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Abstract 

Birds use a ZW sex determination system where males are homogametic ZZ and 

females are heterogametic ZW. Although it has been established that avian sex 

determination is governed by the inheritance of these sex chromosomes, the 

underlying molecular mechanism still largely remains a mystery and no gene/s 

have been identified as the master regulator of sex determination. The W-linked 

gene FAF (Female Associated Factor) is a promising candidate of ovarian 

development since its expression is restricted to females only and is initiated prior 

to the start of sex differentiation. This project aimed to determine the functional role 

of FAF in the gonadal development of Gallus gallus by investigating the effects of 

the knockdown of FAF in ZW females and the ectopic expression of FAF in ZZ 

males. 5’-RACE was conducted on mRNA extracted from HH24-25 female whole-

body and gonad tissue to annotate the 5’-UTR of FAF.  Using this data, two non-

overlapping morpholinos were designed to target FAF. The morpholinos and pCI-

FAF-RFP expression plasmid was delivered to embryos (HH14-16) via in ovo 

electroporation. While male embryos electroporated with the FAF-targeting 

morpholinos (at 1mM and 2mM) developed to HH30-34, female embryos died 24-

48 hr post-electroporation. Female embryos electroporated with the control 

morpholino (at 1mM and 2mM), however, developed normally to HH30-34. This 

suggests delivery of the construct was not isolated to the gonads alone as the 

gonads are not essential to survival. Consistent with this, it was identified that the 

morpholinos were also delivered to the dorsal aorta, suggesting FAF may have a 

role in the formation/functioning of the dorsal aorta. The ectopic expression of FAF 

in ZZ males resulted in the gonads developing a female-like morphology, 

suggesting a male-to-female sex reversal whereas the overexpression of FAF in 

ZW females had no morphological effect on the gonads. Currently it is unclear if 

FAF acts as a protein or non-coding RNA, however, based on the findings from 

this project, it is clear that FAF is implicated in normal female development and 

gonad differentiation which warrants further investigation. 
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1. Chapter 1 - Introduction 

1. Literature review 

1.1. Sex determination vs sex differentiation 
For the purposes of this thesis, it is important to distinguish between sex 

determination and sex differentiation. Sex determination refers to the mechanism 

by which an organism’s sex is determined. Two main mechanisms exist, namely 

chromosomal systems and environmental systems (Coriat et al., 1994). Sex 

differentiation however refers to the process by which sex-dichotomous differences 

arise. This includes gonadal sex differentiation, which entails how the genital 

organs (testis, ovaries, sex ducts & uterus) are established by the actions of genes 

and hormones and secondary sexual characteristics which involves the 

development of sex-dichotomous characteristics of the rest of the body, excluding 

the genital organs (Hirst, Major and Smith, 2018). This chapter will explore these 

two concepts in more detail, focusing on Gallus gallus. 

1.2. Chromosomal sex determination systems 
Chromosomal systems are centred on the inheritance of sex-specific 

chromosomes. While several types of chromosomal sex determination systems 

exist, the most well studied one would be the XX/XY sex determining system and 

is used as a model to extrapolate information for all other sex determining systems 

(Bull, 1985). Considering this, an overview of the XX/XY sex determining system 

will be provided. Birds, including chickens (Gallus gallus), use a ZW sex 

determining system, which is less well understood and forms the focus of this work. 

1.2.1. The XX/XY sex determining system 
In mammals, males are the heterogametic sex (XY) whereas females are 

homogametic (XX). The analysis of sex-aneuploids revealed that the Y 

chromosome is required for maleness however it was unclear which gene/s on the 

Y chromosome was responsible for male development (Ford et al., 1959; Jacobs 

and Strong, 1959). While it was believed that Sry (sex determining region Y), found 

on the Y chromosome, was the master sex regulator it was only experimentally 

confirmed by Koopman et al., (1991). The work done by Koopman et al., (1991) 

entailed the ectopic expression of Sry in XX female mice which resulted in 

complete female-to-male sex reversal (Koopman et al., 1991). Evidently, SRY acts 

as the ‘master switch’ triggering male development.    
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1.2.2. The ZZ/ZW sex determining system 
The ZW sex determining system is used by birds and some fish, crustaceans, 

insects and reptiles. In the case of birds, males are the homogametic sex (ZZ) and 

females are the heterogametic sex (ZW) (Clinton, 1998). The Z chromosome in 

birds is equivalent to the mammalian X chromosome in the sense that it is large 

(82 Mb) and gene rich, harbouring over 1000 genes and 348 non-coding RNAs 

(Ayers et al., 2013; Bellott et al., 2017). Most of these genes however serve a 

regulatory function and do not contribute to sex determination (Schmid et al., 

2015). Conversely, the W chromosome, equivalent to the mammalian Y 

chromosome in terms of gene density, has undergone genetic decay. The W 

chromosome is approximately 7 Mb in length and is comprised mostly of repetitive 

elements (XhoI, EcoRI, and SspI classes) which makes sequencing and 

annotation difficult. However, current annotations (galGal5) predict there to be ~28 

putative protein coding genes and 116 non-coding RNAs (Itoh and Mizuno, 2002; 

Ayers et al., 2013; Bellott et al., 2017).   

1.3. Gonadal sex differentiation in Gallus gallus 

1.3.1. Formation of the genital ridge  
The gonads are derived from intermediate mesoderm and gonadal development, 

in both male and females, commences at about HH18, where the coelomic 

epithelium (outermost layer of the male and female gonads) ventral to the 

mesonephros (primitive kidney) starts to thicken (Merchant-larios, Popova and 

Reyss-Brion, 1984). Concurrently, the primordial germ cells (PGCs) which are 

found in the area pellucida segregate and migrate to and from the germinal 

crescent to the circulatory system and then to the gonads (Ginsburg and Eyal-

giladi, 1987). The transcription factors SF1 (Steroidogenic Factor-1), GATA4, WT-

1 (Wilm’s Tumour associated protein) and LHX9 (LIM homeobox protein) are 

essential for the initial stages of gonadal differentiation and establishing the genital 

ridge (Oréal et al., 2002). While functional work involving the knockdown of these 

transcription factors have not been done in chickens, knockouts of Gata4 or Sf1 in 

mice resulted in the gonads not forming as the coelomic epithelium did not thicken, 

suggesting a role in genital ridge formation (Luo, Ikeda and Parker, 1994; Hu, 

Okumura and Page, 2013). Interestingly, in chickens, DAX1 (a nuclear receptor 

protein) is expressed from HH18 in both sexes at low levels and peaks during the 

period of gonad differentiation. In mice, it was found that Dax1 functions in 

regulating spermatogenesis and folliculogenesis. The increased expression during 
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gonad differentiation suggests DAX1 may function similarly in chickens to aid in 

testis/ovary development, particularly that of spermatogenesis/folliculogenesis 

(Smith, Smith and Sinclair, 1999; Smith et al., 2000; Meeks et al., 2003; Yamamoto 

et al., 2003; Caetano et al., 2014). Figure 1.1 below illustrates the transcription 

factors essential for establishing the genital ridge.  

 

 

 

Figure 1.1. Formation of the genital ridge. The coelomic epithelium ventral to the 

mesonephros starts to thicken from HH18 onwards, initiated by the expression of 

the transcription factors SF1, GATA4, WT-1, LHX9 and DAX1. The green circles 

indicate the expression of these factors in both males and females. Concurrently, 

the primordial germ cells migrate to the genital ridge, predominantly being found in 

the cortex, represented by the black circles.   

 

1.3.2. Genes expressed in males and females, prior to gonadal 

differentiation  
By HH24, the genital ridge has been established and comprises of an outer 

epithelial layer (derived from the thickened coelomic epithelium) and is referred to 

as the cortex. Beneath the cortex are cords (derived from proliferating coelomic 

epithelial cells) of somatic cells separated by loose mesenchyme. This region is 

referred to as the medulla (Merchant-larios, Popova and Reyss-Brion, 1984; 
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Rodemer-lenz, 1989). The PGCs are found within the medulla and cortex however 

they are localized primarily to the cortex. The process of gonad differentiation 

essentially refers to how the cortex and medulla develop and which region claims 

the PGCs. Gonadal differentiation starts at HH24-25, but male and female gonads 

are morphologically indistinguishable at this point and only become 

morphologically different at HH29-30 (Merchant-larios, Popova and Reyss-Brion, 

1984; Ginsburg and Eyal-giladi, 1987; Ebensperger et al., 1988).  

 

DMRT1 

The first gene expressed that is essential to gonad differentiation is DMRT1 

(doublesex and mab-3-related transcription factor 1) which encodes for a 

transcription factor, essential to testis development in many species including 

birds. While DMRT1 is expressed in both male and female birds, it is expressed 

approximately 2-fold higher in males than females (likely because it is Z-linked and 

therefore there are two copies in males). DMRT1 expression is present from as 

early as HH22 however it is unclear what activates its expression (Raymond et al., 

1999; Smith et al., 1999, 2009; Omotehara et al., 2014). The importance of DMRT1 

as a testis determinant is discussed in Chapter 1.4.3.  

 

AMH 

AMH (Anti-Müllerian hormone) is detectable at HH24 and, interestingly, is 

expressed in the medullary cells of both males and females (Oreal et al., 1998). 

AMH is an essential hormone that directs the regression of the Müllerian ducts in 

males. The female left gonad is believed to be protected from AMH by the local 

action of oestrogens found there whereas the right gonad lacks these oestrogens 

and it is therefore believed that AMH may play a role in the degradation of the right 

Müllerian duct in females (Hutson, Ikawa and Donahoe, 1982). In mammals, the 

expression of AMH is initiated by SOX9 however in chickens, AMH mRNA and 

protein is detected prior to SOX9 (first detected at HH28) (Smith, Smith and 

Sinclair, 1999; Nishikimi et al., 2000). SOX9 therefore cannot initiate AMH 

expression in chickens. It is believed that since AMH is detected in both male and 

female chickens, a general transcription factor such as SF1 may activate AMH 

expression, while a male-specific factor such as SOX9 may cause male-specific 

upregulation of AMH. Functional work involving the knockdown of AMH by RNA 

interference showed that the knockdown of AMH did not alter the expression of the 
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male-specific markers DMRT1 or SOX9 however the gonads and mesonephros 

were much smaller than the male controls and there was a significant decrease in 

the number of germ cells. Furthermore, no changes in steroidogenic activity were 

observed in AMH-deficient males. In AMH-deficient females, the gonads and 

mesonephros were smaller however there was no change in female-specific 

marker expression (Aromatase). Interestingly, AMH knockdown of the right female 

gonad did not result in a more female-like organisation nor was there a change in 

the expression of Aromatase (Lambeth et al., 2015). Taken together, this suggests 

that AMH in the chicken is not directly implicated in testis development but rather 

has a sex-independent role in the growth and proliferation of the gonads. 

 

1.3.3. Genes essential for testis development 
HEMGN & SOX9 

SOX9 (SRY-box 9) is one of the few genes involved in gonad development that is 

conserved across multiple vertebrate species and is expressed in a sexually 

dimorphic manner (Cutting, Chue and Smith, 2013). SOX9 is one of the 

downstream targets of DMRT1 and it is expressed exclusively in males. SOX9 

protein is first detected at HH28 whereas DMRT1 is expressed from HH24 

(Caetano et al., 2014; Ayers et al., 2015). Due to this time lag, other chicken-

specific factor/s are likely to be expressed between HH24 and HH28 (Chue and 

Smith, 2011). HEMGN (Hemogen) is a transcription factor expressed only in the 

male gonad from HH27 in the nucleus of Sertoli cells. Based on the temporal and 

spatial expression of HEMGN, it is proposed that HEMGN acts between DMRT1 

and SOX9, initiating SOX9 expression. Functional work involving the ectopic 

expression of HEMGN in ZW female gonads resulted in a male-like morphology 

developing with the activation of SOX9 and the loss of female markers (AROM and 

FOXL2) (Nakata et al., 2013). This confirms that HEMGN is able to activate SOX9 

expression; however, it is still unclear whether HEMGN activates SOX9 directly or 

indirectly. 

 

The SOX9 protein is localised to the nuclei of Sertoli cells and is essential to normal 

testis development and Sertoli cell differentiation. Its expression remains high 

throughout gonad development and in adult ZZ males (Lambeth et al., 2014). While 

no functional work of SOX9 has been done in chickens, female-to-male sex 

reversal induced by aromatase inhibitors (Fadrozole) results in the activation of 
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SOX9 in sex reversed females, illustrating a clear role in testis development (Hirst 

et al., 2017). An overview of the male sex determination pathway is shown below 

in Figure 1.2 below.  

 

During the differentiation of male gonads, the left and right gonads develop 

symmetrically, to form two elongated structures. The cortex remains a single 

monolayer of epithelial cells whereas the medulla thickens and gives rise to the 

seminiferous cords. The thickening of the medulla is attributed to the proliferation 

and differentiation of the Sertoli cells, within the cords. The PGCs are enclosed 

within the seminiferous cords and enter mitotic arrest, only entering meiosis after 

hatching (Smith and Sinclair, 2004).  

Figure 1.2. Overview of the male sex differentiation pathway. The circles denote 
the onset of gene expression. Green circles represent genes expressed in both 
sexes. Blue circles represent male-specific expression. Pink circles represent 
female-specific expression. Testis development is initiated by the expression of 
DMRT1. HEMGN is activated by DMRT1 which in turn activates SOX9. It is unclear 
whether the activation of these genes suppresses the female pathway, for example 
by suppressing the expression of FOXL2. The differentiated male gonad consists 
of a thin cortex (pink) and a medulla comprised of seminiferous cords (blue), where 
the primordial germ cells are found (black circles). 

 

1.3.4. Genes essential for ovarian development 
Two pathways act in parallel in female gonad development, namely the 

FOXL2/CYP19A1 pathway and the WNT4/RSPO1/β-catenin pathway. While both 

of these pathways act to promote ovarian development, it remains unclear how 

they interact with each other or whether there is a direct link between them (Hirst, 

Major and Smith, 2018). Based on the spatial expression of the two pathways – 

FOXL2/CYP19A1 pathway being expressed in the medulla whereas the 
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WNT4/RSPO1/β-catenin pathway being expressed in the cortex, they may not 

interact with each other directly, but rather through an as yet unidentified diffusible 

intermediate (Govoroun et al., 2004; Smith et al., 2008). 

 

FOXL2/CYP19A1 

FOXL2 (Forkhead box L2) is a transcription factor essential to the development of 

the ovarian pathway in many species, including mammals, fish and birds (Hirst, 

Major and Smith, 2018). In birds, FOXL2 is expressed exclusively in the medulla 

of female gonads from HH28 (Govoroun et al., 2004). Currently, it is unknown what 

activates FOXL2 expression in chickens. Soon after FOXL2 is expressed however 

CYP19A1 (Aromatase) expression is detected at HH29 in the medulla of female 

gonads (Smith, Andrews and Sinclair, 1997). Based on the expression pattern of 

the two genes and the fact that expression is localised to the medullary cells, it is 

thought that FOXL2 activates CYP19A1. In line with this, in vitro studies have 

confirmed that FOXL2 can bind to a forkhead element in the promoter of CYP19A1 

(Fleming et al., 2010). While it has not been experimentally validated that FOXL2 

can directly regulate CYP19A1, the inhibition of CYP19A1 (by compounds such as 

Fadrozole) also decreases the expression of FOXL2, suggesting that a feedback 

loop between the two genes exists (Hudson, Smith and Sinclair, 2005). 

 

FOXL2, CYP19A1 and 17β–HSD (17β-hydroxysteroid dehydrogenase) function 

together to convert androgen substrates into oestrogen. These three genes are 

only expressed in the female medulla and as such oestrogen is only detected in 

female gonads (Smith, Andrews and Sinclair, 1997; Nakabayashi et al., 1998; 

Nishikimi et al., 2000). Oestrogens, such as estradiol, are first detected in the 

female gonad at HH35-36 and are essential to ovarian development by interacting 

with the oestrogen receptor (ER-α) to signal cortical thickening (Ayers et al., 2013). 

The significance of oestrogens is further highlighted by the female-to-male sex 

reversal observed when Fadrozole is administered, blocking the conversion of 

androgens into oestrogen (Imataka et al., 1989). Interestingly, exogenous addition 

of oestrogen to these females treated with Fadrozole rescues their phenotype, 

highlighting the importance of oestrogen in ovarian development (Elbrecht and 

Smith, 1992).  
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WNT4/RSPO1/β-catenin 

WNT4 (mRNA and protein) is expressed in both male and female gonads at HH24 

however its expression is lost in ZZ male gonads at the onset of sexual 

differentiation (HH28) and becomes confined to the cortex of the left female gonad. 

RSPO1 (R-spondin-1) is expressed in a dimorphic manner at HH24, being 

expressed at higher levels in females. At the onset of sexual differentiation, RPSO1 

expression decreases (in both males and females) however from HH35 its 

expression increases and becomes strongly enriched in the cortex of the left 

female gonad. While it has not been experimentally validated in chickens, it is 

believed that WNT4 and RSPO1 interact with each other to activate the expression 

of β-catenin (Smith et al., 2008; Ayers, Sinclair and Smith, 2013). The 

WNT4/RSPO1/β-catenin interaction is observed in mice and the loss of any one of 

these three factors in mice results in masculinisation of the female gonad. The 

amino acid sequence of β-catenin between mice and chickens is highly conserved 

(99% similarity) and β-catenin therefore likely has a conserved role in ovarian 

development across vertebrates (Lu, Chuong and Widelitz, 1997). Experimental 

validation of the role of the WNT4/RSPO1/β-catenin pathway in chickens is needed 

however. An overview of the female sex determination pathway is shown below in 

Figure 1.3. 

 

In the differentiated female gonad, the cortex thickens as a result of the proliferation 

of the coelomic epithelial cells. The PGCs accumulate within the cortex and also 

proliferate here. It is only after HH34 that the PGCs start folliculogenesis. The cords 

within the medulla of females become vacuolated, forming hole-like structures 

called lacunae. Interestingly, the left and right gonad develop asymmetrically, 

forming a functional left gonad that is considerably larger than the non-functional 

right gonad (Smith and Sinclair, 2004; Ayers, Smith and Lambeth, 2013; Hirst, 

Major and Smith, 2018). This asymmetrical development of the gonads is attributed 

to the transcription factor, PITX2 (paired like homeodomain 2), being expressed in 

the left gonad but not the right gonad. Ectopic expression of PITX2 in the right 

gonad was enough to prevent it from regressing and induce the thickening of the 

cortex. PITX2 functions by regulating the expression of oestrogen receptor-α and 

in conjunction with CyclinD1 is essential to cell proliferation and differentiation of 

both somatic cells and PGCs thus regulating the size of the left gonad (Guioli and 

Lovell-Badge, 2007; Ishimaru et al., 2008; Rodriguez-Leon J et al., 2008). 
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Figure 1.3. Overview of the female sex differentiation pathway. The circles denote 
the onset of gene expression. Green circles represent genes expressed in both 
sexes. Blue circles represent male-specific expression. Pink circles represent 
female-specific expression. Ovarian development is regulated by two parallel 
acting pathways – the FOXL2/CYP19A1 pathway and the WNT4/RSPO1/β-catenin 
pathway. It remains unclear whether there is a direct interaction between the two 
pathways or whether they are able to suppress the male pathway. FOXL2 activates 
Aromatase, creating a positive feedback loop. The FOXL2/CYP19A1 together with 
17β–HSD is responsible for the synthesis of Oestrogen, essential to ovarian 
development. The WNT4/RSPO1 pathway activates the expression of β-catenin. 
The female-enriched genes CAPN5 and GPR56 may also contribute to ovarian 
development. The differentiated female gonad consists of a thick cortex (pink) with 
primordial germ cells (black circles) and a disorganised medulla consisting of 
lacunae (blue).  

1.3.5. Other genes potentially involved in ovarian development 
Two other genes, namely CAPN5 (Calpain-5) and GPR56 (G-protein coupled 

receptor 56) show a female-biased increase in expression at HH28-29. CAPN5 is 

expressed in the juxta-cortical medulla whereas GPR56 is expressed within the 

cortex. Interestingly, while low levels of CAPN5 expression are detected in male 

gonads, GPR56 expression is not detected in male gonads. Based on when these 

genes are upregulated (the onset of sex differentiation), they are unlikely to be 

female sex determinants, but may rather play a role in ovarian development and 

warrant further investigation (Ayers et al., 2015).  

1.4 Sex chromosomes and their role in sex determination 
According to chromosomal evolutionary theories, sex chromosomes arise to carry 

sex-specific genes. In the case of mammals, the Y chromosome segregated to 

carry the male-determining-gene, SRY as well as other genes essential to 

spermatogenesis. These genes are isolated to the Y chromosome since the Y 

chromosome and X chromosome, under normal circumstances, are unable to 

recombine (Ohno, 1971). Extending this postulate to the ZW sex determining 
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system, the W chromosome would therefore have segregated from the Z 

chromosome to isolate female-sex-determining gene/s and other genes essential 

to folliculogenesis. Sex chromosome aneuploids provide useful insight with respect 

to the role of sex chromosomes in sex determination (Ayers, Sinclair and Smith, 

2013). The aneuploids are mostly derived from diploid ova produced by 

chromosomal non-disjunction during oogenesis however there have been reports 

of aneuploids as a result of dispermy or fertilization by diploid sperm (Bitgood and 

Shoffner, 1990). ZWW chickens have not been reported and are therefore likely 

embryo lethal (Graves, 2003). ZZW chickens, after hatching, had a normal right 

testis however the left gonad developed as ovotestis, lacking a male type Wolffian 

duct. At adulthood however there are mixed reports – where some ZZW chickens 

develop to be phenotypically female, have both testicular and ovarian tissue or 

develop to be more male-like (Lin et al., 1995; Thome et al., 1997; Arit et al., 2004; 

Kupper et al., 2012). Taken together, this suggests the requirement of a W-linked 

input for female development.  

1.4.1. Dosage compensation of the Z chromosome? 
Unlike the mammalian X chromosome, the avian Z chromosome lacks any global 

dosage compensation (Itoh et al., 2007; Melamed and Arnold, 2007; Arnold, Itoh 

and Melamed, 2008; Ellegren, 2011; Naurin et al., 2012; Wang et al., 2017). The 

first functional work in support of this was fluorescent in situ hybridisation of five Z-

linked genes which showed that these five genes were transcribed from both Z 

chromosomes (Kuroda et al., 2001). While it should not be generalized that all Z-

linked genes escape dosage compensation from this study, it showed that there is 

no global inactivation of one of the Z chromosomes, like there is in mammals. It 

was confirmed by a microarray experiment (using tissue from the heart, left gonad 

and diencephalon) that Z-linked genes are expressed 1.4-1.6 times higher in males 

than females which is consistent with the absence of dosage compensation 

(Ellegren et al., 2007). While this confirms the lack of global dosage compensation, 

it does not mean that there is no dosage compensation. It was postulated that 

genes may be compensated locally, on a gene-by-gene basis or by a tissue-by-

tissue basis. Alternatively, compensation of the Z chromosome may occur at 

critical developmental time points. Global gene expression profiling conducted on 

male and female somatic tissue (at different time points) revealed that the Z 

chromosome exhibits a local gene-by-gene basis of dosage compensation. This 

suggests that birds are able to tolerate a slight male bias for many Z-linked genes 
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and that the expression of only certain Z-linked genes are compensated for (Mank 

and Ellegren, 2009). The mechanism by which these genes are compensated for 

is not fully understood but it has been suggested that compensation occurs as a 

result of the interaction with other genes, protein complexes or may be regulated 

at a protein level (Arnold, Itoh and Melamed, 2008). Consequently, the higher 

expression of Z-linked genes in ZZ males may drive gonad differentiation by 

promoting testis development.  

1.4.2. Criteria of being a sex determinant 
For a gene to be considered as a sex determinant, it would need to meet the 

following criteria: 1) the gene would need to be found on one of the sex 

chromosomes, likely lacking a gametologue, 2) the onset of its expression would 

need to be prior to gonad differentiation (i.e. prior to HH24) and upregulated in one 

of the sexes and 3) the gene would need to be expressed in the gonads and in the 

case of chickens, it would likely also be expressed in somatic tissue since there is 

genetic component to the male vs female identity of the sexually dimorphic somatic 

tissues in birds. 

1.4.3. Z-linked genes as potential male determinants 
DMRT1 and MHM 

DMRT1 is one of the Z-linked genes that escapes dosage compensation and is 

expressed approximately two-fold higher in males than females. As discussed in 

Chapter 1.3.2 it is expressed prior to gonad differentiation (HH24) (Raymond et al., 

1999; Smith et al., 1999, 2009; Omotehara et al., 2014). Female-to-male sex 

reversal induced by Fadrozole resulted in the upregulation of DMRT1 in the female 

gonads (Smith, Katz and Sinclair, 2003). Knockdown of DMRT1 in ZZ male gonads 

using RNA interference resulted in the loss of SOX9 expression and the activation 

of FOXL2 and Aromatase. Interestingly, the DMRT1 deficient gonads developed 

female like morphology (Smith et al., 2009). Furthermore, overexpression of 

DMRT1 in ZW female gonads resulted in the development of male-like gonads, 

characterized by seminiferous tubes, the expression of SOX9 and the loss of 

FOXL2 (Lambeth et al., 2014). Taken together, this clearly illustrates the 

requirement of DMRT1 for testis development. However, due to a phenomenon 

known as CASI (Cell Autonomous Sex Identity) (discussed in Chapter 1.5), 

DMRT1 cannot be a master sex determinant due to its expression being restricted 

to the urogenital system. 
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Interestingly, a region that comprises of over 200 copies of a 2.2 kb tandem repeat 

sequence (rich in CpG islands) found on the short arm of the Z chromosome is 

found to be hypermethylated (and therefore transcriptionally inactive) on both male 

Z chromosomes, but hypomethylated on the female Z chromosome (Teranishi et 

al., 2001). This region, dubbed as the MHM (male hypermethylated) region, does 

not encode for a protein but a high molecular weight non-coding RNA is transcribed 

in females which coats the female Z chromosome, adjacent to the DMRT1 locus 

and suppresses its expression. This suggests that a W-linked factor may be 

involved in altering the methylation status/activating transcription of the MHM 

region in females (see Figure 1.4 below). In support of this, analysis of sex 

aneuploids showed that the MHM region remains hypermethylated in ZZZ chickens 

but is hypomethylated in ZZW chickens. While the MHM region is likely to 

contribute to gonad differentiation in females, it is not the main driving force behind 

ovarian development since the MHM region is unable to completely repress 

DMRT1 (Teranishi et al., 2001; Zheng, Chen and Xu, 2011; Roeszler et al., 2012; 

Caetano et al., 2014; Yang et al., 2016).  

 

Figure 1.4. Overview of how the MHM region regulates DMRT1. In ZZ males, the 
MHM is hypermethylated and therefore transcriptionally silent. As such, 
neighbouring genes, including DMRT1 are freely transcribed. In ZW females, an 
unknown factor (denoted as Factor F) on the W chromosome induces the 
demethylation of the MHM which results in the transcription of a high molecular 
weight RNA that ‘coats’ the Z-chromosome, adjacent to DMRT1, repressing its 
expression. (Figure adapted from Smith and Sinclair, 2004). 
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1.4.4. W-linked genes as potential female determinants 
HINTW/HINTZ 

HINTW (histidine triad nucleotide binding protein W) is a W-linked gene with 

approximately 40 copies on the W chromosome (Bellott et al., 2017). Interestingly, 

this gene is conserved across several other volant (flying) bird species (such as 

the zebra finch) and it is expressed widely in female embryos (including the 

gonads) - suggesting a conserved role in ovarian development (Hori et al., 2000; 

O’Neill et al., 2000). HINTW is a member of the HINT family of nucleotide 

hydrolases but it lacks the HIT (histidine triad) motif which is needed for it to 

function, making it aberrant (Brenner, 2002; Parks et al., 2004; Moriyama et al., 

2006). While a Z-gametologue of HINTW exists, and referred to as HINTZ, the two 

genes share only 65% amino acid homology (Hori et al., 2000).  HINTZ has the 

catalytic domain that is absent in HINTW and it is therefore predicted that HINTZ 

encodes a bona fide HINT enzyme. An important characteristic of HINT proteins is 

that they require dimerization to function. It is therefore postulated that 

HINTW/HINTZ may contribute to gonad development in a dominant negative 

fashion. In ZZ males, HINTZ undergoes homodimerization with itself, stimulating 

the production of a testis factor. In ZW females however HINTW and HINTZ forms 

a heterodimer and this either suppresses the production of a testis factor or 

promotes the production of an ovarian factor (see Figure 1.5)  (Brenner et al., 

1999; ace and Brenner, 2003; Moghadam et al., 2012; Ayers et al., 2013; Bellott 

et al., 2017). While this seems plausible, it was shown that the overexpression of 

HINTW in ZZ males did not induce feminisation (Smith, Roeszler and Sinclair, 

2009). Furthermore, recent findings have shown that an antibody raised against 

HINTW, did not detect any HINTW protein, suggesting that HINTW does not 

encode for a protein. While HINTW may act as a non-coding RNA, experimental 

female-to-male sex reversal induced by Fadrozole did not change the levels of 

HINTW RNA present in female gonads (Hirst et al., 2017). Taken together, this 

suggests that HINTW either does not act downstream of AROM or it does not act 

as a female sex determinant. 
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Figure 1.5. HINTW/HINTZ dimerization hypothesis. In ZZ males, the HINTZ gene 
product undergoes homodimerization to stimulate the production of a testis factor. 
In ZW females, the HINTZ and HINTW gene products undergo heterodimerization 
and in doing so either suppresses the production of a testis factor or promotes the 
production of an ovarian factor. (Figure adapted from Smith and Sinclair, 2004). 

 

FET-1 

FET-1 (Female-Expressed Transcript #1) is a gene found on the short arm of the 

W chromosome, identified by Reed and Sinclair. Reed and Sinclair reported the 

expression of FET-1 mRNA to be exclusive to the female gonads, caudal somites, 

neural tube and waste collection ducts (Reed and Sinclair, 2002). A second study 

conducted by Hirst et al., however showed that FET-1 mRNA is present in both 

males and females. While FET-1 mRNA is detected in both gonads at E4.5 of 

males and females, the expression of FET-1 becomes restricted to the left gonad 

of males at E6.5 but is present in both gonads of females. While functional work 

on FET-1 is yet to be conducted, female-to-male sex reversal induced by Fadrozole 

did not result in changes in FET-1 expression, suggesting that either FET-1 acts 

upstream of Aromatase, acts in the WNT4/RSPO1/β-catenin pathway or is not 

essential to ovarian development (Hirst et al., 2017).    
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1.5. Cell Autonomous Sex Identity 
Cell Autonomous Sex Identity (CASI) refers to the phenomenon whereby somatic 

cells differentiate as male or female according to their genotype instead of the 

actions of the circulating sex hormones - physically illustrated by gynandromorphs. 

Bilateral gynandromorphs are animals in which one side appears to be male and 

the other side female. Gynandromorphy and therefore an effective CASI system 

has been documented in insects, crustaceans and birds (Spencer, 1927; Fenner 

and Moore, 1959; Bowen and Hanson, 1962; Johnson and Otto, 1981). It would 

suggest then, that gynandromorphy would be a good criterion to determine 

whether a species demonstrates CASI. However, this criterion would be very 

superficial seeing as this relies on male and females being distinctly different in 

appearance or size, which may not always be true. Therefore, it may be more 

accurate to look at the molecular level and determine the molecular basis of CASI. 

1.5.1. Evidence of CASI in chickens 
Analysis of chicken gynandromorphs by Zhao et al., (2010) and Morris et al., (2018) 

showed that the bilateral gynandromorphy observed reflected the relative 

contributions of ZZ male cells and ZW female cells. Said otherwise, the side that 

was phenotypically male was predominantly comprised of ZZ male cells and the 

side that was phenotypically female was predominantly comprised of ZW female 

cells. The significance hereof is that a gynandromorph exhibits the same hormone 

profile throughout its entire body, demonstrating that the sex-specific structures 

(such as comb size and muscle mass) did not respond to the circulating hormones, 

but instead the genotype of the individual cells that make them up (Zhao et al., 

2010; Morris et al., 2018). This is in direct contrast with the standard model of 

vertebrate sex determination (based on research conducted in mammals) whereby 

sex-specific structures differentiate according to the hormones they are exposed 

to, regardless of their genotype (Clinton, et al., 2012).  

A transplantation experiment conducted by Zhao et al., (2010) whereby 

male/female chimeric gonads were created clearly illustrated CASI at the 

molecular level. In this experiment, the presumptive mesoderm of GFP-expressing 

embryos (HH12-13) (donor) replaced the equivalent tissue of non-GFP expressing 

embryos at the same stage (recipient). The donor tissue was only transplanted to 

the left side of the recipient embryo and the embryos were left to develop to HH31 

so that the donor cells had time to integrate. In doing so, same sex chimeras (male 

donor/male recipient and female donor/female recipient) and mixed sex chimeras 
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(male donor/female recipient and female donor/male recipient) were created. 

Same sex chimeras showed that donor cells integrated normally into the recipient 

embryo and these donor cells showed normal functioning. For example, in male 

same sex chimeras, male donor cells integrated into the sex cords and showed 

normal AMH expression. The donor cells in the mixed sex chimeras, however, did 

not integrate into the functional gonad of the recipient embryo and retained their 

sexual identity. For example, in female donor/male recipient chimeras, the female 

donor cells were restricted to the interstitial space, evident by the lack of co-

localisation. Interestingly, the donor cells in mixed sex chimeras showed normal 

gene expression reflective of their genotype. For example, in female donor/male 

recipient chimeras, the female donor cells showed normal AROM expression 

(Zhao et al., 2010). Evidently, it is apparent that somatic cells retain their “sexual 

identity” conferred by their genotype. 

1.5.2. Molecular basis of CASI and implications in avian gonad 

differentiation 
With respect to birds, and more specifically Gallus gallus, the most striking 

difference between male and female somatic cells is the sex chromosomes. As 

such, CASI must be a function of the genes on the sex chromosomes and how 

these genes are expressed in a dimorphic manner between males and females. It 

is likely that CASI genes would be expressed in a sexually dimorphic manner in all 

cells and tissues, at all stages of development (Clinton et al., 2012). Studies 

conducted on tissues prior to the formation of the gonads, show there are over 200 

transcripts expressed in a sexually dimorphic manner in HH4 male and female 

embryos (Lee et al., 2006; Scholz et al., 2006; S. O. Zhang et al., 2010). Other 

similar studies conducted show there may be as many as 300 CASI genes (Itoh et 

al., 2007; Melamed and Arnold, 2007; Mank and Ellegren, 2009; Mcqueen and 

Clinton, 2009). It is unclear, however, whether the same CASI genes are involved 

in establishing a male/female sexual identity in all tissues or whether groups of 

CASI genes establish the sexual identity in a single tissue. Furthermore, it is 

unclear whether individual CASI genes exert a significant effect or whether it is the 

action of several CASI genes, having a cumulative effect or possibly even both 

(Clinton et al., 2012). 

With respect to gonad differentiation, it is possible that CASI directly interacts with 

key testis (DMRT1) or ovary determinants (FOXL2) that drive the male/female 

pathway. Alternatively, it is the expression of these CASI genes in the genital ridge, 
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prior to the initiation of gonad differentiation that triggers the activation of these 

testis/ovary determinants (Clinton et al., 2012; Hirst, Major and Smith, 2018). While 

CASIs role in activating gonad differentiation remains unclear, CASI is definitely 

involved in establishing and maintaining the gonad phenotype and can override 

the effects of circulating hormones (Zhao et al., 2010; Morris et al., 2018).  

1.6. FAF (Female Associated Factor) as a plausible female sex 

determinant 

1.6.1. The identification of FAF 
FAF was first identified by Zhao, et al (2010) by differential display polymerase 

chain reaction (DD-PCR) – a technique that identifies differential expression 

between tissue types based on the intensity of the bands when cDNA products are 

electrophoresed. DD-PCR of male and female tissue (prior to gonad formation) led 

to the identification of FAF and its female-exclusive expression. Whole mount in 

situ hybridisation of FAF at stages HH4, HH14 and HH20 confirmed the DD-PCR 

results and confirmed that FAF is expressed ubiquitously and exclusively in 

females, illustrated in Figure 1.6 below (Zhao et al., 2010). RNA-Seq on male and 

female gonads at HH24-25 conducted by Ayers et al., (2013), supports Zhao et al., 

(2010) findings that FAF is a W-linked gene, lacking any Z-gametologue and is 

expressed from HH1 and at the onset of gonad differentiation (E4.5) (Ayers et al., 

2013). Additionally, Figure 1.6 confirms the expression of FAF mRNA in the 

gonads of females-only at HH24, HH29 and HH35. In tissue sections, FAF mRNA 

is seen throughout the gonads but concentrated to the cortex (Figure 1.7) (Hirst et 

al., 2017).  
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Figure 1.6. In situ hybridisation showing the expression of FAF mRNA (purple). It 
is evident that FAF is expressed ubiquitously in female embryos at HH4, 14, 20, 
24, 29 and 35, but FAF mRNA is not detected in males. M – Males. F – Females. 
(Figure adapted from Zhao et al., 2010; Hirst et al., 2017). 

 

 

Figure 1.7. In situ hybridisation of tissue sections showing spatial expression of 
FAF mRNA (purple) in females gonads. FAF is expressed throughout the female 
gonad but concentrated in the cortex. C – Cortex. M – Medulla. (Figure adapted 
from Hirst et al., 2017).  
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The gene tree generated using Ensembl (Gallus_gallus-5.0 assembly) shows 16 

FAF genes and is shown below in Figure 1.8. Based on the distribution of the tree 

and the duplication nodes (red), the FAF genes can be ‘grouped’ into 5 groups. 

Interestingly, if FAF has undergone gene duplication events, it would certainly 

suggest that FAF is essential to female development since it has been conserved 

on the W chromosome undergoing genetic decay. Alternatively, there may be a 

single FAF gene but since it is split across non-contiguous or gapped regions of 

the W chromosome, it has been represented by several transcripts (Ayers et al., 

2013).  
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Figure 1.8. Gene tree generated by Ensembl depicting the alignment of the 16 FAF genes. The red nodes represent gene 
duplication events, such that FAF can be grouped into 5 groups. Consistent with this, each FAF gene within a group shares 
33-66% alignment to each other and has gaps in the same regions, shown by the white boxes. FAF genes across the different 
groups also share 33-66% alignment. (Figure adapted from Ensembl).  
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1.6.2. Temporal and spatial expression of FAF suggests a possible 

role as a CASI gene and female sex determinant 
Seeing as FAF is expressed in somatic tissue under CASI control, from early 

stages of development (HH4), in a female exclusive manner, it presents the 

possibility of being a CASI gene. Furthermore, seeing as FAF is a W-linked gene 

that is expressed prior to HH24-25 in the differentiating gonads of females, it meets 

the criteria of being a female sex determinant.   
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1.7. Rationale and motivation for project 
Selective breeding in the poultry industry has led to the creation of distinct chicken 

breeds: egg-laying breeds, optimized to produce high quality eggs and broilers, 

optimized to have a fast growth rate and increased meat production. Consequently, 

male chicks of egg-laying breeds are unprofitable as they do not produce eggs and 

they produce little meat in comparison to broilers. Currently, these male chicks are 

culled immediately after being hatched and sexed, by methods such as 

maceration, cervical dislocation or asphyxiation by carbon dioxide (Buhl, 2013; 

Bruijnis et al., 2015; Degeling, Chris, Lederman and Rock, 2016). It was estimated 

that, in 2018, 7 billion day-old male layer chicks were culled worldwide, and it is no 

surprise that this practice has raised many ethical concerns and presents the 

financial burden of not only hatching the chicks but also having to cull them 

(Poultry, 2015). 

Promising alternative methods have been developed to sex chickens in ovo. An 

example of such a technology is using Raman Spectroscopy whereby eggs are 

windowed and the blood is spectroscopically analysed for sex-specific differences 

in the fluorescence spectrum at E3.5 (Embryonic day). The sex of the embryos can 

be identified, with 93% accuracy (Galli et al., 2017). This technique, however, 

requires the eggs to be windowed which can be invasive and increase embryo 

mortality. A second alternative that employs a less invasive strategy is an 

endocrinological gender test, developed by SELEGGT GmbH which tests the 

allantois fluid of E9.0 old embryos for a male and female specific marker, with 98% 

accuracy (Seleggt). Although these techniques provide an alternative to the culling 

of day old male chicks, both techniques require expensive equipment and the 

necessary skillset to operate these machines, which many farmers in South Africa 

are unwilling to invest in. The second major drawback of both these techniques is 

that they do not eliminate the fact that male chicks are still being produced. Indeed 

these methods enable male chicks to be disposed of prior to hatching, however, 

their production still reduces the hatching capacity and still poses the financial 

burden involved in disposing of them. 

Manipulating the molecular mechanism/s that governs sex determination in 

chickens may therefore be a fruitful approach. If the molecular mechanism that 

drives sex determination is manipulated to ensure that only female chicks are 

hatched, it would address both the ethical issue of male chick culling and it would 

not require any invasive in ovo sex screening methods which relies on the use of 
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expensive machinery and a specialized skillset. The spatiotemporal expression 

profile of the W-linked gene, FAF, makes it an interesting candidate for female sex 

determinant which warrants investigation. This project therefore aimed at 

elucidating the functional role of FAF in the gonad development of female ZW 

chickens. If FAF does function as a female sex determinant, this knowledge may 

be used to create a transgenic breed of all-female chickens. This in turn would 

address both the ethical issue of male chick culling and the financial implications 

hereof by abolishing the culling process entirely. To put this in perspective, one of 

the three largest chicken farms in South Africa reportedly cull an estimated 70 000 

male chicks per week, which equates to 3.64 million male chicks per year 

(Tempelhoff, 2009). Should a transgenic breed of all-females be used, an extra 

964.6 million eggs (3640000 x 265) could be produced.  

Eggs are referred to as being a “functional food” since they are inexpensive to 

produce, easy to handle and easy to store (Herron and Fernandez, 2004). 

Furthermore, they are highly nutritious with a moderate calorie source (~150 

kcal/100 g), providing 18 vitamins and minerals and 12-13 g of high-quality protein 

per 100 g (approximately 2 eggs) which is equivalent to ~26% of the daily protein 

requirement of an average person (Herron and Fernandez, 2004; Natoli et al., 

2007; Samman et al., 2009; Fraeye et al., 2012; Miranda et al., 2015). Given this, 

it is critical that an adequate and affordable supply of eggs is provided.  
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1.8. Hypothesis, aim and objectives 

1.8.1. Hypothesis 

It is hypothesized that FAF plays a role in avian sex determination and has an 

instructive role in the formation of the female gonads. Therefore, if the hypothesis 

is correct, loss of FAF expression in ZW female gonads should result in a 

decreased expression of female specific markers and an upregulation of male 

specific markers, while loss of FAF from ZZ gonads should have no effect on the 

expression of male specific markers. 

1.8.2. Aim 

To determine the role of FAF in the gonadal development of Gallus gallus. 

1.8.3. Objectives 

Objective 1: Experimentally validate the predicted 5’-UTR of FAF by 5’-RACE. 

Objective 2: Investigating the effect of morpholino-mediated FAF knockdown on 

the gonadal phenotype of ZZ and ZW chicken embryos. 

Objective 3: Investigating the effect of ectopic FAF expression on the gonadal 

phenotype of ZZ chicken embryos. 
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2. Chapter 2 – Materials and Methods 

2.1. In silico FAF protein prediction 
The amino acid sequence of FAF (ENSGALG00000041221) (Gallus_gallus-5.0 

assembly) was used for the in silico protein prediction. RaptorX (Källberg, et al., 

2012) (using the default parameters) was used to predict the secondary and tertiary 

structure of FAF. RaptorX was used because it does not use close homologs found 

in the Protein Data Bank to predict the secondary and tertiary structures which was 

advantageous because not many structures of chicken proteins have been solved. 

The amino acid sequence of FAF (ENSGALG00000041221) (Gallus_gallus-5.0 

assembly) was also submitted to (PS)2-v2: Protein Structure Prediction Server 

(Chen, et al., 2009), which used homology modelling to detect homologous 

proteins based on the submitted sequence and secondary structure information. 

This was done to determine whether any proteins homologous to FAF exists. The 

ScanProsite tool (Castro et al., 2006) was used to identify sequence motifs as 

these are predicted to have a biological function. The default parameters were 

used for all abovementioned tools. 

2.2. Egg incubation 
Gallus gallus (domestic chicken) embryos were used in this project since they are 

model organisms for developmental studies, offering advantages such as an 

annotated genome, and the ease of genetic manipulation. All eggs used in this 

project were White Leghorn - SPF (specific pathogen-free) eggs and were obtained 

from Avi-farms. Ethical clearance to experiment on chick embryos was granted 

(Wits permit number issued by the Wits animal ethics committee - 2017-01-01-O) 

(Appendix 12).  

 

2.3. 5’-RACE (Rapid Amplification of cDNA Ends) 
RACE (Rapid Amplification of cDNA Ends) is a molecular technique that enables 

the complete acquisition of mRNA sequences where only a partial sequence is 

known (Yeku & Frohman, 2011). 5’-RACE was therefore performed to 

experimentally validate the computationally annotated 5’-UTR of FAF. This data 

was required to design the morpholino constructs. 5’-RACE was conducted twice 

and henceforth referred to as RACE 1 and RACE 2. 5’-RACE was conducted as 

per the manufacturer’s protocol (Thermo Fisher Scientific). This entails the removal 

of the 5’ phosphate from truncated mRNA and non-mRNA transcripts by CIP (calf 

intestinal phosphatase), followed by the removal of the 5’ cap from intact mRNA 
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transcripts by TAP (tobacco acid pyrophosphatase). This allowed for the ligation of 

the GeneRacer RNA Oligo, catalysed by T4 RNA Ligase, which acted as a known 

priming site for PCR. The modified mRNA transcripts were then reverse 

transcribed and PCR was conducted on the cDNA using a forward primer 

complimentary to the GeneRacer RNA Oligo and a reverse primer specific to FAF. 

The workflow of RACE is summarized in Figure 2.1 below. 

 

Figure 2.1. Overview of 5'-RACE. The isolated total RNA contains full length mRNA 
transcripts, truncated mRNA transcripts and non-mRNA. The addition of CIP (calf 
intestinal phosphatase) removes the phosphate (PO4) group from the truncated 
mRNAs and non-mRNAs, ensuring the RNA oligo does not ligate to these transcripts. 
TAP (tobacco acid pyrophosphatase) is added to remove the 5’ cap from the full length 
mRNA transcripts. This is required for the ligation of the GeneRacer RNA Oligo. The 
GeneRacer RNA Oligo is ligated to the 5’ end of the full length mRNA transcripts, using 
T4 RNA Ligase. The ligated mRNA transcripts are reverse transcribed using a Gene 
Specific Primer. The cDNA is then amplified using the RACE Forward Primer 
(complimentary to the GeneRacer RNA Oligo sequence) and the Gene Specific Primer 
used in the reverse transcription step. 
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2.3.1. FAF gene-specific primer design for 5’-RACE 
A reverse primer was designed according to the specifications of the GeneRacer 

manual. Based on these criteria, a FAF reverse primer was designed to bind 48 bp 

within the FAF CDS and had the following parameters, summarized below in Table 

2.1. The designed primer was aligned to all 16 FAF transcripts to ensure it would 

bind to each of them. 

Table 2.1. Parameters of the FAF reverse primer, used in 5'-RACE. 

Sequence 
Length 

(nt) 

GC content 

(%) 

Tm 

(°C) 

5’-CTCGGTCGATCACAGGCGGAAGGA-3’ 24 62.5 71 

 

The primer was evaluated for self-dimer formation and heterodimer formation with 

the RACE forward primer provided (5′-CGACTGGAGCACGAGGACACTGA-3′) 

using the OligoAnalyzer tool (Integrated DNA Technologies), ensuring that the ΔG 

values were greater than -9 kcal/mole as this meant that no strong secondary 

structures were present. The primer was subject to a BLAST search (Altschup et 

al., 1990) against the chicken genome (Gallus_gallus-5.0 assembly), using the 

refseq_rna database for potential off-targets (NCBI).  

2.3.2 Embryo dissections for RNA collection 
Before any dissections were done, the working area and dissecting instruments 

was sterilized with 70% ethanol and RNaseZap (Sigma). RNaseZap was used to 

inactivate RNases. The eggs were sterilised by spraying 70% ethanol on their shell 

to remove any debris and bacteria. A 5 ml syringe (fitted with an 18 gauge needle) 

was used to make a hole on one side of the horizontally placed egg. The needle 

was inserted into the holes and 2-5 ml of albumin was removed and discarded. 

The removal of albumin caused the embryo to drop, ensuring it remained 

unharmed during subsequent steps. After the removal of the albumin, another hole 

was made on the top of the horizontally positioned egg. A pair of fine forceps was 

used to window the egg by chipping off pieces of the eggshell until the embryo was 

visible. With the aid of a pair of fine scissors, the membranes and blood vessels 

surrounding the embryo were cut so that the embryo could be transferred to a petri 

dish containing 1x PBS (0.15 M NaCl, 8.01 mM Na2HPO4 and 2 mM NaH2PO4). 

With the aid of a dissecting microscope (CL 6000 LED, Zeiss), the embryos were 

staged according to the Hamburger and Hamilton staging system (Hamburger and 
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Hamilton, 1992) and the membranes encasing the embryo were removed. Tissue 

from the head (3 mm x 3 mm) was collected for PCR based sexing, as described 

below.  

 

2.3.2.1 Whole body and gonad collection for 5’-RACE 
Since FAF is expressed ubiquitously, 5’-RACE was performed on the RNA isolated 

from either the whole body or only the gonads. After tissue from the head was 

collected for sexing, the remaining body of the embryo or only the gonads were 

collected and placed in a 1.5 mL RNase-free micro-centrifuge tube containing 30 

µL RA1 buffer (Macherey Nagel). The RA1 buffer contained large amounts of 

chaotropic ions which inactivated any RNases present. Since the gonads at HH24 

were still small and transparent (shown by arrow in Figure 2.2 below), extra 

precaution was taken to get as little mesonephros tissue as possible. 

 

 

Figure 2.2. Chick urogenital system at HH24-25. Image depicting the mesenphros 
and gonad of chick embryo at HH24-25. Arrow denotes the gonad. (Figure adapted 
from Caetano et al., 2014). 

 

2.3.3. DNA extraction and PCR sexing 
A crude DNA extraction method, described by Li et al., 2011 was performed on the 

tissue collected. The collected tissue was placed in 100 µL lysis buffer (10 mM 

Tris-HCl (pH = 8), 2 mM EDTA (pH = 8) and 0.2 M NaCl) and 1 µL Proteinase K 

(20 mg/ml) was added to the solution to digest contaminating proteins and 

nucleases. The tissue was vortexed vigorously for 30 sec and then incubated at 

55 °C for 15 min. The samples were vortexed again for 30 sec and incubated for 

another 15 min at 55 °C. A final 5 min incubation at 95 °C was performed to 
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inactivate the Proteinase K. The samples were vortexed again for 30 sec and were 

then centrifuged (>10000g) for 1 min to pellet the cellular debris. The DNA present 

in the supernatant was used for the subsequent PCR reaction. 

 

The protocol outlined by Clinton et al. was used to sex the embryos (Clinton et al., 

2001). Clinton et al. describes a rapid, simple PCR reaction that can be used to 

sex chicken embryos prior to the evaluation by morphological features which can 

only be conducted at HH32-33 (Clinton, et al., 2001). Two sets of primers were 

used: the first set amplified a region of the 18S ribosomal gene from position 1267 

to 1522, present in both male and female embryos (used as an internal control) 

and the second set amplified an XhoI repeat sequence present only on the W 

chromosome of female embryos. Table 2.2 below summarizes the primer 

sequences used and their expected product size. 

 

Table 2.2. Primer sequences used for sexing PCR. 

Gene amplified Primer sequence 

Expected 

product 

size (bp) 

18S ribosomal 

gene 

F: 5'- AGCTCTTTCTCGATTCCGTG -3' 
256 

R: 5'- GGGTAGACACAAGCTGAGCC -3' 

XhoI repeat 

sequence 

F: 5’- CCCAAATATAACACGCTTCACT -3’ 
415 

R: 5´- GAAATGAATTATTTTCTGGCGAC -3´ 

 

The PCR reaction comprised of: 12.5 µL Taq DNA Polymerase 2x Master Mix 

(Ampliqon), 1.25 µL (10 µM) of each 18S ribosomal gene primer, 2.5 µL (10 µM) 

of each XhoI repeat sequence primer, 4 µL of crude DNA and 1 µL dH2O. A no 

template control was also prepared and consisted of the same components, except 

the crude DNA was replaced by dH2O.  The PCR conditions were optimised by 

Clinton, et al., 2001 and were: 94°C for 2 min followed by 25 cycles of 94°C for 5 

sec, 56°C for 5 sec and 72°C for 5 sec. A final extension step of 72°C for 5 min 

was performed.  

 

The PCR products were electrophoresed on a 1% agarose gel (see Appendix 

A1.1 for gel preparation). The gel was run for 45 min at 120V to allow for the 

migration of the DNA. Male embryos were identified by the presence of a single 
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band (256 bp) and female embryos were identified by the presence of two bands 

(256 bp and 415 bp).  

2.3.4. RNA isolation for RACE 
Based on the sexing PCR results, multiple female embryo or female gonad 

samples were pooled. Male embryos were discarded since it has been confirmed 

that FAF is only expressed in females (Zhao et al., 2010). Embryos were pooled to 

increase the final RNA concentration. RNA isolation was performed using the 

NucleoSpin RNA kit (Macherey Nagel), as per the manufacturer’s instructions. The 

NucleoSpin RNA kit uses silica membrane technology to selectively bind RNA and 

DNA. Bound DNA was subsequently removed by the addition of rDNase (supplied 

in the kit). RNA was eluted in 50 µL RNase-free water and stored at -80 ◦C until 

use. The purity and concentration of the eluted RNA was assessed using the 

NanoDrop ND-1000 Spectrophotometer (ISOGEN) and the concentrations are 

shown below in Table 2.3. 

 

Table 2.3. RNA concentrations obtained from HH24-25 female whole body and 
gonad tissue. 

Experiment RNA concentration (ng/µL) 

RACE 1 
Female whole body 386.0 

Female gonads 177.0 

RACE 2 Female gonads 404.7 

 

The GeneRacer kit (Invitrogen) recommends that 1-5 µg total RNA be used for 

each RACE reaction. Table 2.4 below illustrates the amount of total RNA used in 

each RACE reaction.  

Table 2.4. The amount of total RNA used in each RACE reaction. 

Experiment 
Volume of RNA 

used (µL) 

Quantity of RNA 

used (µg) 

RACE 1 
Female whole body 6 2.32 

Female gonads 6 1.06 

RACE 2 Female gonads 3 2.43 

2.3.5. Reverse Transcription of the RNA oligo-ligated mRNA 
The SuperScript Ⅲ RT Reaction Kit (Invitrogen) supplied in the GeneRacer kit was 

used for the reverse transcription (RT) step. This kit was used specifically since it 
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has improved efficiency in dealing with GC rich target RNAs, such as in the 5’-UTR 

of many transcripts (Invitrogen).  

The RT reaction comprised of: 10 µL of ligated RNA, 1 µL of the FAF gene specific 

reverse primer, 1 µL dNTP mix and 1 µL dH2O. The reaction was incubated at 65 

°C for 5 min (RACE 1) or at 72 °C for 10 min (RACE 2) to remove any RNA 

secondary structures. After this incubation step, 4 µL of the 5X First Strand Buffer, 

1 µL 0.1 M DTT, 1 µL RNaseOut (40 U/µL) and 1 µL SuperScript Ⅲ RT (200 U/µL) 

was added to the RNA/primer mixture and gently mixed by pipetting. The reaction 

mix was incubated at 55 °C for 60 min and then inactivated at 70 °C for 15 min. To 

remove any RNA that was not reverse transcribed, 1 µL of RNase H (2 U) was 

added to the reaction mix and incubated at 37 °C for 20 min. A RT minus control 

(contained all components except 1 µL SuperScript Ⅲ RT (200 U/µL) was set up 

for the second RACE reaction. The reverse transcribed product was used in 

subsequent PCR reactions. 

2.3.6. PCR on RT-product 
Touchdown PCR (TD-PCR) is a variation of conventional PCR where the initial 

annealing temperature is higher (~10 °C higher) than the optimal annealing 

temperature of the primers and is progressively reduced over subsequent cycles 

until the optimal annealing temperature is reached. This improves PCR 

amplification specificity by having cycles at a range of different temperatures so 

that the optimal temperature for the correct primer/template combination can be 

found. The progressive transition to a lower temperature ensures that the desired 

amplicon in the reaction out-competes any non-specific amplicons and/or primer 

dimers (Korbie and Mattick, 2008). Since the RNA oligo that is ligated to the mRNA 

during RACE is able to ligate to any available mRNA, increased amounts of off-

targets were expected. TD-PCR in combination with a high fidelity DNA 

polymerase was therefore used to improve PCR amplification specificity.  

The PCR reaction comprised of 5 µL 5x MyFi Reaction Buffer (Bioline), 1 µL MyFi 

DNA Polymerase (Bioline) 1.5 µL RACE forward primer (10 µM), 1.5 µL FAF gene 

specific reverse primer (see Table 2.1) (10 µM), 2 µL RT product and 14 µL dH2O. 

A no template control (NTC) was also set up and contained the same components, 

except that the RT product was substituted with dH2O. Table 2.5 below shows the 

optimized TD-PCR conditions that were used. The MyFi DNA Polymerase was 

used since it was compatible with TA cloning, required for the successful ligation 
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into the pCR™4-TOPO® plasmid (See Chapter 2.3.7). The thermocycling 

conditions used were decided based on the suggested conditions described in the 

MyFi DNA Polymerase protocol, the TD-PCR protocol outlined by Korbie and 

Mattick, 2008 and the annealing temperature of the primers. Additionally, a second 

set of PCR conditions (used by a previous student) were also tested. This was 

done to mitigate any PCR bias that may exist. Table 2.6 shows the PCR conditions 

used by the previous student. 

Table 2.5. Optimized TD-PCR conditions used for 5’-RACE PCR. 

Phase I 

 Step Temperature (°C) 
Length 
(sec) 

 Initial denaturation 98 30 

1
0
X

 

c
y
c
le

s
 Denaturation 95 30 

Anneal 72* 30 

Elongate 72 60 

Phase II 

 Step Temperature (°C) 
Length 
(sec) 

3
0
X

 

c
y
c
le

s
 Denaturation 98 30 

Anneal 62 30 

Elongate 72 60 

Phase III 

 Step Temperature (°C) 
Length 
(sec) 

 Final elongation 72 120 

 Terminate 4 120 

 Hold 4 ∞ 

[*] Annealing temperature decreased by 1 °C after each cycle. 

 

Table 2.6. Optimized PCR conditions used by previous student for 5’-RACE PCR. 

Phase I 

 Step Temperature (°C) 
Length 
(sec) 

 Initial denaturation 95 120 

1
0
 c

y
c
le

s
 

Denaturation 94 15 

Anneal 60 30 

Elongate 72 60 
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Phase II 

 Step Temperature (°C) 
Length 
(sec) 

2
0
 c

y
c
le

s
 

Denaturation 94 15 

Anneal 60 30 

Elongate 72 60* 

    

Phase III 

 Step Temperature (°C) 
Length 
(sec) 

 Final elongation 72 420 

 Terminate 4 120 

 Hold 4 ∞ 

[*] Elongation time increased by 5 sec after each cycle. 

 

The PCR products were electrophoresed on a 1% agarose gel as described in 

Appendix A1.1. The gel was run for 90 min at 100V to allow for the migration of 

the DNA.  

2.3.7. PCR product cloning: Ligation and transformation 
The RACE-PCR products were ligated directly into the pCR™4-TOPO® plasmid 

as per the manufacturer’s instructions (Invitrogen). A gel extraction of the two 

largest bands (750 bp and 500 bp) was first performed on the RACE2-PCR 

products as described in Appendix A1.3 before these isolated bands were ligated 

into the pCR™4-TOPO® plasmid. 

The pCR™4-TOPO® plasmid offers a quick one-step ligation step without the need 

of DNA ligase. Additionally, this system does not require any screening method 

(such as blue/white screening) as successful ligation of an insert disrupts the 

expression of a lethal gene (ccdB) which kills cells that do not contain the 

recombinant plasmid upon plating (Bernard and Couturier, 1992; Bernard et al., 

1993; Bernard et al., 1994).  

A ligation reaction comprised of 3 µL of fresh PCR product, 1 µL salt solution (1.2 

M NaCl; 0.06 M MgCl2 to improve transformation efficiency), 1 µL pCR™4-TOPO® 

plasmid and 1 µL of dH2O. The ligation mixture was incubated at 22 °C for 30 min. 

A separate ligation reaction was set up for each PCR product.  
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The rapid chemical transformation protocol outlined in the TOPO TA Cloning Kit 

(Invitrogen) was followed to transform the recombinant pCR™4-TOPO® plasmid 

into One Shot chemically competent E. coli cells. 2 µL of the recombinant plasmid 

was added to a vial of competent cells. 50 µL of the transformed cells was plated 

on each LB Agar plate (pH 7.4), supplemented with 100 µg/mL ampicillin. The 

plates were incubated overnight at 37 °C. 

2.3.8. Colony PCR 
Colony PCR was performed as described in Appendix A1.2. The T3 Forward 

primer (5’-ATTAACCCTCACTAAAGGGA-3’) and T7 Reverse primer (5’-

TAATACGACTCACTATAGGG-3’) were used. Table 2.7 below shows the PCR 

conditions that were used.  

Table 2.7. PCR conditions used for colony PCR. 

 Step Temperature (°C) 
Length 
(sec) 

 Initial denaturation 98 600 

3
0
X

 c
y
c
le

s
 Denaturation 95 25 

Anneal 55 35 

Elongation 72 60 

 Final extension 72 120 

 

The PCR products were electrophoresed on a 1% agarose gel as described in 

Appendix A1.1. The gel was run for 60 min at 100V to allow for the migration of 

the DNA. Lanes with a single band indicated the presence of an insert and were 

used in subsequent steps.  

2.3.9. Plasmid extraction and sequencing 
A plasmid extraction was performed on the colonies that were successful in colony 

PCR by using the remaining liquid culture. The Zyppy Plasmid Miniprep Kit (Zymo 

Research) was used. It was ensured that fresh liquid culture was used as this 

affects the extracted plasmid concentration. Following the protocol, 6 mL of the 

liquid culture was pelleted and re-suspended in 600 µL dH2O. The extracted 

plasmid was eluted in 30 µL pre-warmed elution buffer (50 °C). Prior to elution, the 
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elution buffer was incubated on the column matrix for 10 min. 1 µL of the isolated 

plasmid was used to assess the purity and concentration of each sample using the 

NanoDrop ND-1000 Spectrophotometer (ISOGEN). Only samples that had a 

concentration greater than 30 ng/µL were sent for sequencing. 

The isolated plasmids were sent to Inqaba Biotech for Sanger sequencing. The 

M13F forward primer (5’-GTAAAACGACGGCCAGT-3’) and M13R reverse primer 

(5’-CAGGAAACAGCTATGAC-3’) were used for sequencing.  

2.3.10. Sequencing analysis 
BLASTn (NCBI) (Altschup et al., 1990) was used to conduct a pairwise alignment 

of the sequenced insert and the pCR™4-TOPO® plasmid. This showed which 

regions of the sequence coincided with the plasmid backbone and these bases 

were trimmed out. Next, sequences containing both the full RNA Oligo sequence 

(5’-CGACTGGAGCACGAGGACACTGACATGGACTGAAGGAGTAGAAA-3’) and 

the reverse complement of the FAF gene specific primer (5’-

TCCTTCCGCCTGTGATCGACCGAG-3’) were identified and only these 

sequences were analysed further. The RNA Oligo sequence was trimmed out and 

Jalview 2 (Waterhouse et al., 2009) was used to generate a multiple sequence 

alignment (MSA) using the 16 FAF cDNA sequences and the RACE clones as 

input sequences.   

2.3.11. mRNA secondary structure analysis of FAF 
The secondary structures of FAF cDNA was analysed by Mfold (Zuker, 2003). FAF 

transcript ENSGALG00000041221 (Gallus_gallus-5.0 assembly) was used as the 

input sequence and the default parameters of Mfold was used. The advantage of 

using Mfold was that it depicts a graphical representation of how the mRNA will 

fold, which was used to confirm whether strong base interactions (such as G-C 

pairs) were present. 

 

The melting temperature/s required to linearize the secondary structures of FAF 

mRNA (ENSGALG00000041221) (Gallus_gallus-5.0 assembly)  was analysed 

using the UNAFold tool (IDT Technologies) and the Oligo Calc tool (Kibbe, 2007). 

The default parameters of both programs were used. Only the region from where 

the FAF gene specific primer (see Table 2.1) binds to 500 bp upstream of the start 

codon was analysed. The advantage of using the Oligo Calc tool was that it is not 

restricted to only being able to analyse 255 bases whereas the UNAFold tool (IDT 
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Technologies) was. This was done to determine the temperature required to 

linearize the secondary structures found in this region.  

 

2.4. Morpholino-mediated knockdown of FAF 
Morpholinos (MO) are anti-sense oligo molecules that bind to complementary 

sequences of mRNA, thereby blocking access to other molecules. This RNA-

blocking property has several applications, including gene knockdowns (Moulton, 

2016). The MO-mediated knockdown of FAF was achieved by designing two non-

overlapping FITC-tagged-MOs that target the 5’ untranslated region of FAF. This 

steric blocking interferes with the formation/progression of the ribosomal initiation 

complex and hence prevents the translation of the mRNA into protein. The absence 

of the FAF protein will demonstrate whether it is essential to the development of 

the female gonads.  

2.4.1. Morpholino design  
Using a combination of the RACE results obtained and the FAF sequences found 

on Ensembl (Gallus_gallus-5.0 assembly), a comprehensive multiple sequence 

alignment was generated using the DNASTAR computer software (Lasergene). 

The alignment illustrated regions of the 5’- UTR that were identical between all the 

FAF genes and hence potential regions to target. The alignment was sent to Gene 

Tools and several MO sequences were provided. Two non-overlapping FITC-

tagged-MOs were chosen (their alignment to FAF is shown in Appendix 5) and 

were evaluated for potential off-targets using BLAST (NCBI) (Altschup et al., 1990). 

The reverse complement of each FAF MO sequence (i.e. the oligo’s target 

sequence) was subject to a BLAST search (Altschup et al., 1990) against the 

chicken genome (Gallus_gallus-5.0 assembly), using the refseq_rna database 

(NCBI). Matches with less than 80% homology were considered acceptable. The 

number of consecutive homologous bases between the FAF MO and an off-target 

was also considered. It was confirmed that neither of the FAF MOs shared more 

than 15 consecutive homologous bases to a potential off-target, as this would be 

enough to efficiently block translation. Next, it was confirmed that neither of the 

FAF MOs bound to the 5’-UTR or the first 25 bases of the coding sequence of any 

off-target - further mitigating the possibility of an unintended knock down. Lastly, it 

was confirmed that neither of the FAF MOs bound across intron-exon boundaries 

of any off-target as this could affect the splicing of that gene (Moulton, 2016). A 

detailed summary of the potential off targets is provided in Appendix 5. A standard 
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control MO was also used. This control MO targets a human beta-globin intron 

mutation and the target sequence is not found within the chicken genome 

(GeneTools). As such, this control MO was used as a negative control. The 

sequences of all the MOs are shown in Table 2.8 below. 

 

Table 2.8. The sequences of all the Morpholinos used and their target. 

Morpholino Sequence Target 

FAF MO1 5’-ACAGACAGAAGTAAAGAAGGCACTG-3’ 

5’-UTR (77 bp 

upstream of 

start codon) 

FAF MO2 5’-GTTCTCCTTGGGTTGCTCATAGTAA-3’ 

5’-UTR (22 bp 

upstream of 

start codon) 

Control MO 5’-CCTCTTACCTCAGTTACAATTTATA-3’ Negative control 

 

The use of two MOs targeting the same gene at two different places is a type of 

specificity control. If the two MOs are administered in separate experiments and 

produced a similar phenotype, it indicates that the resultant phenotype was due to 

the interactions between the MO and the target mRNA and not an off-target. 

2.5. pCI-FAF-RFP expression plasmid  
The ectopic expression of FAF in ZZ males was investigated to determine whether 

FAF could repress the male sex determining pathway. The pCI-RFP expression 

plasmid (Williams et al., 2018) was used since it has successfully been used to 

drive high levels of gene expression in a wide range of cell types in chickens. The 

high levels of gene expression is attributed to the ‘CAG’ promoter which comprises 

of the cytomegalovirus (CMV) early enhancer element, the chicken beta-actin 

promoter and the 3’ splice acceptor of the rabbit beta-globin gene (Miyazaki et al., 

1989; Niwa, Yamamura and Miyazaki, 1991). The map of pCI-RFP is shown below 

in Figure 2.3. The red boxes indicate the restriction sites that were selected, 

namely XbaI and SmaI. Both restriction enzymes are unique cutters. The 197 bp 

region between these two restriction sites was replaced by the complete FAF 

coding sequence (CDS). 
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Figure 2.3. Map of pCI-RFP. The important regulatory elements required for gene 
expression (CMV enhancer and chicken β-actin promoter) are shown. The 
restriction sites (XbaI and SmaI) used are shown with red boxes. 

 

2.5.1. FAF primer design 
In order to insert the full coding sequence (CDS) of FAF, a forward and a reverse 

primer were designed. Since it was unclear whether the pCI-RFP expression 

plasmid or the FAF CDS contained a Kozak sequence, a Kozak sequence was 

also added. The Kozak sequence acts as a protein translation initiation site. The 

forward and reverse primer sequences are shown below in Table 2.9. Two different 

restriction enzymes were used to ensure that the FAF CDS would be ligated in the 

correct orientation. This was possible since XbaI creates sticky ends whereas 

SmaI creates blunt ends after digestion. Importantly, it was confirmed that neither 

restriction enzyme cuts within the FAF CDS. The self-dimerization and hetero-

dimerization of the forward and reverse primers were evaluated with the 

OligoAnalyzer tool (Integrated DNA Technologies), ensuring that the ΔG values 

were greater than -9 kcal/mole as this meant that no strong secondary structures 

were present. The primer pair was subject to a BLAST search (Altschup et al., 
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1990) against the chicken genome (Gallus_gallus-5.0 assembly), using the 

nucleotide collection database for potential off-targets (NCBI).  

 

Table 2.9. Primer sequences used for cloning FAF into pCI-RFP and their 
conditions. 

Primer Sequence 
Length 

(nt) 

GC 

content 

(%) 

Tm 

(°C) 

FAF 

forward 

cloning 

primer 

5’-agcatctagagccaccatggactctgcaaaaacttttg-3’
*
 

 

38 44.74 74.4 

FAF 

reverse 

cloning 

primer 

5’-tgcttacccgggctaggcctggggatggga-3’
*
 30 66.67 81.6 

[*] – Bases in orange were used to facilitate restriction enzyme cutting efficiency. 

Bases in blue denote the restriction site. Bases in green denote the Kozak 

sequence. Bases in red denote the bases complimentary to FAF. 

2.5.2. PCR amplification of FAF CDS 
Two PCR reactions were set up – one using male template DNA (101 ng/µL) and 

the other using female template DNA (103 ng/µL). A high fidelity DNA polymerase 

was used to minimize errors during amplification. Each 50 µL PCR reaction 

comprised of: 25 µL Q5 High-Fidelity 2X Master Mix (NEB), 2.5 µL FAF forward 

cloning primer (10 µM), 2.5 µL FAF reverse cloning primer (10 µM), 5 µL template 

DNA and 15 µL nuclease free dH2O. Additionally, a no template control was also 

added and contained the same components, except that the template DNA was 

replaced with nuclease free dH2O. Table 2.10 shows the PCR conditions that were 

used. 
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Table 2.10. PCR conditions used to amplify FAF CDS. 

 Step Temperature (°C) 
Length 
(sec) 

 Initial denaturation 98 30 

2
8
X

 c
y
c
le

s
 Denaturation 98 10 

Anneal 64.4 25 

Elongation 72 30 

 Final extension 72 60 

 Hold 4 ∞ 

 

The PCR products were electrophoresed on a 1% agarose gel as described in 

Appendix A1.1. The gel was run for 60 min at 100V to allow for the migration of 

the DNA. A single band of 259 bp was expected when female template DNA was 

used.  

2.5.3. PCR purification 
For the subsequent restriction digest, the PCR product had to be cleaned up as 

components in the PCR reaction could inhibit restriction enzyme activity. The 

Monarch PCR & DNA Cleanup Kit (NEB) was used. This kit uses spin column 

based technology to selectively bind DNA and wash steps to remove all traces of 

possible contaminants that may hinder the activity of restriction enzymes. 44 µL of 

the PCR product (that used female template DNA) was used for the PCR clean-

up. The PCR product was eluted in 6 µL of the elution buffer and 1 µL was used to 

assess the purity and concentration using the NanoDrop ND-1000 

Spectrophotometer (ISOGEN). 

2.5.4. Restriction digest of pCI-RFP plasmid and FAF PCR product  
Individual restriction digests of the pCI-RFP plasmid and the purified FAF PCR 

product were performed using the Time-Saver XbaI restriction enzyme (NEB) and 

the Time-Saver SmaI restriction enzyme (NEB). 1 µg of the pCI-RFP plasmid and 

1 µg of the purified PCR product were digested. The restriction digest reactions for 

the purified PCR product and for the pCI-RFP plasmid were set as shown in Table 

2.11 below. 
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Table 2.11. Reaction set-up of the restriction digest of FAF CDS and pCI-RFP with 
SmaI and XbaI. 

Component 

Volume added (µL) 

Purified PCR product 
(358.4 ng/µL) 

pCI-RFP plasmid 
(1.27 µg/µL) 

Template 2.8 0.8 

10X CutSmart buffer 5 5 

SmaI restriction enzyme 1 1 

XbaI restriction enzyme 1 1 

Nuclease free dH2O 40.2 42.2 

Final volume 50 50 

 

It should be noted that SmaI and XbaI required different incubation temperatures. 

Therefore, the restriction digest reactions were set-up containing all the 

components except for the XbaI restriction enzyme and were incubated at 25 °C 

for 15 min and then the XbaI restriction enzyme was added and incubated at 37 

°C for 15 min. The restriction digest was then terminated at 65 °C for 20 min. 

The digested products along with undigested controls were electrophoresed on a 

1% agarose gel as described in Appendix A1.1. 50 µL of the digested PCR 

product, 3 µL of the undigested PCR product, 20 µL of the digested pCI-RFP 

plasmid and 3 µL of the undigested pCI-RFP plasmid were loaded with 1 µL loading 

dye. The gel was run for 120 min at 100V to allow for the migration of the DNA.  

2.5.5. Gel extraction of digested products 
A gel extraction of the digested PCR product and the pCI-RFP plasmid was 

performed as described in Appendix A1.3.  

2.5.6. Ligation of digested PCR product into digested pCI-RFP 

plasmid 
The digested PCR product was ligated into the digested pCI-RFP plasmid using 

T4 DNA Ligase (Promega). The 10 µL ligation reaction was set up as shown in 

Table 2.12 below. The ligation reaction was incubated at 4 °C overnight. 

Table 2.12. Reaction set-up of the ligation reaction. The digested FAF CDS was 
ligated into the digested pCI-RFP plasmid. 

Component 
Initial 

Concentration 
Final Concentration 

Volume 
added (µL) 

pCI-RFP plasmid 3.6 µg/µL 100 ng 0.3 

PCR product 80.2 ng/µL 12.03 ng 1.5 
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Ligase buffer 10X 1X 1 

T4 DNA Ligase 1 u 1 u 1 

Nuclease free 
dH2O 

N/A N/A 6.2 

 

2.5.7. Transformation of pCI-FAF-RFP 
The pCI-FAF-RFP recombinant plasmid was transformed into Mix & Go Competent 

E. coli cells (JM109 strain) (Zymo Research) as per the manufacturer’s guidelines. 

2.2 µL of the ligation product was added to 50 µL of the competent cells and were 

incubated for 30 min on ice. 50 µL of the transformed cells was plated on a LB 

Agar plate (pH 7.4), supplemented with 100 µg/mL ampicillin. The plate was 

incubated overnight at 37 °C. 

2.5.8. Colony PCR 
Colony PCR was conducted on the transformed colonies to ensure that the FAF 

CDS insert was present. Colony PCR was performed as described in Appendix 

A1.2. The FAF primers (from 2.5.1) were used. Table 2.13 below depicts the PCR 

conditions that were used. 

Table 2.13. The PCR conditions used for colony PCR. 

 Step Temperature (°C) Length (sec) 

 Initial denaturation 98 600 

3
0
X

 c
y
c
le

s
 Denaturation 95 25 

Anneal 64.4 25 

Elongation 72 30 

 Final extension 72 60 

The PCR products were electrophoresed on a 1% agarose gel as described in 

Appendix A1.1. The gel was run for 90 min at 100V to allow for the migration of 

the DNA. Only colonies that had the FAF CDS insert were used in subsequent 

steps. 

2.5.9. Plasmid extraction and sequencing 
A plasmid extraction (of the colonies that had the FAF CDS insert) was performed 

on the remaining liquid culture using the Zyppy Plasmid Miniprep Kit (Zymo 

Research). 6 mL of the liquid culture was pelleted and re-suspended in 600 µL 

dH2O. The extracted plasmid was eluted in 30 µL pre-warmed elution buffer (50 
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°C). Prior to elution, the elution buffer was incubated on the column matrix for 10 

min. The purity and concentration of each sample was determined using the 

NanoDrop ND-1000 Spectrophotometer (ISOGEN). Only samples that had a 

concentration greater than 30 ng/µL were sent for sequencing. 

The isolated plasmids were sent to Inqaba Biotech for Sanger sequencing. The 

pCAGGS-5 forward primer (5’-GGTTCGGCTTCTGGCGTGTGACC-3’) and the 

pCI-RFP Reverse Sequencing Primer (5’-CTAACGTTACTGGCCGAAGC-3’) were 

used for sequencing.  

2.5.10. Sequencing analysis 
BLASTn (Altschup et al., 1990) (NCBI) was used to conduct a pairwise alignment 

of the sequenced insert and the pCI-RFP plasmid. This showed which regions of 

the sequence coincided with the plasmid backbone and these bases were trimmed 

out. The XbaI and SmaI restriction sites were then identified and trimmed out (as 

this would affect the multiple sequence alignment). Jalview 2 (Waterhouse et al., 

2009) was used to analyse the sequences. A MSA (using the MUSCLE algorithm) 

was generated using all 16 FAF CDS and the sequenced insert as input 

sequences.  

2.5.11. Midiprep  
The ZymoPURE II Plasmid Midiprep Kit (Zymo Research) was used to create a 

stock of the sequenced pCI-FAF-RFP plasmid and the empty pCI-RFP plasmid, as 

per the manufacturer’s instructions. The ZymoPURE II Plasmid Midiprep Kit (Zymo 

Research) uses spin-column technology to obtain transfection grade plasmid DNA. 

A midiprep was performed so that a high concentration (> 1 µg/µL) of the plasmid 

was obtained, which was needed for electroporation. 100 mL of fresh liquid culture 

was used. The plasmid DNA was eluted in 200 µL of pre-warmed elution buffer (50 

°C). The EndoZero step was also performed to ensure the isolated plasmids were 

endotoxin-free. The eluted plasmid DNA was stored at -20 °C until use. 

2.6. Electroporation of Morpholino and pCI-FAF-RFP construct 

2.6.1. Egg incubation 
Fertilized White Leghorn chicken (Gallus gallus) eggs were incubated at 37.4 °C 

at 60-70% humidity, in a humidified incubator (Pleysier Incubators) until HH14-16. 

This stage of development was used since it provided access to the coelomic cavity 

(area where construct was delivered) and it is ~24hr prior to the formation of the 

genital ridge and hence would provide a holistic overview of the role of FAF in 
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gonad development. Embryos were placed horizontally, with their long axis 

oriented horizontally and the top marked to know where the embryo would be 

situated. 

 

2.6.2. Egg windowing 
Before the egg was windowed, it was sprayed with 70% ethanol to remove any 

debris and bacteria. A small piece of cellotape (0.5 cm x 0.5 cm) was cut and 

placed on the side of the egg opposite to the air sac. An 18G needle (attached to 

a 5 mL syringe) (Lasec) was used to pierce the eggshell and 1-2 mL of albumin 

was removed. This was done so that the embryo would lower in the egg, preventing 

it from being damaged in subsequent steps. The hole used to remove the albumin 

was then sealed with another piece of cellotape, to prevent further albumin from 

leaking out and bacteria from entering the egg. A piece of cellotape (2 cm x 2 cm) 

was placed on top of the eggshell and a circle (1 cm in diameter) was cut out. The 

cellotape prevented pieces of eggshell from falling into the egg, which may be 

detrimental to the survival of the embryo. One to two drops (approximately 100 µL) 

of Ringer’s solution (0.12 M NaCl, 4.96 mM KCl, 1.53 mM CaCl2·H2O, pH 7.3-7.5) 

with Ampicillin (2 mg/mL) was added to the embryo which prevented it from drying 

out. A 25G needle (attached to a 5 mL syringe) (Lasec) was used to inject India 

ink (1:24 dilution in Ringer’s solution) below the embryo which improved the 

contrast and made all the embryonic structures visible. It should be noted that 

minimal amounts of India ink was used as it has been noted that it can be toxic to 

embryos in large volumes. The vitelline membrane overlying the left coelomic 

cavity was carefully removed, making the coelomic cavity accessible for 

microinjection.  

 

2.6.3. Microinjection and electroporation 
The protocol outlined by Hirst et al., was used for the microinjection and 

electroporation of the embryos. The left coelomic cavity was chosen for 

microinjection because electroporation in a dorsomedial manner (see Figure 2.4) 

resulted in the delivery of the construct into the intermediate mesoderm (derivative 

of the gonad). Only the left coelomic cavity was electroporated as the right gonad 

in females regresses and becomes non-functional (Hirst et al., 2017). The right 

gonad was therefore used as an internal negative control. Both FAF MOs and the 

control MO were delivered at a final concentration of either 2 mM or 1 mM. The 
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two FAF MOs were also co-delivered at 0.5 mM each. The FAF MOs were 

delivered with the pCI-RFP plasmid to aid delivery. 504 ng of the pCI-FAF-RFP 

construct and 500 ng of the empty pCI-RFP plasmid (used as a negative control) 

was delivered. Each batch of embryos electroporated consisted of the experiment 

embryos, control embryos (electroporated with either the control MO or the empty 

pCI-RFP plasmid) and no electroporation controls (NEC). The NECs were 

processed in the same manner as the experiment embryos, however, they were 

not microinjected or electroporated. The dilutions for each construct is shown in 

Appendix 3. 

 

Figure 2.4. Schematic diagram illustrating how the electroporation procedure was 
carried out. [A] The construct (blue) was delivered to the coelomic cavity. [B] The 
negative electrode (black circle) was placed slightly beneath the left coelomic 
cavity and the positive electrode (red circle) was placed on top of the embryo near 
somite 21. The electric field (shown by the black arrow) created will encourage the 
negatively charged construct to move towards the positive electrode, into the 
surrounding coelomic epithelium and intermediate mesoderm. (Figure adapted 
from Hirst et al., 2017). 

 

Pulled glass capillary needles (see Appendix 4 for preparation) were filled with 10 

µL of the construct and mounted to a mouth pipette (Thomas Scientific). Mouth 

pipettes are fitted with filters on both ends which allows for the controlled delivery 

of the construct while remaining sterile. The capillary needle was inserted into the 

left coelomic cavity posteriorly and the construct mixed with tracking dye (8X 

dilution, Robertsons green colouring) was delivered by gently blowing into the 

mouthpiece, until the entire cavity was filled (approximately 0.5 µL) (See Figure 

2.5 below). Two to three drops (approximately 100-150 µL) of Ringer’s solution 

(0.12 M NaCl, 4.96 mM KCl, 1.53 mM CaCl2·H2O, pH 7.3-7.5) with Ampicillin (2 
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mg/mL) was added on top of the embryo. This was done to improve conductivity 

properties and to ensure the construct was successfully delivered to the cavity 

(after the addition of Ringers, the construct would diffuse throughout the egg if it is 

not in the cavity). The negative electrode (gold plated, tip diameter of 0.5 mm) was 

placed slightly beneath the left coelomic cavity and the positive electrode (gold 

plated, tip diameter of 0.5 mm) was placed on top of the embryo (near somite 21), 

parallel to the negative electrode (as seen in Figure 2.4). Precaution was taken 

not to touch the embryo with either electrode as this would harm the embryo. The 

ECM 830 Electro Square Porator (BTX) was used to deliver the voltage with the 

following parameters: 2 pulses, of 30 V with a 10 ms width, with 150 ms between 

pulses. Precaution was taken not to damage the vitelline artery as this would kill 

the embryo. Immediately after electroporation, the embryo’s heartbeat was 

monitored for 5-10 seconds to ensure it survived the voltage application. Embryos 

that did not have a clear heart beat were discarded. 1 mL of Ringer’s solution (0.12 

M NaCl, 4.96 mM KCl, 1.53 mM CaCl2·H2O, pH 7.3-7.5) with Ampicillin (2 mg/mL) 

was added to the embryo and the opening was sealed tightly with cellotape. 

Embryos were first incubated and collected 24 hr post electroporation to determine 

the successful electroporation of the genital ridge and then embryos were 

incubated to HH29-30 or HH31-34 at 37.4 °C at 60-70% humidity, in a humidified 

incubator (Pleysier Incubators). Embryos were incubated to this stage since the 

sex markers (SOX9 and FOXL2) are expressed at this stage.  
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Figure 2.5. Successful microinjection and electroporation of an embryo. The 
dotted line outlines the left coelomic cavity. The construct (green) was successfully 
delivered to the left coelomic cavity. The green observed is the tracking dye used. 
The positions of the vitelline artery and somite 21 are also shown.  

 

2.6.4. Embryo dissection and evaluation of construct delivery to 

gonads 
Embryos were dissected in 1X PBS (0.15 M NaCl, 8.01 mM Na2HPO4 and 2 mM 

NaH2PO4) using a dissecting microscope (Zeiss CL 6000 LED) and were staged 

(Hamburger and Hamilton, 1992). Embryos were dissected such that the urogenital 

system (kidney, gonad and Müllerian ducts) were exposed and visible. Tissue (3 

mm x 3 mm) for each embryo dissected was stored in 100 µL lysis buffer (10 mM 

Tris-HCl (pH = 8), 2 mM EDTA (pH = 8) and 0.2 M NaCl) for downstream PCR 

sexing. Embryos were sexed as described in Chapter 2.3.3. Dissected embryos 

were fixed overnight in 4% PFA (pH = 7.4) at 4 °C and were then washed twice (15 

min per wash at 80 rpm) in 1X PBS (0.15 M NaCl, 8.01 mM Na2HPO4 and 2 mM 

NaH2PO4). The presence of FITC and mRFP1 was assessed in the fixed embryos 

using the Axio Zoom.V16 Fluorescence Stereo Zoom Microscope (Zeiss). This 

Vitelline artery  

Coelomic cavity 

Somite 21 
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showed whether the construct was successfully delivered to the left gonad. Images 

were processed using the Zen 2 (Blue edition) (Version 2.5.75.0) package (Zeiss). 

 

2.6.5. Processing electroporated embryos  
The fixed embryos that were successfully electroporated were dehydrated through 

a graded ethanol series (25%, 50%, 70%, 90%) diluted in 1X PBS (0.15 M NaCl, 

8.01 mM Na2HPO4 and 2 mM NaH2PO4). Embryos were washed twice at each 

ethanol concentration for 1 hr (at 200 rpm) per rinse. Embryos were rinsed in 

absolute (>99%) ethanol twice (1 hr per rinse at 200 rpm). Embryos were stored in 

absolute (>99%) ethanol at 4 °C until being processed to wax. Upon processing to 

wax, the embryos were washed twice (1 hr per rinse at 200 rpm) in HistoChoice 

(Sigma) (substitute for xylene).   

 

2.6.6. Embedding 
To ensure complete infiltration of wax, the dehydrated embryos were incubated at 

an increasing wax series. Embryos were first incubated at a 1:1 ratio of wax to 

HistoChoice for 30 min at 60 °C and then embryos were incubated in 100% wax 

for 20 min at 60 °C. Embryos were placed in metal moulds and were left o/n at 

room temperature (20-25 °C) in order for the wax to solidify. The embedded 

embryos were then cut out, re-positioned and re-embedded (by adding more wax) 

into a cassette so that transverse sections of the urogenital system was obtained. 

Embedded embryos were stored at 4 °C until being sectioned.  

 

2.6.7. Sectioning  
Embedded embryos were sectioned at 4 µM - 9 µM using the Reichert-Jung 820 II 

Histocut Rotary Microtome (Cambridge Instruments). Sections were floated in a 

water bath (at 45 °C) before being picked up onto slides. Sections that were used 

for histological analysis were picked up on uncharged frosted microscope slides 

(Lasec). Sections that were used for immunofluorescence were picked up on 

Menzel Superfrost Plus Charged Slides (Thermo). Slides were incubated on a 

heating block at 40 - 45 °C (kept at 10 °C below melting point of wax) overnight to 

ensure sections had affixed completely to the slides. 
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2.6.8. H&E staining 
H&E (hematoxylin and eosin) staining is basic staining technique used to improve 

cellular detail which provides better insight into the morphology of the stained 

tissue. Hematoxylin has a neutral charge until it is oxidized to hematein which then 

interacts with a mordant (aluminium alum) resulting in a positive charge. This 

positively charged product interacts with the negatively charged nucleus of cells, 

staining them purple. Eosin is negatively charged and interacts with the positively 

charged cell membrane, staining it pink (Chan, 2014). H&E staining was performed 

on sections obtained from electroporated and unelectroporated embryos to 

determine whether the delivery of pCI-FAF-RFP resulted in a change in the 

morphology of the left gonad. 

Slides were dewaxed in xylene (ACE chemicals) for 5 min with gentle agitation. 

Sections were re-hydrated through an ethanol series (100%, 95% and 70%) diluted 

in dH2O. Slides were kept at each ethanol concentration for 1 min with gentle 

agitation to aid penetration. Sections were stained with Mayer’s haematoxylin for 

10 min, ensuring sections were completely immersed in staining solution. Slides 

were then submerged in dH2O for 90 sec with gentle agitation to remove excess 

stain and were then counterstained in Eosin for 16 min. Sections were then 

dehydrated through an ethanol series (70%, 95% and 100%) diluted in dH2O and 

kept at each ethanol concentration for 30 sec. Slides were passed through xylene 

twice and mounted with DPX (Sigma). Stained sections were viewed and imaged 

using the Zeiss Axio Imager 2, using the Zen 2 (Blue edition) (Version 2.5.75.0) 

package (Zeiss).  

 

2.6.9. Immunohistochemistry  
Immunohistochemistry was performed on the sectioned electroporated embryos. 

This was done to confirm whether the FITC-tagged FAF MO was successfully 

delivered to the left gonad. An antibody that specifically recognizes FITC was 

therefore used. 

Slides were dewaxed in xylene (ACE chemicals), and underwent three xylene 

changes (each rinse was 5 min, at 55 rpm). Sections were re-hydrated through an 

ethanol series (100%, 95%, 70% and 50%) diluted in dH2O. Slides were kept at 

each ethanol concentration for 15 min, at 55 rpm. Slides were then immersed in 

dH2O for 5 min.  
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Antigen retrieval was performed by boiling the sections at 95°C for 43 min using 

Sodium Citrate buffer (10mM Tri-sodium Citrate with 0.05% Tween 20, pH = 6.0). 

Most endogenous alkaline phosphates were inhibited in this step. The slides were 

immersed in dH2O for 5 min and were then washed twice in TBST (TBS with 0.05% 

Tween 20) (5 min per wash) to permeabilize the tissue. The sections were blocked 

in 1.5% BSA (Glenthan Life Sciences) (prepared in 1x TBS) overnight in a humidity 

chamber at 4 °C. The slides were then immersed in TBS (two changes for 5 min 

each) to remove excess BSA and a 5 min rinse in TBST was then performed. 

Sections were incubated in 1:50 dilution of primary antibody (Anti-FITC-Alkaline 

Phosphatase antibody produced in rabbit) (Sigma) (diluted in blocking solution) 

overnight in a humidity chamber at 4 °C. Slides were then washed once in TBS for 

5 min to remove unbound antibody. Since high levels of endogenous alkaline 

phosphatase activity were present in the kidneys, Levamisole (to a final 

concentration of 0.0002 mol/L) was added to the alkaline phosphatase substrate, 

BM Purple (Roche). Levamisole is a competitive inhibitor of alkaline phosphatase 

but it is unable to inhibit the isoenzyme used in alkaline phosphatase conjugates 

(Belle, 1976). The BM purple/Levamisole mixture was added to the sections and 

the slides were kept at room temperature until the colour had developed sufficiently 

(~24 hrs). It was ensured that the sections never dried out and the colour reaction 

was run until faint colour was seen in the no antibody control. The reaction was 

stopped by rinsing the slides in dH2O for 5 min. Slides were mounted with 

ImmunoHistoMount (Sigma) as per the manufacturer’s instructions. Slides were 

viewed and imaged using the Zeiss Axio Imager 2 (Zeiss). 
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3. Chapter 3 - Results 

3.1. In silico FAF protein prediction. 
Seeing as the FAF protein is only predicted in Ensembl (Gallus_gallus-5.0 

assembly), in silico protein prediction of FAF was performed. This was pivotal to 

the MO-mediated knockdown of FAF which relies on sterically blocking the 

translation of FAF mRNA transcripts. The predicted FAF protein is shown below in 

Figure 3.1. It was predicted that two α helices (shown in magenta and purple) and 

three β sheets (shown in blue) are present. Homology modelling of FAF to 

templates present in the PDB (Protein Data Bank) resulted in a single match to the 

2zmfA template with 67.1% alignment (and 69.7% alignment to the chicken GAF 

domain (template: 3dba_A)). The 2zmfA template is the crystal structure of the C-

terminal GAF domain of human phosphodiesterase 10A. The GAF domain is found 

in cyclic nucleotide phosphodiesterases – proteins that are involved in the 

degradation cAMP and cGMP (important second messengers in intracellular signal 

transduction). Consistent with this, analysis of the sequence motifs using the 

ScanProsite tool (Castro et al., 2006) revealed four distinct motifs, namely: a N- 

myristoylation site, a Casein kinase II phosphorylation site, a cAMP- and cGMP-

dependent protein kinase phosphorylation site and a Protein kinase C 

phosphorylation site. The motifs are graphically shown below in Figure 3.2.     
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Figure 3.1. Predicted tertiary structure of FAF. It was predicted that two α helices 
(magenta and purple) and three β sheets (blue) are present. The red arrow denotes 
the first amino acid. 

 

 

Figure 3.2. Sequence motif analysis of FAF. The full 76 amino acid sequence of 
FAF is shown. The amino acids highlighted denotes the regions of the sequence 
motif. Green - N- myristoylation site. Blue - Casein kinase II phosphorylation site. 
Purple - cAMP- and cGMP-dependent protein kinase phosphorylation site. Red - 
Protein kinase C phosphorylation site. 
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3.2. 5’-RACE experimentally confirms predicted 5’ UTR of FAF.  
The Ensembl pipeline has annotated a 507 bp 5’ UTR for FAF, however, this has 

not been experimentally validated. The 5’ UTR is essential for morpholino binding, 

and as such, 5’-RACE was conducted on total RNA extracted from the gonads of 

female (HH24) embryos or the whole body with the intention of confirming whether 

FAF has a 5’ UTR. Figure 3.3 below depicts the results obtained from the first 5’-

RACE reaction. The two different PCR conditions used show many of the same 

bands. In each case, a similar banding pattern is evident between the gonads and 

whole body, suggesting that the same FAF transcripts were expressed in the 

gonads and whole body. The two bands of interest are the 500 bp band and the 

band at ~600 bp (shown by arrows). The other bands present (250 bp and smaller) 

may be other FAF transcripts with shorter 5’ UTRs, however, they are more likely 

partially amplified transcripts as a result of non-specific binding of the RACE 5’ 

primer or RNA degradation.  
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Figure 3.3. 5’-RACE of female HH24 gonad and whole body. Lanes 1 and 2 
depicts the results obtained from the first PCR conditions. Lanes 3 and 4 depicts 
the results obtained from the second PCR conditions. A similar banding pattern is 
observed between the gonads and whole body as well as between the two different 
PCR conditions. The white arrows denotes the two bands of interest that were 
sequenced. Lane 5 depicts the No Template Control (NTC) illustrating no DNA 
contamination occurred during the PCR setup. 

 

31 clones were isolated and sent for sequencing using the M13F forward primer 

and M13R reverse primer. 21 clones contained the full length RNA Oligo sequence 

and were analysed as this indicated it was a full length mRNA transcript. 

Sequences that did not contain the full RNA Oligo sequence were discarded as 

this meant they were non-specific amplicons, amplified because the GeneRacer 5’ 

forward primer was able to bind to them. Of the clones containing the full RNA 

Oligo sequence, the sequences that also contained the reverse complement of the 

FAF gene specific primer were selected and subject to a BLAST search. While 9 

of these clones matched FAF, the clones were short and the MSA generated 

1 2 3 4 5 
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showed “chunks” of alignment to the 16 FAF reference transcripts (see Figure 3.4). 

While this may be attributed to the degradation of the mRNA and as such partial 

amplification and sequencing, three full, non-specific mRNA transcripts were 

obtained. These transcripts (SPARC, VIM and PPIA) aligned with 99% homology 

to the deposited cDNA sequences found in Ensembl (Gallus_gallus-5.0 assembly) 

and their alignments are shown in Appendix 6. Based on the near perfect 

alignment of these transcripts, it was unlikely that the RNA was degraded and more 

feasible that either FAF transcripts do not contain a 5’-UTR, or that the amplification 

and/or sequencing of FAF was difficult due to the presence of strong secondary 

structures or stretches of homopolymeric repeats. The GeneRacer protocol that 

was followed recommended an incubation at 65 °C (for 5 min) and as such, the 

secondary structures in the FAF mRNA were likely not fully removed. Analysis of 

the secondary structures was performed using the UNAFold tool (IDT 

Technologies) and confirmed that heating to 65 °C was unable to entirely remove 

the secondary structures, as seen below in Figure 3.5. Consequently, the 5’-RACE 

experiment was conducted again, except the ligated RNA was heated to 72 °C for 

10 min. Due to the propensity of RNA to degrade easily, it was thought best to 

incubate the ligated RNA for longer, and only slightly increasing the temperature.
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Figure 3.4. Multiple sequence alignment of RACE clones to 16 FAF cDNA sequences. The first eleven sequences are the 5’-RACE 
clones while the remaining sequences are the FAF cDNA sequences. Evidently there are small “chunks” of alignment between the 5’-
RACE clones and the FAF cDNA sequences. The pink box depicts the presumptive start codon (ATG). The red box depicts where 
FAF MO2 will bind. The blue box depicts where FAF MO1 will bind. The black box depicts where the FAF reverse primer bound. This 
5’-RACE experiment suggests that the FAF transcripts have very strong secondary structures
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Figure 3.5. Predicted temperature requirement to linearize the secondary 
structures of FAF mRNA. [A] The sequence that was analysed. The green bases 
depict the coding sequence of FAF, where the bases underlined shows where the 
reverse primer binds.  The red bases depict the start codon of FAF. The blue bases 
depict the predicted 5’-UTR of FAF. Due to the input restraint of UNAFold, a 
maximum of 255 bases can be analysed at once. [B] The predicted temperature 
required to remove the secondary structure of the input sequence. Evidently, a 
minimum of 64.9 °C is required, however, this is not sufficient to fully remove the 
secondary structures.  

Figure 3.6 below depicts the results obtained for the second 5’-RACE reaction. 

The 5’-RACE experiment was only conducted on the total RNA isolated from the 

female gonads and the same PCR conditions used in the first 5’-RACE experiment 

were used here. A similar banding pattern is observed between the two 5’-RACE 

experiments – with two bands of interest: the 500 bp band and the band at ~600bp 

(shown by arrows). Lane 3 (RT minus control) confirmed that no gDNA 

contamination was present in the RNA sample during the reverse transcription 

step. Lane 4 (NTC) confirmed that no gDNA contamination was present in the PCR 

reagents (buffer, primers and dH2O). 
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Figure 3.6. 5’-RACE of female HH24 gonad. Lane 1 depicts the results obtained 
from the first PCR conditions. Lane 2 depicts the results obtained from the second 
PCR conditions. A similar banding pattern is observed between the two different 
PCR conditions. The white arrows denotes the two bands of interest that were 
sequenced. Lane 3 depicts the result of using the RT – control as a template for 
PCR, illustrating no DNA was present during reverse transcription. Lane 4 depicts 
the No Template Control (NTC) illustrating no DNA contamination occurred during 
the PCR setup. 

 

A gel extraction of these two bands was conducted and the isolated clones were 

sequenced using the M13F forward primer and M13R reverse primer. The 

sequences were analysed in the same manner as the sequences from the first 5’-

RACE experiment. A MSA (of the 16 FAF cDNA sequences and the sequenced 

clones) was generated using Clustal in JalView and is shown below in Figure 3.7. 

The increased temperature of the ligated RNA drastically improved the sequencing 

quality, noted by smaller gaps in the alignment (compare Figure 3.4 and Figure 

3.7).   Evidently, there are still gaps in the alignment which was unexpected. A 

second evaluation of the secondary structures of the FAF cDNA was therefore 

conducted using the Oligo Calc tool (Kibbe, 2007). The advantage of using this 

tool was that it is not restricted to only being able to analyse 255 bases whereas 

the UNAFold tool (IDT Technologies) is. Figure 3.8 below shows that a Tm of 84.6 

1 2 3 4 
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°C is required to remove the secondary structures when the entire predicted 5’ 

UTR of FAF is analysed, suggesting the gaps in the alignment are due to remaining 

secondary structures. Irrespectively, the second 5’-RACE experiment confirmed 

that FAF does contain a 5’ UTR and the morpholinos designed to target FAF fall 

within the sequenced regions (shown by the blue and red box).  

Analysis of the secondary structure by Mfold (Zuker, 2003) was conducted to 

confirm whether strong base interactions (such as G-C pairs) were present in the 

poorly sequenced regions. The advantage of using Mfold was that it depicts a 

graphical representation of how the mRNA will fold. Figure 3.9 below shows the 

secondary structure of the cDNA of FAF. The regions where the FAF MOs would 

bind are shown in blue and red and the start codon is highlighted in yellow. 

Evidently, both FAF MOs bind to loop structures. The blue shaded regions seen in 

Figure 3.9B and C, correlate to the gaps in the alignments of where the FAF MOs 

would bind (Figure 3.7).It is clear that these regions contain G-C pairs, A-U pairs 

and G-U pairs. The G-C pairs and A-U pairs are very strong base interactions, 

which would require more energy (i.e. heat) to break.    
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Figure 3.7. Multiple sequence alignment of RACE clones to 16 FAF cDNA sequences. The first four sequences are the 5’-RACE clones while the 
remaining sequences are the FAF cDNA sequences. Evidently there are gaps in the alignment between the 5’-RACE clones and the FAF cDNA 
sequences. The pink box depicts the presumptive start codon (ATG). The red box depicts where FAF MO2 will bind. The blue box depicts where FAF 
MO1 will bind. The black box depicts where the FAF reverse primer bound. The 5’-RACE confirmed that FAF contains a 5’-UTR and the FAF MOs will 
bind sufficiently to knockdown FAF. 

Figure 3.8. The predicted temperature requirement to linearize 
the secondary structures of FAF mRNA. [A] The sequence that 
was analysed. The green bases depict the coding sequence of 
FAF, where the bases underlined shows where the reverse 
primer binds.  The red bases depict the start codon of FAF. The 
blue bases depict the predicted 5’-UTR of FAF. The Oligo Calc 
tool allowed the full presumptive 5’-UTR to be analysed at once. 
[B] The predicted temperature (84.6 °C) required to remove the 
secondary structure of the input sequence. 
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Figure 3.9. Visual representation of FAFs 

secondary structure. [A] Mfold’s prediction of 

the secondary structure of FAFs full cDNA 

sequence. The dotted boxes are the regions 

magnified, denoted as B and C. [B] Magnified 

region of where FAF MO1 would bind. [C] 

Magnified region of where FAF MO2 would 

bind. The blue shaded regions seen in [B] and 

[C] correlate to the gaps seen in Figure 3.7. 

Evidently, strong bonds such as G-C pairs 

and A-U pairs are found here. The black 

arrows show the direction in the bases are to 

be read. The bases shaded in yellow denotes 

the start codon.   
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3.3. Successful in ovo electroporation of the neural tube. 
The electroporation procedure was first practised on the neural tube. The neural 

tube was chosen due to its easy access and the ability to get results quickly, since 

embryos only had to be incubated for 33-40 hr (HH 10-11) and were harvested 24 

hr post electroporation. In addition to practising the technique, it also provided an 

opportunity to ensure the pCI-RFP construct was working. To this end, embryos 

were electroporated either with just the pCI-RFP construct (250 ng), with only the 

control MO (0.5 mM) or with a combination of the control MO (0.5 mM) and pCI-

RFP (250 ng). Six embryos per condition was analysed. Figure 3.10 below depicts 

the successful electroporation of the neural tube. It is evident that only red 

fluorescence is seen when the pCI-RFP construct was electroporated (top row), 

indicating it was functional. The middle row of Figure 3.10 shows the successful 

delivery of the FITC-tagged control MO to the neural tube, indicated by the green 

fluorescence. The co-delivery of the pCI-RFP construct and control MO is shown 

in the bottom row and it demonstrates that both constructs were delivered to the 

same region. This was an important first step to successfully electroporating the 

embryonic gonads. 
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Figure 3.10. Electroporation of the neural tube (HH10-11). The empty pCI-RFP 

plasmid (250 ng) (red), FITC-tagged control morpholino (0.5 mM) (green) or 

combination of both pCI-RFP (250 ng)/control morpholino (0.5 mM) were 

electroporated. Embryos were analysed at HH12-13. Evidently, when both 

constructs are electroporated, they localize to the same region (seen by the yellow 

colour). Scale bars = 200 µm. 
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3.4. In ovo electroporation of the left genital ridge shows pCI-RFP and 

FITC-tagged MO localise to the same cells. 
Before the knockdown of FAF was conducted, it was first necessary to confirm that 

the construct was being delivered to the left gonad. To this end, the electroporation 

procedure was followed as described in Chapter 2.6, however, instead of letting 

the embryos develop to >HH29, six embryos were collected 24 hr post 

electroporation (HH18-20). This provided enough time for the genital ridge to 

develop and therefore confirm whether the correct region was electroporated. 

Figure 3.11 below shows the successful delivery of the FITC-tagged control MO 

(1 mM) to only the left genital ridge. Since morpholinos carry a neutral charge and 

it is only the FITC-tag that carries a weak negative charge, a carrier molecule is 

required to encourage sufficient uptake into the cell. pCI-RFP was used for this 

purpose – to encourage the migration of the MO into the cell and the red 

fluorescence seen in Figure 3.11 is due to the expression of mRFP. 

Furthermore, since MOs are unable to replicate in a cell, they become diluted as 

cell division occurs, making it difficult to detect their expression after 72 hrs. Seeing 

as the embryos were incubated up to 8 days post electroporation, it was likely that 

the fluorescence emitted from the MO will be undetectable by direct observation 

under the fluorescent microscope. pCI-RFP, which is able to drive continuous RFP 

expression, was therefore also used as a tracer. As seen in Figure 3.11 below, 

both mRFP and FITC fluorescence is localised to the same region, indicating that 

pCI-RFP can successfully be used as a tracer molecule and the presence of mRFP 

expression would indicate the successful delivery of the MO to the left gonad (see 

image of the channels merged in Appendix 7).  
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Figure 3.11. Electroporation of the genital ridge (HH18-20) using the control morpholino (green) and pCI-RFP (red). Both constructs localize 

to the left genital ridge (indicated by the dotted line) confirming pCI-RFP can successfully be used as both a tracer and a carrier. Scale bars 

= 200 µm. 



66 
 

3.5. MO-mediated knockdown of FAF results in female exclusive 

death.  
Electroporation of the left gonad was performed in batches, where each batch of 

embryos consisted of experiment embryos, control embryos (electroporated with 

the control MO) and no electroporation controls (NEC). The two MO constructs 

targeting FAF (referred to as FAF MO1 and FAF MO2) and the control MO were 

electroporated at a final concentration of either 1 mM or 2 mM. FAF MO1 and FAF 

MO2 were also co-delivered at 0.5 mM each. The embryos were harvested 5-6 

days post electroporation and were then sexed by PCR (see Appendix 8), thus 

ensuring that the male and female specific markers were expressed. The numbers 

of embryos electroporated with each construct, the number of embryos analysed 

and the percentage survival are shown below in Table 3.1. Of note, no females 

electroporated with either FAF MO construct survived, dying 24-48 hrs post 

electroporation. Embryos electroporated with the control MO, however, had a 

survival rate consistent with what was reported by Hirst et al., which reported a 

40% survival rate (Hirst et al., 2017). 

Table 3.1. Table showing the number of embryos analysed that were 
electroporated with the FAF MO constructs, at different concentrations. 

Figure 3.12 below illustrates the successful electroporation of the left gonad. As 

mentioned previously, pCI-RFP was used as both a carrier and a tracer molecule 

and that pCI-RFP and the FITC-tagged MO localise to the same cells. As such, the 

red fluorescence seen only in the left gonad (LG) was indicative of both the 

presence of pCI-RFP and the FITC-tagged MO. The electroporation procedure 

also resulted in the delivery of both constructs to the left Müllerian duct (MD). 
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Significant autofluorescence is commonly seen in the kidney, and the red 

background seen in the kidneys can be attributed to this autofluorescence.   

Males electroporated with FAF MO1 and/or FAF MO2 developed two elongated 

gonads, with bilateral symmetry. Similar development is seen in the male gonads 

electroporated with the control MO and the male NECs. Taken together, the 

delivery of the FAF MO (regardless of its concentration) did not produce any 

noticeable phenotype. Females electroporated with the FAF MOs, however, died 

24-48 hrs post electroporation. The delivery of the control MO did not kill the 

females, and the gonads of these females developed asymmetrically, where the 

right gonad is seen to be regressing, as seen in the female NEC as well. This 

suggests that the female-exclusive death observed was specifically due to the 

knockdown of FAF.   
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Figure 3.12. Electroporation of the left gonad with MO constructs. Only the left gonad was electroporated since in females it develops to be functional whereas 
the right gonad regresses. Red fluorescence is indicative of successful delivery of the MO construct to the left gonad (outlined by dotted line). FAF MO1 and 
FAF MO2 were delivered at a final concentration of 1 mM or 2 mM, with pCI-RFP acting as a carrier and tracer molecule. FAF MO1 and FAF MO2 were also 
co-delivered at 0.5 mM each. Males electroporated with the FAF MOs developed two elongated gonads, of similar length comparable to the males electroporated 
with the control MO (1 mM and 2 mM) and male no electroporation control (NEC). Females electroporated with the FAF MOs did not survive. Females 
electroporated with the control MO exhibit a canonical gonadal architecture, similar to the female NEC where the right gonad is seen to be regressing. LG – Left 
gonad. RG – Right gonad. MD - Müllerian duct. FAF MO1, control MO, FAF MO combo and NEC scale = 200 µm. FAF MO2 scale = 500 µm.
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While Figure 3.11 illustrated that pCI-RFP and the MO localize to the same region, the 

presence of the MO in the gonad, post electroporation, wanted to be confirmed. To this end, 

an embryo that was successfully electroporated with the control MO and another embryo that 

was successfully electroporated with a FAF MO were sectioned longitudinally and 

immunohistochemistry was performed on sections using a rabbit anti-FITC-Alkaline 

Phosphatase antibody. The antibody would selectively bind to FITC (which is conjugated to 

the MO), and after incubation with BM Purple (chromogenic substrate of alkaline 

phosphatase), it would confirm whether the MO was delivered to the gonad as a purple 

precipitate would develop. Figure 3.13 below shows the results obtained after 

immunohistochemistry was performed on the sections. The no antibody control (sections that 

were not incubated with the antibody) in Figure 3.13A showed no colour development in either 

the left or right gonad. In contrast, a purple precipitate was seen in both the left and right gonad 

of the sections that were incubated with the antibody (Figure 3.13B). Evidently, the MO was 

delivered to both the medulla and cortex, but staining was concentrated to the cortex (shown 

by the arrow) and appeared to be cytoplasmic. Since no colour development was seen in the 

no antibody control sections, overstaining and non-specific staining can be ruled out and this 

suggests that the MO was delivered to both the left and right gonad.   

With respect to the FAF MO, a purple precipitate and therefore the FAF MO was present in 

the left gonad and not the right gonad as seen in Figure 3.14B. Similar to the control MO, the 

FAF MO was delivered to the cortex and medulla, but was concentrated to the cortex and the 

staining appeared to be cytoplasmic. No staining was seen in the no antibody control sections 

(Figure 3.14A).
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Figure 3.13. Confirmation of the successful 
delivery of the control MO into the gonad by 
immunohistochemistry. [A] No antibody control 
sections showing no staining in either the left or 
right gonad, evident by the lack of a purple 
precipitate. The asterisks (*) depict artifacts. [B] 
Sections incubated with the Rabbit Anti-FITC-
Alkaline Phosphatase antibody shows distinct 
purple precipitate, indicating the presence of the 
control MO, in both left and right gonad. The 
control MO is present in both the cortex (C) and 
medulla (M) but seems to be concentrated in the 
cortex (arrow). Scale = 50 µm. 
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Figure 3.14. Confirmation of the 
successful delivery of the FAF MO into 
the gonad by immunohistochemistry. 
[A] No antibody control sections 
showing no staining in either the left or 
right gonad (outlined by the dotted 
line), evident by the lack of a purple 
precipitate. [B] Sections incubated 
with the Rabbit Anti-FITC-Alkaline 
Phosphatase antibody shows a 
distinct purple precipitate in the left 
gonad indicating the presence of the 
FAF MO in only the left gonad. The 
FAF MO is present in both the cortex 
(C) and medulla (M) but seems to be 
concentrated in the cortex (arrow). 
Scale = 50 µm. 
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3.6. Successful pCI-FAF-RFP construct design. 
The pCI-FAF-RFP construct was created by amplifying the FAF CDS and ligating 

it into the pCI-RFP plasmid as described in Chapter 2.5.1. Figure 3.15 below 

illustrates the results obtained from conducting PCR on both male and female 

template DNA. Male template was used to ensure primer specificity, since FAF is 

not found in males. Evidently, only a single band is seen in Lane 1 (where female 

template DNA was used) (Figure 3.15). The size of this band is approximately 250 

bp, coinciding with the expected PCR product size (259 bp).   

 

 

Figure 3.15. Successful amplification of FAF coding sequence. A single band (of 
the expected 259 bp) is seen when female template DNA was used (Lane 1). As 
expected, no band is seen when male template DNA was used (Lane 2). The no 
template control (NTC) confirms no gDNA contamination was present while the 
PCR reaction was set-up (Lane 3). 

The successful digestion of the FAF CDS and the pCI-RFP plasmid is shown in 

Appendix 9. Several clones were isolated and sent for sequencing using the 

pCAGGS-5 forward primer and the pCI-RFP Reverse Sequencing Primer (see 

Chapter 2.5.9 for primer sequences). The bases corresponding to the restriction 

sites of the sequenced insert were trimmed out and JalView was used to create a 

MSA using the sequenced insert and the 16 FAF CDS as input sequences, shown 

below in Figure 3.16. The complete CDS of FAF was successfully cloned into the 

pCI-RFP plasmid, including the Kozak sequence (bases highlighted in purple).

1 2 3 
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Figure 3.16. Multiple sequence alignment of FAF coding sequence clone to the 16 FAF reference sequences. The first 16 sequences are the 
coding sequences of FAF found in Ensembl. The last sequence is the clone. Evidently the clone was sequenced fully. While natural variation 
exists between the 16 reference sequences, the clone fully matches 7 of the reference sequences. The bases highlighted in purple (of the clone) 
depicts the Kozak sequence added. 
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3.7. ZZ males ectopically expressing FAF in the left gonad develop a 

female-like morphology. 
Electroporation of the left gonad was performed in batches, where each batch of 

embryos consisted of experiment embryos, control embryos (electroporated with 

the empty pCI-RFP plasmid) and no electroporation controls (NEC). 504 ng of the 

pCI-FAF-RFP construct and 500 ng of the empty pCI-RFP plasmid was delivered. 

The embryos were harvested 7-8 days post electroporation (at HH 34-35), 

ensuring that the male and female specific markers were expressed and a distinct 

male or female morphology was present. The electroporated embryos were sexed 

by PCR and is shown in Appendix 10. The numbers of embryos electroporated 

with each construct, the number of embryos analysed and the percentage survival 

are shown below in Table 3.2. Interestingly, both males and females 

electroporated with the pCI-FAF-RFP construct survived. Embryos had a survival 

rate consistent with what was reported by Hirst et al., which reported a 40% survival 

rate (Hirst et al., 2017). 

Table 3.2. Table showing the number of embryos analysed that were 
electroporated with the pCI-FAF-RFP construct. 

 

The successful electroporation of only the left gonad with pCI-FAF-RFP is shown 

below in Figure 3.17, Figure 3.18 and Figure 3.19, evident by the red 

fluorescence. The electroporated ZZ males developed two elongated gonads, 

similar in length. Similar development was seen in the ZZ male NEC. Histologically, 

however, the electroporated ZZ male gonads displayed asymmetry, in which the 

left gonad was noticeably larger in overall size than the right gonad; which is in 
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contrast to the ZZ male NEC. Under high magnification, the ZZ male NEC 

comprised of a thin cortex and seminiferous tubes were seen in the medulla 

(marked by asterisks) whereas the electroporated ZZ male had a thickened cortex 

and a disorganized medulla. No seminiferous tubes were noted in the 

electroporated ZZ male. These results were consistent with all four males 

ectopically expressing FAF that were analysed. Comparison between the 

electroporated left gonad and unelectroporated right gonad of ZZ males showed 

that the right gonad developed similarly to the ZZ male NEC (Appendix 11), 

attributing the altered phenotype to the ectopic expression of FAF.  

Overexpressing FAF in ZW females had no effect on the left gonad. While only one 

ZW female overexpressing FAF was observed, the gross morphology 

demonstrated asymmetrical gonad development in both the electroporated and 

unelectroporated ZW females. Under high magnification, the morphology of the 

electroporated left gonad was similar to the unelectroporated left gonad, 

characterized by a thickened cortex and disorganized medulla (Figure 3.18) 

whereas the right gonad showed a male-like morphology, as expected (Appendix 

11).Consistent with this, the electroporation of the empty pCI-RFP construct did 

not have any effect on the left gonad either and normal morphology was observed 

(Figure 3.19).  

Taken together, the ectopic expression of FAF in the left gonad of ZZ males 

resulted in the development of a female like morphology, suggesting a male-to-

female sex reversal. The overexpression of FAF in the left gonad of ZW females 

had no noticeable effects on its morphology.       
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Figure 3.17. Electroporation of the 
gonads (Left) with pCI-FAF-RFP and 
histological analysis (H&E staining) 
(Right). Top row: No electroporation 
ZZ male (HH34) control that has two 
elongated gonads of equal length. No 
fluorescence is observed in either of the 
gonads. Transverse sections under low 
magnification shows the left and right 
gonad to be relatively similar in size. 
High magnification of the left gonad 
(dotted line shows region magnified) 
depicts the cortex (C) to be a single 
layer of cells and the medulla (M) to be 
organized. Seminiferous tubes are 
shown by asterisks. Bottom row: 
Electroporated ZZ male (HH34-35) that 
has two elongated gonads of equal 
length, similar to male NEC. Red 
fluorescence is seen only in the left 
gonad which indicates the successful 
delivery of the pCI-FAF-RFP construct. 
Transverse sections under low 
magnification shows the left gonad to 
be noticeably larger than the right 
gonad. High magnification of the left 
gonad shows a thickened cortex (C) 
and a disorganized medulla (M). 
Distinct seminiferous tubes cannot be 
seen. Electroporation scale = 200 µm. 
Low magnification Histology scale = 
100 µm and 200 µm.  High 
magnification Histology scale = 20 µm.
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Figure 3.18. Electroporation of the gonads (Left) with pCI-FAF-RFP and histological analysis (H&E staining) (Right). Top row: No electroporation ZW 

female (HH32) control is shown, where the right gonad is regressing. No fluorescence is observed in either gonads. Transverse sections under low 

magnification shows the left gonad to be larger than the right gonad. High magnification of the left gonad (dotted line shows region magnified) depicts a 

thickened cortex (C) and a disorganized medulla (M). Bottom row: Electroporated ZW female (HH35) is shown, where the right gonad is regressing, 

similar to female NEC. Red fluorescence is seen only in the left gonad which indicates the successful delivery of the pCI-FAF-RFP construct. Transverse 

sections under low magnification shows the left gonad to be noticeably larger than the right gonad. High magnification of the left gonad shows a thickened 

cortex (C) and a disorganized medulla (M), similar to female NEC. Lacunae (L) are seen to be forming. Electroporation (NEC) scale = 500 µm. 

Electroporation (pCI-FAF-RFP) scale = 200 µm. Low magnification Histology scale = 100 µm.  High magnification Histology scale = 20 µm. 
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Figure 3.19. Electroporation of the gonads (Left) with pCI-RFP and histological analysis (H&E staining) (Right). Electroporated ZW female (HH35) is 
shown, where the right gonad is regressing. Red fluorescence is seen only in the left gonad (LG) and Müllerian duct (MD) which indicates the successful 
delivery of the pCI-RFP construct. Transverse sections under low magnification shows the left gonad to be noticeably larger than the right gonad. High 
magnification of the left gonad shows a thickened cortex (C) and a disorganized medulla (M), similar to female NEC. Electroporation scale = 500 µm. 
Low magnification Histology scale = 200 µm.  High magnification Histology scale = 20 µm. 
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4. Chapter 4 - Discussion 

The 5’-RACE experiment was conducted to verify the predicted 5’-UTR of FAF, 

found in Ensembl. The presence of a 5’ UTR is paramount to successful MO-

mediated knockdown experiments, seeing as the MO binds to the 5’-UTR of the 

targeted gene. Based on the results obtained from 5’-RACE on FAF, it was 

confirmed that FAF does have a 5’ UTR. Due to the strong secondary structures 

residing in the 5’ UTR, however, it cannot be confirmed that all 507 bp (predicted 

by Ensembl) are part of the 5’-UTR. Nonetheless, the regions that the FAF MO 

bind to fall within the region verified by 5’-RACE. When looking at the two regions 

where the MOs bind, the alignment between the sequences of inserts obtained 

from positive colonies in the RACE experiment and the FAF cDNA sequences 

show there to be gaps and mismatches and are presumably due to the secondary 

structures that were not completely removed. Regardless, both morpholinos have 

15 consecutive homologous bases between the 5’-RACE clones and the reference 

sequences, which has shown to be the minimum requirement for efficient 

translation blocking (Summerton, 1999; Moulton, 2016).  

At present it is unknown whether FAF encodes a protein or acts as an ncRNA. 

Since different technical approaches may be required to successfully to knock 

down RNA vs protein,  in silico tools were used to determine whether the predicted 

FAF peptide contains any conserved/recognizable protein domains, and in this way 

provide indirect support for the existence of a FAF protein. The amino acid 

sequence of FAF is 76 aa, and if FAF is translated, it would be classified as a 

microprotein. Microproteins, also referred to as small open reading frame (sORF)-

encoded proteins, are proteins smaller than 100 aa (Yang et al., 2011; Su et al., 

2013). These proteins often only have a single domain due to their small size and 

function via protein-protein interactions by fitting into the binding pockets of their 

target (Eguen et al., 2015). This interaction makes microproteins regulators of 

protein-protein interactions, cell communication, hormone signalling and 

enzymatic activity (Su et al., 2013; Cabrera-quio et al., 2016). Consistent with this, 

the putative FAF protein is predicted to only have a single domain (GAF domain). 

Homology modelling showed there was only a 67.1% alignment between the 

human GAF domain of phosphodiesterase 10A, however, homology modelling to 

the chicken GAF domain (template: 3dba_A) showed a 69.7% alignment. While 

the alignment to the chicken GAF domain is an improvement, it is not a complete 
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alignment. This may be due to gene duplication events, degeneration and 

truncation of FAF which resulted in small changes over time and changes to its 

functional domain(s), characteristic of microproteins (Floyd et al., 2014). Although 

plausible, this remains speculation and requires experimental validation. This may 

be done by generating an antibody against FAF and performing IHC on sections. 

If successful, it will confirm that FAF translates into a protein. Antibody production 

would likely require artificial synthesis of the antigen and the services of a company 

such as GenScript will be required. 

Seeing as it has not been experimentally verified that FAF translates into a protein, 

the possibility of FAF acting as a non-coding RNA cannot be overlooked. Non-

coding RNAs (ncRNAs) are functional RNA molecules that are not translated into 

a protein. These molecules often function in modulating gene expression either at 

the transcriptional or post-transcriptional level (Mongelli et al., 2019). Based on 

their length, ncRNAs are classified into two broad groups, namely: long ncRNAs 

(>200 nt) and short ncRNAs (<200 nt) (Pedersen et al., 2006). ncRNAs have been 

reported to be expressed in a sexually dimorphic manner and have shown to be 

implicated in regulating gonad differentiation. In female chickens, DMRT1 is 

regulated by the non-coding RNA transcribed from the MHM region. The 

transcribed non-coding RNA coats the Z chromosome adjacent to the DMRT1 

locus, suppressing its expression (Teranishi et al., 2001; Roeszler et al., 2012; 

Caetano et al., 2014). In mice, Dmrt1 is regulated by the lincRNA (long intergenic 

non coding RNA), Dmr (Dmrt1-related gene) which is encoded by Dmrt1. The 

Dmrt1 pre-mRNA and the lincRNA undergo trans-splicing, creating a chimeric 

isoform of the two molecules. The formation of this chimeric isoform disrupts the 

coding region of Dmrt1, reducing the expression of the DMRT1 protein (L. Zhang 

et al., 2010).  

Short ncRNA may also be implicated in gonad development. In chickens, the 

miRNA (microRNA), MIR202* shows male biased expression. After the induction 

of male-to-female sex reversal by in ovo injection of estradiol-17β, MIR202* 

expression decreased to levels observed in control females. The masculinisation 

of female embryos by Fadrozole resulted in an upregulation in MIR202* 

expression. Evidently, MIR202* expression correlates to testicular differentiation 

and functional work involving the knockdown of MIR202* may provide insight into 

which male-specific gene it interacts with (Bannister et al., 2011; Rastetter, Smith 
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and Wilhelm, 2015). Taken together, the possibility of FAF acting as a non-coding 

RNA cannot be overlooked. Based on its length, FAF would be classified as a long 

non-coding RNA.  

Morpholinos inherently knockdown their target protein by targeting (binding) the 5’ 

UTR or the first 20 bases of the coding sequence. Morpholinos were used in this 

study to knockdown FAF because they offer the advantages of having >80% 

knockdown efficacy, they are unable to be targeted by nucleases enabling them to 

maintain their activity for longer (up to seven days in embryos) and they offer the 

best specificity in comparison to other knockdown constructs (Hudziak et al., 1996; 

Partridge et al., 1996; Liebert et al., 1997; Stein et al., 1997; Summerton, 1999). 

Although MO are traditionally used to knockdown protein expression, there have 

been reports of MO being used to interfere with the function of non-coding RNA. 

Collart et al., used MOs to target the non-coding Y RNA which is essential in 

initiating chromosomal DNA replication. In Xenopus laevis and zebrafish embryos, 

MO-mediated knockdown of Y RNA resulted in the inhibition of DNA replication 

and embryo death before gastrulation. The MOs used in this study were designed 

to target either the stem or loop structure of the Y RNA that interacts with their 

target proteins (ORC, Cdt1, and HMGA1a), demonstrating that it is possible to use 

MO to study the function of non-coding RNA (Collart et al., 2011). Due to the 

chemical composition of MO, they have a higher binding affinity to their target RNA 

than DNA, enabling them to invade RNA secondary structures and remaining 

bound to their target RNA (Stein et al., 1997). Taken together, based on the 

properties of MOs and the information available on FAF, MOs were the most apt 

knockdown agent to use.     

Irrespective of whether FAF functions as a microprotein or a non-coding RNA, it 

does contribute to female development. Morpholino-mediated knockdown of FAF 

in the gonads of female embryos resulted in them dying. This was unexpected 

seeing as the gonads are not essential to the development or survival of chickens. 

Several studies have been conducted whereby either a full or partial gonadectomy 

has been performed and had no negative impact on the survival of the chickens 

(Domm, 1931; Milićević et al., 1987; Gigli et al., 2005). This would allude to the 

interaction of the FAF MO with some unintended off-target that is crucial to 

embryonic survival. Although possible, it is unlikely because if true, the male 

embryos electroporated with the FAF MO would also have died. Furthermore, the 
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delivery of only FAF MO1 or FAF MO2 and the co-delivery of both MOs produced 

consistent results – only the male embryos survived and these embryos showed 

no noticeable phenotype. Another possibility is that the MO was delivered at a 

concentration that was too high, and as such, it was toxic to the embryo. To 

address this possibility, the FAF MO were delivered at a final concentration of 

either 2 mM or 1 mM. The decreased concentration did not change the mortality 

rate of either the male or female embryos and as such, this possibility was 

eliminated. The most likely scenario therefore is that the FAF MO was also 

delivered to a structure that is important to embryonic development. Consistent 

with this, the immunohistochemistry done on electroporated sections showed that 

the control MO (Figure 3.13B) was delivered to both gonads, suggesting that 

electroporation was not always precise. While no exact explanation can be given 

as to why the MO was detected in the right gonad, but mRFP expression was not 

observed, it may be because the MO has a lower molecular mass than pCI-RFP 

and hence migrated further, into the primitive right gonad. This needs to be 

addressed in future work. 

Figure 4.1 below reviews how the electroporation procedure was conducted. The 

arrow shown in Figure 4.1A shows the direction of the electric field and the 

direction in which the construct will travel. Figure 4.1B shows how slightly moving 

the positive electrode caudally (towards the next somite) will change the direction 

in which the construct would move. This slight adjustment will result in the migration 

of the construct into the tip of the primitive gonad as well as into the dorsal aorta. 

Consistent with this, Figure 4.2 shows that the construct could have been delivered 

to the dorsal aorta.  
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Figure 4.1. Overview of how the electrodes were positioned during the 
electroporation procedure. The construct was delivered to the coelomic cavity. [A] 
By positioning the negative electrode (black) slightly beneath the left coelomic 
cavity and the positive electrode (red) near somite 21, the electric field generated 
(shown by the red arrow) encouraged the construct to move dorsomedially into the 
coelomic epithelium and intermediate mesoderm. [B] If the positive electrode is 
moved caudally, towards somite 22, the electric field generated (shown by the red 
arrow) will encourage the construct to move into the tip of the coelomic epithelium 
and dorsal aorta.  

Figure 4.2. Electroporation of the gonads shows unintended delivery of the 
construct to the dorsal aorta. [A-B] Red fluorescence is seen in the dorsal aorta 
(DA) after the electroporation of the gonad with the pCI-RFP/FAF MO construct. 
Scale = 200 µm. 

The dorsal aorta functions as the largest blood vessel to circulate blood throughout 

the developing embryo and a signalling centre indispensable to pancreas 

differentiation and neural crest cell migration (Lammert et al., 2001; Gammill and 

Roffers-Agarwal, 2010; Sato, 2013). The dorsal aorta is also a site of 

hematopoiesis. The knockdown of FAF in this tissue presents a plausible 

explanation to the female exclusive death observed. One of two possibilities exist: 

either the delivery of the FAF MO resulted in the knockdown of an off-target gene 
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that is essential to normal dorsal aorta formation/function or the knockdown of FAF 

itself negatively affected the dorsal aorta. However, seeing as males developed 

normally, it would suggest it was the knockdown of FAF and not an off-target. Since 

the formation of the dorsal aorta was out of the scope of this project, the role of 

FAF in dorsal aorta formation was not further investigated. However, this can be 

investigated by conducting H&E staining on sections (at the wing bud level) 

obtained from embryos electroporated with FAF and unelectroporated embryos. If 

there is a morphological change between the electroporated and unelectroporated 

embryos, it would warrant further investigation. 

Alternatively, an approach to circumvent the possibility of the MO from entering the 

dorsal aorta would be to explant the urogenital system of HH14-16 embryos and 

then deliver the FAF MO to the explanted gonads. The explanted gonads will still 

express male specific and female specific markers and changes in the expression 

pattern of these markers due to the delivery of the MO can be assessed (Smith 

and Sinclair, 2004).  

While the MO-mediated knockdown of FAF was not informative with respect to the 

role of FAF in gonad development, the ectopic expression of FAF in males and the 

overexpression of FAF in females was more informative. The ectopic expression 

of FAF in males resulted in the development of a thickened cortex (Figure 3.17), 

which is characteristic of only the female left gonad (Figure 3.18). Additionally, the 

medulla of the males expressing FAF is disorganized and no distinct seminiferous 

tubes can be seen (Smith and Sinclair, 2004). This suggests that at a histological 

level, a male-to-female sex reversal occurred. The extent of the sex reversal, 

however, still needs to be determined. To investigate this, the expression patterns 

of male and female markers should be assessed by immunostaining. If there is a 

loss of DMRT1 and the ectopic expression of FOXL2 in the left gonad of ZZ males 

electroporated with pCI-FAF-RFP, the possibility that the morphology observed 

was due to artefacts (such as the sectioning technique) may be ruled out and a 

more definite conclusion can be made. The overexpression of FAF in the left ZW 

gonad did not have any effect on the morphology of the gonad, seen when 

comparing the electroporated and unelectroporated female gonad (Figure 3.18). 

This is likely due to transcriptional regulation, post-transcriptional regulation or 

translational regulation of FAF. It should be noted, however, that only one female 

was analysed and more ZW females overexpressing FAF needs to be analysed to 
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ensure that overexpressing FAF does not negatively affect female gonad 

development. 

The results obtained from the ectopic expression of FAF in ZZ males, however, is 

in contradiction to previous work conducted. Hirst et al., induced female-to-male 

sex reversal by using the Aromatase inhibitor, Fadrozole. The gonads of ZW 

embryos treated with Fadrozole were masculinized noted by a reduction in the 

female markers Aromatase and FOXL2 and the ectopic expression of the male 

marker AMH. Assessment of the expression of FAF in the Fadrozole treated 

females by qPCR showed no significant change in expression in FAF (Hirst et al., 

2017). FAF mRNA localizes to both the cortex and medulla, where it detected as 

early as HH24 in the gonads whereas FOXL2/Aromatase mRNA localizes to the 

medulla and is only present from HH28. This suggests that FAF may either act 

upstream of FOXL2/Aromatase or FAF does not act in the FOXL2/Aromatase 

pathway. Seeing as FAF mRNA was also detected in the cortex and its temporal 

expression coincides with that of WNT4/RSPO1/β-catenin, it may act in this 

pathway (Smith et al., 2008; Hirst et al., 2017). There has been no studies done to 

confirm that FAF interacts with any of the female or male markers, however.  

Furthermore, it has been shown that abolishing the production of oestrogen by the 

inhibition of Aromatase, will also affect genes essential to ovarian development 

that act upstream of Aromatase. Consistent with this, Fadrozole treatment in 

females resulted in a reduction in the expression of FOXL2, WNT4 and RSPO1, 

all which are expressed prior to Aromatase (Hudson, Smith and Sinclair, 2005; 

Smith et al., 2008). The unaltered expression of FAF during female-to-male sex 

reversal would therefore suggest it either does not respond to oestrogen or it is not 

essential to ovarian development.   

This is not to say that FAF does not act in female sex determination. The ectopic 

expression of FAF in ZZ males clearly depicts a morphological change. FAF may 

alternatively act to suppress the male pathway, independently of the female 

pathway. Since FAF is present in females from as early as HH4, it is possible that 

it is involved in the epigenetic regulation of the MHM region that transcribes a long 

non-coding RNA which suppresses DMRT1 (Roeszler et al., 2012).  

When ZW females were treated with Fadrozole, the MHM region showed unaltered 

levels of methylation in the liver but increased levels of methylation in the gonad 

confirming a role of the MHM in gonad development, attributed to either the loss of 
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a female factor or the activation of a male one (Zheng, Chen and Xu, 2011). This 

female factor would act as a demethylase or a methylase inhibitor. If FAF is this 

proposed female factor and it is translated into a protein, it would unlikely act as a 

demethylase by itself due to its size, and in silico experiments did not identify any 

common domains expected in a demethylase (such as the PWWP domain or a 

Zinc Finger domain) (Nameki et al., 2005; Mosammaparast and Shi, 2010; Straub 

and Wenkel, 2017). Instead, it may activate a demethylase via protein-protein 

interactions or it may inactivate a methylase. Assessing this may be done by 

conducting in situ hybridisation and determining whether the long non-coding RNA 

product transcribed from the MHM region is present in ZZ embryos ectopically 

expressing FAF. If so and if FAF translates into a protein, co-immunoprecipitation 

can be performed in which FAF will be isolated by a specific antibody and any 

protein that interacts with FAF will remain bound and can be identified by Western 

blotting (Iqbal et al., 2018). Alternatively, if FAF acts as a non-coding RNA, it would 

most likely act to suppress the activity of a methylase, either by suppressing its 

expression or sterically blocking its target site. 

Interestingly, it was reported that global mis-expression of the long non-coding 

RNA product transcribed from the MHM region resulted in defects in both male and 

female embryos, particularly of the brain and heart (Roeszler et al., 2012). If FAF 

is involved in regulating the methylation status of the MHM region, it provides an 

alternate explanation as to the female-exclusive death observed when the FAF MO 

was delivered to the dorsal aorta.  

Conclusion  

It has been experimentally validated in this project that FAF has a 5’-UTR, as 

predicted by Ensembl. Based on the functional work conducted in this project, it is 

evident that FAF may be implicated in embryonic development, and more 

specifically, female gonad differentiation illustrated by the female-like morphology 

observed in ZZ males ectopically expressing FAF. Further work, however, is 

required to draw conclusions on how FAF is involved in female gonad 

differentiation. 
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5. Chapter 5 - Future work 
Based on the results obtained in this study, it is clear that FAF is important to 

normal female development and is implicated in sex differentiation. It would 

therefore be beneficial to determine whether FAF acts as a microprotein or a non-

coding RNA. This would assist in future functional work studies. The most direct 

approach to address this would be to generate an antibody against FAF and 

perform IHC on gonad sections. This would also provide insight as to whether FAF 

is localised to the cytoplasm or nucleus.  

Data from the MO-mediated knockdown of FAF would also provide invaluable 

information. While this data can be obtained from electroporating the MO into a 

large number of embryos, it may first be worthwhile to explant the urogenital 

system of HH14-16 embryos and then deliver the FAF MO to the explanted 

gonads. Irrespective of how the results of the knockdown of FAF is achieved, an 

mRNA rescue experiment (in which the altered phenotype is restored) should also 

be conducted to confirm it is the knockdown of FAF that caused the altered 

phenotype. 

With respect to the ZZ males ectopically expressing FAF, analysis of more 

embryos is required to confirm the results obtained here. Measurements from the 

cortex of the ZZ males ectopically expressing FAF and the corresponding 

(unelectroporated) right gonad should be taken and statistical analysis should be 

performed using these measurements. This would provide additional evidence to 

the conclusions that have been made. Additionally, evaluation of the male and 

female sex markers by immunofluorescence needs to be conducted. 
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Appendix 1: Methods 

A1.1. Gel electrophoresis 
Gel electrophoresis was performed as described below unless otherwise stated. 

1% agarose gels were prepared by dissolving 0.5 g SeaKem LE Agarose (Lonza) 

in 50 mL 1X TAE (40 mM Tris-Base, 20 mM Acetic acid and 1 mM EDTA). 5 µL of 

the GeneRuler 1 Kb DNA ladder (Thermo) was used and each sample loaded 

comprised of 10 µL sample and 1 µL GR green loading dye. Gels were visualized 

under UV light using the GelDoc XR Imager (BioRad). 

A1.2. Colony PCR 
8-10 positive colonies were isolated from each transformation reaction and were 

grown overnight (at 37 C, 118 rpm) in 6 mL liquid culture (pH 7.4), supplemented 

with 100 µg/mL ampicillin. Colony PCR was performed to confirm the presence of 

an insert. 200 µL of each liquid culture was transferred to a 1.5 mL micro-centrifuge 

tube and centrifuged at 10000g for 1 min to pellet the cells. Each PCR reaction 

comprised of 12.5 µL Taq DNA Polymerase 2x Master Mix (Ampliqon), 1.5 µL 

Forward primer, 1.5 µL Reverse primer and 9.5 µL dH2O. Using a pipette tip, some 

of the pelleted colony was scraped and placed into the PCR reaction. A no template 

control (NTC) was also set up and contained the same components, except that 

no colony was added. 

A1.3. Gel extraction 
The gel extraction was carried out as per the Zymoclean Gel DNA Recovery Kit 

(Zymo Research) protocol. The kit uses an optimized agarose dissolving buffer 

and Fast-Spin column technology to bind DNA. The elution buffer was heated to 

60 °C before adding it to the column. After the elution buffer was added to the 

column, the column was incubated for 10 min at room temperature before 

centrifugation. Both these steps were performed to improve the DNA yield. The 

DNA was eluted in 6 µL. 1 µL was used to assess the purity and concentration of 

the eluted DNA using the NanoDrop ND-1000 Spectrophotometer (ISOGEN). 

A1.4. In ovo electroporation of neural tube 
Fertilized White Leghorn chicken (Gallus gallus) eggs were incubated at 37.4 °C 

at 60-70% humidity, in a humidified incubator (Pleysier Incubators) to HH10-11. 

Embryos were placed horizontally, with their long axis oriented horizontally and the 

top marked to know where the embryo would be situated. Embryos were windowed 

as described in Chapter 2.6.2, however, the vitelline membrane was left intact. 
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Microinjection and electroporation were carried out according to the protocol 

outlined by Itasaki et al., 1999 (Itasaki et al., 1999). The capillary needle (containing 

the construct) was inserted through the vitelline membrane into the neural tube. 

The construct was delivered to the neural tube by blowing through the mouth piece 

of the mouth pipette as described in Chapter 2.6.3 and the electrodes were placed 

on opposite sides of the embryo. The ECM 830 Electro Square Porator (BTX) was 

used to deliver the voltage with the following parameters: 5 pulses, of 18 V with a 

50 ms width, with 100 ms between pulses. 0.5 mL of Ringer’s solution (0.12 M 

NaCl, 4.96 mM KCl, 1.53 mM CaCl2·H2O, pH 7.3-7.5) was added to the embryo 

and the opening was sealed tightly with cellotape. Embryos were incubated for 24 

hr at 37.4 °C at 60-70% humidity, in a humidified incubator (Pleysier Incubators). 

Embryos were collected and processed as described in Chapter 2.6.4 and 2.6.5. 

Embryos were electroporated with either pCI-RFP (250 ng), the control MO (0.5 

mM) or a combination of both the control MO (0.5 mM) and pCI-RFP (250 ng). 
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Appendix 2: Recipes 
Below depicts the recipes for the reagents used, organized alphabetically. 

Ampicillin (5 mg/mL) 

For 3 mL: 

15 mg of Ampicillin powder was dissolved in 3 mL of Ringer’s Solution. The solution 

was filtered using 0.2 µm filter and 2 mL of Ampicillin was added to 50 mL of 

Ringer’s Solution. 

Ampicillin (100 mg/mL) 

1 g of Ampicillin was dissolved in 10 mL of autoclaved dH2O and filtered using 0.2 

µm filter. Ampicillin was stored -20 °C 

Crude DNA lysis solution 

For 20 mL: 

Component Stock concentration 

(M)  

Final concentration 

(mM) 

Volume added 

(µL) 

Tris-HCl 1 10 200 

EDTA 0.5 2 80 

NaCl 1 200 800 

 

18.92 mL dH2O was added and sterilized by autoclaving.  

Eosin 

Stock solution was prepared by dissolving 2 g of Eosin Y in 40 mL of dH2O. 160 

mL of 95% ethanol was then added and the solution was mixed well.  

The working solution was prepared by adding 200 mL of eosin Y stock solution to 

600 mL of 80% ethanol. 2-3 drops of glacial acetic acid was added and the solution 

was mixed well. 

India Ink (24X dilution) 

For 5 mL:  
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200 µL of Indian Ink (Talens) was added to 4800 µL of sterilized Ringer’s solution. 

The mixture was heated in a sealed container at 115 °C until mixture boiled. This 

heating step was repeated three times and the mixture was aliquoted into 2 mL 

tubes and stored at 4 °C. 

LB Agar plates (supplemented with Ampicillin) 

For 1 L: 

10 g Tryptone, 5 g yeast extract and 5 g NaCl was added to 900 mL dH2O and the 

pH was adjusted to 7.4. The final volume was adjusted to 1 L with dH2O. 15 g of 

Agar was then added and the solution was autoclaved. The solution was left to 

cool to 50 °C and then 1 mL of Ampicillin (100 mg/mL) was added. Plates were 

poured and left to solidify overnight at room temperature. 

LB Liquid broth (supplemented with Ampicillin) 

For 1 L: 

10 g Tryptone, 5 g yeast extract and 5 g NaCl was added to 900 mL dH2O and the 

pH was adjusted to 7.4. The final volume was adjusted to 1 L with dH2O and then 

autoclaved.  

6X Loading dye 

For 200 mL: 

0.5 g Bromophenol blue was added to 170 mL dH2O. 0.5 g xylene cyanol was 

added to this mixture. 30 mL of glycerol was then added. The solution was mixed 

well, aliquoted and stored at -20 °C. 

Mayer’s Haematoxylin 

1 g of Hematoxylin, 50 g of potassium/aluminium alum, 0.2 g sodium iodate was 

added to 1000 mL autoclaved dH2O and left to stand overnight at room 

temperature. 50 g chloral hydrate and 1 g citric acid was added and the mixture 

was boiled for 5 min. The solution was left to cool and then filtered with filter paper. 

The chloral hydrate acted as a preservative and the citric acid sharpened nuclear 

the stain. 

10X PBS 
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For 1 L: 

- 90 g NaCl 

- 11.375 g Na2HPO4 

- 2.4 g NaH2PO4 

The abovementioned reagents were dissolved in 900 mL dH2O and the pH was 

adjusted to 7.4. The solution was brought to a final volume of 1 L using dH2O and 

autoclaved. 

1X PBS 

For 900 mL: 

90 mL 10X PBS was added to 900 mL dH2O and autoclaved. 

4% PFA 

For 1 L: 

- 600 mL dH2O was heated to 60-65 °C in a fume hood. 

- 40 g Paraformaldehyde was added 

- The solution was stirred and 100% HCl was added dropwise until the solution 

cleared. 

- 100 mL 10X PBS was added 

- The volume was adjusted to 950 mL by adding dH2O (at 4 °C) 

- The solution was left to cool to reach room temperature and then the pH was 

adjusted to 7.4. 

- The solution was dispensed into 50 mL aliquots and stored at 4 °C. 

Ringer’s Solution 

For 1 L: 

- 7.2 g NaCl  

- 0.37 g KCl 

- 0.335 g CaCl2 · 6H2O 
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The abovementioned reagents were dissolved in 900 mL dH2O and the pH was 

adjusted to 7.3-7.4. The final volume was adjusted to 1 L using dH2O and 

autoclaved.  The autoclaved solution was filter sterilized using 0.2 µm filter and 

was dispensed into 50 mL aliquots. The aliquots were stored at 4 °C. 

Sodium Citrate buffer 

For 1 L: 

2.94 g trisodium citrate was added to 900 mL autoclaved dH2O and the pH was 

adjusted to 6. 0.5 mL Tween 20 was added and the solution was mixed well. 

50X TAE 

For 1L: 

242 g of Tris base and 18.61 g of EDTA was dissolved in 800 mL dH2O. 57.1 mL 

of glacial acetic acid was added and the final volume was adjusted to 1 L with 

dH2O. 

1X TAE 

18 mL of 50X TAE was added to 882 mL dH2O and sterilized by autoclaving 

1X TBS 

For 1 L: 

- 8.0 g NaCl 

- 0.2 g KCl 

- 3 g Tris Base 

The abovementioned reagents were dissolved in 800 mL dH2O and the pH was 

adjusted to 7.4. The solution was brought to a final volume of 1 L with dH2O and 

autoclaved. 

TBST 

For 500 mL: 

0.25 mL Tween 20 was added to 500 mL TBS and mixed well. 

 



109 
 

Appendix 3: Dilutions of construct for electroporation 
Below are the dilutions of each construct used for electroporation.  

Table A3.1. Preparation and calculation of MO electroporation mix to a final 
concentration of 1 mM.  

Component 
Stock 

concentration 

Final 

concentration 

Volume added 

(µL) 

pCI-RFP plasmid 1.27 µg/µL 0.74 µg/µL [**] 7.82 

MO 3 mM 1 mM 2.96 

Tracking dye * N/A N/A 1.05 

[*] A 8X dilution of tracking dye was used to visualize successful delivery of the 
construct and does not harm embryos. 
[**] Since approximately 0.5 µL was delivered to each embryo, the final 
concentration is obtained by multiplying by 0.5. 

Table A3.2. Preparation and calculation of MO electroporation mix to a final 

concentration of 2 mM. 

Component 
Stock 

concentration 

Final 

concentration 

Volume added 

(µL) 

pCI-RFP plasmid 1.27 µg/µL 0.64 µg/µL 7.79 

MO 3 mM 2 mM 5.91 

Tracking dye N/A N/A 1.08 

 

Table A3.3. Preparation and calculation of FAF MO combo electroporation mix to 

a final concentration of 1 mM. 

Component 
Stock 

concentration 

Final 

concentration 

Volume added 

(µL) 

pCI-RFP plasmid 1.27 µg/µL 0.74 µg/µL 7.82 

FAF MO 3 mM 1 mM* 

2.96 

(1.48 per MO) 
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Tracking dye N/A N/A 1.05 

[*] Each FAF MO was delivered at a final concentration of 0.5 mM 

Table A3.4. Preparation and calculation of pCI-FAF-RFP electroporation mix to a 
final concentration of 1.01 µg/µL. 

Component 
Stock 

concentration 

Final 

concentration 

Volume added 

(µL) 

pCI-FAF-RFP 1.17 µg/µL 1.01 µg/µL 9.5 

dH2O N/A N/A 0.5 

Tracking dye N/A N/A 1 

 

Table A3.5. Preparation and calculation of pCI-RFP electroporation mix to a final 

concentration of 1 µg/µL. 

Component 
Stock 

concentration 

Final 

concentration 

Volume added 

(µL) 

pCI-RFP 1.27 µg/µL 1 µg/µL 8.66 

dH2O N/A N/A 1.34 

Tracking dye N/A N/A 1 

 

Appendix 4: Preparation of pulled glass capillary 

needles. 
Glass capillary needles (Lasec) with an outer diameter of 1.40 mm and an inner 

diameter of 1.0 mm were pulled using a micropipette puller (Narishige) with the 

following parameters: heater: 80 °C, magnet: 50 and main magnet: 50. The tip of 

the pulled end was broken off and the pulled needles produced had an external 

bore size of approximately 70 µm.  
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Appendix 5: FAF MO design and off-target screening 

 

Figure A5.1. Multiple sequence alignment of the 16 FAF transcripts and where the MO bind to them. FAF MO1 is highlighted in purple. FAF 

MO2 is highlighted in grey. The start codon is highlighted in black. 
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The subsequent tables below depict the off-targets identified from the Blast search for FAF MO 1, FAF MO 2 and the control MO. 

FAF MO 1 
FAF MO 1: 5’ ACAGACAGAAGTAAAGAAGGCACTG 3’ (25 bases)  

Target sequence: 5’-CAGTGCCTTCTTTACTTCTGTCTGT-3’ 

Table A5.1. BLAST results of FAF MO1 potential off-targets. 

Faf 
targets 

Off-targets 

 Gene name 
Bind to 

5’ 
UTR? 

Bind to 
first 25 

bases of 
coding 

sequence? 

Bind to 
intron/exon 
boundary? 

 

Homology, no. of 
mismatches 

Location 
Expression pattern 

(expressed in 
gonads?) 

Temporal 
expression & 

Function 

All 16 

PREDICTED: 
Gallus gallus 
family with 
sequence 

similarity 172 
member A 

(FAM172A), 
mRNA 

No No No 

Bases 8-23 of 
MO. 

16 consecutive 
bases 

Z 
chromosome 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

Contributes to 
siRNA binding, 
mRNA splicing, 

neural crest 
development 

PREDICTED: 
Gallus gallus 

uncharacterized 
LOC107051642 

(LOC107051642), 
ncRNA 

No No No 

Bases 6-21 of 
MO. 

 
16 consecutive 

bases 

Chromosome 
2 

Automatic predicted non-coding RNA 
(lncRNA) that was found using 

bioinformatics pipeline/algorithm found on 
Chr2. No more data available. 
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PREDICTED: 
Gallus gallus 

mutL homolog 1 
(MLH1), 

transcript, mRNA 

No No No 

Bases 4-23 of 
MO. 

 
12 consecutive 
bases, gap and 

then 7 
consecutive 

bases 

Chromosome 
2 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 
- DNA 

repair/mismatch 
repair 

PREDICTED: 
Gallus gallus 

hook microtubule 
tethering protein 

3 (HOOK3), 
mRNA 

No No No 

Bases 11-25 of 
MO. 

 
15 consecutive 

bases 

Z 
chromosome 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

- Aids in attachment 
to microtubules to 
mediate binding to 

organelles 

PREDICTED: 
Gallus gallus 

acyl-CoA 
synthetase short-

chain family 
member 3 

(ACSS3), mRNA 

No No No 

Bases 4-18 of 
MO. 

15 consecutive 
bases 

Chromosome 
1 
 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

- Plays a role in 
lipogenesis by 

synthesizing acetyl-
CoA from acetate. 

- Catalyzes the 
synthesis of acetyl-

CoA from short-
chain fatty acids. 

PREDICTED: 
Gallus gallus 

uroporphyrinogen 
decarboxylase 

(UROD), mRNA 

No No No 

Bases 2-15 of 
MO. 

14 consecutive 
bases 

Chromosome 
8 
 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

- Involved in heme 
biosynthesis 

PREDICTED: 
Gallus gallus 

bone 
morphogenetic 
protein receptor 

No No No 

Bases 11-24 of 
MO. 

14 consecutive 
bases 

Chromosome 
7 
 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

- Essential 
morphogenetic 
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type 2 (BMPR2), 
mRNA 

signals for limb 
bone patterning 

- Retina 
development? 

- Involved in dorsal 
aorta formation 

PREDICTED: 
Gallus gallus 

phospholipase C 
epsilon 1 

(PLCE1), mRNA 

No No No 

Bases 7-24 of 
MO. 

 
10 consecutive 
bases, gap, 7 
consecutive 

bases. 

Chromosome 
6 
 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
kidney, liver, heart 

- E10 + (no data 
prior) 

- catalyzes the 
hydrolysis of 

phosphatidylinositol-
4,5-bisphosphate to 

generate two 
second 

messengers: 
inositol 1,4,5-

triphosphate (IP3) 
and diacylglycerol 

(DAG). These 
second messengers 

subsequently 
regulate various 

processes affecting 
cell growth, 

differentiation, and 
gene expression. 
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FAF MO 2 
FAF MO 2: 5’-GTTCTCCTTGGGTTGCTCATAGTAA-3’ (25 bases) 

Target sequence: 5’-TTACTATGAGCAACCCAAGGAGAAC-3’ 

Table A5.2. BLAST results of FAF MO2 potential off-targets. 

Faf 
targets 

Off-targets 

 Gene name 
Bind 
to 5’ 

UTR? 

Bind to first 
25 bases of 

coding 
sequence? 

Bind to 
intron/exon 
boundary? 

Homology, 
no. of 

mismatches 
Location 

Expression pattern 
(expressed in 

gonads?) 

Temporal expression & 
Function 

All 16 

PREDICTED: Gallus 
gallus solute carrier 
family 7 member 2 
(SLC7A2), mRNA 

No No No 

Bases 4-18 of 
MO. 
15 

consecutive 
bases 

Chromosome 4: 
63,027,358-

63,067,114 reverse 
strand. 

GRCg6a:CM000096.5 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 

kidney, liver, skeletal 
muscle 

E10 + (no data prior). 
Involved in uptake of 

sugars, minerals, amino 
acids. 

 

PREDICTED: Gallus 
gallus kinesin family 
member 27 (KIF27), 

mRNA 

No No No 

Bases 11-24 
of MO. 

14 
consecutive 

bases 

Chromosome Z: 
40,053,080-

40,077,364 reverse 
strand. 

GRCg6a:CM000122.5 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
brain, kidney, liver, 

skeletal muscle 

E10 + (no data prior). 
Essential to Hedgehog 

signalling pathway 

PREDICTED: Gallus 
gallus 

uncharacterized 
LOC107053990 

(LOC107053990), 
ncRNA 

No No No 

Bases 10-23 
of MO. 

14 
consecutive 

bases 

Chromosome 8 Not studied Not studied 

PREDICTED: Gallus 
gallus PHD finger 

protein 20 (PHF20), 
mRNA 

No No No 

Bases 8-25 of 
MO. 

6 consecutive 
bases, gap 

Chromosome 20: 
905,966-962,906 
reverse strand. 

GRCg6a:CM000112.5 

Yes (Testis + Ovary) 
– Expression Atlas 

E10 + (no data prior). 
Involved in 

transcriptional regulation 
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then 11 
consecutive 

bases. 

Also expressed in 
brain, kidney, liver, 

heart, skeletal muscle 

PREDICTED: Gallus 
gallus 

uncharacterized 
LOC107054832 

(LOC107054832), 
ncRNA 

No No No 

Bases 1-14 of 
MO. 
14 

consecutive 
bases 

Chromosome 20 Not studied Not studied 

PREDICTED: Gallus 
gallus ubiquitin 

specific peptidase 9, 
X-linked (USP9X), 

mRNA 

No No No 

Bases 1-14 of 
MO. 
14 

consecutive 
bases 

Chromosome 1: 
113,385,291-

113,456,709 reverse 
strand. 

GRCg6a:CM000093.5 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
brain, kidney, liver, 

heart, skeletal muscle 

E10 + (no data prior). 
Acts like ubiquitin-
specific proteases, 
cleaving ubiquitin 

molecule from ubiquitin-
fused precursors and 

ubiquitinylated proteins 

PREDICTED: Gallus 
gallus 

uncharacterized 
LOC107053451 

(LOC107053451), 
ncRNA 

No No No 

Bases 3-15 of 
MO. 
13 

consecutive 
bases 

Chromosome 5 Not studied Not studied 

PREDICTED: Gallus 
gallus SprT-like N-

terminal domain 
(SPRTN), mRNA 

No No No 

Bases 12-24 
of MO. 

13 
consecutive 

bases 

Chromosome 3: 
39,844,405-

39,848,234 reverse 
strand. 

GRCg6a:CM000095.5 

Yes (Testis + Ovary) 
– Expression Atlas 
Also expressed in 
brain, kidney, liver, 

heart, skeletal muscle 

E10 + (no data prior). 
Involved in DNA repair 
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Control MO 
Control MO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’ (25 bases) 

Target sequence: 5’-TATAAATTGTAACTGAGGTAAGAGG-3’ 

Table A5.3. BLAST results of control MO potential off-targets. 

Off-targets 

Gene name 
Bind 
to 5’ 

UTR? 

Bind to 
first 25 

bases of 
coding 

sequence? 

Bind to 
intron/exon 
boundary? 

 

Homology, 
no. of 

mismatches 
Location 

Expression 
pattern 

(expressed in 
gonads?) 

Temporal 
expression & 

Function 

PREDICTED: 
Gallus gallus 
APC, WNT 

signaling pathway 
regulator (APC), 

mRNA 

No No No 

Bases 7-21 
of MO. 

 
15 

consecutive 
bases. 

Chromosome 
Z 

Yes (Testis + 
Ovary) – 

Expression Atlas 
Also expressed in 

brain, kidney, 
liver, heart 

 

APC protein acts 
as tumour 

repressor by 
interacting with β-

catenin (E10+) 

PREDICTED: 
Gallus gallus 
probable G-

protein coupled 
receptor 83-like 

(LOC100859173), 
mRNA 

No No No 

Bases 1-15 
of MO. 

 
15 

consecutive 
bases. 

Chromosome 
4 
 

No - 
Brain and skeletal 

muscle 
(Expression Atlas) 

Involved in cell 
signalling across 
cell membrane 

(E10+) 

PREDICTED: 
Gallus gallus 

SUMO1/sentrin 
specific peptidase 

No No No 
Bases 4-18 

of MO. 
 

Chromosome 
3 
 

Yes (Testis + 
Ovary) – 

Expression Atlas 

Binds to other 
proteins aiding in 

things such as 
nuclear pore 
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 6 (SENP6), 
mRNA 

15 
consecutive 

bases. 

Also expressed in 
brain, kidney, 

liver, heart 
 

binding, 
stabilisation. 

(E10+) 

PREDICTED: 
Gallus gallus 

uncharacterized 
LOC107052000 

(LOC107052000), 
ncRNA 

No No No 

Bases 8-22 
of MO. 

 
15 

consecutive 
bases 

Chromosome 
2 

Not studied Not studied 

PREDICTED: 
Gallus gallus 
myomesin 3 

(MYOM3), mRNA 

No No No 

Bases 11-
24 of MO. 

 
14 

consecutive 
bases 

Chromosome 
23 

Yes (Testis + 
Ovary) – 

Expression Atlas 
Also expressed in 
skeletal muscle, 

heart 
 

Helps stabilize 
other proteins 
during muscle 

formation 

PREDICTED: 
Gallus gallus 

uncharacterized 
LOC107053659 

(LOC107053659), 
ncRNA 

No No No 

Bases 12-
25 of MO. 

 
14 

consecutive 
bases 

Chromosome 
1 

Not studied Not studied 

PREDICTED: 
Gallus gallus 

gamma-
aminobutyric acid 
type A receptor 

gamma1 subunit 
(GABRG1), 

mRNA 

No No No 

Bases 1-14 
of MO. 

 
14 

consecutive 
bases 

Chromosome 
4 
 

No, expressed in 
kidney and brain 

(Expression Atlas) 

Transmembrane 
protein involved in 

inhibiting 
neurotransmission 
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Appendix 6: 5’-RACE alignment of off-targets  
SPARC  

 

Figure A6.1. Pairwise alignment of SPARC. The clone obtained from RACE 
(Query) shows a 99% match to the SPARC mRNA sequence deposited in NCBI 
(Subject). The red box shows the bases that are the same as the FAF reverse 
primer used in 5’-RACE.  
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VIM 

 

Figure A6.2. Pairwise alignment of VIM. The clone obtained from RACE (Query) 
shows a 99% match to the VIM mRNA sequence deposited in NCBI (Subject). The 
red box shows the bases that are the same as the FAF reverse primer used in 5’-
RACE. 
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PPIA 

 

Figure A6.3. Pairwise alignment of PPIA. The clone obtained from RACE (Query) 
shows a 99% match to the PPIA mRNA sequence deposited in NCBI (Subject). 
The red box shows the bases that are the same as the FAF reverse primer used 
in 5’-RACE. 
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Appendix 7: Electroporation of genital ridge (merged 

image) 

 

Figure A7. Electroporation of the genital ridge (HH18-20) using the control 
morpholino (green) and pCI-RFP (red). The merged channel confirms that both 
constructs localize to the same cells (noted by the yellow colour) within the left 
genital ridge (indicated by the dotted line).  
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Appendix 8: Sexing PCR (FAF MO) 
Sexing PCR was conducted on tissue collected from electroporated embryos as described in Chapter 2.3.3. The gels below depict the genotypic 

sex of these electroporated embryos.  

Figure A.8. Genotype analysis by sexing PCR of embryos electroporated with MO. 1% agarose gel electrophoresis of DNA extracted from 
electroporated embryos. Females are identified by the presence of two prominent bands (415 bp and 256 bp) and males are identified by one 
prominent band (256 bp). Two males and two females successfully electroporated with the control MO is shown. Only males were successfully 
electroporated with FAF MO1 and FAF MO 2. A male and female no electroporation control (NEC) is shown. The no template control (NTC) 
shows no DNA contamination occurred during PCR setup.   
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Appendix 9: Restriction enzyme digestion to create pCI-

FAF-RFP 
The resulting restriction digest after using XbaI and SmaI is shown below. Both 

digested and undigested samples are shown below. While a size difference will not 

be noticed on a gel between the digested and undigested FAF CDS samples, a 

clear size difference was observed between the digested and undigested pCI-RFP 

samples. Two distinct bands (6403 bp and 197 bp) were observed after pCI-RFP 

was digested, consistent with what was expected. 

 

Figure A9. Restriction digest of FAF CDS and pCI-RFP. 1% agarose gel 
electrophoresis of digested and undigested FAF CDS and pCI-RFP samples. The 
FAF CDS and pCI-RFP were digested with SmaI and XbaI. No noticeable size 
difference was expected between the digested and undigested FAF CDS samples. 
Successful digestion was observed based on a noticeable size difference between 
the digested and undigested pCI-RFP samples. Only two distinct bands are seen 
(6403 bp and 197 bp) as expected.  
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Appendix 10: Sexing PCR (pCI-FAF-RFP) 
Sexing PCR was conducted on tissue collected from electroporated embryos as 

described in Chapter 2.3.3. The gel below depicts the genotypic sex of these 

electroporated embryos.  

 

Figure A10. Genotype analysis by sexing PCR of embryos electroporated with 
pCI-FAF-RFP. 1% agarose gel electrophoresis of DNA extracted from 
electroporated embryos. Females are identified by the presence of two prominent 
bands (415 bp and 256 bp) and males are identified by one prominent band (256 
bp). Four males and one female successfully electroporated with pCI-FAF-RFP is 
shown. A single female was successfully electroporated with pCI-RFP. A male and 
two female no electroporation control (NEC) is shown. The no template control 
(NTC) shows no DNA contamination occurred during PCR setup. 
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Appendix 11: Left and right gonad histological comparison (pCI-FAF-RFP) 
 

Figure A11.1. Histological 
analysis of left and right gonad. 
The left and right gonad of the 
unelectroporated ZZ male is very 
similar in morphology, 
characterized by a thin cortex (C) 
and an organized medulla (M) 
where seminiferous tubes can be 
seen (asterisks). The left gonad of 
the electroporated ZZ male is 
distinctly different from the right 
gonad. The cortex of the 
electroporated ZZ male has 
thickened and no seminiferous 
tubes are seen in the medulla. 
The right gonad of the 
electroporated ZZ male however, 
shows morphology similar to the 
NEC.  
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Figure A11.2. Histological analysis of left and right gonad. 

The left gonad of the unelectroporated ZW female is 

characterized by a thick cortex (C) and a disorganized 

medulla (M) whereas the right gonad shows a male-like 

morphology, consisting of a thin cortex and organized 

medulla. The morphology of both the left and right gonad 

of the pCI-FAF-RFP electroporated ZW female is similar 

to that of the unelectroporated ZW female.    
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Figure A11.3. Histological analysis of left and right gonad. The left gonad of the unelectroporated ZW female is characterized by a thick 
cortex (C) and a disorganized medulla (M) whereas the right gonad shows a male-like morphology, consisting of a thin cortex and organized 
medulla. The morphology of both the left and right gonad of the pCI-RFP electroporated ZW female is similar to that of the unelectroporated 
ZW female. 
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Appendix 12: Animal Ethics Clearance Certificate 
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