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ABSTRACT

Water pollution risks to human health and theiramment are emerging as serious concerns in
the European Union and worldwide. With the aimdbiave good ecological and chemical status
of all European water bodies, the “European Watamiéwork Directive” (WFD) was enacted.
With the framework, bioanalytical techniques haweem recognized as an important aspect.
However, there are limitations to the applicatioh moassays directly for water quality
assessment. Such approaches often fail to idguifytants of concern, since the defined priority
and monitored pollutants often fail to explain tieserved toxicity. In this study, we integrated
an effect-based risk assessment with a zebrafiseebavestigation strategy to evaluate water
sample extracts and fractions collected from theuba. Four tiered bioassays were implemented,
namely RNA-level gene expression assay, proteiatiethoxyresorufir®-deethylase (EROD)
assay, cell-level micronucleus assay and orgaresel-fish embryo test (FET). The results show
that teratogenicity and lethality during embryodevelopment might be induced by molecular or
cellular damages mediated by the aryl hydrocarleceptor (AhR) -mediated activity, estrogenic
activity and genotoxic activity. With the combirati of high-throughput fractionation, this
effect-based strategy elucidated the major resptnsiixtures of each specific toxic response. In
particularly, the most toxic mixture in faction Fehvering a logkow range from 2.83 to 3.42,
was composed by 12 chemicals, which were then atedduas a designed mixture. Our study
applied tiered bioassays with zebrafish to avoitgrspecies differences and highlights effect-
based approaches to address toxic mixtures in vgat@ples. This strategy can be applied for
large throughput screenings to support the maiit tcampounds identification in water quality
assessment.
Keywords: tiered bioassayszebrafish, large throughput screening, toxicitydzasmixture

elucidation
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1. Introduction

Water pollution poses risks to human health andrenments, which is emerging as a serious
concern in the European Union and worldwide. Tsuea a high level of protection against risks
to or via the aquatic environment, the WFD launched a gyater dealing with aquatic
pollutions of water bodies (EC 2000). Environmergahlity standards were established for a
defined set of priority substances, and membeestate required to address these priority
substances and other specific pollutants in thesnitaring programs (EC 2000). However,
numerous environmental risk studies indicate thabstance-by-substance water quality
monitoring could not explain the real environmerg#iects and target chemical analysis alone
may lead to risk underestimation. That is in gl due to the fact that aquatic ecosystems are
contaminated with complex mixtures of a vast nundfechemicals (Hecker and Hollert 2009).
These mixtures would likely to induce various condal effects (Tamura et al. 2017) that are
typically stronger than the effects caused by thgividual compounds (additive, sometimes
synergistic) (Bliss 1939, Otitoloju 2002). Thusfeet-based bioassays strategies which account
for the toxic effects of mixtures and non-targetermiical are necessary for water quality

assessment (EC 2012).

To investigate toxic effects of water pollutiomrdugh biomonitoring programs, arrays iaf
vitro bioassays were used to develop high-throughputestcrg (HTS) of water pollutions,
covering different toxicity endpoints in diversepeximental models (Di Paolo et al. 2016,
Judson et al. 2010). Howevén,vitro assays used for providing chemical toxic data teag to
misinterpretations in high organism level water Igyaassessment due to differences in
sensitivity between test systems uncertainty faatioen transferring measured effects between

diverse biological levels (Judson et al. 2014).rEtr®ough the adverse outcome pathway concept
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provides a logical sequence of causally-linked &vandifferent levels of biological organization
(Ankley et al. 2010), the methodology focuses maimh single chemical or similarly-acting
toxicants (Andersen et al. 1997, Cosme et al. 2B%Bher et al. 2017, Russom et al. 2014) which
ignored the mixture combined effects . Thus, tteeestill deficits regarding the investigation of
different level biological responses of complex a&ipi mixtures for real impacts evaluation in

water quality assessment (Brack et al. 2016, DidPetoal. 2016).

Zebrafish Danio rerio) is a widely used model organism in water quaggessment by reasons
such as small size, easy cultivation, high fecyndépid development, external fertilization, and
transparent embryos (Braunbeck et al. 2005, Did?abhl. 2015b). Lethal and sub-lethal assays
with embryos and early larval stages are availdttecomprehensive toxic effect evaluation,
making use of unobstructed observations of mainphmogical changes by simply using only
low magnification light microscope (Hill et al. 280 Moreover, its embryogenesis and
respestive genetic basis making use of histochémmagkers, have been largely studied (Long et
al. 1997, Puelles et al. 2000, Spitsbergen and Rea8). Furthermore, different methods with
zebrafish are available to investigate mechanisecifip effects being particularly suited to
complement cell-based microscale testing for cotmgmeive and realistic biological effect
evaluations (Hill et al. 2005). For instance, gematity can be investigated by applying the
micronucleus assay to detect DNA chromosomal damaga proliferating cell population
regardless of the karyotype (Bolognesi et al. 2008)ngin vitro technique to investigate the
genotoxicity of chemicals and environmental mixtu(®i Paolo 2016). AhR-mediated activity
analyzed by means of the expression of xenobio&tabolizing enzymes cytochrome P450
activity, allows to detect effects of dioxins andxdn-like compounds in the aquatic environment
(Schiwy et al. 2015) . The estrogenic activity istwgated by the induction of vitellogenin gene

(vtgl) transcripts enables to analyze endocrine disrgpgifects of chemicals and mixtures on
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92 the RNA level (Driever et al. 1996, Reinardy et 2013). Bioassays with zebrafish embryos
93 allow comparably small sample volumes to be sinmgltausly screened in a single multi-well
94 plate or a series of petri dishes on organism-leleéy thus allow large throughput screenings
95 for different toxicity investigation with minimizedample consumption and reduced workload.
96 Zebrafish up to 120hours post-fertilizatiofhpf) can be used (2010/63/EU) for test under
97 European legislation, which greatly simplifies esipental planning, and thus speeds up
98 performance of respective studies (Strahle etGil2p All these properties place bioassays with
99 zebrafish in an attractive position for aquatic taie biological effects investigation and aquatic

100 risk assessment (Di Paolo et al. 2015b).

101 Consequently, the goal of the current study waest@ablish an integrative zebrafish testing
102 strategy to investigate molecular, cellular and lwharganism toxic effects by tiered bioassays
103 for each specific toxic mixture elucidation in watpiality assessment. The assessment strategy
104 was developed using Danube large-volume solid peasaction (LVSPE) samples (Schulze et
105 al. 2017). Firstly, the FET was applied to identibxicological hotspots regarding their relevance
106 for environmental toxicity and human health (Mauet al. 2005, OECD 2012). Secondly, to
107 reduce the complexity of the environmental mixtuaesl to elucidate the toxic effect of each
108 water mixtures, the most effective hotspot sampées wubjected to high performance liquid
109 chromatography (HPLC) fractionation. Afterwards,drder to identify the most potent fraction
110 for each level biological effect, four tiered bisags were conducted, namely the RNA-level
111 gene expression assay, the protein-level EROD aisagell-level micronucleus assay, and the
112 organism-level FET. The most bioactive fractiongevihen identified on the basis of observed
113 Dbiological effects. The compounds composition wdsntified with logkow range from HPLC
114 analysis, and further confirmation was done by tbeicity comparison between bioactive

115 fraction and a corresponding artificial mixture.
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The panel of zebrafish-based bioassays assemieledis one possible example of a testing
strategy towards the implementation of bioanalyticaestigation for water quality assessment.
There have been only a few studies undertaken tenréations of effects on tiered biological
levels for toxicity evaluation and toxicants idéicition on the assessment of toxic mixtures by
fractionation. To our knowledge, this is the fitghe such a concept is applied to LVSPE

samples using zebrafish early live stages.
2. Materialsand M ethods
2.1. Sampling and extraction

Sampling was performed across the Danube andtedltibutaries during thé®Joint Danube
Survey (JDS3) between August and September 20EB4lat al. 2015). The sampling locations
are shown in Table S1 and Figure S1. A total ofnv22er samples were collected and extracted
using a LVSPE device (Schulze et al. 2017) as léetan (Neale et al. 2015a). Aliquots of
extracts of each sample were concentrated to dsywriagotary and nitrogen evaporation prior to
shipping and then re-suspended in acetonitrile iarethylsulfoxide (DMSO). At last, the
concentration factors were fixed to 50,000 and @00 ,for the fractionation and acute toxicity

test respectively.
2.2. Reversed-phase high-performance liquid chrognaphy (RP-HPLC) fractionation

Fractionation and analysis were performed usingPd.® system equipped with the Agilent
1200 series (Agilent, Waldbronn, Germany). RP-HPW@s applied to separate standard
chemicals and a Danube hotspot extract at the otration factor of 50,000 at 30°C by a C18
column (250 x 4 mA 5 pum particle size; Macherey-Nagel, Diiren, Germany). The fractionation

method was carried out according to the methodldped by Suzuki et al. (2004), with slight
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modifications (Xiao et al. 2017). Briefly, 40 pl @&ach extract was fractionated using the
following gradient with a flow rate of 0.2 mL/mind to 4.0 min, 10% acetonitrile in
methanol/water (80/204/v); 4.0 to 7.0 min, a linear gradient of 10% to 10@%etonitrile in
methanol/water (80/2@/v); 7.0 to 50.0 min, 100% acetonitrile. Fractiongaveollected every 2
min (the last one after 4 min) in 6-well platesngsen automatic fraction collector (Agilent).
Subsequently, fractions were evaporated overniglat sterile working bench, and then directly
frozen at -20°C for bioassays. In order to deteentire logkow range of each fraction, a total of
28 chemicals (Table S2) with a légwrange from 2.03 to 6.76 was analyzed using a pluded
array detector (DAD; Agilent). DAD signals from 216 360 nm were recorded and used to

model the relationship between retention time agKbw (Grung et al. 2007).

2.3 Bioanalysis

2.3.1Exposure and acute toxicity assay

The FET was conducted to assess developmentaltyoatc24 hpf, abnormal phenomena at 48
hpf, hatching rate at 96 hpf based on Hollert e(2003) and the OECD 236 guideline (OECD
2006) with slight modifications. Briefly, fertilize zebrafish Danio rerio) embryos were
transferred into 6 well-plates and static exposarsamples were performed using 0.5% DMSO
as carrier. Each exposure test was repeated ia thdependent experiments. In addition to the
tested samples, each experiment contained a positintrol condition (3,4-dichloroaniline at the
concentration of 3.7 mg/L for developmental toxidiest, 2,3,7,8-tetrachlordibenpedioxin at
the concentration of 15 pg/L for EROD activity agsaru-ethinylestradiol at the concentration
of 1 pg/L for estrogenicity assay, nitroquinolingide at the concentration of 19 pg/L for
micronucleus assay), a process control (acetandfier 50 min HPLC), a solvent control (0.5%

DMSO). In the FET, each exposure condition conthih@ embryos. The raw JDS extracts and
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the LVSPE process control were tested in five liiftidn steps at the range of a relative
enrichment factor (REF) from 62.5 to 1000. The R&#es all enrichment and dilution steps into
account (Neale et al. 2015a, Schulze et al. 204rTificial water (ISO7346-3 1996)was used as
exposure medium. Embryos were inspected usingwaantad microscope (Eclipse TS 100, Nikon
GmbH, Germany) at the magnification of 40x at 24 BB hpf, and 96 hpf. Lethal and sub-lethal
endpoints were scored according to the OECD guidednd DIN 38415-6 (DIN38415-6 2001),
respectively. The highest concentration that ditimduce any embryo abnormal effect was used

for the EROD activity and estrogenicity assays.

2.3.2 In vivo AhR-mediated activity assay with zigh larvae.

Thein vivo AhR-mediated activity assay was performed accgrttnSchiwy et al. (2015), with
slight modifications. Briefly, 20 hatched larvae re/eanesthetized with benzocaine (40 g/L in
ethanol) for circa 20 minutes after 96 h of expedorthe samples or controls. Then these larvae
were transferred to 2 mL reaction tubes and flasheh in liquid nitrogen. All following steps
were carried out on ice. A volume of 400 Na,HPOy buffer was added to each reaction tube.
Then the larvae were homogenized by a dispersivigel€VDI 12, S12N5S, VWR international,
Germany) for 10 s at 1,450 rpm and centrifuged0a®d0g under 4 °C for 15 min (ROTINA
420R, Andreas Hettich GmbH & Co, KG, Germany). ®ujppently, the supernatant of the
homogenate, a protein standard, and a resorufirdatd were transferred into a 96-well plate
according to a distinct plate layout. 7-Ethoxyredor and NADPH were added to measure
resorufin production and thus the AhR-mediatedvéagtiby means of a microplate reader
(Infinite® M 200, Tecan Group Ltd., Switzerland) 30 nm excitation and 590 nm emission.
The protein concentration was determined fluoroicaty using the fluorescamin method at an

excitation of 380 nm and an emission of 460 nm (&ely and Jones 1994n vivo AhR-
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mediated activities were expressed as a produceszirufin in pM per milligram protein per

minute.
2.3.3In vivo estrogenicity assessment.

Thein vivo estrogenicity assessment was performed accordifReinardy et al. (2013), with
slight modifications. Samples were exposed in G-plattes with 40 larvae in each well for 96 h.
Afterwards the larvae were transferred into 2 macten tubes and placed on ice for circa 10
min for rapid euthanasia. Excess water was remabedlarvae were transferred to 2 mL tubes
and samples were stored at -80 °C for further amlysolation, purification, and quantification
of total RNA, first-strand cDNA synthesis, and gti@tive real-time PCR were performed
according to a previous study (Reinardy et al. 20P3imers were selected by Primer Blast
(NCBI). Thep-actin gene (ref seq. NM_131031.1) was used asefieeence housekeeping gene
with the use of the following forward and reverse rimers: 5'-
ACACAGCCATGGATGAGGAAATCG and 5-TCACTCCCTGATGTCTGGBCGT. Thewtgl
(ref seq. NM_0010044897.2) cDNA was amplified byeusef the forward primer 5'-
ATCAGTGATGCACCTGCCCAGATTG and the reverse primer -3
ACGCAAGAGCTGGACAAGCTGAA. The estrogenicity of samesl was evaluated by
calculating the fold-changes in the gene of intendgl compared withg-actin through
efficiency-adjusted 2*“'(Gosselin et al. 2010). DMSO-exposed larvae (0.3%8D) were used

as the negative control condition for relative difaration.
2.3.4In vitro genotoxicity in zebrafish liver cell line.

The zebrafish liver (ZF-L) cell line was culturadcording to the protocols published by Ghosh

et al. (1994). Cells were cultured at 26 °C in losiitr’s L15 medium with L-glutamine (Sigma—
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Aldrich) containing 10% fetal bovine serum (FBS,o&irom, Germany) and 1% (v/v)
penicillin/streptomycin solution. The micronucleassay was performed according to a recently
developed method (Di Paolo 2016). Briefly, cellsraveinsed twice with phosphate buffered
saline (PBS, Sigma-Aldrich) and suspended withgirypTo avoid cytotoxicity in the assay, the
highest exposure concentration of samples was etbtimsed on a pretest using the MTT assay.
A volume of 2 ml of the cell suspension at a dgnsit 5 — 6x10 cells/ml was seeded onto
ethanol pre-cleaned microscopic glass cover slips6iwell plates (TPP, Trassadingen,
Switzerland) and incubated for 20 h at 26°C. Subsetly, the medium was completely
exchanged with the exposure medium (containing Odb%he investigated fractions) and then
incubated for 48 h at 26°C. Subsequently, cellsevied for 10 min in a PBS-diluted (1vlv)
mixture of methanol and glacial acetic acid (¥). Fixation was repeated for 10 min in the
undiluted mixture. After air-drying, the cover "igvere mounted onto glass slides using DePeX
(Serva, Germany). Acridine orange was used fonstgiof the cells after fixation (Brinkmann et
al. 2014). A total number of 2000 cells per sliderev analyzed under an epifluorescence
microscope (Nikon Instruments, Germany) at 100x mifegtion. The scoring criteria are
according to 1ISO 21427: (a) score only cells wittact cellular structure, micronuclei shall have
(b) the same staining intensity and (c) a maximure ®f about 30% of the main nucleus.
Furthermore, cells had to be (d) clearly separatad the nucleus. Results were recorded as per-

mille (%0) of micronucleated cells compared with tb&al number of counted cells.
2.4. Statistical analysis

The lethal and sub lethal effect rate of FET frdireé independent experiments was plotted
using the software Prism 6.0 (GraphPad Software, IDSA). The half-maximal lethality

concentrations (L§z) were obtained from the two-parameter logisticresgions using log
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concentration (agonist) vs. response with variabdge, where the top and bottom of the curve
was set to 0% and 100% respectively. Statisticalyses were performed using SigmaPlot 12.0
(Systat Software Inc., San Jose, USA). One-way AKG&lowed by Dunnett’s test ¢ < 0.05

and **p < 0.01) was used to determine significant differsnbetween samples and respective

negative controls.

3. Results and discussion

3.1 Toxicity to zebrafish embryonic-larval stages

All 22 extracts of surface water samples from tlaailibe that were analyzed with the FET. The
results indicated that all 22 extracts were capablgausing mortality to some extent (Figure 1).
While the extract of site JDS32 located upstreamai{dad in Serbia was clearly the most toxic
sample, with an L& value at the REF 110.5, and thus was selectdukdsotspot of pollution for

further investigation.

For the tiered investigation of toxic effects ofngaex environmental mixtures, the hotspot
extracts was separated using RP-HPLC into 24 @nastiwhich were then evaluated with the

FET. Six fractions (F1, F2, F3, F4, F5 and F7) edusignificant increasep(<0.05) in the

occurrence of abnormal development of zebrafishrgasbat 48 hpf (between 13.3 and 50.0 %)
in comparison with the solvent control condition0(36, Figure 2B). Sub-lethal effects of eye
deficit, rare pigments, no blood circulation, hegglagnation, axial malformation, pericardial
edema and yolk sac edema, as well as coagulatiterrivs of lethality were frequently detected
in these six active fractions during embryonic depment (Figure 3). F4, F6 and F7 inhibited
the embryonic hatching at 96 hpf, with hatchingesadf 53.3 £ 12.6%, 75.0 + 5.0% and 80.0 £
10.0%, respectively, in comparison to that of setveontrols of 93.3% + 5.80€0.05) (Figure

2C). All these observed biological effects on enolrgr early larval stages of zebrafish indicated
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that chemicals present as components in the emagotal mixture of JDS32 can pose a risk to
fish (Embry et al. 2010). Furthermore, the FET Hssgan provide insights into the toxic
potential to older life stages of fish (Braunbet¢kak 2015). Though the analysis of lethal and
sublethal morphological endpoints in live and vehorganisms in a simple and fast testing
system (Van den Bulck et al. 2011), the FET prodiddormation of toxic effects on different
organs and individual. This assay gives a poweirfigight into organism-level as well as
population-level risk assessment, and can be uséapat for planning of further investigations

of involved mechanisms of toxicity.

3.2. AhR-mediated activity

Thein vivo molecular AhR-mediated activity assay showed fivat fractions (F3, F4, F5, F6
and F8) significantly increased CYP1A enzyme attiin zebrafish larvae, with EROD activity
ranging from 0.059 + 0.009 to 0.095 + 0.008 pmoifxmg protein) (Figure 2D). When
compared to the AhR-mediated activity of raw JD®3®act (Neale et al. 2015b), the effect
analyzed with H4G1.1c2 cells was slightly highaarttthat of the most active fraction F6 in the
current study, but less than the calculated suettffof all bioactive fractions. A possible reason
could be greater sensitivity of zebrafish larva pared to H4G1.1c2 cells. This assumption is
consistent with AhR pathway studies where earlg Idtages of fish have proven to be
significantly sensitive to AhR-mediated activityl§gen et al. 1998, Zodrow et al. 2004). Thus,

the currentn vivo analysis could be a useful tool for detection oftare AhR-mediated activity.

Several studies on zebrafish development repohtadthe activation of AhR-mediated activity
can induce pericardial edema, hemorrhages, cramabfdeformities (Billiard et al. 2006), heart
malformations, defective cardiovascular systemynanhibition and mortality (Di Paolo et al.

2015a, Xiao et al. 2016). Similar results also @nésd in the current study, as among six EROD
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active fractions, four (F3, F4, F5 and F7) increlastne occurrence of eye deficit,
hemagglutination, pericardial edema and no bloocutation (Figure 3). In fact, a study of heart
malformation with embryonic zebrafish demonstratieat the cardiovascular system is the key
and primary target for AhR-mediated developmerdzicity (Antkiewicz et al. 2005). Thus, we
suppose that the activation of AhR is a factor @@tributes to induction of cardiovascular
abnormal phenomena. A further effect of an increasAhR activation may ultimately affect
larval development (Andreasen et al. 2002) and tra# adult fish (Carney et al. 2006, Xiao et
al. 2016), which should be evaluated more carefirlyfuture research, as it could impair
reproduction success (Pocar et al. 2005). Therefore considered that the protein-level AhR
investigation with zebrafish larva can improve thenslation of molecular mechanism-specific
toxicity into organism-level toxicity towards thewklopment of novel risk assessment technique

with fewer animals.

3.3. Estrogenicity

The estrogenic activity detection by means of Wil gene expression assay showed that
fraction F4, F5, F9 and F10 produced positive fdtdnges up to 23 (Figure 2E). An early stage
development study has reported that treatment lafaish embryos with 1é@-ethinylestradiol
(0.1-10 uM) produced dose-response effects on mortality,-lhminhing and a phenotype
characteristic of ‘curved tail down’ (Kishida et @001). In the current study, developmental
toxicity phenomena such as coagulation, reducedhémgation, axial malformation, yolk sac
edema (Figure 3) and not hatching at 96 hpf (Fige@) appeared in estrogenicity active
fractions (F4 and F5). Even though the knowledgenethanistic linkages among tigl gene
expression and production of fertile eggs are notgetely explained, VTG protein has already

been anchored to initiate ER banding event (Anldéyal. 2010). A study on vitellogenesis
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confirmed that the expression wfyl can be changed by aquatic estrogenic contaminadiwch
then affect embryonic development during embryogené€Sumpter and Jobling 1995). Am
vitro study of ER target genes reported that estrogémg gn essential role in the growth,
differentiation, and homeostasis of a number ajaatissues, including reproductive tracts (both
male and female), mammary glands, bone, brain)ieed(Li et al. 2013). Thus, we demonstrate
that the applied zebrafish gene-level estrogeni@gsessment method can contribute to
investigate organism-level toxicity endpoints witlevance for population-level consequences,

which is of high importance for water quality assasnt.

3.4. Genotoxicity

Genotoxic activity, as another important water gyuassessment parameter, was investigated
by micronucleus assay with ZF4ell line in the current study. Fractions F3, F4l &% showed
significant micronucleus inductions, with the intlan values (%0) of 12.83 + 2.37, 15.50 + 2.38
and 21.75 + 3.20, respectively (Figure 2F). Fors¢éhthree bioactive fractions, corresponding
toxic effects were also observed in the respediiz@ (Figure 2B). Positive correlation between
embryo toxicity and genotoxicity has been obseriredhe study of Wessel et al. (2007).
Furthermore, Anderson and Wild concluded that gexoity may have consequences on
reproduction through gamete loss due to cell deathpryonic mortality, and mutations
(Anderson and Wild 1994). Thus, the applied celklegenotoxicity assessment test presents
toxic potential of aquatic mixture with zebrafisadedin vitro assay, assuring that this important

mechanism of toxicity is investigated in the sanwet species as the other applied methods.

3.5. Fraction-related toxicity

As can be seen from figure 4, F3 exhibited posigffects in EROD assay amdicronucleus

assay, indicating likely contains AhR-active andaexic chemical mixture. F6 gave the highest
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AhR-mediated activity, but did not cause any embnydoxic effect at 24 hpf and 48hpf, and
only presented reduce hatching effect at 96 hpes&hobservations suggested that the AhR-
mediated activity could mainly contribute to thdeet of non-hatching, and F6 may contains
rather specifical-acting substances for AhR-mediaietivity. Similar findings were observed for
F9 and F10, which caused fold changesvigil gene expression assay, but did not present
organism level toxic response in the FET; and 8y Wwhich was active in the molecular level
assays of AhR-mediated activity, but inactive regay developmental toxicity. These findings
demonstrated the specific contaminations of F9, &id F8 regarding to estrogenicity and AhR-
mediated activity respectively. Besides, environtaemiomarker studies demonstrated that
molecular bioassays could be used as sensitive dokars to indicate the toxic potential of
chemicals or environmental mixtures (Shigenagameés 1991). In particular, EROD has been
proposed as sensitive ‘early warning’ tool to pcedine anticipated changes at higher levels of
biological organization, i.e. population, communityecosystem (Cajaraville et al. 2000, Whyte
et al. 2008). However, the most active fractionsakR@ F8 in the EROD assay did not induce any
estrogenic activity invtgl gene expression assay. A similar finding was tegoimn an anti-
estrogenicity study where AhR agonists caused itibof estrogen induced responses (Smeets
et al. 1999). Moreover, the most polar fractionsaRtl F2, which induced yolk sac edema and
reduced pigmentations, did not induce any of thaluated mechanism-specific toxic effect.
These finding indicated that F1 and F2 did not awntdioxin-like chemicals (DLCs) and
endocrine-disrupting chemicals (EDCs) at conceiotnat sufficiently highly to induce the
corresponding effects. As shown in Table S3, 32mpohemicals with a loow less than 2.23
were detected in raw JDS32 sample with concentratigp to 2.046 nM (Table S3), but none of
them is known as DLCs or EDCs. Amvitro study reported that the polar fraction also pradot

the generation of reactive oxygen species, dealeasembrane potentialA¥m), loss of
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mitochondrial membrane mass and induction of amipt(Xia et al. 2004).Thus, there are

possibly other molecular events involved that weinegestigated in the current study.

3.6. Identification of the most potent mixtures

Figure 4 depicts that F4 presented positive effece| mechanism-specific endpoints bioassays
and embryo developmental bioassay. Such toxicabgiofile of fractions demonstrated that the
complex environmental sample is capable of caugangpus biological effects at different levels

of biological organization, supporting the need &or integrated testing strategy. Moreover, F4
showed activity for the apical endpoints in mostaoirrent bioassays (Figure 2), and was

therefore identified as the most potent mixturetf@ Danube.

In an attempt towards identification of composimdmposition of the most potent mixture, a
total of 28 chemicals with a wide ldg§ow range (2.03-6.76) (Table S2) were applied in RP-
HPLC (Grung et al. 2007). By plotting the &g of the identified compounds versus fraction
number, a linear response was obtained (Figure (B2¢mas et al. 1999). According to a
previous chemical-analytical study of JDS32 (Nealeal. 2015b) (Table S3), the herbicide
atrazine and the pharmaceutical carbamazepine whech found within the F3 lo§ow range,
can increase the frequencies of micronuclei (CeK6). Furthermore, the AhR-dependent
inhibition of CYP1 can be significantly altered the isoflavone daidzein (Choi and Kim 2008).
Similarly, the F4 logkow range chemicals triphenylphosphine oxide mighuerice activation
of the AhR (Mikstacka et al. 2008); genistein wearfd to induce E& expression in maturing
mouse ovaries (Jefferson et al. 2002); metolackbs proven to induce larval abnormalities and
DNA damage in a population of exposed oysters ar@mmentally relevant concentrations (Mai
et al. 2012). However, no chemical with a Kgy more than 5.12 was detected (Table S3). The

previous chemical analysis might not have covere@®and EDCs that induced positive effects

16




368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

in fractions F6, F8, F9 and F10. This supportséed of bioassays to direct chemical analysis in

water quality monitoring.

3.7. Artificial mixture toxicity confirmation

To further confirm that the identified chemical& éhe most toxic potent mixture, F4 18gw
chemicals were prepared and analy@ét the current investigation strategy. On theiba$ the
chemical linear relationship of ldgow and retention time (Table S2, Figure S2), theKdeg of
F4 should range from 2.83 to 3.42 (Grung et al.7200ao0 et al. 2017). Our previous chemical
analysis study reported that only 12 chemicals iwithd log Kow range were detected in raw
JDS32 extracti.e. triphenylphosphine oxide, genistein, isoproturdiphenyl phosphate, lenacil,
mecoprop, metolachlor, 2-(methylthio)benzothiazatkgrithromycin, terbuthylazine, gestoden
and oxazepam (Neale et al. 2015b) (Table S3). Hemcartificial mixture composed of these 12
chemicals with 250 times concentrated Danube seirfeater was prepared to investigate various
biological effects (Table S3). In Figure 4, tietedlogical effects were found for the mixture and
F4. In the estrogenicity assay, tiigl gene expression induced by exposure to mixture wa
slightly higher than that found for F4. The micratai frequency and AhR-mediated activity of
mixture showed no significant differencgs(.05) to that of F4. It indicates that EROD ad}ivi
can be caused by a multitude of substances, sombioh at rather low concentrations in a given
sample (Louiz et al. 2008, Petrulis et al. 200hy aixture design may missed some of them.
The FET showed that the mixture induced mortasitynormal development and non-hatching of
the zebrafish embryos, slightly weaker than thatFéf Thus, the detected chemicals could
successfully explain most of developmental toxite@t. This gives strong evidence that the
integrative zebrafish investigation strategy depetb herein is capable to point towards main

components of mixture for toxic effects of watemgdes confirming.
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3.7. Future needs in integrated bioassay investigatrategies

In consideration of the requirement that a minimafrsample amount provides a maximum of
output in biological studies, only one concentnatiwas tested for each fraction to retrieve
meaningful results in each bioassay, and thregegent replicates were implemented to ensure
the accuracy of the findings. Fraction dilutionoirdifferent concentrations is required as input
parameters to develop concentration-response-ctiovethe experimental data qualification in
future research. In addition, further target and-target chemical analysis will be implemented

to identify each specific toxic driver in the adifractions.

4. Conclusions and outlooks

The successful application of an integrative aébh investigation strategy for aquatic mixture
characterization was demonstrated by means of @ngitary evaluation of mechanism-specific
toxicity and apical effects in a complex water smphe four-tiered zebrafish-based bioassays
clarified the occurrence of toxic effects at molacucellular and whole organism of the water
sample and respective fractions. The characteoizati the toxic effects caused by each fraction
supported fraction-related toxicity. The fact thlitbioanalyses were implemented in zebrafish as
the model organism avoided interspecies differerszeh as transformation rates in different
organisms. Finally, the artificial mixture evaluwaticonfirmed that our investigation strategy is a
useful tool to characterize aquatic mixtures ang risspective involved toxic mechanisms in

surface water.

The present study can serve as a step towards\hementation of bioanalytical techniques in
water quality monitoring. The outcomes of the pnesstudy contribute to demonstrate the

performance and usefulness of integrative biomanigostrategies for water quality assessment.
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These efforts provide the scientific underpinniraggl regulatory reference for derivation of

environmental quality standards in the contexhefEEU WFD.
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Figure 1: Lethal effect concentrations (LCS0) at 48 hpf expressed as relative
enrichment factors (REF) of Joint Danube Survey 3 (JDS 3) samples. Data in

3, ** p<0.01, *p<0.05) depict developmental toxicity with

zebrafish embryo that were exposed to JDS3 water extracts at REF 62.5 to 1000.

columns (mean = SD, n



A
-
8047
_ e
&£ 60 S
S z
£ |
£ 3
5, z
= 40 E]
: w2
20
0
B RN RN R R o R RN R Rty
Fraction Fraction
100 05
C D
*
8047 0.44
g
1 .
*
S, 604 = 2 031
£ =
2 >
g 40 g) 024
7z : o
= Qo
g % - : -
204 =014 - e *
*
4 OO-Q C OO A E A QDN AN D AN
,C < C«\Q'Q LOEQ RN NSRS S PRV QOO
X
Fraction
4 80
E F
< § 604 .
o3z Z .
= 2 401
2, 2
& . =20 3
3 H s
.
.
|-.., S S e e o S R "
& i‘ NOPIEED «‘*r"g\\}\ ‘\f\‘—Q\>ﬁx@“«<\¢*¢“¢9 AR @%i@“ DQLPIOLIIAN \ra;uoﬁ‘\ RN >
raction

Figure 2. Lethal, sub-lethal and mechanism-specific toxicity endpoints in Danio rerio embryonic-larval stages (A to E) or
liver cell line (F) exposed to a fractionated Danube surface water extract. Lethality at 24 hpf (A), sub-lethality at 48 hpf (B),
non-hatching rate at 96 hpf (C), AhR-mediated activity as 7-Ethoxyresorufin-O-deethylase (EROD) in at 96 hpf zebrafish larvae
(D). estrogenicity as relative fold changes (efficiency-adjusted 2—AACt) of vtgl gene expression in 96 hfp zebrafish larvae (E), and
genotoxicity as the micronucleus frequency (%o) in a zebrafish liver cell line (F). Data in columns (mean + SD, n = 3, **: p<0.01,
*: p<0.05) depict in zebrafish of control conditions (Pos C: positive controls, Sol C: solvent controls, , Pro C: process control; and
24 RP-HPLC fractions (F1 to F24) tested at the REF of 200 for the FET test (A, B and C) and the micronucleus assay (F), at REF
of 50 for the EROD assay (D) and vtg1 assay (E).



Figure 3. RP-HPLC fraction induced various
developmental effects in zebrafish embryos and
larvae. The solvent control group of 0.5% DMSO in
artificial ~water (A) demonstrated normal
development at 24 (a), 48 (b) and 96 h (c) The
groups treated with fractions F1-F8 (B) presented
lethal effects such as CG, coagulation (F4); as well
as sublethal effects such as: ED, eye deficit (F3); RP,
reduced pigmentation (F5); NBC, no blood
circulation (F3); HE, hemagglutination (F7); AM,
axial malformation (F4); PE, pericardial edema (F5);
YSE, yolk sac edema (F4).
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Figure 4. Venn diagram of active fractions in the FET
tests (ellipses) and mechanism-specific toxicity
bioassays (rectangles). Observed developmental toxicity
endpoints were lethality (dark blue), abnormal effect (light
blue), and non-hatching (green). Mechanism-specific
bioassays investigated AhR-mediated activity(yellow),
estrogenicity (red) and genotoxicity (purple).
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Figure 5. Integrative zebrafish investigation strategy identified the occurrence of
different toxic effects in the solvent control condition (Sol C), the mixture (Mix) and
the F4 fraction (F4). Data in columns (mean = SD, n = 3, **: p<0.01) depict
developmental toxicity between 24 and 96 h of exposure (A), EROD activity as 7-
Ethoxyresorufin-O-deethylase (EROD) in 96 hpf zebrafish larvae (B), estrogenic activity
as relative fold changes (efficiency-adjusted 2-AACt) of vtgl gene expression at 96 hfp
larval zebrafish (C) and genotoxicity as the micronucleus frequency in zebrafish liver cell
line (D).
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