
1 
 

 

Investigating the roles of steroid signalling in gonadal development, 

maintenance and function through use of androgen and cortisol 

deficient mutant zebrafish lines 

 

James Arthur Oakes 

 

Thesis submitted to The University of Sheffield, Department of Oncology and Metabolism, 

for the degree of Doctor of Philosophy 

 

January 2020 

 

 

 

  



2 
 

Table of Contents 

Figure Index............................................................................................................................................. 7 

Table Index ............................................................................................................................................ 11 

Acknowledgements ............................................................................................................................... 13 

Abbreviations ........................................................................................................................................ 14 

Summary ............................................................................................................................................... 16 

 

Chapter 1: Introduction - Steroid hormone biosynthesis and the roles of sex steroids in gonadal 

differentiation and function in zebrafish .............................................................................................. 17 

1.1 - Steroidogenesis in zebrafish and other teleosts  ...................................................................... 17 

1.2 - Zebrafish sex differentiation is susceptible to disruption of sex steroid signalling .................. 21 

1.3 - Androgens are dispensable for testis differentiation in zebrafish  ........................................... 23 

1.4 - Androgens may promote correct development and organisation of the testes by maintaining 

expression of pro-male genes ........................................................................................................... 26 

1.5 - Testicular structure and spermatogenesis  in zebrafish ........................................................... 27 

1.6 - Aims and objectives .................................................................................................................. 30 

 

Chapter 2: General materials and methods .......................................................................................... 32 

2.1 - Zebrafish husbandry and ethics ................................................................................................ 32 

2.2 - Genotyping of the fdx1b mutant allele ..................................................................................... 32 

2.3 - Targeted genetic disruption of cyp11c1 by CRISPR-Cas9 ......................................................... 35 

2.4 - Morphological analysis ............................................................................................................. 37 

2.5 - Steroid measurements by liquid chromatography tandem mass spectrometry ...................... 37 

2.6 - Breeding, in vitro fertilisation (IVF), sperm counting and sperm release  ................................ 38 

2.7 - Behavioural analysis .................................................................................................................. 39 

2.8 - Haematoxylin and eosin (H&E) and picrosirius red staining ..................................................... 40 

2.9 - Gene expression analysis by quantitative PCR (qPCR) .............................................................. 41 

2.10 - Statistical methods.................................................................................................................. 44 



3 
 

Chapter 3 - Ferredoxin 1b deficiency leads to testis disorganisation, impaired spermatogenesis and 

feminisation in zebrafish ....................................................................................................................... 45 

3.1 - Introduction .............................................................................................................................. 46 

3.2 - Results ....................................................................................................................................... 48 

3.2.1 - Morphological characterization and feminisation of secondary sex characteristics in 

fdx1b-/ - mutant zebrafish .............................................................................................................. 48 

3.2.2 - Decreased concentrations of 11-ketotestosterone and cortisol in fdx1b-/ - mutant 

zebrafish ........................................................................................................................................ 51 

3.2.3 - Fdx1b-/ - mutant males and females are infertile using conventional breeding techniques

 ...................................................................................................................................................... 60 

3.2.4 - Fdx1b-/ - mutant male zebrafish exhibit reduced breeding behaviours ............................. 62 

3.2.5 - The testes of fdx1b-/ - mutant zebrafish are disorganised and have decreased sperm 

production .................................................................................................................................... 65 

3.2.6 - Morphological appearance of the spermatic duct is highly variable in fdx1b-/ - mutant 

zebrafish ........................................................................................................................................ 69 

3.2.7 - Downregulation of key genes involved in testis development and spermatogenesis ...... 71 

3.2.8 - Expression of spermatogenesis marker genes in fdx1b-/ - mutant and wild-type sibling 

testes ............................................................................................................................................. 74 

3.2.9 - Dysregulation of pituitary genes in the brains of fdx1b-/ - mutant zebrafish ..................... 76 

3.2.10 - Gonadal differentiation proceeds normally in fdx1b-/ - mutant zebrafish ....................... 77 

3.3 - Discussion.................................................................................................................................. 80 

 

Chapter 4 - {ǘŜǊƻƛŘ ммʲ-hydroxylase deficiency results in impaired steroidogenesis, feminisation of 

secondary sex characteristics, infertility, impaired spermatogenesis and hypoplasia of the spermatic 

duct in zebrafish  ................................................................................................................................... 88 

4.1 - Introduction .............................................................................................................................. 89 

4.2 - Results ....................................................................................................................................... 92 

4.2.1 - Generation of cyp11c1 mutant alleles by CRISPR-Cas9  .................................................... 92 



4 
 

4.2.2 - Impaired visual background adaptation and decreased expression of glucocorticoid 

responsive genes in cyp11c1 mutant larvae ................................................................................. 94 

4.2.3 - Cyp11c1-/ - mutant zebrafish display predominantly female secondary sex characteristics 

but may possess ovaries or testes ................................................................................................ 96 

4.2.4 - Adult cyp11c1-/ - mutant male zebrafish exhibit profound cortisol and 11-

ketotestosterone deficiency ......................................................................................................... 99 

4.2.5 - Disruption of cyp11c1 results in infertility and impaired breeding behaviour in male 

zebrafish ...................................................................................................................................... 102 

4.2.6 - Cyp11c1 disruption results in testicular disorganisation and reduced spermatogenesis 

 .................................................................................................................................................... 107 

4.2.7 - Androgens are crucial for development of the spermatic duct ...................................... 111 

4.2.8 - Reduced expression of pro-male and spermatogenic genes in the testes of cyp11c1-/ - 

mutant zebrafish ......................................................................................................................... 113 

4.2.9 - Expression of spermatogenesis marker genes suggests a crucial role for androgens in the 

differentiation of type A spermatogonia in zebrafish ................................................................ 116 

4.2.10 - Expression of gonadotropins and pomca in the brains of cyp11c1-/ - mutant male 

zebrafish ...................................................................................................................................... 118 

4.3 - Discussion................................................................................................................................ 120 

 

Chapter 5 - Exploring the implications of androgen and cortisol deficiency on the zebrafish testis 

transcriptome in fdx1b-/ - mutant zebrafish ......................................................................................... 126 

5.1 - Introduction  ........................................................................................................................... 126 

5.2 - Methods .................................................................................................................................. 128 

5.2.1 - RNA isolation ................................................................................................................... 128 

5.2.2 - RNA library preparation and sequencing ........................................................................ 128 

5.2.3 ς mRNA sequencing data analysis ..................................................................................... 128 

5.2.4 - Gene ontology term overrepresentation and KEGG pathway analysis ........................... 129 

5.2.5 ς Small RNA sequencing data analysis ............................................................................... 129 

5.3 - Results ..................................................................................................................................... 131 



5 
 

5.3.1 - Fdx1b-/ - mutant and wild-type sibling mRNA sequencing quality control ....................... 131 

5.3.2 - mRNA sequencing reveals differentially expressed genes in the testes of fdx1b-/ - mutant 

zebrafish vs. wild-type siblings ................................................................................................... 133 

5.3.3 - Gene ontology and KEGG pathway enrichment analysis ................................................ 141 

5.3.4 - Upregulation of genes encoding steroidogenic enzymes in the testes of fdx1b-/ - mutant 

zebrafish ...................................................................................................................................... 144 

5.3.5 - Genes encoding tight junction proteins are downregulated in the testes of fdx1b-/ - 

mutant zebrafish ......................................................................................................................... 144 

5.3.6 - Genes encoding extracellular matrix components are upregulated in fdx1b-/ - mutant 

testes ........................................................................................................................................... 144 

5.3.7 - Microtubule related processes are enriched in the population of downregulated genes in 

the fdx1b-/ - mutant testis ............................................................................................................ 145 

5.3.8 - Genes regulating the cell cycle and meiosis are downregulated in fdx1b-/ - mutant testes

 .................................................................................................................................................... 145 

5.3.9 - Initial analysis of the small RNAome of the testes of fdx1b-/ - mutant zebrafish vs. wild-

type siblings ................................................................................................................................ 150 

5.3.10 - Characterisation of differentially expressed miRNAs in the testes of fdx1b-/ - mutant 

zebrafish vs. wild-type siblings ................................................................................................... 154 

5.3.11 - miRNAs with functions in spermatogenesis are differentially expressed in fdx1b-/ - 

mutant zebrafish testes .............................................................................................................. 157 

5.3.12 - Differential expression of conserved miRNA clusters in fdx1b-/ - mutant testes ........... 158 

5.3.13 - The impact of steroid deficiency on the abundance of spermatozoa miRNAs ............. 159 

5.3.14 - Differentially expressed piRNAs in fdx1b-/ - mutant testes ............................................ 159 

5.4 - Discussion................................................................................................................................ 161 

 

Chapter 6 ς Description of an infertility phenotype in fdx1b-/ - and cyp11c1-/ - mutant female zebrafish

 ............................................................................................................................................................ 167 

6.1 - Introduction ............................................................................................................................ 167 

6.2 - Results ..................................................................................................................................... 169 

6.2.1 - Biometric statistics for cyp11c1-/ - mutant female zebrafish ............................................ 169 



6 
 

6.2.2 - Cyp11c1 deficient female zebrafish are subfertile .......................................................... 170 

6.2.3 - Significant disruption of steroidogenesis in Fdx1b and Cyp11c1 deficient female zebrafish

 .................................................................................................................................................... 171 

6.2.4 - Fdx1b-deficient female zebrafish possess larger ovaries and oocyte maturation may be 

impaired ...................................................................................................................................... 176 

6.2.5 - Dysregulation of genes associated with sex differentiation and gonadal function in the 

ovaries of fdx1b-/ - mutant female zebrafish ............................................................................... 179 

6.2.6 - Increased expression of pomca in the brains of fdx1b-/ - mutant female zebrafish indicates 

dysregulation of the stress axis .................................................................................................. 181 

6.3 - Discussion................................................................................................................................ 182 

 

Chapter 7 ς Summary and general discussion .................................................................................... 186 

7.1 - Mutation of fdx1b or cyp11c1 results in severely disrupted steroidogenesis in zebrafish .... 186 

7.2 - Androgens are dispensable for testis differentiation ............................................................. 188 

7.3 - Androgen and cortisol deficient male zebrafish are infertile due to a variety of reproductive 

phenotypes ..................................................................................................................................... 189 

7.4 - Insights into the molecular pathways underlying testis disorganisation in androgen and 

cortisol deficient zebrafish .............................................................................................................. 190 

7.5 - Androgens play an important role in spermatogonial differentiation in zebrafish ................ 191 

7.6 - Comparison of androgen deficiency and resistance phenotypes in zebrafish and mammals 

......................................................................................................................................................... 195 

7.7 - Limitations and other considerations ..................................................................................... 197 

 

Appendix I ς Comparison of steroid hormone concentrations and gene expression between male and 

female, wild-type and mutant zebrafish ............................................................................................. 200 

Appendix II ς Code for RNA sequencing analysis ................................................................................ 210 

References .......................................................................................................................................... 223 

 

 



7 
 

Figure Index 

Figure 1.1. Postulated pathway for steroid hormone biosynthesis in zebrafish .................................. 18 

Figure 1.2. Spermatogenesis and organisation of the testes in zebrafish ............................................ 29 

Figure 2.1. Genotyping of fdx1b heterozygous incrosses ..................................................................... 33 

Figure 2.2. Cyp11c1 CRISPR design and screen assay ........................................................................... 36 

Figure 3.1. Feminisation of secondary sex characteristics in fdx1b-/ - mutant zebrafish ....................... 49 

Figure 3.2. Increased length and weight in adult fdx1b-/ - mutant male zebrafish ................................ 50 

Figure 3.3. Profoundly altered glucocorticoid and androgen steroid profiles in male fdx1b-/ - mutant 

zebrafish ................................................................................................................................................ 53 

Figure 3.4. Decreased 11-ketotestosterone and cortisol concentrations in fdx1b-/ - mutant male 

zebrafish are reproducible .................................................................................................................... 54 

Figure 3.5. Altered expression of glucocorticoid and androgen responsive genes in fdx1b-/ - mutant 

male zebrafish ....................................................................................................................................... 56 

Figure 3.6. Expression of oestrogen responsive genes in the livers of fdx1b-/ - mutant and wild-type, 

male and female zebrafish .................................................................................................................... 58 

Figure 3.7. Expression profile of steroidogenic enzymes and star in the testes of fdx1b-/ - mutant 

zebrafish compared to wild-type siblings ............................................................................................. 59 

Figure 3.8. Stereotypical breeding behaviours are reduced in fdx1b-/ - mutant males ......................... 62 

Figure 3.9. Response of fdx1b-/ - mutant zebrafish to open field tests.................................................. 64 

Figure 3.10. Disrupted development of the testes and decreased sperm concentration in fdx1b-/ - 

mutant zebrafish ................................................................................................................................... 67 

Figure 3.11. Staining for collagen reveals that seminiferous tubules are smaller in diameter and 

greater in number in fdx1b-/ - mutants compared to wild-type siblings ............................................... 68 

Figure 3.12. Highly variable morphology of the spermatic duct in fdx1b-/ - mutant zebrafish ............. 70 

Figure 3.13. Downregulation of pro-testis, spermatogenic and hypothalamic-pituitary-gonadal (HPG) 

axis regulating genes in the testes of fdx1b-/ - mutant zebrafish ........................................................... 73 



8 
 

Figure 3.14. Expression of spermatogenesis marker genes in fdx1b-/ - mutant and wild-type zebrafish 

testes ..................................................................................................................................................... 75 

Figure 3.15. Dysregulation of pituitary genes in the brains of fdx1b-/ - mutant male zebrafish ............ 76 

Figure 3.16. Gonadal differentiation appears to proceed normally in fdx1b-/ - mutant zebrafish ........ 79 

Figure 3.17. Germ cell markers and the roles of Igf3 and Insl3 in zebrafish spermatogenesis ............ 86 

CƛƎǳǊŜ пΦмΦ ¢ƘŜ ǊƻƭŜǎ ƻŦ /ȅǇммŎм όммʲ-hydroxylase) in androgen and glucocorticoid biosynthesis in 

zebrafish ................................................................................................................................................ 90 

Figure 4.2. Mutations introduced into cyp11c1 by CRISPR/Cas9 ......................................................... 93 

Figure 4.3. Decreased expression of glucocorticoid responsive genes in VBA- larvae ......................... 95 

Figure 4.4. Feminisation of secondary sex characteristics in cyp11c1-/ - mutant male zebrafish .......... 97 

Figure 4.5. Increased weight and length in cyp11c1-/ - mutant male zebrafish ..................................... 98 

Figure 4.6. Steroid profile of adult male cyp11c1-/ - mutant zebrafish is consistent with 11̡-

hydroxylase deficiency ........................................................................................................................ 100 

Figure 4.7. Decreased expression of glucocorticoid responsive genes in the livers of Cyp11c1 

deficient male zebrafish ...................................................................................................................... 101 

Figure 4.8. Cyp11c1 deficient male zebrafish exhibit reduced stereotypical breeding behaviours in 

parings with wild-type females  .......................................................................................................... 104 

Figure 4.9. Cyp11c1 deficient male zebrafish exhibit decreased locomotor activity ......................... 106 

Figure 4.10. Mutation of cyp11c1 results in disorganised seminiferous tubules and reduced 

spermatozoa ....................................................................................................................................... 108 

Figure 4.11. Picrosirius red staining of cyp11c1-/ - mutant testes........................................................ 109 

Figure 4.12. Cyp11c1 deficient zebrafish exhibit a decreased sperm count ...................................... 110 

Figure 4.13. The spermatic ducts of cyp11c1-/ - mutant zebrafish are hypoplastic ............................. 112 

Figure 4.14. Expression of pro-male and spermatogenic genes in the testes of cyp11c1-/ - mutant 

zebrafish .............................................................................................................................................. 115 



9 
 

Figure 4.15. Expression of spermatogenic marker genes in the testes of cyp11c1-/ - mutant zebrafish

 ............................................................................................................................................................ 117 

Figure 4.16. Expression of pomca and gonadotropins in the brains of cyp11c1-/ - mutant male 

zebrafish .............................................................................................................................................. 119 

Figure 5.1. Quality control of RNA sequencing reads after initial processing .................................... 132 

Figure 5.2. Principal component and heatmap analysis reveals variation between the fdx1b-/ - mutant 

and wild-type testis transcriptomes ................................................................................................... 134 

Figure 5.3. Genes annotated to the tight junction KEGG pathway were significantly enriched in genes 

upregulated in the testes of fdx1b-/ - mutant zebrafish ....................................................................... 147 

Figure 5.4. Genes annotated to the ECM-receptor interaction KEGG pathway were significantly 

enriched in genes downregulated in the testes of fdx1b-/ - mutant zebrafish .................................... 148 

Figure 5.5. Genes annotated to the cell cycle KEGG pathway were significantly enriched in genes 

downregulated in the testes of fdx1b-/ - mutant zebrafish .................................................................. 149 

Figure 5.6. FastQC summary for small RNA sequencing datasets ...................................................... 151 

Figure 5.7. Small RNA species distribution in fdx1b-/ - mutant and wild-type sibling testes ............... 152 

Figure 5.8. Principal component analysis (PCA) of small RNA expression data from fdx1b-/ - mutant 

zebrafish and wild-type siblings .......................................................................................................... 153 

Figure 5.9. 33 miRNAs are differentially expressed in the testes of fdx1b-/ - mutants compared to wild-

type siblings ........................................................................................................................................ 154 

Figure 5.10. Top 30 most abundantly expressed miRNAs in wild-type and fdx1b-/ - mutant testes ... 156 

Figure 5.11. Top 30 most significantly differentially expressed piRNAs in fdx1b-/ - mutant testes ..... 160 

Figure 6.1. Biometric statistics for cyp11c1-/ - mutant female zebrafish ............................................. 169 

Figure 6.2. Impaired cortisol biosynthesis in fdx1b-/ - mutant female zebrafish ................................. 173 

Figure 6.3. Reduced expression of glucocorticoid responsive genes in the livers of fdx1b-/ - mutant 

female zebrafish .................................................................................................................................. 174 

Figure 6.4. Disrupted steroidogenesis in Cyp11c1 deficient female zebrafish ................................... 175 



10 
 

Figure 6.5. All stages of oocyte maturation are represented in the ovaries of fdx1b-/ - mutant female 

zebrafish .............................................................................................................................................. 176 

Figure 6.6. Fdx1b-deficiency results in increased ovary size and may cause impaired oocyte 

maturation ς ventral coronal plane .................................................................................................... 177 

Figure 6.7. Fdx1b-deficiency results in increased ovary size and may cause impaired oocyte 

maturation ς dorsal coronal plane ..................................................................................................... 178 

Figure 6.8. Dysregulation of genes associated with sex differentiation and gonadal function in the 

ovaries of fdx1b-/ - mutant female zebrafish ....................................................................................... 180 

Figure 6.9. Dysregulation of pituitary genes in the brains of fdx1b-/ - mutant female zebrafish ........ 181 

Figure 7.1. Perturbed signalling pathways regulating spermatogonial differentiation in androgen 

deficient zebrafish ............................................................................................................................... 192 

Figure A1.1. Profoundly altered glucocorticoid and androgen biosynthesis steroid profiles in fdx1b-/ - 

mutant zebrafish ................................................................................................................................. 200 

Figure A1.2. Altered steroid hormone concentrations in fdx1b-/ - mutant zebrafish are reproducible

 ............................................................................................................................................................ 202 

Figure A1.3. Disrupted steroid hormone biosynthesis in male and female cyp11c1-/ - mutant zebrafish

 ............................................................................................................................................................ 204 

Figure A1.4. Decreased expression of glucocorticoid and androgen responsive genes in fdx1b-/ - 

mutant male zebrafish ........................................................................................................................ 206 

Figure A1.5. Comparison of the gonadal gene expression profile in male and female, wild-type and 

fdx1b-/ - mutant zebrafish .................................................................................................................... 207  

Figure A1.6. Comparison of the pituitary gene expression profile in male and female, wild-type and 

fdx1b-/ - mutant zebrafish .................................................................................................................... 209 

  



11 
 

Table Index 

Table 2.1. Ages of fish used in each experiment .................................................................................. 34 

Table 2.2. qPCR primer sequences........................................................................................................ 35 

Table 3.1. Outcrossing of fdx1b-/ - mutant zebrafish and wild-type siblings ......................................... 61 

Table 4.1. VBA sorting of cyp11c1+/- incross larvae .............................................................................. 94 

Table 4.2. Infertility in cyp11c1-/ - mutant male zebrafish ................................................................... 103 

Table 4.3. Proportion of cyp11c1-/ - mutant and wild-type sibling sperm samples producing fertilised 

embryos in IVF experiments ............................................................................................................... 103 

Table 4.4. Proportion of fish producing sperm samples during gamete expression experiments ..... 112 

Table 5.1. Tools utilised by the Oasis 2.0 web interface ..................................................................... 130 

Table 5.2. Databases used for read alignment by Oasis 2.0 ............................................................... 130 

Table 5.3. Comparison of changes in expression of key genes measured by qPCR and RNA sequencing 

 ............................................................................................................................................................ 135 

Table 5.4. Top 30 most significantly downregulated genes in fdx1b-/ - mutant testes vs. wild-type 

siblings................................................................................................................................................. 139 

Table 5.5. Top 30 most significantly upregulated genes in fdx1b-/ - mutant testes vs. wild-type siblings 

 ............................................................................................................................................................ 140 

Table 5.6. Selected gene ontology terms overrepresented in genes downregulated in the testes of 

fdx1b-/ - mutant zebrafish .................................................................................................................... 142 

Table 5.7. Selected gene ontology terms overrepresented in genes upregulated in the testes of 

fdx1b-/ - mutant zebrafish .................................................................................................................... 142 

Table 5.8. KEGG pathways identified by gene set enrichment analysis of genes downregulated in the 

testes of fdx1b-/ - mutant zebrafish ..................................................................................................... 143 

Table 5.9. KEGG pathways identified by gene set enrichment analysis of genes upregulated in the 

testes of fdx1b-/ - mutant zebrafish ..................................................................................................... 143 

Table 5.10. Significantly (p-adj<0.1) differentially expressed miRNAs in the testes of fdx1b-/ - mutant 

zebrafish vs. wild-type siblings............................................................................................................ 155 



12 
 

Table 5.11. Misregulation of miRNAs with roles in spermatogenesis ................................................ 157 

Table 6.1. Cyp11c1-/ - mutant female zebrafish are subfertile ............................................................ 170 

Table 7.1. Comparison of the main findings in fdx1b-/ - and cyp11c1-/ - mutant male zebrafish.  ........ 187 

  



13 
 

Acknowledgements 

This thesis is the culmination of three years of challenging work that would not have been possible 

without the enduring support of many people around me. Firstly I would like to thank my 

supervisors Nils and Vincent, for giving me the opportunity to undertake this project, and for sharing 

their knowledge and offering support whenever it was needed. This project was made all the more 

enjoyable by the friendly and co-operative environment I found myself working in, and for this 

reason I would like to thank other members of the Krone/Cunliffe lab group, as well as other lab 

groups residing in D18 and external collaborators, for their willingness to share their expertise and 

help find solutions to the many difficulties encountered. Technical advice from Stone Elworthy and 

Maggie Glover was invaluable, as was the support of the aquarium staff. 

I would also like to thank my family for encouraging me at every step of the way through my 

academic career and for always being there for me when the going gets tough. Finally, I would like to 

thank my partner Sophie; without her encouragement, reassurance, and indefatigable patience, the 

last three years of work, and the writing of this thesis, would not have been possible.  



14 
 

Abbreviations 

11KT 11-ketotestosterone 

AR Androgen receptor 

bp Base pairs 

CPA Cyproterone acetate 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

DAVID Database for annotation, visualization and integrated discovery 

DEG Differentiatlly expressed gene 

dpf Days post fertilisation 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

FDR False discovery rate 

GO Gene ontology 

GPER G-protein coupled estrogen receptor 

GSI Gonadosomatic index 

H&E Haematoxylin and eosin 

HPG Hypothalamus-pituitary-gonadal 

HPI Hypothalamus-pituitary-interrenal 

IVF In vitro fertilisation 

KEGG Kyoto encyclopaedia of genes and genomes 

LC-MS/MS Liquid chromatography tandem mass spectrometry 

MeOH Methanol 

MIS Maturation inducing steroid 

MTBE Methyl tertiary-butyl ether 

nt Nucleotide 

PAM Protospacer adjacent motif 

PCA Principal component analysis 

PCR Polymerase chain reaction 

PFA Paraformaldehyde 

qPCR Quantitative polymerase chain reaction 

SC Spermatocytes 

SG Adiff Differentiating type A spermatogonia 

SG Aund Undifferentiated type A spermatogonia 



15 
 

SG type B Type B spermatogonia 

SSC Spermatogonial stem cell 

ST Spermatids 

SZ Spermatozoa 

TAE Tris-Acetate-EDTA 

TALEN Transcription activator-like effector nucleases 

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labelling 

VBA Visual background adaptation 

wpf Weeks post fertilisation 

  



16 
 

Summary 

The roles of androgen signalling in the differentiation, maintenance and function of the zebrafish 

testis are poorly understood. This project aimed to explore this topic by characterising the 

phenotypes of androgen and cortisol deficient fdx1b and cyp11c1 mutant zebrafish. Homozygous 

mutant adult zebrafish were found to exhibit female type pigmentation patterns, however these fish 

could possess either differentiated ovaries or testes. This demonstrates that androgens are 

dispensable for testis differentiation in zebrafish, as has also been found in androgen receptor 

mutant zebrafish. Androgen deficient male zebrafish were infertile in standard breeding scenarios, 

but their sperm could fertilise eggs collected from wild-type female zebrafish in IVF experiments. 

Various phenotypes in these fish are likely to contribute to their infertility, including perturbed 

breeding behaviours, disorganised testis organisation, reduced spermatogenesis and impaired sperm 

release. Targeted gene expression analysis by qPCR revealed downregulation of igf3 and insl3 in the 

testes of mutant fish, these genes encode important factors for spermatogonial differentiation. 

Histological examination of the testes and analysis of germ cell marker expression by qPCR revealed 

an accumulation of early germ cells. Taken together these findings indicate that spermatogonial 

differentiation is impaired, and that this process is highly dependent on androgens in zebrafish. 

Further investigations into the molecular mechanisms underlying the assorted phenotypes of these 

fish were undertaken by characterisation of the impacts of fdx1b mutation on the testis 

transcriptome. Several miRNAs with roles in repressing spermatogonial differentiation in mammals 

were upregulated in the testes of Fdx1b deficient zebrafish, indicating a potentially conserved role 

for these miRNAs in zebrafish and mammalian spermatogenesis. In addition to this, dysregulation of 

several structural elements of the testes was identified, including the basement membrane and 

Sertoli cell barrier. This is the first investigation into the mechanisms underlying disorganisation of 

testicular structure in androgen deficient or resistant zebrafish. 
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Chapter 1: Introduction - Steroid hormone biosynthesis and the roles of sex steroids in gonadal 

differentiation and function in zebrafish 

The zebrafish is an established model organism for the study of hormones and endocrine disease 

(Lohr and Hammerschmidt, 2011). Steroid hormones are involved in a myriad of physiological and 

metabolic processes, ranging from the stress response, inflammation, salt homeostasis and 

gametogenesis. Steroids also play important roles in development, perhaps most notably in sex 

differentiation.  

In contrast to humans and most mammals, laboratory strains of zebrafish lack sex chromosomes and 

instead exhibit polygenic sex determination (Liew et al., 2012). Zebrafish sex may also be influenced 

by environmental factors including stress and temperature (Ribas et al., 2017a; Ribas et al., 2017b). 

Pharmacological and genetic manipulation of sex steroid signalling in zebrafish has elucidated that 

sex determination is highly pliable in response to these hormones (Crowder et al., 2017; Lau et al., 

2016; Morthorst et al., 2010). However, the specific roles of sex steroids, particularly androgens, in 

sex differentiation are poorly understood in this species. This chapter will describe the current 

literature pertaining to sex steroid biosynthesis and the roles of steroids in sex differentiation in 

zebrafish. In addition, zebrafish testis structure and spermatogenesis will be introduced. 

 

1.1 - Steroidogenesis in zebrafish and other teleosts 

The gonads and interrenal tissue, equivalent to the adrenal glands in mammals, are the principal 

sites of steroid hormone biosynthesis in zebrafish; the brain also has some capacity for steroid 

production (Diotel et al., 2011; Tokarz et al., 2015; Weger et al., 2018). Steroid biosynthesis (Figure 

1.1) begins with side chain cleavage of cholesterol by Cyp11a1 or Cyp11a2 to produce pregnenolone 

(Parajes et al., 2013). Humans possess only one side chain cleavage enzyme homolog: CYP11A1. The 

activity of CYP11A1, and some other steroidogenic cytochrome p450 enzymes, is highly dependent 
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on electron transfer via ferredoxin reductase (FDXR) and ferredoxin (FDX1): FDXR receives electrons 

from NADPH, these are subsequently passed to FDX1 and finally donated to CYP11A1 (Miller and 

Auchus, 2011). This system is also present in zebrafish (Griffin et al., 2016). Pregnenolone may be 

converted to progesterone by Hsd3b1 (Lin et al., 2015) ŀƴŘ ǘƘƛǎ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ мтʰ-hydroxylation of 

either of these precursors by Cyp17a1 or Cyp17a2 (Pallan et al., 2015). Pregnenolone, progesterone 

ŀƴŘ ǘƘŜƛǊ мтʰ-hydroxylated forms are precursors for mineralocorticoid, glucocorticoid and sex 

steroid biosynthesis (Tokarz et al., 2015) (Figure 1.1).  

 

 

Figure 1.1. Postulated pathway for steroid hormone biosynthesis in zebrafish. Biosynthetic 

pathways for production of steroid hormones including mineralocorticoids, glucocorticoids and sex 

steroids in zebrafish. Reactions hypothesised to be affected by mutation of genes in this study are 

boxed in red. The minor pathway to androgen production in male zebrafish is indicated by dashed 

arrows. 
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In zebrafish and humans the principal glucocorticoid is cortisol, whereas in mice and rats it is 

corticosterone (Buckingham, 2006; Tokarz et al., 2015). The pathway to glucocorticoid biosynthesis 

is well conserved between humans and zebrafish (Figure 1.1ύΦ мтʰ-hydroxyprogesterone is 

converted to 11-deoxycortisol by Cyp21a2 (Eachus et al., 2017), and this is further converted to 

cortisol by Cyp11c1 (Jiang et al., 1998), the zebrafish homolog of CYP11B1. Like Cyp11a1/2, the 

activity of Cyp11c1 in this reaction is highly dependent on the activity of the mitochondrial electron 

donor Fdx1b (Griffin et al., 2016).  

In the mineralocorticoid biosynthetic pathway, pregnenolone is thought to be converted to 11-

deoxycorticosterone by Cyp21a2 followed by further conversion to corticosterone by Cyp11c1 (Jiang 

et al., 1998) (Figure 1.1). The identity of the principal mineralocorticoid in zebrafish is uncertain, 

however, 11-deoxycorticosterone is a likely candidate (Tokarz et al., 2015). A homolog for the 

human gene CYP11B2, encoding aldosterone synthase, has not been identified in zebrafish; nor has 

aldosterone been detected, suggesting that zebrafish are unable to produce this steroid hormone 

(Tokarz et al., 2015). 

¢ƻ ŜƴǘŜǊ ǘƘŜ ǎŜȄ ǎǘŜǊƻƛŘ ōƛƻǎȅƴǘƘŜǘƛŎ ǇŀǘƘǿŀȅΣ мтʰ-hydroxypregnenolone or мтʰ-

hydroxyprogesterone undergo further conversion by Cyp17a1, producing DHEA and 

androstenedione respectively (Pallan et al., 2015). These reactions cannot be catalysed by Cyp17a2 

as it lacks the ƴŜŎŜǎǎŀǊȅ мтʰΣнл-lyase activity (Pallan et al., 2015). DHEA may be further converted to 

androstenedione by action of Hsd3b1 or Hsd3b2 (Lin et al., 2015) (Figure 1.1).  

The gonad is the primary site of sex steroid biosynthesis, though production in the brain is also 

possible (Diotel et al., 2011). The principal oestrogen in zebrafish is estradiol, and this may be 

produced from androstenedione by two pathways (Figure 1.1). In the first pathway, 

androstenedione is converted to estrone by ovary specific Cyp19a1a (Yin et al., 2017) or brain 

specific Cyp19a1b (Diotel et al., 2011). Estrone is further converted to estradiol by Hsd17b1 

(Mindnich et al., 2004). In the second pathway, androstenedione is converted to testosterone by 
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Hsd17b3 (Mindnich et al., 2005) before conversion to estradiol by Cyp19a1a or Cyp19a1b (Aggarwal 

et al., 2014). 

The pathway to androgen production is somewhat different in zebrafish and humans (Figure 1.1). 

The principal active androgens in humans are testosterone and 5-hdihydrotestosterone, whereas 

the principal zebrafish androgen is 11-ketotestosterone (11KT) (Borg, 1994; Tokarz et al., 2015). This 

difference in androgen production is due to the fact that zebrafish favour production of 11-

oxygenated androgens from androstenedione, rather than conversion of androstenedione to 

testosterone (de Waal et al., 2008). In humans testosterone is produced in the testes and this is 

converted to the more potent dihydrotestosterone at the target tissues (Miller and Auchus, 2011). 

Unlike the situation in humans, 5 -hdihydrotestosterone is not thought to be a major androgen in 

teleost fish, although production may be possible (Margiotta-Casaluci et al., 2013). 

The major biosynthetic pathway for 11-ketotestosterone production begins with the conversion of 

ŀƴŘǊƻǎǘŜƴŜŘƛƻƴŜ ǘƻ ммʲ-hydroxyandrostenedione (de Waal et al., 2008) by Cyp11c1 (Fernandes et 

al., 2007; Fernandes et al., 2014)Φ ммʲ-hydroxyandrostenedione is further converted to 11-

ketoandrostenedione, presumably by Hsd11b2, which is finally converted to 11KT by Hsd17b3 

(Mindnich et al., 2005). As in the glucocorticoid biosynthetic pathway, reactions in the androgen 

biosynthetic pathway catalysed by Cyp11c1 are also thought to require activity of the electron 

providing co-factor Fdx1b.  

In an alternative pathway, androstenedione may be converted to testosterone by Hsd17b3 

(Mindnich et al., 2005)Σ ǿƘƛŎƘ ƛǎ ƛƴ ǘǳǊƴ ŎƻƴǾŜǊǘŜŘ ǘƻ ммʲ-hydroxytestosterone (de Waal et al., 2008) 

ōȅ /ȅǇммŎмΦ ммʲ-hydroxytestosterone is finally converted to 11KT by Hsd11b2 (Tokarz et al., 2015). 

The contribution of this pathway to 11KT production is thought to be minimal as testosterone and 

ммʲ-hydroxytestosterone appear to be produced at only extremely low levels (de Waal et al., 2008).  
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A reaction linking these two pathways of ŀƴŘǊƻƎŜƴ ǇǊƻŘǳŎǘƛƻƴΣ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ммʲ-

ƘȅŘǊƻȄȅŀƴŘǊƻǎǘŜƴŜŘƛƻƴŜ ǘƻ ммʲ-hydroxytestosterone by Hsd17b3, has been demonstrated in vitro 

(Mindnich et al., 2005), but is thought highly unlikely to occur in vivo (de Waal et al., 2008; Swart and 

Storbeck, 2015). 

 

1.2 - Zebrafish sex differentiation is susceptible to disruption of sex steroid signalling 

Sex determination and gonadal differentiation in zebrafish are poorly understood processes. Natural 

strains of zebrafish have a sex-linked region on chromosome 4, but this has been lost in laboratory 

strains which exhibit polygenic sex determination (Wilson et al., 2014) (Liew et al., 2012). This is in 

stark contrast to sex determination in humans, which is governed by the presence or absence of a Y 

chromosome. Human embryos first develop an indifferent gonad which is identical irrespective of 

karyotype. Appropriate temporal expression of the Y chromosomal testis determining factor SRY 

upstream of SOX9 is crucial for testicular development. In the absence of SRY the indifferent gonad 

follows the female developmental pathway (Lucas-Herald and Bashamboo, 2014). 

Zebrafish gonadal differentiation has been linked to a myriad of genes and cellular processes 

ƛƴŎƭǳŘƛƴƎ ǘǇро ƳŜŘƛŀǘŜŘ ŀǇƻǇǘƻǎƛǎΣ bCˁ. ǎƛƎƴŀƭƭƛƴƎΣ ²ƴǘκʲ-catenin signalling, prostaglandins 

signalling and the production and action of sex steroids and other hormones (Pradhan et al., 2012; 

Rodriguez-Mari et al., 2010; Sreenivasan et al., 2014).  

Environmental factors such as temperature and stress also play a role in sex determination and 

gonadal differentiation in zebrafish (Liew and Orban, 2014; Ribas et al., 2017a). For example, 

increased water temperature between 18-32dpf resulted in an increased proportion of males (Ribas 

et al., 2017a). Effects of temperature on sex determination are not restricted to fish species, many 

turtle and crocodilian species exhibit environmental sex determination. For example incubation of 

European pond turtle (Emys obicularis) eggs at higher temperatures leads to all male development. 
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In the alligator snapping turtle (Macroclemys temminckii) cooler or warmer incubation temperatures 

result in female development, whereas male development is more frequent at intermediate 

temperatures (Gilbert, 2000). 

The importance of sex steroids in sex and gonadal differentiation in zebrafish has been widely 

demonstrated in both genetic and pharmacological studies. The steroidogenic enzyme ovarian 

aromatase (Cyp19a1a) is crucial for production of female sex steroids in zebrafish, and inhibition or 

mutation of this enzyme results in female to male sex reversal (Fenske and Segner, 2004; Lau et al., 

2016; Takatsu et al., 2013; Yin et al., 2017). Treatment of developing zebrafish with an estradiol 

analogue όмтʰ-ŜǘƘƛƴȅƭŜǎǘǊŀŘƛƻƭ κ мтʲ-estradiol) has achieved conflicting results, with some studies 

reporting varying degrees of feminisation (Andersen et al., 2003; Brion et al., 2004; Orn et al., 2016), 

whilst others report limited effects (Luzio et al., 2015). Despite the impact of disrupted sex steroid 

signalling on gonadal differentiation ovotestis are rarely reported in adult fish, with nearly all fish 

possessing either differentiated testes or ovaries. Fish treated with oestrogens at different stages of 

development were found to possess ovotestes at 60dpf, this may be due to incomplete feminisation 

of the gonad or a delay in gonadal transformation leading to the presence of transforming gonads at 

a later stage than they are usually seen (Andersen et al., 2003). 

Zebrafish possess three nuclear oestrogen receptors (esr1, esr2a and esr2b) as well as a G protein-

coupled oestrogen receptor (GPER). Mutation of the GPER in zebrafish does not affect sex ratios or 

ovarian function, indicating that this receptor is of little reproductive importance, however, 

compensatory mechanisms may be masking functionally redundant roles of this protein (Crowder et 

al., 2018). Mutation of any of the three nuclear oestrogen receptors causes a shift in sex ratios 

towards male development. These receptors display functional redundancy as double or triple 

mutants exhibit further increases in the ratio of males:females (Lu et al., 2017). 

Male sex steroids also play an important role in sex development. Exposure of zebrafish to the 

ŀƴŘǊƻƎŜƴǎ мтʲ-ǘǊŜƴōƻƭƻƴŜ ƻǊ мтʰ-methyltestosterone during development causes robust 
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masculinisation, producing a fertile entirely male population (Larsen and Baatrup, 2010; Lee et al., 

2017; Morthorst et al., 2010). In contrast, exposure to the anti-androgen vinclozolin during zebrafish 

sex differentiation causes a shift in sex ratios towards females, as well as delayed testes maturation 

(Lor et al., 2015). Androgen resistance (Crowder et al., 2017; Tang et al., 2018; Yu et al., 2018) results 

in adult zebrafish with predominantly female morphological characteristics, however both testes 

and ovaries are observed. Several AR deficient zebrafish lines exhibit female bias in the homozygous 

mutant population (Crowder et al., 2017; Yu et al., 2018), indicating that AR function may influence 

sex in some individuals.  Androgen resistant male zebrafish are infertile, exhibit disorganised 

testicular structure and impaired breeding behaviours (Yong et al., 2017).  

Androgen resistant zebrafish are still able to develop testes despite absent androgen signalling 

(Crowder et al., 2017). However, oestrogen resistance or deficiency leads to heavily skewed sex 

ratios favouring male development, or complete masculinisation (Lau et al., 2016; Lu et al., 2017). 

This demonstrates that oestrogens are crucial for ovary differentiation, but that androgens are 

dispensable for testes differentiation. This notion is also backed up by studies of cyp17a1 and 

cyp11a2 mutant zebrafish which are both androgen and oestrogen deficient. Cyp17a1 and cyp11a2 

mutant zebrafish develop as an entirely male population albeit with absent mating behaviour and 

feminised secondary sex characteristics (Li et al., 2019b; Zhai et al., 2018).  

 

1.3 - Androgens are dispensable for testis differentiation in zebrafish 

As described above, androgen resistance does not result in entirely female zebrafish populations 

(Crowder et al., 2017; Tang et al., 2018; Yu et al., 2018). This begs the question: what is the role of 

androgens in the process of gonadal development in zebrafish? Whilst androgens appear to be 

dispensable for testis differentiation in zebrafish, androgen resistant zebrafish lines are infertile and 

share similar testicular phenotypes at the adult stage, comprising disorganised testicular structure 
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with poorly defined seminiferous tubules (Crowder et al., 2017; Tang et al., 2018). Clearly, this 

demonstrates a role for androgens in the correct development, organisation or maintenance of the 

testes somewhere between the stage of gonadal differentiation and adulthood. 

Development of the zebrafish gonad begins around 10dpf when primordial germ cells begin to 

differentiate into gonocytes (Tong et al., 2010), this is followed by proliferation of female germ cells. 

Up until 21dpf all zebrafish develop a juvenile ovary. In presumptive female zebrafish this structure 

is comprised mainly of meiotic germ cells which go on to complete meiosis and maturation (Sun et 

al., 2013). In presumptive male zebrafish this structure is characterised by fewer oocyte-like cells, 

asynchronous cell growth and increased somatic cell proliferation (Sun et al., 2013). This is followed 

by regression of the juvenile ovary through apoptosis, and development of testes (Uchida et al., 

2002). Although all presumptive male zebrafish will at some point have developed a juvenile ovary, 

the extent to which this structure develops is highly variable (Wang et al., 2007). 

The process of juvenile ovary-to-testis transformation involves regression of the juvenile ovary by 

apoptosis of oocytes, and development of spermatogonia (Uchida et al., 2002). The transition from 

juvenile ovary to testis is accompanied by transformation of the gonadal gene expression profile, 

characterised by increased expression of pro-male genes such as sox9a and amh and 

downregulation of pro-female genes such as cyp19a1a (Sun et al., 2013; Wang and Orban, 2007).  

At the initiation of juvenile ovary-to-testis transformation, sox9a expressing stromal cells and 

extracellular matrix at the periphery of the gonad infiltrate the gonadal tissue and engulf oocytes 

and associated somatic cells, resulting in a pre-apoptotic state. This may be followed by complete 

apoptosis or transdifferentiation of follicle cells to form the testis cord (Sun et al., 2013). 

Sox9a and cyp19a1a are both highly expressed in gonadal precursor tissue at around 17dpf, prior to 

the onset of gonadal sex differentiation. In contrast, amh is expressed at low levels at this stage 

(Rodriguez-Mari et al., 2005). The expression of sox9a and cyp19a1a becomes sexually dimorphic at 
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the initiation of gonadal differentiation around 21dpf; presumptive females exhibit high cyp19a1a 

expression and low sox9a expression, whilst the opposite pattern is observed in presumptive males 

(Tong et al., 2010). Expression of amh increases during juvenile ovary-testis transformation and this 

is accompanied by downregulation of cyp19a1a (Rodriguez-Mari et al., 2005; Sun et al., 2013; Tong 

et al., 2010; Wang and Orban, 2007). This expression pattern is consistent with Sox9a acting as a 

positive regulator of Amh, which in turn acts as a negative regulator of Cyp19a1a, as is the case in 

mammals (Rodriguez-Mari et al., 2005). The role of Amh in zebrafish testis differentiation is further 

supported by the finding that amh knock-out results in female biased sex ratios (Lin et al., 2017).  

The initiation of gonadal differentiation is clearly susceptible to androgens, as treatment of zebrafish 

with exogenous androgens prior to and throughout this period results in robust masculinisation 

(Larsen and Baatrup, 2010; Lee et al., 2017). Indeed, amh is inducible by androgens, whereas 

cyp19a1a is repressed (Lee et al., 2017). Given that the initiation of gonadal differentiation appears 

to be susceptible to androgens, it may seem surprising that there is no apparent effect of impaired 

androgen signalling on this process. However, treatment of fish with exogenous androgens is 

unlikely to replicate the intricacies of normal hormonal regulation of this process. 

Cyp11c1 is crucial for the production of androgens in zebrafish, and the expression of this 

steroidogenic enzyme only appears after the gonad has committed to testis differentiation (Wang 

and Orban, 2007). This indicates that androgens may not be essential for the initiation of this 

process, as production of these steroids may only increase after the initial stage of testis 

differentiation. This theory is further supported by the fact that gonadal expression of the androgen 

receptor only becomes sexually dimorphic at 5 weeks post fertilisation (wpf), well after the initiation 

of testis differentiation (Hossain et al., 2008). 

In the above described studies (Larsen and Baatrup, 2010; Lee et al., 2017), androgen treatment 

began before the proposed onset of cyp11c1 expression (Wang and Orban, 2007); suggesting that 

the initiation of gonadal differentiation may be susceptible to androgens, but that androgens do not 
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influence this process under natural conditions.  Despite the plausibility of this theory it cannot be 

ruled out that exogenous androgen treatment causes gonadal masculinisation at a later stage of 

gonadal differentiation and does not affect the initiation of gonadal differentiation.  

 

1.4 - Androgens may promote correct development and organisation of the testes by maintaining 

expression of pro-male genes 

After the initial stage of testis differentiation, the expression of pro-male genes is maintained in the 

testes through to the adult stage. The crucial role of androgens in orchestrating organisation of the 

adult gonad may centre on maintaining expression of pro-male genes after the initial stage of 

gonadal differentiation. The abnormal testis structure observed in androgen resistant zebrafish is 

likely to result from dysregulation of androgen dependent genes, after the initial stage of testis 

differentiation. The necessity of androgens for correct regulation of pro-male genes is evidenced by 

dysregulation of these genes in androgen resistant zebrafish lines at the adult stage, for example 

dmrt1 is downregulated in ar-/ - mutant zebrafish (Crowder et al., 2017). The impact of impaired 

androgen signalling on amh expression is uncertain, as conflicting results are reported (Crowder et 

al., 2017; Tang et al., 2018; Yu et al., 2018).  

In addition to its important role in juvenile ovary-to-testis transformation (Sun et al., 2013), sox9a 

plays important roles in further development and maintenance of the testes. A role for a sox9 

homolog, sox9a2, in testis tubule development has been suggested in medaka (Oryzias latipes), 

another teleost fish species (Nakamoto et al., 2005). The importance of Sox9 homologs in testis 

tubule maintenance is also supported by findings in mouse models. When Sox9 expression was 

inactivated after sex differentiation, abnormal testis tubules were observed. When combined with 

mutation of the related transcription factor Sox8, tubular structures were completely absent in the 

testes (Barrionuevo et al., 2009). 
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Dmrt1 is a highly conserved pro-male transcription factor expressed in the germ cells and Sertoli 

cells of the testes in zebrafish (Webster et al., 2017). Expression of dmrt1 becomes sexually 

dimorphic during gonadal differentiation with high expression detected in presumptive testes and 

low expression detected in presumptive ovaries at 28dpf and 5wpf (Schulz et al., 2007; Webster et 

al., 2017). Expression of dmrt1 at 40dpf can be induced by androgen treatment during the period of 

gonadal differentiation (Lee et al., 2017). Mutation of dmrt1 causes a sex bias favouring female 

development; some fish develop as males but these are infertile, with hypoplastic testes, lacking 

organised tubule structure and devoid of spermatozoa (Webster et al., 2017). 

Overall, the maintenance of exogenous androgen treatment during the period of gonadal 

development results in upregulation of pro-male genes (amh, dmrt1, gsdf) subsequent to the 

initiation of gonadal differentiation (Lee et al., 2017). Whilst in-depth investigation into the roles of 

these pro-male genes in testis tubule development is currently lacking, it is clear that androgens play 

an important role in correct testis morphogenesis beyond the initial stages of gonadal 

differentiation. 

 

1.5 - Testicular structure and spermatogenesis in zebrafish 

Zebrafish possess paired testes which are connected to the urogenital orifice by the spermatic duct 

(Menke et al., 2011). Like in all vertebrates, in zebrafish the testis is split in to two compartments: 

interstitial and tubular. The interstitial space is home to the androgen producing Leydig cells and 

blood vessels, whereas the tubular compartment is the site of spermatogenesis. The seminiferous 

tubules are bounded by a basement membrane and peritubular myoid cells, and contain Sertoli cells 

and developing germ cells (Schulz et al., 2010) (Figure 1.2). 

In contrast to humans, zebrafish exhibit cystic spermatogenesis. This is characterised by 

synchronously developing clonally identical germ cells enveloped by Sertoli cells ς this is a 
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spermatogenic cyst, the functional unit of spermatogenesis in fish. Spermatogenic cysts are located 

at the periphery of seminiferous tubules whereas mature spermatozoa are found in the central 

lumen (Figure 1.2). Clonally identical germ cells will remain enveloped by Sertoli cells throughout 

spermatogenesis until mature sperm are released into the tubule lumen (Schulz et al., 2010). 

Spermatogenesis begins with an undifferentiated spermatogonium enveloped by Sertoli cells. 

Initially cysts are comprised of just one or two Sertoli cells but this number increases throughout 

spermatogenesis, particularly up until the spermatocyte stage (Leal et al., 2009). Type A 

spermatogonia undergo several mitotic divisions to eventually produce type B spermatogonia (Leal 

et al., 2009), these cells eventually differentiate into spermatocytes and enter the meiotic phase 

(Schulz et al., 2010), from which they emerge as spermatids. Following the meiotic phase of 

spermatogenesis, spermatids undergo significant differentiation to produce mature spermatozoa 

(Schulz et al., 2010), which are finally released from cysts into the tubule lumen (Figure 1.2).  

Androgens are clearly important in zebrafish spermatogenesis as androgen receptor mutant 

zebrafish have a reduced number of germ cells (Tang et al., 2018). In addition to this, fish exhibiting 

oestrogen-induced androgen insufficiency exhibit impaired spermatogonial differentiation (de Waal 

et al., 2009).  
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Figure 1.2. Spermatogenesis and organisation of the testes in zebrafish. The testes are organised 

into a basement membrane bounded tubular zone and an interstitial zone. The tubular zone 

comprises Sertoli cells and germ cells. Zebrafish spermatogenesis proceeds in a cystic fashion, where 

clonally identical germ cells are isolated in a cyst formed by Sertoli cells. These cysts are located 

towards the periphery of the seminiferous tubules. Eventually, mature spermatozoa are released 

into the seminiferous tubule lumen. Inset: H&E stained zebrafish testis section exemplifying the 

tubular structure of zebrafish testes; a close-up of the boxed zone is also displayed, with 

spermatogenic cysts demarcated by dashed outlines. Leydig cells are the steroid producing cells of 

the testes and are located in the interstitial zone; these cells produce androgens, which signal to a 

variety of cell types, including Sertoli cells. SG Aund = undifferentiated type A spermatogonia, SG Adiff = 

differentiating type A spermatogonia, SG type B = type B spermatogonia, SC = spermatocyte, ST = 

spermatid, SZ = spermatozoa. 
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1.6 ς Aims and objectives 

Sex steroids clearly play an important role in gonadal differentiation and function in zebrafish; 

however, the specific roles of these steroid hormones, particularly androgens, are poorly defined. 

This work aimed to enhance our understanding of steroid hormones in such processes, benefitting 

the development of the zebrafish as a model for endocrine disruption. This work may also aid our 

understanding of the impact of environmental endocrine disrupting chemicals on fish sex 

development and reproduction. 

Previous studies have utilised androgen receptor (AR) mutant zebrafish to study androgen signalling 

in this species (Crowder et al., 2017). However, we have chosen to use androgen deficient zebrafish 

rather than androgen resistant zebrafish. In canonical androgen signalling, androgens bind the 

androgen receptor, which then translocates to the nucleus and influences gene expression. In 

addition to this canonical signalling mechanism, androgens may also exert biological effects in a non-

AR mediated manner. For example the phenotype of pkd2-/ - mutant zebrafish embryos could be 

modulated by androgen treatment in a manner independent of AR signalling (Metzner et al., 2020). 

Initially, we investigated the impact of mutation of the steroidogenic co-factor Fdx1b on 

steroidogenesis. This was followed by characterisation of reproductive phenotypes in these fish, 

including feminisation of secondary sex characteristics, infertility, impaired breeding behaviour, 

decreased spermatogenesis and testis disorganisation. Targeted gene expression analysis was used 

to further characterise these phenotypes and to shed light on underlying molecular mechanisms. 

In parallel to this work, CRISPR-Cas9 genomic editing was used to produce zebrafish carrying 

mutations in a steroidogenic enzyme to which Fdx1b is co-factor ς Cyp11c1. Characterisation of this 

new zebrafish line was performed to confirm the roles of androgens and cortisol in reproductive 

phenotypes in zebrafish.  
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Finally, transcriptomic analysis of the testes of fdx1b-/ - mutant zebrafish was performed. This allowed 

in-depth investigation of androgen regulated processes in the zebrafish testis, as well as 

investigation of molecular mechanisms underlying poorly understood phenotypes of perturbed 

androgen signalling, such as structural disorganisation of the testes. 
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Chapter 2: General materials and methods 

2.1 - Zebrafish husbandry and ethics 

Adult zebrafish were maintained in a recirculating system (ZebTECTM, Tecniplast, Kettering, UK, and 

Sheffield, UK) at 28.5°C on a 10:14 dark/light photoperiod. Embryos were obtained by natural 

spawning and incubated at 28.5°C in E3 medium (5mmol/L NaCl, 0.17mmol/L KCl, 0.33mmol/L CaCl2, 

0.33mmol/L MgSO4). All fish were humanely euthanized by administration of the anaesthetic 

tricaine mesylate (Pharmaq, Fordingbridge, Hampshire, UK) followed by decapitation or destruction 

of the brain by piercing of the skull with a needle. The ages of fish used in each experiment are 

indicated in Table 2.1. All procedures involving zebrafish were performed in compliance with local 

and UK animal welfare laws, guidelines and policies.  

 

2.2 - Genotyping of the fdx1b mutant allele 

The mutant zebrafish utilized in this study were previously created by our group using a TALEN 

approach to achieve targeted genetic disruption of fdx1b. This fdx1b mutant allele (allele number 

UOB205) contains a 12bp deletion in exon 4, resulting in a 4 amino acid in-frame deletion 

(c.295_306del; p.Cys99_Ile102del) in a functionally conserved motif. As this mutation in fdx1b is an 

in-frame deletion, RNA stability is unlikely to be affected. However, the mutation affects highly 

conserved amino acid residues, specifically affecting 1 of 4 cysteine residues essential for Fe/S 

binding and Fe/S cluster stability (Griffin et al., 2016). Adult fdx1b-/ - mutant zebrafish and wild-type 

siblings were produced by incrossing heterozygotes carrying the fdx1b mutant allele. Progeny of 

fdx1b heterozygote incrosses were anaesthetised in 4.2% tricaine mesylate and a small biopsy of the 

caudal fin was transferred to 100µl of 50mM NaOH. Genomic DNA was isolated from the fin biopsy 

by heating to 98°C for 10 minutes followed by cooling and addition of 10µl 1M Tris pH8. Genotyping 

was achieved by PCR amplificŀǘƛƻƴ όŦƻǊǿŀǊŘ рΩ-D¢D¢/¢!¢!¢¢!DD!D/!¢D/DΣ ǊŜǾŜǊǎŜ рΩ-
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TTCCGTAAGCCAAATCCAGC) of the targeted genomic region and separation of the PCR products on a 

3% TAE agarose gel. Single bands representing wild-type (133bp) or mutant (121bp) fish were 

observed, as well as triplet PCR products representing wild-type, mutant and heteroduplex PCR 

products produced from heterozygous fish (Figure 2.1). 

 

 

 

 

Figure 2.1. Genotyping of fdx1b heterozygous incrosses. PCR amplification of the genomic region 

containing fdx1b mutations, followed by separation of PCR products on a TAE agarose gel, allowed 

identification of wild-type (W), heterozygous (H) and fdx1b-/ - mutant (M) zebrafish. 
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Table 2.1. Ages of fish used in each experiment. 

dpf = days post fertilisation, bp = base pairs 

  

Method fdx1b cyp11c1 

Morphology 73dpf, 125dpf, 243dpf 11bp 146dpf 
47bp 154dpf 

Biometric Many stages. 11bp 146dpf 
47bp 154dpf 

Steroids 205dpf ~153dpf 

Fertility ς marbling/ 
pair mating 

~4-7 months post fertilisation Males 11bp ς 121-148dpf 
 
Females 11bp ς 121-148dpf 
 
Males 47bp ς 114-142dpf 
 
Females 47bp ς 96-112dpf 
 
Males - (breeding behaviour) 96-110dpf 

Fertility ς IVF <1 year 11bp ς 127dpf 
 
47bp ς 145dpf 

Sperm release ~4-9 months ~3-6 months 
 

Breeding behaviour ~4-9 months 96-110dpf 

Open field test 231-244dpf 99-112dpf 

Histology Juvenile ς 21, 25, 31, 38dpf 
 
Adult ~160dpf 

11bp 146dpf 
 
47bp ~150dpf 

Sperm counting <1 year 
 

127-145dpf 

qPCR Testes, ovary, liver - 159dpf 
 
Brain ς M: 146dfp, F: 11 months 

Testes, liver, brain - 136-138dpf 

GSI Females - 125dpf, Males - 243dpf Males - 127-145dpf 

RNA sequencing 131dpf  
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2.3 - Targeted genetic disruption of cyp11c1 by CRISPR-Cas9 

To achieve genetic disruption of cyp11c1 we have utilised the SygRNA two part system (Sigma, St. 

[ƻǳƛǎΣ aƛǎǎƻǳǊƛΣ ¦ƴƛǘŜŘ {ǘŀǘŜǎύΦ ! ŎǊwb! ǘŀǊƎŜǘƛƴƎ ŀ нл ƴǳŎƭŜƻǘƛŘŜ ǎŜǉǳŜƴŎŜ ŘƛǊŜŎǘƭȅ оΩ ǘƻ ŀ 

protospacer adjacent motif (PAM) was designed to target exon 2 of cyp11c1 

(ENSDART00000185978.1). A 4µl mixture containing 0.1µM custom crRNA, 0.1µM tracrRNA (Sigma, 

St. Louis, Missouri, United States), 1µl phenol red and 1µl Cas9 (#M0646, NEB, Ipswich, 

Massachusetts, United States) was prepared and ~1nl was injected into embryos at the 1-cell stage. 

The targeted Cas9 cut site was overlapped by a BslI restriction site allowing for simple screening for 

mutant alleles by restriction digest (Figure 2.2). The targeted genomic region was amplified by PCR 

and digested with BslI (NEB, Ipswich, Massachusetts, United States) for 3-5 hours at 55°C. Injected 

embryos (F0) were raised to ~10wpf and outcrossed to unrelated wild-type fish. The progeny of 

these fish (F1) were screened for disruption of cyp11c1, and out of frame mutations were identified 

by DNA sequencing on a 3730 DNA Analyser (Applied Biosystems, Foster City, California, United 

States). F1 fish were outcrossed to unrelated wild-type fish to produce an F2 generation carrying 

stable mutations in exon 2 of cyp11c1 in heterozygotes. 
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Figure 2.2. Cyp11c1 CRISPR design and screen assay. A: A two part CRISPR system was used to 

generate mutations in cyp11c1. B: To screen for introduction of mutations in to cyp11c1 the 

targeted genomic region was amplified by PCR and the resulting product was digested with BslI 

restriction enzyme (restriction site underlined), mutated alleles were identified by incomplete 

digestion.   
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2.4 - Morphological Analysis 

After humane euthanization, adult zebrafish were measured and their weight was recorded. Fish 

were photographed under a dissecting microscope and subsequently dissected to expose the 

gonads, which were also photographed. Gonads, livers and brains were collected for RNA extraction.  

 

2.5 - Steroid measurements by liquid chromatography tandem mass spectrometry 

Adult zebrafish were humanely euthanized and transferred to a silanized test tube and snap frozen 

on dry ice. Samples were further frozen in liquid nitrogen before fine grinding using a Mikro-

Dismembrator S (Sartorius, Göttingen, Germany) and freeze drying. Approximately 50mg of the 

dried samples were transferred to a 2ml microcentrifuge tube and resuspended in 900µl ultrapure 

deionised MilliQ water (Millipore, Burlington, Massachusetts, United States) and 100µl MilliQ water 

containing deuterated internal standard (15ng D4-cortisol, D8-17h -hydroxyprogesterone, D7-

androstenedione and 1.5ng D2-testosterone). A small metal bead was added to each tube and the 

samples were subsequently homogenized using an Omni bead rupter 24 (Omni International, Inc., 

Kennesaw, Georgia, United States) for 1.5 minutes at 3.3m/s. The samples were then centrifuged at 

8000 x g for 5 minutes. The resulting supernatant was collected in a glass test tube and the steroids 

were extracted twice using methyl tertiary-butyl ether (MTBE) (1:3). The pellet was resuspended in 

1ml MilliQ water, homogenized again and extracted as described. All MTBE fractions for each sample 

were pooled and dried under a stream of nitrogen at 45°C. The dried samples were resuspended in 

150µl 50% MeOH prior to analysis.  

Prior to resuspension in 50% MeOH and after drying under nitrogen, an additional processing step 

was used for samples from fdx1b-/ - mutant zebrafish and wild-type siblings. Dried residue was 

resuspended in 1ml MeOH and eluted through a Phree column (Phenomenex, Torrance, California, 

United States) to remove remaining phospholipids. The column was washed with an additional 1ml 
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MeOH and the resulting 2ml eluent was dried and resuspended in 150µl 50% MeOH (as for cyp11c1 

samples) prior to analysis. Steroids were separated and quantified using an Acquity UPLC System 

(Waters, Milford, Connecticut, United States) coupled to a Xevo TQ-S tandem mass spectrometer 

(Waters) as previously described (O'Reilly et al., 2017). 

 

2.6 - Breeding, in vitro fertilisation (IVF), sperm counting and sperm release 

Breeding was conducted to assess the fertility of Fdx1b and Cyp11c1 deficient zebrafish. Two 

common methods were employed: marbling (fdx1b-/ - mutants and wild-type siblings only) 

(Westerfield, 2000) and pair mating. The pair mating technique was used to outcross mutant fish 

and wild-type siblings to unrelated wild-type fish. Wild-type fish could be sexed by conventional sex 

differences whereas mutant fish were sexed based on presence of a rounded abdomen or genital 

papilla, which are indicative of an ovary. On the afternoon prior to a breeding trial an mutant or 

wild-type sibling fish was transferred to a pair mating tank, along with an unrelated wild-type fish of 

the opposite sex. The following morning, shortly after illumination of the aquarium, a divider 

separating male and female fish was removed and they were allowed to mate. Released eggs fell 

through slots in the bottom of an inner container and were collected in a larger outer container. 

For IVF experiments, sperm was collected by dissection of humanely euthanized adult males in order 

to remove the testes, which were then lightly homogenized in a 50x massΥǾƻƭǳƳŜ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ 

ǎŀƭǘ ǎƻƭǳǘƛƻƴΦ !ƭƭ CŘȄмō L±C ŀƴŘ ǎǇŜǊƳ ŎƻǳƴǘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ǳǘƛƭƛǎŜŘ сллƳhǎƳκƪƎ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ 

salt solution (Jing et al., 2009) whereas Cyp11c1 experiments utilised solution supplied by Sigma-

Aldrich (H6648) (St. Louis, Missouri, United States). Eggs were collected from anaesthetised wild-

type females by gentle palpation of the abdomen. Eggs were transferred to a 35mm Petri dish and 

either 10µl of sperm solution collected by stroking of the abdomen or 50µl of sperm solution 

obtained by testes dissection was added, followed by 400µl of aquarium water to activate the 
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sperm. After 2 minutes a further 2ml of aquarium water were added (Westerfield, 2000). 

Fertilisation of eggs was confirmed by visualization under a dissecting microscope at low 

magnification and fertilised eggs were raised at 28.5°C to 5 days post fertilisation (dpf) before 

culling. 

For sperm counting, samples were collected by dissection of humanely euthanized adult males to 

remove the testes followed by gentle homogenisation of testis tissue in a 100x (fdx1b-/ - mutants and 

wild-type siblings) or 50x (cyp11c1-/ - mutants and wild-type siblings) mass:volume dilution with 

IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎalt solution. 10µl of sperm solutions were transferred to each counting chamber of 

a dual-chamber Improved Neubauer haemocytometer (Hawksley, Sussex, UK) and the number of 

sperm in each sample was counted in duplicate, according to the protocol specified in the WHO 

Laboratory manual for the examination and processing of human semen (World Health Organization, 

2010). Gonadosomatic index (GSI) was calculated using the formula GSI = [gonad weight / total 

tissue weight] × 100. 

To assess sperm release, mutant and wild-type sibling male zebrafish were anaesthetised and semen 

was collected by stroking of the abdomen with blunt ended forceps (Millipore, Burlington, 

Massachusetts, United States) followed by aspiration of expelled fluid in a microcapillary tube and 

ǘǊŀƴǎŦŜǊ ǘƻ нрҡƭ ƻŦ ƛŎŜ ŎƻƭŘ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴΦ tǊŜǎŜƴŎŜ ƻŦ ƳŀǘǳǊŜ ǎǇŜǊƳ ǿŀǎ Ŏƻnfirmed 

by visualisation under a 20x objective. 

 

2.7 - Behavioural analysis 

For analysis of breeding behaviours, an fdx1b-/ - or cyp11c1-/ - mutant male zebrafish or wild-type 

sibling male was paired with a wild-type female fish on the evening before breeding, as described 

above. The following morning, breeding was video recorded from above the tank using the Zebralab 

software (Viewpoint, Lyon, France). Following this, breeding behaviours in the first five minutes after 
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removal of the divider were analysed. Intimate contacts, where fish touched or crossed one another, 

and total time fish spent exhibiting chasing behaviour was recorded. Any instance when one fish was 

closely following the other was classified as chasing behaviour. 

In addition to breeding behaviour, the response of fdx1b-/ - and cyp11c1-/ - mutant male zebrafish to 

an open field test was analysed. Fish were transferred individually to an opaque test tank, and 

ŦƻƭƭƻǿƛƴƎ ǘƘƛǎ ǘƘŜ ŦƛǎƘΩǎ ƳƻǾŜƳŜƴǘǎ ǿŜǊŜ ǘǊŀŎƪŜŘ ŦƻǊ ŀ ŘǳǊŀǘƛƻƴ ƻŦ р ƳƛƴǳǘŜǎΣ ǳǎƛƴƎ ǘƘe Zebralab 

software (Viewpoint, Lyon, France). Fish were deemed to exhibit fast swimming behaviour at speeds 

of greater then 10cm/s. Fish were subjected to this test on at least three occasions with not less 

than three days between trials. 

 

2.8 - Haematoxylin and eosin (H&E) and picrosirius red staining 

Adult fish were humanely euthanized and then fixed in 4% paraformaldehyde (PFA) for 4 days at 4°C, 

followed by brief washing in PBS. Adult fish were then decalcified in 0.25M EDTA pH8 for 4 days 

followed by transfer to 70% ethanol and storage at 4°C. The head and caudal and anal fins were 

removed from the zebrafish and the samples were transferred to a tissue processor (Leica TP2010) 

for dehydration and paraffin infiltration. Juvenile zebrafish aged 25-38dpf were fixed in 4% PFA for 2 

days, and decalcified in 0.25M EDTA pH8  for a further 2 days before processing. Following this, 

samples were embedded in paraffin wax and 5µm sections were cut through the gonad. For 

haematoxylin and eosin (H&E) staining, samples were dewaxed and rehydrated by transfer through 

ŀ ǎŜǊƛŜǎ ƻŦ ŜǘƘŀƴƻƭ ōŀǘƘǎ ŀǘ ŘŜŎǊŜŀǎƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ DƛƭƭΩǎ 

haematoxylin for 1 minute before washing in tap water and dehydration by transfer through an 

increasing ethanol concentration series. Samples were stained with 1% eosin in 95% ethanol for 30 

seconds and subsequently washed in absolute ethanol. Samples were transferred to xylene and 

mounted using DPX mountant. 
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For picrosirius red staining, slides were dewaxed in xylene and rehydrated by transfer through a 

series of ethanol baths at decreasing concentrations, as for H&E staining. Following washing in tap 

water for 10 minutes, slides were stained in picrosirius red for 1 hour. Slides were rinsed in three 

changes of acidified water (0.5% glacial acetic acid) and dehydrated in three changes of 100% 

ethanol, followed by mounting with DPX mountant. 

 

2.9 - Gene expression analysis by quantitative PCR (qPCR) 

For determining the expression of glucocorticoid responsive genes in cyp11c1-/ - larvae, the progeny 

of an incross of cyp11c1+/- adults were sorted by visual background adaption (VBA). At 4 or 5dpf 

larvae were housed in dark conditions for 1 hour, followed by a 20 minute light exposure. 

Subsequently larvae were sorted into two groups: lightly pigmented (VBA+, mainly wild-type or 

heterozygotes) and darkly pigmented (VBA-, mainly homozygous mutants). VBA+ or VBA- larvae 

were pooled into groups of 20 and snap frozen on dry ice. 

In order to quantify gene expression in adult zebrafish, fish were humanely euthanized, dissected, 

and the liver, testes and brain collected by snap freezing on dry ice. Total RNA was extracted from 

liver, testes and brain using Trizol (Ambion, Texas, United States). 1µg of liver or gonad RNA, or 3µg 

of brain RNA, was used for a first strand cDNA synthesis reaction using the Superscript III kit (Thermo 

Fisher Scientific, California, United States) and 20mer oligo(dT) primers (IDT, Coralville, Iowa, United 

States). qPCR primers were taken from previously published studies or designed using primer3 

(Untergasser et al., 2012) and are listed in Table 2.2. Each primer pair was determined to have an 

amplification efficiency of between 90-110% and an R2 value of >0.98.  

For measurement of gene expression in fdx1b-/ - mutant and wild-type sibling zebrafish 10µl reactions 

consisting of 5µl of PowerUP SYBR Green Master Mix (Applied Biosystems, California, United States), 

1µl forward and reverse primers (1000nM), 1µl cDNA and 3µl H2O were run on a 7900HT Fast Real-
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Time PCR System (Applied Biosystems, California, United States). qPCR data were analysed using the 

Pfaffl method (Pfaffl, 2001) with elongation factor 1 alpha (ef1a) as the reference gene. Fold changes 

in gene expression are displayed relative to expression in wild-type male tissue. 

For measurement of gene expression in cyp11c1-/ - mutant and wild-type sibling zebrafish GoTaq 

qPCR master mix (Promega, Madison, Wisconsin, United States) was utilized in reactions containing 

1µl cDNA synthesis product and specific primers at 1000nM. Reactions were run on a 7900HT Fast 

Real-Time PCR System (Applied Biosystems, California, United States). Cyp11c1 qPCR data were 

analysed using the Livak method (Livak and Schmittgen, 2001) with elongation factor 1 alpha (ef1a) 

as the reference gene. Fold changes in gene expression are displayed relative to expression in wild-

type male tissue. 

Zebrafish brain tissue was collected by dissection of the head. Initially, the dorsal part of the skull 

and the mandible were removed. This was followed by removal of most non-brain tissue from 

around the brain. A small amount of bone including the sphenoid, which forms a protective fossa in 

which the pituitary resides, was left attached to the ventral aspect of the brain. The pituitary gland 

was routinely lost during dissection when this small amount of bony tissue was not retained. For 

analysis of gene expression in adult zebrafish brains, Taqman assays were utilised. Taqman probes 

specific to zebrafish ef1a, pomca, fshb and lhb (Thermo Fisher Scientific, California, United States) 

were used to quantify expression of these genes. Taqman qPCR data were analysed using the Livak 

method (Livak and Schmittgen, 2001). 
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Table 2.2. qPCR primer sequences. 

Gene Forward Reverse R2 Efficiency (%) Citation 

amh  AGGTGGATAGCAGCAGTACG  AGATACGTTCGGGATGGGAG  0.9964  96 This thesis. 
 

apoeb CACGCAAACTGAAGAAACGC TGGCTCATGTATGGCTGGAA 0.9989 105 This thesis. 

ar AGATGGGCGAATGGATGGAT AGAACACTTTGCAGCTTCCG 0.9991 105 This thesis. 

cyp11a2 TGGAGGAACAGCCTGAAAAG TTCACACTTTCATAGAATCCAACC 0.9980 93 This thesis. 

cyp11c1 AAGACGCTCCAGTGCTGTG CCTCTGACCCTGTGATCTGC 0.9989 96 This thesis. 

cyp17a1 AGTTGCAAAGGACAGCTTGG GCTGCACGTTATCACTGTAGG 0.9991 108 This thesis. 

cyp19a1a  ACAAACTCTCACCTGGACGA  AGTCTGCCAGGTGTCAAAGT  0.9999  103  This thesis. 

cyp2k22 CGCTGTCAAACCTACGAGAC GGGGCAGTTTTGTTTCAAATGG 0.9979 108 This thesis. 

dazl  ACTGGGACCTGCAATCATGA  AATACAGGTGATGGTGGGGC  0.9998  98  This thesis. 

dmrt1  GGCCACAAACGCTTCTGTAA  ATGCCCATCTCCTCCTCTTG  0.9984  104  This thesis. 

ef1a  GTGGCTGGAGACAGCAAGA  AGAGATCTGACCAGGGTGGTT  0.9964  99  This thesis. 

fkbp5 TTCCACACTCGTGTTCGAGA ACGATCCCACCATCTTCTGT 0.9989 104 (Griffin et al., 2016) 

foxl2a CCCAGCATGGTGAACTCTTAC CGTGATCCCAATATGAGCAGT 0.9945 91 (Crowder et al., 2017) 

foxl2b GCTCACTCTATCCGGCATCT CTGTTCATGAAGCCCGACTG 0.9993 98 This thesis. 

hsd17b3 CCAAATACCCTGCAAGCTCC TCTGCTGCATTCCTGGTAGT 0.9956 102 This thesis. 

igf3  GTAGACCAGTGTTGTGTGCG  ATTCCTCATCTCGCTGCAGA  0.9982  95  This thesis. 

inha  CAGAGCTGTGCACCATGTAG  CCAGGTCCAGCATCAGAAGA  0.9972  97  This thesis. 

insl3  TCGCATCGTGTGGGAGTTT  TGCACAACGAGGTCTCTATCCA  0.9994  110  (Safian et al., 2016) 

nanos2  AAACGGAGAGACTGCGCAGAT  CGTCCGTCCCTTGCCTTT  0.9996  92  (Safian et al., 2016) 

odf3b  GATGCCTGGAGACATGACCAA  CAAAGGAGAAGCTGGGAGCTT  0.9965  92  (Assis et al., 2016) 

pck1 TGACGTCCTGGAAGAACCA GCGTACAGAAGCGGGAGTT 0.9980 99 (Griffin et al., 2016) 

piwil1  ATACCGCTGCTGGAAAAAGG  GCAAGACACACTTGGAGAACC  0.9988  90  (Safian et al., 2016) 

sox9a  CGGAGCTCAAAACTGTG  CGGGGTGATCTTTCTTGTGC  0.9981  106  This thesis. 

sox9b AGACGCAGATCTCCACCAAT CCGCTTCAGATCCGCTTTAC 0.9952 109 This thesis. 

star TTGAACAAGCTCTCCGGACC TCACTGTATGTCTCCTCGGC 0.9979 110 This thesis. 

sycp3  AGAAGCTGACCCAAGATCATTCC  AGCTTCAGTTGCTGGCGAAA  0.9981  95  (Assis et al., 2016) 

znrf3 GCTAAGTTCAAGGGTCAGCG TTCTTGTGGAATCGGTGTGC 0.9975 100 This thesis. 
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2.10 - Statistical methods 

All statistical analyses were conducted using Graphpad Prism (GraphPad Software, San Diego, 

California, United States). Data normality was assessed using normality tests available in Graphpad 

Prism, including Shapiro-Wilk, 5Ω!Ǝƻǎǘƛƴƻ-Pearson and Kolmogorov-Smirnov normality tests. When 

data were not normally distributed, outliers were identified using the ROUT method. Normally 

distributed data were analysed using unpaired t-tests or ANOVA. Data that was not normally 

distributed was analysed using Mann-Whitney or Kruskal-Wallis tests. Open field test data were 

analysed using multiple t-tests with the Holm-Sidak method to correct for multiple comparisons. Bar 

graph error bars represent the standard error of the mean. Statistical significances are reported 

using asterisks as follows: * p<0.05, ** p<0.01, *** p<0.001 **** p<0.0001. 
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Chapter 3 - Ferredoxin 1b deficiency leads to testis disorganisation, impaired spermatogenesis and 

feminisation in zebrafish 

Summary 

The roles of steroids in zebrafish sex differentiation, gonadal development, and function of the adult 

gonad are poorly understood. Herein, we have employed a ferredoxin 1b (fdx1b) mutant zebrafish to 

explore such processes. Fdx1b is an essential electron-providing cofactor to mitochondrial 

steroidogenic enzymes, which are crucial for glucocorticoid and androgen production in vertebrates. 

Fdx1b-/ - zebrafish mutants develop into viable adults, in which concentrations of androgens and the 

glucocorticoid, cortisol, are significantly reduced. Adult fdx1b-/ - mutant zebrafish display 

predominantly female secondary sex characteristics but may possess either ovaries or testes, 

confirming that androgen signalling is dispensable for testicular differentiation in this species, as 

previously demonstrated in androgen receptor mutant zebrafish. Adult male fdx1b-/ - mutant 

zebrafish do not exhibit characteristic breeding behaviours, and sperm production is reduced, 

resulting in infertility in standard breeding scenarios. However, eggs collected from wild-type 

females can be fertilised by the sperm of fdx1b-/ - mutant males by IVF. The testes of fdx1b-/ - mutant 

males are disorganised and lack defined seminiferous tubule structure. Expression of several pro-

male and spermatogenic genes is decreased in the testes of fdx1b-/ - mutant males, including pro-

male transcription factor SRY-box 9a (sox9a) and spermatogenic genes insulin-like growth factor 3 

(igf3) and insulin-like 3 (insl3). This study establishes an androgen and cortisol deficient fdx1b 

zebrafish mutant as a model for understanding the impacts of steroid deficiency on sex development 

and reproductive function. This model will be particularly useful for further investigation of the roles 

of steroids in spermatogenesis, gonadal development, and regulation of reproductive behaviour, 

thus enabling further elucidation of the physiological consequences of endocrine disruption in 

vertebrates. 
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3.1 - Introduction 

The development of the gonads and secondary sexual characteristics in zebrafish are highly plastic 

processes that are sensitive to a range of environmental and physiological signals. These sensitivities 

make zebrafish an experimentally tractable subject in which to elucidate how abnormalities of 

steroid metabolism and signalling contribute to the endocrine disruption of reproductive physiology 

and other sex-specific characteristics (Liew and Orban, 2014).  

Mitochondrial cytochrome P450 enzymes are crucial for steroidogenesis, and their activity requires 

electron transfer from cofactors including Ferredoxin 1 (FDX1) (Figure 1.1) (Midzak and 

Papadopoulos, 2016). In humans, FDX1 is an important co-factor to the steroidogenic cytochrome 

P450 side-ŎƘŀƛƴ ŎƭŜŀǾŀƎŜ ŜƴȊȅƳŜ ό/¸tмм!мύΣ ŀƭŘƻǎǘŜǊƻƴŜ ǎȅƴǘƘŀǎŜ ό/¸tмм.нύ ŀƴŘ ммʲ-hydroxylase 

(CYP11B1) (Midzak and Papadopoulos, 2016). FDX1, and the associated ferredoxin reductase, act as 

sequential electron donors, facilitating transfer of electrons from NADPH to cytochrome P450 

enzymes (Midzak and Papadopoulos, 2016). This process is crucial for processing of target 

substrates.  The zebrafish ortholog of FDX1, Fdx1b, appears to be the electron-providing cofactor to 

the steroidogenic cytochrome P450 side-chain cleavage enzymes (Cyp11a1, Cyp11a2) and 

ŎȅǘƻŎƘǊƻƳŜ tпрл ммʲ-hydroxylase (Cyp11c1), however, these functions have not been definitively 

proven. Cyp11a1 and Cyp11a2, homologs of CYP11A1, catalyse the conversion of cholesterol to 

pregnenolone, while Cyp11c1, the zebrafish homolog of CYP11B1, catalyses the 11-̡hydroxylation of 

11-deoxycortisol to produce cortisol (Griffin et al., 2016). Cyp11c1 may also facilitate conversion of 

the mineralocorticoid 11-deoxycorticosterone to corticosterone in teleost fish (Jiang et al., 1998). 

¦ƴƭƛƪŜ ƛƴ ƳŀƳƳŀƭǎΣ ммʲ-hydroxylase is postulated to play a crucial role in gonadal androgen 

ǎȅƴǘƘŜǎƛǎ ƛƴ ȊŜōǊŀŦƛǎƘΣ ƴŀƳŜƭȅ ǘƘŜ ммʲ-hydroxylation of androgen precursors (Figure 1.1). Zebrafish 

possess two ferredoxin 1 paralogs: fdx1 and fdx1b. We have previously shown that fdx1b-/ - mutant 

larvae are profoundly glucocorticoid deficient whereas fdx1 morphants displayed a severe early 

developmental phenotype (Griffin et al., 2016). Fdx1b deficient larvae exhibit decreased expression 
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of glucocorticoid responsive genes phosphoenolpyruvate carboxykinase 1 (pck1) and FK506 binding 

protein 5 (fkbp5), a glucocorticoid receptor chaperone protein. Expression of pck1 and fkbp5 does 

not appreciably increase after a stressor is applied, indicating an absent or heavily attenuated 

cortisol response to stress. The role of Fdx1b in adult zebrafish has not been investigated, and the 

impact of Fdx1b deficiency on sex steroid hormone synthesis remains unknown.  

Androgen signalling is pivotal in regulation of the development of male secondary sex 

characteristics, gonads, and reproductive behaviour. Mutation of the androgen receptor (AR) results 

in adults with predominantly female morphological characteristics; however, some fish possess 

testes, indicating that the AR is dispensable for testis differentiation. Homozygous AR mutant males 

possess testes with disorganised seminiferous tubules, and are infertile (Crowder et al., 2017; Tang 

et al., 2018). Mutation of the AR has also been linked to impaired courtship behaviour (Yong et al., 

2017) and defective spermatogenesis (Yu et al., 2018). Exposure of zebrafish to the androgen 

trenbolone during development causes robust masculinisation (Larsen and Baatrup, 2010; Morthorst 

et al., 2010), whilst anti-androgen treatment causes a shift towards female development and 

delayed testes maturation (Lor et al., 2015). 

Herein, we have used fdx1b-/ - mutant zebrafish to investigate the roles of Fdx1b in androgen 

biosynthesis, sex differentiation and development, gonadal function, and reproductive behaviour in 

zebrafish. Fdx1b deficient male zebrafish exhibit feminisation of secondary sex characteristics, 

decreased androgen production, disorganised testicular structure, decreased spermatogenesis, 

abnormal reproductive behaviour and infertility. Our results suggest that Fdx1b is the key electron-

providing co-factor to Cyp11c1 in glucocorticoid and androgen biosynthesis in zebrafish. 
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3.2 - Results 

3.2.1 - Morphological characterization and feminisation of secondary sex characteristics in fdx1b-/ - 

mutant zebrafish 

Morphological secondary sex characteristics in zebrafish include body and fin pigmentation, 

abdominal shape and the prominence of the genital papilla. Androgens are involved in the 

development of male secondary sex characteristics, including pigmentation, in a wide range of fish 

species (Borg, 1994). Upon raising the progeny of an fdx1b heterozygous mutant in-cross to 

adulthood, it was observed that the homozygous mutant population displayed only female 

pigmentation patterns. Dissection of these mutant fish revealed that adult fdx1b-/ - mutant zebrafish 

possessed either testes or ovaries, despite their external appearance as female. No bias towards 

ovary or testis development was observed in homozygous fdx1b mutant zebrafish compared to wild-

types, and inheritance of the fdx1b mutant allele followed Mendelian ratios. At the earliest stage 

examined, which was 73dpf, directly after genotyping by fin-clipping, wild-type males and females 

could be readily distinguished by sex specific differences in pigmentation of the dorsal fin. Wild-type 

males exhibited a pale or transparent dorsal fin, whereas females exhibited a green-yellow 

pigmented fin (Figure 3.1). All fdx1b-/ - mutant fish displayed female type pigmentation of the dorsal 

fin, irrespective of gonadal sex. In older wild-type fish, differences in the coloration of the anal fin 

also became apparent. Wild-type male zebrafish have dark blue- and golden-striped anal fins. Blue 

pigmentation is similar in male and female wild-type zebrafish whereas the orange pigmentation is 

reduced or absent in wild-type females (Figure 3.1). We observed an absence of dark golden 

pigmentation in the anal fins of fdx1b-/ - mutant fish and this was independent of their gonadal sex. 

Wild-type male zebrafish often display dark golden and purple body coloration, and this was also 

reduced in fdx1b-/ - mutant males. Wild-type females had large and prominent genital papillae in 

comparison to males, and also had a rounded abdominal shape due to presence of an ovary. Genital 

papilla prominence and abdominal shape were unaffected by mutation of fdx1b and could be used 
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to robustly predict gonadal sex. Fdx1b-/ - mutant males were larger than wild-type sibling males, and 

both length and weight were significantly increased. Fdx1b-/ - mutant females were found to be 

significantly heavier than wild-type female siblings, but no difference in length was recorded (Figure 

3.2). 

 

 

Figure 3.1. Feminisation of secondary sex characteristics in fdx1b-/ - mutant zebrafish. Wild-type 

male adult zebrafish exhibit a pale dorsal fin and a blue and golden striped anal fin. Anal fin indicated 

by arrows. Wild-type female adult zebrafish exhibit a yellow-green pigmented dorsal fin and lack the 

strong stripes of gold pigment seen in the male anal fin. Mutant male adult zebrafish exhibited 

female type coloration of the dorsal and anal fins throughout adulthood. No obvious difference in 

macroscopic gonadal morphology was observed. 
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Figure 3.2. Increased length and weight in adult fdx1b-/ - mutant male zebrafish. A: Fdx1b-/ - mutant 

zebrafish (males n=15, females n=15) were on average heavier than wild-type siblings (males n=11, 

females n=4) (ANOVA with multiple comparisons, p=<0.0001) despite identical feeding regimens and 

maintenance at similar stocking densities. Male fdx1b-/ - mutant zebrafish (n=16) were also longer 

than wild-type sibling males (n=9), no difference in length was observed between female fdx1b-/ - 

mutant zebrafish (n=15) and wild-type sibling females (n=4) (ANOVA with multiple comparisons, 

p=<0.0001). **** p<0.0001, * p<0.05. 
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3.2.2 - Decreased concentrations of 11-ketotestosterone and cortisol in fdx1b-/ - mutant zebrafish 

Fdx1b is a cofactor for the steroidogenic enzymes Cyp11a1, Cyp11a2 and Cyp11c1. Cyp11a1 and 

Cyp11a2 catalyse the first stage in steroid biosynthesis: conversion of cholesterol to pregnenolone 

(Parajes et al., 2013). Cyp11c1 is required for the final step of cortisol biosynthŜǎƛǎΣ ŀǎ ǿŜƭƭ ŀǎ ммʲ-

hydroxylation of androstenedione in the androgen biosynthetic pathway (Tokarz et al., 2015). 

/ȅǇммŎм Ƴŀȅ ŀƭǎƻ ōŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ммʲ-hydroxylation of testosterone in the alternative pathway to 

11KT production (Figure 1.1). 

In order to determine the impact of Fdx1b deficiency on steroid hormone production, LC-MS/MS 

was used to quantify whole body steroid hormone concentrations (Figures 3.3+3.4). Significantly 

decreased concentrations of 11KT and cortisol were measured in fdx1b-/ - mutant males in 

comparison to wild-type sibling males. To determine the precise impact of Fdx1b deficiency on 

steroidogenesis, we also measured the concentrations of glucocorticoid and androgen precursors 

(Figure 3.3). As Fdx1b is involved in the first stage of steroidogenesis a blockage of the whole 

ǇŀǘƘǿŀȅ ƳƛƎƘǘ ōŜ ŜȄǇŜŎǘŜŘΤ ƘƻǿŜǾŜǊΣ ŀƴ ŀǇǇŀǊŜƴǘ ŘŜŎǊŜŀǎŜ ƛƴ мтʰ-hydroxyprogesterone was not 

ǎƛƎƴƛŦƛŎŀƴǘ όǇҐлΦлсфύΦ ¢Ƙƛǎ Ƴŀȅ ōŜ ōŜŎŀǳǎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ мтʰ-hydroxyprogesterone were close 

to the limit of detection; alternatively, Fdx1 may be compensating for loss of Fdx1b function in this 

reaction, as both are expressed in the testes (Griffin et al., 2016). Androstenedione concentrations 

were significantly increased in fdx1b-/ - mutants, indicating an increase of sex steroid precursors, 

ǇǊƻōŀōƭȅ ŘǳŜ ŘŜŎǊŜŀǎŜŘ ммʲ-hydroxylation of this steroid and shunting of glucocorticoid precursors 

into the sex steroid pathway. In contrast, no significant change in testosterone concentration was 

ƻōǎŜǊǾŜŘΦ ммʲ-hydroxylated 11KT precursors were undetectable in fdx1b-/ - mutant male zebrafish, 

providing strong evidence for the essential role of Fdx1b as an electron-providing co-factor for the 

steroidogenic reactions facilitated by Cyp11c1 (Figure 3.3). Very similar results with comparable fold 

changes were recorded in a replicate experiment, confirming disruption of steroidogenesis in Fdx1b 

deficient zebrafish (Figure 3.4). Analysis of steroid concentrations in female fdx1b-/ - mutant zebrafish 
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can be found in chapter 6 and a comparison of steroid hormone concentrations in male and female, 

wild-type and fdx1b-/ - mutant zebrafish, can be found in Appendix I. 
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Figure 3.3. Profoundly altered glucocorticoid and androgen steroid profiles in male fdx1b-/ - mutant 

zebrafish. The concentration of steroids was measured in samples prepared from whole fish bodies. 

The concentration of cortisol (A) was profoundly reduced in fdx1b-/ - mutant male zebrafish (n=3, 

p=0.0044). The concentration of 17h-hydroxyprogesterone (B) was not significantly decreased (n=3, 

p=0.069). The concentration of the sex steroid precursor androstenedione (C) was significantly 

increased in fdx1b-/ - mutant male zebrafish (n=3, p=0.033); however, testosterone (E) concentrations 

ǿŜǊŜ ǳƴŎƘŀƴƎŜŘ όƴҐоΣ ǇҐлΦолύΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ммʲ-hydroxyandrostenedione (D) (n=3, p=0.0026) 

ŀƴŘ ммʲ-hydroxytestosterone (F) (n=3, p=0.025) was undetectable and the concentration of 11KT (G) 

was significantly decreased (n=3, p=0.022) in fdx1b-/ - mutants. All results were analysed using 

unpaired t-tests. ** p<0.01, * p<0.05. 
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Figure 3.4. Decreased 11-ketotestosterone and cortisol concentrations in fdx1b-/ - mutant male 

zebrafish are reproducible. Steroid measurements were repeated in replicate samples of fdx1b-/ - 

mutant and wild-type sibling male zebrafish and comparable results were observed. Results analysed 

by unpaired t-test, n=3, cortisol p=0.0024 (AύΣ мтʰ-hydroxyprogesterone p=0.0712 (B), 

androstenedione p=0.0022  (C), testosterone p=0.3689 (D), 11KT p=0.0029 (E).  ** p<0.01. 
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In addition to direct measurement of steroid hormones, systemic deficiency of glucocorticoids and 

androgens was confirmed by measuring the expression of established steroid responsive genes in 

liver tissue (Figure 3.5). Fkbp5 and pck1 are known to be robust glucocorticoid-responsive genes in 

zebrafish (Eachus et al., 2017; Griffin et al., 2016), with FKBP5 expression in humans and mice also 

influenced by androgen receptor transactivation (Magee et al., 2006). Fkbp5 expression is also 

inducible by exogenous androgens in zebrafish larvae (Fetter et al., 2015). Cyp2k22 was used as a 

well-established androgen-responsive gene in zebrafish (Fetter et al., 2015; Siegenthaler et al., 

2017). The expression of all three genes was significantly decreased in fdx1b-/ - mutant males 

compared to wild-type siblings (Figure 3.5). Apoeb expression has been shown to be robustly 

downregulated in the gonads of zebrafish treated with androgen receptor antagonists (Martinovic-

Weigelt et al., 2011). Apoeb was significantly upregulated in the livers of fdx1b-/ - mutant males 

compared to wild-type siblings, indicating that its expression is also influenced by androgen 

signalling in this tissue (Figure 3.5). Analysis of steroid responsive gene expression in the livers of 

female fdx1b-/ - mutant zebrafish can be found in chapter 6. A comparison of steroid responsive gene 

expression in the livers of male and female, wild-type and fdx1b-/ - mutant zebrafish, can be found in 

Appendix I. 
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Figure 3.5. Altered expression of glucocorticoid and androgen responsive genes in fdx1b-/ - mutant 

male zebrafish. The expression of glucocorticoid responsive genes fkbp5 (A) (n=8, p=0.015) and pck1 

(B) (wild-type n=8, mutant n=5, p=0.0064) and of androgen responsive gene cyp2k22 (C) (wild-type 

n=6, mutant n=5, p=0.013) was significantly decreased in fdx1b-/ - mutant male zebrafish. Expression 

of apoeb (D) (n=5, p=0.0008) was significantly increased in the livers of fdx1b-/ - mutant male 

zebrafish.  All results were analysed using unpaired t-tests. *** p<0.001, ** p<0.01, * p<0.05. 
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As cortisol and androgen biosynthesis appear to be impaired in fdx1b-/ -
 mutant male zebrafish 

(Figures 3.3+3.4), it is possible that precursors for these steroids may accumulate and enter into the 

oestrogen biosynthetic pathway (Figure 1.1). Indeed, the concentration of androstenedione, which 

is the principal oestrogen precursor, is significantly increased in fdx1b-/ -
 mutant male zebrafish in 

comparison to wild-type sibling males (Figures 3.3+3.4). We have attempted to assess the impact of 

Fdx1b deficiency on oestrogen biosynthesis by using qPCR to measure the expression of oestrogen 

responsive genes vtg2 and esr1 in the liver (Chandrasekar et al., 2010; Henry et al., 2009; Lam et al., 

2011). The expression of these genes was considerably higher in female fish than male fish; however 

no effect of Fdx1b deficiency on expression of these genes was evident (Figure 3.6).  

In order to further characterize the impact of loss of Fdx1b function and decreased androgen and 

cortisol concentrations on testicular steroidogenesis, we measured the expression of key 

steroidogenic enzymes in this pathway, as well as that of the transport protein steroidogenic acute 

regulatory protein (star). Cyp11a2 and cyp11c1, which are crucial for cholesterol side chain cleavage 

and conversion of androgen precursors respectively, were expressed at significantly higher levels in  

the testes of fdx1b-/ - mutant zebrafish compared to wild-type siblings (Figure 3.7). The expression 

levels of star and hsd17b3 also suggested increased expression in fdx1b-/ - mutant testes, however 

these changes did not achieve statistical significance (Figure 3.7). No changes in the expression of 

cyp17a1, which is crucial for gonadal sex steroid production (Figure 1.1), or the oestrogenic enzyme 

cyp19a1a were detected (Figure 3.7). 
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Figure 3.6. Expression of oestrogen responsive genes in the livers of fdx1b-/ - mutant and wild-type, 

male and female zebrafish. Expression of oestrogen responsive genes vtg2 and esr1 in liver tissue 

was analysed by qPCR. All data is displayed as a fold-change relative to expression in wild-type male 

zebrafish. The expression of both genes was considerably higher in female fish compared to male 

fish, regardless of genotype (vtg2, wild-type male n=6, fdx1b-/ - male n=8, wild-type female n=4, 

fdx1b-/ - male n=4, Kruskal-Wallis test p=0.001; esr1, wild-type male n=7, fdx1b-/ - male n=8, wild-type 

female n=4, fdx1b-/ - male n=4, one-way ANOVA p<0.0001). Due to the large difference in expression 

between zebrafish sexes, the expression of vtg2 and esr1 in male and female zebrafish was also 

analysed separately. No significant differences were found in any comparison, though an apparent 

increase in expression of vtg2 in fdx1b-/ - mutant male zebrafish compared to wild-type sibling males 

approached significance (Mann-Whitney test, p=0.0593). **** p<0.0001, *** p<0.001, ** p<0.01, * 

p<0.05. 
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Figure 3.7. Expression profile of steroidogenic enzymes and star in the testes of fdx1b-/ - mutant 

zebrafish compared to wild-type siblings. The expression of cyp11a2 (B) (n=7, p=0.04) and cyp11c1 

(D) (wild-type n=7, mutant n=4, p=0.0249) was significantly increased in the testes of fdx1b-/ - mutant 

zebrafish compared to wild-type siblings. There was no statistically significant difference in the 

expression of star (A) (n=7, p=0.2061), cyp17a1 (C) (wild-type n=6, mutant n=7, p=0.9941), hsd17b3 

(E) (wild-type n=6, mutant n=7, p=0.1414) or cyp19a1a (F) (wild-type n=5, mutant n=5, p=0.98). All 

results were analysed using unpaired t-tests. * p<0.05. 

  



60 
 

3.2.3 - Fdx1b-/ - mutant males and females are infertile using conventional breeding techniques 

Following the finding that Fdx1b mutant males exhibit mainly female secondary sex characteristics, 

we investigated whether loss of Fdx1b function affects fertility in response to the conventional 

marbling technique (Westerfield, 2000). Tanks of fdx1b-/ - mutant zebrafish or wild-type siblings 

containing a mixture of males and females were marbled weekly for four weeks. Fertilised embryos 

were obtained from groups of wild-type siblings in all four trials. However, groups of fdx1b-/ - mutant 

fish failed to produce fertilised embryos in any trial and no unfertilised embryos were observed 

either. To investigate whether this apparent infertility was due to a defect in male or female 

reproductive physiology, or both, fdx1b-/ - mutants or wild-type siblings were outcrossed with 

unrelated wild-type fish. Outcrossing was repeated for four weeks to ensure that the fish were 

habituated to the technique. In four weekly trials, fdx1b wild-type sibling males (n=5) and females 

(n=4) successfully produced fertilised embryos in 70% and 75% of trials respectively. Fdx1b-/ - mutant 

males (n=5) and females (n=5) were unsuccessful in all trials (Table 3.1).  

To investigate whether sperm from fdx1b-/ - mutant zebrafish could fertilize eggs from wild-type 

females in vitro, sperm was collected by dissecting out and homogenizing the testes from humanely 

euthanized fdx1b-/ - mutant and wild-type males. Sperm collected from 2 out of 6 wild-type sibling 

zebrafish and 2 out of 5 fdx1b-/ - mutant zebrafish successfully fertilised eggs collected from wild-type 

females, indicating that at least some fdx1b-/ - mutant male zebrafish can produce functional sperm.  
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Table 3.1. Outcrossing of fdx1b-/ - mutant zebrafish and wild-type siblings. 

Genotype and sex Number of fish Total number of trials* Trials in which fertilised eggs 

were produced 

fdx1b+/+ male 5 20 70% (14/20) 

fdx1b+/+ female 4 16 75% (12/16) 

fdx1b-/ - male 5 20 0% (0/20) 

fdx1b-/ - female 5 20 0% (0/20) 

*Trials were conducted weekly for four weeks. Fish were housed in their home tank and male and 

female fish were selected at random each week. 

 

  



62 
 

3.2.4 - Fdx1b-/ - mutant male zebrafish exhibit reduced breeding behaviours 

Steroid hormones are known to exert powerful impacts on the vertebrate brain and a wide range of 

behaviours. To investigate whether reproductive behaviours were affected by loss of Fdx1b function, 

we paired fdx1b-/ - mutant males or wild-type sibling males with wild-type females and quantified 

two characteristic behaviours previously reported in zebrafish: intimate contacts between fish (Zhai 

et al., 2018) and chasing (Darrow and Harris, 2004). Both of these behaviours were significantly 

reduced in fdx1b-/ - mutant zebrafish (Figure 3.8). 

 

 

 

Figure 3.8. Stereotypical breeding behaviours are reduced in fdx1b-/ - mutant males. A: Intimate 

contacts, defined as incidences of touching or crossing, were significantly reduced in pairings of 

fdx1b-/ - mutant males and wild-type females, compared to pairings of wild-type males and females 

(n=5, Mann-Whitney Test, p=0.0079). B: The total duration of time spent chasing was also 

significantly reduced compared to time spent chasing by wild-types (n=5, unpaired t-test, p=0.0007). 

*** p<0.001, ** p<0.01. 
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It was noted that fdx1b-/ - mutant zebrafish appeared to exhibit slower swimming than wild-type 

siblings, and a freezing behaviour, were the fish would remain stationary in the tank for extended 

periods of time. This apparent reduction in locomotion may influence breeding behaviours. To 

investigate this possibility of reduced locomotion we subjected fdx1b-/ - mutant and wild-type male 

zebrafish to open field tests to determine the impact of fdx1b mutation on swim speed and duration 

of freezing behaviours. Open field tests were carried out in triplicate, with at least three days 

between replicate experiments. Total distance swam, fast swim distance and fast swim duration 

were all consistently reduced in fdx1b-/ - mutant male zebrafish compared to wild-types, however 

these differences rarely achieved statistical significance (Figure 3.9). Fast swim distance and duration 

were significantly reduced in fdx1b-/ - mutant fish in the first replicate experiment only. Freezing 

duration was also consistently greater over the three replicate trials, however none of these 

comparisons achieved significance, probably due to the extremely high variation exhibited by fdx1b-/ - 

mutant zebrafish (Figure 3.9). 
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Figure 3.9. Response of fdx1b-/ - mutant zebrafish to open field tests. Fdx1b-/ - mutant and wild-type 

sibling zebrafish were exposed to three replicate open field tests and the total distance swam, fast 

swim distance, fast swim duration and freeze duration were recorded (n=6). Total distance, fast 

swim distance and fast swim duration were consistently reduced in fdx1b-/ - mutant zebrafish, 

however only the first replicate experiments for fast swim distance and duration produced 

statistically significant results (p=0.04, p=0.02 respectively). Freezing duration was consistently 

increased in fdx1b-/ - mutant zebrafish however this difference was not statistically significant. Results 

were analysed using multiple t-tests with the Holm-Sidak method, * p<0.05. 
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3.2.5 ς The testes of fdx1b-/ - mutant zebrafish are disorganised and have decreased sperm 

production 

Our findings have shown that fdx1b-/ - mutant males are unable to reproduce by conventional 

breeding methods, however their sperm can fertilize eggs from wild-type females in IVF 

experiments. These findings led us to investigate the histological structure of fdx1b-/ - mutant testes 

(Figure 3.10). Histological examination of the testes by H&E staining revealed that the testes of wild-

type zebrafish were well organized and had defined seminiferous tubules bounded by a basement 

membrane. Within the centre of each tubule cross-section were mature spermatozoa, surrounded 

by groups of developing spermatogonia; spermatocytes and spermatids were located more 

peripherally. By contrast, the testes of fdx1b-/ - mutant zebrafish were considerably disorganised and 

had much less distinct seminiferous tubules (Figure 3.10). The organisation of seminiferous tubules 

was further investigated by picrosirius red staining for collagen, a component of the basement 

membrane (Dym, 1994; Junqueira et al., 1979; Mazzoni et al., 2018). This revealed that tubules in 

fdx1b-/ - mutant fish were generally smaller in diameter and greater in number (Figure 3.11). Despite 

this disorganisation, developing and mature sperm were present (Figure 3.10).  

Histological examination also revealed a reduction of mature sperm present in the testes of fdx1b-/ - 

mutants compared to wild-type siblings (Figure 3.10). To quantify this finding, we employed sperm 

counting techniques to determine the concentration of sperm in whole testes relative to testicular 

weight. Sperm concentrations were decreased in fdx1b-/ - mutant zebrafish compared to wild-type 

siblings when sperm was collected from dissected testes (Figure 3.10). Following activation of sperm 

by addition of water, no obvious difference in sperm motility was apparent between sperm from 

fdx1b-/ - mutant and wild-type sibling zebrafish. Sperm were observed under a 40x microscope 

objective. Moreover, there was no difference in gonadosomatic index (GSI) between fdx1b-/ - mutant 

males and wild-type siblings (GSI = [gonad weight / total tissue weight] × 100) (Figure 3.10). 



66 
 

The disorganised appearance of fdx1b-/ - mutant testes led us to hypothesize that release of sperm 

from the testes may be compromised in the absence of Fdx1b function. To determine whether 

fdx1b-/ - mutant males were able to release sperm, wild-type (n=8) and fdx1b-/ - mutant (n=5) 

zebrafish were subjected to manual gamete expression and expressed fluid was collected from the 

urogenital papilla. All wild-type samples contained microscopically visible sperm, however this was 

only true for 3 out of 5 fdx1b-/ - mutant samples. In a repeat experiment, sperm were observed in all 

nine wild-type samples and in 3 out of 10 fdx1b-/ - mutant samples, indicating a decreased ability to 

release sperm in fdx1b-/ - mutant zebrafish. It is not clear if fdx1b-/ - mutant zebrafish that produced 

no sperm failed to produce any semen, or produced semen devoid of sperm. 

Qualitatively, samples obtained from fdx1b-/ - mutants also appeared to be more transparent 

compared to wild-type samples, which were milky and opaque. Mutant samples also appeared to 

occupy less volume in collection capillary tubes, although this could not be accurately measured due 

to the small volume of each sample. Sperm concentration in semen collected from fdx1b-/ - mutant 

males by abdominal massage was also significantly decreased compared to wild-type siblings (Figure 

3.10).  
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Figure 3.10. Disrupted morphological organisation of the testes and decreased sperm 

concentration in fdx1b-/ - mutant zebrafish. A-D: Fdx1b-/ - mutant zebrafish had disorganised testes 

and poorly defined seminiferous tubules compared to wild-type males. Developing and mature 

sperm were observed in both fdx1b-/ - mutant and wild-type testes. SZ ς mature spermatozoa, ST ς 

spermatids, SG ς spermatogonia. E: Testes dissected from fdx1b-/ - mutant fish had a decreased 

sperm concentration compared to wild-type siblings (unpaired t-test, wild-type n=11, mutant n=15, 

p=0.0097). F: There was no difference in GSI (unpaired t-test, wild-type n=11, mutant n=16, p=0.12). 

G: Semen samples collected by abdominal massage also had a reduced sperm concentration in 

fdx1b-/ - mutant fish compared to wild-type siblings (unpaired t-test, wild-type n=8, mutant n=4, 

p=0.0012). ** p<0.01. 
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Figure 3.11. Staining for collagen reveals that seminiferous tubules are smaller in diameter and 

greater in number in fdx1b-/ - mutants compared to wild-type siblings. Collagen fibres in the testes 

of wild-type (A-C) and fdx1b-/ - mutant (D-E) zebrafish (n=3) were stained by picrosirius red. Tubules 

in fdx1b-/ - mutant zebrafish appeared to be generally smaller in diameter and also more numerous. 
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3.2.6 - Morphological appearance of the spermatic duct is highly variable in fdx1b-/ - mutant 

zebrafish 

In zebrafish, sperm is conducted from the testes in paired spermatic ducts, these ducts eventually 

fuse before reaching the urogenital orifice, were sperm is released during breeding (Menke et al., 

2011). As sperm release appears to be impaired in fdx1b-/ - mutant zebrafish, we investigated by H&E 

staining whether the morphology of the spermatic duct was also compromised (Figure 3.12). The 

spermatic ducts of wild-type sibling male zebrafish (n=3) appeared as epithelium bounded tubules 

containing mature spermatozoa, and were of a consistent appearance, size and shape (Figure 3.12A-

C). In contrast to this, the morphology of the spermatic ducts of fdx1b-/ - mutant zebrafish (n=3) was 

highly variable (Figure 3.12D-F). In one fish the spermatic duct was indistinguishable from wild-type. 

In another, the spermatic duct appeared hypoplastic and contained fewer mature spermatozoa. In 

the final fdx1b-/ - mutant male zebrafish the spermatic duct appeared to be completely absent, or 

may have constituted a small bundle of tissue immediately posterior to the intestine. Incidentally, 

this fish also exhibited the most severe morphological disruption of the testes. 
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Figure 3.12. Highly variable morphology of the spermatic duct in fdx1b-/ - mutant zebrafish. The 

morphological appearance of the spermatic duct in fdx1b-/ - mutant and wild-type male zebrafish 

(n=3) was investigated by H&E staining of coronal sections through this structure. Spermatic ducts 

(dashed outlines) were identified directly posterior to the intestine. Spermatic ducts in wild-type 

male zebrafish (A-C) exhibited consistent morphology, characterised by epithelial tubules with 

mature sperm in the lumina. The spermatic ducts of fdx1b-/ - mutant males (D-F) were highly variable 

in their morphology, ranging from being indistinguishable from wild-type (D), to hypoplastic (E), to 

completely absent (F). In the fdx1b-/ - mutant zebrafish which apparently lacked a spermatic duct a 

bundle of tissue was observed immediately posterior to the intestine ς this may constitute a 

severely hypoplastic spermatic duct structure (F, arrow). 
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3.2.7 - Downregulation of key genes involved in testis development and spermatogenesis 

To investigate the molecular mechanisms underlying the phenotype described above, we used qPCR 

to measure the expression of genes involved in sex differentiation and spermatogenesis. Sox9a is a 

pro-testis transcription factor expressed in the Sertoli cells of the testes, which has a crucial role in 

testis differentiation that is conserved throughout most vertebrate species (Rodriguez-Mari et al., 

2005; Sun et al., 2013). We observed a significant downregulation of sox9a expression in the testes 

of adult fdx1b-/ - mutant males compared to wild-type siblings (Figure 3.13). 

No significant difference in the expression of doublesex and mab-3 related transcription factor-1 

(dmrt1) or anti-Müllerian hormone (amh) was found between fdx1b-/ - mutant males and wild-type 

siblings (Figure 3.13). Dmrt1 is a transcription factor essential for male development (Webster et al., 

2017). Amh is a pro-testis hormone during zebrafish development (Sun et al., 2013) and negatively 

regulates spermatogenesis in the adult testis (Lin et al., 2017; Morais et al., 2017). The expression of 

znrf3 which is a pro-testis gene in mammals was also not affected by mutation of fdx1b (Harris et al., 

2018). 

Igf3 and insl3 encode spermatogenic signalling molecules expressed by Sertoli and Leydig cells 

respectively. Igf3 is required for proliferation and differentiation of type A undifferentiated (Aund) 

and type A differentiating (Adiff) spermatogonia (Morais et al., 2017; Nobrega et al., 2015), whereas 

Insl3 is required only for proliferation and differentiation of type Aund spermatogonia (Assis et al., 

2016). Expression of igf3 was downregulated 10-fold, whereas expression of insl3 was 

downregulated 25-fold in fdx1b-/ - mutant testes compared to wild-type (Figure 3.13). As both factors 

are involved in positively regulating the proliferation and differentiation of type A spermatogonia in 

the early stages of spermatogenesis (Assis et al., 2016; Nobrega et al., 2015), these results are 

consistent with the decreased sperm quantity observed by histology and sperm counting.  
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We also observed a significant 4-fold downregulation of inhibin subunit alpha (inha) in fdx1b-/ - 

mutant testes compared to wild-type (Figure 3.13). Inhibins exert negative feedback on the 

hypothalamus-pituitary-gonadal axis and suppress FSH secretion (Gregory and Kaiser, 2004), and this 

mechanism is also suggested to occur in fish (Poon et al., 2009). In mice, inha is important for Sertoli 

cell proliferation and function and may play a role in spermatogenesis (Cai et al., 2011).  

Whereas sox9a, dmrt1 and amh are pro-testis genes during development and also have important 

roles in testis function, the expression of genes which are considered pro-female or that are involved 

in ovarian function may also be influenced by altered steroid hormone concentrations due to 

mutation of fdx1b. Sox9b is a paralog of sox9a which arose from the teleost-specific whole genome 

duplication; both genes are orthologs of the mammalian SOX9. As sox9b is expressed at high levels in 

the adult ovary compared to adult testes, and as sox9b expression has been observed in oocytes 

during ovarian development, this gene is considered important for ovary development and function 

(Rodriguez-Mari et al., 2005). Foxl2a and foxl2b are co-orthologs of the mammalian FOXL2, and 

encode pro-ovary transcription factors. Foxl2a and foxl2b are least partly functionally redundant, as 

only knock-out of both genes results in male biased sex differentiation (Yang et al., 2017). No 

significant difference in the expression of any of these genes was recorded, despite apparent 

increases in the expression of sox9b and foxl2a (Figure 3.13). Analysis of gonadal gene expression in 

wild-type and fdx1b-/ - mutant female zebrafish can be found in chapter 6. Analysis of the differences 

in gene expression between male and female, wild-type and fdx1b-/ - mutant zebrafish, can be found 

in Appendix I. 
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Figure 3.13. Downregulation of pro-testis, spermatogenic and hypothalamic-pituitary-gonadal 

(HPG) axis regulating genes in the testes of fdx1b-/ - mutant zebrafish. Expression of the conserved 

pro-testis gene SRY-box 9a (sox9a) (wild-type n=10, mutant n=7, p=0.029) (A), the spermatogenic 

factors insulin-like growth factor 3 (igf3) (wild-type n=10, mutant n=8, p=0.030) (D) and insulin-like 3 

(insl3) (wild-type n=8, mutant n=6, p=0.00060) (E) and HPG axis regulator inhibin subunit alpha 

(inha) (wild-type n=10, mutant n=7, p=0.023) (F) was downregulated in fdx1b-/ - mutant zebrafish. 

Expression of pro-male transcription factor doublesex and mab-3 related transcription factor 1 

(dmrt1) (wild-type n=10, mutant n=8, p=0.25) (B) and pro-male anti-Müllerian hormone (amh) (wild-

type n=10, mutant n=10, p=0.45) (C), were not affected by mutation of fdx1b. Expression of znrf3, 

considered a pro-male gene in mammals, was also not changed in fdx1b-/ - mutant testes compared 

to wild-types (wild-type n=3, mutant n=3, p=0.96) (G).  Expression of pro-female genes was also 

investigated in the testes of fdx1b-/ - mutant zebrafish however no changes in expression were 

identified. Sox9b (H) (wild-type n=10, mutant n=7, p=0.0716), foxl2a (I) (wild-type n=5, mutant n=5, 

p=0.1040) and foxl2b (J) (wild-type n=3, mutant n=3, p=0.5969). All results analysed using unpaired 

t-tests. * p<0.05, *** p<0.001. 
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3.2.8 - Expression of spermatogenesis marker genes in fdx1b-/ - mutant and wild-type sibling testes 

We observed decreased sperm concentration in fdx1b-/ - mutant zebrafish testes compared to wild-

type siblings. To investigate how Fdx1b deficiency impacts spermatogenesis, the expression of 

marker genes for germ cells at several stages of spermatogenesis was measured (Figure 3.14). 

Significant upregulation of nanos homolog 2 (nanos2) (type Aund spermatogonia) (Beer and Draper, 

2013; Safian et al., 2016) and piwi-like RNA-mediated gene silencing 1 (piwil1) (all type A 

spermatogonia) (Chen et al., 2013) was observed in fdx1b-/ - mutant testes, suggesting a possible 

impairment of spermatogenesis during differentiation of type A spermatogonia into type B 

spermatogonia, causing an accumulation of type A spermatogonia (Figure 3.14). No change in 

expression of deleted in azoospermia-like (dazl), expressed mainly in type B spermatogonia (Chen et 

al., 2013), the spermatocyte marker synaptonemal complex protein 3 (sycp3) (Ozaki et al., 2011) or 

the spermatid marker outer dense fibre of sperm tails 3B (odf3b) (Nobrega et al., 2015; Yano et al., 

2008) was observed (Figure 3.14). 
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Figure 3.14. Expression of spermatogenesis marker genes in fdx1b-/ - mutant and wild-type 

zebrafish testes. Nanos2, piwil1, dazl, sycp3 and odf3b can be used as markers of spermatogenic 

stages.  Expression of nanos2 (A) (wild-type n=4, mutant n=5, p=0.024) and piwil1 (B) (Mann-

Whitney test, wild-type n=4, mutant n=7, p=0.012) was significantly increased in mutant testes (type 

Aund spermatogonia and all type A spermatogonia respectively). No change in expression of dazl (C) 

(wild-type n=5, mutant n=8, p=0.21) (type B spermatogonia), sycp3 (D) (Mann-Whitney test, wild-

type n=5, mutant n=6, p=0.18) (spermatocytes) or odf3b (E) (wild-type n=9, mutant n=6, p=0.64) 

(spermatids) was recorded. All results were analysed using unpaired t-tests unless otherwise stated. 

* p<0.05. 
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3.2.9 - Dysregulation of pituitary genes in the brains of fdx1b-/ - mutant zebrafish 

Release of cortisol from the interrenal is governed by the hypothalamus-pituitary-interrenal (HPI) 

axis in fish. Cortisol exerts negative feedback on the HPI axis, specifically by inhibiting expression of 

pomca, to attenuate its own release (Alsop and Vijayan, 2009). In addition to this, inha, which is 

down-regulated in the testes of fdx1b-/ - mutant zebrafish, exerts negative feedback upon fshb 

expression (Poon et al., 2009). To assess the impact of Fdx1b deficiency on pituitary gene expression, 

we used qPCR to measure the expression of pomca, fshb and lhb in adult zebrafish brains (Figure 

3.15). Pomca was upregulated in the brains of male fdx1b-/ - mutant zebrafish, indicating 

dysregulation of the HPI axis due to cortisol deficiency. Fshb was also upregulated in fdx1b-/ - mutant 

male zebrafish. No change in lhb expression was observed in fdx1b-/ - mutant male zebrafish. Analysis 

of gonadotropin and pomc expression in wild-type and fdx1b-/ - mutant female zebrafish can be 

found in chapter 6. 

 

 

Figure 3.15. Dysregulation of pituitary genes in the brains of fdx1b-/ - mutant male zebrafish. The 

expression of pomca, fshb and lhb was measured in the zebrafish brain by Taqman qPCR. Pomca (A) 

was significantly upregulated in the brains of male fdx1b-/ - mutant zebrafish (n=5, p=0.0005). Fshb 

(B) was significantly upregulated in the brains of fdx1b-/ - mutant male zebrafish (n=5, Mann-Whitney 

test, p=0.0159). Lhb (C) was not significantly changed by mutation of fdx1b (n=5, p=0.2152). All 

results analysed by unpaired t-tests unless otherwise stated. *** p<0.001, ** p<0.01, * p<0.05. 
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3.2.10 - Gonadal differentiation proceeds normally in fdx1b-/ - mutant zebrafish 

The crucial period for gonadal differentiation in zebrafish is between 21dpf and 38dpf (Sun et al., 

2013). This process is known to susceptible to exogenous steroids and genetic manipulation of 

steroidogenic enzymes (Andersen et al., 2003; Lau et al., 2016; Zhai et al., 2018). To assess the 

impact of Fdx1b deficiency on this process, we performed histological analysis of the gonad during 

the period of gonadal differentiation. The gonads of wild-type and fdx1b-/ - mutant zebrafish were 

examined by H&E staining at 25, 31 and 38dpf (Figure 3.16). 

At 25dpf all fish examined (wild-type n=4, fdx1b-/ - n=3) were found to possess a gonad containing 

early oocyte-like cells (Figure 3.16A-D), forming a juvenile ovary. As previously described, the extent 

to which this juvenile ovary developed was highly variable, with many oocyte-like cells seen in some 

specimens (Figure 3.16B+D), whilst others contained comparatively few (Figure 3.16A+C) (Wang et 

al., 2007). The difference in juvenile ovary appearance may be due to variability in the extent to 

which this structure develops, or may indicate that regression of this structure, and therefore testis 

differentiation, has already begun in some samples. 

By 31dpf (wild-type n=7, fdx1b-/ - n=6) (Figure 3.16E-H), gonadal differentiation has begun in earnest. 

Several specimens exhibited maintenance of the juvenile ovary structure and consist primarily of 

oocyte-like cells (Figure 3.16F+H). On the other hand, many specimens appeared to have committed 

to testis differentiation (Figure 3.16E+G), as oocyte-like cells were few or absent, stromal cell 

infiltration was apparent, and residual bodies indicating oocyte degeneration were occasionally 

present. 

At 38dpf (wild-type n=7, fdx1b-/ - n=8), three gonad types were observed: differentiated ovaries, 

differentiated testes, and gonads undergoing transformation. Testes were identified by the initiation 

of spermatogenesis, which was indicated by the presence of spermatids (Figure 3.16I+K). 

Differentiated ovaries appeared similar to the juvenile ovaries seen at 31dpf, however the number 
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of primary oocytes was increased (Figure 3.16J+L). In addition to differentiated gonads, several 

specimens appeared at various stages of gonadal transformation (Figure 3.16M-P), transforming 

gonads were identified by features including a lack of oocyte-like cells, stromal cell infiltration and 

presence of residual bodies, although not all examples exhibited all features. 

No obvious defect in the process of gonadal differentiation was apparent in fdx1b-/ - mutant 

zebrafish, as comparable proportions of specimens were found to exhibit each gonad type at all 

stages observed. 
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Figure 3.16. Gonadal differentiation appears to proceed normally in fdx1b-/ - mutant zebrafish. The 

developing gonads of wild-type and fdx1b-/ - mutant zebrafish were examined throughout the period 

of gonadal differentiation by H&E staining. At 25dpf (A-D) gonads containing oocyte-like cells were 

observed, though the number of these cells present was highly variable. At 31dpf fish either 

possessed a maintained juvenile ovary structure (F+H) or were undergoing gonadal transformation 

(E+G). At 38dpf, differentiated testes (I+K), differentiated ovaries (J+L) and transforming gonads 

were observed (M-P). No obvious difference in the process of gonadal differentiation was observed 

between wild-type and fdx1b-/ - mutant zebrafish. Black arrows: oocyte-like cells or primary oocytes. 

Red arrows: spermatids. Green arrows: residual bodies.   
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3.3 - Discussion 

We have used fdx1b-/ - mutant zebrafish to investigate the roles of steroids in the development and 

function of the male gonad and secondary sexual characteristics. By measuring concentrations of 

11KT and cortisol, we have shown that this steroidogenic co-factor is important for their production 

through its activity as a co-factor to the enzyme Cyp11c1. In cortisol biosynthesis, Cyp11c1 catalyses 

ммʲ-hydroxylation of 11-deoxycortisol to produce cortisol. The requirement for Fdx1b in this 

reaction has been previously demonstrated in zebrafish larvae (Griffin et al., 2016) and is confirmed 

here in adult zebrafish. In addition to its role in glucocorticoid biosynthesis, Cyp11c1 plays a vital role 

ƛƴ ǘƘŜ ŀƴŘǊƻƎŜƴ ōƛƻǎȅƴǘƘŜǘƛŎ ǇŀǘƘǿŀȅ ƛƴ ȊŜōǊŀŦƛǎƘΥ ммʲ-hydroxylation of androstenedione and 

ǘŜǎǘƻǎǘŜǊƻƴŜ ǘƻ ǇǊƻŘǳŎŜ ммʲ-ƘȅŘǊƻȄȅŀƴŘǊƻǎǘŜƴŜŘƛƻƴŜ ŀƴŘ ммʲ-hydroxytestosterone respectively 

(Tokarz et al., 2015). Decreased concentrations of 11KT, as well as undetectable concentrations of 

ммʲ-hydroxylated precursors in our fdx1b-/ - mutant zebrafish, define the requirement for Fdx1b as 

an essential steroidogenic co-factor to Cyp11c1 in the androgen biosynthetic pathway in adult 

zebrafish for the first time. In humans, FDX1 is also a cofactor to CYP11A1, crucial for conversion of 

cholesterol to pregnenolone (Midzak and Papadopoulos, 2016). Fdx1b is thought to be the 

corresponding cofactor in zebrafish, however, concentrations of 17-hhydroxyprogesterone were not 

significantly different between fdx1b-/ - mutant males and wild-type siblings (Figure 3.3+3.4). This 

may indicate that Fdx1b is less important as a co-factor to Cyp11a1/2 than Cyp11c1, or that Fdx1 is 

compensating for loss Fdx1b function, as both are expressed in the testes (Griffin et al., 2016).  

Expression of the cortisol responsive genes fkbp5 and pck1, and of the androgen responsive gene 

cyp2k22, was significantly down-regulated in the livers of fdx1b-/ - mutant male zebrafish; thus 

demonstrating systemic deficiency of these steroid hormones. Fdx1b deficiency could hypothetically 

produce multiple effects on oestrogen biosynthesis. For example, Fdx1b may be important for side 

chain cleavage of cholesterol in the first stage of steroid biosynthesis, potentially resulting in a 

decreased availability of steroid precursors and therefore decreased oestrogen production. 
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However, as discussed above, Fdx1b appears to be less important for this reaction than those 

catalysed by Cyp11c1. If side chain cleavage is able to proceed with comparative normality, whilst 

11̡ -hydroxylation of cortisol and androgen precursors is severely diminished, it is foreseeable that 

steroid precursors would accumulate and potentially enter the oestrogen biosynthetic pathway, 

leading to increased oestrogen production in male fdx1b-/ - mutant zebrafish. Measurement of 

oestrogens by mass spectrometry is notoriously challenging, so to circumvent this problem we 

measured the expression of genes known to be robustly regulated by oestrogens in the livers of 

zebrafish, namely vtg2 and esr1 (Chandrasekar et al., 2010; Henry et al., 2009; Lam et al., 2011). We 

observed vastly higher expression of these genes in wild-type and fdx1b-/ - mutant female zebrafish 

compared to wild-type and fdx1b-/ - mutant male zebrafish (Figure 3.6). No effect of fdx1b mutation 

was observed for either sex. 

In qPCR assays measuring expression of vtg2 and esr1 the cycle threshold was usually 32-35 in 

samples derived from male fish, indicating a low number of initial transcripts for these genes. Our 

assays could not reproducibly determine cycle thresholds for these genes in male fish, as technical 

replicates frequently differed by >0.5 cycles, which is the usual limit for inclusion in further analysis. 

As such, these assays may not be sufficiently accurate to determine small changes in gene 

expression within wild-type and fdx1b-/ - mutant male zebrafish. However, these results do 

demonstrate that the expression levels of vtg2 and esr1 in fdx1b-/ - mutant males are not elevated to 

levels remotely close to those seen in female zebrafish (expression levels of vtg2 and esr1 were 

6579- and 50-fold higher in wild-type females than in fdx1b-/ - mutant males) (Figure 3.6). Overall, 

this indicates that the impact of fdx1b-/ - mutation and disrupted cortisol and androgen biosynthesis 

on oestrogen concentrations might be minimal, although small differences between wild-type and 

fdx1b-/ - mutant male zebrafish cannot be ruled out. 
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Analysis of the expression of steroidogenic enzymes in the testes of Fdx1b mutant zebrafish was 

suggestive of upregulation of several genes encoding proteins crucial for the production of 

androgens. This is in agreement with studies on AR mutant zebrafish, which also exhibit increased 

expression of several steroidogenic enzymes in the testes (Tang et al., 2018; Yu et al., 2018).  

Both AR (Crowder et al., 2017; Tang et al., 2018) and Fdx1b deficient male zebrafish exhibit 

feminised secondary sex characteristics, including coloration and abdominal shape, however genital 

papilla prominence is not affected. These results indicate that androgen signalling plays a role in 

pigment cell fate specification, differentiation, or organization in adult zebrafish, but does not 

control the development of the genital papilla. The possibility for fdx1b-/ - mutant zebrafish to 

undergo testis differentiation, supports previous findings that androgen signalling is dispensable for 

this process (Crowder et al., 2017). This notion is further supported by the finding that gonadal 

differentiation appears to proceed normally in Fdx1b deficient zebrafish (Figure 3.16). 

In contrast to male AR deficient zebrafish, which have a female-like rounded abdomen (Crowder et 

al., 2017), male Fdx1b deficient fish had a streamlined shape closer to the appearance of wild-type 

males. Abdominal shape may be affected by the absence or presence of ovaries, which are much 

larger than testes, or presence of adipose tissue. Although no effect on abdominal shape was 

observed in our study, significant changes in biometric parameters were observed as a result of loss 

of Fdx1b function. Fdx1b-/ - mutant males had increased length and weight compared to wild-type 

siblings (Figure 3.2), however, no difference between wild-type males and females was detected, 

indicating that this phenotype may be independent of sex. Length is not affected by AR mutation, 

whereas the effect on weight is unclear, with increased weight reported in one AR mutant (Yu et al., 

2018) and no change reported in another AR mutant line (Tang et al., 2018). Regarding the 

contrasting findings relating to abdominal shape and biometrics in AR and Fdx1b mutants, a number 

of explanations are possible. In addition to reduced or disrupted androgen signalling, fdx1b-/ - mutant 

zebrafish also have reduced concentrations of cortisol, which may contribute to this phenotype. 



83 
 

Interestingly, in vitro analysis has shown that testosterone transactivates the zebrafish AR to a 

similar degree as 11KT (de Waal et al., 2008; Hossain et al., 2008; Jorgensen et al., 2007); however, 

testosterone was apparently unable to replace 11KT as the principal androgen in our Fdx1b deficient 

zebrafish. Phenotypic differences between Fdx1b and AR deficient zebrafish may be explained by 

tissue specific sensitivity to different androgens. AR signalling is abolished in AR mutant zebrafish, 

whereas the AR may still be transactivated by testosterone to some degree in Fdx1b deficient 

zebrafish (de Waal et al., 2008).  

As with AR mutant zebrafish (Crowder et al., 2017; Tang et al., 2018), we found that mutant males 

were infertile under normal breeding conditions and were either unable to release sperm or unable 

to induce egg laying by females. By contrast, another AR mutant line (Yong et al., 2017) was able to 

induce egg laying. However, whether or not these eggs were fertilised is unclear, and it has been 

speculated that this AR mutant represents a hypomorph due to translation of an alternate transcript 

(Crowder et al., 2017), rather than a complete null allele. Fdx1b mutant zebrafish have disorganised 

testes with poorly defined seminiferous tubules, which may also be smaller and more numerous, 

and contain fewer sperm than their wild-type siblings (Figure 3.12). Zebrafish and mouse AR 

mutants also exhibit disorganised seminiferous tubules (Crowder et al., 2017; Yeh et al., 2002; Yu et 

al., 2018) and seminiferous tubule dysgenesis is seen in some cases of complete androgen 

insensitivity syndrome (Hannema et al., 2006). Attempts to manually collect sperm from fdx1b-/ - 

mutant males and wild-type siblings revealed that mutant fish could release semen but that the 

concentration of sperm in their ejaculates was decreased. This could be explained by dysgenesis or 

blockage of the tubules of the male reproductive tract or testes, resulting in reduced sperm release, 

indeed, hypoplasia of the spermatic duct was observed in some fdx1b-/ - mutant male zebrafish 

(Figure 3.12). Although we have shown that it is possible for functional sperm to be released 

through the urogenital orifice of Fdx1b deficient zebrafish by abdominal massage, it is not possible 

to know whether this happens under natural conditions. In addition to potential anatomical 

aberrations contributing to reduced sperm release, impaired breeding behaviour (Figure 3.8) may 
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also contribute to this phenotype by the absence of behaviours that stimulate release of gametes of 

either male or female origin. Both possibilities have been suggested in AR mutant zebrafish (Crowder 

et al., 2017; Yong et al., 2017), and androgen deficient cyp17a1 mutant zebrafish also exhibit 

impaired breeding behaviour (Zhai et al., 2018). 

We measured significant down-regulation of the pro-male transcription factor sox9a in fdx1b-/ - 

mutant testes. In zebrafish, sox9a is crucial for juvenile ovary to testis transformation (Rodriguez-

Mari et al., 2005; Sun et al., 2013), implicating disruption of this process in the phenotype we have 

observed. An ortholog of this gene in another teleost fish (Oryzias latipes), sox9a2, is maintained at 

the initial stage of testicular tubule development in males, but is down-regulated in the developing 

female gonad, leading to speculation that Sox9 is important for testicular tubule development 

(Nakamoto et al., 2005). Taken together, these findings provide evidence for the role of androgens in 

testicular morphogenesis and add credence to the theory that Sox9 regulates formation of testicular 

tubule structure.  

We have observed significant downregulation of igf3 and insl3 expression in fdx1b-/ - mutant male 

testes. Both igf3 and insl3 are downregulated in AR mutant zebrafish testes (Tang et al., 2018) as 

well as in fish exhibiting oestrogen-induced androgen insufficiency (de Castro Assis et al., 2018). 

Expression of igf3 was upregulated in the testes of Atlantic Salmon following treatment with 11KT 

(Melo et al., 2015).Decreased availability of spermatogenic factors Igf3 and Insl3 may result in 

accumulation of type A spermatogonia (Figure 3.17), and this was demonstrated by increased 

expression of nanos2 and piwil1 in fdx1b-/ - mutant testes. Nanos2 is a marker of type Aund 

spermatogonia, whereas piwil1 is expressed in all type A spermatogonia. This suggests that 

expression of igf3 and insl3 was sufficient for proliferation of type A spermatogonia but was 

insufficient to promote their normal differentiation into type B spermatogonia. Surprisingly, 

expression of genes known to be markers of later stages of spermatogenesis were unaffected by 

Fdx1b deficiency. However, sperm counting demonstrated a clear decrease in sperm concentration 
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in fdx1b-/ - mutant zebrafish, confirming a significant impairment of spermatogenesis due to Fdx1b 

deficiency.  

The expression of inha was significantly decreased in the testes of fdx1b-/ - mutant zebrafish. Inha is 

involved in the regulation of FSH expression in mammals and fish and is implicated in Sertoli cell 

proliferation and function in mice (Cai et al., 2011; Gregory and Kaiser, 2004; Poon et al., 2009) and 

zebrafish (Morais et al., 2017). Decreased expression of inha suggests compromised Sertoli cell 

function, which may indirectly reduce spermatogenesis, and also implicates regulation of the HPG 

axis and gonadotropins in the phenotype we have described. Fshb expression was increased in the 

brains of fdx1b-/ - mutant male zebrafish compared to wild-type siblings (Figure 3.15), a possible 

consequence of decreased inha expression in the testes (Poon et al., 2009). Fshb can stimulate 

spermatogonial proliferation and differentiation via Igf3 (Nobrega et al., 2015), however this 

signalling pathway appears to also require androgen signalling for normal function, as igf3 

expression was decreased and spermatogonial differentiation appears to be impaired in fdx1b-/ - 

mutant zebrafish. Overall, our findings indicate that a reduction in the differentiation of type A 

spermatogonia due to decreased expression of spermatogenic factors igf3 and insl3 as a result of 

androgen deficiency, as well as compromised Sertoli cell function, contribute to decreased 

spermatogenesis in Fdx1b deficient zebrafish (Figure 3.17).  
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Figure 3.17. Germ cell markers and the roles of Igf3 and Insl3 in zebrafish spermatogenesis. 

Spermatogonial stem cells undergo several rounds of mitotic division and differentiation, eventually 

resulting in production of primary spermatocytes. During mitosis, spermatogonia retain some 

capacity for self-renewal. Primary spermatocytes enter several cycles of meiosis and differentiation, 

eventually maturing as spermatozoa. Igf3 and Insl3 are important for differentiation and 

proliferation of type A spermatogonia. Nanos2, piwil1, dazl, sycp3 and odf3b can be used as markers 

of different stages of spermatogenesis. 
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Several genes expressed in Sertoli cells are downregulated in fdx1b-/ - mutant zebrafish, including 

sox9a, inha and igf3. Sertoli cells are crucial for testis differentiation and morphogenesis in mouse 

(Cool et al., 2012), and Sox9 signalling is required for juvenile ovary to testis transformation in 

zebrafish (Sun et al., 2013). The testicular phenotypes we have described may well result from 

Sertoli cell dysfunction as a result of androgen deficiency. The nature of this dysfunction remains an 

exciting topic for further study. 

In summary, our work establishes an androgen and cortisol deficient Fdx1b zebrafish mutant as a 

model for the impacts of steroid hormone deficiency on sex development and testicular function. 

Androgen deficiency in fdx1b-/ - mutant zebrafish is likely to be causative for the observed phenotype 

comprising infertility, testicular dysfunction and structural disorganisation, as well as impaired 

breeding behaviour. This model will be particularly useful for further investigation of the roles of 

steroids in pigment patterning, spermatogenesis, and gonadal development and maintenance, and 

represents a novel tool for investigation of endocrine disruption in vertebrates. 
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Chapter 4 - Steroid 11̡ -hydroxylase deficiency results in impaired steroidogenesis, feminisation of 

secondary sex characteristics, infertility, impaired spermatogenesis and hypoplasia of the 

spermatic duct in zebrafish 

Summary 

The contribution of androgens to male reproductive development and function in zebrafish are 

poorly understood. In order to investigate this topic we have employed CRISPR-Cas9 to generate 

cyp11c1 (11̡ -hydroxylase) mutant zebrafish lines. Cyp11c1-/ - mutant zebrafish displayed 

predominantly female secondary sex characteristics, but could possess either ovaries or testes. In 

addition, cyp11c1-/ - mutant male zebrafish were profoundly androgen and cortisol deficient. These 

results reinforce the theory that androgens are dispensable for testis differentiation in zebrafish, as 

has been previously demonstrated in androgen-deficient and resistant zebrafish lines. Herein, we 

show that the testes of cyp11c1-/ - mutant zebrafish exhibit a disorganised tubular structure, with 

smaller and more numerous seminiferous tubules. Furthermore, we show for the first time that the 

spermatic duct, which connects the testes and urogenital orifice, is severely hypoplastic in androgen-

deficient zebrafish. These results indicate important roles for androgens in the correct development 

and organisation of the male zebrafish reproductive anatomy, after the normal period of testis 

differentiation. Furthermore, we find that spermatogenesis and the incidence of characteristic 

breeding behaviours are impaired in cyp11c1-/ - mutant zebrafish. Expression of nanos2, a marker of 

type A spermatogonia, was significantly increased in the testes of Cyp11c1 deficient male zebrafish, 

whereas the expression of markers for later stages of spermatogenesis were significantly decreased, 

suggesting that the differentiation of type A spermatogonia is a highly androgen dependent process 

in zebrafish.  
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4.1 - Introduction 

The specific roles of androgens in zebrafish sex differentiation, development of male sexual 

characteristics, and the maintenance and function of the adult testes remain unclear. Laboratory 

strains of zebrafish lack sex chromosomes and exhibit polygenic sex determination (Liew et al., 

2012). Prior to sex differentiation, all zebrafish develop a juvenile ovary; in presumptive female fish 

this structure is maintained, whereas presumptive male fish undergo juvenile ovary-to-testis 

transformation (Uchida et al., 2002; Wang et al., 2007). This process may be influenced by 

environmental factors (Liew and Orban, 2014) and is highly sensitive to sex steroids. Treatment of 

developing fish with oestrogens results in feminisation (Andersen et al., 2003; Brion et al., 2004; Orn 

et al., 2016); whilst mutation of cyp19a1a, crucial for oestrogen production, causes robust 

masculinisation (Lau et al., 2016; Yin et al., 2017). Conversely, treatment of developing zebrafish 

with androgens results in robust masculinisation (Larsen and Baatrup, 2010; Lee et al., 2017; 

Morthorst et al., 2010). Intuition would suggest that androgen deficiency or resistance should cause 

feminisation of the gonad and secondary sex characteristics; however, this is not the case.  

Recent studies have characterised the phenotypes of androgen-deficient and androgen-resistant 

zebrafish (Crowder et al., 2017; Oakes et al., 2019; Zhai et al., 2018). These fish share similar 

phenotypes, exhibiting primarily female secondary sex characteristics. Despite outward appearance, 

these fish may possess either ovaries or testes, indicating that androgens are in fact dispensable for 

testis differentiation. Disrupted androgen signalling may affect sex ratios in zebrafish, however 

results are inconsistent between different zebrafish lines. Androgen-deficient or resistant male 

zebrafish are infertile when exposed to standard breeding scenarios, however their sperm may 

fertilise eggs collected from wild-type females in IVF experiments. A number of factors appear to 

contribute to this phenotype, including disorganised testicular structure, impaired breeding 

behaviour and impaired spermatogenesis (Crowder et al., 2017; Oakes et al., 2019; Yong et al., 

2017).  
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Steroid 11̡ -hydroxylase (CYP11B1) is crucial for conversion of 11-deoxycortisol to cortisol in the 

production of glucocorticoids in humans (Miller and Auchus, 2011). In zebrafish, this final stage of 

glucocorticoid biosynthesis is catalysed by the zebrafish homolog of 11-̡hydroxylase, Cyp11c1 

(Figure 4.1) (Tokarz et al., 2015). Unlike in mammals, Cyp11c1 is also thought to play an important 

role in gonadal androgen synthesis in zebrafish (Figure 4.1) (Oakes et al., 2019); it is expressed in the 

steroidogenic cells of the gonad, as well as in certain germ cell stages (Caulier et al., 2015). The 

principal active androgens in humans are testosterone and 5h-dihydrotestosterone, whereas, in 

contrast, the principal zebrafish androgen is 11-ketotestosterone (11KT) (Tokarz et al., 2015). This 

difference in androgen production is due to the fact that zebrafish favour production of 11-

oxygenated androgens from androstenedione, rather than conversion of androstenedione to 

testosterone (de Waal et al., 2008).  

 

 

Figure 4.1. The roles of Cyp11c1 (11̡ -hydroxylase) in androgen and glucocorticoid biosynthesis in 

zebrafish. Cyp11c1 is required for the final stage of glucocorticoid biosynthesis: the conversion of 

11-deoxycortisol to cortisol. 11-ketotestosterone, the principal zebrafish androgen, may be 

produced via two pathways beginning with androstenedione. The major pathway (solid arrows) 

involves 11̡-hydroxylation of androstenedione to produce 11̡-hydroxyandrostenedione, whereas 

the minor pathway (dashed arrows) requires 11̡ -hydroxylation of testosterone to produce 11̡-

hydroxytestosterone. 
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The activity of Cyp11c1 is thought to depend on electron transfer from the steroidogenic cofactor 

ferredoxin 1b (Fdx1b) (Griffin et al., 2016). The previous chapter introduced Fdx1b deficient 

zebrafish as a model of androgen and cortisol deficiency. Fdx1b deficient zebrafish are infertile and 

exhibit disorganised testis structure and impaired spermatogenesis, as well as reduced stereotypical 

breeding behaviours (Oakes et al., 2019).  

Herein, we present Cyp11c1 deficient zebrafish lines as novel models for research into the roles of 

steroids in sex differentiation and adult reproductive processes. Cyp11c1 deficient zebrafish exhibit 

ǊŜŘǳŎŜŘ ŎƻǊǘƛǎƻƭ ŀƴŘ ŀƴŘǊƻƎŜƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΣ ŘǳŜ ǘƻ ŦŀƛƭŜŘ ммʲ-hydroxylation of glucocorticoid and 

androgen precursors. The resultant phenotype comprises feminisation of secondary sex 

characteristics, infertility, disorganised testis morphology, impaired breeding behaviour and 

impaired spermatogenesis. We have also demonstrated, for the first time, that androgens are crucial 

for development of the spermatic duct, the structure linking the testes and urogenital orifice.   
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4.2 - Results 

4.2.1 - Generation of cyp11c1 mutant alleles by CRISPR-Cas9 

Exon 2 of cyp11c1 was targeted by injection of 1-cell stage zebrafish embryos with a specific crRNA, 

tracrRNA and Cas9 protein (see section 2.3). The resultant F0 fish were outcrossed at ~10wpf, and 

heritable mutations were identified in the F1 progeny. Several out of frame mutations were 

identified including 11bp and 47bp out-of-frame deletions, fish carrying these mutations were raised 

and subsequently outcrossed to produce the F2 generation. Inheritance of cyp11c1 mutant alleles 

did not significantly deviate from expected Mendelian ratios. The 11bp deletion (c.312_322del) 

(allele number SH548) allele introduces a stop codon 33 codons downstream of the mutation site 

and is predicted to produce a truncated protein of 136 amino acids (p.Glu105Profs*33). The 47bp 

deletion (c.285_331del) (allele number SH547) allele introduces a stop codon 30 codons 

downstream of the mutation site and is predicted to produce a truncated protein of 124 amino acids 

(p.Met96Hisfs*30) (wild-type 518 amino acids) (Figure 4.2). Both cyp11c1 mutations described here 

are very likely to result in null alleles as they are expected to cause severe truncation of the protein 

to ~25% of the wild-type protein length. This includes loss of conserved residues with important 

roles in heme binding, enzyme stability and aromatic substrate binding (Khattab et al., 2017). 
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Figure 4.2. Mutations introduced into cyp11c1 by CRISPR/Cas9. We used a CRISPR/Cas9 strategy to 

introduce mutations into cyp11c1, resulting in production of several stable cyp11c1 mutant zebrafish 

lines. Cyp11c1 is located on chromosome 16 and our CRISPR target site was in exon 2. Two mutant 

alleles were utilised in this study: an 11bp deletion allele (SH548) (c.312-322del) and a 47bp deletion 

allele (SH547) (c.285-331del). Wild-type Cyp11c1 is 518 amino acids in length, our 11bp and 47bp 

deletion alleles are predicted to produce protein products truncated to 136 amino acids 

(p.Glu105Profs*33) and 124 amino acids (p.Met96Hisfs*30) in length respectively. Protein products 

are depicted as green bars, the red portion of the mutant proteins comes after the mutation site and 

does not align to the wild-type protein product. 
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4.2.2 - Impaired visual background adaptation and decreased expression of glucocorticoid 

responsive genes in cyp11c1-/ - mutant larvae 

The ability of zebrafish larvae to adjust their pigmentation in response to varying light conditions is 

termed visual background adaptation (VBA). VBA is impaired in glucocorticoid deficient zebrafish 

larvae (Eachus et al., 2017; Griffin et al., 2016) and can therefore be used as a screening tool to 

identify such fish. Cyp11c1+/- adult zebrafish were incrossed and the resulting progeny were 

subjected to VBA sorting at 4 days post fertilisation (dpf), followed by genotyping (Table 4.1). Fish 

identified as having an intact VBA response (VBA+) were exclusively wild-type or heterozygous for 

cyp11c1 mutation. The majority of larvae identified as VBA- were found to be homozygous mutants, 

indicating a failure of de novo cortisol biosynthesis in these fish. Occasionally, fish identified as VBA- 

were found to be wild-types or heterozygotes indicating that this technique cannot identify 

homozygous mutants with 100% accuracy (Table 4.1). 

 

Table 4.1. VBA sorting of cyp11c1+/- incross larvae. 

Allele VBA result +/+ or +/- -/ - 

11bp VBA+ 12/12 (100%) 0/12 (0%) 

VBA- 2/12 (17%) 10/12 (83%) 

47bp VBA+ 12/12 (100%) 0/12 (0%) 

VBA- 3/12 (25%) 9/12 (75%) 

Table 4.1. The progeny of an incross of adult cyp11c1 heterozygotes carrying either the 11bp or 47bp 

deletion allele were subjected to VBA typing at 4dpf and subsequently genotyped. 100% of VBA+ 

larvae were found to be wild-types or heterozygotes and the majority of VBA- fish were found to be 

mutants, indicaǘƛƴƎ ŀƴ ƛƳǇŀƛǊŜŘ ±.! ǊŜǎǇƻƴǎŜ ƛƴ ǘƘŜǎŜ ŦƛǎƘΦ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΥ ммōǇ ǇҐғлΦлллмΣ 

47bp p=0.0003. 
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In order to further characterise the impact of disrupted Cyp11c1 function on steroid hormone 

production, pooled samples of VBA sorted larvae were collected. Subsequently, RNA was extracted 

and the expression of well established glucocorticoid responsive genes fkbp5 and pck1 (Eachus et al., 

2017; Griffin et al., 2016) was determined by qPCR. Expression of both genes was significantly 

decreased in VBA- samples, indicating decreased glucocorticoid concentrations in VBA- larvae, the 

majority of which are cyp11c1-/ - (Figure 4.3). 

 

 

Figure 4.3. Decreased expression of glucocorticoid responsive genes in VBA- larvae. VBA- larvae 

were identified from the progeny of an incross of cyp11c1+/- adult zebrafish. VBA typed larvae were 

pooled, RNA extracted, and the expression of glucocorticoid responsive genes fkbp5 and pck1 was 

determined by qPCR. Expression of both fkbp5 (A+B) (11bp: VBA+ n=4, VBA- n=3, p=0.0039; 47bp: 

VBA+ n=8, VBA- n=5, p=0.0183) and pck1 (C+D) (11bp: VBA+ n=4, VBA- n=3, p=0.0349; 47bp: VBA+ 

n=8, VBA- n=5, p<0.0001) was significantly decreased in VBA- samples from both alleles indicating 

decreased glucocorticoid production in VBA- larvae. Results analysed using unpaired t-tests, * 

p<0.05, ** p<0.01, **** p<0.0001. 



96 
 

4.2.3 - Cyp11c1-/ - mutant zebrafish display predominantly female secondary sex characteristics but 

may possess ovaries or testes 

Morphological secondary sex characteristics in zebrafish include body shape, fin and body 

pigmentation, and genital papilla prominence. Male zebrafish are generally streamlined in shape, 

whereas females tend to have a more rounded abdomen. Female zebrafish have green-yellow 

pigmented dorsal fins and little orange pigmentation in the anal fin, the opposite is true in male 

zebrafish which have little green-yellow pigmentation in the dorsal fin but strong orange 

pigmentation in the anal fin (Figure 4.4). Female zebrafish have a large and prominent genital 

papilla, in males this structure is much smaller and mainly hidden from view.  

Upon raising the progeny of cyp11c1+/- incrosses it was immediately apparent that all homozygous 

mutant fish displayed predominantly female morphological secondary sex characteristics (Figure 

4.4). Closer inspection revealed that some cyp11c1-/ - mutant fish had prominent genital papillae, 

whereas others had small hidden genital papillae reminiscent of those seen in wild-type males. 

Dissection of cyp11c1-/ - mutant fish revealed that they could possess either testes or ovaries, and 

this was accurately predicted by the presence or absence of a prominent genital papilla. The testes 

of cyp11c1-/ - mutant male zebrafish appeared pale or translucent in comparison to the testes of wild-

type males which were bright white and opaque. The ratio of males to females in populations of 

wild-type and cyp11c1-/ - mutant zebrafish did not significantly differ, based on the presence or 

absence of testes in more than 50 adult fish. 
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Figure 4.4. Feminisation of secondary sex characteristics in cyp11c1-/ - mutant male zebrafish. 

Cyp11c1-/ - mutant male zebrafish exhibited fin pigmentation patterns more commonly seen in 

female zebrafish. Wild-type male zebrafish exhibited pale dorsal fins and strongly orange striped 

anal fins. Cyp11c1-/ - mutant male zebrafish exhibited reduced orange pigmentation in the anal fin 

and green-yellow pigmentation in the dorsal fin, similar to that seen in wild-type females. 11bp wild-

type male n=10, wild-type female n=5, mutant male n=8, mutant female n=5; 47bp wild-type male 

n=10, wild-type female n=3, mutant male n=8, mutant female n=3. 
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In addition to analysis of secondary sex characteristics, biometric data was also collected. Males 

from both cyp11c1-/ - mutant lines were significantly longer and heavier than their wild-type siblings 

(Figure 4.5). Dissection of cyp11c1-/ - mutant male zebrafish revealed increased adipose tissue in the 

abdominal cavity in comparison to wild-type sibling males, and this may contribute to the increased 

weight of mutant fish. 

 

 

Figure 4.5. Increased weight and length in cyp11c1-/ - mutant male zebrafish. Length and weight 

were significantly increased in homozygous mutants from both cyp11c1 mutant alleles. (11bp 

deletion allele: wild-type n=23, mutant n=19, length p=<0.0001 weight p=0.0016. 47bp deletion 

allele: wild-type n=16, mutant n=14, length p=<0.0034 weight p=0.0010). Statistical analysis was by 

unpaired t-tests, **** p<0.0001, ** p<0.01. 
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4.2.4 - Adult cyp11c1-/ - mutant male zebrafish exhibit profound cortisol and 11-ketotestosterone 

deficiency 

In order to assess the impact of cyp11c1 mutation on interrenal and testicular steroidogenesis, we 

employed LC-MS/MS to quantify steroid hormone concentrations in samples prepared from whole 

adult zebrafish males. Cortisol concentrations were profoundly decreased by mutation of cyp11c1 

(Figure 4.6), whereas concentrations of its direct precursor, 11-deoxycortisol, were significantly 

increased. Thus, we have demonstrated the in vivo importance of Cyp11c1 function for the 

conversion of 11-deoxycortisol to cortisol in glucocorticoid biosynthesis. Concentrations of the sex 

steroid precursor androstenedione were significantly increased in cyp11c1-/ - mutant male zebrafish, 

probably due to shunting of glucocorticoid precursors in to the sex steroid pathway, as well as 

blockage of the androgen synthesis pathway. Blockage of the androgen synthesis pathway is 

evidenced by undetectable concentrations of 11-ketotestosterone and of its precursor 11-

ketoandrostenedione (Figure 4.6). Concentrations of testosterone were not affected by mutation of 

cyp11c1 (Figure 4.6). A comparison of steroid hormone concentrations between male and female, 

wild-type and cyp11c1-/ - mutant zebrafish, can be found in Appendix I. 

In order to assess to the systemic consequences of profound cortisol and 11-ketotestosterone 

deficiency, we used qPCR to measure the expression of steroid hormone responsive genes in the 

livers of cyp11c1-/ - mutant males zebrafish and wild-type siblings (Figure 4.7). The expression of 

glucocorticoid responsive genes fkbp5 and pck1 (Eachus et al., 2017; Griffin et al., 2016) was 

significantly reduced in cyp11c1-/ - mutant male zebrafish livers compared to wild-type siblings. An 

apparent decrease in the expression of the proposed androgen responsive gene cyp2k22 (Fetter et 

al., 2015; Siegenthaler et al., 2017) in the livers of cyp11c1-/ - mutant zebrafish did not achieve 

statistical significance (Figure 4.7). 
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Figure 4.6. Steroid profile of adult male cyp11c1-/ - mutant zebrafish is consistent with 11̡-

hydroxylase deficiency. Steroid hormone concentrations were quantified in whole adult zebrafish 

(n=6) by LC-MS/MS. Concentrations of cortisol (C+D) (11bp p<0.0001, 47bp p=0.0039) were 

profoundly reduced in cyp11c1-/ - mutant zebrafish, whereas concentrations of the cortisol precursor 

11-deoxycortisol (A+B) (11bp p=0.0003, 47bp p<0.0001) were significantly increased. Concentrations 

of the sex steroid precursor androstenedione (E+F) (11bp p=0.0017, 47bp p=0.0021) were 

significantly increased in cyp11c1-/ - mutant zebrafish whereas concentrations of 11-ketotestosterone 

(K+L) (11bp p=0.0006, 47bp p=0.0010) and the intermediate steroid, 11-ketoandrostenedione (I+J) 

(11bp p=0.0010, 47bp p<0.0001), were undetectable in mutant zebrafish. Concentrations of 

testosterone (G+H) (11bp p=0.1895, 47bp p=0.6581) were not affected by mutant of cyp11c1. All 

results analysed using unpaired t-tests, ** p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 4.7. Decreased expression of glucocorticoid responsive genes in the livers of Cyp11c1 

deficient male zebrafish. Expression of steroid responsive genes in cyp11c1-/ - mutant male zebrafish 

and wild-type siblings was quantified by qPCR with ef1a as a reference gene. Expression of robustly 

glucocorticoid responsive genes fkbp5 (11bp wild-type n=8, mutant n=8, p<0.0001; 47bp wild-type 

n=5, mutant n=5, p=0.0230) and pck1 (11bp wild-type n=8, mutant n=8, p<0.0001, 47bp wild-type 

n=8, mutant n=8, p=0.0212) was significantly reduced in the livers of cyp11c1-/ - mutant male 

zebrafish. Quantification of the expression of cyp2k22 (11bp wild-type n=8, mutant n=8, p=0.2345, 

47bp wild-type n=7, mutant n=7, p=0.6200, Mann-Whitney tests), a proposed androgen responsive 

gene, revealed an apparent reduction in expression in cyp11c1-/ - mutant male zebrafish, however 

this did not achieve statistical significance. Data analysed by unpaired t-test unless otherwise stated. 
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4.2.5 - Disruption of cyp11c1 results in infertility and impaired breeding behaviour in male 

zebrafish 

Androgen resistant and androgen deficient (Crowder et al., 2017; Oakes et al., 2019) male zebrafish 

are infertile and the incidence of stereotypical breeding behaviours is decreased (Yong et al., 2017). 

To investigate the impact of cyp11c1 disruption on breeding behaviour in male zebrafish, we 

analysed two well characterised behaviours during in the first five minutes of breeding. Four wild-

type sibling and four mutant males from each allele were outcrossed with wild-type females on 

three separate occasions, and behaviour was video recorded for later analysis. Outcrosses of wild-

type females and wild-type sibling males from both the 11bp and 47bp alleles produced fertilised 

embryos in 92% and 66% of crosses respectively. No fertilised embryos were observed in any crosses 

of cyp11c1-/ - mutant zebrafish with wild-type females (Table 4.2). Analysis of breeding behaviour 

revealed that the number of intimate contacts, where fish touched, or crossed one anotherΩǎ 

direction of travel, was significantly reduced in both the 11bp and 47bp deletion cyp11c1-/ - mutant 

lines compared to wild-type siblings on all three occasions (Figure 4.8). The duration of chasing, 

where one fish closely followed the other around the tank, was also significantly reduced for both 

alleles on all three occasions (Figure 4.8). Despite exhibiting infertility in normal breeding scenarios, 

the sperm of cyp11c1-/ - mutant zebrafish was able to fertilise eggs collected from wild-type females 

by IVF (Table 4.3). 
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Table 4.2. Infertility in cyp11c1-/ - mutant male zebrafish. 

Allele Genotype Total number of 

crosses 

# crosses resulting in 

fertilised eggs 

11bp +/+ (n=4) 12 11 (92%) 

-/ - (n=4) 12 0 (0%) 

47bp +/+ (n=4) 12 8 (66%) 

-/ - (n=4) 12 0 (0%) 

Table 4.2. Cyp11c1-/ - mutant (n=4) and wild-type sibling males (n=4) were outcrossed with wild-type 

females on three separate occasions. No crosses involving cyp11c1-/ - mutant males from either the 

11bp or 47bp deletion alleles produced any fertilised embryos; their wild-type siblings produced 

fertilised embryos in 92% and 66% of crosses respectively. 

 

Table 4.3. Proportion of cyp11c1-/ - mutant and wild-type sibling sperm samples producing 

fertilised embryos in IVF experiments 

Genotype Proportion producing fertilised embryos 

cyp11c111bp+/+ (n=4) 4/4 (100%) 

cyp11c111bp-/- (n=4) 3/4 (75%) 

cyp11c147bp+/+(n=4) 4/4 (100%) 

cyp11c147bp-/- (n=4) 4/4 (100%) 

Table 4.3. Testes were dissected from male zebrafish and homogenised in a 50x mass:volume 

Řƛƭǳǘƛƻƴ ƻŦ IŀƴƪΩǎ ōǳŦŦŜǊŜŘ ǎŀƭǘ solution. Sperm solutions were used to fertilise eggs collected from 

wild-type females.  
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Figure 4.8. Cyp11c1 deficient male zebrafish exhibit reduced stereotypical breeding behaviours in 

parings with wild-type females. Cyp11c1-/ - mutant (n=4) and wild-type sibling male (n=4) zebrafish 

were paired with wild-type females and behaviour was analysed during the first five minutes of 

breeding. This procedure was repeated on three separate occasions. Intimate contacts (A+B) (11bp: 

1 p=0.0270, 2 p=0.0270, 3 p<0.0001; 47bp: 1 p=0.0184, 2 p=0.0001, 3 p=0.0184) and chasing 

duration (C+D) (11bp: 1 p=0.0009, 2 p=0.0038, 3 p<0.0001; 47bp: 1 p=0.0109, 2 p=0.0011, 3 

p=0.0006) were significantly reduced in all trials and in both 11bp and 47bp deletion alleles. Results 

were analysed using multiple t-tests with the Holm-Sidak method. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001. 
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Whilst conducting breeding experiments on cyp11c1-/ - mutant zebrafish it was noted that they 

appeared to exhibit reduced locomotor activity. In order to quantify this, mutant and wild-type male 

zebrafish were exposed to an open field test. This revealed that the total distance swam over the 

duration of the trial, as well as duration of fast swimming, was significantly and consistently reduced 

in cyp11c1-/ - mutant zebrafish (Figure 4.9). Freezing duration, or the duration for which the fish was 

stationary in the tank, was also recorded. Freezing duration was consistently greater in trials 

involving mutant zebrafish, however these results were not statistically significant, presumably due 

to the extremely high variability with which the mutant fish expressed this phenotype (Figure 4.9). 
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Figure 4.9. Cyp11c1 deficient male zebrafish exhibit decreased locomotor activity. In order to 

assess locomotion, cyp11c1-/ - mutant male zebrafish and wild-type siblings (n=6) were exposed to 

open field tests. Tests were repeated on three occasions, and total distance swam, fast swimming 

duration and freezing duration were recorded. Total distance swam (A+B) (11bp: 1 p=0.0265, 2 

p<0.0001, 3 p=0.0021; 47bp: 1 p=0.0045, 2 p=0.0050, 3 p=0.0045) and fast swim duration (C+D) 

(11bp: 1 p=0.0348, 2 p<0.0001, 3 p=0.0021; 47bp: 1 p<0.0001, 2 p=0.0009, 3 p=0.0009) were 

consistently reduced in both cyp11c1-/ - mutant alleles across all trials. Freeze duration (E+F) (11bp: 1 

p=0.1418, 2 p=0.0402, 3 p=0.0708; 47bp: 1 p=0.5740, 2 p=0.5740, 3 p=0.5740) was consistently 

increased in cyp11c1-/ - mutant male zebrafish, however this was only significant in one trial (E). 

Results were analysed using multiple t-tests with the Holm-Sidak method, * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001. 
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4.2.6 - Cyp11c1 disruption results in testicular disorganisation and reduced spermatogenesis 

In order to examine the impact of cyp11c1 mutation on testis morphology we collected coronal 

sections through whole adult zebrafish and performed haematoxylin and eosin (H&E) staining. The 

testes of wild-type sibling males (n=3 per allele) appeared to be well organised, with a defined 

tubular structure frequently in evidence (Figure 4.10). In contrast, the structure of cyp11c1-/ - mutant 

testes (n=5 per allele) was generally disorganised, with a defined tubule structure very rarely in 

evidence (Figure 4.10). Picrosirius red staining for collagen, a component of the seminiferous tubule 

basement membrane, gave a clearer representation of tubule morphology in cyp11c1-/ - mutant 

testes. In comparison to wild-type testes, cyp11c1-/ - mutant testes contained seminiferous tubules 

with a smaller diameter, as well as an apparent increase in the total number of tubules (Figure 4.11). 

The seminiferous tubules of wild-type testes comprised clusters of developing spermatogonia, 

spermatocytes and spermatids lining the perimeter, with mature spermatozoa in the central lumen 

(Figure 4.10). The testes of cyp11c1-/ - mutant zebrafish also contained all stages of spermatogenesis; 

however, the proportion of developing germ cells to mature sperm appeared to be much greater. 

This was accompanied by an apparent reduction in the quantity of mature sperm.  

The reduction in the sperm quantity suggested by histological examination was confirmed by sperm 

counting; both cyp11c1 mutant alleles exhibited significantly lower sperm counts compared to wild-

type siblings (Figure 4.12). No difference in gonadosomatic index, the percentage contribution of the 

gonads to overall body weight, was observed for either allele. 
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Figure 4.10. Mutation of cyp11c1 results in disorganised seminiferous tubules and reduced 

spermatozoa. The morphology and composition of cyp11c1-/ - mutant and wild-type sibling testes 

was assessed by H&E staining. The testes of wild-type sibling fish (A,B,G,H) contained defined 

seminiferous tubules whereas cyp11c1-/ - mutant testes (C-F, I-L) contained poorly defined 

seminiferous tubules and comparatively fewer mature sperm. 11bp wild-type n=3, mutant n=5; 47bp 

wild-type n=3, mutant n=5. 

  



109 
 

 

Figure 4.11. Picrosirius red staining of cyp11c1-/ - mutant testes. In comparison to wild-types (A-D) 

the seminiferous tubules of cyp11c1-/ - mutant testes (E-H) appeared smaller in diameter and also 

greater in number. 11bp wild-type n=3, mutant n=5; 47bp wild-type n=3, mutant n=5.  
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Figure 4.12. Cyp11c1 deficient zebrafish exhibit a decreased sperm count. Testes were dissected 

from cyp11c1 mutant or wild-type sibling zebrafish and briefly homogenised in a 50x mass:volume 

Řƛƭǳǘƛƻƴ ƻŦ IŀƴƪΩǎ ōǳŦŦŜǊŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ǎǇŜǊƳ ŎƻǳƴǘƛƴƎΦ /ȅǇммŎм Ƴǳǘŀƴǘ 

zebrafish exhibited significantly reduced sperm counts compared to wild-type siblings (11bp mutant 

n=6, wild-type n=8, p=0.0023; 47bp mutant n=7, wild-type n=6, p=0.0167). No change in GSI was 

observed (11bp mutant n=7, wild-type n=8, p=0.1201; 47bp mutant n=7, wild-type n=7, p=0.3046). 

Results analysed by unpaired t-tests, * p<0.05, ** p<0.01. 
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4.2.7 - Androgens are crucial for development of the spermatic duct 

Cyp11c1-/ - mutant male zebrafish were infertile in conventional breeding scenarios, but their sperm 

could fertilise eggs collected from wild-type females by IVF. This led us to hypothesize that sperm 

release could be impaired. In zebrafish, sperm is conducted from the testes to the urogenital orifice 

via the spermatic duct (Menke et al., 2011). As testicular tubule structure was found to be 

disorganised in cyp11c1-/ - mutant zebrafish, we investigated the possibility that the spermatic duct 

may also exhibit impaired development or maintenance.  

The structure of the spermatic duct was examined ventral to spermatogenic tissue of the testes and 

dorsal to the genital orifice, and was found to occupy the region posterior to the intestine and 

anterior to the renal collecting duct (Figure 4.13). The spermatic ducts of wild-type sibling zebrafish 

appeared as extensive tubular structures, with tubules containing mature spermatozoa (Figure 

4.13A+D). In contrast, the spermatic ducts of cyp11c1-/ - mutant zebrafish appeared as severely 

hypoplastic structures immediately posterior to the intestine. Cyp11c1-/ - mutant spermatic ducts 

either contained no sperm (11bp deletion: 4/5, 47bp deletion: 2/5) (Figure 4.13B+E), or existed as a 

slightly more extensively developed structure containing some mature spermatozoa (Figure 

4.13C+F).  

Sperm samples may be collected from zebrafish by manual gamete expression (Westerfield, 2000). 

In order to determine if hypoplasia of the spermatic duct resulted in impaired sperm release, we 

subjected cyp11c1-/ - mutant zebrafish and wild-type siblings to this procedure. Cyp11c1 deficient 

zebrafish exhibited profoundly impaired sperm release, although sperm was observed in samples 

obtained from some cyp11c147bp-/- zebrafish in one of two trials (Table 4.4). These cyp11c147bp-/- 

mutant sperm samples contained significantly decreased sperm concentrations compared to wild-

type siblings. 
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Figure 4.13. The spermatic ducts of cyp11c1-/ - mutant zebrafish are hypoplastic. A+D: Spermatic 

ducts of wild-type sibling zebrafish appear as an extensive network of tubules containing mature 

spermatozoa, situated between the intestine and renal collecting duct. B+C+E+F: Spermatic ducts of 

cyp11c1-/ - mutant zebrafish were comparatively smaller compared to those of wild-type siblings. 

Cyp11c1-/ - mutant spermatic ducts (arrows) appeared immediately posterior to the intestine and 

were severely underdeveloped, though some contained mature sperm. Images captured at 10x 

magnification. 11bp wild-type n=3, mutant n=5; 47bp wild-type n=3, mutant n=5. 

Table 4.4. Proportion of fish producing sperm samples during gamete expression experiments  

Genotype # of fish producing sperm sample 

First trial Second trial 

cyp11c111bp+/+  6/6 8/8 

cyp11c111bp-/- 0/6 0/7 

cyp11c147bp+/+ 6/6 6/6 

cyp11c147bp-/-  6/9*  0/6 

*2/6 samples from fish which produced sperm contained negligible sperm numbers. 
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4.2.8 - Reduced expression of pro-male and spermatogenic genes in the testes of cyp11c1-/ - mutant 

zebrafish 

Androgens, and other steroid hormones, act via their cognate nuclear receptors to influence gene 

expression (de Waal et al., 2008). In order to understand the impact of altered steroid hormone 

concentrations on gene expression in the testes, and gain insight into the molecular mechanisms 

underlying the observed phenotype, we have used qPCR to measure to expression of genes related 

to sex and gonadal function.  

Igf3 and Insl3 are important factors in zebrafish spermatogenesis, specifically involved in the 

proliferation and differentiation of type A spermatogonia (Assis et al., 2016; Morais et al., 2017; 

Nobrega et al., 2015). Both genes encoding these factors were significantly down-regulated in 

cyp11c1-/ - mutant zebrafish, potentially suggesting impairment of early stages of spermatogenesis in 

these mutants (Figure 4.14). 

The expression of dmrt1 and sox9a, both of which play important roles in male sex differentiation 

(Sun et al., 2013; Webster et al., 2017) was unaffected by mutation of cyp11c1 (Figure 4.14). Amh 

also plays a role in male sex differentiation (Rodriguez-Mari et al., 2005; Wang and Orban, 2007), 

this gene was upregulated in the 11bp deletion cyp11c1 mutant but unaffected in the 47bp deletion 

mutant. 

Expression of the androgen receptor, ar, via which 11-ketotestosterone exerts its effects on gene 

expression, was significantly upregulated in the testes of cyp11c1-/ - mutant zebrafish (Figure 4.14). 

This indicates a potential compensatory mechanism involving increased androgen receptor 

expression to scavenge for reduced androgens. 

Inhibins exert negative feedback on the hypothalamus-pituitary-gonadal axis, and may also play a 

role in Sertoli cell proliferation and spermatogenesis in vertebrates (Cai et al., 2011; Gregory and 

Kaiser, 2004; Poon et al., 2009). We observed significant down-regulation of inha in our 47bp 
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deletion cyp11c1 mutant zebrafish, however the decrease observed in our 11bp deletion mutant did 

not achieve statistical significance (Figure 4.14). 
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Figure 4.14. Expression of pro-male and spermatogenic genes in the testes of cyp11c1-/ - mutant 

zebrafish. The expression pro-male transcription factors sox9a (11bp deletion n=7, p=0.3321; 47bp 

deletion n=8, p=0.7337) and dmrt1 (11bp deletion n=8, p=0.5821; 47bp deletion n=8, p=0.4756) was 

unchanged in Cyp11c1-deficient zebrafish. Expression of the pro-male anti-Müllerian hormone was 

upregulated in the testes of cyp11c1-/ - mutant fish carrying the 11bp deletion allele (n=8, p=0.0198), 

but not changed in those carrying the 47bp deletion allele (n=8, p=0.2253). Expression of the 

hypothalamus-pituitary-gonadal axis regulator inhibin alpha (inha) was unchanged in cyp11c1-/ - 

mutant fish carrying the 11bp deletion allele (wild-type n=7, mutant n=8, p=0.1067) but 

downregulated in fish homozygous for the 47bp deletion allele (n=8, p=0.0062). Expression of the 

spermatogenic factors igf3 (11bp deletion n=8, p=0.0183; 47bp deletion wild-type n=8, mutant n=7, 

p=0.0024) and insl3 (11bp deletion wild-type n=7, mutant n=8, p<0.0001; 47bp deletion n=8, 

p<0.0001) was profoundly reduced in the testes of cyp11c1-/ - mutant zebrafish. Expression of the 

androgen receptor (ar) was significantly upregulated in cyp11c1-/ - mutant zebrafish testes (11bp 

deletion wild-type n=7, mutant n=8, p<0.0001; 47bp deletion n=8, p=0.0020). 
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4.2.9 - Expression of spermatogenesis marker genes suggests a crucial role for androgens in the 

differentiation of type A spermatogonia in zebrafish 

Having observed a reduction in the numbers of mature spermatozoa by histology and sperm 

counting, we endeavoured to deepen our understanding of the impact of androgen deficiency on 

spermatogenesis. Spermatogenesis comprises a series of cell division and differentiation events, 

whereupon spermatogonial stem cells give rise to mature spermatozoa. To this end, we measured 

the expression of marker genes for several intermediate stages of spermatogenesis (Figure 4.15). 

Nanos2 and piwil1 are expressed in type A spermatogonia (Beer and Draper, 2013; Chen et al., 2013; 

Safian et al., 2016). Significantly increased expression of nanos2 was observed in cyp11c1-/ - mutant 

zebrafish. Increased expression of piwil1 was observed in cyp11c1-/ - mutant zebrafish carrying the 

11bp deletion allele, but not in those carrying the 47bp deletion allele (Figure 4.15). Taken together, 

these results indicate an accumulation of type A spermatogonia and blockade in spermatogenesis at 

the differentiation of type A spermatogonia. No change in expression of the type B spermatogonia 

marker dazl (Chen et al., 2013) was observed, however, expression of the spermatocyte marker 

sycp3 (Ozaki et al., 2011) and spermatid marker odf3b (Nobrega et al., 2015; Yano et al., 2008) was 

significantly reduced in cyp11c1-/ - mutant zebrafish testes, indicating a reduced proportion of cells at 

the later stages of spermatogenesis (Figure 4.15). 
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Figure 4.15. Expression of spermatogenic marker genes in the testes of cyp11c1-/ - mutant 

zebrafish. qPCR was employed to measure the expression of marker genes for several 

spermatogenic stages. The expression of nanos2, a marker of type A undifferentiated 

spermatogonia, was increased in cyp11c1-/ - mutant zebrafish (11bp deletion n=8, p=0.0112; 47bp 

deletion n=8, p=0.0001). The expression of piwil1, a marker of both undifferentiated and 

differentiating type A spermatogonia was significantly increased in zebrafish homozygous for the 

11bp deletion allele (n=8 , p=0.0405), but was not changed in those carrying the 47bp deletion allele 

(n=8 , p=0.4385). Expression of the type B spermatogonia marker dazl was not affected by mutation 

of cyp11c1 (11bp deletion n=8, p=0.1213; 47bp deletion n=8, p=0.7009). Expression of the 

spermatocyte and spermatid markers sycp3 and odf3b was significantly reduced in the testes of 

cyp11c1-/ - zebrafish. (sycp3: 11bp deletion n=8, p=0.0006; 47bp deletion n=8, p=0.0008. odf3b: 11bp 

deletion n=8, p<0.0001; 47bp deletion n=8, p=0.0013). Results analysed by unpaired t-tests. * 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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4.2.10 - Expression of gonadotropins and pomca in the brains of cyp11c1-/ - mutant male zebrafish 

Expression of pomca and fshb was significantly increased in the brains of fdx1b-/ - mutant male 

zebrafish, possibly due to loss of negative feedback from cortisol and reduced expression of the HPG 

axis regulator inha (Alsop and Vijayan, 2009; Poon et al., 2009). An apparent increase in the 

expression of pomca in the brains of cyp11c1-/ - mutant males was only significant in the 47bp allele, 

though the result from the 11bp allele was approaching the significance threshold (p=0.0991) 

(Figure 4.16). Expression of fshb was significantly increased in 47bp deletion allele mutant males but 

unchanged in the 11bp allele. No change in lhb expression was recorded for either allele. 
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Figure 4.16. Expression of pomca and gonadotropins in the brains of cyp11c1-/ - mutant male 

zebrafish. An apparent increase in the expression of pomca the brains of cyp11c1-/ - mutant male 

zebrafish was only significant for the comparison in the 47bp allele (11bp deletion, wild-type n=8, 

mutant n=7, p=0.0991; 47bp deletion, wild-type n=5, mutant n=8, p=0.0006). Expression of fshb was 

significantly increased the brains of cyp11c1-/ - mutant male carrying the 47bp allele, but not in those 

carrying the 11bp allele (11bp deletion, wild-type n=8, mutant n=7, Mann-Whitney test, p=0.2228; 

47bp deletion, wild-type n=6 mutant n=7, Mann-Whitney test, p=0.0221). No change in lhb 

expression was observed for either allele (11bp deletion, wild-type n=8, mutant n=7, p=0.4749; 47bp 

deletion, wild-type n=6, mutant n=8, p=0.2188). Statistical analysis was by unpaired t-test unless 

otherwise stated. * p<0.05, ***p<0.001. 
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4.3 - Discussion 

The specific roles of androgens in testicular function in zebrafish are poorly understood. Herein, we 

have described the phenotype of androgen and cortisol deficient cyp11c1-/ - mutant zebrafish, paying 

particular attention to the roles of steroids in the development, maintenance and function of the 

male reproductive system. 

Cyp11c1 is important for production of cortisol and 11-ketotestosterone, the principal zebrafish 

androgen (de Waal et al., 2008; Tokarz et al., 2015). We have demonstrated that Cyp11c1 deficient 

zebrafish exhibit profound cortisol and 11-ketotestosterone deficiency, confirming the crucial roles 

of this enzyme in steroidogenesis (Figure 4.6). Concentrations of testosterone were unaffected by 

mutation of cyp11c1, however the contribution of testosterone to androgen signalling in fish is likely 

to be negligible as only small amounts of this steroid are produced (de Waal et al., 2008; Mindnich et 

al., 2005). Concentrations of the sex steroid precursor androstenedione were increased in cyp11c1 

mutant zebrafish, presumably due to blockage of the androgen biosynthetic pathway as well as 

shunting of precursors from the cortisol biosynthetic pathway. Like 11-ketotestosterone and 

testosterone, androstenedione also has androgen activity; however, it has a relatively low affinity for 

the androgen receptor and is considered a weaker androgen and is unlikely to be an important 

androgen in vivo (de Waal et al., 2008).  

An accumulation of androstenedione could conceivably result in increased oestrogen production, as 

the excess precursor may enter the oestrogen biosynthetic pathway. Production of oestrogens 

requires ovarian aromatase (Cyp19a1a), expression of cyp19a1a is comparatively low in the testes 

(Crowder et al., 2017; Sawyer et al., 2006) making it unlikely that excess androstenedione is 

converted to oestrogens.  

Decreased cortisol concentrations were reflected by decreased expression of the glucocorticoid 

responsive genes fkbp5 and pck1 (Eachus et al., 2017; Griffin et al., 2016) in both cyp11c1-/ - mutant 
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male adult liver tissue and in whole 5 days post fertilisation larvae (Figures 4.3+4.7), demonstrating 

the importance of Cyp11c1 for production of this steroid throughout the zebrafish lifecourse. 

Cyp2k22 is proposed as an androgen-responsive gene in zebrafish (Fetter et al., 2015; Siegenthaler 

et al., 2017), and is robustly downregulated in the livers of androgen deficient fdx1b-/ - mutant 

zebrafish (Figure 3.5) (Oakes et al., 2019). An apparent reduction in the expression of cyp2k22 in the 

livers of cyp11c1-/ - mutant zebrafish was not significant (Figure 4.7). The high variability in the 

expression of this gene, particularly in wild-type fish, is a likely explanation for this finding, and 

suggests that it may also be regulated by other factors in addition to androgen signalling. 

As with other zebrafish lines carrying mutations resulting in impaired androgen signalling, cyp11c1-/ - 

mutant zebrafish exhibit primarily female pigmentation patterns (Crowder et al., 2017; Oakes et al., 

2019; Zhai et al., 2018). These results suggest that androgens may induce expression of genes 

important for colour patterning in the fins. A recent study found that there is no difference in the 

expression of colour patterning genes in the caudal fins of wild-type adult zebrafish males and 

females (Hosseini et al., 2019). However, the caudal fin has a less sexually dimorphic appearance 

than the dorsal and anal fins, which were changed in appearance by mutation of cyp11c1 in the 

present study. Androgens clearly play a role in sexually dimorphic pigment patterning of the fins in 

zebrafish, however the mechanism underlying this effect is unclear and may involve promotion of 

male-type pigment patterning or suppression of female-type patterning. 

Cyp11c1 deficient adult male zebrafish were found to be infertile by conventional breeding methods 

(Table 4.2), however their sperm was able to fertilise eggs collected from wild-type female zebrafish 

by IVF (Table 4.3). This suggests that cyp11c1-/ - mutant zebrafish are able to produce mature sperm 

but are infertile due to another factor, such as impaired breeding behaviour, decreased 

spermatogenesis, or morphological aberration of the testes or male reproductive tract resulting in 

impaired sperm release. 
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Androgen signalling has previously been implicated in the regulation of breeding behaviours, as 

these are decreased in both androgen resistant and androgen deficient fish (Oakes et al., 2019; Yong 

et al., 2017). Here we have replicated the phenotype we previously described in fdx1b-/ - mutant 

zebrafish in our new cyp11c1-/ - mutant zebrafish lines (Figure 4.8) (Oakes et al., 2019). In addition to 

this it was found that cyp11c1-/ - mutant zebrafish exhibit decreased locomotor activity compared to 

wild-type siblings (Figure 4.9). This decrease in locomotor activity may affect our readouts of 

breeding behaviours. For example, fish which swim more slowly may have less opportunity for 

intimate contacts with their tank mate and may not be able to participate effectively in chasing 

behaviour. Locomotor activity and freezing behaviours have been linked to stress and glucocorticoid 

signalling in zebrafish; glucocorticoid receptor mutants are known to exhibit freezing behaviour and 

slower average swim velocity when exposed to the open field test (Ziv et al., 2013). This indicates 

that cortisol deficiency is likely to be responsible for the impaired locomotor behaviour seen in 

cyp11c1-/ - mutant zebrafish. Overall, a combination of cortisol and 11-ketotestosterone deficiency is 

likely to be responsible for impaired breeding behaviours in cyp11c1-/ - mutant zebrafish; as impaired 

locomotor behaviour, probably due to cortisol deficiency, must play a role, however mutation of the 

androgen receptor also produces a similar phenotype (Yong et al., 2017). 

As previously described in androgen deficient and resistant zebrafish lines, we have here shown that 

androgen signalling is dispensable for testicular differentiation, with male and female zebrafish 

present in similar proportions in cyp11c1-/ - mutant and wild-type sibling populations. However, 

histological examination of cyp11c1-/ - mutants revealed considerable disorganisation of the testes; 

seminiferous tubules appeared to be smaller and more numerous, and the quantity of mature sperm 

appeared to be decreased (Figures 4.10-4.12). The histological appearance of cyp11c1-/ - mutant 

testes was reminiscent of the phenotype described in androgen resistant and other androgen 

deficient zebrafish lines (Crowder et al., 2017; Oakes et al., 2019), thus providing further 

confirmation of the role of androgens in correct organisation and morphological development or 

maintenance of this structure. The formation of the tubular structure of the testes appears to occur 
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during the latter stages of, or after, the period of testicular differentiation in zebrafish, as tubules are 

not clearly visible until after the gonad is committed to testis development (van der Ven and Wester, 

2003). As such, it appears that the crucial role of androgens in the development of the testis tubules 

is during the period of maturation, between gonadal differentiation and adulthood.  

We have previously postulated that Sertoli cell dysfunction may be responsible for the testicular 

phenotype observed in androgen deficient zebrafish. Several Sertoli cell expressed genes, such as 

sox9a and inha, were downregulated in fdx1b-/ - mutant zebrafish, which exhibit a similar phenotype 

to that described in the present study (Oakes et al., 2019). Sox9a may be of importance in testis 

tubulogenesis (Oakes et al., 2019), as a role in this process has been proposed in a related teleost 

(Nakamoto et al., 2005). However, sox9a expression was unaffected by mutation of cyp11c1, and 

downregulation of inha was only significant in one of the two mutant lines examined (Figure 4.14). 

Therefore, the mechanisms by which androgens control appropriate testis tubule morphogenesis or 

maintenance remain enigmatic, and are exciting topics for further study. 

The decrease in sperm abundance observed in cyp11c1-/ - mutant testes by histology was 

subsequently confirmed by sperm counting (Figure 4.12). As mentioned above, the abdominal 

cavities of cyp11c1-/ - mutant fish typically contained more adipose tissue than those of their wild-

type siblings. This excess tissue was frequently firmly bonded to the testes and may have resulted in 

a small overestimation of testes weight in mutant fish, which in turn may have caused an 

underestimation of sperm count. However, the impact of this is likely to be minimal, and when 

combined with histological evidence, our results provide compelling evidence for impaired 

spermatogenesis in this mutant line.  

We have observed significant down-regulation of igf3 and insl3 in cyp11c1-/ - mutant zebrafish (Figure 

4.14), both genes are important in the differentiation and proliferation of type A spermatogonia 

(Assis et al., 2016; Morais et al., 2017; Nobrega et al., 2015). This was reflected by increased 

expression of nanos2, a marker for type A spermatogonia (Beer and Draper, 2013; Safian et al., 
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2016), and decreased expression of sycp3 and odf3b, markers of later stages in spermatogenesis 

(Figure 4.15) (Nobrega et al., 2015; Ozaki et al., 2011; Yano et al., 2008). This pattern of gene 

expression reinforces the theory that the differentiation of type A spermatogonia is a highly 

androgen dependent process in zebrafish. The specific roles of androgens in regulating 

spermatogonial differentiation in mammals is poorly characterised, however, retinoic acid signalling 

plays an important role in this process in both mammals and fish, and interplay between these 

systems has been suggested (Crespo et al., 2019; Smith and Walker, 2014). 

In addition to impaired spermatogonial differentiation, entry of type B spermatogonia into meiosis 

may also be disrupted in cyp11c1-/ - mutant zebrafish. Expression of the type B spermatogonia 

marker dazl was unchanged by mutation of cyp11c1. In contrast, expression of the spermatocyte 

marker sycp3 was downregulated, as was the spermatid marker odf3b (Figure 4.15). Spermatogenic 

arrest during meiosis has previously been reported in androgen receptor mutant zebrafish (Yu et al., 

2018). Sycp3 is a synaptonemal complex component; this structure has important roles during 

meiotic prophase including regulation of chromosome recombination (Page and Hawley, 2004; 

Syrjänen et al., 2014). 

Attempts to manually collect semen from cyp11c1-/ - mutant zebrafish revealed that sperm release is 

impaired. However, this technique may not accurately replicate the ejaculatory mechanism in 

natural breeding, and therefore the possibility of successful sperm release in natural breeding 

conditions cannot be ruled out. Histological examination revealed that the spermatic duct was 

severely hypoplastic in cyp11c1-/ - mutant zebrafish. Little is known about the development of the 

spermatic duct, however we have shown here for the first time that its development is highly steroid 

hormone dependent, and is likely to be mediated by 11-ketotestosterone. This structure may be 

thought of as comparable to Wolffian duct structures in mammals, however these structures are of 

different embryological origins and may be analogous in function alone (Matthews et al., 2018; Shaw 

and Renfree, 2014). Nevertheless, both structures appear to be highly dependent on androgens, as 
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abnormal Wolffian duct structures are frequently seen in complete androgen insensitivity syndrome 

(Barbaro et al., 2007; Hannema et al., 2006). In addition to this Wolffian duct structures are also 

absent in AR knock-out mice (Yeh et al., 2002). 

When producing homozygous mutant zebrafish lines it is important to consider the possibility of 

severely reduced genetic variance in the region surrounding the mutated target gene. This reduction 

in variation arises from the fact that the region surrounding the target gene is inherited along with 

the mutation of interest. This may result in unintended deleterious effects due to homozygosity in 

the region surrounding the gene of interest. This possibility should be considered, especially when 

unexpected phenotypes are observed; for example, in this study expression of amh appeared to be 

elevated in one cyp11c1 allele but not the other. This problem may simply be an artefact of multiple 

testing and further qPCR experiments using cDNA from additional incrosses could be used to 

eliminate this source of error. Alternatively, compound heterozygotes (cyp11c111bpdel/47bpdel) could be 

produced to ensure normal genomic variation in the region surrounding the gene of interest. 

Herein, we have described novel zebrafish lines carrying mutation of cyp11c1, which is crucial for the 

biosynthesis of 11-ketotestosterone and cortisol. These mutant zebrafish exhibit a phenotype 

characteristic of androgen deficiency and represent a novel tool for the investigation of the roles of 

androgens in male reproductive development and function. The discovery that androgens are 

essential for spermatic duct morphogenesis in zebrafish is a particularly exciting finding, and will 

pave the way for further research into this poorly characterised structure. 
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Chapter 5 - Exploring the implications of androgen and cortisol deficiency on the zebrafish testis 

transcriptome in fdx1b-/ - mutant zebrafish 

5.1 - Introduction 

Several models of androgen deficiency or resistance in zebrafish have been published (Crowder et 

al., 2017; Li et al., 2019b; Tang et al., 2018; Yu et al., 2018). Androgen deficient or resistant male 

zebrafish exhibit infertility, due to a combination of decreased spermatogenesis, impaired breeding 

behaviour and impaired sperm release. The testicular phenotype in zebrafish with impaired 

androgen signalling comprises disorganised structure and impaired spermatogenesis. Histological 

examination of the testes reveals an accumulation of germ cells at early stages of spermatogenesis, 

and this is mirrored by upregulation of spermatogonia marker genes (Figures 3.15+4.15) (Li et al., 

2019b; Tang et al., 2018). Some progress has been made towards understanding the molecular 

mechanisms underpinning impaired spermatogonial differentiation: igf3 and insl3, genes crucial for 

this process, are profoundly downregulated in the testes of androgen deficient or resistant fish 

(Figures 3.13+4.14) (Tang et al., 2018). In contrast, evidence for perturbed molecular pathways 

resulting in testis disorganisation is scarce. Sox9a is suggested to play a role in testis tubulogenesis in 

Medaka (Nakamoto et al., 2005), and a small downregulation of this gene was observed in the testes 

of fdx1b-/ - mutant zebrafish. However, this was not recapitulated in cyp11c1-/ - or ar-/ - mutant 

zebrafish lines (Figure 4.14) (Crowder et al., 2017; Yu et al., 2018). In order to identify pathways 

affected by androgen deficiency in the zebrafish testes we have performed mRNA sequencing of the 

testes of fdx1b-/ - mutant and wild-type sibling zebrafish.  

In addition to mRNA sequencing, we have performed small RNA sequencing of the same samples. 

Micro RNAs (miRNAs) are short RNA molecules (~22nt) which exert post-transcriptional repression 

on gene expression by preventing translation. Most mRNAs are suggested to be potential miRNA 

targets, indicating that miRNAs influence most, if not all, biological processes (Bartel, 2018). miRNAs 

have known roles in the development and function of the testes, particularly in spermatogenesis 
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(Mobasheri and Babatunde, 2019). For example, miRNAs are essential for spermatogenesis in mice, 

as germ cell knockout of Dicer, which plays a role in miRNA biogenesis, resulted in spermatogenic 

arrest during early stages of spermatogenesis (Hayashi et al., 2008). Furthermore, androgens appear 

to regulate some miRNAs in the testes, as suppression of androgen signalling in mice resulted in 

differential expression of 28 miRNAs in Sertoli cells, indicating a potential role for miRNAs in the 

androgen regulation of spermatogenesis and testis function (Panneerdoss et al., 2012). Several 

miRNAs play important roles in regulation of spermatogonial differentiation, a process which is 

impaired in fdx1b-/ - mutant zebrafish (Mobasheri and Babatunde, 2019). 

Paternal stress can influence the miRNA content of mature spermatozoa. Chronic stress causes 

upregulation of nine miRNAs in the sperm of male mice, and the offspring of these mice exhibit a 

reduced corticosterone response to stress (Rodgers et al., 2013). The phenotype displayed by the 

offspring can be recapitulated by zygotic microinjection of the nine upregulated miRNAs (Rodgers et 

al., 2015). These studies indicate that sensitivity of the stress axis can be programmed by a 

paternally inherited epigenetic signature, which could potentially be brought about by increased 

glucocorticoid exposure as a result of stress.  

Fdx1b-/ - mutant zebrafish are glucocorticoid and androgen deficient. We hypothesised that 

deficiency of these steroid hormones would result in differential expression of mRNAs and miRNAs 

in the testes, some of which may be important in regulation of spermatogenesis or participate in 

transgenerational inheritance. 
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5.2 - Methods 

5.2.1 - RNA isolation 

Testis tissue was obtained by dissection of humanely euthanized 131dpf adult male zebrafish. Testes 

were stored in RNA later (Thermo Fisher Scientific, California, United States) until RNA extraction. 

Total RNA extraction was performed using Trizol reagent (Ambion, Texas, United States) as per the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ŜȄŎŜǇǘ ǘƘŀǘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ƻǾŜǊƴƛƎƘǘ ŀǘ -20°C with 

addition of 10µg of glycogen (Roche, Basel, Switzerland). RNA integrity was checked on a ~1.2% TAE 

agarose gel and bioanalyser. 

 

5.2.2 - RNA library preparation and sequencing 

RNA library preparation and sequencing was performed by the Deep Sequencing Facility at 

Technische Universität Dresden. mRNA pulldown was achieved with the NEBNext poly(A) mRNA 

magnetic isolation module with 300ng total RNA input, and libraries were produced using the 

NEBNext ultra II directional RNA library prep kit for Illumina  (NEB, Ipswich, Massachusetts, United 

States). Small RNA libraries were prepared using the Nextflex small RNA seq kit v3 with 50µg total 

RNA input (Biooscientific, Austin, Texas, United States). Small RNA and mRNA libraries were 75bp 

single end sequenced on a NextSeq 500 sequencing system (Illumina, San Diego, California, United 

States) to a depth of ~10 million and ~30 million reads respectively. 

 

5.2.3 - mRNA sequencing data analysis 

Fastq.gz files produced by RNA sequencing were first trimmed using Trimmomatic version 0.39 

(ILLUMINACLIP:Trimmomatic-0.39/adapters/TruSeq3-SE.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:36) followed by removal of rRNAs by SortmeRNA version 2.1. Quality 
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control was performed using FastQC. Trimmed reads were aligned to the zebrafish genome (GRCz11) 

using STAR. DESeq2 was used in R-studio for normalisation of counts and differential expression 

analysis. Principal component analysis and heat map production was performed in R studio by the 

plotPCA and pheatmap packages respectively. Code used for mRNA sequencing analysis can be 

found in Appendix II. 

 

5.2.4 - Gene ontology term overrepresentation and KEGG pathway analysis 

Genes detected as significantly differentially expressed by RNA sequencing were filtered to remove 

genes with a base mean count of <300 and a fold change of <+/-1.5 (Additional file 1). Statistical 

overrepresentation analysis of gene ontology terms associated with differentially expressed genes 

(DEGs) was performed using GOrilla (Eden et al., 2009), with the GO biological processes gene 

annotation set. Analysis for enrichment of biological pathways was accomplished using the DAVID 

functional annotation tool to find KEGG pathways overrepresented in our list of DEGs (Huang da et 

al., 2009). The background gene list (Additional file 1) contained all genes detected in our RNA seq 

data with a base mean count of >40, this approach is suggested to reduce biological bias by 

excluding genes not expressed, or those only expressed at low levels, in the tissue of interest 

(Timmons et al., 2015).  

 

5.2.5 - Small RNA sequencing data analysis 

Initially, FastQC (Andrews, 2010) was used to perform quality assurance on small RNA sequencing 

files. Small RNA sequencing data were analysed using the Oasis 2.0 web interface (Rahman et al., 

2018). .fastq.gz files were uploaded to the web interface and processed using the following 

parameters: Danio rerio (zebrafish) genome assembly GRCz10 (danRer10), customer adapter string 

NNNNTGGAATTCTCGGGTGCCAAGG, mismatches 5% of read length, minimum length 15, maximum 
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length 50. The Oasis 2.0 web interface utilises the tools listed in Table 5.1 and aligns reads to the 

databases listed in Table 5.2. 

Differential expression analysis was also performed using the Oasis web interface. Count files were 

uploaded to the Oasis 2.0 differential expression analysis interface and the reference genome was 

set to Danio rerio (zebrafish) genome assembly GRCz10 (danRer10). miRNA and piRNA counts were 

analysed separately. 

 

Table 5.1. Tools utilised by the Oasis 2.0 web interface 

Tool Version 

Cutadapt 1.7.1 

FastQC v0.10.1 

STAR 2.4.1d 

featureCounts v1.4.6 

miRDeep2 2.0.0.5 

 

Table 5.2. Databases used for read alignment by Oasis 2.0 

Species Database Version 

miRNA miRBase version 21 

piRNA piRNAbank V.2 

snRNA Ensembl v84 

snoRNA Ensembl v84 

rRNA Ensembl v84 
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5.3 - Results 

5.3.1 - Fdx1b-/ - mutant and wild-type sibling mRNA sequencing quality control 

Quality control was performed by FastQC and MultiQC both before (not shown) and subsequent to 

rRNA removal and trimming (Figure 5.1) (Andrews, 2010; Ewels et al., 2016), and revealed excellent 

sequence quality (Figure 5.1B-D). All samples failed the per sequence GC content module and 

triggered warning for the sequence duplication level module, however only  slight left skewing of the 

GC content chart and reasonably low duplication levels were evident (Figure 1E+F). All samples 

showed biased base composition in the first 12bp of reads, this is normal for RNA seq libraries and is 

not thought to affect downstream analysis (Figure 5.1G). No overrepresented sequences were 

detected in any samples and all samples passed the adapter content module. All samples failed the 

kmer content module (Figure 5.1H) ς this is likely to be due to the random primed nature of the 

library causing kmer bias near the start of reads. 
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Figure 5.1. Quality control of RNA sequencing reads after initial processing. Quality control was 

performed by FastQC/MultiQC after trimming reads using Trimmomatic and removing rRNA reads 

using SortmeRNA. A: Samples were sequenced to a depth of ~26-32 million reads. B-D: Quality 

scores and N content indicate very high sequence quality. E: Per sequence GC content showed slight 

left skew. F: Sequencing data contained a reasonably low duplication level. G+H: Example charts for 

per base sequence content and kmer content, all other samples produced charts with a similar 

profile. 


