardness, pH, salinity, alkalinity, and DOC
can modulate the toxicity of metals to aquatic organisms [26, 27].

3.2 Acute toxicity of metals to D. magna

The mortality rate in D. magna after 48 hours of exposure increased with the test metal concentration
(Figure 1).
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Figure 1. The mortality rate of D. magna upon exposure to a) Cu? and b) Ni? for 48 hours; n = 3, error bar: + SE.

The mortality rate of D. magna due to Cu? reached 50% (ECs0) when the Cu?* concentration increased
to 185.19 pg.L1 and peaked at the estimated concentration of 490.29 ug.L-! (100%), which demonstrated that
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the viability of the test organism was inversely proportional to the experiment with Cu? concentration (Figure 1a).
Similar to the toxicity of Cu?, the mortality rate of D. magna also increased gradually with the concentration
of Ni?* metal exposure. At the concentration of 2706.97 ugNi.L-, it reached 50% and the highest at 4627.95
pgNi.L1 (96%) after 48 hours (Figure 1b). The evaluation results showed that Cu? was more toxic to D. magna
than Ni?* (the lower the ECso, the higher the toxicity) (p < 0.0001) (Figure 1).

The ECso value of Cu? and Ni?* in this present study was 13 and 650 pg.L", respectively (hardness was
240 mgCaCOs.L') was higher (lower toxicity) reported by Meyer and Ranville [28] for Cu?* (103 pg.L)
(hardness < 100 mgCaCOs.L1), and for both Cu?* and Ni* metals of Negin and Pedram [29] were 0.667 and
50.06 pg.L! (hardness of 88 mgCaCOs.L1), Okamoto, Yamamuro [30] were 13 and 650 pg/L (hardness of 45 —
240 mgCaCOs.L1), Lari, Gauthier [31] were 34.5 and 1502.5 pg.L-, respectively (hardness < 100 mgCaCOs.L1).
This demonstrates that metal toxicity increases as water hardness decreases, leading to variations in ECso
results between studies [32]. At the same time, from the tests and acute toxicity studies of the two metals, the
toxicity of Cu? was higher than that of Ni** after 48 hours of exposure to D. magna. The results of the acute
toxicity test of the mixture of Cu?* — Ni?* with a fixed concentration of 185.19 ugCu.L-! are shown in Figure 2.
ECso of the mixture (175.22 ug.L') was about 15 times lower when compared with Ni? (2706.97 ug.L') and
about 1 pug.L! compared with Cu?*(185.19 ug.L), indicating that the toxicity of mixture of Cu? - Ni** mixture
(with 185.19 pgCu.L) was higher than single Ni?* and Cu?* (Figures 1, 2).
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Figure 2. The mortality rate of D. magna in 48 hours of exposure to mixtures of Cu?* — Ni?*; n =3, error bar: + SE.

3.3 Chronic toxicity of metals to D. magna
3.3.1 Effect on the survivability of D. magna

After chronic exposure (21 days) to Cu?, the ECso was 9.06 pg/L (Figure 3a). For Ni%, the ECso obtained
was 162.12 ug/L (Figure 3b). Evaluation results showed that the toxicity of D. magna with Cu?* was higher than
with Ni* under the same time and test conditions.
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Figure 3. The mortality rate of D. magna upon exposure to a) Cu? and b) Ni* for 21 days; n = 3, error bar: + SE.

In the chronic toxicity test of the mixture of Cu* — Ni%, the mortality rate of D. magna by metal
concentration was shown in Figure 4.
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Figure 4. The mortality rate of D. magna in 21 days when exposed to Ni?* and the mixture of Cu? — Ni*; n=3,
error bar: + SE.

The mortality rate of D. magna after 21 days of exposure to Cu? - Ni?* mixture increased high at
concentrations of 10 and 20 ugNi.L!, but when the concentration of Ni** in the mixture increased (80 - 120
pgNi.L1), the mortality rate of D. magna tended to decrease significantly and was comparable to the control
concentration (Figure 4). However, when the Ni?* concentration increased rapidly from 160-200 pugNi.L, D.
magna reacted strongly with the metal, causing higher mortality than the single Ni?* concentrations.

The results of the current study align with the observation that the chemical interactions of organisms
in water exposed to high levels of toxicants result in more significant toxicity in Cu?* - Ni?* mixtures [12].
However, once the protective concentration threshold for D. magna is exceeded, Ni?* combines with Cu?* to
produce a more pronounced toxic effect on the test organisms than individual metals. Deleebeeck and De
Schamphelaere [33] used D. magna to evaluate Ni?* toxicity and showed that the ECso value after 21 days of
exposure was 23 ug.L-' at low hardness and ECso from 59 — 365 pugNi.L-! at medium hardness from moderate
to high. This was consistent with the current research results with high hardness (240 mgCaCOs.L1), with ECso
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value reaching 162.1 pg.L-1. Nam and Son [34] evaluated the chronic toxicity of Ni?* at a concentration of 5, 65,
and 254 ug.L-'to D. lumholtzi had a mortality rate of 20, 0, and 27.3%, indicating that D. magna was more
sensitive than D. lumholtzi to exposure.

3.32 Effect on the maturation of D. magna

The chronic toxicity assessment of Cu?*, Ni*, and bimetallic mixtures on D. magna maturation was
shown in detail in Figure 5.
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Figure 5. Maturity age of D. magna after 21 days when exposed to Ni?** and the mixture of Cu? - Ni?*; n =3,
error bar: + SE.

The first D. magna matured on day 5 at control concentrations (0 pgCu.L") and concentrations of 10 —
40 pgNi.L1, with no difference in statistical significance (p < 0.05) (Figure 5). When the concentration of Ni?*
increased from 80-200 pugNi/L, the adult age of D. magna showed signs of increasing by 1 day. In particular, in
the Cu? — Ni** mixture (9.06 ugCu.L) at the first three concentrations, maturation occurred on day 7 (Figure
5). As the concentration in the mixture increased (80-100 ugNi.L), the maturation age of D. magna was on day
5. Nevertheless, at concentrations of 120, 160, and 200 pg.L, the maturity date of D. magna tended to last up
to 8 and 9 days (Figure 5). Up to this limit, the combination of Ni?* and Cu? strongly affected the maturation.

The results of the present study showed that the first individual D. magna matured at day 5 of age
(similar to the circadian cycle of Daphnia) in control and four concentrations: 10, 20, 40, and 80 ugNi.L-! (Figure
5); which was higher than that of Nam and Son [34], reporting a concentration of 0, 5, 65, and 254 pgNi.L of
mature D. lumholtzi on day 4.

3.3.3 Effect on the fertility of D. magna

In a single Ni?* chronic toxicity test (0 pgCu.L1), after 21 days of exposure, the number of D. magna
juveniles decreased with the increase in Ni** concentration (p <0.0001) (Figure 6). For the mixture of Cu?* - Ni**
(9.06 pugCu.L1 and 0 - 100 ugNi.L1), the amount of D. magna produced gradually increased but tended to
decrease sharply from the concentration of 120 - 200 pgNi.L! ( p < 0.0001) (Figure 6).
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Figure 6. The number of juveniles D. magna after 21 days of exposure to Ni* and the mixture of Cu? - Ni?; n=3,
error bar: + SE.

In the trial with single Ni** (0 pgCu.L), the number of D. magna juveniles gradually decreased as the
Ni?>* concentration increased. No statistically significant difference was observed between the number of
juveniles in control at the concentration of 10, 20 ugNi.L-* (Figure 6). Besides, the number of juveniles at Ni*
concentrations of 10 and 20 pg.L" was higher than in the mixture. However, at 40 — 200 pgNi.L-1 concentration,
the number gradually decreased with the lowest value of 8 juveniles (200 ugNi.L") (Figure 6). For the chronic
toxicity test of the Cu? — Ni?* mixture (containing 80 and 100 pugNi.L?), the amount of D. magna produced was
significantly higher than the control concentration(p < 0.0001) (Figure 6). At the same time, the research results
showed that the amount of D. magna generated in the mixture of Cu? - Ni?>* was higher than that of the single
Ni?*. However, when the Ni%* concentration was at 120-200 pg.L, the number of D. magna juveniles decreased
gradually to the lowest level of 3 juveniles. Taylor reported the fertility of Daphnia under the chronic effects
of Cu2+ and Ni2+, which had a higher number of juveniles > 40 individuals than in the current study [26]. The
results demonstrated that different environments and crustaceans directly affected the toxicity of metals to
test organisms. Notably, D. magna can switch from female to male under stress conditions and continue normal
development without reproducing [36]. This phenomenon helps explain the differences in reproductive
outcomes observed in D. magna following metal exposure. In addition, Pane and Smith [37] provided evidence
that Mg? antagonism was a mechanism of acute and chronic toxicity of Ni** in water to D. magna. For Cu?,
the effects observed on D. magna showed the simultaneous involvement of several toxic mechanisms, such as
increased metabolic time. This process decreased energy intake (through inhibiting enzyme activity and
digestion), reproductive inhibition (via inhibition of cell formation), and molting [38].

4. Conclusions

The results of toxicity assessment on microcrustaceans D. magna after 48 hours of exposure to metals
in the M4 medium showed that Cu?* was more toxic than Ni?*. When combining two metals, the toxicity of the
mixture increased as the concentration of Ni?* increased, meaning that Ni> had no protective effects on D.
magna from Cu?* toxicity but combined to create more toxicity compared to Cu?* with a single metal. Chronic
toxicity of Cu? and Ni* affected the survival, maturation, and reproduction of D. magna. In particular, the
presence of Cu? in water at a concentration of 20 ug.L! caused more deaths than 95% of tested D. magna
individuals. When combined, the chronic toxicity of the two metals Cu?* — Ni?* was higher than that of the
corresponding single metal. However, the protective effect of Ni?* on D. magna could be observed at sufficient
concentrations (80, 100, and 120 pugNi.L1); Cu? in the mixture increased toxicity to the organism expressed
through the degree of influence on survival, maturation, and reproduction. Therefore, further studies are
needed to fully understand the effects related to gene expression and the accumulated metal content in D.
magna after acute and chronic exposure.
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