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ABSTRACT 

Adverse outcome pathways (AOPs) are a framework that categorizes the impact of 

chemicals biologically from the initial molecular interaction through to the ecosystem 

level. This research aims to refine two existing AOPs that are initiated when dioxins and 

dioxin-like chemicals bind to molecular receptors. When embryonic development is 

adversely impacted by dioxins, we hypothesize that there are differences in gene and 

protein expression, which will distinguish the molecular level key events in these two 

AOPs. To test this, we performed qPCR on AOP key event genes, and also non-targeted 

proteomics on teleost embryos from different stages of development after exposure to 

dioxins and linked these to higher-level adverse effects, specifically cardiac impairment, 

and malformations. Refining these AOPs will benefit society by improving our ability to 

respond to chemical contaminants more effectively to prevent adverse outcomes in humans 

and their environment. 

 

Keywords: adverse outcome pathways; toxicology; key events; genetic markers; aryl 

hydrocarbon receptor  



iv 

 

AUTHOR’S DECLARATION 

 

I hereby declare that this thesis consists of original work of which I have authored. 

This is a true copy of the thesis, including any required final revisions, as accepted by my 

examiners. 

I authorize the University of Ontario Institute of Technology (Ontario Tech 

University) to lend this thesis to other institutions or individuals for the purpose of scholarly 

research. I further authorize University of Ontario Institute of Technology (Ontario Tech 

University) to reproduce this thesis by photocopying or by other means, in total or in part, 

at the request of other institutions or individuals for the purpose of scholarly research. I 

understand that my thesis will be made electronically available to the public. 

 

 

 

SHREYA JAIN 
 

 

  



v 

 

STATEMENT OF CONTRIBUTIONS 

I hereby certify that I am the sole author of this thesis and that no part of this thesis has 

been published or submitted for publication.  I have used standard referencing practices to 

acknowledge ideas, research techniques, or other materials that belong to 

others.  Furthermore, I hereby certify that I am the sole source of the creative works and/or 

inventive knowledge described in this thesis.  

 

 

  



vi 

 

ACKNOWLEDGEMENTS 

 

I would like to express my gratitude towards Professor Denina Simmons for giving me an 

opportunity to grow independently as a scientist in her aquatic facility. It is her guidance 

and support that has trained me to become a resilient researcher during this research project. 

Not only was she an encouraging supervisor but an empathetic friend which was a necessity 

to survive as a graduate student during the pandemic. I am grateful to have shared these 

wonderful two years in this lab to learn all the skills that I have. Thank you for always 

believing in your students, Nina. 

Furthermore, I would like to extend my appreciation towards Dr. Linda Lara-Jacobo for 

being the best mentor anyone could ask for. I cannot thank you enough for joining the lab 

and encouraging me from the start. You never hesitated to offer your help and I am grateful 

to have had your support through my masters. You shared so many skills and valuable 

experiences with me and you were also the friend that I needed during the thick of it. Thank 

you for all that you have taught me with patience and understanding during this experience. 

You have given me the confidence a scientist needs! 

I am also very thankful for having Urvi Pajankar as a supporting member of the lab who 

never failed to volunteer to help me out. She gave me her precious time on weekends and 

early mornings which I will remember forever. Her support was vital toward my resilience 

which was tested during this project. Her attention to detail, patience and kindness are 

unmatched even on the most stressful days. Thank you for always being there for me. 

Additionally, I would also like to thank all my fellow lab mates for being friendly, 

encouraging, and supporting and I especially want to thank those who helped keep my 



vii 

 

medaka alive! I am grateful for all the time everyone provided me. Thank you for always 

reminding me that we are all in this together. 

Finally, I would like to thank the undergraduate lab members: Almira Khan, Aleen Zhera 

and Mohammed Faiz Chauhan for assisting during my busiest times in the lab and 

completing the tasks I needed in a timely manner. I couldn’t have done it without you guys, 

thank you. 

My biggest thanks go to my family and my loving partner, Phil Snache, for always being 

the rock that I needed to listen to all my problems (scientific or not) to help keep me sane 

as a researcher. I am especially thankful for the sustenance you provided during my 

vigorous sample collection month. Thank you for coming into my life and becoming the 

support that has brought us to this achievement. 

  



viii 

 

TABLE OF CONTENTS 

Thesis Examination Information .....................................................................................ii 

Abstract  ........................................................................................................................... iii 

Authors Declaration .........................................................................................................iv 

Statement of Contributions ...............................................................................................v 

Acknowledgements ...........................................................................................................vi 

Table of Contents ...........................................................................................................viii 

List of Tables ......................................................................................................................x 

List of Figures..................................................................................................................xiii 

List of Abbreviations and Symbols ................................................................................xvi 

Chapter 1 Introduction .....................................................................................................1   

1.2 Objectives ................................................................................................................9  

Figures .........................................................................................................................10 

 

Chapter 2 Methodology……….......................................................................................15  

2.1 Japanese Medaka  

2.1.1 Medaka culturing and Embryo collection………………..............................15  

2.1.2 Collection of eggs at 1-cell stage....................................................................17 

2.2 Pilot Tests  

2.2.1 Dioxin pilot study in Japanese Ricefish (Oryzias latipes) embryos................19  

2.2.2 RNA extraction and qPCR optimization........................................................19 

2.2.3 Optimization of Proteomics Protocol for medaka embryos………………...20 

2.2.4. Calibration of HeartBeat software……………………………….………...21 

2.3 Study Design and Execution…………………………..………………………….22 

2.4 Sample preparation and analyses 

 2.4.1 RNA extraction and qPCR….…………………………...………………….23 

 2.4.2 Proteomics………………………………………………………...………..25 

 2.4.3 Proteome Identification and Quantification………………...………………27 

 2.4.4 HeartBeat Data Processing…………………………………………………28 

 2.4.5 Malformation Analysis……………………………………………………..28 

2.5 Statistical Analyses……………………………………………………...………..29 

Tables……………………………………………...…………………………………31 

Figures……………………………………………………………..………………....33 

 

Chapter 3 Results….……................................................................................................36  

3.1 Cardiovascular Development…….........................................................................36 

3.2 Gene expression......................................................................................................36 

3.3 Embryo Proteins………………………………………………………………….37 

Tables……………………………………………...…………………………………41 

Figures……………………………………………………………..………………....54 

 

Chapter 4 Discussion ….……..........................................................................................69  

3.2 Conclusion………..................................................................................................78  

  



ix 

 

Appendices  

Appendix A (Japanese Medaka Embryo Rearing Solution)…………….....................79 

Appendix B (Proteomics Reagents).............................................................................80 

Appendix C (Protein Acquisition Methods).................................................................81 

Appendix D (All proteins detected in 2 dpf samples)....................................................85 

Appendix E (All proteins detected in 7 dpf samples)....................................................94 

 

References ………………...…….....................................................................................97 

 

 

 

  



x 

 

LIST OF TABLES 

 

CHAPTER 2 

 

Table 2.1: Wild-type Japanese Ricefish (Oryzias latipes) qPCR primers.........................31  

 

Table 2.2: Optimization of the laboratory’s standard method to ensure adequate digestion 

of proteins. Test 6* indicates the run that detected the most abundance of 

proteins……………………………………………………………………………...……31 

 

Table 2.3: Scoring of pericardial edema surrounding the heart. Pictures were taken in the 

Aquatic Omics lab using a Leica EZ4 microscope with a built-in camera and Leica EZ 

Application Suite (Version 3.4.0) software. The heart and surrounding cardiovascular 

development is indicated by the black box on each picture of a hatch…...………….…..32 

 

CHAPTER 3 

 

Table 3.1: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Cardiac conduction pathway found in Reactome with corresponding 

mean protein abundances (average of three technical replicates) shown per treatment. 

Lower abundances of protein are more orange/red, while higher abundances are more 

yellow/green. ……………………………………………….............................................41  

 

Table 3.2: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Cardiac muscle contraction - Homo sapiens (human) pathway found in 

KEGG with corresponding mean protein abundances (average of three technical 

replicates) shown per treatment. Lower abundances of protein are more orange/red, while 

higher abundances are more yellow/green.………………………………………………42 

 

Table 3.3: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Retinoid metabolism and transport pathway found in Reactome with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more orange/red, while higher abundances 

are more yellow/green.…………………………………………………………………...43 

 

Table 3.4: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Retinoic acid receptors-mediated signalling pathway found in PID with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more orange/red, while higher abundances 

are more yellow/green. …………………………………………………………………..44 

 

  



xi 

 

CHAPTER 3 (Continued) 

 

Table 3.5: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Melanogenesis - Homo sapiens (human) pathway found in KEGG with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more orange/red, while higher abundances 

are more yellow/green. …………………………………………………………………..45 

 

Table 3.6: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Dilated cardiomyopathy - Homo sapiens (human) indicated by Dilated 

CM, Hypertrophic cardiomyopathy - Homo sapiens (human) indicated by Hypertrophic 

CM, and Arrhythmogenic right ventricular cardiomyopathy - Homo sapiens (human) 

indicated by Arrhythmogenic RV CM. These pathways are found in the KEGG database 

and the corresponding mean protein abundances (average of three technical replicates) 

detected in the 2 dpf samples are shown per treatment. Lower abundances of protein are 

more orange/red, while higher abundances are more yellow/green……………………...46 

 

Table 3.7: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all Japanese Ricefish (Oryzias latipes) samples that 

overlap with the HIF-1α transcription factor network pathway found in the PID database 

with corresponding mean protein abundances (average of three technical replicates) 

detected in the 2 dpf samples are shown per treatment. Lower abundances of protein are 

more orange/red, while higher abundances are more yellow/green…….………………..47 

 

Table 3.8: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf 10 ppb Japanese Ricefish (Oryzias latipes) 

samples that were decreased in abundance relative to control with log fold change values 

retrieved from Metaboanalyst and FDR-corrected p-values using Benjamini Hochberg 

procedure…………………………………………………………………………………48 

 

Table 3.9: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf 10 ppb Japanese Ricefish (Oryzias latipes) 

samples that were increased in abundance relative to control with log fold change values 

retrieved from Metaboanalyst and FDR-corrected p-values using Benjamini Hochberg 

procedure…………………………………………………………………………………49 

 

Table 3.10: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all Japanese Ricefish (Oryzias latipes) samples that 

overlap with the EGFR1 pathway found in the NetPath database with corresponding 

mean protein abundances (average of three technical replicates) detected in the 2 dpf 

samples are shown per treatment. Lower abundances of protein are more orange/red, 

while higher abundances are more yellow/green. Proteins in the 10ppb group are 

significantly decreased compared to control as found by the Benjamini–Hochberg 

procedure indicated by the asterisk………………………………………………………50 



xii 

 

CHAPTER 3 (Continued) 

 

Table 3.11: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Regulation of HSF1-mediated heat shock response pathway found 

in the Reactome database with corresponding mean protein abundances (average of three 

technical replicates) detected in the 7 dpf samples are shown per treatment. Lower 

abundances of protein are more orange/red, while higher abundances are more 

yellow/green……………………………………………………………………………...51 

 

Table 3.12: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Oxidative Stress Induced Senescence pathway found in the 

Reactome database with corresponding mean protein abundances (average of three 

technical replicates) detected in the 7 dpf samples are shown per treatment. Lower 

abundances of protein are more orange/red, while higher abundances are more 

yellow/green……………………………………………………………………………...52 

 

Table 3.13: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Lipid and atherosclerosis - Homo sapiens (human) pathway found in 

the KEGG database with corresponding mean protein abundances (average of three 

technical replicates) detected in the 7 dpf samples are shown per treatment. Lower 

abundances of protein are more orange/red, while higher abundances are more 

yellow/green……………………………………………………………………...………53 

  



xiii 

 

LIST OF FIGURES 

 

CHAPTER 1 

 

Figure 1.1: Visual representation of the AhR complex in its inactive state found in the 

cytoplasm.……….……….................................................................................................10 

  

Figure 1.2: Visual representation of the AhR complex displaying translocation into the 

nucleus upon binding of a ligand as well as multiple downstream pathways ………..…11 

 

Figure 1.3: Visual representation of naturally found dietary ligands that activate the AhR. 

The diagram is adapted from a previous study (Nishiumi et al., 2011)………………….12 

 

Figure 1.4: Chemical structure of 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) which 

remains the most toxic dioxin and the most potent activator of AhR ……………….…..13 

 

Figure 1.5: Map of Canada displaying predicted 2011 annual average TCDD 

concentrations of outdoor air at residential locations by health region based on data from 

Statistics Canada…………………………………………………………………………13 

 

Figure 1.6: Existing AOPs 21 and 150 displaying effects of dioxin and dioxin-like 

chemicals on cardiovascular (CV) development. Altered CV development is seen as 

reduced blood flow, pericardial edema (PE), and impaired angiogenesis in Japanese 

medaka embryos (Oryzias latipes). The AOPs are differentiated by the red and purple 

arrows where red is AOP 21, and purple is AOP 150. The orange box indicates the 

molecular initiating event = AhR activation, the green boxes represent the key events and 

the yellow boxes indicate the adverse outcome………………………………………….14 

 

CHAPTER 2 

 

Figure 2.1: Stages of Japanese Ricefish (Oryzias latipes) cardiovascular development. 

Only 4 hours after fertilization, the embryo reaches division into a mass of cells known as 

a morula. 2 dpf marks the onset of blood circulation, and at 7 dpf cardiovascular 

development is complete. Fry normally hatch between 9 and 11 

dpf………………………………………………………………………………….…….33 

 

Figure 2.2: mRNA extraction workflow as outlined in the Qiagen RNeasy Micro 

handbook modified for extracting RNA from 3 Japanese Ricefish (Oryzias latipes) 

embryos per 

column……………………………………………………………………………………34 

 

Figure 2.3: Proteomics sample preparation workflow until storage for running on LC-

QTOF MS/MS……………………………………………………………………...……35 

 

  



xiv 

 

CHAPTER 3 

 

Figure 3.1: A normally developed newly hatched fry (upper image), and a malformed 

hatch exposed to 10 ppb of TCDD for 1 hour at the 4-hour-post-fertilization mark (lower 

image). The malformed fry has pericardial edema (PE), yolk sac edema (YSE), 

craniofacial and spinal cord (SC) malformations, and has a tube heart with coagulation. 

[HOD: Healthy oil droplet; HSC: Healthy Spinal Cord; HYS: Healthy Yolk Sac]……..54 

 

Figure 3.2: Hatching time between control embryos and embryos from each TCDD 

exposure group: 0.001, 0.01, 0.1, 1, and 10 ppb. Significant delay in hatching time are 

indicated with  * p-value = 0.0314; ** p -value = 0.0036 (one-way ANOVA with 

Dunnett's multiple comparisons post-hoc test).……………………………………….…55 

 

Figure 3.3: The number of embryos with malformations by severity score in each 

exposure group (p -value = 0.0127, Chi square test). Each dose consisted of fry 

categorized in one of four scoring categories based on Blue Sac disease heart scoring (see 

Table 2.3 for details).………………………….……...……………………………….…56 

 

Figure 3.4: The median pericardial edema (PE) score for the control and 10 ppb exposure 

groups, (p -value = 0.0141, Kolmogorov-Smirnov test). Medians are shown as solid lines 

between the boxes with the boxes themselves indicating the range of scoring found in 

each group. The error bars represent the 0-3 scoring used for the groups (see Table 2.3 for 

details)..……………………………………………….……………………………….…57 

 

Figure 3.5: Japanese rice fish (Oryzias latipes) heart rate at 7 dpf for each exposure 

group. Heart rate significantly declines in all treatment groups of TCDD (Dunnett's 

multiple comparisons post-hoc test) p -values: * = 0.0319; ***= <0.002, **** = < 

0.0001.…………………………...…………………………………………………….…58 

 

Figure 3.6: Relative ahr, hif-1α, cox-2mRNA level normalized with rpl7 gene. (ahr = [** 

2 dpf p -value = 0.1738 and *** 7 dpf p -value = <0.0001]; cox-2 = [** 7 dpf stage p -

value = 0.002])…………………………...……….……...………………………….…...59 

 

Figure 3.7: Over-representation pathway analysis (p <0.01) performed on orthologous 

human gene symbols of all proteins detected in the control 2 dpf Japanese Ricefish 

(Oryzias latipes) embryos..……….………………………………………….…………..60 

 

Figure 3.8: Over-representation pathway analysis (p <0.01) performed on orthologous 

human gene symbols of all proteins detected in the 2 dpf Japanese Ricefish (Oryzias 

latipes) embryos exposed to 10 ppb TCDD for 1 hour at the 4hpf……………………....61 

 

Figure 3.9: Over-representation pathway analysis (p < 0.01) of orthologous human gene 

symbols of all proteins significantly decreased in abundance found in the 10ppb group 

relative to control, also found in Table 3.8. ………………………………………..……62 

 

  



xv 

 

CHAPTER 3 (Continued) 

 

Figure 3.10:  Boxplot of Kras and Hras normalized protein abundance generated by 

Metaboanalyst. The black dots indicate the three replicates, the line indicates the median 

and the yellow dot represents the mean. Both proteins decreased in abundance in the 

10ppb compared to control (volcano plot, p -value <0.05, FDR-corrected <0.2). These 

genes are found in multiple pathways as detected by over-representation pathway analysis 

(p<0.01) such as VEGFR2 mediated cell proliferation, Signaling by EGFRvIII in Cancer, 

Constitutive Signaling by Ligand-Responsive EGFR Cancer Variants, Signaling by 

Ligand-Responsive EGFR Variants in Cancer, and Signaling by EGFR in Cancer 

pathways in Reactome; and also VEGF signaling pathway - Homo sapiens (human) 

pathway in KEGG (also seen in Figure 3.9). ……………………………………...….…63 

 

Figure 3.11: Boxplot of Pik3cg normalized protein abundance generated by 

Metaboanalyst which decreased in abundance in the 10ppb compared to control (volcano 

plot, p-value <0.05, FDR-corrected <0.2). The black dots indicate the three replicates, the 

line indicates the median and the yellow dot represents the mean. This gene, along with 

Hras and Kras are found to be overlapping in the Relationship between inflammation, 

COX-2 and EGFR pathway found in Wikipathways upon over-representation pathway 

analysis (p<0.01) (also seen in Figure 3.9). …………………………………………......64 

 

Figure 3.12: Over-representation pathway analysis (p < 0.01) of orthologous human gene 

symbols of all proteins significantly increased in abundance found in the 10ppb group 

relative to control, also found in Table 3.9. …………………………………………..…65 

 

Figure 3.13: Boxplot of Git1, Actr3, and Cyfip1 normalized protein abundance generated 

by Metaboanalyst. The black dots indicate the three replicates, the line indicates the 

median and the yellow dot represents the mean.  All proteins increased in abundance in 

the 10ppb compared to control (volcano plot, p-value <0.05, FDR-corrected <0.2). The 

orthologous human gene symbols of these proteins  are found in multiple pathways as 

detected by over-representation pathway analysis (p<0.01) which are listed in the legend 

below each boxplot…………………………………………………………….………...66 

 

Figure 3.14: Boxplots of Psd4 and Kif13b normalized protein abundance generated by 

Metaboanalyst. The black dots indicate the three replicates, the line indicates the median 

and the yellow dot represents the mean. Both proteins had increased in abundance in the 

10ppb compared to control (volcano plot, p-value <0.05, FDR-corrected <0.2) . After 

over-representation pathway analysis (p<0.01), each was associated with the pathway 

indicated in the legend below each boxplot with the additional proteins associated with 

those pathways noted in Figure 3.12 …………………………………..……………...…67 

 

Figure 3.15: Over-representation pathway analysis (p < 0.01) of orthologous human gene 

symbols of all proteins detected in the 7 dpf samples revealed that many proteins were 

associated with cellular responses to stress..………………………………………….…68 

 

 



xvi 

 

LIST OF ABBREVIATIONS AND SYMBOLS  

 

 

AOPs Adverse Outcome Pathways 

AOP-Wiki Adverse Outcome Pathway Wiki 

MIE molecular initiating event  

AO adverse outcome 

KE key event 

AhR aryl hydrocarbon receptor 

HSP90 90-kDa heat shock protein  

AIP, also known as XAP2 or Ara9 AhR-interacting protein  

c-SRC Proto-oncogene tyrosine-protein kinase Src 

ARNT AhR nuclear translocator 

DRE dioxin-responsive elements  

COX-2 cyclooxygenase-2 

HIF-1α hypoxia-inducible factor-1α 

VEGF Vascular endothelial growth factor 

PCBs polychlorinated biphenyls  

PAHs polycyclic aromatic hydrocarbons 

TCDD 2,3,7,8-Tetrachlorodibenzodioxin 

CV cardiovascular 

PE pericardial edema 

dpf days post fertilization  

RNA Ribonucleic acid 

rpm Rotations per minute 

rpl7 Ribosomal Protein L7 

qPCR quantitative polymerase chain reaction 

IAA Iodoacetamide 

ppb parts per billion 

DNA Deoxyribonucleic acid 

NoRT no reverse-transcriptase  

NTC no template control 

TECP Tris(2-carboxyethyl) phosphine hydrochloride 

RPLC reverse-phase liquid chromatography 

Q-TOF Quadrupole Time-of-Flight 

MPP Mass Profiler Professional  

FDR false-discovery-rate 

EGFR Epidermal growth factor receptor 

 

 



1 

 

Chapter 1. Introduction  

In 2012, the Organization for Economic Co-operation and Development (OECD) launched 

a new program on the development of adverse outcome pathways (AOPs) (Bolt, 2017). 

AOPs are a collaborative scientific framework that presents the effects of various chemicals 

in increasing levels of biological organization (Bolt, 2017). This framework encompasses 

the impact of a chemical from the molecular level up to the ecosystem level. AOPs allow 

scientists to collaborate effectively to gauge the biological effect of various chemicals in 

the environment. This ultimately assists with setting environmental regulation policies for 

emerging chemicals of concern. Clarifying the active online 296 AOPs available on the 

Collaborative Adverse Outcome Pathway Wiki (AOP-Wiki) database will also assist in 

understanding the various mechanisms of action and possible mitigation strategies to 

combat the effects of harmful chemicals (Jeong & Choi, 2017).  

 

AOPs are similar to a domino sequence; once a threshold of a level (similar to pushing the 

first domino) has been achieved, the next step in the adverse outcome pathway is inevitable. 

Due to this design, a “strong” AOP is where the molecular initiating event (MIE), or the 

first step of the AOP, is very strongly linked to the ultimate adverse outcome (AO) through 

well-defined key events (KE) (Bolt, 2017). A single MIE can activate many AOPs, and 

these can be conserved across various species, such as from fish to humans. Current 

knowledge suggests that some pathways work in conjunction with each other, and others 

are contradictory to one another - and there are many more that require additional data for 

validation. 
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In particular, one MIE in the AOPwiki database is connected to multiple AOs: [Key Event: 

18- Activation, AhR] or activation of the aryl hydrocarbon receptor (AhR). This nuclear 

receptor is a transcription factor found in the cytoplasm as a complex that senses various 

changes in the environment related to circadian rhythm, oxygen tension, and redox 

potential (Denison & Nagy, 2003; Gutierrez-Vazquez & Quintana, 2018; Kawajiri, 2017; 

Rowlands & Gustafsson, 1997). It responds to these changes by controlling the 

transcription of a wide variety of target genes (Kawajiri, 2017). The inactive form of the 

AhR receptor consists of the AhR itself, 90-kDa heat shock protein (HSP90), co-chaperone 

p23, AhR-interacting protein (AIP, also known as XAP2 or Ara9), and Proto-oncogene 

tyrosine-protein kinase Src (c-SRC) (Figure 1.1). While HSP90 stabilizes the AhR 

conformation to have a high affinity for ligands (Grenert et al., 1997), its associated co-

chaperone p23 facilitates the adenosine triphosphate–driven cycle of HSP90 (Young & 

Hartl, 2000). Meanwhile, AIP prevents ubiquitination and degradation of AhR, 

maintaining it at steady levels (Denison & Nagy, 2003). c-SRC is regulated by the AhR 

which controls its activity by phosphorylation and dephosphorylation (B. Dong et al., 2011; 

Xie, Peng, & Raufman, 2012). Upon phosphorylation, the c-SRC protein is released from 

the AhR complex and can phosphorylate multiple target proteins associated with cell 

differentiation, proliferation, survival, cell adhesion, cell morphology, and motility (B. 

Dong et al., 2011; Xie et al., 2012).  

 

The AhR has undergone genome duplication and diversification in vertebrates which has 

resulted in various isoforms of the AhR protein. The main clades are AhR1, AhR2, and 

AhR3, which are often encoded on different chromosomes (J. A. Doering, Giesy, Wiseman, 
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& Hecker, 2013). Mammals express a single AhR that is homologous to the AhR1. 

Meanwhile, fishes and birds express AhR1s and AhR2s. AhR3 is poorly understood and 

only found in some cartilaginous fishes (J. A. Doering et al., 2013). In some taxa, such as 

in the case of Japanese Ricefish (Oryzias latipes), genome duplication events have created 

multiple isoforms. Japanese Ricefish (Oryzias latipes) have four isoforms (AhR1b-1, 

AhR1b-2, AhR2a, and AhR2b) (Hanno, Oda, & Mitani, 2010). Isoform AhR2a is the most 

active towards dioxin ligands and is relevant to any AOPs initiated by key event 18 

(Activation, AhR) (Hanno et al., 2010). 

 

Upon activation of AhR by a ligand, the complex translocates to the nucleus. Once this 

happens, the accessory proteins release from AhR, making it active and available to bind 

with the AhR nuclear translocator (ARNT) (Vorrink & Domann, 2014). The AhR/ARNT 

complex then responds to regions in the DNA referred to as dioxin-responsive elements 

(DRE) which are genes vital for survival that are involved in regulatory processes 

anywhere from cell proliferation to apoptosis (Vorrink & Domann, 2014). Concurrently, 

dimerization with ARNT is also required by hypoxia-inducible factor-1α (HIF-1α), which 

is a key transcription factor that regulates responses to reduced oxygen and stimulates 

angiogenesis, which is the formation of new blood vessels, via regulation of vascular 

endothelial growth factor (VEGF) (Gabriely, Wheeler, Takenaka, & Quintana, 2017; Pillai 

& W, 2012). VEGF is a signalling protein essential for normal vasculogenesis and therefore 

cardiogenesis (Ivnitski-Steele, Friggens, Chavez, & Walker, 2005). Vasculogenesis is the 

process by which an embryo forms a network of blood vessels by stimulating precursor 

cells called angioblasts to proliferate and differentiate into endothelial cells which then 
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develop into the cardiovascular system. Due to the dual function of ARNT, both the AhR 

and HIF-1α signalling pathways are hypothesized to have significant crosstalk which is 

worth further exploration. Crosstalk among nuclear receptors is common and thus 

downstream effects are complex and diverse, making deciphering the effect of each 

receptor individually difficult (Ordonez-Moran & Munoz, 2009). 

 

Ligands of the AhR are found naturally through diet, free radical formation, and enzymatic 

activities (Denison & Nagy, 2003; Gutierrez-Vazquez & Quintana, 2018; Kawajiri, 2017). 

The largest group of naturally occurring dietary AhR ligands are flavonoids, including 

flavones, flavanols, flavanones, and isoflavones (Denison & Nagy, 2003) (Figure 1.3). 

These chemicals are widely distributed in dietary vegetables, fruits, and teas (Denison & 

Nagy, 2003). Flavonoid levels in human blood have been reported to be in the low μM 

range (Denison & Nagy, 2003), and these concentrations of ligands are sufficient to 

activate AhR. Thus, plant-derived materials appear to commonly contain AhR ligands or 

precursors that are readily converted into AhR ligands. Additionally, chemical 

contaminants such as dioxins, polychlorinated biphenyls (PCBs), hexachlorobenzene 

(fungicide), and polycyclic aromatic hydrocarbons (PAHs) may act as ligands, as well, 

where binding can result in adverse outcomes such as reduced blood flow, pericardial 

edema, and impaired angiogenesis (J. A. Doering, Wiseman, Beitel, Giesy, & Hecker, 

2014). 

 

Dioxins are a particularly notorious activator of the AhR and can also be produced from 

natural processes, such as forest fires and volcanic eruptions (Tuomisto, 2019). Most 
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dioxins are introduced to the environment through the air and can travel long distances 

across the atmosphere (Tuomisto, 2019). Dioxins bioaccumulate and most people are 

exposed through their diet most often rather than through air, water or soil (Tuomisto, 

2019). Meat, dairy and fish have higher levels of dioxins than fruit, vegetables and grains 

(Thompson & Darwish, 2019). Other pathways of exposure include inhalation from waste 

incinerators or other combustion processes. Additional sources include emissions from iron 

and steel production, various types of fuel-burning, electric power generation, and tobacco 

smoke (Tuomisto, 2019). The most potent and toxic dioxin remains 2,3,7,8-

Tetrachlorodibenzodioxin (TCDD) which is a persistent organic pollutant (POP) meaning 

it is resistant to environmental degradation by chemical, biological, and photolytic 

processes (Tuomisto, 2019) (Figure 1.4 and 1.5).  

 

Exposure to dioxins in humans is known to cause a multitude of adverse effects such as 

skin disorders (ex. chloracne), liver problems, impairment of the immune, endocrine, 

developing nervous and/or reproductive systems including certain types of cancers 

(Tuomisto, 2019). Effects of exposure are dependent on the concentration of the 

contaminant, mode of exposure and duration of exposure. In fish, mice, and chickens, 

dioxins have been shown to cause altered cardiovascular development due to early life 

stage exposure which is expressed in two AOPs: AOP 150 and 21 (J. H. Doering, Markus; 

Villeneuve, Dan; Zhang, Xiaowei, 2019; Farhat & Kennedy, 2019). 

 

AOP 150 (Farhat & Kennedy, 2019) is a pathway that is initiated by key event 18. In AOP 

150, the quantitative understanding regarding the relationship of individual key events is 
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weak; however, the link between the MIE [Key Event: 18 - Activation, AhR] and AO 

(mortality) is strong (W. Dong, Matsumura, & Kullman, 2010; Elonen et al., 1998; Hanno 

et al., 2010; Lanham, Plavicki, Peterson, & Heideman, 2014; Plavicki, Hofsteen, Peterson, 

& Heideman, 2013; Wisk & Cooper, 1990). Mortality is caused due to altered development 

of the cardiovascular system which leads to reduced blood flow, pericardial edema, and 

impaired angiogenesis when the organism is exposed to various chemicals including 

dioxins. In AOP 150, the theory is that increased activation of AhR results in sustained 

AhR/ARNT dimerization, resulting in insufficient levels of ARNT remaining for 

dimerizing with HIF-1α. ARNT/HIF-1α dimerization is essential for the production of 

Vascular endothelial growth factor (VEGF), which is required for vasculogenesis. Thus, 

when AhR competes with HIF-1α for ARNT, the adverse outcome of impaired 

cardiovascular development and mortality results due to lack of VEGF production. There 

is strong evidence supporting this AOP (W. Dong et al., 2010; Elonen et al., 1998; Hanno 

et al., 2010; Lanham et al., 2014; Plavicki et al., 2013; Wisk & Cooper, 1990); however, 

some contradictory data regarding the effect of AhR on VEGF still exists as this 

relationship seems highly dependent on tissue type and life stage. Moreover, AhR is an 

essential target for various pathways, making it plausible that many pathways interact with 

one another. 

 

Another AOP with AhR activation as the MIE and cardiovascular development issues 

leading to mortality as the AO is AOP 21 (J. H. Doering, Markus; Villeneuve, Dan; Zhang, 

Xiaowei, 2019). This AOP may overlap with AOP 150 (Farhat & Kennedy, 2019) in that 

it suggests an alternative pathway of cardiotoxicity through AhR/ARNT dimerization. 
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AOP 21 suggests that this dimerization leads to the activation of a specific dioxin response 

element (DRE) found in the DNA with known inflammatory properties, COX-2, which 

may play a new role in vasculogenesis not previously established. Since AOP 21 has the 

same MIE and AO, it is as “strong” as AOP 150; therefore, these pathways require more 

data to clarify the relationships between them. 

 

Past research under both AOPs (Figure 1.6) (J. H. Doering, Markus; Villeneuve, Dan; 

Zhang, Xiaowei, 2019; Farhat & Kennedy, 2019) have explored these pathways in 

zebrafish, chicken, and mice. Studies of knock-out and knock-down of several genes have 

been conducted including exploring the rescuing effect caused by several genes when 

induced exogenously. Research on the MIE of AHR activation by TCDD includes, Ahr2 

knockout zebrafish mutants that were protected against TCDD toxicity, including 

pericardial edema and epicardium development (Goodale et al., 2012; Plavicki et al., 2013); 

as well as AHR-null mice have impaired angiogenesis in vivo where endothelial cells failed 

to branch and form tube-like structures (Roman, Carvajal-Gonzalez, Rico-Leo, & 

Fernandez-Salguero, 2009) which shows the necessity of AhR in angiogenesis. In relation, 

Arnt1 morpholino knockdown in zebrafish protected against pericardial edema and 

reduced blood flow (Prasch, Tanguay, Mehta, Heideman, & Peterson, 2006). ARNT 

knockout and HIF1α knockout mice, both, displayed blocks in developmental angiogenesis 

and cardiovascular malformations (Kozak, Abbott, & Hankinson, 1997; Maltepe, Schmidt, 

Baunoch, Bradfield, & Simon, 1997; Ryan, Lo, & Johnson, 1998) which indicates the 

necessity of the HIF1α pathway for angiogenesis. Further, mice lacking VEGF displayed 

defective vascularization, early embryonic lethality (Carmeliet et al., 1996; Ferrara et al., 
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1996), impaired myocardial angiogenesis and reduced contractility leading to ischemic 

cardiomyopathy (Carmeliet et al., 1999). Interestingly, injection of exogenous VEGF 

rescues the inhibitory effect of TCDD on vasculogenesis (Ivnitski‐Steele & Walker, 2003). 

COX-2 is another gene known to have a role in heart development in vertebrates (Dong et 

al 2010; Teraoka et al 2008; 2014). Dysregulation of COX-2 occurs by AhR which is 

associated with altered cardiovascular development, decreased blood flow, and cardiac 

failure causing mortality in early life stages of fish and birds (W. Dong et al., 2010). COX-

2 knockdown and selective antagonists of COX-2 prevent TCDD induced alteration in 

cardiovascular development and function (W. Dong et al., 2010). COX-2 inducers, known 

to not be agonists of the AhR, cause altered cardiovascular development that is consistent 

with activation of the AhR (Huang, Chen, Huang, & Yu, 2007). 

This research aims to provide additional data that aids in differentiating between these two 

AOPs. Using embryos from Japanese Ricefish, qPCR, proteomics, heartbeat, and 

malformation analysis, we will create a platform to compare differences in molecular key 

events through to the whole organism effect level. The goal of this approach is to generate 

a more accurate AOP framework. 
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1.2 Objectives 

The goal of this research is to provide sufficient evidence to distinguish between AOP 21 

and 150. To achieve this aim, we chose to apply what we know about dioxins to create an 

experimental design that would result in an adverse effect in Japanese Ricefish (Oryzias 

latipes). We hypothesized that an acute exposure at an early stage of embryonic 

development would cause a chain of interconnected key events, which we could measure 

using molecular tools, and that these key events would allow us to distinguish the 

mechanistic differences occurring between the two AOPs. Ultimately, this research will 

address knowledge gaps in the AOP framework and contribute towards understanding 

which AOP, 150 or 21 (Figure 1.6), more greatly influences adverse cardiac development 

when the aryl hydrocarbon receptor is activated. 
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Figures 

 

Figure 1.1: Visual representation of the AhR complex in its inactive state found in the 

cytoplasm. 
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Figure 1.2: Visual representation of the AhR complex displaying translocation into the 

nucleus upon binding of a ligand as well as multiple downstream pathways adopted from 

a previous study (Gutierrez-Vazquez & Quintana, 2018). 
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Figure 1.3: Visual representation of naturally found dietary ligands that activate the AhR. 

The diagram is adapted from a previous study (Nishiumi et al., 2011) 
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Figure 1.4: Chemical structure of 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) which 

remains the most toxic dioxin and the most potent activator of AhR. 

 

 
Figure 1.5: Map of Canada displaying predicted 2011 annual average TCDD 

concentrations of outdoor air at residential locations by health region based on data from 

Statistics Canada. Source: CAREX Canada ("2,3,7,8-Tetrachlorodibenzo-para-dioxin 

Environmental Exposures," 2021). 

  



14 

 

 

Figure 1.6: Existing AOPs 21 and 150 displaying effects of dioxin and dioxin-like 

chemicals on cardiovascular (CV) development. Altered CV development is seen as 

reduced blood flow, pericardial edema (PE), and impaired angiogenesis in Japanese 

medaka embryos (Oryzias latipes). The AOPs are differentiated by the red and purple 

arrows where red is AOP 21, and purple is AOP 150. The orange box indicates the 

molecular initiating event = AhR activation, the green boxes represent the key events and 

the yellow boxes indicate the adverse outcome. 
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Chapter 2. Methodology 

2.1. Japanese Medaka 

2.1.1 Medaka culturing and Embryo collection 

Japanese Ricefish (Oryzias latipes), also known as Japanese medaka, was used as the 

model organism for our study. Adult medaka are small (up to 1.4 inches) freshwater fish 

that are native to Asia. Advantages of using this species are that their entire genome has 

been sequenced, fertilized eggs are easy to obtain, embryos develop to full hatch in 

approximately nine days (Iwamatsu, 2011), and the wild-type strain is housed at the 

Aquatic Omics lab in Ontario Tech University.  

 

The embryo’s cardiovascular system development is easy to observe under a simple 

microscope. The stages of interest with respect to cardiovascular development are 2 days 

post fertilization (dpf) and 7 dpf and as described previously (Iwamatsu, 2011). At 2 dpf, 

the embryo develops a tubular heart and a blood island which eventually leads to a beating 

heart and onset of blood circulation. At 7 dpf, the cardiovascular and heart development is 

complete with a pericardial sac. The embryo can be observed using a simple microscope 

with a camera at these two stages, and also daily, to qualitatively capture organism 

development. 

 

In the Aquatic Omics lab, fish are kept at a maximum density of 2.3 cm of fish length per 

liter of water at a ratio of one male for every two females. Adult fish of breeding age are 

kept at this ratio and pairs are spotted to collect as mating pairs after observation of 
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courtship behaviour. Typical courtship behaviour generally observed are a male following 

the female, repetitive quick-spin swimming underneath the female by the male and, finally, 

the male wrapping its anal fin around the female’s body (when fertilization occurs). 

Individual pairs were kept in flow-through tanks and each tank was separated by a dark 

divider to avoid external disturbances. Water quality was maintained regularly by checking 

pH, nitrate, nitrite, ammonium, hardness of water, and temperature (maintained at 26 ºC). 

Water was cleaned by net and siphon daily to ensure no food was decaying or deposited 

eggs remained. 

 

Consistent photoperiod is extremely important as a breeding condition with 14 hours of 

light and 10 hours of dark which creates a simulated spring season for optimal productivity. 

Fish began breeding immediately following the onset of light at 9:00 am until two hours 

after lighting. Medaka also breed spontaneously throughout the day. Due to increased 

energy expenditure during breeding, a surplus diet is also necessary. Therefore, fish were 

fed brine shrimp twice daily (morning and afternoon) and flakes once a day (evening).  
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2.1.2 Collection of eggs at 1-cell stage 

For the collection of eggs of the same stage, eggs were collected 10 minutes after the lights 

came on each day. I was careful not to startle the fish in case of ongoing breeding 

simultaneously for all pairs while collecting eggs on ice. When eggs are kept on ice, the 

development stage of the embryos can be held at the 1-cell stage for up to 30 minutes 

(Kinoshita, Murata, Naruse, & Tanaka, 2009).  

 

We found that nearly 300 eggs at the one-cell stage can be collected from nine pairs for a 

month using this method. However, the fertilization rate per pair needed to be tracked to 

ensure pairs reproduce consistently each day. Compatible pairs mate within 10 minutes of 

lighting and pairs that did not mate for more than two days consecutively were placed back 

in the population. Sometimes females would become stressed after some time and begin to 

reject males, and then take longer to mate. However, at this stage, the female produces 

more eggs than the average clutch. 

 

Eggs can be retrieved by gently catching a female in a net and moving her closer to the 

surface of the water. The eggs can be directly pipetted off the abdomen of the female using 

a handheld aspirator and a 50 mL pipette while the female remains calm in the water. This 

method of egg collection causes less stress to the fish (and the humans!). Collected eggs 

are placed with a small amount of tank water directly in a fresh petri dish. They are 

naturally wrapped and held together by an attachment filament (which helps the clutch 

stick to the abdomen of the female), which we separate using sharp tweezers, viewing the 

eggs more closely using a stereomicroscope, so that individual embryos can be manipulated 
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one at a time (Kinoshita et al., 2009). The individual eggs are then rolled on P1200 

sandpaper to remove microvilli (Kinoshita et al., 2009). This step must be performed with 

clean hands bare of gloves as friction from gloves may cause eggs to burst. Additionally, 

it is important to note that removal of microvilli improves heartbeat detection by the 

Heartbeat software (Gierten et al., 2020) which is why it was specially performed in this 

study. After removing the microvilli, the eggs were submerged in a rearing solution with 

methylene blue, which suppresses fungal outbreaks, and indicates non-viable embryos 

when it penetrates the chorion, turning the embryos a blue colour (Kinoshita et al., 2009). 

Rearing solution consists of methylene blue as well as NaCl, MgS04, CaCb, KCI and 

MilliQ (MQ) water (see Appendix A for details). 
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2.2 Pilot Tests 

2.2.1 Dioxin pilot study in Japanese Ricefish (Oryzias latipes) embryos 

A pilot study was conducted to ensure concentrations used for toxicity do not cause 

significant mortality but were sufficient to result in observable adverse outcomes.  A 

concentration range between 0.001 and 10 ppb of TCDD, as a model dioxin, was used as 

previous studies indicate low mortality in this range (W. Dong et al., 2010; Elonen et al., 

1998; Giesy et al., 2002). A serial dilution starting from 10 ppb to 0.001 ppb was performed 

using clean rearing medium (Appendix A) and a stock ampule of 10,000 ppb TCDD 

(Sigma-Aldrich, Oakville Ontario, product #48599). The embryos were exposed to the 

dioxin for 1 hour at the 4-hour post-fertilization mark and cardiovascular development was 

observed under the microscope daily. Mortality and hatching were recorded, and it was 

concluded that this range does not cause sufficient mortality in the wild-type strain and 

therefore all concentrations can be used for the purposes of this study. As well, during 

visual development observation, TCDD concentrations 0.01 ppb and up evidently 

displayed reduced blood flow, pericardial edema, and impaired angiogenesis (the adverse 

outcomes related to the AOPs being studied). 

 

2.2.2 RNA extraction and qPCR optimization  

RNA extraction was limited by the potential saturation of the column provided in the 

Qiagen RNeasy Micro Kit. Pilot RNA extractions were quantified using a Biodrop 

spectrophotometer and demonstrated that the purest and best quality extractions were 

obtained from three embryos per column with concentrations that ranged from 40 – 180 

ng/ul depending on the life stage of the embryos. 
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As three embryos are a very small amount to work with, mortar and pestle methods (further 

described in 2.4.1) were chosen as ideal as it causes the least loss of the sample. 

Recommended homogenization with syringe and needle after generating a powder with 

mortar and pestle under liquid nitrogen was carried out as recommended in the Qiagen 

RNeasy Micro handbook. 

Three target genes were chosen for qPCR: ahR2a, hif-1α and cox-2, which are associated 

with the key events in AOP 150 and 21. Primers were designed (Table 2.1) for ahR2a and 

hif-1α using Primer 3 software (Untergasser et al., 2012) and qPCR was stimulated in the 

software SnapGene® software (from Insightful Science; available at snapgene.com) to 

ensure adequate product designs. cox-2 primers were found in a previous study (W. Dong 

et al., 2010). Medaka housekeeping gene rpl7 was chosen to normalize the data as primers 

have been used successfully in our lab for years. It was found the ideal concentrations for 

ahR2a, hif-1a, cox-2, and rpl7 primers were as follows: 0.35, 0.4, 0.4, and 0.3 mM, 

respectively. All primers were ordered from Invitrogen (Burlington, Ontario) and qPCR 

was performed using the iTaq Universal SYBR® Green One-Step Kit (Bio-rad, 

Mississauga, Ontario). 

 

2.2.3 Optimization of Proteomics Protocol for medaka embryos 

As embryos are extremely small, it was a difficult task to retrieve a sufficient amount of 

protein from a small number of embryos for the proteomics protocols. All protein levels 

were measured using the Protein Assay Kit by Qubit (Thermo Fisher Scientific, Whitby, 

Ontario).  Protocols were changed to require half the amount of the protein normally used. 

To fulfill this, pilot studies found that at least fifty embryos are required per sample to 
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provide enough protein to perform proteomics using formic acid digestion, as performed 

in the Aquatic Omics Lab at Ontario Tech. 

Homogenization was carried out in the same way as for the RNA extraction protocols using 

a pestle and then aspiration with a syringe and needle. However, liquid nitrogen was not 

necessary and instead the embryos were allowed to thaw on ice prior to homogenization. 

Further detail on the workflow is found in 2.4.2. 

We optimized the laboratory’s standard method for digestion of plasma to make sure that 

embryo proteins were digested adequately to give the best results. Various tests to optimize 

the protocol (Table 2.2) were tested with “Test 6” being the one chosen for sample 

preparation in the remainder of the study. Test 6 indicated that an increase in added 

iodoacetamide (IAA) from 200 mM to 400 mM, formic acid concentration remaining at 

20%, and incubation on the heating block at 115 ºC for 45 minutes rather than 30 minutes 

increased the digestion efficiency. 

 

2.2.4 Calibration of HeartBeat software 

HeartBeat is an open-source software that was recently published (Gierten et al., 2020). 

This software automatically quantifies fish embryo heart rate using video capture as short 

as 10 seconds. It was previously applied in an automated microscopy setup; however, we 

adapted it to work with a low-cost setup. We utilized an economical microscope cell phone 

adapter and the camera from an iPhone 11 Pro Max that provided sufficient framerate to 

capture the medaka heartbeat. The setup was compared to manual heartbeat data collection, 

and it was found that there were no significant differences between the software and manual 

data collection. Therefore, we chose to use this setup and software for the final study to 
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save time and reduce the potential errors that come with fatigue when doing manual 

heartbeat measurements. 

 

2.3. Study Design and Execution  

A temperature control room set at 25ºC with 14 hours of light and 10 hours of dark was 

used to hold all eggs and fish during experimentation. To ensure reproducibility, the 

collection of data for all TCDD exposures occurred simultaneously and replicates were 

pooled from over fifteen repetition experiments that were conducted over five weeks. 

Exposures were performed in 24 well plates, with each column of three wells containing 

one exposure dose with three replicate wells, and exposure treatments of control (0ppb), 

0.001, 0.01, 0.1, 1, to 10 ppb, across the plate. Each well contained twelve embryos which 

were exposed for 1 hour at 4 hpf to the designated dose. Embryos were washed in clean 

rearing medium solution three times before returning to clean rearing solution for the 

remainder of their development and for use in our study (See Appendix A). Non-viable 

embryos were identified (blue in colour), recorded, and removed daily. Rearing media was 

changed daily until the embryos reached 7 dpf. One embryo per replicate well, per dose, 

was collected for qPCR and three embryos per replicate well, per dose, were collected for 

proteomics on 2 dpf and 7 dpf from each experiment. On 7 dpf, all remaining embryos 

were moved to plates retaining replicates, such that all surviving embryos had their own 

well and media was no longer changed from this day forward, until collection and 

observation on the day of hatch. Individual heartbeat videos, thirty seconds long, were 

recorded for each embryo on 7 dpf. Hatch day for each embryo was recorded and each 
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embryo was euthanized in 10% formalin the day of hatching for subsequent malformation 

analysis. 

 

2.4 Sample preparation and analyses 

2.4.1 RNA extraction and qPCR 

Embryos from six repetition experiments were pooled keeping the three replicates per dose 

within each experiment intact with the pooled replicate consisting of three embryos each. 

This was performed for each stage, 2 dpf and 7 dpf. RNA extraction for both stages was 

carried out simultaneously. To prevent contamination, gloves and a lab coat were used at 

all times and all benches and instruments were wiped with 70% ethanol and RNase away. 

Embryos were placed in liquid nitrogen for 2-3 seconds and quickly homogenized using a 

pestle directly in the collection tube turning the sample to a fine powder. 350 uL of buffer 

RLT, supplied in the RNeasy Micro Kit (Qiagen, Toronto, Ontario), was added to each 

sample and the homogenate was passed through a 0.9 mm syringe and needle ten times to 

ensure homogeneity. The mixture was centrifuged at full speed for three minutes at 4 ºC. 

The supernatant was transferred to a new Eppendorf tube and 1x the volume of 70% ethanol 

was added and mixed by pipetting. The sample mixture was transferred carefully to a 

column supplied in the RNeasy Micro Kit resting inside of an Eppendorf tube. The samples 

were allowed to rest for five minutes. The column inside of an Eppendorf tube is 

centrifuged at 10,000 rotations per minutes (rpm) for fifteen seconds; the flowthrough 

liquid was discarded and the Eppendorf tube was reused. 350 uL of RW1 supplied in the 

kit was added to each sample. The column inside of an Eppendorf tube is centrifuged at 

10,000 rpm for fifteen seconds again; the flowthrough liquid was discarded and the 
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Eppendorf tube holding the column was reused. Optional DNase treatment supplied in the 

kit was also applied. DNase mixture was prepared using 10 uL of DNase I stock and 70 uL 

of supplied RDD for each sample in a separate tube. The total 80 uL of the prepared mixture 

was applied to each sample. The samples were allowed to rest at room temperature for 

fifteen minutes. 350 uL of RW1 supplied was added to each sample and centrifuged at 

10,000 rpm for fifteen seconds and the flowthrough liquid as well as the Eppendorf tube 

containing the flowthrough was discarded. A new Eppendorf tube was used to collect the 

flowthrough and 500 uL of RPE supplied was added to each sample. The column inside of 

an Eppendorf tube is centrifuged at 10,000 rpm for fifteen seconds; the flowthrough liquid 

was discarded and the Eppendorf tube was reused. 500 uL of 80% ethanol was added to 

each column of sample inside of an Eppendorf tube and centrifuged at 10,000 rpm for 

fifteen seconds. The flowthrough and Eppendorf tube was discarded and the column was 

placed in a new collection tube (2 mL). The samples were centrifuged at full speed for five 

minutes. The flowthrough and collection tube was discarded again and the column was 

placed in a new collection tube (2 mL) for RNA collection. 14 uL of RNase free water was 

added to each column and allowed to rest for five minutes. The RNA was eluted from 

column into the tube by centrifuging at full speed for one minute. All RNA samples were 

stored at -80 ºC until qPCR. 

 

For qPCR, each gene was tested in individual 96 well plates. To generate a standard curve, 

a concentration range by serial dilutions of pooled RNA was made. RNA was pooled from 

all samples (36 samples per stage, 2 dpf and 7 dpf) using 1 uL per sample. To the 

concentrated 36 uL of pooled RNA, 36 uL of RNase-free water (supplier) was added to 
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generate a pooled RNA concentrate diluted down by 50%. This was used as the first 

standard which was run in duplicate replication. Each plate consisted of  six standards in 

total which were made by further diluting the pooled RNA using a 1:4 ratio of dilution for 

each standard which was run in duplicate replication. Each extracted RNA sample was 

diluted 40x using RNase-free water. Two wells were allocated for no reverse-transcriptase 

(NoRT) and two wells were allocated for water (NTC) as negative controls to monitor 

baseline contamination.  

 

All plates for all genes were run the same day for each stage using the iTaq™ Universal 

SYBR® Green One-Step Kit and the Bio-rad CFX96 Touch Real-Time PCR Detection 

System thermocycler. The RT-qPCR annealing temperature was 58 ºC for all genes except 

for cox-2 which was 56.8 ℃. The thermocycler settings were as follows: reverse 

Transcription reaction, 10 min at 50 °C; polymerase activation and DNA denaturation, 1 

min at 95 °C; Amplification: denaturation at 95 °C, 10 sec; annealing/extension + plate 

read at gene dependent temperature, 10-30 sec; cycles, 45; melt-curve analysis, 65-95 °C 

with 0.5 °C increments 2-5 sec/step. Data were analyzed using the Bio-Rad CFX manager 

and excel, which is further described in 3.4 Statistical Analysis. 

 

2.4.2. Proteomics  

Fifty one individual embryos were pooled into a single centrifuge tube from all fifteen 

experiments, maintaining the three replicates per dose in each experiment. This was 

performed at both embryonic stages – 2 dpf and 7 dpf. Following this, 104.55 uL of 200 

mM AB (Appendix B) was added to each tube and the embryos were homogenized using 
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a mortar and pestle followed by aspiration with a syringe and needle. The homogenates 

were centrifuged for 15 mins at 4 ºC and 14,000 xg, and the supernatant was transferred to 

a low retention tube. All samples were placed in the centrifugal evaporator (SpeedVac™ 

SPD 1030/2030) and then evaporated to 50 uL. 35 uL of AB was added to each sample 

followed by 2.65 uL of 100 mM Tris(2-carboxyethyl) phosphine hydrochloride (TECP) in 

200 mM AB (Appendix B).  

 

The samples were vortexed and placed at room temperature to incubate for 45 minutes. 

Following incubation, 2.8 uL of the 400mM iodoacetamide (IAA) in 200 mM AB 

(Appendix B) was added to each sample and they were vortexed and incubated in the dark 

for 45 minutes. Next, 50 uL of 20% formic acid (Appendix B) was added to each sample 

and vortexed. Lid locks were placed on each tube and samples were incubated on a dry 

heating block at 115 ℃ for 45 minutes.  

 

The samples were evaporated down to near dryness in the centrifugal evaporator and then 

resuspended in 20 uL of dilution buffer (Appendix B). All samples were vortexed until the 

samples were completely resuspended. Samples were centrifuged at 14,000 g for 10 

minutes and the supernatant was collected in a pre-labelled 2 mL screw thread HPLC vials 

containing a 250 uL polypropylene spring bottom insert. Vials were capped with 9 mm 

blue PTFE/silicone/PTFE screw caps (Figure 2.3). 2 µL of the digested protein samples 

were injected onto a reverse-phase liquid chromatography (RPLC) column (Zorbax, 

300SB-C18, 1.0 × 50 mm 3.5 μm, Agilent Technologies Canada Inc., Mississauga, ON) 

and separated peptides were detected by an Agilent 6545 Accurate-Mass Quadrupole 
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Time-of-Flight (Q-TOF) mass spectrometer. Each sample was run with two iterations and 

a blank and an analytical standard of digested bovine serum albumin (BSA) peptides were 

injected every 10 samples during the runtime. All instrumental methods and settings are 

described further in detail in Appendix C. 

 

2.4.3. Proteome Identification and Quantification 

Spectral data were searched against the Japanese rice fish (Oryzias latipes) reference 

proteome (UP000001038) downloaded from Uniprot on February 26, 2021, using 

Spectrum Mill MS Proteomics Workbench (Rev B.06.00.201) software for protein 

identification. Skyline (Version 20.2) software was used to determine protein abundances 

using chromatographic peak area to fill in missing values. Protein quantification was 

performed using a cut-off score of 0.9, 5 maximum missed cleavages, and retention time 

window of 5 minutes for MS1 filtering using TOF transition settings and DDA acquisition 

method for MS/MS filtering. Mass Profiler Professional (MPP) (Version 15.1) software 

was used to import results from Skyline and then export the data into a comma separated 

format that included a list of all Uniprot accession numbers for proteins detected with 

protein abundance in total mean intensity for the peak areas of each protein-peptide group. 

The maximum values between the two iterative runs were taken and all abundances less 

than 5000 mean intensity counts were removed. The medaka accession numbers were used 

to BLAST search against the Human reference proteome (UP000005640) to find the 

nearest human protein orthologs. If there were any duplicate proteins, they were 

consolidated using the maximum function in excel. 
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2.4.4. HeartBeat Data Processing 

Video was edited using iMovie editing software to remove dark spaces above and below 

the video, as well as to remove the first three seconds of video which contained focus 

adjustments. The contrast was also increased to make the heartbeat easier to detect with the 

Heartbeat (Version 2.1) software algorithm. The video was saved as an mp4 file format so 

that it could be imported into the Heartbeat open-source software, which includes a video 

to image converter. To use this converter, each video for each individual embryo replicate 

was placed in its own folder and converted to the software’s proprietary format.  Data was 

automatically detected in most cases where 30 seconds of stable video was used. However, 

when necessary, usually due to weak heartbeat or embryo movement, the threshold of 

detection was lowered in 0.5 increments to detect lower stimulus and the amount of video 

analyzed was decreased to a minimum of 10 seconds to improve automated heart rate 

detection and counting of the heartbeat. 

 

2.4.5. Malformation Analysis 

Observations of developmental malformations were performed under the Leica EZ4 

stereomicroscope with a built-in camera. The images were retrieved using the Leica EZ 

Application Suite (Version 3.4.0) software. Each fry was placed with a little bit of formalin 

on a clear glass microscope slide using a 3 mL transfer pipette. Fry were imaged and 

assigned to a group by letter to avoid bias. Each group by letter was scored for severity of 

pericardial edema. Scoring was on a scale of 0 – 3 with descriptions and examples, which 

are displayed in Table 2.3. Once scoring was complete, groups of scored fry were placed 

back into data tables according to concentration groups. 



29 

 

2.5 Statistical Analyses 

Data from qPCR were analyzed using Bio-Rad CFX Manager Version 3.1. For each gene, 

the relative quantity of RNA was determined using the Cq value, efficiency, and R2. Only 

an efficiency of greater than 90% and R2 greater than 0.95 was found acceptable. The data 

underwent square root transformation and relative fold change was generated for each dose 

with respect to control. Normalization of each gene was performed using the housekeeping 

gene rpl7.  

 

All statistical tests were performed using GraphPad Prism (Mac Version 9.1.2) software 

with the exception of proteomics data, which was performed using Metaboanalyst 5.0. 

One-way ANOVAs with Dunnett's multiple comparisons post-hoc tests were performed on 

relative fold change data on each gene, hatching time, and heart rate data to reveal 

significant differences. A chi-square test was performed on pericardial edema scores to 

detect differences in malformations among exposure groups. Similar to a post-hoc test, the 

Kolmogorov-Smirnov test was performed to find differences between control and 

individual treatment groups.  

 

Proteomics data was analyzed using Metaboanalyst 5.0 (Pang et al., 2021). Data was 

uploaded as a peak intensity table with samples in unpaired columns. Data was normalized 

by median and scaled using auto-scaling. Raw data from volcano plot results were exported 

with all proteins, associated fold change (relative to the control) and p-values. A false-

discovery-rate (FDR) cut off of 0.2 was applied using the Benjamini–Hochberg procedure 

(Benjamini & Hochberg, 1995). Over-representation pathway analysis was performed on 
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the orthologous human gene symbols of significant proteins (p-value < 0.05) with FDR 

correction (< 0.2) that increased in abundance relative to the control (positive fold change) 

and decreased in abundance relative to the control (negative fold change) separately, for 

each dose using ConsensusPathDB-human (Herwig, Hardt, Lienhard, & Kamburov, 2016; 

Kamburov et al., 2011). 
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Tables 

Table 2.1: Wild-type Japanese Ricefish (Oryzias latipes) qPCR primers 

Target Gene Forward primer sequence (5’–3’) Reverse primer sequence (5’–3’) 

ahR2a GCTGGCTTTATTCGCCATCG AACCACCTTTCCTCTGCCATC 

hif-1α CCTGGACAAAGCGTCAGTCA TGTTTAGGCTCATCGGTGCC 

cox-2 CCCTATGCGTCTTTTGAGGA AACAATGTCGAAGCCTACGCT 

rpl7 CCCCAACTTGAAGTCTGTGC TGTTGGCAGGCTTGAAGTTC 

 

Table 2.2: Optimization of the laboratory’s standard method to ensure adequate 

digestion of proteins. Test 6* indicates the run that detected the most abundance of 

proteins. 
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Table 2.3: Scoring of pericardial edema surrounding the heart based on Blue Sac disease 

scoring of heart as previously mentioned (Rhodes, Farwell, Hewitt, Mackinnon, & Dixon, 

2005). Pictures were taken in the Aquatic Omics lab using a Leica EZ4 microscope with 

a built-in camera and Leica EZ Application Suite (Version 3.4.0) software. The heart and 

surrounding cardiovascular development is indicated by the black box on each picture of 

a hatch. 
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Figures 

 
 

Figure 2.1: Stages of Japanese Ricefish (Oryzias latipes) cardiovascular development. 

Only 4 hours after fertilization, the embryo reaches division into a mass of cells known as 

a morula. 2 dpf marks the onset of blood circulation, and at 7 dpf cardiovascular 

development is complete. Fry normally hatch between 9 and 11 dpf.  
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Figure 2.2: mRNA extraction workflow as outlined in the Qiagen RNeasy Micro 

handbook modified for extracting RNA from 3 Japanese Ricefish (Oryzias latipes) 

embryos per column. 
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Figure 2.3: Proteomics sample preparation workflow until storage for running on LC-

QTOF MS/MS.  
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Chapter 3. Results  

3.1 Cardiovascular Development  

All concentrations of TCDD tested (0.001 ppb - 10 ppb) caused impaired angiogenesis, 

examples of which can be seen in Figure 3.1. The number of mortalities among the different 

TCDD exposure concentrations were not significantly different.  However, a one-way 

ANOVA with Dunnett's multiple comparisons post-hoc test identified significant delays in 

hatching time between control and the 1ppb (p-value = 0.0314), as well as between the 

control and the 10 ppb treatments (p-value = 0.0036) (Figure 3.2). The most severe 

pericardial edema was observed in the higher concentrations, especially in 10 ppb exposure 

(Figure 3.3) (p-value = 0.01, chi-square test). The median pericardial edema score 

increased 2-fold, from 1 to 2 in the 10-ppb group compared to the control (p-value = 0.01, 

non-parametric t-test) (Figure 3.4). There was a significant decrease in mean heart rate 

across all exposure groups compared to the control (Figure 3.5, one-way ANOVA with 

Dunnett's multiple comparisons post-hoc test, p-values: 0.0001, 0.0002, <0.0001, <0.0001, 

and 0.0319, in order from 0.001 ppb - 10 ppb, respectively). 

 

3.2 Gene expression 

Significant differences in gene expression were observed for ahr and cox-2, but not hif-1a 

(Figure 3.6). Where ahr is affected at both stages of development tested, cox-2 is only 

affected in the later stage at 7 dpf. All significant differences occurred in only the highest 

exposure concentration (10 ppb TCDD) (Figure 3.6). 
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3.3 Embryo Proteins 

Over-representation pathway analysis (Herwig et al., 2016; Kamburov et al., 2011) 

performed on the orthologous human gene symbols of all proteins detected in the control 

2 dpf Japanese Ricefish (Oryzias latipes) embryos revealed activation of the following 

pathways (Figure 3.7) significantly (p <0.01): cardiac conduction (Table 3.1), Cardiac 

muscle contraction - Homo sapiens (human) (Table 3.2), Retinoid metabolism and 

transport (Table 3.3), Retinoic acid receptors-mediated signaling (Table 3.4), and 

Melanogenesis - Homo sapiens (human) (Table 3.5). 

 

Over-representation pathway analysis performed on orthologous human gene symbols of 

all proteins detected in the 10ppb 2 dpf Japanese Ricefish (Oryzias latipes) embryos 

revealed significant (p <0.01) activation of several cardiomyopathy pathways, specifically 

for dilated, hypertrophic, and arrhythmogenic right ventricular cardiomyopathy (Figure 

3.8; Table 3.6). Activation of the HIF-1α transcription factor network pathway was also 

observed (Table 3.7). 
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Overall, more proteins were detected in the 2 dpf samples (382 proteins; Appendix D) than 

the 7 dpf samples (99 proteins; Appendix E). As well, all proteins that were detected in the 

control samples were also detected in all samples treated with TCDD. Changes in protein 

abundance detected in the lower concentration groups: 0.001, 0.01, 0.1, and 1 ppb of TCDD 

were not significantly different compared to control in the 2 dpf samples, and none of 

concentrations significantly affected protein abundance in the 7 dpf samples. However, in 

the 2 dpf 10 ppb treatment group, a total of 196 proteins were decreased in abundance and 

186 proteins were increased in abundance; of which 30 proteins were significantly 

decreased in abundance (Table 3.8) and 29 proteins were significantly increased (Table 

3.9) in abundance compared to the control (volcano plot, p < 0.05 with Benjamini-

Hochberg correction of < 0.20 FDR).  
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Proteins that decreased significantly in abundance were generally associated with Vegf 

signaling and a potential relationship between inflammation (Cox-2) and Egfr (Figure 3.9). 

Specifically, Hras and Kras decreased in the 10ppb group from the control significantly 

according to the Benjamini–Hochberg procedure (Figure 3.10). Over-representation 

pathway analysis (p-value < 0.01) of performed on orthologous human gene symbols of 

significantly decreased proteins revealed these two genes are associated with VEGFR2 

mediated cell proliferation, Signaling by EGFRvIII in Cancer, Constitutive Signaling by 

Ligand-Responsive EGFR Cancer Variants, Signaling by Ligand-Responsive EGFR 

Variants in Cancer, and Signaling by EGFR in Cancer pathways in Reactome; and also the 

VEGF signaling pathway - Homo sapiens (human) pathway in KEGG (Figure 3.10). 

Additionally, Pik3cg was found to be significantly decreased in abundance in 10 ppb 

compared to control, and this gene, along with Hras and Kras, are found to be overlapping 

in the Relationship between inflammation, COX-2 and EGFR pathway (Wikipathways) 

upon over-representation pathway analysis (p-value < 0.01) of the orthologous human gene 

symbols (Figure 3.11). The proteins Hras, Kras, Pik3cg, in addition to, Krt8, Mvp, and 

Anxa1 were all decreased significantly in abundance from control, according to the 

Benjamini–Hochberg procedure, in the 10ppb TCDD treatment. Their orthologous human 

gene symbols were also found overlapping in the EGFR1 pathway discovered by over-

representation pathway analysis (p<0.01) (Table 3.10). 
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Proteins that significantly increased in abundance were associated with a much shorter list 

of distinct pathways found by over-representation analysis (p<0.01) of their orthologous 

human gene symbols. These proteins were identified in pathways including Arf6 signaling 

events, RAC2 GTPase cycle, EPH-Ephrin signaling, RHO GTPases Activate WASPs and 

WAVEs, Regulation of actin cytoskeleton - Homo sapiens (human), and Endocytosis - 

Homo sapiens (human) (Figure 3.12). Git1, Actr3, Cyfip1, Psd4 and Kif13b were proteins 

involved in many of these pathways and were all significantly increased in abundance in 

the 10ppb compared to control in the 2 dpf embryos (Figure 3.13 and 3.14). 

 

The subset of proteins detected in the 7 dpf samples were generally associated with 

pathways of stress detected by over-representation pathway analysis (p-value < 0.01) 

(Figure 3.15) performed on the orthologous human gene symbols which specifically 

showed activation of the Regulation of HSF1-mediated heat shock response (Table 3.11), 

Oxidative Stress Induced Senescence (Table 3.12), and Lipid and atherosclerosis - Homo 

sapiens (human) pathways (Table 3.13). 

 

 

 

 

 

 



41 

 

Tables 

Table 3.1: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Cardiac conduction pathway found in Reactome with corresponding mean 

protein abundances (average of three technical replicates) shown per treatment. Lower 

abundances of protein are more yellow, while higher abundances are 

bluer. 
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Table 3.2:  Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Cardiac muscle contraction - Homo sapiens (human) pathway found in 

KEGG with corresponding mean protein abundances (average of three technical 

replicates) shown per treatment. . Lower abundances of protein are more yellow, while 

higher abundances are bluer.  
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Table 3.3: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Retinoid metabolism and transport pathway found in Reactome with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more yellow, while higher abundances are 

bluer.  
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Table 3.4: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Retinoic acid receptors-mediated signalling pathway found in PID with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more yellow, while higher abundances are 

bluer.  
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Table 3.5: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf Japanese Ricefish (Oryzias latipes) samples that 

overlap with the Melanogenesis - Homo sapiens (human) pathway found in KEGG with 

corresponding mean protein abundances (average of three technical replicates) shown per 

treatment. Lower abundances of protein are more yellow, while higher abundances are 

bluer.  
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Table 3.6: Orthologous human gene symbols with associated Uniprot protein accession numbers that were detected in the 2 dpf Japanese 

Ricefish (Oryzias latipes) samples that overlap with the Dilated cardiomyopathy - Homo sapiens (human) indicated by Dilated CM, 

Hypertrophic cardiomyopathy - Homo sapiens (human) indicated by Hypertrophic CM, and Arrhythmogenic right ventricular 

cardiomyopathy - Homo sapiens (human) indicated by Arrhythmogenic RV CM. These pathways are found in the KEGG database and 

the corresponding mean protein abundances (average of three technical replicates) detected in the 2 dpf samples are shown per 

treatment. Lower abundances of protein are more yellow, while higher abundances are bluer.  
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Table 3.7: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all Japanese Ricefish (Oryzias latipes) samples that overlap 

with the HIF-1α transcription factor network pathway found in the PID database with 

corresponding mean protein abundances (average of three technical replicates) detected 

in the 2 dpf samples are shown per treatment. Lower abundances of protein are more 

yellow, while higher abundances are bluer. 
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Table 3.8: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf 10 ppb Japanese Ricefish (Oryzias latipes) samples 

that were decreased in abundance relative to control with log fold change values retrieved 

from Metaboanalyst and FDR-corrected p-values using Benjamini Hochberg procedure. 
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Table 3.9: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in the 2 dpf 10 ppb Japanese Ricefish (Oryzias latipes) samples 

that were increased in abundance relative to control with log fold change values retrieved 

from Metaboanalyst and FDR-corrected p-values using Benjamini Hochberg procedure. 
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Table 3.10: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all Japanese Ricefish (Oryzias latipes) samples that overlap 

with the EGFR1 pathway found in the NetPath database with corresponding mean protein 

abundances (average of three technical replicates) detected in the 2 dpf samples are shown 

per treatment. Lower abundances of protein are more yellow, while higher abundances are 

bluer. Proteins in the 10ppb group are significantly decreased compared to control as 

found by the Benjamini–Hochberg procedure indicated by the asterisk. 
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Table 3.11: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Regulation of HSF1-mediated heat shock response pathway found in 

the Reactome database with corresponding mean protein abundances (average of three 

technical replicates) detected in the 7 dpf samples are shown per treatment. Lower 

abundances of protein are more yellow, while higher abundances are 

bluer.  
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Table 3.12: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Oxidative Stress Induced Senescence pathway found in the Reactome 

database with corresponding mean protein abundances (average of three technical 

replicates) detected in the 7 dpf samples are shown per treatment. Lower abundances of 

protein are more yellow, while higher abundances are bluer.  
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Table 3.13: Orthologous human gene symbols with associated Uniprot protein accession 

numbers that were detected in all the 7 dpf Japanese Ricefish (Oryzias latipes) samples 

that overlap with the Lipid and atherosclerosis - Homo sapiens (human) pathway found in 

the KEGG database with corresponding mean protein abundances (average of three 

technical replicates) detected in the 7 dpf samples are shown per treatment. Lower 

abundances of protein are more yellow, while higher abundances are 

bluer.  
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Figures 

 
 

Figure 3.1: A normally developed newly hatched fry (upper image), and a malformed hatch 

exposed to 10 ppb of TCDD for 1 hour at the 4-hour-post-fertilization mark (lower image). 

The malformed fry has pericardial edema (PE), yolk sac edema (YSE), craniofacial and 

spinal cord (SC) malformations, and has a tube heart with coagulation. [HOD: Healthy 

oil droplet; HSC: Healthy Spinal Cord; HYS: Healthy Yolk Sac]. 
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Figure 3.2: Violin plot of hatching time between control embryos and embryos from each 

TCDD exposure group: 0.001, 0.01, 0.1, 1, and 10 ppb. Significant delay in hatching time 

are indicated with * p-value = 0.0314; ** p-value = 0.0036 (one-way ANOVA with 

Dunnett's multiple comparisons post-hoc test). Distribution of data is shown mirrored as 

a bell shape at each concentration. The median is shown by a darker dashed line and 

quartiles are represented by lighter dashed lines. 
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Figure 3.3: The number of embryos with malformations by severity score in each exposure 

group (p-value = 0.0127, Chi square test). Each dose consisted of fry categorized in one 

of four scoring categories based on Blue Sac disease heart scoring (see Table 2.3 for 

details). 
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Figure 3.4: The median pericardial edema (PE) score for the control and 10 ppb exposure 

groups, (p-value = 0.0141, Kolmogorov-Smirnov test). Medians are shown as solid lines 

between the boxes with the boxes themselves indicating the range of scoring found in each 

group. The error bars represent the 0-3 scoring used for the groups (see Table 2.3 for 

details). 
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Figure 3.5: Violin plot of Japanese rice fish (Oryzias latipes) heart rate at 7 dpf for each 

exposure group. Heart rate significantly declines in all treatment groups of TCDD 

(Dunnett's multiple comparisons post-hoc test) p-values: * = 0.0319; ***= <0.002, **** 

= < 0.0001. Distribution of data is shown mirrored as a bell shape at each concentration. 

The median is shown by a darker dashed line and quartiles are represented by lighter 

dashed lines. 



59 
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Figure 3.6: Relative ahr, hif-1α, cox-2mRNA level normalized with rpl7 gene. (ahr = [** 

2 dpf p-value = 0.1738 and *** 7 dpf p-value = <0.0001]; cox-2 = [** 7 dpf stage p-value 

= 0.002]) 

 

 

 

 

Figure 3.7: Over-representation pathway analysis (p <0.01) (Herwig et al., 2016; 

Kamburov et al., 2011) performed on orthologous human gene symbols of all proteins 

detected in the control 2 dpf Japanese Ricefish (Oryzias latipes) embryos. 
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Figure 3.8: Over-representation pathway analysis (p <0.01) (Herwig et al., 2016; 

Kamburov et al., 2011) performed on orthologous human gene symbols of all proteins 

detected in the 2 dpf Japanese Ricefish (Oryzias latipes) embryos exposed to 10 ppb TCDD 

for 1 hour at the 4hpf. 
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Figure 3.9: Over-representation pathway analysis (p < 0.01) (Herwig et al., 2016; 

Kamburov et al., 2011) of orthologous human gene symbols of all proteins significantly 

decreased in abundance found in the 10ppb group relative to control, also found in Table 

3.8. 
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Figure 3.10:  Boxplot of Kras and Hras normalized protein abundance generated by 

Metaboanalyst (Pang et al., 2021). The black dots indicate the three replicates, the line 

indicates the median and the yellow dot represents the mean. Both proteins decreased in 

abundance in the 10ppb compared to control (volcano plot, p-value <0.05, FDR-corrected 

<0.2). These genes are found in multiple pathways as detected by over-representation 

pathway analysis (p<0.01) such as VEGFR2 mediated cell proliferation, Signaling by 

EGFRvIII in Cancer, Constitutive Signaling by Ligand-Responsive EGFR Cancer 

Variants, Signaling by Ligand-Responsive EGFR Variants in Cancer, and Signaling by 

EGFR in Cancer pathways in Reactome; and also VEGF signaling pathway - Homo 

sapiens (human) pathway in KEGG (also seen in Figure 3.9).  
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Figure 3.11: Boxplot of Pik3cg normalized protein abundance generated by Metaboanalyst 

(Pang et al., 2021) which decreased in abundance in the 10ppb compared to control 

(volcano plot, p-value <0.05, FDR-corrected <0.2). The black dots indicate the three 

replicates, the line indicates the median and the yellow dot represents the mean. This gene, 

along with Hras and Kras are found to be overlapping in the Relationship between 

inflammation, COX-2 and EGFR pathway found in Wikipathways upon over-

representation pathway analysis (p<0.01)(Pang et al., 2021)(also seen in Figure 3.9). 
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Figure 3.12: Over-representation pathway analysis (p < 0.01) (Herwig et al., 2016; 

Kamburov et al., 2011) of orthologous human gene symbols of all proteins significantly 

increased in abundance found in the 10ppb group relative to control, also found in Table 

3.9. 
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Figure 3.13: Boxplot of Git1, Actr3, and Cyfip1 normalized protein abundance generated 

by Metaboanalyst (Pang et al., 2021). The black dots indicate the three replicates, the line 

indicates the median and the yellow dot represents the mean.  All proteins increased in 

abundance in the 10ppb compared to control (volcano plot, p-value <0.05, FDR-corrected 

<0.2). The orthologous human gene symbols of these proteins are found in multiple 

pathways as detected by over-representation pathway analysis (p<0.01) (Herwig et al., 

2016; Kamburov et al., 2011) which are listed in the legend below each boxplot. 
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Figure 3.14: Boxplots of Psd4 and Kif13b normalized protein abundance generated by 

Metaboanalyst (Pang et al., 2021). The black dots indicate the three replicates, the line 

indicates the median and the yellow dot represents the mean. Both proteins had increased 

in abundance in the 10ppb compared to control (volcano plot, p-value <0.05, FDR-

corrected <0.2). After over-representation pathway analysis (p<0.01) (Herwig et al., 

2016; Kamburov et al., 2011), each was associated with the pathway indicated in the 

legend below each boxplot with the additional proteins associated with those pathways 

noted in Figure 3.13. 
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Figure 3.15: Over-representation pathway analysis (p < 0.01) (Herwig et al., 2016; 

Kamburov et al., 2011) of orthologous human gene symbols of all proteins detected in the 

7 dpf samples revealed that many proteins were associated with cellular responses to 

stress. 
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Chapter 4. Discussion 

Vasculogenesis, angiogenesis, and cardiogenesis are important processes which an embryo 

uses to form its cardiovascular system by developing new blood vessels, blood vessels from 

existing blood vessels and the heart itself, respectively (Drake, 2003). This study was 

designed to alter cardiovascular development in Japanese Ricefish (Oryzias latipes) 

embryos to understand the molecular differences that occur during development displaying 

this phenotype. The study design took advantage of a large body of existing knowledge 

found regarding altered cardiovascular development caused by chemicals in embryos (from 

AOPs 21 and 150) by analyzing each step of the predicted mechanism of effect (Bolt, 

2017).  

 

In comparison to a previous study (W. Dong et al., 2010), with similar exposure parameters 

of a 1-hour exposure of TCDD at the 4hpf stage with Japanese Ricefish (Oryzias latipes) 

embryos, molecular differences from control were not detected in lower concentrations of 

TCDD. In that study, a significant increase in pericardial edema and cox-2 expression was 

observed at lower concentrations as low as 0.2 ppb (W. Dong et al., 2010); however, in the 

present study, the only concentration sufficient to cause statistically significant differences 

was the highest concentration of 10 ppb. 

 

Nonetheless, a dose-response was observed across all qualitative observations under the 

microscope following the expected outcome of decreased heartbeat, delayed hatching, and 

increased pericardial edema (relative to control) which were indicative of altered 

cardiovascular development leading to mortality caused by TCDD (Hanno et al., 2010; 
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Kim & Cooper, 1999; Wisk & Cooper, 1990). On the molecular level, activation of the ahr 

is indicative of activation of both of the AOPs (J. H. Doering, Markus; Villeneuve, Dan; 

Zhang, Xiaowei, 2019; Farhat & Kennedy, 2019) which was observed at both stages 

analyzed, 2 dpf and 7 dpf. The findings of Ahr activation (MIE) and altered cardiovascular 

development (AO) make both the AOPs “strong” (Bolt, 2017; J. H. Doering, Markus; 

Villeneuve, Dan; Zhang, Xiaowei, 2019; Farhat & Kennedy, 2019), as per the AOP 

framework, with subsequent key events that require further refining. 

 

On a molecular level, at 2 dpf, many genes detected (in the control samples) were 

associated with developmental biology, and in particular, pathways associated with the 

onset of the heartbeat (Iwamatsu, 2011) which is indicative of the cardiovascular 

development specifically occurring at that stage. Additionally, 2 dpf is immediately after 

the stage where melanophores appear and optic lenses are complete in development 

(Iwamatsu, 2011), likely explaining the proteins involved in melanogenesis and retinoic 

acid signalling, which plays a critical role in eye development (Iwamatsu, 2011). 

Additionally, in 2 dpf 10ppb samples, genes associated with several forms of 

cardiomyopathy were detected, specifically dilated, hypertrophic, and arrhythmogenic 

right ventricular cardiomyopathy. Cardiomyopathy is a disease of the heart muscle causing 

it to become enlarged, thick or rigid, making contractility very difficult (Wexler, Elton, 

Pleister, & Feldman, 2009)and these pathways indicate altered cardiovascular development 

based on previous studies of cardiomyopathy in mice and chicken used to develop the two 

AOPs (Carmeliet et al., 1999; Walker & Catron, 2000). 
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However, In the 7 dpf samples, only a small subset of proteins were identified, and they 

were generally associated with stress at all doses. It has been previously suggested that 

detection of proteins may be affected by extrinsic noise that is caused by unobserved 

variation between cells during “omics” approaches (Eling, Morgan, & Marioni, 2019). This 

noise may be causing the over representation of stress proteins preventing detection of 

other key protein abundances. It can also be difficult to differentiate specific processes 

occurring in a whole organism as a multitude of processes are occurring simultaneously in 

various organs and systems during development (Nikinmaa & Anttila, 2019). Noise can 

result due to having all these various systems behaving differently from control in a single 

sample, making the detection of specific pathways more difficult. To overcome this noise 

in the future, single cell techniques (Eling et al., 2019) may be better suited to differentiate 

the molecular changes occurring at later embryonic stages where more complex processes 

are occurring individually in each organism. Variability between individuals can be 

captured with these techniques improving accuracy of pathway detection. 

 

To assess the differences between key events found in the two AOPs in-depth, gene 

expression of two genes was looked into in detail. Specifically, a change in hif-1α was not 

observed as suggested in AOP 150 at either of the stages and cox-2 was increased relative 

to the control, but only in the later 7 dpf stage as suggested by AOP 21. These observations 

indicate AOP 21 appears to be followed when TCDD causes altered cardiovascular 

development. 
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However, an additional gene of importance to these two AOPs is Vegf, whose associated 

signalling genes were observed to be decreased in abundance in the 2 dpf samples relative 

to control. This observation follows that of AOP 150; however, the absence of hif-1α 

expression change from control implies that the change in Vegf signalling is independent 

of the Arnt/Hif-1α signalling pathways. Instead, the relationship between inflammation, 

Cox-2, and Egfr could directly affect Vegf signalling, as the Egfr and Vegf pathways are 

known to be interrelated (Lichtenberger et al., 2010; Tabernero, 2007).  This finding may 

indicate that the two AOPs cannot be considered separately, as initially proposed. Also, it 

may indicate Egfr plays a more significant role in angiogenesis, and thus, could be more 

influential in AOP 21 and 150 than Vegf. Regulating and controlling the temporal 

expression of Cox-2 may be key to preventing the adverse outcome of altered 

cardiovascular development from occurring. 

 

As the relationship between Cox-2 and Egfr was over-represented in the list of proteins 

significantly decreased in abundance from the control in the 10 ppb treatment group in this 

study, each gene and related pathways were investigated further by literature review. 

Previous studies in humans have shown that increased COX-2 expression leads to increased 

EGFR signalling which is further enhanced by a positive feedback loop that increases the 

expression of both genes (Le et al., 2021; Lichtenberger et al., 2010; Tabernero, 2007). 

COX-2 is an enzyme that is responsible for the production of prostaglandin-E2 (PGE-2) at 

sites of inflammation (Lo, Cao, Zhu, & Ali-Osman, 2010). Significant evidence has shown 

that the PGE2 derived from COX-2 can activate EGFR signalling which stimulates cell 

proliferation (Lo et al., 2010). Of additional interest, PGE2 can also bind to the receptor of 
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c-Src which is a protein functionally attached to and regulated by the Ahr. This may suggest 

that the Ahr may also play a key role in dysregulating more than one pathway associated 

with angiogenesis when activated by a chemical. In this study, EGFR signalling was 

decreased in abundance relative to control in the 10ppb and cox-2 expression levels were 

not significantly different from control at any of the doses or stages, except specifically the 

7 dpf 10 ppb treatment group. Previous studies have found increased expression levels of 

cox-2 in Japanese Ricefish (Oryzias latipes) embryos exposed to concentrations 0.2, 0.5, 

and 1 ppb TCDD for 1 hour at the 4hpf in embryos 6 days post exposure (W. Dong et al., 

2010) which was different from the results found in this study where cox-2 was only 

significantly increased in the highest concentration, 10 ppb (in later stage tested, 7 dpf). 

 

EGFR signalling was decreased in abundance relative to control in the 10ppb and so we 

will discuss its effects on angiogenesis further. EGFR is a transmembrane receptor that 

controls a multitude of proteins and pathways associated with cell migration, adhesion, and 

proliferation (Le et al., 2021). As well, EGFR is known to be overexpressed in a wide 

variety of malignancies (Le et al., 2021). In this study, the decrease in Egfr signalling may 

indicate the significance of temporal effects caused by Cox-2 as it controls angiogenesis 

through various genes. Cox-2 may directly regulate Egfr signalling, which would further 

affect Vegf signalling. These ideas are novel to those found in AOP 21 and 150 as this 

would propose interdependence of the two pathways on one another, in an independent 

manner from the ARNT/HIF-1α dimerization as suggested by AOP 150. Additionally, the 

importance of controlling the temporal effect of Cox-2 is highlighted, as it likely increases 

in abundance until 7 dpf, which our study design was not able to capture. This stage-
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specific difference in expression levels also suggests that a regulatory switch may occur 

between 2 dpf and 7 dpf, where Cox-2 expression levels rise as a result of the chemical 

exposure, and thus, changes in development occur. Ultimately, the effects of altered 

cardiovascular development are caused by the varying expression levels of Cox-2. Our data 

suggests that varying Cox-2 expression levels are likely caused by varied regulation of 

EGFR through c-Src controlled by Ahr. 

 

Downstream, EGFR is predicted to drive VEGF expression as EGFR mutant cell lines have 

shown up-regulation of the HIF-1α in a hypoxia-independent manner (Le et al., 2021). As 

well, when the EGFR pathway is inhibited, VEGF is downregulated (Le et al., 2021). This 

may be the case in this study where, at 2 dpf, in the 10ppb treatment group, proteins 

significantly decreased in abundance from control are associated with both EGFR and 

VEGF signalling. This would also explain why the effect on VEGF signaling is 

independent of the HIF-1α signalling pathway. Additionally, EGFR and VEGF have been 

specifically studied together for their synergistic effect on angiogenesis during tumour 

development. These two genes have been targeted for many therapeutic purposes and 

studies show that no tumours develop in the absence of EGFR and VEGF (Lichtenberger 

et al., 2010). Dual inhibition of both of these genes has shown to be a successful method 

in promoting anti-tumour activity (Lichtenberger et al., 2010). As well, inhibition of COX-

2 has been shown to lead to decreased angiogenesis in a manner that is dependent on VEGF 

(Hu et al., 2017). In lieu, knockdown of cox-2 in zebrafish by morpholino antisense 

oligonucleotides has shown to recover TCDD induced damage to mesencephalic 

circulation (Teraoka, Kubota, Kawai, & Hiraga, 2008). Thus, this finding again may 



75 

 

indicate that the decrease in Egfr, caused by Cox-2, and Vegf signalling at 2 dpf may be 

associated with the embryo's early coping mechanism to protect from damage caused by 

TCDD. This further implies a temporal molecular threshold that is reached which worsens 

the effects caused by TCDD especially on the cardiovascular system causing it to alter. 

Another pathway affected at 2 dpf is Arf6 signalling whose proteins are increased in 

abundance relative to control significantly in the 10 ppb TCDD group. This agrees with the 

previous notion that increased Arf6 signalling blocks downstream Vegf processes 

necessary for angiogenesis (Ikeda et al., 2005). Furthermore, overexpression of ARF6 is 

known to be associated with an increase in capillary density in a mouse hindlimb ischemia 

model of angiogenesis (Hongu et al., 2016). As well, Arf6 plays a crucial role in tumour 

angiogenesis and is a therapeutic target for anti-cancer drugs (Hongu et al., 2016). It is 

possible that downregulation of Vegf signalling seen at 2 dpf is caused by multiple 

pathways conjunctively causing the decrease, such as Cox-2 affecting Egfr signalling, in 

addition to Arf6 signalling. 

 

Tumour angiogenesis and embryonic angiogenesis involve similar but distinct proteins and 

pathways. The distinct proteins from normal angiogenesis allow for separation of the two 

processes as they could be occurring in conjunction during embryonic development after a 

short chemical exposure during early stages of development such as in this study. Rac2, 

for example, provides this differentiation as its expression is increased only in adaptive 

angiogenic responses involving wound healing or tumorigenesis and not during normal 

embryonic angiogenesis (Joshi et al., 2014). Additionally, it has been found that a 

homozygous knockout of RAC2 in mice does not display any defects in organ development 
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(Joshi et al., 2014). Increased Rac2 activation at 2 dpf, in this study, indicates the embryo’s 

early responses to the acute chemical exposure that is distinct from normal development. 

This further reinforces the concept that additional proteins and pathways are involved in 

the altered cardiovascular development phenotype not captured by AOP 21 or 150. 

RHO GTPases are a family of proteins that regulate various processes in the cell including 

growth, differentiation, apoptosis, cell cycle, gene transcription, cell migration and the 

actin cytoskeleton (El Baba et al., 2020). CDC42 and RAC1, are two such RHO GTPases, 

that promote cell motility by stimulating actin polymerization and cause changes in the 

membrane’s shape by extending the cytoplasm in the direction of movement (El Baba et 

al., 2020). CDC42 and RAC1 cause these changes through their respective downstream 

effectors WAVE and WASP (Bryan & D'Amore, 2007; El Baba et al., 2020). Increased 

RHO signalling has been traditionally associated with cancer (Cardama, Gonzalez, 

Maggio, Menna, & Gomez, 2017) and, in this study, this pathway was found to be over-

represented in the subset of genes significantly increased in abundance relative to control 

in the 10ppb treatment group.  

 

Additionally, another pathway significantly increased in the 10ppb group from control in 

this study was EPH-Ephrin signalling. The large families of Eph receptor tyrosine kinases 

and their ephrin ligands transduce signals in a cell-to-cell contact-dependent fashion 

coordinating growth, differentiation, and patterning of almost every tissue (Coulthard et 

al., 2012). Eph–ephrin interactions can trigger a wide array of cellular responses, including 

cell adhesion, boundary formation, and repulsion. The exact mechanism of these 

interactions remains unclear but seem to be involved in differential signaling, proteolytic 
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cleavage of ephrins, and endocytosis of the ligand–receptor complex (Coulthard et al., 

2012). 

 

Generally, both RHO and EPH-Ephrin signalling pathways are associated with a 

synergistic increase in VEGF signaling which is unlike what was observed in this study. In 

previous studies, VEGF has been found to upregulate EphrinB2 with an association of 

down-regulation of EphB4 (Du, Li, He, Li, & He, 2020). Additionally, EphB4 and 

EphrinB2 expression levels are greater in haemorrhagic than non-hemorrhagic samples of 

brain arteriovenous malformation (BAVM), which is an intracranial high-flow vascular 

malformation (Du et al., 2020). Meanwhile, although RHO GTPases are considered 

essential downstream effectors of VEGF signaling in the angiogenic process (El Baba et 

al., 2020), knocking down of RhoC and RhoA in astrocytoma cells has shown to decrease 

the expression levels of VEGF by approximately 25% and 40%, respectively (El Baba et 

al., 2020) highlighting the dependence of VEGF expression on both RhoA and RhoC 

expression levels. In this study however, a decrease in VEGF signaling is observed at the 

same stage, 2 dpf, as an increase in both RHO and EPH-Ephrin signalling pathways. This 

may indicate involvement of other molecular mechanisms not yet explored regarding 

activation of RHO and EPH-Ephrin signalling independently of VEGF signaling during 

angiogenesis. 
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Conclusion 

There are several molecular changes that occur after a chemical exposure in an organism. 

Multiple proteins follow pathways that work in conjunction and divergence of one another 

and understanding these routes will aid in the protection of the environment and human 

health. AOPs form a framework that captures the effect of a chemical from the molecular 

through to the ecosystem level. In this way, refining the molecular changes that occur in 

the organismal level will aid in protection of ecosystems. Additionally, AOPs capture 

events that occur in time and can be prevented from causing the ultimate adverse outcome, 

usually population decline. An AOP can be stopped by targeting it earlier in the pathway 

as such by genetic silencing techniques that inhibit key events, thus preventing the adverse 

outcome from occurring. This may be key to protecting a species at risk which may be 

temporally affected during a crucial embryonic stage by a chemical exposure in the natural 

environment. Refining the AOPs found in the framework allows for future formations of 

guidelines not only regarding the safe amount of contaminant, but also policies surrounding 

when contaminant release would be allowed temporally to protect species at sensitive 

embryonic stages (i.e., protecting fish during spawning season). In this research, two AOPs 

(21 and 150) were investigated with the goal of refinement. The findings of this study 

suggest that AOP 21 and not AOP 150 leads to the adverse outcome of altered 

cardiovascular development, but also that the two pathways may be more connected by 

downstream key events. This study encourages additional research to specifically refine 

AOPs which will strengthen the AOP framework; ultimately benefiting society by 

improving our ability to respond to chemical contaminants more effectively to prevent 

adverse outcomes in humans and their environment. 



79 

 

Appendices  

Appendix A. Japanese Medaka Embryo Rearing Solution 

 

Materials 

Five 1L glass bottles 

Milli-Q (MQ) water  

NaCI, MgS04, CaCb, KCI, Methylene Blue 

Graduated Cylinder 

Disposable Plastic Weighing Boats 

Balance 

 

Method 

1. Make the following stock solutions and store them in the refrigerator in a labelled 

bottle or flask: 

• 10% NaCl solution (10 g NaCl in 100 mL H2O) 

• 0.30% KCl solution (0.30 g KCl in 100 mL H2O) 

• 0.40% CaCl2•2H2O solution (0.40 g CaCl2•2H2O in 100 mL H2O) 

• 1.63% MgSO4•7H2O solution (1.63 g MgSO4•7H2O in 100 mL H2O) 

• 0.01% Methylene blue solution (0.01 g Methylene blue in 100 mL H2O) 

 

 

2. 1 mL of each stock solution is added (total volume of 5 mL) to which 95 ml of 

Milli-Q water is added for a final volume of 100 mL. 

 

 

3. Rearing solution is normally made up 10 to 20 liters at a time and kept aerated in 

the 25 degree climate controlled rearing room for immediate use. 

 

 

4. The rearing solution must be at 25°C before putting eggs into it, extreme 

temperature differences can shock the embryos and alter phenotype or kill them. 
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Appendix B. Proteomics Reagents 

Ammonium bicarbonate buffer (AB) working solution 

 

200mM Ammonium bicarbonate buffer (AB) working solution was prepared by diluting 

7.91 g of ammonium bicarbonate in 500 mL of MilliQ water.  

 

400mM Iodoacetamide (IAA) in 200 mM AB  

 

Iodoacetamide (IAA) is a solid (Sigma:  I1149-5G) stored at 4ºC.  This solution is made 

fresh and kept in the dark. It can be made in 15 ml polyethylene conical centrifuge tubes 

and wrapped in aluminum foil to minimize exposure to light. The IAA is removed from 

4ºC to equilibrate to room temperature and 73.98 mg is weighed and placed into a 15 mL 

conical tube. A 1000 uL pipette to add 1 mL AB (200mM) to the IAA. The tube is mixed 

gently until all the IAA has dissolved. The tube is wrapped in aluminum foil and placed 

in 4ºC for storage. 

 

100 mM Tris(2-carboxyethyl) phosphine hydrochloride (TECP) in 200 mM AB 

 

100 mM Tris(2-carboxyethyl) phosphine hydrochloride (TECP) in 200 mM AB is 

prepared by removing Tris (2-carboxyethyl) phosphine hydrochloride (TECP) ampule 

from 4ºC fridge to equilibrate to room temperature. Breaking the ampule at the score line 

in an away motion, a glass pasteur pipette is used to transfer the ampule (1 mL) of 0.05M 

TECP to a newly labelled falcon tube (10 mL). The ampule is rinsed with a small volume 

(1 mL) of 200 mM AB 3 times and the rinse is transferred to the falcon tube to ensure all 

the TECP has been transferred.  One more mL of 200 mM AB (for a total of 4 mL added 

including the rinses) to the falcon tube is added so that 5 mL of 100 mM TECP solution 

is prepared. 

 

20% Formic Acid 

 

A graduated cylinder is used to transfer 40 mL MilliQ water into a 50 mL polyethylene 

conical centrifuge tube. A 5-10 mL pipette is used to add 10 mL Formic acid to the water. 

The conical centrifuge tube is capped, vortexed, and kept for storage at 4ºC.  

 

Dilution Buffer 

 

Dilution buffer is prepared 1L at a time in a designated pre-labelled 1L volumetric flask. 

Approximately 700 mL HPLC grade water (Fisher Scientific; W5-4) is transferred to a 

volumetric flask. A 50 mL graduated cylinder is used to add 50 mL HPLC optima grade 

Acetonitrile (Fisher Scientific) to the flask and then a 1000 uL pipette is used to add 1 mL 

Formic acid (Sigma Aldrich: 06440) to the flask. The volume is brought to 1L with 

HPLC grade water, the stopper is placed on the flask and the flask is mixed by inversion 

10x. 
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Appendix C. Proteomics Acquisition Methods 

 

Devices 

Multisampler  

Binary Pump  

Column Comp.  

Q-TOF 
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Appendix D. All Proteins detected in 2 dpf with Abundances averaged over 3 replicates 
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Appendix E. All Proteins detected in 7 dpf with Abundances averaged over 3 replicates 
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