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Summary  

Genes are DNA segments that encode the instructions to make particular proteins or RNA 

molecules (Alberts et al., 2008). They are the units of heredity and together with the 

environment they shape the functioning and phenotype of all living creatures. Small 

alterations in the expression of a gene can have implications in the performance of 

complex networks connecting DNA, RNA and proteins leading to adaptation or 

disfunction. Therefore, experimental methods to modify gene expression are essential to 

reach a deeper knowledge of the geneôs function. Animal species with structural, 

functional or developmental similarities to man are used with great success to study gene 

function, for example in the field of human neurodegenerative diseases. Different 

methods were developed to produce animal models with an alteration in the expression of 

a particular gene to comprehend the mechanisms behind genetic diseases and to come up 

with gene therapies to cure them. Songbirds in particular are commonly used as an animal 

model to study the genetic and neural basis of vocal learning and communication, as well 

as sex hormone dependent brain development and adult neurogenesis (Goldman and 

Nottebohm, 1983; Paton and Nottebohm, 1984; Gahr, 2007; Balthazart et al., 2010; 

McCarthy and Arnold, 2011; Mello, 2014; Prather et al., 2017; Mooney, 2020). 

Songbirds are vocal learners that possess many parallels with speech acquisition in 

humans and therefore constitute an excellent animal model to study speech and language 

disorders (Abe et al., 2015; Liu et al., 2015). In the scope of this thesis I have developed a 

new method to produce transgenic songbirds by the culture and genetic modification of 

germline stem cells (Gessara et al., 2021), since genetic manipulation in songbirds has not 

yet worked routinely. For this it was necessary to examine and optimize the genetic 

signalling pathways and biological factors of the culture of primordial germ cells. To 

prepare a first application of my transgenic technology, I focused on the song control 

system, responsible for learning and production of song in songbirds. I have studied the 

structure and function of physiological variations of the androgen receptor and propose a 

method for the genetic alteration of the androgen receptor in a zebra finch transgenic 

model to further investigate its role in song learning and development.  
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Zusammenfassung 

Gene sind DNA Abschnitte die für die Herstellung bestimmter Proteine oder RNA-Moleküle 

(Alberts et al., 2008) kodieren. Diese Einheiten der Erbinformation bestimmen, zusammen 

mit Umwelteinflüssen, den Genotyp und die Lebensfunktionen aller Lebewesen. Schon 

kleine Veränderungen bei der Expression von Genen können sich auf das Zusammenspiel 

von DNA, RNA und Proteinen auswirken und so zu Anpassungen, aber auch 

Fehlfunktionen, im Organismus führen. Deshalb ist es nötig Genmanipulationsmethoden zu 

entwickeln, durch deren Einsatz man ein tieferes Verständnis der Genfunktion erreicht. 

Tiermodelle die strukturelle, funktionelle oder entwicklungsbiologische Übereinstimmungen 

mit dem Menschen aufweisen wurden mit Erfolg als Modell verwendet, um zum Beispiel 

neurodegenerative Erkrankungen zu erforschen. Es wurden verschiedenste Techniken 

etabliert um Tiermodelle zu entwickeln und einzelnen Gene zu manipulieren. Diese 

Genveränderungen erlauben dann Mechanismen hinter Erkrankungen zu verstehen und 

letztendlich Therapien zu entwickeln um diese zu heilen. Singvögel werden gerne als 

Tiermodell um die neuronalen Grundlage von vokalen Fähigkeiten und die darüber 

laufenden Kommunikation verstehen zu lernen. Des weiteren eignen sich Singvögel als 

Modell für geschlechtshormonabhängige Gehirnentwicklung und adulte Neurogenese 

(Goldman and Nottebohm, 1983; Paton and Nottebohm, 1984; Gahr, 2007; Balthazart et al., 

2010; McCarthy and Arnold, 2011; Mello, 2014; Prather et al., 2017; Mooney, 2020). 

Singvögel müssen ihren Gesang erlernen, genau wie der Mensch Sprache erlernen muss. 

Beide Prozesse weisen Parallelen auf und der Gesang des Vogels ist deshalb ein 

hervorragendes Modell um Sprache und Sprachstörungen zu untersuchen (Abe et al., 2015; 

Liu et al., 2015). Im Rahmen dieser Doktorarbeit habe ich eine Methode entwickelt die es 

erlaubt über die Kultivierung und Manipulation primordialer Keimzellen transgene 

Singvögel zu erzeugen, da die Genmanipulation in Singvögeln bisher nicht routinemässig 

funktioniert. Dazu war es notwendig die genetischen Signalwege und biologischen Faktoren 

der Kultur von primordialen Keimzellen näher zu untersuchen und zu optimieren. Zum 

Abschluss habe ich mich auf die Funktion verschiedener physiologisch relevanter 

Variationen des Zebrafinken-Androgenrezeptors konzentriert und Vorschläge erarbeitet 

welche genetischen Veränderungen für die Erforschung des Gesangslernen besonders 

geeignet wären. 
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The zebra finch as an animal model 

The zebra finch is part of the bird family Estrildidae (Vieillot 1817). Zebra finches are social 

and gregarious birds that vocalize almost constantly (Zann 1996). They are socially 

monogamous and form strong social bonds (Birkhead et al., 1988; Schielzeth and Bolund, 

2010; Brandl et al. 2019). Their reproductive cycle is mainly related to the availability of 

resources, therefor being called "opportunistic breeders" (Immelmann, 1962). This behavior 

makes keeping and breeding zebra finches easy under laboratory conditions.  

The zebra finch (Taeniopygia guttata) was initially introduced as an animal model to study 

plumage sexual dimorphisms (Morris, 1954; Immelmann, 1962; 1969). The males are 

characterized by brown flanks with white points, a narrow black chest band, an orange patch 

on the cheeks and an intensely orange/red beak. The females, on the other hand, are more 

drab. In females the orange cheek patches and brown flanks are missing, as well as the black 

chest band (Figure 1). This plumage dimorphism is developed during their first moult, which 

is about 25 days after hatching (Zann, 1996). Before that, they have uniformly grey juvenile 

plumage and show little gender-specific phenotype. Next to this plumage dimorphism sex 

specific behaviour can be observed, as males differ fundamentally from females in that they 

are capable of learning and producing a courtship song. Song learning and production comes 

associated to a complex network of brain nuclei that constitute the neural correlate for vocal 

learning and vocal production. Because of the sexual dimorphism of the neural song control 

system, the zebra finch was used over the past four decades as a major model for anatomical, 

molecular, endocrinological and neurobiological studies in avian species (Nottebohm and 

Arnold, 1976; Gurney and Konishi, 1980; Konishi and Gurney, 1982; Gahr et al., 1987; 

Gahr, 1990; Gahr and Metzdorf, 1997; Dittrich et al., 1999; Agate et al., 2003; 

Derégnaucourt et al., 2005; Aronov et al., 2008; Derégnaucourt and Gahr, 2013; Frankl-

Vilches et al. 2015).  
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Figure 1. Zebra finch plumage sexual dimorphism. Zebra finch male (left) and female 

(right) 

 

Song development in the zebra finch 

The group of the songbirds (order: OSCINES), with about 4000 described species 

constitutes the most extensive taxon of birds (Gill and Donsker, 2014) and has developed 

the ability of song learning. The song learning process takes place in a so-called critical 

phase, which is very variable over time depending on the species (Thorpe, 1954; Konishi, 

1965; Marler, 1970). In the case of the zebra finch, this section is limited in time and 

comprises three months (Arnold, 1975; Zann, 1996; Mooney 1999). Because of this 

limited learning phase of the zebra finch, it becomes part of the " age-limited learners" 

group. The learning phase can be divided into two time windows, which in some species 

such as the zebra finch partially overlap with each other (Konishi 1965). In the first 

period of time, which is known as the ñsensory phaseò, the juveniles memorise the song 

("template") of one or more male conspecifics "Tutors" (Immelmann, 1969; Slater et al., 

1988). This phase begins about 25 days after hatching in the zebra finch and lasts 

between two and five weeks (Böhner, 1990; Roper and Zann, 2006). At around 30 days, 

the young bird begins to sing to what has been learned from the template (Arnold, 1975; 

Zann, 1996), which marks the beginning of the "Sensorimotor phase". In the weeks that 

follow, the singing develops, being still plastic and therefore referred to as "subsong". 

Starting with this phase the bird adapts its motor and neural skills to adapt their song to 

the previously learned template. At around 100 days of age, the song learning process is 

complete (Zann, 1996). From then on, the zebra finch utters a very stereotypical song 
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pattern, which will remain constant for a long time (Immelmann, 1969) (Figure 2). In 

relation, between the fourth and 15th month after hatching only minor changes in the 

song pattern were noticed (Pytte et al., 2007; McDonald and Kirn, 2012). 

 

 

 

Figure 2. Development of the song in age-limited learners. Age-limited learners such 

as the zebra finch will memorize the tutor song in the so-called sensory phase. They will 

then practice the song in the overlapping sensorymotor phase until their song becomes 

crystalized. After this happens their song will not have significant further modifications.  

 

The song control system, the neural base for singing  

In order to be able to hear and process the tutor song and to learn and produce a copy of 

it, songbirds have evolved complex telencephalic nuclei dedicated to song perception, 

learning and production. Together they form the so-called song control system 

(Nottebohm et al. 1976; Nottebohm, et al., 1982; Fortune and Margoliash 1995; Bolhuis 

and Gahr 2006). The song control system receives the auditory input and includes 

projections to the motor neurons responsible for the control of the respiratory muscles and 

the syrinx, the vocal organ in birds. The song control system is subdivided in two 

pathways, the song motor pathway (SMP) and the anterior forebrain pathway (AFP) 

essential for song production and song learning respectively. The song motor pathway is 

formed by two song nuclei that project to motor neurons of the respiratory system and 

syrinx, HVC (a letter based name formerly known as high vocal centre) and RA (robust 

nucleus of the arcopallium) (Wild, 2004). The anterior forebrain pathway is formed by a 

pallial-basal ganglia-thalamic loop that includes the projection from HVC to the basal 
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ganglia nucleus Area X. Area X projects to the thalamic nucleus DLM (medial nucleus of 

the dorsolateral thalamus), which projects to pallial nucleus lMAN (lateral magnocellular 

nucleus of the anterior nidopallium). LMAN closes the loop back to Area X and also 

projects to RA (Doupe et al., 2004; Nottebohm et al., 1976). Each of these nuclei plays a 

role in song learning and/or production (Figure3). These neuronal accumulations (the 

song control areas) differ from the surrounding parenchyma by electrophysiological, 

molecular and genetic parameters (Nottebohm et al., 1976; Margoliash, 1997; Wild, 

1997; Warren et al., 2010; Lovell et al., 2018) and have numerous functional and 

developmental similarities with areas of the mammalian neocortex (Reiner et al., 2004), 

which made songbirds an ideal animal model to study speech and vocal impairments in 

humans as well as song learning and song production in birds (Nottebohm et al., 1976; 

Fortune and Margoliash 1995; Hahnloser et al., 2002; Thompson et al., 2007; Sebastian 

Haesler et al., 2007; Aronov et al., 2008; Bolhuis, Fee and Scharff 2010; Bolhuis et al., 

2010; Liu et al. 2015; Konopka and Roberts 2016; Nieder and Mooney 2020).  

 

 

 

Figure 3. The song control system. Representation of the song control system in the 

songbirds brain. The song control system is divided in the Song Motor Pathway (SMP, 

red arrows) and the Anterior Forebrain Pathway (AFP, green arrows). The SMP connects 

HVC and RA with motor neurons innervating the syrinx and the respiratory system. The 
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AFP conforms a loop connecting HVC with Area X, area X with DLM, DLM with lMAN  

and lMAN to RA as well as back to Area X. 

 

Sexual dimorphism in the brain 

The song of the zebra finch is a classic example of sexually dimorphic behaviour. In 

many songbird species, the males are commonly the ones producing complex learned 

songs while only a low percentage of females sing sporadically (Riebel et al., 2019; Ko et 

al., 2020). This sexual dimorphism it is also present in the brain, where the song control 

system develops differently in males and females. Not only the size of the song nuclei 

differs being larger in males than in females (Nottebohm and Arnold, 1976; Konishi and 

Akutagawa, 1987; Konishi and Akutagawa, 1990; Adret and Margoliash, 2002; Wade 

and Arnold, 2004) but also the interconnections between nuclei are more prominent in 

males (Nordeen et al., 1987; Nordeen and Nordeen, 1989; Mooney and Rao, 1994) and 

the neuronal soma, number of dendrites and density of synapses are larger in the song 

control system of males than in females (DeVoogd and Nottebohm; 1981; Nealen, 2005). 

Up to the age of ten days, the HVC of males and females does not differ in relation to the 

number and volume of neurons (Kirn and DeVoogd, 1989; Nixdorf Ȥ Bergweiler, 1996), 

but differences were found in regard to the number of the androgen receptor Ȥ expressing 

cells (Gahr and Metzdorf, 1999). In the male bird, the HVC then grows linearly with the 

telencephalon until the 20th post hatching day (PHD). After that HVC starts growing 

more than the surrounding area reaching its adult volume around the 60th PHD (Bottjer et 

al., 1985; NixdorfȤBergweiler, 1996). In the female zebra finch, however, the HVC stops 

expanding and/or degenerates between the tenth and 40th PHD, due to apoptotic 

processes (Kirn and DeVoogd, 1989; Gahr and Metzdorf, 1999) and in the adult female it 

only reaches approx. 16% of the male volume (Nixdorf-Bergweiler, 1996; Gahr and 

Metzdorf, 1999).  

 

Genetic and hormonal basis of sexual dimorphism 

Sex differences arise in response to diverse sex-specific signals originating from inherent 

differences in the genome and involve cellular mechanisms that are specific to individual 
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tissues or brain regions (McCarthy and Arnold 2011). The sexually dimorphic brain 

development in mammals and birds is determined by genetic factors (Carrer and 

Cambiasso, 2002; Agate et al., 2003; 2004; Gahr, 2003), that lead to the expression of sex 

hormone receptors such as the androgen (AR) and estrogen receptor (ER) (McCarthy, 

2016). After binding of their ligands sex hormone receptors are activated, enter the 

nucleus and induce gene expression cascades triggering the differential brain 

development (Balthazart et al., 1992; Gahr et al., 1993; Jacobs et al., 1996; Gahr, 2007; 

Frankl-Vilches and Gahr, 2017). In this context the androgen receptor (AR) is found 

expressed in the song control system in HVC, RA, and lMAN of  all songbirds studied 

(Balthazart et al. 1992; Bernard et al. 1999; Gahr et al. 1998, 2008; Metzdorf et al. 1999; 

Fusani et al. 2000; Voigt and Gahr 2011; Fraley et al. 2010; Quispe et al. 2016) as well as 

in mMAN (medial magnocellular nucleus of the anterior nidopallium) and NIF (nucleus 

interfacialis) in canaries and zebra finches (Balthazart et al. 1992; Metzdorf et al. 1999; 

Fusani et al. 2000). Androgen receptors were also found in Area X of zebra finches and 

canaries but only in some individuals for unknown reasons (Gahr 2004; Kim et al. 2004). 

In contrast to the widespread expression of the androgen receptor in the song control 

system, the expression of the estrogen receptor is limited to the caudomedial HVC in 

zebra finches and throughout HVC in canaries and an area dorsally from RA (Figure 4) 

(Gahr et al., 1987; Gahr and Konishi, 1988; Gahr and Metzdorf, 1997; 1999; Metzdorf et 

al., 1999; Gahr, 2004; Kim et al., 2004; Peterson et al., 2005). Since the same vocal 

control areas contain androgen and estrogen receptors in male and female songbirds 

(Gahr and Konishi 1988; Gahr et al. 1993, 1996; Metzdorf et al. 1999; Gahr and Metzdorf 

1999; Jacobs et al. 1999; Kim et al. 2004) sex hormones can affect the vocal control areas 

in both males and females. In order to have a better understanding of how androgen and 

estrogen receptors affect the development of the song control system and the vocal 

learning process in songbirds experimental approaches are necessary to alter their 

expression.  
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Figure 4. Androgen and estrogen receptor distribution in the song control system. 

Representation of the songbird brain with the nuclei of the song control system that 

contain cells expressing the estrogen receptor (orange triangles) in HVC and an area 

dorsally to RA and the androgen receptor (purple dots) in HVC, mMAN, lMAN, Area X, 

Nlf , RA, DLM, Ram and nXIIts. 

 

Non-transgenic methods used to alter gene expression in birds 

Different methods were developed in avian species in order to determine the function of 

particular genes and their participation in developmental and physiological processes. The 

most widely used non transgenic methods include inhibitory drugs, viral vectors and in 

vivo electroporation.  

 

Inhibitory drugs  

To determine the function of genes in a systemic way, other methods were developed. 

Inhibitor drugs can be used to inactivate or antagonize the effect of a particular compound 

to determine their role in a particular process. These substances were most often applied 

systemically but can also administered locally. Fadrozole, that inhibits the metabolization 

of testosterone into estrogen, was injected systemically or locally in the brain of zebra 

finches to study its role in the brain development and activation of avian sexual 
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behaviours (Wade et al., 1994; Alward et al., 2016). Similarly, the estrogen receptor 

antagonist ICI 182,780 was injected intracranially in young zebra finches to investigate 

the role of estrogens in the dimorphic brain development (Bender et al., 2008). Flutamide, 

an androgen-receptor blocker was incorporated systemically in developing zebra finches 

to investigate the role of androgens in the sexual differentiation of the zebra finch song 

system and in the song production (Bottjer et al., 1992; Grisham et al., 2007). Inhibitors 

have the benefit that their effect can be modulate in a doses basis but it is difficult to 

design and test the specificity of a drug in its function toward a particular gene product. 

 

Viral vectors 

Viral vectors were developed to deliver genetic material and alter gene expression in a 

more specific way. Lentiviral (LV)  and adeno-associated viral (AAV) vectors can be 

designed to alter the expression of a particular gene after local injection and transduction 

of their target cells. In avian species viral vectors can be used for anatomy and circuit 

function in the brain (Düring et al., 2020) as well as for the study of genes involved in 

human speech impairment diseases (Haesler et al., 2007; Adam et al., 2016; Norton et al., 

2019). This method is ideal for local genetic alterations. However, the disadvantage is 

that it is necessary to know in advance where and when the gene might play a role. 

Further, in the case of LV possible insertion into genes might lead to disfunction which is 

avoided when using AAV  due to their transient effect. 

 

In vivo electroporation 

DNA can be delivered into the neural tube of chicken embryos or the brain of early 

hatched zebra finches by electroporation. Transfection of an expression plasmid together 

with injection of transposase in the case of transposon electroporation is a technique that 

has been introduced for genetic alteration in chicken embryos (Itasaki et al., 1999) and 

recently applied to zebra finch embryos (Ahmadiantehrani and London, 2017). The 

disadvantages are that there is no control over cell specificity or localization specificity 

and so far it is only applicable to embryos.  
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Methods developed for the generation of transgenic animal 

models 

Transgenic animal models consist of genetically altered animals where the expression of 

a gene was altered or a foreign gene was introduced into the genome. Transgenic animals 

have the ability to pass the transgene to their offspring offering the possibility to obtain a 

large number of identically modified specimens. Initially transgenic animals were 

produced to study the effects of gene expression changes in the whole animal. More 

recently, animal models are used where the effects are limited to specific organs or brain 

regions by crossing transgenic animals that express the Cre-recombinase under the 

control of a region specific promoter with a transgenic animal where the genetically 

changed gene sequence is flanked by two loxP sites. Further, transgenic models can be 

developed with gene switch mechanisms inducible by light or antibiotics (Rao et al., 

2009; Madisen et al., 2012). 

 

Development of transgenic technologies 

Genetically modified animals have been of a big help in many research fields such as life 

science, biomedical engineering and pharmacology allowing researchers to treat diseases 

and to manipulate gene expression in order to get more insights on gene expression, 

function and regulation. In 1973 Rudolf Jaenisch injected a simian virus into a mouse 

embryonic blastocoel cavity creating the worldôs first transgenic animal (Jaenisch and 

Mintzt 1974), yet these mice were not capable of passing the transgene to the offspring. 

In 1980 Frank Ruddle injected foreign DNA into the pronucleus of a mouse zygote, 

which was incorporated into the genome of the host, giving bird to animals carrying the 

transgene that were able to pass it to their offspring (Gordon et al. 1980).  

 

Gene targeting in embryonic stem cells  

Gene targeting techniques in mouse stem cells were first developed in the 1980s, when 

they were used to generate knock out transgenic mice models where a gene was 

ubiquitously inactivated (Thomas and Capecchi, 1987; Thompson et al., 1989). Mouse 

stem cells can be extracted from an early embryo and expanded in vitro conserving their 
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ability to differentiate into different cell types. To generate targeted mutagenesis initially  

cultured stem cells were initially genetically modified by the insertion of vectors 

containing the desired mutation. These vectors paired with the cognate chromosomal 

DNA sequence and transferred the mutation to the genome by homologous 

recombination. The targeted stem cells were then reintroduced into morula or blastocyst 

stage embryos generating chimeras formed of cells derived from both the donor and the 

host cells (Capecchi 1989). Alternatively, genes could also be disrupted by transpositional 

ógene-trappingô mutagenesis. Gene trapping consist in the incorporation of a construct 

containing a reporter gene that will be inserted into the target gene and will disrupt its 

sequence inactivating its expression and expressing the reporter gene instead (Evans et 

al., 1997).  

 

Pronuclear injection-based transgenesis 

To produce transgenic animals with this method a DNA construct is microinjected into 

the pronucleus of a one-cell-stage zygotes (Bockamp et al., 2008). The DNA sequence 

will then insert randomly at one or more genomic loci as either a single or as multiple 

copies. When the embryonic cells start dividing all the daughter cells will have at least 

one copy of the transgene. This method is limited by the uncertainty of the level of gene 

expression due to the random insertion site and copy number. Recently, with the 

development of new gene targeting technologies the integration of a single-copy 

transgene in a specific location in the genome, changes of the DNA-sequence or 

epigenetic modification became possible.  

 

Viral transfection for transgenesis 

Lentiviruses constitute an alternative to the use of embryonic stem cells or pronucleus 

injections of DNA vectors to generate transgenic animal models. The lentiviral vectors 

are produced replacing non-essential viral genes with foreign genes of therapeutic interest 

and programmable endonucleases such as TALENs or CRISPR/Cas9. A viral vector 

includes an expression cassette for gRNA or for the transgene followed by a woodchuck 

post regulatory element (WPRE) to increase the transcript stability (reviewed by Kay et 

al., 2001 Pfeifer 2004). In lentiviral vectors long terminal repeats (LTR) 5ô and 3ô of the 



 19 

expression cassette have four functions: to act as an RNA polymerase II promoter, to 

terminate transcription, to promote polyadenylation and to act as recognition site for 

insertion in the host genome. Recombinant viral vectors are injected into the pronucleus, 

reverse transcribed and integrated in the genome, altering the gene expression of the 

embryo (Pfeifer et al., 2002; Lois et al., 2002). Over the past two decades transgenic 

animal models of mouse, rat, cows and pigs among other animals have been developed 

using lentiviral vectors with high transgenic efficiencies (Ikawa et al., 2003; 

Michalkiewicz et al., 2007; Whitelaw et al., 2004; Ewerling et al., 2006).  

 

Sperm mediated gene transfer and testis mediated gene transfer 

Sperm mediated gene transfer consists in the introduction of foreign genes into sperm 

cells in vitro followed by an artificial insemination of the female with the genetically 

modified sperm (Lavitrano et al., 1989, Maione 1998, Smith and Spadafora 2005). In 

contrast to this, testis mediated gene transfer, consists in the in vivo injection of DNA into 

the testis followed by testicular electroporation to target and modify germ cells and 

produce genetically altered sperm (Huang et al., 2000; Dhup and Majumdar 2008). 

 

Modern gene editing techniques  

Having access to the one cell embryo opened the possibility to the application of many 

different gene editing techniques that result convenient for different transgenic animal 

models. In the following I will introduce some of the most commonly used and more 

advanced gene editing techniques. I will discuss whether they can be applied to produce 

transgenic songbirds or new methods need to be develop in other to enable their use.  

 

Conditional mutagenesis  

The necessity of the development of conditional mutations emerged when studying genes 

in which a homozygous mutation would be lethal. Conditional mutations consist of 

mutations that are time- (endogenously controlled; experimentally inducible) or tissue-

specific. To use this method palindromic recombinase target sequences are used to flank a 
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specific region of the target gene. This sequences commonly include the Cre-associated 

loxP sequence or the Flp-associated FRT sequence (Bouabe and Okkenhaug, 2013). 

When these sequences are exposed to the associated recombinase enzyme they recombine 

with each other to remove or invert a DNA sequence from the target gene inactivating its 

expression (Figure 5). Associated recombinase enzymes can be incorporated in the 

genome with a responsible element to a controlable transactivator protein (CTP) to be 

able to control its expression. The CTP gene is inserted in the genome preceded by an 

ubiquitously expressed promoter or a cell/tissue specific promoter (for a cell/tissue 

specific expression). The CTP gene expression can be activated by an antibiotic such as 

doxycycline or tetracycline which will stimulate the production of the CTP that will then 

bind to its responsible element and activate the expression of the associated recombinase 

enzyme gene. The associated recombinase enzyme will then be produced and will act on 

the LoxP sites generating a time and tissue conditional mutation (Figure 5) (Gossen and 

Bujard, 1992; Kistner et al., 1996; McLellan et al., 2017). 
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Figure 5. Conditional mutagenesis. In this example the incorporation of the antibiotic 

tetracycline (T) activates the expression of the controllable transactivator protein gene 

(CTP gene) which will start the synthesis of the controllable transactivator protein (CTP). 

The CTP will then interact with the responsible element (RE) in front of the Cre gene and 

activate its expression. The Cre protein will then be synthesised. After Cre protein 

expression two effects of Cre-recombinase mediated conditional mutagenesis are 

represented: Deletion when a loop is formed between unidirectional loxP site; Inversion 

when the loxP sites are oriented toward each other.  

 

Knock-down gene expression using RNAi 

A knock-down leads to a partial reduction of the expression of a gene. It is an alternative 

to conditional mutagenesis for genes that canôt be completely inactivated due to its lethal 
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consequences. The generation of transgenic knock-down animals by the use of RNAi 

consists in the introduction of a double stranded RNA (dsRNA) or a short hairpin RNA 

(shRNA) that is homologous a mRNA sequence and will result in the posttranscriptional 

silencing of the gene (Fire et al., 1998). RNase III family nucleases (DICER) cut the 

expressed ds RNA or shRNA into small fragments the so-called small interfering RNAs 

(siRNAs). SiRNAs are then incorporated into the RISC (RNA induced silencing 

complex) that uses the siRNA sequence as a guide to identify the homologous mRNAs 

which is subsequently cleaved (Figure 6). This method was used to generate transgenic 

animals through transduction of lentiviral vectors expressing siRNA into preimplantation 

mouse embryos (Tiscornia et al., 2003) or pronuclear injection of constructs that express 

shRNAs (Chang et al., 2004; Seibler et al., 2007; Dickins et al., 2007). The disadvantage 

of siRNA is the low specificity with off-target effects (Jackson and Linsley 2010). 

 

Figure 6. The mechanism of a RNAi knock-down. Double stranded RNA (dsRNA) or 

short hairpin RNA (shRNA) under control of a RNA-polymerase III promoter are 

delivered into the cells by a vector. Once expressed they are cut into small interfering 

fragments (siRNA) by a DICER nuclease. The siRNA is then incorporated into the RNA 
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induced silencing complex (RISC) where it will be used as a guide to cleave the targeted 

mRNA.  

 

Knock-down of gene expression using dominant negative variants.  

Dominant negative gene variants contain deletions that inactivate one or more functions 

of the encoded protein. Once this genetically modified protein is produced by the cells it 

is functionally competing with the native variant. The effects of the genetically modified 

variant can be dominant when its expression level is higher than that of the native 

version. Thus, binding of a ligand to a dominant negative receptor variant might not 

generate the subsequent cascade of signalling events and lead to a reduction of the ligand 

effects (Herskowitz 1987) (Figure 7). Dominant negative variants can be incorporated in 

the genome after pronuclear injection or viral transduction (Amendt et al., 1998; Jones et 

al., 1999). 

 

 

 

Figure 7. The mechanism of a knock-down using a dominant negative gene variant. 

As an example a dominant negative variant of a receptor (DN-R) is shown that lacks part 
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of the DNA sequence responsible for its transactivational effect. Once this gene is 

expressed under control of a highly active promoter, the DN-R may outcompete the 

native receptor (R). The DN-R can still bind to its ligand (L) but will not activate gene 

transcription reducing the effect of the native variant. 

 

Programmable endonucleases for genome editing  

Programmable endonucleases can produce double cuts in a gene and introduce genetic 

mutations in two ways: by non-homologous end joining (NHEJ) an error prone reparation 

process that leads to mutations (Indels) that can inactivate the gene, or by homology-

directed repair (HDR) when the cell is provided with a DNA template that will be used as 

a reference to repair the gene (Joung and Sander, 2013; Gaj et al., 2013; Sander and 

Joung, 2014). 

There are four methods developed for gene editing that use programmable endonucleases: 

and these are homing endonucleases (HEs); zinc-finger nucleases (ZFNs), transcription 

activator-like effector nucleases (TALENs); and the clustered regularly interspaced short 

palindromic repeats associated 9 (CRISPR/Cas9) system. Initially, HEs were used to 

increase gene-targeting efficiency in ES cells (Smih et al., 1995). Later ZFNs were 

developed and used for the generation of transgenic animals (Geurts et al. 2009; Meyer et 

al. 2010, Carbery et al., 2010). TALENs were developed in 2010, easier to produce and 

use than HEs and ZFNs and also used to generate transgenic models (Carlson et al. 2012; 

Tesson et al. 2011, Sung et al., 2013). 

 

In late 2012 and early 2013 CRISPR/Cas9 was developed consisting in a Cas9 nuclease 

and a guide RNA (gRNA) (Jinek et al., 2012; Cong et al., 2013; Mali et al., 2013). The 

gRNA guides Cas9 to a complementary site in the genome. When this site is located three 

to four base pairs upstream of the Protospacer Adjacent Motif (PAM) the Cas9 nuclease 

recognises the target site and produces a double strand (ds) DNA break. The ds DNA 

break will be then repaired by NHEJ or HDR (Figure 8) (Jinek et al., 2012, 2013; Mali et 

al., 2013; Cong et al., 2013; Cho et al., 2013). The CRISPR/Cas9 system was rapidly 

developed into a highly efficient and fast method to produce transgenic animal models 

(Shen et al., 2013; Wang et al., 2013). Since then the CRISPR/Cas9 method has almost 
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completely overcome all other technologies for genome editing. The development of the 

CRISPR/Cas9 system was such a significant event in the history of gene editing that 

Emmanuelle Charpentier and Jennifer Doudna received in 2020 the Nobel Prize in 

Chemistry for its discovery.  

 

 

Figure 8. Mechanism of Crispr/Cas9 mediated genome editing. Once the Cas9 

enzyme and the guide RNA are incorporated into the cells a double strand cut is produced 

in the targeted DNA three to four nucleotides upstream the PAM sequence, where it will 

produce a double strand cut in the DNA. The DNA cut will be repaired by non-

homologous end joining (NHEJ) or homologous direct repaired (HDR) using a DNA 

template.  

 

Methods developed for the generation of transgenic models in 

birds 

Pronucleus injection, the most common technique used to generate transgenic animals, is 

difficult tin birds because of the opaque cytoplasm and yolk content of the avian egg. 

Since at the time of oviposition the avian egg contains an embryo of more than 20000 

cells further limitations are imposed on the available techniques (Lee et al., 2020). 

Therefore, other approaches have been considered to produce transgenic birds (Fig. 9). 
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Figure 9. Methods to produce transgenic avian models. The pronucleus injection is 

difficult in birds due to the opaque cytoplasm and high yolk content of the one cell 

embryo (A). In ovo, Primordial Germ Cells (PGCs), the precursors of sperms and 

oocytes, can be genetically modified by the injection of viral vectors into the freshly laid 

egg (B) or by the application of transposons (C). Also, PGCs can be extracted, cultured 

and modified in vitro (D) allowing for the use of modern gene editing techniques. Finally, 

sperm samples can be extracted from roosters, genetically modified in vitro (E) by the use 

of modern gene editing techniques and inseminating into females. This method is difficult 

to apply in smaller avian species for the large sperm volume that is required. All PGC-

based transgenic techniques available in birds lead to a founder generation with mosaic 

representation of the transgene in the gonads. Analysis of the somatic expression of the 

transgene requires the production of the next generation. Only in the case of Sperm 

Transfection Assisted Gene Editing (see below), the transgene should be expressed 

somatically in the immediate offspring. With all techniques the genotype of the first 

transgenic generation will be heterozygous. 
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Generation of transgenic chicken by sperm transfection assisted gene editing 

(STAGE) 

Recently, a method was established for the generation of transgenic chicken that consists 

of the extraction of sperm samples followed by a transfection with Cas9-mRNA and 

guide RNA (gRNA) by the means of Lipofectamine (Figure 9 E). Hens were inseminated 

multiple times with the transfected sperm to obtain transgenic offspring (Cooper et al., 

2017). Thus, a sperm volume larger than one that could be obtained from smaller bird 

species like the zebra finch were necessary for this procedure. An advantage of this 

method is that it only requires only one generation to produce transgenic animals. 

However, the efficiency of transgenesis was rather low 1.2% for DMRT1 and 14% for 

GFP in average and the edits observed in the genome were found between 50 and 200 

base pairs away from the predicted CRISPR target sites (Cooper et al., 2017). 

 

Generation of chimeras by the use of embryonic stem cells (ES) 

Stem cells constitute a very efficient tool to produce transgenic mammals and it was 

considered to be a potentially robust method for its application to avian species. The 

development of a transgenic avian model by the use of stem cells was tested in the 90ôs. 

At Eyal-Giladi and Kochav stage X (EGK) (Eyal-Giladi et al., 1976; Kochav et al., 1980) 

the chicken embryo consists of two distinct regions, the area opaca which will develop 

into the extra-embryonic tissue and the area pellucida which will develop into the embryo 

proper (Figure 9 A). The cells present in the area pellucida are pluripotent stem cells and 

have been used to create chimeric birds. Stem cells from the embryos of Barred Plymouth 

Rock (BPR) chickens (black feathers) were injected into embryos of Dwarf White Leg 

Horn (white feathers) at EGK stage X, and somatic chimeras were identified by the 

presence of both black and white feathers (Petitte et al. 1990). Later, ɔ-irradiation of 

recipient embryos was later used to compromise the cells of the recipient embryo and 

improve the efficiency of transmission of the donor phenotype into the chimeras 

obtaining up to 85% donor cells (Carsience et al. 1993; Kagami et al. 1995; Kino et al. 

1997). The injection of chicken embryonic stem cells showed no evidence of germline 
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transmission, contribing to somatic tissue but not to the germline which limited their use 

for the production of transgenic birds.  

 

Primordial germ cells (PGCs) 

Primordial germ cells are the precursors of spermatocytes and oocytes and can be found 

in the developing embryos. In birds PGCs arise from the epiblast and can be first detected 

in the central disc of the area pellucida of EGK stage X EGK embryos (Figure 10 A). At 

EGK stage XII the embryo is formed by two cell layers, the epiblast and the hypoblast 

and two cavities, the blastocoel between the epiblast and the hypoblast and the 

subgerminal cavity underneath the hypoblast (Figure 10 B). At Hamburger and Hamilton 

(HH) stage 4 (Hamburger and Hamilton, 1951) PGCs translocate to the germinal 

crescent, increase in number, enter the developing vascular system at HH stage 8 (Figure 

10 C) and circulate in the embryonic blood stream until HH stage 14 (Figure 10 D). 

Finally, from HH stage 14 to 17 the PGCs leave the vascular system to migrate to their 

final location in the germinal ridges where they will differentiate into spermatozoa or 

oocytes (Figure 10 D). Methods were developed to target the PGCs in order to alter the 

germ line genome and produce fully transgenic birds in the next generation.  
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Figure 10. Avian early embryonic development and PGC migration. (A) Embryo at 

Eyal-Giladi and Kochav (EGK) stage X with PGCs (green) located in the centre. (B) At 

EGK stage XII, the embryo is formed by the epiblast, hypoblast and two cavities, the 

blastocoel and the subgerminal cavity. At this stage PGCs are located in the epiblast. (C) 

At Hamburger and Hamilton (HH) stage 10, PGCs enter the circulatory system. (D) At 

HH stage 14 PGCs start migrating to the gonadal anlage.  

 

Genetic modification of PGCs by injection of viral vectors into the 

blastoderm 

Viral vectors constitute a suitable strategy to generate transgenic birds. The first 

transgenic bird was generated by the injection of an avian leukosis virus into the yolk sac 

near to the blastoderm that successfully integrated to the germline (Salter et al., 1987). 

Transgenic chickens, quails, zebra finches and canaries were generated by the injection of 

lentiviral vectors carrying a transgene into stage X EGK or 14 HH embryos both with the 

aim of targeting and modifying PGCs that would differentiate into functional gametes and 

generate offspring with the altered genotype (Mizuarai et al. 2001; Mozdziak et al., 2003; 

McGrew et al. 2004; Zhang et al. 2012; Agate et al., 2009; Liu et al., 2015; Abe et al., 

2015). This is so far the only method available so far for the development of transgenic 

songbirds and other bird species apart from chickens (Figure 9 B). However the germline 

transmission rated is very variable depending on the being 18% in average in chicken 

(Mozdziak et al., 2003; McGrew et al. 2004) 1.7% and 13% in quails depending on the 

injection method (Zhang et al. 2012) and 10% zebra finch but only with 3 of 23 founders 

successfully producing transgenic offspring (Agate et al., 2009).   

 

Genetic modification of PGCs with transposons in-ovo  

Another method developed to produce transgenic chickens consist in the transfection of 

PGCs in ovo with transposons. A transposon system is formed by two components: the 

transposon, a DNA sequence that is able to move from one locus in the genome to 

another, and the transposase, the enzyme that cleaves the DNA, releasing the transposable 

element. Genetically modifies chickens were generated by lipofectamine based 
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transfection of Tol2 transposons to target circulating PGCs at HH stage 14 (Tyack et al., 

2013). Again, these methods had a low germline transmission rate 1.5% (Figure 9 C)  

 

Generation of transgenic birds by the culture and genetic modification of 

PGCs 

Unlike to what happens in mammals, where the PGCs reach the gonads migrating 

through the allantois and yolk sac, in avian species PGCs migrate to the gonads through 

the developing blood system (Han et al., 1994). This makes them accessible for a short 

period of time to be extracted from the blood, cultured and genetically modified in vitro. 

The ability to culture chicken PGCs for a long period of time opened the possibility for 

the application of modern genome editing techniques such as TALENs and CRISPR/Cas9 

selecting targeted cells and expanding them clonally in vitro in this avian species. 

Genetically modified PGCs are then injected into EGK stage X or HH stage 14 embryos 

where they migrate to the gonads contribute to the germline and generate transgenic 

offspring (Van De Lavoir et al. 2006; Macdonald et al. 2010; Schusser et al., 2013, 2016; 

Dimitrov et al. 2016). The genetic modification of PGCs in vitro followed by injection 

into recipient embryos is the most effective way to produce transgenic chickens so far 

with a germline transmission rate of around 20% but reaching up to 95% in some 

particular cases (Dimitrov et al. 2016, Figure 9 D). Until now, PGCs could be expanded 

in vitro in chickens only limiting the application of this method to other bird species. 

Because genetically modified PGCs compete for the production of offspring with 

endogenous PGCs when injected into the host embryo, therefor the germline transmission 

rate depends highly on the number of PGCs that were originally injected. In order to 

improve the germline transmission rate and thereby the number of host embryos needed, 

chemical and physical sterilization methods were developed to sterilized the surrogate 

host. Embryos were partially sterilized by injecting Busulfan into the yolk of fertile eggs 

(Nakamura et al., 2008) or irradiating the eggs with gamma rays (Trefil et al., 2006). In a 

variation of this method, genetically modified PGCs were injected into the testes of adult 

gamma-irradiated rosters (Trefil et al.,2017). 

 

Transgenesis in songbirds 
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Until now there was only one method stablished to produce transgenic songbirds 

consisting on the injection of lentiviral vectors into the blastodisc of freshly laid eggs. 

While the time required for the generation of transgenic songbirds was short compared to 

methods based on cultured PGCs, this technique resulted in a germline transmission rate 

of 10% with only 3 of 23 founders successfully producing transgenic offspring (Agate et 

al., 2009). This low germline transmission is because the virus is injected into an embryo 

that already contains more than 20000 cells so that the odds of the virus being integrated 

in the PGCs population are rather low. Furthermore, this method does not allow for the 

application of genome editing techniques that involve the selection and clonal expansion 

of targeted cells. In consequence, the method restricts the application of genetic 

modifications to transgene over-expression, knock-down by siRNA or knock-out. 

So far, over the last 15 years, three transgenic zebra finch models were developed using 

lentiviral vector injection into the blastoderm of songbirds. Agate and colleagues applied 

this method for the first time to produce transgenic zebra finches expressing enhanced 

Green Fluorescent Protein (eGFP) (Agate et al., 2009). In 2015, Liu and collaborators 

developed the first functional transgenic songbird, inserting the mutated human 

huntingtin gene in the zebra finch genome. This gene produces a protein responsible for 

the progressive deterioration of motor and cognitive function in Huntingtonôs disease. 

The mutant songbirds had severe vocal disorders, including poor vocal imitation, 

stuttering, and progressive syntax and syllable degradation. Liu and colleagues presented 

an example of how a song bird can be the ideal animal model to study speech and vocal 

impairments in humans (Liu et al., 2015). Lastly, in 2015, Abe and colleagues developed 

a transgenic zebra finch model with a supressed or enhanced activity of the cAMP 

response element-binding protein (CREB) transcription factor. The transgenic birds 

showed reduced vocal learning and impaired audio-memory formation. These results 

demonstrate that appropriate activity of CREB is necessary for the postnatal acquisition 

of learned behaviour in songbirds, proving transgenic models to be an excellent method 

to study in more detail the mechanisms behind song acquisition and production in birds 

(Abe et al., 2015).  

The development of a novel method to produce transgenic songbirds by the means of the 

extraction, culture and genetic modification of blood-borne zebra finch primordial germ 

cells (zfPGCs) would open the possibility for the application of targeted gene editing 

techniques on zfPGCs. Genetically modified PGCs could later be injected in recipient 
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embryos where they would migrate to the gonads and contribute to the germline 

generating transgenic offspring in the following generation. With this method a larger 

germline transmission rate than that obtained with the previously developed method could 

be achieved due to the injection of a large number of PGCs to colonize the gonads. The 

goal of my PhD was to develop and implement such method, stablishing the right culture 

conditions to expand zfPGCs in vitro, altering their genome and injecting them into 

recipient embryos to generate transgenic offspring.  

 

The androgen receptor  

Songbirds are major animal models to study the genetic and neural basis of vocal learning 

and communication (Mooney, 2020; Mello, 2014; Prather et al., 2017) as well as sex 

hormone dependent brain development (Gahr, 2007; Balthazart et al., 2010; McCarthy 

and Arnold, 2011) and adult neurogenesis (Goldman and Nottebohm, 1983; Paton and 

Nottebohm, 1984). Zebra finch transgenic models constitute a big step towards the 

understanding of these processes allowing for the study of the participating genes in a 

molecular and functional way. 

 

Sex hormones and their role in brain development  

Sex hormones play an essential role in brain development in mammals and birds. Studies 

y rodents showed that testosterone in particular stimulates cell survival (Hamson et al., 

2013; Spritzer and Galea, 2007) and synaptogenesis in both males and females (Leranth 

et al., 2003; Lewis et al., 1995). It also regulates amygdala volume (Cooke et al., 1999), 

dendritic length and soma size of adult motor neurons (Kurz et al., 1986), and the density 

of dendritic spines in the male preoptic area, a brain area involved in the control of sexual 

behaviours (Garelick and Swann, 2014). Essentially, sex hormones affect all levels of 

neuronal and neural differentiation, depending on the cell type expressing various steroid 

receptors, depending on the tissue, and on the sex. 

The songbirdôs brain undergoes enormous changes induced by the effect of sex 

hormones. The neuronal morphology including synaptic density and dendritic 

arborization, the neuron number and the vascularization of the song nuclei are regulated 
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by sex hormones (reviewed in Chen et al., 2013; Gahr, 2004). The changes in the male 

canary song system that are produced seasonally in parallel to changes in the singing 

behaviour are correlated to circulating testosterone levels (Nottebohm et al., 1987; Voigt 

and Leitner, 2008; Tramontin and Brenowitz, 2000).  

AR expressing cells were found present in regions of the brain that are conserved among 

vertebrate species or linked to taxa-specific sexual behaviors (Kim et al. 1978). In 

songbirds in particular, androgen receptor expressing cells are present in areas of the 

brain related to song learning and song production such as HVC, RA, lMAN, mMAN, the 

auditory nucleus NIf, area X, the medial preoptic area and the medial amygdala. 

(Hutchison and Steimer 1984; Alward et al. 2013; Cordes et al. 2015; Balthazart et al. 

1992; Bernard et al. 1999; Gahr et al. 1998, 2008; Metzdorf et al. 1999; Fusani et al. 

2000; Voigt and Gahr 2011; Fraley et al. 2010; Quispe et al. 2016; Balthazart et al. 1992; 

Metzdorf et al. 1999; Fusani et al. 2000). 

 

Androgen receptor structure  

The androgen receptor (AR) is responsible for the genomic mechanisms activated after its 

interaction with testosterone or 5Ŭ-dihydrotestosterone (DHT), one of testosterone 

metabolites to which it has a high affinity (Grino et al., 1990). The human AR gene is 

formed by eight protein-coding exons (Figure 11). Exon 1 encodes the amino terminal 

domain (NTD) (Ferro et al., 2002; Ding et al., 2004, 2005), exon 2 and 3 the DNA 

binding domain (DBD) (Shaffer et al. 2004), exon 4 the hinge region (HR) and exons 5 to 

8 the ligand binding domain (LBD) (Matias et al., 2000). It has two transactivation 

regions, one ligand independent, AF-1, located in the NTD( Callewaert et al., 2006), one 

ligand dependent, AF-2, located in the LBD( Slagsvold et al., 2000). Furthermore, AF-1 

contains two transcription activation units Tau-1 and Tau-5. Interestingly Tau-5 retains 

the activation potential in the absence of the LBD while Tau-1 depends on it to be 

activated ( Jenster et al., 1995). The AR also contains a nuclear localization signal (NLS) 

that imports the receptor into the nucleus and a nuclear export signal (NES) responsible 

for moving the receptor back to the cytoplasm in case of ligand withdrawal (Tan et al., 

2015). The sequences of DBD, HR, and LBD are highly conserved among vertebrates, 

whereas the NTD is less conserved. The AR gene also has a variable number of 

untranslated regions (5ǋ UTRs) and as such might have additional promoters next to the 
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promoter adjacent to the transcription start site (Frankl-Vilches et al., 2017). In the avian 

AR gene putative promoters were identified in front of exons 1 and 2.  

 

 

Figure 11. Androgen receptor (AR) structure. The AR has an amino terminal domain 

(NTD) formed by the exon 1 and containing the transcription activating units Tau1 and 

Tau5 within the transactivation region AF-1. A DNA binding site (DBD) formed by 

exons 2 and 3, a hinge region (HR) formed by exon 4 and a ligand binding domain (LBD) 

formed by exons 5 to 8 and containing a transactivation region AF-2. A nuclear 

localization signal (NLS) and a nuclear export signal (NES) can be found between the 

DBD and the H and in the LBD respectively.  

 

Mechanism of action of the androgen receptor 

The AR has two mechanisms of action: a canonical AR signalling and a non-canonical 

AR signalling. In the absence of ligand the AR is located in the cytoplasm, when it binds 

to testosterone or DHT a conformational change is produced and the AR/Androgen 

complex translocate to the cell nucleolus. Once in the nucleolus the AR dimerizes and 

binds to androgen response elements (AREs) present in AR target genes to modulate their 

expression (Denayer et al., 2010). Coregulators can bind to the activated AR to enhance 

or repress its effect (Bevanet al., 1999). This process constitutes the canonical signalling. 

Unlike the canonical signalling, the non-canonical signalling has a DNA binding 

independent mechanism of action, activating other second messenger signalling pathways 

such as ERK, AKT and MAPK (Figure 12) (Estrada et al., 2003; Kousteni et al., 2001; 

Gill et al., 2004).  
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Figure 12. AR acts as a nuclear transcription factor. The AR is initially located in the 

cytoplasm and after binding to its ligands, testosterone (T) or dihydrotestosterone (DHT), 

the AR/ligand complex is transported into the nucleus. Once there it interacts with 

Androgen Response Elements (ARE) of a gene and modulates its expression, this 

constituting the canonical AR signalling pathway. Non-canonical AR signalling leads to 

the activation of signalling pathways such as the ERK-, AKT- and MAPK-pathways. 

 

Androgen receptor splice variants  

Alternative splicing is a mechanism that occurs to pre-mRNA sequences of a gene 

leading to an increase of its functional diversity. Androgen receptor splice variants were 

first identified in humans in 2001 in prostatic cancer cell lines (Gregory et al., 2001, Heile 

et al., 2011, Lu et al., 2013, Ahrens-Fath et al. 2005). Later, in 2005, a natural occurring 

variant, the AR45 was identified in human placenta and found to be expressed also in 

Cytoplasm 

Nucleus 
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heart, muscle, uterus, prostate, lung, and breast (Figure 13). The AR45 lacks the exon one 

usually responsible for the transactivation effect, but expresses part of the sequence 

located between exons 1 and 2 called exon 1b followed by exons 2 to 8 (Figure 13). 

AR45 acts as a negative regulator of the AR signalling by inhibiting its activity when 

binding to androgens in the nucleus and competing with the full-length functional AR. 

However, AR45 also possesses transcriptional activity under overexpression of the AR 

co-activators b-catenin or TIF-2 (Ahrens-Fath et al., 2005). Additional natural occurring 

variants ARV1, 3, 7 and 9 were identified recently they lack the hinge region and ligand 

binding domain and contain the cryptic exons 1, 3, 4 or 5 (Figure 13, Hu et al., 2014). 

Studies done on the androgen insensitivity syndrome and prostate cancer have identified 

several more pathological AR splice variants formed by different combination of the AR 

exons resulting in a loss or gain of function (reviewed by Wadosky and Koochekpour, 

2017). Naturally occurring AR splice variants and their physiological function have not 

yet been analysed in avian species. 

 

 

Figure 13. Human full -length androgen receptor and splice variants. HAR-FL 

represents the full length human androgen receptor with an amino terminal domain 

(NTD) formed by the exon 1 and containing a Tau1 and Tau5 transactivation sequences 

within the transactivation region AF-1. A DNA binding site (DBD) formed by exons 2 

and 3, a hinge region (HR) formed by exon 4 and a ligand binding domain (LBD) formed 

by exons 5 to 8 and containing a transactivation region AF-2. A nuclear localization 

signal (NLS) and a nuclear export signal (NES) can be found between the DBD and the H 
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and in the LBD respectively. The LBD, HR and DBD are highly conserved even between 

mammals and birds while the NTD is less conserved in vertebrates. hAR45 constitutes 

the most highly expressed hAR natural occurring splice variant that it differs from the 

full-length AR only in the exon 1 since hAR45 contains the exon 1B found between 

exons 1 and 2. hARV 1, 3, 7 and 9 are less frequently expressed splicing variants that lac 

the hinge region and ligand binding domain and contain the cryptic exons 1, 3, 4 or 5. 

 

Dominant-negative AR as a candidate gene for the generation of a 

transgenic knock-down zebra finch model 

Sex hormones affect the development, organization and plasticity of the song control 

system and modulates the singing behaviour. In order to elucidate the androgenic effects, 

I involved the method developed in chapter 1 of my thesis to produce transgenic 

songbirds opening the possibility for the development of an AR transgenic knock-down 

zebra finch model. This can be achieved by the overexpression of a dominant negative 

variant of the androgen receptor in the genome of a transgenic zebra finch. A dominant 

negative variant would compete with the native AR in its ability to bind to androgens but 

will not produce an activation cascade, leading to a reduction of the effect of androgens in 

the body. Therefore, for chapter 3 of my thesis Iôve we studied naturally occurring AR 

splice variances of the zebra finch and tested their activity in vitro in a luminescent 

promoter assay. Furthermore, Iôve tested the zebra finch homolog of a synthetic dominant 

negative variant of the human AR variant whether it could be used in the generation of a 

transgenic AR knock-down zebra finch model.   

 

Thesis outline 

 

Chapter I 

Over the last 15 years, three transgenic zebra finch models were developed using 

lentiviral vector injection into the blastoderm of songbirds. To achieve genetic 

manipulations of songbirds with higher efficiency, in the first chapter of this thesis I have 
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developed a new method by the culture and genetic modification of primordial germ cells 

(PGCs) (Gessara et al., 2021). Novel techniques were developed to expand zfPGCs in 

vitro for a period of time sufficient for their genetic modification with lentiviral vectors. 

Genetically modified PGCs were injected into early zebra finch embryos and transgenic 

offspring was produced in the second generation. 

 

Chapter II 

In order to apply precise genome editing tools like CRISPR/Cas9, it seemed necessary to 

culture the PGCs for an extended period of time. Because that allows for the application 

of gene editing techniques followed by antibiotic selection and clonal expansion of the 

targeted cells. Long-term PGC cultures have only been established for chicken PGCs so 

far. zfPGCs can be cultured for a relative short period of time that does not allow for the 

clonal selection. Since the growth curve of zfPGCs in culture reached the stationary phase 

between 10 and 15 days in vitro (DIV), a comparative transcriptome study of zfPGCs 

cultured for 1 and 10 DIV was performed in this chapter. The goal was to determine the 

signalling pathways affected in zfPGCs during culturing and to identify growth factors 

potentially necessary to maintain long-term zfPGC self-renewal. Furthermore, candidate 

growth factors were tested on their effect on the proliferation rate of the zfPGCs in vitro.   

 

Chapter III 

Genetic manipulation of cultured zfPGCs can be used for the generation of transgenic 

zebra finches with an over-expression of a transgene (Gessara et al., 2021). In chapter III 

I have studied the expression and activity of androgen receptor (AR) variants to identify a 

candidate transgene that can be used for the generation of a transgenic zebra finch 

expressing a dominant-negative AR-variant. In birds, the full -length androgen receptor 

constitutes a key regulator of many developmental and behavioural processes including 

the development of the song control system in songbirds (Gahr, 2004; Chen et al., 2013). 

I have investigated here the expression pattern of two novel zebra finch AR splice 

variants zfAR-V2-4 and zfAR-V2-8 by RT-PCR and assessed their genomic activity in an 

in vitro AR reporter assay. The results suggested that the naturally occurring zfAR-V2-8 

constitute a viable tool for the generation of a transgenic zebra finch with an AR knock-
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down. The availability of an inhibitory AR variant opens the possibility to develop a 

transgenic dominant-negative knock-down model in the zebra finch to study the role of 

androgens in the development, organization and plasticity of the song control system and 

the modulation of the singing behaviour.  
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Abstract 

The ability to genetically manipulate organisms has led to significant insights in 

functional genomics in many species. In birds, manipulation of the genome is hindered by 

the inaccessibility of the one-cell embryo. During embryonic development, avian 

primordial germ cells (PGCs) migrate through the blood stream and reach the gonadal 

anlage; where they develop into mature germ cells. Here, we explored the use of PGCs to 

produce transgenic offspring in the zebra finch, which is a major animal model for sexual 

brain differentiation, vocal learning and vocal communication. Zebra finch PGCs 

(zfPGCs) obtained from embryonic blood significantly proliferated when cultured in an 

optimized culture medium and conserved the expression of germ and stem cell markers. 

Transduction of cultured zfPGCs with lentiviral vectors was highly efficient leading to 

strong expression of the enhanced green fluorescent protein (eGFP). Transduced zfPGCs 

were injected into the host embryo and transgenic songbirds were successfully generated.  

 

Introduction  

Songbirds are major animal models to study the genetic and neural basis of vocal learning 

and communication (Mooney, 2020; Mello, 2014; Prather et al., 2017) as well as sex 

hormone dependent brain development (Gahr, 2007; Balthazart et al., 2010; McCarthy 

and Arnold, 2011) and adult neurogenesis (Goldman and Nottebohm, 1983; Paton and 

Nottebohm, 1984). For the zebra finch, transgenic models have been successfully 

developed (Agate et al., 2009; Abe et al., 2015; Liu et al., 2015). Agate et al. (2009) were 

the first to inject lentiviral vectors for GFP into the blastodisc of freshly laid zebra finch 

eggs in order to target the primordial germ cells (PGCs), the precursors of spermatocytes 

and oocytes. However, due to inefficiency of the method, only two other transgenic 

models have been generated over the past 10 years using this method (Abe et al., 2015; 

Liu et al., 2015). 

During avian development, PGCs are located in the central area of the blastodisc until 

Eyal-Giladi and Kochav (EGK) stage X (Eyal-Giladi et al., 1976; Kochav et al., 1980); 

from here, PGCs translocate to the germinal crescent (Ginsburg et al., 1986) and finally 

migrate through the developing vascular system to reach the gonadal anlage (Fujimoto et 
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al., 1976; Nakamura et al., 1988; Jung et al., 2019). Avian PGCs are easily isolated from 

the circulatory system by blood aspiration between Hamburger and Hamilton (HH) stages 

14 and 17 (Hamburger and Hamilton, 1951). In the domestic chicken, embryonic blood-

derived PGCs can be propagated in vitro for several months, genetically modified and re-

injected into early embryo surrogate hosts. Their ability to migrate to the gonadal anlage 

was unaffected by this treatment and the resulting hosts exhibited a high germline 

transmission rate (Van De Lavoir et al., 2006; Macdonald et al., 2010). For the zebra 

finch, it has been shown that primordial germ cells of the embryonic gonads (zfgPGCs) 

can be cultured for up to 30 days on a feeder cell layer in the presence of relative high 

concentrations of undefined fetal bovine serum, genetically modified with transposons 

and retain the ability to colonize embryonic host gonads (Jung et al., 2019). However, to 

the best of our knowledge the generation of transgenic songbirds using this approach has 

not yet been reported. 

Here, we explored the use of blood-borne zfPGCs to generate transgenic zebra finches 

using a feeder-free culture medium that contained fetal bovine serum at a minimal 

concentration to avoid precocious differentiation and using lentiviral transduction for 

genetic modification. Cultured zfPGCs were efficiently transduced with lentiviral vectors 

expressing enhanced green fluorescent protein (eGFP). After injection underneath the 

early zebra finch blastodisc of a host embryo (EGK stage X), genetically modified 

zfPGCs migrated to and colonized the gonadal anlage following incubation. These 

surrogate host embryos were successfully hatched and raised by foster parents and, when 

mated, efficiently transmitted the transgene to their offspring (Fig. S1).  

 

Results 

 

Expansion of embryonic blood-derived zfPGCs in culture 

Blood samples (1 - 3 ml) extracted from zebra finch embryos at Murray stages 13-15 

(Murray et al., 2013) contained a mixed population of erythrocytes and about 140 PGCs, 

with large individual differences in the number of PGCs observed between samples (40 ï 

500). Like in chicken (Macdonald et al., 2010), blood-derived zfPGCs were round with a 
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diameter of 16-20 mm, showed tiny membrane protrusions visible under phase contrast, a 

prominent nucleus and small cytoplasmic vesicles that enclosed polysaccharides which 

could be stained by the periodic acid-Schiff (PAS) reaction (Fig. 1 A-C). 

To culture zfPGCs, we used a feeder layer free culture and a defined culture medium 

(FAIcs) with low calcium concentration that we had developed for chicken PGCs 

(chPGCs) obtained from embryonic blood (Whyte et al., 2015), but replaced the chicken 

serum with a low concentration of fetal bovine serum. In this culture medium, we found 

that a low concentration of calcium (0.3 mM) supported the proliferation of zfPGCs in 

loose, non-adherent clumps (Fig.1 D, Fig.S2 A). Higher concentrations of calcium 

(medium with 100 % KnockOutTM DMEM containing 1.8 mM calcium) promoted 

stronger cell-cell interactions, leading to the formation of dense zfPGC clumps with 

indistinguishable cell boundaries. We also tested a culture medium previously developed 

for zfgPGCs (Jung et al., 2019) that contained higher serum concentrations. Using this 

medium condition, zfPGCs extracted from embryonic blood attached to the bottom of the 

culture plate (Fig. S2 B), showed a lower growth rate and exhibited signs of cell death.  

To establish improved culture conditions for zfPGCs, we adapted the FAIcs by altering 

the ligand of the TGF-beta signaling pathway. Both growth factors Activin A and Bone 

morphogenetic protein (BMP) 4, have been shown to be sufficient for propagating 

chicken PGCs (chPGCs) in vitro (Whyte et al., 2015). However, we found a trend 

towards higher numbers of cell divisions in the presence of BMP4 for zfPGCs (average 

and SEM: 4.33 ° 0.88 for Activin and 6.97 ° 1.87 for BMP4; n=3; Fig. 2E), and replaced 

Activin with BMP4 for our germline transmission experiments. Moreover, zfPGC 

cultured in the presence of BMP4 had after 15 days in culture a significantly higher 

percentage of cells than the control without BMP4 (average percentage 206%; SEM 36.3; 

p= 0.05; n=5). 

When our optimized zfPGC culture medium was used (Table S1), proliferation of zfPGCs 

was detectable after 2 days in vitro (DIV), and loose cell clusters were observed forming 

after 5 DIV (Fig. 1D). During the first two weeks of culture, zfPGCs divided 2 to 9 times, 

reaching a maximum of 8000 cells. On average, we obtained 1331 zfPGCs at 10 DIV and 

1045 zfPGCs at 15 DIV per blood sample (n = 32; Fig.1 F, G). Between 15 and 20 DIV, 

zfPGCs started to undergo cell death.  
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Figure 1. Characterization and expansion of cultured zfPGCs 

(A) Phase contrast image of an early blood cell culture with zfPGCs (white arrows) that 

contained polysaccharide vesicles and showed typical cellular protrusions (red arrow). 

The insert in A shows cellular protrusions at higher magnification. Note that PGCs were 

larger in size than other blood cells. (B, C) Periodic acid-Schiff (PAS) stains of blood 

smear samples taken from a zebra finch (B) and chicken (C) embryo at embryonic stage 

14, staining polysaccharide vesicles of PGCs in magenta. A cytoplasmic fragment of the 

zfPGC (red arrow) is shown in the insert at a higher magnification. (D) ZfPGCs growing 

in loose clumps at 7 DIV conserve their native morphology. (E) Blood samples from 

single embryos were split in two and cultured one half in the presence of Activin and the 

other with bone morphogenetic protein 4 (BMP4). Cell numbers were counted at 1 and 15 

DIV and numbers of cell divisions at 15 DIV are shown (mean ± SEM). (F) Growth 

curve of zfPGCs cultured in medium containing BMP4. Different letters indicate 

statistically significant differences between cell numbers on different days (ANOVA; 

n=32, p=0.05). ZfPGCs proliferated significantly until 15 DIV. At 20 DIV a significant 

decrease of the cell number due to death was detectable. (G) Box plot showing fold 
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increase in zfPGCs during a period of 30 days in culture as compared to the number of 

zfPGCs at 1 DIV. Scale bars in A - D represent 20 mm. See also Figure S2 

 

Expression of cell type-specific markers by cultured zfPGCs 

To test the effect of in vitro propagation on PGC-specific gene expression we assessed 

germ and stem cell marker expression by zfPGCs at 10 DIV by performing 

immunofluorescent stainings and RT-PCR analyses. Stage-specific embryonic antigen 1 

(SSEA-1), a carbohydrate epitope associated with cell adhesion and migration, is 

normally expressed by avian PGCs during migration to the gonadal anlage in turkeys 

(D´Costa and Petitte, 1999), as well as in zfgPGCs (Jung et al., 2019) and also by 

chPGCs (Macdonald et al., 2010) in vitro. Furthermore, epithelial membrane antigen 1 

(EMA-1), a cell surface glycoprotein, is expressed by chPGCs at early embryonic stages 

and in vitro (Urven et al., 1988; Raucci et al., 2015). Correspondingly, migrating zfPGCs 

that were freshly isolated from the embryonic blood stream at Murray stages 13-15 as 

well as zfPGCs at 10 DIV were found to be immunopositive for both SSEA-1 (Fig. 2 A, 

D) and EMA-1 (Fig. 2 E, H, I). In both antibody stainings, the cell surface of zfPGCs was 

strongly labeled (Fig. 2, D); in contrast, erythrocytes remained unstained (Fig. 2 A, B, E, 

F).  

In both chPGCs and zfPGCs, the germline-specific genes DAZL (Deleted in 

Azoospermia Like) and DDX4 (DEAD-Box Helicase 4) as well as the pluripotency 

markers POU5F1 (POU Class 5 Homeobox 1) and NANOG (Nanog Homeobox) are 

expressed (Van De Lavoir et al., 2006; Macdonald et al., 2010; Jung et al., 2019). Our 

RT-PCR analyses revealed that cultured zfPGCs harvested after 10 DIV expressed these 

stem cell markers (Fig. 2 J). In control samples, zebra finch blastodiscs from freshly laid 

eggs, which contain PGCs, showed a similar expression pattern. In contrast, cultured 

fibroblasts from zebra finch embryos did not express these markers (Fig. 2 J). 

Furthermore we identified the PGC marker DAZL to be highly expressed in the 

transcriptome of both zfPGCs freshly extracted from blood and cultured for 10 DIV.  
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Figure 2. Conserved expression of germ and stem cell-specific markers in cultured 

zfPGCs  

Microphotographs of PGCs were taken after immunofluorescent stainings for (A - D) 

stage-specific embryonic antigen 1 (SSEA1) and (E - I ) epithelial membrane antigen 1 

(EMA1). Stainings were performed with blood smears obtained from zebra finch (zf) (A, 

E) and chicken (ch) (B, F) embryos as well as with zfPGCs cultured for 10 DIV (C, D, 

G, H, I). Fluorescent images (immunostainings in red and nuclear stains with 4ǋ,6-

diamidin-2-phenylindol (DAPI) in blue) and phase contrast (C, G) images are shown. In 

(A) arrows point to a zfPGC (white arrow) and an erythrocyte (red arrow). Note that in 

blood smear samples PGCs were surrounded by immunonegative blood cells. Scale bar 

represents 20mm. (J) Photographs of agarose gels after electrophoretic separation and 

ethidium bromide staining of RT-PCR products. Cultured zfPGCs (PGCs; 10 DIV) 
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continued to express germ cell markers such as DAZL (1, 2) and DDX4 (3, 4), and, 

interestingly, also stem cell markers such as POU5F1 (5) and NANOG (6). In contrast, 

cultured fibroblasts of zebra finch embryos did not express any of these marker genes. All 

cDNA samples from zebra finch blastodisc cells (Blast) that include early zfPGCs turned 

out to be PCR-positive for the same marker genes. Detection of y-actin (ACTG1) (7) 

expression was used to control all samples for equal cDNA quality. Sizes of molecular 

weight markers (left slots) and expected amplicons are indicated. For both DAZL and 

DDX4 two RT-PCRs were carried out using primer pairs that were reported by Mak et al. 

2015 (I) and newly designed for this study to be intron-spanning (II) (see in material and 

methods). 

 

Highly efficient transduction of cultured zfPGCs with lentiviral vectors 

Electroporation (BTX, Gemini System) and lipofection resulted in extensive cell 

mortality of cultured zfPGCs and low transfection efficiency (data not shown). To 

determine whether cultured zfPGCs could be genetically modified, we transduced 

cultured zfPGCs at 7 DIV with a lentiviral vector containing eGFP gene under control of 

the human phosphoglycerate kinase (hPGK) promoter (Fig. 3 A) when they were growing 

in cell clumps. Two days post-transduction, the majority of the cells exhibited strong 

eGFP expression (Fig. 3 B-D) while continue to express the zfPGC marker EMA1(Fig. 3 

E). In contrast to zfPGCs cultured from embryonic blood, zfPGCs cultured from 

embryonic gonads (zfgPGCs) (Jung et al., 2019) showed a relatively low lentiviral 

transduction efficiency (Fig. S2 G, H). We next compared the eGFP expression in 

cultured zfPGCs after transduction with lentiviral vectors that contained different 

constitutive promoters including the hUBC promoter, the human elongation factor 1 

alpha (hEF1a) promoter, the cytomegalovirus (CMV) promoter and the CMV enhancer 

fused to the chicken beta-actin (CAG) promoter. For all these lentiviral constructs the 

level of the eGFP expression after transduction turned out to be similar (Fig. S3). 

Since viral titer is a crucial factor for a successful lentiviral vector transduction, we also 

assayed reporter gene expression in cultured zfPGCs when using increasingly diluted 

viral particle suspensions. Using the lentiviral vector for rrl-hPGK-eGFP, we found the 

highest eGFP expression at a final concentration of 2x10exp8 TU/ml and greater (Fig. 

S4). For gene editing studies in which Cas9, CRISPR gRNAs and a selection marker are 
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used at the same time, it would be necessary to simoultaneously transduce zfPGCs with 

two different lentiviral vectors. To test this we treated the same cells with lentiviral 

vectors for both UBC-eGFP and CMV-Tomato at a titer of 2x10exp8 TU/ml each. Two 

days after transduction, most zfPGCs expressed both reporter genes at comparable 

strength (Fig. S5). Together, these findings demonstrated that lentiviral vectors provide 

an efficient and promising way to introduce transgenes into cultured zfPGCs. 

 

Upregulation of LDLR gene family members in cultured zfPGCs 

The viral vectors used to transduce zfPGCs in this study were vesicular stomatitis virus 

glycoprotein G (VSV-G) pseudotyped lentivirus for which the low-density lipoprotein 

receptor family (LDLRF) constitutes the main cell surface receptors (Finkelshtein et al., 

2013, Nikolic et al., 2018). Transcriptome analysis of zfPGCs that were freshly extracted 

from embryonic blood and cultured for 10 DIV revealed the expression of the LDLR 

gene family members LR11, LRP1B and LRP3 to be significantly up-regulated after 10 

DIV. The expression of other gene family members such as LRP2, LRP6, LRP8 and 

LRP1 remained unchanged and was found to be down-regulated for VLDLR and LRP4 

(Table 1). Absence of the prototypic LDLR gene in the zfPGC transcriptome was in line 

with the role of LDLR in steroidogenesis by somatic cells of chicken ovarian follicles 

(Hummel et al., 2003). 

 

Table 1. Expression profile of Low density lipoprotein receptor family in zfPGCs 

cultured for 10 days 
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Cultured zfPGCs colonized the gonadal anlage of host embryos after re-

injection subgerminally 

Cultured zfPGCs clumps expressing eGFP under control of the hPGK promoter were 

pooled from 5 to 10 cultures and dissociated to single cells after digestion with papain. 

Around 500 cells were injected under the blastodisc of freshly laid zebra finch eggs. The 

eggs were sealed and incubated for 48 hours before being transferred into the nests of 

Gene 

Symbol 

Gene Name 

Zebra finch Ensembl 

gene ID 

Fold 

Change 

Adjusted 

P. value 

LR11 (SORL1) 

Low density lipoprotein 

receptor relative with 11 ligand 

binding repeats 

ENSTGUG00000000462 2.816 0.05 

LRP1B 

Low density lipoprotein 

receptor related protein 1b 
ENSTGUG00000011849 2.602 0,043 

LRP3 Low density lipoprotein 

receptor related protein 3 
ENSTGUG00000009422 1.8494 0.008 

LRP2 

(Megalin) 

Low density lipoprotein 

receptor related protein 2 
ENSTGUG00000007663 1.172 0.175 

LRP6 
Low density lipoprotein 

receptor related protein 6 
ENSTGUG00000012717 0.412 0.698 

LRP8 

(APOER2) 

Low density lipoprotein 

receptor related protein 8 
ENSTGUG00000009223 -0.008 0.994 

LRP1 
Low density lipoprotein 

receptor related protein 1 

ENSTGUG0000001574

7 
-0.560 0.620 

VLDLR 
Very low density lipoprotein 

receptor 
ENSTGUG00000005386 -1.558 0,017 

LRP4 

(MEGF7) 

Low density lipoprotein 

receptor related protein 4 
ENSTGUG00000010533 -2.688 0,004 
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foster parents for further incubation. From 22 injected eggs 10 founder birds (45,4 %) 

were hatched and raised, six females and four males. Using histological sections of 

founder gonads, we found that cultured and re-injected zfPGCs migrated to the gonadal 

anlage of the host embryo and differentiated into germinal cells (Fig. 3 G, H). 

Furthermore, integration of the hPGK-eGFP construct in genomic DNA extracted from 

founder gonads was verified by PCR in both ovaries and testes (Fig. 3 I). All founders 

that were examined contained hPGK-eGFP-positive zfPGCs in their gonads.  
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Figure 3. Cultured zfPGCs were efficiently transduced with a lentiviral vector for 

eGFP and colonized host embryo gonads  

(A) Lentiviral vector rrl-hPGK-eGFP that was used to transduce zfPGCs in vitro and 

generate founder birds. (B-F) Microphotographs of cultured zfPGCs that were transduced 

with rrl-hPGK-eGFP for 48 hours. Phase contrast (B) and fluorescent images (C, F) are 

shown for zfPGCs expressing eGFP (C, D) and the zfPGC marker EMA1 (E) in E, a 

group of EMA1 positive zfPGC (white arrow) is shown in the insert merged with eGFP 

from D. zfPGCs nucleus were counterstained with DAPI (F). In D-F arrows point to the 

same zfPGC. Note that almost all zfPGCs were expressing the reporter gene. In (F, G) 

microphotographs of cryosections produced from an adult founder ovary that showed 

eGFP expression and blue nuclear counterstain with DAPI are presented at low (F) and 

high (G) magnification. Note that in the ovary eGFP-positive germ cells of different sizes 

display various stages of differentiation. Scale bar represents B,C, G, H 100 mm, D-F 20 

mm. Genomic DNA (gDNA) was isolated from (I) founder gonads and (J) blood samples 

of transgenic F1 birds to detect a hPGK-eGFP sequence (602 bp) of the lentiviral 

construct by PCR. After electrophoretic separation images of agarose gels are shown that 

contained a molecular weight marker (left lanes) and PCR products that were obtained 

using the lentiviral transgene plasmid (I, 1; J, 1), gDNA isolated from a founder ovary (I, 

2) and testis (I, 3), and blood gDNA of three F1-birds, two males (J, 2 and 3) and one 

female (J, 4). (K) RNA was isolated from brain (K, 2 and 3) and liver (K, 4 and 5) and 

gDNA was isolated from muscle (K, 7 and 8) of eGFP-transgenic birds. K 1 and 6 are 

negative RNA and gDNA controls respectively. See also Figures S3-S5. 

 

Songbird transgenesis  

Founders were crossed with wild type birds, and genomic DNA from blood samples of 

the offspring (F1 birds) were analyzed by PCR for the presence of the hPGK-eGFP 

construct (Fig. 3 J). F1 birds that were hPGK-eGFP-positive by PCR were sacrificed to 

produce histological sections and confirm eGFP-protein expression by anti-GFP 

immunofluorescence staining. All F1 birds that were found to be hPGK-eGFP-positive by 

PCR turned out to be GFP-immunopositive as well. Adittionally RNA samples were 

obtained from liver, brain and muscle of positive F1 birds and RT-PCR was performed to 

identify the eGFP RNA. GFP was found to be present in RNA samples from brain and 




