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Abstract 
 

Xenopus have long had a reputation for being a powerful model organism for use in 

developmental, cell and biochemistry research. With the advent of gene editing 

technologies, and full genome sequencing of Xenopus genomes revealing the full extent of 

the genetic conservation between Xenopus and humans, it was expected that Xenopus 

would soon become a popular model for human disease. However, the inability to produce 

non-mosaic, precise DNA insertions through homology directed repair has limited the 

strength of Xenopus this field. Furthermore, it has prevented researchers from taking full 

advantage of fusion tagging, a method for directly tagging genes with either epitope or 

fluorescent tags, allowing the visualisation, quantification and tracking of proteins without 

the use of protein-specific antibodies, which are often unreliable or not reactive in Xenopus. 

This thesis describes the development and optimisation of a method for precise DNA 

insertion into oocytes using CRISPR/Cas9, followed by in vitro maturation and fertilisation by 

intracytoplasmic sperm injection, culminating in the production of embryos carrying a non- 

mosaic, heterozygous HA tag fused to endogenous Runx1. We also demonstrate an 

improvement to HDR insertion using long homology compared to short homology in 

embryos, carving a clear path forward to further optimising HDR insertion in oocytes. 

Together with other methods being developed around the globe, these techniques have 

great potential to strengthen the frog as a genetic model organism. 
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Statement of Aims 
 
 

The primary objective of this work is to develop and optimise a CRISPR/Cas based method 

for precise DNA insertion into the Xenopus genome. 

The project can be subdivided into these, more focused objectives: 

 
1. To optimise ICSI fertilisation in Xenopus laevis eggs. 

2. To optimise Xenopus laevis oocyte preparation, culture and maturation followed by 

ICSI. 

3. To precisely insert a HA tag into the N’ terminus of RUNX1 using CRISPR/Cas in 

Xenopus laevis oocytes, followed by culture, maturation and ICSI to produce animals 

with non-mosaic, heterozygous insertions. 
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General Introduction 
 

The Xenopus research community has endeavoured to develop a high throughput, 

consistent method for precise DNA insertion for many years. Since this would provide 

new research opportunities in patient-specific disease modelling as well as provide a 

method for fusion tagging, a powerful tool in developmental and cell biology research 

that allows researchers to visualise, quantify and track protein expression in real time. 

Past attempts to make precise insertions using CRISPR/Cas9 injections in 1-cell embryos 

have resulted in very inefficient insertion rates with extreme mosaicism, meaning that 

only a small number of cells in the frog contain the edited DNA, which results in very low 

to no germline transmission preventing genetic lines being made (Piccinni et al., 2019). 

These issues, however, have not solely been found in frogs, but also over all vertebrate 

model organisms where precise integration into the genome has been attempted using 

double stranded break generating enzymes such as Cas9. For example, in 2017 a review 

of attempts to achieve precise knock in in zebrafish was published (Albadri et al., 2017). 

Nine publications were analysed, and the highest generation rate of founder animals 

reported was 14.7%, with an average of 4%. The fact that, where tested, only half of 

these expressed the expected phenotype suggests that even this success rate was an 

overestimation. In mice, the difficulty has been reflected in the number of different 

methods attempted; five different approaches have succeeded to some degree but with 

limited size capacity for the integrated DNA, and errors incorporated in many animals 

(e.g. Inui et al., 2014; Quadros et al., 2017; Yoshimi et al., 2016). Some of the methods 

used successfully in cultured cells were also attempted in zygotes but none of the early 

ones worked efficiently (e.g.: Hendel et al, 2015, Suzuki et al 2016, Auer et al 2014). 

Recently, an improved homology directed repair (HDR) strategy using long homology has 

been demonstrated to provide an improvement in insertion efficiency, however, the issue 

of mosaicism remains (Nakayama et al., 2020a). Furthermore, recent work in zebrafish has 

revealed that the most efficient current approaches may be locus-specific, for example 

maximum correct integration at the sox3 locus was 29% but at the pax6a locus it            

was 5% and at sox11a 12% using the same approach (Ranawakage et al., 2021). 

Mosaicism found in Xenopus crispants has two main causes, HDR events in fertilised eggs 
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are much more rare than its less precise counterpart, non-homologous end joining (NHEJ) 

(Hagmann et al., 1996), and the rapid development of Xenopus embryos post fertilisation 

often results in the gene editing event (in which I include both the cutting of the DNA and 

its repair) occurring long after cell division. Both factors can be circumvented through 

gene editing in oocytes, rather than fertilised eggs. Not only are HDR events much more 

common in oocytes than in fertilised eggs (Hagmann et al., 1996), but oocytes can be 

cultured for days before fertilisation, giving the gene editing process the time it needs to 

reach completion in one cell (Aslan et al., 2017). Because the use of oocytes could 

increase efficiency by giving the gene editing machinery ample time to generate the 

targeted edit, efficiency variation between loci could also be minimised allowing the 

method to7 produce enough positive animals for downstream use when targeting low 

efficiency loci. 

The complication surrounding the use of oocytes is the method of fertilisation. Matured 

oocytes cannot be fertilised by the same in vitro method as eggs, since it requires the 

oocytes to be processed in the oviduct of the frog, altering the coelomic envelope and 

coating them in a protein-rich jelly (Grey et al., 1977; Olson & Chandler, 1999). Attempts 

have been made to recreate the effects of this processing in vitro, however, the methods 

are largely inconsistent (Elinson, 1973; J. Heasman et al., 1991). Another strategy, known 

as the host transfer method, uses the natural process by transferring in vitro matured 

oocytes into the body cavity of an ovulating female frog. The frog then processes and lays 

them as her own (Aslan et al., 2017; J. Heasman et al., 1991). This method, although 

impressive, is technically very demanding and ethically expensive since the procedure 

causes significant suffering to the host frog. There is, however, a third option in 

intracellular sperm injection (ICSI), a method that involves the injection of sperm nuclei 

directly into the matured oocyte, forcing fertilisation. ICSI has been shown to work in both 

unfertilised eggs and oocytes (Enrique Amaya & Kroll, 1996; Kroll & Amaya, 1996; 

Miyamoto, Simpson, et al., 2015a) however, very few labs have replicated successful 

fertilisation of matured oocytes using ICSI, and anecdotal information suggests that 

results can be extremely variable. 

This project aims to: firstly, develop and optimise a consistent ICSI method for the 

fertilisation of matured oocytes, and secondly, use CRISPR/Cas9 gene editing to generate 
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a precise HDR insertion of a haemagglutinin (HA) epitope tag at the N-terminus of 

haematopoietic transcription factor RUNX1 in oocytes, followed by fertilisation by ICSI. 

 
 
 

1. Chapter 1 
This chapter outlines the first experiments in my journey towards optimising ICSI in 

oocytes. The chapter focuses on preparation of sperm nuclei and the ICSI technique in 

unfertilised eggs. Eggs were used rather than oocytes at this point to concentrate our 

investigation on the ICSI portion of the method whilst avoiding difficulties from using un- 

optimised oocyte techniques such as defolliculation, handling and culturing. Using this 

tactic, I was able to design optimisation experiments which would lead to consistently 

successful sperm nuclei preparation and ICSI fertilisation in Xenopus laevis eggs, before 

moving on to the optimisation of preparation, culture and ICSI fertilisation of oocytes 

(chapter 2), then gene editing in oocytes, followed by ICSI (chapter 3). Our ICSI method 

was adapted from two protocols published from the labs of Kristen Kroll and John Gurdon 

(Kroll & Amaya, 1996; Miyamoto, Simpson, et al., 2015a). 

 

 

1.1. Background 

1.1.1. Gametogenesis in Xenopus 

 
The general definition of gametogenesis is the differentiation and maturation of diploid 

gametocytes into haploid gametes (eggs and sperm). In the case of Xenopus laevis, which 

are tetraploid, the gametocytes have four sets of chromosomes which are then reduced 

to two chromosomes through meiosis. 
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Figure 1.1. Schematic outlining general gametogenesis. A flowchart showing the order of events leading to 
the differentiation and reduction in genetic material of precursor cells leading to the emergence of both 
eggs and sperm. 

 
 
 

1.1.2.  Spermatogenesis 
Spermatogenesis is the process by which one the critical components for ICSI is made, it 

describes the differentiation of precursor cells into to spermatozoa which takes place 

within spermatogenic cysts formed by Sertoli cells in the testes of the adult male 

Xenopus. Precursor cells known as spermatogonia reproduce by mitosis, providing a 

continuous wave of starting material for spermatogenesis (Kalt, 1976). These precursor 

cells have two phases of mitosis, in the first phase they undergo five mitotic divisions, 

during this phase the nuclei of the cells change in morphology, decreasing in size and 
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becoming uniformly round. In the second phase, the spermatogonia which had previously 

been derived from the first phase undergo a further three mitotic divisions, keeping their 

new morphology (Takamune et al., 2001). The secondary spermatogonia then undergo a 

growth phase and DNA replication, becoming primary spermatocytes ready for the first 

round of meiosis, which gives rise to secondary spermatocytes containing one set of 

original chromatin and one set of sister chromatids. The second round of meiosis 

separates the original chromatin from the sister chromatids and gives rise to haploid cells 

called spermatids. 
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Fig 1.2. Mitosis and meiosis in Xenopus laevis. A schematic showing the difference between mitosis and 

meiosis in Xenopus laevis. Mitosis is the biological process of cell duplication where during G1 and G2 phases 

the cell grows and produces proteins needed for DNA replication, organisation, and cytokinesis, during S 

phase DNA is replicated producing sister chromatids, and during M phase, chromosomes are organised to 

opposite sides of the cell and cytokinesis occurs, producing two diploid (tetraploid in the case of Xenopus 

laevis) daughter cells. Meiosis is a biological process in the production of sex cells where the cell replicates 

its DNA once, but undergoes two rounds of meiosis, producing four haploid (diploid in the case of Xenopus 

laevis) gametes. 

The maturation of spermatids to spermatozoa is largely a series of morphological changes 

since sperm cells are motile and a transport system for the genetic material carried in the 
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nucleus. This process of maturation and the last stage of spermatogenesis is called 

spermiogenesis, causing the growth of flagella and elongation of the nucleus and head of 

the spermatid. The surrounding Sertoli cells engulf the spermatid at the start of 

spermiogenesis, surrounding it with Sertoli cytoplasm. This suggests that factors arising 

from the Sertoli cells are instrumental in this maturation process. The ability to culture 

Xenopus spermatids through spermiogenesis has helped to understand this, showing that 

in the absence of Sertoli cells, spermatids produce flagella, which are essential for cell 

motility, and show an elongation of the nucleus, but the morphological changes to the 

head of the cell fail (Bernardini et al., 1990). 

 
 
 

1.1.3.  Oogenesis 

 
The second key component of ICSI is the oocyte; whilst the outer morphology of sperm is 

quite complex in order to achieve motility and breach the membrane of unfertilized eggs, 

the oocyte can lay claim to being the much more complex of the two gametes with a 

sophisticated internal system. This is complete with the ability to kickstart embryonic 

development, producing most of the RNA, proteins and nutrients needed to maintain the 

early embryo up until late blastula stages when transcription and translation of the 

zygotic genome begins (Marteil et al., 2009; Skirkanich et al., 2011). Oogenesis occurs in 

the ovary with the mitotic division of oogonia, oocyte precursor cells. These cells then go 

through various stages of growth before they are viable for meiosis. Six stages of 

development have been observed in the oocyte between mitosis and the first meiosis 

division. Stage I oocytes are the least developed and the smallest stage at 50-300 µm in 

diameter. They have no pigment and a clear cytoplasm with a large, centrally-positioned 

nucleus. A densely packed mass of organelles has been observed in stage I oocytes, 

consisting mainly of mitochondria, but also Golgi complexes and endoplasmic reticulum 

(Eppig & Dumont, 1974). These early-stage oocytes, like the later stages, are surrounded 

by two cell layers and a connective tissue layer belonging to the ovary. In late stage I, 

microvilli begin to form on the outside of the oocyte, these microvilli will eventually 

become instrumental during fertilization. As the oocyte progresses into stage II, it 

increases in size to 300-450 µm and gains an opaque white colour. During stage II the 
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vitelline envelope begins to form in isolated patches located under follicle cells 

surrounding the oocyte. Small yolk platelets also form at this time. As the oocyte moves 

into stage III of its development, the diameter increases to 450-600 µm and gains a light 

brown pigmentation, which gradually turns darker towards the end of stage III. Stage III 

also signals the start of vitellogenesis, the uptake and accumulation of yolk. In the first 

instance, yolk appears peripherally in the oocyte cytoplasm, however, as the small yolk 

bodies accumulate and fuse with each other to make larger bodies they become  

scattered throughout the cytoplasm. At this stage mitochondria are concentrated at the 

surface of the oocyte and RNA, proteins and polysaccharides are less evident in the 

cytoplasm, with the nuclear cytoplasm rich in mitochondria and the lampbrush 

chromosomes, responsible for the bulk of maternal mRNA synthesis (Eppig & Dumont, 

1974). The vitelline envelope spreads to envelop the entire oocyte at this stage. At stage 

IV, the oocyte acquires polarity with the differentiation of the animal and vegetal poles. 

The large yolk platelets are now distributed in the vegetal hemisphere and the nucleus 

moves further towards the animal hemisphere. At this point there is a clear, visible 

distinction between the two hemispheres, with the animal hemisphere displaying a dark 

brown pigment and the vegetal hemisphere displaying a cream colour. At stage V, when 

the oocytes reach 1000-1200 µm in diameter, the animal pole changes colour from a dark 

brown to a medium to light brown. Yolk accumulation subsides at this time and the 

nucleus migrates further into the animal pole. Nucleoli and condensed chromosomes 

concurrently form a tight mass at the centre of the nucleus. 

 
 

At stage VI, the fully-grown oocyte measures 1200-1300 µm in diameter and has a 

distinct, unpigmented band around its equator. The majority of the yolk, in the form of 

large yolk platelets is positioned in the vegetal hemisphere, with small yolk platelets 

positioned in the animal hemisphere. Many of the microvilli, which have been growing 

and increasing in number from stage II onwards, are lost, leaving only short microvilli on 

the oocyte surface. Polarisation of the nuclear envelope is distinct, with the vegetal pole 

made up of complex folds (Eppig & Dumont, 1974). Once the oocytes have reached stage 

VI, they are arrested in the prophase of meiosis I and viable for maturation. Progesterone 

and pregnenolone are synthesised and released from surrounding follicular cells which in 
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turn bind to hormone receptors on the surface of the oocyte, these two steroid  

hormones are then converted into androgens, which initiate maturation and entry in to 

meiosis I (White et al., 2005; W. H. Yang et al., 2003). Meiosis I is concluded with germinal 

vesicle breakdown (GVBD), whereby the nuclear envelope of the oocyte breaks down, 

releasing the contents into the animal pole and the highly asymmetrical division which 

leads to the emergence of the first polar body. The mature oocyte, now arrested in the 

metaphase of meiosis II, is released from the ovary, and moves into the coelomic cavity, 

then the oviduct. Whilst in the oviduct, the coelomic envelope surrounding the matured 

oocyte (or egg) goes through a severe structural re-organisation to prepare the egg for 

fertilisation. The coelomic envelope of the coelomic egg is tough and uneven, with its 

filaments arranged in bundles and it is permeated by channels. As the egg moves through 

the oviduct, the filaments in the envelope disperse evenly and the envelope becomes 

smooth with no channels; at this point the coelomic envelope becomes the vitelline 

envelope (Grey et al., 1977). Further on its journey through the oviduct, the egg acquires 

three coats of protein-rich jelly, essential for successful fertilisation by sperm (Olson & 

Chandler, 1999). 

 

 
 

 

Fig 1.3. An overview of oogenesis, maturation, and early embryogenesis (Ferrell, 1999). A schematic 

outlining cell cycle stages and MAPK activity (see chapter 2 ‘Nuclear maturation’) during oogenesis, 

maturation, and early embryogenesis. 
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1.1.4.  Fertilisation of Xenopus eggs 

 
In the wild, Xenopus eggs are fertilised outside the frog. The male will spread sperm over 

eggs as they are being laid. In the laboratory, the in vitro method for fertilisation is much 

the same. The eggs are massaged from the frog into a dish, before being covered with 

sperm. The sperm and eggs are then left to do what they would do in nature, followed by 

egg activation and the initiation of zygotic development. When fertilising eggs derived 

from oocytes which have been matured in vitro, this method will not work. The events 

that take place in the oviduct of the frog, such as the vitelline membrane reorganisation 

and the jelly coating are essential for sperm entry into the egg (Al-Anzi & Chandler, 1998; 

Ueda et al., 2002; Wozniak et al., 2017; Xiang et al., 2005), and so for oocytes that have 

been removed before these processes have taken place, a different method of fertilisation 

must be used. There are three fertilisation strategies which have been                      

reported in matured oocytes. The first took advantage of jelly proteins by incubating 

jellied eggs in salt buffer or water to collect diffusing components of the jelly. The oocytes 

to be fertilised are matured with progesterone, then stripped of their vitelline membrane 

before being incubated with the ‘jelly water’ and sperm (Elinson, 1973; J. Heasman et al., 

1991). It was later found that trypsin treatment without jelly water would deliver similar 

results, presumably due to the similarity between oviductin, a protease found in the 

oviduct known to increase sperm-egg membrane interaction and trypsin (L. A. L. Lindsay 

et al., 1999; L. L. Lindsay & Hedrick, 1998). The second strategy, known as the host 

transfer method, also takes advantage of nature by transferring matured oocytes into an 

ovulating host female frog. The host will then process those matured oocytes along with 

her own eggs and lay them as normal. These eggs can then be fertilised by in vitro 

fertilisation (Aslan et al., 2017; J. Heasman et al., 1991). Both of these strategies are 

impressive displays of ingenuity, and have shown some success, however, they have also 

proved to be inconsistent (J. Heasman et al., 1991). The jelly water/trypsin strategy has 

been tested in our lab with no positive results and the host transfer method was trialled 

briefly with no positive results before we decided that the ethical cost was too high and 

focused on the third strategy, intracellular sperm injection (ICSI). ICSI is a method of 

fertilisation where a sperm nucleus is injected directly into each egg, circumventing the 

issues surrounding sperm entry. This method, originally used in laid eggs (Kroll & Amaya, 
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1996), has also been shown to work in in vitro matured oocytes (Miyamoto, Simpson, et 

al., 2015a). 

 
 
 

1.1.5.  In vitro fertilization 

 
On ejaculation into a low salt environment, Xenopus sperm gain a burst of motility due to 

osmotic shock. This motility, unlike that of mammalian sperm, is short lived lasting only 5- 

15 minutes after ejaculation, making fertilization time limited (Bernardini et al., 1988; 

Inoda & Morisawa, 1987). In the laboratory, Xenopus testes are macerated in high salt 

buffer to delay this affect, the sperm sample is then spread over the eggs before they are 

flooded with low salt buffer to activate the burst of motility. 

Once sperm gain motility, they need to swim through the egg’s jelly coating and 

penetrate the vitelline envelope as quickly as possible. Sperm are guided through the jelly 

coat by chemotaxis in response to a concentration gradient of the protein allurin, released 

in the jelly layers (Al-Anzi & Chandler, 1998; Xiang et al., 2005). Moreover,                 

further studies have shown that other, unknown factors in the jelly coating have an effect 

on sperm motility, increasing motility duration, speed and direction (Burnett et al., 2011; 

Tholl et al., 2011). Another jelly factor that has been identified to be instrumental in the 

sperm’s penetration of the vitelline envelope is Ca2+ through the acrosome reaction, a 

reaction whereby the acrosome, an organelle at the anterior of the sperm head, fuses 

with the vitelline envelope, allowing the sperm head to pass through (Ueda et al., 2002; 

Wozniak et al., 2017). 

In the last stage of the sperm’s journey, it must fuse with the egg plasma membrane and 

achieve fertilization. In Xenopus, the transmembrane protein uroplakin IIIa (Mahbub 

Hasan et al., 2005, 2014; Sakakibara et al., 2005) and ganglioside GM1 (Iwao et al., 2014; 

Mahbub Hasan et al., 2007) located on plasma membrane rafts on the egg’s surface along 

with sperm protein MMP-2 are responsible for mediating gamete interaction and 

initiating egg activation. The egg’s membrane potential prior to fertilization is around -20 

mV, allowing the positively charged MMP-2 HPX domain on the surface of the sperm to 

interact with the negatively charged GM1 at the egg’s plasma membrane. This interaction 
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triggers sperm tryptic protease to partially digest the adjacent uroplakin III protein, 

leading to intracellular activation of src kinase (src) and phospholipase Cƴ (PLC). This 

activation produces IP3, which leads to the release of Ca2+ ions from the endoplasmic 

reticulum, which in turn opens calcium sensitive Cl- channels in the eggs membrane, 

increasing the membrane potential to 10 mV and allowing the egg to be fertilized (Iwao et 

al., 2014). 

 
 

 

 
 

 
(Iwao et al., 2014) 



13  

Fig 1.4. Gamete fusion and membrane potential change in the Xenopus egg. Schematic depicting 

interactions between sperm and egg leading to fertilisation. Sperm protein MMP-2 binds to egg membrane 

protein GM1, which in turn triggers sperm derived tryptic protease to degrade egg membrane protein 

Uroplakin III. The degradation of Uroplakin III leads to an intracellular increase in Src, PLCƴ and finally IP3 

causing the release of Ca2+ ions from the ER, which opens Cl- channels in the egg membrane and causes an 

increase in membrane potential. 

 
 
 

A positive fertilization membrane potential provides an electrically-mediated ‘fast’ block 

to further sperm penetration as initial MMP-2 binding can no longer occur. A further 

‘slow’ block also takes place in the vitelline envelope. Following fertilization, the egg 

releases cortical granules into the gap between the plasma membrane and the vitelline 

envelope. Enzymes transported within these granules cause changes within the structure 

of the vitelline envelope, now termed the fertilization envelope, making it impenetrable 

to excess sperm (Grey et al., 1974, 1976). 

 
 
 

1.1.6.  Intracytoplasmic sperm injection (ICSI) 

 
ICSI is a method of fertilisation whereby the nucleus of a sperm is injected directly into 

the animal pole of an egg. ICSI was first used successfully for human IVF in 1991 and was 

soon adapted for Xenopus research as part of a new transgenesis method, REMI, where 

gene edited sperm nuclei were injected into eggs to make transgenic Xenopus (Kroll & 

Amaya, 1996). This method of fertilisation allows the user to circumvent any issues 

surrounding the entry of the sperm into the egg by traditional means and therefore 

allows eggs which have not passed through the oviduct to be fertilised. 
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Fig 1.5. ICSI method. A simplified representation of the ICSI method. Testes are cleaned and macerated 

before being filtered and then treated with digitonin to release nuclei from sperm cells. Sperm nuclei are 

then injected into progesterone matured oocytes at a rate of 1 nucleus per oocyte. Fertilised matured 

oocytes will divide and grow as normal embryos. 
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1.2. Methods 
 

1.2.1.  Sperm nuclei preparation 

 
1  testis was washed in ice cold 1X MMR+PS (100mM NaCl, 1mM MgSO4, 2mM CaCl2,  

5mM Hepes pH 7.8, 0.1mM EDTA, 1mL in 1L Penicillin-Streptomycin (Sigma-Aldrich 

P4333)) 3 times before being rolled on clean tissue in order to clean it of any blood  

vessels or fat. If the teste was still not clean, blood vessels and fat were removed carefully 

using forceps. It is very important not to tear or puncture the testis at this point as sperm 

will be lost. The testis was then washed one more time in 1X MMR+PS before being 

washed a further 3 times in ice cold NPB. 

 
 

 

Nuclei prep buffer (NPB) Stock 50 mL 

250mM Sucrose 1.5M 8.3 mL 

15mM Hepes pH 7.7 1M 750 L 

0.5mM Spermidine 10mM 2.5 mL 

0.2mM Spermine 10mM 1 mL 

1mM DTT 1M 5 L 

 
 

The testis was transferred into a dry petri dish and macerated using a razor blade until no 

lumps remained. Using a 5 mL pipette, the macerated testis was then suspended in 4 mL 

of ice cold NPB and filtered through a funnel lined with 4 layers of cheesecloth in to a 15 

mL Falcon tube. The petri dish and razor blade were rinsed with a further 4 mL of ice cold 

NPB which was also filtered into the same Falcon tube. The remnants of the macerated 

testis were squeezed out of the cheese cloth with a gloved hand. 
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The sperm suspension was centrifuged at 14000 x g for 10 minutes at 4oC and the 

supernatant discarded. The sperm pellet was resuspended in 8 mL of ice cold NPB and the 

centrifugation step repeated. The supernatant was discarded, and the pellet was 

resuspended in 1 mL of room temperature NPB. 500ng (50 L of a 10mg/mL stock) of 

digitonin was added to the suspension before incubating at room temperature for 5 

minutes. The reaction was halted by adding 8 mL of ice cold NBP + 3% BSA followed by 

centrifugation at 7000 x g for 20 minutes at 4oC. The supernatant was discarded, the  

pellet was resuspended in 8 mL of ice cold NPB + 0.3% BSA and the centrifugation step 

was repeated. The supernatant was discarded, and the pellet resuspended in 700 µL of ice 

cold NFB. 

*When pipetting sperm nuclei, it is important to use wide bore pipette tips to avoid 

mechanical damage. 

 

Nuclei freezing buffer (NFB) Stock solution 10 mL 

250 mM sucrose 1.5 M 1.66 mL 

15 mM HEPES pH7.7 1 M 150 µL 

0.5 mM Spermidine 10 mM 500 µL 

0.2 mM Spermine 10 mM 200 µL 

1 mM DTT 1 M 10 µL 

47% Glycerol  4.7 mL 

0.3% BSA  30 mg 

 

 

2  µL of sperm nuclei was diluted with 198 µL of NDB and 100 pg of DAPI (ThermoFisher 

62248) from a 10ng/µL stock solution was added to the dilution. 
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Nuclei dilution buffer (NDB) Stock 10mL 

250mM Sucrose 1.5M 1.7 mL 

75mM KCl 1M 752 uL 

200uM HEPES pH 7.7 1M 2 uL 

0.5mM Spermidine 10mM 500 uL 

0.2mM Spermine 10mM 200 uL 

 

 

The dilution was mixed well before loading 2µL on a haemocytometer. Stained nuclei in 

all counting squares were checked for quality and counted 3 times with 3 separate 

applications of the sperm nuclei. The three counts were averaged with the resulting 

number representing the number of nuclei in 1 nL. The following calculation was used to 

determine the dilution needed for 1 sperm nucleus per injection. 

 
 

For X. laevis (10 nL injection) 

 

n X 10 = undiluted count per injection (UC) 

Dilution = 1 L in UC L of SDB 

For example: 
 

If the undiluted nuclei count was 80 nuclei in 1 nL, the following dilution would be made 

to achieve a 1 nucleus per 10 nL suspension. 

1 µL (undiluted sperm nuclei) in 799 µL of SDB. 
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1.2.2.  Sperm nuclei drop test 

 
According to the sperm nuclei count, sperm nuclei were diluted to 1 nucleus per 10 nL 

injection. The nuclei suspension was then back filled into a needle cut to a 40 nm tip 

diameter and attached to a micropipette syringe pump set to 0.6 µL/min. 1 µL distilled 

water droplets were pipetted on to a microscope slide. Each droplet was injected for 10 

seconds before being covered with a cover slip and viewed under a fluorescence 

microscope. The sperm nuclei in each droplet were counted and divided by 10 in order to 

find the number of nuclei obtained from a 1 second injection. 

 

 
 

1.2.3.  Injection plate preparation 

 
Agarose injection plates were made using 2% agarose in 1X MMR for CRISPR injection and 

2% agarose in 0.4X MMR for ICSI. Both types of injection plate were made in 45mm petri 

dishes poured to ~1cm depth. Before the agarose set a pocketed mould (a bicycle rear 

reflector with the cover removed) was placed into each dish and left to set. Once set, the 

mould was carefully removed, and the plates were wrapped in clingfilm and stored at 4oC. 

 

 

1.2.4.  Needle preparation 

 
Glass needles were pulled using a Flaming-Brown micropipette puller and cut manually 

using forceps. The needles were cut to a 40 µm tip diameter using a micrometre grid to 

provide a 10 nL injection during ICSI. For CRISPR, needles were cut to inject 4 nL in a 0.5 

sec injection. 

 

 
 

1.2.5.  Silicon coating needles 
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Under a fume hood, Sigmacote® was back loaded into and then passed through cut 

needles. The silicon-coated needles were then left to dry fully overnight in a fume hood 

before being rinsed with molecular grade water and left to dry for a further 24 hrs. 

 

 
 

1.2.6.  Needle bevelling 

 
Cut needles were ground to a 45o bevel using a micropipette beveller of unknown origin. 

 

 

 
 
 

1.2.7.  ICSI in unfertilised Xenopus laevis eggs 

 
Adult female Xenopus were injected with 450-60 UI HCG (Chorulon, Intervet) the day 

before the experiment. On the day of the experiment eggs were massaged from the 

female into a 500 mL glass beaker and covered in 2% cysteine (Sigma-Aldrich 168149) in 

1X MMR followed by gentle agitation to aid jelly coat degradation until no space could be 

seen between eggs, signalling complete jelly coat degradation. The de-jellied eggs were 

washed very gently with 1X MMR + 0.5% BSA five times before being transferred into 

agarose injection plates filled with 6% Ficoll in 0.4X MMR. Each oocyte was given a 1 

second injection of sperm nuclei at the edge of the GVB spot at a dilution of 1-1.5 

nuclei/10nL in sperm nuclei dilution buffer. The injected oocytes were left in situ in their 

injection dishes to develop at 18oC. 

At 4-cell stage, healthy embryos were selected and transferred to 90mm Petri dishes 

filled with 0.1X MMR+PS. Embryos were checked hourly for the next 10 hours with any 

dying embryos being removed and frozen for genotyping. 

 

 
 

1.2.8.  Embryo culture 
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Embryos were kept at 18oC in 90mm petri dishes filled with 0.1X MMR+PS at a density of 

50 embryos per dish. Any dead or dying embryos were removed twice a day and the 

surviving embryos transferred to fresh dishes of 0.1X MMR+PS. At stage NF 42, embryos 

were sent to the EXRC for specialist care. 

 

 
 

1.3. Results 
 

Due to the length of the overall method and number of factors which were likely to affect 

its success, it was decided that the method should be split into two main parts for 

effective optimisation. Fertilisation by ICSI was the first technique to be tackled since 

without a consistent method of fertilisation, gene editing and oocyte health could not be 

assessed. 

 

 
 

1.3.1.  Permeabilization of sperm cells by digitonin treatment 

 
A time course was performed in order to determine how long sperm cells take to lyse 

without visible damage to the nuclear membrane in a 500 µg/mL digitonin suspension in 

NPB. Intact sperm were extracted from a fresh Xenopus laevis testis by maceration and 

filtration followed by washing in NPB as detailed above. The sperm suspension was then 

pipetted into eight 1 mL aliquots and 50 µL of a 50mg/mL digitonin dilution was added to 

seven of the tubes, leaving one tube with no digitonin treatment. 8 mL of ice cold 3% BSA 

in NPB was added to one of the tubes in turn after 0 (without digitonin treatment), 2, 3, 

3.5, 4, 4.5, 5 and 5.5 minutes before the sperm were collected by centrifugation. The 

sperm/sperm nuclei samples were resuspended in NFB, diluted by 1/100 in NDB, stained 

with DAPI and visualised on a fluorescence microscope under ultraviolet light. 

Cell lysis was identified by the lack of cell membrane surrounding the stained nuclei. 

There was also an increase in the strength of staining in samples that had been treated 

with digitonin for more than 2 minutes, this change in signal is most likely to be due to 

faster penetration of the DAPI stain into the nucleus due to cell membrane 
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permeabilization. Very little staining was seen in the sample which had not been treated 

with digitonin, whereas the 2-minute digitonin treatment sample showed some staining, 

demonstrating the need for permeabilization of the cell membrane for efficient DAPI 

staining. Samples which had been treated with digitonin for between 3 and 5.5 minutes 

showed no difference in DAPI signal, or damage to the nuclei, moreover, cell membrane 

loss was not apparent enough to determine at what point during digitonin treatment the 

nucleus was fully denuded. Due to these factors, the optimum length of digitonin 

treatment was unable to be found with this experiment. However, since previous work 

had suggested that a 5 minute incubation with the same concentration of digitonin was 

acceptable (Miyamoto, Simpson, et al., 2015c; S. J. Smith et al., 2006), and our data 

suggested that there is no damage at 5 minutes, it was decided that this would be our 

starting point going forward, but should be revisited if issues around fertilisation arose. 
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Fig 1.6. Digitonin treatment time course. Representative pictures at of X. laevis sperm taken from one t e st i s 

treated with 500µg of digitonin in a 1ml suspension. Digitonin was deactivated with ice cold 3% BSA in nuclei 

preparation buffer and nuclei washed with 0.3% BSA in nuclei preparation buffer after exposure to digitonin for 2,  3 ,  

3.5, 4, 4.5, 5 and 5.5 minutes. Samples were then treated with DAPI (1:1000 dilution) and visualized at 30X 

magnification under UV illumination. Very little staining was seen in the sample which had not been treate d  wi t h  

digitonin (a), whereas the 2-minute digitonin treatment sample showed some staining, demonstrating the ne e d  for  

permeabilization of the cell membrane for efficient DAPI staining. Samples which had been treated with digitonin for  

between 3 and 5.5 minutes had clear staining with no variation in intensity between samples, moreover, there were no  

visible signs of damage to the nuclei. This experiment was repeated three times in an attempt to optimise the lengt h  of 

the digitonin treatment, however, the experiment produced the same results each time making the optimum lengt h  of 

this treatment unclear. 

 

 
 

1.3.2.  Needle size and modification for ICSI 

 
Having identified the optimum time for digitonin treatment of the sperm to produce 

nuclei, the next step in optimisation was to discover the smallest needle that could be 

used to microinject a nucleus without damaging it. Although this has been determined for 

nuclei swollen in egg extract (Kroll and Amaya) it has not, to our knowledge, been tested 

thoroughly with untreated sperm nuclei. It was critically important to maintain a balance 

between keeping the diameter of the needle point as small as possible to keep damage to 

the injected egg to a minimum whilst not so small that it would cause damage to the 

sperm nuclei. Glass capillary needles were cut to diameters of 20, 40 and 60 µm using 

watchmaker’s forceps. 60 µm was chosen as a maximum needle size as this size has 

previously been used for the injection of egg extract treated decondensed sperm nuclei 

(Kroll & Amaya, 1996). DAPI-stained sperm nuclei were backloaded into each needle 

before being injected into a droplet of NDB on a microscope slide. Sperm nuclei injected 

through each needle size were stained with DAPI, visualized on a fluorescent microscope  

under UV light and compared to a pipetted, undamaged sample of sperm nuclei. The 

optimum needle size was determined by identifying the needle with the smallest 

diameter which did not damage the sperm nuclei. Sperm nuclei injected using the 20 µm 

diameter needle presented as fragmented pieces, clearly damaged by the needle (Fig 7 

A), however, the sperm nuclei injected using needles cut to 40 and 60 µm in diameter did 

not show any signs of damage and looked much like the sperm nuclei which hadn’t been 
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injected. It was decided that a needle cut to 40 µm was the optimum diameter for ICSI in 

Xenopus laevis. 

 
 

Sigmacote® is a siliconizing reagent which coats glass in a thin, hydrophobic film. It was 

thought that this film may prevent sperm nuclei from being damaged by shear forces as 

they travel down the needle. Needles cut to a diameter of 40 µm were siliconized by 

backloading Sigmacote® into the needle and passing it through the needle. The needle  

was then left to dry in a fume hood overnight before being washed through with water 

using the same method as the siliconization to remove HCl by-products. The needle was 

left to dry for another 24 hours before use. DAPI-stained sperm nuclei were injected into 

droplets of NDB using the siliconized needle and visualized on a fluorescence microscope 

under UV light. Sperm nuclei injected using a siliconized needle showed extensive damage  

and loss of nuclei (fig 7B). It may be possible that the HCl by-products produced by 

Sigmacote® curing were not fully removed on washing. 

 

Damage to the egg during ICSI was considered whilst preparing needles, and as such it 

was hypothesized that a bevelled needle may cause less trauma to the cell membrane on 

entry. Needles cut to a diameter of 40 µm were bevelled to a 45o angle on a grinding 

stone before being washed to remove any debris. DAPI-stained sperm nuclei were 

injected through the bevelled needle into NDB and visualized on a fluorescence 

microscope under UV light. The sperm nuclei injected through the bevelled needle 

showed some damage with many nuclei fragmented (Fig 7B). The method of bevelling 

may have caused issues with leftover debris even after washing, moreover, the edges of  

the bevel may have not been ground smoothly enough and required a finer stone. We 

decided against using this method routinely since it clearly has the potential to introduce 

significant inconsistency to the overall protocol. 



25  

 

 
 

 
Fig 1.7. Needle size and modification for ICSI. Representative pictures of DAPI stained sperm nuclei prepared from  

one set of testes taken at 30X magnification repeated three times. (A) Pictures show the damage caused to  spe rm  

nuclei by various sizes of needle. Needles were cut to 20, 40 and 60 µm and sperm nuclei suspension was injec t e d  

directly on to the slides. Sperm nuclei injected through a needle cut to 20 µm showed damage whereas needles c ut  t o  

40 and 60 µm showed no damage. (B) Pictures show damage to sperm nuclei caused by needle modifications. Ne e dl es 

cut to 40 µm were treated with Sigmacote® and left to dry overnight and washed with sterile water before being use d  

to inject sperm nuclei suspension directly on to slides. Needles cut to 40 µm were bevelled using a grinding st one  

before being used to inject sperm nuclei suspension directly on to slides. Both needle modifications caused extensi ve  

damage to the sperm nuclei. 
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1.3.3.  ICSI fertility rates with fresh Vs frozen sperm nuclei 

 
Sperm nucleus quality, along with egg quality is paramount to the success of fertilization 

by ICSI. Therefore, when the fertilization rate of the ICSI experiments decreased 

dramatically when using frozen sperm nuclei compared to fresh, it was hypothesized that 

the freezing process or perhaps the thawing process was leading to damage of the sperm 

nuclei. Three separate sperm nuclei preps were made and used in three separate ICSI 

experiments before being aliquoted, fast frozen in liquid nitrogen and stored at -80oC. 

Each frozen nuclei prep was used after one week and then at two weeks. Across all three 

nuclei preps, the fertilization rate dropped dramatically after freezing. The frozen sperm 

nuclei were then stained with DAPI and visualized on a fluorescent microscope under UV 

light. When compared to the same nuclei prep which was visualized before freezing, the 

nuclei appeared to have undergone extensive damage, with most of the nuclei 

completely fragmented. The method for freezing sperm nuclei needs to be and will be  

optimised, however, in the interest of moving this method forward it was decided that 

fresh sperm nuclei would be used from this point forward. 
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Fig 1.8. ICSI fertility rates using fresh Vs frozen sperm nuclei preps. Three separate sperm nuclei preps were made ove r  

8 weeks. Sperm nuclei preps were used fresh (after being resuspended in freezing buffer) to fertilize X. laevi s e ggs 

before being snap frozen in liquid nitrogen and stored in 1 use aliquots at -800C. Frozen sperm nuclei preps would t he n  

be used for ICSI in to eggs 1 and 2 weeks after freezing. (A) The graph shows the percentage of fertilized eggs aft e r  ICSI  

with sperm nuclei preps 1,2 and 3 when used fresh, after 1 week of storage and after 2 weeks of storage. There  was a 

large drop in fertility rate when using frozen sperm nuclei compared to fresh sperm nuclei. (B) Representative pic t ures 

of sperm nuclei prep 3 before freezing and after 2 weeks of storage. After freezing and thawing, the sperm nuclei  are  

fragmented, and most are destroyed. 
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1.3.4.  Consistency of sperm nuclei numbers in timed 
microinjections 

 
During ICSI it is imperative that each egg is injected with a single sperm nucleus. 

Obtaining a nuclei dilution which consistently provides one nucleus per 10 nL injection is 

paramount to efficient fertilisation. If the diluted solution is too concentrated this would 

lead to polyspermy and abnormal embryo development, however, if too dilute then this 

would cause a low fertilisation rate due to eggs receiving empty injections. An accurate 

dilution, however, can still be undermined by the injection’s delivery. The sperm nucle i 

injection is delivered by a continuous syringe pump, connected to the needle by flexible 

polymer tubing filled with mineral oil (Ishibashi et al., 2008). Over time the tubing can 

react with the mineral oil and harden, often becoming brittle and changing the rate of 

delivery of the solution. Over the course of six weeks, it was noted that the efficiency of  

fertilisation by ICSI was very low, with a mixture of eggs which looked unfertilised with no 

division or polyspermy fertilised with uneven division. This led me to hypothesize that the 

sperm dilution may not be injected consistently. To test this, I injected sperm nuclei 

diluted to 1 nucleus/10 nL, into droplets of NDB for 10 seconds (100 nL) and then for 1 

second (10 nL). The injected sperm were visualized on a fluorescent microscope and the 

count for each injection was tallied. The 10 second injections showed that around double 

the number of nuclei were being injected as expected. Over a 10 second period between 

16 and 25 nuclei were being delivered which equates to 1.6 to 2.5 nuclei per 1 second 

injection. However, the numbers of nuclei counted in the 1 second injections showed that 

the nuclei were not being delivered consistently with numbers varying wildly between 0 

and 8 nuclei per 1 second injection. As it was unlikely that this was an issue with the 

needles used, my attention turned to the syringe pump apparatus. Although it would 

have been possible that the problem lay with the mechanism within the machine, it was 

more sensible to check the tubing first as it can be easily replaced. Fresh Tygon tubing 

was run from the syringe pump and the experiment was repeated. There was a clear 

change in the results, with the 10 second counts ranging between 10 and 14, equating to 

1 to 1.4 nuclei per second. The nuclei count from the 1 second injections showed a much 

higher consistency with 7 out of 10 injections yielding 1 nucleus per 1 second injection. 

This suggests that the integrity of the polymer tubing connecting the syringe pump to the 
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needle plays a large part in the flow consistency of the sperm nuclei suspension and must 

be changed on a regular basis. 

 

 
 Dilution 

1 
Dilution 
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Dilution 
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injection 
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3 
 
 
 

Table 1.1. Sperm nuclei hemacytometer counts and drop test counts when using a syringe pump with old tubing. 

Sperm nuclei were diluted 1:100 in nuclei dilution buffer and counted on a hemocytometer. The sperm nuclei we re  

further diluted to 0.1 nuclei/nL and injected into 1 µL droplets at a rate of 10 nL/sec. 5 separate drop counts were t ake n  

for both 10 second and 1 second injections. 
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Table 1.2. Sperm nuclei hemacytometer counts and drop test counts when using a syringe pump with fresh tubi ng.  

Sperm nuclei were diluted 1:100 in nuclei dilution buffer and counted on a hemacytometer. The sperm nuclei we re  

further diluted to 0.1 nuclei/nL and injected into 1 µL droplets at a rate of 10 nL/sec. 5 separate counts were take n  for  

10 second injections. 
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1.4. Discussion 
 

The data collected during these experiments helped optimise the processing of sperm 

nuclei that were not decondensed, and the delivery of those nuclei into eggs, producing a 

solid, reproducible method of fertilisation, which was then taken forward to oocytes. The 

first thing tested and taken forward was the length of the digitonin treatment used for 

lysing sperm cells and producing nuclei; the use of 5-minute digitonin treated nuclei 

produced consistently good results in when used for ICSI in eggs. Storage of the sperm 

nuclei posed an issue when it became apparent that the freezing/thawing process was 

causing extensive damage. Although other labs have successfully  used frozen  sperm 

nuclei for ICSI, and, we used the Gurdon lab protocol for this (Miyamoto, Simpson, et al., 

2015a), both sperm nuclei slow-frozen directly at -80oC and sperm nuclei fast frozen in 

liquid nitrogen continued to show damage. Due to this, the decision was taken to only use 

fresh sperm nuclei from this point forward, however, I would like to revisit this in the 

hopes of resolving the problem in the future, as the ability to use frozen nuclei would cut 

down on the number of male frogs killed in this process and would also save man hours 

within a demanding protocol when preparing fresh sperm nuclei for every ICSI session. 

 

The delivery of sperm nuclei into eggs was the next point of the method to be addressed. 

Needle size, whether siliconized or bevelled needs to be kept to a minimum to prevent 

avoidable damage to the oocyte during ICSI, whilst remaining large enough to prevent 

damage to the sperm nuclei as they pass through the needle. Needles cut to 40µm were  

found to be the lowest bore that would not cause damage to sperm nuclei, this needle 

size has been used successfully from this point forward. Although the siliconized needles 

seemed to cause excessive nuclei damage, I suspect that this may be due to insufficient 

rinsing of the needle post drying to remove HCl by-products. I would like to revisit this to 

see if, with the help of siliconization, I could get the needle size down even further than 

40µm. 

The realisation that using aged Tygon tubing running from the injection pump to the ICSI 

needle was impeding the continuous flow was a huge turning point and came as a result 

of the inconsistent fertilisation rates which also caused me to investigate the integrity of 
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the frozen sperm nuclei. As a result, I have since made a point of maintaining any 

equipment I use and now replace the Tygon tubing every six months. 

Overall, it was possible to move forward with confidence that I could prepare and inject 

sperm nuclei into eggs and achieve ICSI with a frequency of 20-40% success across 5 

experiments. The next challenge was to prepare oocytes in a good enough state to be 

fertilised by ICSI and, importantly, to develop to adults since for some of the downstream 

work envisaged the production of lines would be essential. 

 
 
 

2. Chapter 2 
 

The success of ICSI relies heavily on the quality of the starting materials, the sperm, and 

the oocytes. Chapter one focused on the quality and handling of the sperm as well as the 

preparation of the sperm nuclei. This chapter will focus on oocyte quality, handling, 

preparation, and culturing. I have found, through my experiments, that the starting 

oocyte quality is a major hurdle in this method, meaning that the success of this method 

relies on understanding what external and internal factors makes an adult female 

Xenopus as fertile as it can be and when good quality oocytes are obtained, how their 

quality can be maintained during handling and culturing. 

 
 
 

2.1. Background 

 

2.1.1. Oocyte quality 

 
The quality of oocytes plays a key role in embryo development. Very little transcription 

occurs at the beginning of embryo development, so the very first steps of embryogenesis 

are controlled exclusively by maternal information in the form of mRNA and proteins 

present in the oocyte. Therefore, the embryonic genome has almost no impact on the 

earliest steps of the developmental program whereas the quality of maternal information 
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plays a major role during this period (Marteil et al., 2009) reviewed in (J. Yang et al., 

2015). 

Xenopus husbandry plays a large role in the quality and quantity of eggs and oocytes 

produced. Husbandry techniques in laboratory settings have been developed based on 

the natural habitats of Xenopus species with attention to water temperature, nutrition, 

light cycles, tank size, water salinity and water contaminants such as chlorine, ammonia, 

nitrates, and nitrites (Sive et al., 2000; Wu & Gerhart, 1991). There is a distinct lack of 

published material on husbandry optimization in relation to egg and oocyte quality, 

rather, Xenopus laboratories communicate these optimisations directly to each other. 

Factors which have been explored and published include water hardness and water 

circulation. Xenopus housed in water of varying hardness, yet constant conductivity, 

showed that not only did oogenesis and egg quality improve in frogs housed in hard  

water (general hardness of 104-241ppm) compared to frogs housed in softer water 

(general hardness of 62-100), but also showed an increase in survival of tadpoles past 16 

weeks. This evidence was mirrored in water samples taken from ponds in Western Cape 

Province of South Africa, the natural habitat of Xenopus laevis, where harder water ponds 

were home to larger colonies of frogs (Godfrey & Sanders, 2004). In a separate study, the 

quality of oocytes harvested from frogs housed in either recirculating water systems or 

static water tanks were tested. Cotransporter (NKCC1) cRNA was injected into oocytes and 

its function activity measured to assess the oocytes’ ability to synthesize the protein. 

Considering that protein synthesis plays an integral part in oogenesis, oocyte maturation 

and fertilisation, this is a sound assessment of oocyte viability. The study lasted for 23 

months with oocytes being injected and tested for cotransport function every 4 weeks. 

Oocytes harvested from frogs housed in static water tanks consistently showed higher 

cotransporter function than those taken from frogs housed in recirculating water 

systems. Moreover, it was reported that the static water oocytes appeared more robust 

and were easier to inject than their counterparts and the seasonal variation in oocyte 

quality found in recirculating water systems was lessened when static water tanks were 

used (Delpire et al., 2011). Interestingly, the hardness of the water in the recirculating 

system was much harder at 287ppm than that in the static water tanks which was 
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107ppm, suggesting that the beneficial effects of a static water environment may 

outweigh those of harder water. 

Stress has long been accepted as a major factor affecting oocyte and egg quality among 

the Xenopus community. Anecdotal information suggests that stress inducing situations 

such as transport of frogs, disruption to feeding schedules, overhandling of frogs and  

even building or road works surrounding the facility will cause a decrease in egg quality 

and quantity. This association between stress and fertility has been studied in other 

species with a clear correlation found, but it has yet to be studied in a substantial way in 

Xenopus (Whirledge & Cidlowski, 2013). In 2016, a study of stress levels in Xenopus 

tropicalis housed in tanks with different coloured backgrounds found that frogs housed in 

tanks with a white background, a colour which would not occur in their natural habitat, 

excreted higher amounts of the stress hormone corticosterone, and showed changes in 

mass and behaviour associated with stress. Xenopus have a dark colouring and patterning 

which allows them to camouflage themselves in their natural habitat of small bodies of 

murky, brackish water. It is thought that this stress response is due to them being unable 

to blend into their surroundings, leaving them vulnerable to predators (Holmes et al., 

2016). Other environmental factors affecting stress levels include the availability of 

‘enrichment’ items such as half pipes and artificial lily pads, which again, are often used 

by the frogs to hide. When given the choice, Xenopus will use opaque over transparent 

enrichments, further suggesting that the enrichment benefits to Xenopus are related to 

refuge hiding behaviours (Cooke, 2018). 

 
 
 

2.1.2. Follicular cells and oocyte maturation 

 
As Xenopus oocytes develop, they are surrounded by a sac made up of follicular cell layers 

including a connective tissue layer called the theca containing collagen, blood vessels and 

smooth muscle, sandwiched between squamous epithelial cell layers with desmosome 

contacts. Beneath the theca, close to the oocyte, flat follicle cells form with long microvilli 

extending from follicle cells and penetrating the vitelline envelope at the oocyte surface 

(Dumont & Brummett, 1978). 
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Follicular epithelium plays a major part in steroidogenesis leading to oocyte maturation. 

Pituitary gonadotropic hormones levels increase during reproductive periods, with follicle 

stimulating hormones (FSH) elevated during oocyte development and luteinizing 

hormones (LH) elevated during maturation (Fortune, 1983). Studies on fish have found 

that FSH and LH receptors paired with G-protein coupled receptors are found on follicle 

cells, but not on oocytes, suggesting that FSH and LH do not affect oocytes directly, but 

bind to follicle cells and initiate a signal from the follicle cells to the oocyte (Ascoli et al., 

2002; Miwa et al., 1994; Smits et al., 2003). Moreover, Xenopus oocytes treated with 

progesterone, the common hormone used in in vitro maturation, showed no sign of 

maturation when follicular layers were intact, suggesting that follicular layers protect the 

oocyte from free hormone binding (Haccard et al., 2012). In Xenopus and other amphibia, 

FSH and LH receptors are found on both follicle cells and thecal cells, but the product 

found in each cell differs, when bound by FSH or LH, follicle cells produce progesterone, 

however, thecal cells produce testosterone (Ahn et al., 1999; Kwon & Ahn, 1994; 

Sretarugsa & Wallace, 1997). Within Xenopus oocytes, progesterone and pregnenolone 

are converted into the androgens, androstenedione and DHEA through the action of 17- 

hydroxylase (Cyp 17), which is expressed in oocytes and not follicle cells (Mulner et al., 

1978; Thibier Fouchet et al., 1976; W. H. Yang et al., 2003). Androgens are then further 

converted into estrone and estradiol-17β (E2) through a reaction involving aromatase 

(Gohin et al., 2011). E2 plays a key role in vitellogenesis, but also has an inhibitory effect 

on oocyte maturation as high E2 levels in follicle cells have been found to inhibit the 

transformation of pregnenolone into progesterone, suggesting that E2 inhibits LH induced 

maturation (Gohin et al., 2011). 

Progesterone has long been the accepted initiator for oocyte maturation (Jacobelli et al., 

1974; Reynhout et al., 1975), however, the role of testosterone versus progesterone in 

oocyte maturation has been strongly debated, as high levels of testosterone have been 

observed in maturing oocytes with very low levels of progesterone (Lutz et al., 2001). 

Progesterone-mediated maturation was thrown into question when it was found that the 

progesterone antagonist RU486 did not inhibit oocyte maturation, moreover, an increase 

or decrease of progesterone receptor expression failed to have an impact on 

progesterone sensitivity in the oocyte (Bayaa et al., 2000; Sadler et al., 1985; Tian et al., 
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2000). Further study into the increased concentration of progesterone and testosterone 

in oocytes after LH stimulation found that although lower testosterone levels are needed 

for testosterone mediated maturation, progesterone levels increased to optimum levels 

much faster, as early as one hour after stimulation, suggesting that progesterone is more 

likely to be responsible for in vivo oocyte maturation. However, testosterone may play a 

part in maturation in the absence of progesterone (Haccard et al., 2012). 

Follicle cells may also play a part in the maintenance of meiotic arrest. In addition to 

physically blocking free hormone binding, it is believed that follicle cells secrete 

maturation inhibitors. Complete removal of the follicular layer from amphibian oocytes 

has been found to cause spontaneous maturation without any hormone stimulation 

(Kwon et al., 1989; Vilain et al., 1980; Zelarayán et al., 1995). Moreover, follicle cells have 

high sulfotransferase activity, converting active free maturation promoting steroids to 

inert steroid sulphates (Haccard et al., 2012). This highlights the importance of only 

partially defolliculating oocytes in preparation for a long culturing time, as over- 

defolliculation could, not only cause damage to the oocyte membrane, but also 

contribute to the problem of spontaneous maturation. 

 
 
 

2.1.3. Oocyte maturation 

 
Xenopus oocytes can remain arrested in prophase following oogenesis for weeks or 

months before hormone stimulation triggers maturation. During this time, oocytes 

accumulate all the nutrients, energy and proteins needed to achieve full maturation, 

preparing the oocyte for fertilisation and the early stages of embryo development 

reviewed in (Ferrell, 1999; Janet Heasman, 2006b). Oocyte maturation involves many 

changes, which can be split into two groups of events, nuclear maturation, and 

cytoplasmic maturation. Nuclear maturation covers the changes to chromatin during 

maturation from germinal vesicle breakdown to meiosis I through to metaphase II arrest 

where the oocyte is ready to be fertilised and resume the second meiotic division. Only 

fully-grown oocytes, which have also achieved cytoplasmic maturation can complete 

nuclear maturation. Cytoplasmic maturation includes the redistribution of organelles, 
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changes in cytoskeleton dynamics and molecular regulation, which all contribute to 

maturation competence and prepare the oocyte for fertilisation and early development 

(Chesnel et al., 1994; Eppig et al., 1994). Both nuclear and cytoplasmic maturation are 

discussed in more detail below due to their importance to ICSI development. 

The complexity of oocyte maturation leaves the process open to many opportunities for 

failure. In general, during in vitro fertilisation (IVF) of Xenopus eggs, this may not be very 

apparent, since immature oocytes will not be released or will undergo apoptosis and will 

present as a slight milkiness to the clutch of eggs. However, when oocytes have been 

removed from the ovary, undergone defolliculation and been matured in vitro, the true 

extent of maturation failure can be observed. In general, a batch of exceptionally good 

quality oocytes will have over a 90% maturation success rate, with this percentage 

generally dropping in concordance with the visible signs of poor quality. 

 

 
 

2.1.3.1.  Nuclear maturation 

 
Vertebrate oocytes are arrested in prophase of first meiotic division until triggered by 

progesterone (or potentially other hormones, see above) to resume meiosis I and enter 

the process of maturation. Once the first meiotic division is complete, the oocyte is 

arrested in metaphase of the second meiotic division (Meneau et al., 2020). Early studies 

showed that cytoplasmic activation of maturation promoting factor (MPF) led to germinal 

vesicle breakdown (GVBD) with MPF activity ceasing after the first meiotic division 

(Gerhart et al., 1984; Masui & Markert, 1971). Further studies found that MPF is a 

universal M phase regulator in eukaryotic cells and could cause maturation in immature 

oocytes when injected in the absence of progesterone, earning its name (Gerhart et al., 

1985). The purification of MPF from Xenopus oocytes gave an insight to its structure and 

the components that make up MPF, leading to a better understanding of its activation 

(Lohka et al., 1988). There are two pathways leading to the MPF activation and 

subsequent nuclear maturation, the cyclin B pathway, and the mos/MAPK pathway, the 

latter also being responsible for the formation of the meiotic spindles, inhibition of DNA 

replication between the two meiotic divisions and the second meiotic arrest (Araki et al., 
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1996; Dupré et al., 2002; Furuno et al., 1994; Gross et al., 2000; Tachibana et al., 2000; 

Verlhac et al., 1996). Much like during mitosis, meiosis is regulated by post-translational 

modifications by kinases and phosphatases. The translation of maternal RNA is essential 

for the synthesis of the many kinases and phosphatases involved in the two pathways 

leading to MPF activation and oocyte maturation (reviewed in Schmitt & Nebreda, 

2002b). 

When progesterone binds to its receptor on the oocytes plasma membrane this induces 

an inhibition of adenylate cyclase, which in turn causes a decrease in cytoplasmic cAMP 

levels and inhibits PKA activity. These events have long been regarded as the initiation of 

nuclear maturation and the first steps toward the two pathways which lead to MPF 

activation (Maller et al., 1979; J. Wang & Liu, 2004). However, it is still largely unknown 

how PKA downregulation initiates either pathway (Meneau et al., 2020) 

Both signalling pathways require translation of maternal mRNA which is believed to be 

blocked by PKA. In the presence of low PKA levels the MPF subunits, cyclin B and ringo are 

synthesized which signifies the beginning of the cyclin B pathway, and phosphorylation of 

c-mos, which in turn signifies the beginning of the mos/MAPK pathway (Duckworth et al., 

2002; Ferby et al., 1999; Frank-Vaillant et al., 1999; Matten et al., 1994; Rime et al., 1992; 

Sagata et al., 1988; Schmitt & Nebreda, 2002a). Moreover, PKA is believed to negatively 

regulate Cdc25, the phosphatase directly responsible for MPF activation (Duckworth et  

al., 2002; Peng et al., 1997) possibly through the phosphorylation of ARPP19 (Dupré et al., 

2014). 

Cyclin B binds to CDK1, forming MPF, however, existing CDK1 in the oocyte is 

phosphorylated by Myt1. With this phosphorylation on residues T14 and Y15 of CDK1, 

MPF complex is inactive (Draetta et al., 1989; Dunphy & Newport, 1989; Gautier et al., 

1988, 1990; Lew & Kornbluth, 1996). A positive feedback loop is formed by free 

monomers of CDK1 binding with Ringo/Speedy or Polo like kinase (Plk), causing CDK1 to 

be activated. The active complex, in turn, activates Cdc25 through phosphorylation which 

activates MPF through dephosphorylation (Karaiskou et al., 2004; Karaïskou et al., 1999). 

The Mos/MAPK pathway is responsible for MPF activation through the deactivation of 

Myt1, the kinase responsible for the negative regulation of MPF. There is an upregulation 
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in c-mos-oncogene after progesterone stimulation (Sagata et al., 1988), Mos directly 

activates mitogen-activated protein kinase kinase (MEK), which activates mitogen- 

activated protein kinase (MAPK) (Haggard et al., 1995; Posada et al., 1993). Myt1 is 

believed to be inhibited by either the MAPK substrate, Risk or Mos (Palmer et al., 1998; 

Peter et al., 2002). 

Both pathways to MPF activation are redundant and have been shown to work 

independently of each other (Dupré et al., 2002; Haccard & Jessus, 2006). Experiments 

which inhibit each of the components involved in both pathways have shown that the 

activation of MPF is required for germinal vesicle breakdown (GVBD) to take place, 

although the exact mechanism is still unknown (Haccard & Jessus, 2006; Meneau et al., 

2020). 

 

 
 

 
Fig 2.1. MPF activating pathways. A schematic showing the molecular pathways responsible for the 

activation of MPF leading to oocyte maturation. The Mos/MAPK pathway blocks Myt1 kinase, preventing 

the deactivating phosphorylation of MPF. The Cyclin B pathway forms inactive MPF which is then activated 

by CDC25 through dephosphorylation. 
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2.1.3.2.  Cytoplasmic maturation 

 
The ability of an oocyte to mature and be fertilised not only requires changes to nuclear 

components, but also components within the cytoplasm. These changes take place in the 

later stages of meiosis I after GVBD where translational increase has been observed 

(Wasserman et al., 1982). The large increase in translation at this time is required for 

meiosis progression; when translation is blocked, meiosis cannot be completed. 

Furthermore, under these conditions, oocytes enter a “pseudo interphase” and DNA 

replication takes place, suggesting that proteins synthesized at this time are involved in 

the regulation of M-phase progression and DNA replication (Daldello et al., 2015; Furuno 

et al., 1994; Hochegger et al., 2001). Known M-phase regulators synthesized at this time 

include Aurora-A, which is involved in spindle formation, chromosome segregation and 

cytokinesis completion as well as mRNA polyadenylation (Barr & Gergely, 2007; Castro et 

al., 2003; Crane et al., 2004; Frank-Vaillant et al., 2000). Kif11/Eg5 has been found to be 

critical for meiosis I to II transition (Castro et al., 2003). A controlled Cdc6 and Wee1 

accumulation during the later stages of meiosis has been observed to function during 

embryonic DNA replication and cell division (Daldello et al., 2015; Lemaître et al., 2002; 

Nakajo et al., 2000; Whitmire et al., 2002). 

Regulation of gene expression in somatic cells is largely due to regulation at the 

transcription level, however, oocytes are transcriptionally silent, relying on maternal 

mRNA. Polyadenylation of mRNA in the oocyte during meiosis is important for 

upregulating specific translation and is observed in 1111 transcripts after GVBD (F. Yang 

et al., 2020). Conversely, progress into meiosis II brings a wave of de-adenylation and 

degradation of transcripts associated with translational machinery such as eukaryotic 

initiation factor (elf) and ribosomal proteins (Hyman & Wormington, 1988; Session et al., 

2016; F. Yang et al., 2020). 

CPEB1 is well established as a regulator of mRNA translation in oocytes. CPEB is a 

cytoplasmic polyadenylation element binding protein, which binds to poly-A sequences 

leading to a downregulation of translation of its target mRNAs (Richter, 2007). 

Degradation of CPEB1 facilitated by phosphorylation by CDK1 at GVBD has been shown to 

affect the transition between meiosis I and II. Therefore, it is thought that degradation of 
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CPEB1 causes the positive regulation of proteins needed for successful transition from 

meiosis I to II (Mendez et al., 2002; Reverte et al., 2001; Setoyama et al., 2007). 

 
 
 

2.1.3.3.  Redistribution of mitochondria 

 
Mitochondria, the organelles responsible for cellular energy synthesis and control can be 

found distributed in the cortex of the immature oocyte. After GVBD, a translocation event 

occurs with mitochondria moving into the perinuclear space (Calarco, 1995; Q. Y. Sun et 

al., 2001; Van Blerkom & Runner, 1984). It has been observed that oocytes which do not 

display this translocation event have a low maturation rate suggesting that this 

mitochondrial redistribution is essential for maturation. The relocation of mitochondria 

towards the perinuclear space may be related to the increase in energy needed for 

nuclear maturation processes such as phosphorylation and protein synthesis, since 

correlation has been made between maturational competence, mitochondrial 

redistribution, and ATP levels (Nagai et al., 2006; Stojkovic et al., 2001). 

 

 
 

2.1.3.4.  Endoplasmic reticulum 

 
The endoplasmic reticulum (ER) is the organelle where protein and lipid synthesis occur, 

however, it has also been connected to the intracellular regulation of Ca2+, suggesting that 

it plays a major role in egg activation after fertilisation where Ca2+ is released from the    

ER mediated by IP3 receptors on the surface of the ER membrane (El-Jouni et al.,       

2005). A difference in ER organization has been observed between immature oocytes and 

oocytes post GVBD. In mature oocytes there is an ER accumulation at the oocyte cortex 

near the cortical granules which also migrate to the surface of the oocyte during 

maturation, ready for exocytosis after fertilisation (Ducibella et al., 1988; Mehlmann et  

al., 1995). In Xenopus oocytes large clusters of ERs have been observed in the vegetal pole 

and were found to correlate with an increase in Ca2+ release (Terasaki et al., 2001). ER  

also have membrane bound Cyp17, an enzyme which is essential for the conversion of 
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progesterone and pregnenolone to androgens leading to oocyte maturation (W. H. Yang 

et al., 2003). 

 
 
 

2.1.3.5.  Cytoskeleton dynamics 

 
The cytoskeleton is a dynamic network of filaments and tubules comprising of 

microtubules, actin filaments and intermediate filaments which provide mechanical 

support to the cell. During oocyte maturation, microtubules are involved in chromosome 

segregation and mitochondria redistribution whilst actin filaments are involved in 

chromosome positioning as well as cortical granule and ER redistribution (Q.-Y. Sun & 

Schatten, 2006; Terasaki et al., 2001). During nuclear maturation there are three major 

events that take place concerning the reorganization of the cytoskeleton. The formation 

of the meiotic spindle from chromosome linked microtubules, the formation of transient 

microtubules in the cytoplasm and finally, the repositioning of microfilaments from the 

cytoplasm to the cellular cortex and around the chromatin. The role of microtubules in 

nuclear maturation has been demonstrated on porcine and bovine oocytes in vitro, 

showing a clear inhibition of metaphase progression when microtubule polymerization is 

blocked by tubulin binding agents (Brevini et al., 2007; Kim et al., 1996, 2000) (Brevini et 

al., 2007). Cytoplasmic microtubules have been observed moving from the cortex of the 

oocyte to the inner cytoplasm in conjunction with mitochondrial migration. The 

mobilization of energy producing mitochondria to areas of the cell that require extra ATP 

through microtubule association is thought to be an important step in cytoplasmic 

maturation, since a lack of cytoplasmic microtubule formation and migration has been 

linked to maturation incompetence (Brevini et al., 2007). 

In the absence of centrosome-dependent microtubule spindle formation, actin 

microfilaments have been shown to be involved in the formation of the first meiotic 

spindle and its positioning during oocyte maturation (Azoury et al., 2008; Schuh & 

Ellenberg, 2008). During maturation, actin microfilaments distributed throughout the 

cytoplasm migrate toward the cortex and around chromatin. The migration towards the 

cortex is believed to show the transportation of ER to the cortex ready for fertilisation 
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and the association with chromatin is involved in correct chromatin positioning (Kim et 

al., 1996, 2000; Marescalchi & Scali, 2001). 

From all of the above information it is clear that oocyte maturation is a complex, 

multifaceted process and the potential for it to fail is significant. If necessary though the 

depth of knowledge around this process in Xenopus will allow the potential reasons for 

consistent maturation failures to be investigated systematically. 

 

 
 

2.1.4.  Embryo development 

 
There were four major points during development that signalled the success or failure of 

ICSI in this project: entry into mitosis/division, mid-blastula transition and gastrulation, 

leading to the formation of a healthy embryo which could be determined after hatching. 

At each developmental event, it could be determined if the embryos were developing 

normally or if fertilisation by ICSI had caused abnormal development. Of course, the 

fertilisation method is not the only factor to consider, since oocyte quality and sperm 

quality almost certainly play a large role in successful development. However, pinpointing 

at which stage of development the embryo terminates and with what phenotypes will 

begin to give us a handle on the possible causes of developmental failure. 

 

 
 

2.1.4.1.  Activation and mitosis entry 

 
An unfertilised egg has a cylindrical symmetry surrounding the axis connecting the animal 

and vegetal poles. The two poles and the marginal zone situated in between correspond 

to the germ layers which will eventually differentiate into specialised cells in the embryo. 

The animal pole gives rise to ectoderm, the vegetal to endoderm and the marginal zone 

to mesoderm (Gerhart & Keller, 1986). After fertilisation, the dorsal-ventral axis of the 

embryo is formed, the sperm entry point at the animal pole identifies the approximate 

ventral midline, whilst on the opposite side of the egg, the future dorsal/neural plate 

midline is identified (Gerhart et al., 1989; Vincent & Gerhart, 1987). 
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The first division post fertilisation takes much longer at 100 minutes, than the subsequent 

divisions which typically take 35 minutes to complete. In large part this is due to the 

cytoplasmic reorganisation that needs to take place in the interval between fertilisation 

and first mitotic division to achieve activation of dorsal development and bilateral 

symmetry. The newly fertilised egg has two rigid components, a 2-5 µm deep peripheral 

cortex which surrounds a large core which is 1200 µm in diameter. The cortex contains  

the plasma membrane, cortical actin and related materials and the core contains yolk 

platelets, genetic material, and most of the cytoplasmic material of the egg. 

Approximately 45 minutes after fertilisation, the cortex rotates 30o in an animal to ventral 

pole direction with the help of microtubules acting as a motility track. This rotation breaks 

the cylindrical symmetry of the egg and forms a bilateral symmetry in its place. Once the 

core has been displaced toward the ventral side, dorsal development is activated on the 

opposite side to the sperm entry point, however, cortical rotation is not needed for  

ventral development which will ensue in the absence of this event (Gerhart et al., 1989). 

Failure of full cortical rotation causes incomplete development of the Spemann-Mangold 

organizer at late blastula to early gastrula stages and dorsal structures in the later stage 

embryo, with anterior dorsal structures being the most affected (Vincent & Gerhart, 

1987). 

Oocytes are arrested in metaphase after the first meiotic division during maturation. This 

arrest is maintained until fertilisation through high levels of MPF activity which is 

deactivated by calcium mediated activity. The deactivation of MPF after sperm entry not 

only allows the egg to resume meiosis II, but also prevents MPF activity from inducing 

sperm to enter metaphase prematurely (Tesarik, 1998). Shortly after sperm entry, the 

Xenopus egg generates a calcium wave in its cytoplasm, this wave of calcium originates 

from the sperm entry point in the animal pole and spreads down to the vegetalpole (Busa 

& Nuccitelli, 1985). There are two different mechanisms which have been proposed to 

cause this calcium wave. The first is the sperm activation factor, a molecule or compound 

in the sperm’s cytoplasm which triggers an increase in calcium once within the egg (Busa 

& Nuccitelli, 1985; Nuccitelli et al., 1993). The second is a sperm to egg membrane ligand 

interaction mechanism which takes place just before sperm entry, detailed in the first 

chapter of this thesis (Iwao et al., 2014; Kinsey, 2013). However, neither of these 
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mechanisms apply when fertilising using ICSI with sperm nuclei, but reliable activation can 

still be achieved mechanically through injection in Xenopus eggs (Andreuccetti et al., 

1984; Takeichi & Kubota, 1984). 

Calcium dependent resumption of meiosis has multiple targets, which effectively reverse 

the molecular cascade seen during the start of oocyte maturation. Calcium mediated 

degradation of cyclin B occurs at around 15 minutes after fertilisation, preventing new 

activation of Cdc25, the phosphatase responsible for activating MPF. 30-40 minutes after 

fertilisation, calcium mediated degradation of Mos, a cytostatic factor maintaining the 

egg’s metaphase arrest, occurs, halting activity of the Mos-MapK pathway responsible for 

the deactivation of Myt1, the kinase which in turn causes the deactivation of any 

remaining MPF (Watanabe et al., 1991). The calcium/calmodulin dependent kinase 

CaMKII plays a major role in these events, mediating cyclin degradation and directly 

inhibiting Cdc25 (Hansen et al., 2006; Hutchins et al., 2003; Lorca et al., 1993). 

The initial calcium wave also provides a fast block to multiple sperm entry through 

opening of Cl- channels leading to an increase in membrane potential which prevents 

sperm to egg binding (Grey et al., 1974, 1976). However, during ICSI fertilisation there is a 

chance of polyspermy through the accidental injection of multiple sperm nuclei. When 

this occurs, each sperm will form a pronucleus with well-developed microtubule asters, 

producing bipolar mitotic spindles. The resulting multipolarity causes extra cleavage 

furrows to form and ceases development (Iwao et al., 2020). 

 
 
 

2.1.4.2.  Mid-blastula transition 

 
Oocyte maturation and early embryonic development, including egg activation, the first 

meiotic and mitotic divisions, initial cell fate and embryonic patterning are driven mostly 

by maternal stores of mRNA provided to the oocyte during oogenesis with some limited 

pre-MBT transcription of genes involved in early patterning (Skirkanich et al., 2011). After 

the twelfth division, cell cycles become longer, cell division loses synchrony in the 

developing blastomere and maternal protein expression is replaced with zygotic gene 

expression (Collart et al., 2014) reviewed in (J. Yang et al., 2015). At this point of 
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embryonic development, known as the mid blastula transition (MBT), successful 

development of the embryo is dependent on the quality of the zygotic DNA provided by 

both the egg and the sperm. It has been noted during my experiments that there may be  

a correlation between the quality of the sperm nucleus preparation used to fertilise by 

ICSI and death at MBT, suggesting that poor quality of sperm DNA may cause death of 

embryos as they begin to rely on zygotic gene expression, however, experiments have not 

been dedicated to investigating this. 

In general, it is accepted that MBT is the point of development where zygotic  

transcription starts and the now redundant maternal mRNA is no longer translated and is 

deadenylated and degraded, however, there is a crossover period. Shortly before the 

onset of MBT there is a small wave of zygotic transcription, most likely in order to express 

transcription factors needed for regulation of genes which will be activated in the main 

transcription wave during MBT. Moreover, there may be transcription of genes involved in 

the deadenylation of maternal mRNAs (Collart et al., 2014; Tadros & Lipshitz, 2009). 

The accompanying change in cell cycle length has been attributed to a lack of G1 and G2 

phases in pre-MBT embryo cell cycles with the emergence of G2 phases at MBT and G1 

phases later, just before gastrulation (Iwao et al., 2005). 

During the period between MBT and gastrulation, zygotic transcription allows the embryo 

to prepare for gastrulation and set the framework for the three germ layers to form. This 

involves multiple, major molecular pathways which are activated by maternal mRNAs  

such as Veg T, Wnt11, and BMPs 2 and 7, causing a cascade of zygotic gene regulation 

leading to the expression of pro-endodermal, mesodermal and ectodermal factors (Janet 

Heasman, 2006a; Kiecker et al., 2016; Tseng et al., 2017). 

 

 
 

2.1.4.3.  Gastrulation 

 
“It is not birth, marriage or death, but gastrulation which is truly the most important 

time in your life.“ Lewis Wolpert, 1986 
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At gastrulation, the relatively simple, hollow ball of cells that is the blastula embryo 

moves into a stage of organisation where, through signalling and gene regulation, cell 

movement and induction it forms a highly complex, multi-layered embryo. 

As the embryo moves into gastrulation, its cell cycle slows from 55 minutes to 4 hours per 

cycle, which is essential for successful gastrulation. Loss of function experiments targeting 

M-phase re-entry antagonist WEE1 have shown depletion of WEE1 leads to abnormal cell 

movement during gastrulation (Murakami et al., 2004). TGFβ is also thought to contribute 

to cytostasis and has been shown to be necessary for entry into gastrulation (Zhang et al., 

1998). 

The dorsal marginal zone (DMZ) forms in the late blastula embryo and comprises of 

clusters of cells in two layers with multiple fates which will inform the organisation of the 

embryo proper. The superficial layer, which is situated on the outside of the blastula, 

stretches from just below the marginal zone on the dorsal vegetal side of the embryo,  

into the marginal zone. This layer of cells comprises of the prospective archenteron roof 

endoderm, part of the prospective dorsal mesoderm and the bottle cells which will form 

the blastopore during early onset of gastrulation. The deep layer, residing underneath the 

superficial layer is comprised of prospective pharyngeal endoderm/prechordal plate and 

axial mesoderm which will form the notochord and somites. During early gastrulation, the 

deep layer of the DMZ begins to involute, along with notochord precursor cells up toward 

the animal sphere, with the pharyngeal endoderm/prechordal plate cells moving parallel 

to the future notochord cells of the superficial layer. This pre-gastrulation morphogenesis 

takes place independently of bottle cell morphogenesis (Arendt & Nübler-Jung, 1999; 

Bauer et al., 1994; Harland & Gerhart, 1997; Shook et al., 2004). Early in gastrulation, 

bottle cells form their characteristic bottle shape and begin to involute up toward the 

animal hemisphere, forming the blastopore. They follow the notochord precursors 

underneath the anterior of these cells, which proceed to elongate anteroposteriorly 

through convergence and extension. The involution of the bottle cells is followed by the 

prospective archenteron roof cell involution which then form the archenteron roof  

(Shook et al., 2004). 

At the point of gastrulation, all body axis information is held in the dorsal side of the 

embryo. When bisected into ventral and dorsal pieces, the dorsal half of the embryo will 
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develop an intact embryo, whereas the ventral side will remain as ventral tissue with no 

axial structures or organs (Spemann, 1924). The main organising centre is a cluster of cells 

located at the dorsal blastopore lip (DLP) of the gastrula embryo known as the Spemann- 

Mangold organiser. When transplanted onto the ventral side of a host embryo, the 

Spemann-Mangold organiser induces gastrulation on that side, forming a twinned embryo 

complete with axial structures and organs (Spemann & Mangold, 1924). Similar 

experiments, where the embryos dorsal side is irradiated or given other microtubule 

disrupting treatments such as nocodazole, have shown similar developmental results with 

all three germ layers present with no axial structure (Harland & Gerhart, 1997; Moon & 

Kimelman, 1998). However, these ventralised embryos can be rescued through mRNA 

injection. For instance, a microinjection of BMP antagonist chordin mRNA is sufficient to 

restore the development of head, trunk and tail structures including dorsal structures  

such as the central nervous system, somites and notochord (De Robertis et al., 2000). 

Similar rescues in embryos irradiated at the 1-cell stage can be achieved by the injection 

of mRNAs for Wnts, β-Catenin (Molenaar et al., 1996; Wodarz & Nusse, 1998), Nodal- 

related-factors (Jones et al., 1995), or the BMP antagonist Noggin (Smith & Harland, 

1992). 

Maternal β-Catenin is known to be required for dorsal axis formation in the early embryo, 

accumulating in the dorsal cytoplasm soon after fertilisation before moving into the  

nuclei of dorsal blastula cells (Heasman et al., 1994, 2000; Larabell et al., 1997; Schneider 

et al., 1996). During later development, β-Catenin regulates the activation of genes 

involved in several pathways which lead to the dorsal development of all three germ 

layers (Agius et al., 2000; Baker et al., 1999; Beanan et al., 2000; Kessler, 1997). 

Maternal VegT and Vg1, located at the vegetal pole of the blastula embryo are known 

inducers of endoderm (Henry & Melton, 1998; Zhang et al., 1998). Along with dorsally 

located β-Catenin, these three maternal proteins generate a nodal related factor (Xnr) 

dorsal to ventral gradient expressed in the endoderm. Low levels of Xnrs which can be 

generated from VegT and Vg1 alone, are sufficient to induce ventral mesoderm, however, 

higher levels are needed to induce dorsal mesoderm and the Spemann-Mangold 

organiser. These higher levels of Xnrs are achieved only in the presence of dorsally 

expressed β-Catenin (Agius et al., 2000; Kofron et al., 1999). 
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Ectoderm, like mesoderm and endoderm has different fates between the dorsal and 

ventral sides of the embryo. Dorsal ectoderm is predisposed to become neural tissue in 

the presence of neural-inducing signals, whereas ventral ectoderm will not respond to 

such signals (Sharpe et al., 1987). Like the other germ layers, β-Catenin plays a large part 

in this predisposition, repressing the anti-neural factors Dlx3 and BMP-4 (Baker et al., 

1999; Beanan et al., 2000). 

It can be argued that the dorsal-ventral axis is formed at fertilisation as the sperm’s entry 

breaks the egg’s symmetry with the dorsal embryo always developing on the opposite 

side of the sperm entry point, or at least toward the end of the blastula stages where the 

dorsal organiser is formed. However, anterior-posterior polarity is most definitely formed 

during gastrulation with the induction of more specialised cells, which precedes the 

formation of anterior, trunk and posterior structures. The Spemann-Mangold organiser 

secretes a series of growth factor inhibitors during gastrulation which bind to specific 

growth factors, preventing them from binding to their receptors. The repression of these 

signalling pathways on varying cell populations causes a variation of genetic signature in 

these populations leading to a variation of structures from the anterior to the posterior of 

the embryo. Cerberus, for instance blocks trunk formation signals from Xwnt-8, Xnrs and 

BMP at the anterior-most end of involuting endoderm. This prevents trunk formation at 

the anterior most end of the embryo, allowing head structures to form (Bouwmeester et 

al., 1996; Piccolo et al., 1999). Dickkopf-1, Frzb-1 and Crescent all work to block Wnt 

signalling at the anterior most end of the endoderm and mesoderm, leading to head and 

eye structure formation (Glinka et al., 1997, 1998; Leyns et al., 1997; Pera & De Robertis, 

2000; S. Wang et al., 1997). Another secreted antagonist, Antivin/Lefty, although not axis 

defining, plays an important role in mesoderm regulation. As a Nodal antagonist, 

Antivin/Lefty down regulates mesoderm induction, however, antivin/lefty transcription is 

induced by Nodal, forming a feedback inhibitor and maintaining the levels of Nodal 

needed for correct mesoderm induction (Cheng et al., 2000; Meno et al., 1999). Three 

more secreted antagonists, Chordin, Noggin and Follistatin maintain the dorsal-ventral 

patterning in the gastrulating embryo through the blocking of BMP signalling. BMP 

signalling, known for its ventralising activities is bound by these proteins, blocking its 
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ability to bind to BMP receptors (Fainsod et al., 1997; Piccolo et al., 1996; Sasai et al., 

1994; Smith & Harland, 1992). 

It is thus clear that there are multiple pathways and networks required for the formation 

of a matured oocyte and then a viable embryo. Every possible step must therefore be 

taken to minimise the physical and biochemical disruption of this complex process. 

 
 
 

2.2. Methods 

 
2.2.1.  Oocyte preparation 

 
On the day of ovary removal, all surgical instruments were cleaned and sterilised. The 

female frogs were euthanised using a lethal dose of 7.5mM tricaine mesylate followed by 

the severing of the spinal cord and destruction of the brain’s frontal lobe. The ovaries 

were then removed and washed several times in 1X MMR at 16oC. After checking oocytes 

for quality, the ovaries were torn into ~2cm pieces using ethanol cleaned forceps. 5mL of 

ovary pieces were transferred into a 50mL falcon tube and 7mL of 1X MMR containing 7 

units of Liberase TM was added. The defolliculating oocytes were placed on a rocker set 

to 12 RPM at room temperature for 1 hour. Once defolliculated, the oocytes were 

washed, gently, 7 times in 1X MMR much like after cysteine treatment when de-jellying 

eggs, and placed in an agarose dish made with 1X MMR (defolliculated oocytes were kept 

in agarose dishes to prevent them from sticking to the bottom of the dish). Good quality, 

stage VI oocytes were selected using a cut, flame-polished Pasteur pipette (all pipette 

manipulations were performed in this manner from this point). Selected oocytes were 

incubated in 1X MMR at 17oC for 3 hours before further manipulation. 

 
 

2.2.2.  Oocyte culture 

 
Oocytes were cultured for 24, 48 or 72 hours at 17oC in filter sterilised OCM (70% 

Leibovitz’s L-15 medium with L-glutamine, 0.4mg/ml Bovine serum albumin, 100U/ml 
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Gentamicin). Once every 24 hours any dead oocytes were discarded, and the remaining 

oocytes were transferred to a fresh agarose-coated dish filled with OCM. 

 
 
 

2.2.3.  Oocyte maturation 

 
Progesterone was prepared by making a 30mM stock solution in ethanol. The stock 

solution was aliquoted and stored at -80oC. On the day of maturation aliquots were taken 

out of the freezer and incubated at room temperature for 1 hour with occasional 

vortexing to ensure all precipitates were dissolved. 

Batches of 500 oocytes were taken at 40-minute intervals and transferred into agarose 

dishes filled with the maturation media (3µM progesterone, 1X MMR + PS). The maturing 

oocytes were incubated at room temperature for 4 hours or until signs of GVBD could be 

seen before being moved to 18oC for a further 4 hours. 3 hours before starting the 

maturation process with the experimental oocytes, 500 wildtype oocytes were treated 

with maturation buffer, these oocytes were later used to test the dilution of the sperm 

nuclei used for fertilisation. 

 

 
 

2.2.4.  Sperm nuclei dilution test 

 
After prick activation was observed in a batch of oocytes, 5 batches of 100 matured 

wildtype oocytes were loaded onto agarose injection plates filled with 6% Ficoll in 0.4X 

MMR. Each batch of matured oocytes was given a 1-second injection of sperm nuclei 

diluted to 1, 1.25, 1.5,1.75 and 2 nuclei per injection (based on counting on a 

hemocytometer, see section 1.2.1.) targeted at the edge of the white spot resulting from 

GVBD. The oocytes were left in their injection dishes for 2.5 hours or until a second 

division was observed. Healthy 4-cell embryos fertilised from each dilution were counted 

to ascertain which nucleus dilution provided the best fertilisation rate. 
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2.2.5.  ICSI of oocytes 

 
Once prick activation was observed, the matured oocytes were loaded onto injection 

plates filled with 6% Ficoll in 0.4X MMR. Each oocyte was given a 1-second injection of 

sperm nuclei at the optimum dilution (tested previously in wildtype oocytes) positioned 

at the edge of the GVBD spot. The injected oocytes were left in situ in their injection 

dishes to develop for 10 hours at 18oC. 

After 10 hours, healthy embryos were selected and transferred to 90mm petri dishes 

filled with 0.1X MMR+PS. Embryos were checked hourly for the next 10 hours with any 

dying embryos being removed. 

 
 
 

2.3. Results 

 
2.3.1.  Oocyte quality 

 
Anyone who works with Xenopus embryos knows that egg quality can vary between frogs, 

even when they are kept in the same system. It is no different for the quality of oocytes. 

The very first step for all experiments in this and the following chapters was to assess the 

quality of the oocytes provided. 

Ovaries were provided by the European Xenopus Resource Centre (EXRC) and stored in 1X 

MMR. Within 15 minutes of removal, a small amount of ovary was taken from each ovary 

and inspected under a microscope. Oocytes were judged by 3 categories, stage, density of 

pigment, and signs of maturation. Batches of oocytes were discarded if the majority were 

below stage VI (fully grown), showed signs of a compromised membrane, i.e. they have a 

grainy pigmentation or in more severe cases noticeable perforation of the membrane. 

Finally, if there were signs of maturation, such as GVBD or pre-GVBD patches (dark 

patches on the animal pole), then the whole batch had likely been exposed to 

progesterone whilst still in the frog and so will mature prematurely; these oocytes were 

also discarded. Batches of oocytes that passed the first quality check were then 
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enzymatically defolliculated using Liberase TM before undergoing a more detailed 

inspection using the same guidelines. Over the hundreds of experiments performed 

during the optimisation of this method, it has been found that oocytes which have a solid 

pigment and clear equatorial band have a better chance of fertilisation than oocytes 

which show any graininess to their pigment. 

 
 
 

 
 
 
 

Fig 2.2. Oocyte quality after defolliculation. Oocytes were defolliculated in 7 units of Liberase TM for 1 

hour and observed for quality under a stereo microscope. (A) Oocyte is of good quality and staging. (B) 

Oocyte has dark patches at the animal pole (arrows), these patches indicate that the oocyte is about to 

undergo spontaneous germinal vesicle breakdown (GVBD). (C) Oocyte has undergone spontaneous GVBD. 

(D) Oocyte is grainy. This shows generally poor quality and the oocyte will deteriorate over 3 days of 

culture. (E) Oocyte has a light patch at the animal pole (possible GVBD) but also has perforation in its 

membrane. Oocytes that show this perforation may survive CRISPR injection, culturing and progesterone 

treatment, but on ICSI injection the membrane often disintegrates from the injection site outwards. 

Probably due to the large size of the needle. 
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2.3.2.  Oocytes from virgin frogs Vs cycled frogs. 

 
During the first year of experiments, ovaries were taken from virgin stock frogs which are 

generally used for oocytes for ion channel expression, but these provided very few 

batches of oocytes that were of a good enough quality to survive through culturing and 

maturation. The majority of these oocytes displayed uneven pigmentation on the animal 

pole to varying degrees and many had damage to their membrane even before 

defolliculation. Anecdotally, within the Xenopus community, virgin frogs are known for 

providing poor quality eggs compared to previously ovulated frogs, and so I hypothesised 

that perhaps this may also be the case for oocytes used to produce embryos, considering 

that oocytes are just immature eggs. To explore this hypothesis, I performed five direct 

comparison experiments, comparing oocytes from two virgin and two cycled frogs in each 

experiment, for visual signs of degradation, stage, and maturation viability. Both sets of 

frogs were housed in recirculating water systems, albeit, in separate racks. The cycled 

frogs had been ovulated three to four months before the start of these experiments. Over 

the five experiments, 90% of the oocytes from virgin frogs were found to either be 

unusable (too damaged to defolliculate), underdeveloped (stage V or below), or did not 

mature when exposed to progesterone. Oocytes from cycled frogs, however, were all 

robust enough to be defolliculated, with 60% of them maturing successfully. An equal 

number of oocyte batches from virgin and cycled frogs were underdeveloped. 
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Oocytes From Virgin Frogs Vs Cycled Frogs - Quality and 
Maturation 
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Fig 2.3. Quality and maturation ability of oocytes taken from virgin frogs and cycled frogs. 10 Virgin and 

10 pre-ovulated X.laevis females were injected with Pregnant Mare Serum Gonadotropin (PMSG) 3 days 

prior to ovary extraction. After humane killing of the females, whole ovaries were removed and washed in  

180C 1X MMR until clean. Oocytes were then defolliculated in 7 units of Liberase TM for 60 minutes at room 

temperature and scored under a stereo microscope for quality. Oocytes were then treated with 3µM of 

progesterone in 1X MMR for 9 hours and checked for maturation (>70% was counted as matured). 

 
The data from these experiments clearly indicates a difference in oocyte quality between 

virgin and cycled frogs, with cycled frogs consistently providing better quality oocytes 

than virgin frogs. All experiments from this point onward were performed using oocytes 

from pre-cycled Xenopus laevis purchased from NASCO and held at EXRC. 

 

 

2.3.3.  Spontaneous maturation under different conditions 

 
The next major hurdle after general oocyte quality, was studying the mystery surrounding 

spontaneous GVBD. On some occasions, healthy oocytes which show no signs of 

maturation on the day of defolliculation will spontaneously mature, reaching GVBD 35-56 

hours after defolliculation. This activity appears to occur in phases. In a given month, two 
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frogs a week were used to provide oocytes. These frogs were all housed in the same 

system with the same care. Two to three months could go by with good quality oocytes 

from around 50-60% of these frogs, then there would be a period of five to six weeks 

where either the general quality would be poor or spontaneous maturation would occur. 

The pace of this type of maturation was much slower than either in vitro maturation 

through progesterone stimulation, which takes 5-6 hours until GVBD or maturation in 

oocytes showing pre-GVBD patches on ovary removal, which can reach GVBD in 10-15 

hours. This predictable good/bad oocyte quality cycle suggests that there may be  a 

biological cycle within the frog at play, however, all research suggests that oogenesis is a 

continuous, asynchronous process, and there are no obvious housing or handling factors 

that would affect this type of cycle. 

 
The only course of action was to find a way of working with it. These periods of 

spontaneous maturation became predictable enough to design experiments around them 

to test whether maturation could be either prevented, or at least slowed down enough to 

complete a 72-hour culture before inducing rapid maturation with progesterone 

stimulation. Oocytes were removed from 2 female frogs and defolliculated. Half of each 

batch of oocytes was cultured in OCM and kept at either 16oC or 18oC, and the other half 

were cultured in 1X MMR and kept at either 16oC or 18oC. GVBD was logged when 50% 

showed a white spot indicative of GVBD in any given set of oocytes. At both 

temperatures, oocytes cultured in 1X MMR matured more slowly than those cultured in 

OCM. Moreover, culturing oocytes at a lower temperature of 16oC slowed the process 

considerably. At 18oC, oocytes cultured in OCM displayed signs GVBD after 1 day, 

whereas oocytes cultured in 1X MMR took twice as long to reach GVBD at 2 days. At 16oC 

oocytes cultured in OCM displayed signs of GVBD at 2.5 days, whereas oocytes cultured in 

1X MMR took 4 days. 
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Fig 2.4. Temperature and culture medium influence on the duration of spontaneous GVBD. Oocytes we re 

removed from two female frogs. Each batch of oocytes was defolliculated and cultured in OCM at 18 oC, 

OCM at 16oC, 1X MMR at 18OC and 1X MMR at 16oC. This was repeated for each frog. Oocytes we re  

observed and GVBD logged when 50% of oocytes in a given culture were presenting with a white spot 

indicative of GVBD. Oocytes cultured in OCM at 18oC took 1 day to reach GVBD, whereas oocytes cultured 

in OCM at 16oC took 2.5 days to reach GVBD. Oocytes cultured in 1X MMR at 18oC took 2 days to reac h 

GVBD, whereas oocytes cultured in 1X MMR at 16oC took 4 days to reach GVBD. 

 
Like with many biological processes in Xenopus, temperature had a considerable effect on 

the duration of spontaneous maturation. Furthermore, a 16oC temperature culture did 

not appear to cause the oocytes to lose any maturation potential compared to their 

counterparts cultured at 18oC. Culturing oocytes in 1X MMR also slowed the maturation 

process compared to oocytes kept in OCM, however, it was noted that fewer oocytes 

completed GVBD in 1X MMR and failed to mature when stimulated with progesterone. 

This suggests that OCM, a nutrient rich culture medium in comparison to MMR, helps 

maintain the oocyte’s maturation and perhaps fertilisation competency when cultured for 

periods longer than one day. 

Culturing oocytes at the lower temperature of 16oC may be a sufficient way of fending off 

spontaneous maturation for long enough to complete an experiment where oocytes need 
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to be cultured for 2-2.5 days, although, ideally for this method oocytes would be cultured 

for 72 hours. Researchers have successfully used culture additives such as oestrogen, 

IBMX and various antioxidants in both amphibia and mammals to curb meiosis 

resumption (Kwon et al., 1989; Lin & Schuetz, 1985; Takami et al., 1999), so would be a 

consideration moving forward. 

 

 

2.3.4.  In vitro Maturation in OCM vs MMR After Varying 

Culture Durations 

 
After previously finding differences in spontaneous maturation duration and maturation 

competence in oocytes cultured in OCM and MMR, questions were raised as to the effect 

of these two culture media had on oocyte maturation competence over long periods of 

culture followed by progesterone induced maturation. This was of special interest at the 

time, since bacterial infection in oocytes cultured in OCM had become a recurring 

problem, possibly due to the higher nutrient content of the culture medium and had 

caused me to consider using MMR exclusively. Oocytes were processed from two frogs 

and sorted by stage and quality. Each batch of oocytes was split and cultured in either 

OCM or 1X MMR at 16oC. 300 oocytes were taken from each culture after 1, 2 and 3 days, 

treated with progesterone and further cultured at room temperature. The time taken for 

oocytes to complete GVBD was logged, followed by the time taken for maturation to 

complete, signalled by prick activation, a method whereby the oocytes is pierced with a 

needle, simulating sperm entry and causing an intracellular calcium wave (Takeichi & 

Kubota, 1984). Successful prick activation was judged by the contraction of the animal 

pole pigmentation around 5 minutes after the oocyte was pricked with an injection 

needle. Maturation competence was also measured as the proportion of oocytes that 

were successfully matured in each sample. 

 
Throughout the experiment, OCM-cultured oocytes out-performed MMR-cultured 

oocytes, maturing approximately 1hr faster and having a higher percentage of maturing 

oocytes (Fig 2.5). After the third day of culture, a large drop in competence was observed 

in both the OCM cultured oocytes, which dropped by 29% and the MMR cultured oocytes 
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Time taken to reach GVBD and full maturation in OCM and 
MMR after a 1, 2 and 3 day culture 
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which dropped by 45% (Fig 2.6). This suggests that long-term culture is damaging to 

oocytes and that the higher nutrient content of OCM softens this impact. 
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Fig 2.5. Maturation efficiency after different lengths of culture in OCM and MMR. Oocytes from two 

different females were defolliculated and selected by stage and quality. They were then cultured in either 

oocyte culture medium (OCM) or Marc’s modified ringer’s solution (MMR) for 1, 2 and 3 days before being 

matured using a progesterone treatment at 18oC. The time taken for the majority of oocytes to reach GVBD 

and full maturation (prick activation competent) was recorded. Oocytes cultured in OCM matured faste r  

than those cultured in MMR over all three days but showed an increase in maturation time the longer the y 

were cultured, suggesting that oocytes may lose some viability over time cultured. This also suggests that 

OCM, having more nutrients than MMR decreases degradation caused by long culture. 



60  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
. 

 

Fig 2.6. Percentage of oocytes matured in OCM and MMR after 1-, 2- and 3-day culture. Oocytes from 2  

females were defolliculated and selected by stage and quality. They were then cultured in either oocyte 

culture medium (OCM) or Marc’s modified ringer’s solution (MMR) for 1, 2 and 3 days before being 

matured using a progesterone treatment at 18oC. The number of oocytes matured under each condition 

was recorded. Over all three days more oocytes cultured in OCM matured compared to those cultured in  

MMR with both sets of oocytes showing a drop in maturation after 3 days of culture. This further suggests 

that oocyte viability decreases over time cultured but is helped by using OCM. 

 
 
 
 

2.3.5.  Culturing in OCM and bacterial infection 

 
Oocyte culturing in OCM was clearly beneficial to oocyte maintenance, however, bacterial 

infection in the oocyte culture remained an issue despite the use of the antibiotic 

Gentamicin, excessive cleaning with general cleaning products followed by ethanol of all 

surfaces before handling and the use of fresh, flame polished Pasteur pipettes. One major 

factor became clear after a particularly long period of repeated instances of infection, 

which coincided with heavy use of the room used for all embryo and oocyte work. With 

no  alternative  space  available  for  this  work,  all  oocyte  work  from  this  point  was 
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performed out of normal working hours and the oocytes were incubated separately from 

embryos, although, there were occasions where embryos were placed in the same 

incubator but did not have any effect on the oocytes. Since introducing this working 

environment there has not been an instance of bacterial infection in any oocyte culture, 

and we have since secured a separate room exclusively for oocyte work. Unfortunately, 

these infections cost 4 months of work. 

 

 

2.3.6.  Timing Between Oocyte Maturation and Fertilisation: 

the Effect on Fertilisation Rate 

 
The duration of maturation is not equal in all oocytes, even those taken from the same 

frog and cultured in the same dish. They will not all complete maturation at the same 

time, rather maturation occurs more as a wave with a few early maturing oocytes and a 

few late maturing oocytes, and the rest will mature in between those time points. Once 

an oocyte has reached full maturity, there is a window of time where it can be fertilised. If 

it is not fertilised in this time, the oocyte will undergo apoptosis and die. In Xenopus laevis 

this window of time is around 7 hours in my experience, before oocytes start to present 

black spots, signalling cell death. Although it is tempting to fertilise as close as possible to 

the point at which oocytes become competent for prick activation, this is not wise since 

there is a risk that many of the oocytes will not have completed maturation yet and so 

will not fertilise. Ideally, fertilisation would be delayed until the maturation of all oocytes 

could be assured. However, this raises the question, does fertilisation competence 

decline with time after maturation? 

 

Oocytes from three frogs (over three separate experiments) were cultured in OCM at 

16oC for 72 hours before being matured using progesterone. The maturation rate was 

~80% and the start of the experiment was decided when 4/5 oocytes were activated 

during a prick activation test. Two-hundred mature oocytes were injected in the animal 

pole, just on the edge of the GVBD spot with sperm nuclei, at 1, 2, 3 and 4 hours after 

prick activation. The sperm nuclei were prepared on the same day, a few hours before 

ICSI and stored at 4oC. Each batch of injections was performed using a fresh dilution of 



62  

sperm nuclei and a new needle was used for every 100 injections. It took 15 minutes to 

complete each batch of 200 injections. All injected oocytes were left in their injection 

dishes and successful fertilisation was determined after the second division. Any dividing 

embryos with equal divisions without extra cleavage were judged as having gone through 

successful fertilisation. 

The highest fertilisation rate occurred 1 hour after prick activation with 28% of injected 

oocytes dividing. There was a steady decline in fertilisation with time until 4 hours after 

prick activation, by when the oocytes had a fertilisation rate of 18% (Fig 2.7). 

 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

 

 
Fig 2.7. Optimisation of ICSI timing after maturation. Matured oocytes from 3 frogs were injected with  

sperm nuclei (1.5 nuclei per oocyte) 1, 2, 3 and 4 hours after prick activation and the resulting fertilisation  

was recorded. A steady decrease in the number of oocytes fertilised was recorded with every hour de lay 

before ICSI after maturation. In order to maximize fertilisation rates oocytes should be injected with spe rm 

nuclei 1 hour after they can undergo prick activation. 

 
 

The data suggests that mature oocytes lose fertility competence steadily after maturation 

and that finding the ‘sweet spot’ where all oocytes are fully mature at the  earliest 

possible time is important to the efficiency of this method. 
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2.3.7.  Embryo Survival of ICSI-Fertilised Embryos 

 
The purpose of this method is to produce knock in gene edited Xenopus for downstream 

experiments, either in F0 animals or in F1 animals, which require a line to be established. 

The survival of ICSI fertilised embryos past hatching stage is essential to most 

downstream F0 experiments and survival past metamorphosis is essential to make a 

genetic line in Xenopus. 

The nature of this method and the strain it puts on the oocytes leads to low fertilisation 

efficiency compared to IVF in Xenopus. Due to this, there was some concern over the 

survival rate of fertilised embryos and the effect of that on the amount of starting 

material we would need to use in a gene editing experiment, or even if any embryos 

would survive up to and past metamorphosis especially as reported numbers surviving 

ICSI fertilised frogs past metamorphosis have been extremely low (Miyamoto, Simpson,  et 

al., 2015b) . 

 
Previous studies by Aslan and Cha demonstrated that HDR efficiency of epitope tags in 

embryos which had been gene edited as oocytes, then fertilised through the host transfer 

and IVF method could be as high as 25% (Aslan et al., 2017). Having this number and the 

approximate survival rate of embryos fertilised through ICSI would allow us to estimate 

the number of oocytes we would need to start with in order to make enough HDR gene 

edited embryos to either make a line or run a successful downstream experiment. 

 
Oocytes were taken from three frogs (over three separate experiments) and cultured for 

72 hours in OCM at 16oC. On the third day, oocytes were matured in 2µM progesterone 

and 1000 matured oocytes were selected for ICSI. ICSI was performed and the fertilised 

embryos were left in their injection dishes until the second division, at which point any 

equally dividing embryo was selected and transferred to a fresh dish of 6% Ficoll in 0.4X 

MMR and then changed into 0.1X MMR at stage 10. Embryos were checked every hour 

until the end of gastrulation, then twice daily thereafter. Any dead were removed, and 

the stage and number logged. 
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Two hundred and twenty (22%) of the total injected divided, with only 11 (1.1%) being 

lost at MBT. Gastrulation claimed half of all surviving embryos, with most dying at the 

start of gastrulation. Eighty (8%) embryos survived to hatching stage (st26), however, 60 

of those were removed due to detrimental phenotypes such as oedema, microcephaly,  

and anterior-posterior axis truncation. 20 (2%) of the 1000 embryos injected survived 

past metamorphosis and appeared to be healthy (Fig 2.8). 

 
 

 
 
 

 
 
 

 
 
 
 

 
 
 

 
 
 

 
 
 

Fig 2.8. Survival of embryos through development. Embryos made from oocytes over three separate  

experiments were grown in 0.1X MMR until stage 42 before being moved to the EXRC for further care. 

Survival rates were recorded throughout. Over 50% of embryos did not survive gastrulation, 80% of those  

survivors were discarded due to deformations such as oedema, microcephaly, and short axis 

malformations. Two percent of all oocytes fertilised through ICSI produced embryos that have now grown 

to adulthood. 

 
If we can expect 2% of ICSI fertilised embryos to survive through to swimming tadpole  

stage and adulthood with no abnormalities and 25% of those to be gene edited through 

HDR, then to obtain 5 gene edited frogs to start a genetic line, 1000 oocytes would have 

to go through ICSI. If oocytes lost due to death and failure to mature were considered,  the  

starting number of oocytes would be 1200-1500. If the resulting embryos were to be used 
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for F0 experiments the starting number of oocytes would be six times that much to obtain 

30 gene edited embryos. 

 
 

 
2.3.8.  Improving Gastrula Survival: Early Disturbance 

 
The largest loss of life during development after fertilisation through ICSI was found to be 

during gastrulation. Half of all fertilised embryos were lost in early to mid-gastrulation. On 

closer inspection, many of the selected, dividing embryos appeared to start looking 

unhealthy shortly after being transferred from their injection dish. These embryos would 

then go on to develop through to late blastula stages, only to die during early 

gastrulation. This raised questions around whether disturbing embryos too soon after the 

trauma of ICSI, which uses a large needle, affects a weaker embryo’s ability to survive 

long term. Giving embryos ample time to recover after injection by keeping them their 

injection dishes would be ideal, however, there was some concern over how surrounding 

dead eggs might affect the health of the dividing embryos. A preliminary experiment was 

done perform to test this. Matured oocytes were fertilised using ICSI and either left in 

their injection dishes until stage 10 or transferred into fresh dishes at 4-cell stage. At 

stage 10, embryos that were kept in their injection dishes did not appear to be affected 

by neighbouring dead eggs, furthermore, they appeared to be healthier than the embryos 

which had been moved at 4-cell stage. A significantly higher fraction of embryos that 

were moved later than earlier in development survived through gastrulation. 

 
The decision was taken to make a direct comparison of the survival of embryos 

transferred out of their injection dishes at 4-cell stage and embryos transferred at stage 

10 on a larger scale. 1500 oocytes were matured and fertilised by ICSI. 300 dividing 

embryos were identified during the second division and 150 of those were transferred to 

fresh dishes of 6% Ficoll in 0.4X MMR whilst the other 150 were left in situ. Once 

developed to stage 10, both sets of embryos were transferred to 0.1X MMR. No death 

was observed during blastula stages. Most death was observed at the onset of 

gastrulation, with 51% of embryos which were disturbed early in development, and just 
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18% of embryos which had been left to develop in injection dishes dying before the  end 

of gastrulation (Fig 2.9). No difference was found in post-gastrulation abnormalities such 

as microcephaly and oedema. 

 
 

 

 
 
 

Fig 2.9. Gastrula survival based on early disturbance of the embryo. Matured oocytes were fertilised  

through ICSI and left in agarose injection dishes with 6% Ficoll made with 0.4X MMR. Half of the resulting 

embryos were moved out of the injection dishes to 0.1X MMR at 4-cell stage and the other half were not 

moved until stage 10. The embryos that were grown to stage 10 without disturbance survived gastrulation 

much better than those that were moved after the second division with a difference of 33%. This suggests 

that damage to the embryo can occur if disturbed too soon after ICSI. 

 
 

According to these data, proper recovery of embryos which have undergone ICSI greatly 

increases the embryo’s ability to enter and complete gastrulation. Even the gentle 

handling involved when transferring embryos can impede this recovery, possibly due to 

slight sticking of the embryo to the agarose and the extra trauma caused when it is lifted 

out of the dish. This revelation has the potential to greatly improve the efficiency of this 

method. 
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2.4. Discussion 
 

Obtaining oocytes of the quality required for ICSI after a long culture has been a major 

challenge and a limiting factor during the optimisation of this method. However, good 

progress has been made towards understanding which frogs make good candidates for 

oocyte donors. I found, through direct comparison experiments that virgin frogs did not 

provide adequate quality oocytes for ICSI, however, frogs which had been ovulated at 

least 8 weeks prior to the experiments provided good quality oocytes at least 50% of the 

time. It was found that previously cycled frogs had a clear period of successful use of 

between 2 and 6 months, after which time the frogs would start to provide less than 

adequate oocytes and would have to be ovulated again before providing good quality 

oocytes. Even though using pre-ovulated frogs has provided a source of good quality 

oocytes for ICSI, bimonthly periods of spontaneous GVBD were observed which lasted 3-5 

weeks before the oocyte quality returned to normal. These instances of spontaneous 

GVBD can be curbed by dropping the oocyte culturing temperature from 18oC to 16oC. 

This change in temperature can delay spontaneous GVBD by days without detrimental 

effect to the oocytes, allowing an experiment to be completed. It remains that adequate 

quality oocytes are not as easy to obtain as one might like for ongoing experiments and 

for wider use in the Xenopus community. The next steps to obtaining consistently good 

quality oocytes with less waste would be to turn our attention to housing. Static tank 

housing could be trialled, along with harder water conditions. Another method to prevent 

waste, would be to perform oocyte removal surgery on the frogs, which involves 

removing a small amount of ovary from a frog to test for quality before killing. With this 

technique frogs that are not providing oocytes of the quality needed will be allowed to 

recover and reintroduced into the colony rather than be killed only to find out later that 

their oocytes cannot be used. 

Data clearly show that culturing oocytes in OCM rather than MMR helps to maintain the 

oocytes’ maturation and fertilisation potential, however, it also shows that this potential 

declines with the longer culturing times required to produce heterozygote, HDR gene 

editing. There are two factors which may affect this, enzymatic defolliculation and 
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culturing conditions. Although the oocytes are only partially defolliculated, the loss of 

some of this barrier protection could cause damage and deterioration in the oocyte as 

discussed earlier, this could be minimised by decreasing the amount defolliculation to the 

bare minimum. The preferred culture medium, OCM, is perfectly adequate for other 

oocyte applications, but like oocyte quality, for long culture followed by ICSI, more may  

be needed. Reformulation and optimisation of OCM might be an advantageous step to 

future work. 

The timing of ICSI post maturation has an impact on fertilisation efficiency. Generally, the 

data suggests that performing ICSI as close to the completion of maturation as possible 

shows an improvement to efficiency, however, due to the wave type nature of in vitro 

maturation, a balance must be found where most of the oocytes are fully matured, but 

the fertilisation efficiency is still optimum. Data show that performing ICSI one hour after 

oocytes can undergo prick activation provides a good balance. 

After fertilisation, dividing embryos are extremely sensitive to damage and physical 

disturbance at the 4-cell stage had a significant impact on survival. Live Xenopus laevis 

embryos can thrive in Ficoll injection dishes with unfertilised eggs and dead embryos for 

up to 10 hours after ICSI without any ill effect. Keeping embryos in situ and allowing them 

to recover before transferring them to a fresh dish significantly improved survival past 

gastrulation. Together these optimisation steps provided ICSI-generated adult frogs in 

large numbers for the first time, allowing us to consider how this technique could be 

exploited to generate useful F0 animals and lines. 

 
 
 

3. Chapter 3 
 

Having performed several successful ICSI experiments in long-term cultured oocytes, the 

next step in this project was to attempt homology directed repair (HDR) insertion through 

CRISPR Cas9 injection, followed by 72-hour culture, maturation then ICSI. An HA epitope 

tag was inserted at the N-terminal end of RUNX1 with the aim of creating a line of frogs 

for Xenopus-based RUNX1 protein experiments as suitable RUNX1 antibodies are not 

available for Xenopus. The insert design used was based around the design used for 
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insertion followed by host transfer in the Zorn lab (Aslan et al., 2017) and later, in the 

Grainger lab for use in embryos (Nakayama et al., 2020a). 

 
 
 

3.1. Background 

 
3.1.1. Xenopus in research and the move to genetic model 

 
Amphibia have long been considered a major animal model in developmental and cell 

biology fields. Newt and frog embryo cleavages were first described in the 1820s (Prevost 

& Dumas, 1824; Rusconi Mauro, 1821), leading scientists to start embryonic experiments 

in the later part of the 1800s. One rather impressive experiment performed by Roux, 

demonstrated bilateral patterning of a 2-cell frog embryo. When one of the two cells was 

killed, the left or the right side of the embryo would continue to develop (Roux, 1888). 

This observation has since been implemented in modern Xenopus research to produce 

embryos with an inbuilt experimental control whereby one half of the embryo is 

experimental, and the other half remains untouched (Braun et al., 2018; DeLay et al., 

2016) . Although some good research was conducted using frogs, most of the 

developmental research from the late 1800’s in to the 1900’s was done using newts as an 

experimental model. One of the most notable discoveries being that of the organizing 

centre of the embryo responsible for early patterning, discovered by Hilde Mangold and 

Hans Spemann in 1924 (Spemann & Mangold, 1924). However, in 1939 a discovery in 

Xenopus would change the face of developmental biology when it was found that  

Xenopus could ovulate year round when injected with hormone (Hogben, 1939). This 

elevated Xenopus to the position of preferred animal model for developmental and cell 

biology research, with their abundant numbers of large embryos now able to be  

produced year round (Gurdon & Hopwood, 2000). Xenopus research went from strength 

to strength, with many important biological discoveries such as the pluripotency potential 

of the somatic nucleus (Gurdon et al., 1958), the existence of maternally inherited 

mitochondrial DNA (Dawid, 1966), the isolation of the first eukaryotic gene (Birnstiel et  

al., 1968) and provision of the first eukaryotic transcription and translation systems (De 
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Robertis & Mertz, 1977; J.Gurdon et al., 1971). In the following decades Xenopus 

continued to be an important developmental model with the identification of molecules 

responsible for mesoderm induction (Smith, 1987), and Spemann-Mangold organiser 

activity (Blumberg et al., 1991; Cho et al., 1991). 

Genetic studies in Xenopus were restricted to small-scale gynogenetic screens for 

naturally-occurring mutations until a major breakthrough and in 1996 brought the  

promise of genetic research and new possibilities for developmental research to the 

Xenopus field with a technique for making transgenic Xenopus laevis (Kroll & Amaya, 

1996). Restriction enzyme mediated integration (REMI) involved the integration of donor 

DNA through corresponding restriction sites in the genome and donor DNA within partially 

decondensed sperm chromosomes. The transgenic sperm would then be used to fertilise 

eggs through ICSI (E Amaya & Kroll, 1999). However, one issue that plagued             

Xenopus research was the fact that Xenopus laevis, the predominant Xenopus species 

being used at that time, is allotetraploid for 66% of genes (Session et al., 2016) with many 

genes showing functional redundancy (Chain & Evans, 2006). This, along with long 

generation times, made Xenopus laevis extremely undesirable for genetic research (E 

Amaya et al., 1998; Hirsch et al., 2002). Conveniently, Xenopus tropicalis, a diploid relative 

of Xenopus laevis emerged as the new, more genetically appropriate model amphibian (E 

Amaya et al., 1998; Hirsch et al., 2002). Due to the close relationship between the two 

Xenopus species, many of the techniques in the Xenopus laevis tool kit were able to be 

optimised for use in Xenopus tropicalis, including REMI (Offield et al., 2000). The adoption 

of this new model led to a slew of successful forward genetic screens and the cloning of 

novel mutations (Abu-Daya et al., 2009, 2011) which was improved further with the full 

sequencing of the Xenopus tropicalis genome in 2010 (Hellsten et al., 2010). Although 

transgenesis sometimes caused surprising insertional mutations and loss of function to 

genes leading to the discovery of previously unknown protein function (Abu-Daya et al., 

2011), more gene-specific loss of function experiments were preferred, using antisense 

morpholino oligonucleotides to block mRNA translation or splicing (Blitz et al., 2003; Janet 

Heasman et al., 2000; Reversade et al., 2005). These experiments, however, were 

restricted to early embryonic development as the morpholino oligonucleotides would 

degrade or be diluted (Tandon et al., 2012). 
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The world of Xenopus genetics was turned on its head with the invention of targeted 

nucleases for gene editing. These nucleases are able to target specific genes at DNA level, 

creating indel mutations (Miller et al., 2011; Ran et al., 2013; Urnov et al., 2010). The first 

of these nucleases were zinc finger nucleases, which were shown to disrupt GFP 

expression when directed to target a GFP transgene in transgenic Xenopus tropicalis 

embryos and inhibit noggin expression when directed to target that gene. Moreover, the 

affecting indels were shown to be heritable (Young et al., 2011). The next nucleases to 

take the limelight were TALENS, which, in an initial investigation, successfully and 

efficiently created indel mutations in eight different targeted genes across both Xenopus 

laevis and tropicalis genomes, with germline transition in the gene edited Xenopus 

tropicalis (Lei et al., 2012). TALENS became the preferred tool for gene editing and 

contributed to a number of successful studies, that was at least until CRISPR/Cas system 

was developed (Miyamoto, Suzuki, et al., 2015; Nakayama et al., 2015; Suzuki et al., 

2013). CRISPR/Cas, with its simpler, more cost effective design and increased efficiency 

(Ran et al., 2013) quickly dominated the gene editing community and has proven to be an 

invaluable tool in understanding the function of genes involved in both development and 

human disease (Bhattacharya et al., 2015; Hassnain Waqas et al., 2017; McQueen & 

Pownall, 2017; Nakayama et al., 2013) reviewed in (Blum & Ott, 2019; Hwang et al., 2019; 

Naert & Vleminckx, 2018; Sater & Moody, 2017). 

CRISPR/Cas gene editing relies on the generation of a double stranded break (DSB), 

followed by the engagement of DNA repair mechanisms to produce targeted gene 

knockouts and precise gene editing. The dominant type of DNA repair in most species and 

cell states, including in Xenopus is the error prone non-homologous end joining (NHEJ). 

This, when repairing DSBs generates random indels near the target site, causing 

frameshifts and subsequent loss of function in the target gene. This type of repair 

produces gene knockout embryos, it has been shown to be highly efficient and is the 

leading use of CRISPR/Cas in Xenopus. The second, and much less efficient DNA repair 

mechanism is high-fidelity homology directed repair (HDR), which can repair DNA 

precisely using donor DNA as a template and can be exploited to produce precise 

insertions, deletions or point mutations with no change to the surrounding genomic DNA 

reviewed in (Liu et al., 2019). HDR insertion in Xenopus, as with other animals, has proven 
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to be a challenge due to the inefficiency of HDR DNA repair, not only because of HDR 

events being rare, but also due to the rapid development of Xenopus after fertilisation 

leading to mosaic embryos and poor germline transmission. For example, simple co- 

injection of DNA encoding an epitope tag and short homology arms with CRISPR/cas9 

targeting the gata2 locus produced only 0.13% of successful founder animals (Piccinni et 

al., 2019). One way to avoid these issues is to edit the gene in oocytes as it is known that 

there is a higher potential for HDR events in oocytes compared to fertilized eggs 

(Hagmann et al., 1996). Oocytes can also be cultured for a number of days after CRISPR 

Cas9 injections, which allows completion of the HDR event and degradation of the 

CRISPR/Cas machinery before fertilisation, ensuring no mosaicism in the resulting embryo 

and thus improved germline transmission. 

This oocyte-based approach has been tested using the host transfer method in Xenopus 

and has produced embryos expressing a fusion of FLAG-tag to the C-terminal of β-catenin 

at 22% efficiency. These embryos were found to be non-mosaic and heterozygotes. Eggs 

which were injected at the same time were found to produce embryos with little to no  

tag integration, the few that did were extremely mosaic (Aslan et al., 2017). Making a 

gene-edited oocyte into an embryo currently uses the host transfer method in which the 

gene edited oocytes are transferred into a Xenopus female, she will then process them as 

her own and lay the resulting eggs. This method is an impressive use of nature; however, 

it is very demanding technically, and ethically expensive since the transfer procedure 

causes pain and suffering. An alternative method is Intracytoplasmic sperm injection 

(ICSI), a method commonly used in human IVF and first used in Xenopus eggs for REMI 

(Kroll & Amaya, 1996), and later adapted for use in matured oocytes (Miyamoto, 

Simpson, et al., 2015a). Sperm nuclei are injected directly into progesterone-matured 

oocytes leading to fertilisation (Kroll & Amaya, 1996; Miyamoto, Simpson, et al., 2015a). 

The recent work using oocyte CRISPR in combination with ICSI has started to show signs 

of success described below, with seamless heterozygous integration of a sequence 

encoding an epitope tag in runx1 of Xenopus laevis (Martin, Abu-Daya and Guille, 

unpublished). This type of precise insertion allows the use of reliable epitope tag 

antibodies in place of unreliable gene specific antibodies for protein assays or the 

introduction of improperly expressed exogenous proteins by various means (Fritze & 
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Anderson, 2000). Moreover, this precise heterozygote integration suggests that mutation- 

specific heterozygote disease modelling would be possible using this method in Xenopus 

tropicalis. 

Most recently, adaptations have been made in the design of the donor DNA used for HDR 

repair, which have allowed HDR integration to be achieved efficiently in fertilised eggs 

(Quadros et al., 2017; Ranawakage et al., 2021; Yoshimi et al., 2016). In Xenopus, long 

single-stranded DNAs were made and could rescue non-pigmented embryos from an 

existing tyr mutant albino line by integration of a corrective sequence by HDR. Four 

hundred base homology arms were designed either side of the rescue sequence. 

Seemingly, the lack of homology length played a large factor in the poor integration 

efficiency of past attempts, since 40% of surviving embryos had been rescued, however, 

38% of these were very mosaic. Two of the least mosaic females were grown to maturity 

and produced 15% non-mosaic, F1 progeny (Nakayama et al., 2020a). Using the same 

principle, GFP was successfully inserted in to the slc45a2.L locus, this time using donor 

DNA with varying lengths of homology arm. resulting in insertion efficiencies ranging from 

18% achieved with 100 base homology arms, to 36% with 800 base homology arms, 

although it was reported that lethality also increased with the size of the DNA insert. A 

comparison was also made between donor DNA with and without 5’ phosphorothioate 

modifications; these were found to increase insertion efficiency from 28% to 41% 

(Nakayama et al., 2020a). 

Overall, the future of seamlessly integrated DNA sequences, either in the form of specific 

mutations, or epitope tags in Xenopus looks bright. The ability to insert DNA through 

relatively efficient HDR in fertilised eggs with no more effort than a regular CRISPR 

injection will prove to be extremely advantageous, especially in epitope tagging for 

proteins that are lacking reliable antibodies for visualisation assays. However, this 

approach still produces mosaic F0 animals and further breeding is required to make a 

non-mosaic line, which is time consuming and costly. Patient specific model animals 

containing gene variants of unknown significance for diagnosis (Macken, Godwin et al 

2021) need to be made quickly, be non-mosaic, and in many cases be heterozygous; 

CRISPR in oocytes would be a more appropriate approach when making animals for this 

type of clinically-based research. Reports of HDR in oocytes have been noticeably less 
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efficient than described in the latest work done in fertilised eggs, however, the 

amendments made to the donor DNA design have yet to be tested in oocytes and are 

likely to lead to much higher HDR efficiency in the future. 

 

 
 

3.1.2. CRISPR/Cas9 

 
CRISPR/Cas is the leading nuclease gene editing tool used today, capable of producing 

targeted gene knockouts and precise gene editing with a low occurrence of off target 

affects (Ran et al., 2013). Originally discovered in prokaryotes as an adaptive immune 

system, this system uses small RNAs to guide nucleases to cleave and destroy foreign 

bacteriorphage genetic elements (Bhaya et al., 2011; Horvath & Barrangou, 2010). This 

nuclease system has since been hijacked and developed into an invaluable biotechnology 

used in many model and non-model organisms (Pickar-Oliver & Gersbach, 2019). The 

major difference between CRISPR/Cas technology and other nuclease gene editing 

technologies, ZFN and TALENs is it’s simple experimental design. ZFN and TALEN methods 

require the design and costly engineering of custom, modular DNA-binding proteins to 

target a specific genomic site, whereas CRISPR/Cas only requires a custom RNA, which  

can be easily synthesised in any molecular biology lab. 

The single guide RNA (sgRNA) consists of a sequence common to all Cas9 gRNAs which 

binds to Cas9, often called tracrRNA, the custom part of the sgRNA contains a 17-20nt 

sequence which is complimentary to the genomic cutting site designed by the user. When 

determining the genomic cutting site, there are some factors to take into consideration. 

Firstly, there must be a protospacer adjacent motif (PAM) directly downstream of the cut 

site. This motif is different for different types of Cas, however, for the most commonly 

used Cas9, the sequence is 5’NGG3’ where ‘N’ can be A, T, G or C. The PAM sequence is 

essential for Cas nuclease activity and must not be included in the sgRNA to avoid cutting 

of the gRNA (Ran et al., 2013). The second factor to consider is the probability of “off 

target” cutting at other points in the genome that are close enough in sequence to the 

protospacer to bind the sgRNA which also have a PAM site adjacent. Fortunately, there 

are multiple online resources such as that can search species specific genomes and 
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predict such sites at a touch of a button, allowing researchers to input a customisable 

region of DNA and find a cutting site that fits their needs with no, or at least, with few off 

target affects. 

When injected together, the Cas9 and sgRNA will bind, forming a complex with the  

custom part of sgRNA left free to bind to the genomic target site. Cas9 will first recognise 

PAM sites in the genome and bind to them, once bound, the DNA duplex adjacent 

destabilises and unwinds. If the unwound DNA is not recognised by the sgRNA, the 

Cas9/RNA will dissociate from the DNA, however, if it is a match the Cas9 generates a DSB 

at the intersection between the protospacer and the PAM site. The interaction between 

Cas9 and cut DNA is extremely stable and requires harsh urea treatment to dissociate in 

vitro, suggesting that Cas9 may remain bound to cut DNA in vivo, requiring cellular factors 

to facilitate dissociation (Sternberg et al., 2014). 

 

 
 

 
Fig 3.1. CRISPR/Cas double stranded DNA digestion. A schematic depicting CRISPR/Cas9 cutting. Cas9 binds 

to sgRNA which guides it the 20nt target sequence in the genome. Cas9 makes a double stranded cut just 

upstream of the PAM sequence. 

 

3.1.3. DNA repair mechanisms 

 
Once Cas9 has generated a DSB in the target DNA, the cell’s DNA repair mechanisms 

assemble to repair the break. The dominant repair mechanism in Xenopus eggs is NHEJ. 
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Due to the blunt nature of the DSB caused by Cas9 cutting compared to damage caused 

by other means, NHEJ of Cas9 cut ends is extremely error prone, causing indel mutations 

and efficiently disrupting the gene of interest (Bhattacharya et al., 2015; Blitz et al., 2013; 

Ferreira da Silva et al., 2019; Guo et al., 2014; Nakayama et al., 2013). The HDR 

mechanism works in conjunction with an exogenous DNA repair oligo, using the donor 

DNA as a template and repairing the cut DNA precisely with no disruption to the gene. 

However, this mechanism is much less efficient in Xenopus eggs and has been largely 

unsuccessful in past studies with few F0 animals carrying the insertion or failing to pass 

the insertion to the F1 generation due to mosaicism (Aslan et al., 2017; Piccinni et al., 

2019). 

One way around the issue of NHEJ dominance when generating precise insertions is to  

edit the DNA of oocytes, rather than fertilised eggs since HDR has been shown to be much 

more efficient in oocytes (Hagmann et al., 1996). Oocytes can then be matured and 

fertilised through host transfer (Aslan et al., 2017), or through ICSI (Miyamoto, Simpson, et 

al., 2015a). The use of DNA ligase inhibitors such as SCR-7 have also been shown to 

increase the efficiency of HDR in oocytes by blocking DNA ligase IV (Aslan et al., 2017), 

however, when tested in fertilised eggs, SCR-7 had no effect on HDR efficiency (Nakayama 

et al., 2020a). Recent work generating HDR-mediated insertion events in fertilised eggs 

suggests that using donor DNA with long homology arms (~500nt) with 5’ 

phosphorothioate modifications increases insertion efficiency up to 41% with successful 

germline transmission (Nakayama et al., 2020a). 

 
 
 

3.1.4. Mosaicism 

 
Mosaicism is a term used to describe a change in the genome which does not appear in all 

cells of a developed animal. For example, when talking about an animal which has 

undergone gene editing at the one cell stage, we would expect that all future cells in that 

organism would carry the genetic change as the first cell is the original genetic template 

for all future cells. However, this is not usually the case across vertebrate model animals. 

Xenopus for example have a rapid rate of development after fertilisation, with Xenopus 
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laevis undergoing their first cell division at around 2 hours and X. tropicalis at around 1 

hour. This, along with cool temperatures required for Xenopus development (especially X 

.laevis) can lead to cell division preceding the completion of gene editing, so instead of 

one of one cell being edited, we have one of two or even one of four cells. Combined with 

distinct repair events also occurring from blastomere to blastomere typical mosaicism 

levels in X. laevis is eight different genotypes (Horb et al., 2019). 

The issue of mosaicism can be overcome through gene editing in oocytes, which can be 

cultured for a number of days to ensure full editing has taken place before fertilisation 

through either ICSI or re-implantation in to a donor frog (Aslan et al., 2017). Very recent 

work has indicated that this problem can be partially overcome in Xenopus laevis, by 

incubating the edited embryos at 12oC for 6hrs directly after injection, slowing 

development down. Both indel mutation and HDR insertion animals showed a drop in 

mosaicism compared to animals incubated at 20oC with no effect on survival (Kato et al., 

2021). 

 

 
 
 

Fig 3.2. Mosaicism in CRISPR injected eggs compared to CRISPR injected oocytes. Due to the rapid 

development of Xenopus embryos, CRISPR/Cas9 gene editing often does not take place at the one cell 

stage, leading to mosaicism. CRISPR/Cas9 gene editing in oocytes can be run to completion through long 

culturing before fertilisation, producing non-mosaic animals. 
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3.1.5. Epitope tags 

 
Epitope tagging is a method that involves the fusing of a small, known peptide (tag) to a 

protein of interest at either the C- or N-terminus. This can be achieved by in-frame 

insertion of the peptide’s DNA sequence just after the start codon or directly before the 

stop codon sequence of the gene or interest. These tagged proteins can then be detected 

and purified after probing with an anti-tag monoclonal antibody (Brizzard, 2008; Fritze & 

Anderson, 2000). Epitope tagging has been commonly used to facilitate protein detection 

through western blotting, immunohistochemistry, immunoprecipitation, and flow 

cytometry when a suitable protein specific antibody is not available or when the protein 

of interest is poorly immunogenic. Epitope tagging can also be used for affinity 

purification of tagged proteins (Brizzard, 2008; Fritze & Anderson, 2000). 

 

 

There are many epitope tags available to the research community, all with specific pros 

and cons. When choosing an epitope tag for a specific experiment, it is advised to take the 

size and charge of the tag into consideration as well as the method of analysis and any 

downstream applications that will be used (Kimple et al., 2013). For many years, epitope 

tagging was restricted to recombinant proteins, however, with the development                

of CRISPR/Cas technology, epitope tagging has become a useful tool in ex vivo and in vivo 

research in Zebrafish and mouse (Burg et al., 2016; Lackner et al., 2015; Lyu et al., 2018; 

Savic et al., 2015). With advances in HDR insertion in Xenopus (Aslan et al., 2017; 

Nakayama et al., 2020a) (Martin, Abu-Daya, Guille, unbublished), lines of epitope tagged 

Xenopus will make their way to the Xenopus research community via the EXRC, with 

specific epitope tags and proteins of interest being dictated by the community as a whole. 

Human influenza hemagglutinin (HA) tag was used as the epitope of choice for this project 

due to its small size and its widespread use in protein detection studies (Hruscha              

et al., 2013; Palha et al., 2018; Piccinni et al., 2019). The HA-tag’s small size of 27 

nucleotides in DNA sequence and 9 amino acids (1.1kDa) in protein form, makes it a more 

attractive protein than much larger fluorescent fusion proteins for protein detection due 
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to the ease of donor DNA synthesis and insertion and, in protein form, is less likely to 

disrupt the function of the tagged protein (Brizzard, 2008). 

 
 
 

3.1.6. Runt related transcription factor (RUNX1) 

 
RUNX1 is one of a family of transcription factors that share an evolutionarily-conserved 

runt domain which binds core-binding factor β (CBFβ). This binding not only stabilises the 

RUNX protein, but also enhances DNA binding (Ito et al., 2015; Yan et al., 2004). 

RUNX1 has become regarded as a master regulator of haematopoiesis and marker for 

haematopoietic stem cells. The gene’s knockout has proved lethal in mice after causing 

haematopoietic defects (Lacaud et al., 2002; Okuda et al., 1996; Wang et al., 1996) and 

RUNX1 knockdown in Zebrafish produced embryos devoid of haematopoietic stem cells 

(Burns et al., 2005; Gering & Patient, 2005; Kalev-Zylinska et al., 2002). Moreover, studies 

have suggested that RUNX1 is involved in the opening of condensed chromatin at the 

onset of haematopoiesis and promotes the recruitment of other transcription factors 

(Hoogenkamp et al., 2009; Lichtinger et al., 2012). 

RUNX1 is also essential for the differentiation of Rohon-Beard (RB) sensory neurons, 

which mediate touch response at larval stages of development. Runx1 mRNA has been 

detected in Xenopus RB precursor cells as early as late gastrulation and knockdown of 

their translation has resulted in embryos which fail to differentiate RB sensory neurons 

and show no response to touch stimulation (B. Y. Park et al., 2012). 

RUNX1 mutation and translocation has been linked to a number of blood disorders and 

cancers, including Familial platelet disorder with predisposition for acute myeloid 

leukaemia (AML), myelodysplastic syndrome (MDS), and acute lymphocytic leukaemia 

(ALL) (Ito et al., 2015; Mangan & Speck, 2011; Matheny et al., 2007; Song et al., 1999). 

Research in Xenopus has, however been restricted by the lack of an effective anti-RUNX1 

antibody, which has prevented protein detection and ChIP assays which could advance 

our understanding of RUNX1’s role in developmental regulation and, now that Xenopus 

research is moving into disease modelling, its role in blood disorders and cancers. This 

project chose RUNX1 for epitope tagging with the view to produce a Xenopus line which 
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could address the issue of poor antibody reactivity in Xenopus using a gene that has great 

potential for impactful research. 

 
 

 
3.1.7. The future of Xenopus as a disease model 

 
1 in 17 people have or will develop a rare disease with a genetic component (Genomics 

England), and with the advent of next generation sequencing revolutionising genomic 

medicine, this produces an increasingly large amount of DNA sequencing data from 

patients and their families. An abundance of genetic variants are found in each patient, 

with 25-30% of cases being diagnosed with DNA sequencing data revealing known 

pathogenic variants, however, sequencing data from most patients provides only variants 

of unknown significance (VUS) (Adams & Eng, 2018; Eldomery et al., 2017; Wenger et al., 

2017), which must undergo a series of functional tests in cell and animal models before 

they can be categorised as pathogenic and clinically actionable (Richards et al., 2015). 

Traditionally mice have been used for these types of test due to their genetic similarity to 

humans, however, mouse lines take upwards of 3 months to generate due to breeding as 

F0 animals are often too mosaic (Gurumurthy & Lloyd, 2019; Qin et al., 2016). The 

extended timeline when working in mice and the sheer abundance of genetic data being 

generated from patients has created a severe bottleneck to pathogenic variant 

recognition, diagnosis, and directed treatment for patients. In the UK patients can expect 

to wait up to 5 years before getting a diagnosis, with some not being diagnosed at all 

(Muir, 2016). 

With the successful track record of gene editing in Xenopus, along with their genetic and 

physiological similarity to humans, Xenopus may be the best model organism for disease 

research next to mice. Moreover, Xenopus can produce thousands of offspring in one 

ovulation, making them less financially and ethically expensive whilst increasing the 

power of any experiment. Xenopus crispants can be made in around a week and embryos 

develop rapidly, with most organs present after three days, making for rapid 

phenotyping. 
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In recent years, a select few in the Xenopus community have begun to take the first 

tentative steps into the arena, providing proof that Xenopus could be a valuable tool in 

the evaluation of VUS and investigation into the mechanisms of disease (Hwang et al., 

2019). Xenopus are an excellent model for congenital heart defects as not only do they 

share close genetic and morphological similarities to mammalian heart development, but 

Xenopus, unlike mice, do not require circulating blood for early development. This  

enables the investigation of severe heart defects further into development which would 

prove lethal in early mouse embryos (Abu-Daya et al., 2009; Kaltenbrun et al., 2011), so it 

is no surprise that some of the first patient driven Xenopus studies where used to 

investigate congenital heart disease. In 2016 an investigation was made into the 

underlying mechanisms of a left-right patterning defect of the heart thought to be caused 

by a depletion of NUP188 after an internal duplication was found in the genome of a 

patient with congenital heart disease. Through morpholino knockdown experiments in 

Xenopus it was found that depletion of NUP118 led to a loss of cilia in the left-right 

organiser during development, and later, abnormal heart patterning mimicking that of  

the patient (del Viso et al., 2016). Another mechanistic study in 2018 arose after an 

internal duplication in RAPGEF5 was found in the genome of a patient suffering from 

congenital heart disease presenting with abnormal left-right heart patterning. This was 

successfully recreated in Xenopus through both morpholino knockdown and CRISPR 

knockout experiments and showed that the Wnt signalling pathway was affected during 

development through a failure of β-catenin nuclear transportation. These affects were 

able to be rescued by human RAPGEF5 mRNA injection (Griffin et al., 2018). 

The embryonic kidney of Xenopus shares less similarity with mammalian kidney structure 

than the heart, however, Xenopus still provides a good, simplified kidney model with 

regions of the Xenopus pronephros corresponding with regions of the human 

metanephros in both function and gene expression (Alarcón et al., 2008; Buisson et al., 

2015; Carroll & Vize, 1999; Raciti et al., 2008; Saulnier et al., 2002; Wild et al., 2000; Zhou 

& Vize, 2004). The main advantages of using Xenopus for the study of kidney 

development are two-fold, firstly, the ability to target kidney specific cells through 

blastomere injection. Extensive fate mapping of the developing Xenopus embryo has 

enabled researchers to pinpoint which blastomeres of the embryo will develop into 
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various tissues and organs, furthermore, the large size of these embryos allows the 

injection of targeted blastomeres comfortably up to a 32-cell stage. Cells which form the 

pronephros can be targeted at 4 cell stage with a simple ventral blastomere injection and 

at 8 cell stage with a ventral vegetal blastomere injection. Using this method, from 4 cell 

stage onwards either the left or the right kidney can be targeted, leaving the other as an 

internal control (DeLay et al., 2016). The second major advantage of using Xenopus is the 

transparency of the developing embryo, which allows for easy visualisation of organs 

including the developing kidney. Examples of patient driven studies into congenital kidney 

disease include the investigation into variants of the gene NRIP1 found in patients with 

congenital abnormalities in the kidney and urinary tract. NRIP1 was knocked down in 

Xenopus using blastomere morpholino injections targeting the pronephros, which 

produced embryos with deformities in pronephric structures. Rescue experiments were 

then performed through mRNA injection of either wildtype or variant mRNA, where 

embryos injected with wildtype mRNA were successfully rescued, but embryos injected 

with variant mRNA were not, confirming the deleterious nature of the variant (Vivante et 

al., 2017). Using similar methods, a multi-model study used Xenopus, zebrafish and human 

podocyte cell lines to investigate variants in outer ring nuclear pore complex                

genes found in patients with steroid resistant nephrotic syndrome (SRNS). Mono-lateral 

morpholino injections were used to knockdown nup85, nup107 and nup33 in one side of 

two cell Xenopus embryos, whilst leaving the other side as an internal control. With the 

knockdown of each gene, embryos presented with morphological defects in the 

pronephros. A rescue on each of these knockdowns was attempted by injecting embryos 

with morpholinos at the 1-cell stage, affecting the whole embryo rather than one side, 

then attempting to rescue one of the two sides of the embryo with an mRNA injection at 

the 2-cell stage. Embryos were successfully rescued with wildtype mRNA, and not with 

human mutant mRNA, confirming that nup85, nup107 and nup133 are required for  

normal pronephros development in Xenopus, and implicating nup variants found in 

patients in the abnormalities found in the kidney (Braun et al., 2018). 

In recent years members of our own lab have been collaborating with clinical geneticists 

caring for patients with rare genetic diseases at the University of Southampton to 

investigate the pathogenicity of genetic variants found in patients with congenital 
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neurodevelopmental diseases. In similar studies, morpholino knockdowns have been 

used to assess the effect of protein depletion. This strategy has been useful in 

investigating the effect of the depletion of full proteins and coupled with rescue 

experiments utilising mRNA containing specific variants, this strategy has proven to be 

quite strong. However, the morpholino with mRNA rescue strategy only works for early 

development due to their limited stability. To investigate the effect of genetic variants on 

later development, a more permanent gene editing approach was taken in the guise of 

CRISPR/Cas. A cohort of 24 patients with neurodevelopmental delay and neuro- 

behavioural phenotypes were found to have variants in TRIO, a key regulator of neuronal 

migration, axonal outgrowth, and guidance as well as synaptogenesis. Both missense 

variants, with in-frame codon changing point mutations, and nonsense variants with 

protein truncating mutations were found. The majority were missense variants located in 

two hotspots, the first in the seventh spectrin repeat towards the N-terminus of the TRIO 

protein, and the second in the RAC1 activating GEFD1 domain further downstream 

whereas nonsense variants were found spread along the entire sequence. Patients with 

variants in the seventh spectrin repeat presented with more severe intellectual disability 

and macrocephaly, whereas patients with GEFD1 variants presented with a milder 

intellectual disability and microcephaly. Functional studies using HEK293T cells attributed 

these differences in phenotype to a difference in the activity levels of RAC1 caused by 

variants in the seventh spectrin repeat which caused hyperactivation, and in the GEFD1 

domain which caused hypoactivation. CRISPR/Cas was used to produce indels in the 

GEFD1 domain of Xenopus tropicalis embryos resulting in a truncation in GEFD1, which 

gave rise to embryos with microcephaly and structural abnormalities in the forebrain, 

implicating the disruption of GEFD1 in neurodevelopmental defects, probably due to the 

mis-regulation of RAC1 (Barbosa et al., 2020). 

Another collaboration study between the University of Southampton and the EXRC 

investigated the cases of two families with a novel neurodevelopmental syndrome, 

presenting with variable microcephaly and cataracts. Whole genome and exome 

sequencing from these families revealed homozygous variants in COPB1, encoding the 

beta subunit of coat protein complex 1 (COP1), a complex integral in the sorting and 

trafficking of proteins and lipids from the Golgi apparatus to the endoplasmic reticulum. 
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One family had a splice donor site variant, which blood RNA studies showed to cause a 

skipping of exon 8 and a 36 base pair deletion. In Xenopus tropicalis, exon 8 was targeted 

for CRISPR/Cas cutting with two sgRNAs separately. Both sets of injections produced 

microcephaly with cataracts mirroring the phenotypes seen in the patients. The second 

family had a missense variation in COPB1, which was investigated through cell culture and 

through 3D modelling was predicted to affect protein folding and stability. Functional 

studies in HEK293 cells revealed a mild reduction in protein stability and a more diffused 

localisation in cells containing the COPB1 variant compared to cells containing wildtype 

COPB1. These subtle changes in the protein echo the subtlety of the in-frame point 

mutation in the genome and may be lost with a more severe form of gene editing such as 

a truncation or deletion made with a general CRISPR/Cas9 knockout. This highlights the 

advantage that precise HDR insertion of patient variants could bring to the modelling of 

human disease in Xenopus in terms of more nuanced and accurate downstream  

functional studies (Macken et al., 2021). 

 

 
 

3.1.8. Base editing and Prime editing point mutation strategies 

 
One major issue found when using CRISPR/Cas9 for precise insertion is the rate of off 

target indel formation or deletion due to the repair of double stranded breaks made by 

Cas9 being biased toward NHEJ repair rather than HDR (Brinkman et al., 2018; Mao et al., 

2008). However, two strategies have emerged in recent years which appear to be 

circumventing this problem. Base editing and prime editing both take advantage of RNA 

guided Cas9 to target specific sites in the genome, however, the type of Cas9 used is 

carefully chosen and engineered to either provide no break in the DNA or a single 

stranded break, preventing complications caused by double stranded breaks (Anzalone et 

al., 2020). Base editing is a DNA point mutation strategy whereby a programmable Cas 

enzyme and either a cytosine or adenine deaminase are fused to form a base editor this 

base editor can then be used to achieve targeted transition mutations in DNA (Anzalone 

et al., 2019). Cytosine base editors were the first to be developed, using cytosine 

deaminase to replace targeted cytosines with uracil. DNA replication machinery will then 

recognise the uracil as a thymine and repair the mismatched guanine to an adenine on 
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the opposite strand, effectively allowing researchers to easily change a C/G to a T/A 

(Komor et al., 2016). This works particularly well when the Cas9 nickase (nCas9) is used, 

since the single stranded break generated on the unedited strand biases DNA repair to 

the unedited strand, rather than correcting the changed base (Komor et al., 2016). 

Adenine base editors follow the same principle, except in this case adenine is the target 

base, which is changed to inosine through hydrolysis by deoxyadenosine deaminase, the 

inosine is then recognised as guanine and the mismatch is repaired from I/T to G/C 

(Gaudelli et al., 2017). Although base editing has proven to be an excellent strategy for  

the generation of point mutations in both cell culture with a 50% insertion rate in human 

cell lines (Gaudelli et al., 2017), and whole organisms with a 20% insertion rate in Xenopus 

(D. S. Park et al., 2017), it has the limitation of only generating transition mutations (C/G 

to T/A or T/A to C/G) and not transversion mutations (A to T or C to G). It also has a target 

“window” of >4 base pairs meaning that is lacks complete precision. 

 
 

Prime editing, however, can boast the generation of both precise transition and 

transversion point mutations as well as insertions up to 80 base pairs long. Prime editors 

consist of nCas9 fused to a reverse transcriptase and are used in conjunction with a prime 

editor guide RNA (pegRNA). pegRNA serves two purposes, firstly, like sgRNA used in 

CRISPR/Cas9 gene editing and base editing, pegRNA binds to both nCas9 and the site in 

the genome to be targeted, guiding, and securing the prime editor to the target site, but 

to the opposite strand to the PAM sequence. Secondly, the 3’ end of pegRNA contains a 

reverse transcriptase primer complimentary to the genome sequence directly upstream  

of the site to be edited on the same strand as the PAM sequence, followed by the 

complimentary template for the edited DNA to be inserted. The nCas9 generates a single 

stranded break in the PAM containing strand, which allows the 5’ end of the pegRNA to 

bind to the free 3’ end of the nicked gDNA and the reverse transcriptase then to 

transcribe the insert from the template provided by the pegRNA. Once the reverse 

transcription is completed, the genome is left with both an edited sequence and the 

original unedited sequence on the same nicked strand. DNA repair can result in either the 

edited or unedited sequence being deleted, although even if the original sequence is 

deleted in favour of the edited sequence, a second mismatch repair must favour the 
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edited stand for the edit to be introduced into the genome (Anzalone et al., 2019). 

Researchers have found that introducing a second nick on the opposite strand to the edit 

using a separate sgRNA improves the efficiency of edited DNA insertion from 5% to 33% 

on average in human cell lines (Anzalone et al., 2019). Prime editing is still in its infancy, 

but, if it is further developed and optimised much like base editors have been, it could 

prove to be a powerful tool in the study, diagnosis, and therapy of genetic diseases. 
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Fig 3.3. Comparison of point mutation strategies (Matsoukas, 2020). Schematic representations of 

CRISPR/Cas9 with HDR and NHEJ repair, base editing, and prime editing. (A) Cas9 binds to sgRNA, which 

guides it and binds to the target site in the genome. Cas9 generates a double stranded cut in the genome. 

The DNA is either repaired by NHEJ which results in random insertions or deletions, or by HDR using a repair 

donor oligo, resulting in precise insertion. (B) nCas9 binds to sgRNA which guides it and binds to the target 

site in the genome. The A strand is deaminated with TadA whilst the T strand is nicked by nCas9. The DNA is 

repaired, changing the T to a C in order to match the G. (D) The prime editor comprises of nCas9 and 
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reverse transcriptase a long gRNA (pegRNA) is designed with a genome target sequence, a primer upstream 

of the insertion and a template to generate the insertion by reverse transcription. (E) pegRNA guides nCas9 

to the target sequence in the genome. The nCas9 makes a nick in one strand at the target site and the 

primer on pegRNA binds to the corresponding site in the genome. Reverse transcriptase synthesises the 

insert DNA from the template in pegRNA. DNA repairs incorporating the synthesised insert. 

 
 

 

3.2. Methods 
 

 
3.2.1.  sgRNA design and synthesis 

 
Potential sgRNA targets less than 20bp away from the target insert site, either at the 5’ 

ATG  or at the 3’ ‘stop’ codon of the ORF were identified using CRISPRscan at  

https://www.crisprscan.org/ (Moreno-Mateos et al., 2015). DNA oligos containing the 

identified sequences along with a 5’ T7 promoter sequence and a 3’ tail annealing 
 

sequence were ordered through ThermoFisher Scientific and synthesised by Invitrogen. 

 

The DNA oligonucleotides containing target sequences were elongated using annealing- 

extension, adding a tail sequence (5’ AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT 

GAT AAC GGA CTA GCC TTA TTT TAA CTT GCT ATT TCT AGC TCT AAA AC 3′), which allows 

for RNA folding and proper binding to Cas9. Annealing-extension products were visualised 

against non-elongated oligo on a 1.5% agarose to check for a slight size difference caused 

by elongation. 

https://www.crisprscan.org/
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PCR master 
mix 

50 μl Initial 
denaturing 

94ºC 5’ 

Custom 

gRNA (100 
μM) 

2 μl Denaturing 94ºC 20” 

Universal 
gRNA (100 
μM) 

2 μl Annealing 58ºC 15” 

MgCl2 (25 
mM) 

2 μl Extension 68ºC 15” 

dH2O 44 μl Final 

extension 

68ºC 5’ 

Reaction 
total 

100 μl Hold 4ºC - 

 
 
 

The double stranded PCR products were then used as a template -for in vitro RNA 

synthesis. 

RNA was synthesised using MEGAshortscript™ T7 Transcription Kit (ThermoFisher 

scientific AM1354) following the manufacturer’s instructions. The resulting sgRNA was 

purified on a Sigmaspin purification column and separated on a 1.5% agarose gel to check 

for RNA degradation. RNA was then quantified using nanodrop micro-volume 

spectrophotometry and stored at -80oC. 

 
 

 

3.2.2.  sgRNA testing – T7 endonuclease assay 

 
Two hundred picograms of sgRNA was injected along with 4µM Cas9 protein into 

fertilised Xenopus laevis eggs (CRISPR as detailed in ‘CRISPR injection in Xenopus eggs’). 

The resulting embryos were grown to neurula stage and frozen singly in dry Eppendorf 

tubes at -80oC. DNA was extracted from 5 separate embryos (DNA extraction as detailed 

in ‘Embryo DNA extraction’). A PCR reaction was set up using embryo gDNA as the 
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template with primers designed 200-400 bp either side of the CRISPR target site. 

PCR reaction (25 µL) 

 

Component 25 µL reaction 

Polymerase master mix (Go Taq green) 12.5 µL 

Forward primer (10 µM) 1 µL 
Reverse primer (10 µM) 1 µL 

Template DNA (50 nM – 1 µg) 2 µl 
dH2O 8.5 µL 

 

 
Step Temperature Length 

Initial denaturing 95oC 2’ 
Denaturing 95oC 30” 

Annealing 50-68oC 30” 

Extension 70oC 1’ 

Final extension 70oC 5’ 
Hold 4oC ∞ 

 

 

The PCR product was run on a 1% agarose gel to check for the appropriate amplification 

before being denatured and re-annealed in a thermocycler. 

Hybridisation 
 
 

Component 19 µL reaction 

PCR product 200 ng 

10X NEbuffer 2 2 µL 

dH2O To 19 µL 

 
 
 

Step Temperature Ramp rate Time 

Initial Denaturation 95oC  5 Minutes 

Annealing 95-85oC -2oC/sec  

 85-25oC -0.1oC/sec  

Hold 4oC  ∞ 

 
 
 

1 µL of T7 endonuclease was added to the annealed PCR product and the digestion 

reaction was incubated at 37oC for 15 minutes. The digested product was then run on a 
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1.5% agarose gel and visualised on a UV light source using a gel doc system. Indication of 

endonuclease cutting at base mismatches were identified by 2 distinct bands on the gel. 

 
 

 
3.2.3.  Insert design 

 
Once the most efficient sgRNA was identified using the T7 endonuclease assay, an insert 

was designed to incorporate a hemagglutinin (HA) tag sequence either directly after the 

ATG codon if the sgRNA cut site was at the 5’ end of the gene of interest, or directly 

before the ‘stop’ codon if the sgRNA cut site was at the 3’ end of the gene of interest. The 

HA sequence was flagged either side by either 70bp of homology sequence upstream and 

40bp downstream for the short insert and 500bp either side for the long insert. Silent 

mutations were introduced into the sgRNA target site in order to prevent secondary Cas9 

cutting after insertion. The short ssDNA insert was synthesised by Eurogentec and the 

long ssDNA insert was synthesised in house. 

 
 

 
3.2.4.  BAC cloning and DNA extraction 

 
To synthesise the lssDNA, BACs containing the gene of interest and an ampicillin 

resistance gene were identified using the Xenbase Genome Browser and were obtained 

from the European Xenopus Centre (EXRC). The BACs were streaked on to LB Agar plates 

containing 50µg/mL ampicillin and cultured for 16 hours at 37oC. Single colonies were 

selected from the plates and cultured for a further 20 hours in 10 mL of liquid LB with 

1/1000 ampicillin at 37oC in a shaking incubator. The liquid culture was transferred into 
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15 mL falcon tubes and centrifuged at 1500g for 10 minutes at 4oC. The supernatant was 

discarded, and the pellet resuspended in 100 µL of lysis buffer (50 mM glucose, 10 mM 

EDTA pH 8.0, 25 mM Tris.HCl pH8, autoclaved; RNase A added to 450 µg/mL final 

concentration). The lysis reaction was shaken gently and incubated on ice for 5 minutes. 

400 µL detergent solution (200 mM NaOH, 1% SDS) was added to the lysate followed by 

gentle shaking and a further 5-minute incubation on ice. 300 µL of 3M KOAc (pH 5) was 

added and incubated on ice for 15 minutes. The lysate was centrifuged at 2800g for 15 

minutes. The supernatant was transferred to an Eppendorf tube with an equal volume of 

isopropanol, mixed and centrifuged at 12000g for 5 minutes. The supernatant was 

discarded, and the pellet washed in 70% ethanol before being centrifuged at 12000g for 2 

minutes. The pellet was left to air dry before being resuspended in 40 µL molecular 

biology grade water. BAC DNA was stored at -20oC 

 
 

 

3.2.5.  Long ssDNA synthesis 

 
4 DNA primers were designed to produce 2 PCR products spanning the entirety of the 

insert sequence with a 20bp overlap at the HA sequence. The forward primer for the 5’ 

PCR product and the reverse primer for the 3’ PCR product were designed with 20bp 

overlap sequences with 5’ and 3’ ends of a linearised puc19 vector digested with EcoRI 

and HindIII. 
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PCR reaction 
 
 

Component 50 µL reaction 
5X Q5 Reaction Buffer 10 µL 

10 mM DNTPs 1 µL 

Forward primer (10 µM) 1 µL 

Reverse primer (10 µM) 1 µL 

Template DNA – BAC (30-50 ng) 1 µl 

Q5 High-Fidelity DNA Polymerase 0.5 µL 

dH2O 35.5 µL 
 
 
 

Step Temperature Length 

Initial denaturing 95oC 2’ 

Denaturing 95oC 30” 

Annealing 50-68oC 30” 
Extension 70oC 1’ 

Final extension 70oC 5’ 

Hold 4oC ∞ 
 
 
 

The 2 PCR products were run on a 1% agarose gel to check for clean amplification. 
 

500 ng of puc19 vector was linearised through restriction digest using EcoRI-HF (NEB 

R3101S) and HindIII (NEB R3104S) 

 

Component 20 µL reaction 

Cutsmart buffer (NEB) 2 µL 

Puc19 vector 500 ng 

EcoRI-HF 1 µL 

HindIII 1 µL 

dH2O Up to 20 µL 

 
 
 

The restriction digest was incubated at 37oC for 30 minutes before the enzymes were 

deactivated by incubating at 80oC for 20 minutes. Linearisation was confirmed by running 

the reaction on a 1% agarose gel. 
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The Gibson assembly cloning was performed using Gibson Assembly® Cloning Kit (NEB 

E5510S). 

A Gibson assembly reaction was set up on ice for a 3-fragment reaction (the 2 PCR 

products and linearised pUC19 vector). The 2 PCR fragments were added at a 2-fold molar 

excess to the puc19 vector. 

 

Components 20 µL reaction 

2X Gibson assembly mastermix 10 µL 

PCR products 1 and 2 30 ng each 

Puc19 vector 50 ng 

dH2O Up to 20 µL 

 
 
 

The reaction was incubated at 50oC for 20 minutes in a thermocycler before being stored 

on ice until transformation. 

2 µL of the assembly reaction was added to 50 µL NEB 5-alpha Competent E. coli cells and 

incubated on ice for 30 minutes. The cells were then heat shocked at 42oC for 30 seconds 

before being incubated on ice for a further 5 minutes. 950 µL of room temperature SOC 

medium was added to the cells and incubated at 37oC for 60 minutes in a shaking 

incubator. 

70 µL of the transformed cells were spread onto pre-warmed LB agar + ampicillin plates 

and incubated at 37oC for 16 hours. Single colonies were selected and transferred to 10 

mL of LB broth + ampicillin. They were then incubated at 37oC for 16 hrs in a shaking 

incubator. The liquid culture was lysed, and the DNA extracted using QIAprep Spin 

Miniprep Kit (Qiagen 27106) following the manufacturer’s instructions. The vector DNA 

containing the insert was stored at -20oC. Synthesis of ssDNA with a 5’ phosphothioate 
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modification was performed using Guide-it Long ssDNA Production System v2 (Takara 

632666) following the manufacturer’s instructions. The resulting ssDNA was run against 

the dsDNA template on a 1% agarose gel to confirm its ssDNA status. ssDNA was stored at 

-20oC. 

 

 
 

 

3.2.6.  CRISPR in Xenopus laevis embryos 

 
Adult female Xenopus were injected with 450-60 UI HCG the day before the experiment. 

On the day of the experiment, eggs were squeezed from the female and fertilised with 

sperm taken from the testes of a sacrificed adult male Xenopus. After 5-10 minutes the 

dish of fertilised eggs was flooded with 0.1X MMR. After approximately 15 minutes the 

fertilised eggs were checked under a microscope to assess fertilisation efficiency. 

Fertilised eggs were identified by the evidence of cortical rotation leaving the animal pole 

facing upward. The 0.1X MMR was drained from the dish and replaced by 2% cysteine in 

0.1X MMR followed by gentle agitation to aid jelly coat degradation. Once the eggs were 

released from the bottom of the dish, they were transferred along with the cysteine 

solution to a 50 mL falcon tube. The tube was inverted gently until no space could be seen 

between eggs, signalling complete jelly coat degradation. 

The de-jellied eggs were washed gently in 0.1X MMR 5 times before being transferred in 

to a 90 mm petri dish. Good quality eggs were quickly selected from the dish and set 

aside for CRISPR injection. 

The eggs were loaded into an injection dish filled with 3% Ficoll (Sigma-Aldrich F4375- 

50G) in 1X MMR. A 4 nL injection comprising of 200 ng of sgRNA, 300 ng of insert ssDNA 
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and 600pg Cas9 protein (NEB M0646T) was injected into each embryo at the 1-cell stage. 

The injected embryos were left to recover in 3% Ficoll solution for 4 hours before being 

transferred to a fresh 90 mm petri dish filled with 0.1X MMR. Developing embryos were 

cleaned out and given fresh MMR daily until they reached the desired development stage 

for genotyping. 

 
 

 
3.2.7.  CRISPR injection into oocytes 

 
An 8µl preparation of CRISPR injection mix was made consisting of 300ng sgRNA, 200ng 

 

insert oligo and 600pg Cas9 protein (NEB M0646T). The CRISPR mix was backloaded into a 

glass capillary needle which was pre-calibrated for 4nL injections. Oocytes were 

transferred into 6% ficoll made with 1X MMR 30 minutes before injection and transferred 

into an agarose injection dish just before injection. Four nanoliters of CRISPR mix was 

injected into the animal pole of each oocyte before transferring them into fresh 6% ficoll 

in 1X MMR and allowing them to recover for 3 hours. Oocytes were then transferred to 

agarose dishes filled with OCM and cultured at 17oC. 

 

 

 

3.2.8.  Oocyte culture 

 
Oocytes were cultured for 72 hours at 17oC in OCM. Once every 24 hours any dead 

oocytes were discarded, and the remaining oocytes were transferred to a fresh agarose 

dish filled with OCM. 
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3.2.9.  Embryo DNA extraction 

 
Whole embryos were frozen singly without any liquid at –80oC in 1.5 mL Eppendorf tubes 

and stored until use. 

On the day of extraction, embryos were taken out of the freezer and 100 µL of embryo 

lysis buffer was added to each embryo. 

 

Embryo Lysis Buffer (store at room temperature) Stock 50 mL 

50mM Tris-HCL pH 8.8 1M 2.5 mL 

1mM EDTA 0.5M 100 µL 
0.5% Tween-20  250µL 

Add just before use 

200µg/mL Proteinase K 
 
 

Embryos were incubated at 56oC in a hot block for 4 hours with occasional agitation until 

completely lysed. The lysate was incubated for a further 5 minutes at 95oC to deactivate 

proteinase K. 

 
 
 

3.2.10.  Genotyping 

 
DNA from each embryo was put into a PCR reaction with either a forward primer 

upstream of the insert and a reverse primer spanning the HA sequence for detection of 

the HA sequence or a forward primer upstream of the insert and a reverse primer 

downstream of the insert, giving a product spanning the whole insert. With the latter 

primer pair insertion was detected through visualising the difference in size between the 

alleles with and without insertions. 

PCR reaction (25 µL) 

 
Reagent 25 µL reaction 

Polymerase master mix (Go Taq green) 12.5 µL 

Forward primer (10 µM) 1 µL 

Reverse primer (10 µM) 1 µL 
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Template DNA (50 nM – 1 µg) 2 µl 
dH2O 8.5 µL 

 
 
 
 
 

Step Temperature Length 

Initial denaturing 95oC 2’ 
Denaturing 95oC 30” 

Annealing 50-68oC 30” 

Extension 70oC 1’ 

Final extension 70oC 5’ 
Hold 4oC ∞ 

 
 
 
 
 

3.2.11.  DNA and RNA separation by agarose gel electrophoresis 

(general method) 

 
1-1.5% Agarose gels were made by melting agarose in 1X TBE. 10µg/mL of ethidium 

bromide was added before setting the agarose in a gel mould. The set gel was moved to 

an electrophoresis tank filled with 1X TBE. DNA samples were mixed with loading dye 

(NEB B7025S) to a 1X final concentration before being loaded along with 100bp, 1kb or 

1Kb plus DNA ladders (NEB) on to the gel and run at 70-90 volts until the loading dye 

reached 2/3rds of the way down the gel. Gels were visualised in a UV light on a gel-doc 

machine. 

 
 
 

3.2.12.  DNA extraction from agarose gels 

 
DNA was separated on an agarose gel by gel electrophoresis as detailed in the previous 

method. These gels were not visualised using UV light due to the DNA damage that this 

could cause. Instead, the gels were visualised on a blue light transilluminator and the 

bands cut out using a clean scalpel. The extraction was done using either the QIAquick Gel 

Extraction Kit (Qiagen 28704) or Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit 

(Fisher scientific 12303368) following the manufacturer’s instructions. 
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3.2.13.  Wholemount Immunohistochemistry (IHC) 

 
Embryos were fixed in 1X MEMFA salts (0.1 M MOPS, pH 7.4, 2 mM ethylene glycol-bis[β- 

aminoethyl-ether]-N,N,N'N'-tetraacetic acid (EGTA), 1 mM MgSO4, 3.7% formaldehyde 

(prepared fresh) in glass vials for 30 minutes at room temperature. MEMFA was then 

replaced with 10mL of 25% methanol in PBST (1X Phosphate-buffered saline, 0.1% 

Tween) and incubated for 15 minutes at room temperature, followed by 3 more 15- 

minute washes in 50% methanol in PBST, 75% methanol in PBST and 100% methanol. The 

final methanol wash was replaced with fresh 100% methanol and the embryos stored at 

4oC. 

Embryos were rehydrated with 4, 15-minute washes of 75% methanol in PBST, 50% 

methanol in PBST, 25% methanol in PBST, and finally, PBST. The embryos were bleached 

to allow staining to be seen clearly, this was done in Eppendorf tubes containing up to 20 

embryos in each tube. Excess PBST was removed and replaced with bleaching solution 

(5% formamide, 0.5X SSC, 10% H2O2. Add the H2O2 last to avoid explosion) the Eppendorf 

tubes were placed on their side on a light box for 10 minutes until no pigment could be 

seen. The bleaching solution was removed, and the embryos washed in 1mL PBST 3 times 

for 5 minutes each. 

Embryos were blocked in 10%w/v blocking reagent (Sigma-Aldrich – 11096176001) in 

Maleic acid buffer (MAB) (100mM maleic acid, 150 NaCl, adjust to pH 7.5) for 2hrs at 

room temperature with gentle rocking. The blocking solution was replaced with fresh 

blocking solution with a dilution of 1:1000 of primary anti HA antibody (Cell Signalling – 

2367) and incubated overnight at room temperature with gentle shaking. 

Excess antibody was washed off with 5 washes of PBST for 1 hour each at room 

temperature with gentle shaking. The last wash was replaced with blocking solution and 

the embryos were blocked for a second time for 2 hours at room temperature with gentle 

shaking. The blocking solution was replaced with fresh blocking solution with horseradish 

peroxidase linked secondary antibody at a dilution of 1:5000 and incubated overnight at 

room temperature with gentle shaking. 
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The secondary antibody was washed off with 5 washes of PBST for 1 hour each at room 

temperature with gentle shaking. Sigma Fast DAB + metal enhancer (Sigma-Aldrich - 

D0426-50SET) was made up according to the manufacturer’s instructions. Embryos were 

transferred to 2.5mL of DAB solution and observed until staining was visible. To stop the 

reaction the embryos were transferred to 20mL of TE buffer (1mM EDTA pH8, 10mM tris- 

HCl pH8). 

Embryos were re-fixed in MEMFA salts and stored as described above. 
 
 
 
 

3.3. Results 

 
3.3.1.  sgRNA design and testing 

 
Crisprscan.org was used to identify suitable Cas9 (NGG PAM sequence) target sequences 

within 20 nucleotides of the prospective in-frame HA fusion insertion which would be 

situated directly after the start codon at the N terminus or, directly before the stop codon 

at the C-terminus. A search of the C-terminus encoding region of runx1 returned no 

suitable results, however, a search of the N-terminus sequence returned 2 suitable target 

sequences (Fig 3.4). Oligonucleotides for each sequence were ordered from Invitrogen 

and the sgRNA was made using a MEGAshortscript™ T7 Transcription Kit, also from 

Invitrogen. 
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Fig 3.4. sgRNA design for HA epitope tag insertion in to Runx1. After finding no suitable sgRNA sites at the  

3’ end, 2 sgRNA sites were identified at the 5’ end of the runx1 gene using CRISPRscan 

(https://www.crisprscan.org/). (A) Five sequences were found, two of which (highlighted) were within 20 

base pairs of the insertion site and had only one-off target prediction each. These two sequences we re 

taken forward to be tested for cutting efficiency in Xenopus laevis embryos. (B) Sequence showing the  

selected sgRNA sequences in relation to the insertion site at the beginning of exon 1 in runx1. 

 
 

Fifty 1-cell embryos were injected with 200pg of each sgRNA, combined with 600pg Spy 

Cas9 NLS (NEB) and grown to early neurula stages. Cutting efficiency was assessed by T7 

endonuclease assay (Mashal et al., 1995), revealing sgRNA1 as the more efficient cutter of 

the two (Fig 3.5). sgRNA1 was used as the sgRNA of choice for this insertion from this point 

forward. 

http://www.crisprscan.org/)
http://www.crisprscan.org/)
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Fig 3.5. T7 endonuclease assay. Both sgRNAs were injected into embryos with Cas9 and a T7 endonuclease assay was 

performed on the resulting embryos. sgRNA1 was found to be the most efficient cutter showing a clear second band on 

a 1% agarose gel indicative of mismatch digestion from T7 endonuclease at the CRISPR target site. 

 

 
 

 

3.3.2.  Insert Design 

 
A simple in-frame single HA tag insert was designed based around the sgRNA1 runx1 

target site. The insert was flanked by asymmetrical homology arms of 40bp upstream of 

the inserted HA sequence and 70bp downstream due to reports of increased insert 

efficiency using short asymmetric homology (Di Stazio et al., 2021; Prill & Dawson, 2020). 

The entire 189 nucleotide insert sequence consisted of: a 40 nucleotide upstream 

homology arm, an ATG start codon, a 27 nucleotide HA sequence translating to 

YPYDVPDYA, a known HA associated 15 nucleotide linker sequence encoding SLGGP 

(Iynedjian, 2005; Yoon et al., 1993), the sgRNA target site containing silent mutations and 

finally a 70 nucleotide downstream homology arm. 
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Five silent mutations were introduced in the sgRNA target site to prevent secondary 

cutting by Cas9 after insertion without causing a change to the protein sequence (Fig 3.7). 

The insert oligo was then synthesised by Eurogentec. 

 

 
 
 

Fig 3.7. Silent mutation design in cut site. Silent mutations were designed in the sgRNA target site an d  

incorporated into the insert oligo design in order to prevent secondary Cas9 digestion after insertion. Th e 

single stranded insert oligo was then synthesised by Eurogentec. 

 

 

 

 

 

 

3.3.3.  Testing the effect of CRISPR injection on oocyte 

fertilisation and survival 

 
Once ICSI in oocytes was working consistently and I understood how fragile the health of  

the oocytes could be during long term culture, the main concern was over how further 

manipulation by CRISPR injection, and particularly the potential toxicity of the ssDNA 

oligo could affect the health and fertilisation of the oocytes. A direct comparison 

experiment comparing fertilisation rate and survival past gastrulation between oocytes 

which had undergone CRISPR injections and wildtype oocytes was conducted. Oocytes 

(n=2000) were defolliculated and injected with 200pg ssDNA insert oligo, 300pg sgRNA 

and 600pg spyCas9 protein. Oocytes (n=2000) from the same ovary were defolliculated 
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and would serve as the un-injected control. Both sets of oocytes were cultured in OCM 

for 3 days at 16oC before being progesterone matured and fertilised by ICSI. There was 

minimal oocyte death during culturing in both sets of oocytes and no visible signs of 

deterioration. The gene edited oocytes didn’t fertilise as well as the wildtype, however, 

the difference in fertilisation rate was only ~10% less in the gene edited oocytes 

compared to the wildtype oocytes. The post-gastrulation survival rate, however revealed 

a larger difference between the two sets of embryos with the gene edited embryos 

showing a survival rate which was ~33% lower than that of the wildtype embryos (Fig 

3.8). This difference in survival rate could be due to free excess ssDNA insert oligo, which 

is known to be toxic to Xenopus embryos, but not as toxic to oocytes (Shuttleworth et al., 

1988). Overall, the number (42) of gene edited stage 40 tadpoles collected from this 

experiment was deemed sufficient for most downstream applications, although, in future,  

there may be a need to optimise the concentration of insert oligo used based on the 

oligos toxicity vs its insertion rate at various concentrations. The survival rate of embryos 

between gastrulation and stage 42 were comparable between the two sets of embryos, 

with similar microcephaly and oedema phenotypes occurring. 26 crispants have been 

grown past metamorphosis, however, initial toe clip genotyping has failed to reveal that 

they are carrying the HA insert. 
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Fig 3.8. Fertilization rate and embryo survival of embryos derived from gene edited and non-gene edited ooc yte s.  

Oocytes were taken from one female, half were injected with 200pg of ssDNA insert, 300pg sgRNA and 600pg of Cas9  

protein in a 4nL injection. Both gene edited and wildtype oocytes were then cultured in OCM for 72 hours at 16oC.  Aft e r  

72 hours both sets of oocytes were matured with a progesterone treatment and fertilised through ICSI. Fertilisat i on  

rates and survival past gastrulation were recorded. Gene edited oocytes did not fertilise as well as wildtype oocyt es.  

Similarly, they did not survive gastrulation as well. However, it was decided that the surviving numbers were ade quat e  

for any experiment of this type. 

 

 

 

 

3.3.4.  Genotyping and sequencing of gene edited embryos 

 
Oocytes were injected with 200pg ssDNA insert oligo, 300pg sgRNA and 600pg spyCas9 

protein. They were then cultured for 3 days, followed by progesterone maturation and 

fertilisation by ICSI. The resulting embryos were grown to stages between 26 and 28, 100 

of those embryos were selected and their DNA was extracted separately. Genotyping was 

performed by amplifying DNA using a reverse primer containing the HA sequence paired 

with a forward primer complimentary to a sequence ~100 nucleotides upstream of  the  

insertion. Genotyping with this primer pair generated confusing results. PCR product 

produced  from 80% of  the  samples  (n=100)  produced  a  positive 150bp  band  on  an 
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agarose gel. This was much higher than expected from the best-case scenario and it was 

suspected that they were false positive results. Another strategy was deployed whereby 

primers ~100 nucleotides either side of the insert were used to amplify the entire insert 

sequence plus the flanking genomic sequence. 

The logic behind this strategy was that if an insertion has occurred it will be heterozygous 

and so an embryo will hold one or two alleles with the insert and two alleles without the 

insert. If an insert-positive PCR product were to be run on a 1.5% gel for an extended 

period, it should be possible to separate the positive alleles and the negative alleles,  and 

two bands should be visible with a 42 nucleotide (HA + linker sequence) difference Fig 3.9 

A). Using this strategy, it was revealed that 35% (n=100) of embryos were positive for the 

insert, furthermore, the separation of the positive and negative alleles allowed them to 

be excised from the gel and sequenced without subcloning. DNA sequencing of 20 of the 

positive samples revealed that they did have the HA insert, however, most of them also 

had various point mutations, near the intersection where the homology arms and the rest 

of the genome meet (can be seen in Fig 3.9A allele2), meaning that although the HA 

sequence had been incorporated into the gene and in the right place, it was not a true 

precise insert. Two out of the 20 samples had precise inserts (Fig 2.9 B), 9 had silent point 

mutations or point mutations outside of the ORF, within the 5’UTR region and 9 samples 

had amino acid altering point mutations in exon 1. Non-precise insertion with silent 

mutations may be acceptable for tag insertions, however, for use in clinical projects, 

where patient specific mutations need to be recreated, precise insertion is needed, so the 

efficiency of the precise insertion must be improved. Improved insertion rate has been 

reported using long homology arms of 500-1000 nucleotides (Nakayama et al., 2020b); if 

this strategy can generate HDR insertion in embryos, which had not been achieved 

efficiently before, then it could greatly improve HDR insertion in oocytes and would be 

the obvious choice moving forward. 
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Fig 3.9. HDR insertion  using CRISPR/Cas in oocytes followed by ICSI. (A) Heterozygous  knoc kin  of a 

haemagglutinin (HA) tag upstream of the Runx1 ORF in animals that develop normally. DNA was extracted  

from embryos previously injected with CRISPR/Cas and ssDNA as oocytes and the target region amplified by 

PCR. The PCR product was run on a 2% agarose gel. Both unedited and edited alleles were isolated, and the  

DNA was sequenced. (B) Precise HDR knockin of HA tag. DNA samples which had tested positive for the  

insert by PCR genotyping were sequenced. One in three of these showed precise integration of the insert. 

(C) Protein alignment shows no disturbance of the Runx1 reading frame DNA sequence from the  HDR 

knock-in which would have resulted in improper translation. 

 
 
 

3.3.5.  HA insertion with long homology arms using 

CRISPR/Cas9 in embryos 

 
Before attempting HDR insertion of the long construct in oocytes, it made sense to test it 

in embryos as the process is much faster and easier, and insertion with long homology 
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had been shown to work in embryos (Nakayama et al., 2020a). The core design of the 

long insert was the same as the short insert previously used to tag Runx1 with HA in 

oocytes, except this insert sequence included 500 nucleotide homology arms flanking the 

HA sequence and sgRNA target sequence rather than short 40/70 asymmetrical homology 

arms. 

 

The construct template was assembled by Gibson assembly using a BAC (XLB1-065I12 

EXRC) spanning the promoter region and first exon of runx1 as a template and inner 

primers containing the HA insertion and modified sgRNA target sequence which would 

serve as the inner assembly point. The full dsDNA insert sequence produced by Gibson 

assembly was used as a template was amplified by PCR using primers modified with a 

phosphothioate on the forward primer  and a phosphate on the reverse primer. The 

dsDNA product was then made into ssDNA using a Guide-it Long ssDNA  Production 

System v2 kit (Takara Bio). 

 

Two hundred picograms of the long ssDNA insert was injected into 1-cell Xenopus laevis 

embryos (n=100) along with 200pg of sgRNA and 600pg of spyCas9 protein. At the same 

time, a CRISPR injection containing the short ssDNA insert in 1-cell embryos was 

performed with a view to comparing insertion rates between insertion oligos with long 

and short homology. Embryos were grown to stage 37 and 30 of each CRISPR set were 

fixed in MEMFA and stored in methanol, with the genomic DNA of the remainder 

surviving embryos (long n=55 short n=58) being extracted for genotyping. 

 
The genotyping data generated from these embryos provided no evidence of insertion 

when tested against positive controls from the previous short insertion into oocytes 

experiment. However, wholemount immunohistochemistry using an anti HA antibody 

revealed that insertion had in fact taken place, albeit in a very mosaic manner with 

nuclear staining visible in the ventral blood islands of 27.5% of long insertion embryos and 

5% of short insertion embryos (Fig 3.10C). It was suspected that complications with the 

genotyping arose due to the mosaic nature of the insertions. 
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Fig 3.10. Wholemount immunohistochemistry detecting HA tag in embryos with long homology inserts. 

Photographic representation of HA tag positive and wildtype with insertion by long homology compared to 

wildtype embryos. (A) Whole embryo showing background staining around the head and dorsal side of the 

embryo with a darker stain in the ventral blood island of the CRISPR injected embryo. (B) Midsection of the 

embryo showing the ventral blood island shows a clear difference in staining between the CRISPR injected 

embryo and the wildtype, with staining in the ventral blood island of the CRISPR injected embryo. (C) 
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Ventral blood island at higher magnification shows staining in individual nuclei (marked with an arrow) in 

CRISPR injected embryo. This staining is representative of all embryos which were scored as positive (15 

with long homology, and 3 with short homology). 

These data suggest that HDR insertion with long homology is more efficient than HDR  

with short homology in agreement with the results of Nakayama et al (Nakayama et al., 

2020a). However, CRISPR injection into 1-cell embryos produced highly mosaic animals 

which would require breeding to make a usable line. Due to the mosaicism in these 

founder frogs, there is a reasonable concern that they may not carry the insertion in the 

germ cells and so would not pass the insertion down to the next generation, which means 

that producing genetic lines with this method could prove to be rather hit and miss. 

However, if long homology HDR were to be implemented in oocytes, this would eliminate 

the mosaicism issue whilst possibly increasing the insertion rate compared to the short 

homology HDR shown in the previous experiment. 

 
 
 

3.4. Final Discussion 
 

This project set out to ask the question, can a precise, non-mosaic insertion be made in F0 

Xenopus using CRISPR in oocytes? This question had to be tackled in two parts, firstly, can 

we fertilise in vitro matured Xenopus oocytes, and secondly, is HDR insertion in oocytes 

efficient enough to produce the number of embryos required for downstream 

experiments or to make genetic lines? The first part of the question referring to the 

fertilisation of in vitro matured oocytes was answered with a definite yes, however, there 

is a large caveat attached to this. The level of oocyte quality required for these 

experiments proved to be very high, and it was a challenge to obtain this quality 

consistently which caused massive delays to the progression of the project. Pre-ovulated 

frogs were found to be give a much better quality of oocyte at 3-6 months after ovulation 

than frogs which had been ovulated over 6 months before or had never been ovulated. In 

order to further improve oocyte quality for future experiments static tank housing may be 

tested and implemented as oocyte quality has been shown to improve in these conditions 

(Delpire et al., 2011), moreover, senior members of our lab group have experienced this 

first hand. Obtaining the required quality of oocyte is followed by maintaining that quality 
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through long culture. OCM supplemented with gentamicin has proven to be an excellent 

culture medium compared to MMR, however, this formula may be optimised further for 

future work, starting with testing various concentrations of L-15, followed by various 

concentrations of components which make up L-15. Overall, we can say that fertilisation 

of in vitro matured Xenopus laevis oocytes through ICSI is not only possible, but 

consistently so when required oocyte quality is obtainable. 

Precise HDR insertion in Xenopus laevis oocytes is achievable through CRISPR/Cas9 

injection with short homology (40/70 nucleotides), moreover, data from CRISPR/Cas9 

injections in 1-cell embryos suggest that long homology insertion may increase insertion 

rate by 5-fold. this would increase the number of insertion positive embryos for 

downstream experiments and possibly decrease the number of oocyte injections needed, 

which will make the overall method less demanding. One issue which arose during these 

experiments was the number of non-precise insertions that were generated with short 

homology inserts in oocytes. Point mutations were found at the ends of the homology 

arms in many of the insert positive embryos, which in some cases such as epitope tagging 

may not be an issue, especially since in most cases these point mutations were silent. 

However, for patient driven studies requiring precise patient specific mutations, the 

insertion must be clean, moreover, considering that F0 experiments are desirable for fast 

and efficient data collection for clinical consideration, and live embryos cannot be 

sequenced until developed enough to a take a tail snip, a reliable majority clean insertion 

rate would be preferable. 

Moving forward, I would strongly consider moving from CRISPR HDR insertion to prime 

editing in oocytes. Prime editing has been reported to generate a much cleaner insertion 

than HDR, with no off target mutations (Anzalone et al., 2019). Members of our lab have 

attempted prime editing in embryos, which, much like the long ssDNA insertion in 

embryos detailed in this project, generated highly mosaic animals. Moving this into 

oocytes will eradicate the mosaicism issue and generate clean insertions without off 

target mutations. 
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This programme was a significant investment in time, effort and resource and is close to a 

position where improved use of Xenopus as a genetic model can be made. The impact of 

being able to produce lines of frogs, or even F0 animals, with specific proteins labelled 

that cannot be accessed in any other way is significant, but perhaps more important is the 

potential to generate animals that contain heterozygous point mutations mimicking 

human VUS without breeding, a potential game changer for rare genetic disease  

diagnosis. 

Overall, the original aim of the project was achieved, and, with a few small tweaks and 

possibly a change of insertion method, I feel confident that a high throughput strategy for 

precise DNA sequence insertion will be achieved in the near future. 
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5. Appendix 

 
5.1. Xenopus laevis J strain 9.1 Runx1.L DNA sequence 

(Xenbase). 

 
UTRs highlighted in green. Exons highlighted in purple. 

 
>runx1.L 

GCTTCAGTGTTAGCGAGTCACAAGTTACAGCGCAGCTCTCTAACACCCACTCTCTGTGAGCAGCATGCGCGGGACCTGGGA 

GAGTGCAGCACCCTGATCTGTCCCTGGGAGGGCAAGAAGCTCATTTAGGTGCAGGAAGAGTTAATCTGAGCACATATCTGC 

CCATCTGAGTCACCCTGCCTGGTGTGACTACCTCTGTGGGTGCCCACAATAAAAACCACAGGAAGAGCCACAAAGTGCGGG 

TAACCTGCCACCAGATGCTGCAGCCCATGTGACATGCCAAGGAGAGGGGCCCTCAGATGCTGCTTGGCACCCAGTCCTGCC 

TACAGAGCACCCACTAGATTTCAGCCTATTCCTAGGGCCACTGGAGGAGCTGTTGAAGCCAATTGGAGATCAAATTCACTC 

CAGCAGCTACCCAGGACTTGGGCAAAGTTCCTTTCAGCCGATATCCAGTATATTGTGGTGGCCGGGCTGCCTGGTACTGTC 

TAGACTACCCTCTTGCTTGGGGCAAACTGCTGAAACTTTGAAGAAAGTTCCCTGGGGAGAGTACATAGGTGCAGCCTCCCT 
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CTTGCCCATCGCTTTCAAGGTAAGACCCTGGCTCTGTTTCATTATTATTATCCCTGTGCCTAAGAGCTTGCAATCTAGAAC 

TGCAGGGAAGCTGTAAGTGCGTGGGTAGGGCAAAGAGTAAGTGTGGCACTGTATAATTAAATTATAATAGTTGTGATTTTA 

ATGGCGTTATTATTATTCCCATTATAATTAAGCTGCTGTGCCATAGCGCCAGCCAAGGAAACCCAGCGCCAGAGATACTGG 

GTGCCTGTGGCACAGCCATTAAGCAGGTATGCAACTGTCAGGTGCTAGGAGTTATTATACAAGGGTGCCCATGCTTGTGCC 

CTCCAGCTGTTGTTAAACTGTAAAGAAAGAAAGGTTTAGGGCACACTAGGAAGCTGCATGTAGATCAGACCAAAAATTGTT 

GGTTAAAAAGTAGACAATCATCTAGAGCCTTACGCGTTTCATGTCCCTAAGACACTCAATCATAAGCTTATAGGTAGTGAT 

GGGCGAATTTGTGCCGTTTCGCTTCGCTGAGAAATTAGGGAAAAATTCATGAAACGTCGGCGACAAATTGACGCACGCCTA 

TTTGACAATTTCACGAGTTTATTCGCCGGTGGCGTAACGCGGAAAATTCCACAGCAAATTCACGCCTGCCAAATAAATTCA 

CCCATCGCTACTTATAGGTTATAATCAGGAAAGGATTGCACACTTATTTTTTTTTAACATTACATAGTATATTTATTAAAA 

ATTTCAAAAAACAAAAGTGAGCCCAATGTGTTTCGACCATATTGGTCTTCCTCAGGGGCACAAATAACAGAAAAA TGAAAA 

GAAAACGGCAGTTATTACTTATAGGTTATAAACGGTATAACCCAGCATCTCCCAACAGCTAAAGATGGGGTTGTAATATGG 

AATTCAACAGAAGCAGGTCCCCATTATGAATAAGGTGCTTAGCCTGTCCTCAAACCCAACCTGAAAAAGCCCTTAGTAATA 

TTTTCTACAAAGCAGATTTTGTTTCCCAGCAAAGGGTGCTGGGAGTTGTAGTCCTCTGTGGCAAGCTCCGTGCGTTTCAGA 

TAGTCTGGACTCTGCGAACAATGTTACGTTTAGTGGCCACTGATAAAACCATGATTGAAATGCTTAGCACAGCCATATAGT 

AACATCCATTAGCACTAGTTTACCCATTGGCCGAGTGAGGCAAAACATGAGCAAAATGTGGCTTTCCAGATGTCGCTGAAC 

ATCAACTCCCGAAACAAAATACCACATTTTTGGGGCTATAGAAGTCTGAAGCCAACTTGGTAGAAATAAAAAGCTCTACTG 

CTGGCTTCCATAGAAAAAGGTGGGAAGCAATCCTTTTAAAAGTACTAAATAGTGACCGTGTCGTGGTTTTTAGGGGAGCTG 

TAACAGTGAAAATTATTGTAAATCATCCCCCACATCTCCCAATGCATTACAGTGGGCAGCCAAGGTACAAGGTGTAGGGAT 

TTTACTCTTATAATTGAATGAACTGTTTTAATATAAATGTAGATGTATTGTGCCTGCCCTGTCCCACTAACAAAGGGCAGA 

CACCTCTATGAATAAGATGCAGCTCATCAGGGCTCTATTTGGAAATGTTGCCTGAGATAATACGAAACTTTTTTTTTTTTT 

TTTGTAACTCGTCTCCCAAAAACCTAAACTGCACCCGAGGCTCAGTCTGCACCTTTGAACGTTTCCAGTAAGGAATATAGT 

CCTGTAAAATAATTCACTCACTAGATCTGACTCACTGTCCTGAAATGTGTCTGGCTGAATCTTTCAAAGGGGACGGCGAAT 

TTATAGAGCTGCTGACTCCTTTATTGACAGATACAGGGAGCTCACTCCAAAACTCACTAGCCCGACCGCATAGAAACCCTC 

ATACACATAAGAACAGTATATTTGATATAAAGGACCCTCCTTAATATATTAGTATATAAAGGATAAAGGGGCACGGGTCCT 

TTATATACTAGCCCTATGTTCTATAGCCTTAATATATACATTTAAAATATGGAGGAAAGCCATTCACTTACTAATTATCCC 

TTATTTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTAAAGCTGTTGACCAAGAGAAACTTACTTTTTATTGG 

CAGCTGAAGAGTTTGTAAATAGAAGAATGTATATATAGGTATGGGACCTGTTATCCAGAATGCTTGGGACCTGGGGTTTTC 

CGGATAACAGATCTTTCCGTAATTTGGATCTTCATGCCTTAAGTCTACTGGAAAATCAAATAAACATTAAACAAACCCAAT 

AGGTTGCTTTTGTTTCCAGTAAGGATTAATTATAACTTAGTTTGGACCAAGTACAAGCCACTGTTTTATTATTACAGAGAA 

AAAAGTAAGCATTTTTAAAAATTTGGGTAAAATGGGGTCTATGGGAGACAGGTGAAGCTTTCTGGATAACGAGTTTCCAGA 

TAACGGATCCCTGTTTACTTGTATTTATATTTACTTATACAGTTATCGAGTGATATAAACATTATAGGAAAGCAGTATATT 

AACTGGGGATGCCGCTTATGCTGACAGTAATAATGCAAAACTTATACCACTGTATTATCTGTGGGAACATTCTATAACAGC 

TAATCTGCTGATAAACAACTAGCGATTATTGGGCTGTAGCACTGATACACTGCGTAATTCAATAACCAGGGAAAATAATTA 

GCTTCCCAGCAATAAAGAATTAATCTAAAAATAATAGATTACCCAGTGTTTTCCACTGAATTCATTTCTTGTTTGTCCTAT 

AGAAAATCACATGTTCTTCTATTAGTCGAGCCCTGTTAGTATTATTCGGAAAGGTATGACAATTACAATGAATTGTAAAAA 

AAAGTTAATTTAACCAAGTATATGTAATGGTTTTTTTTACCATGTTTATTGGGGAAAATAGTTTTAATTAGATTAAAATGA 

GTCAATCTAATTAGTATCTCCCAATTACTACAAATAATATGGTCTCATAAGAGCCAATTAAACACATATCTGTATCTATTT 

TCATCCCGGAGAACTGGTCCGCACAGACAGCCCCAACTTTCTCTGCTCGGTGCTTCCCACACACTGGAGGTGCAACAAGAC 

GCTGAATATCGCGGACAGCAGCGCCGCCCTGGTGGGCAAACTGAGAAGTACAGACCGGAATATGGTGGAAGTATTGTCCGA 

CCCCGTAGATACCAGCACCAGCCGCCGCTTCACGCCGCCCTCCACCACTCTGAGTCCGGGGAAGATGAGCGAACCGATA CC 

CTGGGAGCGATCACTGACTGCCAGCTGTTGCGACTGCCCATTTAAAAGTGATTTACTCACCAGGCTTGTTGTGATGCGTAT 

AACCATTGAATTATGTCAGTGATCACTGACTCCTTAGCCTGATCACTGTCTCTTGAGACCCCTGAGCGTAACTATTGACTC 
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ATCATCTAACTATCTACAGTATCTATCTATATATCTACGTATATATCTATCTATATATCTATCATCTATCTATCTATCTAT 

CTATCTATCTATCTATCTATCTATCTATCTAACTATTATCTATCATCTATTTTTTACATCAATCTGCTGTTATTATTATTA 

TTATAAGAATAAACACAAAACTTAGATTATTTTCAACAGTTTGTGCTAAATTCTGCTCACTGCCCAGAGTATATAATNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNTTTTACATATGAAATAATTCAACTAAATGTGTTACCTGCTAGAAAAAAAAATATAATAAATATTACCCCC 

ACCCCCAAATCTCTGCATGGACATTAAGGGTAACAGAATAGCGCTACATTTCAGATAGAGTAATAGATACCTGGAAATGCC 

TTCCGGCACAGGTAGTCTGGGCTAACGGAAAATTAAAATGTATGGTCCAGATATGTATAACTATATATAACTCTATATATA 

TCTATAGTGCCAGTAGATATATAAATATATTGATAATGGGTTGAGTGCAGAGGACTCTTGTATTTGACTATAGTGCCAGTA 

GGATATGCAGCTCTGTACAATTCTACAGTATAGAAAAATATATACAGGGTGGACAATCATTGTTATGTATATAAGTATAAA 

TTTACAGAGATTAAGTACATGAGACAAGGAAGGACAGAGATCACTGCCCTGTAGAGCTTACAATCTAATTAAAGCACATTT 

GATAACTTCAGAAACCCAAAAGTATCAATTTCATATATATTTACAGAAGAAATAGTGTGTTTTAATTGAGAAAGTAGCTGG 

TTTCCTATAGGAAATGGGTCACACTTTTCAAATAACATTTTGTGAAGTTCCAAGCGAGATACTCAGACGTGCTCAGTCCAT 

CCCAGCCCTGTGTAACTGTATCTGCCCCGTGGAATTTATAGGTGATGCGCCCTACAATCCTATCATTATATAGAATGCCGG 

CCACATGCCCCGCATAACTCTTGCAGAAGCCTAATGACAAACACTTAATTACATCTTAATGACTGGTGTTTGTAACGGTTG 

CTGTAAAAATGTTGGTTCTTTGCATCTTTAAAGGATCCTAAACATAAGGGATTTCACCGACCGTGTGATAAACAGTGCAAG 

GAATTCATTGCAAATAGCACGTAGCATTGCGACACGTGGGACTAAAATAGACTTTTTTTTATTAATATAAAGCAGCTGTGC 

CAGCAATTAAAGGAACAGAGAAATTAGGGCTGATTTCCATTTGCATTTATTTTAGGCAAGTGAAATCGGGTACCATTATAT 

TTGCCGTGATATTCAGCAATGAATAGGAAATAGTTGATAACAAACAATGATGTTTTTACTTAGTAAATTTTTGCAATAGTA 

AGAAAATATGTCGAAAAATCGACAGCAAACTAGAAAATGTTGCTTAGTGGAGCCCTCTTTAGAGAAAACACAATATCTGG T 

CACCTGGAAGCTGTAATTGGCATTGTTTTCTGAGGAGATTATGGGAGATTCTATAGTTATGGTTCAGGGCATAATATAAGA 

TACATTTCAGCACCGTCCTGACTCCAAAATCTCCCAAAAGTGGCATAGGAGTTTTTTTTACAAACACTAGTCCCGCCTATG 

CATGATGAACCCCTATTTTTGAGCGGTACTTTCAAATTACACCTCCATATTGCGACCATATAGCACCAAAACTTATAACCA 

AACCAAAAGTGGTTAAACATACTCTGCACTTTTTTAAAACAGACTTTTAATTGGCGGAGTAAACCCCCCTTTTAATTTCTC 

TGTCTCTCTTGCTTATGCAACAACCTCATCTGCAATTCTAAAAGGTGTTTTTGATAAATACAGGCATGGGATCTATTATCT 

GGAATGCTTGGGACCTGGGGTTCACCTGATAAGGGTGGGGTCTATCTGCAATGTATGCATTAGGGCAGAGACACACGCTCA 

GATTCGGGGAGATTTAGTCACCCGGCGATAAATCGCCTCTTATTTGGGGGCGACTAATCTCCCCAAACTGCCTCCCACTGG 

CTAGAAAGTAAATCGCTGGCAGGATGGCACTCAGAGCACTTCGTTTTCCGAAGTCGGAGGCAACTTTGGGCGACTTTGGAA 

AAAGAAGCGCACCGATTGCCATCCCGCCGGCGATTTACATTCTAGCCTGCGGAAGGCAGTTCGGGGAGATTAGTCGCCACG 

AAGAAGAGGAGATTTGTCGCTGGGCTACTAATCTCCCCGAATCTGAGCGTGTGTCTCTGCCCTTAGGGCTACTAAAAAGCA 

TTACAAAAAATCAAAAGAATGTTTTGCCACTGACGTGGGTTTCTGCAACTTTGTTACCTTCAAGTAGAACGTATTATCACA 

GAGATAAAGCAGGTCAGCCATAAATAAAGAATTCTTTGCTTAAATAGGAGTAATATGAAATTGCTGTATTTGGGGGCTTTA 

TCAATAATATAATAGATCCCGTACCTTGAAATAGGCTAGTAAATACTCCAGTCACTTTAATGCACGACCCAACTAAGTATT 

CCGTTTAAATTTCTCTACAGATATTCAGACACTTTTTTTTATGACACAAATATCCTCCTAATAGAGGACAGGTGTTCAACA 

AAGGGTTAAAATCGTATCACCTCCATACCGACTATTCAGCTCAAGATGATCAGATGACACAATCTTCCCTTCTCCAAAAAA 

AATATATATAAACATATAAAACCTTAACTGCTTATTTGTAGTCAGAAAGGCTGAATAGCAGAGCTACTCCGGATGGTATTT 

ATCAAACTTCCTAACTCTGAGAATCTGCAGGGATTTAACCCCAAAGCCCAGCTCCGTGGGGCAGATAATACACAGTAGCCT 

TGTTAGATGTTGAGCAATATACACATTGCAGTAATTACTATCCAAAATATTGGCTTCAGCTTGAAATGGCATTTCCTTATT 

TTTTTTTTTAATGTTTCATTAGATTGCAAGCTCTTTGGAACTGGAATTCTTCCTCTTAAATGTTTTCTTTTAGTGGTTTCA 

TGGTTGTAGTTCATAACTGTGTAGACACAATCAGCCTATCATAAAGTGCTGTGCACACTGACAGCCAATACAACTTTAACT 

CTGATACAACAGCAAATTAAAGGATGACAGTTTGCAGCAAAAAAACAAGTCCCTGTGTTTATAAATCCAATTATAAAACAA 

TATCCCGCCTCTCTATTTAACCCATTCAGAGGAGATCTGGAAGGGAACCCAAAACATAACAACTGTGGAACTTACAGTTAA 
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TCCGTTAAGGCTGAACGGCGAGACAAAACAGTGTGTATTGTGCAAGCCCCTTCATGTCGGTTTAGTCTGCACCTCGCCTGT 

TTGTCTGCTGAGTTTATTTCAACCTTTACAAAAGAAAATAAGGTCTAAAAGCATTTTTGGAGAGTTTTTTTTCCCATTGCT 

TTTCATGTCTCATTTTTTTTTAATGTGTGTTTCTTCTGAAAGATGAAGCATTGAGCTCAGCTCTGAAATGCAGACG CCAGT 

TTACTTTGCCTTATTGAATCCAGTGCCTCCTGGAGGGGACTCGGTGGCATTAGGTCCTGACTTTTGGGGTGTTCATGTAAG 

ATCTCATACTGCGCTGGCTGAATAAATGAGCTGCATATCTATGGATAGTATTCATTGGCTGGTGGGGGAGGCAGTAATAAT 

TTCAGTCAATTATGTTCTCTTTCCTGTTTTTGTGGTTGTTTGCTTAATGTGTTTTGGGCAAAGCTGACTTGTATACATAAT 

TATGTCATTGATATAAAGTTTAGCCTTGTCTGTTATCTGTGTTTCTTTCTGTCTAGCTCTGTGTCCAAATGACTATATAGG 

TATGGGATCCGTTATCTGGCAGCCCGTTATCCAGAAAAGCTCAGAATTATGGAATGGCCCGTCTCCCATAGACTCCATTTT 

ATCCAAATAATCCAATTTTTTTTAAAAATGGTTTCCTTTTTCTCTGTAATAATAAAATAGTAGCTTGTACTTGATCCCAAG 

TAAGATATAATTACTCCTATTTGGAGGCAAACCCAGCCTATTGGGTTTATTAAATTATTAATGGTTTTCTAGTATAATTAT 

AAGTCCCGTGCATTCTGGATAACAGGTCGCATACCTGTATATACCGTCTGTCTATTGCTCCTAGGGTTTGTGTGTATCAGT 

GTGTGTCCATTTGTGCGTGTGTGCATGGGAGACTAAAACAGACTTTGTGGCGCCCTGTTATTATTTAAACTAGGACTGTGG 

CTCTTCAGCTGCTGTTGAAAAGTAACTCCCAATAGCCCTTCCTTGTCTTCAGCTGTCTGTGGATGCTACGAGTGTGTGCTG 

CAACAACTACAGAAGGGCTGCGGGTTTGGCACTACTAATACATAAAGTTTCTTATGTTGCCATGTTGCCCTTTTTCTTCTA 

CACCCAGTGTGTCTACCTATAACTACTTCTGGGGCTCACTGTGTGATAGATCCTCGGCTTTCACCCATATTTGCAATCCCC 

CCATCCAAAGGCTCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATTTATTTATTTATCTATCCATCTATC 

ATCTATCTGTCTATCTATTTATCTATTTATCATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATT 

TATCTATCATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATTATCTATCTATCTATCTATCTATCTATCTAT 

CTATCTAGCTATCATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATCTATCTATCTA 

TCTATCTATCTATCTATCATTTATTTATCTATCCATCTATCATCTATCTGTCTATCTATTTATCTATTTATCATCTATCTA 

TCTATCTATCTATCATTTATCTATCATCTATCTATCTATCTATCTATCTATCTATCTATTATCTATCTATCTATCTATCAT 

CTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATCTATCTATTTATCTTTTT 

GTCTGTTTGTCTATCTATCCCCCCTCTCTCTCTTTCTAGCTCTTTGTCTGGCTATCTACTATCTACAGTATCTCTCTATGT 

ATTTATCTATCATCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCGCTCT 

CTCTCTCTCTCTCTCTTTTACAGGATTCACACTTCTTTACAATTCTACATTTATTATAACTGGATATATGCAAAACCCAAC 

ATCTATTTATCTCTCTCTCTATCCATGAATCAATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTG 

TCTTTTCTATTTTATTTATCTCTTTTTCTCACTCTGTCAAATGGTATATCCATTGCTACATGTTTTATTTTATCAGTGTGA 

CTGTATCTGTTCCATTACTTGCCTGTCTATCTCGCTTATTCTACAGTGCTCAATGAATATTATCCCTCTCTGTTTCCAAGG 

ATGTCAGGTTGATCTCATAGTTATACAGACTAAATGCTGCTACTGATCTGGCAGCTGCATGCACAATGTGCAGGATTATTA 

ACAAGCCTAAATCCCACTTGATTCTATGGATAAAGATTACCTAGTTAATGATATATTTCTCACCTGATAATACAGGACCTG 

GACAGACTGGTAAGATTTTGGTAAAACCTTTCTCACTGTGGATCCTTTTCCTTTCCCTGTGCCAGGTGGTGGCCTTGGGAG 

 

CCATGAAGAGTCAAGTGGCCCGCTTCAATGACCTGAGATTTGTCGGAAGATCTGGAAGAGGTAACCAAATTATATTAAAAT 

AATATATATTTCCTGTATTCTCACGTGTGCCACCAGCCTGTCTGCTGCTTTTCTTTTTTCAACAATAATGTCTTCAGTTTA 

CAATAATTAGATATGCACCAAATCCAGCATTCGGCCAATATTCTGCCTTTTTCAGCGGGATTTGGCCGAATCAAAGCACCT 

GGCCGAACTGGATCCAAAGCAAAAAAATCATGTCATGTGATATGTTCTGTATCACTGTTAGTTGTAGCATGAATTCCTTTT 

TAAAAATGACTGCTGGCTGCCTATGGGCCTATTTCATATTTCATATTGCACATTTCTGTGAGTATTGGTGGAATATACAGG 

CTGGGTCCTTCTCTGCTGCATGGAACCTGTGAGTTCCTGTGCCAAATAGAGTCCAATCATTGACATTCACAACTGTGGCAT 

TCTCCAGAAGAAGTAAAGAGAGATGCAAGGTAATTTTCAAAGGGGAGCAGGACCTACTATTACCTACTACAGAATAATATT 

CCAAATTAAATGATAAAGTCAGAAGACCAACACTGCAAGCAGGAACAGTAGTAGGAGAGAACCCTTGTATGACTTCTCTTT 

CATGCATGTTGTTTTGGTATTAAAATGCTAATTAAATTACCTGCATTCTTATCTATGTAAATATCTACTGTCTGTAAAGGA 

GTGTCACAGCAACAACCTATTTAAGCCATTGTTCAATAGGAAGTTGTTTTGTAAATCTGTAAATAGAAACGCATATGAAAT 

TAGTTTTTTTCTGGCTTTCATTGTCCTTTTAATTTTTTTTCAAAAATACATTTATCCTCTTACTCTCCTCATAAGAAATGC 

CTTAAACACAATACCTTTCCAGATACTACTATCCCGCTACTACTACTACTACTACTACTACTACTATAGTCACCATCTCTC 

CCTACTATACCTGCTATCCCACAGCCACANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

AAGTTCCAGATGGGACACTGGTGACAGTGATGGCTGGCAATGATGAGAACTATTCTGCTGAATTAAGAAATGCCACAGCAG 
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NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

CCTTCCCAGAGACTATTATCCCACTGCTACTATTGGCACCATCTCTCCCTGCTATCCCTGTTCATGGCCCTCAAGTAGACA 

CACAGCCATGGCTAGGGGGTTCAAACCCAAAGGCCAAAAGTGACATTTGTGGAGAATGAGTATTTGCTTTTTTAGATTCTG 

CTGGAGACCTAGCTTACAAATCAGTTAGAATGATATTTGTGGGTTAACACTGCCAACTTAAATATTCATGGAAATATGGCT 

GAAGGGCTCATGCAACAGCATGTTTGTTGGGAGTTAAAGGGGCCTTGGTCAAATACTGGACCTCAGAGATGGGGCTTGAAC 

TGAAAAAGCTGAAAAACCACACAATATTGACATTATAAAAAGAAGCCTGTTAGATAACGTCACTGAGCCTGCTCTTTGTCC 

TGCAAGACAAGTGCCTGATACTGTCTGTGCTGTATTATACTGTATATCAAATTTCCCTGCTATTGAGAAGTGTCAGACTGC 

AGCCGTGTACCAGAAAATAAGGGGAAAAACAGATATGTATCAGGAAGTAAACTCCTCCATACAACACAGTCTATAATAACA 

TAACATTTTCCCCAAAACTATACTCTTTACATAGTATCACTCATGTTGATGTATCTATAAACAGTTTGTATACTTATGCCA 

ATATAATTTTAACTCTTCCATAATAGTAAATATGATGCCCTACTCTTAAGCCGACCCAGTCTGTGGGATAATGTGTGAACT 

GAACTATCAACTTTACTTGAATGTTTTGAGTTGAAGCCATGTAATAACACCTGTTTACACGGGTCGAGTAACCCATAACAA 

CCCAAAAGCAGTTAACATCTACTGATCTACTGCAATAAGAATAATGAAAGCAACTGCTATACGTGATCAGCCTTTGAGCTA 

ACTTGCACCTGTTGTTTTATTGCCACCTTGATTTTTTTTTATTATCAGGTGCTATGTTTGAAACTAGGAGCTCGCCAATAA 

ATAAGGATAAGTATCAGAGTGCATGGGCAGCCTTACATTAGTTAAAGAAAATTATATTACTTTTTTAATTAAACCCAGGGG 

TGAGTATTTTATGGGATGGTCAGGATGCTCCCTCTCCACTATAGGGAAAATCCACCCCTTGCAGCTTGCAATGTGAAAAGA 

AAGCAAACAGCGTGTGCATCATCGTTTGCTTCCATATCTCCCTTTCCATCATTCCATAGAATATTTTACATCTGTGCTTGA 

AAATATTAAAGTGGCACTCGGCAGCCGCTCAACTCACGGAATGCAAGCAAAAGGAGTATTTTTACATATGAAATGCATCAG 

ATTCCAGTATTCCTCTGATTTTATTAACTCACCCAGGGGAACAAAAATGACAGCTCTAGAGGTGAAATCTGATACAGGTTA 

ATATAATACAGACATTCATTTTTGCCACAGCTCACACTTCTCTGTGGTCCATTAAAACACGTTGCCTTCAGTAGAATGTAA 

AGGGGGGCAGCTCCGGCAGTCCCAGAAGTACTAGAAGAGGAAGTGATATGGGAATTTTCTGTCATACATGAGAAAACCACC 

CAGTGCACACATTGCTGAATACAGTAGAAAGGCAACTAGTGTATTACAGGAGACTAATATGTTAAAGGGGTGGCCTAGCTT 

TAACCGTTTCTGTGCTGGCCATACATATAAAATGTGCACTGTGTGTTGGAACCTGGAAACGTAAATTCTACAGTGGAGGCA 

GTCAGGTGCTTGAGTGTCAGTGTTGTGGAATTGGGGATCTACAACACTAAAGGGGTTAAATTAACCTTTATTACAGTATAG 

CTGACCCACTGTTCCATTAAAGCTGACAAGTGGCACCTGGTGCTTTATCTCTTGATTATATGTTAAGTGTGCTGGAAAATG 

TCATACAGCAGCAGCACAAATGACACAACTCTAAAGTATTGTGCAATGGATCGTTAATTAAATTAGTGTTGACAAAAGGGA 

CATATATTAGTTTCTTATGATGGTATAGCCATTAGCCACCTTTTTGTTAAGTTGCATGGGCATTATATGTCATTTTATTTA 

CGTCTGTATTATCTGTATGGGAACCTGAGGCACATGCCTAGGGTGGGAGTTTAAAAGGGAGTCTATATATTATATATTATT 

ACTCCTTGTATATTAAAACACATTCACATATTTGTTCAGCAGCCAATCATTCTTCTTCAGCGAATGAGATGGTTTGCATTA 

TTTTAGTGATGTTTCCTCTTTAAATGTATTTAGAGGAGGATCCTCCTAAGATCCTATTCTTGAGAAGTCATTATAATGCCT 

AGAGAACTGTCAAACAGGCATAACAAGGAAATTAGGCTTTCGTTATTTCTCCGGAAAGCAACAGACAAAGTTAAACAGTGC 

GCTTTTAACAAACACAAACGAAAAAATCCAATGCAGAAGATTGCACAGGGGTTCTATCATCAAAATTTATATGCTTGAAAT 

CAATGTGCAAGCTGGCCAAATGTGTCTTTCTCCTAATGTCTGACTGTCAGGGCATGTATAGTAACAAGTAGTCAGCACAAC 

GATTATCAAACTCTGTGAAGGCAGCGCACGTAACTTCAATGGCCACTTTCCATTGGAATCATCATGGGTAGAAGATTGTGA 



135  

AACAGCACCACCATGGTGTTTCAAAATCTTCTACCCCTGTCAGGGCATGTATGTCAAGTCAGGGGTCAGGAGTTTTGATAG 

ACCATCTAGAGATCCACATTTGTAGAAAAACAAGTCTATTAGGTTTTTTATGTTTAAAAGTTTTTTTTAGTAGACTTAAGG 

TATGGAAATCCATGTTACAGAAGCATCCTTTATCTAGAATACCTCAGTTCCCATCAATTCTAGATAATAGGTCCCACCCCT 

GTACCATATAGTTTATTATTATTATTATTACTCCCACCAGAAATGTAGAGTATTGTGGGTCATGCATTGAGGGCCCCAGTA 

AGTCACATTATGCCTCTCTCTCTGGGAAGTTGAAATCATTATAATACACAAGAGCCATGAATATTCTGTAAATGATATCCT 

TATAAACAGTGCTTAGTGATTTCATCGGTTATAATCGGAGCTTAGTGATGTCATTTCAAGTCGCGTCACTGACTGAGACTT 

GTGTATTATAGTAAATAAAGTCCACCCTGTTGAGGATATTAGAAGTCACAGTTCCATGACCTGTATAAAAGACTGTATTCA 

GCCTTGTACTTTTTATATAGCCACGGAACTCCTTGGTAATTTATAATATCCTTATATTTTACAAGATGGTGTACTTTATTC 

ACTATATAATACACAAAATATCCTGTAAATTATATCCTGGTGCTTGGCTATGTCATCAGTTTTTACTGGTGCTTACCCTAC 

GAGTGGACTACGTTGCCAATTTTTGGTTTTGATTACTGGTGCTTAGTGATGTCGTTTCTCTCACGTGACTCACTGAAACTT 

GTCTACTAAAATAAACAATCACCCATTTTTGTAAAATATGAGGATATTAAAAGTCGCCTCACAATTCCACGACCTGTAAAA 

ATGTCATATGGTCATGGAACTCCTCCTTGCCTTATAATATTGTTATATTTTACAATAGAAGGTACATTATTCACTGTACAC 

CTTCTGGTACCCAAGGAGTTACTGGTTATTATTTAATGGCCTGTCGCTTTTTCATAGTCTGAGCTAGTGACTAAGGCATTC 

TGATGTTTACCTGGACAATACAGCGCTGTTTTCCTAAGGTGTACGCTGTTTGCCTTTCAGTGCATGAATTGCAATGTTCTG 

TTACCGTGTTTGCTCAAAACCTGAGCTATGTCTCCTGCGCCTGCCATTCTCATAGGATAGATATTGTTTTATTTCTATCTT 

TTTATGTGGTTTAGAAATCTTGGGAAGAAACCGGGATTCAGATGAGAGGTTTTCGGTATTTGTGGGGGTGATTGTGTCCAA 

GGTTTCAGCTGTTGGAATAAATGTTATTTTCTGTTTGGCTGAATTCCATTTACAGGATCAAAAATCATTTCGGCAGTTTGT 

TATGGTGAAATCAGGTCCAGTTTACATTAGGCTCCAGTTCTACTTTACATGTCCTCATTCACAGACCGGGACAGGGGGAGA 

TTATATGTGTAGGACCGAGAGAGATAAACTTCCTGTTAAAGAAACAGGAAGTTGGATTCAGTTCCCATCATACCTGTGCTC 

TGTGGGAAGTTAATATTGCCTGTGTCTTCCTGAGTCAATGTTCTACCCTGTCCCCGTGGGCCTCTTGCCAGAGTTTATAGT 

TATTTTGTACATGCATTTACAATGACATTATTAGCAGCCATATTAGATTTAGGTTGATGTGACACACCAGATCTAAACCAG 

CCAAAGTCAGCTACAAAACCAGCACAAAACTAGGCAAGAGGCACTTCAAATGTAGCCCAAAAATAGCACAATATATGCTGT 

AAAAGGTCTGAAATTGAGGAAAGCCCAAAATCTGGTAACTCCCGATTTATAGACAAGTCAGTCCCATTGCATGCTGGGTAT 

TGTAGTCTTATATTAAACTTGACAGTCGGCAAATAAACAAAAACTACATTAACCAACATGCACTGGGGACACTGGCTTGGC 

ACATTAGGGCAAGAAAAACTTTGGCTGGTTTCCAAAGTACAAACTAGCCAAAGGCCCAAAAAGTATCCCAAATCTGTACCT 

TGGCTAGATTGTACTTTTAAAATCTGACTGGGCTTTAAATTAGTAGCCCAATTTGACTGGAAAACCGCCAACCTGGCAACA 

CTGACTGGAATGTACGCATCATCCTTAGGGGCTGAGTCAGGACTTAGTTTACTGATTTTTTTTAATCTTTTTTTCCCTGCA 

GGAAGTACTCTGACTATTTTTTTTTATATTGATGAAAATTCAAGTTTGAGATGATTTGTTTTATTATTTATTATTTTCAAA 

ACAACCTATTTACATAATAATTTTTCATTTTTCTTTTAGTATTTTAGGGTAAGGCCAGACGAGGAGATTCGGGGAGATTT T 

GTCGCCTGGTGATTTATCGCCACGTCTTTTGCACGACTATCTCCCCGAACTGCCTCAGCGTTTTTTCGCCATAGGCTACAG 

CGCAAAATCGCCTGCGCTAATGCACACGCGGCGATGCGTTTTCAATAGTCGCCTGAAATTTGAGGCAACTTTGGGCGACTA 

TTGAAAACGCATCGCTGGAGTGCAACAGGGTTTTGTTTGTATATCAGTTACTGTAACTGACACAGAGACTGTCACATCCTG 

CAGTTTTGCGGTGTGACCATGTGGTAGAAATAGGGAAGGCAGAGATTACCACAAACCAGCACAACAGTCTGTGAGGGTTTG 

TTTACTCTGCTCAGTGTTTGTCATTGAATCACGCTGGCTTTCTACCCGTGGTGCATGAGTGCCGGCAATTTATAACCATTA 

ATTTGAATAGAAAGGGTATTTTTACCACTCTGTAAGCCACAAGTGTGGTCAGTGAAACCACTGATTGAAGTTCCAGTTTGT 

TTTATTTTTTCTACCTTTTCTCAGTCACTGGAACCTGAGGCACATTGTAAATAAATACACTCCTTGCTTGCTCTCTTATCA 

GCATTGGGGCTGGGAATGTAAGGGCAACATGGCTTATGATTTGGGGCCACTATACCTTTATTTCTTTTTTTATCCCAGGTG 

ACAGAGTAACTCATTAAGGCGGCCATAGACACACAGATAATATCGTATGAAACAAATTTTCGTACAATATTCGGTGGTAAA 

AGACCCAACCGATATCGGCAGAAGACTTGGATATTGGTCGGCTCGTCATGCCTTTGAAGGCACCCAAACATCACCCATTGT 

TAGTGCTGAATCATCAGATACAAGTAGAATTCTATTGTTTCTACCTGTATATCTGACGATTCAGCTCTACTCGTGTGTATC 

GTAATTGTTACATCTATGGCCACCTTTAGCCATGCCTATGGCTCCCATCAGCTCAGTTTGGCAGTTATACCAGCTATTAAG 

AATAATTCTGCAGGAACAACCCTCTGTGTTTGCTACTAGCTTACACAGAGGAATACTATATAATTAAATAGTACTTGCAGG 

GGAAACTTTTAACAATTTCAGTAATATTTTTGAAGAAGGTGAAGTTCTTCAAAAATAGAGCAAAGTTAGAAAAAAGGTTAG 

AGGTGACATTACACTATCTGGTGATATTTTCAAAATTTTAAAAGTTTATAATAAGGTCCTGCCCTGTGCATTCATATAGGT 

AATTTTGATCTCTAGTTGATGCTGATCCTTCGAATGGAAAAAATAATGTGTTTTGTCTAGTGGTTATTCAGATACATGTCA 
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GCTGGCATATTCAATATATATATATATATATATATATATGAATGAAGGCTCAGCTACAGATTCTAATGCTAAATGCCTTTC 

ATTTGTATATGTGAACTGTGCATTTTTGTAGTTACAGGAGAGCAATAATGGAATACAGTATCTATTTTTGGGGTTTACTTC 

CTCATTATCTCTCTCTCTGTCGGCTGAACTACCTCTAATGTTGAGAGCTCCCGTGGCGGATTTTCACAGACTGAACATGGG 

CCTATTTGCACTGTGTCAGTTATTTTAACAAATAACATAAGCCGCGCAGGCTGTTCCTGCAGGCCTGGGGTGAAAGGACTC 

AATTCTCTTGGCTTATTCTTGTTGAATCTTCACTTTGAAGTTCATGTCTAAAAAAAGCAAACTTCCCCGCTGTTTTATTAA 

TACCAGGTCGGTTGCAGACGGCGTAACCCTGCTGGGAAATGGAGCGCGCTGGAGGTGTGCGCTGTGCATAGTGCTAGACTG 

CTGGGGGAAGAGTAGCGAGGAAGCTGGTGCTGGATCATCTCCAGAGCTACAACCGTTCATATCAAGTTCAACACTCTACTG 

GCAGAACCTGCTTGTCTGGCTCTGAGGCCCTGTGCTGGGACTTAACCTGTTCTGCACTCTCAAAAAAAAAAAATTGAATTG 

TCCTGAAGACATAAATTATCTTATATAGGGGCGGAAAATGGATGCTATTACCCAGCATACTCTAACAACAGATGGACCAAT 

TAAAGTGGGTTGCATCTCTACCTTAAAAGAATAAATAAAATTAAAGTTACACTCAAAATGGGGCTCATTCCCAACAGGGAC 

CTTGCTCAAGGGTTTTATTGGCTAATAACTTGGCTGCCACATAGGGAATTTGGTTAAAGGGATGGTTCACCTTTGAGTTAA 

CCTTTAGTAATGTAGATGGTGATATTCTGAGACAATTTGCAATTGGTTGCCATTTTTTATTATTTGTGTTTTTTTTTAGTT 

ATTTAGCTTTTTATTCAGCAGCTCTCTAGTTTTCAATTTCAGCAGGTTGCTAGGGTCCAAATTGACCAAGCAACCATGCAC 

TGATTTGAATAAGAGACTGGAATATGAATAGGAGATGGCCTAGATAGAAAGGTGAGTAATAAAAAGTAGCAATAATAATAT 

ACTGTACGTGTAGCCTTACAGAGCATTCGTTTTTGGGATGAGGTCAGTGACCCCCCATTTCAAAGCTGGAAAGAGTGAGAA 

GAAGATGGCAAATAATTCAAAAACTATAAAAAAATATATATAAATAATGAAGACCAATTGAAAAATTGTTAAGAATTGGTC 

ATTCTATAACATACTAAAAGTACCGCCGACATACCATACCACCAATAATGATGGACCTCTCCAAATTGCCCAGTGTCATAG 

ATAAAGGGTTGGTAGAGGTAAGAATACAAGGGCTCAGATAAATAGAGTGTATATGTCTTTAATAGACCTTTTCCCAGGAGT 

TTGAGAATTTAGTTTTTTGGATGATTATTTATGTGAGAACTTGGGATGGCCAAGTCACACCACTATTGTGAGACTTGTCAC 

AAGATTAGGGAGAGGTGCGGAGAATATATTGCTGGATCTTACCTGAGTAAATAACAGAGCTTTTTTTATATAGCTTATTAT 

ATTTATGGGATTCTGATTCTCTTTGTAACGCAAGCAGACTTGTATTTATTTAGAATGTAACACCTCTGTGATTTGGCTTGG 

ATCACCCGAGTTTTGTTGTCTGCCTCTGATCTTAAAGGGCACCTGTTACCTCCAAATTTTGAATAGAATAAATCCCGCACT 

GCAGTTAGAGGAAATAATGTATATATTAAAATAGCCCCTTCAAGCACTAGGCAGCCTGCACCGGGAGGTTGCTTGTAATGC 

AAAAGAGTGGGACCTCACACGCATGCACATAGCAAGTGAAAACTGTTGCACAAGTTGTCTGTGCAGGCAATTTAGCTCTTG 

TGGGAGCCATTGGTTTGGGAATGAGATGTTGAACAGACAGCAGTACAGATACTTTTAGCTATATAGTATATATTGCATGAG 

GTCAGAGACTCAAGCAGTGGGCTGGGAAAAAGTCAGTCTTAAAGGAGAAGGAAAGCTACTGGAGCAGTTTATTGCCAGTA G 

ATTAGCAACAATAGTGCAAGCTATAACACTATATTTATTCTGCAGAATACTTTACCATACTTGAGTAAACAGCTCTTGAAG 

TGTTCTGTGTTTGTTTAGGATAGCAGCTGCCATATTGGTTTGTGTGACATCACTTCCTGCCTGAGTCTCTCCCTGCTTGCT 

CATAGCTCTGGGCTCAGATTACAGCAGGGAGGGGAGGAGGGAGGGCAAAGGAGCAAACTGAGCATGCTCAAGGCCGTGCCC 

TGGAGGTTTAAGCTGAAAACAGGAAGTCTGATACAGAAGCCCATGAGTACACAAAAGAAGGAAAGAAATGTGGTGTTTCTT 

TTGACAGAGGACTCAGAGCAGCATTACTTTGAGGGTTTATTGGTGTATTTATGTAGACCTTTCTAATAAAGCTTACTTAAT 

TTTAGCCTTTCCTTCTCCTTTAAAAGGCAAATAATTCAAAAACCTGCAAGCATTGCTCTCAGCCAGCATATTTTTTGCAGG 

CTGAGAGAAGCAGATCCGCTCTGTGCCCCATCTCCATTGTTTTGAATAATATCCACATGCATTCAGTCATACGCAGCAGAG 

GTTGAGCCAAAAATGCCTGCTTTCCCGTTTTCGGTTCCACCTCCGCTCAGCTCTGTGTGACTGTACGCAAGCGGATCTTAT 

TCAAATCAATGTAGATGGAGCACGGAGGGGATCTGCTTCTCTCAGCCTGCAAAAAATATGCTGGCTGAGAGCTCCATGTGC 

CCTTGCTCATCTTTGAATTCTGTGTGCCCTTGGCCTTACCGTTACCGTTTCTGAATTATGTAAGAAATTTGTTTTTTAAAC 

TTTCTAAAATCTCCATAATTTGTTATTCATTAGCGTAACTGCTAATGACTAAACTTCGACACTTTTTCTTCCCTTCAAACT 

CAGGTGTCGTCAATGTGGGTGCATATTTGCTGTGTGCATCACGCAGCTGTACAGGTTCCATAGCTTCAAAGAGTTTTCTCT 

TCTTTTGTGCCTTCTCCTGCCCGCCCAGGAAAGTCTTTATTCTTTCATAGCTACAGGGCCCTGCATTTCATTGCTTGGGGA 

GAAGGTAACGAAAGATGTAAAAGGCATACAAACATTTGTAGGAAACCACTGATCCTCTAATTATTCACTGATGGGTGCTGC 

TAGTCAAGGTCAAAGTAACTTTTTTTTTCCTCCAAAAGAGAAAATATCCGTCTTGCTTTTCCGCTTTGTGTCATTGCCAGG 

AGGCATATTTAAATGTGAAAGGGAAAGAAGAGATTTGGGAACAATGCACAGTGTAGCTGTGCAAGAGACTTGTCTTGTTTG 

GTGACAATTGTTAACACTAGGCTATGACTTCAGGGGCCTCAGGGAGTCAACTTTTTCAGTGGTATTAGAAGCCATAATTGA 

CCATCTCAAGTACAGGAGGACTTGCCCTGATTAAAGACTGGGTAGGCTTGGGAGCTAATCATGGGCTATGGCTTGAGTTGG 

GCAGTTTACTGCTCCTGACATACGTACCTTCTATACATTTCTTTCTCCTTAATTTGATTGCTTAAAATTAACTTTTAGCAT 



137  

GGTGTAGACCAGGGGTCCCCAACCTTTTTAACCTGTGAGTGACATTAAAATGTAAAAAGAGTTGGGGGGCAATATAAGCAT 

GCAAAAGGTTCATGGGGATGCCAAATAAGGGCTGTGATCTGGTTGCCCCTATGTTACTGGCAGCCTACAGGAGGATCTATT 

TGGCTGTTCACTTGGTTTAAATGTAACCAAAACTTGCCTCCAAGCCAGGAATTCAAAAATAAGCACCTGCTTTGAGACCAC 

TGAGAGCAACATCCAAGGGGTTGGTGAGGAACATTACAACATCCCATCATTAGGATGATGGGATTTGTAGATTTGTGGATT 

TTGAATTTGTTTTTTTAATATTGTTTTGTAACTATCAGGCAACCAGGCAGCAGAATGAGAGATGAGTAAGAGAGGACTATC 

AATTTATAAAAAAATAAAAAGATACGATTGACTTCACCTTCAATGGTTGTCGGTTTCAGTGATCCCCATTAAGCAGTTAAC 

ATTTTTTTTAGTTGAAGGCTGAAAAATAGATACAAAAAATACACAATAAATAATGCAGACTAATGGAAAAGTTCTTGGATC 

AGGCCCATCTATAACATCCTGAAAGTTTATTTAAACTCATTTCATGGGATTTTCCCTATAAGTCACCCAGGAAGGCACTTG 

GAAAGTTCTTGTTGATATTTTATGTGCACAAGCCTTTTCACTAGGTATAGACTCTTACCTCAGGCCAGAGTAAATACAGCT 

GTAGTACAGAGGCTATTGGGCTGCCATATCAGGTCTGGTAAAAGACACAGTAGACATGTACTAGTTGACCTTTAATTGCTC 

TCCGCATGGGTCAATGGGAGATGATAACATACAGATTGTAGAGAACAGGGGAATAAAAAATCTTATTTAAAGGCACATCTT 

ATTTAAAGGAATAAATATATATAGTGGAGCTTGGGAACATTTTACTGATTCGTTTGTGACTTACAAAAGATATTTCTTGG T 

AGTTTTACTTCTATTTTAAAATGTGTGGCCTTTTAATGAAGTGTCCCCTAGAAACATGCAATTCTTAACAAAAAAAAGCCC 

AACCCTGTGAGATGTTAAAAAGAGTTCTATGCTATTTTTACCTTATTTACAAAGCTTTAAGGTTACAAAGTGATAAATGGC 

TGACGTCAAAGAAAATAGCAGCAGCTTTTGCCTCTGTGTCAGTTCAGGATCCAAGGACTGGGGTATTTGCCTTCTGCAATG 

ACAAAAGCTCTGTGATTGGCATTTATGTACTACAGTACCCAGCATCCCCTATTAACTAAAGTCTGGTCATTATTCACTCCC 

ACGGGATGGCAAAACTGGTCATTCACTACCTTTACTGTGAAGCCTGCGGATTTCCACTCCACTTCTTAACCTTAACTTCAA 

TTAACGTTCACTTTTAATATGGTGGAGGCAGTGATATTTCAAGAAAGTTTGCAAATGGTCTTGTTTTTACTTTTCACCTTT 

CCAGTTGGGACTTTTAACTGTTGCCTGATTGCTCATGCCCTACTCACCCTAGAAACCAAGTGTTTTTTTTAATAACAGTAG 

TAAGTAGTACAAAAAAATCTATCAGCCCTCAATTGTCCTGGAATTGCAAATGGCAACATGCAGTGGCGTAACTAGTTGTTA 

CTGGGCCCCATAGCAAATTAAATTTAGGGCCCCAAAATATTTATAAGTTGGCCTATTTTACCAAGATATATTAAAATTGCT 

CATTAATTAGGGTCTCATTGGGCCCCCTACACTCCTGGGCCCCCCTGCAACCGCAGGGTCTGCTTCCTCTATAGTTACGCC 

CCTGGCAACATGGCCATTAGGATGATGGGATTTGTAGTTTTGCAACTCATAAATGGTTTTAGGTCAGAAAGGCCTTCACCC 

ATGACGCTCAGCTGTTTTTGATTTTCCAAGGAACAATATTTTGCCTTAATAAATGAGCCAAGTGCTAATGACTGAAAAGTA 

TTTCATAGACTCCCTAGTTAATTGTTACCTGTACTTAAGTAAATTATGGCCATTTTCCTGCTGATTTATTGCAGCCATACA 

CATTCTCCTATGTAATCGCACCATCCTATGTGAATAATACAGGCGGCCTTATAAACTGGCATATTTAAATGAATAAAAATA 

TATATGTGAGCTGTCATGCTGCTTACTGTGCCAGCATTAAAAAAGATGCCTTTATTTTTATAGTATATCCTTGTGTTGCTT 

TATTGAGTACAAAGAATCAGGCCGGCAGAGGAGTCTTTTATTCTGCATGAAAAGTTGTGTATGGGTCTGTAACTGGTCAAG 

ATAATGTTTCTTTAAAAAGCATAGCTCTAAAAAGCTGGCTATTATCTTATATTTGTAGAATTCTTCTTAGCATTGTGCATG 

CACGTGTTTTTTTGACGTTGCTGGCGTCATCAACGGACTTTACTTAGCGCTGTAACTCTTCGGCTCTGCTATTGAAATAGA 

AATGCATCATATTTATAAATAAGGCTCCCTTTCACTTTTATCCCTATATAAGTTCACTGAGGCATATGGACACACACCTCT 

TGCCATTTATTCTGAGCACAGAGCCTTGTTTGTCTGTATATTGGTATGTGTGTATTTGTGTGTGGGAACTGCCATACTGCT 

TCAGCTGCAGAATTAAAAAGAAGCAAAAATATGCTGTAAACCAGGCCTCTACCCCCTCCCTAAGGGCAGGGGCACACGGGC 

AGATTCGGGGAGATTTAGTCGACTTTCACGAGGAAACTTTGTGTAACTTCGGAAATCGAAGCGTCGCGTGTGCATTGGCAC 

TGGGGGAAGGCAGTTCTGGGAGATTGTCGCCCTGCAGAAGAGGCGATTAGTCGCCAGACGGCTAAATCTCCCTGAATTTGC 

CCGTGTGCCCCTTCCCTAAAACAGCTTATTCAGTAGTCTGATATGGACTGAGTGTAGTTGTGCCACAGTGTGAGCCTCTGG 

ATGCACAAGCTGAGCTGCCATTATCTTCGAATATCAATATAGTCAATATATTAAGGTCATACACTGAAATATCCACTGAGG 

TTCTCCAGATAATTGCCCAATTTGGAAGCCAACCTGGTGCCAATGATCGGATCAAAACAGGGGCCGACGATGAACCAGAAT 

GCTTCAAATTATGGAAAGGCCAAATCCCTTAGACTCCATTTTATCCAAATATTATAATGTTTTCAAAATGTTTTCT TTTTT 

TCTCTGTACATTTATGGGATCCGTTATCTGGAAACCCGTTACCCAGAATGCTCCGAATTGCGGAAAAGTTGTCTCCCTTAG 

ACTCCATTTTTTTTTTTTTAATTATTTCCTTTTCTTTGTAATAATAAAACAGGACCTTGTACTTTTGTACATTTTCTAGTA 

GACTTAAGGTATGAAGATCCAAATTACAGGAAGATCCATGATCCGGAAAACCCCAGGTCCCAAGCACTCTGGATAACACGT 

CCCATACCTGTAATAATAAATCAGTACCTTGTACTTGATCCCAACTAAGATATAATTAATCCAAATTGGAGGCAAAACCAG 

CCTATTGGGCTCATTTAATGTTTACATGATTTTCTAGTAGACTTAAGGCATGAAGATCCAAATTATGGAAAGATCTGTTAT 

CCGGAAAATCCCAGGTTCCAGCGCTCTGGATAACAGGTCCATACCTGTATTAATAAAACAGTACCTTGTACTTGGTCCAAG 
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CTAAGATATAATGAATCCTTATTGGAAAATTAGCTTATTGGGTTTATTTTATGTTTACATGATTTTCTTGTAGACTTAAGG 

TGTGAAGATCCAAATTGCGGAAAGATCCGTTATCTGGAAAACCTCGAGTCCCAAGCATTCTTGATAACTGGTTCCATACCT 

TTATAAACTATACCATTTGGCACTTGCAGGAGTGAAACTCACCATTATGCACCCCTCAGTCAGCTGCTTGTAAGTCTCCAT 

AGGGTGGCCTCTGATAATTGATAATTGATTGACCTCAAGATAATTGACTCGATGCTTGCAGAGTCTCACCTGCAATTAGTA 

GGTGGCATGACATGATGTATTGCTATATTTACAGATCTGCACGACTCTGATCTTGTAACTGTATTTACACACACTTCTCAA 

TTCCTTCAACATGGCCATATCAACTGCTGCCGAACTACAACTCCATACAATGCTGCTAGCTGAAATTTAGTAAAACTGTTG 

CAGGGTTGGATTGCCAATACTCCGAAACACCAAGAGAGCCCTGTATATACGAATATAAATATCTGATATACGTGTACACCC 

AAGAATGTTCTAATGTAATTCAATCCTTTTAATTATCTCTTATCTTGGAACAGGTAATTTCTCCTGAAACCAGGGTGAGTT 

ATTATTTAAATGCATAGGATTAATCCTGTTATAATTTTTTTTTTTTAAATAAAAAATCCCCTTTGTTTTTGCAATGATGTA 

ATTACTGTGCTGTATGCATATGAGTGGGGAGCTGCCATGTTACTTGCATGTACTAAAGGTAGGGTTGCCACCTTTATATCG 

GCCTTCCGATATATTTTTCTTTTTTCAATATTAATAACATTGGGATCAACCATAATTTTTACCGGCCAGGCTGGTAAAATA 

CCGGCCAGGTGACAACCCTAACTAAAGGTGGCTATAGAGTCCTCAATATGCCCACATTGAAGTGGGCGATATTGGGCTGAT 

CCGATTGTGGGCCCTAGGATCCAACGATCGGATCATAATGGATCCGATACGGGCGGTCAGATCGTGGGAGCGCATAGACGC 

ACAAATGCGGGCGCGATCCAACAGGATTTTTTAACTTGCCCGATTAAAATCTGACCGACTTCTGGCCATGGAATCCCGTCG 

GATAGCCCCACACATGGGCCAATAAGTTGCTGACACATGGGCCAATAAGTTGCTGGCTTTTATCGACCTGTGTATGGGGGC 

CTTAAGGCCAGGGTAGGACTATACGGACGTTTTCGGTGCGATCTGACGCACTGAGACAAAACGCATGCGGCAATCACGTGC 

TTTGTAGGGTTGCCACCTTTATGTCTGGCTGAGACCGGGCGGGGGGCGGGACCGTGACGTCAGTGGGCGTGTCTGTGCCAT 

CAGTGGGCTTGTCTGTGACGTCAGTGGACGGACCAGTGCTGTCAATGGGCGGGATGTGACGTCAGTGGGCAGGGCTATGAC 

GCGTCGATCAGCGATTGGCCGATCGCCGTGTCAATCAAGGGAATCCCGCCCGGTTTTCCTTATTTGGAAAACCGGGCAGGA 

AGTATAGACCCGGGCAGCCCCTCAAAGTACCGGGCTGTCCGGGTCAAAACCGGGCAGGTGGCAACCCTAGCGCTGTGTCTG 

CATCCGATCAAGGCTGCGAATTCATCCGACATTTCTATCTCTTACCTTATTTCCGTCGCATGCGATTTGTCGCATATGTTT 

TGTCACACGTCCGTGTAGTCCTACCGTAAGGTGTTAACCACAGGCAACCACACAAGCAATGCCTTTTTAATTGACTGAGTA 

ATAAATTCTACTCATCACTGGCTTTTGTTTTCTTTCATTATTTGTGGTTTTGCATACTGACACTTTTACTGCTATTTGATC 

GCTAGGCTGAATGGCCCTAGCAACCAGATACATTCAATTTTAGCCATAAGGTAGATGGTATCAGGTTGGATACTGAAAAGC 

AGATGTTCTCAGTGCAGGCGGCAGAGAGGTGGGTGTGTATTCTAATGTGTGTGGCAATTCACTCTTTCTCAGGAATCTGTT 

GACTAATCAATCACTCGTTGGGTTGGGCCTGATGATATTAGGACCCAGCTTGTTCCGTACGAGGAGTTTAATTCCACCCAC 

TGCTGTCCCCTGTCTGCACAATCCCTGTCTGTATGGAAAGCACATGGTGTCAAGTGTATATCTATTAAATAATTCATTTGT 

TTGGCAGGTTTGCTTTGCATAATTATGTTCGGTGGCATAATGGACTGACTTTTTCTGGATTGTGGGAATTTGTTTAGGTCT 

AGAAACGGTAGCAACCTATCACTAGTTTGTTTATTCAGGTCATTGCTCTGAGGAGAATAGTGGTATTTCTCCGTAGCCAAA 

TTACAGATTATCACCTATTTGACCCAAAGTGCATAACTTAGTAACATGTATTTATTATTAACATGTCTATTAACATGTCAT 

TTTTAGAGCTCCGACATATTGGGCAGCGCTGTAACTTGCTACAGCTCTGCAGTGGTGGACAGGGTCGACCTGGGGTCTGCT 

TTGGGGCCCCCCGCCCCTGTTGCAAAGACACTTGAGACCCCCCACGCTGCAACCCCCCTCCGCCTGCCCCCCACGTCTACC 

TATTTTTCCTGCTCATGGAAGCAACCGGGGGCCTGAAGGGAGTTCAGAGAACATTGCTAATAGCCGGTCTAGGCTGGCGGG 

GCTCACCGGGTTTTTTCCCAGTGTCTCGCCAGTCCAGTCCGACCCTGGTGGATGATGATGATGTCAACCCAGTTCCATAGT 

TTGAAAAGGGGACCAAAATCATAGAAAGGGGGTGGAGCTCCACCAAAGGGCCACCCCTGCAATTCTGATATTCTGGAATAC 

AACTCCCAGAATCCTCAGCTGCCTGTTATGATTACTGGTCCTCAGCAACATACAGCAAGAGGCTATAAAATAGGACTGCTT 

TCTTTCTTTTTATTTCCTACCCATAATTCTTATGTCGGAAGTCTCCAGTGCGTGGCTGAAACCACTTTGCACTGAAGCACT 

TCATGGGAAAATGAAATCAATAGTGTGAAAGTCCTTCCAGCCCTTTTATATAAACGTTTAGAAAAGGCAAATATTTATGAT 

TCACACAGATATCCAGCATTATTTTTTTTCTTTTATTTCAGGCCGGGCATTACCTAATAATCCATTTGCACTGGCCGCTTG 

CCACCAAGCAGGGGCATGATACATCTAGGCATTCTTCTTCGCCATTTCTCTCACCTCCACCCTGTGTGCTAGGAAGCAGAT 

CAGGTTACACACATTATGCCAAGCACCCTTGGCTCACTTTCAGGCATATCAGGCAGTGCTTCTCTGTCTGCTTCCAATAGG 

ACCCGTTCAGAATTCTGAATTTCTATGCACTTCTATACTTACTACCTCTTGGAAGTTGTAGTTCAGCAACAGCTGCATGAC 

CATTGTGACTTAAAGGCATACTGTCATGGGATAATAATTTTTTTTCAAAATGCATCAGTTAATAGTGCTGCTCCAGCAGAA 

TTCTTAACTGAAATCAGTTTCTCAAAAGAGCAAACAGATTTTTCTATATTTAATTTTAAAACTCTGACATGGGGCTAGACA 

TATAGTCAGTTTCCCAGCTGCCCCCAGTCATGTGACTTGTGCTCTGATAAAGGTCAGTCACTCTTTACAACTGTACTGCCA 
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GTTGGAGTGATTTTAGCCTCCTCCCTTTCCCTCCCCAGCAGCCTAACAACAGAACAATGGGAAGGTAACTAGATAGCAGAT 

CCCTAACACAAGGTAACAGCTGCCTGGTAGATCTAAGAACAGCACTCAATAGTAAAATCCAGGACCCACTGCGACACATTC 

AGTTATTTTGAGTAGGAGAAACAACAGCCTGCCAGAAAGCAGTTCCATCCTAAAGTGACCTGAGTTGCACCTACACACCAA 

TATTACAACAACAAAAAATAAATTTGCTGGTTCAGGAATGAAATTTTATATTTTAGATTGAATTATTTGCCGTGTTAACAG 

TGTAATTTAGAAATTAGAACTCCATCATATAAATCATGACAGAATCCCTTTAAGTTCAGATTGGGCAATATATATGTCTAA 

TGGATAATTAGTGATTAGTGTAGGTGCCTGCTGCAGCCTGCAAGGACTTTTACGCATGCATGTATATAAATCTCAAAGAAC 

ATCCAGCATCTATAGAACAAGTTAATTATATTAGTCAGGTTTTAAAAGGGGTGAGGTGACAACCCAATTCTTTTTGTCAAG 

CTGGGGGCCCTCCTGCCGATACCTTTAACCCCAGCTCTGAAAATAGCAATAGGCAGAGTTGTGTTATCCAAAAACTCTATA 

AATGCTTCATGCCCAACAACCTCGGGCTGTGTTTAACCAGCATAACCTGCTCCCTGACTAATCTGCAGTCTGCACGTTTAC 

CCATCCTCTAATAATTCATTGCTTTGCTCAGTTAAGGCGCCACATGTCCGCACTGCTGTGTGCAATTACATCTCAGCAATT 

AATCCATTAATCAATTTTATTAGAAAGAACATGTTTTACATTAAGATATTTGGCATCTCAAATAAACTGCATCTGGGCACA 

AAGGAAACTGATGCTTCACATACAGTACCTAAACTGGTTTTTCACGCAGAAGTTCAGCCTGCTGGAAGTTGTGGCTGCTGT 

ATAAGGTCTAGTAACCCATAGCAACCATTCAGATGGTTTGGTATCAATCAGGTGGCCAACAGATCTGTTCATTGGTTGCTG 

TGGATTGGTAGATATGCATCGTACACTAGAGTCAATTTTACTTTAGCTGTGTATCTTTTTGACTGGTCGCTAGGAATAAGA 

CTCATAAATAGTGATGGGCGAATAAATTCTCCTGGCACGAATTTGCGGCGAATTTCTGCGTTTCGCCGCCGGTGAATAAAT 

TCGCGATTCTCTCGTGAAAAAATTCGCAGGTGATTTTTTTCGTAAAAACTTTCAAATTGCTCGTTTTTTTTTGTGAAACCG 

TTGTAATTGATAGATTTTTTTTTAATTGAAAACGTTCGAATTGCTCGATATTTTTTAATGCAAACGTTCGAATTGCTCGAT 

TTTTTTTTGTGAAACTGTTCGAATTGCTTGATTTTTAGTGAAAACATTCAATTGCTCCATTTTAGCGAAAACGTTTGAATT 

TTTGTGAATTTTTGTGAAAACGTTCGAATTGCACTATTTTTTCATGAAAACGTTCGAATTTCACGATTTTTTCGTGAAAAC 

GTTCGAATTTCACAATTTTTACGTGAAAACGTTACGATTTTACGTGAACTTTCCGATTTCACAATTTTTCGCAAATTTTCC 

GGCAGCGAAACGGTAGAAATTCGCCCCTCACTACTCTTAAAGGAAACATTCATCCATTTTTGCTATGGGATAGAATTCCAG 

AAGACAATGGCCGTTGGCTCTCTGAGTCATTCGGCCACATCTAGAGGGTCAGATAAATCCTTGGTGTTCTTAATACTGAAA 

GTGTATTTTAGGATTAACTTTTCCTTTAAATAGAGTGTGTTGCTTGCAGAAATAACAATCAATCGTGCTGAATCATGCATT 

GATTAACCTGTTAAATTCTGTTTCTGTTTTAGGAAAAAGTTTCACCCTGACTATCACTGTCTTCACCAATCCCCCGCAGGT 

GGCTACCTACCATCGCGCCATTAAAATCACAGTGGATGGACCTCGCGAGCCACGGCGTAAGTGAGACTTCTTTACCATGAG 

TAGGCGAGTCTGCTGATTAAAGCTGAATAAAGCTCTGCCAATACTGCTTAAAGTACTAAAGTTTATGCAGCAACACAGCAG 

TTGTGTGCATATAGTATGCTAGTAGGTCAGTAATAAGATTCAACTTTAAATGCCCCAACATTGCAATCATAGATGTCATTG 

GTGGGGAGGCAAGCAGAGCAAATGCATAATGGAAACTGTAAGCAGACTGGGGGGTAGTAGAAATAACTTGTGAGCTTAGAT 

AGTGCCTGCCACCATCCGAAATAATAGGGCCCCATATACCCCAGTTATTACTGTCTGCCAGCTAATTAGAATAGGACCCCA 

ATAAAATGAGCAGCTAAAATCCACCGACTCCACCATCTCTTCCTTTCTCTGTGATAGGGTCTTTGACGTCTCCCTA GCTCC 

TGCTGATTACGCCCGTGGGATAGTGCTCTTAAATGGGCCTGAACCCCCAGTGTTCACAATTATTCTCCTTTTGAGCTGGTA 

AATAATGCCATTCCCATTGGTCATATTTTTTATTATATGCATTTGTATCCTGTTAATTTTTAAAATGCCAGGGCTGTCATA 

AGTGGTGCGAAATACCTTTCATGTGGTCATGTGAACTGTCCAGTTTCTGCACTTCACCTCCCAGAATCCCCTGTGGCCTAG 

CTGTTACCCCTGCTTGCACCCCCACCCAAAGACATCTTGAGTTGAAGTTTATATTTCAATGAAGGCTGTATTAATCCAATA 

ATTCCCCAGACTCCACTAAAGCATGTTAATGCTTATGCATTATAACAAGACTCTCTTGATCTCCCTATATTCATCTTCTAT 

TAAACACTTCATTGGCAAAAGGCCACACAGTTCTTCTAATGTCTGTTAATCACAGTAGTTATTTAAAGGAGAAGGAAAGGC 

TAAAATGAAGTAAGCTTTATCAGAAAGGTCTACATAAATACACCCGTAAACCCTCAAATTAATGCTGCTCAGGGTTCTTTG 

TCAAAAGAAACACAGCATTTCTTTCCTTCTATTATGTACTCAGGGGCTTCTGTATCAGACTTCCTGTTTTCAGCTTAAACC 

TAAAGGGCTAGGGCTTGAGCATGCTCAGTTTGCTCCTCTCCCCCTCCCTTTTCCTCCCTCTCTCCCTCCCCTTCCTTCTGT 

AATCTGAGCCCAGAGCTATGAGTGAGCAGGGAGAGACTCAGGCAGGAAGTGATGTCACACAAAAATAATATGGCAGCTGCT 

ATCTTAAACAAACAGAGAGAGCTTCAAGAGCTGTTTACTCAGGTATCGTAAAGCATTCTGCAGAAAAAAATTTAGTGTGAT 

TGCTTGCACTAATGAACTAATCTATTGGCAATAAACAGCTCTGGTAACTTTCCTCCTTTAGCTGTATTGCACTATAACTTG 

GGTAGGTGGTCTGCTAAGAGCAAGCTTTTCTGTCCATTCTTGAAGAGCTTGGATATACAAAGTAACTAAAATTGTGTTATC 

GGATAATTTGGCTTATTTGTCATACTGCTTAAAATTTGTAAATTTGTTACATCCCTCTTTCTCACTTAAACATTATAATAA 

ACATATTAATAAAACATACTGACATTTCCAAGAATTTTAAGGGGAAAAATAGTTCGGGAGAAATGACATTTGTTTAAATTA 
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GAAATGTGGTCTGTAAGAATGGTGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTACAGAAAGATTTCTGAATTTCTTCCAACGGCAGCACAGGT 

GATATAAAGATAAAGGAGGATATAAATCATTAGCAAAATACGGGTTAGCTGAGCGGCAGCTGAGTTGTTGAGGCCTATTTA 

TCAACATTTTAGTGGTCTTAGAGGTTTTTTAAAAACCACTAATAAACTCACTTTCTCTAAAACCACAAATGCCATGGAATT 

TATTAAAAGATCCGGATTTTAAAAGAGCGAATGAAAAAAAGTGCTGAACAATCTGAAAAAAACTACAAATACCTCTAAAAC 

CTCTAAAAATTCAAGTTTTCCAGACAATTCATATAGAAAACAAATCAGAAAACCTCTAAAAGTTCAAATTGATTAAAAAAG 

GTCAGCACAGCTGCCATTGACATCTGTAGGACCTTGACAGCTTTTACCTGGTGAATTTTTCTATTAGAGTTTTTTCTTTTA 

ATAAATCTTGAAATTTGATTGTTAGTTAATAGGCCCCTTAGAGTTATAGAATCCCCTATAGAAAAATCAGGCAACGAGTGT 

CATTTAAAATGAGATGGAAGAAGGAAAAACAACATGTAGTTAAGTTTATTATTAGATTAAAAAAAATTGATGAATCCAGGG 

ATTTATGTTAATATCAGCCTCGGCGTCAGTCAGGATTCTTTTATATTTACATCTGCTGGAAGATGCAGAATTACTTTCTGA 

TTCACACCCACTCCCTGGAAAAATATATTGAAATAAAAAACCCACCACAGTATAATTAAATAAATAGTTTATTCTTTTGAG 

CAAACATTGAACTTTAAAAGCAGAGGATCCAACTGCCAGAGTAGCTTCTTGGAATGTTAATTGCACACTGTACCCAGCAAC 

ATAACCTCTAATCTAAAGAAATAACAAACTTGCCTACCCTTCCTTACAGCTAAAATATTTCAATCGCTGTGCTGAGAGGTT 

TAAAAAGTGTGTGTGATATCATTTGGAGAACAACAACAACAAAAAAAAACAATTCCACCTCCCAAATCAATTACACTTAAG 

AATAAAAAAAAGTCAGCAAAAAGGCCATGCTTGATATTATTGTAGGCTGCAGCACAACTGTATTTAGATAATGACA AAGAT 

AGCTTCTAAAACTGTCTGGATTCCAAGTATTGAGTACTTCTAAGGGCAGACACATGTGGAGATTCAGGGAGATTAGTCGTT 

CGGCGACAAATCGCCTTTTCTTCAAGCGACAAATCTTCCCAATCTGCCGTCCCGTCGGCTAGAACCTAAATCGCCGGCATG 

GTTGGCTCTCGGAGCAATTCGTTTTCCGAAGTCTCCCGAAGGAAACTTCGTGCGACTTCGGAAAACTAAGGGCTCTGAGTG 

CCATCCCATCAGCGATTTAGATTCTACTAAGATAATTAAGCTGGGGCAATTGCATGTGCCCCCAGAATTTGATTTGAATGT 

TCGGTTTAAAGCTCTGTGCTCCAGAAAGGGTCCAGACAAAAAAGGGCCCAGACCAATCTAATACACCAGCACCAATCGTCC 

AAATTACTGTCCCCACAAAAAAAAACATGTACCTGCATAATCAATAAATCTCAGTCTTGAGATGAATAGACATATTAATAT 

TAACTCTTGGTTAGCCCCACTAGGGTTGTCGCCTTTTCTGTAAAAAAATTCTGACTTATTGACCTCTATTAATAACATAAC 

TCCAGTCCCAACTGTCCCATTTTGGACAGCTCAACCCGCAGTCCCGGCTTGTTACTGAAATGTCCAGACTTTCTCTTTGAT 

CTCCTGCACTGAACAGCCAGAAAAGACTTTATTGGCTTTTGGCAGAAAGCCCAGAACAGCCACCAGGTGCACAAAGATATC 

TTTTGTAATAATTTTGAGATAAGCAAATAAGTAATTGTAACAATTAAGATAAAAATGTCTCTTGGGAGAAGTTAGTCTCAC 

ATCTTAAAGGAGAACTAAACCCCCAAACTAATGAAAACCCCTACCCCCTACCTTTCATAGTCCCCCCTCCCTGTCTAAGCA 

CAGGTGTTAATACCTGTAAACGCCCCAAGCCTTTAATTACCCCTCGATGCAGAGTCAGCGCAGCGGAGCTCACAGGTGCCA 

TCTTCAACACTTTAGTTCTCCTTTAAAGGACAATTCACCTTCATTAGCAATAATAACTGAAAAAAAACACACAAATTTGTT 

CAAACTTTCATAACCTGCCAAATTTTGTAAAATGAACATGGTGATTAGGGGGTGTGGTCAAAATGGGCGTGGTCTATTCTA 

TTTCTTTTTCCAAAATGATTGGGAGGTATGTAATAACTGTGGCTAAGTAGACTAGACACCCTAAGCCCCACCCATTCTGAG 

TTTCTCCATTGGTCCAAAGTGACTCCTGTTTTTGAATCATTAAACATCCAGAGCCGCTTTCAAAACAAAATTTTCTATTTT 

GTTTTCCATTGTAAAAAAATAAAATAAAATGCCTGTGGTTTCAGGGGTTTTGGCTGCACTGCTAGTTTTCCTGTTGTTTTT 

ACACCGGATTTCTGTGTCATAACCTTAACATACAAATCCGCGTTAAATTTCCCAATTCCAGCAGCGCTGATGAATGCTCTG 

TGTTTTCTCTTAGCCGCAGTACCTCAGACTGCTCTCCTTAACCCGCTGCACCCATCTGCCCAATCTCGCCGCAAAATAGCT 

CTGCTTGACCCTACCACTTCCCTCTTGAAAGTTAATACTGTTTGATTCATTCTGGTCTGGGGCCGTGCAGCCAAAGAAAAC 

AGTGCAAAGAATAACTTGCTTGTACATTGCTTGGAACCGTCTCAGAGACTTTCGTTTCATAATACCACACAGTAGCTCACT 

GTATCTCTCCACAGCTGTGAGGGAAAAAATCTAAGGAGGGCTTAAGTGTTGCAAGAGAGGGATAGGCCGAAGCACTTAAAA 

TGGATGAGCTGTCACGTAAAAGTATATTTTTTCTCAAGTCCAAAACAGTGAAGCGACTGTTTTGTGGAAAAGGTGCGAAAC 

CTTTAAGGATAAAAAGGGAGGGAAGAAATCTCAAGTGTTTAAAGGTCTGTGGGAAAAGAGCACGAGCTTTTGCAAAGGCAG 

CACGTATATATGCTTACTGAGCAATAAGTTAATAAGAAGAAGAAATGGAGTTATAGAGATGTTTTTGGCCGTGTTTATAAG 

TTCAAGCTAAAGGATTTTTTTTCTACCTCAGAAGAGAGCTACGTTCTTAGACATCGGCTGTATGCAAAACCAGGCCAAGAT 

TTAGAGGAGTGCAATACATTCGGAACTGAAACTTCACCAGCAAACAGTTCATATCCGAATAAGTGACTAATTAATGAAGCA 

AATTGTCATAGACATATCAGTCATTATTCCCCTTTTATATATTTTCCCTTGAGCAGCCATTTTGTGTTGTTGTTTGTGTAA 

CTGATCACCTGACAGGAAATAAGGCAGGTTCTAATTGTGACAGGAAGCGTGGAAGTAAAAGTAACACCTCTACCCCTCCAT 
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TGGCTGATTTGTTCTCGCAAAAATGCTTGAGCACAGTGCCTCATACGAGCGAAAGGGGTAGTCTTAAAGGGATACTGTCAT 

GGGAAAAAAACATTTTTTCAAAATGAATCAGTTAATAGTGCTGCTCCAGCAGAATTCTGCTCTGAATTCTCAAAAGAGCAA 

ACAGATTTTTTTATATTCAATTTTGAAATCTGACATGGGGCTAGACATATTGTCAATTTCCCAGCTGCCCCAAGTCATGTG 

ACTTGTGCTCTGATAATCTTCAATCACTCTTTAATGCTATATTGCAAGTTGGCGTGATATCACCCCCTCCCTTTCCCCCCC 

CAGCAGCTAAACAAAAGAACAATGGGAAGGTAACCAGATAACAGCTCCCTAACACAAGATAACAGCTGCCTAGCAGAGCTA 

AGAACAGCACTCAATAGTAAAAAAACATGTTTTCCAATGACAGGATCCCTTTAAGTTTTAAAAATTGCAGTGTTTAGTAAG 

TGAATATTCAAAGGGCAGCAGTTACGTGGCCTGCACTGTTGCATTTTGAGAAGTTGCATCTACAAACGGGCACTTGGCTCA 

GGTGGCAGCAACCCGCAAATTACCAGGGGCAGCAAAAAGGCACTCCTGGTAACTTCAAGAGATTTTGTTTTTGTTTTAATC 

AAAATTTCTTCTCTGCTAGGGCAGAGAGCGCAATCAGTCATTACCCTTATGTTCTATTCAGGTTGTCAAGTCATCCCTATA 

ATAAGCCGACATGAAATCCATATACTGCATAGATAAATGCATGCTGTTAAAGGAACAGTAACATCAAAACATGTTAGTCCA 

CTATTTAACCTGTGCCATATAACCTCTTTTCATTTTCTGCCATTGCTACACAGCAGCTTGTTTATATGAACTAGAGTAGAG 

TTTCTGAAGCAAAAAGATCCATCTTACCAGTGCAGGGCAACAGTACATGATATTTTCATTACTTTAAAACAGTTTAGTTTT 

TTGGTGTTACTCTTCCTTTAACTGCACTGCTTTCTAAGCTGCCATGCAACACATGCCTGATCTGTTTACTAGGCTGCCATC 

TAGCATGAGAATATTATATATGGCTTCTACAGCACGTAGAAAAACCTACACATTGGAATTTGTTTGGGTTTGAATAGTTGT 

CATTTAAACTTTGGGTATCTTTTTGTTCTTTCCTGTCTGTGTGAAGGGCTATGAATCTCAGGCTTTACTATACTGAGAAAA 

GTCTTCTACCTTACAATACAGGAATGGAATTTTTTGTTGATCTCGCATCAGTGTTTGCATATTGCTTTTGCTGTTGGAGGA 

ACTATATTAGTGGCATACAAATGTCTGAGGTGTGTTTTGGTTCCATTTGTATTCGTCTCAAACAATTATCTCACAAACAGT 

GTCCAGGAGAAAGTATTTGCCTCTGCTGTGTGGGAAGAAGGGCAGCTCACAGAAGCAAAGGGTGGATCTTGGCACTGGCAT 

CTTACACAAGGGCGCAGCTCTGCATGGCTACGAGAGACTGGTGTGAAAAGGGCACCGTTGGTTGTTAGAATAAATCAATAA 

AGCAGGCCCTTTGCTTAACCTTTGGCACCTTATACGTTTCAAGGCAAACTCGTCATGGAGAATTCTTTAGAGGGGAACTAA 

AGTCTAAAATAGAATAAGGCTAGAAATGCTGTATTTTGTATAATAAACATAAACATGAACTTACTGCACCACAAGCCTAAT 

CAAACAAATGATTTATGCTTTCAAAGTTGGCCACAGGTGGTCACCATCTTGTAACTTTGTTAAACATCTTTGCAAGACCAA 

GACTGTGCACATGCTCAGTGTGGTCTGGGCTGCTTAGGGATCGTCATAAATTATCAAAACAGCACAAGTCAAATAATATCT 

GCCAGAAGCCGATAGGTCCTGGGTTGTCACGTAATCTAATGTGGATTTTATAGTTTTTGTATTGTTTAATACAAACTTTCT 

CCAACTCTGCAGAATCAGTGGCTGCAGCAAAAAAAAATCCTCCAAATAGAATCCCAGTTTATCTGTTTAAATCTGGTTCCA 

TGATCTTTGTCCCTGCAGCTGGAGTTGGAAAGAGTAAAGGGGATGTAAAGGCAAAAATAGAATCCAATACAAATCTCTACA 

CAGTCGCCGACTGCTCTACAGGGAAACAAACAAAGCTGCTTGAGTTCTGCATGGCTGGGAAGTAAGGCAGGGGCTCCCCCT 

GCTGTTCATAAGTATGATTGTTTCCCTGCAGAGCAGTTAGGGGCCGTCTGACAATTCCTATCCACAGCAGTAAATGAAAGG 

AGAATTTCATATATATATATTTCTTGTAAAAACGGTACACAGTTTTTAATTAAAGTATATTGGAGATAGGTTTCTTTTTCA 

AAAGTAAAAATGGGATTTTATTTTTTTGCCTTTACATTTTAGAATGTTCTGCAAAAAAAAATCGAAATTAAAAAATAGTAT 

CTAAATATTATGGAAGCTGTGTTTTCAATATGAAGATCTCATATATTTGGCTCTGCTCGAAGGGACCATTTTTCCTCTCCC 

CTTAGGTTCACATTGTAATATAATCCCTCCTCCACGCTTATTTCATTGTGAAGTGATGGATTCTGGAACTTGAAGTCCCTC 

AGCTTTCCATAGTGGTTGGTGCATAGATTCTCTGGAAAGCAGAGGGACGTCAAGCCCCATAATCGATCAAATCACAATGGT 

ACAAGGTGAAGGAGGGATTTTATTACACTGTAAGCTAAAGGGGTTTGAGCAAATGGTTCATGGTTTGCTTCCATTCTGTGC 

AATCAGTTATGTCTGTGTAAATATACAGTAACATATTTGTTGTCTTCTGATTTACGTGATTTTTTTTTTTATTATTATTTT 

TACAAATTCCGTTTGAGGCCAATACAAAATCTCATTAGTACTTTCTGCAGGCGTTTTGTTTTCATCTGCAATGCAAACAGT 

ACACGCATCATGGTCCTATGAAAAAGGCACCACGAGCAGTTTAACCTAGATACAGAATATAATAACCCTGCCAAAAGGATT 

TATGGAACTATTTATAACAATTAAACTTCTTTTACATCAAAGCCTAAATTGTCTTTTATCACGAATCTGCACGCGCTTATG 

TGTATATATGAAAAGAATCCTACCAGCTCCTTCCTTTAAATTATAAGCAGATGTATCATAAAGAAGATGAATCTGTCTCTC 

CATCTTCTCTCAGTTATGTCATATTTGTACTTGTAATGGATTTTTCTAATATATTTTATGGTTTTGCCCCTGCTCT TCATG 

AAAGGTTAGTATGCACAAAGACTGTGATCCACTCTGCTCTGTGCTGCCTGTACTCTCAGGCAAAATAACAGTAAGTTTGTG 

GTTTGGATCTGTCCAGAGTCATGTGGACCGGAGTTAGTAGAAAAAAAACTCTTTAAAACTGTCTGTGGGTGGAGTTCTGAC 

AGTCAGGAGACTTTGCTTTCTGAAAGAATGCCTCCTGTCTGTCTGTCTGCCAAGTTCTACCCAGGGGAGTGGACAAGAGTA 

TGGAAAAACTACAGAGAGGAGAGATTCTTAGGCAAAATTTGGTTTATATCCTCCACTTAGTCAAATGTCCTACATCAGAGA 

TCTTTGAGATCCATGGAGCCGGGCACAGCTGCATAGGCTTGTAACATTAGATGAAAACTTTCTGGTCCAGAGAATCAGGCT 
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GTCTCCATGAAAATCCAAACATTTCCTCATATTCAATCTCCTGTCTGTATATAGTAAACTGTAGCATGATTATGAAAAATA 

ATTAGCACTGCTGTTGGCCCCGATTGCTTCAAGGCTTTTCATAGAATATCAGTTTCAGTTTCCTTCCCTAAAACAACTCCG 

GTCCTTTGGTATAAAAATACCCAGGTATTTCACCCTTAGCTTCAAAGATGTAGGGAGTAACAGTCAAAGTCAATTTTATAA 

ATTACGAGCTTGTCTTAATGCAGGGTAGCAGCATACAGGTACAGACCCAGTCATCCAAAGAGGAATTCAGGTTATTTTAAG 

CTATGCAATCTAATTATACCTAGGCATTCAGCTTTGCAAATGGCTGCAGAGATATATACTTGAGATAACTCCCATGCAGGT 

CTAATACAAACAAGTGACTGTGGAGTTTACCTGGGATAACTCTGGCTGCACACACAGGTCTTGTACAGTGACTGCTGACAT 

GTATACCTGGGATAACTCTGGCAAAACACACAGTTAGTGCAGAGATTATCTGGGATAACTCTGGCAACACACAAGTCTCAT 

ATAAACAAGTGACTGCAGAGATTACCTGGGATATTGCTTGCTACATGCCAGTTTTACACAAACAAATGACTGCAGATATAA 

CTACCCGGGTTAGCTGGCTACACACAAGTCTTGTACAGACCTGCGGCTACACAATTATGGCAGAGACACATGTGGAGATTC 

GGGGAGATTAATCTCAATAAATCGCCTCTTCTTTGGGCGACTAATCTCCCTGCAATTAGTAACAATGCGGTAATAGCGGAG 

CTCACCCTGTGTGTTCCGTCTCCCAACCGACCGCTGCTCTCGCGATATGTCAGTCACTTCCAACCGCGTAAAACATGGACA 

CAAGAACTCGCTGTGGAGCGCTGATCGGAGCATACCAGGAGACAGACTCATATAATATCAATCCAGCTTTATTTCAACGAT 

TAAAATTACATAGATCGGTAGGGTATGTGATTCTCTAATGCGTTTCGTGCCTACTTCCTTGGCACTTCATCGCCGGCGGGG 

TGGCATTTAGAGCCCTTTGCTTTACGATGTTGCCTCAGGGGGAAACGTCGGAAAAACAAGCGCCATCCTGCCATCGATTTA 

GATTCTGTGGGGAGATTAGTCGCCCGAAGAAATGCCGATTTGTCGCTGGGCAACAAATCTCCCCCAAACAGCACTGTGTGC 

CTCTACCCTAAGGGGCATATGTAGACATACATCACCCATAGCAACCAACCAGAACTTTGCTTTTGTTTTATAACATGTAGG 

TCACTGTTGAAATCTAATTGCTGATTGGTTGATATGAGAAACATCACTGGTGATGTTTGCCTCCAATGTTTATAAATACCG 

CTTTTTTCACATTTTGATTCTGATCTAAAACCAGATCAAATTCAAAGATGAATTGATTTCATACTGGCATATGTGGCATTG 

TCTACACAAGCCTCTGGGCTGTGTTAAAGGGGTGGTTCACCTTTAAATTAACTTTCAGTATGTTATAGAATGCCTAATTCT 

AAGCAACTTTTCAACTGGCCTTTTTTTTTTTTTTTTTTTTTTTTAAAGGTTTTGAATTATTTGCCTACTTCTGACTCTTTC 

CAGCTTTCAAATAGGGATGCACCAAATCCACAATTTTAGGATTCGGCCAAATCCAGAATCCTTTGTGAAAGATTTGCCTGA 

ATCCCGAACTGAATCCGAAACTCTAATTTGCATATGTAAATTAGGGGGGAAAAGGGGAAAGAGAACCACATGCTCAGTGTG 

TTAATACATTTTTAAATTCCATGTTTATGTGATGAAAATTTCACGTGATTTTGTTTATTCGGATCCTCCTAAATAAGGCCG 

AATCTTTGCCAAATCCCGATTCCTAGATTCGGTGCATCACTACTTTCAAATGAAGGTCACTGACCCCTTCTGAAAACCAAA 

TGCTCTGTAAGGCTACAAATGTATTGTTATTGCTGCTTTTTATTACTCATCTTTCTATTCAGGTCTCTACTATTCATATTC 

CAGTCTCTTATTCAAATGAATGCATGGTTGCTAGGATTATATGGACCCTAGAAACCTGCTGAAATTGCTAACTGGAGAGCT 

GCTGAATAAAAATCTAATTAACTAAAAAAACACAAATAATGAAAACCAAATGCAAATTGTCTTAGGATTTCACTCTCTACA 

TCATACTTTATAAGTTTATTTAAAGGTGAACAACCCCTTTAATGTGTTTGAGGGTTTCTTTGTCACACACACAAATATAAA 

GATACAGCAGTTAAGATCAACACCAATTTATGAACTTGGTTGCAGTAAATATAATGTTAAGCCCCTAAAACATTTTATTTT 

AAGGCTAAAGATTAATGTGTAATGTAGCCAAAGGCTGTTACTGGTATTATAGATTGTAAAAAAAATGGAGTTTCTCTACAT 

TTCATTTTGGGCCCTGACCCTGTTAACTAGAATCTTAAGTCACATGATAGTTTAAAAAGGATATTCAGCTCAATAATAGCT 

GATCTGCTGCAGGTTTCCCATTCATGTTAATTGAATTTCTTCCCCCCCCCCTCCGCCTTTTCTTCCCTTTTAAAAAACCAT 

TTAGAAAGCATTTGGCTTCGCAGCGCCGGAATTTGTGTTGCACAGAACCTTTAATAAGGCTCTTTAGCGGCCCAGCCCTTC 

AGTACAGCAGGCTGGAGCTTAAAATAGCGTGTATGTACGAGACAGGCAACATATGTACACAGCTTGCGTGACTCAATGTGT 

TTGCATTCAAGTCAACTGTCATGAAATGAAGAGCTAAATTGAGGTCTGGGATTTGCATGCTTGACAAATTAAGGAGCGATC 

GGCTCTTGTCCTGCCAAAACACCAGCCTTTTGCTATTTCCATTTTTTTCCTTAAACTGCTGGAGATTTTTTTTTCTTTTAA 

AAAATCCAATGGCATTAAAGCTGGATCCGTTTCTCTGTGCGGTGTGAAATCTGATATACTGCCATACTGTCTCAAGCCACT 

AGCACGAGAAATGCCAGCGACTCCAGTACCAAACCCTCATAAAAGTTTATGCTTACTTTTATTTAACAAAAAAAAAAAAAT 

TGCAGCAACTGTATATTTACTTTGAAATGCCACAGCTGGTAGCAATGATCCAGTGGCTGCAGAAGGGGTTTGGTTTTGGGA 

TGTACTGTCGGTGGATTAGGGAGAAAAATAGTTAGGGGGTCAGTTATGTCCCCTATGTTTTTAAAAAGGGACAGAGAGGGA 

ATATTAGTTGCTCACAAAGTAGCTTTGGATTCTTTCATCAACAGAATACAAACATTTCAGTGACTGGTGAACTTCCCCTTT 

ACAGTTTAGGTTCCACATGCAACTAAACCGTAAAGGCACTGGGCTGGACCTAGTGTTTACAAGATTGTATTTCACTGAGTA 

AAAATAGTAATAATCAGAGTTAAAAATAGTATTAATAAGAGGTTAACGTCACACGGCAGTCCTGCTAGGGTGGTAAATACT 

TGCTGGTAGGATAAGATACATGCTTTGTGTAGCTTTAAGGGGTACAGAACACAGAGGATGAATTTTATGCTTTTGGATGTC 

TATGCAGTTTGCCTCTCTGTAGAATAGGATTTTATTGTATCCATACAGAATTCATAATTAGTCTGACGGGTAACCTGGAGG 
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TAGATGACATATTTTAAGCCCAAAAAAGTGTAACTTAATCTACGGCCCTTCTTTTCAATATCACCTTGTTAGGTGCTTTAT 

ATCCAAAAGTAATTCTGATTTGTCTTCCCCTTTTACATAGGACACCGACAGAAATTAGATGAACAGACAAAACCGGGAAAC 

 

ATGCCCAACCCACGTGCCACCCTAAATCATTCCGCAGCTTTTAATCCTCAGCCTCAGGGTCAGATACAAGGTAAGTACTGA 

ACCCCCTCTTTTGTTTATAAACCAGCTCATGTGGGTTTGTGTTTTTTTATAATGAAGAGTATACATAAATACTGTATATAT 

GCAAGATCTTGTCCCAGAGAGCTAACAGTCTAATTTTTTTGTGTCTGAGTGTATAAAGGGACTTTTCTTAGGTCATAAAGT 

GCTGACCTAGGTGCACTTCAAAGCTGCACTTGGGTGTTGTACATCAGCAGGCCATGAAGGAGACATAGCACTTTATGTGTG 

TTCTCCATAGCTCTCTTTTCGGCAGCCCACGGCGGAGTTCAAGGAGTTCAACAGCCAAAGGGTCATCAGTTAGGCATTTCC 

TACTTTGTATAATTAGTGGTCCCCTGCAAAATAGATATATTTCCCCCAGGGCCCTGACATCCACCCTAGGAGTAACTGGCT 

TTTTCCCACTCCCTTTTCTATGGTAGAACTGATTGCACAGTCACCAAGTCACTCTGCTGAATTTAATTAAATTGAATTAAT 

TTTAAATTACATTTAATGACCACTTTAAAAATGGTTCCCACTGCCGGGAAATTGCCGGTTACTAAACCTTTCTGTTAACAG 

ATTAAAGCGTTTCTTTCATTTAGCATCTGAAACTCCTTTTTTAAATTATGAGTTTGACACACCGAGAAATTATATAGGCAA 

GTTATGTGCATCTGCTGATATATCTATAGGTTTCTCATCTCTGAAGGCTGTGAAACATTTAGGGAGGGTCCCCTCTATT TG 

GATGAGGGTTACAAGGTGTGAAGTTGGCTTGTCCCAGTCCCATAGCAATTGGTATCATCTAAGAAATATCTGGTTGGTTGC 

TATGGGTTACTAGAAGTCGAGCAAACTGTTACCCTATCGGTACAAATAGTCATTCATTCATATCCAAATGATATAAAACGT 

ATTTAATTTTTAATGCATGCCTGTGGTATCCCACTGCTTGTGCCAACTGGCTAGCACAACATTTTGTGCCAGGGAAATGGT 

ATTAGATTTGTGGGAAAAAAATACTGTGCCATTGTGTGTCTAACCTTAGAAAATTGTATACCAGTGCGGTAAATTTTAGTG 

ACAAATACGGTGCCACTCCATTCAAAATTCTTGTTTCAAAACAGAGAAAGTGCTCTGCTGGGAACGATTACTTAACATTTT 

TTTTGCAATGGTCTGTAAATCTGATCCAGGCTGGATTGGAGCTGCTATATTGATGGCAAAGGAGACGACAGGTGGCAGCTC 

CCACACACAGTCACACATGCCTGGCATGCCCCACCATATCCGACTTAAATCAAATGGATGTTAAGCCAATGGAGTATTTAG 

AGGAGAGGGTCTCTGTGTTTGGAGAACATTCCCCACTGACTCTGTAAATTGGGTCTGGCATTTCTTAAAACCCAGGGAAGG 

AATCAGGTATTGGGGCTTATTATAGCAAATCCCCTCAAATGTAAGCACCCTCTCTATATACAGTATATGTATCATAAACTT 

AGAGCACACTGGTGTTCTATCAATGGGTGCACCACCTGGTACTCCAGTACTTGTATCTGTACCCATGATAAAAGAGTCTTT 

ATTTGTGAAAACATTTATTAAACCCTCACTATAATTTTGTGGATTAATTGCAACAAAATTACCCTTTAAAGACAAACTAAA 

TCCACTTAGCTAAAATGCCCCCCCCTCAAATCCCACCGGGAATCACCCCTGCCTTGTTTCCACATGCCAGTCAAGGTTTAA 

AAATGAATCAGTTAATAGTGCTGCTCCAGTAGAATTCTGCACTGAAATCAGTTTCTCAAAAGAGAAAACAGATTTTTTTAA 

TATTTCATTTTGAAATCTGACATGGGGCTAGACATATTGAAAGTTTCCCAGCTGCCCTCAGTCATGTGACATGTGCTCTGA 

TAAACTTCGGTCACTCTTTACTGCTGTACTGCAATTTAGAGTGATATCACCCCAAACCTCCTCCCCCCCCGCAGCCTAACA 

ACAGAATAGTTGGAAAGTAACCAGATAACAGCTCCCTGACACAAGATAACAGCTGCCTGGTAGATCTAAGAACAGTATTCA 

ATAGTAAAATCAGGTCCCACTGAGACACAGTCAGTTACATTGAGTAGGAGAAACAACAGCCTGCCAGAAAGCAGTTCCATC 

CTAAAGTGCTGGCGATTTCTGAAAGCACATGACCAGGCAAAATGACCTATGATGGCTCCCTTCACACCAATATTAAAACTA 

AAAAAAAATACACTTGCTGGTTCAGGAATTACATTTTATATTTTAGAGTGAATTATTTGCAGTGTAAACAGTGTAATTTGG 

AAATAGAAACTACATCTTAAAAATGACATAATCCCTTTAACTTCTTCTCCCTTGCTTCCTGACACCGATCATCAGCCAGGA 

AAATGTGTAATAGAAGCCAGAACCAGACCCATGGGGTCCATAGGATGGTGTTTATGAGTGTGCGCACAGCTGGTGGTAGGG 

ATTTGGGGCTGTAGTTATGCCTCTGGCACCAGGAAGCTAGGGATCAGAAATGAAACAGGCAAATATGGTGGCAGTCAACCC 

TGCTGTACTGAGGAGCAAGGCCATTTTGACTCTGAAGATGTGGTGGTTTAAGAGGGGGGACTATGTAGGGGCCTCATGTTG 

CCATTTAGTATGTATCTATATTAACAGTTCATGAGCAGTATGTTTTCTTTGGACATTTCTACGCTGGTGAGATGTAACCCC 

TTAAAAATCTGATGAACTAATCAATCTTCCATCATACAAAACAATGTGTAATGTAGTGAGCCATCTGCATGCACTCT AATC 

AAATTTTACAGTACACATGCACTCCCGCCATAATTCATTAGGTAAGGTCCACCTGCTGGCTTGAGATCATCTAACCAAACA 

CATCCACAGACAAGCAGCGAAGGTGCAGACACACCACATCAAAAAGCTCTGAGGCTGAAAGATTACTCGTTGCGCAGACTG 

AACATAAATTAGAGAACACAAAAGCCGTTTATCTGCAGACGGGCTCTTTGGCCATGCAAAACTCATGCAAAGTGATAGTTT 

TCCTTTTTGTACATGAGCCTTTTGTAGTTTCCCAGGTGCAATGATTTTGTCTTTTTGCCCCCGAGGCTTTTACAGTGTTTC 

TCTTCTAAAAACATCTTTGGGTATCGGAGTTCCTGTGAAGTTCAGAAGCGATGCTCTTGCATTGAAATGCTCACAGCTCGG 

CAGCTCCTGTTTGGCTGGAATATTAATTGGGGGAGCAGACGCTGATCCCTCCAGTTTGAGAATTGTGCTGTAAAGAAGAGG 

TTTCTCCATTAAATATTTCTTCCTACATCCTGAGATAGGAGCAGGTTCTAGTGCACACCTAAAGTTTGTTGTGTAGCGTCA 

TTGTCCTTTTCCGAACGACTCAGTGAACTGGAACATTTTCGCCGAACGGCCATGAGGGTCAGCCCGCATCACCCAAATCCC 
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TAAACAAATTTAAATCAAGTTTTCTTGAAATGATGGACAAGAAGGCCCTCCGAAACTTCAGTCACTAGGGTTGTGATCCCA 

AAACTCAGGAAACATCAGAAGAGGCCAGCATTGGCCTGGACCCACAAAGTAGTAGAGTCAGATTGTAAAAGGTTAAAAACT 

TCCATTTTATGACTAAGTGTCCCTGGTAGACACGAAACGCGTCAGGCATTGGGTCTTAGTTATGGAAAATAAAATGTAATG 

CCTGTGCCACCCTCTTCTGATGTTTCCTGGTGTTTGCTCCCTCTGCTGAAGGTCTGGGGCGTGTGCATAGTAGTAAGCTCA 

TCTGGTGTACTTAATACATTGCATAAACTGGTTCCTAATTCGTATATTCCCAAACTCAAACTGAAGGTTGATAAGGATGAG 

ATTTGGGGTATAAACTTAATTACTATGCTACATATTCTCGGTGATATGGCAGAATGACTGATGCACCAATGGTTTCCTAGA 

AGATGCATTGATCGGGTATTTTTACATTATCTTGAATATTGTATCAGTTTGGCCTAATACTGAACCAAATTCTCAGGACAT 

TGAATTTTCAGATCTGAGCAAAATCTCCAAAATTTGACACCTTCAGTTACAGAGTATTTTTAAGAAGGGTTCCGATTCAGT 

TTGGGCAACCAATGAGAATCTTTTCAAAAAGTTCTGAGATTCAGTTGTATTCTTAACTATATTCTGGATTTGATGCATCTC 

TAATTTTCAAGTTCTTTTTCTTTCCCTCTTATCGATTTCCCTGTCCTGTTATCCAAGTTTCTGTCTTCCCAGGGCTGTACA 

TTTATATAGCCACCCAAAAGCCCATGTTCGTGATGCCGAGTGTCTTCAAAGGCACAGATCTAAAGGGTTAATGTGCCTGTC 

TGAACTAATTCTTTGTATTTCCCATTTTATATAGTTTCCTTGGACATACAGCCATATATGTGTGTGAGATAACTGGCCCAC 

TATATGTAAAATCTATACAGCAGAATGTAGATTTGTTGTGTTGCCAGCAGCACCATGCCAAGCACCCAAGGGTACCCCACC 

TACAACTGTCCCTCCTGCTACATTTAACATGAATAACTGGCAGCGAGTCTGTTACTTTTTTCTCCAATCATATTTAGTGAT 

GTATTTAATAAGGTTTATTCTGTGTTGCCAAAGGTCTCTTTGATTATGAAAGTCGGCAGATTTTTTGGGCTCTTGGGGAAG 

GAACATCAGTCTCTCAGACAAAAGTGTATTCACACATGAAATGCTTAAGGCACCGAGGGGAAAGAGATACAATGGGGTGTT 

TATCAGAGCGCTGGCAAACAGGCCTGCAGGTAACATGTCTGTACAGCAATGCGAGTGCTTCGAAGACAATAGCGAGTGGCT 

CTGTACCAACATTTCCCAGTTACAAACCTGCAGTGTGAAAACAAGCTGAATATATGGGCTGTCTCCTCCATAAGGAACACC 

CAACGTGCAGCCACTAGTATCATTGGCACCTTTTTTTATGGGATCAAATTCACTTTTTAAACCACTGAAAATTTCTAATGA 

GCATGGGACATTCTTTTTTATATAGTTTATTTTATTTTTGGATTCGCAACCACTTGGAATCCAACACTGAAATGTTCCAAA 

TTATCTTTAATTCAAGATCTGTATATTCATTTTCCCTTTAAAGGTAATCCGATGCCTCGCCCACAGGGCCCATTGCCACTG 

TTTCACATTCACTGCCAGTTTACACTGCTGTTGGTTAGAATCTGGATGGCTTCCAGGATGATAAATAGTTGGACTGGGAAA 

CAAGCCACCACCTGTTGTTATTAGGATGGAATTTCAGCGCTCCTGGCACTTGAAGGGTTAACGCCCATATTAACCCCTTGG 

TGGAGCCAGAGGGGGTTTATGCAGGTGCTTGTGAAATCTCAGTGGGAATTTTCAGTGTCTGCCCTCTGTTCCCAGGCCAAT 

GGCCAGTGTTTCTTTACACAGAATAGTCCCTTATAATCTCTTGCTGGCAGAACACTCTCCGAAGTTATGCATCCTCACACA 

TTGCACAGCACAGTAAATCAAATTATACATTTTAATACACAGTACAGGGGAATCTGTTATGTGGAAACCCGTTATCCAGAA 

AGCTCCGAATTACGGAAAGGCGGTCTCCCATAGGCTCCGTTTTATCCAAACAATACTAATTTTTGAAAAGTGATTTCCCTT 

TTCTCTGTAATAATATGAAAACAGTAGCTTGTGCTTGATCCAAACTAACATATAATTAATTAATCATTAAAAAAATAAGCC 

TATTGGGTTTATTTAAAGGGGGCCTGTCATCCCAAAAAAATATTCCAAATCCTATTTTATCACATTAGTCAAGCAAAATTA 

ACGTTAATTAAACTATATAAATGATTTGAATTTTGTTTCCTTCAGCCTGGGAACTCATAATTATACCAAGCAGGCAGGAGC 

CATTTTGTGGACACTGTTATTAAAACAAGCCTTGTATAATCTCAAAATCTTGTTTGTGCACCAGAATGGGGGACCCGATGT 

CCATCCCCATGTCCTGGTTACACAATTAAATGGTGAAGAGAGAGGGGGAATGTGGGGAGAGCAGTGACATCTAGGAAGTGC 

TGAATGGAAAGTGAAAGTAATTGCCTAAGGCATAGAGGAGGAGTAGGCAATATTTGATTGACAGCTGAGATTTTTAAATGA 

GTTTACAACAGCTATGAATGCTTTAATAACAAAATAATTTGGATTTCATGTTTAATTTGAAAAGGACTTTTATTATACAGC 

TTTTTATGTCTGGGTGACAGGTCCGCTTTAATGGTTAGTATTGTGCATTGTAGGTAAAAAAAACATGGAGGTTTGCATTTG 

GCCGATCAGTCAGATACCATAAAAAACCGGCCAGTGTACAGCCACCTCAAGTCAGCAGTTTAATGGTCCTTGTATAGGACC 

ATAACCATGGCCTGCCTGATCGATATCTAGTTCTTGGGCAGGAAGGAAAATTCCATCAGACAAGAAATGTCAACTGCATAG 

GCCCCTGTTGTGATCTAAATATTAAGCAGGTAGAGAATCCATTATCTGGAAACCGATTATCCAGAAAGCTCCAAATAATGG 

AAAGGCCGTCTCCCATAGACTCCCATTTTATCCAAATAATTCACATTTTTAAAAATGAATTTCCTTTTTCTCTGTAGTAAT 

AAAGCAGCATCTTGTACTTGATCTCAACTAAGATATAATTAATCCTTATTGGGTTTATTTAATGTTTACATGATTTTCTAG 

TAAACTTAAGGTATGAAGATCCAAATTCTGTTATCAGAACTGTAATCTGGAAAACCCCAGGTCTCGAACATTCTGGATAAC 

AGGTCCCATGCCTGTACCTATAAACAGTACAGAAATGACTGCACCCTCACAAATCAATGTTTGATAAAAGTAAGCTGCCAT 

CTTTGTTTCCTAGGCTGGCCCACTGCTAAGAGTCACTGACTCAATGCTATCAAATGTCACTACATTTCAGATAGTAAAAGC 

TATTAAAATAAGTTAGATGGAAGAAGCCTTGTCCTGAACTTACCCTATACCAGTGATCCCCAACCAGTAGCTCACGAGTAA 

CATGTTACTCTCCAAACCCTTGGATGTTGCTCCCAGTGGCCTAAAGCAGGTGTTTCTTTTTGAATTCCAGGCTTGGAGGCA 
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AGTTTTGGTTGTATAAAAATAAGGTTTACTGCCAAACAAAGTCTCAATGTAGGTTGACAATCCACATAGGGGCTACCTAAA 

TGCCAATCACAGCACTTATTTGGCACCCCAAGAACATTTTTCATGCTTGTGTTGCTCCCCAACTCCTTTTACTTCTGAATG 

TTGCTCACGGGTTCAAAAGGTTGGGAATCCCTGCCCTATACCAATGCATGTAGCTAGTATCAAGGCAGTAATGTAGGTAAT 

AATTTTACATACCAGCATCAGTGGGCGTTCAGTAGTGAGAGTAACCAGTACTAATCTTTTTGACTGGTTGCAATTTTAAAA 

TAAGGCCTCTCCCAAATGCTGCTACGTTGCAGAAAATAAAAGGGCCAGCTCCAGCATGCCCCATGACTCTAACATAAAAGT 

ATCTTACAGATCCTATAGATATATATTTTCTGACATCTTCCAAATCTATTCCCCCAGCAGCTGATGAAGCCCCACGGAAAT 

GCGAGAGGCATTCGGAATATGGTCACATTCTATACCCCCTTCATAGCCCAACATCATGCTTGAGGATTAGTAGAACATTAG 

TCATTTCAACTGGAGAATTTCTTGCCGGGATTTTCTGCCAGTACATACTAGATATTTATAATTATATATGACTATCACACT 

CTCTCCGGGGCTCCGAGGATCCTCGCAGAAAAGAGATTTTTTTTTTGTTCCCTGCAATATGACTGCCAAGTGGAAATTCCA 

GAGCATGTGATAACGCCTTATAAATGACCCATGAAGCGCAGAACAGACGCGCCGTTCAATAGGCTGCCATAATGGATGGAA 

ATATAATCTAAAGATACCATTTGTTCAGTGCTGTTTCCATACAATTAAAAATTCAATGTATTGATTACTGAAAGGGGGGGA 

GGATGATTTATGCACGAAAAGCAAAAATAATTTTAACACTTAAAGGGAAAATATGCCCTAATGATAATTCCATTTTACATC 

ACAATAACTGTTCAGTAAAATGCATTAGTGTAGGTCTTTCTACTGATCGAACCTGATTTATCTAGATATTTATTTTTATAT 

GAGATGGATCAGCTTGATGTTTCTTTATGTGTATAGAAGTCTATAATCTATCTCTCTTATTTATCTATCTATTGATCTATC 

TATCCTTTACCGAGCTCTCTCTCTCTATCTATCTATCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTCTGTC 

TATCTATCTATCTATCTATCATCATCATCATCTATCTTTTTTTCTTTTCATCTATCAATCTATCTTGCTGTTCTTTACTTA 

GCTCTCTATCTCTCTCTCTGTCTTTTCCTTTACCGAGCTCTCTATCTATCTATCTATCTATCTATCTATCTATCTATCTAT 

CTATCTATCTATCTATCTATCTATCTCTCTATCCTTTACCTAGCTTTCTATCAGTCTCCTTCTATCTACCTATCTGTCTAT 

CAATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATCTATCTATTTATCTATCTATCTATCTATCT 

ATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCTATCATCTATCTATCTATCTCTCTTTCTTTTCATCTAT 

CTATTTGTCTGTCATCATTCTATGATGAAGGCAGATGCAAAGCATTCACAGTTTGTTCCCAAATTCTTCCCGTTAGGTAGC 

TTTTATGACTTTCTCACATGAAAGTTGGAATATTGACCTTCTAAACAAGTTATTTGGAGAGAATTTGTAATTCCTGTGAAA 

CGCATTCACCTTCTTGTAACCTGCATGCTCATTACTCCCTGTACCCAGGCCAGAAAAAAGCACCAAAATTCTATGATCATC 

AGTGCCTATAGTCATATTAGCGACAGGCGATGTGAGTCTCCCTAGGGACACATTTCAGCCACATCTCCTACTATAATATAA 

GCTGCCTGACATAGGTCTGGAAATAGTTAAATCCGGGCTGTTGGCAATGGTTAAATATGAGCAGTGGCTTATTCAATGACA 

TCAAATGTATTTATTAATAGCTAAAGGGCACAGTCCCCACTCCCTGCCATTAAAGCACTGGCAAAAGAAACCCTGCTTA CC 

GTAGCCTTTATCTGTCTCTGTTTACAAAGCAAAATGCTGTTGCAAAATCTAGTGGTGTAACACAACAGCTACAGTGATATC 

CTGCGGAGTAAAACAAAGTGTGTGTGTATCGCACATGATATAGCCTCCCTGGGATACACTAGTGAGAGAGAGACTGGTACA 

TCTATACTATACTATAACCGGCTGCAGCAAATAAGCCTTATCTGCTAACAACTTACTTCCCCCTGCTGCAATGGAAGGGTA 

TCGGTGTCAGTTAATATAGACAATATTTAATATTTGGGTGTATGATCTTGTGTTTCAGCAGTGAGGTATACAGTAAGGGAG 

CCATGCTGATGAAGCTTATGGTCTAAATGTTAACGATTAATAGACAGGTGAGATTAATTGTTTTCAAATATTGGAATGGGA 

TCCTTTATCTGAAAACTCGTTATCTAGAAAGCTCCCAATTACAGGAAGGCCATCTCCCATAGACTCTCTCATTTTATTCAA 

ATAGTTTAAGAATTTTAAAATCAGGGTCGGACTGTGTTGGAAATGGCAGCCACAGTGGGCTACGGAGCCCCCACCCACAGT 

CTGACGAAATTATTTCCTTTTTTTTTTTTTTTTTTTGTAATAATTAAACAGTACTTTGTACTTGATCCCAATTAAGATATA 

ATTAATCCTTATTAGAGGCAGAATAATCCTATTGGGTTTAATGAACTTTTAAAAGATTCTTTAGTAGATTAGACTTAAGAT 

ATGCTGAGCCAATTTACAAAAAGACTCTTTATCCGGAAAACCCTGAGAACCCCGTCCCATACCTGTACCTTGAATTTAAAT 

ACCACGACAAATTTAGAAATACGGTATATTTTTAATTAAAAGGTGGAACACCACCGAAACATAATGAAAGGAAACATACT T 

TTAAGCAACTTTCTGATATATATTCATTACAAAGATGGAATGGTTTTATTTGTAATTTGTTGCCTGTATGTTTGCTGTGAT 

TTAAAGGGACATAGCGAGGGGGTTCTGTCAGGGTATCAAATTGATCCCAGTCAGAACTGAACCCCTTCAAAGCCACTGGCA 

GCTGTGACTCCGGCCCCAGCATAAGGCCAGACAGGTGTGTGTGTGACAGGGCAATGGCGACAGGCGCGCAGCTGTGCGGCC 

TCTGGTCTATTATTGGCACGAACAGCTAACAGCCTCGTCCGAACTCCTGAGCAAGAGGAAGCTGAGGCAGCCAGTCGATTT 

TCACTCAGCGATGGGGGAGACTTAGTCACGGAACAGAAATTTAGATACAAACGAGACAGTTATTTACTGGAAAATATTTTC 

TAGGGAGAGGTTTCAGCTTGGGTTTCACAGCAAACTTTTTACTTAAAGTGATACTGATACTAAAAATTTTCTTTTCAGAAT 

ATTAATCTACATTAAAAGTTACCTATAGGTCATGTTGATCGTTTTTCGCTTTTGTAAGTAATTGTTACTTGAAGTTACTAA 

ACCTGACTGTTTTGCCAACCTTCCTCCCCCCCCCCCGCACTTAATGGACTTTACCTCCCAGAATCCTTTGCCTTCTCCTGC 
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TGGAGTCATGTGACCTGTATCTGTCAGGCACATAACAATAGGCACAGAGCTTGCATAGAGCTTGTTAAAGCTGGTCTCGCA 

CATCACAAGGTGGTTGACTAGCGCAGCCATTTTCAGACTGGCGTCAGCAGACATGTCACCTCATGTTATTCTTCAGGAGTC 

ACCCTAATTTGTCCTCTCCTGGTCACCCACAGTAACAGCCCAGTCACTGAAATTCAAGTTAACCCTGCCACTGAAAAGGCC 

GAAATTACCTCAGAAAACAGGCAGTACAGGGAGGGTCGAGACTGAGATCAAATACACAGAGGCCTCGGGTCAGATAAATAG 

TGACTGTCTGTGGCATTTACAGCAGCCCCTGTGGGATTTGTCAGTATCTATATATTGTCCAATAAATAACCCAACAGCACA 

CCCTGGCCTCTTGTTAAAGGGGAACTATCGCGAAAATGAAATGTAATATAAGCTTCAGCATACTGAAATATGGAGT TTTCT 

AAATATAATCAATTAAATATTCTGTACTGTTTGTGAAATAACCAAGTTCATCTTCACTATTCCTCTCTCAACATCTGTTTC 

TCTTTATTTTGTCTTCATTCTGGAGTTGAGTGTCAGATATTCATTGACAATTAGATCCAATATATCTTATAGAGGGGCTCT 

TTTTGATGTATTAGACCTCACTCTATTAAAATCACCAGACATTGTGTCTCTCTACATGCAGAATTTNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGA 

GCTCTAATACATCTGCTAGGAAAGGAAGCCCCCCTATAAAATATATTGAATAATTCATCTGACACCCAACTGCTGCATGAA 

GACAGATTTTAAAGAAACAGATGCTGAGAGAGGGATAGTGAAGATAAACTTGATTATTTCAGAAACGATGCAGAATATGTA 

ATTGATTGTATTTAGAAAGTTTCTTATTTCAGTACGATCAAGCTCATTTTCGTGACAGTTTGCCTTTAAGCGATGGTCCAG 

TGCACAGTAAGAGAGAAAGGCACCCTGCAATATACTAGCAAAACAAAAGTACCGGCACACAGGACACTATGCAAGGGTATT 

TATTAAAGTATAATGTTTTGGGGGAACACCCCTTCTTCAAACATGAAACTTTACACTTTAATAAATACGCAAGGGTCACCC 

TGCTCCGGATAGGACCTAGGCCGCGTGGTCCTAGCACCCGGGCGTGCGGTCCTAGCTTCCACCCACACTACCCCCAGCGGG 

GCGTGGGAGCTACACGTCCCTAGTGCTCCCCATAGAGCGGCTGGGCACATGCCACCCATAAAATCTGCCGTCCTAAAGCCG 

GGCCTGATTGTGTCCTGTATGCTGGTAATTTTGCTTTGCTAGTATCTATAGATTTCCAGTCTGGCCCTGGCATAGGCAACT 

TTTTCTTCTCACTTCCCCAGCACCATAACCCGTTCCAAGTATATATACTGTAGCTATTATAAATGGGAACCCTCTCTTAAG 

CGGTTAATAAAGGTCTTATCTTAAATTTTTCTAGTTCATTAATTTATTATGTGGCAGCTAAATTGAAAAAAAAAAAAACCC 

TGTATAAGTTAGGGGCTGCCCAGACAAGATAAGGCAAGGAGAAATATGCCTGCTGGCTGCTCCACCCAGACTGAAAGAGGG 

TTTCCAATAACCCAAACAGGCAAAGTCTGATGGGCGCAGACAGTCTGCAGGCTTGTGCCCAACATGCTGATGGTTGGCTGG 

TACATCCTCGGCTGATTTATGTGTGTGAGCGCGTGTTAAGCCTTAAATTGTTGAGTCTCTCGCTGGCTGCAGTGCCATCCC 

TGAATGGTTGGTGCATGTTCTTTGCTCTGGCCGTGCCGTCTCGGCTGGGAATCCCTGCCAGTCTCACACCTGTCTGAGACA 

ATGAGACTCTTGTTAGGAACCTCTCAAGCACAAGTCGTCTCTGATGGGAGAGGTTTTTTTTTTTCACGATTAGGCAACATA 

ACGGAGGCGACTGCCAACATTTAAAGTCCATATTAGTTCTGCTCAGTATTTCTTCCTCTAATTCAAATACTGAGCATGGAA 

TGGTAGAGGGACAGCAGTTTCTTCCTTACAAATTGGTTACCCCCCAACTAAGCTCATAACAGGGCCTGGGATACACTACTG 

GGCCTTTAACTGTTGTAAAATTATACGTTTAAGCACTTACCAAAATCTATGGGGTATTTGAGTGTTGTAGTTTGGGTATGT 

TTGCTGTTGTAGTTCAACAAAGAATGAGCACAACAGGCTGAATTATTACAAAGCCATTCTTACTTTTATCATATACAGGTA 

TGGGATCGTTATCCGGAAACCCATTATCCAGAAAGCTCTTAATTACAGAAAGGCTGTCTCCCATAGACTAAGTTTTAATAA 

AATTTTTTAAAATGATTTCCTTCTTTTCTGTAATAATGAAACAGTACATACAACTAAGATATAATTAATATGTATTGAAG G 

CAAAACAATCCTGTTTAATGTTTAAACTATTTTTTTTAGTTGACTTAAAGTATGGAGATAAGACCGCTTATCTGGAAAACC 

CCAGTATTCTGTATATTCTGTATAACAGGTCCCATACCTATACTGTATATATTTTCTGGAGTGGCCACATTCAGGTTCATT 

TCGGATGCATTGTAACCTGATCGTTGGGCCCACGATTGATTCAGCCCGATATCGGCCACTTTAATGTTGGCATATAGAGGA 

GATGTTACTGAGAATTATATTTTCTTTCACTCAGCAAAAATGTTATTTTGGGGTTTTCATCCCCTTTAAGTTTAATAATAC 

CACAGTCACGGCATTACTAGATCTCCAGTGTCAGCGATACACTCTCACATTTGCTATCTGGTGGCTCATAAGGTTTAATCT 

CTGCTGCCAGTAACACTTGCTTAATTTTTATTTCACCTGTTCCTCTGATACATGTTCAGGATCCTTGGCACCAAGCAAACA 

GACACTTATTATCCCCCCCACTTCCACTAATATATCACAAAGCTTTTCTCTCCGGTTACAGCGGCTCTTGAGTTTTTATAT 

ATTGGGTTTCAGTGGTACATATTTATATATGGCTAGAACTAAGGAGACATATAGTTGGTTTAAGGCCAGTAAGTTGGGTGA 

GAAAACTTTTATACGTAGCATTATCTACTGGGCATTTCTGTTTGTTCTATATCCTTAAGCTAAGGGTTTCTTGGCACCTTC 

TTGTTACCATACTGTGCTGGTATAACATTTGCAGAGCTTGGGCATTGCTGGTATATACAGTACACTTTGACTGTTTCAGCC 

ATAAGGACCTCTGTTGGATATTGGGCTCTTGGGAGTCTCTATGATCATTTTCCTTTCTTCTTTAACAGGGCAGCCAGACCT 

ATGGTTTTGGAGGTGCCATGACTTTGACCCTTCTTGTTATTCTGTTTCACCATCATTGTCATCAAAACCATTCTTTACATC 

TTGATTTCAAGACTATGTTGGTCTTCTGACCATTTTGTTGACTTCAGAAACCTTTGAAGACCAATATAGTATTCTTAAAAA 
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GACTTCATCAGTCTGTTCTTTGTCTTCTGCTTTTTGAGTGATGTCCTTTGTTGCCTTGGTCTTGACTCACTTATCCCTTCC 

CATTCCTAGTCTTTACTCAATGCTGACCCCCCCAACTTACCCCCAAACTCAATCTTTACTTGGATTTAAAGCCTCACCATG 

AATTGCATTCAGAATAAGATGTATTGATTCCATTTCCATCAGTGCAAGTAACTATTCAACATTAGATATTTAAAGGTTAAG 

TTAACTTGTAGTATGTAATACTATGGCTAATGTTAACAACTTTTCAACTAACCTTATTTATGTATAGTTTTGGAATTATTT 

GCCGGCTTCTTCTGACTTTTTCCAGCTTTTAAATGGGGGTCACTGACCCCACCTAAACAACAAATGTTATTGCTACTTTTT 

ATTACTCATCTTTCTATTCAAGCCTTTCCTATTCATATTCCAGATTTTTATTCAAATCAATACATGGTTGCTGGGATAATT 

TGGACCCTAGCAACCAGACTGCTGAAATTACAAAGTTATTTATCAAAGTTCGAATTTATCTCAATATTTTCTGCTACAAAC 

TCCAATCAAATCCGCTCAGGGTTTTTTACTCTTATTTATTATAACATTTTCCTGCAAATTTGCTATGCCGGAAAAAATTCG 

ATTTCACAAATTTTTTGGACTTTTTCATCCGATTTTCATGATTTTCTCGTAATTTTCACCCGAAAATTCTGAAAACTTCGG 

GGTATTGCCCAAAACCCAGTGCACATCAAAAAATCTTTGTAATTTCTCCCATTGACAGGTCTGAGGTGCCGGATTTTCAGA 

TCCGAACTTTTCCATAAATTTTTAATAAAGTCTGAAAAATTCGTGATTCTTTAAAAGTCCGATTTTATTTAAAAAATCTCA 

AATTTTTGTCATTTTTGCATTCGGAGTTTAGTAAATAACCCCCCTTAATGTCTGCCTATATGAGTTATGGCCTCAAAGGTG 

ATTCTCTGTTATGTCTTGGCCTTGACTCACTAATCCCATTCCTACCCTACCTGAGTCTTACTCACTCAGTCTTTACTTGGA 

CTTCAACCCCAGCCATGATTCAGACTAGAAAGTCTTGACCGACCACATCACTGCCTTTAACTTTGCTCCATGATATNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGT 

TTATCTACACAATCACCCTATTCCTTATGGTGCTCATTGCTGGGGCAGTTTATTCCAAGAAACCTTAGCTGCTAAAGTTAT 

TGTGAATTTGTACAAAATTCATGAGTGAGAGATCTTTGTTCCTTGTCGTGCAGCTGTCAATCATTTGCTTTACTTGCGGTT 

CAACTAAATCCGAACCCCCCCCCCCAAAACCTGACCTTAGTCTAAGGCCTTATGTGTTCCTGCCACTGCTGTTTCCCTTTA 

AAAGGGGATGTGAGCAGTTGCTGTACAAGAAAGTGTTGGATACCGTTGCACGAAATCCGGAAACAGAAACAAGAACAAAGT 

ATTGTAACAGAACATCTTTTGTAAGAGAGAAAAAAAGGAAGTAAATATATTTATCTCAACGGAGTCCAAGCCAGTGAGTGC 

TCAGGGGAACTTCACCTCATGCTCTTCTGTTTCTTATTTCTTTATTAAACATTTTGCAACATTTTGTTTTTGATTGATTTG 

ACTATGTCCTATGGATCTGTATTCACAGGAGTCTACGCTGGTTATAAACATAGGGGAAACAGGGCTTGATCTCTCTTACCG 

CGTTGACCAATGATGAACCCTGCTGCCTTGAGGTCCTAGGTTCAAATACCGCCAGGGCATTACCTTTGTTTGTTCTCCCCA 

TGTTATTGTGGGTTTCCACCAGGTACTGTAATTTCCTCCCTCACTCCAACAAAATACAGGCAGGTTAACTGGCTTCCGTTA 

AAACTTACCCTAGTGTGTGTGAATGTGATAGGGACCTTAGATTGTAAGCTCTGCAGGGGCAGAGGCTGACATATATAGTCG 

ACCTGTAGAGTTTATAGGCAATTGCCCATATGTAATAAAAGCAACTAAATTTGCCCAGGGGCAGTAACCCATAGCAACCAA 

TAAGATGTTTGCTTTTTAACAAGCGACTGGTAAATTCTATCTGCTGGTTGCTATTGGTTACTGCTCCTGGGCCAACTTAGT 

GCCTTTTATTACATAACAAGATATTTTCTGATTTAGTAAAAAGCGACTGCCCCCTCCCACTGCCCCCATCTCTACCATTTG 

ATTTACCAACAAGTATCCAGTGGCAGACTGGCAAATGTTTTTAAAAAATATATAATTTATTTTCTAAATAGGCAACCAAAG 

GCCCCACCTAAAGCTGCTGATGCCTTTCTAGAAAATACAGCCCTACTCCGGTAACGCCTGAATGATATGAGCAGTGCAAAA 

CTGCTAATATCACAAAAAATATGTACATTGCAAAAGGGATCAGAAGAGCACTCTGAGCACAAGTCATGTGGGATGCTACAT 

GTCCTATTTAAGTTTTGGGTTTAATAAAGGCAAATAATTCAAAGACCACTGGCAGACTTTGTTATATCATCTCAGTCTATG 

AAGCATTGCGGTTAATTGTTAGATGAGCCTTAAAGAGTCAGCTTGGAGTTATCCATCAATTCCCGACATCTATCAGCATCA 

CTCGAAAAGTCGGGCTACAACAATACACCTTTTATTTTCTTTCCATGCTTTTCCACAACACCTTGTAGATAGATCTAAGCT 

GTGCCCCCGGGGAAGATTTCGGGACCGTTTTCCCCCTCTGTGTTCCTGCAAGGTGACCTCATCTGTTGTGCTATGAAGGTT 

GCATTTGATAAGTCGCTGTCTGTCTCTAAGCTGGTAAAATAACCCAATCCTTTTTTTCTTCTCCCTTCCTTCTCTGTGTGT 

GTTGAGATGTAAAACAAGCTGGAGTGCTCAAGTTTACATTTATTGGGCAGTGATGTCCCCTGGCCGTGCGCTGTCATTGCC 

TCCGGATCTTTTCCCACTTTATTGGTTTACAAATCCCTTTCTTCTCGGCACAGAAGGATGAGATCATACACAATAAAAT GG 

GTGTTAGCTTCAAAGACTCCTCTCTCTCTCTCCGCTATAGCATGGACCGGTGCTGCCAACCTGCTTGATTAATCTGTTTCA 

CTTCTAATTAGTGTACGGCCGTCTCTAGCCAAGACCACCGGCGTTCATAGAATTCTGGCTCCCCAACATCTTTTCTTTTCC 

TTAAACCAAACACCTATTCATGGAACCCAACACCCTCATCAAAGTGAAGAGGATTTAAAGTGTTTATTTGCCATCTATGTT 

CCCTAATGTCATGCTGTCATCCCAAATTTTCACTTTTTTAATATTGCTCTTTCATTTTTTCACATGCTTCTGTTTAGATAT 

GTTTGTTACATTCAATTATGTTATACAGATAGCTGGAATCTCAGCCATAAAGCAGGACAGGACTGCTGAAATAGAATCTGT 

GACACTGTGATAGATTCCCCTGTTAGAGAGATAGCTAGAATGTCAGCCATAAAGCAGGACAGAACTGCTGCTTACAATGGG 
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TATGAAATAGAATCTGTGATTCTGTGATAGATTCCCCTGTTAGAGAGATAGCTAGAATGTCAGCCATAAAGCAGGACAGGA 

CTGCTGAAATAGAATCTGTGACACTGTGATAGATTCCCCTGTTAGAGAGATAGCTAGAATGTCAGCCATAAAGCAGGACAG 

AACTGCTGCTTACAATGGGTATGAAATAGAATCTGTGACACTGTGATAGATTCCCCTGTTAGAGAGATAGCTAGAATGTCA 

GCCATAAAGCAGGACAGGACTGCTGCTTCCAATTGGGATCATATAGGATATGTGCCATTAGGAGATGTTTGGAAGCCAGTT 

GTGAGACATTCCAAAGGCTTCTGTTCTGGCAAATTTCCGGCAGACAGACAGACTTGCGACACTGATTGGGACTTGCTAAAA 

TCTTTTTGATCACTTTTATAATTGGAATGAATTATAGGAGTCATTAAATGAAAAGGAAGTGCTTATTCCAAGGTGTGACTT 

TATATTAAAGTATACCTGTTATATTTGTAATGCTCTTCTAATGAGAGCTGTATGGCTGCAGCGAAGTTGGTTTCCTTGCCC 

TGTGTAGCCTTCTTACATCAGTCTCTAATAAACTTGTTAAGGTTTCAGAAGTCTAAAGTAATATGAGTAATATGTAAAAGT 

TTTACATAGGATGTCTGGCCACTGCACTCTGAATGTTCTGTTATAAGGGACATATGTGATATTCCACTCTATAAAAACAGC 

AAGTTTAGAGACACACAGTATATACAATGAGACATACACAGCATAGACAGAGATACACTGGGGCAAGTTTACTCAAGGGCG 

AAGTGACTAACGCTGGCGAAAATTCTTTAGCGAAGTAGAATTTTCGCTCTGGCAATTGGACGTAACTACGTAAATTCACTA 

AGATGCGGATTTTAAGGAACGTTACCGCTTGCGCCAGACTTGCCTTTGCCACCTCAGACCAGGCCAAATGCAATAGAGTAG 

ATAGGACTTCCTCGAAAAAAAATTGAAAATTTTTCTAAGTCCCAAAAAACGCTGACGACTTTTCAGTGGTTCAGGGTGATA 

GGCTGCAAAGATTGTAATTTTTTTTAGGGTACCCGGCTGCCCCTCTACATTTCCTTACATAAGGCACATAAACTATACACT 

GGGCTCATGTGTAGGGCAATATAACAACTCGAGTTTATTTTATTAAGGTTCCCTGGACTTGTGTAATGTAATGTATTTGCT 

GCAACATATACGTCCATTGAAATTTCACTTCCCGTCGTATGCAAAGTAGGCAACGCTAGCGCAACTTCGCTTTGCTTGCTG 

AATCAACTCTAGCGCAACGTCACCATCGTTCGGCACCCTGGACGCAACTTCGCATTTTAGTGAATAAGAGTTGTCCTGCCG 

AATTTTTGCCTGGCGAAGTGTGGCGATGTGAGCGAAACCGTCGCTGGCGAATTTGCCACACTGAGAAACAGATACGGAGAA 

AGAGAGAGATAGAGAGAGAGAGATACAGGGACATATATACAGAGAGAGAGACATATATACACATAGATACTGTAT ATACAC 

AGAGAGAGAAATACAGAGACAGAGATACAGAAAGAGAAATACAGAGACTGAGATACAGAGAGAGAGATACAGAGACAGAGA 

TACAGAGAGAGAAATACAGGGAGGGAGATATAGAGAGAGAGAAATACAAAGAGAGAGATAGAGAAAGAGAAATACAGGAAG 

AGAGATACAGAGAAAGAAATACAGAGACAGAGATACAGAAAGAGAAATACAGAGACAGAGATACAGAGAGAGAAATACAGG 

GAGGGAGATATAGAAAGTGAAATACAGGAAGAGAGATACAGAGAGAGAAATACAGAGACAGAGATACAGAGAGAGAAATAC 

AGAGACAGGGATACAGAGAGGGATAAACATTGACAGAGATACAGAGAAATTGATATACAGAAAGAGAAATACAGAGGGAGA 

TACAGGGAGAGAGAGTGTGACAGTCACTATGATGTGAGCACAGGGGACTGAATGTTCAGAAGGGGAGAGGTGTAAGTCTCA 

CATGAGCAGATTATCGGGGGCACTGCTGTGACACATATGGTGAGTGAACTACAAAGAAGTGTGTTTTGCCCTTGTCTGTTC 

CATGTGTCGGACACACAGGTTCTGTACATGCAGCCACATGTGCTAACAAAGGTCAGAAAAGGTTAGAACATTAAAGAGAGC 

ATATACTTTATTTATAAGAAGGGGTTAATTCTATTTTATAACCTCTTAAAACACACAGTTGTGTATGTGGGCAAAGTTTTA 

CTGCTGACTCAGACTGAAATACTGCTGCAGGGAGAGCTGACTCATACCTTGTAATGCATGTCTCATACTAGTTACTTCCTC 

TACATTGTGTCAATAGTCAGAACTAGCAGTGAGAAGGCTGCTGCTTTCAATAGCCATGACAGTTAAATTTAACTTTTAACA 

TCTCTATGGTTCTATGTGCAGCAGCACTATAATAAACAGCACTATAATACAATGGTAGGTTCTCTAATTATTGTCAAATTG 

AAAGTAATTGACAGAACCGTACGCGTGTGAGTAATTGGGCCGCTTAGTATCTGTTGTTCGTTTCACGTTAGACTGTGAGTA 

GAAATGTATGGGAGAATCCCTTGCCCAGTCTAACCCACTGATATGTGTTCTTATAGGACCCTTAGGTGCGTCTTTTTATAT 

CACTCTCGCTGCGGCCCTCTGCTGCCATCTTGTGGTGGATGCACCAACTGCAGGAGCACAGTGTGTAAATGTTATTTTGTG 

TGTAGTCATTATTATTATTAACATTTATTTATATAGCGCCAGCATATTTTGCAGCGCTGTAAAGTAAGTGTGTTTATACAA 

CTAAATCACATTAATTACATACATAGAACATAATGAGTTACATACATCACAACCAATACCGGTACAAGAGGTGAGAAAAGC 

CCTGTGCAAAAGAGCTTACAATCATGGAGTATACTTAATGGAGTGCCATTAATTGAATGATAATTGTTGATAATGGATACT 

AAGCTGTTTTGTTCATTCAGGCTGAGTGACCGGCCCTTGAATTATAAACCACTGAAACATTAGATTATGAGCTCTGTGGAC 

CAGCACCTTGTTTTGCCTAACTAATATTGTGTATTAAATTCGTGCATGTCATTTTGTAGCACATTTTTCCCATAAGGCTGT 

TCATTGTCCCAGCTTCACAATCACAGCTACTATGCCATTGTAAGCTCTGTGGGTCGGGAACTTGGAATGAAATGTCTGTTA 

CACCTGATAGGGGGCGCCCTATGATTTTATCTCTTATTTTCTGGCCACAGGAAAACCTATTGATTTGATGACTTTGTCACT 

TTAGTTGCAGATACAAGACAAGTCCAGGCGTCTCCTCCTTGGTCGTATGATCAGTCCTACCAGTACCTGGGATCCATAGCA 

 

CGACTTTCAGGTAAGGGCTTTCCCCCAATGCAGTGACCTGAGAATGCGAATTAGTGCACCAACCTGTGCACAAACAGCACA 

GCAGCATTTATGAGAGCGTGCAAGTGCAGTAGTACATGGGAATAGGATGGGGTCCCTTCCAATATTGCATTTAGCTCTTCA 

ACTCAGTCTGTACACCCTGCTACCCCCATATCTCCAGGAAGGGCAAGCAGTATGACGTCTCTCAGCGCTGAGCTCTCCAGC 
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TCCTTATATTATAAATTAATCAAATCACCGTATTGTACAAAGGAGTACCCCCGTGAAATACTTCTGTACAGTGCATAGGAG 

ATGCAGGTGTGTCCCTTTAAAGGAGAACTAAGCCCTACAAATGAATATGGCTAAAAATGTTACATTTTATATAGTGAACTT 

ATTGCATGAGGCTAAAGTTTCAGCTTGTCAATAGCAGCAATGATCCAGGACTTCAAACTTGTCACAGGGGGTCACCATCTT 

GGAAAGTGTCTGTGACACTCACATGCTCAGTGGGCTCTGATTGGCTGTTGAGAAGCTAAGCTTAGGGCTCGTCACTAATTA 

TCCAGCAGAAAATAAGCTTCCCCTGTAATATAAGCTGATGCTACAGGTTTGCTGATTATTAAATTCTGATGCTAATTGCAC 

TGGTTTCTATGCTGCCATGTAGTAATTATCTGTATTAATTACTAATCAGCCTTATATTGTGACATTTCTATTCTATGTGTA 

CTGTATATTGTGAGTGGGTCCCTAAGCTCAGTAAGTGACAGCAGCACAGAGCATGTGCAGTGAATCAGCAGAAAAGAAGAT 

GGGGAGCTACTGGGGCATCTTTGGAGACACAGATCTTTACTGCTAAAGGGCTGTGGTTGCCTTGGGCTGGTACAGAAGCAC 

AAAACATCATGTACAACTTTTTTAGCTACTTCTTGAGCTAAGCTTTAGTTCCCCTTTAAGACATACTTTAGCATTACTCAC 

TAAGACTGGGCTGCTCGGTTGCAATTGAATGATTGTTCATGGACGACTGGATTTCCCTAGGAAACTGCACTGTGGATTTGC 

TTATACACAGAGAGAGAGAGCAGACTCCCGCTGAATGTGATACTACAAAGCTCCCGGCCCTCCCAGACAGACGCCGCTCCT 

TGTCTCACCAACACTTTCTTTCTTTCTTTGGCTTGTTTGTTTTGCACTGATTGTACTTTATGTTAAACCATGGCCCAATAT 

GGAAGTCACGCCGGCCATCCTATTAATTGGGACGTTATCTGTAGGAGCCCAGGGCTGTAACTACAGTTGAAGAAGGGGGGC 

CCCGGAGGTATAGGGGCCCCATGAGGCCCTAATTTGTATATTATTTCAATAAATGTTGGTAAAACAGGTTAACCTCTAGAC 

ATTTTGGGGGCCTGAAAAATAGTTTACTGTGGGGCCCAGTAATATTTAGTTATGCAACTGCACGAGCCACTTAACCCCTTG 

CAGCAGTGACAGGGTTAATCTTGTTCCCAGGATCAGAATAAAGTGCAAATATAAAGAAACAGTTATTGCGTTTCCAAATAC 

CCCCACCAGCTCTGTATATTCCGCCCTGAATGAAGCGCCACTTGCGTTTCCGCGTTGAAAGACGCATTGCAAGCCCGGCGA 

TGAGAGATTATCATTGGGCTGTGAAGGAAGCGGAGATACAGTGTGCGACTGCTGAACTTATCTCACCATCTAACTGGAGGC 

AAAAAATATCTCTTTGTCTGGGACAGACAAAATAGTTTTTCTCTTATCCCCAACATCAGACGTTGTTGCTCCTCACAACAG 

CTGTACATTTCATTCTCGGCTTTAAACTGATTTATTCCCATACCTCATCAGTCCATCAGACAAGGATCGTTTAGTATGGGG 

CCGTTGTATGCTTTCTGGTGTTCAGCAGCTCTTTATAATTTACCTTCTCTTCTCCTAATCCCTTCTTACCTTCCAAGTAGA 

GCAGCGCCCAGTGTTGGAGGTGCTTGGGGTATGTGTACCATTGTCAAATAGGCTGTGTATATAACACGAGAACTTTAGTGA 

CATAGAGCTGCTGTACATGGCAACAGATTCGATTCTGTGCACAAATTTAATGGAGTTATCAACACATTTTTAAAAAAGCAC 

TGTCCAATAGATGGGTGTATACATCAAACATACATATCATGTACAAATACTGATTGATACAAGAGGGCCCTACTCGTATAA 

ATATATATACTTTATTAATGTTGTACTGCTCATAGCTGAGTGTATTGGCTTCTCGGGGGCGGGAAACAGGCTCAACCTGT T 

GCCCGCCTCCAAGGAACCACTACATTTAATTACAGCCAGTTCAATATTAATAAAGACTATATATTTTTTAAACAAGAGCTC 

TGTTTTCTTATCCTGTCTGTTTCCAGCCGCTGGGGAACCACTAGACTCGAGTATAGGCAGTGCAGTATTAAAAAGGACAAC 

ATTATATACAAATATACTATTAAATAAGAGCTCTGTTTTCTTTTCCTGCCTGTTTCCCACCTCCAAGGAACCACTACACAT 

AGGCAGTTCAATATAAGTAAGCACTATTTATTTAGTAAATAAGAGCCCTATTTTATTTTCCTGCCTGTTTCGCGCCTCTGA 

GGAATCATTAGCGTCAGTTATAGGCAGCATTAATGGATAGTGATGAGCGAATTTATTCGCCAGGTGCGAATTCGCGGCGAA 

TAAATTTGCAAAACGGCCGCAAGAATTTGTCGGCGTCAAAAAAAGGACGCCGGCGTCAAAAAACAGACGCCGGCGTCAAAA 

AACAGACACCGGCATCAAAAAACAGACGCCGGTGTCAAAAACGCTATTTCGCAAATTTTTTGTTGTTTCGTGAATTTCGCG 

GGGGGAAACGGCGCAAATTCGCCCATCACTTTTTTTTGGTAGCTGTGGCTTCATTTTGCCCTACCCTACATTATCTAATAT 

TTAATGGAGATGATGACTTTGCCTTTAAAACCTTCATCACATTTAATAGGGGGGGGGGCAGAAGCACAGGCAGAGCACTGT 

GTCCCCAGAATGAATTCGATGAATGAGCTCAGTTTTGGTTGGCATGAAATACTGCCTTGTTATCCCGGGGAGCACAGTCTG 

GTTTGGGTGCCCCGAGGATGAGGCTGCGCTACAATTAGGACAAGAGAGTTTATTAACTGTAAGAAGCACAAAGTGTCAGCC 

TTGCACGCCTGGAATCCATATGACACAGTGTTGCTTGTTGTAAGAGAACCATGAATGGAGCTTCGCCCGCCTGCACACTTC 

TAAATAGTAGAAATATGTAGAAGGAAAGGACTGTCTCTTGGCTCTGGTGAGAGGATCGACCCTTCTCTCACCCATTGGAAC 

TGGAGGAACTGCTTTGAGAGAAGCTTTTCCATGCGCTCACATCCAGTAAATAGTCTGACAATATACCTGCTCTTTAATCTG 

ACATTATTTATACCATATGTTCCTGTTCAGCATTGACTTCTTTGTATCAGCTTCCTGTCCACTGATATTTCCATCCTTTCA 

TCATAATTTGCTTAGTGTTGCCAGTTCTCAAAGTTTGGTAGCGCCAGCTCTAGAATGGCTCCATTAGCTCTAGTTCTCCAC 

TGACTTCATTAGCTCCAGCTCTACACTGGTTCCATTAGCTTTAGTTCTCTGCTGGCTCCATTAGCGTCAGCTCTAGACTGG 

TTCCATTAGCTCTAGTTCTCCTATGACTTCATTATCTCCAGCTCTACAATTAGCTCCAGCTCTGCATTGGCTCCGTTAGCT 

CCAGCTCTCCACTGGCTCCATTAGCTCCAGCTCTGCACTGGCTCCATTAGCTCCAGTTCTACACTGGCTCCATTAACTCCA 

GCTCGACACTGGCTCCATTAGCTCTAGTTCTCTGCTGACTCGATTAACATCATCTCTAGACTGGTTCCATTAGCGCTAGTT 
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CTCCACTGACTTCATTAGCTCCAGCTCCTCACCAGCTCCATAAGCTCCAGCTCTGCACTGGCTCCATTAGCTCCAGCTCTA 

CACTGGCTCCATTAGCTCCAGTTCTACACTAGCTCCATTAGCTCCAGTTCTACACTGGATTCATAAGCTCCAGTTCTATAC 

TAACTCCATTAGCTCTAGTTTTCTGCTGGCTCCATTAGCATCATCTCTAGACTGGTTCCATTAGCTCTAGTTCTCCACTGA 

CTTCATTAGCGCCAGCTCTACACTGGCTCATTAGCTCCAGCTCTACATTGGCTCTTCAACTCTACACTGGCTCATTAGCTC 

CAGCTCTGCACAGGCTCCATTAGCTCCAGCTCTAAATGAGTTCTGTAAACTTCAACTCTATGCTGACTCCGGTAACTACAA 

TTCTACCCTTGCCCCATTAGCCAGGTTTGAGTCCAGGCTGGCTTTATTAACCTAGCTATACTGCTTGTGGATGACAGATGA 

TAAGTTCCCCTTTAAATGTAACTTTGTCATTATTATACAAACCCCAAAAATGTAACTGTAAGATCAAAAGCAAGAAAAGCA 

TGTTAGGGTCTTGATTCCATATTTGAGATAGAGACAAGGCAATGAAAAATGGATGATCTTATCCCAAACAGAGAAGAGCAA 

ACACAGCCCTGGCAATTAGACGCCGCACTGTTTGTCTGCGGGCGAGTTCGGACCTGATTTACAAAGAAAACTCTGAACTTT 

GTTGAAAAACTGATGTTGCCTCAAAGAAAAAAATGTCTGCTTTGAAGTGTTTGTACATGGAACTTGGAGGCCCTGTGAAGT 

GTCTATAACTGCAGCTTAATTCAGACTGTTCTTAAAAGCAAGTGAAGCAAATTCTTTTGTAAGCCAGGATAACGCATAACC 

AACACGCTGCTCTCAGCAACCAGGAAGTGGTATGGATCATACCACTTCCATACAGGGCCATCTTTCTCCCTATCTATCAAT 

CAATGCAGGTCTGGGGAGTCAGACCTGCAGACACAGGTGTCACCATATTGTATTTGGTCTGTATAATTTTGTTGAGATGTG 

TTTTAGATAATCATATATTCAAAGTGTCATTATTTGCCTTTTTCCTTCTTCTCAGGAGCCTCGGACCTGACAGCATTCAGT 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 CAATCCAAGCAGTAGATTGTTCACATGATTAGAACAACTTCCAGCCAATCAGTTTATCAGAACCTTTCAGATATTGATACC 

ACTGGGGTCACGCATTTCGCAGTAAAACCCATGTCACTATATTAAGATCAAGTGGCAGTTAATCACACGGTCAAACCAACC 

AGCAGCATAGTGAGTGTTTCAGGGTGCTGAGCTTGGTGAAGTGGTGGACTCAGCAGTCAGTATTAGAGCGGGTGGGACAGG 

GCGCCGCAGGTTCCTTTATAGCGCAGAATAGACTATTATTAAATCCCATTCATTCTTATGTTCCTAAACTGGAATCAGTAG 

TAGGGTGGGCATAAGTTCACACAATTTCCAAGTCCTTGCCTCTCAGCAAGCTGGTTGGCTGCATAACTGGCCAATCAGGTT 

TGAGGTTGTTCAGTAGATTAACCTACAGCCAATCAGAGAATTGGGGTGTTTACATTTAGACTAACCTGCATTTAATGAGTT 

TCCTCCAAGATATTTGATTATGCTGCAATTTGTAGTTTCCAGTGGCTGAATAATTGGGTCAACTCATAGCAAACCAAAGCA 

AGAACGGATCATGAATGCAAACTGCAAAAGTGCTGAGAACAGCACTACATGAACTTCAGAATTACAAGGGTTACAAGCTGA 

CTGATGGGAGTTGACCAAAATGAACAGCAGGTGGTGCTGTTGTTTCAAATTCAGTGTAAAACTGCTAATATCGTGAAAAAT 

TTCAATAGAGTTTTTCACATGATAAACAATAAGATAAATGTTTCTGAATTGAATTGAATCTGGCCCAAAAATTTTTTTCAG 

TCTCCGGGTCTATCACCGGAAAACTCATGGGTGAAATTCAATTCAAGATTCCTAATTGAGATCCAGTTTCTCCCTATAGAC 

AAGGCATCTGATTGTTATTTGGTTATTACTAAGCAGACTATCAATTCAATTTCCCAGATTCAATTCAGTGAGAAACAGTTA 

TCTGCGGAAAATTGATTTTATGAGAAGAGGGAAGTCTTGTGATGCTGCTCTGCTCAGAAAATGAGGTTAGTGAGCAGAGAA 

AGATATTGGCACTTTTTACACTGCTAATGCAATCACTTTGAAACAACAGCAGCTGTCTACTGTTCATTTGCTTAACTTAAA 

TTCATGCTCGAAATAAATTGCTGTAAAATTGCTCATATCACACTTCTGAGATCTTTTTGCAATCATTTTCTCTTGTTTTCA 

TGGACAAGCTCGATCGGATCTGCTCAAAGGAACATATTTATGTGTATAACATGGCCTTGATATGGTGCTCATTTTGCCCCC 

GATACAAGACTATTGTTTACATGTTTATTTTATATTAGAATGAATTACTTTTATTTAAATGCATTTCCCCCTTAAACTGAT 

ACTGGAAAAAAACGTGTGCTTTATTTATATGTAAAAAAAATTCAGGGTGTCCGTATCCGCTGAAACTTGTACGCTCCAAAC 

TTTTTTACATAAACTTTTGTATATTTTTTTTGTAAGATTTCCTGTGCTCAGTGTAGCCGCTCAGTGACCTGCTGGGTCCCC 

TTTTGCAACCCTGTTAATAGGCACCTTACTGTTTTTTTGCTTATTTTGTTTGCATTTTTAGCTTCCATTTATGATCCATTT 

AATGTCACTCCCTTTGTACAAAAAAAAAATCCCCCCAAAAAAAAAATTAAAAAAAAAATGACCCTGCTCTGAAATTTCAAA 

TGTTTTTTCCAGAACCATACGCTAAATTATTGGAACATTACAAAGACTGGGCTTTGTGGCTTGTTACAGCCTGTGTAATAT 

TTTAATATTTCCTCTGTATTTTCAACATATTTTGGATTACAATTTTTTTTTTTAAATTATTAAATCCAGATTTACAATATG 

CGACGCTGTGAAAAGGCAAAGATAGAAGGAGAATACACGGAGAGAATACGCATACAGGCCACAAGCTGTTCCTCCCCAGGA 

TGCAAGTAATTAAAGGAGGACACGTCGGAAGAATGAGATACTGGACAGGTGGAAAAACTGTGAAAGCCTCTTCTGGTTTAG 

AGCAACTCTCCTACCAACATGGGAAGCACCCCAAGGCTTGAGGAAGCCGTATGGCGGCCATACTGAGATGTTGTTGACACA 

ACAAACGCTTCCACGGGGTCCACTCTCTTGAACCCCAACCTTCCAAACCAAAGTGATGTAGTGGAGGCTGAGGGAAGCCAT 

GGAACATCCGCTGGATCCTACCACCAGTTCTCTATGATGTCAGGAGGAGAACGATCTCCGCCTCGCATCCTCCCACCTTGC 

CTACCCCCTCCATATCCTGGATCTTCCCAGGCACAAAGTAATCCCTTTCAGACCAGCTCTCCATCTTACCATCTCTATTAT 

ACCTACACCCCAACACCGGTCACTTCAGGTATAGGAATCGGCATGTCAGCAATGACCTCTGCTACAAGGTACCACACCTAC 

GATCCTCGAGTTGGCATTGACCGACAGTTCTCCACTCTTCCTTCCATCTCTGATCCACGTATGCACTACCCAGGGGCTTTT 
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5.2. sgRNAs 

 
5.2.1. Runx1 N terminus 

 
sgRNA 1 - taatacgactcactataGCGGCTGGTGCTGGTATCTACGGgttttagagctagaa 

sgRNA 2 - taatacgactcactataGGGGCATCTATGGTCGTGGTCGGgttttagagctagaa 

 

 

5.3. Primers 

 
5.3.1. Runx1-HA short homology primers 

 
Genotyping primers: 

 
Fwd – CAGCCTCCCTAACCATTGAA 

Rev – TATCCTTATGACGTGCCTGAC 

 

 
Sequencing primers 

 
Fwd – CAGCCTCCCTAACCATTGAA 

Rev - CAGAGAAAGTTGGGGCTGTC 

 

 
5.3.2. Runx1-HA long homology primers 

 
 

Gibson assembly primers 

CAGGTTGCTGACAGCACGTTTAGTTCAATGTATGAAATGGCCAAAGTGTTGTTTTTT 

AACCTGGGGCCAATCAGAGCGTTAGGATGTTCAAAGTGCTCATCCCTCCTTTAGCCAATGAAAGCACTGGAACATACAGG A 
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5’ Fwd – CCACAGGAAGAGCCACAAAGT 

 
5’ Rev – AGTGGTCCGAACAACACTACATAGGAATACTGCACGGACTGATACGGTCGGACCCTC 

CTGGATACGCATAGGGGCA 

3’ Fwd – 

TATCCTTATGACGTGCCTGACTATGCCAGCCTGGGAGGACCTATGCGTATCCCCGTAGATA 

CCAGCACCAGCCGCC 

3’ Rev – CCTGACAGTTGCATACCTGCT 

 
 

 
Long ssDNA template primers 

 
*= Phosphothioate modification  ^= Phosphate modification 

 
 

 
Sense 

 
Fwd – C*C*ACAGGAAGAGCCACAAAGT 

Rev – C^CTGACAGTTGCATACCTGCT 

 

 
Antisense 

 
Fwd – C^CACAGGAAGAGCCACAAAGT 

Rev – C*C*TGACAGTTGCATACCTGCT 

 

 
Genotyping primers 

 
Fwd – AGAGCCACAGAGGGAAAGAG 

Rev – CATAGTCAGGCACGTCATAAG 

Fwd – TCCTTATGACGTGCCTGAC 

Rev – CTGATCTACATGCAGCTTCC 
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Sequencing primers 

 
Fwd – AGAGCCACAGAGGGAAAGAG 

Rev – CTGATCTACATGCAGCTTCC 

 

 

5.4. Plasmids and BACs 

 
5.4.1. pUC19 vector 



154  

 
 
 
 
 

5.4.2. XLB1-065I12 BAC (EXRC) 


