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Abstract

Atrazine (ATZ) is an herbicide commonly used on crops in the Midwestern US and other select 

global regions. The US Environmental Protection Agency ATZ regulatory limit is 3 parts per 

billion (ppb; μg/L), but this limit is often exceeded. ATZ has a long half-life, is a common 

contaminant of drinking water sources, and is indicated as an endocrine disrupting chemical in 

multiple species. The zebrafish was used to test the hypothesis that an embryonic parental ATZ 

exposure alters protein levels leading to modifications in morphology and behavior in developing 

progeny. Zebrafish embryos (F1) were collected from adults (F0) exposed to 0, 0.3, 3, or 30 

ppb ATZ during embryogenesis. Differential proteomics, morphology, and behavior assays were 

completed with offspring aged 120 or 144 h with no additional chemical treatment. Proteomic 

analysis identified differential expression of proteins associated with neurological development 

and disease; and organ and organismal morphology, development, and injury, specifically the 

skeletomuscular system. Head length and ratio of head length to total length was significantly 

increased in the F1 of 0.3 and 30 ppb ATZ groups (p < 0.05). Based on molecular pathway 

alterations, further craniofacial morphology assessment found decreased distance for cartilaginous 

structures, decreased surface area and distance between saccular otoliths, and a more posteriorly 

positioned notochord (p < 0.05), indicating delayed ossification and skeletal growth. The visual 

motor response assay showed hyperactivity in progeny of the 30 ppb treatment group for distance 

moved and of the 0.3 and 30 ppb treatment groups for time spent moving (p < 0.05). Due to 

the changes in saccular otoliths, an acoustic startle assay was completed and showed decreased 

response in the 0.3 and 30 ppb treatments (p < 0.05). These findings suggest that a single 
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embryonic parental exposure alters cellular pathways in their progeny that lead to perturbations in 

craniofacial development and behavior.
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1. Introduction

Atrazine (ATZ) is a triazine herbicide that is commonly applied to agricultural fields to 

control broad leafy weeds (LeBaron, McFarland, & Burnside, 2008). Although ATZ is the 

second most common agricultural herbicide in the US and is used widely in most global 

regions, the European Union banned its use in 2003 due to water contamination concerns 

(Bethsass and Colangelo 2006; (European Commission, 2003)). Due to heavy application 

and low binding efficiency to soils, ATZ contaminates runoff and potable water sources 

(Guzzella et al. 2006; Meffe and de Bustamante 2014). The US Environmental Protection 

Agency (EPA) has set the maximum contaminant level of ATZ in potable water to 3 parts 

per billion (ppb; μg/L), but concentrations can exceed this limit (Blanchard and Lerch, 

2000). Moreover, the World Health Organization increased the ATZ regulatory limit in 

drinking to 100 ppb in 2011 (World Health Orgnanization, 2011).

In the general population, the most common ATZ exposure route is through drinking 

contaminated water and is associated with several health risks, which have been documented 

in epidemiological studies as well as various animal studies. Epidemiological studies suggest 

exposure during gestation increases the likelihood of birth defects and premature births 

(Agopian et al. 2013; Migeot et al. 2013; Stayner et al. 2017; Waller et al. 2010). For 

example, women with medium levels of residential ATZ exposure had increased risk of 

offspring with male genital malformations in Texas, USA (Agopian et al. 2013). In addition, 

a study in France with women exposed in their second trimester with mixtures of ATZ 

metabolites and nitrates in their drinking water found their offspring were more likely to 

be born small for gestational age (Migeot et al. 2013). An assessment of births in counties 

across the Midwestern US for water systems included in the US EPA’s ATZ monitoring 

program found there was increased rate of preterm birth (Stayner et al. 2017), while a study 

in Washington, USA found women who resided less than 25 km from a site with high 

ATZ concentrations had offspring with increased frequency of gastroschisis (Waller et al. 

2010). Furthermore, studies in various model organisms support ATZ as an neuroendocrine 

disrupting compound, altering reproductive cycling and development (Cooper 2000; Weber 

et al. 2013; Russart and Rhen 2016; Wirbisky et al. 2016b), stress response (Foradori et al. 

2018; Fraites et al. 2009; Horzmann et al. 2022), and the dopaminergic system (Bardullas et 

al. 2011; Fraites et al. 2009; Li et al. 2019; Ma et al. 2015).

Adverse health outcomes with direct ATZ exposure are well documented, but 

multigenerational and transgenerational studies are important to determine if an exposure 

affects subsequent generations, and whether the adverse health outcomes are comparable. 

Moreover, some studies have begun to assess ATZ toxicity in the context of the 
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Developmental Origins of Health and Disease (DOHaD) paradigm, which states that 

exposures to environmental factors or chemical exposures during developmental periods 

can have long lasting impacts into adulthood and even subsequent generations (Heindel and 

Vandenberg 2015). Transgenerational studies in Sprague Dawley rats at high concentrations 

support generational effects of ATZ exposure, reporting reductions in body weight, increased 

testis disease, and early onset puberty in males and in their offspring, as well as 

hyperactivity and altered methylation patterns in sperm (DeSesso et al. 2014; McBirney 

et al. 2017). In mice, decreased sperm quality in the generation exposed to ATZ during 

development and in the following generation due to defects of proteins in meiosis and 

altered gene expression in several organs was observed (Hao et al. 2016). ATZ exposure 

during the first 12 days of life in medaka documented decreased sperm count and motility 

in offspring (Cleary et al. 2019). Previous studies in zebrafish with an embryonic ATZ 

exposure report alterations in proteins related to development, neurological disorders, and 

cancer, as well as changes in morphology and genes associated with head development, 

neurogenesis, and behavior (Horzmann et al. 2018, 2021, 2022; Weber et al. 2013; Wirbisky 

et al. 2015). Specifically, increased head length was observed at the end of embryogenesis 

(Weber et al. 2013) with hyperactivity in 0.3 ppb and hypoactivity in 30 ppb treatment 

groups in the larval visual motor response assay (Horzmann et al. 2018; Ahkin Chin 

Tai et al. 2021). In addition, the adult zebrafish with embryonic ATZ exposure showed 

key molecular pathways changed in the brain transcriptome with movement behavior 

changes in the males and anxiety-related behavior patterns in the females (Horzmann et 

al., 2021, 2022). Building upon these findings, we expect that an embryonic ATZ exposure 

in zebrafish will have generational consequences. Specifically, it was hypothesized that 

offspring of zebrafish exposed to ATZ only during embryogenesis will exhibit similar 

changes in protein abundance, morphology, and behavior as the parental generation. 

Zebrafish are an established model in toxicology and environmental health research with 

several strengths for generational ATZ studies, including high similarity of physiological 

structures and molecular pathways related to development and disease, ex vivo embryonic 

development, shorter developmental and generation times, and established behavioral assays 

(Bailey et al. 2013; Garcia et al. 2016; Horzmann and Freeman 2018; Stradtman and 

Freeman 2021). In addition, it was confirmed that zebrafish metabolize ATZ similar to 

mammals producing the same major metabolites (Ahkin Chin Tai et al. 2021).

2. Materials and methods

2.1. Zebrafish husbandry and dosing

Adult zebrafish (Wild-type AB strain Danio rerio) were housed in standalone systems 

(Aquatic Habitats, Apopka, FL) on a 14:10 light-–dark cycle and monitored twice daily 

for water quality. System water was maintained at 28 °C with a pH range of 7.1–7.3 

pH and conductivity of 470–550 μS. Adult fish were fed twice daily a combination of 

brine shrimp, Golden Pearls (500–800 μm) (Artemia International LLC., Fairview, Texas), 

and Zeigler adult zebrafish food (Zeigler Bros Inc., Gardners, PA). Zebrafish were bred 

to generate embryos for experiments in breeding tanks according to established protocols 

(Peterson et al. 2011). Embryos were collected at the 4–8 cell stage of development (1 h post 

fertilization: hpf), rinsed, and randomly assigned to treatment groups of 0 (aquaria water), 
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0.3, 3, or 30 ppb (μg/L) ATZ. ATZ stock solutions were prepared from technical grade ATZ 

(98.1% purity) (CAS 1912-24-9; Chem Service, West Chester, PA) as previously described 

(Weber et al. 2013; Wirbisky et al. 2015) and diluted to the respective ATZ treatment 

concentrations. Concentrations of stock solutions and treatment water were confirmed by 

an US EPA approved immunoassay kit (Abraxis Atrazine ELISA Kit, Warminster, PA) as 

previously described (Freeman et al. 2005; Wirbisky et al. 2016a) and were found to all be 

within expected concentration ranges (±0.1 ppb; data not shown).

Embryos were exposed via immersion in groups of 50 in petri dishes at 1 hpf and 

were housed at 28.5 °C through the end of embryogenesis (72 hpf). At 72 hpf, all 

eleutheroembryos were rinsed to terminate ATZ treatment and were raised to adulthood 

under control conditions. The exposure procedure was replicated several times to attain 

multiple adult groups. The adult zebrafish exposed to ATZ only during embryogenesis (ATZ 

F0) were then bred within treatment group to generate embryos. These progenies received 

no additional ATZ exposure and were maintained at 28.5 °C in aquaria water in groups of 

50 in petri dishes until 120 hpf or 144 hpf for experimental procedures. All larvae within 

a single petri dish were considered as a subsample. For all experimental procedures, larvae 

were collected from multiple petri dishes (biological replicates) from multiple breeding 

groups. Larvae with parental embryonic ATZ exposure are referred to as ATZ F1. The 

experimental design with chemical dosing times and analysis time points is summarized in 

Supplemental Fig. 1. All protocols were approved by the Purdue University Animal Care 

and Use Committee and all fish treated humanely with regards to prevention and alleviation 

of suffering.

2.2. Proteomics

Proteomic analysis was performed on larval F1 zebrafish at 120 hpf to determine whether 

parental exposure resulted in protein abundance alterations using the same experimental 

parameters as in our previous study (Horzmann et al. 2018). For each biological replicate, 

30 larvae per treatment group (parental exposure of 0, 0.3, 3, or 30 ppb ATZ) were pooled 

and euthanized via hypothermic shock. Six biological replicates were collected for each F1 

treatment group. Larval zebrafish were homogenized using a Preceyllys 24 homogenizer 

(Bertin Instruments, Montignyle-Bretonneux, France) and a Bicinchoninic (BCA) assay 

used to determine protein concentration. Sample preparation and analysis was completed as 

described in Horzmann et al. (2018). Briefly, digestions were performed on a Barocycler 

NEP2320 at 50 °C under 20,000 psi for 1 h and then samples cleaned over C18 spin 

columns (Nest Group, Southborough, MA) and dried in a vacuum centrifuge. Peptides 

were solubilized in 97% purified water, 3% acetonitrile (ACN), 0.1% formic acid (FA). 

Samples were then analyzed through liquid chromatography/mass spectrometry (LC/MS) 

with the Dionex UltiMate 3000 RSLC Nano System coupled to the Q Exactive™ HF 

Hybrid Quadrupole-Orbitrap Mass Spectrometer (QE HF; Thermo Scientific, Waltham, 

MA). Peptides were loaded onto a trap column (20 μm × 350 mm) and washed using a 

flow rate of 5 μL/min with 98% purified water, 2% ACN, 0.01% FA. The trap column was 

switched in-line with the analytical column after 5 min, and peptides were separated using a 

reverse phase Acclaim PepMap RSLC C18 (75 μm × 15 cm) analytical column using a 120 

min method at a flow rate of 300 nl/min. Mobile phase A consisted of 0.01% FA in water 
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while mobile phase B consisted of 0.01% FA in 80% ACN. The linear gradient started at 5% 

B and reached 30% B in 80 min, 45% B in 91 min, and 100% B in 93 min. The column was 

held at 100% B for the next 5 min before being brought back to 5% B and held for 20 min. 

Samples were injected into the QE HF through the Nanospray Flex™ Ion Source fitted with 

an emission tip (Thermo Scientific). Data acquisition was performed, monitoring the top 20 

precursors at 120,000 resolution with an injection time of 100 ms. For quality assurance and 

quality control, instrument evaluations and calibrations are run weekly and a standard E. coli 
digest (Waters, Milford, MA) is used routinely to check instrument performance.

Data were processed using the MaxQuant computational proteomics platform (Cox and 

Mann 2008) against Danio rerio sequences from UNIPROT and a common contaminants 

database with MaxQuant default Orbitrap parameters and minimum peptide length of seven 

amino acids. Data were analyzed with label-free quantification (LFQ) and the ‘match 

between runs’ interval set to 1 min. Other analysis settings included protein FDR at 1%, 

enzyme trypsin and LysC allowing for two missed cleavages and three modifications per 

peptide. Fixed modifications were iodoethanol and variable modifications were set to acetyl 

(protein N-term) and oxidation of methionine. An in-house script was used within the 

MaxQuant results to remove all common contaminant proteins, to log transform [log2(x)] 

the LFQ intensity values, to input missing values using the average values of the other 

samples when one sample was missing, and to use half of the lowest intensity when all 

samples were missing in one group and present in all other samples in the other group.

2.3. Morphology measurements

F1 ATZ larvae from each parental treatment group were assessed to determine if 

morphology was altered at 120 hpf. Larvae were euthanized via anesthetic overdose with 

0.4 mg/ml buffered tricaine-S (Western Chemical Inc.). For each F1 treatment group, 10–13 

larvae were imaged as subsamples per biological replicate. A total of 8 biological replicates 

were assessed to total 80–100 larvae per treatment group. Measurements assessed were 

total body length, head length, head width, and brain length similar to our previous study 

(Horzmann et al. 2018). Total body length was measured dorsally from the top of the head 

to the caudal fin. Head width was measured dorsally as the distance between the widest part 

of the eyes. Head length was measured dorsally from the top of the head to the beginning of 

the yolk sac protrusion. Brain length was measured as the distance rostrally to the brainstem 

spinal cord junction (Peterson et al. 2013). Additionally, ratios of head length to body 

length, head width to body length, and brain length to body length were also assessed for 

relative comparison. Treatment groups were randomized and blinded during measurement. 

Images were collected via light microscopy using a Nikon SMZ1500 dissecting microscope 

with a Nikon Digital Sight DS-fil camera and NIS Elements imaging software (Nikon 

Instruments Inc., Melville, NY).

2.4. Craniofacial morphology staining and measurements

To determine if craniofacial skeletal or cartilage morphology was altered, alcian blue and 

alizarin red costaining was completed. At 120 hpf, larvae were euthanized via anesthetic 

overdose as described above, and then stained simultaneously for alcian blue and alizarin 

red based on a previously established protocol (Walker and Kimmel 2007). Briefly, samples 
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were fixed in paraformaldehyde, washed to cease fixation in a series of washes, stained 

with alcian blue overnight, bleached, and stained for alizarin red. After staining, fish 

were imaged on an Olympus SZX16 dissecting microscope. Images were taken using 

Cellsentry (Waltham, MA) and structures measured using ImageJ. Cartilaginous structures 

were assessed based on previously described protocols (Cohen et al. 2014; Staal et al. 2018; 

Walker et al. 2018) and included palatoquadrate cartilage (PQ) length, Meckel’s length, 

ceratohyal cartilage (CH) angle, Meckel’s angle, the distance between the CH and Meckel’s 

structure, the angle between PQ and CH, the angle between PQ and Meckel’s angle, and 

jaw distance (Supplemental Fig. 2). For skeletal structures, surface area of the utricular and 

saccular otoliths, length between the utricular otoliths and between the saccular otoliths, 

parasphenoid, notochord, and notochord to jaw length were measured as in previous studies 

(Aceto et al. 2015; Luo et al. 2016) (Supplemental Fig. 3). For each F1 treatment group 

11–20 larvae were imaged as subsamples per biological replicate. A total of 5 biological 

replicates were assessed to achieve 55–75 larvae per treatment group.

2.5. Larval visual motor response assay

A larval visual motor response test was performed at 120 hpf to determine if F1 larvae 

exhibited altered behavior from parental ATZ exposure following an established protocol 

(Horzmann et al. 2018, Ahkin Chin Tai et al. 2021). Each larvae was individually placed 

into a 96 square well plate in 0.5 mL of aquaria water. Larvae were acclimated for 10 min 

at 28 °C in the Noldus DanioVision Observation Chamber (Noldus Information Technology, 

Wagenningen, Netherlands). The Noldus white light routine consisting of alternating 10 min 

of dark and white light to test the visual motor response was performed over 50 min (3 

dark phases and two light phases). Behavioral experiments were performed between 11 am 

to 1 pm to minimize circadian variability in movement. Infrared movement was recorded 

during behavioral experiments at a rate of 25 frames per second with a Basler GenICam 

acA 1300–60 g camera and analyzed with Noldus EthoVision 12.0 software. Tracks were 

smoothed for total distance moved, velocity, and time spent moving. Each treatment group 

(0, 0.3, 3, or 30 ppb ATZ F1) had 8 biological replicates containing 24 subsample fish per 

biological replicate for a total of 192 fish per treatment group.

2.6. Larval acoustic startle response assay

An acoustic startle response assay (ASR) was performed at 144 hpf to determine if parental 

ATZ exposure caused alterations to vibrational/sound stimuli, as well as habituation. Similar 

to the visual motor response assay, larvae were placed individually into a 96 square well 

plate in 0.5 mL of aquaria water and acclimated for 10 min in the Noldus DanioVision 

Observation Chamber at 28 °C prior to beginning the test (Noldus Information Technology, 

Wagenningen, Netherlands). The ASR assay consisted of 10 min of recording time in the 

dark light settings (Fitzgerald et al. 2019) with an acoustic stimulus every 2 min. The 

acoustic stimulus was run through the Daniovision acoustic startle response stimulus at level 

8, with an inter-stimulus interval of 2 min for a total of 10 min similar to as previously 

described (Pantoja et al. 2016). Behavioral experiments were performed between 11 am 

to 1 pm to minimize circadian variability in movement. Infrared movement was recorded 

at 60 frames per second with a Basler GenICam acA 1300–60 g camera. Behavioral data 

was analyzed on Noldus EthoVision 12.0 software with smoothed tracks for total distance, 
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velocity, and time spent moving. A total of 5 replicates consisting of 24 subsamples per 

treatment group in each biological replicate was included to total 120 total larvae per 

treatment group. Once experiments were completed, a Matlab code was made to quantify 

C-bends.

2.7. Statistics

For each experiment, one spawning event represents one biological replicate with fish within 

a single petri dish considered as subsamples. Multiple spawning events from multiple groups 

of ATZ exposed adults were included among the biological replicates for all experimental 

procedures. For proteomics, statistical analysis was performed in R. A one-way analysis of 

variance (ANOVA) was performed on the LFQ intensities and proteins with a p-value < 0.05 

were analyzed with a Tukey’s post hoc test to identify differences between treatment groups. 

The list of significantly altered proteins was imported into Ingenuity Pathway Analysis (IPA; 

Qiagen, Germantown, MD) and matched to the human orthologs of the zebrafish proteins for 

gene ontology and molecular pathway analysis.

For morphology and behavior, statistics were performed in SAS Statistical Software 

(SAS Institute Inc. Cary, NC). A Grubb’s outlier test was used to detect outliers within 

treatment groups for morphology and behavior. All data was assessed and confirmed for 

normality before further statistical analysis. An ANOVA was used to analyze differences 

in morphological measurements and ASR locomotor behavior among treatment groups 

and a Fisher’s least significant difference (LSD) test at α = 0.05 was incorporated when 

a significant ANOVA was observed. For phasic behavioral analysis of the visual motor 

response assay a repeated measures ANOVA was used to assess phase, treatment, and the 

interaction of phase*treatment. Similarly, a repeated measures ANOVA was also used to 

analyze C-bends by tap. All behavioral data is represented in bar graphs (Bridi et al. 2017; 

Horzmann et al. 2018). All results are presented as mean ± standard deviation of the mean.

3. Results

3.1. Proteomic alterations in progeny

A total of 1,277 unique proteins were identified (Supplemental Table 1). From this list, 62 

proteins had significant LFQ intensity values (p < 0.05) in larvae of the F1 0.3 ppb treatment 

group, while 32 and 24 proteins were significantly altered in larvae of the 3 and 30 ppb 

treatment groups, respectively. In IPA, 54 of the 62 proteins in the F1 0.3 ppb treatment 

group, 26 of the 32 proteins in the 3 ppb treatment group, and 20 of the 24 proteins in the 30 

ppb treatment group were recognized for mapping to their human ortholog (Fig. 1). These 

100 significant calls consisted of 70 unique mapped proteins including several ATP synthase 

proteins (ATP5F1A, ATP5F1C, ATP5MD, ATP5ME, ATP5MG, and ATP5PB), collagen 

proteins (COL10A1, COL18A1, and COL1A1), heterogeneous nuclear ribonucleoproteins 

(HNRNPM, HNRNPR, and HNRNPU), and ribosomal proteins (RPL10A, RPL11, RPL17-

C18orf32, RPL3, RPL4, RPS11, RPS16, and Rps3a1) (Table 1). 24 proteins were altered in 

two treatment groups (23 proteins in the 0.3 and 3 ppb and 1 protein in the 0.3 and 30 ppb 

treatment groups) and 3 proteins were altered in all three treatment groups (HBE1, MATN3, 

and SF3B3) (Fig. 1).
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Pathway analysis was completed on the mapped proteins within each treatment group to 

determine molecular pathways altered in the progeny. As expected with a high degree of 

similarity in proteins altered in the progeny of the 0.3 and 3 ppb treatment groups, similar 

pathways were altered among these two groups. The top physiological system development 

and function pathways in the 0.3 and 3 ppb treatment group offspring included embryonic 

and organismal development, organ development and morphology, and nervous system 

development and function (Table 2). There were more differences in the top disease and 

disorder pathways that were altered in the F1 0.3 and 3 ppb treatment groups, although 

neurological disease and organismal injury and abnormalities were similar (Table 3). In 

addition, psychological disorders, skeletal and muscular disorders, ophthalmic disease, and 

cancer were also top pathways. Progeny of the 30 ppb treatment group had some similarities 

with the other two treatment groups (e.g., organismal injury and abnormalities and cancer), 

but also hit on reproductive system development and disease. Progeny from the F1 30 ppb 

had some similarity to the other F1 groups, but there was limited analysis due to a small 

number of molecular targets within the F1 30 ppb pathways. The F1 30 ppb larvae had 

a limited number of pathway targets identified, so pathway analysis was not able to be 

completed.

Upstream regulator and causal pathway analysis identified similarities in the 0.3 and 3 ppb 

treatment group offspring in DDX5 (DEAD-box helicase 5; 0.3 ppb: p-value: 7.92E-06; 3 

ppb: p-value: 8.25E-09) and MYCN (MYCN proto-oncogene; 0.3 ppb: p-value: 2.39E-05; 

3 ppb: p-value: 2.70E-04). Top canonical pathways in the 0.3 and 3 ppb treatment group 

progeny included estrogen receptor signaling, oxidative phosphorylation, and mitochondrial 

dysfunction.

3.2. Morphological changes in progeny

Length measurements were assessed at 120 hpf (Table 4). A significant increase in mean 

head length was seen in offspring of the 0.3 and 30 ppb treatment groups (p < 0.05). No 

other changes were seen in total length, mean brain length, or mean head width in the larvae 

(p > 0.05). For morphological ratios to assess relative size compared to total body length, a 

significant increase was observed in head length to total body length ratio in the offspring of 

the 0.3 ppb and 30 ppb treatment groups (p < 0.05), indicating head length was greater than 

would be expected based on body length. No significant differences in brain length to total 

body length or head width to total body length was observed (p > 0.05).

3.3. Cartilage and skeletal modifications in progeny

Cartilaginous and skeletal structures were measured at 120 hpf. For cartilaginous structures 

(Supplemental Fig. 2), PQ length was decreased in all parentally exposed groups (p < 0.05, 

Fig. 2A). In addition, the CH-Meckel’s length (p < 0.05; Fig. 2B) and jaw distance was 

decreased in the progeny of the 30 ppb treatment group (p < 0.05; Fig. 2C). No differences 

were detected in the Meckel’s angle, PQ-Meckel’s angle, CH angle, PQ-CH angle, or 

Meckel’s length (p >0.05) (Supplemental Fig. 4). For skeletal structures (Supplemental Fig. 

3), decreased surface area of the saccular otoliths was seen in the progeny of the 30 ppb 

treatment group (p < 0.05; Fig. 3A–B), but no differences observed in utricular otolith areas 

in the progeny (p > 0.05; Fig. 3C–D). Distance between the saccular and utricular otoliths 
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was also measured. The F1 larvae of the 30 ppb treatment group had decreased distance 

between the two saccular otoliths (p < 0.05; Fig. 3E), but no changes in distance for utricular 

otoliths (p > 0.05; Fig. 3F) was observed. In addition, larvae of the 30 ppb treatment group 

had a significant posteriorly positioned notochord as measured from the jaw (i.e., notochord 

to jaw length) (p = 0.0149; Fig. 4A), but no difference in the area of the notochord or 

parasphenoid was observed (p > 0.05; Fig. 4B–C).

3.4. Visual motor response in progeny

Phasic behavioral data was assessed for each light and dark period. For phasic total distance, 

there was significance for phase (F(5,2450) = 1805.42, p < 0.05), treatment (F(3,490) = 

7.18, p < 0.05), and phase*treatment (F(15,2450) = 2.09, p < 0.05; Fig. 5A). The 30 

ppb F1 progeny moved more total distance in all light and dark phases. For time spent 

moving, phase (F(5,2450) = 2408, p < 0.05), treatment (F(3,490) = 8.64, p < 0.05), and 

phase*treatment (F(15,2450) = 3.59, p < 0.05) were significant. Both the 0.3 ppb and 

30 ppb F1 progeny spent more time moving in all light and dark phases (Fig. 5B). No 

significant differences were observed in velocity for treatment (F(3, 490) = 1.55, p > 0.05) or 

phase*treatment (F(15, 2450) = 0.79, p > 0.05; Fig. 5C).

3.5. Acoustic startle response in progeny

Acoustic startle behavioral data was assessed for total distance moved, time spent moving, 

velocity, and counterclockwise and clockwise movement (Fig. 6). For total distance moved 

(p < 0.05), velocity (p < 0.05), and time spent moving (p < 0.05), 0.3 and 30 ppb ATZ F1 

larvae spent significantly less time moving than controls. The ATZ F1 fish in the 0.3 and 30 

ppb treatment groups also spent less time making counterclockwise and clockwise turns in 

comparison to controls (p < 0.05). C-bends were assessed using Matlab software program 

to determine whether larvae were habituating to a series of tap responses throughout the 

experiment and was found to be significant (p < 0.05; Table 5). No significant changes were 

found in taps 1, 2, or 3 (p > 0.05), but tap 4 had a decrease in C-bend response for 30 ppb 

ATZ F1 larvae (p < 0.05).

4. Discussion

ATZ is an endocrine disrupting chemical that targets the neuroendocrine system resulting 

in developmental and reproductive consequences as reported in several epidemiological 

(Agopian et al. 2013; Migeot et al. 2013; Stayner et al. 2017; Waller et al. 2010) and animal 

model studies (DeSesso et al. 2014; Foradori et al. 2018; Hao et al. 2016; McBirney et al. 

2017; Russart and Rhen 2016; Stradtman and Freeman 2021). Multi- and transgenerational 

studies have shown changes in sperm quality, hyperactivity, and change in weight in 

subsequent generations, warranting further studies into generational adverse health impacts 

(Cleary et al. 2019; McBirney et al. 2017). Here, we first used a proteomics approach 

to identify altered protein levels and molecular pathways in the ATZ F1 larvae. A total 

of 1,277 unique proteins were identified, which is similar to the total number of proteins 

detected in past studies (Horzmann et al. 2018), but does only represent a percent of the 

total proteins in the zebrafish. Regardless, imperative details on altered protein abundance 

and molecular pathways were ascertained in this study. Overall, more differentially abundant 
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proteins were observed in progeny of the lowest ATZ treatment group (0.3 ppb). In addition, 

all proteins altered in offspring of the 3 ppb treatment group were also observed in the 

0.3 ppb treatment group. Three proteins were common among all treatment groups: HBE1, 

MATN3, and SF3B3. HBE1 is an embryonic hemoglobin protein, which suggests changes 

in oxygen regulation with ATZ exposure (Aceto et al. 2015). MATN3 is an extracellular 

matrix protein expressed in the cartilage during development (Pullig et al. 2002). Pathogenic 

variants or alterations in MATN3 abundance are associated with bone disorders in humans, 

such as multiple epiphyseal dysplasia (MED), which affects the epiphsyses in long bones 

(Jackson et al. 2012; Pettersson et al. 2018), or osteoarthritis later on in life. SF3B3 is a 

component of U2 small nuclear ribonucleoprotein-associated protein complex SF3B (Das et 

al., 1999). SF3B3 is present in the nucleus and partakes in DNA and RNA maintenance and 

function, including chromatin modification, transcription, splicing, and DNA repair (Chen et 

al. 2017; Metselaar et al. 2021). Alterations in SF3B3 are linked with carcinogenesis (Chen 

et al. 2017). Furthermore, SF3B3 was identified along with HNRNPM (altered in offspring 

of the 30 ppb treatment group in the current study) to interact with RANBP9 (RAN--binding 

protein 9) in the testis to regulate alternative splicing in spermatogenic cells (Bao et al. 

2014). This function is critical for normal spermatogenesis and male fertility, aligning with 

past studies on ATZ endocrine disrupting properties (Hao et al. 2016; McBirney et al. 2017; 

Cleary et al. 2019).

Several differentially abundant proteins in the ATZ F1 were within similar families including 

the ATP synthase proteins, collagen proteins, heterogeneous nuclear ribonucleoproteins, 

and ribosomal proteins. Past studies identified ATZ to alter ATP content, mitochondrial 

dysfunction, and collagen fibers and structures in multiple tissues in the initial exposed 

generation (Lim et al., 2009). The results of the current study indicate these targets are 

also altered in the subsequent generation. The heterogeneous nuclear ribonucleoproteins 

are complexes of RNA and protein that serve as a signal that the pre-mRNA is not yet 

processed; thus, being important for pre-mRNA processing and other aspects of mRNA 

metabolism and transport. The heterogeneous nuclear ribonucleoproteins localize to border 

regions of chromatin and are reported to function in multiple cellular processes (Fakan 

et al. 1984). Moreover, a number of ribosomal proteins were also altered in the ATZ 

F1 larvae. Ribosomal proteins are highly conserved regulators of translation. Ribosomal 

proteins altered in the ATZ F1 included both large and small subunits with a number 

of them known to be associated with Diamond-Blackfan Anemia and/or Shwachman-

Diamond Syndrome (RPL11, RPL3, RPL4, RPS11). Although these disorders are inherited 

conditions, it may suggest similar adverse health targets (e.g., effects on growth, bone 

marrow, the skeletomuscular system, and/or osteosarcoma) for further study. Pathway 

analysis of the altered proteins identified associations with neurological development and 

disease and cancer as well as molecular pathways associated with organ and organismal 

morphology, development, and injury. These pathways align with many of the adverse health 

outcomes and molecular pathways indicated to play a role in atrazine toxicity in the exposed 

generation (F0), including our past proteomic study in the ATZ F0 larvae (Horzmann et 

al. 2018). These common molecular pathways altered in the exposed (F0) and subsequent 

(F1) generation included nervous system development, cancer, and organismal injury and 

abnormalities.
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When comparing the specific proteins altered in the ATZ F1 larvae to the ATZ F0 larvae 

in our previous study, a higher number of proteins were differentially abundant in the larval 

progeny compared to the same aged larvae that had the embryonic ATZ exposure (ATZ F0) 

(Horzmann et al. 2018). There was only one common protein altered, ADD3 (adducin 3), 

in both generations. ADD3 is one of the family members of the adducins. The adducins are 

associated with membrane skeletal proteins and are involved in the spectrin-actin network in 

erythrocytes and in epithelial tissues at sites of cell-to-cell contact. In addition, members of 

the profilin family were also changed in both generations (F0: PFN2L; F1: PFN1). Profilins 

are also associated with the actin cytoskeleton and are essential for organ development. 

Mutations in PFN1 are linked to amyotrophic lateral sclerosis (ALS), while overexpression 

is associated with cancer (Alkam et al. 2017). One previous protein study in MCF-10A 

human breast epithelial cells also identified PFN1 to be differentially expressed with ATZ 

exposure (Huang et al. 2014).

Upstream regulator and causal pathway analysis of the differentially abundant proteins 

identified similarities in the 0.3 and 3 ppb treatment group offspring in the regulator DDX5. 

DDX5, a putative RNA helicase, is part of the estrogen receptor signaling canonical pathway 

(also one of the top canonical pathways enriched in these treatment group offspring) 

involved in embryogenesis, spermatogenesis, and cellular growth and division (Legrand 

et al. 2019). Overall, this finding along with the other discussed proteome results greatly 

overlap with the wealth of literature on ATZ’s association with the estrogen pathways and 

endocrine disrupting properties.

Morphology measurements were completed to assess impacts to larval growth parameters 

and brain development. An increase in head length, along with an increase in head length 

to total body length ratio were observed, indicating head size was larger than would be 

expected based on total larval length. These findings agree with an earlier study reporting an 

increased head length when measurements were completed at 72 hpf immediately following 

embryonic ATZ exposure in zebrafish (F0) (Weber et al. 2013). Epidemiological studies 

have also reported alterations in head size and other birth defects related to in utero ATZ 

exposure (Chevrier et al. 2011; Stayner et al. 2017; Winchester et al. 2009). In addition, 

zebrafish studies using the DOHaD paradigm, report that an embryonic ATZ exposure leads 

to altered body weight at 14 months of age in adult female and male zebrafish exposed to 

ATZ during embryogenesis ((Horzmann et al., 2021, 2022) and altered brain to body weight 

ratio in adult female zebrafish aged 8 months with exposure to 0.3 or 30 ppb ATZ during 

embryogenesis (Wirbisky et al. 2016b). Progeny from these same treatment groups (0.3 and 

30 ppb ATZ) showed morphological alterations in the current study. Alternatively, when the 

F0 were exposed to ATZ from 1 to 120 hpf no significant differences in morphology were 

observed (Ahkin Chin Tai et al. 2021). This discrepancy may be due to the difference in 

exposure periods between the earlier discussed studies and the current study (i.e., 1–72 hpf) 

with those exposed from 1 to 120 hpf. Future work is needed to address this question, along 

with the impacts of these morphological changes as the organisms age.

Based on the molecular pathways identified in the proteomic analysis, further morphological 

analysis of craniofacial structures was completed. Cranioskeletal formation is conserved 

among vertebrates (Kuratani et al.) and bone remodeling and signaling in zebrafish and 
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humans are also similar (Kwon et al. 2019; Mork and Crump 2015; Paul et al. 2016). 

Zebrafish are an established model for bone remodeling and bone disease modeling 

(Carnovali et al. 2019; Kwon et al. 2019), making them an ideal organism to understand how 

ATZ alters craniofacial structures. Furthermore, endocrine disrupting chemicals can cause 

changes in cartilage and bone development. A couple studies in different model organisms 

support developmental ATZ exposure interfering with craniofacial bone and cartilage 

formation during development, including reports in frogs (Lenkowski and McLaughlin 

2010) and zebrafish (Walker et al. 2018). In addition, a study with developmental ATZ 

exposure in chick embryos also showed neural tube defects and craniofacial hypoplasia 

(Joshi et al. 2013). Conversely, a developmental exposure in South American river turtles 

found no visual changes with ATZ exposure in whole body skeletal structures (dos Santos 

Mendonça et al. 2016).

In zebrafish, chondrogenesis is present 2 days after fertilization (48 hpf) and cartilaginous 

structures begin to develop around 3 days post fertilization (72 hpf) (Kimmel et al. 1998). 

Cranial bone development in the zebrafish starts from 3 days after fertilization (72 hpf) 

(Cubbage and Mabee 1996). The jaw is derived from 7 pharyngeal arches by 5 days post 

fertilization (120 hpf) in the larval zebrafish and neural crest cells during development play 

a critical role in neurocranial cartilage and bone development. Malformations in the jaw are 

associated with bone formation or neural crest migrations issues (Kimmel et al. 1998; TeSlaa 

et al. 2013; Ton et al. 2006). Here, we observed a significant decrease in PQ length for 

progeny of all ATZ treatment groups and in CH-Meckel’s length, jaw distance, and a more 

posteriorly positioned jaw as measured from the notochord in offspring of the 30 ppb ATZ 

treatment group.

In addition, a decrease in surface area of the saccular otoliths and a decrease in distance 

between the saccular otoliths was measured in the offspring of the 30 ppb treatment group, 

suggesting a decrease in ossification. During the first week of development, zebrafish have 

only two pairs of otoliths; the utricle, which is anteriorly positioned, and the saccule, which 

is more posterior. Otoliths are important for hearing and balance in zebrafish. Although 

these two sets of otoliths are similar in appearance and structure, the utricular otoliths are the 

crucial vestibular organs (Riley and Moorman 2000) and the saccular otoliths play a major 

role in hearing, especially in the first week of development (Yao et al. 2016). Zebrafish at 

120 hpf are capable of detecting sound and regulating balance (Best et al. 2008; Inoue et 

al. 2013). Weberian ossicles are present at later developmental stages in zebrafish and are 

important for detection of sound pressure (Grande and Young 2004). During the first week 

of development for zebrafish, since Weberian ossicles are not present, the fish compensate 

with a larger saccular otolith for sound pressure detection and the growth of this otolith is 

highly regulated during development (Inoue et al. 2013). The smaller surface area of the 

saccular otoliths as well as decreased distance between the saccular otoliths measured in the 

current study, again suggest a decrease in ossification with a potential impact to hearing.

These morphological observations are comparable to the craniofacial hypoplasia reported in 

developing chicks exposed to N-nitrosoatrazine (Joshi et al. 2013). In addition, the current 

study agrees with two other zebrafish studies reporting decreased ossification of vertebrae 

in developmentally exposed zebrafish at 8 days post fertilization (Walker et al. 2018) and a 
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visible phenotype of an underdeveloped jaw at 96 hpf (Ton et al. 2006). Alternatively, the 

decrease in size of various cartilaginous structures in the 30 ppb ATZ F1 treatment group 

at 120 hpf contradicts another study in zebrafish in which the authors found a trend of 

increasing size of cartilaginous structures at 120 hpf (Walker et al. 2018). However, this 

study was completed in the exposed generation (F0), in which zebrafish were exposed from 

8 to 120 hpf to ATZ in a mixture. Overall, the findings in the current study suggest that ATZ 

exposure in the parental generation can alter craniofacial development in their progeny with 

alterations observed in cartilaginous and skeletal structures, along with supporting molecular 

pathway alterations identified in the proteomic analysis.

ATZ as an endocrine disruptor has also been shown to cause sex specific behavioral 

outcomes in various model organisms. A study in tadpoles observed hyperactivity in 

ATZ exposed tadpoles, and these tadpoles were also less likely to avoid predatory 

chemical cues (Ehrsam et al. 2016). A gestational ATZ exposure in C57BL/6 mice found 

dams had decreased novel object recognition and displayed hyperactivity, while juvenile 

offspring were hyperactive with an increase in anxiety-like behavior (Lin et al. 2014). 

Furthermore, a transgenerational ATZ study in Sprague Dawley rats found the F3 generation 

displayed hyperactivity (McBirney et al. 2017), showing behavioral changes can be observed 

in subsequent generations. In zebrafish, embryonic ATZ exposure resulted in altered 

transcriptome pathways associated with behavioral, cognitive, and locomotive changes at 

72 hpf (Wirbisky et al. 2016b). Proteomic analysis at 120 hpf in zebrafish exposed to ATZ 

during embryogenesis (1–72 hpf) also supported molecular pathway alterations associated 

with behavior, similar to the current study (Horzmann et al. 2018). Furthermore, behavioral 

analysis with the visual motor response assay in the ATZ F0 zebrafish exposed during 

embryogenesis (1–72 hpf) showed cumulative hypoactivity in the 30 ppb treatment group 

at 120 hpf (Horzmann et al. 2018). When the ATZ exposure was extended through 120 hpf 

in the F0 and locomotion was evaluated by phase, hypoactivity was observed in the 30 ppb 

treatment group in the dark phases for total distance moved and hyperactivity observed in 

the 0.3 ppb treatment group in the first light phase in total distance moved and time spent 

moving (Ahkin Chin Tai et al. 2021). No significant changes were seen for velocity. These 

findings are similar to what was observed in the current study in the visual motor response 

assay in the ATZ F1 larvae at 120 hpf, with behavioral alterations only observed in progeny 

of the 0.3 and 30 ppb treatment groups and no significant changes in velocity, although 

hyperactivity was observed in the 30 ppb treatment group progeny.

Furthermore, based on the alterations observed in the saccular otoliths, an acoustic stimulus 

response (ASR) assay was included to investigate potential impacts to sound and vibration 

in the F1 larvae. The ASR assay was performed at 144 hpf since zebrafish are capable of 

detecting sound and regulating balance after 120 hpf. In addition, past research indicates this 

developmental age to be optimal for this assessment (Best et al. 2008; Inoue et al. 2013; 

Pantoja et al. 2016). A decreased startle response was observed primarily in the 0.3 and 

30 ppb ATZ F1 progeny for all endpoints in this study, aligning with the same treatment 

groups with altered behavior in the visual motor response assay in this study in the F1 

and in past studies in the F0 (Ahkin Chin Tai et al. 2021; Horzmann et al. 2018). ASR 

can activate calcium signals in the serotonergic dorsa raphe nuclei (Pantoja et al. 2016), 

suggesting that dysregulation of ASR affects the serotonergic system. A previous study 

Tai et al. Page 13

Environ Int. Author manuscript; available in PMC 2023 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in our laboratory showed adult female F0 zebrafish had decreased serotonin turnover and 

serotonergic metabolite 5-HIAA (Wirbisky et al. 2015) and adult male F0 zebrafish had 

decreased numbers of cells in raphe populations (Horzmann et al 2021) when exposed to 

ATZ only during embryogenesis.

ASR is conserved in vertebrates and the assay also permits identification of changes in 

habituation levels, which are associated with behavioral and anxiety disorders in humans 

being critical for adaptive behavior and learning (Pantoja et al. 2016). In zebrafish, a 

reduction to startle response with a series of tap startles was demonstrated previously in 

larvae (Best et al. 2008). In this study, C-bends were measured to determine whether 

larvae were habituating to a series of tap responses throughout the experiment. Decreased 

C-bends as the tap experiment progressed in progeny of the ATZ 30 ppb treatment group 

was detected, suggesting altered non-associative learning behavior. Intra-individual and 

population level variation for C-bends is known to occur (Fitzgerald et al. 2019; Pantoja 

et al. 2016), meaning that an individual that responds to tap 1 may not respond to tap 2, 

and so forth, and the power of our study captures the biological variation of this behavior. 

Furthermore, the ability to habituate to short term startle responses has been shown to have 

a heritable component since offspring of animals with a high habituation index also were 

observed to have a high habituation index and vice versa in a past zebrafish study (Pantoja 

et al. 2016). These observations agree with studies showing that ATZ exposure alters 

learning and anxiety-related behavior in adult rats (Bardullas et al. 2011), developmentally 

exposed rats (Wang et al. 2019), and adult zebrafish exposed to ATZ during embryogenesis 

(Horzmann et al 2022). Moreover, in the context of previous laboratory studies, as well 

as various developmental transgenerational studies of ATZ exposure, the current study 

falls in line with the DOHaD exposure model. This paradigm indicates that exposures 

during development can have long lasting impacts seen later on in life and potentially 

even in subsequent generations. As such integrating findings of the current study with 

past observations, heritability of molecular changes leading to serotonergic dysregulation 

and alterations in cartilage and skeletal structures resulting in the observed impacts on 

behavioral outcomes is supported for the progeny of the zebrafish exposed to ATZ only 

during embryogenesis. In addition, the current study agrees with past studies in humans, 

rodents, and other organisms that developmental ATZ exposures at or around the current 

regulatory concentration in US drinking water (3 ppb) and well below that of the WHO (100 

ppb) is suffice to alter morphological growth parameters and behavior, warranting continued 

assessment to better understand the health risks of these observations.
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Fig. 1. A Venn diagram of proteins altered within treatment groups.
ATZ F1 larvae in the 0.3 ppb treatment group had 54 proteins altered, in the 3 ppb treatment 

group had 26 proteins altered, and in the 30 ppb treatment group had 20 proteins altered. 24 

proteins were altered in two treatment groups (23 proteins in the 0.3 and 3 ppb and 1 protein 

in the 0.3 and 30 ppb treatment groups) and 3 proteins were altered in all three treatment 

groups (HBE1, MATN3, and SF3B3).
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Fig. 2. Significant alterations in cartilage measurements in ATZ F1 larvae at 120 hpf.
ATZ F1 larvae of all treatment groups had significantly shorter PQ length (A). CH-Meckel’s 

length was shorter for 30 ppb F1 groups (B). Jaw distance was also shorter for 30 ppb F1 

larvae (C). White lines indicate how each parameter was measured in right panels. For each 

ATZ F1 treatment group 11–20 larvae were imaged as subsamples per biological replicate. A 

total of 5 biological replicates were assessed to achieve 55–75 larvae per treatment group. *p 

< 0.05. Error bars represent standard deviation.
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Fig. 3. Otolith positioning and surface area measurements in ATZ F1 larvae at 120 hpf.
Otoliths are labeled as utricular (U) 1 or 2 for the anterior otoliths (red) and saccular (S) 

1 or 2 for the posterior otoliths (white). Saccular otolith Area 1 (A) and saccular otolith 

area 2 (B) were significantly smaller in F1 30 ppb progeny. No change in surface area was 

found for utricular otolith area 1 (C) or utricular otolith area 2 (D). Length between saccular 

otoliths was significantly shorter in F1 30 ppb fish (E), but no significant difference in 

length was observed between utricular otoliths (F). For each ATZ F1 treatment group 11–20 

larvae were imaged as subsamples per biological replicate. A total of 5 biological replicates 

were assessed to achieve 55–75 larvae per treatment group. *p < 0.05. Error bars represent 

standard deviation. Scale bar is 100 μM.
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Fig. 4. Jaw to notochord length and notochord and parasphenoid surface area in ATZ F1 larvae 
at 120 hpf.
Jaw to notochord length was significantly increased in F1 30 ppb larvae (A) (white line). 

There were no differences among the offspring of the different parental atrazine treatment 

groups for the notochord (B) (white rectangle) or parasphenoid (C) (red triangle) surface 

area. For each ATZ F1 treatment group 11–20 larvae were imaged as subsamples per 

biological replicate. A total of 5 biological replicates were assessed to achieve 55–75 larvae 

per treatment group. *p < 0.05. Error bars represent standard deviation. Scale bar is 100 μM.
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Fig. 5. Phasic behavior in ATZ F1 larvae at 120 hpf.
An increase in total distance moved in the 30 ppb F1 fish was seen in all light and dark 

phases (A). An increase in time spent moving was observed in the 0.3 and 30 ppb F1 larvae 

in all phases (B). No significant differences were detected for velocity (C). Each treatment 

group had 8 biological replicates containing 24 subsample fish per biological replicate for a 

total of 192 fish per treatment group. *p < 0.05. Error bars represent standard deviation.
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Fig. 6. Acoustic startle behavior in ATZ F1 larvae at 144 hpf.
A decrease in total distance moved (A), time spent moving (B), velocity (C), 

counterclockwise turns (D), and clockwise turns (E) in the 0.3 and 30 ppb F1 fish was 

observed. Each treatment group had 5 biological replicates containing 24 subsample fish 

per biological replicate for a total of 120 fish per treatment group. *p < 0.05. Error bars 

represent standard deviation.
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Table 2

Top physiological system development and function pathways altered in progeny at 120 hpf.

Physiological System Development and Function Pathway p-valuea Number of moleculesb

Progeny of 0.3 ppb treatment group

Embryonic development 4.73E–02–4.44E–04 7

Nervous system development and function 4.73E–02–4.44E–04 6

Organ development 4.96E–02–4.44E–04 7

Organ morphology 4.96E–02–4.44E–04 6

Organismal development 4.73E–02–4.44E–04 7

Progeny of 3 ppb treatment group

Embryonic development 4.64E–02–1.53E–04 7

Nervous system development and function 4.95E–02–1.53E–04 8

Organ development 4.95E–02–1.53E–04 7

Organ morphology 4.95E–02–1.53E–04 9

Organismal development 4.95E–02–1.53E–04 8

a
Derived from the likelihood of observing the degree of enrichment in a protein set of a given size by chance alone.

b
Classified as being differentially expressed that relate to the specified function category; a protein may be present in more than one category.
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Table 3

Top diseases and disorders pathways altered in progeny at 120 hpf.

Diseases and Disorders Pathway p-valuea Number of moleculesb

Progeny of 0.3 ppb treatment group

Neurological disease 3.83E–02–1.98E–06 11

Organismal injury and abnormalities 4.90E–02–1.98E–06 14

Psychological disorders 3.74E–02–1.98E–06 9

Hereditary disorder 4.90E–02–3.80E–06 9

Skeletal and muscular disorders 4.67E–02–3.80E–06 12

Progeny of 3 ppb treatment group

Neurological disease 5.00E–02–3.57E–06 18

Organismal injury and abnormalities 5.00E–02–3.57E–06 25

Cancer 4.55E–02–1.31E–05 24

Tumor morphology 2.16E–03–1.31E–05 5

Ophthalmic disease 4.95E–02–1.53E–04 7

a
Derived from the likelihood of observing the degree of enrichment in a protein set of a given size by chance alone.

b
Classified as being differentially expressed that relate to the specified function category; a protein may be present in more than one category.
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Table 5

C bend reaction time by tap at 144 hpf.

Parental ATZ treatment group Tap 1 Tap 2 Tap 3 Tap 4

0 ppb 0.237 0.171 0.340 0.287

0.3 ppb 0.300 0.216 0.445 0.286

3 ppb 0.258 0.175 0.300 0.275

30 ppb 0.189 0.208 0.353 0.171*

*
p < 0.05 compared to progeny of the 0 ppb treatment group (no parental ATZ exposure).
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