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Abstract

Androgens such as testosterone play an essential role in sexual development in most
vertebrates. They interact via binding to the androgen receptor (AR), which leads
to a direct change in gene expression. Mutations of androgen receptor causing a
knock-out are well described in humans and mice. Furthermore, in mice, several
knock-out models of the androgen receptor were established, showing the importance
of androgens not just in sexual development but as well as in the immune system,
metabolism, and behavior. In birds, no androgen receptor knock-out model has been
generated yet. In this project chicken, primordial germ cells (PGCs) have been modified
using the CRISPR/Cas9 system and homologous directed repair in order to knock-out
the chicken androgen receptor.

Here the question arises how the lack of functional AR/androgen signaling influences
the sexual development of chickens, which phenotype can be expected, and how the
male and female androgen receptor knock-out birds will be affected.

Gene-edited primordial germ cells were injected into chicken embryos to generate
germline chimera. Subsequently, androgen receptor knock-out (ARKO) chickens have
been generated by the breeding of germline chimeras. In addition to androgen receptor
knock-out, strategies for the generation of AR reporter chicken line were developed.
By fusion of AR with a tag or fluorescent protein, the AR expression can be localized
in particular tissues and in different stages of chicken development. Our experiment
proved that tagging of AR with flag tag or mCherry does not interfere with the AR
signaling.

ARKO�/� male and female chickens exhibited a complete lack of sex dimorphisms
and showed complete infertility. Furthermore, we have demonstrated the nonfunc-
tionally of the androgen receptor/androgen signaling by dipping chicken eggs of
knock-out and WT birds in testosterone solution and examined the development of
the bursa of Fabricius. In treated WT embryos, bursae showed rapid involution, while
the bursae of ARKO�/� chicken remained unchanged. Moreover, the composition
of peripheral blood mononuclear cells (PBMC) in ARKO�/� and WT chickens was
measured. ARKO�/� roosters did not show any difference compared to wild type
birds. In ARKO�/� hens a significant decrease was found in all measured lymphocyte
populations. The ARKO chicken line gives an interesting insight into the chicken sexual
development, which can be further investigated in following experiments.
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Kurzfassung

Androgene (Testosteron) spielen eine bedeutende Rolle in der Geschlechtsentwicklung
der meisten Wirbeltiere. Sie interagieren über die Bindung an den Androgen-Rezeptor
(AR), was zu einer direkten Veränderung der Genexpression führt. Mutationen des
Androgen-Rezeptors, die zu einem Knock-out führen, sind im Menschen und in Mäusen
gut beschrieben. Darüber hinaus wurden in der Maus mehrere Knock-out-Modelle des
Androgen-Rezeptors etabliert, die die Bedeutung von Androgenen nicht nur für die
Geschlechtsentwicklung, sondern auch für das Immunsystem, den Stoffwechsel und das
Verhalten zeigen. Bei Vögeln wurde bisher kein Androgen-Rezeptor-Knock-out (ARKO)
Modell generiert. In diesem Projekt wurden primordiale Keimzellen (PGCs) des Huhns
mithilfe des CRISPR/Cas9-Systems in Kombination mit homologer Rekombination
modifiziert, um den Androgen-Rezeptor im Huhn auszuschalten.

Hier stellt sich die Frage, wie sich das Fehlen von funktionierendem Androgenrezeptor/
Androgen-Signaling auf die sexuelle Entwicklung von Hühnern auswirkt, welcher
Phenotyp erwartet werden kann und wie die männlichen und weiblichen Vögel mit
beeinträchtigtem Androgenrezeptor (ARKO) betroffen sind. Abgesehen von sekundären
Geschlechtsmerkmalen, welches sexuelle Verhalten können wir bei männlichen und
weiblichen ARKO erwarten? Wie beeinflusst das dysfunktionale Androgen-Milieu das
Immunsystem von Hühnern?

Genetisch veränderte primordiale Keimzellen wurden in Hühnerembryonen injiziert,
um Keimbahnchimären zu erzeugen. Anschließend wurden Androgen-Rezeptor-Knock-
out Hühner durch Verpaarung der Keimbahnchimären erzeugt. Zusätzlich zum Androgen-
Rezeptor-Knock-out wurden Strategien zur Erstellung einer Androgen-Rezeptor-Reporter-
Hühnerlinie angewandt. Durch die Fusion des AR mit einem Tag oder einem fluoreszie-
renden Protein kann die AR-Expression in bestimmten Geweben und in unterschiedli-
chen Stadien der Hühnerentwicklung lokalisiert werden. Unser Experiment zeigte, dass
die Markierung des ARs mit einem FLAG-Tag oder mit mCherry das AR-Signaling
nicht beeinträchtigt.

Männliche und weibliche ARKO�/� Hühner wiesen ein komplettes Fehlen des Ge-
schlechtsdimorphismus auf und waren Unfruchtbar. Darüber hinaus haben wir die
fehlende Funktion des AR bzw. der Androgen-Signalweiterleitung nachgewiesen, in-
dem Hühnereier der Knock-out und WT Vögel in Testosteron-Lösung getaucht und die
Entwicklung der Bursa Fabricius untersucht wurde. In den behandelten WT-Embryonen
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Kurzfassung

zeigte die Bursa eine schnelle Involution, während die Bursa der ARKO�/�-Hühner un-
verändert blieben. Außerdem wurde die Zusammensetzung der PBMCs in ARKO�/�-
und WT-Hühnern gemessen. ARKO�/�-Hähne zeigten keinen Unterschied im Ver-
gleich zu den WT-Vögeln auf. Bei ARKO�/�-Hennen wurde eine signifikante Abnahme
alle gemessener Lymphozytenpopulationen festgestellt. Die ARKO-Hühnerlinie ermög-
lichte einen interessanten Einblick in die Geschlechtsentwicklung des Huhns, welche in
folgenden Experimenten weiter untersucht werden kann.
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1. Introduction

Sex development and sex determination were always in the focus of biomedical research
and agriculture. As there are so many different kinds of organisms, it is not surprising
that their sex determination mechanisms differ a lot. While for all crocodilians and
some amphibians the sex is determined by the incubation temperature of an egg, in
most vertebrates, including mammals, the sex is dependent on chromosomal inher-
itance. Mammalian sex is determined by gene SRY located on the Y chromosome.
Its expression is essential for testes differentiation and further biochemical processes
leading to androgen production [1]. Therefore, it is not surprising that androgens
are one of the key players in male sexual maturation and dimorphism. Their actions
are mediated by binding to the androgen receptor (AR) [2]. Particularly interesting
is that a dysfunctional androgen/AR system causes female-like phenotype in male
mammals, lack of secondary dimorphism, or infertility. Such a condition is known as
androgen insensitivity syndrome or syndrome of testicular feminization [3, 4]. Thus,
in mammals, genomic sex determines the gonadal sex which then, through hormonal
secretion, affects all somatic tissues that express androgen receptors [5].

With the development of molecular biology techniques, it has been discovered that
androgen insensitivity syndrome is caused by mutations in androgen receptor [6]. This
has opened up a new era in generating androgen receptor knock-out models in mice,
with emphasis on how androgens affect male and female development [7, 8, 9, 10].
From these studies, it became evident that androgen/AR signaling affects reproduction,
metabolism, immunity, and behavior in males and female mammals [11, 12, 13, 14].

In mammals, it is well accepted that hormonal secretions from the gonads directly
influences the phenotype, in avian species cells possess so-called autonomous sexual
identity and might developed independently from sex determining factors [15]. In
particular, due to the lack of Z-chromosome inactivation in male birds throughout
all tissues (in a difference to the X-chromosome inactivation of female mammals),
sex-specific expression of genes located on the sex chromosomes would affect all
body tissues. Thus, in birds, somatic sex is possible without hormonal secretion of
the gonads such as androgens [15]. Based on these findings, it appears that chicken
sexual development of somatic tissues is a complex process, influenced by genetic
cell-autonomous mechanisms as well as by hormones [5, 16]. Thus, sexual development
might be possible without androgen signaling.
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1. Introduction

In this thesis, two main research topics are presented: 1) the development of an
androgen receptor knock-out (ARKO) chicken to analyze the role of androgens in avian
sexual development, and 2) the generation of an androgen receptor reporter chicken
line. One of the essential questions asked in the experiments below was, whether a
similar androgen-sensitive phenotype in male chicken could be observed as in ARKO
male mammals. Further, I compare male and female ARKO chickens to verify, whether
the ARKO will have the same impact, e.g., on their fertility and sexual dimorphism.
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2. Literature

2.1. Endocrine regulation of male and female reproduction

This chapter briefly summarizes the endocrine regulation of sex development in humans
and mice, describes spermatogenesis and oogenesis, and illustrates the importance of
androgens during reproduction and as well its influence on other body systems.

2.1.1. Hypothalamic-pituitary-adrenal axis

Endocrine regulation is essential in male and female reproduction. The key player, the
hypothalamus, is releasing gonadotropin-releasing hormone (GnRH). GnRH stimulates
the pituitary gland to synthesize the luteinizing hormone (LH) and follicle-stimulating
hormone (FSH). FSH does not directly release the sex steroid hormones like androgens,
estrogens, or gestagens but instead stimulates the pituitary gland in the excretion of
LH. In both sexes, LH and FSH stimulate gametogenesis and promote the synthesis of
sexual steroids. In females LH, together with FSH, stimulates the estrogen synthesis. In
addition, LH is responsible for the rupture of the follicle wall and ovulation. In males,
LH affects Leydig cells to release the primary testicular hormone, testosterone [17, 18].
Scheme of the hypothalamic-pituitary regulation is displayed in the Figure 2.1.

3
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Figure 2.1.: Hypothalamic-pituitary system, Hypothalamus releasing GnRH acts on
the pituitary to synthesize LH and FSH. LH and FSH stimulate the repro-
ductive organs in the production of sex steroids. Production of testosterone
and estrogen gives negative feedback and decrease the synthesis of LH,
FSH, and GnRH, Testosterone (T) , estrogen (E) , progesterone (P) , modified
from [17].

Estrogens, estradiol, and the metabolically active form estrone and estriol promote
sexual behavior and are responsible for secondary sex characteristics. Testosterone is
produced mainly by Leydig cells with limited production in the cortex of the adrenal
glands. After entering the cell, testosterone is converted into dihydrotestosterone (DHT),
binding to the AR. As in females, sex steroids in males are responsible for secondary
sex characteristics, sexual behavior, and gametogenesis [17, 18].

Regulation of the hypothalamic-pituitary system is based on so-called negative or
inhibitory feedback. Sex steroids act to decrease the levels of LH and FSH, which give
a signal to the hypothalamus to decline GnRH production. Estrogen and progesterone
act on the hypothalamic-pituitary system with regards to the phase of the menstruation
cycle [17, 18].

2.1.2. Spermatogenesis and oogenesis

On a macroscopic level, testes are divided into sections (lobules) separated by connective
tissue. Each lobule is organized in seminiferous tubules surrounded by a basement
membrane underlined by myoid and Sertoli cells. The role of Sertoli cells is to nourish
and support germ cell development [19, 20]. Sertoli cells are also the blood-testis barrier

4
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protecting the germ cell antigens to be recognized by the immune system [17]. Leydig
cells (producing testosterone) and blood vessels are found in the interstitium [19].

Spermatogenesis (Figure 2.2) is a process of cell division and differentiation of sper-
matogonial cells into spermatocytes. Diploid spermatogonia A firstly go through
several mitotic division to give rise to spermatogonia B and primary spermatocyte.
Primary spermatocytes then enter meiosis I to form a secondary spermatocyte. The last
part of the spermatogenesis is called spermiogenesis since secondary spermatocytes
during the meiosis II differentiate in spermatozoa and mature sperms. During the
whole process, developing germ cells migrate from the basement membrane to the
luminal side of the seminiferous tubules, where the sperms are released into epididymis
[17, 19, 20].

Figure 2.2.: Spermatogenesis and oogenesis, Spermatogenesis (left side) is a process
localized in seminiferous tubules. Spermatogonia A and B enter meiosis to
form primary and secondary spermatocytes. The final meiotic division then
gives rise to spermatids and spermatozoa, which are released through the
lumen of the seminiferous tubules into the epididymis. Oogenesis (right
side) starts already in prenatal development, where oogonia differentiate in
the primary oocyte. Oogenesis continues then in puberty, and during ovu-
lation, the secondary oocyte is released. In case of fertilization maturation
of the oocyte is completed, modified from [19, 21].

The structure of the ovaries consists of three parts, the peripheral part, the cortex, where
the folliculogenesis takes place, and the central region, medulla, filled with connective
tissue, vessels, and nerves [17].
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Oogenesis (Figure 2.2) is the process of differentiation of the germ cells into a matured
egg cell. At first primordial germ cells divide via mitosis to form oogonia. Oogonia
then enter meiosis I and form the primary oocyte. Its development is arrested in the
prophase of meiosis I. Differentiation of the primary oocytes is restricted to embryonic
development, and continues further in puberty. From about seven million of prenatal
oogonia, just two survive until birth, with a further decline to 300 000 per ovary on
the onset of puberty [17, 21]. Meiosis I is completed during the ovulation forming
secondary oocyte, which enters meiosis II and goes through meiotic arrest (metaphase).
Just in case of fertilization, the complete, mature oocyte is developed [17, 18, 21].

2.1.3. The role of androgens in mouse and human physiology

Over the years, it became evident that androgens are essential in male and female
reproductive physiology. Nevertheless, it is necessary to underline that androgens
are involved in other processes. This chapter summarizes the influence of impaired
AR/androgen signaling on metabolism and the immune and cardiovascular systems.

2.1.3.1. Androgens in metabolism of glucose and fat

It is well known that testosterone levels correlate with abdominal obesity in men as
a risk factor for cardiovascular diseases or metabolic syndrome. Several studies on
androgen receptor knock-out (ARKO) mice showed that lack of the androgen receptor
causes metabolic imbalances. Lin et al. reported increasing glucose and insulin levels
from the 20th week of age compared to the wildtype (WT) mice leading to insulin
resistance. Furthermore, increased triglyceride deposition and leptin levels were in a
linear relationship with increasing body weight. After administering exogenous leptin
with the same feed intake, the WT’s body weight has significantly decreased compared
to the ARKO mouse. Furthermore, ARKO mice exhibit a higher fat percentage with an
accumulation of visceral fat [11, 12].

2.1.3.2. Influence of androgens on immune system in androgen receptor knock-out
mice models

Several studies reported a potential influx of AR/androgens on innate and adaptive
immunity [13]. Chuang et al. observed that global ARKO mice developed neutropenia
and exhibited almost 90% reduction of neutrophil counts compared to the wild type
mice. Furthermore, in this study, the neutrophil population was measured in neutered
mice and mice with the syndrome of testicular feminization (tfm). In tfm mice and
neutered mice, similar results were found, although neutered mice were able to restore
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the neutrophil population after administration of androgens. In the challenge experi-
ment, the ARKO mice were found more susceptible to bacterial infection than the wild
type mice, indicating that the reduced neutrophil population had a severe effect on
innate immune response [22]. The population of the monocytes was also affected by
AR/androgens actions during the inflammatory response. Monocytes infiltrating into
the damaged tissue differentiate into macrophages to do phagocytosis and produce
pro-inflammatory cytokines. Interestingly, neutering of animals or blocking the an-
drogen action resulted in accelerated wound healing and suppressed recruitment of
macrophages in the damaged tissue [23].

B-cells and T-cells play a significant role in the adaptive immune response. The thymus
is the major organ for T-cells development. It was observed before that with puberty
and the production of sexual hormones, the T-cell population is significantly decreased.
Ashcroft et al. showed that neutering of mice caused thymic enlargement, which
was reversed by administration of androgens. Furthermore, thymic enlargement was
observed as well in ARKO mice as well as by mice with natural AR disorder [23].
Effects of AR/androgen on B-cells were also observed. Altuwaijri et al. reported that
neutering or impaired function of AR (ARKO) in mice caused spleen enlargement and
an expanded B-cell population due to the higher ability of B-cell to resist apoptosis.
A ubiquitous AR knockout led to increased B-cell lymphopoiesis, indicating that
androgen/AR signaling might play an important role in regulating lymphopoiesis.
Nevertheless, in mice with B-cell specific knock-out of AR, only a mild effect on
lymphopoiesis was observed [13, 24].

2.1.3.3. Impaired AR/androgens signaling and its effect on behavior

The testosterone actions are essential for masculinization of the male brain in prena-
tal and postnatal development leading to male-typical behavior in adulthood. Sato
et al. examined sexual behavior in ARKO mice and revelated those males did not
exhibit any sexual behavior. However, it was not completely clear if this is a cause
of failed masculinization in the perinatal stage or impaired function of AR/androgen
signaling in adulthood. To address this question, WT female mice were treated with
dihydrotestosterone (DHT) in a perinatal stage. DHT treatment-induced brain masculin-
ization and male-typical behavior in adulthood, while in ARKO female null mutant
(homozygous) mice, brain masculinization was abolished. These findings suggested
that androgen/AR action during the prenatal and perinatal stage are more important
for further male behavior development [14].
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2.1.3.4. Impaired androgen signaling affect the cardiovascular system

The effect of the nonfunctional androgen/AR system was studied in the cardiovascular
system since AR expression was discovered in mammalian cardiomyocytes. For ex-
ample, in neutered animals, suppressed cardiac hypertrophy and fibrosis (one of the
significant risk factor for cardiac failure) was observed [25]. After the establishment
of ARKO models, these patterns were studied on a deeper level. Ikeda et al. exam-
ined influx of ARKO on the cardiovascular system with exogenous administration of
angiotensin II (Ang II) as a tool for inducing cardiac fibrosis, hypertension, and heart
failure. Besides other findings, the heart weight of ARKO mice was significantly smaller
than in WTs. Administration of Ang II (hypertrophy induction) caused an increase
in weight of both (WT and ARKO), nevertheless the heart weight of heart at ARKOs,
remained smaller than at WT mice. Moreover, histological analysis revealed that ARKO
mice Ang II cause atypical development of cardiac hypertrophy, indicating that the
androgen/AR system is essential for physiological hypertrophy development [26].

2.2. The androgen/androgen receptor signaling and their role
in reproduction

In humans or mice, testosterone belongs to the primary excreting androgen. The
majority of testosterone production is located in Leydig cells in the testes, but partial
production can also be found in adrenal glands. Other steroids as androsterone or
androstenol are produced in sweat glands and do not possess biological activity [2].

Testosterone or its metabolite, dihydrotestosterone, acts via binding to the androgen
receptor (AR) [2]. AR receptor consists of eight exon coding three structurally and
functionally diverse domains: NH2 – terminal domain (NTD), DNA-binding domain
(DBD), ligand-binding domain (LBD), and hinge region situated between DBD and
LBD [27]. AR is located on the X chromosome in humans and mice; thus, a mutation
in males results directly in an androgen insensitivity phenotype (described in more
detail in chapter 2.2.2) since only one copy is present [28, 29]. Mutations of AR beside
androgen insensitivity syndrome result in Kennedy’s disease caused by an increased
number of CAG repeats in exon 1 [30]. Kennedy’s disease is demonstrated by spinal
and muscular atrophy, while at the same time, patients develop symptoms of androgen
insensitivity [30, 31].

Androgen receptor is widely expressed in almost all tissues beside spleen. And its
transcription is a mediated by variety of transcriptional activator [30]. In chicken, the
cDNA sequence of androgen receptor was firstly identified by Katoh et al. The most
conserved among all species is DNA-binding domain, while ligand binding domain
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shares between 60 and 92% of the sequence. The least conserved domain is N-terminal
domain having only maximum 30% of homology. Moreover, the expression in different
tissues was in chicken embryos analyzed. Surprisingly, significantly higher expression
was found in female gonads and syrinx at embryonic day 15 than in males [28]. The
structure of chicken androgen receptor is displays in the Figure 2.3.

Figure 2.3.: Location and gene structure AR In chicken, AR is located on chromosome
4 and consist of 3 structural domains, NH2-terminal domain (NTD), DNA
binding domain (DNA), ligand-binding domain (LBD), modified from [28]

2.2.1. Androgen receptor signaling

Androgen receptor (AR) is located in the cytoplasm in a complex with three heat shock
proteins (HSP) and other chaperon proteins [32, 33]. Once testosterone (T) crosses
the cytoplasmatic membrane, it is converted to dihydrotestosterone (DTH), exhibiting
higher affinity (approximately 2 to 10-fold) to the AR than T. Therefore, naturally, much
lower concentrations of DTH are necessary for activation of AR. The ligand binding
to the AR is followed by conformational changes and dissociation of the AR from the
chaperon complex. Activated androgen/AR complex translocates to the nucleus. In the
nucleus, the androgen/AR complex binds to the specific recognition sequences called
androgen response elements (AREs) in the promoter and enhancer regions of target
genes resulting in modulation of gene expression [32, 33, 34]. Figure 2.4 displays the
signaling process.
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Figure 2.4.: Scheme of the AR signaling, AR is localized in the cytoplasm bound to
the heat shock protein. After testosterone (T) the cell, it is converted to
dihydrotestosterone (DTH). DHT activates the AR, and the whole ligand-
receptor complex translocates to the nucleus while binding to the androgen
response elements (AREs) on target genes, modified from [32].

2.2.2. Reproduction in androgen receptor knock-out models

Naturally occurring defects of AR were reported during the 1800’s and early 1900’s
[3]. Manifestation with reduced or absent effects of androgens has been later called as
syndrome of testicular feminization (tfm) or androgen insensitivity syndrome (AIS) [3,
4]. AIS carries a broad range of clinical features from complete androgen insensitivity
syndrome (CAIS) to partial androgen insensitivity syndrome (PAIS) depending on
the activity or inactivity of AR. Males with tfm were strongly affected. They typically
expressed female somatic and external genital morphology. Furthermore, internal male
and female genitalia like epididymis, prostate or ovary, and uterus were completely
absent [4, 35]. Although the fetal Leydig cell population developed regularly (hormone-
independent), a function of adult Leydig cell complement was strongly impaired, and
its number was reduced [36]. Spermatogenesis was as well affected with spermatocytes
arrested in the pachytene stage of meiosis I, and blood levels of testosterone were
reduced. In tfm females the AR impaired function manifests as XO genotype with
direct mutation of AR. This very rare phenotype exhibited a reduced number of follicles
with subfertility. Nevertheless, AR/androgen-mediated imbalance was not essential in
ovulation, pregnancy, or lactation [4, 35, 37].
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2.2.3. Global androgen receptor knock-out mice models

The suitable female tfm/ ARKO model was over the years challenging and very difficult
to describe since female knock-outs could not be generated by natural mating because
of male infertility [4]. Therefore Cre/loxP system was used to create ARKO conditional
knock-outs. Cre recombinase is an enzyme allowing to excise DNA located between
specific sequences called loxP sites. The exon of AR chosen for the knock-out was
surrounded with loxP sites (�floxed�), but at the same time its function remained
unchanged. Then, Cre-expressing mice were bred to mice carrying AR-loxP to generate
ARKO [4, 38].

Several global knock-out mice models of AR were generated with different Cre-
recombinase promoters. The knock-out of exon 1 [7, 8] or exon 2 [9, 39] with insertion
of premature stop codon leading to extensive loss of AR function was most efficient.
By the in-frame deletion [10] of only exon 3, truncated but non-functional AR protein
was found. In general, all global knock-out mice models of AR phenotypically exhibit
similar phenotype as seen by spontaneous CAIS or tfm [4].

In male ARKO models numbers of Sertoli and Leydig cells were reduced. Levels of
testosterone in blood were significantly decreased (as observed in tfm) with reduced
expression of 17ahydroxylase essential for testosterone synthesis. As for tfm , global
ARKO mice had small intra-abdominally positioned testes with a lack of secondary
reproductive organs. All males were infertile with spermatogenesis arrest at meiosis I
pachytene stage [4, 38].

Female ARKO mice appeared to be less affected by lack of AR/androgen function
depending on, which exon was knocked-out in certain mouse model and how much the
signaling was altered. Females exhibited normal development of ovaries, oviduct, and
uterus, although some models expressed reduced uterus diameter [40, 41]. Follicle’s
development was defective, with dysfunctional ovulation rates causing subfertility.
Although AR/androgen action seems essential for uterine reproductive function, im-
plantation and fetal development were not affected by lack of AR function. Surprisingly,
knock-out of exon 3 of AR did not affect the growing follicles population and ovulation
rates, although the hypothalamic-pituitary regulation was impaired with defect of
negative feedback signaling (increased level of FSH and E2) [4].

2.2.3.1. Cell-specific androgen receptor knock-out mice models

Several scientific groups have developed mice carrying ARKO but in specific cell
population [8, 39, 42, 43]. These animals were generated via Cre/loxP system. Cre
expression was driven by tissue or cell-specific promoter, while in other tissues or cell
types, the function of AR should remain unchanged.
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Knock-out of AR in Sertoli cells (SCARKO) was generated in several studies [8, 39,
44, 45]. Sertoli cells nourish the germ cells and progress the spermatogenesis process
while expressing FSH receptor and AR. In few studies, Cre expression was driven by
Anti-Müllerian hormone (AMH) promoter expressed exclusively in Sertoli cells [8, 39,
45]. Lim et al. have used ABP (androgen-binding protein) promoter [44] to knock-out
of exon 1, 2 or 3 of androgen receptor gene. SCARKO models, showed normal external
male appearance with developed male genitalia. The testes were fully descendent,
but their size was decreased. Spermatogenesis was blocked in meiosis I (pachytene
or diplotene stage) with no presence of sperms in the epididymis. Testosterone levels
were normal or slightly reduced depending on knock-out exon or used promoter.
Interestingly compared to global ARKO, in SCARKO, normal Sertoli cell populations
were observed, suggesting that AR is not necessary for their development [4, 46].

Leydig cells are primarily determined for the production and secretion of testosterone.
Leydig cells knock-out (LARKO) were generated by breeding with Cre expressing
animals under the Anti-Müllerian hormone receptor-2 (Amhr2), which is expressed
in Leydig cells, but it was also found in the seminiferous tubules [43]. LARKO mice
expressed a smaller size of testes and epididymis in comparison to WT animals.
Furthermore, spermatogenesis was as well affected with spermatocytes in pachytene
(meiosis I). Levels of testosterone in blood were significantly decreased, while LH and
FSH were increased [4, 38, 46]. Surprisingly, Xu et al. reported at LARKO normal
mating behavior with copulatory plug formation, despite deficient testosterone levels
[42].

Selective knock-out in germ cells was (GARKO) conducted by Tsai et al. In this study,
exon 2 was ’floxed,’ and knock-out mice were generated by breeding with animals
expressing Cre driven by Synaptonemal Complex Protein 1 promoter a typical germ cell
marker. GARKO mice showed normal fertility with normal blood levels of testosterone
[47].

Overall taken, selective cell knock-out models (besides GARKO) were infertile with
reduced testes size. Many other specific cell ARKOs were generated. As a representative
example, Sertoli cell, Leydig cell, and germ cell knock-out were described [4, 38, 46].
In females, no specific cell knock-out was generated until now. Faith of AR in tissues
like the uterus or mammary gland in females can be studied via Cre expressing
tissue-specific promoters [4].

2.3. Sexual dimorphism and sex determination in chicken

The sex of birds and mammals is determined by chromosomal inheritance. In mammals,
females are homogametic sex characterized by XX, while males are heterogametic sex
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carrying XY. When eggs are fertilized by sperm carrying X or Y chromosome, female
respectively, a male phenotype is developed. The sex-determining factor has been
identified already more than 30 years ago. The gene SRY was identified as a testis-
determining factor, and it is essential for testis development in XY embryos. SRY is
expressed initially in embryonic gonad inducing the hormone production and followed
by sex development in other organ systems [48]. Male sex determinant was also
confirmed by Koopman et al.. In this study, testis development was observed at female
genetic mice (XX) after introducing human Sry in mice genome [49]. When the SRY is
not present, specific cascades lead the development towards female phenotype [50].

In contrast, in birds females (heterogametic sex) are characterized by WZ and males
(homogametic sex) by ZZ chromosomes, but mechanism of sex determination and sex
development is still unknown. It is necessary to stretch out that the Z chromosome is
not inactivated in any tissue of birds as, for instance, X chromosome in mammalian
females is. Complete lack of Z inactivation potentially leads to sex differences without
the need for hormone signaling of the gonads [15, 51].

This chapter describes briefly gonad development in chicken and possible candidates
for sex determination.

2.3.1. Gonad development in chicken

In chicken, embryonic development takes 21 days. In 1951 chicken embryonic develop-
ment was staged by Hamburger and Hamilton (H&H) resulting in 45 developmental
stages. Gonad development in chicken is widely conserved and similar to other verte-
brates. Brief scheme of gonad development is displayed in the Figure 2.5. On day 3.5
(H&H stage 20), gonad consists of the outer epithelium - cortex and underlying medulla.
At this point, primordial germ cells (PGCs-precursors for sperms and eggs) migrate
through the bloodstream and colonize the gonads, but gonads are still morphological
identical [52].
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Figure 2.5.: Development of the gonad during embryogenesis, At the beginning of
chicken embryonic development (3.5 days), chicken gonads are still indiffer-
ent and indistinguishable. With an expression of several genes and release
of hormones, male and female gonads further differentiate. The female
right gonad completely regresses, while the left gonad develops in the
functional ovary. Males develop bipolar gonads, which both grow into
testes, modified from [53].

In between embryonic days 4.5 to 6.5 (H&H stage 25-30), cortex and medulla proliferate
further, and gonads become distinct on the histological level. Male (ZZ) embryos
differentiate in bilateral testes. The interior part (medulla), while thickening, develops
in seminiferous tubules with Sertoli cells, supporting, protecting, and nourishing
germ cells. In contrast, the exterior gonad part (cortex) is reduced. Pre-Sertoli cells
produce an Anti-Müllerian hormone (AMH) and cause regression of embryonic oviduct
(Müllerian duct). In male embryos, germ cells are primarily localized in the medulla
and differentiate in pro-spermatogonia. Then the mitotic arrest occurs, and meiosis
continues after hatch [53, 54].

As mentioned at 6.5 days of development, female gonads become morphologically dif-
ferent from male gonads. Female embryos (ZW) show asymmetric gonad development.
The right gonad regress, while the left gonad develops into ovaries. In contrast to male
embryos, the cortex in females is thickened while the medulla becomes fragmented.
Germ cells accumulate strongly in the cortex and enter the meiotic prophase starting
the folliculogenesis. Between 6.5 and 7 days of development, the aromatase expression
is initiated, occurring just in female embryos and turning androgens to 17-b-estradiol
[52, 53].
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2.3.2. Genes involved in chicken

Although the sex determination in birds was extensively studied, the molecular mecha-
nism of sex determination in birds remains unknown. Two general hypotheses were
established describing possible sex determination. Firstly, the Z dosage hypothesis sug-
gesting that sex is determined by the dosage expression of one or more genes present
on the Z chromosome. Secondly, the hypothesis of dominant sex determining genes
suggests that on the female W chromosome an ovary determining factor is located.
These two hypotheses are not necessarily mutually exclusive [48, 54].

In males, one of the strongest candidates for sex determination is Doublesex and mab-3-
related transcription factor 1 (DMRT1). DMRT1 is localized on the Z chromosome with
no homolog on female chromosome W. The expression is firstly observed at embryonic
day 3.5 in embryonic gonads (specifically in the medulla) [53, 54]. Knockdown of
the DMRT1 in early embryos with RNA interference (RNAi) led to feminization and
partial sex reversal of the genetically male (ZZ) embryos [55]. Ioannidis et al. reported
knock-out of DMRT1 on one allele, while the other one provided functional protein.
Heterozygous roosters developed testes on right sight and ovaries on the left side. These
publications showed that DMRT1 is necessary to be expressed in double dosage for
developing functions testes [16]. Expression of DMRT1 is followed by activation of Sex
determining region Y-box 9 (SOX9), leading to testes development. SOX9 is expressed
from day six only and regulates Sertoli cells differentiation and seminiferous chords
formation [55]. Expression of SOX9 precedes the expression of AMH (Anti-Müllerian
Hormone). AMH is widely conserved in vertebrates, also primarily linked to Müllerian
duct regression, which otherwise develops in ovaries. AMH is also expressed in the
right female gonad, which regresses [53, 54]. Scheme of the gene expression at different
stages of development is display in the Figure 2.6.
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Figure 2.6.: Genes involved in sex differentiation, In chicken, primary sex determi-
nant is still not discovered. One of the strong candidates is DMRT1, which
expression was found in males around 3.5 days old embryo in gonads.
DMRT1 then promotes the expression AMH or SOX9, supporting the testes
development. In females, no direct ovarian determinant was found. Funda-
mental is expression of aromatase and 17 b-hydroxysteroid dehydrogenase
producing female sex steroids, modified from [53].

In females, Female-expressed transcript (FET1) is expressed from embryonic day 3.5-4.5
in the left developing ovary. This gene is W-linked and does not appear to have a
homolog on the Z chromosome, and no orthologs were found in other bird species.
A key player in further female gonad development plays Forkhead Box L2 (FOXL2).
FOXL2 is expressed in gonads from embryonic day 5 (stage 28), but since its location is
autosomal, it can’t be considered as a primary sex-determining factor. Expression of
FOXL2 is highly associated with aromatase (CYP19A1) expression during the whole
ovary development from embryonic day 4.7-12.7, a suggestion that FOXL2 might be
an aromatase regulator. Aromatase is required for ovarian development since together
with 17 b-hydroxysteroid dehydrogenase (17bHSD) convert androgen to estradiol [53,
54].

2.4. Effect of androgens on avian physiology and behaviour

2.4.1. Androgens in body composition and syrinx development

Several studies have examined the effect of caponization (castration) or testosterone
administration in chickens in order to decrease or increase the level of testosterone
and compare the results with control animals. The following text summarizes some of
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the evidence from case studies with the effect of androgens on body composition, fat
metabolism, and syrinx development.

In general, androgen increases the protein synthesis while at the same time reduces the
amino acid catabolism, thereby increasing muscle mass [56]. So, one could expect a
similar anabolic effect also in birds. In contrast to this hypothesis, Fennell and Scanes
examined the effect of androgens on muscle growth, but no anabolic effect was found
in chickens [57]. In ovo testosterone administration did not seem to affect the weight
gain or muscle development in chicken after hatch [58].

Yet, it is well documented that caponization in chicken or pheasant can change fat
metabolism. Caponization is an old technique used to improve meat quality. The
removal of the testes increases fat content in the abdominal, subcutaneous, and in-
tramuscular areas [59, 60, 61]. Furthermore, it was reported that capons (castrated
roosters) had heavier liver, higher cholesterol, and high density lipoproteins serum
levels in comparison to intact males [59].

It is also worth investigating the development of the syrinx, the vocal organ of birds,
located in the trachea [56]. Its development seems to be strongly influenced by andro-
gens. For example, female Japanese quails can crow when treated with testosterone - a
behavior commonly exhibited only by males. This led to studying of syrinx morphology
in males, females, and females treated with testosterone [62]. Unfortunately, no effect
was identified on tracheal size or muscle volume; only a minor difference was observed
between the right and left sides of the muscle area following testosterone treatment,
with the right side being dominant. It ought to be mentioned that these data do not
seem to be statistically significant, but a similar pattern has been observed previously
for songbirds. For example, male and testosterone-treated female canaries show a left
dominance in syrinx morphology, whereas brown-headed cowbirds and zebra finches
show a right dominance [63, 64, 65, 66]. The presence of androgen receptors in the
developing and adult syrinx suggests a direct effect of androgens such as testosterone
on syrinx development and adult status [67, 68].

2.4.2. Androgens in avian vocalization and singing

A sound is a kind of communication signal used by many vertebrates and invertebrates.
Some communicate in the form of innate vocalization others develop precise patterns
by vocal learning [69].

In chicken, crowing is a typical male behavior, which is most frequently observed before
dawn. Crowing is described as an innate form of vocalization since it can develop
even if the auditory senses are surgically inhibited after hatch [70]. It has been well
established for a long time that crowing depends on testosterone levels. Berthold
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already at the end of 19th proofed the importance of testosterone not only for crowing
but as well for the development of secondary sex characteristics. In this pioneering
experiment, castration of immature roosters caused a reduction in male sexual behavior
and prevented crowing. In contrast, after testes transplantation, subject showed typical
secondary sex characteristics and aggressive behavior [71, 72].

Naturally, crowing is not observed in chicks and first appears at 10-12 weeks of age.
However, several studies showed that it could be induced by testosterone administra-
tion already in very young chickens [73, 74, 75]. Marler et al. then analyzed sound
spectrograph to distinguish strain patterns in young roosters with testosterone-induced
crowing. These results showed high variability between individuals, which overrides
any detectable strain differences. However, it was observed that inbred strains of
chickens exhibited fewer variations than heterogeneous strains indicating the genetic
background of vocalization [73]. Yazaki et al. reported crowing behavior after implanta-
tion of testosterone in the mesencephalon of young Japanese quails.

On the other hand, in the case of subcutaneous testosterone implantation of juvenile
Japanese quails, crowing behavior was not observed. These results clearly showed
that vocalization requires the development of a neural vocal system [76], which likely
requires the activity of testosterone in a critical ontogenetic time window. This is even
more significant in the songbirds described in the following paragraph.

In songbirds, singing is controlled by specific nuclei in the brain as the high vocal center
(HVC), area X, or acropallium (RA) [77]. Nottebohm et al. reported that bilateral lesions
of HVC in canaries caused complete degradation of the song structure. However, the
birds kept their singing posture and were motivated to sing [64]. It is well documented
that vocalizations or singing is sex-specific in certain species, and, in species of the
Northern hemisphere it is mainly produced by males. This raises a question of hormone
sensitivity and hormone regulation in birds vocal singling [77]. Vallet et al. reported
that signing could be induced in female canaries by testosterone treatment, although
this effect was not permanent [78]. Later on, it was confirmed that testosterone not
only induces the singing behavior but as well causes the growth of the HVC nuclei
with a structure similar to that found in males [79]. Due to the presence of androgen
receptors in many parts of the song control system of songbirds, testosterone might
directly affect the differentiation and activity of these areas [80, 81].

There is also a correlation between seasonal vocal activity, singing, and calling and the
hormonal activity of the testicles. It has been observed that the level of sexual hormones,
namely testosterone and estrogen, may influence song structure and performance in
many birds. These results were compiled by Gahr [80] for different bird species.
As a general trend, testosterone increases song rate independent of species, while
vocal patterns differ according to species. In most species, almost all song rates were
exclusively affected by the androgenic effects of testosterone and its metabolites; the
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zebra finch is the only exception, where singing rates are also affected by estrogen via
testosterone aromatization [80].

2.4.3. Sexual behavior

As already mentioned in chapter 2.4.2, testosterone has a high impact on sexual
behaviour, aggression or secondary sex characteristics [71, 72]. In Japanese quails, a
similar effect as in chickens was observed. Castration caused a reduction in mating
behavior, which was restored by androgen injection [82]. Wilson and Glick studied
chicken mating behavior as waltzing, attempt to mate, or mating after testosterone
administration during specific time points of embryonic development. Interestingly,
stimulation before embryonic day (ED) 12 did not show any significant difference
compared to the untreated control. In contrast, a significant difference was observed in
waltzing and mating in males stimulated at ED13, 14, and 15. Surprisingly, testosterone-
induced increased waltzing behavior in females, again in case of stimulation after ED12
[83].

Circulating levels of testosterone change according to the season and affect male-male
interaction, territoriality, or even female choice for mating. John Wingfield reported that
testosterone implantation caused polygyny in White-crowned Sparrows. Testosterone
implanted sparrows had more than one mate, and their territory was at least twice as
big as by untreated birds [84]. E.g. in field study of song sparrows was confirmed that
testosterone levels are at the highest point during their breeding season in the spring.
After that (August to September), birds go through the molting period, testosterone
is on the basal level, and gonads are partially regressed. The territorial aggression is
also greatly reduced. Interestingly, castration during the off-breading season does not
decrease the aggressive behavior [72].

Here, it has to be noted that also estrogen might play a role in the sexual development
of males. This mechanism depends mainly on metabolic conversion (aromatization)
of testosterone to estrogen in the brain. In Japanese quails, androgen aromatization
was described as essential for activation of copulation [85]. Administration of aromati-
zable androgen to castrated zebra finches was more effective in restoring sexual and
aggressive behavior than administration of androgens, which can�t be aromatized [86].
Furthermore, it was reported that conversion of testosterone to estradiol in the brain is
essential for aggressive behavior in Japanese quails [87].

2.4.4. Influence of testosterone on immune system

It is well known that immune response or resistance to specific pathogens differs
between the sexes. This effect is closely related to the immunomodulatory effect of sex
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hormones [88]. This chapter summarize effect of androgens on the immune system of
chickens.

One of the essential organs for the chicken immune system is the bursa of Fabricius,
where the B-cell maturation takes place during embryonic development. It was observed
that high doses of testosterone applied on three-day-old chicken embryos caused
chemical bursectomy [89, 90, 91]. It is not surprising that defective development of
the bursa affects B-cell functions. Hitora et al. reported that chickens after chemical
bursectomy fail to produce antibodies against Sallmonela pullmorum or Brucella abortus
[92]. Ivanyi et al. then analyzed the type of immunoglobulins excreted after testosterone
administration against the Gumboro disease virus. The observations revealed that
chicken selectively produces high levels of IgM, while the IgG production was decreased
[93]. Li et al. then performed a challenge experiment with infection of Sallmonela
pullmorum with or without methyltestosterone administration in young dwarf chickens
[94]. The measurements showed that methyltestosterone enhanced the susceptibility to
Sallmonela pullmorum and decreased cellular immunity [94].

In contrast, it was reported that already low doses of testosterone affect the lymphocyte
population. Al-Afaleq et al. administrated testosterone, dihydrotestosterone (DHT),
and estradiol to one-day-old chickens. This study reported a significantly decreased
number of lymphocytes and, not surprisingly, hormone administration reduced the
weight of the bursa of Fabricius [95]. Furthermore, estradiol and testosterone (but not
DHT) decreased phagocytosis efficiency. These results indicate that testosterone or
estradiol expressed immunosuppressive effect [95].

2.5. Generation of genetically modified chickens

Over the past decades, the generation of genetically modified animals became an
attractive tool to analyze the function of a particular gene, understand the disease
process, or find new strategies for treatment [96, 97]. Chickens are one of the most
important species in poultry and a great model as a vertebrate [98, 99]. Technologies
for generation of genetically modified chickens had to deal with several drawback as
huge yolk or the fact that chicken egg is already laid with about 60 000 cells excluding
the possibility of single cell editing [99]. In this chapter brief overview of generation of
transgenic chickens is presented.

2.5.1. Gene editing via retroviral vectors

One of the first methods for the generation of transgenic animals was via retroviral
vectors. Retroviral vectors possess an ability to effectively invade host cell and deliver
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the recombinant DNA by random integration in the host genome. At the same,
genes necessary for replication are missing ensuring that viral vectors can’t regenerate
infection particles [100]. The first genetically modified chicken generated by retroviral
vectors was reported by Salter and his colleagues at 1987. Recombinant and wild type
avian leucosis was injected into blastoderm of freshly laid eggs. Nine out of 37 males
were found mosaic and exhibited germline transmission up to 11% [101].Later on further
studies used viral vectors for inducing reporter gene as GFP [102], �-galactosidase [103]
or interferon ↵-2b [104].

However, retroviral vectors bring few limitations. Essentially, size of the inserted DNA
is restricted and some viral vectors exhibited high incidence of gene silencing (reduced
expression) mainly after germline transmission [99]. The gene silencing was overcome
by usage of lentivirus vectors. For instance, McGrew et al. successfully produced GFP
reporter chicken by the usage of different lentivirus vectors with germline transmission
from 4 to 45%. The gene silencing was not detected at all between the generation
[102].

2.5.2. DNA microinjections

Microinjection is common technique for transgenesis in mammals. Nevertheless, as al-
ready mentioned in chicken, since egg is already laid in the blastoderm stage with about
50 000 to 60 000 cells, which forbid the single cell editing [100]. However, researches
over the years tried to reach the single cell stage and deal with the technical difficulties.
First microinjection experiment was published by Love and his colleagues. In this study,
microinjection was performed into chicken egg at zygote stage. Fertilized hens were
sacrificed and shell-less eggs were dissected from the oviduct. After microinjection of
plasmid, were eggs cultured in the surrogate egg shell system. Seven roosters were able
to reach the sexual maturity and one of them was able to transmit the exogenous DNA
with efficiency of 3.4% [105]. Although, this experiment showed that by microinjection,
genetically modified chicken can be successfully generated, due to the complicated set
up and low efficiency, microinjections did not become widely used method in chicken
transgenesis [100].

2.5.3. Cell based methods

Another approach adopted from mammalian transgenesis was usage of embryonic stem
(ES) cells. Petitte et al. presented a somatic and germline chimera after transplantation
of embryonic stem cells. ES cells from Barred Plymouth Rock chickens having a black
pigment were isolated at the blastoderm stage. Then, isolated cells were injected into
subgerminal cavity of Dwarf White Leghorns with white pigmentation. All of the
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offspring were somatic chimeras exhibiting a mixed color of their feathers depending
how efficiently the injected cells incorporated into chicken embryo [106]. Later on, the
culturing conditions were characterized to be able to genetically modify chicken ES in
vitro [107]. Unfortunately, further studies proposed that chickens produced by injection
of ES can’t contribute to gem-line transmission modified chickens [99, 108].

2.5.3.1. Genetically modified chickens via primordial gem cells

Nowadays, the most successful and established methods in generation of genetically
modified chicken is by using primordial germ cells (PGCs). PGCs are precursors
for sperms and eggs detectable at early chicken embryo in the area called germinal
crescent. During the embryonic development PGCs migrate through the blood stream
into the gonad, where they differentiate in functional gamets [98, 99]. Nevertheless,
for long time, it was not possible to modify PGCs in vitro, since no culturing system
was developed. Lavoir and colleagues for the first time in 2006 published a successful
method of isolation, long-term culturing and re-introduction of PGCs into chicken
embryos without losing the germinal competence. In this study, PGCs were isolated
from Barred Plymouth Rock chickens (black pigment) and modified to express eGFP
and then injected into the embryos of White Leghorn. In total, 24 male chimeric
roosters were raised to sexual maturity. After breeding, all rooster were able to transfer
phenotype of injected PGCs which was recognized by black feathers of the offspring.
Furthermore, the eGFP expression was observed by almost 50% of the black offspring
indicating the Mendelian segregation of the modified PGCs [109].

Over the following years, PGCs were used further in chicken transgenesis. Leighton et
al. reported increased frequency on insertions of foreign DNA using phiC31 integrase
mediating specific recombination between attB and attP sites [110]. Still, the integration
of the foreign DNA in the chicken genome was random and no targeted gene editing
was performed until then. The first precise gene editing was performed by Schusser
et al. In this study, Ig heavy chain knock-out chicken was generated via efficient
homologous recombination in PGCs [111].

Subsequently, other gene editing techniques were used for targeting in chicken PGCs.
Taylor et al. presented knock-out of DDX4 in chicken using Transcription Activator-Like
Effector Nucleases (TALENs) and homologous directed repair (HDR) [112]. TALENs
are types of nucleases which can recognize 1-3 DNA basepairs specific sequence and
cause a double-strand break. At the same time, homologous template sequence is
provided allowing to insert foreign DNA to the target sequence [113].

Revolution in gene editing was brought by Clustered regulatory interspaced short
palindromic repeats (CRISPR/Cas9) discovery as s tool for gene editing even awarded
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by the Nobel Prize in Chemistry in 2020 [114, 115]. The most common type of CRISPR/-
Cas9 was adapted from Streptococcus pyogenes. CRISPR/Cas9 consists of 3 components
to aim and cause a double strand break (DBS) in the DNA. Firstly, target specific
CRISPR-derived RNA (crRNA) and transactivating (tracrRNA) are joined in the form
of single-chain guide RNA (sgRNA) with length 18-25 bp long. Secondly, sgRNA can
localize the target, which must be followed by NGG (Protospacer adjacent motif-PAM).
The third component of the CRISPR/Cas9 is Cas9 enzyme able to cause DBS 3-5 bp
upstream PAM. After the DSB occurs, a repair can be done by HDR, if a suitable
template is provided or by NHEJ, producing random insertions, deletions, or frameshift
[113, 116].

The first transgenic chicken generated via CRISPR/Cas9 and HDR was reported by
Dimitrov et al. In this study, loxP sites were introduced in the chicken immunoglobulin
heavy chain locus in PGCs. The experiment showed that usage of CRISPR/Cas9
enormously higher the targeting efficiency [117].
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3. Aims of my thesis

The scientific aim of my thesis is to analyze the role of androgens in chicken sexual
development. Therefore, androgen receptor knock-out chickens were generated in
order to study the effect of impaired androgen receptor/androgen signaling in male
and female chickens.

Furthermore, strategies for generation of androgen receptor reporter chicken line were
established.
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4.1. Animals and animal breeding

4.1.1. Chickens

The Lohmann�s Selected Leghorn Classic (LSL) was chosen in the present experiment.
This line was obtained from LSL Rhein-Main Dieburg, Germany. The chickens were
kept at conventional breeding conditions in the Animal Facility Thalhausen of TUM.
The animal groups were raised in the aviaries size of 2 m2. Water was supplied ad
libitum via nipple drinkers, and the feed was specified either for young chickens or
for layers later on. The experiment was approved under the license number ROB-
55.2.2532.Vet_02_17-101.

4.1.2. Egg incubation

The eggs were incubated at the temperature of temperature 37.8�C, humidity 55%
and were rocked three times every two hours until embryonic day 17 (ED0-17) using
HEKA Favorit Olymp and Procon BSS. Then, at ED18, the rocking was stopped, and
the temperature was slightly reduced to 37.2�C. During the hatch (ED20-21), the
temperature was decreased further to 37.0�C, and humidity raised to 80%. During the
incubation time, the eggs were candled at ED7 and ED18 to discard the infertile or
dead embryos.

4.2. Cell culture methods

4.2.1. Media and supplements

This chapter describes preparation of all culturing media, which were used for different
cell lines in performed experiments.
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PGC medium

462.25 ml Avian KO-DMEM1

10 ml B27 Supplement1

5 ml 200mM Glutamax1

5 ml 10mM Non-Essential Amino Acid Solution1

5 ml Nukleoside 100 mM (EmbryoMAX® Nukleoside (100x))2

2 ml Sodium pyruvate 100x1

1 ml 2-Mercaptoethanol 50 mM1

3.75 ml Calcium chloride (CaCl2) 20 mM3

5 ml Ovalbumin 20%
1.2 g Ovalbumin4

5 ml Avian KO-DMEM
1 ml Heparin Sulphate 50 mg/ml

0.25 g Heparin (heparin sodium salt from porcine intestinal mucosa, TC
grade)4

5 ml Avian KO-DMEM

Protocol

All components were mixed under the laminar flow hood in order to keep the sterile
conditions. It the end, PGC medium was filtered with 2 µm filter. The medium was
stored at 50 ml falcons at 4�C. Just right before the use, the following supplements were
added to the 50 ml of PGC media.

100 µl of the chicken serum1, stored at -20�C
25 µl h-Activin-A (25 ng/µl), stored at -80�C

200 µl Ovalbumin 0.1 % (10 ml H2O + 50 µl Ovalbumin 20 %)
5 µg Activin A (human Activin A)5, stored at -80 �C

20 µl h-fibroblast growth factor (FGF)2 (10 ng/µm), stored at -20�C
25 µg bFGF (recombinant human bFGF, from E. coli)7, stored at -20�C
2.5 ml 0.1 % Bovines Serum Albumin (BSA)-solution (50 mg BSA Bovine

Fraction V4 + 50 ml PBS)

Manipulation medium

500 ml CO2 Independent medium1

56.8 ml Fetal bovine serum (FBS)4, stored at -20�C
5.7 ml Glutamax1 , stored at -20�C
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Medium for freezing cells

90 % Manipulation medium
10 % DMSO (Dimethylsulfoxid, (CH3)2SO)8, stored at room temperature

DT40 medium

500 ml Basal Iscove Medium4

56 ml FBS4

5.5 ml Chicken serum1

5.5 ml Glutamax1

1 ml 2-Mercaptoethanol9

Hek293T medium

500 ml RPMI/16404

56 ml FBS4

5.5 ml Chicken serum1

5.5 ml Glutamax1

CEF medium

500 ml Basal Iscove Medium4

40 ml FBS4

10 ml Chicken serum1

5.5 ml Glutamax1

Phosphate-buffere saline (PBS), pH 7.2

8 g Sodium Choride (NaCl)8

1.45 g Disodium hydrogen phosphate dihydrate (Na2HPO4x2H2O)8

0.2 g Potassium chloride (KCl)8

0.2 g Dipotassium hydrogenphosphate (KH2PO4)8

Ad 1000 ml aqua dest.
pH was adjusted to 7.2 by using 1M HCl8 or 1M NaOH8
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Table 4.1.: List of cell lines used in experiments.
Cell line name Specie Medium Reference
PGCs Chicken PGC medium [118]
Hek293T cells Human Hek283T medium [119, 120, 121]
CEFs Chicken CEF medium [122]
DT40 cells DT40 medium Chicken [123]

4.2.2. Isolation of PGCs from chicken embryonal blood

Material

Chicken eggs
Manipulation medium
PGC medium
Mikrocappilary pipettes 40 µm10

DREMEL® 3000-15 Multifunctional tool11

Syringe Filters 0.22 µm12

SafeSeal 1.5 ml Cups12

Weight boat14

48-well plates9

Sterile scalpel15

Aspirator tube assemblies for calibrated microcapillary pipettes4

Table top incubator13

Protocol

The eggs were incubated under the standard conditions for 65 hours in order to reach
H&H stage 14-16, at which the PGCs were isolated. The eggs were placed in the table
top incubator, and one by one thin line in the middle of the egg was scored with a
DREMEL® Multifunctional tool. Using the sterile scalpel, eggs were opened and placed
in weight boat. Afterwards, 1 µl of the blood was drawn with microcapillary pipette
and aspirator tube-system under microscope. Blood was put into the 1.5 ml SafeSeal
cup with 100 µl of prewarmed PGC medium. The microcapillary pipette was always
washed with manipulation medium in between the samples.

Afterwards, PGC-blood samples were transferred under the laminar flow hood in
order to keep sterile conditions. At that point, the blood pellet was already visible
on the bottom of the 1.5 ml SafeSeal cup of each sample. 50 µl of PGC medium were
carefully removed, and the blood pellet was resuspended and transferred in 300 µl of
the prewarmed PGC medium and plated on a 48-well plate. Cells were kept under
standard conditions (37�C,5 % CO2).
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In the following days, cells were controlled, and if necessary, the medium was changed,
or cells were passed into a new well of the 48-well plate. About 10 - 14 days post
isolation, most other cell types as red blood cells died out, and PGCs started to multiplay.
Afterwards, the PGCs were cultured as described in chapter 4.2.7.4 [118].

4.2.3. Isolation of PGCs from chicken embryonic gonad

Material

Chicken eggs
Manipulation medium
PGC medium
Trypsin 0.25 %4

PBS - BSA 0.1 %
0.1g BSA4

ad 100 ml PBS
DREMEL® 3000-15 Multifuktional tool11

Sterile Petri dishes15

24-well plates9

48-well plates9

Forceps
Table top incubator13

Protocol

The eggs were incubated as described in 4.1.2 for 6 - 7 fays to reach H&H stages 28
- 30, at which the PGCs were isolated. The eggs were one by one opened, and each
embryo was immediately euthanized by decapitation. The torso was placed under the
microscope, and embryonic gonads were gently dissected with fine forceps and placed
into the 400 µl of PBS - BSA 0.1 % room temperature. Afterwards, gonad samples were
transferred under the laminar flow hood, and 100 µl of the trypsin were added. The
samples were digested at 37�C for 15 min.. The digestion was stopped by adding 250
µl of the manipulation media, and each sample was titrated about 20 times with the
pipette to disrupt the gonad tissue. Subsequently, 300 µl of the manipulation medium
were added to each sample, and samples were centrifuged at 400 xg for four min. The
supernatant was discarded, and each pellet was resuspended in 350 µl of the PGC
medium. Cell suspension was placed on the 24-well plates and set for two hours in the
incubator (37�C,5 % CO2). After two hours, the supernatant was carefully transferred
into the 48-well plates. PGCs were then cultured as described in the chapter. 4.2.7.4.
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4.2.4. Cell counting

Material

Cells
Neubauer counting chamber15

Trypan blue4

Protocol

Cells were counted prior to freezing or cell electroporation to determine cell concen-
trations. 10µl of the cell suspension were mixed with 10µl Trypan blue, added to the
Neubauer counting chamber. Labeled squares in Figure 4.1A were counted, and cell
concentration was calculated according to the equation in the Figure 4.1B.

Figure 4.1.: Scheme of the Neubauer counting chamber with the evaluation, A:
Neubauer counting chamber, B: Equation for calculation number of cell per
1 ml

4.2.5. Thawing cells

Material

Cells, stored in liquid nitrogen
Manipulation medium
50 ml falcon12
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Protocol

Cells were transferred from the liquid nitrogen and into the water bath (37�C), where
they were gently shaken until just a small ice cube was visible. Afterwards, a cold
manipulation medium (20 ml, 4�C) was drop-wise added to the cell suspension, and
cells were centrifuged at 300 xg for 10 min. After centrifugation, supernatant was
removed, and the cell pellet was resuspended in culture media.

4.2.6. Freezing cells

Material

Cells
Manipulation medium
DMSO8

Cryo vials9

50 ml falcon12

Freezing box2

Protocol

Cells were counted and split in concentration of 1 - 2.5 106cells per sample. Each
sample was centrifuged, supernatant was removed, and cells were resuspended in
900 µl of manipulation media. Afterwards, 900 µl manipulation media + 20% DMSO
was drop-wise added to reach 10% DMSO final concentration. Cells were quickly
transferred to the cryo vials and to the -80�C in freezing boxes. The next day, cells were
transferred to the liquid nitrogen.

4.2.7. Cell cultivation

Cells were cultured at 37�C and with 5 % CO2, unless specified differently.

4.2.7.1. Cultivation of DT40 cells

DT40s were passed every 48 to 72 hours. As suspension cells, DT40s were always
transferred to 50 ml falcons and centrifuged at 300 xg for 10 min. (with a volume of 10
ml). The supernatant was removed, cells were diluted in DT40 media and 1/10 was
transferred to a new cell culture flask.
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4.2.7.2. Cultivation of chicken embryonic fibroblasts

The chicken embryonic fibroblast (CEFs) were kept at 40�C, 5 % CO2, and were passed
every 48 to 72 hours. As adherent cells, CEFs were first washed with 5 ml of PBS.
Afterwards, trypsin 0.25 % was applied in order to detach cells from the surface of the
culturing flask. Trypsin reaction was stopped by adding CEF culturing media. Cells
were centrifuged at 300 xg for 10 min. (with a volume of 10 ml). The supernatant was
removed, cells were diluted in CEF media and 1/10 was transferred a new cell culture
flask.

4.2.7.3. Cultivation of Hek293t cells

Hek293T cells were passed every 48 to 72 hours. They are adherent cells, and therefore,
they are cultured as described in chapter 4.2.7.2. The difference was in the culturing
temperature, which was at 37�C.

4.2.7.4. Cultivation of PGCs

PGC culturing medium was finalized by adding chicken serum, activin, and FGF2
to 50 ml falcons of the PGC medium (preparation described in chapter 4.2.1). At
first, cells were counted to determine the exact cell density. Afterwards, they were
transferred into 50 ml falcons and centrifuged at 230 xg for 10 min. (with a volume
of 10 ml). The supernatant was removed, and cell pellet was resuspended in 1/3
of the "old" conditioned culturing media, and 2/3 of fresh PGC media. PGCs were
seeded in concentration 150 000 cells/ml during the week, and 100 000 cells/ml over
the weekend.

4.2.8. Cell electroporation

4.2.8.1. Electroporation of DT40 and PGC

Material

5x106 DT40 cells
DT40 medium
PBS
10 mg of plasmid DNA
Cell Line Nucleofector Kit V16

Electroporation cuvettes (2 mm)15
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Protocol

At first, cells were counted, and 5x106 were centrifuged at 300 xg for 10 min. (with a
volume of 10 ml). The supernatant was removed, and cells were washed in 1 ml of PBS.
Cells were transferred into 1.5ml SafeSeal Cups, and again centrifuged at 300 xg for 4
min. PBS was removed and cells were resuspended in 100 µl Cell Line Nucleofector
Kit V with 10 µg of plasmid DNA. The cell+DNA suspension was transferred into
electroporation cuvettes, placed in the ECM 830 Square Wave Electroporation System
and electroporated using the following conditions: 8 pulses, 350 V, and 125 µsec in case
of DT40. For PGC electroporation conditions were: 8 pulses, 350 V and 100 µsec. Cells
were afterwards overlaid with 500 µl of the culturing media, and placed for five min. in
the incubator (37�C, 5 % CO2). Afterwards, cells were transferred in a culturing flask.

4.2.8.2. Antibiotic selection

Material

Electroporated cells
Culturing medium

PGC medium
DT40 medium

Antibiotic
Puromycin (stock concentration 10 mg/ml)1

Hygromycin (stock concentration 41,2 mg/ml)8

Protocol

In case of transient transfection, cells were 24 hours post-transfection placed into 50
ml falcon and centrifuged at 300 xg for five min. The supernatant was removed, and
the cell pellet was resuspended in a medium with diluted antibiotic . After 24- or
48-hours antibiotic was removed, and cell were further cultured or analyzed. Antibiotic
concentrations used for selection are shown in Table 4.2.

In case of stable transfection, cells were kept for 5 days in the incubator (37�C, 5 % CO2).
After that, antibiotic, diluted in conditioned media, was pipetted in each well. Ten days
after the selection, first screening was performed. Positive clones were labeled and
further observed. After another 10-14 days promising clones were gradually expanded
to 24-, 12- and 6-well plates and further to T25 or T75 flasks. Antibiotic concentration
was decreased during expansion to 0.75x, 0.5x and 0x.
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Table 4.2.: Antibiotic concentrations used for different cell types.
Antibiotic Cell type Final concentration [µg/ml]

Puromycin
DT40 0.5
PGCs 0.5

Hygromycin
DT40 2000
PGCs 50

4.3. Androgen receptor functionality assay

Material

Plasmid DNA
Hek293T cells
ViaFectTM Transfection Reagent17

Luciferase Assay System17

Opti-MEMTM Serum-reduced Medium1

Hek293T cell medium
96-well plate9

96-well V-bottom plates12

96-well-luminescence (white) plate
Testosterone propionate (stock concentration 3.3 mM)

3.3 mg of testosterone propionate powder4

3 ml of ethanol for molecular biology8

Protocol

Hek293T cells were cultured as described in chapter 4.2.7.3. On the first day of the
experiment, cells were counted and seeded in a concentration of 15 000 cells per
well on the 96-well plate. The following day (24 hours), the cells were transfected
with ViaFectTM Transfection Reagent according to the manufacturing protocol, specific
conditions are shown in Table 4.3. Cells were incubated for 24 hours and afterwards
stimulated with testosterone solution (1nM). After 24-hours stimulation, cells were
washed with 200 µl PBS and overlaid with lysis buffer for 10 min. Afterwards, cell lysate
was harvested, transferred to 96-well V-bottom plate and centrifuged for one min.ute at
700 xg. Supernatant (10 µl) of each well was pipetted into 96-well-luminescence (white)
plate and placed in the FLUOstar ® Omega plate reader. The FLUOstar ® Omega plate
reader was prior to measurement set up with a substrate and adjusted in the OMEGA
plate reader software. Results were exported from MARS Data Analysis Software and
further analyzed in GraphPad Prism 7.
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Table 4.3.: Transfection conditions used in AR functionality assay.
ViaFectTM Transfection Reagent 3 µl
Plasmid 1 50 ng
Plasmid 2 50 ng
Opti-MEMTM Serum-reduced Medium Up to 50 µl per well

4.4. Semen collection from germline chimeras

Semen samples were collected from 16th week of age of the chimeric roosters to evaluate
the portion of the transgene in the semen. Semen was collected 2 – 3 times a week from
each chimera. Technique of collection is shown in the Figure 4.2.

The rooster was placed on the bench, one hand was holding the legs and with other
the hand, an abdominal massage was given in head to tail direction. Since the gonads
of the rooster are located on the back, massage gave a stimulation to release the semen
in the cloacae. The second person gently squeezed the cloacae and collected the semen
in 1.5 ml Eppendorf tubes.

Figure 4.2.: Technique of sperm collection from germline chimeras, A: Abdominal
massage of the rooster for semen collection, B: Squeezing of the cloacae to
collect the semen sample in the 1.5 ml Eppendort cup, adapted from [124]
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4.5. Genomic DNA extraction

4.5.1. Genomic DNA extraction from cell culture cell lines

Genomic DNA from cell culture cells was extracted by using the Wizard® Genomic
DNA Purification Kit or by alkaline extraction with NaOH, modified from [125].

4.5.1.1. Isolation with Wizard® Genomic DNA Purification Kit

Material

Wizard® Genomic DNA Purification Kit17

2.5x105 – 1x106 cells
SafeSeal Cups 1,5ml12

Protocol

At first, cells were centrifuged at 400 xg for four min. The supernatant was discarded,
and the cell pellet was washed with 200 µl PBS. Afterwards, Wizard® Genomic DNA
Purification Kit was used to extract genomic DNA according to the manufacture
protocol. In the end, genomic DNA concentration was measured with NanoDropTM

1000 Spectralphotometer, and DNA was stored at -20�C.

4.5.1.2. Alkaline genomic DNA extraction with NaOH

Material

5x105 – 1x106 cells
100 mM Sodium hydroxide (NaOH)

1 ml 1 M NaOH8

ad 10 ml aqua dest.
75 mM Tris-HCl

91 mg Tris(hydroxymethyl)-aminomethan (Tris)8

ad 10 ml aqua dest.
pH-value was adjusted to 7.2 with hydrochloride acid (HCl)8

SafeSeal Cups 1.5ml12
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Protocol

Cells were centrifuged at 400 xg for four min. The supernatant was removed and the
cell pellet was lysed with 30 µl of 100 mM NaOH. Afterwards, the cell lysate was
afterwards incubated for five min. at 95�C. At the end, 100 µl of Tris-HCl were added
to the mixture and samples were centrifuged at 13000 xg for 30 sec. For PCR, 1-2 µl
was used as a template. DNA was stored at -20�C.

4.5.2. Genomic DNA extraction from chicken blood

Material

EDTA blood samples
TEN-buffer

10 mM Tris-HCl, pH 8.08

1 mM EDTA8

10 mM NaCl8

STM-buffer
64 mM Sucrose8

20 mM Tris-HCl, pH 7.58

10 Mm MgCl7

0,5 % Triton X-108

Pronase-E
20 mg Pronase E4

ad 1 ml H2O
96-Well mega-block plate12

Seal foil for 96-well plates or blocks12

Falcon tubes12

EDTA tubes12

Protocol

For each sample, 200 µl of STM-Buffer were prepared in a mega-block plate or in
1.5ml SafeSeal cups. One µl of the EDTA blood was added in STM-buffer. Samples
were shortly vortexed and centrifuged at 1000 xg for five min. The supernatant was
discarded, and pellets were resuspended in 400 µl of TEN-buffer-Pronase E (Pronase E
100 µl/ml). The mega-block plate was sealed, and samples were digested for one hour
at 37�C and 250 rpm followed by inactivation at 65�C for 20 min. For PCR, 2 µl of the
isolated DNA was used as a template. DNA was stored at -20�C.
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4.5.3. Genomic DNA extraction from tissue

Material

Tissue samples
Lysis buffer

0.2 % SDS8

5 mM EDTA8

100 mM Tris-HCl, pH 8.58

200 mM NaCl8

Isopropanol for molecular biology8

Proteinkinase K8

Nuclease free water8

96-Well Deep well plate12

Protocol

Lysis buffer (250 µl) and Protein kinase K (10 µl) were added to each well. A small
piece of tissue was dissected and placed into the lysis buffer - Protein kinase K. The
Tissue-lysis buffer solution was incubated at 56�C overnight and at 350 rpm. The next
morning, the digest was shortly vortexed, and centrifuged for 20 min. and 3600 rpm. In
a new deep well plate, 50 µl the isopropanol per sample were prepared for precipitation
of the DNA from the tissue digest. After the centrifugation, 50 µl of the supernatant
were pipetted into the isopropanol and DNA precipitates were centrifuged for 15 min.
at 3600 rpm. The supernatant was discarded and pellets were air dried for 10 min.
DNA precipitates were diluted by adding 100 µl of nuclease free water. If necessary,
samples were incubated at 56�C for 30 min. and 350 rpm to completely desolve them.
For PCR, 2 µl was used. DNA was stored at -20�C.

4.5.4. Genomic DNA extraction from chicken sperms

Material

Chicken sperm sample
TEN-buffer

10 mM Tris-HCl, pH 8.08

1 mM EDTA8

10 mM NaCl8

Pronase-E
20 mg Pronase E4

ad 1 ml H2O
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SafeSeal Cups 1.5ml12

Protocol

Five µl of each sperm sample were mixed with 200 µl TEN-buffer-Pronase E solution
(Pronase E 100 µl/ml). Samples were very well vortexed and incubated overnight at
37�C and 500 rpm. The next morning, samples were inactivated at 65�C for 10 min. For
PCR, 1-2 µl was used as a template. The extracted DNA was stored at -20�C.

4.6. Extraction of RNA

4.6.1. Tissue homogenisation for RNA extraction

Material

Tissue samples (stored in -80�C)
InnuSpeed lysis tubes, Type P, 0.5 ml18

Homogenizer18

Dry ice
Sterile scalpel15

Protocol

Tissue homogenization was performed in order to extract the RNA from chicken testes.
A small piece of testes (up to 30 mg) was cut with sterile scalpel. Tissue was placed
in a InnuSpeed lysis tube with 200 µl of the lysis buffer mixed with thioglycerol. The
testes was homogenized in the Homogenizer for 30 sec, and another 200 µl of the lysis
buffer-thioglycerol were added. RNA isolation is described in chapter 4.6.2.

4.6.2. RNA extraction with ReliaPrepTM RNA miniprep System

Material

Cells or homogenized tissue
ReliaPrepTM RNA miniprep System17

SafeSeal Cups 1.5ml12
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Protocol

RNA was isolated with ReliaPrepTM RNA miniprep System either from cells or from
homogenized animal tissue according to the manufacturer protocol. Concentration was
measured with NanoDropTM 1000 Spectralphotometer and RNA was stored at -80�C.

4.7. Polymerase chain reaction

Polymerase chain reaction (PCR) was performed with different types of DNA poly-
merases. All types of PCR reactions with respective primers are described in following
chapters 4.7.1- 4.7.3.

4.7.1. Polymerase chain reaction using 5xFIREPol®Master Mix

Material

DNA (0.1 ng – 10 ng)
5xFIREPol®Master Mix)19

Primers, forward and reverse20,21

Nuclease-free water8

SafeSeal Cups 1.5ml12

PCR plates15

Seal foil15

ThermoCycler

5xFIREPol®Master Mix PCR was primarily used in sex determination, RT-PCR and
PCR that does not require proof-reading quality. Used primers are shown in table 4.4.

Table 4.4.: List of primers used with 5xFIREPol®Master Mix.
Nr. Locus Sequence (5�! 3) Purpose
242 cDNA AR GACCCTGGGCAGAGGGCTACG

RT-PCR
245 cDNA AR CAGACTGCCCAGCTTCTTCAGCTTG
277 b - actin TACCACAATGTACCCTGGC

Positive control for RT-PCR
278 b - actin CTCGTCTTGTTTTATGCGC
668 AR GCTCTCCAGTTGCTCATCCTGAC Loop out PCR
422 Neomycin GCACAACAGACAATCGGCTGCTC Loop out PCR
145 Cre CGCTGGTTAGCACCGCAGGTG Cre PCR
146 Cre CCA GGT ATC TCT GAC CAG AGT C Cre PCR
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Protocol

FIREPol®Master Mix PCR was prepared according to dilution reaction mix shown
below. Reaction conditions are shown in table 4.5. The annealing temperature was
(table 4.4) specific for each primer pair.

Dilution for one reaction mix:

4 µl 5xFIREPol®Master Mix PCR
4 µl Forward primer (5 µM)
4 µl Reverse primer (5 µM)
variable DNA template
Up to 20 µl Nuclease-free water

Table 4.5.: 5xFIREPol®Master Mix PCR reaction conditions.
Step Temperature Cycle Time
Initial Denaturation 95�C 1 5 min.
Denaturation 95�C

25-35 cycles
30 sec

Annealing 58-62�C 30 sec
Elongation 72�C 1 min./1kb
Final elongation 72�C 1 10 min.
Cool down 12�C 1

4.7.2. Polymerase chain reaction using 5xFIREPol®MultiPlex Mix

Material

DNA
5xHOT FIREPol®MulitPlex19

Primers, forward and reverse20,21

Nuclease-free water8

SafeSeal Cups 1.5ml12

PCR plates15

Seal foil15

ThermoCycler

5xHOT FIREPol®MultiPlex PCR was used for both sex determination and for genotyp-
ing. A pool of primers was used to amplify several amplicons in one reaction. In the
case of genotyping PCR, only one forward primer 668 with two reverse primers 12 and
669 were used.
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Table 4.6.: List of primers used with 5xHOT FIREPol®MulitPlex .
Nr. Locus Sequence (5�! 3) Purpose
1 Z chromosome AAGCATAGAAACAATGTGGGAC

Sex determination
2 Z chromosome AACTCTGTCTGGAAGGACTT
3 W chromosome CTATGCCTACCACMTTCCTATTTGC
4 W chromosome AGCTGGAYTTCAGWSCATCTTCT
12 Neomycin AGTGACAACGTCGAGCACAGCT

ARKO Genotyping668 AR GCTCTCCAGTTGCTCATCCTGAC
669 AR GTCAGACTGCTCTGCTGGAG

Protocol

5xHOT FIREPol®MulitPlex PCR was prepared according to dilution reaction mix
shown below. Reaction conditions are shown in Table 4.7.

Dilution for one reaction mix:

4 µl 5xFIREPol®MultiPlex
4 µl Forward primer (5 µM)
4 µl Forward primer (5 µM)
4 µl Reverse primer (5 µM)
4 µl Reverse primer (5 µM)
variable DNA template
Up to 20 µl Nuclease-free water

Table 4.7.: 5xFIREPol®MultiPlex Mix PCR reaction conditions.
Step Temperature Cycle Time
Initial Denaturation 95�C 1 12 min.
Denaturation 95�C

25-35 cycles
30 sec

Annealing 58-62�C 30 sec
Elongation 72�C 1 min./1kb
Final elongation 72�C 1 10 min.
Cool down 12�C 1

4.7.3. Polymerase chain reaction using Q5® High-Fidelity DNA Polymerase

Material

DNA (10pg - 10ng)
Q5® High-Fidelity DNA Polymerase6

5xQ5 Reaction Buffer6
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dNTPs1

Primers, forward and reverse20,21

Nuclease-free water8

SafeSeal Cups 1.5ml19

PCR plates15

Seal foil15

ThermoCycler

Q5® High-Fidelity DNA Polymerase PCR was performed to amplify DNA fragments
used for Gibson Assembly (GA), since the Q5® High-Fidelity DNA Polymerase obtains
proof-reading characteristics and provides high quality of the amplified fragments.
Primer list is displayed in the table 4.8 below.
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Table 4.8.: List of primers used with Q5® High-Fidelity DNA Polymerase .
Nr. Locus Sequence (5�! 3) Purpose

339 AR
CACTATAGGGCGAATTGGGTACCGGCGC

GCCGTTGCACAGTCTCCCTGTTTTTG Gibson Assembly
of #116

340 AR
ATAATGTATGCTATACGAAGTTAT

GCTAGCTGCAGAGAGAAGAGAGC

341 AR TACCCCAGTTGGGGCACACACG
TCACTAGTAACGCACACAGAGAGG

342 AR AAAGCTGGAGCTCCACCGCGGTGG
CGGCCGCACCTTTCCTAAGCTAATGAC

858
AR-codon-
optimized

CCACTAGTCCAGTGTGGTGGAATTCCG
CCACCATGGAGGTTCAACTCGGTATCGG

Gibson Assembly
of #247,#260,#261859

AR-codon-
optimized

CGGGCCCTCTAGACTCGAGCGGCCGC
TCATTTATCGTCATCGTCTTTGTAATCC

TCGGCATGGAAGTAAATTG

860
AR-codon-
optimized

CGGGCCCTCTAGACTCGAGCGGCCGC
TCATTTATCGTCATCGTCTTTGTAATC

AGAACCACCAGAACCACC
CTCGGCATGGAAGTAAATTG

929 mCherry ATTTACTTCCATGCCGAGGGTGGTT
CTGGTGGTTCTGTGAGCAAGGGCGAGGAG

930 mCherry CTCCTCGCCCTTGCTCACAGAACCACC
AGAACCACCCTCGGCATGGAAGTAAAT

931
AR-

mCherry
CGGGCCCTCTAGACTCGAGCGCGGCCG

CTCACTTGTACAGCTCGTC
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Protocol

5® High-Fidelity DNA Polymerase PCR was prepared according to dilution reaction
mix shown below. Reaction conditions are shown in table 4.9. For each primer pair, the
specific annealing temperature was used.

Dilution for one reaction mix:

5 µl 5xQ5 Reaction Buffer
0.5 µl dNTP
1.25 µl Forward primer (0.3 µM)
1.25 µl Reverse primer (0.3 µM)
0.25 µl Q5® High-Fidelity DNA Polymerase
5 µl 5xQ5 High GC Enhancer (optional)
variable DNA template
Up to 25 µl Nuclease-free water

Table 4.9.: Q5® High-Fidelity DNA Polymerase PCR reaction conditions.
Step Temperature Cycle Time
Initial Denaturation 98�C 1 30 sec
Denaturation 98�C

25-35 cycles
10 sec

Annealing 50-72�C 30 sec
Elongation 72�C 20-30 sec/1kb
Final elongation 72�C 1 2 min.
Cool down 12�C 1

4.8. Restriction enzyme digest

Material

Restriction enzyme6

Enzyme specific restriction buffer6

Nuclease free water8

Plasmid DNA

Protocol

Restriction enzymes, naturally occurring in bacteria, are able to cut specific site of DNA
sequences. For that, the restriction digest was set up before the cloning of the DNA
fragment by Gibson Assembly (4.12.2) or before cell electroporation (4.2.8) to linearize
the electroporated construct.
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The sequence was analysed in software Lasergene Seqbuider (DNASTAR, Madison, USA)
or with an online platform Benchling available at www.benchling.com. The digest
was set up as shown in table 4.10. Result of the restriction digest was analyzed by gel
electrophoresis (table 4.10).

Table 4.10.: Dilution of restriction digest.
Restriction enzyme 1 5 units
Restriction enzyme 2 (optional) 5 units
Enzyme specific buffer 10x 2 µl
Nuclease free water Ad 20 µl

4.9. DNA precipitation with sodium acetate

Material

Ethanol for molecular biology8

Sodium acetate 3 M (CH3COONa)
2.4 g Sodium acetate anhydrous for molecular biology8

Up to 10 ml of double distilled water
Nuclease free water8

Sterile PBS

Protocol

DNA precipitation was performed to concentrate DNA either after restriction digest
(4.8) or after plasmid isolation from a bacterial culture (4.12.5). Initial volume of DNA
precipitate was measured, and a 1 to 1 volume ratio of 100 % ethanol was added.
Subsequently, CH3COONa (1/10 of the DNA/Ethanol mix) was mixed thoroughly
with the DNA-ethanol solution. Precipitated DNA was centrifuged at 16 000 xg for 10
min. at 4�C. The supernatant was removed and DNA pellet was washed by adding
500 µl 75 % ethanol, centrifuged at 14 000 xg for 10 min. at 4�C. The supernatant was
discarded, and the pellet was air dried for 10-30 min. at room temperature. DNA
precipitate was diluted in preheated PBS (50�C) to the concentration of 1µg/µl. If
necessary, the pellet was heated for additional 10 min. at 50�C.

4.10. Gel Electrophoresis

Material
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Agarose low EEO8

10x Tris-Borate-EDTA buffer (TBE buffer)
108 g Tris(hydroxymethyl)-aminomethal (Tris)8

55 g Boric acid8

40 ml 0.5M EDTA, pH 8.08

Ad 1000 ml aqua dest.
1x Tris-Borate-EDTA buffer (TBE buffer)

1:10 dilution of 10xTBE buffer with aqua dest.
DNA/RNA dye, peqGREEN15

6x DNA Loading dye
60 ml Glycerol8

12 ml 0.5M EDTA, pH 8.08

100 mg Orange G4

Ad 100ml aqua dest.
DNA Ladder

4.5 µl DNA 1kb Plus DNA Ladder6

120.5 µl Nuclease-free water8

25 µl 6x DNA Loading dye

Protocol

Gel electrophoresis was performed to visualize the outcome of the PCR (4.7) or the
restriction digest (4.8). For this purpose, agarose gel was prepared using a w/v solution
in the 0.5-1% range, optimized for the size of the analyzed DNA fragment. The optimal
percentage of the agarose gel results in the best separation and resolution of DNA
fragments.

Agarose powder was mixed with 1x TBE buffer and heated up in the microwave until
the powder was dissolved. After that, the mixture was cooled down in the water bath,
and peqGREEN DNA (4 µl per 100 ml) was added for DNA visualization. The liquid
gel mixture was poured into the gel tray with a comb. The dried gel was transferred to
the electrophorese chamber and overlaid with TEB buffer.

DNA samples were premixed with 6x DNA Loading dye (1x final concentration) and 10
µl of each sample were loaded on the gel. 8 µl of the DNA Ladder were loaded on the
gel next to the sample to be able to determine the DNA fragment size. Electrophorese
chamber was connected to the electric source and gel was run according to its size at
80 - 220 V for 60 - 90 min.

The DNA was detected using a UV-light gel documentation system (Quantum, Vilber
Lourmat). Gel pictures were exported and further processed in Microsoft PowerPoint.
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4.11. Extraction of DNA from gel

Material

50x Tris-Acetat-EDTA buffer (TAE buffer)1

1x TAE-Puffer
1:50 dilution of 50x TAE buffer

E.Z.N.A® Ultra-Sep® Gel Extraction Kit15

Sterile scalpel15

BlueLight Table (Serva)

Protocol

Gel extraction was performed to purify DNA either for Gibson Assembly or for
sequencing.

The gel was prepared as described in chapter 4.10, only TAE buffer instead of TBE
buffer was used. After 60-90 min. of separation in the electrophoretic chamber, the gel
was transferred to a BlueLight Table (Serva), and the band of the correct size was cut
out with a scalpel. Weight of the gel piece was measured, and from now on DNA was
extracted with E.Z.N.A® Ultra-Sep® Gel Extraction Kit according to the manufacturer
protocol.
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4.12.2. Gibson Assembly

The Gibson Assembly allows an assembly of multiple linear DNA fragments with
the backbone of the vector. In all experiments, DNA fragments were amplified Q5®
High-Fidelity DNA Polymerase using primers shown in table 4.8. For the primer
design, the online tool NEBCloner® [126] was used, and primers obtained 18-30 bp
overhangs to the backbone of the vector.

Material

NEBuilder® HiFi DNA Assembly Master Mix6

DNA fragments
Vector backbone
Nuclease-free water8

Protocol

The Gibson assembly reaction mix was always set up on ice. Herein, 2 - 3 fragments
were assembled with the vector backbone at the same time. All components shown in
table 4.13, were mixed, and reaction was incubated in a thermocycler for one hour at
50�C. In the end, 2 µl of the reaction were used for bacterial transformation as described
in chapter 4.12.4.

Table 4.13.: Gibson Assembly reaction mixture.
2–3 Fragment Assembly Molar ratio backbone:insert 1:2
Total Amount of Fragments X µl (0.03–0.2 pmols)
NEBuilder® HiFi DNA Assembly Master Mix 10 µl
Nuclease-free water Up to 20µl

4.12.3. CRISPR/Cas9 Cloning

Material

Cloning vector px330, px458 or px459
sgRNA oligos20,21

10x T4 Polynucleotide Kinase (PNK) buffer6

T4 PNK6

10x Tango buffer1

Dithiothreitol (DTT)8

Adenosine triphosphate (ATP)1
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FastDigest BbsI1

T7 ligase6

10x PlasmidSafe Buffer24

PlasmidSafe exonuclease24

In our experiments, sgRNAs were designed with an online platform Benching available
at (https://www.benchling.com). sgRNAs were cloned in the CRIPSR/Cas9 vector
using the protocol described by Cong et al. [127]. All sgRNA oligos were synthesized
with the following overhangs.

5’ – CACCGNNNNNNNNNNNNNNNNNNN – 3’
5’ – CNNNNNNNNNNNNNNNNNNNCAAA – 3’

Table 4.14 displays primers designed for sgRNA cloning into the CRISPR/Cas9 vec-
tors.

Table 4.14.: List of sgRNA used for cloning of CRISPR/Cas9 vectors.
Nr. Locus Sequence (5�! 3) Purpose

gRNA1429 Exon 2 of AR CACCGgcaaagtgttcttcaagcggg Cloning of #125
for ARKOgRNA1429 Exon 2 of AR AAACcccgcttgaagaacactttgcC

sgRNA1432 Exon 8 of AR CACCGgcacgcggagtgatcttctgg Cloning of #205
and #206 for ARKIsgRNA1432 Exon 8 of AR AAACccagaagatcactccgcgtgcC

Protocol

1. Phosphorylation and annealing of sgRNA oligos

1 µl top sgRNA oligo
1 µl bottom sgRNA oligo
1 µl 10x T4 PNK buffer
0.5 µl T4 PNK
6.5 µl Nuclease-free water

All components were mixed in a PCR tube, and subsequently placed into the
thermocycler for 30 min. at 37�C, followed by five min. incubation at 95�C.
After that, reaction mixture was steadily cooled down to 25�C (decrease 5�C per
minute). Final annealed sgRNA product was diluted 1:250 in nuclease-free water.
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2. Digestion and ligation reaction

100 ng px330
2 µl Diluted annealed sgRNA oligos from step 1
2 µl 10x Tango buffer
1 µl DTT
1 µl ATP
1 µl FastDigest BbsI
0.5 µl T7 DNA ligase
Up to 20 µl Nuclease-free water

The reaction mixture was set up, and incubated in the thermocycler unde the
following conditions:

37�C for 5 min.
23�C for 5 min.
Both steps in total of six cycles.

3. Treatment with PlasmidSafe exonuclease to prevent unwanted recombination

11 µl ligation product from step 2
1.5 µl 10x PlasmidSafe buffer
1.5 µl 10 mM ATP
1 µl PlasmidSafe exonuclease

All components were mixed, and the reaction mixture was incubated for 30 min. at
37�C. Final product was then transformed in bacteria, as described in chapter 4.12.4.
The success of the cloning was verified by restriction digest and sequencing.

4.12.4. Bacterial transformation

Material

Competent bacteria (E. coli, DH5 ↵)6

Stored at -80�C
Super optimal broth with catabolite repression-medium (SOC-medium)6

Lysogeny Broth (LB)-Ampicillin-Agar plates
Ampicillin (1:1000 dilution of 100µg/ml)
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Protocol

The chemical competent bacteria were taken from a -80�C freezer and kept for five min.
on ice. After that, two µl of the cloning product (4.12.2 or 4.12.3) were pipetted on the
bacterial suspension, and incubated for 30 min. on ice. Afterwards, the heat shock of
the bacterial suspension was performed at 42�C for 30 sec., followed by cooling down
on ice for two min. At the end, 950 µl of the SOC-medium were added to the bacteria
and shaken at 37�C for 60 min. The bacteria-SOC media suspension was spread on
LB-Agar plates and placed in an incubator (37�C) overnight. After 12-16 hours, plates
were removed from the incubator and checked for colonies.

4.12.5. Isolation of plasmid DNA from bacterial culture

Material

PureYieldTM Plasmid miniprep System17 or
PureYieldTM Plasmid Midiprep System17

LB medium
25 g LB medium6

Up to 1000ml aqua dest.
Stored at 4�C

LB-ampicillin medium
Ampicillin (1:1000 dilution of 100µg/ml)
Stored at 4�C

Protocol

Bacterial colonies (4.12.4) were picked with a pipette tip and placed in 5 ml of LB-
ampicillin media. Bacterial culture was shaken overnight at 37�C and 250 rpm. Next
day, in the morning, plasmids were isolated with PureYieldTM Plasmid miniprep
System in line with the manufacturer protocol.

For preparation of larger amounts of plasmid, necessary for cell transfection, 5 ml of
the bacterial culture wasset up during the day as a starter culture. After 6-8 hours of
shaking, the day culture was poured into 250 ml of LB-ampicillin media, and shaken
overnight. Plasmid isolation was performed by PureYieldTM Plasmid Midiprep System
according to the manufacturing protocol.
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4.13. Generation of germline chimera

Material

PGCs
Chicken eggs (LSL Classic strain)22

Turkey eggs for surrogates
Eggs white
Mamipulation medium
Sterile de-ionized water
Mikrocappilary pipettes 40 µm10

DREMEL® 3000-15 Multifunctional tool11

Penicilin-Streptomycin solution (Penicilin 100 IU/ml and Steptomycin 100 µm/ml)4

Syringe Filters 0.22 µm12

SafeSeal 1.5 ml Cups12

Weight boat14

Sterile scalpel15

Aspirator tube assemblies for calibrated microcapillary pipettes4

Wrap foil SaranTM Clin Plus23

Table top incubator

4.13.1. Intravenous injection of PGCs

The intravenous injection was performed at Hamburger & Hamilton stages 14-16. The
eggs were briefly incubated for 65 hours. The eggs were carefully opened without
breaking the egg yolk. For that, a very thin line was scored in the eggshell with the
DREMEL® 3000-15 multifunctional tool with one deeper cut, as displayed in Figure 4.3
A. With the scalpel, the egg was gently opened (Figure 4.3 B) and the chicken embryo
was then placed in the weight boat (Figure 4.3 C, D). The embryo was then transferred
under the microscope, where the intravenous injection of the PGCs was performed.
1 µl of the PGCs suspension was taken, and injected in dorsal aorta using a 40 µm
microcapillary pipette (3000 cells/µl in manipulation media). After each injection,
microcappilary pipette was washed with filtered manipulation media. During the
whole procedure, the eggs were kept in the tabletop incubator at 37�C.
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Figure 4.3.: Technique of egg opening prior the intravenous injection of PGCs, A:
Egg scored by using DREMEL® 3000-15 multifunctional tool, B: Gentle
opening of the chicken egg in the weight boat, C: Chicken embryo in the
weight boat, D: Chicken embryo in the weight boat displaying the heart
and vessels, adapted from [124]
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4.13.2. Transfer to the surrogate egg shell

Since the chicken egg shell got lost via the opening process, turkey eggs were prepared
as surrogate egg shell for injected chicken embryos. It was necessary that weight
of surrogate egg was 30-40 g bigger than the weight of the chicken egg. Injected
embryos were poured in the surrogate eggshell (Figure 4.4 C). Surrogate eggs were
closed with the wrapping foil. In order to seal the egg shell completely, and to
prevent contamination and drying, wrapping foil was sealed with albumin, mixed with
Penicilin-Steptomycin solution (in dilution 1 to 10). (Figure 4.4 D-F).

Figure 4.4.: Turkey egg surrogate system, A, B: Turkey egg surrogate preparation, C:
Pouring of the chicken embryo in the turkey egg shell surrogate, D-F:
Sealing the surrogate egg shell with the egg white-Pen/Step solution and
the wrap foil, adapted from [124]

The injected chicken embryos were kept in the incubator until the day of the hatch.
At ED18, the rocking was switched off. During the hatching process, chickens were
controlled every 4-6 hours. The process was assisted until successful hatch of the
chimeras (Figure 4.5 A-C).
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Figure 4.5.: Hatching of the germline chimera, A-C: Hatching process of the chicken
embryo from the surrogate egg shell, adapted from [124]

4.13.3. Testing of germline transmission

Male chimeras, hatched from turkey egg surrogate eggs, were raised to sexual maturity.
From the 16th week of age, semen of the germline chimeras was collected and tested
via PCR for the genetic modification, as described in chapter 4.4. Promising candidates,
tested at least three times positive for the genetic modification were bred to WT hens.
In order to prove germline transmission, transfer of the genetic modification to the
next generation, eggs from the chimera breeding were collected for three weeks and
incubated. At ED7, each egg was opened, and either checked for GFP expression or a
small piece of tissue was taken to be analyzed via PCR for the presence of the genetic
modification. In case of positive germline transmission, eggs from this breeding were
further collected and incubated until hatch.

4.14. Testosterone induced bursectomy

Material

Cryo vials9

Dry ice
Ice
1% Testosterone solution

1 g of testosterone propionate powder4

EtOH for molecular biology8

Protocol

The eggs were set under the standard conditions. At ED3, eggs were removed from the
incubator and dipped in the ice cold 1% testosterone solution. Each egg was dipped
about 3.5 cm from the pointy end. Eggs were then incubated until ED18. At ED18,
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embryos were sacrificed and bursa of Fabricius was dissected and frozen down. Organs
were kept at -80� C until cryo-sectioning.

4.15. Histology

4.15.1. Organ sampling and cryosectioning

Material

Cryo vials9

Dry ice
Object slides, Superfrost5® Plus15

Microsome blades (Feather®)5

Tissue-Tec®5

Paint brush

Protocol

The organs were taken at certain time points, placed in the cryo tubes and frozen on
dry ice. Until cryo-sectioning, the organs were stored in -80� C.

The day before cryo-sectioning, samples were placed at -20� C to allow the temperature
to adjust. On the day of cryo-sectioning, the organs were transferred in the microtome
chamber and fixed with Tissue-Tec®on specimen chucks. The organs were cut at 4 µm
and each section was transferred to Superfrost5®Plus object slides. Slides were then air
dried overnight.

4.15.2. Immunohistochemical staining

Material

Aceton 100%2

PBS (See 4.2.1)
Bovine serum albumin (BSA)8

Horse serum25

Methanol 40%8

Hydrogen peroxide 30% (H2O2)
Primary antibody #21 (See 4.15) 25

Secondary biotin-conjugated antibody15

Vector® DAB kit25
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Vectastatin® ABC kit25

Eukitt® mounting medium4

Mayer�s Hematoxylin solution26

Aqua dest.
Ascending alcohol row2

Ethanol 70%
Ethanol 99%
Isopropanol I
Isopropanol II
Xylol I
Xylol II

Parafilm8

Incubating chamber
Cover slips15

Protocol

Sections were first fixed in ice-cold acetone for two min. Sections were then air-dried
for 10 min. and afterwards rehydrated for 15 min. in PBS. In order to block the activity
of the endogenous peroxidase, samples were overlaid with H2O2-methanol solution
(in dilution 1 to 100), covered with parafilm and incubated for 30 min. in the dark at
room temperature. Subsequently, sections were washed three times for five min. in PBS.
For prevention of any non-specific antibody binding, samples were blocked with horse
serum diluted 1 to 40 in 1% PBS-BSA solution. Sections were incubated for one hour at
room temperature in an humidified chamber. Afterwards, the primary antibody was
incubated on the sections at room temperature for one hour or at 4� C over night. The
primary antibody was then washed off three times for five min. with PBS. Secondary
antibody staining was performed according to manufacturer protocol of Vectastatin®
ABC kit. Peroxidase detection was performed with Vector® DAB kit. Staining of the
nuclei was done by incubation of the sections in Mayer�s Hematoxylin solution for
one minute. Nuclei staining was stopped by running tap water for five min. The last
dehydration step was performed by using an ascending alcohol row as it is shown in
the material section. On each slide 1 drop of Eukitt® mounting medium was applied,
and sections were covered with coverslips. Samples were air-dried overnight.

4.16. Fluorescent activated cell sorting (FACS)

4.16.1. Isolation of leukocytes from chicken blood

Material
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PBS (See 4.2.1)
Biocoll Separating Solution4

Ice
FACS tubes12

Protocol

Blood was collected from chickens at 3, 6 and 12 week of age to EDTA tubes. EDTA-
blood was then diluted 1 to 1 with PBS and slowly overlaid on Biocoll separating
solution prepared in 5 ml FACS tubes. Lymphocytes were separated by density
gradient centrifugation for 12 min. at 650 xg on with slow acceleration and no breaks.
After the centrifugation step, lymphocytes were isolated from the interface between
plasma and Biocoll separating solution. At the same time, plasma was collected. The
cells were further washed with PBS and stained as described in chapter (4.16.2).

4.16.2. Staining and measurements

Material

Leucocytes
PBS (See 4.2.1)
Fluo buffer

5g Bovine Serum Albumin - Fraction V98

50 mg Sodium azide (NaN3)8

Ad 500 ml PBS
Primary and secondary antibodies (See 4.15 and 4.16), dilution in fluo buffer
Fixable Viability Dye eFluor 7801, dilution in fluo buffer
Ice
96-well plates, U-bottom12

Protocol

Isolated lymphocytes were counted, diluted to 500 000 cells/well and plated on 96 well
U-bottom plates. Each sample was resuspended in 200 µl of fluo buffer and centrifuged
for one min. at 700 xg. The supernatant was discarded and cells were stained with 50
µl Fixable Viability Dye eFluor 780 (in dilution of 1:1000) for discrimination of living
cells (incubation for 20 min. on ice). The live/dead staining was washed away by
adding 200 µl fluo buffer and centrifugation for one min. at 700 xg. The supernatant
was discarded and the primary antibody (Table 4.15) was diluted in 50 µl of fluo buffer
and applied to the cell pellet. Cells were incubated with a primary antibody for 20
min. on ice. Washing was performed as in previous steps. The secondary antibody
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staining was applied on cells (diluted in 50 µl of fluo buffer, Table 4.16) and incubated
for 20 min. on ice. After the incubation time, cells were washed (700 xg, one min.) and
the pellet was resuspended in 300 µl of fluo buffer. Samples were measured using an
Attunes NxT FACS. Data was analyzed using the software FlowJo10.
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4.18. Statistical analysis and graphs

The statistical analysis was performed in R-studio software running on R version 4.0.3.
At first, data were analyzed with a Shapiro-Wilk test of normal distribution. Secondly,
variances of the analyzed groups were compared with a F-test. Then, a non-parametric
two sample t-test was performed with a level of significance on 0.05. An example of
the R script is shown in Appendix section

The graphs were designed in GaphPad software.
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5.1. Generation of androgen receptor knock-out (ARKO)
chicken

In this chapter, the process of the generation of androgen receptor knock-out chickens
is described. At first, a targeting construct (pBluescript) with two homologous arms
was cloned and afterwards, two sgRNA were tested for a knock-out of exon 2 of the
androgen receptor (AR). sgRNA1429 was chosen and together with targeting construct
transfected into chicken primordial germ cells (PGCs). Clonal ARKO PGCs were
injected into chicken embryos to produce germline chimeras via the surrogate egg shell
system. Then, male hatched chickens were raised to sexual maturity, and their semen
was tested for a transgene. Promising candidates were bred to WT hens to produce
ARKO heterozygous, and later on, to ARKO homozygous chicken. The strategy for the
ARKO is displayed in the Figure 5.1.

Figure 5.1.: Androgen receptor knock-out strategy, exon 2 of AR was knocked-out
using CRISPR/Cas9 system. Instead of exon 2, a selectable marker cassette
was inserted allowing to discriminate successfully edited PGCs clones.

5.1.1. Cloning of the ARKO repair construct for editing in PGCs

For the androgen receptor knockout (ARKO), at first a targeting construct was cloned.
The constructs back-bone contained a selectable marker cassette consisting of eGFP,
expressed under the chicken �-actin promoter, and a gene for puromycin resistance,
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expressed under the CAG promoter. eGFP served as a marker for germline transmission
in future breeding, and puromycin-resistant-gene enabled the selection of primordial
germ cells with successful editing. The cassette was flanked by HS4 insulators and
loxP sites on its 5’ and 3’ site. LoxP can be recognized by Cre recombinase, allowing
the loop out of the selectable marker cassette. Additionally, the backbone contained an
attB70 sequence as a recognition site for phiC31 integrase and a promoter less gene for
neomycin resistance.

Figure 5.2.: Scheme of the ARKO targeting construct, pBluescript vector backbone
was used for the cloning of a ARKO targeting construct. The ARKO target-
ing construct contained two homologous arms on 5’ and 3’ and selectable
marker cassette. The selectable marker cassette included a puromycin resis-
tant gene expressed under the CAG promoter and eGFP expressed under
the chicken �-actin promotor. Furthermore, the construct contained 5’ and
3’site HS4 insulators and a loxP site enabling the loop out of the selectable
marker cassette.

The selectable marker cassette was flanked by two homologous arms (HR) on the 5’ and
the 3’ site. Homologous arms were designed to target exon 2 of the AR. The sequence
of the homologous arms was amplified from gDNA of PGC-LSL line 2-6 via PCR using
specific primers. The PCR was run in four reactions, which were pooled and the DNA
was concentrated via gel extraction. The PCR result is displayed in the Figure 5.3
showing the fragment of the correct size of 2200bp for 5’HR and 2300bp 3’HR.
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Figure 5.3.: PCR for amplification 5’HR and 3’HR, PCR was always prepared in four
reactions giving a sufficient amount of DNA for further cloning. Reactions
having correct fragment size on the gel electrophoresis were pooled and
purified via gel extraction, M = marker, R = Reaction.

The cloning of each HR was verified by a restriction digest and by sequencing as
displayed in the Figure 5.4. For 5�HR, all picked clones exhibited a fragment of the
expected size on the control digest and therefore, one clone was sent for sequencing.
5�HR of sequence successfully aligned to the template. For 3�HR, three out of four
clones showed the expected fragment size on the restriction digest. Again, one clone
was sent for sequencing, which confirmed the presence of 3�HR after aligning to
template. The construct was inserted in the internal lab database and was entitled as
construct #116.
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Figure 5.4.: Cloning of the targeting construct, Each cloning step was verified by
control restriction digest, for which four clones were picked. For 5�HR,
all clones showed band of the expected size and therefore, one clone was
sequenced and aligned to the template. For 3�HR, three out of four clones
exhibited the correct restriction digest, while sequencing of one of the clones
showed an alignment to the template, M = marker, C = Clone.

5.1.2. Cloning of the sgRNAs for knock-out of exon 2

The sgRNA for ARKO was designed with the help of the online platform Benchling,
available at www.benchling.com. Two suitable sgRNA sequences were chosen on the
5’and on the 3’ side of exon 2, as shown in the Figure 5.5.

Figure 5.5.: Location of sgRNAs for ARKO, Two sgRNA were designed with the help
of the online platform Benchling (www.benchling.com). sgRNAs were
located on the 5’or 3’site of exon two.

Benchling was also able to analyze predicted efficiencies of the designed sgRNAs based
on an on – and off – target score with maximum at 100. Predicted efficiencies are
displayed in the table 5.14. sgRNA1423 shower an on – target score at 56 and sgRNA at
65. Off – target was for sgRNA1423 at 42 and for sgRNA1429 at 32.
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sgRNA On-target score Off-target score
sgRNA1423 56 42
sgRNA1429 65 32

Table 5.1.: Predicted efficiencies of sgRNAs: Efficiencies of the sgRNA were based
on on- and off- target score analyzed at the online platform Benchling
(www.benchling.com).

Oligonucleotides for sgRNA were annealed and cloned into the empty backbone of
the vector px330 (#34). After that, two clones per each sgRNA construct were picked
and verified by restriction digest. As Figure 5.6 displays, only undigested plasmid
was observed on the gel indicating a successful cloning procedure. One clone per
each sgRNA construct was sequenced, which confirms the correct sgRNA sequence by
annealing to the template. Constructs were inserted in the internal lab database and
entitled as construct #125 for gRNA1929 and #114 for sgRNA1423.

Figure 5.6.: Restriction digest and sequencing of the sgRNA1423 and 1429,sgRNAs
were cloned into the backbone of the vector px330 (#34). Two picked cloned
per each sgRNA showed only one band on the restriction digest indication
successful cloning. One clone of each sgRNA was sequencing to verify the
sgRNA sequence. Both sequencing results revealed the expected sequence
after alignment to the template, C = clone, M = marker.

5.1.3. Establishment of androgen receptor knock-out in DT40 and PGCs

In our experiments, gene editing was based on a combination of homologous directed
repair and CRISPR/Cas9 system. After the transfection with px330, a double-strand
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break has occurred depending on the localization of sgRNA. The ARKO repair construct
served as a template for homologous recombination. Due to presence of homologous
arms, a selectable marker cassette was inserted instead of the exon 2, i.e., in between
intron one and two. Therefore, the sequence of the exon 2 was completely knocked-out,
as shown in the Figure 5.7. Both sgRNAs were tested separately together with the
ARKO repair construct, and their functionality was determined.

Figure 5.7.: Homologous recombination and CRISPR/Cas9 system, CRISPR/Cas9 sys-
tem caused a double-strand break according to the specific localization of
sgRNA in the exon 2 on its 3’or 5’ end. Either sgRNA1423 or sgRNA1429
were used in combination with the ARKO repair construct. The ARKO
repair construct containing homologous arms served as a template for
repairing the double-strand break via homologous directed repair. This
way, exon 2 was utterly knocked-out and replaced by a selectable marker
cassette.

For the functionality determination, DT40 cells were chosen as a model cell line. DT40
were cultured under the standard conditions and subsequently electroporated with the
sgRNA constructs and the ARKO repair construct. In total, three electroporations were
performed - one reaction with 10 µg ARKO repair construct alone, and two other ones
always in combination with 10 µg px-330-sgRNA1423 or 10 µg px-330-sgRNA1429 as
shown in table 5.2 was observed. Electroporated cells were plated on 96-well plates,
and 24 hours after transfection selected with puromycin for seven days. DT40s were
frequently checked with a fluorescent microscope for eGFP to detect positive clones.
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ARKO repair construct px330-sgRNA1423 px330-sgRNA1423
10 µg - -
10 µg 10 µg -
10 µg - 10 µg

Table 5.2.: Electroporation reaction mix: In total, three types of transfections were
performed in DT40. First, the ARKO repair construct alone was used. Second,
ARKO repair construct and px330-sgRNA1423 was transfected. Third, the
ARKO repair construct and px330-sgRNA1429 were transfected.

Positive clones were further expanded, and afterwards, gDNA was isolated and tested
via PCR for the right integration of the selectable marker cassette. Only three eGFP
positive clones were detected by electroporation with the ARKO repair construct alone
but eight in combination with px330-sgRNA1423 and nine with px330-sgRNA1429 (ta-
ble 5.3) was observed. Overall, all three types of electroporation showed positive clones
(representative illustration is shown in Figure 5.8). Nevertheless, using CRISPR/Cas9
increased the editing efficiency about three times.

ARKO repair con-
struct alone

ARKO repair con-
struct + px330-
sgRNA1423

ARKO repair con-
struct + px330-
sgRNA1429

3 8 9
Table 5.3.: Number of positive clones detected in DT40 cells: Only three clones were

observed after transfection with the ARKO repair construct. Eight clones
were detected after transfection with the ARKO repair construct + px-330-
gRNA1423 and nine clones after transfection with the ARKO repair construct
+ px-330-sgRNA1429.
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Figure 5.8.: PCR for right integration on the 3’ site, Editing was successful in all three
reactions, but in combination with CRISPR/Cas9, much higher efficiency
was observed, N = negative control, M = marker.

Electroporation results in DT40 showed that both sgRNAs displayed similar editing
efficiency. However, sgRNA1429 was located closer to the homologous arm, which is
generally considered to be more efficient [128]. px330-sgRNA1429 was further used to
generate ARKO PGCs.

5.1.3.1. Knock-out of androgen receptor in PGC LSL line 2-6

Gene editing in male PGC LSL 2-6 was performed to knock-out the AR exon 2 and
generate ARKO clonal cell lines.

Male PGSs LSL 2-6 were electroporated with 10 µg of the ARKO repair construct (#116)
and 10µg sgRNA1429 - px330 (#125). Five days post the electroporation, cells were
selected with puromycin and regularly screened for clones expressing eGFP. In total,
nine eGFP clones were detected and further expanded. From all clones gDNA was
isolated and tested via PCR for the correct targeting. All clones were positive on 5’
integration PCR. On 3’integration PCR, the clones C1-C4 and C6-C8 were positive.
Clones, positive at both integration sites (in total seven) were further expanded, and
2-3 aliquots of 1x106 cells were frozen down. C5 and C8 were negative on 3’integration
PCR, and therefore, they were excluded from the following experiments.

ARKO repair construct px330-sgRNA1429 Number of positive clones
10 µg 10 µg 7

Table 5.4.: Transfection summary on PGC LSL 2-6 cell: After transfection of line PGCs
2-6 was transfected with 10 µg of the ARKO repair construct and px330-
sgRNA1429, seven clones with correct targeting was detected.
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Figure 5.9.: PCR for right integration on 3’and 5’site, All tested clones were positive
on 5’site, but only seven clones on 3’site. Clones C5 and C8 appeared
negative on 3’site, and therefore, they were further excluded, M = marker,
N = negative control, C = clone.

5.1.4. Generation of androgen receptor knock-out germline chimeras

On the day of injection, cells were spun and diluted in the concentration 3000 cell/µl.
Always 1 µl, containing 3000 cells, was injected per embryo.

Injected cell lines Injected eggs Hatched chicks Male chimeras
PGC LSL 2-6 ARKO Clone 2 56 30 12
PGC LSL 2-6 ARKO Clone 4 57 21 8

Table 5.5.: Injection summary: For clone 2, 56 eggs were injected providing 12 males
chimeras. In case of clone 4, 57 eggs in total were in injected giving 8 male
chimeras.

As shown in Table 5.5, 51 chickens hatched and 20 males from them were obtained.
Female chicks were euthanized, and their gonads were dissected and examined for
PGC colonization based on eGFP fluorescence. The colonization is displayed in the
Figure 5.10.
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Figure 5.10.: Colonisation of the gonad, Female chicks were euthanized and their go-
nads were dissected. eGFP fluorescence confirms successful colonization.

5.1.5. Testing of germline chimeras with androgen receptor knock-out

Evaluation of the germline chimeras consisted of two main steps. Firstly, semen of the
germline chimeras was collected and tested via PCR for the presence of the eGFP on
a genomic level. Secondly, germline transmission was tested by breeding of the most
promising chimeras based on the PCR results.

5.1.5.1. Semen analysis of germline chimeras with androgen receptor knock-out

Male chimeras were raised to sexual maturity, but earlier, starting from the 16th week
of age, their semen was examined for the presence of the androgen receptor knock-
out. Semen was collected two to three times a week, as described in chapter 4.4.
From each sample, gDNA was isolated and tested via eGFP-PCR. Figure 5.11 shows a
representative illustration of the PCR result. Positive eGFP bands can be observed by
rooster nr. 42519, 42520, and 42677.

Figure 5.11.: eGFP-PCR on semen samples from germline chimeras, gDNA isolated
from semen samples was tested for the presence of eGFP. Rooster number
42519, 42520 and 42677 showed a signal for eGFP, P = positive control, N
=negative control.

From each chimera, four to five semen samples , in total, were collected. The rooster,
having at least three times a positive band on eGFP-PCR, was considered a promising
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candidate for further breeding. As shown in table 5.6, rooster 42677 was four times
positive, and rooster 42526 was three times positive. Therefore, they were considered
as good candidates and bred to the WT hens.

Rooster Collection 1 Collection 2 Collection 3 Collection 4 Positive
42503 X - X - 2
42511 - - - - 0
42515 - - - - 0
42516 X - X - 2
42519 - X - - 1
42520 - X - X 2
42523 - - X X 2
42525 - - - - 0
42526 X - X X 3
42529 - - - - 0
43284 - - - - 0
43287 X - - X 2
43288 X - - - 1
43293 - - - - 0
43296 - - - - 0
42677 X X X X 4
43288 - - - X 1

Table 5.6.: Summary of the eGFP-PCR:Collected sperm of germline chimeras was
analyzed via PCR. The rooster with positive eGFP band on PCR is marked
as X.

5.1.5.2. Testing of germline transmission of androgen receptor knock-out

The promising roosters number 42677 and 42526 were bred to WT hens, and eggs were
incubated for seven days before checking for germline transmission. At ED7 embryos
were examined for eGFP fluorescence. Once a positive embryo was found, eggs from
the breeding were further incubated until hatching to obtain ARKO heterozygous
offspring (ARKO +/�). The results are summarized in table 5.7. From the breeding
with rooster 42526, unfortunately, no positive embryo out of 181 cracked eggs was
observed. In contrast to the breeding with rooster 42677, the first cracked egg was
found eGFP positive (Figure 5.12).
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PGC LSL 2-6 ARKO Chimera Screened embryos Positive embryos
Clone 4 42677 1 1
Clone 4 42526 181 0

Table 5.7.: Number of examined embryos: Two chimeras were set in the breeding with
WT hens. The first cracked embryo was found positive in breeding 42677.
Unfortunately, no embryo out of 181 cracked eggs was found in breeding
42526.

Genomic DNA of the eGFP positive embryo was analyzed by PCR in comparison to
gDNA from WT embryos. PCR was specifically designed to revealed, whether the
selectable marker cassette was correctly inserted and exon 2 of AR was knocked-out.
As seen in the Figure 5.12, the eGFP embryo was positive for targeting on 5‘, as well as
3‘ integration PCR. Surprisingly, no band was observed with positive control and, as
expected, WT control was found negative.

Figure 5.12.: PCR for right integration of selectable marker cassette on eGFP positive
and WT embryo, two probes of eGFP positive and two probes of WT
embryo were dissected at ED7. The eGFP positive embryo had correct
integration of the selectable marker cassette on 5’and on the 3’site. And
therefore, the correct targeting was confirmed. WT control was negative.
P = Positive control, N = Negative control.

5.1.6. Hatching of the ARKO heterozygous and homozygous progeny

Since a positive embryo was found by the breeding of the rooster 42677 and WT hens,
eggs of this breeding were further collected and incubated until hatch.

In total, eleven ARKO+/� chicken were obtained out of several hatches. At first,
hatchlings were screened for eGFP expression, and from eGFP positive chickens blood
was taken and tested via PCR for targeting of the androgen receptor. Figure 5.13
shows a representative illustration of PCR for right integration. Both hatched animals,
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PGC LSL 2-6 ARKO Chimera Progeny ARKO +/� progeny Male Female
Clone 4 42677 431 11 3 8

Table 5.8.: Number of hatched progeny: In total, 11 heterozygous ARKO progeny
(three males and eight females) were hatched out of 431 chicks.

44576 and 44577, were positive for 5’, as well as 3’site integration, and WT control was
negative.

Figure 5.13.: PCR for right integration of selectable marker cassette integration on
first ARKO, Chicks were sorted out according for eGFP after hatch. gDNA
from eGFP positive chicks was isolated and tested via PCR for the right
integration. 44576 and 44577 were positive for 5’and 3’integration, M =
marker, N =negative control..

By breeding of the ARKO heterozygous male and female chickens, the ARKO ho-
mozygous offspring was obtained. At first, genotyping was established to distinguish
between ARKO homozygous, heterozygous or wild type (WT). PCR was designed with
specific primers. Upper band at 400 bp represents ARKO allele, while lower band at
300 bp represents WT allele. The primers were combined in one reaction. ARKO �/�

displayed band only at 400 bp ARKO band, while ARKO+/� exhibited both of them.
The representative illustration of the genotyping is displayed in Figure 5.14.

Figure 5.14.: Genotyping of ARKO chickens, To distinguish homozygous and het-
erozygous ARKO, genotyping PCR was established. Upper band (400bp)
is specific for ARKO, lower band (300 bp) for wild type. ARKO�/� dis-
played only 400 bp ARKO band, while ARKO+/� exhibited both of them,
WT = wild type, N = negative.
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5.1.7. The phenotype of male and female ARKO chickens

During development and sexual maturation the phenotype of the ARKO animals was
observed. ARKO heterozygous males and females did not exhibit any differences as
compared to WT chickens. Normal fertility was observed in heterozygous males and
females and therefore, breeding for ARKO homozygous was possible. During and
after reaching sexual maturity, the impact of ARKO became evident in ARKO�/�. In
ARKO�/� males, sex-specific secondary sex characteristics such as comb, wattles and
spurs were completely missing and they look liked juvenile chicks, except for the tail
feathers that developed the normal male typical (sexually dimorphic) appearance (Fig.
5.15). Crowing and other sexual behaviors such as attempts to mount the females
or any type of aggressive behavior was not observed in male ARKO�/�, neither did
they produce sperms. Only the tail feathers were longer than in females ARKO�/�

which gave a possibility to distinguish between the sexes. Females also looked sexually
indifferent and were similar to juvenile chicken; neither the female typical small
comb nor the female-typical wattles were present in comparison to the WT females or
ARKO+/�. It is also worth mentioning that ARKO�/� females did not lay any eggs.
The phenotype of the ARKO homozygous is displayed in the Figure 5.15.

Figure 5.15.: ARKO homozygous and heterozygous chicken, Lack of functional andro-
gen/AR signaling strongly affected the phenotype of ARKO�/� chickens.
ARKO�/� appeared to be sexually indifferent and both males and females
looked like juveniles. Typical characteristics as wattles or spur were not
present. These images were taken by Dr. Albertine Leitão at Max Planck
Institute for Ornithology, Seewiesen.
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5.1.8. Testosterone induced involution of bursa of Fabricius of the ARKO

In this experiment, the proof of the successful ARKO knock-out was performed. The
bursa of Fabricius is known to degenerate if exposed to high levels of androgens during
development [89, 90, 91]. Eggs from ARKO+/� breeding were dipped into testosterone
solution and their bursae were dissected and analyzed by weight reduction and by
histological staining.

5.1.8.1. Bursa to body weight ration analysis significantly decreased in WT
embryos

In the WT group treated with testosterone, the embryo body weight was found in
a range of 15.6-25.8 g and bursa weight 11.8-24.3 mg with a mean of the bursa to
body weight ratio of 0.8609554 mg/g. The WT untreated group bursa weight was
between19.9 and 25.4 g with bursa weights from 23.1 to 46.8 mg. The mean of the bursa
to bodyweight ratio was 1.62686 mg/g.

In the homozygous ARKO group, which was treated with testosterone, the range of
15.4-23.4 g with bursa weight from 15.3 to 30.8 was measured, and the mean bursa to
body weight ratio of 1.086054 mg/g was determined. The untreated embryos weighed
between 18.7 and 26 g and their bursae between 12.1 and 43.9 mg. The mean of the
bursa to bodyweight ratio was 1.43019 mg/g.

In the heterozygous ARKO group, treated with testosterone, embryo weights in 14.5-
29.8 g were measured. The bursae’s weight was between 15.3 and 28.1 mg, and the mean
of the bursa to body weight ratio was 0.9451646 mg/g. In the untreated heterozygous
group, the embryos’ weight was from 13.5 to 25.4 g, and bursa weights 15.8-53.2 mg.
The mean of the bursa to body weight ratio was 1.551571 mg/g. In the treated group
significant difference was found between WT and homozygous ARKO group with a
p-value of 0.01887. In the treated group, no significant difference occurred nor between
WT and ARKO heterozygous (p=0.06295) neither between the ARKO heterozygous and
the ARKO homozygous group (p=0.1128).

In the untreated group, no significant difference was found between WT and ho-
mozygous group (p=0.2503) and neither WT nor the heterozygous (p=0.5953). The
homozygous and heterozygous untreated group also did not show any significant
difference(p=0.2886). Bursae were further histologically analyzed, which is described
in the following chapter 5.1.8.2.

In the WT group treated with testosterone, the embryo body weight was found in
a range of 15.6-25.8 g and bursa weight 11.8-24.3 mg with a mean of the bursa to
bodyweight ratio of 0.8609554 mg/g. The WT untreated group bursa weight was
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between19.9 and 25.4 g with bursa weights from 23.1 to 46.8 mg. The mean of the bursa
to bodyweight ratio was 1.62686 mg/g.

In the homozygous ARKO group, which was treated with testosterone, the range of
15.4-23.4 g with bursa weight from 15.3 to 30.8 was measured, and the mean bursa to
body weight ratio of 1.086054 mg/g was determined. The untreated embryos weighed
between 18.7 and 26 g and their bursae between 12.1 and 43.9 mg. The mean of the
bursa to bodyweight ratio was 1.43019 mg/g.

In the heterozygous ARKO group, treated with testosterone, embryo weights in 14.5-
29.8 g were measured. The bursae’s weight was between 15.3 and 28.1 mg, and the mean
of the bursa to body weight ratio was 0.9451646 mg/g. In the untreated heterozygous
group, the embryos’ weight was from 13.5 to 25.4 g, and bursa weights 15.8-53.2 mg.
The mean of the bursa to body weight ratio was 1.551571 mg/g. In the treated group
significant difference was found between WT and homozygous ARKO group with a
p-value of 0.01887. In the treated group, no significant difference occurred nor between
WT and ARKO heterozygous (p=0.06295) neither between ARKO heterozygous and
ARKO homozygous group (p=0.1128).

Figure 5.16.: Bursa to body weight ratio of 18-day old embryos treated or not treated
with testosterone, At ED18, embryos were euthanized, and the bursa of
Fabricius was dissected. The weight of the whole embryo and the weight of
the bursa were tracked, and the bursa to bodyweight ratio was determined.
WT, homozygous and heterozygous were analyzed via a non-parametric
t-test with a significance level of 0.05. A significant difference was found
only between WT and homozygous (p-value=0.01887) in the treated group.
All other analyzed groups were not significant.
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5.1.8.2. ARKO prevent from involution of bursa of Fabricius

Bursae were stained with Bu-1 for visualization of B-cells. Figure 5.17 shows the results
of the staining. The untreated group displayed usual Bursa morphology with typical
folds, in which B-cells were organized in follicles for WT and ARKO heterozygous and
homozygous groups. In contrast, it is evident that for WT, the testosterone treatment
had a powerful effect. B-cells were barely present in the bursa, and they were randomly
distributed and did not form any follicles. The stroma of the bursa was not developed,
resulting in the open centre of the organ. In the homozygous bursa, follicles were
nicely formed and expressed structure and morphology similar to WT untreated bursae.
Heterozygous bursae were partially affected by the treatment. B-cells were visible, and
some of them were even organized in follicles. Nevertheless, the amount of the follicles
seemed to be smaller compared to homozygous treated bursae.

Figure 5.17.: Histological analysis of the ARKO bursae treated and untreated with
testosterone, Bursae were dissected at ED18 and stained with Bu-1 for
visualization of B-cells. The untreated group expressed the usual struc-
ture of bursa of Fabricius for WT, ARKO homozygous and heterozygous
groups. In the bursa treated with testosterone, B-cells were barely present,
and the morphology was strongly affected. The staining of the ARKO
heterozygous bursa treated with testosterone showed the presence of the
B-cells, and some of them were organized in follicles as well. Neverthe-
less, the amount of the follicles was reduced. The ARKO homozygous
bursa seems to be not affected by the treatment at all and displays similar
morphology as WT untreated bursa. One representative staining is shown
(n>3/group).
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5.1.9. Female ARKO chickens shows significant decrease in lymphocyte
population after FACS analysis

At the age of 3, 6, and 12 weeks blood was taken and PMBCs (Peripheral blood
mononuclear cells) the composition was analyzed by FACS. Figure 5.18 shows a
representative illustration of the FACS staining. The cells were stained with viability
dye (Alexa Flour 780) and then gated in FSC-H/FSC-A plot for determining single
living cells. As an illustration, was shown staining of B-cells. For further quantification,
the absolute number of immune cells (cell/µl) was normalized to 1000 living PBMCs
according to the equation in Figure 5.18.
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Figure 5.18.: Representative illustration of the staining, PBMCs were stained with
viability dye to distinguish living cells and afterward gates with FSC-H
and FSC-A for determining single cells. Finally, for each cell type, was
determined a nr. of living single cells in 1000 cells according to the shown
equation.
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The lymphocyte analysis results are shown in the Figure 5.19 for males and females
(Figure 5.20). The number of lymphocytes, namely B-cells, monocytes, ↵� and �� T-cells
for homozygous and WT group, were analyzed at 3, 6, and 12 weeks of age. In males,
while the number of monocytes was constant in WT, in homozygous ARKO chickens
it was gradually decreasing. Although the slight difference between WT and the
homozygous group was observed, it should be stressed out that it was not statistically
significant. Statistical analysis was performed in R-studio via a non-parametric t-test
with a level of significance of 0.05.

Figure 5.19.: Lymphocytes analysis of the in male WT and ARKO chickens, The lym-
phocyte population was measured at the age of 3, 6, and 12 weeks. B-cells,
↵�and ��T-cells were steadily rising over time for WT and for the homozy-
gous group. While the population of monocytes displayed high values by
the homozygous group for week 3 and week 6 and dropped at week 12,
at the WT group, the values kept constant. No statistical significance was
found after analysis with non-parametric t-test with a level of significance
of 0.05, n�3.

.

In females, the cell populations were steadily rising over the weeks in WT and
ARKO�/� group. Only monocyte exhibited high value for week 3 and dropped at week
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6 and 12. The statistics showed a significant difference between WT and ARKO�/� at
several populations. Significant difference was found at B-cells population (p=0.03396,
week 12). Monocytes exhibited significant difference for week 6 (p = 0.02456). ↵�T-cells
of ARKO�/� were significantly decreased at week 12 (p = 0.04953) and ��T-cells were
significantly decreased for week 6 (p = 0.02201) and 12 (p = 0.005123).

Figure 5.20.: Lymphocyte analysis of female WT and ARKO�/� chickens, The lym-
phocyte population was measured at the age of 3, 6, and 12 weeks. B-cells,
↵�and ��T-cells were steadily rising over time for WT and for the homozy-
gous group. While the population of monocytes displayed high values
by the homozygous group for week 3 and dropped at week 6 and 12, at
WT group, the values kept constant. Significant difference was found at
B-cells, monocytes,↵�and ��T-cells. Statistical analysis was performed in
R-studio via a non-parametric t-test with a level of significance of 0.05,
n�3.

.

5.2. Generation of ARKO Loop out chickens

In our ARKO homozygous chickens, generated in previous chapter 5.1, negative side
effects such as body groWTh were observed. Therefore, ARKO PGCs were derived and
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treated with the Cre recombinase in order to remove the selectable marker cassette and
eliminate the side effect. ARKO loop out (LO) primordial germ cells were re-injected
into chicken embryos to generate ARKO LO chickens. The scheme of the ARKO LO is
shown in the Figure 5.21

Figure 5.21.: Scheme of the ARKO locus after transfection with Cre recombinase
expression plasmid, After the Cre construct transfection, the selectable
marker cassette was excised. The remaining ARKO Loop out locus con-
tains only one loxP site and neomycin in the reverse direction without
promoter.

5.2.1. Derivation of ARKO PGCs from chicken embryos for ARKO loop out

Eggs from a breeding of the ARKO+/� animals were incubated for 65 hours. PGCs
from these embryos were derived, and the rest of the embryo was kept for gDNA
isolation for genotyping and sexing. Female lines were immediately sorted out, and
male heterozygous and homozygous ARKO lines were further expanded.
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Line Genotype Sex
1 Heterozygous Male
2 Heterozygous Female
4 Heterozygous Female
5 Homozygous Male
6 Homozygous Female
8 Heterozygous Female
9 Homozygous Male
10 Homozygous Male
11 WT Male
12 Heterozygous Male
13 Homozygous Female
14 Homozygous Male
15 Heterozygous Male
16 Heterozygous Male
17 Homozygous Male
18 Heterozygous Male
19 Homozygous Male
20 Heterozygous Female
21 Heterozygous Female

Table 5.9.: Genotype and sex of the ARKO PGCs PGCs derived from ARKO breeding
were genotyped and sex via PCR in order to distinguish ARKO and ARKO.
Female ARKO were immediately sorted out and only male were kept.

Lines 1, 10, 12, 14, and 15 proliferated the most, and 5-6 aliquots of each line were
frozen down. Lines 10 and 12 were chosen for further experiments.

5.2.2. Loop out of selectable marker cassette in ARKO PGCs

ARKO Line 10 (homozygous) and 12 (heterozygous) were expanded to reach five
million cells, which was sufficient for one transfection. Each line was transfected
with #105 Cre construct and kept under standard cultivation conditions, the eGFP
fluorescence was decreasing. After seven days, PGCs were sorted by FACS and highly
eGFP negative cells were sorted (FACS sorting was performed at the Department of
Animal Sciences, LMU Munich, Prof. Dr. Bernd Kaspers). The gating is showed in the
Figure Figure 5.22. In total, from five million cells of ARKO Line 12, 1.3 million eGFP
negative cells and from seven million of ARKO Line 10 1.5 million eGFP negative cells
were sorted.
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Figure 5.22.: FACS Sorting of highly eGFP negative cells, , Two ARKO Lines 10 and
12 were transfected with #105 Cre construct to loop out the selectable
marker cassette with eGFP. PGCs were gated with FSC-A and FITC-A for
sorting out these which were eGFP negative.

After the FACS sort, the ARKO LO primordial germ cells were analyzed via PCR.
At first, a loop out PCR was performed and showed a band of the expected size at
1.4 kb (Figure 5.23) indicating a successful loop out of the selectable marker cassette.
Secondly, Cre PCR was performed to examine the presence of the Cre gene in ARKO
LO primordial germ cells. Genomic DNA was isolated 21 days post transfection with
the #105 Cre construct. As Figure 5.23 indicates Cre was not detected.

Figure 5.23.: PCR analysis of the ARKO PGC after the FACS sort, The loop out of the
selectable marker cassette was proven via PCR for both transfected lines.
21 days after transfection with #105 Cre construct, PGCs were already
negative for Cre
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5.2.3. Generation of ARKO loop out germline chimeras

The ARKO LO line 10 and 12 were injected into LSL eggs in order to generate germline
chimeras. PGCs were diluted concentration 3000 cells/µl and 1µl was applied on each
embryo.

Injected cell lines Injected eggs Hatched chicks Male chimeras
PGC ARKO LO Line 10 40 15 9
PGC ARKO LO Line 12 40 24 17

Table 5.10.: Injection summary: From each ARKO LO line, 40 eggs were injected. In
case of ARKO LO Line 10, nine males chicks hatched. In case of ARKO LO
Line 12, 17 male chicks hatched.

As shown in the table 5.10, 40 embryos of each line were injected and in total, nine
males of ARKO LO Line 10 and 17 of Line 12 hatched.

5.2.4. Testing of the germline chimeras with ARKO loop

As described in chapter 5.1.5, the evaluation of the germline chimera consisted of two
parts. Firstly, specific LO PCR on collected semen of germline chimeras and, secondly,
testing of germline transmission.

5.2.4.1. Semen analysis of germline chimeras with ARKO loop out

The chimeras were raised to sexual maturity, and from the 16th of age, the semen was
collected two to three times a week. The genomic DNA from semen was isolated, and
the PCR specific for the LO locus was performed. Figure 5.24 shows a representative
illustration of the PCR.

Figure 5.24.: LO PCR on semen of the germline chimeras, gDNA was isolated from
the semen of the germline chimeras to examine the ARKO LO. The specific
PCR was designed for this purpose. This gel figure showed that roosters
47818, 47819, 47830, 47838, and 47839 are positive, P = positive control, N
= negative control.
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In total, the semen samples were collected four times. In table 5.11 results of the LO
PCR are shown. Chimera 47819 and 47830 were positive three times, chimera 47818
and 47839 twice. Chimera 47819 was selected for breeding to WT hens

Rooster Collection 1 Collection 2 Collection 3 Collection 4 Positive
47814 - - - - 0
47816 - - - - 0
47817 - - - - 0
47818 - - X X 2
47819 X X X - 3
48722 - - - - 0
47825 - - - - 0
47826 - - - - 0
47829 - - - - 0
47830 - X X X 3
47832 - - - - 0
47833 - - - - 0
47838 - - X - 1
47839 - X X - 2
47841 - - - - 0
47842 - - - - 0
47839 - - - - 0

Table 5.11.: Summary of the LO PCR: Collected sperm of germline chimeras was
analyzed via PCR. Rooster with positive LO band on PCR is marker as X.

5.2.4.2. Testing of germline transmission of ARKO loop out

The eggs from the breeding with 47819 were collected and incubated for seven days.
At ED7, eggs were opened, and a piece of the tissue from each embryo was analyzed
by PCR for germline transmission (Figure 5.25).

Figure 5.25.: ARKO LO PCR on embryos, 26 eggs were cracked at ED7, and from each
embryo, a small piece of the tissue was taken. gDNA was isolated from
each sample and specific LO PCR was performed to detect the ARKO LO.
One out of 26 embryos was found positive, but only 12 probes are shown
in the figure.
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One positive embryo out of 26 was found (Table 5.15), and therefore all further eggs
were kept until hatch to obtain ARKO+/� LO. Since the positive result was obtained
already at chimera 47819, further breeding was not set up.

PGC ARKO LO Chimera Screened embryos Positive embryos
Line 10 47819 26 1

Table 5.12.: Number of examined embryos: One chimera 47819 was set in the breeding
with WT hens. One out of 26 embryos was found positive.

5.2.5. Hatching of the ARKO LO heterozygous progeny

The eggs from the 47819 breeding were further collected and incubated to obtain
ARKO+/� LO. In two batches, five ARKO LO chickens out of 54 were hatched. The
summary is displayed in the table 5.13.

PGC ARKO
LO

Chimera Progeny
ARKO +/� LO
progeny

Male Female

Line 10 47819 54 5 4 1
Table 5.13.: Number of hatched progeny: In total, 5 heterozygous ARKO LO progeny

(four males and one female) were hatched out of 54 chicks.

Blood from the hatchlings was collected, and gDNA isolated from the blood was
analyzed via LO PCR. Figure 5.26 shows a representative illustration of the PCR result,
which displays that chicken 48567 was positive.

Figure 5.26.: LO PCR on hatched offspring, The blood from the hatchlings was col-
lected, and gDNA was isolated. After LO PCR was performed, positive
chicken 48657 was found.

The ARKO LO+/� chickens were bred to homozygosity and their phenotype was
confirmed to be identical to ARKO�/� except the reduced weight gain and the enlarged
crop.
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5.3. Investigation of strategies for generation of reporter
chicken line

This chapter describes different approaches of androgen receptor fusion to a tag in
order to generate AR reporter chicken. AR fusion would allow to visualize AR without
need on using any antibodies. Potential strategies for AR fusion are shown in the
Figure 5.27.

Figure 5.27.: Strategies for androgen receptor knock-in, To generated AR-fusion pro-
tein, two different strategies could be applied. Primarily, the homologous
directed repair with a CRISPR/Cas9 system was tested. Secondly, PGCs
were transfected with single-stranded oligonucleotide or single-stranded
DNA and CRISPR/Cas9 system to generate AR fusion protein either with
mCherry or with flag tag, HDR = Homologous directed repair, ssODN =
single stranded oligonucleotide, ssDNA = single stranded DNA. Please
note that displayed patters are only schematic and don’t reflect the real
sizes.

5.3.1. Cloning of the targeting vector for androgen receptor-mCherry fusion
protein

Essentially, in our experiment a homologous directed repair together with CRISPR/Cas9
system was applied for the androgen receptor reporter chicken line. Similarly, as
for ARKO, a targeting construct was generated. The targeting construct contained
two homologous arms which surrounded a selectable marker cassette containing the
mCherry and sequence for hygromycin resistance connected via self-cleaving protein
p2a. The scheme of the targeting vector is displayed in the Figure 5.28.
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Figure 5.28.: Targeting construct for AR fusion protein, targeting construct was cloned
with two homologous arm and selectable marker cassette congaing se-
quence for mCherry protein and gene for hygromycin resistance.

At first, a PCR for homologous arms and for selectable marker cassette was performed.
Each PCR was run in four reactions, which were pooled and purified via gel extraction
before Gibson Assembly. As Figure 5.29 displays PCR was successful and fragments of
the expected size were amplified.

Figure 5.29.: PCR for cloning of the targeting vector, 5‘HR, 3‘HR and mCherry-p2a-
hygro fragment were amplified via PCR. Each sample was run in four
reactions, which were concentrated via gel purification of Gibson Assem-
bly, M = marker, R = reaction, N = negative control.

At each cloning step, always four clones were picked and verified by restriction digest.
At 5‘HR and mCherry-p2a-hygro control digest all clones were correctly digested as
displayed in the Figure 5.30. One clone was then sent for sequencing and aligned to
the template. Figure 5.30 shows that all sequenced fragment were correct and aligned
to the template sequence.
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Figure 5.30.: Restriction digest and sequencing of the targeting construct,5�HR and
mCherry-p2a-hygro fragments showed band of the expected size after
restriction digest. Sequencing of all fragments successfully aligned to the
template, M = marker, C = clone.

Targeting construct was entitled ARKI-mCherry-p2a-hygro and was entered into the
database as #188.

5.3.2. Cloning of the sgRNAs for androgen receptor fusion protein

sgRNA for generation of androgen receptor fusion protein was designed with the help
of the online platform Benchling, available at www.benchling.com. Two suitable sgRNA
sequences were chosen, both close to the stop codon of the AR.

sgRNA On-target score Off-target score
sgRNA1432 65 46
sgRNA1433 63 46

Table 5.14.: Predicted efficiencies of sgRNAs: Efficiecies of the sgRNA were based
on on- and off- target score analyzed at online platform Benchling
(www.benchling.com).

Benchling was also able to analyse the predicted efficiencies of the designed sgRNAs
based on an on – and off – target score with maximum at 100. Predicted efficiencies
are displayed in the table 5.14. sgRNA1432 showed an on – target score at 65 and
sgRNA1433 at 63. Off – target was for sgRNA1432 at 46 and for sgRNA1433 at 46.

Oligonucleotides for sgRNA were annealed and cloned into the empty backbone.
sgRNA1433 was cloned into the backbone of px330, sgRNA into px330, px458 and
px459. After that, two clones per each sgRNA construct were picked and verified
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by restriction digest. For both clones and sgRNA only one band on the gel, was
observed, which was a sign of successful cloning. One clone per each sgRNA construct
was sequenced to confirm the correct sgRNA sequence. The result of the successful
cloning and sequencing is displayed in the Figure Figure 5.31. Constructs were inserted
in the internal lab database and entitled as construct #150 (px330-sgRN1432), #151
(px330-sgRN1433) and then #205 (px458-gRNA1432) and #206 (px4598-gRNA1432).

Figure 5.31.: Cloning and sequencing of sgRNA1432 and 1433,Oligonucleotides for
gRNA were cloned into CRISPR/Cas9 vectors. On the gel successful
cloning result is displays and sequencing was correctly aligned to the
template, M = marker, C = clone.

5.3.3. Testing the sgRNA efficiencies with TIDE tool

After cloning of the sgRNA 1432 and 1433 their efficiencies were separately analyzed.
Both sgRNAs were transfected into DT40 cells, which were kept in the culture for 48
hours. After that, the gDNA was isolated and the DNA fragment, where the expected
double strand break should occurred, was amplified. The DNA fragment (Figure 5.32)
was sequenced and analyzed via the TIDE tool (www.shinyapps.datacurators.nl/tide/).

Figure 5.32.: PCR for fragment amplification after CRIPSR/Cas9 transfection, Frag-
ments were the expected double strand break occurred were amplified
and analyze via TIDE tool after sequencing

The TIDE tool compares the edited sequence to the WT sequence and provides the
estimated insertion or deletion frequencies. The result from the TIDE tool (table 5.14)
showed sgRNA1432 at 3.1 % and gRNA1433 at 2.1%. sgRNA1432 showed slightly
better efficiency and therefore was used in further experiment.
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gRNA Efficiency
gRNA1432 3.3%
gRNA1433 2.1%

Table 5.15.: sgRNA efficiencies estimated by TIDE tool: gRNA1432 showed efficiency
at 3.1 % and gRNA1433 at 2.1%. .

After the cloning, transfection in PGCs with targeting construct and px330-sgRNA1432
was performed several times. Unfortunately, this experiment was never successful and
correct targeting was never observed. Therefore, in following chapter other possible
approaches for AR fusion are described.

5.3.4. AR-flag tag fusion via ssODN transfection in PGCs

The PGCs were transfected with CRISPR/Cas9 construct px459-sg1432 and with ssODN
containing short homology arms containing flag tag in the pilot experiment. After
puromycin selection the genomic DNA was isolated and analyzed via amplicon sequenc-
ing. Although (Figure 5.33) the insertion of flag tag into the AR gene was successful,
the editing efficiency was very low at 0.6 % . This strategy showed that an approach
of ssODN is suitable for ARKI although with poor efficiency. To increase the editing
efficiency, the transfection with px458-1432 followed by FACS sort was suggested. In
this case, transfected cells express transiently GFP due to px458 and can then be easily
discriminated. Following single cell screening could lead to finding of desired AR
modification.

Figure 5.33.: Amplicon sequencing of PGCs transfected with Flag tag ssODN, PGCs
were transfected with px459-gRNA1432 and selected with puromycin.
The specific sequence was amplified via PCR and send for amplicon
sequencing. The targeting with ssODN was positive but unfortunately
with very low efficiency 0.6 %

5.3.5. Testing of AR signaling after tagging

To make sure that the tagging will not interfere with the AR signalling, AR reporter
assay was designed to test the functionality of the AR after fusion. Firstly, four different
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expression plasmids were created (Figure 5.34 A) by Gibson Assembly. Each plasmid
expressed chicken AR alone or with a fusion of flag tag or mCherry. The chicken
AR cDNA sequence was synthesized at IDT, Inc. and cloned in the expression vector
pcDNA3.1. Subsequently, reporter plasmid pGL4.36[luc2P/MMTV/Hygro](Figure 5.34
A) was purchased from Promega, GmBh (Figure 5.34 A). pGL4.36 contained a sequence
of Murine mammary tumor virus long terminal repeat (MMTV LTR) driving luciferase
(Firefly) expression after activation of several nuclear receptors including an androgen
receptor. Hek293T cells were transfected with the pGL4.36 alone or with an expression
plasmids and stimulated with testosterone. Hek293T cells were then harvested and the
cell lysate were analyzed in FLUOstar OMEGA Multidetection Reader.

Figure 5.34.: Experimental design of the AR reporter assay, (A) For the purpose of
the AR reporter assay, pGL 4.36 plasmid was purchased containing MMTV
LTR driving the luciferase (Firefly) expression, (B) Furthermore, plas-
mids expressing chicken AR with or without different modifications were
cloned, (C) The Hek293T cells transfected with pGL4.36 reporter and with
plasmids expressing AR alone or in fusion with flag tag or witchery. After
the stimulation with testosterone, the luciferase activity was measured
from a cell lysate, adapted from [129]

Figure 5.35 demonstrates the ability of AR to bind the androgen response element like
sequence (MMTV) by using different modifications of AR, namely AR-Flag tag and
AR-mCherry. The modification in both cases involves Gly-Ser (GS) linker, but it should
be noted that the flag tag fusion was also tested alone. Furthermore, three control
groups were set up - untranslated cells, pGL4.36 only and plain AR. The results of the
AR reporter assay showed a strong response after testosterone stimulation for flag tag
and mCherry fusion. A stronger response was observed with GS linker indicating that
it affects the AR signaling in a positive way.

Overall said, the tested modifications of the AR did not interfere with the AR signaling.
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Moreover, both, the AR-mCherry and AR-flag tag fusion expressed a solid signal after
testosterone stimulation and could be used for further experiments.

Figure 5.35.: AR reporter assay, Hek293T cells were transfected with reporter plasmid
pGL4.346 based on luciferase expression and expression plasmids contain-
ing different AR modifications. The strongest signal was detected after
stimulation with AR-GS-flag tag and AR-mCherry. These results indicate
that fusion of the AR with flag tag of with mCherry does not interfere
with the AR signaling.

5.3.6. Localization of AR-mCherry fusion protein via confocal microscopy

After the functional test of AR-mCherry fusion protein, it was necessary to analyze the
protein translocation to the nucleus. For this purpose, Hek293T cells were transfected
with pcDNA 3.1 AR-mCherry expression construct. Cells were stimulated with testos-
terone for 24 hours, fixed with 4 % PFA and stained with DAPI. The microscopy was
performed at Chair Plant System Biology of Prof. Claus Schwechheimer at TUM with
technical support from Dr. Philipp Denninger.

Figure 5.36 shows a representative illustration of the microscopic analysis. Several
observations showed that a AR-mChery complex under the unstimulated conditions
was localized mainly in the cytoplasm and the overlay with the nucleus was not
significant. However, it was clear that the AR-mCherry complex translocated to the
nucleus after stimulation with testosterone as shown in overlay images.
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Figure 5.36.: Localization of the AR-mCherry complex, Hek293T cells were transfected
with pcDNA3.1-AR-mCherry, stimulated with testosterone and counter-
stained with DAPI for nuclei visualization. For the unstimulated sample,
localization mainly in the cytoplasm was observed. Stimulation with testos-
terone caused a strong translocated of the AR-mCherry to the nucleus.
One representative sample of n>3 is shown.
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It was evident that the AR-mCherry complex can translocate to the nucleus. Further-
more, from the digitized images, fluorescent intensity was evaluated with Fiji (Image
J) and statistically analyzed in R-studio. As Figure 5.37A shows, at each image, the
fluorescent intensity was measured in cell nucleus and in the cytoplasm. The intensity
ratio (Figure 5.37C) was calculated and a non-parametric t-test with level of significance
p<0.05 was performed. A significant difference was found between the treated and
untreated group (Figure 5.37 B) with p-value 2.855x10�8.

Figure 5.37.: Fluorescent intensity ratio analysis, Microscopic images were analyzed
with Fiji (Image J) (A) and the intensity ratio was calculated with shown
equation (C), The intensity ratio of stimulated and unstimulated was
compared with non-parametric t-test with level of significance 0.05 (�10).
The intensity of the stimulated group was significantly increased with
p-value of 2.855x10�8.
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In mammals, sex hormones play a major role in sexual development and the de-
velopment of secondary sexual characteristics. The hormone regulation dominantly
determines the male or female phenotype depending on gonad sex determination [17,
18].

In contrast, in chickens, it was proposed that cells possess so-called cell autonomous
sex identity (CASI). In this concept, each cell obtains somatic identity to develop
independently from the hormonal environment . Therefore, sexual development might
be possible without effect of androgens or estrogens [5, 130].

Still the effect of androgens can’t be overlooked and it is well known that androgens
play an important role in avian physiology or behavior. It is evident that secondary
sexual characteristics in males such as the large comb, the wattles or spurs are clearly
androgen dependent [56]. Furthermore, similarly as in human or mice, testosterone
influence the fat metabolism. Caponization (castration) of male chickens increased the
fat accumulation in abdominal or subcutaneous areas [59]. Additionally, vocalizations
such as crowing behavior is dependent on testosterone levels and can be induced by
testosterone administration in female Japanese quails [62]. Moreover, the role of andro-
gens in brain development and song related behaviors in song birds is irreplaceable
[131, 80].

These studies are only a small part of the broad range of androgen sensitive effects
known for avian species. In my thesis, the ARKO chicken was generated to study
the effect of AR/androgen signaling for the chicken sexual development and for the
development of secondary sex characteristics including the immune system.

6.1. Generation of ARKO chicken

The gene of AR is located on the somatic chromosome 4 in chicken [132]. Eight
exons code for a protein consisting of three functional domains [30]. First, the ligand-
binding domain (LBD) is important for hormone binding, which leads to dissociation
from the heat shock proteins and conformational changes switching the receptor to
transcriptional factor [133]. Second, the N-terminal domain (NTD), responsible for

101



6. Discussion

transactivation, acts as a coactivator for binding testosterone or dihydrotestosterone
[30]. Third, the DNA-binding domain (DBD), an essential part of the protein, interacts
with the androgen response element (ARE) in DNA. DBD is encoded by both exon 2
and exon 3 [7]. This indicates that both exons became suitable for the knock-out since
the DBD is fundamental in the signaling process after testosterone stimulation [32, 33,
34].

This fact can be supported by the naturally occurring androgen insensitivity syndrome
(also called syndrome of testicular feminization - tfm) described in rats, which was first
analyzed in 1991 on a genetic level. He et al. revealed point mutation and frameshift
mutations causing a premature stop codon leading to missing DNA- and ligand-binding
domain. Phenotypes characterized by strong feminization, resistance to testosterone,
and infertility show the importance of both DNA- and ligand-binding domain [6].

It should be mentioned that the DNA-binding domain comprises two zinc fingers.
Interestingly, exon 2 codes the first zinc finger containing three amino acidic residues,
glycine, serin, and valine, that directly interact with the ARE. This suggests that it has
a significant impact on AR functionality [84]. Since the DBD is the most conserved
part of the AR among all species, we assumed that an androgen insensitivity syndrome
could also be induced in chicken [30].

In mice, three studies generated a knock-out of exon 2 of AR [9, 39, 41]. Yeh et al.
and De Gant et al. reported that knock-out of exon 2 of the AR resulted in male mice
with feminized external genitalia, reduced testes size, and poorly developed scrotum.
Testes were present in a low abdominal area similar to the phenotype of mice with a
syndrome of testicular feminization. Histological analysis of the testes showed less
cellular morphology with very thin seminiferous tubules compared to WT mice [9,
39]. Female ARKO mice did not show an external phenotype, but they suffer from
subfertility with lower oocyte production and decreased levels of progesterone [41].

Based on the knowledge from tfm, ARKO mice models, and AR receptor structure, we
proceeded with the knock-out of exon 2.

Prior to our experiment, one of the open questions was the ability of ARKO PGCs
to migrate into the gonad and differentiate in functional sperms. Although several
publications discussed AR expression in germ cells in mice, it remained unclear whether
the expression is necessary for spermatogenesis [134, 135]. The answer to that was
reported by Tsai et al., where the exon 2 of AR was a knock-out in germ cells. The
phenotype of germ cell knock-out mice was normal and did not differ from WT males.
Serum testosterone levels were within the normal range, and spermatogenesis gave rise
to functional sperms [47]. These results show that in chicken, normal spermatogenesis
and development of functional sperms can be expected. Furthermore, spermatogenesis
is a process highly conserved throughout vertebrates, indicating that the impact of
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AR/androgen system in chicken germ cells differentiation might not be marginal
[136].

Our experiments confirmed that functional AR in germ cells is unnecessary for sper-
matogenesis. Otherwise, an alternative approach had to be applied. For example, the
strategy described for ARKO mice models, in which the Cre/loxP system is used [9, 39,
41]. Here, two chicken lines are generated. The first one, AR-loxP chicken, would be
established by gene targeting in PGCs to insert the loxP sites upstream and downstream
exon 2 in the intron region. Here the splicing of the AR should not be altered. The
second one, ARKO chicken, would be created by breeding AR-loxP chicken and Cre
expressing chicken.

Another option could be an inducible knock-out to switch off the androgen receptor
at specific time points during the development. In this case, Cre expression would
be induced by the administration of certain chemicals. As an example, tamoxifen
is used for inducible knock-outs in mice [137]. The question is, of course, whether
it also applies for chicken since tamoxifen is an antagonist of estrogen receptor and
its administration affects the concentration of steroid hormone and influences the
egg-laying [138]. Therefore, the phenotype of androgen receptor knock-out could be
compromised by inhibition of estrogen receptor.

6.2. Strategies for the generation of an androgen receptor
reporter chicken line

In mice and humans, AR is usually stained with anti-androgen receptor antibodies.
Unfortunately, no reliable antibodies for chicken androgen receptors are available.
Tagging with a fluorescent protein would allow studying the expression of AR in vivo
as well as in vitro (5.3).

Introducing foreign sequence into a specific genomic locus is widely used and brings a
great advantage to endogenous label proteins, introducing SNPs or generating human-
ized animals for studying disorders as Huntington [139] or Alzheimer’s disease [140].
Cre expressing mice are also a powerful tool for conditional knock-outs via Cre/loxP
system [141]. Furthermore, fluorescent animals possess an advantage providing system
for cell imaging, cell tracking, or treatment in vivo. Mice models were mainly generated
by inserting GFP, mCherry, or dTomato in ROSA26 because no lethal effect in this
safe-harbor integration side was found [142].

During the generation of an androgen receptor reporter chicken line, we have hypothe-
sized that fusion proteins might affect the function of the receptor. It was taken into
consideration that tagging of AR might interfere with the signaling. To double-check
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an influx of protein tags on the functionality of the chicken AR, a reporter assay for
chicken AR was designed. In this assay, plasmids expressing different AR receptor
modifications were generated and quantified using luciferase reporter plasmid, which
was commercially purchased. Luciferase was expressed under murine mammary tumor
virus long terminal repeat (MMTV LTR). It has been proposed that the MMTV LTR
sequence acts like an androgen response element (ARE) [143]. As already mentioned,
this is the essential part of the signaling, where AR binds in the nucleus to ARE, leading
to a direct change in the gene expression. The binding of the testosterone stimulated
AR to the MMTV LTR induced luciferase expression, and its intensity was afterwards
measured. Identification and amplification of the chicken ARE might be very chal-
lenging since it has not been validated yet. Moreover, the process of ARE verification
would include several additional assays, which is demanding with uncertain results.
Therefore, MMTV LTR served as a good tool.

Reporter assays are commonly used in human medicine to test the activity of AR during
prostate cancer progression [144], binding efficiency of different steroid ligands [145,
146] or endocrine disruptors blocking the androgen activity [147]. Our assay confirmed
that AR either fused with flag tag or with mCherry transfers the signal and did not
suffer from impaired signaling. Interestingly, AR fused with flag tag or with mCherry
exhibited a higher luciferase signal (with Gly-Ser linker) compared to unmodified AR.
In contrast, a fusion of AR with GFP slightly decreased the binding affinity, although
the difference between AR and AR-GFP was not statistically significant [148]. However,
some studies suggested that fusion with fluorescent proteins or other peptides can
extend the half-live of proteins, which might prolong the presence of the fusion protein
in the cytoplasm and reflect higher luciferase expression [149]. Furthermore, linkers are
designed to improve the biological activity and to increase the expression yield, which
might also contribute to the increase.

After verification that AR-mCherry fusion protein is fully functional, we confirmed by
confocal microscopy that after stimulation AR-mCherry translocates to the nucleus. It
was not particularly surprising since several studies reported a successful translocation
with AR-GFP in mammals [148, 150, 151].

For a generation of an androgen receptor reporter chicken line, at first, homologous
directed repair with CRISPR/Cas9 was applied. Primordial germ cells were transfected
with a targeting construct containing homologous arms, the sequence coding for
mCherry protein, and a gene for hygromycin resistance. It was expected that mCherry
inserts in-frame 3’ before the AR stop codon and that PGCs develop resistance to
hygromycin. No additional promoter was added. Therefore, mCherry protein and
a gene for hygromycin resistance should be expressed under the promoter of the
androgen receptor.

The transfection of PGCs with targeting construct for a fusion of the mCherry to AR was
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performed several times, but no positive editing was detected. In this case, PGCs have
never been able to survive antibiotic selection. One of the possible explanations could
be that expression of AR in PGCs is not strong enough to resist antibiotic selection.
As was already mentioned in chapter 6.1, the expression of AR in germ cells in mice
was examined but without a clear outcome. Nevertheless, mice model with specific
knock-out of AR receptor in germ cell and our ARKO chicken model showed that AR
is not necessary for sperm development [47]. Moreover, in our experiments, the AR
expression in PGCs was tested on mRNA level. The RT-PCR of AR revealed a weak
band on gel electrophoresis. Therefore, AR tagging and selection with antibiotics might
be challenging. Even if positive targeting would occur, PGCs might not be able to
survive the antibiotic selection.

To overcome the drawback of a low level of AR expression, we have suggested ap-
proaching the transfection of PGCs with single-stranded oligonucleotides (ssODN) and
CRISPR/Cas9. Gene editing using single-stranded oligonucleotides is a standard tool
for introducing single base pairs substitutions or point mutations with high efficiency
[152, 153]. Nevertheless, it has also been shown that ssODN can be used for bigger
insertion like loxP sites [154] or even GFP reporter cassette [155].

Our ssODN contained a flag tag for AR labeling and short homologous arms. After
analysis by amplicon sequencing, a positive in-frame insertion of flag tag was observed,
although with very low efficiency.

In order to increase the efficiency of gene editing, in the future, CRISPR/Cas9 construct
expressing transiently eGFP will be used. This way, transfected PGCs can be enriched
by FACS sort. Sorted cells have to be seeded as single-cell clones and screened for
in-frame AR tagging. This might be more time-consuming but more efficient. On the
other hand, it helps to overcome the issue with AR expression levels in PCGs.

As an alternative, CRISPaint (CRISPR-assisted insertions tagging) technology could be
also considered. CRISPaint is based on CRISPR/Cas9 causing a double-strand break at
the desired location, while at the same time the tag is provided in the donor plasmid
and inserted via non-homologous-end-joining. This method provided an efficient
in-frame tagging even without antibiotic selection [156]. For our experiment, this could
higher the efficiency of gene editing although an enrichment by FACS sorting would be
necessary.

Unfortunately, due to time restrictions, I could not establish the AR reporter chicken
line.
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6.3. ARKO affects the sex secondary dimorphism

Until the generation of ARKO heterozygous animals (ARKO+/�), it was not entirely
clear whether the knock-out of only one allele results already in a specific phenotype.
In mice and humans, AR is present on the X chromosome as a single copy in males and
two copies in females. In case that natural mutation in males occurs, the phenotype
is directly evident and leads to hemizygosity. Hence, in males, the heterozygous
phenotype can’t be described. Therefore, the generation of female ARKO mice was for
a long time almost impossible as male individuals were completely infertile. However,
the Cre/loxP system also allowed the production of female ARKO mice [4]. In chicken,
ARKO+/� exhibited a normal phenotype with no difference in comparison to WT
chicken in males as well as in females. It might be due to AR present in two copies
in chicken, and just one copy seems to be sufficient for sex development and fertility.
Alternatively, AR expression of the single allele might be upregulated in order to
compensate for the lack of the second AR allele.

Subsequent breeding gave rise to homozygous ARKO chicken (ARKO�/�). During
and after reaching sexual maturity, the impact of dysfunctional AR/androgen signaling
became evident in males as well as in females. ARKO�/� roosters did neither exhibit
secondary sexual phenotypes (except the tail feathers) nor sexual behaviors and did
not produce any sperms. My findings correlate with data published in mice knock-
out models or human androgen insensitivity syndrome [4, 133]. Nevertheless, it
should be stressed that nonfunctional AR/androgen signaling in male mice and in men
led exclusively to a female phenotype. For instance, human patients with complete
androgen insensitivity syndrome (CAIS) had an entirely female appearance and female
external phenotype, which could not be distinguished from a healthy woman without
deeper examination [157, 158]. Simply speaking, based on knowledge from humans
and mice, one could expect to generate a rooster with a phenotype of a hen. As shown
in (Figure 5.15) this was not the case for chickens, since roosters looked more like
juvenile chicks rather than like hens. Similarly, ARKO�/� hens did not develop any
sex dimorphism and at first sight, were sexually indifferent. They did not lay any
eggs suffered from infertility like ARKO�/� roosters since no eggs were present in the
ovary.

ARKO female mice exhibited decreased fertility with defective follicle maturation.
Nevertheless, external phenotype remained unchained [4]. Surprisingly, and different
to mammals, in ARKO�/� hens, the phenotype was visible at first sight, and the
nonfunctional AR/androgen system had a severe influence on the development of
secondary sex characteristics as well as on fertility. These findings suggest that the
sex development of female birds seems to be much more androgen-dependent than in
female mammals.
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It has to be pointed out, that estrogens can contribute to the sexual development
and might modify sexual behaviours of birds. Similarly, as for testosterone sensitive
chemical bursectomy, avian embryos were exposed to high levels of estrogens via in
ovo injection. Estradiol administration caused demasculinization in male Japanese
quails leading to the loss of sexual behaviour such as head mounting and grabbing,
typical male response to females [159]. Further, estradiol implants were applied to
gonadsectomized males and females in Japanese quails shortly after hatch. In such
females, sexual behaviour was suppressed in the estradiol treated group compared to
controls. Surprisingly, estradiol treated males did not lose the copulatory behaviour. In
addition, no effect was observed, when the estradiol implants were applied in adult
birds. These results indicate that estrogen exposure cause demasculinization only if the
treatment is applied before hatching [160].

Of course, one has to keep in mind that these effects are, most likely, pharmacological
effects caused by estradiol overdose.

ARKO�/� hens and roosters exhibited very similar phenotypes, and it was not easily
possible to distinguish between the sexes by eye. Nevertheless, it was noted that
ARKO�/� roosters grew longer tail feathers than ARKO�/� hens indicating that this
pattern has to be sex-specific but not androgen-dependent. Interestingly, one publication
examined the lack of tail feathers occasionally observed in Honghan chicken. This
study revealed that the lack is linked to mutation of the Z chromosome [141]. These
findings are in line with our suggestion that the growing of tail feathers is driven by
the sex chromosome and not androgen-dependent.

6.4. Testosterone treatment did not cause regression of the
bursa of Fabricius in ARKO�/� embryos

The Bursa of Fabricius is a lymphoid organ vital for B-cell development. During sexual
maturation, the bursa involutes and regresses entirely with the onset of sexual maturity
[161]. The role of sex hormones in bursa involution is still not very well understood,
and it is believed that their function might be essential [88]. It was reported that dipping
eggs into a high dosage of testosterone results in chemical bursectomy and subsequent
B-cell depletion [162]. The bursa involution caused by testosterone represents a great
possibility to prove the successful knock-out of the AR on functional level in vivo in
males and females.

Our results showed that after testosterone dipping, bursa of WT embryos regressed,
while bursa of ARKO�/� embryos became unaffected. It was not surprising after all
that B-cell also exhibited poor colonization in WT treated bursae since the stroma and
B-cell follicles did not develop.
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Data from our experiment and published literature indicate [89, 90, 91] that the bursa
is sensitive for androgens and brings up questions, whether the bursa of ARKO�/�

involutes during sexual maturation. Of course, one has to keep in mind that concen-
trations affecting the eggs during our experiment were most likely much higher than
the natural levels of testosterone. Nevertheless, the lack of androgens does affect bursa
development in adult birds. For instance, a castration in Japanese quails arrested the
bursa involution [163]. Similar effect Glick et al. observed in chickens that caponization
caused an increase of the bursa size in comparison to controls [162].

Further questions, however, arise: Is the bursa of Fabricius sensitive for androgens? Can
other steroid hormones influence the bursa as strongly as androgens? These questions
are particularly interesting in light of the experiments of Ylikomi et al. where the bursa
involution in chicken embryos was induced by estradiol and progesterone and will be
answered in future experiments using AR knockout chickens [164].

6.5. Knock-out of the androgen receptor did not influence the
PBMCs composition in ARKO male chickens

It is well known that steroid hormones possess immunomodulatory abilities [165].
When the ARKO mice models were established, the impact on the immune system
was as well examined [13]. Therefore, various PMBCs (Peripheral blood mononuclear
cells) populations at different time points were examined to investigate the influence of
AR/androgen system in ARKO�/� chickens.No significant dif- ference of the analyzed
PBMCs populations was found between ARKO�/� and WT roosters. This result is
surprising because the effects of androgens, respectively testosterone, on the immune
system of males were already reported by several studies in chickens. Arstila et al.
reported effect of androgen administration on �� T-cells. The increased absolute number
of blood �� T-cell subset correlated with higher levels of testosterone present during
sexual maturation of roosters. The same expansion effect of �� T-cells was observed
after testosterone administration to hens [166]. Unfortunately, no further studies were
later reported confirming these observations. On the opposite side, reduced levels of
testosterone, for instance after caponization, seem to affect the thymus development.
Mashaly et al. reported a decreased cell-mediated immune response and reduced size
of the thymus in immature caponized roosters [167].

In our experiments, ARKO �/� females exhibited significant differences in all measured
PBMCs populations. B-cells, monocytes, ↵� T-cells and �� T-cells were significantly
decreased in comparison to WT females. Previous studies did not analyze the role of a
dysfunctional androgen environment in females. Nevertheless, sex differences in the
immune response to infection or in antibody levels were described in chickens as well.
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Leitner et al. reported much higher mortality rates in males after infection with various
agents, which was explained by an earlier peak of antibody response in females than in
males [168].

Furthermore, it is well known in humans and mice that the functionality of the immune
system differs between the sexes [169]. Women are more susceptible to autoimmune
diseases and show a difference in innate and adaptive immune responses compared to
men [170]. Therefore, it can be assumed that sex steroid hormones have to play a role
in females, which can administrate in chickens as well.

Our results indicate that there might be an effect of impaired AR/androgen signaling
on absolute counts of PBMCs populations but a deeper investigation is be necessary to
confirm it.

6.6. Outlook

Generation of ARKO�/� chicken allows new insight into chicken sexual development.
Further experiments aim to measure hormone blood levels, histology of reproductive
organs, and deeper investigation of the behavior of ARKO�/� chicken. However, a
complete lack of AR activity also allows studying other body systems besides the
reproductive system. In humans or mice, AR/androgen system was also involved
in various processes starting from fat and glucose metabolism [11, 12] ending with
cardiovascular [25, 26], or immune system [13]. For instance, in chicken, the faith
of the bursa of Fabricius and its involution would be interesting to investigate. My
preliminary data indicate that the size of the bursa is bigger in ARKO�/� than in WT
chicken at the age of 19th weeks. However, these results have to be statistically analyzed
and need further investigation. This investigation would deepen our understanding
of the mechanisms of bursa involution. Although, one has to keep in mind that other
sex hormones next to androgens, such as estrogens, might be involved in the process.
Obviously, it would be great to observe the bursa development in estrogen receptor
knock-out chicken.

In the future, an attractive approach would be to generate conditional knock-out
enabling to target cells of different organs as testes, ovaries, or brain. In mice, for
instance, these studies underlined the importance of AR in Sertoli cells and revealed
that AR is not essential in germ cell development [4].

Furthermore, our AR reporter chicken line can help with studying AR expression
in different tissues during embryonic development and sexual maturity without the
need to use any antibodies. Combined knowledge from both chicken lines can help to
understand the role of androgen in chickens.
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It is well accepted that androgens are essential in sex development in most species. In
mice and humans, it has been proposed that dysfunctional androgen signaling is caused
by mutations of the androgen receptor. With the progress of gene-editing technology,
these observations have been confirmed not only by sequencing but as well by the
generation of androgen receptor knock-out mice. In birds, for a long time, the generation
of genetically modified organisms was not possible. Besides the unique reproductive
system, the chicken embryo consists already of about 50 000 cells at the time the egg
is layed, which does not allow microinjection as for example in mice. Later on, the
development of a cell culture system for chicken primordial germ cells (precursors for
sperm and eggs) created a powerful tool for chicken transgenesis. Furthermore, the
establishment of a conditioned medium provided a simplified method of primordial
germ cell (PGCs) culturing and allows more easy gene editing in chickens.

In this study, I have generated an androgen receptor knockout chicken (ARKO) chicken
by editing chicken primordial germs cells using the CRISPR/Cas9 system. Initially,
ARKO was introduced in PGCs, which, after transfer into recipient embryos differentiate
in sperms carrying the desired androgen receptor knock-out. By breeding germline
chimeras, ARKO heterozygous chickens were generated. ARKO+/� did not exhibit
any specific phenotype different from WT chickens, indicating that only one copy
of AR is sufficient to maintain the sexual development as well as normal fertility.
Further breeding gave rise to ARKO homozygous chickens. ARKO�/� roosters did
not express any sexual secondary sex characteristic or behavior. Typical characteristics
such as a large comb, wattles, or spur were not present, indicating that these organs are
androgen-regulated. ARKO�/� roosters suffered from infertility and did not produce
any sperms. In hens, a similar phenotype was observed, and they were almost sexually
indifferent to heterozygous ARKO males. Hens also did not exhibit any female typical
sex characteristics such as a comb, and no egg-laying was observed. Interestingly,
ARKO�/� roosters grew longer tail feathers than hens indicating that this has to be
sex-specific but not androgen-dependent.

As proof of the successful knock-out, we have performed a simple experiment by
dipping ARKO and WT eggs into testosterone, which induces chemical bursectomy.
Histological staining showed that inner stroma tissue with B-cell follicles did not
develop. In contrast, bursae of ARKO�/� embryos appeared as WT bursae with
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developed B-cell follicles. Several publications, as well as our research, indicate the
sensitivity of the bursa of Fabritius for steroid hormones. Therefore, in the future, the
development of the bursa should be closely studied after hatching and during sexual
maturation.

Based on findings in mice and humans, it was also examined whether the impaired
AR/androgen signaling will affect the immune system in chicken. By flow cytometry,
the peripheral blood mononuclear cells (PBMC) composition was measured. ARKO�/�

males did not exhibit any difference compared to WT chicken, while in ARKO�/�

females, absolute counts of the stained cell populations were significantly decreased.

Furthermore, different strategies for generation of androgen reporter chicken were
examined. This approach aims for tagging of the androgen receptor in vivo allowing
visualization without the need of using antibodies. Initially, a reporter assay was
designed to test whether the proposed modification of AR won�t interfere with AR
signaling. Our results showed that AR-flag tag and AR-mCherry fusion proteins
obtain the ability of signal transduction in vitro. Then, we have performed targeting via
homologous directed repair and CRISPR/Cas9 system. This strategy was not successful,
most likely because of the weak expression of AR in PGCs. Nevertheless, successful
editing was detected after transfection with ssODN and CRISPR/Cas9. In the future,
PGCs will be transfected with ssDNA constating mCherry for AR tagging. Due to time
limitation, I could not establish the AR reporter line itself.

In this study, I have generated an ARKO chicken model confirming that androgens
have an enormous impact on sexual development of male and female chicken, despite
the fact that sexual differentiation might be cell-autonomous in birds. Furthermore, we
have examined different strategies for generation AR reporter chicken line. My research
aims for better understanding of roles of androgen in chicken sexual development.
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A.1. List of chemicals and Reagents

1. ThermoFischer Scientific, Waltham, USA

2. CLN GmbH, Freising, Germany

3. Carl Roth GmbH & Co. KG, Karlsruhe, Germany

4. Merck KGaA, Darmstadt, Germany

5. Preprotech, Hamburg, Germany

6. New England Biolabs, Ipswich, USA

7. R&D Systems, Minneapolis, USA

8. Applichem, Darmstadt, Germany

9. Fisher Scientific GmbH, Schwerte, Germany

10. Hilgenberg, Malsfeld, Germany

11. Conrad Electronic, Hirschau, Germany

12. Sarstedt, Nümbrecht, Germany

13. Siepmann GmbH, Herdecke, Germany

14. neoLab Migge GmbH, Heidelberg, Germany

15. VWR International GmbH, Darmstadt Germany

16. Lonza, Basel, Schwitzerland

17. Promega GmbH, Mannheim, Germany

18. Analytik Jena GmbH, Jena, Germany

19. Solis Biodyne, Tartu, Estonia

20. Eurofins Genomics, Ebersberg, Germany

21. Integrated DNA Technologies, Inc. , Iowa, USA
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22. Brüterei Thole, Bösel, Germany

23. S.C. Johnson & Son, Wisconsin, USA

24. Biozym Scientific GmbH, Wien, Austria

25. Biozol Diagnostica Vetrieb GmbH, Eching, Germany

26. Medite GmbH, Burgdorf, Germany
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A.2. Laboratory instruments in alphabetical order

Equipment Producer
Centrifuge 5810 Eppendorf AG
Dremmel Tool ® 3000-15 Conrad Electronic GmbH, Hirschau
Egg candeling light Siepmann GmbH, Herdecke
Electrophoresis system (source and champer) Bio-Rad, Hercules, USA
Flow cytometer Attune NxT ThermoFischer Scientific, Waltham, USA
Gel imaging system Quantum Vilber GmbH, Eberhardzell
Homogenizer SpeedMill Plus Analytikjena GmbH, Jena
Incubator HEKA-Olymp HEKA Brutgeräte GmbH, Rietberg
Incubator ThermoFischer Scientific, Waltham, USA
Incubator Procon Grumbach Brutgeräte GmbH, Asslar
Laminar flow hood Heraeus Holding GmbH, Hanau
Microcentrifuge 5415R Eppendorf AG, Cologne
Microscope Leica DMIL Camera DF340XF Leica GmbH
Microscope Zeiss AG, Oberkochen
NanoDrop ND-100 Peqlab GmbH, Erlangen
Neubauer improved chamber Brand, Wertheim
PCR Workstation Pro Peqlab GmbH, Erlangen
Plate reader FLUOstar Omegra BMG LABTECH
Thermal Cycler Bio-Rad, Hercules, USA
Thermal Cycler Peqlab GmbH, Erlangen
Vortex Mixer VELP Scientifica Srl, Usmate,Italy
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A.3. Statistics for testosterone induced bursectomy in R studio

Here we have an example data, how the statistic was performed in the R studio. In this
case WT and homozygous fro the treated group was compared.

1. Normality test

> shapiro.test(WT$WT)

Shapiro-Wilk normality test

data: WT$WT W = 0.87492, p-value = 0.114

> shapiro.test(Homo$Homo)

Shapiro-Wilk normality test

data: Homo$Homo W = 0.95146, p-value = 0.7259

2. F-test to compare two variances

> var.test(WT$WT, Homo$Homo)

data: WT$WT and Homo$Homo

F = 2.3017, num df = 8, denom df = 7, p-value = 0.2887

alternative hypothesis: true ratio of variances is not equal

to 1, 95 percent confidence interval:

0.4437334 8.9826137

sample estimates:

ratio of variances 2.140223

3. Two sample t-test

> t.test(WT$WT, Homo$Homo, alternative = c("two.sided"), mu =

0, paired = FALSE, var.equal = TRUE, conf.level = 0.95)

Two Sample t-test

data: WT$WT and Homo$Homo

t = -2.6316, df = 15, p-value = 0.01887

alternative hypothesis: true difference in means is not equal

to 0,95 percent confidence interval:

-0.56315386 -0.05913421
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sample estimates:

mean of x mean of y

0.7567564 1.0860541
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ARE Androgen response element.

ARKO Androgen receptor knock-out.

ARKO +/� Androgen receptor knock-out heterozygous.

ARKO �/� Androgen receptor knock-out homozygous.

ARKO LO Androgen receptor knock-out loop out.

ATP Adenosine triphosphate.

BSA Bovine serum albumine.

CaCl2 Calcium Chloride.

CAIS Complete androgen insensitivity syndrome.

Cas CRISPR associated.

CEF Chicken embryonic fibroblasts.

CH3COONa Sodium acetate.

CO2 Carbon dioxide.

CRISPaint CRISPR-assisted insertions tagging.

CRISPR/Cas9 Clustered regulatory interspaced short palindromic repeats.
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crRNA CRISPR-derived RNA.

CYP19A1 Aromatase.

DAB 3,3-Diaminobenzidine.
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DBD DNA-binding domain.

DBS Double strand break.

DHT Dihydrotestosterone.

DMEM Dulbecco’s Modified Eagle’s Medium.

DMRT1 Doublesex and mab-3-related transcription factor 1.

DMSO Dimethylsulfoxid.

DTT Dithiothreitol.

E Estrogen.

ED Embryonic day.

EDTA Ethylenediaminetetraacetic acid.

eGFP Enhanced GFP.

EtOH Ethanol.

FACS Fluorescence-activated cell sorting.

FBS Fetal bovine serum.

FET1 Female-expressed transcript.

FGF Fibroblast growth factor.

FOXL2 Forkhead Box L2.

FSH Follicle-stimulating hormone.

GA Gibson Assembly.

GC Glycine-Serine.

GFP Green fluorescent protein.

GnRH Gonadotropin-releasing hormone.
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H2O Water.

H2O2 Hydrogen peroxide.

H&H Hamburger and Hamilton.

HCl Hydrochloric acid.

HDR Homologous directed repair.

HR Homologous region.

HSP Heat shock protein.

Ig Immunoglobulin.
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KCl Potassium chloride.

KH2PO4 Dipotassium hydrogenphosphate.

KO Knock-out.

LARKO Leydig cells knock-out.

LB Lysogeny Broth.
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MgCl Magnesium chloride.
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NTD N-terminal domain.
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PAM Protospacer adjacent motif.

PBS Phosphate-buffered saline.

PCR Polymerase chain reaction.

PFA Paraformaldehyde.

PGCs Primordial germ cells.

PMBC Peripheral blood mononuclear cells.

PNK Polynucleotide kinase.

RPMI Roswell Park Memorial Institute Medium.

SCARKO Knock-out of AR in Sertoli cells.

SDS Sodium dodecyl sulfate.

sgRNA Single-chain guide RNA.

SNPs Single-nucleotide polymorphism.
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tracrRNA transactivating RNA.
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µ Micro.

µg Microgramm.

µl Microliter.

↵ Alpha.

� Beta.

� Gamma.

� Delta.
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