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1 INTRODUCTION  

 

The rapid industrial and technological development of modern society results in the 

release of various chemicals in the environment, and the aquatic environments usually act as 

the final recipient. These chemicals can present a health risk for both humans and the wildlife 

by causing a wide range of negative effects: teratogenicity, neurotoxicity, genotoxicity, 

endocrine disruption, immunosuppression, etc. (Hollert and Keiter, 2015). Also, pollutants can 

interact and may cause effects that are different from the effect of the individual chemical 

(Hollert and Keiter, 2015; Petrie et al., 2015). These adverse effects of pollutants on ecosystems 

can be acute or chronic (sublethal effects on the organism’s ability to grow, develop and 

reproduce) (Cooney, 1995). Compounds present in the ecosystems may also eventually 

accumulate in the food chain, representing a risk to various trophic levels, as well as to humans 

through fish and water consumption (Babić et al., 2017).  

Considering that water is one of the most important natural resources, it is becoming 

critical to assess the toxic effects of those compounds in order to monitor the quality of the 

water and protect the biodiversity of aquatic environments. Current legislation, therefore, 

requires a detailed data on risk assessment for the registration of chemicals. Furthermore, in 

European Union, national water agencies that follow EU policy and the requirements of the 

EU Water Framework implement regular water monitoring with the aim to control and prevent 

pollution (Milačič et al., 2017). 

In this thesis, the tested water samples were collected from the Sava River (945 km), 

which is the largest tributary of the River Danube. It flows through Slovenia, Croatia, Bosnia 

and Herzegovina and Serbia. Its basin covers a catchment area of 95,719 km2, which represents 

the source of more than 80% of the total available freshwater in the area (Källqvist et al., 2008). 

The river receives a wide range of organic and inorganic substances from various industrial 

activities that are located along the river. Several studies have reported that there is an increased 

load of nutrients, metals and low-molecular weight organic compounds (pesticides, 

plasticizers, pharmaceuticals, personal care products, etc.) that lead to alterations of river flow 

regimes and sediment pollution (Källqvist et al., 2008). Many of them are known to have, or 

are suspected to have, toxic effects or may disrupt endocrine system at trace levels (Antonijevic 

et al., 2014). Since the drinking water supply in the Sava River basin relies on the resources of 
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high-quality groundwater that are under the influence of the Sava River, the assessment of 

possible negative effects of pollution is rather important (Smital and Ahel, 2015).  

The qualification and quantification of pollutants using chemical analyses is able to 

specify the levels of contaminants present in the ecosystem. However, these pollutants rarely 

occur alone and are usually found to be in complex mixtures and can be combined with 

nonchemical stressors (Eggen et al., 2004; Sauvant et al., 1997). Therefore, the real problem 

within ecotoxicological studies is predicting the impact and the adverse effects of these 

pollutants on the health of living organisms that inhabit studied ecosystems (Sauvant et al., 

1997).  

For that reason, various model organisms and assays have been developed for 

ecotoxicological studies (Sauvant et al., 1997). Methods that are based on small-scale or in 

vitro bioassays have greatly improved the ability to monitor water quality. They are usually 

based on cellular components, cells, organs or small animals or plants, and have multiple 

advantages: they are highly sensitive, rapid, reproducible and require minute amounts of 

samples, which makes them well suited for screening large numbers of samples (Källqvist et 

al., 2008). These screening methods are rather useful due to the fact they are able to integrate 

the toxicological activity of multiple contaminants that may act through a common mechanism, 

making it possible to assess the potentially negative effects of complex environmental mixtures 

of pollutants in greater details (Källqvist et al., 2008). 
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2 THE AIM OF THE RESEARCH 

 

In this study, water samples were collected from the Sava River at five different locations 

with presumably different pollution burden: Jesenice, Jankomir, Hrušćica, Rugvica and 

Lukavec. The aim of the research was to assess the toxicity of water pollution at each sampling 

site by the application of four different test organisms for the determination and comparison of 

toxicity. 

In order to give a detailed toxicity assessment of the water from the chosen locations of 

the Sava River, following steps were taken: 

i) Chemical analysis of water from each sampling site was done to determine 

concentrations of 571 different organic pollutants.  

ii) Toxicity was assessed using following methods: 

• algae (Chlorella vulgaris Beijerinck, 1890): growth inhibition (OECD 201, 

2011) and chlorophyll a concentration 

• plants (Trifolium repens L. and Triticum aestivum L.): seed germination 

inhibition and root and sprout elongation 

• fish [Danio rerio (Hamilton, 1822)]: zebrafish embryotoxicity test (ZET; 

OECD 236, 2013) and transport activity of ABC proteins involved in 

multixenobiotic resistance mechanism (MXR). 
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3 LITERATURE OVERVIEW  

 

3.1 Classification of water pollutants 

 

In modern society, quality of freshwaters is threatened by various sources of pollution, 

such as sewage and domestic wastes, agricultural discharges, detergents, siltation, radioactive 

materials, industrial effluents, fertilizers, toxic metals and thermal pollutants (Sharma, 2005). 

The overview of the most important water pollutants released from those sources has been 

given in Table 1.  

 

Table 1. Classification of water pollutants (Ibáñez et al., 2008; Sharma, 2005).  

Type of pollutants Examples 

1 Oxygen demanding wastes Human, animal waste, decaying vegetation.  

2 Infectious agents Bacteria and viruses.  

3 Organic molecules Detergents, oils, pesticides, pharmaceuticals.  

4 Plant nutrients Nitrates, phosphates.  

5 Inorganic chemicals  Hg, Cd2+, Pb2+ etc. 

6 Heat  Water used for cooling in industry.  

7 Suspended materials Silt from land erosion.  

8 Radioactive substances  Fallout products, radioactive waste, etc.  

 

 

The most common form of water pollution is due to organic compounds, which enter the 

aquatic ecosystem through domestic sewage, industrial wastes, waste from the meat packing 

plants, food processing plants, plant nutrients, detergents, biocides, runoff from crop plants and 

decomposition products of organic matter (Sharma, 2005).  

These organic pollutants may be classified as follows (Sharma, 2005):  

i. Carbohydrates and proteins – mostly contributed by household wastes and faecal 

matter.  

ii. Oils – originated while petroleum drilling. They can spread easily over the surface, 

inhibiting diffusion of oxygen and reaeration of the water.  
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iii. Aldehydes – acetaldehyde, benzaldehyde, furfural, formaldehyde, vanillin etc. Cause 

odour in the water, inhibit algal growth and are toxic to aquatic animals. Their release is caused 

by the thermal decomposition of fats, oils and glycerol.  

iv. Polychlorinated biphenyl (PCBs) – used in dielectrics, lubricants and plasticizers. 

Similar to DDT and can cause several physiological disturbances in humans. In animals, they 

affect the central nervous system and respiratory tract.  

v. Phenolic compounds – they enter into the water system through trade waters. Low 

concentration causes a bitter taste in water. Higher levels result in pain, renal irritation, severe 

shock and possibly death.  

vi. Aromatic hydrocarbons – create carcinogenic effects on humans and animals. 

Benzene like compounds cause odour pollution in water.  

vii. Other compounds – carbon tetrachloride and chloroform, both used for making 

fluorocarbons for refrigerants and propellants, as well as polyvinyl chloride, have carcinogenic 

effects on rats, mice and other animals. The main sources of hydrocarbons such as benzene, 

benzopyrene, etc. are automobiles that use petrol. Benzopyrene is considered to be the most 

potent cancer inducing hydrocarbon.  

 

 

Main groups of organic pollutants  

 

In this study, the main focus was on three groups of organic pollutants due to their 

increasing threat to freshwater ecosystems: pharmaceuticals/drugs, pesticides and industrial 

chemicals. 

Pharmaceuticals are defined as chemical compounds that are used or administered to help 

diagnose, treat, cure, mitigate or prevent diseases or other abnormal conditions 

(http://www.pharmacistspharmajournal.org). They are produced and used in large quantities 

and their use and diversity is increasing every year (Bound and Voulvoulis, 2004). Their 

presence in waterways, including surface water, groundwater and drinking water, has been 

established for over 40 years as a result of manufacturing processes, improper disposal or 

metabolic excretion (Bound and Voulvoulis, 2004; Hernando et al., 2006; Jones et al., 2002). 

The reason why pharmaceutical substances may be interesting in ecotoxicological context, is 

that they are developed with the intention of performing a biological effect. They often have 

the same type of physio-chemical behaviour e.g. are lipophilic in order to be able to pass 

membranes, are persistent in order to avoid the substance to be inactive before having a curing 

http://www.pharmacistspharmajournal.org/
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effect, as other harmful xenobiotics. This means that these medical substances have many of 

the necessary properties to bioaccumulate and provoke effects in the non-target aquatic or 

terrestrial organisms (Halling-Sørensen et al., 1998).  

Pesticides are chemicals used to kill, repel, or regulate the growth of biological organisms 

(Laetz et al., 2009). This diverse group includes subgroups such as insecticides, herbicides and 

fungicides that were involved in this study, as well as nematicides, acaricides, rodenticides, 

avicides, wood preservatives, and antifoulants (Laetz et al., 2009). Nowadays, with the 

important role of agriculture in modern society, pesticides are used widely and may cause 

significant negative effects on the environment, especially on aquatic ecosystems where they 

are extremely toxic to non-target organisms like fish which they affect through impairment of 

metabolism, sometimes leading to mortality (Fochtman et al., 2000; Sabra and Mehana, 2015). 

Industrial chemicals are compounds that are used in industrial activities. A wide spectrum 

of chemicals within this group are used for many different purposes: perfluoroalkyl acids are 

used as organic surfactants in a variety of products; common applied as repellents in textiles, 

fire retardants and food packaging, while bisphenol A is used in plastics applications. 

(Alexander et al., 1988; Ulhaq et al., 2013). Furthermore, benzotriazoles are components of 

hydraulic brake fluids, intermediates for colours, fungicides and pharmaceuticals and UV 

stabilizer on plastic packages, while nonylphenol ethoxylates are used widely as detergents, 

emulsifiers, wetting and dispersing agents, antistatic agents, demulsifiers and solubilisers 

(Seeland et al., 2012; Soares et al., 2008). Many of them are stable in the environment and 

resist hydrolysis, photolysis and biodegradation and, therefore, have a tendency to 

bioaccumulate and to magnify in the food chain (e.g. perfluorinated compounds) (Bossi et al., 

2008). Furthermore, some of them have the capability for long-range transport through the 

atmosphere and water (Ahrens and Bundschuh, 2014). 

 

 

3.2 Toxicity assessment  

 

Chemical and physical analyses alone do not have the ability to detect all potentially 

toxic substances in the water (Mankiewicz-Boczek et al., 2008). They usually do not include 

the products that are the result of interactions between individual chemicals, and also only 

determine the amount of a single contaminant, but not the total pollution of water. By applying 

bioassays with different model organisms, it is possible to indicate general stress which is 
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caused by mixtures of pollutants present in the analysed environmental sample, and obtain data 

about potential hazard to aquatic life (Mankiewicz-Boczek et al., 2008). 

It seems necessary to use a battery of bioassays with different organisms, because each 

tested organism can have different sensitivity to chemicals or their mixture in the tested sample. 

A battery of bioassays, therefore, gives the opportunity to treat obtained data as information 

about the whole aquatic ecosystem (Mankiewicz-Boczek et al., 2008). This kind of thorough 

analysis is important in order to ensure good ecological and chemical status of water, as 

required by the Water Framework Directive of the European Union 2000/60/EC (Mankiewicz-

Boczek et al., 2008). 

For a proper and detailed assessment of the toxicity of a chemical, it is necessary to define 

the endpoints of toxicity and their dose-response correlation, elucidate the mechanisms of 

toxicity and determine the toxicodynamics of the chemical. In addition to detailed toxicological 

investigations of a single chemical, the need for large-scale screening for toxicity of several 

hundred chemicals at a time has also been recognized (Hill et al., 2005).  

 

 

3.3 Model organisms 

 

The sensitivity of a model organism to toxic compounds is a complex issue, since it 

involves not only the species of model organism, but also types of toxicants studied, 

environmental conditions, test methods, life stage of the model organism, and other factors 

(Tuikka et al., 2011; Wang and Freemark, 1995). 

In order to thoroughly assess the toxicity of water, tests with different species of 

organisms are needed, since each one may have a different sensitivity (Silva et al., 2009). In 

this thesis, phylogenetically distant model organisms have been used for the assessment of 

toxicity of the Sava river: algae, plants, and fish.  
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3.3.1 Algae – Chlorella vulgaris 

 

3.3.1.1 Taxonomy and biology of Chlorella vulgaris 

 

Table 2. Taxonomical classification of Chlorella vulgaris.  

Kingdom Plantae 

Subkingdom Viridiplantae 

Infrakingdom Chlorophyta 

Division Chlorophyta 

Subdivision Chlorophytina 

Class Trebouxiophyceae 

Order Chlorellales 

Family Oocystaceae 

Genus Chlorella Beijerinck, 1890 

Species Chlorella vulgaris Beijerinck, 

1890 

 

Chlorella vulgaris is a unicellular green microalga (Fig. 1) that grows in freshwater and 

has been present on Earth since the pre-Cambrian period 2.5 billion years ago. Since then, its 

genetic integrity has remained constant. It is a spherical microscopic cell with 2–10 μm 

diameter and has many structural elements similar to plants. Chlorella vulgaris is a non-motile 

reproductive cell that reproduces asexually and at a rapid rate. Grown in optimal conditions, it 

multiplies by autosporulation, which is the most common asexual reproduction in algae (Safi 

et al., 2014). 

Other than in algal bioassays for toxicity assessment of river water and sediments, 

Chlorella vulgaris has a great potential in several other areas such as bioremediation of textile 

wastewater, as well as production of biofuel due to many advantages, such as its robustness, 

high content of oil, mixotrophic culturing condition, high growth rate under various 

environmental conditions and tolerance to high levels of heavy metals (Rioboo et al., 2002; 

Serra-Maia et al., 2016; Znad et al., 2018). It is also used as medicinal food and nutritional 

supplement and was shown to help in cancer prevention and immune system support (Serra-

Maia et al., 2016). 

 

Figure 1. Test organism Chlorella 

vulgaris (https://botany.natur.cuni.cz) 

https://botany.natur.cuni.cz/
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3.3.1.2 The use of algae in scientific research 

 

Algae present good model organism in ecotoxicological studies for multiple reasons. 

Algae, as primary producers, are a key functional group of organisms. Alterations of the of the 

phytoplankton community as a result of toxic stress may change the structure and functioning 

of the whole aquatic ecosystem (Nyholm and Källqvist, 1989). Due to their short generation 

time, microalgae respond rapidly to changes in the environment, allowing the evaluation of 

toxic effects over several generations, and can, therefore, report impacts on higher organisms, 

which would respond on a longer timescale (Rioboo et al., 2002; Silva et al., 2009). An 

additional advantage of using Chlorella vulgaris in this study is the fact that tests with 

unicellular model organisms show a greater reproducibility, reliability, and robustness than 

ones with multicellular model organisms (Silva et al., 2009). 

Algal growth inhibition test (OECD, 2011) presents one of the most commonly used 

aquatic ecotoxicological tests. This test uses the in vivo phytotoxic effects of sample matrixes, 

such as porewater and organic extracts of sediments and water (Källqvist et al., 2008). In 

comparison to acute and chronic toxicity tests with other aquatic species, such as fish and 

crustaceans, the algal growth inhibition test had frequently been proven to be the most sensitive 

test (Källqvist et al., 2008). Some of the advantages of this test are its high sensitivity, good 

reproducibility, compatibility with different environmental sampling techniques, rapidness and 

low-cost effectiveness (Källqvist et al., 2008; Rioboo et al., 2002).  

Environmental stress factors can affect photosynthesis negatively and damage algal 

growth and function. The inhibition of photosynthesis or biochemical processes that are 

connected to photosynthesis may present the physiological state of the algae. Therefore the 

measurement of chlorophyll concentration – and thereby photosynthesis, can also be used as 

an indicator of toxicological stress (Popović et al., 2003). 

Due to listed advantages, algal bioassays are often included in test batteries for toxicity 

assessment of river water and sediments, as well as in toxicity assessment of industrial 

wastewaters and leachates from waste deposits (Källqvist et al., 2008; Rioboo et al., 2002). 

Algal toxicity tests of chemicals are mandatory tests for the classification of chemicals in the 

European Union (Rioboo et al., 2002). 
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3.3.2 Plants – Trifolium repens and Triticum aestivum  

 

3.3.2.1 Taxonomy and ecology of Trifolium repens  

 

Table 3: Taxonomical classification of Trifolium  

repens. 

 

Kingdom Plantae 

Subkingdom Viridiplantae 

Infrakingdom Streptophyta 

Superdivision Embryophyta 

Division Tracheophyta 

Subdivision Spermatophytina 

Class Magnoliopsida 

Superorder Rosanae 

Order Fabales 

Family Fabaceae 

Genus Trifolium L. 

Species Trifolium repens L. 

 

 

 

 

 

White clover (Trifolium repens; Fig. 3) is plant that is native to Europe, the Middle East 

and northern Africa. It produces embryos with two cotyledons, which makes it a dicotyledon. 

This plant grows 10 to 30 cm long, hairless and rooting at the nodes. Its flowers are white or 

sometimes yellowish or pinkish and usually, more than 20 flowers can be found in globular 

heads. White clover is mostly found as a weed in lawns, cultivated areas and waste ground, and 

can also indicate freshwater habitats (http://vro.agriculture.vic.gov.au). White clover harbours 

microbes in its root system that fix nitrogen, converting atmospheric nitrogen into a form that 

can be used by plants (http://eol.org/). 

 

 

Figure 3. Test organism Trifolium repens 

(http://www.e-herbar.net/). 

Figure 2. Seeds of Trifolium repens (adapted 

from https://plants.sc.egov.usda.gov/). 

http://vro.agriculture.vic.gov.au/
http://eol.org/
http://www.e-herbar.net/
https://plants.sc.egov.usda.gov/
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3.3.2.2 Taxonomy and ecology of Triticum aestivum 

 

 

 

Table 4: Taxonomical classification of Triticum  

aestivum. 

 

Kingdom Plantae   

Subkingdom Viridiplantae 

Infrakingdom Streptophyta   

Superdivision Embryophyta 

Division Tracheophyta   

Subdivision Spermatophytina   

Class Magnoliopsida 

Superorder Lilianae   

Order Poales 

Family Poaceae   

Genus Triticum L. 

Species Triticum aestivum L. 

 

 

 

 

Common wheat (Triticum aestivum; Fig. 4) is a plant that grows 60 to 180 cm tall. It is a 

monocotyledon that is extremely polymorphous, with winter and intermediate varieties. 

Originally from the Mediterranean region and southwest Asia, wheat’s habitat now covers all 

agricultural areas of the world, making it a leading crop worldwide (http://www.agroatlas.ru/). 

Wheat is one of the most ancient domesticated crops, with archaeological evidence of the 

cultivation of various species dating back to 9,600 B.C. (http://eol.org). 

 

 

 

 

 

Figure 5. Test organism Triticum 

aestivum (http://www.agroatlas.ru/).  

Figure 4. The seeds of Triticum aestivum 

(adapted from http://fsi.colostate.edu/).  

http://www.agroatlas.ru/
http://eol.org/
http://www.agroatlas.ru/
http://fsi.colostate.edu/
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3.3.2.3 The use of plant seeds in scientific research  

 

Plants are essential for the processes of nutrient cycling and soil stabilization. The toxic 

effect on plants can directly affect the structure and function of the ecosystem, which may 

result in oxygen depletion, decreased primary productivity, increased surface runoff and soil 

erosion, as well as degradation of wildlife habitat (Wang and Freemark, 1995). Consequently, 

it is important for plants to be included in environmental monitoring and risk assessment, which 

is why they nowadays have an important role in effluent biomonitoring, regulation of 

hazardous waste and pesticide regulation (Wang and Freemark, 1995). 

Phytotoxicity is defined as a toxic effect of a substance or growing condition on plant 

growth and development. It includes the delay of seed germination, inhibition of plant growth 

or any other adverse effect on plants (Blok et al., 2008). Generally, phytotoxicity assays can be 

employed using seed germination or root and/or sprout elongation as endpoints. Initially 

developed to ascertain the toxicity of polluted liquid samples on seeds, seed germination and 

sprout and root elongation tests are one of the simplest methods in environmental 

biomonitoring and have several advantages (Wang and Keturi, 1990). 

Numerous dry plant seeds remain a viable source as they possess a long shelf life, and 

therefore are low-cost and easy to maintain. This also means they can be activated 

instantaneously, which gives the test permanent stand-by status. These tests are rather simple 

and inexpensive and do not require major equipment. Additionally, a small volume of test 

sample is required, which minimizes the disposal of a potentially toxic sample (Wang and 

Keturi, 1990). In the case of water sample with low dissolved oxygen, no aeration is required, 

which prevents compromised sample integrity. Additionally, water samples with high turbidity 

do not require filtration. Toxicity to plants can be tested using the renewal or flow-through 

method (Wang and Freemark, 1995). 

Inhibition of root elongation, as well as seed germination inhibition, presents a valid and 

a sensitive indicator of environmental toxicity. It was reported that the seed plants were not as 

sensitive to heavy metals and insecticides as algae and daphnids were, but they were far more 

superior when it came to sensitivity to herbicides (Wang and Keturi, 1990). 

The plants chosen in this thesis are the most common cultivars used in Croatia and are 

often exposed to floods after the winter months. Particularly Trifolium repens and Triticum 

aestivum were chosen for a better understanding of the sensitivity of monocotyledons and 

dicotyledons to the water pollution. 
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3.3.3 Zebrafish – Danio rerio 

 

3.3.3.1 Taxonomy and ecology of Danio rerio 

 

Table 5: Taxonomical classification of Danio rerio. 

Kingdom Animalia   

Subkingdom Bilateria 

Infrakingdom Deuterostomia 

Phylum Chordata   

Subphylum Vertebrata   

Infraphylum Gnathostomata 

Superclass Actinopterygii   

Class Teleostei 

Superorder Ostariophysi 

Order Cypriniformes    

Superfamily Cyprinoidea 

Family Cyprinidae   

Genus Danio Hamilton, 1822 

Species Danio rerio (Hamilton, 

1822) 

 

 

The zebrafish (Danio rerio; Fig. 6) belongs to the Cyprinidae family, which is composed 

of more than 2,000 species. Formerly named Brachydanio rerio, the species name was changed 

to Danio rerio in 1981 (Ribas and Piferrer, 2014).  

The zebrafish is a freshwater fish that evolved in South Africa around 320 million years 

ago. Its habitat includes mainly India, Bangladesh and Nepal, but it can also be found in 

Pakistan, Myanmar, Sri Lanka and in the rivers draining in the Arabian sea. They usually 

inhabit rivers, small streams and stagnant or slow-moving pools near streams and rice paddies, 

and are considered euthermic species, tolerating a wide range of temperatures, pH and various 

amounts of dissolved salts (Ribas and Piferrer, 2014).  

The weight of an adult zebrafish typically reaches up to 0.9 g, and the length of an adult 

individual ranges from 22 to 38 mm. They exhibit sexual growth dimorphism that favours 

Figure 6. Comparison of the adult male and 

female zebrafish Danio rerio (Holtzman et al, 

2016).  
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females and is easy to spot when fish reach adulthood. Males are smaller with more elongated 

body, often with gold and blue stripes. Females are bigger, rounder, with a whitish stomach, 

and they exhibit a small genital papilla in front of the anal fin (Ribas and Piferrer, 2014) (Fig. 

6). 

Although the zebrafish reach sexual maturity in 10 to 12 weeks (Fig. 7), the breeding fish 

should be between 7 and 18 months of age for maximum embryo production. Under laboratory 

conditions, eggs can be spawned through the entire year, every 4 to 7 days (Ribas and Piferrer, 

2014). Spawning in domesticated zebrafish is influenced by photoperiod and coincides within 

half an hour after the exposure to light after a period of darkness (Spence et al., 2007). On 

average, 150-200 embryos per female can be generated (Hollert et al., 2003). 

 

Figure 7. The life cycle of the zebrafish, with representative events and different life stages illustrated 

(Ribas and Piferrer, 2014). 

 

This species is valuable as a model organism due to their high fecundity and transparent 

embryos, and development that has been well characterized. Their eggs are transparent during 

the whole embryonic development which allows easy observation of the main morphological 

changes up and beyond pharyngulation. Embryonic development is very fast and is completely 

done within 72 hours post fertilization (hpf; Fig. 8). Furthermore, embryonic development can 

be observed in live individuals using non-invasive techniques due to ex utero fertilization (Hill 

et al., 2005). 
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Figure 8. Relevant stages of the embryonic development of the zebrafish during the first 24 hours after 

fertilization (adapted from Haffter et al., 1996). 

 

 

3.3.3.2 The use of the zebrafish embryos in scientific research  

 

The use of fish as research models goes back almost 200 years. A good fish model 

organism fulfils the following criteria: a) has the basic biological features possessed by the 

most cultured species, b) has similar physiological responses to cultured fish, c) short life cycle, 

d) easy and inexpensive breeding and, e) has many resources that facilitate research in most 

areas (Ribas and Piferrer, 2014). The zebrafish fulfils those conditions and therefore presents 

a perfect model organism for ecotoxicological studies that has been acknowledged as one of 

the major model organisms within the OECD Test Guidelines. 

Around 450 million years of divergent evolution separate humans and zebrafish, but 

many of its critical pathways that regulate vertebrate development are highly conserved when 

it comes to human ones (Ribas and Piferrer, 2014). Approximately 70% of all genes associated 

with diseases in humans have functional homologs in zebrafish, which makes it an ideal model 

organism for human research (Hollert and Keiter, 2015). Additionally, based on comparison 
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with effective blood doses, teratogenic effects in zebrafish embryos were found to be 

concentrations relevant to human exposure data (Braunbeck et al., 2015). Furthermore, the 

zebrafish are easily obtainable, maintainable and inexpensive (Hollert and Keiter, 2015). 

 

 

3.3.3.2.1 Zebrafish embryotoxicity test 

 

ZET was originally designed as an alternative for the acute fish toxicity testing and has 

been adopted as OECD 236 TG as a tool to access toxicity of fish embryos (Braunbeck et al., 

2015). Its principle is based on exposing newly fertilized zebrafish embryos to the test sample 

for up to 96 hours in transparent well plates (Fig. 9). Through that period, various lethality and 

developmental abnormality endpoints are observed (Table 7) during exposure to environmental 

samples like effluents from wastewater treatment plants (Babić et al., 2017) and pharmaceutical 

industries (Bielen et al., 2017), but also to heavy metals (Ansari et al., 2015), nanoparticles 

(Asharani et al., 2011), and newly synthetized compounds (Carlsson and Norrgren, 2004; 

Farooq et al., 2012; Ruyra et al., 2015). 

 

 

 

Figure 9. Principle of the zebrafish embryotoxicity test (adapted and modified from Braunbeck et al., 

2015). 
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The use of zebrafish embryos is increasingly gaining attention due to the fact that they 

are considered to be a replacement method for animal experiments (Braunbeck et al., 2015). 

Furthermore, according to EU Directive 2010/63/EU (2010), the earliest life stages of fish, 

characterised by a lack of independent feeding, do not define as protected and therefore do not 

fall into regulations dealing with animal experiments. A license is required for regulated 

procedures on fish from the time they are capable of independent eating – for the zebrafish, 

that is 120 hpf. Life stages before 120 hpf are considered to be not sufficiently aware that they 

will suffer or otherwise have a poor welfare when a procedure is carried out on them 

(Braunbeck et al, 2015). They also allow the analysis of multiple endpoints that range from the 

determination of acute and developmental toxicity to complex functional genetic and 

physiological analysis (Hollert and Keiter, 2015). Due to the small size, costs through low 

quantities of dosing solutions are also minimalized, and thereby the quantity of waste for 

disposal and labware is lowered. In addition, small embryos allow reasonable sample sizes to 

be tested together using well plates or Petri dishes. Optimum breeding and maintenance 

conditions have also been well determined (Hill et al., 2005). 

Another advantage of this assay is the fact it follows the 3R principle, which has been a 

long-term goal in mammalian toxicity testing (Embry et al., 2010):  

Replacement – the usage of methods that avoid or replace the use of animals. This 

includes absolute (inanimate systems, such as computer programs) and relative replacements 

(using animals that have a significantly lower level of pain perception, such as some 

invertebrates, to replace more sentient animals).  

Reduction – any strategy that results in fewer animals being used to obtain sufficient data, 

or in maximizing the information obtained per animal, which limits or avoids the use of 

additional animals.   

Refinement – the modification of husbandry or experimental procedures in order to 

minimize pain and distress, and to enhance the welfare of an animal used in the experiment 

from the time it is born (Fenwick et al., 2009). 

Despite its many advantages, ZET does have a few limitations (Braunbeck et al., 2015): 

i. Toxic substances with a very high molecular weight (larger than 3 kDa), such 

as polymers, are unable to pass the chorion before hatching or experimental 

dechorionation.  

ii. Certain neurotoxic substances are proven to be less toxic in the embryo than 

in adult fish.  
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iii. There are some minor evidence of limitations when it comes to 

biotransformation capacity of the early embryonic stages. 

However, it has been demonstrated that ZET can be used as a screening tool to prioritize 

compounds and could contribute to the reduction of animal experiments in the field of 

toxicology (Braunbeck et al., 2015). 

 

 

3.3.3.2.2 Multixenobiotic resistance in zebrafish embryos  

 

During the period of embryonic development of the zebrafish, its organs have not yet 

fully developed. Therefore, in order to survive in a potentially contaminated environment, the 

zebrafish embryos have developed an effective cellular defence mechanism (Babić et al., 

2017). After the passive uptake of hydrophobic compounds by epithelial cells, ATP-binding 

cassette (ABC) proteins represent the first line of defence against pollutants. They have the role 

of pumping out hydrophobic substrates, and therefore reducing concentrations of various toxic 

compounds within the cytoplasm (Babić et al., 2017; Fischer et al., 2013). In the aquatic 

organisms, such transport is known under the term of the multixenobiotic resistance (MXR) 

mechanism (Kurelec, 1997; Luckenbach et al., 2014).  

ABC proteins, in general, are one of the largest families encoded in the human genome 

and were first described as a factor in multidrug resistance (MDR) in cancer, showing an 

important role in the resistance of tumour cells against structurally and functionally unrelated 

drugs (Epel et al., 2008; Luckenbach et al., 2014). ABC proteins are known to have many 

functions: some act as ion channels or receptors and factors involved in transcription and 

translation, while others play an important role in drug transport, which is of a particular 

toxicological significance (Luckenbach et al., 2014).  All eukaryotic ABC drug transporters act 

as active efflux pumps, where translocation occurs from the cytosol or the cell membrane 

towards the extracellular space, and is energetically mediated by the cleavage of ATP, which 

enables substrate transport against the concentration gradient (Luckenbach et al., 2014).  

There are three ABC subfamilies (ABCB/Abcb, ABCC/Abcc and ABCG/Abcg) that are 

known to contain drug transporters. These proteins show different levels of expression in 

different tissues. In humans, the most important ABC transporters are ABCB1 (MDR1 or P-

glycoprotein) – the best studied ABC transporter thus far, ABCC1 (MRP1), ABCC2 (MRP2 

and cMOAT) and ABCG2 (BCRP) (Fischer et al., 2013; Luckenbach et al., 2014)  
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In the zebrafish in particular, 52 ABC transporter genes were identified, including all 48 

transcribed genes of human ABC transporters including 2 Pgp/MDR1 transporter genes 

(ABCB1a and ABCB1b), MDR, ABCB1a and ABCB1b, and four paralogue copies of ABCG2 

(ABCG2a, b, c and d) (Park et al., 2008). Transcripts of ABC transporters were found in the 

early embryonic stages of the zebrafish development, which suggests that they are maternally 

transferred to the embryo and possess an important function in embryo protection in this stage 

(Fischer et al., 2013; Luckenbach et al., 2014). 

Taking the rather substantial role of the ABC proteins into consideration, there is a 

concern that their activity might be affected by environmental chemicals – chemosensitizers 

(Scholz et al., 2008). The competition or inhibition of these proteins, also known as 

chemosensitization, can leave the organism unprotected on a cellular level in a polluted 

environment and can therefore lead to increased accumulation of toxins in cells (Babić et al., 

2017; Epel et al., 2008) (Figure 10). This may cause DNA damage, embryo mortality, 

impairment of reproduction and various mutations (Babić et al., 2017; Kurelec, 1997). 

 

 

 

Figure 10. Left cell: Normal MXR transport. MXR transporter pumps toxic chemicals out of the cell. 

Right cell: The MXR transport is disturbed by chemosensitizers (inhibitors) that block the transporter. 

Toxic chemicals can’t be pumped out (https://www.ufz.de/). 

 

 

3.3.3.2.2.1 Functional ecotoxicological test for MXR  

 

Considering that the MXR phenomenon is constitutive to aquatic organisms, and is 

inducible as a response to specific environmental pollutants of both natural and anthropogenic 

origin (also known as MXR inhibitors or chemosensitizers), it is evident that it can be used as 

a sensitive tool for monitoring of the environmental pollution (Babić et al., 2015; Sauerborn 

Klobučar et al., 2010). 

https://www.ufz.de/
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The principle of the functional ecotoxicological test of MXR activity is based on the fact 

that the efflux activity in living cells can be measured by the quantification of substrate uptake 

into cells in the absence and presence of specific transporter inhibitors. In case of an 

uninterrupted transporter activity, the substrate uptake will be minor. If there is an inhibitor of 

the transporter added, the uptake will be increased. This means that the ratio of substrate 

accumulation in the cell in the absence and presence of inhibitors can provide a measure of 

transport activity (Epel et al., 2008). 

In order to measure the inhibition of the transport activity, it is necessary to use test 

substrates. They can be either radioactive (14C vinblastine) or fluorescent (rhodamine or 

calcein-AM). For positive controls in the test, model inhibitors are used, such as cyclosporin, 

verapamil or MK571 (Epel et al., 2008). 
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4 MATERIALS AND METHODS 

 

4.1 Locations, sampling and sample preparation 

 

Samples of river water from five sampling sites were collected: Jesenice, Jankomir, 

Hrušćica, Rugvica, and Lukavec (Fig. 11). Samples were collected in May of 2018. The sites 

were chosen according available information on pollution intensity in Sava River (Babić et al., 

2018).  

Jesenice site is placed approximately 13 km upstream from Zagreb and represented a low 

to a moderately polluted site. Jankomir site is located in suburb area of Zagreb. Hrušćica site 

is placed approximately hundred meters downstream from the main drainage canal of Central 

wastewater treatment plant Zagreb. Rugvica site is located approximately 10 km downstream 

from the effluent outlet of wastewater treatment plant and therefore receives municipal and 

industrial wastewaters from Zagreb. Lukavec site is approximately 10 km downstream from 

the city of Sisak, that is inhabited by 20 times fewer inhabitants in comparison to Zagreb, and 

receives industrial effluents of pesticide production facility, ironworks, an oil refinery and 

urban runoff, but in lesser extent (Babić et al., 2018). 

Samples were collected in polycarbonate bottles (250 mL), which were better suited for 

water sampling and storage than glass bottles, as some organic compounds absorb on glass 

(Stipaničev et al., 2017). Water samples were then thawed and filtrated on 0.2 μ PTFE filters. 
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Figure 11. A map of the sampling locations. Generated with ArcGIS Pro software. 

 

 

4.2 Water analysis 

 

A wide range of organic contaminants in samples of the water from the Sava River was 

determined by liquid chromatography tandem mass spectrometry (8060 UHPLC/MS/MS 

Shimadzu, Japan) in the Central Water Management Laboratory of Croatian Waters. The 

method was based on injecting 100 μL (200 μL for acidic pesticides) of a water sample that 

was filtered through 0.2 μm PTFE filter into the UHPLC/MS/MS system. This method was 

used to determine the following organic compounds: pesticides (carbamates, 

organophosphates, triazines, imidazolinones, chloroacetanilides, sulfoanilides, urea, 

benzimidazoles, diphenyl ethers, phenoxyacetic, dinitrophenol, phenoxypropionic, 

unclassified and residual compounds), fluorosefactanates, hormones, pharmaceuticals, UV-

blockers, antibiotics and personal care compounds, according to Stipaničev et al. (2017). 
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4.3 Toxicity assessment  

 

4.3.1 Growth inhibition of Chlorella vulgaris 

The test was carried out based on the OECD 201 Guideline (2011), and was performed 

with three replicates for each sample. BBM was used as negative control (Table 6). Due to the 

possibility of degradation within water samples, an additional control of tested water with no 

algae was used. The pH of the medium and samples was adjusted to 6.8 using HCl (Agilent 

Technologies 3200 EA pH meter equipped with P3211 pH Combination Electrode, USA). 

 

Table 6. Composition of Bold’s Basal Medium for algae. 

Stocks per 400 mL 

1. NaNO3 10.00 g 

2. MgSO4·7H2O 3.00 g 

3. NaCl 1.00 g 

4. K2HPO4 

  

3.00 g 

5. KH2PO4 7.00 g 

6. CaCl2·2H2O 1.00 g 

 per litre 

7. Trace elements solution (autoclave to dissolve) 

ZnSO4·7H2O 

MnCl2·4H2O 

MoO3 

CuSO4·5H2O 

Co(NO3)2·6H2O 

 

8.82 g 

1.44 g 

0.71 g 

1.57 g 

0.49 g 

8. H3BO3 11.42 g 

9. EDTA 

KOH 

50.00 g 

31.00 g 

10. FeSO4·7H2O 

H2SO4 (conc) 

4.98 g 

1.00 mL 

Stock solutions 1 – 6: 10 mL, stock solution 7: 2 mL, stock solutions 8 – 10: 1 mL; made up to 1 litre 

with distilled water. 

 

The population of exponentially growing algae was collected by centrifugation for 10 

minutes at 2,000 rpm (Eppendorf Centrifuge 5804 R, Germany). Algae cultures were 

inoculated in 40 mL of each tested sample and grew in autoclaved (121 °C, 30 min; Tuttnauer 

2540 EKA, Netherlands) Erlenmeyer flasks (Fig. 11). The respective negative controls on 

BBM were run in parallel. Initial cell density for each sample was 105 cells/mL. Microalgal 
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cultures were maintained at 25±1°C and continuous light (7,000 lux, photoperiod of 24 hours) 

over 72 hours, with frequent shaking. Absorbance was measured in order to determine algal 

growth rate every 24 hours at the wavelength of 680 nm using spectrophotofluorimeter (Tecan 

Infinite M200 PRO, Switzerland, equipped with Magelan software version V 7.2).  

 

 

Figure 11. Set up experiment for the growth inhibition test of Chlorella vulgaris.  

 

In order to interpret results, it was necessary to make a calibration curve that defined 

relation between cell density and absorbance at 680 nm. For that reason, at the beginning of 

the experiment, range of algae solutions was prepared and absorbance at 680 nm was measured. 

Cell density was determined by direct counting of algae in each dilution using a Bürker-Türk 

chamber (Olympus BX51, Japan). Considering measured absorbances and cell densities for 

each of prepared dilutions, calibration curve was done. 

 

 

4.3.2 Chlorophyll a concentration in Chlorella vulgaris  

Chlorophyll a concentration was measured according to the protocol adapted from the 

ESS Method 150.1 (ESS Method 150.1: Chlorophyll-Spectrophotometric, 1991) and was with 

slight modification applied for the determination of chlorophyll a concentration in Chlorella 
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vulgaris. It was necessary for this experiment to be completed in the dark, due to the 

photosensitivity of chlorophyll a.  

At 0 (beginning of the experiment) and 72 hours of the experiment, 6 mL of each sample 

was centrifuged in Falcon tube at 4,200 rpm for 40 minutes (Eppendorf Centrifuge 5804 R, 

Germany). As much supernatant as possible was poured off with a plastic Pasteur pipette, and 

8 mL of 95% ethanol was added. Samples were ultrasonicated for 30 seconds (Bandelin 

sonorex, Germany), and then heated at 60°C in a water bath (Bandelin sonorex, Germany). 

Tubes had been shaken several times during the heating process. Samples were ultrasonicated 

again for 30 seconds, and then centrifuged twice (4,000 rpm, 10 minutes). Since green residue 

remained at the bottom of the tubes, the samples were shaken and left overnight in the fridge 

at 4°C.  

The next day, samples were ultrasonicated for 30 seconds, centrifuged (4,000 rpm, 10 minutes), 

and then the absorbance was measured at two wavelengths – 664 and 649 nm (Tecan Infinite 

M200 PRO, Switzerland, equipped with Magelan software version V 7.2). For the calculation 

of chlorophyll a concentration, the following equation was used: 

𝑐 (
𝜇𝑔

𝑚𝐿
) = (13.36 × 𝐴664 − 5.19 × 𝐴649) ×

𝑉𝐸𝑡𝑂𝐻

𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ×  𝑙𝑐𝑢𝑣𝑒𝑡𝑡𝑒
 

where VEtOH = 8 mL, Vsample = 6 mL and lcuvette = 1 cm.  

 

 

4.3.3 Seed germination and root and sprout elongation of Trifolium repens and Triticum 

aestivum 

 

Seed germination test was performed according to Visioli et al. (2014) with slight 

modification. Filter paper was placed on a Petri dish (100x15 mm) and moistened with 2 mL 

of tested sample. For the control group, 2 mL of distilled water was used. 8 seeds of Triticum 

aestivum and 10 seeds of Trifolium repens were chosen randomly and placed on a Petri dishes. 

Petri dishes were covered and sealed with Parafilm to prevent evaporation and cross 

contamination. The germination assay was performed using three replicates per sample. During 

the whole experiment, Petri dishes were kept in the dark and dry conditions, at room 

temperature (25±1°C) (Fig. 12). After 120 hours of incubation, seeds were examined to 

determine the germination rate and to measure sprout and root elongation. As the operational 

definition of germination, 1 mm sprout was used.  
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Figure 12. Experimental set up for germination inhibition and sprout and root elongation determination 

of clover Trifolium repens and wheat Triticum aestivum. 

 

 

4.3.4 The Zebrafish embryotoxicity test  

 

ZET was done accordingly to OECD 236 (2013). Animal housing and spawning were 

performed in aquaria units within Laboratory for Biotechnology in Aquaculture, Ruđer 

Bošković Institute, approved by the Croatian Ministry of Agriculture and according to the 

Directive 2010/63/EU (2010). 

 

4.3.4.1  Fish maintenance and egg production  

 

A breeding stock of zebrafish aged ~18 months with no visible diseases or deformations 

was used for egg production. Females and males were kept together in a glass aquarium (50 L) 

in controlled conditions (temperature: 27±0.5°C, pH: 7.5±0.3, conductivity: 500 μS/cm, 

oxygen saturation ≥ 80%, water hardness: 250 mg/l CaCO3). Lighting was controlled by a timer 

to provide a 14:10 h light:dark cycle. Adults were fed with dry food (Zebrafish diet standard 

05.08, Mucedola, Italy) twice daily and additionally with brine shrimp Artemia.  

In order to optimize fecundity, three days prior to spawning, males and females were 

housed separately and fed only with Artemia. Due to the possibility of breeding groups of 
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zebrafish failing to spawn, two spawning boxes were used. On the evening before spawning, 

males and females (2:1) were placed into divided spawning boxes with egg traps to prevent 

egg predation (Fig. 13). 

 The next morning, spawning and fertilization took place within 15 to 30 minutes after 

the onset of light and removal of the divider. Eggs were collected using 800 μm mesh and 

washed with artificial water in order to remove debris. Artificial water was prepared by 

dissolving 294.0 mg/L CaCO2·2H2O, 123.3 mg/L MgSO4·7H2O, 63.0 mg/L NaHCO3, and 5.5 

mg/L KCl in distilled water (ISO, 1996), followed by pH adjustment to 7.0. Fertilization rate 

of approximately 80% was set as the minimum to proceed with the further experiment. 

 

 

Figure 13. Separated female (red dash) and males (blue dash). 

 

 

4.3.4.2  Embryotoxicity test 

 

All eggs were placed into a Petri dish containing artificial water (ISO, 1996; Fig. 14) and 

then, in order to minimize dilution error, transferred into Petri dishes containing the tested 

sample. Afterward, a stereo microscope (PRO-LUX, Croatia) was used to separate fertilized 

eggs from nonfertilized, damaged and abnormal ones. Eggs from the 4 to 64-cell stage (Kimmel 

et al., 1995) were transferred into a transparent polyethylene 24-well plates (NEST Scientific, 
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USA) containing 1 ml of tested sample. Each sample was tested with 10 embryos in four 

replicates, amounting to a total of 40 embryos. For negative control, artificial water was used. 

Four wells of each plate were used as an internal negative plate control, and one additional 

plate was used for external negative control.   

Over the period of 96 hours, plates were incubated (New Brunswick Innova® 42, USA) 

at 28±0.5°C with regulated 14:10 h light:dark photoperiod (Fig. 15). Every 24 hours, 30% of 

the tested sample (30 µL) in each well was replaced with a previously aerated and incubated 

sample.  

 

                               

Figure 14. Unselected eggs after fertilization.  Figure 15. Incubated plates with embryos. 

 

Every day, the following parameters were measured: mortality rate, abnormality rate, 

heartbeat rate, hatching rate, pigmentation formation and behavioural changes, using an 

inverted microscope (LEICA DMIL LED, equipped with LEICA EC3 camera and LAS EZ 3 

software version 2.0, Germany).  

The following observations were considered indicators of lethality: a) coagulation of the 

embryo, b) non-detachment of the tail bud from the yolk sac, c) non-formation of somites and 

d) lack of heartbeat (Braunbeck et al., 2015) (Table 7).  
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Table 7. Endpoints observed in the zebrafish at 24, 48, 72 and 96 hours after fertilization (Beekhuijzen 

et al., 2015). 

 Physiological/dysmorphogenic effect 24 hpf 48 hpf 72 hpf 96 hpf 

Lethal 

endpoint 

Coagulation of embryos • • • • 

Non-deatachment of tail • • • • 

Non-formation of somites • • • • 

Lack of heartbeat  • • • 

Teratogenic 

endpoint 

Malformation of the head • • • • 

Malformation of the otoliths/sacculi  • • • 

Malformation of the tail  • • • • 

Malformation of the heart • • • • 

Deformed body shape • • • • 

Yolk deformation  • • • • 

Growth retardation • • • • 

 

A detailed description of these teratogenic endpoints is given below (Beekhuijzen et al., 2015):  

i. Malformation of the head: missing structures, uneven or small eye size, abnormal 

shape of eye or head.  

ii. Malformation of the otoliths/sacculi: one or both structures are missing, duplicated, 

or have an uneven size or abnormal shape. Enlarged sacculi and/or otoliths, or not 

well-defined structures.  

iii. Malformation of the tail: kink seen mostly at the tip of the tail, tail lifted either up or 

down. Malformed tail-fins. 

iv. Malformation of the heart: irregular shape due to edema or aplasia, abnormal heartbeat 

(too slow, too fast or irregular compared to control).  

v. Deformed body shape: abnormalities in the neural tube; absence, an indistinct or 

malformed morphology of the notochord or (one or more) somites. Disclosure of the 

back (rachischisis) or malformed skeleton (scoliosis).  

vi. Yolk deformation: edema, bulbs and other malformations that interfere with the 

normal rounded shape.  
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4.3.5 MXR transporter activity assessment of Danio rerio larvae 

 

The amount of RB accumulated in 96 hpf zebrafish larvae after exposure to tested 

samples was measured according to Babić et al., 2017, with slight modification. At 96 h, after 

the determination of lethal and sublethal effects of tested samples, larvae were collected from 

the 24-well plates and transferred into falcon tubes (15 ml) in duplicate. In falcon tubes, 96 h 

old larvae were exposed to 4 ml of tested sample and 1 μM RB. A negative control was run on 

the mixture of RB and artificial water, while positive control larvae were exposed to the mixture 

of RB and model inhibitor cyclosporine A (10 μM CA). Falcon tubes were wrapped in 

aluminium foil to prevent photodegradation of RB, and incubated at 25±1.0 °C for 90 minutes. 

After incubation, larvae were rinsed with distilled water three times to remove RB, and 

ultrasonicated (Bandelin sonorex, Germany) each time before rinsing. All the remaining water 

was removed and larvae were homogenized in 1.5 ml tubes in 500 μL of distilled water.  

Homogenization was performed with 30 strokes of Eppendorf autoclave micropestles. After 

homogenization, tubes were centrifuged for 10 minutes at 9,000 rpm (Eppendorf Centrifuge 

5804 R, Germany). 200 μL of supernatant was transferred into a black 96-well plate (Nunc, 

Thermo Fisher Scientific, Denmark) and fluorescence was measured at excitation/emission – 

530/595 nm using spectophotofluorimeter (Tecan Infinite M200 PRO, Switzerland, equipped 

with Magellan software version V 7.2). Shaking amplitude was set to 3 mm for 10 seconds, 

with 25 flashes and gain 141. All samples were measured in duplicates. 

 

 

4.4 Statistical analysis  

 

Results were expressed as means ± SD, and p ≤ 0.05 was used as a cutoff value of 

statistical significance throughout the manuscript. 

Algae cell density was estimated from the calibration curve correlating absorbance values 

(680 nm) and cell density, and expressed as cell/mL. 

The results for RB accumulation in the whole embryos were expressed as fluorescent 

units per mg of embryo tissue (FU mg-1) and normalized relative to non-treated controls.  

All the statistical analysis was carried out using SigmaStat software version 1.0. A. 

One-way analysis of variance (ANOVA) was used for comparison of the results obtained 

from measuring the chlorophyll a concentrations, RB concentrations, but also Trifolium repens 

and Triticum aestivum germination inhibition and sprout and root elongation. Significant 
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differences between controls and tested Sava River samples, as well as between tested samples 

in dependence of the day of the exposure were determined using two-way ANOVA for 

following tests: algal growth inhibition, zebrafish mortality and abnormality rate, as well as 

heartbeat rate, pigmentation formation and hatching rate. When the assumption for normality 

was violated the Kruskal-Wallis One-way Analysis of variance on ranks was performed. 
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5 RESULTS 

 

5.1 Chemical characterization of the water quality 

 

Samples were examined for the presence of 571 organic contaminants that were sorted 

into five major groups: pharmaceuticals/drugs, pesticides, industrial chemicals, hormones and 

other (Table 8). Pharmaceuticals/drugs were further categorized in the following subcategories: 

hypnotics/anticonvulsants/anaesthetics, antibiotics, hallucinogens/stimulants/illicit drugs, 

antiepileptics/neuroleptics, opioids, analgesics, cardiovascular medicaments, antidepressants, 

antiparasitics, diuretics, steroidal anti-inflammatory drugs and other (Fig. 17). Pesticides 

included herbicides, insecticides, and fungicides. Hormones included both synthetic and 

natural hormones. Chemical analysis determined following substances in this group: 

androstenedione, testosterone, estriol, equilin, 17-a-ethynylestradiol, estrone, 17b-estradiol and 

progesterone. Group “Industrial chemicals” consisted of a wide spectrum of perfluoroalkyl and 

polyfluoroalkyl substances that are used for providing water, oil and stain repellence to textiles, 

carpets and leather, and in chrome plating, firefighting foams, and other applications (OEHHA, 

2015). Furthermore, it also included chemicals such as 1-H benzotriazole, bisphenol A, 4-

nitrophenol, 4-para-nonylphenol, 4-tert-octylphenol and hexabromocyclododecane (HBCDD), 

as well as octylphenol ethoxylates (OP1EO and OP2EO) and nonylphenol ethoxylates (NP1EO 

and NP2EO), of which most have proven to act as endocrine disruptors (Jensen and Leffers, 

2008; Kortner and Arukwe, 2007; Lee et al., 2006; Takayanagi et al., 2006; Zhang et al., 2013). 

Chemicals such as acesulfame, which is used as a sweetening agent (Mukherjee and 

Chakrabarti, 1997), octinoxate – an organic UV filter compound (Bratkovics and 

Sapozhnikova, 2011), iopromide – a nonionic iodinated contrast agent (Mortelé et al., 2005), 

and metabolites, such as 2-NP-AOZ, 4-acetylaminoantipyrine, 4-formylaminoantipyrine and 

N-desmethylclozapine, were included in separate group under the name “Other”. 

A wide range of contaminants has been detected in each sample: Jesenice – 398, 

Jankomir – 366, Hrušćica – 396, Rugvica – 391 and Lukavec – 386 contaminants (Table 8). 

Concentrations of tested chemical summed up to 13.27 μg/L at Jesenice site, 9.15 μg/L at 

Jankomir site, 14.98 μg/L at Hrušćica site, 13.57 μg/L at Rugvica site, followed by 10.94 μg/L 

at Lukavec site.  
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Table 8. Number of pollutants detected in tested water of each sampling site. Total presents a total 

number of chemicals tested for each category.  

Pollutant category Total Jesenice Jankomir Hrušćica Rugvica Lukavec 

Pharmaceuticals/Drugs 234 142 154 171 164 165 

Pesticides 291 213 170 182 185 179 

Industrial chemicals 31 28 27 28 27 27 

Hormones 8 8 8 8 8 8 

Other 7 7 7 7 7 7 

Sum 571 398 366 396 391 386 

 

 

Organic pollutants that were detected to have the highest concentrations varied for each 

sampling site. Ten chemicals that were detected at highest concentrations at each site, along 

with their classification and concentration, are shown in Table 9.  
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Table 9. Chemicals detected at highest concentrations at each sampling site. Concentrations are 

presented in μg/L. 

Jesenice Jankomir Hrušćica Rugvica Lukavec 

4-para-nonylphenol 

(industrial chemical) 

(3.52) 

Nicotine 

(stimulants) 

(1.56) 

Metoprolol  

(cardiovascular 

medicament) 

(1.21) 

Nicotine 

(stimulans) 

(2.24) 

Phenobarbital 

(hypnotic) 

(1.27) 

Fludrocortisone-acetate 

(steroidal anti-inflammatory 

drug) 

(0.79) 

NP1EO 

(industrial chemical) 

(0.71) 

Nicotine  

(stimulants) 

(1.20) 

Phenobarbital 

(hypnotic) 

(1.29) 

Caffeine 

(stimulans) 

(0.98) 

Naproxen 

(analgesic) 

(0.55) 

OP2EO 

(industrial chemical) 

(0.61) 

Sulfapyridine  

(antibiotic) 

(1.18) 

Caffeine 

(stimulans) 

(1.10) 

Nicotine 

(stimulans) 

(0.85) 

4-tert-octylphenol 

(industrial chemical) 

(0.54) 

Metoprolol 

(cardiovascular 

medicament) 

(0.57) 

Phenobarbital  

(hypnotic) 

(1.15) 

Tetracycline HCl 

(antibiotic) 

(0.67) 

NP1EO 

(industrial 

chemical) 

(0.71) 

Nafcillin sodium 

monohydrate  

(antibiotic) 

(0.52) 

Amoxicillin 

(antibiotic) 

(0.57) 

Caffeine  

(stimulants) 

(1.06) 

Sulfapyridine  

(antibiotic) 

(0.53) 

Sulfapyridine  

(antibiotic) 

(0.65) 

Ibuprofen 

(analgesic) 

(0.45) 

Caffeine 

(stimulans) 

(0.50) 

Amoxicillin 

(antibiotic) 

(0.96) 

Metoprolol  

(cardiovascular 

medicament) 

(0.50) 

Acetylsalicylic 

acid 

(analgesic) 

(0.58) 

Nicotine 

(stimulants) 

(0.43) 

4-para-nonylphenol 

(industrial chemical) 

(0.49) 

OP2EO 

(industrial chemical) 

(0.75) 

Bisphenol A 

(industrial chemical) 

(0.48) 

Metoprolol  

(cardiovascular 

medicament) 

(0.57) 

Bisphenol A 

(industrial chemical) 

(0.41) 

NP2EO 

(industrial chemical) 

(0.31) 

Tetracycline HCl 

(antibiotic) 

(0.68) 

Amoxicillin 

(antibiotic) 

(0.45) 

OP2EO 

(industrial 

chemical) 

(0.52) 

Metoprolol  

(cardiovascular medicament) 

(0.37) 

Phenobarbital 

(hypnotic) 

(0.25) 

NP1EO 

(industrial chemical) 

(0.56) 

Naproxen 

(analgesic) 

(0.44) 

4-para-

nonylphenol 

(industrial 

chemical) 

(0.34) 

Etodolac 

(analgesic) 

(0.33) 

1-H benzotriazol 

(industrial chemical) 

(0.20) 

Acesulfame 

(artificial sweetener) 

(0.39) 

4-para-nonylphenol 

(industrial chemical) 

(0.33) 

NP2EO 

(industrial 

chemical) 

(0.22) 

 

 

Among the detected groups, pharmaceuticals/drugs were the most dominant one (Fig. 

16), ranging from 47.66% at Jesenice site, 56.26% at Jankomir site, 65.67% at Lukavec site, 

69.72% at Hrušćica site, to 75.14% at Rugvica site (Fig. 17).  
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Figure 16. Total concentrations of organic pollutants in tested samples of water from the Sava River 

by five main categories. 

 

 

At Jesenice site, the most abundant subcategories in pharmaceuticals/drugs group were 

antibiotics (27.00%) and analgesics (27.21%), while at Jankomir site, the far most dominant 

subcategory was hallucinogens/stimulants/illicit drugs (45.46%), as well as at both Rugvica 

(36.13%) and Lukavec (30.14%). Antibiotics (32.30%) were the most represented subcategory 

found at Hrušćica site (Fig. 17). 

The second most dominant group at Jesenice site was industrial chemicals (38.60%), due 

to high concentration of 4-para-nonylphenol (3.52 μg/L) that was found, followed by pesticides 

(9.61%), where most presented subgroup was insecticides (61.21%). At Jankomir site, 

industrial chemicals also presented second most dominant group (29.58%), while in the third 

group, pesticides (10.54%), herbicides and insecticides were almost equally represented 

(44.97%, 45.38%, respectively). At Hrušćica, Rugvica and Lukavec sites, industrial chemicals 

were the second most represented group as well, though their concentrations were lower 

(16.61% at Hrušćica site, 12.62% at Rugvica site and 20.29% at Lukavec site). Concentrations 

of pesticides were similar to ones found at Jesenice and Jankomir site: 8.63% at Hrušćica site, 

8.82% at Rugvica site and 9.22% at Lukavec site. At Hrušćica site, herbicides and insecticides 

subcategory were almost equally represented (36.01% and 39.53%, respectively), while at both 
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Rugvica and Lukavec, the most copious subcategory was insecticides (51.18% and 55.69%, 

respectively). 

Hormones and separate group “Other” were present in much lower concentrations in all 

locations (2.31% and 1.82 at Jesenice, 0.41% and 3.21% at Jankomir, 0.14% and 4.89% at 

Hrušćica, 0.23% and 3.18% at Rugvica, and 0.05% and 4.77% at Lukavec, respectively) (Fig. 

17). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Distribution of the main categories and sub-categories by their cumulative concentration in 

tested samples of water from the Sava River.  
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Figure 17. (continued) 
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Figure 17. (continued) 
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Figure 17. (continued) 

 

 

5.2 Growth inhibition of Chlorella vulgaris  

 

An increase in algae growth in comparison to control has been noticed after 24 hours of 

exposure. After 48 and 72 hours of exposure to samples, an inhibition of growth has been 

observed. The significant difference compared to control had been noted in every sample, with 

the exception of Hrušćica sample upon 48 hours of exposure. Differences in algae growth 

caused by tested samples during all three days were statistically significant [F(3.06)= 11.11, p 

< 0.0001]. There was a significant difference between following samples: Hrušćica – Rugvica, 

Lukavec – Rugvica, Jankomir – Rugvica, Hrušćica – Lukavec, Hrušćica – Jankomir, Hrušćica 

– Jesenice, Lukavec – Jesenice, and Jankomir – Jesenice (Fig. 19). 
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Figure 18. Calibration curve of Chlorella vulgaris concentration. 

 

 

Figure 19. A density of Chlorella vulgaris algae (cell/mL) through 72 hours of exposure to control and 

samples of the water from the Sava River. Results are presented as mean ± SD. The symbol * indicates 

a significant difference between tested sample and control. Significant differences between sample 

exposures are marked with letters (α – Jesenice, β – Jankomir, γ – Hrušćica, δ – Rugvica, ε – Lukavec).  
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5.3 Chlorophyll a concentration in Chlorella vulgaris  

 

From the results presented in Table 8. it is evident that there is a statistically significant 

decrease in its concentration compared to control after 72 hours of exposure to tested samples. 

The highest decrease in chlorophyll a concentration was recorded in Chlorella vulgaris 

exposed to Rugvica and Jesenice (84.96 and 81.99% lower compared to the control, 

respectively; Table 10). 

 

Table 10. Chlorophyll a concentration (μg/mL) in Chlorella vulgaris at 72 hours of exposure to the 

samples of water from the Sava River. Results are presented as mean ± SD. The symbol * indicates a 

significant difference between tested sample and control. Significant differences between sample 

exposures are marked with letters (γ – Hrušćica, δ – Rugvica).  

Control Jesenice Jankomir Hrušćica Rugvica Lukavec 

4.72 ± 0.43* 0.85 ± 0.18* 1.08 ± 0.05* 1.38 ± 0.25*γ 0.71 ± 0.13* δ 1.09 ± 0.02* 

 

 

 

5.4 Seed germination and root and sprout elongation of Trifolium repens and 

Triticum aestivum 

 

After five days of exposure, no significant differences between control group and sample 

groups were noted in germination of Trifolium repens (Fig. 20). While measuring sprout length, 

a significant difference between Lukavec and control group was noticed (approx. 25% lower 

compared to control group), as well as between following samples: Rugvica – Hrušćica, 

Lukavec – Rugvica and Lukavec – Jesenice (Fig. 21). 
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Figure 20. Germination rate (%) of Trifolium repens after five days of exposure to tested samples of 

water from the Sava River. Results are presented as mean ± SD. 

 

Figure 21. Sprout length (cm) of Trifolium repens after five days of exposure to tested samples of water 

from the Sava River. Results are presented as mean ± SD. The symbol * indicates a significant 

difference between tested sample and control. Significant differences between sample exposures are 

marked with letters (α – Jesenice, δ – Rugvica, ε – Lukavec).  
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Although tested samples had no impact on germination of Triticum aestivum (Fig. 22), 

statistically significant differences were noted in both sprout and root length of Triticum 

aestivum seeds exposed to samples from Lukavec and Hrušćica in comparsion to control group 

(Fig. 23 and 24). Significant differences were noticed between Rugvica – Hrušćica, Lukavec – 

Rugvica, Jankomir – Hrušćica, Jesenice – Hrušćica, Lukavec – Jankomir and Lukavec – 

Jesenice while measuring sprout length, and between Rugvica – Lukavec and Lukavec – 

Jankomir when measuring root length.  

 

 

Figure 22. Germination rate (%) of Triticum aestivum after five days of exposure to tested samples of 

water from the Sava River. Results are presented as mean ± SD. 

0

10

20

30

40

50

60

70

80

90

100

T
ri

ti
cu

m
 a

es
ti

vu
m

 g
er

m
in

a
ti

o
n

 (
%

)

Control

Jesenice

Jankomir

Hrušćica

Rugvica

Lukavec



  

44 

 

 

Figure 23. Sprout length (cm) of Triticum aestivum after five days of exposure to tested samples of 

water from the Sava River. Results are presented as mean ± SD. The symbol * indicates a significant 

difference between tested sample and control.  Significant differences between sample exposures are 

marked with letters (α – Jesenice, β – Jankomir, γ – Hrušćica, δ – Rugvica, ε – Lukavec).  

 

Figure 24. Root length (cm) of Triticum aestivum after five days of exposure to tested samples of water 

from the Sava River. Results are presented as mean ± SD. The symbol * indicates a significant 

difference between tested sample and control. Significant differences between sample exposures are 

marked with letters (β – Jankomir, δ – Rugvica, ε – Lukavec).  
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5.5 The Zebrafish embryotoxicity test  

 

Exposure of Danio rerio embryos to collected samples mostly manifested in minor lethal 

and developmental toxicity effects. Lethality manifested mainly as coagulation of embryos and 

non-detachment of the tail (OECD 236, 2013). No mortality was recorded during exposure to 

Jesenice, while exposure to Hrušćica, Rugvica and Lukavec induced <5% of mortality. 

Mortality rate of Jankomir site was 10%, but was not statistically significant compared to 

control group due to high standard deviations. Mortality rate of the negative control group was 

less than 10%.  

Abnormalities were observed only in Lukavec and Jankomir samples at 24 hours of 

exposure to samples, and in larvae during exposure to all samples at 96 hours of exposure 

(Table 11). Although not statistically significant, the highest abnormality rates were noted in 

Jankomir and Rugvica samples. Abnormality rate of negative control group was less than 10%. 
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Table 11. Developmental abnormalities observed in zebrafish Danio rerio during 96 hours of exposure 

to samples of water from the Sava River. 

 Toxicological endpoints Jesenice Jankomir Hrušćica Rugvica Lukavec 

24 hpf 

Coagulation of embryos  † † † † 

Non-deatachment of tail  †  † † 

Developmental retardation  •   • 

Underdeveloped head region  •    

Underdeveloped eye     • 

48 hpf 

Coagulation of embryos   †   

Scoliosis    •  

Yolk sac edema  •  • • 

Pericardial edema    • • 

Tail deformation  •  •  

Blood accumulation in the yolk sac 

region 
 •  • • 

Blood accumulation in the brain 

region 
 •    

Blood accumulation in tail region    •  

72 hpf 

Scoliosis  • • • • 

Tail deformation  •  • • 

Blood accumulation in the yolk sac 

region 
    • 

Yolk sac edema    •  

Pericardial edema  •  • • 

96 hpf 

Scoliosis • • • • • 

Tail deformation • •  •  

Blood accumulation in the yolk sac 

region 
    • 

Pericardial edema  •   • 

† = lethal endpoint (OECD, 2013) 

• = sublethal endpoint (Beekhuijzen et al., 2015; Hollert et al., 2003) 
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24hpf   48hpf 72hpf 96hpf  

a)    b)   c)   d) 

 

 

e)   f)   g)   h)  

 

i)    j)   k)   l) 

 

m)   n)   o)   p)  

 

q)    r)   s)   t) 

 

Figure 25. Developmental abnormalities of zebrafish embryos at 24, 48, 72 and 96 hpf.  
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Figure 25. (continued) a), b), c) and d) normally developed control embryo at 24, 48, 72 and 96 hours 

after exposure, respectively. 24 hpf embryos exposed to samples: e) developmental retardation, tail not 

detached from the yolk sac (arrow), underdeveloped head (dashed arrow); i) yolk sac edema; m) whole 

embryo deformation; q) underdeveloped head (arrow) and spine deformation (dashed arrow). 48 hpf 

embryos exposed to samples: f) yolk sac edema (arrows); j) yolk sac edema (arrow); n) blood 

accumulation in the brain region (dashed arrow) and yolk sac region (arrow); r) yolk sac edema (arrow), 

blood accumulation in tail region (circle), tail malformation (dashed arrow). 72 hpf embryos exposed 

to samples: g) bent trunk vertebrae (arrow); k) pericardial  edema (arrow), yolk sac edema (dashed 

arrow); o) bent trunk vertebrae (arrow); s) bent tail vertebrae (arrow). 96 hpf embryos exposed to 

samples: h) bent tail vertebrae; l) bent trunk vertebrae; p) non-hatched fish with delay or anomaly in the 

absorption of the yolk sac;  t) bent trunk vertebrae. 

 

Heart beat rate was measured in 15 seconds long intervals. A decreased heartbeat rate in 

embryos exposed to samples has been noted, with significant differences compared to control 

in every sample with the exception of Hrušćica sample at 48 and 72 hours of exposure (Fig. 

26). The highest decrease in heartbeat rate was noticed during exposure to Jankomir sample 

(7.12, 21.04 and 14.83% lower at 24, 48 and 72 hpf, compared to the control, respectively), 

while the sample of Hrušćica caused the lowest, but still significant at 96 h of exposure, impact 

on zebrafish heart rate. Differences in heartbeat rate caused by tested samples during all three 

days were statistically significant only among Hrušćica and Jankomir (Fig. 26). 
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Figure 26. Heartbeat rate (beats per 15 seconds) of zebrafish Danio rerio through 96 hours of exposure 

to Sava River samples. Results are presented as mean ± SD. The symbol * indicates a significant 

difference between tested sample and control. Significant differences between sample exposures are 

marked with letters (β – Jankomir, γ – Hrušćica).  

 

 

Hatching had been observed at 72 and 96 hours post fertilization. No significant differences 

were noted in comparison to control group (Table 12). Furthermore, formation of pigmentation 

was observed at 48, 72 and 96 hours of exposure to samples, and scored from 0 to 3 (0 – no 

pigmentation, 3 – fully formed pigmentation) (Table 12).  
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Table 12. Hatching rate at 72 and 96 hours of exposure to samples (%), and formation of 

pigmentation at 48, 72 and 96 hours of exposure to samples (scored 0 – 3). The values are given as 

mean ± SD and p ≤ 0.05 was used as a cutoff value of statistical significance. The symbol * indicates 

a significant difference between tested sample and control. Significant differences between sample 

exposures are marked with letters (α – Jesenice, γ – Hrušćica).  

 Hours of 

exposure 

Control Jesenice Jankomir Hrušćica Rugvica Lukavec 

 

72 100 ± 0.00 100 ± 0.00 96.88 ± 6.25 100 ± 0.00 100 ± 0.00 100 ± 0.00 

96 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 100 ± 0.00 

  

48 2.48 ± 0.59 2.20 ± 0.56* 2.18 ± 0.65* 2.37 ± 0.58 2.15 ± 0.58* 2.26 ± 0.66 

72 2.73 ± 0.48 2.35 ± 0.70*γ 2.55 ± 0.72 2.80 ± 0.44α 2.43 ± 0.64* 2.87 ± 0.43 

96 2.77 ± 0.43 2.65 ± 0.48 2.84 ± 0.49 2.85 ± 0.36 2.44 ± 0.55 2.77 ± 0.53 

 

 

 

5.6 MXR transporter activity assessment of Danio rerio larvae 

 

A statistically significant increase in RB accumulation in comparison to negative control 

has been noticed in zebrafish larvae in all tested samples, except during exposure to Rugvica. 

The highest increase in accumulation of RB was observed within the samples Jesenice and 

Lukavec. Comparing with the model MXR inhibitor CYC, RB concentration was significantly 

higher in larvae exposed to Lukavec. Moreover, a statistically significant difference within the 

tested samples was also recorded, as follows: Jankomir – Hrušćica, Jankomir – Lukavec, 

Rugvica – Lukavec, Jesenice – Hrušćica and Hrušćica – Lukavec (Fig. 27). 
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Figure 27. Accumulation of the model fluorescent substrate RB in 96h old zebrafish Danio rerio after 

exposure to model inhibitor CYC and tested Sava River samples. The dashed line indicates the control 

values. Results are presented as mean ± SD. The symbol * indicates a significant difference between 

the tested sample and negative control (artificial water), while symbol # indicates that there is a 

significant difference between the tested sample and positive control (CYC). Significant differences 

between sample exposures are marked with letters (α – Jesenice, β – Jankomir, γ – Hrušćica, δ – 

Rugvica, ε – Lukavec).  
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6 DISCUSSION  

 

The Sava River, as well as the Danube basin, is generally assumed to act as a sink for 

pollutants from various sources, such as industrial wastes, untreated effluents from 

municipalities and contaminants from agricultural activities (Källqvist et al., 2008; Ščančar et 

al., 2015). Considering the important role of the Sava basin in the drinking water supply, the 

need for continuous and thorough water pollution screening is evident (Källqvist et al., 2008). 

Therefore, detection of the level of organic pollution in the Sava river, as well as its impact on 

living organisms, was the aim of this study.  

 

 

Chemical analysis 

The number of industrial, agricultural and waste chemicals is continuously increasing 

with the rapid development of modern society (Livingstone et al., 2000). This release of 

materials that are potentially toxic has been proven to have negative effects on the aquatic 

ecosystem: it may deposit large amounts of organic matter, nutrients and pollutants which can 

result in processes such as eutrophication, oxygen deficits and accumulation of pollutants 

(Livingstone et al., 2000; Topić Popović et al., 2015). Furthermore, benthic invertebrates and 

other aquatic organisms may accumulate these toxic substances. If contaminated organisms are 

eaten by, e.g., fish, the contaminants may eventually reach humans by consumption of 

contaminated fish (Babić et al., 2017; Hafner et al., 2015).  

Although chemical characterization in ecotoxicological studies may give an insight on 

the variety and quantity of contaminants, alone it is often not sufficient for accurate assessment 

of toxicity, due to the factors of bioavailability, degradation products, as well as synergistic 

and antagonistic effects (Babić et al., 2017). Therefore, to offer an accurate assessment of the 

overall impact of organic pollution on the aquatic environment and living organisms within it, 

several bioassays have been applied in this study. 

In order to determine the extent of organic pollution at each sampling site that was 

chosen, chemical analysis of water using liquid chromatography tandem mass spectrometry 

was done. Pollutants in tested samples summed up to 9.15 μg/L at Jankomir site, 10.94 μg/L at 

Lukavec site, 13.27 μg/L at Jesenice site, 13.57 μg/L at Rugvica site and 14.98 μg/L at Hrušćica 

site. Interestingly, Jesenice site was more polluted than it was formerly expected. High levels 

of pollution at Hrušćica and Rugvica sites were according to predictions, as the sample water 
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of Hrušćica site was taken underneath the main drainage canal of Central wastewater treatment 

plant Zagreb, and Rugvica site is located 10 km downstream. 

The largest portion of detected pollutants in this study were pharmaceuticals and drugs, 

especially at Hrušćica and Rugvica sites that are under the heaviest influence of Zagreb waste 

water treatment plant effluents. This was to be expected, considering that in the last decade 

alone, there was an approximate 60% increase in consumption of pharmaceuticals in Croatia, 

according to Annual Reports on Drug Utilization from 2005 to 2016 that are provided by 

HALMED (http://halmed.hr/) (Babić et al., 2018). Nowadays, they are increasingly becoming 

a concern due to their slow metabolism and persistence in the environment (Brooks et al., 2005; 

Christen et al., 2010). The primary sources of these pollutants are municipal wastewater 

treatment plants, agricultural settings, aquaculture, hospitals and pharmaceutical production 

facilities (Bielen et al., 2017). 

Higher concentrations of pharmaceuticals at Hrušćica and Rugvica sites are assumed to 

be of a consuming nature, which is proven by their position near the Central wastewater 

treatment plant Zagreb. In both samples, antibiotics and hallucinogens/stimulants/illicit drugs 

were the most dominant subcategories detected. As the samples were taken in May, these high 

concentrations of antibiotics may have been residual from their excessive use over the winter 

months.   

Amongst the variety of different pharmaceuticals and drugs, a few of them have been 

found consistently at almost all sites in high concentrations, such as antibiotics nafcillin sodium 

monohydrate and amoxicillin, cardiovascular medicament metoprolol and hypnotic 

phenobarbital. Furthermore, high concentrations of stimulants caffeine and nicotine, 

accompanied with a moderately high concentration of cotinine (nicotine’s metabolite) were 

also detected in all samples, with the exception of Jesenice site, which indicated the strong 

influence of urban wastewaters (Babić et al., 2017). High concentration of nicotine is a major 

concern in aquatic ecosystems, since it can induce changes in some of the most important key 

groups from different tropic levels of the aquatic compartment, which can compromise the 

balance of aquatic ecosystem in a short time (Oropesa et al., 2017).  

Studies show that nicotine can cause algal growth inhibition (Oropesa et al., 2017). It has also 

been proven that it can have negative effect on reproductive system of planktonic crustaceans 

Daphnia magna and Daphnia pulex, by decreasing the number of juveniles produced by 

female, and it may act as a weak juvenoid compound of their endocrine system (Oropesa et al., 

2017; Savino and Tanabe, 1989). Furthermore, nicotine is known to be toxic to insects and was 

widely used in the past as an insecticide against aphids, thrips, whiteflies, and other sucking 

http://halmed.hr/
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insects on a range of crops, including fruits, vines, vegetables, and ornamentals (Buerge et al., 

2008). Nicotine derivatives may also be harmful, particularly to arthropods (Buerge et al., 

2008). 

In accordance with reports on drug utilization given by HALMED, the number of 

pharmaceuticals and drugs that were determined in this study was lower than that of pesticides 

in each sample, but it has been shown that each sample contained 5–8.6 times higher 

concentrations of pharmaceuticals/drugs than pesticides (Babić et al., 2018). 

Industrial chemicals were second most dominant source of pollution in tested water 

samples, the highest concentrations found being those of 4-para-nonylphenol, bisphenol A, 

NP1EO, OP2EO and NP2EO. This presents a major concern, as these chemicals have 

repeatedly been proven to act as endocrine disruptors (Bonefeld-Jørgensen et al., 2007; Gatidou 

et al., 2007; Guenther et al., 2002). The highest concentration of an individual pollutant was 

that of 4-para-nonylphenol (3.52 μg/L , at Jesenice site), a hydrophobic compound that is 

released from plastics and possesses the ability to accumulate in living organisms (Litwa et al., 

2014).  

A large number of pesticides has also been detected: Jesenice – 213, Jankomir – 170, 

Hrušćica – 182, Rugvica – 185 and Lukavec – 179. This was to be expected due to intensive 

agricultural activities along the area of the Sava river. However, they appeared to be in low 

concentrations at each site (Jesenice – 1.28 μg/L, Jankomir – 0.96 μg/L, Hrušćica – 1.29 μg/L, 

Rugvica – 1.17 μg/L and Lukavec – 1.01 μg/L). These low concentrations of detected pesticides 

could be related to the seasonality of pesticide usage (Babić et al., 2017). Individual pesticides 

found in the highest concentrations varied between sites: Jesenice – spiromesifen (insecticide), 

Jankomir – phenmedipham (herbicide), Hrušćica – tolylfluanid (fungicide), Rugvica – 

chlorpyrifos-methyland (insecticide), and Lukavec – metaflumizone (insecticide). At Jankomir 

site, herbicides and insecticides were almost equally represented (44.97% and 45.38%, 

respectively), as well as at Hrušćica site (36.01% and 39.53%, respectively), while at both 

Rugvica and Lukavec, the most dominant subcategory were insecticides (51.18% and 55.69%, 

respectively).  

Fourth and fifth group, hormones and “Other”, appeared in much lower concentrations 

in all samples. Interestingly, while concentration of group other summed up to less than 5% in 

all samples, high concentrations of acesulfame and moderately high concentrations of 

octinoxate and iopromide were detected. Hormones made less than 1% of total concentration 

of pollutants in all samples, with the exception of Jesenice site that had 2.31% of hormones, 

due to higher concentration of progesterone. 
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Toxicity assays 

In order to determine the impact of Sava River pollution on living organisms, various 

bioassays with different test organisms were used. Model organisms chosen for this study did, 

indeed, show different sensitivity to different mixtures of pollutants found in tested samples. 

The cause of this may lay in the fact that different model organisms may be exposed via 

different pathways due to their biological and ecological properties (Schulze-Sylvester et al., 

2016).  

The growth inhibition and decrease in chlorophyll a concentration of green algae 

Chlorella vulgaris were observed in all samples. Algal growth in samples was increased in 

comparison to control group during the first day of exposure, most likely due to nutrients that 

allowed rapid growth. The cell growth decreased during second and third day of exposure to 

samples, most likely limited with the shortage of nutrients and presence of toxic compounds in 

the samples, which led to progressive algal cell death (Lau et al., 1996). 

Observed growth inhibition could have been caused by various compounds like industrial 

chemical 4-para-nonylphenol which was detected in all samples in concentrations above 0.33 

μg/L. 4-para-nonylphenol was proven to decrease algal growth (He et al., 2016). The highest 

rate of growth inhibition was found to be in Rugvica and Jesenice samples (approximately 4 

and 2.8 times lower compared to the control, after 72 hours of exposure, respectively). At both 

these samples, high concentrations of bisphenol A were detected, which was already observed 

to inhibit the growth of algae within the period of five days (Ji et al., 2014). Subsequently, the 

highest decrease in chlorophyll a concentration was recorded in Chlorella vulgaris exposed to 

same sites (approximately 6.6 and 4.3 times lower compared to the control, respectively).  

Two plant model organisms, Trifolium repens and Triticum aestivum, were chosen to test 

the sensitivity of monocotyledons and dicotyledons to the water pollution. Another aim of 

usage of these two model organisms, as they present most commonly used cultivars in Croatia, 

was to determine possible negative effects on the agricultural activities in the case of floods, 

such as the cases back in 2010 and 2014 (https://vlada.gov.hr; http://www.voda.hr/). 

Furthermore, it is important to inspect adverse effects the Sava River water may have on plants 

in general, since it is used to irrigate certain agricultural areas, such as Biđ-Bosut area, through 

a melioration canal (http://www.voda.hr/).  

No significant differences between the control groups and sample groups were noted in 

germination of Trifolium repens and Triticum aestivum. However, after exposure to river water 

samples, a significant difference in length of sprouts of Trifolium repens seeds between 

Lukavec and control group was noticed (approximately 1.3 times lower compared to the control 

https://vlada.gov.hr/
http://www.voda.hr/
http://www.voda.hr/
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group). Statistically significant differences were also observed in sprout length of Triticum 

aestivum seeds exposed to samples from Lukavec and Hrušćica (approximately 1.5 and 2 times 

lower compared to the control group, respectively), as well as root length (approximately 1.3 

and 1.4 times lower compared to the control group, respectively). Germination rate of 

monocotyledons was slightly higher compared to dicotyledons, which is in accordance with 

other studies focused on herbicide toxicity that confirmed frequently less sensitivity of 

monocotyledons compared to dicotyledons (Boutin et al., 2004; White and Boutin, 2007). This 

may be due to differences in uptake (e.g. hairs, nature of waxy cuticle), movement within plants 

and metabolism (Boutin et al., 2004). 

Exposure of zebrafish embryos to water samples from the Sava River resulted in various 

negative effects, including minor mortality rate, changes in heartbeat rate and minor 

developmental abnormalities. Unexpectedly, zebrafish mortality rate was not correlated with 

total concentrations of organic pollutants: the highest mortality rate was observed within 

embryos exposed to Jankomir sample, while no mortality was noted during exposure to 

Jesenice. Other samples induced <5% of mortality. This pattern could be caused by the toxicity 

of contaminants that were not measured, or due to the synergistic effects of organic pollutants 

(Babić et al., 2017). Embryo coagulation and non-detachment of the tail were most commonly 

observed causes of death after 24 h of exposure to samples.  

The highest abnormality rates were noted in Jankomir and Rugvica samples. Observed 

developmental abnormalities detected included: developmental retardation, underdeveloped 

head region and eye, scoliosis, yolk sac and pericardial edema, tail deformation and blood 

accumulation in the yolk sac, brain and tail region. Both mortality and developmental 

abnormalities increased in a time-dependent manner. 

Considering the variety of compounds detected in tested samples at different 

concentrations, it is hard for one to speculate the exact cause behind observed endpoints as 

there are many factors that need to be taken into consideration (metabolites, synergy, 

bioavailability, pollutants that may not be detected with chemicals analysis). However, 

multiple other studies have observed the same abnormalities testing chemicals that were found 

in the highest concentrations in tested samples. Van den Brandhof and Montforts (2010) 

observed scoliosis, one of most common abnormalities noted in all samples of this study, upon 

exposure to metoprolol which was detected in high concentrations in all samples. Oliveira et 

al. (2013) observed that the most frequent malformations due to amoxicillin exposure, also 

found in high concentrations at all sites except Jesenice, were edemas and tail deformities, 

which were also frequently noted in this study. Furthermore, Selderslaghs et al. (2009) 
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observed skeletal deformities as zebrafish response to caffeine, while Parker and Connaughton 

(2007) noted morphological deformities limited to the body shape in different nicotine 

treatments. 

Decreased heartbeat rate in embryos exposed to all samples was observed. The highest decrease 

in heartbeat rate was noticed during exposure to Jankomir sample (approximately 1.1, 1.3 and 

1.2 times lower at 24, 48 and 72 hpf, compared to the control, respectively), while the sample 

of Hrušćica caused the most prominent decrease of zebrafish heart rate. No significant 

differences in hatching rates were noted in comparison to control group at 72 and 96 hpf. 

Interestingly, significant difference was noted in formation of pigmentation at 48 and 72 hours 

in embryos exposed to Jesenice and Rugvica sample in comparison to control group. A possible 

cause for these observations may be that some compounds present in wastewaters can cause 

lack and/or reduction of pigmentation by inhibiting tyrosinase activity, thus enabling tyrosine 

to convert into melanin (Babić et al., 2017). Furthermore, increased accumulation of RB in 

zebrafish embryos confirmed the presence of substances that act as MXR inhibitors in all tested 

samples. This is in accordance with other studies that showed that some of compounds detected 

in this study are proven to be chemosensitizers, such as perfluorochemicals and 

organophosphorus and organochlorine pesticides (Bain and LeBlanc, 1996; Bard, 2000; Epel 

et al., 2008; Faria et al., 2011; Smital et al., 2004). 

Results obtained in this study suggest that there is a broad spectrum of organic 

contaminants in the Sava river that could potentially have a negative impact on this freshwater 

ecosystem. This was demonstrated by using a set of ecotoxicological bioassays on different 

test organisms with various biomarkers. Although this research only included organic 

pollutants and did not determine any other potentially important groups of contaminants, 

chemical analysis provided good insight into the general pollution status. Additional use of 

bioassays with model organisms, along with chemical analysis, took into the account factors 

such as bioavailability, degradation products and synergy, and therefore offered a useful tool 

for toxicity assessment. 
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7 CONCLUSION  

 

Chemical characterization showed that there was a wide range of organic pollutants in 

water from chosen sampling sites, however, in order to get a more detailed insight in toxic 

effects they may cause, ecotoxicological bioassays of presumably different sensitivities have 

been used. This research has showed that our model organisms indeed have different 

sensitivities to same water samples. Growth inhibition and chlorophyll a concentration in 

Chlorella vulgaris proved to be a cheap, sensitive and rather simple assay, as no special 

equipment is needed. Trifolium repens and Triticum aestivum, chosen for better understanding 

of the sensitivity of monocotyledons and dicotyledons, did not show drastic difference in 

sensitivity in comparison to each other, other than slightly lower germination rate of 

dicotyledons, most likely due to different uptake, movement within the plant, as well as 

metabolism. Root and/or sprout elongation was observed to have lowest rates after exposure to 

same samples in both model organisms. Exposing the zebrafish embryos to samples resulted 

in minor mortality rate and sublethal effects, while MXR transporter activity was inhibited in 

all samples at different rates.  

Therefore, the importance of detailed screening of water quality of the Sava river is more than 

evident, due to its role in the drinking water supply and fishing activities. 
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