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1 Summary 

 
Felix Schuster – Generation of a polled phenotype in cattle using CRISPR/Cas 
 
In modern livestock farming horned cattle pose an increased risk of injury for each other 

as well as for the farmers, whereas polled animals are easier in handling and tend to be less 

aggressive. Dehorning without anesthesia is associated with stress and pain for the calves 

and raises concerns regarding animal welfare. Naturally occurring mutations causing 

polledness are known for most beef cattle but are rarely distributed within dairy cattle 

populations such as Holstein-Friesians (HFs). In order to improve animal welfare, breeders 

agreed to increase the percentage of polled individuals within the populations. So far, the 

propagation of polled HFs is limited due to the low genetic merit of polled bulls. In beef 

cattle, a small mutation located within the horned locus on chromosome 1 consisting of a 

208 bp duplication and a 6 bp deletion (Polled Celtic variant, Pc) causes the polled 

phenotype.  

 

In this project, we used the CRISPR/Cas12a system (formerly Cpf1) to introduce the Pc 

variant into the genome of adult fibroblasts taken from a horned HF bull. In order to 

generate living offspring, edited fibroblasts were used as donor cells for somatic cell 

nuclear transfer. Produced embryos were transferred into synchronized recipients. To 

further investigate the exact molecular background of horn ontogenesis, we created a 

novel knock-out mutation (horned locus knock-out, HLKO) in the horned locus to examine 

whether also random mutations in this intergenic area lead to a polled phenotype. 

 

Pregnancies with clones from Pc knock-in cells were established. The first pregnancy was 

terminated on day 90 in order to analyze the fetus for polledness. Genomic and phenotypic 

analyses strongly suggest the successful generation of a polled phenotype. Remaining 

pregnancies will be carried to term. Pregnancies with clones from fibroblasts carrying the 

HLKO mutation were established initially but could not be maintained past day 70. 

 
In conclusion, we successfully established procedures for efficient genome editing in cattle 

and thereby generated polled offspring from a horned HF bull within one generation.  
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2 Zusammenfassung 

 
Felix Schuster – Generierung eines hornlosen Phänotyps beim Rind mittel CRISPR/Cas 
 
In der heutigen Tierhaltung stellen horntragende Rinder ein erhöhtes Verletzungsrisiko 

sowohl für die Tiere als auch für Mitarbeiter dar, wohingegen hornlose Tiere leichter zu 

handhaben sind und weniger aggressives Verhalten zeigen. Das Enthornen ohne 

Betäubung ist mit Stress und Schmerz für die Tiere verbunden und somit aus 

Tierschutzgründen in Kritik geraten. Natürlich vorkommenden Mutationen, die zu 

Hornlosigkeit führen, sind für einige Fleischrinderrassen bekannt. In Milchviehrassen, wie 

zum Beispiel Holstein-Friesian (HF), sind diese Varianten jedoch selten verbreitet. Im 

Einklang mit dem Tierschutz haben sich die Züchter als Ziel gesetzt, den Anteil hornloser 

Individuen in den jeweiligen Populationen zu erhöhen. Die Zucht hornloser HFs stellt sich 

aufgrund geringer Zuchtwerte hornloser Zuchtbullen als schwierig dar. In Fleischrassen 

wurde eine kleine Mutation im horned locus auf dem Chromosom 1 lokalisiert, welche zu 

Hornlosigkeit führt. Sie besteht aus einer 208 bp Duplikation und einer 6 bp Deletion (Polled 

Celtic Variante, Pc). 

 

In diesem Projekt wurde das CRISPR/Cas12a System (ehemals Cpf1) verwendet, um die Pc 

Variante in das Genom adulter Fibroblasten eines horntragenden HF Bullen zu integrieren. 

Um lebende hornlose Nachkommen zu generieren wurden editierte Fibroblasten als 

Spenderzellen für den somatischen Kerntransfer verwendet und resultierende Embryonen 

in synchronisierte Empfängertiere transferiert. Um weitere Erkenntnisse über die 

molekularen Mechanismen der Hornentstehung zu erlangen, wurde zudem eine neuartige 

knock-out Mutation im horned locus (horned locus knock-out, HLKO) hervorgerufen um zu 

überprüfen, ob auch beliebige Mutationen in diesem Lokus zur Hornlosigkeit führen. 

 

Mehrere Trächtigkeiten mit Klonen aus Polled Celtic knock-in Zellen konnten etabliert 

werden. Die erste Trächtigkeit wurde an Tag 90 terminiert, um den Fetus auf Hornlosigkeit 

zu untersuchen. Genomische und phänotypische Analysen zeigten keine Anzeichen für 

Hornanlagen. Die übrigen Trächtigkeiten wurden erhalten und sollen ausgetragen werden. 

Trächtigkeiten, welche aus Klonen entstanden, die die HLKO Mutationen trugen, konnten 

nicht über Tag 70 hinaus aufrechterhalten werden. 
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Zusammenfassend konnte hier ein Verfahren zur effizienten Genomeditierung bei Rindern 

etabliert werden, welches es ermöglicht, innerhalb einer Generation einen hornlosen 

Nachkommen aus einem horntragenden HF Bullen zu generieren. 
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3 Introduction 

 

3.1 The horned and polled phenotype among cattle 

 
Domestication of cattle from local wild ox (Aurochs, Bos primigenius) for agricultural 

purposes started roughly 10,500 years ago in the middle east (Conolly et al. 2011; 

Bollongino et al. 2012). Successful breeding attempts of domesticated cattle were first 

documented 1,500 years later (Benecke 1994). The Aurochs possessed long horns, 

therefore it was widely accepted that the horned phenotype is also the archetype of 

today’s dairy cattle breeds (Bos taurus) (Claude 2018). Archaeological findings, however, 

implicate that a variety of horn types can be traced back to the times of ancient Egypt, 

including a completely hornless, i.e. polled, phenotype. A depiction of a domesticated 

polled cow was found on the sarcophagus of Kawit, an ancient Egyptian queen (Figure 1A). 

It is estimated that this engraving dates back to 2,000 B.C. Several findings of bovine skulls 

or osseous fragments showed both horned and polled phenotypes (Hanik 2004; Schafberg 

and Swalve 2015; Lauwerier 2015). One example of a polled skull fragment, which is one of 

the earliest findings (around 3,000 BCE) from Central Europe is depicted in Figure 1B. 

Additionally, some findings suggest that also horn scurs existed in cattle from this time 

period on (Kyselý 2010). 

 

 

Figure 1: Early documentation of polled cattle. 

(A) An engraving from 2000 BC suggests that polled cattle were housed already in ancient Egypt (© Clemens 

Schmillen; this image is licensed under the Creative Commons Attribution-Share Alike 4.0 

International license). (B) Skull fragments from around 3,000 BCE found in Central Europe showed the 

complete absence of osseous horn tissue (© LDA Sachsen-Anhalt, Andrea Hörentrup). 

 

A) B)
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These findings allowed two hypotheses about the phenotype of cattle. Firstly, naturally 

polled cattle exist for millennials. Secondly, both polled and horned cattle were used and 

bred for agricultural purposes. 

 

In the following chapters, horn development and its implications on animal welfare are 

described. Furthermore, details on the distribution of polledness among cattle breeds, its 

genetic background and breeding towards polledness are provided. 

 

3.1.1 Horn morphology and development 

 
Generally, two types of horns are observed in cattle: pneumatized horns (Figure 2) and 

horn scurs. The pneumatized horn appears to be part of the os frontale of the bovine skull 

with the frontal caudal sinus stretching into the horn. The bony tissue is covered by sheaths 

of epidermal keratinocytes (König and Liebich 2009). Consequently, damage of the horn of 

adult cattle during dehorning is associated with an increased risk of infection of all 

connecting sinuses. In contrast, scurs are not pneumatized and the bony part of the scur is 

connected to the frontal bone by connective tissue rather than osseous tissue. 
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Figure 2: Schematic depiction of bovine skull and horns including sinuses. 

The caudal frontal sinus stretches into the horn. Damage of the horn (e.g. sawing off adult horns) creates 

pathways for infection of all connecting sinuses. This image was taken from Nickel et al. (2004) with 

permission of Thieme Medical Publishers. 

 

Despite intensive research over the past decades, the underlying mechanism of horn 

ontogenesis is only poorly understood. It was shown that fetal development of horns 

initially occurs independently from the os frontale (Dove 1935). By using tissue 

Os	frontale

Caudal	frontal	sinus
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transplantation, it was discovered that the osseous part of the horn is not an outgrowth of 

the frontal bone itself. The formation of bony tissue begins in an ossification center located 

in the dermal and hypodermal layers of the fetal frontal skin. Furthermore, it was shown 

that the epidermal keratinization does not induce ossification. Thus, it was hypothesized 

that both processes are programmed during embryogenesis. An upward growth of the os 

frontale (i.e. formation of a horn spike) is induced by the center of ossification in the 

hypodermal tissue. Subsequently, the horn spike is partially dissolved and fused with the 

bony part of the fetal horn bud, thereby completing the ossification process (Dove 1935). 

 

The findings were confirmed by macroscopic and histological examination of fetal horn 

buds. In addition to macroscopic dents in the area of horn buds, histology revealed 

thickening of the epidermis of horn buds in fetuses larger than 5.2 cm of neck-rump length 

(Rüsse and Sinowatz 1991; Capitan et al. 2012). Wiener et al. histologically analyzed and 

compared the frontal skin and showed distinct differences of the epidermal layers between 

polled and horned fetuses as early as day 70 of gestation (Wiener et al. 2015). In polled 

fetuses, the area of potential horn buds could not be discriminated from the surrounding 

skin tissue over the entire gestation. In contrast, the epidermis of horn buds from horned 

fetuses was thickened with additional layers of vacuolated keratinocytes until day 212 of 

gestation. Afterwards, the epidermis could not be discriminated from frontal skin any 

more, thus the epidermal layers cannot be used to differentiate polled and horned fetuses 

from that time point onwards. Macroscopic differences however became more obvious. 

Interestingly, in contrast to horned fetuses, no nerve bundles were detected in the area of 

potential horn buds of polled fetuses.  

 

Taken together, horn development is predominantly a differentiation and remodeling 

process of various tissues from the ectodermal and mesodermal germ layer rather than a 

simple outgrowth of bony tissue. The horn status of bovine fetuses can be determined via 

macroscopic and histological analyses from gestation day 70 onwards. 
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3.1.2 Animal welfare aspects of polledness 

 

Due to their size and physical strength cattle handling is connected to an increased risk of 

injury or even death. Only one review assessed cow-related injuries over one year (Murphy 

et al. 2010). Kicking was the most common cause of injury but head-related injuries were 

more serious (Figure 3); severe injuries of the abdomen are common among horn-related 

injuries (Shukla et al. 1977; Sabo and Yusufu 2007). Presumably, cattle related injuries are 

under-reported since minor injuries are often not properly documented and scientifically 

reported (Doyle and Conroy 1989; Watts and Meisel 2011; Watts et al. 2014). Head butting 

of horned cattle causes more severe injuries than other accidents. 

 

 

Figure 3: Cow related injuries. 

Cow-related injuries admitted to a single institution over one year. This figure was taken from Murphy et al. 

(2010). 

 

A horned phenotype also increases the occurrence of injuries within a herd itself. Physical 

confrontation is part of natural communication within a herd and thereby a horned 

phenotype may lead to severe injuries. These injuries are also assumed to be under-

reported, but case studies show the severity of horn induced injuries amongst cattle (Tijjani 

et al. 2015; Braun et al. 2016). Handling of polled cattle is safer for both humans and 

animals. 

 

About 81 % of dairy cattle are dehorned in Europe (Cozzi et al. 2015). Dehorning of adult 

animals is performed using a saw wire or by gouging of the horn base. In both practices the 

entire horn is physically removed at its basis. Even with the administration of pain killers, 

this procedure is associated with stress and pain for the animals. The direct connection to 

the caudal frontal sinus opens pathways for infection, hence the probability of infections 
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following dehorning is increased. The removal of horn buds of calves presents another 

option. Here, the horn buds are completely removed at an early stage, thereby inhibiting 

horn growth. Horn buds can be removed by cutting out the respective tissue with a sharp 

spoon, application of caustic paste or by a hot iron. Disbudding with a hot iron has emerged 

as the most feasible method. In many countries, including Germany, disbudding of calves 

without the application of anesthesia is legal until the age of six weeks (German Animal 

Welfare Act, TierSchG, § 5 (3)2). In less than 30 % of dehornings pain medication was 

applied on farms across Europe (Cozzi et al. 2015). By assessing behavioral patterns and 

measurements of pain and stress-related blood parameters such as vasopressin, 

adrenocorticotropic hormone (ACTH) and cortisol, it was shown that even in combination 

with an analgetic treatment (e.g. lidocaine, ketoprofen) disbudding is associated with 

severe stress and pain (Graf and Senn 1999; Faulkner and Weary 2000; Vickers et al. 2005; 

Ede et al. 2019). Consequently, disbudding with or without anesthesia raises major 

concerns regarding animal welfare, even though it is legal. 

 

Within the European Union a large consortium was formed with the goal of improving 

animal welfare related to disbudding of calves (Alternatives to Castration and Dehorning, 

ALCASDE). As a consequence, a framework was created with the short-term goal of 

improving the process of dehorning. The focus on breeding of genetically polled cattle was 

recommended as a long term solution (ALCASDE 2009). An increased proportion of polled 

animals in the dairy cattle population also was declared as a common goal by several 

German authorities, animal breeding and animal welfare organizations (Düsseldorfer 

Erklärung zur verstärkten Zucht auf Hornlosigkeit in der Rinderhaltung, 2012). Briefly, 

polled cattle are preferred by farmers and breeders in today’s animal husbandry systems. 

 

3.1.3 Genetic background of polledness 

 

Early reports showed that polledness is inherited in an autosomal dominant manner in 

several breeds (Spillman 1905; White and Ibsen 1936; Long and Gregory 1978). More 

recent work localized a region of 280 kilobases (kb) on the bovine autosome 1 (BTA1) which 

encompasses multiple genetic variants linked to the polled phenotype (horned locus, 
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Figure 4) (Medugorac et al. 2012; Allais-Bonnet et al. 2013; Rothammer et al. 2014; 

Wiedemar et al. 2014). 

 

 

Figure 4: Depiction of the horned locus. 

An intergenic region of 280 kb (bottom) on bovine autosome 1 encompasses Polled Celtic variant (blue) and 

the Polled Friesian variant (green). This figure was adapted from Aurélie et al. (2013). 

 

Two mutations in the polled locus are known to be causative for polledness. In beef and 

dual-purpose breeds such as Angus and Galloway, a complex 202 insertion-deletion 

mutation was detected (Medugorac et al. 2012; Allais-Bonnet et al. 2013; Wiedemar et al. 

2014). It consists of a 208 base pair (bp) duplication combined with a 6 bp deletion (Figure 

5) and was first discovered in cattle from the Celtic cultural area. Therefore, it was named 

the Celtic mutation or Celtic variant (Polled Celtic, Pc). 

 

 

Figure 5: Schematic depiction of the horned wild-type sequence (top) and the Pc variant (bottom). 

 

Another 80 kb duplication, in combination with several single nucleotide polymorphisms, 

was detected in the genome of polled Holstein-Friesian (HF) cattle (Figure 4). Previous 

research had revealed that the 80 kb duplication alone was causative for the polled 

208	bp

208	bp Duplication

Horned	wild-type

Polled	Celtic

6 bp	deletion
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phenotype (Medugorac et al. 2012; Allais-Bonnet et al. 2013; Rothammer et al. 2014; 

Wiedemar et al. 2014). Similar to the Pc variant, it was named after the breed it was first 

detected in (Polled Friesian, Pf). Further mutations such as a 3.7 mega base deletion 

encompassing the ZEB2 gene or a single nucleotide polymorphism (SNP) within the intron 

of the IFNGR2 gene are discussed to be associated with polledness in cattle (Capitan et al. 

2012; Glatzer et al. 2013). However, it is unclear whether they alone cause a polled 

phenotype (Mariasegaram et al. 2010; Capitan et al. 2011, 2012)  

 

Even though the two variants mentioned above have been confirmed to cause polledness, 

it is not clear how these two mutations cause the phenotype since they are located in 

intergenic areas. It was hypothesized that long non-coding RNAs, which are thought to be 

prerequisites for horn bud formation, are affected by the mutations (Wiedemar et al. 

2014). By quantative-PCR analysis of fetal horn bud tissue, it was shown that a number of 

genes was dysregulated in polled fetuses (Allais-Bonnet et al. 2013; Wiedemar et al. 2014). 

However, none of the above-mentioned changes in gene expression sufficiently explained 

the molecular pathways of horn formation. 

 

3.1.4 Breeding towards polledness 

 

The polled trait is widely spread among beef cattle. In dairy cattle such as Holstein-Friesian 

(HF), the vast majority of the top breeding bulls mostly are genetically horned. The simplest 

way of distributing a trait like polledness would be by cross-breeding of genetically polled 

individuals. However, the dairy breeding bulls are rarely polled and often do not possess 

high enough breeding and production values as desired by farmers. An additional hurdle in 

cross-breeding of polled cattle is the rather small gene pool. Polled individuals in breeds 

such as Brown Swiss (BS) or HF are often closely related and their extensive use in breeding 

schemes can lead to substantial inbreeding-related negative effects (Windig et al. 2015). It 

was reported that in some breeds such as HF only two polled breeding bulls were available 

(Segelke et al. 2013). According to the Bavarian State Research Center for Agriculture, no 

polled BS bulls could be used for breeding until the late 90s. This demonstrates the 

necessity of polled individuals within these breeds (Table 1). 
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Table 1: Approximate distribution of the polled trait in various cattle breeds. 

Breeds which are important to this project are written in bold letters. 

 

 

Over the past years, the application of modern breeding systems and technologies together 

with advanced knowledge about the bovine genome facilitated breeding for polledness 

(Gaspa et al. 2015; Windig et al. 2015; Scheper et al. 2016). By applying modern 

biotechnological methods such as genome editing, the described deficits of cross-breeding 

can be overcome. By using DNA nucleases, single traits such as polledness can be integrated 

into the genome of breeding animals (Tan et al. 2012). The integration of the polled allele 

into the genome of a valuable dairy bull via gene editing strategies without the inheritance 

of undesired traits can significantly abbreviate the introduction of the foreign trait from 

eight generations to one (Figure 6). 

 

Polled Aberdeen	Angus
Belted	Galloway
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Swedish Red	Polled	
Old	Norwegian	Red	Vestland

>	20	%	polled Norwegian Red	
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Ayreshire
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Charolais
Limoisin
Brown Swiss
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Figure 6: Introgression of the polled allele via nucleases in comparison to cross breeding. 

The introgression of the polled allele into valuable breeding bulls by classical crossbreeding is generally 

accompanied by a loss of economically important genetic values. Breeding schemes over several generations 

are required to resume a high enough dairy genetic merit. In comparison, genome editing tools (e.g. TALEN) 

allow the integration of the polled allele within one generation without the loss of desired genetic traits. 

Figure was taken from Tan et al. (2012) by permission of Elsevier Books conveyed through Copyright 

Clearance Center, Inc. 
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3.2 Genome editing 

 

Genome editing is defined as the use of biotechnological methods for targeted DNA 

modification. The first successful DNA modification in mammals was conducted by Palmiter 

et al. in 1982. A DNA fragment containing a rat growth hormone gene construct was 

injected into mouse zygotes and the sequence was successfully integrated into their 

genome, albeit in a random fashion (Palmiter et al. 1982). Precise editing of the DNA with 

high efficiencies can be achieved by targeted induction of DNA double-strand breaks (DSBs) 

(Rouet et al. 1994). Targeted genome editing requires detailed knowledge of the respective 

nucleotide sequences. The available genomic maps for most farm animals and the rapid 

decrease of genome sequencing costs and workload prompted the development of 

genome editing in farm animals (Heather and Chain 2016). 

 

3.2.1 Gene editors 

 

Over the past years, programmable editors have emerged as efficient molecular tools to 

introduce defined mutations into the genome of a variety of species. Gene editors can be 

categorized in DSB-dependent and DSB-independent editors. 

 

3.2.1.1 Double-strand break-dependent gene editors 

 

Each DNA nuclease consists of a sequence specific DNA binding domain and a cleavage 

domain. Once the respective nuclease binds to the target sequence, a DSB is induced. The 

DSB can be repaired by either non-homologous end joining (NHEJ) or homology-directed 

repair (HDR). During NHEJ, the loose ends of the DSB are brought into proximity of each 

other and are re-ligated (Haber and Moore 1996; Chang et al. 2017; Pannunzio et al. 2018). 

This process is error-prone and frequently creates insertions and/or deletions of small 

nucleotide sequences (i.e. insertion-deletion mutations, indels) at the target sites. NHEJ is 

active throughout all cell cycles. The mutations induced by gene editors may lead to frame 

shift mutations or premature stop codons, resulting in a functional knock-out (Petersen et 

al. 2016). Large knock-outs via NHEJ can be created by flanking a longer target sequence 

with two cutting sites. During HDR, the DSB is repaired and a template, usually from the 
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homologue chromosome, is inserted and the original status of the DNA is thereby re-

established. By adding a synthetic HDR template with homologue sequences flanking a 

predetermined insert, larger sequences can be introduced into the host genome (knock-in 

mutation) (Wang et al. 2015). HDR only occurs during the S and G2 phase of the cell cycle. 

Therefore, NHEJ is the repair mechanism in about 90 % of DSBs, whereas HDR occurs only 

in a much smaller proportion (Shrivastav et al. 2008). These repair mechanisms are 

identical for all designer nucleases; however, all DSB-dependent gene editors bind and 

cleave in a different manner. 

 

 

Figure 7: Repair mechanisms of a DNA double-strand break induced by a designer nuclease. 

During the non-homologous end joining (NHEJ) repair mechanism of a DSB the loose ends are re-ligated. This 

process is error prone and often leads to indel formation. By inducing two DSBs, larger sequences are excised 

with the loose ends again being re-ligated via NHEJ. During the homology-directed repair mechanism (HDR) 

the damaged sequence is reconstituted in accordance to a HDR template which can be either the homologue 

chromosome or a synthetic DNA sequence carrying a desired mutation. This figure was adapted from 

Petersen (2017). 

 

Zinc finger nucleases (ZFNs) were the first programmable DNA nucleases (Porteus 2003; 

Carroll 2011). The DNA binding-domains of ZFN consist of three to six zinc finger modules 

which specifically bind to the complementary sequence. Each binding domain is linked to a 

Fok1 nuclease domain which cuts the non-binding strand. Subsequently, ZFNs can only be 

used as dimers to create DSBs as depicted in Figure 8 and thereby introduce the desired 

mutations (Petersen et al. 2016). The production of specific ZFNs is time consuming and 

NHEJ HDR

Indel Formation Large Deletions Knock-in

+ HDR template
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expensive in comparison to the more recently detected nucleases. Also, it was reported 

that ZFNs could have a potential cytotoxic effect when expressed in mammalian cells (Hye 

et al. 2009) 

 

More recently, transcription activator-like effector nucleases (TALENs) for targeted 

genome editing were introduced. Some bacterial plant pathogens possess transcription 

activator-like effectors (TALEs) that are able to bind to the host DNA and act as transcription 

factors (Boch et al. 2009; Boch and Bonas 2010). The subsequent aberrant expression 

patterns then facilitate cell intrusion or increase the bacteria’s pathogenicity. Each TALE 

consists of a chain of various subunits/modules. The modules at the 12th and 13th position 

are called repeat variable di-residues (RVDs). RVDs bind one specific DNA nucleotide each 

and are thought not to interact with each other (Boch et al. 2009; Moscou and Bogdanove 

2009), therefore these specific modules can be engineered as functional DNA-binding 

domains. By linking a Fok1 nuclease to the engineered DNA-binding domain, a complete 

TALEN molecule is produced (Cermak et al. 2011; Li et al. 2011; Mahfouz et al. 2011). Two 

TALENs are capable of introducing DSBs at virtually anywhere in the genome in a pattern 

similar to ZFN (Figure 8) (Hockemeyer et al. 2012). A minor limitation of TALE binding is 

that the target sequence should begin with thymidine for efficient cutting (Boch and Bonas 

2010).The space between the two binding domains is a crucial factor regarding cutting 

efficiency. Usually, a spacer of about 15 bp between the TALEN binding sites efficiently 

creates DSBs. Taken together, TALEN have emerged as powerful genome editing tools for 

both knock-in and knock-out mutagenesis (Sander et al. 2011; Tesson et al. 2011; Proudfoot 

et al. 2015; Carlson et al. 2016). A major advantage of TALEN over ZFN is the significantly 

cheaper and easier assembly. Unlike in TALEN, crosstalk between the DNA-binding domains 

of ZFN can impair their activity (DeFrancesco 2011). 
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Figure 8: Schematic depiction of ZFN, TALEN and CRISPR/Cas9. 

ZFN employ zinc finger modules for targeted DNA binding with one module binding three specific nucleotides 

(A). The left and right binding domains are fused to a Fok1 nuclease which cuts a single DNA strand each. In 

TALEN, each TALE subunit binds specifically to one nucleotide (B). Both binding domains are linked to Fok1 

nucleases. CRISPR/Cas9 (C) is the only designer nuclease which relies on RNA to DNA binding. Next to the 

respective PAM sequence, the guide RNA binds to the complementary target site. The thereby induced 

conformational change activates two cleavage domains which results in a DNA double-strand break. This 

figure was adapted from Shim et al. (2017). 

 

The most recent genome editing system is the RNA-guided nuclease CRISPR/Cas (Clustered 

Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein). The 

CRISPR/Cas system is derived from bacteria (e.g. Streptococcus pyogenes), where it 

functions as an RNA-guided adaptive immune system by destroying foreign pathogen DNA 

(Bhaya et al. 2011; Terns and Terns 2011; Wiedenheft et al. 2012). The CRISPR locus 

consists of several genes containing a coding sequence for the Cas nuclease and two non-

coding RNAs. These trans-activating crRNAs (tracrRNAs) are conserved among the type II 

CRISPR/Cas systems. They are responsible for precursor CRISPR RNA (pre-crRNA) formation 
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and interference with invading pathogenic sequences. After co-expression of tracr-and pre-

crRNAs, tracr:crRNA complexes are build. These complexes guide the Cas9 nuclease to the 

target site for sequence specific cleavage of foreign DNA. Subsequently, this bacterial 

immune system was re-designed for genome editing purposes.  

 

The most prominent CRISPR nuclease is CRISPR/Cas9 which is derived from Streptococcus 

pyogenes. A tracr:crRNA forms a single guide RNA (sgRNA or gRNA) which directs the Cas9 

protein to the respective target sequence (Figure 8). Target site specificity is determined 

by a 20 to 30 nucleotide long RNA sequence of the gRNA, resulting in RNA to DNA binding. 

Taken together, this redesign as a single transcript enables both Cas9 binding and DNA 

target site recognition. By reprogramming the DNA recognition site (i.e. gRNA), Cas9 can 

be employed to introduce DSBs at almost any genomic site. A limitation of CRISPR/Cas9 is 

the presence of a protospacer adjacent motive (PAM) sequence located downstream of 

the non-complementary strand of the target site. The location of a fitting PAM sequence 

induces a conformational change of the CIRSPR/Cas9 protein complex which enables 

binding and cutting of the target sequence. For S. pyogenes-derived CRISPR/Cas9 systems, 

the necessary PAM sequences is 5’-NGG3’, with N being any given nuclease followed by 

two guanine nucleotides (Jinek et al. 2012, 2013). 

 

For application in mammalian cells, several adaptions of the CRISPR/Cas9 system were 

made (Jinek et al. 2013; Mali et al. 2013; Cong et al. 2013): For one, an appropriate nuclear 

localization signal was included in the respective CRISPR/Cas9 expression plasmids. 

Secondly, the gRNA construct must either be expressed on a separate plasmid or as single 

chimeric plasmid using an RNA polymerase III promotor (e.g. human U6 promotor). 

Alternatively, CRISPR/Cas9 complexes can be applied as ribonucleotides, where the 

readymade protein and tracr:crRNA complexes are either transfected into cells or directly 

injected into early embryos. CRISPR/Cas9 has rapidly emerged as a powerful genome 

editing tool in many eukaryotic species (Gao et al. 2017; Wang et al. 2018; Hein et al. 2019). 

An additional advantage of the CRISPR/Cas9 system is its ability to edit multiple target sites 

in one step (multiplexing) (Cong et al. 2013). 
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The CRISPR tool box encompasses several variants of this nuclease, such as the 

CRISPR/Cas12a system (formerly Cpf1) (Zetsche et al. 2015). CRISPR/Cas12a is categorized 

as a type V class II CRISPR system and differs from CRISPR/Cas9 in various aspects. 

CRISPR/Cas12a simply requires a single crRNA instead of the Cas9’s tracr:crRNA complex. 

Also, a 5’TTTN-3’ PAM sequence upstream of the gRNA is necessary. This makes 

CRISPR/Cas12a a promising alternative for T-rich regions of the genome. Another useful 

feature of CRISPR/Cas12a is its distinct cleavage pattern. Unlike Cas9, which possesses two 

cleavage domains (HNH and RuvC) and results in blunt ends at the cleavage site, Cas12a 

possesses only one cleavage domain in the site of the RuvC domain which cuts one DNA in 

cis- and the other in transposition (Swarts et al. 2017). This results in the generation of two 

non-homologous overhangs (i.e. staggered ends or sticky ends) (Chen et al. 2018). These 

sticky ends facilitate the integration of new DNA sequences, which makes the 

CRISPR/Cas12a system an alluring option for knock-in experiments (Safari et al. 2019). 

 

Taken together, all of the previously mentioned nucleases are able to efficiently induce 

DSBs in the host genome and are comparable in efficiency and specificity (Gaj et al. 2013). 

Nevertheless, over the past years CRISPR/Cas9 has proven to be the most promising option 

for genome editing due to its time and cost efficient production. It is the only system that 

relies on RNA to DNA binding and can be re-programmed to target any given site via ligation 

of a 20 to 30 nucleotide sequence. In comparison, ZFNs and TALENs rely on protein to DNA 

binding and the synthesis of the binding domains is more time and cost consuming. Some 

limitations of the CRISPR/Cas9 system such as the necessity of a suitable PAM sequence 

can be overcome by alternative CRISPR systems like CRISPR/Cas12a. The CRISPR system 

seems to be the most versatile and applicable nuclease available. 

 

3.2.1.2 Double-strand break-independent gene editors 

 

Over the past years, gene editors which do not rely on the presence of a DSB were added 

to the genome editing tool box. A novel concept is the so-called base editing. Here, a single 

target base or base pair is converted into another (A:T to G:C, C:G to T:A) without the 

induction and repair of a DSB (Nishida et al. 2016; Gaudelli et al. 2017; Rees and Liu 2018). 

Two types of base editors (BEs) were published: cytosine base editors (CBEs) and adenine 
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base editors (ABEs) In general, BEs consist of a base-modification enzyme like deaminase 

which is linked to a catalytically deficient CRIPSR/Cas9 variant (Komor et al. 2018). 

Deaminase is able to remove an amino group of cytosine resulting in an uracil base or 

deadenylates adenosine which results in an inosine base. DNA polymerases translate uracil 

as thymine and inosine as guanine, thereby permanently altering the respective base. A 

catalytically deficient Cas9 variant (dCas9) cuts only one DNA strand instead of two and is 

created by altering the amino acid sequences of the Cas9 cleavage domains. More 

precisely, a D10A mutation deactivates the RuvC domain such that  the target stand is cleft 

and a H840A mutation deactivates the HNH domain which results in cleavage of the non-

target strand (Gasiunas et al. 2012; Cong et al. 2013). Taken together, the dCas9 unfolds 

the double-strand DNA in a PAM sequence-dependent manner so that the gRNA can bind 

to the complementary target site. The base-modification enzyme edits the desired 

nucleotide and the non-edited strand is nicked by the dCas9. The nick is then 

complementarily repaired according to the previously edited strand. Thereby, a single base 

pair is edited without induction of a DSB. Base editing was successfully applied in many cell 

types and species (Kim et al. 2017; Shimatani et al. 2017; Basturea 2019). The restrictions 

of this method are, for one, that the precision of the deaminase is reduced if multiple 

cytosine or adenosine bases are present near to the target base which could then also be 

edited. Secondly, base editing is limited to four point mutations (see beginning of the 

chapter). In addition to other functions, this limitation can be overcome with a new CRISPR-

derived genome editing procedure termed prime editing. 

 

Prime editing, also called search-and-replace editing, is the latest technique in CRISPR-

derived nucleases (Anzalone et al. 2019). Prime editing is supposed to be able to precisely 

edit single base pairs, reconstitute small deletions, knock-in or add new sequences into the 

host genome without induction of a DSB or application of a DNA repair template. In prime 

editing systems, a reverse transcriptase enzyme was designed to form a complex with a 

Cas9 nickase protein. The gRNA complex was replaced by an engineered prime editing 

guide RNA (pegRNA) which consists of a crRNA scaffold, a DNA binding sequence and an 

RNA template. This RNA template encodes for the desired mutation. At first, the modified 

CRISPR construct binds to the target site via RNA to DNA binding and the Cas9 nickase cuts 

a single DNA target strand, resulting in an exposed a 3’-hydroxyl group. Then, the RNA 
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template is transcribed by the reverse transcriptase to form a single-strand DNA fragment 

which is immediately spliced onto the exposed 3’-hydroxyl group. Subsequently, an 

endonuclease from the host cell cuts off the old segment of the nicked strand and seals the 

new sequence into the genome. At this point, only one strand is edited, i.e. a heterodimer 

is formed. Using a separate gRNA construct, the prime editor is then used to bind and nick 

the non-edited strand. The host cell then repairs the nick in accordance to the edited 

strand, thus completing the editing process. In the original publication by Anzalone et al. it 

was shown that more than 175 edits in human cells were successfully performed, including 

insertions, deletions and all types of point mutations. Furthermore, it was hypothesized 

that 89 % of known pathogenic variants in humans such as Tay-Sachs disease or sickle cell 

anemia could be corrected using prime editing (Anzalone et al. 2019). Even though this 

system has enormous potential, little is known about its application in other cell types and 

species. Future work will reveal the full potential of this technology and its capability to 

edit the genome of livestock species. 

 

3.2.1.3  Off-target events 

 

Undesired binding and activation of designer nucleases are considered as off-target events. 

All of the previously mentioned genome editors possess a DNA binding domain which 

recognizes a DNA sequences of 20 to 30 nucleotides in length. It was previously reported 

that ZFN, TALEN and CRISPR/Cas9 tolerate certain mismatches between the DNA binding 

domain and the target site, leading to off-target effects (Mussolino et al. 2011; Pattanayak 

et al. 2011; Cho et al. 2014). Off-target events potentially lead to faulty gene transcription 

or chromosomal damage. This might have severe undesired effects on the phenotype (Fu 

et al. 2013; Hsu et al. 2013; Cho et al. 2014). 

 

Nevertheless, DNA binding domains of ZFNs and TALENs are fused to a Fok1 nuclease which 

must be dimerized in order to cleave DNA. This contributes to their high specificity. 

CRISPR/Cas9 recognizes its target site by a 20 to 30 nucleotide sequence, hence off-target 

events are more likely. However, several prediction tools were designed in order to find 

target sequences with the lowest probability of off-target events within the target genome 

(Haeussler et al. 2016). Additionally, several CRISPR variants with the goal to minimize off-
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targets were designed. Nickases only cut a single DNA strand and can be combined to 

introduce a DSB (Shen et al. 2014), catalytically inactive Cas9 proteins were fused to Fok1 

nucleases (Guilinger et al. 2014) or gRNAs were truncated (Fu et al. 2014). Additionally, 

more specific CRISPR/Cas9 variants were designed (Kleinstiver et al. 2016; Wang et al. 

2019). 

 

Taken together, off-target events have to be taken into account when applying DNA 

nucleases. Improved guide RNA design tools and specialized nucleases help to minimize the 

risk of undesired mutations. Available sequencing methods also facilitate the detection and 

correction of off-target events. In farm animals, undesired edits can be corrected via cross-

breeding (Young et al. 2019). 

 

3.2.2 Application of biotechnological methods in cattle 

 

Cattle are an important source of milk and meat production for human consumption, 

thereby they are suitable for the practical application of modern biotechnological methods. 

In this chapter, the advances in transgenesis, in vitro embryo production and generation of 

living offspring are summarized. 

 

As previously described, the first transgenic mice were produced in the 1980s via DNA 

microinjection into pronuclei of zygotes. Almost one decade later a similar experiment was 

conducted in cattle (Krimpenfort et al. 1991). Krimpenfort et al. injected a transgenic 

construct into bovine zygotes and transferred the embryos into recipient cows which then 

delivered calves carrying the transgene. This experiment was the first of its kind and a 

milestone in bovine transgenesis. However, microinjection of transgenes is a very 

inefficient and time consuming method for the production of transgenic cattle, mainly due 

to transgene mosaicism and low DNA integration efficiency. Transgenic efficiency in 

germline cells was later improved by employing retroviral vectors for transgene delivery 

(Chan et al. 1998). However, this method had other drawbacks such as limited cargo 

capacity of the vectors, the high risk of epigenetic silencing, mosaicism and potential 

tumorigenesis. In the same year, another breakthrough was achieved by the first successful 

cloning of a cow from differentiated somatic cells (somatic cell nuclear transfer, SCNT, 
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Figure 1) (Cibelli et al. 1998). Prior to this, the cloning of Dolly, the sheep, had abolished 

the long-lasting dogma that differentiated cells could not be re-differentiated (Campbell et 

al. 1996; Wilmut et al. 1997). During SCNT, an in vitro matured oocyte is enucleated which 

entails the removal of all genetic material (except mitochondrial DNA). A somatic cell, e.g. 

a genetically modified fibroblast, is then injected into the ooplast. The resulting complex is 

fused by an electrical impulse and then chemically activated to develop into an embryo 

which is then transferred into a synchronized recipient (Østrup et al. 2009). Calving rates 

following SCNT are lower than transfers of conventionally produced embryos and the large 

offspring syndrome has detracted from commercial application of SCNT (Hill 2014). 

Nevertheless, SCNT is applied to specific purposes (Akagi et al. 2013, 2014). SCNT requires 

more expertise and is more expensive than microinjection. The major advantage of this is 

the fact that somatic cells can be genetically modified and completely characterized prior 

to use as donor cells for embryo production (Yum et al. 2018). Mosaicism usually does not 

occur in SCNT-derived embryos. Taken together, production of live offspring from somatic 

cells significantly facilitates genome editing approaches in cattle. 

 

 

Figure 9: Somatic cell nuclear transfer. 

Fibroblasts are taken from a donor animal (a) and genetically modified to serve as donor cells (b). Oocytes 

are matured in vitro (c) and subsequently enucleated (d). The modified fibroblast is placed into the 

enucleated oocyte (e). The complex is fused by an electrical pulse (f) followed by in vitro culture (g). 

Blastocysts are transferred into synchronized recipients (h) which develop to genetically modified offspring 

(i). This image was modified from Tian et al. (2003). 
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Following the first transchromosomic cloned cattle in 2002, transgenesis was induced using 

lentivirus-derived vectors in 2004 (Kuroiwa et al. 2002; Hofmann et al. 2004). Later, a 

knock-out of a prion locus was induced via homologous recombination in somatic cells, 

resulting in animals that were resistant to PrP infection (Richt et al. 2007). The first 

application of a designer nuclease in cattle was reported in 2011. ZFNs were designed to 

disrupt the gene coding for beta-lactoglobulin (BLG) which is a major allergenic milk protein 

for humans (Yu et al. 2011). TALEN mediated genome editing was also successfully applied 

in cattle for the induction of a mutation causative for polledness into the genome of a 

horned Holstein-Friesian bull (Tan et al. 2013). All of the resulting clones showed a polled 

phenotype. The CRISPR/Cas system was also applied in cattle for knocking out the MST 

locus to enhance meat production (Proudfoot et al. 2015). Most recently, a prove of 

principle study also showed the potential application of transposon-based systems in cattle 

(Garrels et al. 2016). 

 

  

 

Figure 10: Timeline of significant advances in the application of biotechnological methods in cattle. 
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3.3 Aim 

 

Most of the breeding bulls which are used in the dairy industry are genetically horned. This 

is an undesired trait due to the increased risk of injury in today’s animal housing and 

dehorning or disbudding increasingly raise concerns regarding animal welfare. Two genetic 

variants that are causative for polledness were recently discovered (Medugorac et al. 2012; 

Allais-Bonnet et al. 2013; Rothammer et al. 2014). One is the Polled Celtic (Pc) variant, 

which is common among beef cattle. The other variant is an 80 bp duplication within the 

horned locus that is predominantly found in the Holstein Frisian dairy population. Cross-

breeding of polled individuals is connected to a loss of genetic merit, rendering this process 

time and cost intensive. Over the past years, biotechnological methods such as genome 

editing via CRISPR/Cas9 and the cloning of mammals revolutionized the field of genome 

editing. Similar to other biological systems, genome editors found broad application in farm 

animals.  

 

The aim of this thesis was to establish a method for improving animal welfare in dairy cattle 

populations by introducing the Pc variant into the genome of a horned Holstein-Friesian 

bull using genome editors and thereby increase the number of polled high-quality breeding 

bulls. Furthermore, we aimed to introduce a novel mutation into the genome of a horned 

Holstein-Friesian bull to gain further insight into the underlying molecular mechanisms 

causing a polled phenotype. 
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4 Material and Methods 

 

4.1 Project workflow 

 

In the following chapter, methods are described which were used for the generation of 

Polled Celtic knock-in (Pc K.I.) and horned locus knock-out (HLKO) cell lines. Methodical 

details on in vitro culture and transfection of bovine fibroblasts (Section 4.2), nuclease 

vector design and HDR template generation (Sections 4.3 and 4.4) can be found in the 

corresponding sections. The genomic analyses (Section 4.5) and the generation of 

genetically modified offspring (Section 4.6) are described in the final paragraphs.  

 

The project workflow for both Pc K.I. and HLKO is schematically depicted in Figure 11 

 

 

Figure 11: Project workflow of generating genetically modified offspring 

Adult fibroblasts from a horned Holstein-Friesian bull were transfected with constructs coding for the 

respective CRISPR/Cas complexes and gRNAs. In case of Pc K.I., the HDR template was co-transfected. From 

the resultant cell populations positive cell clones were screened for successful modification and subjected to 

single-cell dilution and PCR analysis. Subsequently, homozygous knock-in and knock-out cell lines were 

generated, respectively. Edited cell clones then served as donor cells for SCNT. In vitro produced embryos 

were transferred into recipient animals in order to produce polled live offspring. 

  

Cell	culture	of	male	
adult	fibroblasts	

Transfection	with	
CRISPR/Cas	plasmids

Somatic	cell	nuclear	
transfer	followed	by	
embryo	transfer

Phenotypic	and	
genotypic	analysis	of	

offspring

Single	cell	
dilution	&	
propagation



Material and Methods 

 28 

4.2 Cultivation and transfection of primary bovine cells 

 

Primary bovine cells were in vitro cultured in supplemented Dulbecco's Modified Eagle 

Medium (DMEM) at 37 °C in 5 % CO2 and 95 % humidified air. For detailed composition of 

media see Appendix Table 15. 

 

4.2.1 Isolation and cultivation of primary adult bovine fibroblasts 

 

For isolation of adult bovine fibroblasts (ABFs), ear notches were taken from a genetically 

horned Holstein-Friesian breeding bull (supplied by MASTERRIND GmbH). For 

transportation, the ear notches were stored in phosphate buffered saline (PBS) solution, 

supplemented with 200 U/ml penicillin and 200 µg/ml streptomycin (2x Pen/Strep) 

(Capricorn Scientific, Ebsdorfergrund, Germany). Skin layers were removed and the 

cartilage tissue was transferred to a clean petri dish, washed in PBS + 2x Pen/Strep and cut 

into 1 x 1 mm pieces. Bits of tissue were transferred into a sterile 1.5 ml tube together with 

500 µl trypsin/EDTA (0.05 % trypsin/0.02 % EDTA, GE Healthcare, Chicago, Illinois, USA). 

The tube was placed in an incubator at 37 °C for 20 min. Following incubation, the solution 

was transferred into a T25 cell culture flask and T3 medium + 2x Pen/Strep was added. Cells 

were cultured at 37 °C in 5 % CO2 and 95 % humidified air and checked for contamination 

on a daily basis. Medium was changed every two days without taking off the tissue pieces 

(until first passaging) and cells were then passaged further. Once the cells reached about 

90 % confluency, they were washed with PBS, trypsinized and stored in T3 medium 

containing 10 % dimethyl sulfoxide (DMSO) (Sigma Aldrich) at -80 °C. After thawing, cells 

were cultured in T3 medium until the first passage. Subsequently, the concentration of fetal 

calf serum (Capricorn Scientific, Cat. No.: FBS-HI-12A, Lot. No.: CP18-2404) in the medium 

was reduced to 10 %. 

 

4.2.2 Transfection of adult bovine fibroblasts 

 

For transfection with the Neon Transfection System (ThermoFisher), one T75 cell culture 

flask of ABFs was cultured until 70 to 90 % confluency. Cells were washed with PBS, 

trypsinized and centrifuged at 188 x g for 4 min. The cell pellet was resuspended in 200 µl 
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resuspension buffer R (ThermoFisher) and transferred into a clean 1.5 ml tube. Up to 20 µl 

purified plasmid solution containing 5 µg DNA was added and carefully mixed by pipetting 

up and down. In parallel, the Neon Transfection System was prepared by inserting a 

transfection cuvette into the corresponding holder device and filled with 3 ml 

electroporation buffer E2 (ThermoFisher). The 100 µl tips were placed on the transfection 

pipette and used twice to electroporate a total volume of 200 µl cell-plasmid-solution. 

Voltages from 1350 V to 2000 V combined with one to two pulses of 10 or 20 ms width, 

each, were tested to establish the best electroporation parameters. For all subsequent 

experiments, the parameters were set to 1800 V and one 10 ms pulse. The suspension was 

then transferred into the corresponding culture flasks. Cells were cultured in antibiotic free 

T3 medium before replacing it with antibiotic containing T3 medium 16 to 24 hours after 

transfection. 

 

4.2.3 Quantification of transfection efficiency 

 

In order to quantify the electroporation efficiency, a green fluorescent protein (GFP) 

expressing plasmid (pT2/VENUS plasmid, Life Science Market) was transfected with the 

respective parameters. The cells were washed with PBS 48 hours after electroporation, 

trypsinized, pelleted and resuspended in 500 µl fluorescence-activated cell sorting (FACS) 

buffer. The cell suspension was transferred into a FACS-tube for quantification of 

fluorescence positive cells. As negative control, ABFs were electroporated and cultured 

without addition of any plasmid. 
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4.3 CRISPR/Cas vector design and gRNA evaluation 

 

Different CRISPR/Cas constructs were employed during this project. Each construct was 

separately designed and evaluated as described below. 

 

4.3.1 CRISPR/Cas12a plasmid construction 

 

For the knock-in of the Pc variant, the six base pair wild-type sequence which is not present 

in the mutant sequence was targeted (Figure 12, red bar). 

 

 

Figure 12: Schematic depiction of horned locus 

The horned wild-type sequence (top) is shown with the target site (red bar) and Pc specific primers. The Pc 

variant is shown below. 

 

Two different CRISPR/Cas12a (formerly CRISPR/Cpf1) systems were tested: AsCas12a and 

LbCas12a. The respective CRISPR/Cas12a vectors (SQT1659 expressing AsCas12a and 

SQT1665 expressing LbCas12a) were purchased from addgene. (SQT1659 was a gift from 

Keith Joung (Addgene plasmid # 78743; http://n2t.net/addgene:78743; 

RRID:Addgene_78743) and SQT1665 was a gift from Keith Joung (Addgene plasmid # 78744 

; http://n2t.net/addgene:78744 ; RRID:Addgene_78744)). For expression of the gRNA, 

SQT1659 was co-transfected with the expression vector BPK3079 (BPK3079 was a gift from 

Keith Joung (Addgene plasmid # 78741; http://n2t.net/addgene:78741; 

RRID:Addgene_78741)) and SQT1665 with BPK3082 (BPK3082 was a gift from Keith Joung 

(Addgene plasmid # 78742 ; http://n2t.net/addgene:78742 ; RRID:Addgene_78742)). The 

gRNAs are shown in Table 2. A further gRNA (“gRNA 3”) could not be cloned and was not 

employed in subsequent experiments. 

 

 

 

208	bp

208	bp Duplication

btHP-F1 btHP-R2389	bp

btHP-F1 btHP-R2591	bp

Horned	wildtype

Polled	Celtic

6 bp	deletion



Material and Methods 

 31 

Table 2: Pc K.I. target sites. 

Specific overhangs for ligation are underlined. PAM sequences are shown in bold letters. 

  Sequence (5’ → 3’) 

gRNA 1 Target TTTC TTGGTAGGCTGGTATTCTTG 

Sense oligo AGAT TTGGTAGGCTGGTATTCTTG 

Anti-sense oligo AAAA CAAGAATACCAGCCTACCAA 

gRNA 2 Target TTG GTAGGCTGGTATTCTTGCTC 

Sense oligo AGAT GTAGGCTGGTATTCTTGCTC 

Anti-sense  AAAA GAGCAAGAATACCAGCCTAC 

gRNA 4 Target GGTATTCTTGCTCTTTAGAT CAAA 

Sense oligo AGAT ATCTAAAGAGCAAGAATACC  

Anti-sense oligo AAAA GGTATTCTTGCTCTTTAGAT 

 

The cloning procedure was the same for both gRNA expressing plasmids. A total of 1 µg of 

plasmid DNA was digested with BsmBI for 2 hours at 37 °C. Digestion was verified by loading 

a small sample of the digestion reaction onto a 1 % agarose gel containing 0.005 % ethidium 

bromide (EtBr). The linearized plasmids were purified with the Spin Fragment Clean Up Kit 

(Stratec Molecular GmbH) according to the manufacturer's guidelines. For each target site, 

two complementary oligo sequences (see above), including BsmBI overhangs, were 

designed and annealed using the following reaction: 10 µl of each oligo (c = 100 µM) and 

80 µl annealing buffer (10 mM Tris pH 7.5 (Carl Roth), 1 mM EDTA (AppliChem), 50 mM 

NaCl (Carl Roth)) were incubated in a thermal cycler for 30 min at 37 °C, 5 min at 95 °C 

followed by cooling to 25 °C with 5 °C per min. Oligo duplexes were ligated into BPK3079 

and BPK3082 at a molar ratio of 3:1 (insert:backbone). Therefore, a 20 µl reaction was set 

up containing 50 ng linearized plasmid, 1 µl 1:200 diluted oligo duplexes, 2 µl T4 10x ligation 

buffer (Thermo Fischer), 1 µl T4 ligase (Thermo Fischer) and the appropriate volume of 

ddH2O. The reaction was incubated for at least 2 hours at 22 °C. Following this step, 3 µl 

ligation reaction were transformed in 50 µl of DH5alpha E. coli (Stratagene, USA). 

Subsequently, bacteria were plated on LB (lysogeny broth)-agar plates containing 100 

µg/ml ampicillin (Carl Roth, Germany) and incubated over night at 37 °C. Single colonies 

were picked and checked for correct integration of the insert by PCR. The reverse oligo and 

the OS280 sequencing primer (5'-CAGGGTTATTGTCTCATGAGCGG-3') were used as primers. 
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The reaction mixture contained 15,375 µl H2O (Milipore), 5 µl 5X Colorless GoTaq Flexi 

Buffer (Promega), 1,5 µl MgCl2 (25 mM, Promega), 0,5 µl dNTPs (10 mM, Life technologies), 

0,125 µl GoTaq G2 Hot Start polymerase (5 U/µl, Promega) and 0,75 µl (20 pmol/µl) of each 

primer. Colonies were picked using a sterile pipet tip and were shortly dipped into the PCR 

reaction. The PCR was run with the following conditions: Initial denaturation at 95 °C for 2 

min, followed by 30 cycles of 94 °C for 30 sec, 55 °C for 30 sec and 72 °C for 30 sec and a 

final extension for 2 min at 72 °C. PCR products were run on a 1 % agarose gel containing 

0.005 % EtBr to check for gRNA integration. For further propagation, pipet tips were 

transferred into bacteria culture tubes containing 3 ml LB-medium supplemented with 100 

µg/ml ampicillin and incubated for 16 to 24 hours at 37 °C in a shaker incubator at 300 rpm. 

Subsequently, plasmid DNA was purified using the GeneJet Plasmid Miniprep kit 

(ThermoFisher) following the manufacturer’s guidelines and sent for Sanger sequencing 

(LGC Genomics, Berlin, Germany) using OS280 as the sequencing primer. Cultures with 

positive sequencing results were further propagated in 100 ml LB-media with ampicillin 

supplementation at 37 °C for 16 to 24 hours in a shaker incubator and subsequently purified 

using the PureYield Plasmid Maxiprep kit (Promega). 

 

4.3.2 CRISPR/Cas9 plasmid construction 

 

For the designed knock-out mutation in the horned locus (horned locus knock-out, HLKO) 

CRISPR/Cas9 target sites were chosen with the help of the online design tool CRISPOR 

(http://crispor.tefor.net/): Three gRNAs left and right of a 300 bp sequence (HLKO_L1-3 

and HLKO_R1-3) were designed (Figure 13, red crosses). 

 

 

Figure 13: Schematic depiction of the horned locus knock-out (HLKO).  

Red crosses indicate the CRISPR/Cas9 target sites approximately 300 bp apart. 
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Table 3: HLKO target sites. 

Specific overhangs for ligation are underlined. PAM sequences are shown in bold letters.  

  Sequence (5’ → 3’) 

gRNA L1 Target  TGCCTGGGACTTCAAGAAGG CGG 

Sense oligo CACCG TGCCTGGGACTTCAAGAAGG 

Anti-sense oligo AAAC CCTTCTTGAAGTCCCAGGCA C 

gRNA L2 Target TTGTGCCTGGGACTTCAAGA AGG 

Sense oligo CACCG TCTTGAAGTCCCAGGCACAA 

Anti-sense oligo AAAC TTGTGCCTGGGACTTCAAGA C 

gRNA L3 Target AGAAGGCGGCACTATCTTGA TGG 

Sense oligo CACCG AGAAGGCGGCACTATCTTGA 

Anti-sense oligo AAAC TCAAGATAGTGCCGCCTTCT C 

gRNA R1 Target TTAAGTCTATCCCAAAAGTG TGG 

Sense oligo CACCG TTAAGTCTATCCCAAAAGTG 

Anti-sense oligo AAAC CACTTTTGGGATAGACTTAA C 

gRNA R2 Target TAAGTCTATCCCAAAAGTGT GGG 

Sense oligo CACCG TAAGTCTATCCCAAAAGTGT 

Anti-sense oligo AAAC ACACTTTTGGGATAGACTTA C 

gRNA R3 Target TGATGTTGAATTATAGGCAG AGG 

Sense oligo CACCG CTGCCTATAATTCAACATCA 

Anti-sense oligo AAAC TGATGTTGAATTATAGGCAG C 

 

Guides were introduced into the CRISPR/Cas9 expression plasmid pX330 (pX330-U6-

Chimeric_BB-CBh-hSpCas9 was a gift from Feng Zhang (Addgene plasmid #42230; 

http://n2t.net/addgene:42230; RRID: Addgene_42230)) according to the protocol of the 

Zhang laboratory (Cong et al. 2013). A total of 1 µg plasmid DNA was digested with BbsI for 

2 hours at 37 °C. Digestion was verified by loading a small sample of the digestion reaction 

to a 1 % agarose gel containing 0.005 % ethidium bromide (EtBr). The linearized plasmid 

was purified with the Spin Fragment Clean Up Kit (Stratec Molecular GmbH) according to 

the manufacturer's guidelines. For each target site two complementary oligo sequences 

(including BbsI overhangs) were designed and annealed using the following reaction (Table 
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3): 10 µl each oligo (c = 100 µM) and 80 µl annealing buffer (10 mM Tris pH 7.5 (Carl Roth), 

1 mM EDTA (AppliChem), 50 mM NaCl (Carl Roth)) were incubated in a thermal cycler for 

30 min at 37 °C, 5 min at 95 °C followed by cooling to 25 °C with 5 °C per min. Oligo duplexes 

were ligated into pX330 at a molar ratio of 3:1 (insert : backbone). A 20 µl reaction was set 

up containing 50 ng linearized plasmid, 1 µl 1:200 diluted oligo duplexes, 2 µl T4 10x ligation 

buffer (Thermo Fischer), 1 µl T4 ligase (Thermo Fischer) and the appropriate volume of 

ddH2O. The reaction was incubated for at least 2 hours at 22 °C. Following this, 5 µl of 

ligation reaction were transformed in 50 µl of DH5alpha E. coli (Stratagene, USA). 

Subsequently, bacteria were plated on LB-agar plates containing 100 µg/ml ampicillin (Carl 

Roth, Germany) and were incubated over night at 37 °C. Single colonies were picked and 

checked for correct integration of the insert via PCR. For PCR, the reverse oligo and the 

U6_Seq_F1 primer (5’ ACT ATC ATA TGC TTA CCG TAA C 3’) were used as primers. The 

reaction mixture contained 15.375 µl H2O (Milipore), 5 µl 5X Colorless GoTaq Flexi Buffer 

(Promega), 1,5 µl MgCl2 (25 mM, Promega), 0,5 µl dNTPs (10 mM, Life technologies), 0,125 

µl GoTaq G2 Hot Start polymerase (5 U/µl, Promega) and 0,75 µl (20 pmol/µl) of each 

primer. Colonies were picked using a sterile pipet tip and were shortly dipped into the PCR 

reaction. PCR was run with the following conditions: Initial denaturation at 95 °C for 2 min, 

followed by 30 cycles of 94 °C for 30 sec, 55 °C for 30 sec,72 °C for 30 sec and final extension 

for 2 min at 72 °C. The PCR product was run on a 1 % agarose gel containing 0.005 % EtBr 

to check for gRNA integration. For further propagation, pipet tips were transferred into 

bacteria culture tubes containing 3 ml of LB (lysogeny broth) medium, supplemented with 

100 µg/ml ampicillin and incubated for 16 to 24 hours at 37 °C in a shaker incubator at 300 

rpm. Subsequently, plasmid DNA was purified using the GeneJet Plasmid Miniprep kit 

(ThermoFisher) following the manufacturer’s guidelines and sent for Sanger sequencing 

(LGC Genomics, Berlin, Germany) using U6_Seq_F1 as the sequencing primer. Cultures with 

positive sequencing results were further propagated in 100 ml LB-medium with ampicillin 

supplementation at 37 °C for 16 to 24 hours in a shaker incubator and subsequently purified 

using the PureYield Plasmid Maxiprep kit (Promega). 
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4.3.3 Evaluation of gRNAs 

 

The procedure for evaluating on-target efficiencies of the nucleases was the same for both 

the Pc knock-in and the HLKO experiment. Each CRISPR/Cas construct was separately 

electroporated into wild-type (WT) ABFs. Once the cells reached confluency, they were 

lysed overnight (37 °C) by replacing the medium with lysis buffer. Afterwards, the lysate 

was transferred into a 1.5 ml Eppendorf tube and deactivated by incubation for 12 min. at 

95 °C. For amplification of the targeted genomic loci PCR was performed. The PCR-master 

mix was prepared for each sample (Table 4), including locus-specific forward and reverse 

primers (Table 5). The PCR-master mix composition was the same for all PCRs in the project. 

 

Table 4: Master mix composition. 

Component Supplier Final concentration 

5X Colorless GoTaq Flexi Buffer Promega 1 x 

Forward primer Eurofins 0.6 µM 

Reverse primer Eurofins 0.6 µM 

MgCl2 Promega 1.5 mM 

dNTPs Life Technologies 0.2 mM 

DNA  10 ng/µl 

GoTaq G2 Hot Start polymerase Promega 1.25 U 

Purified H2O   

 

 

Table 5: Primers for evaluation of gRNAs. 

btHP 
Forward GAAGGCGGCACTATCTTGATGGAA 

Product size: 389 bp 
Reverse GGCAGAGATGTTGGTCTTGGGTGT 

HLKO_L 
Forward GCTTAGCACCACAGGAGGTT 

Product size: 656 bp 
Reverse TCCATACTTAGGCAAACATCTGA 

HLKO_R 
Forward TCAGATGTTTGCCTAAGTATGGAT 

Product size: 609 bp 
Reverse CCACTGCTCGGAAACCGTAA 
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PCR samples were carefully mixed, gently centrifuged and placed in a thermal cycler with 

the following conditions for btHP: 95 °C for 2 min followed by 35 cycles of 95 °C for 25 sec, 

62 °C for 25 sec and 72 °C for 60 sec. Final elongation was performed at 72 °C for 5 min. 

The annealing temperature was adapted for both HLKO_L and HLKO_R (annealing at 58 °C 

for 25 sec). PCR products were run on a 1 % agarose gel containing 0.005 % EtBr for 

fragment detection. 

 

4.3.3.1 T7 endonuclease-I assay 

 

For assessment of indel formation, the T7 endonuclease-I (T7E1) cleavage assay was 

performed. A total of 12 µl un-purified PCR product, 2 µl NEB buffer 2 (New England 

Biolabs) and 5 µl pure water were mixed and placed in a thermal cycler at 95 °C for 10 min, 

cooling to 85 °C at 2 °C per sec followed by a cooling to 25 °C at 0.1 °C per sec. Afterwards, 

1 µl of T7 endonuclease-I (NEB) was added to the reaction mix and incubated at 37 °C for 

15 min. Digestion was stopped by adding 1.5 µl of EDTA (0.25 M, Carl Roth) and product 

was run on a 1.5 % agarose gel containing 0.005 % EtBr for cleavage detection. 

 

4.3.3.2 Sub-cloning 

 

For single allele sequencing, PCR products were purified using the Spin Fragment Clean Up 

Kit (Stratec Molecular GmbH) according to the manufacturer’s guidelines. The DNA 

concentration was measured (Nanodrop 1000) and adjusted to 30 to 40 ng/µl. Ligation was 

performed following the instructions given by the supplier (Promega). Briefly, the ligation 

reaction was set up as follows: 5 µl 2x T4 ligation buffer (ThermoFisher), 1 µl pGEM-T easy 

vector (Promega), 1 µl T4 ligase (ThermoFisher), the corresponding amount of insert for a 

3:1 insert:vector ratio and pure water for a total volume of 10 µl. The ligation reaction was 

incubated for a minimum of 2 hours at room temperature or at 4 °C overnight. The ligation 

product was transformed into competent bacteria and processed as described in section 

4.3.1. Purified plasmids were sent for Sanger sequencing (LGC Genomics, Berlin, Germany) 

using the T7Prom primer (5’ TAATACGACTCACTATAGGG 3’).  
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4.4 Construction of HDR templates 

 

4.4.1 Isolation and purification of the Pc variant 

 

An ear notch from a genetically polled Angus cow was used for this experiment. For 

isolation of DNA, approximately 50 mg of the tissue sample was cut into small pieces using 

a sterile scissor or scalpel blade and transferred into a 1.5 ml tube. A total of 600 µl of tissue 

lysis buffer and 43 µl of proteinase K (10 mg/ml) was added. Tissue samples were incubated 

at 50 °C overnight following centrifugation of 15 min at 20,800 x g. A total of 400 µl of the 

supernatant was transferred to a new tube and 560 µl saturated NaCl solution was added. 

The solution was thoroughly mixed by shaking and then centrifuged for 15 min at 20,800 x 

g. A total of 700 µl of the supernatant was transferred to a new tube and 700 µl 100 % 

ethanol was added. Again, the solution was thoroughly mixed and centrifuged using the 

same conditions as before. The supernatant was removed and the resultant pellet was 

washed with 70 % ethanol for several times. The supernatant was discarded and the DNA 

pellet was dried at 37 °C until no ethanol remnants were visible. The DNA was reconstituted 

in pure water. 

 

The Pc variant was amplified via PCR with primers encompassing the 202 bp indel mutation 

and the homologous arms (HP1748-F1: 5’ GGGCAAGTTGCTCAGCTGTTTTTG 3’ and HP1748-

R1 5’ TCCGCATGGTTTAGCAGGATTCA 3’; product size: 1748 bp). PCR conditions were as 

following: 95 °C for 2 min followed by 32 cycles of 95 °C for 25 sec, 62 °C for 30 sec and 72 

°C for 120 sec. Final elongation was achieved at 72 °C for 5 min. PCR products were partially 

run on a 1.0 % agarose gel containing 0.005 % EtBr. For the horned wild-type, a product 

size of 1546 bp and for the Pc variant a product size of 1748 was expected. Afterwards, the 

remaining PCR products were purified using the Spin Fragment Clean Up Kit (Stratec 

Molecular GmbH) according to the manufacturer’s instructions. The DNA concentration 

was measured (Nanodrop 1000) and adjusted to 30 ti 40 ng/µl. 
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4.4.2 Cloning of the Pc variant into transfection vector and linearization 

 

The purified PCR product was ligated into a transfection vector (TA Cloning™ Kit, with 

pCR™2.1 Vector, ThermoFisher Scientific) as recommended by the supplier. Briefly, the PCR 

product was diluted to a concentration of 25 ng/µl and then added to the master mix as 

shown in Table 6. Three insert:vector ratios were ligated: 3:1, 2:1 and 1:1. 

 

Table 6: Master mix composition of ligation for transfection vector. 

 

 

Each ligation was incubated at room temperature for one hour. The 3 µl ligation reactions 

were transformed into 50 µl of DH5alpha E. coli (Stratagene, USA) (for details see 

appendix). Subsequently, the bacteria were plated on LB-agar plates containing 100 µg/ml 

ampicillin (Carl Roth, Germany) and incubated overnight at 37 °C. Single colonies were 

picked and checked for correct integration of the insert via PCR and Sanger sequencing 

(primers: HP1748-F1 and HP1748-R1; also used as sequencing primers). Cultures with 

positive sequencing results were further propagated in 100 ml LB-media with ampicillin 

supplementation at 37 °C for 16 to 24 hours in a shaker incubator and subsequently purified 

using the PureYield Plasmid Maxiprep kit (Promega). The final construct was linearized via 

enzymatic digestion. The circular vector was incubated with EcoRV, NEB buffer 3.1 (New 

England BioLabs, USA) and purified water at 37 °C for one hour (Table 7). The final product 

was run on a 1 % agarose gel containing 0.005 % EtBr for verification of linearization. 
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Table 7: Enzymatic linearization of circular transfection vector. Incubation at 37 °C for one hour. 

 

 

  



Material and Methods 

 40 

4.5 Generation and characterization of edited cell lines 

 

DNA was extracted from the respective cell lines by replacing the medium with lysis buffer 

(incubation at 37 °C overnight, deactivation at 95 °C for 12 min) and the cell lysates were 

subjected to in-depth molecular analyses. 

 

4.5.1 Generation and characterization of Pc knock-in cell lines 

 

Adult bovine fibroblasts from a horned Holstein-Friesian bull were transfected (for details 

see chapter 4.2.2) with the CRISPR/Cas12a construct and HDR template.  

 

The Pc knock-in was analyzed via PCR and Sanger sequencing (LGC Genomics, Berlin, 

Germany). For detection via PCR, Pc-specific primers were used (btHP forward and reverse, 

table 4). PCR samples were placed in a thermal cycler with the following conditions: 95 °C 

for 2 min followed by 32 cycles of 95 °C for 25 sec, 62 °C for 25 sec and 72 °C for 60 sec. 

Final elongation was performed at 72 °C for 5 min. PCR products were run on a 1.5 % 

agarose gel containing 0.005 % EtBr for detection of knock-in bands. The expected product 

sizes were 389 bp for the horned wild-type and 591 bp for the Pc knock-in. BtHP forward 

and reverse were also used as sequencing primers. For analysis of the Pc variant including 

the homologous arms of the HDR template, PCR was performed with the primers used for 

the generation of the HDR template (for details on primers and PCR settings, see chapter 

4.4). 

 

After transfection, cells were spread onto a T25 cell culture flask. Once confluent, the cells 

were split onto a 96 well cell culture plate, with a calculated density of seven cells per well 

(single cell dilution). Once the cells reached confluency, PCR analysis was performed. Wells 

which showed a Pc knock-in band were pooled in one well of a 48 well cell culture plate. 

Once the well grew confluent, single cell dilution was repeated until a pure Pc knock-in cell 

line (Pc K.I.) was generated. The knock-in was confirmed as described above. 
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4.5.2 Generation and characterization of HLKO cell line 

 

Adult bovine fibroblasts from a horned Holstein-Friesian bull were transfected (for details 

see chapter 4.2.2) with two CRISPR/Cas9 plasmids flanking a 298 bp sequence within the 

horned locus (HLKO). 

 

The knock-out was analyzed via PCR and Sanger sequencing (LGC Genomics, Berlin, 

Germany). For detection via PCR, locus-specific primers were used (HLKO_L_forward and 

HLKO_R_reverse, Table 5). PCR samples were placed in a thermal cycler with the following 

conditions: 95 °C for 2 min followed by 32 cycles of 95 °C for 25 sec, 62 °C for 25 sec and 72 

°C for 60 sec. Final elongation was performed at 72 °C for 5 min. The PCR products were 

run on a 1.5 % agarose gel containing 0.005 % EtBr for detection of knock-in bands. The 

expected product sizes were 1242 bp for the wild-type sequence and 944 bp for the knock-

out fragment. The HLKO_L_forward and HLKO_R_reverse primers were also used as 

sequencing primers. 

 

After transfection, cells were spread onto a T25 cell culture flask. Once confluent, the cells 

were split onto a 96 well cell culture plate, with a calculated density of seven cells per well. 

Once the cells had reached confluency, PCR analysis was performed. Wells which showed 

a Pc knock-in band were again pooled on one well of a 48 well cell culture plate. Once the 

cells grew confluent, single-cell dilution was repeated until a pure knock-out cell line had 

been generated. The knock-out was confirmed as described above. 
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4.6 Generation of offspring 

 

For generation of offspring, the edited cell lines served as donor cells for the somatic cell 

nuclear transfer (SCNT), which is described in the following. Details concerning the media 

used are shown in the appendix (Tables 16 - 18). Produced embryos were transferred into 

synchronized recipients.  

 

4.6.1 Experimental animals 

 

All animals used in this project were kept and treated according to the German welfare law, 

the German guidelines for animal welfare and EU Directive 2010/63/EU. The animal 

experiments were approved by the supervisory authority (LAVES, AZ 33.19-42502-04-

17/2398). 

 

4.6.2 Somatic cell nuclear transfer 

 

Edited fibroblasts (Pc K.I. and HLKO) served as donor cells for the SCNT. To arrest the donor 

cells in G0/G1 phase of the cell cycle, the medium was replaced with serum-reduced 

medium (SRM, 0,5 % fetal calf serum) 48 to 72 h before SCNT. Shortly before SCNT, SRM 

was taken off and the cells were trypsinized and pelleted (centrifugation for 4 min at 1000 

rpm). The pellet was washed twice in 3 ml D10 medium and SRM, respectively. In the final 

step, the pellet was resuspended in 100 µl TCM-air until transfer. 

 

Ovaries were collected from a slaughterhouse (transport in pre-heated PBS solution, 25-30 

°C), washed in isotonic NaCl solution containing Pen/Strep. Ovaries were sliced and oocytes 

collected in slicing medium (500 ml PBS containing 5 mg heparin (2 IU, SERVA 24590) and 

10 ml NBCS (Boehringer 295965)). From there, morphologically intact cumulus-oocyte-

complexes (COCs) were collected in TCM-air (37 °C). Prior to in vitro maturation (IVM), COCs 

were washed three times in 100 µl TCM-culture drops (under oil, previously equilibrated at 

39 °C, 5 % CO2 for at least 1 h). COCs were placed into 100 µl IVM drops (TCM-culture + 

Suigonan®(MSD, Germany), 15 COCs/drop, under oil, equilibrated at 39 °C for at least 1 h) 

and cultivated for 16 to 18 h (overnight) at 39 °C, 5 % CO2. 
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After IVM, cumulus cells were removed by incubating the COCs in hyaluronidase (0.1 % 

hyaluronidase in PBS+PVA (polyvinyl alcohol)) for 10 min and vortexed for 3 min at 1200 

rpm. Residual cumulus cells were carefully removed manually with a pipette (175 µm 

diameter). Matured oocytes with a clearly visible extruded polar body were selected and 

maintained in equilibrated TCM-culture (under oil) until enucleation. 

 

Matured oocytes were placed in TCM-air containing cytocholasin B and Hoechst (Hoechst  

33 342) (8 to 10 min) for staining of the polar body and metaphase-II plate. Under brief 

control of UV light, polar body and metaphase-II plate were sucked out of the oocyte 

(enucleation) with a sharpened glass pipette (20 µm diameter). The enucleated cytoplasts 

were kept in TCM-culture (under oil, 37 °C) until nuclear transfer. Subsequently, one donor 

fibroblast was transferred into a cytoplast using a transfer pipette (in TCM-air + 

cytocholasin B). The newly formed complexes were maintained in TCM-culture (under oil, 

37 °C) until fusion. The reconstructed complexes were placed in fusion medium and fused 

at 15 V, 30 µs, 1 pulse (Eppendorf™ Multiporator™ Electroporation System). Afterwards, 

the complexes were incubated in TCM-air. Complexes which did not fuse after 15 min were 

pulsed again. The fused complexes were kept in TCM-culture until chemical activation. 

Next, the fused complexes were chemically activated. The time point of activation is an 

important factor for in vitro embryo development. Three time points of activation were 

tested in this project: 24, 26 and 28 hours after onset of IVM. Zygotes were placed in TCM-

culture medium (previously equilibrated containing ionomycin (solubilized in 

dimethylsulfoxide) for 5 min and then incubated in TCM-culture with 6-

(Dimethylamino)purine (6-DMAP) added for 3.5 to 4 hours at 37 °C and 5 % CO2. After 

incubation, zygotes were washed in SOFaa (m)+BSA drops, equilibrated at 37 °C, 5 % CO2, 

under oil. For in vitro cultivation (IVC), complexes were placed in 30 µl SOFaa (m)+BSA 

drops, equilibrated at 37 °C, 5 % CO2, under oil, 5 complexes per drop. Activated embryos 

were cultivated at 39 °C, 5 % CO2 (incubator: MODULAR INCUBATOR CHAMBER (ICN 

Biomedicals, Inc., Aurora, Ohio 44202, Cat.NO.6153000) until embryo transfer. Cleavage 

rates were assessed on days 4 or 5 and blastocyst rates were determined on days 7 and/ 

or 8. 
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4.6.3 Estrus cycle synchronization of recipient animals 

 

The estrus cycle of recipient animals was synchronized via hormonal treatment. All animals 

were clinically examined before treatment (visual examination of outer reproductive 

organs and transrectal palpation of uterus and ovaries). For luteolysis, 2 ml cloprostenol 

(synthetic prostaglandin F2α) (alfaCloprost® forte, alfavet, Germany) per animal were 

injected intramuscularly 20 days before the planned embryo transfers. A second injection 

was given 10 days later. Only animals which showed heat at the expected time points and 

had a palpable corpus luteum were used as recipient animals for embryo transfers. 

 

 

Figure 14: Time line of hormonal estrus cycle synchronization. 

 

4.6.4 Embryo transfer 

 

Prior to embryo transfer, one to two embryos were placed in pre-warmed TCM-air medium 

and transferred into an embryo transfer straw (sterile mini crystal straw for embryo 

transfer, IMV Technologies, France). The straws were placed into sterile embryo transfer 

pipettes. Prior to embryo transfer, recipient animals received an epidural anesthesia (2 ml 

Procamidor®, WDT, Germany). Embryos were transcervically transferred into the ipsilateral 

uterus horn, i.e. the side with the corpus luteum. Pregnancies were detected manually via 

transrectal palpation (presence of corpus luteum, form and contents of the uterus, 

amniotic sac) and transrectal sonography. 

 

4.6.5 Genotypic and phenotypic analysis of offspring 

 

One pregnancy was terminated on day 90 of gestation for analysis of the fetus. The fetal 

head was removed and stored in 3,7 % formaldehyde solution.  
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Fetal fibroblasts were isolated from the subcutaneous tissue as described in chapter 4.2.1. 

Briefly, tissue was washed with PBS containing antibiotics, cut into small pieces and placed 

in T25 cell culture flasks with T3-medium. Fetal fibroblasts were either frozen at -80 °C in 

freezing medium (see chapter 4.2.1) or used as donor cells for re-cloning. 

 

For PCR analysis and Sanger sequencing, DNA was isolated from approximately 50 mg liver 

tissue (for details on DNA isolation from tissue, see chapter 4.4.1). PCRs and Sanger 

sequencing analyses were conducted as shown in chapter 4.5.1. 

 

For phenotypic analysis, macroscopic images were acquired immediately after the fetus 

had been removed from the placenta. The head of the fetus was taken off and fixed in 

formaldehyde solution. For histological detection of potential fetal horn buds, the sample 

was fixed in a paraffin block for 14 days before slices of the frontal skin were prepared. 

Histological slices were stained with hematoxylin eosin (H&E) staining for visualization of 

the dermal layers. 

 

4.6.6 Off-target analysis and vector integration 

 

For off-target analysis, gRNA target sequences were analyzed via two online tools CRISPOR 

(http://crispor.tefor.net/) and Cas-OFFinder (CRISPR RGEN Tools, 

http://www.rgenome.net/cas-offinder/). No off-target binding sites (up to four 

mismatches tolerated) were predicted for the gRNA used for generation of Pc K.I. cell lines 

and the fetus. Potential plasmid vector integration into the fetus Pc K.I. was analyzed by 

PCR. All transfected plasmids carried the same ampicillin resistance cassette. Primers 

specific for this cassette (Table 8) were used with PCR as followed: 95 °C for 2 min followed 

by 25 cycles of 95 °C for 30 sec, 62 °C for 45 sec and 72 °C for 30 sec. The final elongation 

was achieved at 72 °C for 5 min. PCR products were partially run on a 1.0 % agarose gel 

containing 0.005 % EtBr. PCR with primers specific for the LbCas12a expression cassette 

SQT1665 was performed with the following settings: 95 °C for 2 minutes followed by 30 

cycles of 95 °C for 25 sec, 60 °C for 25 sec and 72 °C for 30 sec. Final elongation was achieved 

at 72 °C for 5 min. To test for possible integration of BPK3082, the OS280 sequencing primer 
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and the gRNAs reverse oligonucleotide were used as PCR primers with the following 

protocol: 95 °C for 2 min followed by 30 cycles of 95 °C for 30 sec, 62 °C for 45 sec and 72 

°C for 30 sec. Final elongation was performed at 72 °C for 5 min. 

 

Table 8: Primers used for analysis of vector integration. 

SQT_check 
Forward CATCGACAATAAGCGGCTGC 

Product size: 530 bp 
Reverse CCTTGATCTCCTGCACCTCG 

BPK_check 
Forward CAGGGTTATTGTCTCATGAGCGG 

Product size: 466 bp 
Reverse GGTATTCTTGCTCTTTAGAT 

Amp. Res. 
Forward GGCGCGGTATTATCCCGTAT 

Product size: 569 bp 
Reverse TGACTCCCCGTCGTGTAGAT 
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5 Results 

 

5.1 Transfection of adult bovine fibroblasts 

 

In order to design an efficient electroporation protocol for transfection of plasmids, adult 

bovine fibroblasts (ABFs) from an elite Holstein-Friesian bull (HF1) were transfected with a 

green fluorescence protein (GFP) expressing plasmid (for details see chapter 4.2.2) at 

different electroporation settings: group 1 at 1350 V and two 20 ms pulses, group 2 at 1800 

V and one 10 ms pulse, group 3 at 2000 V and one 10 ms pulse (Figure 16). The negative 

control group (mock) was electroporated without addition of the GFP plasmid. Microscopic 

pictures were taken 48 hours after transfection at the peak expression time point of GFP. 

All transfected cell populations showed fluorescence of fibroblasts (Figure 15).  

 

 
 

Figure 15: Representative imaging of transfected fibroblasts. 

Bright field image (left) and UV light-activated fluorescence (right), 48 hours after transfection. 

Electroporation settings: 1800 V, 1 pulse, 10 ms. Scale bar: 250 µm. 

 

To assess the transfection efficiencies for each protocol, the respective populations were 

subjected to FACS analysis. The results are shown in Figure 16. Group 3 showed the highest 

transfection efficiency (84.7 %); however, fibroblast viability was compromised and most 

of them entered senescence after few passages. Group 2 showed the highest transfection 

rate in combination with sufficient cell fitness (49.9 %), group one showed the lowest 

transfection rate (41.4 %). No statistical analysis could be performed due to the small 

number of replicates. 
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Figure 16: Transfection efficiencies according to FACS measurement 48 hours after transfection.  

For each group the respective efficiencies are shown. A mock transfection served as negative control. Data 

shown as mean ± SD of three different experiments. Statistical significance could not be calculated because 

of too few replicates. 
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5.2 Generation of Polled Celtic knock-in cell lines 

 

For generation of Polled Celtic knock-in (Pc K.I.) cell lines, fibroblasts from a genetically 

horned Holstein-Friesian breeding bull (HF1) were co-transfected with the CRISPR/Cas12a 

construct and the HDR template carrying the Pc variant. The horn status was verified using 

PCR (data not shown) and Sanger sequencing (Figure 17). 

 

 

Figure 17: Analysis of donor fibroblast cell line. 

Schematic depiction of the horned wild-type sequence (top) and the Sanger sequencing chromatogram 

(bottom) of HF1. 

 

5.2.1 Generation of HDR templates 

 

The Pc variant was detected in the DNA of an Angus cow and then isolated and amplified 

via PCR (primers: HP1748 F1+R1). DNA of a horned Holstein-Friesian served as horned wild-

type control. The purified amplicon was ligated into a transfection vector at three different 

vector:insert ratios (1:1, 1:2 and 1:3). Resulting constructs were analyzed for integration of 

the Pc sequence via PCR and Sanger sequencing (Figure 18). Following the final preparation 

of the transfection vector, plasmid 3.4 (Pc_3.4, Figure 19) was linearized prior to co-

transfection. 

 

208	bpHorned	wildtype 6 bp
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Figure 18: Colony PCR analysis of Polled Celtic (Pc) ligation into transfection vector. 

The Pc sequence was ligated at three different vector:insert ratio groups (1:1, 1:2, 1:3). Ten colonies were 

analyzed each, every sample represents one colony. Expected fragment size: 1748 bp. 

 

 

Figure 19: Depiction of Polled Celtic variant in transfection vector. 

Schematic depiction of the Polled Celtic variant (top) and Sanger sequencing chromatogram of HDR template 

Pc_3.4 (bottom). 

 

5.2.2 Production and in vitro evaluation of CRISPR/Cas12a 

 

For knock-in of the Pc variant, we employed the CRISPR/Cas12a system (formerly 

CRISPR/Cpf1). Two different Cas12a variants were tested, AsCas12a and LbCas12a. The 

Cas12a complex and the respective gRNAs required separate expression plasmids: 

SQT1659 for AsCas12a in combination with the gRNA expressing plasmid BPK3079 and 

SQT1665 for LbCas12a in combination with BPK3082 for expression of the corresponding 

gRNA. Plasmids SQT1659 and SQT1665 did not require further preparation for subsequent 

co-transfections. Four different gRNAs targeting the 6 bp deletion of the horned wild-type 
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sequence were ligated into both BPK3079 and BPK3082 and tested for their efficiency to 

target the desired sequence (for details see chapter 4.3.3). Representative results of the 

colony PCRs are shown in Figure 20 as several replicates were necessary to successfully 

ligate the oligoduplexes into the plasmids. Colonies which showed a band in the PCR 

analysis were cultivated further and the respective plasmid DNA was purified. Sanger 

sequencing confirmed the integration of the gRNAs into the expression plasmids (Figure 

21). 

 

 

Figure 20: Colony PCR for validation of gRNA integration in expression vectors. 

Single colony PCR after transformation of gRNA expressing plasmids into competent bacteria. OS280 was 

used as the forward primer and the respective oligonucleotide as the reverse primer. Five colonies per 

transformed construct were analyzed. 

 

 

Figure 21: Sanger sequencing of gRNA expression vector. 

Three gRNAs were ligated into gRNA expression vectors for AsCas12a and LbCas12a. The blue box highlights 

the integrated gRNAs. OS280 was used as sequencing primer.
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Even after three repeated ligations, transformations and a total of 17 sequencing trials, 

gRNA3 could not be integrated into either BPK3079 or BPK3082. Therefore, this gRNA was 

not included in subsequent experiments. Three different target sites (gRNA 1, gRNA 2 and 

gRNA 4) for AsCIRSPR/Cas12a and LbCRISPR/Cas12a were ligated into gRNA expression 

vectors (BPK3079 and BPK3082). 

 
For in vitro analysis of the Cas12a constructs, we employed the T7 endonuclease-I surveyor 

assay to detect induced mutations at the target site and sub-cloning of the PCR fragments 

for Sanger sequencing of single alleles.  

 

HF1 cells were co-transfected with the following plasmids combinations, respectively: 

SQT1659 + BPK3079_gRNA1, SQT1659 + BPK3079_gRNA2, SQT1659 + BPK_gRNA4 and 

SQT1665 + BPK3082_gRNA1, SQT1665 + BPK3082_gRNA2, SQT1665 + BPK3082_gRNA4. 

After co-transfection, each cell population was lysed and the target sequence was analyzed 

via PCR (primers: btHP F1 and btHP R2). The PCR products were purified and used for both 

the T7 endonuclease-I assay and ligation into the pGEM®-T Easy Vector System (sub-

cloning). Results for the T7 endonuclease-I assay are shown in Figure 22. The additional 

bands (red triangles) below the wild-type band in the gel indicate the formation of DNA 

heteroduplexes which were then cut by the T7 endonuclease. LbCas12a in combination 

with gRNA 2 and gRNA 4 was positive for the formation of heteroduplexes, while the 

others only showed slight hints of additional bands. The remaining PCR product of these 

two samples was ligated into the pGEM®-T Easy Vector and prepared as described in 

chapter 4.3.3.2. Sanger sequencing was undertaken to prove that CRISPR/Cas12a induced 

indel formation. Only for the sample co-transfected with LbCas12a and gRNA_4 a +1/-1 

nucleotide mutation was detected at the predicted cleavage site (Figure 23). Therefore, 

this combination was used in subsequent knock-in experiments. 
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Figure 22: T7 endonuclease-I assay of Co-transfected cells. 

PCR fragments (primers: btHP F1 + R2; size: 389 bp) encompassing the target site were tested for formation 

of heteroduplexes. All CRISPR/Cas12a + gRNA combinations were analyzed. Double bands (red triangles) 

resulted from cleavage of heteroduplexes by the T7 endonuclease. HF1 wild-type DNA served as negative 

control. 

 

 

Figure 23: Sanger sequencing of subclone from co-transfection with SQT1665 + BPK3082_gRNA4. 

The wild-type sequence (top) in comparison with a sub-clone. The CRISPR target site is shown in blue letters, 

the PAM sequence in red. The yellow letters show a +1/-1 indel mutation at the predicted cleavage site. 1/15 

sequenced sub-clones showed indel formation (∆ 1/15). 

 

5.2.3 Generation of Polled Celtic knock-in cell lines 

 

For the generation of Polled Celtic knock-in (Pc K.I.) cell lines, HF1 wild-type fibroblasts 

were co-transfected with plasmids SQT1665 and BPK3082_gRNA4 as well as the linearized 

HDR template containing the Pc variant. A valid PCR analysis within the first passage after 

transfection was not possible since the residual HDR template led to false positive results 

(data not shown). By employing a passaging system that includes two single cell dilutions, 

a knock-in cell line was successfully established. PCR analysis with primers flanking the Pc 

variant (btHP F1 + R2) showed integration of Pc; only a negligible residue of the wild-type 
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band was detected (Figure 24A). Sanger sequencing of the PCR products confirmed the 

knock-in (Figure 25). PCR analysis with primers flanking the HDR template including 

homologous arms (HP1748 F1 + R1) also revealed integration of the Pc variant, but also an 

unspecific lower band indicating a possible transfection vector integration (Figure 24B). 

 

 

Figure 24: PCR analysis of Polled Celtic knock-in cell line. 

A) Analysis of Pc K.I. cell line with primers flanking the induced mutation (btHP F1 +R2). Pc K.I.: 591 bp; WT 

(HF1): 389 bp. B) Analysis of Pc K.I. cell line with primers flanking the induced mutation and homologous arms 

of HDR template (HP1748 F1 + R2). An unspecific lower band was detected in the sample (red triangle). Pc 

K.I.: 1748 bp; WT (HF1): 1546 bp. 

 

 

Figure 25: Sanger sequencing of Polled Celtic knock-in cell line. 

Comparison of Sanger sequencing chromatogram of the HF1 wild-type control (top) and the Pc K.I. cell line. 

The generated cell line showed the desired 202 bp indel mutation. 

 

In conclusion, the data show the in vitro introgression of the Pc variant into the genome of 

adult bovine fibroblasts which then served as donor cell for the somatic cell nuclear 

transfer. 
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5.3 Generation of horned locus knock-out cell lines 

 

To further investigate the physiological mechanism of horn ontogenesis, we generated a 

novel knock-out mutation within the horned locus (horned locus knock-out, HLKO), using 

two CRISPR/Cas9 target sites flanking a ~300 bp sequence. For both the left and right target 

region, specific primers were designed: HLKO_L_forw + HLKO_L_rev for analysis of the left 

target region and HLKO_R_forw + HLKO_R_rev for analysis of the right target region. The 

primers were designed in a manner that HLKO_L_forw and HLKO_R_rev can be combined 

to outline the resulting knock-out mutation. 

 

5.3.1 Production and in-vitro evaluation of CRISPR/Cas9 contructs 

 

For generation of HLKO cell lines the CRISPR/Cas9 system was employed. For both target 

sites, three different gRNAs were designed and tested: HLKO_L1, HLKO_L2, HLKO_L3 

targeting the left side and HLKO_R1, HLKO_R2, HLKO_R3 targeting the right side of the 

knock-out sequence. During production of the CRISPR/Cas9 plasmids (pX330), the ligation 

of the gRNA target sequences was tested by PCR of the transformed bacteria colonies 

(Figure 26) (for details, see chapter 4.3.2). PCR positive samples were controlled for gRNA 

integration into pX330 via Sanger sequencing (Figure 27). 
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Figure 26: Colony PCR of gRNAs ligated into pX330 and transformation into competent bacteria. 

PCR analysis of single colonies using the U6-sequencing primer and the respective reverse oligonucleotide as 

PCR primer. Expected product size: 171 bp. 

 

 

Figure 27: Sanger sequencing of gRNAs ligated into CRISPR/Cas9 plasmid. 

The Sanger sequencing chromatograms show integration of the six target sequences into pX330. gRNAs are 

highlighted by blue box. 

 

For in vitro analysis of the Cas12a constructs, we employed the T7 endonuclease-I surveyor 

assay to detect induced mutations at the target site and sub-cloning of the PCR fragments 

for Sanger sequencing of single alleles. Each plasmid was transfected into HF1, respectively. 

The cell lysates were used for PCR for the T7 assay and sub-cloning. Results for the T7 

endonuclease-I assay are shown in Figure 28. For the corresponding PCRs, primers 

HLKO_L_forw+rev for the left target region and HLKO_R_forw+rev for the right target 

region were used. Additional double bands indicate the formation of insertions and/or 

deletions at the target site (red triangles). All designed constructs showed on-target effects. 

Representative results of the sub-cloning are shown in Figure 29. A total of 16 sub-clones 
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were analyzed via Sanger sequencing of each transfection. HLKO_L1 created a large 75 bp 

deletion in the target site. HLKO_L3 induced a 1 bp deletion at the predicted cleavage site 

of CRISPR/Cas9 3 bp upstream of the PAM sequence and HLKO_R1 knocked 2 bp out of the 

target sequence. In combination with the T7 endonuclease-I assays, this showed the ability 

of the CRISPR/Cas9 constructs to induce a double-strand break at the desired sequence. 

Out of 16 sub-clones, two sub-clones revealed indel formation for HLKO_L3 and HLKO_R1, 

respectively, therefore on-target efficiency is estimated at 12.5 %. 

 

 

Figure 28: T7 endonuclease-I assay of cells transfected with CRISPR/Cas9 plasmids. 

PCR fragments encompassing the target sites (left: HLKO_L1-3; right: HLKO_R1-3) were analyzed for 

formation of heteroduplexes. Additional bands (red triangles) result from cleavage of heteroduplexes by the 

T7 endonuclease. All analyzed nucleases were positive in the assay. HF1 wild-type DNA served as negative 

control.  
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Figure 29: Indel analysis of HLKO plasmid transfections. 

Sanger sequencing showed deletions in the regions of the respective target sites for transfections with 

HLKO_L1, HLKO_L3 and HLKO_R1. The chromatograms are aligned to the wild-type reference sequence. The 

gRNAs (underlined in blue) and respective PAM sequences (underlined in red) are highlighted in the reference 

sequence. 

 

5.3.2 Generation of HLKO cell lines 

 

In order to generate HLKO cell lines, one CRISPR/Cas9 plasmid targeting the left side 

(HLKO_L1-3) and another targeting the right side (HLKO_R1-3) of the target sequence were 

co-transfected into HF1. First, PCR analysis was performed on the lysate of transfected cells 

to establish the knock-out with different CRISPR/Cas9 combinations. The most efficient 

combinations are shown in Figure 30. HLKO_L_forw and HLKO_R_rev were used as primers. 
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Figure 30: Exemplary PCR analysis of fibroblasts co-transfected with HLKO plasmids. 

The dominant wild-type bands and faint knock-out bands (red arrows) are shown, indicating a rather low 

knock-out efficiency. DNA from HF1 was used as negative control. Primers used: HLKO_L_forw and 

HLKO_R_rev. Expected fragment size: wild-type at 1242 bp and knock-out at around 942 bp. 

 

HLKO_L3 and HLKO_R1 were chosen for subsequent experiments since this combination 

had the lowest probability for off-target events and all combinations showed similar 

efficiencies in the PCR analysis. The knock-out efficiency of a larger fragment was rather 

low, but sufficient. By using a passaging scheme designed to generate cell populations 

containing modified cells only (single cell dilution; for details see chapter 4.5.1), two knock-

out cell lines were generated: HLKO-C6 and HLKO-D5. The PCR analyses are shown in Figure 

31. Sanger sequencing data show a 298 bp knock-out for HLKO-C6 and 297 bp knock-out 

for HLKO-D5 (Figure 32). 
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Figure 31: PCR analyses of generated HLKO cell lines. 

Two cell lines were generated: HLKO-C6 (left) and HLKO-D5 (right). The knock-out bands are about 300 bp 

lower than the wild-type controls (1242 bp). DNA from HF1 was used as wild-type control. Primers: 

HLKO_L_forw and HLKO_R_rev. 

 

 

Figure 32: Sanger sequencing of HLKO-C6 and HLKO-D5. 

The Sanger sequencing chromatograms of HLKO-C6 (top) and HLKO-D5 (bottom) aligned to the horned wild-

type reference sequence are shown. HLKO-C6 showed a knock-out of 298 bp with cuts at the predicted 

cleavage sites of the employed CRISPR/Cas9 constructs. HLKO-D5 showed a residual 3 bp sequence within a 

300 bp deletion. 
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5.4 Generation of offspring 

 

Polled Celtic knock-in and horned locus knock-out fibroblast cell lines were established as 

shown in the previous chapters. Here, results for the somatic cell nuclear transfer (SCNT), 

embryo transfers (ET) and analysis of the first offspring are reported. 

 

5.4.1 Somatic cell nuclear transfer 

 

The goal of this project was to generate live offspring with modified horn formation. The 

somatic cell nuclear transfer enables the production of embryos from genetically modified 

fibroblasts which can be transferred into synchronized recipient animals. Results from the 

generation of in vitro produced embryos and SCNTs employing modified genetically 

fibroblasts are shown in this section. 

 

5.4.1.1 In vitro embryo production 

 

For production of cloned embryos, the fused complex of a matured oocyte and the donor 

fibroblasts needs to be chemically activated in order to induce cleavage of the 

reconstructed zygote. For embryo transfer, embryos need to develop into a morula at day 

six or a blastocyst until day seven. An important factor for efficient in vitro development of 

parthenogenetically activated embryos is the time point of activation in respect to the 

beginning of in vitro maturation (IVM).  

 

To optimize this step, three different time points of parthenogenetic activation after the 

beginning of IVM were evaluated: 24 hours, 26 hours and 28 hours post IVM. Only oocytes 

which clearly showed an extruded polar body were used in the activation experiments. The 

percentage of blastocysts on day eight of in vitro cultivation (IVC) was assessed for each of 

the three groups, as shown in Figure 33. The activation time point 26 hours after onset of 

IVM yielded the highest blastocyst rate (27.8 %), showing a reliable in vitro production of 

parthenogenetic embryos. The group with the activation time point 24 hours after onset 

of IVM yielded a blastocyst rate of 19.3 % and the group with the activation time point 28 
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hours after onset of IVM yielded 20.3 % blastocyst rate. The differences in blastocyst 

formation were not significant (p > 0.07). 

 

 

Figure 33: Blastocyst rate of parthenogenetically activated embryos. 

The relative amounts of blastocysts on day eight of in vitro cultivation for three groups are shown: 24 hours, 

26 hours and 28 hours after in vitro maturation of oocytes. For 24 h post IVM n= 97, for 26 h post IVM n=145 

and for 28 h post IVM n=147. Data shown as mean ± SD of five experiments. No significant differences were 

observed (p > 0. 07). 

 

5.4.1.2 SCNT using genetically modified bovine fibroblasts 

 

For establishment of the SCNT protocol, wild-type HF1 cells and HLKO fibroblasts were used 

as donor cells. Oocytes were retrieved from slaughterhouse ovaries. In three experiments 

(Exp. 1-3), in vitro development of the SCNT derived embryos was assessed (Table 9). In the 

first experiments, developmental rates of cloned embryos from wild-type cells (HF1) were 

compared with those of parthenogenetically activated oocytes. The blastocyst rate of HF1-

clones (22.7 %) was almost twice as high as that of the control group. The second 

experiment determined the developmental rates of embryos cloned from a genetically 

modified fibroblast cell line (HLKO-C6), clones from wild-type fibroblasts (HF1) and a 

parthenogenetically activated control group. On day 4 of IVC, contamination of the medium 

was noticed. Even though the embryos developed at a high rate, the cultures were 

discarded. In the third and final preliminary SCNT experiment, clones from HLKO-C6, HF1 
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and a parthenogenetically activated control group were compared. Again, embryos cloned 

from the genetically modified fibroblasts showed the highest blastocyst rate (26.3 %).  

 

Table 9: Preliminary experiments for establishment of SCNT protocol. 

The developmental rates of cloned cell lines are shown. Parthenogenetically activated oocytes were used as 

control group (Partheno. contr.), hence no data for number of reconstructed complexes and fusion rate were 

assessed. *IVC droplets were contaminated. The embryos were discarded on day 4. 

 

 

5.4.2 Production of cloned embryos and embryo transfers 

 

Two experiments to produce genetically modified embryos for embryo transfer (ET) were 

conducted within this study. In the first experiment, both Polled Celtic knock-in (Pc K.I.) and 

horned locus knock-out (HLKO-D5) fibroblasts were cloned via SCNT. The developmental 

rates are shown in Table 10. Ten embryos cloned from the HLKO-D5 cell line and two 

embryos cloned from the Pc K.I. cell line were produced. 

 

Table 10: First SCNT experiment for embryo transfers. 

Embryos were cultured until the morula/blastocyst stage (day 7). Parthenogenetically activated oocytes were 

used as control group. *One fused complex was lost during handling. 

 

Experiment
Maturation	rate	of	

oocytes (%)
Donor	cell	line	for	

SCNT
SCNT	complexes

built (n)
Fusion	rate

Cleavage	rate,
day	4

Blastocyst	rate,
day	8

1
90/132	
(68.2	%)

HF1	wild-type 48
44/48
(91.7	%)

n.a.
10/44	
(22.7	%)

Partheno.	contr.
(n=35)

- - n.a.
4/35

(11.4	%)

2
86/146
(58.9	%)

HF1	wild-type 30
21/30	
(70.0	%)

17/21	
(80.9	%)

n.a.	*

HLKO-C6 28
24/28
(85.7	%)

21/24
(87,50	%)

n.a.	*

Partheno.	contr.
(n=22)

- -
17/22	
(77.3	%)

n.a.	*

3
95/188
(50.5 %)

HF1	wild-type 30
25/30
(83.3	%)

16/25	
(64.0	%)

5/25	
(20.0	%)

HLKO-C6 39
38/39	
(97.4	%)

24/38	
(63.2	%)

10/38
(26.3	%)

Partheno.	contr.
(n=19)

- -
16/19	
(84.2 %)

2/19
(10.5	%)

Maturation	rate	of	
oocytes	(%)

Donor	cell	line	for	
SCNT

SCNT	complexes
built (n)

Fusion	rate
Cleavage	rate,

day	4
Blastocyst	rate,

day	7

89/184
(48.3	%)

HLKO-D5 53
50*/53	
(94.3	%)

40/49	
(81.6	%)

10/49
(20.4 %)

Pc	K.I. 16
14/16	
(87.5	%)

7/14
(50.0	%)

2/14
(14.2	%)

Partheno.	contr.
(n=10)

- -
4/10

(40.0	%)
1/10

(10.0 %)
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In preparation of ETs, recipient animals were synchronized (for details, see chapter 4.6.3). 

Seven recipient animals were in heat seven days prior ET. Two animals received Pc K.I. 

embryos (one each) and five animals received one to two HLKO-D5 embryos (Table 11). 

Two pregnancies were detected on day 30 of gestation. By day 62 of gestation, only one 

pregnancy was detected by manual palpation and sonography (animal number 3957). A 

later examination, however, showed that also this pregnancy had been lost. No ongoing 

pregnancies could be established from the first SCNT and ET experiment. 

 

Table 11: Embryo transfer of embryos produced by SCNT. 

Seven animals received one to two embryos. Two pregnancies were detected initially. *Pregnancies could 

not be maintained past day 62 of gestation. 

 

 

In the second SCNT and ET experiment, only Pc K.I. fibroblasts were used as donor cells 

since at this time point the two pregnancies with HLKO-D5 embryos (Table 11) were still 

maintained and no further HLKO cell lines were available. Results of the second SCNT 

experiment are shown in Table 12. Due to a limited number of matured oocytes and a well-

established protocol, all collected oocytes were used for SCNT of Pc K.I. fibroblasts without 

a control group. 

 

Table 12: Second SCNT experiment for embryo transfer. 

Day 7 embryos were used for embryo transfer. Remaining embryos were left in culture, six showed delayed 

development into blastocysts. *Two fused complexes were lost during handling. 

 

Animal	number Transferred embryos Pregnancy

5657 Pc	K.I.:	1	early	blastocyst

5584 Pc	K.I.:	1	compacted	morula

5643 HLKO-D5:	1	hatched	blastocyst

5651 HLKO-D5:	2	compacted	morulae

5661 HLKO-D5:	2	morulae Yes*

5660 HLKO-D5:	1	blastocyst

3957 HLKO-D5:	2	morulae,	1	small	blastocyst Yes*

Maturation	rate	of	
oocytes	(%)

Donor	cell	line	for	
SCNT

SCNT	complexes
built (n)

Fusion	rate	(%)
Cleavage	rate,

day	5
Blastocyst	rate,

day	7
Blastocyst	rate,

day	8

74/160
(46.3	%)

Pc	K.I. 70
66*/70	
(94.3	%)

51/64
(79.7 %)

18/64
(28.1	%)

24/64
(37.5	%)
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Transfers were conducted with day 7 embryos. The remaining embryos were left in culture 

with some showing delayed development. Pictures of those embryos were taken on day 8 

of IVC (Figure 34). The red triangles highlight artefacts of the micromanipulation during 

SCNT. The additional holes in the zona pellucida due to nuclear transfer resulted in two 

hatching sites. 

 

 

Figure 34: Embryos cloned from Pc K.I. fibroblasts on day 8 of IVC. 

Bright field image of various stages of embryo development. Red triangles highlight artefacts of 

micromanipulation during the hatching process of a blastocyst. 

 

Nine recipient animals were synchronized and received one to two embryos (Table 13). Six 

pregnancies were detected on days 39 and 50 of gestation via sonography. Sonographic 

images of placentomes (Figure 35, red arrow), umbilical cord or fetal body parts confirmed 

the respective pregnancies. On day 90 of gestation, three pregnancies were detected. One 

of these pregnancies (animal number 5669) was terminated on day 90 for analysis of the 

fetus. Analysis of the retrieved embryo is shown in chapter 5.4.3. The remaining 

pregnancies were allowed to go to term and are expected to deliver calves in March 2020. 
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Figure 35: Detection of pregnancy via sonography. 

Imaging of placentomes (red arrow) confirmed pregnancies of recipient animals. 

 

Table 13: Embryo transfers of Pc K.I. embryos produced by SCNT. 

One to two embryos per animal were transferred. From nine transfers, six pregnancies were detected on 

days 39 and 50 of gestation (*Pregnancies could not be detected by day 90 of gestation; **Pregnancy was 

prematurely terminated for analysis of the fetus). 

 

 

 

 

 

Animal	number Transferred embryos Pregnancy

5647 1	hatched	blastocyst Yes

5628 1	hatched	blastocyst

5668 1	expanded	blastocyst,	1	blastocyst Yes*

5659 1	hatched	blastocyst Yes

5670 1	hatched	blastocyst

5669 1	hatched	blastocyst Yes**

5716 2	blastocysts Yes*

5671 1	expanded	blastocyst,	1	early	blastocyst Yes*

5732 1	hatched	blastocyst	
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5.4.3 Analysis of cloned offspring 

 

The first pregnancy (animal number 5669, fetus Pc K.I.) was terminated on day 90 of 

gestation to assess the horn status of the fetus. A size-matched horned wild-type control 

(horned WT) was collected from the slaughterhouse. In the following, results of the 

phenotypic and genomic analysis are shown. 

 

5.4.3.1 Genomic analysis 

 

For genomic analysis of fetus Pc K.I. and the horned WT control, DNA was isolated from the 

respective skin tissue and sub-dermal tissue was used to derive fetal fibroblast cell lines 

from both fetuses. The horn status of the horned WT control was confirmed via PCR 

analysis and Sanger sequencing (data not shown).  

 

DNA of fetus Pc K.I. was analyzed via PCR with Pc-specific primers (btHP-F1 and btHP-R2, 

Figure 36A) and primers used for generation of the HDR template (HP1748 F1 and HP1748-

R1, Figure 36B). DNA from HF1 served as the horned (negative) control and DNA from the 

Angus cow which also served as donor for the HDR template was used as the polled 

(positive) control. The gel electrophoresis image of the PCR revealed integration of the Pc 

variant. Figure 36B also showed integration of the Pc variant, but also an unspecific lower 

band indicating a possible vector integration. Both analyses were identical to the Pc K.I. 

fibroblast donor cell line (chapter 5.2.3). Sanger sequencing confirmed the 202 bp indel 

mutation of the Pc variant in the Holstein-Friesian genome (Figure 37). HF1 served as the 

horned wild-type control. 
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Figure 36: PCR analysis of fetus Pc K.I. 

A) Pc-specific PCR showed the knock-in the 202 bp indel mutation (polled: 591 bp; horned: 389 bp). B) PCR 

encompassing the HDR template. The band for Pc (1748 bp) is slightly higher than the horned wild-type 

control (1546 bp). An unspecific band at ca. 1,000 bp was detected. 

 

 

Figure 37: Sanger sequencing analysis of fetus Pc K.I. 

Schematic depiction of the Pc variant (top). The Sanger sequencing chromatogram (bottom) confirmed the 

202 bp knock-in of the Pc variant into the HF1 genome. 

 

5.4.3.2 Phenotypic analysis 

 

For phenotypic analysis, macroscopic images were taken and histological examination of 

the frontal skin was conducted. The macroscopic images were taken immediately after the 

fetuses had been removed from the respective amniotic sac. In the horned WT control, 

horn buds were detected, whereas the frontal skin of fetus Pc K.I. was completely smooth 

and showed no fetal horn buds (Figure 38). 
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Figure 38: Macroscopic image of fetus Pc K.I. 

The horned wild-type control (A) showed horn buds located on the frontal skin (red circle). The frontal skin 

of fetus Pc K.I. (B) was smooth in the area of potential horn buds. 

 

Histological examination of the horned WT controls frontal skin clearly revealed the 

expected layers of vacuolated keratinocytes of the horn buds (11-13 cell layers, red bracket, 

Figure 39A); no hair follicles were detected in the area of the horn buds. Histology of fetus 

Pc K.I. focally showed foci with slightly thickened epidermis (3-4 cell layers, red arrow, 

Figure 39B). This histological examination provides solid evidence for a polled phenotype 

of the generated fetus. Also, no hair follicles were detected in the respective area. In 

addition, a small incision with unclear cell layering was shown. 

 

B)A)
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Figure 39: Histological analysis of frontal skin. 

Histological analysis of fetal horn bud from the horned WT control (A) showed additional layers of vacuolated 

keratinocytes (11-13 layers, red bracket). No hair follicles (red triangles) were detected under fetal horn buds. 

Analysis of the frontal skin of fetus Pc K.I. showed foci with minor thickening of the epidermis (3-4 cell layers, 

red arrow). No hair follicles were detected in this area. Microscopic magnification: 40 x. 

 

 

 

A)

B)
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5.4.3.3 Off-target analysis and vector integration 

 

For the knock-in experiments a gRNA was used which had no potential off-targets with up 

to four mismatches allowed (Cas-OFFinder, CRISPR RGEN Tools). Therefore, no further off-

target analysis of fetus Pc K.I. was conducted. 

 

Random plasmid vector integration is generally possible when constructs are transfected. 

Here, we tested for vector integration by performing PCR analysis of selected plasmid 

fragments (for details, see chapter 4.6.6). The fibroblasts were transfected with three 

vectors: SQT1665, BPK3082 and pCR2.1 (HDR template). PCRs for the ampicillin resistance 

cassette (same for all plasmids) and fragments of SQT1665 and BPK3082 were performed 

(Figure 40). A partial integration of pCR2.1 was already indicated in Figure 36. The ampicillin 

resistance-specific PCR revealed a potential integration site of the cassette in the genome 

of fetus Pc K.I. at 25 PCR cycles (Figure 40A, red triangle). No fragments of the Cas12a 

expression cassette of plasmid SQT1665 or the gRNA expression cassette of BPK3082 were 

detected (Figure 40). 
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Figure 40: Vector integration analysis of Pc K.I. 

A) Ampicillin resistance cassette specific PCR analysis (25 cycles). A band was detected in the sample (red 

triangle). Diluted plasmid suspensions served as positive control. B) SQT1665 specific PCR analysis. The tested 

sequence was not detected in the sample. Diluted SQT1665 served as positive control. C) BPK3082 specific 

PCR analysis. The tested sequence was not detected in the sample. Diluted BPK3082 served as positive 

control. 

 

5.4.3.4 Re-cloning of fetus Pc K.I. 

 

After the fetus was extracted, fibroblasts were isolated from subcutaneous tissue. These 

cell lines were used as donor cells for SCNT. The results of cloning of this cell line (fetus Pc 

K.I clone) are shown in Table 14. Even though the developmental rates were lower 

compared to the previous SCNT experiments, a sufficient number of embryos was 

produced. The embryos were transferred into seven synchronized recipients. One 

pregnancy was detected on day 54 of gestation via sonography. The pregnancy was allowed 

to go to term. 

 

100	bp
ladder

Fetus
Pc	K.I.

Plasmid H2O

100	bp
ladder

Fetus
Pc	K.I.

Plasmid H2O

100	bp
ladder

Fetus
Pc	K.I.

WT
HF1

H2OWT
Angus

SQT
1665

BPK
3082

pCR2.1

1000	bp

1000	bp 1000	bp

500	bp

500	bp 500	bp

A)

B) C)

100	bp
ladder



Results 

 73 

 

Table 14: Re-cloning of fetus Pc K.I. clone cell line 

The maturation rate was not assessed in this experiment. Parthenogenetically activated embryos served as 

the control group. 

 

 

  

Maturation	rate	of	
oocytes	(%)

Donor	cell	line	for	
SCNT

SCNT	complexes
built (n)

Fusion	rate	(%)
Cleavage	rate,

day	4
Blastocyst	rate,

day	7

n.a.

Pc	K.I. 101
79/101
(78.2	%)

37/79
(46.8	%)

8/79
(10.1	%)

Partheno.	contr.
(n=19)

- -
6/19

(31.6	%)
3/19

(15.8 %)
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6 Discussion 

 
The global demand for dairy products is increasing concomitantly with the ever-growing 

human population. In order to achieve a sufficient production of milk products of a high 

quality, the dairy industry has focused on the propagation of a valuable genetic stock with 

superior milk production and other favorable breeding characteristics. Holstein-Friesians 

(HF) are the most common dairy breed in the European dairy industry. Nearly all of the top 

HF breeding animals show a horned phenotype which frequently is associated with animal 

welfare concerns and an increased risk of injuries both for animals and the farmers. 

Disbudding of calves without anesthesia also raises animal welfare concerns. A polled 

phenotype is common in beef cattle (e.g. Angus), but this trait is only rarely found in dairy 

breeds such as HF and Brown Swiss (BS). Even though the underlying molecular background 

of horn ontogenesis is unknown, several mutations in the polled locus have been identified 

to be involved in polledness. In breeds originating from northern Europe and Great Britain, 

a complex 202 bp indel mutation (Polled Celtic variant, Pc) causes polledness, whereas an 

80 kb duplication (Polled Friesian variant, Pf) leads to the same phenotype in Holstein-

Friesians. Both mutations occur within the same genomic region (horned locus) on bovine 

autosome 1 (BTA1) and are located in non-coding areas of the genome approximately 500 

kb apart from each other. Increasing the number of polled HFs and BSs by classical cross-

breeding is hardly feasible due to poor milk yields and the small gene pools of polled HF 

and BS individuals. To integrate a variant causing polledness into a horned top breeding 

bull without significantly affecting other desired traits by classical breeding would take 

more than eight generations. Genome editing offers a new a possibility to transfer a single 

trait like polledness within one generation. The 80 kb duplication of the Pf variant is too 

large for genome editing as it exceeds the capacities of current gene editing systems, 

therefore we focused on the integration of the Pc variant. 

 

We hypothesized that the CRISPR/Cas12a mediated knock-in of the Polled Celtic variant 

into the genome of an originally polled HF breeding bull causes a polled phenotype in 

offspring produced via somatic cell nuclear transfer (SCNT). Furthermore, a novel knock-

out mutation in the horned locus was induced in an attempt to gain further insight into the 

genetic background of the polled phenotype. 
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This study is a convincing example for the application of genome editing to address burning 

issues in today’s animal breeding systems by employing modern biotechnological methods 

such as the CRISPR/Cas technology and SCNT to generate polled offspring from a superb 

genetically horned founder bull. The methodical aspects of this project, the analysis of the 

offspring and its scientific implications are discussed in the following pages. 
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6.1 Use of CRISPR/Cas systems for modification of the bovine polled locus 

 

In order to integrate the HDR template (i.e. Pc variant) into the host genome, a double-

strand break (DSB) within the horned WT sequence was required. As the Pc variant consists 

of a 208 bp duplication, cutting of the HDR template and re-cutting of a successful knock-

in had to be avoided. Our strategy therefore was to overlay the target region of the 

nuclease with the 6 bp region of the horned WT sequence (i.e. 6 bp deletion of the 202 bp 

indel mutation) which is not present in the Pc variant. Recently, the CRISPR/Cas9 system 

had been shown to be the gold standard for targeted gene editing. However, the small 

target area (6 bp) only allowed a limited number of CRISPR target sites and the application 

of the CRISPR/Cas9 system is restricted by the availability of a corresponding PAM 

sequence (5’ – NGG 3’). An insertion of a silent mutation (i.e. an exchange of a single base 

pair without altering the corresponding amino acid) at the desired site within the HDR 

template to create a fitting PAM sequence is possible in principle. However, since the Pc 

variant is located within an intergenic region, a reading frame does not exist and variations 

of the Pc variant with an unknown outcome would not have been beneficial for the 

hypothesis of the project. 

 

The CRISPR/Cas12a nuclease (formerly CRISPR/Cpf1) is a class II CRISPR/Cas system which 

requires a different PAM sequence than CRISPR/Cas9 (5’ (T)TTN – 3’) (Zetsche et al. 2015). 

This feature makes it a favorable option in T-rich target regions, such as the target 

sequence. Another benefit of CRISPR/Cas12a is its cleavage pattern. Unlike CRISPR/Cas9, it 

possesses only one cleavage domain (RuvC-like endonuclease domain) which cleaves each 

DNA single strand at different sites, resulting in non-homologous 4-5 bp overhangs (sticky 

ends). This increases the probability of correct integration of the template. These 

properties made CRISPR/Cas12a the nuclease of choice for the knock-in of the Pc variant. 

In this project, 20 bp long gRNAs were used and an updated version of the online tool 

CRISPOR (http://crispor.tefor.net) predicted higher on-target efficiencies with gRNAs of 24 

bp length. An experiment comparing both gRNA lengths could potentially optimize on-

target efficiencies and thereby facilitate the knock-in. Assessment of on-target efficiency 

relied on the detection of indel mutations. Even though rarely reported, the CRISPR/Cas12a 

systems ability to introduce indels is known to be inconsistent depending on the locus. 
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Therefore, the detection of indels might not be representative for assessment of on-target 

efficiencies (Bin Moon et al. 2018). Quantitative knock-in efficiencies could not be assessed 

directly after transfection due to residual HDR template within the cells. The employed 

assays could not discriminate between cellular and template DNA. 

 

In a previous study, the Pc variant was knocked into the genome of a HF bull where TALEN 

were used for the induction of a DSB (Tan et al. 2013). TALEN consist of two DNA binding 

sites (monomers), each linked to a Fok1 enzyme which nick one DNA strand. Only if the 

TALEN monomers are within a defined distance to each other (spacer sequence of about 

15 bp) the two single strand nicks form a DSB (Boch et al. 2009). To avoid cutting of the 

HDR template and re-cutting of the knock-in, Tan et al. designed TALEN in a manner that 

the monomers bound with the correct distance to each other within the horned wild-type 

sequence resulting in a DSB. In the Pc variant, however, the 208 bp duplication was located 

between the two monomers, so no DSB occurred in cells that were correctly modified. 

Alternatively, a new endonuclease was designed which combines the advantages of 

CRISPR/Cas and TALEN. Guilinger et al. modified the CRISPR/Cas 9 system in a way that it 

could bind to DNA, but not cut (dCas9). Instead, it was fused to a Fok1 enzyme 

(CRISPR/dCas9Fok1) (Guilinger et al. 2014). Even though this system seemed to be a 

promising alternative for the knock-in of the Pc variant, it could not be successfully used 

since the PAM restriction did not allow the correct spacer sequence length of the two 

required constructs.  

 

The toolbox of available DNA nucleases is constantly increasing. Recently, an improved 

CRISPR/Cas12a system with higher on-target efficiencies was engineered by adding a 

uridinylate-rich 3′-overhang to the 20-base target-complementary sequence of the gRNA 

(Bin Moon et al. 2018). Additionally, a SpCas9 system with a broadened PAM compatibility 

was designed (xCas9) to overcome the 5’-NGG3’ PAM restriction of classical SpCas9 

nucleases (Hu et al. 2018). Taken together, a variety of nucleases could serve as an 

alternative to the original CRISPR/Cas12a system employed in this project. To optimize the 

integration of the Pc variant, all available nucleases could be compared towards their on-

target efficiency in this specific locus to improve the overall efficiency in an eventual 

breeding program. 
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Once a DSB in the DNA occurs, it is repaired either via non-homologous end joining (NHEJ) 

or homology directed repair (HDR). The error prone NHEJ occurs in all stages of the cell 

cycle whereas HDR is only active when a homologous DNA sequence (either the homologue 

chromatid or the HDR template) is present (S and G2 phase of the cell cycle). Thus, knock-

in efficiencies are generally lower than knock-out efficiencies (Chu et al. 2015). The design 

of the HDR template is a critical factor for knock-in efficiencies. Generally, single-stranded 

oligonucleotides (ssODNs) show a higher knock-in efficiency. Previous studies had 

demonstrated that asymmetric ssODN templates with homologues arms (HA) of about 50-

80 bp show the highest knock-in efficiencies; however ssODNs are often limited to the 

insertions of smaller mutations up to 200 bp (Richardson et al. 2016; Song and Stieger 

2017). As the Pc variant consists of 202 bp, it could still be transferred in the form of a 

ssODN with homologous arms (HA) of ~80 bp. However, the synthesis was not possible due 

to the high GC content within the template which could lead to formation of undesired 

secondary structures of the DNA template. 

 

A further option to increase knock-in efficiencies is the use of small molecules. Several 

compounds were published which inhibit the NHEJ pathway and thereby increased HDR 

efficiencies up to 19-fold with a variety of NHEJ inhibitors that are commercially available 

(Maruyama et al. 2015). Even though these findings cannot be generally extrapolated to all 

knock-in experiments, small molecules might facilitate the in vitro knock-in of the Pc variant 

in future experiments. 

 

In the present experiments, we delivered the Pc variant as a double-stranded (ds) DNA 

template, according to Tan et al. (Tan et al. 2013). The final template was linearized via 

enzymatic digestion. Whether linearized or circular HDR templates show a higher knock-in 

efficiency is not yet fully clarified and a matter of debate. The dsDNA templates are more 

robust and easily replicated via bacterial retransformation (see chapter 4.4). However, they 

usually are more readily incorporated by the dominant NHEJ process, possibly resulting in 

duplication of the HA or partial integration of the template (Olsen et al. 2010). 
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Recently, a novel CRISPR/Cas9 variant was developed which induces single strand breaks 

and inserts DNA sequences without an HDR template by generating new DNA from an RNA 

template (Anzalone et al. 2019). This so-called prime editing system’s Cas9 domain was 

modified to only cut one of the two strands. The prime editing guide RNA (pegRNA) 

contains both the target sequence and an RNA template. A reverse transcriptase was fused 

to the CIRSPR/Cas9 complex which reads the RNA sequence and links the corresponding 

DNA nucleotides to the nicked DNA. Thereby, new DNA sequences can be inserted without 

the inefficient canonical HDR pathway. In the only published experiment with prime 

editing, so far the largest knock-in sequence was 44 bp long (Anzalone et al. 2019). If the 

size limit of this system can be increased, it could be promising for an in vitro knock-in of 

the Pc variant. Optionally, the Pc variant could be inserted in multiple steps using prime 

editing. 

 

CRISPR/Cas systems bind to the desired target site via an RNA to DNA binding. Binding to 

other than the targeted sequence may lead to unintended genetic modifications and 

chromosomal rearrangements, such as indel formation, chromosomal inversions or 

translocations (Fu et al. 2013; Hsu et al. 2013; Cho et al. 2014). Depending on the genomic 

location, these off-target events could affect the phenotype (Fu et al. 2013). In CRISPR/Cas 

experiments, the design of the gRNA is crucial for the occurrence of off-target events. 

When the gRNA binds to DNA, mismatches between gRNA and the DNA sequence are 

tolerated which enables unintended cutting of the DNA. The probability of off-target events 

is drastically reduced with three or more mismatches (Veres et al. 2014). Various 

CRISPR/Cas systems with enhanced specificity via modifications of either the Cas9 protein 

or the gRNA (e.g. truncation of gRNA) were reported (Fu et al. 2014; Ran et al. 2014; 

Kleinstiver et al. 2016; Slaymaker et al. 2016). Higher specificity however often correlates 

with decreased on-target events, resulting in a tradeoff of specificity and efficiency. Off-

targets can be detected by Sanger sequencing the ten most likely off-target binding sites of 

the respective gRNA or by whole genome sequencing. 

 

The CRISPR/Cas12a system tolerates fewer mismatches when compared with the classical 

CRIPSR/Cas9 system (Cho et al. 2014; Swarts et al. 2017). In general, mismatches are less 

tolerated near the PAM sequence (Zheng et al. 2017). For the knock-in of the Pc variant, a 
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gRNA for the CRISPR/Cas12a system was used which showed no predicted off-targets, even 

in sequences with up to four mismatches. Consequently, off-target events induced by 

CRISPR/Cas12a were highly unlikely in this project, hence off-target analysis of the 

generated polled fetus was not essential and not undertaken. However, once a live animal 

is generated, especially with the long-term goal of introducing it into the food chain, whole 

genome sequencing is inevitable. 

 

Unintended vector integration was previously described when a double-stranded vector 

was transfected (Olsen et al. 2010; Radecke et al. 2010). During the genomic analyses of 

the generated polled fetus, Pc variant-specific PCR (including respective HA) revealed an 

additional unspecific band and a signal for the ampicillin resistance cassette. This indicated 

a potential integration of a second copy of the HDR fragment into the bovine genome or 

an additional insertion of a fragment of the template. Previously, a ds-HDR template was 

accidentally integrated into the genome of a genetically modified HF bull in which polled 

live offspring were generated by somatic cloning (Tan et al. 2013; Carlson et al. 2016). The 

employed HDR template was identical to the template used in our project. Norris et al. 

showed the unintended integration of an additional copy of the template by aligning the 

entire plasmid backbone sequence with the bovine reference genome (Norris et al. 2019). 

While one allele contained the Pc variant as desired, the other allele also showed 

integration of the plasmid backbone with an additional copy of the Pc variant. This could 

not be detected via PCR genotyping since the resulting amplicons produced by the 

template plasmid integration were identical with the correctly integrated Pc variant. 

Moreover, the plasmid backbone was not included in the alignment of sequencing data 

hence the undesired sequences were not recognized. According to Norris et al., vector 

integration is often considered as unlikely and only a minor finding, thus the frequency of 

integrated gene editing plasmids is underreported. 

 

Random vector integration has to be taken into account when transfecting ds-DNA 

templates. Quantitative PCR analysis such as digital droplet PCR or qPCR can be used to 

detect additional copies of a DNA sequence. Furthermore, long-read sequencing systems 

such as GUIDE-seq , CIRCLE-seq or DISCOVER-seq may provide new means for detection of 

on-target errors (Tsai et al. 2015, 2017; Wienert et al. 2019). The failed detection of the 
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vector backbone by Tan et al. underlines the importance of thorough off-target analysis, 

especially if the ultimate goal is to bring gene edited animals into the food chain. However, 

it was shown that this unintended edited can be corrected by classical cross-breeding 

(Young et al. 2019). Here, further experiments for the analysis of vector integration will be 

conducted in subsequent studies.  
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6.2 The production of cattle with gene edited polled locus 

 

In the present study, genetically modified fibroblasts were used as donor cells in somatic 

cell nuclear transfer to generate viable offspring. Despite intense research efforts, SCNT is 

still a rather inefficient process. The required oocytes were collected from slaughterhouse 

ovaries without further knowledge about the donor animals. In this project, the total 

number of matured oocytes had priority over optimized maturation and development 

rates, so the cumulus-oocyte complexes (COCs) were not pre-selected by morphological 

criteria: COCs with a below average amount of cumulus cells and inhomogeneous cell 

content were included in the procedures. This has been shown to reduce the 

developmental rates (Iwasaki et al. 2018). It has been reported that the in vitro 

developmental ability of SCNT derived embryos did not differ significantly between oocytes 

collected from slaughterhouse material and oocytes collected from live donor animals via 

ovum pick-up (OPU) (Akagi et al. 2014). Nevertheless, the inconsistent in vitro maturation 

(IVM) rates and embryo developmental rates in the present project can be partially 

explained by varying COC quality since handling and employed material were consistent 

over the entire duration of the experiments. Optimal pre-conditions for the production of 

SCNT derived embryos could be achieved either by a strict selection of morphologically 

intact COCs or by using in vivo-matured oocytes. Blastocyst formation for both IVF and 

SCNT embryos from in vivo-matured oocytes was significantly enhanced in comparison to 

that of in vitro-matured oocytes (Leibfried-Rutledge et al. 1987; Rizos et al. 2002; Akagi et 

al. 2008). 

 

In this project, the reconstructed complexes were maintained in culture medium for 1 to 2 

hours prior to activation. In preliminary experiments, three different time points of 

activation in relation to the onset of IVM were analyzed regarding blastocyst rates after 

parthenogenetic activation. No significant differences were found between the three 

groups. However, the time interval between fusion and activation was inconsistent 

throughout the SCNT experiments. Previous studies had shown that the timing of electrical 

fusion and chemical activation affected the embryo development in vitro and in vivo (Cibelli 

et al. 1998; Wells et al. 1999). A longer defined time interval between fusion and activation 

had been shown to lead to improved in vitro embryo development attributed to a longer 
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exposure of donor chromosomes to factors present in the metaphase II (MII) oocyte 

cytoplasm (Shin et al. 2001). The SCNT protocol used in the present study can potentially 

be optimized by modifying activation and fusion time points. 

 

Cattle have been successfully cloned from different somatic cell types, with slightly 

different success rates depending on laboratory conditions (Kato et al. 2000, 2004; Tian et 

al. 2003; Kato and Tsunoda 2011). Fetal and adult fibroblasts are the most frequently used 

donor cells in bovine cloning (Tian et al. 2003; Carvalho et al. 2019). In our project, edited 

adult fibroblasts (Pc K.I. and HLKO) were used as donor cells. A detrimental effect of the 

genetic modification on embryo development cannot be completely excluded in this 

context. However, preliminary SCNT experiments did not show significant differences in 

blastocyst rates of embryos cloned from wild-type and edited fibroblasts.  

 

Here, genetically edited SCNT embryos were reliably produced and after embryo transfer 

pregnancies could be established, however elevated early embryonic mortality was 

observed. Lower pregnancy rates and decreased full-term development rates have been 

reported in previous cloning experiments (Heyman et al. 2002; Sutovsky 2007; Sawai et al. 

2012; Long et al. 2014). Several factors may contribute to early embryonic and fetal losses. 

After fusion, epigenetic reprogramming of the donor nucleus (i.e. Pc K.I. or HLKO) is 

triggered by factors present in the plasma of the enucleated oocyte. Significant differences 

in DNA methylation patterns have been observed between IVF produced and SCNT 

produced embryos (Kang et al. 2001). While IVF and in vivo produced embryos were 

generally undermethylated as expected, SCNT produced embryos often showed an 

aberrant methylation profile which frequently resembled that of the donor cell. In 

combination with aberrant re-methylation, this impaired epigenetic reprogramming may 

lead to faulty gene expression patterns and thereby interfere with full-term development. 

Epigenetic modifiers, such as trichostatin A, have the potential to improve re-methylation 

during in vitro production (IVP) and may improve embryo development (Sawai et al. 2012). 

However, results were inconsistent and only with a few compounds full-term development 

rates could be improved (Akagi et al. 2014). Another reason of early abortions of bovine 

SCNT derived embryos is insufficient placentation. Abnormal placentation was detected via 

sonography in pregnancies of this study which did not develop full term. A possible reason 
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for this might be a disproportion of inner cell mass (ICM) and trophectoderm (TE) cells in 

cloned embryos. During embryo development, the pluripotent cells in the early embryo 

differentiate into ICM and TE cells. The embryonic tissue and parts of extraembryonic 

membranes are derived from the ICM cells, whereas the TE cells contribute to the fetal 

placenta (Gardner 1990). Previously, it was shown that bovine SCNT embryos have an 

increased ICM:total cell ratio in comparison to in vivo-derived blastocysts (Koo et al. 2002). 

It was hypothesized that this disproportion of ICM and TE cells may be involved in 

insufficient placentation. Differential staining of ICM and TE cells could provide information 

on the allocation of embryonic cells to either the ICM or TE. The present results suggest 

that faulty epigenetic reprogramming and insufficient placentation are main factors for 

early fetal losses and may also have had a detrimental effect in the present study. 

 

The phenotype was assessed by macroscopic inspection and histological staining of the 

frontal skin. Macroscopically, the horned WT control showed distinct fetal horn buds and 

histology revealed clear thickening of the epidermis with additional layers of vacuolated 

keratinocytes. No hair follicles were detected below the horn buds, which is in accordance 

with the genomic analysis and previous studies in which the horn status of different fetal 

stages was examined (Wiener et al. 2015). In contrast to the horned WT control, the 

absence of additional vacuolated keratinocytes in the edited fetus (fetus Pc K.I.) strongly 

suggested a polled phenotype. The observed incision on the frontal skin most likely 

represents an artefact of the histological preparation. Horn bud-specific immunohistology 

can be conducted in future experiments. The examination of the calves delivered from 

current ongoing pregnancies will lead to definite results (expected birth in March 2020). 

 

Previously described mutations within the horned locus are associated with a polled 

phenotype (Pc and Pf). However, the underlying molecular mechanisms are still unknown. 

None of the mutations is located in coding regions of the locus, thereby no gene in the 

adjacent genomic region can be directly correlated to this particular phenotype. Previous 

studies had demonstrated that a tissue specific long intergenic non-coding RNA (lincRNA) 

was overexpressed in the frontal skin of heterozygous polled fetuses, its function however 

is unknown (Allais-Bonnet et al. 2013; Wiedemar et al. 2014). 
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One hypothesis is that micro RNAs (miRNA) are involved in molecular pathways leading to 

polledness. MiRNAs are short non-coding RNA molecules with about 22 nucleotides which 

have been reported to affect gene expression in several mammalian species, including 

cattle (Li et al. 2010). MiRNA can inhibit gene expression by interacting with the 3’ 

untranslated region (UTR) of target mRNAs (Ha and Kim 2014), e.g. translational repression 

and mRNA deadenylation (Huntzinger and Izaurralde 2011; Jonathan and Leemor 2015). 

Another potential mechanism is miRNA binding to the 5’ UTR that can lead to silencing of 

genes (Forman et al. 2008; Zhang et al. 2018). Certain miRNAs also have the ability to bind 

to the promotor regions of a specific gene and induce transcription (Dharap et al. 2013). It 

is well known that miRNAs can affect gene expression over longer genomic distances in 

various ways and it is possible that mutations causing polledness are causative for aberrant 

miRNA biogenesis, ultimately leading to the respective phenotype. In this scenario, 

however, two separate mutations that are located several kilobases apart (Pc and Pf) would 

have to activate the same molecular pathway, since both lead to the same phenotype with 

apparently no significant variation of candidate gene expression in homozygous polled 

animals (Allais-Bonnet et al. 2013; Wiedemar et al. 2014). Nevertheless, it is possible that 

the corresponding sequences or entire genes of the reference genome are not yet 

annotated correctly which contributes to a poor understanding of the underlying 

mechanisms of horn formation. 

 

Another hypothesis regarding horn formation is that the respective mutations affect the 

spatial organization of chromosome 1. In general, chromatids show a non-random nuclear 

organization. Topologically associating domains (TADs) are structural units of the genome 

which can bring loci that are located far apart along the linear genome into close proximity 

of each other by forming loop structures (Lupiáñez et al. 2016; Spielmann and Mundlos 

2016). The formation of such structures can, for example, establish contact of non-coding 

enhancing regions with gene promotors and thereby affect expression patterns. TADs are 

highly conserved among species, cell types and tissues (Dixon et al. 2012; Nora et al. 2012). 

The respective domains are separated by boundary regions consisting of hundreds to 

thousands non-coding base pairs. Previously, mutations were induced in boundary regions 

of TADs which lead to partial fusion of adjacent TADs or a shift of their position, i.e. a 

functional change of the three-dimensional chromatin structure (Nora et al. 2012; 
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Narendra et al. 2015; Lupiáñez et al. 2015). These epigenetic frame shifts are associated 

with novel enhancer-promotor interactions and thereby affect gene expression in loci 

which are not located near the causative mutation. We hypothesize that the polled locus 

may also be part of such a not yet annotated boundary region and thereby both Pc and Pf 

cause a functional variation of the respective boundary region. However, this implies that 

in order to confirm the hypothesis, a refined annotation of this genetic locus is necessary 

and gene expression of all genes located on BTA1 has to be analyzed in future studies.  

 

The above hypotheses imply that the exact nucleotide sequences of Pc and Pf are not the 

determining factors for polledness, but rather their size and location are crucial in this 

context. Any moderate or large mutation in these genomic regions should lead to a polled 

phenotype. To confirm this hypothesis, we tried to produce polled offspring by inducing a 

novel knock-out mutation (HLKO) in the intergenic region which is duplicated in the Pc 

variant. However, no pregnancies with embryos carrying the HLKO could be maintained 

long enough to retrieve fetal tissue for analyses. Further experiments are necessary to 

confirm or reject the above hypotheses. 
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7 Conclusion and outlook 

 

The main goal of this project was to generate polled offspring from a horned breeding bull 

within one generation and thereby create a model for future breeding strategies to 

improve animal welfare and handling safety. The Polled Celtic (Pc) variant which causes 

polledness was isolated from the genome of an Angus cow and we established an efficient 

procedure for the in vitro knock-in of this variant into adult fibroblasts taken from a 

Holstein-Friesian bull using the CRISPR/Cas12a system. Furthermore, we were able to 

reliably and efficiently produce embryos cloned from gene edited bovine fibroblasts and 

subsequently produced pregnancies via nonsurgical embryo transfer. Analyses of one fetus 

revealed integration of the Pc variant into the genome and phenotypic data strongly 

suggested a polled phenotype in this fetus. We thereby confirmed that the transfer of the 

Pc variant alone is causative for polledness. The remaining pregnancies will be allowed to 

go to term and analysis of live offspring is expected to confirm these first results. In 

conclusion, we demonstrated that gene editing techniques can be successfully used to 

accelerate breeding processes such as the distribution of polledness in the Holstein-

Friesian population and how urgent questions regarding animal welfare, disease resistance 

and basic research could be addressed by the application of genome editing. 

 

 To gain further insight into the molecular mechanisms underlying polledness, we 

generated cell lines carrying a novel knock-out mutation (HLKO). However, resulting 

pregnancies could not be maintained long enough to analyze fetal tissue, hence the above-

mentioned hypotheses could not be confirmed or rejected in this experiment. 

 

In future experiments, whole genome sequencing of gene edited polled offspring should 

be conducted to complete the genomic analysis. The methods used for the knock-in of the 

Pc variant can be further improved towards higher efficiency by re-design of the gRNA or 

use of an alternative HDR template. Furthermore, the HLKO experiment should be 

repeated to generate more information on the molecular background of polledness. In 

addition to Holstein-Friesians, polledness is also sparsely distributed in breeds such as 

Brown Swiss or Wagyu. The methods established in this project can be used to distribute 

polledness also in these breeds providing benefit both the animals and farmers.  
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Appendix 

 

Table 15: Composition of fibroblast cell culture media. 

 
 

 

Table 16: Composition of TCM-air 

 
 

 

Table 17: Composition of TCM-culture 

 

Manufacturer
D10	

medium

D20	

medium

T3	

medium

Serum-
reduced
medium

DMEM-Stock
Capricorn
Scientific

43.5	ml 38.5 ml 33.5	ml 9.65	ml

FCS
Capricorn

Scientific
5	ml 10	ml 15	ml 50	µl

Pen/Strep	
(100x)

Sigma-Aldrich 500	µl 500	µl 500	µl 100	µl

MEM	Non-
essential
amino	acids
(100x)

Sigma-Aldrich 500	µl 500	µl 500	µl 100	µl

Sodium

pyruvate
(100x)

Sigma-Aldrich 500	µl 500	µl 500	µl 100	µl

Final volume 50	ml 50	ml 50	ml 10	ml

Substance Manufacturer Amount
TCM	199	(g) Sigma	M	2520 1.510
Gentamycin-Sulfat	(g) Sigma	G	3632 0.005
Na-pyruvat (g) Sigma	P	3662 0.0022
NaHCO3		(g) Sigma-Aldrich 0.035
ad	.	H2O	(ml) Sigma	W	1503 100
BSA		[FAF] (g) Sigma	A	7030 0.1

Substance Manufacturer Amount
TCM	199	(g) Sigma	M	2520 1.51
Gentamycin-Sulfat	(g) Sigma	G	3632 0.005
Na-pyruvat	(g) Sigma	P	3662 0.0022
NaHCO3		(g) Sigma-Aldrich 0.22
ad	.	H2O	(ml) Sigma	W	1503 100
BSA		[FAF] (g) Sigma	A	7030 0.1
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Table 18: Lists of compositions of SOFaa(m) media 

 
 
  

Sigma

Produkt	Nr.
g/mol 100	ml End-Konz.	mM

myo-Inositol	 I	7508 180,2 0,05	g 2,77
Gentamycin G	3632 0,005	g 50	µg/ml
Sigma	H2O	 W	1503 76	ml
Glutamine	 G	6392 100	µl 0,2
Stock	A	 10.0	ml
Stock	B	 10,0	ml
Stock	C	 1,0	ml
Stock	D	 1,0	ml
BME	50x	 B	6766 3,0	ml 30	µl/ml

MEM	100x	 M	7145 1,0	ml 10	µl/ml

SOF-stock	A	(10	x)
Sigma

Product No.
g/mol 100	ml

Fin.-conc.

mM
1,08	M	NaCl	(g) S	5886 58.44 6.290 108
0,072	M	KCl	(g) P	5405 74.55 0.534 7.2
0,012	M	KH2PO4		(g) P	5655 136.1 0.162 1.2
MgSO4 (g) M	2643 120.4 0.182 1.5
Sigma	H2O	(ml) W	1503 98.40
0,042	M	Na-lactat (ml) L	4263 112.1 0.600 4.2

SOF-stock	B (10	x)
Sigma

Product No.
g/mol 100	ml

Fin.-conc.

mM
250	mM	NaHCO3	(g) S	4019 84.01 2.100 25
Phenolrot	(g) P5530 376.40 0.010 1	mg/	100	ml
Sigma	H2O	(ml) W	1503 100

SOF-stock	C	(100 x)
Sigma

Product No.
g/mol 10	ml

Fin.-conc.

mM
0,073	M	Na-Pyruvat	(g) P3662 110.0 0.08 0.73
Sigma	H2O	(ml) W	1503 10

SOF-stock	D	(100 x)
Sigma

Product No.
g/mol 10	ml

Fin.-conc.

mM

0,178	M	

CaCl2x2H2O	(g)
C	7902 147.0 0.262 1.78

Sigma	H2O	(ml) W1503 10
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