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A B S T R A C T   

The hatchability, mortality rate, lipid peroxide levels, and swimming speed of Artemia salina have been compared 
based on short exposures of ZnCl2, CdCl2, and HgCl2 in artificial seawater. The hatching tests were carried out for 
12, 24, 36, and 48 h at 28 ◦C. Mortality rate and lipid peroxide (LPO) levels were determined after 24 h of 
exposure at 28 ◦C, in the dark, and on living larvae using the FOX method. The swimming speed was determined 
after 24 h using a microcomputer coupled to a digital camera, with simultaneous treatment of the recorded 
images every 25 s, at 25 ◦C, under red-light irradiation. Results showed that Zn caused a gradual inhibition of the 
hatching for concentrations <900 µmol L− 1; however, Cd and Hg displayed almost complete inhibition for 
concentrations ≤100 µmol L− 1. Also, the heavy metals caused a dose-dependent increase of mortality (LD50) in 
the following order: Zn = 3290 µmol L− 1 < Cd = 2206 µmol L− 1 < Hg = 15.6 µmol L− 1. Furthermore, significant 
LPO levels were found for Cd (1500–2000 µmol L− 1, p < 0.001) and Hg (5–20 µmol L− 1, p < 0.001). Finally, the 
swimming speed values increased significantly, for Zn ≈ 2.5 mm s− 1 (1500 µmol L− 1, p < 0.001), Cd ≈ 3.5 mm 
s− 1 (2000 µmol L− 1, p < 0.05), and Hg ≈ 4.0 mm s− 1 (15 µmol L− 1, p < 0.05), after 24 h exposure. There is a 
clear dose-dependent toxicity, indicating that Zn, Cd and Hg can induce significant changes in hatchability, 
mortality, and ethological and biochemical parameters.   

1. Introduction 

Anthropogenic activities result in a variety of pollutants that can be 
found in the marine environment. The presence of zinc (Zn), cadmium 
(Cd), and mercury (Hg), elements that belong to group 12 of the periodic 
table, is mostly associated with battery wastes. Although Zn is an 
essential metal to life, as a micronutrient and cofactor of several 
essential enzymes (Stanley and Byrne, 1990), it toxically affects 
human/animal health and environment at high levels. In contrast, Cd 
and Hg are classified as “priority hazardous substances” (McKinley et al., 
2019). Specifically, Cd is a nonessential metal and is known to cause 
damage to kidneys, bones, and lungs; in crustaceans, it can cause 
physiological and morphological damages (Ortega et al., 2017). On the 
other hand, Hg is one of the most hazardous inorganic pollutants due to 
its bioaccumulative and persistent properties in the environment (Chen 
et al., 2013). Its different forms, such as elemental Hg and Hg2+ found in 
inorganic and organic complexes, have varying degrees of 

bioavailability (Azad et al., 2019). Hence, they have increased toxicity 
in crustaceans (Hg > Cd > Zn) (Liu and Chen, 1987), which in many 
cases depend on their chemical speciation in marine environments 
(Elder, 1975; Long and Angino, 1977; Kim et al., 2015; Azad et al., 
2019). 

Artemia salina (A. salina) is zooplankton found in various marine 
ecosystems (Liu and Chen, 1987). This microcrustacean is characterized 
by the standard features of the short-life cycles: easy to culture, readily 
available, highly adaptable to adverse environmental conditions, small 
body size, and low cost (Nunes et al., 2006). In adverse conditions, it can 
produce dormant cysts, which can be hatched by rehydrating in salt-
water, even after several years (Browne, 1980). A. salina is recom-
mended by the US Environmental Protection Agency (EPA, 2002) as one 
of the acute toxicity testing species (Nunes et al., 2006; Kokkali et al., 
2011). All of these features make A. salina an appropriate organism for 
ecotoxicological assays (Liu and Chen, 1987; Rand, 1995; Méndez et al., 
1997). Thus, the toxicity of several chemical compounds, including 
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metallodrugs, metallocenes (Vitorino et al., 2015), nanomaterials 
(Madhav et al., 2017; Wang et al., 2017; Danabas et al., 2020), micro-
plastics (Kim et al., 2020), grapheme (Zhu et al., 2017), and ionic metals 
(Liu and Chen, 1987; Brix et al., 2006) have been tested using A. salina as 
a standard reference over the last decades. 

Biochemical and behavioral responses are sensitive biomarkers for 
environmental monitoring (Kirchner et al., 2014; Houghton et al., 2018) 
of A. salina. Studies have shown that inhibition of enzymatic activity, 
oxidative deterioration of lipids, or decreased phototactic responses 
present a specific relationship between behavior and biochemical issues 
in A. salina in marine environments exposed to metals (Liu and Chen, 
1987; Yacobi, 2006; Brix et al., 2006; Gambardella et al., 2014; Choi 
et al., 2018). Thus, for aquatic organisms, locomotion can be used as a 
stress indicator since swimming represents a behavioral response that 
can be directly affected by physiological status represented by toxic 
stress in ecological studies (Little and Finger, 1990; Garaventa et al., 
2010; Gambardella et al., 2014). However, there are few studies re-
ported on the literature regarding the determination of the speed of 
A. salina as a parameter of contamination and biochemical damage 
induced by metals in marine environments (Kokkali et al., 2011). 

The present study was conducted to evaluate the acute toxicity of Zn, 
Cd, and Hg salts on cysts and larvae of A. salina. Hatchability, mortality, 
ethological, and biochemical parameters were selected as end-points to 
define the toxic responses. Visual analysis in a microscope was used to 
interpret the lethal and sublethal toxicity parameters, and the lipid 
peroxide indices were determined by the FOX method. In addition, the 
image detection and processing system were used to determine the 
swimming speed of A. salina. These two end-points, swimming alteration 
and mortality, have been analyzed with different contaminants in order 
to evaluate the possibility of proposing the swimming speed alteration 
test with A. salina larvae as an alternative bioassay for future coastal 
water monitoring programs with biological models. 

2. Materials and methods 

2.1. Chemical and reagents 

ZnCl2 (ACS reagent, ≥98%), CdCl2 (99.99%), HgCl2 (ACS reagent, 
≥99.5%), ammonium ferrous sulfate hexahydrate (ACS reagent, ≥98%), 
hydrochloric acid (ACS reagent, 37%), sodium hydroxide anhydrous 
(reagent grade, ≥98%), cumene hydroperoxide (technical grade, 80%), 
and methanol (≥99.9%) were purchased from Sigma–Aldrich Brazil 
Ltda., Sao Paulo – SP, and used without further purification. Solutions 
were prepared by using deionized water (18.2 MΩ cm− 1 at 25 ◦C, total 
organic carbon ≤4.0 µg L− 1, Milli-Q, Millipore, Massachusetts, USA). 
The dehydrated cysts of A. salina were purchased from High 5 Artemia, 
INVE Aquaculture Co. Ltd. (Dendermonde, Belgium), and marine salt 
(Red Sea Salt) was purchased from Red Sea (Houston, TX, USA). 

2.2. Hatching tests 

2.2.1. Hatching condition 
To determine the best hatchability conditions, tests with different pH 

and salinity were performed. Initially, 1.0 g of encysted embryos of 
A. salina were hydrated in deionized cold water at 5 ◦C for 3 h, then 
washed with cold water to separate the cysts from those that float on the 
water surface (Sorgeloos et al., 1978; Ates et al., 2013). A first hatching 
test was performed in seawater using Red Sea Salt® dissolved in 
deionized water at 28 ± 1 ◦C (at 25 ± 1 ◦C as control) with pH control 
between 5 and 10. The pH was adjusted by using 0.01, 0.1, and 1.0 mol 
L− 1 of aqueous HCl or NaOH. After determining the pH condition, 
another test hatching was performed with total salinity between 0 and 
100 ppt. A 6-well microplate was used in these hatching tests. For both 
tests described above, ten hydrated cysts were added to 2.0 mL of arti-
ficial seawater, which was previously filtered (Cellulose membrane, 
0.22 µm, Millipore) and aerated for 2 h before the hatching procedure. 

The plate was incubated at 28 ± 1 ◦C under constant illumination with 
continuous shaking at 200 rpm. Lastly, the embryos in each well were 
counted using a stereoscopic microscope (AmScope SE306R-PZ-P, 
Irvine, CA, USA) after 24 h of incubation (Wang et al., 2017). 

2.2.2. Hatching rate 
The hatching rate test of A. salina cysts was performed on a 6-well 

microplate. Different concentrations of ZnCl2 (5 mol L− 1), CdCl2 (6 
mol L− 1), and HgCl2 (0.3 mol L− 1) were dissolved in deionized water and 
transferred to each well and the volume was completed to 2 mL with 
artificial seawater to achieve a concentration between 0 and 3.0 mmol 
L− 1, 0 and 2.0 mmol L− 1, and 0 and 0.3 mmol L− 1 for Zn, Cd, and Hg, 
respectively. The solutions in each well displayed similar salinity. The 
specific concentrations for the total block of hatching were evaluated. 
The microplate was incubated for 2 h at 28 ◦C for acclimatization. At 
once, ten hydrated cysts were added into each well. All plates were 
incubated at 28 ± 1 ◦C under continuous illumination with shaking. The 
hatchability was detected using a stereomicroscope (AmScope SE306R- 
PZ-P, Irvine, CA, USA) at 12, 24, 36, and 48 h (Liu and Chen, 1987). The 
hatching percentage (h%) was calculated according to the following Eq. 
(1): 

h% =
[ n
n + c

]
× 100 (1)  

where n is the number of hatched out cysts and c is the decapsulated 
cysts (Madhav et al., 2017). 

The nominal concentrations of Zn, Cd, and Hg in each solution were 
determined using Inductively Coupled Plasma-Optical Emission Spec-
trometry (ICP-OES) Spectro ARCOS II model (Analytical Instruments 
GmbH, Germany) following US EPA method 200.7 (Nasirian et al., 
2016). For instrument calibration, we used Trace CERT® FLUKA 
analytical “Multielement standard solution 4 for ICP”. The calibration 
standards were run immediately prior to each round of sample analysis. 
Methods blanks also were run at the beginning and end to reach round of 
sample analysis. All tests were performed in quintuplicate. 

2.3. Toxicity assay 

2.3.1. Larvae density 
Typically, 2.0 g of encysted embryos of A. salina were hydrated in 

deionized cold water at 5 ◦C for at least 3 h, and the sunken cysts were 
collected on a Buchner funnel. Briefly, 0.5 g hydrated cysts were added 
to a glass beaker of 1.0 L with 0.5 L of artificial seawater, which was 
previously filtered (Cellulose membrane, 0.22 µm, Millipore) and 
aerated for 2 h before the hatching procedure. The beaker was contin-
uously illuminated by a lamp box (1200 lux at the beaker surface) and 
kept for 24 h at 28 ± 1 ◦C with vigorous aeration. Then, A. salina larvae 
were obtained with a density of 98 ± 10 organisms mL− 1 (Sorgeloos 
et al., 1978). 

2.3.2. Toxicity to A. salina larvae 
The acute toxicity assay was performed by adding 100 larvae (~ 

1 mL) to each flat-well of the 6-well plate. Different volumes of ZnCl2 
(5 mol L− 1), CdCl2 (6 mol L− 1), and HgCl2 (0.3 mol L− 1) solutions, pre-
pared in artificial seawater, were transferred to each well of the 6-well 
microplate, and each the volume was completed to 5 mL with artifi-
cial seawater to achieve concentration between 0 and 8.0 mmol L− 1, 
0 and 3.0 mmol L− 1, and 0 and 0.25 mmol L− 1 for Zn, Cd, and Hg, 
respectively. All concentrations were used to find LD50 values and total 
mortality. All plate wells were filled with 5 mL of hatching medium with 
the Zn, Cd, or Hg solutions. The plates were incubated at 28 ± 1 ◦C with 
shaking of 200 rpm in the dark. The larvae were not fed during the test. 
After 24 h, living and dead animals (completely motionless) were 
accounted using a stereomicroscope (AmScope SE306R-PZ-P, Irvine, CA, 
USA), and the LD50s were determined (Vitorino et al., 2015). All tests 
were performed in quintuplicate. 
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2.4. Lipid peroxidation assay 

The lipid peroxidation activity was performed by the ferrous oxida-
tion – xylenol orange (FOX) method based on the oxidation of ferrous 
ions (converted to ferric ions) mediated by lipid peroxides (LOOH). 
Ferric ions bind to xylenol orange yielding an orange to purple complex 
(absorption at 580 nm), so the color depends on the amount of –OOH 
present (Hermes-Lima et al., 1995; Vitorino et al., 2015). Frozen 
A. salina samples were rapidly weighed (~0.015 g) in a plastic tube 
(1.5 mL) and homogenized using a disposable Biomasher II® micro 
tissue homogenizer in cold methanol (>99.9%) at 5 ◦C (1 equivalent of 
tissue (weight): 9 equivalents of methanol (volume)). Then, the ho-
mogenized samples were centrifuged at 10,000 rpm (Eppendorf 5424R 
centrifuge, Eppendorf AG, Hamburg, Germany) at 5 ◦C for 10 min and 
the supernatant (15 µL) was transferred to the 96-well microplates 
(<300 µL–well, Corning, NY, USA). The samples were treated with 90 µL 
(1.0 mmol L− 1) of ferrous salt (ammonium ferrous sulfate hexahydrate), 
35 µL of sulfuric acid (0.25 mol L− 1), 35 µL of xylenol orange 
(1.0 mmol L− 1), and 1.0 mL of water. Incubation for 1 h was performed 
at 25 ± 1 ◦C, and absorption was measured at 580 nm (Asample) in a 
SpectraMax M4 microplate reader (Molecular Devices, Silicon Valley, 
CA, USA). Lastly, cumene hydroperoxide (10 µL, 175 mmol L− 1) was 
added, and absorbance at 580 nm (Asample+CHP) was read again after 
15 min. LPO levels were determined according to the following Eq. (2): 

Eq − CHP
wet� tissue� (g)

=

(
Asample

Asample+CHP

)

×
5nmol × 350

10V
(2)  

where V = sample volume and 10 is a correction factor of dilution made 
during the preparation of methanol extract (1:9, weight: volume). All 
tests were performed in quintuplicate. 

2.5. Swimming speed test 

The swimming speed of A. salina was monitored using a Raspberry Pi 
Model B+ microcomputer (Raspberry Pi, UK, https://www.raspberrypi. 
org) connected to a module with a static digital camera (Fisheye Wide 
Angle 5 MP 1080p – night vision, Raspberry Pi). The system has an 
external monitor for viewing and taking continuous snapshots (Ansari 
et al., 2015; Nguyen et al., 2015). The computing system interfaced with 
the sensor was Raspbian (https://www.raspbian.org), GNU/Linux based 
on Debian, variety of the open-source Linux operating system. The al-
gorithm was made by Python programming languages and was installed 
as the default (Lewis et al., 2016). The continuous snapshots were taken 
inside a dark module, illuminated with an infrared light source (LED 3 W 
850, λ = 850 nm, Raspberry Pi, UK), in which a quartz cuvette (with 
artemias) was inserted. For image processing, a laptop was used 
(Toshiba Satellite L45 – C4206S, Intel Core i5 – 5200 U 2.20 GHz, 
6.00 GB DDR3, USA) with a Manjaro-Linux operating system. All mea-
surements were performed for 2 min, at 25 ± 1 ◦C in quintuplicate. 

2.6. Statistical analysis 

All experiments were independently repeated five times, and the 
data was analyzed using SigmaStat 3.2 software (Systat Software Inc., 
San Jose, California, USA) with one-way analysis of variance (ANOVA). 
Significant differences among the concentrations were defined as 
p < 0.05 in all data analyses. All the figures and data fitting were pro-
duced using OriginPro version 2019b (OriginLab Co., Northampton, 
Massachusetts, USA), while the data are presented in the statistics as 
means ± SD. 

3. Results 

3.1. Hatching rate 

The hatchability rate of A. salina cysts is a reliable and sensitive 
endpoint. This assay has been used in many acute toxicity tests (Rotini 
et al., 2015; Wang et al., 2017). A hatchability test was performed at 
28 ◦C (and 25 ◦C) with different pHs (Fig. S1) and salinities (Fig. S2) in 
artificial seawater (Table S1). Then, the best hatchability conditions 
concerning salinity (35 ppt) and pH (8.3) were established. 

As shown in Fig. 1, the hatchability test was performed at 12, 24, 36, 
and 48 h. In the absence of Zn, Cd, or Hg, about 100% of the A. salina 
emerged after 24 h at 28 ◦C. In contrast, the presence of Zn, Cd, and Hg 
caused dose-dependent decreases in the hatching rate relative to the 
controls (without contaminants), with statistical significance 
(p < 0.001). Mathematical exponential and polynomial (grade 3) 
models were in accordance with each curve of the hatching rate. For Zn 
and Hg-exposed samples, the hatching rate was fitted to an exponential 
curve (DecExp) at 12, 24 and 36 h, and with a polynomial fit curve at 
48 h. Also, for Cd exposure, the hatching rate was fitted only to an 
exponential curve at 12, 24, 36, and 48 h. Fig. 1A shows 50% significant 
inhibition (p < 0.001) of A. salina hatching by exposure of 300 µmol L− 1 

of Zn in 24 h of exposure. Furthermore, this same significant inhibition 
(p < 0.001) was observed for 600 µmol L− 1 of Zn after 36 and 48 h of 
exposure. At a concentration of 900 µmol L− 1 Zn, precipitation was 
identified, and the concentration determined in solution was 
780 µmol L− 1. The Zn concentration was kept constant without the need 
for extra addition of ZnCl2. ICP-OES determined the concentration in 
solution after previous washing and centrifugation of the precipitate at 
12,000 rpm. To maintain the amount of Zn during the experiment, only 
the nominal concentration of Zn was considered for the toxicity analysis. 
Thus, for nominal Zn concentrations higher than 780 µmol L− 1 in 
seawater, A. salina cysts were exposed to soluble Zn2+ species and Zn2+

precipitates. Then, hatching rates of 37% and 47% after 24 and 48 h, 
respectively, were found at 900 µmol L− 1 Zn. The Zn2+ precipitate 
became more toxic at 1200 µmol L− 1 (<2%, 8% and 16%) and 
1500 µmol L− 1 (<1%, 4%, and 4%) and slightly less toxic at 
3000 µmol L− 1 Zn (~3%, 10% and 10%) after 24, 36, and 48 h. 

Fig. 1B displays the effect of Cd on the hatchability. At 12 h, the 
hatching rate was 25% in the absence of Cd, and higher than 98% after 
24, 36, and 48 h. The hatching rate decreased significantly (p < 0.001) 
at 100 µmol L− 1 Cd after 12 h (<2%), 24 h (5%), 36 h (5%), and 48 h 
(15%). Under Cd concentrations higher than 100 µmol L− 1, the hatching 
rate was reduced to ≤5% (p < 0.001). Fig. 1C shows in the absence of 
Hg the hatching rate at 12 h was 23%, and at 24, 36, and 48 h was ≥98% 
(p < 0.001). Also, at 24, 36, and 48 h, the hatching rate was signifi-
cantly reduced at 100 µmol L− 1 Hg (p < 0.001) to ~5%, and after Hg 
concentration higher than 100 µmol L− 1, cyst hatching was completely 
inhibited. 

3.2. Mortality rate 

As displayed in Fig. 2, the treatment of A. salina larvae with various 
concentrations of Zn, Cd, and Hg salts caused dose-dependent increases 
in mortality rates relative to the control (without metal addition). The 
mortality rate for all control groups was ≤2% (p < 0.01), indicating that 
the absence of food did not induce any lethal effect on larvae at 24 h. 
Fig. 2A (graph inset, Boltzmann fit, Adj-R Square = 0.999) did not 
display a significant increase in A. salina mortality with nominal Zn 
concentration <700 µmol L− 1. After Zn concentration ≥780 µmol L− 1 

(precipitate), the mortality increases significantly (p < 0.01), and dis-
played an LD50Zn = 3290 µmol L− 1 (Boltzmann fit, Adj-R 
Square = 0.997). In seawater, Cd and Hg salts did not display any pre-
cipitate formation in the mortality tests. Fig. 2B (mono-exponential fit, 
ExpDec1, Adj-R Square = 0.993) exhibited a calculated LD50Cd 
= 2206 µmol L− 1 reaching total mortality around 3000 µmol L− 1 of the 
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ions. Hg displayed higher toxicity than Zn and Cd, as shown in Fig. 2C 
(bi-exponential fit, ExpDec2, Adj-R Square = 0.999). Hence, the LD50Hg 
= 15.06 µmol L− 1 was calculated. 

3.3. Lipid peroxidation 

The lipid peroxidation (LPO) levels were analyzed in A. salina wet 
tissues after exposure of Zn, Cd, and Hg salts for 24 h in the dark, at 
28 ± 1 ◦C. LPO rates for all control groups were 1.2–2.0 Equiv. CHP, and 

did not display significant differences when Zn was exposed to A. salina 
larvae compared with control (Fig. 3A). As shown in Fig. 3B, Cd was able 
to induce tissue damage significantly (p < 0.001) at 1500 and 
2500 µmol L− 1 Cd, and it displayed a significant increase (p < 0.01). Hg 
caused significant dose-dependent increases in LPO rate relative to the 
control (p < 0.001; Fig. 3C). LPO levels were significantly increased 
(p < 0.001) in 5, 10, 15, and 20 µmol L− 1. 

Fig. 1. Hatching percentage of A. salina cyst exposed to different metal concentrations (A) [Zn] = 0–3000 µmol L− 1, (B) [Cd] = 0–2000 µmol L− 1 and (C) [Hg] =

0–300 µmol L− 1 in artificial seawater at 28 ± 1 ◦C for 12, 24, 36 and 48 h. Values are presented as mean ± SD. Values that are significantly different from the control 
(one-way ANOVA, ***p < 0.001). The dotted area means precipitated Zn species. 

Fig. 2. Mortality rate for Artemia salina larvae exposed to different metal concentrations of (A) [Zn] = 0–8000 µmol L− 1, (B) [Cd] = 0–3000 µmol L− 1 and (C) 
[Hg] = 0–250 µmol L− 1 in artificial seawater at 28 ± 1 ◦C for 24 h. Values are presented as mean ± SD. Values that are significantly different from the control are 
indicated by asterisks (one-way ANOVA, **p < 0.01). The dotted area means precipitated Zn species. 
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3.4. Swimming speed 

As displayed in Fig. 4, the treatment of A. salina larvae with various 
concentrations of Zn, Cd, and Hg salts caused a dose-dependent decrease 
in swimming speed relative to the control. For Zn (Fig. 4A), the swim-
ming decreased to 35.7%, 41.1% and 55.6% (p < 0.001) when exposed 
to 1500, 2000, and 3000 µmol L− 1 respectively. Below 780 µmol L− 1 

(solution), the speed swimming displayed no significant differences, but 
at ≥780 µmol L− 1 (precipitate), the reduction of swimming speed was 
substantial (p < 0.001). Cd in solution reduced swimming speed 
considerably: 32.5% (p < 0.05) at 2000 µmol L− 1 Cd (Fig. 4B). Hg 
reduced swimming speed (p < 0.05) to 15% and 25% when animals 
were exposed to 15 and 20 µmol L− 1 Hg, respectively (Fig. 4C). Fig. 4D 
displays how living A. salina exposed to metals change color from red-
dish (untreated) to gray (treated). 

4. Discussion 

4.1. Hatching rate 

Zn is a trace metal essential to both plants and animals, participating 
in many enzymatic reactions, however can become toxic at high con-
centrations (Stanley and Byrne, 1990; McKinley et al., 2019), mainly 
when it forms dispersions (Kokkali et al., 2011; Danabas et al., 2020). 
Sublethal Zn concentrations can affect osmoregulation mechanisms, 
Na+/K+ ATPase activity, and the flow of water and ions in numerous 
crustaceans (Lignot et al., 2000). 

Inorganic Zn speciation in the marine environment (pH 8.1–8.3) can 
be closely related to bioavailability to marine species (Long and Angino, 
1977; Sorgeloos et al., 1978; Stanley and Byrne, 1990). It is known that 
the presence of organic matter can reduce dissolved Zn levels up to 95% 
in marine environments. Also, the absence of dissolved oxygen can be 
essential for the predominance of labile Zn species (Kim et al., 2015). 
Finally, Zn in its soluble form can be absorbed by the three-dimensional 
porous structure of the A. salina cysts (Wang et al., 2018). 

Studies with Zn salts in marine solution have shown that hatching of 
A. salina cysts can be reduced by up to 50% with concentrations close to 

600–700 µmol L− 1 (Liu and Chen, 1987), less than the value found in 
this study (900 µmol L− 1) after 48 h as shown in Fig. 1A. However, other 
studies have found EC50 values (hatching) around 150 µmol L− 1 for 
A. salina (Saliba and Krzyz, 1976). Also, for more sensitive species such 
as A. franciscana, values of EC50 < 5 µmol L− 1 have been found (Brix 
et al., 2006). However, these parameters are usually related to the 
experimental conditions (Liu and Chen, 1987; Rotini et al., 2015). For 
example, the precipitation of Zn as Zn(OH)2 species in seawater (pH 8.3) 
can be interference on the metal bioavailability (Long and Angino, 1977; 
Stanley and Byrne, 1990). 

Inorganic ligands (CO3
2–, HCO3

–, Cl–, SO4
2–, OH–) (Stanley and Byrne, 

1990; Kim et al., 2015) in the alkaline medium can play an essential role 
in the formation of soluble inorganic Zn complexes. These inorganic 
complexes form predominant species according to Zn2+ < Zn(OH)+

< ZnCl+ (Long and Angino, 1977) in the marine environments, that can 
be absorbed by cysts of A. salina, making the absorption of Zn viable and, 
hence altering an important enzymatic systems in the hatching process 
(Alayse-Danet et al., 1979). On the other hand, when the Zn concen-
tration was increased (herein ≥900 µmol L− 1, Fig. 1A), Zn2+ precipitate 
in the form of Zn(OH)2 was more evident, which was strictly related to 
the abrupt inhibition of A. salina hatching. Although the solid formed 
makes it challenging to interpret the results, zinc has a relatively mild 
toxicity to cysts, mirroring exposures of A. salina with ZnO or metallic Zn 
precipitates (Ates et al., 2013; Danabas et al., 2020). 

Cd is considered a toxic metal with unknown physiological functions 
in crustaceans (Ortega et al., 2017). Furthermore, the chemical prop-
erties of Cd are very similar to Zn (Kabata-Pendias and Mukherjee, 
2007), which in terms of chemical speciation in seawater, also have a 
little similarity (Long and Angino, 1977). However, Cd easily forms 
complexes with Cl–, and the amount of Cl– in seawater increases such 
effect (Vanderzee and Dawson, 1953). Thus, the nominal concentration 
of Cd would not be affected (according to our results, under certain 
conditions), due to the formation of CdCl2 > CdCl4+ > CdCl3– in seawater 
(Long and Angino, 1977). 

Studies have shown that the hatching of A. salina can be affected in 
20% with exposure of Cd between 90 and 100 µmol L− 1 after 48 h (Liu 
and Chen, 1987); these values were higher than those found herein 

Fig. 3. The level of lipid peroxidation was measured as CHP equivalent per gram of wet tissue after the treatment with (A) Zn, (B) Cd, and (C) Hg salts for 24 h at 
28 ± 1 ◦C. The absence of tissue extracts represents blank. Average ± SD, n = 5 (ANOVA, **p < 0.01, ***p < 0.001). Black and blue asterisks represent significant 
differences between control (zero concentration) and experimental groups, respectively (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article). 
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(around 30–35 µmol L− 1) when carried out in the dark as shown in 
Fig. 1B. Other studies on the exposure of Cd in A. salina considers that 
the hatching process can be delayed at 0.1 µmol L− 1, and it can be 
blocked entirely at high concentrations (~1500 µmol L− 1) (Libralato 
et al., 2016). Although the effects on hatching A. salina are not well 
elucidated when exposed to Cd salts, the impact of this metal on other 
(?) crustaceans indicates that Cd interferes in Zn enzymes (Ortega et al., 
2017). 

Hg, as well as Cd, does not perform any essential function in crus-
taceans (Azad et al., 2019), and both are considered highly toxic trace 
metals (Kabata-Pendias and Mukherjee, 2007). In the marine environ-
ment, inorganic Hg is found in several chemical forms, depending upon 
oxidation-reduction conditions. The dominant chemical species in 
oxidizing media are usually HgCl42– and HgOH– (Gworek et al., 2016). 
Other soluble Hg species in seawater include stable complexes such as 
[HgCl]+, [HgCl2], [HgCl3]–, [HgCl4]2–, and [HgOH]+ (Grassi and Netti, 
2000). These species in seawater are easily absorbed by cysts of A. salina, 
playing an essential role in the marine species contamination. This 
phenomenon of absorption can clearly explain the hatching inhibition 
with low concentrations of Hg found in this work (EC20 < 6 µmol L− 1, 
Fig. 1C), which is in accordance to previous findings (5 µmol L− 1 after 
48 h exposure (Go et al., 1990)). Also, the authors have shown that the 
50% reduction in hatching was affected for concentrations 
<0.1 µmol L− 1 (Go et al., 1990). However, another research has shown 

that Hg toxicity can occur once the A. salina cysts burst causing the death 
of the larvae by direct absorption(Saliba and Krzyz, 1976). 

4.2. Mortality rate 

The toxicity to larvae of A. salina is dose-dependent according to the 
metal species. However, larvae are not as sensitive as cysts. For A. salina 
exposed to Zn, it has been shown that physiological alterations start with 
the inhibition of enzymes at 5.0 µmol L− 1 (Cameselle et al., 1983). 
Likewise, like in other studies, increased mortality has been observed at 
>1000 µmol L− 1 (Kokkali et al., 2011), however at this concentration 
zinc species in solution coexist with solid species. At ca. 780 µmol L− 1 in 
the marine environment, Zn begins to precipitate, mainly forming Zn 
(OH)2 (Long and Angino, 1977; Liu and Chen, 1987). Other studies have 
shown that toxicity from Zn salts can occur in concentrations even lower 
than 5 µmol L− 1 (Brix et al., 2006), but still keeping the controversy of 
the experimental conditions, and species of artemia evaluated. In this 
work, the precipitation of Zn salt in the marine environment maintains a 
small plateau of toxicity (~2.5%) between 900 and 1100 µmol L− 1 as 
shown in Fig. 2A. Thus, after the increase in concentration, the precip-
itate, therefore, also increases. Consequently, a linear-exponential in-
crease of toxicity remains, being able to determine a relative value 
LD50 = 3290 µmol L− 1 on the dispersion from Fig. 2A. Studies have 
shown that A. salina larvae can display a lethality of 50% in 

Fig. 4. Swimming speed inhibition for A. salina after 24 h with (A) Zn, (B) Cd, and (C) Hg salt exposure at 25 ◦C analyzed for 2 min under red-light. Values are 
presented as mean ± SD, and which are significantly different from the control are indicated by asterisks. n = 5 (ANOVA, one-way, *p < 0.05, ***p < 0.001). (D) 
Treatment and untreated live A. salina larvae (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article). 
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concentrations of around 900–1000 µmol L− 1 when they are exposed to 
synthesized inorganic solid species of ZnO (Danabas et al., 2020). 

Similarly, it has also been shown that these solids, regardless of size, 
but bioavailable, can maintain a LD50 > 1500 µmol L− 1 (Ates et al., 
2013). However, not only the zinc precipitate causes a toxic effect 
during the acute test on A. salina, but also the solubilized zinc species. In 
the same way, and as described here, Cd and Hg do not precipitate in 
marine systems due to the high Cl– concentrations (Long and Angino, 
1977; Gworek et al., 2016). In this sense, when assessed on A. salina 
larvae, the nominal concentration of Cd and Hg is maintained, and they 
can only differ based on their chemical speciation (Long and Angino, 
1977; Chen et al., 2013; Gworek et al., 2016). Some works have shown 
significant LD50 values on A. salina for Cd concentrations between 1500 
and 2300 µmol L− 1 (Sarabia et al., 2002; Brix et al., 2006), also how this 
work describes in Fig. 2B. The toxicity on A. salina exposed to Hg salts 
has been widely described in the literature, showing LD50 values 
<15 µmol L− 1 (Wisely and Blick, 1967; Gebhardt, 1976; Go et al., 1990; 
Umarani et al., 2012), close to what was found in this work (Fig. 2C). 
Thus, for comparative purposes, it is possible to perform a toxicity 
comparison of the three evaluated salts in the following order: 
Zn < Cd < Hg. 

Finally, it is known that Cd and Hg do not play an essential role in the 
development of A. salina, because these metals act as interferents in 
relevant biological processes of microcrustaceans. Importantly, these 
metals can inhibit metallothioneins, which are the main line of defense 
against lipid peroxidation (Halliwell and Gutteridge, 1999). 

4.3. Lipid peroxidation levels 

Zn is an enzyme cofactor that contributes to the proper functioning of 
antioxidant systems. It protects cells against oxidative damage, as it acts 
as a membrane stabilizer and inhibits enzymes with a pro-oxidant 
character. Furthermore, Zn is capable of inducing the metallothionein 
synthesis, an important antioxidant that contributes to the reduction of 
reactive oxygen species, mainly the radical •OH (Halliwell and Gutter-
idge, 1999; Marreiro et al., 2017). Similarly, to Zn, Cd and Hg are not 
directly involved in Fenton or Haber-Weiss reactions leading to ROS 
overproduction. Cd and Hg generate ROS through interference with the 
electron transfer chain in the mitochondria, while Zn acts in the ex-
change of active redox ions, such as iron or copper (Halliwell and Gut-
teridge, 1999; Sarabia et al., 2002; Sandrini et al., 2006; Liu et al., 2016). 

Few studies report the oxidative damage on A. salina larvae, due to 
the acute exposure of Zn salts or their precipitates in the marine envi-
ronment. In this work, LPO levels have been determined in larvae of 
A. salina, and they did not display significant differences concerning the 
control (1.2 ± 0.5 Eq-CHP) when they were exposed to nominal con-
centrations of Zn between 500 and 3000 µmol L− 1 as shown in Fig. 3A. 
Comparative studies on oxidative damage in larvae of A. salina were 
reported for exposures with a series of Zn and ZnO nanomaterials. This 
phenomenon was significantly detected for concentrations of 
150–1500 µmol L− 1 (Ates et al., 2013; Danabas et al., 2020). These re-
sults suggest that the oxidative damage that is exerted on the micro-
crustacean tissues can depend on the chemical speciation of Zn. 

On the other hand, Cd and Hg displayed significant oxidative damage 
in the tissues of A. salina at with concentrations below LD50s. Studies 
have reported that an antioxidant-oxidant imbalance can generate LPO 
due to the exposure of Cd on Artemia parthenogenetica at concentrations 
of 90 µmol L− 1 after 12 h (Sarabia et al., 2002) and 24 h (Martínez et al., 
1999). Previous studies have reported on the ability of Cd to generate 
LPO, mainly in decapod crustacean tissue, such as Menippe frontalis and 
Ucides cordatus, even at Cd concentrations ≤1.0 mmol L− 1 (Ortega et al., 
2017; Vitorino et al., 2017). 

Hg has been widely shown to be a highly toxic metal, which induces 
oxidative damage due to a significant imbalance in the levels of anti-
oxidants, such as metallothioneins. At the same time, it can cause sig-
nificant variations in the expression of antioxidant enzymes (SOD, CAT, 

GST, GPx and GR) (Sevcikova et al., 2011). In this work (Fig. 3C), Hg 
exposure to A. salina also caused a significant oxidative effect, higher 
with increasing dose (5–20 µmol L− 1 ≤ LD50Hg). Low concentrations of 
inorganic Hg (50 µmol L− 1) are effective in generating LPO in adult fish 
Salmo solar (Berntssen et al., 2003). Furthermore, the development stage 
of aquatic organisms can be an important factor in the sensitivity to LPO 
production, as reported in Paralichthys olivaceus larvae exposed to 
~1 µmol L− 1 Hg (Huang et al., 2010). Also, it has been reported that 
HgCl2 can cause oxidative damage in zebrafish larvae (Danio rerio) when 
exposed to ≤1 µmol L− 1 (Zhang et al., 2016). Although the literature 
does not explicitly describe inorganic Hg-induced peroxide lipids on 
A. salina larvae, the effect of Hg is widely described for marine species 
that suggest that low concentrations of inorganic Hg are enough to cause 
oxidative damage. 

4.4. Effect on A. salina swimming speed 

Behavioral changes in A. salina were limited in determining linear 
swimming speed as opposed to common behavioral disorders due to the 
loss of mobility that is usually observed during aqueous exposure to 
heavy metals in marine species (Garaventa et al., 2010). Alterations in 
locomotor activity is an integrated manifestation of biochemical and 
structural disorders. Even light can be a determining factor in the 
mobility of crustaceans, which are more sensitive than fish (Yacobi, 
2006). A. salina is known to be strongly phototactic, and disturbances in 
their mobility can thus be induced by the use of intense light (Choi et al., 
2018). Preliminary experiments were ineffective to detect swimming 
speed differences for A. salina irradiated with white light (data not 
shown). Thus, it was necessary to use a less stressful light (red light) for 
A. salina during the whole test to determine the swimming speed with 
minimal interference (Choi et al., 2018). 

The estimated swimming speed has been described in a few studies as 
a factor of sublethal toxicity. Herein, a swimming speed has been re-
ported ≤4.5 mm s− 1, being inhibited by ca. 50–70% due to heavy metal 
exposure, and according with increased sensitivity (Zn < Cd < Hg) 
(Fig. 4). Although other investigations had reported initial speeds close 
to 11 mm s− 1, behavioral and quantifiable disturbances were similar 
when A. salina was exposed to heavy metals (Fe, Zn, Cd, and Cu) 
(Kokkali et al., 2011). Other works have also shown the importance of 
calculating the swimming speed as an indicator of sublethal toxicity, as 
shown for Daphnia magna larvae (2.5–4.0 mm s− 1) (Baillieul and Blust, 
1999), A. salina (instar I) (~4.0 mm s− 1) (Garaventa et al., 2010), and 
A. franciscana (~3.0 mm s− 1) (Davenport and Healy, 2006). It is 
imperative to develop a method to precisely quantify the swimming 
speed in order to avoid arbitrary (visual) interpretations, as widely re-
ported in the literature (Garaventa et al., 2010; Kokkali et al., 2011; Zhu 
et al., 2017; Wang et al., 2017). With this, it is possible to establish 
sublethal toxicity standards using mobility parameters. 

5. Conclusion 

In this study, we evaluate the toxic effect of Zn, Cd, and Hg salts to 
A. salina to elucidate the impact on marine ecosystems. Cysts and larvae 
of A. salina underwent significant changes in hatchability, mortality, and 
ethological and biochemical parameters. Both hatchability and mortal-
ity were dose-dependent with increasing contaminant. The underlying 
toxicity appears to be related to the generation of oxidative stress and 
subsequent lipid peroxidation. The reduction of swimming speed is 
related to the increased concentration of heavy metals. This ethological 
effect seems to precede the lethal toxicity. It is suggested that convenient 
tools for the risk assessment of Zn, Cd and Hg in marine environment 
should include monitored measurements of the swimming speed of 
microcrustaceans. 
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