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Summary

The roles of androgen signalling in the differentiation, maintenance and function of the zebrafish
testis are pooly undestood. This project aimed to explore this topic by characterising the
phenotypes of androgen and cortisol deficidix1b and cypllclmutant zebrafish Homozygous
mutant adult zebrafish were found to exhibit female typgymentationpatterns, however theséish

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 titéem standard breeding scenarios,

but their sperm could fertilise eggs collected from wijgpe female zebrafish in IVF experiments.
Various phenotypes in these fish are likely to contribute to their infertility, including perturbed
breeding behaviourgjisorganised testis organisation, reduced spermatogenesisrapdiredsperm
release.Targetedgene expression analysis by qPCR reveddechregulation ofigf3 andinsl3in the

testes of mutant fishthese genes encodanportant factors for spermatogonialifferentiation.
Histological examination of the testes aadalysisof germ cell markeexpressiorby gPCR revealed

an accumulation of early germ cellfaken together these findings indicate that spermatogonial
differentiation is impaired, and that thiprocess 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 fdklb 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 miRNARB zebrafishand mammaliarspermatogenesis. In additido this, dysregulation of
several structural elements of the testes was identifigttluding the basement membraneand
Sertoli cell barrier. This is the first investigation into the mechanisms undedysogganisatiorof

testicular structure in androgedeficient or resistant zebrafish.
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Chapter 1:Introduction - Seroid 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 andriereddisease

(Lohr and Hammerschmidt, 20113teroid 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 determinatificiew et al., 2012)Zebrafish sex may also be influenced

by environmental factors including stress and temperat(Rébas et a).2017a; Ribas et al., 2017b)
Pharmacological and genetic manipulation of sex steroid signatlimgbrafishhaselucidatedthat

sex determination is highly pliable in response to these hormd@eswder et al., 2017; Lau et al.,
2016; Morthorst et al., 2010However, the specific roles of sex steroids, particularly androgens, in
sex diferentiation are poorly understood in this speci€Bhis chapter will describéhe current
literature pertaining to sex steroid biosynthesis and the roles of steroidsnd#éerentiation in

zebrafish. In addition, zebrafish testis structure and speaganesis 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 sapecity for steroid
production (Diotel et al., 2011; Tokarz et al., 2015; Weger et al., 2@t8)oid biosynthesis{gure
1.1) begins withside chain cleavagef cholesteroby Cypllal or Cyplla2 producepregnenolone
(Parajes et al., 2013Humans possess only one side chain cleavage enzyme homolog: CYPRg&1AL. T

activity of CYP11ABnd some other steroidogenic cytochrome p450 enzyrigehjghly dependent
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on electron transfer via ferredoxin reductadeD)XRand ferredoxin (FDX1}FDXR receivesdectrons

from NADPHtheseare subsequently passed to FDX1 and finally donated to CYRMilt and

Auchus, 2011)This system is also present in zebrafi@hiffin et al., 2016)Pregnenolone may be
converted to progesterone by Hsd3illin et al., 2015) Y R (G KA & A & -hydXylatdnéoS R 0 &
either of these precursors by Cypl7al or Cypl(Rellan et al., 2015Pregnenolone, progesterone

' yR ( K-Bydrbilylaked forms are precursors for mineralocorticoglucocorticoidand sex

steroid biosynthesigTokarz et al., 20)%Figure 1.).
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Figure 1.1. Postulated pathway fosteroid hormone biosynthesis in zebrafishBiosynthetic
pathways for production of steroid hormones including mineralocorticoids, glucocorticoids and sex
steroids in zebrafish. Reactions hypothesised to be affectechittation of genes in this study are
boxed in red. The minor pathway to androgen production in male zebrafish is indicated by dashed

arrows.

18



In zebrafish and humans the principal glucocorticoid is cortisol, whereas in mice and rats it is
corticosterone(Buckingham, 2006; Tokarz et al., 20IH)e pathway to glucocorticoid biosynthesis

is well conserved between humans and zebrafistigyre 1.0 ® -hydroxyprogesterone is
converted toll-deoxycortisd by Cyp2laZEachus et al., 201,7and thisis further converted to
cortisol by CypllcQliang et al., 1998the zebrafish homolog of CYP11RBike Cypllal/2,he
activity of Cyplicl in thigaction is highly dependent on the activitytbe mitochondrial electron

donor Fdx1b(Griffin et al., 2016)

In the mineralocorticoid biosynthetic pathway, pregnenolone is thought to be converted 10 11
deoxycorticosterone by Cyp21la2 followed by further conversion to corticosterone by Cy(didrg

et al.,, 1998)(Figure 1.). The identity of the principal mineralocorticoid in zebrafishumeertain,
however, 11-deoxycorticosteroneis a likely candidat€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)

w»

¢ 2 SYyadSNI (KS aSE a0 S NRB A RhydraxypraghenglanekKd® GM 1" LI { K
hydroxyprogesterone undergo further conversion by Cypl7al, producing DHEA and
androstenedione respectivelfPallan et al., 2015)These reactions cannot be catalysed by Cypl7a2

asitlacksthg’ SOS a & I NyRse activityPaillan et al., 2015DHEA may be further converted to

androstenedione by action of Hsd3b1 or Hsd8bi2 et al., 2015)Figure 1.).

The gonad is the primary site of sex steroid biosynthesis, though productitimeibrain is also
possible (Diotel et al., 2011) The principal oesbgen in zebrafish is estradiol, aridis may be
produced from androstenedione by two pathwayf-igure 1.1). In the first pathway,
androstenedione is converted to estrone by ovary specific Cypl@ditaet al.,2017) or brain
specific Cypl9alliDiotel et al., 2011) Estone is further converted to estradiol by Hsd17bl

(Mindnich et al., 2004)in the second pathway, androstenedione is converted to testosterone by
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Hsd17b3Mindnich et al., 2005pefore conversion to estradiol by Cypl9ala or Cypl9Abjgarwal

etal., 2014)

The pathway to androgen production is somewhat different in zebrafisthhumans Figure 11).

The principal active androgens in humans are testosterone anditf/drotestosterone, whereas
the principal zebrafish androgen is-ké&totestosteone (11KT}Borg, 1994; Tokarz et al., 201%his
difference in androgen production is due to the fact that zebrafish favour production of 11
oxygenated androgens from androstenedione, rathttan conversion of androstenedione to
testosterone (de Waal et al., 2008)n humangestosterone is produced in the testes and this is
converted to the more potent dihydrotestosterone at the target tissgitller and Aichus, 2011)
Unlike the situation in humangh -dihydrotestosterone is not thought to be a major androgen in

teleost fish, although production may be possifiiéargiottaCasaluci et al., 2013)

The major biosynthetic pathway fat1-ketotestosteroneproduction kegins with the conversion of

' Y RNR & G Sy S hyddxgshdrastnediomgtle Waal et al., 2008)y CypllciFernandes et

al., 2007; Fernandes et al., 20®) wnywdioxyandrostenedione is further converted to -11
ketoandrostenedione, presumably by Hsd11b2, whicHinally converted to 1KT by Hsd17b3
(Mindnich et al., 2005)As in the glucocorticoid biosynthetic pathway, reactions in the androgen
biosynthetic pathway catalysed by Cypllcl are also thought to require activity of the electron

providing cefactor Fdx1b.

In an alternative pathway androstenedione may be converted to testosterone by Hsd17b3
(Mindnich etal., 2005) ¢ KA OK Aa Ay ihgidjtes@ReyoddsldNtiadliet all 2008y M |
o0& [/ & Liv-lyOroxgtestasterone is finally converted to 11KT by Hsdi(TaRarz et al., 2015)

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

m Mmhydroxytestosterone appear to be producedaatly extremely low level¢de Waal et al., 2008)
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A reaction linking these two pathways df Yy RNR ISy LINRPRdAzOGA2Y - GKS
K& RNE E& | y RNER & (h§dyoSytestddtgréne iy Hsdiirka3, has been demonstrateditro
(Mindnich et al., 2005)out is thought highly unlikely to occur 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 undeigtoacesses. Natural
strains of zebrafish have a sknked region on chromosome 4, but this has been lost in laboratory
strains which exhibit polygenic sex determinatiiilson et al., 2014{Liew et al., 2012)This is in
stark contrast to sex determination in humanghich 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 fa8&Y
upstream ofSOXds crucial for testicular developmerin the absence oBRYhe indifferent gonad

follows the female developmental pathwdélyucasHerald and Bashamboo, 2014)

Zebrafish gnadal differentiation has been linked to a myriad génes and cellular processes

(@]

AyOt dzZRAY3 GLlpo YSRALFGSR | tidnid 2ignaling, pras@glandinsd A 3y I

signalling and the production and action of sex steroids and other horm@#asihan et al., 2012;

RodriguezMari et al., 2010; Sreenivasan et al., 2014)

Environmental factors such as temperature and stress also play a role in sex determination and
gonadal differentiationin zebrafish(Liew and Orban, 2014; Ribas &t, 2017a) For example,
increased water temperature betweeb8-32dpf resulted in an increased proportion of ma(&8bas

et al., 2017a)Effects of temperaire on sex determination are not restricted to fish species, many
turtle and crocodilian species exhibit environmental sex determinatior. example incubation of

European pond turtleEmys obicular)seggs at higher temperatures leads to all male develept.
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In the alligator snapping turtléMacroclemys temmincRioooler or warmer incubation temperatures
result in female developmentwhereas male development is more frequent at intermediate

temperatures(Gilbert, 2000)

The importance of sex steroids in sakd gonadal differentiatiorin zebrafishhas been widely
demonstrated in both genetic and pharmacological studi€se steroidogenic enzyme ovarian
aromatase (Cypl9alé crucial for production of female sex steroids in zebra#sid inhibition or
mutation of this enzyme results in female toate sex reversgFenske and Segner, 2004; Lau et al.,
2016; Takatsu et al., 2013; Yin et al., 20Tfeatment of developing zebrafish with an estradiol
analogued MM KA y & f S & dedtchdRIjhast achievedvconflicting resultwith some studies
reportingvarying degrees deminisation(Andersen et al., 2003; Brion et al., 2004; Orn et al., 2016)
whilst others report limited effects(Luzio et al., 2015Despite the impact of disrupted sex steroid
signallip on gonadal differentiation ovotestis are rarely reported in adult fish, with nearly all fish
possessing either differentiated testes or ovariEsh treated with oestrogens at different stages of
development were found to possess ovotestes at 60dp§ thay 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 sdé&mdersen et al., 2003)

Zebrafish possess three nuclesstrogen receptors (esrl, esr2a and esr2b) as well as a G protein
coupledoestrogen receptor (GPER). Mutation of thBER in zebrafish does not affect sex ratios or
ovarian function indicating that this receptor is of littleeproductive importance however,
compensatory mechanisms may be masking functionally redundant rolessqirtitein (Crowder et

al., 2018) Mutation of any of the three nucleavestrogenreceptors 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:femdlaset al., 2017)

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

'Y RNE 3 Sf 8B ym2if 2 y-Biethylietbstevone® during development causes robust
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masculinisation, producing a fertile entirely male populat{darsen and Baatrup, 2010; Lee et al.,
2017; Morthorst et al., 2010)n contrast, exposure to the arindrogen vinclozolin during zebrafish

sex differentation causes a shift in sex ratios towards females, as well as delayed testes maturation
(Lor et al., 2015)Androgen resistancgCrowder et al., 2017; Tig et al., 2018; Yu et al., 201@pults

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., 2017Yu et al., 2018)indicaing that AR function may influence

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

testicular structure and impaired breeding behavio(¥eng et al., 2017)

Androgen resistant zebrafish are still able to develop testes despite absembgen signalling
(Crowder et al., 2017)However,oestrogen resistance or deficiency leads to heavily skewed sex
ratios favouring male development, or complete masculinisaficau et al., 208; Lu et al., 2017)

This demonstrates #t oestrogens are crucial for ovary differentiation, but that androgens are
dispensable for testes differentiation. This notion is also backed up by studiegpt¥aland
cyplla2mutant zebrafish which are both androgen aoéstrogendeficient. Cypl7aland cyplla2
mutant zebrafish develop as an entirely male population albeit with absent mating behaviour and

feminised secondary sex characterisiicset al., 2019b; Zhai et al., 2018)

1.3- Androgens are dispensable for testis differentiation in zebrafish

As described above, androgen resistance does not réswgntirely female zebrafish populations
(Crowder et al., 2017; Tang et al., 2018; Yu et al., 20183 begs the question: what is the role of
androgens in the process of gonadal development in zebrafish? Whilst androgens appear to be
dispensable for tass differentiation in zebrafish, androgen resistant zebrafisesare infertile and

sharesimilar testicular phenotypeat the adult stage, comprising disorganised testicular structure
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with poorly defined seminiferous tubule€Crowder et al., 2017; Tang et al., 2018)early, this
demonstrates a role for androgens in the correetvdlopment, organisation or maintenance of the

testes somewhere between the stage of gonadal differentiation and adulthood.

Development of the zebrafish gonad begins around 10dpémwhprimordial germ cell®egin to
differentiate into gonocytegTong et al., 2010}his 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 matuf@tiaret

al.,, 2013) In presumptive male zebrafish this structure is characterised by fewer cbkgteells,
asynchronous cell growth and increased somatic cell prolifergtem et al., 2013)This is followed

by regression of the juvenile ovary through apoptosis, and development of t¢sdsda et al.,
2002) Although all presumptive male zebrafish will at some poinehdsveloped a juvenile ovary,

the extent to which this structure develops is highly varigblang et al., 2007)

The process of juvenile ovaty-testis transformation involves regression of the juvenile ovary by
apoptosis of oocytes, and development of spermatogdhlahida et al., 2002)T'he transition from
juvenile ovary to testis is accompanied by transformatdf the gonadal gene expression profile,
characterised by increased expression of -prale genes such asox9a and amh and

downregulation of prefemale genes such aypl9alaSun et al., 2013; Wang and Orban, 2007)

At the initiation of juvenile ovaro-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-g@geptotic state. This may be followed by complete

apoptosis or transdifferentiation of follicle cells to form the testis c(8dn et al., 2013)

Sox9aand cypl9alaare both highly expresseth gonadal precursor tissue atound 17dpf, prior to
the onset ofgonadalsexdifferentiation. In contrastamh is expressed at low levels dti$ stage

(RodriguezMari et al., 2005) The expression agfox9aand cypl9alabecomes sexually dimorphic at
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the initiation of gonadal differentiatioraround 21dpf; presumptive females exhibit highpl9ala
expression and lowox9aexpression, whilst the opposite pattern is observed in presumptive males
(Tong et al., 2010Expression cdimhincreases during juvenile ovatgstis transformation and this

is accompanied by downregulation ofpl9ala(RodriguezMari et al., 2005; Sun et al., 2013; Tong

et al., 2010; Wangnd Orban, 2007)This expression pattern is consistent with Sox9a acting as
positiveregulator of Amh, which in turn acts as a negative regulator of Cypl9ala, as is the case in
mammals(RodriguezaMari et al., 2005) The role of Amh in zebfiah testis differentiation is further

supported by the finding thaamhknockout results in female biased sex ratigsn et al., 2017)

The initiation of gonadal differentiain 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., 201@dleed,amh is inducible by androgens, whereas
cypl9alais repressedLee et al., 2017)Given that the initiation of gonadal differentiation appears

to be susceptible to androgens, it may seem surprising that there is no appdfeat ef 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.

Cyplicl is crucial for the production of androgens in zedlrafand the expression of this
steroidogenic enzyme only appears after the gonad has committed to testis differentigiang

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 thiptnadalexpression of the androgen
receptor onlypbecomes sexually dimorphic at 5 weeks post fertilisation (vwpéll after the initiation

of testis differentiation(Hossain et al., 2008)

In the above descriltkstudies(Larsen and Baatrup, 2010; Lee et al., 20&nRdrogen treatment
began before the proposed onset oypllclexpressionWang andOrban, 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 conditionBespite 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 - Androgensmay promote correct development and organisation of the testes by maintaining

expression of premale genes

After the initial stage of testis differentiation, the expression of-prale genes is maintained in the
testes through to the adult stage. The crcdiole of androgens in orchestrating organisation of the
adult gonad may centre on maintaining expression of-piale genes after the initial stage of
gonadal differentiation. The abnormal testis structure observedndrogen resistanzebrafishis

likely to result from dysregulation of androgen dependent genes, after the initial stage of testis
differentiation. The necessity of androgens for correct regulation ofrpate genes is evidenced by
dysregulation of these genes in androgen resistant zebrdifigs at the adult stage, for example
dmrtl is downregulated imar’” mutant zebrafish(Crowder et al., 2017)The impact of impaired
androgen signalling oamh expression is uncertain, @snflicting results are reporteCrowder et

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

In addition to its important role in juvenile ovatg-testis transformation(Sun et al., 2013k0x9%a
plays important roles in further development and maintenance of the testes. A role &woxa
homolog, sox9a2,in testis tubule development has been suggested in med&kyzas latipes
another teleost fish specie@Nakamoto ¢ al., 2005) The importance of Sox9 homologs in testis
tubule maintenance is also supported by findings in mouse models. VBoa@expression was
inadivated after sex differentiation, abnormal testis tubules were observed. When combined with
mutation of the related transcription factd®ox8 tubular structures wre completely absent in the

testes(Barrionuevo et al., 2009)
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Dmrtlis a highly conserved pmmale transcription factor expressed in the germ cells and Sertoli
cells of the testes in zebrafisfWebster et al., 2017)Expressiorof dmrtl becomes sexually
dimorphic during gonadal differentiation with high expression detected in presumptive testes and
low expression detected in presumptive ovaries at 28dpf awgf§Schulz et al., 2007; Webster et
al., 2017) Expression afimrtl at 40dpf can be induced by androgen treatment during the period of
gonadal differentiation(Lee et al., 2017)Mutation of dmrtl causes a sex bias favouring female
development; some fish develop as males but these are infertile, with hypoplastic témstkng

organised tubule structure and devoid of spermatof@déebster et al., 2017)

Overall, the maintenance of exogenousandrogen treatment duringthe period of gonadal
dewelopment results in upregulation of pmmale genes gmh, dmrtl, gsdf subsequent tothe
initiation of gonadal differentiationLee et al., 2017Whilst irdepth investigation into the roles of
these premale genes in testis tubule development is currently lackirig clear that androgens play
an important role in correct testis morphogenesis beyond the initial stages of dgbna

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 Lesikgaad

blood vesselswhereas the tubular compartment is the site of spermatogenesis. The seminiferous
tubules are bounded by a basement membrane and peritubular myoid aaliiscontain Sertoli cells

and developing germ cel{Schulz et al., 201Qfrigure 1.2.

In contrast to humans, zebrafish exhibit cystic spermatogenesis. iShisharacterised by

synchraously developing clonally identical germ sedinveloped by Sertoli cellg this is a
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spermatogenic cyst, the functional unit of spermatogenesis in 8glermatogenic cysts are located

at the periphery of seminiferous tubules whereas mature spermatozeafeund 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 lurfehulz et al., 2010)
Spermatogenesidegins with an undifferentiated spermatogonium enveloped by Sertoli .cells
Initially cysts are comprised of just one or two Skrtells but this number increases throughout
spermatogenesis particularly up until the spermatocyte stagfeal et al., 2009)Type A
spermatogonia undergo several mitotic divissdn eventually produce type B spermatogorflzeal

et al., 2009) these cells eventually differentiate into spermatocytes and enter the meiotic phase
(Schulz et al.,, 2010¥rom which they emerge as spermatidsollowing the meiotic phase of
spermatogenesis, spermatids undergo significant differentiation to produce mature spermatozoa

(Schulz et al., 2010yhich are finally released from cysts into the tubule lunieigyre 1.2.

Androgensare clearly important in zebrafish spermatogenesis as androgen receptor mutant
zebrafish have reduced number of germ cel(§ang et al., 2018)n addition to this, fish exhiting
oestrogeninduced androgen insufficiency exhibit impaired spermatogonial differentiggen\Waal

et al., 2009)
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Tubular [

Androgens

Sertoli cell Peritubular myoid cell

Interstitial Leydig cell

Figure 1.2.Spermatogenesis andrganisation of the testes in zebrafisthe testes are organised

into a basement membrane bounded tubular zone and an interstitial zone. The tubular zone
comprises Sertoli cells and germ cells. Zebrafrmatogenesis proceeds in a cystic fashidmne
clonally identical germ cells are isolated in a dgsined by Sertoli cells. Thesgysts are located
towards the periphery othe seminiferous tubules. Eventuallynature spermatozoa are released
into the seminiferous tubule lumen. Inset: H&E stained zebrafish testis section exemplifying the
tubular structure of zebrafish testesa closeup of the boxed zone is also displayedith
spermatogenic cystdemarcatedby dashed outlines. Leydig cells are thersid producing cells of

the testes and ee located in the interstitiazone;these cells produce androgens, which signal to a
variety of cell types, including Sertoli cells. S-Aundifferentiated type A spermatogonia, SgxA
differentiating typeA spermatogonia, SG type B = type B spermatogonia, SC = spermatocyte, ST =

spermatid, SZ = spermatozoa.
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1.6 ¢ Aimsand objectives

Sex steroids clearly play an important role in gonadal differentiation and functicrebnafish;
however, the specific role of these steroichormones, particularly androgenare poorly defined.
This workaimed to enhan@ our understanding of steroid hormon@s such processes, benefitting
the development of the zebrafish as a model for endocrine disruption. This work nmawpidl®ur
understanding of the impact ofnvironmental endocrine disrupting chemicalson fish sex

developmentand reproduction

Previous studies have utilised androgen receptor (AR) mutant zebrafish to study androgen signalling
in this speciegCrowder et al., 2017However, we have chosen to use androgen deficient zebrafish
rather than androgen resistant zebrafish. In canonical androgen signhadimiyogens bind the
androgenreceptor, which then translocates to the nucleus and influences gene expression. In
addition to this canonical signalling mechanism, androgens may also exert biological effectsin a non
AR mediated manner. For example the phenotypepkdi2”~ mutant zebraish embryos could be

modulated by androgen treatment in a manner independent of AR sign@ifatgner et al., 2020)

Initially, we investigatel the impact of mutation of the steroidogenic céactor Fdx1b on
steroidogenesisThis wasfollowed by characterisation of reproductive phenotypes in thesh, fis
including feminisation of secondary sex characteristics, infertility, impaired breeding behaviour,
decreased spermatogenesis and testis disorganisafiangetedgene expression analysis wased

to further characterise these phenotypes and to shedtlgthunderlying molecular mechanisms.

In parallel to this work, CRISPRsS9 genomic ediity wasused to produce zebrafish carrying
mutations in a steroidogenic enzyme to which Fdx1b #actor ¢ Cypllcl. Characterisation tbiis
new zebrafish line waperformed to confirm the roles of androgens and cortisol in reproductive

phenotypes in zebrafish.
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Finally, transcriptomic analysis of the testedd#Lb’ mutant zebrafish was performed. Thifowed
in-depth investigation of androgen regulated processees the zebrafish testis, as well as
investigation ofmolecular mechanisms underlying poorly understood phenotypegesturbed

androgen signallingsuch as structural disorganisation of the testes.
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Chapter 2: General materials and methods

2.1- Zebrafidh husbandry and ethics

Adult zebrafish were maintained in a recircutgtisystem (ZebTECTM, Tecnipl&sittering, UKand
Sheffield, UK) at 28.5°C @an 10:14 dark/light photoperiod. Embryos were obtained by natural
spawning and incubated at 28.5°C in E&dimm (5mmol/L NaCl, 0.17mmol/L KCI, 0.33mmol/L £aCl
0.33mmol/L MgSO04). All fish were humanely euthanized by administration of the anaesthetic
tricaine mesylate (Pharmag, Fordingbridge, Hampshire, UK) followed by decapitation or destruction
of the brainby piercing of the skull with a needl&he ages of fish used in each experiment are
indicated inTable 2.1 All procedures involving zebrafish were performed in compliance with local

and UK animal welfare laws, guidelines and policies.

2.2 - Genotypingof 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 disruptionfdk1b. Thisfdx1b mutant allele (allele number
UOB205) contains a 12bp deletion @xon 4, resulting in a 4 amino acid-frame deletion
(c.295_306del; p.Cys99_lle102del) in a functionally conserved rAstihis mutation irffdx1bis 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 stabili¢@riffin et al., 2016)Adult fdx1b" mutant zebrafish and wiltype
siblings were produced by incrossing heterozygotes carryingidkgb mutant allele. Progeny of
fdx1bheterozygote incrosses were anaesthetised in 4.2% tricaiegytate and a small biopsy of the
caudal fin was transferred to 100ul 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 10ul 1M Tris pH8. Genotyping

was achieved by PCR amplifii A2y O FRNBE/NR ¢p@c¢! DD! D/ ! ¢D/ DX
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TTCCGTAAGCCAAATCCAGC) of the targeted genomic region and separation of the PCR products on a
3% TAE agarose gel. Single bands representingtypid (133bp) or mutant (121bp) fish were

observed, as welas triplet PCR products representing wijgbe, mutant and heteroduplex PCR

products produced from heterozygous figfiqure 2.).

Figure 2.1. Genotyping didx1b heterozygous incrosse?CR amplification of the genomic region
containingfdx1b mutations, followed by separation of PCR products on a TAE agarose gel, allowed

identification of wildtype (W), heterozygous (H) afdik1b’™ mutant (M) zebrafish.
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Table 2.1. Ages of fislised in each experiment.

Method fdx1b cyplicl
Morphology 73dpf, 125dpf, 243dpf 11bp 146dpf
47bp 154dpf
Biometric Many stages. 11bp 146dpf
47bp 154dpf
Steroids 205dpf ~153dpf
Fertility ¢ marbling/ ~4-7 months post fertilisation Males 11bpg 121-148dpf
pair mating
Females 11bg 121-148dpf
Males 47bpg 114-142dpf
Females 47bg 96-112dpf
Males- (breeding behaviour6-110dpf
Fertility ¢ IVF <1 year 11bpg 127dpf
47bp¢ 145dpf
Sperm release ~4-9 months ~3-6 months
Breeding behaviour ~4-9 months 96-110dpf
Open field test 231-244dpf 99-112dpf

Histology Juvenileg 21, 25, 31, 38dpf 11bp 146dpf
Adult ~160dpf 47bp~15apf
Sperm counting <1 year 127-145dpf

gPCR Testes, ovary, liver159dpf Testes, liver, brain136-138dpf
Brain¢ M: 146dfp, F: 11 months

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

RNA segencing 131dpf

dpf = days post fertilisation, bp = base pairs
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2.3- Targeted genetic disruption ofypllicl by CRISPRas9

To achieve genetic disruption ofpllclwe have utilised the SygRNA two part system (Sigma, St.
[2dzA a3 aAdazdNAz | yAGSR {dGFrdSaoo ! ONWDb ! G NBS
protospacer adjacent motif (PAM) was designed to target exon 2 ofcypllcl
(ENSDART00000185978.1). A 4pdtumé containing 0.1uM custom crRNA, 0.1uM tracrRNA (Sigma,
St. Louis, Missouri, United States), 1ul phenol red and 1ul Cas9 (#M0646, NEB, Ipswich,
Massachusetts, United States) was prepared and ~1nl was injected into embryos atdhesthge.

The targéed Cas9 cut site was overlapped by a Bsll restriction site allowing for simple screening for
mutant alleles by restriction digesFigure 2.2. The targeted genomic region was amplified by PCR
and digested with Bsll (NEB, Ipswich, Massachusetts, Unitdespfor 35 hours at 55°C. Injected
embryos (FO) were raised to ~4pf and outcrossed to unrelated wiltype fish. The progeny of
these fish (F1) were screened for disruptiorcgpllcland out of frame mutations were identified

by DNA sequencing on &30 DNA Analyser (Applied Biosystems, Foster City, California, United

States). F1 fish were outcrossed to unrelated Myioe fish to produce an F2 generation carrying

stable mutations in exon 2 @fypllclin heterozygotes.

35



A

Cas9 site
PAM

cyplicl: 5’ -CCCATGGACACCGGTGAGCTGTTCCGCTCGGAGGGTCTTCACCCGCGCCGCA-3’

crRNA: 3’ -GUUUUGUCGUAUCGAGAUUUUGGAGCCUCCCAGAAGUGGGCG-5"

NARNARRAARRARRNNRRNR
RNA

I
tracr

Cas9

_—

injected uninjécted

Figure 2.2.Cyp11cl1CRISPR design and screen assayA Awo part CRISPR system was used to
generate mutations incypllcl B: To screen for introduction of mutations in toypllclthe
targeted genomic region was amplified by PCR and the resulting product was digested With Bs
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 uner 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, Gottingen, Germany) and freeze dryingo¥pately 50mg of the

dried samples were transferred to a 2ml microcentrifuge tube and resuspended in 900yl ultrapure
deionised MilliQ water (Millipore, Burlington, Massachusetts, United States) and 100ul MilliQ water
containing deuterated internal standar (15ng D<4cortisol, D817"-hydroxyprogesterone, D7
androstenedione and 1.5ng B&stosterone). 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, Georgj 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 tertiafyutyl ether (MTBE) (1:3). Theellet 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

150ul 50% MeOH prior to analysis.

Prior to resuspension in 508eOHand after drying under nitrogen, an additional processing step
was used for samples frorfux1lb” mutant zebrafish and wiltype siblings. Dried residuevas
resuspended in 1ml MeO&hd eluted through a Phree column (Phemenex, Torrance, California,

United States) to remove remaining phospholipids. The column was washed with an additional 1ml
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MeOHand the resulting 2ml eluent was dried and resuspended in 150ul 50% MeOH ¢(pidcl
samples) prior to analysis. Steroidenr® separated and quantified using an Acquity UPLC System
(Waters, Milford, Connecticut, United States) coupled to a Xews T@hdem mass spectrometer

(Waters) as previously describé@d'Reilly et al., 2017)

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

Breeding was conducted to assess the fertility of ldand Cypllcldeficient zebrafish. Wo
common methods were employed: marblingdX1b” mutants and wildtype siblings only)
(Westerfield, 2000jand pair mating. The pair mating technique was used to outcnosgnt fish

and wildtype siblings to unrelated wittype fish. Wildtype fish could be sexed by camntional sex
differences whereas mutarfish were sexed based on presenakea rounded abdomeror genital

papilla whichare indicative of an ovary. On the afternoon prior to a breeding trialnautant or
wild-type sibling fish was transferred to a paiating tank, along with an unrelated witgipe 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 slos 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¥@s8 f dzYS | | y1 Qa o
alfG az2fdziAzyd ' ff CREMO LxC |yR &ALISNY O2dzyiAy3
salt solution(Jing et al., 2009vhereas Cypllcl experiments utilised solution supplied by Sigma

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

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

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

obtained by testes dissection was added, followed by 400ul of aquarium water to activate the
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sperm. After 2 minutes a further 2ml of aquarium water were adid@Vesterfield, 200Q)
Fertilisation of eggs was confirmed by visualization under a dissecting microscope at low
magnification andfertilised eggs weraaised & 28.5°C to 5 days post fertdison (dpf) before

culling.

For sperm countingsamples werecollected by disseatn of humanely euthanized adult males to
remove the testes followed by gentle homogsation of testis tissue in a 100fdk1b’ mutants and
wild-type siblings) or 50xcypllc? mutants and wildtype siblings) mass:volume dilution with

I Iyl Qa altsbliutighO18Rof sperm solutions were transferred to each counting chamber of

a duatchamber Improved Neubauer haemocytometer (Hawksley, Sussex, UK) and the number of
sperm in each sample was counted in duplicate, according to the protocol specifteé WHO
Laboratory manual for the examination and processing of human sd€ivend HealthOrganization,

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

tissue weight] x 100.

To assess sperm release, mutant and syjge sibling male zebrafish were anaesthetised and semen
was collected by strokingf the abdomen with blunt ended forceps (Millipore, Burlington,
Massachusetts, United States) followed by aspiration of expelled fluid in a microcapillary tube and
OGN YyATFSNI G2 wpxt 2F A0S O2ftR I IylQa olnfmhed OSR

by visualisation under a 20x objective.

2.7 - Behavioural analysis

For analysis of breeding behaviours, fax1b’ or cypllcl” mutant male zebrafish or wildype
siblingmale was paired with a wildype female fish on the evening before breegiras 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 weranalysel. Intimate contacts, where fish touched or crossed one another,
and total time fish spent exhibiting chasing behaviour was recorded. Any instdrereone fish was

closely following the other was classified as chasing behaviour.

In addition to breeding beaviour, the response dtix1b’ and cyp11lcl mutant male zebrafish to

an open field test was analysed. Fish were transferred individually to an opaque testatahk,
F2fif26Ay3 (GKAEA (GKS FTAAKQa Y20SYSy(da eZhNBabi NI O1S
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- Haematoxyin 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 fiskere then decalcified in 0.25M EDTA pHS8 for 4 days
followed bytransfer to 70% ethanchnd storage at 4°C. The head acaldal 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&8pfwere fixed in 4% PFA for 2

days, and decalcified in 0.25M EDTA pH8 for a further 2 loefgse processingFollowing this,
samples were embedded in paraffin wax and 5um sections were cut through the gonad. For
haematoxylin and eosin (H&E) staining, sarepl@re dewaxed and rehydrated by transfer through

I AaSNASa 2F SGKry2t olGKa |4 RSONBlIaiAy3a O0O2yO0!
haematoxylin for 1 minute before washing tap waterand dehydration by transfer throughn
increasing ethanol conogration series. Samples were stained with 1% eosin in 95% ethanol for 30
seconds and subsequently washed in absolute ethanol. Samples were transierxgtene and

mounted using DPXountant.
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For picrosirius red staining, slides were dewaxed in xylerkrahydrated 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 acidifiedvater (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 genegpiicl’ larvae, the progeny
of an incross otypllcl” 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 lwvae were sorted into twogroups: lightly pigmented (VBA+, mainly wiyge or
heterozygotes) and darkly pigmented (VBAainly homozygous mutants). VBA+ or VBdvae

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

In order to quantify gene expression in ada#tbrafish, fish were humanely euthanized, dissected

and the liver, testes and brain collected by shap freezing on dryfael RNA was é&acted from

liver, testesand brainusing Trizol (Ambion, Texas, United States). 1ug of liver or gonad RNA, or 3ug
of brain RNA, was used for a first strand cDNA synthesis reaction using the Superscript Ill kit (Thermo
Fisher Scientific, California, United States) and 20mer oligo(dT) primers (IDT, Coralville, lowa, United
States). qPCR primers were taken from previpyslblished studies or designed using primer3
(Untergasser et al., 2012nd are listed inTable2.2. Each primer pair was determined to have an

amplification efficiencyf between 968110% and an®Ralue of >0.98.

For measurement of gene expressiorfdnlb’- mutant and wildtype sibling zebrafish 10ul reactions
consisting of 5ul of PowerUP SYBR Green Master Mix (Applied Biosystems, California, United States),

1ul forward and reverse primers (1000nM), 1ul cDNA and 3 Were run on a 7900HT Fast Real
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Time PCR System (Applied Biosystems, California, United States). gP@&elatalysel using the
Pfaffl method(Pfaffl, 2001 with elongation factor 1 alphae{la) as the reference gene. Fold changes

in gene expression are displayed relative to expression intyylel male tissue.

For measurement of gene expression égpllcl” mutant and wildtype sibling zebrafish GoTaq
gPCR master mix (Promega, Madison, Wisconsin, United States) was utilized in reactions containing
1pul cDNA synthesis product and specific primers at 1000nM. Reaatiere run on a 7900HT Fast
RealTime PCR System (Applied Biosystems, California, United Sygd)lclgPCR datavere
analysel using the Livak methofLivak ad Schmittgen, 200Wvith elongation factor 1 alphae{la)

as the reference gene. Fold changes in gene expression are displayed relative to expressien 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 mostbr&in tissue from
around the brain. A small amount of bone including the sphenehich 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 @xession in adult zebrafish brains, Tagman assays were utilised. Tagman probes
specific to zebrafiskefla, pomca, fdmand Ihb (Thermo Fisher Scientific, California, United States)
were used to quantify expression of these genes. Tagman gPCRvea@nalsed using the Livak

method (Livak and Schmittgen, 2001)
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Table2.2. qPCR primer sequences.

Gene Forward Reverse R 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.
cyplla2 TGGAGGAACAGCCTGAAAAG| TTCACACTTTCATAGAATCCAA 0.9980 | 93 Thisthesis
cypllicl AAGACGCTCCAGTGCTGTG | CCTCTGACCCTGTGATCTGC | 0.9989 | 96 This thesis
cypl7al AGTTGCAAAGGACAGCTTGG | GCTGCACGTTATCACTGTAG(C 0.9991 | 108 Thisthesis
cypl9ala | ACAAACTCTCACCTGGACGA | AGTCTGCCAGGTGTCAAAGT | 0.9999 | 103 Thisthesis

cyp2k22 CGCTGTCAAACCTACGAGAC | GGGGCAGTTTTGTTTCAAATG 0.9979 | 108 Thisthesis

dazl ACTGGGACCTGCAATCATGA | AATACAGGTGATGGTGGGGC| 0.9998 | 98 Thisthesis

dmrtl GGCCACAAACGCTTCTGTAA | ATGCCCATCTCCTCCTCTTG | 0.9984 | 104 Thisthesis

efla GTGGCTGGAGACAGCAAGA | AGAGATCTGACCAGGGTGGT]| 0.9964 | 99 Thisthesis

fkbp5 TTCCACACTCGTGTTCGAGA | ACGATCCCACCATCTTCTGT | 0.9989 | 104 (Griffin et al., 2016)
foxI2a CCCAGCATGGTGAACTCTTAQ CGTGATCCCAATATGAGCAGT 0.9945 | 91 (Crowder et al., 2017)
foxI2b GCTCACTCTATCCGGCATCT | CTGTTCATGAAGCCCGACTG | 0.9993 | 98 Thisthesis
hsd17b3 CCAAATACCCTGCAAGCTCC | TCTGCTGCATTCCTGGTAGT | 0.9956 | 102 Thisthesis

igf3 GTAGACCAGTGTTGTGTGCG| ATTCCTCATCTCGCTGCAGA | 0.9982 | 95 Thisthesis

inha CAGAGCTGTGCACCATGTAG | CCAGGTCCAGCATCAGAAGA| 0.9972 | 97 Thisthesis

insl3 TCGCATCGTGTGGGAGTTT | TGCACAACGAGGTCTCTATC( 0.9994 | 110 (Safian et al., 2016)
nanos2 AAACGGAGAGACTGCGCAGA| CGTCCGTCCCTTGCCTTT 0.9996 | 92 (Safian et al., 2016)
odf3b GATGCCTGGAGACATGACCA, CAAAGGAGAAGCTGGGAGCT| 0.9965 | 92 (Assis et al., 2016)
pckl TGACGTCCTGGAAGAACCA | GCGTACAGAAGCGGGAGTT | 0.9980 | 99 (Griffin et al., 2016)
piwill ATACCGCTGCTGGAAAAAGG | GCAAGACACACTTGGAGAAC( 0.9988 | 90 (Safian et al., 2016)
sox9a CGGAGCTCAAAACTGTG CGGGGTGATCTTTCTTGTGC | 0.9981 | 106 Thisthesis

sox9b AGACGCAGATCTCCACCAAT | CCGCTTCAGATCCGCTTTAC | 0.9952 | 109 Thisthesis

star TTGAACAAGCTCTCCGGACC | TCACTGTATGTCTCCTCGGC | 0.9979 | 110 Thisthesis

sycp3 AGAAGCTGACCCAAGATCATT AGCTTCAGTTGCTGGCGAAA | 0.9981 | 95 (Assis et al., 2016)
znrf3 GCTAAGTTCAAGGGTCAGCG| TTCTTGTGGAATCGGTGTGC | 0.9975 | 100 Thisthesis
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2.10- Statistical methods

All statistical analyses were conducted using Graphpad Prism (Gra@détadare, San Diego,
California, United States). Data normality was assessed nsimgality tests available in Graphpad
Prism, includingshairo-Wilk, 5 Q! 3 2-Reérdogad KolmogorosBmirnovnormality tess. When
data were not normally distributed, outliers were identified using the ROUT method. Normally
distributed data vere analyse using unpairedi-tests or ANOVA Data that was not normally
distributed wasanalyse using ManAVhitney or KruskalWallis tests Open field ést datawere
analysed using multipletests with the HolmSidak method to correct for multiple comparisolBgar
graph error bars represent the standard error of the me&matistical significances are reported

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

feminisation in zebrafish

Summary

The roles of steroids in zebrafish sex differentiation, gonadal developrardtfunctionof the adult
gonad are poorly understood. Herein, we have employed a ferredoxifdgblj mutant zebrafish to
explore such processes. Fdx1lb is an essential eleptmriding cofactor to mitochondrial
steroidogenic enzymes, which are crucial for glucticoid and androgen production in vertebrates.
Fdx1H8" zebrafish mutants develop into viable adults, in which concentrations of androgens and the
glucocorticoid, cortisol, are significantly reduced. Adiittix1b’~ mutant zebrafish display
predominantly fenale 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 nidiéb’" mutant
zebrafish do not exhibit characteristic breeding behaviours, and sperm production is reduced,
resulting in infertility in standard breeding scenarios. However, eggs collected frortypdd
females can béertilised by the sperm ofdx1b’” mutant males by IVF. The testesfdk1b’~ mutant

males aredisorganisedand lack defined seminiferous tubule structure. Expression of several pro
male and spermatogenic genes is decreased in the testédxab’~ mutant males, including pro

male transciption factor SRYox 9a $§0x9g9 and spermatogenic genes insulike growth factor 3

(igf3) and insulinrlike 3 (nsl3. This study establishes an androgend cortisoldeficient fdx1b
zebrafish mutant as a model for understanding the impacts of sterefitidncy on sex development

and reproductive function. This model will be particularly useful for further investigation of the roles
of steroids in spermatogenesis, gonadal developmeamd regulation of reproductive behaviour,
thus enabling further eludation 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 subjectwihich to elucidate how abnormalities of
steroid metabolism and signalling contribute to the endocrine disruption of reproductive physiology

and other sexspecific characteristiddiew and Orban, 2014)

Mitochondrial cytochrome P450 enzymes are crucial for steroidogenesis, and their activity requires
electron transfer from cofactors inding Ferredoxin 1 (FDX1(Figure 1.} (Midzak and
Pamdopoulos, 2016)In humans, FDX1 is an importantfactor to the steroidogenic cytochrome
P450 sideOK I Ay Of SI @3S Syl eyvyS o/ ,t vmm! m0 ZhydrokyRgead § SN2 Y
(CYP11BIMidzak and Papadopoulos, 2016DX1, and the associated ferredoxin reductase, act as
sequential electrondonors, facilitating transfer of electrons from NADPH to cytochrome P450
enzymes (Midzak and Papadopoulos, 2016)his process is crucial for processing of target
substrates. The zebrafish ortholog of FDX1, Fdx1b, appears to be the ejeiuiting cofactor to

the steroidogenic cytochrome P450 sidean cleavage enzymes (Cypllal, Cyplla2?) and
Oe i 2 OKNZ Y Shydtoxylpse (Cypilicl), however, these functions have not been definitively
proven. Cypllal and Cyplla2, homologs of CYPXbAdlysethe conversion of cholesterol to
pregnenolone, while Cypllcthe zebrafish homolog of CYP11B1, catalyses thénjdroxylation of
11-deoxycortisol to produce cortis¢Griffin et al., 2016)Cypllcl may also facilitate conversion of
the mineralocorticoid 1ideoxycorticosterone to corticosterone in teleost fi€hiang et al., 1998)
PYEA1LS AY Dhydieylase ds>postulatéd to play a crucial role in gonadal androgen
aeyikSara Ay 1 So-Mbrdxyaida df antitoges precursorBighire i) Zérafish
possess two ferredoxin 1 paralogex1 and fdx1bh We have previously shown th&ix1b'~ mutant

larvae are profoundly glucocorticoid deficient wherefasl morphants displayed a severe early

developmental phenotypéGriffin et al., 2016)FdX.b deficientlarvae exhibit decreased expression

46



of glucocorticoid responsive genes phosphoenolpyruvate catinage 1 fckl) and FK506 binding
protein 5 ¢kbp5), a glucocorticoid receptor chaperone protein. Expressiopofl and fkbp5 does

not appreciably increase after a stressor is applied, indicating an absent or heavily attenuated
cortisol response to stres3he 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, gnads, 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. HogoosyAR mutant males
possess testes witlisorganisedseminiferous tubules, and are inferti{€rowder et al., 2017; Tang

et al., 2018) Mutation of the AR has also been linked to impaired courtship behayitumg et al.,
2017) and defectve spermatogenesigYu et al., 2018)Exposure of zebrafish to the androgen
trenbolone during development causeshbust masculinisatiofLarsen and Baatrup, 2010; Morthorst

et al., 2010) whilst antiandrogen treatment causes a shift towards female development and

delayed testes maturatiofLor et al., 2015)

Herein, we have useddx1lb’”™ mutant zebrafish to investigate the roles of Fdx1lb in androg
biosynthesis, sex differentiation and development, gonadal functma reproductive behaviour in
zebrafish. Fdko deficient male zebrafish exhibifeminisation of secondary sex characteristics,
decreasedandrogen production, disorgarm@d testicular stucture, decreased spermatogenesis,
abnormal reproductive behaviour and infertility. Our results suggest that Fdx1b is the key electron

providing cefactor to Cypllcl in glucocorticoid and androgen biosynthesis in zebrafish.
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3.2- Results

3.2.1- Morphological characterization and feminisation of secondary sex characteristidsbdb’"

mutant zebrafish

Morphological secondary sex characteristics in zebrafish inclhmgy and fin pigmentation,
abdominal shape and the prominence of the genital papiAndrogens 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 afiixlb heterozygous mutant ktross to
adulthood, it was observed that the homozygous mutant population displayed only female
pigmentation patterns. Dissection of these mutant fish revealed that &dufth’” mutant zebrafish
possessed either testes or ovariegsgite their external appearance as female. No bias towards
ovary or testis development was observed in homozyddusb mutant zebrafish compared to wild
types, and inheritance of th&dx1b mutant allele followed Mendelian ratios. At the earliest stage
examined, which was 73dpf, directly after genotyping bydiipping, wildtype males and females
could be readily distinguished by sex specific differences in pigmentation of the dorsal fistypild
males exhibited a pale or transparent dorsal fin, wherdamales exhibited a greerellow
pigmented fin Eigure 3.). Allfdx1b’ mutant fish displayed female type pigmentation of the dorsal
fin, irrespective of gonadal sex. In older wiyghe fish, differences in the coloration of the anal fin
also became gmarent. Wildtype male zebrafish have dark bluend goldenstriped anal fins. Blue
pigmentation is similar in male and female wiighe zebrafish whereas the orange pigmentation is
reduced or absent in wiltype females Figure 3.). We observed an absemoof dark golden
pigmentation in the anal fins dflx1b’™ 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 infdx1b” mutant males. Wildtype 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 mutatidddfb and could be used
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to robustly predict gonadal se¥dx18” mutant males were larger than wiltype sibling malesand
both length and weight were significantly increaséaix18~ mutant females were found to be
significantly heavier than wittype female siblings, but no differenae length was recorded~gure

3.2).

WT Male WT Female Fdx1b"-Male Fdx1b” Female

3mm 3mm 3mm 3mm

73dpf

o oI
R s S 1Y D

243dpf

159dpf

Figure 3.1.Feministion of secondary sex characteristics 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 yellggeen 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 adulthado obvious difference in

macroscopic gonadal morphology was observed.
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Figure 3.2. Increased length and weight in adfd1b’~ mutant male zebrafishA: Fdx18” mutant
zebrafish (males n=15, females n=15) were on average heavier thatypeldidings (males n=11,
females n=4) (ANOVA with multiple comparisons, p=<0.0001) despite identical feeding regimens and
maintenance at similar stocking densities. Méd&1b’" mutant zebrafish (n=16) were also longer
than wildtype sibling males (n=9), no féifence in length was observed between feméds1b”

mutant zebrafish (n=15) and wigype 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 iKetotestosterone and cortisol ifidx1b’~ mutant zebrafish

Fdx1b is a cofactor for the steroidogenic enzymes Cypllal, Cyplla2 and Cyplilcl. Cypllal and
CypllaZatalysethe first stage in steroid biosynthesis: conversion aflekterol to pregnenolone

(Parajes et al., 2013Cyplilcl is required for the final step of cortisol biosgnthA 4 = | &- St € |
hydroxylation of androstenedione in the androgen biosynthetic pathwagkarz et al., 2015)

/ @LImmMOM Y| & I f &2-hydréylaNdddif tstastErdhe il heNdltemmtive pathway to

11KT productionRKigure 1.).

In order to deermine the impact of Fdx1b deficiency on steroid hormone productiorVIBBIS

was used to quantify whole body steroid hormone concentratidfgures 3.33.4). Significantly

decreased concentrations of 11KT and cortisol were measuredditib” mutant malkes in

comparison to wildype sibling males. To determine the precise impact of Fdx1lb 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

LI GKoke& YAIAKGE 08 SELISOGSRT Kaddgdoyasterong wak hdtJ NB y
AAAYATFAOL YOG OLI ndnc v ® ¢ KA &-hydxdprogeRrone 8/€¢ adaseS 02y O
to the limit of detection; alternatively, Fdx1 may be compensating for loss of Fdx1b function in this
reaction, as both are expressed in the tes(€siffin et al., 2016)Androstenedione concentrations

were significantly increased ifix1b” mutants, indicating an increase of sex steroid precursors,

LINPO I 6f & R dzS-hy@égeandndf thi§ $teroid mrid shunting of glucocorticoid precursors

into the sex steroid pathway. In contrast, no significant change in testosterone concentration was

2 0 & S NIJ $yRidxylatad i11KT precursors were undetectablddxlb’™ mutant male zebrafish,

providing strong evidence for the essential role of Fdx1b as an eleptmriding cefactor for the
steroidogenic reactions facilitated by Cyp11Eig@re 3.3. Very similar results with comparable fold

changes were recorded in a replicate experiment, camfig disruption of steroidogenesis in Fdx1b

deficient zebrafishRigure 3.4. Analysis of steroid concentrations in femédx1b’- mutant zebrafish
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can be found in chapter 6 andcamparison of steroid hormone concentrations in male and female,

wild-type andfdx1b’- mutant zebrafish can be found irAppendixI.
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Figure 3.3. Profoundly alted glucocorticoid and androgesteroid profiles in malefdx1b’ mutant
zebrafish.The concentration of steroids was measured in samples prepared from wholeofitsbs.
The concentration of cortisolAj was profoundly reduced ifdx1b” mutant male zebrafish (n=3,
p=0.0044). The concentration of M-hydroxyprogesteroneB) was not significantly decreased (n=3,
p=0.069). The concentration of the sex steroid preourandrostenedione was significantly
increased irfdx1b’- mutant male zebrafish (n=3, p=0.033); however, testosterd&gncentrations
G SNB dzy OKIFy3ISR o6yl oX LdydraxgandbodienddikrneD) (nRBp@opan)S
I Y R -hwdwoxyteststerone ) (n=3, p=0.025) was undetectable ahé concentration oflL1KT G
was significantly decreased (n=3, p=0.022)fdrlb’" mutants. All results wereanalyse using

unpairedt-tests. ** p<0.01, *p<0.05.
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Figure 3.4. Decreased Xetotestosterone and cortisol concentrations irfidx1b’" mutant male
zebrafish are reproducibleSteroid measurements were repeated in replicate samplefdoib’”
mutant and wildtype sibling male zebrafish and comparable results were obseReslilts analysed
by uwpaired t-test, n=3, cortisol p=0.0024 A) = -hydroxyprogesterone p=0.0712B)(

androstenedione p=0.0022C), testosterone p=0.368D], 11KT p=0.002%), ** p<0.01.

54



In additionto direct measurement of steroid hormongsystemic deficiency of glacorticoids and
androgens was confirmed by measuring the expression of established steroid responsive genes in
liver tissue Figure 3.5. Fkbp5and pcklare known to be robust glucocorticergsponsive genes in
zebrafish(Eachus et al., 2017; Griffin ak, 2016) with FKBP®Xxpres#on in humans and mice also
influenced by androgen receptor transactivatighlagee et al., 2006)Fkbp5 expression is also
inducible by exogenous androgens in zebrafish laffatter et al., 2015)Cyp2k22vas used as a
well-established androgeresponsive gene in zebrafigliretter et al., 2015; Siegenthaler et al.,
2017) The expression of all three genes was significantly decreasddxii’™ mutant males
compared to wildtype siblings Kigure 3.5. Apoebexpression has been shown to be robustly
downregulated in the gonads of zebrafish treated with androgen receptor antagdiMstinovic
Weigelt et al., 2011)Apoebwas significantly upregulated in the livers foik1b” mutant males
compared to wildtype siblings, indicating that its expression is also influenced byoged
signalling in this tissugr{gure 3.5. Analysis of steroid responsive gene expression in the livers of
femalefdx1b’” mutant zebrafish can be found in chapter 6cdmparison of steroid responsive gene
expression in the livers of male and femaleldvtype andfdx1b’-mutant zebrafish, can be found in

AppendixI.
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Figure 3.5. Altered expression of glucocorticoid and androgen responsive genelsit’™ mutant
male zebrafishThe expression of glucocorticoid responsive gdkbp5(A) (n=8, p=0.015and pckl
(B) (wildtype n=8, mutant n=5, p=0.0064) and of androgen responsive ganek22(C) (wildtype
n=6, mutant n=5, p=0.013) was significantly decreasddxhb’~ mutant male zebrafish. Expression
of apoeb (D) (n=5, p=0.0008as sgnificantly increased in the livers dfix1b’~ mutant male

zebrafish. All results wemmalysel using unpaired-tests. *** p<0.001, **p<0.01, *p<0.05.
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As cortisol and androgen biosynthesis appear to be impairefthiib’ mutant male zebrafish
(Figures 3.3+3 )} it is possible that precursors for these steroids may accumulate and enter into the
oestrogen biosynthetic pathwayrigure 1.). Indeed, the concentration of androstenedione, which

is the principal oestrogen precursor, is significantigrémsed infdx1b’ mutant male zebrafish in
comparison to wiletype sibling malesHigures 3.3+3 )4 We have attempted to assess the impact of
Fdx1b deficiency on oestrogen biosynthesis by using gPCR to measure the expression of oestrogen
responsive genegtg2 andesrlin the liver(Chandrasekar et al., 2010; Henryagt 2009; Lam et al.,

2011) The expression of these genes was considerably higher in fematbdisimale fish; however

no effect of Fdx1b deficiency on expression of these genes was evidgutd 3.9.

In order to further characterize the impact of loss of Fdx1b function and decreased androgen and
cortisol concentrations on testicular steroidogesis, we measured the expression of key
steroidogenic enzymes in this pathway, as well as that of the transport preteinidogenic acute
regulatory protein(star). Cypllazandcypllclwhich are crucial for cholesterol side chain cleavage
and conversiorof androgen precursors respectively, were expressed at significantly higher levels in
the testes offdx1b’~ mutant zebrafish compared to wiltype siblings Figure 3.J. The expression
levels ofstar and hsd17b3also suggested increased expressioridixilb” mutant testes however

these changes did not achieve statistical significafégu¢e 3.7. No changes in the expression of
cypl7alwhich is crucial for gonadal sex steroid productibig@re 1.), or the oestrogenic enzyme

cypl9alavere detected(Figure 3.7.
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Figure 3.6. Expression of oestrogen responsive genes in the liveidxdb’~ mutant and wild-type,

male and female zebrafishExpression of oestrogen responsive gemtgR and esrlin liver tissue
was analysed by qPCR. All data isldigd as a foldhange relative to expression in wilgbe male
zebrafish. The expression of both genes was considetdgherin female fish compared to male
fish, regardless of genotypait¢2, wild-type male n=6fdx1b’" male n=8, wildype female n=4,
fdx1b’” male n=4, Kruskawallis test p=0.001esr1,wild-type male n=7fdx1b’~ male n=8, wiletype
female n=4fdx1b’" male n=4, onavay ANOVA p<0.0001). Due to the large difference in expression
between zebrafish sexes, the expressionvtg2 and esrlin male and female zebrafish was also
analysed separately. No significant differences were found in any comparison, though an apparent
increase in expression wfg2 in fdx1b’- mutant male zebrafish compared to wilgpe sibling males
approached sigficance (ManAWhitney 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 atat in the testes offdx1b’" mutant
zebrafish compared to wildype siblings.The expression afypl1& (B) (n=7, p=0.04andcypllcl
(D) (wildtype n=7, mutant n=4, p=0.0249) was significantly increased in the tesfdsldf” mutant
zebrafish compared to wiltype siblings. There was no statistically significant difference in the
expression otar (A) (n=7, p=0.2061)cypl7al(Q (wildtype n=6, mutant n=7, p=0.9941)sd17b3
(B (wildtype n=6, mutant n=7, p=0.1414) cypl9ala(F) (wildtype n=5, mutant n=5, p=0.98All

results wereanalysel using unpaired-tests. *p<0.05.
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3.2.3- Fdx1H~ 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 responsthéoconventional
marbling technique(Westerfield, 200Q) Tanks offdx1b’" mutant zebrafish or wiletype siblings
containing a mixture of males and females were marbled weekly for four weekslisedembryos
were obtained from groups of wiltype siblings in all four ials. However, groups éfix1b’~ mutant

fish failed to producdertilised embryos in any trial and no tertilised embryos were observed
either. To investigate whether this apparent infertility was due to a defect in male or female
reproductive physiologyor both, fdx1b™ mutants or wild-type siblings were outcrossed with
unrelated wildtype fish. Outcrossing was repeated for four weeks to ensure that the fish were
habituated to the technique. In four weekly triakslx1b wild-type sibling males (n=5) and females
(n=4) successfully producéertilised embryos in 70% and 75% of trials respectivElx18” mutant

males (n=5) and females (n=5) were unsuccessful in all {Fiatdg 3.).

To investigate whether sperm frorfix1b’™ mutant zebrafish could fertilize eggs from wilgbe
femalesin vitro, sperm was collected by dissecting out and homogenizing the testes from humanely
euthanizedfdx1b’” mutant and wildtype males. Sperm collected from 2 out of 6 wijge sibling
zebrafish and 2 out of Bix1b’- mutant zebrafish successfulfgrtilised eggs collected from wiktype

females, indicating that at least sorfex1b’- mutant male zebrafish can produce functional sperm.
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Table 3.1. Outcrossing dfix1b’ mutant zebmfish and wildtype 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.
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3.2.4- Fdx1H™ 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 pairedfdx1b’”™ mutant males or wildype sibling malesvith wild-type females and quantified

two characteristic behaviours previously reported in zebrafish: intimate contacts betweeffish

et al., 20B) and chasingDarrow and Harris, 2004Both of these behaviours were significantly

reduced infdx1b’ mutant zebrafish(Figure 3.8.

A Intimate contacts B Chase duration
,, 250- al — 200
T Z Wk
M 2004
*g .% 150-
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Figure 3.8. Stereotypical breeding behaviours are reduceddrlb’™ mutant males. A:Intimate
contacts, defined as incidees of touching or crossing,eve significantly reduced in pairings of
fdx1b™ mutant males and wildype females, compared to pairings of wilype males and females
(n=5, MannWhitney Test, p=0.0079)B: The total duration of time spent chasing was also
significantly reduced compared to time spent chasing by-tyies (n=5, unpairetitest, p=0.0007).

*** n<0.00] ** p<0.01.
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It was noted thatfdx1b’ mutant zebrafish appeared to exhibit slower swimmitgin wildtype
siblings and a freezing behaviour, were the fish would remain stationary in the tank for extended
periods of time. This apparent reduction iacomotion may influence breeding behaviourd.o
investigate this possibility of reduced locomotiare subjectedfdx1b’ mutant and wildtype male
zebrafish to open field tests to determine the impactfadlbmutation on swim speed and duration

of freezing lehaviours. 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 ifix1b" mutant male zebrafiskcompared to vild-types, however
these differences rarely achieved statistical significakégufe 3.9. Fast swim distance and duration
were significantly reduced ifdx1b”" 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 exhibfidLbi/

mutant zebrafishFigure 3.9.
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Figure 3.9. Response &dx1b’” mutant zebrafish to open field teststdx18” mutant and wildtype

sibling zebrafish were exposed to three replicate open field tests and the total distance swam, fast
swim distance, fst swim duration and freeze duration were recorded (n=6). Total distance, fast
swim distance and fast swim duration were consistently reduceddirib’~ mutant zebrafish,
however only the first replicate experiments for fast swim distance and duratiordymed
statistically significant results (p=0.04, p=0.02 respectively). Freezing duration was consistently
increased irfdx1b’” mutant zebrafish however this difference was not statistically significant. Results

were analysed using multiptetests with the HolmSidak method, * p<0.05.
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3.2.5 ¢ The estes of fdx1b’" mutant zebrafish aredisorganisedand have decreased sperm

production

Our findings have shown thatix1b’~ mutant males are unable to reproduce by conventional
breeding methods, however their sperm can fertilize eggs from -ype¢ females in IVF
experiments. These findings led us to investigate the histological structfoxdi’” mutant testes
(Figure 3.10. Histdogical 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 cresection were mature spermatozo surrounded

by graips of developing spermatogonigpermatocytes and spermatideere located more
peripherally. By contrast, the testes fofx1b’~ mutant zebrafish were considerabtijsorganisedand

had much less distinct seminiferous tubul&g(re 310). The organisation of seminiferous tubules
was further investigated by picrosirius red staining for collagen, a component of the basement
membrane(Dym, B94; Junqueira et al., 1979; Mazzoni et al., 20I8)is revealed that tubules in
fdx1b” mutant fish were generally smaller in diameter and greater in numBégUre 3.1). Despite

this disorganisation developing and mature sperm were presehigure 3.10.

Histological examination also revealed a reduction of mature sperm present in the tegtbel bf
mutants compared to wildype siblings Figure 3.10. To quantify this finding, wengployed sperm
counting techniques to determine the concentration of sperm in whole testes relative to testicular
weight. Sperm concentrations were decreaseddrlb’™ mutant zebrafish compared to wiltype
siblings when sperm was collected from dissedtsles 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 wildtype sibling zebrafish. Sperm were observed under a 40x microscope
objective. Moreoer, there was no difference in gonadosomatic index (GSI) betidbei’ mutant

males and wiletype siblings (GSI = [gonad weight / total tissue weight] x Fgl(e 3.10.
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Thedisorganisecappearance ofdx1b’” mutant testes led us to hypothesize thetlease of sperm

from the testes may be compromised in the absence of Fdx1lb function. To determine whether
fdx1b” mutant males were able to release sperm, wijge (n=8) andfdxlb’~ mutant (n=5)
zebrafish were subjected to manual gamete expression and expressed fluid was collected from the
urogenital papilla. All wildype samples contained microscopically visible sperm, however this was
only true for 3 out of Fdx1b'” mutant sampls. In a repeat experiment, sperm were observed in all
nine wildtype samples anéh 3 out of 10fdx1b’” mutant samples, indicating a decreased ability to
release sperm ifidx1b’” mutant zebrafish. It is not clear fflx1b"” mutant zebrafish that produak

no sperm failed to produce any semen, or produced semen devoid of sperm.

Qualitatively, samples obtained frorfx1b’ mutants also appeared to be more transparent
compared to wildtype samples, which were milky and opaque. Mutant samples also appeared t
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 collectedfdsdra” mutant

males by abdominal massage was also significantly desleammpared to wildype siblings Figure

3.10).
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Figure 3.10. Disruptedmorphological organisation of the testes and decreased sperm
concentration infdx1b’~ mutant zebrafish. AD: Fdx18™ mutant zebrafish hadlisorganisedestes

and poorly defined seminiferous tubules compared to wjlde males. Developing and mature
sperm were observed in botfix1b’” mutant and wildtype testes. SZ mature spermatozoa, SJ
spermatids, SG, spermatogonia.E: Testes dissected frorfix1b’ mutant fish had a decreased
sperm concentration compared to wilgipe siblings (unpairetitest, wildtype n=11, mutant n=15,
p=0.0097)F: There was no difference in GSI (unpaitddst, wildtype n=11, mutant n=16, p=0.12).

G: Semen samples collead by abdominal massage also had a reduced sperm concentration in
fdx1b™ mutant fish compared to wildype siblings (unpaired-test, wildtype n=8, mutant n=4,
p=0.0012). **p<0.01.
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Wild-type

Figure 3.11. Staining for collagen reveals that seminiferous tubules are smaller in diameter and
greater in number infdx1b’” mutants compared to wildtype siblings.Gollagen fibres in the testes
of wild-type (A-O) 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 fix1b’~ mutant

zebrafish

In zébrafish, sperm is conducted from the testes in paired spermatic ducts, these ducts eventually
fuse before reaching the urogenital orifice, were sperm is released during bre@dike et al.,
2011) As sperm release appears to be impairettiilb’” mutant zebrafish, we investigated by H&E
staining whether the morphology of the spermatic duct was also compromiSigdirg 3.12 The
spermatic ducts of wildype sibling male zebrafish (n=3) appeared as epithelium bounded tubules
containing mature spermatozoa, and were of a consistent appearance, size and(Bltape 3.12A

O. In contrast to this, the morphology of the spermatiiacts offdx1b’~ mutant zebrafish (n=3) was
highly variablgFigure 3.12EF). In one fish the spermatic duct was indistinguishable from-tyibe.

In another, the spermatic duct appeared hypoplastic and contained fewer mature spermatozoa. In
the final fdx1b” mutant male zebrafish the spermatic duappearedto be completely absentpr

may have constituted a small bundle of tissue immediately posterior to the intestio&lentally,

this fish also exhibited the most severe morphological disruptidhetestes.
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Figure 3.12. Highly variable morphology of the spermatic ductfd1b’~ mutant zebrafish. The
morphological appearance of the spermatic ductfdx1b’" mutant and wildtype male zebrafish
(n=3) was investigated by H&E staining of coraeaitions through this structure. Spermatic ducts
(dashed outline3 were identified directly posterior to the intestine. Spermatic ducts in \jlae
male zebrafish A-Q exhibited consistent morphology, characterised by epithelial tubules with
mature spermin the lumina. The spermatic ducts faik1b’~ mutant males D-F) were highly variable

in their morphology, ranging from being indistinguishable from wyjae ©), to hypoplastic B, to
completely absentR). In the fdx1b’~ mutant zebrafishwhich apparently lacked a spermatic duct a
bundle of tissue was observed immediately posterior to the intestinthis may constitute a

severely hypoplastic spermatic duct structiffearrow).
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3.2.7- Downregulation of key genes involved in testis developmemtdaspermatogenesis

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 the Sertoli cells of the testes, which has a crucial role in
testis differentiation that is conserved throughout most vertebrate spe¢iRadriguezMari et al.,

2005; Sun et al., 2013)Ve observed a significant downregulationsafix9aexpression in the testes

of adultfdx1b’ mutant males corpared to wildtype siblingsFigure 3.13.

No significant difference in the expression of doublesex and-ghablated transcription factofl
(dmrtl) or anti-Mllerian hormone #mh) was found betweeridx1b’” mutant males and wildype
siblings Figure 3.13 Dmrtlis a transcription factor essential for male developm@mebster et al.,
2017) Amh is a prdestis hormone during zebrafish developmg&un et al., 2013nd negatively
regulates spermatogenesis in the adult tegtisn et al., 2017; Morais et al., 201The expression of
znrf3which isa protestis gene in mmmals was also not affected by mutationfdk1b(Harris et al.,

2018)

Igf3 and insI3 encode spermatogenic signalling molecules exprgsise Sertoli and Leydig cells
respectively. Igf3 is required for proliferation and differentiation of type A undifferentiategh)(A
and type A differentiating (4) spermatogonigMorais et al., 2017; Nobrega et al., 201%hereas
InsI3 is required only for proliferation and differentiation of typg.“spermatogonialAssis et al.,
2016) Expression ofigf3 was downregulated Ifold, whereas expression oinsI3 was
downregulated 25old infdx1b’ mutant testes compared to wiltype Figure 3.13. As both factors

are involved in positively regulating the proliferation and differentiation of type A spermatogonia in
the early stages of spermatogenegisssis et al., 2016; Nobrega et al., 201Bgse results are

consistent with the decreased sperm quantity observed by histology and sperm counting.
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We also observed a significantféld downregulation of inhibin subunit alphanba) in fdx1b’
mutant testes compared to id-type (Figure 3.13. Inhibins exert negative feedback on the
hypothalamuspituitary-gonadal axis and suppress FSH secrétBregory and Kaiser, 2004nd this
mechanism is alssuggested to occur in figfPoon et al., 2009)n micejnhais important for Sertoli

cell proliferation and function and may play a role in spermatoger{€sset al., 2011)

Whereassox9a, dmrtland amh are protestis genes during development and also have important
roles in testis function, the expression of genes which are consideretkprale or that are involved

in ovarian function may also be influenced by altered steroid hormone concentrations due to
mutation o fdx1b.Sox9hs a paralog o$ox9awhich arose from the teleosipecific whole genome
duplication; both genes are orthologs of the mammal&DX9Assox9bis expressed at high levels in
the adult ovary compared to adult testes, and ssx9bexpression hs been observed in oocytes
during ovarian development, this gene is considered important for ovary development and function
(RodriguezMari et al., 2005) Foxl2aand foxI2b are cceorthologs of the mammaliafrOXL2and
encode preovary transcription factorg-oxl2aand foxI2bare least partly functionally redundant, as
only knockout of both genes results in male biased sex differentiati¥iang et al., 2017)No
significant difference in the expression of any of these genes was recorded, despite apparent
increases in the expression hx9band foxl2a(Figue 3.13) Analysis of gonadal gene expression in
wild-type andfdx1b’- mutant female zebrafish can be found in chapteABalysis of the differences

in gene expression between male and female, s andfdx1b’~ mutant zebrafish, can be found

in Appendix |

72



A sox9a B dmrt1 C amh D igf3

P
P
a
o
o

ns
ns

o
o
=
o

4
o

Relative expression
=]
E o

Relative expression
Relative expression
Relative expression

o
=
=
o

znrf3 sox9b

ns

m
5
A
vy
-
5
>
Q
o
» T
tn

o
o
-
o

ns

_|
%

o
o

o &

b
n

Relative expression
e
o

Relative expression
Relative expression

o
!
o
=
e o =
n o
¥
l

¥
L
L4
+
k4
IS

—

foxI2b

il
@
o

ns

= 8]
n o
o=

Relative expression
s
o

o o =

o o

‘._{
e

Relative expression

Figure 3.13. Downregulation of prtestis, spermatogenic and hypothalamigituitary-gonadal
(HPG) axis regulating genes in the testesfai1b’- mutant zebrafish.Expression of the conserved
pro-testis geneSRYoox 9a (sox9ajwild-type n=10, mutant n=7, p=0.029}], the spermatogenic
factorsinsulinlike growth factor 3 (igf3jwild-type n=10, mutant n=8, p=0.03@)(andinsulinlike 3
(insl3) (wild-type n=8, mutant n=6, p=0.00060f) (and HPG axis regulatarhibin subunit alpha
(inha) (wild-type n=10, mutant n=7, p=0.023§) (was downregulated ifidx1b’~ mutant zebrafish.
Expression of pronale transcription factordoublesex and maB related transcription factor 1
(dmrtl) (wild-type n=10, mutant n=8, p=0.29})(and pro-male anti-Mullerian hormone (amh{wild-
type n=10, mutant n=10, p=0.45})( were not affected by mutation dtixlb Expression ofnrf3
considered a prenale gene in mammals, was also not changeftixib’- mutant testes compared
to wild-types (wild-type n=3 mutant n=3, p=0.96)3). Expression of prfemale genes was also
investigated in the testes ofdx1b’~ mutant zebrafish however no changes in expression were
identified. Sox9b(H) (wildtype n=10, mutant n=7, p=0.0716dx12a(l) (wildtype n=5, mutahn=5,
p=0.1040) andoxI2b () (wildtype n=3, mutant n=3, p=0.5969). All resudtzalysel using unpaired
t-tests. *p<0.05, *** p<0.001.
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3.2.8- Expression of spermatogenesis marker gene$dxilb’~ mutant and wildtype sibling testes

We observed decresed sperm concentration ifix1b’” mutant zebrafish testes compared to wild
type siblings. To investigate how Fdx1lb deficiency impacts sperntaeie the expression of
marker genesfor germ cellsat several stages of spermatogenesisis measured Figure 3.14).
Significant upregulation of nanos homologriaifos3 (type Ang Spermatogonia)Beer and Draper,
2013; Safian et al., 201&nd piwilike RNAmediated gene silencing 1pigvill) (all type A
spermatogonia)Chen et al., 2013\as observed irfdx1b’” mutant testes, suggestin@ possible
impairment of spermatogenesis during differentiation of type A spermatogonia into type B
spermatogonia, causing an accumulation of type A spermatogdfigure 3.14. No change in
expression of deleted in azoosperrlige (daz), expressed maiy in type B spermatogoni@&hen et
al., 2013) the spermatocyte marker synaptonemal complex proteisygp3 (Ozaki et al., 20119r
the spermatid marker outer dense fibre of sperm tails 88f3b) (Nobrega et al., 2015; Yano et al.,

2008)was observedRigure 3.14.
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Figure 3.14. Expression of spermatogenesis marker geneddiib’" mutant and wild-type
zebrafish testesNanos2,piwill, dazl, sycpa&nd odf3b can be used as markers of spermatogenic
stages. Expression ofanos2 (A) (wildtype n=4, mutant n=5, p=0.024) argiwill (B) (Mann
Whitney test, wildtype n=4, mutant n=7, p=0.012) was significantly increased in mutant tayes
Aung Spermatogonia and all type A spermatogonia respectively). No change in expressdiazi (@)
(wild-type n=5, mutant n=8, p=0.21) (type B spermatogorsggrp3(D) (MannWhitney test, wild
type n=5, mutant n=6, p=0.18) (spermatocytes)odi3b (E) (wildtype n=9, mutant n=6, p=0.64)
(spermatids) was recorded. All results wamalysel using unpaired-tests unless otherwise stated.

* p<0.05.
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3.2.9- Dysregulation of pituitary genes in the brains &fx1b’~ mutant zebrafish

Release of cortisdrom the interrenal is governed by the hypothalarmpituitary-interrenal (HPI)

axis in fish. Cortisol exerts ratiye feedback on the HPI axgpecifically by inhibiting expression of
pomca to attenuate its own releas€Alsop and Vijayan, 20Q9)n addition to this,inha, which is
downregulated in the testes ofdx1b’ mutant zebrafish, exerts negative feedback upfsib
expressior(Poon et al., 2009)Io assess the impact of Fdx1b deficiency on pituitary gene expression,
we used gPCR to measure the expressiopafica,fshband Ihb in adult zebrafish braing={gure
3.15. Pomca was upregulated in the brains of malfixlb’™ mutant zebrafish, indicating
dysregulation of the HPI axis due to cortisol deficiefishbwas alsaupregulated infdx1b’- mutant

male zebrafish. No changelltb expression was observed fidx1b’- mutant male zebrafish Analysis

of gonadotropin andpomc expression in wildype andfdx1b’~ mutant female zebrafish can be

found in chapter 6.
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Figure 3.15. Dysregulation of pituitary genes in the brainsfd%1b’~ mutant male zebrafishThe
expression opomca, fshkand Ihb was measured in the zebrafish brain by Tagman gqPGRca(A)
was significantly upregulated in the brains of médglb’” mutant zebrafish (n=5, p=0.000%)shb
(B)was significantly upregulated in the brainsfék1b’- mutant male zebrafish (n=5, MaANhitney
test, p=0.015% Lhb (C)was not significantly changed by mutation folix1b (n=5, p=0.2152). All

results analysed bynpairedt-tests unless otherwise stated. *1<0.001, **p<0.01, * p<0.05.
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3.2.10- Gonadal differentiation proceeds normally ifix1b’~ mutant zebrafish

The crucial period for gonadal differentiation in zebrafish is between 21dpf and $8dpfet al.,
2013) This process is known to susceptible to exogenous steroids and genatiipulation of
steroidogenic enzymefAndersen et al., 2003; Lau et al., 2016; Zhai et al., 2008)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 wilde andfdx1b’~ mutant zebrafish were

examined by H&E staining at 25, 31 and 3g#imure 3.16.

At 25dpf all fish examined (wiliype n=4,fdx1b’" n=3) were found to possess a gonad containing
early oocytelike cells Figure 3.16AD), forming a juvenile ovary. As previously described, the extent
to which this juvenile ovary develodevas highly variable, with many oocyltke cells seen in some
specimens Kigure 3.16B+]) whilst others contained comparatively fewigure 3.16A+JWang et

al., 2007) The difference in juvenile ovagppearancemay be due to variability in the extent to
which this structure develops, or may indicate that regression of this structune therefore testis

differentiation, has already begun in some samples.

By 31dpf (wiletype n=7 fdx1b’ n=6) Figure 3.16H), gonadal differentiation has begun in earnest.
Several specimens exhibited maintenance of the juvenile ovary structure argist@nimarily of
oocytelike cells Figure 3.16F+H On the other hand, many specimens appeared to have committed
to testis differentiation Figure 3.16E+f; as oocytdike cells were few or absent, stromal cell
infiltration was apparent, and residual bied indicating oocyte degeneration were occasionally

present.

At 38dpf (wildtype n=7,fdx1b’" n=8), three gonad types were observed: differentiated ovaries,
differentiated testes, and gonads undergoing transformation. Testes were identified by th&anitia
of spermatogenesis, which was indicated by the presence of spermafidgiré 3.161+K

Differentiated ovaries appeared similar to the juvenile ovaries seen at 31dpf, however the number
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of primary oocytes was increaseffiure 3.16J4L In addition todifferentiated gonads, several
specimens appeared at various stages of gonadal transformakimurge 3.16MP), transforming
gonads were identified by features including a lack of ootikee cells, stromal cell infiltration and

presence of residual bodsealthough not all examples exhibited all features.

No obvious defect in the process of gonadal differentiation was apparerfthifibt’” mutant
zebrafish, as comparable proportions of specimamse found to exhibit each gonad type at all

stages observed.
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Figure 3.16. Gonadal differentiation appears to proceed normallyfdmlb’  mutant zebrafish.The
developing gonads of wiltype andfdx1b’- mutant zebrafish were examined throughout the period

of gonadal differentiation by H&E staining. At 25@afD) gonads containing oocytlike cells were
observed, though the number of these cells present was highly variable. At 31dpf fish either
possessed a maintained juvenile ovary struct(fFfeH)or were undergoing gonadal transformation
(E+G) At 38dpf, diferentiated testes(l1+K) differentiated ovariegJ+L)and transforming gonads
were observedM-P). No obvious difference in the process of gonadal differentiation was observed
between wildtype andfdx1b’ mutant zebrafish. Black arrows: oocyltke cels or primary oocytes.

Red arrows: spermatids. Green arrows: residual bodies.
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3.3 - Discussion

We have useddx1b’”™ mutant zebrafish to investigate the roles of steroids in the development and
function of the male gonad and secondary sexual charactesisBy measuring concentrations of
11KT and cortisol, we have shown that this steroidogenifactor is important for their production
through its activity as a efactor to the enzyme Cyplicl. In cortisol biosynthesis, Cypllcl catalyses

m mhydroxylation of 11-deoxycortisol to produce cortisol. The requirement for Fdx1lb in this
reaction has been previously demonstrated in zebrafish laf@éfin et al., 2016and is confirmed

here in adult zebrafish. In addition to its role in glucocorticoid biosynthesis, Cypl1cl plays a vital role
Ay GKS FTYRNRIASY 042348yl ki§droxyationdf afsterdiodeyandi So6 NI T
6§SaiG2aiGSNRYyS K2R NRPIER R 2R 8P & ih Enydforyfefogté&rond rgdRectively |
(Tokarz et al., 2015Decreased concentrations of 11KT, as well as undetectable concentrations of
m Mmhydroxylated precursors in oddx1b’” mutant zebrafish, define the requirement for Fdx1b as

an essential steroidogenic dactor to Cypllcl 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, )1 Fdx1lb is thought to be the
corresponding cofactor in zebrafish, however, concentrations dfliytiroxyprogesterone were not
significantly different betweerfdx1b’~ mutant males and wildype siblings Kigure 3.3+3.)% This

may indicate that Fdx1lsiless important as a dactor to Cypllal/2 than Cypllcl, or that Fdx1 is

compensating for loss Fdx1b function, as both are expressed in the {€&iff et al. 2016)

Expression of the cortisol responsive geffidsp5 and pckl, and of the androgen responsive gene
cyp2k22 was significantly dowregulated in the livers ofdx1b” mutant male zebrafish; ths
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 cleavagef cholesterolin the first stage of stefid 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 reactiothdisan
catalysed by Cyplicl.dide chain cleavage is able to proceed with comparative normality, whilst
11 -hydroxylation of cortisol and androgen precursors is severely diminished, it is foreseeable that
steroid precursors would accumulate and potentially enter the oestrogen biosyntpatioway,
leading to increased oestrogen production in mdtk1b’™ 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 regdldily oestrogens in the livers of
zebrafish, namelytg2 andesrl(Chandrasekar et al., 2010; Henry et al., 2009; Lam et al., . 20/E1)
observed vastly higher expsion of these genes in witsipe andfdx1b’~ mutant female zebrafish
compared to wildtype andfdx1b’™ mutant male zebrafiskiFigure3.6). No effect offdx1bmutation

was observed for either sex.

In gPCR assays measuring expressiontg# and esrlthe cycle threshold was usually &5 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 frequerly differed by >0.5 cyclegshich isthe usual limit for inclusion in further analysis.

As such, these assays may not be sufficiently accurate to determine small changes in gene
expression within wildype and fdx1b™ mutant male zebrafish. However, thesesults do
demonstrate that the expression levelswifj2 and esrlin fdx1b™ mutant males are not elevated to
levels remotely close to those seen in female zebrafish (expression levetg2oénd esrl were

6579 and 50fold higher in wildtype femalesthan in fdx1b’” mutant males) Figure 3.6. Overall,

this indicates that the impact dtix1b’~ mutation and disrupted cortisol and androgen biosynthesis

on oestrogen concentrations might be minimal, although small differences betweerypédand

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 i& agreement with studies on AR mutant zebrafish, which also exhibit increased

expression of several steroidogenic enzymes in the tgdtasg et al., 2018; Yu et al., 2018)

Both AR(Crowder et al., 2017; Tang et al., 2018)d Fdib deficient male zebrafish exhibit
feminised secondary sex characteristics, including coloration and abddrshape, 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 thegenital papilla. The possibility fddx1b’™ mutant zebrafish to
undergo testis differentiation, supports previous findings that androgen signalling is dispensable for
this process(Crowderet al., 2017) This notion is further supported by the finding that gonadal

differentiation appears to proceed normally in Rdxdeficientzebrafish Figure 3.18.

In contrast to male AR deficient zebrafish, which have a fetil@erounded abdomeiiCrowder et

al., 2017) male Fdkb deficientfish had a streamlined shape closer to the appearance oftyjd

males. Abdominal shape may be affected by the absence or presence of ovdriels,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 functionFdx18™ mutant males hadincreased length and weight compared to wijghe
siblings Figure 3.2, however, no difference between wilgipe males and females was detected,
indicating that this phenotype may be independent of sex. Length is not affected by AR mutation,
whereas the #ect on weight is unclear, with increased weight reported in one AR mitnet al.,

2018) and no change repoed in another AR mutant lindTang et al., 2018)Regarding the
contrasting findings relating to abdominal shape and biometrics in AR and Fdx1b mutants, a number
of explanatiors are possible. In addition to reduced or disrupted androgen signafiirgh’ mutant

zebrafish also have reduced concentrations of cortisol, which may contribute to this phenotype.
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Interestingly,in vitro analysis has shown that testosterone transaaties the zebrafish AR to a
similar degree as 11Kde Waal et al., 2008; Hossain et al., 2008; Jorgensen et al.,; 2@@v@ver,
testosterone was apparently unable to replace 11KT as the principal androgen in our Fdx1b deficient
zebrafish. Phenotypic differences between Fdx1lb and AR deficient zebrafish may be explained by
tissue specific gesitivity to different androgens. AR signalling is abolished in AR mutant zebrafish,
whereas the AR may still be transactivated by testosterone to some degree in Fdx1lb deficient

zebrafish(de Waal et al., 2008)

As with AR mutant zebrafigiCrowder et al., 2017fang et al., 2018we found that mutant males

were infetile under normal breeding conditions and were either unable to release sperm or unable
to induce egg laying by females. By contrast, another AR mutanf¥ioieg et al., 2017yas able to
induce egg laying. However, whether or not these eggs iemdised is unclear, and it has lea
speculated that this AR mutant represents a hypomorph due to translation of an alternate transcript
(Crowder et al., 2017Yather than a complete null allel&dx1bmutant zebrafish hae disorganised
testes with poorly defined seminiferous tubules, which may also be smaller and more numerous,
and contain fewer sperm than their wilgpe siblings(Figure 3.12 Zebrafish and mouse AR
mutants also exhibitisorganisedseminiferous tubule¢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 syndromgHannema et al., 2006)Attempts to manually collect sperm frofdx1b’
mutant males and wildype siblings revealed that mutant fish could release serbat 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 dustas observed in soméix1b’ 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 behaviégure 3.8 may

83



also contribute to this phenotype by the absence of behaviours that stimudéase of gametes of
either male or female origin. Both possibilities have been suggested in AR mutant zefCadisier
et al.,, 2017; Yong et al.,, 2017and androgen deficientypl7almutant zebrafish also exhibit

impaired breeding behavioyZhai et al., 2018)

We measured significant dowmegulation of the premale transcripn factor sox9ain fdx1b”
mutant testes. In zebrafistgox9ais crucial for juvenile ovary to testis transformati¢Rodriguez

Mari et al., 2005; Sun et al., 2013nplicating disruption of tlsi process in the phenotype we have
observed. An ortholog of this gene in another teleost fiGhygias latipes sox9a2 is maintained at

the initial stage of testicular tubule development in males, but is doggulated in the developing
female gonad, leding to speculation that Sox9 is important for testicular tubule development
(Nakamoto et al., 2005 aken together, these findings provide evidence for the role of androgens in
testicular morphogenesis and add credence to the theory that Sox9 regulates formatiestiotitar

tubule structure.

We have observed significant downregulationigf3 and insl3 expressionin fdx1b’~ mutant male
testes Both igf3 and insl3are downregulated in AR mutant zebrafish tes{@ang et al., 2018s

well as in fish exhibitingestrogeninduced androgen insufficiendgle Castw Assis et al., 2018)
Expression oigf3 was upregulated in the testes of Atlantic Salmon following treatment with 11KT
(Melo et al., 2015Pecreased availability a$permatogenic factar Igf3 and Insl3 may result in
accumulation of type A spermatogoni&igure 3.17, and this was demonstrated by increased
expression ofnanos2 and piwill in fdx1b™ mutant testes.Nanos2is a marker of type
spermatogonia, whereapiwill is expressedin all type A spermatogonia. This suggests that
expression ofigf3 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 geneknown 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 spermatogenesistduFdx1b

deficiency.

The expression dhhawas significantly decreased in the testesfaX1b’ mutant zebrafish. Inha is
involved in the regulation oFSHexpression in mammals and fish and is implicated in Sertoli cell
proliferation and function immice (Cai et al., 2011; Gregory and Kaiser, 2004; Poon et al., 2069)
zebrafish(Morais et al., 2017)Decreased expssion ofinha 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 describstibexpression was increased in the
brains offdx1b’~ mutant male zebrafish compared to witdpe siblings Figure 3.15, a possible
consequence of decreasddha expression in the testegPoon et al., 2009)Fshb can stimulate
spermatogonial proliferation and differentiation via Ig{Blobrega et al., 2015)however this
signalling pathway appears to also require androgen signalling for normal funcmigf3
expression was decreased and spermatogonial differentiation appears to be impaifels i
mutant zebrafish. Overall, our findings indicate that a reduction in the differentiation of type A
spermatogonia due to decreased expression of spermaagfactorsigf3 and insl3as a result of
androgen deficiencyas well as compromised Sertoli cell function, contribute to decreased

spermatogenesis in Fdx1b deficient zebrafisigure 3.17.
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Figure 3.17.Germ cell markers and the roles of Igf3 and InsI3 in zebrafish spermatogenesis.
Spermatogonial stem cells undergo several rounds of mitotic division and differentiation, eventually
resulting in production of primary spermatocytes. During mitosis, spernuatiag retain some
capacity for seffenewal. Primary spermatocytes enter several cycles of meiosis and differentiation,
eventually maturing as spermatozoa. Igf3 amusl3 are important for differentiation and
proliferation of type A spermatogonidlanos2, pwill, dazl, sycpandodf3bcan be used as markers

of different stages of spermatogenesis

86



Several genes expressed in Sertoli cells are downregulatédkih’™ mutant zebrafish, including
sox9a, inhaand igf3. Sertoli cells are crucial for testisffdrentiation 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 dysfunctioimgema

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 ifix1b’ mutant zebrafish is likely to be causative for the observed phenotype
comprising infertility, testicular dysfunction and structurdisorganisation as well as impaired
breedingbehaviour This model will be particularly useful for further invgation of the roles of
steroids in pigment patterning, spermatogenesiad gonadal development and maintenance, and

represents a novel tool for investigation of endocrine disruption in vertebrates.
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Chapter 4- Steroid 11 -hydroxylase deficiency results 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 fishrare
poorly understood. In order to investigate this topic we have employed CRI&Rto generate
cypllcl (11 -hydroxylase) mutant zebrafish linesCypllcl mutant zebrafish displad
predominantly female secondary sex characteristics, dmitld possess either ovaries or testes. In
addition, cyp11c?” 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 previouslgdemonstrated in androgedeficient and resistant zebrafish lines. Herein, we
show that the testes ofcypllcl” mutant zebrafish exhibit a disorganised tubular structure, with
smaller and more numerous seminiferous tubules. Furthermoresia@vfor the first time that the
spermatic duct, which connects the testes and urogenital orifice, is severely hypoplastic in arndrogen
deficient zebrafish. These results indicate important roles for androgens in the correct development
and organisation of the male zebisti reproductive anatomy, after the normal period of testis
differentiation. Furthermore, wefind that spermatogenesis and the incidence of characteristic
breeding behaviours are impaired @yp11c1 mutant zebrafish. Expression n&nos2 a marker of

type A spermatogonia, was significantly increased in the test&@yflcl deficienimale zebrafish,
whereas the expression of markers for later stages of spermatogenesis were significantly decreased,
suggesting that the differentiation of type A spermatogois 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
characteristicsand the maintenance and function ahe adult testes remain unclear.aboratory
strains of zebrafish lack sex chromosomes and exhibit polygenic sex determiflaton et al.,
2012) Prior to sex differentiationall zebrafish develop a juvenile ovary; in presumptive female fish
this structure is maintained, whereas presumptivealm fish undergo juvenile ovatg-testis
transformation (Uchida et al., 2002; Wang et al.,, 2007his proess may be influenced by
environmental factorqLiew and Orban, 2014)nd is highly sesitive to sex steroidsTreatment of
developing fish with oestrogens results in feminisat{dmdersen et al., 2003; Brion et al., 2004; Orn
et al.,, 2016) whilst mutation of cypl9ala crucial for oestrogen production, causes robust
masculinisation(Lau et al., 2016; Yin et al.,, 201Qonversely, treatment of developing zebrafish
with androgens results in robust masculinisatiflcarsen and Baatrup, 2010; Lee et al.,, 2017,
Morthorst et al., 2010)Intuition would suggesthat 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 androgéinient and androgemesistant
zebrafish(Crowder et al., 2017; Oakes et al., 2019; Zhai et al., 20l8)se fish share similar
phenotypesexhibiting primarily female secondary sex characteristics. Despite outward appearance,
these fish may possess either owar 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 linBsdrogendeficient or resistat male
zebrafish are infertile when exposed to standard breeding scenarios, however their sperm may
fertilise eggs collected from wiype females in IVF experiments. A number of factors appear to
contribute to this phenotype, including disorganised tesltar structure, impaired breeding
behaviour and impaired spermatogenegiSrowder et al., 2017; Oakes et al., 2019; Yong et al.,

2017)
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Steroid 11-hydroxylase (CYP11B1) is crucial for conversion afebkycortisol to cortisol in the
production of glucocorticoids in humariMiller and Auchus, 2011)n zebraikh, this final stage of
glucocorticoid biosynthesis is catalysed by the zebrafish homolog iohyldroxylase,Cyplicl
(Figure 4.) (Tokarz et al., 2015Unlike in mammalsCypllcl is also thought to play an important
role in gonadal androgen synthesis in zebrafisire 4.) (Oakes et al., 2019} is expressed in the
steroidogenic cells of the gonad, as well as in certain germ cell s{@gesier et al., 2015)The
principal active andragns in humans are testosterone and -8ihydrotestosterone,whereas,in
contrast, the principal zebrafish androgen isKetotestosterone (11KT(Tokarz et al., 2015)This
difference in androgen production is due to the fact that zebrafish favour prosluctif 11
oxygenated androgens from androstenedione, rather than conversion of androstenedione to

testosterone(de Waal et al., 2008)

Steroid

precursors 11-deoxycortisol —f=———- Cortisol

Estrone <«————— Androstenedione —— 11B-OH-androstenedione ——11-ketoandrostenedione

E

Estradiol 4—Testosvterone -- --“L-JH ---p 11B-OH-testosterone =--=====---- » 11-ketotestosterone
Figure 4.1. The roles of Cypl1dlli(-hydroxylase) in androgen and glucocorticoid biosynthesis in
zebrafish.Cypllcl is required for the final stage of glucocorticoid biosynthesis: the conversion of
11-deoxycortisol to cortisol. Lketotestosterone, the principal zebrafish androgen, may be
produced via two pathways beginning with androstenedione. The major @ath{golid arrows)
involves 11-hydroxylation of androstenedione to produceithydroxyandrostenedione, whereas
the minor pathway (dashed arrows) requir&di -hydroxylation of testosterone to produce 11

hydroxytestosterone.
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The activity of Cyplilcl iBought to depend on electron transfer from the steroidogenic cofactor
ferredoxin 1b (Fdx1b) (Griffin et al.,, 2016) The previous chapter introduced Rdix deficient
zebrafish as a model of androgen and cortisol deficiencyllf-deficientzebrafish are infertile and
exhibit disorganised testis structure and impaired spermatogenesis, as well as reduced steedotyp

breeding behaviour@Oakes et al., 2019)

Herein, we present Cyficl deficientzebrafish lies as novel models for research into tledes of
steroids insex differentiation and adult reproductive processes. Iyji deficienizebrafish exhibit
NERdzOSR O2NIA&az2ft I yR | yRNER shgdoxydtdydddugotddicoid aly & >
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, thabgeds 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 ofcypllcimutant alleles by CRISRBas9

Exon 2 otypllciwas targeted by injection of-gell stage zebrafish embryos with a specific crRNA,
tracrRNA and Cas9 protein (seection 2.3. The resultant FO fish were outcrossed at wff) and
heritable mutations were identified in the F1 progeny. Several out of framgations were
identified including 11bp and 47bp cof-frame deletions, fish carrying these mutations were raised
and subsequently outcrossed to produce the F2 generation. Inheritancgpdflclmutant alleles

did not significantly deviate from expectddendelian 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.B5 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) (wildype 518 amino acidgFigure4.2). Both cypllclmutationsdescribed here

are very likely to result in null alleles as they are expectechtgsesevere truncation of the protein

to ~25% of the wildype protein length. This includes loss of conserved residues with important

roles in heme binding, enzyme stabilégd aromatic substrate bindinglhattab et al., 2017)
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cyplicl— chm16 54,465,271-54,459,135

GCTGCCCATGGACACCGGTGAGCTGTTCCGCTCGGAGGGTCTTCACCCGCGCCGCATGA | wild-type
GCTGCCCATGGACACCGGTGAGCTGTTCCGCTC- == === ===~ - ACCCGCGCCGCATGA | 11bp del SH548 (c.312-322del)
GCTGCC === === === = mmmmm oo s mmmmmoo—oeooooooooooo GCATGA | 47bp del SH547 (c.285-331del)

l ' '

e wild-type cyp11c (518aa)
s 11bp del SH548 (p.Glu105Profs*33) (136aa)

D | 47bp del SH547 (p.Met96Hisfs*30) (124aa)

Figure4.2. Mutations introduced intocypllclby CRISPR/Cas@/e used a CRISPR/Cas9 strategy to
introduce mutations intacypll1c] resulting in production of several staldgpllcimutant zebrafish
lines.Cypllcis 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) (82ZAdeI) and a Abp deletion

allele (SH547) (c.28%31del). Wildtype Cyplilcl 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.Met96Hisfs13®rigth 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 wildype protein product.
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4.2.2 - Impaired visual background adaptation and decreasesxpression of glucocorticoid

responsive genes inypl1lcI 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 glucocoriefaient zebrafish
larvae (Eachus et al., 2017; Griffin et al., 20b8)d can therefore be used as a screening tool to
identify such fish.Cyp11lcl™ adult zebrafish were incrossed and the resulting progeny were
subjected to VBA sorting at 4 days post fertilisation (dpf), followed by genotypaigg 4.). Fish
identified as having an intact VBA response (VBA+) were exclusivelypaldr heterozygas for
cypllcimutation. The majority of larvae identified as \\B¥ere found to be homozygous mutants,
indicating a failure ofle novocortisol biosynthesis in these fish. Occasionally, fish identified as VBA
were found to be wildypes or heterozygotesndicating that this technique cannot identify

homozygous mutants with 100% accur€gble 4.).

Table 4.1. VBA sorting @iyp11ct” 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 4.1The progeny of an incross of adaltpllclheterozygotes 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 wiltiypes or heterozygotes and the majority of \\Bigh were found to be

mutants, indicd Ay3 |y AYLIFANBR +.! NBaLRyaS Ay (G4KSas$s

47bp p=0.0003.
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In order to further characterise the impact of disrupted Cypllcl function on steroid hormone
production, pooled samples of VBA sorted larvae were collecteosesuiently, RNA was extracted
and the expression of well established glucocorticoid responsive gkbpSandpckl(Eachus et al.,
2017; Griffin et al., 2016yvas determined by gPCR. Expression of both genes was significantly
decreased in VBAsamples, indicating decreased glucd@mmid concentrations in VBAarvae, the

majority of which areyp11c? (Figure 43).
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Figure 43. Decreased expression of glucocorticoid responsive genes in-V@®ae. VBA larvae
were identifiedfrom the progeny of an incrossf cypl1ci” adult zbrafish. VBA typed larvae were
pooled, RNA extracted, and the expression of glucocorticoid responsive fidapEsand pcklwas
determined by qPCR. Expression of bfkibp5 (A+B (11bp: VBA+ n=4, VBA=3, p=0.0039; 47bp:
VBA+ n=8, VBA=5, p=0.0183) andckl (C+D (11bp: VBA+ n=4, VBA=3, p=0.0349; 47bp: VBA+
n=8, VBAN=5, p<0.0001) was significantly decreased in-\&#/ples from both alleles indicating
decreased glucocorticoid production in \Blarvae. Results analysed using unpaitetsts, *

p<0.05, ** p<0.01, **** p<0.0001.
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4.2.3- Cypllcl 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 haveygheen
pigmented dorsal fins and little orange pigmentation in the anal ti@, dpposite is true in male
zebrafish which have little greeyellow pigmentation in the dorsal fin but strong orange
pigmentation in the anal finFigure 44). Female zebrafish have a large and prominent genital

papilla, in males this structure is muchaltar and mainly hidden from view.

Upon raising the progeny alypllcl” incrosses it was immediately apparent that all homozygous
mutant fish displayed predominantly female morphological secondary sex characteriStcse(

4.4). Closer inspection ree¢éed that somecypllcI mutant fish had prominent genital papillae,
whereas others had small hidden genital papillae reminiscent of those seen iftyp@dmales.
Dissection otypl1cI” mutant fish revealed that they could possess either testes oriesaand

this was accurately predicted by the presence or absence of a prominent genital papilla. The testes
of cypllc? mutant male zebrafish appeared pale or translucent in comparison to the testes ef wild
type males which were bright white and opagukhe ratio of males to femalda populations of
wild-type andcypl1lc? mutant zebrafish did not significantly diffebased on the presence or

absence of testes in more than 50 adult fish

96



Wild-typ
77 f'--r

cyp11cthbes cyp11c147vr”

St e

Figure 44. Feminisation of secondary sex characteristics dppl1lc?” mutant male zebrafish.
Cypllcl mutant male zebrafish exhibited fin pigmentation patterns more commonly seen in
female zebrafish. Wiklype male zebrafish exhibited pale dorsal fins and stiprayange striped
anal fins.Cypl1cl mutant male zebrafish exhibited reduced orange pigmentation in the anal fin
and greenyellow pigmentation in the dorsal fin, similar to that seen in wjlde females11bp wild
type male n%0, wildtype female n=5mutant male n=8, mutant female n=5; 47bp wilghbe male

n=10, wildtype 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 cyp11c? mutant lines vere significantly longer and heavier than their wijghe siblings
(Figure 45). Dissection ofyp11lc? mutant male zebrafish revealed increased adipose tissue in the
abdominal cavity in comparison to witdpe sibling males, and this may contribute twetincreased

weight of mutant fish.

A Length-cyplicl1e” B Weight - cyp11c17%
407 S L 0.5+
£ T
= 30- 0.4
£ =
- E 0.3+
ga 207 =y
U 0.2+
T =
107 0.1
0- T 0.0- |
++ -f= ++ o=

C  Length-cyplicl#» D Weight-cyplici#»”

—— Py

Weight (g)

Figure 4.5 Increased weight and length ioypllc?™ mutant male zebrafish.Length and weight
were significantly increased in homozygous mutants from bogpllclmutant alleles. (11bp
deletion allele: wiletype n=23 mutant n=19, length p=<0.0001 weight p=0.0016. 47bp deletion
allele: wildtype n=16 mutant n=14, length p=<0.0034 weight p=0.001&Xatistical analysis was by

unpairedt-tests, **** p<0.0001, ** p<0.01.
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4.2.4- Adult cypl1c? mutant male zebrafish exhibit profound cortisol and IKetotestosterone

deficiency

In order to assess the impact ofpllcimutation on interrenal and testicular steroidogenesis, we
employed LMS/MS to quantify steroid hormone concentrations in samplesppred from whole
adult zebrafish males. Cortisol concentrations were profoundly decreased by mutatioypbicl
(Figure 46), whereas concentrations of its direct precursor,-deloxycortisol, were significantly
increased. Thus, we have demonstrated time vivo importance of Cypllcl function for the
conversion of 1deoxycortisol to cortisol in glucocorticoid biosynthesis. Concentrations of the sex
steroid precursor androstenedione were significantly increasetypilcI 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 -Hdtotestosterone and of its parsor 1%
ketoandrostenedioneHRigure 46). Concentrations of testosterone were not affected by mutation of
cypllcl(Figure 46). A comparison of steroid hormone concentrations between male and female,

wild-type andcypl1c? mutant zebrafish, can be fodnin Appendixl.

In order to assess to the systemic consequences of profound cortisol atetdtestosterone
deficiency, we used qPCR to measure the expression of steroid hormone responsive genes in the
livers of cypllcl” mutant males zebrafish and wilgipe siblings Figure 47). The expression of
glucocorticoid responsive gendkbp5 and pckl (Eachus et al., 2017; Griffin et.,a2016)was
significantly redced incyp11c? mutant male zebrafish livers compared to wiighe siblings. An
apparent decrease in the expression of the proposed androgen responsivecgp?k22(Fetter et

al., 2015; Siegenthaler et al., 201iR) the livers ofcypllc? mutant zebrafish did not achieve

statistical significanced=(gure 47).
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Figure 46. Steroid profile of adult malecypllc? mutant zebrafish is consistent with 1t
hydroxylase deficiencySteroidhormone concentrations were quantified in whole adult zebrafish
(n=6) by L@IS/MS. Concentrations of cortisoC{D (11bp p<0.0001, 47bp p=0.0039) were
profoundly reduced irtyp11c” 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 androstenedion&+{ (11bp p=0.0017, 47bp p=0.0021) were
significantly increased ioyp11c1” mutant zebrafish whereas concentratis of 11ketotestosterone

(K+D) (11bp p=0.0006, 47bp p=0.0010) and the intermediate steroieketdandrostenedionel{)

(11bp p=0.0010, 47bp p<0.0001), were undetectable in mutant zebrafish. Concentrations of
testosterone G+H (11bp p=0.1895, 47bp p6EH81)were not affected by mutant ottypllcl.All

results analysed using unpairédests, ** 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 olXe{p
deficient male zebrafishExpession of steroid responsive genesciypllcl” mutant male zebrafish
and wildtype siblings was quantified by gPCR wégfhaas a reference gene. Expression of robustly
glucocorticoid responsive gendéebp5 (11bp wildtype n=8, mutant n=8, p<0.0001; 47lvild-type
n=5, mutant n=5, p=0.023@&nd pckl (11bp wildtype n=8, mutant n=8, p<0.0001, 47bp wijghe
n=8, mutant n=8, p=0.0212) was significantly reduced in the liversypilcl” mutant male
zebrafish. Quantification of the expressionayp2k22(11bp wildtype n=8, mutant n=8, p=0.2345,
47bp wildtype n=7, mutant n=7, p=0.6200, Mafhitney tests), a proposed androgen responsive
gene, revealed an apparent reduction in expressiomyipllcl” mutant male zebrafish, however

this did not achieve stistical significance. Data analysed by unpatregbst unless otherwise stated.

101



4.2.5 - Disruption of cypllclresults in infertility and impaired breeding behaviour in male

zebrafish

Androgen resistant and androgen defici€@rowder etal., 2017; Oakes et al., 20189ple zebrafish
are infertile andthe incidence of stereotypical breeding behaviours is decreé¥edg et al., 2017)

To investigate the impact ofypllcldisruption on breeding behaviour in male zebrafish, we
analysed two well characterised behaviowhsringin the fird five minutes of breeding. Fowrild-
type sibling and four mutant males from each allele were outcrossed with-tyid females on
three separate occasions, and behaviour was video recorded for later an&@ysesosses of wild
type females and wildlype 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 cypllc?” mutant zebrafish with wildype females Table 4.3. Analysiof breeding behaviour
revealed that he number of intimate contacts, kere fish toucked, or crosed one anothef) a
direction of trave) wassignificantly reduced in botthe 11bp and 47bp deletiosyp11c1” mutant
lines compared to wildype siblingson all three occasionsHigure 48). The duration of chasing,
where one fish closely followethe other around the tank, was also sigeodftly reduced for both
alleleson all three occasiong-{gure 48). Despite exhibiting infertility in normal breeding scenari

the sperm ofcypl1cl” mutant zebrafish was able to fertilise eggs collected from -wyifte females

by IVFTable 4.3.
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Table 4.2. Infertility incypl1c?” mutant male zebrafish

Allele | Genotype | Total number of| # crosses resulting i
crosses fertilised eggs
11bp | +/+ (n=4) |12 11 (92%)
-/ - (n=4) 12 0 (0%)
47bp | +/+ (n=4) |12 8 (66%)
J4-(n=4) |12 0 (0%)

Table 4.2Cyp11cl mutant (n=4) and wildype sibling males (n=4) were outcrossed with wjide
females on three separate occasions. No crosses invotyipfjlc!” mutant males from either the
11bp or 47bp deletion alleles produced any fertilised embryos; their-tyjd siblings produced

fertilised embryos in 92% and 66% of crosses respectively.

Table 4.3. Proportion ofcypllcl” mutant and wildtype sibling sperm samples producing

fertilised embryos in IVF experiments

Genotype Proportion producing fertilised embryos
cypl1c®P* (n=4) 4/4 (100%)
cyplict®’ (n=4) 3/4 (75%)
cypl1ct™*(n=4) 4/4 (100%)
cyplict™’ (n=4) 4/4 (100%)

Table 4.3. Testes were dissected from male zebrafish and homogenised in a 50x mass:volume
RAfdziA2y 27F | solitio® Sperin dofufiofsNderg usad td fértilise eggs collected from

wild-type females.
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Figure 4.8 Cyfdl1cl deficientmale zebrafish exhibiteducedstereotypical breeding behaviours in
parings with wildtype females.Cyplicl mutant (n=4) and wildype sibling male (n=4) zebrafish
were paired with wiletype females and behaviour was analysed during the first five minutes of
breeding. This procedure was repeated on three separate occasions. Intimate coAtaBtg1(1bp:

1 p=0.0270, 2 p=0.0270, 3 p<0Q1; 47bp: 1 p=0.0184, 2 p=0.0001, 3 p=0.0184) and chasing
duration C+D (11lbp: 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 multipletests wih the HolmSidak method* p<0.05, ** p<0.01, *** p<0.001,

wok 0<0.0001.
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Whilst conducting breeding experiments amypllcl™ mutant zebrafish it was noted that they
appeared to exhibit reduced locomotor activity. In order to quantify this, mutant andtydd male
zebrafish were exposed to an open field test. This revealed that the total distance swam over the
duration of thetrial, as well as duration of fast swimming, was significantly and consistently reduced
in cypllc? mutant zebrafish Figure 49). Freezing duration, or the duration for which the fish was
stationary in the tank, was also recorded. Freezing duration e@ssistently greater in trials
involving mutant zebrafish, however these results were not statistically significant, presumably due

to the extremely high variability with whicghe mutantfish expressd this phenotype Figure 49).
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Figure 49. Cyfdlcl deficient male zebrafish exhibit decreased locomotor activityn order to

assess locomotiorgypl1cl” mutant male zebrafish and wiltype siblings (n=6) were exposed to

open field tests. Tests were repeated on three occasions, and total distance sastnswimming

duration and freezing duration were recorded. Total distance swArB((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 d@aipn (

(11bp: 1 p=0.0348, 2 p<0.0001, 3 p=0.0021; 47bp: 1 pe0,02 p=0.0009, 3 p=0.0009) were

consistently reduced in botbyp11c? mutant alleles across all trials. Freeze duratiBmf (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 incypl1lc? mutant male zebrafish, however this was only significant in one tHgal (

Results were analysed using multipiests with the HolmSidak method, * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001.
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4.2.6- Cypllcdisruption results in testicular disorganisation and reduced spermatogenesis

In order to examine the impact afypllclmutation on testis morphology we collected coronal
sections through whole adult zebrafish and performed haematoxylin and eosin (H&#hgta he
testes of wildtype sibling males (n=3 per allele) appeared to be well organised, with a defined
tubular structure frequently in evidencd={gure 410). In contrast, the structure afypl1lcl” mutant
testes (n=5 per allele) was generally disonged, with a defined tubule structure very rarely in
evidence Figure 410). Picrosirius red staining for collagen, a component of the seminiferous tubule
basement membrane, gave a clearer representation of tubule morphologyypdlc? mutant
testes.In comparison to wildype testes,cypllcl” mutant testes contained seminiferous tubules
with a smaller diameter, as well as an apparent increase in the total number of tubidesd 4.1).

The seminiferous tubules of wilgipe testes comprised clusterof developing spermatogonia,
spermatocytes and spermatids lining the perimeter, with mature spermatozoa in the central lumen
(Figure 410). The testes ofypl1c? mutant zebrafish also contained all stages of spermatogenesis;
however, the proportion ofieveloping 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; th cypllcimutant alleles exhibited significantly lower sperm counts compared to-wild
type siblingsKigure 4.2). No difference in gonadosomatic index, the percentage contribution of the

gonads to overall body weight, was observed for either allele.
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Hgure 4.10 Mutation of cypllclresults in disorganised seminiferous tubules and reduced

spermatozoa.The morphology and composition ofp11c? mutant and wildtype sibling testes

was assessed by H&E staining. The testes oftypll sibling fish(A,B,GH) contained defined

seminiferous tubules whereasypllc?  mutant testes (GF, L) contained poorly defined

seminiferous tubules and comparatively fewer mature spetfrbp wildtype n=3, mutant n=5; 47bp

wild-type n=3, mutant n=5.
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Figure 411. Picrosirius red staining ofypllc?™ mutant testes.In comparison to wildypes @-D)
the seminiferous tubules ofypl1lc1” mutant testes (EH) appeared smaller in diameter and also

greater in numberllbp wildtype n=3, mutant n=5; 47bp wiltype n=3 mutant n=>5.
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Figure 4.12 Cyd.1cl deficientzebrafish exhibit a decreased sperm couritestes were dissected

from cypllcimutant or wildtype sibling zebrafish and briefly homogenised in a 50x mass:volume
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zebrafish exhibited significantly reduced sperm counts compared totylelsiblings (11bp mutant

n=6, wildtype n=8, p=0.0023; 47bp mutant n=7, wiigphbe n=6, p=0.0167). No change in GSI was

observed (11bp mutant n=7, wilgpe n=8, p=0.1201; 47bp mutant n=7, wilghe n=7, p=0.3046).

Results analysed by unpairetests, * p<0.®, ** p<0.01.
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4.2.7- Androgens are crucial for development of the spermatic duct

Cypllcl mutant male zebrafish were infertile in conventional breeding scenarios, but their sperm
could fertilise eggs collected from witgdpe females by IVF. This led us to hypothesize that sperm
release could be impaired. In zebrafish, sperm is conducted fremetes to the urogenital orifice

via the spermatic duc{Menke et al., 2011)As testicular tubule structure was found toeb
disorganised ircyp11c?” 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 ducF{gure 4.B). The spermatic ducts of wiltgipe sibling zebrafish
appeared as extensive tubular structsrewith tubules containing mature spermatozoda-igure
4.13A+D. In contrast, the spermatic ducts @fpllc? mutant zebrafish appeared as severely
hypoplastic structure immediately posterior to the intestineCypllcl mutant spermatic ducts
either contained no spernil1bp deletion: 4/5, 47bp deletion: 2/5Figure 4.18+H, or existed as a
slightly more extensively developed structure containing some mature spermatoZigare

4.13C+p.

Sperm samples may be collected from zebrafish by manual gamete expréd&isterfield, 200Q)

In order to determine if hypoplasia of the spermatic duct resulted in impaired sperm release, we
subjectedcypllc?” mutant zebrafish and wiltype siblings to this procedure. Cyjcl deficient
zebrafish exhibited profoundly impaired sperm release, although sperm was observed in samples
obtained from somecyp11ci™’ zebrafish in one of two trialsTéble 4.4. Thesecyp11ci™”
mutant sperm samples contained significantly decreased spemeentrations compared to wild

type siblings.
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Figure 4.13 The spermatic ducts ofypllc?™ mutant zebrafish are hypoplastic. A+[Bpermatic
ducts of wildtype sibling zebrafish appear as an extensive network of tubules containing mature
spermatozoasituated between the intestine and renal collecting duBtC+E+FBpermatic ducts of
cyplic? mutant zebrafish were comparatively smaller compared to those of-tyjdé siblings.
Cyplicl mutant spermatic ducts (arrows) appeared immediately postetimrthe intestine and
were severely underdeveloped, though some contained mature sperm. Images captured at 10x

magnification.11bp wildtype n=3, mutant n=5; 47bp wiltype n=3, mutant n=5.

Table 4.4. Proportion of fish producing sperm samples during ganegression experiments

Genotype # of fish producing sperm sample
First trial Second trial
cyplicitr 6/6 8/8
cyplicir” 0/6 017
cyplict™e 6/6 6/6
cyplict™” 6/9* 0/6

*2/6 samples from fish which produced sperm contaimeligible sperm numbers.

112



4.2.8- Reduced expression of prmale and spermatogenic genes in the testesoypllcl mutant
zebrafish

Androgens, and other steroid hormones, act via their cognate nuclear receptors to influence gene
expression(de Waal etal., 2008) In order to understand the impact of altered steroid hormone
concentrations on gene expressiontime testes, and gain insighttm the molecular mechanisms
underlying the observed phenotype, we have used gPCR to measure to expressioe®feated

to sex and gonadal function.

Igf3 and InsI3 are important factors in zebrafish spermatogenesis, specifically involved in the
proliferation and differentiation of type A spermatogonfAssis et al., 2016; Morais et al., 2017;
Nobrega et al., 2015)Both genes encoding these factors were significantly dogulated in
cyplld’ mutant zebrafish, potentially suggesting impairment of early stages of spermatogenesis in

these mutants Figure 4.4).

The expression almrtl and sox9a both of which play important roles in male sex differentiation
(Sun et al., 2013; Webstet al., 2017)was unaffected by mutation afypllcl(Figure 4.4). Amh
also plays a role in male sex differentiatiodriguezMari et al., 2005; Wang and Orban, 2007)
this gene was upregulated in the 11bp deletioypllcimutant but unaffected in the 47bp deletion

mutant.

Expression of the androgen receptar, via which 1iketotestosterone exerts its effects on gene
expression, was significantly upregulated in the tesiesypllc?” mutant zebrafish Kigure 4.4).
This indicates a potential compensatory mechanism involving increased androgen receptor

expression to scavenge for reduced androgens.

Inhibins exert negative feedback on the hypothalarpitsitary-gonadal axis, and may also play a
role in Sertoli cell proliferation and spermatogenesis in vertebrg@a et al., 2011; Gregory and

Kaiser, 2004; Poon et al., 2009)/e observed significant dowmegulation ofinha in our 47bp
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deletioncypllcimutant zebrafish, however the decrease observed in our 11bp deletion mutant did

not achieve statistical significandéigure 4.4).
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Figure 4.4. Expression of pranale and spermatogenic genes in the testes @fpllcl” mutant
zebrafish.The expression prmale transcription factorsox9a(11bp deletion n=7, p=0.3321; 47bp
deletion n=8, p=0.7337) ardinrtl (11bp deletion n=8, p=0.5821; 47bp deletion n=8, p=0.4756) was
unchanged in Cyid cldeficient zebrafish Expression of the prmale antiMillerian hormone was
upregulated in the testes afypl1c? 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
hypathalamuspituitary-gonadal axis regulator inhibin alph@nha) was unchanged ircyplict
mutant fish carrying the 11bp deletion allele (wilgpe n=7, mutant n=8 p=0.1067) but
downregulated in fish homozygous for the 47bp deletion allele (n=8, p=0.0&&pyession of the
spermatogenic factorgyf3 (11bp deletion n=8, p=0.01837bp deletion wildype n=8,mutant n=7,
p=0.0024)and insl3 (11bp deletion wildype n=7, mutant n=8 p<0.0001; 47bp deletion n=8,
p<0.0001) was profoundly reduced in the testafscypllc?” mutant zebrafish. Expression of the
androgen receptor(ar) was significantly upregulated ioypllcI™ mutant zebrafish testes (11bp
deletion wildtype n=7, mutant n=8 p<0.0001; 47bp deletion n=8, p=0.0020).
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4.2.9 - Expression of spermatogessis 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 understandaighe 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 markegenes for several intermediate stages of spermatogendésgule 4.5).
Nanos2and piwill are expressed in type A spermatogofieer and Draper, 2013; Chen et al., 2013;
Safian et al., 2016)Significantly increased expressionnainos2was observed itypl1cl” mutant
zebrafish. Increased expressionmivill was observed irtypllc?” mutant zebrafish carrying the
11bp deletion allele, but not in those carrying the 47bp deletion alleigure 4.5). Taken together,

these results indicate an accumditat 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)as observed, however, expression of the spermatocyte marker
sycp3(Ozakiet al., 2011)and spermatid markeodf3b (Ndbrega et al., 2015; Yano et al., 2008)s
significantly reduced inyp11c1” mutant zebrafish testes, indicating a reduced proportion of cells at

the later stages of spermatogenesisdure 4.5).
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Figure 4.15 Expression of spermatogenic marker genes in the testescgpllcl  mutant
zebrafish. gPCR was employed to measure the expression of marker genes for several
spermatogenic stages. The expression ménos2 a marker of type A undifferentiated
spermatogonia, was increased é@ypllcl” mutant zebrafish (11bp deletion n=8, p=0.0112; 47bp
deletion n=8, p=0.0001). The expression wivill, 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 aathgm7bp deletion allele
(n=8 , p=0.4385). Expression of the type B spermatogonia mdazéwas not affected by mutation

of cypllicl(11bp deletion n=8, p=0.1213; 47bp deletion n=8, p=0.7009). Expression of the
spermatocyte and spermatid markesycp3and odf3b was significantly reduced in the testes of
cyplic? zebrafish. §ycp3 11bp deletion n=8, p=0.0006; 47bp deletion n=8, p=0.0668&kb: 11bp
deletion n=8, p<0.0001; 47bp deletion n=8, p=0.0013). Results analysed by unptesd. *

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 brainsgpl1c?” mutant male zebrafish

Expression opomcaand fshb was significantly increased in the brains fdk1b’~ mutant male
zebrafish, possibly due to loss of negative feedback from cortisol and reduced expression of the HPG
axis regulatorinha (Alsop and Vijayan, 2009; Poon et al.,, 2008 apparent increase in the
expression opomcain the brains otypl1lc?” mutant males was only significant in td&bp allele,

though the result from the 11bp allele was approaching the significance threshold (p=0.0991)
(Figure 4.8). Expression dshbwas significantly increased in 47bp deletion allele mutant males but

unchanged in the 11bp allele. No changéhimexpression was recorded for either allele.
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Figure 4.B. Expression ofpomca and gonadotropins in the brains otypllc?™ mutant male
zebrafish.An apparent increase in the expressionpaimcathe brains ofcypllc?” mutant male
zebrafish was only significant for the comparison in the 47bp allele (11bp deletiontypéich=8
mutant n=7, p=0.0991; 47bp deletion, wilgpe n=5 mutant n=8, p=0.0006). Expressionfsibwas
significantly increased the brains ofp11c1” mutant male carrying the 47bp allele, but not in those
carrying the 11bp allele (11bp deletion, wilgpe n=8 mutant n=7, ManAWhitney test, p=0.2228;
47bp deletion, wildype n=6 mutant n=7 MannWhitney test p=0.021). No change irlhb
expression s observed for either allele (11bp deletion, wijghe Nn=8 mutant n=7, p=0.4749; 47bp
deletion, wildtype n=6 mutant n=8, p=0.2188). Statistical analysis was by unpditedt unless

otherwise stated. * p<0.05, ***p<0.001.
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4.3- Discussion

The spedic roles of androgens in testicular function in zebrafish are poorly understood. Herein, we
have described the phenotype of androgen and cortisol defiaigpfilcl” mutant zebrafish, paying
particular attention to the roles of steroids in the developmiemaintenance and function of the

male reproductive system.

Cyplicl is important for production of cortisol and-Ketotestosterone, the principal zebrafish
androgen(de Waal et al., 2008; Tokarz et al., 20M/e have demonstrated that Cypcl deficient
zebrafish exhibit profound cortisol and kitotestosterone deficiency, confirming the crucial mle
of this enzyme in steroidogenesiBigure 46). Concentrations of testosterone were unaffected by
mutation ofcypllcl however the contribution of testostone to androgen signalling in fish is likely
to be negligible as only small amounts of this steroid are prod@dedVaal et al., 2008; Mindnich et
al., 2005) Concentrations of the sex steroid precursor androstenedione were increasgglicl
mutant zebrafish, presumably due to blockage of the androgen biosynthetic pathwaelass
shunting of precursors from the cortisol biosynthetic pathway. Likeketttestosterone and
testosterone, androstenedione also has androgen activity; however, it has a relatively low affinity for
the androgen receptor and is considered a weakedragen and is unlikely to be an important

androgenin 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 pathwaydution of oestrogens
requires ovarian aromatase (Cypl9ala), expressiocypi9alais comparatively low in the testes
(Crowder et al., 2017; Sawyer et al.,, BDP@naking it unlikely that excess androstenedione is

converted to oestrogens.

Decreased cortisol concentrations were reflected by decreased expression of the glucocorticoid

responsive genefkbp5 and pck1(Eachus et al., 2017; Griffin et al., 20i6poth cypllcl mutant
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male adult liver tissue and in whole 5 days post fertilisation larFgu(es 4.34.7), demonstrating

the importance of Cypllcl for production of this steroid throughout the zebrafish lifecourse.
Cyp2k22s proposed as an androgeasponsive gene in zebrafigRetter et al, 2015; Siegenthaler

et al., 2017) and is robustly downregulated in the livers of androgen deficfeilb’~ mutant
zebrafish(Figure 3. (Oakes et al., 2019An apparent reduction in the expressionaypk22in the
livers of cypllcl mutant zebrafish was not significanFi§ure 47). The high variability in the
expression of this gene, particularly in wilgpe fish, is a likely explanation for this finding, and

suggests that it may also be regulateddtiger factors in addition to androgen signalling.

As with other zebrafish lines carrying mutations resulting in impaired androgen signeyipid,c1”
mutant zebrafish exhibit primarily female pigmentation patte{@owder 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 colaupatterning genes in the caudal fins of wilde adult zebrafish males and
females(Hosseini et al., 2019However, the caudal fin has a lesswsly dimorphic appearance
than the dorsal and anal fins, which were changed in appearance by mutatioyptficlin 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

maletype pigment patterning or suppression of feladype patterning.

Cyf1cl deficieniadult male zebrafish were found to be infertile by conventional breeding methods
(Table 4.2, however their sperm was able to fertilise eggs collected from-type female zebrafish

by IVF Table 4.3. This suggesthat cypllcl 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

impared 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 deficier{Ciegtes et al., 2019; Yong

et al., 2017) Herewe have replicated the phenotype we previously describeddiilb’™ mutant
zebrafish irour newcyp11c1 mutant zebrafish linesHigure 48) (Oakes et al., 2019)n addition to

this it was found thatcyp11c1” mutant zebrafish exhibit decreased locomotor activity compared to
wild-type siblings Figure 49). This decrease in locomotor activity may affect our readouts of
breeding behaviours. For example, fish which swimre slowlymay 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 zebrafislglucocaticoid receptor mutants are known to exhibit freezing behaviour and
slower average swim velocity when exposed to the open field (@ist et al., 2013)This indicates

that cortisol deficiency is likely to be responsible for the impaired locomotor behaviour seen in
cypllc? mutant zebrafish. Overall, a combination of cortisol anek&fotestosterone deficiency is
likely to be responsibléor impaired breeding behaviours inyp11c?” mutant zebrafishas impaired
locomotor behaviourprobably due to cortisol deficiencmustplay a role howevermutation of the

androgen receptor also produces a similar phenotfpeng 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, widdlemand female zebrafish
present in similar proportions imypllc?” mutant and wildtype sibling populations. However,
histological examination afyp11cI mutants revealed considerable disorganisation of the testes;
seminiferous tubules appeared to lsenaller and more numerous, and the quantity of mature sperm
appeared to be decreasedigures 410-4.12). The histological appearance ofpllcl” mutant

testes was reminiscent of the phenotype described in androgen resistant and other androgen
deficient zebrafish lines(Crowder et al., 2017; Oakes et al., 201®)us 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 tretde appears to occur

122



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 developnfean der Ven and Wester,
2003) As such, it appears that therucial roleof androgens in the development oféltestis 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. SsvBertoli cell expressed genes, such as
sox9aandinha, were downregulated ifidx1b’- mutant zebrafish, which exhibit a similar phenotype

to that described in the present studakes et al., 201950x9amay be of importance in testis
tubulogenesigOakes et al., 2019pns a role in this process has been proposed in a related teleost
(Nakamoto et al., 2005However,sox9aexpression was unaffected by mutation ofpllc]l and
downregulation ofinhawas only significant in one of the two mutant lines examinEigj\yre 4.4).
Therefore, he mechanismby which androgens control appropriate testis tubule musgenesis or

maintenance remaimnigmatic, and arexciting topis for further gudy.

The decrease in spermabundance observed incypllic?  mutant testes by histology was
subsequently confirmed by sperm countingigure 4.2). As mentioned above, the abdominal
cavities ofcypl1lcl mutant fishtypically contained more adipose tissut@an those oftheir 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. Howevethe impact of this is likely to be minimal, and when
combined with histological evidenceour results providecompelling evidence for impaired

spermatogenesis in this mutant line.

We have observed significant dowegulation ofigf3 andinsI3in cyp11c? mutant zebrafishFigure
4.14), both genes are important in the differentiation and proliferation of type A spermatogonia
(Assis et al., 201@ylorais et al., 2017; Nobrega et al., 2019his was reflected by increased

expression ofnanos2 a marker for type A spermatogon{®eer and Draper, 2013; Safian et al.,
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2016) and decreased expression gycp3and odf3b, markers of later stages in spermatogenesis
(Figure 4.5) (Nobrega et al., 2015; Ozaki et al.,, 2011; Yano et al., 20083 pattern of gene
expression reinforces the theory that eéhdifferentiation 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 impdant role in this process in both mammals and fish, and interplay between these

systems has been suggest@lespo et al., 2019; Smith and Walker, 2014)

In addition to impaired spermatogonial differentiation, entrytgpbe B spermatogonimto meiosis
may also bedisrupted incypllc? mutant zebrafish Expression of the type B spermatogonia
marker dazlwas unchanged by mutatioaf cypllcl.In contrast, expression of the spermatocyte
markersycp3was downregulated, as was the spermatid mar&df3b (Figure 4.5). Spermatogenic
arrest during meiosis has previously been reported in androgen receptor mutant zel{pafist al.,
2018) Sycp3 is a synaptonemal complesmponent; thisstructure has important rolesduring
meiotic prophaseincluding regulation of chromosome recombinatigRage and Hawley, 2004;

Syrjanen et al., 2014)

Attempts to manually collect semefnom cypl1lcl mutant zebrafishrevealed that sperm release is
impaired. However, this technique may not accurately replicate the ejaculatmeghanism in
natural breeding and therefore the possibility of successful sperm release in natural breeding
conditions cannot be ruled outHistological examination revealed that the spermatic duct was
severely hypoplastic inypllcl mutant zebrafishLittle is known about the development diie
spermatic ducthowever we have shown here for the first time that its development is highly steroid
hormone dependent, and is likely to be mediated bykktotestosterone. This structure may be
thought of as cmparable to Wolffian duct structures in mammals, however these structures are of
different embryological origins and may be analogous in function alblathews et al., 2018; Shaw

and Renfree, 2014Nevertheless, both structures appear to be highly dependent on andsygen
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abnormal Wolffian duct structures are frequently seen in complete androgen insensitivity syndrome
(Barbaro et al., 2007; Hannema et al., 2006) addiion to this Wolffian duct structures are also

absent in AR knoetiut mice(Yeh et al., 2002)

When producing homozygous mutant zebrafish lines it is important to consider the possibility of
severely reduced genetic variancethe region surrounding the mutated target genkhis 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 homeitygo

the region surrounding the gene of interest. This possibility should be considered, especially when
unexpected phenotypes are observed; for example, in this study expressamtofppeared to be
elevated in onecypllcilallele but not the other. Tis problem may simply be an artefact of multiple
testing and further gPCR experiments using cDNA from additional incrosses could be used to
eliminate this source of error. Alternatively, compound heterozygotgpy1ci*®Pee/#™rdy coyld be

produced toensure normal genomic variation in the region surrounding the gene of interest.

Herein, we have described novel zebrafish lines carrying mutatioppdflcl which is crucial for the
biosynthesis of lXketotestosterone and cortisol. These mutant zebrafiskhibit 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 morphogenesiszebrafish 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 infdx1b”’ mutant zebrafish

5.1- Introduction

Several models of androgen deficiency or resistance in zebrafish have been pulfisbeder et

al., 2017; Li et al., 2019b; Tang et al., 2018; Yu et al., 2Bh8yogen 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 inviihired
androgen signalling comprises disorganised structure and impaired spermatogenesis. Histological
examination of the testes reveals an accumulation of germ cells at early stages of spmeEmetis,

and this is mirrored byipregulation of spermatogaa marker genesHigures 3.15+48) (Li et al.,
2019b; Tang et al., 201850me progress has been made towards understanding the molecular
mechanisns underpinning impaired spermatogonial differentiatiogf3 and insI3,genes crucial for

this process, are profoundly downregulated in the testes of androgen deficient or resistant fish
(Figures 3.13+44) (Tang et al., 2018)in contrast, evidece for perturbed molecular pathways
resulting in testis disorganisation is scarex9as suggested to play a role in testis tubulogenesis in
Medaka(Nakamoto et al., 2005and a small downregulation of this gene was observed in the testes
of fdx1b’~ mutant zebrafsh. However, this was not recapitulated aypllc?™ or ar’”” mutant
zebrafish linesHigure 4.4) (Crowder et al., 2017; Yu et al., 2018) order to identify pathways
affected by androgen deficiency in the zebrafish testes we have performed mRNA sequencing of the

testes offdx1b’ mutant and wildtype sibling zebrafish.

In addition to mMRNA sequencing, we have performed small RNA sequencing of the same samples.
Micro RNAs (miRNAs) are short RNA molecules (~22nt) which exettgrastriptional repression

on gene expession by preventing translation. Most mMRNAs are suggested to be potential miRNA
targets, indicating that miRNAs influence most, if not all, biological procéBse®l, 2018) miRNAs

have known roles in the development and function of the testes, particularly in spermatogenesis
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(Mobasheri and Babatunde, 201%or example, miRNAs are essahtor spermatogenesis in mice,

as germ cell knockout of Dicer, which plays a role in miRNA biogenesis, resulted in spermatogenic
arrest during early stages of spermatogendbiayashi et al., 2008Furthermore, 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 potentiafaol@iRNAs in the
androgen regulation of spermatogenesis and testis funciiPanneerdoss et al., 2012%everal
miRNAs play important roles in regulation of spermatogonial differentiation, a process which is

impaired infdx1b’~ mutant zebrafisiMobasheri 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 giress(Rodgers et al., 2013Yhe phenotype displayed by the
offspring can be recapitulated by zygotic microinjection of the nine upregulated mifdéigers et

al., 2015) These studies indicate that sdtnsgty of the stress axis can be programmed by a
paternally inherited epigenetic signaturghich could potentially béorought about by increased

glucocorticoid exposure as a result of stress.

Fdx1H  mutant zebrafish are glucocorticoid and androgen ideht. We hypothesis® that
deficiency of these steroid hormonegould result in differential expression shRNAs andniRNAs
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 RNAextraction was performed using Trizol reagent (Ambion, Texas, United States) as per the
YIFydzZlF OlidzNENRE AyadNHzOGA2yas SEOSLI -20tChwith LINB OA |
addition of 10ug of glycogen (Roche, Basel, Switzerland). RNA integricheced 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 Universitéat Dresden. mRNA pulldown was achieved withlEBNext poly(A) mRNA
magnetic isolation module with 300ng total RNA input, and libraries were produced using the
NEBNext ultra Il directional RNA library prep kit for lllumina (NEB, Ipswich, Massachusetts, United
States). Small RNA libraries were prephusing the Nextflex small RNA seq kit v3 with 50ug total
RNA input (Biooscientific, Austin, Texas, United States). Small RNA and mRNA libraries were 75bp
single end sequencedn a NextSeq 500 sequencing system (lllumina, San Diego, California, United

Stakes)to a depth of ~10 million andd30 million reads respectively.

5.2.3- mRNAsequencingdata analysis

Fastq.gz files produced by RNA sequencing were first trimmed using Trimmomatic version 0.39
(ILLUMINACLIP: Trimmomafic89/adapters/TruSegSE.fa:2:30:10 LEADING:3 TRAILING:3

SLIDINGWINDOW:4:15 MINLEN:36) followed by removal of rRNAs by SortmeRNA xeQiaalify
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control wasperformedusing FastQC. Trimmed reads were aligned to the zebrafish genome (GRCz11)
using STAR. DESeq2 was used-stuéo for normalisation of counts and differential expression
analysis. Principal component analysis and heat prapluction was performed in R studio by the
plotPCA and pheatmap packages respectivElyde used for mRNA sequencing analysis can be

found inAppendix Il

5.2.4- Gene ontology term overrepresentation and KEGG pathway analysis

Genes detected as signifitdy differentially expressed by RNA sequencing were filtered to remove
genes with a base mean count of <300 and a fold change ef.5+Additional file 1). Statistical
overrepresentation analysis of gene ontology terms associated with differentiallegsgr genes
(DEGs) was performed using GOr({iden et al., 2009)with the GO biological processes gene
annotation set. Analysis for enrichmeat biological pathways was accomplished using the DAVID
functional annotation tool to find KEGG pathways overrepresented in our list of (pE@sg da et

al., 2009) The background gene lisadditional file 1) contained all genes detected in our RBEY

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 RNAequencingdata analysis

Initially, FastQ@Andrews, 2010yvas used to perform quality assurance on small RNA sequencing
files. Small RNA sequencing datar&vanalysed using the Oasis 2.0 web interfdBahman et al.,
2018) .fastg.gz files wer uploaded to the web interface and processed using the following
parameters:Danio rerio(zebrafish) genome assembly GRCz10 (danRerl10), 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 liste@able 5.1and aligns reads to the

databases listed ifable 5.2

Differential expression analysis was atmrformedusing 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 sepataly.

Table5.1. 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- Fdx18” mutant and wild-type sibling mRNA sequencing quality control

Quality control was performed by FastQC and MultiQC both bdfuseshown) and subsequent to

rRNA removal and trimmindrigure 5.) (Andrews, 2010; Ewels et al., 2016hd revealed excellent
sequence quality Kigure 5.1BD). All samples failed the per sequence GC content module and
triggered warning for the sequence duplicati@vel module, however only slight left skewing of the

GC content chart and reasonably low duplication levels were evidégure 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 analysisigure 5.1 No overrepresented sequences were
detected in any samples and all samples passed the adapter content module. All samples failed the
kmer content module Figure 5.1Hi ¢ this is likely to be due to the nom 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 processiuglity control was
performed by FastQC/MultiQC after trimming reads using Trimmomatic and regnoRiNA reads
using SortmeRNAA: Samples were sequenced to a depth of @26 million readsB-D: Quality
scores and N content indicate very high sequence qudityer sequence GC content showed slight
left skew.F: Sequencing data contained a reasondbly duplication levelG+H:Example charts for

per base sequence content and kmer content, all other samples produced charts with a similar

profile.
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