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Summary 

 

An experimental study for characterization of the porcine SRY gene 

Stefanie Christine Kurtz 

In mammals, the male and female sex are determined by the presence or absence of the Y 

chromosome. The sex-determining region on the Y chromosome (SRY) is located on the short 

arm of the Y chromosome and is thought to be a critical factor for male sex determination 

during embryogenesis. It is expressed in the male genital ridge at the time of sex 

determination causing the formation of primary precursor cells of tubuli seminiferi, leading to 

the development of the testicles from undifferentiated gonads. In previous studies in mice 

and rabbit, the knockout of 92 % of the murine SRY gene and the knockout of DNA-binding 

sites of the rabbit SRY gene resulted in sex reversal. However, the characterization of the SRY 

gene is still fragmentary and there is an urgent need to analyze the function and expression in 

other species, including large animals. In this PhD project, the CRISPR/Cas9 system was 

employed to generate a SRY-knockout (SRY-KO) in pigs. Genetic modifications were induced 

either within the 5’ flanking region of the high mobility group (HMG) domain of the porcine 

SRY gene or the complete active main domain was deleted. This should allow the study of the 

function of the main domain (HMG domain) with regard of its critical function to synthesis the 

SRY protein and role in male sex development. Results of this study revealed that genetic 

modifications within the 5’ flanking region of the porcine SRY gene did not result in sex reversal 

and indicated that regions within the 5’ flanking sequence of the SRY gene are not essential 

for SRY protein synthesis. Moreover, analysis of the porcine SRY gene using dPCR supported 

the suspicion of a duplication of the SRY locus in pigs. Additionally, with aid of microinjection 

and SCNT, the complete HMG domain of the SRY gene was deleted, which resulted in the 

generation of genetically male offspring with complete female external and internal genitalia, 

including uterus, oviducts and ovaries. Substantial differences were observed in size and 

morphology of female genitalia from 9-months old SRY-KO pigs compared to female wild type 

controls.  

These results indicate that the HMG domain plays a major role in sex determination and sheds 

new light into the function of the porcine SRY gene during male sex development. This project 



  Summary  
    

2 
 

is the first study to demonstrate a successful knockout of the HMG domain of the porcine SRY 

gene causing sex reversal in offspring and reinforce the importance of the HMG domain as a 

critical factor in male sex development in pigs. Finally, the results of this project may pave the 

way for the development of a large animal model for sex reversal syndrome in humans (Swyer 

syndrome), which is caused in 15 to 20 % of the male population by mutations within the HMG 

domain of the SRY gene. Furthermore, female producing boars may be produced to avoid 

surgical castration without anesthesia in piglets.



  Zusammenfassung  
    

3 
 

Zusammenfassung  

 

Experimentelle Studie zur Charakterisierung des porzinen SRY-Gens 

Stefanie Christine Kurtz 

Die Geschlechtsdeterminierung in Säugern ist primär durch das Vorhandensein des Y-

Chromosoms bestimmt. Dabei spielt das SRY-Gen (sex-determining region on the Y 

chromosome), das sich auf dem kurzen Arm des Y-Chromosoms befindet, eine entscheidende 

Rolle in der männlichen Geschlechtsentwicklung während der Embryogenese. Die Expression 

des SRY-Gens soll die Bildung der primären Vorläuferzellen der Tubuli seminifer stimulieren, 

sodass sich die Hoden aus den ungeschlechtlichen Gonaden entwickeln können. In 

vorangegangenen Studien im Kleintiermodell, wurde durch die Eliminierung von 92 % des 

murinen SRY-Gens und dem Knockout der DNA-Bindungsstellen des SRY-Gens im Kaninchen 

eine Geschlechtsumkehr hervorgerufen. Jedoch, ist das SRY-Gen immer noch im Detail wenig 

charakterisiert, welches weitergehende Arbeiten auch in anderen Säugern, inklusive den 

Nutztieren, erforderlich macht. In diesem Projekt, sollte mit Hilfe des CRISPR/Cas Systems ein 

funktioneller Knockout des SRY-Gens im Schwein induziert werden. Dafür wurden zwei 

Genloci auf dem SRY-Gen genetisch verändert, zunächst die 5‘ flankierende Region der HMG-

Domäne (aktive Hauptdomäne) des SRY-Gens und danach wurde die gesamte HMG-Domäne 

entfernt, um die biologische Funktionalität der HMG-Domäne im SRY-Gen für die 

Geschlechtsentwicklung zu überprüfen. Die genetischen Modifikationen in der 5‘ 

flankierenden Region des porzinen SRY-Gens führten jedoch nicht zu einer 

Geschlechtsumkehr bei den Nachkommen, was darauf schließen lässt, dass die 5‘ flankierende 

Region des SRY-Gens nicht essentiell für die SRY-Proteinsynthese ist. Darüber hinaus verstärkt 

die detaillierte Analyse des porzinen SRY Locus mit Hilfe der dPCR den Verdacht einer 

Duplikation des porzinen SRY-Gens in Nachkommen mit zwei genetischen Modifikationen. Mit 

Hilfe von der Mikroinjektion und dem somatischen Zellkerntransfer wurden genetisch 

männliche Ferkel generiert, die bei einem funktionellem Knockout der HMG-Domäne des SRY-

Gens einen weiblichen Phänotyp ausbildeten und damit die erwartete Geschlechtsumkehr 

zeigten. Die SRY-Knockout (SRY-KO) Schweine zeigten eine vollständige Entwicklung der 

inneren Geschlechtsorgane (Uterus, Eileiter und Eierstöcke), jedoch wurden erhebliche 
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Unterschiede in der Größe und Morphologie der weiblichen Geschlechtsorgane in den neun 

Monate alten SRY-KO Schweinen im Vergleich zu altersgleichen Wildtyp-Kontrollen 

festgestellt.  

Die Ergebnisse dieser Arbeit zeigen erstmalig die erfolgreiche Geschlechtsumkehr beim 

Schwein durch Knockout des SRY-Gens und unterstreichen die große Bedeutung der HMG-

Domäne als entscheidenden Faktor für die männliche Geschlechtsentwicklung. Zudem 

eröffnen die Ergebnisse dieser Arbeit neue Wege für weiterführende Untersuchungen in 

Bezug auf die männliche Geschlechtsentwicklung beim Säuger. Darüber hinaus können die 

SRY-KO Schweine als Tiermodell zur Untersuchung der Geschlechtsumkehr beim Menschen 

dienen (Swyer Syndrom), die in 15-20 % der Fälle mit Mutationen im SRY-Gen einhergeht. 

Weiterhin, könnten über die Verschiebung des Nachkommengeschlechts hin zum weiblichen 

Phänotyp, Eber generiert werden, die nur weibliche Nachkommen produzieren. Damit könnte 

die zunehmende, in der Kritik stehende chirurgische Kastration männlicher Ferkel in der 

Schweineproduktion vermieden werden. 
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1. Introduction 

 

The biological mechanism of sex determination varies between species. Mammals and birds 

have a gene-based mechanism for sex determination, temperature controlled female and 

male development in reptiles, and in insects a haploid-diploid mechanism is prevalent (P. D. 

Waters et al. 2007). In most mammalian species (except in monotremes, e.g. platypus and 

echidna), sex is determined by the presence or absence of the Y chromosome (M. C. Wallis et 

al. 2008). The crucial role of the Y chromosome in male sex determination was discovered in 

1959 during the investigation of two disorders of human sex development. Humans with the 

Turner Syndrome were reported to have a female phenotype based on a XO genotype (XO 

females) (C. E. Ford et al. 1959). Humans with the Klinefelter syndrome were described 

showing a XXY genotype with a male phenotype (XXY males) (P. A. Jacobs & J. A. Strong 1959). 

These disorders demonstrated that a single X chromosome is enough to develop a female 

phenotype, while individuals with multiple X chromosomes in the presence of the Y 

chromosome developed as male (P. N. Goodfellow & R. Lovell-Badge 1993). These findings led 

to the hypothesis that a gene locus on the Y chromosome is present, which acts as testis 

determining factor (TDF). Thirty years later, first evidence for the sex-determining region on 

the Y chromosome (SRY gene) as a promising candidate gene for male development was 

achieved in humans. Sequencing of conserved genes translocated from Y chromosomal DNA 

in XX male patients identified the SRY gene as a potential male determining gene (A. H. Sinclair 

et al. 1990). The role of the SRY gene in male sex development was further explored by 

integrating the SRY gene in genetically female mouse embryos (XX) resulting in testis 

differentiation (P. Koopman et al. 1991). Nevertheless, studies to investigate mammalian sex 

determination are hampered by the lack of good experimental animal models. A direct 

functional and structural comparison of the SRY gene between mammals is limited mainly due 

to sequence divergence. So far, the SRY gene has been analyzed almost exclusively in small 

animal models, mostly in mice and many questions with regard to its biological function in 

gender determination still need to be answered. Furthermore, there is limited knowledge 

about the SRY gene in large animals, especially the porcine SRY gene. 
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This PhD-project was dedicated to investigate the role of the SRY gene and its “high mobility 

group” domain (HMG) during sex development in pigs. By using the CRISPR/Cas system, the 

SRY gene and the HMG domain were targeted to assess its impact on male sex determination. 

Since the characterization of the SRY gene in farm animals is still fragmentary, the generation 

of SRY-knockout (SRY-KO) pigs as a proof of principle study would offer new insight in the 

biological function of the SRY gene in large animals. Moreover, a knockout of the highly 

conserved HMG domain in a porcine model may give more insight into the human sex 

determination.
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2. Literature review 
 

2.1 The SRY gene 

The SRY gene is located on the short arm of the mammalian Y chromosome. It consists of a 

small, intron less sequence and comprises three different domains, including the “high 

mobility group” (HMG) domain and the N- and C-terminal domains. The centrally located HMG 

domain encodes for the testis-determining transcription factor (TDF) (R. Sekido 2010). The 

HMG domain of the SRY gene is thought to be the main functional domain of the SRY protein 

responsible for DNA binding with the consensus sequence (A/T)ACAA(T/A) (Z.-Y. She & W.-X. 

Yang 2014) and is a highly conserved amino acid motif between mammalian species (L. S. 

Whitfield et al. 1993; V. R. Harley & P. N. Goodfellow 1994). Lovell-Badge and Sim reported 

that the transfer of the goat SRY gene or the human HMG domain of the SRY gene into XX 

mouse resulted in sex reversal. The development of a male phenotype in transgenic mice 

demonstrating that the goat and human SRY gene could substitute to its mouse counterpart 

(R. Lovell-Badge et al. 2002; M. Pannetier et al. 2006). These data indicate that the HMG 

domain shows great sequence homology in mammals with a functionally diverse group of 

nuclear proteins including DNA-binding and transcriptional activation proteins (H. Sim et al. 

2005). In contrast, the flanking regions of the SRY gene are poorly conserved between 

mammals (L. Zhao & P. Koopman 2012). It is surprising that such an essential gene for 

mammalian sex determination displays a notable lack of conservation of sequences outside 

of the HMG domain. Even in closely related animal species such as primates or mice, 

sequences in the flanking regions of the HMG domain have a high degree of sequence 

divergence and an active mutational change (P. K. Tucker & B. L. Lundrigan 1993; L. S. Whitfield 

et al. 1993). These findings suggest that the non-HMG domain regions have no functional 

significance and experience species-specific adaptation divergence. The high levels of 

divergence make it difficult to compare the biological function of the SRY gene between 

mammals.  

 

2.1.1 Initiation of male sex determination 

During early mammalian embryogenesis, the bipotential gonads allow the differentiation of 

two morphologically and functionally different tissues, the ovaries and testes. Candidate 

genes triggering testis determination are the SRY gene and its downstream mediator SOX9, 
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whereas Fgf9 and Wnt4 are required for ovarian development (Y. Kim & B. Capel 2006). In 

mice, SRY expression in Sertoli cells causes the formation of primary precursor cells of tubuli 

seminiferi and development of testicles from the undifferentiated gonads. These results were 

therefore consistent with its pivotal role in male sex determination in most mammals (M. C. 

Wallis et al. 2008). In contrast, absence of the murine SRY expression in genetically female 

embryos results in the formation of ovaries (Fig. 1) (J. C. Polanco & P. Koopman 2007; K. 

Kashimada & P. Koopman 2010). 

 

Fig. 1 Role of the SRY gene in male sex determination during embryonic development in mice. 

 

During sex determination a precise regulation of the SRY expression is necessary (L. L. 

Washburn et al. 2001). In genetically male mouse embryos, SRY expression starts 10.5 days 

post coitum (dpc), with a peak at 11.5 dpc and is barely detectable around 12.5 dpc (P. 

Koopman et al. 1990; A. Hacker et al. 1995). The introduction of an inducible SRY gene driven 

by the heat shock protein 70.3 promoter (Hsp 70.3) in mice revealed that the SRY gene 

expression is limited to a certain time window of about 6 hours to successfully initiate 

testicular development during embryogenesis (11.0 – 11.25 dpc) (R. Hiramatsu et al. 2009). Its 

expression is limited to the period of testes differentiation (P. Koopman et al. 1990). In 

contrast, human SRY expression still persists after 18 weeks of gestation in Sertoli cells and is 

not only restricted to the gonads (C. Clepet et al. 1993; N. A. Hanley et al. 2000). Despite many 

Expression of the murine SRY gene triggers the development of testis from bipotential gonads, while 

lack of SRY expression initiates ovarian development (K. Kashimada & P. Koopman 2010; S. Kurtz & B. 

Petersen 2019). 
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studies analyzing the SRY expression, the exact regulation and maintenance are poorly 

understood. 

 

2.1.2 The role of other genes than the SRY gene in sex development 

The SRY gene is required as a master gene to initiate the genetic cascade of male sex 

development. Nevertheless, it is still unclear if the SRY gene is the sole sex determining gene 

on the Y chromosome in mammals or if other genes such as SOX9 (B. Huang et al. 1999; Z.-Y. 

She & W.-X. Yang 2017) and SOX3 (D. E. Bergstrom et al. 2000) are involved as well. These 

genes are known to be closely related to the SRY gene (P. Parma & O. Radi 2012). It was 

previously shown that a duplication of the murine SOX9 expression can initiate XX sex reversal 

in the absence of the SRY gene (B. Huang et al. 1999). Moreover, the HMG domains of the 

SOX3 and SOX9 genes, show a high degree of homology with the SRY gene (at least 50 %) (L. 

H. Pevny & R. Lovell-Badge 1997) and were used to replace the HMG domain of the SRY gene 

in mice. Genetically female mice resulting from this experiment showed sex reversal and 

testicular development when SOX3 and SOX9 were overexpressed in the absence of the SRY 

gene (D. E. Bergstrom et al. 2000). 

 

2.2 Previous SRY-knockout studies in mice and rabbit 

To recognize whether the SRY gene plays an important role in male sex development different 

knockout studies using genome editing technologies, such as TALENs and the CRISPR/Cas 

system were performed. The DNA-binding sites of the SRY gene in rabbits and the murine SRY 

gene itself were targeted (T. Kato et al. 2013; Y. Song et al. 2017).  

 

2.2.1 Knockout of the murine SRY gene  

The SRY gene was first described to be involved in male sex development using gene editing 

in mice. In a first approach, a knock down of the murine SRY messenger RNA was achieved by 

direct injection of a siRNA complex into pregnant mice through the tail vein. The transgenic 

mouse showed feminized gonads when SRY protein expression was reduced to approximately 

25 % compared to wild type (N. Wu et al. 2012). In another study, cytoplasmic microinjection 

of two TALEN mRNAs into zygotes led to a two base pairs (bp) insertion in the 5’ part of the 

ORF (open reading frame) of the SRY gene causing a knockout of the murine SRY gene. The 

genetically male knockout mouse showed a complete female phenotype, including female 

external and internal genitalia with similar body conditions as the wild type controls. The SRY 
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protein was not detected due to a frameshift mutation in 92 % of the ORF of the SRY gene. 

Normal estrous cycle and a similar testosterone level compared to wild type mice were 

observed. However, histological analysis revealed a reduced number of oocytes (50 % fewer 

follicles) and different structures of the ovaries compared to wild type mice. No pregnancy 

could be established in knockout mouse after mating with a wild type male indicating an 

infertility of the sex reversed mouse (T. Kato et al. 2013). 

 

2.2.2 Knockout of the Sp1-binding site of the rabbit SRY gene 

In rabbits, a successful sex reversal was induced by mutation of the Sp1-binding site within 

the 5’ flanking region of the rabbit SRY gene induced by intracytoplasmic microinjection of 

CRISPR/Cas plasmids into zygotes. Three different binding sites close to the transcription 

initiation site (TSS) were identified, the Sp1-A, Sp1-B and Sp1-C binding site. Only disruption 

of the Sp1-B und Sp1-C binding site caused sex reversal (including a complete set of female 

external and internal genitalia), indicating that these genetic elements are critical for SRY 

expression. Disruption of the Sp1-A binding site had no effect on sex development. Similar to 

mice, a lack of follicles (only one follicle was found on day 360 postpartum) and smaller ovaries 

were observed in sex reversed rabbits. In addition, a reduced mRNA expression of the SRY 

gene 15 days post coitum (almost zero) compared to male wild type animals was determined. 

Pregnancies could not be established after mating to a male wild type rabbits. However, after 

transfer of embryos at the blastocysts stage into pseudo pregnant SRY-KO rabbits pregnancies 

could be established and twelve offspring were born. This indicates a kind of subfertility in 

SRY-KO rabbits due to the fact that a successful pregnancy was maintained after embryo 

transfer (Y. Song et al. 2017). 

 

A comparison of both studies revealed that a knockout affecting 92 % of the ORF of the murine 

SRY gene resulted in sex reversal and infertility. On the contrary, mutations within the Sp1-

DNA-binding site B and C in the 5’ flanking region of the rabbit SRY gene led to sex reversal 

with the probability to establish a pregnancy after embryo transfer. The results highlighted 

the key role of the SRY gene in the activation of the testis-determining pathway in two small 

animal models. Despite these findings, the different phenotypes indicated that, depending on 

the targeted functional sites of the SRY gene, sex determination might differ between animal 

species.  
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2.3 The porcine SRY gene 

The porcine SRY gene consists of 624 bp coding for 206 amino acids including a centrally 

located HMG domain. The porcine SRY expression starts on day 21 of embryonic development 

in cells of the genital ridge with the highest expression on days 21 to 23 post coitum (p.c.) (P. 

Parma et al. 1999). Shortly after onset of the SRY expression testis formation can be 

histologically detected on days 24 to 27 p.c. (L. J. Pelliniemi 1975a, b; I. Daneau et al. 1996; D. 

W. Silversides et al. 2001). No expression of the SRY gene was detected at day 60 p.c. (P. Parma 

et al. 1999). Similar to mice, the SRY expression indicate a critical role in porcine testis 

development (Fig. 2) (I. Daneau et al. 2002). 

 

 

Fig. 2 Expression of the porcine SRY gene starts on day 21 p.c. with a peak expression during day 21 

and 23 of embryonic development. Histological sex determination can be detected shortly after SRY 

expression on day 24 to 27 p.c., certainly at day 28 p.c. (L. J. Pelliniemi 1975a; I. Daneau et al. 1996; D. 

W. Silversides et al. 2001). 

The porcine SRY gene revealed high similarity with the human and bovine SRY gene. Compared 

to other mammalian species the HMG domain of the porcine SRY gene is more closely related 

to the human and bovine SRY gene (83 % to 85 % amino acid homology) as compared to the 

murine SRY gene (75 %) (L. S. Whitfield et al. 1993; I. Daneau et al. 1996). The human, bovine, 

and porcine SRY gene, respectively, contains only one DNA-binding domain of the HMG 

domain whereas in the murine SRY an additional carboxyl-terminal activator domain is present 

(V. R. Harley & P. N. Goodfellow 1994; N. Pilon et al. 2003; D. G. Ross et al. 2008). Moreover, 

the porcine, human and bovine testicular SRY transcript shared a relatively short 3’ 

untranslated region compared to the large 3’ flanking inverted repeat sequences in mice (J. 

Gubbay et al. 1992; I. Daneau et al. 1995). Up to now, the function of the SRY gene is only 

poorly understood in the porcine model. The generation of SRY-KO pigs using the CRISPR/Cas 
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system would be promising to analyze its function. A pig model can not only be utilized to 

determine the function of the porcine SRY gene but could be instrumental for gaining more 

insight into the function of the SRY gene in sex development in humans. 

 

2.4 Nuclease-based Gene Editors  

Genome editing comprises a class of molecular tools that hold great potential for application 

in basic and applied science. Essentially, three programmable nuclease systems are currently 

known that enable rapid and efficient genetic modification of animals: Zinc finger nucleases 

(ZFNs), Transcription-activator like endonucleases (TALENs) and the CRISPR/Cas system (T. Gaj 

et al. 2013; B. Petersen & H. Niemann 2015; B. Petersen 2017). These gene editing tools consist 

of a DNA-binding domain fused to a non-specific DNA cleavage domain recognizing a specific 

DNA sequence to induce site specific double-strand breaks (DSBs) at the target site. The 

induction of DSBs activates natural DNA repair mechanism pathways, either the non-

homologous end-joining (NHEJ) or the homology-directed repair (HDR) (Fig. 3). These repair 

mechanisms can be exploited to create mutations at the target site (J. Ryu et al. 2018). In most 

cases, the NHEJ repair mechanism takes place, which repairs the DSB by simple ligation of the 

two ends of the break during all cell cycle stages. However, NHEJ is error prone and often 

associated with insertions or deletions (short INDELs) of a few base pairs (average 10-20 bp) 

at the target site. This can cause frameshift mutations resulting in disruption and loss of 

function of the target gene (gene knockout). In contrast, HDR is a more accurate DNA repair 

pathway, which relies on the presence of a DNA template, usually the sister chromatid. It can 

be utilized for knock-in modifications via dsDNA (H. Yang et al. 2013), ssDNA (H. Miura et al. 

2018) or single-stranded oligodeoxynucleotides (ssODNs) templates (K. Yoshimi et al. 2016). 

In contrast to NHEJ, HDR is only active in mitotic cells (mainly in S to G2 phase of the cells) (B. 

Petersen 2017).  
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Fig. 3 Genome editors induce double-strand breaks (DSBs) at the target locus that activate natural 

 

The most recently discovered RNA-guided CRISPR/Cas system has emerged as the major tool 

for gene editing in mammalian genomes. It is favored over the two other gene editors due to 

its simple use, cost-effectiveness and highly specific way when inducing mutations at target 

loci in several domestic and large animals under the guidance of a single guided RNA (sgRNA) 

(T. Gaj et al. 2013; T. Hai et al. 2014; Y. Niu et al. 2014; B. Petersen et al. 2016). In comparison, 

customized protein components for each gene sequence are required for ZFNs recognizing 

DNA-triplets (C. O. Pabo et al. 2001; F. D. Urnov et al. 2010). TALENs are more effective 

because the TALE repeats recognize single nucleotides (J. Boch et al. 2009; M. J. Moscou & A. 

J. Bogdanove 2009). Nevertheless, the design in both techniques is time-consuming and 

complex (C. Wei et al. 2013; S. Pelletier 2016). 

 

2.4.1 The CRISPR/Cas9 system 

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 

protein 9 (Cas9) system originates from a microbial adaptive immune system, where it defends 

bacteria and archaea from the entry of foreign DNA by phages (P. Horvath & R. Barrangou 

2010). DNA fragments from invading phages or plasmids are captured and integrated between 

spacer elements within the bacterial or archaea genome. These small clustered sequences in 

the host genome are termed clustered regularly interspaced short palindromic repeats 

(CRISPR) and were first detected in the Escherichia coli genome in 1987 during investigation 

repair mechanisms, either the non-homologous end joining (NHEJ) or homology-directed repair (HDR) 

(B. Petersen 2017). 
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of iap genes in phosphate metabolism (Y. Ishino et al. 1987; Y. Ishino et al. 2018). After a 

second infection, small RNAs from the clustered spacer sequences bind to the Cas complex 

and guide it to the target sequence to cleave the invading genome (Fig. 4) (P. Horvath & R. 

Barrangou 2010; S. Pelletier 2016). 

 

 

Fig. 4 CRISPR/Cas-mediated immune system in bacteria and archaea include spacer CRISPR sequences 

The possibility to use the CRISPR/Cas system to induce DSBs in the mammalian genome was 

initially discovered in 2012 (M. Jinek et al. 2013). The report that the defense mechanism 

CRISPR/Cas could be repurposed for genome engineering in mammalian cells facilitated 

genetic engineering of farm animals in a very significant manner. So far, six types of 

CRISPR/Cas systems (type I – VI) have been identified (R. T. Leenay et al. 2016). The commonly 

used type II prokaryotic CRISPR/Cas9 system consists of two components, the Cas9 

endonuclease working as DNA cleavage domain and two non-coding RNAs (a pre-crRNA [short 

CRISPR-derived RNA] and a tracrRNA [trans-activating crRNA] array) forming the specific 

guideRNA with a length of 20 to 30 bp (M. Jinek et al. 2012). For targeting a particular genome 

sequence, the guideRNA has to be adapted and introduced into the CRISPR/Cas expression 

that mimic foreign sequences expressed as guideRNAs into CRISPR/Cas complex to recognize and 

cleave invading genetic elements and prevent entry of foreign DNA (P. Horvath & R. Barrangou 2010). 
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plasmid. In combination with the Cas9 endonuclease a DNA double-strand break is formed at 

the target locus (Fig. 5) (B. Petersen & H. Niemann 2015). The phosphodiester binding of the 

DNA is cleaved with the HNH nuclease domain on the complementary strand and with the 

RuvC-like nuclease domain on the non-complementary strand. This induces a blunt ended 

double-strand break at the DNA site three bases upstream of the protospacer adjacent motif 

(PAM) (M. Jinek et al. 2014). The specific PAM site is an essential component for proper 

CRISPR/Cas function that facilitates nuclease binding to the target DNA sites and prevents 

targeting of the CRISPR/Cas locus itself by differentiation between the self (CRISPR array 

spacer) and non-self (invading DNA) sequences (R. T. Leenay et al. 2016; B. Petersen 2017). 

For the CRISPR/Cas system with the most common Cas9 protein the PAM site of NGG (N can 

be any nucleotide) is required directly upstream of the crRNA binding site for binding of the 

Cas9 endonuclease, thus limiting the target selection (F. J. M. Mojica et al. 2009; P. Mali et al. 

2013). Several type II CRISPR systems have different PAM sites (e.g. Cas12a with PAM site 

TTTV, V can be the nucleotide A, C and G), thereby expanding the range of targeting sequences 

within the genome (B. P. Kleinstiver et al. 2015; Z. Glass et al. 2018).  

 

 

Fig. 5 Illustration of the CRISPR/Cas complex including crRNA and tracrRNA forming the guideRNA that  

 

Ideally, the CRISPR/Cas complex binds and cuts only at the target locus, nevertheless there is 

the possibility of off-target cleavages (I. Tasan & H. Zhao 2017). To improve the specificity of 

the CRISPR/Cas system the following strategies can be applied: I) re-design of the gRNAs (A. 

recognizes the target site fused to the Cas9 endonuclease to induce a double-strand break near a 

5’NGG PAM site (F. A. Ran et al. 2013). 
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Chavez et al. 2018), II) use of CRISPR nickase proteins (B. Shen et al. 2014), III) to involve 

ribonucleoproteins (RNPs) (S. Svitashev et al. 2016; B. Farboud et al. 2018) or IV) to employ 

anti-CRISPR proteins (J. Shin et al. 2017). Moreover, “self-restricted” CRISPR systems were 

designed to reduce potential off-target effects by co-expression of gRNAs targeting the Cas9 

expression cassette itself (Y. Chen et al. 2016). 

 

2.5 Generation of genetically modified offspring 

The generation of transgenic animals plays an important role to investigate gene regulation in 

complex biological organisms. Therefore, two methods, including I) microinjection into 

zygotes and II) somatic cell nuclear transfer are most commonly used in the last decades (H. 

Niemann et al. 2019). 

 

2.5.1 Microinjection 

The microinjection technique is the eldest technique that provides the possibility to produce 

genetically modified animals. DNA constructs are directly microinjected into (IVF-produced) 

zygotes resulting in a genetically modified embryo, which can be transferred into recipients 

(Fig. 6). The first successful pronuclear microinjection of foreign DNA was achieved in mouse 

embryos in 1980 (J. W. Gordon et al. 1980). Subsequently, the technology was extended to 

other species, including rabbits, sheep and pigs (R. E. Hammer et al. 1985). In some species 

the pronuclei had to be visualized, in porcine and bovine zygotes by gentle centrifugation or 

interference phase contrast microscopy in sheep (H. Niemann et al. 2019), which in return 

may exert extra stress on the embryos. Moreover, the random integration pattern of the 

transgene limits applicability and efficiency to generate animals with the desired genetic 

modification (H. Niemann & W. Kues 2000; K. Smith 2001). Moreover, integration of the 

transgene in a transcriptionally inactive heterochromatin region may lead to gene silencing 

(H. Niemann & D. Rath 2001). The rather frequent incidence of mosaicism mostly results from 

delayed integration in the first cell divisions (A. W. S. Chan et al. 1999). Injection of foreign 

DNA into 1-cell embryos 15-18 hours after fertilization just before the first DNA replication 

prevented mosaic formation (T. G. Burdon & R. J. Wall 1992). Overall, the efficiency of the 

microinjection technology is low in farm animals with about 1-5 % positively identified 

transgenic offspring (H. Niemann et al. 2019).  
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Most of these limitations of the microinjection technology can be overcome with direct 

intracytoplasmic microinjection of highly specific nuclease-based gene editors that are 

compatible with targeting particular DNA sites (Y. Niu et al. 2014; M. Crispo et al. 2015; B. 

Petersen et al. 2016; H. Niemann et al. 2019). In combination with a transposon-mediated 

system, random integration and transgenic silencing can be avoided (Z. Ivics et al. 2014). 

Moreover, the incidence of mosaicism after zygote microinjection, mainly due to a delayed 

DNA integration, can be reduced to a minimum by injecting mRNA (no translation step is 

required) or protein that would be directly active in the host cell (Z. Glass et al. 2018; M. 

Mehravar et al. 2019). Microinjection has emerged as a versatile technique that facilitates 

rapid generation of transgenic animals with a relatively small effort via genome editing (T. Hai 

et al. 2014; B. Petersen et al. 2016). 
 

 

Fig. 6 Workflow diagram illustrating intracytoplasmic microinjection of CRISPR/Cas plasmids or RNPs 

into IVF-produced oocyte to generate genetically modified animals (S. Kurtz et al. 2019). 

 

2.5.2 Somatic cell nuclear transfer 

Somatic cell nuclear transfer (SCNT) provides an opportunity to generate offspring by fusion 

of a donor cell to an enucleated oocyte, resulting in a genetically identical clone of the cell 

donor (Fig. 7) (I. Wilmut et al. 2015). The first cloned mammal generated by transfer of a fully 

differentiated adult somatic cells was the famous sheep ‘Dolly’ in 1996 (I. Wilmut et al. 1997). 

The report of ‘Dolly’ abolished a decade old dogma that a differentiated cell cannot be 

reprogrammed to an embryonic (pluripotent) cell. After ‘Dolly’, the cloning technique was 

successfully applied in other mammalian species and offspring were produced in a variety of 

mammalian species. SCNT is therefore promising for application in animal agriculture, human 
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medicine or restoration endangered species (H. Niemann & A. Lucas‐Hahn 2012; X. Zhou et al. 

2015; B. Petersen 2017).  

Primary fibroblasts are frequently used for SCNT due to their relatively simple handling and 

higher robustness compared to other somatic cells (Y. Kato et al. 2000; G.-S. Lee et al. 2003). 

A low frequency of cells with a genetic modification after editing can be elevated prior the use 

in SCNT by single cell dilution, fluorescence-activated cell sorting (FACS) or magnetic bead 

selection. The most critical event in SCNT is the epigenetic reprogramming of the somatic cell 

nucleus to a pluripotent state (I. A. Polejaeva & K. H. S. Campbell 2000; I. Wilmut et al. 2015). 

For enucleation of matured oocytes, the maternal DNA is removed (located in the polar body 

and metaphase-II-plate) and the resulting cytoplast serves as recipient of the donor cell (R. S. 

Prather et al. 1989; H. Niemann & A. Lucas‐Hahn 2012). The enucleated oocyte provides 

maturation promoting factor (MPF) and other unknown factors that lead to premature 

chromosome condensation and reprogramming of the donor nucleus. Usually the donor cells 

are cultured in vitro and it is attempted to keep the cells in the G0 or G1 stage of the cell cycle 

(donor nucleus is awaiting DNA replication). The entire cell is inserted in close proximity of the 

oocyte membrane in the perivitelline space (K. H. S. Campbell et al. 1996; I. A. Polejaeva & K. 

H. S. Campbell 2000) followed by electrical fusion and chemical activation of the reconstructed 

embryos. These embryos will then be cultured in vitro for different periods of time depending 

on species and transferred into synchronized recipients.  

Cloning of animals is still a very inefficient procedure and usually 4 - 25 % of the transferred 

reconstructed embryos result in offspring (J. P. Renard et al. 2002; H. Niemann et al. 2019). 

Usually, litter size after transfer of cloned pig embryos is smaller (in average 4-6 piglets) 

compared to an average of 11.5 piglets after artificial insemination (J. Estrada et al. 2007; B. 

Petersen et al. 2008). Aberrant and incomplete reprogramming of the somatic nucleus is 

thought to lead to aberrant expression of important genes required for regular embryo and 

fetal development and increases the risk of embryonic losses mostly in the second and third 

trimester of pregnancy (I. Wilmut et al. 2002). For the production of gene-edited or transgenic 

offspring, the cells have to be transfected by either electroporation or lipofection. SCNT allows 

pre-selection of gene-edited cells as donor cells, which in turn ensures that all offspring have 

the same genetic modification. The selection of donor cells is critical for the success of SCNT 

and the production of live offspring (J. L. Edwards et al. 2003; H. Niemann et al. 2011). 
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Fig. 7 Schematic diagram showing somatic cell nuclear transfer (SCNT). Porcine fibroblasts 

are edited using transfection of CRISPR/Cas plasmids and single cell dilution. Selected cells can be used 

as donor cells for SCNT by fusion into enucleated oocyte resulting in cloned genetically modified 

offspring (S. Kurtz et al. 2019; H. Niemann et al. 2019). 
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2.6 Aim of the study 

Mammalian sex determination critically depends on several candidate genes, and the sex-

determining region on the Y chromosome (SRY gene) is known to be mainly involved in the 

activation of testicular development (S. Kurtz & B. Petersen 2019). However, it is still unclear 

if the SRY gene is the sole main factor in male sex development in mammalian species. To get 

a detailed insight into male sex development in farm animals, the porcine SRY gene was 

analyzed for its functionality. The main project goal was the generation and characterization 

of SRY-KO pigs by using the CRISPR/Cas system mediated gene editing in combination with 

intracytoplasmic microinjection and SCNT. A knockout of the porcine SRY gene either by 

targeting the 5’ flanking region of the HMG domain or by deleting the entire HMG domain 

itself was achieved (S. Kurtz et al. 2019), and the role of the HMG domain of the SRY gene in 

male sex determination could be investigated. Geno- and phenotypic characterization of the 

SRY-KO pigs revealed several important features with implications for using SRY-KO pigs as 

suitable animal model that mimic the sex reversal syndrome (Swyer syndrome) in humans and 

with regard to animal welfare in pork production to evade surgical castration without 

anesthesia in piglets. 
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3. Material and Methods 

 

3.1 In vitro culture of porcine fibroblasts 

3.1.1 Isolation of porcine fibroblasts from ear tissue 

Porcine fibroblasts from male wild type pigs were utilized for pre-investigation of the 

CRISPR/Cas components in in-vitro cell culture. Moreover, after successful generation of 

genetically modified piglets, isolated fibroblasts were used to analyze the genetic 

modifications at the target locus in detail. For isolation of porcine fibroblasts, subcutaneous 

tissue from ear tissue (5 x 5 mm) was prepared and washed in PBS with 2 % of 

penicillin/streptomycin. A total of 500 μl EDTA/Trypsin was added to the tissue pieces in an 

Eppendorf tube and incubated for 20 minutes at 37 °C to separate the cells from the solid 

tissue. After incubation, the cell solution was cultured in conditioned T3 medium with 2 % 

penicillin/streptomycin (chapter 7.1.2) at 37 °C and 5 % CO2 to provide porcine fibroblast 

proliferation. Medium was changed 48 to 72 hours later. When cells reached confluency they 

were cultured in vitro as described below (in chapter 3.1.2, 3.1.3, 3.1.4). All conditions for the 

cell culture are listed in chapter 7.1.6.  

 

3.1.2 Splitting of cells 

For splitting of cells, the medium in the flask was removed and cells were washed with PBS. 

All cell culture conditions are listed in chapter 7.1.6. After removal of PBS, EDTA/Trypsin was 

gently added to the cells, which were subsequently incubated on a warming plate at 37 °C for 

5 to 10 minutes. When the cells detached from the bottom, medium was added to the 

EDTA/Trypsin cell solution for inactivation of trypsin. Half of the cell solution was transferred 

into a new flask/plate (for 1:2 splitting). The cell culture flasks/plates were incubated at 37 °C 

and 5 % CO2.  

 

3.1.3 Cell lysis 

To lyse the cells for DNA extraction, the medium was removed and the cells were washed with 

PBS. The cell culture conditions are listed in chapter 7.1.6. After aspiration of PBS, cell lysis 

buffer (chapter 7.1.3) was added and the culture flask/plate was incubated overnight at 37 °C 

or for 2 hours at 55 °C. For inactivation of the proteinase K in cell lysis buffer, the lysate was 
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heated to 95 °C for 12 minutes. The DNA concentration was measured using a NanoDropTM 

(Kikser-Biotech) system and isolated DNA was used for analysis of the genotype. 

 

3.1.4 Freezing of cells 

The medium was removed, then the cells were washed with PBS and detached by addition of 

EDTA/Trypsin. EDTA/Trypsin was inactivated by adding PBS onto the detached cell solution, 

followed by centrifugation for 4 minutes at room temperature (1,000 rpm) for pelleting of the 

cells. The supernatant was aspirated and the cell pellet was resuspended in 1 ml freezing 

medium (chapter 7.1.4). Cells were stored in cryo tubes at - 80 °C for 6 months to one year. 

For long-term storage, the cells were transferred into liquid nitrogen at - 196 °C. 

 

3.1.5 Thawing of frozen cells 

Cells in the cryo tube were thawed in a water bath at 37 °C. The cell solution was washed in a 

15 ml falcon tube with PBS and centrifuged for 4 minutes at 1,000 rpm and room temperature. 

After removal of the supernatant, the cell culture medium (chapter 7.1.2) was added and the 

tissue culture flask/plate was incubated at 37 °C and 5 % CO2. 

 

3.1.6 Single cell dilution 

Selection of edited cells from a cell population was performed using single cell dilution on a 

96-well plate. Therefore, culture tissue flasks with 2 x 106 porcine fibroblasts co-transfected 

with CRISPR/Cas plasmids (chapter 3.2.7) were trypsinized as described in chapter 3.1.2. The 

cell solution was washed with PBS and centrifuged for 4 minutes at 1,000 rpm until a cell pellet 

was formed. After removal of PBS, the cell pellet was resuspended in 10 ml PBS and the cell 

number was counted using the Neubauer® counting chamber. The cell number was calculated 

using the average of counted cells in four counting regions (E1 to E4) and multiplied by 10,000 

(104) (Fig. 8). Calculated cells were diluted to five cells per well in T3 medium and plated on a 

96-well plate. For further analysis, one-half of the confluent cells were lysed and the isolated 

DNA was used for PCR amplification to detect edited cells (chapter 3.2.1). 
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Fig. 8 Neubauer® counting chamber for calculating cell numbers in four counting regions (E1 to E4) 

 

3.2 Method establishment for SRY gene knockout 

3.2.1 Polymerase chain reaction (PCR) 

PCR was used for amplifying specific genomic sequences. Therefore, primers that specifically 

bind to the target site on the Y chromosome were designed with the web-based design tool 

Primer3 (http://primer3.ut.ee/). BLAST analysis (NCBI) revealed unspecific binding of primers. 

Seven primer pairs were used for amplification of several Y chromosome specific genes (SRY, 

KDM6A, CUL4BY, DDX3Y, TXLINGY, UTY and UBA1Y), as well as the GGTA1 gene (selection 

marker) on chromosome 1 serving as type of internal control (chapter 7.2.1). 

All primers were diluted with sterile ultra-pure water to a concentration of 20 pmol/μl and 

subsequently used for PCR amplification. For PCR, seven components (ddH2O, PCR buffer, 

Primer forward, Primer reverse, MgCl2, dNTP’s [High quality deoxyribonucleotide 

triphosphates] and Taq polymerase) were mixed in a PCR tube with the following composition: 

 

 

 

 

 

 (light grey) used for single cell dilution. Cells are indicated by green dots. 

http://primer3.ut.ee/
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Components for Y chromosome specific PCR: 

Components Stock concentration End concentration 1 sample 

H2O   28 μl 

PCR buffer 5 x 1 x 10 μl 

Primer forward 20 pmol/µl 0.6 µM 1.5 μl 

Primer reverse 20 pmol/µl 0.6 µM 1.5 μl 

MgCl2 25 mM 1.5 mM 3 μl 

dNTP’s 10 mM 0.2 mM 1 μl 

Taq polymerase 5 U/µl 1.25 U 0.25 μl 

DNA 20 ng/μl  5 μl 

Total   50 μl 

 

At least, 45 μl of the PCR master mix and 5 μl of DNA sample were mixed and PCR amplification 

was performed under the following conditions: 

Cycle conditions for Y chromosome specific PCR: 

Step Temperature Time Cycle 

Initial denaturation 94 °C 2 min  

Denaturation 94 °C 30 sec  

30 Annealing* 59 °C 45 sec 

Extension** 72 °C 30 sec 

Final extension 72 °C 2 min  

Cooling down 4 °C ∞  

*annealing temperature must be adapted to the different primer pairs (chapter 7.2.1); 

**extension time must be adapted to the length of the amplicon (1,000 bp can be amplified 

in 30 seconds; chapter 7.2.1); 

 

3.2.2 Gel electrophoresis 

After PCR amplification, gel electrophoresis was performed to separate DNA fragments based 

on the size using an agarose gel. Electrophoresis devices work with an electrical field to 

activate the movement of the charged particles from the negatively charged anode to the 

positively charged cathode. Smaller fragments have a faster movement in the electrical field 
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than larger fragments. Particles were visualized with ethidium bromide in an agarose gel. For 

preparation of a 1 % agarose gel, 1 g agarose gel powder (Agarose NEEO ultra quality, Roth) 

was added to 100 ml TBE buffer (listed in tab. 3.2.2.1). The solution was boiled to resuspended 

the powder and then 20 μl of ethidium bromide (Roth, HP47.1) was added. Agarose solutions 

formed gels after cooling for 30 minutes. Standard conditions for gel electrophoresis 

(PowerPacTM Basic Power Supply, Bio-Rad) were set to 80 V, 400 mA and 60 minutes. After 

electrophoresis, DNA bands were visualized under ultra violet (UV) light (Fusion-SL 3500.WT, 

Vilber Lourmat). 

3.2.2.1 Components of TBE buffer: 

Components Manufacture Amount 

Tris (pH 7.5) Roth, 4855.2 108 g 

EDTA Applichem, A6J002350 54 g 

Borate Roth, 4855.3 7.4 g 

ddH2O  add 10 l  

 

 

3.2.3 Extraction of DNA-fragments from agarose gel slice 

DNA-fragments were excised from a 0.8 % agarose gel with a scalpel under UV light (High 

Performance Ultraviolet Transilluminator, UVP) and purified using DNA Invisorb®Fragment 

CleanUp (Stratec) to isolate DNA for Sanger sequencing. 500 μl Gel Solubilizer S was added to 

an agarose gel slice up to 150 mg and incubated for 10 minutes at 50 °C until the agarose gel 

dissolved. After addition of 250 μl binding enhancer, the solution was transferred onto the 

supplied Spin Filter and centrifuged for 2 minutes at 11,000 rpm and room temperature. 

Moreover, two washing steps using 500 μl wash buffer were performed to remove 

undesirable substances. At last, the Spin Filter was incubated with 15 μl elution buffer for 5 

minutes and centrifuged for 1 minute at 11,000 rpm and room temperature. The DNA-

concentration was determined using the NanoDropTM (Kikser-Biotech) system and the purified 

DNA was subjected to Sanger sequencing. All solutions were supplied within the Kit (DNA 

Invisorb®Fragment CleanUp, Stratec). 
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3.2.4 GuideRNA design for the SRY-knockout 

The CRISPR/Cas system was employed to induce DSBs at specific target loci on the SRY gene. 

Guide RNAs were designed with the aid of the web-based CRISPOR design tool 

(http://crispor.tefor.net/), either targeting the 5’ flanking region of the HMG domain or 

deleting the complete HMG domain of the SRY gene (gRNA sequences in chapter 7.2.4). The 

target sequence was analyzed via BLAST (NCBI) to minimize the risk for off-target effects. 

In the first approach, two gRNAs (SRY_1 and SRY_2) were designed targeting a 72 bp segment 

in the upstream region of the HMG domain (Fig. 9). 

 

Fig. 9 Location of gRNAs SRY_1 and SRY_2 (yellow) in the 5’ flanking region of the HMG domain 

For the second experiment, two gRNAs (SRY_1 and SRY_3) were used inducing a deletion of 

approx. 300 bp encompassing the entire HMG domain of the SRY gene (Fig. 10). 

 

Fig. 10 Location of gRNA SRY_1 and SRY_3 (yellow) targeting sites flanking the HMG domain 

 

 (red) of the SRY gene targeting a 72 bp fragment. SRY primers are indicated in green. 

 

(red) of the SRY gene (exon of the SRY gene is illustrated in dark grey) and inducing a 300 bp deletion. 

The primer pair is indicated in green. 

http://crispor.tefor.net/
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3.2.5 Plasmid design for the SRY-knockout 

For induction of genetic modifications, gRNA oligonucleotides targeting the SRY locus (chapter 

7.2.4) were cloned into the linearized CRISPR/Cas vector pX330 (pX330-U6-Chimeric_BB-CBh-

hSpCas9 was a gift from Feng Zhang, Addgene plasmid # 42230; 

http://n2t.net/addgene:42230; RRID: Addgene_42230) (L. Cong et al. 2013). The selected 

vector was incubated with the enzyme BbsI (NEB #R3539) for 2.5-3 hours at 37 °C and 

centrifuged at 250 rpm. 

Components for backbone vector digestion:  

Components Amount 

Plasmid/Vector 1 µg 

Enzyme BbsI 1 µl 

Buffer 2 µl 

ddH2O x µl 

Total 20 µl 

 

After digestion, the linearized CRISPR/Cas product was loaded onto an agarose gel for gel 

electrophoresis to confirm that no non-specific bands appeared. Afterwards, the residual 

product was purified with Invisorb® Fragment CleanUp from Stratec. The DNA-concentration 

was determined via NanoDropTM (Kikser-Biotech) system. After linearization of the backbone 

vector, the designed guideRNA oligonucleotides targeting the SRY locus (chapter 7.2.4) were 

annealed under following conditions to create a guideRNA duplex: 

 

Annealing of oligonucleotides: 

 

 

 

 

 

 

 

 

 

Components Amount 

1. Oligonucleotide (100 mM) 10 µl 

2. Oligonucleotide (100 mM) 10 µl 

Annealing Buffer* 80 µl 
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*Components of annealing buffer: 

Components Manufacture Amount 

Tris (pH 7.5) Roth, 4855.2 10 mM 

EDTA Applichem, A6J002350 1 mM 

NaCl Roth, 3957.2 50 mM 

 

All three components were mixed in a PCR tube and annealed at 37 °C for 30 minutes, heat 

inactivated at 95 °C for 5 minutes and then cooled down with a ramp of 5 °C per minute to 25 

°C. For insertion of the gRNA duplex into the plasmid backbone, both were ligated under the 

following conditions: 

Components for ligation with T4 Ligase: 

Components Amount sample Amount control 

Linearized plasmid (50 ng) x µl x µl 

Annealed oligonucleotides 

(diluted 1:200 with ddH2O) 

1 µl - 

Ligation buffer 2 µl 2 µl 

T4 Ligase 1 µl 1 µl 

ddH2O ad 20 µl ad 20 µl 

 

All components were added to a PCR tube and incubated at room temperature for 2 hours or 

alternatively overnight at 4 °C. For amplification, the plasmids were transferred into 

commercially available competent bacteria (NEB® 10-beta competent E.coli (high efficiency), 

Cat. No. C3019H or NEB® 5-alpha competent E.coli (high efficiency), Cat. No. C2987H). 

Therefore, competent bacteria were thawed for 10 minutes on ice and 3 μl ligation product 

was added. The mixture was incubated for 30 minutes on ice and heat inactivated at 42 °C for 

30 seconds before placing on ice for another 5 minutes. The 950 μl SOC outgrowth medium 

(supplied) were pipetted into the cell mixture, incubated at 37 °C for 60 minutes and shaken 

at 250 rpm. After incubation, 70 μl of the mixture was spread onto an agar plate with ampicillin 

and incubated overnight at 37 °C. After overnight incubation, 3 ml of LB medium with 3 μl 

ampicillin were added into a 10 ml falcon tube to enhance bacterial growth. Colonies were 

picked from the agar plates using pipette tips and dipped into the PCR mixture for 

amplification (PCR conditions in chapter 3.2.1) using U6_Seq_F1 and reverse oligo of the gRNA 
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(see chapter 7.2.1 and 7.2.4). Afterwards, the pipette tips were put into the prepared falcon 

tubes and incubated at 37 °C for 24 hours. After incubation, bacterial cultures were 

transferred into a 1.5 ml safe lock tube and purified with the GeneJetTMPlasmid Miniprep Kit 

from ThermoFisherTM. For purification, the bacterial cultures were centrifuged for 2 minutes 

at 8,000 rpm and room temperature. The supernatant was discarded and the cell pellet 

resuspended in 250 μl resuspension solution. Moreover, 250 μl lysis solution and 350 μl 

neutralization solution were added and centrifuged for 5 minutes at 11,000 rpm and room 

temperature to pellet the cell debris (white sediment). The supernatant was transferred into 

a GeneJet Spin column and again centrifuged at 11,000 rpm and room temperature for 1 

minute. Thereby, the DNA binds to the GeneJet Spin column. After washing the column using 

500 μl wash solution, the GeneJet Spin column was transferred into a new 1.5 ml Eppendorf 

safe lock tube. For elution of DNA, 30 μl ddH2O was added to the column membrane, 

incubated for 5 minutes and centrifuged for 2 minutes at 11,000 rpm. The DNA-concentration 

was determined using the NanoDropTM (Kikser-Biotech) system. For Sanger sequencing 

(Ready2 Run, LGC genomics), 10 μl plasmid (100 ng/μl) and 4 μl of U6_Sep_F1 primer (5 

pmol/μl, listed in chapter 7.2.1) were prepared. All solutions were supplied within the Kit 

(GeneJetTMPlasmid Miniprep Kit, ThermoFisherTM). 

 

Maxi preparation was done with the PureYieldTMPlasmid Maxiprep System Kit from Promega 

to purify the plasmid. A total of 100 ml LB medium with 100 μl ampicillin and 100 μl from the 

selected colony from mini preparation were filled into a measuring cylinder and closed with 

foil. The mixture was incubated at 37 °C for 16 to 24 hours in a Thermoshaker (with 250 rpm 

agitation). After incubation, the solution was divided into two 50 ml corning tubes and 

centrifuged for 10 minutes at 4 °C and 5,000 g. Furthermore, a glycerin stock was prepared by 

mixing 400 μl of 80 % glycerin with 600 μl mixture of the maxi preparation and stored at - 80 

°C. For maxi preparation, the cell pellet was resuspended with 12 ml resuspension solution 

and mixed with 12 ml lysis solution and 12ml neutralization solution. After centrifugation for 

20 minutes at 14,000 g and room temperature, the lysate was transferred into a supplied 

PureYieldTMClearing Column, which was placed on top of a PureYieldTMMaxi Binding column. 

The lysate was passed through the clearing membrane under vacuum to purify the DNA from 

debris and bind it to the binding membrane. After washing the membrane with 5 ml endotoxin 

removal wash solution and 20 ml column wash solution, the PureYieldTM Maxi Binding Column 
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was placed onto a 1.5 ml Eppendorf safe lock tube. Nuclease-free water was pipetted onto 

the membrane of the binding column and incubated for 5 minutes to eluate the DNA from the 

membrane. The DNA concentration was measured using the NanoDropTM (Kikser-Biotech) 

system and the plasmids were stored at - 20 °C until used for electroporation (chapter 3.2.7). 

All solutions were supplied within the Kit (PureYieldTMPlasmid Maxiprep System Kit, Promega). 

 

3.2.6 Pouring of LB agar plate 

For preparation of LB agar plates utilized in the plasmid preparation (chapter 3.2.5), 3 g 

AgarAgar (Bioscience, 9002-18-0) was added to 200 ml of autoclaved LB medium (5 g of NaCl, 

5 g of bacto tryptone and 2.5 g of Yeast extract in 500 ml ddH2O) and boiled until the agar 

powder was dissolved. The LB agar medium was cooled down in a water bath to 60 °C and 200 

μl of the desired antibiotic (100 µg/ml ampicillin) was added before pouring it onto plates. 

Within 30 minutes, the medium was solidified and plates were ready to use. 

 

3.2.7 Electroporation 

The porcine fibroblasts were transfected with the prepared CRISPR/Cas plasmids (chapter 

3.2.5) targeting the SRY gene using the NeonTM Transfection System (ThermoFisherTM). Cells 

grown to 80 to 90 % confluence in a T 75 flask (~2 x 106 cells) were pelleted, resuspended in 

200 μl resuspension buffer R (NeonTM 100 μl kit) and 10 μl of each plasmid was added (with a 

maximum DNA concentration of 5 μg). For electroporation, 100 μl of the resuspended cell 

solution was pipetted using an electroporation cuvette and placed into a glass tube with 3 ml 

electroporation buffer E2 (NeonTM 100 μl kit). Electroporation conditions were as following: 

1,350 V and 2 impulses for 20 seconds, to open pores of the cell membrane and to allow the 

entry of CRISPR/Cas plasmids (Fig. 11). Transfected cells were cultured at 37 °C and 5 % CO2 in 

antibiotic free T3 medium to prevent cytotoxicity. The next day, medium was changed to T3 

medium with 1 % penicillin and streptomycin (chapter 7.1.2). After lysis of the transfected 

cells, the purified DNA was analyzed for genetic modification induced by the CRISPR/Cas 

system via the T7 Endonuclease Assay I (chapter 3.2.8), then cloned into the pGEM®-T easy 

vector (chapter 3.2.9) and dPCR (chapter 3.2.10) was performed. Afterward, cells were used 

for SCNT (chapter 3.3.3). 
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Fig. 11 Schematic drawing of electroporation by using an electrical pulse to open pores of the cell  
 

 

3.2.8 T7 Endonuclease Assay I 

The T7 Endonuclease Assay I is a method to identify mutations including deletions and 

insertions of more than two base pairs. Deletions and insertions are induced by the NHEJ 

repair mechanism after repair of a double-strand break originating from the CRISPR/Cas 

system. Annealing of wild type and modified sequence leads to a hetero duplex loop on the 

mismatch site, which is recognized and cut by T7 Endonuclease. Three visible bands in an 

agarose gel indicate a mutation caused by the CRISPR/Cas system (Fig. 12). For the T7 

Endonuclease Assay I, 12 μl amplified non-purified PCR product of the lysate from transfected 

cells was mixed with 2 μl NEB buffer 2 (#B7002S, BioLabs®) and 5 μl ddH2O. Hybridization was 

started with an initial denaturation at 95 °C for 10 minutes, followed by two annealing steps: 

first cooling the solution down to 85 °C with a ramp rate of 2 °C/s, followed by further cooling 

to 25 °C with a ramp rate of 0.1 °C/s. After hybridization of the PCR product, 1 μl of T7 

Endonuclease (10 U/μl) was added and digested for 15 minutes at 37 °C. The digestion was 

stopped with 1.5 μl of 0.25 M EDTA (Applichem, A6J002350). Finally, the fragmented PCR 

product was analyzed via gel electrophoresis (80 V, 400 mA, 60 min on a 1.5 % agarose gel) 

and the gel was exposed to UV light (Fusion-SL 3500.WT, Vilber Lourmat). 

 

membrane leading to entry of CRISPR/Cas plasmids into the cell. 
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Fig. 12 T7 Endonuclease Assay I reveals genetic modifications after NHEJ repair 

 

3.2.9 Cloning into pGEM®-T easy vector 

The pGEM®-T easy vector (Promega, A1360) was used for cloning of a PCR product from the 

lysate of transfected cells to generate sub-clones of its PCR product. Thereby, it enables the 

investigation of allele-specific mutations. To clone the PCR product (purified with Invisorb® 

Fragment CleanUp Kit from Stratec) into a pGEM®-T easy vector, 250 μl of binding buffer was 

added to the PCR sample and transferred into a Spin Filter. After centrifugation for 4 minutes 

at 11,000 rpm, 30 μl ddH2O was pipetted onto the center of the Spin Filter and incubated for 

5 minutes at room temperature. The DNA-concentration of the eluted DNA sample was 

determined using the NanoDropTM (Kikser-Biotech) system. The purified PCR product was 

diluted to a concentration of 30-40 ng/μl and the amount of PCR sample for ligation was 

calculated as follows:  

 

 

 

of DSBs induced by gene editors. Re-annealing of the wild type control and modified sequence results 

in a hetero duplex loop formation at the mismatch site. The T7 Endonuclease recognizes the loop 

structure and cuts the DNA strands resulting in detection of three bands in PCR assay. 
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50 𝑛𝑔 (1 µ𝑙) 𝑥 𝑛 𝑘𝑏 𝑖𝑛𝑠𝑒𝑟𝑡

3 𝑘𝑏 𝑣𝑒𝑐𝑡𝑜𝑟
+

5

1
 = 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

calculation factor

𝑃𝐶𝑅 product concentration
 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝐶𝑅 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑙𝑖𝑔𝑎𝑡𝑖𝑜𝑛 

 

Ligation of the PCR product into pGEM®-T easy vector was performed under the following 

conditions: 

Components for ligation into pGEM®-T easy vector: 

Components Sample amount Positive control Negative control 

Sample (PCR product) Calculated amount in µl 

(see above) 

- - 

2 x ligation buffer 5.0 µl 5.0 µl 5.0 µl 

pGEM®-T easy vector 1.0 µl 1.0 µl 1.0 µl 

Control insert - 1.0 µl - 

T4 ligase 1.0 µl 1.0 µl 1.0 µl 

ddH2O ad to 10 µl 2.0 µl 3.0 µl 

 

All components were added to an Eppendorf tube and incubated at room temperature for 2 

hours. After incubation, the ligation product was cloned into commercially available 

competent bacteria (NEB® 5-alpha competent E. coli (high efficiency), Cat. No. C2987H). To 

verify the correct insertion of the PCR product into pGEM®-T easy vector, colonies were picked 

and analyzed by PCR (protocol in chapter 3.2.1) using SRY specific primers (listed in chapter 

7.2.1). Afterwards, the DNA was purified using the ThermoFisherTMGeneJetTMPlasmid 

Miniprep Kit and Sanger sequenced (protocol described in chapter 3.2.5). 

 

3.2.10 DigitalPCR 

Digital Polymerase Chain Reaction (dPCR) is an innovative method for absolute quantification 

of DNA copy numbers in a sample by fluorescence labelled probes. Detection of specific 

nucleic acids is performed by processing twenty thousand PCR reactions contained in a single 

chip. Three probes targeting sites within the GGTA gene on chromosome 1 and the male-

specific genes KDM6A and SRY on the Y chromosome were designed using the web-based 
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PrimerQuest Tool from IDT (https://eu.idtdna.com/Primerquest/). GGTA1 5’ HEXTM-labelled 

assay (control assay) and KDM6A and SRY assay labelled with 5’ 6-FAMTM (for the Y 

chromosome detection) contain two primers (9.0 nmoles) and a probe (2.5 nmoles), each 

(listed in chapter 7.3). For dPCR, purified DNA of the lysate of transfected cells (using DNeasy® 

Blood&Tissue Kit, Qiagen) was diluted to a DNA concentration of 80 to 200 ng/μl (depending 

on the sample) using the NanoDropTM (Kikser-Biotech) system and amplified under following 

PCR conditions:  

Components for dPCR: 

Components Volume (μl) per Chip 

QuantStudioTM 3D Digital 

PCR Master Mix v2 

7.3 

SRY or KDM6A Assay (FAM-labelled) 0.7 

GGTA1 (VIC-labelled) 0.7 

Diluted genomic DNA 1.4 

Nuclease-free water 4.4 

 

The PCR components were combined and 14.5 μl of PCR mixture was loaded onto the 

QuantStudioTM 3D Digital PCR Chip v2 and subsequently coated with the supplied immersion 

fluid. The amplification was performed using following cycle protocol: 

Cycle conditions for dPCR: 

Step Temperature Time Cycle 

Denaturation 96 °C 10 min  

39 Annealing 60 °C 2 min 

Extension 98 °C 30 sec 

Final extension 60 °C 2 min  

Cooling down 10 °C ∞  

 

After PCR cycle, the QuantStudioTM 3D Digital PCR Chip was analyzed in combination with the 

QuantStudioTM 3D Digital PCR system and the web-based QuantStudioTM 3D AnalysisSuiteTM 

https://eu.idtdna.com/Primerquest/
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Software (https://app.lifetechnologies.com/quantstudio3d/) to verify the copy number of the 

SRY, KDM6A and GGTA1 gene in different DNA samples. For a simple comparison of the copy 

number of GGTA1, KDM6A and SRY, the copy numbers of GGTA1 have been set up to 2 

(biallelic gene). The copy numbers of SRY and KDM6A were given in proportion to the copy 

number of GGTA1.  

 

3.3 Generation of genetically modified animals with SRY-knockout 

3.3.1 Preparation of RNP complexes  

The use of ribonucleoprotein (RNP) complexes has the advantage of direct availability of the 

protein in microinjected zygotes. For targeting the HMG domain of the SRY gene, two RNP 

complexes were designed. The SRY_1_RNP complex consisted of an individually designed 

synthetic sgRNA (SRY_1: 5’ – ATTGTCCGTCGGAAATAGTG – 3’) fused to purified 2NLS-Cas9 

nucleases from Synthego (in a ratio of approx. 1:1.5). For the SRY_3_RNP complex, the crRNA 

was individually designed (SRY_3: 5’ – AAATACCGACCTCGTCGCAA – 3’) and annealed to the 

tracRNA (95 °C for 5 min and ramped down to 25 °C at 5 °C/min) from IDT in a ratio of 1:1 

(final concentration 1 μg/μl). Afterwards, the gRNA complex was incubated with Alt-R S.p. 

Cas9 nuclease 3NLS for 10 minutes at room temperature to form an active RNP complex. Both 

RNP complexes were subsequently used in a ratio of 1 (SRY_1_RNP) to 1.7 (SRY_3_RNP) for 

microinjection. 

 

3.3.2 Microinjection 

Ovaries from a local slaughterhouse were collected and oocytes were isolated through 

vacuum-based aspiration of follicles with an 18 G cannula. After aspiration, the collected 

oocytes were washed with PXM (chapter 7.4.1) and 1 % NBCS and the selected oocytes used 

for maturation. Maturation medium (DMEM2, chapter 7.4.2, 7.4.3 and 7.4.4) was added and 

the oocytes were incubated for 40 – 42 hours at 38.5 °C and 5 % CO2. Matured oocytes were 

selected based on the presence of a clearly visible polar body. Fertilization of oocytes was 

performed with boar semen thawed 30 seconds at 37 °C and analyzed for progressive motility. 

Boar semen was washed with Androhep®Plus (Minitube, 13529/5010) and centrifuged for 6 

minutes at 600 g. For fertilization, approx. 75 to 100 sperm cells per oocyte (depending on 

sperm capacity) were utilized and cultured in TL-Hepes 296 Ca2+ for microinjection (see 

chapters 7.4.5 and 7.4.6). With the use of a glass pipette, approx. 10 pl liquid including SRY_1 

https://app.lifetechnologies.com/quantstudio3d/
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and SRY_3 plasmids or RNPs were dissolved in microinjection buffer (plasmid concentration 

of 2.5 ng/μl, chapter 7.4.7) and injected into the cytoplasm of zygotes on a heating plate at 30 

°C. After microinjection, zygotes were cultured in PZM (chapter 7.4.8) for 6 days at 39 °C and 

5 % CO2 and O2 until reaching the blastocyst stage. Blastocysts were surgically transferred into 

hormonally synchronized 7 to 9-months old German Landrace gilts. For synchronization, the 

gilts were treated with 20 mg/day/gilt Altrenogest (Regumate® 4mg/ml, MSD) for 12 days, 

followed by injection of 1500 I.U. PMSG (pregnant mare serum gonadotropin, Pregmagon®, 

IDT Biologika) on day 13 and intramuscular injection of 500 I.U. hCG (human chorionic 

gonadotropin, Ovogest®300, MSD Germany) 78 hours after PMSG treatment.  

 

3.3.3 Somatic cell nuclear transfer (SCNT) 

SCNT was employed to generate genetically modified animals. Fetal fibroblasts were 

transfected with CRISPR/Cas9 plasmids targeting the SRY locus (chapter 3.2.7). After single cell 

dilution of the cells to select for the desired mutations (chapter 3.1.6), a pure population of 

edited cells was used as donor cells for SCNT. Edited cells were incubated in serum-reduced 

medium for 48 hours (chapter 7.5.1). After trypsinization, the cell pellet was suspended in 

Calcium-free TL-Hepes 296 medium (chapter 7.5.2 and 7.5.3). In parallel, oocytes were 

collected from slaughterhouse ovaries, matured (similar to microinjection technique, chapter 

3.3.2) and enucleated (removal of metaphase-II-plate and polar body) using a glass pipette in 

Calcium-free TL-Hepes 321 medium (chapter 7.5.2 and 7.5.4). The donor cells and enucleated 

oocytes, were fused in Calcium-free Sor2 medium with an electric impulse of 16 V for 100 μs 

(chapter 7.5.5). This was followed by electrical activation using 24 volt for 45 μs in Ca2+ Sor2 

medium (chapter 7.5.6) and chemical activation in PZM-3 with 6-DMAP for 3 hours (chapter 

7.4.8 and 7.5.7). Finally, fused oocytes were cultured in PZM-3 and incubated at 39 °C and 5 

% CO2 and O2 for 24 hours (chapter 7.4.8). One- and two-cell embryos were surgically 

transferred into hormonally synchronized 7 to 9-months old gilts (synchronization protocol in 

chapter 3.3.2).  

 

3.4 Analysis of offspring 

3.4.1 DNA preparation from tail tips 

DNA was isolated from generated offspring with an overnight digestion of tail tissue at 50 °C 

in 600 μl lysis buffer (chapter 7.1.5) and 45 μl Proteinase K (10 mg/ml, Macherey-Nagel). After 

centrifugation on the next day for 15 minutes at 14,000 rpm and 15 °C, 500 μl supernatant 
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was added to 700 μl saturated NaCl solution for protein precipitation. The centrifugation step 

was repeated (15 min, 14,000 U/min) and 700 μl ethanol was added to 700 μl supernatant for 

DNA precipitation. After the last centrifugation step (15 min, 14,000 U/min), the DNA was 

pelleted and afterwards washed twice with 70 % ethanol. Finally, the DNA was dried at 37 °C 

for 1 hour and eluted in 50 μl ddH2O. The DNA concentration was determined using the 

NanoDropTM (Kikser-Biotech) system. The isolated DNA from the offspring was characterized 

using PCR to detect genetic modifications within the target locus (chapter 3.2.1 and 7.2.1) and 

off-target events (chapter 3.4.2).  

 

3.4.2 Off-target analysis 

Off-target analysis includes unintended and nonspecific genetic modifications that can occur 

after the use of molecular scissors such as CRISPR/Cas (K. A. Schaefer et al. 2017; I. Tasan & H. 

Zhao 2017). Sometimes the guideRNA recognizes sequences, which are highly similar to the 

target sequence (different in one or more mismatches) and induces undesired modifications. 

To test whether off-target events were induced, the top ten off-target modifications of the 

two applied gRNAs (SRY_1 and SRY_3 in chapter 7.2.4) were analyzed using the web-based 

tool CRISPOR (http://crispor.tefor.net/) and isolated DNA from tail tissue of SRY-KO pigs was 

amplified using PCR (protocol in chapter 3.2.1). Primer pairs for each off-target event were 

designed (listed in chapter 7.2.2 for SRY_1 and 7.2.3 for SRY_3). The amplification of one off-

target primer of gRNA SRY_1 and three off-target primer of gRNA SRY_3 failed due to 

inadequate PCR conditions after testing of three different primer pairs for each off-target 

event. PCR products of all off-targets were purified (Invisorb®Fragment Clean Up Kit, Stratec) 

and analyzed in all SRY-KO pigs by Sanger sequencing. 

 

3.4.3 Karyotyping of cells 

Isolated cells from ear tissue of genetically modified pigs were taken for karyotyping to detect 

the sex chromosomes. Cells were treated with colcemide (Invitrogen) for 30 minutes, 

trypsinized and metaphases were prepared. Fluorescence R-banding was performed using 

chromomycin A3 and methyl green and 15 metaphases were analyzed. In general, 19 

chromosome pairs with a total of 38 chromosomes are found in pigs (I. Gustavsson 1988). The 

karyotyping was done in cooperation with the Institute of Human Genetics in Hannover 

Medical School (MHH). 

http://crispor.tefor.net/
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3.4.4 Histology 

Porcine ovarian tissue from female wild type control and SRY-KO pigs was histologically 

analyzed after haematoxylin and eosin staining (H&E). Ovarian tissue was fixated with 4 % 

paraformaldehyde (PFA) for 6 to 8 hours (smaller tissues of up to 5x10 mm) or overnight 

(tissues of up to 2x3 cm) and incubated in 30 % sucrose solution for 2 hours before stored at 

– 80 °C. Fixated tissues were embedded in TissueTek® (Sakura, TTEK) and 10 μm thin slide 

sections were stained with H&E under conditions shown in table 3.4.4.1. At the end, stained 

ovarian tissues were analyzed using stereo microscopy (DMIL LED, Leica) for investigation of 

the ovarian structure in SRY-KO pigs and compared to wild type control samples. 

3.4.4.1 H&E Staining conditions:  

Components Time 

Mayers Haemalaun solution 

(Roth, T865.1) 

10 min 

Distilled water 2 sec 

Rinse in running water 5 min 

2.5 g Eosin G  

(Merck, 15935)  

+  

1 % glacial acetic acid  

(Roth, 3738.4)  

in 200 ml aqua dest. 

5 min 

Rinse in tap water 30 sec 

70 % ethanol 2 sec 

96 % ethanol 2 min 

100 % ethanol 2 min 

 

3.4.5 Nanopore Sequencing (MinION) 

Nanopore sequencing of porcine DNA was done by the MinION device of Oxford Nanopore to 

investigate the Y chromosome. This technique enables sequencing of large fragments using a 

portable, real-time device connected to a host computer. Therefore, high molecular weight 

purification of DNA (using NucleoBand®HMW DNA, Macherey-Nagel) from a 2 ml blood 

sample of a male wild type control was performed to allow enhanced throughput per flow cell 
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on MinION. Elimination of fragments below 40 kb using the Short Read Elimination Kit XL 

(Circulomics) further improved the purified DNA. The DNA-concentration was determined 

using Qubit Fluorometic Quantification (ThermoFisher Scientific) and NanoDropTM (Kikser-

Biotech) system. Subsequently, 47 μl high molecular weight DNA (30 - 40 ng/μl) was mixed 

with 1μl DNA CS, 3.5μl NEBNext FFPE DNA repair buffer, 2μl NEBNext DNA repair mix, 3.5 μl 

Ultra II End-prep reaction buffer and 3 μl Ultra II End-prep enzyme mix, gently flicked and 

incubated for 5 minutes at 20 °C and at 65 °C, each. Afterwards, the DNA sample was mixed 

with 60 μl AMPure XP beads (Beckman Coulter), incubated for 5 minutes on a HulaMixerTM 

(Invitrogen) at room temperature and pelleted on a magnet for 4 minutes. Magnetic beads 

were used to bind the DNA for purification. After removal of the supernatant, the pellet was 

washed twice with 200 μl 70 % ethanol. The supernatant was removed, the beads were dried 

for 20 s and then resuspended with 61 μl nuclease-free water for 2 minutes at room 

temperature to dissolve the DNA. At least, the beats were again pelleted on a magnet for 4 

minutes until the eluate with the DNA was clear. For adapter attachment, 60 μl of purified 

DNA was mixed with 25 μl of ligation buffer, 10 μl NEBNext Quick T4 DNA Ligase and 5 μl 

adapter mix. After incubation for 10 minutes at room temperature, 40 μl of AMPure XP beads 

(Beckman Coulter) were added, incubated for 5 minutes on the HulaMixerTM (Invitrogen) and 

pellet on a magnet for 5 minutes. After removal of the supernatant, the beads were 

resuspended in 250 μl long fragment buffer twice, dried for 30 s and resuspended with 15 μl 

elution buffer at 37 °C for 10 minutes. After incubation, the beads were pellet on a magnet 

and the DNA eluate was transferred into a new 1.5 ml Eppendorf tube.  Meanwhile, the flush 

buffer was mixed with 30 μl flush tether by vortexing to prepare the flow cell priming mix. For 

flow cell flushing, 800 μl flow cell priming mix was slowly loaded into the priming port of the 

MinION device, to prevent air bubbles. After 5 min of incubation, 200 μl flow cell priming mix 

was additionally loaded onto the priming port after lifting of the SpotON sample port (allows 

indirect flushing of the SpotON sample port). The DNA library was prepared as follows: 37.5 

μl sequencing buffer, 25.5 μl loading beads, and 12 μl DNA sample mix. The prepared DNA 

library was carefully loaded to the flow cell using the SpotON sample port in a dropwise 

fashion. After 24 to 27 hours (depending on the capacity of active pores on flow cell), the flow 

cell was washed with the flow cell wash buffer for 30 minutes at room temperature and loaded 

for the second run with the same DNA library to ensure high throughput of the flow cell. All 

solutions are supplied in the Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore) and in 
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the NEBNext® Companion Module for Oxford Nanopore Technologies® Ligation Sequencing 

(BioLabs, E7180S). Nanopore Sequencing was done in cooperation with the Research Core 

Unit Genomics (MHH). 
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4. Results 

 

4.1 Knockout of the SRY gene using CRISPR/Cas9 

Genetic modification at two sites of the porcine SRY gene, either targeting the 5’ flanking 

region of the HMG domain of the SRY gene or a deletion encompassing the complete HMG 

domain, were initiated to generate a knockout of the SRY gene. 

4.1.1 Genetic modification of the 5’ flanking region of the HMG domain of the SRY gene 

A deletion within the 5’ flanking region of the HMG domain of the SRY gene was induced to 

produce SRY-KO pigs. Two gRNAs (SRY_1 and SRY_2) were designed targeting a 72 bp segment 

in the upstream region of the HMG domain (chapter 3.2.4).  

To investigate if the single gRNAs target the SRY gene and induce DSBs at the target site a T7 

Endonuclease Assay I was performed. The assay revealed three visible bands indicating that a 

modification occurred at the target site (Fig. 13).  

 

Fig. 13 T7 Endonuclease Assay I of two gRNAs (SRY_1 and SRY_2) targeting the SRY gene. 

 

Furthermore, the gRNAs were cloned into the pGEM®-T easy vector to analyze single clones 

to assess the cutting efficiency by Sanger sequencing. Two different modifications in three of 

five single clones were induced at the SRY locus by using gRNA SRY_1. One of five single clones 

revealed a deletion of 7 bp at the SRY gene originating from gRNA SRY_2 (Fig. 14). 

The upper band displayed a wild type cell population while two lower bands (indicated with an arrow) 

indicating mismatches in edited cells compared to the male wild type control (WT 578 F7). 
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Fig. 14 Sanger sequencing revealed two different modifications induced via CRISPR/Cas9 guided by 

gRNA SRY_1 (upper) and one deletion induced by gRNA SRY_2 (lower) at the SRY locus.  

 

The employed gRNAs were used to generate genetically modified animals, either by 

microinjection of the plasmids into IVF-produced zygotes or transfection into porcine 

fibroblasts that were subsequently used as donor cells in SCNT. 

In a first trial, two piglets were generated after intracytoplasmic microinjection. After transfer 

of thirty and twenty blastocysts into two recipients, one recipient went to term and delivered 

two healthy piglets (690/1 and 690/2) (Tab. 1). 

 

Recipient Transferred 

embryos 

Pregnancy Offspring Genetic modification 

on the SRY gene 

Sex reversal 

7120 (690) 30 + 2 1 - 

7109 20 - - - - 

Tab. 1 Number of transferred embryos after microinjection of gRNA SRY_1 and SRY_2 into IVF-

produced zygotes into two recipients. Two healthy piglets were born, and piglet 690/1 showed a 

genetic modification within the SRY gene introduced by the CRISPR/Cas system. No sex reversal could 

be observed in the offspring. 

 

Piglet 690/1 displayed a male phenotype, while piglet 690/2 showed a female phenotype. 

However, even though piglet 690/2 revealed the desired female phenotype, no sex reversal 

was detected. Piglet 690/1 exhibited a 72 bp deletion within the 5’ flanking region of the HMG 

domain of the SRY gene, albeit no sex reversal had occurred. The in-frame mutation did not 
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cause a frameshift mutation of the SRY sequence (Fig. 15/16). After reaching sexual maturity, 

the 8-months old boar was euthanized to collect organ and sperm samples for further analysis. 

Until that date, the boar developed normally and could not be discriminated from wild type 

control pigs. 

 

Fig. 15 Piglet 690/1 was born healthy and displayed a male pheno- and genotype. 

 

 

Fig. 16 Sanger sequencing of piglet 690/1 revealed a 72 bp deletion within the 5’ flanking region of the 

HMG domain of the SRY gene. 

 

In the next step, gRNA SRY_1 and SRY_2 were co-transfected into porcine fibroblasts via 

electroporation to induce a mutation of 70 bp within the SRY gene. Electroporated cells were 

used for single cell dilution on a 96-well plate (five cells per well) to obtain a pure population 

of edited cells. One cell population revealed an approx. 70 bp deletion within the SRY gene as 

detected by PCR (Fig. 17). 
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Fig. 17 PCR-based detection of the SRY gene to identify a pure cell population with a ~70 bp deletion 

 

The generated cell population was used as donor cells for SCNT and eighty-two and eighty-six 

one- to two-cell embryos were surgically transferred into two synchronized recipients. One of 

the recipients went to term and delivered two healthy piglets (704/1 and 704/2) (Tab. 2). 

 

Recipient Transferred 

embryos 

Pregnancy Offspring Genetic modification 

on the SRY gene 

Sex reversal 

7263 (704) 82 + 2 2 - 

7266 86 - - - - 

Tab. 2 Number of transferred embryos generated via SCNT of cells edited with the CRISPR/Cas 

plasmid including gRNA SRY_1 and SRY_2 into two recipients. One sow went to term and delivered 

two piglets with a male phenotype. Both piglets revealed two genetic modifications within the SRY 

gene. 

 

PCR and Sanger sequencing of the target site revealed two genetic modifications consisting of 

an in-frame-mutation of - 72 bp and a frameshift mutation of - 73 bp in both piglets. 

Nevertheless, both developed a male phenotype, including male external and internal 

genitalia and no sex reversal occurred (Fig. 18/19). 

(indicated with white asterisk). The male wild type control (WT 578 F6) showed an approx. 70 bp higher 

band as found in the edited cells (Co-Trans SRY_1 + SRY_2). 
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Fig. 18 Detection of mutations within the SRY gene by PCR in both piglets (704/1-2) generated via SCNT. 

Both piglets showed a deletion of approx. 70 bp (indicated with white asterisk) compared to the male 

wild type control (WT 578 F7). 

 

 

Fig. 19 Sanger sequencing for detecting two modifications within the 5’ flanking region  

 

These results imply that the 5’ flanking region on the HMG domain of the SRY gene is not 

involved in SRY protein expression. Furthermore, detection of two genetic modifications in 

offspring from SCNT provides first evidence for a duplication of the porcine SRY locus. To 

further investigate the suspected genetic duplication of the SRY gene, dPCR and Nanopore 

sequencing were performed as described in chapter 4.2. 

 

 

of the HMG domain of the SRY gene including a 72 bp and 73 bp deletion in both piglets (704/1-2). 



  Results  
    

46 
 

4.1.2 Deletion of the HMG domain to initiate a knockout of the SRY gene 

Although deletions in the 5’ flanking region of the SRY gene were successfully introduced 

either by microinjection or by SCNT, the expected sex reversal did not occur in these offspring. 

To achieve sex reversal in offspring, a second approach was performed to target the HMG 

domain itself and to induce a deletion of approx. 300 bp using CRISPR/Cas RNPs and the two 

designed gRNAs SRY_1 and SRY_3 encompassing the entire HMG domain (chapter 3.2.4). 

The gRNA SRY_1 and SRY_3 were tested to see whether these gRNAs could induce a deletion 

within the SRY gene encompassing the HMG domain after co-electroporation into porcine 

fibroblasts. PCR-based detection revealed edited cell populations with a 300 bp deletion 

within the SRY locus (Fig. 20). 

 

 

Fig. 20 PCR for detection of the SRY gene displayed two bands after co-transfection of CRISPR/Cas 

plasmids SRY_1 and SRY_3 into porcine fibroblasts. The lower band indicated an induced deletion 

within the SRY gene (Co-Trans SRY_1 + SRY_3, indicated with black asterisk). Upper bands displayed a 

wild type (WT) cell population. WT 587/F7 showed an expected band of ~500 bp by using the specific 

primer pair SRY_1f and SRY_1r (chapter 7.2.1). 
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Moreover, Sanger sequencing of the lower band from agarose gel confirmed that both gRNAs 

SRY_1 and SRY_3 are capable to induce a large deletion of 297 bp within the SRY gene 

eliminating the entire HMG domain of the SRY gene (Fig. 21). 

 

 

Fig. 21 DNA extraction of the lower band from PCR-based detection of the SRY gene on agarose gel 

 

After testing the gRNAs in vitro, CRISPR/Cas RNP complexes SRY_1 and SRY_3 were 

microinjected into IVF-produced zygotes. Thirty-one and thirty-two blastocysts were 

transferred five days later into three synchronized recipients. Two recipients went to term and 

delivered in total 12 healthy piglets (Tab. 3). 

 

Recipient Transferred 

embryos 

Pregnancy Offspring Genetic modification 

on the SRY gene 

Sex reversal 

8018 32 - - - - 

714 32 + 1 1 1 

715 31 + 11 2 2 

Tab. 3 Transfer of embryos generated via co-microinjection of CRISPR/Cas RNP complexes SRY_1 and 

SRY_3 into three recipients. Two of the sows went to term and delivered a total of 12 healthy piglets 

that displayed a female phenotype. 

 

Interestingly, all twelve offspring displayed female external genitalia (Fig. 22). PCR-based 

detection of the SRY gene in all twelve piglets revealed in three piglets a male genotype via 

PCR (Fig. 23). Sanger sequencing further confirmed a deletion of 292 bp in piglet 715/7 and 

266 bp in piglet 715/2 within the SRY gene. Moreover, two genetic modifications, a deletion 

of 298 bp and an indel mutation consisting of a deletion of 298 bp and an insertion of 1 bp 

were found in piglet 714/1 (Fig. 24). The two modifications suggested a duplication of the SRY 

locus or mosaicism from the microinjection procedure. 

(Co-Trans SRY_1 + SRY_3) and Sanger sequencing showed a deletion of 297 bp encompassing the HMG 

domain of the SRY gene. 
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Fig. 22 Twelve healthy piglets were born from co-microinjection of CRISPR/Cas RNP complexes SRY_1 

and SRY_3. Three of the piglets were genetically male and showed external female genitalia indicating 

the sex reversal. 
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Fig. 23 Detection of the SRY gene via PCR in piglets generated by simultaneous microinjection of two 

CRISPR/Cas RNP complexes SRY_1 and SRY_3. In three of the piglets 715/2, 715/7 and 714/1 (indicated 

with a white asterisk) a deletion of 300 bp within the SRY gene compared to the genetically male wild 

type control could be detected. The male wild type control (WT 578 F7) showed a band of approx. 500 

bp. WT 578 F4 as female control showed no band at all. 

 

Fig. 24 Sanger sequencing showed a deletion of 266 bp in piglet 715/2 and 292 bp in piglet 715/7 within 

the SRY gene. Furthermore, piglet 714/1 had a deletion of 298 bp and an indel formation consisting of 

a deletion of 298 bp and an insertion of 1 bp. 

To further confirm the male genotype of the piglets 715/2, 715/7 and 714/1, PCR-based 

analysis of six different Y chromosome specific genes, including KDM6A, CUL4BY, DDX3Y, 

TXLINGY, UTY and UBA1Y, was performed (chapter 7.2.1). All genes were detected in these 

three piglets (Fig. 25). 
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Fig. 25 Detection of KDM6A, CUL4BY, DDX3Y, TXLINGY, UTY and UBA1Y as Y chromosome specific 

genes in piglets 715/2, 715/7 and 714/1 via PCR to confirm the male genotype of these piglets. 

 

All three piglets showed presence of Y chromosome specific genes (indicated with white asterisk). 

Piglets 715/1, 715/3 and 715/4 were utilized as female wild type controls from the same litter. 

Moreover, the wild type WT 578 F7 was used as male and WT 578 F4 as female WT controls. 



  Results  
    

51 
 

Furthermore, karyotyping of isolated cells from piglets 715/2, 715/7 and 714/1 confirmed the 

male genotype by unequivocal detection of the Y chromosome. The karyogram of 715/2 and 

715/7 showed no apparent abnormalities, while in piglet 714/1 an inversion (chromosomal 

incorrect rearrangement of the chromosomal ends in reversed order) of chromosome 7 was 

detected. However, the origin of this aberration is unclear and may not necessarily be related 

to the CRISPR/Cas system (Fig. 26). 

   

 

Fig. 26 Karyotyping of piglets 715/2, 715/7 and 714/1 confirmed a male genotype by detection  

  

of the Y chromosome (indicated in green). No abnormalities were found, except for one inversion on 

chromosome 7 in piglet 714/1 (indicated in orange). 
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To investigate the internal genitalia, SRY-KO piglet 715/2 and a female wild type control were 

dissected 34 days after birth. A complete set of internal female genitalia, including uterus, 

oviducts and ovaries were present. Moreover, no differences in morphology and size of the 

female internal genitalia were found between the SRY-KO pigs and wild type controls (Fig. 27). 

H&E-Staining of ovaries revealed no structural differences compared to ovaries from the 

female wild type control at that early age of development (Fig. 28). 

 

Fig. 27 Comparison of internal female genitalia of the SRY-KO piglet 715/2 (left side) and female wild 

type control (right side). The SRY-KO piglet had a uterus, oviducts and ovaries in similar size and  

 

 

Fig. 28 H&E-Staining of ovaries from SRY-KO piglet at day 34 after birth (upper imges) revealed no 

structural differences compared to the age matched female wild type (WT) control (lower images). 

morphology as the female wild type control. Color differences on images can be explained by different 

bleeding rate and different time intervals between section and preparation of the image. 



  Results  
    

53 
 

At the age of 7 months, SRY-KO pigs 715/7 and 714/1 were treated with 1.000 I.U. PMSG 

(Pregmagon®, IDT Biologika) and 72 hours later with intramuscular injection of 500 to 1.000 

I.U. hCG (Ovogest®300, MSD Germany) to induce estrus. However, these animals were never 

observed in heat, even after three treatments in an interval of two months. Moreover, these 

animals had a very small vulva. In contrast, the two females from same litter without SRY-KO 

and normal female geno- and phenotype displayed normal signs of heat at the age of 7 months 

(Fig. 29). The SRY-KO pigs were euthanized to investigate the internal female genitalia. 

 

Fig. 29 Comparison of external female genitalia of a 9-months old SRY-KO pig (right side) and a 9-

months old female wild type control from same litter (left side). A substantial difference in size of vulva 

can be seen. 

Analysis of the internal genitalia from SRY-KO pigs revealed a complete set of internal female 

genitalia including uterus, oviducts and ovaries. However, substantial differences in size and 

morphology of all female internal genitalia were displayed between the organs from the SRY-

KO and female control pigs (Fig. 30). The size of uterus, oviducts and ovaries from the 9-

months old SRY-KO pigs was similar to the size of the female internal genitalia in the wild type 

piglet with an age of 34 days, indicating a markedly retarded development of female genitalia. 

The histological analysis of the ovaries of the 9-months old SRY-KO pigs showed a high amount 

of loose connective tissue indicating fat deposits in the ovarian tissue (Fig. 31). 
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Fig. 30 Comparison of internal female genitalia of a 9-months old SRY-KO pig (left side) compared to 

an age matched female wild type control (right side) revealed substantial size differences of uterus, 

oviducts and ovaries. 

 

Fig. 31 Histological analysis of ovarian tissue showed compact connective tissue in the SRY-KO piglet 

at day 34 (lower images) in comparison to the 9-months old SRY-KO pig (upper images) with loose 

connective tissue indicating fat deposits within ovarian tissue. 

These results show the successful CRISPR/Cas mediated knockout of the HMG domain of the 

SRY gene resulting in sex reversal in genetically male offspring. 

The CRISPR/Cas vectors, including gRNA SRY_1 and SRY_3, the ampicillin resistance cassette 

and the Cas9 expression cassette, were not integrated into the porcine genome of the 

resulting offspring as shown by PCR analysis (Fig. 32). Moreover, analysis of 20 putative off-

target sites within the porcine genome of the SRY-KO animals for both gRNAs revealed no off-

target sites. 
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Fig. 32 PCR-based detection of gRNA SRY_1 and SRY_2, ampicillin resistance and Cas9 cassette revealed 

no integration of the CRISPR/Cas vector into the porcine genome of the three piglets 715/2, 715/7 and 

714/1. The CRISPR/Cas plasmids SRY_1 and SRY_3 serve as positive controls, whereas the male wild 

type WT 587 F7 was a negative control.  

Re-cloning of piglet 715/2 confirmed the possibility to generate genetically male offspring with 

a female phenotype with the strategy elaborated in this study. Cells isolated from ear tissue 

from SRY-KO piglet 715/2 were used as donor cells in SCNT. Ninety and ninety-three embryos 

were transferred into two recipients. One of the sows went to term and delivered seven 

piglets with a female phenotype (Tab. 4, Fig. 33). 

Recipient Transferred 

embryos 

Pregnancy Offspring Genetic modification 

on the SRY gene 

Sex reversal 

8117 (735) 90 + 7 7 7 

8101 93 - - - - 

Tab. 4 Number of transferred embryos after re-cloning with cells from SRY-KO piglet 715/2. One sow 

went to term and delivered seven genetically male piglets with a female phenotype. 
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Fig. 33 Genetically male piglets (735/1-7) displaying a female phenotype were born from re-cloning of 

cells from SRY-KO piglet 715/2. 

To verify the genotype of the piglets derived from re-cloning (735/1-7) seven Y chromosome 

specific genes (SRY, KDM6A, CUL4BY, DDX3Y, UTY, UBA1Y and TXLINGY) were used to identify 

the Y chromosome by PCR in all pigs (Fig. 34/35). 

 

Fig. 34 Detection of the SRY gene in piglets generated from re-cloning of SRY-KO piglet 715/2  

 

 

via PCR revealed a male genotype in all seven cloned offspring (735/1-7) with a deletion of approx. 260 

bp within the SRY locus compared to male wild type control (WT 578 F7). WT 578 F4 as female control 

(negative control) showed no band. 
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Fig. 35 PCR-based detection of Y chromosome specific genes in piglets (735/1-7) derived from re-

cloning of cells isolated from SRY-KO piglet 715/2. All Y chromosome specific genes (KDM6A, DDX3Y, 

CUL4BY, UTY, UBA1Y and TXLINGY) are found in the seven piglets and confirm a male genotype. A Male 

wild type (WT 578 F7) was used as positive and a female DNA sample (WT 7214 F1) as negative control. 

Moreover, Sanger sequencing revealed the same genetic modification within the SRY gene 

encompassing the HMG domain consisting of a deletion of 266 bp in all seven piglets derived 

from re-cloning (Fig. 36). 
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Fig. 36 Sanger sequencing of piglets generated from re-cloning of SRY-KO piglet 715/2 showed a 

deletion of 266 bp within the SRY gene in all seven piglets.  

 

4.2 Analysis of the SRY duplication 

First evidence for a presumed duplication of the SRY locus was provided in chapter 4.1.1 in 

piglet 704/1 and 704/2. Here, two different genetic modifications were found implying two 

sites of the SRY locus. 

In a further experiment, nine piglets were produced after intracytoplasmic microinjection of 

CRISPR/Cas plasmids SRY_1 and SRY_3 into zygotes and transfer to a recipient sow (Tab. 5). 

Five of the piglets displayed a female geno- and phenotype and four showed a male geno- and 

phenotype demonstrating that no sex reversal had occurred in these offspring. One piglet 

(713/1) carried two genetic modifications consisting of a 3 bp deletion and a larger deletion 

of 297 bp within the SRY gene (Fig. 37/38). 

Recipient Transferred 

embryos 

Pregnancy Offspring Genetic modification 

on the SRY gene 

Sex reversal 

8019 (713) 32 + 9 1 - 

Tab. 5 Transfer of embryos generated after microinjection of two CRISPR/Cas plasmids (SRY_1 and 

SRY_3) into IVF-produced zygotes. The sow delivered nine healthy piglets, one of these piglets 

(713/1) showed two different mutations within the SRY gene. 
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Fig. 37 PCR-based detection of the SRY gene in piglets (713/1-9) generated by microinjection of SRY_1 

and SRY_3 CRISPR/Cas plasmids. Five piglets (715/5-9) showed a female geno- and phenotype and four 

offspring (715/1-4) displayed a male geno- and phenotype. One piglet 713/1 had two different 

modifications within the SRY gene (indicated by two band, white asterisk). A male wild type (WT 587 

F7) was used as positive and a female DNA sample (WT 7214 F1) served as negative control.  

 

Fig. 38 Sanger sequencing of DNA isolated from piglet 713/1 revealed a 3 bp deletion within the binding 

site of gRNA SRY_1 and a deletion of 297 bp within the SRY gene indicating either mosaicism caused 

by microinjection or a duplication of the SRY gene. 

Whether these genetic modifications were caused by mosaicism or duplication of the SRY 

locus were further investigated. DNA isolates from different organ samples of piglet 713/1 

(liver, heart, colon, spleen, kidney, epididymis, testis and lung) revealed the same genetic 

modification with the 3 bp and 297 bp deletions via PCR and Sanger sequencing, suggesting 

that mosaicism is unlikely and a SRY duplication has to be taken into account (Fig. 39). 
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Fig. 39 DNA isolated from different organ samples (liver, heart, colon, spleen, kidney, epididymis, testis 

and lung) were used to verify mosaicism in piglet 713/1. All samples revealed the same two genetic 

modification compared to male wild type control (WT 578 F7). WT 587 F7 was used as positive and WT 

7214 F2 (female) as negative control. 

 

To further analyze the presumed duplication of the SRY gene, dPCR was performed. In dPCR, 

three probes detecting the Y chromosome specific genes SRY and KDM6A labelled with HEX 

and the VIC-labelled GGTA1 gene on chromosome 1 were employed to investigate the SRY 

locus. For a better understanding of the copy number variation in the GGTA1, SRY and KDM6A 

gene, the copy number of GGTA1 was set to 2 (biallelic gene). The copy numbers of SRY and 

KDM6A are given in proportion to the GGTA1 gene. In a first experiment, the biplex assay 

revealed a two-fold higher copy number (1.03 for GGTA1 and 2 for KDM6A) for the biallelic 

GGTA1 gene compared to the monoallelic KDM6A gene, as expected. Similar copy numbers 

for the biallelic GGTA1 gene and the monoallelic SRY gene were detected, indicating a 

duplication of the SRY gene (Fig. 40). The original data of copy number analysis are listed in 

chapter 7.6 (appendix).  
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Fig. 40 Schematic diagram of the DigitalPCR biplex assay revealed a similar copy number of the biallelic 

GGTA1 compared to the monoallelic SRY gene. The copy number of the monoallelic KDM6A gene was 

half of the GGTA1, as expected.  

To further confirm these findings, a quantitative analysis of samples from piglet 713/1 

(incomplete SRY-KO), piglet 715/2 (complete SRY-KO) and wild type control using the biplex 

assay with GGTA1 (VIC-labelled) and SRY (FAM-labelled) was performed. In the wild type 

control, SRY and GGTA1 had similar copy numbers (1.9 SRY in proportion to GGTA1). A two-

fold higher copy number of GGTA1 compared to SRY (1.1 SRY in proportion to GGTA1) was 

found in piglet 713/1 with the incomplete SRY-KO. In piglet 715/2 with a complete SRY-KO, no 

SRY signal was detected (Fig. 41).  

 

Fig. 41 Schematic diagram of the copy numbers of the SRY gene detected with the dPCR biplex assay 

for SRY and GGTA1. The variation in copy numbers of the SRY gene from wild type (WT) to incomplete 

SRY-KO in piglet 713/1 and complete SRY-KO in piglet 715/2 supported the assumption of an SRY 

duplication in pigs. 
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These findings were further verified in three different trials using a variation of DNA 

concentrations and different wild type samples (data shown in appendix, chapter 7.6) (J. F. 

Huggett et al. 2013) and support the assumption of a duplication of the porcine SRY gene. For 

the ultimate proof of a SRY duplication whole genome sequencing would be required and is 

currently in progress. 
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5. Discussion 

 

In mammalian male sex determination, the sex-determining region on the Y chromosome (SRY 

gene) plays a crucial role in triggering testicular development. So far, most studies to 

investigate the biological function of the SRY gene were performed in mouse models. Ever 

since, large animal models are becoming increasingly important in biomedical research due to 

their great similarities to humans and the pig animal model is specifically favored (C. B. A. 

Whitelaw 2004; C. B. A. Whitelaw et al. 2016). The aim of this study was to investigate the role 

of the porcine SRY gene and especially its HMG domain in male sex development. In this 

context, the porcine SRY gene was knocked out by microinjection of CRISPR/Cas RNPs into 

porcine zygotes, which caused sex reversal in genetically modified offspring.  

 

5.1 Methodological aspects 

The CRISPR/Cas system enables efficient genome editing for most applications due to its high 

specificity to induce double-strand breaks in the DNA at the target locus. Its high flexibility to 

cleave theoretically any DNA sequence in the genome by simply redesigning of the crRNA, 

makes it superior to TALENs and ZFNs which require several cloning steps (T. Gaj et al. 2013; 

B. Petersen 2017). Nevertheless, off-target mutations can occur at undesired genomic sites 

(K. A. Schaefer et al. 2017). This has prompted various studies to improve cleavage specificity 

of the CRISPR/Cas system (X.-H. Zhang et al. 2015). Most often CRISPR/Cas plasmids are 

transfected into cells, which work in a two-step-manner: I) transcription into RNA and II) 

translation into protein prior to forming a gRNA-Cas9 complex to induce cleavage at the 

desired target locus. Sustained expression of the CRISPR plasmid vectors enhances the 

likelihood for off-target events (C. Liu et al. 2017). One option to improve safety of gene 

editing is the use of mRNA vectors with rapid availability (one-step translation into protein) 

that may reduce off-target events. However, the mRNAs are less stable and are rapidly 

degraded by RNAses (Z. Glass et al. 2018). This project applied another method, which is 

injecting CRISPR/Cas RNPs directly into porcine zygotes thereby avoiding any transcriptional 

or translational steps. The CRISPR/Cas RNP complex in its native protein form is directly active, 

which reduces the incidence of mosaicism after zygote microinjection to a minimum (S. Kim 

et al. 2014; M. Mehravar et al. 2019). Moreover, the RNPs persist only temporarily in the 
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cytoplasm, thus limiting Cas9 and guideRNA expression to a short time window and thereby 

significantly reducing the risk of off-target cleavages and random integration of DNA segments 

into the genome when compared to DNA plasmids and mRNA (M. Mehravar et al. 2019). In 

this project, one SRY-KO pig generated via microinjection of RNP complexes revealed two 

genetic modifications, including a large deletion and an indel formation. Whether these 

modifications were caused by mosaicism or represent a duplication of the SRY locus had to be 

further analyzed by Nanopore sequencing.  

No off-target events were determined by PCR based analysis and Sanger sequencing of the 

ten most likely off-target sites for gRNA SRY_1 and SRY_3 in the SRY-KO pigs. Moreover, no 

integration of the CRISPR/Cas components, including the ampicillin resistance cassette, gRNAs 

and Cas9 expression cassette were detected by PCR. However, only a comprehensive profiling 

of the whole genome can completely exclude the occurrence of unexpected mutations and 

integration of vector fragments. For this purpose, accurate and sensitive off-target sequencing 

techniques such as GUIDE-Seq and CIRCLE-Seq can be utilized to detect mutation that occur 

with 0.1 % or lower frequency (S. Q. Tsai et al. 2015; I. Tasan & H. Zhao 2017; S. Q. Tsai et al. 

2017). 

 

5.2 Production of SRY-knockout pigs 

For the first time, a successful knockout of the HMG domain of the porcine SRY gene was 

introduced by microinjection of two CRISPR/Cas RNP complexes. The SRY knockout resulted 

in healthy piglets with normal development and growth rate similar to age matched wild type 

controls. The piglets displayed a female phenotype encompassing a complete set of female 

external and internal genitalia. These results indicate successful suppression of testicular 

development due to the loss of the HMG domain of the porcine SRY gene. Karyotyping 

confirmed the male genotype by unequivocal detection of the Y chromosome in all three 

genetically male offspring generated by intracytoplasmic microinjection. In one of these 

piglets, the karyogram revealed an inversion on chromosome 7. However, the origin of this 

aberration may not necessarily be related to the CRISPR/Cas system, because no off-target 

site was found on chromosome 7. The inversion did not impair the health of the piglet.  

Re-cloning of one of these SRY-knockout piglets resulted in the birth of five healthy offspring 

and two stillbirths. In all offspring sex reversal was determined and it is unlikely that the 
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modification of the SRY gene has led to the death of the two piglets, as all other piglets from 

the litter and piglets in other trials using the same construct were healthy and striving. 

Perturbation of DNA methylation due to the SCNT might have interfered with normal 

embryonic and fetal development of the cloned embryos and could thus have increased the 

number of fetal losses. Moreover, stress of the donor cells and oocytes during SCNT triggered 

by I) the electrically induced fusion and activation, II) the micromanipulation and II) the 

enucleation of the oocyte can lead to incomplete reprogramming of the somatic nucleus and 

failures in the development of the reconstructed embryos (J. P. Renard et al. 2002; I. Wilmut 

et al. 2015; H. Niemann et al. 2019). 

Substantial size differences of female genitalia in 9-months old SRY-KO pigs compared to age 

matched female wild type controls were observed indicating that the development of female 

genitalia was terminated at the pre-pubertal stage. In previous SRY-KO studies in mice and 

rabbits, only the ovaries were smaller and harbored a reduced follicle population compared 

to female wild type controls (T. Kato et al. 2013; Y. Song et al. 2017). However, a successful 

pregnancy could be established in SRY-KO rabbits by embryo transfer indicating subfertility of 

these rabbits (Y. Song et al. 2017). It has to be clarified why the SRY-KO in pigs resulted in 

immature female genitalia. The size of the ovaries from the SRY-KO pigs was significantly 

smaller and no follicles were detectable. Previous studies reported that a progressive loss of 

primordial germ cells at the early stages in ovaries might lead to the formation of wavy 

connective tissue, so-called “streak” gonads (P. K. Donahoe et al. 1979; P. N. Goodfellow & R. 

Lovell-Badge 1993). The presence of germ cells in SRY-KO pigs, can be verified by 

immunohistology with antibodies that specifically bind to precursor cells of the oocytes. 

Potential candidate markers could be DAZL, which is expressed in oocyte-like cells (OLCs) that 

differentiated from porcine skin-derived stem cells (H. Stoop et al. 2005; P. W. Dyce et al. 

2011) and the germ-cell marker VASA (DDX4) that is detected in oocytes of adult pig ovaries, 

especially in theca layers (G. S. Lee et al. 2005; Y. Bai et al. 2013; Y.-M. Lee et al. 2013; H.-T. 

Bui et al. 2014). In humans and marmosets, MKI67 is exclusively expressed in oogonia and 

could serve as proliferation marker for oocytes (B. Fereydouni et al. 2014). These three protein 

markers (DAZL, DDX4 [VASA] and MIK67) could be used for identification of precursor cells of 

oocytes. However, the binding specificity of these antibodies in porcine ovaries at specific 

proliferation stages of the germ cells is controversially discussed and further studies are 

necessary to assess their potential as predictive cellular marker.  
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For the 9-months old SRY-KO pigs, the question arose whether Y chromosome based genes 

and male-specific hormone expression hampered physiological development of the female 

external and internal genitalia. For instance, persistent müllerian inhibition substance (MIS) 

expression in female transgenic mice led to cord-like ovaries which were depleted of germ 

cells or triggered development of seminiferous tubulus (R. R. Behringer et al. 1990). In 

addition, the bovine freemartin syndrome results from disturbed hormone profiles (mostly 

androstenone and MIS) influencing female sex development. The chorioallantois sacs of 

heterosexual twins have vascular connections resulting in development of XX/XY chimaeras 

and the masculinization of the female reproductive tract (hypoplasia of female genitalia and 

formation of ovotestis) (A. Padula 2005; G. Cabianca et al. 2007). Another potential reason 

why the female reproductive organs in the SRY-KO pigs remained at the prepubertal stage 

might be the absence of the second X chromosome. The inactivation of one copy of the X 

chromosome plays an essential role in female development (I. Okamoto et al. 2004). In 

general, one randomly selected X chromosome is transcriptionally silenced by forming a 

heterochromatin structure (S. Ohno et al. 1959; S. Augui et al. 2011). However, a human X-

chromosome expression profile revealed 34 of 224 transcripts (especially located on the short 

arm of the X-chromosome) that escaped X-chromosome inactivation (L. Carrel et al. 1999). 

Presumably, genes on the second X chromosome are required for the primordial germ cells to 

advance mature follicles, and to prevent stromal fibrosis of the ovaries (S. J. Robboy et al. 

1982). This implies that expression of X-chromosome linked genes from both X chromosomes 

has great impact on female sex determination. Accordingly, studies are required to determine 

gene expression levels in SRY-KO pigs. To address the aforementioned questions in detail, an 

XO phenotype lacking the Y chromosome could be a promising animal model. In mice, 

CRISPR/Cas9-mediated elimination of the Y chromosome was successful in 26 to 60 % of the 

female knockout animals (E. Zuo et al. 2017). The CRISPR/Cas9 plasmid targeting the unique 

repeat sequence of the Rbmy1a1 or Ssty2 gene was designed such to induce up to 50 DSBs on 

the Y chromosome. In a second approach, 14 different sgRNAs were employed for targeting 

multiple sites along the murine Y chromosome. Furthermore, Prowse et al. reported that the 

introduction of three CRISPR/Cas12a gRNAs targeting up to 600 sites on the centromere 

region of the Y chromosome resulted in XO females (T. a. A. Prowse et al. 2019). The 

generation of a porcine XO phenotype could clarify the importance of X or Y chromosomal 

gene expression on the development of female reproductive organs. A normal development 
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of female genitalia in an XO phenotype would reveal the negative influence of male-specific 

gene expression in SRY-KO pigs. Whereas, a similar incomplete development of female 

genitalia in XO pigs and SRY-KO pigs supports the necessity of two X chromosomes for 

complete development of the female reproductive tract. A reduced number of gRNAs is 

necessary to decrease the occurrence of off-target events. The use of one gRNA targeting 

multiple target sites on the Y chromosome as described in mice would be desirable (E. Zuo et 

al. 2017). The DNA sequence on the porcine Y chromosome is highly repetitive (B. M. Skinner 

et al. 2016). One candidate gene that clusters (up to 50 copies) along the short arm of the 

porcine Y chromosome is the heat shock transcription factor (HSFY) gene (B. M. Skinner et al. 

2015), which could be a target for the Y chromosome elimination in pigs. Moreover, the 

CRISPR/Cas3 system also demonstrated the potential to induce long-range chromosomal 

deletions in human embryonic stem cells. A multi-subunit ribonucleoprotein (RNP) complex 

cascade recognizes DNA-targets with a single guideRNA and forms a stable R-loop at the target 

site which is then progressively degraded by the fusion enzyme Cas3 (A. E. Dolan et al. 2019). 

These methods can be applied to eliminate the porcine Y chromosome for generating an XO 

phenotype. 

 

5.3 Duplication of the porcine SRY gene 

In-frame modifications of 72 bp within the 5’ flanking region of the HMG domain of the porcine 

SRY gene via intracytoplasmic microinjection of the gene editor did not lead to the expected 

sex reversal. This implies that the upstream region of the HMG domain is not critically involved 

in porcine SRY protein synthesis. In contrast, mutations (amino acid substitutions) within the 

5’ flanking region have been identified to contribute to human sex developmental disorders 

(L. Zhao & P. Koopman 2012). These findings suggest that the functionality of the non-HMG 

domain varies between different species.  

Moreover, modifications within the 5’ flanking region of the HMG domain of the porcine SRY 

gene revealed two genetic modifications, including an in-frame mutation of 72 bp and a 

deletion of 73 bp, in several pigs. These results provided evidence for a duplication of the 

porcine SRY gene. Presumably, the porcine SRY gene consists of two palindromic head-to-head 

copies similar to the rabbit SRY gene (A. Geraldes et al. 2010; B. M. Skinner et al. 2016). In 

most rodents, multiple copies of the SRY gene were detected (J. W. Prokop et al. 2013). Only 

one copy with a single exon was found in humans (M. A. Behlke et al. 1993). A quantitative 
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comparison of the copy number of the monoallelic SRY gene with the monoallelic KDM6A gene 

using dPCR revealed a 2-fold higher copy number of the SRY gene. Moreover, a similar copy 

number of the SRY gene compared to the biallelic GGTA1 gene was detected, thus providing 

strong hint for a duplication of the porcine SRY gene that could be further elucidated by 

Nanopore Sequencing. It remains to be determined, whether both copies of the SRY gene are 

active and required for male sex determination in pigs or if a certain threshold expression is 

required to induce male gender development (C. M. Nagamine et al. 1999; L. L. Washburn et 

al. 2001). Silencing of the murine SRY gene by RNAi injection into the tail vein of pregnant mice 

resulted in feminization of the gonads when SRY expression levels were reduced to approx. 

25 % (N. Wu et al. 2012). The generation of female mouse chimaeras after combining XY Sertoli 

cells and XX prefollicular cells demonstrated that a certain threshold concentration of ~35-40 

% XY Sertoli cells initiated testes formation, while fewer proportions of XY cells resulted in 

ovotestes or ovarian development (P. S. Burgoyne et al. 1988; K. Kashimada & P. Koopman 

2010). The failure to reach a certain threshold of SRY expression might contribute to the male-

to-female sex reversal syndrome. The residual expression level of the SRY gene might lead to 

malfunction of female genitalia (J. C. Polanco & P. Koopman 2007). The SRY-KO in the 

genetically modified pigs with a deletion in the 5’ flanking region of the HMG domain indicates 

that a sufficient expression level of the SRY gene was achieved to induce male sex 

development or that it was not even affected. However, a detailed analysis of the gene 

expression pattern in these piglets could not yet been performed to confirm this assumption. 

Moreover, analysis of the two SRY loci using Nanopore Sequencing could identify potential 

single nucleotide polymorphisms (SNPs) to distinguish between both loci and allow insight 

into the role of both porcine gene loci in male sex determination and the possibility to target 

a specific copy of the SRY gene.  

 

5.4 Conclusion and perspectives 

To conclude, these results show that the knockout of the HMG domain of the porcine SRY 

gene after microinjection of CRISPR/Cas RNPs led to the production of healthy, genetically 

male SRY-KO pigs with a complete female phenotype. Substantial size differences of the 

female genitalia of the 9-months old SRY-KO pigs compared to female wild type controls 

indicated a serious developmental disorder of the reproductive organs in these animals. The 

results of this study confirmed the major role of the porcine SRY gene, especially the HMG 
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domain, in male sex determination. These SRY-knockout animals can be further applied as 

animal model to investigate human sex reversal syndrome or provide a potential solution to 

avoid the surgical castration as the male-specific boar taint remains a major obstacle in pork 

production.  

The SRY-KO pigs could be useful for future diagnostic procedures of the human sex reversal 

syndrome (Swyer Syndrome). Overall, 15 to 20% of all human cases are associated with 

mutations or dysfunction of the HMG domain of the SRY gene (J. R. Hawkins et al. 1992; K. 

Okuhara et al. 2000; K. C. Knower et al. 2003). Moreover, mutations in the flanking regions of 

the HMG domain of the SRY gene that result in sex reversal syndrome in humans are less 

frequent (M. Shahid et al. 2004; G. Gimelli et al. 2007). A comparison of the human and pig 

SRY gene revealed high similarity of the HMG domain which is centrally located within a single 

exon of the SRY gene (V. R. Harley et al. 2003). Furthermore, similar expression patterns of 

human and pig SRY gene were observed (A. Boyer et al. 2006). The pig has emerged as an 

important model for human diseases due to great physiological, pathophysiological, genetic, 

and anatomical similarities (C. Perleberg et al. 2018). For instance, genetically modified pigs 

were used to mimic human cystic fibrosis (CF). Disruption of the CFTR gene in pigs resulted in 

a similar human phenotype with meconium ileus, pancreatic destruction, early focal biliary 

cirrhosis, and abnormalities in gall bladder (M. J. Welsh et al. 2009). Diabetes mellitus in 

humans was modelled in pigs by transgenic expression of a human GIP receptor mutant in 

pancreatic islets driven by a rat insulin promoter resulting in reduced glucose tolerance of the 

pigs (S. Renner et al. 2010). Moreover, pigs with mutations in the DMD gene displayed all 

symptoms of human Duchenne muscle dystrophy (DMD) (H.-H. Yu et al. 2016). Consequently, 

a pig animal model lacking the HMG domain of the porcine SRY gene could be promising for 

further insight into human sex reversal syndrome. 

Moreover, this project paves the way to generate boars that produce only female offspring. 

The male specific boar taint, which is found in 5 – 10 % of the boars, plays an important role 

in consumer acceptance of pork due to its unpleasant odor (S. Kurtz & B. Petersen 2019). So 

far, the most common way to avoid boar taint is the castration of piglets shortly after birth. 

Usually, piglets are surgically castrated without anesthesia within the first week after birth, 

which raises animal welfare concerns. A recent amendment of the German animal protection 

law will prohibit surgical castration without anesthesia from 01.01.2021 onwards. 
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Consequently, there is an urgent need to develop and validate alternative methods for surgical 

castration. Current alternatives to surgical castration, such as boar fattening, 

immunocastration or sperm sexing are still not practical (N. I. Valeeva et al. 2009). Boar 

fattening and slaughter at young age do not guarantee complete elimination of boar taint, 

which prevented so far implementation in the pork industry. Recently, a knockout of the KISSR 

gene (KISSR-/-) in White Composite male pigs was induced by TALEN (T. S. Sonstegard et al. 

2016). The KISSR gene is involved in the regulation of the endocrine function of metastin, a 

major regulator of the GnRH neurons. The knockout of this gene in pigs resulted in suppressed 

GnRH release and a lack of testicular development and the animals remained in a pre-pubertal 

state. The KISS-knockout animals could be used in breeding programs to reduce male specific 

boar taint. Furthermore, to increase the genetic gain of favorable genes in livestock breeding, 

a combination of genome editing with gene drive strategies could help to accelerate 

dissemination of the desired genes in the population (S. Gonen et al. 2017). However, genetic 

selection based on androstenone levels affect growth performance and bodyweight. The 

vaccine for immunocastration is commercially available since 2009 within the European Union 

(F. R. Dunshea et al. 2001). Nevertheless, market acceptance is low probably due to presumed 

missing public acceptance (B. Fredriksen et al. 2009; F. a. M. Tuyttens et al. 2011). Finally, 

current sperm sexing technology has three major obstacles hindering practical application of 

sexed sperm in pigs: I) a too low number of sperm that can be sorted per time (D. L. Garner & 

G. E. Seidel Jr 2003; J. C. Sharpe & K. M. Evans 2009), II) the peculiarities of the long porcine 

reproductive tract hampering practical insemination strategies and III) the high number of 

sperm required for successful artificial insemination (J. Roca et al. 2006). 

The generation of female-producing boars would provide a promising solution as an 

alternative for surgical castration (Fig. 42). The integration of a transposon-based CRISPR/Cas 

vector targeting the SRY gene at the non-encoding 5’ flanking region on the HMG domain is 

desirable for future studies. The Cas9-expression cassette should be driven by a 

spermatogenesis-specific promoter, such as the protamine-1-promoter. In mice, the 

protamine-1-promoter was transcribed in round spermatids thus facilitating spermatid-

specific expression (B. P. Zambrowicz et al. 1993). During spermatogenesis, a deletion 

encompassing the HMG domain of the SRY gene and the integrated vector in Y-sperm would 

result in feminized genetically male offspring (XYSRY-), and geno- and phenotypically female 

offspring (XX) would be generated by fertilization with unedited X-chromosomal sperm. 
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Additionally, the CRISPR/Cas vector targeting the SRY gene could be replaced by an integrative 

multiplex CRISPR/Cas vector targeting multiple sites along the Y chromosome. Thereby, the 

development of Y-sperm would be prevented during spermatogenesis (Fig. 43). In both 

approaches, the transgenic founder would produce only non-transgenic geno- and 

phenotypically female offspring (XX).  

 

 

Fig. 42 Overview of the pre-determination of sex at the genomic level by gene editing with two 

different strategies. The genetically modified (gm) boar produces phenotypically female offspring by 

spermatogenesis-driven Cas9 expression. Left side describes the knockout of the HMG domain of the 

porcine SRY gene resulting in feminized males (XYSRY-) and geno- and phenotypical females (XX). On the 

right side, the knockout of multiple sites on the porcine Y chromosome during spermatogenesis would 

result exclusively in female offspring (XX). 
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Fig. 43 Schematic workflow to generate a female-producing boar. Cas expression from a multiplex 

CRISPR/Cas vector is driven by a spermatogenesis-active promoter and is integrated into the Y 

chromosome of a boar. During spermatogenesis, the Y chromosome of the Y chromosomal sperm is 

targeted and eliminated. Therefore, only X chromosomal sperm would lead to successful insemination 

and birth of genetically female offspring 

Recently, two genetically engineered mouse lines were mated to shift the sex ratio. The 

paternal line encoded for gRNAs that targeted three essential genes located on the Y 

chromosome, whereas the maternal line encoded a functional Cas9 protein. After fertilization, 

the combination of both, Cas9 and gRNA expression, resulted in disruption of these vital genes 

and development of only female embryos (M. J. Smanski & D. Zarkower 2019; I. Yosef et al. 

2019). Similar techniques could be utilized in pigs by mating Cas-expressing sows to boars with 

an integrative gRNA expressing vector targeting either the HMG domain of the SRY gene or 

the complete Y chromosome. However, it remains to be determined whether the strategies 

proposed above will find market acceptance in view of the critical public debate on genetic 

engineering of farm animals in many European countries. Nevertheless, the strategies 

outlined above are promising to advance current pig farming systems towards a more targeted 

and thus sustainable pork production.   
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7. Appendix 
 

7.1 Medium and cell culture conditions 

 

7.1.1 DMEM-Stock (Dulbecco's Modified Eagle's Medium): 

Components Manufacture Amount End concentration 

DMEM (1 x) PAA, E15-009 500 ml  

L-Glutamine Applichem, A3704 5.05 ml 0.2 mM 

ß-Mercaptoethanol Sigma M-7522 506 μl 0.1 mM 

*DMEM-Stock was stored at 4 °C 

7.1.2 D10/D20/T3 Medium: 

Components Manufacture D10 Medium 
(for 50 ml) 

D20 Medium 
(for 50 ml) 

T3 Medium 
(for 50 ml) 

Penicillin/Streptomycin 
100 x 

PAA, P11-010 0.5 ml 0.5 ml 0.5 ml 

Sodium pyruvate 100 x Sigma, P2256 0.5 ml 0.5 ml 0.5 ml 

Non-essential amino 
acids solution 100 x 

PAA, M11-003 0.5 ml 0.5 ml 0.5 ml 

FCS (fetal calf serum) Gibco, 10270-106 5 ml 10 ml 15 ml 

DMEM PAA, E15-009 43.5 ml 38.5 ml 33.5 ml 

*cell culture medium was stored at 4 °C 

7.1.3 Cell lysis buffer for porcine fibroblasts: 

Components Manufacture For 10 ml cell lysis buffer 

10 % SDS-Solution Roth, 0183.2 20 µl 

Proteinase K (20mg/ml) Mackerey-Nagel, P19089R 25 µl 

5 x PCR buffer Promega, 0000354120 2 ml 

Aqua bidest.  ad 10 ml 

*cell lysis buffer was stored at - 20 °C 

7.1.4 Freezing Medium: 

Components Manufacture For 10 ml 

Penicillin/Streptomycin 100 x PAA, P11-010 0.1 ml 

Sodium Pyruvate 100 x Sigma, P2256 0.1 ml 

Non-essential amino acid 
Solution 100 x 

PAA, M11-003 0.1 ml 

FCS  Gibco, 10270-106 10 ml 

DMEM PAA, E15-009 33.5 ml 

*freezing medium was stored at 4 °C 
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7.1.5 Lysis buffer for tail tissue: 

Components Manufacture End concentration 

Tris-HCL (pH 8.0) Roth, 4855.3 100 mM 

NaCl Roth, 3957.2 100 mM 

EDTA Applichem, 6J002350 100 mM 

SDS (sodium dodecyl sulfate) Roth, 0183.2 1 % 

*lysis buffer was stored at room temperature 

7.1.6 Overview of conditions for cell culture: 

Tissue culture 
flask/plate 

PBS Medium EDTA/ 
Trypsin 

Cell 
number 

Growth area 
per Well (cm2) 

Total growth 
area (cm2) 

96-well plate 125 µl 125 µl 50 µl 0.02 x 106 0.5 60 

48-well plate 250 µl 250 µl 100 µl 0.04 x 106 1 50 

24-well plate 0.5 ml 0.5 ml 125 µl 0.08 x 106 2 50 

12-well plate 1 ml 1 ml 250 µl 0.15 x 106 4 50 

6-well plate 2 ml 2 ml 0.5 ml 0.3 x 106 8 50 

Tissue Culture 
Flask 25 

5 ml 5 ml 1 ml 1 x 106 25 25 

Tissue Culture 
Flask 75 

10 ml 10 ml 2 ml 3 x 106 75 75 

Tissue Culture 
Flask 175 

20 ml 20 ml 4-5 ml 6 x 106 150 150 

 

7.2 Primer and guideRNA conditions 

 

7.2.1 Overview primer pairs: 

Genloci Primer Sequence (5’ – 3’) Annealing 
Temp. (°C) 

Length 
(bp) 

SRY_1 Forward CCCTTTTCAAATGGTGCAGT 59 521 

Reverse CCTTGGCGACTGTGTATGTG 

SRY_2 Forward TGAAAGCGGACGATTACAGC 59 498 

Reverse GGCTTTCTGTTCCTGAGCAC 

KDM6A Forward AAATCAAGGTATTACTTCACTATCCTG 60 442 

Reverse ACCATGGAGATTTGACATCACCA 

CUL4BY Forward AGCCAGCCGGATAGAAAGTT 60 353 

Reverse ACAAAAGACACTCAGTTAAAACTTACC 

DDX3Y Forward ACTGGATTCTGTGTTCTTTGGA 60 291 

Reverse TTGGGGTGTTCTGTGCATGA 

TXLINGY Forward CCTCTAGCTTGTGGTTGGCA 60 249 

Reverse GTGGCCCTCTGAATCTTGCT 

UTY Forward TCGTAAAGTGCTAAGTGGAGAAGA 60 345 

Reverse TCAGGAACACACTGACGCTC 
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7.2.1 Overview primer pairs (continued table): 

Genloci Primer Sequence (5’ – 3’) Annealing 
Temp. (°C) 

Length 
(bp) 

UBA1Y Forward GCTGACACACTCACTGACCA 59 438 

Reverse AGCCATCAGAATCGTGTGGG 

GGTA1 Forward TCCTTGTCCTGGAGGATTCC 59 513 

Reverse CTAGAAATCCCAGAGGTTAC 

U6_Seq_F1 Forward ACT ATC ATA TGC TTA CCG TAA C 57 - 

 

7.2.2 Off-Target Primer for gRNA SRY_1: 

Genloci  Primer Sequence (5’ – 3’) Annealing 
Temp. (°C) 

Length 
(bp) 

Chr. 5 ‐ intergenic: 
XM_021091945.1 

SRY_1.1_f GAGGCTGAACTGGGAACCTT 60 2,509 

SRY_1.1_r AGCACATGCTCTCTGCCAAA 

Chr. 15 ‐ intron: 
XM_021075830.1 

SRY_1.2_f CATGCGCAGTCTGAACAAGG 58 3,134 

SRY_1.2_r GGATGAAGGGTGCTAGACGG 

Chr. 4 ‐ intron: 
XM_005663347.3 

SRY_1.3_f GAGCGCATCAACTGAGTGAC 65 1,227 

SRY_1.3_r GGAAATGAGACAGGCCACCT 

Chr. 5 ‐ intron: 
XM_021091957.1 

SRY_1.4_f CTCTGACTTGCACCCTGCTT 62 2,131 

SRY_1.4_r ACTTCTCAATCCGCCCTATGC 

Chr. 3 ‐ exon: 
XM_021086306.1 

SRY_1.5_f AACAACATGCGTCCAAACCG 62 1,776 

SRY_1.5_r GCATCAGCACTCACCTGGAT 

Chr. 13 ‐ exon: 
XM_021069624.1 

SRY_1.6_f AGTGACTGGGTTTGGGGTTG 62 2,002 

SRY_1.6_r CGCCAGAGTCCCATACACTC 

Chr. 4 ‐ intergenic: 
XM_021090127.1 

SRY_1.7_f ‐ ‐ ‐ 

SRY_1.7_r ‐ 

Chr. 1 ‐ intergenic: 
NM_001114280.1 

SRY_1.8_f CCTGACCACGTCGTATCTCG 61 3,035 

SRY_1.8_r AGCTAAGGGTGGAGTTTGGC 

Chr. 8 ‐ intergenic: 
XM_021101305.1 

SRY_1.9_f TAGCACCCCCAGAAACTCCT 62 2,602 

SRY_1.9_r GGTGGATACTGTCAGCTGGG 

Chr. 16 ‐ intergenic: 
NM_001315615.1 

SRY_1.10_f CCTAATTTGGCCTGCGCTTC 61 3,134 

SRY_1.10_r ACCTCTGAGGGTGTGACCTT 
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7.2.3 Off-Target Primer for gRNA SRY_3: 

Genloci 
 

Primer Sequence (5’ – 3’) Annealing 
Temp. (°C) 

Length 
(bp) 

Chr. 14 ‐ intergenic: 
XM_021073683.1 

SRY_3.1_f CTCCCCACAGCTGCTCTTTT 62 2,487 

SRY_3.1_r GAATTGGGCACTTGCTGGAC 

Chr. 12 ‐ intergenic: 
XM_003358165.4 

SRY_3.2_f ‐ ‐ ‐ 

SRY_3.2_r ‐ 

Chr. 11 ‐ intergenic: 
XM_021065302.1 

SRY_3.3_f AACAGGGAACCATCCACCAA 61 3,463 

SRY_3.3_r CTCCAGGAGGCCATATGCTG 

Chr. 1 ‐ intergenic: 
XM_021093786.1 

SRY_3.4_f ‐ ‐ ‐ 

SRY_3.4_r ‐ 

Chr. 17 ‐ intergenic: 
XM_003134254.5 

SRY_3.5_f AGCCTTATCCAATGAGGCCG 66 2,866 

SRY_3.5_r CTAATGCCAGGGCAGTTTGC 

Chr. 13 ‐ intron: 
XM_021070776.1 

SRY_3.6_f CAAAAGGCTACCAGGGGTGT 61 2,418 

SRY_3.6_r GCCCAAGGTGACCTCAAACT 

Chr. 13 ‐ intron: 
XM_021069725.1 

SRY_3.7_f ‐ ‐ ‐ 

SRY_3.7_r ‐ 

Chr. 14 ‐ intergenic: 
XM_013983698.2 

SRY_3.8_f CCCTGCCGTTAGATCCAGTC 66 4,663 

SRY_3.8_r TCCAGAGGGCACCTGTGATA 

Chr. 4 ‐ intron: 
XM_021090110.1 

SRY_3.9_f CTTCTCTGGTAACTGGCCCC 66 2,382 

SRY_3.9_r TCCCGCAGATCCATTCCAAC 

Chr. 3 ‐ intergenic: 
NM_001204768.1 

SRY_3.10_f CTTGTTCCTTCCTGGGTGGG 62 2,269 

SRY_3.10_r CTCCAGATGGGGGACACTTG 

 

7.2.4 gRNAs used to induce deletions within the SRY gene: 

guideRNA Sequence 5’ – 3’ 

SRY_1 CACTATTTCCGACGGACAAT 

SRY_2 GGATCGTGTCAAGCGACCCA 

SRY_3 AAATACCGACCTCGTCGCAA 

 

7.3 Assays for dPCR 

 

7.3.1 dPCR assay for GGTA on chromosome 1: 

Assay Contains Sequence 5’ – 3’ 

GGTA1 Probe CTGCGGACTCCTTCCGCCTCTC 

Primer Forward CTCCTGAGTGATGTTTAGAACC 

Primer Reverse ACATCCTGACGAGTTCACC 
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7.3.2 dPCR assay for SRY on the Y chromosome: 

Assay Contains Sequence 5’ – 3’ 

SRY Probe AGGATCGTGTCAAGCGACCCATGAAC 

Primer Forward TGGACGTGAAACTGAGGAAG 

Primer Reverse ACGAGACCACACAATGAAAG 

 

7.3.3 dPCR assay for KDM6A on the Y chromosome: 

Assay Contains Sequence 5’ – 3’ 

KDM6A Probe TGTGTCTCCAACAAGCCTGATTGTTTC 

Primer Forward GCCGAATGTGATTAGAAAGTCC 

Primer Reverse TTTACCAAAGACAGCACACC 

 

7.4 Medium for microinjection  

 

7.4.1 PXM buffer (collection of oocytes): 

Components Manufacture End concentration 

NaCl Roth, 3957.2 1 M 

KCl Roth, 6781.3 0.1 M 

KH2PO4 Sigma, NIST200B 3.5 mM 

MgSO4 Sigma, M2643-500G 4 mM 

NaHCO3 Roth, HNO1.2 0.25 M 

HEPES Roth, 9105.3 1.25 M 

Na-Pyruvate Applichem, A3912,0100 2 mM 

Ca-Lactate Sigma, 867-56-1 40 mM 

Gentamycin Sigma, G3632-5G 10 mg 

BSA (bovine serum albumin) Sigma, A9647-100G 1 g 

 

7.4.2 DMEM/F12 stock solution (oocyte maturation medium): 

Components Manufacture DMEM/F12 – Stock 

DMEM/F12 Capricorn, CP19-2985 50 ml 

Penicillin G Applichem, A137,0100 3 mg 

Streptomycin Applichem, A1852,0250 2.5 mg 

 

7.4.3 DMEM1 (oocyte maturation medium): 

Components Manufacture End concentration 

Glutamine Applichem, A3704,0100 2.5 mM 

FCS Capricorn, CP18-2404 10 % 

DMEM/F12 stock solution Capricorn, CP19-2985 ad 10 ml 
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7.4.4 DMEM2 (oocyte maturation medium): 

Components Manufacture End concentration 

EGF (murine epidermal growth factor) Peprotech, 315-09 50 ng/ml 

PMSG + hCG Pregmagon®, IDT Biologika 
+ Ovogest®300, MSD 

Germany 

10 I.U./ml each 

IGF 1 (insulin-like growth factor 1) Peprotech, 500-P11 100 ng/ml 

FGF-ß (fibroblasts growth factor) Peprotech, 100-25 5 ng/ml 

LIF (leukemia inhibitory factor) EMD Milipore, 3172082 2000 U ml-1 

DMEM 1  ad 2 ml 

 

7.4.5 TL-Hepes Ca2+ (Stock solution): 

Components Manufacture End concentration (mM) 

NaCl Roth, 3957.2 114.0 

KCl Roth, 6781.3 3.2 

CaCl2 x 2 H2O Applichem, A1873,1000 2.0 

NaH2PO4 x H2O Merck, 6346.1000 0.4 

MgCl2 x 6 H2O Roth, HNO3.1 0.5 

NaHCO3 Roth, HNO1.2 2.0 

HEPES Roth, 9105.3 10.0 

Na Lactat (60 %) Sigma, L4263 10.0 

Penicillin G Applichem, A137,0100 100 U/l 

Streptomycin Applichem, A1852,0250 50 mg/l 

 

7.4.6 TL-Hepes 296+ Ca2+ (culture medium for microinjection): 

Components Manufacture End concentration 

Na-Pyruvate Sigma, P2256 0.25 mM 

Sucrose Merck, 57501 32 mM 

BSA  Sigma, A9647 0.4 % 

TL-Hepes + Ca2+ Stock solution  ad 50 ml 

 

7.4.7 Microinjection buffer: 

Components Manufacture End concentration 

Tris Roth, 4855.2 10 mM 

EDTA Applichem, A6J002350 0.125 mM 

ddH2O  ad 50 ml 
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7.4.8 PZM (porcine-zygote-medium)-3: 

Components Manufacture End concentration 

NaCl Roth, 3957.2 108 mM 

KCl Roth, 6781.3 10 mM 

KH2PO4 Sigma, NIST200B 0.35 mM 

MgSO4 + 7 H2O Sigma, M2643-500G 0.4 mM 

NaHCO3 Roth, HNO1.2 25.07 mM 

Na-pyruvate Sigma, P2256 0.2 mM 

Ca-lactate + 5 H2O Sigma, 867-56-1 2.00 mM 

L-Glutamine Applichem, A3704,0100 1.00 mM 

Hypotaurine Aldrich, H1384-1G 5.00 mM 

BME (Amino acid solution 50 x) Sigma, B6766-100 10 ml/100ml 

MEM 
(Non-essential amino acid solution 100 x) 

Sigma, M7145-100 1 ml/100ml 

Gentamicin sulfate Sigma, G3632-5G 0.05 mg/ml 

BSA Sigma, A9647-100G 0.03 g 
 

 

7.5 Medium for somatic cell nuclear transfer 

 

7.5.1 Serum-reduced Medium (0.5 % FCS): 

Components Manufacture For 100 ml 

Penicillin/Streptomycin 100 x PAA, P11-010 1 ml 

Sodium Pyruvate 100 x Sigma, P2256 1 ml 

Non-essential amino acid Solution 100 x PAA, M11-003 1 ml 

FCS Gibco, 10270-106 0.5 ml 

DMEM PAA, E15-009 96.5 ml 

 

7.5.2 Ca-free TL-Hepes (Stock solution): 

Components Manufacture End concentration (mM) 

NaCl Roth, 3957.2 114.0 

KCl Roth, 6781.3 3.2 

NaH2PO4 x H2O Merck, 6346.1000 0.4 

MgCl2 x 6 H2O Roth, HNO3.1 0.5 

HEPES Roth, 9105.3 238.30 

Na Lactat (60 %) Sigma, L4263 112.06 

Penicillin G Applichem, A137,0100 100 U/l 

Streptomycin Applichem, A1852,0250 50 mg/l 
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7.5.3 Ca-free TL-Hepes 296 (fibroblasts culture medium): 

Components Manufacture End concentration 

Na-Pyruvate Sigma, P2256 0.25 mM 

Sucrose Merck, 57501 32 mM 

BSA  Sigma, A9647 0.4 % 

TL-Hepes + Ca2+-free Stock solution  ad 25 ml 

 

7.5.4 Ca-free TL-Hepes 321 (enucleation medium): 

Components Manufacture End concentration 

Na-Pyruvate Sigma, P2256 0.25 mM 

Sucrose Merck, 57501 57 mM 

BSA  Sigma, A9647 0.4 % 

TL-Hepes + Ca2+-free Stock solution  ad 25 ml 

 

7.5.5 Ca-free Sor2 (fusion medium): 

Components Manufacture End concentration 

Sorbitol Sigma, S1876 0.25 mM 

Mg-Acetate Sigma, M0631 0.5 mM 

BSA  Sigma, A9647 0.1 % 

 

7.5.6 Ca2+ SOR 2 (electrical activation medium): 

Components Manufacture End concentration 

Sorbitol Sigma, S1876 0.25 mM 

Ca-Acetate Sigma, C4705 0.1 mM 

Mg-Acetate Sigma, M0631 0.5 mM 

BSA  Sigma, A9641 0.1 % 

 

7.5.7 6-DMAP (chemical activation): 

Components Manufacture End concentration 
(µl/1,5 ml medium [3-PZM]) 

6-DMAP (6-Di-methylaminopurine) Sigma, D2629 24.45 (= 2 mM) 
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7.6 Supplementary data for dPCR 

 

Biplex Assay Target Sample Copies/μl Cl Copies/μl 
1 SRY 578/7 1500 1481‐1539 

GGTA1 578/7 1510 1472‐1529 
Biplex Assay Target Sample Copies/μl Cl Copies/μl 

2 KDM6A 578/7 1080 1058‐1102 
GGTA1 578/7 2093 2055‐2131 

Tab. 6 DigitalPCR biplex assay revealed a similar copy number of the biallelic GGTA1 compared to the 

monoallelic SRY gene. The copy number of the monoallelic KDM6A gene was two-fold lower than the 

biallelic GGTA1. 

 

 Target Sample Copies/μl Cl Copies/μl 
WT SRY 578/7 1833 1799‐1868 

GGTA1 578/7 1959 1922‐1996 
Incomplete 

SRY-KO 
SRY 713/1 1216 1192‐1240 

GGTA1 713/1 2179 2139‐2219 
Complete  

SRY-KO 
SRY 715/2 0.6 0.3‐1.0 

GGTA1 715/2 2530 2483‐2578 
 

 Target Sample Copies/μl Cl Copies/μl 
WT  SRY 7214/2 1449 1421‐1476 

GGTA1 7214/2 1581 1552‐1611 
Incomplete 

SRY-KO 
SRY 713/1 1041 1019‐1062 

GGTA1 713/1 1890 1854‐1925 
Complete  

SRY-KO 
SRY 715/2 0.3 0.1‐0.8 

GGTA1 715/2 1114 1092‐1137 
 

 Target Sample Copies/μl Cl Copies/μl 

WT  SRY 7214/2 1062 1041-1085 

GGTA1 7214/2 1177 1153-1201 

Incomplete 
SRY-KO 

SRY 713/1 1332 1306-1359 

GGTA1 713/1 2450 2404-2497 

Complete   
SRY-KO 

SRY 715/2 0.9 0.5-1.6 

GGTA1 715/2 2121 2081-2161 
Tab. 7 Copy numbers variation in the biplex assay for dPCR including SRY and GGTA1 probes. 

Comparison of the copy numbers of the SRY gene from wild type (WT) to incomplete SRY-KO in piglet 

713/1 and complete SRY-KO in piglet 715/2 supported a presumed duplication of the SRY gene. The 

results indicate a stepwise reduction of the copy number of the SRY gene from WT control to complete 

SRY-KO. Different DNA concentrations and male WT samples (WT 578/7 and 7214/2) confirmed the 

results from the first analysis (J. F. Huggett et al. 2013).



  Affidavit  
    

104 
 

Affidavit 
 

 

I herewith declare that I autonomously carried out the PhD-thesis entitled 

“An experimental study for characterization of the porcine SRY gene”. 

 

No third party assistance has been used. 

I did not receive any assistance in return for payment by consulting agencies or any other 

person. No one received any kind of payment for direct or indirect assistance in correlation to 

the content of the submitted thesis. 

 

I conducted the project at the following institution:  

Friedrich-Loeffler-Institute, Institute of Farm Animal Genetics (ING), Mariensee, Germany 

 

The thesis has not been submitted elsewhere for an exam, as thesis for evaluation in a similar 

context. 

I hereby affirm the above statements to be complete and true to the best of my knowledge. 

 

 

 

 

 

 

__________________________________________ 

Date, Signature



  Acknowledgements  
    

105 
 

Acknowledgements 
 

First of all, I would like to thank Prof. Dr. Heiner Niemann for the great opportunity to do my 

PhD work here at the Friedrich-Loeffler-Institute. I am very grateful for the excellent 

supervision, the continuous motivation and support on this project over the last years. 

Furthermore, I would like to thank my co-supervisors, Prof. Dr. Brigitte Schlegelberger 

(external expert from the MHH) and Prof. Dr. Dagmar Waberski (internal expert from the 

TiHo), for their constructive and helpful suggestions, the pleasant atmosphere during our 

meetings, and the encouragement on the project. 

A special thanks goes out to Dr. Björn Petersen for his great continuous support, helping me 

get the best out of my results during this interesting project. I really appreciate the assistance 

in writing a review article and I am infinitely grateful for the opportunity to present my 

research results in Australia and San Diego. It was a great experience for me that I will always 

remember. 

I am grateful for the cooperation with Prof. Dr. Gudrun Göhring from the Institute of Human 

Genetics (MHH) karyotyping the piglets. Moreover, I would thank Dr. Lutz Wiehlman for the 

cooperation and support to perform Nanopore Sequencing in the Research Core Unit 

Genomics in the MHH. 

I truly appreciate the support of Antje Frenzel for introducing me to the work in a molecular 

laboratory and your constant support and patience during my project, especially in 

immunohistology. You always gave me good advice not only for my work, but also for private 

decisions. Thank you for being there for me the entire time. 

A special thank goes out to Dr. Monika Nowak-Imialek for always finding time to talk. I could 

never have done it without your support and your faith in me. I am glad to have you here as a 

kind colleague. 

I would also like to thank all my colleagues at the Institute in Mariensee for the great years: 

the support with performing experiments, finding material, sharing your expertise and helping 

me out when I did not know what to do next. Thank you Rita Lechler for your help in the lab, 

Doris Herrmann for giving me all the useful hints, especially in doing immunohistology, Meike 



  Acknowledgements  
    

106 
 

Stünkel for preparing the ovarian slides for histology and Annett Weigend for sharing the 

knowledge in Nanopore Sequencing. 

I would like to thank the IVF and SCNT team, Dr. Andrea Lucas-Hahn, Petra Hassel, Maren 

Ziegler, Roswitha Becker and Heinke Eylers for their effort in producing the SRY-KO pigs and 

the possibility to learn the microinjection technique. 

Also, many thanks go to the staff of our pig facility for taking good care of the pigs. 

I would like to thank all my doctoral colleagues for your company, help with the work and all 

the moments we shared together at the institute and several conferences. It was a great time 

with all of you. Thank you Jenny-Helena Söllner, for proofreading of my manuscript and Dr. 

Ronja Apfelbaum for the introduction into microinjection, and both for being very nice 

officemates. 

Special thanks goes to Steffi Altgilbers for helping me out in difficult times, being a very good 

friend, always being there for me, and the wonderful time and conversations we had. 

Ein sehr großer Dank geht an meine engsten Freundinnen Ann-Kristin, Kristin und Nicole, die 

immer für mich da waren, mich immer wieder aufgemuntert haben, wenn es mal nicht so gut 

lief und die einen ganz besonderen Platz in meinem Leben eingenommen haben. Darüber 

hinaus möchte ich auch Sina, Jenny, Vanessa und Caro dafür danken. Ihr seid als Freundinnen 

einfach unersetzbar und ich will euch in meinem Leben nicht missen muss. 

Ein großer Dank geht auch an Tanja und Birthe. Ich bin so froh euch während des PhDs 

kennengelernt zu haben und dass ihr immer ein offenes Ohr für mich hattet. Eure 

Unterstützung hat mir sehr viel bedeutet und ich freue mich euch auch weiterhin an meiner 

Seite zu haben. 

Dziękuję najwazniejszym osobom w moim życiu, moim kochanym Rodzicom. Zawsze byliście i 

jesteście przy mnie wspierając mnie w każdym momencie mojego życia. Jestem bardzo Wam 

wdzięczna, że zawsze mogę na Was polegać. Zudem möchte ich meiner älteren Schwester 

danken. Du bist eine ganz wichtige Person in meinem Leben und ich bedanke mich für alle 

Ratschläge, egal ob gute oder schlechte, und die Unterstützung, die du mir gegeben hast. Ich 

bin sehr froh dich als Schwester an meiner Seite zu haben! 

 


