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CHAPTER 1

GENERAL INTRODUCTION







General introduction

1.1. Pesticides

Using various chemical pesticides are spread very rapidly after the Second World War.
Already in those years was the requesting to pesticide products have the greatest efficacy
on target organisms and low, accompanying side effects (Cremlyn, 1985; Brown et al., 200T;
Galbraith and Burns, 2007; Abrantes et al.,, 2010). The number of substance that fall into
major descriptive class of pesticides, and its various chemical and biological subgroups, is
enormous. To achieve their ultimate major intended function pesticides are introduced into
the environmental to control by harming, usually by killing, those living organisms (pests)
that are detrimental, or potentially detrimental, to the existence or health of the human
race (Brown et al., 2001). The broad definition of pesticides often excludes those biologically
active substances that are used to control or eliminate organisms that directly infect humans
and animals, and cause ill health (Marrs and Ballantyne, 2004; Moraes et al., 2009). Pesticides
are defined according to the Food and Agricultural Organization (FAO) substances intended
for preventing, destroying, suppressing, repel or control of noxious agents, thus undesirable
microorganisms, plants and animals during production, storage, transport, distribution and
processing of food, agricultural commodities and animal feed. Among the pesticides also
include the growth regulators, desiccants and germination inhibitors.

Pesticides enter the cycle when they interact with the everywhere present biochemical
and biological, physical and chemical processes in the abiotic and biotic environment.
Disrupt these processes and pesticides, but do not themselves subject to the conversion of
molecular structure. Pesticides are subject to metabolic (animals, plants, microorganisms),
and nonmetabolic (solar radiation, heat, water, air, soil) transformations, which may give rise
to specific cases, making products with higher toxicity than was the original compound, or
the termination of decomposition (Rozsival and Szokolay, 1983; Marrs and Ballantyne, 2004).
Pesticides contribute to physical and chemical changes in water properties, which are reflected
in the biological integrity of the aquatic communities (Abrantes et al., 2010).

Many of pesticides are used globally and persist in the environment, and can be transported
long ranges to regions where they have never been used. Pesticides are carried as dust by
wind over very long distances and contaminate aquatic systems thousands of miles away
(e.g. tropical/subtropical pesticides found in Arctic mammals) (Palaniappan et al., 2010).
Number of pollutants, pesticides, medications, that are produced in sufficient quantities
still stop. These substances are seriously threatening the environment and affect the health
of organisms inhabiting these ecosystems, as well as human consumers (Palaniappan et
al.,, 2010; Hernandez-Moreno et al.,, 2010). Specifically rivers, lakes, ponds and dams are
predisposed to receive and accumulate contaminants discharged from industrial sewage, as
well as agriculture runoff (Ceyhun et al., 2010; Hernandez-Moreno et al., 2010).

Currently, contamination of environment is one of the key worldwide problems, primarily
pollution of water ecosystems. Aquatic ecosystems are endangered by contaminants
discharged from areas of intense pesticide use (Scholz et al., 2012). Export of agrochemicals
from agricultural fields is threatening of water quality in aquatic systems in large parts of the
world (Schwarzenbach, 2006). Pesticides are one of the most commonly discovered organic
pollutants in agricultural soils, surface and ground waters (Cerejeira et al., 2003; Rebich et al.,
2004; Hayasaka et al., 2013; Morrissey et al., 2015; Bussan et al., 2017; Herrero-Hernandez et
al., 2017; Zheng et al., 2017).



1.2. Triazines

Triazine herbicides are among the most commonly used pesticides in the world and were
discovered in 1954 (Hostovsky et al., 2014). The structures of the triazine herbicides have a six-
member ring containing three nitrogen atoms and three carbon atoms. The chemical structure
of triazines is divided into asymmetric (with adjacent nitrogen atoms) and symmetric (with
alternating nitrogen and carbon atoms around) (Kamrin, 1997). The symmetrical triazines
can be for example atrazine, simazine and prometryne. The asymmetrical triazines can be for
example metribuzine and metamitrone (Sanderson et al., 2001).

As a chemical family, triazines are a group of pesticides with a wide range of use. Triazines
herbicides have been used increasingly since the 1960s, mainlly on maize crops, in America and
Europe (Sanderson et al.,, 2001). Triazines are used primarily to control broad leaf and grassy
weeds. Most are used in selective weed control program, they have nonselective properties
which make them suitable for use on industrial sites (Fishel, 2009). The chief mechanism of
action is inhibition of photosynthesis (Hogan, 2010).

Even though triazines are subject to photodegradation, soil persistence is notable.
Metabolites of the triazines are frequently found in groundwater where the triazines have
been applied (Hogan, 2010). Triazines herbicides are persistent, the detectable levels are in
drinking water, food and fish (Solomon et al., 1996). Some evidence has linked the mode of
toxicity of the triazines compounds in mammals to a disruption of the metabolism of vitamins
(Kamrin, 1997) and the ability to disrupt energy metabolism (Hayes and Laws, 1991).

In last 20 years, concerns about the persistence and mobility triazines and their
metabolites have been growing, owing to the detection these compounds and their of
residual concentrations in different environmental compartments. The detectable levels are in
drinking and ground water, food and fish, also their metabolites are frequently found in water
ecosystems (Chapadense et al., 2009; Hogan, 2010 Bussan et al., 2017; Herrero-Hernandez et
al., 2017; Zheng et al., 2017). Moreover, some of triazine are prohibited in European country.
Seven s-triazines have been identified in a study to prioritize substances dangerous to the
aquatic environment by the member states of the European Community and are included in
the EU Priority Pollutants list and the US Environmental Protection Agency list. According to
EU Commission Regulation 196/2010 of 9 March 2010 amending Annex | to Regulation (EC)
689/2008 of the European Parliament, the export and import of these chemicals are banned
in the European Union.

Below will be briefly described three most detected triazines (metribuzine, prometryne,
terbutylazine) and two triazine metabolites (terbuthylazine-2-hydroxy, terbuthylazine-
desethyl) in aquatic ecosystem. The detailed description (environmental fate, toxicity and
effect on fish) of these substances is given in Chapter 2, (Koutnik et al., 2015). The effect of
selected triazine on fish: a review).

1.2.1. Metribuzine

Metribuzin (4-amino-6-tert-butyl-3-(methythio)-1,2,4-triazin-5-one) is an asymmetrical
triazine herbicide. It is distinct from the symmetrical triazines such as atrazine and simazine, in
which the central ring structure has alternating carbon and nitrogen atoms, in that metribuzin
possesses two nitrogen atoms and two adjacent carbon atoms (Pauli et al., 1990). Metribuzin
was first registered as a pesticide in the United States in 1973 (Tomlin, 2003). Metribuzine is
used to selectively control certain broadleaf weeds and grassy weed species on a wide range
of sites including vegetable and field crops, turf grasses in recreational areas, and noncrop
areas (Fairchild and Sappington, 2002).
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General introduction

The degradation of metribuzine is through photochemical, chemical and biochemical
deamination. Aqueous photolysis of metribuzin is rapid with a half-life of <1 day, and this
clearly contributes to the half-life of <7 days in pond water (Pauli et al., 1990; Wauchope et
al.,, 1992). Measured environmental concentrations of metribuzine in water are usually low,
with maximum concentrations below 3 pg/L (Battaglin et al., 2001), but modelling studies
have indicated that metribuzine can reach concentrations as high as 390 g/L in surface water
runoff (Pauli et al., 1990). The real maximal concentration of metribuzine detected in Czech
river was 2.3 pg/L (CHMI, 2018).

Acute toxicity 96hLC50 of metribuzine for fish is ranging from units to hundreds milligrams
per liter (Koutnik et al., 2015). The 96hLC50 for rainbow trout (Oncorhynchus mykiss) is
42 mg/L (Mayer a Ellersieck, 1986), for bluegill (Lepomis macrochirus) is 75.96 mg/L (PED,
2000), and for common carp (Cyprinus carpio) is 175.1 mg/L (Velisek et al., 2009).

1.2.2. Prometryne

Prometryne (2,4-bis(isopropylamino)-6-methylthio- s-triazine) a selective herbicide of the
s-triazine family was first registered in 1964 and has been used as a pre- or postemergence
controller of annual grasses and broadleaf weeds in a variety of crops (U.S. EPA, 1996; LeBaron
et al., 2008). Prometryn’s mechanism of action inhibits the electron transport in susceptible
species (Jiang and Yang, 2009).

The soil half-life of prometryne is 60 days. Halflife of prometryne in water is 500 days (U.S.
EPA, 1996). Although prometryne has been banned in Europe since 2004 (Zhou et al., 2012),
it still can be found in surface and ground waters. Prometryne has been reported in European
surface waters at concentrations from 0.01 to 4.40 pg/L (Papadopoulou-Mourkidou et al.,
2004; Vryzas et al., 2011; Caquet et al., 2013). The real maximal concentration of prometryne
detected in Czech river was 0.51 pg/L (CHMI, 2018).

Prometryne is toxic to moderately toxic to aqautic organisms. The most sensitive aquatic
organisms are freshwater algae (PED, 2000). The 5dEC50 of prometryne for algae Selenastrum
capricornutum is 0.023 mg/L (PED, 2000). The 96hLC50 for rainbow trout is 2.9 mg/L (U.S.
EPA, 1996), for sheepshead minnow (Cyprinodon variegatus) is 5.1 mg/L (Kegley et al.,,
2010), and for common carp is 8 mg/L (Popova, 1976).

1.2.3. Terbuthylazine

Terbuthylazine (N-tert-butyl-6-chloro-N’-ethyl-1,3,5-triazine-2,4-diamine) was registered in
the United States in 1975 (Mladinic et al., 2009). Terbuthylazine is used as a substitute for
atrazine since the end of 2006 (Nodler et al., 2013). Terbuthylazine is herbicide that belongs
to the chlorotriazine family, is used in both pre- and post-emergence treatment of a variety of
agricultural crops and in forestry (WHO, 2003; Vryzas et al., 2011).

Terbuthylazine is stable to hydrolysis, and to aqueous photolysis. It degrades very slowly
under aerobic aquatic conditions, and will persist under most aquatic conditions (U.S. EPA,
1995). Terbuthylazine is a slightly basic, slightly water soluble triazine herbicide or algacide
which adsorbs to soil organic matter. In surface water of Europe, terbuthylazine has been
recorded at concentrations from 0.01 to 13.0 pg/L (Rodriguez-Mozaz et al., 2004; Fait et al.,
2010; Chary et al., 2012; Jurado et al., 2012). The real maximal concentration of terbuthylazine
detectedin Czechriverwas 2.9 ug/L (CHMI, 2018). Degradation of terbuthylazine in natural water
depends on the presence of sediments and biological activity (WHO, 2006). Terbuthylazine
photo-degrades in water, this is likely to be the main degradation pathway. The fate of residues
in aerobic and anaerobic aquatic conditions is similar. The major metabolites of terbuthylazine
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are terbuthylazine-2-hydroxy, terbuthylazine-desethyl and terbuthylazinedesethyl-hydroxy,
which are more mobile than the parent, and exhibit some herbicidal activity when they retain
the chlorine atom on the triazine ring plus one alkyl group (Byrnes, 2001; WHO, 2003).

Terbuthylazine is slight toxicity towards fish and shellfish, and variable toxicity towards
aquatic crustaceans, from very highly toxic to practically non-toxic (WHO, 2006). Standard
toxicity tests with various fish species as nontarget organisms revealed LC50 values between
4.6 and 66 mg/L (Koutnik et al., 2015).

1.2.4. Terbuthylazine-2-hydroxy

Terbuthylazine-2-hydroxy is one of the main degradation products of terbuthylazine (EFSA,
2011). The half-life of terbuthylazine-2-hydroxy is 112 days, 120 days in water at 20-25 °C,
and 456 days at 10 °C (Nodler et al., 2013). The degradation products of triazines are usually
more polar and thus pose a greater potential risk for ground water contamination, often with
considerably higher toxicity, than does the parent compound (Loss et al., 2010). Terbuthylazine-
2-hydroxy is highly mobile and have been frequently detected in surface and ground water of
Europe (Bozzo et al., 2013; Stipicevic et al., 2015). In surface water terbuthylazine-2-hydroxy
has been recorded at concentrations from 0.05 to 9.24 pg/L (Masia et al., 2015; CHMI, 2018).
The real maximal concentration of terbuthylazine-2-hydroxy detected in Czech river was
0.75 pg/L (CHMI, 2018). Terbuthylazine-2-hydroxy is moderately toxic to fish. The 96hLC50 for
rainbow trout is 15 mg/L and 48hEC50 for Daphnia magna is 16 mg/L (PPDB, 2018).

1.2.5. Terbuthylazine-desethyl

Terbuthylazine-desethyl, another no less important degradation product of terbuthylazine
(EFSA 2011). The half-life of terbuthylazine-desethyl is 112 days (Nodler et al., 2013). In
surface water of Europe, terbuthylazine-desethyl has been recorded at concentrations from
from 0.007 to 2.9 pg/L (Hildebrandt et al., 2008; Benvenuto et al., 2010; Loss et al., 2010;
Masia et al., 2015; CHMI, 2018). The real maximal concentration of terbuthylazine-desethyl
detected in Czech river was 1.8 ug/L (CHMI, 2018). Terbuthylazine-desethyl is moderately
toxicity to fish. The 96hLC50, for rainbow trout is 18 mg/L and 48hEC50 for Daphnia magna
is 42 mg/L (PPDB, 2018).
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General introduction

1.3. Aims of the thesis

The main aim of this work was to investigate the effects of chronic exposure to triazines
(prometryne and terbuthylazine) and theier metabolites (terbuthylazine-2-hydroxy and
terbuthylazine-desethyl) at real environmental concetrations on developmental stages of
common carp (Cyprinus carpio L.) and marbled crayfish (Procambarus fallax f. virginalis).

The effect was assessed with respect to:

- behaviour and mortality,

- growth,

- ontogenetic development,

- histopathology,

- indices of oxidative stress and antioxidant parameters.

The effects of triazine metribuzine on signal crayfish (Pacifastacus leniusculus Dana) as
a non-target organism were also investigated with respect to

- behaviour,

- histopathology,

- indices of oxidative stress and antioxidant parameters.

-13 -
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Summary: Anthropogenic pollution constitutes a worldwide problem of growing concern. Increased environmental pollution
can be attributed to a variety of factors associated with industrial and agricultural technologies. Triazine herbicides are among
the most commonly used pesticides in the world, and are predominant class of herbicide. In recent years, concerns about the
persistence, mobility and toxicity of triazines and their metabolites have been growing, owing to the detection these herbicides
compounds and their of residual concentrations in different environmental compartments. The detectable levels are in drinking
and ground water, food and fish, also their metabolites are frequently found in water ecosystems. Moreover, some of triazine
pesticides are prohibited in European country. Eight s-triazines have been identified as relevant in a study on the prioritizing of
substances dangerous to the aquatic environment in the member states of the European Community and they are included
in the European Union Priority Pollutants List and the U.S. Environmental Protection Agency’s List. Current knowledge about
residual triazine in the aquatic environment, including status, toxic effects, and traizne in fish, are reviewed. Based on the above,
we identify major gaps in the current knowledge and some directions for future research. A review contains the impact of the
seven most frequently detected triazines in water (ametryne, atrazine, metribuzine, prometryne, simazine, terbuthylazine, and
terburyne) on fish physiology and acute toxicity. Toxic effect of triazine has influence mainly on growth, early development,
oxidative stress biomarkers, antioxidant enzymes, hematological, biochemical plasma indices, caused histopatological
changesin liverand kidney of fish.
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Introduction

Sources of pollution constitute a problem of
increasing concern all over the world (1). Increased
environmental pollution can be attributed to a
variety of factors resulting from different industrial
and agricultural technologies (2). Agricultural
development has led a parallel growth in the use
of chemical agents for plague controls, which
are known as pesticides. These compounds are
released into the environment and due to their
physico-chemical properties, such as water
solubility, vapor pressure or partition coefficients
between organic matter (soil or sediment) and
water, they can disperse in various environmental
media provoking serious health problems (3).

Effects of the residues of various substances
persisting in the aquatic environment, the most
important of those being pesticides, also are
monitored. From among pesticides, the most
frequently found are residue of triazine herbicides.
Triazine herbicides are among the most commonly
used pesticides in the world. The triazine was
discovered in 1954 (4). The chemical structure of
triazines is divided into asymmetric (metribuzine)
and symmetric (atrazine, simazine, prometryne,
etc.). The structures of all of the triazine herbicides
have a six-member ring containing three nitrogen
atoms and three carbon atoms (5). Triazines
compounds are used against a wide variety of weed
species. They are used primarily to selective control
broad leaf and grassy weeds (6). As herbicides, the
triazines may be used alone or in combination
with other herbicide active ingredients to increase
the weed control spectrum (7).

In recent years, concerns about the
persistence, mobility and toxicity of triazines
and their metabolites have been growing, owing

to the detection of residual concentrations
of these herbicides in groundwater and in
different environmental compartments (8,

9). Moreover, some of triazine pesticides are
prohibited in European countries. Triazines
have been identified as relevant in a study on
the prioritizing of substances dangerous to the
aquatic environment in the member states of the
European Community (10) and they are included
in the EU Priority Pollutants List and the US
Environmental Protection Agency’s List. Triazine
are highly toxic to moderately toxic to fish (Tab.
1.). On base of these informations, we decided to
write a review about the impact of the seven most

frequently detected triazines in water (ametryne,
atrazine, metribuzine, prometryne, simazine,
terbuthylazine, and terburyne) on fish.

Ametryne

Ametryne (4-N-ethyl-6-methylsulfanyl-2-N-
propan-2-yl-1,3,5-triazine-2,4-diamine) was first
registered as a pesticide use to control broadleaf
weeds and annual grasses in sugarcane fields in
the USA in 1964. Ametryne has also been used as
a general herbicide in uncultivated areas, rights of
way, and industrial areas and aquatic weeds. Over
time, the uses of ametryne have been cancelled
so that only four use sites remain: field corn,
popcorn, pineapple, and sugarcane. Currently,
only one ametryne end use product is registered.
In 2005 US EPA has received requests for
voluntary cancellation of all other products (37).
The extensive use of ametryne in agriculture and
some properties of this herbicide such as aerobic
soil halflife of 53.2 days, adsorption coefficient of
3.45, and leaching potential of 6.94 (38) suggest
that it could be present in the environment as a
potential contaminant of soil, surface water and
groundwater, and river sediment (39).

Environmental fate

Ametryne is a moderately persistent herbicide
which inhibits photosynthesis and other enzymatic
processes. The environmental fate of ametryne
varies based on the site-specific properties of
the soil to which it is applied. Based on packed
soil column leaching studies, ametryne and its
degradates exhibit moderate to high mobility in
most sandy to loamy soils, except for clay where
its mobility is low. The major route of degradation
of ametryne is aerobic soil metabolism, with an
observed half-life range of 9.6 days to 84 days.
Ametryne is stable to hydrolysis, and degrades
slowly by aquatic photolysis, half-life is 368 days
(37). Major metabolite product of ametryne is
deethyl ametryne (38).

Ametryne is persistent, it may leach as a result
of high rainfall, floods, and furrow irrigation.
Given its persistence and mobility, transport of
ametryne to ground water and surface water is
expected. Monitoring of ametryne concentrations
in ground water and surfase water is limited. In
Europe rivers ametryne levels can reach values,
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Table 1: Acute toxicity of triazines on fish

Exposure 96hLC50 [mg/L] (Reference)

Species Ametryne | Atrazine | Metribuzine | Prometryne | Simazine | Terbuthylazine | Terbutryne

Guppy (Poecilia reticulata) 0.3 (11) 4.3 (13) - 7.0%** (29) - 1.6 (13) -

Japanese eel (Anguilla

. . 1.5%* (12) - - - - - -
Jjaponica)

Rainbow trout

(Oncorhynehus mykiss) 3.4(13) | 8.8(13) 42.0 (24) 2.9 (14) |100.0* (14) 3.4 (14) 3.0 (13)

Sheepshead minnow
(Cyprinodon variegatus)

Goldfish (Carassius auratus) 14.0 (14) | 58.6 (22) - 4.0 (14) 32.0 (14) - -

5.8 (14) | 13.4(14) | 85.0 (14) 5.1(28) | 4.3(14) - -

Fathead minnow (Pimephales

promelas) 16.0 (14) | 4.1 (15) - - - - -

Bluegill (Lepomis
macrochirus)

Black bullhead (Ameiurus
melas)

19.0 (13) | 50.0 (13) | 76.0 (14) 7.9(28) |100.0 (34) 7.5 (14) 4.0 (13)

25.0 (11) | 35.0(11) - 3.0(11) | 65.0(11) 7.0 (11) 3.0 (11)

Crucian carp (Carassius

. 27.0 (11) [100.0** (11) - - 100.0 (13) 66.0 (13) 4.0 (11)
carassius)

3.4 (23)
Channel catfish (Ictalurus _ 10.0 (16) _ 85.0 (14) - -

punctatus) 100.0 (24)

Coho salmon (Oncorhynchus

kisutch) B 12.0(17) B - B B B

Common carp (Cyprinus

canpio - 18.8 (18) | 175.1 (26) 8.0 (27) |40.0%* (33) - 4.0 (35)

Chinook salmon

(Oncorhynchus tshawytscha) B 19.0(17) B - 910.0 (17) B B

Fera (Coregonus fera) - 26.3 (19) - - - - -

Brown trout (Salmo trutta) - 27.0 (20) - - 70.0 (20) - -

Zebrafish (Danio rerio) - 40.0** (21) - 3.0 (27) 12.6 (31) - -

Red rasbora (Rasbora

heteromorpha) - - 140.0 (25) - - R _

Red-tailed rasbora (Rasbora

borapetensis) - - 145.0 (25) - - R _

Minnow (Phoxinus phoxinus) - - - 4.5 (27) - - -

Silver carp
(Hypophthalmichthys - - - 7.0 (27) - - -
molitrix)

Western mosquitofish

(Gambusia affinis) B - - 10.0* (30) - - -

Tilapia mosambicus

(Oreochromis mossambicus) - - - - 3.1(31) - -

Barbus ticto (Barbus ticto) - - - - 24.5 (31) - -

Rohu (Labeo rohita) - - - - 26.9%* (32) - -

Yellow bullhead (Ameiurus

natalis - - - - 110.0 (14) - -

genus Bullheads (Ameiurus
sp)
Perch (Perca fluviatilis) - - - - - - 4.0 (11)

Grass carp

(Ctenopharyngodon idella) B - - - - - 8.9%* (36)

* 24hLC50; ** 48hLCS50; *** 72hLC50
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up to 1.14 ug/L (39-41). In surface water near to
Sao Paulo (Brasil) was found contamination from
0.17 to 0.23 pg/L (42, 43).

Acute toxicity

Ametryne is highly toxic to moderately toxic to
fish. The lethal concentration (96hLC50) for fish
is in range 0.3 to 27.0 mg/L (Tab. 1.). Ametryne
is highly toxic to crustaceans and moderately to
highly toxic to mollusks (44).

Effect of ametryne on fish

Although the lethal toxicity of fish to ametryne,
have been well-documented, there is a dearth of
data on the effects of ametryne on fish physiology.
Only three studies on effects on fish physiology of
ametryne have been conducted. Ametryne caused
increase of plasma glucose level, hepatic glucose-
6-phosphatase and decreased of muscle and liver
glycogen contents in grass carp (Ctenopharyngodon
idella) during sublethal and lethal (96hLCS50)
exposure (45). Acute exposure of ametryne
inhibited of cholinesterase in juvenile and adult
zebrafish (Danio rerio). Ametryne caused increase
of acivity glutathione S-transferase only in larvae,
but not in adult fish. And they conclude that these
biomarkers are a useful tool to evaluate the risk of
fish exposure of ametryne, even at sublethal levels
(46). Mix atrazine and ametryne in concentrations
(0.5, 1.0, 1.5, and 2.0 pg/L) exposure caused
micronuclei formation and erythrocytic nuclear
abnormalities in zebrafish (47).

Atrazine

Atrazine (6-chloro-N2-ethyl-N4-(1-methylethyl)-
1,3,5-triazine-2,4-diamine) was used for control
of some annual broadleaf and grass weeds in
corn, sorghum, sugar cane, orchards, vineyards
and non-agricultural areas (48). Atrazine causes
blockage of electron transport by Hill's reaction
in plant photosynthesis (49). It is an indirect
endocrine disruptor (50, 51) because it can cause
convert testosterone to estrogen (52). Atrazine
and plant protection products containing this
substance were banned in 2005 by Commission
Decision 2004 /247 /CE.

Environmental fate

Atrazineis toxic, persistentand bioaccumulative
(53). According to its physical and chemical
characteristics of the group of compounds that
are moderately resistant and moderately mobile
in soils. The half-life of atrazine, depending upon
the environment and the amount and frequency
of administration, varies between a few days
to several months. The photolysis in water is
very slow. An estimated half-life is 805 days.
In controlled aerobic water-sediment systems
atrazine was eliminated from the water with a half-
life of 28-134 days, while the degradation half-life
was found to be 45-253 days for the whole system
(54). In European rivers atrazine levels can reach
values, up to 6.47 ug/L (55), but in US rivers was
about 20 ug/L (56).

Acute toxicity

Lethal acute toxicity (96hLC50) of atrazine
for fish is ranging from wunits to hundreds
milligrams per liter (Tab. 1.). Order of sensitivity
to atrazine is: macrophytes > phytoplankton >
zooplankton > fish > benthos (57). Fish subjected
to acute exposure of atrazine herbicide displayed
uncoordinated behavior. At the initial exposure,
fish were alert, stopped swimming and remained
static in position in response to the sudden
changes in the surrounding environment. After
some time they tried to avoid the toxic water with
fast swimming and jumping. Faster opercula
activity was observed as surfacing and gulping
for air. They secreted copious amounts of mucus
from whole body continuously and soon a thick
layer of mucus was found deposited in the buccal
cavity and gills. Body pigmentation was decreased.
Ultimately fish lost their balance, consciousness,
engage in rolling movement and became exhausted
and lethargic. Lastly, they remained in vertical
position for a few minutes with anterior side or
terminal mouth up near the surface of the water,
trying to gulp air and tail in a downward direction.
Soon they settled at the bottom of the tank, and
after some time their bellies turned upward and
the fish died (58).
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Table 2: The effect of atrazine on common carp

Development| . oo ntration Exposure Effects Reference
stage
Juvenile 4'28’}?;/3’ 428 40 days 1 EROD, PROD, CYP, CYP1A mRNA level in liver (61)
5 mg/L 1 GLU; | RBC, WBC
1 GLU, TP, ALB, ALT, ALP, LDH, myclocytes
15 mg/L | WBC, lymfocytes
1 GLU, TP, ALT, ALP, LDH, myclocytes,
Juvenile 20 mg/L |96 hours | P, Ca, WBC, lymfocytes (62)
1 GLU, ALT, AST, LDH, myclocytes, monocytes; injection of visceral
30 mg/L vessels,
g | PCV, RBC, Hb, WBC, lymfocytes; dystrophic lesions of hepatocytes,
teleangiectasis in gill
1 ACP in spleen, ACP in head kidney
+.28 pg/L | Na+/K+-ATPase in head kidney
1 ACP in spleen, ACP in head kidney ,MDA in spleen,
Juvenile 42.8 pg/L 40 days | SOD in spleen, SOD in spleen, }}ead kidney, Na+/K+-ATPase in (63)
head kidney
1 ACP in spleen, ACP in head kidney, MDA in spleen, head kidney
428 pg/L | ALP in spleen, ALP in head kidney, Na+/K+-ATPase in spleen, Na+/K+-
ATPase in head kidney, SOD in spleen, SOD in head kidney
4.28 pg/L 40 days 1 HSP90
Juvenile 4'28’}?;/3’ 428 40, 80 1 HSP60 (64)
days
42.8, 428 pg/L 1 HSP70
Juvenile 4.28, 42.8, 428 40 days 1 APND, ERND, mRNA levels of CYPfl family (CYP1A, CYP1B, CYPIC) in (65)
pg/L gill
Juvenile 4'28’}?;/3’ 428 40 days 1 iNOS, production of NO in brain (66)
Juvenile 428 ng/L 40 days | AChE, mRNA levels of AChE (67)
1 MDA in kidney, MDA in brain; | CAT in kidney, SOD in kidney, SOD in
brain, GSH-Px in kidney; GSH-Px in brain;
B different degrees of granule cell loss in the hippocampus, reduction
Juvenile 42.8, 428 pg/L| 40 days of Nissl bodies, degeneration of Purkinje cells, neuropil loss; swelling (68)
of epithelial cells of renal tubules, necrosis in the tubular epithelium,
contraction of the glomerulus and expansion of Bowman'’s space,
T CAT in gill; CAT in liver
4.28 pg/L | GSH-Px in liver
1 MDA in liver, MDA in gill
| CAT in liver, CAT in gill; SOD in liver, SOD in gill, GSH-Px in liver,
Juvenile 40 days GSH-Px in gill; (69)
42.8, 428 pg/L different degrees of hydropic degeneration of liver , vacuolisation, pyknotic|
nuclei, and fatty infiltration; varied degrees of epithelial hypertrophy in
gill, telangiectasis, oedema with epithelial separation from basement
membranes, general necrosis, and epithelial desquamation
Juvenile 428 ng/L 40 days 1 mRNA levels of IL-1 beta, mRNA levels of IL-1R1 (70)
Juvenile 4'28’}1;2/'3’ 428 40 days | RNA levels of AChE in brain and muscle (71)
Juvenile 4'28’1;2/‘]%’ 428 40 days | AChE, CbE in brain and muscle (72)
<7 pg/L induction cytochrome P4501A1
Juvenile 14 days (73)
< 100 pg/L 1 DNA strand breaks
0.3 pg/L 1 GPx, GST, SOD, CAT, GR
Embryo -
larvae 30 pg/L 30 days | GR (74)
100, 300 pg/L 1 TBARS, | GR
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Table 3: The effect of atrazine on zebrafish

Development stage | Concentration| Exposure Effects Reference
0.3 pg/L 1 GPx, GR; | CAT
3 pg/L 1 GPx; | CAT
Juvenile 30 pg/L 28 days 1 GPx, GR, SOD, TBARS; | CAT (75)
90 pg/L 1 GPx, SOD, TBARS; | CAT
25 png/L scattered lesions in gill
. | growth rates; dystrophic lesions of hepatocytes;
Juvenile 90 pg/L 28 days 1 MRCs in filament epithelium of gill (76)
2.5 pg/L 21 days 1 SOD, CAT
Juvenile (77)
2.5,5,10 pg/L| 14, 21 days 1 POD
1 SOD in ovary, CAT in ovary;
10 pg/L | GSH in liver
_ 1 SOD in liver, MDA in liver;
Adult - female 100 pg/L 14 days | GSH in liver (78)
1 SOD in liver, CAT in liver, MDA in liver;
1000 pg/L | GSH in liver
0.01,0.1,1 10, 15 days 1 cytochrome P450 content, APND, ERND
mg/L
Adult - female
0.01,0.1, 1 20, 25 days 1 APND, ERND, NCR
mg/L
(79)
0.01,0.1, 1
me/L 10, 15 days 1 cytochrome P450 content, NCR, APND, ERND
Adult — male
0.1 mg/L 20, 25 days 1 cytochrome P450 content, APND
4 mg/L disturbed the normal development to long pec stage
Embryo - larvae 48 hours retardations in organogenesis, a slowdown of (80)
10-20 mg/L movements, and functional disturbances of heart and
circulatory system
Embryo - larvae 5 mg/L 48 hours 1 soluble (s) and microsomal (m) GST (81)

Effect of atrazine on fish

Effects of atrazine on fish physiology, have
been well-documented. Its effect is the best
described from all triazines. Atrazine affected
hematological, biochemical profile, antioxidant
enzymes, oxidative stress indices, growth and
caused histopatological changes in tissues. The
effects of atrazine are mentioned on carp (Tab. 2.),
zebrafish (Tab. 3.), Salmonidae (Tab. 4.), other fish
(Tab. 5.). In a study conducted by Ventura et al.
(59), it was observed that the herbicide atrazine
has a genotoxic and mutagenic effect. In this
study, the authors observed that the herbicide can
interfere in the genetic material of the organisms

exposed, even at doses considered residual, which
led the authors to suggest that residual doses of
atrazine, resulting from leaching of soils of crops
near water bodies, can interfere in a negative
form in the stability of aquatic ecosystems. The
bioaccumulation factors for atrazine in the liver,
muscle, heart, gonads and brain of banded tilapia
(Tilapia sparrmanii) is ranged from 0.9 to 20.0
(60).

Metribuzine
Metribuzine (4-amino-6-tert-butyl-3-(methythio)-

1,2,4-triazin-5-one) is an asymmetrical triazine
herbicide. It is distinct from the symmetrical
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Table 4: The effect of atrazine on Salmonidae
Species Concentration |Exposure Effects Reference|
Rainbow trout (Oncorhynchus . .
mykiss) Juvenile 555 png/L 4 days 1 cortisol, monocytes; | SSI, lymphocytes (82)
Atlantic salmon (Salmo salar L) 100 pg/L 21 days | feeding, Cl,, Mg?*, Na*, Ca?'; 1 cortisol (83)
Smolts
2 L Na'K'ATP: in gill
Atlantic salmon (Salmo salar L) ve/ | Na aseln &l
Smolts 7 days (84)
5, 10 pg/L 1 cortisol; | Na*K*ATPase in gill
atrazine (1 pg/L) +
4-nonylphenol (5 1 Na’K*ATPase in gill, plasma Cl-, Na*
i L
Atlantic salmon (Salmo salar L) ng/L) 7 days (85)
Smolts atrazine (2 pg/L) +
4-nonylphenol (10 1 plasma CI', Na*; | Na'K*ATPase in gill
pg/L)
Atlantic salmon (Salmo salar L.) | 17,20 beta-dihydroxy-4-pregnen-3-one in
Adult - male above 0.04 pg/L shorten plasma and milt (86)
In PS I - proliferation of smooth endoplasmic
reticulum, atypical mitochondria and lysosomes,
as well as gradual alterations of the apical
plasmalemma;
Rainbow trout (Oncorhynchus | 10, 20, 40, 80, 160 | , weeks In PSII - cells proliferation of peroxisomes, (87)
mykiss) Renal tubules ng/L ring- and cup-shaped mitochondria, alterations
in the basal labyrinth; in DS cells, proliferation
of atypical mitochondria with longitudinally
oriented cristae, disorganization of Golgi fields
and vacuolization of the cell base.

triazines such as atrazine and simazine, in which
the central ring structure has alternating carbon
and nitrogen atoms, in that metribuzin possesses
two nitrogen atoms and two adjacent carbon atoms.
It was first registered as a pesticide in the U.S. in
1973. Metribuzine is used to selectively control
certain broadleaf weeds and grassy weed species on
a wide range of sites including vegetable and field
crops, turf grasses in recreational areas, and non-
crop areas (103). Metribuzine is applied by various
methods including aerial, chemigation, and ground
application (103, 104).

Environmental fate

Metribuzine, like other triazine and triazinone
herbicides, is prone to runoff into surface waters
due to its physical and chemical characteristics:
water solubility 1.220 mg/L; Koc 41; vapor
pressure 1.3 mPa; and soil half-life 30 days (104,
105). The degradation of metribuzine is through
photochemical, chemical and biochemical
deamination. Aqueous photolysis of metribuzin is
rapid with a half-life of <1 day, and this clearly

contributes to the half-life of <7 days in natural
pond water. Contamination of waters could
result from spray and vapour drift, runoff or
leaching from treated land, or from accidental
spills. Measured environmental concentrations
of metribuzine in water are usually low, with
maximum concentrations below 1.8 ug/L (106),
but modelling studies have indicated that
metribuzine can reach concentrations as high as
390 g/L in surface water runoff (104).

Acute toxicity

During the acute exposure of metribuzine fish
show increased respiration and loss of movement
and coordination. Fish lying on the bottom of the
tank and moving in circles, followed by a short
excitation stage (convulsions). Necropsy after
acute exposure can revealed increased watery
mucus on body surfaces, black pigmentation of the
skin, and abdominal distention with generalized
edema. The body cavity contains transudate, and
hyperemia of visceral organs and ascites (26).

Acute toxicity 96hLC50 of metribuzine for fish
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Table 5: The effect of atrazine on other fish

Juvenile

Species Concentration | Exposure Effects Reference
| CAT, GST, GPx, GR,
Rhamdia quelen 2, 10, 100 g/L| 96 hours | leukocyte infiltration, hepatocyte vacuolization like steatosis (88)
Juvenile and necrosis areas, leading to raised lesion index levels in all
tested concentrations. | free melanomacrophage
Prochilodus lineatus | 5 10 0/y, | 2% 48 | EROD, ROS, CAT, SOD, GPx, GR, MDA in liver (89)
Juvenile hours
Silver catfish (Rhe_{mdla 1.02 mg/L | 24 hours | bactericidal activity of the serum, bact«?r{a agglutination, (90)
quelen) Juvenile total serum peroxidase activity
Prochilodus lineatus 10 pg/L 1 GST, SOD, CAT, LPO
Juvenile 14 days 1)
25 pg/L scattered lesions in gill
48 hours | osmolarity
Prochﬁ(;zilész:eatus 25 pg/L | CA; 92)
14 days
1 Na+, Cl-, MRCs in filament epithelium of gill
Rhamdia quelen . . -
Juvenile 0.73 mg/L 96 hours | intracelomatic cells, phagocytic index 93)
Fathead minnow | production (_)f egg; pathologlca_\l lesm_)ns in testes:
Pimephales promelas) 0.5, 5.0, 50 30 days granulomatous inflammations, mineralized material in (94)
( Adult pg/L testicular tubules and efferent ducts at rates, variably-sized
perinucleolar stage oocytes
Green Snakehead 4.238 mg/L 1 SOD
5,7,10,1
(Channa punctata) (58)
Juvenile 5.3,10.6 mg/L| days 1 SOD, TBARS, CAT
Rare minnow
(Grobiocypris rarus) 333 pg/L 28 days 1 HSI, hypertrophy of hepatocytes 95)
Adult - male
lesions in gill including hyperplasia, necrosis in epithelium
Rare minnow region, aneurysm and lamellar fusion
(Grobiocypris rarus) 3, 10 ng/L 28 days | jesions in kidney included extensive expansion in the lumen, (96)
Adult degenerative and necrotic changes of the tubular epithelia,
shrinkage of the glomerulus, increase of the Bowman’s space
hepatocytes lost the cytoarchitecture (the hepatocytes
Caquetaia kraussii have different diameters and irregular contour); isolated
Juvenile 2.5 pg/L 72 hours associations between mitochondria and rough endoplasmic (97)
reticulum in the cytoplasm
3.5, 5.25 mg/L
Rhamdia guelen H‘e rb1rp1x® 96 hours 1 cortisol 98)
Juvenile (simazine +
atzrazine)
Goldfish (Carassius
auratus L.) 1 000 pg/L 56 days 1 11-KT 99)
Juvenile
| growth;
Red drum (Sciaenops 40,80 pg/L | 4 days behaviour: swam significantly faster, with a higher rate of (100)
ocellatus) Larvae travel, active swimming speed, hyperactive, swam considerably|
more convoluted paths compared to control
Goldfish (Cara5§1us 0.5 pg/L 24 hours | sheltering, grouping behav10}*,'burst swimming; 1 surfacing (101)
auratus) Juvenile activity
Mormyrid fish
(Gnathonemus petersi)) | 0.5, 5 mg/L 6 hours | breaks in the gill epithelium, which developed into deep pits (102)
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is ranging from units to hundreds milligrams per
liter (Tab. 1.).

Effect of metribuzine on fish

The effects of metribuzine on fish physiology
have been well-documented. Metribuzine affected
hematological, biochemical profile, growth and
caused hitopatological changes in tissues (Tab.
6.). During acute poisoning of metribuzin in
rainbow trout (Oncorhynchus mykiss) or common
carp (Cyprinus carpio), the following clinical
symptoms are observed: accelerated respiration,
loss of movement coordination, fish lying on
their flanks and moving in this position. The
subsequent short excitation stage (convulsions,
jumps above the water surface, movement in
circles) changes into a resting stage and another
short-time excitation follows again. In the end,
fish fall into damp, moving mainly on their flanks.
The respiration is slowed down, and the damp
phase and subsequent agony are very long. Fish
are produceds of watery mucus on body surfaces,
the skin is matt dark in colour and the ventricle
expansion. The body cavity contained transudate,
and an increased injection of visceral vessels is
also obtained (26, 107).

Prometryne

Prometryne (2,4-bis(isopropylamino)-6-meth-
ylthio-s-triazine) was the first effective herbicide
for several crops, making it a true pioneer her-
bicide in the methylthiotriazine class of chemis-
try (112) and was first registered in 1964 by Ciba
Crop Protection (113). Prometryne is selective her-
bicide of the s-triazine chemical family, has been
utilized as a pre- or post-emergence controller of
annual grasses and broadleaf weeds in a variety
of crops, including cotton, celery, pigeon peas and
dill. Prometryn’s mechanism of action inhibits the
electron transport in susceptible species (114).
Prometryne application is not permitted in Eu-
rope, but is widely used in China (115), Australia,
Canada, New Zealand, South Africa, and the Unit-
ed States (28).

Environmental fate

Prometryne is usually soil-applied and
relatively water soluble, it tends to accumulate in

crops (114). Prometryne binds readily to soils with
high clay and organic matter content. Available
data indicate that this herbicide is mobile in
sandy soils and moderately mobile in sandy loam
soils. Its mobility appears to be related to organic
content of the soil. Prometryne the lower the
organic content, the more mobile prometryne is
in soil. Prometryne is adsorbed to a greater extent
than most other commercial triazine herbicides
(116). Prometryn is a persistent chemical, it is
persists in the soil from one to three months.
Its soil half-life is 60 days. Following multiple
annual applications of the herbicide, prometryne
activity can persist for 12-18 months after the last
application. It will persist longer under dry or cold
conditions which are not conducive to chemical
or biological activity. It resists abiotic hydrolysis,
direct photolysis, and biodegradation under
anaerobic conditions. Its half-life under aerobic
conditions is in excess of 270 days (117).

Significant traces of prometryne are documented
in the environment, mainly in water, soil, and plants
used for human and domestic animal consumption.
Maximal environmental concentration prometryne
is 0.51 pg/L in the Czech rivers (14). In surface
waters of Greece, prometryne has been recorded
at concentrations from 0.19 to 4.40 ug/L (118).
Prometryne to contaminate the groundwater
resources of the Axios river basin in Macedonia,
Northern Greece, during 1992-1994 were detected
at concentrations occasionally exceeding 1 pg/L
(118). In surface water of Western France, remains
of prometryne were detected at concentrations
from 0.1 to 0.44 ug/L (119).

Acute toxicity

Exposure prometryne to nontarget organisms
can result from direct applications, spray drift, and
runoff from treated areas. Studies indicate that
prometryne poses an acute risk to nonendagered
and endangered terrestrial and aquatic plants
(113). Prometryne is toxic to fish (Tab. 1.). The
most sensitive aquatic organisms are freshwater
algae (14).

Effect of prometryne on fish
Although the lethal toxicity of fish to prometryne,

have been well-documented, there is a dearth of
data on the effects of prometryne on fish physiology.
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Table 6: Effect of metribuzine on fish

Sp C tration |Exposition Effects on fish Reference
Bluegill
(LEP(mflS 9,19, 38, 75 ug/L | 6 weeks No effects on fish survival and growth (103)
macrochirus)
Juvenile
| TP, TAG, AST, NH3, Ca, LACT, ALP, RBC, PCV,
Rainbow trout| 89.3 mg/1 Sencor lymphocyte coun.
(Oncorhynchus 70 WG (active 96 hours T MCH, relative and absolute count of neutrophile granulocytes (107)
mykiss) substance 70% of Revealed mild proliferation of goblet cells of the respiratory
Juvenile metribuzin) epithelium of secondary gill lamellae and hyaline degeneration of|
epithelial cells of the renal tubules of the caudal kidney.
Common carp
(Cyprinus
carpio) 1.75 mg/L 28 days 1 RBC, PCV (108)
Juvenile
1 GLU, NH3, Ca, monocytes, neutrophile granulocytes,
Common carp | 250.2 mg/L Sencor developmental forms myeloid sequence,basophiles.
(Cyprinus 70 WG (active 96 h | TP, ALB, GLOB, TAG, LDH, LACT, PHOS, PCV, Hb, MCV, (26)
carpio) substance 70% of ours WBC, lymphocyte
Juvenile metribuzin) Revealed hyaline degeneration of the epithelial cells of renal
tubules of the caudal kidney.
Common carp | 0.9, 4, 14, 32 mg/L T GST
(Cyprinus
carpio) 0.9, 4, 14 mg/L 30 days 1 GR (109)
Embryo -
larvae 0.9 mg/L 1 TBARS
0.9, 4, 14, 32 mg/L | specific growth rate, body weight, length
Ci
o(rg;r;(;gli:rp Diffuse vacuolization of the cytoplasm of hepatocytes, often with
carpio) 30 days compression of nuclei at the periphery of the cells. Monocellular (110)
necroses of hepatocytes.
Embryo - 32 mg/L 4
larvae Eosinophilia of tubular epithelial cells with coagulation of
cytoplasm and desquamation of necrotic cells into the lumen of
proximal tubules in the caudal kidney.
33, 55 mg/L | specific growth rate, body weight, length
Zebrafish
(Danio rerio) 28 days Moderate dystrophic lesions of hepatocytes, initial cell injury (111)
Juvenile 55 mg/L represented by diffuse hydropic to vacuolar degeneration of
hepatocytes.

Only three studies on effects of prometryne on
carp physiology have been conducted (Tab. 7.).
Chronic exposure has no influence on growth,
oxidative stress biomarkers and it has influence
on hematological, biochemical plasma indices,
antioxidant enzymes and caudal kidney (120-122).

Simazine

Simazine (6-chlor-N2,N4-diethyl-1,3,5-triazin-
2,4-diamin) is one of the first compound triazines
(a six-membered ring containing three carbon and
three nitrogen atoms), was introduced by a Swiss
company J. R. Geigy in 1956 and was registered

in 1957 (5). From 1990 to 1993 are among the
most widely used herbicides in the U.S. Simazine
belongs to a group of selective triazine herbicides,
is used for a pre- and post-emergence control most
weeds field crops as well as in non-crop areas.
When applied to the soil is absorbed by leaves
and roots, causing inhibition of photosynthesis
in whole plants (123). It is biodegradable, is
metabolized in plants and soil, both chemical,
and microbiological processes (112). It is fairly
resistant to physical and chemical dissipation
processes in the soil. It is persistent and mobile in
the environment (124). Even before 1992 simazine
was used tokill submerged (growing in water) weeds
and algae in large aquariums, ponds, swimming
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Table 7: Effect of prometryne on fish

Speci C tration Exposition Effects on fish Reference
Common carp
(Cyprinus carpio) | 0.51, 80, 1 200 ug/L| 35 days | GR activity (120)
Embryo - larvae
80 pug/L | GR in brain, SOD in intestine
8, 80 ug/L 14 days | SOD in gill, 1 SOD in brain
Common carp 0.51, 8, 80 ug/L 1 GR in muscle
(Cyprinus carpio) (121)
Juvenile 8, 80 ug/L | SOD in brain
30 day
0.51, 8, 80 pg/L | SOD in gill
80 ug/L 60 days 1 CAT in intestine, | CAT liver, SOD in gill
80 ug/L 30 days T GLU
1 GLU, MCH, MCHC, Hb
Common carp 8, 80 ug/L 60 days SW. LACT
(Cyprinus carpio) ! 4 (122)
Juvenile 30, 60 days 1 CK, ALT, | AST, Ca, Mg, PHOS
0.51, 8, 80 L . - - . -
ue/ Hyaline degeneration of the epithelial cells of caudal kidney
60 days tubules

pools or cooling towers (125). Simazine and plant
protection products containing this substance
were banned in 2004 by Commission Decision
2004/247/CE. The presence of simazine in the
soil-water system in considered an environmental
hazard, and, because of its estrogenic effect on
various cell lines in laboratory experiments, it has
recently become subject to control (6, 126).

Environmental fate

Simazine in soil and groundwater is moderately
persistent with an average field half-life of 60
days. Soil half-lives have been reported of 28-149
days (127). Residual activity may remain for a
year after application (2 to 4 kg/ha) in high pH
soils. Simazine is moderately to poorly bounds to
soils (105). Simazine is metabolized in plants and
soil, both chemical, and microbiological processes
(125). It does, however, adsorb to clays and
mucks. It is low water solubility, however, makes
it less mobile, limiting it is leaching potential.
Simazine has little, if any, lateral movement in
soil, but can be washed along with soil particles
in runoff. Simazine is subject to decomposition by
ultraviolet radiation, but this effect is small under

normal field conditions. Loss from volatilization
is also insignificant. In soils, microbial activity
probably accounts for decomposition of a
significant amount of simazine in high pH soils.
In lower pH soils, hydrolysis will occur (48).

Simazine can be persistent in aquatic systems,
particularly in shallow, well-mixed lakes and
ponds (128). Residues may persist up to 3 years in
soil under aquatic field conditions. Dissipation of
simazine in pond and lake water has been found
to be variable, with half-life ranging from 50 to 700
days (105). Slow biodegradation of simazine may
occur in water, similar to that observed in soil.
Simazine may undergo hydrolysis at lower pH. It
does not readily undergo hydrolysis in water at pH
= 7 (48). Simazine and its degradation products
are detected less frequently than atrazine in the
aquatic environment.

Simazine is the second most commonly
detected pesticide in surface and ground waters
in the U.S., Europe, and Australia. Simazine,
and its major degradation products (deisopropyl
atrazine and diamino chlorotriazine), have been
extensively monitored in 20 counties in California
with concentrations ranging from 0.02 to 49.2
ug/L (129, 130). Simazine levels can reach values,
up to 5.0 ug/L in Europe rivers (131-134).
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Table 8: Effect of simazine on fish

of the caudal kidney

Species Concentration |Exposition Effects on fish Reference
Seabream Cellular alterations related to loss of cellular shape in
72
(Sparus aurata) 4.5 mg/L hours hepatocytes, lipid inclusions, focal necrosis and abundant (136)
Larvae nuclear pyknosis in the hepatocytes.
Common car] mucus production during the experiment,
P 20 1 p g P
(Cyprinus carpio) 45 pg/L davs Hyperplasia of epithelial cells of seconadary lamellae, (137)
Juvenile 4 slight necrosis
Goldfish 50 pg/L Y atrazine 4.8 12 1 plasma lysozyme aktivity; production of O2.- in spleen,
(Carassius auratus) [+simazine + diuron + v)vet;ks kidney; SOD in spleen and liver; (138)
Adult isoproturon | antibody titre, CAT in liver, spleen, kidney
Common carp 20
(Cyprinus carpio) 45 pg/L days | AChE in brain and muscle (139)
Juvenile
o o o
. 16.6%, 33% 50% Decreased capacity in exhibiting an adequate response to
Rhamdia quelen 96h LC50 96 X X o X )
k R X . cope with stress and in maintaining the homeostasis, with (140)
Juvenile hatrazine + simazine| hours . <
. cortisol level lower than that in the control fish
(Herbimix™)
1 PCV, lymphocytes, developmental phases —-myeloid
Common carp sequence, GLU, LDH, CK, CREA;
(Cyprinus carpio) 4, 20, 50 pg/L 28 | MCHC, neutrophil granulocytes bands, NH3, AST (141)
days
Juvenile Decline in hematopoietic tissue in caudal kidney; steatosis,
hyperaemia, and necrosis in liver
No efect on muscle LACT, LDH (142)
15, 30, 45,
Common carp 90 days s s
5 3 5 1 mucus hyperproduction in gills and skin; (143)
(Cyprinus carpio) 45 ng/L No efect on MDA and GSH
Juvenile
1 PCV, necrotic areas in hematopoietic and excretory
90 days tissues of the kidneys; Isolated necrotic areas in liver (144)
0,
Rhamdia quelen 16‘6./0 96h .LCS(.) 96 .
R hatrazine + simazine 1 plama cortisol (145)
Juvenile (Herbimixm™) hours
Hypertrophy, hyperplasia of epietelial gill cells with
Zebrafish 28 lamellar fusion. Initial cell injury represented by swelling
(Danio rerio) 60 pg/L davs and hydroscopic vacuolar degeneration of hepatocytes). (146)
Juvenile Y Coagulation of the apical part of the cytoplasma of
epithelial cells of the renal tubules
Alteration of tubular system included destruction of
60 ug/L tubular epithelium with or without casts, vacuolization of
Common carp 35 tubular epithelia and disintegration of glomerules
(Cyprinus carpio) days - - - (147)
Embryo - larvae | growth; alteration of tubular system included destruction
0,6, 3 mg/L of tubular epithelium with or without casts, vacuolization
of tubular epithelia and disintegration of glomerules
0.06 ug/L 1 ALP; | WBC; hyaline degeneration of the epithelial cells
: g of renal tubules of the caudal kidney
Common carp 1,2 ug/L 90 1 HSI, ALP, AST; | WBC; hyaline degeneration of the
(Cyprinus carpio) 1o g days epithelial cells of renal tubules of the caudal kidney (148)
Juvenile
1 HSI, TP, ALB, AST, ALP; | WBC
4 ug/L hyaline degeneration of the epithelial cells of renal tubules
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28 days 1 GSH in liver;
0.06 ug/L
60 days 1 CAT in muscle, GSH in liver
1 SOD in muscle; CAT in muscle, liver; GSH in liver;
14 days s
| GPx in liver
2 mg/L 28 days 1 SOD in muscle CAT in rfxu;cle, liver; GSH in liver;
| GPx in liver
Common carp
(Cyprinus carpio) 60 davs 1 ROS in liver; GSH in liver, brain; (149)
Juvenile 4 | SOD in muscle; CAT in muscle, liver;
1 CAT in liver; SOD in muscle; GSH in liver, brain;
14 days s
| GPx in liver
28 days 1 ROS in liver; SOD in muscle; GSH in liver, brain;
4 mg/L 4 | GPx in liver
1 ROS in muscle, brain, liver; GST in brain;
60 days || GST and GPx in liver, SOD in muscle; CAT in brain, liver,
muscle

Acute toxicity

Simazine was identified as relevant a study
of the prioritization of substances dangerous to
the aquatic environment in the member states
of the European Community (10). Lethal acute
toxicity for fish is ranging from units to hundreds
milligrams per liter (Tab. 1.).

Effect of simazine on fish

The effects of simazine mainly on carp
physiology have been well-documented in
laboratory studies. Chronic exposure of simazine
has influence mainly on growth, oxidative stress
biomarkers, antioxidant enzymes, hematological,
biochemical plasma indices, and caused
histopathological changes in gill, liver and kidney
(Tab. 8.). Simazine has been recently reported as
suspected endocrine disruptors, it is also known
to cause multiple types of cancers (135).

Terbuthylazine

Terbuthylazine (N-tert-butyl-6-chloro-N’-ethyl-
1,3,5-triazine-2,4-diamine) was registered in the
United States in 1975 (150). Terbuthylazine is
herbicide that belongs to the chlorotriazine family,
is used in both pre- and post-emergence treatment
of a variety of agricultural crops and in forestry
(118). Terbuthylazine have very similar chemical
structure to atrazine. The difference is only iso-
butyl and tert-butyl substituent on the amino

group. The minimum difference in structure affects
the decomposition reactions of these substances
in the environment that led to a ban on atrazine in
the European Union. The EU had more stringent
drinking water standards caused farmers to shift
from atrazine to terbuthylazine. Terbuthylazine
is used as a substitute for atrazine since the end
of 2006 (151). Terbuthylazine breaks down much
more rapidly than atrazine in both soil and water,
and is therefore believed less likely to contaminate
drinking water (152).

Environmental fate

Terbuthylazine is stable to hydrolysis, and to
aqueous photolysis. It degrades very slowly under
aerobic aquatic conditions, and will persist under
most aquatic conditions (150). Terbuthylazine
is a slightly basic, slightly water soluble triazine
herbicide or algacide which adsorbs to soil
organic matter. Degradation of terbuthylazine
in natural water depends on the presence of
sediments and biological activity (124). Under
laboratory conditions, aquatic photolytic half-
lives ranged from around 3 hours (attenuated)
to a more realistic 1.5-5 days under more usual
test conditions that seem to be reflected in the
recommended use pattern. Usually, the main
degradation product was hydroxy-terbuthylazine,
although with an attenuator N-dealkylation is
favoured. Laboratory studies in soils (sandy loam)
gave half-lives of 73-138 days at 20-25 °C, but
this extended to 456 days at 10 °C, with hydroxy-
terbuthylazine and desethyl-terbuthylazine as the

-33-



120

D. Koutnik, A. Stara, J. Velisek

Table 9: Effect of terbuthylazine on fish

Species C tration Exposition Effects on fish Reference
Rainbow trout
(Oncorhynchus mykiss) |21 42/‘% 58| 7 days | EROD, UDPGT (159)
Juvenile e
T RCs in gills, intestine, kidney
histopatological examination displayed cellular and/or
ultrastructural alterations in all the organs examined.
In the gills necrosis, lamellar and cellular oedema,
24 hours epithelial lifting, telangectasia, and fusion of secondary
lamellae were encountered. The liver presented myelin-like
figures, cytoplasmic rarefaction and acute cell swelling of
b hepatocytes. The renal tubular epithelial cells, exhibited
European seabass 5 55 501, 7,08 ‘blebs’.
(Dicentrarchus labrax L.) — - - (158)
Juvenile mg/L 1 RCs in gills, intestine
histopatological examination displayed cellular and/or
ultrastructural alterations in all the organs examined.
In the gills necrosis, lamellar and cellular oedema,
48 hours epithelial lifting, telangectasia, and fusion of secondary
lamellae were encountered. The liver presented myelin-like
figures, cytoplasmic rarefaction and acute cell swelling of
hepatocytes. The renal tubular epithelial cells, exhibited
‘blebs’.
1 TAG, ALB, Na, TP, EC, FRAP
550 ng/L . MCHC, MCH, MCV, AST, P
Common carp 1 TAG, ALB
Cypri i 91d 4 160
i 00 e/l s |. MCH, MCV, AST, P (160)
380 ng/L 1 HSI, CF, TAG, TP
13.0 mg/L
Gardoprim Plus
Common carp (Sgigssgg;g 1 GLU, AST, NH3, LDH
(Cyprinus carpio) t0 2 251:: m /Lg 96 hours | | lymphocyte counts, WBC, PCV, PHOS, TAG, chlorides (161)
Juvenile terbﬁ thylaiine lesions in gills and liver
and 3.75 mg/L
S-metolachlor
Common carp
(Cyprinus carpio) 520 pg.L! 30 days 1 GR (109)
Embryo - larvae
400 ug/L 1 GST
Zebrafish (anlo rerio) 700 ug/L 28 days T GR, GST, pathological changes in the liver (162)
Juvenile
1000 pg/L 1 GR, GST, TBARS, pathological changes in the liver
Common carp | specific growth and body weight, delay in development,
(Cyprinus carpio) 520, 820 ug/L | 30 days mild leisons in liver including diffuse formation of smal (163)
Embryo - larvae round to oval vacuoles in the cytoplasma of hepatocates
1 GLU, AST, ALT, natrium, chlorides, phosporus, Ca,
Common carp . . . .
. . circulation disorders in gills represented by abundant
(Cyprinus carpio) 3.3 mg/L 24 hours . P (164)
B presence of capillary aneurysms in gill filaments and a
Juvenile X .. . X
local hyperplasia of respiratory epithelium
0.0029, 0.07,
1.4, 26, 35
3.5 mg/L d’ | SOD, specific growth and body weight
Com_mon carp terbuthylazine-2-| ays
(Cyprinus carpio) hydroxy (165)
Embryo - larvae
1.4, 3.5mg/L
terbuthylazine-2-| 35 days damage to caudal kidney tubules, delay in development
hydroxy
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Table 10: Effect of terbutryne on fish
Species Concentration Exposition Effects on fish Reference
Rainbow trout
(Oncorhynchus mykiss) 28.3 29.2, 32.6 ug/L 7 days | EROD, UDPGT (159)
Juvenile
cellular alterations related to loss of cellular
Seabream (Sparus aurata) 2.5 mg/L 3
s 72 hours shape of hepatocytes and intense nuclear (175)
Larvae terbutryn+triasulfuron s
pyknosis in the hepatocytes
Zebrafish (Dq.nlo rerio) 0.6 mg/L 28 days | specific growth; wneght,- damage to tubular (176)
Juvenile system of kidneys
1 RBC, NH3, AST, LDH, CK, LACT
Common carp | MCV, MCH, CK
. . Diffused steatosis of the liver - the loss of
(Cyprinus ?arpzo) 2, 20, and 40 pg/L 28 days cellular shape and the presence of lipid a7
Juvenile . . : X
inclusions in hepatic cells; damage to caudal
kidney tubules
1 RBC, MCHC, neutrophil granulocyte bands,
0.2, 2 ug/L GLU, AST, LDH, LACT, TBARS in brain, liver;
common carp 2,2 ug CP in brain, gill; SOD in liver, brain
(Cyprinus carpio) 90 days | WBC, MCV, CK, Mg, GR in liver, intestine (178)
Juvenile T Sinb ] o )
BARS in brain, liver, D in liver
0.02 ug/L | GR in liver
2 mg/L | CF
0.2, 2 mg/L delay in development
Common carp - R .
(Cyprinus carpio) 30, 36 days A!teratlon of tubula_r system in cauc%al kl_dney (179)
Embryo - larvae 0.02,0.2, 2 mg/L included destruction of tubular epithelium
e with or without casts, vacuolization of tubular
epithelia and disintegration of glomeruli
0.00002, 0.02, 0.2, | mass and total length; damage to caudal
2 mg/L kidney tubules

main degradation products (153). Terbuthylazine
photo-degrades in water this is likely to be the
main degradation pathway. The fate of residues
in aerobic and anaerobic aquatic conditions is
similar. The major metabolites of terbuthylazine
are the de-chlorinated and N-dealkylated
products, which are more mobile than the parent,
and exhibit some herbicidal activity when they
retain the chlorine atom on the triazine ring plus
one alkyl group (152, 153).

Terbuthylazine levels can reach values up to
2.9 yg/L in Europe rivers (40, 154, 155). The
groundwater situation in different countries was
surveyed by the French Ministry of Agriculture
and Fisheries. In Germany and Sweden 22 out
of 3204 samples and 6 out of 230 samples were
positive for terbuthylazine (above 0.1 ng/L),
respectively (156).

Acute toxicity

The ecotoxicity profile of terbuthylazine is typical
for a herbicide, with toxic effects mostly apparent
towards plants/algae. However, terbuthylazine
shows slight toxicity towards fish and shellfish,
and variable toxicity towards aquatic crustaceans,
from very highly toxic to practically non-toxic
(124). Standard toxicity tests with various fish
species as nontarget organisms revealed LCS50
values between 4.6 and 66 pg/L (Tab. 1.). As a
consequence, terbuthylazine might be considered
as a moderately or slighty toxic. The acute exposure
to terbuthylazine, however, leads to significant
alterations of the average swimming velocity on the
fish. After a nonuniform initial phase of swimming
irritation, an increase in motility can be observed.
With every exposure tested, this hyperactivity
exceeded any preexposure motility (157).
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Effect of terbuthylazine on fish

Exposure to terbuthylazine affected on growth,
oxidative stress biomarkers, hematological,
biochemical plasma  indices, antioxidant
enzymes, detoxification enzymes and caused the
histopatological changes in gill, liver, intestine and
kidney (Tab. 9.). Fish during the terbuthylazine
intoxication showed uncoordinated swimming
and hyporeflexia increasing (158).

Terbutryne

Terbutryne (N2-tert-butyl-N4-ethyl-6-methylthio-
1,3,5-triazine-2,4-diamine) was used as a selective
pre- and early post- emergence controll agent of
most grasses and many annual broadleaved weeds
for a variety of crops, such as cereals, legumes,
and tree fruits. It is also used as a herbicide for
control of submerged and free-floating weeds and
algae in water courses, reservoirs, and fish ponds
(166, 167). Large quantities of terbutryne have been
used since the mid-1980s (168). Terbutryne and
plant protection products containing this substance
were banned in 2005 by Commission Decision
2004/247/CE.

Environmental fate

Terbutryne degrades slowly, with a half-life of
240 and 180 days in pond and river sediments,
respectively (169). Its tendency to move from
treated soils into water compartments through
water runoff and leaching has been demonstrated,
and residual amounts of terbutryne and its
metabolites have been found in drinking water
and industrial food products long after application
(170). The application of terbutryne has been
banned in many countries because it has the
potential to bioaccumulate in organisms, butit has
been still detected in water environment (171). The
highest concentration reported in surface water
in the Weschnitz River, Germany, at a maximal
concentration of 5.6 pg/L from September 2003
to September 2006 (172). Terbutryn was also
detected in Mediterranean coastal waters at a
concentration of 5-184 ng/L (173).

Acute toxicity

Acute toxicity 96hLCS0 of terbutryne for fish
is ranging from units of milligrams per liter.
Terbutryne is toxic to fish (Tab. 1.).

Effect of terbutryne on fish

The effects of terbutryne mainly on carp,
zebrafish and rainbow trout, physiology have
been documented in laboratory studies. Chronic
exposure of terbutryne has influence mainly on
growth, oxidative stress biomarkers, antioxidant
enzymes, hematological, biochemical plasma
indices, caused histopatological changes in liver
and kidney (Tab. 10.). The results demonstrate
that the terbutryne accumulated to a somewhat
greater extent in the viscera (liver, intestine,
and pyloric caeca) than in the muscle tissue of
the carp and trout during exposure (169, 174).
Bioconcentration factors (BCFs) of terbutryne for
fish were estimated 312 (169).

Conclusion

Triazines are predominant class of herbicide.
They are most frequently detected pesticide in
aquatic environment. Moreover, some of triazine
pesticides are prohibited in European countries.
Triazines have been identified as relevant in a
study on the prioritizing of substances dangerous
to the aquatic environment in the member
states of the European Community and they are
included in the EU Priority Pollutants List and
the US Environmental Protection Agency’s List.
All of above cited seven triazines are banned or
severely restricted in EU (180). Acute toxicity
was assessment on 28 fish species. Toxic effect
of triazine has influence mainly on growth,
early development, oxidative stress biomarkers,
antioxidant enzymes, hematological, biochemical
plasma indices, caused histopatological changes
in liver and kidney. Investigation of triazine
and their metabolites properties in connection
with environment, chronic effects and potential
bioaccumulation must continue thoroughly.
Research on non-target species should be really
detailed and should continue because as can be
seen in the previous text, triazines are able to
cause pathological changes in fish. We assume
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that triazines and their metabolites have similar
effects on other non-target organisms as to have
on fish. As shown some studies on crayfish (181-
183). It is necessary to focus on the research
of triazines metabolites using new molecular
techniques and gene expression.
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UCINEK TRIAZINSKIH HERBICIDOV NA RIBE: PREGLED

D.Koutnik, A. Stara, J. Velisek

Povzetek: Onesnazevanje okolja je svetovni problem, ki povzroca vse vecjo zaskrblienost in je posledica razlicnih ¢lovekovih
dejavnostipovezanihzindustrijoinkmetijstvom. Triazinski herbicidi somed najpogosteje uporabljenimipesticidi. Vzadnjem ¢asu
vse bolj naras¢ata zavedanie in zaskrbljenost zaradi njihove Siroke uporabe, saj so ostanki in presnovki triazinov zelo obstojni
in se kopicijo v razli¢nih delih okolja. Triazini so bili zaznani tudi v vodnih ekosistemih, v pitni vodi in podzemnih vodah ter tudi v
ribah. Zato je uporaba dolocenih triazinskih pesticidov v evropskih drzavah ze prepovedana. Osem s-triazinov je bilo uvr§¢enov
Studijo za pripravo prednostnega seznama snovi, nevarnih za vodno okolje v drZzavah ¢lanicah Evropske unije in so Ze vklju¢eniv
prednostni seznam onesnazevalcev okolja v Evropski unije in ZDA (European Union Priority Pollutants Listin U.S. Environmental
Protection Agency’s List).V preglednem ¢lanku je predstavljeno trenutno poznavanje stanja ostankov triazina v vodnem okolju in
njihovistrupeniucinkinaribe. Naosnovipregledadosedanjegapoznavanjaproblematike smo opredeliliglavne vrzelivtrenutnem
znanjuin nekatere usmeritve za prinodnje raziskave. Pregled vsebuje vplivsedmih najpogosteje odkritih triazinov v vodi (ametrin,
atrazin, metribuzine, prometrin, simazin, terbutilazin in terburine) na fiziologijo rib in njihovo akutno strupenost. Toksi¢ni u¢inki
triazinov vklju€ujejo vplivnarastrib, njihovzgodnjirazvoj, oksidativni stresinizrazanje antioksidantnih encimov, patudinakrvnein
biokemi¢ne parametre v plazmiter na histopatoloske spremembe v jetrihinledvicahrib.

Kljuéne besede: triazini; ribe; strupenost; biokemicni profil; hematologija; histologija
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Toxicity of prometryne to early life stages of common carp was assessed. On the basis of accumulated
mortality in the experimental groups lowest observed-effect concentration (LOEC) was estimated as 1100 pg/
I; and no observed-effect concentration (NOEC) was 850 pg/l. Fulton’s condition factor was significantly
lower than in controls in fish exposed to 4000 ug/l after 7, 14, and 21 days. By day 14, fish exposed to
4000 pg/l prometryne showed significantly lower mass and total length compared to controls. Fish exposed
the 1200 and 4000 pg/l showed delay in development, severe hyperaemia in gill, liver, and caudal and
cranial kidney. Subchronic prometryne exposure of early-life stages of common carp at concentrations
of 1200 and 4000 pg/l affected their survival, growth rate, early ontogeny, and histology.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The aquatic environment continues to be under threat by the use
of pesticides, resulting in high risk to non-target organisms [1]. Pesti-
cides used in agro-ecosystems and forests enter aquatic environments
such as streams, rivers, and lakes if applied in adjacent areas or if an
accidental spill occurs [2]. Such pesticides are carried into aquatic en-
vironments by surface runoff from sites of application and can negatively
affect the health of aquatic organisms [3-8].

Eight s-triazines (atrazine, cyanazine, prometryne, propazine,
sebuthylazine, simazine, terbuthylazine, and terbutryne) have been iden-
tified as relevant for testing, based on a compilation of freshwater
monitoring data in the member states of the European Community [9].
Prometryne [2,4-bis (isopropylamino)-6-methylthio-s-triazine], a se-
lective herbicide of the s-triazine chemical family, has been utilized for
pre- and post-emergence control of annual grasses and broadleaf weeds
in a variety of crops, including cotton, celery, pigeon peas, and dill [10].
Prometryne was first registered in the United States of America by Ciba
Crop Protection in 1964 [11]. Prometryne persists in the soil from one
to three months and has a soil half-life of 60 days. With multiple annual
applications, prometryne activity can persist for 12-18 months fol-
lowing the most recent application [12]. It is slightly to moderately toxic
to fish. Acute toxicity 96 h LC50 for common carp (Cyprinus carpio L.)
is reported as 8 mg/l [13].
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Although prometryne has been banned in Europe since 2004 [14],
it can still be found in surface and ground waters. Prometryne has
been reported in European surface waters at concentrations from
0.01 to 4.40 ug/l [15-17]. Prometryne is still being widely used in
China [14], Australia, Canada, New Zealand, South Africa, and the
United States [18].

Although the effects of acute and subchronic exposure of juve-
nile and adult fish to prometryne, another s-triazine herbicide, have
been well documented, there is a dearth of data on the subchronic
toxicity of prometryne at environmentally realistic concentra-
tions in embryos and larvae of common carp. Prometryne caused
changes in haematological, biochemical profile, caudal kidney [19],
and antioxidant enzymes in juvenile carp [20,21]. Fish metamor-
phose in surface waters, and it is presumed that the embryo-to-
larva transformation is sensitive to chemicals in the environment
[22]. The aim of the present study was to describe the effects of
prometryne on embryos and larvae of common carp, a well-
established model species for testing chemical effects on early
development [23]. The toxicity of prometryne was assessed on the
basis of mortality, early ontogeny, growth rate, Fulton’s condition
factor (FCF), and occurrence of morphological anomalies during, and
at the conclusion of the test.

2. Materials and methods
2.1. Experimental animals
Fertilized eggs of carp were obtained from the breeding station

of the Faculty of Fisheries and Protection of Waters Vodnany, Czech
Republic. Eggs were fertilized according to standard methods
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described by Kocour et al. [24]. The study was conducted accord-
ing to the principles of the Ethical Committee for the Protection of
Animals in Research of the Faculty of Fisheries and Protection of
Waters Vodnany, based on the EU-harmonized animal welfare act
of Czech Republic.

2.2. Water parameters

Eggs and larvae were maintained in aerated tap water with the
following parameters: dissolved oxygen, >91%; temperature, 18.7—
20.6 °C; pH, 7.1-8.1; acid neutralization capacity (ANCj5), 0.99 mmol/
1; chemical oxygen demand (CODw,), 1.1 mg/l; total ammonia,
0.01 mg/1; NO5-, 6.75 mg/l; NO;, <0.02 mg/l; Ca** + Mg?, 8.2 mg/l.
The test baths were continuously gently aerated. Temperature,
oxygen saturation and pH were measured daily.

To ensure agreement between nominal and actual compound
concentrations, water in the aquaria was analysed during the ex-
perimental period by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) [25]. Water samples were collected from
the aquaria immediately before (24 h after application) and after
renewing the test solutions (0 h). The mean concentration of
prometryne in the water samples was always within differentia-
tion 2% of the intended concentration.

2.3. Experimental protocol

The trial was carried out using the modified test No. 210 - Fish,
Early-Life Stage Toxicity Test OECD [23]. At 24 h post-fertilization,
unfertilized eggs were discarded, and 100 fertilized eggs were trans-
ferred into each of fifteen glass crystallization basins with the
prometryne solution, plus control dishes. Prometryne (chemical
purity 99.3%) was obtained from Sigma-Aldrich Corporation (USA).
Four concentrations of test solutions and a control were used, each
with 100 fertilized eggs, in triplicate. The concentrations were:
0.51 pg/l (environmental concentration in Czech rivera), 80 ug/l,
1200 pg/l, and 4000 pg/l. Prometryne concentrations of 80 pg/l,
1200 pg/l, and 4000 ug/l corresponded to 1% of the 96 h LC50, 15%
of 96 h LC50, and 50% of 96 h LC50 for carp [13].

The water for each treatment was renewed daily by gently drain-
ing each chamber and adding new solution slowly to avoid disturbing
embryos and larvae. Control of hatching, mortality, and behaviour
was made twice daily, and dead fish were removed. From 6 day
larvae were fed freshly hatched brine shrimp Artemia salina nauplii
ad libitum daily prior to water exchange.

On days 7, 14, 21, 28, and 35 samples of fish (30 per concentra-
tion groups and control) were collected to monitor development,
occurrence of morphological anomalies, growth rate, FCF, and the
length/mass relationship. Determination of development periods
and stages followed Penaz et al. [26]. Final evaluations included ac-
cumulated mortality, mass and total length (TL) of fish with no
deformities. The total length was measured by stereomicroscopy
using a micrometer. Mass to 0.1 mg was measured with a Mettler-
Toledo balance.

2.4. Trial schedule

The experiment schedule was: day 1, trial initiation (1 day post-
fertilization); day 7, hatching complete; day 9, initiation of exogenous
feeding; day 35, end of the experiment. To 35 day, the majority of
control fish had become first stage juveniles.

2.5. Growth rate evaluation

The mean specific growth rate (SGR) for fish in each experimen-
tal group was calculated for the period from day 7 to day 35 and

compared with controls using the method described by Kroupova
etal [27].

2.6. Statistical analysis

One-way ANOVA was conducted to compare differences among
the test groups using the software program Statistica 12 for Windows
(StatSoft). The differences in cumulative mortality among groups
were assessed using contingency tables (%?) [28].

2.7. Evaluation of 35 day LC50, LOEC, and NOEC

For the evaluation of LC50, lowest observed-effect concentra-
tion (LOEC), and no observed effect concentration (NOEC) at the
completion of the test, a probit analysis EKOTOX 5.1 software (Ingeo
Liberec) was conducted based on mortality at different prometryne
concentrations. The day 35 LC5 and day 35 LC10 values were used
to express the NOEC and LOEC values, respectively.

2.8. Histopathology

Histopathology was evaluated in all groups at the end of the trial.
Six fish from each group and control were placed in 10% buffered
formalin, prepared with standard histological techniques, stained
with haematoxylin and eosin, examined by light microscopy.

3. Results
3.1. Hatching

Hatching began 5 days following onset of exposure, and the ma-
jority of eggs in all treatment groups hatched by day 7. Significantly
(p<0.01) lower hatching and embryo viability were found in fish
exposed to the two highest prometryne concentrations, 1200 and
4000 pg/l, compared with controls and other concentrations (0.51
and 80 pg/l).

3.2. Cumulative mortality

Significant (p < 0.01) differences from controls in cumulative mor-
tality were found in fish exposed to 1200 (15% 96 h LC50) and
4000 pg/l prometryne (50% 96 h LC50) (Fig. 1). Massive mortality
in those groups occurred on days 6 and 7. Based on mortality in the
experimental groups, prometryne concentrations were estimated
at day 35 to be LC50=2314pg/l, LOEC=1100 pg/l, and
NOEC =850 pg/l with 95% confidence interval.

3.3. Growth parameters

Beginning on day 14 of exposure, fish exposed to prometryne
at 4000 pg/l showed significantly (p < 0.01) lower mass (Fig. 2) and
total length (Fig. 3) than did controls. The FCF values were signifi-
cantly (p <0.01) lower in the 4000 pg/l group after 7, 14, and 21 days
compared to controls (Table 1). Inhibition of specific growth in the
group exposed to the 4000 pg/l was 41.68% compared to controls
(Table 2).

3.4. Early ontogeny

Fish exposed to 1200 and 4000 pg/l were delayed in develop-
ment (Table 3) compared with the control group. At the conclusion
of the trial the percent of individuals remaining in larval stages (L4b
or L6) was elevated with higher concentrations of prometryne,
whereas the majority of control fish reached the juvenile stage.
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Fig. 1. Cumulative percent mortality of common carp embryos, larvae, and juveniles following prometryne exposure.

3.5. Morphological anomalies

Morphological anomalies (<1%) were found in fish in experi-
mental and control groups. Morphological anomalies included axial
and/or lateral curvature of the spine and body shortening. These
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Fig. 2. Mean mass + SD of common carp larvae and juveniles following prometryne
exposure, N =30.
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Fig. 3. Total length + SD of common carp larvae and juveniles following prometryne
exposure, N=30.

morphological anomalies could be considered a spontaneous
appearance.

3.6. Histology

Histological examination revealed focal and diffused hyperae-
mia of the gills, liver (Fig. 4), and caudal and cranial kidney in groups
of carp exposed to the two highest prometryne concentrations (1200
and 4000 pg/l). Liver structure was altered by diffused steatosis as-
sociated with loss of cellular shape and the presence of lipid
inclusions in hepatic cells. Described pathologies in liver were found
in fish within all the experimental groups and control. Therefore,
the pathological changes of liver could not be attributed to
prometryne exposure. It is possible that these changes could be
caused by nutritional factors.

4. Discussion

Toxicity tests on early life stages of fish are commonly used to
predict xenobiotic effects. Embryos and larvae are often the life stages
most sensitive to toxic effects, although they may differ in suscep-
tibility due to physiological and biochemical differences [29,30]. This
study provides data on subchronic exposure to prometryne for con-
sideration in risk assessment. The findings contribute to knowledge
of the toxic profile of prometryne on the early life stage of common
carp.

In subchronic toxicity tests, decreased growth rate and delayed
early development are commonly found [31]. The present study re-
vealed significant negative effects of prometryne on hatching and
embryo viability at the higher concentrations tested (1200 and
4000 pg/1). Our result differ from those of Velisek et al. [7,32] who
found no differences in carp hatching following exposure to tri-
azine pesticides terbutryne and simazine. Larval mortality of 65%
was observed at the prometryne concentration of 4000 g/l and 29%
at 1200 pg/l with mortality peaking on days 7 and 16 of the exper-
iment. The critical periods were soon after the beginning of the test,
at the time of hatching, and within 10 days post-hatching, which
includes the period of change from endogenous to exogenous nu-
trition. After 17 days, only accidental mortality was observed,
indicating higher tolerance of the older larvae to prometryne.
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Table 1

Mean Fulton’s condition factor for common carp larvae and juveniles after prometryne exposure.
Prometryne (ug/l) Control 0.51 80 1200 4000
Times (day) Mean + SD Mean = SD Mean +SD Mean + SD Mean £ SD

7 0.72£0.20 0.78 £0.22 0.94+£0.26 0.88+0.21 0.52+0.61"

14 111£0.69 0.86+0.15 0.86+0.27 091+0.14 0.49+0.13"
21 110+0.12 104013 118+0.25 1.22+£0.17 0.84+0.23"
28 1.29+0.20 1.33+0.15 1.41+0.64 1324014 1.23+0.14
35 1.30+0.10 1.21£035 1.27£0.09 126 £0.09 126 £0.21

* Experimental groups significantly (p <0.01) different from the control group, N =30.

Table 2

Growth rate and fish mortality among 35 day embryo-larva prometryne toxicity test of common carp.
Prometryne (ug/1) Control 0.51 80 1200 4000
my (Mean + SD, mg) 2.76+0.45 3.27+047 3.44+0.50 3.39+0.64 4.05+116
mss (Mean + SD, mg) 106.73 £32.52 90.98 +£29.88 80.01+19.83 84.77 £20.79 37.63+19.53"
SGR 12.93 11.68 1118 1146 7.54
1(%) - 9.67 13.53 1137 41.68
Mortality (%) 14 17 13 29" 65"

am7, m35, mean fish mass in selected group after 7 and 35 days exposure; SGR, mean specific growth rate in selected group after 28 days exposure; I, inhibition of specific

growth in selected group after 28 days exposure; SD, standard deviation; N =30.
* Experimental groups significantly (p < 0.01) different from the control group.

Based on cumulative mortality, the 35 day LC50 was estimated
at 2314 ug/l prometryne. The values obtained were lower than that
reported in short-term tests on adult specimens, 8 mg/l prometryne
[13]. Prometryne acute toxicity (96 h LC50) values for the rainbow
trout Oncorhynchus mykiss is 2.9 mg/1 [12], for bluegill sunfish Lepomis
macrochirus, 7.9 mg/l and, for sheepshead minnow Cyprinodon var-
iegates, 5.1 mg/1 [18]. On the basis of cumulative mortality, the values
for NOEC and LOEC were estimated at 1100 pg/l and 850 pg/l
prometryne, respectively. It appears that prometryne may not be
a serious problem for early-life stages of carp in the wild in the
Europe, since reported concentrations in rivers of Europe (0.01-
4.40 pg/l) usually do not exceed NOEC levels [15-17].

Beginning on day 14 of exposure, fish exposed to 4000 pg/l
prometryne showed significantly lower mass and total length than
controls. These results agree with Velisek et al. [7,32].who found
significantly lower mass and total length of carp after terbutryne
and simazine exposure. Plhalova et al. [33] reported significantly
reduced zebrafish Danio rerio growth associated with a terbutryne
concentration of 0.6 mg/l. Erickson and Turner [34], reported adverse
effects on growth of fathead minnows Pimephales promelas exposed
to 1-2 mg/l prometryne for 32 days. Decreased growth rate is a
common subchronic toxicity response [31,35].

Developmental stage is a sensitive parameter for evaluation of
impacts of toxicants on fish [7,32,36]. Chemically induced adverse
effects on early life stages are based on developmental events, such
as organogenesis. Although we have information on the toxicity of
prometryne in adult fish, little is known of effects of this com-
pound on embryonic development in carp. Fish exposed 1200 and
4000 pg/l prometryne were delayed in development compared with
the control group and concentrations of 0.51 and 80 pg/l. In other
studies, the significantly delayed development has been observed

Table 3

Development periods during the 35 day embryo-larva toxicity test on common carp.
Prometryne (ug/l) Control 0.51 80 1200 4000
Times (day)

7 ec9-L1 ec9-L1 ec9-L1 ec9-L1 ec9

14 L2-L3b L2-L3b L2-L3b L2-L3a L1-12
21 L4a-L5 L4a-L5 L4a-L5 L4a-L4b L3-L4a
28 L5-L6 L5-L6 L5-L6 L4a-L5 L4a-L4b
35 L6-J1 L6-J1 L6-J1 L5-L6 L4b-L5

in carp exposed to simazine at concentrations 0.06, 60, 600,
and 3000 pg/1 [7], terbutryne at concentrations 0.2 and 2 mg/l
[32], and terbuthylazine-2-hydroxy at concentrations 1.4 and 3.5 mg/l
[37].

In fish, developmental malformations have been linked to the
presence of environmental pollutants such as pesticides [38], but
body malformation was not observed in the present study. This is
in agreement with Velisek et al. [7,32] who found no malforma-
tion in carp after terbutryne respectively simazine exposure.

The gill, liver, and caudal and cranial kidney of carp exposed to
1200 and 4000 pg/l prometryne showed severe hyperaemia. This
may be a regulatory response allowing alteration in blood supply
to different tissues through vasodilation. We observed massive dif-
fused steatosis in liver of all examined fish; however, similar changes
were found to a lesser extent in the control group. Therefore, the
pathological changes of liver could not be attributed to prometryne
exposure. It is possible that these changes could be caused by nu-
tritional factors.

Triazine has been reported to be associated with damage to fish
kidney structure [4-6,39-41]. Prometryne in the two highest tested
concentrations resulted in severe hyperaemia in the gill, liver, caudal
and cranial kidney. Gross morphological anomalies in gill epithe-
lium of yearling coho salmon Oncorhynchus kisutch exposed to the
herbicide atrazine (15 pg/l for 114 h) included necrosis, desqua-
mation, hypertrophy and hyperlasia, and telangiectasia [42].
Hyperplasia of gill epithelial cells was also reported by Neskovic et al.
[40] in carp exposed to atrazine at 1500 pug/l. Similar changes to gill
epithelial cells were reported by Oropesa-Jimenaz et al. [43] in carp
following acute exposure to simazine. Arufe et al. [44] described al-
terations in liver in gilthead seabream Sparus aurata after exposure
to a combination of terbutryn and triasulfuron. Fischer-Scherl et al.
[45] observed changes in renal corpuscles and tubules of rainbow
trout after subchronic exposure to atrazine. Biagianti-Risbourg and
Bastide [46] reported that atrazine affects liver, particularly, which
shows a substantial increase in the size of lipid inclusions, fol-
lowed by lipoid degeneration, enlargement of the secondary
lysosomes, mitochondrial malformation and vacuolization, and a re-
duction in glycogen content. Necrosis of liver and changes in the
endoplasmic reticulum and hepatocellular compartment were as-
sociated with 40 mg/l atrazine in rainbow trout with 5 weeks
exposure, whereas zebrafish were more sensitive, with 1 mg/l at-
razine associated with similar disturbances [47].
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Fig. 4. Histological sections of liver of common carp. Representative sections from control (A) and prometryne-exposed (4 mg/l) groups (B) show cytoplasmic vacuolation
of parenchyma. Arrows indicate blood congestion associated with vasodilatation of vessels (HE x200).

5. Conclusions

The information obtained in this study may be of use in efforts
to assess the ecological risk of prometryne in the aquatic environ-
ment. Subchronic prometryne exposure of early-life stages of
common carp affected their survival, growth rate, early ontogeny,
and histology. The changes were observed only at concentrations
of 1200 and 4000 g/l prometryne. Concentrations of prometryne
in European surface waters have been reported to generally range
from 0.10 to 4.40 pg/l. For detailed elucidation of prometryne effects
further research is necessary. This research should be focused not
only on the studies of effects of prometryne alone, but also in com-
bination with other pollutants.
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Abstract OBJECTIVES: The aim of this study was to assess the toxicity of terbuthylazine in
different developmental stages of common carp (Cyprinus carpio) on the basis of
mortality, early ontogeny, occurrence of morphological anomalies, growth rate,
and Fulton’s condition factor during and at the conclusion of the test.

DESIGN: The toxicity tests were performed on carp according to OECD 210
methodology. The developmental stages of carp were exposed to terbuthylazine at
four concentrations, 2.9 (reported environmental concentration in Czech rivers);
70; 1,400; and 3,500 pg.L-! for 35 days and compared to carps in a non-treated
control group.

RESULTS: Terbuthylazine in concentration 1,400 and 3,000 ug.L-! caused sig-
nificant (p<0.01) decrease of mass, total length and delayed in development of
carp. Fish exposed to terbuthylazine showed alteration of tubular system of caudal
kidney. On the basis of histopathological changes the values of LOEC = 2.9 ug.L-1
terbuthylazine were estimated.

CONCLUSIONS: Chronic terbuthylazine exposure of early-life stages of common
carp affected their growth rate, early ontogeny and histology. Some of the changes
were observed only at higher exposures, but change founded in caudal kidney
was affected in fish exposed to the real environmental concentration tested (i.e.,
2.9ug.L1).

Abbreviations
96hLC50 - lethal concentration

ANC, 5 - acid neutralization capacity

CODy, - chemical oxygen demand

FwC - Fulton’s weight condition factor

LOEC - lowest observed effect concentration

OECD - Organization for Economic Cooperation and Development
SD - standard deviation

SGR - specific growth rate

TL - total length
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INTRODUCTION

Sources of pollution constitute a problem of increas-
ing concern all over the world (Abrantes et al. 2010).
Increased environmental pollution can be attributed to
a variety of factors resulting from different industrial
and agricultural technologies (Figueiredo-Fernandes et
al. 2006). Effects of the residues of various substances
persisting in the aquatic environment, the most impor-
tant of those being pesticides, also are monitored. From
among pesticides, the most frequently found are residue
of triazine herbicides. Triazine herbicides are among the
most commonly used pesticides in the world. Moreover,
some of triazine pesticides are prohibited in European
countries. Triazines have been identified as relevant in
a study on the prioritizing of substances dangerous to
the aquatic environment in the member states of the
European Community (European Commission 1999)
and they are included in the EU Priority Pollutants List
(EP 2013).

Terbuthylazine (N2-tert-butyl-6-chloro-N4-ethyl-
1,3,5-triazine-2,4-diamine), a triazine herbicide, is a
selective systemic herbicide which acts as a photosyn-
thesis inhibitor. It is used as a broad spectrum herbi-
cide in maize, sorghum, vines, citrus, coffee, potatoes,
legumes, and forestry. Terbuthylazine was registered
in the United States in 1975. Terbuthylazine has very
similar chemical structure to atrazine. The difference is
only iso-butyl and tert-butyl substituent on the amino
group (Roberts et al. 1998). The minimum difference in
structure affects the decomposition reactions of these
substances in the environment that led to a ban on atra-
zine in the European Union. Terbuthylazine is used as a
substitute for atrazine since the end of 2006.

Terbuthylazine is stable to hydrolysis, and to aque-
ous photolysis. It degrades very slowly under aerobic
aquatic conditions, and will persist under most aquatic
conditions The half-life of terbuthylazine was reported
to 8 days at pH 1, 86 days at pH 5, >200 days at pH9 in
water at 20 °C (Roberts et al. 1998). The fate of residues
in aerobic and anaerobic aquatic conditions is similar.
The major metabolites of terbuthylazine are the de-chlo-
rinated and N-dealkylated products, which are more
mobile than the parent, and exhibit some herbicidal
activity when they retain the chlorine atom on the tri-
azine ring plus one alkyl group (WHO 2003). Terbuth-
ylazine levels can reach values up to 2.9 ug.L-! in Europe
rivers (Buser 1990; Brambilla et al. 2003; CHMI 2014).

Studies of the toxicity of various triazine herbicides
to aquatic organisms indicate that it can cause growth
retardation and morphological, biochemical, haema-
tological, histopathological, and antioxidant enzymes
alteration (Stara et al. 2013, 2014; Koutnik et al. 2014;
Velisek et al. 2013, 2014a, b, 2015), but less is known
about the specific effects of terbuthylazine in real
concentration on fish. The toxicity of terbuthylazine
was assessed on the basis of mortality, early ontogeny,
occurrence of morphological anomalies, growth rate,

Terbuthylazine toxicity on carp

and Fulton’s condition factor during and at the conclu-
sion of the test.

MATERIALS AND METHODS

Experimental animals

Fertilized eggs of carp were obtained from the breed-
ing station of the Research Institute of Fish Culture and
Hydrobiology in Vodnany, University of South Bohe-
mia (Czech Republic). Eggs were produced according
to standard methods described by Kocour et al. (2005).

Water parameters

Aerated tap water was used in the present study, with the
following parameters: dissolved oxygen >95%, temper-
ature 19.1-20.5°C, pH 7.3-8.0, ANC, 5 1.11 mmol.L-],
CODy, 1.2 mg.L-1, total ammonia 0.02mg.L-1, NO;~
6.00 mg.L-1, NO,™ 0.01 mg.L-1, sum of Ca2+ + MgZ*
9.81 mg.L-1. The test baths were gently aerated on a
continual basis. Oxygen saturation, pH, and tempera-
ture were measured daily. Terbuthylazine concentra-
tions were checked daily by high performance liquid
chromatography. Water samples were assayed using
the method of Papadopoulos et al. (2012). The values
measured did not differ from the value stated for test
purposes by more than 6%.

Experimental protocol

The trial was carried out using the modified test design
of Organization for Economic Cooperation and Devel-
opment Guidelines for Testing of Chemicals No. 210
(OECD 2013). At 24 h post-fertilization, unfertilized
eggs were discarded, and 100 eggs were randomly
transferred into each crystallization basins contain-
ing tested solution of terbuthylazine (Sigma Aldrich,
Czech Republic, chemical purity 99.4%) and also into
the control dish. Four ascending concentrations of
tested solutions and control were used, each with 100
fertilized eggs in triplicate groups. The concentrations
were marked as follows: 2.9 ug.L-! (real environmen-
tal concentration — group 1 - E1); 70 ug.L-! (group
2 - E2); 1,400 ug.L-! (group 3 - E3); and 3,500 ug.L-1
(group 4 — E4). Selected terbuthylazine concentrations
of 70; 1,400; and 3,500 ug.L-! corresponded to the 1%
of 96 hour half lethal concentration (96hLC50), 20%
96hLC50 and 50% 96hLC50 for carp.

The basins were placed in a laboratory (open-air
conditions) with the natural light exposure (16:8 h
light:dark), and the arrangement of basins was random.
The water for each treatment was renewed daily by
gently draining each chamber and adding new solution
slowly to avoid disturbing embryos and larvae. Control
of hatching, and mortality, were made twice daily, and
dead fish were removed. From 6 day larvae were fed
freshly hatched brine shrimp Artemia salina nauplii ad
libitum one daily.

On days 7, 14, 21, 28, and 35 samples of fish (30
per concentration groups and control) were collected
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to monitor development, occurrence of morphologi-
cal anomalies, growth rate, Fulton’s weight condition
factor (FWC), and the length/mass relationship. Deter-
mination of development periods and stages followed
Penaz et al. (1983). Final evaluations included accumu-
lated mortality, mass and total length (TL) of fish. The
total length was measured by stereomicroscopy using
a micrometer. Mass to 0.1 mg was measured with a
Mettler-Toledo balance.

The experiment schedule was: day 1, trial initiation
(1 day post-fertilization); day 7, hatching complete; day
9, initiation of exogenous feeding; day 35, end of the
experiment. To 35 day, the majority of control fish had
become first stage juveniles.

The mean specific growth rate (SGR) for fish in each
experimental group was calculated for the period from
day 7 to day 35 and compared with controls using the
method described by OECD (2000).

Evaluation _of 35 day LC50
and LOEC

Effects of terbuthylazine on early life
stages of common carp

RESULTS

Hatching began 5 day after the onset of exposure, on
days 5 to 7. The majority of eggs in all treatment groups
hatched by day 7. No significantly negative effects of
terbuthylazine on hatching and embryos viability were
observed compared to controls.

Accumulated mortality

Cumulative mortality of common carp samples exposed
to terbuthylazine and the control sample was between
10-58% (Figure 1). Significant (p<0.01) differences in
total accumulated mortality were found in fish exposed
to the two highest terbuthylazine concentration (1,400
and 3,500 pg.L-1), compared with controls. Based on
mortality in the experimental groups, terbuthylazine
concentrations were estimated at day 35 to be LC50 =
2,992 pg.L-1.

—o—E1(29 pg L)
—o- E3 (1,400 pg.L-")

00 pg.L-)

For the evaluation of 35 day 100 5
LC50 values, a probit analysis 90
EKOTOX 5.1 software (Ingeo = 80 —*- confrol
Liberec) was used based on ; 70 - E2(fopg L)
mortality at different terbuth- 3 = E4(35
ylazine concentrations. For E 601
the evaluation of LOEC value, - 204
the probit analysis was based £ 40
on histopathological changes g 3
at different terbuthylazine 3

. 2 20
concentrations.

10

Histopathology examination 0 L
Histopathology was evaluated 02 46
in all experimental groups at
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Time of test in days

the samples days. Five whole
fish from each group were
placed in 10% buffered for-
malin, prepared with stan-
dard histological techniques,

terbuthylazine exposure.

Fig. 1. Accumulated mortality (percentage) of common carp embryos, larvae, and juveniles after

and stained with hematoxy-
lin and eosin. Histological
changes in samples of skin,
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kidney and liver were exam-
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60
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Statistical analysis

One-way analysis of variance
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program Statistica 12 for
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Fig. 2. Mean mass of larvae and juveniles common carp after terbuthylazine exposure. Data are
means + standard deviation (SD).
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Tab. 1. Growth rate and fish mortality results of the 35 day embryo-larval toxicity test on common carp after terbuthylazine exposure.

Fish Group Control E1 E2 E3 E4
Terbuthylazine (ug.L-1) - 2.9 70 1,400 3,500

m; (mean * SD, mg) 1.72+0.18 1.67+0.24 1.60+0.21 1.58+0.19 1.59+0.25
ms3s (mean + SD, mg) 98.85+20.18 93.59+24.36 92.84+20.51 58.64+18.14* 55.16+21.12*%
SGR 14.47 14.38 14.50 12.92 12.67

1 (%) - 0.62 -0.21 10.71 1244
Total mortality (%) 10 1 13 35 58

m;, M35 = mean fish mass in selected group after 7 and 35 days exposure; SGR = mean specific growth rate in selected group; | = inhibition
of specific growth in selected group; SD = standard deviation. *Experimental groups significantly (p<0.01) different from the control group.

of growth were calculated

25 -
—— control ——E1(29pglL")
20 —x- E2 (70 ug L") —o- E3 (1,400 pg L")
—m-E4 (3,500 pg L)

15

o

Total length (mm)

w

for 35 day of exposure and
are given in Table 1. Inhibi-
tion of growth in the group
exposed to the two high-
est tested concentrations
(1,400 and 3,500 pg.L-1) was
10.71% and 12.44%, respec-
tively, compared to control.

Early ontogeny
Fish from two highest tested

Time of test in days

13 15 17 19 21 23 25 27 29 31 33 35

concentrations (1,400 and
3,500pg.L-1) of terbuth-
ylazine were significantly

Fig. 3. Total length of larvae and juveniles common carp after terbuthylazine exposure. Data are

means + standard deviation (SD).

Tab. 2. Developmental periods during the 35 day embryo-larva
toxicity test on common carp.

Fish Group Control E1 E2 E3 E4
Terbuthylazine

(ug.L=) - 29 70 1,400 3,500
Times (day)

7 ec9-L1  ec9-L1 ec9-L1 ec9-L1 ec9-L1
14 L2-13b L2-L3b L2-L3b L1-L3a L1-L2
21 L4a-L5 L4a-L5 L4a-L5 L3a-L4a L3a-L3b
28 L5-L6 L5-L6 L5-L6 L4a-L4b L3b-L4b
35 Bl Bl il L4b-L6 L4b-L5

Length and weight growth parameters

Mass and total length of fish related to terbuthylazine
concentrations in water are depicted in Figures 2 and 3.
From 21 days of exposure, fish exposed to the two high-
est tested groups E3 - 1,400 ug.L-1, and E4 - 3,500 pug.L-!
terbuthylazine showed significantly (p<0.01) lower
mass and total length compared with controls. Terbuth-
ylazine in the tested concentrations had no negative
influence on FWC. Specific growth rates and inhibition

(p<0.01) delayed in early
development compared with
the control group (Table 2).
No significant differences in
the type and occurrence of morphological abnormali-
ties were observed in tested embryos and larvae of carp
during the test.

Histopatology

The histological changes were observed only in caudal
kidney in all experimental groups compared to control
fish. Fish exposed to terbuthylazine showed alteration
of tubular system included destruction of tubular epi-
thelium with or without casts, vacuolization of tubular
epithelia and disintegration of glomerules. On the basis
of histopathological changes of caudal kidney in the
experimental groups, values of LOEC = 2.9 ug.L-! ter-
buthylazine were estimated.

DISCUSSION

Triazines are serious pollutants of the aquatic environ-
ment that can have harmful effects on aquatic organ-
isms alteration (Stara et al. 2013; Koutnik et al. 2014;
Velisek et al. 2013, 2014a). Aquatic organisms are
subjected to prolonged exposure of small doses of con-
taminants in water that do not cause death but which
could induce retardation of growth, early developmen-
tal and histopatological changes (Stepanova et al. 2012;
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Stara et al. 2013; Koutnik et al. 2014; Velisek et al. 2013,
2014a,b, 2015). The results of this study provide further
data on long term exposure to terbuthylazine for con-
sideration in risk assessment. The findings contribute
to improved knowledge of the toxic profile of terbuth-
ylazine at actual concentrations in the Czech rivers on
early life stage of carp.

Mortality, decreased growth rate, and delayed early
development are common chronic toxicity responses
(Woltering 1984). Based on cumulative mortality, the
35 day LC50 was estimated at 2,992 pg.L-! terbuthyla-
zine. The values obtained were lower than that reported
in short-term tests on adult specimens, 7 mg.L-! ter-
buthylazine (Tomlin 2002). Terbuthylazine acute
toxicity (96hLC50) values for the goldfish (Carassius
auratus), 9.4 mg.L-1 (Hartley & Kidd 1987); for rain-
bow trout (Oncorhynchus mykiss), is 3.8-4.6 mg.L-1; for
bluegill sunfish (Lepomis macrochirus), 7.5 mg.L-1; and
for common carp (Cyprinus carpio), 7 mg.L-! (Tomlin
2002).

The present study revealed no significant negative
effects of terbuthylazine on hatching and embryos
viability, morphology at the concentrations tested
(2.9-3,500 pug.L-1). In the present study, beginning on
day 21 of exposure, fish exposed to the two highest
tested groups terbuthylazine showed significantly lower
mass and total length compared with controls. Growth
reductions after terbuthylazine exposure might delay
maturation and reproduction as well as increase the
susceptibility of young fish to predation and disease.
This is in agreement with studies Davies et al. (1994)
who found growth reduction of common galaxias (Gal-
axias maculates) after exposure to low concentrations of
atrazine. Plhalova et al. (2009) reported growth reduc-
tion of zebrafish (Danio rerio) after 28 days of exposure
to terbutryne. Growth reduction were reported in carp
after simazine (Velisek et al. 2012a), terbutryne (Velisek
et al. 2012b) and terbuthylazine-2-hydroxy (Velisek et
al. 2014b).

The advantage of toxicity tests on early-life stages of
fish is the opportunity to observe developmental and
morphological changes during exposure of xenobiotics.
These tests are a sensitive method, since it covers two
developmental stages (embryo and larvae) which differ
in susceptibility as a result of physiological and bio-
chemical differences (Penaz et al. 1983; McKim 1985;
Stepanova et al. 2012). In our study terbuthylazine in
concentrations 1,400 and 3,500 pg.L-! cause delayed
in ontogenetic development. These findings are in
accord with other studies which describe delay of onto-
genetic development in common carp after exposure
to terbuthylazine (Stepanova et al. 2012), prometryne
(Velisek et al. 2015), terbutryne (Velisek et al. 2012b)
and terbuthylazine-2-hydroxy (Velisek et al. 2014b).

Triazine pesticides have a direct effect on kidney
structure and function in freshwater fish (Velisek et
al. 2012a, 2014b, 2015). The caudal kidney of carp
exposed to terbuthylazine all tested concentrations

Effects of terbuthylazine on early life
stages of common carp

showed alteration of tubular system of caudal kidney.
On the basis of our findings it is possible to describe
terbuthylazine as a primary nephrotoxic substance.
Histopathological tissue changes in cranial kidney
were similar to the changes found in rainbow trout, sea
bream and common carp by other authors (Fischer-
Scherl et al. 1991; Arufe et al. 2004; Oropesa et al. 2009;
Velisek et al. 2012a, 2014b, 2015). Histopathological
changes were used for estimation of LOEC. The value
for LOEC was estimated at 2.90 ug.L-! terbuthylazine.
It appears that terbuthylazine may be a serious prob-
lem for early-life stages of carp in the polluted rivers of
terbuthylazine. Because we found, that terbuthylazine
in real concentration in Czech rivers has influence on
caudal kidney of early-life stages of carp. According to
our results of embryolarval test on carp, histopatho-
logical changes in caudal kidney seem to be the most
sensitive parameter.

Chronic terbuthylazine exposure of early-life stages
of common carp affected their growth rate, early ontog-
eny and histology. Some of the changes were observed
only at higher exposures (1,400 and 3,500 pug.L-1), but
change founded in caudal kidney was affected in fish
exposed to the real environmental concentration tested
(i.e., 2.9ug.L-1). According to results of this present
study, the histopathological changes in caudal kidney
could provide useful information for evaluating the
physiological effects on early life stages carp, but the
application of these findings will need more detailed
laboratory study before they can be established as spe-
cial indicators for monitoring aquatic environment
contaminated to triazine pesticides.
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Abstract OBJECTIVES: The aim of this study is to assess the toxicity of prometryne in early
life stages of marbled crayfish (Procambarus fallax f. virginalis) on the basis of
mortality, early ontogeny, growth rate, and histopathology during and at the end
of the test.

DESIGN: The early life stages of marbled crayfish were exposed to prometryne
at four concentrations, 0.51, (reported concentration in Czech rivers), 144, 1440,
and 4320 ug.l-! for 53 days and compared to crayfish in a non-treated control
group.

RESULTS: Prometryne in concentration 144, 1444 and 4320 ug.1-! caused decrease
of weight and specific growth rates of crayfish. Crayfish exposed the highest
concentration 4320 ug.l-! showed delay in ontogeny development. All crayfish
groups exposed to prometryne showed histopathological changes in gill. On the
basis of histopathological changes the values of LOEC=0.51 pg.1-! and NOEC=for
0.10 ug.I-! of prometryne for marbled crayfish juveniles was estimated.
CONCLUSIONS: Chronic exposure of prometryne on early life stages of crayfish
has affected their mortality, growth rate, and histology. Some of the changes
were observed only at higher exposures (144, 1444 and 4 320 pg.1-1), but histo-
pathological changes in gills were observed also in crayfish exposed to the real
environmental concentration in Czech rivers (i.e. 0.51 pg.I-1), which is about 9
times lower than maximal concentration (4.40 pg.I-!) reported in surface waters
of Greece. Concentrations of prometryne in World rivers have been reported to
generally vary in the range of 0.1-4.40 pg.1-1.
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Abbreviations:

ANOVA - analysis of variance

ANC, 5 - acid neutralization capacity

coD - chemical oxygen demand

LC50 - lethal concentration

LOEC - lowest observed effect concentration

NOEC - no observed effect concentration

OECD - Organization for Economic Cooperation and Development
SGR - specific growth rate
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INTRODUCTION

Environmental pollution caused by pesticides, espe-
cially in aquatic ecosystems, has become a serious
problem. Many water ecosystems are contaminated
with industrial, domestic, and agricultural chemicals
such as pesticides, which are ubiquitous and can spread
globally as well as regionally (Flynn & Spellman 2009).
Pesticides are liable to affect non-target organisms,
including fish, and crayfish leading to dramatic ecologi-
cal changes in the aquatic environment (Velisek et al.
2012a, 2013; Stara et al. 2012, 2013, 2014).

Prometryne (2,4-bis (isopropylamino)-6-methyl-
thio-s-triazine) was registered in the United States in
1964 as herbicide for several crops, making it a pioneer
herbicide in the thiomethyl triazine class of chemis-
try (LeBaron et al. 2008). Prometryne is classified as
a selective herbicide of the S-triazine chemical family.
Prometryne has a soil half-life of 60 days and persists
for up to 90 days. Following multiple annual applica-
tions of the herbicide, prometryne activity can persist
for 12-18 months after the final application. Half-
life in water is 500 days (US EPA 1996). Prometryne
application is not permitted in the Europe Union, but
is widely used in China (Zhou et al. 2009), Australia,
Canada, New Zealand, South Africa, and the United
States (Kegley et al. 2010). Prometryne has been
banned in Europe since 2004, it still can be found in
waters. In surface waters of Europe, prometryne has
been detected at concentrations ranging from 0.190
to 4.40 ug.l-1 (Vryzas et al. 2011) and in ground water
at concentrations exceeding 1pg.l-! (Papadopoulou-
Mourkidou et al. 2004).

Crayfish are important benthic invertebrates in
the ecosystem, and they are considered an appropri-
ate model organism (Monot 1995; Buric et al. 2013).
Although the effects of sub-chronic exposure on oxida-
tive stress and antioxidative enzymes of adult crayfish to
prometryne have been well-documented in study Stara
et al. (2014), there is a dearth of data on the sub-chronic
toxicity of prometryne at environmentally realistic con-
centrations in early life stages of crayfish. Native species
of crayfish are endangered and protected in the Czech
Republic (Kozak et al. 2011). For this reason, we have
chosen the invasive marbled crayfish (Procambarus
fallax {. virginalis), which became established in Europe
(Kouba et al. 2014), as a model species for this study.
The marbled crayfish, which was discovered in the
mid-1990s, meets researchers’ demands for a vigorous,
genetically identical and eurytopic laboratory model
very well. Its most prominent advantages are produc-
tion of high numbers of genetically identical offspring,
stepwise alteration of the phenotype by moulting,
complex morphology and behaviour (Vogt 2008). The
aim of the present study was to describe lethal and sub-
lethal effects of prometryne on early life stage of non-
target aquatic organism, the marbled crayfish using a 53
day toxicity test.

MATERIALS AND METHODS

Experimental animals

Eggs from single marbled crayfish (Procambarus fallax
f. virginalis) female (carapace length 31.22 mm, postor-
bital carapace length 23.62 mm, and weight 9.19 g) were
gently stripped with tweezers from pleopods. Female
originated from own laboratory culture.

Experimental protocol

Three hundred eggs (mean weight 2.27mg) in IX-X
stage of embryonic development were put into petri
dishes with tap water. From petri dishes were randomly
transferred separately into plastic macroplates contain-
ing one of four experimental solutions of prometryne
(Sigma Aldrich, Czech Republic, and chemical purity
99.3%) and water which served as a control. Each trial
comprised 60 eggs held as single individuals to eliminate
the transfer of fungal infection between incubated eggs.
The concentrations were marked as follows: 0.51 pg.1-!
(reported environmental concentration in Czech rivers
- group 1 - E1), 140pg.l-! (group 2 - E2), 1440 pg.1-!
(group 3 - E3), and 4320 pgl-! (group 4 - E4). The
prometryne concentrations of 140ug.l-1, 1440ugl-1,
and 4320 ug.1-! corresponded to the 1% of 96 hour half
lethal concentration (96h LC50), 10% 96h LC50 and
30% 96h LC50 for juvenile signal crayfish (Pacifastacus
leniusculus) (Velisek et al. 2013).

Water parameters

Water quality parameters were as follows: temperature
22.8+1.5°C, dissolved oxygen >60%, pH7.5-8.0, ANC, 5
0.91 mmoll-1, CODy;, 0.31 mgl-!, total ammonia
0.01mg.l-1, NO,~ 0.02 mgl-!, NO;~ 4.38mg.I-1, and
sum of CaZ*+Mg?+ 32.22 mg.I-1. Temperature was mea-
sured hourly using Minikin loggers (Environmental
Measuring Systems, Brno, Czech Republic). To ensure
agreement between nominal and actual compound
concentrations, water was analysed during the experi-
mental period by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Barcelo & Hennion 1997).
The values measured did not differ from the value
stated for test purposes by more than 10 %.

Experimental protocol

The macroplates were placed in a laboratory (open-air
conditions) with the light exposure (11:13 h light: dark).
The exposure water for each treatment was renewed
three times weekly until the third developmental stage
(24 days) was reached. Water was gently by drained
from each chamber, then a new solution was slowly
added to prevent disturbance. Observations of survival
were made daily and dead eggs were removed. From the
third development stage, juvenile were kept individu-
ally in small boxes made from clear plastic to prevent
cannibalism. Each box, 40 mm in height, was divided
into18 separated chambers, with the bottom area of
each individual chamber 45 x 30 mm (Kozak et al. 2009)
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was placed in an aquaria containing 20 I of respective
solutions. Animals were fed by freshly hatched, tap-
water-rinsed brine shrimp (Artemia salina) nauplii ad
libitum one time daily. The nauplii were rinsed with tap
water to avoid contaminating the exposure water with
chloride. During and at the end of the experiment, early
development stages were observed to monitor devel-
opment, occurrence of morphological anomalies and
body weight. Determination of developmental periods
and stages followed Vogt et al. (2004), who subdivided
into embryonic, juvenile, adolescent and adult phases.
The embryonic period starts with oviposition and ends
17-28 days later with hatching. The juvenile phase
includes approximately seven to eight stages, which are
characterized by a spotted pigmentation pattern. The
seven to 10 adolescent stages are increasingly marbled
and have clearly visible female characters.

Weight, to 0.1 mg, was measured by using a Mettler-
Toledo analytical balance after removing excess water
on filter paper. The mean specific growth rate (SGR)
for crayfish in each of the experimental groups was
calculated for the period beginning at day 24 (the first
sampling time) and ending at day 53 (end of the trial)
using the method described by Kroupova et al. (2010).

The inhibition of specific growth rate in each experi-
mental group was calculated using the following for-
mula according to OECD number 215 (OECD 2000):

L[%]=[SGR(control)-SGR.(group)]/[SGR,(control)] x 100

where is I, = inhibition of specific growth in selected
experimental group of crayfish after x days of exposure,
SGRy (control) = mean specific growth rate in the con-
trol group, SGRy (group) = mean specific growth rate in
selected experimental group of crayfish.

Evaluation of 53 day LC50, LOEC, and NOEC

For the evaluation of 53 day LC50 values, a probit
analysis was used based on mortality at different prom-
etryne concentrations. For the evaluation of LOEC and
NOEC values, the probit analysis was based on histo-
pathological changes in tissues at different prometryne
concentrations and the EKOTOX 5.1 software (INGEO
Liberec, Czech Republic) was used.

Histopathology examination

Histopathology was evaluated in groups E1-E3 and
control at the end of the experiment (day 53), the group
E4 was no sampled for histology because 30 days all
juvenile died. Ten whole crayfish from each group were
placed in 10% buffered formalin, prepared with stan-
dard histological techniques, and stained with haema-
toxylin and eosin, examined by light microscopy, and
photographed using a digital camera.

Statistical analysis

One-way ANOVA was conducted to compare differ-
ences among the test groups using the software pro-
gram Statistica version 12.0 for Windows (StatSoft).

Prometryne toxicity on early life stages of crayfish

RESULTS

Accumulated mortality

Significant (p<0.01) differences in total accumulated
mortality were found in crayfish exposed to the three
highest prometryne concentrations, compared with
controls (Figure 1). Prometryne in concentration
4320pgl-1 caused 100% mortality of crayfish. Mas-
sive mortality in this group occurred on day 15 and 30
(developmental stage 2 and 3). Based on accumulated
mortality in the experimental groups, values of lethal
concentrations of prometryne was estimated at 53 day
LC50 = 40 pg.I-1.

Growth parameters

Mean body weight of crayfish related to prometryne
concentration in water is depicted in Figure 2. No sig-
nificantly negative effects on body weight and specific
growth rate were observed when environmental con-
centration of prometryne (E1;0.51 pg.1-1) was compared
with the control. From 24 days of exposure, crayfish
exposed to the highest tested groups E4 — 4320 ug.1-!
prometryne showed significantly (p<0.01) lower mass
compared with control. Beginning on day 38 of expo-

—e— Control S
90 —4— E1(051 ugl")

—%— E2(144 pg ")

—O— E3(1440 pgl")

—8— E4(4320pg)") r

Accumulated mortality (%)

20 25 30 35
Time (days)

40 45 50 55

Fig. 1. Accumulated mortality (percentage) of early life stages
of marbled crayfish (Procambarus fallax f. virginalis) after
prometryne exposure.
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Fig. 2. Mean body weight of early life stages of marbled crayfish
(Procambarus fallax f. virginalis) after prometryne exposure.
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sure, also crayfish exposed to the tested groups E3
- 1440pgl-1, and E2 - 144 pgl-! prometryne showed
significantly (p<0.01) lower mass compared with con-
trol. Specific growth rates and inhibition of growth were
calculated for 53 day of exposure and are given in Table
1. Inhibition of growth in the group exposed to prom-
etryne in concentrations 144 (E2) and 1440 pg.1-! (E3)
was 34.8 and 42.6 %compared to control, respectively.

Early ontogeny

Only crayfish exposed the highest concentration
4320pgl-! showed delay in ontogeny development
compared with the control group. Furthermore, no
significant differences in the type and occurrence of
morphological abnormalities were observed in tested
crayfish during the test.

Histopatology

There were no apparent differences in hepatopancreas
tissue between control and group E1. The morphology
of the hepatopancreas in these two groups was normal,
with tubules tightly arranged. Different cell types were
both easily recognized and reasonably uniform in
shape and size. The marked alterations in hepatopan-
creas tubules were observed in groups E2 and E3. The
pathologies were as follows: tubular dilatation with the
predominance of mononuclear cells in interstitial tissue
and focal dystrophic tissue destruction with more pro-
nounced changes in group E3 (Figure 3).

Large fragmental alterations with pseudocystical for-
mations in gills of all experimental groups were appar-
ent. The most pronounced changes were represented
by dilatations of filaments into pseudocystical struc-
tures filled with fine-grained substance. All described
changes were more frequent in the group exposed to
higher concentration of promethryne (E3).

On the basis of histopathological changes of gills in
the experimental groups, values of LOEC = 0.51 pg.1-1
and NOEC = 0.10pgl-! of prometryne for marbled
crayfish juveniles were estimated.

DISCUSSION

Crayfish can serve as an excellent model species to
increase the knowledge-base for invertebrate ecotoxi-
cology (Burggren & McMahon 1983). They are large
invertebrates and easily reared in a laboratory setting.
This makes them useful not only for toxicity testing, but
as an invertebrate model for a variety of physiological
experiments. The eggs are very large for a crustacean
and can easily be counted and assessed for fertilization
status, mortality, etc., thus making them useful for early
life stage studies. Studies of the embryonic development
of crayfishes are important, not only to increase knowl-
edge of the developmental processes, but also to under-
stand species-specific adaptations and their ecological
value in the course of speciation (Meijide & Guerrero
2000). The sensitivity of embryos of the marbled cray-
fish to pollutant was tested with testosterone (Vogt
2007). Although we have information on the toxicity of
the prometryne in adult of crayfish, there is no informa-
tion on its toxicity in early life stages. This is the first
study investigating toxicity of prometryne on early life
stage of crayfish.

Mortality, decreased growth rate, and delayed early
development are common chronic toxicity responses
(Woltering 1984). Prometryne in concentration
4320 ug.l-! caused total mortality of crayfish during 15
and 30 day (stage 2 and 3). The most of the external
sense organs become functional in juvenile stage 2,
that the digestive system becomes functional in stage 3
(Voght 2008). This is in accordance with data concern-
ing the so called “point of no return” the moment when
the juvenile irreversibly lose ability to feed, and die even
if provided with food. In marbled crayfish juvenile the
point of no return occurs about day 10-22 days (Voght
2008) and starvation-induced mortality occurs after
that time.

The present study revealed no significant nega-
tive effects of prometryne on growth and mortality in
early life stages at the environmental concentration

) hepatopancreas. A - control group; B - E2 group
exposed to 1% of 96 hour half lethal concentration (96h LC50) of prometryne for 53 days; C - E3 group exposed to 10% of 96h LC50
prometryne for 53 days (400x). Asterisks (*) mark noticeable tubular dilatation; ellipse indicates.
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(0.51 ug.I-1). Crayfish exposed the highest concentra-
tion 4320 pg.1-! showed delay in ontogeny development
compared with the control group. Delay in ontogenetic
development is described after prometryne exposure
in concentrations ranging from 200 to 2000 pg.l-!
in early life stages of fish (Velisek et al. 2012b). In the
present study, crayfish exposed to the 144, 1440 and
4320pg.l-1 prometryne showed significantly lower
mean body weight compared with the control. Growth
reductions might delay maturation and reproduction as
well as increase the susceptibility of young crayfish to
predation. Their ability to obtain food and to compete
for suitable habitats might also be reduced (Woltering
1984). Velisek et al. (2012a,b) reported a significant
decrease growth after triazines pesticide (terbutryne
and simazine) exposure in common carp (Cyprinus
carpio). Significant decrease of growth in juvenile Aus-
tralian red claw crayfish (Cherax quadricarinatus) after
exposure mixture glyphosate (22.5 mg.l-!) and poly-
oxyethylenamine (15 mg.l-1) reported Frontera et al.
(2011).

The effect of chronic exposure to triazine at low
concentrations on histopathology of early life stages
has not yet been studied. In our study, crayfish exposed
to prometryne in all tested concentrations (0.51; 144;
1440 and 4320pgl-1) resulted in histopathological
changes of gills and hepatopancreas. Crustacean gills
are a vital organ as they play an important role in diffu-
sion and transport of respiratory gases and regulation
of osmotic and ionic balance. Gills are a primary target
organ for most pollutant, uptake from water is the most
important route, and may be one of the first organs
to exhibit symptoms of toxicity (Desouky et al. 2013).
Changes caused of prometryne in gills may affect osmo-
regulatory gills function and gases exchange. Observed
pathological changes are in accord with those described
in Desouky et al. (2013) in red swamp crayfish (Pro-
cambarus clarkii) gills after exposure of organophos-
phorus insecticide ethion (0.36 mg.1-1). The crustacean
hepatopancreas is likely the main organ for the detoxi-
fication of pollutants (Vogt 2002) and produces and
secretes all digestive enzymes involved in carbohydrate
metabolism, production of emulsifiers, excretion, and
calcium, and heavy metal storage (Holdich & Reeve
1988). These changes in our experiment are probably
due to accumulation of the prometryne in the cells
of hepatopancreas or due to increasing the activity of
lysosomal enzymes which are capable of destroying cell
organelles. Similar histopathological changes in hepa-
topancreas were also reported in red swamp crayfish
after exposure of ethion (Desouky et al. 2013); mala-
thion (Garo et al. 1998); diazinon (Heiba 1999) and fen-
thion (Aly 2000). On the other hand, Stara et al. (2014)
found no histopatological changes in hepatopancreas of
adult red swamp crayfish after prometryne exposure in
concentrations (0.51-1440 pg.1-1).

Histopathological changes were used for estima-
tion of NOEC and LOEC. The values for NOEC and

Prometryne toxicity on early life stages of crayfish

LOEC were estimated at 0.1 and 0.51 pg.I-! prometryne,
respectively. It appears that prometryne may be a seri-
ous problem for early life stages of crayfish in the wild.
Some of the changes were observed only at higher expo-
sures (144, 1444 and 4 320 pg.1-1), but histopathological
changes in gills and hepatopancreas were observed in
crayfish exposed the real environmental concentra-
tion in Czech rivers (i.e., 0.51 pg.1-1), which is about 9
times lower than maximal concentration (4.40 ug.l-1)
reported in surface waters of Greece (Vryzas et al. 2011;
Caquet et al. 2013).

Histopathological changes in gills and hepatopan-
creas are potential biomarkers for monitoring residual
triazine pesticides in early life stages of crayfish. For
detailed elucidation of prometryne effects, further
research is necessary. Aquatic environment may be
polluted by many substances, the effects of which can
be potentiated with combined exposures. This research
should be focused not only on the studies of effects of
prometryne alone, but in view of possible synergic or
potentiation effects.
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1. Introduction

Pollution constitutes a problem of all over the world (Blasco and
Pico, 2009; Abrantes et al., 2010; Navarro-Ortega et al., 2012). Triazines
are carried into aquatic environments by surface runoff from sites of
application and can negatively affect the health of aquatic organisms
(Velisek et al., 2008, 2010, 2011, 2012a, 2013, 2014).

Terbuthylazine (N2-tert-butyl-6-chloro-N4-ethyl-1,3,5-triazine-
2,4-diamine) was issuance Commission Implementing Regulation
(EU) No 820/2011 removed from the Annex to Decision 2008/934/EC.
Terbuthylazine is an s-triazine herbicide widely used in agriculture to
control grass and in Italy, it is used in maize, sorghum, and olive culture
(Faitetal., 2010). The European Food Safety Authority (EFSA) has re-
ported that terbuthylazine poses high long-term risks for organisms
(EFSA, 2011) and can have genotoxic effects (Mladinic et al., 2012).
Its major degradation products in ground and surface waters are
terbuthylazine-2-hydroxy, terbuthylazine-desethyl-hydroxy, and
terbuthylazine-desethyl (Nodler et al., 2013). In surface and ground
waters of Europe were has been recorded at concentrations from
0.02 to 2.90 pg/L of terbuthylazine (Buser, 1990; Brambilla et al.,
2003; CHMU, 2015) and from 0.008 to 1.80 pg/L of terbuthylazine-
desethyl (Dankwardt et al., 1997; ISPRA, 2010; Benvenuto et al.,
2010; Mansilha et al., 2011; Loos et al., 2013; CHMU, 2015). The real
maximal concentration of terbuthylazine-desethyl detected in Czech
river was 1.80 pg/L (CHMU, 2015). Terbuthylazine is slightly toxic to
fish. Acute toxicity 96 h LC50, for goldfish Carassius auratus is 9.4 mg/L
(Hartley and Kidd, 1987); for rainbow trout Oncorhynchus mykiss is
3.8-4.6 mg/L; for bluegill sunfish Lepomis macrochirus, 7.5 mg/L; and
for common carp Cyprinus carpio, 7 mg/L (Tomlin, 2002).

The acute effects of terbuthylazine and other triazines in fish are
well documented, but data on toxicity of the terbuthylazine-desethyl
metabolite of terbuthylazine on embryos and larvae of fish are lacking.
The aim of the present study was to describe the effects of the
terbuthylazine-desethyl metabolite on early-life stages of carp, a well-
established model species for testing chemical effects on early develop-
ment (OECD, 2013). The effects were evaluated with respect to mortal-
ity, ontogenetic development, growth, oxidative stress biomarkers,
antioxidant enzymes, occurrence of morphological anomalies, and
histopathology.

2. Materials and methods
2.1. Experimental animals

Fertilized eggs of carp were obtained from a hatchery of the Faculty
of Fisheries and Protection of Waters, Czech Republic. Eggs were fertil-
ized by the methods described by Kocour et al. (2005).

2.2. Water variables

Aerated water was used with the following values: dissolved oxygen,
>90%; temperature, 19.5-20.8 °C; pH, 7.4-8.2, which were monitored
daily.

To ensure agreement between nominal and actual compound
concentrations in the aquaria, water samples were analyzed during
the experimental period by high performance liquid chromatogra-
phy (HPLC) using the method of Papadopoulos et al. (2007). Water
was chromatographed on a reverse phase HPLC column (Lichrosphere
100 RP18, Vertex column, pore size 100 pm, particle size 5 pm,
250 mm x 5 mm internal diameter (ID)) using solvent systems of
methanol:water:ammonium:acetate 70:30:0.2 and 80:20:0.2 (v:v:v)
isocratically, with a flow rate of 0.7 mL/min. Injection volumes of sam-
ples were 100 pL per injection. UV detection was recorded at 230 nm.
Column eluents (1 minute fractions) were collected in scintillation
vials using a fraction collector (LKB 2212 HeliRac; Amersham Pharmacia
Biotech, Freiburg), dissolved in a scintillation cocktail and counted by

liquid scintillation counting (LSC). Water samples were collected from
the test aquaria 1 h and 24 h after renewing the test solutions. The
values measured did not differ from the value stated for test purposes
by more than 5%.

2.3. Experimental protocol

The investigation was carried out using the modified No. 210 OECD
test (OECD, 2013). At 24 h post fertilization, 100 fertilized eggs were
placed into each of fifteen glass basins with the terbuthylazine-
desethyl solution, plus three control dishes containing water only.
Terbuthylazine-desethyl (chemical purity 97.4%) was obtained from
Sigma-Aldrich Corporation (USA). The test was conducted in triplicate.
Four concentrations of test solution were used: 1.80 pg/L (observed
environmental concentration), 180 pg/L, 900 pg/L, and 1800 pg/L.
Three highest groups were used as contrast groups.

The solution for each treatment was renewed daily. Behavior was
monitored daily. Mortality was recorded and dead carp removed.
From day 6, larvae of carp were fed ad libitum with Artemia salina
nauplii.

On days 7, 14, 20, 27, and 31, 30 a carp in each concentration group
and the control were collected for examination. Developmental periods
were defined according to Penaz et al. (1983). Final evaluations in-
cluded cumulative mortality, weight and total length (TL). Length
was measured by stereomicroscopy using a micrometer. Mass was
measured (0.1 mg) with a Mettler-Toledo scale.

24. Growth rate

The mean specific growth rate (SGR) for carp in exposed groups was
calculated for the period from day 7 to day 31 of exposure and com-
pared with controls using the method of Kroupova et al. (2010). The
following formula was used:

Inw,— Inw,

SGR=—p

-100

where SGR = mean specific growth rate in the group, w; = mass of one
fish at time t, individually (ug), w» = mass of one fish at time ¢, individ-
ually (ug), Inw; = mean value of the Inw; values, Inw, = mean value
of the Inw;, values, t; = time (days) — first sampling time, t, = time
(days) — end of exposure.

The inhibition of specific growth rate in each experimental group
was calculated as follows.

SGRy(control)—SGRy(group)

SGRy(control) +100

(%) =

where [, = inhibition of specific growth in selected experimental group
after x days of exposure, SGRy(control) = mean specific growth rate in
the control group, SGR,(group) = mean specific growth rate in selected
experimental group.

Fulton's weight condition factor (FWC) was calculated for each ex-
perimental group at every sampling time:

5
chzw'g"
TL

where FWC = Fulton's weight condition factor, W = mass in selected
experimental group (g), and TL = total length in selected experimental
group (mm).

2.5. Evaluation of 31 days LC50

Based on mortality, the 31 days LC50 for terbuthylazine-desethyl
was established using Probit Analysis EKOTOX 5.1 (Ingeo) software.
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2.6. Histology

Histological examination was conducted in groups exposed to con-
centrations 1.80, 180 and 900 pg/L and control after 31 days of exposure.
Histology was not conducted in group exposed to concentration
1800 pg/L total mortality occurred prior to 20 days. Six carps from
each experimental group and control were fixed in 10% formalin. Sam-
ples were embedded in paraffin, stained with hematoxylin and eosin,
and examined by light microscopy.

2.7. Oxidative stress biomarkers

Oxidative stress biomarkers were evaluated in the surviving groups
and controls after 31 days exposure. Samples were immediately frozen
and stored at — 80 °C for analysis. Frozen tissue samples were weighed
and homogenized (1:10, w/v) with an Ultra Turrax homogenizer (Ika,
Germany) using 50 mM potassium phosphate buffer, pH 7.0, containing
0.5 mM EDTA according to methods Stara et al. (2012a). The homoge-
nate was divided into two portions. One for measuring thiobarbituric
acid reactive substances (TBARS), and a second portion for measuring
antioxidant enzymes analysis, which was centrifuged at 4 °C to obtain
the post-mitochondrial supernatant.

Lipid peroxidation as TBARS was estimated spectrophotometrically
according to Lushchak et al. (2005). The TBARS concentration was cal-
culated by the absorption at 535 nm and a molar extinction coefficient

of 156 mM/cm. The value was expressed as nanomoles of TBARS per
mg protein.

Total superoxide dismutase (SOD) activity was estimated spectro-
photometrically using the method of Marklund and Marklund (1974).
This assay depends on the autoxidation of pyrogallol. Superoxide dis-
mutase activity was assessed spectrophotometrically at 420 nm and
expressed as nanomoles of SOD per milligram of protein. The catalase
(CAT) activity assay, using the spectrophotometric measurement of
H,0, breakdown at 240 nm, was performed following the method of
Beers and Sizer (1952). One unit of CAT activity was defined as the
amount of the enzyme that consumes 1 umol of H,0, per min per mil-
ligram of protein. Glutathione reductase (GR) activity was determined
spectrophotometrically, measuring NADPH oxidation at 340 nm
(Carlberg and Mannervik, 1975). One unit of GR activity was defined
as the amount of the enzyme that consumes 1 nmol of NADPH per
min per milligram of protein. Protein levels were estimated spectropho-
tometrically by the method of Bradford (1976) using bovine serum al-
bumin as a standard.

2.8. Statistical analysis

One-way ANOVA was used to compare differences among the ex-
perimental groups and controls using Statistica v. 12 for Windows
(StatSoft). The differences between experimental groups and control
in cumulative mortality were assessed using contingency tables ().

18 4
16 4 —e—control
14 4 —o—E3 (900 pgfl)

——E1 (1.80 pg/l)

—=—E4 (1800 pg/l)

—x—E2 (180 pg/l)
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Fig. 2. Mean + SD mass of common carp larvae and juveniles following terbuthylazine-desethyl exposure.
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Fig. 3. Mean =+ SD total length of common carp larvae and juveniles following terbuthylazine-desethyl exposure.

3. Results
3.1. Hatching and cumulative mortality

Terbuthylazine-desethyl in tested concentrations showed no nega-
tive effects on hatching and embryo viability. Significant differences
(P <0.01) in total accumulated mortality were found in fish exposed
to 900 and 1800 pg/L terbuthylazine-desethyl compared with controls
(Fig. 1). Massive mortality in these exposed groups occurred at days
18 and 19. On the basis of accumulated mortality in the experimental
groups, values of lethal concentrations of terbuthylazine-desethyl was
estimated at 31 days LC50=441.6 mg/L.

3.2. Growth, early ontogeny, and morphological anomalies

Carp in group exposed to 1800 pg/L showed significantly (P < 0.01)
lower weight (Fig. 2) and length (Fig. 3) on day 7 of exposure compared
to control. Terbuthylazine-desethyl at 900 pg/L was associated with
significantly (P < 0.01) lower weight and length beginning at day 20
of exposure compared to control group. Terbuthylazine-desethyl had
no effect on Fulton's weight condition factor. Inhibition of specific
growth at 900 pg/L was 9.23% compared to controls (Table 1).

Fish exposed to terbuthylazine-desethyl at 180, 900 and 1800 pg/L
exhibited delays in development compared to control group (Table 2).

Curvature of the spine and body shortening were found in <1% of all
tested and control groups. These can be considered as spontaneous
anomalies.

3.3. Histology
Terbuthylazine-desethyl was not associated with pathological

changes in gill or liver. The primary pathology was found in caudal
kidney in 180 and 900 pg/L. The severity of kidney damage was

dose-dependent. Fish exposed to the highest concentration of
terbuthylazine-desethyl showed alteration of the tubular system in-
cluding peritubular dilatation, and detachment of epithelial cells
from the basal lamina, and focal autolytic disintegration of tubular
epithelia (Fig. 4).

3.4. Oxidative stress and antioxidant response

Effects of terbuthylazine-desethyl exposure on TBARS level and anti-
oxidant responses (SOD, CAT, GR) in homogenate of carp early life
stages are shown in Table 3. Significantly (P < 0.01) lower SOD activity
was seen in all groups exposed to terbuthylazine-desethyl compared
to controls. No differences were found in TBARS level or CAT and GR ac-
tivity among groups.

4. Discussion

Embryo and larva toxicity tests are commonly used for assessing
pesticide effects. These stages are frequently more sensitive to pesti-
cides than are juveniles and adults (Woltering, 1984; Kristensen,
1994; McKim, 1995). Studying the toxicity of pesticides to early life
stages of fish is important, not only to increase knowledge of the onto-
genetic development, but also to understand species-specific adapta-
tions and their ecological value in the course of speciation. This study
provides new information on the effects of a major metabolite of
terbuthylazine on embryo and larvae of carp.

Terbuthylazine-desethyl at tested concentrations showed no nega-
tive effects on hatching or embryo viability, but a significant effect
was found on survival of carp larvae exposed to 900 and 1800 pg/L.
Total mortality was observed at 1800 pg/L and 75% at 900 ug/L
terbuthylazine-desethyl with mortality peaking on days 18 and 19 of
exposure. After 18 days, only incidental mortality was observed, indi-
cating higher tolerance of older larvae to terbuthylazine-desethyl. The

Table 1
Growth and mortality of carp after terbuthylazine-desethyl after 31 day exposure.
Carp group Control E1 E2 E3 E4
Terbuthylazine-desethyl (ug/L) - 1.80 180 900 1800
my (Mean + SD, mg) 1.73 £0.20 1.63 £ 0.12 1.62 £+ 0.20 1.56 + 0.23 1.34 +0.18"
ms3; (Mean + SD, mg) 33.50 + 12.66 29.00 + 8.35 30.80 +9.21 23.00 + 8.58" -
SGR 12.35 11.99 12.27 11.21 -
1(%) - 291 0.65 9.23 -
Total mortality (%) 8 9 1 75 100
?my, m3; = Mean carp weight in group after 7 and 31 days exposure; SGR = specific growth rate in group after 24 days exposure; I = inhibition of specific growth in selected group after

24 days exposure; SD = standard deviation.
* Significantly (p < 0.01) difference of experimental groups compared the control group.
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Table 2 ) terbuthylazine-2-hydroxy (Velisek et al., 2014). Fulton's weight condi-
o of carp after -desethyl tion factors of common carp exposed to terbuthylazine-desethyl
Carp group Control  E1 E2 E3 E4 showed no differences from control fish. This is supported by another
o study that showed no differences in FWC after terbuthylazine-2-
Terbuthylazine-desethyl
(!JE/S e ' 180 180 900 1800 hydroxy and simazine exposure in carp (Velisek et al., 2012c, 2014).
y I On the other hand, Velisek et al. (2015 and 2012b) reported a decreased
Times (day) N N
- of FWC in early life stages of carp after exposure of prometryn and
7 E9c-L1 = E9c-L1 — E9c-L1  E9c-L1  ESb-E9c terbutryn, respectively. Our results differ from these, as, different tested
14 [2-13b  [2-13b L1-12  L1-12  E9c-L1 b d diff . ¢ d sub d
2 Lda-14b 14a-L4b 13b-L4a L3b-Lda L3a-L3b° substances and different concentrations of tested substances were uses
27 L6-J1 L6-J1 L5-16" L4b-15" - in our study.
31 n n 15-16°  L5-16" - Fish exposed to 180, 900, and 1800 pg/L terbuthylazine-desethyl

* Significant (p < 0.01) difference of experimental groups compared with the control
group.

critical periods were soon after the beginning of the test, at the time of
hatching, and within 10-18 days post-hatching, which includes the pe-
riod of change from endogenous to exogenous nutrition (Lugowska,
2007). Our result are in agreement with studies showing no differences
in carp hatching and found influence on survival of larvae following
exposure to the triazine pesticides prometryn (Velisek et al., 2015),
terbutryn (Velisek et al., 2012b), and simazine (Velisek et al.,
2012c), and the triazine metabolite terbuthylazine-2-hydroxy
(Velisek et al., 2014).

In present study, exposure to terbuthylazine-desethyl at 900 and
1800 pg/L was associated with lower weight and length of carp
compared to control group. Inhibition of SRG at 900 pg/L was 9.23%
compared to controls. Decrease of fish growth is a common chronic re-
sponse to xenobiotics (Rosenthal and Alderdice, 1976) and can be a
more sensitive parameter than mortality (Bengtsson, 1974). Reductions
in growth after terbuthylazine-desethyl exposure might delay matura-
tion and reproduction as well as increase the susceptibility of young
fish to predation and disease. Their ability to obtain food and to compete
for suitable habitats might also be reduced. These results agree with au-
thors reporting reduced fish growth after atrazine (Dewey, 1986;
Davies et al., 1994), prometryn (Erickson and Turner, 2002; Alvarez
and Fuiman, 2005; Velisek et al., 2015), terbutryn (Plhalova et al.,
2009; Velisek et al., 2012b), simazine (Velisek et al., 2012c), and

were delayed in development compared to control group. Developmen-
tal stage is a sensitive parameter for evaluation of effects of xenobiotics
in fish (Hallare et al,, 2005). The delay in carp development after expo-
sure to terbuthylazine-desethyl can be ascribed to developmental
events such as organogenesis. Delay in early ontogenetic development
in carp has also been reported after exposure to prometryn (Velisek
et al,, 2015), terbutryn (Velisek et al., 2012b), and terbuthylazine-2-
hydroxy (Velisek et al,, 2014). In this study we did not observe body de-
formities associated with exposure. Velisek et al. (2012b, 2014, 2015)
also found no malformations in carp after triazine exposure.

Some studies have demonstrated that exposure to triazine affects
the antioxidant defense system in aquatic organisms, causing an imbal-
ance between reactive oxidative system production and elimination
and resulting in oxidative stress and organism damage (Stara et al.,
2012a,b, 2013, 2014; Koutnik et al., 2014). In the present study,
terbuthylazine-desethyl exposure has not effect on TBARS, CAT and
GR activity in carp. Stara et al. (2012a) reported no significant effect of
prometryne on TBARS and CAT activity in homogenates of carp early
life stages. No effect of terbuthylazine-2-hydroxy on activity of CAT
and GR in carp reported Velisek et al. (2014). On the other hand, Stara
et al. (2012a) reported no significant effect of prometryne on TBARS
and CAT activity in homogenates of carp early life stages. In this study,
we found SOD activity to be significantly lower with exposure to
terbuthylazine-desethyl at all tested concentrations compared to con-
trol group. Decrease in SOD activity can result from increased ROS pro-
duction response to terbuthylazine-desethyl exposure. SOD and CAT are
a first line of defense to oxidative stress and are used as oxidative stress

Fig. 4. Caudal kidney of common carp exposed to 900 pg/L terbuthylazine-desethyl for 31 days showing extensive peritubular dilatation (arrows) and focal disintegration of tubular

epithelium (asterisks). H&E 200x.
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Table 3

219

The effect of terbuthylazine-desethyl on oxidative stress biomarker (thiobarbituric acid reactive substances — TBARS), and antioxidant enzymes (superoxide dismutase — SOD, catalase —

CAT, glutathione reductase — GR) in homogenate of carp.

Fish group Control-

Terbuthylazine-desethyl
(rg/L)

E1

1.80

E2

180

E3

900

TBARS (nmol/mg protein)

SOD (nmol NBT/min/mg protein)
CAT (umol H,0,/min/mg protein)
GR (nmol NADPH/min/mg protein)

0.2091 + 0.0292
0.6923 £ 0.1151
0.1742 + 0.0283
0.1194 + 0.0465

0.2369 + 0.0173
0.4931 + 0.1063"
0.1436 + 0.0479
0.1390 + 0.0487

0.2206 + 0.0108
0.4071 + 0.0967"
0.1162 + 0.0387
0.1340 + 0.0561

0.2065 + 0.0451
0.2209 + 0.0511"
0.1997 + 0.0889
0.0758 + 0.0401

* Significantly (p < 0.01) difference of experimental groups compared the control group.

biomarkers (Nwani et al., 2010; Ojha et al., 2011). Other authors report-
ed similar changes of SOD after exposure to simazine (Stara et al.,
2012b), prometryn (Stara et al., 2013), terbutryn (Velisek et al., 2011),
and terbuthylazine-2-hydroxy (Velisek et al., 2014). These studies dem-
onstrated that terbuthylazine-desethyl exposure can affect the antioxi-
dant system in carp, causing imbalance of reactive oxidative system
production and elimination, resulting in oxidative stress and organism
damage.

Terbuthylazine-desethyl at 180 and 900 pg/L caused histhopalogical
alterations in the caudal kidney. On the basis of our findings it is
possible to describe terbuthylazine-desethyl as a primary nephrotoxic
substance. The kidney in fish receives the largest proportion of
postbranchial blood, and therefore renal lesions might be expected to
be good indicators of environmental pollution (Ortiz et al., 2003). Path-
ological changes in cranial kidney were similar to the changes found in
fish by Arufe et al., 2004; Oropesa et al., 2009; Velisek et al., 2012b,c,
2014, 2015. In our study, terbuthylazine-desethyl was not associated
with pathological changes in the gill or liver. Velisek et al. (2012b,
2014) also found no changes in gill and liver of early life stages of carp
after triazine exposure. On the other hand, Neskovic et al. (1993)
found hyperplasia of gill epithelial cells in carp exposed to atrazine at
a concentration of 1500 pg/L. Similar changes to gill epithelial cells
were reported by Oropesa-Jimenaz et al. (2005) in carp following
acute exposure to simazine. Arufe et al. (2004) described alterations
in liver in gilthead seabream (Sparus aurata) after exposure to a combi-
nation of terbutryn and triasulfuron. Fischer-Scherl et al. (1991) ob-
served changes in renal corpuscles and tubules of rainbow trout after
subchronic exposure to atrazine. Our results differ from these, as, differ-
ent tested substances, different concentrations of tested substances, and
exposure period were used in our study. Triazine has been reported to
be associated with mainly damage to fish kidney structure.

Although the effects of acute and sub-chronic exposure of fish to tri-
azine have been well documented, there is a dearth of data on the
chronic toxicity of triazine metabolite to early life stages carp at envi-
ronmentally realistic concentrations. The results of this study provide
further data on long-term exposure to terbuthylazine-desethyl for con-
sideration in risk assessment. The findings contribute to knowledge of
the toxic potential of metabolite terbuthylazine-desethyl to carp at
actual concentrations in Czech rivers. Taken together, the data demon-
strate that terbuthylazine-desethyl exhibits potential for the induction
of sublethal effects on non-target organisms, such as fish, in aquatic
environments. However, the aquatic environment may be polluted by
many substances, the effects of which can be potentiated in concurrent
exposure.

5. Conclusions

The information obtained in this study may be of use in efforts to
assess the ecological risk of the major terbuthylazine metabolite
terbuthylazine-desethyl in the aquatic environment. Survival, growth,
ontogenetic development, and pathological changes of caudal kidney
were observed only at higher exposures (180, 900 and 1800 pg/L),
while changes in total superoxide dismutase activity were seen in carp
exposed the environmental concentrations of terbuthylazine-desethyl

(1.80 pg/L). The results showed the toxic potential of metabolite
terbuthylazine-desethyl to early life stages of carp at real concentration.
All parameters measured in this study displayed various dependent
manners to terbuthylazine-desethyl concentrations and exposure
time, possibly due to different molecular and genetic mechanisms,
which need to be investigated in the future. Furthermore, in natural en-
vironment, the presence of combinations of different pesticides or other
xenobiotic metabolites may complicate the exposure situation, as syn-
ergetic and/or antagonistic effects on physiology in fish can be expected.
Therefore, whether the physiological reactions in fish exposed to
terbuthylazine-desethyl in mixture with other xenobiotic also will
occur with terbuthylazine-desethyl exposure in laboratory need to be
further investigated.
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The aim of the study was to investigate effects of the triazine’s herbicide terbuthylazine-2-hydroxy on early life stage of common
carp (Cyprinus carpio L.) through antioxidant indices, mortality, growth, development, and histopathology. Based on accumulated
mortality in the experimental groups, lethal concentrations of terbuthylazine-2-hydroxy were estimated at 35-day LC50 =10.9 mg/L
terbuthylazine-2-hydroxy. By day 15, fish were exposed to 3.5mg/L and by day 26, fish were exposed to 0.0029 mg/L; real
environmental concentration in Czech rivers, 0.07 mg/L, 1.4 mg/L, and 3.5 mg/L terbuthylazine-2-hydroxy, showed significantly
lower mass and total length compared with controls. Based on inhibition of growth in the experimental groups, lowest observed
effect concentration (LOEC) = 0.002 mg/L terbuthylazine-2-hydroxy and no observed effect concentration (NOEC) = 0.0001 mg/L
terbuthylazine-2-hydroxy. No significant negative effects on hatching or embryo viability were demonstrated at the concentrations
tested, but significant differences in early ontogeny among groups were noted. Fish from the two highest tested concentrations
showed a dose-related delay in development compared with the controls. Total superoxide dismutase (SOD) activity was significant
lower in all groups testedly for terbuthylazine-2-hydroxy compared with the control group. At concentrations of 1.4 and 3.5 mg/L
damage to caudal kidney tubules when compared to control fish was found.

1. Introduction products in ground and surface waters are the terbuthyl-

azine-2-hydroxy, terbuthylazine-desethyl-hydroxy, and ter-

Triazines are selective herbicides applied before and after
emergence control against annual weeds, perennial weeds,
grasses, and broadleaf weeds in corn, wheat, sorghum, and
many other crops. Terbuthylazine was registered in the
United States in 1975 and now is the second most frequently
used s-triazine. Due to the persistency, water solubility, and
mobility, triazines are also detected in aquatic ecosystems.
These compounds are found in rivers, lakes, and well water
[1-3]. In water terbutryne and terbuthylazine undergo a
variety of biotic and abiotic mechanisms of degradation
such as photodegradation, oxidation, hydrolysis, and bio-
degradation that lead to dealkylation of alkylated amino
groups, deamination, and hydroxylation at the 2 position, as
well as triazine ring cleavage [4-6]. The major degradation

buthylazine-desethyl. The persistence of these metabolites
ranged from moderate to high for terbuthylazine-desethyl-
hydroxy, terbuthylazine-desethyl and high to very high for
terbuthylazine-2-hydroxy (112-120 days) [7].

Currently seven s-triazines have been identified as rele-
vant in a study of the prioritization of substances dangerous
to the aquatic environment in the member states of the Euro-
pean community and are included in the EU Priority Pollu-
tants List and the US Environmental Protection Agency’s List.
According to Commission Regulation (EU) number 196/2010
of 9 March 2010, amending Annex I to Regulation (EC) num-
ber 689/2008 of the European Parliament and of the Council
concerning the export and import of dangerous chemicals is
banned in the countries of the European Union. Although
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the effects of atrazine, another s-triazine herbicide exposure
to fish, have been well-documented, there is a dearth of data
of their metabolites in early life stages of common carp.
The aim of the present study was to describe lethal and
sublethal effects of terbuthylazine-2-hydroxy on embryo and
larvae of common carp using a 35-day embryo larval toxicity
test. Toxicity tests with early life stages of aquatic organisms
have been proposed as a faster and more cost-efficient way
of testing chemicals and environmental samples. Moreover,
experience shows that these developmental stages of fishes
are often the most sensitive to toxic effects, although the
various embryonic and larval stages differ in their suscep-
tibility due to of physiological and biochemical differences.
Newly hatched larvae constitute a particularly critical and
sensitive life stage, since at hatching the embryos lose their
protective membrane and are fully exposed to potential
toxicants [8-11]. The toxicity of terbuthylazine-2-hydroxy was
assessed on the basis of mortality, early ontogeny, occurrence
of morphological anomalies, growth rate, Fulton’s weight
condition factor (FWC), and the antioxidant defenses during
and at the conclusion of the test. The aim of the present
study was to investigate how low concentrations can affect
terbuthylazine-2-hydroxy on early life stages of carp after
long-term exposure.

2. Materials and Methods

2.1. Experimental Animals. Fertilized eggs of common carp
(Cyprinus carpio L.) were obtained from the breeding station
of the Research Institute of Fish Culture and Hydrobiology
in Vodnany, University of South Bohemia (Czech Republic).
Eggs were produced according to standard methods of
artificial reproduction by mating 15 females with 25 males
(full-factorial scheme of crossing) as described by Kocour et
al. [12]. Sampling was done randomly from a homogenized
batch of eggs, so possible genetic and/or maternal effects on
the results of the trial were minimized.

2.2. Water Parameters. Aerated tap water was used, with
the following parameters: dissolved oxygen > 85%, temper-
ature 19.0-22.0°C, pH 7.6-8.1, ANC, (acid neutralization
capacity) 0.92mmol/L, COD,y, (chemical oxygen demand)
0.6 mg/L, total ammonia 0.02mg/L, NO;~ 1.50 mg/L, NO,~
0.05 mg/L, and sum of Ca®* + Mg** 4.2 mg/L. The test baths
were gently aerated on a continual basis. Oxygen saturation,
pH, and temperature were measured daily. Terbuthylazine-
2-hydroxy concentrations were checked daily by high per-
formance liquid chromatography (HPLC). The water was
chromatographed on a reverse phase HPLC column (Lichro-
sphere 100 RP,4, Vertex column, pore size 100 ym, parti-
cle size 5um, and 250 mm X 5mm ID) using a solvent
system of methanol: water : ammonium acetate 70:30:0.2
and 80:20:0.2 (v:v:v) isocratically, at a flow rate of
0.7mLmin"". Injection volumes of samples were 100 uL per
injection. UV detection was recorded at 230 nm. Column
eluents (1 min fractions) were collected in scintillation vials
using a fraction collector (LKB 2212 HeliRac; Amersham
Pharmacia Biotech, Freiburg), dissolved in a scintillation
cocktail, and counted by LSC. Water samples were assayed
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using the method of Richter and Nagel [13]. Measured values
did not differ from the value stated for test purposes by more
than 10%.

2.3. Experimental Protocol. The trial was carried out using
the modified test design of the Organization for Economic
Cooperation and Development Guidelines for Testing of
Chemicals 210. At 24 h after fertilization, unfertilized eggs
were discarded, and 100 eggs were randomly transferred into
fifteen crystallization basins containing the test solutions of
terbuthylazine-2-hydroxy (Sigma Aldrich, Czech Republic,
chemical purity 99.5%) as well as into a control dish. Four
ascending concentrations of test solutions and a control
were used, each with 100 fertilized eggs in triplicate groups.
The concentrations were as follows: 0.0029 mg/L (reported
environmental concentration in Czech rivers, Group I-
El), 0.07mg/L (Group 2-E2), 1.4 mg/L (Group 3-E3), and
3.5mg/L (Group 4-E4). Terbuthylazine-2-hydroxy concen-
trations of 0.07 mg/L, 1.4 mg/L, and 3.5 mg/L corresponded to
the 1% 96hLC50, 20% 96hLC50, and 50% 96hLC50 for carp.

The basins were placed in a laboratory (open-air condi-
tions) with the natural light exposure (16:8h light: dark).
The arrangement of basins was random. The water for
each treatment was renewed twice daily by gentle draining
each chamber and adding new solution slowly to prevent
disturbing embryos and larvae. Observations of hatching,
survival, and behavior were made twice daily and dead
embryos and larvae were removed. When able to feed, larvae
were given freshly hatched, tap-water-rinsed brine shrimp
(Artemia salina) nauplii ad libitum twice daily prior to water
exchange. The nauplii were rinsed with tap water to avoid
contaminating the exposure water with chloride.

During and at the conclusion of the trial samples of
embryos and larvae were collected to monitor development,
occurrence of morphological anomalies, rate of length and
weight increase, FWC, and the length/weight relationship.
Samples were collected on days 9, 15, 22, 26, 33, and 35.
Samples were fixed in 4% formalin, with 5 specimens per
replicate (i.e., 15 per group).

Determination of developmental periods and stages fol-
lowed Penaz et al. [14], who described nine embryonic (EI-
E9), six larval (L1-L6), and two juvenile stages (J1-J2). Final
measurements included accumulated mortality, basic length
parameters for fish with no cranial/skeletal deformities (TL,
total length; SL, standard length), and mass (W).

The length parameters were measured under a stereomi-
croscope (Olympus SZ61/SZ51) using a micrometer (accuracy
of 0.0lmm). Weight to 0.1mg was measured by using a
Mettler-Toledo balance.

2.4. Trial Schedule. The trial schedule was as follows: day 1,
trial beginning (1 day after fertilization of eggs); day 6, hatch-
ing completed; day 9, beginning of exogenous feeding (A.
salina); day 35, end of the trial (at that time, the majority of
fish in the control group had reached the first juvenile stage).

2.5. Growth Rate Evaluation. The mean specific growth rate
(SGR) for fish in each of the experimental groups was calcu-
lated for the period beginning on day 9 (the first sampling
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time) and ending on day 35 (end of the trial). The following
formula was used:

Inw, - Inw,
t2 _tl

SGR = - 100, (6))

where SGR = mean specific growth rate in the group, w, =
mass of one fish at time ¢, individually (ug), w, = mass of
one fish at time ¢, individually (ug), Inw; = mean value of
the In w, values, Inw, = mean value of the In w, values, ¢, =
time (days)-first sampling time, and ¢, = time (days)-end of
exposure.

The inhibition of specific growth rate in each experimen-
tal group was calculated as follows:

SGR, (control) - SGR, (group) 1o

L. [%] =
« %] SGR, (control)

0, (2

where I, = inhibition of specific growth in selected exper-
imental group after x days of exposure, SGR, (control) =
mean specific growth rate in the control group, and
SGR, (group) = mean specific growth rate in selected exper-
imental group.

Fulton’s weight condition factor was calculated for each
experimental group at every sampling time:

W -10°

FWC = ———
L

, 3

where FWC = Fulton’s weight condition factor, W = mass
in selected experimental group (g), and TL = total length in
selected experimental group (mm).

2.6. Samples Early Life Stage of Carp and Preparation of Post-
mitochondrial Supernatant. Toxicity tests on terbuthylazine-
2-hydroxy were ended after 35 days. At the end of the tests
fish were weighed and their length was determined. Samples
were immediately frozen and stored at —80°C for analysis.
Frozen tissue samples were weighed and homogenized (1: 10,
w/v) with an Ultra Turrax homogenizer (Ika, Germany) using
50 mmol/L potassium phosphate buffer, pH 7.0, containing
0.5mmol/L EDTA. The homogenate was centrifuged at 4°C
to obtain the postmitochondrial supernatant for antioxidant
parameter analyses.

Total superoxide dismutase (SOD; EC 1.15.1.1) activity
was determined spectrophotometrically by the method of
S. Marklund and G. Marklund [15]. The catalase (CAT; EC
111.1.6) activity assay, using the spectrophotometric mea-
surement of H,0, breakdown at 240 nm, was performed
following the method of Beers and Sizer [16]. Glutathione
reductase (GR) activity was determined spectrophotometri-
cally, measuring NADPH oxidation at 340 nm [17]. One unit
of CAT or GR activity is defined as the amount of the enzyme
that consumes 1mol/L of substrate or generates 1 mol/L of
product per min.

Protein levels were estimated spectrophotometrically by
the method of Bradford [18] using bovine serum albumin as
a standard.

2.7. Histopathology. Histopathology was evaluated in all
experimental groups at the end of the experiment (day 35).
Six whole fish from each group were placed in 10% buffered
formalin, prepared with standard histological techniques,
stained with hematoxylin and eosin, examined by light
microscopy, and photographed using a digital camera.

2.8. Statistical Analysis. 'The statistical software program Sta-
tistica (ver. 8.0 for Windows, StatSoft) was used to compare
differences among the test groups. Prior to analysis, all mea-
sured variables were checked for normality (Kolmogorov-
Smirnov test) and homoscedasticity of variance (Bartlett’s
test). If those conditions were satisfied, a one-way ANOVA
was employed to determine whether there were signifi-
cant differences in measured variables among experimental
groups. When a difference was detected (P < 0.05), Dunnett’s
multiple-range test was applied. If the conditions for ANOVA
were not satisfied, a nonparametric test (Kruskal-Wallis) was
used. The differences in accumulated mortality among the
test groups were checked by using contingency tables (x?).

2.9. Evaluation of 35-Day LC50, LOEC, and NOEC. For the
evaluation of 35-day LC50 values, a probit analysis was used
based on mortality at different terbuthylazine-2-hydroxy
concentrations. For the evaluation of LOEC and NOEC
values, the probit analysis was based on inhibition of growth
at different terbuthylazine-2-hydroxy concentrations; 35-day
IC5 and 35-day IC10 values were used to express the NOEC
and LOEC values, respectively. For evaluation, the EKOTOX
5.1 software (Ingeo, Liberec) was used.

3. Results and Discussion

3.1. Hatching. Studies have reported that hatching can be
affected by exposure to chemicals [19, 20]. In present study
hatching began 4 days after the onset of exposure. The
majority of eggs in all treatment groups hatched by day 6. No
significantly negative effects of terbuthylazine-2-hydroxy at
the concentrations tested (0.0029-3.5 mg/L) on hatching and
embryo viability were observed. However, a marked influence
was found on survival of larvae. Our results are in accord with
results of Velisek et al. [10, 11], who found no change in carp
hatching following exposure to triazine pesticides terbutryn
and simazine.

3.2. Accumulated Mortality. Significant (P < 0.01) differ-
ences in total accumulated mortality were found in fish
exposed to the highest terbuthylazine-2-hydroxy concentra-
tion (3.5mg/L), compared with controls (Figure 1). Massive
mortality in this group occurred on days 23 and 26. Based
on accumulated mortality in the experimental groups, values
of lethal concentrations were estimated at 35-day LC50 =
10.9 mg/L terbuthylazine-2-hydroxy for early life stages of
common carp. Most control larvae survived to 23 days after
hatching, at which time it is likely that all yolk sac nutrients
were exhausted. This is in accordance with data concerning
the so called “point of no return”—the moment when the
larvae irreversibly lose ability to feed and die even if provided
with food. In common carp larvae the point of no return
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FIGURE I: Accumulated percent mortality of common carp embryos,
larvae, and juveniles after terbuthylazine-2-hydroxy exposure.

occurs about day 15 after hatching [21], and starvation-
induced mortality occurs after that time.

3.3. Length and Weight Growth Parameters. Growth can be
considered a more sensitive measure than mortality. Growth
represents an integration of a variety of physiological and
environmental factors. It provides a sensitive gauge of envi-
ronmental conditions and is important for reviewing the
success with which organisms adapt to their environment
[22]. Mass and total length of fish as related to terbuthylazine-
2-hydroxy concentration in water are shown in Figures 2 and
3. In the group 4 fish beginning on day 15 of exposure showed
significantly (P < 0.01) lower total length compared with
controls. Beginning on day 26 of exposure, in groups 2, 3, and
4 fish, terbuthylazine-2-hydroxy caused significantly (P <
0.01) lower mass and total length compared with controls.
Specific growth rates and inhibition of growth are shown in
Table 1. Inhibition of growth in the group exposed to the two
highest tested concentrations (1.4 and 3.5 mg/L) was 17.66%
and 28.32%, respectively, compared to control. Based on inhi-
bition of growth in the experimental groups, lowest observed
effect concentration (LOEC) = 0.002 mg/L terbuthylazine-
2-hydroxy and no observed effect concentration (NOEC) =
0.0001mg/L terbuthylazine-2-hydroxy. Fultons condition
factors of common carp exposed to terbuthylazine-2-hydroxy
showed no differences from untreated fish. This is supported
by another study that showed a decreased growth after
terbutryn and simazine exposure in carp [10, 11]. Growth
reductions after terbuthylazine-2-hydroxy exposure might
delay maturation and reproduction as well as increase the
susceptibility of young fish to predation and disease. Their
ability to obtain food and to compete for suitable habitats
might also be reduced.

3.4. Early Ontogeny. The developing fish embryo and early
larval stages have been shown to be especially sensitive
indicators of many types of aquatic pollution. A chemically
induced adverse effect on embryonic stages is based on
developmental events, for example, organogenesis [23, 24].
Although we have diverse information on the toxicity of

BioMed Research International

Mass (mg)
3

0
10 12 14 16 18 20 22 24 26 28 30 32 34 36
Time of test (days)

—— Control
—— E2(0.07mg/L)
—=— E4(3.5mg/L)

—o— E1(0.0029 mg/L)
—o— E3(14mg/L)

FIGURE 2: Mean mass + SD of common carp larvae (juveniles) after
terbuthylazine-2-hydroxy exposure.
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F1GURE 3: Total length + SD of common carp larvae (juveniles) after
terbuthylazine-2-hydroxy exposure.

terbutryn in adult stages of fish, little is known of effects
of this compound on embryonic development in early life
stages of common carp at environmental concentrations.
The developmental stages observed at the sampling times in
all tested concentrations and controls are listed in Table 2.
Significant differences in early ontogeny among test groups
were observed for the duration of the trial. Fish from two
highest tested concentrations (1.4 and 3.5 mg/L) were delayed
in development compared with the control group. The per-
cent of individuals in larval stages (L4b or L5) increased with
higher concentrations of terbuthylazine-2-hydroxy, whereas
the majority of control fish reached the juvenile stage. Our
results are in accord with results of Velisek et al. [10, 11],
who found differences in early ontogeny of carp following
exposure to triazine pesticides terbutryn and simazine.

3.5. Macroscopic Morphological Anomalies. In fish, develop-
mental malformations have been linked to the presence of
environmental pollutants such as persistent organochlorines
and pesticides [25]. In the present study similar morpholog-
ical anomalies were found in fish in both experimental and
control groups. These included axial and/or lateral curvature
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TaBLE 1: Growth rate and fish mortality results of the 35-day embryo-larva toxicity test on common carp after terbuthylazine-2-hydroxy

exposure.
Fish group

Control El E2 E3 E4
Terbuthylazine-2-hydroxy (mg/L) — 0.0029 0.07 1.4 35
m, (mean + SD, mg) 2.32+0.46 2.34+0.54 2.08+0.43 2.11 +0.60 227 +0.33
m;; (mean + SD, mg) 76.03 +25.58 75.08 +£18.12 48.11 +19.93" 38.23 +16.55" 27.34+ 528"
SGR 13.31 13.35 11.88 10.96 9.54
I(%) — -0.30 10.74 17.66 28.32
Total mortality (%) 7 9 18 25 50

1y, ms5: mean fish mass in selected group after 9 and 35 days exposure; SGR: mean specific growth rate in selected group after 26 days exposure; I: inhibition
of specific growth in selected group after 26 days exposure; SD: standard deviation. *Experimental groups significantly (P < 0.01) different from the control

group.

TaBLE 2: Developmental periods (DPS) during the 35-day embryo-larva toxicity test on common carp.

Fish group

Control El E2 E3 E4
Terbuthylazine-2-hydroxy (mg/L) — 0.0029 0.07 14 3.5
Times (day) DPS DPS DPS DPS DPS
9 Ec9-L1 Ec9-L1 Ec9-L1 Ec9-L1 Ec9-L1
15 L2-L3b L2-L3b L2-L3b L2-L3a LI-L2
22 L4a-L5 L4a-L5 L4a-L5 L4a-L4b L3-L4a
26 L5-L6 L5-L6 L5-L6 L4a-L4b L4a-L4b
33 L6-J1 Le-J1 Le-J1 L5-L6 L4b-L5
35 n n n L5-L6 L4b-L5

TasLE 3: Effect of terbuthylazine-2-hydroxy exposure on superoxide dismutase (SOD, nmol NBT/min/mg protein), catalase (CAT, pmol
H,0,/min/mg protein) and glutathione reductase (GR, nmol NADPH/min/mg protein), activity in homogenate of early life stages of carp.

Fish group
Control El E2 E3 E4
Terbuthylazine-2-hydroxy (mg/L) — 0.0029 0.07 1.4 35
SOD 0.3819 +0.1073 0.1726 + 0.0268" 0.1880 + 0.0447" 0.1182 +0.0626" 0.0434 +0.0136"

CAT 0.1254 + 0.0826
GR 0.1968 + 0.1726

0.1296 + 0.0678
0.1823 +0.1346

0.1477 + 0.0641
0.1037 + 0.0998

0.1640 £ 0.0512
0.1789 +0.1276

0.1825 £ 0.0696
0.1932 + 0.1470

*Experimental groups significantly (P < 0.01) different from the control group.

of the spine (lordosis and scoliosis), yolk sac deformity, and
body shortening. The incidence of these anomalies was 0.2%,
which could be considered a spontaneous appearance. In
other studies, pesticide effects that have been observed on
fish embryonic development have included malformations in
myoskeletal development (such as notochord abnormalities
of degeneration), defects along the rostral-caudal body axis,
curvature of the vertebral column, and edemas in the pericar-
dial area or yolk sac [26-28].

3.6. Antioxidant Response. Numerous studies have demon-
strated that exposure to triazine herbicides affects the antiox-
idant defense system in fish, causing an imbalance between
reactive oxidative system production and elimination and
resulting in oxidative stress and organism damage [9, 29, 30].
The first line of defense against oxidative stress consists of
the antioxidant enzymes SOD, CAT, and GPx, which convert
superoxide anions (O, ) into H,0, and then into H,O

and O, [31]. Effect of chronic exposure to terbuthylazine-
2-hydroxy on antioxidants responses SOD, CAT, and GR
in homogenate on early life stages of carp are in Table 3.
Significant differences from the control value (P < 0.01)
were seen in Groups El, E2, E3, and E4 on homogenate
early life stages of carp in SOD activity. SOD activity was
significantly lower in all groups tested terbuthylazine-2-
hydroxy compared with the control group. In CAT and
GR activities changes were not observed in tested groups.
Superoxide dismutase is an antioxidant enzyme important in
inhibiting oxyradical formation and is used as a biomarker
to indicate oxidative stress [32, 33]. In our test, decrease
in SOD activity may be due to increased generation of
ROS induced by terbuthylazine-2-hydroxy exposure. Similar
changed activities of SOD in carp tissues after pesticides
exposure have also been reported by other authors: Oruc et al.
[34], Orug and Usta [35], Velisek et al. [36], and Stara et al.
[29, 30].
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3.7 Histopathology. Generally, triazine pesticides have a
direct effect on kidney structure and function in freshwa-
ter fish [10, 11, 36-38]. No histopathological changes were
demonstrated in gills and liver following exposure to ter-
buthylazine-2-hydroxy. The majority of histological changes
were observed in caudal kidney in groups E3 (1.4 mg/L)
and E4 (3.5mg/L) compared to control fish. Fish exposed
to highest tested levels of terbuthylazine-2-hydroxy showed
alteration of tubular system that included destruction of
tubular epithelium with casts, vacuolization of tubular epithe-
lia, and disintegration of glomeruli. The kidney is important
for the maintenance of a stable internal environment with
respect to water and sodium chloride, for excretion, and,
partially, for the metabolism of xenobiotic [39]. It is evident
that renal alteration was related to terbuthylazine-2-hydroxy
exposition, while liver and gill were not affected. On the basis
of our findings it is possible to describe terbuthylazine-2-
hydroxy as a primary nephrotoxic substance.

4. Conclusions

Chronic terbuthylazine-2-hydroxy exposure of early-life
stages of common carp affected their growth rate, early
ontogeny, antioxidant enzyme, and histology. Some of the
changes (early ontogeny, histology) were observed only at two
higher exposures (1.4 and 3.5mg/L), but changes founded
in growth rate and antioxidant enzyme were affected in fish
exposed to the lowest concentration tested (i.e., 0.0029 mg/L),
which is that reported in Czech rivers in recent years. Aquatic
environment may be polluted by many substances, the effects
of which can be potentiated with combined exposures.
For detailed elucidation of terbuthylazine-2-hydroxy effects
further research is necessary. This research should be focused
not only on the studies of effects of terbuthylazine-2-hydroxy
alone but also in view of possible synergic or potentiation
effect.
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This study assessed the chronic effects of terbuthylazine-2-hydroxy (T2H), one of the main terbuthylazine deg-
radation products, on early life stages of marbled crayfish (Procambarus fallax f. virginalis) by means of mortality,
growth rate, early ontogeny, oxidative stress, antioxidant defence and histopathology. The crayfish were exposed
to four concentrations of the tested substance as follows: 0.75 ug/l (environmental concentration), 75, 375 and
750 g/l for 62 days. Concentrations over 75 pg/l caused lower weight compared to the control group. T2H at
750 pg/l caused delay in ontogenetic development. Levels of thiobarbituric acid reactive substances and total su-
peroxide dismutase activity were significantly (p < 0.01) lower in groups exposed to 375 and 750 pg/l T2H. Cray-
fish in these treatments also showed alteration of tubular system including disintegration of tubular epithelium
with complete loss of structure in some places of hepatopancreas and wall thinning up to disintegration of bran-
chial filaments with focal infiltrations of hemocytes. In conclusion, chronic terbuthylazine-2-hydroxy exposure in
concentrations up 75 pg/l (100 times higher than environmental concentration) affected growth, ontogenetic de-
velopment, antioxidant system, caused oxidative stress and pathological changes in hepatopancreas of early life
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stages of marbled crayfish.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

During the last few decades there is a global problem with increasing
concentrations of pollutants in both surface and ground waters [1]. Pes-
ticide compounds cause physicochemical changes in water environ-
ment which may directly or indirectly lead to impacts on non-target
aquatic organisms, as well as humans [1,2]. Some pesticides may accu-
mulate in aquatic ecosystems and their degradation products can occa-
sionally be more toxic than the parent compound [3].

Triazines are one of the most commonly found pesticides and their
degradation products in water [1,4]. They inhibit photosynthesis [5]. Al-
though most of them were banned in Europe in last years, these sub-
stances and their metabolites in residual concentrations are still
present in water, soil, food and various components of the environment
[6]. Currently in Europe, some triazine herbicides (atrazine and sima-
zine) are considered hazardous for the ground water. As a result, they
are ranked on the list of priority substances for testing in EU [7].

Terbuthylazine-2-hydroxy (CoH;7NsO; T2H) is the main metabolite
of terbuthylazine, which has been used for control of weeds, aquatic
plants and algae since 2006 as a substitute for the herbicide atrazine.
The half-life of T2H is between 112 and 120 days in water at 20-25 °C,

* Corresponding author.
E-mail address: velisek@frov.jcu.cz (J. Velisek).
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0048-3575/© 2016 Elsevier Inc. All rights reserved.

and 456 days at 10 °C [8]. The highest concentrations of terbuthylazine
and T2H in rivers of the Czech Republic were found to be 2.9 and
0.75 pg/l respectively [6]. Masia et al. [9] report concentration of T2H
in basin of Llobregat River (Catania, Spain) to be 9.24 pg/1.

Crayfish are important benthic invertebrates in the ecosystem,
which are considered appropriate model organisms for assessment of
environmental pollution [10,11]. There is a dearth of data on effects of
triazine herbicides on crayfish following chronic exposure. Considering
conservation status of European native crayfish [12], non-native and ac-
cording to law non-protected species marbled crayfish (Procambarus
fallax f. virginalis) were utilized as a model organism in this trial. The
aim of the present study was to investigate chronic effects of long-
term exposure to the T2H in a range of concentrations, including envi-
ronmentally realistic exposure, on crayfish survival, growth, ontogeny,
oxidative balance, antioxidant defence, and histology.

2. Materials and methods
2.1. Experimental animals

Eggs from a single marbled crayfish (Procambarus fallax f. virginalis)
female (carapace length 28.94 mm, postorbital carapace length

22.69 mm, and weight 6.68 g) were gently stripped with tweezers
from pleopods. The female originated from own laboratory culture.
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Marbled crayfish is a fast growing organism that frequently reproduces
via parthenogenesis with high fecundity, has an early maturation and
low culture requirements making it a useful model organism [13]. It is
also widely available in the pet trade and non-native in Europe [14,15].

2.2. Experimental protocol

Two hundred and ten eggs (mean weight of 2.18 mg) in X. stage of
embryonic development (embryo with maxilla) were put into plastic
macroplates where they were held separated as single individuals. The
eggs were exposed to the T2H (Sigma Aldrich, Czech Republic, chemical
purity 99.5%, CAS: 66753-07-9) concentrations while the water without
tested substance served as a control. Forty-two individuals were tested
per group and replicate. The tested T2H concentrations were as follows:
0.75 pg/l (environmentally relevant concentrations in Czech rivers —
group 1 - E1), 75 pg/1 (group 2 - E2), 375 pg/I (group 3 - E3), and
750 pg/l (group 4 — E4). Groups E1-E4 were used as contrast groups.

2.3. Water quality parameters

Aerated tap water was used, with the following parameters: dis-
solved oxygen > 75%, temperature 19.8-20.1 °C, pH 7.4-7.9, ANC4 5
(acid neutralization capacity) 0.95 mmol/l, CODy;, (chemical oxygen
demand) 1.1 mg/l, total ammonia 0.05 mg/L, NO3 4.10 mg/l, NO5>
0.04 mg/l, CI~ 8.9 mg/l and sum of Ca>* + Mg?* 1.0 mg/l. Temperature
was measured hourly using Minikin loggers (Environmental Measuring
Systems, Brno, Czech Republic). All T2H concentrations were checked
daily by high performance liquid chromatography (HPLC). Water was
chromatographed on a reverse phase HPLC column (Lichrosphere 100
RPyg, Vertex column, pore size 100 pm, particle size 5 pm,
250 mm x 5 mm ID) wusing solvent systems of
methanol:water:ammonium:acetate 70:30:0.2 and 80:20:0.2 (v:v:v)
isocratically, with a flow rate of 0.7 ml min~. Injection volume of sam-
ples was 100 pl per injection. UV detection was recorded at 230 nm. Col-
umn eluents (1 min fractions) were collected in scintillation vials using
a fraction collector (LKB 2212 HeliRac; Amersham Pharmacia Biotech,
Freiburg), dissolved in a scintillation cocktail and counted by LSC.
Water samples were assayed using the method of Richter and Nagel
[16]. Water samples were collected from all aquaria immediately before
(24 h after application) and after renewing the test solutions (0 h). The
values measured did not differ from the value stated for test purposes by
>9%.

2.4, Test conditions

The macroplates were placed in a laboratory (open-air conditions)
with the light regime (11:13 h light:dark). The exposure water for
each treatment was renewed three times weekly. Water was gently
drained from each chamber, and a new solution was slowly added. Sur-
vival was evaluated daily and dead individuals (eggs or juveniles) were
removed. From the third development stage, juveniles were fed by
freshly hatched, tap-water-rinsed brine shrimp (Artemia salina) nauplii
ad libitum once a day. During and at the end of the experiment, early de-
velopment stages were observed to monitor development, occurrence
of morphological anomalies and body weight of particular stages (al-
ways a day after moulting to allow at least partial calcification of the an-
imal). Determination of developmental periods and stages followed
Vogt et al. [17].

The toxicity test was ended after 62 days. At the end of the tests cray-
fish were sacrificed on ice anaesthesia, weighed, measured and stored
for further processing. Weight to the nearest 0.1 mg, was measured
using a Mettler-Toledo (Greifensee, Switzerland) analytical balance
after removing excess water on a filter paper. The mean specific growth
rate (SGR) for crayfish in each of the experimental groups was calculat-
ed for the period beginning at day 9 (the first sampling time) and

ending at day 62 (end of the trial) using the method described by
Kroupova et al. [18].

2.5. Oxidative stress and antioxidants biomarkers

At the end the trial surviving crayfish were immediately frozen and
stored at — 80 °C until the analysis. Frozen samples were homogenized
(1:10, w/v) with an Ultra Turrax homogenizer (Ika Staufen, Germany)
using 50 mM potassium phosphate buffer, pH 7.0, containing 0.5 mM
EDTA. The homogenate was divided into two portions, one for measur-
ing thiobarbituric acid reactive substances (TBARS), and the second cen-
trifuged at 4 °C to obtain the post-mitochondrial supernatant for
antioxidants parameters analyses - total superoxide dismutase (SOD),
catalase (CAT) and glutathione reductase (GR). The TBARS method de-
scribed by Lushchak et al. [19] was used to evaluate lipid peroxidation.

Total superoxide dismutase activity was determined spectrophoto-
metrically by the method of Marklund and Marklund [20]. The catalase
activity assay, using the spectrophotometric measurement of H,0,
breakdown at 240 nm, was performed following the method of Beers
and Sizer [21]. Glutathione reductase activity was determined spectro-
photometrically, measuring NADPH oxidation at 340 nm [22]. Protein
levels were estimated spectrophotometrically by the method of Brad-
ford [23] using bovine serum albumin as a standard.

2.6. Histopathology examination

For histological investigations crayfish were fixed in neutral buffered
10% formalin at the end of the experiment. Later they were decalcified
for 4 h (slow decalcifier DC1; containing formic acid and formaldehyde,
Labonord SAS, Germany), embedded by using of tissue processor
Histomaster 2052/1.5. Samples were circumfused with paraffin and sec-
tions from paraffin blocks were made on rotary microtome (4 pm),
stained with hematoxylin-eosin (H&E) in automatic slide staining sys-
tem (TISSUE-TEK DR 2000, SEKURA Mars, USA). The most visible tissues
- hepatopancreas and gills were examined under the light microscope
combined with camera system (MOTIC Wetzlar, Germany).

2.7. Statistical analysis

Data are expressed as mean + SD. STATISTICA version 12.0 for Win-
dows (StatSoft, Inc.) was used to perform the statistical analysis. To
compare difference in means, two way analysis of variance (ANOVA).
The significance levels for tests were p < 0.05 and p < 0.01.

Table 1

Mean body weight (mean + SD), specific growth rate, inhibition of specific growth, and
crayfish mortality on early life stages of marbled crayfish (Procambarus fallax f. virginalis)
after terbuthylazine-2-hydroxy (T2H) exposure.

T2H (ug/l) - 0.75 75 375 750

M, (mg) 593 + 5.57 + 561 + 557 + 5.70 +
0.19 039 0.40 0.45 0.42

Mg (mg) 8527+ 7806+ 6500+ 5579+ 4839+
1448 1149 1232 9117 6.97"

SGR (%) 5.00 498 458 433 401

1(%) - 0.40 8.40 13.40 19.80

Cumulative 142 16.7 19.0 16.7 19.0

mortality (%)

Mg, Mg = Mean body weight in selected group after 9 and 62 days exposure; SGR =
mean specific growth rate in selected group; I = inhibition of specific growth in selected
group; SD = standard deviation.

* Experimental groups significantly (p < 0.01, Tukey's test) different from the control
group.
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Fig. 1. Mean body weight of early life stages of marbled crayfish (Procambarus fallax f. virginalis) after terbuthylazine-2-hydroxy (T2H) exposure.

3. Results
3.1. Cumulative mortality

No apparent differences were found in total cumulative mortality
among groups. Mortality was below 20% among all tested groups
(Table 1).

3.2. Growth parameters

Mean body weight of crayfish related to T2H concentration in water
as well as a control group is depicted in Fig. 1. No significantly negative
effects on body weight and specific growth rate were observed when
environmentally relevant concentration of T2H (E1; 0.75 pg/1) was com-
pared with control. From 22 days of exposure, crayfish exposed to the
highest tested groups 750 pg/l (E4) T2H showed significantly
(p < 0.01) lower weight compared with control. Similarly, such a
trend was apparent on day 47 and 55 of exposure in crayfish exposed
to the tested groups 375 pg/l (E3) and 75 pg/l (E2) T2H, respectively
(p <0.01 in both cases). Specific growth rates and inhibition of growth
were calculated for 62 day of exposure and are given in Table 1. Inhibi-
tion of growth in the group exposed to T2H in concentrations 375 (E3)
and 750 pg/l (E4) was 13.40 and 19.80% compared to control,
respectively.

Table 2

3.3. Early ontogeny

Crayfish exposed to the highest concentration 750 pg/l T2H showed
delay in ontogeny development compared with the control group. At
the end of the trial 75% of individuals remained in VIIL stage of juvenile
development at this concentration of T2H, whereas the majority of con-
trol crayfish reached the X. stage. During the experiment there were no
apparent morphological abnormalities in crayfish.

3.4. Oxidative stress and antioxidant response

Effects of T2H exposure on oxidative stress (TBARS) and antioxidant
responses (SOD, CAT, GR) in homogenate of crayfish early life stages are
shown in Table 2. Crayfish exposed to the tested groups 375 pg/I (E3)
and 750 pg/l (E4) T2H showed significantly (p < 0.01) lower values of
TBARS level and SOD activity compared to controls. No differences
were found in CAT and GR activity among groups.

3.5. Histopathology

There were no apparent differences in hepatopancreas tissue be-
tween control and E1 group. The structure of tubules seemed physiolog-
ically with the presence of all structural cell types. The slight alterations
of this tissue were observed in groups E2, where indistinct intercellular

Effect of chronic exposure to terbuthylazine-2-hydroxy (T2H) on level of thiobarbituric acid reactive substances (TBARS) activity and superoxide dismutase (SOD), catalase (CAT), gluta-
thione reductase (GR) activity in homogenate on early life stages of marbled crayfish (Procambarus fallax f. virginalis).

T2H (ug/l) - 075 75 375 750

TBARS (nmol/mg protein) 0.447 + 0.044 0.439 + 0.029 0417 £ 0.071 0325 + 0.060° 0.302 + 0.058"
SOD (nmol NBT/min/mg protein) 0.298 + 0.140 0215 + 0.072 0.165 =+ 0.045 0.048 + 0.062" 0.068 + 0.111"
CAT (umol H,0,/min/mg protein) 0.428 + 0.262 0491 + 0313 0.447 + 0.250 0357 4 0.270 0.350 + 0.276

GR (nmol NADPH/min/mg protein) 0.091 - 0.068 0.065 == 0.047 0.044 + 0.034 0.111 4 0.044 0.078 + 0.108

* Experimental groups significantly (p < 0.01, Tukey's test) different from the control group.
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Fig. 2. Histological appearance of hepatopankreas after T2H exposition; (A) control group with typical structure of tubular epithelial cells; (B) group E2 exposed to 75 pg/l (oval indicates
intertubular infiltration of hemocytes); (C) group E4 exposed to 750 pig/1 (arrows show total disintegration of cell walls, asterisk shows congestion of hemolymph cells along the border of

the tissue), x400; H&E.

borders with intertubular infiltration of hemocytes were recorded. The
most histological changes were observed in groups 375 pg/l (E3) and
750 pg/l (E4) compared to control. Crayfish exposed to higher levels of
T2H showed alteration of the tubular system including disintegration
of tubular epithelium with complete loss of structure in some places
of hepatopancreas (Fig. 2).

The morphology of gills showed normal histological structure in
control, 0.75 pg/l and 75 g/l groups, while marked alterations were ap-
parent in 375 pg/l and 750 pg/l treatments. The changes included wall
thinning up to disintegration of branchial filaments with focal infiltra-
tions of hemocytes. Described changes were more frequent and sub-
stantial in the group exposed to the highest concentration of T2H. The
results highlighted the potential impact of higher concentrations of
T2H on crayfish hepatopancreas and gills.

4. Discussion

The results of our experiment show that triazine decomposition
product, T2H caused alterations in all monitored parameters except cat-
alase and glutathione reductase activity. All of the changes were ob-
served only at exposures (75, 350 and 750 pg/l). Only a limited
number of studies have focused on effects of triazine herbicides degra-
dation products e.g. T2H. This study is the first one monitoring the im-
pact of T2H on early life stages of marbled crayfish, respectively early
life stages of crayfish species in general.

Crayfish were subjected to prolonged exposure of the T2H concen-
tration range including the environmental one. In this study were no
significant differences in mortality, at any concentration tested from
controls. The level of accumulated mortality was lower than 20% of all
tested individuals of crayfish included control crayfish. Triazine herbi-
cides can result in mortality of crayfish at much higher concentrations
(>10 mg/L) [24]. Reported 96 h LCsq values for signal crayfish are
12.1 mg/1 for atrazine, 13.9 mg/! for terbutryn, 14.4 mg/1 for prometryn;
19.5 mg/1 for hexazinone, 30.6 mg/I for metribuzin and 77.9 mgj/! for si-
mazine [25]. In surface waters triazines have been recorded at concen-
trations much below these levels ranging from 0.1 to 10 pg/l [6].
Environmental concentrations of triazines do not reach lethal concen-
trations for crayfish.

Growth can be routinely measured in all early life ecotoxicological
tests. Growth represents an integration of a variety of physiological
and environmental factors [26]. In our test, T2H in concentrations
higher than or equal to 75 pg/l caused decrease of body weight and in-
hibition of growth in early life stages of marbled crayfish. The greatest
difference was in the concentration of 750 pg/l T2H, where the inhibi-
tion of growth was 19.8% compared to control. The impact of reductions
of growth may be the delay of reproduction as well as increased suscep-
tibility of young crayfish to predation and disease. The results presented
here are also in agreement with earlier studies on fish exposed to tri-
azines [27-29].

In embyrolarval toxicity tests, delayed early development is com-
monly found after exposure of xenobiotics [29-31] and can be used as
a relatively sensitive parameter for the evaluation of impacts of pesti-
cides on aquatic organisms. Crayfish exposed the highest concentration
750 pg/l T2H showed delay in ontogeny development. According to
many studies triazine herbicides cause delay of early ontogeny in aquat-
ic organisms [24,29,32,33].

Triazine herbicides cause oxidative stress and change activity of an-
tioxidant enzymes in aquatic organisms [24]. Changes in antioxidant
enzyme activity in aquatic organisms can depend on the intensity (con-
centration) and the duration of the exposure [34,35]. In our study, the
two highest T2H concentrations caused a decrease of TBARS level and
SOD activity in crayfish. The changes in activity of SOD demonstrate a
T2H induced adaptive response in crayfish, and an attempt to neutralize
reactive oxygen species (ROS) [36]. Induction of SOD systems provides
the main line of defence against oxidative stress and is the major en-
zyme in eliminating oxidative stress formed during bio activation of
T2H. Similar changes were described by Koutnik et al. [37] in signal
crayfish (Pacifastacus leniusculus) exposed to low concentrations
(0.52 pg/1) of metribuzin. The reported study shows also that transfer
of crayfish to metribuzin-free water leads to improvement of the phys-
iological homeostasis. Hostovsky et al. [35] also confirmed changes in
antioxidant enzymes in fish exposed to triazine herbicides, including
terbuthylazine.

The liver is the primary organ of metabolism and excretion of xeno-
biotics. However, degradation of xenobiotics might be overwhelmed by
higher concentrations of these substances leading to failure of regulato-
ry mechanisms resulting in histopathological damage [38]. T2H in
higher concentrations (375 and 750 pg/l) caused histopathological
changes in hepatopancreas and gills of crayfish. This result is in concor-
dance with Koutnik et al. [37] and Velisek et al. [32]. Both these studies
demonstrated that triazine herbicides have impacts on hepatopankreas
of crayfish, especially at high concentrations. Biagianti-Risbourg and
Bastide [39] reported that atrazine affect the liver in fish, which shows
a substantial increase in the size of lipid inclusions, followed by lipoid
degeneration, enlargement of the secondary lysosomes, mitochondrial
malformation and vacuolization. Short-term exposure to terbuthylazine
in high concentrations in common carp (Cyprinus carpio) leads to irrita-
tion and injury to the gills, which negatively affects respiration, ammo-
nia excretion and causes perturbations in ion homeostasis [40].

5. Conclusion

The exposure of marbled crayfish to T2H at concentrations similar to
those encountered in the environment had no effect on early life stages.
However, exposure at much higher concentrations (75 to 750 pg/1) of
T2H resulted in aberrations in all monitored parameters, except catalase
and glutathione reductase activities. Exposures at these high concentra-
tions of T2H would result in changes in metabolism of marbled crayfish.
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Some of these changes are likely the result of oxidative stress; however,
the mechanisms remain to be elucidated.
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Abstract OBJECTIVES: The aim of the study was to investigate effects of the triazine herbi-
cide metribuzin on signal crayfish Pacifastacus leniusculus Dana by determining
oxidative stress (thiobarbituric acid reactive substances) and antioxidant indices
(total superoxide dismutase, catalase, glutathione reductase) in hepatopancreas,
muscle, and gill as well as assessing their histopathology.

DESIGN: Crayfish were exposed to metribuzin concentrations of 0.52 pg.1-! (real-
istic environmental concentration) and 3.06 mg.1-! (10% 96hLC50) for 10 and 30
days followed by a 30-day depuration period without exposure to metribuzin.
RESULTS: In the thiobarbituric acid reactive substances, superoxide dismutase,
and catalase were observed differences in all examined tissues compared to the
control group. Differences from control were observed in glutathione reductase
activity in hepatopancreas after 10 days for both exposure concentrations and after
30 days at 3.06 mg.1-1. Histological examination revealed extensive focal autolytic
disintegration of tubular epithelium in hepatopancreas of crayfish exposed to
metribuzin for 30 days.

CONCLUSIONS: Chronic exposure of metribuzin resulted in oxidative damage
to cell lipids, in changes of antioxidant activity in crayfish tissue, and pathologi-
cal changes in hepatopancreas. The results suggest that selected oxidative stress
biomarkers, antioxidant enzymes, and pathologies of hepatopancreas may have
potential as biomarkers for monitoring residual triazine herbicides in the aquatic

dTOI LYYV TVNIDIYO

environment.
INTRODUCTION
Abbreviations: The increasing worldwide contamination of sur-
ANOVA - analysis of variance face and groundwater systems with thousands of
CAT - catalase ) industrial and natural chemical compounds is a
tggo - :?f’:' °°“C,thfa“°" critical environmental problem (Schwarzenbach et
- lipid peroxidation . e . . .
GR - glutathione reductase al. 2006). Pest1c1des make a major contrlbgtlon to
SoD - superoxide dismutase the pollution of aquatic ecosystems. There is com-
TBARS - thiobarbituric acid reactive substances pelling evidence that use of agricultural pesticides
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has a strong impact on water quality and is a factor in
extensive pollution of rivers, lakes, and estuaries, affect-
ing non-target aquatic organisms (Velisek et al. 2012;
Stara et al. 2012, 2013).

Triazines herbicides are among the most commonly
used pesticides worldwide. In recent years, concerns
about the persistence, mobility, and toxicity of triazines
and their metabolites have been growing, owing to the
detection of residual concentrations of these herbicides
in ground and surface water as well as in other environ-
mental compartments (Chapadense et al. 2009). There-
fore it is prudent to study the long-term effects of these
substances on non-target organisms.

Metribuzin  (4-amino-6-tert-butyl-3-(methythio)-
1,2,4-triazin-5-one) is an asymmetrical triazine herbi-
cide. It was first registered as a pesticide in the USA in
1973. Metribuzin is used to selectively control certain
broadleafand grassy weeds in a wide range of sites includ-
ing vegetable and field crops, turf grasses in recreational
areas, and non-crop areas (Fairchild & Sappington
2002). The contamination of water may result from spray
and vapor drift, runoff and leaching from treated land,
or from accidental spills (Fairchild & Sappington 2002).

Crayfish are important benthic invertebrates in
the ecosystem, and they are considered an appropri-
ate model organism for pollution of water (Kouba et
al. 2010; Stara et al. 2014). There is a dearth of data on
effects on crayfish of chronic exposure to metribuzin
at environmentally realistic concentrations. European
native crayfish are facing distribution losses across their
range (Kouba et al. 2014), are endangered, and often
protected by both European and national laws (Kozak
et al. 2011). Hence, we selected adults of the invasive
and widely-spread signal crayfish Pacifastacus leniuscu-
lus as a model non-target aquatic organism. The aim of
the present study was to investigate effects of long-term
exposure to low metribuzin concentrations on oxidative
stress, antioxidant defense, and histopathology in signal
crayfish Pacifastacus leniusculus L.

MATERIALS AND METHODS
Chemicals

Metribuzin (chemical purity 99.3%) and other chemi-
cals were purchased from Sigma-Aldrich Corporation
(USA).

Experimental animals

Trap-caught crayfish originated from the natural popu-
lation in the Horni Kozlov Pond, Vysocina region, Czech
Republic. The mean carapace length was 46.4 mm, and
mean weight was 38.5g.

Experiment design

Crayfish were held in aquaria containing 100 L of fresh-
water. Water temperature ranged from 18.5 to 20.8°C,
pH7.4-8.03, and oxygen saturation 72-99%, with foto-
period light:dark 12:12. Aquaria were equipped with

plastic shelters to deter cannibalism (Kouba et al. 2012).
Crayfish were acclimatized for 10 days before the begin-
ning of the experiment.

Experimental protocol

The trial was a semistatic design conducted over 60
days. Crayfish were exposed for 30 days to metribuzin
followed by a 30-day depuration period in water
without the herbicide. Signal crayfish (n=108) were
allocated, in groups of 12, to one of two experimental
metribuzin concentrations or to an untreated control
group. Each treatment was tested in triplicate. The
selected metribuzin concentrations were: 0.52pg.l-!
(the reported environmental concentration in Czech
rivers) and 3.06 mg.1-1. The latter concentration corre-
sponds to 10% of the 96 h LC50 value of metribuzin to
this species (Velisek et al. 2013). Crayfish were fed once
daily on a commercial diet for fish, SteCo Pre Grower-
14 2.0 mm (Coppens International, Netherlands), at 1%
body weight per day.

The solution was renewed daily 2 h after feeding to
maintain water quality and the appropriate concentra-
tion of metribuzin. To ensure comparability between
nominal and actual compound concentrations, water
in the aquaria was analyzed throughout the experi-
mental period by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Barcelo & Hennion 1997).
The mean concentration of metribuzin in the water
samples was consistently within 8% of the intended
concentration.

Tissue samples and preparation of post-mitochondrial

supernatant

At the completion of each exposure period, 10, 30,
and 60 (30 days depuration) days, three crayfish from
each group were randomly selected, anesthetized on
melting ice and killed. The gills, hepatopancreas, and
abdominal muscle were quickly removed, immediately
frozen, and stored 20 days at —80°C until analysis.
Frozen tissue samples were weighed and homogenized
using an Ultra Turrax homogenizer (Ika, Germany)
with 50mM potassium phosphate buffer (1:10, w/v),
pH7.0, containing 0.5mM EDTA. The homogenate
was divided into two portions, one to measure thiobar-
bituric acid reactive substances (TBARS) and the other,
centrifuged at 12000 g for 30 min at 4°C, to obtain the
post-mitochondrial supernatant for further analyses of
antioxidant parameters.

Indices of oxidative stress and antioxidant parameters

The TBARS method described by Lushchak (2005)
was used to evaluate lipid peroxidation (LPO). Total
superoxide dismutase (SOD; EC 1.15.1.1) activity was
determined by the method of Marklund and Marklund
(1974). The catalase (CAT; EC 1.11.1.6) activity was
performed following the method of Beers and Sizer
(1952). Glutathione reductase (GR) activity was deter-
mined spectrophotometrically, measuring NADPH

Copyright © 2014 Neuroendocrinology Letters ISSN0172-780X + www.nel.edu
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oxidation at 340 nm (Carlberg & Mannervik 1975).
Protein levels were estimated spectrophotometrically
by the Bradford (1976) method, using bovine serum
albumin as standard.

Histopathology

Histopathology was evaluated in all experimental
groups on the sampling days. The samples of gill and
hepatopancreas were immediately fixed in 10% forma-
lin, drained, and embedded in paraffin. Sections were
cut from the paraffin blocks, stained with hematoxy-
lin-eosin, examined by light microscopy, and photo-
graphed using a digital camera.

Statistical analysis

One-way ANOVA was conducted to compare differ-
ences among the test groups using the software pro-
gram Statistica, version 12.0 for Windows (StatSoft).

RESULTS
Crayfish behavior

There were no observed differences in feed intake, shel-
tering, escaping, and rate of movement among crayfish
treatment groups during the trial. No mortality was
observed.

Oxidative stress indices

The level of TBARS in gill of all experimental groups
was significantly increased (p<0.05) after 10 days expo-
sure, but decreased (p<0.01) compared to the control
group after 30 days exposure. The level of TBARS was
significantly increased (p<0.01) in muscle of crayfish
exposed 30 days to metribuzin at 3.06 mg.I-! compared
to control. Higher TBARS levels were observed in
hepatopancreas of crayfish in both metribuzin expo-
sure groups compared to control after 10 days. There
were no differences between the exposed groups and

The effect of long-term metribuzine exposure to
signal crayfish (Pacifastacus leniusculus Dana)

Metribuzin toxicity on signal crayfish

control in any examined tissues after 30-day depuration

(Table 1).

Antioxidant enzymes

The SOD activity in gill, muscle, and hepatopancreas
of all groups is summarized in Table 2. The SOD
activity in gill was significantly (p<0.01) decreased in
the group exposed to 3.06 mg.I-! metribuzin after 10
days, but values were higher (p<0.01) at both exposure
levels compared to control after 30 days and 60 days.
In muscle, the SOD activity was significantly (p<0.01)
lower than in controls in the group exposed to the
3.06 mg.l-! metribuzin after 10 days, and higher with
both concentrations after 30 days (p<0.01) exposure.
The SOD activity in hepatopancreas at both tested con-
centrations was significantly lower (p<0.01) compared
to the control after 10 days.

Effects of chronic exposure to metribuzin on activity
of CAT are shown in Table 3. The CAT activity in gill
was significantly (p<0.01) increased in both metribuzin
exposure groups at 10 days, and in liver was increased
after 30 days exposure. The CAT activity in muscle was
significantly (p<0.01) decreased in the group exposed
to 3.06 mg.l-! metribuzin after 10 and 30 days. Lower
values than control were observed after 30 days depura-
tion for both tested metribuzin concentrations.

Glutathione reductase activity is shown in Table 4.
The GR activity in hepatopancreas was increased
(p<0.05) in both experimental groups after 10 days,
and, after 30 days, was decreased (p<0.05) compared
to control in the group receiving 0.52 pg.I-! metribuzin.

Histopathology

There were no apparent differences in hepatopancreas
tissue between all crayfish groups sampled 10th day of
test. The morphology of examined hepatopancreas in
this sampling time was normal and all different cell
types were comparatively uniform in size and shape and

Tab. 1. Effect of chronic exposure to metribuzin on level of thiobarbituric acid reactive substances (TBARS, nmol mg™! protein) in signal

crayfish (Pacifastacus leniusculus Dana) tissues.

) Test groups
Tissue f:al’;s)“’e e Control 3t 52
(0.52 pg.I-1) (3.06 mg.I-")
Gill 10 0.0844+0.0078 0.0995+0.0083* 0.1066+0.0131*
30 0.1045+0.0229 0.0890+0.0211** 0.0687+0.0203**
recovery (30) 0.0661+0.0161 0.0782+0.0078 0.0756+0.0141
Muscle 10 0.1025+0.0333 0.1087+0.0116 0.0946+0.0256
30 0.0526+0.0192 0.0424+0.0145 0.1018+0.0286**
recovery (30) 0.1417+0.0214 0.1198+0.0370 0.1059+0.0222
Hepatopancreas 10 0.2397+0.0470 0.3528+0.0703* 0.3644+0.1136*
30 0.3926+0.1517 0.4028+0.1336 0.3432+0.1075
recovery (30) 0.295240.0528 0.2995+0.0699 0.3954+0.1129

Data are means + S.D., n=9. Significant differences compared with control value, *p<0.05; **p<0.01.
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Tab. 2. Effect of chronic exposure to metribuzin on superoxide dismutase (SOD, nmol NBT min-! mg-! protein) activity in signal crayfish

(Pacifastacus leniusculus Dana) tissues.

X Test groups
e (E:l(:;ss)ure time A %
Contich (0.52 pg.I1) (3.06 mg.I1)
Gill 10 0.0886+0.0368 0.0612+0.0219 0.0149+0.0046**
30 0.0486+0.0169 0.1652+0.0505** 0.0603+0.0261**
recovery (30) 0.0857+0.0514 0.1569+0.0371** 0.1809+0.0399**
Muscle 10 0.2894+0.0700 0.2220+0.0685 0.1341+0.0675**
30 0.1127+0.0801 0.3816+0.1630** 0.3360+0.0952**

recovery (30)

0.1547+0.0466

0.2113+0.2481

0.1061+0.0375

Hepatopancreas 10

0.4782+0.1663 0.2318+0.0669** 0.2542+0.0594**
30 0.2607+0.0721 0.2153+0.0573 0.2974+0.0767
recovery (30) 0.3030+0.0477 0.3798+0.0713 0.382+0.0732

Data are means + S.D., n=9. Significant differences compared with control value, *p<0.05; **p<0.01.

Tab. 3. Effect of chronic exposure to metribuzin on catalase (CAT, pmol H,0, min-' mg-! protein) activity in signal crayfish (Pacifastacus

leniusculus Dana) tissues.

Test groups
M (E::;s)ure time A a5
Sentich (0.52 pg.I1) (3.06 mg.I-1)
Gill 10 0.0500+0.0256 0.0969+0.0477** 0.1318+0.0720**
30 0.1526+0.1030 0.1413+0.0803 0.1567+0.0882
recovery (30) 0.1798+0.1312 0.2035+0.1248 0.3364+0.1269
Muscle 10 0.0925+0.0690 0.0800+0.0436 0.0405+0.0205**
30 0.1162+0.0875 0.1021+0.0812 0.0798+0.6065**
recovery (30) 0.2152+0.0729 0.1378+0.0483** 0.0893+0.0450**
Hepatopancreas 10 1.1588+0.1456 1.4438+0.4888 0.8957+0.3653
30 0.9138+0.3769 1.3464+0.5726** 1.2972+0.3467**
recovery (30) 1.0773+1.4706 0.7639+0.3575 0.8531+0.4467

Data are means + S.D., n=9. Significant differences compared with control value, *p<0.05; **p<0.01.

Tab. 4. Effect of chronic exposure to metribuzin on glutathione reductase (GR, nmol NADPH/min/mg protein) activity in signal crayfish

(Pacifastacus leniusculus Dana) tissues.

Test groups

Tissue :E::;ss)ure time A o
contiol (0.52 pg.I-1) (3.06 mg.I")
Gill 10 0.0406+0.0121 0.0339+0.0117 0.0363+0.1428
30 0.0475+0.0155 0.0329+0.0140 0.0740+0.0513
recovery (30) 0.0590+0.0333 0.0846+0.0714 0.0809+0.0398
Muscle 10 0.1436+0.1391 0.0930+0.0511 0.0757+0.0369
30 0.0950+0.0797 0.0356+0.0278 0.0557+0.0276
recovery (30) 0.0895+0.0801 0.0758+0.0556 0.1330+0.0750

Hepatopancreas 10

0.2171+0.0649

0.3950+0.1895*

0.3556+0.1428*

30

0.2601+0.1273

0.1771£0.1047*

0.2478+0.1431

recovery (30)

0.2751+0.1854

0.2551+0.1783

0.1719+0.0978

54

Data are means + S.D., n = 9. Significant differences compared with control value, *p<0.05.
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easily recognized. The apparent changes of hepatopan-
creas were observed in groups exposed to metribuzin
for 30 days (Figure 1). The main histopathological find-
ings revealed extensive focal autolytic disintegration of
tubular epithelium. The intensity of changes and the
alteration of tissue was more pronounced in group
exposed to 3.06mg.l-! of metribuzin compared with
control. On the basis of the examination performed
30 days after metribuzin exposition, where no analo-
gous histopathological changes were observed, we could
suppose, that all changes are reversible. This mean-
ing is supported by the finding of higher occurrence
of mononuclear cells in interstitial hemolymph space.
No pathological changes were observed in gill of signal
crayfish following chronic exposure to metribuzin.

DISCUSSION

Many classes of environmental pollutants or their
metabolites exert toxicity related to oxidative stress
and can cause oxidative damage in aquatic organisms
(Lushchak et al. 2005; Stara et al. 2013, 2014). The main
objective of this study was to determine the influence
of metribuzin on signal crayfish oxidative stress, anti-
oxidant parameters, and histology. The assessment of
oxidative stress markers is critical to the investigation
of oxidative stress in organisms. Pro-oxidant activity
can be used to assess water pollution (Slaninova et al.
2009). The steady-state concentration of the markers
of oxidative stress is a balance between production and
elimination, producing a steady-state ROS level.

The TBARS assay quantifies oxidative stress and
damage in fish tissue through assessment of levels of
the lipid peroxidation that occurs with free radical gen-
eration (Oakes & van der Kraak 2003). Our data dem-
onstrated that chronic exposure to metribuzin affected
TBARS levels in tissue of signal crayfish. Stara et al.
(2014) did not observe significant differences from
controls in TBARS levels in tissue of adult red swamp
crayfish Procambarus clarkii following prometryne

The effect of long-term metribuzine exposure to
signal crayfish (Pacifastacus leniusculus Dana)

Metribuzin toxicity on signal crayfish

exposure. Responses to oxidative stress may differ
depending on species, age, duration of exposure, tissue/
organ, and concentration of the herbicide tested.

The antioxidant defense system includes enzymes
such as superoxide dismutase, glutathione peroxidase,
catalase, glutathione reductase, glutathione-S-transfer-
ase, and glucose-6-phosphate dehydrogenase (Menezes
et al. 2011). These antioxidants scavenge free radicals
to prevent oxidative damage. Superoxide dismutase
and CAT systems provide a first line of defense against
ROS (Nwani et al. 2010). Superoxide dismutase is an
antioxidant enzyme important in inhibiting oxyradical
formation and is used as a biomarker to indicate oxi-
dative stress (Zhang et al. 2004). In our study, chronic
exposure to metribuzin affected SOD and CAT activity
in signal crayfish. Overall, results indicated disruption
of the normal oxidation process, suggesting a failure
in antioxidant defense systems as indicated by SOD
and CAT levels. These results concur with Stara et al.
(2014), who found changes in SOD and CAT activity
in red swamp crayfish Procambarus clarkii following
prometryne exposure.

Glutathione reductase plays an essential role in cell
defense against reactive oxygen metabolites. Glutathi-
one reductase maintains the reduced status of gluta-
thione, which is necessary for gluthatione peroxidase
activity; hence GR regulates homeostatic oxido-reduc-
tive balance in the living cell (Djordjevic et al. 2010). In
our study, we found difference from control in GR activ-
ity in liver after 10 and 30 days exposure to metribuzin.
Generally, elevated GR activity reflects the oxidation of
reduced glutathione, which is converted to glutathione,
the substrate of GR activity (Elia et al. 2006). Stara et
al. (2014) found significantly increased activity of GR
in red swamp crayfish after prometryne exposure.

The effect of chronic exposure to low concentra-
tions of metribuzin on histology of crayfish has not
yet been investigated. In our study, crayfish exposed
to metribuzin at both 0.52ug.l-! and 3.06 mg.I-! dem-
onstrated changes in hepatopancreas. The crustacean
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Fig. 1. Transversal sections of hepatopankreatic tubules of signal crayfish (Pacifastacus leniusculus Dana). A - control group; B - group
exposed to 3.06 mg.I-" metribuzin for 30 days; C - group examined 30 days after metribuzin exposure (depuration period) (100x).
Transversal sections of tubules show four different types of cells. R (resorptive) cells are consist of multiple lipid vacuoles variable in size;
B (blisterlike) cells contain one large secretory vesicle; E (embryonic) cells are undifferentiated precursors of other cell types typically
located in the distal tip; F (fibrillar) cells have basophilic cytoplasm with large amounts of ribosomes and endoplasmic reticulum.
Asterisks (*) mark autolytic disintegration of tubular epithelium; small cross (+) marks visible interstitial edema; and letter (M) marks

mononuclear cells.
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hepatopancreas is the main organ for the detoxification
of pollutants. Similar pathological changes in hepa-
topancreas were reported in red swamp crayfish after
exposure to insecticides (Heiba 1999; Desouky et al.
2013). On the other hand, Stara et al. (2014) observed
no pathological changes in hepatopancreas of adult red
swamp crayfish with prometryne exposure. Observed
changes were probably due to accumulation of the
metribuzin in the cells of the hepatopancreas or to
increasing activity of lysosomal enzymes, which are
capable of destroying cell organelles.

CONCLUSION

This is the first report of the chronic effects of metribuzin
on oxidative stress, antioxidant enzymes and histology
in crayfish. The present study demonstrated difference
in oxidative stress and antioxidant defence systems in
tissues, as well as pathological changes in hepatopan-
creas, following long-term exposure to metribuzin. Our
long-term toxicity test demonstrates that metribuzin
can cause differences in crayfish metabolism and dis-
turb homeostasis even at the environmental concentra-
tions. The information presented in this study aids in
understanding the mechanisms of metribuzin’s effect
on this animal group. Indices applied in this study may
potentially be used as indicators in monitoring residual
metribuzin in the aquatic environment.
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GENERAL DISCUSSION

Triazines are most frequently detected pollutants in aquatic environment (Kodesova et al.,
2011; Bottoni et al.,, 2013; Bonansea et al.,, 2013). As a consequence, residual amounts of
triazines and their metabolites have been found in drinking water and foods (Van der Oost
et al.,, 2003), increasing concern for the possible threats to human health posed by exposure
to these pollutants (Baynes and Riviere, 2009; Boffetta et al., 2013; Kumar et al., 2013).
Moreover, some of triazine pesticides are prohibited in European country. S-triazines have
been identified as relevant in a study on the prioritizing of substances dangerous to the
aquatic environment in the European Community and they are included in the EU Priority
Pollutants List and the U.S. EPA List. There is no data on the long-term exposure of triazines
and their metabolites to early life stage of crayfish and fish at environmentally realistic
concentrations. Newly hatched larvae constitute a particularly critical and sensitive life stage,
because at hatching the embryos lose their protective membrane and are fully exposed to
xenobiotics.

Behaviour

Changes in behavioural (for example, social interactions, and dominance hierarchies) after
xenobiotics exposure can have serious implications for organisms (Shinn et al., 2015). Triazines
alters chemical perception of natural substances and critical olfactory-mediated behaviours in
crayfish (Belanger et al., 2015). We observed no behaviour (moving and food intake) changes
in tests with all tested triazines and their metabolites. Our result agree with studies showing
no differences in behaviour of early life stages, juveniles and adult of fish and crayfish following
exposure to triazines or their metabolites at environmentally relevant concentrations (Stara
et al, 2012, 2014, 2016). Velisek et al. (2013) reported behaviour changes as increased of
moving backward, lost equilibrium, loss of claws and walking legs in juvenile signal crayfish
(Pacifastacus leniusculus Dana) after acute exposure (higher than 1 mg/L) to triazine
(atrazine, hexazinone, metribuzine, prometryne, simazine, and terbutryne). These results
indicate that behaviour is impaired by only exposure to acute, but not by environmentally
relevant levels of triazine or their metabolites, but some studies on mammals showed that
exposures to xenobiotic during early ontogenesis result in behavioural alterations in adult
(Weis, 2014).

Growth

Growth can be routinely measured in all early life ecotoxicological tests. Growth is generally
considered a more sensitive parameter than mortality (Bengtsson, 1974), however, this
difference in sensitivity to xenobiotics can be species-specific (Woltering, 1984). We observed
important differences in growth in tests on early life stages of carp after longer exposure
of prometryne (Velisek et al., 2015a), terbuthylazine (Velisek et al., 2015b), terbuthylazine-
desethyl (Velisek et al., 2016a), tebuthylazine-2-hydroxy (Velisek et al., 2014a) and in test on
early life stages of marble crayfish after longer exposure of tebuthylazine-2-hydroxy (Koutnik
et al,, 2017). The impact of reductions of growth may be the delay of reproduction as well
as increased susceptibility of young carp or crayfish to predation and disease. Their ability to
obtain food and to compete for suitable habitats might also be reduced.The results presented
here are also in agreement with earlier studies on fish and crayfish exposed to triazines and
their metabolite (Velisek et al., 2012a, b). Plhalova et al. (2009) reported growth reduction of
zebrafish (Danio rerio) after 28 days of exposure to terbutryne. Erickson and Turner (2002)
reported adverse effects on growth of fathead minnows (Pimephales promelas) exposed to
prometryne.
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Ontogenetic development

The early developing of fish and crayfish have been shown to be especially sensitive
indicators of xenobiotics. A chemically induced adverse effect on embryonic stages is
based on developmental events, for example, organogenesis (Pickering and Lazorchak,
1995; Hallare et al., 2005). In embryolarval toxicity tests, delayed of early development is
commonly found after exposure to pesticides (Woltering, 1984; Velisek et al., 2016b). Data
from the literature indicate that in embryolarval toxicity tests with aquatic organisms early
development is sensitive parameter for evaluation of impacts of xenobiotics. We observed
delay in early ontogenetic development in carp after longer exposure of prometryne (Velisek
et al., 2015a), terbuthylazine (Velisek et al., 2015b), terbuthylazine-desethyl (Velisek et al.,
2016a), tebuthylazine-2-hydroxy (Velisek et al., 2014a) and in test on early life stages of
marble crayfish after longer exposure of prometryne (Velisek et al., 2014b) and tebuthylazine-
2-hydroxy (Koutnik et al., 2017), but these dealy in early ontogenetic development were only
in highest concentrations of triazines. These findings are in accord with other studies which
describe delay of ontogenetic development in common carp after exposure to terbuthylazine
(Stepanova et al., 2012), and terbutryne (Velisek et al., 2012a). Early development of carp
and crayfish is not a sensitive biomarker for monitoring of triazines and their metabolites in
aquatic environment.

Histopathology

Triazines has been reported to be associated with damage to aquatic organism’s kidney
structure (Gunkel, 1981; Neskovic et al., 2003; Velisek et al., 2009, 2010, 2011). We observed
in our study histopathological changes of gills and hepatopancreas of crayfish and carp.
Gills are a vital organ as they play an important role in diffusion and transport of respiratory
gases and regulation of osmotic and ionic balance. Gills are a primary target organ for most
pollutant, uptake from water is the most important route, and may be one of the first organs
to exhibit symptoms of toxicity (Desouky et al., 2013). Changes in our studies caused of
tested triaznes and their metabolites in gills may affect osmoregulatory gills function and
gases exchange. The hepatopancreas of aquatic organisms is likely the main organ for the
detoxification of pollutants (Vogt, 2002) and produces and secretes all digestive enzymes
involved in carbohydrate metabolism, production of emulsifiers, excretion, and calcium,
and heavy metal storage (Holdich and Reeve, 1988). Changes of hepatopancreas in our
experiments are probably due to accumulation of the triaznes and their metabolites in the
cells of hepatopancreas or due to increasing the activity of lysosomal enzymes which are
capable of destroying cell organelles. Observed pathological changes are in accord with those
described in Desouky et al. (2013) in red swamp crayfish (Procambarus clarkii) gills after
exposure of ethion. Histopathological tissue changes in cranial kidney were similar to the
changes found in fish by other authors (Fischer-Scherl et al., 1991; Arufe et al., 2004; Oropesa
et al., 2009; Velisek et al., 2012a, 2014b, 2015a). The histopathology of fish and crayfish
a sensitive biomarker for monitoring of triazine and their metabolites in aquatic environment.

Oxidative stress and antioxidant parameters

Xenobiotics can affect many physiological and biochemical processes in tissues (Durmaz
et al.,, 2006), leading to the production of reactive oxygen species (Stara et al., 2016). The
antioxidant enzymes (superoxide dismutase, glutathione peroxidase, catalase, glutathione
reductase, glutathione-S-transferase, and glucose-6-phosphate dehydrogenase) scavenge
free radicals to prevent oxidative damage (Menezes et al., 2011). Superoxide dismutase and
catalase systems provide a first line of defense against reactive oxygen species (Nwani et
al., 2010). Superoxide dismutase is an antioxidant enzyme important in inhibiting oxyradical
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formation and is used as a biomarker to indicate oxidative stress (Zhang et al., 2004). In my
studies, | found changes in antioxidant enzymes (superoxide dismutase, catalase, glutathione
reductase) for exposure of the tested triazines and theit metabolites at environmentally
realistic exposures. Overall, results indicated disruption of the normal oxidation process,
suggesting a failure in antioxidant defense systems. These results concur with Stara et al.
(2014), who found changes in superoxide dismutase and catalase activity in red swamp
crayfish (Procambarus clarkii) following prometryne exposure. Hostovsky et al. (2014) also
confirmed changes in antioxidant enzymes in fish exposed to triazine herbicides, including
terbuthylazine. Antioxidant defence enzymes and oxidative damage appear to be reliable
biomarker of xenobiotic to non-target species.

Conclusion

Triazines and their metabolites are most frequently detected pesticides in aquatic
environment. S-triazines have been identified as relevant in a study on the prioritizing of
substances dangerous to the aquatic environment in the member states of the European
Community and they are included in the EU Priority Pollutants List and the US Environmental
Protection Agency’s List. Aqautic organisms are widely used as biological monitors of
xenobiotics. The present dissertation is a contribution to the assessment of effects of
triazines and their metabolites on early life stages of common carp (Cyprinus carpio L.)
and marbled crayfish (Procambarus fallax f. virginalis). The common carp was selected as
a model fish due to its worldwide economic importance. The decapod crustaceans belong
to the most conspicuous aquatic invertebrates, often playing ecologically and economically
important roles. These species, typically crayfish, fulfil criteria described for bioindicators.
Crayfish are considered as keystone species due their general ecological importance and
their role as productive ecosystem engineers in the aquatic ecosystems. They can be usually
easily identified, their populations can be abundant and widespread, having small home
range, hence migrations do not influence the level of xenobiotic accumulated in their tissues.
Specimens are therefore representatives of the locations in which they occur. They are easily
captured in natural conditions as well as cultured and the body size usually provides sufficient
amount of tissues for individual biochemical and chemical analyses. Another advantage of
using invertebrates and early life stages of fish as bioindicators is fulfilling of 3R (Replace,
Reduce, Refine) concept.

The our results of studies provide data on chronic exposure to triazines and their metabolites
for consideration in risk assessment. For testing we selected three active substances of
triazines (prometryne, terbuthylazine and metribuzine) and their metabolites (terbuthylazine-
desethyl and tebuthylazine-2-hydroxy), which are most frequently detected in surface waters.
The findings contribute to knowledge of the toxic potential of triazine herbicides and their
metabolites to common carp and crayfish at real concentrations in the Czech rivers.
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English summary

ENGLISH SUMMARY

The effect of triazine based pesticides and their metabolites on no-target aquatic organisms
Dalibor Koutnik

The aquatic environment continues to be under threat by the use of pesticides, resulting
in high risk to non-target organisms. Pesticides used in agro-ecosystems and forests enter
aquatic environments such as streams, rivers, and lakes if applied in adjacent areas or if an
accidental spill occurs. Such pesticides are carried into aquatic environments by surface runoff
fromsites of application and can negatively affect the health of aquatic organisms. Triazines
and their metabolites are frequently detected in rivers, due to persistency, water solubility,
and mobility. Metabolites of triazines are more polar than the parent substance and thus pose
a greater potential risk for aquatic animals. Suitable example is atrazine and its metabolites.

Therefore, the main goal of our thesis was to observe the impact of triaiznes and their
matabolites on non-target aquatic organisms. For the studies, we chose the early life
stages of common carp (Cyprinus carpio L.) and marbled crayfish (Procambarus fallax f.
virginalis). In selected organisms, we observed long-term effect of triazine herbicides
(prometryne, terbuthylazine, metribuzine) and their metabolites (terbuthylazine-desethyl
and tebuthylazine-2-hydroxy) in concentrations commonly occurring in Czech rivers. Effects
of selscted substances have been assessed through observation of behavior, growth,
ontogenetic development, histopathological examination and antioxidant parameters and
oxidative tissue damage on fish and crayfish.

The first part is about monitoring the effects of triazines (prometryne, terbuthylazine) on
the early development stages of carp and marble crayfish. Subchronic prometryne exposure
of early-life stages of common carp at concentrations of 1200 and 4 000 nug/L affected their
survival, growth rate, early ontogeny, and histology. Terbuthylazine in concentration 1400 and
3 000 pg/L caused significant decrease of mass, total length, delayed in development and
cause of alternation of tubular system of caudal kidney of carp. Prometryne in concentration
144, 1 444 and 4 320 pg/L caused decrease of weight, specific growth rates and caused
histopathological changes in gill of crayfish. Moreover concentration 4 320 pg/L of prometryne
caused delay in ontogenetic development of crafysh.

Second part of the work has included effects of low concentrations of metabolites
(terbuthylazine-desethyl and tebuthylazine-2-hydroxy) on the early development stages
of carp and marble crayfish. Chronic terbuthylazine-desethyl exposure in concetrations
180, 900, and 1 800 ng/L affected growth, ontogenetic development, and the antioxidant
system and caused pathological changes in the caudal kidney of early life stages of carp.
Chronic terbuthylazine-2-hydroxy exposure in concetrations 2.9, 70, 1 400 and 3 500 ng/L
caused decreased of total superoxide dismutase activity of early life stages of carp. Moreover
concentration 1400 and 3 500 pg/L of terbuthylazine-2-hydroxy caused delay in ontogenetic
development and pathological changes in the caudal kidney of carp. Chronic terbuthylazine-
2-hydroxy exposure in concentrations up 75 pg/| affected growth, ontogenetic development,
antioxidant system, caused oxidative stress and pathological changes in hepatopancreas of
early life stages of marbled crayfish.

The last part of our study examined the effect of metribuzine on signal crayfish (Pacifastacus
leniusculus Dana). Crayfish were exposed to metribuzine concentrations of 0.52 pg/L and
3.06 mg/L for 30 days and a 30-day depuration period without exposure to metribuzin.
In the thiobarbituric acid reactive substances, superoxide dismutase, and catalase were
observed differences in all examined tissues (gill, muscle, hepatopankreas) compared to the
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control group. Differences from control were observed in glutathione reductase activity in
hepatopancreas after 10 days for both exposure concentrations and after 30 days at 3.06
mg/L. Histological examination revealed extensive focal autolytic disintegration of tubular
epithelium in hepatopancreas of crayfish exposed to metribuzin.

These studies provided important results for the evaluation of long-term impact and effect
of (prometryne, terbuthylazine and metribuzine) and their metabolites (terbuthylazine-
desethyl and tebuthylazine-2-hydroxy) on the water non-target organisms, even in real
concentrations founded in surface waters. Effects of triazines and their metabolites were
observed on early life stafes of carp and crayfish, by using selected parameters. They appear to
be good indicators in the assessment of damage in non-target aquatic organisms and aquatic
environments. However, the aquatic environment may be polluted by many xenobiotics, the
effects of which can be potentiated with combined exposures.
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Czech summary

CZECH SUMMARY

Vliv triazinovych pesticidi a jejich metabolitd na necilové vodni organizmy
Dalibor Koutnik

Vodni prostfedi je stale ohrozeno pouzitim pesticidl, coz vede k vysokému riziku pro
necilové vodni organizmy. Pesticidy pouzivané v zemédélstvi a lesnictvi vstupuji do vodniho
prostredi, pokud se pouzivaji v prilehlych oblastech nebo pokud dojde k jejich tniku. Tyto latky
se dostavaji do vodniho prostfedi povrchovym odtokem z mista aplikace a mohou negativné
ovlivnit metabolizmus vodnich organizma. Triaziny a jejich metabolity jsou ¢asto detekovany
v fekach v didsledku jejich perzistence, rozpustnosti ve vodé a mobility. Metabolity triazind
jsou polarnéjsi nez plvodné aplikované produkty, a proto predstavuji vétsi riziko pro vodni
zivocichy. Vhodnym prikladem je atrazin a produkty jeho rozkladu.

Proto bylo hlavnim cilem nasi prace sledovat vliv triaizn0 a jejich metabolit( na necilové
vodni organizmy. Pro nase studie jsme zvolili rana vyvojova stadia kapra obecného (Cyprinus
carpio L.) araka mramorovaného (Procambarus fallax f. virginalis). U zvolenych organizm@ jsme
sledovali dlouhodoby vliv triazint (prometrynu, terbutylazinu, metribuzinu) a jejich metabolit@
(terbuthylazin-desethyl a tebuthylazinu-2-hydroxy) v koncentracich bézné se vyskytujicich
v povrchovych vodach Ceské republiky. Vliv vybranych latek na ryby a raky jsme hodnotili
pomoci sledovani chovani, ristu, ontogenetického vyvoje, histopatologického vySetfeni,
antioxidacnich parametr( a oxida¢niho poskozeni tkani.

Prvni ¢ast prace se zabyvala sledovanim vlivu triazint (prometrynu, terbuthylazinu) na rana
vyvojova stadia kapra a raka mramorovaného. Subchronickd expozice ranych vyvojovych
stadii kapra prometrynu v koncentracich 1200 a 4000 pg/L zpGsobila sniZeni rlstu, zpozdéni
ontogenetického vyvoje a histopatologické zmény v tkanich. Expozice terbuthylazinu
v koncentracich 1400 a 3000 pg/L zplsobila vyznamné sniZzeni hmotnosti, celkové délky
téla, zpozdéni vyvoje a alternaci tubularniho systému kaudalni ledviny kapra. Prometryn
v koncentracich 144, 1444 a 4320 pg/L zplsobil snizeni hmotnosti, specifické rychlosti rdstu
a histopatologické zmény v zabrech rakd. Navic prometryn v koncentraci 4320 pg/L zpUsobil
zpozdéni ontogenetického vyvoje.

Druhd ¢ast prace se zabyvala vlivem nizkych koncentraci triazinovych metabolitQ
(terbuthylazin-desethylu a tebuhylazin-2-hydroxy) na rana vyvojova stadia kaprd a raku
mramorovanych. Chronickd expozice terbuthylazin-udesethylu v koncentracich 180, 900
a 1 800 pg/L zpusobila snizeni rGstu, zpomaleni ontogenetického vyvoje a poskozeni
antioxida¢niho systému a rovnéz zplsobila patologické zmény v kaudalni ledviné ranych
vyvojovych stadii u kaprd. Chronickad expozice terbuthylazinu-2-hydroxy v koncentracich 2,
9, 70, 1400 a 3500 pg/L zapricinila snizeni celkové aktivity superoxide dismutazy ranych
vyvojovych stadii kaprd. Mimo to koncentrace 1400 a 3500 pg/L terbuthylazinu-2-hydroxy
zpUsobily zpozdéni ontogenetického vyvoje a patologické zmény v kaudalni ledviné kapra.
Chronicka expozice terbuthylazinu-2-hydroxy v koncentracich 75 pg/L a vy3Sich ovlivnila rist,
ontogeneticky vyvoj, antioxidacni systémy a zplsobila oxida¢ni stres a patologické zmény
hepatopankreatu ranych vyvojovych stadii raku.

Posledni ¢ast nasi studie se zabyvala dlouhodobym vlivem metribuzinu na raka signalniho
(Pacifastacus leniusculus Dana). Raci byli vystaveni koncentraci metribuzinu 0,52 pg/L
a 3,06 mg/L po dobu 30 dnl a 30 denni fazi depurace (bez expozice metribuzinu). Statisticky
vyznamné rozdily byly zjistény ve vSech tkanich (zabry, sval, hepatopankreas) v reaktivnich
latkach kyseliny thiobarbiturové, v aktivité superoxid dismutdzy a kataldzy ve srovnani
s kontrolni skupinou. Statisticky vyznamné rozdily byly zjistény v aktivité glutation reduktazy
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v hepatopankreatu po 10 dnech v obou testovanych koncentracich a po 30 dnech v koncentraci
3,06 mg/L. Metribuzin zplsobil rozsahlou fokalni autolytickou degeneraci tubuldrniho epitelu
hepatopankreatu rakl vystavenych metribuzinu.

Vysledky této prace shrnuji a poskytuji dilezité informace o hodnoceni dlouhodobého
dopadu a vlivu triazin (prometrynu, terbuthylainu a metribuzinu) a jejich metabolitd
(terbuthylazin-desethyl a tebuthylazinu-2-hydroxy) na vodni prostredi, v koncentracich bézné
se vyskytujicich v povrchovych vodach. U¢inky triazind a jejich metabolitd na rana vyvojova
stadia kaprd a rakd byly hodnoceny pomoci vybranych parametrd. Tyto parametry se zdaji
byt dobrymi indikatory pfi hodnoceni poskozeni necilovych vodnich organizmd a vodniho
prostiedi. Nicméné vodni prostredi je znecisténo mnoha latkami a jejich souhrnny spole¢ny
toxicky vliv maze byt rozdilny.
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