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A B S T R A C T   

Artemia spp. represent models species widely used in ecotoxicological studies due to its simple and fast 
manipulation in laboratory conditions that makes this crustacean well adaptable to several methodological 
approaches. Although cysts hatching, swimming behavior, reproductive success and mortality are the main 
endpoints used for the determination of toxicity, the detection of slight alterations induced by certain substances 
found at low concentrations in the environment may require more sensitive biomarkers. For this reason, the 
identification of DNA or chromosomal damages has been proposed as an additional and appreciable endpoint for 
the ecotoxicological assessment of environmental chemicals. Concerning Artemia models, only few studies 
indicated that the exposure to organic and inorganic compounds (i.e. pesticides, nanoparticles, bacterial products 
or heavy metals) can reduce the survival and fitness through the onset of DNA breaks or the dysregulation of key 
genes. In contrast, literature research revealed a lot of works primarily focusing on the mortality and hatching 
rates of Artemia nauplii and cysts despite the well-known low sensitivity of these species. 

The present review reports the current state of knowledge concerning the effects induced by various chemicals, 
including organic and inorganic compounds, on the common parameters and genotoxicity in both Artemia 
franciscana and Artemia salina. Advantages and limitations of Artemia spp. models in eco-toxicological in
vestigations together with the most used classes of compounds are briefly discussed. Moreover, a mention is also 
addressed to scarce availability of literature data focusing on genotoxic effects and the great reliability of mo
lecular approaches observed in this poorly sensitive model organism. Thus, the opportunity to take advantage of 
genotoxic analyses has also been highlighted, by suggesting this approach as a novel endpoint to be used for the 
eco-toxicological assessment of several stressors.   

1. Introduction 

The genus Artemia shows a wide geographical distribution and 
groups together six species characterized by sexual reproduction, such 
as Artemia franciscana, Artemia persimilis, Artemia salina, Artemia sinica, 
Artemia tibetiana, Artemia urmiana plus diverse strains belonging to the 
same species that reproduce asexually (Abatzopoulos et al., 2002; Asem 
et al., 2010; Dhont et al., 2013; Maniatsi et al., 2011). Brine shrimps are 
well adapted to extreme habitats, including hypersaline lakes and ponds 
that are often subjected to water evaporation and, in turn, characterized 
by a broad range of temperatures (6-35◦C) and high salt concentrations 
(Gajardo and Beardmore, 2012). Due to its high nutritional value, 
comprising a huge abundance of highly unsaturated fatty acids (HUFAs), 
Artemia spp. have been often used for aqua- and larvae-culture purposes, 

particularly with enriched formulations that balance the whole content 
by adding several micro-nutrients, such as vitamins, sterols, pigments 
and antioxidants (Bengtson et al., 2018; Cavrois-Rogacki et al., 2020; K. 
V. et al., 2021; Nafisi Bahabadi et al., 2018; Van Stappen et al., 2020). 

Artemia species possess a quite short life-cycle (the development of 
nauplii into sub-adults occurs within 1–3 weeks) with a great fecundity 
rate which makes them suitable models for laboratory experiments 
(Hollergschwandtner et al., 2017; Yu, 2018). Interestingly, depending 
on the environmental conditions, the reproductive process can follow 
two completely different paths: i) under favorable environmental con
ditions the embryos develop directly inside the egg pouch and are 
released from them directly as nauplii; ii) in contrast, under harsh 
environmental conditions the oviparous sac produces diapausing eggs 
which dry up after their release (cysts) (Abatzopoulos et al., 2002). For 
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instance, manipulating the surrounding temperature, Artemia cysts can 
be easily induced to hatch in laboratory conditions (Kumar and Babu, 
2015). Due to several attractive features such as, high market avail
ability, abundance of cysts, simple manipulation and maintenance in 
laboratory conditions, the Artemia bioassay is one of the most used ap
proaches in (eco-)toxicological studies to study the toxicity of various 
compounds and media including nanoparticles (Bergami et al., 2016; 
Bhuvaneshwari et al., 2018; Rajabi et al., 2015), pesticides (Xu et al., 
2015), pharmaceuticals (Albendín et al., 2021), heavy metals (Danabas 
et al., 2020; Frías-Espericueta et al., 2022; Khoshnood et al., 2017; 
Ñañez Pacheco et al., 2021; Palácio et al., 2021; Venkateswara Rao 
et al., 2007; Zhu et al., 2017a), toxic algae (Mutalipassi et al., 2022; 
Neves et al., 2017), and sewages (Borba et al., 2019; Libralato et al., 
2007; Svensson et al., 2005), with increasing applications addressed to 
the toxicity screening of plant or marine natural compounds for drug 
discovery purposes (Hamrun et al., 2020; Longo et al., 2021; Ntungwe N 
et al., 2020; Hamidi et al., 2014). Artemia acute toxicity tests are per
formed according to standard methods (CNR, 2003). 

Within the Artemia genus, a great variety of sensitivity to toxicants 
has been observed so that a correct taxonomic identification is extremely 
important.. To this purpose, genetic analyses according to the 
geographic origin, morphological, reproductive and physiological fea
tures, have been applied to investigate the phylogenetic relationships. 
On the whole, the Artemia evolutionary trajectory probably started from 
some strains of A. salina that underwent a reproductive isolation 
generating the bisexual and parthenogenetic species, including 
A. franciscana (Kappas et al., 2004). Due to several ecological barriers, 
A. franciscana diversified into separated populations that, in turn, lead to 
development of new species that tolerated different habitats (Tri
antaphyllidis et al., 1998). In some cases, the geographic distribution of 
Artemia species and habitat-induced isolation of monospecific pop
ulations has been investigated by using molecular approaches evalu
ating the pattern of hypervariable regions (e. g. RFLP) (Baxevanis et al., 
2014; Beristain et al., 2010). 

Concerning ecotoxicological studies, A. franciscana was the most 
employed species due to the presence of clear distinctive features and a 
good phenotypic plasticity that makes this model well adapted to several 
ecological contexts (Kappas et al., 2004; Nunes et al., 2006). The clas
sical endpoints commonly include hatching, swimming, mortality, 
growth and reproduction rates together with several biomarkers 
reflecting the health state such as, acetylcholinesterase (AChE), heat 
shock proteins (HSPs), glutathione-peroxidase (GPx), glutathione 
S-transferase (GST) and aldehyde dehydrogenase (ALDH) (Libralato 
et al., 2016). 

Despite the cost-effectiveness and simplicity of using both species for 
acute and chronic tests, the scientific community is starting to employ 
alternative models since a low sensitivity and a lack of optimized pro
tocols were evinced (Libralato, 2014). The crucial step is the choice of 
the specific endpoint used for investigating the effects of certain toxi
cants, particularly in the case of short-time exposures (Nunes et al., 
2006). In fact, an extreme low sensitivity of Artemia spp. have been 
found in acute toxicity tests while, despite a higher sensitivity of 
long-term exposures in comparison to short-term ones, there is still no 
standardized methods like International Standard Organization (ISO), 
American Society for Testing and Materials (ASTM) or Organization for 
Economic Cooperation and Development (OECD) (Libralato et al., 
2016). A good balance has been found in the hatching assay that was 
proposed as a reliable tool to evaluate toxicity in Artemia spp. allowing 
to achieve consistent results in a very short time and revealing a high 
sensitivity in the case of short-term tests (Rotini et al., 2015). 

In addition to the most common approaches measuring the larval 
survivalsurvival or hatching success, molecular analyses evaluating the 
expression levels of genes involved in larval growth, molting, stress and 
detoxification have been recently applied on A. franciscana nauplii 
(Bergami et al., 2017; Comeche et al., 2017; Yu, 2018; Varó et al., 2019). 
Interestingly, the stress response of A. salina and A. franciscana has been 

also studied through Next Generation Sequences (NGS) approaches (De 
Vos et al., 2019; Huylmans et al., 2019; Lee et al., 2022; Yi et al., 2020), 
by making available a huge amount of sequences to be used for novel 
molecular studies in the future. 

Here we review the literature on A. salina and A. franciscana evalu
ating the toxicity of several classes of chemical compounds (inorganic 
and organic) by grouping them on the basis of the endpoint observed. 
Then, we report a few works investigating the genotoxicity on both 
species and highlight this endpoint as suitable tool that scientists still not 
extensively employed, so far. A recent work demonstrated that, although 
the classical endpoints were not able to reveal a clear evidence of 
toxicity induced by benzo(k)fluoranthene treatments, gene expression 
analyses revealed a significant alteration of heat shock proteins 
(Albarano et al., 2022). These findings have opened the hypothesis that 
molecular approaches evaluating DNA damage or mRNA levels of key 
genes involved in stress response or detoxification processes could 
represent a helpful method to perform ecotoxicological assessments in 
low sensitive models as Artemia spp. Moreover, taking into consideration 
the need of developing novel suitable endpoints, we aim at revitalizing 
the role in eco-toxicological investigations of Artemia spp. models that in 
the last years have been almost abandoned. In fact, A. franciscana has 
been little used during the past twenty-two years, particularly when 
compared to other well-known model organisms as Paracentrotus lividus 
and Daphnia magna that greatly contributed to scientific publications in 
aquatic ecotoxicology (Fig. 1). 

1.1. Data collection and information management 

The present review examined 115 papers including original ecotox
icological researches embracing data on both A. franciscana and A. salina 
from 2000 up to the end of May 2022. Bibliographic search engines were 
Google Scholar, PubMed, Scopus National Center for Biotechnology 
Information (NCBI) and Web of Science (WOS). Review papers were not 
considered. Only studies written in English were considered. The search 
was performed from 1th of January 2000 to 1th of June 2022. The 
selected keywords in the search include ‘‘organic compounds’’, ‘‘inor
ganic compounds’’, ‘‘heavy metals’’, ‘‘mortality’’, ‘‘hatching success’’, 
‘‘reproduction’’, ‘‘bioaccumulation’’, ‘‘ecotoxicity’’, ‘‘genotoxicity’’etc. 

Among the investigated papers, the endpoints used to evaluate the 
ecotoxicity of organic and inorganic compounds included mortality (49 
%, n = 86), hatching and swimming rate(16 %, n = 29), reproduction 
(11 %, n = 19), bioaccumulation (9 %, n = 16), enzymatic activity (12 

Fig. 1. The trend chart reports the relative abundance of published papers from 
1th of January 2000 to 1th of June 2022 using D. magna (green line), 
A. franciscana (orange line) and P. lividus (red line) as ecotoxicological models. 
Abundance (%) of papers for each biological model has been calculated on the 
number of selected papers in the field of aquatic ecotoxicology using the 
following keywords “organic compounds, inorganic compounds, heavy metals, 
mortality, reproduction, bioaccumulation, ecotoxicity, genotoxicity etc.”. 
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%, n = 21) and gene expression (3 %, n= 6), (Fig. 2). 
The whole literature discussed in the present review paper is listed in 

Table 1. 

2. Endpoints 

2.1. Mortality 

Mortality rate represents the most used endpoint (Fig. 2) since it 
provides extremely simple and quick results for evaluating the acute 
toxicity of the compounds under analysis. In fact, Artemia can be easily 
exposed to a certain stressor and the toxicity data are then achieved in 
24 h and 48 h by applying some toxicity parameters such as 50 % Lethal 
Concentration (LC50), no observed effect concentration (NOEC) and 
lowest observed effect concentration (LOEC). Among toxicants, several 
biocides (e.g. pesticides, disinfectants) have been studied since the 
occurrence in the aquatic environment has been reported worldwide due 
to their extensive use in agriculture, medicine and industry fields (de 
Campos et al., 2021). For instance, fungal biocontrol agents, alamethicin 
(ALA), destruxin A (DA) and elsinochrome A (EA), and the biocides 
potassium dichromate (PDC) and p-coumaric acid (p-CA) showed a 
considerable toxicity, while oosporein (OOS) displayed no effects on the 
crustacean survival at the tested concentrations after both 24 and 36 h of 
exposure (Favilla et al., 2006; Alyürük and Çavaş, 2013). Comparative 
studies evaluating theimpact of tributylin (TBT), diuron and irgarol on 
the survival of A. salina nauplii revealed that TBT was the most toxic, 
with a survival rate that decreased over time (about 73, 48 and 26 % 
after 12, 24 and 48 h, respectively) (Lee et al., 2017). Other studies 
reported that antifouling biocides, plus Zinc (ZnPT) and copper pyr
ithione (CuPT), induced a higher mortality in ZnPT supplied exposures 
in comparison to CuPT after 24h of treatment (Gutner-Hoch et al., 
2019). Mixtures of these latter compounds together with diuron and 
chlorothalonil at different concentration ratios showed i) synergistic 
effects in ZnPT-CuPT blends, ii) antagonist interaction in binary mix
tures with chlorothalonil, and iii) synergistic, antagonist and additive 
effects in binary combinations of diuron with ZnPT and CuPT depending 
on concentration ratios. Additional exposures with 
ZuPT-CuPT-chlorothalonil and ZuPT-CuPT-diuron mixtures resulted in 
synergistic and additive effects, respectively; whereas 
Chlorothalonil-Diuron-CPT and Chlorothalonil-Diuron-ZPT exhibited 
antagonistic interactions. Interestingly, when quaternary combinations 
were applied, additive effects on Artemia survival were observed 
(Koutsaftis and Aoyama, 2007; Lavtizar et al., 2018). Moreover, the 
organophosphorus insecticides diazinon, clorpyrifos, dichlorvos and 
profenofos, and ammonium sulfate, which is a pesticide ingredient, also 

showed a considerable toxicity causing high mortality rate of Artemia 
nauplii (Bustos-Obregon and Vargas, 2010); Varó et al., 2002; Ven
kateswara Rao et al., 2007; Benmeddah et al., 2020). 

The Artemia bioassay has been also found extremely useful to eval
uate the ecological impact and possible toxicity of natural compounds 
(Chan et al., 2021; Ntungwe N et al., 2020). For instance, literature 
works demonstrated that palytoxin (PLTX), a compound isolated from 
Trichodesmium cyanobacteria, and polyunsatured aldehydes (2E, 
4E-decadienal, decanal, undecanal) and eicosapentaenoic acid (EPA) 
extracted from the diatoms Skeletonema costatum and Nitzschia commu
tate induced a significant reduction of nauplii survival after 24 h and 72 
h of exposure (Caldwell et al., 2003). The Artemia mortality assay was 
also useful to detect the toxicity of secondary metabolites extracted from 
several plants. For instance, compounds and oils extracted from the 
leaves and roots of several species such as, Chaetomium globosum, 
Cochlospermum regium Amaranthus spinosus L., Ricinus communis 
(Castor), Capsicum frutescence L. (Chili), Azadirachta indica L. (Neem), 
Cymbopogon nardus L. (Lemon grass), Zingiber officinale L. (Ginger), 
Clerodendrum paniculatum L. (Pagoda flower) and Lippia javanica dis
played a considerable cytotoxic activity on Artemia nauplii (Qin et al., 
2009; Atchou et al., 2021; Magalhães et al., 2021; Hafiz et al., 2019; 
Khaleel, 2019; Adeogun et al., 2018). In addition, among the extracts of 
roots, bark, leaves, and fruit/hypocotyl obtained from five species of 
Rhizophoraceae (Bruguieria cylindrica, B. gymnorrhiza, Ceriops decandra, 
Rhizophora apiculata, and R. mucronata), the bark was the most toxic by 
reducing nauplii survival (Indriaty et al., 2022). In contrast, Artemia 
nauplii did not display any significant sensitivity to the extract of 
Lomandra hysteric, a perennial rhizomatus herb belonging to the family 
Asparagaceae (Rumbudzai Chikowe, 2021). Concerning natural com
pounds from fungi, phyllostictines A and B, extracted from the species 
Phyllosticta cirsii, caused extremely high mortality rate in Artemia larvae 
(Evidente et al., 2008), while three fungal toxins, diplobifuranylones A 
and B, 5′-Monosubstituted Tetrahydro-2H-bifuranyl-5-ones, did not 
show any toxicity on Artemia nauplii after 48 h of exposure (Evidente 
et al., 2007). Moreover, atranorin, thamnolic, usnic, gyrophoric, bar
batic, fumarprotocetraric, perlatolic, norstictic and protolichesterinic 
isolated from nine lichens (Lobaria erosa, Cladia aggregata, Cladonia 
confusa, C. crispatula, C. furcata, Stereocaulon microcarpum, S. ramulosum, 
Punctelia canaliculata and Cladonia dimorphoclada) have also been tested 
for toxicity against Artemia. In particular, atranorin and perlatotic, usnic 
and anziaic acids had a high toxicity with LC50 values (Honda et al., 
2016). 

The negative effects on nauplii survival of emerging pollutants such 
as, nanoparticles, pharmaceuticals, additives, personal care products 
and so on, were also investigated in Artemia models. For instance, PS- 
NH2, silver (AgNPs) and zinc nanoparticles (ZnNPs, 40-60 nm), and 
synthetic microfibers (polypropylene and polyethylene terephthalate) 
increased mortality rate (Bergami et al., 2017; Varó et al., 2019; Kim 
et al., 2021;Arulvasu et al., 2014; Danabas et al., 2020). A compound 
extensively used in the production of polycarbonate plastics, named 
bisphenol A, was also found to affect the survival of Artemia (Cas
tritsi-Catharios et al., 2013) and when its negative impact was compared 
to sodium dodecyl sulfate (SDS), the toxicity was particularly strong, 
with LC50 concentration five times lower (Ekonomou et al., 2019). 
Interestingly, to verify the potential role of humic acid (HA) in surfac
tants inactivation, the compounds SDS, Triton X-100 (Tx-100) and 
cetylpyridinium chloride (CPC) have been evaluated both in the pres
ence and absence of HA. As a result, both terrestrial and aquatic HAs 
were able to mitigate the toxicity of CPC and SDS, while the mortality 
rate in the presence of Tx-100 was limited to the sole terrestrial HAs 
(Deese et al., 2016). In other works, Artemia nauplii (6-24 h old) were 
exposed to graphene oxide (GO), a compound commonly applied in 
various areas including adsorption, catalysis, biosensor, and drug de
livery, revealing that these nanomaterials were able to cause immobi
lization and mortality at long exposure times (48 h and 72 h) (Lu et al., 
2018; Shokry et al., 2021). Produced formation water (PFW), naturally 

Fig. 2. Pie chart reporting the relative abundance (%) of papers separated on 
the basis of the following endpoint: mortality (49 %, n = 86), hatching and 
swimming (16 %, n = 29), development (11 %, n = 19), enzymatic activity (12 
%, n = 21), bioaccumulation (9 %, n = 16), and gene expression (3 %, n = 6). 
The percentage of each endpoint has been calculated on the total number (n =
115) of papers examined in the present review. 
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Table 1 
Type, concentrations (mg/L) and toxic effects of organic and inorganic compounds on A. franciscana from 1th of January 2000 to 1th of June 2022.  

Compound type Concentrations (mg/L) Morphological effects Molecular and 
metabolomic effects 

Reference 

TMTC, DMTC and DBTA 0.08, 0.1, 0.15, 0.2, 0.25, 0.3, 
and 0.35 for TMTC; 70, 75, 
79, 81, 83, 85, 90, and 95 for 
DMTC; and 55, 60, 70, 80, 90, 
95, 105, and 110 for DBTA 

Mortality and bioaccumulation Not detected (Hadjispyrou et al., 
2001) 

Cr, Cd and mixture of Cr and Cd 100 and 200 for Cd; 50 for Cr Mortality; antagonist effect of mixture Not detected (Beňová et al., 2007;  
Hadjispyrou et al., 
2001) 

clorpyrifos and dichlorvos 0.1 to 18 for chlorpyrifos; 
0.56 to 100 for dichlorvos. 

LD50 = 9.3 at 24h for dichlorvos; LD50 =
3.2 at 24h for chlorpyrifos 

inhibition of ChE activity (Varó et al., 2002) 

Cd 0, 100, 200, 250, 300, 350, 
400, and 500 

LC50 = 142 Not detected (Sarabia et al., 2006, 
2002) 

microcystin-LR, Dhb-microcystin-HtyR 
and nodularin 

0.0005 Not detected Elevation of sGST and mGST 
activity in adults 

(Beattie et al., 2003) 

aldehydes and fatty acid 
eicosapentaenoic acid 

0.1 Hatching cysts inhibition; Mortality Not detected (Caldwell et al., 2003) 

As 4, 8, 15, 31 and 56 Mortality; LC50 = 15.78 at 24 h Not detected (Brix et al., 2003;  
Sánchez et al., 2016) 

CuSO₄ 2, 4, 8, 16 and 32 Swimming speed alteration, mortality, 
hatching rate inhibition 

Not detected (Manfra et al., 2016;  
Pati and Belmonte, 
2003) 

Se 42, 56, 75, 100, 133 Not detected Not detected (Brix et al., 2004) 
compounds present in landfill leachate 45, 68, 79, 86 and 91 Hatching cysts inhibition Not detected (Svensson et al., 2005) 
Alamethicin, paracelsin, antiamoebin, 

gliotoxin, destruxin A, oosporein and 
elsinochrome A 

0.0002–0.0612 LC50 = 0.005 for ALA; LC50 = 0.021 for 
PCS; LC50 = 0.019 for AAM; LC50 = 0.039 
for GTX; LC50 = 0.017 for DA; LC50 =
0.020 for EA 

Not detected (Favilla et al., 2006) 

Cu, Cd and Zn 0.005 to 0.07 Hatching cysts inhibition by Cu Not detected (Brix et al., 2006) 
Mixture of ZnPT, CuPT, diuron and 

chlorothalonil 
20 to 80 synergistic, antagonist and additive effect Not detected (Koutsaftis and 

Aoyama, 2007, 2008;  
Lavtizar et al., 2018) 

acephate, chlorpyrifos, monocrotophos, 
and profenofos 

0.075 to 1.0 for clorpyrifos; 
0.08 to 75 for profenos; 125 to 
325 for monocrotophos; and 
750 to 3000 for achephate 

LD50 = 0.385 at 48h for chlorpyrifos; 
LD50 = 2350 at 48h for achephate; LD50 
= 7.7 at 48h for profenos; LD50 = 262.7 at 
48h for monocrotophos; Hatching cysts 
inhibition by chlorpyrifos and profenofos 

inhibition of AChE activity 
by chlorpyrifos and 
profenofos 

(Venkateswara Rao 
et al., 2007) 

untreated wood leachates 0.006, 0.012, 0.018, 0.024 
and 0.036 

Not effect Not detected (Libralato et al., 2007) 

Mixture of CdCl₂ and ZnSO₄ 31 of FeCl₃, 5 of CdCl₂ Synergistic effect Not detected (Nováková et al., 2007) 
Diplobifuranylones A and B, 5′- 

Monosubstituted Tetrahydro-2H- 
bifuranyl-5-ones 

0.03 to 0.3 Mortality Not detected (Evidente et al., 2007) 

phyllostictines A and B 297 Mortality Not detected (Evidente et al., 2008) 
Chaetomugilin D, chaetomugilin A, 

chaetoglobosins A and C 
0.01 Mortality Not detected (Qin et al., 2009) 

organophosphate diazinon 1.0 to 29.4 LD50 = 6 after 24h Not detected (Bustos-Obregon and 
Vargas, 2010) 

juice of Aloe barbadensis 0.0019 Not detected thioredoxin reductase, 
glutathione reductase and 
glutathione peroxidase 
inhibition 

(Sindaarta and Cock, 
2010) 

produced formation waters 0.048 to 0.128 for volatile 
aromatic compounds; 2.4 to 
13 for semivolatile aromatic 
compounds; 

Not effect Not detected (Manfra et al., 2011, 
2010) 

monoethanolamine, diethanolamine 
and triethanolamine 

98.34 for MEA, at 498.54 for 
DEA and at 907.97 for TEA 

EC50 = 43.0, LOEC = 2.85, NOEC =
<2.85 for MEA; EC50 = 378, LOEC =
124.9, NOEC = 62.5 for DEA; EC50 = 577, 
LOEC = 150, NOEC = 100 for TEA 

Not detected (Libralato et al., 2010) 

Cr, Hg, Pb and Zn 0, 0.04, 0.08, 0.12, 0.16, 0.20, 
0.24 and 0.28 

Inhibition of growth by Pb and Cr; 
Bioaccumulation of Pb after 4 days 

Not detected (Shaojie and Wenli, 
2012; Soto-Jiménez 
et al., 2011) 

ZnSO₄, FeSO₄, CuSO₄, CdCl₂, Cu(NO₃)₂ 0.001, 0.01, 0.1, 1, 10, 100 
and 1000 

LC50 = 710.7 for CdCl₂, LC50 = 19.5 for 
Cu and LC50 = 1000 for ZnSO₄ 

Not detected (Cortés et al., 2018;  
Kokkali et al., 2011) 

Ni and V 0.001, 0.002 and 0.003 LC50 = 0.0107 for Ni; LC50 = 0.011 for V; 
Bioaccumulation both in nauplii and 
adults; Growth inhibition 

Not detected (Asadpour et al., 2013;  
Manavi and 
Baniamam, 2011;  
Sujatha Devi et al., 
2016) 

compounds present in landfill leachate from 0.3 to 1.3 for Hg; from 
77.1 to 131 for Cr; from 21 to 
143 for Pb; from 29 to 349 for 
Cu; from 38 to 61 for Ni; from 

Mortality Not detected (Lu et al., 2012) 

(continued on next page) 
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Table 1 (continued ) 

Compound type Concentrations (mg/L) Morphological effects Molecular and 
metabolomic effects 

Reference 

0.7 to 4 for Cd; from 399 to 
1768 for Zn; and from 6 to 
565 for Mn 

Mixture of nine PAHs 370 Not effect Not detected (Rojo-Nieto et al., 
2012) 

Cr, Hg and Cd 0.052 Inhibition of growth and mortality by Cr Increase of protein, lipid and 
carbohydrate concentration 

(Umarani et al., 2012) 

diuron and irgarol 1 and 5 for irgarol, 1.5 and 25 
for diuron 

Hatching cysts inhibition by diuron inhibition of serine proteases 
activity 

(Alyürük and Çavaş, 
2013; Jung et al., 2017) 

potassium dichromate and p-coumaric 
acid 

7 to 100 Mortality; swimming velocity decrease Not detected (Alyuruk et al., 2013) 

bisphenol A 20 to 50 LC50 = 44.8 at 24h, LC50 = 34.7 Not detected (Castritsi-Catharios 
et al., 2013) 

Zn and La 10, 50 and 100 LC50 = 100 for Zn; LC50 = 78.1 for La Not detected (Ates et al., 2013;  
Bergsten-Torralba 
et al., 2020) 

HgCl₂, KCN, K₂Cr₂O₇, C₆H₆ and C₆H₆Cl₆ not reported LC50 = 0.12 for HgCl₂; LC50= 0.06 for 
KCN; LC50 = 0.72 for K₂Cr₂O₇; LC50 =
1.57 for C₆H₆ and LC50 = 0.44 for C₆H₆Cl₆ 

Not detected (Lu et al., 2013) 

antifouling paints 0.2 and 1 Body development inhibition Not detected (Castritsi-Catharios 
et al., 2014) 

carbon black nanoparticles 50 to 1000 Not effect Increase of hsp70 activity (Rodd et al., 2014) 
Ag 0.0002 to 0.001 Hatching cysts inhibition; LC50 =

1078000 at 24h and 1293600 at 48h; 
bioaccumulation in gut 

DNA demage (Arulvasu et al., 2014) 

SnO₂, CeO₂ and Fe₃O₄ 0.01, 0.1, 1.0 Swimming speed inhibition by CeO₂; 
Hatching cysts inhibition, mortality and 
swimming speed alteration byFe₃O₄ 

Increase of ChE activity by 
CeO₂ and Fe₃O₄; Inhibition of 
GST and ChE activity by 
SnO₂; Increase of CAT 
activity by Fe₃O₄ 

(Gambardella et al., 
2014; Selvinsimpson 
et al., 2021; Zhu et al., 
2017b) 

FeCl₃, CdCl₂ and mixure 30 of FeCl₃, 5 of CdCl₂ Not detected Increase of CAT, GPX and 
SOD activity, 
metallothioneins 
concentration by CdCl₂; 

(Mohamed et al., 2014) 

diethylene glycol From 365 to 25000 NOEC = 25000 Not detected (Manfra et al., 2015) 
triclosan and triclocarban 0.1 to 0.5 for triclosan and 

0.001 to 0.1 
LC50 = 0.171 for triclosan; LC50 = 0.018 
for triclocarban 

Not detected (Xu et al., 2015) 

Ag 0, 1, 5, 10 and 50 Mortality and swimming speed inhibition 
dose dependent 

Not detected (Gambardella et al., 
2015; Palácio et al., 
2021) 

atranorin, thamnolic, usnic, gyrophoric, 
barbatic, fumarprotocetraric, 
perlatolic, norstictic and 
protolichesterinic acid 

0.01 to 0.5 LC50 = 45000 for atranorin and 
perlatotic, anziaic acids; LC50 = 10000 for 
usnic acid 

tyrosinase inhibition by 
barbatic, usnic and anziaic 
acids 

(Honda et al., 2016) 

anionic carboxylated and cationic amino 
polystyrene nanoparticles 

0.005 to 0.1 PN-COOH bioaccumulation in gut; PS-NH₂ 
bioaccumulation in antennules and 
appendages 

Not detected (Bergami et al., 2016) 

Triton X-100, cetylpyridinium chloride 
and sodium dodecyl sulphate 

100 for Tx-100, 3.5 for CPC 
and 25 sor SDS 

Mortality by Tx-100; hatching cysts 
inhibition by CPC and SDS 

Not detected (Deese et al., 2016) 

TRO 1 to 10 Mortality Not detected (Duan et al., 2016) 
TiO₂ and Ag-TiO₂ 0.03125, 0.0625, 0.125, 0.25, 

0.5, 1, 10, 50 and 100 for 
TiO₂; 0.03125, 0.0625, 0.125, 
0.25, 0.5, 1, 5, 10, 20 and 40 
for Ag-TiO₂ 

LC50 = 23.03 at 24h, 3.74 at 48h, 1.06 at 
72h and 0.79 for Ag-TiO₂; LC50 = 381.6 at 
24h, 70.12 at 48h, 41.26 at 72h and 18.77 
for TiO₂ 

Not detected (Ozkan et al., 2016) 

TiO₂, ZnO and CuO 100, 120, 140, 160, 180 and 
200 for ZnO; 1, 3, 5, 7, 9 and 
10 for CuO; and 10, 20, 30, 
40, 50, 60, 70, 80, 90 and 100 
for TiO₂ 

LC50 = 11.42 at 24h, 8.51 at 48h, 6.21 at 
72h and 4.32 at 96 h for CuO; LC50 =
293.1 at 24h, 247.13 at 48h, 201.21 at 72h 
and 173.20 at 96 h for ZnO; LC50 =
115.55 at 24h, 86.11 at 48h, 57.31 at 72h 
and 30.54 at 96 h for TiO₂ 

Not detected (Khoshnood et al., 
2017) 

tributylin, diuron and irgarol 0.000005-0.001 for 
tributylin, 0.5-15 for diuron, 
0.01-2 for irgarol 

LC50 = 0.0002 for tributylin, LC50 =
0.982 and LC50 = 10.3 for diuron 

inhibition of 
acetylcholinesterase activity 

(Lee et al., 2017) 

anionic carboxylated and cationic amino 
polystyrene nanoparticles 

0.0005 to 0.01 Mortality by PS-NH₂ exposure Up-regulation of clap and 
cstb in 48 h larvae by PS-NH₂ 

(Bergami et al., 2017) 

graphene oxide 0, 25, 50, 100, 200, 400 and 
600 

Hatching cysts inhibition dose-dependent, 
mortality and immobilization 

Not detected (Zhu et al., 2017b) 

methylparaben 0.0085 and 0.017 LC50 = 36.7 at 24h Down-regulation of CAT 
gene 

(Comeche et al., 2017) 

Zn and Ni; mixture 50 to 1200 for Zn and 25 to 
600 for Ni; seven dilution 
ratios (4:1, 3:2, 2:1,1:1, 1:2, 
2:3, and 1:4) for mixture 

LC50 = 44.0 for Zn; LC50 = 271 for Ni; 
additive effect at salinity of 35 ppm and 
antagonist effect at salanity of 10 ppm 

Not detected (Damasceno et al., 
2017) 

TiO₂ and mixture of TiO₂ - As 0, 1, 10, 100 and 1000 Synergistic effect 

(continued on next page) 
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Table 1 (continued ) 

Compound type Concentrations (mg/L) Morphological effects Molecular and 
metabolomic effects 

Reference 

Increase of protein 
concentration by mixture 

(Thiagarajan et al., 
2022; Yan et al., 2017) 

CuO 0.2, 1, 5, 10, 25 e 50 Bioaccumulation at 72h; LC50 = 61.4 for 
nauplii and 175.2 for adults 

Increase of GSH and TBARS 
activity 

(Cimen et al., 2020;  
Madhav et al., 2017) 

Fe₃O₃ 600 Hatching cysts inhibition; LC50 = 177.4 
for nauplii II; inhibition of growth 

Increase of MDA content, T- 
AOC, ROS and antioxidant 
enzymes activities 

(Zhu et al., 2017b) 

CeO₂ 100 Hatching cysts inhibition; mortality Increase of ROS activities (Sugantharaj David 
et al., 2017) 

monoterpene hydrocarbons, oxygenated 
monoterpenes, ketones, aldehydes, 
sesquiterpene hydrocarbon, esters 
extracted from Lippia javanica 

0.031 to 1 Hatching cysts inhibition; Mortality Not detected (Adeogun et al., 2018) 

graphene oxide 1, 10, 50, 100 and 500 Mortality, immobilization and growth 
inhibition 

Not detected (Lu et al., 2018; Shokry 
et al., 2021) 

chemical discharges 1 to 100 LC50 = 1 for glutaraldehyde; LC50 = 5.92 
for sodium hypochlorite 

Not detected (Cortés et al., 2018) 

zinc and copper pyrithione 0.001 to 100 LC50 = 1.37 for ZnPT; LC50 = 4.58 for 
CuPT 

Not detected (Gutner-Hoch et al., 
2019) 

2-phenyl-1H-benzo[d]imidazole, phenyl 
(2-phenyl-1Hbenzo[d]imidazol-6-yl) 
methanone, (2-(2,3-dichlorophenyl)- 
1Hbenzo[d]imidazol-6-yl)(phenyl) 
methanone 

10, 100, 500 and 1000 LC50 = 138.7 for (2-(2,3-dichlorophenyl)- 
1Hbenzo[d]imidazol-6-yl)(phenyl) 
methanone after 6 h; LC50 = < 10 for 2- 
phenyl-1H-benzo[d]imidazole and phenyl 
(2-phenyl-1Hbenzo[d]imidazol-6-yl) 
methanone after 24 h 

Not detected (Lapetaje and Creencia, 
2019) 

Polyphenol, flavonoid, saponins and 
alkaloids 

0.05, 0.1, 0.25, 0.5 Hatching cysts inhibition Not detected (Braguini et al., 2019) 

alkaloids, flavonoids, steroids/ 
triterpenoids, tannins, saponins and 
glycosides 

20 to 100 LC50 = 49.4 Not detected (Hafiz et al., 2019) 

plants extract 5 to 320 Mortality Not detected (Khaleel, 2019) 
cationic amino polystyrene 

nanoparticles 
0.0001, 0.001, 0.003 and 0.01 Mortality after 14d inhibition of ChE and CbE 

activity 
(Varó et al., 2019) 

microplastics 0.4, 0.8 and 1.6 Reproduction inhibition Not detected (Peixoto et al., 2019) 
bisphenol A and sodium dodecyl sulfate 7, 8, 9, 10, and 12 for SDS; 40, 

42, 44, 46, and 48 for 
bisphenol A 

LC50 = 45.5 at 24h, LC50 = 34.4; LC50 
=17.2 at 72h for bisphenol A; 8.4 at 24h, 
LC50 = 7.8 at 48h; LC50 = 7.1 at 72h for 
SDS 

Not detected (Ekonomou et al., 
2019) 

compounds present in untreatted and 
treatted landfill leachate 

20-80 LC50 = 50 for treatted LL Not detected (Borba et al., 2019) 

eugenol and consequently crude oil 10000, 25000, 50000, 75000, 
100000, 125000 and 150000 

LC50 = 27000 for eugenol; LC50 = 16000 
for crude oil 

Not detected (Rahman and Pratama, 
2019; Viega et al., 
2020) 

TiO₂ and Mixture of TiO₂, ZnO, MgO 25, 50, 100 and 200 Mortality; LC50 = 140.4 for TiO₂; LC50 =
238.1 for MONs 

Not detected (Anaya-Esparza et al., 
2019) 

K₂Cr₂O₇ 0.005, 0.01, 0.02, 0.025, 
0.05, 0.1 and 0.25 

LC50 = 0.021 for nauplii I; LC50 = 0.009 
for nauplii II; LC50 = 0.015 for 
metanauplii; LC50 = 0.022 for juvenile; 
LC50 = 0.0186 for adults 

Not detected (Ocaranza-Joya et al., 
2019) 

ammonium sulfate 50, 75, 100, 125, 150 and 200 LC50 = 75 Not detected (Benmeddah et al., 
2020) 

polystyrene nanoparticles 0, 0.006 and 0.6 Bioaccumulation Not detected (Kim et al., 2022;  
Marta et al., 2020) 

Nanoparticles of Zn 0, 0.2, 1, 5, 10, 25 and 50 Bioaccumulation; mortality at dose and 
time-dependent 

Not detected (Danabas et al., 2020) 

Cu 0.2, 1, 5, 10, 25 e 50 Bioaccumulation at 72h Increase of GSH and TBARS 
activity 

(Cimen et al., 2020) 

TiO₂ and Cr-TiO₂ 0.25, 0.5, 1, 2, and 4 for TiO₂; 
0.5, 1, 2, and 4 for Cr-TiO₂ 

Antagonist effect Increase of ROS activity by 
mixture 

(Thiagarajan et al., 
2020) 

gel with testosterone and gel with 
estradiol 

0.001 to 0.025 for gel with 
testosterone; 0.00003 to 
0.015 for gel with estradiol 

Mortality Not detected (Viega et al., 2020) 

Br 79, 97, 190, 380, 780, 1900, 
3900, 7700, and 11000 

Mortality Not detected (Pillard and Tapp, 
2021) 

tributyltin chloride 0.025, 0.050. 0.1, 0.2 and 0.3 Lesions in the testis and ovary section Immunoreactivity to 
Caspase 3 and HSP70 
antibody 

(Abushaala et al., 2021) 

Amaranthus spinosus root extract 25, 12.5, 6.25, 3.13, 1.56, 
0.78, 0.39, 0.20, 0.10 and 
0.05 

LC50 = 1.18 Not detected (Atchou et al., 2021) 

polystyrene nanoparticles 0, 1, 10, 100, 1000 and 10000 Bioaccumulation Not detected (Albano et al., 2021) 
microplastics 500 Mortality Not detected (Kim et al., 2021) 
microplastic+simvastatin, 

microplastic+carbamazepine, 
0.26 for microplastic; 12.03, 
10.03, 8.35, 6.96, 5.80 and 
52.08 for simvastatin; 43.40, 

LC50 = 10.29 for 
microplastic+simvastatin, LC50 = 46.50 
for microplastic+carbamazepine, LC50 =

inhibition of ChE activity (Albendín et al., 2021) 

(continued on next page) 
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present in sedimentary formations from which metals, aromatic and 
aliphatic hydrocarbons, phenols and additives are mined, was also 
tested on Artemia models. PFW showed toxicity on different marine 
organisms, but did not display high impact on A. franciscana after both 
24 h and 48 h of exposure (Manfra et al., 2011, 2010). Moreover, the 
diethylene glycol (DEG), commonly used in the dehydration of natural 
gas streams (e.g. PFW), displayed long-term effects on the crustacean, 
reported as NOEC values (Manfra et al., 2015). A recent study also 
showed that N-2-methoxybenzyl-phenethylamines, psychoactive sub
stances with poorly defined pharmacological properties, had a great 
impact on the survival of the brine shrimp after 24 h of exposure 
(Álvarez-Alarcón et al., 2021). Toxicity tests of compounds found within 
the untreated and treated landfill leachate (LL) demonstrated the high 
efficiency of the mediated photo-Fenton process in landfill leachate 
treatment. In fact, untreated LL induced mortality in all tested dilutions 
(20–80%), while treated LL was able to reduce of 56 % the LC50 value 
(Borba et al., 2019). 

A great risk for the marine environment was also represented by 
chemical discharges (Libralato et al., 2007), with glutaraldehyde, so
dium hypochlorite, copper sulfate, potassium permanganate and iron 
(III) chloride) displaying a considerable toxicity with antagonistic or 
additive effects depending on the mixture tested (Cortés et al., 2018). 
Concerning personal care products, the toxic effect of monoethanol
amine (MEA), diethanolamine (DEA) and triethanolamine (TEA), ben
zofenone, 2,5-diaminotoluen solfate, p-phenyl enediamine, 
tetrabromobisphenol A, benzofenone, tetrabromobisphenol A, and gels 
commonly formulated with hormones and other ingredients also 
demonstrated a great impact on Artemia survival (Libralato et al., 2010; 
Tapia-Salazar et al., 2022; Rahman and Pratama, 2019; Viega et al., 

2020). Comparative analyses with the organic wastewater compounds, 
triclosan and triclocarban, and trimethyltin chloride (TMTC), dime
thyltin dichloride (DMTC) and dibutyltin diacetate (DBTA), revealed 
different effects on exposed nauplii. In particular, triclocarban was more 
toxic than triclosan at 24h of exposure, and TMTC induced significant 
increase of mortality rate (Hadjispyrou et al., 2001; Xu et al., 2015). 
Mixtures of nine Polycyclic Aromatic Hydrocarbons (PAHs; naphtha
lene, phenanthrene, acenaphthene, fluorene, pyrene, fluoranthene, 
anthracene, benzo(a)anthracene and benzo(a)pyrene) that have been 
widely found in water sewages, did not show any toxic effects in Artemia 
individuals (Rojo-Nieto et al., 2012). In contrast, a recent paper 
demonstrated that, among four different PAHs, fluoranthene was the 
most toxic by inducing a dose-dependent reduction of Artemia survival 
in both nauplii and adults after 24 h and 48 h of exposure, whereas 
benzo(k)fluoranthene did not report any negative effects on Artemia 
survival (Albarano et al., 2022). 

Artemia is also a valuable model species to evaluate the efficiency 
and safety of remediation techniques commonly applied on water ef
fluents to remove contaminants. As an example, the electrolyzed water 
used in the treatment of ballast water is rich of active constituents, 
which are measured as Total Residual Oxidant (TRO). TRO decay ex
periments revealed that electrolyzed water was capable to induce 
mortality in a dose-dependent manner, registering a considerable mor
tality rate (>75%) (Duan et al., 2016). In contrast, other works 
demonstrated that carbon black (CB) nanoparticles, normally used to 
remove oil spills in wastewater, were non-toxic on A. franciscana and 
A. salina, suggesting the overall safety of this application (Rodd et al., 
2014; Tretyakova et al., 2021). 

Concerning the effects of heavy metals on Artemia survival, several 

Table 1 (continued ) 

Compound type Concentrations (mg/L) Morphological effects Molecular and 
metabolomic effects 

Reference 

microplastic+chlorpyrifos, 
microplastic+triclosan 

36.17, 30.14and 25.16 for 
carbamazepine; 12, 6, 3, 1.5, 
0.75 and 0.0312 for triclosan; 
0.0156, 0.0078, 0.0039 and 
0.00195 for chlorpyrifos 

0.012 for microplastic+chlorpyrifos, 
LC50 = 4.96 for microplastic+triclosan 

N-2-methoxybenzyl-phenethylamines 0.00075, 0.001, 0.0015, 
0.002, 0.003, 0.006, 0.009, 
0.012, 0.015, 0.018, 0.024 
and 0.030 

Mortality and immobilization Not detected (Álvarez-Alarcón et al., 
2021) 

carbon black nanoparticles 100 to 5000 Not effect Not effect (Tretyakova et al., 
2021) 

ZnCl₃, CdCl₂ and HgCl₂ 0.81 of FeCl₃, 0.97 of CdCl₂, 
0.08 of HgCl₂ 

Hatching rate inhibition; mortality; Not detected (Ñañez Pacheco et al., 
2021) 

essential oil of Cochlospermum regium 0.001, 0.0025, 0.005, 0.007, 
0.010, 0.020, 0.050, 0.070, 
0.1 and 1 

LC50 = 0.09 Not detected (Magalhães et al., 
2021) 

Lomandra hystric extract 2 Mortality Not detected (Rumbudzai Chikowe, 
2021) 

Palytoxin 0.2, 2.68 and 26.8 Hatching cysts inhibition and mortality Increase of ROS levels, 
catalase and peroxidase 
activity 

(Cavion et al., 2022) 

plants extract 0.001 to 1 LC50 = 0.032 for bark Not detected (Indriaty et al., 2022) 
microplastics 0.001, 0.025, 0.05, 0.075 and 

0.1 
LC50 = 0.041 for nauplii, LC50 = 0.052 
for metanauplii; swimming behaviour 
alteration in juvenile 

inhibition of SOD, CAT, 
GSH, GST and AChE activity 

(Jeyavani et al., 2022) 

benzofenone, 2,5-diaminotoluen solfate, 
p-phenyl enediamine e 
tetrabromobisphenol A 

0 to 300 LC50 = 0.017 for tetrabromobisphenol A; 
LC50 = 0.014 for benzofenone 

Not detected (Tapia-Salazar et al., 
2022) 

naphthalene, phenanthrene, benzo-k- 
fluoranthene, fluoranthene 

0.015, 0.032, 0.078, 0.11, 
0.26, 0.41, 0.76, 1.45, 4.23 
and 10.1 for NAP; 0.21, 0.71, 
1.15, 2.26, 3.45, 4.23, 7.48, 
48.7, 98.6 and 223.4 for PHE; 
0.29, 0.81, 2.14, 4.41, 9.91, 
20.4, 45.6, 91.6, 179 and 325 
for FLT; 0.016, 0.41, 0.78, 
0.98, 2.4, 5.3, 10.4, 19.5, 41.7 
and 84.6 for BkF 

LC50 = 0.60 (nauplii) and 44.3 (adults) for 
NAP; LC50 = 3.07 (nauplii) and 1.68 
(adults) for PHE; LC50 = 0.09 (nauplii) 
and 0.77 (adults) for FLT; LC50 = 6.12 
(adults) for BkF 

Increase of hsp60 and UCP2 
activity by all PAHs 

(Albarano et al., 2022)  
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works have been published in the last twenty-two years. For instance, 
vanadium (V) and nickel (Ni) were found to increase the mortality of 
nauplii (Asadpour et al., 2013; Manavi and Baniamam, 2011), even at 
low concentrations (Fichet and Miramand, 1998). Similarly, the metals 
Zinc (Zn), lanthanum (La) and Cd also induced an increase of nauplii 
mortality after 96 h of exposure (Ates et al., 2013; Bergsten-Torralba 
et al., 2020; Sarabia et al., 2006, 2002). Similarly, arsenic (As) was able 
to reduce the survival of nauplii, without triggering negative conse
quences on cysts hatching and adults survival (Brix et al., 2003; Sánchez 
et al., 2016), while selenium (Se) and bromide (Br) did not reveal toxic 
effects at all concentration tested (Brix et al., 2004; Pillard and Tapp, 
2021). Comparative analyses of several metals used in both single and 
mixture experiments have been widely reported. For instance, toxicity 
studies with Cd and chromium (Cr), showed that Cr was more toxic than 
Cd, and metals combination exerted antagonistic interactions (Beňová 
et al., 2007; Hadjispyrou et al., 2001). Comparisons among Cr, Hg and 
Cd metals, revealed a much stronger toxic effect of Cr on the survival of 
nauplii (Umarani et al., 2012). Other experiments also reported that Zn 
was more toxic than Ni, but both metals displayed higher toxicity at low 
salinities (10 ppm). When mixture effects have been analyzed, the 
transition from additive to antagonistic interactions depending on 
salinity rate, significantly decreased (Damasceno et al., 2017). Experi
ments with Titanium dioxide (TiO2) and a mixture of oxide nano
particles made of TiO2-Zinc oxide (ZnO)-Magnesium oxide (MgO) 
revealed that TiO2 was more toxic than the tertiary mixture 
(Anaya-Esparza et al., 2019). Conversely, by comparing the toxicity of 
TiO2 and TiO2 associated to silver nanoparticles (Ag-TiO2), Ag-TiO2 was 
found up to 17-fold more toxic than pure TiO2 (Ozkan et al., 2016). 
Moreover, a comparative study reported that CuO was up to 26-fold 
more toxic than pure ZnO in Artemia nauplii (Khoshnood et al., 2017). 

Mortality rates, together with other endpoints, were found relatively 
altered in nauplii exposed to several metals such as stannic oxide (SnO2), 
cerium (IV) oxide (CeO2) and iron (II, III) oxide (Fe3O4) (Gambardella 
et al., 2014; Selvinsimpson et al., 2021; Zhu et al., 2017a). A significant 
decrease of nauplii survival was also detected when exposures were 
applied with CeO2, TiO2-As and Fe2O3-nanoparticle combinations with 
synergistic effects clearly evident in the case of mixtures (Wang et al., 
2017). Moreover, copper sulphate (CuSO4) was able to impair the sur
vival after 24 h and 48 h of exposure (Manfra et al., 2016; Pati and 
Belmonte, 2003). Interestingly, other works revealed that Cu salts were 
up to 35- and 50-fold more toxic than cadmium (II) chloride (CdCl2) and 
zinc sulphate (ZnSO4), respectively (Browne, 1980; Cortés et al., 2018; 
Kokkali et al., 2011; Saliba and Ahsanullah, 1973; Saliba and Krzyz, 
1976). Testing CdCl2 in combination with ZnSO4, a higher toxic profile 
has been shown, underlining synergistic effects of both substances 
(Nováková et al., 2007). Recent works also reported that the nauplii and 
metanauplii stages of the crustacean life cycle were the most sensitive to 
potassium dichromate (K2Cr2O7) exposures (Ocaranza-Joya et al., 
2019), and survival of nauplii after 48 h was inhibited by CdCl2, zinc 
chloride (ZnCl2) and mercury chloride (HgCl2) (Lu et al., 2013; Ñañez 
Pacheco et al., 2021). 

2.2. Hatching and swimming behavior 

Hatching is a crucial step that allows the transition from dormant 
cysts to swimming nauplii when the environmental conditions are 
favorable. In Artemia models, the ecotoxicological assessment of several 
compounds has been also evaluated on the hatching and swimming 
behavior. For instance, exposures of Artemia hydrated cysts to low and 
high concentrations of two biocides, diuron and irgarol revealed that 
irgarol did not show any effect on egg hatching at both low and high 
concentrations (1 and 5 mg/L, respectively), whereas diuron decreased 
the hatching rate of about 50 % (Alyürük and Çavaş, 2013; Jung et al., 
2017). Other biocides, PDC and p-CA, already mentioned for their ef
fects on Artemia survival, reduced the swimming velocity of nauplii of 
50% and 70%, respectively (Alyuruk et al., 2013). Similarly, the natural 

compounds PLTX, polyundatured aldehydes and EPA, that impairs the 
survival rate of Artemia, were also found to induce a dose-dependent 
reduction of the hatching success (Caldwell et al., 2003; Cavion et al., 
2022). 

The extract of leaves and flowers obtained from Lavandula officinalis 
was also found to reduce the hatching success of Artemia cysts. In 
particular, at high concentrations (0.5 and 1 mg/L), the aqueous extract 
of leaves, significantly decreased hatching of about 60-90 % at 36 h and 
72 h, whereas at the same concentrations and timing, the exposure of the 
flower extract was able to reduce hatching within a range of 18-60 % 
(Braguini et al., 2019). Similarly, the ecotoxicological assessment of 
essential oils extracted from fresh and dried leaves of L. javanica showed 
that the number of hatched eggs dose-dependently reduced, by reaching 
only the 10 % of hatching success after 12 h at 0.5 mg/L (Adeogun et al., 
2018). 

Several pollutants already mentioned for their capabilities to affect 
Artemia survival such as water leachates, heavy metals, microplastics, 
rare metals, AgNPs, salts and combinations with nanoparticles were all 
found to strongly inhibit the hatching success and swimming speed 
(Brix et al., 2006; Lu et al., 2012; Svensson et al., 2005). 

Moreover, other studies reported that the salts CuSO4, K2Cr2O7, 
CdCl2, ZnCl2 and HgCl2 were able to impair the hatching rate and 
swimming speed, after 48 h of exposure (Manfra et al., 2016; Pati and 
Belmonte, 2003), with nauplii and metanauplii stages being the most 
sensitive to potassium dichromate exposures (Ocaranza-Joya et al., 
2019). Recent studies also reported that molecules and delivery systems 
used in biomedical applications strongly influenced the hatchability and 
swimming behavior in juveniles after 24 h of exposure (Álvarez-Alarcón 
et al., 2021). 

2.3. Development 

Artemia embryo development and reproduction, as for others model 
organism, represents a key endpoint to assess the toxicity of several 
contaminants. For instance, a recent study reported a significant 
decrease of the reproduction success in Artemia adults after 44 days of 
exposure to microplastics (Peixoto et al., 2019). 

Concerning biocide compounds, such as (2-(2,3-dichlorophenyl)- 
1Hbenzo[d]imidazol-6-yl)(phenyl)methanone, 2-phenyl-1H-benzo[d] 
imidazole, phenyl(2-phenyl-1Hbenzo[d]imidazol-6-yl)methanone, and 
the aforementioned diuron and irgarol, a considerable delay or arrest of 
Artemia development was observed, except in the case of irgarol whose 
toxicity was not detected at both low and high concentrations (Lapetaje 
and Creencia, 2019). Moreover, the exposure of four antifouling paints 
(ANTI F, SHARKSKIN, OCEAN T/F, MICRON), additives (SDS, bisphenol 
A, GO) also reported a significant decrease of A. franciscana body length 
after 24h and 48h (Ekonomou et al., 2019), with GO impairing the 
Artemia development only at long exposure time (48 h and 72 h) (Lu 
et al., 2018; Shokry et al., 2021). 

In addition, several works resulted in that the heavy metals V, Ni, Cr 
and Pb were able to reduce the growth success of nauplii after 24 h, 48 h, 
72 h and 96 h (Shaojie and Wenli, 2012). Interestingly, comparisons 
among Cr, Hg and Cd metals, revealed a much stronger toxic effect of Cr 
on growth of nauplii (Umarani et al., 2012). Concerning metal oxides 
mixtures, a synergistic effect of TiO2 and As on the development of 
Artemia nauplii was observed (Yan et al., 2017; Thiagarajan et al., 2022). 

2.4. Bioaccumulation 

Toxicants may also accumulate through the feeding process and 
impair the physiology and behavior of Artemia larvae and adults. The 
effects of two polystyrene nanoparticles (PS NPs), 40 nm anionic 
carboxylated (PS-COOH) and 50 nm cationic amino (PS-NH2), were 
evaluated in A. franciscana larvae. After 48h of exposure, PS-COOH 
bioaccumulation has been shown in gut limiting food intake, while 
PS-NH2 was detected at the surface of sensorial antennules and 
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appendages, probably preventing larvae motility (Bergami et al., 2016). 
Successively, PS-NPs were observed in the mandible, stomach, gut, tail 
gut and appendages after 24 h of exposure (Albano et al., 2021; Kim 
et al., 2022; Marta et al., 2020). ZnO nanoparticles (80-100 nm) were 
also found to highly bioaccumulate by triggering severe and acute ef
fects on the survival of the brine shrimp (Danabas et al., 2020). The same 
authors evaluated the toxicity of Zn NPs (40-60 nm) on Artemia nauplii. 
Specifically, they highlighted that these NPs were able to bioaccumulate 
through the filtration system, and influence the survival at higher con
centrations (50 mg/L) and lower concentration (≤ 5 mg/L) after 24 h 
and 72 h, respectively (Danabas et al., 2020). Bioaccumulation of the 
organic wastewater compound TMTC was measured as 25 and 50 times 
greater than DMTC and DBTA, respectively (Hadjispyrou et al., 2001). 

Concerning heavy metals, a significant bioaccumulation was 
observed. After seven days of exposure, Cd was able to bioaccumulate in 
a dose-dependent manner and increase the intake depending on feeding 
activities(Cimen et al., 2020; Jayasekara et al., 1986; Jennings and 
Rainbow, 1979), and V, Ni and Pb were found to bioaccumulate in both 
nauplii and adults (Asadpour et al., 2013; Sujatha Devi et al., 2016). 
Moreover, a significant bioaccumulation at 72 h was reported in Artemia 
nauplii exposed to copper oxide (CuO) (Cimen et al., 2020; Madhav 
et al., 2017). 

2.5. Enzymatic biomarker 

Enzymatic biomarkers represent a useful tool to assess and under
stand how aquatic organisms respond to several stressors, by looking at 
the activity of proteins particularly involved in detoxification processes. 
The biocide diuron was found to inhibit the activity of the hatching 
enzyme serine protease (Alyürük and Çavaş, 2013) and, together with 
TBT, irgarol, clorpyrifos, dichlorvos and profenofos showed a consid
erable decrease of AChE activity (Lee et al., 2017; Varó et al., 2002; 
Venkateswara Rao et al., 2007). Moreover, TBT was able to also cause 
histological lesions and immunoreactivity to apoptosis markers (Caspase 
3 and HSP70) in adults ovary (Abushaala et al., 2021). After 24 h of 
exposure to the cyanobacterial toxins CDNB, DCNB and EPNP, CDNB 
was able to increase mGST activity, while MCLR and NODLN enhanced 
sGST levels in adults exposed to all toxins (Beattie et al., 2003). A recent 
paper, also demonstrated that PLTX, another common compound 
extracted from cyanobacteria, caused oxidative stress in adults by 
increasing Reactive Oxygen Species (ROS) levels, Catalase (CAT) and 
Peroxidase activity (Cavion et al., 2022). Instead, the exposure to juice 
of Aloe barbadensis, was demonstrated to induce oxidative stress, by 
decreasing of thioredoxin reductase, glutathione reductase and gluta
thione peroxidase activity (Sindaarta and Cock, 2010). Moreover, atra
norin, thamnolic, usnic, gyrophoric, barbatic, fumarprotocetraric, 
perlatolic, norstictic and protolichesterinic isolated from lichens have 
been also tested showing that only barbatic, usnic and anziaic acids 
inhibited the tyrosinase activity (Honda et al., 2016). Emerging pollut
ants like microplastics were also able to decrease Superoxide Dismutase 
(SOD), Glutathione (GSH), CAT, GST and AChE activities in all tested life 
stages (nauplii, metanauplii and juvenile) (Jeyavani et al., 2022). The 
cationic amino polystyrene nanoparticles inhibiting ChE and Carbox
ylesterase (CbE) activity in 48 h aged larvae (Bergami et al., 2017; Varó 
et al., 2019). However, when microplastics were tested together with 
pesticides, they were still able to cause a decline in ChE activity, con
firming their neurotoxic effect (Albendín et al., 2021). In addition to 
pollution due to organic compounds, the likely effects of inorganic 
compounds have been extensively studied. Cu significantly caused high 
oxidative stress, through the activation of GSH and Thiobarbituric acid 
reactive substances (TBARS) activity at all times of exposure (24 h, 48 h 
and 72 h) (Cimen et al., 2020). The same authors reported that Cu 
treatment caused a significant increase of lipid, protein and carbohy
drate contents (Umarani et al., 2012). A significant increase of GSH and 
TBARS activity after 24 h, 48 h and 72 h, was reported in Artemia nauplii 
exposed to copper oxide (CuO) (Cimen et al., 2020; Madhav et al., 

2017). Furthermore, CeO2 increased ChE activity, SnO2 inhibited ChE 
and GST levels, and Fe3O4 increased ChE and CAT activities (Zhu et al., 
2017a). Combinations of Fe2O3 - nanoparticles were also able to in
crease the malondialdehyde (MDA) content, Total Antioxidant Capacity 
(T-AOC), ROS and antioxidant enzymes activities (Wang et al., 2017). 
Similarly, the cerium oxide (CeO2) and Cu-TiO2 combinations showed 
high impact on ROS activity (Sugantharaj David et al., 2017). Moreover, 
adults of Artemia were also exposed to CdCl2, iron chloride (FeCl3) and 
their mixtures for 1, 3 and 7 days. In particular, the exposure to CdCl2 
was able to increase CAT, GPX and SOD activities and metallothionein 
concentration in tissues more than FeCl3 and their mixtures (Mohamed 
et al., 2014). 

2.6. Gene expression 

Very few studies have evaluated the expression of genes involved in 
stress response or development in Artemia models exposed to nano
particles, Polycyclic Aromatic hydrocarbons (PAHs) and food/cosmetic 
preservatives. For instance, anionic carboxylated and cationic amino 
polystyrene nanoparticles up-regulate the expression levels of two target 
genes, clap and cstb, involved in brine shrimp larval growth and molting 
(Bergami et al., 2017), while carbon black (CB) nanoparticles, normally 
used to remove oil spills in wastewater, were able to increase the 
expression levels of hsp70 gene (Rodd et al., 2014; Tretyakova et al., 
2021). Similarly, methylparaben (MeP), mainly used as preservative of 
personal care products, food and pharmaceuticals, induced 
down-regulation of CAT expression levels only with acute exposures (24 
h) of Artemia (Comeche et al., 2017). A recent paper, also demonstrated 
that benzo-k-fluornthene was able to up-regulated the expression level 
of nine genes involved in stress response (hsp26, hsp60, hsp70, COXI and 
COXIII) and in developmental process (HAD-like, CDC48, UCP2 and tcp), 
despite its exposure has not caused toxic effect on nauplii and adult 
survival (Albarano et al., 2022). 

3. A. salina and A. franciscana as models for genotoxicity 
detection 

Genotoxicity assay have been historically applied to perform the eco- 
toxicity assessment of several mutagens in both freshwater and marine 
model species by evaluating the amount of DNA damage, including 
double-strand breaks, gene mutation and aneuploidy (Brend
ler-Schwaab et al., 2005; Depledge, 1998; Frenzilli et al., 2009). As 
mentioned in the introduction section, only a few studies have reported 
the genotoxicity in Artemia individuals, so far, probably due to the scarce 
availability of standardized protocols. In 2013, single-cell electropho
resis techniques for employing Comet Assay and Polymerase Chain Re
action (PCR) of genetic markers have been set-up in A. franciscana larvae 
to evaluate the amount of DNA damage (Chandra and Sukumaran, 2019; 
Del Carmen Guzmán-Martínez et al., 2013; Sukumaran and Grant, 
2013a, 2013b, 2013c). For instance, Inter-Simple Sequence Repeat 
(ISSR) and population growth rate approaches were performed to 
compare the transgenerational effects of genotoxicity between sexual 
(A. franciscana) and asexual (Artemia parthenogenetica) species of brine 
shrimp exposed to the mutagen ethylmethane sulfonate (EMS) (Suku
maran and Grant, 2013a, 2013b). Genomic template stability (GTS) 
quantified in parental individuals and F1/F2 generations revealed that 
GST was particularly divergent between the species that reproduce 
sexually and asexually. In fact, GTS reduced at all concentrations tested 
(85, 110, 135 and 160 ppm) in parental A. franciscana and in both 
parental and F1 generations of A. parthenogenetica, associated to a lesser 
fecundity, growth, survival and population growth-rate of asexual F1/F2 
populations. In contrast, GTS did not decrease in the F1 of A. franciscana 
with a significant restore in F1 and F2 life-cycle parameters that suggests 
a possible recovery over generations in species that reproduce sexually 
(Sukumaran and Grant, 2013a). These results were deeper explored by 
Comet Assay revealing that the chronic exposure to EMS induced a 
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dose-dependent increase (concentration range= 0.78-1.48 mM) of Tail 
DNA percentage (%TDNA) in nauplii of both Artemia species (Suku
maran and Grant, 2013c). Comet Assay were also performed to evaluate 
the genotoxicity of two personal care products, triclosan (TCS) and tri
clocarban (TCC) on A. salina larvae measured as Olive Tail Moment 
(OTM) and %TDNA (Xu et al., 2015). Results showed that TCS (171 
µg/L) induced significant DNA damage in Artemia coelomocytes at 24 h 
of exposure while TCC (18 µg/L) was particularly effective at both 12 h 
and 24 h. Moreover, single-cell gel electrophoresis and apoptotic fre
quency assays (Annexin V-FITC/PI assay) also demonstrated that TCS 
and TCC triggered early apoptosis (22.3 % and 45.8 %) at 24 h. These 
evidences suggested two possible scenarios inducing DNA damage that 
involve the release of ROS or TCS/TCC mutagens that directly act as 
DNA intercalants (Xu et al., 2015). 

4. Concluding remarks 

The Artemia bioassay is one of the most used approaches both in 
toxicological and eco-toxicological studies because of several attractive 
features such as, high market availability, abundance of cysts, simple 
manipulation and maintenance in laboratory conditions. As reported 
above, the hatching rate of cysts, reproductive success, swimming ve
locity, survival and gene expression of key genes involved in stress 
response and molting, was found to be quite interfered in Artemia by 
several contaminants widely found in natural environments. Among 
ecotoxicological studies reviewed in the present work, mortality and 
rates were the most employed, representing about the 50 % of the whole 
investigations analyzed (Fig. 1). This result might be probably due to the 
extremely easy and fast ecotoxicological approaches that allows the 
evaluation of Artemia survival in experimental conditions. In contrast, 
quantitative analyses revealed that hatching (16%), enzymatic bio
markers (12%), development (11%), bioaccumulation (9%) and gene 
expression (3%) were poorly used, which suggests the need of employ
ing more diversified tools for studying ecotoxicity in Artemia models. 
Moreover, it should be considered that genotoxic approaches have also 
been partly used, with existing data being quite old and scattered. 
Nevertheless, molecular data clearly showed that the negative effects 
might be significantly detected at the DNA level by evaluating the 
presence of double strand breaks and abnormal mRNA expression of key 
genes, even at low doses of toxicants as corroborated by literature 
analysis. The impairment of suchendpoints was also correlated to 
several physiological responses contemporarily occurring in the organ
ism. Interestingly, NGS approaches recently added a great amount of 
sequences to be used as novel tools for studying the molecular response 
of Artemia spp. to environmental stressors. Combining the great 
simplicity of manipulating Artemia spp. cysts and the easy-to-use and 
fast methods for detecting DNA damage or gene expression (e.g. Comet 
Assay, RT-qPCR), new possible scenarios might be opened in the future 
for this poorly sensitive crustacean. Thus, the present review highlights 
that besides the usefulness of Artemia models in ecotoxicology through 
the classical endpoints (e.g. mortality, hatching), genotoxicity could 
represent an additional tool due to its high sensitivity and reliability. 
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Sarabia, R., Varó, I., Amat, F., Pastor, A., Del Ramo, J., Díaz-Mayans, J., Torreblanca, A., 
2006. Comparative toxicokinetics of cadmium in Artemia. Arch. Environ. Contam. 
Toxicol. 50, 111–120. https://doi.org/10.1007/s00244-005-7026-5. 

Selvinsimpson, S., Eva Gnana Dhana Rani, S., Ganesh Kumar, A., Rajaram, R., Sharmila 
Lydia, I., Chen, Y., 2021. Photocatalytic activity of SnO2/Fe3O4 nanocomposites 
and the toxicity assessment of Vigna radiata, Artemia salina and Danio rerio in the 
photodegraded solution. Environ. Res. 195, 110787 https://doi.org/10.1016/j. 
envres.2021.110787. 

Shaojie, D., Wenli, Z., 2012. Response of growth and development of Artemia saline to 
four kinds of heavy metals stress. Procedia Environ. Sci. 12, 1164–1171. https://doi. 
org/10.1016/j.proenv.2012.01.403. 

Shokry, A., Khalil, M., Ibrahim, H., Soliman, M., Ebrahim, S., 2021. Acute toxicity 
assessment of polyaniline/Ag nanoparticles/graphene oxide quantum dots on 
Cypridopsis vidua and Artemia salina. Sci. Rep. 11, 1–9. https://doi.org/10.1038/ 
s41598-021-84903-5. 

Sindaarta, J., Cock, I.E., 2010. Effect of Aloe barbadensis Miller Juice on Oxidative Stress 
Biomarkers in Aerobic Cells using Artemia franciscana as a Model. Phyther. Res. 24, 
360–364. https://doi.org/10.1002/ptr. 
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