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Preface 

 

This dissertation presents the experimental work performed for the degree of Doctor of Philosophy at 

Aarhus University. The project was supervised partly by Bo Thomsen, PhD and for the other part by prof. 

Dr. Christian Bendixen. Steffen Møller Larsen, PhD assisted with co-supervision for part of this project. 

The research was performed between February 1st, 2015 to April 30th, 2018 at the Section of Molecular 

Genetics and Systems Biology, Department of Molecular Biology and Genetics, Aarhus University, 

Denmark. Additionally, parts of the experiments were performed in the lab and with the guidance of prof. 

Dr. Uffe Birk Jensen, Department of Biomedicine, Aarhus University, Denmark. Parts of this dissertation 

were used in the progress report for the qualifying exam, which is in line with GSST rules.  

 The focus of this project was on producing genetically modified honeybees and pigs through 

CRISPR-Cas9 gene editing in combination with sperm mediated gene transfer. We first investigated several 

strategies to implement CRISPR-Cas9 gene editing in honeybees and porcine cell lines in our lab. 

Subsequently, the CRISPR-Cas9 technique was tested in combination with sperm mediated gene transfer. 

The dissertation is a monograph and contains a general introduction, followed by Part I: Genetic 

modification of honeybees with CRISPR-Cas9 and Part II: Genetic modification of pigs with CRISPR-

Cas9 and SMGT. These parts both consist of several chapters that will further introduce the subjects, 

describe the methods, discuss the experiments and finish with a conclusion.  

 

 

Anja E. Pen  

May 2018 
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ALS Amyotrophic lateral sclerosis 

Cas9 CRISPR-associated protein 9  

CRISPR Clustered regularly interspaced short palindromic repeats 

eSpCas9 Enhanced specificity Streptococcus pyogenes Cas9 

FALS Familial ALS 

FUS Fused in Sarcoma/Translocated in Sarcoma 

HBS HEPES buffered saline  

HDR Homology directed repair  

HIF1 Hypoxia-inducible factor 1 

IF-1 Inhibitory factor 1 

Indel Insertions and deletions  

LY Landrace Yorkshire  

miRNA MicroRNA 

NGS Next-generation sequencing  

NHEJ Non-homologous end joining 

PBS Phosphate buffered saline  

PERV Porcine endogenous retrovirus 

RBP RNA-binding proteins  

RGEN RNA-guided Endonucleases  
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SCNT Somatic cell nuclear transfer 

sgRNA Single guide RNA  

siRNA Small interfering RNA 

SMGT Sperm mediated gene transfer 

SOD1 Superoxide dismutase 1  

SpCas9 Streptococcus pyogenes Cas9 
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Abstract  

 

Creating animal models by using genome modification has gotten significantly more accessible thanks to 

the CRISPR-Cas9 technique. In this study, we aimed to the implement the CRISPR-Cas9 methodology in 

the European honeybee (Apis mellifera) and pig (Sus scrofa) for generation of animal models. We want to 

use these animal models to study the development of honeybees and the pathology of amyotrophic lateral 

sclerosis (ALS) in a pig model of human disease. In order to simplify the production of these animal models, 

we test the use of sperm mediated gene transfer (SMGT) in combination with CRISPR-Cas9. 

 Honeybees are highly eusocial insects that develop specific phenotypical features because of 

differential feeding regimes in the larval stage. Since the genetic basis of each honeybee is similar, these 

features result from a change in the epigenome of the insects. Investigating the underlying mechanisms of 

honeybee development using genome modification will aid in uncovering these complex genetic regulatory 

systems. In honeybees, we have attempted to induce genome modification in the cinnabar gene through 

microinjection and feeding of CRISPR-Cas9 components to larvae. Additionally, we tested whether Cas9 

is able to alter the genome of honeybee spermatozoa.  

Pigs have been used as models for human disease for many years but creating these models has 

been challenging. Our research group is mainly interested in modelling neurodegenerative diseases, such 

as Parkinson´s disease and ALS. We aim to produce model animals using the CRISPR-Cas9 method in 

combination with SMGT. In pig, the goal was to produce a genetically modified animal model of SOD1 

with CRISPR-Cas9 components transferred through SMGT. To this end, we have tested Cas9 editing in 

porcine cell lines and inseminated sows with semen containing a Cas9-sgRNA DNA construct. In our 

animal models, we would like to study the RNA binding properties of proteins because of its involvement 

RNA handling in the pathology of ALS. Therefore, we also tested a method called RNP 

immunoprecipitation and sequencing (RIP-seq).  

We have not succeeded in generating genome modifications at our target sites, which means that 

the implementation of the methods is not yet completed. However, we have gained valuable knowledge 

about the CRISPR-Cas9 system and RIP-seq that we can build future experiments on.  
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Dansk resumé 

 

Produktion af dyremodeller ved brug af genommodifikation er blevet betydeligt mere tilgængelig takket 

være CRISPR-Cas9-teknikken. I dette PhD studie har vi haft til formål at implementere CRISPR-Cas9-

metoden i den europæiske honningbi (Apis mellifera) og i svin (Sus scrofa) med henblik på generering af 

dyremodeller. Vi ønsker at bruge disse dyremodeller til at studere udviklingen af honningbier og patologien 

af amyotrofisk lateralsklerose (ALS) i en svinemodel af den humane sygdom. For at forenkle produktionen 

af disse dyremodeller har vi testet anvendelsen af sædmedieret genoverførsel (SMGT) i kombination med 

CRISPR-Cas9.  

Honningbier er eusociale insekter, der udvikler specifikke fænotypiske egenskaber på baggrund af 

forskellige fodringsregimer i larvestadiet. Da laver med samme genetiske baggrund kan udvikle forskellige 

fænotyper, antages dette at være forårsaget af epigenetiske forskelle. En undersøgelse ved brug af 

genommodifikation af de underliggende mekanismer for honningbiens udvikling vil hjælpe med at afdække 

disse komplekse genetiske reguleringssystemer. I honningbier har vi forsøgt at inducere 

genommodifikation i cinnabar-genet ved mikroinjektion og ved fodring af CRISPR-Cas9-komponenter til 

larver. Derudover testede vi om Cas9 er i stand til at ændre genomet i spermatozoer fra honningbier.  

Grise har været anvendt som modeller for humane sygdomme i mange år, men at skabe disse 

modeller har været udfordrende. Vores forskningsgruppe er primært interesseret i modellering af 

neurodegenerative sygdomme, såsom Parkinson´s sygdom og ALS. Formålet i dette projekt var at 

producere en grisemodel ved modifikation af SOD1 genet ved brug af CRISPR-Cas9 komponenter overført 

via SMGT. Til dette formål har vi testet Cas9-redigering i cellelinjer fra svin og i søer ved inseminering 

med sæd blandet med DNA, der koder for Cas9 og sgRNA. Endvidere ville vi vil gerne studere proteinernes 

RNA-bindingsegenskaber i vores dyremodeller på grund af deres involvering af RNA-håndtering i ALS 

patologien. Derfor testede vi også en metode kaldet RNP immunopræcipitation og sekventering (RIP-seq). 

Vi har ikke været i stand til at generere genom ændringer, hvilket betyder, at implementeringen af 

metoderne endnu ikke er afsluttet. Vi har dog fået meget værdifuld viden om CRISPR-Cas9-systemet og 

RIP-seq, som vi kan bygge fremtidige eksperimenter på. 
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Aim of the study 

 

In this study, we aimed to combine the CRISPR-Cas9 method with sperm mediated gene transfer (SMGT) 

technology to create genetically modified animal models of honeybee (Apis mellifera) and pig (Sus scrofa). 

Production of these animal models often requires the delivery of the CRISPR-Cas9 components by 

microinjection into zygotes or cloning methods such as somatic cell nuclear transfer (SCNT), which are 

laborious methods and often of low efficiency. SMGT relies on the ability of spermatozoa to take up foreign 

DNA and to transfer this into an egg upon fertilization. This method has previously been used to create 

genetically modified honeybees and pigs (Robinson et al., 2000)(Lavitrano et al., 2003). A combination of 

CRISPR-Cas9 and SMGT would allow us to alter specific genes in our model organisms with significantly 

less in vitro intervention than with other techniques currently used. 

Part I of this thesis describes the experiments we have performed to genetically modify the 

honeybee. Genetic research in these animals is restricted due to the lack of cell lines, which complicates 

the use of CRISPR-Cas9 as well. At the start of this project, gene editing of honeybees with CRISPR-Cas9 

had not yet been reported. We therefore set out to investigate different methods of delivering CRISPR-Cas9 

reagents to honeybees in early developmental stages, with SMGT of CRISPR-Cas9 reagents as the ultimate 

goal. The target gene of the CRISPR-Cas9 system was cinnabar, which is linked to eye-color in fruit flies 

(Drosophila melanogaster) and therefore predicted to generate a readily detectable phenotype in honeybees. 

During the hibernation period of honeybees in the winter, we use pig to test the combination of 

CRISPR-Cas9 with SMGT. This is described in part II of this thesis. The choice of pig as a model organism 

follows from our lab´s previous experience with SMGT in pigs and previous research in porcine models of 

human disease. One of the previously investigated diseases is amyotrophic lateral sclerosis (ALS). We 

aimed to alter the superoxide dismutase 1 (SOD1) gene in which several different mutations have been 

linked to familial cases of ALS (FALS). To this end, we used single guide RNAs (sgRNAs) and donors 

that would create a porcine model with the human G93R mutation of SOD1.  

Eventually, we aim to use this pig model to investigate the connection between ALS-linked 

mutations and RNA signaling in diseased tissue. Therefore, this study also describes a method we tested to 

investigate RNA binding properties of proteins, called RNP immunoprecipitation and sequencing (RIP-

seq). The objective was to assess which classes of RNA were bound by specific ALS-linked proteins in 

porcine liver tissue.  
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General introduction 

 

Genome modification  

Genome modification is a cornerstone of modern research in molecular biology. A large variety of 

organisms is engineered by inserting, deleting, modifying or replacing the DNA in their genomes. These is 

used to create model organisms for research purposes, genetically engineered plants and animals for 

production of resources and has the potential to be used as gene therapy in humans. We have gained an 

immense amount of knowledge by making use of model organisms regarding biological pathways in 

sickness and in health. In this study, we aimed to implement the CRISPR-Cas9 method and combine this 

with sperm mediated gene transfer (SMGT) to add a new method to the pallet of genome editing techniques 

for production of animal models. This general introduction will elaborate on the genome editing methods 

used during the project and introduce the subject of extracellular RNA.  

 

A short history  

Over the course of the last fifty years, the genome modification technologies have developed with 

increasing speed. Previously, researchers were dependent on spontaneous mutation in order to study genetic 

features. In the 1940´s, it became possible to generate random mutations in a genome, which was based on 

enhanced mutagenesis of a genome following chemical treatment or radiation (Auerbach, Robson and Carr, 

1947). Next, researchers developed methods using transposons to insert DNA into the genomes of 

organisms, however still at random sites. Targeted genomic editing became available in some organisms in 

the 1970s and ´80s when applying homologous recombination (Thomas, Folger and Capecchi, 1986). This 

was used to correct disease-causing mutations but the recombination events were extremely rare, rendering 

the method inefficient. Another method developed during these years was the insertion of foreign genetic 

material into the genome, called transgenesis (Brinster et al., 1984). This was used to insert genes containing 

healthy or disease causing mutations into an organism. One of the major drawbacks of random insertion is 

the risk of disturbing a functional gene with the transgene. Thus, an efficient and targeted genome 

modification technique was still lacking.  

 On several occasions, investigations into basic molecular biological processes have led to 

innovation and discoveries of novel techniques. As the methods for genetic analysis improved, scientists 

also increased their understanding of numerous pathways, such as the cellular DNA repair system. They 

found that targeted genome editing could be achieved by inducing a double strand break (DSB) in the DNA. 

These DSBs can be repaired by non-homologous end joining (NHEJ), but they also stimulate homology 

directed repair (HDR). Both these repair mechanisms are exploited in genome modification techniques and 
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will be discussed in further detail later in this chapter. Researchers used DNA nucleases to produce DSBs 

at a specific site in the genome (Rudin, Sugarman and Haber, 1989). Nucleases have proven extremely 

useful for genome manipulation and currently three types are used for this purpose: Zinc-finger nucleases 

(ZFNs), transcription activator-like effector nucleases (TALENs) and nucleases from the CRISPR-Cas 

system (Carroll, 2017).  

 

ZFNs and TALENs 

Creating targeted DSBs with ZFNs and TALENs are both based on the DNA cleavage activity of FokI, a 

Type IIS restriction enzyme. The nuclease domain of FokI functions as a dimer, so both ZFN and TALEN 

genome editing requires two molecules for DNA cleavage (Figure 1). This domain is attached to modules 

that bind to specific sites in the genome. For ZFNs, the modules consist of zinc fingers from the DNA-

binding domains of transcription factors that recognize triplets of the DNA sequence (Kim, Cha and 

Chandrasegaran, 1996). The synthetic protein complexes contain three or more linked zinc-fingers, which 

Figure 1 (Carroll, 2014): ZFN and TALEN proteins are made up of individual modules that recognize specific 

bases (red, green, blue and orange). The purple ovals are the Fok1 nuclease domains. These methods require a 

dimer to create a DSB. Cas9 functions as a monomer, as is depicted by the large oval in orange and the sgRNA 

(guide RNA) is depicted in blue. The arrowheads indicate the sites where the DNA is cleaved.  
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recognize 9 to 18 specific base pairs and thus allowing targeting of practically any sequence in the genome. 

It was the first widely used class of compounds for targeted genome editing. Besides zinc-fingers, other 

DNA binding compounds were tested in combination with DNA nucleases as well, such as transcription 

activator-like effectors (TALEs). These proteins are produced by pathogenic bacteria to induce transcription 

in host cells (Bogdanove and Voytas, 2011) and consist of naturally linked DNA recognition modules that 

do not require re-engineering like ZFNs. The TALEN technology is considered easier to design than ZFN 

because it is not restricted to triplets, though TALE arrays can be difficult to clone due to the repeat 

sequences (Gaj, Gersbach and Barbas, 2013). Additionally, TALEN assays tend to be more specific than 

ZFNs and therefore less toxic to cells due to reduced off-target gene editing (Carroll, 2014). However, the 

specificity of both genome-editing techniques is dependent of the concentration of the nucleases in the cells. 

Despite the effectivity of ZFN and TALEN, these methods have now been largely overshadowed by recent 

developments in the field of genome modification, namely the discovery of CRISPR-Cas9 gene editing, 

which is significantly easier to design and use than ZFN and TALEN.  

 

CRISPR-Cas9  

The third class of DNA nucleases used for targeted genome manipulation is CRISPR-Cas9. Cas9 is an 

endonuclease that requires an RNA sequence to locate the target in the genome. This protein is therefore 

called an RNA guided endonuclease (RGEN) and is a naturally occurring protein, unlike ZFN and TALEN, 

which are produced from recombinant DNA. Though the CRISPR system has been investigated for many 

years, its use in genome editing is relatively new. Prior to this project, we selected the CRISPR-Cas9 

methodology for genome modification due to its simplicity compared to ZFN and TALEN, and the 

availability of a large publicly available toolkit. This class of DNA nucleases is therefore described in more 

detail below.  

 

CRISPR-Cas in bacteria  

The first descriptions of clustered regularly interspaced short palindromic repeats (CRISPR) in bacteria 

were published almost 30 years ago, but the mechanism of this system has only been elucidated in detail 

over the last couple of years. CRISPR sequences (arrays) are found in many kinds of microbes and are 

involved in the adaptive immune response of these organisms (Barrangou et al., 2007). The interspaces 

between the palindromic repeats in such an array are short fragments of viral DNA that the microbe has 

gathered after infection. Acquisition and processing of these sequences is controlled by CRISPR-associated 

proteins (Cas), of which many different types exist (Makarova et al., 2011). As seen in Figure 2, one type 

of Cas protein will scan the viral DNA for a protospacer adjacent motif (PAM) and then cut a fixed length 

of DNA out of the viral sequence. This sequence is called a protospacer and is processed for insertion to 
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the host genome, normally at the start of the CRISPR array. Acquisition of new spacers is enhanced when 

there already are spacers of the same intruder present in the CRISPR array, called priming, which is a clear 

indicator of adaptive immunity (Datsenko et al., 2012). Upon infection with a virus, the entire CRISPR 

Figure 2 (Atmos, 2010) : In bacteria, an infection with double stranded DNA will trigger the recruitment of the 

first kind of Cas protein, which finds the protospacer adjacent motif (PAM) on a viral DNA sequence. In order to 

keep new spacers of equal length the Cas protein cuts a specific length of DNA from the infectious strand. This 

short sequence is then processed and inserted into the host DNA, normally at the start of the CRISPR array. 

Subsequently, the whole array is transcribed and other Cas proteins will process this long transcript into short 

sequences, called crRNAs. Processing is different in the three different systems. In the type II system, a second 

type of RNA is recruited that is complementary to the repeat sequences of the array and thus binds it. When this 

repeat sequence becomes double stranded, RNase III is then able to cleave the array transcript and create short 

fragments of crRNAs with a truncated end. The crRNAs then become a part of the Cas9-crRNA complex. This 

complex associates with the viral DNA and finds a PAM sequence. When the crRNA in the Cas9 complex also fits 

with the viral DNA, Cas 9 will leave a double strand break and the viral DNA is set for degradation.  
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array will be transcribed and this transcript is cut into fragments that contain one short viral fragment and 

the palindromic repeat sequence, called CRISPR RNAs (crRNAs) (Deltcheva et al., 2011).  

There are three possible systems for the generation of crRNAs, system I, II and III (Makarova and 

Koonin, 2015). In the Cas system II, the repeat sequence between every viral sequence will form a double 

strand with another type of RNA, the trans-activating RNA (tracrRNA). The crRNA-tracrRNA construct 

can then be recognized and bound by the protein Cas9 (Figure 3a). Cas9 protein is an endonuclease that 

functions as a monomer and can unwind DNA to scan for PAM sequences. When the Cas9-RNA complex 

passes a PAM sequence in viral DNA, the crRNA can pair with its complementary sequence if the RNA 

Figure 3 (Sander and Joung, 2014): (a) In bacteria, an infection with viral DNA will trigger the transcription of 

the whole CRISPR array (protospacers and CRIPSR repeats) and this long transcript is processed into short 

sequences, called crRNAs. A second type of RNA is recruited, tracrRNA, that is complementary to the CRISPR 

repeat and pairs with it. These crRNAs-tracrRNA hybrids can form a complex with Cas9 and the complex 

associates with the viral DNA to find a PAM sequence. When the crRNA sequence in the Cas9 complex fits the 

viral DNA, Cas9 will leave a double strand break and the viral DNA is set for degradation. (b) In case of Cas9 

genome editing, the crRNA and tracrRNA are transcribed from one template to create a gRNA. This gRNA is 

bound by Cas9 and the complex can create targeted genome modifications.  
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and viral DNA sequence adjacent to the PAM match. Following pairing of crRNA and viral DNA, the two 

nuclease domains of the Cas9 protein will produce a break in each of the strands and if a viral DNA strand 

obtains several DSBs it will deteriorate (Sapranauskas et al., 2011). The PAM sequence also plays a central 

role in the recognition of non-self DNA (Marraffini and Sontheimer, 2010).  

 

CRISPR-Cas9 for targeted genome manipulation 

In 2012, a method was developed to use Cas9 from Streptococcus pyogenes (SpCas9) as a two component 

system for RNA guided genetic modification (Jinek et al., 2012). The crRNA was replaced by a single 

guide RNA (sgRNA), which is an RNA chimera made by designing a palindromic scaffold sequence 

directly adjacent to the target sequence (also called guide sequence). The RNA of this scaffold forms a 

secondary structure that is recognized by Cas9 to form a Cas9-sgRNA complex (Figure 3b and Figure 4). 

This allows targeting highly specific sequences in a gene of choice. Soon after these first reports, the method 

was used to edit genomes of human and mouse cell lines (Cong et al., 2013) and it has become the primary 

gene editing tool in molecular biology (Reviewed in Adli, 2018).  

Designing a CRISPR-Cas9 assay starts with choosing the type of Cas9 protein that suits the goal 

of the experiments. There are a number of different recombinant Cas9 proteins as well as other Cas-related 

proteins on the market with different properties (Oakes, Nadler and Savage, 2014). SpCas9 is the most 

widely used variant, which requires a 5´-NGG-3´ PAM sequence and generates a blunt ended DSB 

approximately four base pairs upstream of the PAM (Anders et al., 2014). SpCas9 locates the target 

sequence for gene editing with a 20-nucleotide RNA guide sequence (the crRNA) that is complementary to 

the target and directly upstream of the PAM sequence. This guide sequence is coupled to the scaffold 

sequence to form the sgRNA. Guide sequences, or guides, can be designed using one of the various design 

tools available (reviewed in Cui et al., 2018). These tools generally require information on the type of Cas 

protein used, the target sequence and the organism that is targeted. The algorithms behind these tools locate 

optimal guides in the target sequence and predict whether they could cause off-target effects. For example, 

it is important to balance the GC content of a guide. Low or high numbers of G or C in the guide, especially 

proximal to the PAM, result in decreased activity of the guide (Ren et al., 2014). High quality guides are 

important for the success of a CRISPR-Cas9 assay and researchers constantly search for improvements in 

this area.  

Following design of the sgRNAs, the endonuclease and sgRNA need to be delivered to the cells. 

The three main forms of the Cas9 component delivery are through Cas9-sgRNA DNA vectors containing 

a combination of in vitro transcribed sgRNA and Cas9 mRNA or a combination of sgRNA and Cas9 protein 

(Thurtle-Schmidt and Lo, 2018). Delivery to the cell is dependent of the setting of the experiments. In in 

vitro settings the target cells can be treated with physical approaches, such as microinjection of Cas9 mRNA 
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and sgRNA into zygotes (Niu et al., 2014). Immortalized cell lines are often transfected with a DNA vector 

Figure 4 (altered from Cavanagh and Garrity, 2014): The Cas9 protein is made up of six domains. RECI is 

responsible for binding RNA to form an active Cas9 complex. This complex locates a PAM sequence and when 

the guide RNA is able to bind the sequence prior to the PAM the HNH and RuvC domains can each cleave a 

single strand (black arrowheads) to create a double strand break. The arginine-rich bridge domain is essential 

for initiation of DNA cleavage. 
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containing the sequence for Cas9 and sgRNA controlled by promotors adjusted to the organism of choice. 

However, expression from a DNA vector may cause increased off-target effects due to overexpression of 

the Cas9 components (Jacobi et al., 2017). Additionally, the DNA vector may be incorporated into the 

genome of cells, which is undesirable when the target gene is edited successfully. It is possible to use protein 

or mRNA in these cases, though this generally decreases the effectiveness of the assay compared to DNA 

vectors. In vivo delivery of Cas9 components is more challenging. One of the options is hydrodynamic 

injection, which has been used to modify cancer genes in mouse liver (Xue et al., 2014). Viral vectors are 

also effectively used for in vivo delivery, though these are known to cause issues with carcinogenesis and 

immune responses (Li, Hu and Chen, 2018).  

Upon successful delivery and target localization, Cas9 will produce a double strand break, which 

leaves two possible options for repair (Figure 5). The first option is Non-Homologous End Joining (NHEJ), 

in which the DSB is left to the end-joining repair system of the cell that simply ligates the two strands 

Figure 5 (Sander and Joung, 2014): Two different kinds of repair allow different outcomes of genetic 

modification. Non-homologous End Joining will combine the two strands again, but this is often accompanied by 

random deletions or insertions. A change in the reading frame of the gene may result in a premature stop-codon 

and this is used to our advantage in gene knockout. The DSB can also be repaired by homology directed repair, 

which requires a DNA template that has two homologous sides flanking the desired insert. The repair system will 

then insert the target that is flanked by the homologous sequences. 
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together. In case the DSB generates two sticky ends, the NHEJ system uses microhomology of the 

overhanging strands to repair the break (Wilson and Lieber, 1999). This system frequently fails to join the 

DNA without altering the sequence, which results in random insertions or deletions of nucleotides in the 

gene. In genome manipulation, mistakes produced by NHEJ are exploited to produce gene knockouts, since 

random mutations in genes, especially at the start, generally have deleterious effects on its function. 

Alternatively, it is possible to promote Homology-Directed Repair (HDR), where the DSB is handled by a 

system that uses an intact homologous DNA sequence as a template for repair. HDR is an important part of 

meiosis, during which chromosomes are rearranged by homologous recombination and homology is 

provided by the other chromosome (Jasin and Rothstein, 2013). It is possible to provide targeted cells for 

CRISPR-Cas9 gene editing with a DNA template for HDR that harbors specific modifications. HDR can 

use this template to repair the DSB, which will allow insertion of the modification. The frequency of these 

mutations is generally higher than 1 % and can even reach an efficiency of 50 % (Sander and Joung, 2014). 

Thorough analysis of the HDR process and different kinds of donor templates has shown that asymmetrical 

single stranded DNA (ssDNA) donors of 127 nucleotides are highly efficient (Richardson et al., 2016). 

These donors need to be complementary to the strand that is released from the Cas9 complex first following 

DNA cleavage (Figure 6). However, it should be noted, that the use of a DNA template does not restrict the 

Figure 6 (Richardson, 2016): The Cas9 nuclease releases the forward strand in front of the cleavage site first. 

A single stranded DNA donor complementary to the releases strand of 127 bp has shown high frequencies of 

HDR (up to 60 %). 36 bp of this donor is homologous to the PAM-distal end and 91 bp to the PAM-proximal 

end.  
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cell to use HDR alone, and thus a mixture of reparations by the two different mechanisms will arise in the 

organism.  

Validation of mutations and analysis of off-target effects are challenging because Cas9 targets 

single cells and a population of cells will thus contain a collection of different edits in the target gene. Even 

within the cell, it is possible that two alleles are mutated differently. One method is to investigate the 

phenotype of cells or organisms. If successful genome modification resulted in an altered phenotype, such 

as GFP expression or drug resistance (Dickinson et al., 2013; Paix et al., 2014), then cells or progeny 

exerting this phenotype can be selected for further investigation of the genotype. Other methods often 

require PCR amplification of the target sequence and subsequent analysis of this product. In certain cases, 

the mutations caused by Cas9 destroy a restriction site, which means that the PCR fragments can be 

analyzed with restriction fragment length polymorphisms (RFLP) (Kim et al., 2014). Generally, Sanger 

sequencing is used to detect successful genome modification (Figure 7). However, this method provides a 

consensus sequence of a large population of reads and single events with thus go undetected. The 

contribution of a particular gene edit must thus be significantly high before it is detected with Sanger 

sequencing. For cell lines, it is possible to enrich mutations by allowing cells to proliferate and expand 

following Cas9 treatment. A genetically mosaic population of cells can also be analyzed with T7 

Endonuclease I (T7E1), which indicates the presence of mutations on a gel,  or next generation sequencing 

(NGS) (compared in Sentmanat et al., 2018), which allows investigating single modification events. NGS 

provides the largest amount of information on the amount and kind of mutations, but this method is 

expensive and time consuming, especially when many samples need to be analyzed. When aiming at 

producing genetically modified animals, a common protocol is to treat zygotes so that the early cells will 

distribute genome modifications to the entire organism. However, subsequent Sanger sequencing will still 

detect a variation of mutations and detection of single events requires further processing. These issues can 

Figure 7 (Gui et al., 2016): Traces from a Sanger sequence analysis depicting the wild-type (WT) genotype 

in the top row and the mutated genotype in the bottom row. The sequence in the bottom row is identical to the 

WT until it arrives at the PAM site (CCT, thus this guide binds the reverse strand in the genome). The trace 

then shows multiple sequences, indicating that mutations have occurred at the Cas9 cleavage site.  
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be solved by cloning the PCR fragments into a vector and sequencing each fragment separately (Carrington 

et al., 2015). This allows analysis of single events, but often means sequencing a large amount of vectors. 

Researchers working with organisms with short generation times therefore generally mate CRISPR-Cas9 

treated individuals with wild types instead. The progeny is then analyzed for systemic genome 

modifications (Beumer and Carroll, 2014; Varshney et al., 2015). However, this only succeeds when Cas9 

has successfully modified the germ cells of those organisms.  

The use of CRISPR-Cas9 as a genome modifier for research in molecular biology is a versatile 

tool. For optimal results, it is important to design high quality sgRNAs, select the optimal endonuclease for 

the specific target, target an accessible location on the gene and securely investigate off-target effects of 

the assay. It has been applied to numerous organisms for production of animal models (Ma et al., 2018) and 

will likely only increase its role in the future.  

 

Specificity of Cas9 and off-target genome modifications  

Rapidly after the CRISPR-Cas9 method was published, it was acknowledged for its low cost, simple 

protocol and affordability compared to other genome editing methods like ZFN technology and TALENs. 

However, the method is not perfect and one of the main issues are off-target genome modifications and 

chromosomal rearrangement following Cas9 editing (Kanchiswamy et al., 2016). All nuclease-based 

methods may cause cytotoxicity and direct cells to apoptosis when too many mutations occur in the genome 

(Mussolino et al., 2014). TALENs are generally considered more specific than Cas9 and this may therefore 

still be the method of choice when genome editing genes in human, where the level of off-target effects 

needs be kept at an absolute minimum (Davis, 2014). The increased specificity of TALEN is partly due to 

the use of two target sequences instead of one as for CRISPR-Cas9. Off-target effects are of lesser 

importance when editing other organism in which the off-target effects can be eliminated by outcrossing 

and subsequent selection for the desired genotype (Paix, Folkmann and Seydoux, 2017). The choice of 

method is therefore dependent on the goal of the experiments.  

Specificity of CRISPR-Cas9 assays is largely dependent on the characteristics of the guide. Off-

target effects have been found at sites that are similar to the target sequence, but with up to seven 

mismatches (Tsai et al., 2015). These mismatches were especially tolerated on the side of the guide distal 

from the PAM. On the proximal side of the guide, called the seed sequence, mismatches are far less 

accepted. The use of truncated guides, which are shortened from the PAM-distal side of the guide, even 

increases the specificity of the guide, though efficiency is reduced simultaneously (Pattanayak et al., 2013). 

DNA and RNA are also able to form small indels in a sequence by making a bulge (Lin et al., 2014). This 

means that a nucleotide is skipped because the strand has produced a small loop in the strand. Though often 

the guide is responsible for off-target effects, it is also possible that Cas9 is unfaithful to the PAM sequence. 
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Hsu et al., 2013 describes that SpCas9 is able to bind and cleave sequences adjacent to an NRG PAM 

sequence instead of NGG. Though the binding affinity is decreased significantly, this still leads to off-target 

genome modifications if the concentration of Cas9 is sufficient.  

Testing the off-target effects following Cas9 treatment is essential for high quality analysis of the 

phenotypic effects of the mutations. Off-target mutations can influence the results if they affect cellular 

pathways involved with the gene of interest. It is possible to search for off-target effects by amplifying 

specific regions of the genome that are predicted to harbor off-target modifications (Listgarten et al., 2018). 

This requires localizing all possible off-target sites and investigating them with PCR, which is highly 

laborious and most importantly biased. Additionally, prediction tools are able to locate potential off-targets 

with increased precision, but this method might neglect unexpected off-target sites in the genome. Other 

methods include GUIDE-seq, which tests the incorporation of double-stranded oligonucleotides into DSBs 

caused by Cas9 and gives an unbiased overview of all target sites (Tsai et al., 2015). However, incorporation 

is does not always occur. The optimal method is deep sequencing of manipulated genomes with NGS, but 

though the costs of this method are decreasing rapidly, many researchers do not have the resources to 

sequence many samples with NGS.  

 

Cas proteins  

As a response to the above-mentioned issues, researchers have developed improved Cas9 protein as well 

as found alternative Cas proteins for genome modification (Table 1). For example, new types of Cas9 with 

increased specificity have been developed without compromising the on-target effectivity, such as enhanced 

specificity SpCas9 (eSpCas9) (Slaymaker et al., 2016). It also led to the development of many alternative 

Cas9 proteins with altered function, such as Cas9 nickase. This protein produces single strand breaks (SSB) 

instead of DSBs, which requires use of two Cas9 proteins in order to generate full cleavage of the DNA, 

similar to the function of TALENs. This form of cleavage has proven easier to repair by HDR and shows a 

reduction in off-target effects (Ran et al., 2013).  

Though the NGG PAM sequence of Cas9 allows for numerous potential target sites in many 

organisms, it might still limit targeting of certain sites. Therefore, researchers set out to find or design 

endonucleases with alternative PAM requirements, such as altered spCas9 or the Cas9 proteins from 

Streptococcus thermophiles (St1Cas9) and Staphylococcus aureus (SaCas9) (Kleinstiver et al., 2015). In 

addition, the CRISPR-Cpf1 (also called Cas12a) protein belongs to the Class II CRISPR system as well, 

but targets a different PAM sequence than Cas9. It contains only one nuclease domain, similar to the Cas9 

nickase protein, and thus two orthologs are used for generation of DSBs (Zetsche et al., 2015).  

The production of a DSB or SSB is not always desired and therefore Cas9 was also engineered to 

lack nuclease activity completely, which is called dead Cas9 (dCas9). This protein can be used to carry an 
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effector to specific sites in the genome resulting in interference in gene regulation, known as CRISPR 

interference (CRISPRi) (Larson et al., 2013). dCas9 is combined with domains that can activate or 

inactivate promoter regions to influence expression of a specific gene (Pham, Kearns and Maehr, 2016). 

Recently, researchers have also reported the use of Cas13 (or C2c2), which is a nuclease that binds RNA 

in a similar fashion as RNAi, though with increased specificity. The nuclease effect of the protein results 

in cleavage of the targeted transcript, allowing downregulation of its expression without knocking out the 

gene (Wolter and Puchta, 2018).  

 

Transgenesis through SMGT 

Previously, we briefly touched on the subject of transgenesis, a method used for introduction of foreign 

DNA into the genome of an organism. Transgenesis was reported for the first time in 1971, when sperm 

mediated gene transfer (SMGT) was used to produce transgenic rabbits (Brackett et al., 1971). Over the 

years that followed, many transgenesis techniques were developed, such as the use of retrovirus to transfer 

genetic material to zygotes (Jaenisch, 1976). Currently, two methods dominate the field of transgenesis, 

namely somatic cell nuclear transfer (SCNT) and microinjection of DNA constructs into pronuclei of 

fertilized eggs. SCNT uses somatic donor cells in culture, which are genetically manipulated and the 

Table 1 (adapted from Kadam et al., 2018; Davis, 2014): An overview of nuclease-based gene editing proteins.  

Feature CRISPR-Cas9 CRISPR-Cpf C2c1 Cas13a TALEN ZFN 

Target DNA DNA DNA RNA DNA DNA 

Efficiency Very high Very high High Very high High Low to medium 

Size 4.2 to 4.5 kb 3.9 kb 3.9 kb 4.2 kb 
2 subunits of 3 

kb 

2 subunits of 1 

kb 

Simplicity of 

design 
Simple Simple Simple Simple Moderate Complex 

Ease of 

multiplexing 
High High High High Low Low 

Target guide 

sequence 
~20 bp sgRNA ~20 bp sgRNA ~20 bp sgRNA ~20 bp sgRNA 15-20 bp 18-20 bp 

Target 

recognition 

sequence 

G-rich NGG-3´ 

NAG-3´ with 

reduced activity 

T-rich TTTN-3´ T-rich TTN-3´ 
3´ end H (A, U 

or C) 
5´-T G-rich 

Synthesis Easy Easy Easy Easy Moderate Difficult 

Stability High High High High High High 

Cellular side 

effects 
Minimum Minimum Minimum Minimum Low to medium High 

Off-target 

activity 

Low (eSpCas9: 

minimum) 
Medium NA Low Minimum High 
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nucleus is subsequently transferred to enucleated oocytes (Campbell et al., 1996). Microinjection is also 

widely used for generation of transgenic organisms (Hammer et al., 1985). Before the male and female 

pronuclei join to form the zygote, a fertilized egg is injected with genetic material. The DNA is then 

integrated in the host genome before the first cell division and eggs are reared in vitro or in surrogate 

mothers. Though these methods have proven useful for the generation of transgenic animals, there are some 

drawbacks as well. SCNT can cause developmental defects due to the cloning of somatic cells (Sumer et 

al., 2009). A major issue for both methods is the fact that they are laborious and require skilled personnel. 

This is less necessary for SMGT, which is based on the principle that spermatozoa will take up non-self 

DNA and move this into an ovum upon fertilization (Lavitrano, Giovannoni and Cerrito, 2013). The DNA 

construct is mixed with spermatozoa and subsequently used for artificial insemination of a female. The 

foreign DNA can be incorporated in the pronuclear egg and produce an organism harboring the desired 

gene in its genome.  

 The three methods described above depend on integration of genes into the genome of a host cell. 

The efficiency of this incorporation is rather low and varies greatly between species, possibly due to 

differences in the repair mechanisms or the process of DNA integration (Collares et al., 2005). All methods 

are also restricted to the addition of a gene and its function and the integration of an exogenous gene is 

random and it can potentially integrate into important genes (Smith, 2002). This could harm the normal 

development of the cells and influence the outcome of investigations done for the transgene. Therefore, a 

transgenic organism should be selected only if the location of the transgene does not interfere with the 

function of important genomic regions. The location of the transgene can also influence its accessibility. 

Some regions of the genome will be silenced during development, which means that some transgenes will 

not be expressed by the organism. It was found that approximately half of the transgenic organisms does 

not express the gene (Wall, 2001). Many of these issues can be solved by using the CRISPR-Cas9 system, 

since integration of a transgene is unnecessary and expression of the gene of interest is regulated as usual.  

  Uptake of foreign DNA by the spermatozoa is regulated by surface proteins similar to CD4, as was 

shown for mice, cattle, pig and humans (Zani et al., 1995). However, seminal fluid generally contains 

factors that protect the spermatozoa from foreign DNA. For example, boar spermatozoa do not internalize 

DNA when it is incubated with unwashed semen (Lavitrano et al., 2003). One of the antagonistic agents in 

ejaculates was identified as inhibitory factor 1 (IF-1), which is a glycoprotein that can bind the DNA-

binding protein on the cell surface instead of the foreign DNA (Lavitrano et al., 1992; Zani et al., 1995). 

Due to this protein, it is necessary to wash away the seminal fluid prior to SMGT. During the incubation 

with foreign DNA, the spermatozoa should also undergo physiological changes making them able to 

fertilize, called capacitation (Brewis et al., 2005). This is delayed to the incubation step by removing 

calcium from the washing buffer, because calcium promotes capacitation. Calcium-free incubation buffer 
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will also decrease the activity of endonucleases on the DNA construct. Another important factor in SMGT 

is sperm quality and motility. For many animals used for agricultural purposes, it is known that semen 

quality is influenced by the frequency of collection, season of the year and the age and breed of the male 

(Lopez Rodriguez et al., 2017). Preserving a high motility following washing of semen is one of the most 

important qualitative factors for DNA internalization and because this varies enormously between 

individuals, the choice of donor is of great importance (Lavitrano et al., 2003). Lastly, SMGT is generally 

more effective when using ejaculates instead of epididymal spermatozoa, as was often used for SMGT in 

mice (Pittoggi et al., 2006). The latter strongly activate endonucleases that will degrade the exogenous 

DNA and target the sperms own chromatin, which results in sperm cell death (Maione et al., 1997; 

Sciamanna et al., 2000).  

 Though SMGT has been used for a large number of organisms (reviewed in Smith and Spadafora, 

2005), it remains a controversial method due to some contradictory findings, especially in mice (Brinster 

et al., 1989). Some groups have reported success rates of 57 to 100 % for transgenic pigs with 40 to 64 % 

of the transgenes expressing the foreign gene (Lavitrano et al., 2002; Webster et al., 2005). On the other 

hand, Chang et al. report of transgenic pigs with a high level of mosaicism as well (Chang et al., 2002). 

They describe that non-transgenic pigs (in semen and tail DNA) are still capable of producing transgenic 

progeny. One of the proposed explanations for the discrepancies is that the transgene is not always 

incorporated in the genome, but can be stored in the cells of transgenic animals as extrachromosomal 

elements. In line with this, it was found that increased age of transgenic animals is correlated with a lower 

degree of positively tested animals (Pittoggi et al., 2006). It is thus possible that the transgene is removed 

from cells over time and this could explain the high level of mosaicism of some studies.  

 

Extracellular RNA 

Until recently, it was believed that RNA exists exclusively inside cells, functioning as an intermediate 

molecule in the flow of genetic information from genes to proteins. Interestingly, this view has been 

challenged by new research, demonstrating that cells may release RNA-containing complexes into 

biological fluids like saliva (Bahn et al., 2015), breast milk (Alsaweed et al., 2015), urine and blood (Li et 

al., 2014). The project presented in this thesis is part of an investigation into the function of non-coding and 

extracellular RNA. With the implementation of CRISPR-Cas9 in our lab, we aim to investigate the 

pathways involving extracellular RNA in more detail.  

RNA is mainly produced for production of proteins, but some kinds of RNA exert other functions 

inside or outside the cell. Transcripts meant for extracellular function form complexes to protect them from 

environmental influences on the path to their target. This includes ribonucleoprotein (RNP) complexes, in 

which RNA-binding proteins (RBPs), such as Argonaute (Ago) (Peters and Meister, 2007) and high-density 
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lipoprotein (HDL) (Fujita et al., 2014), bind and protect the RNA, and RNA-containing micro-vesicles 

termed exosomes (Valadi et al., 2007)(Figure 8). When taken-up by other cells, they confer RNA-mediated 

cell-cell communication and affect cellular function in the host cell (Fujita et al., 2014). Surprisingly, this 

mode of communication appears to be widespread, from insects to mammals and plants, and it is not 

restricted to inter-cellular transfer of RNA within an organism, as RNA-loaded exosomes are abundant in 

e.g. milk (Lässer et al., 2011; Alsaweed et al., 2015). Therefore, extracellular RNAs have been suggested 

to play a significant role in mother-offspring communication, possibly affecting the postnatal development 

of the gastrointestinal tract or the immune system. Exosomes and extracellular RNAs are also involved in 

Figure 8 (Fujita et al., 2014): Mechanisms of release of extracellular RNA. Pre-miRNA is transported from the 

nucleus to the cytoplasm where Dicer will process them to mature miRNAs. The two strands are separated and 

one is bound by the RISC system, in which the Ago family exerts a central role. Small quantities of miRNAs are 

secreted from the cell through different systems: (1) Multivesicular bodies and exosomes, (2) microvesicles 

produced from the plasmamembrane, (3) release of RNP complexes and (4) incorporation in HDL particles and 

subsequent export.  
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disease as distinct patterns of plasma miRNA composition have been observed in several types of cancers. 

(reviewed in Van Kouwenhove, Kedde and Agami, 2011).  

The molecular mechanisms allowing extracellular RNA species to affect cellular regulation, and 

thus influence the outcome of phenotypic flexibility, have not yet been fully elucidated. It is known that 

cells efficiently internalize exosomal vesicles through phagocytosis (Feng et al., 2010); however, the 

mechanism of uptake of free Ago-miRNA complexes is unknown. Following cellular uptake, the small 

interfering RNAs (siRNAs) of a non-coding-RNP complex might elicit their effect in the cytoplasm by 

becoming incorporated in the RNA induced silencing complex (RISC), which allows inhibition of specific 

mRNA sequences (Peters and Meister, 2007). Alternatively, small RNAs can become exported to the 

nucleus where they can guide PIWI or silencing factors to genomic targets by interaction with 

complementary chromatin-associated or nascent RNA, which was previously shown for RNA/PIWI 

complexes (Siomi et al., 2011). These PIWI-interacting RNAs (piRNAs) are part of the mechanism that 

allows silencing of genes with homologous sequences by mediating suppressive modifications in the 

epigenome through methylation of CpGs or histones, known as RNA directed DNA methylation (Matzke 

and Mosher, 2014).  
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Part I: Introduction  

 

Part one of this thesis covers the experiments we performed with the goal of producing genome-edited 

honeybees with CRISPR-Cas9. Honeybees are of great importance for production of food crops and honey 

throughout the world. Over recent years, colony numbers have been declining drastically, which has spiked 

the interest of many to investigate ways to preserve and stimulate growth of populations (Becher et al., 

2013). This also involves molecular biological research in these non-model animals, which is challenging 

due to the lack of laboratory-kept breeding lines, immortalized cell lines and availability of extensive 

reference material (Russell et al., 2017). However, recent developments in genome editing techniques, as 

discussed in the general introduction, might allow investigation of molecular biological pathways in 

honeybees previously out of reach. Part I of this thesis focuses on implementing the CRISPR-Cas9 method 

for genetic modification honeybees in vitro.  

 

Development of the honeybee 

Honeybees live in highly organized eusocial colonies with specialized behavioral castes for reproductive 

and non-reproductive tasks (Michener, 1974). The two female castes, the queen and the workers, differ 

widely in morphology and physiology, despite having identical genomes (Figure 9, Supplementary figure 

1 and Supplementary figure 2). Females are diploid and their phenotype is determined by specific biological 

factors during development, which result of feeding regimes with royal and worker jelly in the 

postembryonic developmental stages (Snodgrass, 1956). Both composition and quantity of the diet differ 

Figure 9 (Pallardy, 2010): Differences in morphology between the three castes of honeybees.  
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between the different castes. This allows differentiation between long-lived, fertile queens, and workers 

who are short-lived and functionally sterile. Drones emerge from haploid eggs and these larvae receive 

another specific diet in a larger volume than workers do, which strengthens the suggestion that correct 

development is dependent on nutritional cues (Brouwers, 1984).  

Differential feeding regimes of larvae mediate the epigenetic differences between female genomes, 

and changes in genomic methylation and gene-expression patterns have been suggested to determine caste 

development (Foret et al., 2012). These differences are caused by specific proteins and miRNAs in royal 

jelly (Chittka and Chittka, 2010; Kamakura, 2011; Shi et al., 2012). The general assumption is that the 

queen phenotype is closest to the original female insect, requiring an active switch to obtain the worker 

phenotype, which is mediated through nutrition. It has been shown that queen larvae have increased 

activation of genes involved in physio-metabolic pathways and development of the ovaries compared to 

workers (Evans and Wheeler, 2001). Worker bees show a more prone activation of genes responsible for 

developmental maturation and morphological features required for their behavioral tasks, such as 

suppression of ovary development and differences in the structure of wings and legs for foraging (Cristino 

et al., 2006; Cameron, Duncan and Dearden, 2013). 

Recently, several studies have been published revealing the RNA-content of royal and worker jelly. 

Extracellular miRNAs in royal jelly and worker jelly have become a highly investigated topic, because of 

their regulatory function on gene expression of larvae. Recent investigation of the miRNA profile for the 

three castes indicated differential expression and predicted interference of miRNA in neural development 

especially (Ashby et al., 2016). Additionally, miRNA abundancy is higher in worker jelly than in royal 

jelly, there is a larger compositional diversity and this composition changes dynamically through the 

developmental stages of larvae, as was found by Guo et al., 2013. This publication also reports that adding 

specific miRNA, such as miRNA-184, to feeding regimes for queen larvae reared in vitro indicated 

differential expression of predicted mRNA targets of this miRNA and changed their morphology towards 

the worker phenotype. Interestingly, this specific miRNA was found to control proliferation and 

differentiation of the nervous system in mice, while methyl CpG-binding proteins controlled its expression, 

linking this factor to DNA methylation as well (Nomura et al., 2008; Shi et al., 2010).  

In vitro rearing of honeybee larvae in the laboratory allows studying effects of diets and 

biomolecules upon caste development. By studying the effects of miRNA on honeybee development in an 

in vitro environment, it is possible to elucidate some of the complex communication systems that involve 

extracellular RNAs. Additionally, honeybees are excellent for investigation of epigenetic mechanisms since 

they harbor a nearly “mammalian” repertoire of epigenetic modifications (Foret et al., 2009). Importantly, 

this includes CpG methylation, as well as a homolog to Ten-Eleven Translocation methylcytosine 
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dioxygenase 1 (TET1), a protein that catalyzes the reaction of methylated cytosine to hyroxymethylated 

cytosine, which is considered the first step of active demethylation of mammalian DNA (Ito et al., 2011).  

Non-coding RNAs affect epigenetic regulators in the larvae in order to direct development to a 

specific path (Figure 10). The aforementioned miRNAs in the diets of honeybee larvae have been suggested 

to influence caste development through targeting non-methylated DNA that contains genes playing a role 

in neuronal development, which can be seen as an extension of DNA methylation and its regulatory effects 

(Ashby et al., 2016). Another study has reported the miRNA expression patterns in honeybee ovaries in 

reproductive workers and queens versus non-reproductive workers and virgin queens, which indicate that 

miRNAs allow differentiating between fertile and infertile states independent of the caste as well (MacEdo 

et al., 2016).  

 

Genetic manipulation  

Throughout recent years, different methods have been published to transform larvae of honeybees. Most of 

the techniques rely on manipulation of the epigenome, which, for example, can be realized by feeding 

Figure 10 (Maleszka, 2016): An overview of the complex epigenetic control system and its drivers in eukaryotes. 

The green nodes are proteins (DNMT1: DNA methyltransferase 1, TET: ten–eleven translocation methylcytosine 

dioxygenase (demethylase)), the blue nodes depict DNA modifications and orange nodes are RNA molecules.  
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miRNA for RNAi (Kamakura, 2011; Guo et al., 2013) or microinjection of double stranded RNA (Amdam 

et al., 2003). Additionally, it has been reported that sperm-mediated gene transformation (SMGT) is able 

to introduce DNA and produce transgenic honeybees (Robinson et al., 2000). Expression of vectors 

introduced by electroporation (Schulte et al., 2013) and integration of a genetic element using the piggyBac 

transposon system microinjected into eggs has been reported in honeybees as well (Schulte et al., 2014).  

Many kinds of insects have been gene edited with the CRISPR-Cas9 methodology through 

intervention early in development, which has generated genome-edited lines of organisms. In most cases, 

this was done through microinjection of eggs and subsequent in vitro rearing (Kistler, Vosshall and 

Matthews, 2015). These insects are then genetically tested and often found to be mosaic for a number of 

mutations. Therefore, the F0 generation is bred to wild type individuals and if gametes are gene edited, part 

of the offspring will be heterozygous for a specific mutation. The application of the CRISPR-Cas9 method 

to honeybees opens doors for investigation of gene knockouts, specific mutations or differential gene 

expression in this eusocial organism. In 2016, Kohno et al. produced genomically modified honeybees by 

microinjection of Cas9 mRNA and sgRNA into eggs. The CRISPR-Cas9 method was also applied to target 

the cinnabar gene in the parasitoid jewel wasp (Nasonia vitripennis) by Li and coworkers (Li et al., 2017).  

In fruit flies, it is known that the cinnabar gene is responsible for the production of pigment in the 

eyes and that flies harboring a cinnabar knockout (a mutation called cn) lose this pigment. The latest 

honeybee genome (Baylor2.0/apiMel3) includes a gene that is similar to cinnabar in fruit flies and this is 

predicted to have the same function in honeybees. Simultaneously, there are reports of wild honeybees, 

which have lost pigment in their eyes (Figure 11). One of these mutations is located in gene encoing 

kynurenine-3-monooxidase, called ivory, and is proposed to be a homolog to the cn mutation found in flies 

since the mutations block the same step of pigment production in their respective insects (Green, 1952). 

Figure 11 (Glenn and Glenn, 2014): Naturally occurring eye color variations in honeybees.  
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The mutation is mostly recorded in drones, since the mutation is recessive and drones are haploid (Glenn 

and Glenn, 2014).  

  We aimed to implement Cas9 techniques in our lab by targeting cinnabar in honeybees, for which 

we expected to see loss of pigment in the eyes of the honeybee upon successful knockout. We predicted 

that knock out of this gene will disable the production of pigment in the eyes due to loss of kynurenine-3-

monooxidase (Urich, 1994) but without reducing survival rates of the larvae. In order to test different ways 

to modify the genome, a number of different methods were setup in the lab. We microinjected honeybee 

larvae with Cas9 protein or Cas9 mRNA in combination with sgRNAs (Figure 12). In addition, we grafted 

larvae to feed them a combination of Cas9 mRNA and sgRNA during the first two days after hatching, 

based on the principle that RNAi is effective when honeybee larvae receive these transcripts through their 

feed.  

We also initiated microinjection of honeybee eggs. For optimal results, it is necessary to deliver 

the Cas9 components to the egg before the blastula develops. Many insects reach this stage within an hour 

following oviposition, but for honeybees the blastoderm does not start developing until approximately 7 

hours after it has been laid (Fleig and Sander, 1986), thus microinjection of eggs needs to be performed 

within those first 7 hours. In order to keep track of the age of honeybee eggs, the queen can be caged onto 

one of the combs inside the hive for a short time period. However, a queen will quickly become unsatisfied 

and refuse to lay eggs for the time she is caged. This tends to improve when she is caged with a few worker 

bees, though a problem with this solution is that the workers have the tendency to eat the eggs when they 

are caged. It is therefore challenging to generate a large amount of eggs of the correct age. Microinjection 

of honeybee larvae and eggs has a significantly decreased survival outcome, which adds to the difficulties 

of working with this non-model organism. We therefore planned to test SMGT in combination with 

CRISPR-Cas9. With this genome modification technique, it could be possible to knock out gene targets of 

miRNAs or otherwise interfere in the function of these transcripts.  

 

  Egg size: ~1,5 mm 

Figure 12 (Waller, 1980): Developmental stages of 

honeybee larvae.  
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Part I: Methods & Materials  

 

DNA oligos were designed using Primer3 (Koressaar and Remm, 2007)(Untergasser et al., 2012) and 

purchased from Sigma-Aldrich. The sequences and physical location of these oligos were registered in the 

supplementary files. DNA was amplified by polymerase chain reaction (PCR) using the proofreading 

Phusion high-fidelity DNA Polymerase purchased from New England Biolabs. Restriction digestion 

enzymes were purchased from New England Biolabs and used according to the manufacturer’s protocol.  

 

Ethical considerations  

The experiments were performed according to the guidelines of the Danish Working Environment 

Authority. 

 

sgRNA design  

The targets of sgRNAs were designed using the CRISPR Optimal Target Finder, the only tool available 

online that uses the European honeybee genome (Baylor2.0/apiMel2) in its reference database (Gratz SJ1, 

Ukken FP, Rubinstein CD, Thiede G, Donohue LK, Cummings AM, 2014). The predicted sequence for 

honeybee cinnabar resides in the GroupUN:70,983,374-70,992,055 of the Baylor2.0/ApiMel2. The partial 

cinnabar sequence used for our design is listed in the supplementary files. Optimal Target Finder was set 

to Apis Mellifera (ApiMel3), a guide length of 20 nt and we selected all CRISPR targets. We choose four 

target sequences in exons 1, 3 and 6 cinnabar in honeybee (Figure 13). The T7 promoter sequence (5´-

GATCACTAATACGACTCACTATAG-3´) and the first 17 bases of the sgRNA scaffold sequence for S. 

pyogenes Cas9 (total sequence: 5’- GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA 

GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT-3’) were designed at the 5’ 

and 3’ ends of the target sequence respectively. We inserted two guanosine residues between the T7 

promoter sequence and the target sequence to promote optimal transcription by the T7 RNA polymerase.  

Figure 13: BLAT (Kent, 2002; Kent et al., 2002); The location of the guides are indicated by the names 

sgRNA_targetX.  
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sgRNA synthesis  

sgRNA templates were produced from single stranded DNA oligos (Figure 14). We ordered single stranded 

DNA sequences as designed above and a DNA oligo coding for the entire scaffold sequence in reverse 

complement, maintaining a 17-nucleotide overlap between both sequences. We then annealed each of the 

guide oligos to the scaffold by heating to 100 ˚C and slowly decreasing the temperature to 50 ˚C. The 

produced double stranded DNA was then amplified by PCR using primers targeting the start of the T7 

promoter and the end of the scaffold. The size of the amplified product (145 bp) was validated by gel 

electrophoresis. These DNA templates were used for in vitro transcription with the MEGAshortscript T7 

kit (Life Technologies) according to the manufacturer’s instructions. RNA was purified with QIAzol 

reagent and the miRNeasy kit (Qiagen) per the manufacturer’s instructions. Finally, the sgRNA was 

precipitated with 100 % ethanol and stored in nuclease free water.  

 

Figure 14: The template for in vitro transcription of the sgRNAs was created by annealing two single stranded 

oligos, which overlapped with 17 base pairs. DNA oligo 1 contained the T7 promoter, the guide and the first part 

of the sgRNA scaffold. DNA oligo 2 contained the entire sequence of the sgRNA scaffold, which is the sequence 

that is bound by Cas9 protein. After annealing the oligos, two primers were used for elongation and amplification 

of the template. This final template was then used for in vitro transcription to produce the sgRNA.  
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Cas9 protein and mRNA 

The s. pyogenes protein Cas9 nuclease NLS was purchased from New England Biolabs. Cas9 mRNA was 

synthesized from the pET-NLS-Cas9-6xHis plasmid (Addgene #62934), a gift from David Liu (Zuris et al., 

2015). This plasmid was linearized with XhoI and purified with the QIAquick PCR purification kit 

(Qiagen). Linearized DNA was precipitated with ethanol and used as a template for Cas9 mRNA synthesis 

using the mMESSAGE mMACHINE T7 kit (Life Technologies) according to the manufacturer’s 

instructions. The mRNA was purified with the QIAzol reagent and the miRNeasy kit (Qiagen) according 

to the manufacturer’s protocols. Finally, mRNA was precipitated with 100 % ethanol and stored in nuclease 

free water.  

 

In vitro rearing of honeybee larvae 

Larvae were grafted during day three of development and groups of ~50 larvae were transferred to petri 

dishes with excess 6-6 diet (Table 2). For the first six days, the larvae were incubated at 34 °C in a plastic 

container at a humidity of 95 %, accomplished by adding a saturated K2SO4 solution (0,7M) to the bottom 

of the container. The feeding regime and feed composition for in vitro rearing of the larvae is described in 

Table 2 and Table 3. On day 7, the larvae were moved onto filter paper and incubated at 34 °C in a container 

at a humidity of 80 %, prepared by adding a saturated NaCl solution (6M) to the bottom of the container. 

Our in vitro rearing system is depicted in Supplementary figure 3,Supplementary figure 4,Supplementary 

figure 6,Supplementary figure 7,Supplementary figure 8.  

 

 

 

 

 

 

 

Feeding Cas9 mRNA and sgRNA to honeybee larvae 

Larvae were grafted and transferred onto excess 6-6 feed, described in Table 2. On days 1 and 2 only, this 

feed was supplemented with one v/v percentage of sterile water containing a mix of Cas9 mRNA (230 

ng/L) and four sgRNAs (40 ng/L). A ‘water control group’ received 6-6 feed with 1 % added sterile 

water while the ‘no treatment control group’ received the standard rearing diet. From day 3 onwards, all 

larvae were reared on standard diet described above.  

Table 2: Diet composition for in vitro rearing of honeybee larvae to worker bees. 

Feed type 6-6 7-5 9-9 

Glucose 6 % 7.5 % 9 % 

Fructose 6 % 7.5 % 9 % 

Yeast extract 1 % 1.5 % 2 % 

DEPC water 37 % 33.5 % 30 % 

Royal jelly 50 % 50 % 50 % 
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Analysis of adult honeybees  

Castes of emerged bees were determined according to characteristic features on the hind leg (Figure 16). 

Expression of the cinnabar gene in emerged bees was analyzed by quantitative PCR. We designed two sets 

of primers spanning either introns 1 to 3 or 3 to 5 of the cinnabar sequence. The heads of emerged bees 

were severed and mashed on a Qiagen TissueLyser. RNA was extracted using the mirVana kit (Ambion 

RNA by Life Technologies) according to the manufacturer´s protocol. RNA was then converted into cDNA 

by SuperScript IV Reverse Transcriptase (Invitrogen by Life Technologies) according to the manufacturer’s 

protocol with both oligo-dT and random hexamer primers. qPCR was performed in triplicate with the 

KAPA SYBR FAST qPCR kit according to the manufacturer’s protocol (95 °C for 20 seconds, cycling 50x 

between 95 °C for 3 seconds and 58 °C for 20 seconds) on a Viia7 Real-Time PCR System. Melting curve 

analysis demonstrated singular PCR products throughout the samples and no amplification was observed 

in a no-template control sample. Ribosomal protein S5 (RP5) (Chaimanee et al., 2016) was used as a 

reference gene and the relative expression between a pool of five controls (mock injected) and the injected 

emerged bees was calculated using the delta-delta Ct (∆∆Ct) relative quantification method (Livak and 

Schmittgen, 2001).  

 

Microinjection in honeybee larvae and eggs  

Microinjection in larvae was done using a Pneumatic PicoPump PV820 (World Precision Instruments) set 

up at 10 PSI. Needles were prepared using the P-30 Vertical Pipette Puller (Sutter Instruments). 

Approximately 2 to 8 nL of Cas9 reagents in nuclease free water was injected in each larva. Larvae were 

grafted as described above and injected with either 40 ng/L sgRNA and 80 ng/L Cas9 protein, or 7 ng/L 

sgRNA and 230 ng/L Cas9 mRNA. We were unable to inject larger concentrations of RNA due to needle 

Table 3: Feeding regimes for in vitro rearing of honeybee larvae. 

  Plate Larvae/diet per well Feed type 

Day 1 Petri dish 5 larvae/750 µL 6-6 

Day 2 48 well 1 larvae/75 µL 6-6 

Day 3 48 well 1 larvae/130 µL 7-5 

Day 4 48 well 1 larvae/150 µL 9-9 

Day 5 24 well 1 larvae/250 µL 9-9 

Day 6 24 well 1 larvae/300 µL 9-9 

Day 7 24 well 1 larvae/filter paper No feed 

Day 8  

(until emergence) 
24 well 1 larvae/filter paper No feed 
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clogging. The larvae were injected on the anterior side in order to deliver the CRISPR-Cas9 reagents in 

proximity of the larvae head. Following microinjection the larvae were reared as described above.  

Microinjection in honeybee eggs was performed by grafting eggs from the comb and transferring 

them to parafilm. Eggs were injected with injection buffer (10 mM HEPES, 130 mM NaCl, 6 mM KCl, 4 

mM MgCl2, 5 mM CaCl2, 25 mM glucose, 160 mM sucrose) in the dorsal posterior side. Following 

microinjection, the eggs were kept on parafilm at 34 °C in a plastic container at a humidity of 95 % until 

they hatched. Larvae were reared as above.  

 

Cloning of Cas9 expression vector 

The in silico-designed guide sequences described above were inserted into the pAc-sgRNA-Cas9 plasmid 

gifted by Ji-Long Lui (Addgene #49330, Supplementary figure 9) through the following steps. First, two 

reverse complementary base pairing ssDNA oligos were ordered: A forward sequence comprised of the 

genomic target sequence extended with 5´-TCC-3´ to match the BspQ1 restricted pAc-sgRNA-Cas9 

plasmid, and a reverse sequence complementary to designed guide sequence 1 or 2 extended with 5´-AAC-

3´. The ssDNA oligos were phosphorylated by T4 polynucleotide kinase (New England Biolabs) and 

annealed in annealing buffer (20 mM Tris, 2 mM EDTA, 100 mM NaCl) by heating to 100 °C and slow 

cooling to 50 °C. Both the plasmid and the now dsDNA insert were precipitated with sodium acetate and 

isopropanol. They were then ligated by T4 ligase (New England Biolabs) for 3 hours at 20 °C and incubation 

overnight at 16 °C. The ligated plasmid was used to transform Top10 competent bacteria and we purified 

it using the NucleoSpin Plasmid mini-prep kit (Machery Nagel) and the manufacturer´s protocol. Presence 

of the correct insert was validated by sequencing the insert site at GenoSkan A/S. Following validation of 

the correct insert, each of the four plasmids was linearized by BamHI.  

 

Storage and treatment of honeybee semen 

We collected drones from the same hives as described above and harvested semen from mature drones by 

pushing the genitalia out of the abdomen. A small amount of semen (approx. 1 µL per drone) was collected 

with a microinjection needle and pooled with semen of other drones collected on one day. We used 

honeybee tris-buffered saline (HTBS), described by Robinson et al., 2000, as storage buffer for drone 

semen. Inside one needle, the semen was mixed with HTBS containing a mix of our four linearized pAc-

sgRNA-Cas9 plasmids and, it was mixed with only HTBS in the other needle. The needles were stored at 

room temperature and away from light for up to 72 hours. DNA was purified by transferring the semen 

samples to PBS and centrifuging at 2K rpm for 5 minutes. Then the supernatant was removed, the pellet 

resuspended in buffer S (20µl 1M DTT, 20ml Pronase 20mg/ml) and incubated overnight. We then added 

6M NaCl and centrifuged for 10 minutes at 13K rpm. Subsequently, 0,7 volume of isopropanol is added 
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and the mixture is inverted 5 times before centrifuging at 13K rpm for 10 min. The pellet is washed with 

70 % ethanol and air dried. The DNA is then resuspended in TE buffer with added RNase A (0,33 mg/mL) 

and resolved for 4 hours at 40 °C. We also collected semen in a oxygen free needle by drawing glycerol 

into the needle before and after semen collection, which left the semen sample between two plugs of 

glycerol and increased the survival of the spermatozoa.  

 

NGS analysis of cinnabar in honeybee semen 

The target sites of our guides in the honeybee cinnabar gene of semen DNA were examined by sequencing 

PCR products on an Illumina HiSeq 2000. The regions of interest were amplified using primers that produce 

a product of approximately 100 base pairs. This product was run on a 2 % agarose gel to confirm the size 

and subsequently extracted from the gel with the QIAquick gel extraction kit (Qiagen) according to the 

manufacturer´s protocol. Then the fragments were prepared for sequencing with the NEBNext Ultra DNA 

library preparation kit (New England Biolabs) for Illumina according to the manufacturer´s protocol. The 

library was sequenced on an Illumina HiSeq 2000 (100 bp, paired-end) and the data was analyzed using the 

CRISPResso software (Pinello et al., 2016). 
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Part I: Results and discussion 

 

In this chapter, we describe the experiments performed in order to establish a CRISPR-Cas9 gene editing 

methodology in honeybees. During these experiments, we aimed to edit and knock out honeybee cinnabar, 

a gene involved in determination of eye color in fruit flies. Loss of cinnabar results in a clearly visible loss 

of pigment in fly eyes and parasitoid wasp and we predict it will result in the same phenotype in honeybee. 

Whether gene editing was successful can be rapidly determined by visual inspection of adult honeybees. 

We designed four sgRNAs against the first exons of the predicted honeybee cinnabar sequence and aim to 

knock out this gene by allowing NHEJ. In honeybees, no Cas9 gene editing methods were reported at the 

start of this study and therefore we tested different strategies to deliver Cas9 and sgRNA into honeybees.  

The first part of the results below describe how we applied two different delivery strategies to 

honeybee larvae on day three of development: microinjection and feeding. It was hypothesized that Cas9 

could alter a subset of cells in the larvae that would be visible in the eyes of the adult bees, similar to the 

use of miRNA to influence development of larvae. We tested two different forms of Cas9 for 

microinjection, namely Cas9 protein and Cas9 mRNA. The feeding experiment was performed with Cas9 

mRNA. Both Cas9 protein and Cas9 mRNA were combined with sgRNA that had been in vitro transcribed 

from a DNA template.  

The use of honeybee larvae for Cas9 gene editing would not allow editing in the entire organism. 

Therefore, we also investigated strategies to alter the genome of honeybees at the earliest stages of 

development. One way to accomplish this is to use microinjection on honeybee eggs. This requires grafting 

of eggs within 7 hours after oviposition and subsequent injection with Cas9 protein in combination with the 

sgRNA. Alternatively, it is possible to use SMGT for honeybees (Robinson et al., 2000), which requires 

the collection of semen from drones, incubation with a Cas9-sgRNA DNA construct and subsequent 

insemination of virgin queens. The last part of this results section describes our considerations concerning 

these two delivery methods.  

 

Microinjection of honeybee larvae 

The first set of experiments focused on microinjection of honeybee larvae. The larvae were obtained from 

hives with European honeybees placed outside our research facility in Foulum, Denmark. The injection site 

was at the dorsal anterior side in order to inject the CRISPR-Cas9 reagents as close to the head of the larvae, 

(Figure 15). The first group of larvae (N=150, two batches of 75 on two subsequent days) was grafted and 
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microinjected with SpCas9 protein together with the 

mixed sgRNAs. The larvae were subsequently reared 

in our in vitro rearing setup for worker honeybees. 14 

% of these larvae survived to the pupal stage (day 7 

post grafting) and 11 % emerged as adult bees (Table 

4a). An even number of larvae was mock injected, of 

which 11 % reached the pupal stage and 7 % emerged. 

Additionally, a control group of non-treated larvae 

(N=73) was grafted where 48 % survived to become 

pupa and 42 % survived to become adult bees. A 

batch of similar size of larvae was microinjected with 

Cas9 mRNA and the four sgRNAs, and showed a 

slightly better survival to the pupal stage: 36 % for 

Cas9 injection (N=150), 29 % for water injection 

(N=150) and 50 % when untreated (N=71) (Table 

4b). These percentages are higher due to 

improvements to the microinjection setup between 

these experiments (thinner needles, quicker handling 

Table 4: This table shows the survival rates for larvae microinjected with Cas9 protein with sgRNAs 1 

to 4, Cas9 mRNA with sgRNAs 1 to 4 or injection buffer compared to larvae that were not microinjected. 

The survival rate of table B is increased due to an improved microinjection procedure. It is seen from 

these rates that microinjection decreases the survival rate of honeybee larvae in our in vitro setting. 

A    

 Pupa Emerged n 

Cas9 protein + 

sgRNAs 1-4 
14 % 11 % 

150 

Mock injected 11 % 7 % 

No treatment 48 %  42 % 73 

    

B    

 Pupa Emerged n 

Cas9 protein + 

sgRNAs 1-4 
36 % 19 %  

150 

Mock injected 29 % 25 % 

No treatment 50 %  40 %  71 

 

Figure 15: Injection of the larvae was performed 

at the dorsal anterior side. For this figure, we used 

purple injection buffer to visualize the site of 

microinjection. The arrowhead indicates the 

injection site  

 

Head 
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of larvae). The difference in survival rates between the non-treated larvae and the microinjected larvae 

indicates that injection has a negative effect on survival.  

After the adult bees emerged, we investigated the visual phenotypes under a light microscope. First, 

the bees were analyzed for loss of pigmentation in parts of their compound eyes. None of the bees showed 

a difference in eye color after injection with Cas9 protein or mRNA. This means that we were unable to 

establish gene edits that resulted in an external phenotype in these honeybees. We also checked our in vitro 

rearing system by looking into the caste of the bees, which can be seen from several morphological features. 

One of these features is the hind leg. The typical worker hind leg has auricles, which are used to transport 

pollen into the hive (Figure 16). The queen does not need this feature and therefore her hind leg is square 

instead. The number of queens emerging from our in vitro rearing system is approximately 30 % based on 

investigation of the hind legs. This is relatively high for a system that aims to rear workers, though not 

entirely surprising. It supports the theory that the worker phenotype is switched on through specialized 

feeding regimes of the nurses, in which case our feeding regimes are not specialized enough to activate the 

worker phenotype at all times.  

 Though we could not detect signs of gene editing from the external phenotype of the eyes, it was 

still possible that the levels of cinnabar in the adult bees had been influenced by a knockout event of Cas9. 

We therefore investigated the levels of cinnabar mRNA in the head of a selection of adult bees with 

Figure 16: a) Drawing of the worker honeybee hind leg 

(Casteel, 2012). b) From left to right: hind leg of a worker 

reared in the hive, a queen-like hind leg reared in vitro and 

the hind leg of a drone reared in the hive. This image 

illustrates the difference between hind leg shapes, which is 

related to the function of the individual bee in the hive. The 

arrow indicates a special feature of worker hind legs: the 

auricle. This tool allows her to transport pollen into the hive.  

 

A B 
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quantitative PCR. The relative mRNA expression of the cinnabar gene was tested with two sets of primers 

in mock-injected controls and Cas9 mRNA injected individuals. The first primer set spanned exon 1 to 3 

and the second set spanned exon 3 to 5. Figure 17 shows the bar chart with the mRNA expression that was 

normalized to the RP5 gene. The experiment showed a large variation in the expression of cinnabar in the 

control samples as well as in the individuals that had been treated with Cas9. Though some of the bees 

microinjected with Cas9 mRNA appeared to have a low expression of cinnabar mRNA, none of them was 

Figure 17: Quantification of the mRNA expression of cinnabar in the heads of emerged bees with primers 

spanning exon 1 to 3 (left) and 3 to 5 (right). The expression is shown as the average 2^-ddCt value of the technical 

triplicates with the SD depicted by the error bars. The individual bees were all microinjected with Cas9 mRNA 

and sgRNA 1 to 4, and these were compared to expression of bees that had been mock injected. Gene expression 

was normalized against RP5. The expression varies greatly in all control individuals and we therefore see no 

indication of significant decreased expression of the cinnabar gene in the individuals that have been treated with 

Cas9 mRNA and sgRNA.  
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significantly decreased compared to the controls. Additionally, we see a subtle variation of the expression 

of exon 3-5 compared to exon 1-3 within all individuals. This could potentially be explained by a difference 

in splice variant expression in the individual bees. Overall, the large differences in expression of cinnabar 

mRNA between the mock-injected individual control bees did not allow us to draw conclusions about the 

effect of Cas9 on the treated bees.  

 

Feeding Cas9 components to honeybee larvae 

Table 4 clearly indicates that microinjection of larvae is an invasive procedure that decreases the chance of 

survival significantly for the larvae reared in vitro. Microinjection could be circumvented if the digestive 

system of grafted larvae took up the Cas9 reagents instead. It is known that honeybee larvae take up 

components such as miRNAs from their feed, as explained earlier, which subsequently influences the 

development of the larvae. We therefore tested whether it was possible to alter the genome of honeybee 

larvae with CRISPR-Cas9 when Cas9 mRNA and sgRNAs were added to their feed. For this experiment, 

we grafted larvae from the hive and reared them in vitro as we did for the larvae that were microinjected. 

However, now we added a mix of Cas9 mRNA and the four sgRNAs to the feed of the larvae on day 1 and 

2. Table 5 shows the survival rates of each group of larvae to the pupal and adult stages. Survival was 

significantly better for this experiment than for microinjection. After the adult bees emerged, we analyzed 

the phenotypical features of the eyes and legs. The amount of queens in this group was comparable to the 

microinjected honeybees and there were no phenotypic indications of Cas9 gene editing in the eyes of these 

adults. Therefore, feeding the Cas9 reagents did not have a significant effect on honeybee larvae.  

 

Potential improvements to genome modification of honeybee larvae 

Our first attempts to induce genome modification in honeybee larvae did not show a phenotypical change, 

nor did microinjection bring about a measurable change in the expression of cinnabar mRNA. One of the 

Table 5: This table shows the survival rates for larvae that were fed with Cas9 mRNA with sgRNAs 1 to 

4 compared to larvae that were fed a normal worker diet. It is seen from these rates that adding the Cas9 

mRNA and sgRNAs does not decrease the survival rate of honeybee larvae in our in vitro setting.  

A    

 Pupa Emerged n 

Cas9 protein + 

sgRNAs 1-4 
75 % 51 % 

45 Mock injected 78 % 38 % 

No treatment 69 %  44 % 
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possible explanations is that the microinjection and feeding did not allow Cas9 protein or mRNA and the 

sgRNAs to locate to the head of the bees. In case of microinjection, it is possible that the Cas9 components 

remained at the site of injection and therefore have not reached the cells that form the eyes of the adult bees. 

The same issue is possible for the feeding experiments, which can only be successful on the condition that 

Cas9 mRNA and sgRNAs are ingested by the digestive system and these subsequently locate to the head 

of the larvae together. In order to be sure of the targets reaching the target cells, we could track the 

components in the larvae over time in future experiments. Another issue could be the efficiency of our 

guides. In many other organisms, it is possible to test the efficiency and off-target effects of guides in 

immortalized cell lines. This is only possible when producing our own cell line from honeybees, though 

these do not tend to survive for longer than one year (Goblirsch, Spivak and Kurtti, 2013). Potentially, the 

addition of 5´ GG to the guides resulted in reduced effectivity of Cas9 cleavage at the target sites. Though 

these extra nucleotides are located at the distal side of the PAM, they might still result in reduced binding 

affinity to the target sites. The concentration of Cas9 components will thus have to be significantly high for 

genome modification to succeed. Increasing the concentration of Cas9 components in the larvae is possible 

to some extent, but the total lack of Cas9 editing in the current setting lets us to believe that higher 

concentrations are not sufficient to accomplish proper gene editing.  

In case gene editing has been successful, one of the possible explanations for lack of phenotypic 

indication is that too few cells have been edited and therefore these are not captured in the analysis. Since 

the larvae already consist of a large amount of cells, the Cas9 system will have to alter numerous cells in 

order to be able to detect the phenotype. In addition, both cinnabar alleles need to be mutated in order to 

see a phenotype, since a loss-of-function mutation is recessive. We could investigate whether a small 

number of cells has been edited by deep sequencing the genome of treated honeybees. This would show us 

single modification events if these have occurred. However, it might require deep sequencing of many 

individuals before we detect mutations and it could thus become very costly. If we find modification events 

in such an analysis it would indicate that the system is working but that the concentration of Cas9 

components is too low to modify a sufficient amount of cells to alter the phenotype of the bees. 

Alternatively, on- or off-target gene edits could have decreased the survival of the cells and therefore these 

did not proliferate at the same rate as the non-edited cells. This leads to a selection for wild-type cells, 

which is then the only phenotype detected in the adult bees. Those edits could also decrease the survival of 

the entire larvae, resulting in decreased survival the adult stage. If survival was compromised this would 

probably be caused by off-target effects of Cas9 genome editing, since the function of cinnabar is not 

expected to influence survival in our in vitro setting.  

 Our rearing procedures resulted in a high percentage of queen-like honeybees. Since our goal was 

to modify the phenotype in the eyes, this is not an issue. However, if we wish to investigate caste 
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development in vitro in the future we will need to improve the rearing system for worker honeybees. One 

of the main issues might be the quality of the feed, more precisely the royal jelly, administered to the larvae. 

Batches of royal jelly can differ greatly in composition and quality, which complicates the repeatability of 

in vitro rearing of honeybees (Zheng, Hu and Dietemann, 2011).  

 

Microinjection of honeybee eggs 

The experiments in which we administer Cas9 through microinjection or feeding of honeybee larvae did 

not allow us to generate honeybees with a substantial amount of gene-edited cells. It is possible that a minor 

fraction of cells was gene edited without being picked up by our analysis. We therefore hypothesized that 

Cas9 components needed to intervene at an earlier stage of development, during which the egg is made up 

of omnipotent stem cells. To accomplish this, the Cas9 reagents need to be administered before blastula 

formation. Introducing Cas9 to these embryonic stem cells allows editing the genomes before they 

proliferate and differentiate, which will lead to spread of the mutation from those single cells to large parts 

of the organism.  

Experiments with honeybee eggs were new to our lab and we therefore had to test our in vitro 

setting for rearing eggs. Honeybee eggs are smaller and more fragile than the larvae, and thus more difficult 

to graft. This means that many eggs were lost in the grafting process and simultaneously that a large quantity 

of eggs is required for the experiments. This put a strain on the hives we had at our disposal and the number 

of experiments with eggs was therefore limited. When aiming to generate several generations of gene-edited 

insects, it is important to localize Cas9 and sgRNAs close to the germ cells of a developing embryo. For 

other insect species, it is known that those germ cells form at the 

posterior end of the egg and therefore this side is injected with 

Cas9 reagents. Though the site for germ cell formation has not yet 

been established for honeybees, it is proposed that this is similar 

to other insects. The eggs are thus injected with Cas9 protein and 

sgRNA on the dorsal posterior side. A honeybee queen glues the 

egg to the comb with the posterior side, which is slightly narrower 

than the anterior side of the egg (Figure 18).  

Due to the limited number of experiments that we were 

able to do during one season and the low survival rates of the eggs, 

we were not able to rear adult honeybees from Cas9 treated eggs. 

The initial experiments tested our rearing system and showed that 

we could establish approximately 10 % survival to adulthood 

when we injected with injection buffer and reared the eggs as 

Figure 18 (altered from Tofilski, 

2011): This image depict the shape 

of a honeybee egg. The egg is 

attached to the comb on the left side, 

which is the posterior site of the egg. 

The eggs are microinjected on the 

dorsal posterior side, which is 

slightly narrower than the anterior 

side of the egg. (Scale bar = 0.1 mm) 
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workers. Unfortunately, we were not able to gather more eggs from the hives for our experiments after 

these trials.  

 

Considerations on the experimental setup for genome modification in honeybees 

At the start of this project, there were no reports of Cas9 gene editing in honeybees. However, after our 

initial experiments with honeybee eggs, an interesting publication came to our attention. The group of 

Kohno et al. (2016) reported an approach to use Cas9 in honeybee and produced several generations of 

genome-edited bees. A significant difference between the methods used in our lab was that the group of 

Kohno used advanced facilities, such as a flight room. Caging honeybees in a flight room allows researchers 

to maintain apiaries inside the laboratory and therefore allow worker honeybees to rear the brood after it 

has been treated (Huang et al., 2014). A flight room will also allow us to maintain several generations of 

honeybees in the lab. In our current setting, we can only analyze the bees that have been treated. If we want 

to produce honeybees with a single specific mutation in the target gene, we will need to produce progeny 

from the treated bees like is done for other insect kinds. We could also use special combs that allowed 

microinjection of the eggs on the comb. This will reduce the amount of handling of the eggs and therefore 

the chance of damaging the egg in the process. These approached increase the survival rate significantly 

and thus decreases amount of eggs used and the strain on the hive. It is clear that a major drawback of the 

honeybee is that, unlike many other insects, it is not a model organism. Maintaining them in the laboratory 

is much more challenging and this complicates the research that we can perform. We will need to reconsider 

our rearing system for future experiments in order to increase survival and in case we want to maintain 

several generations of honeybees indoors.  

 

CRISPR-Cas9 in honeybee semen 

We searched for ways to avoid the invasive treatment of larvae and eggs. In parallel with the microinjection 

of eggs, we therefore investigated the use of SMGT and CRISPR-Cas9 in honeybees. In 2000, Robinson et 

al. produced transgenic honeybees with SMGT and was able maintain a transgenic line for several 

generations. The SMGT method includes harvesting of semen from drones and artificial insemination of 

honeybee queens, which are both traditional bee-keeping techniques. An interesting difference between 

SMGT in honeybees and other organisms is that it is successful without washing the drone semen before 

adding foreign DNA. The antagonizing agents in seminal fluid seem to be inhibited by factors in the storage 

buffer.  

The fact that drone semen can survive long-term storage indicates that the spermatozoa maintain a 

certain level of transcription and translation, for example for non-aerobic energy production (Paynter et al., 

2017). We therefore hypothesized that honeybee spermatozoa can express the content of a DNA construct 



50 
  Part I: Results and discussion 

 

    

following internalization. Expression of the Cas9 protein and sgRNAs from our plasmids inside the 

spermatozoa could lead to gene editing of the cinnabar gene prior to fertilization. In order to test this 

hypothesis, we cloned our four guides into the pAc-sgRNA-Cas9 plasmid, which contained a promoter that 

is used to express Cas9 in fruit flies (Figure 19) and is expected to express Cas9 in other insects as well. 

We subsequently collected semen from honeybee drones from our hives and mixed it with the pAc-sgRNA-

Cas9 plasmids containing guide 1 to 4. We then sequenced the target site of our guides with paired-end 

NGS to see whether Cas9 had introduced mutations to the cinnabar gene of the semen. shows the analysis 

of the reads we obtained from sequencing and show no mutations in the target sites. This means that it will 

be necessary to inseminate a virgin queen with semen containing a Cas9-sgRNA DNA construct. If this 

construct is successfully transferred to the fertilized egg, it should express Cas9 and the sgRNAs for 

subsequent genome modification. It would not require the construct to be inserted into the genome in order 

for SMGT to work, which is an advantage since insertion is rare and it is undesirable that the construct is 

inserted at random. It should be noted though, that the construct will still be inserted in certain cases or that 

it might remain in the cells of the organism as an extrachromosomal piece of DNA. This would result in 

constant expression of the CRISPR-Cas9 components, most likely resulting in off-target effects of Cas9. 

This issue should be addressed in future experiments. In these experiments, we will rear virgin queens and 

proceed with the artificial insemination step of SMGT in honeybees.  

Untreated semen cannot be stored for later use, which is problematic in our laboratory setting due 

to the low number of fertile drones available in our hives. Inside the queen bee, semen can survive for 

several years in her spermatheca and treated drone semen can be stored at room temperature for up to two 

weeks without loss of viability (Locke and Peng, 1993). Therefore, we aimed at storing small portions of 

drone semen for later artificial insemination of virgin honeybees. We were able to maintain viable 

spermatozoa for at least 72 hours in storage buffer when semen was stored away from oxygen, which will 

allow us to collect a sufficient amount of semen for insemination of virgin queens.  

 

Potential improvements to the Cas9 treatment of honeybee semen 

We did not find genome modifications at the target sites of our guides after semen was incubated with the 

pAc-sgRNA-Cas9 plasmids. If we want to test transcription and translation in honeybee semen in the future, 

we could use a plasmid that contains a GFP or different marker. Expression of a non-endogenous protein 

sgRNA Scaffold dU6 Guide  Ac5 3x FLAG Cas9 

Figure 19: The region of the pAc-sgRNA-Cas9 plasmid, where the guide and Cas9 are located.  
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in the semen would indicate that honeybee spermatozoa are able to internalize and use foreign DNA. An 

important prerequisite for expression is that the promoter sequences in the plasmid are suited for the 

honeybee transcription system. In this study, we used a plasmid containing promoters optimized for fruit 

flies, which might not result in optimal expression of the plasmid´s content in honeybee cells. We could 

also test the effectiveness of these promoters with a GFP marker.   

  

Figure 20: Analysis of the NGS reads from cinnabar in honeybee semen did not indicate gene editing at the 

target sites of the four guides.     
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Part I: Conclusion 

 

Genome modification techniques have opened doors to uncover new aspects of molecular biology in many 

organisms, including insects. The use of CRISPR-Cas9 quickly became general practice for laboratory 

insects, such as fruit flies and mosquitos. However, a non-model organism like the honeybee is more 

difficult to edit due to the difficulty of maintaining these insects in a laboratory. Honeybees are not only of 

great agricultural value, they exert a highly eusocial system that allows us to investigate a complex 

biological system. Though honeybee genetics and epigenetics have been investigated for many years, still 

many facets remain elusive. Genome manipulation of this insect with CRISPR-Cas9 could create valuable 

knowledge on honeybee physiology. It has been shown that feeding miRNA to honeybee larvae can 

influence development to worker or queen phenotype. These transcripts are thus digested by the larvae and 

they alter the epigenetics of an entire organism. We wanted to test whether CRISPR-Cas9 components 

could affect honeybee larvae in a similar way, though these components would alter the genome instead of 

the epigenome. We have therefore attempted to implement the CRISPR-Cas9 genetic modification method 

in combination with in vitro rearing of honeybee larvae. The use of larvae is preferred over the use of eggs, 

since larvae are easier to obtain and maintain in the laboratory. Additionally, we expected that bees 

harboring different mutations in a specific gene would allow investigating the effect of this gene on the 

individual.  

To this end, we designed an assay to treat larvae with Cas9 components and knockout the cinnabar 

gene to generate honeybees with a visibly reduced level of pigment in their eyes. We microinjected 

honeybee larvae directly after hatching with Cas9 protein or Cas9 mRNA in combination with four 

sgRNAs. We also setup experiments in which we fed larvae Cas9 mRNA and sgRNAs. The trials with 

microinjection and feeding did not generate honeybees with visible loss of pigment in the eyes, which we 

propose is due to the low concentration of Cas9 components compared to the amount of cells present in the 

larvae. In order to increase the chance of altering the genome of a significant number of cells, the Cas9 

intervention needs to be done at an earlier stage of development. We therefore prepared for microinjection 

of honeybee eggs in order to manipulate the genome during the first cell divisions. Grafting and rearing of 

eggs is more complicated than working with larvae and our initial trials have shown that we could only rear 

10 % of the total amount of eggs to adult bees in our system. These experiments have therefore not been 

completed at the time of writing this thesis, but the preparations have brought us closer to genome 

modification in future experiments. We will need to adjust the rearing system in order to increase our 

survival rates and produce several generations of honeybees in the laboratory. Since microinjection is an 

invasive procedure, we would like to use SMGT as an alternative for the transfer of our Cas9 components. 

We have tested whether a Cas9-sgRNA plasmid was able to induce genome modifications in honeybee 
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semen, but it was unsuccessful. We now focus on performing SMGT with the plasmid instead. If a Cas9 

containing DNA construct can be internalized by honeybee semen and it can exert its function soon after 

fertilization, the use of microinjection would be obsolete.  
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Part II: Introduction 

 

During the hibernation period of honeybees in Denmark from approximately October to March, we 

concentrated on testing SMGT in combination with CRISPR-Cas9 for generation of a pig animal model. 

Because of the interest in ALS in our group, we designed an assay to manipulate the porcine superoxide 

dismutase 1 (SOD1) gene with the CRISPR-Cas9 system.  

 

Porcine models of human disease 

Scientists have used animals to model human disease for many years. In general, rodents are preferred for 

these models due to their small size and short generation times (Rissman, 2004). Other commonly used 

animals include fruit flies, roundworms, clawed frog and zebrafish (Lomberk, 2006). All of these organisms 

can be kept in the laboratory and are therefore practical model animals. One of the drawbacks of most 

model animals is though, that these organisms are evolutionary distant from humans. The research 

performed on these models is therefore not entirely translatable to humans. Other species of primates are 

closest to humans and primate models have been used in the past (Bloomsmith, Schapiro and Strobert, 

2006). However, using primates for biomedical research is ethically unfavorable in addition to the high cost 

of maintaining primates in the laboratory. Therefore, researchers have also turned to the pig to model 

biological processes and human disease. The pig lineage is closer to human than that of insects or rodents 

and the long history of pig husbandry by humans allows keeping these animals in a laboratory setting as 

well (Vodicka et al., 2005).  

  Pigs have been used as models for various purposes. Wild-type pigs are used as preclinical models 

to study dosage and bioavailability of drugs (Henze et al., 2018). The cardiac system of a pig resembles 

that of humans, making them useful for cardiology research and models of genetic cardiac disease (Sider 

et al., 2014). The pig is, like humans, omnivorous and shares parts its digestive physiology with us, allowing 

nutritional studies (Gandarillas and Bas, 2009). Researchers have also investigated wound healing and the 

effects of UV light on pig´s skin, since it closely resembles that of human skin (Reifenrath, Kemppainen 

and Palmer, 1996). Unlike many other animals, pig organs can also be used for transplantation research due 

to their size and similarity, and organs from genetically modified pigs are tested for xenotransplantation 

into non-human primates (Hryhorowicz et al., 2017). Furthermore, human and pig brain structure and 

characteristics of neuronal stem cells are more alike than rodents are to either of those (Vodicka et al., 

2005).  
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 Unfortunately, porcine embryonic stem cell lines have proven difficult to obtain, complicating the 

generation of knockout pig models (Ezashi et al., 2009). Transgenic pigs have been produced with methods 

such SCNT and SMGT (Lavitrano et al., 1997; Park et al., 2001). Developments in genome editing 

techniques described in the general introduction of this thesis have opened doors for genetic manipulation 

of swine as well, especially due to increased efficiency of genome modification events. This facilitates 

improvement to the use of pigs in research, but also opens doors to genome modification for agricultural 

purposes (Wells and Prather, 2017). The cost of generating these genome-modified pigs has been reduced 

significantly because of the decrease in number of necessary animals and therefore the housing expenses. 

An interesting example of the use of CRISPR-Cas9 in pig cells was reported by Yang et al. (2015), in which 

Cas9 succeeded to modify up to 62 porcine endogenous retrovirus (PERV) sites in a the genome of cultured 

pig cells. PERVs are suspected to cause immunological responses of the human immune system following 

transplantation of porcine organs and elimination of these viruses will bring us closer to xenotransplantation 

(Blusch, Patience and Martin, 2002). CRISPR-Cas9 was also used to generate a porcine model for diabetes 

mellitus by knocking out the INS gene in somatic cells, which were subsequently used for SCNT (Cho et 

al., 2018).  

   

Amyotrophic lateral sclerosis 

ALS is a rare disease that is part of a group of illnesses called motor neuron diseases. It is characterized by 

degeneration of motor neurons that control voluntary muscle movement. Motor neurons in the brain, called 

upper motor neurons, send signals to motor nuclei in the brain and to motor neurons in the spinal cord, 

which are called lower motor neurons. In the case of ALS, both kinds of motor neurons degrade and signal 

transmission to the muscles is lost. Symptoms include muscle stiffness, twitching and degradation of muscle 

tissue due to the lack of stimulation from neurons. The muscle tissue gradually weakens and eventually 

patients lose control over voluntary movements, such as swallowing, walking and breathing. Currently, 

there is no cure for ALS and affected individuals typically die of respiratory failure few years after onset 

of the disease (NINDS, 2013).  

 The majority of ALS patients suffer from what is called sporadic ALS, which means that family 

members of the patient do not have a history of the disease and no clear risk factors have been found. Only 

5-10 % of ALS cases are familial ALS (FALS) and are caused by detrimental mutations in a variety of 

genes (NINDS, 2013). Around 25-40 % of the FALS cases are caused by a variant of chromosome 9 open 

reading frame 72 (C9ORF72), which encodes a protein involved in regulation of endosomal trafficking and 

in autophagy and endocytic transport (Farg et al., 2014). The same variant of this gene is known to cause 

frontal-temporal lobe dementia as well and some patients will experience symptoms of both diseases (ALS-

FTD). Between 12-20 % of patients with FALS are affected due to various mutations in the SOD1 enzyme 
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(Rosen et al., 1993). This small protein catalyzes the metabolism of superoxide radicals and is therefore 

essential for proper handling of oxidative stress. SOD1 is a highly conserved and expressed protein, which 

suggests it is crucial for cell survival (Rosen et al., 1993). More than 180 mutations are described for this 

gene, of which the most commonly inherited are D90A, A4V and G93A mutations (Saccon et al., 2013). 

Other mutations in FALS cases are less frequent, such as those in the proteins FUS and TDP-43. Mutations 

in the genes encoding Fused in sarcoma/Translocated in sarcoma (FUS) (Blair et al., 2010) and TAR DNA-

binding protein 43 (TDP-43) have been shown to cause ALS (Mackenzie and Rademakers, 2008). However, 

dysfunction of TDP-43 and FUS is not limited to familial cases of ALS, because these proteins are known 

to form pathological inclusions in more than 90 % of ALS patients, independent of the cause of the disease 

(Mackenzie, Rademakers and Neumann, 2010; Ling, Polymenidou and Cleveland, 2013).  

Several other proteins are involved in ALS pathology but are not reported in FALS cases. One of 

these proteins is hypoxia-inducible factor 1 (HIF1), a highly conserved transcription factor that functions 

under influence of the amount of oxygen in the cell. Low levels of available oxygen, or hypoxia, activate 

the protein (Jiang et al., 1996). It is suggested that changes in HIF1 signaling and subsequent alterations in 

the expression of vascular endothelial growth factor (VEGF) lead to hypoxia in motor neurons of ALS 

patients (Moreau et al., 2006). 

Investigations in ALS pathology lead researchers in different directions as to where the cause of 

the disease is to be found. One theory suggests that aberrant degradation of defect proteins and building of 

new proteins (protein recycling) is the major cause, another that the motor neurons are misshaped and more 

susceptible to toxins from the environment. Other findings lead to think that altered RNA processing is the 

major factor in the pathology of ALS. Most likely, ALS is caused by different cellular defects in a complex 

combination of malfunctioning processes in motor neurons, but also in the surrounding non-neuronal cells 

(Serio and Patani, 2018).  

There is only a small number of publications on animal models for ALS, and this work was mainly 

performed in rodents (Ferraiuolo et al., 2007; Ryu et al., 2011; Frakes et al., 2014). These have shown some 

interspecies issues that complicates the translation to humans. In order to decrease the species gap between 

human and the animal model, pigs have previously been used to model ALS (Yang et al., 2014). We aim 

to produce a pig model for ALS with a mutation in the SOD1 gene. We focus on the G93R mutations of 

SOD1, which has previously been used to generate a zebrafish model of ALS (Ramesh et al., 2010). G93R 

is a GC missense point mutation in exon 4 of SOD1 resulting in a change of the highly conserved 93rd 

amino acid glycine to arginine. The mutation results in a decrease of enzymatic activity of the SOD1 protein 

(Elshafey, Lanyon and Connor, 1994). The SOD1 protein is highly conserved throughout many animal 

lineages including human and pig (Figure 21) and we expect that a pig model of ALS can help elucidate its 

pathology in humans.  
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RNA-binding proteins  

Binding of RNA by proteins is required for post-translational processing and control, including the general 

processes of splicing, stabilization and translation. Transcripts that are not destined for translation can be 

bound by specific RNA binding proteins (RBPs), a kind of ribonucleoprotein (RNP), in order to exhibit 

their function in different processes. An example of these RBPs is the Ago protein family, which plays an 

important role in RNA silencing processes through catalyzing RNA interference (RNAi) (Peters and 

Meister, 2007). This protein binds to several classes of non-coding RNAs, such as miRNAs and siRNAs. 

It is then guided to the targets of the Ago-RNA complex through base pairing of complementary sequences 

and allows cleavage of specific mRNAs and interference in translation.  

There is a strong indication that abnormal binding of RNA is involved in disease as well. The Ago 

protein family has been linked to a number of different kinds of diseases such as fragile X syndrome, 

autoimmune disease and cancer (Höck and Meister, 2008). Another example is TDP-43, which is known 

for binding TG/UG-rich repeats in both DNA and RNA, and was found to have thousands of RNA binding 

sites in transcripts from neurons. The importance of proper TDP-43 RNA binding was made clear from the 

fact that aberrant TDP-43 function is related to Alzheimer’s Disease and mutations in the gene encoding 

this protein have been linked to diseases like ALS, as previously discussed, and frontotemporal lobar 

degeneration (Sephton et al., 2012).  

 A number of different methods have been developed to investigate the RNA-binding abilities of 

specific proteins. Most of these are based on ribonucleoprotein immunoprecipitation (RIP), such as RIP-

Chip, RIP-seq and CLIP. RIP-Chip is used for precipitation of stable interactions from cell extracts and 

subsequent analysis on a microarray (Keene, Komisarow and Friedersdorf, 2006). Less stable interactions 

Figure 21: Comparison of pig (NM_001190422) and human (NM_000454) SOD1 protein sequence from the 

UCSC browser aligned in CLC Sequence Viewer.  
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between RBPs and RNA require cross-linking with agents like formaldehyde, which is used for RIP and 

subsequent sequencing (RIP-Seq). Instead of using a microarray, this method analyzes the purified RNA 

molecules with NGS (Zhao et al., 2010). An alternative for chemical cross-linking is the use of UV-light, 

used in crosslinking and immunoprecipitation (CLIP), though this is non-reversible. This method is 

specifically useful when investigating the binding sites of RNPs on a transcript (Ule et al., 2005).  

We aimed to implement the RIP-seq method to study RNA-protein interactions using cross-linking, 

immunoprecipitation and next generation sequencing of RNAs that either were bound directly by the 

proteins or associated in a complex with other proteins (Figure 22). Implementation of this method was 

done while investigating the proteins SOD1, TDP-43 and FUS for their RNA binding properties. As 

described previously, these four proteins are involved in ALS, though their precise role in this disease has 

not yet been elucidated and it is possible that compromised processing of RNA influences the development 

of the disease. FUS has a C-terminal end that is involved in RNA binding while the N-terminal end is able 

to recognize specific transcription factors and activate transcription (Åman et al., 1996). SOD1 has been 

reported to influence the stability of mRNA (Volkening et al., 2009). We also added HIF1 to the analysis 

to see whether this protein interacts with RNA. The method was tested on healthy porcine liver tissue, 

which we had readily available in our lab. Due to the potentially weak interactions of the RNP complexes, 

formaldehyde crosslinking is used to capture all the interactions between the proteins and RNAs. This cross-

linking is reversible, which will allow us to remove the protein from the transcripts following 

immunoprecipitation.  

Our second goal with the implementation of RIP-seq was to investigate extracellular RNA in 

honeybee jellies. Caste development in honeybee larvae is dependent on feeding regimes with royal and 

worker jelly provided to the larvae by nursing bees. The content of the different honeybee jellies has been 

investigated extensively and it has shown a high concentration of protein, predominantly one called 

Royalactin. Over recent years, it has also been shown that there is a substantial amount of small RNA in 

Decrosslin
king 

crosslin
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RNA binding protein (RBP) 

Figure 22 (altered from Illumina, 2014): Overview of the RIP-seq method performed in this study.  
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these jellies and the function of these has not been fully elucidated yet. RIP-seq would allow investigating 

the transport system of small RNAs from nurse to larvae by analyzing the proteins protecting them.  
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DNA oligos were designed using Primer3 (Koressaar and Remm, 2007)(Untergasser et al., 2012) and 

purchased from Sigma-Aldrich. The sequences and physical location of these oligos were registered in the 

supplementary files. DNA was amplified by polymerase chain reaction (PCR) using the proofreading 

Phusion high-fidelity DNA Polymerase purchased from New England Biolabs. Restriction digestion 

enzymes were purchased from New England Biolabs and used according to the manufacturer’s protocol.  

 

Genetic modification of porcine SOD1 

 

Ethical considerations  

The experiments were performed according to the rules of the Danish Environmental Protection Agency 

under the license number 2015-15-0201-00733.  

 

CRISPR-Cas9 plasmids 

The plasmid eSpCas9(1.1)-sgRNA was a gift from Feng Zhang (Addgene #71814, Supplementary figure 

10) It was linearized by BbsI-HF in CutSmart buffer according to the manufacturer’s protocol. The plasmid 

was dephosphorylated using Calf Intestine Alkaline Phosphatase (New England Biolabs). The sgRNAs 

were designed with Cas-Designer (Jeongbin Park, Sangsu Bae, 2015) set to spCas9 from Streptococcus 

pyogenes: 5'-NGG-3', Sus scrofa (susScr3) – Pig and a the crRNA length set to 20. We used part of the 

SOD1 sequence from SusScr3 where the G93R mutation needs to be incorporated (sequence listed in 

supplementary materials). We selected two sgRNAs designated as guide 1 and guide 2 (Figure 23). The 

Cas-Designer software did not detect any S. scrofa genomic DNA sequences similar to guide 1 or 2, 

allowing up to two mismatched bases that could cause off-target genome editing.  

The in silico-designed guide sequences were inserted into the eSpCas9(1.1)-sgRNA plasmid 

through the following steps. First, two reverse complementary base pairing ssDNA oligos were ordered. A 

forward sequence comprised of the genomic target sequence extended with 5’-CACC-3’ to match the BbsI-

HF-restricted eSpCas9(1.1)-sgRNA plasmid. A reverse sequence corresponding to designed guide 

sequence 1 or 2 extended with 5’-AAAC-3’. The ssDNA oligos were phosphorylated by T4 polynucleotide 

kinase (New England Biolabs) and annealed in annealing buffer (20 mM Tris, 2 mM EDTA, 100 mM NaCl) 

by heating to 100 °C and slowly cooling to 50 °C. Both the plasmid and the now dsDNA insert were 

precipitated with sodium acetate and isopropanol. They were then ligated by T4 ligase (New England 

Biolabs) for 3 hours at 20 °C and incubation overnight at 16 °C. The ligated plasmid was used to transform 
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Top10 competent bacteria and we purified it using the NucleoSpin Plasmid mini-prep kit (Machery Nagel) 

and the manufacturer´s protocol. The presence of the correct insert was validated by using restriction 

enzymes BccI (guide1-plasmid) or BrsGI (guide2-plasmid) and Sanger sequencing. Prior to insemination, 

plasmids were restricted by SacII. 

 Using the method described above we also cloned guide 1 and 2 into the pCAG-eCas9-GFP-U6-

gRNA plasmid, which was a gift from Jizhong Zou (Addgene #79145, Supplementary figure 11). 

Sequences of the insert site for guide 1 and 2 are shown in Supplementary figure 13 and Supplementary 

figure 12. This plasmid is identical to the eSpCas9(1.1)-sgRNA plasmid barring the use of a CAG promoter 

instead of the CBh promoter, and the addition of eGFP-2A 3’ of the Cas9 sequence. Following transfection 

into cells, the eGFP-2A is co-expressed with the Cas9 gene.  

 

Donor template 

When Cas9 induces a double strand break in the target DNA, we wanted to produce a single base pair 

mutation through homology-directed repair (HDR). Therefore, a 127-nt single stranded donor template 

carrying the desired mutation was designed for porcine SOD1 and ordered from Sigma-Aldrich. This 

template introduces the G93R mutation and contains an altered PAM site to prevent recurrent cleaving by 

Cas9 after HDR (Figure 24). 

  

Cell culture of IPEC-J2 and PK15 cells  

We used two porcine cell lines to examine whether the sgRNAs were able to guide Cas9 protein to the 

SOD1 target sequence in vitro. The intestinal porcine enterocyte cell line (IPEC-J2) was a gift from Dr. 

Stig Purup. These cells were cultured in Dulbecco’s Modified Eagle Medium F-12 (DMEM/F12) 

supplemented with GlutaMax (ThermoFisher), 5% fetal bovine serum (FBS OneShot, ThermoFisher), 1 

mg/mL insulin (Sigma-Aldrich), 10 mg/mL transferrin (Sigma-Aldrich), 20 µg/mL sodium selenite (Sigma-

Aldrich), 50 ng/µl epidermal growth factor (Austral Biologicals), 1 % penicillin/streptomycin 

(ThermoFisher) and 1,5 % 1 M pH 7,4 HEPES (Sigma-Aldrich) up to 80 % confluence in flasks at 37 °C. 

Figure 23: The SOD1 gene in the SusScr3 reference genome in the UCSC browser with the target region of 

sgRNA1 and 2 indicated in exon 4 with BLAT (Kent, 2002).   
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Prior to gene editing, IPEC-J2 cells were sequenced with SOD1 primer set 1 (supplementary materials) at 

GenoSkan A/S to confirm the absence of mutations in the sgRNA target sequence in the SOD1 gene. 

PK15 cells were acquired from the American Type Culture Collection (ATCC) and cultured in 

growth medium Minimum Essential Medium Eagle (Sigma M4655) supplemented with 10 mL FBS 

(OneShot, ThermoFisher), 1 mL 1 mM sodium pyruvate (ThermoFisher), 1 mL penicillin/streptomycin 

(ThermoFisher) and 1 mL MEM non-essential amino acids (ThermoFisher) in flasks at 37 °C.  

IPEC-J2 and PK15 cells were harvested using a 0,05 % solution of Trypsin-EDTA (ThermoFisher).  

 

Transfection reactions  

IPEC-J2 and PK15 cells were transfected using the FuGene or DOPE/DC-Chol methods. FuGene 

transfection was performed according to the manufacturer’s protocol (Promega) using incubation times of 

24 or 48 hours. DOPE/DC-Chol transfection was performed with DOPE/DC-Chol prepared at Uffe Birk 

Jensen’s laboratory at Aarhus University. 1 mg/mL DOPE/DC-Chol was diluted 1:10 in HEPES buffered 

saline (HBS) in a polystyrene tube. Plasmids and donors were diluted in HBS, added to the polystyrene 

Donor 1:                         

5´-                                G>C  G>A 

GTTGGAGACCTGGGCAATGTGACTGCTGGCAAAGATCGTGTAGC

CACTGTGTACATCGAAGATTCTGTGATCGCCCTCTCGGGAGACC

ATTCCATCATTGGCCGCACAATGGTGGTACGTGTTCATA-3´ 
 

Donor 2:                                    

5´-            G>T 

TCTCCCGAGAGGGCGATCACAGAATCTTCGATGTACACAGTTGC 

    C>G 

CACACGATCTTTGCCAGCAGTCACATTGCCCAGGTCTCCAACGT

GCCTGACGGTGAAAACGCATTCGCGGGATTAGGACTGAT-3´ 

Figure 24: These sequences are altered from the porcine SOD1 gene and were used as single stranded DNA oligos 

for homology directed repair. The donor sequences were placed asymmetrically over the cleavage sites of the 

guides, i.e. the upstream arm of the donor is shorter than the downstream arm. The guide sequence is indicated in 

orange and the PAM sequence for these guides in blue. The PAM site was altered in the donor so that this site 

could not be recognized by Cas9 after homology directed repair of the genomic sequence. This is a silent mutation. 

The G>C and C>G alterations in donor 1 and 2, respectively, are mutations that will result in the G93R variant of 

SOD1 when the repair is successful.  
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tube in small droplets, and incubated at room temperature for 15 minutes. The plasmid-DOPE/DC-Chol 

mixture was then mixed with serum free IPEC-J2 or PK15 medium described above and incubated with the 

corresponding cell type for two hours at 37 °C. Cells were then rinsed with phosphate buffered saline (PBS) 

without Ca and Mg, and returned to the standard growth medium described above. Finally, the cells were 

incubated at 37 °C for 48 hours prior to analysis.  

 

Analysis of IPEC-J2 cells  

The IPEC-J2 cell line was transfected with the eSpCas9(1.1)-sgRNA1, eSpCas9(1.1)-sgRNA2 or the vector 

eSpCas9(1.1) together with the donors 1 and 2 using FuGene transfection reagent. Post incubation the cells 

were harvested and split into two. One half was cultured to 80 % confluence for two weeks before DNA 

extraction, PCR amplification of SOD1 with SOD1 primer set 1 and Sanger sequencing at Macrogen, the 

Netherlands. The other half was used for Cas9 expression validation by PCR on cDNA. RNA was extracted 

with the mirVana kit (Ambion RNA by Life Technologies) according to the manufacturer’s protocol. The 

RNA was treated with DNase I and cDNA was synthesized by SuperScript IV Reverse Transcriptase 

(Invitrogen by Life Technologies). Cas9 expression was normalized against GAPDH in each sample.  

 

Next generation sequencing of SOD1 in transfected IPEC-J2 

IPEC-J2 cells were transfected with the eSpCas9(1.1)-sgRNA1 or eSpCas9(1.1)-sgRNA2 plasmid using 

FuGene reagent according to the manufacturer´s protocol. After 48 hours of incubation cells were harvested 

and the target sequence of guide 1 and 2 in the SOD1 gene was amplified using SOD1 primer set 4 

(supplementary materials). The correct size of the PCR product (97 bp) was validated on a 2 % agarose gel 

extracted using the QIAquick gel extraction kit (Qiagen) according to the manufacturer´s protocol. This 

size-selected DNA was prepared for Illumina sequencing with the NEBNext Ultra DNA library preparation 

kit (New England Biolabs) according to the manufacturer´s protocol. The library was sequenced by an 

Illumina HiSeq 2000 (100 bp, paired-end) and the data was analyzed using the CRISPResso software 

(Pinello et al., 2016).  

 

Immunostaining FLAG in IPEC-J2  

The eSpCas9(1.1)-sgRNA plasmids encode the FLAG-tagged eSpCas9 protein. By immunostaining the 

FLAG-tagged protein, we aimed to select IPEC-J2 cells that express eSpCas9 after transfection. To do this, 

IPEC-J2 cells were first transfected using FuGene reagent as described above and harvested 48 hours post 

transfection. The cell pellets were fixed in suspension using 0,1 % paraformaldehyde in PBS and 

permeabilized with 1 % permeabilization buffer (1 % Triton X-100 and 0,5 % skim milk powder in PBS). 
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We then stained the cells with a primary antibody (mouse anti-FLAG M2, Sigma, #F3165, 4 mg/mL) 

diluted 1:1000 in 0,1 % permeabilization buffer (0,1 % TritonX-100 and 0,5 % skim milk powder in PBS) 

followed by a secondary antibody (Alexa Fluor 488 goat anti-mouse IgG, Life Technologies) diluted 1:400 

in 0,1 % permeabilization buffer. Immunofluorescence was analyzed through flow cytometry at the FACS 

Core facility at Aarhus University.  

 

FACS sorting of GFP positive PK15 cells  

PK15 cells were transfected with the pCAG-eCas9-GFP-U6-sgRNA plasmids using DOPE/DC-Chol. Cells 

were harvested 48 hours post transfection and sorted for positive GFP expression at the FACS Core facility 

at Aarhus University. The gating strategy is depicted in Supplementary figure 14. Groups of approximately 

25 GFP positive cells were sorted and cultured in each well of a 12-well plate. Cells were then cultured in 

standard growth medium to 90 % confluence and pelleted for DNA and RNA extraction (performed as 

described for IPEC-J2).  

 

Treatment of porcine semen, insemination and dissection of porcine embryos  

Treatment of porcine semen was performed according to the protocol described by Lone Bruhn Madsen 

(Madsen, 2007). Raw ejaculates from Landrace boars were ordered at the boar station Hatting A/S in 

Viborg. Only semen samples with a motility score >90 were used. Following 5 minutes at room temperature 

(RT), a semen sample of 5 mL was incubated with 5 mL fertilization buffer (FB; 3.5 g EDTA.2H2O, 3.5 g 

sodium citrate dihydrous, 1.1 g sodium bicarbonate, 56.1 g glucose and 6 g bovine serum albumin dissolved 

to 1 liter sterile water) warmed to 37 °C. Up to 50 mL FB was added at RT and the sample was centrifuged 

at 500x g for 10 minutes at RT. The supernatant was discarded and the spermatozoa were resuspended in 

50 mL RT FB, after which they were centrifuged for 10 minutes at 500 x g and 17 °C The supernatant was 

discarded and the pellet was resuspended in 15 mL slightly cooled FB. Cells were counted under a light 

microscope. 109 spermatozoa were diluted in 100 mL FB and incubated with 400 µg linearized 

eSpCas9(1.1)-sgRNA plasmids and 400 g donor for 100 minutes. Tubes were mixed by inversion every 

20 minutes. Afterwards, spermatozoa and plasmid were incubated for another 10 minutes at RT. Semen 

quality was validated by light microscopy. 

Sperm motility post treatment was highly dependent on the boar. Therefore, two specific boars 

were selected for subsequent inseminations of sows with treated semen. Three crossbred Landrace and 

Yorkshire (LY) sows were located and inseminated at the certified animal testing facilities of Aarhus 

University in Foulum. Sows were inseminated 1-3 times by animal facility personnel. The sows were fed a 

normal diet as used at Danish farms and ad libitum access to water. They were kept at normal day and night 

cycles depending on the season of the year. Three weeks post insemination we observed that one sow did 
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not go in natural heat, indicating pregnancy. The pregnant sow was slaughtered 5 weeks into pregnancy. 

The uterus was removed and the embryos were collected and dissected. Sow and embryo muscle were snap-

frozen in liquid nitrogen. DNA was purified from this tissue and Sanger sequenced at GATC, Germany.  

 

RNP immunoprecipitation in porcine liver  

 

Porcine liver sample preparation  

Porcine liver samples were cut into 100 mg pieces at –20 °C and snap frozen in liquid nitrogen. They were 

homogenized for 15 seconds on the highest settings by the TissueLyser (Qiagen). Crosslinking buffer 

(25mM HEPES, 150 mM KCl, 5 mM NaCl, 5 mM EDTA, 0,5 mM DTT and 0,5 % NP40, 1 tablet complete 

mini protease inhibitor (Roche) added fresh per 10 mL, final pH 7,4 ) precooled to 0 °C was added and 

samples were homogenized again on the highest settings for 15 seconds. Ethylene glycol bis(succinimidyl 

succinate) (EGS) crosslinker was added to an end concentration of 15 mM. After 2 hours incubation at 4 

°C, formaldehyde was added to an end concentration of 1 % and samples were incubated at 4 °C for another 

10 minutes. We added quenching buffer (3 M Tris-HCl, 0,04 U/µl RNasin Ribonuclease Inhibitor 

(Promega), 1 mM DTT, final pH 7,8) and centrifuged twice at top speed for 15 minutes at 4 °C, discarding 

pellets between centrifuge steps.  

 

RNP immunoprecipitation 

We wanted to immunoprecipitate the RNA-binding proteins SOD1, TDP–43, HIF1 and FUS 

proteins in pigs (protein expression of these proteins rat liver listed in supplementary files). Since there 

were no commercially available antibodies directed against these proteins, we ordered antibodies raised 

against the human homologs. The polyclonal antibodies against human SOD1 (Abcam, ab13498) and FUS 

(Abcam, ab70381) were listed to show activity with the porcine homolog of the proteins. Antibodies against 

human HIF1 (Abcam, ab2185) and TDP-43 (Abcam, ab41972) did not list activity against the porcine 

proteins. The target sites of the antibody on the proteins were compared between human and pig, and 

showed a high similarity. Antibodies (1 mg/mL) were incubated with Dynabeads Protein A (Novex by Life 

Technologies) for 2 hours at 4 °C. The Dynabeads were washed in washing buffer (20 mM Tris-base, 20 

mM EDTA, 20 % glycerol, 200 mM KCl, 0,05 % nonidet P-40) and resuspended in the supernatant of the 

porcine liver samples. Beads were incubated at 4 °C overnight, washed twice by pipetting vigorously with 

wash buffer. Then, the beads were incubated overnight in decrosslinking-buffer (20 mM Tris-base, 20 mM 

EDTA, 20 % glycerol, 10 mM KCl, 100 mM NaCl, 0,05 % nonidet P-40, 0,1 mg/ml proteinase K, 16 mM 

aniline and 0,5 % SDS) at 50 °C in order to separate RNA from protein complexes. RNA was then purified 

using the Qiagen RNeasy RNA purification kit according to the manufacturer’s protocol with DNase I 
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treatment. RNA concentrations and profiles were analyzed on the 2100 Expert BioAnalyzer using the RNA 

Pico kit (Agilent Technologies).  

To verify that the procedure above captured the intended protein, half of each liver sample was sent 

to Dr. Emøke Bendixen’s lab for mass spectrometric analysis after RIP. These samples were not treated 

with RNase inhibitor and were decrosslinked with PBS and 16 mM aniline, based on Karmakar et al., 2015. 

Decrosslinked protein was stained with Coomassie G-250 in 50 % MeOH/10 % acetic acid in a Mini-

PROTEAN TGX precast gel (Bio-Rad). The different proteins were size excluded from the gel prior to 

mass spectrometry. 

 

RNA-seq and NGS analysis  

Immunoprecipitated porcine liver RNA was used to produce an RNA library with the TruSeq Stranded total 

RNA library preparation kit according to the manufacturer’s protocol. We used indices for pooling but no 

rRNA removal or fragmentation due to low RNA concentrations in the samples. Libraries were pooled and 

sequenced single-end on a HiSeq 2000 (50 base pairs, single-end). We analyzed data by first removing the 

adapters and de-pooling the samples. FastQC analysis (Andrews, 2010) indicated a large amount of G/C 

rich sequences. rRNA contributed to a large amount of overrepresented sequences in the FastQC analysis, 

determined with BLAST (Altschul et al., 1990). SortMeRNA (Kopylova, Noé and Touzet, 2012) was 

applied with an E-value of 1-10 to exclude eukaryotic rRNA from the reads. Subsequently, a second FastQC 

was run and the remaining reads were analyzed with the Tuxedo tools for RNA-seq (Trapnell et al., 2012). 

We mapped the reads to the S. Scrofa genome (susScr3) using TopHat. Mapped reads were normalized by 

Cufflinks and a transcript file was made with cuffmerge. The Cuffdiff tool finds significant changes in 

transcript expression between samples. Here, we use Cuffdiff to determine the difference between the RNA 

content of the different samples. The Cuffdiff files were further analyzed in Spotfire (TIBCO). Differential 

capture of RNA was visualized by selecting the significant values and plotting them for each target protein, 

with the other targets as controls. The control sample was used as to filter the general background of the 

assay, while the other targets functioned as antibody controls for the bioinformatics analysis. 
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Part II: Results and discussion 

 

This chapter discusses the results from the experiments performed with the purpose of gene editing the 

porcine SOD1 gene using CRISPR-Cas9 in combination with SMGT. Additionally, it describes the results 

from a trial we performed to implement the RIP-seq method to analyze the RNA binding properties of 

proteins. Both methods are of interest to our group because we aim to use them to investigate the 

pathological pathway of ALS in a porcine model of human disease.  

Our group has previous experience with SMGT in pig and we wished to expand our possibilities 

for generating model organisms by combining SMGT with CRISPR-Cas9. We hypothesized that boar 

semen could internalize a DNA construct containing Cas9 and an sgRNA, which would be transcribed after 

fertilization of an egg and lead to CRISPR-Cas9 gene editing in the early stages of development. This assay 

was designed to specifically target exon 4 and change it to a variant of SOD1 that has been linked to ALS 

in humans by using a donor template for HDR. We investigated the effectivity of a Cas9-sgRNA plasmid 

in immortalized cell lines and used it for insemination of a sow. 

 

SMGT with a CRISPR-Cas9 construct in pigs  

We designed an assay that would test the use of SMGT with CRISPR-Cas9 to create a porcine disease 

model of ALS of which an overview is shown in Figure 25. SMGT in pig was previously used in our 

laboratory (unpublished data (Madsen, 2007)) and the novelty of this project was therefore anchored in the 

CRISPR-Cas9 aspect of the method. We designed an assay that would alter the porcine SOD1 gene to the 

G93R variant, which is known to cause FALS in humans. To accomplish this, SpCas9 was directed to the 

Incubation of 
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linearized 
plasmid
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DNA by 

spermatozoa
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transfer of 
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Figure 25: Overview of the approach we applied for SMGT in combination with CRISPR-Cas9 in pig.  
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mutation site with two guides, the placement of which is shown in Figure 26. The goal was to alter SOD1 

to a specific variant and thus an asymmetric donor sequence was designed to aid in homology directed 

repair.  

 In preparation of SMGT, the two guides for SOD1 were cloned into the eSpCas9(1.1)-sgRNA and 

pCAG-eCas9-GFP-u6-gRNA plasmids (Figure 27). Both of these plasmids contain promoters that are used 

for expression of its content in mammalian cells. These plasmids were used for two types of experiments 

run in parallel. One set of experiments is performed on porcine cell lines with both plasmids to investigate 

the efficiency of the assay and the guides that we designed. In the other experiments, we used the 

eSpCas9(1.1)-sgRNA plasmid for SMGT into sows. This plasmid is chosen because of its smaller size than 

the pCAG-eCas9-GFP-u6-gRNA plasmid (8,5 kB versus 10 kB) and a smaller DNA construct is expected 

to be internalized better by the spermatozoa.  

 

CRISPR-Cas9 gene editing in porcine cell lines 

In order to investigate the efficiency of the plasmids that were designed for SMGT, we aimed to edit the 

SOD1 gene of immortalized cell lines. For pig, a number of different cell lines are available, of which we 

chose two kinds to test the two guides and donors that were designed. The first is an intestinal porcine 

enterocyte cell line called IPEC-J2 and the second is a pig kidney cell line named PK15.  

We wanted to confirm that the guides could bind the target sites in these cells and therefore 

sequenced the SOD1 gene in the IPEC-J2 cell line. This sequence did not show variations from the reference 

Figure 26: Partial sequence from the porcine SOD1 gene on which the target sites of guide 1 and 2 are depicted 

in light blue. Guide 1 targets the forward strand and guide 2 targets the reverse strand. The arrows indicate the 

cleavage site for Cas9. The site of the G93R mutation is located directly next to the cleavage site of guide 1 

(orange G).  

 

Figure 27: a) Part of the eSpCas9(1.1)-sgRNA plasmid. The guide sequence was inserted between the U6 

promoter and the sgRNA scaffold. b) Part of the pCAG-eCas9-GFP-U6-gRNA plasmid. The guide sequence 

was inserted between the U6 promoter and the sgRNA scaffold. 

 

A 

B 
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sequence, which is shown in Figure 28. The IPEC-J2 cell line was subsequently transfected with the 

eSpCas9(1.1)-sgRNA1 and eSpCas9(1.1)-sgRNA2 and the donors 1 and 2, respectively, using the FuGene 

transfection reagent. We attempted to verify expression of Cas9 mRNA through PCR on the cDNA of 

transfected cells, but this would also amplify the DNA plasmid. We could therefore not use this method to 

check the actual expression of Cas9 in the cells. However, an interesting finding was, that the eSpCas9(1.1)-

sgRNA1 plasmid used in these initial transfections did not contain the Cas9 sequence targeted by our 

primers (Figure 29). This plasmid might have lost part of the Cas9 sequence during cloning and was 

replaced by a different eSpCas9(1.1)-sgRNA1 plasmid that qualified during the cloning checks. The cells 

transfected with eSpCas9(1.1)-sgRNA1 and eSpCas9(1.1)-sgRNA2 were used to enrich the potential edits. 

However, none of the samples indicated editing of the SOD1 gene in the cells. 

The fact that we did not find any gene edits in our cells could have several causes. In case the 

number of mutations in the cells is too low, it is not possible to detect mutations with the Sanger sequencing 

method. We therefore used NGS for sequencing of a short PCR product as well. This was performed on a 

new batch of transfected cells, which were not enriched for mutations because with NGS it is possible to 

detect single events of gene editing. Against our expectations, the PCR had mainly picked up the sequence 

of donor 1 in the transfected cells. This was possible because one of the primers overlapped partly with the 

sequence of donor 1. Figure 30 shows the reads that were sequenced for each of the samples and that the 

majority of the sequences in all samples are that of donor 1. The sensitivity of the assay was stressed by the 

fact that in the sample transfected with eSpCas9(1.1)-sgRNA2 and donor 2 also donor 1 had been amplified 

as the dominant product. The variations from the reference sequence are similar in all samples and we did 

not find any genuine gene edits. Those variations are possibly errors incorporated during the PCR 

Figure 28: Traces of the SOD1 sequence from the Sanger sequencing performed on pig liver tissue (top two 

rows) and IPEC-J2 cells (bottom two rows). The highlighted sequence is the section where the G93R 

mutation site is located as well as the PAM sequences for the two guides. 
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amplification. When the sequence of donor 1 was removed from the reads, still no sequences showed Cas9 

edits. We could therefore concluded that the lack of mutations in the analysis after transfection with our 

Cas9 construct was not caused by the detection limit of Sanger sequencing.  

Next, we focused on testing the expression of Cas9 in transfected cells. In order to test the 

expression of Cas9 in the cells, we first concentrated on measuring the level of FLAG in the cells. The 

sequence for Cas9 in the eSpCas9(1.1)-sgRNA plasmid contains three FLAG sequences, which result in 

expression of FLAG-tagged Cas9 inside the cells. The level of FLAG thus correlates to the level of Cas9 

expression. This FLAG expression level can be measured by staining the Cas9-FLAG protein with 

fluorescently labeled antibodies inside the cells and subsequently analyzing single cells with fluorescence-

assorted cell sorting (FACS). The FACS analysis will then indicate how many of the cells contained labeled 

Cas9 and thus it tells us how well our transfection and expression system performs. We tested this protocol 

by transfecting IPEC-J2 cells with the eSpCas9(1.1)-sgRNA1 and donor 1, eSpCas9(1.1)-sgRNA2 and 

donor 2, and eSpCas9(1.1)-sgRNA control vector in combination with each of the donors. During FACS 

analysis of these cells, we could not detect a fluorescent signal from FLAG-tagged Cas9. 

 

Figure 29: Qualitative PCR products (156 bp) of Cas9 in samples that were transfected with eSpCas9(1.1). The label 

at the top indicates which guide was cloned into the eSpCas9(1.1) plasmid and which donor sequence was added for 

transfection. Each of the transfections was performed for 24 or 48 hours, these are the left and right samples of each 

pair, respectively. The lack of product in the sgRNA1 + Donor 1 samples indicates the lack of Cas9 sequence in the 

plasmid that is used for transfection.  

 

75 bp 

214 bp 
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Figure 30: Output data from CRISPRESSO on the target sites of guide 1 and 2 in the top two images and 

a control in the bottom image. The sequences are similar to the sequence of donor 1 with the exception 

of few mutations likely caused by technical issues.  
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The lack of FLAG-positive cells indicated that the IPEC-J2 cells did not express Cas9 from the 

plasmid, which could be caused by several issues. We questioned the transfection efficiency and tested two 

different solutions to optimize this assay. It was possible that the IPEC-J2 cells were resistant to 

transfection, and therefore we added a second cell line to the experiments. This was the porcine kidney cell 

line PK15. Additionally, we tested an alternative transfection method, which used DOPE/DC-Cholesterol 

liposomes (DOPE/DC-Chol) instead of FuGene transfection reagent. For these experiments we also avoided 

the laborious FLAG staining and transfected with a control green fluorescent protein (GFP)-plasmid of 

approximately the same size as our eSpCas9(1.1)-sgRNA plasmids. FACS analysis indicated that PK15 

cells transfected with DOPE/DC-Chol reached the highest expression from our control GFP plasmid with 

approximately 10 % GFP positive cells. This was higher than the GFP level in IPEC-J2 cells and higher 

than the transfection with FuGene in PK15 cells, which all showed below 5 % GFP positive cells. Therefore, 

we continued the experiments with PK15 cells and used the DOPE/DC-Chol transfection method.  

Following the test-transfections with the GFP control plasmid, we decided to exchange the original 

eSpCas9(1.1)-sgRNA plasmid with a plasmid containing a Cas9-GFP sequence. The main advantage of 

this kind of plasmid is that Cas9 is co-expressed with GFP and therefore there is no need for FLAG staining 

to measure the expression of Cas9 in the cells. During FLAG staining the cells are fixed and permeabilized, 

which means that they are dead after the analysis. We switched to the Cas9-GFP plasmid because we wanted 

to select a small of number GFP positive cells with FACS and let these proliferate until there were sufficient 

numbers cells to purify DNA. This would allow gene-editing events in single cells to reach a detectable 

level for analysis with Sanger sequencing. Therefore, we cloned the two guides into the pCAG-eCas9-GFP-

U6-gRNA (eCas9-GFP) plasmid, which is largely similar to the eSpCas9(1.1)-sgRNA plasmid but with 

few changes, such as the addition of 2A-GFP sequence subsequent to Cas9. The addition of 2A-GFP results 

in co-expression of Cas9 and GFP, not a GFP-tagged Cas9 protein. Co-expression is advantageous over a 

GFP tag, because the fluorescent protein could possibly affect the function of the Cas9 protein if these two 

were attached to each other.  

With the new transfection strategy, we expected that the level of cells expressing our Cas9 from 

our plasmid would be up to 10 %. However, the percentage of green fluorescent cells reached a maximum 

of 0,042 % (Figure 31). The number of cells was still sufficient for sorting and 25 cells were sorted into 

one well of a 12 well plate. These cells were allowed to grow until confluent before we harvested them for 

DNA purification. The SOD1 gene of these cells was amplified with a primer set for a PCR product of 541 

base pairs, in which the mutation site for G93R was placed in the middle. Subsequently, this product was 

sequenced with primers that were placed inside the amplified region.  
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The sequences we produced showed no mutations at the target sites of guide 1 and 2 (Figure 32). 

However, we encountered an interesting site approximately 180 bp away from the target sites of guide 1 

and 2, shown in Figure 33. All samples, including the controls, appear to have an indel mutation at this site. 

Figure 31: The PK15 cells were transfected with the pCAG-eCas9-GFP-U6-gRNA vector and subsequently sorted 

by FACS. The plots show the live, single cells in each sample and the GFP positive cells are located in the upper 

compartment of this plot. The percentage of GFP positive cells is indicated in each plot, which is 0,026 % for 

cells transfected with the vector containing sgRNA1 (left) and 0,042 % for cells transfected with the sgRNA2 

vector (right). 

 

eSpcas9(1.1)-sgRNA1 + Donor 1 eSpcas9(1.1)-sgRNA2 + Donor 2 

Forward 

Reverse 

Figure 32: The PK15 cells were Sanger sequenced and analyzed for mutations. The quality of the top row is 

reduced due to the SNP in the intron of SOD1 (Figure 33). The black highlighting in the reverse sequence 

indicates the target site of the guides and the location for the G93R mutation (indicated by blue line). There are 

no genome edits because of Cas9 cleavage. 
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The genome of the PK15 cell line is thus not identical to the reference genome for pig. The indel in Figure 

33 is located in an intron and a change in expression could mean that this intronic site is involved in 

regulation of expression. The indel was not found in the sequence data of IPEC-J2 cells and it is therefore 

deemed a de novo mutation in the PK15 cells.  

 

Potential improvements for genome editing in pig cell lines 

Though the CRISPR-Cas9 method is praised for its simplicity, it has appeared to be rather challenging for 

newcomers as well. Over the course of the project, we have gained valuable insight in the use of the Cas9 

system in cell lines but we did not succeed in producing Cas9 gene edits in our cell lines. We have now 

established a method to measure expression of Cas9 by using GFP, though the expression of the sgRNA 

from the plasmid is unknown. In future studies we could measure whether the sgRNA is expressed in the 

cell line of choice. Additionally, the initial test of Cas9 mRNA expression indicated that one of our plasmids 

was lacking parts of its sequence. This might have happened to other sequences as well and we can only be 

certain that the entire plasmid has the correct sequence by sequencing it entirely. If we assume the sgRNA 

is expressed by the cells and the Cas9-sgRNA complex is produced, there might be an issue with the 

effectivity of our guides. The effectivity can be questioned from the results from the cells sorted on GFP 

expression. The protocols we have setup can be used for future studies with Cas9, though improvements 

still need to be made. 

 

Forward 

Reverse 

Figure 33: The PK15 cells were Sanger sequenced and analyzed for mutations. This site indicates a point 

mutation, which is located in the intron of SOD1. The mutation is present in all samples and therefore deemed a 

SNP, not an effect of Cas9 gene editing.  
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SMGT with CRISPR-Cas9  

In parallel with the experiments that investigated the efficiency of our sgRNAs in cell lines, we initiated 

SMGT of a CRISPR-Cas9 construct in pigs. One of the most important aspects of SMGT is the survival of 

the semen after treatment with DNA constructs. Not all donor boars produce suitable semen due to the 

differences between individual boars, called the boar effect (Lavitrano et al., 2003). The choice of high 

quality semen is therefore of crucial importance for the success of SMGT. We started this part of the project 

by washing raw ejaculates from a large number of different boars. The ejaculates all had a motility score 

above 90 directly after semen collection. The supplier of boar semen, Hatting A/S, awards this score to 

ejaculates and it indicates that more than 90 % of the spermatozoa are alive. We carefully washed the 

seminal fluids away, in order to remove all DNA antagonizing agents from the semen. These washing steps 

need to be performed rapidly after collection of the ejaculates in order to allow sufficient incubation time 

with the foreign DNA and retain high motility of the spermatozoa. The spermatozoa were incubated with 

linearized eSpCas9(1.1)-sgRNA1 and eSpCas9(1.1)-sgRNA2 plasmids in combination with donor 1 and 2, 

respectively. Following treatment with the DNA constructs, the motility of spermatozoa was compared 

between boars. Out of a group of approximately 10 boars, we selected two for SMGT because of their high 

motility rates post-treatment.  

We received three weaned sows from the stable facilities, which were crosses of Landrace and 

Yorkshire (named LY). We have inseminated these sows during two estrous cycles, an overview of which 

is listed in tTable 6. One sow was scanned pregnant three weeks after insemination and she was put down 

at 48 days of pregnancy, because piglets of this age were large enough to distinguish and dissect tissues 

from distinct lineages. We harvested 26 embryos from this sow and these were approximately 8 cm long 

(Figure 34a). The embryos appeared to have developed normally except one, which had not developed a 

brain (Figure 34b). All embryos were dissected and snap-frozen in liquid nitrogen for later analysis.  

 The principle of SMGT is based on transcription of the DNA construct in the early zygote. 

Transcription of the non-genomic DNA might be stalled to after the 2-cell stage of the zygote. Therefore, 

it is possible that several gene-editing events occur simultaneously in cells of early zygotes. If the donor 

DNA sequence is used for HDR subsequent to Cas9 cleavage, all events will result in the same mutation. 

However, it is likely that NHEJ will occur in some of the cells as well. In this case, the cells are expected 

to harbor different mutations due to the unpredictable outcome of NHEJ. Additionally, it is possible that 

Cas9 is not expressed in some cells or that it is unsuccessful at introducing a mutation. These different 

options result in a mosaic zygote that will develop into an organism with different mutations in different 

tissues. We therefore aimed to analyze a number of different tissues from the embryos for gene edits. 

Unfortunately, time restriction did not allow us to analyze all the dissected tissues. Figure 35 shows the 

sequence of SOD1 from muscle tissue of the sow and one of the embryos. This sequence does not show 
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Table 6: a) Overview of three sows during the first round of insemination. b) Overview of the second round 

of insemination. 

A     

Day Sow Boar Treatment Pregnancy 

1 

LY-2979 

Land1654 

eSpCas9(1.1) 

No  LY-2976 eSpCas9(1.1)-sgRNA1 

LY-2996 eSpCas9(1.1)-sgRNA1 + Donor 1 

B     

1 LY-2979 Land1654 eSpCas9(1.1)-sgRNA1 + Donor 1 

No 

2 

LY-2979 

Land1652 

eSpCas9(1.1)-sgRNA1 + Donor 1 

LY-2976 eSpCas9(1.1)-sgRNA2 + Donor 2 

3 

LY-2979 

Land1654 

eSpCas9(1.1)-sgRNA1 

LY-2976 eSpCas9(1.1)-sgRNA2 + Donor 2 

4 

LY-2976 

Land1652 

eSpCas9(1.1)-sgRNA2  

LY-2996 eSpCas9(1.1)-sgRNA1 + eSpCas9(1.1)-sgRNA2 Yes 

 

Figure 34: A) One of the 26 embryos that were harvested from sow LY-2996. The embryos were 

harvested 47 days after insemination and were approximately eight cm long at that stage. B) Empty 

brain shell of an embryo. One of the embryos had not developed normally and was entirely missing its 

brain.  

 

A B 
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intervention of CRISPR-Cas9 at the target sites. However, not all samples were sequenced successfully at 

the completion of this thesis. Many of the sequences were of low quality due to the presence of several 

amplified products. For example the bottom sequence shown in Figure 35, which depicts the sequence from 

the embryo that lacked a brain. Both the embryos and the cells were sequenced with primers that were 

located inside the PCR product and this allowed us to sequence SOD1 successfully in cell lines, but not yet 

in the pig embryos. The results from this experiment are therefore inconclusive. It also does not allow us to 

determine the genotype of the indel that we found in the PK15 cell line.  

 

 

Potential improvements to CRISPR-Cas9 genome editing in pig  

We have attempted to apply CRISPR-Cas9 to alter the SOD1 gene in pig cell lines and by applying sperm 

mediated gene transfer in combination with Cas9 components in sows. In both cases, we have not found 

genome modification events, though the results from SMGT do not allow drawing definitive conclusions 

Figure 35: Sequences from the sow and two of the embryos from SMGT.  

 

Forward – sow 

Reverse – sow  

Forward - embryo 

Reverse - embryo 

Reverse – embryo (no brain) 
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yet. However, the fact that the cell lines did not show any editing events leads to believe that we need to 

resolve an issue in the assay before SMGT can be successful. Our ultimate goal was to create cells with a 

heterozygous variant of the G93R mutation of SOD1, which was also expected to be difficult and perhaps 

not yet possible in our hands. We had expected to find genome modifications because of NHEJ, which is 

easier to accomplish than insertion of our mutation with HDR.  

There are multiple possible reasons why we did not find mutations in cells selected for expression 

of Cas9. First, it is possible that the sgRNA was not successful in locating and binding the target site. This 

might be due to accessibility of the target (Jensen et al., 2017). The fact that both guides did not accomplish 

genome manipulations leads to think that accessibility is a potential issue. For example, folding of the DNA 

or DNA methylation might interfere with binding of the guide RNA to the target sequence. We could try 

to design a number of new guides and target the same region to investigate whether the region is accessible 

by other guides.  

Introduction of a pathological mutation in SOD1 with Cas9 could potentially lead to selection of 

non-edited cells in our culture. Mutations in SOD1 exons can have deteriorating effects on the protein and 

this might result in decreased survival of the cell since SOD1 is highly important for the removal of reactive 

oxygen species (Juarez et al., 2008). This means that we would only analyze the cells that have the wild-

type sequence, silent mutations or mild mutations, or the cells that have successfully incorporated the G93R 

mutation from our donor DNA. Wild-type sequences are found when the Cas9 components are unsuccessful 

at editing the genome or when the repair mechanisms have restored the gene subsequent to Cas9 cleavage. 

NHEJ can also introduce a silent or mild mutation, which results in a change of genotype without affecting 

the protein significantly. In that case, the protein can still function well enough for the cells to survive in 

culture. If HDR incorporates the G93R mutation by using the donor DNA as a homolog, the cells are also 

likely to survive. This variant is known in humans and those cells are therefore expected to grow in culture 

as well. Potentially, there are some of these mutations in the bulk of cells, but these have not been picked 

up by the analysis. We selected a small group of cells after sorting and these might not have represented 

the spectrum of possible mutations for our target site well enough. Follow up experiments could test this 

hypothesis by sorting a larger number of GFP positive cells for subsequent culture and sequence analysis. 

We could also try to target the introns surrounding our target exon. Mutations in an intron are less likely to 

alter protein function and thus these can survive, as seen for the PK15 cells. Alternatively, we could target 

a different gene to test whether we can create a gene knockout using SMGT with CRISPR-Cas9. For 

example, a gene for which deleterious mutations do not affect the survival of the cells.  

A critical step in SMGT is the internalization of foreign DNA by the spermatozoa. Previous studies 

in our laboratory have shown that linear constructs of at least 2100 base pairs are internalized (unpublished 

data). Additionally, it was shown that mouse spermatozoa prefer internalization of larger DNA constructs 
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(7 kb) over smaller DNA molecules (150-750 bp) (Lavitrano et al., 1992). Our CRISPR-Cas9 construct is 

approximately 8500 base pairs, which might not be taken up effectively by pig spermatozoa. The 

internalization of the construct could be tested by labeling the DNA construct with fluorescent tags and 

investigating the spermatozoa with confocal microscopy following treatment. For example, by using Cy5-

labelled DNA described by Mu et al., 2018.  

 We hypothesized that we could detect mutations in cell lines and SMGT embryos with 

Sanger sequencing, but this analysis does not show gene alterations. In case Cas9 would have been 

successful in finding and cleaving the target site during the first few cell divisions in utero, we would have 

been able to see this in the sequence data. However, it is possible that the stem cells for the muscle tissue 

were not modified and we therefore do not see any changes in the sequence. In order to analyze the target 

site in more detail, we could sequence the PK15 cells and embryos with deep sequencing. This will show 

us separate mutations in case they have occurred. For example, it is possible that a small number of silent 

mutations are present but undetectable by Sanger sequencing. NGS would allow us to analyze the sequences 

in more detail. Additionally, the use of PCR fragments for sequencing limits the detection of editing events, 

since PCR is less likely to detect large insertions due to reduced amplification of longer PCR fragments and 

deletions because of the lack of primer docking sites. We also need to look into the SOD1 sequence of other 

tissues. A combination of SMGT and CRISPR-Cas9 in pig will likely produce mosaic offspring because 

transcription in the fertilized egg is minimal until after the fourth cell division (Kanka, 2003). This means 

that the construct is likely used after these first few cell divisions and the Cas9 components can therefore 

alter the genomes of the cells differently.  

We are still interested in investigating the tissues from the embryo without brains, because of the 

relation between SOD1 and neurons. If there are no Cas9 gene edits in this embryo there might be a different 

effect of our treatment that has caused the erroneous development of this individual. Additionally, we can 

investigate the other tissues from the embryos for mutations, since it is possible that the stem cells for the 

muscle tissue did not incorporate a modification in SOD1.  

Further analysis of the embryonic tissues also includes investigation of off-target effects. A BLAT 

analysis (Kent, 2002) of the 20-nucleotide guide sequences showed only one match against the pig genome 

(susScr3) in the UCSC browser (Kent et al., 2002). This means that the guides do not have a target in the 

genome in combination with another PAM site, such as the NAG PAM. When producing animal models of 

human disease it is important to generate individuals that only harbor mutations in the target gene. 

Manipulation of other genes by off-target effects could influence the analysis of disease in the animal model 

and this is thus undesired. Other laboratory animals, such as mice or fruit flies, have short generation times, 

which makes outcrossing of the manipulated individuals easier than for pig. The occurrence of off-target 

effects can then be resolved with breeding strategies, but this is suboptimal for animal models of organism 
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with long generation times. Reduction of the off-target effects is therefore still essential for many CRISPR-

Cas9 users.  

 The goal of SMGT is normally to produce transgene animals that have incorporated the foreign 

DNA in their genomes. This is not necessary and even unwanted for SMGT with CRISPR-Cas9. Systemic 

expression of Cas9 components could lead to a high level of off-target effects. Transgenesis does not always 

occur though and in theory, it should be possible to select for genome-edited individuals that do not harbor 

the Cas9 construct in the genome or as an extrachromosomal gene. We could check the presence of Cas9 

components with normal PCR or by deep sequencing the entire individual. The latter would allow for 

analysis of off-target Cas9 event and incorporation of the construct at the same time. However, it is 

important to realize, that the number of off-target effects tends to be small in comparison to the spontaneous 

mutation that occurs in clonal expansion of cell lines or even compared to the occurrence of de novo 

mutations in offspring. As the method develops over time, these off-target effects will most likely be 

reduced and detection methods of off-target effects will improve.  

 

RNP immunoprecipitation and sequencing  

Besides producing an animal model for ALS, we wanted to implement a method that allows investigating 

which kind of RNA is bound by specific proteins. This is of interest for our research in the pathological 

pathways of ALS, since we suspect that altered RNA binding properties of certain proteins are involved. In 

order to investigate which types of RNA are bound, we crosslink these interactions with formaldehyde and 

then immunoprecipitate the protein of interest. The crosslinking is then reversed, which allows purifying 

the RNAs that were bound to the protein in a RNP complex and investigation of the RNA sequences with 

next generation sequencing. This is the RIP-seq methodology. The implementation of RIP-seq was initiated 

by crosslinking porcine liver samples and immunoprecipitating the proteins SOD1, TDP-43, FUS and HIF1. 

Subsequent decrosslinking and RNA purification generally yielded small amounts of RNA, thus large 

sample sizes were required. These low amounts did not allow removal of rRNA, which is common for RNA 

sequencing, as there would not be sufficient material left for library preparation afterwards. However, even 

though working with minimal input material the quality and concentrations of the libraries were 

satisfactory. Sequencing of the RNA libraries yielded between 41M and 66M reads, of which 45-47 % was 

aligned to the rRNA database with SortMeRNA. FastQC analysis showed an unusual GC peak, with a high 

amount of GC rich sequences. However, mapping of the sequences resulted in a 90-96 % success rate, 

which could mean that there is a large share of exons in the reads, which have a higher GC content and 

could therefore shift the peak (Colombrita et al., 2012).  
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In order to determine significant differences between the samples they were treated as normal 

RNA-seq reads (Colombrita et al., 2012). Analysis of the differential capture of RNAs between the proteins 

with Cuffdiff calculated the significant differences between the control and the target proteins, and loci 

with non-significant differences between either of the samples were discarded from the analysis. The 

positive significant differences from the Cuffdiff gene expression files were plotted in Figure 36. These bar 

plots show those RIP transcripts found for the specific protein, indicated to the left in the figure, which 

showed a significant decrease in the other RIP samples. Plots from the Cuffdiff isoform capture and 

transcription start site (tss) groups showed similar profiles (data not shown).  

FUS 
282 loci 

Figure 36: This image shows a comparison between the protein indicated on the y-axis of each plot and the 

other three proteins for the transcripts that were captured in the RIP. If there was a significant decrease in 

the capture of a specific locus (on the x-axis) between one protein and the other, this is indicated by a 

colored box. Boxes for FUS are black, HIF1 is blue, SOD1 is red and TDP-43 is yellow. For example, the 

first transcript indicated for TDP-43 was captured significantly less in the RIP for SOD1 and HIF1, but not 

for FUS.  

 

HIF1 
1502 loci 

SOD1 
865 loci 

TDP-43 
1021 loci 

Locus 

Locus 

TDP-43  

TDP-43 

SOD1 

FUS  

HIF1 
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Especially the loci where a significant difference is seen between all three other RIP samples are 

of interest, for example the loci found in TDP-43 that are not found in FUS, SOD1 and HIF1. The transcripts 

that are linked to these loci are potential targets for RNA binding of the specific protein and could be 

investigated in more detail. However, these plots do not exclude the chance of finding the potential targets 

by coincidence, as they do not allow determining the success rate of the IP and many of the peaks could be 

false-positives. We can eliminate the false-positives from the dataset by performing RIP-seq in biological 

replicates and then identify targets for further analysis.  

 Earlier studies have investigated the RNA-binding capacities of FUS and TDP-43 and found that 

the consensus binding motif for TDP-43 is for 80 % made up of (UG)n stretches in the 3’-UTR, while FUS 

has a more diverse binding motif (Karmakar et al., 2015). For TDP-43, the loci that show a significant 

difference compared to all three control samples were analyzed for their sequence and repeats in the UCSC 

RepeatMasker (Smit, Hubley and Green, 2013). There are 17 of these transcripts in the comparison of TDP-

43, shown in Table 7, which is lower than expected, based on the known targets of this protein (UG-rich 

regions). Additionally, only a subset of these transcripts contains repeat sequences, in contrast to the 

expectations for TDP-43. In order to analyze potential targets of TDP-43 in more detail a qPCR assay was 

designed that targeted one of the known human targets of this protein, the 3’ UTR of Granulin (GRN) 

(Colombrita et al., 2012). This gene is conserved in the pig genome on chromosome 12 and this was 

therefore considered a potential target of porcine TDP-43. The RIP-seq data generally showed an increased 

capture of this transcript, especially at the 3’ end, for TDP-43 compared to the other proteins, though the 

individual values were not significant (Supplementary table 1).  

The target proteins of the RIP assay were analyzed by gel electrophoresis and mass spectrometry. 

Coomassie staining of SDS gel electrophoresis could not visualize the proteins and thus the gel was size 

excised and analyzed with mass spectrometry. This analysis indicated the enrichment of SOD1 following 

immunoprecipitation, though not the other target proteins (Supplementary table 2), which might be due to 

low protein expression in the liver cells, or failure of the antibodies to capture them. Failure to capture the 

protein could potentially be explained by the differences between porcine and human protein, since the 

antibodies were directed against human protein. Another option is that the target site for antibody binding 

is unavailable to the antibody. This can be caused by, for example, complex formation with other proteins 

in the cytoplasm of the cell. Alternatively, the protein was not eluted successfully after decrosslinking and 

thus not present in the gel or size selection excluded the proteins from the analysis. Closer investigation of 

the HIF1 protein taught us that HIF-1 alpha could not be detected in cells and tissues under normoxic 

conditions. Hypoxic conditions, oxygen concentrations below 5 %, will stabilize the protein and it will then 

translocate to the nucleus of the cells (Semenza, 2000).  
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The results of the RIP-seq analysis have shown that this method produces data with a high background 

noise. This is seen from the control sample, in which we do not use an antibody but still obtain a relatively 

large dataset with RNA sequences. We will have to repeat and refine the method to reduce the variability 

in the assay. For each RIP-seq antibody, we need to measure how much we enrich the protein during 

immunoprecipitation in comparison to off-target proteins, preferably with mass spectrometry. Additionally, 

we will perform biological replicates in future studies to eliminate false-positive findings in our dataset. In 

case of HIF1, we can only investigate possible RNA binding properties under hypoxic conditions. Since 

SOD1 is involved in oxidative stress, it would also be interesting to see whether a sample from a SOD1-

mutant has an increased level of HIF1. Though the RNA binding properties of TDP-43 and FUS have been 

established, SOD1 and HIF1 are not known to bind RNA itself. However, these proteins might engage in 

protein complexes that are involved in RNA handling. Using RIP-seq could also capture these complexes, 

on the condition that the antibody binding site is available during immunoprecipitation.   

 

Table 7: Repeat sequences in the selected loci from TDP-43 as indicated in the UCSC browser (susScr3). If no 

gene is listed, the locus does not have a gene prediction in the porcine genome. 

Locus Repeat Type Location in 

gene 

Gene Strand 

1:120420009-120420063 SINE Pre0_ss Intron  Chr1.2498   

1:281950118-281950217 Low 

complexity 

G-rich Exon  AKAP2   

1:105573486-105573586 - - Exon  Chr1.2229   

1:126473033-126473162 - - Exon  Chr1.2618   

1:263412360-263412620 - - Exon Chr1.5071   

4:770653-770862 - - Exon/intron Chr4.44   

6:18457348-18457397 - - Exon Chr6.577   

6:9492503-9492603 Simple  (CA)n Intron Chr6.344 +  

6:47858130-47858341 - - Intron Chr6.1423   

6:82936710-82936790 SINE Pre1j Intron Chr6.2736   

11:7653480-7653607 SINE Pre0_ss Intron HSPH1   

12:39189974-39190133 - - - -   

13:170350147-170350298 - - Splice site Chr13.3124   

17:45471570-45471695 - - Exon Chr17.956   

GL893957.1:7650-8723 LINE L1-3_SSc Intron GL893957-1.1   

GL896502.1:1330-1483 Simple  (TG)n - -    

GL896502.1:1581-1684 - - - -   
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Part II: Conclusion 

The pig has functioned as a model for human disease on many occasions. This animal resembles human 

physiology more closely than many other model organisms, such as rodents and insects. Though the cost 

of maintenance is higher, the molecular biological discoveries in pigs are more easily translated to humans 

and therefore more valuable for research in human disease. The development of CRISPR-Cas9 genome 

modification has provided scientists with a tool that allows the use of pigs as a model animal to a larger 

extend.  

We initiated the use of the CRISPR-Cas9 method on pig in our laboratory by designing an assay 

targeting the porcine SOD1 gene, which is a gene related to ALS in humans. The first attempts were focused 

on modifying the SOD1 gene in the pig cell lines IPEC-J2 and PK15. The IPEC-J2 have proven difficult to 

transfect and handle. The Cas9 was most likely not expressed at significant levels in these cells to 

accomplish gene editing. We therefore switched to PK15 cells and checked the expression of Cas9 with a 

plasmid containing GFP directly subsequent to Cas9. However, PK15 cells that expressed the GFP did not 

show Cas9 modifications either. In total, we sorted 150 cells for guide 1 and 2 together and after these cells 

were allowed to expand, none of these showed a change in sequence at the target site. Our analysis might 

have captured cells that were not edited or the edited cells had a reduced chance of survival. In both cases, 

we should be able to find alterations in the SOD1 gene if we analyzed a larger batch of cells at different 

time points. Another possibility is that the guides have not been effective in finding the target site in the 

SOD1 gene, for example due to reduced accessibility of the sequence.  

The use of SMGT in combination with CRISPR-Cas9 would circumvent laborious procedures used 

to create animal models such as SCNT. We tested the SOD1 essay of Cas9 with SMGT in pig by 

inseminating sows with semen that contained a DNA plasmid with Cas9 components. For these 

experiments, it was important to test the boar semen for motility subsequent to our treatments, since some 

ejaculates are not fit for SMGT. The post-treatment motility varied significantly between boars and we 

therefore selected two boars for insemination of the sows. We succeeded in producing 26 embryos 

following CRISPR-Cas9 SMGT from one sow and tested muscle tissue of these piglets at day 48 of 

development. The genotypes of these samples did not show variation from the reference genome.  

The pathology of ALS is partly linked to aberrant RNA handling in the motor neurons of patients. 

We would like to investigate which transcripts are bound by specific ALS related proteins and we therefore 

implement the RIP-seq method. RIP of FUS, SOD1, TDP-43 and HIF1 has generated interesting data on 

the capture of RNAs by IP of these proteins. In order to draw conclusions from RIP-seq this experiment 

will have to be repeated and done on several biological samples. However, this method has proven to be 

laborious and the background is high, likely due to low levels of specific protein capture in the IP. Though 

only few loci turned out significantly different between the samples, the example of GRN is an indication 
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of successful precipitation of TDP-43 targets. This forms the basis for future experiments with the RIP-seq 

method.  
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Perspectives  

 

With the implementation of CRISPR-Cas9, our group is able to design new assays to investigate molecular 

genetics in different settings. The work presented in this thesis forms the basis of future experiments with 

CRISPR-Cas9 in our laboratory and our lab is a few steps closer to using Cas9 gene editing due to the 

implementation of several aspects of this method. During this project, we have gained valuable insights in 

the use of Cas9 and the setup of experiments. Though CRISPR-Cas9 is praised for its simplicity, we have 

also learned that it can be challenging in non-model systems and even in mammalian cell lines. Since 

published work only reports of the successful Cas9 gene editing, it is practically impossible to determine 

how often researchers experience assays that do not produce gene edits. Criticism on the method is generally 

directed towards the off-target effects, especially when targeting human embryos for correction of disease 

causing mutations (Mollanoori and Teimourian, 2018), not the success rate of all performed studies. The 

lack of activity in our assay can be caused by a large number of different issues; activity of Cas9, the 

selection of the target sites, RNA design, delivery of Cas9 and sgRNA and the efficiency of HDR 

(Reviewed in Peng, Lin and Li, 2016). We will need to keep looking for the pitfalls in our system, starting 

by securing the expression of all Cas9 components with markers in honeybees, similar to the GFP marker 

used for Cas9 in pigs. Checking the expression of both Cas9 and the sgRNA will secure one variable in the 

assay.  

Looking forward, we aim to finish implementation of the Cas9 system in honeybees through 

microinjection of eggs and testing CRISPR-Cas9 together with SMGT. For these experiments, we should 

also focus on expression of Cas9 components. For example, by testing the expression of Cas9 in 

microinjected honeybee eggs by using GFP. In addition, we will build an apiary where we can contain the 

genetically manipulated bees inside the lab, since it will not be allowed to rear these animals in a hive. This 

will allow us to maintain bees inside for a relatively short amount of time, because these families will most 

likely be short-lived due to the stress it will cause. The bees experience stress when they are not allowed to 

exert their instinctual behavior outdoors, which will also influence behavior and thus might alter the 

outcome of the experiments we perform. However, a few generations of genetically modified honeybees 

will already allow us to study many different aspects of honeybee development. We aim to use the CRISPR-

Cas9 technique to address the effect of miRNAs in honeybee jellies on caste differentiation and epigenetic 

factors. Through knockout of miRNA targets in larvae or altering the expression of miRNAs specifically 

suspected to influence development and epigenetics. We can also apply one of the Cas9-related proteins, 

such as Cas13 to alter the influence of RNA on development of the larvae. Given that honeybees share a 

large part of their epigenetic system with mammals, these studies will not only create valuable knowledge 

related to the honeybee, but they will most likely also create new leads to follow in the investigation of 



88 
  Perspectives 

 

    

inter-organismal communication with extracellular RNA. In addition, we could extend the investigations 

to haplodiploid sex determination, which is another complex system in several kinds of insects that is 

potentially regulated through RNA species. Investigations of honeybee development and genetics might 

also lead to new solutions for the preservation and breeding of wild honeybees for agricultural purposes.  

 Regarding the use of CRISPR-Cas9 for generation of pig models, we will focus on fine-tuning the 

use of cell lines by investigating the expression of the sgRNA following transfection of the Cas9-sgRNA 

plasmid. This allows us to narrow down to the reasons for the lack of gene editing in our cells. We will also 

continue the analysis of the embryonic tissues from SMGT, since there might have occurred genome 

modification in other cell types of these piglets. An interesting recent development in the field of CRISPR-

Cas9, is the use of the Cas9 protein in combination with base editors (Liang et al., 2017). We have aimed 

to alter a single base in the SOD1 gene by creating a double strand break and providing a donor sequence 

for homology directed repair. The DSBs will not be repaired by HDR alone and this method will thus 

always create a mosaic collection of edited cells with various genotypes. By using a base editor, this 

problem can be avoided and a single nucleotide mutation, such as the G93R, can be produced without the 

undesirable effects of NHEJ. If we succeed in producing a pig model of ALS, we could investigate the 

involvement of RNA processing in the pathology of ALS. Elucidating the disease pathways will bring us 

closer to development of treatments or cures of this severe motor neuron disease. Though pigs resemble 

humans much closer than many other model animals, it still does not allow translating molecular biological 

findings directly to humans since they are part of a discrete clade in evolution. Further research in human 

tissue will have to confirm what is found in the pig models of human disease.  

 Our research group is interested in investigating the involvement of miRNA and other transcripts 

in both honeybees and neurodegenerative diseases, such as ALS. The production of model animals is the 

first step towards this goal. With RIP-seq, we hoped to investigate which types of RNA are bound by 

proteins that are involved in the pathways of interest. This method will require fine-tuning before we can 

apply it to a porcine disease model. Investigating miRNAs in honeybees might require a different approach 

because antibodies are not readily available for honeybees and the amount of protein in honeybee jellies is 

low.  

 Transgenesis through SMGT has been used in many different organisms with varying success. 

Major drawbacks are the efficiency of incorporation and the insertion of genes at random sites in the 

genome. Since insertion is not required for successful genome modification of SMGT-CRISPR-Cas9 these 

issues are of lesser meaning. Instead, the efficiency of Cas9 to locate the target site and of the donor to 

effectuate HDR need to be considered. The combination of these two techniques would significantly 

simplify the process of creating a model organism for disease, because no SCNT will be needed. We hope 
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to provide the field of genome manipulation with a new tool that can facilitate the production of modified 

organisms. 
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All sequences are indicated 5´ to 3´.  

 

Partial cinnabar sequence for design of sgRNAs (Baylor2.0/apiMel2: NW_623273:LOC551858): 

TAATTGATTTGGTATCGCATTTTATACCAAATAATAATATATCAATAATAATTAATATCTAATCTCTCTTCTATTTTTCAAATCATCGCAATAAGAATATCAAAATTTTTA

TAATTTTACAATTTCACAATTATCTTTGTCTTTATAAATTATAAATTTCTTCTTTAATTCACTTCATTTAAAAGAACAAAAAAAAAAAAATTAAATTCAATATTTTATTAA

TCATTAAGATCGACTATAAGTATTGTAAATAAATTTAGTAAATTTAGTATCTCTTAACTAAAACAAAATCGTATTCTTCGAACAAATTGTAATCCTGACACGCAAATAAAT

TGACTGATCTTTGCATCATTTGCATCTTCGATTTCTTCGTATTTTATTCAGGCGATCGATATCTTTAGGAAAATTTTCAGATTATTAAAAAATTGACAATGATATTTTAAG

ATCCAATATTAAATAACTCGTTCAGTATGTATATATAGTAAATATGTATGCTTGCACGATTATGCTAAGACAGGTAGTTGATCAGCGGCTTCGGTGCAGGACGGTATACCA

TGACGGTCACTGATCGAAAGTCGCGAGTCGTCATAGTAGGGGGTGGTTTGGTGCGTGTTTCGATAATTTTTCACGAAACGAAACGATTTTAAAATTTGTTAAAAGAAACTT

TAAATCAAACGAAAGTCGAATCAAGATTTCAAAGATTATTAAAAATAGTGAAATTTCGATTTTTTTTTAGGTCGGTTCTCTGGCAGCTTGCTTTTTCGCGAAAAGGGGTCA

TTACGTGTCTATTTACGAGTATCGTCCAGGTGAACTCTTCGATTGGAGAATTAATTCAATCATTTTTTTTTATTTGTTTATTCAATTTTTTAAAAACGTATAATTTTATTT

TATATCGAATTTTTATTAAATTCTAATTCTAAGATGATTTGAAAACTTGAAATTGAAATTTTTTTTATGTATTTTTTACACTTTTAAGAACGAAAGAGGTATTATGTACAA

GTATATCTACTTTATTTTTATTTTTTTTTGAAGGAATACACAAGATAAAAGAGTTTTTCAAGGAGCATACGTAAAAATTTTATGTAATATGAATACAAAAATTCCGTGGCC

ACATTCGTTTCAGATATCAGAACAGTGGATTGTTGGGGTCAGAGCATTGACTTGGCTCTGTCAGTCAGAGGGCGGGAAGCTTTAAGGGCAGTTGGCCTTGAGGAGGTTGTG

GTCGATCATCATGGTATCGCTATGCGTGGTAGAATGATACACAATAAGAATGGGTCGCTCAAAGAAATACTTTACGATGGTGTGAATCAAAACGTGAGTGATTTTACAATA

CTTCGATTTCTTTTTTTTTTTCTTTTCTTGATTCCAAAAGAAAATCGAGTAAAAAAAGTGCATATGAAGTTTGTTCATTCTCATTTTTACAGTGCATTTATTCAGTTACTA

GACGATATCTAAACATCGTTCTATTAAATGGTGAGTAAAATTTACTATGCAATAATATTATTAGAATTTTTTCCCTCATATTTTAATCTTTAATTCCTTGTCTTATCTCAG

AAATTACAGTTTAGCCGATAACGAAGACAAAGTATGAAATAATTTACATGCACTCTAATTTTATTTTTATTCATTTATAATGAAAGTAAATTAAATATGTATAATTTTTCA

ATATTTTGTATTTATCATAGTATCAATTATTAATTAACACATAAATTGGTTGAAGAATCTTTTTAAAGAAGAAATCTAAGAAAATATTTCTTTATTATTAAATCATATTAT

TTGTCGTTGAGAGAAATCAAAAAATTTTGCATTAAATTATCTTCATAAAATTGAAAATTGAACATAGATCCTTTTATGCTGAAGAATAAAAAATGGCCACTGAATATCCGA 

 

In vitro transcription of sgRNAs 

The template for in vitro transcription of the sgRNAs comprises the following sequence: 

5’ - N6-10T7-promoterGGGuideScaffoldOverlapRestOfScaffoldTerminationSequence – 3’  

 

The single stranded DNA oligos necessary for the sgRNA template:  

 

Rev_scaffold  

AAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAAC 

 

Apis_mel_cn_T7_sgRNA1_F (target on - strand) 

GATCACTAATACGACTCACTATAGGGCTTTCGATCAGTGACCGTCAGTTTTAGAGCTAGAAA

T 

 

Apis_mel_cn_T7_sgRNA2_F (target on + strand) 

GATCACTAATACGACTCACTATAGGGAAGTCGCGAGTCGTCATAGTGTTTTAGAGCTAGAAA

T 

 

Apis_mel_cn_T7_sgRNA3_F (target on + strand) 

GATCACTAATACGACTCACTATAGGGTTGGGGTCAGAGCATTGACTGTTTTAGAGCTAGAAA

T 
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Apis_mel_cn_T7_sgRNA4_F (target on + strand) 

GATCACTAATACGACTCACTATAGGGATTTGATAATAGGAGCCGAGTTTTAGAGCTAGAAAT 

Only one extra G was added between the T7 promoter and the guide, since the guide already starts with a 

G.  

 

  

Supplementary figure 1 (Tofilski, 2011): Normal development of a honeybee queen. The 

queen cup is larger than worker cells in the comb because the queen needs to become 

larger than workers do.  

 

Supplementary figure 2 (Tofilski, 2011): Normal development of a honeybee worker.  
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PCR elongation and amplification of the annealed products Apis_mel_cn_T7_sgRNAX_X and 

Rev_scaffold from (Shao et al., 2014):  

Rev_scaffold_short  AAAAAAGCACCGACTCGGTGCC  

Forw_T7   GATCACTAATACGACTCAC 

 

Cloning of the guide into the pAc-sgRNA-Cas9 plasmid  

Apis_mel_cn_clon1_F  TTCGCTTTCGATCAGTGACCGTCA 

Apis_mel_cn_clon1_R  AACTGACGGTCACTGATCGAAAGC 

 

Apis_mel_cn_clon2_F  TTCGAAGTCGCGAGTCGTCATAGT 

Apis_mel_cn_clon2_R  AACACTATGACGACTCGCGACTTC 

 

Apis_mel_cn_clon3_F  TTCGTTGGGGTCAGAGCATTGACT 

Apis_mel_cn_clon3_R  AACAGTCAATGCTCTGACCCCAAC 

 

Apis_mel_cn_clon4_F  TTCGATTTGATAATAGGAGCCGA 

Apis_mel_cn_clon4_R  AACTCGGCTCCTATTATCAAATC 

 

Primer sequences to check for correct insertion of the guide into pAc-sgRNA-Cas9: 

sgRNAinsert_seq_F  TGCACCTACTTCTCATTTCCAC  Amplicon size: 300 bp  

sgRNAinsert_seq_R  TCAACAAACGAACAATAGGACAC 

 

qPCR of cinnabar in honeybee eyes 

Apis_mel_cn_qpcr_ex1-3_F GCGAGTCGTCATAGTAGGGG  Amplicon size: 126 bp 

Apis_mel_cn_qpcr_ex1-3_R  TGACCCCAACAATCCACTGT 

 

Apis_mel_cn_qpcr_ex3-5_F AGAATGGGTCGCTCAAAGAA  Amplicon size: 162 bp 

Apis_mel_cn_qpcr_ex3-5_R CGTCTAAATCCGCATCCACG  

 

Apis_mel_RP5s_qpcr_F AATTATTTGGTCGCTGGAATTG  Amplicon size: 115 bp 

Apis_mel_RP5s_qpcr_R TAACGTCCAGCAGAATGTGGTA 

 

Primers for amplicons of cinnabar in honeybee semen for NGS:  

AMel_cn_ex1_105bp_F  GGTAGTTGATCAGCGGCTTC  Amplicon size: 105 bp 
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AMel_cn_ex1_105bp_R TTATCGAAACACGCACCAAA  

 

AMel_cn_ex3_100bp_F  GTGGCCACATTCGTTTCAG   Amplicon size: 100 bp 

AMel_cn_ex3_100bp_R CAACTGCCCTTAAAGCTTCC 

 

AMel_cn_ex6_94bp_F  TTTAGCACGAGAACTCGAAAGA  Amplicon size: 94 bp 

AMel_cn_ex6_94bp_R  TCGCCATTGTTCTTCTGATG 

 

 

  

Supplementary figure 3: In vitro rearing of honeybees. Honeybee larvae are grafted for the 

comb into excess feed on a petri dish on day 1 (day 3 of development, i.e. shortly after hatching 

from the egg).  
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Supplementary figure 4: In vitro rearing of honeybees. Honeybee larvae are moved from petri 

dishes to 48 well plates on day 2. 
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Supplementary figure 5: In vitro rearing of honeybees. Honeybee larvae are moved from 48 

well plates to 24 well plates on day 5. 
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Supplementary figure 6: In vitro rearing of honeybees. Honeybee larvae are moved from 24 

well plates with feed to 24 well plates with paper on day 7. The next day the larvae are moved 

to new paper in order to keep a clean environment when entering the pupa stage. 
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Supplementary figure 7: In vitro rearing of honeybees. After approximately 10 days, the larvae 

have transformed to pupa and the day after that their eyes will turn red. Bees exerting a queen-

like phenotype will move through these stages quicker than those who become workers.  
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Supplementary figure 8: In vitro rearing of honeybees. The final stage of development arrives 

when the bees emerge after transformation. In our in vitro setup, this occurs between day 14 

and 17 after grafting. 
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Supplementary figure 9: Map of the pAc-sgRNA-Cas9 plasmid, into which the four guides have been cloned for the 

use in SMGT. 
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Part II: Supplementary 

 

All sequences are indicated 5´ to 3´.  

 

Partial SOD1 sequence for design of sgRNAs (SusScr3):  

GCACGTTGGAGACCTGGGCAATGTGACTGCTGGCAAAGATGGTGTGGCCACTGTGTACATCGAAGATTCTGTGATCG

CCCTCTCGGGAGACCATTCCATCATTGGCCGCACAATGGTG 

- The green marking indicates the site for the G93R (G to C mutation) variant in SOD1.  

 

 

Supplementary figure 10: Map of the eSpCas9(1.1) plasmid, into which the two guides have been cloned for 

the use in SMGT. 
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Sequencing sgRNA insert in the eSpCas9(1.1)-sgRNA and pCAG-eCas9-GFP-U6-gRNA plasmid: 

eSpCas9_guide_F   TTTCTTGGGTAGTTTGCAGTTTT 

eSpCas9_guide_R   TGCCAAGTGGGCAGTTTAC 

 

sgRNA1 insert for eSpCas9(1.1)-sgRNA and pCAG-eCas9-GFP-U6-gRNA plasmid: 

SScr_SOD1_sgRNA_1F  CACCGACTGCTGGCAAAGATGGTG 

Sscr_SOD1_sgRNA_1R  AAACCACCATCTTTGCCAGCAGTC 

 

sgRNA2 insert for eSpCas9(1.1)-sgRNA and pCAG-eCas9-GFP-U6-gRNA plasmid: 

SScr_SOD1_sgRNA_2F  CACCAGAATCTTCGATGTACACAG 

Sscr_SOD1_sgRNA_2R  AAACCTGTGTACATCGAAGATTCT 

Supplementary figure 11: Map of the pCAG-eCas9-GFP-U6-gRNA plasmid, into which the two guides have 

been cloned for the use in fluorescence assisted cell sorting.  
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SScr_SOD1_sgRNA_1_donor 

GTTGGAGACCTGGGCAATGTGACTGCTGGCAAAGATCGTGTAGCCACTGTGTACATCGAAG

ATTCTGTGATCGCCCTCTCGGGAGACCATTCCATCATTGGCCGCACAATGGTGGTACGTGTTC

ATA 

 

SScr_SOD1_sgRNA_2_donor 

TCTCCCGAGAGGGCGATCACAGAATCTTCGATGTACACAGTTGCCACACGATCTTTGCCAGC

AGTCACATTGCCCAGGTCTCCAACGTGCCTGACGGTGAAAACGCATTCGCGGGATTAGGACT

GAT 

 

 

Supplementary figure 12: Partial sequence of the pCAG-eCas9-GFP-U6-gRNA plasmid with guide 1 inserted 

behind the U6 promoter. 

 

Supplementary figure 13: Partial sequence of the pCAG-eCas9-GFP-U6-gRNA plasmid with guide 2 inserted 

behind the U6 promoter. 
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Expression of Cas9 mRNA in cell lines: 

qPCR_eSpCas9_F   CAGCTGGTGCAGACCTACAA  Amplicon size: 156 bp 

qPCR_eSpCas9_R   CGAACAGGCCATTCTTCTTC 

 

Porcine GAPDH left   TGGTGAAGGTCGGAGTGA 

Porcine GAPDH right   TTGATTTTGGCGGGGATCT 

 

Sequencing the target region of sgRNA1 and 2 in the porcine SOD1 gene of cell lines:  

SOD1 Primer set 1: 

Supplementary figure 14: Gating strategy for FACS of PK15 cells transfected with the pCAG-eCas9-GFP-

U6-gRNA vector. A) The side scatter area (SSC-A) is plotted against the forward scatter area (FSC-A) to 

obtain information about the complexity (granularity) and the size of the cells. B) This graph shows the 

forward scatter height (FSC-H) against the FSC-A, which allows to distinguish single cells from double cells. 

The gate in this graph is set to include only single cells. C) Graph C shows the area of propidium iodide (PI-

A) against the FSC-A. Dead cells show a high signal of PI and are excluded from the analysis with the gate 

that is set in this plot. D) Finally, the GFP signal is plotted with the FSC-A to distinguish between GFP positive 

and negative cells. The percentage of GFP positive cells is indicated in the plot (0,01 % for this sample). These 

GFP positive cells were sorted into 96-well plates and grown in growth medium until confluent.  

 

A B 

C D 
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SScr_SOD1_F1    ATGTTGCCGTTCTGGAAAAG Amplicon size: 493 bp 

SScr_SOD1_R1   TACTGCATCGCAGCAGAACA 

SOD1 Primer set 2: 

SScr_SOD1_F2    GACTCCGTCTTCCTCTTAGCC Amplicon size: 341 bp 

SScr_SOD1_R2   GGGACCTTTAGAAACCAGGATT 

SOD1 Primer set 3:  

SScr_SOD1_F3    CGTGAAACCTTGTTTGAAGCC Amplicon size: 557 bp  

SScr_SOD1_R3   CGCAGCAGAACAGTGTTCTT 

SOD1 primer set 4:  

SScr_SOD1_97bp_F   GAGACCTGGGCAATGTGACT Amplicon size: 97 bp 

SScr_SOD1_97bp_R   CCAATGATGGAATGGTCTCC 

 

Sequencing the target region of sgRNA1 and 2 in the porcine SOD1 gene of embryos 

SScr_SOD1_embryo_F   GACTCCGTCTTCCTCTTAGCC Amplicon size: 250 bp  

SScr_SOD1_embryo_R   ATGAACACGTACCACCATTGT 

 

Expression of RIP target proteins: In rat liver the proteins are expressed with the following percentage of 

the total protein:  

SOD1  0,94 %   TDP-43  0,0035 % 

FUS  0,01 %   HIF1  0,00008 % 

 

Supplementary table 1: FPKM values of the GRN transcripts captured in IP for TDP-43 compared to captured 

transcripts for IP with the other proteins. TDP-43 is q2, q3 is FUS, q4 is HIF1 and q5 is SOD1. Though the 

values are not significant (P-value <0.01), the FPKM of TDP-43 is generally slightly higher than the control 

samples.   
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Supplementary table 2: The results from mass spectrometry of the IP on TDP-43, FUS, SOD1 and HIF1 

are depicted on the following 6 pages. Zoom for details.  



Accession Description Score Coverage # Proteins # Unique Peptides # Peptides # PSMs # AAs MW [kDa] calc. pI

FUS

311259696 PREDICTED: LOW QUALITY PROTEIN: desmoplakin [Sus scrofa] (BLAST:desp_human hits:20 mean_sim:67.25%) 917,59 10,79 2 31 35 36 2882 331,2 6,89
K2C1_HUMAN contaminant_K2C1_HUMAN (BLAST:k2c1_human hits:20 mean_sim:77.4%) 3076,23 46,66 5 22 30 79 643 65,8 8,12
K1C9_HUMAN contaminant_K1C9_HUMAN (BLAST:k1c9_human hits:20 mean_sim:67.55%) 1134,91 49,12 1 17 20 27 623 62,1 5,30
545824833 PREDICTED: myosin-9 [Sus scrofa] (BLAST:myh10_human hits:20 mean_sim:75.6%) 974,31 14,91 6 17 22 24 1878 216,3 5,74
K1C10_HUMAN contaminant_K1C10_HUMAN (BLAST:k1c10_human hits:20 mean_sim:73.95%) 3636,96 49,41 19 16 30 72 593 59,5 5,21
K22E_HUMAN contaminant_K22E_HUMAN (BLAST:k2c1_human hits:20 mean_sim:71.05%) 1484,14 42,48 10 15 23 36 645 65,8 8,00
ALBU_HUMAN contaminant_ALBU_HUMAN (BLAST:albu_human hits:7 mean_sim:63.14%) 997,38 30,54 2 14 18 27 609 69,3 6,28
Q8WNW3 Junction plakoglobin OS=Sus scrofa GN=Jup PE=2 SV=1 (BLAST:plak_human hits:15 mean_sim:52.6%) [Q8WNW3;gi_47523712_ref_NP_999488.1_;gi_545857942_ref_XP_005668876.1_;gi_545857945_ref_XP_005668877.1_;gi_545857948_ref_XP_005668878.1_;gi_545857951_ref_XP_005668879.1_] 409,40 20,13 4 12 15 15 745 81,8 6,14
545840985 PREDICTED: poly [ADP-ribose] polymerase 6 isoform X5 [Sus scrofa] (BLAST:parp6_human hits:12 mean_sim:81.92%) 735,03 10,54 9 11 11 16 1138 126,2 8,29
545830727 PREDICTED: alpha-actinin-4 isoformX2 [Sus scrofa] (BLAST:actn4_human hits:20 mean_sim:73.55%) 514,00 15,92 16 11 12 12 911 104,8 5,41
GELS_HUMAN contaminant_GELS_HUMAN (BLAST:gels_human hits:18 mean_sim:64.83%) 435,59 19,18 2 11 12 13 782 85,6 6,28
242253868 trypsinogen precursor [Sus scrofa] (BLAST:try3_human hits:20 mean_sim:70.0%) 4694,30 49,59 3 10 11 113 246 25,9 7,18
545854851 PREDICTED: plastin-2 isoform X2 [Sus scrofa] (BLAST:plsl_human hits:20 mean_sim:52.6%) [gi_545854851_ref_XP_005668474.1_;gi_545854854_ref_XP_005668475.1_;gi_194040624_ref_XP_001929173.1_] 446,90 21,37 7 10 11 11 627 70,2 5,38
Q6S4N2 Heat shock 70 kDa protein 1B OS=Sus scrofa GN=HSPA1B PE=2 SV=1 (BLAST:hsp71_human hits:18 mean_sim:73.0%) [Q6S4N2;gi_47523308_ref_NP_998931.1_] 513,20 22,78 7 9 12 14 641 70,1 5,82
TRFL_HUMAN contaminant_TRFL_HUMAN (BLAST:trfl_human hits:5 mean_sim:77.2%) 409,89 14,79 1 9 10 12 710 78,1 8,12
I3LVD5 Actin, cytoplasmic 1 OS=Sus scrofa GN=ACTB PE=2 SV=1 (BLAST:actg_human hits:20 mean_sim:86.1%) [I3LVD5;gi_335297229_ref_XP_003357976.1_] 1613,19 62,67 4 8 20 50 375 41,8 5,48
545825280 PREDICTED: keratin, type II cytoskeletal 5 isoform X3 [Sus scrofa] (BLAST:k2c5_human hits:20 mean_sim:79.0%) 966,72 25,13 11 8 18 34 569 60,4 6,84
P03974 Transitional endoplasmic reticulum ATPase OS=Sus scrofa GN=VCP PE=1 SV=5 (BLAST:tera_human hits:20 mean_sim:63.15%) [P03974;gi_47523626_ref_NP_999445.1_] 398,91 13,40 5 8 8 10 806 89,2 5,26
Q0PY11 Elongation factor 1-alpha OS=Sus scrofa GN=EEF1A PE=2 SV=1 (BLAST:ef1a1_human hits:20 mean_sim:54.8%) [Q0PY11;gi_147899784_ref_NP_001090887.1_;gi_545799443_ref_XP_005654458.1_;gi_545799446_ref_XP_005654459.1_] 362,39 21,43 4 8 8 10 462 50,1 9,01
I3LII3 elongation factor 2 os=porcine homologue to human gn=eef2 pe=1 sv=4 (BLAST:ef2_human hits:19 mean_sim: 49.58%) [I3LII3;gi_335282386_ref_XP_003354050.1_] 321,50 12,82 1 8 10 10 858 95,3 6,83
178056753 glycogen phosphorylase, liver form [Sus scrofa] (BLAST:pygl_human hits:5 mean_sim:91.8%) 291,81 11,94 6 8 10 10 854 97,4 7,49
ALBU_BOVIN contaminant_ALBU_BOVIN (BLAST:albu_human hits:7 mean_sim:60.29%) 716,89 20,59 2 7 14 17 607 69,2 6,18
GSTP1_HUMAN contaminant_GSTP1_HUMAN (BLAST:gstp1_human hits:16 mean_sim:53.38%) 392,46 47,37 1 7 7 8 209 23,2 5,64
A8U4R4 Transketolase OS=Sus scrofa GN=tkt PE=2 SV=1 (BLAST:tkt_human hits:8 mean_sim:67.88%) [A8U4R4;gi_162952052_ref_NP_001106151.1_] 293,80 9,95 1 7 8 10 623 67,8 7,49
P00355 Glyceraldehyde-3-phosphate dehydrogenase OS=Sus scrofa GN=GAPDH PE=1 SV=4 (BLAST:g3p_human hits:3 mean_sim:91.67%) [P00355;gi_329744642_ref_NP_001193288.1_] 289,20 21,02 5 7 7 11 333 35,8 8,35
350590321 PREDICTED: keratin, type I cytoskeletal 14-like isoformX1 [Sus scrofa] (BLAST:k1c14_human hits:20 mean_sim:76.8%) 1559,21 40,80 16 6 25 43 473 51,6 5,11
545837880 PREDICTED: histone H2A type 1-F-like [Sus scrofa] (BLAST:h2a1d_human hits:20 mean_sim:91.4%) 1014,43 53,36 11 6 14 27 253 27,6 11,43
F2Z558 14-3-3 protein zeta delta os=porcine homologue to human gn=ywhaz pe=1 sv=1 (BLAST:1433z_human hits:11 mean_sim: 86.82%) 514,09 41,13 3 6 9 11 248 28,1 4,84
345441750 heat shock 70kDa protein 8 [Sus scrofa] (BLAST:hsp7c_human hits:18 mean_sim:73.11%) 427,24 16,72 6 6 8 9 646 70,8 5,52
I3LK59 Enolase OS=Sus scrofa GN=ENO1 PE=3 SV=1 (BLAST:enoa_human hits:7 mean_sim:75.86%) [I3LK59;gi_545833443_ref_XP_005665031.1_;gi_545833446_ref_XP_005665032.1_] 416,05 22,60 1 6 8 10 354 38,1 8,88
350579657 PREDICTED: 78 kDa glucose-regulated protein [Sus scrofa] (BLAST:grp78_human hits:20 mean_sim:68.05%) 265,18 12,90 2 6 7 8 659 72,9 5,57
545853404 PREDICTED: vimentin isoform X2 [Sus scrofa] (BLAST:vime_human hits:20 mean_sim:70.9%) 215,60 19,67 19 6 8 9 427 49,2 5,16
P60662 Myosin light polypeptide 6 OS=Sus scrofa GN=MYL6 PE=1 SV=2 (BLAST:myl6_human hits:20 mean_sim:66.5%) [P60662;gi_255683363_ref_NP_001157469.1_;gi_350584112_ref_XP_003355524.2_] 207,71 50,99 9 6 6 7 151 16,9 4,65
545822632 PREDICTED: prelamin-A/C isoform X3 [Sus scrofa] (BLAST:lmna_human hits:20 mean_sim:61.3%) 179,06 9,45 6 6 6 6 614 69,2 6,64
F1RK90 periplakin os=porcine homologue to human gn=ppl pe=1 sv=4 (BLAST:pepl_human hits:20 mean_sim: 50.15%) 138,36 3,19 2 6 6 6 1753 203,4 5,54
F1S0J8 type i cytoskeletal 19 os=porcine homologue to human gn=krt19 pe=1 sv=4 (BLAST:k1c19_human hits:20 mean_sim: 78.50%) [F1S0J8;gi_311267276_ref_XP_003131485.1_] 443,06 25,50 27 5 12 16 404 44,2 5,14
113205700 14-3-3 protein sigma [Sus scrofa] (BLAST:1433s_human hits:11 mean_sim:83.0%) 345,16 27,82 4 5 7 10 248 27,9 4,83
F1S8Y5 phosphoglycerate mutase 1 os=porcine homologue to human gn=pgam1 pe=1 sv=2 (BLAST:pgam1_human hits:5 mean_sim: 81.00%) 253,65 31,78 2 5 5 7 258 29,3 6,89
F1S073 Annexin OS=Sus scrofa GN=ANXA2 PE=3 SV=2 (BLAST:anxa2_human hits:20 mean_sim:69.5%) [F1S073;gi_545800131_ref_XP_005659594.1_] 232,97 19,47 2 5 6 7 339 38,6 7,31
298160991 actin-related protein 2/3 complex subunit 2 [Sus scrofa] (BLAST:arpc2_human hits:1 mean_sim:99.0%) 214,56 17,67 2 5 6 7 300 34,3 7,36
I3L6Q5 histone os=porcine homologue to human gn=hist1h1b pe=1 sv=3 (BLAST:h15_human hits:17 mean_sim: 66.71%) 212,97 16,75 2 5 5 6 203 20,3 10,78
F1SC98 insulin-degrading enzyme os=porcine homologue to human gn=ide pe=1 sv=4 (BLAST:ide_human hits:5 mean_sim: 69.20%) 205,83 7,88 3 5 8 9 990 114,6 6,35
Q710C4 Adenosylhomocysteinase OS=Sus scrofa GN=AHCY PE=2 SV=3 (BLAST:sahh_human hits:8 mean_sim:77.75%) [Q710C4;gi_58801555_ref_NP_001011727.1_] 183,46 11,57 2 5 5 5 432 47,7 6,29
A6M928 Eukaryotic translation initiation factor 4A isoform 1 OS=Sus scrofa GN=EIF4A1 PE=2 SV=1 (BLAST:if4a1_human hits:20 mean_sim:67.55%) [A6M928;gi_154147660_ref_NP_001093666.1_] 171,33 9,85 6 5 5 5 406 46,1 5,48
197251946 actin-related protein 3 [Sus scrofa] (BLAST:arp3_human hits:20 mean_sim:62.45%) 157,72 14,59 3 5 5 5 418 47,4 5,88
350590319 PREDICTED: keratin, type I cytoskeletal 17-like [Sus scrofa] (BLAST:k1c17_human hits:20 mean_sim:76.2%) 1213,92 39,96 12 4 22 37 448 49,2 5,06
Q7SIB7 Phosphoglycerate kinase 1 OS=Sus scrofa GN=PGK1 PE=1 SV=3 (BLAST:pgk1_human hits:2 mean_sim:96.5%) [Q7SIB7;gi_153792027_ref_NP_001093402.1_] 506,05 23,50 8 4 9 12 417 44,5 7,90
F1RQU2 heat shock protein hsp 90-beta os=porcine homologue to human gn=hsp90ab1 pe=1 sv=4 (BLAST:hs90b_human hits:12 mean_sim: 80.25%) [F1RQU2;gi_346986428_ref_NP_001231362.1_;gi_545839928_ref_XP_005666120.1_] 429,60 18,37 3 4 11 11 724 83,2 5,03
P10668 Cofilin-1 OS=Sus scrofa GN=CFL1 PE=1 SV=3 (BLAST:cof1_human hits:7 mean_sim:80.0%) [P10668;gi_51592135_ref_NP_001004043.1_] 280,55 31,93 3 4 5 5 166 18,5 8,00
F1RFY1 Profilin OS=Sus scrofa GN=PFN1 PE=3 SV=1 (BLAST:prof1_human hits:4 mean_sim:77.5%) [F1RFY1;gi_346986388_ref_NP_001231345.1_] 231,41 27,14 1 4 4 6 140 15,0 8,28
F1RIF8 6-phosphogluconate dehydrogenase, decarboxylating (Fragment) OS=Sus scrofa GN=PGD PE=3 SV=2 (BLAST:6pgd_human hits:1 mean_sim:97.0%) 202,26 11,43 2 4 5 6 481 53,0 7,28
545822900 PREDICTED: tropomyosin alpha-3 chain isoform X18 [Sus scrofa] (BLAST:tpm3_human hits:20 mean_sim:79.65%) 201,03 20,26 39 4 4 4 227 26,4 4,78
P08059 Glucose-6-phosphate isomerase OS=Sus scrofa GN=GPI PE=1 SV=3 (BLAST:g6pi_human hits:2 mean_sim:94.5%) [P08059;gi_47523720_ref_NP_999495.1_] 183,91 14,16 2 4 5 6 558 63,1 7,99
K7GRV6 myeloperoxidase os=porcine homologue to human gn=mpo pe=1 sv=1 (BLAST:perm_human hits:20 mean_sim: 62.95%) 181,87 5,92 1 4 4 5 743 84,0 9,57
545868587 PREDICTED: polyubiquitin-C isoform X7 [Sus scrofa] (BLAST:ubc_human hits:20 mean_sim:65.8%) 146,82 52,49 5 4 4 5 381 42,9 7,58
CATD_HUMAN contaminant_CATD_HUMAN (BLAST:catd_human hits:20 mean_sim:56.55%) 146,76 15,78 3 4 5 5 412 44,5 6,54
I3LIN8 Histone H2A OS=Sus scrofa GN=LOC100738315 PE=2 SV=1 (BLAST:h2ay_human hits:20 mean_sim:80.15%) [I3LIN8;gi_347300400_ref_NP_001231492.1_] 130,04 13,59 2 4 4 4 368 39,1 9,82
P80021 ATP synthase subunit alpha, mitochondrial OS=Sus scrofa GN=ATP5A1 PE=1 SV=2 (BLAST:atpa_human hits:6 mean_sim:63.17%) [P80021;gi_297591975_ref_NP_001172071.1_] 123,19 9,95 2 4 5 5 553 59,7 9,19
PRDX1_HUMAN contaminant_PRDX1_HUMAN (BLAST:prdx1_human hits:6 mean_sim:81.0%) 120,11 23,62 9 4 5 6 199 22,1 8,13
F2Z576 Histone H3 OS=Sus scrofa GN=LOC100525821 PE=2 SV=1 (BLAST:h31_human hits:7 mean_sim:86.14%) [F2Z576;gi_545837786_ref_XP_005656276.1_] 100,79 29,41 5 4 5 6 136 15,4 11,12
350583970 PREDICTED: keratin, type II cytoskeletal 75 [Sus scrofa] (BLAST:k2c75_human hits:20 mean_sim:79.45%) 685,39 12,16 11 3 9 20 551 59,6 8,31
F1SGG9 type ii cytoskeletal 6c os=porcine homologue to human gn=krt6c pe=1 sv=3 (BLAST:k2c6c_human hits:20 mean_sim: 80.40%) 579,47 16,82 14 3 12 20 559 60,0 8,34
Q2XVP4 Tubulin alpha-1B chain OS=Sus scrofa GN=TUBA1B PE=2 SV=1 (BLAST:tba1b_human hits:20 mean_sim:81.8%) [Q2XVP4;gi_113205626_ref_NP_001038009.1_] 394,24 25,06 11 3 8 10 451 50,1 5,06
O02705 Heat shock protein HSP 90-alpha OS=Sus scrofa GN=HSP90AA1 PE=2 SV=3 (BLAST:hs90a_human hits:12 mean_sim:80.83%) [O02705;gi_47522774_ref_NP_999138.1_] 391,51 15,55 4 3 10 10 733 84,7 5,01
F1SDR7 14-3-3 protein beta alpha os=porcine homologue to human gn=ywhab pe=1 sv=3 (BLAST:1433b_human hits:11 mean_sim: 87.45%) [F1SDR7;gi_545880805_ref_XP_005673018.1_] 363,22 31,30 3 3 6 8 246 28,1 4,83
F1RTN3 Moesin OS=Sus scrofa GN=MSN PE=4 SV=1 (BLAST:moes_human hits:20 mean_sim:72.0%) 317,98 15,60 4 3 11 12 577 67,7 6,54
HBB_HUMAN contaminant_HBB_HUMAN (BLAST:hbb_human hits:10 mean_sim:73.8%) 292,86 52,74 4 3 7 7 146 15,9 7,28
PPIA_HUMAN contaminant_PPIA_HUMAN (BLAST:ppia_human hits:20 mean_sim:74.25%) 223,12 31,71 2 3 4 6 164 17,9 7,81
I3LKF1 high mobility group protein b2 os=porcine homologue to human gn=hmgb2 pe=1 sv=2 (BLAST:hmgb2_human hits:20 mean_sim: 66.45%) 200,31 15,98 3 3 3 4 169 19,4 5,88
A9XFX6 F-actin capping protein beta subunit OS=Sus scrofa GN=Capzb PE=2 SV=1 (BLAST:capzb_human hits:2 mean_sim:97.5%) [A9XFX6;gi_164664456_ref_NP_001106915.1_] 172,21 13,60 5 3 3 4 272 30,6 6,00
545827404 PREDICTED: triosephosphate isomerase isoform X1 [Sus scrofa] (BLAST:tpis_human hits:3 mean_sim:97.0%) 171,78 15,49 2 3 3 4 368 39,1 8,56
HBA_HUMAN contaminant_HBA_HUMAN (BLAST:hba_human hits:11 mean_sim:63.45%) 167,24 24,82 1 3 3 4 141 15,1 8,68
194038973 PREDICTED: purine nucleoside phosphorylase isoform X1 [Sus scrofa] (BLAST:pnph_human hits:8 mean_sim:53.0%) 150,55 13,19 3 3 3 3 288 32,0 7,18
F2Z5F2 ras-related protein rab-10 os=porcine homologue to human gn=rab10 pe=1 sv=1 (BLAST:rab10_human hits:20 mean_sim: 77.50%) [F2Z5F2;gi_340007402_ref_NP_001229989.1_] 150,12 16,50 42 3 3 3 200 22,5 8,38
147899312 F-actin capping protein subunit alpha 1 [Sus scrofa] (BLAST:caza1_human hits:3 mean_sim:83.33%) 148,99 14,69 7 3 3 3 286 33,0 5,82
K7GLT8 ATP synthase subunit beta OS=Sus scrofa GN=ATP5B PE=3 SV=1 (BLAST:atpb_human hits:4 mean_sim:52.75%) 147,41 13,39 2 3 3 3 463 50,0 5,26
B5APU8 Actin related protein 2/3 complex subunit 3 OS=Sus scrofa GN=ARPC3 PE=2 SV=1 (BLAST:arpc3_human hits:1 mean_sim:100.0%) [B5APU8;gi_297591967_ref_NP_001172064.1_] 145,81 16,29 1 3 3 4 178 20,5 8,59
545863874 PREDICTED: ras-related protein Rab-7a-like [Sus scrofa] (BLAST:rab7a_human hits:20 mean_sim:60.9%) 138,21 17,79 1 3 3 3 208 23,6 6,04
I3LQS0 heterogeneous nuclear ribonucleoprotein k os=porcine homologue to human gn=hnrnpk pe=1 sv=1 (BLAST:hnrpk_human hits:20 mean_sim: 54.40%) 128,86 6,98 3 3 3 3 444 49,2 5,54
545806957 PREDICTED: LOW QUALITY PROTEIN: AHNAK nucleoprotein [Sus scrofa] (BLAST:ahnk_human hits:8 mean_sim:55.5%) 124,68 7,05 2 3 5 5 4297 456,3 6,05
CATG_HUMAN contaminant_CATG_HUMAN (BLAST:catg_human hits:20 mean_sim:58.25%) 123,73 15,29 5 3 4 4 255 28,8 11,19
F6PV15 clathrin heavy chain 1 os=porcine homologue to human gn=cltc pe=1 sv=5 (BLAST:clh1_human hits:4 mean_sim: 95.00%) 119,49 2,94 2 3 3 3 919 106,3 5,27
THIO_HUMAN contaminant_THIO_HUMAN (BLAST:thio_human hits:20 mean_sim:58.5%) 113,34 23,08 1 3 3 3 104 11,6 4,92
B5APU3 Actin-related protein 2-like protein OS=Sus scrofa GN=ACTR2 PE=2 SV=1 (BLAST:arp2_human hits:20 mean_sim:66.3%) [B5APU3;gi_197251934_ref_NP_001127826.1_] 91,63 7,61 2 3 3 3 394 44,7 6,74
B2MG_HUMAN contaminant_B2MG_HUMAN (BLAST:b2mg_human hits:20 mean_sim:50.35%) 88,42 30,25 1 3 4 4 119 13,7 6,52
F1RUK8 Rab GDP dissociation inhibitor beta OS=Sus scrofa GN=GDI2 PE=2 SV=1 (BLAST:gdib_human hits:6 mean_sim:75.0%) 79,06 6,29 4 3 3 3 445 50,3 6,05
Q0Z8U2 40S ribosomal protein S3 OS=Sus scrofa GN=RPS3 PE=2 SV=1 (BLAST:rs3_human hits:2 mean_sim:96.5%) [Q0Z8U2;gi_113205854_ref_NP_001038066.1_] 76,96 11,93 3 3 3 3 243 26,7 9,66
330688410 actin related protein 2/3 complex, subunit 4 [Sus scrofa] (BLAST:arpc4_human hits:4 mean_sim:99.75%) 74,79 16,07 1 3 3 3 168 19,7 8,43
349732238 transaldolase [Sus scrofa] (BLAST:taldo_human hits:1 mean_sim:97.0%) 71,72 5,34 2 3 3 3 337 37,4 6,71
297591965 leukotriene A-4 hydrolase [Sus scrofa] (BLAST:lkha4_human hits:20 mean_sim:53.65%) 68,10 8,61 5 3 4 4 581 65,9 6,29
311267330 PREDICTED: keratin, type I cytoskeletal 10 isoform X1 [Sus scrofa] (BLAST:k1c10_human hits:20 mean_sim:73.5%) 984,37 22,51 19 2 17 30 613 62,5 5,03
F2Z579 Histone H2B OS=Sus scrofa GN=HIST1H2BN PE=3 SV=1 (BLAST:h2b1n_human hits:20 mean_sim:93.85%) [F2Z579;gi_335291890_ref_XP_003356617.1_] 580,43 44,44 13 2 6 15 126 13,9 10,32
I3LDM6 type ii cytoskeletal 2 oral os=porcine homologue to human gn=krt76 pe=1 sv=2 (BLAST:k22o_human hits:20 mean_sim: 75.85%) [I3LDM6;gi_350583998_ref_XP_001929315.4_] 485,91 13,06 11 2 11 19 643 65,1 7,88
F2Z5S8 tubulin alpha-4a chain os=porcine homologue to human gn=tuba4a pe=1 sv=1 (BLAST:tba4a_human hits:20 mean_sim: 81.30%) [F2Z5S8;gi_335303414_ref_XP_001928370.3_] 365,42 23,21 6 2 7 9 448 49,9 5,06
350582724 PREDICTED: 14-3-3 protein theta isoform 2 [Sus scrofa] (BLAST:1433t_human hits:11 mean_sim:85.73%) 307,93 24,39 4 2 5 7 246 27,8 4,78
545845362 PREDICTED: serum albumin isoform X2 [Sus scrofa] (BLAST:albu_human hits:7 mean_sim:59.71%) 301,27 10,23 5 2 7 8 606 69,7 6,46
C6L245 Putative trypsinogen OS=Sus scrofa GN=try PE=3 SV=1 (BLAST:try6_human hits:20 mean_sim:70.9%) [C6L245;gi_330340414_ref_NP_001193367.1_] 190,70 13,77 1 2 2 3 247 26,2 4,83
F2Z4Z1 14-3-3 protein gamma os=porcine homologue to human gn=ywhag pe=1 sv=2 (BLAST:1433g_human hits:11 mean_sim: 83.36%) [F2Z4Z1;gi_350581487_ref_XP_003124444.3_;gi_545813611_ref_XP_005662019.1_] 174,94 17,00 3 2 4 5 247 28,3 4,89
343183368 immunoglobulin lambda-like polypeptide 5 precursor [Sus scrofa] (BLAST:igll5_human hits:20 mean_sim:73.05%) 173,36 15,38 1 2 2 3 234 24,1 6,52
72535198 histone H1.3-like protein [Sus scrofa] (BLAST:h13_human hits:17 mean_sim:68.0%) 157,03 10,86 3 2 2 3 221 22,1 10,96
Q95JC8 Arginase-1 OS=Sus scrofa GN=ARG1 PE=2 SV=1 (BLAST:argi1_human hits:5 mean_sim:79.6%) [Q95JC8;gi_47522912_ref_NP_999213.1_;gi_545797920_ref_XP_005659247.1_;gi_545797922_ref_XP_005659248.1_] 146,58 9,01 2 2 2 2 322 35,0 6,80
I3LLI8 14-3-3 protein epsilon os=porcine homologue to human gn=ywhae pe=1 sv=1 (BLAST:1433e_human hits:11 mean_sim: 73.09%) 137,89 13,36 2 2 3 3 232 26,7 5,33
F1RJ93 transgelin-2 os=porcine homologue to human gn=tagln2 pe=1 sv=3 (BLAST:tagl2_human hits:13 mean_sim: 62.15%) 136,90 15,38 1 2 2 2 208 23,3 8,25
F2Z5C7 40S ribosomal protein S3a OS=Sus scrofa GN=RPS3A PE=2 SV=1 (BLAST:rs3a_human hits:1 mean_sim:100.0%) 135,68 9,47 3 2 2 2 264 29,9 9,73
I3LR13 f-box only protein 50 os=porcine homologue to human gn=nccrp1 pe=1 sv=1 (BLAST:fbx50_human hits:6 mean_sim: 51.83%) 133,82 7,58 2 2 2 4 264 29,9 6,44
F1RJ25 Fructose-bisphosphate aldolase OS=Sus scrofa GN=ALDOC PE=2 SV=2 (BLAST:aldoc_human hits:4 mean_sim:89.5%) [F1RJ25;gi_345441771_ref_NP_001230857.1_;gi_545859339_ref_XP_005657046.1_] 131,88 8,24 2 2 2 2 364 39,4 6,65
K7GLF7 protein-glutamine gamma-glutamyltransferase k os=porcine homologue to human gn=tgm1 pe=1 sv=4 (BLAST:tgm1_human hits:14 mean_sim: 55.79%) [K7GLF7;gi_311260953_ref_XP_001927930.2_] 128,78 3,03 2 2 2 2 826 90,8 6,51
Q4GWZ2 40S ribosomal protein SA OS=Sus scrofa GN=RPSA PE=1 SV=3 (BLAST:rssa_human hits:1 mean_sim:99.0%) [Q4GWZ2;gi_80971504_ref_NP_001032223.1_] 126,28 8,47 2 2 2 2 295 32,9 4,87
F1SFV3 protein s100-a14 os=porcine homologue to human gn=s100a14 pe=1 sv=1 (BLAST:s10ae_human hits:10 mean_sim: 63.60%) [F1SFV3;gi_297747346_ref_NP_001177097.1_] 117,70 21,15 2 2 2 2 104 11,4 4,78
238018146 ADP-ribosylation factor 3 [Sus scrofa] (BLAST:arf3_human hits:20 mean_sim:75.5%) 114,81 27,62 7 2 3 3 181 20,6 7,43
I3LGN8 isoform 1 of plakophilin-1 os=porcine homologue to human gn=pkp1 (BLAST:pkp1_human hits:20 mean_sim: 61.30%) 112,44 4,97 2 2 2 2 463 51,5 8,88
545850623 PREDICTED: nicotinamide phosphoribosyltransferase isoform X2 [Sus scrofa] (BLAST:nampt_human hits:1 mean_sim:98.0%) 111,29 8,58 2 2 4 4 478 54,0 7,56
346644699 protein SET [Sus scrofa] (BLAST:set_human hits:20 mean_sim:64.5%) 109,49 7,58 2 2 2 2 277 32,1 4,22
LYSC_HUMAN contaminant_LYSC_HUMAN (BLAST:lysc_human hits:11 mean_sim:66.18%) 106,85 23,65 1 2 4 4 148 16,5 9,16
I3LJ52 chymotrypsinogen b2 os=porcine homologue to human gn=ctrb2 pe=2 sv=2 (BLAST:ctrb2_human hits:20 mean_sim: 59.45%) [I3LJ52;gi_335289135_ref_XP_003355797.1_] 99,98 18,63 3 2 3 3 263 27,5 7,03
335284210 PREDICTED: heat shock protein beta-1-like isoform 1 [Sus scrofa] (BLAST:hspb1_human hits:9 mean_sim:59.78%) 99,54 7,81 1 2 2 2 269 29,7 9,45
350594838 PREDICTED: BPI fold-containing family B member 4 [Sus scrofa] (BLAST:bpib4_human hits:6 mean_sim:65.0%) 98,81 4,55 2 2 2 2 462 48,4 6,57
I3LSA8 isoform 2 of three prime repair exonuclease 2 os=porcine homologue to human gn=trex2 (BLAST:trex2_human hits:5 mean_sim: 71.60%) [I3LSA8;gi_335306664_ref_XP_003360533.1_;gi_545887331_ref_XP_005674047.1_] 96,63 9,75 1 2 2 2 236 25,9 5,57
K7GLE1 Annexin OS=Sus scrofa GN=ANXA1 PE=3 SV=1 (BLAST:anxa1_human hits:20 mean_sim:64.65%) 95,51 7,99 3 2 3 3 338 37,9 6,16
311264034 PREDICTED: 40S ribosomal protein S25 isoformX1 [Sus scrofa] (BLAST:rs25_human hits:1 mean_sim:100.0%) [gi_311264034_ref_XP_003129967.1_;gi_311264036_ref_XP_003129968.1_;gi_545848846_ref_XP_005667472.1_] 93,72 15,20 3 2 2 2 125 13,7 10,11
I3LL80 L-lactate dehydrogenase OS=Sus scrofa GN=LOC407246 PE=3 SV=1 (BLAST:ldhb_human hits:18 mean_sim:70.06%) 93,38 6,89 3 2 2 2 334 36,6 5,86
P67985 60S ribosomal protein L22 OS=Sus scrofa GN=RPL22 PE=2 SV=2 (BLAST:rl22_human hits:2 mean_sim:88.5%) [P67985;gi_47522800_ref_NP_999152.1_] 91,99 18,75 1 2 2 2 128 14,7 9,19
F1RFQ7 GTP-binding nuclear protein Ran OS=Sus scrofa GN=RAN PE=2 SV=2 (BLAST:ran_human hits:20 mean_sim:57.1%) [F1RFQ7;gi_194043605_ref_XP_001925468.1_] 89,92 10,19 1 2 2 2 216 24,4 7,49
343887442 heterogeneous nuclear ribonucleoprotein C (C1/C2) isoform 2 [Sus scrofa] (BLAST:hnrcl_human hits:20 mean_sim:67.75%) 89,89 7,48 3 2 2 2 294 32,4 5,08
D0G6X5 Glutamine synthetase OS=Sus scrofa GN=GLUL PE=2 SV=1 (BLAST:glna_human hits:1 mean_sim:98.0%) 80,01 7,51 3 2 2 2 373 42,0 6,74
Q29214 60S acidic ribosomal protein P0 OS=Sus scrofa GN=RPLP0 PE=2 SV=2 (BLAST:rla0_human hits:3 mean_sim:79.67%) 79,29 7,55 1 2 2 2 318 34,3 5,97
F1RYZ0 60S acidic ribosomal protein P2 OS=Sus scrofa GN=RPLP2 PE=3 SV=1 (BLAST:rla2_human hits:1 mean_sim:100.0%) [F1RYZ0;gi_349501107_ref_NP_001231795.1_] 78,38 39,13 4 2 2 2 115 11,7 4,54
F1SQN1 T-complex protein 1 subunit delta OS=Sus scrofa GN=LOC100521551 PE=3 SV=1 (BLAST:tcpd_human hits:20 mean_sim:56.9%) [F1SQN1;gi_311252547_ref_XP_003125148.1_] 78,00 6,86 1 2 2 2 539 58,0 7,83
I3LVI8 60s ribosomal protein l7a os=porcine homologue to human gn=rpl7a pe=1 sv=2 (BLAST:rl7a_human hits:3 mean_sim: 67.33%) [I3LVI8;gi_335285208_ref_XP_003125024.2_] 77,16 9,02 2 2 2 2 266 30,1 10,67
P11607-2 AT2A2_PIG Isoform SERCA2A of Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 OS=Sus scrofa GN=ATP2A2 (BLAST:at2a2_human hits:20 mean_sim:80.0%) 73,80 2,41 2 2 2 2 997 109,7 5,36
TRFE_HUMAN contaminant_TRFE_HUMAN (BLAST:trfe_human hits:5 mean_sim:70.8%) 73,12 2,72 1 2 2 2 698 77,0 7,12
F1SI77 creatine kinase u- mitochondrial os=porcine homologue to human gn=ckmt1a pe=1 sv=1 (BLAST:kcru_human hits:5 mean_sim: 88.00%) [F1SI77;gi_545800943_ref_XP_005659732.1_;gi_311244872_ref_XP_003121596.1_;gi_545800948_ref_XP_005659733.1_] 72,76 3,85 7 2 2 2 416 46,9 8,34
Q2YGT9 60S ribosomal protein L6 OS=Sus scrofa GN=RPL6 PE=2 SV=3 (BLAST:rl6_human hits:1 mean_sim:95.0%) [Q2YGT9;gi_113205608_ref_NP_001038007.1_] 71,53 6,69 1 2 2 2 284 32,2 10,73
Q29197 40S ribosomal protein S9 (Fragment) OS=Sus scrofa GN=RPS9 PE=2 SV=1 (BLAST:rs9_human hits:1 mean_sim:98.0%) 67,80 20,00 3 2 3 3 130 15,5 10,64
343887360 proteasome (prosome, macropain) subunit, alpha type [Sus scrofa] (BLAST:psa7_human hits:18 mean_sim:66.5%) 65,21 8,06 6 2 2 2 248 27,8 8,68
545863863 PREDICTED: ras-related protein Rab-7a-like [Sus scrofa] (BLAST:rab7a_human hits:20 mean_sim:71.5%) 64,55 28,38 1 2 2 2 74 8,0 9,64
Q2XQV4 Aldehyde dehydrogenase, mitochondrial OS=Sus scrofa GN=ALDH2 PE=2 SV=1 (BLAST:aldh2_human hits:20 mean_sim:69.15%) [Q2XQV4;gi_113205888_ref_NP_001038076.1_] 63,07 2,88 10 2 2 2 521 56,9 6,87
F6PVJ7 Nucleoside diphosphate kinase OS=Sus scrofa GN=NME1 PE=2 SV=1 (BLAST:ndka_human hits:15 mean_sim:69.07%) [F6PVJ7;gi_325652098_ref_NP_001191688.1_;gi_545858761_ref_XP_005668988.1_] 60,75 24,34 2 2 3 3 152 17,1 6,19
F1SVB0 macrophage-capping protein os=porcine homologue to human gn=capg pe=1 sv=2 (BLAST:capg human hits:18 mean sim: 62.56%) [F1SVB0;gi 545816545 ref XP 005655272.1 ;gi 311252245 ref XP 003124995.1 ;gi 545816550 ref XP 005655273.1 ;gi 545816553 ref XP 005655274.1 ;gi 545816556 ref XP 005655275.1 ;gi 311252247 ref XP 003124998.1 ;gi 545816561 ref XP 005655276.1 ;gi 3 60,72 5,44 3 2 2 2 349 38,9 6,27
F1SGM1 Proteasome activator complex subunit 1 OS=Sus scrofa GN=PSME1 PE=2 SV=1 (BLAST:psme1_human hits:5 mean_sim:78.0%) 57,84 8,43 3 2 2 2 249 28,6 6,02
F1SFZ8 talin-1 os=porcine homologue to human gn=tln1 pe=1 sv=3 (BLAST:tln1_human hits:20 mean_sim: 55.65%) 57,25 0,91 2 2 2 2 2539 269,3 6,11
I3L5B2 40s ribosomal protein s7 os=porcine homologue to human gn=rps7 pe=1 sv=1 (BLAST:rs7_human hits:1 mean_sim: 100.00%) [I3L5B2;gi_545819344_ref_XP_005662840.1_] 57,25 14,43 2 2 3 3 194 22,1 10,10
F1SMW3 serpin b5 os=porcine homologue to human gn=serpinb5 pe=1 sv=2 (BLAST:spb5_human hits:20 mean_sim: 60.35%) [F1SMW3;gi_311245228_ref_XP_001924663.2_] 52,45 5,07 1 2 2 2 375 42,1 6,32
K7GLK5 40s ribosomal protein s16 os=porcine homologue to human gn=rps16 pe=1 sv=2 (BLAST:rs16_human hits:2 mean_sim: 64.50%) 52,16 11,63 6 2 2 2 129 14,5 10,26
F1SUR0 protein-arginine deiminase type-4 os=porcine homologue to human gn=padi4 pe=1 sv=2 (BLAST:padi4_human hits:5 mean_sim: 70.80%) [F1SUR0;gi_311258609_ref_XP_003127696.1_] 49,92 3,45 1 2 2 2 666 74,7 7,62
P62901 60S ribosomal protein L31 OS=Sus scrofa GN=RPL31 PE=2 SV=1 (BLAST:rl31_human hits:3 mean_sim:100.0%) [P62901;gi_545816151_ref_XP_005662419.1_;gi_545889961_ref_XP_005674290.1_] 48,35 12,80 3 2 2 2 125 14,5 10,54
Q9TSX9 Peroxiredoxin-6 OS=Sus scrofa GN=PRDX6 PE=2 SV=3 (BLAST:prdx6_human hits:6 mean_sim:56.0%) [Q9TSX9;gi_47523870_ref_NP_999573.1_] 47,16 6,25 1 2 2 2 224 25,0 6,01
B6VNT8 Cardiac muscle alpha actin 1 OS=Sus scrofa GN=ACTC1 PE=2 SV=1 (BLAST:actc_human hits:20 mean_sim:85.55%) [B6VNT8;gi_281427360_ref_NP_001163988.1_;gi_545801458_ref_XP_005659826.1_] 921,82 27,59 4 1 12 36 377 42,0 5,39
F1SGG3 type ii cytoskeletal 1 os=porcine homologue to human gn=krt1 pe=1 sv=6 (BLAST:k2c1_human hits:20 mean_sim: 73.50%) [F1SGG3;gi_350583977_ref_XP_003481635.1_] 706,92 12,40 1 1 9 22 629 65,2 8,15
335310903 PREDICTED: histone H2B type 1-P-like [Sus scrofa] (BLAST:h2b1l_human hits:20 mean_sim:93.25%) 547,39 44,44 12 1 5 13 126 14,0 10,21
F1S0K2 type i cytoskeletal 15 os=porcine homologue to human gn=krt15 pe=1 sv=3 (BLAST:k1c15_human hits:20 mean_sim: 76.65%) [F1S0K2;gi_311267268_ref_XP_003131486.1_] 518,16 19,35 12 1 11 18 460 49,4 4,92
545823307 PREDICTED: histone H2A type 2-C-like isoform X2 [Sus scrofa] (BLAST:h2a2c_human hits:20 mean_sim:91.85%) 501,93 47,09 6 1 7 13 172 18,7 11,28
F2Z5L6 Histone H2A OS=Sus scrofa GN=LOC100154181 PE=3 SV=1 (BLAST:h2a2b_human hits:20 mean_sim:91.15%) [F2Z5L6;gi_194036302_ref_XP_001926704.1_] 365,35 39,23 2 1 4 8 130 14,0 10,89
Q767L7 Tubulin beta chain OS=Sus scrofa GN=TUBB PE=2 SV=1 (BLAST:tbb5_human hits:20 mean_sim:80.4%) [Q767L7;gi_113205892_ref_NP_001038077.1_] 311,87 16,67 15 1 6 8 444 49,6 4,89
Q6RI85 Phosphoglycerate kinase 2 OS=Sus scrofa GN=PGK2 PE=2 SV=3 (BLAST:pgk2_human hits:2 mean_sim:94.5%) [Q6RI85;gi_47523276_ref_NP_998947.1_] 306,39 14,63 2 1 5 6 417 44,9 8,10
F2Z571 tubulin beta-4b chain os=porcine homologue to human gn=tubb4b pe=1 sv=1 (BLAST:tbb4b_human hits:20 mean_sim: 80.15%) [F2Z571;gi_335281298_ref_XP_003122400.2_] 300,98 16,63 12 1 6 8 445 49,8 4,89
194037334 PREDICTED: keratin, type II cytoskeletal 3-like [Sus scrofa] (BLAST:k2c75_human hits:20 mean_sim:76.0%) 251,27 8,09 7 1 6 9 655 67,8 7,46
545827421 PREDICTED: gamma-enolase [Sus scrofa] (BLAST:enog_human hits:8 mean_sim:78.88%) 226,21 8,53 2 1 3 4 434 47,2 5,03
F1RII7 Hemoglobin subunit beta OS=Sus scrofa GN=HBB PE=2 SV=1 (BLAST:hbb_human hits:11 mean_sim:68.82%) 224,73 33,33 5 1 5 5 147 16,2 7,25
Q1KYT0 Beta-enolase OS=Sus scrofa GN=ENO3 PE=2 SV=1 (BLAST:enob_human hits:8 mean_sim:80.0%) [Q1KYT0;gi_113205498_ref_NP_001037992.1_] 223,44 8,99 2 1 3 4 434 47,1 7,96
545825417 PREDICTED: keratin, type II cytoskeletal 78 [Sus scrofa] (BLAST:k2c78_human hits:20 mean_sim:70.4%) 208,98 7,49 1 1 3 5 414 44,5 9,16
335304098 PREDICTED: nucleophosmin isoform X3 [Sus scrofa] (BLAST:npm_human hits:5 mean_sim:81.6%) 208,87 8,11 5 1 1 3 259 28,4 4,69
I3L5B3 isoform 4 of myosin-10 os=porcine homologue to human gn=myh10 (BLAST:myh10_human hits:20 mean_sim: 80.25%) 152,53 3,46 6 1 4 5 1358 157,8 5,36
178056781 histone H2A.Z [Sus scrofa] (BLAST:h2az_human hits:20 mean_sim:81.1%) 130,84 23,44 3 1 3 6 128 13,5 10,58
545797521 PREDICTED: ezrin [Sus scrofa] (BLAST:ezri_human hits:20 mean_sim:69.6%) 121,85 7,63 1 1 5 5 498 59,4 8,22
343790897 eukaryotic translation initiation factor [Sus scrofa] (BLAST:if6_human hits:2 mean_sim:85.0%) 108,94 7,35 1 1 1 1 245 26,6 4,68
F2Z5K4 rho-related gtp-binding protein os=porcine homologue to human gn=rhoc pe=1 sv=1 (BLAST:rhoc_human hits:20 mean_sim: 72.35%) [F2Z5K4;gi_311254575_ref_XP_003125894.1_] 105,30 8,81 3 1 1 1 193 22,0 6,58
P02189 Myoglobin OS=Sus scrofa GN=MB PE=1 SV=2 (BLAST:myg_human hits:9 mean_sim:50.78%) [P02189;gi_47523546_ref_NP_999401.1_] 96,06 9,09 1 1 1 1 154 17,1 7,31
311271661 PREDICTED: putative thymosin beta-4-like protein 6-like [Sus scrofa] (BLAST:tyb4_human hits:5 mean_sim:81.8%) 94,94 30,23 2 1 1 2 43 5,1 9,13
Q06A94 ROA1 OS=Sus scrofa GN=HNRNPA1 PE=2 SV=1 (BLAST:roa1_human hits:20 mean_sim:75.8%) [Q06A94;gi_116175259_ref_NP_001070686.1_;gi_545825488_ref_XP_005663912.1_] 93,94 9,06 2 1 2 2 320 34,2 9,23
P29412 Elongation factor 1-beta OS=Sus scrofa GN=EEF1B PE=1 SV=1 (BLAST:ef1b_human hits:6 mean_sim:67.17%) 92,88 6,70 2 1 1 1 224 24,6 4,73
Q95342 60S ribosomal protein L18 (Fragment) OS=Sus scrofa GN=RPL18 PE=3 SV=3 (BLAST:rl18_human hits:1 mean_sim:96.0%) 92,54 12,50 4 1 1 1 104 12,2 11,69
F1RPW9 Elongation factor 1-gamma OS=Sus scrofa GN=EEF1G PE=2 SV=1 (BLAST:ef1g_human hits:2 mean_sim:74.5%) 90,05 3,19 2 1 1 1 439 50,3 6,57
I3LDA8 ras gtpase-activating-like protein iqgap1 os=porcine homologue to human gn=iqgap1 pe=1 sv=1 (BLAST:iqga1_human hits:18 mean_sim: 52.33%) 87,91 1,36 2 1 1 1 1324 149,9 5,95
47523016 endoplasmin precursor [Sus scrofa] (BLAST:enpl_human hits:12 mean_sim:65.25%) 85,14 2,61 3 1 2 2 804 92,5 4,83
F2Z5K2 Proteasome subunit alpha type OS=Sus scrofa GN=PSMA5 PE=2 SV=1 (BLAST:psa5_human hits:20 mean_sim:59.05%) [F2Z5K2;gi_222136590_ref_NP_001138373.1_] 83,46 7,88 1 1 1 1 241 26,4 4,79
I3LM03 carbonyl reductase (BLAST:cbr1_human hits:20 mean_sim: 49.85%) 82,50 5,69 1 1 1 1 281 30,5 7,75
A1XQU3 60S ribosomal protein L14 OS=Sus scrofa GN=RPL14 PE=2 SV=1 (BLAST:rl14_human hits:1 mean_sim:92.0%) [A1XQU3;gi_148237282_ref_NP_001090947.1_] 79,79 5,63 2 1 1 1 213 23,3 10,77
CATA_HUMAN contaminant_CATA_HUMAN (BLAST:cata_human hits:1 mean_sim:100.0%) 77,01 3,61 3 1 1 1 526 59,6 7,39
311273025 PREDICTED: fibronectin isoformX3 [Sus scrofa] (BLAST:finc_human hits:20 mean_sim:80.2%) 75,60 1,10 13 1 1 1 2177 239,6 6,05
I3LHF0 elongation factor 1-delta os=porcine homologue to human gn=eef1d pe=1 sv=5 (BLAST:ef1d_human hits:5 mean_sim: 85.40%) 74,31 8,16 5 1 1 1 147 15,9 6,80
I3LG91 filaggrin-2 os=porcine homologue to human gn=flg2 pe=1 sv=1 (BLAST:fila2_human hits:20 mean_sim: 63.80%) 73,38 4,14 4 1 1 1 266 29,5 6,84
350578528 PREDICTED: peptidyl-prolyl cis-trans isomerase B, partial [Sus scrofa] (BLAST:ppib_human hits:20 mean_sim:70.75%) 73,00 6,70 3 1 1 1 194 21,1 9,63
P79381 Epoxide hydrolase 1 OS=Sus scrofa GN=EPHX1 PE=2 SV=1 (BLAST:hyep_human hits:1 mean_sim:91.0%) [P79381;gi_47523768_ref_NP_999520.1_;gi_545852230_ref_XP_005653835.1_;gi_545852233_ref_XP_005653836.1_;gi_545852236_ref_XP_005653837.1_;gi_545852239_ref_XP_005653838.1_;gi_545852242_ref_XP_005653839.1_;gi_545852245_ref_XP_005653840.1_] 71,91 4,19 1 1 1 1 454 52,4 7,62
350577999 PREDICTED: ezrin-like [Sus scrofa] (BLAST:ezri_human hits:20 mean_sim:73.7%) 70,39 10,30 1 1 3 3 233 27,3 5,97
350584475 PREDICTED: V-type proton ATPase subunit E 1 isoform X3 [Sus scrofa] (BLAST:vate1_human hits:4 mean_sim:85.0%) 69,89 6,86 2 1 1 1 204 23,6 9,13
P00795 Cathepsin D OS=Sus scrofa GN=CTSD PE=1 SV=2 (BLAST:catd_human hits:20 mean_sim:58.1%) 69,30 5,51 3 1 2 2 345 37,3 6,77
545822151 PREDICTED: 4-trimethylaminobutyraldehyde dehydrogenase [Sus scrofa] (BLAST:al9a1_human hits:20 mean_sim:58.95%) 69,18 2,85 2 1 2 2 596 64,7 8,28
47523086 peroxiredoxin-5, mitochondrial [Sus scrofa] (BLAST:prdx5_human hits:4 mean_sim:89.0%) 68,46 8,64 2 1 1 2 162 17,3 6,00
F2Z594 High mobility group protein B1 OS=Sus scrofa GN=HMGB1 PE=4 SV=1 (BLAST:hmgb1_human hits:20 mean_sim:68.25%) [F2Z594;gi_545854440_ref_XP_005668373.1_;gi_545854442_ref_XP_005668374.1_;gi_545854444_ref_XP_005668375.1_;gi_545854446_ref_XP_005668376.1_] 67,53 6,98 2 1 1 1 215 24,9 5,74
A5GFU8 GNAS complex locus OS=Sus scrofa GN=GNAS PE=2 SV=1 (BLAST:gnas2_human hits:20 mean_sim:81.2%) 64,00 14,67 21 1 1 1 75 8,5 9,58
346644874 T-complex protein 1 subunit gamma [Sus scrofa] (BLAST:tcpg_human hits:20 mean_sim:56.15%) 63,40 2,02 2 1 1 1 545 60,6 6,86
F1SM78 myosin regulatory light chain 12b os=porcine homologue to human gn=myl12b pe=1 sv=2 (BLAST:ml12b_human hits:20 mean_sim: 64.35%) [F1SM78;gi_311259003_ref_XP_003127889.1_] 62,20 6,40 5 1 1 1 172 19,8 4,84
F1SQR7 Histidine ammonia-lyase OS=Sus scrofa GN=LOC100154617 PE=3 SV=2 (BLAST:huth_human hits:3 mean_sim:98.0%) [F1SQR7;gi_194037673_ref_XP_001925096.1_] 61,93 3,65 1 1 2 2 657 72,2 6,77
Q6QAT1 40S ribosomal protein S28 OS=Sus scrofa GN=RPS28 PE=3 SV=2 (BLAST:rs28_human hits:1 mean_sim:100.0%) [Q6QAT1;gi_48597082_ref_NP_001001587.1_] 61,54 17,39 1 1 1 1 69 7,8 10,70
I3LKU0 ras-related c3 botulinum toxin substrate 2 os=porcine homologue to human gn=rac2 pe=1 sv=1 (BLAST:rac2_human hits:20 mean_sim: 76.30%) [I3LKU0;gi_335287593_ref_XP_003355390.1_] 61,35 10,42 1 1 2 2 192 21,4 7,61
E1CAJ5 Glucose regulated protein 58 OS=Sus scrofa GN=grp-58 PE=2 SV=1 (BLAST:pdia3_human hits:20 mean_sim:56.45%) [E1CAJ5;gi_304365428_ref_NP_001182041.1_] 60,75 2,18 1 1 1 1 505 56,8 6,28
545873280 PREDICTED: activated RNA polymerase II transcriptional coactivator p15-like [Sus scrofa] (BLAST:tcp4_human hits:1 mean_sim:100.0%) 59,39 7,53 1 1 1 1 146 16,6 9,88
545861308 PREDICTED: programmed cell death 6-interacting protein [Sus scrofa] (BLAST:pdc6i_human hits:3 mean_sim:80.0%) 59,24 2,73 2 1 2 2 768 84,6 6,16
545882676 PREDICTED: filamin-C isoformX3 [Sus scrofa] (BLAST:flnc_human hits:20 mean_sim:75.0%) 58,29 0,42 6 1 1 1 2604 277,2 5,88
F1SNY2 60S ribosomal protein L3 OS=Sus scrofa GN=RPL3 PE=2 SV=2 (BLAST:rl3_human hits:2 mean_sim:94.5%) [F1SNY2;gi_346227212_ref_NP_001230992.1_] 58,05 2,23 1 1 1 1 403 46,1 10,20
D0G0C8 Chaperonin containing TCP1, subunit 2 (Beta) OS=Sus scrofa GN=CCT2 PE=2 SV=1 (BLAST:tcpb_human hits:20 mean_sim:55.55%) [D0G0C8;gi_281427374_ref_NP_001163991.1_] 57,61 2,24 1 1 1 1 535 57,4 6,54
A5GFY8 D-3-phosphoglycerate dehydrogenase OS=Sus scrofa GN=PHGDH PE=3 SV=1 (BLAST:sera_human hits:6 mean_sim:58.33%) [A5GFY8;gi_178056550_ref_NP_001116634.1_] 57,42 2,81 1 1 1 1 533 56,8 6,89
545884500 PREDICTED: ATP-dependent RNA helicase DDX3X isoform X2 [Sus scrofa] (BLAST:ddx3x_human hits:20 mean_sim:64.4%) 56,08 1,86 6 1 1 1 646 71,4 6,73
F2Z522 60s ribosomal protein l23a os=porcine homologue to human gn=rpl23a pe=1 sv=1 (BLAST:rl23a_human hits:1 mean_sim: 100.00%) [F2Z522;gi_311267953_ref_XP_003131820.1_;gi_335308671_ref_XP_003361329.1_] 55,86 8,33 1 1 1 1 156 17,7 10,45
Q52NJ1 Ras-related protein Rab-11A OS=Sus scrofa GN=RAB11A PE=2 SV=3 (BLAST:rb11a_human hits:20 mean_sim:72.65%) [Q52NJ1;gi_72535192_ref_NP_001026958.1_] 55,56 5,09 2 1 1 1 216 24,4 6,57
F1RXA6 gasdermin-a os=porcine homologue to human gn=gsdma pe=2 sv=4 (BLAST:gsdma_human hits:10 mean_sim: 53.60%) [F1RXA6;gi_311267396_ref_XP_003131545.1_] 54,47 2,91 1 1 1 1 446 49,8 5,35
I3LVG5 Pro-epidermal growth factor (Fragment) OS=Sus scrofa GN=EGF PE=4 SV=1 (BLAST:egf_human hits:20 mean_sim:58.05%) 53,74 2,29 3 1 1 1 481 52,8 5,82
545885740 PREDICTED: protein POF1B [Sus scrofa] (BLAST:pof1b_human hits:3 mean_sim:91.0%) 53,69 1,85 1 1 1 1 595 68,8 6,43
P40125 Adenylyl cyclase-associated protein 1 (Fragments) OS=Sus scrofa GN=CAP1 PE=1 SV=1 (BLAST:cap1_human hits:3 mean_sim:57.33%) 53,00 10,73 3 1 1 1 233 25,1 6,80
83921637 matrix metalloproteinase-9 precursor [Sus scrofa] (BLAST:mmp9_human hits:20 mean_sim:57.7%) 51,62 1,27 2 1 1 1 708 79,1 5,92
F2Z5G3 calmodulin os=porcine homologue to human gn=calm1 pe=1 sv=2 (BLAST:calm_human hits:20 mean_sim: 69.75%) [F2Z5G3;gi_311252670_ref_XP_003125211.1_;gi_346644743_ref_NP_001231138.1_;gi_346644746_ref_NP_001231139.1_] 51,20 5,37 2 1 1 1 149 16,8 4,22
350590136 PREDICTED: envoplakin [Sus scrofa] (BLAST:evpl_human hits:20 mean_sim:56.7%) 51,10 0,98 2 1 2 2 2033 230,4 6,96
RETBP_HUMAN contaminant_RETBP_HUMAN (BLAST:ret4_human hits:2 mean_sim:74.0%) 50,68 14,43 1 1 1 1 201 23,0 6,07
335294212 PREDICTED: 60S ribosomal protein L27a isoformX1 [Sus scrofa] (BLAST:rl27a_human hits:1 mean_sim:99.0%) 50,52 7,43 5 1 1 1 148 16,6 11,12
350596301 PREDICTED: carboxypeptidase A4 isoform 1 [Sus scrofa] (BLAST:cbpa4_human hits:20 mean_sim:58.9%) 49,72 2,72 4 1 1 1 368 41,3 6,52
I3LR74 ras-related protein rab-5a os=porcine homologue to human gn=rab5a pe=1 sv=2 (BLAST:rab5a_human hits:20 mean_sim: 75.75%) 49,47 7,43 6 1 1 1 148 16,4 8,62
F2Z5L7 Proteasome subunit alpha type OS=Sus scrofa GN=LOC100516779 PE=3 SV=1 (BLAST:psa1_human hits:16 mean_sim:58.88%) [F2Z5L7;gi_311248177_ref_XP_003123013.1_] 49,18 12,17 1 1 3 4 263 29,5 6,61
350593538 PREDICTED: grancalcin-like [Sus scrofa] (BLAST:gran_human hits:20 mean_sim:57.45%) 49,14 5,34 3 1 1 1 131 15,3 8,62
K7GQ66 60s ribosomal protein l8 os=porcine homologue to human gn=rpl8 pe=1 sv=2 (BLAST:rl8_human hits:1 mean_sim: 98.00%) 49,00 7,48 6 1 1 1 147 16,0 11,90
545825997 PREDICTED: proliferation-associated protein 2G4-like [Sus scrofa] (BLAST:pa2g4_human hits:2 mean_sim:71.0%) 49,00 4,68 1 1 1 1 235 26,7 6,81
Q29361 60S ribosomal protein L35 OS=Sus scrofa GN=RPL35 PE=2 SV=3 (BLAST:rl35_human hits:1 mean_sim:100.0%) [Q29361;gi_47523710_ref_NP_999491.1_] 47,17 8,13 1 1 1 1 123 14,5 11,15
545884624 PREDICTED: LOW QUALITY PROTEIN: ubiquitin-like modifier activating enzyme 1 [Sus scrofa] (BLAST:uba1_human hits:17 mean_sim:54.71%) 46,83 1,13 2 1 1 1 1058 117,7 5,85
I3LLD8 basement membrane-specific heparan sulfate proteoglycan core protein os=porcine homologue to human gn=hspg2 pe=1 sv=4 (BLAST:pgbm_human hits:20 mean_sim: 49.05%) 46,33 2,73 1 1 1 1 513 54,5 6,23
545887655 PREDICTED: glucose-6-phosphate 1-dehydrogenase, partial [Sus scrofa] (BLAST:g6pd_human hits:4 mean_sim:83.5%) 46,24 4,72 2 1 2 2 360 41,4 6,65
F1SMD7 erythrocyte band 7 integral membrane protein os=porcine homologue to human gn=stom pe=1 sv=3 (BLAST:stom_human hits:10 mean_sim: 71.70%) 46,21 3,52 2 1 1 1 227 25,2 7,75
346227224 ribosomal protein L13a isoform 2 [Sus scrofa] (BLAST:rl13a_human hits:2 mean_sim:95.5%) 46,20 5,42 2 1 1 1 203 23,6 11,09
F1SUR1 protein-arginine deiminase type-3 os=porcine homologue to human gn=padi3 pe=1 sv=2 (BLAST:padi3_human hits:5 mean_sim: 72.80%) [F1SUR1;gi_311258607_ref_XP_003127694.1_] 45,80 2,56 1 1 1 1 664 74,6 6,13
545893589 PREDICTED: guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1 isoform X1 [Sus scrofa] (BLAST:gblp_human hits:20 mean_sim:48.95%) 45,56 6,49 3 1 2 2 308 34,1 7,91
I3LA65 Desmoglein-1 OS=Sus scrofa GN=DSG1 PE=3 SV=1 (BLAST:dsg1_human hits:20 mean_sim:55.55%) 44,79 0,77 2 1 1 1 1045 113,2 4,96
Q767L6 Flotillin-1 OS=Sus scrofa GN=FLOT1 PE=3 SV=1 (BLAST:flot1_human hits:3 mean_sim:71.67%) [Q767L6;gi_190360675_ref_NP_001121955.1_;gi_545838327_ref_XP_005665805.1_] 44,33 3,04 1 1 1 1 427 47,3 7,81
545808325 PREDICTED: nucleobindin-2 isoform X2 [Sus scrofa] (BLAST:nucb2_human hits:6 mean_sim:72.17%) 44,27 1,91 1 1 1 1 470 55,6 5,44
F1SQT3 isoform b of phosphate carrier mitochondrial os=porcine homologue to human gn=slc25a3 (BLAST:mpcp_human hits:20 mean_sim: 49.05%) 44,25 3,33 2 1 1 1 360 39,8 9,32
545883571 PREDICTED: heterogeneous nuclear ribonucleoproteins A2/B1 isoform X4 [Sus scrofa] (BLAST:roa2_human hits:20 mean_sim:71.8%) 44,13 6,39 4 1 2 2 313 33,9 9,03
F1RG16 heterogeneous nuclear ribonucleoprotein f os=porcine homologue to human gn=hnrnpf pe=1 sv=3 (BLAST:hnrpf human hits:20 mean sim: 67.95%) [F1RG16;gi 545870213 ref XP 005671055.1 ;gi 335301642 ref XP 003359253.1 ;gi 545870216 ref XP 005671056.1 ;gi 194042674 ref XP 001929089.1 ;gi 350592730 ref XP 003483523.1 ;gi 545870220 ref XP 005671057.1 ;gi 545870222 ref XP 005 43,90 2,42 8 1 1 1 414 45,6 5,50
545824644 PREDICTED: probable ATP-dependent RNA helicase DDX17 isoform X2 [Sus scrofa] (BLAST:ddx17_human hits:20 mean_sim:68.65%) 43,79 1,85 3 1 1 1 650 72,3 8,59
F1SB63 T-complex protein 1 subunit alpha OS=Sus scrofa GN=TCP1 PE=3 SV=1 (BLAST:tcpa_human hits:20 mean_sim:53.9%) [F1SB63;gi_343478174_ref_NP_001230356.1_] 43,55 1,44 1 1 1 1 556 60,3 5,99
I3LIX1 60S ribosomal protein L27 OS=Sus scrofa GN=RPL27 PE=2 SV=1 (BLAST:rl27_human hits:1 mean_sim:99.0%) 43,09 6,67 2 1 1 1 135 15,7 10,56
I3LFH1 ig alpha-1 chain c region os=porcine homologue to human gn=igha1 pe=1 sv=2 (BLAST:igha1_human hits:20 mean_sim: 49.05%) 42,81 2,88 1 1 1 1 347 37,2 6,20



I3LRW8 Serine/arginine-rich-splicing factor 2 (Fragment) OS=Sus scrofa GN=SRSF2 PE=4 SV=1 (BLAST:srsf2_human hits:20 mean_sim:67.5%) 42,45 4,26 2 1 1 1 188 21,7 11,99
F1SKB1 ceruloplasmin os=porcine homologue to human gn=cp pe=1 sv=1 (BLAST:ceru_human hits:8 mean_sim: 63.50%) 41,79 1,06 3 1 1 1 946 108,5 6,30
335305203 PREDICTED: probable inactive serine protease 58-like isoform X1 [Sus scrofa] (BLAST:prs58_human hits:20 mean_sim:46.1%) [gi_335305203_ref_XP_003360153.1_;gi_545882077_ref_XP_005657786.1_] 41,70 2,89 1 1 1 1 242 27,3 6,51
F1RL06 immunoglobulin lambda-like polypeptide 5 os=porcine homologue to human gn=igll5 pe=2 sv=2 (BLAST:igll5_human hits:20 mean_sim: 62.90%) [F1RL06;gi_311271023_ref_XP_003133034.1_] 41,63 3,79 2 1 1 1 211 22,7 9,67
I3LD74 60S ribosomal protein L11 OS=Sus scrofa GN=RPL11 PE=3 SV=1 (BLAST:rl11_human hits:2 mean_sim:100.0%) 41,24 5,06 1 1 1 1 178 20,2 9,60
I3LFQ4 60s ribosomal protein l12 os=porcine homologue to human gn=rpl12 pe=1 sv=1 (BLAST:rl12_human hits:2 mean_sim: 84.50%) 40,66 5,39 4 1 1 1 167 17,9 9,22
I3LFW6 ubiquitin-conjugating enzyme e2 variant 1 os=porcine homologue to human gn=ube2v1 pe=1 sv=2 (BLAST:ub2v1_human hits:20 mean_sim: 64.25%) [I3LFW6;gi_326633214_ref_NP_001192023.1_] 40,54 10,88 6 1 2 2 147 16,5 7,93
F1RUQ0 immunoglobulin j chain os=porcine homologue to human gn=igj pe=1 sv=4 (BLAST:igj_human hits:1 mean_sim: 88.00%) [F1RUQ0;gi_335293621_ref_XP_003357009.1_] 40,40 5,06 1 1 1 1 158 18,0 4,65
I3L9V2 synaptic vesicle membrane protein vat-1 homolog os=porcine homologue to human gn=vat1 pe=1 sv=2 (BLAST:vat1_human hits:16 mean_sim: 50.88%) [I3L9V2;gi_545857759_ref_XP_005657006.1_] 40,21 2,25 1 1 1 1 400 42,7 6,19
545894277 PREDICTED: 40S ribosomal protein S15a-like [Sus scrofa] (BLAST:rs15a_human hits:1 mean_sim:100.0%) 39,13 25,56 1 1 3 3 90 10,3 9,25
256838107 cellular retinoic acid-binding protein 2 [Sus scrofa] (BLAST:rabp2_human hits:18 mean_sim:62.33%) 38,96 6,52 2 1 1 1 138 15,7 5,22
47522772 calpain-1 catalytic subunit [Sus scrofa] (BLAST:can1_human hits:20 mean_sim:63.95%) 38,72 2,31 2 1 2 2 650 74,0 5,78
P80272 Non-histone chromosomal protein HMG-17 OS=Sus scrofa GN=HMGN2 PE=1 SV=2 (BLAST:hmgn2_human hits:4 mean_sim:82.75%) [P80272;gi_346421333_ref_NP_001231043.1_;gi_346421370_ref_NP_001231041.1_] 38,30 16,67 2 1 1 1 90 9,4 9,99
I3LHI7 chymotrypsinogen b os=porcine homologue to human gn=ctrb1 pe=2 sv=1 (BLAST:ctrb1_human hits:20 mean_sim: 60.10%) 37,95 5,60 1 1 1 1 268 28,2 5,29
F1RNS7 actin-related protein 2 3 complex subunit 1b os=porcine homologue to human gn=arpc1b pe=1 sv=3 (BLAST:arc1b_human hits:12 mean_sim: 49.50%) 36,97 6,67 2 1 1 1 255 28,4 7,87
F2Z5W2 Cell division control protein 42 homolog OS=Sus scrofa GN=CDC42 PE=2 SV=1 (BLAST:cdc42_human hits:20 mean_sim:74.9%) [F2Z5W2;gi_545834087_ref_XP_005656097.1_] 36,88 6,81 3 1 1 1 191 21,3 6,04
F1RSB4 Eosinophil peroxidase (Fragment) OS=Sus scrofa GN=EPX PE=4 SV=2 (BLAST:pere_human hits:20 mean_sim:61.95%) 36,49 1,81 1 1 1 1 720 81,2 10,04
A1XQU9 40S ribosomal protein S20 OS=Sus scrofa GN=RPS20 PE=3 SV=1 (BLAST:rs20_human hits:2 mean_sim:99.0%) [A1XQU9;gi_194018718_ref_NP_001123426.1_] 35,16 9,24 3 1 1 1 119 13,3 9,94
I3LUK9 Ubiquitin-conjugating enzyme E2 D2 (Fragment) OS=Sus scrofa GN=UBCH5B PE=3 SV=1 (BLAST:ub2d2_human hits:20 mean_sim:81.5%) 35,11 9,57 7 1 1 1 115 13,3 8,28
D9U8D1 Dynein, light chain, LC8-type 1 OS=Sus scrofa GN=LC8 PE=2 SV=1 (BLAST:dyl1_human hits:3 mean_sim:87.33%) [D9U8D1;gi_304365430_ref_NP_001182043.1_;gi_545869135_ref_XP_005670764.1_] 34,78 12,36 2 1 1 1 89 10,4 7,40
F1SFT0 skin-specific protein 32 os=porcine homologue to human gn=xp32 pe=1 sv=1 (BLAST:xp32_human hits:1 mean_sim: 81.00%) 34,71 3,24 2 1 1 1 247 26,0 7,91
545894775 PREDICTED: Ig gamma-4 chain C region, partial [Sus scrofa] (BLAST:ighg4_human hits:13 mean_sim:60.92%) 34,49 10,77 1 1 1 1 130 14,5 5,50
356582297 ADP-ribosylation factor-like 8B [Sus scrofa] (BLAST:arl8b_human hits:20 mean_sim:62.9%) 34,44 4,84 1 1 1 1 186 21,5 8,43
B5APV0 Actin-related protein 2/3 complex subunit 5 OS=Sus scrofa GN=ARPC5 PE=2 SV=1 (BLAST:arpc5_human hits:3 mean_sim:93.67%) [B5APV0;gi_197251940_ref_NP_001127829.1_] 34,18 7,95 2 1 1 1 151 16,3 5,67
I3LVH8 desmocollin-2 os=porcine homologue to human gn=dsc2 pe=1 sv=1 (BLAST:dsc2_human hits:20 mean_sim: 60.35%) [I3LVH8;gi_545889661_ref_XP_005674251.1_] 33,93 0,88 4 1 1 1 795 88,2 5,14
F1SIX2 isoform 2 of malate cytoplasmic os=porcine homologue to human gn=mdh1 (BLAST:mdhc_human hits:6 mean_sim: 69.33%) 33,91 13,16 6 1 1 1 152 16,9 7,99
335309813 PREDICTED: coactosin-like protein-like, partial [Sus scrofa] (BLAST:cotl1_human hits:4 mean_sim:56.5%) 33,68 3,95 1 1 1 1 152 17,0 5,29
545889796 PREDICTED: ryanodine receptor 3-like [Sus scrofa] (BLAST:ryr3_human hits:8 mean_sim:83.0%) 33,06 0,78 1 1 1 1 767 86,5 7,90
47523850 apolipoprotein A-I preproprotein [Sus scrofa] (BLAST:apoa1_human hits:4 mean_sim:54.75%) 32,64 3,41 2 1 1 1 264 30,2 5,63
Q2VTP6 Peptidyl-prolyl cis-trans isomerase OS=Sus scrofa GN=LOC654323 PE=4 SV=1 (BLAST:fkb1a_human hits:20 mean_sim:63.45%) [Q2VTP6;gi_83921635_ref_NP_001033089.1_] 32,58 12,04 1 1 1 1 108 11,9 8,15
F1RXB4 rna-binding raly-like protein os=porcine homologue to human gn=ralyl pe=1 sv=2 (BLAST:ralyl_human hits:9 mean_sim: 66.11%) 32,45 4,27 2 1 1 1 211 23,6 5,33
F1RVZ1 Acyl-coenzyme A oxidase (Fragment) OS=Sus scrofa GN=ACOX1 PE=2 SV=2 (BLAST:acox1_human hits:12 mean_sim:60.75%) 32,25 1,56 2 1 1 1 578 65,2 7,75
F1S9T4 tripartite motif-containing protein 29 os=porcine homologue to human gn=trim29 pe=1 sv=2 (BLAST:tri29_human hits:20 mean_sim: 52.10%) [F1S9T4;gi_350588559_ref_XP_003129991.3_] 32,07 1,72 1 1 1 1 583 65,2 7,12
F1S2D8 isoform 2 of pas domain-containing protein 1 os=porcine homologue to human gn=pasd1 (BLAST:pasd1_human hits:20 mean_sim: 60.20%) 31,22 1,00 2 1 1 1 698 78,6 4,60
F1ST02 Proteasome subunit beta type OS=Sus scrofa GN=PSMB4 PE=3 SV=1 (BLAST:psb4_human hits:5 mean_sim:53.2%) [F1ST02;gi_346986466_ref_NP_001231384.1_] 31,14 3,41 1 1 1 1 264 29,0 5,91
I3LSD3 60S ribosomal protein L13 OS=Sus scrofa GN=RPL13 PE=3 SV=1 (BLAST:rl13_human hits:2 mean_sim:88.0%) [I3LSD3;gi_343403779_ref_NP_001230274.1_] 30,36 2,84 1 1 1 1 211 24,3 11,63
F1RIS2 apoptosis-associated speck-like protein containing a card os=porcine homologue to human gn=pycard pe=1 sv=2 (BLAST:asc_human hits:13 mean_sim: 59.92%) 29,72 5,04 3 1 1 1 139 15,4 6,29
335310941 PREDICTED: 40S ribosomal protein S2 [Sus scrofa] (BLAST:rs2_human hits:1 mean_sim:100.0%) 29,49 3,14 1 1 1 1 223 24,1 9,82
F1RMZ8 v-type proton atpase subunit brain isoform os=porcine homologue to human gn=atp6v1b2 pe=1 sv=3 (BLAST:vatb2_human hits:6 mean_sim: 62.83%) [F1RMZ8;gi_350597130_ref_XP_003484362.1_;gi_350592249_ref_XP_003483427.1_] 29,12 2,15 1 1 1 1 511 56,6 5,81
190360556 neutrophil cytosol factor 2 [Sus scrofa] (BLAST:ncf2_human hits:20 mean_sim:64.8%) 28,69 1,14 2 1 1 1 525 59,1 5,54
F1SHD3 dbf4-type zinc finger-containing protein 2 os=porcine homologue to human gn=zdbf2 pe=1 sv=3 (BLAST:zdbf2_human hits:1 mean_sim: 73.00%) 28,64 0,30 2 1 1 1 2362 266,8 5,19
I3LMB7 isoform 3 of inter-alpha-trypsin inhibitor heavy chain h5 os=porcine homologue to human gn=itih5 (BLAST:itih5_human hits:15 mean_sim: 57.87%) 28,51 1,63 1 1 1 1 368 41,9 9,04
545870539 PREDICTED: vinculin isoform X2 [Sus scrofa] (BLAST:vinc_human hits:14 mean_sim:56.07%) 28,42 1,03 4 1 1 1 1066 116,7 6,09
335292231 PREDICTED: transcription factor AP-2-delta [Sus scrofa] (BLAST:ap2d_human hits:9 mean_sim:66.44%) 28,36 1,55 2 1 1 1 452 49,5 8,16
F2Z528 Proteasome subunit alpha type OS=Sus scrofa GN=PSMA4 PE=2 SV=1 (BLAST:psa4_human hits:17 mean_sim:59.53%) [F2Z528;gi_347300165_ref_NP_001231397.1_] 28,26 3,45 1 1 1 1 261 29,5 7,72
F1RKG8 phosphatidylethanolamine-binding protein 1 os=porcine homologue to human gn=pebp1 pe=1 sv=3 (BLAST:pebp1_human hits:3 mean_sim: 65.00%) [F1RKG8;gi_311270662_ref_XP_003132938.1_] 28,19 4,28 1 1 1 1 187 21,0 7,49
F1S8C9 spermine oxidase os=porcine homologue to human gn=smox pe=1 sv=1 (BLAST:smox_human hits:20 mean_sim: 59.20%) 27,67 1,26 1 1 1 1 556 61,7 6,07
F1SLE3 isoform 2 of n-acetyl-d-glucosamine kinase os=porcine homologue to human gn=nagk (BLAST:nagk_human hits:2 mean_sim: 98.00%) 27,40 2,78 1 1 1 1 360 38,7 5,96
I3LSU1 non-pou domain-containing octamer-binding protein os=porcine homologue to human gn=nono pe=1 sv=4 (BLAST:nono_human hits:20 mean_sim: 62.35%) 27,29 1,70 1 1 1 1 471 54,2 9,07
335284124 PREDICTED: PERQ amino acid-rich with GYF domain-containing protein 1 isoform X1 [Sus scrofa] (BLAST:perq1_human hits:4 mean_sim:69.5%) [gi_335284124_ref_XP_003124421.2_;gi_335284149_ref_XP_003354524.1_] 27,18 0,68 6 1 1 1 1031 114,2 5,29
311269929 PREDICTED: IQ calmodulin-binding motif-containing protein 1 isoformX1 [Sus scrofa] (BLAST:iqcb1_human hits:4 mean_sim:82.75%) [gi_311269929_ref_XP_003132693.1_;gi_545865876_ref_XP_005654110.1_;gi_545865879_ref_XP_005654111.1_;gi_545865882_ref_XP_005654112.1_] 26,31 1,17 2 1 1 1 598 68,7 9,01
I3LK33 Ribosomal protein L15 OS=Sus scrofa GN=LOC100620439 PE=2 SV=1 (BLAST:rl15_human hits:2 mean_sim:98.5%) [I3LK33;gi_346227216_ref_NP_001230994.1_;gi_335298742_ref_XP_003358383.1_;gi_545861063_ref_XP_005669353.1_;gi_545861066_ref_XP_005669354.1_] 26,26 3,43 1 1 1 1 204 24,1 11,62
335286494 PREDICTED: LOW QUALITY PROTEIN: short-chain dehydrogenase/reductase family 16C member 6-like [Sus scrofa] (BLAST:rdhe2_human hits:20 mean_sim:48.05%) 25,91 6,70 1 1 1 2 373 41,5 8,46
164023822 60S ribosomal protein L7 [Sus scrofa] (BLAST:rl7_human hits:2 mean_sim:81.0%) 25,88 3,20 2 1 1 1 250 29,5 10,67
335284373 PREDICTED: LOW QUALITY PROTEIN: E3 ubiquitin-protein ligase BRE1B [Sus scrofa] (BLAST:bre1b_human hits:4 mean_sim:88.5%) 25,82 1,27 1 1 2 3 1021 115,8 6,77
P53027 60S ribosomal protein L10a (Fragment) OS=Sus scrofa GN=RPL10A PE=2 SV=3 (BLAST:rl10a_human hits:1 mean_sim:96.0%) 25,80 4,85 5 1 1 1 165 18,8 9,72
545865900 PREDICTED: syntaxin binding protein 5-like, partial [Sus scrofa] (BLAST:stb5l_human hits:8 mean_sim:63.88%) 25,46 0,84 1 1 1 1 958 107,4 6,62
F1RNJ0 Protein kinase C OS=Sus scrofa GN=LOC100518074 PE=3 SV=2 (BLAST:kpcg_human hits:20 mean_sim:70.25%) [F1RNJ0;gi_335290150_ref_XP_003356089.1_] 23,81 0,86 2 1 1 1 697 78,4 7,46
350589249 PREDICTED: usherin, partial [Sus scrofa] (BLAST:ush2a_human hits:20 mean_sim:46.0%) 22,62 0,19 1 1 1 1 4206 460,1 7,03
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TDP-43
K1C9_HUMAN contaminant_K1C9_HUMAN (BLAST:k1c9_human hits:20 mean_sim:67.55%) 1828,29 59,87 1 22 23 35 623 62,1 5,30
K2C1_HUMAN contaminant_K2C1_HUMAN (BLAST:k2c1_human hits:20 mean_sim:77.4%) 1354,97 37,79 6 21 25 35 643 65,8 8,12
ALBU_HUMAN contaminant_ALBU_HUMAN (BLAST:albu_human hits:7 mean_sim:63.14%) 1266,12 32,84 2 17 20 32 609 69,3 6,28
K1C10_HUMAN contaminant_K1C10_HUMAN (BLAST:k1c10_human hits:20 mean_sim:73.95%) 1005,81 32,88 12 15 17 22 593 59,5 5,21
TRFL_HUMAN contaminant_TRFL_HUMAN (BLAST:trfl_human hits:5 mean_sim:77.2%) 691,10 15,92 8 13 13 21 710 78,1 8,12
242253868 trypsinogen precursor [Sus scrofa] (BLAST:try3_human hits:20 mean_sim:70.0%) 10076,60 70,73 7 12 15 245 246 25,9 7,18
K22E_HUMAN contaminant_K22E_HUMAN (BLAST:k2c1_human hits:20 mean_sim:71.05%) 1146,77 33,80 21 12 22 28 645 65,8 8,00
ALBU_BOVIN contaminant_ALBU_BOVIN (BLAST:albu_human hits:7 mean_sim:60.29%) 593,83 20,10 2 7 13 15 607 69,2 6,18
I3LVD5 Actin, cytoplasmic 1 OS=Sus scrofa GN=ACTB PE=2 SV=1 (BLAST:actg_human hits:20 mean_sim:86.1%) [I3LVD5;gi_335297229_ref_XP_003357976.1_] 268,19 24,80 7 6 7 8 375 41,8 5,48
350590321 PREDICTED: keratin, type I cytoskeletal 14-like isoformX1 [Sus scrofa] (BLAST:k1c14_human hits:20 mean_sim:76.8%) 325,38 16,49 10 5 11 13 473 51,6 5,11
343183368 immunoglobulin lambda-like polypeptide 5 precursor [Sus scrofa] (BLAST:igll5_human hits:20 mean_sim:73.05%) 290,31 23,08 1 3 3 6 234 24,1 6,52
C6L245 Putative trypsinogen OS=Sus scrofa GN=try PE=3 SV=1 (BLAST:try6_human hits:20 mean_sim:70.9%) [C6L245;gi_330340414_ref_NP_001193367.1_] 210,15 17,81 1 3 3 4 247 26,2 4,83
I3LAQ0 ig kappa chain v-ii region rpmi 6410 os=porcine homologue to human pe=4 sv=1 (BLAST:kv206_human hits:20 mean_sim: 80.35%) 198,41 20,00 5 3 4 4 240 26,1 8,05
545837880 PREDICTED: histone H2A type 1-F-like [Sus scrofa] (BLAST:h2a1d_human hits:20 mean_sim:91.4%) 121,66 12,25 18 3 3 3 253 27,6 11,43
HBA_HUMAN contaminant_HBA_HUMAN (BLAST:hba_human hits:11 mean_sim:63.45%) 110,90 34,75 6 3 5 5 141 15,1 8,68
CATG_HUMAN contaminant_CATG_HUMAN (BLAST:catg_human hits:20 mean_sim:58.25%) 80,75 24,71 5 3 6 6 255 28,8 11,19
F1RII7 Hemoglobin subunit beta OS=Sus scrofa GN=HBB PE=2 SV=1 (BLAST:hbb_human hits:11 mean_sim:68.82%) 444,91 43,54 5 2 6 10 147 16,2 7,25
HBB_HUMAN contaminant_HBB_HUMAN (BLAST:hbb_human hits:10 mean_sim:73.8%) 359,26 46,58 4 2 6 8 146 15,9 7,28
545845362 PREDICTED: serum albumin isoform X2 [Sus scrofa] (BLAST:albu_human hits:7 mean_sim:59.71%) 321,42 10,23 5 2 7 8 606 69,7 6,46
I3LDM6 type ii cytoskeletal 2 oral os=porcine homologue to human gn=krt76 pe=1 sv=2 (BLAST:k22o_human hits:20 mean_sim: 75.85%) [I3LDM6;gi_350583998_ref_XP_001929315.4_] 288,86 7,00 14 2 7 8 643 65,1 7,88
545825280 PREDICTED: keratin, type II cytoskeletal 5 isoform X3 [Sus scrofa] (BLAST:k2c5_human hits:20 mean_sim:79.0%) 229,42 9,14 22 2 8 8 569 60,4 6,84
F1S0J8 type i cytoskeletal 19 os=porcine homologue to human gn=krt19 pe=1 sv=4 (BLAST:k1c19_human hits:20 mean_sim: 78.50%) [F1S0J8;gi_311267276_ref_XP_003131485.1_] 168,51 10,40 1 2 6 6 404 44,2 5,14
AMYS_HUMAN contaminant_AMYS_HUMAN (BLAST:amy1_human hits:3 mean_sim:98.67%) 164,64 5,48 8 2 2 3 511 57,7 6,93
F1RGX4 hemoglobin subunit alpha os=porcine homologue to human gn=hba1 pe=1 sv=2 (BLAST:hba_human hits:11 mean_sim: 61.55%) [F1RGX4;gi_350581842_ref_XP_003481132.1_] 120,62 28,17 7 2 4 5 142 15,2 8,70
ANT3_HUMAN contaminant_ANT3_HUMAN (BLAST:ant3_human hits:20 mean_sim:57.15%) 81,34 8,62 1 2 4 4 464 52,6 6,71
P79381 Epoxide hydrolase 1 OS=Sus scrofa GN=EPHX1 PE=2 SV=1 (BLAST:hyep_human hits:1 mean_sim:91.0%) [P79381;gi_47523768_ref_NP_999520.1_;gi_545852230_ref_XP_005653835.1_;gi_545852233_ref_XP_005653836.1_;gi_545852236_ref_XP_005653837.1_;gi_545852239_ref_XP_005653838.1_;gi_545852242_ref_XP_005653839.1_;gi_545852245_ref_XP_005653840.1_] 80,09 5,07 1 2 2 2 454 52,4 7,62
F1RPL2 Histone H3 OS=Sus scrofa GN=LOC100156557 PE=3 SV=1 (BLAST:h31_human hits:7 mean_sim:88.14%) [F1RPL2;gi_194039886_ref_XP_001928622.1_] 51,10 9,56 5 2 2 2 136 15,4 10,99
350583970 PREDICTED: keratin, type II cytoskeletal 75 [Sus scrofa] (BLAST:k2c75_human hits:20 mean_sim:79.45%) 235,46 7,80 15 1 6 6 551 59,6 8,31
P09955 Carboxypeptidase B OS=Sus scrofa GN=CPB1 PE=1 SV=5 (BLAST:cbpb1_human hits:17 mean_sim:59.53%) [P09955;gi_47523424_ref_NP_999334.1_] 184,70 4,57 1 1 1 2 416 47,4 5,40
P02189 Myoglobin OS=Sus scrofa GN=MB PE=1 SV=2 (BLAST:myg_human hits:9 mean_sim:50.78%) [P02189;gi_47523546_ref_NP_999401.1_] 108,85 9,09 1 1 1 1 154 17,1 7,31
P29700 Alpha-2-HS-glycoprotein (Fragment) OS=Sus scrofa GN=AHSG PE=1 SV=1 (BLAST:fetua_human hits:3 mean_sim:54.33%) 96,87 6,63 2 1 1 1 362 38,4 5,85
P20305 Gelsolin (Fragment) OS=Sus scrofa GN=GSN PE=1 SV=1 (BLAST:gels_human hits:18 mean_sim:64.61%) 89,72 1,94 2 1 1 1 772 84,7 6,32
I3LG91 filaggrin-2 os=porcine homologue to human gn=flg2 pe=1 sv=1 (BLAST:fila2_human hits:20 mean_sim: 63.80%) 74,17 4,14 4 1 1 1 266 29,5 6,84
F1SBS4 complement c3 os=porcine homologue to human gn=c3 pe=1 sv=2 (BLAST:co3_human hits:18 mean_sim: 51.44%) 73,27 0,81 2 1 1 1 1238 138,9 8,91
I3LJ52 chymotrypsinogen b2 os=porcine homologue to human gn=ctrb2 pe=2 sv=2 (BLAST:ctrb2_human hits:20 mean_sim: 59.45%) [I3LJ52;gi_335289135_ref_XP_003355797.1_] 69,25 18,63 3 1 3 5 263 27,5 7,03
K7GRV6 myeloperoxidase os=porcine homologue to human gn=mpo pe=1 sv=1 (BLAST:perm_human hits:20 mean_sim: 62.95%) 65,72 1,62 1 1 1 1 743 84,0 9,57
545823810 PREDICTED: glutathione S-transferase Mu 3-like isoform X2 [Sus scrofa] (BLAST:gstm3_human hits:15 mean_sim:63.33%) 59,86 4,79 4 1 1 1 188 22,4 8,47
335305203 PREDICTED: probable inactive serine protease 58-like isoform X1 [Sus scrofa] (BLAST:prs58_human hits:20 mean_sim:46.1%) [gi_335305203_ref_XP_003360153.1_;gi_545882077_ref_XP_005657786.1_] 59,05 2,89 1 1 1 3 242 27,3 6,51
I3LLD8 basement membrane-specific heparan sulfate proteoglycan core protein os=porcine homologue to human gn=hspg2 pe=1 sv=4 (BLAST:pgbm_human hits:20 mean_sim: 49.05%) 48,44 2,73 1 1 1 1 513 54,5 6,23
I3LFH1 ig alpha-1 chain c region os=porcine homologue to human gn=igha1 pe=1 sv=2 (BLAST:igha1_human hits:20 mean_sim: 49.05%) 47,68 2,88 1 1 1 1 347 37,2 6,20
545894775 PREDICTED: Ig gamma-4 chain C region, partial [Sus scrofa] (BLAST:ighg4_human hits:13 mean_sim:60.92%) 43,45 10,77 1 1 1 1 130 14,5 5,50
F1RL06 immunoglobulin lambda-like polypeptide 5 os=porcine homologue to human gn=igll5 pe=2 sv=2 (BLAST:igll5_human hits:20 mean_sim: 62.90%) [F1RL06;gi_311271023_ref_XP_003133034.1_] 41,25 3,79 2 1 1 1 211 22,7 9,67
335304098 PREDICTED: nucleophosmin isoform X3 [Sus scrofa] (BLAST:npm_human hits:5 mean_sim:81.6%) 40,13 5,02 5 1 1 1 259 28,4 4,69
F1RPA9 uromodulin os=porcine homologue to human gn=umod pe=1 sv=1 (BLAST:urom_human hits:20 mean_sim: 61.80%) [F1RPA9;gi_311251447_ref_XP_003124610.1_] 36,34 1,33 1 1 1 1 527 57,3 4,79
P00506 Aspartate aminotransferase, mitochondrial OS=Sus scrofa GN=GOT2 PE=1 SV=2 (BLAST:aatm_human hits:3 mean_sim:72.0%) [P00506;gi_47522630_ref_NP_999093.1_] 32,73 2,09 1 1 1 1 430 47,4 9,01
545845308 PREDICTED: UDP-glucuronosyltransferase 2B31-like [Sus scrofa] (BLAST:ud2b4_human hits:20 mean_sim:83.4%) 32,37 4,04 10 1 1 1 297 33,4 10,01
47523850 apolipoprotein A-I preproprotein [Sus scrofa] (BLAST:apoa1_human hits:4 mean_sim:54.75%) 31,71 3,41 2 1 1 1 264 30,2 5,63
TRFE_HUMAN contaminant_TRFE_HUMAN (BLAST:trfe_human hits:5 mean_sim:70.8%) 30,50 1,15 1 1 1 1 698 77,0 7,12
Q684M4 Kelch-like ECH-associated protein 1 OS=Sus scrofa GN=KEAP1 PE=3 SV=1 (BLAST:keap1_human hits:20 mean_sim:56.65%) [Q684M4;gi_167908795_ref_NP_001108143.1_;gi_545809384_ref_XP_005654868.1_;gi_350580534_ref_XP_003480844.1_;gi_545809584_ref_XP_005654915.1_] 29,17 1,28 1 1 1 1 624 69,8 6,58
F1RYV5 aldo-keto reductase family 1 member c1 os=porcine homologue to human gn=akr1c1 pe=1 sv=1 (BLAST:ak1c1_human hits:20 mean_sim: 69.80%) 28,90 2,96 9 1 1 1 270 30,4 7,24
F1RQU2 heat shock protein hsp 90-beta os=porcine homologue to human gn=hsp90ab1 pe=1 sv=4 (BLAST:hs90b_human hits:12 mean_sim: 80.25%) [F1RQU2;gi_346986428_ref_NP_001231362.1_;gi_545839928_ref_XP_005666120.1_] 27,57 0,97 1 1 1 1 724 83,2 5,03
335292231 PREDICTED: transcription factor AP-2-delta [Sus scrofa] (BLAST:ap2d_human hits:9 mean_sim:66.44%) 27,46 1,55 2 1 1 1 452 49,5 8,16
545894372 PREDICTED: glyceraldehyde-3-phosphate dehydrogenase-like, partial [Sus scrofa] (BLAST:g3p_human hits:3 mean_sim:91.33%) 25,79 6,02 2 1 1 1 133 14,0 8,62
I3LV50 Phospholipase A2, major isoenzyme OS=Sus scrofa GN=PLA2G1B PE=2 SV=1 (BLAST:pa21b_human hits:11 mean_sim:52.64%) [I3LV50;gi_545869139_ref_XP_005670766.1_] 25,44 4,11 2 1 1 1 146 16,2 6,47
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SOD1

242253868 trypsinogen precursor [Sus scrofa] (BLAST:try3_human hits:20 mean_sim:70.0%) 6118,03 60,16 3 10 13 146 246 25,9 7,18
K2C1_HUMAN contaminant_K2C1_HUMAN (BLAST:k2c1_human hits:20 mean_sim:77.4%) 1054,15 30,64 7 12 16 23 643 65,8 8,12
K1C9_HUMAN contaminant_K1C9_HUMAN (BLAST:k1c9_human hits:20 mean_sim:67.55%) 996,65 35,31 1 14 15 19 623 62,1 5,30
K1C10_HUMAN contaminant_K1C10_HUMAN (BLAST:k1c10_human hits:20 mean_sim:73.95%) 970,43 33,56 11 15 16 19 593 59,5 5,21
ALBU_HUMAN contaminant_ALBU_HUMAN (BLAST:albu_human hits:7 mean_sim:63.14%) 569,09 23,97 2 10 12 14 609 69,3 6,28
ALBU_BOVIN contaminant_ALBU_BOVIN (BLAST:albu_human hits:7 mean_sim:60.29%) 509,59 19,44 2 6 12 14 607 69,2 6,18
F1RII7 Hemoglobin subunit beta OS=Sus scrofa GN=HBB PE=2 SV=1 (BLAST:hbb_human hits:11 mean_sim:68.82%) 409,70 49,66 4 7 7 9 147 16,2 7,25
545845362 PREDICTED: serum albumin isoform X2 [Sus scrofa] (BLAST:albu_human hits:7 mean_sim:59.71%) 300,58 9,08 5 2 6 6 606 69,7 6,46
C6L245 Putative trypsinogen OS=Sus scrofa GN=try PE=3 SV=1 (BLAST:try6_human hits:20 mean_sim:70.9%) [C6L245;gi_330340414_ref_NP_001193367.1_] 240,01 17,81 1 3 3 4 247 26,2 4,83
350590321 PREDICTED: keratin, type I cytoskeletal 14-like isoformX1 [Sus scrofa] (BLAST:k1c14_human hits:20 mean_sim:76.8%) 204,85 12,47 11 4 6 6 473 51,6 5,11
K22E_HUMAN contaminant_K22E_HUMAN (BLAST:k2c1_human hits:20 mean_sim:71.05%) 170,17 6,36 13 2 4 4 645 65,8 8,00
I3LJ52 chymotrypsinogen b2 os=porcine homologue to human gn=ctrb2 pe=2 sv=2 (BLAST:ctrb2_human hits:20 mean_sim: 59.45%) [I3LJ52;gi_335289135_ref_XP_003355797.1_] 125,45 8,37 3 2 2 3 263 27,5 7,03
P04178 Superoxide dismutase [Cu-Zn] OS=Sus scrofa GN=SOD1 PE=1 SV=2 (BLAST:sodc_human hits:3 mean_sim:70.67%) [P04178;gi_298677090_ref_NP_001177351.1_] 91,70 7,84 2 1 1 1 153 15,9 6,52
P29700 Alpha-2-HS-glycoprotein (Fragment) OS=Sus scrofa GN=AHSG PE=1 SV=1 (BLAST:fetua_human hits:3 mean_sim:54.33%) 80,73 6,63 2 1 1 1 362 38,4 5,85
I3LHI7 chymotrypsinogen b os=porcine homologue to human gn=ctrb1 pe=2 sv=1 (BLAST:ctrb1_human hits:20 mean_sim: 60.10%) 77,51 5,60 1 1 1 2 268 28,2 5,29
343183368 immunoglobulin lambda-like polypeptide 5 precursor [Sus scrofa] (BLAST:igll5_human hits:20 mean_sim:73.05%) 61,90 8,12 1 1 1 1 234 24,1 6,52
335305203 PREDICTED: probable inactive serine protease 58-like isoform X1 [Sus scrofa] (BLAST:prs58_human hits:20 mean_sim:46.1%) [gi_335305203_ref_XP_003360153.1_;gi_545882077_ref_XP_005657786.1_] 53,91 2,89 1 1 1 2 242 27,3 6,51
I3LFH1 ig alpha-1 chain c region os=porcine homologue to human gn=igha1 pe=1 sv=2 (BLAST:igha1_human hits:20 mean_sim: 49.05%) 46,77 2,88 1 1 1 1 347 37,2 6,20
335310390 PREDICTED: chymotrypsin-like protease CTRL-1 [Sus scrofa] (BLAST:ctrl_human hits:20 mean_sim:58.85%) 42,50 4,17 2 1 1 1 264 28,2 7,85
I3LVD5 Actin, cytoplasmic 1 OS=Sus scrofa GN=ACTB PE=2 SV=1 (BLAST:actg_human hits:20 mean_sim:86.1%) [I3LVD5;gi_335297229_ref_XP_003357976.1_] 42,01 2,67 2 1 1 1 375 41,8 5,48
F1RL06 immunoglobulin lambda-like polypeptide 5 os=porcine homologue to human gn=igll5 pe=2 sv=2 (BLAST:igll5_human hits:20 mean_sim: 62.90%) [F1RL06;gi_311271023_ref_XP_003133034.1_] 41,65 3,79 2 1 1 1 211 22,7 9,67
K7GM56 hemoglobin subunit alpha os=porcine homologue to human gn=hba1 pe=1 sv=2 (BLAST:hba_human hits:11 mean_sim: 62.00%) 30,23 6,48 7 1 1 1 108 11,3 7,06
F1RPL2 Histone H3 OS=Sus scrofa GN=LOC100156557 PE=3 SV=1 (BLAST:h31_human hits:7 mean_sim:88.14%) [F1RPL2;gi_194039886_ref_XP_001928622.1_] 27,85 4,41 5 1 1 1 136 15,4 10,99
I3LV50 Phospholipase A2, major isoenzyme OS=Sus scrofa GN=PLA2G1B PE=2 SV=1 (BLAST:pa21b_human hits:11 mean_sim:52.64%) [I3LV50;gi_545869139_ref_XP_005670766.1_] 25,38 4,11 2 1 1 1 146 16,2 6,47



Accession Description Score Coverage # Proteins # Unique Peptides # Peptides # PSMs # AAs MW [kDa] calc. pI

HIF1
ALBU_HUMAN contaminant_ALBU_HUMAN (BLAST:albu_human hits:7 mean_sim:63.14%) 2834,84 61,25 2 31 39 76 609 69,3 6,28
K2C1_HUMAN contaminant_K2C1_HUMAN (BLAST:k2c1_human hits:20 mean_sim:77.4%) 1675,18 39,66 6 23 28 44 643 65,8 8,12
K1C10_HUMAN contaminant_K1C10_HUMAN (BLAST:k1c10_human hits:20 mean_sim:73.95%) 1592,05 40,64 30 22 26 36 593 59,5 5,21
K1C9_HUMAN contaminant_K1C9_HUMAN (BLAST:k1c9_human hits:20 mean_sim:67.55%) 1596,85 62,92 4 21 24 35 623 62,1 5,30
EGF_HUMAN contaminant_EGF_HUMAN (BLAST:egf_human hits:20 mean_sim:58.85%) 557,68 15,08 4 15 17 21 1207 133,9 5,88
K22E_HUMAN contaminant_K22E_HUMAN (BLAST:k2c1_human hits:20 mean_sim:71.05%) 1001,96 33,95 11 13 22 26 645 65,8 8,00
242253868 trypsinogen precursor [Sus scrofa] (BLAST:try3_human hits:20 mean_sim:70.0%) 6180,38 72,36 3 11 15 168 246 25,9 7,18
F1RUN2 Serum albumin OS=Sus scrofa GN=ALB PE=4 SV=1 (BLAST:albu_human hits:7 mean_sim:59.29%) 765,47 26,69 5 11 20 24 607 69,6 6,38
ALBU_BOVIN contaminant_ALBU_BOVIN (BLAST:albu_human hits:7 mean_sim:60.29%) 1141,14 26,52 2 10 18 29 607 69,2 6,18
TRFE_HUMAN contaminant_TRFE_HUMAN (BLAST:trfe_human hits:5 mean_sim:70.8%) 459,02 14,33 1 10 11 12 698 77,0 7,12
AMYS_HUMAN contaminant_AMYS_HUMAN (BLAST:amy1_human hits:3 mean_sim:98.67%) 674,70 29,94 8 9 11 17 511 57,7 6,93
GELS_HUMAN contaminant_GELS_HUMAN (BLAST:gels_human hits:18 mean_sim:64.83%) 413,91 15,09 2 8 9 12 782 85,6 6,28
HBA_HUMAN contaminant_HBA_HUMAN (BLAST:hba_human hits:11 mean_sim:63.45%) 394,05 65,96 7 8 8 14 141 15,1 8,68
350590321 PREDICTED: keratin, type I cytoskeletal 14-like isoformX1 [Sus scrofa] (BLAST:k1c14_human hits:20 mean_sim:76.8%) 411,17 30,02 26 7 17 20 473 51,6 5,11
I3LVD5 Actin, cytoplasmic 1 OS=Sus scrofa GN=ACTB PE=2 SV=1 (BLAST:actg_human hits:20 mean_sim:86.1%) [I3LVD5;gi_335297229_ref_XP_003357976.1_] 218,95 16,00 6 7 7 9 375 41,8 5,48
A7U5U2 Ubiquitin B OS=Sus scrofa GN=UBB PE=2 SV=1 (BLAST:ubb_human hits:20 mean_sim:66.35%) [A7U5U2;gi_157427740_ref_NP_001098779.1_;gi_545860639_ref_XP_005654049.1_;gi_545860642_ref_XP_005654050.1_;gi_545860645_ref_XP_005654051.1_] 365,95 87,77 5 6 6 11 229 25,7 7,43
545825280 PREDICTED: keratin, type II cytoskeletal 5 isoform X3 [Sus scrofa] (BLAST:k2c5_human hits:20 mean_sim:79.0%) 339,90 17,22 11 6 13 14 569 60,4 6,84
F1S3D5 vesicular integral-membrane protein vip36 os=porcine homologue to human gn=lman2 pe=1 sv=1 (BLAST:lman2_human hits:6 mean_sim: 67.17%) [F1S3D5;gi_545811311_ref_XP_005661508.1_] 216,08 17,55 1 5 5 7 359 40,4 7,33
545837880 PREDICTED: histone H2A type 1-F-like [Sus scrofa] (BLAST:h2a1d_human hits:20 mean_sim:91.4%) 116,39 19,76 18 5 5 5 253 27,6 11,43
335304098 PREDICTED: nucleophosmin isoform X3 [Sus scrofa] (BLAST:npm_human hits:5 mean_sim:81.6%) 527,38 16,99 5 4 4 8 259 28,4 4,69
RETBP_HUMAN contaminant_RETBP_HUMAN (BLAST:ret4_human hits:2 mean_sim:74.0%) 256,51 25,37 4 4 4 5 201 23,0 6,07
F1RZ82 lysosomal alpha-glucosidase os=porcine homologue to human gn=gaa pe=1 sv=4 (BLAST:lyag_human hits:9 mean_sim: 56.33%) 141,47 5,25 2 4 4 4 877 97,4 6,29
ANT3_HUMAN contaminant_ANT3_HUMAN (BLAST:ant3_human hits:20 mean_sim:57.15%) 133,13 12,72 4 4 6 6 464 52,6 6,71
HBB_HUMAN contaminant_HBB_HUMAN (BLAST:hbb_human hits:10 mean_sim:73.8%) 478,99 52,74 4 3 8 10 146 15,9 7,28
C6L245 Putative trypsinogen OS=Sus scrofa GN=try PE=3 SV=1 (BLAST:try6_human hits:20 mean_sim:70.9%) [C6L245;gi_330340414_ref_NP_001193367.1_] 250,17 17,81 1 3 3 4 247 26,2 4,83
I3LLD8 basement membrane-specific heparan sulfate proteoglycan core protein os=porcine homologue to human gn=hspg2 pe=1 sv=4 (BLAST:pgbm_human hits:20 mean_sim: 49.05%) 224,75 6,43 1 3 3 6 513 54,5 6,23
I3LAQ0 ig kappa chain v-ii region rpmi 6410 os=porcine homologue to human pe=4 sv=1 (BLAST:kv206_human hits:20 mean_sim: 80.35%) 187,05 20,00 5 3 3 4 240 26,1 8,05
P79381 Epoxide hydrolase 1 OS=Sus scrofa GN=EPHX1 PE=2 SV=1 (BLAST:hyep_human hits:1 mean_sim:91.0%) [P79381;gi_47523768_ref_NP_999520.1_;gi_545852230_ref_XP_005653835.1_;gi_545852233_ref_XP_005653836.1_;gi_545852236_ref_XP_005653837.1_;gi_545852239_ref_XP_005653838.1_;gi_545852242_ref_XP_005653839.1_;gi_545852245_ref_XP_005653840.1_] 182,63 6,17 1 3 3 4 454 52,4 7,62
I3LH49 glutaminyl-peptide cyclotransferase os=porcine homologue to human gn=qpct pe=1 sv=1 (BLAST:qpct_human hits:3 mean_sim: 78.67%) 151,25 11,97 4 3 3 4 309 35,7 8,19
P00355 Glyceraldehyde-3-phosphate dehydrogenase OS=Sus scrofa GN=GAPDH PE=1 SV=4 (BLAST:g3p_human hits:3 mean_sim:91.67%) [P00355;gi_329744642_ref_NP_001193288.1_] 65,94 6,91 2 3 3 3 333 35,8 8,35
I3LDM6 type ii cytoskeletal 2 oral os=porcine homologue to human gn=krt76 pe=1 sv=2 (BLAST:k22o_human hits:20 mean_sim: 75.85%) [I3LDM6;gi_350583998_ref_XP_001929315.4_] 321,49 8,09 9 2 8 10 643 65,1 7,88
F1SGG9 type ii cytoskeletal 6c os=porcine homologue to human gn=krt6c pe=1 sv=3 (BLAST:k2c6c_human hits:20 mean_sim: 80.40%) 288,44 13,42 12 2 9 10 559 60,0 8,34
350583970 PREDICTED: keratin, type II cytoskeletal 75 [Sus scrofa] (BLAST:k2c75_human hits:20 mean_sim:79.45%) 283,94 9,44 9 2 6 7 551 59,6 8,31
343183368 immunoglobulin lambda-like polypeptide 5 precursor [Sus scrofa] (BLAST:igll5_human hits:20 mean_sim:73.05%) 180,89 15,38 1 2 2 3 234 24,1 6,52
F1S0J8 type i cytoskeletal 19 os=porcine homologue to human gn=krt19 pe=1 sv=4 (BLAST:k1c19_human hits:20 mean_sim: 78.50%) [F1S0J8;gi_311267276_ref_XP_003131485.1_] 180,84 12,13 16 2 7 7 404 44,2 5,14
P02189 Myoglobin OS=Sus scrofa GN=MB PE=1 SV=2 (BLAST:myg_human hits:9 mean_sim:50.78%) [P02189;gi_47523546_ref_NP_999401.1_] 167,00 9,74 1 2 2 3 154 17,1 7,31
F1SQL2 egf-containing fibulin-like extracellular matrix protein 1 os=porcine homologue to human gn=efemp1 pe=1 sv=2 (BLAST:fbln3_human hits:20 mean_sim: 57.90%) [F1SQL2;gi_346716350_ref_NP_001231190.1_] 155,45 7,23 1 2 2 3 498 54,8 5,02
545864004 PREDICTED: serotransferrin isoform X2 [Sus scrofa] (BLAST:trfe_human hits:5 mean_sim:68.2%) 148,47 8,48 4 2 4 4 637 70,6 7,40
F1RW75 desmoplakin os=porcine homologue to human gn=dsp pe=1 sv=3 (BLAST:desp_human hits:20 mean_sim: 67.50%) 97,59 1,38 2 2 2 2 2677 308,2 6,87
I3LJ52 chymotrypsinogen b2 os=porcine homologue to human gn=ctrb2 pe=2 sv=2 (BLAST:ctrb2_human hits:20 mean_sim: 59.45%) [I3LJ52;gi_335289135_ref_XP_003355797.1_] 94,09 14,07 3 2 3 3 263 27,5 7,03
335310903 PREDICTED: histone H2B type 1-P-like [Sus scrofa] (BLAST:h2b1l_human hits:20 mean_sim:93.25%) 91,76 19,05 16 2 2 2 126 14,0 10,21
254708640 mannan-binding lectin serine protease 2 precursor [Sus scrofa] (BLAST:masp2_human hits:20 mean_sim:55.75%) 76,42 1,75 1 2 2 3 685 75,9 5,59
PRDX1_HUMAN contaminant_PRDX1_HUMAN (BLAST:prdx1_human hits:6 mean_sim:81.0%) 60,86 10,05 4 2 2 2 199 22,1 8,13
F2Z576 Histone H3 OS=Sus scrofa GN=LOC100525821 PE=2 SV=1 (BLAST:h31_human hits:7 mean_sim:86.14%) [F2Z576;gi_545837786_ref_XP_005656276.1_] 45,74 16,18 5 2 3 3 136 15,4 11,12
I3LS87 vasorin os=porcine homologue to human gn=vasn pe=1 sv=1 (BLAST:vasn_human hits:20 mean_sim: 44.55%) [I3LS87;gi_545815102_ref_XP_005662230.1_;gi_545815104_ref_XP_005662231.1_] 32,00 3,55 1 2 3 3 677 72,1 7,49
F1RII7 Hemoglobin subunit beta OS=Sus scrofa GN=HBB PE=2 SV=1 (BLAST:hbb_human hits:11 mean_sim:68.82%) 315,21 33,33 5 1 5 6 147 16,2 7,25
F1SGG4 type ii cytoskeletal 71 os=porcine homologue to human gn=krt71 pe=1 sv=3 (BLAST:k2c71_human hits:20 mean_sim: 81.85%) 179,70 8,25 13 1 5 6 497 53,3 5,53
B2MG_HUMAN contaminant_B2MG_HUMAN (BLAST:b2mg_human hits:20 mean_sim:50.35%) 99,75 10,92 1 1 1 2 119 13,7 6,52
545894775 PREDICTED: Ig gamma-4 chain C region, partial [Sus scrofa] (BLAST:ighg4_human hits:13 mean_sim:60.92%) 90,69 10,77 1 1 1 2 130 14,5 5,50
F1S073 Annexin OS=Sus scrofa GN=ANXA2 PE=3 SV=2 (BLAST:anxa2_human hits:20 mean_sim:69.5%) [F1S073;gi_545800131_ref_XP_005659594.1_] 87,99 4,13 2 1 1 1 339 38,6 7,31
I3LL80 L-lactate dehydrogenase OS=Sus scrofa GN=LOC407246 PE=3 SV=1 (BLAST:ldhb_human hits:18 mean_sim:70.06%) 87,58 4,19 3 1 1 1 334 36,6 5,86
545803844 PREDICTED: collagen alpha-1(XV) chain-like [Sus scrofa] (BLAST:cofa1_human hits:19 mean_sim:49.16%) 80,75 5,95 2 1 1 2 252 26,6 4,92
F1SBS4 complement c3 os=porcine homologue to human gn=c3 pe=1 sv=2 (BLAST:co3_human hits:18 mean_sim: 51.44%) 77,48 0,81 2 1 1 1 1238 138,9 8,91
F1RKG8 phosphatidylethanolamine-binding protein 1 os=porcine homologue to human gn=pebp1 pe=1 sv=3 (BLAST:pebp1_human hits:3 mean_sim: 65.00%) [F1RKG8;gi_311270662_ref_XP_003132938.1_] 74,12 13,90 1 1 1 1 187 21,0 7,49
P29700 Alpha-2-HS-glycoprotein (Fragment) OS=Sus scrofa GN=AHSG PE=1 SV=1 (BLAST:fetua_human hits:3 mean_sim:54.33%) 72,22 6,63 2 1 1 1 362 38,4 5,85
F1RM45 Apolipoprotein E OS=Sus scrofa GN=APOE PE=4 SV=1 (BLAST:apoe_human hits:3 mean_sim:56.67%) 70,21 3,47 2 1 1 1 317 36,6 6,14
I3LHI7 chymotrypsinogen b os=porcine homologue to human gn=ctrb1 pe=2 sv=1 (BLAST:ctrb1_human hits:20 mean_sim: 60.10%) 69,58 5,60 1 1 1 2 268 28,2 5,29
545803903 PREDICTED: fructose-bisphosphate aldolase B, partial [Sus scrofa] (BLAST:aldob_human hits:4 mean_sim:87.0%) 68,34 4,94 1 1 1 1 263 28,3 7,85
TRFL_HUMAN contaminant_TRFL_HUMAN (BLAST:trfl_human hits:5 mean_sim:77.2%) 65,48 5,07 1 1 3 4 710 78,1 8,12
F1RPV5 dermatopontin os=porcine homologue to human gn=dpt pe=2 sv=2 (BLAST:derm_human hits:1 mean_sim: 99.00%) [F1RPV5;gi_311253878_ref_XP_003125697.1_] 64,57 5,47 1 1 1 1 201 24,0 4,89
545894532 PREDICTED: delta-aminolevulinic acid dehydratase-like, partial [Sus scrofa] (BLAST:hem2_human hits:2 mean_sim:97.0%) 59,49 7,58 1 1 1 1 132 14,3 6,35
F1SB81 Plasminogen OS=Sus scrofa GN=PLG PE=3 SV=1 (BLAST:plmn_human hits:20 mean_sim:56.15%) 54,88 1,36 3 1 1 1 809 90,6 7,37
335305203 PREDICTED: probable inactive serine protease 58-like isoform X1 [Sus scrofa] (BLAST:prs58_human hits:20 mean_sim:46.1%) [gi_335305203_ref_XP_003360153.1_;gi_545882077_ref_XP_005657786.1_] 52,90 2,89 1 1 1 2 242 27,3 6,51
F1RF16 isoform 3 of liver carboxylesterase 1 os=porcine homologue to human gn=ces1 (BLAST:est1_human hits:20 mean_sim: 57.55%) 51,65 4,21 4 1 1 1 285 32,0 5,55
Q4FAT7 Beta-glucuronidase OS=Sus scrofa GN=GUSB PE=3 SV=1 (BLAST:bglr_human hits:4 mean_sim:76.0%) [Q4FAT7;gi_178056516_ref_NP_001116593.1_] 51,52 1,07 1 1 1 1 652 74,7 6,61
335293644 PREDICTED: vitamin D-binding protein [Sus scrofa] (BLAST:vtdb_human hits:7 mean_sim:63.71%) 48,19 2,11 2 1 1 1 473 53,1 5,54
545845286 PREDICTED: UDP-glucuronosyltransferase 2B17 isoformX1 [Sus scrofa] (BLAST:ud2a1_human hits:20 mean_sim:81.65%) 45,41 3,13 4 1 1 1 448 51,5 9,11
Q8WNW3 Junction plakoglobin OS=Sus scrofa GN=Jup PE=2 SV=1 (BLAST:plak_human hits:15 mean_sim:52.6%) [Q8WNW3;gi_47523712_ref_NP_999488.1_;gi_545857942_ref_XP_005668876.1_;gi_545857945_ref_XP_005668877.1_;gi_545857948_ref_XP_005668878.1_;gi_545857951_ref_XP_005668879.1_] 44,79 1,21 1 1 1 1 745 81,8 6,14
I3LFH1 ig alpha-1 chain c region os=porcine homologue to human gn=igha1 pe=1 sv=2 (BLAST:igha1_human hits:20 mean_sim: 49.05%) 43,17 2,88 1 1 1 1 347 37,2 6,20
F1RL06 immunoglobulin lambda-like polypeptide 5 os=porcine homologue to human gn=igll5 pe=2 sv=2 (BLAST:igll5_human hits:20 mean_sim: 62.90%) [F1RL06;gi_311271023_ref_XP_003133034.1_] 41,17 3,79 2 1 1 1 211 22,7 9,67
F1SCE3 plasma serine protease inhibitor os=porcine homologue to human gn=serpina5 pe=1 sv=3 (BLAST:ipsp_human hits:20 mean_sim: 63.10%) [F1SCE3;gi_194038342_ref_XP_001928604.1_;gi_545843021_ref_XP_005666477.1_;gi_545843024_ref_XP_005666478.1_] 38,93 1,96 1 1 1 1 408 45,8 9,07
311273025 PREDICTED: fibronectin isoformX3 [Sus scrofa] (BLAST:finc_human hits:20 mean_sim:80.2%) 38,75 1,06 13 1 2 2 2177 239,6 6,05
47523850 apolipoprotein A-I preproprotein [Sus scrofa] (BLAST:apoa1_human hits:4 mean_sim:54.75%) 38,34 3,41 2 1 1 1 264 30,2 5,63
545811619 PREDICTED: betaine--homocysteine S-methyltransferase 1 isoform X1 [Sus scrofa] (BLAST:bhmt1_human hits:3 mean_sim:90.67%) [gi_545811619_ref_XP_005661566.1_;gi_545889198_ref_XP_005674231.1_] 38,05 2,02 3 1 1 1 397 43,9 6,84
F1RLZ7 dihydropyrimidinase-related protein 3 os=porcine homologue to human gn=dpysl3 pe=1 sv=1 (BLAST:dpyl3_human hits:10 mean_sim: 83.90%) 35,69 1,47 8 1 1 1 476 52,0 5,73
FABPH_HUMAN contaminant_FABPH_HUMAN (BLAST:fabph_human hits:19 mean_sim:67.21%) 34,94 6,82 4 1 1 1 132 14,7 6,80
545863996 PREDICTED: prostatic acid phosphatase [Sus scrofa] (BLAST:ppap_human hits:10 mean_sim:66.3%) 34,41 2,50 1 1 1 1 280 32,9 5,24
I3LV50 Phospholipase A2, major isoenzyme OS=Sus scrofa GN=PLA2G1B PE=2 SV=1 (BLAST:pa21b_human hits:11 mean_sim:52.64%) [I3LV50;gi_545869139_ref_XP_005670766.1_] 33,13 4,11 2 1 1 1 146 16,2 6,47
335292231 PREDICTED: transcription factor AP-2-delta [Sus scrofa] (BLAST:ap2d_human hits:9 mean_sim:66.44%) 32,55 1,55 2 1 1 1 452 49,5 8,16
P00506 Aspartate aminotransferase, mitochondrial OS=Sus scrofa GN=GOT2 PE=1 SV=2 (BLAST:aatm_human hits:3 mean_sim:72.0%) [P00506;gi_47522630_ref_NP_999093.1_] 30,76 2,09 1 1 1 1 430 47,4 9,01
F1RYV5 aldo-keto reductase family 1 member c1 os=porcine homologue to human gn=akr1c1 pe=1 sv=1 (BLAST:ak1c1_human hits:20 mean_sim: 69.80%) 30,19 2,96 9 1 1 1 270 30,4 7,24
F1SKB1 ceruloplasmin os=porcine homologue to human gn=cp pe=1 sv=1 (BLAST:ceru_human hits:8 mean_sim: 63.50%) 30,06 1,06 3 1 1 1 946 108,5 6,30
545836662 PREDICTED: putative hydroxypyruvate isomerase isoform X4 [Sus scrofa] (BLAST:hyi_human hits:4 mean_sim:83.5%) 29,71 3,08 5 1 1 2 227 24,6 6,55
I3LUP9 arylsulfatase a os=porcine homologue to human gn=arsa pe=1 sv=3 (BLAST:arsa_human hits:20 mean_sim: 48.20%) 25,52 2,26 2 1 1 1 486 51,3 5,78
F1RX57 e3 ubiquitin-protein ligase herc2 os=porcine homologue to human gn=herc2 pe=1 sv=2 (BLAST:herc2_human hits:20 mean_sim: 55.90%) 24,24 0,39 2 1 1 1 1796 197,1 5,82
350589249 PREDICTED: usherin, partial [Sus scrofa] (BLAST:ush2a_human hits:20 mean_sim:46.0%) 23,24 0,19 1 1 1 1 4206 460,1 7,03
I3LGD4 isoform 2 of clathrin heavy chain 1 os=porcine homologue to human gn=cltc (BLAST:clh1_human hits:6 mean_sim: 80.33%) 21,12 0,91 2 1 1 1 769 86,6 6,49
335298708 PREDICTED: deleted in azoospermia-like [Sus scrofa] (BLAST:dazl_human hits:20 mean_sim:76.9%) 21,10 2,37 2 1 1 1 295 33,0 8,75
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K1C9_HUMAN contaminant_K1C9_HUMAN (BLAST:k1c9_human hits:20 mean_sim:67.55%) 1209,01 54,25 1 18 18 25 623 62,1 5,30
K2C1_HUMAN contaminant_K2C1_HUMAN (BLAST:k2c1_human hits:20 mean_sim:77.4%) 1158,49 27,68 6 15 19 26 643 65,8 8,12
K1C10_HUMAN contaminant_K1C10_HUMAN (BLAST:k1c10_human hits:20 mean_sim:73.95%) 1157,39 27,66 9 15 16 22 593 59,5 5,21
242253868 trypsinogen precursor [Sus scrofa] (BLAST:try3_human hits:20 mean_sim:70.0%) 6093,03 70,73 3 10 14 169 246 25,9 7,18
ALBU_HUMAN contaminant_ALBU_HUMAN (BLAST:albu_human hits:7 mean_sim:63.14%) 476,36 22,33 2 10 12 13 609 69,3 6,28
K22E_HUMAN contaminant_K22E_HUMAN (BLAST:k2c1_human hits:20 mean_sim:71.05%) 584,77 18,76 16 7 12 13 645 65,8 8,00
ALBU_BOVIN contaminant_ALBU_BOVIN (BLAST:albu_human hits:7 mean_sim:60.29%) 380,82 14,17 2 4 9 11 607 69,2 6,18
350590321 PREDICTED: keratin, type I cytoskeletal 14-like isoformX1 [Sus scrofa] (BLAST:k1c14_human hits:20 mean_sim:76.8%) 289,98 18,39 10 3 10 10 473 51,6 5,11
C6L245 Putative trypsinogen OS=Sus scrofa GN=try PE=3 SV=1 (BLAST:try6_human hits:20 mean_sim:70.9%) [C6L245;gi_330340414_ref_NP_001193367.1_] 230,30 17,81 1 3 3 4 247 26,2 4,83
545845362 PREDICTED: serum albumin isoform X2 [Sus scrofa] (BLAST:albu_human hits:7 mean_sim:59.71%) 220,52 6,93 5 2 5 5 606 69,7 6,46
I3LDM6 type ii cytoskeletal 2 oral os=porcine homologue to human gn=krt76 pe=1 sv=2 (BLAST:k22o_human hits:20 mean_sim: 75.85%) [I3LDM6;gi_350583998_ref_XP_001929315.4_] 167,15 4,67 14 2 4 4 643 65,1 7,88
545825280 PREDICTED: keratin, type II cytoskeletal 5 isoform X3 [Sus scrofa] (BLAST:k2c5_human hits:20 mean_sim:79.0%) 154,77 10,19 17 2 6 6 569 60,4 6,84
F1RII7 Hemoglobin subunit beta OS=Sus scrofa GN=HBB PE=2 SV=1 (BLAST:hbb_human hits:11 mean_sim:68.82%) 113,31 17,69 3 2 2 2 147 16,2 7,25
I3LAQ0 ig kappa chain v-ii region rpmi 6410 os=porcine homologue to human pe=4 sv=1 (BLAST:kv206_human hits:20 mean_sim: 80.35%) 109,91 11,67 1 2 2 2 240 26,1 8,05
I3LVD5 Actin, cytoplasmic 1 OS=Sus scrofa GN=ACTB PE=2 SV=1 (BLAST:actg_human hits:20 mean_sim:86.1%) [I3LVD5;gi_335297229_ref_XP_003357976.1_] 71,11 7,47 2 2 2 2 375 41,8 5,48
350590319 PREDICTED: keratin, type I cytoskeletal 17-like [Sus scrofa] (BLAST:k1c17_human hits:20 mean_sim:76.2%) 235,24 12,95 8 1 7 7 448 49,2 5,06
350583970 PREDICTED: keratin, type II cytoskeletal 75 [Sus scrofa] (BLAST:k2c75_human hits:20 mean_sim:79.45%) 208,82 7,26 15 1 4 5 551 59,6 8,31
F1SGG9 type ii cytoskeletal 6c os=porcine homologue to human gn=krt6c pe=1 sv=3 (BLAST:k2c6c_human hits:20 mean_sim: 80.40%) 147,05 7,16 18 1 4 4 559 60,0 8,34
I3LHI7 chymotrypsinogen b os=porcine homologue to human gn=ctrb1 pe=2 sv=1 (BLAST:ctrb1_human hits:20 mean_sim: 60.10%) 68,77 5,60 1 1 1 2 268 28,2 5,29
343183368 immunoglobulin lambda-like polypeptide 5 precursor [Sus scrofa] (BLAST:igll5_human hits:20 mean_sim:73.05%) 66,08 8,12 1 1 1 1 234 24,1 6,52
CTRB_BOVIN contaminant_CTRB_BOVIN (BLAST:ctrb2_human hits:20 mean_sim:59.35%) 61,78 2,86 3 1 1 2 245 25,7 5,17
335310390 PREDICTED: chymotrypsin-like protease CTRL-1 [Sus scrofa] (BLAST:ctrl_human hits:20 mean_sim:58.85%) 49,75 4,17 2 1 1 1 264 28,2 7,85
335305203 PREDICTED: probable inactive serine protease 58-like isoform X1 [Sus scrofa] (BLAST:prs58_human hits:20 mean_sim:46.1%) [gi_335305203_ref_XP_003360153.1_;gi_545882077_ref_XP_005657786.1_] 48,11 2,89 1 1 1 2 242 27,3 6,51
I3LFH1 ig alpha-1 chain c region os=porcine homologue to human gn=igha1 pe=1 sv=2 (BLAST:igha1_human hits:20 mean_sim: 49.05%) 43,52 2,88 1 1 1 1 347 37,2 6,20
F1RL06 immunoglobulin lambda-like polypeptide 5 os=porcine homologue to human gn=igll5 pe=2 sv=2 (BLAST:igll5_human hits:20 mean_sim: 62.90%) [F1RL06;gi_311271023_ref_XP_003133034.1_] 41,22 3,79 2 1 1 1 211 22,7 9,67
F1RPL2 Histone H3 OS=Sus scrofa GN=LOC100156557 PE=3 SV=1 (BLAST:h31_human hits:7 mean_sim:88.14%) [F1RPL2;gi_194039886_ref_XP_001928622.1_] 31,33 4,41 5 1 1 1 136 15,4 10,99
I3LV50 Phospholipase A2, major isoenzyme OS=Sus scrofa GN=PLA2G1B PE=2 SV=1 (BLAST:pa21b_human hits:11 mean_sim:52.64%) [I3LV50;gi_545869139_ref_XP_005670766.1_] 30,51 4,11 2 1 1 1 146 16,2 6,47
545894775 PREDICTED: Ig gamma-4 chain C region, partial [Sus scrofa] (BLAST:ighg4_human hits:13 mean_sim:60.92%) 29,17 10,77 1 1 1 1 130 14,5 5,50
Q684M4 Kelch-like ECH-associated protein 1 OS=Sus scrofa GN=KEAP1 PE=3 SV=1 (BLAST:keap1_human hits:20 mean_sim:56.65%) [Q684M4;gi_167908795_ref_NP_001108143.1_;gi_545809384_ref_XP_005654868.1_;gi_350580534_ref_XP_003480844.1_;gi_545809584_ref_XP_005654915.1_] 28,72 1,28 1 1 1 1 624 69,8 6,58
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